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sensing synthetic aperture radar (SAR) data. In order to be reliable, an objective characterization of the
uncertainty associated with the flood maps is required.
This work focuses on speckle uncertainty associated with the SAR data and introduces the use of a
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IF(ley"éordS: . non-parametric bootstrap method to take into account this uncertainty on the resulting flood maps.
s;eocklr:appmg From several synthetic images, constructed through bootstrapping the original image, flood maps are
Bootstrap delineated. The accuracy of these flood maps is also evaluated w.r.t. an independent validation data set,

obtaining, in the two test cases analyzed in this paper, F-values (i.e. values of the Jaccard coefficient)
comprised between 0.50 and 0.65. This method is further compared to an image segmentation method
for speckle analysis, with which similar results are obtained. The uncertainty analysis of the ensemble
of bootstrapped synthetic images was found to be representative of image speckle, with the advantage
that no segmentation and speckle estimations are required.

Furthermore, this work assesses to what extent the bootstrap ensemble size can be reduced while
remaining representative of the original ensemble, as operational applications would clearly benefit
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Uncertainty

from such reduced ensemble sizes.

© 2014 Elsevier B.V. All rights reserved.

Introduction and objective

Rapid flood mapping, together with uncertainty assessment and
delivery of flood maps, are of considerable importance for response
activity planning during emergencies and as a support for long-
term risk management. Given its cloud penetrating and night/day
operational capabilities and its skill in capturing the different scat-
tering behavior between flooded and non-flooded areas (Pierdicca
et al., 2013), synthetic aperture radar (SAR) constitutes a valu-
able source of information to provide flood maps. Such maps can
then be used for the calibration or validation of hydraulic mod-
els (Di Baldassarre et al., 2009; Hostache et al., 2009; Montanari
et al., 2009; Stephens et al., 2012; Mason et al., 2012; Schumann
et al., 2014). Hydraulic information derived from flood maps, such
as flood extents or water stages, can also be employed in a data
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assimilation (DA) framework in order to improve model predictions
(Matgen et al., 2010; Hostache et al., 2010; Giustarini et al., 2011).

Flood maps derived from SAR observations are the result of
image processing procedures. Given that there is no perfect proce-
dure and no best practice on selecting one over another, the chosen
mapping procedure may introduce errors or uncertainties in the
retrieved flood map. Furthermore, SAR observations are suscepti-
ble to sources of uncertainty due to imaging characteristics (e.g.
imaging modes, speckle, resolution) and ground perturbations (e.g.
wind, trees, buildings masking water, terrain geometry). There-
fore, it is important to assess the impact of these uncertainties
on the final flood map. Without this information, model cali-
bration/validation or DA activities could yield suboptimal results
(Quaife et al., 2008).

In order to assess uncertainty in flood delineation methods, the
few approaches proposed in literature employ an ensemble of flood
maps (Schumann et al., 2008; Di Baldassarre et al., 2009). However,
the number of ensemble members and the procedure to obtain the
different ensemble members tend to be subjective. For example,
Schumann et al. (2008) investigated uncertainty in SAR-derived
water stages, for a single SAR image and a single flood mapping
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procedure, identifying two main sources of uncertainty. The first
one corresponds to the parameter value applied to classify a pixel
as flooded (i.e. wet/dry classification threshold), whereas the sec-
ond one stems from the geocoding of the image itself. They decided
to test four different threshold values and fifty image geocodings, to
obtain an ensemble of flood maps and corresponding SAR-derived
water levels. In a second study, Di Baldassarre et al. (2009) con-
sidered uncertainty due to both the available SAR image and the
applied procedure. They computed ten flood maps, combining two
available SAR images, acquired at nearly the same time but having a
different resolution, with five different flood mapping procedures.
These case studies show that it is important, yet not trivial, to cor-
rectly and objectively quantify uncertainty in flood mapping. In
flood mapping, uncertainty principally stems from the image input
to the algorithm and from the algorithm itself.

The flood mapping procedure (Giustarini et al., 2013) employed
in this paper, deterministically fits its parameter values to a given
SAR image. The uncertainty we focus on stems from image uncer-
tainty, which is propagated through the flood mapping procedure.

SAR image uncertainty is mainly due to speckle, leading to
random changes in the pixel’s brightness and usually hampering
decision making on a pixel basis (Oliver and Quegan, 1998). This
phenomenon occurs where distributed targets are imaged and the
pixel is therefore representative of the contributions coming from
many scatterers with random phase. These contributions cause
interference and result in speckle. In an amplitude or intensity
image, speckle appears as a noise-like multiplicative modulation
of backscatter. As a consequence, the individual value of a pixel
represents a rather inaccurate measurement of its true backscatter.
In order to account for speckle in uncertainty analysis, each pixel
can be characterized by its speckle distribution, which is different
for each particular land cover class. This speckle characteriza-
tion can be accomplished with speckle reconstruction techniques
(Frost et al., 1982; Durand et al., 1987; Lee et al., 2009), which
try to approximate the backscatter over the entire image, or with
segmentation methods, which hypothesize the presence of struc-
tures in the image and are potentially powerful techniques for
extracting information from SAR images (Lee and Jurkevich, 1989;
Horritt, 1999; Zhang et al., 2008; Sui et al., 2012). These latter
methods assume that the image is composed of relatively homoge-
neous regions, whereas adjacent regions are separated by edges
corresponding to changes in some local statistic, such as mean
brightness or texture (Caves et al., 1998). The assumption of a uni-
form backscatter within each segment is useful to extract speckle
from the given image by first segmenting the image into uniform
regions and by then extracting the speckle distribution of each
region.

In this work, differently from already published methods, a
non-parametric bootstrap method is proposed to account for the
influence of speckle. Bootstrap methods (Efron, 1979; Efron and
Tibshirani, 1993) belong to the class of resampling methods in
which multiple new samples are drawn from the data sample
at hand in order to estimate a statistical unknown population
parameter. Resampling methods are generally used when it is not
straightforward to use the classical statistical methods in the esti-
mation of the parameter, for instance, when one disposes of a small
data set. In this work, only one SAR image is available, which can
be regarded as a set of pixels that represents the best guess about
the population from which the image was formed. A first advan-
tage of the proposed bootstrap method is that it is fully automatic,
in the sense that it does not require specific knowledge on image
processing, in contrast to, e.g. segmentation methods. Moreover,
while image segmentation could result in a rather time-consuming
process, particularly for large images, the proposed method should
be rather independent of the image size in terms of process time.
Eventually, since the bootstrap method can result in a large set of

bootstrap data sets, we also assess the smallest appropriate num-
ber of data sets needed to still adequately describe the uncertainty
in the flood maps due to speckle.

Methodology
Flood mapping procedure

In this work, the flood mapping procedure described in
Giustarini et al. (2013) and based on Matgen et al. (2011) is applied
for flood delineation. It is a hybrid procedure combining backscatter
thresholding, region growing and change detection w.r.t. an avail-
able reference image. The procedure assumes that the histogram
of backscatter values in a SAR flood image can be modeled as two
partially overlapping histograms: one histogram derived from the
backscatter values representing “open water” in the image and the
other one from the backscatter values representing the non-flooded
areas (Ulaby et al., 1986). The flood mapping method is based on fit-
ting a scaled gamma curve to the backscatter values that represent
“open water” in the flood image:
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where k is the shape parameter of the scaled gamma curve, o0 is
the backscatter value of a pixel in the SAR image, o9, is the mode
of the scaled gamma curve and a? is the minimum backscatter
value in the SAR image, applied so that the curve only takes posi-
tive values. Next, a sequence of three steps, optimized backscatter
thresholding, region growing, and change detection, is applied on
the flood image and on a pre- or post-flood reference image with
the same imaging characteristics (track, orbit, polarization, acquisi-
tion mode). In the first step, based on the fitted curve, a backscatter
threshold parameter ngr is determined, and the flooded area is
extracted by selecting the pixels with a backscatter value lower
than cr?hr. Concerning the second step, the region growing parame-
ter a% is the one on whose basis pixels in the vicinity of the water
bodies are included in the flood area. The change detection param-
eter A9 is defined as the required minimum change in backscatter
between thereference and the flood image for a pixel being retained
as flooded. The second and the third step, i.e. region growing and
change detection, are simultaneously and iteratively performed.
This means that several different UPg values are sequentially tested
and a corresponding Ac? is optimized for each tested UPg value.
At the end of each iteration, the histogram of “open water” pix-
els is computed and it is compared with the initially calibrated
theoretical gamma curve. The parameter set (UPg, Ac9) providing
the lowest RMSE value, computed between the histogram of “open
water” pixels and the theoretical gamma curve, is set as optimal.

Since no manual and subjective input is required from the end
user, the procedure enables automated, objective and repeatable
flood detection. The parameters, o9, and og,lr only depend on the
histogram shape and the gamma curve optimized on it, whereas
UPg and Ac? also depend on the geographical patterns in the SAR
image.

The flood mapping procedure automatically optimizes its
parameters in a deterministic way for a couple of given input SAR
images. However, the uncertainty stemming from the image acqui-
sition process, affecting the actual images used as input to the
flood mapping procedure, influences the parameter values. In order
to take into account this uncertainty and its effect on the pixel
histogram and flood mapping classification accuracy, several syn-
thetic flood images are generated and provided as input for the
procedure itself. It has to be noted that only for the flood image,
synthetic images are generated, whereas the reference image is
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