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Abstract� Root water content (RWC) is a vital component
in water �ux in soil�plant�atmosphere continuum. Knowledge
of RWC helps to better understand the root function and
the soil�root interaction and improves water cycle model-
ing. However, due to the lack of appropriate methods, �eld
monitoring of RWC is seriously constrained. In this study,
we used ground-penetrating radar (GPR), a common geophysical
technique, to characterize RWC of coarse roots noninvasively.
An automatic GPR data processing framework was proposed to
(1) identify hyperbolic root re�ections and locate roots in GPR
images and (2) extract waveform parameters from the re�ected
wave of identi�ed roots. These waveform parameters were then
used to establish an empirical model and a semiempirical model
to determine RWC. We validated the developed models using
GPR root data at three antenna center frequencies (500 MHz,
900 MHz, and 2 GHz) that were produced from simulation
experiments (with RWC ranging from 70% to 150%) and
�eld experiments in sandy soils (with RWC ranging from 66%
to 144%). Our results show that both the empirical and the
semiempirical models achieved a good performance in estimating
RWC with similar accuracy, i.e., the prediction error [root-
mean-square error (RMSE)] was less than 8% for the simulation
data and 12% for the �eld data. For both models, the accuracy
of RWC estimation was the highest when applied to 2-GHz data.
This study renders a new opportunity to determine RWC under
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�eld conditions that enhances the application of GPR for root
study and the understanding and modeling of ecohydrology in
the rhizosphere.

Index Terms� Geophysics, ground-penetrating radar (GPR),
model �tting, noninvasive, root ecology, waveform parameters.

I. INTRODUCTION

AS A direct linkage between above- and belowground
worlds, roots are crucial to both plant individuals and

terrestrial ecosystems. Roots serve a variety of functions,
including the absorption and storage of nutrients, water trans-
port and uptake, and other biogeochemical processes in the
ecosystem carbon budget [1]�[3]. Knowledge of root water
content (RWC) is key to a comprehensive understanding of
root functions and ecohydrological modeling of water move-
ment between above- and belowground ecosystems [4], [5].
Moreover, RWC is a critical indicator of root physiological
activity that in�uences gradients in water potential and drives
water �ux through the soil�plant�atmosphere continuum [6].
For example, the change in RWC can signi�cantly affect
root tensile strength, the transport of water, and nutrients
toward root xylem vessels, and microbial respiration during the
decomposition of plant litter [7]�[10]. Additionally, a recent
study has used RWC as a wet-to-dry-mass conversion factor
to yield global underground wet mass [11].

Despite the importance of roots, traditional methods for
in situ root investigation are, however, destructive and labor-
intensive, e.g., excavation and soil coring, limiting the repeata-
bility of �eld sampling over a large area [12]. For example,
root samples need to be excavated from the soil and taken
back to the lab for oven drying to measure RWC [13].
This estimation procedure does not allow for the dynamic
monitoring of RWC in natural settings. Therefore, practical
measurements of RWC in the �eld, especially noninvasively
and repeatedly, are seriously constrained so far.

Ground-penetrating radar (GPR) is a common noninvasive
geophysical technique with the advantage of simple oper-
ation, high mobility, and rapid data collection over large
areas [14]�[16]. Since its �rst application in root study in
the 1990s, GPR has been successfully used to characterize a
variety of root parameters, mainly for coarse roots (diameter >
5 mm), such as root location, root distribution, and root system
architectures as well as root diameter and biomass [17]�[20].
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A standard GPR system is equipped with a pair of trans-
mitter and receiver antennas placed at the ground surface
for mapping subsurface objects [21]. The transmitter gen-
erates short pulses of high-frequency electromagnetic waves
at a speci�c frequency (typically ranging from 250 MHz
to 2.6 GHz) into the subsurface. The receiver collects the
re�ected wave from detected objects, e.g., roots, as a function
of time. The re�ected wave generation mainly depends on
the contrast in the dielectric permittivity between the object
root and surrounding soil [22]. The waveform parameters of
the re�ected wave are closely associated with root properties,
e.g., root depth, root diameter, and RWC [19]. Previous studies
have correlated various waveform parameters to root diameter
and root biomass (see [21], [23]�[25]). For example, Barton
and Montagu [22] estimated root diameter by using the time
interval between two zero-crossings of the re�ected wave (i.e.,
a time-related waveform parameter). Dannoura et al. [26] and
Hirano et al. [13] examined the empirical linear relationship
between coarse root biomass and the amplitude of the max-
imum re�ected wave (i.e., a strength-related waveform para-
meter). After compensating radar energy attenuation with the
penetrating depth, Cui et al. [27] used the high amplitude area
of the re�ected wave (i.e., a combination of strength- and
time-related waveform parameters) to estimate root biomass
of coarse roots at different depths.

Later, Guo et al. [28] demonstrated a considerable impact
of RWC on root biomass estimation by GPR, especially when
using the strength-related waveform parameters. According
to the dielectric mixing theory, a root can be considered a
complex of air, wood cellular material, and water [29]. Given
that the permittivity of water (�81) is much larger than that
of air (�1) and wood cellular materials (�4.5), RWC is likely
the dominant factor controlling the dielectric permittivity of
a root and, thus, the permittivity contrast between a root
and the surrounding soil [30], [31]. The higher the RWC,
the stronger the re�ected wave is produced by a root under
the same soil condition and root depth [28]. However, despite
the nominal strong correlation between RWC and the strength
of the GPR re�ected wave of a root [13], [28], no study
has tested the utility of GPR for quantifying RWC. This
can be partly attributed to the complexity in establishing the
numerical relationship between RWC and the strength-related
waveform parameters since additional root parameters can also
in�uence the strength of the re�ected wave of a root [19], [32].

To link waveform parameters to a speci�c root parameter
(e.g., root diameter and root biomass), previous studies have
developed several forms of empirical regression models at
different sites around the world [22], [23], [27], [33]. These
empirical regression models are often established in a linear
form based on the assumption that the waveform parameter
used in models is controlled by a single root parameter to
be estimated [28]. The inadequate consideration of the effects
from multiple root parameters in the estimation models can
lead to high uncertainty in model accuracy across study sites
and even unsuccessful applications [19]. Further, uncertainty
associated with waveform parameters also impacts model
accuracy. For instance, extracting waveform parameters often
depends on manual interpretation of root re�ections in GPR

images, which highly relies on the operator�s experience [32].
Therefore, establishing an automatic data processing frame-
work can reduce bias and promote the ef�ciency of root
quanti�cation with GPR in large-area investigations.

Recently, an increasing number of studies have related GPR
waveform parameters to the water content of aboveground
woody organs of plants, such as wood logs and tree trunks
(see [34]�[37]). These studies demonstrated the validity of
the GPR technique for water content determination in woody
biomass, although such GPR measurements were conducted
aboveground and not affected by soils. Therefore, we hypoth-
esize that the GPR method can render an effective way to
quantify RWC under �eld conditions, with the further advance-
ment in the methodology of applying GPR to investigate roots
(e.g., with an automatic data processing technique that extracts
waveform parameters from root re�ections, and numerical
models that fully account for the in�uence of different root
properties on waveform parameters).

The objective of this study is to quantify RWC noninva-
sively using GPR. Our speci�c goals are as follows:

1) to propose an automatic processing framework for
extracting waveform parameters from the GPR re�ected
wave of a root.

2) to establish GPR-based RWC estimation models (here-
inafter referred to as GPR-based RWC models) that link
waveform parameters to RWC.

3) to compare different GPR-based RWC models in quan-
tifying RWC.

To the best of our knowledge, this is the �rst study to
evaluate the use of GPR for determining RWC. The rest of
this article is organized as follows. Section II introduces the
�eld and simulation experiments for GPR data collection.
Section III describes the automatic processing framework and
the establishment of GPR-based RWC models. Sections IV
and V present the evaluation methods and the results for the
GPR-based RWC models, respectively. Section VI discusses
the limitation and outlooks of the proposed method, and
Section VII provides concluding points.

II. FIELD AND SIMULATION EXPERIMENTS

A. Experimental Site

The �eld-controlled experiment was conducted in the
southern part of Hunshandak Sandy Land (42�26� N and
116�11� E), Inner Mongolia, China (Fig. 1). This area has a
temperate semiarid climate, with an annual mean temperature
of 1.6 �C and annual precipitation of 386 mm [38]. The
landscape of the study area features �xed sand dunes
(Fig. 1). The vegetation cover is dominated by shrub colonies
such as Caragana microphylla, Ulmus pumila, Artemisia
ordosica, Stipa glareosa, and Poa annua [39]. The local
soil is dry sandy soil with 95% sand, 2% silt, and 3%
clay, and the average soil water content (SWC) is around
0.105 m3 • m�3 [27]. The soil is relatively homogeneous
without obvious soil horizonation and macropore structures,
which may interfere with the detection of roots in GPR images,
and hence favors the application of GPR to measure roots.
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Fig. 1. (Left) Location of the experimental site. The base map depicts the distribution of desert in China, which is distributed by the Environmental &
Ecological Science Data Center for West China, Lanzhou, Gansu, China (http://westdc.westgis.ac.cn). (Right) Photograph of Caragana microphylla colonies
distributing on sand dunes in the study area.

B. Root Samples
Root systems of �ve shrub individuals (Caragana micro-

phylla) were excavated at the study site (Fig. 1). A total
of 20 coarse root samples, which were relatively straight with
minimal tapering and cut to the same length of 0.7 m, were
retained for GPR measurement. Fresh weights and diameters
of root samples were measured immediately after excavation
(Table I). The prepared root samples were grouped into �ve
levels with an approximate diameter of 10, 15, 20, 25, and
35 mm, respectively (Table I).

Molten wax was used to seal the cut ends of root samples to
limit water loss from roots during the �eld experiments. These
root samples were then buried in the soil as re�ectors for GPR
data collection. After �eld experiments, all root samples were
taken to the laboratory and oven-dried at 65 �C until constant
root weights were reached to measure the dry weights and,
further, the gravimetric RWC of root samples (i.e., the ratio of
root water mass to root dry weight). The selected root samples
created a gravimetric RWC gradient from 80.28% to 144.01%
(Table I). It is noted that the RWC indicated in this article is
gravimetric RWC.

C. Root GPR Data Collection in the Field
Five soil trenches (each with 4.2 m length, 1.2 m width,

and 1.0 m depth) were dug at a relatively �at area at the study
site. Perpendicular to each soil trench wall, four holes with a
horizontal interval of 1.0 m were drilled at a depth of 0.2, 0.3,
0.4, and 0.6 m, respectively, to bury root samples [Fig. 2(a)].
The inlet length of each hole was 0.8 m so that root samples
could be fully inserted into the soil. Root samples from the
same diameter group (e.g., root sample No. 1, 6, 11, and 16,
representing roots with a diameter of 10 mm) were inserted
into the same soil trench at four depths [Fig. 2(a)]. Then the
soil trench was re�lled, and the surface was �attened before

GPR measurements. This experimental setup ensured a mini-
mal disturbance to the original soil above root samples [27].

A �eld-portable GPR system, Zond�12e (Georadar Systems
Inc., Riga, Latvia), equipped with three shielded antenna pairs
at the center frequency of 500 MHz, 900 MHz, and 2 GHz
(i.e., the common GPR frequencies for root investigation) was
employed to scan the roots. First, three GPR survey lines with
a spacing of 10 cm were laid out perpendicular to the long
axis of the root samples [Fig. 2(b)]. Then the GPR system was
dragged over the buried root samples along the predesigned
survey lines [Fig. 2(b)]. Then we changed the antenna pairs
to repeat GPR data collection until root samples were scanned
at all three antenna center frequencies.

D. Forward Simulation
To complement �eld experiments with limited root samples,

a set of simulations was performed to generate GPR root
re�ection data under various levels of RWC, root diame-
ters, and GPR antenna center frequencies. All simulations
were completed with the GprMax V2.0, an open-source soft-
ware [40] that has been used in GPR root signal simulation in
various studies [41]�[43].

The GprMax simulator generates GPR images with root
re�ections based on input information of antenna center fre-
quency, the electromagnetic attributes of the soil and object
roots, and the relative position of roots and the surrounding
soil [29], [42]. In our simulations, soil texture was set to sand
with a dielectric permittivity of 5.53, calculated according
to Topp�s equation using SWC at 0.105 m3 • m�3 [44]. The
root depth was set to 0.3 m and the geometric domain of
the soil was set to 1.2 m wide and 0.8 m deep (Fig. 3).
Each simulated GPR image was composed of 54 A-scans
(i.e., radar traces), and the time window of each A-scan was
set to 20 ns. Considering both numerical stability and model
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