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Abstract. High-resolution time-lapse ground-penetrating
radar (GPR) observations of advancing and retreating water
tables can yield a wealth of information about near-surface
water content dynamics. In this study, we present and analyze
a series of imbibition, drainage and infiltration experiments
that have been carried out at our artificial ASSESS test site
and observed with surface-based GPR. The test site features
a complicated but known subsurface architecture constructed
with three different kinds of sand. It allows the study of soil
water dynamics with GPR under a wide range of different
conditions. Here, we assess in particular (i) the feasibility of
monitoring the dynamic shape of the capillary fringe reflec-
tion and (ii) the relative precision of monitoring soil water
dynamics averaged over the whole vertical extent by evalu-
ating the bottom reflection. The phenomenology of the GPR
response of a dynamically changing capillary fringe is devel-
oped from a soil physical point of view. We then explain ex-
perimentally observed phenomena based on numerical simu-
lations of both the water content dynamics and the expected
GPR response.

1 Introduction

A quantitative description of near-surface soil water dynam-
ics is of paramount interest across a range of disciplines in
the Earth sciences, from hydrologic research to irrigation
management, encompassing a multitude of applications on
various scales, from locally predicting contaminant flow and
plot-scale precision agriculture all the way to the application
of basin-scale hydrologic models (Vereecken et al., 2008).

However, due to considerable spatial heterogeneity and tem-
poral variability of soil water content, quantitative monitor-
ing of soil water dynamics has remained a challenge, espe-
cially at intermediate scales, despite considerable efforts and
advances in recent years (Robinson et al., 2008). To bridge
that gap, electromagnetic geophysical measurement methods
have been investigated throughout the last two decades to ob-
serve soil water dynamics up to the field scale. For exam-
ple, high-frequency electromagnetic methods such as time-
domain reflectometry (TDR) and ground-penetrating radar
(GPR) have received considerable attention, due to their high
sensitivity to variations in the dielectric permittivity of the
subsurface. Such variations are foremost connected to dif-
ferences in soil water content due to the large permittivity
difference between water and air.

One standard method for achieving high time resolution
monitoring of point-scale soil water dynamics is to install
a series of TDR probes in selected soil profiles (Robinson
et al., 2003). TDR methods are widely recognized for their
high accuracy; however, employing TDR probes is a costly
and invasive technique, which cannot be transferred easily
from one field site to the next. More recently, wireless soil
moisture networks have been established at selected field
sites, expanding the scope of such 1-D point-scale measure-
ments for directly addressing field-scale soil water content
variability (e.g., Bogena et al., 2010).

In contrast, GPR is an electromagnetic geophysical
method, which may be employed in both non-invasive
surface-based and invasive borehole measurement schemes
(e.g., Slob et al. (2010) for an overview). Under equilibrium
conditions, significant water content variations in the sub-
surface are usually associated with differing material proper-
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ties. This leads for example to permittivity variations across
soil layer boundaries that typically give rise to partially re-
flected GPR signals (e.g., Annan, 2005). These layer bound-
ary reflections can in turn be mapped by surface-based GPR
systems with high spatial resolution over potentially large
distances. The features of the resulting radargram data can
then be interpreted, for example in terms of subsurface ar-
chitecture such as sediment structure (e.g., Neal, 2004; Jol
and Bristow, 2003). If multi-channel data are available, both
soil water content and reflector depths can be simultane-
ously calculated from common offset data sets, for example
based on a ray path assumption (e.g., Gerhards et al., 2008;
Wollschlager et al., 2010; Westermann et al., 2010), or with a
constructive inversion approach (Buchner et al., 2012). How-
ever, under transient conditions, single-instant in time mea-
surements of seemingly clear reflections can prove difficult
to interpret, as shall be briefly touched upon in this paper.

A range of surface-based GPR measurement methods have
been repeatedly demonstrated to be applicable for high-
resolution monitoring of near-surface soil water variations
(e.g., Huisman et al., 2003a, b; Grote et al., 2003; Galagedara
et al., 2003; Truss et al., 2007; Steelman and Endres, 2010).
However, quantification of results derived from surface-
based methods has often remained challenging (e.g., Wei-
hermaller et al., 2007; Huisman and Bouten, 2003; Klenk
et al., 2011) or restricted to specific field conditions, such
as the presence of ice-layer or precipitation-induced wave
guides (e.g., van der Kruk et al., 2006; Strobbia and Cas-
siani, 2007; van der Kruk et al., 2010; Busch et al., 2012).
More recently, successful field-scale monitoring of soil water
content variations by off-ground GPR has been reported, as-
suming planary-layered media (e.g., Minet et al., 2011, 2012,
both studies are based on Lambot et al., 2004, 2006). Cur-
rently, such full-waveform-based inversion schemes of off-
ground data sets are being adapted to account for near-field
effects (Lambot and André, 2014), while Busch et al. (2014)
reported on a full waveform inversion scheme of multi-offset
ground wave data sets for both dielectric permittivity and
electric conductivity, which includes an explicit optimization
of the source wavelet. Demonstrating the attainable relative
precision of monitoring soil water dynamics based on an on-
ground common offset GPR measurement setup without a
similarly involved evaluation scheme will be another aspect
of this paper.

Provided highly accurate GPR observations are available
over a preferably large range of soil water contents, monitor-
ing soil water dynamics with GPR in connection with a suit-
able inversion scheme can in principle give access to soil hy-
draulic properties. So far, several studies have shown promise
in inferring near-surface soil hydraulic properties based on
time-lapse observations of soil water dynamics, using bore-
hole GPR (e.g., Kowalsky et al., 2005; Rucker and Ferré,
2004; Looms et al., 2008), off-ground GPR (e.g., Jadoon
et al., 2008; Lambot et al., 2009; Tran et al., 2014), and
multi-offset on-ground GPR (Busch et al., 2013). Follow-
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ing a different approach, Moysey (2010) estimated soil hy-
draulic properties based on hydrologic trajectories derived
from fixed-offset time-lapse monitoring of an infiltration ex-
periment by on-ground GPR.

Another method for deriving soil hydraulic properties with
GPR is to study the shape of the GPR reflection generated
by the transition zone above a water table. In the past, this
reflection has often been entirely attributed to a successful
detection of the groundwater table (e.g., Roth et al., 2004;
Doolittle et al., 2006). Other studies have already noted that
the dynamics of the transition zone above the capillary fringe
as observed during pumping tests might even dominate the
GPR response (e.g., Bevan et al., 2003). In that study, ne-
glecting transition zone effects on the GPR signal led to a sig-
nificant underestimation of the total water volume extracted
from an aquifer from GPR data. In a smaller setup, Bano
(2006) investigated the transition zone in a sand tank with
GPR, reporting a strong dependency of the observed signal
on the specific hydraulic situation. A brief review of these
and a few further GPR-based studies concerned with detect-
ing water tables until 2006 has been provided by Slater and
Comas (2009).

In terms of GPR, the transition zone above a groundwater
table in a homogeneous medium is just a smooth variation
in dielectric permittivity. The corresponding conversion can
be described by a suitable petrophysical relationship. This
permittivity variation gives rise to a corresponding GPR re-
flection resulting from the coherent superposition of a series
of infinitesimal contributions along this permittivity profile.
The shape of this transition zone is essentially determined
by the specific soil hydraulic properties, and hence is in turn
the shape of the resulting GPR reflection. Therefore, study-
ing the transition zone reflection with GPR can give access
to soil hydraulic properties of sandy soils that feature a shal-
low groundwater table, such as river plains and sea and lake
shores, as well as permafrost and periglacial environments.
Following this line, Dagenbach et al. (2013) have reported
on time-lapse observations of the transition zone reflection
during an imbibition and drainage experiment. In that study,
due to the limited range of the induced hydraulic dynam-
ics, no significant variations of the static transition zone sig-
nal were observed. Nevertheless, the shape of the measured
GPR response already allowed deciding on an appropriate
parameterization for the corresponding soil water character-
istic function through a joint approach of hydraulic and elec-
tromagnetic modeling. More recently, Bradford et al. (2014)
have explored the estimation of hydraulic properties from
monitoring an aquifer water table during a pumping test with
GPR, noting the requirement for observing sufficiently large
dynamical changes.

This study continues the path towards estimating hydraulic
parameters from high-resolution monitoring of soil water dy-
namics and in particular time-lapse measurements of the dy-
namic shape of the transition zone signal by on-ground GPR.
Our main objective here is to analyze and interpret from an
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experimental point of view the dynamic evolution of the tran-
sition zone above a water table as measured through multi-
temporal GPR measurements over a large range of dynamic
conditions. In particular, we will assess the experimental ca-
pabilities of our GPR setup with respect to detailed obser-
vations of deliberately induced transition zone dynamics and
show that we can consistently reproduce the observed tran-
sient phenomena with numerical simulations.

2 Materials and methods

We discuss two experiments — 1 and 2 — that were carried out
at the ASSESS test site close to Heidelberg.

2.1 The ASSESS site

In order to facilitate the understanding of hydraulic soil
processes and further state-of-the-art GPR measurement
and modeling methods, an artificial test bed was built in
June 2010 into a former drive-in fodder silo close to Hei-
delberg. Using three distinct kinds of sand, a complicated
but well-defined quasi-2-D architecture was designed and
implemented as a 20 m long, 4 m wide and approximately
1.9m deep test bed for ground-penetrating radar (Buchner
et al., 2012). Figure 1a shows the resulting subsurface archi-
tecture. As can be seen in this sketch, there are regions of
different complexity with respect to the soil water dynamics
and the expected GPR signal evaluation, including two- and
three-layer regions, slanted reflectors and a synclinal struc-
ture. Figure 1b shows an exemplary radargram, measured at
a center frequency of 400 MHz along the middle of the AS-
SESS site. Comparing this radargram with the sketch of the
subsurface structure demonstrates that major structural ele-
ments can be well resolved all the way to the bottom reflec-
tion of the test bed, which is visible at approximately 45 ns.
In addition to the subsurface layer reflections, a distinct re-
flected signal can be discerned at an arrival time of about
27 ns, which is governed by the hydrologic state of the sys-
tem. The temporal variations of this signal will be the main
focus of this paper. The ASSESS site is equipped with a se-
ries of TDR probes measuring water content dynamics along
several 1-D soil profiles. The GPR simulations presented in
this work rely on hydraulic parameters derived from a 2-D
inversion of TDR data recorded during a previous imbibition
and drainage experiment.

2.2 Experimental overview

The position of the water table can be adjusted by pumping
water into and out of a well located at approximately 18 m
at the far end of the site. These imposed forcings will be de-
noted as imbibition and drainage, respectively. Furthermore,
we can impose an approximately constant infiltration flux
from above with a series of sprinklers mounted in a wooden
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Figure 1. (a) Overview of the subsurface architecture of the AS-
SESS test site. Solid black lines indicate the layer boundaries be-
tween the three different kinds of sand (A, B and C). Dashed black
lines indicate known compaction layers, which are an artifact of the
building process. The solid (dashed) red rectangle denotes the re-
gion for the water content measurements illustrated in Fig. 8a and b.
(b) Exemplary radargram acquired by an IDS 400 MHz antenna. A
linearly increasing gain function has been applied for increasing the
visibility of lower layer features.

frame, distributing water close to the sand surface over an
area of approximately 1.0 x 0.2m.

During experiment 1, a series of imbibition, equilibra-
tion and drainage periods was monitored with GPR. At first,
10.0810 =+ 0.0001 m® of water was pumped into the well at
an approximately constant rate over the course of about 5.3 h,
which translates to an imbibition rate of 2.38cmh~1. After
1h of equilibration time, 9.5630 4 0.0001 m? of water was
pumped out again, at a drainage rate of 3.42cmh~1. Over
the whole course of experiment 1, four-channel GPR data
have been acquired along a stretch of the site at a temporal
resolution of approximately one radargram per minute.

The aim of experiment 2 was to investigate the hydraulic
dynamics during a period of infiltration followed by a pe-
riod of imbibition. GPR observations were obtained at the
same temporal resolution as during the previous experiment.
Ten days prior to experiment 2, a greenhouse roof had been
built above the ASSESS site, ensuring the absence of signif-
icant precipitation-induced infiltration fronts in the top soil.
The experiment started with infiltrating 0.2113 £ 0.0001 m3
of water from above into the two-layered part of the structure
with the infiltration device centered at 17 m over the course
of 1.6 h. This leads to a highly localized infiltration pulse.
The detailed spreading of this infiltration pulse in the sub-
surface is a 3-D effect. In our case, we expect a well-defined
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Figure 2. Variation of the water table depth below the surface over
the course of experiments 1 (black line) and 2 (red line) as measured
in the pumping well. The first radargrams in Figs. 6 and 10 have
been acquired at time t =0h.

infiltration front due to the coarse textured material and the
imposed high infiltration flux. After 1.6 h, having reached a
steady state of gravitational flow into the structure, the infil-
tration was stopped and immediately followed by a 5 h period
of imbibition of 9.1661 4 0.0001 m® of water. Afterwards,
GPR measurements were continued at minute resolution for
another 1.5 h followed by half-hourly measurements for an-
other 3 h in order to monitor the subsequent relaxation phase.

An overview of the water table position in the observation
well during the different stages of both experiments can be
found in Fig. 2. For periods of imbibition (between 0.3 and
5.6 h for experiment 1 and between 3.0 and 8.0 h for exper-
iment 2, respectively), the figure shows that the water table
rise — as measured in the observation well — is not entirely
constant, despite the approximately constant water flux into
the well. In particular, at times when the water table in the
sand structure crosses major layer boundaries, we observe
changes in the increase rate of the water table (e.g., between
2.2 and 2.6 h for experiment 1, corresponding to the water
table crossing the layer boundary in the two-layered region).
This effect can be explained by the differing hydraulic prop-
erties of the respective materials and the corresponding adap-
tation of the transition zone above the capillary fringe. We
have observed this effect in the GPR data as well and will
discuss it in more detail below. The infiltration phase which
took place during experiment 2 did not lead to a measurable
change in the water table position.

2.3 GPR instrument setup and data acquisition

Both experiments were monitored by high-resolution com-
mon offset (CO) measurements using surface coupled, mul-
tichannel GPR systems manufactured by Ingegneria dei Sis-
temi (IDS), Italy. For experiment 1, we used a system with a
center frequency of 400 MHz for data acquisition, measuring
along the long axis of the site (in the direction of motion).
This measurement setup is shown in the left sketch of Fig. 3.
In this paper, we only discuss the data measured by the in-
ternal channel of the second antenna (T2R2) with an antenna
separation of d =0.14 m.
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Figure 3. Overview of the measurement setup for both experiments.
For experiment 1 (left side), four-channel GPR data were acquired
at a center frequency of 400 MHz along the center line of the struc-
ture, while water was pumped into and out of the observation well
marked by the blue circle. For experiment 2 (right side), eight-
channel dual-frequency (200/600 MHz) data were acquired perpen-
dicular to the direction of movement. The channel evaluated for this
paper is specifically marked for both cases (experiment 1. T2R2;
experiment 2: T1R2). Note that the aspect ratio of the figure does
not correspond to reality.

For experiment 2, a slightly different setup was chosen us-
ing two 200/600 MHz dual-frequency antennas. In this case,
the measurement direction is perpendicular to the direction
of motion (along the short axis of the structure), as is shown
in the right sketch of Fig. 3. This setup allows the cross-box
channels to measure through the imposed infiltration front.
From experiment 2, we will concentrate on discussing the
phenomenology of the hydraulic dynamics as observed by
one of the 200 MHz cross-box channels (T1R2) with an an-
tenna separation of d =1.44 m.

During experiment 1, CO radargrams were acquired be-
tween 6 and 19 m at minute resolution. Every 10 min, the
measurement was extended to cover the whole distance. For
experiment 2, radargrams covering the whole length of the
ASSESS site were acquired at approximately one CO radar-
gram per minute.

2.4 Data processing and modeling

GPR data were subjected to a standard dewow filter remov-
ing low-frequency noise. For better visibility of fainter fea-
tures, a linearly increasing gain was applied. Unless noted
otherwise, all radargrams have been subjected to the same
post-processing in order to allow for direct comparison. For
better illustration of the observed hydraulic dynamics, time-
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lapse movies have been produced for both experiments based
on the minute-resolution radargrams acquired in each case.

To calculate average dielectric permittivities from the bot-
tom reflection, time zero calibration was executed by mea-
suring the travel time of the GPR signal in the air. Absolute
travel times were then evaluated along each radargram using
a semi-automated picking algorithm, following the central
minimum of the bottom reflection from each trace to the next.
Calculated bulk permittivities e, (=) were converted to wa-
ter contents 6 (-) using the complex-refractive index model
(CRIM, e.g., Birchak et al., 1974; Roth et al., 1990)

1 EONCEY,
e_ﬂ—l €b -1 1)

which is essentially a linear relationship as a function of
J€b. We employ es =5 for the relative dielectric permit-
tivity of the soil matrix based on available literature val-
ues (e.g., Daniels, 2004; Robinson, 2004). The soil porosity
¢ (-) has been estimated from gravimetric sampling during
the building process of the ASSESS site.

Hydraulic simulations of soil water content dynamics were
based on 1 ¢ (MuPhi, Ippisch et al., 2006). As detailed in the
following section, we have used a Brooks—Corey parameteri-
zation for the soil water characteristic. All corresponding pa-
rameters for the different modeling cases presented in this
study are given in Table 1. Simulated water content distribu-
tions were converted to dielectric permittivity based on the
CRIM. GPR responses are then modeled by 2-D simulations
with the FDTD-based code MEEP (Oskooi et al., 2010) using
a Ricker source current excitation and assuming a negligible
electric conductivity of the subsurface.

3 Phenomenology of the capillary fringe reflection
3.1 Theoretical considerations

Soil water flow in the vadose zone is described using the
Richards equation, combining the conservation of volume
with the empirical Buckingham-Darcy flux law (Richards,
1931):

90 (hm) — V- [Kw (6 (hm)) [VAm — 1]] =0, )

where 6 (=) designates the volumetric soil water content and
K (ms~1) the hydraulic conductivity, assuming an isotropic
medium. Furthermore, hm =Yy /powg denotes the matric
head (m), where Wy, (Jm~3) is the soil matric potential, oy
(kgm~3) the water density and g (ms~—2) the gravitational
acceleration. In static equilibrium, the matric head describes
the negative height above a certain reference height zo (m) for
the corresponding potential Wp,. In this case and for zo =0 at
the position of the water table, 4, = —z, which allows one to
directly associate the matric head with heights above a water
table in hydraulic equilibrium.
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Figure 4. The sketch on the left shows the capillary fringe and the
transition zone from saturated water content 65 to residual water
content 6 above a water table for a generic coarse sand in equi-
librium. The thick black line represents a Brooks—Corey parame-
terization of the soil water characteristic; the dashed black line de-
notes the soil water characteristic using the corresponding simpli-
fied Mualem—-van Genuchten parameterization for the same sand.
The diagram on the right shows the corresponding hydraulic con-
ductivity functions as a function of water content. Note the logarith-
mic scale of the ordinate. For a detailed overview of the parameters,
refer to Table 1.

Due to the strong dependency of 6 on the matric head i,
constitutive relationships are needed in order to solve Eq. (2)
for water content dynamics, namely the hydraulic conductiv-
ity function Ky (hn) and the relation between the soil ma-
tric head and the soil water content 6(hm), the so-called
soil water characteristic. The most widely employed mod-
els for these two functional relationships are the Mualem-
van Genuchten and Mualem-Brooks—Corey models, which
are most conveniently formulated in terms of the water satu-
ration ® (). For the soil water characteristic, the most com-
monly applied models are the Brooks—Corey parameteriza-
tion (Brooks, 1966), the van Genuchten parameterization and
a simplified version of the latter (Van Genuchten, 1980). The
Brooks—Corey parameterization, for example, is given by

A

_hm .

OUm=1 [~ " —hm>no 3)
1; —hm < ho

with the air entry value hg > 0 (m) and the shape parameter
A (-). The left plot in Fig. 4 illustrates its inverse function,
which is defined for ® <1 as

hin(©) = —hg® 7, )

under equilibrium conditions in terms of the height above a
water table for a generic coarse sand (see Table 1). In partic-
ular, the figure shows the capillary fringe (which we define in
this context as the region in which the soil stays completely
saturated due to capillary forces, despite an already negative
potential) and its associated transition zone from saturated
water content 6 to residual water content 6, above a wa-
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ter table. For comparison, Fig. 4 also contains the soil wa-
ter characteristic for the same sand using the corresponding
simplified van Genuchten parameterization. For both param-
eterizations, the soil water characteristic describes a smooth
water content transition above a water table for a certain hy-
draulic state in a homogeneous material. Such a water con-
tent transition corresponds to a gradual dielectric permittivity
variation with depth (the corresponding permittivity profile
can be calculated by employing an appropriate petrophysical
relationship such as the CRIM; see Eqg. 1). Hence, we can ex-
pect a corresponding GPR response from these permittivity
variations, as has been shown by Dagenbach et al. (2013).
For simplicity, we will denote this GPR response as the cap-
illary fringe reflection (CFR), noting that this reflection in
fact comprises the coherent superposition of all infinitesimal
contributions along the whole transition zone above the wa-
ter table. As an interference phenomenon, the resulting CFR
will be sensitive to the specific shape of this transition zone.
Hence, information about both the hydraulic state and the
hydraulic properties can be gained from observing the CFR
with GPR.

As can be seen from Fig. 4, the Brooks—Corey and van
Genuchten parameterizations differ most significantly close
to saturation, where the simplified van Genuchten parame-
terization is smooth without a well-defined capillary fringe,
while the Brooks—Corey formulation has a sharp air entry
value. Following Dagenbach et al. (2013), a Brooks—Corey-
type parameterization with respect to this sharp air entry
value is needed to describe the shape of the transition zone in
materials with a narrow pore size distribution in order to re-
produce the characteristics of the measured GPR response.
In the framework of this study, we will therefore directly
employ a Brooks—Corey parameterization for the soil wa-
ter characteristic, noting in passing that a sharp air entry
value could also be realized using an appropriate full van
Genuchten formulation.

For completeness, the functional relationship for the hy-
draulic conductivity function K (®) is given in terms of the
water saturation by Mualem, 1976:

2

®
[ hm(®)~Ldy

| (5)

[ hm(9)~1do
0

Kw(©) = K07

introducing two additional parameters. Here, K is the satu-
rated hydraulic conductivity. The term ® (=) is a measure of
the tortuosity of the considered porous medium, acknowledg-
ing a strong dependency of the hydraulic conductivity func-
tion on the geometry of the pore space. Most often, 7 (-)
is simply treated as an additional fit parameter. Equation (5)
shows that the shape of K\ (®) depends on the choice of pa-
rameterization for the soil water characteristic, which is illus-
trated in the plot on the right side of Fig. 4. Note that the hy-
draulic conductivity varies over several orders of magnitude
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with water content. This highly non-linear behavior leads to
characteristic deformations of the transition zone shape un-
der the transient conditions imposed in our experiments as
discussed below.

3.2 Numerical simulation

Before we turn to the experimental data, we will now take a
phenomenological look at numerical simulations of the GPR
response to different hydraulic states of the capillary fringe
in a generic coarse sand (compare Table 1) as illustrated in
Fig. 5. The top three plots show the shape of the transition
zone above the capillary fringe in homogeneous sand for the
different hydraulic regimes encountered in experiment 1. The
corresponding modeled GPR responses for each regime are
shown in the lower part of the figure.

In hydrostatic equilibrium (black line in plot i), the CFR
displays two distinct features: a maximum-minimum shape
(black line in plot iv). The most notable contribution to the
signal in this case stems from the region around the kink
just above the capillary fringe, where the permittivity change
with depth is the largest.

Under transient conditions, the shape of the transition zone
will change due to the strong non-linearities in the hydraulic
conductivity function, which varies over several orders of
magnitude. For imbibition, this leads to a sharpening of the
transition zone (compare the red line in plot i) and most no-
tably to a second kink in the dry region, in this case at about
1.6 m depth. This translates to overall increased amplitudes
and a second major contribution to the GPR signal (red line
in plot iv), which manifests as the CFR now clearly exhibit-
ing properties of two superimposed wavelets.

During a relaxation phase following this period of imbibi-
tion, the transition zone will start to reequilibrate (from red
to blue in plot ii), separating the two kinks in depth and re-
ducing the steepness of the transition zone. Hence, the dif-
ference in the arrival times of the corresponding two major
contributions to the CFR will increase, leading to a splitting
of the superimposed wavelets and a slightly reduced ampli-
tude (from red to blue in plot v). Pumping the water out again
will lead to a greatly elongated shape of the transition zone
above the capillary fringe, while the dry end kink does not
vanish completely, since equilibration times are increasingly
slow in the dry regime (from blue to green in plot iii). Hence,
the CFR exhibits much lower amplitudes and a small wavelet
contribution slowly fading away at short travel times (cor-
responding to the slowly diminishing dry end kink), while
the second contribution from the top of the capillary fringe
starts to resemble the equilibrium wavelet again (from blue
to green in plot vi; compare the latter with the black line in
plot iv).

In summary, we can expect that the CFR will change its
shape under transient conditions according to different hy-
draulic states: for a period of imbibition followed by brief re-
laxation and subsequent drainage, we expect an intensifying
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Figure 5. The capillary fringe reflection: distinct hydraulic states (i—iii) for imbibition, relaxation and pumping out as well as the expected
corresponding GPR response (iv—vi). The hydraulic dynamics have been modeled for a typical coarse sand using a similar forcing as in

experiment 1. Employed hydraulic parameters can be found in Table 1.

CFR signal and the advent of additional contributions to the
CFR during imbibition, a splitting of these contributions dur-
ing relaxation, and a much fainter response during drainage.

4 Experimental results and discussion

In this section, we will take a close look at the experimen-
tal results from the two experiments. We will first discuss
the phenomenology of the CFR in light of the expectations
detailed in the previous paragraphs and will then turn to
quantitative monitoring of water content changes. For both
experiments, we base our discussion of the observed phe-
nomenology on a series of characteristic radargrams selected
from each experiment’s time series. Moreover, a time-lapse
movie has been produced from all minute-resolution radar-
grams for both experiments, in order to better illustrate the
observed effects. Alongside the time-lapse radargrams, the
movies feature time-lapse representations of traces recorded
at two characteristic locations during each experiment. These
locations are designated in the radargrams by color-coded ar-
rows. Both movies have been published in the Supplement to
this study. A corresponding URL can be found at the end of
this paper.
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4.1 Experiment 1. phenomenology

The state of the system as imaged by GPR at different
characteristic times of experiment 1 is illustrated in the
eight radargrams shown in Fig. 6. The first radargram was
acquired immediately before the start of the experiment.
Apart from the three-featured (red-blue-red or blue—red-
blue) wavelets stemming from layer boundary reflections, the
CFR is present as a distinct two-feature (red-blue) wavelet
recorded at arrival times around 23 ns throughout the sub-
surface structure, as we would expect for a well-equilibrated
situation (compare the black wavelet in part (iv) of Fig. 5).
15 min after the start of the imbibition phase (radargram 2),
the CFR already starts to move towards shorter travel times.
With a continuously increasing water potential through this
imbibition, the overall water content in the subsurface in-
creases, as corroborated by the bottom reflection arrival mov-
ing to longer travel times (see radargrams 2-5). As expected,
the CFR wavelet changes in shape, while its amplitude in-
creases considerably. During the ensuing equilibration phase,
we notice that the CFR signal splits into two distinct two-
featured wavelets (compare radargrams 5 and 6). During the
drainage process, the CFR can still be discerned, but it is
much fainter (compare, e.g., the signals within the black rect-
angles in radargrams 3 and 7 that are acquired in roughly
the same water table position). These effects can be ob-
served even more clearly in the time-lapse movie “Klenke-
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Figure 6. Common offset radargrams showing the hydraulic state during experiment 1 (imbibition/relaxation/drainage) at several charac-
teristic times. The solid black rectangles in radargrams 3 and 7 mark the CFR at approximately the same position during imbibition and
drainage, respectively. The dashed rectangles in radargrams 1, 3 and 8 denote the regions over which the traces shown in Fig. 7 are averaged.

tal HESS+2015 Expl _movie.mp4”, which is published in
the Supplement to this study. Looking in more detail at the
relative position and shape of the CFR, the radargrams also
show some differences between the separate subsurface ma-
terials during the imbibition phase. These differences are at-
tributed to differences in the respective hydraulic properties
that become evident in this highly dynamic process.

4.2 Experiment 1: sensitivity to higher-order structural
elements

Apart from layer boundary reflections and the CFR, addi-
tional signals can be discerned, depending on the specific
hydrologic state. For example, comparing the radargrams ac-
quired before and after the experiment (radargrams 1 and 8)
for positions between 14 and 16 m (the two-layered part of

Hydrol. Earth Syst. Sci., 19, 1125-1139, 2015

the structure), there is an additional notable reflection arriv-
ing at travel times around 23 ns whenever the water table
position is just below. In order to examine the behavior of
this reflection in more detail, Fig. 7 shows traces averaged
over the regions marked by the corresponding colored dashed
rectangles in Fig. 6. The additional reflection is drawn as
thick red and blue lines in Fig. 7 for the two cases in which it
is clearly discernible. This reflection does not arise at a con-
ventional layer boundary between different kinds of sand, but
is due to the building process of our site, during which the
sands had to be compacted at regular intervals. This com-
paction process of the sand material altered the pore geom-
etry below each compaction horizon. The associated reorga-
nization of the grains leads to a local porosity variation and
concomitantly to a higher capillary rise within the material
just below such a compaction horizon. Hence, whenever the
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Table 1. Brooks—Corey parameters used for modeling soil hydraulic dynamics.

Parameter ho(M) A(=) ¢(=) 6 KsmshH (o

Figures 4 and 5 (generic coarse sand) 0.30 3.00 035 005 56x107° 0.5

ASSESS sand A 0.11 0.99 038 001 10x107% 0.5

ASSESS sand C 0.08 1.70 035 0.00 84x10~° 0.5
water table position is just below a compaction horizon, there T o0.15f : ]
. . g . . . . . © trace from radargram 1
is a significant dielectric contrast over this horizon, leading to S oif trace from radargram 3 |]
the observed reflected signal. Here, this is the case for the hy- g o0s trace from radargram 8 | |
drologic states observed both before (trace from radargram 1, s ol
drawn in red) and after (trace from radargram 8, drawn in % o005
blue) the experiment. In the fully saturated case (trace from E o
radargram 3, drawn in black), the remaining permittivity con- = 15 20 5 0

trast is solely due to differences in porosity, which are here
not large enough to lead to a notable response. The different
shapes of the red and blue wavelets are due to additional con-
tributions to the signal from the region above the compaction
layer after it has been wetted during the experiment.

In our case, these local variations within the same material
are an artifact of the building process. Nevertheless, similar
situations may arise in field data sets and the appearance of
such a reflection according to the respective hydraulic state
should instigate a careful interpretation of single-instant field
data sets in which such a reflection may have easily been mis-
interpreted as a conventional layer boundary between poten-
tially different materials. On the upside, close scrutiny of the
temporal evolution of such a signal with the observed hydro-
logic state may yield valuable information about the under-
lying physical processes.

4.3 Experiment 1: high-precision water content
changes

Evaluating the bottom reflection travel time for permittivi-
ties, we can calculate the average water content change over
time along the whole structure. For clarity, we will here only
illustrate averaged results for two distinct regions. Figure 8a
shows a comparison of the water content change for the two-
layered part and Fig. 8b the corresponding result around the
synclinal structure (red rectangles in Fig. 1a). Keeping in
mind that each black data point represents an averaged value
taken from a different common offset measurement, the pre-
cision for measuring the total water content change is very
high. In fact, the two figures show that we achieve a sen-
sitivity better than 0.001 m3 m—2 for measuring these water
content changes.

Looking first at the water content dynamics for the two-
layered region (Fig. 8a), we see during both imbibition and
drainage that the water content change slows down consid-
erably when the capillary fringe crosses the layer bound-
ary. This happens for the imbibition between 2.5 and 4h as
well as during the drainage between 8 and 9h (as marked

www.hydrol-earth-syst-sci.net/19/1125/2015/

shifted travel time [ns]

Figure 7. Detailed view of the compaction layer reflection. The
traces shown have been averaged over the regions, which are
marked by correspondingly colored rectangles in Fig. 6 (radar-
grams 1, 3 and 8). The traces have been referenced to the central
maximum feature of the first layer reflection (illustrated at travel
times between 15 and 20 ns). The respective compaction layer re-
flection wavelets are drawn with thick lines where they can be dis-
cerned (radargrams 1 and 8). For radargram 3 (water table coincides
with the first layer reflection), the compaction layer does not yield
a clearly discernible reflected wavelet due to the much smaller per-
mittivity contrast in this fully saturated case.

by the yellow shaded rectangle in the figure). This obser-
vation can be explained in terms of the different hydraulic
properties of the two sands in this part of the structure. In
our experiment, imbibition results from an approximately
constant water flux into the observation well, which is dis-
tributed over the lower boundary by a gravel layer with high
hydraulic conductivity. Under transient conditions, the dy-
namic shape of the imbibition-induced invading front at each
position is governed by the local water flux and the respec-
tive hydraulic properties, especially the non-linearities of the
hydraulic conductivity function, which typically varies over
several orders of magnitude (compare the plot on the right
of Fig. 4). This is illustrated in Fig. 9, illustrating the tran-
sient shape of a dynamically varying transition zone above
a capillary fringe for a two-layered medium consisting of
ASSESS sands A (lower layer) and C (upper layer) when
subjected to the imbibition forcing of experiment 1. The fig-
ure shows the equilibrium curve prior to imbibition (solid
black line), transient shapes of the transition zone in 0.2h
intervals during imbibition (dashed grey lines) and the tran-
sient shape at the end of the imbibition process (solid blue
line). Comparing the grey shaded areas, which denote im-
bibition intervals of equal length, the figure shows that the
transition zone develops a quasi-stationary dynamic shape.
Assuming a homogeneous material sufficiently far from the
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Figure 8. (a) Soil water content calculated from the bottom reflec-
tion travel time during experiment 1 in the two-layered region. The
black dots denote results averaged over a 2m stretch of the two-
layered region (as indicated in Fig. 1), and the grey dots show all
values measured along this stretch. The yellow shaded area denotes
the water content change during time intervals in which the capil-
lary fringe adapts while crossing the material boundary. This behav-
ior is illustrated for the imbibition branch in Fig. 9. (b) Soil water
content calculated from the bottom reflection travel time during ex-
periment 1 in the region of the synclinal structure. The black dots
denote results averaged over a 2m stretch in this region (as indi-
cated in Fig. 1), and the grey dots show all values measured along
this stretch. The red lines indicate a linear fit to the imbibition and
drainage branches of the averaged soil water dynamics.

interface, this dynamic shape will vary only slowly while the
water table moves towards the layer boundary at an approx-
imately constant rate, leading to a correspondingly almost
constant increase rate of soil water content. However, close
to the layer boundary, the shape of the transition zone will
have to adapt accordingly. This leads to a comparatively fast
transitional process whose details are determined by the rel-
ative differences of the hydraulic properties of the two mate-
rials. Once the whole transition zone shape has been adapted
(i.e., the transition zone has moved completely to the second
material), the water content will again increase at a constant
rate, given that the imbibition flux stays constant (compare
the blue shaded areas). A differing water content increase
rate in the two materials will be governed by differences of
the respective hydraulic conductivity functions and potential
porosity differences. This explains, e.g., the different slopes
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Figure 9. Transient shape of a dynamically varying transition zone
above a capillary fringe for a two-layered medium consisting of AS-
SESS sands A (lower layer) and C (upper layer) when subjected to
the imbibition forcing of experiment 1. The solid black line indi-
cates the equilibrium curve; the solid blue line denotes the transient
shape just after the imbibition has been stopped. During imbibition,
the transient state is marked every 0.2h by grey dashed lines. A
comparison of the grey (blue) shaded areas denoting equal imbibi-
tion intervals in both materials shows that the water content increase
will proceed at an approximately constant but potentially different
rate in both materials sufficiently far from the interface. At the in-
terface, the shape of the capillary fringe has to adapt, leading to a
slower increase rate of the water content, as has been observed in
Fig. 8.

of the water content increase observed with GPR in the ex-
periment (compare the section between 1 and 2.5 h to the sec-
tion between 4.5 and 6 h in Fig. 8a).

Similar arguments apply to the drainage part of the ex-
periment. Hence, comparing the constant rate of increase (or
decrease during drainage, respectively) of the overall water
content while the transition zone moves entirely through one
material gives access to relative differences in both the soil
hydraulic conductivity function and the porosity of the two
materials.

Turning to the diagram showing the water contents as de-
rived over the synclinal structure, we see that, in this case,
both the increasing and decreasing branch of the average wa-
ter contents follow practically straight lines. This is to be ex-
pected if we again assume constant imbibition and drainage
fluxes as well as an only slowly varying transient shape of
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the transition zone, since the capillary fringe does not cross
any layer boundary at this position. Only at the very begin-
ning and the very end are there slight deviations from this
straight line. Here, the capillary fringe reaches the bottom of
the synclinal structure, leading to the same implications as
discussed above. Fitting straight lines to both branches (in-
dicated as red lines in Fig. 8b), we can calculate the ratio of
the their slopes to be 0.69. This is in very good agreement
with the ratio of the pumping rates of 0.70, underlining the
accuracy of monitoring soil water dynamics with GPR.

4.4  Experiment 2: phenomenology

The state of the system as imaged by the 200 MHz cross-
box channel (“T1R2” in the right plot of Fig. 3) at different
characteristic times of experiment 2 is illustrated in the eight
radargrams shown in Fig. 10. For a more detailed representa-
tion of the dynamics at the location of the infiltration pulse,
refer to Fig. 11. The effects that are discussed in the follow-
ing can also be observed in the time-lapse movie “Klenke-
tal_HESS+2015_Exp2_movie.mp4”, which is published in
the Supplement to this study.

The first radargram in Fig. 10 shows the state of the sys-
tem before the start of experiment 2. The site is largely in
equilibrium except for a region around 3.8 m, where another
infiltration experiment had taken place the day before. Due to
the large fraction of fine grains in sand A, the topsoil remains
pre-wetted in this region, as can be seen from the GPR sig-
nal. The CFR arrives at travel times around 20 ns, which in
equilibrium corresponds to a water table height in the obser-
vation well of 0.67 m. Before acquiring radargram 2, a con-
tinuous infiltration pulse is applied around 17 m, at the loca-
tion that had been indicated in Fig. 3. Not surprisingly, the
direct ground wave signal becomes apparent at a strongly in-
creased amplitude and longer travel times due to the wetting
of the top soil (marked by the black arrow in radargram 2).
About 1h into the infiltration experiment, the wetting front
has reached the water table and a steady state infiltration
regime (constant gravity flow) has established itself (radar-
gram 3). Until the infiltration is stopped, the GPR response
changes only slightly due to a minor horizontal widening of
the infiltration pulse perpendicular to the infiltration direc-
tion. Immediately before acquiring radargram 4, the infiltra-
tion had been stopped and we started the imbibition by pump-
ing water into the observation well, in turn raising the water
table in the structure. Correspondingly, the signal around the
infiltration location starts to relax (i.e., the ground wave sig-
nal immediately responds to the dropping water content in
the top soil), while the CFR (arriving around 20 ns) starts to
intensify, similar to the previous experiment. 1.8 h after start-
ing the pumping process, we can observe again a splitting of
the CFR reflection into two two-featured wavelets, moving
synchronously with the rising water table to smaller travel
times, where the top soil had not been pre-wetted (compare,
e.g., the region marked by the solid black rectangle in radar-
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gram 5). In comparison, where the soil had been pre-wetted
by infiltration, the signal does not split (compare the region
marked by the dashed black rectangle in radargram 5). We
will have a closer look at this phenomenon below. The CFR
signal recompresses to a three-featured wavelet at the layer
boundary between sands B and C at 0.6 m depth. The imbibi-
tion was stopped just after the water table had risen above this
layer boundary, allowing for comparison of the relaxation
process in sand C for a pre-wetted region (around 17 m) and
a previously dry region (6-14 m). In the previously dry re-
gion, we observe that, as in the previous experiment, the por-
tion of the CFR signal stemming from the non-equilibrium
dry-region kink slowly disappears, leading to a similar relax-
ation behavior as discussed for experiment 1 (radargrams 6
to 7). In comparison, the CFR signal shape for the pre-wetted
regime stays approximately unchanged, even until the fol-
lowing day (radargram 8).

This behavior is to be expected, since the highly non-linear
hydraulic conductivity function (compare Fig. 4) leads to a
much less pronounced sharpening of the capillary fringe in
the pre-wetted case. This can be illustrated nicely through
numerical modeling, as is shown in Fig. 12. We simulated
here the GPR response of the CFR when applying the forc-
ing of experiment 2 to a homogeneous 1-D sand profile with
parameters of material C (Table 1). In Fig. 12, we compare
the GPR response for the CFR in this sand for the case where
the imbibition starts into a dry sand column (the top part of
the figure, marked “imbibition only”) to the GPR response
for the pre-wetted case (the lower part of the figure, marked
“imbibition after infiltration), in which the imbibition starts
after having applied an infiltration flux comparable to the ex-
periment (3.6 mm h~1 for 2 h).

The top left part of the figure illustrates the hydraulic dy-
namics for 5 h imbibition into the initially dry sand, followed
by a relaxation period of 3h. In this case, the equilibrated
capillary fringe (black line) sharpens (red line), which leads
to a secondary kink in the dry region, and then relaxes (green
line) under the imposed forcing. On the top right, we ob-
serve the corresponding CFR behavior (the wavelets have
been shifted to coincide at the minimum of the CFR for clar-
ity of representation): the CFR exhibits a pronounced change
from the initially equilibrated case (black line) to the two-
wavelet response due to the emerging dry end kink (red line),
and then back to the rather equilibrated behavior after 3h of
relaxation (green line), which almost coincides with the ini-
tial case.

In contrast, the bottom left part shows the hydraulic dy-
namics with the initial infiltration, adding an infiltration front
(blue line) to the initially equilibrated state (black line, as be-
fore). Due to this pre-wetting before starting the imbibition,
the hydraulic conductivity in the whole soil profile is much
higher, leading to a much less pronounced sharpening of the
capillary fringe during imbibition (from blue to red). Also,
the shape of the capillary fringe changes only slightly during
the equilibration phase (from red to green). As we have ob-
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Figure 11. Excerpts from the eight radargrams in Fig. 10 to high-
light the infiltration process during experiment 2. Each part shows
the same 3 m stretch centered around 17 m.
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served in the experiment, this leads to comparatively small
changes to the CFR during the whole process (lower right
part of Fig. 12).

5 Summary and conclusions

We explored several aspects of high-resolution time-lapse
GPR observations of soil water dynamics with the aim of
accessing information about field-scale soil hydraulic prop-
erties in a non-invasive manner. Two experiments have been
carried out, in which we observed imbibition, infiltration and
drainage into and out of a complicated but well-known sub-
surface structure by on-ground GPR. Two main aspects have
been assessed: (i) the accurate determination of soil water dy-
namics averaged over the whole vertical extent by evaluating
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Figure 12. Comparing hydraulic dynamics (left panels) and the corresponding CFR GPR response (right panels) of a modeled 1-D sand C-
profile subjected to imbibition into dry sand followed by a period of relaxation (top panels) and the same imbibition after an additional
infiltration event, pre-wetting the sand (bottom panels). For clarity, the GPR wavelets have been shifted to coincide at the minimum feature
of the equilibrium CFR. Direct waves and the additional wetting front reflection in the pre-wetted case (arriving at travel times between 0 and

5ns) are not shown for clarity.

the bottom reflection and (ii) the feasibility of monitoring the
dynamic shape of the capillary fringe reflection, a reflection
generated by the transition zone above a water table.

We have shown that the precision of GPR measurements
of soil water dynamics in this well-controlled experiment is
about an order of magnitude better than demonstrated so far
in the field, even without highly involved inversion schemes.
Evaluation of the bottom reflection allows one to infer infor-
mation about potentially complicated processes in the soil
above and yields information about the relative hydraulic
properties of the respective materials.

Secondly, the deformation and relaxation of the capil-
lary fringe as observed by GPR under our imposed forcing
corroborated our numerical simulations. Since the capillary
fringe reflection arises as an interference phenomenon, its
detailed shape under the forcing imposed for this study is
very sensitive to the respective material properties. Hence,
our high-resolution time-lapse observations pave the way for
implementing appropriate schemes for in situ estimation of
these properties based on GPR.

The Supplement related to this article is available online
at doi:10.5194/hess-19-1125-2015-supplement.
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