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Double-Bounce Component in Cross-Polarimetric
SAR From a New Scattering Target Decomposition
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Abstract—Common vegetation scattering theories assume that
the synthetic aperture radar (SAR) cross-polarization (cross-pol)
signal represents solely volume scattering. We found that this
assumption is incorrect based on SAR phase measurements
acquired over the South Florida Everglades indicating that
the cross-pol radar signal often samples the water surface beneath
the vegetation. Based on these new observations, we propose
that the cross-pol signal consists of both double-bounce and vol-
ume scattering components. The simplest multibounce scattering
mechanism that generates cross-pol signal occurs by rotated di-
hedrals. Thus, we use the rotated dihedral mechanism to revise
some of the vegetation scattering theories and develop a four-
component decomposition algorithm with single-bounce, co-pol
double-bounce, cross-pol double-bounce, and volume scattering
components. We tested the new decomposition in both urban and
rural environments using RADARSAT-2 quad-pol data sets. The
decomposition of the San Francisco area shows higher double-
bounce scattering and reduced volume scattering in the urban
area with respect to the common three-component decomposition.
The decomposition of the rural Everglades area shows that the
relation between volume and cross-pol double bounce depends
on the vegetation density. Thus, we suggest that, when possible,
SAR-based biomass estimate studies should use the volume scat-
tering calculated by our decomposition rather than the cross-pol
signal, which also contains a double-bounce component.

Index Terms—Cross-polarization (cross-pol), Everglades, po-
larimetric decomposition, polarimetric synthetic aperture radar
(PolSAR), rotated dihedral mechanism, volume scattering, wet-
land interferometric SAR (InSAR).

1. INTRODUCTION

OLARIMETRIC synthetic aperture radar (PoISAR) de-

composition methods were developed to map land cover
according to scattering mechanisms [1]-[13]. The widely used
Pauli decomposition is a simple method that represents the main
three scattering mechanisms: single bounce, double bounce,
and volume scattering [1], [2], [11], [12]. A three-component
scattering model proposed by Freeman and Durden has been
successfully applied to decompose polarized SAR data into
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three components according to the main scattering mechanisms
under reflection symmetry conditions [3]. In order to account
for nonreflection symmetry conditions, Yamaguchi et al. added
a fourth helix component to their decomposition [7], [8]. Var-
ious methods were proposed to estimate the volume scatter-
ing component considering nonreflection symmetry condition
[14]-[17]. Recently, an extended volume scattering model was
discussed using randomly orientated diplane scatterers [18].
More recent decomposition studies also included mathematical
operations on the decomposed coherency matrix in order to
resolve anomalous values generated by the previous three- and
four-decomposition methods [9], [10], [13].

A key issue in all decomposition studies is the relations be-
tween cross-polarization (cross-pol) and volume scattering. The
first generation of three- and four-component decomposition
studies assumed that the cross-pol signal solely reflects volume
scattering. Yamaguchi et al. noticed that volume scattering in
urban areas depends on street orientation with respect to the
radar direction of illumination and suggested the rotation of the
coherency matrix to reduce the volume scattering component
[9]. Lee and Ainsworth, and van Zyl et al. also reduced the
value of volume scattering in their decompositions in order to
eliminate negative powers on some pixels, most frequently in
double-bounce scattering power [10], [13]. In all three recent
decompositions, volume scattering was reduced due to a math-
ematical operation on the polarimetric scattering matrix.

In this paper, we present a modified four-component de-
composition method based on the coherency matrix that de-
composes the cross-pol signal into double-bounce and volume
scattering components. Consequently, our decomposition
yields in a reduced volume scattering component, similar to the
results obtained by the three recent decomposition studies [9],
[10], [13]. However, unlike the mathematical approaches used
by these studies, our decomposition is based on a physical ra-
tional that the cross-pol signal contains scattering from ground
surface beneath the vegetation, and hence, this scattering from
the ground surface should be explicitly included in the de-
composition. Our physical-based approach was developed from
SAR phase information as a part of our interferometric SAR
(InSAR) studies of vegetated wetlands, which shows an almost
identical fringe pattern in all polarization interferograms [19].
In order to explain the physical rational of our decomposition
approach, we first present the multipolarization interferograms
that indicate a significant contribution of scattering from the
ground surface in the cross-pol signal. Then, we present the
modified four-component decomposition. Finally, we demon-
strate the usefulness of the modified decomposition by applying
it to two RADARSAT-2 quad-pol data sets: one acquired over
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SAR amplitude images showing the study area in western South Florida. (a) RADARSAT-1 ScanSAR image of Florida showing location of study

area (RADARSAT data Canadian Space Agency/Agence Spatiale Canadienne 2002). (b) JERS-1 L-band amplitude image of eastern South Florida showing the
location map of the RADARSAT-2 swath. (c) RADARSAT-2 Pauli decomposition color composite image of the study area consisting of saltwater mangrove
and freshwater herbaceous wetlands: HH-VV (red), HH+VV (blue), and HV (green). (d) Landsat-7 ETM+ optic color composite image of the study area

(http://www.landcover.org/data/landsat/).

the urban environment of San Francisco and the second over the
rural Everglades wetlands in South FL, USA.

II. SAR PHASE OBSERVATIONS OVER WETLANDS
A. Wetland InSAR

Wetland InSAR is a relatively recent application of InSAR
technology, which measures water-level changes with high res-
olution in aquatic environment with emergent vegetation [19]-
[22]. The method works owing to double-bounce scattering,
in which the radar signal backscatters twice, once from the
water surface and then by the vegetation, or vice versa [23]. Al-
though most vegetation scattering theories suggest that a short-
wavelength SAR signal interacts mainly with the upper sections
of the vegetations, our results show that wetland InSAR works
well with all wavelength data as long as the time span between
the two acquisitions is short (1-100 days, depending on the
wavelength) [19], [24]-[27]. Obtaining coherent phase over
vegetated area even with short-wavelength repeat orbit InNSAR
observations suggests that a significant portion of the observed
signal is scattered from lower sections of the vegetation that do
not move much by wind.

Another unexpected result was found in polarized phase data
(interferograms). Our studies have shown an almost identical
fringe pattern reflecting surface water-level changes in both
co- and cross-polarizations [19], [24]. It is a surprising result
because common radar scattering theories assume that cross-
pol observations are products of volume scattering correspond-
ing to the interaction between the radar signal and the upper
sections of the vegetation. As we show in the following dis-
cussion, the similar fringe appearance in the co- and cross-pol
interferograms contradicts this assumption.

B. Study Area

The Everglades subtropical wetlands in South FL consist of
a wide, shallow, and slow sheet-flow environment. The sheet
flow begins in Lake Okeechobee and flows southward to the
Everglades wetlands [Fig. 1(a)]. Artificial changes, such as
construction of canals and levees in the past half century, have
damaged significantly the flow and ecology of the natural wet-
land system. At present, the Everglades wetland is composed of
managed wetlands in the northern section, which is controlled
by a series of man-made structures as levees and hydrological
gates, and naturally flown wetlands in the southern area, where
the original wetland sheet flow has been preserved. In order to
maintain the hydrology and ecology of these fragile wetlands,
the Everglades wetlands are monitored by a large number of
water-level gauges. The large number of stage stations in the
area enabled us to verify that the observed phase changes
indeed represent water-level changes and to quantify the InNSAR
measurement uncertainty as 3—5 cm [21], [22], [25].

In this paper, we focus on the southwestern section of the
wetlands, which is located in the Everglades National Park
[Fig. 1(b)]. This area comprises of various wetland environ-
ments across the transition between freshwater and saltwa-
ter wetlands as shown in Fig. 1(c). The northeastern part of
the study area consists of freshwater herbaceous vegetation
[Fig. 2(a)], whereas the southwestern area consists of salt-
water woody vegetation (mangroves) as shown in Fig. 2(b).
The shorter scrub is developed in the transition zone between
freshwater and saltwater comparing with taller and denser man-
grove forest in the saltwater wetland (the vegetation map over
the Everglades can be found at http://fcelter.fiu.edu/data/GIS).
The optical color composite image of Landsat-7 ETM+
(http://www.landcover.org/data/landsat) describes clearly two
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Fig. 2. Photograph images of (a) freshwater herbaceous vegetation (sawgrasses) and (b) saltwater woody vegetation (mangroves). The northeastern part of the
study area consists of mostly freshwater herbaceous vegetation, whereas the southwestern area consists of mainly saltwater mangroves.

TABLE 1 TABLE 1I
LisT OF RADARSAT-2 C-BAND SAR INTERFEROMETRIC PAIRS RADARSAT-2 SAR DATA CHARACTERISTICS
SAR image P Radarsat-2
Area No Master Slave B." Bremp ) Parameter Everglades San Francisco
ENP¥ 1 2008-09-23 2008-10-17 414 m 24 days Carrier frequency 5.405 GHz
ENP 2 2008-09-23 2008-11-10 88 m 48 days Wavelength 5.54 cm
ENP 3 2008-10-17 2008-11-10 502 m 24 days Polarization Quad
Dp, - absolute perpendicular baseline, Z)B,mp - temporal baseline, Repeat period 24 days
SENP - Everglades National Park (naturally flow wetlands). Beam mode Fine Quad (FQ6) Fine Quad (FQ9)
Flight direction Descending, Ascending
different distributions of vegetation [Fig. 1(d)]. Previous  Incidence angle 24.58 deg 28.02 deg
TerraSAR-X (TSX) X-band InSAR studies reported an interest-  Pulse repetition frequency 284392 Hz 2763.52 Hz
ing change in fringe characteristic across the vegetation transi- ~ ADC sampling rate 31.67 MHz
tion zone [24], [28], [29]. Fringes in the freshwater environment  Azimuth pixel spacing 470 m 4.82m
have long wavelength, reflecting slow water-level changes of = Range pixel spacing 473 m 473 m

the sheet flow, whereas the fringes in the saltwater environment
are characterized by a short wavelength and a high fringe rate,
reflecting rapid water-level changes due to ocean tides [24],
[28], [29].

C. Data and Data Processing

RADARSAT-2 is a SAR satellite system operating with full
quad-pol capability. The quad-pol data coverage is limited to
a narrow swath (25 km) compared with other single or dual
operating modes (50—-100 km). This study is based on three
acquisitions collected every 24-day repeat path over the study
area between September 23, 2008, and November 10, 2008.
The data were acquired in the fine-resolution quad-polarization
(FQ6) beam mode with 5-m pixel resolution. The temporal
baselines of the interferometric pairs are 24-48 days, and the
geometric perpendicular baselines range from 88 to 502 m
(Table I).

In this paper, we also use RADARSAT-2 quad-pol data
that were acquired over the San Francisco area. We use this
data set in order to demonstrate the power and importance
of the new decomposition in splitting the cross-pol into both
double-bounce and volume scattering components in urban
environment. The San Francisco data were acquired with the
fully polarimetric fine beam mode (FQ9) with 5-m pixel res-
olution and 25-km-wide swath. The data were provided as a
promotional sample data set by the Canadian Space Agency.

The characteristics of the RADARSAT-2 data sets used in this
study are listed in Table II.

The Everglades data set was processed with the Repeat Orbit
Interferometry PACkage (ROI_PAC) and GAMMA software to
calculate phase changes between two acquisitions (interfero-
grams) [30]. In all interferograms, we subtracted topographic-
related phase changes calculated according to the SRTM-1
DEM and applied interferometric filtering to reduce the noise
level [31]. PolSARpro was used to import data and to process
the polarimetric decomposition [2].

D. InSAR Results

For each of the three interferometric pairs, we processed
four (quad) interferograms, a separate interferogram for each
polarization mode. Our results show very similar fringe pattern
in all four quad interferograms representing water-level changes
occurring between the acquisition times of each interferometric
pair. These results confirm similar findings that we obtained in
our previous studies of TSX dual-pol mode observations [24],
[28], [29]. We present the co-pol interferograms as the sum
and difference of the two co-pol phase changes (HH+VV and
HH—VYV) and the cross-pol (HV) interferogram as is in order to
evaluate the effect on each scattering mechanism as suggested
by the standard (Pauli) decomposition. The decomposition con-
siders the following three scattering components: single bounce
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Fig. 3. Polarization interferograms and their coherence maps calculated according to standard scattering mechanism decomposition (Pauli). (a) and (d) Single
bounce (HH+VV). (b) and (e) Double bounce (HH-VV). (c) and (f) Volume (HV). (g)—(h) Phase of the difference between HH and VV for each observation.

(HH+VV), double bounce (HH—VYV), and volume scattering
(HV or VH; Fig. 3). We present only the HV interferogram
because the two cross-pol signals are assumed to be identical.

The interferograms show a low fringe rate in the northeastern
corner, which is covered by herbaceous vegetated area. A high
fringe rate along a wide-belt-oriented NW-SE is found in the
central part of the interferogram in the low-height mangrove
and shrub area. The phase is incoherent in the southwest corner,
which is characterized by tall mangrove vegetation. These
three zones correlate well with vegetation variations in this
freshwater—saltwater transition zone.

The three polarization interferograms, which represent dif-
ferent scattering behavior, show a similar fringe pattern but
different coherence levels. The coherence map of the HH-VV
(double-bounce scattering) interferogram shows the highest
values, and the second highest coherence is found in the
HH+VV (single-bounce scattering) interferogram [Fig. 3(d)
and (e)]. The HV (volume scattering) interferograms show the
lowest coherence values [Fig. 3(f)]. Although the scattering
phase centers of random targets cannot be derived explicitly
from Pauli decomposition, the assumption that HV represents
volume scattering is used by many decomposition studies [1],
[31, [ 7], [8]. The coherence analysis confirms previous analyses,
indicating that the double-bounce scattering is the dominant
mechanism in wetland scattering [19], [24]. The region showing
high coherence in Fig. 3(e) is in a good agreement with double-
bounce dominant area, where the phase difference between HH

and V'V is around 180° for each observation in Fig. 3(g) and (h).
However, note that the region of high coherence in cross-
pol (HV) can be found only near the transition zone where
moderate double-bounce scattering is found. In other words,
it means that double-bounce scattering (high coherence) in the
cross-pol cannot always be found in areas of dominant double-
bounce scattering.

Interestingly or even surprisingly, the same fringe pattern
reflecting water-level changes in both freshwater and saltwater
wetlands was found in all three interferograms, including single
bounce (HH+VV) and the cross-pol (HV). As wetland InSAR
works due to the double-bounce scattering effect, we expected
to find water-induced phase changes only in the double-bounce
(HH—VV) interferograms. The occurrence of water-induced
fringes in the single-bounce interferograms is somewhat
surprising because, in the very flat water conditions of the
Everglades (wind at water surface level is usually suppressed
by vegetation), single bounce should scatter the radar pulse
away from the satellite. Despite the very smooth water surface,
single-bounce scattering can occur due to the smaller incidence
angle because scattering at small incidence angles is sensitive
enough to cause backscattering even from small perturbations
in smooth surfaces. Alternatively, the unexpected single-bounce
result can also be explained as a multiple odd scattering, which
is part of the single-bounce formulation (HH+VV). Thus,
the single-bounce interferogram most likely represents three
or higher order odd bouncing of the electromagnetic wave,
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including one from the water surface, which sampled the ele-
vation change of the water surface.

The very surprising result is the occurrence of water-level
change induced fringes in the cross-pol interferograms [HV;
Fig. 3(c)]. This result cannot be explained by volume scattering,
as assumed by most vegetation scattering theories, because the
upper levels of the vegetation, which move easily by wind,
are not stable scatterers for spaceborne repeat pass interfer-
ometry. Thus, we suggest that the cross-pol signal contains a
multipath component, which also bounces off the water surface
and samples the changing water levels. The simplest scattering
mechanism for cross-pol multiple path is a rotated dihedral. A
regular dihedral, where the scattering surfaces are horizontal
(water) and vertical (vegetation), keeps the same polarization
throughout the radar scattering path. However, when one of
the scattering surfaces is tilted (e.g., slanted vegetation), the
scattering off the tilted surface results in a multiple interaction
of the polarized electromagnetic signal. Consequently, some
of the scattered signal changes its polarization. The slanted
root structure of mangroves [Fig. 2(b)] can serve as a good
example for the suggested rotated dihedral model. However,
low coherence maps indicate that tilted dipole structures in the
freshwater herbaceous vegetated wetland [Fig. 2(a)] might not
be a good source for maintaining the coherence in the cross-pol
interferogram.

Although the proposed rotated dihedral mechanism was de-
rived from phase observations, it also applies to amplitude
observations. Therefore, we suggest that the cross-pol am-
plitude signal can be decomposed into two components: one
accounting for the “traditional” volume scattering and the other
for the newly defined cross-pol ground scattering due to rotated
dihedrals.

III. POLARIMETRIC DECOMPOSITION

Here, we present a modified decomposition approach, which
considers the occurrence of a rotated dihedral plane. The de-
composition follows the polarimetric compensation proposed
by Yamaguchi et al. [9], [10]. The scattering matrix is written
for simplicity, assuming Syy = Svy:

s =g Jv— e ol

We utilize a 3 x 3 coherency matrix calculated in the Pauli
matrix basis to derive each component mathematically as in (2),
shown at the bottom of the page, following the scheme provided
by Yamaguchi er al. [8]. In (2), ( ) denotes the ensemble average
of a few pixels in the data processing, and * denotes a complex
conjugate.

The measured coherency matrix can be divided into four
submatrices as follows:

. Ty Tie Tis
(IT)"" = | Ton Tha To3
T31 T3z 133

= fS [T]?i\ll'lgle + fd [T]gguble + fv [T]\I}Zlume
+ de[T]?(;/tated_diplane (3)

where fs, fq, fu, and f.q are the coefficients related to the
powers of the single-bounce, double-bounce from co-pol, vol-
ume, and double-bounce scattering components from cross-
pol, respectively. Also, (|T|)HV is the term of spatial ensemble
averaging of the actually measured data, while {|T')"" results
from mathematical averaging formulation like in [8].

As proposed in the Yamaguchi’s four-component method
[8], we adopted the scattering coherency matrix in the single,
double, and volume scattering as follows:

L5 o]
(T gnge = | B 18 0
0 0 0]
o a2 a 0]
(T doupte = | @ 1 0
L 0 0 0]
2 0 0

(T A )
volumc_4 00 1 .

The coherency matrix is derived from the mathematical form
of averaging with respect to the probability density function
p(0)[8] as follows:

2
(SueSi) = / Stue S5 (0) 6. )
0

Assuming that the probability density function is uniform
[p(0) = 1/(27)], the mathematical averaging of the coherency
matrix can be integrated as shown by Yamaguchi et al. [7], [8]
and is presented here

()™
la+bf? 0 0
= 0 tla=b2+c?  +jlm{c*(a—b)}
0 —jIm{c*(a —b)}  Ila—b]*+|c|?

(6)

2 {|Suu + Svv|?)
1 {(Sur — Svv)(Sun + Svv)?)
(Suv(Suu + Svv)")

(7)™ =

3 ((Sun + Svv)(Sun — Svv)*)

((Sum + Svv)Siv)
((Sun — Svv)Shv) 2
(2[Suv|?)

2 {|Suu — Svv|?)
(Suv(Suu — Svv)")
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Although the cosine squared distribution in the selection of
probability density distribution function is usually used for ver-
tical structures, we adhere to apply uniform distribution from
empirical experiment over two study areas. The power of cross-
pol double-bounce scattering with both cosine squared distri-
bution and uniform distribution shows almost similar features
in the natural environment of Everglades wetland. However,
loss of power in cross-pol double-bounce scattering is detected
with cosine squared distribution in man-made building structure
environment of the San Francisco study area. Thus, we take a
randomly distributed model with dihedral plane using (6) for
the double-bounce scattering model in the cross-pol signal. The
scattering coherency matrix for rotated diplane is

wv (10 wv [—1 0
[S]7Y = [O _1} or [S]"Y = [ 0 1}
b 1 0 0 0
= <|T|>r(¥tated_diplane = 5 010 (7)
0 0 1

From (7), we can estimate the cross-pol double-bounce com-
ponent. The coherency matrix in (3) can now be written as
a combination of single-bounce, double-bounce from co- and
cross-pol, and volume scattering component as follows:

<|T‘>HV = fs [T]?i‘;lgle + fd[T]g‘(;uble

+ fU [T]Eglume + fT'd[T] ?(Ytated_diplane

1 B 0 o> a 0
=f|B 1B O|+fs]a 1 0
0 0 0 0 0 0
2.0 0 00 0
+%010+%010.(8)
00 1 00 1

Comparing each coefficient (fs, f4, fv, and f.4) with the
coherency matrix elements using (8) yields four equations with
six unknown parameters as follows:

1 v
5 (1S + Svvl?) = fy + fulal? + 2
1 O
5 (|Sum — Svv[*) = f5|BI* + fa+ fz + f2d

2{|Suv|*) = % + %

((Suu + Svv)(Suu — Svv)") = f8" + faa.  (9)

M| —

However, the aforementioned four equations are underde-
termined because there are six unknown parameters (fs, fq,
fvs frd» @, and ). In order to solve the equations, we need
to make additional assumptions and fix the values of two of
the unknown parameters. Following Yamaguchi et al. [8], in
each scattering environment, we fix two different parameters.
In a high cross-pol environment, we assume that the surface
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scattering is negligible (fs = 0), which simplify the equations
as follows:

(|Suu + Svv[*) = falal® + 5

(|Sun — Svv|*) = fa+ Jo +
4

7f1; .frd
4 + 2

DN = N =

2

2(|Suv|?*)

((Suu + Svv)(Suur — Svv)*) = faou. (10

DN | =

Now, the four unknowns can be estimated by reorganizing
the equations

1
=3 (|Suu — Svv|*) — 2{|Suv|*)

((Sun + Svv)(SuE — Svv)¥)
2fa

fo=2" (; {|Sun + Svv|?) — fd|04|2>
fra=2" <2 {|Suv|*) — J:f) .

Thus, we can determine the scattering powers of Py, P, 4, and
P, as follows:

fa

(11)

Prg>0: Pa=fa(1+[af*), Po=fo, Pra= fra. (12)
However, whenever the solution of (11) results in f,.4 <0,
the assumption of a high cross-pol environment is not consistent
with the observation. A negative or zero value of f, 4 defines our
low cross-pol scattering scenario. We now set P.g = f,.q =0
and follow the same decomposition procedure of Yamaguchi’s
four-component decomposition approach [8] ignoring helix
component. According to their formulations, in area of high
surface scattering (Re(ShnSyy) > 0), double bounce is ne-
glected (ov = 0), whereas in areas of low surface scattering
(Re(ShnSyv) < 0), surface scattering is neglected (5* = 0)
to estimate unknown parameters in (13) and (14), which is
derived by Yamaguchi et al. [8]. The derived equations of their
formulation are provided in Fig. 4, which present a flowchart of
our decomposition algorithm. The decomposition formulations
provide quantitative estimates for cross-pol double-bounce and
other scattering components, based on the coherency matrix

Re<ShhSVV> >0
fo=38{Suv|?)
1
fs = 3 {|Sun + Svv|*) — 4{|Suv|*)

((Sun + Svv)(Sun — Svv)")
2fs

(|Suu — Svv[*) = 2{|Suv|*)
1

B =

fa=

N =

B ((Sun + Svv)(Suu — Svv)") (13)

2
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Calculate P,according to Eq. (11)
=2 n_Ah
Pa=2(2fsf’)-4)
assume: f, =0 Yes /l\ No assume: f,, =0
P,>0:
assume: @ =0 assume: 8 =0
2 2
5 =8<‘SHV‘ > t =8<lS”"i >

fd = %<‘SHH _SVV‘2>_2<‘SHV‘2>

a= <(SHH + SVV )(SHH —SVV ).>

fi= %<‘SHH +SVV‘2>_4<‘SHV|Z>

Ja= %<‘SHH _SVV‘2>_2<|SHV‘2>

fo=2( s+ u) 110"
/,

fu= 2.(2<\SH,,\2>—Z")

- 2f, . <(SHH +Syy )(SHH =Sy )’>
B 27

Jfa= %<|SHH _SVV|2>_2<‘SHV‘2>

_%ﬂ‘<(SHH +SVV)(SHH _SVV).>

_ <(SHH +SVV )(SHH _SVV )‘>
“= 2/,

/= %<‘SHH +SVV‘2>_4<‘SHV‘2>

_%a<(SHH +S, )(SHH =Sy ).>

P =0

P, = f,(1+[a)
P =,
Pml=fni

}
P =£,0+8)
P =f,+af)
B=1,
Prd=0

Fig. 4. Four-component power decomposition algorithm with surface (Ps), co-pol double-bounce (Py), volume (P, ), and cross-pol double-bounce (P,.q)

scattering mechanisms.
Re(ShnSw) <0
fo=8(Suv*)
Ja= % {|Sun — Svv[*) — 2(|Suv[?)

~ {(Sun + Svv)(Sun — Svv)*)
2fa

{|Suu + Svv|*) — 4{|Suv|*)

1
)

B %o‘ ((Sun + Svv)(Sun — Svv)") .

[s

(14)

Thus, we can determine the scattering powers of Ps, Py, and
P, as follows:

Pg<0: Pi=f,(1+|8?) . Pa=fa (L +1|a*),Py=fo.

15)

Here, we can obtain a quantitative estimate for cross-pol
double-bounce scattering component based on the coherency
matrix. A flowchart of the decomposition algorithm is shown
in Fig. 4.

IV. RESULTS
A. San Francisco Urban Environment Study

We first applied our new decomposition method to the urban
environment of the San Francisco area using the RADARSAT-2
promotional sample data set. This part of our study demon-
strates the strength of our decomposition by comparing its
results to various decomposition approaches that have been
tested [2]. Using our new decomposition method, we calcu-
lated the following four scattering components: single bounce,
double bounce from co- and cross-pol, and volume scattering
[Fig. 5(a)—(d)]. The performance of our decomposition method
shows typical features of each scattering behavior in overall
area compared with the previous decomposition approaches [2].

Based on our four-component decomposition, we generated a
color composite image showing the dominant scattering mech-
anism in each area [Fig. 5(e)]. In this image, the double-bounce
component (P;—red) contains contribution from both the co-
and cross-pol observations [Fig. 5(b) and (c)], whereas the
single-bounce (Ps—blue) and volume scattering (P,—green)
components are presented as calculated by the decomposition
[Fig. 5(a) and (d)], respectively. The color composite map
shows that the scattering is dominated by single bounce (blue)
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Fig. 5. Proof-of-concept study showing decomposition analysis of
RADARSAT-2 data set acquired over the San Francisco area. (a) Single-
bounce component. (b) Double-bounce component from co-pol. (c) Double-
bounce component from cross-pol. (d) Volume scattering component.
(e) Decomposition color composite image using our approach: blue—single
bounce, red—double bounce (both from co- and cross-pol), and green—volume
scattering. (f) Decomposition color composite image using Yamaguchi’s
method based on polarimetric orientation compensation.

in the ocean, by double bounce (red) in the urban area, and
by volume scattering (green) in open vegetated areas. It is
important to notice that some of the double bounce in the urban
area arises from the cross-pol component.

In order to validate the performance of our decomposition,
we compared our results with those from the four-component
decomposition of Yamaguchi et al. [9], which accounts po-
larimetric orientation compensation (Figs. 5 and 6). Over-
all, our decomposition results show a good agreement with
Yamaguchi’s four polarimetric decompositions [Fig. 5(e) and
(H)]. To see more details, we zoomed in the urban area of San
Francisco (Fig. 6). The comparison shows that Yamaguchi’s [8]
previous decomposition without polarimetric orientation com-
pensation [Fig. 6(a)] yields stronger volume scattering com-
ponent power compared with the decomposition results with
polarimetric orientation compensation [Fig. 6(b)], especially
in the urban area with diagonally oriented street directions.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

Fig. 6. Zoomed images of decomposition results. (a) Yamaguchi’s four-
component approach. (b) Yamaguchi’s four-component approached with po-
larimetric orientation compensation. (¢) Decomposition color composite image
of our approach: blue—single bounce, red—double bounce (both from co-
and cross-pol), and green—volume scattering. (d) Landsat-7 ETM+ optic color
composite image (http://www.landcover.org/data/landsat/).

Our decomposition result [Fig. 6(c)] shows similar features as
Yamaguchi’s decomposition result with polarimetric orienta-
tion compensation and generates a more distinct color compos-
ite image with better contrast in overall. A good correspondence
between open areas (especially the Golden Gate Park) can be
detected by comparing our color composite map [Fig. 6(c)]
with the optical color composite image of Landsat-7 ETM+
[http://www.landcover.org/data/landsat; Fig. 6(d)].

In order to evaluate the relations between the co- and cross-
pol double-bounce components, we zoomed in the urban area
of San Francisco (Fig. 7). Two components of the cross-pol
double bounce [Fig. 7(b)] and volume scattering [Fig. 7(c)]
can be separated from the cross-pol (HV) data [Fig. 7(a)]. The
advantage of our decomposition lies in its capability to extract
the cross-pol double-bounce scattering component, which was
ignored by previous decomposition methods. Thus, we can
also get the double-bounce component in the cross-pol. The
cross-pol double bounce can be found clearly in urban area
with differently oriented street directions and at the Golden
Gate Bridge. Consequently, the double-bounce component has
increased due to the addition of the cross-pol double bounce
[Fig. 7(d)], whereas the volume scattering component has de-
creased [Fig. 7(c)].

We compare the contribution of the co- and cross-pol double-
bounce components in different urban environments by display-
ing a color composite image of both components [Fig. 8(a)].
The double-bounce scattering from the co-pol (red) is dominant
at the yellow circle area, where the street orientation (N-S)
is almost orthogonal to the radar direction of illumination.
Double-bounce scattering from the cross-pol (green) can be
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Kilometers
. Golden
Gate
Bridge

Fig. 7. Zoomed images of the decomposition results. (a) Cross-pol (HV).
(b) Cross-pol double-bounce component. (c) Volume scattering component. (d)
Both co- and cross-pol double-bounce components.

detected at the red circle, where the street orientation (NE-
SW) is roughly diagonal to the radar direction of illumination.
The cross-pol double-bounce scattering is detected in vegetated
area and urban area of diagonal structures which are volume
scattering dominant area, whereas the co-pol double-bounce
scattering is dominant over typical urban area.

In order to validate our decomposition results, power values
of each component are displayed as profiles along the lines B-B’
and C-C' [Fig. 8(b)—(d)]. The profile across the urban area
(B-B’) shows that the co-pol double-bounce component (red
line) in the area with N-S oriented streets is stronger than in the
area of diagonal streets [Fig. 8(b)]. The level of cross-pol double
bounce in the diagonal streets area is stronger than co-pol scat-
tering; hence, the total double-bounce component has increased
due to a contribution from cross-pol double-bounce scattering.
Profiles of single, double, and volume scattering components
calculated by our and Yamaguchi’s decompositions with po-
larimetric orientation compensation are displayed in Fig. 8(c).
A comparison between the two decompositions shows very
little differences in both single and double-bounce scattering
components in overall. However, the profile of the volume
scattering component [green line in Fig. 8(c)] indicates that
our decomposition results show slightly large power because
the volume scattering component of Yamaguchi’s approach was
minimized by polarimetric orientation compensation.

We also evaluated the results of our decomposition along
a profile orthogonal to the Golden Gate Bridge [Fig. 8(d)],
which shows the classic triple bouncing off the bridge [32],
[33]. The background scattering is dominated by single bounce
off the ocean surface. The first bounce (first peak to the left),
which is often called single bounce [32], cannot be detected
from the single-bounce component (blue line) but rather from

the double-bounce component (purple), suggesting that the first
bounce occurs due to co-pol double-bounce scattering off the
bridge structures (horizontal road and vertical metal pipes). The
second peak, which is the dominate one, occurs mainly due to
co-pol double bounce, as the signal scatters twice, once from
the bridge and the other from the water surface, or vice versa.
The third bounce, known as triple bounce, shows medium scat-
tering of both co-pol components, single and double bounce,
and also some volume scattering. The single-bounce compo-
nent, which includes all odd scattering, is a combination of
background single-bounce and additional triple-bounce com-
ponents. The double and volume scattering components in the
triple bounce suggest a more complex scattering of the bridge
and water surfaces than previously considered [32].

The double-bounce component from the cross-pol is cal-
culated from 733, and the helix component is estimated with
the co- and cross-pol correlations from the imaginary part of
T53. The helix component is well identified in urban areas but
basically disappears in natural distributed scatterer environment
[34], whereas the cross-pol double-bounce scattering compo-
nent can be estimated in both urban area and natural distributed
scatterer environments.

B. Everglades Wetland Study

We now apply our decomposition approach to the
RADARSAT-2 data set acquired over the Everglades wetlands
in order to evaluate its quality in rural environments. We
decomposed the cross-pol amplitude [HV; Fig. 9(a)] into
double-bounce scattering and volume scattering. In order to
discriminate the double-bounce effect in the cross-pol, we
displayed the color composite image with the double-bounce
component in red and volume scattering in green [Fig. 9(b)].
The power of cross-pol double-bounce scattering was detected
over mangrove vegetated area in the transition zone between
freshwater and saltwater ecosystems supporting the new model,
which considers the slanted root structure of the saltwater
mangroves as good source of rotated diplane scatterers. Al-
though the coherence maps are enhanced by interferometric
phase filtering, an overall low coherence value of the cross-
pol is estimated. In order to verify the decomposition results,
we displayed both the interferometric coherence (light green)
and the cross-pol double-bounce scattering component (red),
as shown in Fig. 10. Most of the high-coherence areas can be
found in the transition zone between freshwater and saltwater
ecosystems, where the cross-pol double scattering component is
dominant. This zone is characterized by a mixture of vegetation
type, including short and intermediate high mangroves. The
area with tall mangrove is located in the southwest corner
of the image and is characterized by volume scattering (dark
green). In this area, the radar signal interacts mainly with
the upper sections of the vegetation and does not sample the
water surface beneath the vegetation. Since the cross-pol signal
can be severely affected by temporal decorrelation especially
in wetland InSAR application, we cannot compare directly
the double-bounce component with coherence [Fig. 3(f)] in
the cross-pol. The coherence in the freshwater herbaceous
vegetation is much lower than in the saltwater mangrove forest.
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(a) Color composite image of co-pol (red) and cross-pol (green) double-bounce components. (b) and (c) Profile in the urban area (B-B’) showing power

variations of each scattering component due to variation in street orientation. Higher values in the left-hand side occur where streets are aligned normal to the
radar illumination direction, whereas lower values on the right-hand-side occur where streets are oriented diagonally to the radar illumination direction. (d) Power

profile of C-C’ across the Golden Gate Bridge.

Fig. 9.

SAR amplitude and decomposition results of the Everglades study
area (location in Fig. 1). (a) Cross-pol (HV) amplitude image. (b) Color
composite map with the cross-pol double-bounce (red) and volume scattering
(green) components in the cross-pol signal. (c) Color composite image using
Yamaguchi’s four decomposition. (d) Color composite image using our de-
composition approach: single bounce (blue), double bounce (red), and volume
scattering (green).

We attribute the higher coherence in the saltwater wetland to
thicker woody mangrove vegetation in the mangrove forest
environment. In Figs. 3 and 9(b), the fringes of the cross-pol
interferograms can be detected in the region where double-
bounce scattering is dominant in the cross-pol. Moreover, the
double-bounce dominant area in the cross-pol is closely related

Fig. 10. Color composite image with the cross-pol double-bounce scattering
component (red) overlain by interferometric coherence (light green).

to coherence of interferogram with HH-V'V signal [Fig. 3(e)].
This implies that both double-bounce components in the co-
and cross-pol can be scattered from similar surface’s target.
The decomposed color composite images from our approach
and Yamaguchi’s four-component decomposition with polari-
metric orientation compensation are displayed with double
bounce (Py) in red, single bounce (Ps) in blue, and volume
scattering (P,) in green [Fig. 9(c) and (d)]. The simplest
decomposition using the Pauli scattering matrix can provide a
color composite map to understand the scattering mechanism
[Fig. 1(c)]. We notice that three color composite maps [Pauli,
Fig. 1(c); Yamaguchi, Fig. 9(c); and ours, Fig. 9(d)] show
similar features to indicate the overall scattering mechanism.
However, we can notice that more dominant double-bounce
scattering components can be found in the freshwater herba-
ceous area and transition zone between the freshwater and
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saltwater areas which show coherent interferometric phases of
water-level changes. The dominant double-bounce scattering
areas can be clearly detected through the color composite
image, which cannot be represented by previous decomposition
approaches, displayed with the double-bounce component in
red and volume scattering in green [Fig. 9(b)].

We notice three following characterized areas: 1) double-
bounce scattering dominant in the freshwater herbaceous
northeastern area; 2) volume scattering dominant area in the
saltwater mangrove area; and 3) dominant surface scattering
from the aquatic surface and tall dense vegetated southwestern
area. These characteristics are well correlated with the Landsat-7
ETM+ optic color composite image in Fig. 1(d) and the InSAR
results described in Section II-D.

V. DISCUSSION

Multiple polarimetric SAR amplitude observations have been
widely used to estimate vegetation scattering using various
target decompositions [2], [3], [6]-[8], [13]-[17]. In most of
the decomposition algorithms, the cross-pol has been assumed
to represent solely volume scattering in vegetated area. This
assumption has been used mainly to keep the orthogonality of
the scattering mechanism. However, wetland InSAR phase in-
formation [Fig. 3(c)] indicates that the cross-pol signal samples
the water surface beneath the vegetation, suggesting that the
cross-pol signal does not represent solely volume scattering.
We proposed that the cross-pol signal contains also a double-
bounce component arising from the interaction of the radar
signal with slanted vegetation that can be modeled as rotated
dihedrals. In dense vegetation, however, the double-bounce
component vanishes, and the cross-pol signal is dominated
by volume scattering, as observed in the tall mangrove forest
located in the southwestern corner of the Everglades study area
[Fig. 3(b)]. In this area, the radar signal cannot penetrate into
the ground due to the tall and dense vegetation, resulting in an
incoherent phase signal, which reflects volume scattering in the
upper sections of the vegetation. Although the proposed model
assumes a randomly oriented root structure, which serves as
diplanes for the bistatic specular scattering, not all the roots
act as diplanes. For any given acquisition geometry, only a
small number of roots that are correctly oriented with respect to
the satellite serve as diplanes and enable the cross-pol double-
bounce scattering.

The limitation of previous decomposition algorithms has
been raised in recent publications [9], [10], [13]. For example,
van Zyl et al. [13] pointed out that the volume scattering has
been overestimated in previous model-based decomposition
algorithms. They suggested that the cross-pol signal might
come from the underlying ground surface. In other studies,
Yamaguchi et al. and Lee and Ainsworth [9], [10] explained
that the observed excessive volume scattering is affected by
the polarization orientation angle. They modeled this effect by
the rotation of coherency matrix, which reduced the volume
scattering power and increased the power of double-bounce
scattering component. The results of their studies are consistent
with our observation that some portion of the cross-pol signal
reflects double-bounce scattering.

All of the recent decomposition approaches [9], [10], [13]
including our study point out that the volume scattering is
overestimated in previous model-based decomposition algo-
rithms and it can contain a portion of underlying ground surface
scattering. In order to decrease power of the volume scattering
component, Yamaguchi et al. [9] and Lee and Ainsworth [10]
proposed the orientation angle compensation by multiplying the
rotation matrix to the coherency matrix. van Zyl et al. [13]
suggested a nonnegative eigenvalue decomposition approach,
which compensates the overestimated volume scattering com-
ponent by a simple addition of the remainder matrix to the
existing scattering models. Although the aforementioned two
decomposition approaches have reduced the volume scattering
component and increased the power of the double-bounce
scattering component, they do not suggest a decomposition
of double-bounce component from the cross-pol signal. Our
approach adopts the rotated dihedral model and enables us to
extract the cross-pol double-bounce component.

The extraction of inherent volume scattering component can
be important for the ground biomass estimate studies. Insofar,
these studies compare ground-based estimates with typical HV,
which typically shows a large range of values. Our study
suggests that only a portion of the HV signal reflects volume
scattering and the rest of the underlying ground surface scatter-
ing. The biomass estimation should not be based strictly on the
volume scattering power. However, we expect to find a better
comparison with ground-based studies when comparing it to the
volume scattering component calculated by our decomposition,
which removes the double bounce from the cross-pol signal.

Our decomposition algorithm performed well in both urban
and rural environments but still has its limitations. The two
main problems that limit the algorithm are the negative power
that is found in some pixels and the domination of volume
scattering in some urban areas. The negative power problem
was identified by van Zyl et al. [13] in their model-based
decompositions, where they noticed that some single-bounce
scattering may have negative power. In our decomposition,
which is also model based, we found a similar negative power
problem. Our formulation includes the addition of a new model
to extract the double-bounce component in the cross-pol, and
consequently, the negative power problem can be decreased in
most areas. Because the power of each component is deter-
mined with (11), the overestimation of the initial component
can cause negative power in the rest of the scattering compo-
nents. Although the negative power was forced to be applied
using the previous three-component decomposition algorithm,
the negative power problem should be resolved with further
improvements of the scattering model or considering propa-
gation factor in the scattering model. The second limitation
of the algorithm is still high volume scattering that is found
in urban areas where the street orientation is diagonal to the
radar illumination direction. Although the extraction of the
double-bounce scattering component from the cross-pol signal
reduced the volume scattering component, the decomposition
color composite image of the San Francisco area still shows a
strong volume scattering in some urban areas Fig. 7(c). Solving
this excessive volume scattering problem requires further study
of radar signal interaction with diagonally oriented buildings.
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VI. CONCLUSION

In this paper, we have used quad-pol C-band RADARSAT-2
data to explore the behavior of co- and cross-pol scattering
behaviors in multipath wetland and urban environments. Inter-
ferometric processing of the wetland data shows that all four
quad interferograms present similar fringe patterns reflecting
water-level changes in the wetlands. Because the cross-pol sig-
nal clearly indicates scattering from the ground, we suggest that
the cross-pol signal includes contributions from both volume
and double-bounce scattering and not only volume scattering
as commonly assumed. We used this new understanding to pro-
pose a modified scattering decomposition approach based on
the coherency matrix that decomposes quad-pol data into four
components: single bounce, co- and cross-pol double bounce,
and volume scattering.

We have applied the new decomposition to two study areas:
first to the urban environment of San Francisco area and the
other to the rural Everglades wetlands of South FL. The new
decomposition results show a very good fit between volume
scattering and open areas, such as city parks, in San Francisco.
It also shows that a significant part of the cross-pol signal in the
urban area consists of double-bounce scattering from building
oriented diagonally to the radar direction of illumination. In
the wetland environment, the double-bounce component was
extracted from the cross-pol showing the variation according
to the characteristics of surface’s vegetation. The decompo-
sition of the cross-pol signal into volume and double-bounce
components can improve SAR-based biomass estimates, which
typically assume that the cross-pol signal solely reflects volume
scattering.
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