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Abstract

The radar signal recorded by earth observation (EO) satellites is known to be sensitive
to soil moisture and soil surface roughness, which influence the onset of runoff.

This paper focuses on the inversion of these parameters using a multi-angular ap-
proach based on RADARSAT-1 data with incidence angles of 35◦ and 47◦ (in mode S35

and S7). This inversion was done based on three backscatter models: Geometrical
Optics Model (GOM), Oh Model (OM) and Modified Dubois Model (MDM), which are
compared in order to obtain the best configuration. For roughness expressed in rms
of heights, mean absolute errors of 1.23 cm, 1.12 cm and 2.08 cm, and for dielectric
constant, mean absolute errors of 2.46, 4.95 and 3.31 were obtained for the MDM,10

GOM and the OM simulation, respectively. This means that the MDM provided the
best results with minimum errors. Based on these results, the latter inversion algorithm
was applied on the images and the final results are presented in two different maps
showing pixel and homogeneous zones for surface roughness and soil moisture.

1 Introduction15

Synthetic Aperture Radars (SAR) are active microwave sensors that have the capability
of acquiring data under almost any meteorological conditions and without an external
source of illumination. It is therefore possible to collect information on a regular basis
over an area often covered by clouds either day or night. This advantage over sen-
sors operating in the visible and the infrared portion of the electromagnetic spectrum20

improves the capability for monitoring dynamic phenomena. The potential of SAR data
has been demonstrated for monitoring the earth’s surface (Ulaby et al., 1978, 1982,
1996; Dobson and Ulaby, 1986a, b; Engman and Wang, 1987; Oh et al., 1992; Fung
and Chen, 1992; Fung, 1994; Dubois et al., 1995). However, it is sometimes difficult to
separate land cover information using a single channel of SAR data. A multi-technique25

approach using SAR data is thus seen as essential in environmental studies.
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In the scope of this paper, the monitoring of land surface parameters is performed
through the estimation of soil surface roughness and moisture status over a large area.
Mapping of soil surface roughness and moisture at a large scale regularly or at critical
times (floods, droughts, landslides, etc.) is useful for agronomists and hydrologists.
It provides an overall view of land surface parameters on a spatial scale. It allows the5

detection of dry and wet areas, as well as smooth and rough areas and the identification
of areas of potential hydrological or agronomic problems. However, soil moisture and
soil surface roughness both have an influence on radar backscatter. Moreover, it is
important to be able to separate moisture from roughness on the radar signal over
bare soils.10

Mapping of surface characteristics can be done either from point measurements
or estimated values from models and remote sensing. Soil moisture obtained from
remote sensing instruments is derived by converting the detected dielectric constant
into volumetric water content. On point measurement, remote sensing data are not
as accurate as ground point data because of the resolution of the sensors and the15

algorithms or models that have to be applied to the signal in order to obtain the soil
moisture or roughness estimate. However, they do provide information on the spatial
variability (Benallegue et al., 1998) and the derived values provide a map of an area
without having to interpolate data as with point measurements.

Based on simulation results, Sahebi et al. (2001, 2002) indicated that a multi-angular20

approach is better adapted for the separation of moisture and roughness signals than
multi-polarization and multi-frequency approaches. Therefore, the Radarsat-1 satellite
with its capability of acquiring data at different incidence angles can be used for es-
timating soil moisture and surface roughness. However, it is necessary to develop a
method adapted to RADARSAT-1 data for estimating these parameters.25

The objective of this paper is to formulate and define a transformation approach
to solve the inverse problem for the operational retrieval and mapping of soil surface
roughness and moisture. The strategy consists in formulating the inverse problem in
the context of multi-angular RADARSAT-1 data. We shall study the relation between the
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C-band radar response and soil parameters, specifically the soil dielectric constant (ε)
and rms height (s), which are used as constraining target parameters in the Geometri-
cal Optics Model (GOM) (Ulaby et al., 1982), the Oh Model (OM) (Oh et al., 1992) and
the Modified Dubois Model (MDM) (Angles, 2001). Based on the results obtained with
the MDM, a roughness and a moisture map for the Chateauguay watershed (Quebec,5

Canada) were produced.

2 Study site and data description

The agricultural site chosen for this study is part of the Chateauguay watershed
(73◦46′ W, 45◦19′ N), located on the south shore of the St. Lawrence River, southwest
of Montreal, Canada (Fig. 1). The area consists mainly of agricultural fields on a rather10

flat relief plateau with homogeneous texture composed of about 36% clay, 42% silt and
22% sand. During the ground surveys the parcel surfaces were rough to very rough.

Roughness and moisture measurements were carried out over 27 agricultural parcels
simultaneously with the image acquisitions (Fig. 2). Roughness measurements were
made using a homemade needle profilometer measuring 2 m in length. To calculate15

rms height, six 2 m long (1.5 cm sampling interval) surface profiles (three parallel and
three perpendicular to the soil furrows) were investigated for each parcel. These pro-
files were photographed and then digitized. The method for extracting and modeling the
roughness parameters such as rms height and correlation length has been described
in detail by Beaulieu et al. (1995).20

Soil surface moisture measurements were carried out with a Thetaprobe soil mois-
ture sensor, based on the time domain reflectometry (TDR) (Delta Devices Ltd., 1996)
concept. The measurements reflect moisture in the 0–5 cm depth corresponding to the
length of the Thetaprobe needles. Fifteen samples were taken in each parcel of land.
Using the equation presented in the Thetaprobe Soil Moisture User Manual (Delta De-25

vices Ltd., 1996), the direct outputs (DC voltage in V) were converted to both volumetric
soil moisture content (m3 m−3) and dielectric constant. Also, to evaluate the results ob-
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tained with this method, five 0–5 cm soil samples for each parcel were transferred to
our laboratory. Wet and dry weights were used to determine gravimetric and volumet-
ric soil moisture content. The soil moisture contents (m3 m−3) obtained by these two
methods were compared and a mean relative difference of 12% (equivalent to 1.8% in
volumetric soil moisture) was observed between the two methods.5

The satellite data used in this study correspond to a RADARSAT-1 image pair. The
first image was acquired on 15 November 1999 in S3 (Standard-3) mode with incidence
angles ranging from 30 to 35◦ and, the second image was acquired on 18 November
1999 in S7 (Standard-7) mode with incidence angles ranging from 45 to 49◦. The
RADARSAT DN values were converted to backscattering coefficient (σ0) according to10

Shepard (1998). In order to include the spatial variability and to avoid problems related
to georeferencing of individual pixels of the parcels in the study area (homogeneous
soil structure, bare soil, homogeneous ploughing), an average σ0 (dB) was assigned
to each parcel (approximately 20 to 30 pixels). The surface roughness and moisture
were measured in-situ on 15 and 18 November (the same dates as the satellite image15

acquisitions). Between the periods of data acquisition, the weather was stable and
surface moisture had not changed significantly because of the low evaporation and
temperature at that time of the year. According to local observations and Environment
Canada, average daily temperatures were 2.3◦C (with a minimum value of 1.5◦ and
a maximum value of 7◦) and there was no recorded rainfall nor ground frost between20

the two acquisition dates. However, to completely satisfy the conditions of this study,
we selected 20 parcels that had nearly the same moisture and roughness for the two
dates.

3 Methodology

The important parameters that significantly influence the soil surface radar response25

may be classified into two categories: 1) the target parameters such as moisture,
roughness and vegetation cover (if present) and, 2) the sensor parameters such as
frequency, polarization and incidence angle. Usually in remote sensing applications,
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the sensor parameters are known; however, the relationship between the target and the
measured signals have to be investigated. Estimation of soil surface parameters was
usually obtained by using theoretical or empirical relationships to convert the measured
backscatter coefficient (σ0) into soil surface roughness and moisture (Dobson and
Ulaby, 1986a; Prévot et al., 1993; Ulaby et al., 1996). Thus for each target, we had one5

equation with two unknowns, or three if the model incorporates the correlation length.
As a consequence, the use of radar data acquired with a single configuration does not
generally allow the estimation of these soil surface variables. Therefore, to simultane-
ously estimate the surface parameters over complex areas, multi-technique concepts
(multi-polarization, multi-angular, multi-sensor, multi-frequency, and multi-temporal) are10

the main solution.
From a ground based experiment (Chanzy et al., 1998) and a theoretical study (Sa-

hebi et al., 2001, 2002), it was demonstrated that the multi-angular configuration is the
best to estimate bare soil surface parameters from. For this reason, the multi-angular
configuration is used for the inversion of backscattering models to estimate roughness15

and soil moisture from RADARSAT-1 data acquired at two different incidence angles.
It has to be noted that this approach was tested with different RADARSAT-1 images
acquired at different incidence angles (between 20 and 49◦) and the images presented
gave the optimal results.

3.1 Model descriptions20

As mentioned before, the aim of this study is to estimate bare soil surface parameters
using multi-angular approaches. This process was carried out using existing theoretical
and empirical backscatter models that introduce the relationship between backscatter
coefficient and surface parameters (roughness and dielectric constant).

Considering that the study site profiles contain very rough surfaces, the comparison25

of the mentioned backscattering models is carried out using simulations by GOM (Ge-
ometrical Optics Model; Ulaby et al., 1982), OM (Oh Model; Oh et al., 1992) and MDM
(Modified Dubois Model; Angles, 2001).
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3.1.1 Geometrical Optics Model (GOM)

The Geometrical Optics Model (GOM) also known as the Kirchhoff method under the
stationary phase approximation intended to express scattering by rough surfaces with,
0.06k2`2>ks, k`>6 and (2ks. cosθ2>10 where ` is the correlation length, k is the
wave number (k=2π/λ, where λ is the wavelength), s is the root mean square (rms of5

heights) and θ is the incidence angle. This model predicts that σ0
hh (θ)=σ0

vv (θ), at all in-
cidence angles of the radar signal. The expression for the co-polarized backscattering
coefficient is given by:

σ0
pp(θ)=

 ∣∣Rpp(0)
∣∣2

(2m2cos4θ)

×exp

(
tan2 θ
2m2

)
(1)

where Rpp(0) is the surface reflectivity from normal incidence and m is the rms slope10

of the surface and is equal to
√

2s/` and s/` for Gaussian and exponential functions
respectively (Oh et al., 1992). According to Oh et al. (1992), the exponential function
is adapted to smooth surfaces and the Gaussian autocorrelation function is adapted to
rough surfaces. Based on the study area descriptions (rough to very rough surfaces),
the Gaussian autocorrelation function was chosen for calculating m values.15

3.1.2 Oh Model (OM)

Because of the inadequate performance of theoretical models for predicting the back-
scatter response of random surfaces, Oh et al. (1992) developed an empirical model
based on experimental data acquired in L- C- and X-bands (1.5, 4.75 and 9.5 GHz,
respectively). This model was designed for surfaces with various moisture condi-20

tions and roughnesses, from slightly smooth to very rough and does not incorpo-
rate the correlation length. The valid surface conditions cover the following ranges:
0.1<ks<6.0, 2.6<k`<19.7 and 9%<mv<31%, where mv is the volumetric soil mois-
ture. The backscattering coefficients in HH polarization for this model can be expressed
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by:

σ0
hh = g

√
pcos3θ [Γv (θ) + Γh(θ)] (2)

where
√
p=1−

(2θ
π

)[1/3Γ0] ×exp(−ks) andg = 0.7[1−exp(−0.65(ks)1.8)] and Γ0 is the
Fresnel reflectivity of surface at nadir; Γv and Γh are the Fresnel reflection coefficients
for horizontal and vertical polarization, respectively. Correlation length effect is not5

taken into account.

3.1.3 Modified Dubois Model (MDM)

The empirical model developed by Dubois et al. (1995) was initially developed in or-
der to separate moisture and roughness using a bipolarization approach. This model
is limited to ks≤2.5, θ≥30◦ and moisture contents mv≤35%. This model was tested10

over the study area by researchers at Université de Sherbrooke (Angles, 2001; Angles
et al., 2002) and the results showed an important difference between simulated and
measured values of moisture and roughness. The method that Dubois et al. (1995)
followed was used for adapting the Dubois model into measured data over the Quebec
agricultural area. To overcome this discrepancy, the RADARSAT-1 data (C-band, HH-15

polarized and incidence angles between 20◦ and 50◦) and measured ground data (soil
surface roughness, soil moisture and soil texture) were used. This modification is pre-
sented as a new model referred to as the Modified Dubois Model (MDM). It expresses
the backscattering coefficient for this model and is described by Eq. (3) that can be
applied to bare agricultural surfaces in Quebec with 1 cm<s<6 cm and 14%<mv<32%20

(Angles, 2001).

σ0
hh = 10−3.67×cos1.5 θ

sin5 θ
×100.112 tanθε×(ks. sinθ)0.883×λ0.7 (3)

where k is the wave number (k = 2π/λ) and λ is the wavelength.
Applying this model to RADARSAT-1 data acquired at two different incidence angles

of the same target with a short time interval, this approach generates a two equation25
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system with two unknowns, which can be resolved to obtain s and ε. However, for vali-
dation purposes, this model should be tested in other regions with different conditions.

4 Inversion method

Let us suppose that we have backscatter coefficient (σ0
hh in this case) measurements

for a given surface at the given incidence angles θ1, θ2 and θ3 (if applicable). From5

these measurements, it is possible to compute the land-surface parameters by inverting
the above models.

As explained, three models were chosen. The MDM is analytically invertible. Equa-
tions (4) and (5) show the inversion of this model to calculate land-surface parameters
using the multi-angular approach for hh-polarization:10

εr=
log[A]

0.112×(tanθ1−tanθ2)
(4)

s =
1
k
× 0.883

√√√
103.67×σ0

HH (θ1)×
sin4.117(θ1)

cos1.5(θ2)
×A−

(
tan(θ1)

tan(θ1)−tan(θ2)

)
×λ−0.7 (5)

where σ0
hh (θ1) and σ0

hh (θ2) are the backscatter coefficients measured at θ1 and θ2,
respectively, and:

A =
σ0
HH (θ1)× sin4.117(θ1)× cos1.5(θ2)

σ0
HH (θ2)× sin4.117(θ2)× cos1.5(θ1)

(6)15

The OM and GOM are not invertible by this way. For these models, the Newton-
Raphson method (Ortega and Rheinboldt, 1970), a numerical iterative method, is used
in the retrieval algorithm to solve the inverse problem.

Based on the Newton-Raphson method, the variable matrices (the unknown vari-
ables) are s and εr for OM and s, εr and ` for GOM. The known parameters in the20
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model are the backscatter coefficients at two or three different incidence angles. The
algorithm can be summarized as follows:

Step 1. Presentations of the zeroed functions (fi ) are issued by using GOM and OM
based on the multi-angular approach. For example, these functions for OM are:

f1 = σ0
hh(θ1) − g

√
p cos3 θ1[Γv (θ1) + Γh(θ1)] = 0 (7a)5

f2 = σ0
hh(θ2) − g

√
p cos3 θ2[Γv (θ2) + Γh(θ2)] = 0 (7b)

(p and g functions are already explained in Eq. 2).
Step 2. Computation of the error matrix based on an initial guess of the variables

(εr and s for OM; εr , s and ` for GOM). In this study, the initial values were: εr=10,
s=3 cm and `=5 cm.10

Step 3. Computation of the matrix αi j which is the relation between the backscatter
coefficient and the soil surface parameters. Equations 8 and 9 present this matrix for
OM and GOM respectively:

for OM α =

 ∂f1
∂s

∂f1
∂εr

∂f2
∂s

∂f2
∂εr

 (8)

for GOM α =


∂f1
∂s

∂f1
∂εr

∂f1
∂`

∂f2
∂s

∂f2
∂εr

∂f2
∂`

∂f3
∂s

∂f3
∂εr

∂f3
∂`

 (9)15

Step 4. Calculation of the error (δxj ) in the estimation of land surface properties.
This matrix can be solved by the LU (Lower and Upper triangular) decomposition
method (Westlake, 1968).

Step 5. Correction of the error in the estimation of soil surface parameters by δxj for
the next iteration.20

Step 1 through 5 are repeated until convergence is reached; that is, δ=10−5 in this
case.
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4.1 Evaluation of the results

Evaluation of the errors requires comparisons between predicted and measured sur-
face parameters. All comparisons between measured in-situ and predicted surface
parameters obtained by RADARSAT-1 images are presented on an even basis for rms
heights and surface dielectric constants (separately). They are carried out using the5

coefficient of performance CP ′
A (James and Burgess, 1982):

CP ′
À
=

n∑
i=1

(S(i ) − O(i ))2

/
n∑

i=1

(
O(i ) − Oavg

)2
(10)

where O(i ) is the ith observed parameter, Oavg is the mean value of the observed
parameter, S(i ) is the ith predicted parameter using radar images and n is the total
number of events. The coefficient of performance approaches zero as observed and10

predicted values get closer. This coefficient can show the efficiency of each model
for estimating surface parameters. In this study, the mean total absolute error for the
results of each model is also calculated.

5 Results and discussion

Figures 3 to 8 present a comparison between the value of surface parameters esti-15

mated from the inversion of radar data and those measured in-situ. For rms height, the
results with minimum error are given by GOM with a mean absolute error of 1.12 cm,
followed by MDM (with a mean error equal to 1.23 cm) and OM (with a mean error
equal to 2.08 cm). However, for the dielectric constant, MDM definitely has the best
estimation with an error equal to 2.46 followed by OM (with an error equal to 3.35) and20

GOM (with an error equal to 4.59). As explained, to be able to compare these results,
we also used the coefficient of performance (CP ′

A). Table 1 presents the values of this
coefficient. These results show that the inversion of MDM gives the best results for
estimating the soil surface parameters.
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For MDM and OM, the estimation of the dielectric constant is more exact than the
estimation of rms height. Contrarily, the rms height estimated by GOM is more exact.
On the other hand, for GOM, total values of CP ′

A, for the dielectric constant are greater
than those for rms height (Table 1). This sensitivity to roughness may be explained by
the behavior of GOM. According to this model, the statistical variation of surface rough-5

ness is characterized by its rms height, correlation length and correlation function that
is represented by rms slope (m) in Eq. (1). Therefore, the accuracy of the roughness
estimation also depends on the estimation of correlation length. However in MDM and
OM, roughness is characterized only by rms height.

This study presents an approach to estimate surface parameters derived from SAR10

satellite data with reduced estimation errors, compared to other studies. However,
there are still errors in the estimation of soil surface parameters. Further investiga-
tions are needed to understand this drawback, but several possibilities can already be
suggested:

- Failure of the models to present a real relationship between radar signal proper-15

ties and target parameters: unfortunately, none of the backscatter models pro-
vides results in good agreement with experimental observations for all of the po-
larization configurations and over a wide range of incident angles, even when
confined to its presumed validity range (Henderson and Lewis, 1998).

- Behavior of the models in the multi-angular approach context to find an exact20

solution: Consider the case of two dimensions, where we want to simultaneously
solve:{

f1 : fθ1,σ0(ε, s) = 0

f2 : fθ2,σ0(ε, s) = 0

An example of this case is presented by Eq. (7a) and (b) for OM. Each of the func-
tions has zero regions where their respective functions are positive to negative.25

Unfortunately, according to the model behavior, the functions f1 and f2 are not
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dependent on each other. Note further that the zero contours consist of a num-
ber of disjointed closed curves. Figure 9 showing the curves ε vs. s for parcel
no 120 (σ0

1=−10.07 dB and σ0
2=10.77 dB for θ1=35◦ and θ2=47.4◦, respectively)

simulated by OM is an example of this situation. The solution obtained with these
data was the point with the coordinate s=2.32 cm and ε=5 that was the closest5

point between the two curves. This phenomenon was also observed in some
cases in the inversion with GOM. Figure 10 shows the same curves simulated
by MDM. These curves intersect exactly at s=3.25 cm and ε=11.75 which is the
exact solution of the system of equations.

- Incompatibility between ground measurements and estimated parameters: as ex-10

plained, the ground data for each parcel are issued by some point measurements
and their mean are presented as rms height and dielectric constant of the parcel.

These measurements were random and numerous enough to calculate a good
mean value, but generally, can this method present the true characterization of
the surface parameters? Unfortunately, no better method for this measurement15

has yet been presented.

- Error in the estimation of the backscatter coefficient for parcels. To present the
backscatter coefficient of each parcel, we calculated a mean of the pixels that
were within the parcels. The pixel values vary sometimes with considerable vari-
ance. This operation increases errors.20

- Influence of tillage direction and look direction: the orientation of mechanical
tillage, which can be related to roughness measurements, has an influence on
backscattering signals (Remond et al., 1999; Smyth et al., 2000). However, the
backscatter models do not enable the simulation of this influence directly. Also, the
use of images acquired at different orbits (ascending and descending) is some-25

times inevitable in temporal studies with SAR data. The look direction accounted
for a 1.5 dB difference in σ0 for ERS-1 images by Gauthier et al. (1998). Smyth et
al. (2000) obtained maximum 2 dB difference in σ0 for RADARSAT-1.
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- Influence of speckle and climatic conditions on radar signals. Discussion of these
problems is not the aim of this paper. However, these phenomena can produce
some errors when calculating backscatter coefficients from satellite images.

5.1 Surface parameter mapping

The inversion algorithm using the MDM model is applied on two RADARSAT-1 images5

of the watershed under study. Two important points should be noted, first, forest and
urban areas are masked on the maps; second, the humidity maps are presented in
terms of volumetric soil moisture (m3 m−3) obtained by inverting the empirical model
of the dielectric constant developed by Halikainen et al. (1985). This application was
carried out at two different scales namely pixel scale and homogeneous zone scale. At10

pixel scale (Figs. 11 and 12), the inversion is applied directly on the two images pixel
by pixel. The speckle in the images was reduced using Lee filtering (Lee, 1981). The
pixel scale maps are more accurate, however the pixel values vary and are also difficult
to use, so it is difficult to have a general idea of the surface parameter distribution over
the watershed. To solve this problem, we used the homogeneous zone scale. Each15

homogeneous zone on a radar image presents a minimal variance in the backscatter
coefficients. Furthermore, within an homogeneous zone the physical characteristics of
the soil surface are almost the same. This kind of presentation allows us to have a
general view of surface parameter distribution (Figs. 13 and 14).

Creating an homogeneous zone comprises four steps:20

1) Improving the image contrast: contrast is only for providing better viewing of the
images and does not modify the pixel values. This step helps to get a better view
of the images specially for manual digitization (step 3).

2) Noise reduction: this step is carried out using despeckle filters. Generally, the
adaptative filters like Lee or Frost filters reduce noise notably. In this study, the Lee25

filter and a low-pass filter were tested. As expected, the Lee filter reduced speckle
better than low-pass filter, but it modified the pixel values and that changed the
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final results. On the contrary, the low-pass filter reduced noise less than the Lee
filter but the pixel values did not change significantly. However, the final results
(homogeneous zone maps) were approximately the same. Therefore, the best
filter should be chosen in each case. For this study, it was the low-pass filter.

3) Edge detection of homogeneous zones: in this step, two filters were used to5

delimit the homogeneous zones based on the minimal variance of σ0 in each
zone (Angles, 2001), and then the edge of each zone was detected using an
edge detection filter. For a few zones, the edge polygon was not correctly closed.
This problem was corrected manually.

4) Averaging: in the last step, the average of the σ0s in each zone was calculated10

and presented as the σ0 value of the homogeneous zone. Figure 15 presents the
methodological flowchart for homogeneous zone calculation.

6 Conclusions

This work has demonstrated the possibility of using the multi-angular approach to de-
rive soil moisture and surface roughness from a pair of RADARSAT-1 images. In spite15

of some errors, this estimation derived from satellite radar data is a potentially useful
tool for estimating soil surface parameters over extended areas. These errors can be
produced either by some essential averaging or by the behavior of the backscattering
models or the incompatibility of the ground measurements and the results obtained
using satellite images. However, in this paper, we demonstrated that using the multi-20

angular approach, it is possible to decrease these types of errors and derive acceptable
results for the overall watershed area.

To minimize the influence of backscatter models, we used the Modified Dubois Model
(MDM) developed for agricultural sites in Quebec and presenting minimum errors. This
result is obtained by comparing the same results calculated by GOM, MDM and OM.25
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From an applications point of view, the final products of this investigation are soil
surface parameter maps. These maps were produced at two different scales that
can serve for many applications like hydrological models, agricultural or environmen-
tal management, etc. For example, the pixel scale maps of moisture and roughness
can readily be used in hydrological models based on pixel like units such as AGNPS5

(Young et al., 1987) or ANSWERS (Beasley et al., 1980). However the homogeneous
zone maps present the soil surface distribution in a large area and can be used in
agricultural or hydrological management at the subcatchment scale by hydrological re-
sponse units such as those used in the SWAT (Soil and Water Assessment Tool) model
(Arnold et al., 1993). However, there are still two major limitations to this approach for10

an operational use in hydrology. First, hydrological models use roughness parameters
such as Manning coefficients or Curve Numbers which are not directly linked to rms of
height, a correspondence table should be developed. Second, acquisition conditions
for multi angular RADARSAT-1 data can often imply several days between the two im-
ages. Soil moisture and roughness can change between the two dates (rain, strong15

evaporation, ploughing, etc.). This situation should however improve with RADARSAT-
2 or multi sensor approaches such as a combination of RADARSAT-1 and ENVISAT
images.
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helps and editing work.

References
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ages RSO selon une approche multi-angle, Mémoire de Maı̂trise, Dép. de géographie et
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Table 1. Mean absolute error and coefficient of performance (CP ′
A) for surface parameters

obtained by inversion approach.

Models Errors CP ′
A

Height rms (cm) Dielectric constant Height rms Dielectric constant Total

M D M 1.23 2.46 2.26 1.7 1.98
GOM 1.12 4.59 2.03 6.28 4.16
OM 2.08 3.35 6.30 3.59 4.95
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Figure 1. Location of study area 

 

Fig. 1. Location of study area.
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Figure 2. Location of the parcels (Airborne photography over Chateauguay watershed) 

 

Fig. 2. Location of the parcels (Airborne photography over Chateauguay watershed).
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Figure 3. Scatter plot of dielectric constant measured and estimated by MDM 

 

Fig. 3. Scatter plot of dielectric constant measured and estimated by MDM.
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Figure 4. Scatter plot of dielectric constant measured and estimated by OM 

 

Fig. 4. Scatter plot of dielectric constant measured and estimated by OM.
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Figure 5. Scatter plot of dielectric constant measured and estimated by GOM 

 

Fig. 5. Scatter plot of dielectric constant measured and estimated by GOM.
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Figure 6. Scatter plot of rms height measured and estimated by MDM 

Fig. 6. Scatter plot of rms height measured and estimated by MDM.
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Figure 7. Scatter plot of rms height measured and estimated by OM 

 

Fig. 7. Scatter plot of rms height measured and estimated by OM.
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Figure 8. Scatter plot of rms height measured and estimated by GOM 

 

Fig. 8. Scatter plot of rms height measured and estimated by GOM.
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Figure 9. Variation of the dielectric constant as a function of rms height for two different 

 

Fig. 9. Variation of the dielectric constant as a function of rms height for two different.

235

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/6/207/2009/hessd-6-207-2009-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/6/207/2009/hessd-6-207-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
6, 207–241, 2009

Bare soil moisture
and roughness

estimation

M. R. Sahebi and
J. Angles

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

 28

 

7

9

11

13

15

17

19

0 1 2 3 4 5 6 7

rms height (cm)

di
el

ec
tr

ic
 c

on
st

an
t

θ  =  3 5°

θ  =  4 7.7°
INTE RSE CTION

 

 

 

Figure 10. Variation of the dielectric constant as a function of rms height for two different 

 

Fig. 10. Variation of the dielectric constant as a function of rms height for two different.
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Figure 11. rms height map at pixel scale 

 

Fig. 11. rms height map at pixel scale.
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Figure 12. Volumetric humidity map at pixel scale 

 

Fig. 12. Volumetric humidity map at pixel scale.
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Figure 13. rms height map in homogeneous zone scale 

 

Fig. 13. rms height map in homogeneous zone scale.
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Figure 14. Volumetric humidity map at homogeneous zone scale 

 

Fig. 14. Volumetric humidity map at homogeneous zone scale.
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Figure 15. Flowchart of homogeneous zone calculation 

 

Fig. 15. Flowchart of homogeneous zone calculation.
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