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Influence of Flood Conditions and
Vegetation Status on the Radar Backscatter of
Wetland Ecosystems

RESUME

L'objectif de cet article est d'évaluer I'utilisation des
données RSO de RADARSAT pour identification des
écosystémes de terres humides prenant en considération
Vinfluence des caractéristiques  des cibles (type de
végétation, conditions d’inondation, phénalogie et les
feux), ainsi que les paramétres du capteur (angles
d’incidence variables). Les iles du delta inférieur du
fleuve Parand en Argentine ont été choisies comme zone
d'étude. Six images RSO acquises au cours de 1'été et de
Ihiver 1997 et 1998 ont été utilisées. Cet ensemble fait
appel awx modes standard S1, 54 et S6 pour tenir compte
des effets d'angle d'incidence. Les valeurs de
rétrodiffusion radar d’échantillons prélevés sur des sites
connus ont été analysées. Le signal de rétrodiffusion de
la forét montre une stabilité temporelle au cours de l'été
et de Ihiver, que ce soit en présence ou en absence de
Jfeuilles dans les arbres. Au contraire, la rétrodiffusion
de la forét est fortement mise en valeur par la présence
d’eau sous-jacente. On a trouvé que les retours radar
pouvaient 'varier d'un signal atténué a un signal
caraciérisé par un comportement de type double rebond.
Dans les terres humides dominées par les joncs, le
mécanisme dominant d'interaction peut varier d’une
réflexion de type double rebond a une réflexion de type
spéculaire dit aux inondations. Dans des conditions de
niveau normal des eaux, on a pu déterminer que la
capacité de différencier la forét de la végétation
herbacée diminue en fonction de l'accroissement de
l'angle d’incidence. Dans des conditions extrémes
d’inondation, la rétrodiffusion radar diminue en
Jonction de ['accroissement de ['angle d’incidence,
d’environ 3 dB pour la forét et de 4 dB pour les joncs.

by P. Kandus = Il Karszenbaum «T. Pultz « G. Parmuchi «.l. Bava

SUMMARY

The aim of this paper is to assess the use of RADARSAT
SAR data for wetland ecosystem _identification
considering the influence of target features (vegetation
tvpe, flood conditions, phenology, and fires), as well as
sensor parameters (varying incidence angles). The
Lower Delta islands of the Parand River in Argentina
were selected as the study area. Six SAR images acquired
during the summer and winter of 1997 and 1998 were
used. This set includes Standard Beams S1, §4 and S6 to
account for the incidence angle effect. Radar backscatter
of samples taken at known sites was analyzed. The forest
backscatter signal shows temporal stability during
summer and winter, either with leaf-on or leaf-off trees.
On the contrary, backscattering from forest is strongly
enhanced by underlying water. Radar returns were found
to change from an attenuated signal to one dominated by
double-bounce behaviour. In wetlands dominated by
rushes, the dominant interaction mechanism may change
Jrom double-bounce to specular reflection due to flood.
During normal water-level conditions, the ability to
differentlate forest from herbaceous vegetation was
found to decrease with increasing incidence angle.
Under extreme flooding, radar backscattering decreases
Jfrom steep to shallow incidence angles, about 3 dB for
Jorest, and 4 dB for rushes.
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Figure 1.
Lower Delta islands of the Parand River. Grey box: Study area.

increase in water level from September to March with a
minimum around August. Extraordinary inundation events can
also be triggered by El Nifio phenomena, such as that of 1998.

Figure 2 schematically shows the main land cover types of
the study area. Lowlands cover around 42 percent of the area
and are characterized by rush plant communities mainly
dominated by Schaenoplectus californicus (Kandus, 1997).
This species is a perennial equisetoid up to 2,5 metres high
presenting around 80 percent of ground coverage. Across the
lowlands, there are thin meander belts covered by prairies with
herbaceous and woody plants strongly degraded by cattle
grazing. About 40 percent of the original natural vegetation of
the area was completely replaced by human activities mainly
represented by willow (Salix spp.) and poplar (Populus spp.)
plantations. Salicaceae species are all deciduous, and leafless
from late April to September. In order to plant and manage
forest plantations, logging and sometimes burning of the
existing vegetation are required. In some cases, soil drainage is
enhanced by channels that speed up water outflow. In other
cases, polders prevent water input from river floods. Fires are
also frequent in the region, adding variability and creating

confusion when remote sensing images are analyzed. The
entire area is affected by forcing factors such as precipitation
and winds, flood conditions, and phenology.

Data Description and Preparation

Six Standard Mode RADARSAT images from ascending
passes were used for this study. The RADARSAT SAR
operates at C-band (5.3 GHz) in HH polarization. The Standard
Mode images examined (SGF) have a nominal resolution of 25
metres in range (ground range resolution varies with range),
and 28 metres in azimuth, and are processed to four looks
(http:/fwww.cers.nrean.ge,ca/cers/tekrd/radarsat/specs/radspece.html),

The main differences between scenes are season, flood
condition, and angle of incidence (Table 1). Three of the scenes
were acquired in the summer and winter of 1997 under almost
normal water level conditions. Two of them, using Standard
Beam 1| and Standard Beam 6, were acquired in late summer
and the other, Standard Beam |, in winter., The other three
images were acquired in winter 1998 during the flood peak of
the Parand River resulting from the “El Nifio” event. These
three scenes taken during the month of May correspond to three
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Figure 2.

Landscape pattern scheme for the study area. (1) willow or poplar
plantations; (2) rushes; (3) degraded meander spives. Blue fine: average
water level,
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Figure 3.
Water level conditions for image acquisition dates. 1: February 16,

1997/86; 2: March 16, 1997/81; 3: August 7, 1997/81; 4: May 1,

Table 1.
Data acquisition dates, environmental conditions,
and beam modes;
Season | Beams/ Incidence Angles| Flood Condition
(approximate values) | Normal | Flooded
Summer S1(20°-279) 16-3-97
S6 (41°- 46°) 16-2-97
Winter S1(20°-27%) 7-8-97 | 22-5-98
S4 (34°- 40°) 4-5-98
86 (41°-46°) 12-5-98

different incidence angles: Standard Beam 1, Standard Beam 4,
and Standard Beam 6. The Servicio de Construcciones
Portuarias y Vias Navegables contributed monthly mean water
level data at the port of Zarate, as well as hourly water levels
for the dates of image acquisition. Figure 3 illustrates monthly
mean water level during a normal period (average conditions
from 1976 to 1980) as well as for the years where images were
acquired: 1997 and 1998. Data about winds (intensity and
direction) and precipitation for these dates were also available.

In addition to radar images, Landsat 5-Thematic Mapper
images provided by the Argentine National Agency for Space
Activities (Comisién Nacional de Actividades Espaciales -
CONAE) were available, along with panchromatic aerial
photographs, field data, and a vegetation map obtained from
optical data (Kandus, 1997; Kandus ef al., 1999).

Proper assessment of environmental conditions and incidence
angle effects require absolute backscattering values. Using PCl
software version 6.3, images of the radar backscattering
coefficient (0°), expressed in power, were obtained for all scenes.
Next, speckle was reduced by image filtering using a 3x3 window

1998/54; 5: May 18, 1998/S6; 6: May 22, 1998/S1.

Gamma Map filter (Frulla er af., 1998), which was desigred to
preserve edges while reducing the noise in homogeneous areas.
SAR images in power were registered considering as the
reference image a geometrically corrected Landsat/TM image and
assuming a flat surface (Frulla et al., 1998). The TM image had a
Gauss Kruger projection with a pixel spacing of 28.5 metres.
Radar images were resampled using the cubic convolution
method. The pixel spacing chosen was 14.25 metres (half the TM
pixel size, 28.5). Approximately 50 ground control points were
used for each image registration task. In average, the RMS error
was of the order of 0.50 pixels (Frulla ez al., 1998; Milovich et al.,
2000). Next, images in amplitude (for visual analysis), and in
decibels were calculated from the geolocated o° (in power) scenes.
A subset corresponding to the study area was selected from
each radiometrically processed and geometrically corrected
image. The operational limits chosen for the study area
correspond to the intersection of 84 and the other scenes.

Landscape Elements and
Information Extraction from Images

As shown in Figure 2, two main landscape elements are dominant
in the study area: lowlands with rushes and willow or poplar
plantations in middle slopes, highlands, and areas protected by
dikes. These landscape elements strongly differ in their structural
and dynamic characteristics. Furthermore, environmental
conditions and sensor parameters (angle of incidence) may
quantitatively or qualitatively modify the interaction
mechanisms between the SAR signal and these surface elements,
adding difficulty to radar response interpretation.




Table 2 summarizes the different environmental conditions
of main landscape elements (forest plantations and rushes) in
the RADARSAT images analyzed. In the case of forest, they
may be flooded, burned and, depending on the season, trees
may have their leaves on or off. Rushes are perennial, and they
are always flooded but they may be also almost completely
covered by water or burned.

Table 2 addresses the following assumptions regarding the
dominant interaction mechanisms:

» Volume scattering is considered the dominant interaction
mechanism for trees, resulting in an attenuated signal, but
under flooded conditions the contribution of trunk surface
interaction increases strongly, producing a significant
enhancement of the total backscattering coefficient
(Richards, 1987b).

In rushes under normal water level conditions, double-
bounce effects are dominant producing high backscattering
values; when covered by water and/or burned, forward
scattering is the main mechanism causing a strong reduction
in radar signal (Pultz ef al., 1997).

Based on the above, it may be inferred that depending on
the dominant interaction mechanisms between signal and
target, the two landscape elements may be readily identified
and classified from radar response, or they may become an
obvious source of confusion.

In order to obtain quantitative results, amplitude images were
visually examined in order to establish a first criterion for
understanding the physical relationships between features
imaged by the SAR instrument and the corresponding ground
observations. Areas of interest of about 400 pixels were
selected for each land cover interactively using the ERDAS
version 8.4 image processing system, and the statistics (mean
and standard deviation) of their calibrated brightness values (in
power) were stored. These values were converted from power
to decibels for plotting (Karszenbaum et al., 1998; Frulla et al.,
1998). For sample selection, information collected in specific
field work and interviews with local people were taken into
account. Landscape spatial heterogeneity, and different
environmental conditions were carefully considered. In
addition to the categories of Table 2, forest age was also
considered: young (2-year) and adult (13-year) plantations,
with tree-heights varying from 5 to 15 metres, and DBH
ranging between 6 and 20 cm respectively.

(OBSERVATIONS AND DISCUSSION

Effect of Environmental
Conditions on Radar Backscatter

Figure 4 shows SI
environmental conditions:

images addressing three main

1) Summer - normal water level;
2) Winter - normal water level; and
3) Winter - flooded.
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As described in Figure 2, the main landscape elements
present in the scenes are river water, lowlands with rushes, and
Salicaceae afforestations (including willow and poplar
plantations). The: variations of grey tones are related to
structural characteristics of land covers, water content and
coherent noise inherent in radar data.

[t may be seen in Figure 4 that the radar response of
landscape elements in summer and winter S1 images under
normal water level conditions corresponds to similar dominant
scattering mechanisms (Table 2), but they definitely differ
from the S1 winter flooded image, In normal water level
condition images, river water shows an intermediate grey tone,
Salicaceae plantations appear in dark tones and an enhanced
backscattered signal may be easily observed in areas of rushes.
Almost opposite grey tones are abserved in the flooded scene.
The main differences between summer and winter S1 scenes
(normal water level conditions) are observed in the area of
rushes where important burning occurred in"summer.

Figure 5 shows the measured backscatter values from
polygons corresponding to the landscape elements considered,
within the S1 scenes. In the case of forest, Figure 5a illustrates
that leaf on/off conditions introduce slight changes in the
backscattered signal showing a difference that does not exceed
2 dB between summer and winter scenes. In the case of rushes,
two main clusters may be seen,; one corresponding to healthy
vegetation, and the other one to areas burned in March, Healthy
rushes yield bright returns in both summer and winter scenes.
This behaviour is similar to that described by other authors
(Hess et al., 1990; Cihlar ef al., 1992) for vertically oriented
stalks. Schaenoplectus californicus, the dominant plant, on
saturated soils accounts for the strong response as a result of
double-bounce interactions among signal, stalks, and water.
Nevertheless, the winter image shows lower o° values than the
summer one (3 dB difference). Since S californicus is a
perennial species and water level and weather conditions are
quite similar, no definite explanation for this behaviour has
been provided. Additional imagery is necessary to account for
this difference. In summer, low backscatter returns correspond
to burned rushes. The fire event occurred just before image
acquisition: thus, no standing vegetation was present and soil
water content caused a strong decrease in radar backscatter
(-9dB). In the August scene, rushes had already recovered.

In May 1998, the water level was about two metres above
normal and a strong vegetation-water signal interaction is
responsible for the large differences in backscatter observed
between normal condition and flooded winter images
{Figure 4). Three main clusters may be seen in Figure 5b. One
of them corresponds to rushes, another one to flooded forest and
the third one to non-flooded forest. In the case of rushes, radar
backscatter shows a strong decrease caused by standing water
that covers the wvegetation. Thus, the main interaction
mechanism changed from double-bounce to specular reflection
(Dobson et al., 1995). In the case of forest, the behaviour of the
non-flooded plantations remains stable. On the other hand,
flooded forests show a strong enhancement of radar backscatter
(about 10 dB increase). These observations agree well with

635



Voli 27, o oy Beeember/decembre 2001

Table 2.
Two main land-cover types, environmental conditions, and dominant scattering mechanisms.

Land cover type / Dominant int_eraction General view
Condition mechanism

forest plantation /
non-flooded summer

forest plantation /
non-flooded winter

forest plantation /
non-flooded winter and
burned

forest plantation /
flooded summer

rushes / standing, normal
water-level condition

rushes / flooded

rushes / bumed, normal
water-level condition
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Figure 4.

RADARSAT SAR Standard 1 images from: a) March 16, 1997 (late summer); b) August 16, 1997 (winter) and ¢) May 22, 1998 (winter-flooded). (1)
Willow; (2) Burned rushes; (3) Rushes; (4) Burned willow; (5) Flooded willow; (6) Non-flooded poplar; (7) Non-flooded willow; (8) Burned flooded willow,

theoretical predictions provided by canopy backscatter modelling
of flooded and non-flooded forest (Richards, 1987b; Crevier and
Pultz, 1996; Hess ef al., 1995). For flooded areas, the main
contribution to radar backscatter changes from volume scattering
from the canopy to trunk-water double-bounce interaction.

Effect of Beam Mode Incidence Angle
on Radar Backscatter

Proper assessment of incidence angle effects demands almost
simultaneous, multi-angle calibrated scenes from a single area.
In this paper, the effect of incidence angle on landscape element
identification has been analyzed under two environmental
conditions according to image availability: normal water level
condition in summer and flooded condition in winter,

Two single beam mode images have been compared for
summer 1997, S1 and $6. As expected, it may be seen that the
increase in incidence angle enhances ground-open water
boundaries because of a stronger specular reflection effect of
smooth water (Figure 6). An opposite effect occurs in vegetated
areas. The S6 image shows very subtle differences in the
backscatter from forest and rushes in spite of the strong
differences in structure. This observation may be explained by
the strong attenuation of the wave by aboveground vegetation at
higher incidence angles (Figure 7a). The interaction with
standing biomass is dominant in the 86 scene. Volume scattering
attenuates the signal in most areas and no apparent differences
between healthy and burned rushes is observed. However, this is
not a uniform behaviour, that is, there are areas of rushes where
a corner reflector effect also occurs in the S6 mode (Figure 6).
Further field work and imagery are required to understand the
complexity of radar returns in the S6 mode for rushes. In general,
these observations agree well with the ones described by
Kasischke ef al. (1997a), and by Ribbes ef al. (1999).

Figures 7b to 7d show the backscattering behaviour of
landscape elements under flooded conditions. In the case of
rushes there is a decrease in the backscattered signal from S1 to
$6. Differences between beams are of the order of 2 dB, and
follow a linear trend. When rushes are almost completely
covered by water, the signal is specularly reflected away from
the sensor and, the larger the incidence angle, the smaller the
signal that returns to the sensor. A similar backscattering
behaviour occurs for river water, but there is a major difference
in intensity between steep and shallow incidence angles
(around 10 dB), although the influence of wind on the S1 image
cannot be ignored (Pultz et al., 1991; Tandis ef al., 1994;
Ramsey, 1995; Crevier and Pultz, 1996),

During the 1998 winter flood event, most forest plantations
were flooded, but some remained dry. Unfortunately, the S4
image, which covers a smaller area of the Delta (different orbit)
than the rest of the images, does not include willow plantations
not affected by flood. Consequently, no samples of this category
are available for S4, Forest radar backscatter shows a lower return
with increasing incidence angle when flooded, and an almost
uniform response when the forest floor remains dry during the
image sequence (Figures 7b-d). For flooded willow forests, an
enhanced backscatter signal is observed in S1, which decreases in
S4 and remains almost unchanged in S6 with respect to 54,

Figure 8 shows a multi-angle colour composite image
generated from RADARSAT imagery collected during the flood
peak of 1998 (Table 1). The S4 image is displayed in red, S6 in
green, and S1 in blue. The cyan colour corresponds to areas of a
lower return in the S4 image. These are willow plantations that
probably were flooded by the end of May (in the case of S1 and
S6 images), but were not yet flooded on May 1*, when the S4
image was acquired. The bright-white areas correspond to
willow plantations flooded during the three acquisition dates.
Non-flooded poplar plantations are shown in green. River water
is represented in deep blue and areas of rushes present a gradient

s
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Figure 5.
Scatterplots of measured RADARSAT SAR backscatter values from
polygons of two main landscape elements under different
environmental conditions. a) winter vs. summer; b) flooded vs. normal
condition in winter.

from deep blue to reddish-brown indicating spatial
heterogeneity. The brighter red corresponds to areas inside dikes
with no standing vegetation (clearcut forest or burned rushes).
Finally, a complex mosaic of colours corresponds to burned
areas within forest plantations. Some burned stands appear as
bright as those that were not burned, and others look like the non-
flooded forests even though they were flooded. In general,
burned areas introduce great confusion in land cover assessment.

Rushes

+
!
Salicaceae
plantation

| It
Figure 6. Fo
RADARSAT SAR

(lnte summer),

—Standirgl._'\ﬁ. image from February 16, 199

Multi-Temporal Multi-Angular Comparison

Figure 9 shows the radar response behaviour of selected samp!
for each landscape element, and indicates the mean and stands
deviation of backscatter values for all images involved in t
analysis. Figure 9a clearly shows the importance of t
incidence angle for radar return from water. Differences betwe
beams may reach values of the order of 18 dB. Neverthele:
wind conditions cannot be ignored in the S1 scenes,

In the case of rushes, radar backscatter is strongly affect
not only by the incidence angle effect but also by changes
environmental conditions (flood and burns) (Figure 9a) th
determine the dominant signal vegetation-water interactic
mechanisms. For healthy rushes under normal water lev
conditions, steep angles show strong responses caused by tl
double-bounce effect, whereas shallower angles sho
considerable signal attenuation due to volume scattering,
the case of flooded scenes, and given that rushes are cover:
by water, forward scattering occurs in S1, as well as in S4 a1
S6 beams. Nevertheless, for certain environmental conditio
and incidence angles the radar response enables landscal
element discrimination. This is evident in the S6 beam f
healthy and burned rushes (Figure 9a).

Figure 9 also addresses the behaviour of radar response fro
forest non-flooded (Figure 9b) and flooded (Figure 9¢). Tt
behaviour is also shown in Figure 10 through the multi-tempo
multi-angle profile of forest radar backscatter. It can be observ:
that flood conditions constitute a critical factor affecting tl
radar signal that limits the influence of incidence angles.

For non-flooded forest (willow and poplar) the radar respon
remains stable independently of incidence angle and phenolog
In the case of flooded forests, the largest differences in rad

—
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Figure 7.

response are noticed between flooded/non-flooded scenes.
Differences due to the incidence angle are less pronounced.

For scenes imaged under normal conditions, differences
between young and adult plantations are less than 2dB,
whereas in flooded scenes, differences do not exceed 3dB.
These results are consistent with those published by other
authors for multi-temporal C-band ERS-2 observations
reported for mature forests (Quegan et al., 2000),

Old and young flooded plantations follow the same trend,
but the difference between 81 and 84 is larger for the older
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Scatterplots of measured RADARSAT SAR backscatter values from polygons of two main landscape elements comparing different incidence angles. For
late summer, normal condition: a) 56 vs. S1. For winter flooded: b) S6 vs. 81, ¢) $4 vs. 81, and d) S4 vs, 56.

ones (5 dB and 3 dB, respectively). In the case of burned and
flooded willow plantations, instead, the pattern is slightly
different since the backscattered signal seems to decrease
linearly with increasing incidence angle.

When differences between flooded and normal condition
scenes are analyzed, young forests show a 6 dB difference and
adult forests a 10 dB difference. This might be explained by the
difference in the intensity of the trunk-surface contribution to
the total o®., It is also important to note that burned plantations
have a multi-temporal pattern similar to that of healthy ones.

L
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Figure 8,
Multi-angle colour composite of RADARSAT SAR images of the flood
event of May 1998, S4 in red, S6 in green, and S1 in blue.
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There is almost no difference between them in radar response,
except for the S4 image. Additional images and further research
are needed to explain this behaviour,

GENERAL CONSIDERATIONS

Currently, the only type of SAR data available for operational
applications are C-band data for ERS (VV) and RADARSAT
(HH) systems. Even though improved data sets are expected from
ENVISAT and RADARSAT 2 missions, it is still very important
to fully exploit the potential of existing data. This requires both
understanding where the relevant information may be found
among data and devising appropriate methods to access it
(Quegan et al., 2000), For this purpose, multi-temporal signatures
are particularly important for many applications. Accordingly,
this paper discusses the contribution of multi-temporal multi-
angle RADARSAT SAR data to wetland ecosystem monitoring
and mapping. The procedure applied was based on the
quantitative analysis of the mean backscattering coefficient for
samples of well-known sites obtained from images under
different environmental conditions and beam modes,

From these resulis, some general considerations may be drawn:

+ Examination of the temporal variability of radar response in
wetlands shows that changes in flood condition strongly
affect C-HH radar backscatter in forest and rushes, This is
evidenced through changes in dominant signal-target

interaction mechanisms. However, since only signific
changes in water level were considered in this paper, th
remains still an unanswered question, that is, how sensit
are the different components of the backscatter coefficient
regular variations in water level (Richards, 1987b). T
constitutes an interesting subject for further research.

Combinations of images of different incidence angles m
improve information extracted from radar images. For flo
monitoring the combination of incidence angles is cruci
shallower incidence angles are required for open wa
delineation, and steep angles are needed for mapping wa
beneath the forest or vegetation canopy. The combination
steep, and shallower incidence angles may also help in are
of confusion in single images (between burned rushes a
forest in the case of S1, and between burned and standi
rushes in the case of 86), but further processing is requin
such as generating image ratios and/or differences, and/
using decision-based rules,

* As already remarked above, when the influence .
environmental conditions such as water level and vegetatic
status are assessed, flood conditions are the major fact
affecting radar retumns at landscape level. It constitutes the ma
variable for radar wetland identification and discriminatic
because of the strong interaction mechanisms among wate
vegetation (woody and/or herbaceous) and radar signal.

These overall results show that multi-temporal radar da
may be successfully used for monitoring and mapping floc
events in wetlands. A paper currently in preparation addresst
classification strategies aimed at applying these results |
vegetation and flood mapping at landscape level.

Future spaceborne radar systems will certainly constitute a
improvement with respect to current techniques, since they off
the possibility of obtaining not only multi-temporal multi-ang|
radar signatures, but also polarimetric data which can provid
significant information about target structural characteristics.
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