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1. INTRODUCTION

1.1. Facing flood risk
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1.4.1. Flood mapping from SAR imagery
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A Change Detection Approach to Flood Mapping
In Urban Areas Using TerraSAR-X

Laura Giustarini, Renaud Hostache, Patrick Matgen, Guy J.-P. Schumann, Member, IEEE,
Paul D. Bates, and David C. Mason

Abstract Very high resolution synthetic aperture radar (SAR)
sensors represent an alternative to aerial photography for delin-
eating oods in built-up environments where ood risk is highest.
However, even with currently available SAR image resolutions
of 3 m and higher, signal returns from man-made structures
hamper the accurate mapping of ooded areas. Enhanced image
processing algorithms and a better exploitation of image archives
are required to facilitate the use of microwave remote-sensing data
for monitoring ood dynamics in urban areas. In this paper, a
hybrid methodology combining backscatter thresholding, region
growing, and change detection (CD) is introduced as an approach
enabling the automated, objective, and reliable ood extent extrac-
tion from very high resolution urban SAR images. The method
is based on the calibration of a statistical distribution of open
water backscatter values from images of oods. Images acquired
during dry conditions enable the identi cation of areas that are
not visible to the sensor (i.e., regions affected by shadow )
and that systematically behave as specular re ectors (e.g., sSmooth
tarmac, permanent water bodies). CD with respect to a reference
image thereby reduces overdetection of inundated areas. A case
study of the July 2007 Severn River ood (UK) observed by
airborne photography and the very high resolution SAR sensor on
board TerraSAR-X highlights advantages and limitations of the
method. Even though the proposed fully automated SAR-based

ood-mapping technique overcomes some limitations of previous
methods, further technological and methodological improvements
are necessary for SAR-based ood detection in urban areas to
match the mapping capability of high-quality aerial photography.

Index Terms Algorithms, ood mapping, image processing,
satellites, synthetic aperture radar (SAR).

I. INTRODUCTION

HE support of remote sensing for mapping changes in
water surface extents and elevations has been demon-
strated widely (for detailed reviews, see [1] [5]). Recently,
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the 2009 2010 Data Fusion Contest, organized by the Data
Fusion Technical Committee of the IEEE Geoscience and Re-
mote Sensing Society, focused on the evaluation of existing
algorithms for ood mapping through change detection (CD)
[6]. The success of these research studies together with recent
public and political awareness for quantifying global environ-
mental change has led to a signi cant increase in the number
of satellites dedicated to o0od monitoring and hydrology in the
wider sense. Importantly, ood monitoring from space has the
advantage of large area coverage and relatively fast response
services (see for example the International Charter Space and
Major Disasters initiated by major space agencies: http://www.
disasterscharter.org/).

The vast majority of a ooded area is rural rather than urban,
and accordingly most literature on remote-sensing-based ood
detection to date has focused on the rural case. However, it is
perhaps more important to detect the urban ooding because
of the increased risks and costs associated with it. Flood extent
can be detected in rural oods using synthetic aperture radars
(SARs) such as ERS and ASAR, but these have too low a
resolution (25 m) to detect ooded streets in urban areas.
However, a number of SARs with spatial resolutions as ne as
3 m or better have recently been launched and are potentially
capable of detecting urban ooding. They include TerraSAR-X,
RADARSAT-2, and the four COSMO-SkyMed satellites.

In an operational context, [7] proposed a hybrid methodology
which combines radiometric thresholding and region growing
as an approach enabling the automated, objective, and reli-
able ood extent extraction from SAR images. First results
on moderate- and low-resolution image data indicate that the
proposed method may outperform manual approaches if no
training data are available, even if the parameters associated
with these methods are determined in a non-optimal way. The
results demonstrate the algorithm s potential for accurately
processing data from different SAR sensors.

Notable examples of research into automatic near real-
time ood detection algorithms using single-polarization high-
resolution (greater than a few meters) SAR imagery have
been shown by [8] and [9] on TerraSAR-X data and [10] on
COSMO-SkyMed data. The algorithms by [8] and [9] search
for water as regions of low SAR backscatter using a region-
growing iterated segmentation/classi cation approach, whereas
the technique by [10] is based on a fuzzy logic approach
which integrates theoretical knowledge about the radar return
from inundated areas based on backscattering models, with
simple hydraulic considerations and contextual information.
Both algorithms are very effective at detecting rural oods, but
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would require substantial modi cation to work in urban areas
containing radar shadow and layover.

A semiautomatic algorithm for the detection of oodwater in
urban areas using TerraSAR-X has been developed by [11]. It
uses a SAR simulator [12] in conjunction with LiDAR terrain
data to estimate regions of the image in which water would
not be visible due to shadow or layover caused by buildings
and taller vegetation. Ground will be in radar shadow if it
is hidden from the radar by an adjacent intervening building.
The shadowed area will appear dark and may be misclassi ed
as water even if it is dry. In contrast, an area of ooded
ground in front of the wall of a building viewed in the range
direction may be allocated to the same range bin as the wall,
causing layover which generally results in a strong return and a
possible misclassi cation of ooded ground as un ooded. The
algorithm proposed by [11] is aimed at detecting ood extents
for validating an urban ood inundation model in an of ine
situation and requires user interaction at a number of stages.

Follow-up work from this was carried out by [13]. Here,
the objective was to build on a number of aspects of the
existing algorithms to develop an automatic near real-time
method for ood detection in urban and rural areas. In
the urban area, 75% of the urban water pixels visible to
TerraSAR-X were correctly detected, though this percentage
reduced somewhat if the urban ood extent visible in the
aerial photos and detected by TerraSAR-X was considered,
because ooded pixels in the shadow/layover areas not visible
to TerraSAR-X then had to be taken into account. Better ood
detection accuracy was achieved in rural areas, with almost
90% of water pixels being correctly detected by TerraSAR-X.
The algorithm assumes that high-resolution LIiDAR data are
available for at least the urban regions in the scene, so that a
SAR simulator may be run in conjunction with the LiDAR data
to generate maps of radar shadow and layover in urban areas. It
is therefore limited to urban regions of the globe that have been
mapped using LiDAR.

In an operational ood management perspective, an ideal

ood-mapping system operating in near real time should be
fully automatic, computationally ef cient, independent of the
content of local geo-information databases, and, most impor-
tantly, capable of providing accurate and reliable results.

To contribute to the recent developments in high-
performance ood detection algorithms to obtain timely and
more accurate ood warnings, we propose an effective tech-
nique based on image differencing as proposed by [7], which
may compete with existing algorithms in terms of accuracy and
level of automation. For this, we also focus on high-resolution
SAR data for ood detection inside urban areas and use the
TerraSAR-X image of the England summer 2007 oods as
demonstration. Although this is only a single test, and different
results may be obtained for other urban areas where the built
environment is different to the UK case studied here, it does
provide a rst demonstration of the potential of the method.

Il. METHODOLOGY

Martinis et al. [8] recently highlighted an apparent lack
of traceability and standardization in many SAR-based o0od-
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Fig. 1. General scheme of the three processing steps of the ood detection
algorithm M2b.

mapping methodologies. This concern has led to the intro-
duction of two variants of an automated and physically based
SAR-based ood-mapping algorithm [7]. Both variants, which
are termed M1 and M2a, respectively, exploit the statistics
of backscattering coef cients retrieved from SAR to segment
an image into its ooded and non- ooded parts. While M1
only considers a single SAR o0od image to extract pixels
corresponding to open water via thresholding and region
growing, M2a adds CD with respect to a non- ood reference
image to improve the algorithm s performance. In this paper,
we introduce an enhanced version of M2a, which we term M2b.
This method addresses some of the shortcomings of M2a that
[7] identi ed in two representative case studies.

This section provides a detailed overview for all processing
steps of the ood extraction algorithm M2b, together with
the associated parameters de ning each process and a list of
differences with respect to the M1 and M2a algorithms previ-
ously introduced. In addition to standard pre-processing steps
commonly involved with Level 1 SAR data, the M2b algorithm
consists of four processing steps (Fig. 1).

A. Statistical Distribution of the “Open Water”” Backscatter

The ood extraction algorithm uses as input Level 1 SAR
data that are geocoded, coregistered, and calibrated. The rst
step is the estimation of the probability density function (PDF)
of backscattering values associated with open water. The
aim of this processing step is the calibration of a theoretical
PDF that optimally ts the empirical distribution of backscatter
values from open water inferred from the SAR image. Ac-
cording to [14], the backscatter variability on a homogeneous
surface is mainly due to speckle and the theoretical PDF that
best describes the distribution of backscatter originating from a
homogeneous surface is a Gamma PDF. Here, we hypothesize

open water to be a homogeneous surface, which means that
a potential limitation of the approach, and SAR mapping of
inundated surfaces in general, relates to the possible roughening
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of open water caused by emerging vegetation, wind, or rain-
fall. Alternative PDFs have been parameterized and tested: the
K-distribution and the RilG distribution functions (see, e.g.,
[15]). However, the goodness of t provided by the three PDFs
was found to be almost equivalent, with the Gamma PDF
slightly outperforming the other two functions in this particular
case study. Moreover, the Gamma PDF has only two parameters
(compared to three parameters for the other PDFs) and the
additional advantage of a physically based interpretation for
homogeneous areas with fully developed speckle [14]. The
latter can be considered a reasonable assumption for open
water. Consequently, the Gamma PDF was preferred over
other competing PDFs for approximating the distribution of
backscatter values corresponding to open water
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where k is the shape parameter of the gamma distribution and

9 is the gamma distribution mode. The parameter ¢ is the
minimum backscatter value in the SAR image, which needs
to be applied so that the gamma distribution is, therefore, only
computed for positive values.

Two parameters thus need to be optimized to identify the
theoretical gamma function f that best ts the empirical dis-
tribution of backscatter values from open water h (i.e., image
histogram). The optimization of the two parameters k and 9,
consists in minimizing the root mean squared error (RMSE)
between the image histogram and the gamma distribution, for
backscatter values lower than §,, with the parameter &,

9 representing the point where the distributions f and h
start deviating. The optimization is performed with sequentially
increasing values of 3, and $,.. For both parameters, the
proposed sampling step is 0.1 dB. The optimization process is
initiated with a rst-guess value for 3, of 25 dB. For each
tested mode value, sequentially increasing &, values, higher
than the corresponding tested 2, value, are selected. For each
setof 9 and 9, values, the parameter k is optimized using
the nonlinear tting process of [16], i.e., the nonlinear regres-
sion based on the Levenberg Marquardt algorithm for nonlin-
ear least squares. The RMSE between the theoretical density
function T and the empirical density distribution h is calculated
for each parameter set and over all backscatter values lower
than &,,. Finally, the parameter set ( 2,,k, $,,) providing the
lowest RMSE is set as optimal. In case the image histogram
is not bimodal, an appropriate option is available for the user
to manually set a range of plausible values, inside which the
algorithm tests different modes searching for the optimal one.

B. Backscatter Thresholding

The aim of the this step is to extract seeds of open water
areas from the ood image, being either individual pixels or re-
gions. The parameter 9, represents the maximum backscatter
value for which the t between the theoretical and empirical
PDF is satisfactory. For backscattering values higher than
the distribution functions ¥ and h start deviating. As a matter
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of fact, &, is considered the maximum backscatter value
for which there is no signi cant overlap between radiometric
distributions corresponding to water bodies and other land use
types. Since the backscatter values from water surfaces are
comparatively low, this value is used to extract the seeds of
water bodies by selecting the pixels having backscatter values
lower than &, This thresholding yields a preliminary ood
inundation map that represents the seed region for a subsequent
region growing process.

Moreover, to be able to map permanent water bodies, the
threshold computed on the ood image, &, is also applied on
the reference SAR image to classify seeds of permanent water
bodies. It is worth noting that these seeds include, in addition
to permanent water bodies, other smooth surfaces with a water
surface-like radar response as well as all shadow-affected areas.
The issue related to smooth surfaces will be discussed in more
detail in the following sections.

C. Region Growing

Next, the extracted water bodies, representing the seeds, are
dilated using the region growing approach of [17]. The proce-
dure iteratively grows the seeds until a given tolerance level is
reached. The sequence of thresholding and region growing only
adds pixels to the seeds that are located in the vicinity of the pre-
liminary ood extent, thereby limiting the risk of overdetection
in areas distant from the ooded area (i.e., misclassi cation of

dry pixels as wet ). The tolerance parameter characterizes
the regional homogeneity of the backscattering behavior. The
tolerance criterion adopted here is based on the percentiles of
the theoretical gamma distribution of open water pixels.

The iterative procedure incorporates pixels with backscatter
values lower than ?g, corresponding to a given percentile,
RG%, of the theoretical gamma distribution of water pixelsin
the image. In this paper, we propose a simultaneous calibration,
recently advocated by [7]. The approach optimizes the tolerance
criterion together with the CD parameter introduced in the next
section.

Region growing, with the same threshold value ?g, is also
applied to dilate the seeds of permanent smooth surfaces ob-
tained from the reference image. The approach provides a mask
of water surface-like radar response areas that is used to limit
the region growing applied on the ood image, thereby prevent-
ing the spreading of ooded areas into permanent smooth areas.

D. CD

Matgen et al. [7] argued that ood maps resulting from re-
gion growing should include all open water pixels connected
to the seeds. The region growing should thus extend into the
high percentiles of the gamma distribution. However, the re-
sulting overdetection needs to be removed by the subsequently
applied CD step. CD thus aims at removing pixels from the

ood extent map that do not correspond to ood water. To do
s0, only pixels that signi cantly change their backscatter values
with respect to their baseline backscatter values are kept in
the ood extent map, while pixels that did not decrease their
backscatter values by a minimum amount are removed. This
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Fig. 2. (al) Flood image (July 25, 2007) and (b1) post ood reference image
(July 22, 2008). Zoom in to the area of interest (city of Tewkesbury) for (a2)
the ood image and (b2) the reference one.

means that the main river channel, which is a permanent water
body, is not any longer an integral part of the ooded area.

The speci ¢ parameter of the CD is 9, de ned as the
required minimum change in backscatter between the reference
and the ood image for a pixel being considered as ooded.
To determine the optimal criterion for the required minimum
change in backscatter, an iterative procedure is adopted. As
mentioned earlier, the two parameters 99 and 0 are op-
timized through a simultaneous calibration, minimizing the
RMSE computed over the whole range of backscatter values
in the ood image between the theoretical gamma distribution
and the empirical distribution of open water pixels. This
means that different threshold values, 99, which correspond
to different percentiles of the theoretical gamma distribution,
are sequentially selected from an interval of plausible values,
and a corresponding minimum CD parameter  © is optimized
for each tested threshold value. We consider as plausible values
all values that are greater than . and which increase with
a sampling step of 1% up to the value of 99% of the Gamma
PDF and then with an increment of 0.1% up to the value of
99.9% of the Gamma PDF. For every parameter set ( J;,  ©),
the sequence of region growing and CD processes is applied
on the area conditioned by the permanent smooth area mask.
At the end of each iteration, the histogram of  ood water pix-
els is computed. The corresponding empirical PDF is compared
against the initially calibrated theoretical gamma distribution
(1). The parameter set ( 2,  ©) providing the lowest RMSE
value is set as optimal.

To summarize, M2b essentially represents an improved
version of the M2a method introduced by [7]. The two
algorithms both take into account a reference SAR image
and include four inter-related processing steps (i.e., calibra-
tion of gamma distribution function, radiometric thresholding,
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region growing, and CD). However, while MZ2a prede nes
the region growing parameter as the 99% percentile of the
water backscatter gamma distribution, M2b adds exibility to
the optimization process by calibrating the tolerance criterion
that, together with the associated CD parameter 0. mini-
mizes the RMSE between empirical and theoretical distribution
functions.

This modi cation implemented in M2b constitutes an impor-
tant change as it renders the algorithm fully automated, without
any requirement of manual user inputs. Therefore, the mapping
process is believed to be entirely objective. Another important
improvement is that M2b, unlike M2a, makes use of the ref-
erence image to build a mask of permanent water surface-like
radar response areas. Indeed, to render the algorithm suitable
for urban ood mapping, it is necessary to mask out not only
smooth surfaces like tarmac, paved roads, and parking lots, but
also all regions in shadow-affected areas unseen by the satellite.
In urban areas, the latter are particularly important as they
potentially lead to a signi cant part of overdetected ooded
areas. This issue will be thoroughly discussed in Section IV-B2.

It should also be noted that method 