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Abstract: For successful applications of microwave remote sensing endeavors it is
essential to understand how surface targets respond to changing synthetic aperture radar
(SAR) parameters. The purpose of the study is to examine how two particular parameters,
acquistion time and incidence angle, influences the response Wamous land use/land

cover types (forests, urban infrastructure, surface water and marsh wetland targets) using
nine RADARSAT2 C-band finebeam (FQ7 and FQ21) fully polarimetric SAR data
acquied during the 2011 growing season owerthern Ontario, Canada. The results
indicate that backscatter from steep incidence angle acquisitions was typically higher than
shallow angles. Wetlands showed an increase in HH and HV intensity due to the growth of
emergent vegetation over the course of the summer. The forest and urban targets displayed
little variation in backscatter over time. The surface water target showed the greatest
difference with respect to incidence angle, but was also determined tornedhaffected

by wind conditions. Analysis of the qmlarized phase difference revealed the urban target

as greatly influenced by the incidence angle. The observed phase differences of the wetland
target for all acquisitions also suggested evidence ablédoounce interactions, while

the forest and surface water targets showed little to no phase difference. In addition,
CloudePottier and FreemabDurden decompositions, when analyzed in conjunction with
polarimetric response plots, provided supportinfprimation to confidently identify the
various targets and their scattering mechanisms.
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1. Introduction

Prior to the launch of RADARSA®, polarimetric Gband SAR data were acquired usingitu or
airbornebased sensors, and thus the use of these data were limited in scope of applicdtions an
geographical coverage. With the recent launch of the commercial RADARSgelellite in 2007,
spaceborne fully polarimetric data are now accessible to a much larger user community.
Consequently, there is now a greater demand to transition from thef ysdaometric SAR in
researckoriented activities to more operatiofimsed uses, for example in precision agriculture. To
better understand how radar responds to complex targets such as various crop canopy types, it i
necessary to assess how radar auer with other nowagriculture targets that are typically adjacent to
the sparsely distributed pockets of agricultural land found in Northern Ontario, Canada, as well as
other parts of the world. The West Nipissing agricultural site selected for this eigdmpasses a
variety of land use/land cover types (e.g., agriculture, forest, urban, water, and wetland) typical of
northern Ontario. Previous literature of polarimetric RADARS2ATata has primarily focused on
mapping targets with less emphasis on lilogse targets actually interact with the SAR. For example,
Touzi et al. [1] and Koch et al. [2] independently examined the polarimetric capability of
characterizing wetlands in Ontario and Spain, respectively. Mcaiah [3] tested various methods
of discriminating crop types typical of the Ottawa Valley. éial. [4] proposed an algorithm for
classifying land use/land covers in China. While the ability to classify targets is essential, literature
comparing the nature @-band polarimetric data with different targets remains limited. Consequently,
we believe it is important that analysts understand how polarimetric SAR interacts with targets before
attempting complex polarimetric RADARSAT classifications, particulariyn northern Ontario where
various targets are more likely to abound in each acquisition.

Unlike quadpolarized SAR data, which is limited to backscatter intensities, the phase information
provided with polarimetric data, allows users of these data witharesy of tools for further
investigating geometric properties of their SAR targets. For example, tipolaxized phase
information can be used to differentiate targets which may otherwise show identical backscatter
intensities at various polarization mexd Moreover, backscatter mechanisms can be further interpreted
by polarimetric response plots, which areliBiensional graphical representations of the transmitted
and received polarizations [5]. These graphs are generated by computing the backseattergerof
orientation {90° to 9C¢°) and elliptical {45° to 45°) angles. In most cases two polarization response
plots are created. These are known as thamo crosgpolarized responses, where the transmitted and
received polarizations are identicall{, VV, etc) for the coepolarized response and orthogonal
(HV, VH, etc) for the crosol response. The peaks and valleys of the graphs represent maximum and
minimum responses respectively. In addition to polarimetric response plots, further analyms of
scattering matrix can be performed on polarimetric data in order to extract fundamental detail about the
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scattering process across the image [6]. Algorithms known as decompositions have been developed t
identify the individual scattering component$ the target. Two of the more commonly used
decomposition theorems include the FreefDamden and the CloudRottier decompositions. The
FreemarDurden decomposition employs the coherency matrix to break down the data into three
scattering types: surfacepublebounce and volumé§7,8]. Using this mathematical procedure, the
percentage of each mechanism contributing to each individual pixel is determined [6]. In other words,
a weight for each scattering method is applied. The alternative, the €Rotiiler decomposition,
produces three parameters: entropy (H), al pha
Entropy is defined as the disordee( randomness) of scattering mechanisms of a pixel and in this
work is normalized to range from O @uscatterer) to 1 (multiple scatteref8)9]. The alpha angle
identifies the dominant s c48°’), vokima (A0g50°read rhudiplel s m
(doubleb ounc e) s ¢ &CP).t Amisotrapyg estiimétes the importance of secondary scajteri
mechanisms and also has a range between 0 and 1. Given that anisotropy values were low for al
targets except for urban, only the two key parameters, entropy and alpha angle, were considered. Base
on the values of the entropy and alpha angle compqgreetdsget can be categorized according to the
following 8 zones:

1 Zone 8: Low entropy; smooth surface scattering
Zone 7: Low entropy; dipole scattering

Zone 6: Low entropy; multiple scattering

Zone 5: Medium entropy; rough surface scattering
Zone 4: M@ium entropy; vegetation scattering
Zone 3: Medium entropy; multiple scattering

Zone 2: High entropy; vegetation scattering

Zone 1: High entropy; doubleounce scattering

= =4 =4 A4 48 -5 -

Although both the CloudPottier and Freemaurden decompositions are examplésan-coherent
target decompositions, they have both been shown to provide meaningful reseltgplaming
scattering mechanisms. Depending on the user and level of detail requirediett@sgositions can be
used to classify dominant scattering typessica variety of applications [B) 13].

Similar to the approach of van Zgt al.[14], Cloude and Pottier [9] and Freeman and Durden [7],
backscatter intensities, gmlarized phase difference, polarimetric response plots and polarimetric
decompositions were extracted for simple targets such as surface (e.g., water);bdonbée
(e.g., urban infrastructure) and random (e.g., forest) scatterers. We examined how changing the
incidence angle and acquisition date can influence the SARn®&sgmm targets typical aforthern
Ontario using polarimetric RADARSAZ C-band data.

2. Study Area

The communitie®f Sturgeon Falls (462, 79%55NYy) and Verner (4624N|, 807 Ny) are located
in the municipality of West Nipissing, Ontario, Canada (Fegt), along the north shore of Lake
Nipissing, within the Great Lakes basin. The region is situated within a small clawhielh formed
as a result of fine sediment particle deposition that occurred during the last glacial recession when &
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much largeiLake Nipissing was part of glacial Lake Algonquin [15]. Many of the agricultural regions

in northern Ontario are found on such sediments that are dispersed across the Canadian Shield which |
more commonly covered by forests, lakes and wetlands. Althdese tsoils characteristically have

poor drainage, thousands of acres of tile and municipal drainage systems have been installed tc
maximize soil and crop productivity [16]. Summer growing seasons are typically short (May to
September) and warm with over@Bdegree days and ample precipitation for crop production [15].
Improved technology and increased crop demand have encouraged the development of hybrid plants
which are adapted to shorter, cooler growing seasons. This has led to a shift from dainydmgas
farming in northern Ontario as the amount of cropland in Southern Ontario decreases due to urban
sprawl. With the presence of a large water body, wetlands, several square kilometers of mixed forest,
extensive agricultural activity and urban infrasture, the region provides an ideal location for
analyzing polarimetric properties of targets typical not only of the Nipissing district, but also of
northern Ontario.

Figure 1. Study location within the municipality of West Nipissing, Ontario displayed o
WorldView-2 image acquired oaJuly 2011.
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3. Land Cover Types

Excluding the agricultural lands, the four land cover types remaining for investigation include
mixed forest, urban infrastructure, surface water and wetlands (Figure 2). The foresbuands a
mix of deciduous and coniferous species, with fully developed canopies at the time of the first
acquisition 20 June), therefore little change in size and structure occurred over the time of the study.
Forests in the area are typically mixedwsodominated by such hardwoods as red maple
(Acer rubrun), sugar mapleAcer saccharum and red oak@uercus rubry, as well as softwoods like
eastern white pineP{nus strobuk and balsam fir Abies balsamea[17,18]. Sturgeon Falls, a town
with a population of approximately six thousand, was used as the urban target as it comprises a
combination of roads and buildings with natural vegetation dispersed throughout [19]. Given its size, it
is typical of manynorthern Ghtario communities. Lake Nipissing was used for both the surface water
and marsh wetland targets. The marsh wetland vegetation was sparse at the time of the first
acquisition; howeverover the course of the study several species emerged, mainly domiyated
cattails Typhaceag rushes Juncaceagand sedgesQyperaceag[20,21]. The proportion of mixed
forest, urban infrastructure, surface water and marsh wetlands throughout the study area are 44%, 3%
23%, and 3% respectively, with the remaining 27% disedgriculture.

Figure 2. Location of noragricultural targets shown on a RADARSATimage (R: HH,
G: HV, B: VV) takend4 August 2011 in West Nipissing, Ontario.
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4. Methodology
4.1. Satellite Imagery

Two sets of RADARSAT2 fine beam polarimetric imagebased on two incidence angles, were
aqquired from June to Septemhk2d11 (Table 1). These data were collected every 24 days at both a
steep (26} and a shallow (41} incidence angle in order to investigate how changes in the incidence
angle and acquisin time affected the polarimetric response of the four targets.

Table 1. 2011 RADARSAT2 acquisitions.

Acquisition  Day of Polarization Resolution Incidence Orbit Wind Speed
(mm-dd-yyyy) Year (Beam Mode) (m) Angle (°) (Look Direction) (km/h)
06-20-2011 171  Polarimetric (FQ21) 10 41 Ascending (Right) 0
07-11-2011 192  Polarimetric (FQ7) 10 26 Ascending (Right) 6
07-14-2011 195 Polarimetric (FQ21) 10 41 Ascending (Right) 6.8
08-04-2011 216  Polarimetric (FQ7) 10 26 Ascending (Right) 4
08-07-2011 219 Polarimetric (FQ21) 10 41 Ascending (Right) 9.7
08-28-2011 240  Polarimetric (FQ7) 10 26 Ascending (Right) 5.4
08-31-2011 243  Polarimetric (FQ21) 10 41 Ascending (Right) 6.8
09-21-2011 264  Polarimetric (FQ7) 10 26 Ascending (Right) 10.8
09-24-2011 267 Polarimetric (FQ21) 10 41 Ascending (Right) 0

* Wind speed is an average over a five minute period with a thirty second sampling interval.
4.2. Data Processing

PCI 6 s Geul2was useddo ingest each dataset in the S4C scattering matrix (Figure 3). The
data were then filtered using a*x65 boxcar (rectangular) filter to reduce any effects of noise or
speckle [13,2R The data were then converted to a symmetrizex 3 covariance matrix which
averages the crogml backscatter, allowing the three polarization (HH, VV, and HV) intensities to be
extracted forfurther analysis [22]. For mathematical details of these procedures, the reader is referred to
Boerneret al.[23].

4 3. Data Extraction

Sample sites were selected from homogenous areas representative of the various land cover type:
The selection of the sites was based primarily on actesg€rmission) to the target locations. Using
optical satellite imagery frorthe same year, we identified identical remote targets and-eatidated
their response visually, to justify the final target selection. For each type of target, a minimum sample
of 2000 pixels was used to enable an adequate representation. Howevethgeeient and access of
available sample sites, some target areas were smaller than others. Specifically, the surface watel
mixed forest, urban infrastructure and marsh wetland sample sites covered respective areas of 360 h:
230 ha, 110 ha, and 60 ha.
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Figure 3. Flow diagram of processing and extraction methodology.
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Using the SAR Polarimetry Target Analysis (SPTA) software extension in Geomatica 2012,
backscatter intensity, goolarized phase difference, pedestal height, polarimetgponse plots and
polarimetric decompositions were extracted from the four targets for each date of acquisition. The
CloudePot ti er decomposition plots were generated
Polarimetric Workstation (PWS) software2|2 For further details of these procedures, the reader is
referred td7,9,14,24).

5. Results and Discussion
5.1. Backscatter Intensity

In Figure 4 it is evident that, in most cases, backscatter response is higher at the steeper incidence
angle. At the ®eper incidence angle, where the signal is more perpendicular to the target and therefore
reduces the chances of specular reflectance.

With respect to HH backscatter, the wetland target had the highest response at both incidence angle
from early Augustday 216) until late September (day 267). This is likely due to the aquatic vegetation
emerging from the lake surface at that time, providing ideal conditions for doobiee scattering
and thus enhanced backscatter. Forest and urban targets also bigiweldH backscatter; however,
the intensities varied less over time than the wetland target. Over the course of the summer, the fores
and urban targets underwent little change in geometry, and therefore the backscatter remainec
relatively consistent. Asxpected, water displayed the lowest HH intensities; however, unusually high
values were observed for three steep incidence angle acquisitions (days 192, 240 and 264). This coul
be attributed to a combination of the steep incidence angle and the presemagecreating a rough
surface and enhancing the HH response. These results fall within a range of values reported by
Staples[25] for open water, indicating the waviness of the water does affect the response. Shallow
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incidence angle HH backscatter oater was much lower than the steep incidence angle as it was more
susceptible to specular reflection. Upon examining nearby weather station data, a pattern betweer
average wind speed (at the time of acquisition) and HH backscatter is observed. Thig dugke
stronger winds generating larger waves and increasing the intensity of the response.

Figure 4. HH (Top), HV (Middle), and VV Bottom) backscatter intensities for 41°ft)
and 26°(Right) incidence angles of land cover targets baseBRADARSAT-2 fine quad
beam modes.
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With regards to the HV intensity, the forest and urban targets exhibited similar backscatter patterns,
displaying the highest responses of all targets (Figure 4). The dense forest canopies, as well as th
vegetation dispsed throughout the urban center create diffuse scattering targets. The geometries of
the targets are oriented in such a way that a significant amount of the incident waves change
polarizations before returning to the sensor. Conversely, the wetland Hsch#er was much lower.

The tall thin plants do not create as dense of a target as does the forest, nor one with as man:
orientations, and therefore less depolarization of the incident waves is expected. However due to the
continuous growth of the aboveater aquatic vegetation, it provided a partial depolarizing target, and
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thus the HV intensity did increase over time. HV backscatter values from the water target were near
the noise floor i(e., lowest possible return) since it does not possess a geomapable of
depolarizing the incident wave.

VV results were very similar to HH (Figure 4), but a few differences were observed. The wetland
target VV backscatter of the steep incidence angle was lower than the HH, possibly due to HH being
enhanced as a rdsof doublebounce scattering. The steep incidence angle VV intensity of water was
slightly higher than HH as it was less prone to specular reflection; however, it too displayed a
relationship with wind speed. The mixed forest and urban targets dispitilgedifference in relation
to the HH intensities. The similarity in HH and VV backscatter for the mixed forest is likely due to the
dense canopy and various leaf orientations providing ideal conditions for ecymlacized
backscatter intensities. Adidnally, these leaf orientations produce a depolarizing medium, and
therefore cepolarized backscatter is not at its maximum intensity. For all polarizations, the variation
of backscatter intensity within each target type is small and usually less digan 2

5.2. CoPolarizedPhase Difference

As shown in Figure 5, the incidence angle had little effect on tqmolesized phase difference for
water, forest or wetlands. Smooth surfaces like water do not cause a delay in the HH or VV modes,
therefore the plee difference remained close to zero. While some vegetation has been shesuitto
in a delay [2§ more dense forest canopies affect both polarizations equally and do not impede one
over the other. Other vegetation types, such as the wetlands inuthys ate more comparable to
dihedral corner reflectors when considering the HH mode and not the VV mode. Regardless of
incidence angle, this interaction delays the HH return, resulting in the observed phase difference.

In contrast to the other target typdabe urban target showed a substantial change in phase
differences between the two incidence angles. The FQ7 beam mode resulted in little or
no phase difference because the steep incidence angle did not delay either polarization. Due to the
closerto-nadir incidence angle, the opportunity for doubleunce scattering was limited, and thus the
HH and VV interacted with the urbdargets in a similar manner [2Z9]. At the shallower incidence
angle (FQ21), HH experienced doulbleunce scattering (e.g., wdo building) and thus, like the
wetlands, experienced a delay in return relative to the VV.

Figure 5. Co-polarized (HHVV) phase difference for RADARSAP 41°(Left) and
26°( Right) incidence angles of land cover targets.
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5.3. PolarimetricResponse Plots and Decompositions

Each land use/land cover type will be discussed separately for polarimetric response plots and
decomposition result$Given the amount of data derived, only a few key examples of the response
plots and Cloud®ottier decmposition graphs have been includédr all polarimetric response plot
and decomposition results, please refer to the supplemesiang material To make comparisons
between land use/land covers easier, the intensity of the polarimetric responséagloteen
normalized between &d1 [30].

5.3.1. Forest

Nearly all copolarized plots of the forest target (Figure 6) showed equal responses for HH and VV,
which coincides with the similar backscatter intensities observed in Figure 4, as wellrespibrese
plots from a forest in San Francisco, CA, US4][ The relatively high pedestal height and flatness of
the copolarized signature indicate a high percentage ofpwarized return due to volume scattering
of tree canopies. Additionally, the pegse of volume scattering is supported by a moderate pedestal
height and relatively high crogml response for the orthogonal orientation angl@897 05 +90% and
O°ellipticity angle.

Figure 6. Forest ce (Left) and crosgolarization (Rightpolarimetric response plots based
on RADARSAT-2 finequad beam modes for 11 Julpk); 7 August ¢d); and
24 Septembere(f).
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The CloudePottier decompositions (Figure 7) split the forest target between zones 4 anthé
canopy is dense enough to produce surface (zone 5) scattering, whsledsotse as not to prevent
volume (zone 4) scattering. Unlike longer wavelengths such-lzant (25 cm), the ®and (5 cm)
does not penetrate through dense forest canopidgs amstead scattered by leaf and branch elements
before ever reaching the ground. For the FreeBwamen decompositions (Figure, &8e scattering
was attributed primarily to volume, never accounting for less than 75%, while the remainder was
classifiedas surface scattering.

Figure 7. Forest Cloudd> ot t i er H/ U decomposi-2finequadb as ed
beam modes foaj 11 July; b) 7 August; andd) 24 September.
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5.3.2. Urban

The urban polarization plots (Figure 9) also showed little variationiveldab the change in
incidence angle. Like van Zyl and Zebke4], the signatures showed a dominance of HH over VV
which is typical of doubldounce scattering primarily from roads to the sides of buildings. However,
the presence of vegetation within theban area also contributed to volume scattering, shown as a
moderate pedestal height and moderate guokaization return. The Cloueottier decomposition
(Figure 10) supports this deduction as the scattering mechanisms are evenly distributedzos®ssen
(multiple), 4 (volume) and 5 (surface). Moreover, the FreeBxarden decomposition (Figure 11)
showed an almost equal contribution from the two dominant scattering mechanisms, volume and
doublebounce scattering. This is often the case with sutdrge area having aariety of targets
within it [24]. However it is important to note in the Freeramrden decompositions, the contribution
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of both surface and multiple scattering with respect to changing incidence angle. The shallow incidence
angle acqisitions (FQ21) were more prone to doubleunce and thus multiple scattering is given a
larger weight, whereas the steeper incidence angle (FQ7) was more typical of surface scattering.

Figure 8. Forest Freemaburden decomposition foa) 41°and (b) 26° incidence angles
based on RADARSAXT fine-quad beam modes. Note that circled days coincide with
polarization response plot and Clotiettier decomposition dates.
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Figure 10. Urban CloudeP ot t i er H/ U decomposi-2finegnadb as ed
beam modes fga) 20 June (b) 4 August and(c) 21 September.
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Figure 11. Urban Freemaburden decomposition for) 41°and (b) 26°incidence angles
based on RADARSA® fine-quad beam modes. Note that circled days coincide with
polarization response plot and Clotfettier decomposition dates.
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5.3.3.Surface Water

Unlike the forest and urban targets, the polarization response plots of the Lake Nipissing water
targets (Figure 12) varied considerably by acquisition date2@june (day 171), the response plot
(Figure 12a) indicated a high return for both HH and VV scattering, as well as a large pedestal height.
While normally indicative of volume scattering, it is evident from Figure 4 that the HV intensity was
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very close to th noise floor on this date, countering the possibility of volume scattering. A similar
co-polarized response was observed by Nunzaital. [31] in their study of marine oil slicks and its
dampening of Bragg scattering. Relating back to Table 1, wind neasxistent at the time of
acquisition, and therefore the water surface was flat enough to act as a specular reflector, much like the
oil covered sea surface. Again referring back to Table 1, we can see that higher wind speeds were
present during the shaw incidence angle acquisition ofi August (day 219). This led to the
co-polarized response to be more typical of the open water responses described by van Zyl anc
Zebker [24, with a high VV return over the lost HH, due to the wipeherated rougheudace. All

steep incidence angle responsksplayed very similar results with a higher HH return relative to the
shallowincidenceangle. This would indicate that the st@sgidenceangle response is influenced more by

the signal being perpendicularthe target and less/ wind activity.

Figure 12 Surface water co(Left) and crosgpolarization Right) polarimetricresponse
plots based on RADARSAT? fine-quad beam modes for 20 Jurgbj; 7 August €,d);
and 21 Septembee,f).
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With the exception of the 2Qlune result (again, due to the absence of wind), many of the
decompositions (Figures 13 and 14) accurately classified the appropriate scattering mechanism for
water. For the CloudPottier decomposition, open water was typically idediin zones 5 and 8. For
the FreemaDurden decomposition, the main contributors were surface and volume scattering. The
high volume scattering contribution for shallow incidence angle acquisitions is likely associated to
low-wind conditions leading tollathree polarization intensities being found near the noise floor.
Because the method of calculating the scattering mechanisms is relatively dependent on comparing the
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ratio of each return, a larger component was classified as volume scattering. Thi®ftype
misinterpretation was also documented by Freeman and Durden [7] in their study of open water in
Belize. On the other hand, steep incidence angle decompositions were much improved with respect tc
surface scattering contributions.

Figure 13. Surface wate CloudeP ot t i er H/ U decomposi®ion ba
fine-quad beam modes faa)(20 June;lf) 7 August; andd) 21 September.

5.3.4. Marsh Wetlands

As stated in Section 5.1., wetland responses were heavily influenced by incidence angle. In
Figure 15a,c, it is clear that the shallow and steep incidence angles produce very different
co-polarized responses. TR6 June (day 171) epolarization response (Figure 15a) indicates a strong
VV backscatter in comparison to HH, likely due to a lack of eemrgegetation, allowing for
considerable specular reflection of the HH. Conversely, 4h&ugust (day 216) cepolarization
response (Figure 15c) shows strong HH return compared to VV, likely due to the steep incidence angle
as well as enhancatbublebounce due to the plants emerging from the water surface. The emergent
vegetation may also be the cause for high HH in shallow incidence angle acquisitions creating an ideal
doublebounce target (Figure 15e). All creggsl responses show little vation in terms of shape as
orthogonal orientation angles have moderate backscatter. However, increasing pedestal heights wer
observed with the growth of the vegetation, indicating a stronger depolarizing target. It should also be
mentioned that while windonditions greatly influenced the response of water, wind speeds were not
strong enough to lodge the vegetation or create large enough waves that would temporarily submerge



