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Estimation of Hydraulic Properties of a Sandy Soil
Using Ground-Based Active and Passive

Microwave Remote Sensing
François Jonard, Lutz Weihermüller, Mike Schwank, Khan Zaib Jadoon, Harry Vereecken, and Sébastien Lambot

Abstract—In this paper, we experimentally analyzed the fea-
sibility of estimating soil hydraulic properties from 1.4 GHz ra-
diometer and 0.8–2.6 GHz ground-penetrating radar (GPR) data.
Radiometer and GPR measurements were performed above a sand
box, which was subjected to a series of vertical water content
profiles in hydrostatic equilibrium with a water table located at
different depths. A coherent radiative transfer model was used to
simulate brightness temperatures measured with the radiometer.
GPR data were modeled using full-wave layered medium Green’s
functions and an intrinsic antenna representation. These forward
models were inverted to optimally match the corresponding pas-
sive and active microwave data. This allowed us to reconstruct
the water content profiles, and thereby estimate the sand water
retention curve described using the van Genuchten model. Un-
certainty of the estimated hydraulic parameters was quantified
using the Bayesian-based DREAM algorithm. For both radiome-
ter and GPR methods, the results were in close agreement with
in situ time-domain reflectometry (TDR) estimates. Compared
with radiometer and TDR, much smaller confidence intervals were
obtained for GPR, which was attributed to its relatively large
bandwidth of operation, including frequencies smaller than 1.4
GHz. These results offer valuable insights into future potential and
emerging challenges in the development of joint analyses of passive
and active remote sensing data to retrieve effective soil hydraulic
properties.

Index Terms—Bayesian uncertainty, ground-penetrating radar
(GPR), inverse modeling, microwave radiometry, soil hydraulic
properties.

I. INTRODUCTION

HYDROLOGICAL states of the terrestrial land surface
affect energy and mass fluxes between the atmosphere
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and the land surface [1], [2]. Accurate knowledge of these
transfer processes is very relevant to improve predictions of
weather, environmental disasters, food production, and in gen-
eral, to advance research on climate change and adaptation.
Surface energy and water fluxes are estimated from land surface
models, which depend on forcing data (e.g., atmospheric data)
and a wide range of parameters, including radiative, vegetation,
and soil parameters. In particular, soil hydraulic properties are
crucial for accurate modeling of water fluxes in soils.

Typically, estimates of soil hydraulic properties rely either
on laboratory measurements based on undisturbed soil samples
[3], [4] or they are based on soil water content data normally
extracted from soil samples, in situ time-domain reflectometry
(TDR) [5] or tensiometry. However, given the inherent spatial
variability of soil hydraulic properties, these measurements
are usually not very representative and fail to describe large-
scale hydrological processes [6], [7]. For field- to catchment-
scale applications, pedotransfer functions are typically used
to estimate soil hydraulic properties from more easily mea-
surable soil properties (i.e., soil texture, bulk density, organic
matter content, water content, etc.) [8], [9]. However, these
functions suffer from relatively large uncertainties due to the
lack of detailed soil maps and the heterogeneous nature of soils
[10], [11].

Remote sensing techniques offer a possible solution, as much
larger areas can be observed compared with in situ measure-
ments. Since the 1980s, microwave remote sensing has been
increasingly used to provide hydrologically relevant data at
large scales [12]–[19]. Remote measurements at microwave
frequencies are sensitive with respect to the amount of liquid
soil water. This makes both passive and active remote sensors
very attractive for deriving information on hydrological states
(e.g., soil moisture), and likewise on soil hydraulic properties.
As the dependence of the microwave measurement on soil
moisture is highest in the low-microwave region (< 10 GHz),
microwave sensors operate in either the L-band (frequency
f = 1–2 GHz, wavelength λ = 30–15 cm), C-band (f =
4–8 GHz, λ = 7.5–3.8 cm), or the X-band (f = 8–12 GHz,
λ = 3.8–2.5 cm). In particular, remote signals in the L-band
permit deeper characterization depth as a consequence of
lower attenuation and scattering in natural media such as soils
and vegetation. In this context, the European Space Agency
(ESA) initiated the Soil Moisture and Ocean Salinity (SMOS)
mission [20], [21]. Since May 2010, the L-band radiometer
MIRAS on board the SMOS satellite has been measuring
multiangular brightness temperatures with approximately
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40-km spatial resolution and a global revisit time of approx-
imately three days [22]. In addition, the National Aeronautics
and Space Administration plans to launch the Soil Moisture Ac-
tive Passive (SMAP) mission in 2015 [23]. The SMAP mission
objective is to provide soil moisture estimates at 9-km resolu-
tion and global coverage with a revisit time of approximately
three days. This product will be obtained from coinciding
measurements of low-resolution L-band brightness temperature
and high-resolution L-band radar backscatter. SMAP soil mois-
ture retrieval seeks to optimally combine the complementary
sensitivities of passive and active L-band signals with respect
to soil moisture and vegetation/soil surface roughness and the
different spatial resolutions of the sensors [24].

Although many studies have been initiated in support of
the SMOS and SMAP missions, most of them have focused
on the estimation of surface soil moisture, given the fact that
the L-band measurements mainly depend on the water content
of the first few centimeters of the soil. However, several au-
thors have investigated the possibility of remotely retrieving
soil hydraulic properties using a combination of hydrological
models, radiative transfer (RT) models, and time series of
remotely sensed soil moisture data [25]–[28]. Even if several
of these studies were validated against reference measurements,
the large heterogeneity in, e.g., soil water content, soil surface
roughness, and vegetation restricted the reliable assessment
of the proposed methods. Recently, Santanello et al. [29]
have used soil moisture estimates derived from passive and
active microwave remote sensing to calibrate a land surface
model and to infer soil hydraulic properties. In order to obtain
physically meaningful estimates of soil hydraulic properties,
pedotransfer functions were used in the land surface model.
Harrison et al. [30] extended the study of Santanello et al.
[29] to include an estimation of uncertainty with regard
to soil hydraulic properties. Researchers, such as Ines and
Mohanty [31], performed synthetic studies to assess soil hy-
draulic parameters derived from remote sensing. Montzka et al.
[32] used a data assimilation approach by means of which
synthetic data were used to estimate soil hydraulic proper-
ties from L-band satellite data. The performance of the pro-
posed approach was evaluated for four different soil types.
However, only homogeneous soils were considered in this
study. A review of recent developments related to soil hy-
draulic property estimation using remote sensing is given by
Mohanty [33].

At the field scale, a number of geophysical methods such
as electromagnetic induction, electrical resistance tomography,
and ground-penetrating radar (GPR) are increasingly used to
provide valuable information on the hydrological properties of
the vadose zone. Field-scale techniques are particularly relevant
for supporting agricultural management practices and also for
improving and validating spaceborne data products. Amongst
them, GPR has demonstrated good performance for high-
resolution soil moisture mapping at the field scale [34]–[36].
Over the past decade, significant progress has been made in the
modeling of GPR data. An advance of particular interest is the
full-wave modeling approach, which permits the exploitation
of all the information contained in the radar data [37]–[39].
Several authors have also investigated the application of GPR

to infer soil hydraulic properties mainly using cross-hole GPR
data [40]–[43]. A major difficulty with these approaches is
to constrain the inverse problem in order to obtain a unique
solution. A promising approach is the use of a joint hydro-
geophysical inversion technique, where the geophysical and
hydrodynamic models constrain each other, which allows the
complexity of the optimization process to be considerably re-
duced. Lambot et al. [44] applied this method using off-ground
GPR data to estimate the hydraulic properties of a laboratory
sand during an infiltration event. Despite the relatively large fre-
quency band of the radar and the laboratory-controlled condi-
tions, some differences were observed between the inverted soil
hydraulic properties and direct measurements on soil samples,
which were attributed to inherent heterogeneities and different
characterization scales. Recently, Jadoon et al. [45] have also
applied the method locally to a bare agricultural field.

In this paper, we used radiometer and GPR data to retrieve the
water retention curve of a sand subjected to a series of vertical
water content profiles in hydrostatic equilibrium with a water
table located at different depths. Measurements were performed
at 1.4 GHz for the radiometer and in the range of 0.8–2.6 GHz
for the GPR. Radiometer data were described using a coherent
RT model, whereas GPR data were modeled using full-wave
layered medium Green’s functions. Radiometer and GPR for-
ward models were inverted to estimate the sand water retention
curve and the related hydraulic parameters. Uncertainty of the
estimated hydraulic parameters was quantified in a Bayesian
framework using the DREAM algorithm [46]. The hydraulic
parameters estimated from GPR and radiometer data were
compared against reference laboratory measurements and es-
timates from TDR. The main benefits of TDR compared with
the reference laboratory characterization are: 1) the in situ
measurements; and 2) the larger characterization scale, both
making TDR more comparable with the GPR and radiometer
measurements given the inherent variability in the sand. In addi-
tion, TDR being a dielectric sensor, will be affected in the same
way as GPR and radiometer with respect to uncertainties in the
relationship between permittivity and water content. However,
TDR may suffer from bias in the permittivity estimates, which
is not easily quantifiable. This study represents the first attempt
to compare passive and active microwave sensing methods to
remotely identify key soil hydraulic properties.

II. EXPERIMENTAL SETUP

The ground-based remote sensing experiment was conducted
at the TERENO (Terrestrial Environmental Observatories) test
site in Selhausen, Germany (latitude 50◦ 87 N, longitude 6◦ 45 E,
105 m above sea level). L-band radiometer and off-ground GPR
measurements were performed over a wooden box (1.00-m
deep and 2.00 × 2.00 m in area) filled with sand (see Fig. 1).
The L-band radiometer was fixed on an aluminium arc 4 m
above the ground and the antenna pointed toward the sand box
with an observation angle of 36◦ relative to nadir. The GPR an-
tenna was fixed above the sand box on a wooden frame (see
Fig. 2). The GPR antenna aperture was situated about 0.40 m
above the sand surface with normal incidence. To avoid interfe-
rences between the two instruments, the radiometer and GPR
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Fig. 1. (a) Picture of the experimental setup including a radiometer fixed on an arc and a sand box in the center of a wire grid at the TERENO test site in
Selhausen (Germany). (b) Sketch of the experimental setup showing the location and dimensions of the sand box and the wire grid. Dashed ellipses indicate the
radiometer footprints at −3, −6, and −10 dB and their respective half-beamwidth (bw) is also indicated.

measurements were not performed simultaneously. In particular,
the GPR system was removed for the radiometer measurements.

The inner sides of the wooden box were covered with alumi-
nium foil to avoid interference from the surrounding ground.
Watertightness was ensured using a polyvinyl chloride foil
placed against the aluminium foil. To increase the sensitivity of
the radiometer measurements to radiance originating from the
sand box and to minimize the influence of radiance from the sur
rounding area, a wire grid was placed around the sand box co-
vering an area of approximately 122 m2 (see Fig. 1). The mesh
size of the grid was 0.5 cm, thereby emulating a perfect reflector
given the ≈21 cm wavelength at 1.4 GHz.

Radiometer and GPR measurements were performed for
seven different water table depths, ranging from the bottom
of the sand box to almost the sand surface. In order to avoid
increased electrical conductivity, along with increased electrical
losses within the moist sand, distilled water was used to set the
water table. After each change in water table depth, hydrostatic
equilibrium was reached in the unsaturated zone within 6 to
11 days. This hydrostatic equilibrium caused the water content
profile above the water table to follow the water retention curve
of the sand. Precipitation and evaporation at the surface were
prevented using a hermetic cover that was only removed for the
measurements.
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Fig. 2. Picture of the radar horn antenna connected to a vector network
analyzer and fixed about 0.40 m above the sand surface.

A. Reference Laboratory Measurements

The soil water retention curve was determined in the labora-
tory by desaturating soil samples stepwise from close saturation
(pressure head of −1 cm) to a pressure head of −70 cm.
Therefore, soil columns with a length of 5 cm and a total
volume of 100 cm3 were filled with sand to the same bulk
density as in the sand box (1.64 g · cm−3). The samples were
then saturated from below by settling the samples on a sand
bed with the water table adjusted to the lower end of the
samples [3]. In the next step, the water table was lowered to
the predefined pressure steps (−5, −10, −15, −20, −25, −30,
−35, −40, −45, −50, −60, and −70 cm). For each pressure
step, the water content of the column was determined by
measuring the sample’s weight or the cumulative water loss
after hydraulic equilibrium had been reached. Equilibrium was
thereby defined by a stable weight of the sample over time. To
ensure reliability of the data, a minimum of six replicates were
measured, whereby the measurements were also cross-checked
by analyzing samples in two independent laboratories. Due to
the known problems in the homogeneous vertical water content
distribution of the sand sample, the applied pressure steps were
corrected by adding half of the soil column length (2.5 cm) to
each pressure step.

B. In Situ TDR Measurements

TDR andcapacitance sensors were installed at seven different
depths, i.e., 5, 10, 20, 30, 40, 60, and 80 cm, below the sand sur-
face at two opposite sides of the sand box to measure profiles of
the relative dielectric permittivity, i.e., ε, and bulk electrical con-
ductivity, i.e.,σ (see Fig. 3). TDR measurements were carried out
every 20 min using homemade three-rod probes with a length of
20 cm that were inserted horizontally into the sand. TDR probes
were connected to a TDR100 cable tester and a CR1000 data
logger (both Campbell Scientific, Logan, Utah, USA). The TDR
waveforms were analyzed using the tangent method in the time
domain [47]. Bulk soil electrical conductivity and soil tempera-
ture measurements were carried out every 15 min using 5TE
capacitance sensors (Decagon Devices, Inc., Pullman, Wash-
ington, USA) composed of three prongs of 5.2-cm length,
also inserted horizontally into the sand. Furthermore, a piezo-
meter was used to monitor the water table depth (see Fig. 3).

C. Remote Sensing Systems

1) L-Band Radiometer: We used the L-band radiometer
ELBARA-II [48], which is the same instrument as those used
by ESA for calibration and validation activities of the SMOS
mission. The ELBARA-II radiometer is sensitive within the
protected frequency band 1400–1427 MHz of the microwave
L-band. The internal noise reference sources used to achieve
calibrated brightness temperature were realized with a hot
resistive noise source (at about 313 K) and an active cold
source (at about 40 K). Furthermore, the noise power at the
radiometer input ports was corrected for the noise added by
the lossy feed cables (about 0.2 dB) assumed to be at the
air temperature. A detailed description of the ELBARA-II
system and of the applied calibration procedure is provided
by Schwank et al. [48]. Each day when measurements were
performed, the radiometer was calibrated by measuring sky
radiance at an elevation angle of about 55◦ above the horizon
and oriented approximately toward the north. Each radiometer
measurement was performed with a 3-s integration time to
achieve an absolute accuracy better than 1 K [49]. The ra-
diometer was equipped with a dual-mode conical horn antenna
(aperture diameter = 60 cm, length = 67 cm) with symmetri-
cal and identical beams and a −3-dB full beamwidth of 23◦

in the far field. The antenna directivity was derived from the
time series of brightness temperatures measured with the sun
passing through the antenna field of view [48].

2) Ground-Penetrating Radar: The radar measurements
were carried out using an ultrawideband stepped-frequency
continuous-wave radar [37], [50]. The radar system was set
up using a vector network analyzer (VNA, ZVRE, Rohde
& Schwarz, Munich, Germany) connected to a transmitting
and receiving linear polarized double-ridged broadband horn
antenna (BBHA 9120 A, Schwarzbeck Mess-Elektronik,
Schönau, Germany). The antenna was connected to the
reflection port of the VNA with a low-loss N-type 50-ohm
impedance coaxial cable. Before each measurement, the VNA
was calibrated at the connection between the coaxial cable and
the antenna using a standard open-short-match calibration kit.
The antenna has a length of 22 cm and a 14 × 25 cm2 aperture
area. Its −3-dB full beamwidth is 26◦ in the E-plane and 20◦ in
the H-plane (at 2 GHz). The antenna nominal frequency range
is 0.8–5.2 GHz and its isotropic gain ranges from 4.4–14 dBi.
Measurements were performed between 0.8–2.6 GHz with a
frequency step of 8 MHz.

III. MODELING APPROACH

A. Soil Hydraulic Model

Radiometer and radar measurements were performed when
the sand was in hydrostatic equilibrium with a water table
located at position zw [m]. In hydrostatic equilibrium, the water
content profile follows the water retention curve of the soil,
which we described using the van Genuchten model [51], i.e.,

θ(h) =

{
θr + (θs − θr) [1 + |αh|n]−m for h < 0

θs for h ≥ 0
(1)
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Fig. 3. Sketch of the sand box showing the location of the TDR probes, capacitance probes, tensiometers, water injection pipes, and the piezometer.

where θ [m3 ·m−3] is the volumetric water content, θr and
θs [m3 ·m−3] are the residual and saturated water contents,
respectively, h [m] is the pressure head, α [m−1] and n [−]
are curve shape parameters, which can be related to the inverse
of the air entry value and the width of the pore size distribution,
respectively, and m [−] is restricted by the Mualem condition
as m = 1− 1/n with n > 1. The pressure head h is related to
the vertical position z [m] by h = z − zw.

B. Dielectric Model

To derive the soil volumetric water content from the rela-
tive dielectric permittivity of the soil, dielectric models have
been developed. Empirical models such as those introduced by
Topp et al. [52] and Jacobsen and Schjonning [53] are often
used as they do not require a priori information on soil prop-
erties. However, the validity range of such empirical models
is limited to soils and frequencies similar to those for which
these specific models were calibrated. In more physically based
approaches, the soil is regarded as a mixture of different
components, namely, air, soil matrix, and free water. In some
cases, also bound water is considered [54]. For these models,
additional information about soil properties such as the porosity
and/or texture are necessary. In this paper, we used a power-law
model [55], i.e.,

εγ = θ εγw + (φ− θ)εγa + (1− φ)εγs (2)

where γ [−] is an empirical coefficient that depends on soil
structure, εw, εa, and εs are the relative permittivities of water,

air, and soil particles, respectively, and φ [m3 ·m−3] is the soil
porosity. For this study, we used γ = 0.5, which reduces (2) to
the complex refractive index model [55].

As free water dielectric losses are significant in the
L-band [56], we accounted for these effects using the Debye
equation [57]

εw = ε∞ +
εsp − ε∞
1− ı ω τ

+ ı
σDC

ω ε0
(3)

where ε∞ = 4.9 is the relative permittivity at infinite frequency
[58], εsp is the static relative permittivity of pure water, ε0 =
8.8542× 10−12 F · m−1 is the dielectric permittivity of free
space, σDC [S · m−1] is the direct-current (DC) conductivity
(ionic conductivity) of water, ω is the angular frequency [Hz],
τ is the relaxation time [s], and ı =

√
−1.

The static relative permittivity εsp is expressed as a function
of temperature T [◦C] as follows [59]:

εsp=88.045−0.4147T+6.295× 10−4 T 2+1.075× 10−5 T 3.
(4)

The relaxation time τ is also temperature-dependent and is
calculated as follows [60]:

τ =
1

2π
(1.1109 × 10−10 − 3.824 × 10−12T + 6.938

× 10−14T 2 − 5.096 × 10−16T 3). (5)
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C. Microwave Emission Model (Radiometer)

The first part of this section describes the model used to
derive the reflectivities Rp

s of the sand box from the brightness
temperatures T p

B measured with the L-band radiometer. The
subsequent part of this section outlines the approach used to
relate sand box reflectivities Rp

s to water content profiles.
1) Brightness Temperatures: The thermal L-band emission,

also called brightness temperature, T p
B, is expressed with a RT

model that fulfills Kirchhoff’s law (e.g., [16]). To include both
radiance emitted from the sand box and from the surrounding
area, T p

B at horizontal (p = H) and vertical (p = V) polariza-
tion is represented as a corresponding linear combination, i.e.,

T p
B = ηp [(1−Rp

s )Ts +Rp
s Tsky]

+ (1− ηp) [(1−Rp
0)T0 +Rp

0 Tsky] . (6)

The weighting factor ηp is used to express the fractional
amounts of radiance emitted from the sand box (ηp) and the
surrounding area covered with the wire grid (1− ηp).

Rp
s [−] and Rp

0 [−] are the reflectivities of the sand box
and the surrounding area, respectively. At thermal equilibrium,
(1−Rp

s ) and (1−Rp
0) represent the corresponding emissiv-

ities. The downwelling sky radiance reflected at the ground
is assumed to be Tsky = 4.8K [61]. Ts [K] and T0 [K] are
the effective physical temperatures of the filled sand box and
the surrounding area, respectively. In this paper, Ts was ap-
proximated as the arithmetic mean of the sand temperatures
measured at depths of 5 and 40 cm. T0 was approximated by
the air temperature measured near the radiometer feed point.

The weighting factor ηp used in (6) is computed from the nor-
malized antenna directivity D(Θ) = exp(−0.005309Θ2) with
Θ(x, y) being the polar angle between the main direction of
the antenna and the position of a facet with coordinates (x, y)
within the footprint plane

η =

∫ ∫
A

D(Θ(x, y)) dΩ(x, y, dx, dy). (7)

This integral is evaluated numerically over area A of the
sand box, with dΩ(x, y, dx, dy) [rad] being the solid angles
of footprint facets with infinitesimal areas dxdy. Considering
all the dimensions depicted in Fig. 1(b), the evaluation of
(7) yields η = 0.48. It is worth noting that η in (7) does not
depend on polarization p as the antenna directivity D(Θ) can
be considered as polarization independent for the symmetrical
Picket horn antenna. The value of ηp = 0.48 in (6) allows us
to derive the reflectivities Rp

0 of the surrounding area from T p
B

measured with the sand box covered with a copper sheet acting
as a reflector with Rp

s,ref = 1. Solving (6) with ηp = 0.48 and
RH

s,ref = RV
s,ref = 1 yielded RH

0 = 0.95 and RV
0 = 0.92.

Alternatively, the weighting factor ηp and the effective re-
flectivity Rp

0 of the area outside the sand box are derived from
(6) without a priori information on the antenna directivity.
To this end, T p

B was measured for two different footprint
configurations: 1) the area A = 4m2 of the sand box is covered
with a reflector (copper sheet); and 2) the sand box is cov-

Fig. 4. Three-dimensional planar layered medium with a radar point source
and receiver or a radiometer point receiver (S). Each layer is characterized by
the dielectric permittivity εn, electric conductivity σn, magnetic permeability
μn, and thickness hn.

ered with a microwave absorber (EPP22, Telemeter Elektronic,
Donauwörth, Germany). The attenuation of the absorber is
specified as −30 dB at the microwave L-band. Accordingly,
the reflectivity of the absorber is assumed to be Rp

s,abs = 0.
Considering the T p

B measured for the configurations (1) and
(2) with associated reflectivities Rp

s = Rp
s,ref = 1 and Rp

s =

Rp
s,abs = 0 in (6) yields two equations for the two unknowns

ηp and Rp
0. Solving these two equations (each with p = H or

V) for the two unknowns yielded ηH = ηV = 0.54 and RH
0 =

0.94, RV
0 = 0.90. Although the results derived from the two

approaches were very similar, we considered the model-based
values ηp = 0.48, RH

0 = 0.95, and RV
0 = 0.92 derived from

the antenna directivity. This choice was based on the fact that
the antenna directivity is considered to be more reliable than the
assumption Rp

s,abs = 0, which is crucial for the experimental
approach. Finally, sand box reflectivities Rp

s can be derived
from T p

B measurements carried out for the uncovered sand box.
2) Reflectivities: Reflectivities Rp

s of the sand box can
be modeled based on sand permittivity data using different
approaches. A rather simple approach is to assume a con-
stant water content along the sand depth. However, a more
sophisticated approach is required to model Rp

s in order to
account for the water retention curve profiles dealt with in
this study. To this end, a coherent RT model [62], applicable
to planar layered dielectric media, was used. This model is
very efficient in terms of computation time as it uses a matrix
formulation of the boundary conditions at the layer interfaces
derived from Maxwell’s equations. This is important in view of
the fine discretization required to represent smooth dielectric
profiles realistically across the sand depth. Accordingly, Rp

s

were computed with the coherent RT model evaluated for N
dielectric layers (distinguished by subscript n = 1, 2, . . . , N )
with thickness hn = 0.5 cm, which corresponds to one-tenth of
the minimum wavelength in the medium in order to emulate
profile continuity [63]. As depicted in Fig. 4, each layer is
characterized by its dielectric permittivity εn and its electrical
conductivity σn. The magnetic permeability (μn) is considered
constant and equal to the permeability of free space (μ0 =
4π10−7 H · m−1). To derive the reflectivities Rp

s of the layer
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stack, the sand permittivity profiles and the related water con-
tent profiles were simulated using the van Genuchten model
[see (1)].

D. GPR Model

The first part of this section describes the radar equation used
to derive Green’s functions G↑

xx(ω) from off-ground GPR mea-
surements. Here, G↑

xx(ω) represents the backscattered electric
field from the sand box normalized to a unit-strength electric
source. In the second part of this section, we introduce the
approach used to simulate the medium response, namely,
Green’s function G↑

xx(ω), based on permittivity profile
information.

1) Radar Equation: The radar measurements (raw data)
S11(ω) can be expressed as the ratio between the backscattered
electromagnetic field b(ω) and the incident electromagnetic
field a(ω) at the VNA calibration plane, with ω being the an-
gular frequency. In far-field conditions, the spatial distribution
of the backscattered electromagnetic field over the antenna
aperture can be assumed to be independent of the layered
medium, i.e., only the phase and amplitude of the field change
(homogeneous field over the antenna aperture). In this case, the
following radar equation, expressed in the frequency domain,
can be used to describe the radar raw data [37]

S11(ω) =
b(ω)

a(ω)
= Hi(ω) +

H(ω)G↑
xx(ω)

1−Hf(ω)G
↑
xx(ω)

(8)

where S11(ω) is the international standard quantity measured
by the VNA, Hi(ω) is the global reflection coefficient of the
antenna for the fields incident from the VNA calibration plane
onto the point source (corresponding to the free space response
of the antenna), H(ω) = Ht(ω)Hr(ω) where Ht(ω) is the
global transmission coefficient for fields incident from the VNA
calibration plane onto the point source, Hr(ω) is the global
transmission coefficient for fields incident from the field point
onto the VNA calibration plane, Hf(ω) is the global reflection
coefficient for the field incident from the layered medium onto
the field point, and G↑

xx(ω) is the planar layered medium
Green’s function.

The global reflection and transmission coefficients [Hi(ω),
H(ω), and Hf(ω)] were determined by solving a system of
equations [see (8)] for different model configurations. We used
several well-defined configurations with the antenna at different
heights above a copper plane functioning as an infinite perfect
electrical conductor. Once the antenna characteristic functions
are known, antenna effects can be filtered out from the radar
measurements, i.e., Green’s functions can be derived from the
S11(ω) measurements.

2) Green’s Functions: The radar model used to simulate
Green’s functions G↑

xx(ω) consists of a 3-D planar layered
medium (N horizontal layers) with a point source and receiver
(see Fig. 4). The use of a 3-D model is essential to take into
account spherical divergence (geometric spreading) in wave
propagation. The medium of the nth layer is assumed to be
homogeneous and can be characterized by a single dielec-
tric permittivity εn, an electrical conductivity σn, a magnetic

permeability μn = μ0, and a thickness hn = 0.5 cm. Green’s
function, formulated as an exact solution of the 3-D Maxwell
equations for electromagnetic waves propagating in planar lay-
ered media, is derived by computing, with a recursive scheme,
the transverse electric (TE) and magnetic (TM) global reflec-
tion coefficients of the planar layered medium in the spectral
domain [64]. The transformation back to the spatial domain is
performed by numerically evaluating a semi-infinite complex
integral [65].

E. Bayesian Inversion Scheme

A coupled electromagnetic and hydrological inversion of the
GPR and the radiometer data was performed to estimate the
hydraulic parameters (θr, θs, α, and n) of the van Genuchten
model. The saturated water content θs was used as a fixed
parameter and was set to the value derived from the estimated
sand porosity (see below). It is worth noting that θs can be ex-
perimentally obtained from radar or radiometer measurements
when the soil surface is fully saturated. However, it was not
possible to saturate the sand surface during the experiment due
to technical constraints. Water table levels zw were measured,
and, therefore, considered as a known parameter for the in-
versions. The parameter space considered for the three free
parameters θr, α, and n involved in the inversions was defined
as [0 ≤ θr ≤ 0.10m3 · m−3; 1 ≤ α ≤ 20m−1; 1.1 ≤ n ≤ 10].

The optimal values of the model parameters and their uncer-
tainties were estimated using a Bayesian inversion method, as
implemented in the DiffeRential Evolution Adaptive Metropo-
lis (DREAM) algorithm. DREAM is a Markov chain Monte
Carlo sampler that can be used to efficiently estimate the
posterior probability distribution of the model parameters for
nonlinear problems [46]. After convergence, the last 5000 sam-
ples were used to represent the posterior parameter distribution.

Under the assumption of independent and identically dis-
tributed Gaussian error residuals, the likelihood function (L),
which represents, in probabilistic sense, the overall distance be-
tween the model simulations and corresponding observations,
can be simply defined as follows [66]:

log(L) ∝ −Nobs

2
log(SSR) (9)

where Nobs is the number of observations. In order to solve
the inverse problem, the log-likelihood [see (9)] is maximized
using the global optimization algorithm DREAM. SSR, the
sum of squared residuals, is defined according to the sens-
ing method considered. For the off-ground GPR, SSR is
defined as

SSRGPR(b) =
∣∣G↑∗

xx −G↑
xx

∣∣T ∣∣G↑∗
xx −G↑

xx

∣∣ (10)

where G↑∗
xx = G↑∗

xx(ω, zw) and G↑
xx = G↑

xx(ω, zw,b) are, re-
spectively, the measured and modeled complex Green’s func-
tions in the frequency domain [antenna effects are removed
using (8)], b = [θr, α, n] is the parameter vector to be es-
timated. To further reduce the dimensionality of the inverse
problem, the distance between the sand surface and the GPR
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Fig. 5. Water content profiles for seven water table depths zw. Solid lines represent the sand water retention curve estimated using all TDR data simultaneously.
Markers represent TDR measurements, for the two different profiles (red circles and blue triangles). Horizontal dashed lines represent the water table levels. Note
that TDR measurements at 0.80 m depth were not taken into consideration when fitting the water retention curve.

antenna phase center h0 [m] (see Fig. 4) was previously esti-
mated by performing inversion of the electromagnetic model
in the time domain [34], [35]. The height h0 was then used as a
fixed parameter for the inversion. For the microwave radiometer
(MR), SSR is defined as

SSRMR(b) = (R∗
s −Rs)

T (R∗
s −Rs) (11)

where R∗
s = R∗

s(p, zw) and Rs = Rs(p, zw,b) are, respec-
tively, the measured and modeled reflectivities, and b =
[θr, α, n, η] is the parameter vector to be estimated. Note that
the weighting factor η used in (6) was also retrieved. The
sand hydraulic parameters were also estimated based on TDR-
derived relative dielectric permittivities. In this case, SSR is
defined as

SSRTDR(b) = (ε∗ − ε)T (ε∗ − ε) (12)

where ε∗=ε∗(zTDR, zw) and ε=ε(zTDR, zw,b) are, respec-
tively, the measured and modeled relative dielectric permittivity
vectors, b=[θs, θr, α, n] is the parameter vector to be estimated,
and zTDR is the depth of the TDR sensors. Here, θs was esti-
mated and not used as a fixed parameter because several TDR
sensors were also located in the saturated zone (the number of
TDR sensors depended on the actual water table depth).

IV. RESULTS AND DISCUSSION

A. In Situ TDR Data

We considered sand water content measured with TDR at the
time of radar and radiometer measurements for the inversion.
However, continuous TDR measurements were taken to analyze
the behavior of the in situ sensors and to confirm the hydrostatic
equilibrium of the sand box at the times of the remote measure-
ments. The water table levels zw measured with a piezometer at

hydrostatic equilibrium were at zw=0.86m on DOY 294, zw=
0.57m on DOY 304, zw=0.50m on DOY 311, zw=0.41m on
DOY 319, zw=0.30m on DOY 325, zw=0.18m on DOY 332,
and zw=0.17m on DOY 343.

TDR-derived volumetric water content values θ are plotted
in Fig. 5 for the seven measured water table depths zw. Each θ
data shown consists of a mean of six measurements. It should
be noted that similar water content values were observed for
the two measurement profiles located at the two sides of the
sand box (mean standard deviation (STD) of 0.016 m3 ·m−3)
indicating a rather homogeneous sand along the horizontal
direction (see Fig. 3). The sand water retention curve was fitted
to the data according to (1) and (12), whereby only a single
retention curve was fitted to all TDR data without considering
the data collected at a depth of 0.80 m. These water content
values were omitted as they show substantially higher values
compared with all other TDR readings at saturation, suggesting
measurement errors.

B. Brightness Temperatures

Fig. 6 shows brightness temperatures (T p
B) measured with

the L-band radiometer at horizontal and vertical polariza-
tion above the experimental setup (sand box + surrounding
wire grid). The radiometer measurements were performed for
three different configurations, i.e., with the open sand surface
(T p

B,sand+grid), with the sand surface covered by a microwave
absorber (T p

B,abs+grid), and with the sand surface covered
by a perfect reflector (T p

B,ref+grid). Each T p
B,sand+grid value

corresponds to a mean of at least 20 measurements performed
for 45 min. The STD of the repeated T p

B,sand+grid measure-
ments is systematically smaller than 0.3 K, which confirms
the repeatability of the measurements. T p

B,sand+grid decreases
with increasing water table level zw from 150 K to 112 K for
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Fig. 6. Brightness temperature TB measured by the L-band radiometer above
the free sand surface surrounded by a wire grid (triangles) as a function of water
table depth (depth scale is not linear). TB measurements above the sand surface
covered by an absorber (circles) and a reflector (squares) and surrounded by
a wire grid are also shown for two calibration periods. Finally, TB emitted
from the sand only and retrieved using (6) is shown (diamonds). For all TB

data, horizontal and vertical polarizations are shown (filled and empty markers,
respectively).

p = V and from 138 K to 88 K for p = H, which results from
the progressive wetting of the upper part of the sand. As ex-
pected, TH

B,sand+grid is systematically lower than TV
B,sand+grid.

T p
B,ref+grid and T p

B,abs+grid measurements were performed at
the beginning and in the middle of the measurement campaign
to characterize the setup. T p

B,ref+grid measured above the sand
box covered by a copper sheet shows low values (14.9–16.9 K
for p = V and 11.9–12.2 K for p = H) comparable to the sky
brightness temperature (≈4.8 K). This confirms that the wire
grid used as a reflector functioned properly. The remaining
difference between T p

B,ref+grid and T p
sky results mainly from

areas not covered by the wire grid. Additionally, T p
B,ref+grid re-

mained relatively constant for the two measurement dates, with
a slight difference of 0.3 K for p = H and 2.0 K for p = V. This
confirms that the setup did not significantly change between the
two measurements. T p

B,abs+grid shows much higher brightness
temperature values with 169 and 167 K for p=V and 163 K
and 161 K for p=H for the first and second measurements,
respectively. The similar T p

B,abs+grid values observed on the
two measurement dates are due to similar physical temperatures
of the absorber and similar emissions from areas surround-
ing the sand box. The large differences between T p

B,ref+grid,
T p
B,abs+grid, and T p

B,sand+grid proves that our setup (see Fig. 1)
is adequate to detect significant contrasts in T p

B measured for
the different configurations (reflector, absorber, and sand) and,
therefore, different water content values of the sand within
the box.

In addition, the radiance emitted from the sand box T p
B,sand=

(1−Rp
s )Ts+Rp

s Tsky was computed for each water table depth
using (6) (see Fig. 6). T p

B,sand values decrease with increasing
water table level from 282 K to 203 K for p=V and from 266 to
163 K for p=H. The difference T p

B,sand−T p
B,sand+grid is great-

est at the water table depth zw=0.86m and decreases signifi-
cantly with increasing surface water content and resulting sand

Fig. 7. Green’s function in the frequency domain for measurements performed
in the frequency range 0.8–2.6 GHz and for two water table depths, 0.57 (blue)
and 0.17 m (green), respectively.

Fig. 8. Green’s function in the time domain for measurements performed in
the frequency range 0.8–2.6 GHz and for the seven water table depths (depth
scale is not linear).

surface reflectivity. As expected, the polarization ratio (TV
B −

TH
B )/(TV

B + TH
B ) increases with increasing sand surface water

content.

C. Radar Data

Fig. 7 shows the observed radar Green’s functions in the
frequency domain (G↑

xx) for two water table depths zw, and
Fig. 8 shows the observed radar Green’s functions in the time
domain (g↑xx) for the seven zw. Green’s function is derived from
scatter functions S11(ω) measured for frequencies between
0.8–2.6 GHz using (8) to filter out antenna effects. As ex-
pected, the Green’s function amplitude is larger when the water
table is shallower. In the time-domain counterpart, the time
zero corresponds to the antenna phase center. The reflection
from the sand surface is clearly visible between 2–3 ns.
The surface reflection does not exactly occur at the same time
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TABLE I
ESTIMATED HYDRAULIC PARAMETERS FROM LABORATORY, TDR,

RADIOMETER, AND GPR MEASUREMENTS AND THEIR 2.5%, 50%, AND

97.5% PERCENTILE VALUES OBTAINED USING DREAM. THE LOWER

AND UPPER BOUNDS DEFINE THE PARAMETER SPACES CONSIDERED

FOR THE ESTIMATION OF THE HYDRAULIC PARAMETERS

for each measurement, as the height of the antenna was slightly
different for the different measurements (0.35–0.40 m). The
amplitude of the reflection increases with increasing water table
level as a consequence of the increased dielectric gradient
between the free-space layer and the surface-sand layer (see
Fig. 4). The remaining oscillations in the time-domain signal
are aliasing effects caused by the band-limited (0.8–2.6 GHz)
inverse Fourier transform. No clear reflection can be observed
below the surface reflection, and the water table interface
is not detectable either. This means that the sand dielectric
profile is rather smooth and without sharp transitions for the
frequencies used and that the electromagnetic waves are almost
totally attenuated in the capillary fringe and saturated zone. The
assumption of a smooth dielectric profile for the unsaturated
zone and an infinite lower half-space for the saturated zone in
the electromagnetic model can therefore be confirmed.

D. Soil Hydraulic Parameters and Water Retention Curve

The soil moisture profiles were reconstructed from the three
field measurement techniques, namely, TDR, radiometer, and
off-ground GPR, and the related hydraulic parameters of the
van Genuchten model [see (1)] were estimated. The reference
laboratory-derived hydraulic parameters, as well as the esti-
mated hydraulic parameters from TDR, radiometer, and GPR
and their 95% corresponding confidence intervals are presented
in Table I.

In the laboratory, soil hydraulic parameters are classically
derived by fitting the van Genuchten model to retention data ob-
tained from hydrostatic column experiments (see Section II-A).
However, for the coarse-textured sand used in our experiment,
the pores are relatively large and the air entrance value is

smaller than the height of the samples used in the laboratory.
Therefore, parts of the column cannot be saturated at the
beginning of the laboratory experiment. Consequently, data
recorded at the first pressure steps are unreliable and θs cannot
be accurately estimated [3], [4]. Laboratory data at the first two
pressure steps (−1 and −5 cm) were then not considered for the
estimation of the hydraulic parameters. Alternatively, θs can be
estimated from its porosity φ = θs expressed with

φ = 1− ρbulk/ρs (13)

where ρbulk [g · cm−3] is the bulk density measured from undis-
turbed samples (ρbulk = 1.64 g · cm−3) and ρs [g · cm−3] is the
soil particle density, which is assumed to be ρs = 2.62 g · cm−3

for a quartz sand. The value obtained is θs = 0.37m3 · m−3,
which is similar to the value derived from TDR data (θs =
0.36m3 · m−3). As already mentioned, θs was not estimated
from radiometer and radar measurements, as saturated condi-
tions at the soil surface could not be attained in the sand box.
Estimation of the hydraulic parameters from radiometer and
radar data were therefore performed by constraining θs to the
value derived from the estimated porosity [see (13)].

Table I shows that the radiometer- and GPR-derived θr values
are equal to 0 such as the reference laboratory-derived θr,
whereas TDR-derived θr is equal to 0.03 m3 ·m−3. GPR- and
TDR-derived α show similar values, whereas the α estimate
from radiometer is slightly smaller. In addition, the laboratory-
derived α value is significantly higher compared with that de-
rived from the three other techniques. The estimated values for
n are similar when derived from the field techniques, whereas
the laboratory-derived n value is significantly smaller.

In general, the confidence intervals for the estimated param-
eters are significantly smaller for GPR (0.002 m3 ·m−3 for θr,
0.63 m−1 for α, and 0.67 for n) compared with TDR (0.045 m3 ·
m−3 for θr, 0.92 m−1 for α, and 1.86 for n), radiome-
ter (0.063 m3 ·m−3 for θr, 1.94 m−1 for α, and 2.44 for
n), and the laboratory measurements (0.049 m3 ·m−3 for θr,
3.03 m−1 for α, and 0.52 for n), except for the confidence
interval for n, which is slightly smaller for the laboratory
measurements. The smaller confidence intervals of the GPR-
derived parameters could be explained by the larger amount
of information contained in the GPR data (226 frequen-
cies) compared with the TDR (2 × 7 positions) and the
radiometer data (2 polarizations). In addition, the lower fre-
quencies of the GPR provide information for greater depths
compared with the radiometer. It is worth noting that the
high accuracy of the GPR electromagnetic model for the
configuration used (e.g., homogeneous sand box, smooth soil
surface, no vegetation cover) could also lead to relatively small
confidence intervals for the estimates.

Parameter η, which is the fractional amount of the measured
radiance emitted from the sand box, was also estimated from
radiometer data simultaneously with the hydraulic parameters.
The estimated value of η is 0.50 with a 95% confidence interval
of [0.49 0.54]. This value is similar to that obtained from
the antenna characterization (η = 0.48) and the absorber and
reflector measurements (η = 0.54).
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Fig. 9. Marginal posterior probability distribution of the model parameters
estimated by the different methods (laboratory, TDR sensors, radiometer,
and GPR). Parameter distributions are obtained using the last 5000 samples
generated with DREAM.

TABLE II
CORRELATIONS BETWEEN THE ESTIMATED HYDRAULIC PARAMETERS

FROM TDR, RADIOMETER, AND GPR MEASUREMENTS

To gain more information about the parameter uncertainties,
the marginal posterior distribution of the model parameters
estimated by the different techniques is plotted in Fig. 9. The
parameter distributions are obtained using the last 5000 samples
generated with DREAM. As can be seen, very narrow confi-
dence intervals are obtained for the GPR-derived parameters
(θr, α, and n) and n derived in the laboratory.

Table II shows the correlation between the hydraulic pa-
rameters for the three measurement techniques applied to
the sand box. The correlation between α and n is large for
the GPR inversion, whereby a general correlation between
these two parameters has already been detected in various
publications [5], [67]–[69]. Hardly any correlation between
these two parameters can be found using TDR data. The cor-
relation is intermediate for the radiometer-derived parameters.
This can also be clearly observed in Fig. 10, which shows

Fig. 10. Response surfaces of the log-likelihood [see (9)] in the α–n parame-
ter plane for the TDR (a), radiometer (b), and GPR (c) inversions. The asterisk
represents the global maximum. Note that the color scale differs for the three
response surfaces.
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Fig. 11. Water retention curves (solid lines) and their associated 95% confi-
dence intervals (dotted lines) based on the van Genuchten parametrization and
estimated by the different methods (laboratory, TDR sensors, radiometer, and
GPR). Laboratory data obtained using the sand bed method are also shown
(black asterisks).

the response surfaces of the log-likelihood [see (9)] in the
α–n parameter plane for each sensing technique. For GPR,
the global maximum region exhibits a banana shape, which
suggests an important negative correlation between the param-
eters [see Fig. 10(c)], whereas for TDR, the response surface
shows an elliptical global maximum region parallel to the n axis
[see Fig. 10(a)]. As noted before (see Table II), the correlation
is intermediate for the radiometer [see Fig. 10(b)]. For each
response surface, no local maxima can be observed in addition
to the global maximum. Table II also shows the correlation
between α and θr, as well as between n and θr for the three
sensing techniques. These correlations are fairly high for the
TDR and radiometer, and lower for the GPR. In addition, a
negative correlation between α and θr can be observed for the
radiometer technique.

Finally, Fig. 11 compares the sand water retention curves
computed using the van Genuchten hydraulic parameter es-
timates and their 95% confidence intervals retrieved by the
laboratory and field techniques. As shown, GPR- and
radiometer-derived water retention curves are in close agree-
ment with the TDR-derived water retention curve. The main
difference is observed in the dry range, where the radiometer
and GPR-derived estimates of the sand water content approach
a residual water content, θr, close to 0, whereas the residual
water content for TDR is slightly higher. On the other hand, the
retention curve fitted on the laboratory data diverges substan-
tially from the other retention curves.

V. SUMMARY AND CONCLUSION

We have investigated the feasibility of estimating key soil
hydraulic properties from 1.4 GHz radiometer and 0.8–2.6 GHz
GPR data. In particular, measurements were taken above an
outdoor sand box subjected to a series of vertical water content
profiles in hydrostatic equilibrium with a water table located

at different depths. Radiometer data were described using a
coherent RT model, whereas GPR data were modeled using
full-wave layered medium Green’s functions and an intrinsic
antenna representation. These forward models were inverted
to reconstruct the water content profiles, and thereby to es-
timate the sand water retention curve described using the
van Genuchten model. Uncertainty of the estimated hydraulic
parameters was quantified using the Bayesian-based DREAM
algorithm. The results of the inversions show that the radar
and radiometer data contain sufficient information to estimate
the sand water retention curve and its related hydraulic pa-
rameters with relatively good accuracy compared with TDR
data. Additionally, parameter uncertainties for the radiometer
are in the range of the uncertainties of the TDR-derived pa-
rameters, whereby the GPR-based estimates showed a much
lower uncertainty compared with all other techniques, which
can be explained by the large amount of information content
available in the GPR data and the lower frequencies used. The
results were compared with reference laboratory measurements
to obtain an independent set of hydraulic parameters for the
sand, but these data showed a bias with respect to the field
techniques.

This study provides valuable insights into the information
content in passive and active microwave data with respect to
continuously varying soil moisture profiles and corresponding
soil hydraulic properties. The main benefit of a knowledge
of soil hydraulic properties for remote sensing applications
is their use in soil hydrodynamic models for predicting soil
moisture deeper than the remote sensing sensitivity depth (a
few centimeters) and with a better time resolution than remote
sensor acquisitions. It is also important for quantifying water
and energy fluxes between the soil and the atmosphere.

Although, relatively good results were obtained in this study,
and improvements are still possible through a better quantifi-
cation of the different sources of uncertainties in this Bayesian
framework, a major challenge for remote sensing applications is
to cope with the inherent variability of soil hydraulic properties
within the sensor footprints, with respect to depth, and to some
extent, with respect to time (agricultural fields). In addition,
complications such as soil roughness and vegetation cover
significantly reduce the accuracy with which state variables
such as soil moisture can actually be retrieved.

Future research will focus on transient conditions to fur-
ther estimate hydraulic conductivity parameters. In addition,
the experimental setup is of particular interest for further
study of the impact of, for example, organic soil layers, soil
surface roughness, and vegetation on radiometer and radar
measurements.
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