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Abstract. This paper describes a procedure to estimate bottilood boundaries with topographic daRafppenberger et al.
the fraction of flooded area and the mean water level in veg2007 Matgen et al. 2007 Zwenzner and Voigt2009 all
etated river floodplains by using a synergy of active and pasbased on SAR data) and the estimation of flooded areas with
sive microwave signatures. In particular, C band Envisatpassive microwave signatureSigpel et al. 1994).
ASAR in Wide Swath mode and AMSR-E at X, Ku and  Active microwave techniques, particularly interferomet-
Ka band, are used. The method, which is an extension ofic ones, can provide accurate results. However, the rela-
previously developed algorithms based on passive data, exively low temporal resolution and the small spatial extent
ploits also model simulations of vegetation emissivity. The limit their applicability. In general, these techniques are con-
procedure is applied to a long flood event which occurred instrained to small areas and low temporal resolutions. Fur-
the Paraa River Delta from December 2009 to April 2010. thermore, active microwave methods have further limitations
Obtained results are consistent with in situ measurements ofe.g. interferometry needs suitable interferometric pairs, and
river water level. fusion techniques require accurate DEMs of the area). On
the other hand, passive microwave techniques, characterized
by low spatial resolution and high temporal resolution, can
provide rough estimates of flooded fraction in certain flood-
plain regions with virtually no ancillary dat&{ppel et al.
Over the past decade, several flood monitoring/forecasting994- Therefore, passive microwaves are often exploited.
methodologies, based on remote sensing data, have been prbis is particularly true in large river basins, where extreme
posed. Among them, the ones based on microwave observdlo0od events compromise thousands of square kilometers in a
tions are the most successful, since large flood events anfgW days.
intense cloud covers are often encountered simultaneously. From a physical point of view, the sensitivity of mi-
Furthermore, since flood events are dynamic processes, higffowave measurements to soil and vegetation properties was
temporal and spatial resolutions are usually required. How-Proved by several theoretical and experimental investigations
ever, due to orbital and technical constraints, both require{Ulaby et al, 1988. In many cases, passive microwave in-
ments are generally not achievable. vestigations adopt the absolute difference between the ver-
In this context, several microwave based flood monitoringtically and horizontally polarized brightness temperatures
techniques were developed. Among them, it is worth men-A7 = (Tov — Toh) (Choudhury 1989 as a useful index to

tioning direct measuring techniques based on scatterometdRonitor soil and vegetation conditions. In other cases, the
data Prigent et al. 2007, interferometric techniquesAls-  same difference is normalized to the average value (Polariza-

dorf et al, 2007 and the fusion of remote sensing-derived tion Index, Pl=2x AT /(Tov + Ton)) (Paloscia et a].1993
with the advantage to reduce, or eliminate, the dependence

. on surface temperature. For angles higher thax-280, it
Correspondence tdF. Grings was proved that botA T and PI are high for wet, flat and
m (verderis@iafe.uba.ar) bare soils, while their values are reduced if the soil is dry,
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and in presence of roughness and/or vegetation ctltaby ence AT) measured at Ka band to flood events was investi-
et al, 1986 Choudhury 1989 Kerr and Njoky 199Q Palos-  gated. Nimbus 7 data was used to monitor the Amazon River,
cia et al, 1993 Jackson and SchmuggEd91, Paloscia and and a strong seasonal pattern partially correlated to river wa-
Pampalonil988 Ferrazzoli et al.1992). All the effects pro-  ter level was found.
duced by flooding contribute to an increaseAdf and PI. An operational algorithm based on passive microwave data
In particular, flooding increases the moisture of the surfacewhich estimates the fraction of flooded area was developed
and decreases its roughness. For higher water levels, and by Sippel et al(1994) and further developed iSippel et al.
presence of vegetation cover, flooding also reduces the heighft 998 andHamilton et al.(2002. Using physical hypothe-
of the emerged vegetation. In extreme cases, water level sulses about the emissivity of water and vegetation, this algo-
merges vegetation. Therefore, the polarization indexes havathm estimates the fraction of flooded area of a pixel as a
the potential to detect the fraction of inundated area and tdunction of the absolute polarization differencA®) at a
monitor the increase of water level. Finally, it is important given frequency. The fractional flooded area is estimated
to mention that these effects are present at all microwave freusing linear mixing models that account for the microwave
quencies. Lower frequencies show a better dynamics, but aremission of the major land covers within the subregisip{
characterized by worse spatial resolution. pel et al, 1994. This algorithm was tested using Ka band
Also the influence of surface variables on radar signature®f SSM/I system. It assumes that the temperature difference
was investigated extensively for various environments, suchof flooded land ATz, has a constant value for all the flooded
as crops, forests, natural low vegetation, and urban areasegetation types present in the area. This assumption is crit-
For the active microwave case in natural areas, the overalical, since AT; can present large variations as reported by
backscattering coefficient is essentially influenced by threeSippel et al(1994 1998 andHamilton et al(2002. In part,
processes: surface direct contribution, vegetation contributhese variations are simply related to the statistical inhomo-
tion and surface-vegetation double bounce. At lower fre-geneity of vegetation cover in the dimension of the space-
quencies (L, C and X band) and angles higher than abdut 30 borne radiometer pixel, which is of the order of hundreds
the three contributions behave and interact in a complex wayof km2. However, they are also physically related to varia-
Surface backscattering increases with moisture and roughtions of water level in vegetated areas, as previously observed
ness. Vegetation attenuates surface backscattering and prio+ Sippel et al.(1999 and Hamilton et al.(2002. More-
duces its own contribution, as well as double bounce. Flood-over, this dependency on water level is related to vegetation
ing reduces the surface contribution, due to the decrease dtructure; in fact, for wetland marshes an increase in water
roughness, and increases the double bounce effect in vedevel corresponds to a proportional decrease in the emerged
etated areas. At C band, the overall effect produced by &iomass, with severe effects on the vegetation emissivity. On
moderate flooding in vegetated areas is an increase of ththe contrary, in arboreous vegetation an increase in water
backscattering coefficient due to an increase of the doubléevel is related to a decrease in trunk height, a component
bounce contribution. However, if the increase of water levelof the vegetation that has negligible emission properties for
submerges most of the vegetation cover, the overall effect isrequencies> 6.9 GHz.
a decrease of backscattering coefficient. Therefore, the trend The objective of this paper is to estimate both the fraction
of the backscattering coefficient as a function of water levelof inundated area and the mean water level inside a wetland.
is not monotonic. These properties have been investigatedhe Paraa River Delta is selected as test site. The work
for some cases of agricultural and natural vegetation, mosthadopts techniques of previous papers, such as the formulas
at C and X band, also with the aid of modele (Toan et al. of Sippel et al(1994 and an emission modeté€rrazzoli and
1989 Caizzone et a/.2009 Grings et al. 2005. In vege-  Guerrierq 19963 that is able to simulate the vegetation po-
tated areas, the increase of the backscattering coefficient dutarization difference as a function of water level. The general
ing flooding related to double bounce was detected also irapproach is based on the use of both active and passive signa-
forest areas, using L band signaturééafg et al. 1995. tures, collected almost simultaneously. First of all, the frac-
The above mentioned properties make microwave remoteion of inundated area is evaluated by applying a threshold
sensing a good candidate for flood monitoring of large rivertechnique to Envisat ASAR signatures collected in the Wide
basins. Some algorithms were designed to integrate both acswath (WS) mode. Then, AMSR-E signatures are used and
tive and passive information in order to estimate flood con-formulas ofSippel et al (1994 are inverted, in order to es-
ditions. A global study about flood dynamics was carried timate AT;. Finally, the average water level is estimated by
out using SSM/I signatures in synergy with data collectedinverting the results of model simulations. In this procedure
by AVHRR and ERS scatterometePrigent et al. 2007). three AMSR-E channels, i.e. X, Ku and Ka band, are tested.
However, most of the operational algorithms still use only C band is not considered, due to its poor spatial resolution.
passive or active data. Several authors proposed methodol&ome empirical corrections are used to remove the effects of
gies to estimate flooded area as a function of brightness tenthe continental area.
perature (or derived indexes) and ancillary information. In
Choudhury(1989 the sensitivity of the polarization differ-
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Section2 gives details about the study area and the use®.2 Available data
satellite signatures. Moreover, it describes all the details of _ _ B .
the adopted procedure. The obtained results are shown antP estimate the hydrological condition of this area, we used
commented in Secs. both active and passive microwave signatures, as well as
ancillary data. In particular, we used Wide Swath Envisat
_ ASAR data and brightness temperature AMSR-E data. De-
2 Materials and methods tails about product characteristics are given in Tdble
Seven acquisition dates were available for ASAR data.
They are, in Julian days starting from 1 January 2009: 161,
231, 264, 336, 353, 371 and 476. The first date, which cor-
) g’ . . responds to non flooded conditions, was selected as a refer-
final 300 km of the Paranbasin. It covers approximately ; . .
: o . ence. A change detection algorithm was applied to the subse-
17500kn%, close to Buenos Aires city in Argentina. A ) L . i
; o : ; guent six acquisitions. The corresponding six AMSR-E dates
land cover map is shown in Fid, in which the locations ) )
were selected in order to be as close as possible to ASAR

ionf dtirc]:ztg\c/ie water level stations considered in this paper areones, with the further condition to be separated by multiples

, . . . of 16 days, which corresponds to the repeat orbit. Following
The Paraa River drains an approximate area of these criteria, the selected AMSR-E Julian dates are: 232
2310000k and, according to its length, basin size, and ' ’ '

. : . . 64, 328, 344, 376 and 472.
water discharge, is considered the second most importan X . . . :
. - AMSR-E is a microwave radiometer operating at six fre-
one in South America after the Amazonas. Among the large .
. . .Y quency bands: 6.925GHz (C), 10.65GHz (X), 18.7 GHz
rivers of the world, it is the only one that flows from tropi-

: L . (Ku), 23.8GHz, 36.5GHz (Ka), and 89.0 GHE4dwanishi
cal to temperate latitudes, where it joins the Uruguay River . . A
o et al, 2003 (Parkinson2003. A conical scanning is used
ending in the Del Plata estuary.

. . . to observe the terrestrial surface with a local angle ¢f 55
The landscape patterns of this region are subordinated t . ) .
. . . . he Instantaneous Field of View (IFOV) is dependent on fre-
a flooding regime characterized by different sources of wa-

T X s quency. In order to compare among different bands, in this

ter with different properties, such as local precipitation and . . .
large rivers, whose specific flooding patterns affect particu—Work we used products with the resolution of X ban_d, I.€.
! AMSR-E Res-2, 2% 51 km, for all channels. For the higher

lar areas. Sometimes these sources add together provokiqgequencies (Ku and Ka band) we used data resampled to

isr'][r\?v?nq[eﬂroodmg events, with main peaks in late summer an his resolution. The data are stored in Hierarchical Data For-
The C(.)mbination of local topographic gradients and a re-mat (HDF), which is compatible with NASA HDF-EOS stan-
pographic g dard. In this study, we used L1b data, which contains values

giongl flooding regime constitutes the p_rimary factor tha_t d.e'of brightness temperature, at vertical (V) and horizontal (H)
termines the emergent natural vegetation, mainly Con.S'Stm%oIarization geometricall)’/ corrected and calibrated. Each
SfraTe%rSh:fm%rr?grzgg Ic?r Ig;vrﬁnd:rrvxz?eengg(;latéitiraetf ;JS 5%ile is 80 Mb, contains brightness temperature values along

P y P " a1450km strip. The data was downloaded from NASA site

2002. In the specific area of the Delta under study, there are(https://wist.echo.nasa.gov/a)pi/

four ecosystems that account for more than 95 % of the land- Even when using 16-days repeat orbit data, the centers of
cover: junco marsh, cortadera marsh, grassland and prairiS\MSR-E image pixels are not coincident. This is due to

of aquatic herbaceous vegetatlon.. All the_se ecosystems ABMSR-E conical scanning acquisition strateg¢agvanishi
composed by herbaceous vegetation, which presents an av;

: et al, 2003. Therefore, it is not possible to perform a pixel
erage height .Of 2m. Some of them (Cortadera ma_rsh, grasy, pixel comparison between two images, even if they are
land) are mainly composed by leafy vegetation with nearlyfrom the same orbit. Instead, a drop-in-the-bucket method
uniform density and an average LAl of 5. The other ) ’

: . .is usually preferred in time series analysis of AMSR-E data
ones (junco marsh, praire) are composed by nearly verti-,

. X 5 (Kawanishi et al.2003. This method estimates the mean
cal long stems, with an average density~090 plants nr<. ;
L o value of the brightness temperature of an area as the aver-
The selected area is indicated as a rectangle in Figlt . . :
. A : age of all the observations whose pixel centers are contained
includes a significant fraction of the Delta. For opera-

. ) . : . In this area. However, it is important to remark that this
tional reasons, which will be explained later, also a conti- ___. . . .

. . X " . estimate includes brightness temperature observations from
nental part is considered, but its contribution will be sub-

tracted. Therefore, the part of the Delta where the frac-ou'[Slde the area of .|nterest. This error can be ngglepfted
. when the study area is large and homogeneous, but is critical
tion of flooded area and the mean water level as a func-

tion of time will be evaluated is dominated by two marsh when comparing multitemporal data corresponding to rela-

species: JuncdSchoenoplectus californicyysand Cortadera tively small area (i.e. a narrow river floodplain).
(Scirpus giganteyqSalvia et al.2009.

2.1 Description of the site and available maps

The Paraa River Delta (PRD) region stretches through the
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Fig. 1. Landcover map of PararRiver Delta. Main vegetation patterns mapped using SAC-C MMRS sySalvig et al.2009 are shown.
The rectangular box indicates the area selected in this study.

Table 1. Summary of used data.

Envisat ASAR, Wide Swath Mode AMSR-E

Pixel size 75xX75m 29 x 51 km

Operational Frequency C band X, Ku and Ka band

Available polarizations HH Hand V

Acquisition dates Non flooded: 10 Jun 2009 Flooded: 19 Aug 2009 21 Sep 2009 20 Aug 2009, 21 Sep 2009, 24 Nov 2009
2 Dec 2009, 19 Dec 2009, 6 Jan 2010, 21 Apr 2010 10 Dec 2009, 11 Jan 2010, 17 Apr 2010

Furthermore, these errors are proportional to the sum of Multitemporal images of the observed polarization dif-
the fractions of footprint areas that are outside the study arederence ATyps at X band are shown in Figz. An evi-
In our case, since the area is narrow and the polarization difdent increase of the polarization difference is observed after
ference of the wetland is large compared to the one of theDecember 2009.
continent, the overall effect is a reduction of the observed As far as active microwave signatures are concerned, this
polarization difference. work uses Envisat ASAR medium resolution image products

In order to deal with this issue, we developed an ad hodn Wide Swath image modeEGA, 2007). For each date,
strategy to minimize the effects of this kind of errors in small there is a multilook ground range digital image. For this
areas. We extracted AMSR-E data from the rectangular boyparticular application, we selected HH polarization, consid-
indicated in Figl, which is larger than the specific study area ering the well known dynamic range of HH to changes in
limited by the Delta, since it includes a fraction of the con- flood condition (Grings et al. 2005. Sample images of the
tinent. Then, we developed a methodology to estimate thearea are shown in Fi. The first image was collected on
polarization differences specifically contributed by the Delta 10 June 2009, corresponding to a non-flooded condition, and
area. To this aim, we used the polarization difference valuesvas used as a reference. An evident change of the backscat-
averaged over the whole box of Fig. 1 and over some sampléering coefficient is observed in the subsequent two images.
areas taken within the continent. It is an increase for moderate flooding, and a decrease for

intense flooding, as discussed@mings et al(2006.
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Fig. 2. AMSR-E images ofAT at X band in the Par@nRiver delta. Julian dates starting from 1 January 2009: 232, 264, 328 (upper figures),
344, 376, 472 (lower figures). The rectangular box indicates the area selected in this study.

In order to interpret the changes in the backscattering coefebserved polarization differenaeTops,
ficient and in brightness temperature, we used both the land-
cover map of Figl and ancillary data. Among them, water ATobs= fwATw+ frfATni+ ft AT @)
level information is important. This variable was continu-
ously monitored in five stations along the river: San Lorenzo,1 = fwt fit fof 2)

Rosario, Ramallo, San Pedro, and Baradero. The tempQynere AT, is the polarization difference observed by the
ral trends of water level in the stations are shown in Big. radiometer, fiy, fat and f; are the fractional areas of open
The five trends are similar to each other, indicating the presy, oty (rivers and lakes without emergent vegetation), non-
ence of a significant change in the hydrological condition of ¢, 4eq land, and seasonally flooded land, respectively, and
the whole wat_ershed. In the figure, Fhe acquisiti_on dates OfATW, ATy, and ATy are the polarization difference values
the AMSR-E images are marked with vertical lines. The 5 ohen water, non-flooded land, and seasonally flooded
water level corresponding to the alert level for the Delta in land, respectively. Simultaneous solution of E43.gnd @)

the stations is n_1arked vyith horizontgl lines. The alert Ieve'yields the following equation for the fraction of inundated
(the level for which the river starts to inundate the land) WaStioodplain (f):

reached approximately 350—400 days after 1 January 2009.

This produced effects on both passive and active signaturesf _ ATops— fwATw— ATni+ fwATnt 3)

as can be detected in Figs. 2 and 3. = ATi — ATyt
The fractional area of flooded land expands during inunda-

2.3 Basic formulas tion with a concomitant reduction in the fractional area of
non-flooded land. The algorithm is based on the following
hypothesis:

Basically, the passive data have been analyzed using the sim-
ple model proposed b8ippel et al.(1994. The model has
three end-members, that represent the contributions of wa-
ter, non-flooded land, and inundated floodplain to the total

www.hydrol-earth-syst-sci.net/15/2679/2011/ Hydrol. Earth Syst. Sci., 15, 2682-2011
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Fig. 3. Example of Envisat ASAR Wide Swath (HH polarization) images of the BaRiver delta used in this paper. Julian dates starting

from 1 January 2009: 161, 336 (upper figures), 371 (lower figure). The rectangular box indicates the area selected in this study.
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In Sippel et al.(19949, the objective was to estimatg 600~ //" //" <

11724109

from ATops However, the hypothesis to considef; con- 500 N gifgi?ro
stant in time and the same for all the different kinds of veg- 5 4004 -".:"‘-\“. --- Ramallo
etation inside the study area is debatable. Indeed, a specifis SE T 300 - "“\

section ofSippel et al (1994 was dedicated to describe the “1:2 2 S

statistical properties of tha 7; estimated from images, since s 2009 !

a large dispersion in its values were observed. In this work, 1004

we will assume thatAT; is not constant in time, but is re- 0 —— . .

lated to the water level, i.eAT; = f(WL): when WL=0, 100 200 300 400 500

. X Julian day from 1st Jan 2009
AT; = ATy and for WL> h, whereh is the mean vegetation uian day from st Jan

height, AT; = ATy. The behavior oA7;(WL) in the range
0<WL <1 is estimated by model simulations.

tical dotted lines indicate AMSR-E acquisition dat€a) Rosario
and San Lorenzo anth) Baradero, San Pedro and Ramallo

Fig. 4. Water level (cm) measured in the five stations as a function
oftime. The horizontal lines indicates alert river water level and ver-
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Table 2. Input parameters to the interaction model.

2685

Parameter Value Observations
General Frequency 10.8 GHz, 18.7 GHz, 36.6 GHz AMSR-E, X band, Ku band, Ka band
Incidence angle 55 AMSR-E
Soil parameters Soil moisture 1.08em3 Flooded soil
RMS height 0.04cm Flooded soil
Correlation length 10cm Flooded soil
Vegetation parameters  Vegetation height 200cm Cortadera marsh
Maximum emerged Leaf Area Index 5 Mean LAl of cortadera marsh
Leaf width 2.5cm Cortadera marsh
Leaf thickness 0.02cm Cortadera marsh
Leaf gravimetric moisture 0.7g¢d Cortadera marsh
Maximum emerged stem height 180cm Junco marsh
Stem radius 0.45cm Junco marsh
Plant density 90 plants Tif Junco marsh
Stem gravimetric moisture 0794 Junco marsh

Z AT, AT

Estimation of
floodplain mean
water level

Computation of

AT

Simulated AT¢(WL)

Model
simulations

threshold

Fig. 5. Flow diagram of the methodology.

2.4 Model simulations

As it will be outlined in Sect2.5.6 we use a look-up table
which associated\ T; to water level (WL), for all the con-
sidered AMSR-E channels. The look-up table is obtained
by model simulations. We used the vegetation model devel
oped at Tor Vergata University. It is a discrete model base
on the radiative transfer theory, including multiple scatter-
ing effects. The model is able to compute both the emissivit
and the backscattering coefficient, and was adapted to sever
types of vegetation.

www.hydrol-earth-syst-sci.net/15/2679/2011/

Remove of
continental
AT,
AMSR-E ATabs contribution ATvet !
Estimation
] of fraction
Envisat af of flooded Ty
ASAR area

Y .

The modeling process is subdivided into various steps.
First of all, the geometry of vegetation elements is selected.
Stems are represented as dielectric cylinders, while leaves are
represented as dielectric discs. The permittivity of elements
is computed as a function of their moisture. Using electro-
magnetic approximations available in the literature, such as

“Infinite Length” for cylinders and Physical Optics for discs,

he extinction, absorption, and bistatic scattering cross sec-
tions of single elements are computed. Using a matrix algo-
rlfhm which includes multiple scattering effects, the single

&ontributions are combined, the bistatic scattering coefficient

Hydrol. Earth Syst. Sci., 15, 26822011
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Table 3. Parameters of the water level retrieval algorithm. 95+ ---- X band
z --- Ku Band
ATps ATps 3 70+ — Ka band
(from model (from ®
ATw[K]  simulations) [K] images) [K] g 4
Xband ~ 970+32 80  81+08 -
Kuband 928+1.38 4.0 52+04 <
Kaband 88+4.2 20 224+0.2 s

LJ LJ LJ L) L) L) L] L)
0 25 50 75 100 125 150 175 200
Water level [cm]

of the whole medium is computed, and the emissivity is ob-Fig. 6. Polarization difference in flooded marsh1;) simulated as
tained by using the energy conservation law. Details of thea function of water level at X, Ku and Ka band.

passive version of the model are availabld-grrazzoli and

Guerriero(1996g andFerrazzoli and Guerrier@996h. In L

the study area, the main vegetation is herbaceous, and the In order.to solve this issue, we.have selected an area larger
main species are junco and cortadera. For this type of vegth@n the river floodplain (see Fid). For the rectangular
etation, we adopted the vegetation dielectric and geometri®©* indicated in Figl, we analyzed the data according to
characteristics already used@tings et al(2009 to simu- & Method consisting of several steps.

late the changes in the backscattering coefficient of the herba-
ceous vegetation due to changes in the flood condition. The

soil is represented as a half-space with rough interface. For 2. The average polarization differenc®T,ps was com-

inundated marshes, the soil has the permittivity of water and puted using AMSR-E signatures at X, Ku and Ka band;
a low roughness. For junco marshes, vegetation elements

are stems, represented as vertical dielectric cylinders. Their 3. The contribution of the continental part of the rectangu-
height is equal to the height of the emerged vegetation, while  lar box was removed;

other variables are given on the basis of previous measure-
ments (Grings et al. 2006 2008. For cortadera marshes,
which are essentially made of long leaves, vegetation ele-
ments are represented as dielectric discs. The maximum leafs_ The polarization difference\7; in flooded delta was
area index in absence of flooding is equal to 5. While the estimated:

water level increases, the leaf area index is assumed to be re-

duced following a linear trend, consistent with the uniform 6. Inverting a look up table based on model simulations,
distribution of biomass observed experimentally. The other AT values were converted into corresponding water
variables are also assigned on the basis of previous measure- level WL values.

ments Grings et al.2006. The input variables to the model ) L
are given in Table. The various steps of the procedure are shown in3-and

described below.

1. The fraction of flooded area was estimated using ASAR,;

4. For all frequencies, the contributions of non-flooded ar-
easA Ty and water bodieaA Ty, were estimated;

2.5 Methodolo
a9y 2.5.1 Estimation of the fraction of flooded areaf’s

In order to deal with drop-in-the-bucket inherent errors as- ) ) ) )
sociated to small areas already mentioned in S2&t.we The fraction of flooded area is estimated from pairs of En-

developed a methodology to extract the polarization differ-ViSat ASAR WS images. The first image of the pair is the
ence values of PararRiver delta area from a known larger '€férence one collected on Julian day 161, thatis in a dry pe-
area. This methodology is necessary, since it is not possibl8©d: and the second one was collected on six different dates
to have the same pixel centers at all dates, even using repedtring the flooding. , .
pass orbit images. Moreover, the included area of continent SINC€ the soil is covered by vegetation and it is wet even
varies from image to image and introduces several artifacts” _norma!)condltlons,_the change of the backscattering coef-
that degrade the quality of the estimation of the flooded frac-i€ient (@) between images was associated to a change in
tion. In fact, the averaging is affected by the contribution of water.level. There are previous re;ults that support this state-
border pixels mainly dominated by crops, which present aMent in wetland marshes worldwidelgss et a].1999 and
low polarization difference. in particular, in Paraa River wetland marshes observed by
Envisat ASAR Grings et al.2005 2009 Salvia et al.2009.
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Since the complete flood event we are analyzing lastedesult, we estimated the polarization difference values of the
9months, we compared images from different seasonswetland,A Ty, as:
Thereforg, one impprtant hypothesis is that C batfidof ATops— feATe
the studied vegetation does not depends strongly on SeEQTwetZ?
son; therefore, the changes in C barfican be unequivo- ¢
cally interpreted as changes in the flood condition. For thewhere /¢ is the fraction of continent in the rectangular study
Paraia River Delta marshes, that are perennial, there is exarea of Fig.1. In order to estimatefc, we subtracted the
perimental evidence that the C band of the vegetation Para@ River Delta area to the total area (see Hjg.Using
measured with Envisat ASAR does not change significantlythis procedure, we foung. = 0.51.
between seasonPRiatolongp2005.

According to previous works, in predominantly vertica
wetland marshes observed at C band, a change in the flood

condition can produce either an increase or a decrease ig giateq before, the temperature difference of non-flooded

:he overal:a pftthe ?reat()(;r;ngs etal, 2t0(t)'8. -It;h'ts LS duett land, ATy was considered constant for each frequency. In
oa codmp extlnt_eractlton et_wgen vegf al '(2)80 IS Ia '? S(t:a lorder to estimate this parameter, we applied two different
Ing and vegetation attenuatio tﬂngs et ai, 9. In fact, methods: (i) we considered20 AMSR-E measured values

flooding reduces the surface contribution, due to the decreaié

(4)

| 2.5.4 Estimation of non-flooded area AT,;) and water
(ATy) polarization differences

. xtracted in the drought period for nearly homogeneous veg-
of roughness, butincreases the double bounce. Overall, mo gntp y g g

. ; . tated pixels; and (i) we used model simulations for the non-
erate flooding produces an increase of backscattering coe looded case. Both estimates are reported in TAbRor the
f'C'e_nt’ due to the increase of double bounce. Howe_ver, Ifmeasured values the standard deviation is also given. Simu-
the increase of water level submerges most ofvegetanon,thleated and measured values are in agreement
overall effect is a decrease of backscattering coefficient. It is well established that the polarization difference of

We exploited these properties in order to identify the pixels

; ) i calm water,AT,, depends on frequency, observation angle
affected by flooding. We considered three different thresh- . .
olds in o° variation with respect to the image of day 161, and surface roughneddl@by et al, 1986. We estimated this

tak f A pixel d 10 be flooded f value for each frequency using the same AMSR-E images.To
axen as reterence. A pixel was assumed to be Hooded 10f,;q end, we considered samples from a large permanent en-
variations higher than:

dorheic lake (Laguna de Mar Chiquita), located at a distance

— 1.0 dB increase or 1.0 dB decrease, of about 300 km from the study site. The obtained values of
AT, are also given in Tabla.

— 1.5 dB increase or 1.5 dB decrease,

_ 2.5.5 Computation of the polarization difference in
— 2.0 dBincrease or 2.0 dB decrease. flooded marsh A Ty)

Of course, higher thresholds correspond to more severqg \ye giscussed before, we assumed that the polarization
criteria. As it will be shown in the following, they lead t0  jitarences of the flooded marshes7, cannot be consid-
higher values of water level in the pixels labeled as “flooded”. o o constant for all dates and are in fact function of wa-
ter level. Therefore, the formulas &ippel et al.(19949

2.5.2 Computation of the overall polarization difference . . . .
P P were used inversely, in order to estimatd; as a function

AT, ;
obs of ATyet. Then, Eq. 1) was rewritten as:
For the three selected AMSR-E channels, and for all the ATwet— fw ATy — ATni+ fw ATns
listed dates the polarization differenteps, Was computed ATy= f + ATt ®)

by averaging among all the pixels whose centers are insid
the rectangular box of Figl. These values resulted from

a complex combination of various contributions: flooded _ The polarization differences of the wetland measured by
marsh, non flooded marsh, water body and continental areas.  AMSR-E (A Tiye);

?n summary, we estimatef 7z, using

2.5.3 Removal of the continent part and estimation of — The flooded fraction of the wetland derived from En-
the polarization difference of the wetland A Tyt visat ASAR data f;);

We estimated the polarization differences of the wetland, — The fraction of permanent water bodies derived from
ATwet, from the polarization differences of the original box, SAC-C data (i) (Salvia et al.2009

ATops In order to remove the effect of the continent contri- The polarization difference of waten\() and that
bution, we estimated the polarization difference of the conti- of non-flooded vegetationATns) which are given in
nental part, AT, considering samples from both the North- Table3.

east and Southwest side of the river floodplain. Using this
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Fig. 7. Maps ofo 0 change derived from ASAR images for six dates. Julian dates starting from 1 January 2009: 231, 264, 336 (top figures),
353, 371, 476 (bottom figures).

1.00 ference was finally computed by averaging the contributions
c — B o on e _of jgnco and cortadera mf_:lrshes. The_ re_sults are presented
-,g s P, & [P o 15dB - 1.5dB in Fig. 6. As expectedAT; increases with increasing water
= e L st R erTE. o level. The slope is dependent on frequency and on the water
e ol level itself.
?, 025 //" The water level values of Figs were obtained using
it 4 the data of Table as input, for both cortadera and junco
0.004 i i i i i marshes. The inputs were assigned on the basis of previous
230 280 330 380 430 480 field work (Grings et al.2006. Among the inputs variables,
Julian day from 1st Jan 2009 the plant density is critical, since influences the emissivity

and is subject to significant statistical fluctuations. The av-
Fig. 8. Fraction of flooded area estimated from ASAR images for erage value in Tabl@ is 90 plants m?2, but measurements
six dates and three different thresholds shown variations in the range 70-110 plant€mUsing the
same model, we estimated that the corresponding maximum
variations of AT; are equal ta:8 K at X band,£7K at Ku
band andt:6 K at Ka band.

Finally, we estimated the water level as a function of the po- Then, in order to estimate the mean water level inside our
larization difference of flooded marshesxf), using a two- Study area, the relations of Fi@were inverted. To this end,
step procedure. The first step consisted in generating a look&nd degree polynomials were fitted to the model outputs, so
up table which associateti7; to water level (WL), for the that an inverse relation between water level &1 was ob-
considered AMSR-E channels. The second step essentiallf@ined for each frequency. If the trends of Fégare inverted,
consisted in an inversion of the relationship defined previ-the maximum variations of water level due to uncertainty in
ously. To establish the functional form of the dependencepPlant density are+15cm at X band:-14 cm at Ku band, and

of AT; on WL, we used the emission model summarized in£12cm at Ka band.

Sect.2.4 For cortadera marshes, an increase of water level

produces a decrease of emerged Leaf Area Index with respect

to its maximum value. For junco marshes, the emerged stem

height decreases with water level. The total polarization dif-

2.5.6 Estimation of water level in flooded marsh (WL)
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Fig. 10. AT; as a function of time for the three frequencies and for

Fig. 9. Polarization differences as a function of time for the three :
AMSR-E considered bandga): overall measured Typs (b): con- three different thresholdga) 1 dB, (b) 1.5dB and(c) 2dB

tinentATc . (c): wetland A Tyet.
ing process, the temporal variations are quite slow. The ob-
tained values off; were associated to AMSR-E images col-
3 Results lected in nearly coincident dates (see the corresponding list in
Sect.2.2). However, since the maximum temporal shift be-
Applying the procedure described in Sezt.1, we derived  tween ASAR and AMSR-E acquisitions was equal to 9 days
maps of flooded areas from ASAR images. First of all, for and the temporal variations gf are slow, the errors associ-
each SAR pixel, we considered the variations of backscatated to these shifts can be neglected.
tering coefficient with respect to the image of 10 June 2009, Then, in order to estimate th&7,,, of the area of river
taken as a reference. For the six dates listed in S82t.  basin under study, we applied the methodology described in
maps of backscattering variations are shown in Fig. Sects.2.5.2and2.5.3for the case of 1.5dB threshold. The
Then, for the three thresholds given in S&ch.1, we esti-  obtained trends oA Tpps, AT and ATyt as a function of
mated the flooded fraction for the six images considering alltime are shown in Fig9. The time is given in Julian dates,
the pixels that present a change higher than the given threststarting from 1 January 2009.
olds as flooded pixels. Results are shown in BigAs ex- As expected ATops (Fig. 9a) presents a complex behav-
pected, for each date the larger thresholds are exceeded foriar, related to the combined temporal trends of events both
lower percentage of pixels. The effect of the selected threshin the river floodplain and in the continent. TheT; value,
old is reduced in the later dates, when the flood event is in-obtained from significant samples of the main continent land-
tense that a large fraction of pixels are labeled as flooded irtover, shows its own temporal trend mainly related to agri-
any case. Due to the long term characteristics of this flood-cultural exploitation, particularly after Julian Day 330 (Late
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200 Also the results obtained by repeating the procedure with

T < )éubg';:d 1.0 dB and 2.0dB thresholds (both as increase and as de-
- 150 = Ka band crease) are reported. Some features are observed in this Fig-
3 ure. In the cases of lower thresholds, such as 1.0dB and
= 3 1.5dB, there is a temporal increase of estimated water level
g 100 in the marshes, which is simultaneous to the increases in the
§ measured water level in the river (Fi).and estimated flood
= fraction (Fig.8). This means that the event produces both
5"250 280 330 380 430 280 an increase in the fraction of pixels labeled as “flooded” and
Julian day from 1st Jan 2009 an increase in the estimated water level within them. In the
case of the 2.0 dB threshold, the estimated water level is high
_ 2009 -0 X band even in the early dates, but this level is exceeded only in a
£ -&- Ku Band small fraction of pixels (see Fi@). In Fig. 10, the AT; ob-
§ 1504 B Ka band tained at X band is higher than the ones at Ku and Ka band.
2 particularly in the later dates, when there is a short emerged
2 g vegetation. In these conditions, the increase of attenuation
Z 100 with frequency is more evident. This effect is considered by
§ the model, so that the estimated trends of WL are similar for
= s the three selected frequency channels (Ei).
230 280 330 380 430 480 The selection of the 1.5dB threshold is a compromise
Julian day from 1st Jan 2009 between the requirement of an effective monitoring of wa-
ter level variations and image radiometric uncertainties
_ 200 -6 X band for a given equivalent number of looks-21 for Envisat
E -A- Ku Band WS images). Higher thresholds produces a rapid satura-
B 150 & Kaband tion and lower thresholds are constrained by radiometric
- 2 uncertainties.
£ 5
£ 100
g 4 Conclusions
50230 280 330 380 430 480 In this work, we presented a methodology to estimate the
Julian day from 1st Jan 2009 fraction of flooded area and the mean water level inside a

wetland using active and passive microwave orbital systems.
Fig. 11. Mean water level within the studied floodplain area as a The methodology is based on the guasi-simultaneous mea-
function of time, estimated using7; values (Fig.10) and model  syrements of the radiometric polarization difference and the
simulations (Figé) for three different threshold¢a) 1 dB, (b) 1.5 gjfferences of the backscattering coefficient with respect to
dB and(c) 2dB a reference image. Using the differences of backscattering

coefficients, the fraction of flooded area as a function of time

was obtained. Then the polarization difference of the flooded
Spring in Argentina) (Fig. 9b). It can be seen that after theyegetation was estimated and finally, with the aid of interac-
removal of the continent area, theliet of the wetland area  tjon models, the mean water level of the wetland area was
shows a generally increasing trend and an abrupt increasgptained.
from Julian date 328 to Julian date 344 (Fig. 9c). This methodology makes use of ancillary data, such as a

To estimate theAT; values fromATyet and ft, we used  |andcover map that characterizes the main vegetation types
Eq. () and the values oA Ty and AT,y given in Table3,  present in the area, and exploits an interaction model that
according to the procedure described in S@%5.5 The  simulates the polarization difference of the vegetation at var-
results are shown in FiglO. A step between Julian date jous frequencies and for different water levels.
328 (24 November 2009) and Julian date 344 (10 Decem- A complete validation of the results over the whole area is
ber 2009) is observed also in this case. There is a markegot feasible. However, a comparison with in situ data of river
difference between X band and higher frequencies, particuwater level measured at five stations is consistent. During the
larly in the later dates. time in which the in situ measured water level increases, the
Using the methodology depicted in Se2i5.6and the re-  fraction of flooded area increases regularly, while the water

sults of Fig.6, we estimated the mean water level inside level estimated in the marshes increases slightly, with a step
the study area as a function of7;. The results are shown increment occurring in the Julian days from 328 to 344, when
in Fig. 11 the river reached the alert level. Moreover, the algorithm was
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very close values of mean water level. Although the behavior dus, P., Jacobo-Berlles, J., and Perna, P.. Model investiga-

of AT; at X band differs from the other two, the trends of WL tion about the potential of C band SAR in herbaceous wet-
are similar. lands flood monitoring, Int. J. Remote Sens., 29, 5361-5372,

The use of both active and passive data allows us to esé iji:10#102010_143&16280203%4®08H E i B. Kand
timate also the water level in flooded vegetation, but limits fngs, 7., -avia, M., rarszenbaum, H., Ferrazzoll, 7., fandus,
) P., and Perna, P.: Advances in radar remote sensing of wetland
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