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ESTIMATES OF SOIL WATER CONTENT USING GROUND PENETRATING RADAR
IN FIELD CONDITIONS

Marcelo Jorge Luz Mesquita1, José Gouvêa Luiz1 and José de Paulo Rocha da Costa2

ABSTRACT. Electromagnetic methods play an important role in the study of soil water content, mainly because electromagnetic properties in the shallow subsurface
area are primarily controlled by the presence of water. This work analyzes the effectiveness of Ground Penetrating Radar (GPR) as a tool for estimating soil water con-

tent in field conditions, introduces a calibration equation to estimate average soil moisture of the area studied from the analysis of GPR wave velocity, and evaluates
the process used to create it. Methodologies for collecting GPR data seeking the determination of soil moisture from the velocity of the electromagnetic wave and the

use of equations proposed in the literature, Topp and Roth, are also discussed. The GPR common-offset methodology (400 MHz antennas) was utilized in a study in
Cuiarana, Salinópolis, Pará State, in northern Brazil and the resulting data compared with data from TDR (Time Domain Reflectometry) (0.12 m double probe) method-

ology. The data were then statistically analyzed enabling the establishment of a calibration equation for water content determination in terms of electromagnetic wave

velocity obtained with GPR. The study successfully showed the feasibility and limitations of estimating water content using GPR. Also is discussed the possibility of
calibration equation to the soil water content analysis with GPR data using, as parameter, data obtained by other indirect method, in this case, the TDR.

Keywords: soil water content, relative permittivity, GPR, TDR, wave velocity.

RESUMO. Os métodos eletromagnéticos são uma importante ferramenta no estudo da umidade do solo, principalmente porque as propriedades eletromagnéticas da

subsuperf́ıcie rasa são controladas pela presença de água. Este trabalho, além de analisar a eficácia do Radar de Penetração no Solo (GPR) como ferramenta de medição
da umidade do solo in situ sob condições de campo não controladas, introduz uma equação de calibração para estimar a umidade do solo da área estudada a partir

da análise da velocidade da onda do GPR e avalia o processo da sua criação. São também discutidas as metodologias comumente empregadas na coleta de dados
com o GPR, visando a determinação da umidade do solo a partir da velocidade da onda eletromagnética, assim como a utilização das equações propostas na literatura,

Topp e Roth. A metodologia common-offset (GPR com antenas de 400 MHz) foi empregada em um estudo realizado em Cuiarana, municı́pio de Salinópolis, Pará,

no norte do Brasil e os dados comparados com medidas de umidade realizadas com TDR (sonda dupla de 0,12 m). Os dados foram estatisticamente correlacionados
permitindo o estabelecimento de uma equação de calibração para a determinação de umidade em termos da velocidade da onda eletromagnética obtida com o GPR. O

estudo demonstrou com sucesso a viabilidade, a rapidez e as limitações do GPR na estimativa do conteúdo de água no solo. Também é discutida a possibilidade da
calibração de equação para análise de umidade com o GPR usando como parâmetro dados obtidos por outro método indireto, neste caso, o TDR.

Palavras-chave: umidade do solo, permissividade relativa, GPR, TDR, velocidade da onda.
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INTRODUCTION
The vadose zone (VZ) has been defined as the transition zone
between the atmosphere and underground water reservoirs. VZ
plays a fundamental role in managing water resources. These es-
sential roles include: (1) VZ regulates the availability of water for
all types of vegetation and crops; (2) VZ simultaneously creates
a protective layer against solutes and pollutants (Rubin, 2003);
(3) In continental regions, VZ regulates the exchange of mois-
ture and energy between soil, vegetation and the atmosphere;
(4) Consequently, VZ affects other parameters such as atmo-
spheric humidity and temperature which ultimately define the
local climate (Huisman et al., 2003).

Information about the spatial distribution of soil water con-
tent is of utmost importance to precision farming programs.
Even with a plentiful water supply, crop quality can still decline
due to adverse effects on VZ such as reduced root transpiration
related to the depletion of O2 and increased toxic ions in the
soil from root plant flooding. With little water, crops are normally
damaged irreversibly due to stress. Furthermore, energy and irri-
gation costs are quite high in regions where water is scarce, es-
pecially in places where there is additional competition for limited
water resources (Huisman et al., 2003).

Electromagnetic methods play an important role in this type
of VZ study because electromagnetic properties in the shallow
surface area are primarily controlled by the presence of water
(Topp et al., 1980) due to the high value of waters relative elec-
trical permittivity when compared with most geological materials
which have a lower relative permittivity range.

Five conventional small-scale methods for estimating soil
water content include:

(1) gravimetric (drying and weighing in the laboratory);

(2) TDR (Time Domain Reflectometry);

(3) FDR (Frequency Domain Reflectometry);

(4) neutron probe; and

(5) capacitance probe.

Two weaknesses of these common methods include their invasive
nature and limited spatial coverage (Lunt et al., 2005).

One of the most successful methods is TDR which was first
used for soil studies in the mid-1980s (Topp et al., 1980) and has
become widely used to estimate soil water content. However, TDR
can be ineffective when measuring small volumes of water in soil
(less than dm3) due to its extreme sensitivity to macropores and
air bubbles caused by the introduction of the probes (Huisman et

al., 2003). On the other hand, although the initial focus of GPR
(Ground Penetrating Radar) was to map subsurface structures, its
use to estimate soil water content has increased in recent years.
Extensive research on the subject has been performed worldwide.
For example, to determine if GPR can be used as a soil water con-
tent sensor in sandy soils in situ , Weiler et al. (1998) proposed
and successfully determined that the calibration equation for TDR
is also valid for GPR.

Steelman & Endres (2011) examined the ability of various
empirical relationships, based on volumetric mixing formulas
and effective medium approximations, and then predicted near-
surface volumetric soil water content by using high frequency
direct ground wave velocity measurements for three soil texture
samples. Steelmean & Endres (2011) compared those results to
the ones obtained from the gravimetric method.

Lunt et al. (2005) showed that reflections in common-offset
GPR, with a 100 MHz antenna, can be used to estimate soil wa-
ter content levels under various conditions of moisture saturation
with an RMS error of 0.018 m3 m–3, besides being compared to
the other main methods: neutron probe, TDR, and the capacitance
probe. Common-offset GPR offers the advantage of speed when
investigating large areas.

Grote et al. (2010) used the GPR to characterize the spa-
tial correlation of water content in a three acre field as a func-
tion of sampling depth, season, vegetation, and soil texture. The
GPR data was acquired with 450 and 900 MHz antennas. Mea-
surements of GPR groundwave were used to estimate soil wa-
ter content at four different times. Additional water content esti-
mates were obtained using both time domain reflectometry mea-
surements and soil texture measurements. These measurements
demonstrated that precipitation and irrigation increase the spa-
tial variability of water content while shallowly-rooted vegetation
decreases spatial variability. The study showed that soil texture
generally has a greater small-scale spatial correlation than wa-
ter content and that the variability of water content in deeper soil
layers was more closely correlated to soil texture than shallower
water content measurements.

In this paper, the efficiency of common-offset GPR configura-
tion is analyzed as an in situ rapid soil water content meter based
on uncontrolled field conditions on a survey done at the Meteorol-
ogy Department test site of the Institute of Geosciences, Univer-
sidade Federal do Pará (UFPA). The GPR water content data were
compared to TDR water content data obtained during the survey,
with TDR calibrated for the area. We used the well-known Topp
and Roth equations for testing and estimating moisture from the
GPR data. We also established a new calibration equation from
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the analysis of diffraction hyperbolas detected in radar profiles
and moisture obtained in the TDR measurements. For this cali-
bration equation we used the three-phase model.

THEORY
Principles of GPR
The GPR method consists in radiating electromagnetic waves
with frequencies ranging from 10 to 2500 MHz via a transmitting
antenna placed near the surface. As these waves pass through the
soil, they are reflected, refracted, and diffracted by electromagnetic
heterogeneities they encounter. The reflected waves that return
to the surface are detected by the same transmitting antenna or
another antenna placed nearby.

In the case of homogeneous soils, the velocity of propaga-
tion of the GPR wave (v) is basically controlled by the relative
permittivity (εr), that is, the permittivity relative to free space as
calculated by the absolute permittivity, ε (F m–1), divided by the
free space permittivity ε0 (F m–1), and can be estimated in non-
magnetic media by:

v =
c√
εr
, (1)

where c represents the speed of light.
Values of εr are used for moisture determination. To obtain

v and calculate εr from Eq. (1) for the soil moisture estimate,
measurements of underground reflected waves and surface re-
flected waves can be utilized, along with measurements in bore-
holes (transillumination or radar tomography) and surface reflec-
tions. Figure 1 presents a schematic diagram showing the GPR
antennas and propagation paths. All these waves can be used to
measure soil water content (Huisman et al., 2003).

Using reflected waves
Two methods for determining v and εr from the arrival time of
reflected waves can be employed. The first method involves trans-
mitting and receiving antennas positioned at the same distance
while moving along the profile and is referred as the common-
offset method. The second method utilizes transmitting and re-
ceiving antennas positioned at varying distances while moving
along the profile and is known as the multi-offset method. Both
methods are discussed below.

a) Common-offset – The transmitter and receiver antennas are
separated at a constant distance while being moved along the
predetermined profile. Hyperbolic patterns are searched in the
GPR image for wave velocity determination. The average veloc-
ity between the ground surface and the anomaly (vsoil) can be
determined by a GPR transect by fitting the following hyperbola

to measure arrival times at several positions x. This velocity is
given by:

vsoil =
2
√
x2 + d2

trw,x
, (2)

where x is the position relative to the position of the scattering
object (apex of the hyperbola), d is the depth of scattering object,
and trw,x is the arrival time of the reflected wave at position x
that has been zero time corrected (Huisman et al., 2003).

If the GPR section is measured with significant antenna
separation, a, this should also be included in the velocity deter-
mination as follows:

vsoil =

√
(x− 0.5a)2 + d2 +√(x+ 0.5a)2 + d2

trw,x
. (3)

Data processing softwares provide routines whereby the veloc-
ity can be determined interactively by the manual fitting of the
hyperbolic pattern.

b) Multi-offset – Two acquisition geometries are often used in
the multi-offset method: CMP (Common Mid-point) and WARR
(Wide Angle Reflection and Refraction). In CMP, the distance be-
tween the antennas is increased symmetrically to a fixed point.
In WARR methodology, only the receiver antenna is moved while
the transmitter antenna remains fixed.

If consistent reflected waves are present in the multi-offset
GPR measurement, they can be used to calculate soil water con-
tent directly by fitting

vsoil =
2
√
d2 + (0.5a)2

trw,a
, (4)

to the zero time corrected arrival times of the reflected wave
(trw,a) for different antenna separations, and solving for depth,
and the average velocity to the reflecting layer.

Using surface waves
Velocity is obtained from surface waves by using the multi-offset
configurations, either CMP or WARR geometry.

Using boreholes
This technique consists of placing the transmitting antenna and
the receiving antenna in laterally adjacent boreholes. In the zero
offset-profile mode (ZOP), the antennas are located so that their
midpoints are always at the same depth. Based on this ZOP
model, the arrival time of the direct wave and the distance be-
tween the boreholes are used to calculate wave velocity. The
water content between the boreholes can also be determined
from multi-offset profiling (MOP) through the construction of
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Figure 1 – Propagation paths of electromagnetic waves in a soil with two layers of contrasting dielectric
permittivity (ε1 and ε2) (Huisman et al., 2003).

a 2D image. The first arrival times of all multi-offset measure-
ments are used to reconstruct a two-dimensional tomographic
image of the soil water content distribution between the bore-
holes (Hubbard et al., 1997; Huisman et al., 2003).

Using surface reflections

In this case, the antennas are operated at some distance above
the surface. The measured property is the reflection coefficient
of the surface-air interface. The measurements are more practi-
cable with frequency antennas greater than 200 MHz, because
the reflection coefficient is more sensitive to low water content
(Huisman et al., 2003). The application of this methodology in
rough surfaces and in places with variations in soil water content
based on depth leads to an underestimation of soil water con-
tent because soil irregularities cause significant scattering in the
waves, thereby decreasing the reflection coefficient (Huisman et
al., 2003).

Principles of TDR

TDR is a technology originally used by the telecommunication
and electricity industries to find possible faults in cables. In sim-
plified terms, TDR is composed of an electrical pulse generator
and an oscilloscope. TDR measures the velocity of electromag-
netic waves as they travel through a transmission line. In sum-
mary, physical principles of TDR are similar to GPR. Both emit
electromagnetic waves, but each one measures the relative per-
mittivity in a slightly different form. TDR technology measures
wave velocity as it travels along and between probes, while GPR
methodology measures waves that travel directly through the soil
and reflected at interfaces with different dielectric permittivities
(Weiler et al., 1998).

The TDR sensor is composed of two or more metallic parallel
probes. The probes are connected via coaxial cable to the equip-
ment that sends a signal to the probes. When the signal reaches
the beginning of the probes, it is reflected back to the measuring
device. When the signal reaches the end of the probes, a second
reflection returns to the transmitting device (Siddiqui & Drnevich,
1995).

The velocity of the wave traveling through the soil for the TDR
is calculated via:

v =
2L

t
, (5)

where t represents the two-way traveltime for the signal to travel
distanceL, which represents the length of the probes. The relative
permittivity of the soil is then calculated by:

εr =

(
c

v

)2
=

(
ct

2L

)2
. (6)

At least four precautions are necessary to assure valid measure-
ments regarding the positioning of the probes in the ground: (1)
the probe is more sensitive to permittivity close to the rods. So
probes inserted in a manner which generates air voids around the
rods will have reduced measurement accuracy (Campbell Scien-
tific, 2011); (2) the probes must remain parallel; (3) to ensure
parallel probes, it is suggested to use a fixing base; and (4) avoid
measurements in areas with rocks and materials that may bend
the unit.

Currently, many equipment comes calibrated to estimate
moisture for a wide variety of soils. In some cases, it is neces-
sary to perform calibration for a particular type of soil, such as
soil with a high density, magnetic and very saline. This ensures a
better estimate and decreases the percentage of errors.

Revista Brasileira de Geof́ısica, Vol. 33(3), 2015
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Equations for GPR water content estimation
Most equations are derived from experiments based on TDR mea-
surements. Various researchers (Weiler et al., 1998; Huisman et
al., 2001) have shown that calibration equations based on TDR
measurement have been applied very successfully in large-scale
studies based on GPR measurements (Lunt et al., 2005).

This study is based on the following three equations accom-
panied by further explanation: (a) Topp Equation; (b) Roth Equa-
tion; and (c) Three-Phase Model Equation.

(a) Topp equation – It is an empirical relationship between
relative permittivity εr and volumetric water content θ m3 m–3.
It was proposed by Topp et al. (1980) using experimental labo-
ratory data based on different soil textures. The Topp Equation is
expressed by:

θTOPP (εr) = −5.3× 10−2 + 2.92× 10−2εr
− 5.5× 10−4ε2r + 4.3× 10−6ε3r .

(7)

This equation describes soil water content based on the val-
ues θTOPP < 0.5 m3 m–3 with an estimated error margin of
0.013 m3 m–3 and accurate to within 0.022 m3 m–3. The Topp
Equation does not depend on density, temperature, or soil salin-
ity. However, it is not suitable for organic soils (or mineral soils
with high organic content) and vermiculite (Topp et al., 1980).

(b) Roth equation – This equation was determined by Roth et
al. (1992) in a study to infer the relationship between θ and εr
by using samples of eleven different mineral soils and seven or-
ganic soils, each one with distinct chemical, physical, and mag-
netic properties. This study enabled Roth et al. (1992) to formu-
late the following calibration equation:

θROTH(εr) = −7.8× 10−2 + 4.48× 10−2εr
− 1.95× 10−3ε2r + 3.61× 10−5ε3r .

(8)

(c) Three-phase model equation – This semi-empirical
equation that relates θ and εr is based on models of mixed per-
mittivities, taking in account the volume and dielectric permittiv-
ity of three constituents: soil, water, and air (e.g., Dobson et al.,
1985; Roth et al., 1990). In this model, the permittivity of the bulk
soil, including soil-water-air (εb) is expressed as the Complex
Refractive Index Model (CRIM):

εb =

[
θαw + (1− n)εαs + (n − θ)εαa

] 1
α
, (9)

where n (m3 m–3) represents the porosity of the medium; εw , εs
and εa represent the relative permittivity of water, soil, and air,

respectively. α represents the orientation factor related to the
electric field over the geometry of the medium (α = 1 for the
electric field parallel in soil layers, α = –1 for an electric field
perpendicular to the layers of soil, and α = 0.5 for an isotropic
medium). Rearranging Eq. (9) to obtain moisture leads to:

θ =
εαb − (1− n)εαs − nεαa

εαw − εαa
. (10)

Substituting the values 1 for εa and 0.5 for α, results in the sim-
ple physical interpretation relating electrical permittivity and soil
water content, as suggested by Ledieu et al. (1986) and Herkelrath
et al. (1991):

θTPM (εb) = a
√
εb − b, (11)

where
a =

1√
εw − 1 (12)

and

b =
(1− n)√εs + n√

εw − 1 , (13)

are designated as calibration parameters; while εb can be consid-
ered as the relative permittivity of the medium.

MATERIAL AND METHODS
The study was conducted at a test site of the Institute of Geo-
sciences of UFPA located in Cuiarana, a fishing village in the
city of Salinópolis in northeast Pará, in northern Brazil. The site
is characterized by the presence of bush vegetation and stunted
trees. Due to the presence of a 1 m deep trench made on site
to study depth moisture via TDR, it was possible to visualize the
geological characteristics of the shallow site. These characteris-
tics included a homogeneous medium (we considered up to 0.5 m
deep) with the presence of Yellow Latosol, very common in this
region (Torres, 2011).

GPR data acquisition
Profiles were acquired with a GSSI model SIR-3000 using the
common-offset configuration with 400 MHz antennas and a
recording time window of 50 ns. Considering the site materi-
als, we estimate in 2 meters the penetration depth. Details of the
profiles are described below:

Profile 1 – Extension of 12 m (Figs. 2 and 3A) and direction
N80E. This profile is approximately 0.3 m west of a trench (lo-
cated at the 8 m position).

Profile 2 – Extension of 10 m, perpendicular to profile 1 and
under a tree at the 6 m position (Figs. 2 and 3B).

Brazilian Journal of Geophysics, Vol. 33(3), 2015
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Figure 2 – Schematic (no scale) representation of the profiles in the study area.

Trench profile – Profile executed near profile 1 and on the top
of the trench (Fig. 2). This trench (1 m deep) was created to carry
out measurements of water content at depth. It was dug and then
the TDR sensors are placed (0.2, 0.5 and 1.0 m deep) so that
measurements could be done along a period of time. After be-
ing filled, the profile of GPR was conducted.

Data acquisition with TDR

The measurements were performed with a Hydrosense Soil Wa-
ter Measurement System (CS655L) from Campbell Scientific,
Inc, with a display unit and two parallel sensor probes of 0.12 m
(Figs. 4A and 4B) calibrated for the area. The calibration coeffi-
cients used to transform the probe output signal to water con-
tent or deficit reside in the Hydro Sense operating system and
were determined in laboratory studies on typical soils (Camp-
bell Scientific, 2011). This system determines the total volume of
3600 cm3 (approximately 7.5 cm radius around each probe rod
and 4.5 cm beyond the end of the rods). The volume water con-
tent range from 5 to 50% (Campbell Scientific, 2012).

RESULTS

GPR data were processed using the software ReflexW (Sandmeier,
2011). The wave velocities were determined through hyperbole
fitting. The hyperboles of diffraction were identified in the radar-
grams and then obtained wave velocities in “packages” located
above the diffraction points. These points are related, probably,
to roots of the trees on site, old and buried roots and gravel.
The values of relative permittivity of the medium were determined
through Eq. (1) and the soil moisture values through Topp and
Roth equations. The results for each profile are explained below.

Profile 1 – Figure 5a presents GPR profile 1 without hyperbolae
fitting. Figure 5b shows TDR soil water content values for each
point of the GPR image illustrated in Figure 5c. The TDR data
(values in black) were collected every 2 m in the profile (Fig. 5b).
Due to the presence of many diffraction hyperbolas between each
pair of points, the values for soil water content were determined
by the average of adjacent values (values in red). A large anomaly
caused by the trench is observed at the position 8 m and depth
0.8 m. Values of GPR wave velocity, hyperbole depths, relative
permittivity, water content values with TDR, and soil water content
values obtained using Topp and Roth equations estimated from
GPR wave velocity are shown in Table 1.

Profile 2 – Figure 6a presents GPR profile 2 without hyperbo-
lae fitting. Figure 6b shows soil water content values obtained
with TDR, while Figure 6c shows the GPR image with hyperbola
fitting. Several GPR responses were likely caused by the presence
of the roots of a tree at 6 m. Table 2 is similar to Table 1.

Trench profile – For this profile (Fig. 7), we considered soil
water content values measured by TDR in the trench located from
6 to 10 m. Table 3 shows the soil moisture values on the day of
the study from 11:00 AM to 11:00 PM using TDR at three depths:
0.2, 0.5 and 1.0 m. Soil water content values decreased slightly
during the day at depths of 0.2 and 0.5 m and their daily aver-
age stayed on 0.2464 and 0.2103 m3 m–3, respectively. The soil
water content measured at 1 m stayed on 0.1914 m3 m–3 with-
out a substantial variation. The hyperbole detached in Figure 7
at 0.3 m depth was compared with the TDR measurements. The
adjusted velocity at the 0.3 m depth hyperbole results in
εr = 14.06, θTOPP = 0.2608 m3 m–3 and θROTH =

0.2668 m3 m–3.

Revista Brasileira de Geof́ısica, Vol. 33(3), 2015
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(A) (B)
Figure 3 – Photos showing the GPR profiles. A) Profile 1. B) Profile 2.

(A) (B)
Figure 4 – A) TDR Hydrosense Soil Water Measurement System (Campbell Scientific, 2011). B) Collecting data using TDR Hydrosense Soil Water Measurement
System.

Table 1 – Soil water content obtained from GPR velocity and TDR in profile 1.

GPR velocity Hyperbole depth
εr

θTDR θTOPP θROTH Standard deviation
(m/ns) (m) (m3 m–3) (m3 m–3) (m3 m–3) (m3 m–3)
0.090 0.5 11.11 0.225 0.2094 0.2286 0.0102
0.080 0.3 14.06 0.300 0.2608 0.2668 0.0211
0.080 0.3 14.06 0.250 0.2608 0.2668 0.0085
0.078 0.2 14.79 0.250 0.2725 0.2749 0.0137
0.075 0.4 16.00 0.290 0.2910 0.2875 0.0018
0.070 0.4 18.37 0.265 0.3244 0.3107 0.0311
0.067 0.5 20.05 0.260 0.3460 0.3273 0.0452

Brazilian Journal of Geophysics, Vol. 33(3), 2015
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Figure 5 – a) GPR profile 1 without hyperbolae fitting. b) Water content values obtained using TDR in profile 1 (values in black). Values in red represent the arithmetic
mean of the adjacent values measured by TDR (in black). c) GPR image for profile 1 showing the hyperboles used in velocity determination. The dashed line represents
the depth limit at which the reflection hyperbolas were considered.

Table 2 – Soil water content obtained from GPR velocity and TDR in profile 2.

GPR velocity Hyperbole depth
εr

θTDR θTOPP θROTH Standard deviation
(m/ns) (m) (m3 m–3) (m3 m–3) (m3 m–3) (m3 m–3)
0.110 0.4 7.440 0.250 0.1355 0.1622 0.0599
0.080 0.3 14.06 0.240 0.2608 0.2668 0.0141
0.080 0.3 14.06 0.290 0.2608 0.2668 0.0154
0.080 0.5 14.06 0.295 0.2608 0.2668 0.0183
0.075 0.5 16.00 0.305 0.2910 0.2875 0.0093
0.070 0.3 18.37 0.295 0.3244 0.3107 0.0147
0.060 0.5 25.00 0.320 0.4004 0.3873 0.0431

Proposal of a calibration equation

Topp and Roth equations are valid for a wide variety of soils. As
“general” equations, they offer accurate results for a large amount
of applications. However, to achieve more accurate results, a spe-
cific calibration equation for the soil type studied is sometimes
necessary (e.g. Siddiqui & Drnevich, 1995).

As illustrated in Tables 1 and 2, some water content values
obtained from GPR velocity are different from TDR water content
values. For these cases, we posted in Table 4 the arithmetic mean
of θTDR for each velocity. In general the equations of Topp and
Roth used to estimate soil water content showed accurate results

and, on the average, values based on the Roth equation showed
more accurate results.

We used the results shown in Table 4 to create a calibra-
tion equation using the method of least squares by fitting a curve
relating the relative permittivity of the medium obtained through
GPR and TDR volumetric water content. For this procedure, the
simplified three-phase model equation (Eq. 11) was utilized, re-
sulting in the calibration parameters adjusted empirically by lin-
ear regression. Whereas the results of water content obtained
with TDR was consistent in that area, the calibration equation for
the GPR was based on its findings. It is common to use direct
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Figure 6 – a) GPR profile 2 without hyperbolae fitting. b) TDR water content measurements obtained in profile 2 (values in black). Values in red represent the arithmetic
mean of the values measured by TDR (in black). c) GPR image for profile 2 showing the hyperboles used in velocity determination. The dashed line represents the depth
limit at which the reflection hyperbolas were considered.

Figure 7 – Profile over the trench. The reflection hyperbole used to estimate the velocity is detached.

methods (gravimetric, for example) to be used as parameters for
creating calibration equations, in this case, for testing, it is sug-
gested the use of TDR data, since they are consistent values of
soil water content.

The calibration equation relating the permittivity is then
given by:

θCE(εr) = 0.0308
√
εr + 0.1488, (14)

which can also be expressed in terms of the velocity of the GPR
wave by:

θCE(v) =
9.24× 10−3

v
+ 0.1488. (15)

Figure 8 shows the GPR site-specific calibration curve (Eq. 14)
fitted to the measured TDR soil water content, while in Fig-
ure 9 is shown a comparison between values obtained with TDR,
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Table 3 – Soil water content values obtained on the day of the study, using TDR in three depths: 0.2,
0.5 and 1 m. The last row shows the average soil moisture for the period from 11:00 AM to 11:00 PM.

Hour
θTDR (m3 m–3) θTDR (m3 m–3) θTDR (m3 m–3)

depth 0.2 m depth 0.5 m depth 1 m

11:00 0.243 0.211 0.192

13:00 0.241 0.211 0.191

15:00 0.239 0.211 0.192

17:00 0.238 0.210 0.191

19:00 0.237 0.210 0.191

21:00 0.237 0.210 0.191

23:00 0.236 0.209 0.192

Arithmetic
0.2464 0.2103 0.1914

mean

Table 4 – Results obtained after analysis of GPR profiles 1 and 2 to cre-
ate a calibration equation relating relative permittivity and water content.

GPR velocity
εr

θTDR (m3 m–3)

(m/ns) (arithmetic mean)

0.110 7.440 0.2500

0.090 11.11 0.2250

0.080 14.06 0.2750

0.078 14.79 0.2500

0.075 16.00 0.2975

0.070 18.37 0.2800

0.067 20.05 0.2600

0.060 25.00 0.3200

Topp, Roth, and the proposed calibration equation. The calibration
curve had a fit with a good trend for the points related to mea-
sures with TDR. The range of water content estimated is from
0.22 m3 m–3 to 0.32 m3 m–3. The most similar values between
the presented equations are from 0.25 m3 m–3 to 0.30 m3 m–3.

A polynomial form (similar to the Topp and Roth equations)
for the proposed calibration equation was also established, being
represented by:

θCE(εr) = 0.1108+ 0.1367× 10−1εr
− 0.2625× 10−3ε2r + 0.3025× 10−5ε3r.

(16)

The proposed calibration Eq. (14) was tested by estimating the
water content in the trench at the 0.3 m depth (Fig. 7), being
obtained the value θCE = 0.2643 m3 m–3, which is close to
the TDR measurement and to the values obtained with Topp and
Roth equations.

The root mean square error (RMSE) of soil moisture estimates
was determined by:

s =

√∑
(θTDR − θCE)2

N
, (17)

in which θTDR is the value of estimated soil moisture via TDR
methodology, θCE represents the soil water content values ob-
tained by Eq. (14), and N the number of points used in the re-
gression. Substituting values of θTDR and θCE from Table 4
in Eq. (17), the RMSE for soil water content estimates obtained
is around 0.0196 m3 m–3. In like fashion for the equations of
Topp and Roth the respective RMSE are 0.061 and 0.041 m3 m–3.

The quality of the regression fit was checked using the coef-
ficient of determination

r2 = 1−
∑
(θTDR − θCE)2∑

θ2TDR − 1
N (
∑
θTDR)2

. (18)
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Figure 8 – GPR site-specific calibration curve fitted to the estimated soil water content.

Figure 9 – Relative permittivity versus water content for TDR, Topp, Roth and the proposed GPR calibration equation.

Based on Equation (14), the coefficient of determination showed
a value for r2 ∼= 0.514.

CONCLUSIONS AND RECOMMENDATIONS

The study allowed for the establishment of a calibration equation
for the specific type of soil that occurs in the investigated area
at the UFPA test site. The estimated soil water content obtained
with GPR using the Topp and Roth equations was similar to water
content measured with TDR. Although not typically utilized in soil

water content determination experiments under natural and un-
controlled conditions, the common-offset GPR antennas proved
to be efficient because of the accurate moisture estimates ob-
tained and the quickness and easiness for taking the measure-
ments. However, the media must provide hyperbolic patterns in
the GPR images in order to provide velocity determinations.

Determining soil water content through GPR wave velocity
in common-offset configuration proved to be practical and rapid.
Calibrate an equation for estimating soil water content using GPR

Brazilian Journal of Geophysics, Vol. 33(3), 2015



�

�

“main” — 2017/12/12 — 16:14 — page 400 — #12
�

�

�

�

�

�

400 ESTIMATES OF SOIL WATER CONTENT USING GROUND PENETRATING RADAR IN FIELD CONDITIONS

showed to be possible from TDR information, since such informa-
tion of water content be coherent (TDR already calibrated for the
area or automatic calibration of the apparatus with good results).

More tests are needed since the study aimed to prompt ac-
tion in the field. Soils with different moisture levels, use of direct
methods and measures in rainy and dry periods are recom-
mended for future research.
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