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Wetland ecosystems have received little recognition on the vital role that they play for hiuman well being. As a result of
this, there is an alarming loss of wetlands. It is required to arrest the losses and to achieve optimal resource use with
balanced priorities of biodiversity conservation. This calls for meaningful and timely information and data on wetland
habitats, its fauna, flora and socioeconomic variables of relevance. Traditionally, the source of the spatial information
that captures dynamics of a wetland ecosystem has been that of optical remote sensing data. Although optical remote
sensing data is found to be very useful for wetland monitoring, cloud cover restricts the availability of satellite data
during rainy season, which is main source of water for most of the inland wetlands. Moreover, delineation of several
classes of importance for wetland ecosystem is also not clearly differentiable on optical remote sensing data. Synthetic
Aperture Radar (SAR) can play an important role to achieve the above goals. Due to their unique response to open
water and water with varying vegetation coupled with their all weather capability, SAR sensors are the best choice for
monitoring of a wetland ecosystem. In this article, authors address the dynamics of wetland habitat using satellite data
Jfrom optical (IRS-L-I11) and multi-parametric SAR, sensors (ERS-1/2, Multi-incidence angle RADARSAT-1, Multi-
incidence &l Multi-polarized ENVISAT-1 ASAR, multi-parametric DLR-ESAR) over Keoladeo National Park,
Bharatpur, India acquired between 1996 and 2004. Results of the study clearly indicate that use of SAR data can
improve quality of information on various components of a wetland ecosystem, which is of great significance in
wetland conservation and monitoring.

1.0 INTRODUCTION

Wetlands are defined as lands transitional betweestrial and aquatic eco-systems where watég tslisually
at or near the surface or the land is covered la}iesh water. Due to their intermediate positionytrere

particularly sensitive to changes in their normattgrns of water storage and management (Middlert@®0);

Shukla and Dubey, 1996). Wetlands are dynamic sysgnd therefore they exhibit rapid temporal fluixethe

structure and function of the ecosystem. This isantrast to the terrestrial ecosystems, whereckiamges in
space and time are relatively less spectacularagparent. Wetlands play an important role in growader

recharge and also provide unique habitats for wadeye of flora and fauna. Wetlands are presentvenye
continent except Antarctica and in every climatarfriropics to tundra. It has been estimated thatly&% of

the total land surface of the world is under watl@daltby and Turner, 1983).

Although wetlands have significant biodiversityaaeces, the recognition of biodiversity conservatialues of
the wetlands has been neglected for a long timea Assult of this, there is an alarming loss oflavets. The
alarming loss of wetlands all over the globe haidiaited an inter-governmental treaty which providbs
framework for national action and international geration for the conservation and wise use of wetaand
their resources. This treaty was signed in Rantisar, in 1971 and is known as ‘Ramsar Conventi®here are
presently 158 Contracting Parties to the Conventigith 1721 wetland sites, totalling 159 milliondiares,
designated for inclusion in the Ramsar List of \&edtls of International Importance. (Ramsar website:
http://www.ramsar.org In order to monitor wetlands, on local, regioaald national levels, there is an urgent
need to develop user friendly and cost effectidstoRemote sensing can play n important rol@fsessment,
monitoring and management of wetland ecosystem.oLotork has already been done in the field of armdl
studies using data from conventional remagmsigg sensors operating in optical and iettaegion of the
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electromagnetic spectrufCarbonell, 2002; Mahlke, 1996; Raynolds, et alQ& Shanmugam, et al., 2006).
However, for studies of wetland, optical remotesisg data exhibit a few limitations. In contrastaalar remote
sensing, the major limitation with optical datauiscertainty of getting cloud free data during mamsdrainy)
season. The analysis during monsoon season isnad importance as it is the main source of watat tiontrols
the ecosystem of a wetland. Moreover, sensitivityoptical data for textural variation of vegetati¢imoth
terrestrial and aquatic) is also limited as comganith Radar data operating in the microwave regbrihe
electromagnetic spectrum, which is highly sensitfee the texture of the imaging terrain. Capabiliby
microwave signals transmitted from the Synthetiepre Radar (SAR) sensor to penetrate vegetativer@nd
to sense the moisture content of the earth matea#ibws microwaves to monitor the wetland ecasysiore
accurately as compared to optical remote sensiig.to

However, use of Radar data for wetland studiesaktaacted less attention as compared to use ofrRiaddher
applications like agriculture, forestry, soil moist etc. Although the use of radar in wetland itwgn
assessment and monitoring has not get enough mometite potential of radar in wetland has startegtiving
recognition from various agencies and organizatiwaddwide. Recently, Ramsar Convention secretaniats
technical report has highlighted the potential adB data in the assessment, monitoring and marsgesh
wetlands (Lowry, 2006). Davidson and Finlayson,0@0also emphasized the role of longer wavelen(jths
band) in wetland inventory. Rosengvist, et alQ0@ has demonstrated that Radar remote sensingeatarin
implementation of the Ramsar wetland conventiomddethere is a huge potential to explore the digeadar
remote sensing in wetland inventory (Chapman,.ef@01; Hess & Melack, 1994; Forsberg, et al. @®atel &
Srivastava, 2004). In this article, an attempt l@sn made to explore and demonstrate the potepiidications
of Radar data from variety of sensors over a pstaty area, which can form a basis to promote fiseadar
remote sensing applications in wetland inventomtigalarly in south Asian countries. For this puspo world
famous Keoladeo National Park, Bharatpur, India basn selected as study area. A number of Synthetic
Aperture Radar (SAR) data sets acquired from differsatellites operating at various combinationsSAR
sensor parameters from the year 1996 to 2004 heee $tudied. This article brings out the silentifigs of the
work done over Keoladeo National Park along with fémsibility of use of Radar data acquired aedé#ht sensor
parameters for wetland inventory that can be useahanput for the assessment, monitoring and neanegt of
a wetland ecosystem.

2.0 IMPACT OF SENSOR AND TARGET PARAMETERS ON INTERACTION OF SAR
BACKSCATTER WITH VARIOUS COMPONENTS OF A WETLAND ECOSYSTEM

SAR backscatter depends upon chosen sensor paramgtavelength X), incidence angle 6 and
transmit/receive polarization} as well as targeppmrties. A careful selection of sensor parametens
significantly enhance sensitivity of SAR for a sified application. Penetration capability of micrawe signal
from Synthetic Aperture Radar (SAR) is very usdéul wetland applications. Penetration depth of Ragignal
depends upon the wavelength along with the diéteptoperties (moisture content) of the target engiven by
following equation.
0= —/1\/;

2"
[Where:d = Penetration Depthy = Radar Wavelengthl = Real part of dielectric constanf, = Imaginary part
of dielectric constant]

Thus longer wavelengths can penetrate deeper threegetation cover and soil as compared to shorter
wavelengths. This penetration capability is vergfukto collect the information underneath the tatien cover

or below the soil surface (Srivastava, 2007a)htndontext of a wetland ecosystem, this qualitysisful to know
whether there is standing water below the aquatietation or the soil below vegetation is wet, moisdry. The
capability of SAR to penetrate is also useful themb information about the under story vegetatim flooding
under tree cover (Ormsby, et al., 1985). Potemtfainulti-frequency SAR data in wetland studies doehe
difference in penetration depths of different bahds been demonstrated by Yamagata & Yasuoka, 1988y
demonstrated that due to difference in wavelen@thsn other words penetration depths) of JERS-R3hd
ERS-1 SAR, the bog and the fen vegetation in thilane can be segregated using JERS-1 SAR imageeahe
the swamp forest can be delineated from the feetetign using ERS-1 image.
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Incidence angle and polarization are other impoértsensor parameters that can significantly affeeBRS
backscatter from same target. In case of a smioaté surface, reflection of SAR signal is describgdthe
Fresnel reflectivityl. The Fresnel reflectivity characterizes reflectioha transmitted wave at the interface
between the air and the soil surface. The FresedficientI” is given by,

TS T
;JCOS@—\,"I;JS—Sin' g £cosf—ype—sin- @

L,(6)= — I, (6) = —_——
7 COS@'FI\,",HS—SiI]: e £COS 0+ s —sin” @

{Where,T', andl’ are the horizontal and vertical polarizations & EM wave}

The response of horizontal polarization increaséth \ncreasing the local incidence angle. The wvatti
polarization response decreases to zero at arcangie, the so called Brewster Angle (the angteumhich the
transmitted wave is completely absorbed by theedist medium) and then increases suddenly witkthéur
increase of the local incidence angle.

Like wavelength, incidence angle can also be saletdb enhance the sensitivity of SAR for a parécul
application. Srivastava, et al., (2002a) observet tigh incidence angle SAR data is more sensitre
vegetation cover. It is due to the fact that Rigimcidence angle increases the slant heightexfetation and
forces the signal to travel longer distancesubh the vegetation cover as compared to lowsdémce angles.
In the perspective of a wetland ecosystem, seledtiidower or higher incidence angle SAR data ioarease or
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Figure 1. Multi-incidence angle (IS-1 & 1S-5) and Multi-polarized (VV & VH) ENVISAT-1
ASAR sub-images over Keoladeo National Park showing the impact of low and high
incidence angles acquired at like and cross-polarization on SAR image.

decrease the capability of SAR signal to colleetitiformation below the aquatic vegetatibigure-1 shows the
dramatic effect of incidence angle on SAR image also its usefulness for wetland studiegyure-1 clearly
demonstrate that by selecting high incidence aBgiR data Figure-1 D), more information can be collected
about the aquatic vegetation and grasses, whestastisn of low incidence angle SAR daféigure-1 A)
reduces the slant height of the aquatic vegetatimhgrasses, resulting in higher sensitivity towatd moisture
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status and / or standing water underneath the iagueggetation and grasses. Hence, if a user iseistied to map
aquatic vegetation, higher incidence angles artepesl whereas to map the extent of water belowatigatic
vegetation, lower incidence angle SAR data acquatddnger wavelengths is preferred. Along with alamgth
and incidence angle, proper selection of transmit r@ceive polarization is also very crucial ané aeed to be
careful in selecting the appropriate combinationoading to ones objective. For example, VV poldita
interact more with vertically oriented aquatic vedg®n (Srivastava, et al., 2002b) whereas HH fxation is
more sensitive for horizontally structured vegetatike Prosopis juliflora (Patel, et al., 2006a). Cross-polarized
SAR data is also very useful for wetland studiest @s highly sensitive to not only the aquatic g&gtion and
grasses but also to forest cover and other uplagétation Figure-1 B& E). Comparison ofigure-1(B) and
Figure-1(E) indicate that irrespective of incidence angle ssfpolarized SAR data is always more sensitive to
aguatic vegetation, grasses and forest cover.

As mentioned, apart from sensor parameters, tlgettgroperties also significantly affect the SARHKsxatter.
These are moisture content of vegetation or saifase roughness, structure of the vegetationutakproperties
of the target, orientation of the target etc. Thg factor due to which Radar data is sensitiveotbraoisture is
the large difference between the dielectric constdndry soil (3 to 4) and water (about 80) at roigave
frequencies (Ulaby, et al., 1990). Although, SARKszatter is highly sensitive to soil moisture réhare several
issues in soil moisture estimation using SAR dasaalong with soil moisture, SAR backscatter i® alansitive
to other target properties like vegetation covarfaze roughness and soil texture/soil type. Howethere are
ways to incorporate the effects of vegetation coserface roughness and soil texture in soil magséstimation
using multi-parametric SAR data. One such methagolias been proposed by Srivastava, et al., (2006a)
large area soil moisture estimation using SAR datam the view point of a wetland ecosystem, skitsitof
SAR backscatter towards moisture content of sail lsa used to locate localities of high soil moistaones
whereas sensitivity of SAR backscatter towards tatige structure and vegetation moisture can bel tise
discriminate various species of aquatic vegetat®ensitivity of SAR data towards vegetation paramehas
been explored by many researchers. For examplel, Ratal., (2006b) demonstrated that by propksctien of
sensor parameters, plant parameters can be rettfimra the SAR backscatter.

3.0 STUDY AREA AND DATA SET

The study area is located in Keoladeo National Finlaratpur, India. This is a world Heritage andrRar site. It
is an important staging ground for waterfowl ansbalo the rare and dwindling Siberian Cranes. Tadysarea
has a tropical monsoon-climate. A mixture Bfosopis juliflora,
I wetiand Acacia nilotica and Salvodora species dominate the vegetation. The
[ Forest and woodiana | @quatic vegetation hakpomoea, Paspalaum distichum and weeds
I vssstaric such asEichhornia. In some parts of the sanctuary (southeastern
parts) extensive occurrence ofetivera zizanoides is noted. A
detailed list is available in Perennou (1987). Besi birds use the
sanctuary for breeding purposes. Many species pese water habitat
and localities of free floating and emergent aguedigetation. Areas
totally dominated byPaspalum, Eichhornia are not preferred by
many species except for purple moorhen, Jacanadfeandthers.
From a biodiversity perspective, this park is oieh@ remarkable
parks in the world harboring about 379 angiospemnsy 350 bird
species and 27 mammals. Few camera-captured fledtographs
showing different wetland habitats and variousdesis of Keoladeo
National Park are included at the end of this lertic the form of five
plates entitled “Keoladeo National Park in diffareMoods &
Colours”. Figure-2 shows the broad land cover categories found in
. ) _ Keoladeo National Park. For the study reportedhis article, several
Efngu;; azdeerO;t?olnaarl]dP;rolller categories | gata sets of multi-incidence angle, multi-polarizewilti-frequency,

: temporal, INSAR and fine resolution Synthetic ApegtRadar (SAR)
data from ERS-1/2 SAR tandem pair, RADARSAT-1 SARS-2 SAR, ENVISAT-1 ASAR and DLR E-SAR
acquired over Keoladeo National Park during 1998004 have been analyzed. Details of Radar dathingbe
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study are given ifTable-1. Spatial resolutions of the acquired SAR data ietge from 4 meter to 35 meters. In
order to highlight the potential of SAR data ansoalor the comparison purpose, several opticallRncemote
sensing data sets from IRS (Indian Remote Sensaglli®) LISS-III (Linear Imaging Self Scannind)llhave
also been acquired over Keoladeo National Parkct&debands of IRS LISS-1Il are Green (0.52-Qubf), Red
(0.62-0.68im), Infrared (0.77-0.86n) and Short wave Infrared (1.55-1LAd) with the spatial resolution of

23.5m.
S. . Central | Nominal
No Satellite Platform Beam Mode | Band / Orbit/ Polarization Incidence | Resolu- | Date of Pass
Sensor Path:Row angl tion
angle (8)
01. ERS-1 Space borne Tandem C/SAR 24556 Vv 23° 30 m 26-Mar-1996
02. ERS-2 04883 27-Mar-1996
03. ERS-1 Space borne Tandem C/SAR 24828 Vv 23° 30 m 14-Apr-1996
04. ERS-2 05155 15-Apr-1996
05. ERS-1 Space borne Tandem C/SAR 25057 Vv 23° 30 m 30-Apr-1996
06. ERS-2 05384 01-May-1996
07. | RADARSAT-1 | Space borne | Standard-1 | C/SAR 11919 HH 23° 25m 15-Feb-1998
08. ERS-2 Space borne C/SAR | 742/192 Vv 23° 30 m 08-Feb-1998
09. | RADARSAT-1 | Space borne | Extended | C/SAR 17507 HH 16° 35m 13-Mar-1999
Low-1
10. | RADARSAT-1 || Space borne | Standard-4 | C/SAR 17550 HH 36° 25m 16-Mar-1999
11. | RADARSAT-1 || Space borne Extended | C/SAR 22759 HH 16° 35m 15-Mar-2000
Low-1
12. | RADARSAT-1 || Space borne | Standard-6 | C/SAR 23159 HH 43° 25m 12-Apr-2000
13. | RADARSAT-1 || Space borne Fine 2 N C/SAR 30262 HH 40° 8 m 22-Ang-2001
14. | RADARSAT-1 | Space borne Fine 2 N C/SAR 30948 HH 40° 8 m 10-Oct-2001
15. | RADARSAT-1 | Space borne Fine 2 N C/SAR 31034 HH 40° Sm 26-Nov-2001
16. | RADARSAT-1 || Space borne Fine 2 N C/SAR 32320 HH 40° Sm 13-Jan-2002
17. ENVISAT-1 Space borne IS-1 C/SAR 13407 VV/VH 18° 30m 22-Sep-2004
18. | ENVISAT-1 | Space borne 1S-5 C/SAR 13493 VV/VH 38° 30 m 28-Sep-2004
19.| DLRE-SAR Air borne dual-pol C/SAR - VV/VH,HH/HV | 28°-65° 4m 19-Sep-2004
20. | DLRE-SAR Air borne | Polarimetric | L/ SAR - VV.HHHV,VH | 28°-65° 4m 19-Sep-2004
Repeat Pass
21.| DLRE-SAR Airborne | Polarimetric | P/SAR - VVHHHV,VH | 28°-65° 4m 19-Sep-2004
Repeat Pass

Table-1: Details of Multi-parametric Synthetic Aperture Radar (SAR) data used in theanalysis

4.0 METHODOLOGY

4.1 Ground truth data collection

Field information regarding various wetland halsitaf Keoladeo National Park like open water hab#guatic
vegetation, grassland, vegetation type and itstaimn were recorded. Soil samples were colleatedarious
depths to know the surface soil moisture along veitil moisture status in soil profile at severattgic
locations inside the park. Vector layers of all thajor categories along with the locations havenbreeorded
with the help of a Global Positioning System (GB&%ed mobile mapping unkiigure-3 and Figure-4 show
traced vector boundaries of various blocks and metdvork of Keoladeo National Pak with the helpGRS
based mobile mapping unit. Area and perimeter abua blocks of Keoladeo National Park derived frGRS
based mobile mapping unit is givenTiable-2.

4.2  Image Pre-processing

First of all, all the SAR images were radiometnjceaalibrated followed by speckle suppression ugnganced
Lee filtering algorithm (Lee, 1986) with a 3x3 wima. Then from the large number of IRS LISS-III ineagone
image has been geo-referenced using the grouncbtpeints. After wards all the optical and SAR iea were
co-registered using nearest neighbourhood metifocesampling (Duggin and Robinore, 1990). Thedrobrail,
canal / drainage networks and ground truth tiona were digitised and transferred on iimage. After the
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BLOCK MAP Keoladeo National Park, Bharatpur

KEOLADEO NATIONAL PARK, BHARATPUR (Road Network)
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Figure-3: Vector boundaries of various blocks of Figure-4: Park boundary and road network of
Keoladeo National Park traced with GPS based Mobile Keoladeo National Park traced with GPS based
Mapping Unit mobile mapping unit.



availability of GPS based mobile mapping unit, teetor layers traced during the field work havesdily been
transferred on to the geo-referenced multi-seres@lge data sets.

AREA AND PERIMETER
OF ALL THE BLOCKS IN KEOLADEO NATIONAL PARK
DERIVED FROM SATELLITE DATA AND GPS
IN METERS IN KILOMETERS IN HACTARES
BLOCK  AREA PERIMETER BLOCK AREA PERIMETER BLOCK AREA  BLOCK
A 679294.0 4427 039 A 06792940 4.427039 A 67.92940 A
B 1316310.0 5515.422 B 1.3163100 5.515422 B 131.63100 B
(o4 556761.6 4433.762 (o4 05567616 4.433762 c 55.67616 o]
D 1388404.0 4812.834 D 1.3884040 4.812834 D 138.84040 D
E 1559937.0 5392 541 E 15599370 5.392541 E 155.99370 E
F1 1510726.0 6101.373 F1 1.5107260 6.101373 F1 151.07260 F1
F2 830380.9 3764.960 F2 0.8303809 3.764960 F2 83.03809 F2
F3 398948.8 2650.630 F3 0.3989488 2650630 F3 39.89488 F3
F4 328346.8 2496 845 F4 0.3283468 2.496845 F4 32.83468 F4
G1 1908772.0 6485.704 G1 19087720 6.435704 G1 190.87720 G1
G2 1285716.0 4991.667 G2 1.2857160 4.991667 G2 128.57160 G2
G3 1010725.0 4234 878 G3 10107250 4.234878 G3 101.07250 G3
G4 1197627.0 5840.647 G4 1.1976270 5.840647 G4 119.76270 4
H 659753.7 3838.514 H 06597537 3.838514 H 65.97537 H
| 1751830.0 7892.397 1 1.7518300 7.892397 | 175.18300 |
Ji1 1596493.0 5347 .342 Ji 15964930 5.347342 J1 159.64930 J1
J2 533413.5 3825.283 J2 05334135 3.825283 J2 53.34135 J2
K 2281770.0 5966.077 K 22817700 5.966077 K 228.17700 K
L1 3062672.0 7555.257 L1 30626720 7.555257 L1 306.26720 L1
L2 1447559.0 5870.040 L2 14475590 5.870040 L2 144.75590 L2
M1 1035823.0 5259.086 (] 10358230 5.259086 M 103.58230 M1
M2 716631.0 4554301 M2 0.7166310 4.554301 M2 71.66310 M2
N 655340.9 3608.502 N 06553409 3.608502 N 65.53409 N
o] 1338276.0 7084.771 [s] 13382760 7.084771 =] 133.82760 (=]

TOTAL 29051511.2 29.0515112 2905.15112

Table-2: Area and perimeter of various blocks of Keoladeo National Park generated
using GPS based M obile M apping Unit

4.3 Signature study

Backscattering coefficient values for various wedehabitats and different components of wetlandsystem
were extracted from all the SAR images, which Haaen used at appropriate places while analyzingale and
images during interpretation. Various digital imagecessing tooldike principal component analysis, data
fusion techniques, IHS to RGB and RGB to IHS cosiasrs, separability analysis, SAR texture analysis]
SAR polarimetric techniques were applied to appaterdata sets where ever required to enhanceoteetjal of
Radar data in wetland studies.

5.0 RESULTS AND DISCUSSION:

In order to describe the explored application piddsiof Synthetic Aperture Radar (SAR) data setpuaed at
different sensor parameters, results have beensdied from the following seven different perspediv

Use of Multi-incidence angle SAR data in wetlandentory

Use of Multi-polarized SAR data in wetland inverytor

Use of Temporal SAR data in wetland inventory (Gjeadetection)

Use of High resolution single look SAR data in wed inventory (SAR texture analysis)

Use of Multi-frequency SAR data in wetland invemtor

agrwnE



6. Use of Interferometric Coherence SAR data in weltlawentory (Use of SAR under adverse weather
and windy conditions)
7. Use of Polarimetry Interferometry (PolInSAR) cohwere in wetland inventory.

51 USE OF MULTI-INCIDENCE ANGLE SAR DATA IN WETLAND INVENTORY

The geo referenced and enhanced satellite datadptival and Radar sensors showing Keoladeo Natieaik
are shown irFigure-5. Figure 5 (a) shows sub image of IRS L-lIEigure-5(b) andFigure-5(c) shows lower
(16°) and higher (39 incidence angle RADARSAT-1 SAR data coveltepladeo National Park acquired on

Forest just irside the park
% Crop just oumside the park

.

e
1 mMoist—>

H'gl

=

RS L-II Lower incidence angle (16°)  Higher mcidence angle (367)
(08-March-1999) Extended Low-1 beam mode Standard-4 beam mode
Radarsat SAR data Radarsat SAR data
(13-March-1999) (16-March-1999)

Figure-5. Geo-referenced Optical and SAR images over Keoladeo National Park,
Bharatpur, India. (A) IRS L-lll dated 08-Mar-1999; (B) Lower incidence angle (16°)
Extended Low-1 RADARSAT-1 SAR dated 13-Mar-1999; and (C) Higher incidence
angle (36°) Standard-4 beam mode RADARSAT-1 SAR dated 16-Mar-1999

13-Mar-1999 and 16-Mar-1999. In IRS L-1ll imagee tivetland habitat is seen in dark tone and thetagga in
various tones of red. The barren areas are cyaolour. Interpretation of IRS L-1ll image suggethst at few
places, there are similarities in tones betweed tavers outside and inside the park. It was alsad to be less
sensitive to distinguish open water habitat from #guatic vegetation locality and areas of high maiisture
content. Thus, very few themes useful for a wetlangntory can be distinguished from the opticahdm.
Comparison of lower (1% and higher (39 incidence angle RADARSAT-1 SAR images acquiretbuigh
Extended Low-1 (EL1) and Standard (S-4) beam maaeksshown inFigure-5(b) and Figure-5(c), indicates
better identification of various wetland themesigher (36) incidence angle RADARSAT-1 S-4 SAR data. The
thematic classes include open water habitat, agueatietation inside the lake, forest area, crop arst outside
the park and high soil moisture areas. The betffarentiation in higher incidence angle SAR datalue to the
greater sensitivity of higher incidence angle SA&adtowards the texture of vegetation cover andaser
roughness of reflecting surfaces (Henderson, et1898; Ulaby, et. al., 1990).
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Figure-6 shows the scatter plot of SAR backscatte) @cquired at lower (§ and higher (39 incidence angle
RADARSAT-1 SAR data for different thematic classegyure-6 indicates that thematic classes like crop areas
just outside the park and the forest areas jusdérthe park, which were mixing at few places o8 IRIlIl FCC

mmmmgm lﬂl’m

g Aah AL 4
»

angle RADARSAT-1 SAR data.

-25

Figure-6: Scatter plot of SAR backscatter
(o°) for various land cover classes derived
from lower (16°) and higher (36°) incidence

and were also not very clear on lower {léicidence

image indicates that at some places inside the, park
optical data provides better delineation betweerd la
cover classes. For example at the south-eastetropar
the park, park boundary is more prominent in IR8IL-
image as compared to RADARSAT-1 S-4 image. It
suggests that in order to fully exploit the stréngff

-20 -5 -10 -5 0 angle SAR data, are clearly differentiable in highe
- = ! 0 incidence (36) SAR data (Srivastava, et. al.,, 2001a).
a ‘ Figure-6 also indicates that high soil moisture localities
= : @, 5 are readily differentiable on both lower and higher
5 og ¥ incidence angle SAR data sets, whereas these slasse
5; .- | -10 | completely mixing with each other on IRS L-Ill FCC.
= L]
ig] -6 | Comparison of IRS L-lll FCC and RADARSAT-1 S-4
|

BACKSCATTERING COEFFICIENT OF LOWER i satellite remote sensing data in wetland inventory,
INCIDENCE ANGLE (16deg) EXTENDED LOW BEAM optical remote sensing data should also be usewyalo
BEEERTAREAE AARRIEA with Radar data. Similar observation has been tegor
by many other researchers worldwide. For example,
'FORESTINSIDEPARK B CROP JUST OUTSIDE PARK Toyra, et al., (2002) have demonstrated with tHp bé
|4 HIGH MOIST AREAS 4 WATERLOGGED AREAS. RADARSAT-1 SAR and SPOT scenes that the

information from radar and visible/infrared satelli
imagery is complementary and that flood mapping in
wetland areas can be achieved with higher accufacy
the two image types are used in combination. Siipjla
Milton, et al., (2003) utilized triplets of RADARSAL
images with Landsat-7 images in a multi-sensor and

multi-temporal approach to delineate and classéylands and their vegetative communities. In otdezvaluate
the role of combined data set, Radar data is fusddIRS L-1ll data. Fusion is performed by conveg Red,

Green and Blue image channels of IRS L=

FCC to IHS (Intensity, Hue and Saturati
image channels. After RGB to HI
transformation, the Intensity channel
been replaced by the SAR image and t
IHS channels is transformed again to R

(Red, Green and Blue), resulting in fus ',::

product of optical and SAR data. The fu
products are shown inFigure-7. From
Figure-7(a) andFigure-7(b) it is clear that
the IRS L-lll data fused with high

incidence angle RADARSAT-1 EL-1 datd.

incidence angle RADARSAT-1 S-4 data Jiss
superior to IRS L-Ill data fused with lowdr

Scale g
1] . 5 Ibm

A closer examination of the image revedls
that the human eye can distinguish th¢se
classes due to textural differences rather thdrigure-7: Multi-incidence angle RADARSAT-1 SAR
spectral effect. Thus instead of just using fhelata fused with IRS L-IIl optical data

popular digital classification techniques used

to distinguish spectral classes, it is more usefapply textural classifier approach to fully esipthe potentials
of SAR in wetland inventory. Section 5.4 of thiticle describes the textural classification apphoac

W: Wheat F: Forest H: High soil moisture localities
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Figure-8 depicts the aquatic vegetation and open water dtasit derived from maximum likelihood classified
IRS L-Ill and higher incidence angle RADARSAT-1 Sidta respectively. It is clear froRigure-8 that, extent

[ ] Aquatic vegetation
I Open water
Bl Park area

IRS L-IIT Radarsat-54 (36°)
" AQUATIC
(08-Mar-1999) SENSOR OPEN WATER VEGETATION (16-Mar-1999)
Percentage of Percentage of
HECTS lake area Hestars lake area
RADARSAT-54
(36%) SAR 9693 11.66% 73453 88.34%
IRS L-1II 267.80 4424% 46366 55.76%0 Sc al e
SKin}
Lake area : B31 46 Hectares o ——————

| Figure-8: Extent of open water and aquatic vegetation in Keoladeo
| National Park derived from optical and higher incidence angle (36°)
Standard-4 beam mode RADARSAT-1 SAR data

of open water habitat is over-estimated in optidata. The over-estimation is nearly four times hat tof
RADARSAT-1 S-4 data, as shown frigure-8. Over-estimation of extent of open water habitabptical data is
attributed to poor spectral separability betweeenowater habitats and the aquatic vegetation zodeéhah soil
moisture localities. In contrast, to this, the ldgincidence angle RADARSAT-1 S-4 data very cleaHgws not
only the open water habitat but also the networkoafls, dams and other linear features. It is shibnahwhile
only 55.76% of the lake area is classified as aquatgetation in IRS L-Ill image, the RADARSAT-14data
shows it to be 88.34%. This remarkable differemcestimate is mainly due to the ability of highidence angle
RADARSAT-1 SAR data to distinguish correctly theeopwvater habitat due to the extreme smoothnessatarw
surfaces particularly at higher angle of incidenitehas been verified by the park authorities ttieg result
obtained from SAR data appears close to realitffeiint species of birds use different habitatdogeding and
feeding. Therefore quantitative information on opeater and aquatic vegetation has a direct impacthe
assessment of area available to different birdispeand waterfowls. Apart from this the quantitatinformation
is also useful for deciding the amount and locatibiarea from where aquatic vegetation needs teetmved.
This information is very critical for park authaeis to allocate funds to remove the aquatic veigpetats a weed
control measure.

5.2 USE OF MULTI-POLARIZED SAR DATA IN WETLAND INVENTORY

In the study area, the aquatic vegetation mostlysists of vertically oriented tall grasses. For theident
microwave signal, these grasses act as the assefbéytically oriented thin lossy dielectric cytiars and can
be treated as oriented volume over ground (OVO®g drientation of these lossy dielectric cylindplays an
important role in determining the polarization bébar of backscatter signal. To understand the ceffef
orientation of grasses to the incident polarizephai, to begin with one can assume the grasses tetically
oriented thin lossy dielectric cylinders with itmheter less than the wavelength of the incidenten@igur e-9
illustrates the interaction of incident wave wittint cylinders when the cylinders are oriented irtigal direction.
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When the cylinder's diameter is much smaller tha@ wavelengthX = 5.6 cm) of the microwave signal, it
couples strongly with the incident wave when theeeic field vector of the incident wave is parbtlethe axis of
the lossy dielectric cylinders
(which is the case for
vertically polarized wave,
VV) at a given angle of
incidence. Similarly, when
electric field vector of the
incident wave is orthogonal
to the axis of the lossy
dielectric cylinders (which is
the case for horizontal
polarization HH), it couples
poorly to the lossy dielectric
cylinders resulting in lower
“ value of radar backscatter as
compared to the radar
backscatter of vertically

HH polarized p]ﬂll? wave Vv pola]‘ized p]a“e wave pOIarized (VV) wave. This

= g explains the basic interaction
(RADARSAT-1 configuration) (ERS-2 configuration) mechanism of linearly

polarized incident wave to
the vertically oriented thin
dielectric cylinders.

Dielectric

|
Thin ‘
Cylinders —17]

lll

Figure-9: Interaction of plane-polarized wave with vertically
orientated thin lossy dielectric cylinders. (Ulaby et. al.,1990)

The polarization behavior of the SAR signal is etiéel by the size shape and orientation of the gahejing
illuminated. It was felt that a thin lossy dieléctcylinder would be an appropriate representatibrgrasses
whereas the open water could be assumed as aflatgairface. When a beam strikes a large flatesaxf it
would have equally high horizontally and verticgliglarized backscatter. For the case of grassdsasiénted
volume over ground (OVOG) in vertical directioneth is hlgher interaction with vertlcally polarizedve due
to vertical component of electric field vectof EE” = :

ESinB ) resulting in strong coupling. This would rest
in higher radar backscatter for vertically poladz
waves and a lower radar backscatter of horizont
polarised waves. The reverse is true in case afsgg| |
which are lodged. Hence, in case of grasses,
orientation of grasses with respect to the radambg
determines as to whether the strength of horizomta) £ : ‘
vertical polarized wave would be more as per the = w - v .
detailed discussion on polarization behaviour oflda
return as discussed earlier. In contrast to the ais ' ’
oriented volume over ground (OVOG) as the case With ~HH Felarization Rl o4
vertically oriented tall grasses in Keoladeo Namiol:

. . Figure-10: Multi-polarized geo-referenced
Park, the wave propagation through the vegetayl SAR images taken from multi-sensor SAR

volume with random volume over ground (RVOG)
independent of the polarization state of the waleus the wave propagation in case of random volowes
ground (RVOG) is polarimetric isotropic and doe$ mmvide polarization preferential signatures like case of
oriented volume over ground (OVOG).

To study the impact of polarization on wetland étsg SAR data from two satellites namely ERS-2 and
RADARSAT-1 was used. Both the sensors operate laar@h. ERS-2 SAR operates at VV polarization where a
RADARSAT-1 operates at HH polarization. The centnadjle of incidence was 2%r ERS-2. Hence Standard-1
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(S1) Beam mode data, at local incidence angle dios23 was used for the study. This pair of ERS-2 and
RADARSAT-1 S-1 SAR data ensured that except for gbkarization, all the other sensor parameters hame
frequency and incidence angle were identiEajure-10 shows the RADARSAT-1 Standard-1 beam mode SAR
data acquired on 15-Feb-1998 and also
the ERS-2 SAR data acquired on 08-

Area covered with forest and grassland Feb-1998 over Keoladeo National Park

- Aquatic vegetation habitat Bhayatpur, India. Ir_l case of open W_ater
‘ habitat, the polarization of incoming

- Open water habitat wave becomes insignificant as water

Habitars Area being a very smooth surface, whatever

T, % of Take wren is the polarization, the total energy is
reflected off in a direction opposite to
the SAR sensor. This results in low
return at both VV as well as HH
polarization. This fundamental
interaction mechanism of microwaves to
N | a specific target was exploited to extract
the information of wetland habitat.
Wherever vertical aquatic vegetation
exist, the VV polarized data from ERS-2
yielded higher backscatter as compared
- - = - -= - - - -~ 110 that of HH polarized data from

Figure-11: Delineation of open water habitat with RADARSAT-1. Wherever lodged
aquatic vegetation using multi-polarized SAR data from | grasses exists, the VV polarized data
RADARSAT-1 and ERS-2. from ERS-2 yielded lower backscatter
as compared to that of HH polarized
data from RADARSAT-1 where as in case of open watth ERS-2 as well as RADARSAT-1 gave lower radar
backscatter. Thus it was felt that ratio of VV (ERSto HH (RADARSAT-1) polarized SAR images be
examined to delineate aquatic vegetation from opeter habitat (Srivastava, et al., 2002b).

Open Water abitat | 155 16.5% 0

Aguatle vesetation | 694 83,41 %
Toabsitat

When the ratio of VV (ERS-2) to HH (RADARSAT-1) @wized image was studi€Bigure-11), it was observed
that the areas having grasses showed higher differas compared to that of open water. Thus, diffe of the
VV to HH polarized images was successfully useddiineate aquatic vegetation from open water hiabitevas
observed that out of the total lake area of 8.3% kanly 1.38 Knior 16.58 % area was under open water habitat
whereas rest 6.94 Knor 83.42 % of the lake area was under aquatictaéga.

5.3 USE OF TEMPORAL SAR DATA IN WETLAND INVENTORY

The geo-referenced and enhanced temporal satdlitesets from optical (IRS, L-1ll) and multi-ineidce angle
SAR (RADARSAT-1) sensors over Keoladeo NationalkPare shown irFigure-12. In IRS-1C LISS-1Il FCC,
the wetland habitat is seen in dark tone and tlgete¢ion in various tones of red. The barren asgasyan in
colour.Figure-12(a) & 12(b) indicate the changes in various wetland habita&s a period of one year as seen
from optical data setdzigure-12(c) & 12(d) and Figure-12(e) & 12(f) are showing the variations in different
wetland habitats as captured by lower and highgdémce angle RADARSAT-1 SAR data over the timenfea
close to optical data set. Interpretation of IRS-IASS-1Il) image suggests that at few places, géhare
similarities in tones between land covers outsidé imside the park. It was also found to be lessiige to
distinguish open water habitat from the aquaticetation locality and areas of high soil moisturateat. Thus,
very few themes useful for wetlands can be disistged from the image. Comparison of lower and highe
incidence angle RADARSAT-1 SAR data shown Bigure-12(c), 12(d), 12(e) and 12(f) indicate better
identification of various wetland themes in thehdgincidence angle RADARSAT-1 SAR data. The thémat
classes include open water habitat, aquatic vdgetatside the lake, forest area, crop area jutdide the park
and high soil moisture areas.

In order to estimate the variation in different tiats over a period of one year, multi-year Rad@CFvere
generated for lower and higher incidence @RADARSAT-1 SAR(Figure-13). Red colour was assigned to
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IRS L-I1

Year-1999

Year-2000

Figure-12: Geoseferenced temporal satellite data from optical and SAR sensor showing
variation in various wetland habitat over a period of one year

| R: 15-Mar-2000 (EL-1, 0 = 16%) " T R:12-Apr-2000 (56,0 = 4))
G: 13-Maz-1999 (EL 1, @ = 167 £ % Gr 16-Mar

Figure-13: Change in extent of open water habitat over a

period of one year. Red colour in (a) highlights the area that
was under open water habitat in year-1999 whereas in the
year-2000 these areas are under aquatic vegetation.
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year-2000 images whereas year-1999 images have dssigned green colour. Since open and smoothr wate
gives dark signature on SAR image and aquatic adigetgives bright signature (due to corner refleeffect)
on SAR image (Ulaby, et. al., 1990), decreasepenowater habitat in the year-2000 is seen in oa@ tn
Figure-13 (Srivastava, et al., 2001b). Thus the dynamics afewand vegetation, which often constitute the
underlying cause for the observed patterns of spediversity and habitat use, are clearly discrabia using
temporal SAR data. Moreover, due to the uncertadhgvailability of optical data for the desireché periods, a
clear elucidation of patterns and linkages betwigdrology and aquatic vegetation is difficult usioptical
remote sensing data. Therefore, the use of radarislalearly advantageous and would have congiteeepplied
value. Use of temporal Radar data has been utitsedpture the temporal changes in wetland dyrnachie to
change in water availability and other climatic ditions with time. For
example, Karszenbaum, et. al., (2007) have exploitailti-temporal
ENVISAT-1 ASAR data by combining October image ({sgr and
normal water in rivers), November image (spring argtrong increase in
water level) and March image (autumn starts) to twap major
differences in wetland area over lower delta ofaRarriver, close to
Buenos Aires City. Similarly, Bartsch, et al., (2)have exploited the
high temporal resolution of ENVISAT ASAR wide swatlata for the
detection of seasonal, intermittent and permanamdation patterns in
central Siberia. In fact, potential of uninterrupsupply of Radar data to
capture the temporal variations in a wetland edegyscan help in
devising location specific management tasks suchhasremoval of
aguatic vegetation, deepening and de-silting of dirtgmt habitats.
Moreover, temporal changes are good indicators diardicting the

Multi-Date Fine Beam Mode RADARSAT-1 SAR FCC

b expected species richness of the seasonal migimahspecies. This in
i turn, has an impact on eco-tourism. The cumulatata on the dynamics

f;gst‘;[:t::n gi‘:': Efa% 9;:3?2;' Dfm; RiTQ_'; of habitat would go a long way in formulating systenodels of not only

temporal SAR data covering rainy to habitat but on the expected species richness. @akk weather capability

Wifiter:season of Radar data along with its unique sensitivity &otls the texture of
imaging terrain and its ability to delineate theeppwvater habitat with aquatic vegetation, the laags level
interactions of the wetland habitats is relative§sier to model using SAR data than through theresttional

optical remote sensing approaches.

An attempt was made to study the dynamics of claimgearious wetland habitats starting from theyaeason.
Four images of fine beam mode RADARSAT-1 SAR acefliin the month of August (22-Aug-2001), October
(10-Oct-2001), November (26-Nov-2001) and Janud$8-Jan-2002) were analyzed for this purpose. An
intensive image processing of the data using EASIP, software, enabled the identification of foliogy four
classes of wetland (Srivastava, et al., 2006b):

a) Open water in August

b) Open water habitat overgrown with aquatic veiiimtan October and November.

C) Aquatic vegetation with water underneath atiales (August to November)

d) Senescent stages of aquatic vegetation on etkVatd surface surrounding the open water andafgart

submerged vegetation.

A time composite of August (Red-band), October @rband) and November (Blue-band) data as shown in
Figure-14 further fortified the interpretation. This exerisonclusively shows the enormous benefits thatean
reaped by the use of Radar data for wetland coaservand management on a wider scale in the monsoo
climate countries in Asia and elsewhere. Studyciaidid that the data of August month has playeita&ritole in
identification of various components and classepoitant for birds and waterfowls. Use of Augustadat
highlighted the role of SAR data for assessmentitoong and management of a wetland ecosystent as i
ensures uninterrupted availability of Satellite Sé&a during the monsoon season. Inclusion of namsdata in

the temporal analysis leads to delineation of nmnmamber of wetland habitats that are important fiodsh The
feasibility of information extraction using tempb®@AR data is of great significance to wetland eesbers in



formulating Habitat Suitability Index (HSI) modédisr a variety of faunal species including local naigt bird
species.

5.4 USE OF HIGH RESOLUTION SINGLE LOOK SAR DATA IN WETLAND INVENTORY (SAR
TEXTURE ANALYSIS)

In reference to SAR data, texture is defined asasure of degree of coarseness. There can be vayjpes of
textural measures depending upon how they are geakefrom G.L.C.M. Texture measures are evaluasetya
G.L.C.M. or a G.L.D.V. and are based on secondrostiistics. They can be evaluated either in actimnal
form or as an invariant. G.L.C.M. stands for Graywé&l Co-occurrence Matrix whereas G.L.D.V. starm<Sray
Level Difference Vector. In order to exploit thextigral properties of single look high resolution BAlata,
following 13 texture measure images were generfitie@AR data of all the four dates used in thist pdirthe
analysis:

1 Homogeneity

2 Contrast

3 Dissimilarity

4. Mean

5. Standard deviation

6 Entropy

7 Angular second moment
8 Correlation

9. GLDV angular second moment
10. GLDV entropy

11. GLDV mean

12. GLDV contrast

13. Inverse difference

From the total 56 input channels, principal compananalysis was performed. Four Principal companent
namely PC1, PC2, PC3 and PC4 were generated fromexi3re measures channels available for all the fo
months(Figure-15). Out of four principal components generated fortled four months, the most informative
principal component was selected. The most infauaadrincipal component channel for August & Octobed
November & January have been classified and twesiflad outputs were generated for 22-Aug-2001 &1
2001 data set and for 26-Nov-2001 & 13-Jan-2002 dats. Finally these two outputs were merged taiithe
final classified output of Keoladeo National Pallhe overall methodology adopted in the study isegivn
Figure-16 (Srivastava, et al., 2005). Results of the studiiceted that the number of classified classes and
classification accuracy of various components aadious habitats of Keoladeo National Park increased
considerably by adopting the approach followedhim analysis as compared with the classificationraoy and
classified classes with single channel temporal Si8R. Study indicates that the data of August momhich
falls in rainy season, has played critical roleidantification of various components and classegoirtant for
birds and waterfowls. Significance of use of Augdsta highlighted the role of SAR data for assessme
monitoring and management of a wetland ecosysteitnaasures uninterrupted availability of Sateltitta even
during the monsoon (rainy) season.

5.5 USE OF MULTI-FREQUENCY SAR DATA IN WETLAND INVENTORY

Difference in penetration depths of various micrev@ands due to difference in their wavelengthdissussed
earlier in this article can be exploited to retdesritical information about various wetland hatsitdn order to
exploit the potential of multi-frequency SAR datawetland inventory, DLR airborne Experimental SR
SAR) data acquired over Keoladeo National Park jr_@nd P bands at higher incidence angles hava bee
analysed. Due to higher incidence angle C-bandwhieh has relatively shorter wavelength as congbanel
and P bands, and in turn lesser penetration disptiot able to fully penetrate the aquatic vegetatind therefore

all the wetland area covered with aquatic vty appears in brighter tone as compared to oaeer habitat,
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which produces dark tone on the SAR image due ¢gudpr reflection of the Radar signal. L-band whizts
longer penetration depth as compared to C bandhmrter penetration depth as compared to P baablésto
penetrate the layer of aquatic vegetation thatrhadium thickness. Since medium thick aquatic veipetds
nearly transparent for L band, L band is able txhebelow the medium thick aquatic vegetationhédfré is no
standing water then L band can detect the moistiateis of the underneath soil. On similar linebaRd is able
to gather information below the very thick and dermgjuatic vegetation. Hence, if we combine thelt®su
obtained from all the three bands (C, L and P) thenpossible to gather very detailed informataiyout various
wetland habitats. A false colour composite gendratith C, L and P bands acquired from DLR E-SARpsifs
the results described in this section. A visuatriptetation of the false colour composite is ablddlineate open
water habitat with aquatic vegetation and is alsie # discriminate between various aquatic vegmiatlasses
with varying thickness and densities along withgtatus of water logging / soil moisture below Wegetation. A
comparative evaluation of C and L band at high@leanf incidence and at VV, VH and HV/VH polarizai
over Velavadar blackbuck sanctuary, Bhavnagar, i@ujmdicated that L-band SAR data acquired at sros
polarization is far superior than L-band data aeliat like polarization as well as C-band datalhthe
polarizations (Srivastava, et. al., 2006c; Pategl.e 2006a). Effect of multi-parametric SAR datzquired from
DLR Experimental SAR at C, L and P bands and athallfour polarizations confirms the capabilitylofiger
wavelengths to extract the information about thatust of soil moisture underneath the thick vegeatati
(Srivastava, 2007a).

5.6 USE OF INTERFEROMETRIC COHERENCE SAR DATA IN WETLAND INVENTORY (Use of
SAR under adverse weather and windy conditions)

The various demonstrated applications of multi-peetic SAR backscatter, describes the potentialSAR in
wetland inventory. However there are also diffimdt associated with use of SAR backscatter duetsto i
sensitivity to wind induced roughness on water aef The detection and mapping of surface wateBAR
imagery is due to the extreme smoothness of watdieb at microwave frequencies. Surface water featare
detectable on Radar backscatter image due to tfiedointrast between the smooth water surface arghriand
surface. This fact indicates that in case of windgditions, interaction of microwave signals to iadvinduced
rough water surface, are similar to interactionthve rough (land) surface. Due to this reasoninag under
adverse weather and windy conditions, it is diffi¢ta differentiate the surface water bodies frdva surrounding
areas due to wind induced surface waves on the wattace. The dramatic effect of wind on senditiaf SAR
backscatter towards surface water is clearly \asitFigure-17.

4 X A

Some tires very poor

Some times excellent

Figure-17: Dramatic effect of wind on Surface water extent as seen on SAR imagery!

In order to overcome this limitation, potentialloferferometric coherence is explored to delinsatgace water
bodies even under windy conditions (Srivastavd.e806d). This is achieved by exploiting the ifeeometric
coherence, which is defined as the normalized cexptoss-correlation of both complex signalsa®d $

received from first and second image. The cohergrisea quantitative measure that represents the anaiu
noise present in a SAR interferogram. Absolute ealfi coherence varies from 0 (incoherence) to fépe



coherence). Coherence value equal to 1 represeitbdth the signals are identical whereas zerereoice value
represents that both the signals do not correGaiberencey is defined as:

y= (SS,)
V (SS) (SS)

[Where: § and S represents the two complex signals, < > gives ttpedation value and * represents the
complex conjugation operator]

In the context of interferometry, coherence repnesthe phase variance between the two SAR imatgge of
coherence indicates the level of change in phaskef@nce provides information on temporal stabditgd is
therefore an important feature for general landecawapping. Zebker & Villasenor, (1992) and Morley.al.,
(1996) examined changes in the behaviour of colserevith different surface types and they obsenlet t
temporal coherence is dependant on surface coper fiemporal de-correlation is caused by thoseifeston
ground that produces random dislocation of scattdvetween the two passes. Forest cover, vegetatomp
cover, water surfaces and human activities likeighing etc. are good source of random dislocatfatatterers
between the two passes. All these phenomena candem change in the location of scatterers, betwleeiwo
passes. These changes can be observed over pefiodsrs to months. However, for some features \lkeer
surfaces and dense forests, changes can occunatter of seconds. Since no water surface can nesteady
between any given passes, random dislocation dfesees is considerably high in case of water ®die
compared to other land features, hence water boshbibits low INSAR coherence. This leads to better
identification and mapping of surface water bodied surface water extent as seehkigure-18. Figure-18A &
Figure-18B and Figure-18D & Figure-18E, show the intensity images of two ERS-1/ERS-2 ¢amd
interferometric pairs (14-Apr-1996 and 15-Apr-199&0-Apr-1996 and 01-May-1996). During tandem nossi

in the year 1996, data acquisition by ERS-1 and BR&re separated by 24 hours. However, curremtlguch
tandem mission is available for fresh data acdaisiin absence of such a tandem mission one c&e e of
Envisat-1 with separation of 35 days or two consetjiRadarsat data separated by 24 days for inentgric
applications. However one must bear in mind thesipdes decorrelation between the two interferomdtriages
arising due to increased time lag. The coherenegé® generated with the help of phase informatfathese
image pairs are shown Figure-18C andFigure-18F. Coherence images clearly delineate the water ftem i
surroundings. This portion of the study providessacellent case study indicating that the INSARbégue is a
very promising tool for mapping surface water ekfearticularly under adverse weather and windy &t
during monsoon (rainy) season. Hence the potestti8AR data is unmatched for wetland inventoryspective

of the weather, cloudy, rainy or sunlight condiofrrom view point of a wetland ecosystem like keelo
National Park and many others, SAR Interferomem$AR) technique can also be exploited for detectind
density mapping of forested areas (Srivastaval.,e@07b). It is due to the fact that interferorieetoherence
decreases with increasing forest density as seEigime-19 due to high magnitude of random dislocation of the
scatterers between the two SAR passes used as IpB#&ROutput of forest density mapping based upon
decision rule based approach is showrigure-20. However, a close look dfigure-20 reveals that at few
places, due to overlapping in interferometric cehee values, very dense forest category is mixiitly water
class. This ambiguity can be resolved by includ®fR backscatter value of both the passes along with
interferometric coherence values. Wegmuller and naier(1995) suggested that combined use of SAR
backscatter and interferometric coherence can imeptbe capability of SAR data manifold for deteatiand
density mapping of forested areas. In order to exppte the potential of combined (SAR backscatter +
Interferometric coherence) data set, a false composite has been generated by assigning Red tmlor
Interferometric coherencg)( Green color to SAR backscatter’) of either image and Blue color to Difference
of SAR backscatter values of'and 2¢ pass ¢°; - 0°,) as shown inFigure-21. Besides Interferometric
coherence, the height information provided by SAfrferometry through interferograme is also a vesgful
tool to monitor wetlands. For example, Alsdorfaét (2000, 2001a, 2001b) have monitored wated lelvanges

in a large Amazon lake with space borne radarfertemetry and altimeter.
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Figure-18: Coherence image and corresponding SAR backscatter image
showing better delineation of water bodies in coherence images as compared
to backscatter mmages under adverse weather and windy conditions.

Figure-1%: Interferometric Coherence mage over parts of Agra. Mathura
and Bharatpur districts, showing low values of interferometric
coherence for forested area and surface water bodies
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Figure-21: Interferometric false colow composike over parts of Agra,
Mathura amnd Bharatpur districts {Red: Interferometric coherence; Green:
SAR Backscatter; Blue: ERS1-ERS2 SAR backscatter): Forest is seen in
different shades of green colowr depending upon the forest density whereas
surface water is seen either in blue colowr or in black colow.
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5.7 USE OF POLARIMETRY INTERFEROMETRY (PolInSAR) IN WETLAND INVENTORY

Authors find it appropriate to emphasise that titedt state of the art technology of Polarimettgrierometry
(PolinSAR) should also be explored for its possitdgential applications in wetland inventory. Frevatland
point of view, the distribution of various consétus of the target and its underlying soil condititetermine the
phase centre for each polarisation response. Wjibat pass
L R fully polarimetric DLR ESAR data, the effect of wertying
W soil (being flooded/saturated/wet/dry) on variatioof
PolInSAR coherence was studidgéigure-22 shows the L
and P-band PolInSAR coherence images constructed by
assigning red colour to coherence between repsatgieHH
polarization, green colour to coherence betweepaktpass
at HV polarization and blue colour to coherenceween
repeat pass at VV polarization.

Wetland 1 s

Wetland}

The grass in wetland area along with conditionrafarneath
soil is a typical natural volume scatterer. Incidevave
penetrates volume scatterer and it interacts \ighstatterer
as a whole. Volume scatterer is characterised by th
distribution of scatterers with varying phase oestin a
given direction depending upon the polarizationtestéds a

! direct consequence, they are affected by geomktrica
over parts of Keoladeo National Park. | yecorrelation in the form of volume decorrelatiohhe
{Red: HH-HH, Green: HV-HV, Blue: V- | otang targets at marked locations (wetlandl,ametl2 and
VV} wetland 3) in Figure-22 clearly depict the impact of
variation in the underlying soil conditions on codmce at
different polarisations owing to the differencedhe phase centres at L and P bands.

_ L-Band P-Band
Figure-22: PolInNSAR coherence image

Figure-23 shows the variation of SAR backscatter at L andaRds, along with the PolInSAR coherence at
different polarisations for marked locations wetanwetland2 and wetland3 Figure-22. One can notice the
striking difference in the backscattering and

coherence variation patterns. It can Re .
observed from Figure23 that SAR | .. 45

= = —5—wet land 1

& P i -15 —x—wetland 2

. .. - > -20 tland 3

not showing much variation amongst thefn . S s e
selves at L and P bands at all the fojr -3 —ewetland 2 -30 E\A
polarisations. A maximum variation of ] . Rl BN . . . _
around 3 db between wetland1 and wetlanfi2 LHH LAV LW LVH PLHH  P_HV P P_VH
is observed for only one case i.e. P-band]at 100 100
HH polarisation This is attributed to the faqt 522 ggg
that SAR backscatter is a resultant average ;.. -5 wetlang 1 e \

. . . : —x—werland 2 {FWE%IE‘%%
response with the different constituents ¢f o020 o wetingz 020 & sekndg
the target. Thus no inference can be drajn % - ' ' ' i '

.. . 3 ) Ry & @2“ oyl Ry &
on the variation amongst the differerjt \3;3‘ \*‘** & & & ¢ & &
constituents of these wetland targets fr & & & & & q9°° &
the SAR backscatter at different polarisatiqn ™ E k ¥

of P-band or L-band alone. However whe
one studies the PolInSAR coherence fro
these targets, while one can observ
consistent high PolInSAR coherence value
irrespective of the polarisation state for L bafod the case of P-band, there exists a very higieseof variation
amongst the PollnSAR Coherence values of the masietidind targets. This behaviour of variation inlP8AR
coherence is attributed to differences in the pleasgres of different polarisation arising due tited volume
component for a given wetland target. It can beepkesd that even for P-band, INSAR coherence at VV
polarisation is consistently higher for all the laat targets as compared to INSAR coherence at htH\&/
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polarisation. This is due to the fact that mosthaf grasses are vertically oriented. Hence everPfband, the
phase centre for VV polarisation is within the grawshere as the phase centre for HH and HV signal i
underneath the grasses. The relatively high PolRS&herence values for all the three targets atndb
indicates that the volume with which L-band intésais relatively uniform at all polarisations, wheas the
variation in P-band PolInSAR coherence clearlyéatés that the increased depth of penetrationtanid-leads
to variation in the phase centres.

6.0 CONCLUSION

This article brings out the salient results of shedy carried out to explore and demonstrate piaieapplications
of multi-parametric Radar data in wetland inventorer world famous Keoladeo National Park. Althoughk
results reported in this article utilize multi-paretric SAR data from various satellites and platforover a span
of eight years, the study is just an indicativeexybloitation of the Radar data in wetland inventonyoperational
/ routine basis particularly in south Asian cowsgrilt is due to the fact that as on date, in coispa to optical
data, the potential of radar data is grossly urideestigated and under reported. However, the stiegrly
suggests that Radar data has a number of unigedsahat can be exploited in the assessment,tonimgj and
management of a wetland ecosystem. For examplerRiada can delineate open water habitat and \saaather
wetland habitats, aquatic vegetation with standirder, aquatic vegetation with underlying wet, rhais dry
soil. It can delineate different structured vegetatind can also monitor the temporal changesi iows wetland
habitats. Along with exploring potential of use R&dar data in wetland inventory, authors also awpl the
possibility of synergistic use of optical and Radata during cloud free season. It was observedctivabined
use of radar and optical data provides higher ifieation accuracies between classes of importaoogetiand
management. Thus it is strongly advocated to udarrdata in conjunction of optical data for achigvbetter
conservation management of wetland ecosystemsy $tisd indicates that radar data is 3 to 4 foldden
delineating extent of open water habitat, aquatéigetation categories and the localities of high swiisture
content. For the managers, this information prawidéal inputs for planning temporal habitat coorisl to
manage Eco-tourism, breeding bird habitats andotlezall habitat management and monitoring. By means
numerous demonstrative examples reported in thidegrauthors have demonstrated that Radar datehhge
potential to exploit in the field of wetland inveny. In particular, we foresee four major areas tmauld benefit
from the potential applications of Radar data inlaved studies:

(@) Formulation of models of vegetation succession sischlarkov models.

(b) Explaining and formulating models of inter annuatigtion in avian guilds and their structure.

(©) Explaining patterns and process of less known comapts of aquatic food chain such as the detritus

cycles and abundance of macro and micro invertebrat
(d) Formulating Habitat Suitability Index (HSI) moddlts a variety of faunal species including local
migrant bird species.
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