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Abstract

The objective of this investigation is to analyze the sensitivity of ASAR (Advanced Synthetic
Aperture Radar) data to soil surface parameters (surface roughness and soil moisture) over
bare fields, at various polarizations (HH, HV, and VV) and incidence angles (20°—43°). The
relationships between backscattering coefficients and soil parameters were examined by
means of 16 ASAR images and several field campaigns. We have found that HH and HV
polarizations are more sensitive than VV polarization to surface roughness. The results also
show that the radar signal is more sensitive to surface roughness at high incidence angle (43°).
However, the dynamics of the radar signal as a function of soil roughness are weak for root
mean square (rms) surface heights between 0.5 cm and 3.56 cm (only 3 dB for HH
polarization and 43° incidence angle). The estimation of soil moisture is optimal at low and
medium incidence angles (20°-37°). The backscattering coefficient is more sensitive to
volumetric soil moisture in HH polarization than in HV polarization. In fact, the results show
that the depolarization ratio ounomy’ is weakly dependent on the roughness condition,
whatever the radar incidence. On the other hand, we observe a linear relationship between the
ratio opn /oy’ and the soil moisture. The backscattering coefficient ratio between a low and a
high incidence angle decreases with the rms surface height, and minimizes the effect of the
soil moisture.



1. Introduction

The use of Synthetic Aperture Radar (SAR) data to retrieve soil moisture and surface
roughness parameters is of considerable importance in many domains, including agriculture,
hydrology, and meteorology. SAR data based on a single configuration, such as ERS-1/2
(European Remote Sensing) with VV polarization and a 23° incidence angle, and
RADARSAT-1 with HH polarization and incidence angles ranging from 20° to 50°, have
been used for retrieving both soil moisture and surface roughness (e.g. Baghdadi et al., 2002a,
Dobson & Ulaby, 1986, Dubois et al., 1995, Fung, 1994, Le Hégarat et al., 2002, Oh et al.,
1992, Srivastava et al., 2003, Ulaby et al.. 1986 and Zribi & Dechambre. 2002).

The radar signal, which depends on various radar parameters (incidence angle, frequency, and
polarization), is also correlated, for bare soils, with soil surface roughness and moisture
content. Monitoring the evolution of surface roughness is a way of estimating erosion risk,
particularly in agricultural areas. Experimental results and studies using simulation models
have shown that the radar signal is more sensitive to surface roughness at high incidence
angles than at low incidence angles (e.g. Baghdadi et al., 2002b, Fung & Chan, 1992 and
Ulaby et al., 1986). Geng et al. (1996) and Baghdadi et al. (2003) found that HH polarization
is slightly more sensitive than VV polarization to soil surface roughness.

Surface soil moisture plays a crucial role in the continental water cycle, more specifically on
the distribution of precipitation between surface runoff and infiltration. Bruckler et al. (1988),
based on experimental measurements on a clay loam soil and a wave propagation model,
found that in the case of C-band, HH polarization, and a 15° incidence angle, the penetration
depth of the radar signal decreases from about 5 cm with a soil moisture content of 10%, to 1
cm with a soil moisture content of 30%. The potential of SAR for detecting changes in surface
soil moisture conditions has been demonstrated in the past (e.g. Dobson & Ulaby, 1986,
Dubois et al., 1995, Fung, 1994, Geng et al., 1996, Le Hégarat et al., 2002, Le Toan, 1982 and
Ulaby et al., 1986). Beaudoin et al. (1990) and Geng et al. (1996) reported that for soil
moistures lower than 30-35%, the backscattering sensitivity is slightly higher for VV
polarization than for HH polarization. However, the estimation of soil moisture using C—band
is optimal at low incidence angles (10°-20°), with a minimum influence of soil surface
roughness (Ulaby et al., 1978).

This paper investigates the sensitivity of the ASAR (Advanced Synthetic Aperture Radar)
signal to soil surface parameters (soil roughness and soil moisture) at various polarizations
(HH, HV, VV) and incidence angles (20°—43°). ASAR operating in the C-band (5.33 GHz)
allows the acquisition of images in dual-polarization mode (two simultaneous polarizations
selected from the four polarizations HH, HV, VH, and VV). In this study we also analyze the
sensitivity of the depolarization ratio GHHO/GHVO and the radar signal ratio at low and high
incidence angles according to soil surface parameters.



2. Data set

2.1. Experimental sites and ASAR data
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Fig. 1. Location map of the study sites.

Sixteen ASAR/ENVISAT images were acquired for several dates and different polarizations
(HH, HV, and VV) with incidence angles between 20° and 43°, over two study sites (Fig. 1
and Table 1). The first study site is located at Villamblain in central France (latitude 48° 00
N, longitude 01° 34" E), the second is located in the Touch catchment basin in southern
France, near Toulouse (latitude 43° 27.5" N, longitude 01° 02" E). These sites are
characterized by large agricultural fields with homogenous soils composed of about 60%
loam, 30% clay, and 10% sand for the first site (Macaire, 1971), and about 55% loam, 21%
clay, and 24% sand for the second (CRAMP, 1995). The spatial resolution and the pixel
spacing of ASAR images are about 30 x 30 m and 12.5 X 12.5 m, respectively. Absolute
calibration of the ASAR images was carried out to transform the radar signal (a digital
number) into a backscattering coefficient (¢°). All images were georeferenced using
topographic maps with a root mean square error of the control points of about 20 m. The
registration error of the ASAR images is taken into account by selecting areas of interest
(AOI) within each training site and removing 2 pixels relative to the limits defined by the
GPS control points. Most of the ASAR images were acquired in HH and HV polarizations;
only three images were acquired in VV polarization.




Date
(dd/mmlyy)

09/02/03

23/09/03

26/09/03
29/09/03

02/10/03

09/10/03

15/10/03

03/11/03

09/11/03

25/11/03

02/12/03

08/12/03

14/12/03

13/03/04

17/04/04

20/04/04

Site

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Villamblain

Touch

Touch

Villamblain

Sensor
mode-
incidence
angle
1S5-37°
1S6-40°

1S4-34°
1S2-24°

IS1-20°

IS7-43°

IS1-20°

1S2-24°

IS5-37°

1S4-34°

IS6-40°

1S2-24°

IS5-37°

IS7-43°

IS7-43°

1S6—40°

Polarization

HH and HV

HH and HV

HH and HV

HH and HV

HH and HV

HH and HV

HH and HV

HH and VV

HH and VV

HH and HV

HH

HH

HH

HH and HV

HH and VV

HH and HV

Soil moisture
(%) [min-
mean-max]

[25.3-27.8—
30.8]

[8.8-16.3—
21.8]

[5.4-6.7-10.6]
[5.4-6.7-10.6]

[14.3-18.2—
21.9]

[17.7-24.2—
32.5]

[12.1-21.2-
30.7]

[25.5-31.5-
35.5]

[18.9-26.1—
31.3]

[25.1-31.6-
37.2]

[28.2-32.3—
36.1]

[19.7-25.6-
34.1]

[22.5-28.6-
35.1]

[34.4-42.3-
47.3]

[32.7-39.0-
46.5]

[24.0-28.9—
33.5]

Soil
density
[min-max]

bulk

[0.86-0.94]

[0.94-1.28]

[0.94-1.28]
[0.94-1.28]

[0.94-1.28]

[0.94-1.28]

[0.94-1.28]

[0.94-1.19]

[0.94-1.19]

[0.94-1.19]

[0.94-1.17]

[0.94-1.17]

[0.94-1.17]

[1.19-1.66]

[1.05-1.65]

[1.11-1.34]

Soil roughness
(cm) [min-
max]

[0.74-3.13]

[0.65-1.89]

[0.65-2.21]
[0.65-2.21]

[0.65-2.21]

[0.66-1.79]

[0.66-1.79]

[0.87-3.22]

[0.87-2.60]

[0.84-2.60]

[0.84-2.40]

[0.84-2.40]

[0.84-2.40]

[0.50-3.56]

[0.77-3.52]

[0.78-3.03]

Table 1. : Main characteristics of the data set used in this study: image characteristics, range
of soil moisture, soil bulk density, and soil surface roughness

2.2. Experimental measurements

Simultaneously with the radar measurements, ground truth measurements of soil roughness,
moisture content, and bulk density were carried out on several bare soil training sites. The
number of training sites ranged from 17 to 23 for each campaign. Gravimetric soil moisture



samples were collected randomly: about 10 samples per field were taken at 0—-5 cm depths.
The gravimetric soil moisture content was calculated by drying the samples at 105°C for 24 h.
The volumetric soil moisture (m,) was then obtained by multiplying the gravimetric soil
moisture by the bulk density. Three bulk density measurements were carried out for each
training site using cylindrical samples of 500 cm® volume and 9 cm depth. The volumetric soil
moisture is obtained from:

Wivet — Wy
my = |——=|pp

Wary

where wye: and wyry are the wet and dry sample weights, respectively, and py, is the dry soil
bulk density. The soil moisture measurements used in this study were measured within +2 h
of the radar acquisition for most of the ASAR overpasses. The soil moisture contents range
from 5.4% to 47.3% with a standard deviation of about 1.7%; the bulk densities range from
0.86 to 1.66 with a standard deviation of about 0.06. The lower values of bulk density
correspond to recently tilled fields and the high values to untilled fields.

Soil roughness measurements were carried out using a pin-profiler (2 m long, 1 cm sampling
interval). Ten roughness profiles were established for each training site, in two directions:
parallel and perpendicular to the row direction (5 for each). It is usually assumed that the
statistical properties of surface roughness conditions may be summarized using only two
parameters: the root mean square (rms) surface height and the correlation length (L). The rms
surface height represents the vertical variations of the surface roughness whereas the
correlation length is defined as the displacement for which the autocorrelation function of the
profile is equal to 1/e, Ulaby et al. (1982). After digitising the profile photographs, the rms
surface height and correlation length were calculated for each training site using the mean of
the ten autocorrelation functions. Soil surface roughness measurements were carried out for
each date on which an ASAR image was acquired, except when no roughness change was
observed. As the correlation length is the least accurate parameter and also the most difficult
to measure, we decided not to use it in this study. Based on simulations, Oh and Kay (1998)
showed that correlation length measurements are unreliable when conventional profilometers
of 1 or 2 m long are used (error over 50%), whereas the accuracy associated with the rms is of
the order of 15%.

The rms values, which depend on the type of agricultural activity, fluctuate in this study
between 0.5 cm and 3.56 cm, with the lower values mainly corresponding to sown fields and
the higher values to recently ploughed fields. The contours of training sites were determined
using GPS points and SPOT images acquired in 2003. The mean backscattering coefficient
(6°) was then calculated for each training site using all the pixels within the training site.



3. Results and discussion

3.1. Relationship between backscattering coefficient and surface
roughness
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Fig. 2. Variations of the backscattering coefficient in HH and HV polarizations as a function of rms surface
height for three ranges of incidence angle: (a) HH: 20°-24°, (b) HH: 34°-37°, (c) HH: 40°—43°, (d) HV: 20°-
24°, (e) HV: 34°-37°, and (f) HV: 40°-43°. The line represents the best fit of the experimental points.



In order to analyze the behavior of the ASAR signal as a function of the surface roughness,
the backscattering coefficient (¢°) was plotted for all data, independent of soil moisture. We
have classified the ASAR images into three groups of incidence angle: (1) low incidence
angle: 20°-24°, (2) medium incidence angle: 34°-37°, and (3) high incidence angle: 40°—43°.
For each group, Fig. 2 shows the relationship between the backscattering coefficient and the
rms surface height for HH, HV, and VV polarizations.

The results show that the backscattering coefficient for HH and HV polarizations increases
with the rms surface height. The radar signal is more sensitive to surface roughness at high
incidence angles, as suggested by Baghdadi et al. (2002b). The dynamics of the radar signal,
which are the same for HH and HV polarizations, are weak for rms between 0.5 and 3.56 cm:
about 1 dB for incidence angles between 20° and 24°, 2 dB for incidence angles between 34°
and 37°, and 3 dB for incidence angles between 40° and 43°.

In VV polarization, the backscattering coefficient is weakly dependent on the rms surface
height whatever the incidence angle (24°, 37°, and 43°: Fig. 2g). The results show that the HH
and HV polarizations are more sensitive than the VV polarization to surface roughness. Many
studies have reported similar results (e.g. Baghdadi et al., 2003, Fung, 1994 and Geng et al.,
1996). Under very wet conditions, at soil moistures greater than 35% (13 March and 17 April
2004), the backscattering coefficient becomes almost independent of the surface roughness
for all polarizations (Fig. 2¢, f and g).

With HV polarization and low incidence angles (20°-24°), the results show a weak
correlation between radar signal and surface roughness (Fig. 2d). In practice, the
backscattering coefficients for ASAR images acquired at different dates are similar in
magnitude for all soil moisture levels.

Fig. 3 presents the values of the depolarization ratio om’ / oy’ in terms of the rms surface
height for the three groups of incidence angle. This ratio shows no significant dependence on
the roughness condition, whatever the radar incidence. The ratio onn/omy’ decreases with the
incidence angle.

3.2. Relationship between backscattering coefficient and soil moisture

The backscattering coefficient was plotted as a function of soil moisture for all data, whatever
the rms surface height. For each group of incidence angles, Fig. 4 shows a linear relationship
between the soil moisture and the backscattering coefficient in HH and HV polarizations. In
VV polarization, owing to the lower range of moisture content (only 10%) for each group of
incidence angles, no relationship could be established between the radar signal and the soil
moisture.
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In fact, the backscattering coefficient increases with the volumetric soil moisture for values
between 5% and 35%. For an incidence angle of 20°-24°, the sensitivity of the radar signal to
soil moisture is higher in HH polarization than in HV polarization (0.18dB/% and 0.02dB/%,
respectively). The results show that in HH polarization, sensitivity increases slightly when the
incidence angle rises from 20°-24° to 34°-37° (from 0.18 to 0.22), and decreases to 0.12 for
incidence angles of 40°—43°. In HV polarization, sensitivity increases significantly from 20°-
24° to 34°-37° (0.02dB/% and 0.17dB/%). For an incidence angle of 40°—43°, the difference
in sensitivity between HH and HV polarizations is minor (of the order of 10%).



Geng et al. (1996) reported that the slope of the regression between the radar signal, in C-
band and for an incidence angle of 55°, and the soil moisture is higher for HH polarization
than for HV polarization. Other studies found that the sensitivity of the radar signal to soil
moisture is lower in HH polarization than in HV polarization for an incidence angle between
20° and 30° (e.g. Hirosawa et al., 1978, Hirosawa et al., 1980, Kobayashi & Hirosawa, 1984,
Le Toan, 1982 and Ulaby et al., 1978).

For very wet soils (soil moisture greater than 35%), the radar signal does not seem to increase
linearly with the soil moisture (Fig. 4b, c, e and f). In fact, the backscattering coefficient
remains constant with increasing volumetric soil moistures. This result has been observed in
many studies (e.g. Bruckler et al., 1988, Chanzy, 1993 and Dobson & Ulaby, 1981).

We observe a higher dispersion of measurement points for the ASAR data at high incidence
angles (40°—43°): this dispersion is due to the strong influence of the surface roughness
parameter (Fig. 4c and f). We conclude that the estimation of volumetric soil moisture is
better at low and medium incidence angles, with a minimum influence of soil surface
roughness, than at high incidence angles.

Fig. 5 presents the ratio GHHO/GHVO in terms of the volumetric soil moisture for the three
groups of incidence angles. We observe a linear relationship between the radar signal and the
volumetric soil moisture. The sensitivity of the signal decreases with the incidence angle,
while at high incidence angles (40°—43°) the ratio becomes almost independent of the
volumetric soil moisture (Fig. 5c).

3.3. Behavior of the signal ratio at two incidence angles

The comparison of ASAR images acquired at two different incidence angles (low and high)
and with the same polarization has been studied to analyze the dependence of the
backscattering coefficient ratios (in dB) on soil moisture and rms surface height. However,
with the ASAR sensor, it is not possible to obtain images with two incidence angles
simultaneously. Therefore the only images used were those acquired on closely spaced dates
(less than 10 days apart) and exhibiting the same roughness conditions and soil moistures. No
corrections were applied to the backscattering coefficients to take into account the small
variations in soil moisture and surface roughness that occurred between the two dates of
acquisition. Only training sites having a soil moisture variation of less than 5% between the
two dates of acquisition were used. Fig. 6 and Fig. 7 present the backscattering coefficient
ratios HHlow-incidence/ HHhigh-incidence and HVlow—incidence/ HVhigh—incidence for rms surface helght and
volumetric soil moisture, respectively. The results show that the backscattering coefficient
ratio  HHjow-incidence/ HHnigh-incidence decreases with the rms surface height. Similarly, the
backscattering coefficient ratio HViow-incidence/H Vhigh-incidence S€€ms to decrease with the rms
surface height. We note that the sensitivity of the ratio HViow-incidence/H Vhigh-incidence fOr rms
surface height is lower than that of the ratio HHiow-incidence/HHhigh-incidence. On the other hand,
the ratios HH1ow-incidence/HHhigh-incidence and HVlow—incidence/HVhigh—incidence are independent of the
soil moisture. These conclusions are in accordance with the work of Autret et al. (1989), Oh et
al. (1992), Srivastava et al. (2003), and Zribi and Dechambre (2002).
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4. Conclusions and further work

The objective of this study was to analyze the behavior of ASAR signal as a function of
surface roughness and soil moisture over bare fields. For HH and HV polarizations, the
sensitivity of the backscattering coefficient to surface roughness increases with the incidence
angle but the difference between the backscattering coefficient for low and high surface
heights is minor. For VV polarization, the backscattering coefficient is weakly dependent on
the rms surface height. The results show that HH and HV polarizations are more sensitive
than VV polarization to surface roughness. The high-incidence angle (40°—43°) ASAR images
are the most suitable for discriminating between the various roughness conditions, with a
minimum influence of soil moisture. The sensitivity of the ASAR signal to surface roughness
in an agricultural setting would enable the mapping of bare soils according to two or three
roughness classes (smooth, moderate and rough surfaces). When the soil becomes very wet
(soil moisture greater than 35%) the backscattering coefficient becomes independent of the
surface roughness for both HH and HV polarizations.

We note that the backscattering coefficient with HH polarization is more sensitive to soil
moisture than with HV polarization. The mapping of soil moisture using the ASAR data will
be optimal at low and medium incidence angles (20°-24° and 34°-37°), with a minimum
influence of roughness parameters, in contrast with high incidence angles (40°—43°). For very
wet soil, the radar signal remains constant with increasing volumetric soil moisture for HH
and HV polarizations.

The results indicate that the depolarization ratio opy’/omy’ is weakly dependent on the
roughness condition, whatever the radar incidence. On the other hand, we observe a linear
relationship between the ratio opy’/opy’ and the volumetric soil moisture. The slope of this
relationship decreases with the incidence angle. However, at high incidence angles (40°—43°),
the ratio becomes independent of the soil moisture. Furthermore, the ratios HHigy-
incidence/ HHhigh-incidence and HVlow-incidence/ HVhigh-incidence decrease with rms surface helght and are
independent of soil moisture. The combined use of HH and HV polarizations instead of one
alone would not help in acquiring surface parameters, although SAR data at low and high
incidence angles would be useful for estimating soil parameters. Unfortunately, it is not
possible to acquire ASAR images with both low and high incidence angles simultaneously.

Other ASAR images at different incidence angles and in VV polarization are required to
better analyze the behavior of the backscattering coefficient as a function of surface roughness
and soil moisture.
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