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Doñana National Park wetlands, in South West Spain, undergo yearly cycles of inundation and drying out.
During the hydrological year 2006–2007, 43 ASAR/Envisat images of Doñana, mostly in HH and VV
polarizations, were acquired with the aim to monitor the flood extent evolution during an entire flooding
cycle. The images were ordered in the seven ASAR incidence angles, also referred to as swaths, to achieve
high observation frequency.
In this study, backscattering temporal signatures of the main land cover types in Doñana were obtained for
the different incidence angles and polarizations. Plots showing the σ

0HH/σ0VV ratio behavior were also
produced. The signatures were analyzed with the aid of miscellaneous site data in order to identify the effect
of the flooding on the backscattering. Conclusions on the feasibility to discriminate emerged versus flooded
land are derived for the different incidence angles, land cover types and phenological stages: intermediate
incidence angles (ASAR IS3 and IS4) came up as the most appropriate single swaths to discriminate open
water surface from smooth bare soil in the marshland deepest areas. Flood mapping in pasture lands, the
most elevated regions, is feasible at steep to mid incidence angles (ASAR IS1 to IS4). In the medium elevation
zones, colonized by large helophytes, shallow incidence angles (ASAR IS6 and IS7) enable more accurate
flood delineation during the vegetation growing phase.
Since Doñana land covers require different observation swaths for flood detection, the composition of
different incidence angle images close in time provides the optimum flood mapping. Such composition is
possible four times per ASAR 35-day orbit cycle, using pairs of 12-h apart IS1/IS6 and IS2/IS5 Doñana images.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Doñana National Park marshes lie on the colmated Guadalquivir
River estuary, on the Spanish Atlantic coast (Fig. 1). Doñana is notable
for the great diversity of its biotypes and constitutes a crucial passage
and breeding site for hundreds of thousands of migratory birds each
year (García-Novo & Marín-Cabrera, 2005).

In 1998 the Spanish Ministry of the Environment promoted the
project called Doñana 2005 (Saura et al., 2001) aimed at the
restoration of the marshes natural hydrologic scheme, deeply altered
duringmost of the XX century (Menanteau, 1984).Within the frame of
Doñana 2005 the Flumen Research Group, at the Universitat
Politècnica de Catalunya, developed a hydrodynamic model of the
marshes (Bladé & Gómez, 2006), in order to predict the wetland
response to proposed actions in the Guadalquivir River basin. The
rigorous calibration of the hydrodynamicmodel required observations
of themarshes flood extent at different instants of the hydrologic year,

with higher temporal resolution during the rainfall period. In order to
obtain these observations, 43 images of the Synthetic Aperture Radar
sensor ASAR (European Space Agency, 2006), on board of the Envisat
satellite, were acquired from September 2006 to July 2007. The images
were acquired at six different incidence angles andmost of them inHH
and VV polarizations.

Radar systems have been used for wetland characterization since
the 1970s. In addition to their day and night, and all-weather imaging
capabilities, SAR systems can provide unique, valuable information on
wetland biophysical parameters, such as soil and vegetation moisture
(Kasischke et al., 2003; Pierdicca et al., 2010; Ulaby et al., 1986;Wickel
et al., 2001), and vegetation structure and biomass (Dobson et al.,
1992; Grings et al., 2005; Le Toan et al., 1992; Le Toan et al., 1997;
Moreau & Le Toan, 2003; Ulaby et al., 1986). The radar signal is also
capable to partially penetrate vegetation canopies and detect standing
water underneath (Hess et al., 1990; Hess et al., 1995; Krohn et al.,
1983; Martinez & Le Toan, 2007; Ramsey, 1998; Rosenqvist et al.,
2002). Moreover, flatness of wetlands surface minimizes undesirable
topographic effects on the radar returns. Five review articles
(Henderson & Lewis, 2008; Ramsey, 1998; Schmullius & Evans,
1997; Kasischke et al., 1997 and Hess et al., 1990) considering 261
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articles from 1965 to 2007 summarize most of the current knowledge
concerning radar–wetland interactions. These reviews evidence the
complexity of the SAR–wetland relationships, highly influenced by the
structure and density of the vegetation in relation to the observation
wavelength and incidence angle. Despite this complexity, some
generally agreed conclusions of the reviewed papers are gathered as
follows:

L-band is consideredmore appropriate than C and X-band for flood
detection in forested wetlands (Bourgeau-Chavez et al., 2001; Costa et
al., 1998; Hess et al., 1990; Hess et al., 1995; Wang et al., 1995). The L-
band longer wavelength facilitates the penetration of the radar signal
through the forest canopy and the interaction with the soil or water
surface underneath, while X and C returns come primarily from
branches and leaves. The latter wavelengths are better suited for flood
mapping in herbaceous marshes (Costa et al., 1998; Kasischke et al.;,
1997; Pope et al., 1997; Ramsey, 1995). In general for all bands, steep
incidence angles favor the radar signal penetration through the
canopy, while increases in biomass or incidence angle intensify the
signal–canopy interactions to the detriment of penetration (Costa,
2004; Costa et al., 1998; Grings et al., 2005; Hess et al., 1990; Ramsey,
1998). Subcanopy flood detection can be enhanced by the double
bounce of the radar waves between trunks and water surface in
forests (Hess et al., 1990; Kasischke et al., 1997; Martinez & Le Toan,
2007; Ramsey, 1998), and between vertical stalks andwater surface in
herbaceous wetlands (Grings et al., 2005; Grings et al., 2006;
Kasischke et al., 2003; Parmuchi et al., 2002; Pope et al., 1997;
Ramsey, 1998). Kandus et al. (2001) and Töyrä et al. (2001) suggested
a combination of incidence angles: steep ones for subcanopy flooding
detection and shallow angles to delineate open water, since wind-
roughened water surface can be confused with emerged land at low
incidence angles. Novo et al. (1998) also pointed at the interest of
multi-incidence angle imagery to retrieve biophysical parameters of
several macrophyte species in the Amazon. Temporal variability is
inherent to most wetland environments. Some authors have advo-
cated the importance of multitemporal imagery to capture the flood
and vegetation temporal patterns, since this information is of great
relevance for numerous fields of research and for efficient wetland

managing (Brown et al., 1996; Costa & Telmer, 2006; Henderson &
Lewis, 2008; Kandus et al., 2001). An L-band imagery time series
spanning 2 years was successfully analyzed by Rosenqvist et al.
(2002) to model the spatial and temporal variation of inundation in
the Central Brazilian Amazon. A 4-year long L-band set was used by
Martinez and Le Toan (2007) to monitor the flood extent dynamics
and spatial distribution of broad land cover types in the Amazon flood
plain. Grings et al. (2005) utilized multitemporal C-band data to
observe and model herbaceous vegetation growth in the Parana River
Delta, Argentina. Töyrä and Pietroniro (2005) combined C-band SAR
and optical data from 1996 to 2001 to derive a flood duration map of
the Peace-Athabasca Delta, in Canada. Kasischke et al. (2003), used 22
C-band scenes over a 25-month period to monitor hydrologic
conditions in South Florida wetlands. Nevertheless, despite the cited
research, most studies assessing change in wetlands are restricted to
image acquisition opportunities and fail to capture temporal patterns.

The present paper aims at the backscattering temporal character-
ization of Doñana land cover types and determination of the viability
of the ASAR scenes to monitor the marshes flood extent. To this aim,
backscattering temporal signatures of Doñana main land cover types
are obtained for HH and VV polarizations, and for six ASAR incidence
angles. Polarimetric behavior of the signatures is analyzed with the
aid of extensive site data and plausible explanations to the observed
main backscattering features are suggested, based on the state of the
art on radar–wetland interactions. Conclusions on the feasibility to
detect flooding are extracted for the different swaths and polariza-
tions. Since the distribution of land cover classes in Doñana is known
(Cabezudo, 1979; Luque et al., 2005; Peinado et al., 1990; Rivas-
Martínez et al., 1980), the analysis does not focus on the classes'
spatial discrimination but on the effect of the inundation on each class
backscattering characteristics.

Conclusions on flood mapping feasibility are used in a following
study to delineate inundation in Doñana from the ASAR scenes. So far,
such delineation has allowed observing the wind drag action on
Doñana water bodies and the evaporation and infiltration losses rate
(Ramos et al., 2009).

2. Study site

Doñana National Park is located in SouthWest Spain, on the banks
of the Guadalquivir River, near its mouth on the Atlantic Ocean coast.
Approximately half of the Park extension, 27,000 ha, is marshland
area. Themarshes undergo a yearly cycle of inundation in autumn and
drying out during the spring season, and its flood extension varies
considerably among years depending on the precipitation (Bayán-
Jardín & Dolz-Ripollés, 1995; Clemente et al., 2004; Rodríguez &
Clemente, 2002).

The topography of the marshes is extremely flat, with a maximum
elevation difference of 2.50 m and slope smaller than 1.3% in 98% of
the area (Fig. 2). Despite its subtleness, the marshes topography has a
critical effect on the hydroperiod or time that each zone remains
flooded, which in turn determines the vegetal species growing in it
(Aragones et al., 2005; Diaz-Delgado et al., 2006; García et al., 2005;
Rodríguez-Ramirez & Clemente-Salas, 2002).

In broad outlines, Doñana marshes can be subdivided into three
area types: paciles, ponds centers and transition zones, which are
described below and sketched in Fig. 3.

The deepest marshland areas, the centers of ponds and water-
courses, are the first ones in flooding and the last ones in drying out. In
other words, they are the areas of longer hydroperiod. The centers of
the ponds are formed by clayey bare soil, and virtually no vegetation
develops in them at any time of the year (García et al., 2005).

The locally called paciles, the most elevated zones, are fluvio-tidal
sediment bars located between ponds and watercourses (Rodríguez &
Clemente, 2002). The paciles only flood in wet years, when the water
level in the marshes rises high enough. The vegetation found in the

Fig. 1. Site location.
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paciles is pasture land known as almajar. The almajar is dominated by
the almajo plant or Arthrocnemun macrostachyum, shrub of height
between 0.5 and 1.1 m, and percentage of coverage around 50%
(García et al., 2005). When flooded, the water depth in the paciles
rarely exceeds 0.2 m, so most of the almajo bush remains out of the
water.

The transition zones, between paciles and ponds centers, are
colmated watercourses. They flood almost every year and communi-
ties of large helophytes develop in them. These communities are
largely dominated by two species: Scirpus maritimus (Castañuela) and
Scirpus litorales (Bayunco). The Castañuela is an herb of triangular
cross-section and height ranging from 0.6 to 1.0 m. The Bayunco is
reed-like, with circular cross-section, and often higher than 1.0 m.
Both species start emerging from the water surface towards the end of
February. They experience rapid growth throughout the spring season
and in April and May form dense vegetation masses reaching 95% of

surface coverage (García et al., 2005). The Castañuela and the Bayunco
dry out and die during the summer. Their brown stems stick out of the
water surface when the marshes flood in autumn, but they
progressively putrefy and sink by the spring.

As revealed by the description above, Doñana's landscape is highly
dynamic in time and space: in fall, the first rainfall events can flood
thousands of hectares in a few days. From the radar point of view, the
water bodies' appearance changes considerably with the wind due to
the wind-induced surface roughness. The wind speed in Doñana has
been observed to follow daily patterns and the water surface
roughness to be spatially quite variable. During the first 2 to 3 months
of the inundation period, dry plants from the previous hydrologic
cycle still emerge from the flooded surface and introduce some effect
in the water backscattering coefficient. This effect fades out as the dry
plants decay and disappear. In spring new green vegetation starts
emerging in the transition zones and covers the water surface in a
couple of months. The flooded vegetation shows high backscattering
in virtue of the double bounce effect of the radar waves. Also
throughout the spring season, the flood extent recedes gradually until
the marshes dry out completely in June or July.

3. Experimental data

3.1. Study period

This study focuses on the hydrologic year 2006–2007 (from
September 2006 to August 2007), because it was a wet year in which
the paciles flooded partially, and also because continuous series of
water level and meteorological data were registered at Doñana
gauging stations (Figs. 2 and 4).

3.2. ASAR imagery

Forty-three ASAR images of Doñana marshes were acquired in
Alternating Polarization mode (ASA_APG_1P product) from Septem-
ber 2006 to July 2007. The ASAR sensor is installed on board of the
Envisat satellite of the European Space Agency (European Space
Agency, 2006). ASAR is a synthetic aperture radar sensor using C-band
(5.34 GHz) and has a spatial resolution of approximately 30 m×30 m
when operating in the Alternating Polarization mode. In this mode,
ASAR acquires images in two of the three polarization channels as
follows: HH, VV and HV. In the HH and VV channels the sensor
antenna operates respectively in horizontal or vertical linear
polarization, and the same polarization is used for transmitting and
receiving. In the HV channel, transmission and reception consider
different polarizations. ASAR's imaging swath can be selected by
changing the beam incidence angle. There are seven predetermined
swaths designated as IS1 to IS7. Table 1 shows the incidence angle
range for each swath.

Detailed observation of the filling process is of particular interest
for the calibration of the hydraulic model. This process is rapid and
coincides with overcast weather. These two characteristics pointed at
the ASAR instrument as the most suitable sensor for monitoring

Fig. 2. Digital terrain model and location of the gauging stations.

Fig. 3. Ideal cross-section of the marshes. Adapted from García et al. (2005).
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Doñana's inundation: microwave radiation can penetrate clouds and
ASAR's pointable capability enables up to 14 image acquisitions of
Doñana per 35-day orbit cycle.

Fig. 4 shows the ASAR image acquisition dates during the study
period together with the cumulated precipitation and water level
evolution in Doñana at different gauging stations. The images were
ordered in the seven ASAR incidence angles to achieve high temporal
resolution, especially during the fall, when the marshes rapidly fill
with water. Ascending and descending tracks were used indifferently,
in virtue of the terrain flatness and the azimuthal isotropy of the
vegetation. Phase data were discarded due to the incoherency
between ASAR polarization channels and between different acquisi-
tion dates on distributed targets. The Alternating Polarization mode
and the polarization configuration for each image acquisition were
chosen in accordance with previous work assessing ASAR's suitability
for monitoring Doñana marshes (Martí-Cardona et al., 2006).

The number of image acquisitions per swath is summarized in
Table 1. Swath IS5 experienced technical irregularities during the
study period, so it has not been used in this study.

3.3. Hydrometeorological data

A network of five permanent hydrometeorological gauging
stations was installed in September 2004 (Fig. 2). These stations
acquire 10-min records of water level, water temperature, conduc-
tivity, dissolved oxygen, rainfall, wind direction and velocity, air
temperature and humidity, soil temperature and incident and
reflected visible and near infrared radiation (Ramos et al., 2009).

3.4. Digital terrain model

In September 2002 a LIDAR survey flight was conducted over
Doñana marshes. The LIDAR data set was used to generate a digital
terrain model (DTM) of 2.00 m2 and 0.15 m planimetric and elevation
resolution respectively (Fig. 2; Ibáñez & Gili-Ripoll, 2008).

3.5. Field data

Ground truth data were collected coinciding with ASAR image
acquisitions over Doñana. These data consisted of eight approximately
8 km long transects with 100 m spaced sampling points. Flood stage,
percentage of water, soil and vegetation coverage, and vegetation
structure were recorded at the sampling points. Other ancillary data
used in this study were Landsat images and flood maps derived from
them (Aragonés et al., 2005; Bustamante et al., 2009), and vegetation
thematic maps (Luque et al., 2005).

4. Methods

4.1. Image calibration

All the images were received from ESA as radar brightness (i.e.,
elevation, antenna pattern and range spreading loss corrected but
with no elevation angle compensation), and georeferenced. To
perform the absolute image calibration and derive the radar
backscattering coefficient σ0 the following expression was applied
at each image pixel (Rosich & Meadows, 2004):

σ
0 =

DN2

K
sinðαÞ

where:

- K=absolute calibration constant, delivered for each image and
polarization by ESA;

- DN2=pixel intensity value;
- α=local incidence angle at each pixel.

For applying this calibration flat terrain was assumed, i.e., the
increment of incidence angle due to the terrain slope was neglected.
Themaximumσ

0 error introduced by this simplificationwas assessed,
being of 5% in areas with slope higher than 1.3% (less than 2% of the
marshes extent) at IS1 images. The error decreases below 1% for the
same areas at IS7 images.

4.2. ROIs definition

Once the images were calibrated, 15 regions of interest (ROIs)
representative of the main land cover types in Doñana were defined.
These ROIs included roughly 1000 pixels each (15.6 ha), and were
selected so that they are composed of approximately flat areas with
homogeneous vegetation. The definition of the ROIs was as follows:

- Three out of the 15 ROIs are located in the ponds centers and
characterize the land cover class designated as Deep Bare Soil.

- Seven ROIs were defined in the transition zones. Four of them
correspond to communities dominated by the Castañuela, and
characterize the class called Castañuela. The Bayunco is the main

Fig. 4. Water elevation and cumulated precipitation in two gauging stations, and image acquisition dates during the hydrologic year 2006–2007.

Table 1

ASAR swaths incidence angle ranges in Alternating Polarization mode, and number of
image acquisitions per swath and polarization during the 2006–2007 hydrologic year.

ASAR swath Incidence angle range Number of images Polarization

IS1 15.0–22.9 5 4 in HH/HV 1 in HH/VV
IS2 19.2–26.7 6 HH/VV
IS3 26.0–31.4 8 2 in HH/HV 6 in HH/VV
IS4 31.0–36.3 8 HH/VV
IS5 35.8–39.4 3 (not used) HH/VV
IS6 39.1–42.8 9 HH/VV
IS7 42.5–45.2 7 HH/VV
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vegetation species found in the other 3 ROIs, which represent the
class Bayunco.

- Five ROIs are located in the paciles. Two of them were defined in
areas of almajar that flooded during the study period and have
been designated as Low Pacil. The other 3 occupy slightly higher
areas which did not flood and represent the class High Pacil.

The ROIs homogeneity was checked at every image by ensuring
that the ROIs intensity distribution agreed with the Gamma
theoretical one for uniform targets. This was almost always the case
except on a few cases, at the beginning of the Bayunco emergence,
when plants can start patching the water surface unevenly.

4.3. Determination of the ROIs flooding period and backscattering

signature

Ground truth data plus the DTM and the water level records were
used to determine the dates on which the different ROIs flooded and
unflooded during the study period. Given the extent of the ROIs
(about 15 ha), they can take a few days to flood or emerge completely.
The beginning and end of the flooding period were selected as the
dates on which 50% of the ROIs surface was under water, that is, as the
dates on which water elevation records nearby each ROI reached the
ROI's terrain median elevation.

The backscattering coefficient arithmetic mean of the pixels in
each ROI was computed in power for the 43 images in all available
polarizations. Plots showing the average coefficient evolution for each
class, incidence angle and polarization along the hydrologic year
2006–2007 were drawn and are presented in the next section in dB
units. HH and VV backscattering ratios were also graphed, in order to
analyze the polarimetric behavior of the land cover types.

5. Results and discussion

In the following subsections, observations about the different land
cover types backscattering characteristics before, during and after the
inundation are presented.

5.1. Land cover type: deep bare soil

Deep Bare Soil ROIs consist of either even clayey soil, when they
are emerged, or open water, when inundated. The dominant
backscattering mechanism in both cases is surface scattering.
Consistently with this mechanism, the temporal signatures of this
class show higher σ0 in VV than in HH polarization at all swaths both
before and after the inundation. A linear regression of σ0HH (dB)
versus σ0VV (dB) including all Deep Bare Soil data in the six ASAR
incidence angles showed a slope Δσ

0VV/Δσ0HH of 0.92 with an
R2=0.93.

The ROIs of the class Deep Bare Soil were emerged in only 8 of the
43 ASAR images, at swaths IS1, IS3, IS4 and IS6. In virtually all cases
the backscattering coefficient of the emerged bare soil was higher
than that from the flooded surface at the same swath and polarization
(Fig. 5a, b, c).

When the Deep Bare Soil ROIs are flooded, their backscattering is
highly dependant on the wind-induced surface roughness at steep
incidence angles (Brown et al., 1996; Henderson & Lewis, 1998;
Kandus et al., 2001; Leconte & Pultz, 1991; Töyrä et al., 2001).
Backscattering values have been compared with the wind velocity
averaged for the 6 h prior to each image acquisition, which is the wind
responsible for the water surface roughness at that time. The results
showed that above a mean wind velocity of about 1.5 m/s there is a
positive correlation betweenwind speed and σ0 at swaths IS2, IS3 and
IS4 (there are not enough data at IS1). Fig. 5a and b illustrates this
correlation.

Under low wind conditions the open water σ0 is very small, often
below the ASAR noise equivalent σ0, which can be explained by the
fact that the incident radar beam is specularly reflected away from the
sensor by the smooth water surface. Large incidence angles of swaths
IS6 and IS7 also induce high amount of specular reflection (Brown et
al., 1996; Henderson & Lewis, 1998; Kandus et al., 2001; Leconte &
Pultz, 1991; Töyrä et al., 2001). Thus, backscattering at these swaths is
generally low (under −15 dB) and less sensitive to wind speed than
swaths IS2 to IS4 (Fig. 5c).

Backscattering differences between emerged and flooded Deep
Bare Soil have been found to be lower in HH than in VV polarization.
The minimum observed σ0HH change before and after the inundation
is lowest at IS1 and IS6. The smallest σ0 difference at IS1 was observed
on a windy day and can be explained by the high sensitivity of steep
incidence angles to the water surface roughness. In the case of IS6
images, the shallow incidence angle causes high amount of specular
reflection of the radar beam not only on the open water but also on
the smooth bare clayey soil. Therefore, the σ0 differences and, hence,
the separability between emerged and flooded surface are smaller at
IS1 and IS6 than at IS3 and IS4. Fig. 6 illustrates the separability of
flooded versus emerged Deep Bare Soil at swaths IS3, IS4 and IS6.

The number of cross-polarized data is limited to 6 images at
swaths IS1 and IS3. σ0HV values are in all cases low or below the ASAR
noise equivalent σ0. The backscattering mechanism of the Deep Bare
Soil class is surface scattering on a relatively smooth surface
throughout the study period. This mechanism induces little

Fig. 5. Deep Bare Soil ROIs σ0HH and σ0VV evolution during the 2006–2007 hydrologic
cycle at swaths IS3 (a), IS4 (b) and IS6 (c). Wind velocity averaged for the 6 h prior to
each image acquisition is also represented.
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depolarization of the electromagnetic radiation, which explains the
low observed σ0HV.

5.2. Land cover types: High Pacil and Low Pacil

The High Pacil ROIs did not flood during the study period, although
they occasionally became swamped after strong rainfall events, such
as the one on 28 January 2007, only a few hours before the IS3 image

acquisition on 29 January (Fig. 7c). The ROIs of class Low Pacil were
flooded approximately from 11 November 2006 to 10 May 2007.

Right after the summer the soil is very dry everywhere in the Pacil
and the backscattering coefficients of Low and High Pacil are close to
each other (Fig. 7). A similar backscattering temporal pattern is
observed in the High Pacil ROIs for all swaths: σ0HH and σ0VV take
their lowest values at the beginning of the hydrologic year, when the
soil is dry. They rise during the marshes flooding period, due

Fig. 6. Scatter plots of σ0HH versus σ0VV in the Deep Bare Soil ROIs at swaths IS3, IS4 and IS6.

Fig. 7. High and Low Pacil ROIs σ0HH and σ0VV evolution during the 2006–2007 hydrologic cycle at swaths IS1, IS2, IS3, IS4, IS6 and IS7.
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presumably to thehigher soil humidity, andgodownagain fromApril on,
when the soil progressively dries out. The High Pacil ratio σ0HH/σ0VV
shows a moderate increase during the flooding period at all swaths
(Fig. 8a), and no significant effect of the incidence angle is observed on
this parameter.

When the Low Pacil floods, σ0 experiences a significant drop at
swaths IS2, IS3 and IS4 with regard to those of the High Pacil (Figs. 7b,
7c, 7d, 9a and 9b), and this drop is more acute in VV than in HH. The σ0

decrease could be explained by the lost of the surface scattering from
bare soil and short pasture, which get covered by water and therefore
induce forward reflection of the radar beam. A sound interpretation
for the differential behavior between polarizations would be that
double bounce is the dominant backscattering mechanism and that it
is higher at HH than at VV polarization (Wang et al., 1995). This
polarimetric response of the almajo would be explained by a
preferential orientation of the almajo stems, but has not been
explored yet.

At large incidence angles of swaths IS6 and IS7 polarimetric effects
of the flooded Low Pacil signature are reduced (Figs. 7e, 7f, 8b and 9c).
This could be explained by the fact that the path length through the
almajo bushes increases and the direct volume backscattering
mechanism becomes dominant.

Soon after the flooding period, in June, the ratio σ0HH/σ0VV of the
Low and High Pacil takes again similar values (Fig. 8), but the
backscattering coefficient from the Low Pacil is greater than that from
the High Pacil (Fig. 7), presumably as a result of the rather higher
humidity of the just unflooded soil.

5.3. Land cover types: Bayunco and Castañuela

Fig. 10 depicts the Bayunco and Castañuela ROIs backscattering
signatures during the 2006–2007 hydrologic cycle. Five stages are

identifiable in these signatures, although images for at least one of the
stages aremissing at each swath. The stages depend on the ROIs water
content (dry, wet, flooded) and the phenological phase of the
vegetation (dry, green, density and emerging height). The five stages
and the polarimetric multi-incidence angle radar response at each of
them are discussed as follows:

Stage 1. In September, at the beginning of the hydrologic year, soil
and vegetation are dry. Consistently with the reduced
moisture content, the observed Bayunco and Castañuela
backscattering is lower than in stages of wet soil or green
emerged vegetation. Castañuela σ0 ranges between−18 and
−14 dB and Bayunco σ0 between−16 and−11 dB at IS3, IS4
and IS6 (Fig. 10). The only available IS1 image in the same
period shows σ0 values substantially higher, in the order of
−8 dB for the Castañuela and −5 dB for the Bayunco. This
high backscattering at IS1 could be due, in large part, to the
summer cloudburst that took place in the night, 11 h before
the image acquisition, and that caused momentary soil and
vegetation wetness.

Stage 2. From the beginning of the rainfall period, on 16 October
2006, until the inundation, in November, the Castañuela
ROIs were permanently wet. The ASAR images in this period,
at swaths IS1, IS4 and IS7, show backscattering values
between −11 and −6 dB in the Castañuela ROIs, clearly
higher than those for the previous dry soil stage (Fig. 10b1,
b4, b6). The backscattering increment in this phase is
assumed to be wetness-induced and is well illustrated by
the IS4 temporal signature (Fig. 10b4). Bayunco regions
flooded earlier than Castañuela regions and only one IS1
ASAR image was acquired between the beginning of the
rainfall period and the inundation of two of the Bayunco

Fig. 8. High and Low Pacil ROIs σ0HH/σ0VV ratio evolution during the 2006–2007 hydrologic cycle at swaths IS1, IS2, IS3, IS4, IS6 and IS7.

Fig. 9. Scatter plots of σ0HH/σ0VV ratio versus σ0VV in the High and Low Pacil ROIs at swaths IS2, IS4 and IS6.
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Fig. 10. Bayunco and Castañuela ROIs σ0HH and σ0VV evolution during the 2006–2007 hydrologic cycle at swaths IS1, IS2, IS3, IS4, IS6 and IS7.
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ROIs (Fig. 10a1). Backscattering of the Bayunco ROIs at this
second stage was about−4 dB, only 1 dB higher than in the
previous stage, after a summer cloudburst.

Stage 3. Bayunco and Castañuela ROIs flooded approximately on 25
October 2006 and 6 November 2006, respectively. During
this phase brown Bayunco and Castañuela stems stick out of
the water surface in an amount dependant basically on the
water depth and the time elapsed after the inundation (dry
plants progressively putrefy and sink). A clear decrease in σ0

is observed with respect to stage 2 at all swaths, which can
be explained by the partial forward reflection of the radar
beam on the water surface.
Castañuela regions show lower backscattering than in the
previous stage of emergedwet soil at IS3, IS4 and IS7 (Fig. 10b),
but similar to the first dry soil phase at IS3, IS4 and IS6 (no data
are available to perform the same comparison at the rest of the
swaths). Unlike the Castañuela, Bayunco backscattering in this
stage is always lower than in the previous ones, especially at
HH polarization (Fig. 10a).
It is worth mentioning that the Castañuela and Bayunco ROIs
water surface remains rather smooth even on windy days,
presumably as a result of thewind energy attenuation effect of
the submerged vegetation. High backscattering from rough-
enedwater surface clearly distinguishesflooded bare soil from
flooded Bayunco and Castañuela on windy days at this stage.

Stage 4. In March, new green Bayunco and Castañuela plants start
coming out of the water and experience rapid height and
density growth during the spring months, while the water
level drops steadily. Concurrently, radar brightness shows a
steep increase, reaching values 10 to 20 dB higher than in the
previous stage (Figs. 10 and 13). Such increase might be
explained by the specular double bounce of the radar waves
between growing stalks and water surface, and by the
vegetation canopy volume scattering. A clear swath depen-
dant polarimetric behavior is observed in this stage:
- IS2 backscatter from flooded Bayunco and Castañuela is
clearly higher in HH than in VV polarization (Fig. 10a2, b2).
σ
0HH/σ0VV increases at this swath with the plant growth

reaching values above 7 and 5 dB for the Bayunco and
Castañuela respectively. Bayunco σ0VV reaches its maxi-
mum values around −7 dB in mid April, while σ

0HH
continues to increase until the end of May, when it takes
the highest values of about −0.6 dB. Backscattering from
Castañuela follows the same temporal pattern: σ0VV and
σ
0HH maxima are achieved in mid April and end of May

with approximate values of −9 and −5 dB, respectively.
- In contrast with swath IS2, Bayunco and Castañuela σ0VV at
IS6 and IS7 is higher thanσ0HH inMarch andApril (Fig. 10a5,

a6, b5, b6). However, as it has been observed at IS2, σ0VV
reaches a maximum value and starts decreasing earlier than
σ
0HH, so that the latter becomes greater than σ0VV towards

mid May. σ0HH/σ0VV increases in about 10 dB for both
vegetation types in the course of this stage (Fig. 11).

- Polarimetric differences are lowest at swaths IS3 and IS4,
but also in these cases σ0VV is higher than σ0HH in March
and April (Fig. 10a3, a4, b3, b4). The imaging frequency at
these swaths does not allow establishing a maxima time
shift between polarizations, like for the rest of the
incidence angles, although such maxima would fit the
available data.
Strong differences between HH and VV backscattering,
similar to the ones found in this study at swath IS2, were
already spotted by Karszenbaum et al. (2000) and Grings
et al. (2005) for flooded junco (i.e., reed-like vegetation
comparable to the Bayunco), using ERS 2 (C band, VV
polarization and 23° incidence angle), Radarsat S1(C-
band, HH polarization and 23.5° incidence angle) and
Envisat IS1 (C-band, HH/VV polarization and 19° incidence
angle) data. Grings et al. explained through C-band
electromagnetic model simulation that during the junco
growing phase the HH backscattering dominates over the
VV one, as observed for the Bayunco and Castañuela, due
to three processes: 1) junco bistatic specular scattering is
higher in the case of H incident polarization than in the V
one; 2) water surface bistatic specular scattering is higher
at H polarization than at V; 3) junco attenuation is higher
at V than at H. In the simulations, both HH and VV
responses increase with the junco growth due mainly to
the water surface-stalks double bounce, up to a certain
combination of vegetation height and density. Afterwards,
further growth produces an increase in the attenuation
and, hence, a decrease in σ

0. Their electromagnetic
simulations also showed that during the junco growth
the maximum σ

0 at 23° incidence angle was first achieved
in VV polarization, consistently with this study's results.
Grings et al.'s explanations of the junco backscattering
behavior during the growing phase fit the observed
Bayunco and Castañuela behavior in phase 4: σ0 increases
in virtue of the water-stalks double bounce up to a certain
degree of plant development, after which the volume
attenuation causes a decrease in σ0VV. The orientation of
the Bayunco and Castañuela stems, preferentially vertical,
causes greater attenuation at VV radiation. As a result,
σ
0VV starts decreasing for a smaller amount of emergent

vegetation than σ0HH. The fact that Bayunco polarimetric
effects are larger than the Castañuela's might be explained

Fig. 11. Bayunco and Castañuela ROIs σ0HH/σ0VV ratio evolution during the 2006–2007 hydrologic cycle at swaths IS1, IS2, IS3, IS4, IS6 and IS7.
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by the cylindrical shape and more vertical orientation of
the first plant, which enhances the double bounce of the
radar signal to a larger degree than the curved Castañuela
leaves do (Grings et al., 2005; Grings et al., 2006).
A subsequent paper of the same authors, Grings et al., 2008,
comparedmodeledσ0HHandσ0VVwith ASAR signatures of
flooded juncomarshes at IS1 and IS3 incidence angles. Both,
modeled simulations and experimental data showed that
junco σ0HH was clearly higher than σ0VV at IS1 and IS3. In
contrast, Doñana ASAR images show that σ0HH at swaths
IS3 to IS7 is lower than σ0VV during most of the growing
phase, and becomes only moderately higher at the end of
the growing period, in May and June (Figs. 10 and 13). Such
discrepancy should be due to the different vegetation type's
geometries, such as emerged stem height, stem orientation
or stem density. The Bayunco and Castañuela abrupt
polarimetric behavior change between swaths IS2 and IS3,
needs to be further investigated.

Stage 5. The Castañuela ROIs came out of water around 26 May 2007.
A decrease of 3 to 7 dB in the total backscattering is observed
at all swaths after the regions have emerged, except at swath
IS7 and HH polarization (Fig. 10b). This decrease is probably
due to the loss of water surface-stalks double bounce. At
swaths IS6 and IS7, the HH backscattering coefficient, which
had been smaller than the VV one all through the flooding
stages 3 and 4, becomes now greater than the latter. At swath
IS2 the σ0HH/σ0VV trend is opposite: it was clearly above 0
during stage 4 and drops abruptly to values around 0
(Fig. 11b) coinciding with the water's retreat. The same
ratio is slightly affected at IS3, and remains with values close
to 0 as in the previous stage.

The Bayunco ROIs came out of water between 6 and 26 July 2007.
Despite the emerging time lag with respect to Castañuela, the same
σ
0HH/σ0VV trends on the same dates are observed (Fig. 11),

suggesting that the HH and VV relative behavior at this phenological
stage does not depend on the inundation but basically on the radar–
vegetation interaction. Only in the last image, on 19 July at IS3, it is
possible to observe two of the Bayunco ROIs out of water. Both HH and
VV σ

0 in this image are 7 to 10 dB lower than in the previous IS3
image, acquired 3 months earlier.

As mentioned before, HV data are limited to the beginning of the
hydrologic year and to swaths IS1 and IS3. HV backscattering is below
the ASAR noise equivalent σ0 value in the two IS3 images. IS1 HV
Bayunco and Castañuela σ

0 ranges between −20 and −15 dB in
September, increases above −12 dB at the beginning of the rainy
period, due to plant and soil moisture, and goes down below the ASAR
noise equivalent σ0 after the flooding.

Fig. 11 embodies the σ
0HH/σ0VV evolution in the Bayunco and

Castañuela ROIs through the five stages described above. It can be
seen in this figure that the σ0HH/σ0VV ratio is swath dependant at all
stages, decreasing for larger incidence angles until May, when the
Castañuela and Bayunco reach their maximum above water height
and density. Fig. 11 also reveals that polarimetric effects are lowest at
IS3 and IS4 throughout the hydrologic cycle.

Despite the σ0 differences related to incidence angle, polarization
and vegetation structure, Fig. 10 shows a similar backscattering
temporal pattern of Bayunco and Castañuela in all swaths. This
pattern is sketched in Fig. 12.

Fig. 13 illustrates the separability among Bayunco and Castañuela
stages based on the σ0VV and σ0HH/σ0VV ratio space. Flood detection
feasibility is discussed in the following subsections.

5.3.1. Flood delineation at the beginning of the flooding period

Delineating flooded Bayunco and Castañuela areas at the begin-
ning of the flooding period is equivalent to discriminating the areas in

stage 3 from those still in stage 2. There are few observations of stage
2 ROIs in this study's results: only Castañuela ROIs at swaths IS1, IS4
and IS7 (Figs. 10b1, b4, b6 and 13b3, b5). In these observations the
emerged and wet stage 2 areas show total backscattering of at least
5 dB higher than the flooded stage 3 ones. At swath IS7, backscattering
decrease in stage 3 is accompanied by a shift in the σ0HH/σ0VV ratio
(Fig. 13b5), which enhances the contrast between stage 2 and 3.
Backscattering differences similar to the ones commented for IS4 and
IS7 have been observed for Castañuela at swaths IS2 and IS6, although
unfortunately in areas that were not part of the selected control ROIs,
and therefore are not represented in the included figures. In the
unlikely case of adjacent Castañuela areas at stage 1 (dry vegetation
and soil) and stage 3 (flooded vegetation), their mean backscattering
coefficient may be confounded, as illustrated by the very close stage 1
and stage 3 points in Fig. 13b.

Bayunco temporal signatures (Fig. 10a) show that at the beginning
of the flooding period, HH backscattering from flooded Bayunco
(stage 3) is clearly lower than that from the emerged plant (stages 1
or 2) in IS1, IS3, IS4 and IS6. Distinction is expected to be possible too
at IS2 and IS7, since polarimetric effects and discrimination capacity
are higher at these swaths than at IS3 and IS4. Fig. 13a shows that
Bayunco stages 1 and 3 are close but still separable. Nevertheless, the
distinction between emerged and flooded Bayunco is expected to be
much clearer in the more likely case that areas at stage 3 are
surrounded by others at stage 2 on the same ASAR image.

5.3.2. Flood delineation at the end of flooding period

Discrimination between flooded and emerged Bayunco and
Castañuela regions at the end of the flooding period consists of
discerning among areas at stages 4 and 5. According to Fig. 10b, a
significant drop in the Castañuela backscattering coefficient takes
place between both stages. So a clear contrast between flooded and
emerged green Castañuela areas is to be expected at all swaths, the
flooded ones being brighter. However, Fig. 13b1, b2 reveals that the
reduced backscattering coefficient of the unflooded Castañuela
regions at swaths IS2 and IS3 could be confounded with that from
flooded areas with delayed plant development (e.g. at the middle of
stage 4). No stage 5 data are available at IS4 (Fig. 13b3), but the minor
polarimetric differences at this swath lead to expect an analogous
drawback. At IS6 and IS7 incidence angles (Fig. 13b4, b5), a sustained
increase in the HH/VV ratio along stage 4 prevents the confusion
between stage 4 and 5 points.

Emerged green Bayunco was only observed on the last ASAR
acquisition, at swath IS3. However, the more vertical orientation of
this plant compared to that in Castañuela exacerbates the polarimetric
effects which facilitate the discrimination of the inundation at IS6 and
IS7 in the Castañuela case. So Bayunco flood mapping is expected

Fig. 12. Sketch of the temporal pattern and stages observed in the Bayunco and
Castañuela backscattering signatures.
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feasible at least at these swaths. Fig. 13a2 suggests that it could also be
possible at IS3 and, by extension, at other swaths.

5.4. Combination of steep and shallow swaths

The discussion above refers to the flood detection feasibility on a
single ASAR image. The versatility of the ASAR look direction allows
observing Doñana at two different incidence angles with approxi-
mately 12 h delay, 6 times per 35-day orbit cycle. The following

combinations of 12 h-shifted observation swaths are possible twice
per orbit cycle: IS1/IS6, IS3/IS4 and IS2/IS5. Provided the marshes
flood state does not experience rapid changes in the period between
scene acquisitions (e.g. rainfall occurs), both images can be combined
for flood detection and, hence, benefit from the valuable additional
information from two different look directions. This image composi-
tion is especially interesting when combining steep and shallow
incidence angles, that is IS1/IS6 and IS2/IS5 pairs, since they provide
more complementary information than the IS3 and IS4 closer swaths.

Fig. 13. Scatter plots of σ0HH/σ0VV ratio versus σ0VV in the Bayunco (a) and Castañuela (b) ROIs at swaths IS2, IS3, IS4, IS6 and IS7. Point marker types indicate different stages.
Points corresponding to the same ROI are connected by a polyline.
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Figs. 14 and 15 show three zones in the marshes observed at
swaths IS6 and IS1. They correspond to the IS6 and IS1 ASAR images
acquired with 12 h and 14 min lag, as indicated in Table 2. These ASAR
scenes do not belong to the study period analyzed in this article, but
illustrate the advantage of combining swaths IS1 and IS6 with respect
to the use of either of the same swaths independently.

Fig. 14a shows the extent of one flooded Deep Bare Soil pond with
clarity. The extent of the same pond at IS1 (Fig. 15a) is less evident due
to the increased backscattering from the roughened water surface,
similar to that from the emerged bare soil in Fig. 16b. Flood and
emerged bare soil are distinguishable at IS6 (Fig. 14a, b).

The area in Figs. 14c and 16c corresponds to brown Castañuela in
shallow inundation. In this condition a significant volume of
Castañuela sticks out of the water surface, but has lost vertical
orientation compared to its young, green state. It yields high
backscattering at IS6 (Fig. 14c), close to that from the same vegetation
with emerged wet soil and close to that from the surrounding wet
Pacil too. The same vegetation is more transparent at IS1, which
shows low σ

0 values due to the water surface underneath, and
therefore discerns the inundation from the adjacent Pacil more neatly
(Fig. 15c). If flooded Pacil areas were present on the same ASAR

scenes, IS1 would also be advantageous respect to IS6 in order to
discriminate them, as discussed in Section 5.2.

Fig. 16 represents the following channel combination from the IS1
and IS6 ASAR scenes: IS6-VV is displayed in red, IS6-HH in green and
IS1-VV in blue. This figure reveals how the inundation can be
delineated in the three area types thanks to the quasi-simultaneous
observation at two different incidence angles. The use of two different
swaths shows potential, not only for flood mapping within a given
land cover type, but also for discrimination among cover types in
Doñana and therefore accounts for spatial distribution changes in
them.

6. Conclusions

Conclusions on the flood mapping suitability of the various
incidence angles for the different land cover types and phenological
stages are presented as follows. These conclusions are currently being
used to derive Doñana flood maps from ASAR images which, in turn,
make possible the calibration of the marshes hydrodynamic model
and to further the understanding of Doñana's complex hydrologic
system.

6.1. Land cover type: deep bare soil

Deep bare soil temporal signatures and 2D scatter plots obtained in
this study indicate that flooding stages are separable at swaths IS3 and
IS4. High amount of specular reflection can cause confusion between
flooded and emerged soil at large incidence angles. Confusion also

Fig. 14. Doñana marshes areas extracted from the IS6 HH/VV ASAR amplitude scene on 20 February 2008: a) flooded Deep Bare Soil pond; b) partially flooded Deep Bare Soil pond;
c) flooded brown Castañuela. VV amplitude is displayed in red and HH in green and blue.

Fig. 15. Doñana marshes areas extracted from the IS1 HH/VV ASAR amplitude scene on 21 February 2008: a) flooded Deep Bare Soil pond; b) partially flooded Deep Bare Soil pond;
c) flooded brown Castañuela. VV amplitude is displayed in red and HH in green and blue.

Table 2

Acquisition time, swath and polarization of the ASAR images in Figs. 14, 15 and 16.

Acquisition time Swath Polarization

20 February 2008, 22:26:43 IS6 HH/VV
21 February 2008, 10:40:45 IS1 HH/VV
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occurs at steep incidence angles on windy days due to increased
backscattering from wave action.

6.2. Land cover type: Low Pacil and High Pacil

Flooding in the Pacil is clearly detectable at swaths IS2, IS3 and IS4,
and presumably at IS1 (there is not enough data at this swath). The
indicators of this class inundation are a significant backscattering
decrease in both polarizations and a steep increase in the σ0HH/σ0VV
ratio, as a result of a larger drop at VV than at HH. The smaller the
incidence angle the higher the σ0HH/σ0VV value and therefore the
distinction of flooded versus emerged Pacil areas on a single image. At
swaths IS6 and IS7 backscattering differences between flooded and
emerged Pacil are subtle. Hence, whenwater levels in the marshes are
high enough to reach Pacil areas, swaths IS6 and IS7 are not
appropriate for flood mapping.

6.3. Land cover type: Bayunco and Castañuela

Flooded brown Castañuela can be discriminated at all incidence
angles, except IS3, when the surrounding emerged regions are wet,
because σ0HH from the inundated areas is considerably lower than
that from the emerged wet soil. There are no data for the same
assertion about IS3. In the unlikely case of adjacent Castañuela areas of
flooded and emerged dry soil, the inundation may not be separable.
Delineating inundation in brown Bayunco areas is feasible at all
swaths provided that HH data are available, since σ

0HH is always
lower for flooded than for emerged brown Bayunco.

In spring and summer images, backscattering from green flooded
Castañuela is substantially higher than that from the emerged plant at
all swaths. However, certain confusion between emerged and low
vegetated flooded areas can occur at IS2 and IS3. At IS6 and IS7
incidence angles the sustained increase in the HH/VV ratio at the end
of the hydrologic year (Fig. 13b4, b5) prevents the same confusion.
Although no data on unflooded green Bayunco ROIs are available,
floodmapping is expected to be feasible at least at IS6 and IS7, because
polarimetric effects enabling flood detection in the Castañuela case
are more accused in the Bayunco areas.

In summary, virtually all single swaths can discern inundation at
the beginning of the flooding period, while swaths IS6 and IS7 are
preferred at the helophytes full development stage, towards the end
of the hydrologic year. Additionally, in the particular case of the ASAR
product used in this study, the IS6 and IS7 incidence angles have the
advantage of a higher number of looks over steeper swaths and,
therefore, less speckle than the latter.

Combination of 12 h-delayed ASAR images at steep and shallow
incidence angles offers better flood detection capabilities than any
single swath scene at all stages. Such acquisition combination is

possible at least 4 times in 35 days, which is a satisfactory observation
frequency for Doñana flood extent monitoring. Future work aims at
the utilization of these image pairs.

New satellite radar systems such as ALOS-PALSAR, RADARSAT-2 or
TerraSAR-X provide fully polarimetric data, which has been proved to
be advantageous for wetland monitoring (Boerner & Yamaguchi,
2008; Hong et al., 2010; Touzi, 2006; Touzi et al., 2009). Despite the
doubtless added value data of these systems compared to the ASAR
amplitude data used in this study, none of them can provide, in fully
polarimetric mode, observations of the entiremarshes at the temporal
frequency achieved with ASAR. Both, temporal frequency and
complete Doñana coverage were key requisites for this study's final
goals.
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