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ABSTRACT

In this study, the sensitivity of the C-band (5.3 GHz) with a 23° incidence angle and
the Ku-band (14.85 GHz) with 35°, 55°, and 75° incidence angles to surface soil moisture
content from a semiarid region were evaluated. To obtain an improved soil moisture
estimation, a practical technique to reduce the influence of soil roughness and vegetation in
the SAR data was developed in a study area located in the Walnut Gulch Experimental
Watershed, a representative site of shrub- and grass-dominated rangelands of the
southwestern part of the United States. To correct for soil roughness effects, the C-band
radar backscattering coefficients o° from a wet season image were subtracted from o° derived
from a dry season image. The assumption was that, in semiarid regions, the SAR data from
the dry season was dependent only on the soil roughness effects. To correct for vegetation
effects, an empirical relation between o° and leaf area index was used, the latter derived from
Landsat Thematic Mapper data. The results showed that when both soil roughness and
vegetation effects were corrected for, the sensitivity of o° to soil moisture improved
substantially.

The sensitivity of o° to soil moisture was also evaluated in agricultural fields with bare
soil and periodic roughness components (planting row and furrow structures). Four types of
SAR system configurations were analyzed: C-band with a 23° incidence angle and Ku-band
with 35°, 55°, and 75° incidence angles. The test sites were located at the University of
Arizona's Maricopa Agricultural Center, south of Phoenix, Arizona. The results showed that

the sensitivity of ¢° to soil moisture was strongly dependent upon the field conditions. The
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SAR signals were nearly insensitive to soil moisture for furrowed fields (furrow spacing ~ 95
cm; amplitude ~ 22 cm), but for fields with planting row structures (row spacing ~ 24 cm;
amplitude ~ 2 cm), the SAR data were sensitive to soil moisture, particularly with the C-band
at a 23° incidence angle and the Ku-band with a 35° incidence angle, regardless of the row

direction.



CHAPTER 1

INTRODUCTION

n f the problem

Soil moisture estimates are important in various environmental sciences such as in
agronomy and hydrology. For instance, in agronomy, soil moisture information is used to
improve the crop yield prediction and irrigation scheduling, whereas in the hydrologic point
of view, soil moisture influences the amount of runoff produced by a given amount of
precipitation, at a scale of a watershed. Because of its high spatial and temporal variability,
soil moisture data needs to be obtained continuously over large areas and repetitively.

Synthetic aperture radar (SAR) data appear very promising to estimate soil moisture
content because of a large contrast between the dielectric constant of liquid water (~ 80) and

a dry soil (3-5). However, there are still some major problems in the estimation of soil

moisture from SAR data to be addressed. This dissertation addressed three of them:

1. Depending upon the sensor configuration and field condition, SAR data can result in poor
estimates of soil moisture. The response of SAR data to soil moisture is coupled with soil
roughness and vegetation effects. For example, the effects of soil roughness in the
backscattering process can be significant if the SAR system operates at incidence angles
larger than 10°, or if the site has a high percent of rock fragments. Thus, the difficulty in
soil moisture estimation from rocky soils using available satellite-based SAR data was

addressed in this dissertation.
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2. The current techniques to account for the influence from vegetation and soil roughness
in the SAR data are restricted to specific sensor configurations. They involve either dual-
frequency or dual-polarization SAR data, which are unavailable in current satellite-based
SAR systems. Thus, a more practical approach to reduce the effects of soil roughness and
vegetation was developed in this study, using single polarization and single frequency
SAR data.

3. Based on soil moisture data collected from temperate regions, it has been assumed that,
over sparsely vegetated areas, the contribution from vegetation in the backscattering
process can be neglected; that is, the only important effect of the vegetation in such
regions is the attenuation of the radar signal from the soil. However, in arid and semi-arid
regions, soil moisture contents hardly exceed 20%, indicating that the contribution from
soil in the radar backscattering process may also be small, or at least on the same order
of magnitude as the contribution from the vegetation layer. In other words, the
contribution from vegetation in the arid and semiarid regions may not be neglected. Thus,
the effect of vegetation in SAR data from a semiarid region was investigated and a
practical approach to reduce its effect was also developed.

One part of the data analyzed in this dissertation was collected during the WG'92
experiment, conducted in Walnut Gulch Experimental Watershed, southeast of Arizona, from
April to November, 1992. This experiment was designed to obtain remote sensing data in the
visible, near-infrared, thermal, and microwave spectral regions, with concurrent measurements

of soil moisture, biomass, and temperature, among others. Another part of the data was
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collected during the Multispectral Airborne Demonstration at the Maricopa Agricultural
Center (MADMAC) experiment, in January, 1996. The objective of this experiment was to

test the potential of airborne multispectral imagery for farm management purposes.

Dissertation format

The main body of this dissertation consists of three research papers appended to this
dissertation. The sensitivity of SAR data to the moisture content from rocky soils was
investigated in the first two papers (Appendices A and B). A technique to reduce the soil
roughness effects in the SAR data was developed in the first paper, whereas another
technique to reduce the effects from vegetation was developed in the second paper. The
sensitivity of SAR data (four different system configurations) to the soil moisture content
over agricultural areas with periodic row and furrow structures was investigated in the third
paper (Appendix C).

In the first paper, the author designed the field campaign, under the guidance of Dr.
Alfredo Huete. The radar image was processed at CEMAGREF/ENGREF in Montpellier,
France, under supervision of Dr. Alain Vidal and Dr. Denis Troufleau. The data analysis and
the write-up of the manuscript was done by the author. The original idea of the second paper
was suggested by Jiaguo Qi from USDA/ARS. The author was responsible for data
processing, data analysis, and writing, under the guidance of Dr. Alfredo Huete. The author
designed the experiment for the third paper with the help from Dr. Susan Moran and Dr.

Alfredo Huete. Dr. Susan Moran was also responsible for the acquisition of SAR data from
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Sandia National Laboratories, Albuquerque, NM and from the Canadian Center for Remote

Sensing, Richmond, Canada.
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CHAPTER 2

PRESENT STUDY

Summary

The literature review, site descriptions, methods, results, and conclusions of this study
are presented in the papers appended to this dissertation. The following is a summary of the
most important findings in these papers.

Paper # 1: Active microwave data have demonstrated their potential in the
estimation of soil moisture content. However, because the soil moisture response to a specific
radar configuration is coupled to vegetation and soil roughness effects, the interaction among
all three parameters needs to be investigated. For instance, the difficult estimation of moisture
content from rocKy soils needs to be addressed, since the effect of a rough surface in synthetic
aperture radar (SAR) data is to increase the surface emissivity and thus to decrease the
sensitivity to soil moisture.

In this paper, the sensitivity of C-band (5.3 GHz) SAR data to soil moisture contents
in rocky from a sparsely vegetated semiarid rangeland was investigated. A practical technique
to reduce the effects of soil roughness was developed based on radar data collected during
the wet and dry seasons. This technique consisted in a subtraction 6°) = (0°,4 - 0°%y), Where
o°, is the SAR data corrected for soil roughness effects; and o°,, and 0°, are the radar
backscattering coefficients from a wet season and a dry season image, respectively. The

assumption was that the C-band SAR data from the dry season in semiarid regions was
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dependent only on the contribution from soil roughness.

The linear correlation between C-band data and surface soil moisture content was
poor, but improved when the effects from soil roughness in the radar backscattering
coefficients were subtracted. Thus, the subtraction technique, if shown to be valid for other
semiarid sites, can become an easy way to account for soil roughness effects in SAR data,
using a single polarization and single frequency system configuration. Although this technique
improved the linear correlation between o° and soil moisture, it was still lower than those
obtained in temperate regions (r* > 0.80). This low correlation was probably due to the
difficulty in sampling moisture in highly spatially variable environments. Consequently, an
adequate ground soil moisture sampling scheme would be a key issue in calibration and
estimation of soil moisture from SAR data in semiarid regions. The influence from vegetation,
which was not corrected in this paper, could also have contributed to the low correlation.

Paper #2:  Research from temperate regions have suggested that vegetation has
minimal effects on the SAR signal in sparsely vegetated areas. The sparse vegetation layer
only attenuates the soil signal. However, in semiarid regions, the volumetric soil moisture
content hardly exceeds 20%, indicating that the contribution from the soil may also be small
or at least of the same magnitude of contribution from vegetation. Thus, the contribution from
the vegetation may not be neglected.

Microwave and optical synergism was used in this study to verify the effects of the
vegetation in the C-band SAR data from a semiarid region. More specifically, multitemporal

radar backscattering coefficients o° derived from the European Remote Sensing (ERS-1)
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SAR data were compared with leaf area index (LAI) values obtained from multitemporal
Landsat Thematic Mapper data. An empirical linear relationship between ¢ and LAI was
used to account for the vegetation effects in the SAR data corrected for roughness effects
(see description of the method to correct for roughness effects in Paper # 1).

The most significant finding of this paper was that C-band SAR data were highly,
positively correlated with multitemporal LAI values, indicating that, in fact, there is
contribution from vegetation in the SAR data in semiarid regions. The techniques used in this
study to account for soil roughness and vegetation effects resulted in more accurate soil
moisture estimates and, upon validation, can be an easy way to obtain improved soil moisture
estimates from a single polarization and single frequency SAR data.

Paper # 3:  The estimation of soil moisture in agricultural fields is important to
improve yield forecasting and irrigation scheduling, among other farm management practices.
Indirect soil moisture estimation from remotely sensed data can overcome the limitations of
conventional ground-based soil moisture measurement techniques such as the neutron probe,
Time Domain Reflectometry, and gravimetric methods, which are essentially point-based
measurements at a specific time. The C-band (5.3 GHz) with an incidence angle around 10°
has been reported as the optimum configuration for soil moisture. However, such a
configuration is not available in the current satellite-based SAR systems, except for the
Canadian Remote Sensing (RADARSAT) satellite. For systems operating at incidence angles
larger than the above mentioned value, the effects from soil roughness cannot be neglected.

Depending upon the combination of frequency and incidence angle, the range of radar
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backscattering coefficients o° due to surface roughness can vary up to 22 decibels (dB). The
presence of periodic row or furrow structures in some agricultural fields can also exert
considerable angular effects in the radar backscatter process. Thus, the effects of soil
roughness for a given sensor configuration and field condition need to be addressed by using
either experimental data or theoretical/semiempirical models.

The sensitivity of the C-band (5.3 GHz) with a 23° incidence angle and the Ku-band
(14.85 GHz) with 35°, 55°, and 75° incidence angles to soil moisture from agricultural fields
with periodic roughness structures were evaluated in this study. The fields presented either
a small-scale, periodic roughness structure associated with level-basin irrigation system or an
intermediate-scale, periodic roughness structure associated with a furrow irrigation system.

An important finding in this study was that the SAR data was sensitive to soil moisture
for fields with a small-scale periodic roughness component, particularly for the C-band with
a 23° incidence angle and the Ku-band with a 35° incidence angle. The direction of the small-
scale, periodic roughness component did not present any influence in the scattering process,
regardless of the frequency and incidence angle. However, for furrowed fields, the SAR data
from all configurations were nearly insensitive to soil moisture content. In this case, the
relatively large soil clods (more than 15 cm in diameter), randomly distributed in the furrowed

fields, most likely played a major role in the backscattering process.
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Conclusions

The results of these experiments indicated that the effects of soil roughness and
vegetation on the radar backscattering coefficients from semiarid regions are significant and
must be reduced to obtain improved soil moisture estimates. A practical technique to reduce
these effects were developed in this dissertation, and upon validation, can become an easy
way to account for the effects of soil roughness and vegetation from a single frequency and
single polarization SAR data. Future research involving more multitemporal data and more
vegetation types needs to be conducted to obtain a more generic ¢°-LAI relationship for arid

and semiarid regions.
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ABSTRACT

This study was conducted to analyze the sensitivity of the European Remote Sensing
Satellite (ERS-1) C-band synthetic aperture radar (SAR) data to the surface moisture content
of rocky soils in a semiarid rangeland in southeast Arizona. A dry season and a wet season
SAR images were corrected for topographic effects. Soil moisture content and soil roughness
were obtained from 47 sampling sites. An intensive soil moisture sampling campaign was also
conducted at three sites to determine the number of samples necessary to estimate soil
moisture content with 10% accuracy. Soil roughness was found to be a dominant factor
affecting the backscattering coefficients. A general trend between soil moisture content and
SAR data was seen only after the correction of SAR data for soil roughness effects. The
number of soil moisture samples were a crucial factor in obtaining representative soil moisture
values. In the study area, at least seven samples per acre were needed to obtain soil moisture

estimates with 10% accuracy.

INTRODUCTION
One of the major goals in hydrology is to understand and quantify the processes that
control hydrologic storage and fluxes at local, regional, and global scales [Moran et al.,
1994]. Soil moisture content plays a critical role in these hydrologic processes as an
environmental descriptor that integrates much of the land surface hydrology [Engman and
Chauhan, 1995]. Thus, this variable needs to be measured consistently on a spatially

distributed basis. Ground-based techniques, such as the gravimetric method, neutron probe,
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and Time Domain Reflectometry, can provide accurate estimates of soil moisture, but they
are labor intensive and essentially represent point-based information of the terrain at a certain
time. The highly intermittent character of precipitation as well as the heterogeneity of
evapotranspiration, topography and soil physical and chemical properties, such as texture,
porosity and structure, create large spatial and temporal variations in soil moisture [Wei,
1995]. As a result, this important variable is often neglected in hydrologic, climatic, and
agricultural models.

Many researchers [Ulaby and Batlivala, 1976; Bertuzzi et al., 1992; Rao et al., 1993;
Taconet et al., 1996] have studied the potential of remotely sensed data to estimate surface
soil moisture contents, mainly at centimeter wavelengths (microwave spectral region), with
the aim of obtaining multitemporal soil moisture information over large areas. Experiments
with truck-, aircraft-, and spacecraft-mounted microwave sensors have shown good
predictions of soil moisture within the top 5 centimeters. However, these promising results
were obtained over agricultural fields with homogeneous crop cover and surface roughness,
flat surfaces, and wide ranges of soil moisture as well as in watersheds located mostly in
temperate climates with a high range (10-40 %) of volumetric soil moisture contents [Bernard
et al., 1982; Benallegue et al., 1994; Cognard et al., 1995]. As pointed out by Engman and
Chauhan [1995], the difficult task of soil moisture retrieval from rocky soils needs to be
addressed. The high percent of rock fragments increases the influence of soil roughness on
the radar backscattered signals, making the retrieval of soil moisture contents difficult.

The objective of this study was to conduct a sensitivity analysis of radar backscattered
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energy in the C-band (5.3 GHz) to the surface moisture content of rocky soils from the
Walnut Gulch Experimental Watershed (31.72° N latitude, 110.00° W longitude), located in
a semiarid rangeland in Tombstone, Arizona (Figure 1). The influence of soil roughness in the
synthetic aperture radar (SAR) data and the number of samples necessary to obtain moisture

content estimates with 10% accuracy were also addressed in this experiment.

BACKGROUND

The microwave region (from 1 millimeter to 1 meter) has been the most promising
spectral region for soil moisture measurements [John, 1992]. Microwave data is sensitive to
soil moisture content because of the large contrast between the dielectric constant of liquid
water (approximately 80) and dry soil (3-5) [Ulaby et al., 1986]. Thus, as the soil moisture
increases, even slightly, the dielectric constant can increase to a value of 20 or greater
[Schmugge, 1983, 1985]. Other strengths of the microwave sensors are their capacities of
day/night operation, cloud penetration, and large-scale mapping within a short period of time,

and reasonable cost [Schmullius and Furrer, 1992a].

Optimum sensor configuration for soil moisture study

Some authors [Ulaby et al., 1979; Bernard et al., 1982; Jackson and O'Neil, 1985;
Brisco et al., 1991] have reported that the C-band (5.3 GHz) was the best wavelength to
estimate soil moisture from SAR data. They showed that the correlation between the

backscattered signal and soil moisture was less ambiguous for C-band than for shorter
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frequencies such as L-band (1.25 GHz) because of the high sensitivity of the radar
backscattering signal to soil roughness at this frequency. For sensors operating at relatively
large frequencies, such as the X- (9 GHz) and Ku- (15 GHz) bands, the backscattering from
the vegetation layer is higher than from the soil layer because of the relatively weak
penetration capacity of the radar signals into the canopy.

The optimal incidence angles for soil moisture studies are from 7° to 10° [Ulaby and
Batlivala, 1976; Ulaby et al., 1978, 1979]. Within this range, the effects of soil roughness and
vegetation absorption and diffusion are minimal. However, spacecraft platforms require larger
incidence angles to obtain a high range of spatial resolutions [Autret et al., 1989; Bertuzzi et
al., 1992]. Thus, all satellites currently carrying active microwave sensors have incidence
angles larger than 15° ERS-1 and ERS-2 (European Remote Sensing Satellite, 23° incidence
angle); JERS-1 (Japanese Earth Resources Satellite, 38°incidence angle); and RADARSAT-1
(Canadian Remote Sensing Satellite, 20°-49° incidence angle, standard mode). With respect
to the polarization type, Schmullius and Furrer [1992b] reported that H- polarization for the
receiving channel, that is, the second 'H' in the HH or VH notation, is more sensitive to soil
moisture than the V- polarization. The V- polarization for the receiver is more sensitive to

surface wetness of the plants than to soil moisture.

Semiempirical backscattering model
One major difficulty in mapping soil moisture using microwave sensors is the influence

from both the vegetation canopy and soil roughness. For instance, agricultural fields with
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furrows oriented perpendicular to the radar incident direction or sites with a high percent of
rock fragments can result in a low correlation between the radar backscattering coefficient
(0°) and soil moisture. A model known as 'water-cloud' [Attema and Ulaby, 1978; Mo et al,,
1984; Bouman, 1991; Prevot et al., 1993a, 1993b] is commonly used to analyze the radar
backscattering coefficient o° of the canopy in terms of the contribution from vegetation 0°,
and soil 0°,; layers:

0 —

0% = 0% + T2 0%, (units: m?%m?) ¢))

where ©2 is the two-way attenuation of the vegetation layer.

In the C-band, the scattering contribution by the vegetation volume (0°,) is
significant only at high levels of biomass, such as dense crops and tropical and temperate
forests. For semiarid regions, where the biomass is less than 1 kg/m’, the o°,, factor can be
considered negligible. Therefore, the two-way attenuation t* (units = m%*m?), which is
primarily due to the vegetation water content, is the only effect to take into account from
vegetation in semiarid regions [Tfouﬂeau et al., 1994]. This attenuation factor was given by

Prevot et al. [1993a, 1993b]:

2 -2B m,
t° = exp|— )
cos o
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where B is a constant related to the canopy type and canopy structure for a given radar
configuration, m, is the vegetation water content, and « is the incidence angle.

The soil contribution 0°,; (units = decibels, dB) is usually expressed as a linear
function of its volumetric soil moisture content A, [Ulaby et al., 1978; Dobson and Ulaby,

1981; Bernard et al., 1982; Bruckler et al., 1988; Prevot et al. 1993a, 1993b]:

0%y =C+Dh, (units: dB) 3)

where C is a roughness dependent parameter and D is a constant.

Based on these three functions and on unit conversion, Eq. (1) can be rewritten by:

-B’ m,
0° - +C+Dh, (units: dB) “4)
cosa
where
B .20 |p
inl10

This equation shows the following relationships between the scattering process and the
surface biophysical parameters:

a) decrease of ¢° with an increase of vegetation water content (m,, attenuation effect), for
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a given sensor incidence angle «;
b) increase of o° with an increase of soil surface roughness, controlled by the C parameter;
and

¢) increase of o° with an increase of soil moisture content (4,).

EXPERIMENTAL DESIGN
Study area
The Walnut Gulch Experimental Watershed has been operated by the U.S.
Department of Agriculture (USDA) Agricultural Research Service (ARS) since 1954. The
predominant textures of surface soils (0-5 cm) are gravelly loamy sands and sandy loams, with
a small quantity of organic matter and a rock content around 30% [Gelderman, 1970; Kustas
and Goodrich, 1994]. The vegetation is a mixed shrub/grass rangeland; that is, shrub-

dominated in the western part of the watershed, while the eastern part is dominated by grass

(Figure 1).

Radar images

This report was based on analyses of two ERS-1 SAR images acquired by the
European Space Agency (ESA). The ERS-1 satellite carries a SAR sensor operating at 5.3
GHz (C-band), VV polarization, 23° incidence angle, 100 km swath width, and 12.5 meters
pixel spacing. One wet season image was acquired in late July, 1994 [Day of Year ( DOY)

206]. This date was chosen to obtain a scene with high field soil moisture content during the
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satellite overpass. Normally, about two thirds of the rainfall in the watershed occur as high
intensity, convective thunderstorms during the ‘monsoon’ season in July and August. The
mean annual precipitation typically ranges from 250 to 500 mm per year. Based on the
records from 89 raingages located in the watershed, the first storm associated with the
summer ‘'monsoon’ season on DOYs 204 and 205, 1994 produced an average precipitation
of 10.3 mm (standard deviation = 3.1 mm). Another image previously acquired in the middle
of May, 1992 (DOY 116) as part of the WG'92 experiment [Moran et al., 1996] was also
analyzed. This image was obtained in the dry season, when the surface was dry and covered
with senescensed vegetation.

These images corresponded to the standard Precision Image products (PRI), which
were corrected for antenna elevation, gain pattern, and range spreading loss [Cognard et al.,
1995]. They were also georeferenced to the Universal Transverse Mercator (UTM)
coordinate system (Zone 12, 1927 North American Datum, Clarke 1866), corrected for
topographic effects, and calibrated, that is, corrected to account for the real backscattering
area of each pixel, using a DEM [Beaudoin et al., 1994]. The elevation model was derived
from topographic maps in 1:24,000 scale with a contour interval of 6.1 meters. Radar
backscatter coefficients (0°) were extracted from these preprocessed images using the

following equation :

6° - 10 log (DN  + STD »/K|  (units :dB) (5)
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where DN =  digital number;
STD =  standard deviation; and
K =  system calibration constant.

In this study, we used approximately 200 pixels per site to obtain the DN values.
Bruniquel [1996] showed that with this number of pixels, ¢° values are expected to be within
a confidence interval smaller than 1 dB. In fact, all sites presented confidence intervals smaller

than 0.8 dB.

Ground-Based Measurements

Soil samples for gravimetric moisture measurements within the top 5 cm (three
replicates) were collected on the same day of the 1994 satellite overpass under two different
surface conditions (Figure 2). One set of 26 sites were located in the eastern grass-dominated
part of the watershed, over the very gravelly sandy loam Elgin-Stronghold Complex soil unit
[Breckenfeld, 1993]. Another set of 21 sites were located at the western shrub-dominated
part of the watershed, a very gravelly sandy loam Luckyhills-McNeal complex soil unit. These
soil types represent, respectively, the most extensive soil mapping units in the grass-
dominated and shrub-dominated areas in the watershed (Table 1). Dry bulk density data were
also obtained for each sampling point (three replicates) by the excavation method [Blake and
Hartge, 1986], allowing the calculation of volumetric soil moisture.

Soil surface roughness measurements were made using a roughness meter developed

by Simanton et al. [1978], which measures 100 heights of soil surface per meter. Three plots
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each, having an area of 1 x 2m?, were randomly selected per site. The roughness meter,
aligned every 20 cm interval, gave us 3000 point readings per site. These points were
connected to lines and digitized using a GIS software package (Arc/Info) to calculate the
average standard deviation (in centimeters). This average corresponded to the roughness
index or to the root mean square (RMS) height variation of the site.

Percent rock fragment and dry biomass were also measured within a month, following
the 1994 satellite overflight at 18 sites (10 in the grass-dominated areas and 8 in the shrub-
dominated areas). The percent rock fragment was determined with the line-intercept transect
method [Canfield, 1941]. Two lines with 100 meter extensions were chosen randomly for
each site. The percent rock fragment (more than 5 mm in diameter) was calculated from the
following ground characteristics recorded at 1 m-interval along these transects: bare soil, rock
fragment, grass, shrub, forb, and litter. Five 1 m x 0.5 m areas were selected along the
transect, spaced by 20 m. All the green vegetation and litter within these areas were clipped,
collected, oven-dried at 60°C for 24 hours and weighed to determine the dry biomass (kg/m?).

The following additional soil physical and topographic data were also obtained for
most of the sites: slope, % gravel, % clay, and % sand. The slopes corresponded to the
average of two soil scientist estimates in the field. They also determined the correct soil series
for each site. The % gravel was obtained by collecting 1 liter of soil sample at 0-5 cm depth,
removing the fine particles (< 5 mm) by sieving, and estimating its remaining volume in a 1-
liter Erlenmeyer flask. The % clay and % sand were estimated in the laboratory by

manipulating the soil samples in the hand. The soil texture was estimated by more than 40
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students taking a Soil Morphologic, Classification, and Survey class offered by the University
of Arizona (Fall Semester of 1996).

Another field soil moisture campaign was conducted on November 4, 1996 (DOY
309, 1996) at three sites with different topographies (flat, north-faced slope, and hilly-shaped
slope). The location of these sites are shown in Figure 2. Sixty four gravimetric soil moisture
samples were taken at a regular 20 m-spaced grid within a 100-m radius area. The purpose
of these measurements was to estimate the number » of samples required to obtain moisture
content data with acceptable accuracy. The following data are required to calculate #:
coefficient of variation CV (ratio of the standard deviation to the mean value) from the field
measurements, confidence level; and the percent of maximum allowable error d, which
indicates the expected closeness of the sample mean x to the population mean p [Warrick et

al., 1996]. These parameters are related by:

t2 (CV)Z
dz

(6

where ¢ is a constant that depends on the confidence level and is obtained from a statistical
table (t-test, degree of freedom = ). The assumption is that the soil moisture measurements

for the study area has a normal distribution function.
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RESULTS AND DISCUSSION

Sensitivity of C-band SAR data to the soil moisture variation

Tables 2 and 3 summarize the SAR data and the surface biophysical properties at each
sampling location. The sensitivity of the C-band SAR data to the soil moisture content
variation was analyzed by plotting the radar signals from the wet season against the signals
from the dry season images (Figure 3). Most of the points are located above the 1:1 line,
indicating that the backscattering coefficients of the wet season are higher than those of dry
season. The average variation of 0° between these two dates for grass and shrub-dominated
sites was 1.0 dB (maximum = 2.3 dB) and 1.2 dB (maximum = 2.4 dB), respectively.

This higher backscattering coefficients for the wet season image were due to an
overall higher soil moisture condition. The soil roughness remained essentially the same within
the two dates. In contrast to agricultural fields, soil roughness does not change significantly
over relatively short time periods in natural ecosystems. The vegetation condition was
approximately similar for both satellite overpasses, since the July 23 and 24, 1994 rainfall was
the first rainfall associated with the ‘'monsoon’ event. Thus, the vegetation was mostly dry for
both overflights. The vegetation water content was probably slightly higher in the 1994 image,
especially at the shrub-dominated sites, but the effect on the radar signal is attenuation, not
addition (see Eq. 4). Therefore, the higher radar backscattering signals in the wet season

image were most likely due to the higher soil moisture condition.
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Sensitivity of C-band SAR data to the soil roughness

The sensitivity of the C-band SAR data to soil roughness is shown in the scatterplot
between RMS height and ¢° of the dry 1992 satellite overpass (Figure 4). The roughness was
considered the only surface parameter influencing the backscattering process on this date
because of the dry condition. Thus, a variation of approximately 1.5 cm in RMS height (from
0.5 to 2.0 cm) induced a o° variation of approximately 2.5 dB in the grass-dominated data
set (Figure 4a). For the shrub-dominated data set, the o° variation was on the order of 3.5 dB
for a RMS height variation of 1.5 cm (Figure 4b). Thus, the o° variation due to soil roughness
was higher than the average o° variation caused by soil moisture differences (see Figure 3).

The relationship between radar backscattering coefficients and soil roughness was
described by an exponential function. The coefficients of determination obtained for both
grass- and shrub-dominated data sets were relatively high: r* = 0.83 for grass-dominated areas
and 0.90 for shrub-dominated areas. Altese et al. [1996] also found an exponential correlation
between these two parameters, indicating that the sensitivity of radar data to soil roughness
is stronger at lower roughness conditions. Thus, the radar backscattered energy due to the
soil roughness can be determined successfully from a dry season overpass.

An analysis of partial correlation coefficients (Table 4) also showed a higher
contribution of soil roughness (r = 0.45 and 0.64 for grass and shrub-dominated sites,
respectively) in comparison to the contribution of soil moisture (r = -0.18 and 0.46,
respectively). Partial correlation is the correlation between two variables with the effects of

a third cancelled out [Kline, 1994]. The correlation between o° and soil moisture was very
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low for grass-dominated sites. The negative signal indicates an inverse relationship between
these two parameters, which is the opposite of the radar backscattering theory. Jackson and
Schmugge [1991] also found that grass-covered sites have an unusual behavior compared to
other vegetation types. The accentuated accumulation of litter and stubble on the soil surface
is likely to produce a significant attenuation in the SAR signal when filled with water; that is,
immediately after a rainfall event, masking the contribution from the underlying soil moisture

content.

Relationship between SAR data and soil moisture after correcting for soil roughness
effects

In this section, the relationship between o° and soil moisture content was analyzed by
accounting for the effects of soil roughness. One approach is to use the co-polarization ratio
technique (the ratio between SAR data acquired by HH polarization and VV polarization
simultaneously). Experimental and modeled data from this dual-polarization configuration
(e.g. Autret et al., 1989) have indicated that the final product is nearly insensitive to the
roughness parameter. However, all satellites currently carrying a SAR sensor have acquired
only single-polarized data.

In this study, the differences in the o° between the wet season and a dry season images
were compared with the volumetric soil moisture data. The difference is equivalent to the
subtraction of the C term in the Eq. (4). This approach, known as the change detection

technique, seems to be a reasonable way to detect changes in the dielectric properties of soil
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surfaces by removing the roughness and vegetation effects without using multifrequency or
multipolarization configurations. The following are the assumptions: a) the DOY 116 image
is only function of the roughness parameter; b) the soil roughness did not change between the
two overpasses; ¢) the vegetation condition in the study area was the same in the two
overpasses; and d) the calibration and the geometric registration of the two images were
accurate.

A linear regression analyses between o° differences and soil moisture content for the
two data sets did not present any significant correlation at a level of significance o = 0.10.
Nevertheless, a general increasing trend was found after removing the points without
replicates of soil moisture samples in the grass-dominated sites or after removing the sites
with the coefficient of variation of gravimetric soil moisture content higher than 0.15 in the
shrub-dominated sites (Figure 5). Such a trend was not found when the soil moisture was
compared with the wet season SAR data, without subtracting the signal from the dry season
image (Figure 5). This indicated that the change detection technique improved the relationship
between a° and the soil moisture by removing the roughness effects, but the relationship was
not as good as expected (r” = 0.12 and 0.31 for grass-dominated and shrub-dominated sites,
respectively). The major factor for the dispersion of the points was probably due to the high
spatial variability of soil moisture. Therefore, an adequate ground soil moisture sampling to
represent its high spatial variability is a key issue for the analysis of relationship between o°

and h, .
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Calculation of required optimal number of samples

Table 5 indicates the optimal number of soil samples for three grass-dominated sites
with three different slopes, considering a maximum allowable error 4 = 0.1 and a confidence
level of 99%. The d value can be considered as the maximum acceptable error for hydrologic
applications, which requires soil moisture measurements with an accuracy within a few
percent [Houser et al., 1996]. As mentioned, each site corresponded to an area (circle) with
100 m radius (approximately 7.75 acres). It is evident that the number of samples was
strongly dependent upon the slope. For relatively flat surfaces, the calculated number of
samples was 60 (about 7 samples per acre), whereas for a hilly-shaped slope, the number
increased to 193 (about 25 samples per acre). Thus, the poor correlation between ¢° and soil
moisture obtained for 1994 data set was probably due to an insufficient number of soil
samples.

Considering that these numbers were calculated using data obtained in the winter
season, the number of samples would be even higher in the 'monsoon’' season because of the
higher rate of evaporation. In other words, these optimal numbers of samples can be strongly
season- and site-specific. The spatial variability of soil moisture at a given site depends on the
slope as well as other parameters, such as vegetation density, soil textural class and amount
of precipitation. Rao and Ulaby [1977] also obtained different » values for random and
stratified sampling methods. Thus, additional analyses at other sites in the watershed is

recommended.
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CONCLUDING REMARKS AND SUMMARY

This study reported a sensitivity of the C-band SAR data to the moisture content and
roughness of rocky soils in the semiarid Walnut Gulch Experimental Watershed, Tombstone,
AZ. The sensitivity of the C-band SAR data to soil roughness was found to be higher than the
sensitivity to soil moisture. Thus, the influence of soil roughness must be corrected to
accurately estimate soil moisture with SAR images. The correction can be made using a dry
season image. The scatterplot between the 1992 radar backscattering coefficients and RMS
heights showed a high exponential correlation, indicating that the RMS height parameter was
a good descriptor of soil roughness. This exponential function can be used to determine the
contribution of roughness to the backscattering process. Another technique is the use of the
'difference' between wet season and dry season images. Considering that the roughness and
the vegetation conditions remained approximately the same in both seasons, the o° (dB) from
the difference can be considered a function of soil moisture variation. This change detection
technique is a simple technique to reduce the influence of roughness and vegetation, using
both single polarization and single frequency sensor configuration. However, the correlation
between o° difference and soil moisture was not as high as expected probably due to the high
spatial variability of soil moisture. In this study, the sampling size analysis indicated that at
least seven samples per acre were required to represent the watershed's soil moisture content
with a 10% accuracy.

Another factor which could have contributed to the poor correlation between ¢° and

soil moisture was the relatively large sampling time interval (8:00 AM - 5:00 PM, local time)
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for this experiment, because of the relatively poor road conditions and limited number of
personnel available. Soil samples taken early in the morning or late in the afternoon may have
presented moisture contents significantly different from that recorded by the sensor. A
differentiated attenuation in the backscattering process is also expected as a function of

different biomass among the sampling sites (see Tables 2 and 3).
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Table 1. Description of Physical Characteristics of the Elgin-Stronghold and Luckyhills-

McNeal Soil Units.

Parameters Elgin-Stronghold Complex Luckyhills-McNeal Complex

Soil Classification Paleargid (Elgin) Calciorthid (Luckyhills)
Calciorthid (Stronghold) Haplargid (McNeal)

Slope 8-15% 3-8%

Landform Fan terraces Fan terraces

Soil Color Dark brown (0-2.5 cm) Pale brown (Luckyhills, 0-5 cm)

Strong brown (McNeal, 0-2.5 cm)

Texture Very gravelly sandy loam Very gravelly sandy loam

(0-2.5 cm) (0-2.5 cm)

[from Breckenfeld, 1993]



Table 2. Synthetic Aperture Radar and Field Data for Grass-Dominated Sites.

Sampling UTM? UTM Soil Backscattering Coefficient (dB)

Point ast-West rth-South)  Series
E ) (North-South) DOY206°  DOY116°

1 3510114 594807 Stronghold -9.62 -10.06
2 3509502 593841 Elgin -9.76 -10.21
3 3509299 593712 Stronghold -9.70 -10.67
4 35059169 593339 Stronghold -10.07 -10.66
5 3513632 593886 -9.14 -10.18
6 3513164 594205 Stronghold -9.48 -8.85
7 3513343 594762 Stronghold -9.07 -8.99
8 3512910 595573 Stronghold -8.64 -8.77
9 3511418 599037 Stronghold -8.76 -10.53
10 3511174 599609 Stronghold -9.50 -9.73
11 3511438 599982 Elgin -9.66 -10.15
12 3511473 600226 Elgin -9.45 -10.13
13 3510801 600186 Elgin -9.66 -10.31
14 3510637 599997 Stronghold -9.34 -9.26
15 3510846 600609 Elgin -8.51 -9.36
16 3511114 601225 Elgin -7.82 -9.53
17 3511313 601499 Elgin -8.24 -8.73
18 3511438 601399 Stronghold -9.19 -9.21
19 3511299 601718 Stronghold -8.33 -9.07
20 3512114 599395 Stronghold -9.92 -10.85
21 3512174 599743 Elgin -8.95 -10.21
22 3512433 601325 Elgin -9.16 -10.3
23 3512861 599166 Stronghold -8.88 -9.31
24 3513234 599708 Stronghold -8.98 -9.75
25 3513483 599305 Stronghold -9.92 -10.08
26 3513453 599982 Stronghold -9.63 -8.56

# Universal Transverse Mercator b Day of Year in 1994 ¢ Day of Year in 1992



Table 2. - Continued

Soil Mois- Bulk Den- RMSheight Biomass Surface  Slope 0 -5 cm Depth
tre (g)  sity (gem’)  (om) (@)  Rock (%)
Fragment % % %
%) Gravel Clay Sand

9.25 (0.03)d 1.51(0.07) 0.92(0.29) 384 33
6.43(0.30) 1.70(0.03) 0.77(037) 165 35 9 27 17 55
9.59(0.26) 1.72(0.06) 0.85(0.41) 22 17 65
7.78 (0.11) 1.70(0.09) 0.81(0.47) 10 33 16 62

4.91(0.19) 1.58(0.11) 0.92(0.36) 762 26
6.65(0.08) 1.51(0.04) 1.73(0.50) 510 29 6 15 14 56
509 (0.15) 1.64(0.04) 148(037) 7 48 15 58
7.16 (0.18) 1.54(0.07) 1.53(0.33) 220 34 4 37 14 60
8.07 1.63 (0.09) 0.67 (0.19) 390 30 7 25 17 60
8.28 1.57 (0.05) 1.16(0.88) 336 28 10 28 18 60
3.00 1.66 (0.03) 0.79(0.42) 9 20 20 60
1.76 1.50(0.13) 0.74 (0.39) 12 46 13 65
472 1.62 (0.01) 0.89(0.58) 12 38 27 58
6.74 1.81 (0.13)  1.43 (0.40) 7 26 15 63
2.57 1.54 (0.08) 1.64(0.59) 12 36 18 60
3.64 1.43 (0.07) 1.30(0.56) 10 35 18 65
3.52 1.75(0.04) 1.58(0.37) 185 22 7 25 18 60
1.80 1.41(0.03) 1.12(0.45) 15 20 12 67
2.33 1.50 (0.10) 1.82(0.42) 13 18 15 60
331 1.31(0.01) 0.68(0.27) 15 30 18 62
2.46 1.38 (0.14) 1.15(0.49) 5 15 39 36
3.36 1.44 (0.04) 0.83 (0.29) 10 46 28 56
1.70 1.48 (0.10)  1.08 (0.40) 15 39 15 57
1.13 1.57 (0.14)  1.16(0.40) 15 46 12 60
1.00 1.35(0.11) 0.92(0.44) 189 33 15 36 15 59
1.82 1.44 (0.06)  1.99(0.60) 269 33 12 34 15 65

¢ Bracket Numbers Represent Coefficient of Variation



Table 3. Synthetic Aperture Radar and Field Data for Shrub-Dominated Sites.

Sampling UT™M® UTM Soil Backscattering Coefficient (dB)

Point ast-West rth-South)  Series
E ) (North-South) DOY 206° DOY 116°

1 3512550 585919 Luckyhills -9.39 -9.79
2 3511915 586178 Luckyhills -8.56 -9.54
3 3511214 586882 Luckyhills -8.67 -9.03
4 3509980 586177 Luckyhills -9.18 -10.34
5 3510284 585769 Luckyhills -8.29 -8.78
6 3505697 593802 -9.99 -10.82
7 3506746 594404 -8.97 -8.9
8 3507806 593359 -8.99 -10.07
9 3507567 592558 -8.19 -9.09
10 3511154 588333 Luckyhills -7.86 -8.61
11 3513025 588458 Luckyhills -7.92 -9.90
12 3512517 588488 -8.11 -9.33
13 3512751 589841 McNeal -7.78 -9.62
14 3511811 589109 Luckyhills -8.73 -9.33
15 3512092 589711 -9.47 -9.85
16 3511383 589706 Luckyhills -8.88 -9.74
17 3511000 589044 Luckyhills -9.29 -8.61
18 3512040 590393 Luckyhills -9.61 -9.69
19 3511716 590388 Luckyhills -8.49 -8.18
20 3510398 592299 -10.08 -11.34
21 3508993 592309 -9.00 -9.87

* Universal Transverse Mercator b Day of Year in 1994 ¢ Day of Year in 1992



Table 3. - Continued

46 "

Soil Mois- Bulk Den- RMS height  Biomass % 0 - 5 cm Depth
ture (g/g)  sity (g/om’) (cm) (¢/m”)  Surface
Rock % % % %
Fragment gjone  Gravel Clay  Sand

542(0.15°  1.50(0.05) 0.82(0.46) 6 29 16 60
6.22(0.16) 154(001) 1.14(0.51) 286 52 5 16 11 77
5.49 (0.11) 1.41 (0.02) 1.36 (0.31) 3 45 16 60
275(028) 1.43(0.14)  0.80(0.35) 3 25 24 53
3.98(0.20) 1.57(0.03) 1.52(0.47) 344 37 4 55 14 63
6.29 (0.41) 1.59(0.00) 0.72 (0.55) 329 49

534(0.10) 1.50(0.13)  1.45(0.42) 627 37

358(035) 1.51(0.06) 0.81(0.64)

534(0.05) 148(0.05) 1.32(0.53)

6.12(0.08) 152(0.14)  1.49(0.29) 5 26 13 65
1174 (0.14)  1.60(0.08)  0.92 (0.74) 4 24 16 62
10.46 (0.29)  1.52(0.07)  1.17 (0.33) 543 38

8.30 (0.13) 1.82(0.13) 0.94 (0.59) 5 55 16 58
6.90(0.03) 1.68(0.09) 0.96(0.47) 4 28 15 60
778(0.12) 1.50(0.03)  0.90(0.39)

5.66 (0.06) 1.68 (0.14)  0.97 (0.42) 415 27 8 23 10 83
7.88 (0.10) 1.47 (0.10) 1.34 (0.38) 26 15 70
7.06 (0.05) 1.58 (0.07)  0.91 (0.39) 415 35 8 35 16 55
625(0.11) 149(0.12) 1.42(0.32) 10 10 73
6.67(0.10) 164 (0.09) 0.64 (0.29)

4.60 (0.06) 1.69 (0.07) 1.00 (0.45) 450 42

4 Bracket Numbers Represent Coefficient of Variation
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Table 4. Partial Correlation Coefficients Between Radar Backscattering Coefficient and
Volumetric Soil Moisture Content for Grass-dominated and Shrub-dominated Sites.

Backscattering Soil Moisture RMS height
Coefficient (dB) (%) (cm)
Grass-dominated Sites
Backscattering 1.00
Coefficient (dB)
Soil Moisture (%) -0.18 1.00
RMS height (cm) 0.45 -0.08 1.00
Shrub-dominated Sites
Backscattering 1.00
Coefficient (dB)
Soil Moisture (%) 0.46 1.00

RMS height (cm) 0.64 -0.39 1.00
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Table 5. Coefficients of Variation and Number of Samples Required to Obtain 10 %
Accuracy of Soil Moisture Content for Three Sites with Different Slopes (Interval of

Confidence = 99 %).

Site Coefficient of Variation Number of Samples
Flat 0.15 60
North-faced slope 0.17 77

Hilly-shaped slope 0.27 193




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.
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FIGURE CAPTIONS

Map of the Walnut Gulch Experimental Watershed showing its geographical
location in the State of Arizona.

Walnut Gulch Experimental Watershed boundaries with location of soil moisture
sampling sites.

Scatterplot between 1992 dry season SAR image and 1994 wet season SAR
image for (a) grass-dominated and (b) shrub-dominated sites. Numbers above the
symbols represent the sampling sites.

Scatterplot between 1992 dry season SAR image and soil roughness data for (a)
grass-dominated and (b) shrub-dominated sites.

Scatterplots between % volumetric soil moisture content and (a) wet season
backscattering coefficients, grass-dominated sites; (b) difference (wet - dry)
backscattering coefficients, grass-dominated sites; (c) wet season backscattering
coefficients, shrub-dominated sites; and (d) difference (wet - dry) backscattering
coefficients, shrub-dominated sites. Numbers above the symbols represent the site
identifications. The dashed lines correspond to the confidence interval of the linear
regression at 95%. S.E. = standard error; n = number of samples.
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APPENDIX B:

The Use of Microwave and Optical Synergism for Estimation of Soil Moisture
Content from C-band Synthetic Aperture Radar Data in a Semi-Arid Rangeland
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ABSTRACT

Estimation of soil moisture from C-band synthetic aperture radar (SAR) systems
operating at single polarization and single incidence angle is often difficult because of the
influence of vegetation and soil roughness. To improve soil moisture estimates in a semiarid
region from such a system configuration, SAR data from the European Remote Sensing
Satellite (ERS-1) were combined with the Landsat Thematic Mapper (TM) data. The SAR
data were compared with soil moisture measurements at three different conditions: a) without
any correction for soil roughness and vegetation effects; b) partially corrected for soil
roughness effects; and c) fully corrected for soil roughness and vegetation effects. The soil
roughness influence was taken into account by using the difference (0° - 0°4,), where ¢° and
0°4y refer to the backscattering coefficient o° from a given image and from a dry season SAR
image, respectively. The vegetation influence was corrected by using an empirical relationship
between o° and leaf area index, the latter being derived from TM images. Results indicated
that the contribution of soil roughness and vegetation in the radar backscatter in a semiarid
region were significant and they must be minimized to improve the accuracy of soil moisture

estimation using C-band.

INTRODUCTION
A number of investigations have shown the potential of active microwave remote
sensing to retrieve surface soil moisture content [1] - [4]. This is possible because of a large

contrast between the dielectric constant e of liquid water (~ 80) and dry soil (3-5) [5]. For
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instance, the dielectric constant of a sandy loam soil can increase from 5 to more than 20
when volumetric soil moisture varies from 0 to 20 % [6].
Studies from late 1970s and early 1980s [1], [2], [7] reported that the C-band (5.3
GHz) with an incidence angle around 10° was the optimum configuration for soil moisture
retrieval. However, current spacecraft platforms acquire images at larger angles to obtain a
high range of spatial resolutions (magnitude of tens of meters) [8], [9]: 23° for the European
Remote Sensing (ERS-1 and ERS-2) satellites, and 38° for the Japanese Earth Resources
Satellite (JERS-1). The exception is the Canadian Remote Sensing Satellite (RADARSAT),
which operates at a range of 10°-60°. At this range of incidence angles, the effects of
vegetation and roughness on the radar backscattering process can not be neglected [10], [11].
The effects of vegetation can be reduced by using a first-order, semi-empirical
backscatter model known as ‘water cloud' [12]. The model computes the radar backscattering
coefficient o° of a canopy as the sum of the contributions of the vegetation layer and the soil,

the latter attenuated through the vegetation:

0°= 0%, + 77 0%  (unit: m*/m?’) (1)

where o°,, is the scattering contribution from the vegetation volume (unit: m”/m’), t* is the
two-way attenuation of the SAR signal from the vegetation layer, and 0°,; is the scattering
contribution from the soil underneath (units = decibels, dB). The parameters 0°,,, 6°,;, and

12 are expressed as follows [13]:
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0%y =AV,cos 8 (1-1%)  (unit: m¥/m’) ¥)
0y =C+Dh, (units: dB) 3)
7% = exp(-2BV, / cos 0) C))

where 4, B, V,, and V, are parameters related to the canopy type; C is a roughness dependent
parameter; D is a constant that depends upon the sensor configuration; 6 is the sensor
incidence angle relative to nadir; and A, is the volumetric soil moisture content.

The radar backscatter signal at high frequencies is particularly sensitive to vegetation
[13], [14], whereas at low frequencies is particularly sensitive to soil moisture [3], [9], [15].
Thus, a combination of high- and low-frequency SAR data over agricultural sites has been
used to improve the estimation of soil moisture [16] - [19]. In these cases, the vegetation-
induced attenuation (1) was determined by using a low-frequency SAR data. These studies
also demonstrated that the term o°,, for low-frequency SAR data was important only when
vegetation density is high. In sparsely vegetated areas, the contribution from vegetation in the
scattering process is assumed to be significantly smaller than the contribution from soil (0,
<< 0°,y) so that the term 0°, can be neglected.

However, this multifrequency approach can sometimes result in poor soil moisture
estimates because both high- and low-frequency SAR data can also be sensitive to soil
roughness (parameter C, Eq. 4) [8], [20], [21]. The water cloud model is also difficult to
apply in natural ecosystems because the canopy parameters 4, B, V; and V, (see Egs. 2 and
3) are usually unknown. Furthermore, in arid and semiarid regions, soil moisture contents

hardly exceed 20 %, indicating that the contribution from ¢°,,; may be small or approximately
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3 [
of the same magnitude as 0°, (0°; ~

0°,). Thus, 6°,, may not be neglected.

To account for roughness effects in SAR data, one approach is to use the co-polarized
ratio technique, a ratio between HH and VV polarized waves. Although some studies [8],
[19] have demonstrated that this technique can significantly reduce soil roughness effects,
multipolarization data are unavailable on current satellite-based SAR systems.

Therefore, the techniques to correct for the effects of roughness and vegetation in the
radar backscatter for improved soil moisture estimations are limited either to agricultural sites
or to a specific sensor configuration. A more practical approach for natural ecosystems, using
currently available satellite-based data, needs to be developed. For instance, vegetation effects
in SAR data can be accounted for by estimating the vegetation density of the study area via
computation of optical-based vegetation indices such as the Normalized Difference
Vegetation Index (NDVI) [23]. The NDVI can be related to canopy parameters such as leaf
area index (LAT) [24], which can also be related to microwave backscattering coefficients o°
[20]. Thus, the development of an empirical LAI-o° relationship may be useful to correct the
SAR data for vegetation effects.

The objectives of this study were to: a) investigate the effects of vegetation on radar
backscatter in a semiarid region; b) investigate the potential of SAR and TM synergism to
reduce the vegetation effects in soil moisture retrievals; and c) develop a practical approach

to account for soil roughness and vegetation effects in the C-band SAR data to improve the

estimation of soil moisture content.
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THE EXPERIMENT

Site Description
The study area is located at the Walnut Gulch Experimental Watershed (31.72° N,
110.00° W), a representative site of shrub- and grass-dominated rangelands found in the
southwestern part of the United States (Figure 1). The watershed is operated by the U.S.
Department of Agriculture (USDA) Agricultural Research Service (ARS) since 1954. The
annual precipitation varies from 250 to 500 mm, with approximately two thirds occurring as
high intensity thunderstorms with limited areal extent during the summer 'monsoon' season
(July and August). The predominant surface soil textures (upper 5 cm) are gravelly loamy
sands and sandy loams, with small amounts of organic matter and an average of ~ 30% of

surface rock fraction [25] - [27]. The vegetation is a mixture of desert grass and shrubs.

ERS-1 SAR Data

Seven SAR images were acquired in 1992 as part of the WG'92 experiment [28]
during the pre-monsoon, monsoon, and post-monsoon seasons and another single image was
obtained in 1994 during the wet season (Table 1). The ERS-1 SAR sensor operates at C-band
(5.3 GHz) with a 23° incidence angle, resulting in a swath of 100 km at a nominal spatial
resolution of 30 m.

The SAR images obtained from the European Space Agency (ESA) were the standard
Precision Image products, which had been corrected for antenna elevation, gain pattern, and

range spreading loss [10]. These images were georeferenced to the Universal Transverse
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Mercator coordinate system (Zone 12, 1927 North American Datum, Clarke 1866), and
corrected for topographic effects by accounting for the real backscatter area of each pixel
using a digital elevation model [29]. The elevation model was derived from topographic maps
in 1:24,000 scale with a contour interval of 6.1 m. Radar backscattering coefficients (o°) were

extracted from these preprocessed images using the following equation :

6° - 10 log [(DN * + STD /K|  (units :dB) (5)
where DN =  digital numbers of the site (at least 50 pixels per site);

STD =  standard deviation; and

K =  calibration constant.
Landsat TM data

Eight Landsat TM scenes were also obtained during the WG'92 experiment and were
used in this study (Table 1). The TM sensor operates at six reflective bands located in the
visible, near infrared, and middle infrared, and at one thermal band. The optical bands have
a nominal spatial resolution of 30 m, while the thermal band has a 120 m spatial resolution.
The TM digital numbers were transformed to surface reflectance values in three steps [28],
[30], [31]: 1) acquisition of the incident solar illumination data from sunrise to solar noon in
the same day of the Landsat overpasses, using a solar radiometer, to account for the
atmospheric effects in the TM digital numbers; 2) generation of at-satellite radiance values

for a given series of surface reflectance values by using the Herman-Browning radiative
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transfer code [31]; and 3) generation of TM reflectance images from values derived from the
radiative transfer code and from Landsat TM sensor calibrations. All TM images were also
georeferenced to the UTM coordinate system (total RMS error = 1.5 pixel).

Leaf area index (LAI) values were calculated for all Landsat TM scenes by using the

following empirical relationship proposed for arid and semiarid regions [24]:

LAI=-0.352+6.124 NDVI - 15.24 NDVI? + 18.99 NDVP® 6)
where NDVI is defined as:
NDVI=(pur - Prea) / (P + PRed) @)

where pg.4 and pyr are the surface reflectances in red and near infrared spectral regions,

respectively.

Soil Moisture Data

Gravimetric samples for soil moisture content were collected at the Meteorological-
Energy flux (MF) stations 1, 3, 5 and 6 (six replicates) during the pre-monsoon, monsoon,
and post-monsoon seasons of 1992 (Table 1). These six replicates were averaged to one
reading. Volumetric soil moisture contents were derived using previously measured bulk
densities (1.44 ~ 1.83 g/cm®) [32]. Soil moisture measurements were also made on the same
day of the ERS-1 SAR satellite overpass in 1994 at 21 validation sites in the shrub-dominated
part of the watershed (three replicates). Dry bulk density data were obtained for each site by

the excavation method [33], allowing for the calculation of volumetric soil moisture.
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APPROACH
Investigation Sites

The SAR and TM data obtained in 1992 from MF sites 1, 2, 3, 7, and 8 were selected
to investigate the use of SAR/TM synergism to correct the effects of vegetation in the SAR
data, in order to obtain an improved estimation of soil moisture content from radar data in the
watershed. Metflux sites 4, 5, and 6, located in the eastern, grass-dominated side of the
watershed, were not included in the analyses because of the limited number of available SAR
images. The analysis was performed in four steps. The first step was to verify the relationship
between SAR and TM data. This was done by comparing the temporal values of ¢° and LAI
simultaneously and by analyzing the linear regression equations between these two
parameters.

The second step was to correct the radar backscattering coefficients for the effects of
the soil roughness. The technique involved a subtraction (6° - 0°,) [34]; that is, the o° from
a given image was subtracted by the o° from a dry season image. The assumption in this step
was that the soil roughness was the only important parameter in the backscattering process
during the dry season. The coefficients derived from this subtraction is referred as o°
hereafter.

The third step was to find an empirical relationship between ¢°, and LAI This relation
corresponds to the linear regression equation obtained by considering all MF sites with
coefficients of determination r* between ¢° and LAI larger than 0.50.

The final step was to correct the vegetation effects on ¢°,. The residuals of radar
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backscattering coefficients for the MF sites were calculated by subtracting the measured and
the estimated 0°, values. The measured values refer to the backscattered signals obtained
from the subtraction of o° from a dry season image, while the estimated o°; values refer to
the backscatter signals calculated from the empirical 0°-LAI relation. The radar
backscattering coefficients corrected for both soil roughness and vegetation is referred as ¢°,
hereafter. To verify the performance of this approach, the soil moisture contents obtained in
1992 were compared with the backscattering coefficients at three steps: 1) without any
correction; 2) partially corrected for soil roughness effects; and 3) fully corrected for soil

roughness and vegetation effects.

Validation Sites

To validate the approach discussed above, an additional 21 sites located in the shrub-
dominated sites and in the Luckyhills-McNeal complex soil unit [26] in the watershed were
selected [20]. Again, validation sites in the grass-dominated part of the watershed were not
included in this study because of the limited number of SAR data. The soil moisture contents
measured during the ERS-1 SAR overpass (DOY 206, 1994) from these sites were compared
with the radar backscattering coefficients at three steps: 1) without any correction; 2) partially
corrected for soil roughness; and 3) fully corrected for soil roughness and vegetation effects.
The LAI-0°, relation obtained from the investigation sites (1992 data set) were applied to

account for the vegetation effects.



65
RESULTS
Investigation Sites

The microwave, optical and field data from the Metflux sites are shown in Table 2.
Figure 2 shows a temporal pattern (April to November, 1992) of both LAI and o° at MF sites
1, 2, 3, 7, and 8. Because the ERS-1 and Landsat satellite overpasses were not coincident,
LAI values were linearly interpolated at the ERS-1 SAR overpasses by using two adjacent
LAI values. The assumption was that the soil drying was uniform and that no rain occurred
during the two TM overpasses. We can notice a good degree of similarity between LAI and
o°, particularly from DOY 160 to DOY 290. The only exception was the trend for MF 3,
where the backscattering coefficient remained approximately constant from DOY 114 to
DOY 306, 1992. The year 1992 had a very wet spring [28], which was responsible for the
unusually high LAI values for DOY 114. On the other hand, the unusually high o° values for
DOY 310, particularly at MF stations 1, 2 and 7, were probably due to a high soil moisture
content at these sites.

Figure 3 shows the scatterplot between LAI and radar backscattering coefficients for
the SAR data on DOYs 135, 170, 240, 275, and 291. We can notice good linear relationships
between LAI and ¢° at MF 1, 2 and 7 (r* = 0.98, 0.55, and 0.83, respectively; confidence
interval of 95%). These three sites were used to derive the empirical LAI and ¢°; relation for
the MF sites (Figure 4).

Figure 5a shows a scatterplot between percent volumetric soil moisture content versus

radar backscattering coefficients o° for MF sites 1 and 3, for four different dates. These MF
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sites were the only two sites where all SAR, TM, and soil moisture data were available. Soil
moisture data from MF site 3 were not available for DOYs 274 and 290. Despite a low range
of soil moisture contents (less than 3%), we can notice a high variation in ¢° (from -12 to -8.5
dB, approximately) at MF1. Assuming that soil roughness did not change over the time period
analyzed in this study and considering the low soil moisture conditions for all four SAR
overpasses, we can conclude that this large variation in o° was due to changes in vegetation
conditions. Thus, we can expect all MF1 points in the Figure 5a to be close each other after
removing the effects of vegetation.

To remove soil roughness effects, we subtracted all multitemporal ¢° values from the
DOY 170 o°, since the lowest backscattering coefficients for all MF sites were found on this
date. Figure 5b shows a scatterplot between percent volumetric soil moisture content and
radar backscatter corrected for soil roughness influences (o°;), for MF1 and MF3. We can
notice that the DOY 130 ¢°, of MF3, which was higher than that from MF1 in Figure Sa, is
now lower than that for MF1. This tendency suggests that the soil roughness effects was
higher for MF3 than for MF1.

Figure 5c shows the scatterplot between soil moisture and radar backscattering
coefficients (c°) of MF sites 1 and 3, corrected for soil roughness and vegetation influences.
All four data points of MF1 are now closer to each other because the soil moisture contents
were similar for all dates. For MF3, the range of o°, variation remained approximately the
same between DOYs 130 and 162, even after correcting for roughness and vegetation effects.

The relatively small variation of o° for this site in comparison to the other MF sites over the
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entire period of the WG'92 experiment (Figure 2) was the main reason for this particular

trend.

Validation Sites

The SAR and field data from 21 investigation sites in the shrub-dominated part of the
watershed is shown in Table 3, while Table 4 shows the r* values between LAI and o° for
these sites. The LAI values were derived from 1992 TM data and interpolated for the
following 1992 SAR overpasses: DOYs 135, 170, 240, 275, and 291. The temporal trends
of LAI and o° for sites with coefficients of determination (r*) values higher than 0.50 are
shown in Figure 6. As in MF sites, a good relationship between LAI and o° was also shown
for these validation sites. Thus, the empirical LAI-0°, relation obtained from the MF sites was
applicable for these validation sites.

Without roughness and vegetation corrections, the correlation between soil moisture
and SAR backscattering coefficient was poor (Figure 7a); that is, the low correlation (r* =
0.36, for a confidence interval of 95%) and the low slope (0.18) was most likely due to the
influence of both soil roughness and vegetation in the backscattering process. When only soil
roughness is corrected by using the subtraction technique, the soil moisture and SAR
backscattering correlation appeared to be worse, as demonstrated in Figure 7b. We can notice
reduced r*and slope values (0.05 and 0.14, respectively), in comparison with those obtained
without correcting for soil roughness effects. The reason is that the vegetation influences at

the sites 1 and 2 were probably higher than for the other sites. Thus, although they presented
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the lowest soil moisture contents, their o°, values were relatively high. Consequently,
correction for soil roughness without considering vegetation effects may not improve soil
moisture estimation in arid and semiarid regions.

When both soil roughness and vegetation effects were corrected for, the soil moisture
and SAR backscatter correlation was substantially improved (Figure 7¢). The relatively high
> and slope values ( 0.61 and 0.57, respectively) indicate that the techniques used in this
study to account for roughness and vegetation effects were successful. However, the
correlation is still lower than expected or lower than those obtained from other regions such
as in agricultural areas or in temperate regions (> > 0.80, e.g., [2], [11]). The reason for this
low correlation is the high spatial variability of soil moisture in the study area, which was

discussed in details by Sano et al. [34].

CONCLUSIONS
In this study, we used a microwave and optical synergism to improve the soil moisture
content estimation using C-band ERS-1 SAR data in a semiarid region. The following were
the major findings:

a) the C-band radar backscattering coefficients were highly, positively correlated with leaf
area index derived from Landsat TM data. This indicates that vegetation in semiarid
regions does contribute significantly to the radar backscatter observed with SAR systems.
This was mainly due to low soil moisture contents in the semiarid regions (< 20%). In

other words, the contribution from soil moisture (typically < 20 % volumetric basis) in
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c)

d)

69
the backscattering process in semiarid regions is not significantly higher than that from
vegetation, so that the influence of vegetation becomes significant in a multitemporal

radar data analysis.

the influence of soil roughness and the vegetation in the ERS-1 SAR configuration were
significant and must be corrected when used for soil moisture estimation using C-band

SAR data.

the techniques used in this study to account for soil roughness and vegetation effects
allowed us to obtain improved soil moisture estimates and, upon validation, may provide
an easy way to correct for effects of these two parameters without using multipolarization

or multifrequency SAR data.

the o°-LAI relation obtained from the investigation sites (MF sites) performed well for
some of the validation sites; nevertheless, future research involving more multitemporal
data and more vegetation types needs to be conducted to obtain a more generic

relationship.
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Table 1. Dates for the Acquisition of Remotely Sensed and Soil Moisture Data for the
WG'92 Experiment.

Day of Year, 1992 Landsat TM ERS-1 SAR Soil Moisture Sampling
114 yes yes
116 yes
130 yes
135 yes
146 yes
162 yes yes
170 yes
178 yes yes
194 yes
210 yes
226 yes yes
240 yes
258 yes
274 yes yes
275 yes
290 yes
291 yes
306 yes
310 yes
326 yes

_206° yes yes

* Image acquired in 1994
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Table 2. (a) Radar Backscattering Coefficients (dB), (b) Leaf Area Index, and (c) %
Volumetric Soil Moisture Data from the Metflux Sites Located in the Shrub-dominated Sites
of the Walnut Gulch Experimental Watershed (1992).

Day of Year Metflux Sites
1 2 3 7 8
116 -10.61™M -9.51 -9.15 -13.91 -10.42
135 9.4 -8.85 -9.06 -12.97 -9.78
170 -11.79 -12.91 -11.09 -16.03 -12.7
240 9.75 -10.05 -10.1 -9.66 -10.78
275 -8.49 -9.58 -9.42 -11.36 -10.66
291 -10.9 -11.1 -9.53 -13.81 -10.18
310 8.3 -9.77 -9.72 -10.96 -10.96

(1) Radar backscattering coefficients (dB)

(@)

Day of Year Metflux Sites
1 2 3 7 8

114 0.47M™ 0.46 0.47 0.5 0.5

162 0.43 0.46 0.49 0.46 0.51
178 0.38 0.36 0.42 0.44 0.44
194 0.42 0.4 0.47 0.47 0.46
226 - 0.47 0.54 0.56 0.49
274 0.48 0.44 0.51 0.48 0.53
306 0.39 0.34 0.39 0.44 0.41
326 0.36 0.3 0.37 0.37 0.37

(11) Leaf Area Index values (unitless)

(b)



Table 2. Continued
Day of Year Metflux Sites

1 3 5 6
114 2,750 2.49 2.83 2.43
130 2.60 5.06 10.76 5.99
146 9.89 14.81 18.84 17.35
162 1.62 2.77 231 3.35
178 1.65 1.62 1.78 2.11
210 10.98 13.86 19.67 21.75
226 16.93 15.92 18.12 19.44
258 15.36 13.04 14.08 18.12
274 221 - 3.06 -
290 2.00 - 2.35 -

(111) Volumetric soil moisture content (%)

(c)

77,4 )
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Table 3.  Synthetic Aperture Radar and Field Data from the 21 Validation Sites Located in
the Shrub-dominated Part of the Walnut Gulch Experimental Watershed (1994 data).

Sampling UT™M UTM Backscattering Soil Moisture

Point (East-West) (North-South) Coefficient (dB) (g/g)
1 3512550 585919 -9.39 5.42
2 3511915 586178 -8.56 6.22
3 3511214 586882 -8.67 5.49
4 3509980 586177 -9.18 2.75
5 3510284 585769 -8.29 3.98
6 3505697 593802 -9.99 6.29
7 3506746 594404 -8.97 5.34
8 3507806 593359 -8.99 3.58
9 3507567 592558 -8.19 5.34
10 3511154 588333 -7.86 6.12
11 3513025 588458 -7.92 11.74
12 3512517 588488 -8.11 10.46
13 3512751 589841 -7.78 8.30
14 3511811 589109 -8.73 6.90
15 3512092 589711 -9.47 7.78
16 3511383 589706 -8.88 5.66
17 3511000 589044 -9.29 7.88
18 3512040 590393 -9.61 7.06
19 3511716 590388 -8.49 6.25
20 3510398 592299 -10.08 6.67
21 3508993 592309 -9.00 4.60

(after Sano et al. [29])



Table 3. Continued
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Bulk Density Soil Moisture Biomass Rock Fragment

(g/cm’) (cm*/em’) (g/m’) (%)
1.50 8.13
1.54 9.58 286 52
1.41 7.74
1.43 3.93
1.57 6.25 344 37
1.59 10.00 329 49
1.50 8.01 627 37
1.51 541
1.48 7.90
1.52 9.30
1.60 18.78
1.52 15.90 543 38
1.82 15.11
1.68 11.59
1.50 11.67
1.68 9.51 415 27
1.47 11.58
1.58 11.15 415 35
1.49 9.31
1.64 10.94
1.69 7.77 450 42
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Table 4. Coefficients of Determination (r*) Between Leaf Area Index and Radar
Backscattering Coefficients for the Investigation Sites Located in the Shrub-dominated Sites
of the Walnut Gulch Experimental Watershed (1992 data set).

Sampling Point Coefficient of Determination (r%)
1 0.64
2 0.60
3 0.49
4 0.44
5 0.50
6 0.50
7 0.00
8 0.01
9 0.01
10 0.24
11 0.28
12 0.37
13 0.65
14 0.55
15 0.75
16 0.36
17 0.52
18 0.85
19 0.46
20 0.47

N
-

0.47
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Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.
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FIGURE CAPTIONS

Map of the Walnut Gulch Experimental Watershed showing its location in the
State of Arizona.

Temporal patterns of the backscattering coefficients and leaf area index for
Metflux stations 1, 2, 3, 7, and 8.

Scatterplot between radar backscattering coefficients and leaf area index for
Metflux stations 1, 2, 3, 7, and 8. Numbers above symbols represent day of year
in 1992. Number of samples n = 5. S.E. = Standard error.

Scatterplot between radar backscattering coefficients corrected for topographic
effects and leaf area index from Metflux stations 1, 2, and 7. Numbers above
symbols represent the Metflux sites. The dashed lines correspond to the
confidence interval of the linear regression at 95%. S.E. = standard error; n =
number of samples.

Scatterplot between radar backscattering coefficients and percent volumetric soil
moisture content from Metflux sites 1 and 3 (a) without any correction for
roughness and vegetation effects; (b) partially corrected for soil roughness effects;
and (c) fully corrected for both roughness and vegetation effects. Numbers above
symbols represent day of year in 1992.

Temporal patterns of the backscattering coefficients and leaf area index for
validation sites with r* values higher than 0.50. Numbers above the symbols
represent day of year in 1992.

Scatterplot between radar backscattering coefficients and soil moisture content
for validation sites (a) without any correction for soil roughness and vegetation
effects; (b) corrected for soil roughness effects; and (c) corrected for both soil
roughness and vegetation effects. Sigma0 = radar backscattering coefficient. The
dashed lines correspond to the confidence interval of the linear regression at 95%.
S.E. = standard error; number of samples n =7.
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ABSTRACT

A sensitivity analysis of C-band (5.3 GHz) and Ku-band (14.85 GHz) synthetic
aperture radar (SAR) data to the bare soil moisture content of agricultural fields was
conducted in this study. The C-band data were obtained with a 23° incidence angle, whereas
the Ku-band data were obtained with 35°, 55°, and 75° incidence angles. The fields presented
either a small-scale or an intermediate-scale periodic soil roughness components, associated
with level-basin and furrow irrigation systems, respectively. For fields with a small-scale
roughness component, the SAR data were sensitive to soil moisture, particularly at the C-
band with a 23° incidence angle and Ku-band with a 35° incidence angle. For fields with a
intermediate-scale roughness component, both C- and Ku-band data were nearly insensitive
to soil moisture. By using a theoretical surface scattering model, this study also analyzed the
effects of different soil roughness components [root mean square (RMS) height A, correlation
length, and periodic row structure] in the SAR data. For fields with RMS height < 0.3 cm,
a small variation in A (from 0.1 to 0.3 cm) provoked a significant variation in the SAR data

(up to 8 dB).

INTRODUCTION
Estimation of soil moisture in agricultural areas is important for improving yield
forecasts, scheduling irrigations, and other farm management activities (Idso et al., 1975).
Although conventional ground-based soil moisture measurement techniques, such as the

neutron probe, Time Domain Reflectometry, and gravimetric methods, are accurate and
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permit measurements of the entire soil profile, they are essentially point-based measurements
at a specific time. On the other hand, remote sensing can provide indirect estimates over large
areas with frequent repeat coverage. The microwave region (from 1 mm to 1 m wavelength)
has been the most favorable spectral region for surface soil moisture studies (Schmugge,

1985; Engman and Chauhan, 1995). There is a large contrast between the dielectric constant
€ of liquid water (~ 80) and dry soil (3-5) within this spectral range, which makes the

synthetic aperture radar (SAR) data sensitive to soil moisture content (Ulaby et al., 1986;
Engman and Chauhan, 1995).

For a bare soil surface, the radar backscattering process is controlled by the dielectric
property of the soil, which is related to the soil moisture content, and the soil random surface
roughness (Ulaby et al., 1978; Bernard et al., 1982; Dobson and Ulaby, 1986; Bertuzzi et al.,
1992). One way to minimize the soil roughness influence is to use the co-polarized ratio
technique; that is, the ratio between HH and VV polarized waves. Autret et al. (1989) and
Chen et al. (1995) reported that SAR data derived from this technique are almost completely
independent of soil roughness. However, these types of data have been collected by sensors
mounted on airplanes or trucks and are available only at restricted experimental sites. No
current spacecraft system has dual-polarization capability.

Another way to minimize the influence of soil roughness is to use data from sensors
operating with a frequency and incidence angle around 5 GHz (C-band) and 10°, respectively
(Ulaby and Batlivala, 1976; Ulaby et al., 1978). However, to obtain high spatial resolutions

(magnitude of tens of meters), satellites currently carrying SAR systems are configured with
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incidence angles larger than the mentioned value: 23° for the European Remote Sensing
(ERS-1, ERS-2) satellites; and 38° for the Japanese Earth Remote Sensing (JERS-1) satellite.
The exception 1s the Canadian Remote Sensing (RADARSAT) satellite, which operates at 10°
- 60° range of incidence angle.

Ulaby et al. (1978) showed that, depending upon the combination of frequency and
incidence angle, the range of the radar backscattering coefficients o° due to variations in
surface roughness can vary up to 22 decibels (dB). In general, for smooth, bare soil surfaces
with low soil moisture contents, ¢° decreases rapidly with increasing incidence angle,
particularly at angles close to nadir (< 10°); conversely, for rough surfaces, o° decreases
gradually with increasing incidence angles. In addition, the concept of smooth and rough
surface is frequency dependent. For instance, a soil surface appears rougher for sensors
operating at 14.85 GHz (Ku-band) than for those operating at 5 GHz (C-band). The presence
of periodic row or furrow structures in some agricultural sites can also exert considerable
angular effects in the radar scattering process (Batlivala and Ulaby, 1976; Ulaby and Bare,
1979; Beaudoin et al., 1990). Thus, the sensitivity of the SAR data to soil moisture is sensor
and site-specific. In other words, to obtain improved soil moisture estimates, the effects of
soil roughness for a given sensor configuration and field condition need to be addressed by
using either experimental data or theoretical/semiempirical models.

The objectives of this study were: a) to investigate the sensitivity of the C-band SAR
data acquired at 23° incidence angle and the Ku-band SAR data acquired at three incidence

angles (35° 55°, and 75°) to the bare soil moisture content over agricultural fields with
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different periodic row structures; and b) by using the theoretical surface scattering model
developed by Ulaby et al. (1982a), investigate the sensitivity of SAR data to the following soil
roughness components in the SAR data: root mean square (RMS) height 4, correlation length
L, and periodic row structure. The above mentioned sensor configurations were chosen

because of their availability on existing aircraft and satellite platforms.

EXPERIMENTAL DESIGN
Site Description

The study site was at the University of Arizona's Maricopa Agricultural Center
(MAC), a 770 hectare research and demonstration farm located south of Phoenix (33.08° N
latitude, 111.98° W longitude), Arizona. Sandy loam, sandy clay loam, and clay loam are the
predominant soil surface textures at the farm (Post et al.,, 1988). The major crop types consist
of alfalfa grown year-round with 7 or 8 harvests per year; cotton, grown during the summer;
and wheat, grown during the winter (Moran et al., 1996). Furrow and level-basin are the
predominant irrigation systems.

The terrain was flat so that the geometric distortions in the radar data due to
topographic effects were negligible. The rectangular-shaped fields are oriented in either
North-South (N-S) or East-West (E-W) directions. Each field was subdivided into smaller
areas defined as borders’. All fields selected contained the following structures produced by
different tillage practices (Figure 1): a) a small-scale, periodic pattern associated with planting

row structures with level-basin irrigation systems; or b) an intermediate-scale, periodic pattern
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with furrow irrigation systems. These periodic structures were randomly perturbed by the

presence of soil clods.

Synthetic Aperture Radar (SAR) Data

A set of airborne, 16-bit magnitude SAR images acquired on January 30, 1996,
provided by the Sandia National Laboratories (SNL) in Albuquerque, New Mexico, were
analyzed in this report. The sensor operated at 14.85 GHz (Ku-band) frequency, three
incidence angles (35°, 55°, and 75°), VV polarization, and 2 meter nominal spatial resolution.
The radar look-direction was N72°E. Another 16-bit amplitude SAR image acquired by the
ERS-2 satellite on January 31, 1996 was also analyzed. This satellite operates at 5.3 GHz (C-
band) frequency, 23° incidence angle, VV polarization, and 30 m nominal spatial resolution.

All images were georeferenced to the Universal Transverse Mercator coordinate
system (zone 12, 1927 North American Datum, Clarke 1866). The total root mean square
(RMS) errors of image registration were ~ 1.0 pixel for Ku-band and ~ 1.5 pixel for C-band.

Radar backscattering coefficients (0°) were extracted using the following equations:

¢° (dB, C-band) - 10 log (DN * + STD?) - K, 1)

¢° (dB, Ku-band) - 10 log[(DN + K,)] )

where DN is the digital number for each border; STD is the standard deviation; and K, and

K, are the calibration constants (63.8 dB and 0.001426 dB, respectively). The averages and
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standard deviations for the C- and Ku-band o° calculations were obtained using at least 40

and 2000 pixels per border, respectively.

Ground-Based Measurements

A field survey was conducted on January 30, 1996, to record border-by-border
qualitative estimates of the soil moisture and soil roughness conditions. The percent of crop
cover was also registered. Based on this survey, the following fields were selected for ground
truth measurements (Figure 2): a) fields with planting row structures: 18 (borders 1, 15, and
16); 23 (borders 6, 7, 8, and 9); 26 (borders 1, 5, 9, and 13); and 34 (all 16 borders), b)
furrowed fields: 13 (borders 1, 2, 3 and 4); 21 (borders 1, 2, 5 and 6); 27 (borders 3 and 5),
and 31 (borders 1 and 2).

These fields were characterized by bare soil or near-bare soil (less than 5 % of wheat
cover) conditions and various soil roughness structures. The borders were selected taking into
consideration the soil moisture variability within the field. Soil samples for gravimetric soil
moisture measurements within the top 2 cm were collected in these fields during the Ku-band
overpass. Because of the high homogeneity of the soil moisture condition within each border
in the fields with planting row structures, one sample per border was collected at the center
of the border. For the fields with furrow structures, three samples located at the bottom,
middle and top of the furrows were collected and averaged for one reading. Volumetric soil
moisture contents (Mv) were derived by assuming an average bulk density of 1.4 g/em’® for

the farm (D.F. Post, personal communication, 1996). This value is in the range of MAC's bulk
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densities found by Post et al. (1988) for 0-30 cm depth (from 1.40 to 1.45 g/cm?).

Surface soil roughness was measured during the following days from the Ku-band
overpass using a roughness meter consisting of a row of 100 equally spaced pins (Simanton
et al., 1978). The device was aligned in the same radar look-direction (N72°E). Figure 3
shows an example of roughness sampling in fields with N-S planting row structure and E-W
rough furrow structure, respectively. A total of 16 measurements per field were made for
those with planting row structures. For furrowed fields, 32 measurements were collected per
field; that is, two per border: one at the top of the furrow and another at the bottom of the
furrow. The lines formed by 100 point readings were digitized in a Geographic Information

System software package (Arc/Info) to calculate the roughness indices.

Theoretical Surface Backscattering Model at the MAC

The theoretical surface backscattering model used in this study is validated for
randomly perturbed periodic surfaces and was developed by Ulaby et al. (1982a). The
backscattering coefficients are derived by assuming that the scattering process is caused
exclusively by the random part of the surface (Ulaby et al., 1986). The periodic component
modulates the local slope a of the superimposed random component. Radar backscattering

coefficients 0°(0) are calculated by:

T
0%(8) - — [0°(8,) sec(x) dy )
T o

where 0 is the incidence angle of the sensor; 7 is the one spatial period of the row structure
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(row spacing) in the direction y; and 6, is the local incidence angle.

In practice, since the SAR resolution cell (~ 30 m for C-band and ~ 2 m for Ku-band)
contains many row spatial periods (23.6 cm), ¢°(6) is obtained by calculating a certain
number of local backscatter coefficients 0°(0,) over a differential segment dy and by
integrating them along a spatial period 7 (Beaudoin et al., 1990). The term 0°(6,) accounts
for the scattering from the random component and the term sec(e) accounts for the periodic
component of the soil surface. The angles « and 0, are calculated by each segment dy as

follows:

(4)

0.-0-c &)

where dR(y) is the relative height of the periodic component at a distance dy.

The Integral Equation Model (IEM) developed by Fung and Chen (1992) was used
to estimate the o°(6,) values. The input data for the model are the wavelength A, type of
polarization, incidence angle of the sensor, dielectric constant e, RMS height h,
autocorrelation function p(x"), type of autocorrelation function, and correlation length L of
the soil surface. Dielectric constants were derived from the following relation (Topp et al.,

1980; Topp and Davis, 1985):

Mv - -0.0530 + 0.0292 ¢ - 0.00055 ¢ + 0.0000043 ¢* (6)



98
where My is the volumetric soil moisture content. This equation has been validated for a wide
range of mineral soils and various soil moisture conditions (Altese et al., 1996).

The parameters h, p(x'), and L are related to the random soil roughness and were
obtained from the height measurements using a device developed by Simanton et al. (1978).
Because of the presence of the periodic components in these measurements, the random
components were separated from the periodic components using the Fourier and the Inverse
Fourier transforms. The RMS height  corresponded to the standard deviation of heights
relative to a reference surface. The autocorrelation function for a spatial displacement x' = (j-

1)Ax, where j is an integer > 1 is given by (Ulaby et al., 1982b):

Noly

px) - )

where z; is the height z at a point i.
The surface correlation length L is defined as the displacement x' for which p (x') is

equal to 1/e, that is:

p(L) - 1 (8)
e

Fields 23 and 34 (planting row structures oriented approximately perpendicular to the
radar beam direction) were selected to investigate the performance of the theoretical model

for the sensor configurations analyzed in this study. Data from furrowed fields were not
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analyzed because the IEM model used in this study was an approximation of the complete,
but complex version. This approximate version is valid only for surfaces with small to
moderate RMS heights or for low to medium frequencies (Altese et al., 1996). The following
assumptions were made for the modeling: a) the influence of sparse vegetation cover (<5%
cover by wheat) in the radar backscattering process was negligible; and b) the influence of soil
volumetric scattering was also considered negligible since SAR systems operating at high
frequencies have a short penetration capability into the soils (~ 2 cm). The sensor
configuration with the best performance was used to investigate the sensitivity of o° to
different soil roughness components in the scattering process. The criteria used to define the
best performance was the Mean Absolute Difference (MAD):

MAD = | 6°sstvateD - O “MEASURED | 9
where 6°ggrpamen Tefers to the o° estimated by the model and o °ygasurep refers to the o°

measured by the SAR systems.

RESULTS
Field Data
Tables 1 and 2 summarize the field data obtained for this study. All fields were either
bare soils or near bare soils with a maximum of 5% wheat cover. The volumetric soil moisture
content ranged from 8 to 42%. The row spacing and amplitude for the fields with small scale
row structures were 23.6 and 1.7 cm, respectively; for the intermediate-scale furrowed fields,

the furrow spacing and amplitude were 95 and 22 cm, respectively.
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Sensitivity of Measured SAR Backscatter to Soil Moisture

Figure 4 presents the scatterplot between radar backscattering coefficient o° and %
volumetric soil moisture content Mv for fields with a planting row structure. The test of
significance for the correlation coefficients indicated that the correlations were significant at
the 0.01 critical value. The highest slope (28.18) for the C-band at a 23° incidence angle
indicated that this configuration was the best to estimate soil moisture. Among the Ku-band
configurations, the 35° incidence angle was the best (slope = 23.71, r* = 0.91, for a confidence
level of 95%), whereas the 75° incidence angle was nearly insensitive to the soil moisture.
Despite an overall positive trend, the Ku-band at a 55° incidence angle was nearly insensitive
to soil moisture when the latter was smaller than 25%. The sensitivity of ¢° to the planting
row direction was weak: for similar soil moistures, the ¢° values from fields with N-S planting
rows (Fields 23 and 34) were also approximately similar to those from fields with E-W
planting rows (Fields 18 and 26).

Figure 5 shows the scatterplot between ¢° and Mv from the furrowed fields. The
backscattering coefficients from all borders with the same soil moisture contents within the
same field were averaged. The o¢° was insensitive to soil moisture for all sensor
configurations, most likely because of the dominant influence of the soil roughness (presence
of large soil clods, with a diameter higher than 15 cm, see Figure 2) in the backscattering
process. We can also notice that the C-band backscatter coefficient was affected primarily by
furrow direction. Regardless of the soil moisture content, the N-S oriented furrow structure

of Field 31 presented the highest o° values in this frequency.
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Performance of the Theoretical Model: comparison with the experimental data
In this section, the performance of the theoretical model was verified by comparing
the o° derived by the model with the experimental data from Fields 23 and 34. The small-
scale, periodic roughness pattern of these fields was found to be described by a cosine wave

function with period T = 23.6 cm and amplitude A = 1.7 cm; that is:

y =17 cos (

23“ x+m)+ 17 (10)

23.6

Sixteen different values of «, one at each dy = 1.5 cm, were calculated to estimate
0°(0,) (see Eq. 3). An example of ground profiles sampled by the roughness meter, its
periodic components split from the random component using a Fourier and inverse Fourier
transform, and its sinusoidal function modeled by Eq. 10, are shown in Figures 6a, 6b, and
6¢, respectively. Regarding the random roughness component, the calculated autocorrelation
function for the MAC data set was found to be closer to an exponential function, with a
correlation length L = 5 and 6 cm for Fields 23 and 34, respectively. Previous studies (Fung
et al,, 1992; Oh et al., 1992) also showed that an exponential function was applicable to bare
soil surfaces. Table 3 indicates the dielectric constant € and the RMS height k values obtained
from Fields 23 and 34. An average RMS height & of 0.3 cm for both fields was used to
calculate o°(0). The o°(0) for the seven borders (10-16) of Field 34 for 35° and 75° incidence
angle were not generated because measured SAR data were unavailable.

The model presented an overall underestimation for the Ku-band and an
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overestimation for the C-band (Figure 7). The lowest mean absolute difference (MAD) was
found for Ku-band with a 55° incidence angle (MAD = 2.6 dB), while the highest value was
found for Ku-band with a 75° incidence angle (MAD = 5.5 dB). The C-band with a 23°
incidence angle and the Ku-band with a 35° incidence angle presented intermediate differences
(MAD = 3.67 and 4.10, respectively).

The weak performance of the model was provoked by the high sensitivity of the [EM
to the soil roughness, as already reported by Altese et al. (1996). Thus, a small error in the
RMS height calculation can affect the o° derivation significantly. For instance, the MAD for
Ku-band with a 55° incidence angle can be reduced by its half value (from 2.6 dB to 1.3 dB)
if we use A = 0.4 cm, instead of 0.3 cm. Therefore, the accuracy of the RMS height
measurements is the key issue to obtain an accurate soil moisture retrieval from inversion

procedures.

Sensitivity of the model to different soil roughness components
Because of its lowest mean average difference, the Ku-band with a 55° incidence angle
was chosen to investigate the sensitivity of o° to the different soil roughness components
(RMS height, correlation length, and periodic row spacing). The results are shown in Table
4. We can notice that:
1. the sensitivity of o° to the soil surface roughness was significant, particularly for fields with
RMS height # < 0.3 cm. A variation of / from 0.1 cm to 0.3 cm provoked a variation in

o°of ~ 9 dB. The RMS height influence decreased significantly when 4 was higher than
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0.3 cm (o° variation of ~ 3 dB for a variation in h from 0.3 to 0.5 cm).

2. the sensitivity of o° to the soil moisture was independent of roughness condition. A
variation of ~ 9 dB was found for a soil moisture variation from 5 to 45%, regardless of
soil roughness condition.

3. for fields with & < 0.3 cm, the sensitivity of o° to the soil roughness is much higher than
the sensitivity to the soil moisture. A variation in RMS height from 0.1 cm to 0.3 cm
provoked the same magnitude of o° variation for a soil moisture variation from 5 to 45%.

4. the sensitivity of the o° to the correlation length L was low. The ¢° variation due to an
increment of 2 cm in L was < 1.7 dB.

5. the sensitivity of o° to the periodic row structure was not significant. The effect of

periodic planting row structures in the o° derivation was < 0.6 dB.

CONCLUDING REMARKS

The results of this investigation presented two opposite results. SAR data from MAC
was sensitive to the soil moisture for fields with planting row structures, particularly for the
C-band with a 23° incidence angle and the Ku-band with a 35° incidence angle. The direction
of the small-scale, periodic roughness components did not present any influence in the
scattering process, regardless of frequency and sensor incidence angle. For the Ku-band with
a 55° incidence angle, the radar data were nearly insensitive to the soil moisture when the
latter was smaller than 25%. However, for furrowed fields, the SAR data from all

configurations analyzed in this study were insensitive to soil moisture content. The relatively
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large, randomly distributed soil clods in the furrowed fields most likely played a major role
in the radar backscattering process. The influence of the furrow direction was verified only
at the C-band configuration, where the o° values from N-S oriented furrowed fields were
higher than from any other E-W oriented fields, regardless of soil moisture content.

Therefore, the estimation of soil moisture from furrowed fields using SAR data
operating at a single polarization and a single frequency seems to be difficult, unless some
technique to reduce the effects of soil roughness is applied. Sano et al. (1997) obtained an
improved soil moisture estimation from a rocky soil in a semiarid region by subtracting wet
season o° from a dry season o°. The assumption was that the SAR data from a dry season
was dependent only on the soil roughness. This technique, upon validation, can be an easy
way to reduce the soil roughness effects and should be also tested in agricultural fields.

The performance of the theoretical model was relatively weak because of the high
sensitivity of the IEM to the soil roughness, particularly for fields with RMS height < 0.3 cm.
Therefore, in such roughness conditions, the inversion of ¢° to the soil moisture is not reliable
without an accurate information of soil roughness. Research to determine the number of soil
roughness samples necessary to obtain accurate RMS heights needs to be conducted. Results
from this study and from Altese et al. (1996) suggest that an accuracy of + 0.01 cm in RMS
height calculation should be considered.

The IEM used in this study was an approximate model of its complete version. The
complete version describes the backscattering process without any limitation on roughness

or frequency, whereas the approximate version is valid for surfaces with small to moderate
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RMS heights or for low to medium frequencies (Altese et al., 1996). Despite its complexity,
the complete version of IEM should be considered in the future to investigate the influence
of different soil roughness parameters in MAC furrowed fields or in any other farm with

similar field conditions.
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Table 1. Field Data from Maricopa Agricultural Center Acquired on January 30 and 31,

1996: Fields with Planting Row Structure.

Field Border Row Direction Crop Cover Volumetric Soil Moisture
Content (%)
18 1 E-W Wheat (< 3 %) 42
15 10
16 14
23 6 N-S Wheat (< 5 %) 36
7 35
8 13
9 10
26 1 E-W Wheat (< 1 %) 10
5 11
9 8
13 10
34 1 N-S Wheat (< 1 %) 24
2 20
3 15
4 15
5 15
6 14
7 14
8 20
9 20
10 24
11 29
12 31
13 36
14 34
15 32
16 35
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Table 2. Field Data from Maricopa Agricultural Center Acquired on January 30 and 31,

1996: Furrowed Fields.

Field  Border Furrow Direction ~ Crop Cover Volumetric Soil
Moisture Content (%)
13 1 E-W Bare Soil 8
2 8
3 7
4 8
21 1 E-W Wheat (<5 %) 25
2 Wheat (<5 %) 20
5 Bare Soil 8
6 Bare Soil 8
27 3 E-W Wheat (< 1 %) 34
5 20
31 1 N-S Bare Soil 24
2 11
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Table 3. Dielectric Constant and RMS Height Data Calculated for Fields 23 and 34.

Field Border Dielectric Constant RMS height (cm)
23 5 21 0.3
6 20 03
7 7 0.2
8 6 03
34 1 13 0.2
2 11 0.3
3 8 0.4
4 8 0.3
5 8 0.2
6 8 03
7 8 0.3
8 11 02
9 11 0.2
10 13 04
11 16 03
12 17 0.3
13 21 0.5
14 20 03
15 18 0.3

0.3

[
(o)}
N
o
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Table 4. Influence of (a) RMS Height A, (b) Correlation Length L, and (c) Periodic Row
Structure in the Surface Scattering Process for the Ku-band with a 35° Incidence Angle.

Soil Moisture (%) Dielectric RMS height /2 (cm)
Constant 61 h,=03 h=05 hy-h  h-h

5 3.8 -29.29 -20.75 -18.08 8.54 2.67
10 58 -26.67 -18.06 -15.23 8.61 2.83
15 8.1 -25.02 -16.36 -13.43 8.66 293
20 10.6 -23.90 -15.20 -12.20 8.70 3.00
25 13.4 -23.03 -14.31 -11.26 8.72 3.05
30 16.6 -22.32 -13.58 -10.50 8.74 3.08
35 20.4 -21.70 -12.95 -9.83 8.75 3.12
40 25.0 -21.14 -12.38 -9.24 8.76 3.14
45 30.8 -20.62 -11.85 -8.69 8.77 3.16

(Highest - Lowest) 27.0 8.67 8.90 9.39

Difference

(a)
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Table 4. - Continued

Soil Moisture (%)  Dielectric RMS height # (cm)
Constant =y 01 1,=03 h,=05 h-h  h-h,
5 3.8 -19.04 -20.75 -21.99 1.71 1.24
10 58 -16.35 -18.06 -19.29 1.71 1.23
15 8.1 -14.65 -16.36 -17.59 1.71 1.23
20 10.6 -13.49 -15.20 -16.43 1.71 1.23
25 13.4 -12.60 -14.31 -15.54 1.71 1.23
30 16.6 -11.87 -13.58 -14.81 1.71 1.23
35 20.4 -11.24 -12.95 -14.18 1.71 1.23
40 25.0 -10.37 -12.38 -13.61 2.01 1.23
45 30.8 -10.14 -11.85 -13.08 1.71 1.23
(Highest - Lowest) 27.0 8.90 8.90 891
Difference

(b)
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Table 4. - Continued

Soil Moisture (%) Dielectric  Contribution (dB) Contribution (dB) S,-§,
Constant from Soil Clods from Soil Clods and

Sy Row Structures (S,) °
5 3.8 -21.32 -20.75 0.57
10 5.8 -18.56 -18.06 0.50
15 8.1 -16.82 -16.36 0.46
20 10.6 -15.62 -15.2 0.42
25 13.4 -14.71 -14.31 0.40
30 16.6 -13.96 -13.58 0.38
35 204 -13.31 -12.95 0.36
40 25.0 -12.73 -12.38 0.35
45 30.8 -12.19 -11.85 0.34
(Highest - Lowest) 27.0 9.13 8.90

Difference

# Calculated from Integral Equation Model
Calculated from Ulaby et al. (1982a) model




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

115"

FIGURE CAPTIONS

Schematic soil surface roughness components of Maricopa Agricultural Center
fields, (a) small-scale periodic roughness;(b) intermediate-scale periodic roughness.

C-band ERS-2 SAR image of Maricopa Agricultural Center with fields selected for
ground truth measurements.

Examples of soil roughness measurements, (a) Field 34, border 2, with
approximately North-South planting row structure; and (b) Field 21, border 2, with
approximately East-West furrow structure.

Scatterplot between SAR data and % volumetric soil moisture content for fields
with planting row structure, (a) the Ku-band with a 35° incidence angle; (b) the
Ku-band with a 55° incidence angle; (c) the Ku-band with a 75° incidence angle;
and (c) the C-band with a 23° incidence angle. 1 = Field 18; 2 = Field 23; 3 = Field
26; 4 = Field 34. The dashed lines correspond to the confidence interval of the
linear regression at 95%. S.E. = standard error; n = number of samples.

Scatterplot between SAR data and % volumetric soil moisture content for
furrowed fields, (a) the Ku-band with a 35° incidence angle; (b) the Ku-band with
a 55° incidence angle; (c) the Ku-band with a 75° incidence angle; and (c) the C-
band with a 23° incidence angle. 1 = Field 13; 2 = Field 21; 3 = Field 27; 4 = Field
31. The dashed lines correspond to the confidence interval of the linear regression
at 95%. S.E. = standard error; n = number of samples.

Example of (a) ground profile sampled in the field, (b) its periodic roughness
component, and (c) its sinusoidal function. Data from Field 34, border 5.

Scatterplot between modeled and measured radar backscattering coefficients.
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