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RESUME

Dans le delta du Danube, le risque d'inondation @strisque majeur. Depuis les années 2000, la fomeide cotiere du

delta a été frappée par des inondations en 2002520006 et 2010. En partant d’'une série de donméesologiques et

d’'observations satellite de 2009 et de I'été 2ad utilise dans cet article I'information et lessasvations sur I'occupation
du sol, notamment dans le domaine de l'inondabteyr gétudier la problématique de la prévision dugrs. L'un des

objectifs principaux de la méthodologie développ@éesiste en la mise en ceuvre de différents typdsmietes pertinentes
pour ce type d’analyse en proposant une chaine adéthgique spécifique pour la détection du changdmee termes de
risque d’'inondation. Les données du satellite japsmLOS sont utilisées pour présenter une démamuéthodologique de
traitement de données radar multidates fondée swe analyse de I'entropie temporelle permettant détecter des

changements dans les zones inondables du deltadulia.

ABSTRACT

In the wetlands of the Danube delta floodplain, diog is a major natural risk. The coastal wetlands/é been seriously
impacted by floods in 2002, 2005, 2006 and 201MdJsydrological and satellite observations acqdiia 2009 and during
the summer of 2010, this paper tackles the issueretasting risk based on land cover informatiord abservations. A
major objective of this methodological work consistexploring several types of data from the Jaga@nALOS satellite.
These data are used to illustrate a multitempoeadar data processing methodology based on temparabpy analysis
that enables change detection in the floodable suafahe Danube delta.

MoTscLEs delta du Danuberisque d’inondation, détection du changement, gaigdemporelle, satellite ALOS, prévision,

zone inondable.
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1. Introduction

Assumptions related to global warming and its @ffeengender significant preoccupations with regéods
the rise in heavy rainfall occurrences, despite enous doubts that still exist concerning the rdimésponse to
global warming. In this respect, climate change rmayease flooding and other risks throughout thele
water cycle in the years to come. Extreme weatbaditions, such as heavy rains causing flash flpads
expected to become more frequent throughout Eu@jimate change is also expected to lead to ariiee sea
level (from 26 to 82 cm in 2100, IPCC, 2014) andrsline erosion and, when accompanied by strongnsto
waves, will threaten low altitude coastal townsjakhwill be more likely to be flooded. According @EC, this
phenomenon will most likely affect up to 1.6 millianore Europeans by 2070. The rise in sea levékligid be
damaging for the coastal wetlands.

The geographical landscape dealt with in this papéers to deltas, i.e., recently formed ever-clang
environments that are part of the shoreline andawds and that are influenced by absent or weastidihese
are generally characterised by salinity variatiefieshwater from the river on the one hand and masaltwater
on the other hand — as well as by considerable dssmand productivity, due mainly to the abundarice o
nutrients present in the water and sediments. Be#peir indisputable importance, these environsieemain
among the most endangered ecosystems in the weddube of land reclamation, drying out, pollutian o
overexploitation of resources. The Danube deltzoastal wetland of the Black Sea, cannot escapsethe
dangers, and, to preserve its resources, it has déeadared a Biosphere Reserve (MAB-UNESCO) (in3)99
The Danube delta is a representative flood haztedis it has been affected by climate-relateddéoand hence
by systematic rises of the water level.

Radar satellites are extremely useful for charaiter and mapping flood risks because of theirigbib
collect data and images through the cloud covearubaally accompanies floods. SAR sensors aretaldetect
flooding because flat surfaces reflect the signahyafrom the sensor, decreasing the amount of metur
radiation (Gan eal., 2012). The crisis managemepitase involves the production of map documentschvhi
localize the event and its extent. There are séweethods for obtaining an information plan conéegnspace
data, such as photo-interpretation and image seuiem which make use of mathematic principleghsas
contour detection, fuzzy logic with data mining antificial neural networks. Many SAR image-processi

techniques exist that have more or less succegsfidiived flood area or extent, including simpleudl
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interpretation (Oberstadler arad., 1997), image histogram thresholding (Brivioadt, 2002; Matgen eal.,
2007, 2011), automatic classification algorithmsr{B and Dixon, 2005; Inglada and Mercier, 2007; tMar et
al., 2009; Niculescu edl., 2009), image texture algorithms (Schumannand009), and mulitemporal change
detection methods (Laugier ak, 1997; Niculescu «tl., 2009, 2010) ; the application of neural netwarks
grid system (Kussul edl., 2008), fractal dimensioning of multi-temporalages (Huang etl., 2011), pixel-
based segmentation (Martinisat, 2009), and statistical active contouring (Horeital., 2001). In the Danube
delta research has been carried out by exploitauar imagery ENVISAT/ASAR and hyperspectral imagery
CHRIS/PROBA for mapping flooded and floodable ardasng the events of spring 2006 (Niculescwakt
2010). This research focused on the methodologispécts related to the characterization offlied hazard
and modeling of thé.and cover Themethod of kernels, particularly adapted to the hjgiting of the special-
temporal variations - Support Vector Machine — &nel methods based on the principle of the vagui log
(object-oriented classifications) have been devedop

The purpose of this paper is to use the Japane&SAdatellite, specifically the PALSAR microwave aad
(Phased Array type L-band Synthetic Aperture Rpdaith 15-m resolution, thereby permitting the
discrimination of floodable areas. Change detectiyn temporal entropy based on radar images is the

methodology proposed in this paper.

2. Study Area

The Danube crosses Europe from Germany to the Bk where it forms the second largest delta in
Europe following the delta at the mouth of the \&lghe Danube delta area covers 4 455, lamd 79 % (i.e., 3
510 knt without the Razim-Sinoe lagoon complex) of thetalalea is located in southeastern Romania (figure
1). The Romanian portion of the delta is dividetin®en the inland water area and the maritime digaré 1).
The inland section is located westward from a lbo@necting the Letea dunes (Periprava Village) itk
Dunavat peninsula. The maritime section begindatalignment of the Letea Caraorman and Crsanieoinm

levees and runs all the way to the Black Sea.



Reeds are an essential component of the deltadsdape, an®hragmites australiss the dominant species
in the entire Danube delta. It is also accompahigedther hydrophilic speciésThe combination of these plants
varies, and there are different plant communiti¢gnganuet al. (2002) defined four main communitfethat
differ depending mainly on the soil types, pH, flawy conditions and salinity. The ecological dynesnof the
reed beds can be characterised by several typaartfcover, each enjoying its own dynamics in¢belogical
sequence process. This process is mainly drivethéywater levels, as it may be accelerated or sty
events such as floods (2006, 2010) or drying otibde (2007, 2011).

Our study site is located around Caraorman: thea@aran fishing village, where fishermen berth their
boats, the village and forest bearing the same r{fiqwge 1). The village was set up on the Caraarhaaee, 12

m above sea level.

2,
Tulcea

Basemap: ©Daniel DA &l

Figure 1.
The Danube delta and geographical location ofréiaitg sample. Limit of internal/maritime parttbie delta

1 Typha angustifolia, Schoenoplectus lacustris, Spaitgm sp. and Thelypteris palustris.
2 Phragmitetum communis, Scipo-Phragmitetum, Bolbaseo-Phragmitetum and Astero tripolii-Phragmitetum
4



At the outset, the hydrographic network of the alédt formed bythree main arms: the Chilia arm (120 km
long), which forms the natural border between Ramésouth) and the Ukraine (north), the Sulina &b km
long) in the middle and the Sfantu-Gheorghe arrthéosouth, currently 70 km long. The first interifens in
the water system of the Danube distributaries detek to 1857-1858, after the creation, in 1856 thaf
European Commission of the Danube (ECD). Sulinati{en middle of the delta) was the distributary afeln
altered between 1857 and 1902. Due to the cutypdfations performed on the meanders of this digity
channel, more precisely on the « big M » (Dunaredié® the distributary channel was shortened bgkaf.
Thus, its length decreased from 83.4km to 62.6kirereas its depth increased from 2.4m to 7.2m. Thies
distributary channel development also requiredréigforcement of the Danube River banks, and thigling of
a jetty at the river mouth in the Black Sea. Tleiyj prevents aggradation by sediments carriechbyGhilia
distributary channel.

The delta plain is characterised by minor altitdiféerences: 20.5 % of the delta is below the Gledf the
Black Sea, 54.6 % is between 0 and 1 m, 18.2 %tiwden 1 and 2 m and only 6.7 % is above 2 m tidé.
The low-lying areas between the Chilia-Sulina antifa-Sfantu-Gheorghe arms harbour many delta |#hais
cover 8.9 % of the whole delta area (Gastescu &nde§ 2008). These lakes play an important roléndurises
in the Danube level, as the excess water accunsulatdiem and then flows into the main arms whenwhater
level is low. Another characteristic of this dedt@nvironment is the existence of ecosystems dimgisf reed
beds, mainlyPhragmites australisThese reed beds make up a considerable paré diiotbdable delta, and they
are also thought to be the largest uninterrupted beds in the world.

Despite the moderate rainfalls in this area, thaube delta is flooded every year. The historicallysis of
the maximum discharge of the Danube (figure 2) uic&areveals that considerable river discharges were
recorded in 1895 (13 700 mc/s), 1942 (13 387 m&&J0 (14 520 mc/s), 1974, 2003, 2006 (15 900 nauis)
2010 (16 600 mc/s). The annual multi-analysis (193011) of the Danube water levels at the entrafiche
delta (in Tulcea) (figure 2) also shows that mdshhe maximum river discharge episodes occur froard¥l to
July. The last two major flood rises, which occdrie@ 2006 and 2010 (figure 2), were preceded bwyea
snowfalls during the winter and by relatively easlyow melting on the mountains in the catchmerd afethe
Danube. In July, the Danube level decreases sigmifiy down to low levels and discharge rates atethd of

summer and beginning of autumn (from August to Baty) (figure 2). According to these data, the ds®f
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2006 and 2010 were followed by periods of consiblerbow water (figure 2). In Tulcea, the Danubeclewas 1

m in August 2007 and 0.35 m in October 2011.
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Figure 2.

Danube daily levels at Tulcea in 2006, 2007, 2@09,0 and 2011. Mean daily levels from 1931-2011.
The floods of 2010 affected more than 30 countieb 400 localities in the northern and eastern postiof
Romania, the Danube delta included. More than I6dsple were evacuated and more than 45 000 keaiér

agricultural land and forests were submerged.

3. Dataset

The satellite data included in this paper were aedquby the PALSAR instrument on the ALOS satellite
The ALOS @Advanced Land Observing Satellittapanese satellite was launched on 24 Januay&tiDceased
to operate on 22 April 2011. It included two optisgnsors and the PALSARPIjased Array type L-band
synthetic aperture radamradar. The SAR concerned by this research opest®.27 GHz or 23.6 cm (L band;
ALOS-PALSAR). The ALOS-PALSAR operating in the poametric mode uses a 14 MHZ bandwidth,
providing a 11m optical range resolution or a 3Ganground resolution with a 20° incidence angle.

The Phased Array type L-band Synthetic ApertureaR@EALSAR) is an active microwave sensor using the
L-band frequency (24 cm) to achieve cloud-free aag-and-night land observations. PALSAR is a fully
polarimetric instrument, operating in fine-beam mowith single polarisation (HH or VV), dual polat®n

(HH+HV or VV+VH), or full polarimetry (HH+HV+VH+VV). This paper focuses on dual polarisation data

(dual HH and HV mode) (table 1).

Table 1.



ALOS/PALSAR satellite data used

RADAR Before / during / I . ... _Danube water level
. Acquisition day Technical characteristics
sensor instrument  after the floods at Tulcea
15 June 2009 Dual mode: 2.52m
Japanese ALOS Before 20 May 2010 HH, HV 3.70 m
satellite PALSAR . L-Band: 24 cm
sensor During 18 June 2010 Resolution- 4.37m
After 3 August 2010 15mx15m 3.06m

The dual polarimetric mode allows image acquisitiontwo different linear polarisation modes. The
alternation between the two polarisation configora occurs on each individual impulse, which actsdor
the phase difference between the two acquisitions.

The main objective of a RSO oriented towards apfibois such as the characterization of variousdfloo
prone areas or flooded areas, or the determinafidgiifferent biophysical parameters of the landpisietect by
the measurements performed the quantities thatebgsess the backscattering characteristics ofttayzed
land. The backscattering coefficient is referredwben dealing with a SAR with any radar polarisatio
configuration.

Other types of data were used: the daily Danubeldem Tulcea in 2006, 2007, 2009 and 2010, thetimul
annual mean of the Danube levels in Tulcea betvi®8d and 2011, as well as the phenological reezhdart in

the Danube delta (figure 5).

4. Methods

To detect the various types of surface changedtirggdrom the floods of 2010 in the Caraorman dielt
section and to characterise the floodable classnbgns of its backscattering mechanisms, we proptse
following methodological analysis and image progesssequence: polarimetric indices extraction and
implementation, calculation of the temporal entragibythe polarimetric indices, temporal entropy slfisation
using support vector machine (SVM) and mono-temtadable class classification, using all thegraghetric

indices (table 2) used.

Table 2.
Methodological sequence applied to ALOS/PALSAR iemg

Radar

Dataset Danube water levels Processing steps Obiectives
ALOS / at Tulcea g step I
PALSAR




Orthorectification

HH, HV
intensities and
Polarimetric
entropy

Analysis of polarimetric change
between the 2 dates

Change indicators (entropy) applied to
polarimetric indicators

Change characterisation (stable classes,
changing classes)

Normal
06/15/2009 condition 252m Data filtering
(June 2009)
Polarimetric
indices
Floods Temporal entropy
06/18/2010 (June 2010) 437M  of the polarimetric
indices
Image resulting from Entropy SVM
temporal entropy classification

Classification into

two classes: no

change and radical

Risk class detection
(floodable areas):
hydrophilic vegetation,
halophilic vegetation,
psammophilic vegetation

change
Stable class mask
Floodable area detection based on the
thematic mask extracted relying on the
flooded areas of 18 June 2010 (Short
Normal vegetation (grassland), hydrophilic
06/15/2009 condition 252m ; .
(June) vegetation, psgmmophlllc vegetation,
mixed vegetation, mixed phragmites,
. forest, dominant phragmites, cut
Mono-temporal Diachrony phragmites)
SVM analysis of the 4
classification dates )
05/20/2010 Flood onset 3.70m Flooded area detection
. Flooded area detection and thematic
06/18/2010 During 437 m mask of these areas
08/03/2010 After 3.06m Floodable area detection and

characterisation

Two major types of polarimetric indices can be asted from fully polarised data or from dual pdiation

data. Coherent indices are well suited for targeties such as buildings for example whereas inestiéndices

are better for distributed target such as grasslanegds or forest areas. Thus, because of theeneat nature of

the study classes, we will focus only on incohepatarimetric indices.

Polarimetry relies on the vector-like nature of Weve (Papathanassiou and Cloude, 2001). It igdedito

characterise targets by recording their respomsdgferent radar wave emission and reception jEd#ons. To

allow the separation of backscattering mechanismhe same resolution cell and different incohetanjet

decomposition was developed as Cloude-Pottier ¢pi@fAlpha), Van Zyl (Van Zyl, 1989, Cloude and ®Rat

1997), Freeman (Freeman and Durden, 1998) and Mashafyajima et al, 2008).

As for double polarisation (fine beam dual modejlyadhe S, and Qv terms are recorded coherently, thus

reducing the polarimetric information acquired.

Starting from the&(,, target vector, the covariance matrix is expressefbllows:
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SunShn = Apn- €7 X Ay e7TOM = A2, OO = g2 = p, 4)

Swhand Qv are the matrix terms corresponding to the HH aNdpldlarisations, respectively..dand Ay, are

the amplitudes of the two polarisations, whergasandoeny are their phase, respectively.

This configuration allows extraction of theo##Apr/Oor parameters (Cloude, 2007). In this paper we will
investigate only Iob.

Given that polarimetrieentropy Hop characterises the level of depolarisation of thekbeattered wave,
entropy can be calculated pixel by pixel usinghadir combination of the image cross-variance matixes.

Hpp = _Ztgzl P;log(P;) )

Ai

whereP; = -
Y YT

and); are the specific vectors of the coherency matrix.

In a second stage, the temporal analysis of sont&ripetric indices (HH intensity, HV intensity and
polarimetric entropy) using temporal entropy (FU&@@08) is conducted using this equation:

HTemp = - Z?zl Pilog(Pi) (6)

Bi
I Bi

whereP; = and B correspond to the B indicator (HH, HV or polarineentropy in our case) observed

on date n.

Therefore, temporal entropy has the same definiienpolarimetric entropy, the only difference bethgt
temporal entropy measures the heterogeneity underlyp the same index throughout time. This hetereige
could be interpreted by change detection in thepteal point of view. As all Entropy, temporal eniyois range

between [0,1].



Thus, a low temporal entropy (close to 0) means ttha indicator used is stable in time. On the othend, a
high entropy value, close to 1, shows that thecair has undergone a significant change throungé. ti
Moreover, we suggest a comparison between the tehpotropy of HH, HV and polarimetric entropy te b
able to characterise their changes. It is well kmélat HH polarisation allows the characterisatibthe double
rebound importance, where HV polarisation is palidy characteristic of the volume reflections.ush the
temporal analysis of these polarisations togetlitir thie analysis of their polarimetric entropy wéthable us to
characterise the Danube water level evolution. Gibhat the Danube delta is mainly covered by redgsyater
level variation and the reed density variation earacterised by a significant double rebound natehrt and
volume backscattering mechanism.

Thus, the temporal analysis of HH and HV entropyeeds values that can characterise the state afithrges
affecting the studied areas. In some areas, bef@rdloods of 18 June 2010, the HH intensity wag -dB,
whereas the HV intensity was -15.5. During the d®othe HH intensity was -12.5 dB versus -26.7 dBHV
polarisation. This shows that intensity decreasemd flooding, which means that the water respanseeases
contrary to volume and double bounce scatteringhem@isms. Therefore, in the delta, we can observieyma
different temporal signatures, which are showrigare 3 in the Results and discussion chapter.

Based on these different indicators we apply chatedection processing.u et al. (2004) classify the
change detection methods into six categories: agehtransformation, classification, advanced, Gpproach,
visual analysis and other techniques. Among thasegories, several authors have published changetibs
method assessments, for instance Singh (1989) tlauard Elvidge (1998), Mas (2000), Jensen (2064)Lau
et al. (2004), Inglada and Mercier (2007), Quiale(2012).

In order to detect the changes and to charactdrezéype of area subjected to flooding we chosgsto
the supervised SVM (Support Vector Machines) cfasdion algorithm. SVM allow us to produce a larmver
change map as well as a land cover map. In casendfcover change map we used only temporal entropy
whereas for the land cover map we used only pokrimindicators for each date.

The algorithm used was SVM based on the kernelrthedhich allows the settlement of problems thataar
linearly inseparable. It also allows the takingisbnsideration of numerous and heterogeneous pteesn The
purpose of the SVM algorithm is to calculate thetlseparating hyperplane between two classesmoitadyy, to

maximise the margin between the study classes, metails are given in Burges (1998). Thus, SVM are
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particularly relevant because SVM do not take extoount any distribution assumptions. In additiosing the
RBF kernel of SVM allows classifying non-linear cld&sition problems.

The presence of noise in the data can be takenatttount by defining a distance allowing a certaita
dispersion, thus relaxing the decision-making aamst (Lee efl., 1999; Lee eal., 2009).

The SVM principle was developed for a two-classhem, yet it may be extended to a higher numbelasfses

according to the “one against one” (OAQ) algorithifhis algorithm consists of the developmentQ)M
2

hyperplanes separating each pair of classes. mhEléibel is the one that was most commonly rethine

WhereQ is the number of study classes.
In order to optimize RBF kernel, we used a crosglaion process that gives us best results v+ 0.5 and a

cost parameter equal to 1000.

5. Results and Discussion

Microwave radiation polarisation, just like radagaln incidence angle and wave frequency, has been
long acknowledged as an important parameter fagabljecognition and understanding object featukesess
to the scattering matrix allows several analytagbroaches and hence various ways of assessipgtiwtial of
multi-polarized radar images. One approach consisgy/nthesizing pixel-based signal strength, wtsbbuld
have been measured at the same frequency for daygation configuration (linear and/or circulafhe images
thus created may be considered analogically difteceannels from the channels of a multispectragen We
began by testing the ability of multi-polarized iges to recognize various wetland classes and/art pla
formations representing the flood-prone and floodexhs of our study area. A flooded area (onrttage of 18
June 2010) is typically very dark because of thecafar reflection caused by the smooth water arearothe
contrary, very bright in case of emerging vegetativees or grass), which causes double-bouncesbattkring.
The richPhragmites communsanopy biomass reduces the floodable area delionitgtrecision, as it prevents
the incident signal from reaching the flooded afig@ occurrence of emerging vegetation complicatesmp
and marsh shoreline detection. Detailed vegetatiass recognition within these areas is a littleadifficult if

one relies solely on radar signal amplitude. Thyerips of objects can be distinguished, which aweeror less

3 The Radial Basis Function (RBF) kernel
11



clearly detectable (on the image of 15 June 20D®.first group includes mainly shrubs or herbasespecies,
which clearly distinguish themselves from the otplant formations. This may be considered to beérgortant
contribution of the HV channel. Herbaceous swampyg bre confused with psammophilus species. Theaksis
some confusion concerning forests on dry substrdtee HH and HV channels do not allow distinguighin
between several classes of flooded or non-floogeldphilic vegetation (reed mistaken for Thypha &zdex).

It is also impossible to distinguish salty vegetattlasses from other vegetation classes.

We suggest the extraction of the polarimetric patens in order to better characterize especially th
flood prone areas. These breakdowns provide atoesseries of pixel-based or pixel group-basedmaters
(anisotropy, entropy (in our case), polarimetricagdy etc.) which are generally closely connectetth wie
electric and geometrical features of the targetiednents. In principle, polarimetric breakdowns wadlthe
detection of backscattering mechanisms the supiigro®f which gives rise to radar measured signalse
association between these mechanisms and the gémahstructure and dielectric features of the yred areas
may thus enable their identification.

Using two-colour composites (figure 5a), combinidgl and HV intensity with entropy, we propose the
calculation of the entropy between two images,fits¢ acquired on 15 June 2009 and the second ojuh8
2010 (figure 5a), to detect the changes that oedusetween the two dates.

Indeed, the more important dynamic classes, sucthedlooded and floodable classes, are approached
through the diachronic analysis of the three datesidered important for these floods: 20 May 28 June
and after the events of 3 August 2010. The datbafune 2009 (figure 3) is used to define the fhimbel classes
due to its very low water level in relation to ttiematic mask of the flooded areas extracted fitoemirnage of
June 18 2010 (figure 4), when the floods reached #patial extent peak. June 18 2@8a@ the widest amount
of flooded areas, especially in Caraorman Villaged the floods that were mainly due to groundwater

oversaturation (rainfall floods) (figure 4).
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House to Caraorman

: | cwenl k. Nyt
Mixed Vegetation Color Composition HH HV
June 15, 2009

Forest of Carorman
Figure 3.
June 15, 2009. Colour composition and photos ofrtaim classes of land cover of the flood areas

House located on an arm of Danube near

Colour composite HH HV entropy for June Carorman
18, 2010.

Flooding of the center of the locality ~ Flooding of the main street of the locality of Flooding the main street of the locality of
Carorman Caraorman (a) Caraorman (b)

Figure 4.
June 18, 2010. Colour composition and photos obdiéal areas
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The two polarization change

HV change

- HH change

- The two polarization change

- HH change

June 18, 2010 b) Change detection
@) HH HV Entropy Temporal Entropy : HH HV Entropy

Figure 5.
Temporal entropy. Change detection between Jun20D®, and June 18, 2010.

In the resulting image (figure 5b), the lighter tb@lours are, the more numerous the changes ratorde
Therefore, yellow expresses a large number of admnigpdicating that the two polarisations changee@
indicates a HV polarisation change, whereas magenaals a stable HV polarisation and a considerai
change. Cyan indicates a change in the two potanisa and blue expresses HH change compared with H
Bearing in mind that the polarimetric informatiendlosely related to the backscattering mechartisenchanges
actually reflect the backscattering mechanism chamiepending on the changes affecting the studieska
(figure 5b).

To better characterise the backscattering mechaarminhence to detect changes occurring in theses are
depending on the Danube level changes and on thendrvegetation changeBHragmites sppin particular)
before and during the floods, we propose an arsmlysthe major changes between the two polarisaiiorhe
various colour composites illustrated by diagramfigiire 4. The different colours used in this degr

correspond to the colours shown in figure 3b (terapentropy).
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Figure 6.
Analysis of temporal entropy.

Relying on the field knowledge acquired in connattwith the monitored areas and with the charastiesi of
volume backscattering and double bounce in douldehanisms, we distinguished between two typeseaxsar
in our analysis: the local water level and the vatien. Area that appear in cyan blue in figurenfidans that the
volume backscattering and double bounce mechan@smsnmore significant for the date prior to the @eo
(diagram A in figure 6). The areas associated Wi#se backscattering mechanisms correspond toanighess
dense vegetation with low water level (2.5 m) befttood and higher local water level (+) after iodiagram
B corresponding to blue areas in figure 5b havelainibehaviour as in diagram A except that the wadu
backscattering is lower during flood. This meanat tivater levels are higher during the flood comgai@
diagram A. Areas in green in figure 5b means thdtiddckscattering level is strongly decreases batvileeds

(diagram C in figure 6). This characterises highl @ense vegetation areas where the water levetased
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significantly (++) during the flood. Area that apps in yellow (figure 5b) correspond to areas ceddry high

and dense vegetation totally flooded during theneye++). The important volume scattering and maiker
double bounce scattering before the event decaasaderably during the flood. In the case of magemea in

figure 5b, this means that backscattering mechanana low in two cases but specular at one date(jo

In a second phase, Support Vector Machine claasifics are first applied to temporal entropy toraott 5
different classes characterising change detectsed on previous change detection analysis, cldsdesC, D
and one stable class (figure 6). To carry out 8\ classification we select polygons over the &ssks over
the colour composition of figure 5b. We extract 3dining points by stratified random sampling. mt&oss
validation is performed in order to optimize the REBernel parameters. This classification is theedus build a
mask between only stable and flooded area. Dubetovéry important contrast between the 5 classdsrue
temporal entropy we are very confident to the amcyiof the final mask, which explains why we do conduct
any accuracy assessment at this stage.

Secondly, to determine thematic classes most repied over the study area (shown in Table 3) that a
affected by flood, we apply an SVM classificatiam €ach PALSAR database.

Reference maps for each date were drafted, whighested the same land cover classes (8 classes $tnow
table 3). Differences between dates were recordamhuse of the fact that the local water level chdng
considerably between the four dates. The same tieeniasses were used (table 3), but the watel kdtered
the polarimetric response, which accounts for tifferénces between the floodable classes on cedtaties (for
instance, June 15, 2009 includes several clasgbe iitoodable areas).

Examination of the different colour composites pitied the definition of classes of interest forditted
and floodable class identification (table 3). Weritified a forest class within the stable entrofassification
classes, a mixed phragmites class that is alsodadl in the stable classes, a less dense classseaped by
short vegetation included in the floodable class elasses that changed considerably between 152D@8and
18 June 2010. Other land cover floodable classes identified: dunes and interdune depressionstdpydlic
vegetation Typha, Carex psammophilic vegetationE(iphorbig, halophilic vegetation Salicornig. These
classes were correlated with the flood classegtamdoodable areas (table 3). Following is a desion of the

land cover of the region of Caraorman.
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In terms of flooding regime, connectivity and grdwater residence times at a particular level,
hydrology plays an important role in vegetation audl distribution in the Danube Delta. The inteme
depressions of Caraorman are supplied by fresmgreater tables, without however being flooded tgyriker.
The vegetation of the dunes is steppe vegetationirsziudesCarex colchia sea grapeHphedra distachya),
forest rye (Secale silvestia Elymus giganteusind Festuca beckeriThe fresh groundwater depressions are
covered by rosemary leaf willow shrub&afix rosmarinifolig, by trees such as oak treeQuercus
pedunculiflorg and Pallis’ ashRraxinus pallisag. IsolatedQuercus roburandFraxinus angustifoliaalso occur
here. The groundwater level is several decimetersasea level during the floods and 1.2 m to 1letow sea
level during the dry season. On the outskirts & @araorman region there are lower areas with salty
shallow groundwater tables. This assumption is sttpd by the presence of salt-tolerant vegetattuccinellia
convoluta Siberian staticeL{monium gmelinii), sea rush (Juncus maritimugduan (Aeluropus littoralis).
These species are mixed with less salt-tolerantupglands and with shrubs like Salt Ceddarfarix
ramosissimg)Russian oliveElaeagnus angustifolisgnd common sea-buckthoddippophae rhamnoidesY he
outskirts of the Caraorman region are more fredyesmidd more heavily flooded. Vegetation progredsive
ranges from salt-tolerant vegetation to salty patands includingCyperaceaeand Typha angustifoligfamily
plants, which are finally replaced by reed and sealythe peat.

In the freshwater section of the delta (westera areour image), flood banks separate the distaiieg
of the river from the swamp. During the flood seaflmetween mid-April and mid-June), the vegetapioevents
suspended sediment distribution. A large amourgeafiments, including fine sand, is deposited onflied
banks. The forest specific to floodable areas, mapleof ash trees and poplars, is the natural floadk
vegetation where the floods season lasts less 3hamonths. Higher flood banks are occupied by ferest
meadows; they both prefer a well-drained alluvizl, svhich has very little limestone (limestoneisol). At
lower altitudes, the forest and meadows are onreerai soil. Wetland depressions (swamps) are ddadnay
reed and sedge on gleysols which are often flooBkxhdable area forests also occur around lakesnaltely
with reed and sedge. The significant organic praditg of the standing water of the swamps, the @i@ount
of sediments and the long-term floods lead to peahation in the hydromorphic alluvial histic soi{peat
formed on theSphagnummoss). On this soil, ree®kragmites australjsis 4 to 6 m high and mixed witfypha

angustifolia.
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Table 3.
Correspondence between classification results land tlasses.

Classes Description
Submerged: lakes, branches, canals Permanent waters
Flooded Flooded between May 20, 2010 and June 8, 2010

Short vegetation (grassland), hydrophilic vegeratio
Floodable psammophilic vegetation, mixed vegetation, mixed
phragmites, forest, dominant phragmites, cut phitegm

Flooded on June 18, 2010 and drained until August 3

Drained until August 3, 2010 2010

The SVM model is only defined on the trained classkthe 2009 dataset. The SVM model defined fa th
date can be applied to the other PALSAR data becRéd SAR calibrations are known to be good and also
because we used exactly the same processing draéadh date. As for previous SVM classificatioresapply
a cross validation process in order to improve RBfhel parameters. The creation of training androbpoint
sets is the result of a stratified random samptiaged on the whole set of areas of interest ilyitdgtermined.

A total of 500 training points and 800 control psiare set for each class.

The results shown in table 4 reveal a good meamrracg of 87%. In details we obtain very good
performance of 95 % for the water class, hencéntieeest for flood monitoring uses. We noted sommefasion
between short vegetation and mixed vegetation etasshere the performance does not exceed 82 %hdll

other classes show good performance levels (ab®9é)8

Table 4.
Classification performance.

Class Accuracy (percent)
Forest 89
Lake 95
Mixed phragmites 94
Short vegetation 82
Typha sp. 87
Mixed vegetation 82
Cut phragmites 85
Dominant phragmites 84
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Mean accuracy 87

The stable classes (forest, delta lakes, cut phtagndominating phragmites) are well detected,re&® the
flooding classes change the most (short vegetdtipasslands), mixed vegetation, hydrophilic vedgetat
psammophilic vegetation, halophilic vegetation)nélacover maps are shown in figure 7 where we oyerla
Masked Classification (floodable areas were ex¢ddtom 2009/June 2010 dataset) into an image septiag
the mean of the intensity values on the dates takerconsideration. As shown in this figure nooeftlable area
shown in gray and blue are really well discriminate floodable area.

June 15, 2009. May 20, 2010.

August 3, 2010.

5 kam

e S

Hydrophilic vegetation
- Mixed vegetation (shrubs, hydrophilic vegetation...)
- Short vegetation (grassland)
Figure 7.
Diachronic evolution of the four dates: before,idgrand after flooding. The three images acquimgal ppo and after the floods

represent the floodable classes according to tioeléld thematic mask extracted from the image of 2 2010. The stable classes
are in grey.
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Furthermore, work in progress leads us to belidna the performance attained by double polarisataatar
images in L-band (PALSAR) in this study is superiorthe performance obtained by optical imaginge Th
L-band wave penetration capacity is particularihtadle for water-level variation detection, everdameath
vegetation cover, such as reeds in the Danube. ddiia penetration also enhances the detectioheflood
areas beneath the canopies. On the other handabiptiaging only allows the detection of the resg®onf the

analysed area, and hence, it is not directly Sgadib water-level variation.

6. Conclusions and Perspectives

The objective of this paper is to contribute to amgrove flood-prone and flooded area charactednat
in wetlands by means of satellite data acquired. lhand polarimetric radars (ALOS-PALSAR). Polarinnet
decomposition algorithms allow accurate polaringetriformation extraction compared to a multi-patad
approach based on the HH and HV polarisation cHanResults clearly show that radar polarimetryasisv
improves classification as compared to the HH anMdpdlarization channels. This improvement is somes
marginal for certain “simple classes” such as tsmiés, water or classes bearing a high proportiowotume
backscattering. Nevertheless, radar polarimetrywgsaits full potential for the classes with morarthone
backscattering mechanism, generally a mechanisotiassd with plant structure and another one aasetti
with substrate structure.

This paper provides a methodology for detectitgnges using temporal entropy applied to the
evaluation of flooded and floodable areas durirgDlanube delta floods of 2010. Changes were exahginthe
shortest possible time intervals before and aftdtoad. These application examples suggest thahgdha
detection is possible and could play a fundamewtal in the process of understanding, in a broadeef the
term, the temporal evolution of a flooded or flobalandscape via sequential analysis.

Temporal entropy calculated from polarimetric iredids an easy way of detecting changes in the arebes
investigation, and their comparison makes it pdedib conduct a relevant qualitative analysis. @gugntly,
the analysis of the studied areas enabled us ®&ctd#ie information most closely related to thendes of
interest and least dependent on spatial variafaser level and vegetation cover). The use of SiéMlassify
change detection and to characterise the land cosielg, respectively, temporal entropy and polatiime

indices for each acquisition, revealed the majontrdioution of the land cover based on floodableaare
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classification. The use of polarimetric data helpethe detection of structural differences betwdenvarious
hydrophilic plant covers and, thus, contributedhte mapping of these types of areas in relatiothéowater
level. It also provided additional information dmetspatial extent of the flooded areas. Our papews that
polarimetric indices allow better characterizatiseparabilities and classifications of the plaasses specific to
floodable wetlands than the HH and HV polarizathannels.

Regarding the future perspectives of our work, t@sadnvestigating the influence of wavelength avod
detection, we intend to conduct a multitemporal fidlarisation RADARSAT-2 data analysis. In additiat
may be interesting to draw a comparison betweeh BALSAR wavelengths (L-band) and RADARSAT-2
wavelengths (C-band) and to document the compleamnignbf the two instruments/sensors used to detext
land cover of floodable areas. Another line of sesk would include water level determination. Doetlie
interferometry principle, SAR data also allow watevel determination, including under trees, witighh
accuracy. This information may prove interestingdstimating the amounts of stored water and fentidying

major water level variations in wetlands.
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