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ABSTRACT

We combined a full-waveform ground-penetrating radar
(GPR) model with a roughness model to retrieve surface soil
moisture through signal inversion. The proposed approach was
validated under laboratory conditions with measurements per-
formed above a sand layer subjected to seven different water con-
tents and four different surface roughness conditions. The radar
measurements were performed in the frequency domain in the
range of 1–3 GHz and the roughness amplitude standard devia-
tion was varied from 0 to 1 cm. Two inversion strategies were
investigated: (1) Full-waveform inversion using the correct
model configuration, and (2) inversion focused on the surface

reflection only. The roughness model provided a good descrip-
tion of the frequency-dependent roughness effect. For the full-
waveform analysis, accounting for roughness permitted us to
simultaneously retrieve water content and roughness amplitude.
However, in this approach, information on soil layering was
assumed to be known. For the surface reflection analysis,
which is applicable under field conditions, accounting for rough-
ness only enabled water content to be reconstructed, but with
a root mean square error (RMS) in terms of water content of
0.034 m3 m−3 compared to an RMS of 0.068 m3 m−3 for an
analysis where roughness is neglected. However, this inversion
strategy required a priori information on soil surface roughness,
estimated, e.g., from laser profiler measurements.

INTRODUCTION

Knowledge of surface water content is essential in the fields of
agricultural and environmental engineering, hydrology, meteorol-
ogy, and climatology (Vereecken et al., 2008; Seneviratne et al.,
2010). As the dielectric permittivity of liquid water dominates
the dielectric permittivity of other soil components, water is the
principal factor governing electromagnetic wave propagation in
the soil. This allows us to use geophysical techniques to indirectly
measure the surface water content of the soil (Ulaby et al., 1982).
Many studies have investigated the potential of microwave radar
systems to monitor the spatio-temporal variation of the surface and
subsurface soil water content. Spaceborne and airborne synthetic
aperture radars (SAR) yield soil moisture estimates on a large
spatial scale (1–100 km), which are particularly relevant for catch-
ment-scale studies (Moran et al., 2004). At the field scale, ground-
penetrating radar (GPR) has proven to be successful in many
hydrological applications. Reviews on the uses and recent develop-

ments of GPR are given by Huisman et al. (2003) and Slob
et al. (2010). Compared to local measurements such as soil sam-
pling and time-domain reflectometry (TDR), GPR has the advan-
tage of allowing noninvasive quantification of soil properties
with a high spatial resolution at the field scale. Lambot et al.
(2004b) proposed a full-waveform forward and inverse modeling
approach which applies to off-ground GPR. The electromagnetic
model is based on a solution of the 3DMaxwell equations for waves
propagating in multilayered media and correctly accounts for anten-
na effects and antenna-soil interactions. The model was shown to be
applicable for reproducing the radar measurements, and model in-
version was successfully applied to identify and map surface soil
moisture in the field (Jonard et al., 2011). Electromagnetic wave
reflection on a bare soil is highly dependent on the surface rough-
ness. A distinction can be made between smooth and rough surfaces
with respect to the wavelength of the signal based on the Rayleigh
criterion (hc ¼ λ∕8 cosðγÞ, where hc is the critical height of the
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surface protuberances, γ is the incidence angle, and λ is the
wavelength) (Ulaby et al., 1982). If the surface is smooth and homo-
geneous (in terms of electrical properties), most of the energy re-
flected will be in the specular direction (coherent component), while
if the surface is rough, diffuse reflections or scattering (incoherent
component) can occur leading to less energy being recorded in the
specular direction. These diffuse reflections and the reduction of
energy in the specular direction should be accounted for to accu-
rately retrieve the surface soil moisture. Previous studies carried
out with airborne and spaceborne remote sensing radars also de-
monstrated the need to take surface roughness into account in
signal processing for soil moisture retrieval (Quesney et al.,
2000; Baghdadi et al., 2008; Verhoest et al., 2008). The roughness
effect has also been shown for GPR (Sai and Ligthart, 2004;
Yarovoy et al., 2004; Lambot et al., 2006a; Giannopoulos and
Diamanti, 2008; van der Kruk et al., 2010). Nevertheless, the issue
remains poorly investigated for the retrieval of the soil electromag-
netic properties by off-ground GPR, and no GPR model accounting
for roughness is currently available in the literature. In this paper,
we combine the full-waveform GPR model of Lambot et al. (2004b)
with the Ament roughness model derived from the Kirchhoff scat-
tering theory (Ament, 1953; Beckmann and Spizzichino, 1987) to
retrieve surface soil moisture through signal inversion. To account
for surface roughness, the global surface reflection coefficient is
multiplied by a scattering loss factor. The proposed approach
was validated under laboratory conditions with measurements per-
formed above a sand layer subjected to seven different water con-
tents and four different surface roughness conditions. Numerical
experiments were also performed to analyze the well-posedness
of the inverse problem.

EXPERIMENT

Experimental setup

Radar measurements were performed under laboratory condi-
tions above a rectangular wooden container (1.45 × 1.30 m2 area)
homogeneously filled with a sand layer 0.09 m in thickness
(Figure 1) (Lambot et al., 2006a). Below the sand layer, a horizontal
metal sheet was installed to control the bottom boundary condition

in the electromagnetic model. Indeed, materials underneath this
metal sheet have no influence on the measured backscattered signal.
The sand was subjected to seven different water contents ranging
from dry to wet conditions (θi with i ¼ 1 to 7) and four different
surface roughness heights (Rj with j ¼ 1 to 4), including a smooth
surface (R1), resulting in 28 independent configurations (θiRj). For
each water content level, the sand was mixed manually to obtain a
homogeneous distribution of the water within the whole sand layer
and the desired roughness topographies were produced by pressing
a cylinder with stones randomly glued onto the surface over the
smooth sand surface. Independent surface roughness characteriza-
tion was performed using a 1 m long mechanical needle-like
profiler.

Radar system

The radar system was set up using a vector network analyzer
(VNA, ZVRE, Rohde and Schwarz, Munich, Germany) as tran-
smitter and receiver, thereby providing an ultrawideband stepped-
frequency continuous-wave system. The antenna system consisted
of a linear polarized double-ridged broadband horn antenna (BBHA
9120 D, Schwarzbeck Mess-Elektronik, Schönau, Germany).
Antenna dimensions were 22 cm length and 14 × 24 cm2 aperture
area, and the −3 dB full beamwidth of the antenna was 27° in the
E-plane and 22° in the H-plane (at 2 GHz). The antenna nominal
frequency range is 1–18 GHz and its isotropic gain ranged from 6 to
18 dBi. Measurements were performed with the antenna aperture
situated at an average height of 23 cm above the soil surface with
a normal incidence (Figure 1) and by operating frequencies over the
range 1–3 GHz (4 MHz step).

MODELS

Radar model

The raw GPR data consist of the frequency-dependent complex
ratio S11ðωÞ between the backscattered electromagnetic field (bðωÞ)
and the incident electromagnetic field (aðωÞ), with ω being the
angular frequency. Assuming the distribution of the electromagnetic
field measured by the antenna to be independent of the scatterer, i.e.,
only the phase and amplitude of the field change (plane wave
approximation over the antenna aperture), the following equation
is applied to filter out the antenna effects (Lambot et al., 2004b):

S11ðωÞ ¼
bðωÞ
aðωÞ ¼ HiðωÞ þ

HðωÞG↑
xxðωÞ

1 −HfðωÞG↑
xxðωÞ

(1)

where HiðωÞ is the antenna return loss, HðωÞ is the antenna
transmitting-receiving transfer function, HfðωÞ is the antenna
feedback loss, and G↑

xxðωÞ is the transfer Green’s function of the
air-soil system. The Green’s function represents a solution of the
3D Maxwell equations for electromagnetic waves propagating in
multilayered media (Michalski and Mosig, 1997). We derived this
specific Green’s function using a recursive scheme to compute
the transverse electric (TE) and magnetic (TM) global reflection
coefficients of the multilayered medium in the spectral domain
(Slob and Fokkema, 2002). The transformation back to the spatial
domain is performed by numerically evaluating a semi-infinite,
complex integral (Lambot et al., 2007). The characteristic antenna
transfer functions can be determined by solving a system of equa-
tions such as (1) to the unknowns HiðωÞ, HðωÞ, and HfðωÞ for
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Figure 1. Laboratory experimental setup including the sand box
made of wood, the off-ground horn antenna, the sand layer subject
to different water content and roughness conditions, and a metal
sheet at the bottom to control the boundary condition in the elec-
tromagnetic model (Lambot et al., 2006a).
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different well-defined model configurations, i.e., with the antenna at
different heights above a perfect electrical conductor (PEC). The
Green’s functions can therefore be computed and S11ðωÞ can be
measured readily.
Full-waveform inverse modeling of the GPR data was performed

in the frequency domain to identify the electromagnetic properties
(i.e., the relative permittivity εr (dimensionless) and the electrical
conductivity σ (Sm−1)) of the soil (Lambot et al., 2004b). The
inverse problem was formulated in the least-squares sense and
the objective function to be minimized was accordingly defined
as follows

ϕ1ðbÞ ¼ jG↑�
xx −G↑

xxjT jG↑�
xx −G↑

xxj (2)

where G↑�
xxðωÞ and G↑

xxðb;ωÞ are, respectively, the measured and
modeled Green’s functions in the frequency domain, and b is the
parameter vector to be estimated (e.g., b ¼ ½εr; σ�, depending on
the unknowns). Because the Green’s functions are complex vectors,
the difference between observed and modeled data is expressed
by the magnitude of the errors in the complex plane, thereby
inherently accounting for amplitude and phase information. Opti-
mization was performed using the global multilevel coordinate
search (GMCS) algorithm (Huyer and Neumaier, 1999) combined
sequentially with the local Nelder-Mead simplex algorithm (NMS)
(Lagarias et al., 1998) as proposed by Lambot et al. (2004a). For
this inversion, the distance between the soil surface and the metal
sheet h (m) was assumed to be known (Figure 1).
Inversion in the time domain also was performed by focusing on

a time window containing the surface reflection only (Lambot et al.,
2006b; Jonard et al., 2011). The measured and modeled frequency
domain Green’s functions were first transformed in the time domain
using the inverse Fourier transform. The inverse problem consisted
of finding the minimum of the following objective function

ϕ2ðbÞ ¼ ðg↑�xx − g↑xxÞT ðg↑�xx − g↑xxÞ (3)

where g↑�xxðtÞ and g↑xxðb; tÞ are, respectively, the measured and
modeled Green’s functions in the time domain. Optimization
was performed using the local Levenberg-Marquardt algorithm
(Marquardt, 1963).
A sand-specific empirical model (third-order polynomial)

derived in Lambot et al. (2006a) was used to relate GPR-derived
relative dielectric permittivity to the volumetric water content θ

θ ¼ 2.30 × 10−4ε3r − 6.28 × 10−3ε2r

þ 7.50 × 10−2εr − 1.51 × 10−1 (4)

Surface roughness model

In general, the surface is assumed to be stationary with a random
Gaussian height distribution. The soil surface can therefore be de-
scribed by the following statistical quantities: the standard deviation
of the surface height sr (m), the spatial autocorrelation function, and
the spatial correlation length (Fung et al., 1992).
To account for roughness effects on radar electromagnetic wave

propagation, the Ament model (Ament, 1953; Beckmann and
Spizzichino, 1987) was used. This model, which is derived from
the Kirchhoff scattering theory, describes the scattering losses in

the specular direction due to the reflection on a rough interface. This
model has been applied in several studies investigating the rough-
ness effect on electromagnetic wave scattering, e.g., by Pinel et al.
(2007) for radar reflection over sea surfaces and Landron et al.
(1996) for radar reflection on rough building materials. In this
model, the global surface reflection coefficient is multiplied by a
scattering loss factor (ρ), which is based on the Rayleigh parameter
as a function of frequency, namely,

ρ ¼ e−
g
2 (5)

with

g ¼
�
4πsr cos γi

λ

�
2

(6)

where sr is the standard deviation of the surface height, γi is the
angle of incidence, and λ is the free space wavelength of the incident
wave. The modified reflection coefficient RR that models the reduc-
tion of the signal power in the specular direction is then defined as

RR
TE ¼ ρRF

TE (7)

RR
TM ¼ ρRF

TM (8)

where RF
TE and RF

TM are, respectively, the global TE- and TM-mode
surface reflection coefficients for a smooth surface. Equations 7
and 8 assume that the surface heights have a Gaussian distribution
with negligible sharp edge and shadowing effects. The model also
assumes that there is no multiple scattering (Beckmann and
Spizzichino, 1987). In our case, the incidence is normal (γi ¼ 0)
and the model is applied to the spectral-domain global reflection
coefficients of the first interface (sand surface) of the 3D layered
medium.

RESULTS AND DISCUSSION

Response surface analysis

To analyze the well-posedness of the inverse problem, we
calculated response surfaces of the objective function using synthetic
error-free data and real data. Real data correspond to intermediate
water content and roughness conditions (θ ¼ 0.14 m3 m−3; sr ¼
0.49 cm), but similar results were obtained for the other conditions.
Inversions were performed in a relatively large parameter space
(2 < εr < 12; 0 < h < 0.25 m; 1 × 10−5 < σ < 1 × 10−1 Sm−1;
0 < sr < 0.025 m), which contained the exact solutions. The range
of each parameter was divided into 200 discrete values resulting in
40,000 objective function values for each contour plot.
Figure 2 shows the response surfaces of the logarithm of the

objective function values in four parameter planes εr-h, h-sr, σ-sr,
and εr-sr and for the full-waveform inversion case (equation 2). For
the synthetic data (left panel), each response surface shows a well-
defined global minimum, which reveals that sufficient information
is contained in the inverse problem to estimate the parameters of
interest simultaneously. In the εr-h parameter plane, the global mini-
mum region exhibits a banana shape, which suggests an important
negative correlation between these parameters. A similar signal
can indeed be obtained for either a low dielectric permittivity with
a high-layer thickness, or a high dielectric permittivity with a

Soil roughness modeling for GPR H3
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Figure 2. Response surfaces of the objective function logarithm log10ðϕ1ðbÞÞ for the full-waveform inversion in the εr-h (a), h - sr (b), εr-sr (c),
and σ-sr (d) parameter planes. Left plots correspond to numerically generated error-free data (ϕ1ðbÞ), and right plots correspond to real
data (ϕ�

1ðbÞ). The asterisk represents the global minimum of the objective function. Note that the color scale differs for the single response
surfaces.
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low-layer thickness. The h-sr and εr-sr response surfaces show an
elliptical global minimum region parallel to the sr axis. Addition-
ally, local minimums can also be observed. In general, the response
surfaces suggest that the two parameter pairs are uncorrelated.
Indeed, sr determines the attenuation of the wave while h and εr
determine the propagation time of the wave throughout the layer.
These parameters then independently determine the amplitude
(sr) and the phase (h or εr) of the radar electromagnetic waves pro-
pagating through the soil. In the σ-sr parameter plane, no local mini-
mums can be observed and the parameters are negatively correlated.
In fact, a high σ will strongly attenuate the signal throughout the
layer as well as a high sr. Response surfaces pertaining to the real
data (right panel) exhibit the same general shape as the synthetic
response surfaces. For each parameter plane, the position of the glo-
bal minimum is unchanged, which demonstrates the stability of the
inverse problem with respect to measurement and modeling errors.
As expected, the values of the objective function are systematically
higher and the global minimum regions are flatter for the real data,
resulting in an increase in parameter uncertainty (note that the color
scale differs for the single response surfaces). In the εr-h parameter
plane, given the negative correlation of the parameters and the larger
global minimum region, compared to the synthetic case, an accurate
estimation of εr will require a priori information about the layer
thickness (h).
Figure 3 shows the response surfaces of the logarithm of the

objective function (equation 3) in the εr-sr parameter plane for
the surface reflection inversion. Figures 3a and 3b show the re-
sponse surface with synthetic data and real data, respectively.
The synthetic response surface shows a well-defined minimum.
However, for the real data, the values of the objective function
are higher and the global minimum region is flatter, resulting in
larger uncertainty in the estimation of the parameters. For both re-
sponse surfaces, a significant positive correlation between sr and εr
can be observed. As a result, an increase in sr has a similar effect on
the objective function as a decrease in εr, which increases parameter
estimation uncertainty. In fact, the reflection coefficient will de-
crease with an increase of the surface roughness or a decrease of
the water content/dielectric permittivity. An accurate estimation
of εr is therefore not possible without knowledge of any soil rough-
ness parameters, especially for the real data case. Compared to the
full-waveform inversion, this increase in uncertainty comes from
the lower information content in the radar data when focusing
on the surface reflection only. Indeed, for the surface reflection in-
version, εr and sr information is obtained from the surface reflection
only. As a consequence, information about εr and sr is correlated.
For the full-waveform inversion, similar information is obtained
from the surface reflection. However, information about εr is also
obtained from the two-way travel time through the soil layer. This
additional information allows us to estimate εr with higher accuracy
and without a priori information about sr. The surface reflection
inversion strategy is particularly useful under field conditions for
which layering is a priori unknown.

Green’s functions

Figure 4 depicts themeasured andmodeledGreen’s function in the
frequency domain for two different combinations of water content
and roughness level (Figure 4a: θ ¼ 0.15 m3 m−3-sr ¼ 0.33 cm;
Figure 4b: θ ¼ 0.20 m3 m−3-sr ¼ 0.88 cm). Other scenarios are
similar and show intermediate results. Figure 4a and 4b show that

the modeled amplitude of the Green’s function does not fit measure-
ments above 2 GHz if no roughness correction is applied for water
content and roughness conditions. The modeled amplitude of the
Green’s function overestimates the measurements and this overesti-
mation, as expected, increases with frequency. We observe that the
roughness model describes this behavior relatively well, although
somediscrepancies remain due to oscillations in theGreen’s function
amplitude that cannot be described by the scattering loss factor
(exponential behavior only). Indeed, the scattering loss factor ap-
plied in this study accounts only for the reduction of energy in
the specular direction. As a result, only the coherent component
is assumed to contribute to the reflected signal. The remaining
Green’s functions oscillations could therefore be attributed to the
contribution of the incoherent components. In both cases, the phase
of theGreen’s function is properly reproduced and corresponds to the
propagation times in air and sand layer.

Full-waveform inverse estimations

In Figure 5, the roughness standard deviation sr measured by the
needle-like profiler was compared to values inverted using the

Figure 3. Response surfaces of the objective function logarithm
log10ðϕ2ðbÞÞ for the surface reflection inversion in the εr-sr param-
eter plane using (a) numerically generated error-free data (ϕ2ðbÞ),
and (b) real data (ϕ�

2ðbÞ). The asterisk represents the global mini-
mum of the objective function. Note that the color scale differs for
the two response surfaces.
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full-waveform inversion (equation 2, b ¼ ½εr; σ; sr�). In total,
twenty-one configurations (three roughness levels combined with
seven water content levels) were analyzed. Although the inversion
failed for one scenario (θ2R2), a relatively good agreement was
obtained between the real and GPR-derived values (correlation
coefficient r2 ¼ 0.55, root mean square error RMS ¼ 0.22 cm).
In general, inverted data slightly overestimated the measured sr.
To estimate the sand dielectric permittivity, the use of the roughness
model did not improve the estimations compared to the smooth
model. This is due to the fact that the permittivity information is
not only contained in the surface reflection, but also in the two-
way travel time between the sand surface and the underlying perfect
electrical conductor. Only the estimation of the electrical conduc-
tivity was affected, which is due to energy loss by surface scattering.

Surface reflection inverse estimations

For this scenario, only the surface dielectric permittivity was
inverted for (equation 3, b ¼ ½εr�). The results for the largest rough-
ness level (sr between 0.6 and 1.0 cm) are presented in Figure 6 and

are expressed in terms of water content using the sand-specific pet-
rophysical relationship (equation 4). The errors in the estimation of
water content are presented for both models. The errors are defined
as the absolute difference between the estimation of water content
using the smooth or roughness model and the GPR-derived water
content for the same water content level but with a smooth surface.
Following the results presented in Lambot et al. (2004b), the radar
approach can indeed be used as a reference to accurately estimate
the medium permittivity for the smooth case and this experimental
setup. In all cases, the use of the roughness model significantly
decreases the estimation errors, with variable benefits depending
on actual water content. With the roughness model, the error is

1 1.5 2 2.5 3
0

500

1000

1500

2000

f [GHz]

|G
xx↑

|

Measured Modeled−S Modeled−R

1 1.5 2 2.5 3
−4

−2

0

2

4

f [GHz]

∠
G

xx↑
 [

ra
d]

1 1.5 2 2.5 3
0

500

1000

1500

2000

f [GHz]

|G
xx↑

|

1 1.5 2 2.5 3
−4

−2

0

2

4

f [GHz]

∠
G

xx↑
 [

ra
d]

a)

b)

Figure 4. Measured (dashed black line) and modeled (Modeled-S:
without using a roughness correction and Modeled-R: with a rough-
ness correction; solid blue and red lines, respectively) amplitude and
phase of the frequency-domain Green’s function. Data are presented
for two water content and roughness height combinations
(θ ¼ 0.15 m3 m−3-sr ¼ 0.33 cm (a), and θ ¼ 0.20 m3 m−3-sr ¼
0.88 cm (b)).
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1.2–13.2 times smaller compared to the smooth model. The RMS in
terms of water content is 0.068 m3 m−3 when considering the
smooth model, while with the roughness model the RMS is only
0.034 m3 m−3. In this last case, the roughness was known a priori.
To evaluate the impact of the unknown roughness on the water

content retrieval, inversions were also performed using the rough-
ness model and by assuming the roughness unknown (equation 3,
b ¼ ½εr; sr�). The RMS in terms of water content is 0.057 m3 m−3,
which is similar to the results obtained without accounting for
roughness, i.e., with the smooth model. The roughness model sig-
nificantly improves the retrieval of the water content compared to
the smooth model when roughness is known. However, without a
priori knowledge of the roughness, the accuracy of the retrieval does
not differ significantly between the two models. Similar results were
obtained for the lower roughness levels, but with smaller effects.

CONCLUSIONS

The Ament model accounting for scattering losses in the specular
direction for rough surfaces was applied to invert off-ground GPR
data using Lambot’s model. Full-waveform inversion permitted
simultaneous reconstruction of the sand dielectric permittivity and
the standard deviation of the surface roughness. For this inversion,
information about the soil layering was assumed to be known.
A practical field inversion strategy based on surface reflection per-
mitted the retrieval of the surface permittivity with a significantly
higher accuracy compared to a smooth model. However, in that
case, roughness should be independently measured, e.g., by a laser
profiler. The proposed method appears to be promising for soil sur-
face moisture mapping in reasonably rough environments (rough-
ness amplitude < 1∕4 of the wavelength).
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