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Abstract— Microwave remote sensing is one of the most
promising tools for soil moisture estimation owing to its
high sensitivity towards dielectric properties of the target
under consideration. Many ground-based scatterometer
experiments were carried out for exploring this potential.
After the launch of ERS-1, expectation was generated to
operationally retrieve large area soil moisture
information. However, along with its strong sensitivity to
soil moisture, SAR is also sensitive to other target
parameters like surface roughness and vegetation (crop)
cover. Single channel SAR was found to be inadequate to
resolve the effects of these parameters. Low and high
incidence angle RADARSAT-1 SAR was exploited by
researchers for incorporating the effects of surface
roughness and crop cover in the soil moisture retrieval
models. Since the moisture and roughness should remain
unchanged between low and high angle SAR acquisitions,
the gap period between the two acquisitions should be
minimum. However, for RADARSAT-1 the gap is typically
of the order of 3 days. To overcome this difficulty,
simultaneously acquired ENVISAT-1 ASAR HH/VV and
VW/VH data was studied for operational soil moisture
mapping. Cross-polarized SAR data has been exploited
for its sengtivity towards vegetation for crop-covered
fields where as co-polarization ratio has been used to
incorporate effect of surface roughness for the case of
bare agricultural fields. In order to demonstrate the
potential of the developed methodology, an attempt has
also been made to study variation of soil moisture status
during November-2006 to June-2007 over parts of
Saharanpur and Haridwar districts using ENVISAT-1
ASAR data sets acquired at IS1 beam mode. Temporal
soil moisture status which reflects the irrigation pattern

adopted by the farmers of the study area is matching with
the agricultural activities like sowing and harvesting.
Sudy indicates the potential of soil moisture information
for agricultural applications like irrigation scheduling.

Keywords— ENVISAT-1 ASAR, Polarization, Cross-
pol. ratio, Co-pol. Ratio, Incidence angle, Soil Moisture,
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l. INTRODUCTION

Soil moisture is the temporary storage of watehiwithe
shallow layer of the earth’s upper surface. As carag

to the total amount of water available througho t
globe, soil moisture in this layer seems insigaificbut it

is this thin layer that controls all the agricuibiactivities.
Soil moisture is not only important for vegetatidnalso
significantly affects the proportion of rainfall a&h
percolates, runs off or evaporates from land. Thus
information on soil moisture conditions is a cricia
parameter in crop-yield prediction, irrigation sdhkng,
and many other hydrological, agricultural and
meteorological applications. In addition, the meament

of soil moisture aids in predicting the plant s&es
desertification and deforestation. It has been veskthat
operational high-resolution Numerical Weather Regoln
and regional atmospheric model forecast of the 1993
Upper Midwest U.S. flooding event was improved
considerably with realistic soil moisture initial
conditions[1-2]. Conventional methods wused for
measuring soil moisture are location specific aralidle
point estimates. Since soil moisture is highly dyi@a
both spatially and temporally, point estimates carre
extended over large areas with high accuracy. Heoce
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estimating spatial distribution of soil moistureeovarge
agricultural area, remote sensing methods are doststd

as they offer a feasible, practical, timely andt eftective
means. Furthermore, among the various electrom@&gnet
bands, the microwave bands have the highest patdoti
remote sensing of soil moisture. The key factorifth
soil moisture estimation using microwave is large
difference between the dielectric constant of wt&0)
and that of dry soil (3 to 4) at microwave frequescThe
Radar Backscattering Coefficient°f is strongly related
to soil moisture due to the high dielectric constah
mixture of soil and water [3]. This fact has been
experimentally verified using many ground based
experiments [4]. With the verification of these dhetical
concepts, vast expectations were generated fongestil
moisture maps on a routine basis. However, it shbel
borne in mind that for an agricultural land, SARaiso
sensitive to other target parameters like surface
roughness, vegetation cover and soil texture [5-23]
However, effect of surface roughness and vegetation
cover is more severe than soil texture.

There have been studies to understand the effécts o
surface roughness and crop cover in the soil mastu
retrieval model [24-33]. A number of researcherseha
put serious efforts to incorporate the effect offaue
roughness and crop cover using theoretical approach
based on physical models [34]. These models simulat
the radar backscatter from bare rough surfacesgusin
deviation in surface height (rms height), autodatren
function, associated correlation length and dielect
constant as the input parameters. Although the fimgde
approach has shown good agreement between the
modeled and the observed values of radar backscatte
coefficient, it is difficult to extend such technig for
mapping of soil moisture over a large agricultuaeta
owing to their complexity. Moreover, the surface
roughness heterogeneity between various fieldindpih
a large agricultural area makes it impractical toded
the surface roughness distribution, which s
prerequisite for using a theoretical model. Thilbscor
a simple and practical means to incorporate thecefsf
surface roughness information in the soil moisture
retrieval model from the satellite platform [8, 117-18,
22, 26-27].

This paper describes the authors’ efforts in adiingsthe
problem of incorporating the effects of surfacegtoess
and crop cover in soil moisture retrieval using tiaul
polarized SAR from space platform, without makimy a
assumptions on the distributions of these parameier
without knowing their actual values on ground. haler

to demonstrate the potential of the developed

methodology, an attempt has also been made to study
variation of soil moisture status during Novemb86@ to
June-2007 over parts of Saharanpur and Haridwar
districts using 1S1 beam mode of ENVISAT-1 ASAR
data.

FACTORS AFFECTING SARSENSITIVITY TO
SOIL MOISTURE

In order to understand the sensitivity of SAR tdl so
moisture, firstly we look at the parameters thé¢ctfthe
SAR return signal from an agricultural land. SARura
signal is affected by the sensor parameters viz.
wavelength, polarization and incidence angle ativitihe
sensor is being operated and target dielectric and
geometrical properties in general. SAR backscdtten
an agricultural terrain is strongly influenced biet
moisture content and surface roughness conditibriseo
soil, dielectric and geometrical properties of the
vegetation prevailing in the agricultural fieldstaé time
of satellite pass. Moreover, the soil depth withichihthe
incident microwaves interacts also varies from one
wavelength to the other.

A. Soil moisture dependence

At microwave frequencies, dielectric constant of doil

is around 3 and that of water is around 80. Hence
dielectric constant of moist soil, which is a mpdwf the
two, ranges between 3 and 30. As the dielectria of
material increases, the Fresnel reflectivity alscréases
resulting in an increased backscatter. Thus SAR
backscatter is directly related to moisture contanthe
target under consideration i.e. a dry field wouield/ low
backscatter and appears in dark tone where as st moi
field would appear in bright tone due to high baciter.

B. Penetration depth and its dependence on freguency

The penetration depth of SAR signal is dependent on
wavelength. Hence, in order to understand SAR
backscatter from soll, it is also important to knohe
depth of soil profile from where the SAR is sensthg

soil moisture. The depth of penetration for a gitarmget

is governed by wavelength of incident microwavenalg
and the complex dielectric constant of the targegisen
below.

D)l\/?

P 2mr* &

where,
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dp = Penetration depth= Wavelengthg’ = Real part of
complex dielectric constantg”= Imaginary part of
complex dielectric constant.

It can be seen that for a given target, longer \egggths
have higher penetration depth as compared to shorte
wavelengths. At the same time, it is the moisturetent

of different layers of soil profile that determing® SAR
backscatter at different wavelengths [18].

C. Surface roughness dependence

Surface roughness is another important parametr th
significantly affects SAR backscatter from soil. figld

that is smooth would appear dark due to low badiesca

as smooth surface gives rise to specular reflection
whereas a rough field would appear brighter dugigber

non coherent scattering component, resulting in an
increased backscatter towards mono-static SAR naten
Here it is interesting to mention that magnitudewfface
roughness itself is a function of frequency anddence
angle at which the surface is being illuminated. It
indicates that the characterization of a soil sigfanto
smooth and/or rough class changes with the SARosens
parameters. Moreover, as the wavelength incredses t
same field starts satisfying the smoothness ariten.e.

for longer wavelength almost all the agriculturalds
appear as smooth. Thus a field that is rough fdra@d
could be medium rough for L band and smooth foaRdb
[35].

D. Impact of crop cover

At the same time SAR backscatter for a vegetatedite
depends upon the vegetation volume, dielectric and
structure of the vegetation constituents along with
dielectric and surface roughness of underlying. $@fr a
given vegetation type, the penetration depth depemd
the frequency, polarization as well as incidenoglerfFor
example a shallow incidence angle SAR operatingG-at
band can penetrate only in the upper layer of Hrepy
where as the crop would become almost transpaoepi t
band. At the same time, at near nadir incidencdeang
even C band can reach to the soil underneath the cr
cover [36].

II. DATA SET & STUDY AREA

Due to lower penetration capability of C-band as
compared to L-band or P-band, it is always pretetoe
choose low incidence angle SAR data for soil mogstu
estimation with C-band. Moreover as the objectif¢hs
study was to study the temporal variation of sajisture

by incorporating the effects of surface roughness soil

moisture, seven scenes of simultaneously acquiced c
polarized (HH/VV) IS1 beam mode ENVISAT-1 ASAR
data sets were acquired to incorporate the effestirface
roughness in the soil moisture retrieval model by
generating co-pol. ratio image. Whereas seven more
scenes of simultaneously acquired Like- and Cross-
polarized (VV/VH) IS1 beam mode ENVISAT-1 ASAR
data sets were ordered to incorporate the effectrap
cover in the soil moisture retrieval model. Studgaawas
selected over parts of Saharanpur and Haridwariast

in U.P. and Uttarakhand. The study area is mogdy f
level terrain and is dominated by agricultural laStudy
area include irrigated as well as un-irrigated agdtural
land and therefore provide full range of soil maist The
study area over parts of Sahranpur and Haridwarictis
covers fine loamy, coarse loamy, fine silt and sasails.
Along with SAR scenes, topographic maps and optical
data from Landsat has also been used in the asalysi
Detailed ground truth data collection campaigns in
synchronous to all the SAR passes have been camied
as per the procedure described by Patel & Srivastav
(2013) [37].

Total of 28 ENVISAT-1 ASAR data sets have been used
in the analysis. Figure-1 shows all these ENVISAT-1
ASAR multi-polarized images. It should be notedttha
there is one day difference in acquisition of VHapized
data as compared to like (HH/VV) polarized ENVISAT-
SAR data sets. However, since VH polarized datssésd
only to represent vegetation cover it will not affehe
overall accuracy of soil moisture maps generatethdu
the course of this study. Radiometric calibratidémlbthe

28 ENVISAT-1 ASAR data sets have been carried out
using the standard procedure adopted for SAR edidar
[38-43].

V. SOIL MOISTURE ESTIMATION USING SAR

A. Ground truth data collection: Incorporating the
effect of surface roughness

Surface roughness significantly affects SAR badisca
response of a target. Hence, for fallow fields, piag of
soil moisture with higher accuracy calls for incorgting
the effect of surface roughness in the soil moéstur
retrieval model. Lot of work have been carried osing
the theoretical modeling approach to incorporate th
effect of surface roughness in the soil moistuteieal
model.

Although the modeling approach has shown good
agreement between the modeled and the observedsvalu
of radar backscatter, it is difficult to extend kuc
techniques for mapping of soil moisture over a éarg
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agricultural area owing to their complexity and the
scarcity of required input parameter. This calls &
simple and practical means to incorporate the efééc
surface roughness information in the soil moisture
retrieval model from the satellite platform. Foraugh
surface, the SAR backscatter signal strength atdad
high incidence angles are comparable with eachrothe
whereas for a smooth surface, the SAR backscagpeals
strength at a higher incidence angle is much less that

at low angle of incidence, hence, th& 6w - 6°hicH) IS
high for smooth fields and low for rough fields. Nu
parametric SAR data covering multi-incidence angle,
multi-polarized, multi-frequency data from various
platforms and various advanced techniques like SAR
Interferometry (INSAR), SAR Polarimetry (PoISAR)dan
Interferometric Polarimetric (PolInSAR) techniquesve
been explored by many researchers to understand the
interaction of SAR signals with target under copsadion
and to incorporate the effects of various target sansor
parameters on SAR backscatter and Polarimetric
parameters[44-52].

G: 7-VH
(VV & VH POLARIZED ENVISAT-1 ASAR)

(HH & VV POLARIZED ENVISAT-1 ASAR)

COLOUR COMPOSITES OF LOW INCIDENCE ANGLE MULTI-POLARIZED TEMPORAL ENVISAT-1 ASAR
IMAGES OVER PARTS OF HARIDWAR & SAHARANPUR DISTRICTS BETWEEN NOV-2006 TO JUNE-2007

Fig-1: Color-composite of low incidence angle multi-polarized
(HH/VWV & WIVH) ENVISAT-1 ASAR images over parts of
Haridwar and Saharanpur districts between November-2006 to
June-2007

Angular behavior of multi-incidence angle SAR dhts
been exploited by many researchers to incorpotae t
effect of surface roughness in the soil moistuteieeal
model. Hence, the effect of surface roughness anstil
moisture retrieval was incorporated by usingfo -
c°hign) @S a surface roughness indicator).

Although above concept is able to incorporatedtffiect
of surface roughness in the soil moisture retrienatiel,
the time difference between the acquisition of lowaed
higher incidence angle SAR data restricts the dishis
model if there is large difference in soil moistw@tus

between the acquisitions of lower and higher incide
angle SAR passes. Availability of simultaneously
acquired dual polarized Envisat-1 ASAR data has
provided the opportunity to exploit the sensitiviiy like
polarization ratio (HH/VV) towards surface roughses
conditions. It has been observed that log of the li
polarization ratio is sensitive to surface rouglsnes
conditions prevailing in the agricultural fieldstae time

of SAR pass [18, 35]. Hence in order to incorpoithee
effect of surface roughness in the soil moistuteieeal
model an additional term as &% - 6°yy) is included in
the conventional soil moisture retrieval model. The
improved model can be represented as eq.-1.

SM = A + B*(c® w) + C*In(6°un - 6°w) 1)

A regression analysis was carried out on 36 soipdas
taken from bare fields to develop soil moistureiestl
model using SM (Soil Moisture) values obtained tigio
ground truth and laboratory analysis as dependent
variable and their ENVISAT-1 SAR backscatter values
[6°w and 6°un - 6°w)] were extracted from the multi-
polarized ENVISAT-1 SAR image pair as independent
variable. The coefficient of determination was fdua be
0.88 for the model represented by Equation-1. The r
error between observed and estimated Soil Moistsirgg

11 data points over bare soil which were not usad f
model development was found to be 2.35. The detdils
the developed model are given in Table-1.

B. Incorporating the effect due to crop cover

Availability of simultaneously acquired like (VV)nd
cross (VH) polarized ENVISAT-1 ASAR data one can
overcome the limitation of non-availability of
simultaneous acquisition of multi-incidence angle@RS
data. Authors have used cross-polarized SAR battksca
to incorporate the effect of crop cover in the sodisture
retrieval model. From crop covered fields, depaktion
takes place due to multiple reflections within viagien
volume. As the amount of depolarization is muchhkig
for larger vegetation volume and larger amount of
dielectric discontinuities with in the vegetatioolume, it

is obvious that amount of depolarization can bel@sean
indicator of the overall vegetation cover [13, 2dence,
the effect of crop cover can be incorporated in ghé
moisture retrieval model by including an extra teofn
cross-polarized SAR backscattes®f) in the sall
moisture retrieval model. This model can be wriftethe
form of equation-2 (Srivastava, et. al., 2006) [18]

SM_WAP = A + B*6°) + C*(c°vh) (2)
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A regression analysis was carried out on 43 sailpdas
taken from crop covered fields to develop soil rmois
retrieval model for crop covered soil using Soil istare
values obtained through ground truth and laboratory
analysis as dependent variable and their EnvisaaR
backscatter valuess{yy and c°y4] extracted from the
multi- polarized ENVISAT-1 ASAR image pair as
Table-1: Details of model developed for bare arh @overed
fields along with validation exercise

Saoll Model Development Model
cover Validation
Model # R2 # rms
Dat Data | e
a Point
Poi S
nts
Bare SM_WAP = A + 36 | 0.88| 11 2.3
B*(50,)+C*log( 5
o0y - o0y )
Crop | SM_WAP = A +/ 43 | 0.93] 13 1.4
B*(c0yy)+C*(c0 5
wi)

independent variable, using Equation-2. The cadeffiic

of determination was found to be 0.93 for the model
represented by Equation-2. The rms error between
observed and estimated Soil Moisture using 13 data
points, which were not used for model developmeas w
found to be 1.45. The details of the developed hade
given in Table-1

V. SOIL MOISTURE MAP GENERATION

All the 28 ENVISAT-1 ASAR data sets (HH-Pol: 07;
VV-Pol: 14 & VH-Pol: 07) have been geo-referenced a
co-registered with each other. Seven scenes otapti
data from LANDSAT have also been geo-referenced and
co-registered with SAR data sets. Since methodology
required all the three polarization combinationsHM,

VV & VH, common area having all the three
polarizations have been extracted for further asigly

Since two separate models have been developedgdurin
the course of study to incorporate the effectswfase
roughness (model represented by equation-1) & crop
cover (model represented leguation-2), the study area
has been classified into broad classes of barecapl
covered land. Finally for all the seven dates 1.&Nov-
2006; 22-Dec-2006; 26-Jan-2007; 02-Mar-2007; 06-Apr
2007; 11-May-2007 & 15-Jun-2007, both the models
have been separately applied on corresponding nefge

HH; VV & VH polarized SAR data sets for that pauiar
month. Finally seven soil moisture maps have been
generated as shown in Figure-2. Soil moisture naaps
segmented in six levels of soil moisture i.e. |&san
10%, between 10% to 15%, between 15% to 20%,
between 20% to 25%, between 25% to 30% and greater
than 30%.

17-Nov-2006 22-Dec-2006 26-Jan-2007 02-Mar-2007

06-Apr-2007 11-May-2007 15-Jun-2007

B <o 1045 [l 1520 [] 2025 ] 2530 [ >30

PART OF SOIL MOISTURE MAPS SHOWING VARIATION OF SOIL MOISTURE IN
SAHARANPUR AND HARIDWAR DISTRICTS DURING SPAN OF 210 DAYS
(FROM NOVEMBER-2006 TO JUNE-2007)

Fig-2: Sub-image of soil moisture maps showingatioi of
soil moisture in parts of Saharanpur and Haridvistridts
during a span of 210 days (i.e. from November-2@0&.ne-
2007)

Once soil moisture maps have been prepared theg hav
been thoroughly studied for temporal soil moisture
variation in the study area over a period of 21¢sdand
actual area in square kilometer under differentl soi
moisture ranges have been calculated for all thverse
months. The temporal variation of soil moistureemms

of area is given in Table-2 whereas percentage wardar
different soil moisture ranges has been given inl&-8.

VI. CONCLUSION

In this study simultaneously acquired ENVISAT-1 ABA
HH/VV and VV/VH data sets were studied for
operational soil moisture mapping. Cross-polarig#R
data has been exploited for its sensitivity towards
vegetation for crop-covered fields where as co-patio
has been used to incorporate effect of surfacehmess

for the case of bare soil. In order to demonstthe
potential of the developed methodology, an attehgst
also been made to study variation of soil moissietus
during November-2006 to June-2007 over parts of
Saharanpur and Haridwar districts using IS1 beardeno
of multi-polarized temporal ENVISAT-1 ASAR data set
Temporal soil moisture status derived with the hefp
seven (07) soil moisture maps generated between
November-2006 to June-2007 reflect the irrigatiattgrn
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adopted by the farmers of the study area and theref
matched with the agricultural activities like sogiand
harvesting. Study indicates the potential of sailisture
information for agricultural applications like igation
scheduling.
Table-2: Temporal variation of area under differsmit
moisture ranges

TEMPORAL VARIATION OF SOIL MOISTURE OVER PARTS OF
SAHARANPUR AND HARIDWAR DISTRICTS DURING NOVEMBER-2006 TO
JUNE-2007
S. Date AREA UNDER DIFFERENT SOIL MOISTURE CONDITIONS

No. (IN PERCENTAGE OF TOTAL STUDY AREA )

>10% 10% -15% 15% -20% 20% -25% 25% - 30% < 30%

01 17-Nov-06 05.69 % 04.46 % 08.56 % 15.10 % 19.26 % 47.03 %

02 22-Dec-06 05.45 % 03.76 % 06.72 % 1.41 % 14.27 % 58.50 %

03 26-Jan-07 07.41 % 04.91 % 08.84 % 13.96 % 1712 % 47.82 %
04 02-Mar-07 01.90 % 01.86 % 04.26 % 11.28 % 20.56 % 60.26 %
05 06-Apr-07 15.58 % 17.03 % 19.13 % 15.72 % 11.70 % 20.91 %
06 11-May-07 57.61 % 25.64 % 07.33 % 04.52 % 02.55 % 02.41 %
07 15-Jun-07 45.73 % 18.56 % 15.29 % 1.13 % 07.17 % 06.34 %

The significant outcome of the research work regmbih
this study is its ability to generate soil moistunaps on
operational basis by incorporating the effects wfface
roughness and crop cover in soil moisture retrievadiel
using multi-polarized SAR from space platform, it
making any assumptions on the distributions of éhes
parameters or without knowing their actual values o
ground.

Table-3: Temporal variation of area under differsoit
moisture ranges in terms of percentage

TEMPORAL VARIATION OF SOIL MOISTURE OVER PARTS OF
SAHARANPUR AND HARIDWAR DISTRICTS DURING NOVEMBER-2006 TO
JUNE-2007

Date AREA UNDER DIFFERENT SOIL MOISTURE CONDITIONS
(In Square Kilometers)

<10% 10% -15% 15% -20% 20% -25% 25% - 30% > 30%
17-Nov-06 37.22 29.15 55.98 98.68 125.96 307.56
22-Dec-06 35.67 24.61 43.92 74.61 93.30 382.60
26-Jan-07 48.49 3210 91.32 111.10 312.76
02-Mar-07 12.43 1217 73.80 134.44 394.13
06-Apr-07 101.89 111.36 102.80 76.50 136.78

11-May-07 376.78 167.73 29.53 16.68 15.73

15-Jun-07 299.10 121.39 72.79 46.89 41.46
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