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[1] A major challenge in vadose zone hydrology is to obtain accurate information on the
temporal changes of the vertical soil water distribution and its feedback with the
atmosphere and groundwater. A state of the art coupled hydrogeophysical inversion scheme
is applied to evaluate soil hydraulic properties of a synthetic model and a field soil in
southern Ontario based on time-lapse monitoring of soil dynamics with surface ground-
penetrating radar (GPR). Film flow was included in the hydrological model to account for
noncapillary water flow in a sandy medium during dry conditions. The synthetic study
illustrated that GPR data contain sufficient information to accurately constrain soil
hydraulic parameters within a coupled inversion framework and led to an accurate
estimation of the soil hydraulic properties. When film flow was not accounted for within the
inversion, an equally good fit could still be achieved. In this case, errors introduced by
neglecting film flow were compensated by different hydraulic parameters. For the field data,
the coupled inversion reduced the overall misfit compared to an uncalibrated model using
hydraulic parameters obtained from laboratory data. Although the data fit improved
significantly for water content in the deeper soil layers, accounting for film flow in the
uppermost subsurface layer did not lead to a better fit of the GPR data. Further research is
needed to describe the processes controlling water content in the dry range, in particular
coupled heat and vapor transport. This study illustrates the suitability of surface GPR
measurements combined with coupled inversion for near-surface characterization of soil
hydraulic parameters.
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1. Introduction

[2] Understanding highly dynamic hydrological proc-
esses in the subsurface is an important and challenging task
for many applications ranging from agriculture and soil sci-
ences to hydrology and meteorology. Obtaining accurate
estimates of soil hydraulic properties is essential for the
prediction of water flow through the system and its interac-
tion with the atmosphere and ground water, respectively,
and are required to simulate these processes. Nevertheless,
modeling of hydrological processes is not straightforward
due to the highly dynamical nature of processes such as

evaporation and precipitation and the spatial variability of
the soil hydraulic properties [Ersahin and Brohi, 2006;
Behaegel et al., 2007] which also limits the understanding
of the system.

[3] Promising techniques to characterize dynamic proc-
esses in the subsurface are time-lapse geophysical surveys
in combination with coupled inversion schemes where a
hydrological model of the subsurface is combined with a
geophysical forward model. Recently, Hinnell et al. [2010]
described the advantages and assumptions of the coupled
inversion approach in detail. Compared to conventionally
used sequential inversion approaches where the measured
geophysical data and the hydrological model are inverted
independently, the error propagation from the data inver-
sion to the hydrological model inversion is minimized
[e.g., Hinnell et al., 2010; Mboh et al., 2011].

[4] Ground-penetrating radar (GPR) techniques are
promising for characterizing soil moisture dynamics [Huis-
man et al., 2003]. Similar to the well-established time
domain reflectometry (TDR) method, GPR techniques are
based on electromagnetic (EM) wave propagation and their
larger sampling volume is much better suited for field-scale
applications. Cross-borehole GPR has been successfully
used in a number of studies to estimate soil hydraulic

1Institute of Bio- and Geosciences: Agrosphere (IBG-3), Forschungs-
zentrum J€ulich, J€ulich, Germany.

2School of Engineering, University of Guelph, Guelph, Ontario,
Canada.

3Department of Earth and Environmental Sciences, University of
Waterloo, Waterloo, Ontario, Canada.

Corresponding author: S. Busch, Institute of Bio- and Geosciences:
Agrosphere (IBG-3), Forschungszentrum J€ulich, 52428 J€ulich, Germany.
(s.busch@fz-juelich.de)

©2013. American Geophysical Union. All Rights Reserved.
0043-1397/13/10.1002/2013WR013992

8480

WATER RESOURCES RESEARCH, VOL. 49, 8480–8494, doi:10.1002/2013WR013992, 2013

info:doi/10.1002/2013WR013992
http://dx.doi.org/10.1002/2013WR013992


properties using coupled inversion schemes [Rucker and
Ferr�e, 2004; Kowalsky et al., 2005; Looms et al., 2008],
but is restricted by the need for appropriate borehole instal-
lations. Lambot et al. [2004, 2006a, 2009] have developed
a coupled inversion scheme to estimate soil hydraulic prop-
erties of the shallow subsurface using off-ground (i.e., air
launched) GPR data. Recently, Jadoon et al. [2012] used a
coupled inversion approach to calibrate a two-layer hydro-
logic model of an agricultural field, which was conceptual-
ized by a plow horizon (0–32 cm) with a spatially uniform
thickness and a homogeneous underlying layer (32–60 cm).
Although the work of Jadoon et al. [2012] represents a
promising application of coupled inversion schemes, one of
the main challenges using off-ground GPR is its sensitivity
to surface roughness [Lambot et al., 2006b] and the limited
penetration depth of the GPR signal.

[5] Given the noninvasive nature and potential depth of
investigation, surface GPR methods such as reflection
profiling and common midpoint (CMP) sounding are prom-
ising for obtaining hydrological information. However,
there are only a few studies focusing on inversion of sur-
face GPR field data for hydrological parameter estimation.
For example, Moysey [2010] presents a sandbox infiltration
experiment combined with HYDRUS-1D to demonstrate
how GPR reflection data enable the estimation of the soil
hydraulic properties. The author shows that infiltration and
redistribution of water in a homogeneous soil produce dis-
tinctive patterns in a constant offset GPR data caused by
travel time shifts of different GPR arrivals as soil moisture
conditions change. These patterns result in coherent signals
that appear to follow hydrologically defined trajectories
through time which is analogous to normal-moveout trajec-
tories used in the semblance velocity analysis. Recently,
Steelman et al. [2012] conducted an extensive field study
covering two contrasting annual cycles of soil conditions
typical of midlatitude climates. In that study, GPR reflec-
tion profiling and CMP soundings were carried out in a
daily to weekly interval to characterize vertical soil water
dynamics within the vadose zone. This unique data set illus-
trated the highly variable nature of soil water content in the
upper 3 m over both seasonal and shorter time scales. To
examine the potential information content of their GPR-
derived soil water profiles for estimating hydraulic parame-
ters, Steelman et al. [2012] compared their GPR observations
with soil water flow simulations using a one-dimensional
hydrological model (HYDRUS-1D) parameterized with
laboratory-derived Brooks-Corey (BC) soil hydraulic proper-
ties [Brooks and Corey, 1966] obtained from repacked soil
samples. Here the simulated and measured results of Steel-
man et al. [2012] matched fairly well and the authors
hypothesized that the good fit between their uncalibrated
modeling results and GPR-derived soil moisture estimates
provided strong evidence that surface GPR data can be used
for soil hydraulic parameter estimation.

[6] The aim of this study is to extend the analysis of
Steelman et al. [2012] and assess the feasibility of estimat-
ing soil hydraulic properties of a layered subsurface using a
coupled inversion scheme applied to surface GPR data,
where measured interval travel times are combined with a
hydrological model of the subsurface. First, a synthetic sur-
face GPR data set is used to determine whether surface
GPR measurements contain sufficient information for the

estimation of soil hydraulic properties of a multilayered
medium. Afterward, our coupled inversion approach is
applied to the data set of Steelman et al. [2012] to examine
its performance when applied to real field data.

2. Methodology

[7] Although water content can be directly calculated
from GPR velocity analysis using petrophysical and empir-
ical relationships, such as the Complex Refractive Index
Model (CRIM; Wharton et al. [1980]) and Topp’s equation
[Topp et al., 1980], the estimation of soil hydraulic proper-
ties is not feasible if the movement of water over time and
depth is unknown. Here we use time-lapse common mid-
point (CMP) GPR data measured on an agricultural test site
to obtain in situ travel times and interval velocities that
reflect water content changes in the upper few meters of the
vadose zone, enabling the estimation of unsaturated soil
hydraulic properties over discrete depth intervals. A hydro-
logical model with input from a nearby weather station was
used to generate water content distribution dynamics that
are converted to GPR travel times and interval velocities
using the CRIM model at those dates when the GPR data
were measured. The misfit between the simulated and
observed GPR interval travel times was minimized by
updating the parameters of the hydrological model using
the shuffled complex evolution approach (SCE-UA) as
described by Duan et al. [1992]. The SCE-UA is a fast and
robust optimization routine which is well suited to solve
inherently ill-posed inverse problems with a large number
of unknown parameters. The SCE-UA algorithm has been
already successfully used in various applications ranging
from vadose zone model parameterization [e.g., Mertens
et al., 2005] to the estimation of parameters in nonlinear
carbon models [e.g., Weiherm€uller et al., 2009; Bauer
et al., 2012] and coupled hydrogeophysical inversions
[e.g., Mboh et al., 2011].

[8] The GPR data used in this study were initially ana-
lyzed by Steelman et al. [2012] and a brief summary of the
field methodology and interpretation of the results needed
for the current analysis is provided below.

2.1. Test Site

[9] The monitoring transect of the time-lapse GPR
measurements was positioned on top of a local sandy hill
characterized by interbedded fine to coarse sand. GPR
common-offset profiling and CMP soundings were carried
out in a daily to weekly interval [Steelman et al., 2012].
Based on nearby water bodies and supporting geophysical
measurements, the local water table is expected at a depth
of 15–20 m below the ground surface. During the study
period, no agricultural management operations such as
plowing and tillage were performed on the test site.

[10] Detailed soil physical properties of the study site
were obtained from soil samples down to a depth of 1.6 m,
which were extracted at the end of the experiment on a
fresh trench wall. The exposed vertical section of the soil
was characterized by a 0.25 m dark colored plow horizon
composed of coarse sand containing approximately 1.5%
(wt/wt) organic material and 3% (wt/wt) silt fraction over-
lying clean, well-sorted sequences of fine to coarse grained
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sand layers with a thickness ranging from centimeters to
decimeters.

2.2. Interval Velocity and Depth Model Estimation
From GPR Data

[11] To determine interval velocity and layer depth from
the GPR survey (see Figure 1), a layered subsurface was
assumed and suitable reflections in CMP data were identi-
fied using the following criteria: (i) reflections are laterally
continuous with consistent vertical separation across the
monitoring profile, (ii) reflections correspond to major
stratigraphic boundaries, and (iii) reflections are clearly
identifiable in both the reflection and CMP data. Figure 1a
shows a characteristic GPR CMP data set that clearly
shows four reflections coming from the major stratigraphic
boundaries present at the test site and Figure 1b indicates
the associated ray paths.

[12] Conventional normal-moveout (NMO) velocity and
travel time analyses of the reflected waves were carried out
by Steelman [2012] and Steelman et al. [2012], who also
discussed the challenges in obtaining the NMO velocity
(vNMO) for time-lapse surface GPR measurements. The cal-
culated vNMO indicate long-term temporal patterns that fol-
low general seasonal moisture trends such that lower vNMO

encountered during wetter spring and autumn periods while
higher vNMO were observed during dryer summer and fro-
zen winter conditions [Steelman, 2012]. For each CMP
data set, the semblance velocity spectrum was calculated
and the ‘‘first break’’ of the GPR wavelet was picked to
extract the velocity information [Steelman et al., 2012].
The results of the NMO analysis were then used to calcu-
late an average layer thickness for all data sets. Using an
average layer depth and calculating the two-way travel
time to each reflector present in the measured CMP data
returned the interval travel time and the interval velocities
(Figure 1b).

[13] Since the intervals are assumed to represent strati-
graphic boundaries, the layer thickness is fixed to the

known layer depths in the remainder of this paper. The cal-
culated interval velocity vobs(i,d), travel time tobs(i,d), and
the thickness of the interval hobs(i,d) (Figure 2, left) corre-
sponds to the number of the observed reflections i 5 1, . . .,
I and the observation days d 5 1, . . ., D. The available data
consists of 75 GPR observation days that reflect the water
content changes for each layer.

[14] To further characterize the plow horizon in the
uppermost 0.25 m we introduce the top soil layer by the
interval i 5 0. The wave velocity vobs(i 5 0,d) associated
with this layer was taken from the direct ground wave
(DGW) traveling through the shallow subsurface [Galage-
dara et al., 2005a, 2005b]. Since i 5 1 also includes the
DGW interval, this will result in an unequal weighting dur-
ing the inversion process. Therefore, the interval velocity
vobs(i51,d), travel time tobs(i51,d), and the layer thickness
hobs(i51,d) of the interval i 5 1 were recalculated by

tobs i51; dð Þ5 hobs i51; dð Þ
vobs i51; dð Þ2

hobs i50; dð Þ
vobs i50; dð Þ (1)

and

vobs i51; dð Þ5 hobs i51; dð Þ2hobs i50; dð Þ
tobs i51; dð Þ : (2)

2.3. Hydrological Model With Film Flow

[15] The water flow simulations (Figure 2, right) were
performed using the HYDRUS-1D model [�Simůnek et al.,
2008], which solves the one-dimensional Richards equation
for variably saturated water flow with

@h hð Þ
@t

5
@

@z
K hð Þ @h

@z
11

� �� �
2S; (3)

where h(h) is the water content as a function of the pressure
head, h is the volumetric water content (cm3/cm3), h is the

Figure 1. (a) Measured CMP data and model of a layered soil profile obtained from the measured
CMP data used for the coupled hydrogeophysical and the corresponding ray-paths of the air-wave (AW),
the direct ground-wave (DGW), and the reflections (RFL) in the interval i 5 0, . . ., I ; (b) corresponding
soil profile validated by pitting and coring directly below the survey line after the study period.
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pressure head (cm), t is the time (d), z is the positive
upward spatial component (cm), and K(h) is the hydraulic
conductivity (cm/d) as a function of h. The sink term S
describes the volume of water removed from a unit volume
of soil due to plant water uptake and is defined by the rela-
tion of Feddes et al. [1974] as

S hð Þ5arwu hð ÞSP; (4)

where arwu(h) is the root water uptake function and Sp is
the potential water uptake rate [�Simůnek et al., 2008]. Cli-
matic data were obtained from the University of Waterloo
weather station located approximately 7 km east of the test
site. Because the plot was covered by short grass, root
water uptake was parameterized with the pressure head val-
ues h0 5 210 cm below which roots start to extract water
from the soil, hopt 5 225 cm below which roots extract
water at the maximum possible rate, h2H 5 2200 cm
and h2l 5 2800 cm below which roots cannot longer
extract water at the maximum potential transpiration
rates r2H 5 0.5 cm/d and r2L 5 0.1 cm/d, respectively, and
h3 5 28000 cm below which root water uptake ceases.
Rooting depth was assigned to reach 215 cm depth, which
corresponds to the rooting depth observed at the field plot.
The lower boundary was set to free drainage and the overall
domain size of 1000 cm was discretized with 1001 equidis-
tant nodes.

[16] The soil water retention function, h(h), is described
by the Mualem-van Genuchten model [Mualem, 1976; van
Genuchten, 1980]:

h hð Þ5hr1
hs2hr

11jahð jnÞ
m; (5)

where hr is the residual water content (cm3/cm3), a (1/cm)
and n (–) are empirical parameters related to the air entry
pressure value and the width of the pore size distribution,
respectively, and m is restricted by the Mualem condition
to m 5 1 2 1/n with n> 1. Compared to the Brooks-Corey
relationship used by Steelman et al. [2012], the Mualem-
van Genuchten parameterization offers more degrees of
freedom in inverse modeling and is less prone to numerical
issues when solving equation (3). The relative unsaturated
hydraulic conductivity Kr

cap(h) (cm/d) due to capillarity
can be calculated as a function of pressure head as follows:

Kcap
r hð Þ5 12jahjmnð Þ 11jahjnð Þ2m½ �2

11jahjnð Þmk ; (6)

where k is a factor that accounts for pore tortuosity and is
set to 0.5. This set of equations is often used to describe
capillary fluid flow in a porous media, and allows an appro-
priate description of the water flow under relatively wet
conditions [van Genuchten, 1980].

[17] In relatively dry conditions where capillary flow
becomes negligible in comparison to film flow, this model
parameterization (equation (6)) sometimes fails [Lenor-
mand, 1990; Toledo et al., 1990; Goss and Madliger,
2007]. To overcome this limitation, we extend equation (6)
with a simple empirical approach to describe water flow in
films as a function of pressure head with an additional free
fitting parameter s following Peters and Durner [2008]:

Kfilm
r hð Þ5 11jahjnð Þ2m½ �s: (7)

[18] The relative hydraulic conductivity Kr(h) as a func-
tion of pressure head can then be described by adding the

Figure 2. Overview of the coupled hydrogeophysical of time-lapse surface GPR data to estimate the
hydraulic properties of a layered subsurface, where hri is the residual water content (cm3/cm3), ai (1/cm)
and ni are empirical parameters and Ksi (cm/d) is the saturated hydraulic conductivity in the interval
i 5 0, . . ., I.
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contributions of capillary Kr
cap(h) and film flow Kr

film(h)
according to:

Kr hð Þ5 12xð ÞKcap
r hð Þ1xKfilm

r hð Þ; (8)

where x is the relative contribution of film flow with
0<x< 1 [Peters and Durner, 2008]. For HYDRUS-1D
simulations, a layered subsurface is defined in which the
Mualem-van Genuchten parameters mMvG 5 [hri, ai, ni, Ksi]
are prescribed for each interval i. Additionally, the satu-
rated water contents hsi (total porosity) were fixed along the
entire profile based on laboratory measurements.

2.4. Conversion of Soil Water Content Into Interval
Velocities and Travel Times

[19] To convert the modeled soil water content into inter-
val velocities and travel times, a discrete set of nodes P
was selected from the output of the finite element hydrolog-
ical model to obtain the water content distribution with
depth for predefined observation days d. Subsequently,
these water content profiles (cm3/cm3) were converted into
dielectric permittivities using the CRIM model (Figure 2,
right) with

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emod i; dð Þ

q
5hmod i; dð Þ ffiffiffiffiffiew

p
1 12/ð Þ ffiffiffiffies

p
1 /2hmod i; dð Þ
� � ffiffiffiffi

ea
p

:

(9)

with a porosity of / 5 0.39 and the relative permittivities
of air ea 5 1, the solid mineral es 5 5, and the water
ew 5 84.9, which corresponds to a temperature of 8�C rep-
resenting the average annual temperature at the test site.
The electromagnetic interval velocities vmod(i,d,mMvG) and
travel time tmod(i,d,mMvG) are then calculated by:

vmod i; d;mMvG
� �

5
1

Pi

XPi

pi51

v0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emod

pi
i; d;mMvGð Þ

q (10)

tmod i; d;mMvG
� �

5hobs i; dð Þvmod i; d;mMvG
� �

(11)

where v0 5 0.2998 m/ns is the electromagnetic wave veloc-
ity in air, hobs(i,d) is the fixed observed layer thickness,
epi

mod(i,d,mMvG) is the permittivity at node pi 5 1, . . ., Pi

and Pi is the total number of calculation points (Figure 2,
right).

2.5. Coupled Inversion for Hydraulic Properties

[20] Using the input parameters mMvG in the hydrologi-
cal model, we are now able to calculate GPR interval
velocities and travel times (Figure 2, right). Note that, since
the interval thickness is fixed and thus the interval velocity
and travel directly correlated, both can be used in the objec-
tive function. However, since the NMO data were highly
variable and the travel time data were very stable over the
annual cycle, we evaluate the model fit for a set of input
parameters by calculating the misfit between the measured
and modeled interval travel times (Figure 2, left) using the
objective function (Figure 2, middle):

C mMvG
� �

5
1

D

XD

d51

jtmod i; dð Þ2tmod i; d;mMvG
� �

j
rt ið Þ

� �
: (12)

[21] Here the misfit in the travel times is normalized
with the average deviation from the mean interval travel
times rt(i) by:

rt ið Þ5 1

D

XD

d51

				tobs i; dð Þ2 1

D

XD

d51

tobsði; dÞ
				: (13)

[22] To find the model parameters mMvG that provide the
best fit in the multidimensional solution space, an efficient
minimization algorithm must be used (Figure 2, middle).
Here we used the shuffled complex evolution (SCE-UA)
method described by Duan et al. [1992], which is a global
optimization routine that combines deterministic and prob-
abilistic approaches to evolve a population of parameter
combinations toward the global minimum of the objective
function. The coupled inversion was stopped when 10
successive evolution loops did not improve the objective
function by >0.01% (Figure 2, middle and right). The cor-
responding confidence intervals of the inverted model
parameters were determined by a first-order approximation
as suggested by Kool and Parker [1988].

[23] Each soil layer has four unknown parameters, and
this increases to six parameters when film flow is consid-
ered. Obviously, the computational costs of the inversion
process increase significantly when the number of soil
layers is increased. In addition, a larger number of soil
layers poses larger demands on the information content of
the observed data to reliably estimate soil hydraulic param-
eters. Therefore, we restrict the coupled inversion to two
and three-layered soils in the following application to syn-
thetic and measured data.

3. Application to Synthetic Data

[24] To investigate the feasibility of hydraulic parameter
estimation by the coupled inversion approach, synthetic
time-lapse surface GPR data were modeled for a layered
soil. Assuming that the variations in the soil hydraulic
parameters for the intervals i 5 1–4 are negligible, the soil
can be described by a two-layered subsurface where a top
soil (i 5 0, Figure 1) is overlying a homogeneous subsoil
(i 5 1–4). For each interval, a total of four hydraulic param-
eters mMvG 5 [hri, ai, ni, Ksi] were defined to simulate water
movement through the subsoil (see Table 1).

[25] In addition, by introducing film flow in the upper-
most interval i 5 0 with x 5 0.06 and s 5 1.0 in equations
(7) and (8), we explicitly accounted for the contributions of
capillary and film flow to the water movement in coarse
soils during dry conditions. Here the part of the hydraulic
conductivity that is primarily affected by film flow lies in
the pressure head range between about 2102.5 and 2104

cm [Peters and Durner, 2010].
[26] To test the inversion algorithm and to show how

parameter estimation is affected by capillary and film flow,
we used two different models where we neglect (CAP) and
account for film flow (FILM_CAP). The simulated water
content distributions and interval travel times were
obtained by running the models outlined above using the
hydraulic parameters obtained from the retention data from
Steelman et al. [2012]. No noise was added to the simulated
interval travel times prior to their use in the coupled
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inversion. The parameter range used in the global optimiza-
tion is given in Table 1, whereas the saturated water con-
tent hsi and the tortuosity factor ki were fixed to measured
and literature values, respectively. Since more information
is contained in the data for the subsoil layer due to reflec-
tions from four interfaces as compared to the top soil layer
where only the ground wave is used, we reduced the
weighting for the lower four reflections by a factor of four
such that the information contained in the uppermost layer
(i 5 0) and the remaining layers (i 5 1–4) are equally
weighted when determining the hydraulic parameters of the
upper layer and the lower half-space.

[27] Table 1 shows the inversion results for CAP and
FILM_CAP and the corresponding objective function val-
ues C. Figure 3 shows the calculated evapotranspiration
(black, a) and precipitation (green, a) obtained from the
weather data, as well as the simulated average water con-
tent profiles (b–f) and the RMSE (in brackets) for the mod-
eled time-lapse GPR data (black) and the inversion results
for CAP (blue) and FILM_CAP (red). Note that the calcu-
lated interval velocities (equation (10)) are converted into
average water content hi along the profile using the CRIM
relationship (equation (9)). Although the CAP scenario pro-
vided a reasonable fit to the GPR data, the inversion seems
to compensate for the missing film flow parameters x and s
by overestimating the wetter and underestimating the dryer
events especially within the top layer. As a consequence,
the inversion using the CAP approach leads to inaccurate
hydraulic properties mMvG (Table 1). In contrast, the pre-
dicted water content obtained with the FILM_CAP scenario
perfectly matched the synthetic data as indicated by the
low RMSE and the inverted hydraulic properties were close
to the prescribed hydraulic properties (Table 2).

[28] Figure 4 compares the prescribed and inverted
pressure-saturation h(h) (Figures 4a and 4b) and relative
hydraulic conductivity function Kr(h) (Figures 4c and 4d)
for the top soil layer and the subsoil. The linear addition of
the capillary Kr

cap(h) and film flow Kr
film(h) for the mod-

eled data (black) and the inversion results CAP (blue) and
FILM_CAP (red) are also illustrated (Figure 4c). It is appa-
rent that Kr(h) is dominated by capillary flow Kr

cap(h) in
the wet range, whereas in the dry range it is dominated by
film flow Kr

film(h). In the case of h(h), CAP returns a differ-
ent pressure-saturation function for the top layer and the
underlying subsoil due to inaccurate values for hri, ai, and
ni, whereas there is a perfect match between the prescribed

and inverted pressure-saturation function for FILM_CAP.
Comparing the inverted hydraulic conductivity function
Kr(h) of CAP (blue) with the prescribed Kr

cap(h) of the
modeled data (dashed-dotted black), it is clear that different
values for the hydraulic conductivities were obtained for
CAP for both soil layers. The hydraulic conductivity func-
tion Kr

cap(h) for the top layer obtained from FILM_CAP
(dashed red) as well as Kr(h) for the subsoil (d, dashed red)
matched perfectly with the prescribed hydraulic conductiv-
ity (dashed-dotted black and solid black). Moreover, the
inversion results of FILM_CAP for Kr

film(h) and Kr(h) (dot-
ted and solid red) are in very good agreement with the pre-
scribed function (dashed and solid black) but also show the
effect of small inaccuracies in the inverted parameters in
i 5 0. Since film flow primarily affects the hydraulic con-
ductivity for small pressure heads [Tuller and Or, 2005;
Vanderborght et al., 2010], the reason for the inaccuracies
in the inversions results might be related to the simulated
range of pressure heads that does not reach the low values
required for an appropriate parameterization of x, s,
and Ks.

4. Application to Field Data

[29] To examine the potential of the coupled inversion
approach to a field data set, we used the data from Steelman
et al. [2012] and focused on the period of unfrozen soil
between 1 April and 1 November 2008. The overall simula-
tion period in HYDRUS-1D was 214 days where the first
30 days were used as a spin-up to equilibrate the simulated
soil water content profile with the atmospheric forcing.

[30] Seasonally persistent reflection events allowed to
calculate the interval velocities and travel times of four
well-defined stratigraphic interfaces which correspond to
the measured GPR intervals i 5 1–4 (Figure 1). Assuming
that the soil below the plow soil can be approximated using
a homogeneous hydraulic parameter distribution (Table 3)
such that the effects of vertical stratigraphic variations on
soil moisture distribution and hydraulic parameters are neg-
ligible [Steelman, 2012], the inversion of the measured
GPR data was carried out for a two-layered subsurface with
(FILM_CAP_L2) and without film flow (CAP_L2) where
interval i 5 0 represents the direct ground wave. We also
considered a three-layered subsurface (FILM_CAP_L3),
where the interval i 5 1 represents a transition soil layer
with a thickness of 25 cm between the top soil and subsoil.

Table 1. Hydraulic Parameter and Objective Functions C for the Two-Layer Inversion of Synthetic Time-Lapse Surface GPR Data
Without (CAP) and With Film Flow (FILM_CAP), Respectivelya

MvG Parameter mMvG Model Lower Boundary Upper Boundary mMvG CAP mMvG FILM_CAP

Top soil (i 5 0) hr (cm3/cm3) 0.07 0.04 0.11 0.06 6 0.004 0.07 6 0.0001
a (1/cm) 0.04 0.02 0.06 0.02 6 0.007 0.04 6 0.0006

n 2 1.1 3 2 6 0.19 2 6 0.009
Ks (cm/d) 1140 570 1710 1708 6 1015 1118 6 43

x 0.06 0 0.1 0.05 6 0.003
s 1 0 5 1.0 6 0.07

Underlying soil (i 5 1–4) hr (cm3/cm3) 0.06 0.03 0.87 0.06 6 0.004 0.06 6 0.0005
a (1/cm) 0.04 0.02 0.06 0.02 6 0.0008 0.04 60.0006

n 2 1.1 3 2.2 6 0.15 2 6 0.009
Ks (cm/d) 2600 1300 3900 1304 6 424 2609 6 78

Objective function C (equation (12)) 0.11 0.0007

aThe values indicated by 6 show the 95% confidence interval based on the first-order approximation.
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[31] Based on the lab-measured retention data of Steel-
man et al. [2012], the corresponding MvG parameters were
calculated. Since these MvG model parameters were not
estimated based on the GPR measurements, the model run
with these parameters is referred to as the uncalibrated
model run. Compared to the originally used Brooks-Corey
relationship of Steelman et al. [2012], the uncalibrated
MvG model run describes the GPR measurements well in
the wet range but fails for the lower saturations that

occurred in the field experiment. The lab-derived MvG
parameters were used to define the parameter range for the
global optimization as listed in Table 4.

[32] The uncalibrated model run used a two-layered sub-
surface with an organic-rich plow zone with a thickness of
0.25 m containing the soil roots on top of homogeneous sand
extending to a depth of 10 m. A single porosity value of 0.39
was used for the saturated water content hsi along the entire
vertical profile, whereas the parameter ranges for hri, ai, ni
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Figure 3. (a) Input evapotranspiration (black) and precipitation (green); (b–f) Average water content
profiles and RMSE (brackets) obtained from the modeled time-lapse GPR data with simulated capillary
and film flow (black). Blue lines show the results of two-layer inversion CAP, red lines indicate the
results of FILM_CAP. In contrast to CAP, in each interval the water content profiles obtained from
FILM_CAP are overlying with the modeled data. Note that different scales for the axis of the ordinate
are used.

Table 2. RMSE of the Average Water Content hi, the Pressure-Saturation Functions h(h)i and Hydraulic Conductivity Functions K(h)i

for the Synthetic Models CAP and FILM_CAP

Interval i Depth (m)

CAP FILM_CAP

hi,RMSE (cm3/cm3) h(h)i,RMSE (cm3/cm3) K(h)i,RMSE (cm/d) hi,RMSE (cm3/cm3) h(h)i,RMSE (cm3/cm3) K(h)i,RMSE (cm/d)

0 0.25 0.003 0.0033 417 0.00001 0.00007 17
1 0.50 0.0008 0.0060 830 0.000005 0.00001 6
2 1.32 0.0006 0.000002
3 2.11 0.001 0.000005
4 2.93 0.002 0.00002
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and Ksi were wide to avoid excluding plausible parameter val-
ues. To obtain an equal weighting of the data in the objective
function during the inversion process, we reduced the weight-

ing for the lower four reflections of the two-layer inversions
by a factor of four and for the lower three reflections of the
three-layer inversions by a factor of three, respectively.
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Figure 4. (a, b) Pressure-saturation h(h) and (c, d) relative hydraulic conductivity Kr(h) functions
based on Mualem-van Genuchten parameterization for the modeled data (black) and, CAP (blue) and
FILM_CAP (red), (a, c) for the ground wave layer and (b, d) the underlying half-space, respectively; (a,
c) dashed black lines indicate the range in the water content of the corresponding intervals ; (c, d) dashed
and dotted lines indicate the relative unsaturated hydraulic conductivity due to capillary Kr

cap(h) and
film flow Kr

film(h), whereas solid lines indicate the relative hydraulic conductivity Kr(h) described as the
linear superposition of the contributions of capillary and film flow. From Figure 4c it is obvious that
Kr(h) is dominated by capillary flow Kr

cap(h) in the wet range, whereas in the dry range it dominated by
film flow Kr

film(h). A mismatch between the modeled and inverted Kr
film(h) clearly shows the effect of

small inaccuracies in the inverted parameters in i 5 0 (see also Table 1). Since film flow primarily affects
the hydraulic conductivity for small pressure heads, this misfit might be related to the simulated range of
pressure heads that does not reach the low values required for an appropriate parameterization of x, s,
and Ks. Note that, except Kr(h) in Figure 4c, the calculated retention curves for the modeled data and the
inversion results FILM_CAP are overlying.

Table 3. Uncalibrated Mualem-van Genuchten Model Calculated From Laboratory Data [Steelman et al., 2012]

Interval i Depth (m) hr (cm3/cm3) hs (cm3/cm3) a (1/cm) n Ks (cm/d) k

0 0.25 0.07 0.39 0.04 2 1140 0.5
1 0.50 0.06 0.39 0.04 2 2600 0.5
2 1.32 0.06 0.39 0.04 2 2600 0.5
3 2.11 0.06 0.39 0.04 2 2600 0.5
4 2.93 0.06 0.39 0.04 2 2600 0.5
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[33] Table 4 shows the optimized hydraulic parameters
and the minimum objective function C for all considered
scenarios. CAP_L2 and FILM_CAP_L2 only showed small
differences in the hydraulic properties and the objective
function values. With the exception of saturated hydraulic
conductivity Ks, which exhibited a larger uncertainty based
on the Kool and Parker [1988] approximation, these inver-
sions return comparable hydraulic properties for the subsur-
face. In the case of FILM_CAP_L3, the inverted hydraulic
parameters for i 5 0 and i 5 2–4 are close to the results of
CAP_L2 and FILM_CAP_L2. The film flow parameter x
and s obtained from FILM_CAP_L2 and FILM_CAP_L3
are in very good agreement but the additional transition
zone i 5 1 in FILM_CAP_L3 clearly leads to a further
decrease in the overall misfit to the measured data
(Table 4).

[34] Figure 5 shows the average water content profiles
obtained from the time-lapse GPR data (black crosses), the
uncalibrated model (black) and CAP_L2 (blue), FILM_-
CAP_L2 (red) and FILM_CAP_L3 (green). Figure 6 shows
the calculated interval velocities and travel times and the
corresponding RMSE for each interval is presented in
Table 5. Note that the interval velocities and travel times in
Figure 6 are calculated based on the average water content ;
hence they show the same characteristic in the data fitting
and the RMSE.

[35] Since the measurement period was characterized by
numerous large precipitation events, greater water content
variability near the surface with numerous drainage pulses
propagate through the soil profile [Steelman et al., 2012].
While wetter periods in the uppermost subsurface were
well described by the inversion results, measurements from
dryer periods were not described as well. Here FILM_
CAP_L2 shows a slightly better fit in the interval i 5 0–1
(Figure 5). Although the dynamic water content changes
obtained from the inversion results are in good agreement,
particularly for the intervals i 5 2–4, the differences
between the two and three-layer inversion with film flow
are small. The additional film flow parameter in FILM_
CAP_L2 did not improve the inversion results and the

three-layered model in FILM_CAP_L3 only slightly
improved the inversion result (see Table 4). This behavior
is also indicated in Figure 7, which shows a weak positive
correlation between the water content calculated from the
measured GPR data using the CRIM model and the pre-
dicted water content from the hydraulic parameters deter-
mined from the uncalibrated model (black), CAP_L2
(blue), FILM_CAP_L2 (red) and FILM_CAP_L3 (green)
for the intervals i 5 0 and i 5 2–4, respectively. Within (a)
the top soil layer and (b) the subsoil, CAP_L2, FILM_
CAP_L2 and FILM_CAP_L3 return reliable values for h0

and h2–4 and lie close to the dashed black 1:1 line, whereas
the uncalibrated model (solid black) clearly overestimates
the water content inferred from the measured GPR data and
does not lie on the dashed black 1:1 line. The uncalibrated
model resulted in R2 values of 0.52 and 0.36 for intervals
i 5 0, and i 5 2–4, respectively, whereas the inversion
results show R2 values of 0.54–0.57 and 0.43–0.47, respec-
tively. Note that the larger objective function obtained for
the FILM_CAP_L2 inversion as shown in Table 4 is due to
a decreased fit in the lower intervals i 5 2–4 as shown in
Figure 7b.

[36] To illustrate the reliability of the inversion results,
Figure 8 compares the volumetric water content obtained
from CAP_L2 (blue), FILM_CAP_L2 (red) and FILM_
CAP_L3 (green) as a function of the pressure head with dis-
crete laboratory measurements of the hydraulic parameters,
carried out on soil samples from 0.2, 0.4, 0.5, 0.6, 0.8, 1.0,
1.3, and 1.6 m depth (black), respectively. Compared to the
predictions based on hydraulic parameters derived from the
laboratory data at 0.2 m, the inversion results return higher
values for the air entry pressure a and lower values for the
pore size distribution n, resulting in flatter retention curves
for the top soil layer (Figure 8a). For interval i 5 1 (Figure
8b) and i 5 2–4 (Figure 8c) especially the predicted water
content for CAP_L2 gives a good fit to the laboratory data.
However, considering that the field conditions are almost
exclusively at very low water contents (i 5 1–4), the inver-
sion of the data predicts a reasonable curve for a sand. Note
that the porosity value of 0.39 used in the inversion of the

Table 4. Hydraulic Parameter and Objective Function C for the Two-Layer Inversion Without Film Flow (CAP_L2) and the Two-
(FILM_ CAP_L2) and Three-Layer Inversion (FILM_ CAP_L3) With Film Flow, Respectivelya

MvG
Parameter mMvG Uncalibrated

Lower
Boundary

Upper
Boundary mMvG CAP_L2 mMvG FILM_CAP_L2 mMvG FILM_CAP_L3

Top soil (i 5 0) hr (cm3/cm3) 0.07 0.010 0.14 0.048 6 0.014 0.053 6 0.008 0.044 6 0.008
a (1/cm) 0.04 0.006 0.08 0.055 6 0.021 0.050 6 0.014 0.040 6 0.010

n 2 1.1 3 1.6 6 0.22 1.5 6 0.1 1.5 6 0.07
Ks (cm/d) 1140 171 11404 1291 6 1030 5780 6 2031 7352 6 1914

x 0. 0 0.1 0.03 6 0.01 0.03 6 0.008
s 0 0 3 1.2 6 0.6 0.6 6 0.2

Transition zone (i 5 1) hr (cm3/cm3) 0.06 0.009 0.12 0.080 6 0.005
a (1/cm) 0.04 0.006 0.08 0.016 6 0.006

n 2 1.1 3 2.6 6 0.5
Ks (cm/d) 2600 390 26006 13721 6 3309

Underlying soil (i 5 2–4) hr (cm3/cm3) 0.06 0.009 0.12 0.054 6 0.014b 0.054 6 0.008b 0.047 6 0.011
a (1/cm) 0.04 0.006 0.08 0.025 6 0.005b 0.023 6 0.008b 0.015 6 0.003

n 2 1.1 3 2.5 6 0.9b 2.4 6 0.4b 2.2 6 0.3
Ks (cm/d) 2600 390 26006 10933 6 7729b 16080 6 4602b 14440 6 2661

Objective function C (equation (12)) 0.76 0.79 0.72

aThe values indicated by 6 show the 95% confidence interval based on the first-order approximation.
bFor the two-layer inversion the transition zone and the underlying soil are combined to a half-space.

BUSCH ET AL.: COUPLED HYDROGEOPHYSICAL INVERSION OF SURFACE GPR DATA

8488



data is based on intact bulk density samples taken from the
field. The systematically lower values from the laboratory
data (0.35–0.37) probably reflect the effects of repacking.

[37] Figure 9 shows saturated hydraulic conductivity Ks

obtained from the laboratory data, CAP_L2 (blue), FILM_
CAP_L2 (red), and FILM_CAP_L3 (green). Due to differ-
ent soil samples at the depths 0.6, 0.8, 1.0, 1.3, and 1.6 m,
the laboratory data return a range of values for saturated
hydraulic conductivity in the interval i 5 2–4. Although the
saturated hydraulic conductivity values predicted by
CAP_L2, FILM_CAP_L2, and FILM_CAP_L3 are signifi-
cantly higher, the inversion results show a similar trend as
the laboratory data.

5. Discussion

[38] Inversion of the field GPR data provided hydraulic
conductivity functions that indicated a higher fitted hydrau-
lic conductivity than expected from corresponding labora-
tory data. This is very commonly found because of the

scale dependence of hydraulic conductivity that consis-
tently shows that the small volume of laboratory soil sam-
ples leads to lower hydraulic conductivity values than field
hydraulic conductivity estimates with a larger volume [e.g.,
Rovey and Cherkauer, 1995]. This difference in hydraulic
conductivity also explains the offsets between water con-
tent obtained from the uncalibrated model run and the
water contents predicted by the hydraulic parameters esti-
mated from the GPR measurements.

[39] In the analysis of the field data, neither the consider-
ation of film flow nor the implementation of a transition
zone between the topsoil and subsoil improved the inver-
sion results substantially compared to the simple inversion
based on a two-layer subsurface only. There are a variety
of reasons that could be responsible for the remaining mis-
matches between modeled and GPR estimated water con-
tents. To assure reliable parameter estimates from model
inversion, the hydrological model should describe the dom-
inating processes present in the measured data in detail. In
the case of an inaccurate hydrological model, the coupled
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Figure 5. (a) Measured evapotranspiration (black) and precipitation (green); (b–f) Water content pro-
files obtained from the time-lapse GPR data (black crosses), the uncalibrated model (black) and the
inversion results for CAP_L2 (blue), FILM_CAP_L2 (red), and FILM_CAP_L3 (green), respectively.
Except interval i 5 1, the results of CAP_L2, FILM_CAP_L2, and FILM_CAP_L3 are overlying and in
good agreement with the water content obtained from the GPR measurements. Especially for the inter-
vals i 5 2–4 the inversion result show a significant improved data fit. Note that different scales for the
axis of the ordinate are used.
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inversion will optimize the model parameters to achieve
the best possible data fit. As a consequence, the inversion
may return inaccurate hydraulic properties, as was
observed in the synthetic case study. In the following, we
discuss three unresolved uncertainties in the conceptualiza-
tion, parameterization, and implementation of the hydro-
logical model used in our study.

[40] First of all, there is considerable uncertainty in the
parameterization of root water uptake models because of

the use of empirical model parameters and the need to pro-
vide a typically unknown root length distribution with
depth. In addition, root water uptake processes are only
rudimentary described in our and most other 1-D hydrolog-
ical models [e.g., Javaux et al., 2008]. Recently, a more
advanced approach to describe root water uptake has been
proposed for such models [Couvreur et al., 2012], which
may alleviate some of the reported uncertainties in future
studies.
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Figure 6. Observed (a–e) GPR interval velocities (black crosses) and (g–j) travel times and calculated
interval velocities and travel times for the uncalibrated model (solid black line), CAP_L2 (blue), FILM_
CAP_L2 (red), and FILM_CAP_L3 (green), respectively. Note that different scales for the axis of the
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[41] Second, the modeling approach of Peters and
Durner [2008] that was used here in an attempt to increase
evaporation in dry soil conditions by allowing for film flow
is not well founded in theory [Shokri and Or, 2010; Peters
and Durner, 2010]. As described above, inaccurate process
descriptions may lead to inappropriate inversion results.
More advanced models that describe coupled vapor, heat,
and water transport are available [Saito et al., 2006; Steen-
pass et al., 2010], and the use of such models in coupled
inversion of GPR data as proposed by Moghadas et al.
[2013] warrants further investigation.

[42] Figure 10 shows the calculated cumulative evapo-
transpiration, evaporation and transpiration for the scenar-
ios with (FILM_CAP_L2, FILM_CAP_L3) and without
film flow (CAP). It can be seen that the model conceptuali-
zation without film flow resulted in considerably lower
evaporation and somewhat higher transpiration so that total
water loss by evapotranspiration was lower in the case that
film flow was not considered. These simulation results sug-
gest that actual evapotranspiration obtained by lysimeter or
micrometeorological measurements may be useful to dis-
criminate between competing model conceptualizations.
However, such measurements are not available for the test
site used in this study.

[43] Finally, the inversion results obviously also depend
on the use of appropriate boundary conditions, especially
for atmospheric forcing. Unfortunately, no weather station
was available at the test site and climatic data had to be
used from the weather station in Waterloo, which is
approximately 7 km east of the test site. Figure 11 shows
the high regional variability in rainfall using two additional
weather stations in Elora (25 km north of the test site) and
Stratford (40 km east of the test site). This high regional
variability illustrates the considerable uncertainty in the
meteorological boundary conditions at the test site (espe-

cially for the timing and intensity of convective storm
events). Any deviation between the actual and prescribed
meteorological conditions potentially influences the pre-
sented inversion results.

6. Conclusions

[44] A coupled inversion scheme that combines conven-
tional ray-based analysis of time-lapse surface GPR data
with a hydrological forward model was presented and

Table 5. RMSE of the Calculated Water Content hi, the Interval
Velocity vi and Travel Time ti Based on CAP_L2, FILM_
CAP_L2, and FILM_CAP_L3, Respectively

Interval i hi,RMSE (cm3/cm3) vi,RMSE (m/ns) ti,RMSE (ns)

Uncalibrated Model
0 0.032 0.013 0.19
1 0.031 0.013 0.20
2 0.029 0.011 0.65
3 0.029 0.013 0.67
4 0.033 0.016 0.83
CAP_L2
0 0.011 0.011 0.18
1 0.008 0.011 0.18
2 0.009 0.003 0.13
3 0.006 0.003 0.15
4 0.010 0.004 0.16
FILM_CAP_L2
0 0.010 0.011 0.17
1 0.006 0.012 0.19
2 0.008 0.003 0.14
3 0.004 0.003 0.14
4 0.013 0.004 0.17
FILM_CAP_L3
0 0.018 0.011 0.17
1 0.014 0.012 0.17
2 0.013 0.003 0.13
3 0.011 0.003 0.15
4 0.019 0.004 0.17
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Figure 7. Correlation between the water content inferred
from GPR measurements (dashed black) and the water con-
tent obtained from the uncalibrated model (black), and
from CAP_L2 (blue), FILM_CAP_L2 (red), and FILM_
CAP_L3 (green), for the intervals (a) i 5 0 and (b) i 5 2–4,
respectively.
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CAP_L3 (green), and discrete laboratory measurements (LB) on soil samples from 0.2, 0.4, 0.5, 0.6, 0.8,
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FILM_CAP_L3 are significantly higher, the inversion
results show a similar trend as the laboratory data.
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Figure 10. Cumulative (a) evapotranspiration, (b) evapo-
ration, and (c) transpiration rate obtained from the hydro-
logical forward model in HYDRUS-1D for CAP (black),
CAP_FILM_L2 (blue), and CAP_FILM_L3 (dashed red).
Compared to CAP_FILM_L2 and CAP_FILM_L3, neglect-
ing film flow CAP seems to underestimate the evaporation
of the soil.
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applied to synthetic and measured GPR data over a hori-
zontally layered subsurface. To allow an appropriate
description of the water flow under wet and dry conditions,
we explicitly account for capillary and film flow in the
uppermost subsurface layer.

[45] In case of synthetic data with film flow, the coupled
inversion approach that did not consider film flow was able
to reproduce modeled data despite a wrong model formula-
tion and returned different hydraulic parameters that partly
compensated the error introduced by neglecting film flow.
The modeled data were correctly inverted using the
coupled inversion approach that included film flow. Here
our results clearly show the importance of an appropriate
model conceptualization when using coupled inversion.

[46] In the case of measured time-lapse GPR data, we
used a two and three-layered subsurface. The inversion was
able to reduce the RMSE between measured and predicted
soil water content as compared to an uncalibrated model
relying on laboratory-derived hydraulic parameters. Here
especially the RMSE of the subsoil could be improved and
the increase in soil water content in response to rainfall
events could be described very well. The remaining mis-
matches between measured and modeled data were attrib-
uted to uncertainty in (i) model conceptualization and
parameterization associated with root water uptake, (ii)
appropriate representation of evaporation processes, and
(iii) meteorological conditions at the research site.

[47] In this study, coupled inversion relied on standard
ray-based techniques to analyze time-lapse surface GPR
data. Although more data were available that also included
frozen soil [Steelman et al., 2012], we focus on the period
of unfrozen soil since a conventional dispersion inversion
[van der Kruk et al., 2009; Steelman et al., 2010], needed
to extract the medium properties from dispersive GPR data
due to freezing and thawing, could not be included in the
current inversion.

[48] Following developments for off-ground GPR [e.g.,
Lambot et al., 2006a, 2006b, 2009; Jadoon et al., 2012], it
is certainly promising to extend the coupled inversion
approach presented here with the recently developed full-
waveform inversion (FWI) for surface GPR [Busch et al.,
2012, 2013]. Such a full-waveform inversion can probably

better deal with dispersive data due to freezing and thawing
waveguides and the challenges occurring when interference
from wetting fronts and the aggregation of water at soil
boundaries are present, as discussed by Mangel et al. [2012].
Compared to full-waveform inversion of off-ground GPR,
such inversion of surface GPR data may lead to improved
characterization of multilayered soils to a larger soil depth
because of the higher penetration depth of surface GPR.

[49] Acknowledgments. We thank Steven Moysey and two anony-
mous reviewers for their detailed reviews that significantly improved the
manuscript. We thank the J€ulich Supercomputing Center (JSC) for provid-
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