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Abstract: For water dynamics investigation in unsaturated (vadose) zones, ground penetrating radar
is a popular hydro-geophysical method because it is non-invasive for soil, has high resolution and the
results have a direct link with water content. Soil water content and soil hydraulic properties are two
key factors for describing the water dynamics in vadose zones. There has been tremendous progress
in soil water content and soil hydraulic properties estimation with ground penetrating radar. The
purpose of this paper is to provide an overview of the application of ground penetrating radar for
soil water dynamics studies. This paper first summarizes various methods for the determination of
soil water content. including traditional methods in the surveys of surface ground penetrating radar,
borehole ground penetrating radar, and off-ground ground penetrating radar, as well as relatively
new methods, such as full waveform inversion, the average envelope amplitude method, and the
frequency shift method. This paper further provides a review for estimating soil hydraulic properties
with GPR according to the types of ground penetrating radar data. We hope that this review can
provide a reference for the application of ground penetrating radar in soil water dynamics studies in
the future.

Keywords: soil water content; soil hydraulic properties; surface GPR; borehole GPR; off-ground GPR;
FWT; travel time; AEA; frequency shift method

1. Introduction

The critical zone (CZ), the near-surface layer of the Earth, is from the top of vegetation
canopies to the topmost zones of ground water (Figure 1) [1-5]. It includes vegetation, soil,
rock, and water and provides the essential elements for supporting life. Thus, the character-
ization of the CZ requires information from both the aboveground and underground, such
as geophysical, geochemical, and hydrologic information [3]. As an important part of the
CZ, the unsaturated zone, also referred to as the vadose zone, is a zone for surface water
conversion to ground water [6]. In many different areas such as hydrogeology, hydrology,
agriculture, and soil science, it is necessary to evaluate and describe water dynamics in the
unsaturated zone. Soil water content (SWC) and soil hydraulic properties (SHP) are two
key factors for characterizing water dynamics in the vadose zone. The SHP, represented by
soil water retention and hydraulic conductivity, can be expressed by several mathematical
expressions and can dictate water flow in the vadose zone [7]. Therefore, it is crucial to
estimate SWC and SHP. However, the determination of SWC and SHP is still challenging.
In hydrology, the estimation of SWC and SHP is commonly based on point-scale sensors
such as time domain reflectometry (TDR) and neutron probes [8,9]. Although point-scale
sensors can accurately determine the SHP, they have distinct disadvantages including a
limited range of measurement, relatively small sensing volume and being invasive.
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Organisms

Figure 1. An illustration of the critical zone [4,5].

In recent decades, geophysical methods have come to play an efficient role and show
great potential for the characterization of the subsurface. Some geophysical methods such
as electromagnetic induction (EMI) [10,11], electrical resistivity tomography (ERT) [12-15]
and ground penetrating radar (GPR) [16-20] have been widely applied to estimating SWC
and SHP because they are less invasive for the ground surface than point-sensors such as
TDR. Of these methods, GPR is one of the more promising for estimating SWC and SHP
because the velocity of GPR waves is high sensitive to the change in SWC [17]. In addition,
GPR is a high-resolution geophysical technique and can relate a change in permittivity
to SWC directly [21]. In hydrology, the SHP is determined through the change in SWC.
For the estimation of SHP with GPR, sequential inversion is widely applied. It firstly
inverts SWC through measured GPR data (Appendix A). Then, the SHP is determined
from SWC (Figure 2) [18] (Appendix B). Among the reviewed studies, GPR is used for
characterizing SWC starting about two decades ago. Several reviews have been provided
for SWC determination by GPR [17,22,23]. However, there is no review focusing on SHP
estimation by GPR.

Hydraulic properties in ¢ Measured GPR. data
vadose zone ‘
¥ Optimization algorithm A 4
Svathetic SWC profile T Measured SWC
> Cost function e

Figure 2. Flowchart of sequential inversion.

In this paper, we first aim to summarize the research results for estimating SWC and
review advances for estimating SWC with GPR. Then, a review of estimating the SHP will



Remote Sens. 2022, 14, 5993

3 0f 37

be further presented. We will present different GPR methods for characterizing near-surface
soil water dynamics.

Principle of GPR Method

The GPR method is a geophysical technique based on the propagation of high-
frequency electromagnetic waves. A GPR device emits electromagnetic waves from a
transmitter and receives them using a receiver. GPR can give continuous and detailed
images of the subsurface [24,25]. Figure 3 shows the possible propagated paths of electro-
magnetic waves for surface GPR in two-layer soils.
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Figure 3. Propagation paths of the different electromagnetic waves in a two-layer medium with
different dielectric permittivities.

Resolution and penetration depth are two important factors for GPR detection. The
period of the emitted pulse determines the resolution. The period of the pulse is controlled
by the frequency bandwidth. For impulse radar systems, the designed bandwidths are
about equal to the center frequency, so the resolution increases with increasing center fre-
quency [24]. Conversely, the penetration depth decreases with increasing center frequency
of a GPR system. For low-conductivity media like dry sand, and with low-frequency GPR
systems operating at 50 or 100 MHz, the penetration depth can reach several tens of meters;
whereas the penetration depth can achieve several meters at 250 or 450 MHz, and just
several tens of centimeters at 900 MHz.

For soil water dynamic measurement, there are three types of GPR antenna systems:
surface GPR, borehole GPR and off-ground GPR (Figure 4). Surface GPR, also called ground-
coupled GPR, is widely applied. A surface GPR system is in direct contact with the ground
surface during data acquisition. The transmitter antenna and receiver antenna are both
placed on the surface. The transmitter antenna first emits electromagnetic pulses into the
sub-surface and the receiver antenna receives the waves, such as reflected waves, refracted
waves, or ground waves. The underground condition can be described by extracting and
analyzing the information from these waves. There are three kinds of commonly used
observation modes for surface GPR: the common offset profile (COP) or fix-offset (FO)
mode, the wide-angle reflection and refraction (WARR) mode, and the common-midpoint
(CMP) mode. Borehole GPR antennas are put into a borehole. Compared to surface GPR,
borehole GPR can obtain SWC distribution with higher resolution and greater depth. There
are also three commonly used modes for borehole GPR: the zero-offset profile (ZOP), the
multi-offset profile (MOP), and the vertical radar profile (VRP). In contrast, off-ground GPR
is designed to acquire data from some distance above the surface. It is less invasive than
surface or borehole GPR. For SWC measurements with off-ground GPR, the GPR antenna
is commonly installed on a vehicle or a low-flying air platform.

Figure 5 presents some examples of GPR applications. Figure 5a shows a GPR section
acquired in the vicinity of Ulaanbaatar, Mongolia. The GPR was used to image the near-
surface deformation along an active fault. A clear thrust structure, with several compressive
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structures in front of the scarp, can be observed [26]. Figure 5b displays a pre-stack
migrated three-dimensional (3D) slice image of a steeply dipping landmine that was buried
in homogeneous soil under flat ground conditions. A reconstructed landmine image can
be clearly visible [27]. Figure 5c presents a hypothesis of the weathering process of the
regolith at the CE-4 lunar probe landing site based on the analysis of data from GPR

measurements [28].

Surface GPR
FO measurement CMP measurement ‘WARR measurement
b) !
: [T] R] : [R]
Borehole GPR ' ‘ AR e : (]
[}] [}]
ZOP measurement MOP measurement VRP measurement
V v V 4)
Off-ground GPR

Figure 4. Different survey modes for GPR. (a) Surface GPR: FO, CMP, and WARR measurements;
(b) Borehole GPR: ZOP, MOP, and VRP measurements; (c) Off-ground GPR; (d) a field picture showed
the off-ground system mounted on a survey vehicle [17].
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Figure 5. (a) A GPR profile acquired with a 205 MHz antenna in the northwestern part of the Songino
fault, showing the thrust fault structure indicated by black arrows. The compressive structures are
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presented as red lines (Author’s own work) [26]; (b) A 3D slice image, showing the reconstructed
landmine image based on a migrated CMP multi-offset dataset that was acquired by a stepped-
frequency continuous-wave array antenna system (Author’s own work). Adapted with permission
from [27]. Copyright 2004, IOP Science; (c) Fine evolution of the regolith at the CE-4 lunar probe
landing site was established with the data from the 500 MHz GPR (Author’s own work). Adapted
with permission from [28]. Copyright 2022, Wiley.

2. Techniques for SWC Measurements

For SWC estimation, GPR has been widely applied. Because the electromagnetic signal
is sensitive to the change in water content, GPR is a very efficient method for the detection
of water content and monitoring of water flow. Table 1 summarizes most of the studies
describing the estimation of SWC using various GPR configurations and modes. Most of
these studies focus on surface GPR and borehole GPR. In addition, six kinds of measured
modes and three kinds of relatively new methods are reviewed.

Table 1. Classification of techniques and corresponding references.

Configurations of
Radar System

Measured Modes Methods Related References

Surface GPR

Vellidis et al., 1990 [29]; Al and Miiller, 2000 [30]; Birken
and Versteeg, 2000 [31]; Grote et al., 2002 [32];
Gish et al., 2002 [33]; Schmalz and Lennartz, 2002 [34];
Stoffregen et al., 2002 [35]; Loeffler and Bano, 2004 [36];
Makkawi, 2004 [37]; Wollschldger and Roth, 2005 [38];
Lunt et al., 2005 [39]; Turesson, 2006 [40];

Reflected Wave Saintenoy et al., 2008 [41]; Irving et al., 2009 [42];
Haarder et al., 2011 [43]; Klenk et al., 2015 [44];
Schmelzbach et al., 2012 [45]; Guo et al., 2014 [46];
Zhang et al., 2014 [47]; Yu et al., 2015 [48];
Shamir et al., 2016, 2018 [49,50]; Ercoli et al., 2018 [51];

Single Offset Nyquist et al., 2018 [52]; Di Prima et al., 2020 [53];

Mangel et al., 2020 [54]; Zhang et al., 2021a, 2021b [55,56]

van Overmeeren et al., 1997 [57];
Huisman et al., 2003b [58]; Galagedara et al., 2005b [59];
Ground Wave Grote et al., 2003 [60]; Klenk et al., 2011 [61];
Pan et al., 2012a [20]; Qin et al., 2013 [62];
Ardekani, 2013 [63]; Thitimakorn et al., 2016 [64]

Pettinelli et al., 2007, 2014 [65,66]; Ferrara et al., 2013 [67];
Algeo et al., 2016 [68]

Benedetto, 2010 [69]; Benedetto and Benedetto, 2011 [70];
Benedetto et al., 2013 [71]

AEA

Frequency Shift

Multi-Offset Reflected Wave

Greaves et al., 1996 [25]; Weiler et al., 1998 [72];
Huisman et al., 2001 [73]; Garambois et al., 2002 [74];
Turesson, 2006 [40]; Strobbia and Cassiani, 2007 [75];

Bradford, 2008 [76]; Gerhards et al., 2008 [77];
Buchner et al., 2011, 2012 [78,79];
Steelman et al., 2012a, 2012b [80,81];

Mangel et al., 2012, 2015 [82,83];
Allroggen et al., 2015 [84]; Iwasaki et al., 2016 [85];
Kaufmann et al., 2020 [86]; Yu et al., 2020 [87];
Saito et al., 2021 [88]
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Table 1. Cont.

Configurations of
Radar System

Measured Modes Methods Related References

Surface GPR

Multi-Offset Ground Wave

Huisman et al., 2001, 2002, 2003a, 2003b [22,58,73,89];
Hubbard et al., 2002 [90]; Grote et al., 2003, 2010 [60,91];
Galagedara et al., 2003a, 2005a, 2005b [59,92,93];
Weihermiiller et al., 2007 [94];

Steelman et al., 2010, 2012b [81,95];
Thitimakorn et al., 2016 [64]; Cao et al., 2020 [96]

Borehole GPR

Zero Offset

Knoll and Clement, 1999 [97]; Alumbaugh et al., 2000 [98];
Parkin et al., 2000 [99];
Binley et al., 2001, 2002a, 2002b [100-102];
Galagedara et al., 2002, 2003b [103,104];
Rucker and Ferré, 2003, 2004, 2005 [105-107];

Ferré et al., 2003 [108]; Kowalsky et al., 2004 [109];
Looms et al., 2008a [110]; Kuroda et al., 2009 [111];
Wijewardana and Galagedara, 2010 [112];
Haarder et al., 2012 [113]; Klotzsche et al., 2019 [114];
Yu et al., 2020 [87]

Multi-Offset

Hubbard et al., 1997 [115];
Eppstein and Dougherty, 1998 [116];

Parkin et al., 2000 [99]; Binley et al., 2001, 2002a [100,101];
Galagedara et al., 2002, 2003b [103,104];
Alumbaugh et al., 2002 [117]; Chang et al., 2004 [118];
Deiana et al., 2007 [119]; Looms et al., 2008a [110];
Wijewardana and Galagedara, 2010 [112];
Dafflon et al., 2011 [120]; Haarder et al., 2012 [113]

Vertical Radar

Knoll and Clement, 1999 [97]; Cassiani et al., 2004 [121];
Dafflon et al., 2011 [120]; Strobach et al., 2014 [122]

Off-ground GPR

Chanzy et al., 1996 [123]; Redman, 2002 [124,125];
Serbin and Or, 2004, 2005 [126,127];

Lambot et al., 2004a [128-130];
Weihermiiller et al., 2007 [94]; Jadoon et al., 2010 [131];
Minet et al., 2010, 2012 [132,133];

Jonard et al., 2011, 2012, 2013 [134-136];

Tran et al., 2012 [137,138]; Ardekani, 2013 [63];
Moghadas et al., 2014 [139]; Mangel et al., 2015 [83]

Surface Reflections

2.1. Surface GPR for SWC Measurements
2.1.1. Single Offset Surface GPR for SWC Measurements

The single offset mode is the usual survey mode. In single offset measurements,
a fixed offset antenna is moved along a survey line. In single offset measurement, SWC can
be estimated with reflected waves or ground waves. The earliest approaches were often
based on the reflected wave. When there are differences in soil permittivity between soil
layers, the EM waves that transmit into the soil will be partly reflected and received by the
receivers. In the single offset reflection method, a reflector with known depth is necessary.
According to the reflection travel time and the depth of the soil layer, the electromagnetic
wave velocity can be calculated and transformed into dielectric permittivity. Finally, SWC
is computed from the dielectric permittivity with certain petrophysical relations. There are
several kinds of reflectors, such as the groundwater table [44], horizontal and continuous
soil reflection interfaces [38], mental reflectors [30,32], and the bottom of a sand box or
buried objects [36].

The application of GPR for estimating SWC can be dated back to the 1990s. Vel-
lidis et al. [29] investigated the feasibility of 120 MHz single offset GPR using the reflected
wave method for monitoring the soil water movement in the unsaturated zone. There
is a link between the GPR reflection bands and the wetting front. The technique has the
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potential for identifying preferential flow paths at a given field site. However, SWC was
not quantified.

In order to further quantify the accuracy of common offset GPR reflection travel time
for estimating volume water content under the condition of a naturally heterogeneous
environment and variable hydrological conditions, Lunt et al. [39] used reflection travel-
time data obtained with 100 MHz common offset GPR to investigate the variability of
SWC throughout the growing season under a series of soil saturation conditions. The
authors first attempted to quantify the accuracy of common offset GPR reflection travel
time for estimating volume water content under the condition of a naturally heterogeneous
environment and variable hydrological conditions. The average soil dielectric constant
above the reflector was calculated using the GPR reflection two-way travel time and
the depth of the reflector at the borehole locations. The results showed that the GPR
reflection method has the potential to monitor SWC at a large scale and under variable
hydrological conditions.

Lateral variability is challenging for traditional hydrological studies. In order to
observe lateral variability, two-dimensional (2D) or 3D data are needed. The GPR is a
good tool for obtaining 2D or 3D data quickly and is less costly than hydrological methods
such as TDR. Di Prima et al. [53] applied time-lapse GPR to create 3D representations
of infiltrated water in combination with automatized single-ring infiltration experiments.
The purpose was to identify the incidence and extent of preferential flow. The results of
experiments showed that plant roots play an important role in promoting the movement
of preferential flow. Birken and Versteeg [31] analyzed parts of 200 MHz and 500 MHz
common offset data from a 4D GPR dataset. The massive amount of data can avoid the
manual interpretation from a 4D dataset.

Irving et al. [42] pointed out that an appropriate inversion strategy is necessary for
describing lateral variability. The author presented a new method for estimating the
parameters used for describing the lateral variability in water content based on surface GPR
reflection data. Under the background of Bayesian geophysical inverse theory, SWC was
determined from GPR data. How to effectively realize Markov chain Monte Carlo (MCMC)
sampling was also described. This proposed method can reliably recover the aspect ratio
of the heterogeneity. Schmelzbach et al. [45] introduced the seismic reflection impedance
inversion scheme to surface GPR and proposed a new reflection amplitude inversion
workflow based on surface GPR to improve the resolution of dielectric permittivity and the
profile of SWC distribution. Mangel et al. [54] integrated automated GPR data collection
and reflection tomography to create a new method for building models of subsurface
hydrologic processes and determining transient 2D distributions of SWC.

Zhang et al. [47] combined seasonal time-lapse 400 MHz single offset GPR surveys
with high-resolution real-time SWC monitoring to study the effect of seasonal soil water dy-
namics on the GPR signal, especially at the soil horizon interfaces. Through the combination
of time-lapse data, the subsurface flow dynamics and flow paths can be described.

Klenk et al. [44] analyzed a series of imbibition, drainage, and infiltration experiments
based on surface GPR measurements. This study evaluated the feasibility of mapping the
dynamic shape of the capillary fringe reflection and the relative accuracy of monitoring soil
water dynamics over the whole vertical depth.

In addition to travel-time data, other features of the electromagnetic wave also contain
useful information for SWC detection with GPR, such as amplitude and phase information.
Yu et al. [48] developed a method to extract the instantaneous phase parameters of a GPR
reflection signal by using the Hilbert Transform for characterizing SWC. Through lab
experiments, the approximately linear link between instantaneous phase difference and
medium moisture content change was demonstrated.

When the air wave and the ground wave can be separated through appropriate
antenna separation, the ground waves method can be used for single offset measurements.
van Overmeeren et al. [57] applied a fixed separation high-frequency antenna (200 MHz)
with the direct ground wave and refracted wave methods. The two methods constitute
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an attractive complementary combination for underground consecutive shallow zones.
By comparing the results between a capacitance probe and GPR, they showed that GPR
can provide information about the SWC of the vadose zone and determine the temporal
and spatial variations. The lateral variations of SWC can also be observed due to the high
lateral resolution of GPR images. This offers the prospect of mapping the soil water flow
preferential paths.

Galagedara et al. [59] investigated the GPR direct ground wave sampling depth and
used the FO method of GPR (200 MHz antenna) to estimate the temporal SWC change
during uniform irrigation and drainage.

Single offset measurements are easy and fast and can be used for large-scale inves-
tigations. However, for both the reflected wave method and the ground wave method,
reflectors are needed in order to obtain the velocity of the electromagnetic waves for single
offset measurement [22].

2.1.2. Multi-Offset Surface GPR for SWC Measurements

Multi-offset (MO) measurements are an alternative to single-offset measurements
for estimating SWC from reflected GPR data. CMP and WARR are two common multi-
offset-measurement approaches for GPR data acquisition. CMP measurement is realized by
increasing the distance between the transmitter and receiver antennas step by step based
on a common midpoint. For WARR measurements, the transmitter antenna is kept at a
fixed position, and the data are acquired by increasing the distance between the transmitter
antenna and receiver antenna by moving the receiver antenna step by step. Figure 6 shows
a schematic figure of a multi-offset GPR measurement. If there are consistent reflected
waves in the multi-offset GPR profile, SWC can be determined by fitting hyperbola to
the reflected waves (Appendix C). In addition, for MO measurements, in order to avoid
subjectively estimating SWC and to improve the efficiency of analysis, combining velocity
analysis approaches and (semi-) automated methods has been proposed for calculating the
average velocities to the depth of the reflector. Through the Dix equation (Appendix D),
the average velocities can be transformed to the interval velocities of each layer [22,74,80].

0 Antenna Separation [m] -

Air Wave

Ground

W' Wave

£ Critically

g Refracted

= Wave
Reflected

Wave
Refracted Wave

Figure 6. Schematic wide-angle reflection and refraction (WARR) measurement. Adapted with
permission from [22]. Copyright 2003, Wiley.

Greaves et al. [25] calculated interval velocities from the normal moveout velocities
derived in CMP velocity analysis with multi-offset GPR. The velocity information can be
applied to estimate subsurface water content. The method was able to improve the radar
profile and also allowed the interpretation of subsurface SWC variations. Mangel et al. [82]
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conducted a lab-scale short-duration infiltration experiment in a sand tank to investigate
if NMO analysis of the WARR survey can be applied to continuously monitor water
content, follow infiltration fronts, and describe soil structure. The study demonstrated
that the transient multi-offset reflection has the potential to improve the description of the
unsaturated zone.

Garambois et al. [74] proposed to integrate different geophysical methods like GPR,
seismic, and electric methods for mapping near-surface porous formations.

When there is a thin, low-velocity layer or a series of sandwiched low-velocity layers
between the air above, and a fast, low-porosity bedrock below, a guided wave will be
generated. In this condition, simple velocity analysis of multi-offset surface GPR is not
suitable. Strobbia and Cassiani [75] extend the analysis to multilayer waveguide systems
due to a series of rainfall and evapotranspiration events. Through the limitation of total
soil thickness, the velocity and thickness of the wettest layer can be inverted.

In the aspect of detected dimension, Bradford [76] used GPR from 25-fold common-
source point acquisitions with 50 MHz antennas and reflection tomography in the post-
migration domain for determining the velocity of the GPR wave and then estimated the
2D and 3D distribution of subsurface water. The approach is efficient for identifying the
lateral variations in the GPR velocity structure and better understanding the heterogeneity
of SWC at the interface between the unsaturated and saturated zones. Allroggen et al. [84]
collected 4D GPR data in a dye tracer experiment. A CMP acquisition was performed near
the infiltration area to estimate the velocity of electromagnetic waves. The results showed a
change in travel time in the measured GPR data. According to the distinct horizons, such
changes can be transformed into a change in SWC. The results demonstrated that 4D GPR
imaging has the potential to noninvasively monitor the infiltration process and changes
in SWC.

Buchner et al. [79] proposed a new inversion strategy by using surface common-offset
GPR with different offset separations. Unlike the traditional method, which only used
travel-time information, this inversion method constructed a cost function by using travel-
time and amplitude information. By employing a synthetic dataset and real data, the
geometry obtained by this proposed method agrees with the result gained from ground-
truth data to within 5 cm. In addition, the difference in water content volume is less than
2% between the method’s result and ground-truth data.

Because the traditional measurement of multi-offset data is time-consuming and
involves a high measurement effort, attention was focused on improving the efficiency
of GPR data collection. Buchner et al. [78] introduced a multi-channel GPR method and
investigated the applicability and accuracy for recovering the geometry of layers and
estimating SWC with sufficient accuracy. Iwasaki et al. [85] applied array GPR to collect
data in first common-offset and then multi-offset mode. Array GPR can collect multi-offset
data in a short time in the field and can be used to monitor infiltration processes in the field.
Kaufmann et al. [86] developed a new processing method for a novel simultaneous multi-
offset multichannel (SiMoc) GPR system. The SiMoc GPR is a powerful tool for avoiding
time-consuming data acquisition and quickly imaging spatially highly resolved permittivity.
Saito et al. [88] applied a time-lapse GPR antenna array for monitoring the wetting front
during a field infiltration experiment by calculating the speed of the electromagnetic wave
at given elapsed times. The antenna array can accelerate the speed of collecting data and
estimating SWC.

The ground wave method is widely used for multi-offset measurements. Through
the linear relationship between the travel times of the ground wave and the separation of
antennas, the ground wave can be easily identified in a multi-offset GPR profile. In the
single offset ground wave method, the speeds of the electromagnetic waves in the soil
are computed according to the travel time of the ground wave and the antenna separa-
tion [57,60,73]. In multi-offset measurements, the speed of the ground wave is directly
related to the slope of the ground wave, therefore, the ground wave method can be applied
to determine SWC.
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Huisman et al. [73] identified the ground wave from a WARR measurement to evaluate
the accuracy of using GPR and TDR to map volumetric SWC. They also considered a fixed
antenna separation acquisition for mapping large area SWC. The results demonstrated that
GPR is a promising technique for measuring SWC. However, the ground wave method
was not suitable for high-conductivity soils, which result in a strongly attenuated ground
wave. To further examine the ability of GPR to map SWC, Huisman et al. [89] carried out
an irrigation experiment and applied a fixed antenna separation acquisition to collect data.
They also compared the types of spatial SWC structures obtained by GPR and TDR.

Hubbard et al. [90] applied spatially dense, high-resolution GPR ground wave data to
map SWC at a naturally heterogeneous agricultural site located at a California vineyard.
Common offset and borehole data were also collected at the same time. The results
show that multiple-frequency GPR is a potential tool for improving precision vineyard
management and increasing the savings in water.

Grote et al. [60] applied GPR ground wave techniques at a California vineyard to
estimate SWC in the uppermost 10 cm of a three-acre site. They performed several measure-
ments over 1 year. The spaced GPR travel times were collected using 900 and 450 MHz an-
tennas for estimating SWC. The results indicated that GPR ground waves were non-invasive
and spatially dense and can estimate shallow SWC in large areas and a rapid manner.

Galagedara et al. [93] studied the effective sampling depth of the GPR direct ground
wave method using GPRMAX2D modeling. They simulated a CMP survey to calculate the
direct ground wave velocity. The results show that ground wave sampling depth changed
with the antenna frequency and the change in SWC at the upper layer. There was a very
strong linear relationship between the wavelength and the sampling depth of the GPR
direct ground wave. Galagedara et al. [59] applied a 450 MHz GPR system at a sandy
loam soil site. A field study was carried out for optimizing the measurements of WARR
and FO modes in the aspect of ground wave velocity measurements. The effective ground
wave sampling depth under the conditions of irrigation and drainage was also determined.
A comparison of SWC from WARR and FO showed that a 1.5-2.0 m antenna separation
distance was needed for achieving similar results with WARR.

Grote et al. [91] applied ground wave data collected with 450 and 900 MHz antennas
four times to explore the change in SWC with sampling depth, season, vegetation, and soil
texture. The results could be applied to effectively describe the variation in water content
for precision agriculture applications.

Although the direct ground wave method has been applied in many studies, these
studies were limited to controlled irrigation, minimal natural variations, or minor changes
in soil texture. Steelman et al. [95] used direct ground wave measurements with 225,
450, and 900 MHz GPR for monitoring a complete annual cycle of SWC in CMP mode.
This method is also suitable for a range of natural soil conditions and may provide a
characterization of soil moisture dynamics for seasonal soil conditions because of its non-
invasive nature and larger sampling volume.

In order to deal with the limited temporal sampling and low resolution, Steelman et al. [81]
combined a high-frequency (900 MHz) reflection profile and CMP to quantitatively monitor
soil water distribution and dynamics and performed a 26-month field study. The reflection
profile provided high-resolution information on travel time, which can be used to monitor
the soil water variations between the reflection interfaces. CMP, with the direct ground
wave method, was applied to determine the EM velocity and the soil-water interval. These
allowed the author to characterize the shallow soil water dynamics on various time scales
such as the seasonal scale and transient scale.

Cao et al. [96] focused on subsoil moisture estimation and investigated 3D SWC
variation down to a depth of 1 m and the influence of rainfall on the spatial dynamics
of SWC. In order to improve the accuracy, the petrophysical empirical relationships of
different depths were quantified.
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2.2. Borehole GPR for SWC Measurements
2.2.1. ZOP Borehole GPR for SWC Measurements

In ZOP measurements, the transmitter and receiver are moved simultaneously step by
step between two boreholes, and the midpoints of these two antennas are kept at the same
depth. In earlier studies, the distance between the two boreholes was known. The arrival
time of the direct wave was used for calculating the velocity and soil permittivity. By using
a petrophysical relationship, the SWC profile between the two boreholes can be determined.
ZOP is a high spatial resolution and large sampling volume method for measuring the
transient processes in the vadose zone.

Binley et al. [102] conducted 100 MHz cross-hole GPR surveys in ZOP mode for
collecting data over a period of two years. Through the first arrival and the distance
between boreholes, the velocity could be determined. Then, the water content could be
estimated through the petrophysical relationships derived from core scale measurements.
The results from single borehole resistivity and cross-hole GPR were also compared. Similar
patterns of water content were observed throughout the unsaturated thickness.

Galagedara et al. [103] applied 200 MHz borehole GPR to investigate the variation
in SWC before and during infiltration and drainage experiments. ZOP mode was used
and the velocity was estimated by picking the first arrival at about 1.0 m below the ground
surface. This study also identified potential preferential flow zones and compared them
with results from TDR.

One of the problems with the ZOP mode is that it depends on the determination of
electromagnetic wave velocity that follows a direct path from the transmitter to the receiver.
If the critically refracted energy which transmits along the ground surface with the speed
of electromagnetic waves in air arrives before the direct waves through the subsurface,
the critically refracted energy may be mistakenly considered as the direct waves and the
water content will be underestimated. Rucker and Ferré [105] proposed an analysis to
estimate the water content above the depth of refraction termination by applying the slope
of travel time and depth. The proposed method was tested in an infiltration experiment
with 100 MHz borehole GPR. The results showed that this method is a good alternative
to standard borehole GPR analysis. In the same year, Ferré et al. [108] investigated if a
high-resolution SWC profile can be obtained when the vertical sampling interval is less
than the length of the antenna. The results demonstrated that the resolution depends
on the measurement sampling interval. Through a pumping experiment, the borehole
GPR measured value migrated downward constantly by comparing the maximum depth
of drainage during pumping and recovery with the measured water table depth. This
may be due to the capillary fringe effects, refraction above the capillary fringe, and the
referencing of borehole GPR to the middle of the antenna. Further study will be needed for
determining these factors. Rucker and Ferré [106] further built standards for identifying
first-arriving critically refracted waves from travel-time profiles. This correction method
greatly improved the estimation of water content profiles in layered systems. However,
this method is limited due to the existence of thin, high-water-content layers. To avoid
the time-consuming task of hand-fitting the slopes, Rucker and Ferré [107] developed
a technique for reconstructing the velocity by global search optimization of simulated
annealing. The Monte Carlo method was also used to estimate the stochastic parameter for
quantifying the uncertainty of water content because of travel-time measurement errors.
The thin layers can also be identified effectively.

Integrating geophysical measurements into inverse methods is a promising method
for solving the problems of ill-posedness and non-uniqueness when the SHP is inverted
at the unsaturated zone. Kowalsky et al. [109] estimated flow parameter distributions in
the unsaturated zone by combining hydrological and borehole GPR measurements during
a transient flow experiment. The distribution of log permeability and additional flow
parameters can be determined in a maximum a posteriori (MAP) inversion framework
with the pilot point method. The obtained parameter distributions can be applied for
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hydrological modeling and the obtained posterior parameter probability density functions
(pdfs) can be used for quantifying the uncertainty in parameters.

In order to further investigate how the change in small-scale soil influences the
growth of plants and how SWC changes in several seasons for various soil and plant
types. Klotzsche et al. [114] combined multiple horizontal GPR surveys at various depths
for mapping the spatial and temporal variability of SWC under cropped plots. The time-
lapse GPR data was collected between 2014 and 2017 and covered four growing seasons.

2.2.2. MOP Borehole GPR for SWC Measurements

In MOP mode, the transmitter firstly is fixed at a certain depth in one of the two
boreholes. In another borehole, the receiver is moved step by step. For the next acquisition,
the transmitter is moved to the next position. The receiver is then once again moved
repeatedly step by step just as in the previous measurement. Applying the first arrival times
of direct waves from all multi-offset measurements and petrophysical relationships, the
SWC 2D tomography image between the boreholes can be constructed through travel-time
tomography analysis [99,100,115,117]. In order to obtain the 2D tomogram, discretization
between the boreholes is firstly conducted in rectangular cells of constant velocity and the
velocity of each cell is calculated by minimizing the difference between measured arrival
times and calculated arrival times from ray-paths that pass through these cells. However,
the disadvantage of tomograms is that they need much longer times for obtaining the
required results. Therefore, the MOP mode is more suitable for steady-state conditions
of SWC.

Hubbard et al. [115] applied time-lapse tomographic radar to estimate permeable
pathways and monitor water distribution. The “dielectric difference” cross-sections from
time-lapse processed data can enhance subtle geophysical attribute variations because of
dynamic processes such as steam flooding, infiltration, and hydraulic fracturing.

In order to better monitor the temporal variability of water content, researchers started
to focus on the combination of different methods. Binley et al. [100] used MOG and
ZOP—two kinds of cross-hole GPR measurements—to assess the temporal variability
of water content at a specific field site. The first arrivals were picked manually in both
measurement modes. They monitored the change in the response when a water tracer
was injected and continued monitoring over a period of 18 months. Looms et al. [110]
integrated cross-hole electrical resistivity tomography and GPR to estimate temporal and
spatial changes in water content. The ZOP mode and MOP mode were used for acquiring
the GPR data. Through monitoring tracer infiltration, the combination of the two methods
provided a new way of monitoring the process of infiltration. However, the uncertainty in
the inversion procedure remained a problem that had to be avoided.

2.2.3. VRP Borehole GPR for SWC Measurements

Unlike cross-hole measurements (ZOP and MOP), VRP measurements require only
one borehole for the descending movement of the receiver. The transmitter is put on the
ground surface at different fixed distances from the receiver [17]. VRP mode has reduced
depth of investigation and decreased accuracy compared with ZOP and MOP, however, it
has a better depth of investigation than surface and off-ground GPR. In addition, unlike
ZOP and MOP, VRP requires only one borehole; thus, it is less invasive and cheaper than
ZOP and MOP. VRP also has the ability to investigate the near-surface. This solves the
problem that borehole GPR with investigating the near surface because of the interference
of direct, reflected, and critically refracted waves. To avoid the interference of direct waves
between the transmitter and receiver for the critically refracted waves, a suitable distance
from the transmitter to the borehole is necessary.

Knoll and Clement [97] demonstrated that VRP is an accurate, high-resolution, and
cost-effective method for determining volumetric moisture content. Dafflon et al. [120]
developed a robust procedure for realizing inversion with 31 intersecting cross-hole GPR
datasets. The purpose was to build a realistic radar velocity model that can be applied
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in subsequent hydrological investigations. The proposed method is robust, flexible, and
able to deal with a lot of datasets of different quality through the combination of different
travel-time correction parameters. The model can also provide help for identifying the
contacts between major stratigraphic units, confirming variability differences between
units and describing subunits that show anomalies in both the dielectric permittivity and
electrical conductivity.

Borehole GPR is an important specific-site investigation method for obtaining SWC
images with high resolution and great depth. However, there are still several points and
drawbacks that should be paid attention to for this method. Firstly, the effect of the critically
refracted wave should be considered. When there is a low-velocity zone, the receiver may
first receive the refracted wave, which will affect the accuracy of SWC measurements.
Secondly, unlike surface or off-ground GPR, borehole GPR is invasive and the measuring
scale is limited. The length of the antenna, the separation distance between boreholes,
and the frequency of the antenna have an influence on spatial resolution. In addition, the
sampling volume of borehole GPR is also influenced by soil heterogeneity. Finally, most of
the borehole GPR methods are based on ray-based methods, which just apply a small part
of the data information. This will have an effect on the resolution. In recent years, with the
wide application of full waveform inversion (FWI) in GPR, using borehole GPR with FWI
is one of the most promising methods for measuring and monitoring SWC.

2.3. Off-Ground GPR for SWC Measurements

Off-ground GPR is another method for determining SWC. It is less invasive than
surface or borehole GPR. For SWC measurements with off-ground GPR, the commonly
used method is surface reflections. The soil permittivity can be calculated through the
reflection coefficient, and, then, according to the petrophysical relationship, SWC can be
computed (Appendix D). Chanzy et al. [123] considered the airborne mode and combined
it with the ground mode for evaluating the GPR capability for determining SWC. The data
were obtained with 200 MHz GPR. They demonstrated that the off-ground method has
potential in the estimating of SWC, however, their measured reflection coefficients were
lower than expected values.

Redman et al. [124] used 500 MHz off-ground GPR for acquiring surface reflectivity
data. They found that the water content measured from GPR surface reflectivity data was
different from the water content determined by TDR due to surface scattering, lateral varia-
tions, or other spatial variabilities in water content. They further investigated the influence
of a horizontally stratified water content distribution on the water content estimated using
the surface reflectivity method [125].

Serbin and Or [126] applied a suspended horn antenna GPR for mapping continual
diurnal measurement of surface SWC dynamics. Through a comparison with gravimetric
and TDR methods, the surface reflection method was considered the most suitable for
estimating surface SWC dynamics.

Lambot et al. [128] applied a promising method to invert the SWC profile under the
condition of continuous variation. In this inversion method, the off-ground GPR system
included an ultrawideband (UWB) stepped-frequency continuous-wave (SFCW) radar
with a monostatic transverse electromagnetic (TEM) horn antenna. Through the global
multilevel coordinate search (GMCS) optimization algorithm with local the Nelder-Mead
simplex algorithm (NMS), the inversion was carried out iteratively. The results of synthetic
experiments demonstrated the well-posedness of the inversion for identifying an SWC
profile under specific conditions. Jadoon et al. [131] applied this method to estimate soil
surface water content over a bare agricultural field. Zero-offset, off-ground GPR with a low-
frequency 0.2-2.0 GHz monostatic horn antenna was applied. Through inverse modeling
and a comparison with TDR, the method was shown to have the potential to measure and
monitor surface SWC at the field scale. Jonard et al. [135] combined the full-waveform
GPR model of Lambot et al. [140] with a roughness model for estimating surface SWC by
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inversion of the signal. This is the first time that roughness was considered for off-ground
GPR measurements.

If the presence of thin soil layers is not properly considered, it will affect the estimation
of SWC. Minet et al. [132] considered the presence of thin soil layers and applied the
full-waveform inversion of off-ground GPR data to analyze the influence of the shallow
thin layers for the determination of SWC. The proposed GPR method has the potential to
map the SWC of nondispersive soils with low electrical conductivity at the field scale.

Tran et al. [137] proposed to integrate different mixing models of the effective complex
permittivity into the full wave inversion of off-ground GPR for determining SWC. SWC can
be estimated directly from the inversion of GPR signals without considering the dielectric
permittivity. The proposed method opens a newly developed avenue for mapping SWC
by GPR.

Moghadas et al. [139] carried out laboratory experiments with two off-ground ul-
trawideband stepped-frequency continuous-wave radars. The frequency ranges were
3.0-5.0 GHz and 0.8-5.0 GHz. Based on the experiments, the accuracy of the off-ground
GPR was investigated for monitoring SWC during extended evaporation phases. Full-
waveform GPR forward modeling was performed for determining the best petrophysi-
cal relationship and combined with full-waveform GPR inversion to estimate SWC dur-
ing evaporation.

Mangel et al. [83] introduced an automated bistatic GPR data-collection system. This
system can realize the fast acquisition of COP and CMP profiles and can monitor dynamic
hydrologic processes with high spatiotemporal resolution.

Off-ground GPR is rapid and simple for collecting GPR data, so it is a suitable method
for monitoring and mapping field-scale SWC with high-resolution. It is also less harmful
to the soil ecosystem due to its non-contact with the surface during measurement [63].
However, there are still some drawbacks to this method. The first drawback is that the
depth is limited for obtaining information from deep soil horizons. Another drawback is
that the off-ground GPR is highly sensitive to soil surface roughness and vegetation.

2.4. Other Advanced Methods for SWC Measurements

With the development of technology, some new methods were proposed to improve
SWC detection of GPR based on traditional measured modes. These methods include
full waveform inversion (FWI), average envelope amplitude (AEA), and frequency shift
methods. They have their advantages and limitations as supplements to traditional mea-
surement methods.

2.4.1. Full Waveform Inversion (FWI)

FWI is a newly emerging technique for SWC investigation with GPR. Most traditional
GPR methods only use parts of the measured data such as first arrival or first cycle am-
plitude. However, the advantage of FWI is that this method applies the information of
the entire waveform to describe the subsurface with a higher resolution [141-143]. With
the improvements in computing power, FWI is gradually being widely used. FWI was
first applied for seismic inversion and is regarded as a facilitating tool for proving high-
resolution characterization of the subsurface [144]. The procedure for FWI is to give an
initial model and conduct forward modeling to obtain a simulated radar signal. Then,
in order to obtain the final distribution of permittivity, the initial model is updated by
minimizing the difference between the simulated signal and the observed signal based on
certain algorithms. Finally, according to the permittivity, SWC can be estimated.

The application of FWI for determining SWC with GPR can be traced back to 2004.
Lambot et al. [140] proposed the inversion method to invert the full waveform of the radar
signal in the frequency domain with off-ground GPR. The observed and modeled GPR
data were represented by Green’s function of the full-wave GPR. The objective function
was constructed based on Green’s function of the GPR. Lambot et al. [129] applied this
method to estimate surface SWC. Compared to the common surface reflection method,
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full-wave inversion showed advantages and was able to improve the accuracy of SWC
profiles. Weihermidiller et al. [94] further applied this method at the field scale together with
a ground wave method. The ground wave was measured using 450 MHz bistatic impulse
GPR and off-ground GPR was also applied at the same time. However, the results showed
that neither method provided enough information for the change in SWC at the field scale.
The ground wave method presented serious deviation because of the high silt and clay
content, while the off-ground method proved to be highly sensitive to the dry surface layer.

The above studies focus on the so-called far-field condition. In this condition, the
electromagnetic wave can be approximated to a planar field. However, the approximation
does not hold when the antenna aperture dimension is smaller than the distance between
the antennas. Lambot and André [145] further proposed a new near-field radar modeling
technique for studying wave propagation in planar layered media. The Debye model was
used to describe the frequency-dependent electrical properties and a full-wave inversion
was applied to calculate the thicknesses of the layers. Tran et al. [138] applied this method
to evaluate the space-time variability of SWC at the field scale with a hillslope. SWC
from GPR and frequency domain reflectometry (FDR) showed good agreement. Then, the
SWC from the two methods were merged into a data fusion framework and the spatial
and temporal variability of SWC were investigated. The results demonstrated that this
method has the potential to evaluate SWC at the hillslope scale with a high resolution.
Unlike the method that builds the objective function with the Green’s function of the GPR,
Zhang et al. [55,560] inverted the change in SWC by comparing the total GPR waveform
during a series of infiltration, imbibition, and drainage experiments.

Although FWI shows the potential for providing high-resolution images and calcu-
lating multiple parameters simultaneously, its complexity and time consumption are still
limitations. In particular, the Jacobi or Hessian matrix is calculated during the inversion.
There have been some studies of FWI for determining SWC in static conditions, but there
are very few studies for monitoring SWC by using FWI. FWI still has more room for
development for determining and monitoring SWC, and even inverting the SHP.

2.4.2. Average Envelope Amplitude (AEA) Method

In the measurement of surface GPR with common-offset antennas, it is difficult to
separate the air and ground waves [60,63]. AEA analysis of the early-time signal is an
efficient method for avoiding this problem. Because the early-time part of a GPR signal
which includes the air and ground wave wavelets will change with the soil electrical
parameters such as dielectric permittivity and conductivity, the waveforms exhibit different
variations in terms of shape, amplitude, and time-stretching. Corresponding to lower
soil permittivity values, the waveforms show higher amplitudes and shorter wavelengths
(Figure 7).
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Figure 7. Influence of soil permittivity on the amplitude of the early—time signal (modified version
from [65]). Adapted with permission from [146]. Copyright 2019, Elsevier.
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Pettinelli et al. [65] proposed the AEA of ETS. Ferrara et al. [67] assessed the capacity
of the early-time amplitude method under a natural field environment where surface
roughness, lithology, vegetation, lateral heterogeneities, and water content dynamics are
uncontrolled. In a comparison with the CMP ground wave method for estimating SWC,
the early-time method yielded consistent results and accurately predicted shallow SWC. In
clay-rich soils, traditional methods such as the ground wave method and reflection-based
GPR mostly are unsuccessful. Algeo et al. [68] demonstrated the applicability of early-time
amplitude analysis of GPR for monitoring SWC in clay-rich soils.

The AEA method is a suitable alternative method for determining SWC by GPR to the
traditional FO mode. The AEA method can also obtain the spatial distribution of SWC at a
large scale. However, a relationship between AEA and soil permittivity should be built
before realizing this method. In addition, the GPR configuration, background noise, and
media heterogeneity also affect the early-time signal. Hence, further improvements need to
be made, especially for operations in the field.

2.4.3. Frequency Shift Method

The frequency shift method directly estimates SWC from the frequency spectrum of the
signal in the frequency domain. It is a convenient method. Using the fast Fourier transform
(FFT) alone, SWC can be determined by finding the peak of the frequency spectrum.
The empirical relationship between SWC and the peak of the frequency spectrum can be
expressed as follows [23,69]:

(A - f peak)

B

where A and B are the regression coefficients and f ., is the peak frequency.

Based on Rayleigh scattering theory, Benedetto [69] proposed the frequency shift
method and confirmed the effectiveness of this method with ground-coupled GPR in later
studies [70]. The results showed that the peak of the frequency spectrum GPR signal tends
to shift to lower values when SWC increases. Benedetto et al. [71] applied this method to
an agricultural field.

The frequency shift method shows potential for mapping SWC and monitoring soil
water dynamics over a large area. It doesn’t estimate the dielectric permittivity and doesn’t
need any calibration. This method can directly determine the water content by frequency
analysis. However, this technique is relatively new compared with other methods. Addi-
tional investigations in the field are needed to improve this technique.

6= 1)

2.5. Experiments of SWC Detection with GPR

In this part, we report the results of some experiments conducted to show the capability
of GPR in detecting SWC.

2.5.1. GPR Data from a Sand Box Experiment

Figure 8 shows two common-offset GPR profiles obtained at the same location with
a 1200 MHz antenna in a sandbox experiment. The box is made of resin and its height
and diameter are 1 m and 2 m, respectively. The setup of the experiment and the GPR
measurements follow the approaches of Loeffler and Bano [36] and Bano et al. [147]. In the
case of Figure 8a, the sand is “dry”, while in Figure 8b the sand is wet (the water level is
48 cm below the surface of the sand). The white arrows in Figure § indicate the reflection
coming from the bottom of the box at 1 m depth. From these figures, we can estimate the
two-way travel time of the reflection coming from the bottom (see vertical white lines),
which are found to be 17.25 ns and 26.5 ns, respectively, for Figure 8a and 8b. Then from the
simple relation t = 2z/V (t is the time, V the velocity, and z = 1 m), we find that the velocities
are 0.1159 m/ns and 0.0775 m/ns for each case, respectively. Finally, from the relationship
V =c/sqrt(x) with c = 0.3 m/ns (the velocity of the free space), we can estimate the dielectric
constants of dry and humid sand. We find the values of Kiry = 6.7 and et = 15.8. From the
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TOPP equation (Appendix A), we, therefore, estimate the water content 6 to be 11.9% and
28.8%, respectively, for dry and humid sand.
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Figure 8. Two common-offset GPR profiles measured at the same location with a 1200 MHz antenna
in a sandbox experiment; the sand thickness is 1 m. (a) for “dry” sand and (b) for wet sand with the
water level 48 cm below the surface of the sand. The white arrow indicates the reflection coming
from the bottom (at 1 m deep) of the sandbox (Author’s own work).

In Figure 9, we show two CMPs obtained with a 900 MHz antenna in the case of “dry”
sand (Figure 9a) and wet sand with a water level 48 cm below the surface of the sand
(Figure 9b). The CMPs are positioned in the middle of the common-offset profiles shown
in Figure 8. Figure 9¢,d present modeling performed in the frequency domain. Using 2D
ray tracing, we calculate the two-way travel time for each arrival considering an initial
distance (offset) between the antennas of 0.17 m. Afterward, for each calculated travel time,
we propagate in the frequency domain the radar source (which is a rotated 4th-order Ricker
with a dominant frequency of 900 MHz) and add the results. Finally, we apply an inverse
Fourier transform (FT) to find the synthetic radar trace in the time domain [148,149]. It
should be noted here that the sandbox is placed on two wooden pallets; this makes a gap
of 35 cm between the bottom of the sandbox and the actual concrete floor. Therefore, in our
modeling, we considered a 35 cm thick layer filled with air (¢ = 0.3 m/ns) at the bottom of
the sandbox. In Figure 9c the modeling is performed by taking V = 0.14 m/ns (x = 4.6) for
the direct soil arrival and V = 0.116 m/ns (x = 6.7) for the reflection from the bottom, while
for the modeling of Figure 9d we considered V = 0.1195 m/ns (x = 6.3) for the direct soil
arrival and V = 0.076 m/ns (x = 15.5) for the reflected event. From these values of dielectric
constants and using the TOPP equation (Appendix A), we find the water content values
to be 7% at the surface of the “dry” sand and an average of 11.9% for the whole sandbox;
while, in the case of wet sand (Figure 9b,d), we find values of 11% and an average of 28.3%,
respectively on the surface and for the whole sandbox. These results are in good agreement
with the results given by Loeffler and Bano [36].
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Figure 9. Two CMPs obtained with a 900 MHz antenna positioned in the middle of the common-offset
profiles shown in Figure 8. (a) for dry sand and (b) for wet sand with the water table 48 cm below the
surface of the sand. White arrows indicate the reflection from the bottom of the sandbox; (c) Modeling
with V =0.14 m/ns (x = 4.6) for the direct soil arrival and V = 0.116 m/ns (x = 6.7) for the reflection;
(d) Modeling with V = 0.1195 m/ns (x = 6.3) for the direct soil arrival and V = 0.076 m/ns (x = 15) for
the reflection (Author’s own work).

2.5.2. GPR Measurements on Moist Soils

Figure 10 shows three common-offset GPR profiles measured at the same location with
a 500 MHz antenna in October 2006 (Figure 10a), October 2007 (Figure 10b), and May 2008
(Figure 10c). The red arrow in each plot indicates the reflection coming from a 25 cm thick
concrete slab. The concrete slab is covered with soil, the thickness of which varies from
20 to 60 cm. GPR measurements were made in Strasbourg with EOST (Ecole et Observatoire
des Sciences de la Terre) students just behind the EOST building. From Figure 10, it can be
seen that the reflection occurs almost simultaneously in the case of Figure 10a,b whereas
it occurs earlier in the case of Figure 10c. This is because, in the case of Figure 10a,b the
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ground is wetter than in the case of Figure 10c. When we estimate the two-way travel
time from Figure 10a and 10c (see vertical white lines at 20 m horizontal distance), we find
13.5 ns and 9 ns, respectively, for Figure 10a and 10c. Knowing the thickness of the soil is
0.5 m at this location (at 20 m horizontal distance) we find velocities of 0.074 m/ns and
0.11 m/ns for each case. From these velocities values, we estimate the dielectric constants of
16.4 and 7.4, respectively for Figure 10a,c. Finally, using the TOPP equation (Appendix A),
we find water content values of 29.74% and 13.47%.
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Figure 10. Three common-offset GPR profiles measured at the same location with a 500 MHz antenna
at different periods. (a) October 2006; (b) October 2007; and (c) May 2008. The red arrow indicates
the reflection coming from the concrete slab. The vertical white line indicates where the soil thickness
is 0.5 m (Author’s own work).

2.5.3. GPR Measurements during an Infiltration Experiment on an Unsaturated Sandy Soil

An infiltration experiment was carried out at a sandy experimental site. The experi-
ment shows that GPR is an efficient method for monitoring the water flow and estimating
SWC. An 800 MHz MALA RAMAC GPR system was used. The GPR was wrapped in a
plastic bag and set up inside a wooden box (Figure 11a). The experimental site includes
three sandy layers (Figure 11b). The porosity of each layer is 43%, 40%, and 38%, respec-
tively, and the thickness of each layer is 0.5 m, 2.0 m, and 0.5 m, respectively. The blue
rectangular stands for the experimental area and the red dashed line represents the position
of the GPR.
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Figure 11. (a) Infiltration experiment with an 800 MHz antenna; (b) Sketch of the experiment site
(Author’s own work) [56].

The experiment has two stages. The first stage is a constant head infiltration experi-
ment. A 15 cm water level was maintained above the soil surface in the box during 4680 s.
In the second stage, the water flowed down freely. After 4970 s, there is no water above
the soil surface. Only the DC filter and the static shift with 29 samples were applied to
data processing.

The Evolution of the Water Front

Figure 12 shows the processed profile. The reflections from the boundary between two
layers (0.5 m) and from the water table (around 0.85 m) can be identified. And the travel
times of the two reflections increase with increasing injected time because the water content
is increasing inside the sand (the velocity of the GPR waves is decreasing). At around
1387 s, the water front reaches the boundary of two layers, which is marked with an orange
arrow. Then the water front arrives at the level of the water table at around 3694 s (see
white arrow). From around 4970 s, the travel times of the two reflections are decreasing.
Because we stopped injecting water into the sandbox and there is no water above the soil
surface, the water flowed down freely and the water content is decreasing inside the sand
(the velocity of the GPR waves is increasing). In order to show the evolution more clearly,
six real traces were picked up at different injection times from the profile (Figure 13). The
number 1, 2, and 3 represent the water front, the boundary between two layers, and the
water table, respectively. From these six traces, the movement of the water front can be
identified by following reflection number 1. At 300 s, reflection 1 is before reflections 2, and
3; at 2400 s, reflection 1 is between reflections 2 and 3; at around 3933 s, reflections 1 and
3 coincide.

The Estimation of SWC by GPR

SWC was estimated by comparing a modeled GPR trace with a real GPR trace picked
up from the real GPR profile. Firstly, an initial model was created and the GPR trace was
obtained by forward modeling. Then, the initial model was updated by fitting the real GPR
trace with the modeling GPR trace. Figure 14 shows a comparison of the fit between the
forward modeling GPR traces and the real GPR traces picked up at four different injection
times. Figure 15 presents the final water content. The red dotted lines are the water content
measured by Sentek sensors. And the green dotted lines stand for the estimated water
content. The estimated water content is similar to the measured water content, and the two
also have a similar trend. The change in the water content with injection time during the
infiltration experiment can be seen. The forth panel in Figure 15 (at 9770 s) is at the end of



Remote Sens. 2022, 14, 5993

21 of 37

the experiment. An equilibrium state is nearly achieved and the trend in the water content
is similar to that before injection (at 300 s).

| After processing real infiltration, profile; frequency = 800 MHz | |
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Figure 12. Processed real GPR profile. The orange arrow shows the moment the water front reaches a
depth of 0.5 m (1387 s). The white arrow shows the moment the water front reaches the water table
(3694 s). The red arrow shows the time (4970 s) when there is no water left inside the wooden box
(Author’s own work) [56].
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Figure 13. Six traces from the GPR profile. The numbers 1, 2, and 3 stand for the reflections coming
from the water front, the boundary between two sandy layers, and the water table, respectively
(Author’s own work) [56].



Remote Sens. 2022, 14, 5993

22 of 37

signals comparision of t =300.0 s signals comparision of t = 2400.0 s

real trace )8 real trace

modeling trace modeling trace

TSR R

A Y —— ————

20 40 50 60 0 10 20 30 40 50 60

Time (ns) Time (ns)

_signals comparision of t = 3600.0 s _ - _signals comparision of t =9770.0 s

real trace
modeling trace

real trace 2
modeling trace

Amplitude

40 50 60 0 10 20 30 40 50 60

Time (ns) Time (ns)

Figure 14. A comparison of the fit between the forward modeling and real GPR traces at four different
injection times (Author’s own work) [56].
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Figure 15. The estimated and measured water content at four different injection times (Author’s own
work) [56].

3. Techniques for SHP Estimation

SHP is one of the key factors for studying the water dynamics in the vadose zone.
Accurately estimating SHP in the vadose zone is essential in a wide range of applications,
including the modeling of water flow and contaminant transport [150,151], and managing
water and soil resources [152]. Estimating SWC with GPR and inverting SHP from SWC
data are all mature technologies in their respective fields. Benefiting from interdisciplinary
research, more and more researchers are focused on determining SHP with GPR. However,
compared to the use of GPR for estimating SWC, estimating SHP with GPR is a relatively
new technique. Although the estimation of SHP by GPR was first performed in 2001 [100],
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at present, there is no review of approaches for determining SHP by GPR. Firstly, we will
review the estimation of SHP based on GPR travel-time data.

3.1. Estimating Hydraulic Properties Based on Travel Time

Up to now, most researchers have applied GPR travel-time data to estimate SHP.

Chen et al. [153] developed a normal linear regression model and estimated hydraulic
conductivity based on a Bayesian framework with GPR tomographic velocity, attenuation,
and seismic tomographic velocity at the South Oyster site. They used a 200 MHz borehole
GPR to collect tomographic GPR data and also acquired seismic tomographic data. Through
GPR tomographic analysis, the developed method with geophysical tomographic data has
the potential to improve the estimation of hydraulic conductivity. However, when every
conditional pdfs is multimodal and asymmetrical, this proposed method is limited.

Binley et al. [101] first combined cross-borehole GPR with ERT to monitor soil water
dynamics and estimate hydraulic conductivity. This study demonstrated the potential of
borehole GPR for estimating hydraulic properties. Cassiani and Binley [154] analyzed the
advantages and disadvantages of zero-offset borehole GPR for estimating and monitoring
moisture content in the deep vadose zone under the conditions of layered formations and
quasi-steady state infiltration. The unsaturated flow parameter was identified through the
stochastic Monte Carlo method by analyzing the vertical travel time.

In order to solve the problems of ill-posedness and non-uniqueness, Kowalsky et al. [109]
proposed a coupled inverse technique under the framework of maximum a posteriori
(MAP) for estimating the distributions of flow parameters and predicting flow phenom-
ena. Through the combination of different data types, such as transient hydrological and
GPR travel-time data acquired under the ZOP mode, in the proposed framework, the
distribution of flow parameters and flow phenomena could be well estimated and pre-
dicted. Rossi et al. [155] combined ERT and GPR for mapping a controlled infiltration
experiment. To estimate the soil hydraulic conductivity, a data assimilation technique
based on sequential importance resampling (SIR) was applied. The results showed that
coupled data assimilation gives a more reliable parameter estimation than an uncoupled
hydro-geophysical method. Cui et al. [6] applied the ensemble smoother with multiple
data assimilation (ES-MDA) algorithm for inverting SHP by using GPR data. Synthetic
experiments were designed to assess the performance of the proposed method. In order to
acquire the travel time, the STA/LTA method was used. The errors of parameter calculation
and the prediction of moisture decrease with increasing assimilation time. The results
showed that the ES-MDA method can help to accurately evaluate SHP and provide better
characterization for the distribution of SWC.

The subsurface structure and heterogeneity affect the subsurface flow and contaminant
transport. Although GPR can provide high-resolution images, the relationship between the
images and parameters affecting flow and transport is not clear. In addition, hydrological
data include property information on flow and transport, but the spatial coverage and
resolution are not sufficient. Considering the disadvantages of these two methods, Kowal-
sky et al. [156] estimated field-scale SHP and petrophysical function by joint inversion of
time-lapse multiple-offset borehole GPR travel-time information and hydrological data.
Compared to predictions performed by neutron probe alone, the prediction of SWC could
be improved by including GPR data during inversion. The research considered the flexi-
bility of GPR measurement configurations and improved the resolution of soil hydraulic
parameters estimation. The research also provided a means of capturing the properties
and system state of heterogeneous soil, which are important for estimating and monitoring
subsurface flow and contaminant transport. In order to reduce the uncertainty of estimating
hydraulic parameters, Looms et al. [157] proposed a framework for integrating multiple
geophysical data such as travel time from GPR and electrical transfer resistances from
electrical resistivity tomography, during a 20-day period. Based on an integrated data
fusion method, the uncertainty of hydraulic parameters estimation can be reduced by
integrating different geophysical data.
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Linde et al. [158] developed a method for inverting trace test data based on zonation
information from 2D GPR tomograms and simultaneously obtaining a 2D estimation
of hydraulic conductivity as well as the petrophysical relationships between hydraulic
conductivity and radar velocity. For the inversion, a geophysical data inversion was
performed. Then, the velocity zones were defined in the tomogram. Finally, the hydraulic
conductivity was determined according to an estimated petrophysical relationship.

Moysey [159] carried out a variable-rate infiltration experiment in a sandbox to verify
the distinctive patterns generated by transient GPR data acquired during imbibition and
drainage events. An efficient approach analogous to coherency analysis applied in multi-
offset measurements was also proposed for efficiently analyzing transient GPR data and
identifying most parameters of the Mualem—van Genuchten soil model. Saintenoy and
Hopmans [160] studied the sensitivity of the GPR signal reflected by a transition with a van
Genuchten type to the hydraulic properties. They found that the amplitude of the reflected
signal had a power-type link with the slope of the soil retention curve.

Scholer et al. [161] investigated the effect of various types of prior knowledge linking
with the subsurface VGM parameters for the stochastic inversion of ZOP cross-hole GPR
travel-time data. The data were collected in the unsaturated zone under steady-state
conditions. Applying a Bayesian Markov chain Monte Carlo (MCMC) inversion approach
and combining the prior information with available data, the vadose zone hydraulic
properties and their corresponding uncertainties could be estimated stochastically and
effectively. Scholer et al. [162] further estimated the VGM parameters of a layered medium
by time-lapse ZOP cross-hole GPR travel-time data under the condition that the infiltration
cannot be assumed to be steady-state. A Bayesian MCMC stochastic inversion was applied
to the time-lapse cross-hole GPR travel-time data, which was collected by Looms et al. [157].

Busch et al. [163] performed time-lapse monitoring of soil dynamics based on the
surface common-offset and CMP GPR data and proposed a coupled inversion framework
to estimate the hydraulic properties of a layered subsurface. The framework combines
conventional ray-based analysis of time-lapse surface GPR data with a hydrological forward
model and was applied to synthetic and measured GPR data. In order to describe the
water flow under wet and dry conditions, the capillary and film flow were considered
in the uppermost subsurface layer. The results demonstrated that SHP can be estimated
accurately based on GPR data in the proposed coupled inversion framework.

In early research into determining SHP with GPR, most studies focused on borehole
GPR. Bradford et al. [164] measured the reflections from the transition zone during a
drainage pumping test in a fluvial area with a 200 MHz antenna. The antenna was placed
in a non-metallic wheeled cart and elevated around 5 cm above the surface. By minimizing
the difference between observed and simulated travel times and amplitudes, the hydraulic
material properties could be determined. The results showed that GPR reflections from
the transition zone are highly sensitive to the dynamic processes during drawdown. This
observation suggests that GPR may be a good technique for describing local hydraulic
parameters from drawdown dynamics.

Léger et al. [165] applied an 800 MHz surface GPR antenna for monitoring a Porchet
infiltrometer experiment and estimated hydrodynamic parameters by comparing the ex-
perimental and modeled two-way travel (TWT) times. The transmitter of the GPR was
set 38 cm away from the injection hole and the receiver was kept at 52 cm. The modeling
results showed good agreement with the experiment and were highly sensitive to M—vG
parameters. Léger et al. [7] applied a 1.6 GHz shielded antenna, which was kept immobile
at the surface during a series of infiltration experiments. The Mualem-van Genuchten
model was used to fit retention curve data. The shuffled complex evolution (SCE-UA)
algorithm was applied to invert the SHP. Léger et al. [166] further extend this research and
method to a 2D study by monitoring Porchet infiltrations.
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Jaumann and Roth [19] developed methods to estimate hydraulic material properties
based on previously published work for simultaneously estimating the effective water
content and investigating subsurface architecture with surface ground multi-offset GPR
data at the ASSESS site [77,79]. In order to ensure large hydraulic dynamics, the test site
was forced with a fluctuating groundwater table. A 400 MHz center frequency stationary
on-ground bistatic antenna was employed to collect time-lapse GPR data. By using the
reflections from the transition zone and material interfaces, the position of the layers and
their hydraulic material properties could be determined with the developed heuristic
semiautomatic approach. The approach can pick the signal travel time and amplitude of
relevant reflections in the radargram and associate the corresponding events automatically.
Compared to results from TDR, the resulting parameters were mostly consistent. Although
some drawbacks need to be overcome, such as (1) the computational effort for solving
Richards” and Maxwell’s equations, (2) the limited number of events, and (3) the hyper-
parameters for the GPR evaluation algorithm, the results still showed that the developed
method accurately estimates the hydraulic material properties and imaged the layered
subsurface structures.

The movement of water and solutes is controlled by the retention and permeability
properties. Léger et al. [167] employed surface GPR to study the retention during imbibition
and drainage cycles. Coupling hydrodynamic and electromagnetic modeling to simulate
radargrams and calculating the SHP of sandy soil based on the GPR travel time. The
total procedure is similar to that of Léger et al. [7]. The results showed that the retention
curve from classical lab experiments does not fit the results from the drainage-imbibition
experiment. This may be because static parameters cannot be applied to describe the
dynamic processes.

Yu et al. [18] performed both sequential and coupled inversion to obtain SHP from time-
lapse horizontal borehole GPR data based on an infiltration experiment. The experiment
included five infiltration events that were performed at a rain-sheltered plot during a four-
day period with a 200 MHz borehole antenna. The ZOP method was applied to acquire the
GPR data at six depths (0.1, 0.2, 0.4, 0.6, 0.8, and 1.2 m). Based on the travel times of the
direct wave, which were picked automatically from the GPR data, the two inversions were
carried out to obtain SHP for one-layer and two-layer soil profiles. The results showed
that coupled inversion provided more accurate field-scale estimation for soil hydraulic
parameters than sequential inversion.

3.2. Estimating Hydraulic Properties Based on FWI

In the aspect of estimating SWC, FWI demonstrates its own advantages. FWI is applied
to the whole GPR waveform data, which contain more information than travel-time data.
Therefore, FWI can provide more accurate results than inversion based on travel-time
data alone.

Lambot et al. [168] proposed a new integrated inversion method for estimating shallow
surface hydraulic properties from time-lapse off-ground GPR data in a non-invasive way
at the field scale. They created the objective function from Green’s functions of full-
wave GPR to represent time-lapse GPR data. The results showed that time-lapse GPR
measurements may contain enough information under the constraint of fluid flow modeling.
Jadoon et al. [169] extended this research to three different soil textures under different
constant and variable flux rates. Through numerical experiments, they investigated the
well-posedness, uniqueness, and stability of the inversion problem for determining three
main soil hydraulic parameters. This kind of analysis is very important for solving the
inversion problem with robustness during the optimization procedure. It is also necessary
to define the range of applications for this method. In field conditions, the number of layers
is unknown and an ill-posed inverse problem will occur because soil moisture profiles vary
piecewise continuously with depth.
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Lambot et al. [170] combined hydrogeophysical inversion of time-lapse, proximal
GPR data to remotely estimate the SHP of unsaturated laboratory sand soil during an
infiltration experiment. A standard, handheld vector network analyzer (VNA) was em-
ployed to build the off-ground radar system. Integrating full-waveform electromagnetic
and one-dimensional vertical hydrodynamic inversion, the parameter 7 of the Mualem—van
Genuchten model was well determined. However, there were some errors in the estimation
of parameter o. This was attributed to the fact that the radar data has low sensitivity to the
infiltration front. Jadoon et al. [171] extended this method to the field scale and applied it
over a bare agricultural field. From the time-lapse GPR data, the significant effects of water
dynamics were observed, especially for precipitation and evaporation events. Other meth-
ods were combined to invert the SHP accurately. Jonard et al. [172] employed a radiometer
and off-ground GPR to retrieve the water retention curve in sandy soil when the water table
was located at different depths and was at hydrostatic equilibrium. The GPR data were
collected using a 0.8-2.6 GHz ultrawideband stepped-frequency continuous-wave radar
with a vector network analyzer (VNA). GPR data were modeled using full-wave layered
medium Green’s functions. Under a Bayesian framework with the DREAM algorithm, the
hydraulic parameters were quantified. In this study, the passive and active microwave
sensing methods were first attempted to remotely identify the main SHP. The inversion
results demonstrated that the radar and radiometer data include more information than
TDR and have good accuracy. In addition, the GPR-based estimation had a much lower
uncertainty than the other methods. However, there are still some improvements that can
be made, such as focusing on the transient conditions and considering the impact of organic
soil layers, soil surface roughness, and vegetation for estimating SHP.

Most of the above methods did not consider the errors from input, output, and model
structure. In order to incorporate observations into a mathematic model, Tran et al. [173]
developed a data assimilation scheme for determining SWC and SHP. The scheme contains
soil water dynamics modeling, full-wave electromagnetic wave propagation modeling,
a petrophysical relationship related to the state variable to the GPR data, and the maximum
likelihood ensemble assimilation algorithm. Through the numerical experiments, the
proposed scheme was validated and the results demonstrated that the accuracy of the
hydrodynamic model prediction was improved significantly.

In addition to off-ground GPR measurements for inverting the SHP, some methods
based on surface GPR and borehole GPR have also been developed. Dagenbach et al. [174]
performed an imbibition and drainage experiment at the ASSESS site. A 400 MHz on-
ground shielded GPR with a bi-static antenna was set at a fixed location to record traces
over time. The results showed that the reflection from the transition zone is sensitive to the
hydraulic material parameterization model. Yu et al. [175] carried out a synthetic study to
demonstrate the efficiency of a proposed workflow. The workflow is for estimating SHP
from time-lapse horizontal borehole GPR data with coupled GPR full-waveform inversion
(CFWI). Compared to the results from the first arrival time of zero-offset profile borehole
measurements, the proposed workflow showed higher accuracy.

To date, GPR has shown its ability for estimating SHP. However, there is still a lot of
room for development. For example, FWI can provide high-resolution results. However,
FWI is time-consuming and demands more computation power. Second, compared to
sequential inversion of FWI, coupled inversion of FWI can decrease the errors generated
during forward modeling of the hydrodynamics and GPR. Therefore, how to realize
coupled inversion more efficiently is important, such as how to build the framework of
coupled inversion. Finally, with the development of deep learning methods, deep learning
will be a more efficient method for realizing coupled inversion and integrating GPR data
and hydrological information.
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4. Conclusions and Outlook

The GPR method is a practical method for estimating SWC and SHP. In SWC determi-
nation, different measured modes have their own advantages and disadvantages. Surface
GPR is an earlier method than either borehole or off-ground GPR. Compared with borehole
GPR, surface GPR is fast, less invasive, and can be operated on a large scale, especially for
determining the lateral variation in SWC. However, borehole GPR can measure deeper than
surface GPR. Borehole GPR also can provide higher-resolution SWC profiles. Off-ground
GPR is faster than surface GPR because the antenna can be attached to a vehicle or a
helicopter. However, off-ground GPR is only suitable for shallow SWC detection because of
the limitation of detection depth. The roughness of the ground surface is another problem
for off-ground GPR. In order to solve these problems, some new detection modes and
methods have been developed. In surface GPR modes, the earliest method is the reflected
wave method, and then the ground wave method was proposed for situations when there
are no reflectors for calculating the travel time, such as in the shallow soil zone. However,
in most situations, the ground wave is hard to identify in single offset mode. Thus, the
multi-offset mode was proposed and other new methods such as AEA and the frequency
shift method were also put forward to solve this problem. For borehole GPR, ZOP mode
is faster than MOP mode; however, for tomography inversion, the MOP mode is always
used. In order to decrease the degree of invasion of the soil, the VRP mode was proposed
and this method is a compromise between borehole and surface GPR. In SHP estimation,
GPR is a very new technique, and most studies are based on sequential inversion with GPR
travel-time data and are limited to a single dimension. Now that FWI is being applied to
the determination of SHP, the accuracy is being improved.

Based on this overview of studying water dynamics in the vadose zone by GPR, there
are several directions that should be considered in the future:

(1) In terms of detection accuracy, FWI has great potential and advantages. In the
future, more attention should be paid to how to improve the ability of FWI to measure
water dynamics. There are still some problems with traditional FWI detection, such as
ill-posedness and non-uniqueness.

(2) Attention needs also to be paid to rapid detection and analysis methods for GPR
data collection. For the multi-offset mode of surface GPR, data collection is time-consuming.
Therefore, how to realize rapid detection is important if we want to extend the detection
scale and dimensionality. Multi-channel equipment has been developed.

(3) In the estimation of SHP, coupled inversion generates lower errors than sequential
inversion. However, it requires hydrological modeling and GPR modeling based on two
different equations to be carried out. How to integrate hydrological modeling and GPR
modeling must be studied. Machine learning methods may provide new opportunities in
the field of SWC and SHP estimation.
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Appendix A

The volumetric water content 6 is the ratio of the volume of water (V,,) present in a
sample to the total volume of the sample Vi, (0 = Vip/ Viptar). The water content is linked
to water saturation S and porosity ¢ of the medium by 6 = ¢S. Saturation varies from
0 to 1 and hence water content from 0 to ¢. The relative dielectric permittivity (dielectric
constant: x = £/¢¢) for moist soils increases with increasing water content and lies in the
range of 6 to 30. This is because the dielectric constant of water (y = 81) is much larger
than that of dry soils (between 3 and 5). Many mixing formulas for bulk permittivity of
moist soils have been reported in the literature. The commonly applied petrophysical
relationship is the TOPP equation [21]:

x = 3.03 4 9.30 + 1466% — 76.76° (A1)

The reciprocal relationship, 0 as a function of , is given by:
0 =—53x10"2+292x10 % —5.5 x 104> + 4.3 x 1073 (A2)

where « is the relative dielectric permittivity and @ stands for the soil water content. From
the measured electromagnetic propagation velocity, the relative dielectric permittivity can
be determined.

Another more theoretical relationship between SWC and soil relative permittivity is
based on dielectric mixing models [25,176]. In dielectric mixing models, the relative dielec-
tric permittivity of bulk media xj, is related to the volumetric summation of the permittivity
of water, soil particles, and air with the Complex Refractive Index Model (CRIM):

1
«

Ky = [0kl + (1 —n)ks + (n—6)5] (A3)

where 0 stands for the soil water content; n (m3m’3) denotes the soil porosity; 7, x5, and
x; represent the permittivity of water, soil particles, and air, respectively; « accounts for
the electrical field orientation with respect to the geometry of the medium, which changes
from —1 to 1 as an electrical field changes from perpendicular to the soil layers to parallel
to the soil layers. For an isotropic medium, « will be equal to 0.5. At present, most of
the published petrophysical relationships are derived using TDR. These equations were
obtained in a frequency range of between 500 MHz and 1000 MHz [176].

The Hanai-Bruggeman—Sen (HBS) mixing model also shows the relationship between
the relative dielectric permittivity and the water content [177,178]:

C
* * * *
(Kmatrix B KCOmP) (Kfluid/KCt?mp)

* *
(Kmatrix o Kfluid)

0= (Ad)

where 6 is the water content; K;‘n abrix stands for the complex relative dielectric permittivity

of the matrix; K;?l 4iq Tepresents the complex relative dielectric permittivity of the fluid; xz,,,,
is the complex relative dielectric permittivity of the composite mixture; and C is a shape
factor. The CRIM relation is a semi-empirical formula, while the HBS relation is obtained
from a theoretical model. In Figure A1, we plot the dielectric constant as a function of water
content (¢) using the three relationships, the black solid line curve represents the TOPP
relationship given by Equation (A1).
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Dielectric constant by CRIM(.), TOPP(-) and HBS(--)
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Figure A1. The dielectric constant increases with increasing water content. CRIM (blue dotted line),
TOPP (black solid line), and HBS curves (red dashed line).

Appendix B

At present, most studies focus on 1D vertical SWC dynamics flow. In a homogeneous
and isotropic rigid porous medium, the water flow is calculated by solving Richards’

equation [18,179]:
00(h) o oh
Wb _2 {K(G) (az - 1)] (A5)

where 6 is the volumetric water content (cm®cm™3); & is the pressure head (cm); t rep-
resents time (min); z stands for the positive upward spatial coordinate (cm); K(9) is the
hydraulic conductivity (cm min~!), which is a function of /; and () is the water retention
function described by the van Genuchten model [180]:

0, + b h<0
o(h) =< (1+lanl") (A6)
0s,h >0

where 0, is the residual water content (Cm3cm_3) ; 05 represents the saturated water content

(cm3em™3); a is the inverse of the air-entry value (cm™!); n is related to the pore-size

distribution; and m = 1 — 1/n. The unsaturated conductivity is given by:

K(0) = KeS[1— (1- sg/’”)m]z (A7)

6 — 0,
5= 5o (A8)

where K; stands for the saturated hydraulic conductivity (cm min_1>; S, is the effective
saturated; and [ is the tortuosity. In general, the value for [ is set to 0.5.
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Appendix C
The Equation (A9) represents the fitting formula:

\/d2 + (0.50)>
2 + (0.54) (A9)

Os0il = t
rw,a

where t 4 is the zero time corrected arrival times of the reflected wave; a represents the
different separations of the antennas; d is the solving of depth; and v,; stands for the
average velocity until the reflected layer [181].

Appendix D
The Dix equation:

trw nUZ Lo —t 102
M s0il,n rwn—1%Y%il n—1
Vintn = \/ (A10)

trw,n - trw,n—l

where v;,,; , represents the interval velocities of every layer; t,4,,, and t,;, , 1 stand for the
two-way travel time to the bottom of layer n and n — 1 respectively; and v,;; ,, and vgp;; ,,—1
are the average velocity down to the bottom of layer n and n — 1.

Appendix E
The reflection coefficient is expressed as Equation (A11):

R — v Kair — /Ksoil (A11)

B v Kair + V/Ksoil
where &, is the soil permittivity and «,;, is the air permittivity, which is always set to 1.
The reflection coefficient is determined by Equation (A12) with the measured amplitude

and the amplitude of reflections from a reflector such as a perfect conductor plate larger
than the footprint of the radar antenna. The Equation (A12) is expressed as follows:

Ay

R=—
ApEc

(A12)

where A, represents the measured amplitude and Apgc stands for the amplitude of reflec-
tions from a perfect conductor plate. Therefore, the soil permittivity can be calculated as

follows [124,129]:
1+ £
Ksoil = (f) (A13)

1—

The footprint of the radar antenna can be determined approximately through the
diameter of the first Fresnel zone (FZD):

/\2 0.5
FZD — (4 + 2hA> (A14)

where A is the wavelength at the center frequency of the radar and # is the height of
the antenna.
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