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Abstract. The critical zone is a dynamic and heterogenous environment where a broad spectrum of
processes take place ranging from hydrological, chemical and biochemical and interactions of rocks,
fluids, soils and biota. The use of non-invasive geophysical tools, such as ground penetrating radar
(GPR), to investigate the soil-plant continuum of agricultural crops within the critical zone has be-
come increasingly popular. The continuum’s complexity poses challenges, as the different compo-
nents dynamically influence each other and the interactions and processes are not fully understood.
Furthermore, establishing a direct link to geophysical information remains challenging. This study
quantifies the impact of root distributions on GPR signals and soil water content (SWC) estimation.
We investigated the influence of root volume fraction (RVF) on SWC calculation in a synthetic feasi-
bility study before we performed numerical forward modeling using gprMax. Here, we analyzed GPR
traces for different scenarios containing soil, roots and above-ground shoots. Thereby, we included
two root distributions related to contrasting soil types based on field root counts. We observed that
roots had a higher impact than above-ground shoot. Additionally, not considering roots in the cal-
culation of SWC led to an SWC underestimation, depending on the soil permittivity and root volume
fraction.
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1. Introduction

The Critical Zone (CZ) is the outermost layer of the
Earth’s crust, extending from the bedrock to the up-
permost layer of the vegetation canopy. Here, inter-
actions between bedrock, soil, water, air and living
organisms influence the formation of landscapes
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and ecosystems (Dumont et al., 2022; Giardino and
Houser, 2015; Parsekian, Singha, et al., 2015). To ad-
dress environmental challenges and manage natural
resources, understanding structure, properties, and
processes within the CZ is highly important. This
understanding is tied to the different components of
the CZ, consequently the investigation takes place
at different scales, ranging from the microbial to the
catchment scale. A key concern is climate change
and loss of arable land. To ensure the ability to feed
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future generations, we must increase food produc-
tion while using fewer natural resources. The impact
of agriculture on the soil-plant continuum is signif-
icant and because it’s a very dynamic and hetero-
geneous system, which makes it hard to study and
monitor. There is a growing interest in non-invasively
investigation techniques measuring at field-to-plot
scale, as short-term and site-specific management
approaches become increasingly prevalent in mod-
ern precision agriculture (Pasquel et al., 2022). This
highlights the need for the development of non-
destructive, high-resolution methods for the under-
standing of small-scale soil ecosystem processes in
the CZ.

The investigation of the soil-plant continuum at
a field-to-plot scale using geophysical measurement
techniques such as ground penetrating radar (GPR)
has become increasingly popular in the last decade
because of its high-resolution capability and di-
rect relationship to soil water content (SWC) (e.g.,
Parsekian, Singha, et al., 2015; Klotzsche, Jonard, et
al., 2018; Huisman et al., 2003; Garré et al., 2021).
GPR is an electromagnetic (EM) method that records
the propagation of EM waves through the subsur-
face, influenced by the dielectric properties of the soil
components. The propagation of EM waves allows
the calculation of the relative dielectric permittivity
εr of the soil. The SWC can be derived using empir-
ical or petrophysical mixing models using εr (Steel-
man and Endres, 2011). Among near-surface geo-
physical methods, GPR can achieve high spatial reso-
lution, providing detailed images of subsurface struc-
tures that exceed the resolution capabilities of other
methods. Next to the εr , the electrical conductivity σ
of the different soil components affect the EM waves,
especially amplitudes. Generally, an increased σ at-
tenuates the GPR signal (Jol, 2009).

When investigating the soil-plant continuum of
fine root systems (root diameter< 2 mm) is especially
challenging. First, accurately identifying individual
roots of fine root systems is particularly difficult,
caused by a combination of technical and physical
limitations. When the diameter of the roots is smaller
than the wavelength of the GPR signal, individual
roots cannot be detected, only root zones containing
a certain number of roots can most likely be detected.
Additionally, crop root systems grow in dense clus-
ters, which can cause an overlapping or combination
of the GPR signals of the individual roots.

Second, the presence of small-scale soil het-
erogeneities and fine root systems creates non-
uniqueness within the GPR signal. These hetero-
geneities affect processes such as infiltration, soil
water depletion, and root growth, making it difficult
to distinguish between soil, root zones, and pore
filling just based on GPR signals (e.g., SWC, fertil-
izer). The biological, hydrological, and chemical pro-
cesses that occur within the soil-plant continuum are
highly dynamic and influenced by a variety of factors.
These range from atmospheric weather conditions,
soil physical and chemical properties, nutrients, mi-
croorganisms to root architecture and agricultural
management practices. These two points could be
addressed by applying high-frequency GPR system,
however this brings us to the third issue. When using
high frequencies in the field, a high attenuation and
scattering of the EM waves occurs, which limits the
penetration depth. As a result, mapping and detect-
ing fine root systems in the field using GPR remains
a significant challenge.

Several studies have been conducted to investi-
gate the soil-plant continuum of plants with fine root
systems using GPR measurement techniques (Wije-
wardana and Galagedara, 2010; Liu, Dong and Lesko-
var, 2016; Liu, Dong, Xue, et al., 2017; Delgado et al.,
2017; Klotzsche, Lärm, et al., 2019; Lärm, Bauer, van
der Kruk, et al., 2024). One of the earlier works by
Wijewardana and Galagedara (2010), which used sur-
face GPR to estimate the spatial and temporal distri-
butions of SWC in raised beds cropped with vegeta-
bles, with a particular focus on understanding the ef-
fects of irrigation on SWC patterns. Liu, Dong, Xue, et
al. (2017) linked 1600 MHz GPR images to root diam-
eter and biomass measured from soil cores for winter
wheat and energy cane grown in different soil types.
In a laboratory setting, Parsekian, Slater, et al. (2012)
successfully detected roots as small as 2 mm in diam-
eter using 1600 MHz antennas.

To study soil-plant continuum processes, time-
lapse information can be highly beneficial. One of
the first longer-term time-lapse GPR dataset was ac-
quired at the field minirhizotron (MR) facilities in
Selhausen, Germany. These platforms feature hor-
izontal rhizotubes at multiple depths, installed in
two contrasting soil types, to assess the impact of,
e.g., changing atmospheric conditions and agricul-
tural management practices (Lärm, Bauer, Hermes,
et al., 2023). As demonstrated by Klotzsche, Lärm,
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et al. (2019) and Lärm, Bauer, van der Kruk, et al.
(2024), who used longer-term time-lapse horizontal
crosshole GPR measurements to monitor the crop-
root systems over various growing seasons (winter
wheat and maize), it was observed that crops with
a higher crop row distance, such as maize, can in-
fluence the variability (horizontally and vertically) of
the εr and, consequently, the SWC. In contrast, wheat
has been observed to exhibit a more homogeneous
effect on the GPR data. Lärm, Bauer, van der Kruk,
et al. (ibid.) were able, to qualify the influence of
maize roots on the GPR signal throughout the vegeta-
tion period using statistical methods like spatial and
temporal permittivity variability analysis. However,
to date, a direct and quantitative relationship and
possible error estimates between the GPR signal and
root presence, actual water present in the soil, roots,
or the above-ground shoot (connected to stem flow
and infiltration processes) and soil nutrients have not
been established. Additionally, the setup of the field
MR facilities itself posed some issues, e.g., the over-
lapping of the critically refracted air wave and the
direct ground wave when using standard process-
ing techniques (Klotzsche, Lärm, et al., 2019). This
caused lower permittivity values than present in the
soil within the uppermost depths, especially during
dry conditions.

Despite these advances in monitoring spatial and
temporal variation in soil-plant continuum using
GPR, a fundamental obstacle remains: the lack of
quantitative knowledge of the permittivity of agri-
cultural roots. This complicates distinguishing roots
from surrounding soil and additionally complicates
establishing models relating GPR signals to actual
SWC, root presence, or root related processes. Es-
timating the permittivity of roots is additionally not
straightforward, it can vary with multiple factors,
such as, crop type, root type, age/physiological sta-
tus, water content of the surrounding soil and fertil-
izer applications. Quantitative values are abundant
in literature. Attia Al Hagrey (2007) listed permittiv-
ities for wet and dry cellulose, but these values are
not quite applicable for crop/maize roots. This is
because they are not entirely made up of cellulose.
Miao et al. (2015) reported that the cellulose con-
tent of maize roots varies in maize roots depending
on fertilizer applications, ranging from 14.6 to 33.0%.
Furthermore, we cannot equally compare tree roots
and crop roots, since trees are perennial and crops

are annual plants. Roumet et al. (2006) found sev-
eral important differences in the root traits of an-
nuals and perennials, which were key to their abil-
ity to take in resources and conserve them. Peren-
nials exhibited higher specific root length, root ni-
trogen concentration and mycorrhizal colonization,
but lower root tissue density than the annuals. Ac-
cording to Coners and Leuschner (2005) the surface
area of fine roots (less than 2 mm) is the main factor
in determining how much water and nutrients plants
take up.

The roots not only affect the soil water content in
the soil-plant continuum, but also change the water
content in close proximity to the roots. For example,
mucilage increases the water holding capacity and
the soil pore structure can be permanently altered
by the roots, creating preferential pathways (Angers
and Caron, 1998; Carminati et al., 2011; Gerke and
Kuchenbuch, 2007; Kodešová et al., 2006). These
small-scale changes in SWC and linked gradients to-
wards the roots cannot be modelled with gprMax, es-
pecially when the grid size is 0.01 m.

In this study, we investigate the potential for dif-
ferentiating between soil water and roots using hor-
izontal crosshole GPR data applying synthetic for-
ward modeling. It is crucial to derive the available
water content in the soil without the influence of
water-filled roots from GPR measurements, to reduce
uncertainties for management decisions. Therefore,
as a first step, we explore the effect of calculating
the SWC using conventional petrophysical relation-
ships in which we can consider the various soil com-
ponents. As a preliminary step, we incorporated a
root contribution into the petrophysical relationship
and examined the impact of this root component
on the GPR-derived SWC. Furthermore, we employ
synthetic forward modeling with the open-source
electromagnetic simulation software gprMax (War-
ren et al., 2016) considering in the modeling domain
soil, root and shoot information to address ques-
tions about above- and below-ground effects. The
enhance the understanding a realistic model, root
distributions in a soil associated with maize crops,
root volume fraction (RVF) data derived from trench
wall root count measurements acquired for maize
(Klotzsche, Lärm, et al., 2019; Morandage et al., 2021)
additionally to the soil information. As in previ-
ous studies, the standard first arrival time picking
of the GPR EM waves were used to derive the εr of
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the soil and, consequently, the SWC of the soil-plant
continuum. Synthetic models can help to under-
stand processes of the real world and their effects
measurement scenarios.

2. Materials and methods

2.1. Measurement platform and GPR data
acquisition

To investigate the different influences on the GPR sig-
nal, we used the field MR facilities as a template for
the setup of our synthetic forward model (Figure 1).
The two facilities were part of the TERENO (TER-
restrial ENvironmental Observatories) Eifel/Lower
Rhine observatory, located near Selhausen (50°52′N,
6°27′E) and the setup was mirrored in two different
soil types. The first was the upper terrace minirhi-
zotron facility (RUT), which was situated in soil clas-
sified as Orthic Luvisol with a high stone content
(>50%) according to the World Reference Base for
Soil Resources (IUSS Working Group WRB, 2007).
The second was the lower terrace minirhizotron fa-
cility (RLT), which is located in soil classified as Cu-
tanic Luvisol (Ruptic, Siltic) according to the World
Reference Base for Soil Resources (ibid.). Both facili-
ties featured 7 m-long horizontal rhizotubes installed
at various depths (0.1, 0.2, 0.4, 0.6, 0.8 and 1.2 m), en-
abling crosshole GPR measurements and acquisition
of root imaging using minirhizotron camera systems.
Each facility was divided into three replicas (plots)
and each plot hosted three horizontal rhizotube per
depth, with a horizontal spacing of 0.75 m. Between
the different depths a horizontal offset was present
to prevent an interference of the rhizotubes with root
growth (Figure 1). Above the subsurface the plots op-
erated as regular agricultural fields, where crop man-
agement was performed in compliance with regional
standards. The crops were sown perpendicular to the
rhizotubes. For a detailed description of the con-
struction of the facility we refer to Cai et al. (2016)
and for a detailed description of the data acquisi-
tion and analysis we refer to Lärm, Bauer, Hermes, et
al. (2023). To acquire crosshole GPR measurements
within the field MR facilities standardly a 200 MHz
PulseEKKO borehole system (Sensors and Software,
Canada) was utilized. As an acquisition setup zero-
offset profiling (ZOP) was used, whereby the trans-
mitter (Tx) and receiver (Rx) antennae were placed in

Figure 1. Exemplary plot within the field MR facilities
with the schematic illustration of zero-offset profiling using
a 200 MHz crosshole GPR measurement system.

neighboring rhizotubes and moved simultaneously
in parallel positions along the rhizotubes with a step
size of 0.05 m.

2.2. Root volume fraction based on trench wall
counts

To use realistic field root information with suffi-
cient spatial resolution, we used root count density
(RCD) values obtained on trench walls of the field MR
field facilities in Selhausen for maize (cultivar Zoey)
(ibid.). In 2017, trenches were dug next to the field
MR facilities to count RCD in an installed 3.75 cm ×
3.75 cm grid, see Figure 2a–c (Klotzsche, Lärm, et al.,
2019; Morandage et al., 2021). Using the RCD (Fig-
ure 2d), the RVF was calculated for each grid cell.
First, we derived the root length (RL) per grid cell di-
mensions

RL = (RCD · Agrid) ·Lgrid, (1)

where Agrid is the size of the grid cell and Lgrid is
the length of the grid cell. In the next step, the root
volume (RV) was calculated using

RV = RL ·π · d 2
max

4
, (2)

with dmax is the maximum root diameter recorded
for the data in 2017 with a value of 0.05 cm (Bauer
et al., 2022; Lärm, Bauer, van der Kruk, et al., 2024).
We considered the respective soil volume (Vsoil) to be
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Figure 2. Overview of the trench wall counts to derive the root count density. (a) Finalized trench perpendicular to the maize
crop rows. (b) Grid on the trench wall, in which the roots were counted. (c) Schematic illustration of the trench wall root counts
for one grid cell with a size of 3.75 cm and (d) Results for the root count density for RUT, adapted from (Klotzsche, Lärm, et al.,

2019).

the area of the grid Agrid cell times the maximum root
diameter dmax as

Vsoil = Agrid ·dmax (3)

and

RVF = RV

Vsoil
(4)

to derive the RVF per grid cell.
For the crop growing season 2017, we noticed

that the distribution of RVF varied for the differ-
ent soil types of field MR facilities (Figure 3). For

RUT the highest number of roots was present close
to the surface and decreased with increasing depth
(Figure 3a,c). Additionally, the RVF distribution in
the horizontal axis was less distributed than for RLT.
For RLT the RVF indicated higher amounts of roots
in general but also indicated a more complex dis-
tribution in both directions of the recorded profile
(Figure 3b,d). The mean RVF per depth (Figure 3c,d),
which showed a similar depth distribution of RVF as
shown in Morandage et al. (2021). For RUT a mean
value of ∼3% and maximum value of ∼13% for the
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Figure 3. RVF for both field MR facilities with (a,b) RVF values calculated for every grid cell and then interpolated to a cell size of
1 cm. (c,d) RVF depths profiles for RUT and RLT with corresponding mean, standard deviation, maximum and minimum

distribution.

shallow depths was observed, which decreased with
increasing depth. For RLT the mean RVF was higher
by up to 10% at a depth of 0.6 m and reached an
overall maximum of 20% at 0.2 m depth and between
0.6 m and 0.8 m depth.

2.3. Soil water content derived from crosshole
GPR data considering roots

For the synthetic GPR data, the εr of the medium was
obtained by picking the first arrival time of the GPR
EM waves. For more processing details (especially for
field measurements), we refer to Klotzsche, Lärm, et
al. (2019). Utilizing the picked travel times and con-
sidering low-loss and non-magnetic soils (Jol, 2009),
the EM velocity v (distance between Tx and Rx is
0.75 m) could be transformed into the εr of the bulk
material with

εr =
√

c

v
, (5)

where c is the speed of light (∼0.3 m/ns). The εr

is the ratio of the effective permittivity of the bulk
material ε, and ε0 is the permittivity of free space with
8.85×10−12 F/m.

To derive the SWC from the obtained εr petro-
physical or empirical relationship are required (Huis-
man et al., 2003; Klotzsche, Jonard, et al., 2018). Here
the empirical relationship Topp’s equation (Topp et
al., 1980) is not used here, since it represents sandy
soils and at RUT the soil has a high gravel content

was present. A widely used petrophysical volumetric
mixing model is the complex refractive index model
(CRIM). Mixing models have the advantages that they
can consider additional dielectric components next
to soil, water and air, such as root fractions. The gen-
eral form of the mixing model assumes that the soil
consists of different phases with different dielectric
properties and volume fractions χ. For a system with
n dielectric components the general formula is

εαr =
n∑

i=1
χi (εi )α, (6)

where εαr is the relative dielectric bulk permittivity
of the mixed system, χi and εi are the volume frac-
tion and the permittivity of the i th component of the
system and α is a fitting exponent, which describes
the geometry of the system. Conventionally, soil sys-
tems are considered to be three-phase, containing
soil, water, and air (Figure 4a). The often-used CRIM
is derived by using a geometry factor of α = 0.5 and
considering the permittivity of air to be εa = 1.

Using these values, we can transform Equation (6)
to calculate the bulk permittivity εr of a three-phase
soil system

εr = ((1−φ) ·pεs +SWC ·pεw + (φ−SWC))2, (7)

where φ is the porosity of the soil. εs , εw are the per-
mittivities of the soil (solid phase) and water com-
ponents of the system, respectively, and SWC is the
volumetric soil water content. Equation (7) can then
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Figure 4. Illustration of the soil system for the soil-plant continuum: (a) three-phase and (b) four-phase soil system including

roots.

be rearranged to calculate the SWC of the three-
phase soil system to

SWC =
p
εr − (1−φ)

p
εs −φp

εw −1
. (8)

Note that, when a three-phase system is applied
to derive the SWC, this SWC cannot distinguish be-
tween water present in the soil or water present in the
roots. Especially for row crops, such as maize, with
spatially varying roots distribution in the field, the
uncertainty on the SWC without considering roots
information can be high and the SWC can therefore
be over estimated. Therefore, to improve the SWC
estimation, which is available to the crops, we need
to extend the three-phase soil system by a fourth
phase, which considers the root volume inside the
pore space (Figure 4b). Thereby, we assume that the
porosity equals the summations of RVF, water in the
pores and air. Extending Equation (7) with the RVF
and the corresponding permittivity of the roots εR ,
we derive:

εr =
(
(1−φ) ·pεs +SWC ·pεw + (φ−RVF−SWC)

+RVF ·pεR
)2 . (9)

Similar to Equation (8), we can reformulate Equa-
tion (9) to derive the SWC for a four-phase soil system

SWC =
p
εr − (1−φ) ·pεs − (φ−RVF)−RVF ·pεRp

εw −1
.

(10)

2.4. SWC feasibility study considering roots

To investigate the necessity to account for the RVF,
when calculating the SWC, we conducted a feasibil-
ity study by calculating the three- and four-phase
SWC for a range of εr , φ and RVF values. As seen
from trench wall counts, the maximum RVF values
were about 20% for RLT (see Figure 3b). Therefore,
we used a maximum RVF of 20% for this feasibility
study. For the calculation of the SWC using Equa-
tion (8) and Equation (10), we used εw = 84 (soil tem-
perature = 10 °C) and εs = 4 (Klotzsche, Lärm, et al.,
2019). There is no quantitative information on the
permittivity of the roots and the soil in close promi-
tiy of the roots. Lacking quantitative values we are
using a root permittivity εR of 70, this assumes that
crops roots and the soil very close to the roots carry
a significant amount of water. Further two differ-
ent porosities which represent the subsoil porosities
were tested, φ = 0.35 for RLT (Figure 5) and φ = 0.25
for RUT (see Appendix A).

By comparing the results for a range of RVF values
for the three-phase and four-phase CRIM, we were
able to observe that with increasing root presence,
the differences became more considerable (Figure 5).
Note that the three-phase SWC was equal to the
four-phase SWC with a RVF of 0% (Figure 5a). For
lower εr values the four-phase SWC reached val-
ues below zero, in that case in Figure 5b the val-
ues were replaced with a SWC of 0 for illustrational
purposes.
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Figure 5. Results of the feasibility study for (a) three-
phase and (b) four-phase CRIM equation for varying εr and
RVF of the soil-plant continuum. Porosity was defined as
φ= 0.35.

Analyzing the four-phase SWC depending on the
RVF, we noticed a decrease in SWC with an increase
in RVF (Figure 5b). Hence, using a three-phase SWC
CRIM would lead to SWC overestimation if the root
phase is not considered in the calculation. For dry
soils (lower permittivity), already a low presence of
roots will lead to an absence of water on the soil
phase. For example, for a εr of 4 and a RVF values
above ∼3.5%, the four-phase SWC would result in a
SWC of 0, while the three-phase SWC would reflect a
SWC of ∼0.05. For soils with a εr of 8, the RVF thresh-
old where the four-phase SWC would reflect a SWC
of ∼0 is 12.06%. This effect is even more distinctive
for lower porosity soils, see Appendix A. Considering
these observations using a three-phase SWC calcula-
tion is feasible either if no or very few roots of up to
3% are present or if the root distribution is evenly dis-
tributed, e.g., winter wheat. Therefore, for analyzing
the variations of SWC related to maize roots, which
have in our study a row separation of 0.75 m, a four-
phase SWC calculation is recommended, when the
RVF exceeds a threshold of 3% in the pore space. Note
that for crops with narrow crop row separation, e.g.,
winter wheat, a more homogeneous root distribution
can be assumed, therefore using a three-phase SWC
leads to an evenly distributed error.

To further investigate the effect of the root per-
mittivity εR , on the four-phase SWC, we calculated
this using three different εR , see Figure A2. Two as-
pects could be observed: First, the four-phase SWC
is decreasing, for the same soil permittivity and RVF,

when εR is increasing. Second, with decreasing
εR the four-phase SWC is less affected by the RVF,
meaning that for the same soil permittivity the four-
phase SWC values do not change as much, when the
RVF changes.

2.5. GprMax forward modeling

We performed our synthetic forward modeling study
using the open-source electromagnetic simulation
software gprMax (Warren et al., 2016). gprMax is a
finite difference time domain solver, which can be
used to model 2D or 3D electromagnetic waves. As
a template for our model domain, we are consider-
ing the setup of the field MR facilities cropped with
maize. We defined a two-layered model, which in-
cludes an above ground air layer (εa = 1) and a soil
layer with varying εr . The model domain has a cell
size of 0.01 m and was defined with 1.75 m in x-
direction, 2.0 m in the z-directions including 10 cells
of perfect matched layers. Like for the field MR facil-
ities, we calculated GPR traces at six different depths
with a horizontal spacing of 0.75 m and with Tx and
Rx in adjacent rhizotubes. For the simulations a
Ricker wavelet was considered as source pulse with a
center frequency of 200 MHz similar to the field mea-
surements (Lärm, Bauer, Hermes, et al., 2023). Addi-
tional simulations were performed using a center fre-
quency of 500 MHz to investigate whether the vari-
ous effects can be better discriminated using higher
frequency and hence shorter wavelengths.

In this study, we are not investigating the spa-
tial variabilities in the GPR signal along the horizon-
tal axis as we would with the horizontal rhizotubes,
rather we are focusing on the comparison of the GPR
signal between different set ups of the soil-plant con-
tinuum. Therefore, we modeled four different sce-
narios for the soil-plant continuum where the model
consists of: (I) soil, (II) soil and roots, (III) soil and
above ground shoot, and (IV) soil, roots, and above
ground shoot (Figure 6).

To calculate the εr , we assumed the below-ground
half space to be a three-phase (soil–air–water) sys-
tem (Equation (7)), when the soil does not include
roots (Scenario I and III) and to be a four-phase sys-
tem (Equation (9)), while the soil includes roots (Sce-
nario II and IV). For Scenario II and IV, we used the
RVF fraction distribution (Figure 3a) to calculate the
four-phase permittivity for the soil domain, using
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Figure 6. Schematic overview of the different scenarios for RLT with a SWC of 0.2 (cm3·cm−3). (a) Scenario I with only soil,
(b) Scenario II with soil and roots, (c) Scenario III with soil and shoot and (d) Scenario IV with all the different components soil,
roots and above-ground shoot. Note that the permittivity distribution was derived using Equation (9) and εa = 1.

Equation (9). Since we have modeled only one soil
layer, the εr is constant over the entire soil domain (in
the absence of roots). This permittivity is the input
for the homogeneous half space (HHS). The two field
MR facilities were built in two different soil types,
which resulted in different soil εr , but also in a dif-
ferent root distribution (Figure 3). Previous studies
left unanswered whether the effects on GPR traces for
shallow depths are caused by above-ground shoots
and/or associated precipitation flow processes along
the shoots (e.g., Klotzsche, Lärm, et al., 2019; Lärm,
Bauer, van der Kruk, et al., 2024). Therefore, we ex-
tended the model towards 3D and included a cylin-
drical object on top of the soil to mimic an above-
ground shoot (Scenario III and IV). Note that cylin-
drical objects cannot be modeled properly in a 2D
domain. We assumed the cylinder with a diame-
ter of 0.03 m and a height of 1.5 m similar to ex-
tension of maize crops. First, we considered only
one maize plant on the soil and second, we ex-
tended the model to multiple maize plants (Appen-
dix B, Figure B1). Additionally, we extended the
model domain in the z-direction and added shoots
with the same dimension as before, with a separa-

tion of 0.12 m, which represents the seeding dis-
tance of maize. For simplicity, the root distribution
was just extended keeping the RVF values constant in
y-direction.

Since also the σ affects the GPR traces, we
additional performed simulations where the
electrical conductivity of the roots σR was assumed
to be σR = 0.05 (S·m−1) (Rao et al., 2019) in con-
trast to the σ of the soil of 0.015 S/m. σR is usually
not constant for the entire root system, it may vary
with root age, root order and root diameter, see Rao
et al. (ibid.). Furthermore, they investigated in their
simulation study, that the electrical conductivity of
the roots may change with the root growth away
from the root collar and found conductivities be-
tween σR = 0.0154–0.03 (S·m−1) for roots up to three
weeks old. Since the root system used in this study
was mature, nevertheless to account for different
conductivities, we used an additional root electrical
conductivity of σR = 0.03 (S·m−1).

Under consideration of the different simulation
configurations, we calculated GPR traces for a range
of realistic expected permittivity values for dry and
saturated conditions for both facilities (Table 1).
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Table 1. Overview of the gprMax input parameters for the two field MR facilities and the different SWC conditions.

RUT RLT

φ (−) 0.25a 0.35a

εw (−) 84a,b

εs (−) 4.7a 4.0a

Input SWC (cm3·cm−3) 0.05 0.15 0.25 0.10 0.20 0.35

Input εr (−) 5.22 9.62 15.35 6.08 10.78 20.32

σs (S·m−1) 0.015

σR (S·m−1) 0.03/0.05d

GPR frequency (MHz) 200/500
a Parameter based on Klotzsche, Lärm, et al. (2019).
b For a soil temperature of 10 °C.
c For a loamy soil (Brovelli and Cassiani, 2011).

d Tested values.

3. GPRMAX simulations

3.1. Model scenarios and SWC conditions

Considering the four introduced scenarios (Figure 6),
GPR signals were modeled using a 200 MHz source
wavelet for various soil properties (φ,εs ) and differ-
ent SWC conditions. Additionally for Scenario III
and IV we modeled multiple maize crops (results
shown in Appendix B).

In the first step, we assumed for the four scenar-
ios intermediate SWC conditions for both field MR
facilities using a SWC of 0.15 and 0.20 for RUT (Fig-
ure 7a) and RLT (Figure 7b), respectively. The dif-
ferences between the two facilities and their related
traces are mainly caused by increased SWC for RLT

and hence increased travel time of the EM waves and
the different RVF distributions. As for depths below
0.6 m, a reflected wave from the air–soil interface can
be observed after 20 ns. We observed generally sim-
ilar phase and amplitudes with shifts in arrival times
between the two facilities. The effects of the vary-
ing root distribution in the soil influenced the GPR
signals for the different depths could be seen when
comparing Scenario I and II. We first noticed a dif-
ference in the travel times, whereas the first arrival of
the EM wave was delayed for Scenario II (Figure 7).
This effect differed between the field MR facilities,
whereas with higher SWC of RLT caused the travel
time difference between Scenario I and II to increase
and the travel time differences for RLT were larger

than for RUT. This time shift was caused by the in-
creased εr associated with the RVF and therefore an
overall decreased wave velocity and hence resulted in
later arrival times.

Under consideration of the presence of the above-
ground shoot Scenarios III and IV, we noticed the
same influence of roots, where the first arrival was
delayed, and the amplitudes were smaller (Figure 7).
But in the uppermost depths 0.1 m to 0.4 m, we could
see later EM wave arrivals, which were not present
without the above-ground shoot. Upon considering
not just one, but multiple above-ground shoots, we
were able identify multiple reflections in the upper-
most depths (Appendix B). Generally, we noticed the
highest impact on the GPR traces and their travel
times in the presence of the root systems rather than
the above-ground shoot.

Using the modeled GPR traces, the correspond-
ing εr were derived using the first arrival times. By
comparing the input εr of the soil with the modeled
εr , we clearly notice that with increasing depth and
permittivity the error decreased (Table 2). In gen-
eral, the modeled permittivities underestimated the
input permittivity. The largest errors were observed
for the depth 0.1 m, where the error showed val-
ues between −51.22% and −56.51% for RUT (SWC =
0.15 cm3·cm−3) and RLT (SWC = 0.20 cm3·cm−3).
This was related to the fact that the direct ground
wave and the critical refracted air wave were
interfering with the shallowest depth of 0.1 m depth
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Figure 7. GPR traces modeled for the four scenarios for 200 MHz, where the black, blue, red and green solid line indicate Scenario
I, II, III and IV for the different depths of the field MR facilities, respectively. The corresponding traces are shown for the different
field MR facilities for (a) RUT with a SWC of 0.15 (cm3·cm−3) and (b) RLT with a SWC of 0.2 (cm3·cm−3).

(Klotzsche, van der Kruk, et al., 2016). These wave in-
teractions were present in all scenarios and no clear
differentiation between the two events was possible.
Note, these wave interactions are more significant
for dry conditions rather saturated soils. Therefore,
when using the standard analysis tool of picking the
first arrival time, this data should be excluded inter-
pretation, since interferences caused an underesti-
mation of the permittivity (Figure 7, Table 2). Con-
sequently, this depth was excluded from the detailed
analysis. Note, only full-waveform inversion (FWI)
approaches which consider a full three-dimensional
electromagnetic wave propagation model would al-
low to retrieve soil properties from those shallow
data (ibid.). Given the impact of sensing volume (SV)
of a 200 MHz GPR system on low-permittivity soils,
operating at a higher frequency could be an improve-
ment, as it would decrease the SV. For depth 0.2 m

this error was already significantly lower, between
−9.68% and −15.54%, for the remaining depths the
errors were smaller than 1% (without considering
roots). While using a similar acquisition setup and
GPR measurement frequencies one needs to take
extra care to results in the shallow depths, especially
for dry soil conditions or less conductive soils.

When we compared the errors of Scenario I and
III, to estimate the influence of the above-ground
shoot on the GPR traces, the error decreased between
the input and modeled permittivity, e.g., for depth
0.2 m at RUT (SWC = 0.15 cm3·cm−3) the error for
Scenario I was −15.28% and for Scenario III −12.03%
(Table 2). This effect was even more present un-
der consideration of multiple above-ground shoots,
here for Scenario III an error of −9.92% was present
(Appendix B, Table B1). Since we only considered
the first arrival of the traces to derive the modeled
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Table 2. Modeled εr results for Scenario I–IV for RUT and RLT and SWC = 0.15 and 0.20 (cm3·cm−3), respectively. The error
between the input εr and the modeled εr is provided in brackets below. Note that Scenario I and II were modeled in 2D, while
Scenario III and IV were modeled in 3D.

RUT RLT

Scenario Scenario

I II III IV I II III IV

SWC 0.15 (cm3·cm−3) 0.20 (cm3·cm−3)

εr in soil 9.62 (−) 10.78 (−)

Modeled εr

0.1 4.39
(−54.34%)

4.40
(−54.22%)

4.69
(−51.22%)

4.71
(−51.06%)

4.69
(−56.51%)

4.70
(−56.40%)

5.00
(−53.66%)

5.01
(−53.50%)

0.2 8.15
(−15.28%)

8.30
(−13.71%)

8.46
(−12.03%)

8.68
(−9.68%)

8.89
(−17.48%)

9.10
(−15.54%)

9.24
(−14.30%)

9.52
(−11.68%)

0.4 9.62
(0.02%)

10.05
(4.57%)

9.62
(0.0%)

10.03
(4.26%)

10.77
(−0.06%)

12.70
(17.85%)

10.7
(0.32%)

12.6
(17.25%)

0.6 9.62
(0.02%)

10.02
(4.19%)

9.62
(0.0%)

10.00
(4.00%)

10.77
(−0.06%)

13.75
(27.58%)

10.74
(0.32%)

13.67
(26.83%)

0.8 9.62
(0.02%)

9.78
(1.66%)

9.62
(0.0%)

9.76
(1.49%)

10.77
(−0.06%)

13.07
(21.30%)

10.74
(0.32%)

12.9
(20.32%)

1.2 9.62
(0.02%)

9.61
(−0.04%)

9.62
(0.0%)

9.59
(−0.25%)

10.77
(−0.06%)

11.10
(2.95%)

10.74
(0.32%)

11.00
(2.04%)

permittivity the errors for the scenarios without the
above-ground shoot and the one with shoot were not
significant. Note that, the shoots seemed to only af-
fect later arriving reflections in the signal and there-
fore the first arrival time picking was only slightly
affected.

In a second step, we compared the effect of the dif-
ferent SWC scenarios for both facilities on the GPR
traces. Since we noticed that the above-ground shoot
had only minor effects, we concentrated here on Sce-
nario I and II in 2D. We modeled GPR traces for a set
of SWC values, which were common for both field
MR facilities (low, intermediate, and high SWC con-
ditions, see Table 1). Generally, the traces for both
scenarios were quite similar, while differences be-
came more evident with increasing SWC (Figure 8a–c
and d–f). The difference in the GPR traces varied
between the different SWC conditions and the field
MR facilities (different root distributions). Consider-
ing the entire phase of the traces, we noticed differ-
ences in for the first cycle amplitude and in the maxi-
mum amplitude, e.g., RUT depth 0.2 m and RLT depth
0.2 m 0.6 m (Figure 8a,d—grey circles). With increas-
ing SWC the travel time difference between Scenario I
and II increased and the travel time differences for

RLT were larger than for RUT. The travel time shift
was caused by the increased permittivity associated
with the RVF and therefore an overall decreased wave
velocity resulted in later arrival times. Additionally,
for some depths a phase shift in late arrivals present.
Especially recognizable for RLT at depths 0.6 m and
0.8 m, again associated with the highest RVF area
(Figure 8b,e—black ellipse).

To quantify these phase shifts, we estimated the
travel times differences of the maximum amplitude
(e.g., Figure 8b—red lines, Table 3). For RUT the
largest time difference was observed for 0.2 m depth
and for RLT for 0.6 m depth, which exchange with
is linked to the high RVF values. Additionally, we
noticed an increased difference with increasing SWC.
The influence of the RVF on the amplitude of the
traces is especially recognizable for RLT (Figure 8d–f,
Table 3).

For all the SWC conditions and both field MR
facilities the modeled εr was lower than the input
εr , see Table 4. The highest error between these
permittivities was present in the uppermost depths
originated from by wave interferences caused by
the air layer, which agreed with the findings from
Figure 8a–f. Note, these wave interferences were also
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Figure 8. GPR traces modeled for various SWC, where the black and blue solid line indicates Scenario I and II for the different
depths of the field MR facilities. The corresponding traces are shown for the different field MR facilities and different soil water
content conditions (a–c) for RUT and (d–f) for RLT. The grey circles indicate the first cycle amplitude differences between, the
red lines indicate the travel time difference, and the black ellipse indicates the phase shift for the later EM wave arrivals, between
Scenario I and II, respectively.
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Table 3. Travel time differences of the maximum amplitude between Scenario I and II, for RUT and RLT.

Travel time differences

RUT RLT

SWC (cm3·cm−3) 0.05 0.15 0.25 0.1 0.2 0.35

Depth (ns)

0.2

(m)

0.31 0.37 0.40 0.46 0.50 0.46

0.4 0.20 0.24 0.22 0.71 0.64 0.66

0.6 0.13 0.16 0.17 1.00 1.02 1.06

0.8 0.07 0.06 0.07 0.87 0.85 0.88

1.2 0.01 0.01 0.00 0.09 0.10 0.11

partly present at a depth of 0.2 m, especially for par-
ticularly dry soil conditions with low permittivities.
Starting from a depth of 0.4 m, the different wave
types began to be separately noticeable, and the di-
rect wave was less affected by the reflection from the
subsurface, which arrived later in time (Figure 8b,e,
black circle). For increased εr /SWC these reflections
became clearer and more distinct. Note that both
field MR facilities were affected by these wave inter-
ferences, although RLT was less impaired since the
overall εr is higher than for RUT.

For Scenario II at RUT we noticed, that only for
the depth 1.2 m for all SWC conditions, the error be-
tween the input εr and the modeled εr was less than
1% (Table 4, Figure 9) indicating that the roots had a
significant effect on the εr values and in most cases
lead to an increased εr . Interestingly to notice, was
the effect of the roots for the shallow depth of 0.2 m
depth, especially in dry soil conditions, where the er-
rors between the input εr and the modeled εr was
smaller for Scenario II (Table 4, Figure 9). The ad-
ditional root phase in soil system reduced the inter-
ferences on the first arrival time, which was related to
the higher overall εr in the soil system, where the in-
terferences had less influences. While for Scenario I,
the input εr was identified by the first arrival pick-
ing for most cases below 0.4 m depth, for Scenario II
the error depended on the presence of roots (Table 4).
For example, for RLT the highest errors were observed
for the depths 0.6 m and 0.8 m, where also the highest
RVF were present (Figure 9).

Using the modeled εr of Scenario I and II, we cal-
culated the three-phase and four-phase SWC (Equa-
tions (8) and (10), Figure 10, Table 5). For simplifica-
tion, we considered the mean RVF per depth rather

than the respective SV for each measurement posi-
tion (see Figure 3c,d). As expected from the feasibil-
ity study, if the RVF were not incorporated, the SWC
was overestimated. The overall errors were smaller
in contrast to higher SWC conditions and decreased
with depth. Note that if the RVF was not incorporated
in the calculations, errors between −3% to 55% oc-
curred (not considering depth 0.1 m), see Table 5.

When analyzing the three- and four-phase SWC
under consideration of the above-ground shoot (sin-
gle and multiple), the effects were dominated by the
impacts we had already noticed, so that only depth
and 0.1 m and 0.2 m indicated different SWC values
between single and multiple shoots (Appendix B, Ta-
ble B2). Concluding that the RVF had the same in-
fluence on the error and the difference between the
three- and four-phase SWC, as noticed for Scenario I
and II, where the error increased with the increased
root presence. Note that, changed infiltration pat-
terns, caused funneled precipitation by stem flow,
into the soil could not be considered in this study.

In a third step, we characterized the observed
wave interferences in more detail. We calculated the
corresponding frequency spectra of the GPR traces
for Scenario I and II for the intermediate soil condi-
tions of RUT SWC = 0.15 cm3·cm−3 and RLT SWC =
0.2 cm3·cm−3 (Figure 11). For the frequency spectra
for depths 0.2 m and 0.6 m, we observed a center fre-
quency of approximately 200 MHz. The wave inter-
ferences at 0.2 m caused a higher amplitude of the
frequency spectrum almost twice as high as for depth
1.2 m, see Figure 11a and b. For depth 0.6 m we no-
ticed the interferences of the direct air wave and the
refracted wave also in the frequency spectra, causing
two peaks in the frequency spectrum, for both field
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Table 4. εr results for Scenario I and II for RUT and RLT, for different SWC conditions. The error between the input εr and the
modeled εr is provided in brackets.

RUT RLT

Scenario I Scenario II Scenario I Scenario II

SWC 0.05 0.10

εr in soil 5.22 6.08

0.1 3.06 (−41.3%) 3.10 (40.67%) 3.36 (−44.71%) 3.39 (−44.26%)

0.2 4.83 (−7.49%) 5.15 (1.36%) 5.55 (−8.81%) 5.98 (−1.68%)

0.4 5.21 (0.13%) 5.54 (6.23%) 6.09 (0.08%) 7.55 (24.08%)

0.6 5.21 (0.13%) 5.50 (5.39%) 6.09 (0.08%) 8.29 (36.19%)

0.8 5.21 (0.13%) 5.33 (2.18%) 6.09 (0.08%) 7.79 (28.02%)

1.2 5.21 (0.13%) 5.22 (−0.06%) 6.09 (0.08%) 6.33 (4.01%)

SWC 0.15 0.20

εr in soil 9.62 10.78

0.1 4.39 (−54.34%) 4.40 (−54.22%) 4.69 (−56.51%) 4.70 (−56.40%)

0.2 8.15 (−15.28%) 8.30 (−13.71%) 8.89 (−17.48%) 9.10 (−15.54%)

0.4 9.62 (0.02%) 10.05 (4.57%) 10.77 (−0.06%) 12.70 (17.85%)

0.6 9.62 (0.02%) 10.02 (4.19%) 10.77 (−0.06%) 13.75 (27.58%)

0.8 9.62 (0.02%) 9.78 (1.66%) 10.77 (−0.06%) 13.07 (21.30%)

1.2 9.62 (0.02%) 9.61 (−0.04%) 10.77 (−0.06%) 11.10 (2.95%)

SWC 0.25 0.35

εr in soil 15.35 20.32

0.1 5.77 (−62.39%) 5.78 (−62.33%) 6.82 (−66.43%) 6.83 (−66.41%)

0.2 11.62 (−24.25%) 11.69 (−23.83%) 14.31 (−29.58%) 14.43 (−28.99%)

0.4 15.35 (0.01%) 15.90 (3.60%) 20.32 (0.00%) 22.96 (12.98%)

0.6 15.35 (0.01%) 15.87 (3.41%) 20.32 (0.00%) 24.50 (20.57%)

0.8 15.35 (0.01%) 15.55 (1.36%) 20.32 (0.00%) 23.51 (15.71%)

1.2 15.35 (0.01%) 15.35 (0.01%) 20.32 (0.00%) 20.78 (2.26%)

MR facilities, which indicated the partly overlap of
the EM waves (Figure 11c,d). Comparing the differ-
ent scenarios, we observed that for Scenario II the
center frequency was slightly reduced caused by the
overall increased εr .

In the frequency spectra of the 200 MHz signal
(Appendix B, Figure B2), we observed an influence
of the above-ground shoot, but only for the depth of
0.6 m, where the maximum around 300 MHz is sig-
nificantly larger than for the scenarios without the
above-ground shoot. Furthermore, we noticed the
same effects on the spectrum as for Scenario I and
II, where in the depth 0.2 m an amplitude twice the
amplitude as for depth 1.2 m was indicated, caused

by the interferences with the reflected and refracted
wave. However, no significant difference is notice-
able between a single and multiple above-ground
shoots.

For a better understanding, how the EM waves
propagated and interfered in the two-dimensional
space with and without root presences, we analyzed
image plots for various time steps (1 ns, 3 ns, 5 ns
and 7 ns). For both field MR facilities the highest
RVF is present at 0.2 m depth, hence we first inves-
tigated those EM propagations for RLT with an in-
put SWC of 0.10 cm3·cm−3, see Figure 12. Thereby,
we noticed for Scenario I, that the EM wave propa-
gated relatively circular and uniform through the soil,
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Figure 9. εr depth distributions for both field MR facilities (a,b), where the input εr indicated as a solid red line, Scenario I
indicated as a dashed black line and Scenario II indicated as a solid blue line.

whereas for Scenario II, the EM wave showed scatter-
ings and amplitude changes over the model domain.
At 3 ns and 5 ns (Figure 12b and c, f and g) the devel-
opment of the different wave types at the soil–air in-
terface was visible, where the wave in air travels faster
than the wave in the soil. At later times of 7 ns (Fig-
ure 12d,h) an event was observed with increased am-
plitude (Figure 12d, black circle). Below, these posi-
tive interferences, a time shift and a diminished am-
plitude were present (Figure 12d, black arrow). Both
events were related to the phase and amplitude of the
corresponding measured traces (Figure 8). The im-
age plots for the depth 0.6 m for the same scenarios
showed overall less wave interferences, although the
wave interaction close to the surface was observed as
well (see Appendix C, Figure C1).

3.2. Root electrical conductivity

We performed simulation with different root elec-
trical conductivities for Scenario I and II with the

SWC of 0.15 cm3·cm−3 and 0.2 cm3·cm−3 for RUT and
RLT, respectively (Figure 13). As expected, the mod-
els with the increased σR and hence higher wave at-
tenuation showed a decreased amplitude of the GPR
traces. Note that the effect was increased for domains
with a higher RVF, e.g., 0.6 m depth. But, overall,
only minor differences in the first cycle amplitudes
between the traces of the three cases were visible, in-
dicating that the σR did not have a large effect on the
GPR traces. This finding suggests that in further re-
search with more complex soil or/and root models,
the different σR are not a major contributor on the
GPR signals rather than the σS .

3.3. Measurement frequency

As mentioned previously, a possible improvement
in the quantification of permittivity values, partic-
ularly at shallow depths, could be achieved by us-
ing a higher frequency system. On the one hand, a
higher frequency would decrease the SV of the GPR
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Figure 10. SWC depth distributions for both field MR facilities (a,b). The input SWC is indicated as a dashed red line, Scenario I
indicated as a solid black line, three-phased SWC for Scenario II indicated as a solid blue line and four-phased SWC for Scenario II
indicated as a solid brown line.

data; on the other hand, the near-field effects could
be reduced. Note that, for this setup with a borehole
separation of 0.75 m in dry conditions, a 200 MHz
system is still partly in the near field of the anten-
nas, causing problems with the first break picking.
Therefore, to estimate and possibly enhance the res-
olution and reconstruction of the medium proper-
ties it is necessary to consider the actual SV of the
GPR measurement systems. The SV of GPR measure-
ments has the shape of an elongated rotational el-
lipsoid. The foci of this ellipsoid are the locations
of Tx and Rx. The dimensions (size of volume) de-
pend on the distance between Tx and Rx, GPR center
frequency, and εr and hence SWC (Klotzsche, Lärm,
et al., 2019). As the recent research related to the
field MR facilities focused on 200 MHz data because
of commercial availability, the previous simulations
were focusing on this measurement frequency. Since

roots and the related rhizosphere are in the millime-
ter to centimeter scale, higher frequency such as
500 MHz would be more suitable. Note that anten-
nae in the GHz range should not be considered since
the distance of the rhizotubes, and the wave attenu-
ation and scattering would prevent the detection of
the signal. By extending the SV estimation towards
500 MHz, we see that the SV would be reduced by a
factor 3 or 4, especially for conditions with higher in-
put εr /SWC.

We repeated the forward modeling using a Ricker
wavelet with a center frequency of 500 MHz to inves-
tigate if the interferreing waves and effects caused by
the root presence could better be distingished. For an
exemplary model scenario, we considered a for RUT

und RLT a SWC of 0.15 cm3·cm−3 and 0.2 cm3·cm−3,
respectively (Figure 14a,b). In general, we recognized
similar findings as for the 200 MHz simulations: first,
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Table 5. Three-phase SWC for Scenario I, and three-phase and four-phase SWC results for Scenario II for RUT and RLT and
different SWC conditions between 0.05–0.35 (cm3·cm−3). The error between the three- and four-phase SWC is provided in brackets
below.

RUT RLT

Scenario I Scenario II Scenario I Scenario II

SWC 0.05 (cm3·cm−3) 0.10 (cm3·cm−3)

SWC
(three-phase)

SWC
(three-phase)

SWC
(four-phase)

SWC
(three-phase)

SWC
(three-phase)

SWC
(four-phase)

0.1 −0.02 −0.01 −0.04 (157.14%) 0.02 0.02 −0.01 (−134.78%)

0.2 0.04 0.05 0.02 (−50.00%) 0.09 0.10 0.06 (−39.18%)

0.4 0.05 0.06 0.05 (−18.64%) 0.10 0.13 0.09 (−36.57%)

0.6 0.05 0.06 0.05 (−17.54%) 0.10 0.15 0.07 (−55.33%)

0.8 0.05 0.05 0.05 (0.00%) 0.10 0.14 0.12 (−11.43%)

1.2 0.05 0.05 0.050 (0.00%) 0.10 0.11 0.10 (−6.60%)

SWC 0.15 (cm3·cm−3) 0.20 (cm3·cm−3)

0.1 0.03 0.03 0.01 (−81.48%) 0.06 0.06 0.03 (−49.21%)

0.2 0.12 0.12 0.10 (−19.51%) 0.16 0.17 0.13 (−22.75%)

0.4 0.15 0.16 0.15 (−6.92%) 0.20 0.23 0.19 (−20.94%)

0.6 0.15 0.16 0.15 (−6.33%) 0.20 0.25 0.17 (−32.94%)

0.8 0.15 0.15 0.15 (0.00%) 0.20 0.24 0.23 (6.64%)

1.2 0.15 0.15 0.15 (0.00%) 0.20 0.21 0.20 (−3.40%)

SWC 0.25 (cm3·cm−3) 0.35 (cm3·cm−3)

0.1 0.06 0.09 0.07 (−23.91%) 0.12 0.12 0.09 (−27.12%)

0.2 0.19 0.22 0.19 (−11.52%) 0.26 0.26 0.23 (−14.45%)

0.4 0.25 0.28 0.28 (−3.50%) 0.35 0.39 0.34 (−12.99%)

0.6 0.25 0.28 0.28 (−3.50%) 0.35 0.40 0.32 (−20.54%)

0.8 0.25 0.28 0.28 (−0.36%) 0.35 0.39 0.38 (−4.08%)

1.2 0.25 0.28 0.28 (0.00%) 0.35 0.36 0.35 (−1.97%)

we noticed the interference of the direct air wave
and refracted air wave, for the 0.1 m depth a small
amplitude prior to the first arrival of the EM wave
was present. For the 0.2 m depth the interfering
wave arrived almost simultaneously with the direct
ground wave (Figure 14a,b). For traces at a depth of
0.4 m and 1.2 m, the reflections of the wave at the
soil–air-interface were clearly distinguishable (Fig-
ure 14a,b, black circles). For the comparison between
Scenario I and II, the differences while using a fre-
quency of 500 MHz seemed more significant than
using 200 MHz. Overall, we noticed a later first ar-
rival time when including the root phase into the
model. While for RUT and the uppermost depths

the arrivals times were not significantly different, for
the traces below depth 0.8 m for RLT larger offset
were observed. Additionally, the interfering waves
were affected by this delay in travel time. Interest-
ingly to notice is phase and the amplitude behavior
of the traces at depths 0.2 m to 0.6 m for Scenario
II for RLT, where the traces showed an increase am-
plitude for the first direct waves in contrast to Sce-
nario I.

4. Conclusion and outlook

Since currently the effects of roots and the rhizo-
sphere components on the GPR signals are not fully
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Figure 11. Frequency spectra for a SWC of 0.15 cm3·cm−3 and 0.2 cm3·cm−3 for RUT and RLT, respectively, for exemplary depths
of 0.2, 0.6 and 1.2 m. Frequency spectra for RUT are shown in (a,c) and (e), and for RLT in (b,d) and (f). The black and blue solid line
indicates Scenario I and II, respectively.

understood we investigated various effects in a nu-
merical study using realistic model scenarios. A fea-
sibility study demonstrated the need that RVF should
be considered in the SWC calculations if a thresh-
old of 5% is reached and especially under the con-
sideration of row crops, such as maize. In trench wall
root count values above this threshold were observed
and therefore we considered this root information as
input for our synthetic models. To disentangle the
different effects of the soil, water, roots, and above-
ground shoots, we considered different scenarios
with varying compositions and calculated the corre-
sponding GPR traces. Because we have seen influ-
ences by root presence and above-ground shoots on

field measurements, we used two field minirhizotron
facilities as a template for the setup of the model,
with varying soil properties and root distributions.

We observed two major impacts on the GPR sig-
nal. First, the air–subsoil interface caused critically
refracted air waves and reflections, which were nearly
impossible to distinguish from the direct ground
wave for shallow investigation depths of 0.1 m (and
partly 0.2 m depth). Here, we noticed that an in-
crease in εr and therefore SWC or root presence (as-
sociated with higher εr ), resulted in a better distinc-
tion between the different wave types. This effect is
caused by the smaller EM wave velocity under higher
εr of the medium the wave is traveling through.
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Figure 12. Image plots (a–d) for Scenario I and (e–h) for Scenario II of the forward modeled electrical field distributions
through the model domain for four-time steps when the Tx and Rx are located at 0.2 m depth in the RLT with a SWC of

0.1 (cm3·cm−3).

Additionally, such effects were minimized when us-
ing a higher measurement frequency with shorter
wavelength where such events can be better recog-
nized. Note that, also the SV with higher frequencies

is reduced and therefore, small-scale variability can
better be detected. Second, the presence of roots,
which resulted in a εr increase for the grid cell, lead
to an effect on the first arrival time and amplitudes
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Figure 13. GPR traces modeled in 2D for 200 MHz while using different σR for Scenario II for (a) RUT with an input SWC of
0.15 (cm3·cm−3) and (b) RLT with an input SWC of 0.2 (cm3·cm−3). The red solid line indicates σR = 0.015 (S·m−1), the blue solid
line indicates σR = 0.05 (S·m−1), and the yellow solid line indicates σR = 0.03 (S·m−1). Note that only traces related to the highest
RVF region are plotted.

of the GPR trace. This time shift caused an overes-
timation in SWC, if a conventional three-phase soil
system calculation for the soil water content is used.
To calculate the soil water content for the soil-plant
continuum as a soil system with four phases (soil,
air, water, and roots), we used the mean RVF be-
tween Tx and Rx. This approach bears the uncer-
tainty of the SV of the GPR measurements, since de-
pending on frequency and bulk εr of the soil, dif-
ferent SV were present in the shape of an elongated
rotational ellipsoid with the foci at the locations of
Tx and Rx. When calculating the four-phase SWC
all roots present in the ellipsoid should be consid-
ered, but the estimation of the number of roots is
nearly impossible with the investigation techniques
currently available. Here two significant uncertain-
ties arise: First, we are deriving the RVF from a 2D
dataset, so therefore we are missing information in
the y-dimension. Second, we are using mean 1D RVF

for the measurement depths to calculate the four-
phase SWC, which does not account for all the roots
present in the GPR SV.

Here, modeling approaches, which could provide
factors to use either root information derived from
root images or trench wall counts, to derive the RVF
for a certain soil volume, would be beneficial. Ad-
ditionally, the estimation of the RVF from the RCD
contains uncertainties. We considered the roots to
grow straight through the grid and the root diameter
to equal over the entire root system. Especially maize
roots have a distinct root system architecture with
the crown roots (diameter > 2 mm) on top of the soil
and close to the shoot. Few studies have investigated
the distribution of root diameter distribution in the
field, especially considering row crops, such as maize
(Buczko et al., 2008). Anderson (1987) found larger
maize root diameters within the crop row and Qin
et al. (2005) and Schenk and Barber (1980) detected
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Figure 14. GPR traces modeled in 2D for 500 MHz, where the black solid line indicates Scenario I and the blue solid line represents
Scenario II for the different depths of the field MR facilities. The traces are shown for (a) RUT with an input SWC of 0.15 (cm3·cm−3)
and (b) RLT with an input SWC of 0.2 (cm3·cm−3). The dashed black circles indicate the reflections of the wave at the soil–air-

interface.

larger root diameters in the topsoil. Furthermore,
the used distribution for the RVF is for a mature root
system and the trench wall count methods returns
quite high values. As Wacker et al. (2024) mentioned
the conversion from 2D to 3D root information is
challenging. Hence, site-specific decisions are nec-
essary whether a three- or four-phase calcualtion of
the SWC should be used.

When considering the root as an individual phase
within the soil system, we considered the εR to be
similar to the permittivity of water, but research in
the permittivity of roots is rarely available. One of
the few studies provided by Attia Al Hagrey (2007)
provided a εR for wood cellulose, depending on the
water content between 4.5 < εR < 22, because of
the non-wooden nature of crop roots, realistic values
are unknown. We showed that smaller εR reduce
the four-phase SWC and make it more sensitive to
changes in RVF, while lower εR results in higher SWC
values that are comparatively less affected by RVF.

Further research could include the investigation
of εR in general but also considering root growth
and decay. Incorporating the distribution of the εR

into a root architecture model and combining this
with a soil modeling tool for the precise generation
of the model domain for the electromagnetic sim-
ulation would be more than beneficial to study the
influence of the soil components on the GPR sig-
nal in more detail. With the here described ap-
proach, we adjusted the grid cell εr under the pres-
ence of roots. Since coarse roots, as are present for
maize crown roots have diameters >2 mm and are
of a wooden texture, they could cause reflection ef-
fects in the EM wave. Especially when utilizing high
measurement frequencies (500 MHz and above) and
surface GPR acquisitions techniques. Additionally,
laboratory experiments could be performed under
controlled settings to target the retrieval of the root
permittivity for different SWC, nutrient, and growth
conditions.
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One open question raised by the experimental
data is how much the above-ground part of the plant
influences GPR signals near the surface. To address
this, we examined the effects of both single and
multiple above-ground shoots. In our static model
scenario, where the plant is represented only as a
cylinder and infiltration along the stem is ignored,
only the late-arrival phases and their amplitudes are
affected by the shoots, while the first-arrival times re-
main unchanged. However, when spatio-temporal
processes such as water infiltration along the stem
are taken into account, the local dielectric permit-
tivity (εr ) beneath the plant can increase, which may
delay the first arrivals.

While this study highlights the complex interac-
tions between roots, soil and GPR signals, it also
shows the limitations of simplified model scenarios.
Although this simulation study is an important first
step, further investigations are clearly needed to fully
understand the GPR signal, particularly in more re-
alistic and complex soil environments such as those
found in row crops and under natural soil condi-
tions. Future research could include additional simu-
lations considering multiple soil layers, among other
approaches. Furthermore, with this approach the
time component in the soil-plant continuum has not
been considered. While infiltration of precipitation
and irrigation as well as soil water depletion are tak-
ing place, the εr distribution varies. In this study the
SWC conditions and therefore the εr of the homoge-
nous half space was considered to be constant. The
use of a more realistic εr profile in all dimensions,
would be essential here common soil hydraulic mod-
eling tools like HYDRUS-1D could be used to derive
εr profiles (Lärm, Weihermüller, et al., 2025). Fur-
ther, the influence of soil nutrient/fertilization (Kauf-
mann et al., 2019), management practices (Blanchy
et al., 2020) could be investigated. Further advan-
tages could be provided by using more sophisticated
analysis approaches, such as FWI (Klotzsche, van der
Kruk, et al., 2016; Klotzsche, Vereecken, et al., 2019;
Yu et al., 2022). As observed in this study, effects
caused by the root presence, conductivity changes
and above-ground shoots are related to later EM
wave phases and amplitudes, the FWI approaches
have the potential to analyze these effects, but with
the downside of increased computational demand
and hence additions to data acquisitions should be
considered.
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Appendix A. Feasibility study for SWC
considering roots

When a different porosity (φ = 0.25) was present in
the soil, the effect that with a certain RVF, the water
remaining in the soil was 0, was enhanced for espe-
cially dry soil conditions. For a εr of 4, a RVF values
above 2.7% lead to a four-phase SWC of 0, while the
three-phase SWC was 0.03. For soil with εr = 8, the
threshold for the RVF, where there was no water left
in the soil was RVF = 11.06%.

Figure A1. Results of the feasibility study for (a) three-
phase and (b) four-phase CRIM soil water content calcula-
tion with varying bulk permittivities and root volume frac-
tion of the soil-plant continuum. Porosity was defined as
φ= 0.25.
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Figure A2. Results of the feasibility study for a four-phase CRIM soil water content calculation with varying bulk permittivities
and root volume fraction for different root permittivity values: (a) εR = 20, (b) εR = 50, and, (c) εR = 70.

Appendix B. Effects of multiple above-ground shoots

Figure B1. GPR traces modeled for 200 MHz, where the red and green lines indicate Scenario III and IV for the different depths of
the field MR facilities, respectively. The solid and dashed line represent the single and multiple above-ground shoots, respectively.
The corresponding traces are shown for the different field MR facilities for (a) RUT with a SWC of 0.15 (cm3·cm−3) and (b) RLT with
a SWC of 0.2 (cm3·cm−3).
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Figure B2. Frequency spectra for a SWC of 0.15 cm3·cm−3 and 0.20 cm3·cm−3 for RUT and RLT, respectively, for exemplary depths
of 0.2, 0.6 and 1.2 m. Frequency spectra for RUT are shown in (a), (c) and (e), and for RLT in (b), (d) and (f). The red and green solid
line indicates Scenario III and IV, respectively.

Table B1. εr results for Scenario III and IV for RUT and RLT and a SWC of 0.15 cm and 0.20 (cm3·cm−3), respectively. The error
between the input εr and the modeled εr is provided in brackets.

RUT RLT

Scenario III Scenario IV Scenario III Scenario IV

SWC 0.15 0.20

εr in the homogeneous
half space

9.62 10.78

Multiple above-ground shoots

0.1 5.05 (−47.52%) 5.06 (−47.33%) 5.38 (50.08%) 5.38 (−50.08%)

0.2 8.66 (−9.92%) 8.94 (−7.07%) 9.50 (11.89%) 9.83 (−8.79%)

0.4 9.62 (0.0%) 10.03 (4.26%) 10.74 (0.32%) 12.64 (17.25%)

0.6 9.62 (0.0%) 10.00 (4.0%) 10.74 (0.32%) 13.67 (26.83%)

0.8 9.62 (0.0%) 9.76 (1.49%) 10.74 (−0.32%) 12.97 (20.32%)

1.2 9.62 (0.0%) 9.59 (0.25%) 10.74 (−0.32%) 11.00 (2.04%)
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Table B2. Three-phase soil water content for Scenario III and three-phase and four-phase soil water content results for Scenario
IV for RUT and RLT and different SWC conditions 0.15 and 0.20 (cm3·cm−3). The % error between the three- and four-phase SWC
is provided in brackets.

RUT RLT

Scenario III Scenario IV Scenario III Scenario IV

SWC 0.15 (cm3·cm−3) 0.20 (cm3·cm−3)

SWC
(three-phase)

SWC
(three-phase)

SWC
(four-phase)

SWC
(three-phase)

SWC
(three-phase)

SWC
(four-phase)

Single above-ground shoot

0.1 0.07 0.07 0.04 (−50.68%) 0.08 0.07 0.07 (−10.0)

0.2 0.16 0.16 0.13 (−19.14%) 0.17 0.18 0.18 (−1.68%)

0.4 0.18 0.19 0.16 (−16.40%) 0.20 0.24 0.23 (−1.69%)

0.6 0.18 0.19 0.16 (−15.96%) 0.20 0.25 0.25 (−1.18%)

0.8 0.18 0.18 0.15 (−16.85%) 0.20 0.24 0.24 (−1.65%)

1.2 0.18 0.18 0.15 (−16.67%) 0.20 0.20 0.20 (−1.45%)

Multiple above-ground shoots

0.1 0.08 0.08 0.05 (−43.21%) 0.09 0.09 0.08 (−7.87%)

0.2 0.16 0.17 0.14 (−18.56%) 0.18 0.19 0.18 (−1.62%)

0.4 0.18 0.19 0.16 (−16.40%) 0.20 0.24 0.23 (−1.69%)

0.6 0.18 0.19 0.16 (−15.96%) 0.20 0.25 0.25 (−1.18%)

0.8 0.18 0.18 0.15 (−16.85%) 0.20 0.24 0.24 (−1.65%)

1.2 0.18 0.18 0.15 (−16.67%) 0.20 0.20 0.20 (−1.45%)
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Appendix C. Wave propagation for depth 0.6 m depth Scenario I and II

Figure C1. Image plots (a–d) for Scenario I and (e–h) for Scenario II of the forward modeled electrical field distributions through
the model domain for four time steps when the Tx and Rx are located at 0.6 m depth in the RLT with a SWC of 0.1 (cm3·cm−3).
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