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Introduction 

1.1 General 
Water at the land surface is a vital resource, both for human needs and for 

natural ecosystems. Society's fresh water needs for agriculture, sanitation, municipal 
and industrial supply are ever increasing. At the same time, natural hazards 
involving water, such as floods, droughts and landslides are major natural threats to 
society in many countries (Entekhabi et al., 1999). The vadose zone, which may be 
defined as the transition zone between the atmosphere and groundwater reservoirs, 
is important for water resource management, because it regulates the water 
availability for vegetation, including crops, while at the same time providing a 
protective buffer zone between land surface and groundwater against solutes and 
pollutants. 

Hydrologists, soil scientists and agronomists study the space and time variability 
of water in the vadose zone, hereafter referred to as soil water content (SWC), at a 
range of scales for a variety of reasons. At the regional to continental scale, the 
exchange of moisture and energy between soil, vegetation and atmosphere has an 
impact on near-surface atmospheric moisture and temperature, which in turn 
define the regional climate. For example, SWC determines to a large extent the 
relative magnitudes of sensible and latent heat fluxes and therefore determines the 
diurnal evolution of the atmospheric boundary layer (Callies et al., 1998). Currently, 
there is a need to establish and quantify the contribution of SWC-regulated land-
atmosphere coupling to regional climate anomalies, such as continental droughts 
and large-scale precipitation events (Entekhabi et al., 1999). 

At the catchment scale, SWC partly controls the separation of precipitation into 
infiltration, evaporation and runoff, and therefore has a large influence on soil 
erosion and river discharge. Recent studies have shown that including SWC 
heterogeneity in spatially distributed hydrological models can improve discharge 
predictions (Merz and Plate, 1997; Merz and Bardossy, 1998; Pauwels et a l , 2001). 
However, there is no consensus on how to incorporate spatial SWC heterogeneity 
in these models. Some have suggested that it is sufficient to include the statistics 
(spatial mean and variance) of measured SWC structure (e.g. Pauwels et al., 2001), 
whereas others have suggested that discharge predictions also improve when a full 
description of SWC variation is included (Merz and Bardossy, 1998). Furthermore, 
Merz and Plate (1997) argue that the improvement of discharge predictions by 
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including SWC heterogeneity will strongly depend on the event characteristics, 
including antecedent soil water conditions and rainfall intensities. 

Another important research area involving space and time variability of SWC is 
preferential flow, which is a generic term for processes causing differential spatial 
soil water fluxes. Preferential flow is an important research topic because of its 
impact on the breakthrough of water and solutes at a specific depth over a range of 
scales. For example, at the regional scale, estimates of groundwater recharge that do 
not consider preferential flow may underestimate recharge (Scanlon, 2000). 
Furthermore, existence of preferential flow often causes accelerated breakthrough 
of solutes, including environmentally harmful substances such as heavy metals and 
pesticides (Ritsema and Dekker, 1998; de Rooij and Stagnitti, 2002). Current 
understanding of the processes governing preferential flow is limited. This hampers 
the conceptualization of preferential flow in hydrological models, which is needed 
for improved predictions of water flow and solute transport. 

Clearly there is a need for SWC measurements over the entire range of spatial 
scales. Electromagnetic techniques are the most promising category of SWC 
sensors to fulfill this need because this category contains a range of techniques that 
measure the same soil water content proxy, namely dielectric permittivity, at 
different spatial scales. Remote sensing with either passive microwave radiometry 
or active radar instruments is the only promising technique for measuring SWC 
variation of large regions (Jackson et al, 1996; Famiglietti et al., 1999; van Oevelen, 
2000). The passive instruments have low spatial resolution and can either be 
airborne with footprints of thousands of m2 or satellite-borne with footprints in the 
order of tens of km2. In the near future, passive satellite remote sensing will 
provide global coverage of critical hydrological data, including SWC (Entekhabi et 
al., 1999). Active radar instruments have smaller footprints ranging from 100 to 
several 1000 m2. Although remote sensing will surely play an important role in 
many future hydrological studies, currently there is still a need to establish transfer 
functions between remote sensing and the more familiar in situ SWC 
measurements. 

A well-established in situ electromagnetic technique is time domain 
reflectometry (TDR), which was introduced in vadose zone hydrology in the early 
eighties (Topp et al., 1980). Over the years, TDR has developed into a reliable 
method for SWC determination that can easily be automated (Heimovaara and 
Bouten, 1990). Furthermore, TDR can simultaneously measure dielectric 
permittivity and bulk soil conductivity (Dalton et al , 1984; Topp et al., 1988), 
which allows the study of water and solute transport within the same soil volume. 
Recently, it has been recognized that TDR measurements can also be used to 
determine frequency dependent dielectric permittivity (Heimovaara, 1994; Friel and 
Or, 1999; Weerts et al., 2001). This is important because the frequency dependency 
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of permittivity can potentially be related to important soil properties influencing 
water and solute transport, such as soil water conductivity and particle size 
distribution. Although TDR is highly suited for monitoring the development of 
SWC at one location with a high temporal resolution, the small measurement 
volume (<dm3) makes it sensitive to small-scale SWC variation (e.g. macro-pores, 
air gaps due to TDR insertion) within this volume (Ferré et al., 1996). Furthermore, 
assessment of spatial SWC variation with TDR is labor-intensive because TDR 
sensors need to be installed at each measurement location. 

Clearly, there is a scale gap between remote sensing and TDR measurements of 
SWC. At intermediate spatial scales, such as agricultural land and small catchments, 
reliance on sparse TDR measurements or coarse remote sensing measurements 
might not provide the accurate SWC information required at these scales (e.g. crop 
management, precision farming). Therefore, there is a need for SWC measurement 
techniques that can provide dense and accurate measurements at an intermediate 
scale. In this thesis, ground-penetrating radar (GPR) is tested as an intermediate 
scale SWC measurement technique. In particular, attention is focused on measuring 
SWC with the ground wave velocity of GPR as was proposed by Du (1996). 
Potentially, this technique allows assessment of spatial SWC variation up to several 
1000 m2 (Sperl, 1999). Furthermore, GPR also is an electromagnetic technique, and 
could, therefore, make an attractive triplet with TDR and remote sensing for 
studying spatial SWC variation at a range of spatial scales. 

The general aim of this thesis is to contribute to the improved characterization 
of the spatio-temporal behavior of soil water by studying the potentials and 
limitations of TDR and GPR for measuring SWC variation in space and time. 
Clearly, TDR is a more developed SWC measurement technique than GPR and, 
therefore, the theoretical depth of research will be different for both methods. For 
TDR, the aim is to improve the accuracy and reproducibility of the TDR analysis 
for the determination of SWC, frequency dependent dielectric permittivity and soil 
bulk conductivity. For GPR, the aim is to establish the accuracy, reproducibility 
and feasibility of measuring spatial SWC variation with the ground wave velocity of 
GPR. Before the outline of the thesis is presented, an introduction to the principles 
and background of TDR and GPR is given in the following section. 

1.2 Principles of Electromagnetic Methods 
1.2.1 Electromagnetic wave propagation 

The propagation velocity of electromagnetic waves, v [ms~ ], is determined by the 
complex dielectric permittivity, e'(f) = e'(f)-je"(f) 
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where c is the propagation velocity of electromagnetic waves in free space 
(3 X 108 m s 1 ) , / i s the frequency of the electromagnetic field [Hz], e ( / ) is the real 
part of the relative dielectric permittivity [-], £ \f) is the imaginary part of the 
relative dielectric permittivity [-], // ris the relative magnetic permeability [-], Odc is 
the DC conductivity [Sm_1], and £0 is the free space permittivity (8.854 X 10"12 Fm"1). 
Throughout this thesis, 'permittivity' is understood to represent the relative 
dielectric permittivity; i.e. the permittivity relative to free space as calculated by the 
absolute permittivity divided by the free space permittivity £0. The imaginary part of 
the permittivity, e"(ƒ) is associated with the energy dissipation and the real part of 
the permittivity, e (ƒ) is associated with the capability to store energy when an 
alternating electrical field is applied. The complex permittivity of most materials 
varies considerably with the frequency of the applied electric field. An important 
process contributing to the frequency dependence of permittivity is the polarization 
arising from the orientation with the imposed electric field of molecules that have 
permanent dipole moments. The mathematical formulation of Debye describes this 
process for pure polar materials (Debye, 1929) 

g ' ( / ) = g - + % ~ £ : , - ^ r [1-3] 
1 + V 

f, 
27tf£0 

V J rel J 

where £„ [-] represent the permittivity at frequencies so high that molecular 
orientation does not have time to contribute to the polarization, £s [-] represents the 
static permittivity, i.e. the value at zero frequency and fnl [Hz] is the relaxation 
frequency, defined as the frequency at which the permittivity equals (£} + £j)/2 
(Nelson, 1994). The separation of equation 1.3 into its real and imaginary part is 
shown in figure 1.1 for £5 - 20, £„= 15,fnl= 10847 Hz and Odc = 0 Sm4. Figure 1.1 
shows that at frequencies very low and very high with respect to relaxation 
processes, the permittivity has constant values and zero losses. At intermediate 
frequencies, the permittivity undergoes a dispersion and dielectric losses occur with 
the peak loss itf = fnl. Water in its liquid state is a prime example of a polar 
dielectric. The Debye parameters of water are £s= 80.3, f«,= 4.3 zndfK/= 10102 Hz 
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Frequency(Hz) 

Figure 1.1. Example of the Debye model for the real part (solid line) and imaginary part 
(dashed line) of the permittivity. 

at 20°C (Hasted, 1973). However, pure water rarely appears in its free liquid state in 
soils. Most often it is physically absorbed in capillaries, limited in motion by 
electrostatic interaction with clay particles, etc. Dielectric relaxation of absorbed 
water takes place at lower frequencies than the relaxation of free water 
(Hasted, 1973). Depending on the soil texture, soil structure, cation exchange 
capacity, and soil chemical composition, there may be various forms and amounts 
of bound water in a soil. Therefore, E (f) measurements of soils can potentially 
provide insight into several important soil properties. 

In case of the electromagnetic methods used in this thesis (10 MHz to 1 GHz), 
the imaginary part of the permittivity is often small compared to the real part of the 
permittivity, while the displacement (polarization) properties dominate the 
conductive properties at these frequencies. Furthermore, the relative magnetic 
permeability jlr of most materials is very close to 1 and many soils do not show 
relaxation of permittivity in the frequency range of 10 MHz to 1 GHz, which 
reduces equation 1.1 to 

c [1.4] 

for non-saline soils (Wyseure et al., 1997). The real part of the permittivity of water 
within the MHz to GHz bandwidth is approximately 80, whereas the permittivity 
of most other common soil constituents is 1-10. This large contrast in permittivity 
explains the success of SWC measurements with electromagnetic techniques 
working within this frequency bandwidth. 

9 



Chapter 1 

1.2.2 SWC - £ relationships 

The most common relationship between permittivity, £ often simply e, and 
volumetric SWC [m3m~3] was proposed by Topp et al. (1980) 

SWC = -53x]0~2 +2.92xl0"2£-5.5xl0"4é-2 + 4.3xlO~V [1.5] 

and was determined empirically for mineral soils. It has an accuracy of 
0.0221 m3m~3 determined in an independent validation on mineral soils (Jacobsen 
and Schjonning, 1994). A more theoretical approach to relating SWC and f is based 
on dielectric mixing models, which use the volume fractions and the dielectric 
permittivity of each soil constituent to derive a relationship (e.g. Dobson 
et a l , 1985; Roth et al , 1990; Friedman, 1998; Jones and Friedman, 2000). In 
dielectric mixing models, the bulk permittivity of a soil-water-air system, £h may be 
expressed as 

eb = [sWCel + (1 - ri)e" +{n- SWC)ea
a)« [1.6] 

where n [m3m3] is the soil porosity, £„,, Es and £a are the permittivities [-] of water, 
soil particles and air, respectively, and OC [-] is a factor accounting for the orientation 
of the electrical field with respect to the geometry of the medium (GC=\ for an 
electrical field parallel to soil layers, <X=—1 for an electrical field perpendicular to 
soil layers and G^0.5 for an isotropic medium). After rearranging of equation 1.6, 
the following expression can be obtained for SWC 

SWC = *-«-"*-»* [1.7] 

After substitution of E=\ and assuming Cü=0.5, equation 1.7 reduces to 

i i C - J - ^ - ( ' - ^ i - [1.8] 
Je„. - 1 Je„ - 1 

which gives a physical interpretation of a simple SWC-f relationship suggested by 
Ledieu et al. (1986) and Herkelrath etal. (1991) 

SWC = a^eb -b [1.9] 

where a and b are calibration parameters. It has an accuracy of 0.0188 m3nf3 

determined in an independent validation on mineral soils (Jacobsen and 
Schjonning, 1994). In this thesis, equation 1.9 is used throughout because of its 
simplicity and semi-theoretical foundation. 

1.2.3 Time Domain Reflectometry (TDK) 
TDR originated in the telecommunications industry, where it is used to identify 

locations of discontinuities in cables. Hence the term 'cable tester' is a common 
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Figure 1.2. Diagnostic changes in a TDR waveform measured in water, ti marks the entry 
of the TDR signal in the probe and fy marks the reflection from the end of the probe. Atp 
is the travel time in the probe-soil system and At, is the travel time in the soil only. 

name for general-purpose TDR instruments (Jones et al., 2002). The exact location 
of the cable discontinuity can be determined from the travel time of an 
electromagnetic pulse to the discontinuity and the propagation velocity of the pulse 
in the cable. In vadose zone hydrology, TDR is traditionally used to calculate the 
soil permittivity from the travel time of an electromagnetic step pulse in the soil, 
At, [s], along a waveguide with known length, L [m], according to 

fcAt V 
[1.10] " =1-

^ 2L 

where 2_L is used because the pulse travels the length of the probe twice. The At, 
can be found from the travel time between two important diagnostic changes in the 
waveform, the entry of the TDR signal in the probe-soil system (/,) and the 
reflection of the end of the probe (t2). The exact times of /, and t2 ate determined 
by drawing tangent lines along the TDR waveform as shown in figure 1.2 (Baker 
and Allmaras, 1990; Heimovaara and Bouten, 1990). The travel time in the probe-
soil system is At = t2 — tt, which includes the travel time in the head of the probe, 
At0 (first positive rise in TDR waveform of figure 1.2). The travel time in the soil 
needed for equation 1.10 is calculated with At = At— At0. Usually, both JL and At0 

are obtained from a calibration of the probe in two media with known permittivity, 
often water and air (Heimovaara and Bouten, 1990). 
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Figure 1.3. (after Annan, 1973). Wave fronts around a dipole source on the soil surface. A 
and B are spherical waves in the air and soil, respectively, wave C is the lateral or head 
wave in the soil and D is the ground wave in the air. 

TDR users can choose between a number of different probe configurations, 
ranging from a central conductor with one to six outer conducting wires. The two-
wire probe has the advantage of the largest measurement volume combined with 
minimal soil disturbance. With an increasing number of outer conductors, the 
measurement volume becomes more restricted towards the inner conducting wire 
(Ferré et al., 1998). The disadvantage of the two-wire probe is the unbalanced 
signal that leads to signal loss, whereas the three- or more-wire probes provide a 
more balanced signal. The seven-wire probe has most often been used when a 
more coaxial probe is required, for example when using models assuming coaxial 
behavior (e.g. Campbell, 1990; Heimovaara, 1994; Heimovaara et al., 1996). 

TDR can also measure the bulk soil electrical conductivity, Oic, as was first 
shown by Dalton et al. (1984). The <Jdc is accurately related to the proportional 
reduction of the signal voltage emitted by the cable tester, i.e. the attenuation of the 
TDR signal in the soil. Comparison of electrical conductivity of salt solutions 
measured with TDR and standard methods has clearly demonstrated the high 
accuracy of Gdc measurements with TDR for <Jdc up to 0.2 Sm"1. For higher 
conductivities, a more extensive calibration including cable and cable tester 
resistance is required (e.g. Heimovaara et al , 1995; Reece, 1998). 

1.2.4 Ground-Penetrating Radar (GPR) 
The GPR technique is similar in principle to TDR. The radar produces a short 

pulse of high frequency (MHz to GHz) electromagnetic waves that is transmitted 
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Figure 1.4. (after Davis and Annan, 1989). Ideali2ed GPR transect measured with a fixed 
antenna separation over an anomalous wetter zone and a horizontal ground water table 
(GWT). A marks the air wave, B marks the point reflector and C marks the reflection 
from the ground water table. 

into the soil. The propagation velocity of the radar signal depends on the soil 
permittivity and, therefore, GPR can also be used for SWC measurements. An 
important difference between GPR and TDR is that TDR uses electromagnetic 
waves guided by a TDR probe, whereas GPR uses unguided waves transmitted and 
received by antennas. A GPR antenna placed on the soil surface radiates spherical 
waves both upward into the air and downward into the soil as indicated by wave 
fronts A and B in figure 1.3. Because of the continuity requirements for the 
electromagnetic field at the soil surface, the propagating spherical air wave A gives 
rise to a lateral wave front C in the soil. Note that this wave front is not registered 
by surface radar. The spherical wave B propagating in the soil gives rise to a 
wave D, which is often referred to as the ground wave. The ground wave amplitude 
is known to decrease strongly with distance above the soil surface and therefore the 
ground wave is not presented as a wave front in figure 1.3. 

The energy transmitted into the soil will be (partly) reflected when contrasts in 
soil permittivity are encountered. Figure 1.4 (right) shows an idealized GPR 
radargram measured with a fixed antenna separation (single offset) over an 
anomalous wetter zone as shown in figure 1.4 (left). Because the GPR emits waves 
in all directions, anomalies are measured before the GPR is directly over it 
(figure 1.4, left). This shows up in the radargram as a hyperbola (B in figure 1.4, 
right) because the waves of the GPR measurement directly above the anomaly have 
the shortest travel distance (time) and all other waves will have a larger distance to 
travel. The average electromagnetic wave velocity determines the convexity of the 
reflection hyperbola B, i.e. it determines how much longer the waves need to travel 
the extra distance. Therefore, a point reflector hyperbola can be used to determine 
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Figure 1.5. CMP (top) and WARR (bottom) acquisition. 

electromagnetic wave velocity and therewith the average SWC to the depth of the 
point reflector. 

The reflection of the ground water table, as an example of a contrast in soil 
permittivity, is marked with C in figure 1.4 (right). It can be seen that the 
anomalous wetter zone results in a pull-down of the arrival time of the wave 
reflected from the horizontal ground water table because the average wave velocity 
to the ground water table is lower for GPR measurements above the anomaly. 
Contrary to the point reflector, the ground water table reflection in a single-offset 
measurement cannot be used to calculate the average electromagnetic wave velocity 
without knowledge of the groundwater table depth. Of course, the ground water 
table depth (or depth of any other reflector) can be determined independently, and 
in such cases the arrival time of the groundwater table reflection can easily be 
converted to average SWC of the vadose zone (Vellidis et al., 1990; Weiler 
et al., 1998). However, when depth information is not available one must change to 
multi-offset GPR measurements to determine SWC from radar reflections. 

Two commonly used multi-offset GPR measurements are called Common-
MidPoint (CMP) and Wide Angle Reflection and Refraction (WARR) 
measurements (figure 1.5). In CMP acquisition, the distance between the antennas 
is increased stepwise while keeping a common midpoint. In WARR acquisition, the 
distance between the antennas is increased stepwise with the sender at a fixed 
position. A schematic outcome of a multi-offset GPR measurement is given 
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Figure 1.6. Idealized multi-offset GPR measurement with air wave (AW), ground wave 
(GW) and reflected wave (RW). tAW and tew are the arrival times of the air and ground 
wave at a single antenna offset. 

in figure 1.6. If consistent reflected waves are present in the multi-offset GPR 
measurement, they can be used to calculate SWC direcdy because the wave velocity 
can be determined from the change in arrival time with increasing antenna 
separation. Together with the arrival time of the reflected wave at a specific 
antenna separation, this wave velocity can then be used to calculate the depth of 
the reflector (Greaves et al., 1996; Garambois et al., 2002). 

The disadvantage of SWC measurements with reflected waves is that the success 
of the measurements depends on the presence of clearly reflecting objects or layers 
in the soil. Furthermore, horizontal reflectors require the use of multi-offset GPR 
measurements or independent measurements of depth to the reflecting layer to 
infer SWC. Both options are time consuming, which reduces the potential of GPR 
for quick spatial mapping of SWC. The only waves that are always present, even in 
the absence of clearly reflecting soil layers, are the two direct waves, known as the 
air wave and the ground wave as was pointed out by Du (1996) and Sperl (1999). 
They are called direct waves because they have a direct (straight) propagation path 
from sender to receiver, the air wave through the air and the ground wave through 
the top of the soil. The direct waves can easily be recognized in a multi-offset GPR 
measurement because they have a linear relationship between antenna separation 
and travel time (see figure 1.6). The slope of the ground wave in a multi-offset 
GPR measurement is directly related to the ground wave velocity and can, 
therefore, be used for SWC determination. However, SWC measurements with 
multi-offset GPR measurements are cumbersome and time-consuming, as 
mentioned before. The ground wave velocity can also be determined from a single-
offset GPR measurement, provided that the approximate arrival time of the ground 
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wave is known from a multi-offset GPR measurement. Therefore, Du (1996) and 
Sperl (1999) proposed the following procedure for SWC mapping with the ground 
wave of GPR: 1) identify an approximate ground wave arrival time for different 
antenna separations in a multi-offset GPR measurement, 2) choose an antenna 
separation where the ground wave is clearly separated from the air and reflected 
waves and 3) use this antenna separation for single-offset GPR measurements and 
relate the changes in ground wave arrival time to changes in soil permittivity. The 
most straightforward relationship between ground wave arrival time tGW [s], 
antenna separation x [m] and soil permittivity is given by (Sperl, 1999) 

\v) { x 

where tAW [s] is the air wave arrival time. It is necessary to include tAW because the 
GPR equipment does not have a fixed time zero. 

1.3 Outline 
This thesis consists of two parts. The first part deals with improving the 

accuracy and reproducibility of TDR analysis (chapters 2 to 4) and the second part 
deals with the accuracy, reproducibility and feasibility of measuring spatial SWC 
variation with the GPR ground wave (chapters 5 to 8). The chapters of this thesis 
are papers that have been or will be published independently in international 
journals. As a consequence, some duplication occurs. 

In chapter 2, the accuracy and reproducibility of two TDR analysis algorithms 
for determining soil permittivity are compared. The first algorithm is the well-
established travel time analysis with optimized analysis parameters. The second 
algorithm is based on inverse modeling of TDR waveforms with a wave 
propagation model, also known as frequency domain analysis. Frequency domain 
analysis is tested because it is a fully automatic analysis that does not require 
analysis parameters. In chapter 3, the potential accuracy of three frequency domain 
analysis scenarios for determining the frequency dependent dielectric permittivity is 
compared in an analysis of numerically generated measurements. The three 
scenarios are: cable tester measurements analyzed in the time or frequency domain 
and network analyzer measurements analyzed in the frequency domain. The actual 
accuracy of frequency domain analysis is determined with network analyzer 
measurements made with probes varying in length and number of wires. In 
chapter 4, two approaches to improve the accuracy of TDR bulk soil conductivity 
measurements with three-wire probes are compared. The first approach is based on 
direct measurement of the cable properties and the second approach is based on 
calibration with TDR measurement in salt solutions with different electrical 
conductivities. 

[1.11] 
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In chapter 5, the accuracy of single- and multi-offset GPR measurements for 
measuring SWC with the GPR ground wave is determined. As a reference, the 
GPR measurements are compared with aggregated TDR measurements made 
within the same soil volume. Chapter 6 focuses on two aspects that potentially 
affect the accuracy of SWC measurements with the GPR ground wave: 1) influence 
of the equipment required for SWC measurements (sleds, odometer, pull vehicle) 
on the quality of the GPR measurements and 2) the importance of reported 
differences in air and ground wave arrival time at zero antenna offset. The results 
of chapter 6 will also provide an assessment of the reproducibility of SWC 
measurements with GPR as a function of uncertainty in the position of the 
antenna, uncertainty of time picks and spatial SWC heterogeneity within the radar 
volume. Chapter 7 and 8 present the results of a field test where we created a 
heterogeneous SWC pattern by irrigation with different types of sprinklers. In 
chapter 7, the potential of GPR to measure spatial SWC variation of a 3600 m2 

field is evaluated. The GPR results are compared with the spatial SWC variation 
measured with TDR. Subsequently, the kind of spatial SWC variation that can be 
measured with GPR and TDR is discussed. Chapter 8 discusses the capability of 
GPR and TDR to assess the temporal development of spatial SWC variation. In 
chapter 9, the possibility of combining GPR and TDR measurements for a 
characterization of spatio-temporal SWC variation is discussed. 
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