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ABSTRACT
To investigate transient dynamics of soil water redistribution during infiltration, we
conducted horizontal borehole and surface ground penetrating radar measurements
during a 4-day infiltration experiment at the rhizontron facility in Selhausen, Ger-
many. Zero-offset ground penetrating radar profiling in horizontal boreholes was
used to obtain soil water content information at specific depths (0.2, 0.4, 0.6, 0.8
and 1.2 m). However, horizontal borehole ground penetrating radar measurements
do not provide accurate soil water content estimates of the top soil (0–0.1 m depth)
because of interference between direct and critically refracted waves. Therefore, sur-
face ground penetrating radar data were additionally acquired to estimate soil water
content of the top soil. Due to the generation of electromagnetic waveguides in the
top soil caused by infiltration, a strong dispersion in the ground penetrating radar
data was observed in 500 MHz surface ground penetrating radar data. A dispersion
inversion was thus performed with these surface ground penetrating radar data to
obtain soil water content information for the top 0.1 m of the soil. By combining the
complementary borehole and surface ground penetrating radar data, vertical soil wa-
ter content profiles were obtained, which were used to investigate vertical soil water
redistribution. Reasonable consistency was found between the ground penetrating
radar results and independent soil water content data derived from time domain
reflectometry measurements. Because of the improved spatial representativeness of
the ground penetrating radar measurements, the soil water content profiles obtained
by ground penetrating radar better matched the known water storage changes dur-
ing the infiltration experiment. It was concluded that the combined use of borehole
and surface ground penetrating radar data convincingly revealed spatiotemporal soil
water content variation during infiltration. In addition, this setup allowed a better
quantification of water storage, which is a prerequisite for future applications, where,
for example, the soil hydraulic properties will be estimated from ground penetrating
radar data.
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INTRODUCTION

Characterizing soil water content (SWC) dynamics in unsatu-
rated soil is important for a range of applications, including
monitoring of pollutant transport (e.g. Binley et al., 2001),
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investigating root and plant growth processes (e.g. Cai et al.,
2018a) and estimating subsurface hydrogeological properties
(e.g. Knight, 2001). Ground penetrating radar (GPR) is a pop-
ular hydrogeophysical method to investigate SWC dynamics
because of its potentially high spatial resolution (Huisman
et al., 2003a; Slob, Sato and Olhoeft, 2010; Binley et al.,
2015) and the direct relationship between SWC and dielec-
tric permittivity, which in turn determines the propagation
of electromagnetic waves between GPR antennae. Over the
last years, GPR has been widely used for investigating spatial
SWC variability, monitoring SWC variations and estimating
soil hydraulic properties (e.g. van Overmeeren, Sariowan and
Gehrels, 1997; Huisman et al., 2001, 2002; Redman, Parkin
and Annan, 2000; Galagedara et al., 2002; Jadoon et al.,
2012 Pan et al., 2012; Steelman, Endres and Jones, 2012;
Busch et al., 2013; Allroggen, van Schaik and Tronicke, 2015;
Iwasaki et al., 2016; Jaumann and Roth, 2018; Klotzsche
et al., 2018).

GPR measurements can be conducted by using anten-
nae placed at the surface or in boreholes. Surface GPR mea-
surements have been used to obtain high-resolution SWC in-
formation using different acquisition strategies. A range of
studies have shown that the ground wave that travels di-
rectly from the transmitter to the receiver through the top soil
has potential for spatial mapping of SWC (Huisman et al.,
2003b; Galagedara et al., 2005a; Weihermüller et al., 2007).
Due to the unclear penetration depth of the ground wave
(Galagedara, Parkin and Redman, 2005b; Grote et al., 2010),
it is, however, not possible to determine vertical SWC profiles
from this type of GPR measurements. Multi-offset reflection
methods have also been used to estimate SWC in both field-
scale (Lunt, Hubbard and Rubin, 2005) and lab-scale studies
on SWC dynamics (Mangel et al., 2012). However, the en-
ergy of reflected waves is often relatively weak and can thus
be easily distorted by other radiated energy, which may lead to
biased SWC estimates, especially in the case of heterogeneous
permittivity distributions commonly associated with infiltra-
tion events. In addition, there is only limited control on the
vertical resolution of SWC measurements obtained with the
reflection method, because it depends on the position of the
reflectors in the soil (Huisman et al., 2003b). Therefore, con-
ventional ground wave and reflection methods are not well
suited to obtain high-resolution vertical SWC profiles by us-
ing GPR.

Borehole GPR can provide high-resolution geophysical
information of the shallow subsurface, and this approach
has been used to characterize soil properties for many years
(e.g. Holliger, Musil and Maurer, 2001; Doetsch et al., 2010;

Dafflon, Irving and Barrash, 2011; Klotzsche et al., 2013;
Yang et al., 2013). Zero-offset profiling (ZOP) is a widely used
acquisition strategy for borehole GPR measurements (e.g. Re-
jiba et al., 2011), in which the transmitting and receiving
antenna are moved simultaneously with a fixed step size in
two different boreholes. Standard ray-based analysis methods
can then be used to obtain a one-dimensional velocity pro-
file between the two boreholes. Recently, several time-lapse
plot-scale studies focused on SWC variation using horizontal
borehole GPR measurements at specific depths, which ensures
a good control on the vertical resolution of the obtained SWC
profile information (Cai et al., 2016; Klotzsche et al., 2019).
These studies mainly investigated seasonal SWC variations for
different soils, surface treatments and the influence of plant
types. It was found that the horizontal borehole GPR measure-
ments did not provide accurate information close to the soil
surface (0–10 cm) because of interference between the criti-
cally refracted airwave and the direct wave (Klotzsche et al.,
2019). This is obviously problematic when investigating in-
filtration processes, because the top soil is the most dynamic
area with the strongest SWC changes. One possibility to over-
come this limitation is to combine horizontal borehole and
surface GPR measurements.

It has been observed that increased near-surface SWC
associated with infiltration leads to low-velocity waveguides
(van der Kruk, Streich and Green, 2006). In such waveguides,
total reflection of the GPR waves occurs on the boundary be-
tween the wet and dry soil, which generates a guided wave
through the constructive interference of the critical reflec-
tions and the ground wave causing late-arrival high-amplitude
events in the data (Arcone, Peapples and Liu, 2003). Such
guided waves show a pronounced dispersion in multi-offset
surface GPR data, and thus a frequency-dependent velocity
where phase velocities are different from the group velocity
(van der Kruk et al., 2009). Dedicated analysis methods are
required to obtain relevant information from guided waves.
In a first step, a phase velocity spectrum is calculated (Park,
Miller and Xia, 1998) and the strongest energy in the spectrum
is used to determine the phase velocity of different frequen-
cies. With this frequency-dependent phase velocity, single-
layer (van der Kruk et al., 2006), multi-layer (van der Kruk,
Jacob and Vereecken, 2010) or piece-wise linear models (Man-
gel, Moysey and van der Kruk, 2015) can be used to determine
waveguide properties (e.g. permittivity, layer thickness) using
model inversion. For example, single-layer waveguide inver-
sion has been used to obtain the average dielectric permittivity
and thickness of the waveguide during infiltration (Cassiani
et al., 2009; Rossi et al., 2015). Using a piece-wise linear
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model in the waveguide inversion, it is also possible to obtain
a continuous and smooth SWC profile that may be more ap-
propriate to describe the actual vertical distribution of SWC
during and after infiltration events (Mangel et al., 2017).

Until now, no study has been conducted that combines
surface GPR with horizontal borehole GPR to study soil water
content changes. Therefore, the aim of this study is to eval-
uate the accuracy and consistency of combined surface and
horizontal borehole GPR results obtained during a dynamic
infiltration experiment. In order to achieve this aim, transient
SWC changes up to a depth of 1.2 m were monitored during a
well-controlled infiltration experiment using ZOP surveys in
horizontal boreholes. In addition, surface GPR measurements
were conducted to characterize infiltration-induced waveg-
uides in order to obtain SWC of the upper 0.1 m of soil.
As a reference for the GPR results, TDR measurements were
recorded at the same depths of the horizontal boreholes during
the infiltration experiment. To assess the accuracy of the GPR
and TDR results, the measured increase in water storage of
these two methods was compared with the known irrigation
amount used in the infiltration experiment.

MATERIALS A N D ME T H ODS

Infiltration experiment

The infiltration experiment was performed at the upper ter-
race minirhizotron facility in Selhausen, Germany (Cai et al.,
2016; Kelter et al., 2018). The facility is divided into three
plots (3 × 7 m) with different water treatments (natural rain,
rain-out shelter and irrigated). Horizontal rhizotubes and soil
sensors can be accessed via an access trench on one side of
the facility (Fig. 1). Rhizotubes of 7 m length were installed
at 0.1, 0.2. 0.4, 0.6, 0.8 and 1.2 m depths across the field
with a horizontal offset of 0.1 m between tubes at different
depth levels (see Fig. 1d). Here, it has to be noted, that the
installation of the boreholes was done after excavating the
entire plot up to a depth of 1.5 m as undisturbed installa-
tion of the boreholes using a drilling device into the stony
native soil was not feasible. After excavation, the soil was re-
filled layer-wise and the boreholes (and other sensors) were
installed during this backfilling. After completion of the fa-
cility, horizontal borehole GPR measurement could be car-
ried out from the access trench by putting transmitter and
receiver antennas into two neighbouring (rhizo-) tubes at the
same depth (Fig. 1b).

Time domain reflectometry (TDR) measurements were
made hourly by using a TDR100 system connected to

a CR3000 data logger (both Campbell Scientific, Logan,
USA) and the 50C81-SDM multiplexer as described by Wei-
hermüller et al. (2013). Custom-made three-rod TDR sensors
with a rod length of 200 mm and a spacing of 26 mm were
installed 0.75 m away from the facility wall into the soil at the
same depths as the tubes used for ground penetrating radar
(GPR) measurements. Stones and gravel larger than 60 mm
were removed around the location of the TDR sensors dur-
ing installation. For more details on the construction of the
minirhizotron facility and the installed sensors, we refer to
Cai et al. (2016).

The infiltration experiment was conducted in the shel-
tered plot (Fig. 1a) using a drip irrigation system (Fig. 1c).
The plot was completely sheltered several weeks before the
start of the experiment to ensure dry initial soil conditions.
The distance between two neighbouring dripping tubes was
0.30 m, and the distance between the drippers was 0.20 m.
To ensure irrigation at a constant rate, water was first poured
into an underground water tank and then pumped out from
that to supply the drip irrigation system. The water volume
was recorded by a flow meter between the water pump and
the drip irrigation system.

Five infiltration events were performed between the
30 September 2013 and the 3 October 2013 (Table 1).
Horizontal borehole and surface GPR measurements were
taken using a PulseEKKO system (Sensors & Software,
Canada) during the first 4 days of the infiltration experi-
ment. For the borehole measurements we used 200 MHz
dipole antennae, and for the surface measurements we
used unshielded 100 and 200 MHz as well as shielded
500 MHz antennae.

Although the saturated hydraulic conductivity (Ks = 34
mm/hour; Cai et al., 2018b) of the topsoil is much larger
than the average irrigation rate (18 mm/hour), ponding at the
soil surface was observed on the first day of the experiment.
Ponding was not observed anymore during the following in-
filtration events. Before, during and after the daily infiltration
events, ZOP GPR measurements were performed in the hori-
zontal borehole pairs. As the soil water content (SWC) is as-
sumed to increase mainly at shallow depths at the beginning of
each consecutive infiltration event, only the horizontal bore-
holes at 0.2 and 0.4 m depth were measured during the infiltra-
tion event to ensure that all measurements could be performed
within the irrigation interval. After the irrigation stopped, the
deeper boreholes were also measured. Additionally, more than
140 wide angle reflection and refraction (WARR) measure-
ments were obtained with surface GPR during the infiltration
experiment (see Fig. 1c for setup).
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Figure 1 (a) Photograph of the setup of the infiltration experiment (surface) and (b) horizontal boreholes used for GPR measurements and
location of the TDR sensors. (c) schematic setup of the drip irrigation system at the soil surface and (d) sketch of the entire acquisition set-up
with surface GPR and horizontal borehole tubes.

Horizontal borehole ground penetrating radar data
acquisition and processing

For the zero-offset profiling (ZOP) measurements, we fol-
lowed the same acquisition, processing and analysis strate-

gies as presented in Klotzsche et al. (2019). To conduct the
ZOP survey, the transmitter (Tx) and receiver (Rx) antenna
were first pushed to the end of the horizontal boreholes
(7 m) at the same depth. Then, both antennae were pulled
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Table 1 Overview of infiltration events during the experiment

Date Start Time End Time Water Volume (L/m2) T (°C) EC (μS/cm)

30/09/2013 14:54 16:24 28.4 17.0 513
01/10/2013 12:24 13:54 27.3 17.0 513
02/10/2013 12:45 14:15 28.0 16.0 500
03/10/2013 12:24 13:54 26.1 14.4 488
03/10/2013 14:28 15:58 27.0 14.4 488

simultaneously in 0.05 m steps towards the access trench wall
up to a minimum distance of 1.5 m to the wall. Using the
recorded arrival time (t) and the known distance between the
two boreholes (d = 0.75 m), the velocity of the radar wave
(v) can be determined using

v = d
t − T0

, (1)

where T0 is the so-called time-zero offset (Fig. 2a). The de-
termination of T0 is difficult for borehole GPR measurements
because no airwave is present, as is the case for surface GPR
measurements. Therefore, T0 was determined from multi-
offset measurements with the borehole antennae in air (here-
after referred to as calibration WARR measurements). An
accurate determination of T0 is important because the pulse
onset time can drift during the GPR survey and relatively small
changes in T0 can easily introduce substantial velocity changes
and thus erroneous SWC estimates (Peterson, 2001), in par-
ticular in the case of the small borehole separations used here.
In order to determine T0, the following procedure was used.
In a first step, the first maximum and zero crossing of each
trace in the calibration WARR measurement (inset of Fig. 2b)
is determined automatically. Then, a constant time difference
between the actually needed first arrival time and first zero
crossing is determined for a certain number of traces by man-
ual time picking. This constant time offset is different for the
calibration measurement and the ZOP data due to the dif-
ferent centre frequencies. The first arrival of each GPR trace
is then obtained by subtracting the constant time difference
from the zero-crossing times for all traces. Finally, T0 is deter-
mined as the intercept of a line with a fixed slope (1/0.3 m/ns)
fitted to the first arrival times. In order to account for drifts
in T0, calibration WARR measurements were made regularly
in between ZOP measurements. Some drift in T0 as a func-
tion of time was observed, and the most appropriate value for
T0 at the time of each ZOP measurement was determined by
linear interpolation between calibration measurements. After
the determination of v for each ZOP measurement using equa-

tion (1), the dielectric permittivity (ε) at different depths was
obtained by

ε =
( c

v

)2
, (2)

where c is the speed of light in vacuum (299,792,458 m/s).

Surface ground penetrating radar data acquisition and
processing

Surface GPR measurements were made on a plastic track to
prevent contact between the antenna and the irrigation water
as well as to protect the soil from being damaged by the oper-
ators of the surface GPR system. The offset range of the sur-
face WARR measurement was from 0.5 to 5.0 m (see Table 2
for acquisition parameters). First, the T0 of the data surface
GPR data is calibrated as the intercept of a line that deter-
mined by a fixed slope (1/0.3 m/ns) and the picked first arrival
time of airwave at 0.5 m offset. A combined linear move-out
(LMO) and hyperbolic move-out (HMO) semblance analy-
sis approach (Dal Bo et al., 2019) was used to analyse the
100 and 200 MHz data. These GPR measurements did not
show velocity dispersion associated with infiltration because
the wavelength at these frequencies is much larger than the
thickness of the wetted top soil layer. The velocity of the di-
rect ground wave was extracted by LMO. HMO was used
to estimate the velocity of the reflected wave. An empirical
function (van Overmeeren et al., 1997; Grote, Hubbard and
Rubin, 2003) was employed to estimate the sampling depth
(z) of the ground wave:

z = 1
2

√
vGwS

f
, (3)

where vGw is the velocity of the ground wave, S is the distance
between transmitter and receiver and f is the centre frequency
of the antenna. Based on this relationship, it can be seen that
sampling depth decreases with increasing frequency and SWC
(Grote et al., 2010).

After the first infiltration event, the WARR measure-
ments made with the 500-MHz antenna showed dispersive
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Figure 2 (a) Typical 200 MHz ZOP data for horizontal borehole GPR. The appropriate T0 is determined from a WARR measurement in air.
(b) Illustration of T0 estimation from a WARR measurement with 200 MHz antenna. The first arrival time of all traces are indicated by red
dots. T0 is the intercept of the regression line for the first arrival of the airwave as a function of antenna offset (blue line). The inset illustrates
the determination of the time difference between the first arrival (red dot) and the first zero-crossing (blue dot).

waves. The following procedure was used to process these
dispersive data. In a first step, the airwave was muted and
the guided wave (Fig. 3a) was selected to generate a phase-
velocity spectrum (Fig. 3c and 3d). Next, the phase velocity

for different frequencies (vdata( fi )) was obtained by picking
the maximum energy for each frequency in the phase velocity
spectrum (black line, Fig. 3d). The centre frequency of the
measured data (350 MHz, Fig. 3b) is commonly less than that
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Table 2 Overview of data acquisition of surface GPR

Frequency (MHz) Sampling Interval (m) Time Window (ns) Sampling Rate (ns) Stack

100 0.05 100 0.4 32
200 0.05 200 0.4 32
500 0.01 50 0.2 32

of the GPR antenna (500 MHz), and it can be observed from
the amplitude spectrum (Fig. 3b) that the effective bandwidth
is approximately between 200 and 700 MHz when using a
threshold of 15% of the maximum amplitude. This bandwidth
is used in the following analysis of the frequency-dependent
phase velocity.

Surface ground penetrating radar data acquisition and
processing

Single-layer low-velocity waveguide inversion was employed
to invert the dispersive surface GPR data to obtain the
thickness (h), average permittivity of the wet layer (ε1),
and the underlying material (ε2). For this, the theoretical
phase velocity (vmodel( fi , ε1, ε2, h)) was calculated by solving

the equation established by the given waveguide parameters
(ε1, ε2, h):

vmodel ( fi , ε1, ε2, h) = c√
ε1 sin [θ ( fi , ε1, ε2, h)]

, (4)

where θ ( fi , ε1, ε2, h) is the fundamental equation of modal
theory (Arcone, 1984). Since the surface GPR measurements
were conducted in the transverse electric (TE) mode, the fun-
damental modes (TE0) and higher modes (TE1, TE2, etc.) of
the guided wave can be present in the data, if the signals con-
tain frequencies above the respective cut-off frequency (van
der Kruk, 2006). The dispersion inversion of fundamental
mode and higher modes was performed through minimiza-
tion of a cost function (Cm(ε1, ε2, h)) based on the absolute

Figure 3 (a) Dispersive surface GPR dataset acquired at the end of the first infiltration event using 500 MHz antenna. Dashed lines indicated
the zone used for the dispersion analysis. (b) Average frequency spectrum (normalized) of the GPR data. (c) Phase velocity spectrum before and
(d) after normalization.
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difference between v
TEm
model( fi , ε1, ε2, h) and v

TEm
data ( fi ) (van der

Kruk et al., 2006):

Cm (ε1, ε2, h) =
n∑

i=1

∣∣∣vTEm
data ( fi ) − v

TEm
model ( fi , ε1, ε2, h)

∣∣∣
n

, (5)

where n refers to the number of frequency points picked in
the phase velocity spectrum and m represents the mode of
the guided wave. The inversion for single-layer waveguide
parameters is very sensitive to ε1 and partly to h (Strobbia
and Cassiani, 2007), whereas the inverted ε2 are typically
not accurate. The uncertainty in the inversion of ε2 is caused
by simplifying the vertical SWC distribution to a single-layer
waveguide and the stronger measurement noise in the low-
frequency part of the phase velocity spectrum (below 200
MHz) (Bikowski et al., 2012).

Determination of soil water content and storage

The complex refractive index model (Roth et al., 1990) was
used to relate the dielectric permittivity obtained with GPR
and TDR to SWC according to the following equation:

SWC =
√

ε − (1 − �)
√

εs − �√
εw − 1

, (6)

where ε is the relative bulk permittivity. εw refers to the per-
mittivity of water (84 at 10°C). The permittivity of the soil εs

was considered to be 4.7 for this test site. It is important to
notice that porosity � changed from 0.33 to 0.25 (cm3/cm3) at
0.3 m depth due to the presence of a plowing horizon (Fig. 1).

To verify the accuracy of the SWC estimates obtained
by GPR and TDR, cumulative water storage (m) was calcu-
lated by integrating the measured SWC over the entire profile
depth. The increase in water storage was then compared with
the known irrigation amounts (Table 1). In the integration,
it was assumed that the surface GPR measurements and the
TDR measurements at 0.1 m depth represent the average SWC
of the 0–0.1 m depth range. Furthermore, the horizontal bore-
hole GPR and TDR measurements at 0.2, 0.4, 0.6, 0.8 and 1.2
m depth were assumed to represent the mean SWC of 0.1–0.3,
0.3–0.5, 0.5–0.7, 0.7–0.9 and 0.9–1.3 m depth, respectively.
The water storage was also calculated from the borehole GPR
measurements only. Here, it was assumed that the GPR mea-
surements at 0.2 m depth were representative for the mean
SWC of the top 0.30 m of soil.

R E S U L T S A N D D I S C U S S I O N

Horizontal borehole ground penetrating radar data

For a reliable estimation of the soil water content (SWC)
changes due to infiltration, the time zero T0 has to be known
accurately. The change in T0 during the infiltration experi-
ment is shown in Fig. 4. The maximum difference between
two adjacent T0 estimates was relatively small on day 1
(0.34 ns) and day 2 (0.73 ns), but was larger on day 3
(0.96 ns) and day 4 (0.8 ns). The largest variation of T0 oc-
curred on day 3, which could be caused by a too short warm-
up period of the ground penetrating radar (GPR) system on

Figure 4 The time-zero T0 variation during the entire experiment. The duration of the infiltration events is indicated by the light blue background.
Note that the y-axis has different scales for the first 2 and last 2 irrigation events.
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Figure 5 Semi-three-dimensional image of SWC estimates from horizontal borehole GPR. Panels on the left side (a, c, e and g) were measured
before infiltration events for the four respective days, whereas panels on the right side (b, d, f and h) were measured after the infiltration events
for the respective days.

this day. The uncertainty in the SWC estimates resulting from
a 0.96-ns time-shift is 0.047 cm3/cm3 independent of the SWC.

Spatial SWC variation along the horizontal borehole
tubes at five depths before and after the four infiltration events

are shown in Fig. 5. Before the start of the infiltration exper-
iment, the deeper soil was generally wetter than the top soil
(Fig. 5a). After the infiltration event on day 1, an increase of
the SWC was mainly observed at 0.2 m depth and the deeper
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Figure 6 WARR measurements with 100, 200 and 500 MHz data before (right panel a, c, e) and (left panel b, d, f) after infiltration and their
semblance spectra. The black dashed lines indicate the first arrival of the direct airwave. The guided wave is enclosed by red dashed lines. The
velocities of the ground and reflected wave were picked in the semblance spectra and indicated by the black circles. The corresponding ground
and reflected waves are shown by straight and hyperbolic lines in the WARR measurements, respectively. The phase shift of guided wave is
enclosed by the eclipses.

soil was less affected. Moreover, infiltration introduced lat-
eral heterogeneity in SWC at 0.2 m depth, especially at the
first and second day, which could be caused by the layout of
the dripping system and the heterogeneity of the soil. During
the infiltration events at day 3 and 4, the soil at 0.2 m depth
was almost saturated and an increase of SWC was observed
at all depths.

Semblance analysis of surface ground penetrating radar data

The results of the semblance analysis for three different fre-
quencies before and after infiltration are exemplary shown
in Fig. 6. For the 100 and 200 MHz measurements gathered
before infiltration (Fig. 6a,c), only the airwave could be iden-
tified because the soil was very dry and a large part of the
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Figure 7 Four typical dispersive WARR measurements with associated phase velocity spectra and modelled WARR measured obtained (a, b, c)
before, (d, e, f) at the start of the infiltration event, (g, h, i) at the end of the infiltration event and (j, k, l) after the infiltration event on day 2 of
infiltration experiment. The guided waves are enclosed by the black dashed lines (left panel), which were also used to generate corresponding
phase-velocity spectra. Synthetic modelled WARR data based on the TE0 inversion results.

radiation energy was thus contained in this wave. For the
500-MHz data (Fig. 6e), a reflection from the bottom of the
excavated field plot is observed as a hyperbolic move-out.
Because of the strong interference with the airwave, the esti-
mated velocity (0.19 m/ns) from the semblance analysis is not
accurate and can therefore not be used to estimate SWC. Af-
ter infiltration, a clear ground wave could be observed for all
frequencies (Fig. 6b,d,f). Additionally, the phase shift of the
ground wave in Fig. 6(f) suggests that the 500-MHz data were
dispersive after the infiltration event, which was not observed
in the 100 and 200 MHz data.

Dispersion analysis of surface ground penetrating radar data

After the infiltration event of day 1, a dispersive ground wave
was observed during the remainder of the infiltration ex-
periment. Four typical wide angle reflection and refraction
(WARR) measurements obtained at day 2 of the infiltration
experiment are shown in Fig. 7. The first WARR measurement
(Fig. 7a) was obtained before the start of the infiltration on
day 2. The low-velocity waveguide induced by the irrigation
event of day 1 was still clearly present. The dispersion curve
of the TE0 is well defined and smooth, and the first higher
mode TE1 can also be easily identified (Fig. 7b).
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Table 3 inversion results of day 2 using 500 MHz dispersive data

Data Inversion methods ε1; SWC (cm3/cm3) ε2 H (m) Cost function (m/ns)

Fig. 7a TE0 11.40; 0.201 3.82 0.100 0.0013
TE0--TE1 12.25; 0.224 3.57 0.084 0.0019

Fig. 7d TE0 16.59; 0.294 4.88 0.068 0.0017
Fig. 7g TE0 14.22; 0.257 3.85 0.095 0.0007

TE0–TE1 14.82; 0.266 3.75 0.087 0.0011
Fig. 7j TE0 13.94; 0.253 3.27 0.097 0.0009

TE0–TE1 14.43; 0.261 4.54 0.085 0.0019

In a first step, the TE0 mode was used for inversion
(Table 3). To validate the obtained results of the dispersion
inversion, we performed synthetic forward modeling with
the obtained inversion results using the GprMax software
(Giannopoulos, 2005; Warren, Giannopoulos and Giannakis,
2016) (Fig. 7c,f,i,l). The slope and the phase shift of the sim-
ulated guided waves matched well with the measured data.
It should be mentioned that the field was relatively heteroge-
neous at the beginning of the infiltration due to the layout
of the dripping system. Therefore, the dispersion curve of
the data measured at the beginning of the infiltration event
(Fig. 7e) was not only found to be distorted and of shorter
frequency range (200–500 MHz) than other data, but also
the TE1 mode could not be identified. Consequently, a large
ε1 and a small layer thickness h were obtained with a larger
uncertainty from inversion (Bikowski et al., 2012).

In a second step, data for the TE0 and TE1 mode were
jointly inverted (Table 3). Compared to the inversion with
TE0 only, the TE0–TE1 inversion generally resulted in slightly
larger ε1 and smaller layer thickness h. TE0 and TE0-TE1

results showed a good consistency, and the largest difference
between these two inversion approaches was also small with
a difference of 0.085 for ε1 and 0.016 m for h. Therefore,
it was concluded that the consideration of the TE1 mode in
the inversion did not result in different waveguide parameters
compared to the use of the TE0 mode only. Additionally, since
the TE1 mode could not be identified for all measured GPR
data, it was preferred to consistently use the TE0 mode only
for inversion.

The SWC estimates from the semblance and dispersion
analysis as well as the calculated sampling depth derived from
equation (3) are summarized in Table 4 for all surface GPR
measurements. For the 500-MHz data, the SWC estimates ob-
tained from semblance and dispersion analysis deviated con-
siderably. This is due to the fact that the SWC obtained by
semblance analysis is based on the group velocity of the guided
wave, which is always lower than the phase velocity according

to equation (4). As a result, semblance analysis underestimated
SWC of the top layer for 500 MHz measurements. The results
of the dispersion analysis suggest that the thickness of the
waveguide was around 0.1 m during the entire experiment.
This is attributed to layering caused by regular agricultural
activity.

Combined horizontal borehole and surface ground
penetrating radar data

The SWC profiles obtained by combining the dispersion anal-
ysis and the mean SWC along the horizontal borehole tubes
can be used to analyse the spatio-temporal soil water content
evolution during the infiltration experiment (Fig. 8). As ex-
pected, changes in SWC were first observed at shallow depth
(0.2 m) during the infiltration event on day 1. The GPR data
gathered at 0.4 m depth also indicate a small increase in SWC,
but measurements below 0.4 m were unaffected by the infil-
trating water (Fig. 8a). Vertical SWC profiles measured before
and after infiltration are shown in Fig. 9. After the irriga-
tion event on day 1, the SWC obtained from surface GPR
increased slightly overnight. This is possibly caused by the
horizontal movement of water within the top soil layer dur-
ing the night. After the start of the infiltration on day 2, the
SWC increased and stayed at a relatively constant value and
the thickness of the waveguide did not change. With further
irrigation, the SWC close to the surface increased but water
also moved downwards, as indicated by the increase in SWC
below 0.4 m.

Water obviously redistributed to deeper depths between
the infiltration event of day 2 and day 3 but also between
day 3 and day 4 (Fig. 9). The SWC profiles for day 3 and
day 4 show a clear increase in SWC for all depths during the
infiltration event (Fig. 8c,d). The movement of the wetting
front can clearly be seen in Fig. 9. After infiltration at day 1,
the wetting front moved to a depth between 0.2 and 0.4 m.
After the infiltration event at day 2, the upper 0.8 m depth
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Figure 8 Vertical SWC profiles at (a) day 1, (b) day 2, (c) day 3 and (d) day 4. The colours indicate the different times when the measurements
were performed, whereas measurements taken during infiltration are shown in red in the legend. Above the horizontal black dashed line, the
surface GPR results are shown, whereas the averaged borehole GPR results are plotted below this line. Note that the total porosity � changes
from 0.33 to 0.25 at 0.3 m depth as indicated by the blue solid line due to previous tillage practice.
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Table 4 Results of semblance and dispersion analysis

Semblance Results SWC (cm3/cm3); sampling Depth z (m) Dispersion Analysis (500 MHz)

Time 100 MHz 200 MHz 500 MHz SWC (cm3/cm3); h (m)

Day 1
11:32 - - - -

15:26
†

0.125; 0.747 0.095; 0.554 0.075; 0.362 -
16:28 0.152; 0.718 0.116; 0.535 0.136; 0.328 0.202; 0.107
17:21 0.139; 0.731 0.119; 0.533 0.134; 0.329 0.189; 0.135
18:39 0.138; 0.732 0.125; 0.528 0.124; 0.330 0.198; 0.111
19:39 0.133; 0.738 0.129; 0.524 0.134; 0.329 0.194; 0.116
Day 2
12:00 0.148; 0.722 0.137; 0.519 0.131; 0.330 0.201; 0.100

12:48
†

0.173; 0.698 0.169; 0.495 0.163; 0.316 0.294; 0.068

13:41
†

0.183; 0.688 0.182; 0.487 0.191; 0.304 0.254; 0.125

14:23
†

0.178; 0.693 0.180; 0.488 0.171; 0.313 0.254; 0.108
15:53 0.179; 0.692 0.167; 0.497 0.168; 0.314 0.257; 0.095
17:04 0.168; 0.702 0.161; 0.501 0.167; 0.314 0.259; 0.090
18:02 0.173; 0.697 0.171; 0.495 0.155; 0.319 0.253; 0.097
Day 3
10:50 0.179; 0.692 0.173; 0.493 0.153; 0.320 0.243; 0.096

13:09
†

0.180; 0.691 0.186; 0.485 0.168; 0.314 0.289; 0.087

13:42
†

0.204; 0.691 0.212; 0.469 0.191; 0.304 0.280; 0.097

14:22
†

0.204; 0.691 0.197; 0.478 0.182; 0.308 0.286; 0.099
15:22 0.202; 0.672 0.189; 0.482 0.171; 0.313 0.283; 0.083
16:44 0.197; 0.676 0.188; 0.483 0.169; 0.314 0.269; 0.090
Day 4
10:30 0.165; 0.705 0.179; 0.489 0.160; 0.317 0.247; 0.097

12:49
†

0.185; 0.687 0.186; 0.484 0.173; 0.311 0.338; 0.062

13:21
†

0.186; 0.686 0.210; 0.470 0.219; 0.294 0.298; 0.091

13:52
†

0.197; 0.676 0.205; 0.473 0.189; 0.305 0.311; 0.082

15:07
†

0.214; 0.663 0.204; 0.474 0.201; 0.300 0.306; 0.092
16:11 0.192; 0.680 0.215; 0.467 0.188; 0.306 0.285; 0.099

SWC is calculated by the CRIM.
The calculation of sampling depth of ground wave adopts the equation from van Overmeeren et al. (1997)
†Measuring times during the infiltration event.

were wetted but the SWC at 1.2 m depth did not change
yet. For the infiltration events at day 3 and day 4, it was
observed that SWC increased at all depths, which suggests
that the wetting front quickly moved to below 1.2 m depth
at these days, which is a consequence of the higher initial
water content in the soil profile and the associated higher
unsaturated hydraulic conductivity.

The time series of average SWC obtained with time do-
main reflectometry (TDR) sensors at six depths is shown in
Fig. 10 along with the SWC estimated from the GPR mea-
surements (average for the entire borehole length). It can be
seen that the GPR and TDR measurements show a rapid and
synchronous response to the four infiltration events, and sim-

ilar trends in SWC increase. Nevertheless, the SWC estimates
obtained with GPR and TDR differed considerably, especially
at 0.1 and 0.2 m depth. In particular, the SWC determined
with GPR measurements was higher than the SW obtained
with TDR measurements at 0.1 m and lower at 0.2 m depth.
These differences are attributed to the different sensing vol-
umes of the TDR and GPR measurements. The TDR sensors
provide point measurements approximately 1 m away from
the trench wall, whereas the GPR measurements represent the
average SWC of the top soil from 1.5 to 7 m away from the
trench. Therefore, GPR is expected to be more representa-
tive of the irrigated area and thus provide improved ability
to monitor wetting front movement in this experiment. For
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Figure 9 Combined GPR SWC profiles measured before and after
infiltration events for all days.

example, SWC obtained with TDR increased up to a depth
of 0.4 m during the first infiltration event, while the SWC
obtained with GPR only responded at 0.1 and 0.2 m depth.
Although it is possible that water infiltrated to 0.4 m depth in
some places due to the spatial soil heterogeneity, it is unlikely
that the wetting front moved to 0.4 m depth over the entire
infiltration area because only 28.4 mm of water was applied
in the first infiltration event.

The correlation between the depth-averaged SWC ob-
tained with GPR and TDR is shown in Fig. 10(b). The linear
regression between GPR and TDR results has a slope close to
one, and the intercept is also small. This indicates an unbi-
ased and fairly good agreement between GPR and the TDR
data. However, there is substantial scatter in this relationship
as indicated by the relatively low explained variance (R2 of
0.63) and the high root mean square error (RMSE of 0.04
cm3/cm3). As mentioned before, the misfit is strongest for the
shallow soil layers (0.1 and 0.2 m). There is a range of pos-
sible explanations for the relatively large misfit. First, there
is some uncertainty in using surface GPR measurements to
estimate SWC at 0.1 m depth since the inverted layer depth is
varying around 0.1 m during the experiment and a homoge-

neous water content distribution in the top layer is assumed
in the single-layer waveguide dispersion. Second, there is un-
certainty in time-zero estimation for the horizontal borehole
GPR data. Third, there is intrinsic uncertainty in the SWC esti-
mates obtained with GPR and TDR. This includes uncertainty
in travel time determination for both GPR and TDR and the
uncertainty in the position of the horizontal boreholes. Fourth
and foremost, there is a considerable difference between the
sampling volumes of GPR and TDR (Huisman et al., 2001;
Klotzsche et al., 2019), which likely explains a considerable
part of the observed scatter given the lateral heterogeneity of
soil within the 7-m long facility.

To independently validate the GPR and TDR results, the
change in water storage of the total profile was calculated
for each individual measurement time (Fig. 11). To do so, the
initial water storage before the start of the first infiltration
experiment was subtracted from all other water storages cal-
culated from the estimated SWC (Loeffler and Bano, 2004).
Therefore, the increase in soil water storage for the upper
1.3 m depth can be directly compared with the total amount
of irrigated water. The standard deviation of the SWC mea-
surements obtained with GPR was used to represent the spa-
tial variation of the water storage along the borehole tubes
(black error bars in Fig. 11). Also, the spatial variation of
the TDR water storage along the facility wall was visualized
(yellow error bars in Fig. 11). It can be seen that the observed
TDR water storage systematically overestimated the expected
increase in water storage based on the irrigation amount by
around 25% for day 1 to day 3. On the contrary, the increase
in water storage obtained from borehole GPR only showed a
5–10% underestimation for day 1 and day 2. This is attributed
to the lack of information on the SWC up to a depth of 0.2 m.
By combining the surface and borehole GPR data, the error
in water storage estimates was further reduced to 4–8% for
day 1, 2, and 4. Only for day 3, the combined GPR results
overestimated the increase in water storage by 8 mm (10%),
which can be explained by the relatively large uncertainty in
the time-zero estimation for borehole GPR measurements at
day 3 (Fig. 5). Towards the end of the infiltration experiment,
it is likely that water drained below the investigated depth
range due to deep drainage (Fig. 8). Therefore, an underesti-
mation of the increase in water storage should be expected for
day 3 and day 4. Although the combined GPR result showed a
good match with the known water amount for day 4, the wa-
ter storage of the field is thus still potentially overestimated.
Overall, it is concluded that the combined borehole and sur-
face GPR measurements outperformed the two other methods
for water storage estimation in this study.
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Figure 10 (a) SWC time series at different depths obtained with GPR and TDR. Black dashed lines indicate the start and end time of infiltration
events. (b) Comparison of SWC measurements obtained with GPR and TDR. Different colours represent different depths of investigation. Both
the 1:1 line (dashed black) and a linear regression (red) are also shown.
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Figure 11 Time series of changes in water storage estimated with borehole GPR (light blue bars), a combination of borehole and surface GPR
(dark blue bars), and TDR (yellow dashed line). Light purple bar indicate time of irrigation and red dotted line the total water added to the
system.

SUMMARY AND C ON C L USI ON

In this study, surface and horizontal borehole ground
penetrating radar (GPR) measurements were combined to
investigate soil water content (SWC) dynamics up to a depth
of 1.2 m in a field-scale infiltration experiment. Borehole
GPR measurements provided SWC at five depths using
zero-offset profiling (ZOP) surveys. Reference time domain
reflectometry (TDR) measurements were taken hourly at
six depths. In general, wetting front movement over the
experimental period could clearly be monitored using GPR
and TDR. However, the use of horizontal borehole GPR
data alone failed to provide information on SWC changes
of the top soil since the interpretation of borehole GPR
measurements at 0.1 m depth was hindered by the interfer-
ence of direct and critically refracted waves. Therefore, we
additionally made surface GPR measurements to characterize
the top soil. The surface GPR measurements with 500 MHz
antenna showed infiltration-induced waveguides. Single-layer
waveguide inversion was used to invert waveguide properties.
By combining surface and horizontal borehole GPR results,
representative vertical SWC profiles over the entire depth
(0–1.2 m) were obtained for the entire infiltration experiment.
The SWC profiles obtained by borehole GPR, combined
borehole/surface GPR and TDR were used to calculate water
storage changes after infiltration and were compared to the
amount of irrigated water. This analysis showed that TDR
systematically overestimated the increase in water storage,

which was attributed to the poor spatial representativeness
of the local TDR measurements. The increase in water
storage due to infiltration calculated from borehole GPR only
underestimated water storage as long as the topsoil layer was
not saturated. The combined use of borehole and surface
GPR measurements provided the most accurate estimates
of the increase in water storage. Nevertheless, further
studies are needed to prove the advantage of the combined
borehole/surface method for more natural infiltration events
(e.g. natural rainfall). In addition, future work will explore
the use of coupled hydrogeophysical inversion approaches to
estimate soil hydraulic properties from the GPR data.
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