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Mapping Field-Scale Soil Moisture With L-Band
Radiometer and Ground-Penetrating
Radar Over Bare Soil

Francois Jonard, Lutz Weihermiiller, Khan Zaib Jadoon, Mike Schwank, Harry Vereecken, and Sébastien Lambot

Abstract—Accurate estimates of surface soil moisture are es-
sential in many research fields, including agriculture, hydrology,
and meteorology. The objective of this study was to evaluate two
remote-sensing methods for mapping the soil moisture of a bare
soil, namely, L-band radiometry using brightness temperature
and ground-penetrating radar (GPR) using surface reflection in-
version. Invasive time-domain reflectometry (TDR) measurements
were used as a reference. A field experiment was performed
in which these three methods were used to map soil moisture
after controlled heterogeneous irrigation that ensured a wide
range of water content. The heterogeneous irrigation pattern was
reasonably well reproduced by both remote-sensing techniques.
However, significant differences in the absolute moisture values
retrieved were observed. This discrepancy was attributed to dif-
ferent sensing depths and areas and different sensitivities to soil
surface roughness. For GPR, the effect of roughness was excluded
by operating at low frequencies (0.2-0.8 GHz) that were not
sensitive to the field surface roughness. The root mean square
(rms) error between soil moisture measured by GPR and TDR
was 0.038 m3 - m—3. For the radiometer, the rms error decreased
from 0.062 (horizontal polarization) and 0.054 (vertical polariza-
tion) to 0.020 m® - m~3 (both polarizations) after accounting for
roughness using an empirical model that required calibration with
reference TDR measurements. Monte Carlo simulations showed
that around 20% of the reference data were required to obtain a
good roughness calibration for the entire field. It was concluded
that relatively accurate measurements were possible with both
methods, although accounting for surface roughness was essential
for radiometry.

Index Terms—Active and passive remote sensing, digital soil
mapping, ground-penetrating radar (GPR), microwave radiome-
try, soil moisture, surface roughness.
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I. INTRODUCTION

URFACE water content is a key variable for estimating
S water and energy fluxes at the land surface. Knowledge of
the spatial distribution and dynamics of the soil water content
is essential in agricultural, hydrological, meteorological, and
climatological research and applications. Soil sampling, time-
domain reflectometry (TDR), as well as neutron and capaci-
tance probes, are common methods used to characterize soil
water content at the point scale. In general, these techniques
are restricted to small observation areas and are tedious and
time consuming. Furthermore, these techniques may disturb the
soil structure and may not allow repeated measurements at the
same point. Finally, point measurements are not expected to
be representative of the within-field variability or even average
field moisture [1].

Airborne and spaceborne remote-sensing techniques with
either passive microwave radiometry or active radar instruments
are the most promising methods for mapping surface soil
moisture over larger areas [2]-[5]. Active radar instruments,
particularly synthetic aperture radar, can provide high-spatial-
resolution data from space (10-100 m). However, the radar
signal is highly sensitive to the geometric structure of the
soil surface [6]. To account for roughness effects, empirical
radar scattering models have been developed by several authors
[7]-[9], but all these models require site-specific calibrations
[10]. Currently, no widely applicable radar model accounting
for roughness effects is able to provide soil-moisture esti-
mations at accuracies that would satisfy typical hydrological
application requirements [5]. In addition, remote-sensing radar
measurements are greatly affected by vegetation [3]. Active
systems are therefore limited to flat areas with bare soils or
low vegetation. On the other hand, numerous studies have
also demonstrated the potential of passive microwave remote
sensing to retrieve geophysical parameters such as soil mois-
ture [5], [11]-[14]. Passive methods provide coarser spatial
resolution data (> 10 km) but are less influenced by surface
roughness and vegetation cover [3]. Microwave radiometry in
the L-band (1-2 GHz) is a promising technique to estimate
soil moisture and has the advantage of being unaffected by
cloud cover and independent of solar radiation [15], which
allows all-weather and continuous (day and night) observa-
tions. The frequency band 1.400-1.427 GHz is a protected
radio astronomy band, thus reducing radiometric measure-
ment errors due to radio frequency interferences. Addition-
ally, at these wavelengths (~21 cm), the soil emission depth
is relatively large and the vegetation canopies are semitrans-
parent [16], [17].
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Few techniques are presently available to measure soil
water content at an intermediate scale between the local
and remote-sensing scales, namely, the field scale. However,
they are particularly necessary for improving and validating
large-scale remote-sensing data products [18]. In this respect,
ground-penetrating radar (GPR) and ground-based microwave
radiometry techniques are specifically suited for field-scale
characterization.

Over the past decade, GPR technology has made significant
progress and has shown great potential for mapping surface soil
moisture at the field scale with high spatial resolution. Reviews
on the use of GPR in soil and hydrological sciences are given by
Huisman et al. [4] and Annan [19]. As the dielectric properties
of water outweigh those of other soil components, the spatial
distribution of water decisively controls GPR wave propagation
in the subsurface. However, the forward model describing the
radar backscatter measurements is usually subject to relatively
strong simplifications with respect to electromagnetic wave
propagation phenomena. This results in inherent errors in the
water content retrieval, and moreover, this does not permit
the exploitation of all the information contained in the radar
data. To overcome this limitation, it is necessary to resort to
full-waveform forward and inverse modeling of the GPR data,
which has become the logical choice due to the computing
resources now available [20]-[22]. Lambot et al. [23] proposed
a full-waveform forward and inverse modeling approach, which
particularly applies to off-ground GPR. The electromagnetic
model is based on a solution of the 3-D Maxwell equations
for waves propagating in multilayered media and correctly
accounts for antenna effects and antenna—soil interactions. The
model was shown to accurately reproduce the radar measure-
ments, and model inversion was successfully applied to identify
and map surface soil moisture in the field [24], [25].

In the past, several experiments were performed using
ground-based and airborne L-band radiometers to better under-
stand the effects of vegetation cover [26]-[29], soil temperature
[30], [31], soil surface roughness [32], [33], snow cover [34],
and topography [35] on the microwave emission from the
Earth’s surface. These effects have to be considered in the
interpretation of the signatures measured; otherwise, soil-water-
content retrieval becomes inaccurate. Algorithms for estimating
surface soil moisture from passive data are available in the
literature [36], [37]. These models include corrections for the
surface roughness as well as for the vegetation cover and have
been successfully applied in a wide range of conditions in
ground-based and airborne experiments [3].

In this context, the further development of algorithms for
soil-moisture retrievals based on passive and/or active remote-
sensing techniques is essential to fully benefit from European
Space Agency’s Soil Moisture and Ocean Salinity mission
launched in November 2009 and the National Aeronautics and
Space Administration’s upcoming Soil Moisture Active Passive
(SMAP) mission scheduled for launch in 2014. For the proper
calibration of such algorithms, ground-truth measurements col-
lected at relevant scales are necessary. In this respect, both
ground-based GPR and radiometer show great promise for
mapping spatiotemporal variations of soil moisture at scales
ranging from a few square meters to several hectares and with
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a spatial resolution on the order of 1 m [38]. These ground-
based GPR and radiometer techniques overcome the limitations
of the present ground truths (point information, see previous
discussion) and constitute a promising solution for bridging
the spatial scale gap between point information and large-scale
remote-sensing data.

The objective of this paper is to compare L-band radiometer
and off-ground ultra-wideband (UWB) GPR [23], [39] to map
surface soil moisture at the field scale over bare soil. The
effect of soil roughness on the passive microwave signal is
also addressed by using an empirical roughness model. The
uncertainty related to, respectively, radiometer, GPR, and TDR
estimates is appraised and discussed by comparing the three
characterization techniques, as absolute uncertainty quantifi-
cation is relatively complex when dealing with unknown het-
erogeneities over different scales. In addition, Monte Carlo
simulations were performed to evaluate the sensitivity of the
roughness parameters with respect to the number of ground
truths used for the model calibration, thereby providing valu-
able insights into the roughness calibration uncertainty. To the
best of our knowledge, this study represents the first attempt
to compare field-scale maps of soil moisture over a bare rough
surface using radiometer and advanced GPR.

II. MATERIALS AND METHODS
A. Experimental Setup

The experiment was conducted on July 14, 2009 on an agri-
cultural field at the Selhausen test site of Forschungszentrum
Jillich GmbH, Germany (longitude of 50° 87 N, latitude of
6° 45 E, and elevation of 105 m above sea level). The mea-
surements were performed three months after the last plowing
event on a compacted bare soil. The test site has a maximum
inclination of 4° in the east—west direction. The ground water
depth shows seasonal fluctuations between 3 and 5 m below
the surface. The soil type is a Haplic Luvisol developed in silt
loam according to the U.S. Department of Agriculture textural
classification. In the upper horizons of the soil (0-30 cm), the
grain-size distribution is largely dominated by the silt fraction
(mean value of 65.0%). The mean clay and sand contents
are 14.9% and 20.1%, respectively. In the upper part of the
field, stones are observed. Due to the geomorphology and soil
texture variation (around 5% within the experimental plot), a
large natural variability in surface soil water content is present
(around 0.10 cm?® - cm™3) [24].

GPR, radiometer, and TDR data were collected on a 72 x
16 m? experimental plot located in the upper part of the test site
(Fig. 1). This plot consists of eight transects, each consisting
of 18 measurement points (measurement spacing: 2 and 4 m in
the z- and y-direction, respectively). In order to produce a wide
range of water contents, the plot was partially irrigated with
different quantities of water in two different areas using a fire
hose one day before the experiment. Fig. 1 shows the location
of the irrigated area. The dark-gray area was irrigated with
approximately 8 1 - m~2, while the light-gray area was irrigated
with approximately 4 1- m~2.

Measurements were performed with a radiometer and a GPR
mounted on the back of a truck (see Fig. 2). The truck moved
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Fig. 1. Sampling grid (72 x 16 m2) consisting of eight transects, each
comprising 18 measurement points (in total 144 measurement points). The
delineated areas correspond to areas with different levels of irrigation: (Dark
gray) = 8 1- m~—2 (high irrigation), (light gray) = 4 1- m~2 (low irrigation),
and (white) 2 01- m~2 (no irrigation).

Radiometer antenna

GPR antenna

Fig. 2. GPR and L-band radiometer mounted on a truck to measure surface
soil relative dielectric permittivity.

backward to avoid the effects of the tracks on the radiometer
and radar measurements. Single radiometer and radar measure-
ments were performed at each position. The radiometer antenna
aperture was situated about 2 m above the soil surface and
directed with an observation angle of ¥ = 53° relative to the
vertical direction. The GPR antenna aperture was about 1.2 m
above the ground with normal incidence. This setup resulted
in an elliptic —3-dB footprint of approximately 3.2 x 1.9 m?
for the radiometer and a —3-dB footprint of approximately
1.8 x 1.8 m? for the GPR (see Sections II-C1 and II-C2).

B. Ground-Truth Measurements

Subsequent to each GPR and radiometer measurement, four
TDR and temperature measurements were performed in the
center of the GPR and the radiometer antenna footprints, at dis-
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tances of about 20 cm from each other. Only four measurements
were collected due to a time constraint during the mapping
experiment, particularly to avoid significant temporal variations
of surface soil moisture (evaporation). Data measured within
each footprint were averaged for comparison with the permittiv-
ities derived from the GPR and radiometer. TDR measurements
of e, were performed using a custom-made three-rod probe
with a length of 10 cm which was inserted vertically into the
soil. The TDR probe was connected to a TDR100 cable tester
(Campbell Scientific, Logan, UT). The raw data of the wave-
form were stored and automatically analyzed by the commonly
used tangent method in the time domain [40]. Due to the low
clay content of the soil at the site, the frequencies of the TDR
measurements are expected to be in the frequency range of
200-1000 MHz [41], which is similar to the GPR bandwidth.
Soil temperature measurements were performed using a tem-
perature sensor (Testo110, Testo Industrial Services, Lenzkirch,
Germany) inserted vertically at a depth of 5 cm. This sensor
provides the soil temperature with an accuracy of £0.2 K.

C. Remote-Sensing Instruments

1) GPR: The radar system was set up using a ZVL vec-
tor network analyzer (VNA, Rohde & Schwarz, Munich,
Germany), thereby providing a UWB stepped-frequency
continuous-wave radar. The antenna system consisted of a
transverse-electromagnetic double-ridged broadband horn an-
tenna (BBHA 9120 F, Schwarzbeck Mess-Elektronik, Schonau,
Germany). The antenna was 95 cm long with a 68 x 96 cm?
aperture area and a —3-dB full beamwidth in the E-plane and
in the H-plane of 46° (at 400 MHz). The antenna nominal
frequency range was 0.2-2 GHz, and its isotropic gain ranged
from 9-14 dBi.

The raw GPR data consist of the frequency-dependent com-
plex ratio S1; between the backscattered electromagnetic field
and the incident electromagnetic field and were measured se-
quentially at 301 stepped operating frequencies over the range
of 0.2-2 GHz with a frequency step of 6 MHz. Only lower
frequency data (0.2-0.8 GHz), which were not affected by soil
surface roughness according to Rayleigh’s criterion (h. = \/8,
where h, is the critical height of the surface protuberances and
) is the wavelength), were used for the inversions.

2) Microwave Radiometer: The L-band microwave ra-
diometer JULBARA from Forschungszentrum Jiilich GmbH
was designed for field-scale application in surface-soil-
moisture experiments. JULBARA is a Dicke-type radiometer
which operates at the central frequency of 1.414 GHz and is
based on a similar concept (with respect to the filter character-
istics and calibration sources) as the ELBARA radiometer [42].
To distinguish interferences from natural thermal radiance, the
radiometer measured quasi-simultaneously at the two following
frequency ranges: 1.400-1.414 and 1.414-1.427 GHz. The
radiometer was equipped with a dual-mode conical horn an-
tenna (aperture diameter = 68 cm, length = 61 cm) with sym-
metrical and identical beams and a —3-dB full beamwidth in
the far field of 24°, which allowed the received radiance to
be confined to a well-defined and narrow footprint area. The
radiometer was equipped with internal cold (278 K) and hot
(338 K) loads for calibration preceding each measurement. The
measurements were recorded with 10-s integration time. The
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estimated absolute accuracy of the radiometer was 1 K with
a sensitivity better than 0.1 K. External calibration was done to
correct for losses in the antenna cables and for noise generated
by the physical temperature of the antenna and cables. This
external calibration was performed by directing the radiometer
toward the sky with an elevation angle of 60° above the horizon
and by correcting the measured brightness temperature to the
theoretical value as described by Pellarin et al. [43].

D. Signal Processing

1) GPR Full-Waveform Forward and Inverse Modeling: As-
suming 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 approxi-
mation over the antenna aperture), the antenna can be modeled
using the following equation in the frequency domain, owing to
the linearity of Maxwell’s equations [23]

H(w)Gl(w)

S1i(w) = Hi(w) + 1 — Hy(w)Glx(w)

(1)

where S71(w) is the international standard quantity measured
by the VNA, H;(w) is the antenna return loss, H(w) is
the antenna transmitting—receiving transfer function (H(w) =
Hy(w)H,(w)), Hy(w) is the antenna feedback loss, G, (w) is
the transfer Green’s function of the air and subsurface, and w
is the angular frequency. The antenna transfer functions and the
Green’s function are dimensionless. The characteristic antenna
transfer functions can be determined by solving a system of
equations as (1) to the unknowns H;(w), H(w), and Hy(w),
by performing Si;(w) measurements for known configura-
tions, i.e., for which the Green’s functions can be computed.
Typically, S11(w) measurements are performed with the an-
tenna at different heights above a perfect electrical conductor.
The Green’s function represents an exact solution of the 3-D
Maxwell’s equations for electromagnetic waves propagating in
multilayered media with smooth interfaces [23], [44], [45].

In order to identify the surface dielectric permittivity, inver-
sion of the Green’s function is performed in the time domain,
focusing on a time window containing the surface reflection
only [39]. The inverse problem is formulated in the least
squares sense, and the objective function to be minimized is
accordingly defined as follows:

é(b) = (gl —glo) " - (gl — gl )
where

tmax tmax (3)

tmin

gl = gh(t)

g = gi(®)],"
are the vectors containing the observed and simulated time
domain windowed Green’s functions, respectively, and b =
[er, ha] is the parameter vector to be estimated with &, (dimen-
sionless) being the surface soil relative dielectric permittivity
and h, (in meters) being the distance between the antenna
phase center and the soil surface. The antenna phase center
represents the origin of the radiated field from which the far-
field spherical divergence is initiated [63]. Although the soil
electrical conductivity, magnetic permeability, and soil layer-
ing can be taken into account in the inversion process, their
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effect was initially assumed to be negligible for the estimation
of e, [39].

The objective function (2) is minimized using the local
Levenberg—Marquardt algorithm. An initial guess for the an-
tenna elevation h,, is derived from the surface reflection arrival
time t; (in seconds), which is automatically detected. Given
the simple topography of the objective function (not oscillating
and containing a single minimum) dealt with in this particular
inverse problem, the initial guess for €,. can be made arbitrarily,
and it was set as 5 in this study (the solution found by the
algorithm is independent of the initial guess). The GPR method-
ology has been fully validated in previous studies, both in the
laboratory and in the field [23], [25], [39]. However, a validated
UWB GPR model that accounts for soil surface roughness is
not yet available [46].

2) Passive Microwave Signal Modeling:

a) Radiative transfer model: The basic principle of mi-
crowave radiometry is a measurement of the thermal radiance
emitted at the Earth’s surface in a given frequency band [15].
Planck’s radiation law describes the radiation spectrum of a
black body at a given physical temperature. At microwave
frequencies, and for temperatures typical of the Earth’s surface,
Planck’s law can be approximated by the Rayleigh—Jeans equa-
tion. According to this equation, the radiance is proportional to
the physical temperature and is denoted as brightness tempera-
ture Tz (in kelvins) [15].

The brightness temperature of a soil surface observed by the
L-band radiometer can then be expressed as [36], [47]

TB,p = EpTeff + (1 - Ep)Tsky (4)

where E (dimensionless) is the surface emissivity, Ty, (in
kelvins) is the sky radiometric temperature calculated as in [43],
Tes (in kelvins) is the effective physical temperature of the soil
[2], and p refers to the polarization [horizontal (H) or vertical
(V)]. In this paper, the effective soil temperature is assumed
to be the temperature at a depth of 5 cm. The impact of this
assumption on the emissivity values is negligible. Indeed, even
if an error of 5 K is assumed for 7., this would result in an
error for the emissivity of less than 3%.

Under local thermodynamic equilibrum, Kirchhoff’s law
states that the emissivity (F) of a given object is equal to its
absorptivity. The soil emissivity can then be related to the soil
reflectivity R (dimensionless) by

E=1-R. 5)

The reflectivity is described by the Fresnel equations that
express the behavior of electromagnetic waves at a smooth di-
electric boundary [48], [49]. By solving the Fresnel equations,
e, of the emitting layer can be retrieved from the observed
R at each polarization. However, the Fresnel equations are
only valid for an ideal smooth air—soil interface which is never
found in typical agricultural fields. To include the effects of
roughness in the modeling of the microwave emission from soil
surface, a simple model based on the semiempirical approach
of Wang and Choudhury [50] was applied. This model is de-
scribed next.

b) Roughness model: The Wang and Choudhury model
[50] expresses the rough surface reflectivity Rp (%) at a
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polarization p (H or V) and an incidence angle ¥ in relation
to the specular reflectivity Ry, () as

Rep(0) = [(1 = Q)Rrp(V) + QRrp(0)] exp (—h 008(19)?6))

where (@ is the polarization mixing factor, n expresses the angu-
lar dependence of roughness, and h is the roughness parameter.

In our study, only a single incidence angle is used (¢ = 53°),
and thus, the angular dependence of roughness will then not
be considered (n = 0). In most studies, polarization crosstalk
is assumed to be negligible, and thus, @) = 0 is used [47],
[51]. In (6), the roughness parameter h is generally consid-
ered to be independent of polarization [47], [50]. However,
various studies have pointed out that the roughness affects the
two polarizations differently as a result of the anisotropy of
the effective permittivity ¢, in the air to soil transition zone
[52], [53]. Several studies have also shown that the roughness
effect might change with soil moisture. Wigneron et al. [47],
Schwank and Mitzler [54], and Escorihuela et al. [55] did
indeed observe a negative correlation between their estimated
roughness parameter and the surface soil moisture. The appar-
ently increasing roughness with decreasing soil moisture was
explained by an increase of the dielectric heterogeneity (dielec-
tric roughness) as the soil dries out. However, a recent study by
Escorihuela et al. [56] showed that the dependence of the soil
roughness parameter on soil moisture is due to the difference
between the L-band radiometer sensing depth and the ground-
truth sampling depth used for the calibration. Based on these
assumptions, a simplified bare soil reflectivity model account-
ing for roughness was derived

RRp = Rppexp (—(ap + bper)) (N

Flowchart representing the calibration procedure for the roughness parameters a and b of (7) for estimating the soil relative dielectric permittivity. Shaded

where a and b are the soil roughness model parameters depend-
ing on polarization p. Parameter b is multiplied by ¢, instead of
the volumetric soil water content to avoid any inaccuracy due to
the petrophysical relationship. Given that the model parameters
are determined by best fit, they include the measurements errors
and their physical meaning is not straightforward [55].

The inversion procedure adopted for the estimation of the
roughness parameters is shown in Fig. 3. In this optimization
process, only radiometer and reference TDR data are used.
Inversion is composed of two sequential optimization steps.
The first inverse problem consists of solving a nonlinear least
squares problem. In this case, the Gauss—Newton algorithm is
used to minimize the objective function

®(e,) = (Rp— Rr)*. ®)
This objective function represents the cumulative squared error
between the measured and modeled reflectivity radiometer data
(R} and Rg(a, b), respectively). The measured reflectivity data
are obtained from the brightness temperature measurements by
using the radiative transfer model presented in (4) and (5). The
radiometer data from each polarization are used separately in
the inversion procedure to obtain specific roughness parameters
for each polarization. The second inverse problem consists in
minimizing the objective function

' (a,b) = Z (eF —e,)2. 9)
The objective function ®’ represents the cumulative squared
error between the measured and modeled dielectric permittivity
data (¢ and e,(a,b), respectively) and is minimized by
means of the global multilevel coordinate search optimization
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algorithm combined with the local Nelder—-Mead simplex algo-
rithm (GMCS-NMS, see [57]). Measured permittivity data are
obtained from raw TDR data while modeled permittivity data
are obtained from the solutions of the first inverse problem. At
each iteration, new roughness parameters are generated, which
are used in the roughness model (7) to produce new modeled
reflectivity data and then new modeled dielectric permittivity
data. The optimal roughness parameters a and b are finally
obtained after numerous iterations. For the optimization conver-
gence criteria, the default values of the implementation of the
Nelder—Mead simplex algorithm in Matlab (The MathWorks
Inc.) were used (i.e., termination tolerance on the function
value set to 10~* and termination tolerance on the optimized
parameters set to 10~%). It has to be noted that more stringent
conditions did not affect the fitting results.

E. Petrophysical Relationship

For each type of measurement (GPR, radiometer, and TDR),
the model of Topp et al. [58] was used to relate the soil
volumetric water content [¢ (in m® - m~3)] to the soil relative
dielectric permittivity

0 =—53x10"24292 x 10 2%, — 5.5 x 1072

+4.3 x 107%3. (10)

The Topp model is a widely used empirical relationship mainly
applied for TDR measurements with some restrictions for
highly clayic- and organic-rich soils as well as soils with
high bulk electrical conductivity. For our study site, Topp’s
model was shown to perform well by Weihermiiller et al. [24].
The authors found a root-mean-square (rms) error of
0.021 m®-m™3 between volumetric soil samples and TDR
estimates.

III. RESULTS AND DISCUSSION
A. Off-Ground GPR

Fig. 4 shows the frequency- and time-domain GPR Green’s
functions for one and the 144 measurement points, respec-
tively. The Green’s function is computed from the S;; scatter
function using (1), thereby filtering antenna effects. In the
frequency domain, we observe that the amplitude of the Green’s
function (G1,) increases monotonically up to approximately
0.8 GHz. This behavior indicates that the surface reflection
dominates the radar backscatter (this corresponds to a single
reflection in the time domain) [39]. For higher frequencies,
G, presents a highly oscillating behavior. This is to be at-
tributed to the effect of soil surface roughness [46]. Indeed,
for this particular radar setup, the frequency at which a sur-
face appears to be smooth agrees with the Rayleigh criterion
[59]. Accordingly, the critical height of the surface protuber-
ances below which the soil surface can be considered smooth
corresponds to one-eighth of the wavelength. In our case,
the threshold frequency is around 0.8 GHz, corresponding
to a maximum height of the surface protuberances of about
0.047 m, which is consistent with the conditions visually
observed in the field. In the time domain [Fig. 4(b)], the
Green’s function (g!.) does indeed present a single reflector
(the soil surface). The time zero corresponds to the antenna
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Fig. 4. Representation of the Green’s function (a) in the frequency domain for

one measurement point (|G1X| denotes the amplitude, and LGlx represents the
phase of the Green’s function) and (b) in the time domain for all measurement
points. The oscillations observed with respect to time (above and below
the reflection observed around 10 ns) are an artefact of the inverse Fourier
transform when data are used in a limited frequency window.

phase center. The variations of the reflection over time are
due to the inherent variations of the antenna height above the
soil during the measurements. It is worth noting that the soil
moisture retrieved from the reflection at the air—soil interface
is a surface property and not a volume property (reflection
coefficient) [39], [60]. Hence, the retrieved soil moisture does
not directly depend on the penetration depth of the GPR electro-
magnetic waves. However, when dielectric contrasts are present
near the soil surface, and in particular, at depths which are a
fraction of the wavelength (typically less than a quarter the
wavelength), constructive or destructive interferences occur and
affect the results, leading to, respectively, over- or underestima-
tions of soil surface dielectric permittivity [39], [60].

B. Soil-Moisture Maps

In the first step, off-ground GPR and radiometer data were
analyzed without taking soil roughness into account. Surface
soil moisture estimated from GPR (fgpr ), radiometer (Oyg ),
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Fig. 5. Volumetric water content maps obtained using (a) off-ground GPR,
(b) radiometer (averaged over both polarizations), and (¢) TDR measurements
at the Selhausen test site (July 14, 2009).

and TDR (frpr) measurements are shown in Fig. 5. As
expected, the soil-water-content map based on the GPR mea-
surements [Fig. 5(a)] shows the lowest water contents in the
upper part of the field, which was not irrigated. Intermediate
water contents are observed in the area of low irrigation and
highest water contents in the area of high irrigation (Fig. 1).
Although the left part of the field was not irrigated, a water
content gradient is detectable from the upper to the lower left
part. This is associated with the slope of the field. GPR-derived
water content values range between 0.12 and 0.26 m? - m—3.

In comparison to the GPR-derived water content map, the
results of the radiometer measurements, considering the av-
erage between the horizontal (subscript H) and vertical (sub-
script V) polarizations (0 77) [Fig. 5(b)], show a smaller

water content range (0.13-0.20 m? - m—3). However, a similar
moisture pattern to that of GPR is observed with the lowest
water contents in the upper nonirrigated area, intermediate
water contents in the area of low irrigation, and the highest
water contents in the area of high irrigation. Additionally, the
spatial correlation is much higher compared with the GPR, with
smoother transitions between drier and wetter parts. This may
partly be attributed to the larger footprint of the radiometer and,
as shown below, to the polarization averaging.

The map based on the reference TDR measurements [f1pR,
Fig. 5(c)] shows the widest range of water contents over the
entire field with values from 0.09 m3 - m~3 in the upper non-
irrigated area to a maximum of 0.23 m® - m~3 in the area of
high irrigation. This is due to a significant local variability
at the GPR and radiometer footprint scales, as observed from
the repeated TDR measurements within the footprints (average
standard deviation (STD) of 0.02 m® - m~2). It is also worth
noting that TDR measurements were affected by the presence
of numerous stones in the field, particularly in the upper
part, thereby also leading to significant measurement errors
(typically underestimations). Nevertheless, the same general
moisture pattern as for the GPR and the radiometer is obtained.
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averaged water content obtained using the radiometer at (a) H and (b) V
polarizations.

As already stated previously, two polarizations were mea-
sured by the radiometer, namely, H and V. For the H polar-
ization, water content values (6ngr 1) range between 0.08 and
0.15 m3 - m~3, and for the V polarization, the water content
values (f\r,v) range between 0.16 and 0.25 m® - m~3 (data
not shown). Radiometer measurements at H and V polariza-
tions provide large differences in water content estimations
in terms of absolute values. This discrepancy can be ascribed
to the different sensitivities to the soil surface roughness
with respect to the polarization. Indeed, Mo et al. [61] and
Shi et al. [52] showed that roughness effects on the surface ef-
fective reflectivity differ at different polarizations for the same
roughness characteristics. For both polarizations, Fig. 6 shows
the corresponding normalized water content value (91*\4R7p)
defined as follows:

gr _ Ovrp —Ouryp
MR,p —

Y

GMR,p

where 0\r,p is the water content estimated by the radiometer
at polarization p and spatially averaged over the entire field.
This shows that although the absolute water contents are under-
or overestimated with the H and V polarizations, the spatial
pattern is similar for the two normalized maps (correlation coef-
ficient 2 = 0.74) and consistent with the GPR and TDR maps
(wetter and drier zones). The remaining differences between
the two polarizations in the spatial distribution of the retrieved
water content may be attributed to variations in soil roughness
within the field, which are not fully removed by normalization
(only the linear bias is removed).

C. Comparison of the Measurement Methods

For a direct comparison of the results obtained from the
different measurement methods, the GPR- and radiometer-
derived water contents are plotted with respect to the TDR
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Fig. 7.
(H polarization) versus TDR, and (d) radiometer (V polarization) versus TDR.

results (Fig. 7). To facilitate interpretation, the data sets were
divided into three classes, corresponding to the high (dark
gray), low (light gray), and nonirrigated (white) parts, as
shown in Fig. 1.

In Fig. 7(a), it can be observed that GPR-derived water
contents systematically overestimate the TDR measurements.
Additionally, the data points are highly scattered, resulting in
a low correlation coefficient (r2) of 0.39 and an rms error
in terms of water content of 0.038 m3-m™2 (see Table I).
The relatively large STD (0.029) observed for the GPR mea-
surements with respect to the TDR reference measurements
may be attributed to soil heterogeneity. In [23], laboratory
results are presented for a quite homogeneous medium with
two layers, and the STD is indeed much smaller (0.007). For
field conditions, Lambot et al. [25] obtained an STD of 0.023.
However, compared with the radiometer, the slope of the regres-
sion (0.63) is much closer to 1. The observed discrepancies are
similar for the three differently irrigated areas of the field. The
lower values for the TDR may be attributed to the difficulties
encountered in properly inserting the TDR probe into the soil,
particularly in the drier and stone-rich nonirrigated part of the
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field. This would explain the larger misfit of the regression
line compared with the 1:1 line for lower water contents. It is
also worth noting that the GPR measurements may be affected
by dielectric layering near the soil surface, which may lead to
constructive and destructive interferences, and, thereby, to over-
or underestimations of the surface dielectric permittivity [60].
The soil apparent electrical conductivity (including dielectric
losses) can also affect the GPR measurements. As showed by
Lambot et al. [39], the effect of the soil electrical conductivity
on the surface reflection and dielectric permittivity estimates is
negligible for conductivity values below 0.03 S - m~! which is
larger than the apparent electrical conductivity observed in the
field during the experiment (< 0.025 S - m™1).

The comparison of averaged radiometer results (not account-
ing for roughness) and TDR data shown in Fig. 7(b) shows less
scattering, with a higher 2 of 0.67 and a lower rms error of
0.022 m? - m~3. The slope of the regression line is 0.4. Fig. 7(c)
and (d) clearly show that the radiometer-derived water con-
tents with H polarization significantly underestimate the TDR-
derived values, while those with V polarization systematically
lead to an overestimation. These discrepancies can be attributed
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TABLE 1
DIAGONAL MATRICES OF RMS ERROR IN TERMS OF WATER CONTENT (RMS ERROR 0) AND RELATIVE DIELECTRIC PERMITTIVITY (RMS ERROR &)
FOR THE GPR-, TDR-, AND RADIOMETER-AVERAGED (HV-POL), HORIZONTAL (H-POL), AND VERTICAL (V-POL) POLARIZATIONS, RESPECTIVELY

RMS error 6 RMS error er
Radiometer Radiometer Radiometer TDR Radiometer Radiometer Radiometer TDR
HV-pol H-pol V-pol HV-pol H-pol V-pol
GPR 0.038 0.084 0.041 0.038 1.933 4.065 2.065 1.881
Radiometer FV-pol 0.056 0.050 0.022 2.580 2.580 1.096
Radiometer H-pol 0.106 0.062 5.160 2.941
Radiometer V-pol 0.054 2.658
to the different sensitivities of the two polarizations with respect
to roughness. In general, the H polarization better predicts the 4 7
lower water contents in the nonirrigated areas compared with
the higher water contents from the irrigated parts. Indeed, in \ 6
Fig. 7(c), the low-water-content data are closer to the 1:1 2 \ 5
line compared with the higher water content data, whereas s |
the opposite is observed in Fig. 7(d). However, the r? is still 3 0 ) ’
0.66 m®-m~3 for the H polarization and 0.59 m® - m~3 for g ‘ 3
the V polarization, respectively, whereby the high rms errors ~ 5
of 0.062 and 0.054 m? - m~3 clearly indicate the systematical 2
mismatch between the two techniques. This explains the small 1
rms error obtained by averaging the two polarizations. ” 0
The frequency dependence of the soil dielectric permittivity log, (4"
over the frequency range covered by the three methods (GPR, 4 2 0 2 4
radiometer, and TDR) is expected to be rather small [23] as Parameter b
all methods operate at frequencies well below the relaxation (a)
frequency of free water (approximately 16 GHz). However, as
the soil is inherently heterogeneous, differences in soil moisture
retrieved by the three techniques can also be partly explained by 4 f 7
the different characterized soil volumes. .
D. Accounting for Soil Surface Roughness for the Radiometer . ' 5
=
As already stated, soil surface roughness plays an important g i
role in the retrieval of soil water content from the radiometer § . 3
data. In this section, soil surface roughness is accounted for & 3
using the empirical roughness model [see (7)]. The optimal 2 \ a
roughness parameters obtained by the inversion scheme in 1
Fig. 3 are a = 0.1818 and b = 0.0013 for the H polarization
and a = —1.1480 and b = 0.0913 for the V polarization, re- = log (2)
spectively. The value of b is close to zero for the H polarization, A 5 7 5 4 10
which means that the model dependence on ¢, is negligible for Parameter b
this polarization. It is worth noting that, as they are empirical, (b)

no constraint on the value of the estimated parameters during
the inversion process was applied and their physical meaning is
not straightforward. The values of these parameters depend on
all electromagnetic phenomena that are not properly accounted
for by the Fresnel model, particularly roughness effects, and
measurement errors.

Fig. 8 shows the logarithm of the objective function
(log10(¢")) as a function of the roughness parameters a and
b. The aim of this analysis was to verify that the adopted
optimization approach was able to find the global minimum of
the parameter space correctly and accurately and also to analyze
the uniqueness of the inverse solution and the parameter sensi-
tivities, as well as the correlations between the two parameters.
The objective function was calculated on 122500 discrete
points within the range [—5 < a,b < 5] and shown in Fig. 8.

Fig. 8. Logarithm of the objective function (log;((¢’)) as a function of the
roughness parameters a and b. (a) H and (b) V polarizations. The star represents
the global minimum of ¢’. The optimal roughness parameters are a = 0.1818
and b = 0.0013 for the H polarization and @ = —1.1480 and b = 0.0913 for
the V polarization.

For both polarizations, the objective function shows a well-
defined minimum (indicated by a white star), which is found
by the global optimization procedure. The model is much less
sensitive to a than to b, particularly for the V polarization,
which may result in some uncertainty in the estimation of a.
Based on the optimal parameter values, the rms error
between the TDR- and radiometer-derived (accounting for
roughness) soil water contents is 0.020 m?-m™ for both
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Fig. 9. Volumetric soil water content from (a) radiometer (H polarization)
versus TDR and (b) radiometer (V polarization) versus TDR. Radiometer-
derived water contents were estimated by taking roughness into account.

polarizations. In general, the accuracy of the soil-water-content
retrieval is significantly improved by using the roughness
model. In fact, the rms errors significantly decreased compared
with those obtained without the roughness correction, namely,
0.062 and 0.054 m3 - m~3 for the H and V polarizations, re-
spectively (see Table I). The radiometer-derived water contents
corrected for the roughness effect are plotted with respect to the
TDR estimates in Fig. 9. Compared with Fig. 7(c) and (d), the
measurements for both polarizations are much closer to the 1: 1
line with a regression slope of 0.6 for the H polarization and
0.7 for the V polarization. Without the roughness correction,
the regression slope was around 0.4 for both polarizations.
However, the 72 of the regression has not improved with the
roughness model and the data scattering is similar. This means
that random errors are not removed by using the roughness
model, showing that it does not perfectly account for all prop-
agation phenomena (not only due to roughness but also to
soil-water-content variability, measurement errors, calibration
errors, etc.).
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E. Monte Carlo Simulations

In most remote-sensing applications, ground-truth measure-
ments are sparse. In general, only a few reference points
are sampled for the estimation of the roughness parameters,
and those values are then used to estimate the soil dielectric
permittivity and/or water content for the rest of the area [62].
To analyze the associated uncertainty, Monte Carlo simulations
were performed, whereby a certain percentage of calibration
points were randomly sampled from the total ensemble of
reference measurements. In our case, the percentage of cali-
bration points varied from 1% to 100%. For each percentage,
30 independent model runs were performed with randomly
chosen reference points. For all these runs, independent rough-
ness parameters a and b were fitted following the inversion
procedure shown in Fig. 3, based on the TDR measurements
associated with the randomly sampled points. In the next
step, these roughness parameters were used to predict €, of
all the remaining points using the measured 7. The rms
error between radiometer-predicted and the TDR-derived ¢,
was then calculated. Finally, the arithmetic mean and STD
of the rms error were obtained from the 30 model runs of
each percentage. The evolution of the mean and STD of the
rms error with increasing percentage of calibration points is
shown in Fig. 10 (note that the left ordinate is split for better
visualization).

The mean rms error shows a sharp decrease with increasing
number of calibration points for both polarizations, whereby the
decrease is largest between 1 and =220%. Beyond this threshold,
the mean rms error changes only slightly while approaching
the value of 0.95 for the H polarization and 0.98 for the V
polarization. Additionally, the STD also decreases with the
increasing number of calibration points.

These results indicate that, even for a relatively homogeneous
soil without any vegetation, a large number of calibration
points are needed for a robust estimation of the field-scale soil
water content. These results indicate that calibrating roughness
parameters such as a and b for regional scales is expected to
require many more ground-truth measurements than reported
earlier because regional scales show a higher degree of hetero-
geneity in terms of soil properties (texture, structure, chemical
properties, etc.) and vegetation.

IV. SUMMARY AND CONCLUSION

Radiometer and GPR measurements were collected over an
area of 72 x 16 m? at the Selhausen test site of Forschungszen-
trum Jiilich GmbH (Germany). As a reference ground truth,
additional TDR measurements were performed within the foot-
prints of the radiometer and the GPR. The overall moisture
patterns were satisfactory reproduced by the three techniques,
whereby significant differences were observed between the ab-
solute estimations. The observed discrepancies were attributed
to different sensing depths and areas and different sensitivities
with respect to soil surface roughness.

For GPR, the effect of roughness was excluded by operating
at low frequencies (0.2-0.8 GHz) that are not sensitive to the
field surface roughness. The rms error between soil moisture
measured by GPR and TDR was 0.038 m?®-m™3. For the
radiometer, the rms error significantly decreased from 0.062
(H polarization) and 0.054 (V polarization) to 0.020 m3 - m~3
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Fig. 10. RMS error with respect to the percentage of randomly sampled mea-
surement points used for the calibration of the empirical roughness parameters
a and b of (7). The mean and STD of the rms errors in terms of dielectric
permittivity are estimated on the basis of 30 Monte Carlo runs (a) for H
polarization and (b) for V polarization. Note that the left ordinate is split for
better visualization.

(both polarizations) after accounting for roughness using an
empirical model that required calibration with reference TDR
measurements.

Because it is common practice in field and regional radiome-
ter applications to estimate empirical roughness parameters on
relatively small numbers of ground-truth measurements, Monte
Carlo simulations were performed to estimate the associated
uncertainty. These investigations showed that around 20% of
the ground-truth information is required to obtain a good rough-
ness calibration to be applied to the entire field.

This study showed that relatively accurate soil-moisture es-
timates were possible with L-band radiometer and off-ground
GPR, although accounting for surface roughness was essential
for the L-band radiometer. However, comparing different char-
acterization techniques operating at different scales remains a
difficult task in heterogeneous environments. The results of this
study, in particular, provide valuable insights into the develop-
ment and application of field-scale characterization techniques
that could be used for improving remote-sensing data products
for the retrieval of surface soil moisture. Future research will
focus on the potential radiometer and GPR synergies for im-
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proving soil-moisture estimates, to be applied, for instance, in
the upcoming SMAP mission.
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