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Comparison of Travel Time Analysis and Inverse 
Modeling for Soil Water Content Determination with 
Time Domain Reflectometry* 

Abstract 
Travel time analysis algorithms are used to extract dielectric permittivity (and 
thereby water content) from time domain reflectometry (TDR) waveforms. A 
limitation of travel time analysis is the need to define subjective analysis parameters 
for reproducible measurements. The aim of this chapter is to compare three 
methods to remove subjectivity from the analysis of T D R waveforms: 1) travel time 
analysis with optimized analysis parameters, 2) fitting a simulated waveform based 
on a model with frequency-dependent permittivity and 3) fitting a waveform based 
on a model with an apparent dielectric permittivity. We performed an outflow 
experiment on a sandy soil sample and simultaneously collected soil water content 
measurements (determined from outflow) and duplicate TDR measurements. After 
optimizing the travel time analysis parameters by minimizing the difference between 
duplicate measurements, we found little difference in accuracy and reproducibility 
between the three methods. However, we showed that small deviations from the 
optimal travel time analysis parameters have a significant influence on both the 
accuracy and the reproducibility of travel time analysis. A comparison of the two 
inverse modeling approaches showed that the inclusion of frequency-dependent 
permittivity did not greatly improve the fit between measured and modeled 
waveforms and that a frequency-independent (apparent) permittivity adequately 
describes the TDR measurements made in this sandy soil. We conclude that the 
removal of subjectivity resulted in similar accuracy and reproducibility for all three 
methods. Nevertheless, we consider inverse modeling as an interesting alternative to 
travel time analysis because it is a fully automated analysis with high accuracy and 
reproducibility. 

* Published byJ.A. Huisman, A.H. Weerts, T.J. Heimovaara and W. Bouten, 2002. Water 
Resources Research, 38(6). Reprinted with permission of © American Geophysical 
Union. 
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Chapter 2 

2.1 Introduction 
Time Domain Reflectometry (TDR) has obtained a reputation as a versatile and 

reliable technique for the measurement of the apparent relative dielectric 
permittivity, Ka in soils. Most often, Ka is obtained by travel time analysis of the 
T D R signal along the probe with (Topp et al., 1980; Baker and Allmaras, 1990; 
Heimovaara and Bouten, 1990) 

in which c is the velocity of electromagnetic waves in free space (3.0x10 ms"), 
Ats [s] is the travel time of the TDR signal in the soil and L [m] is the length of the 
probe. Several researchers have developed software for travel time analysis, and 
their programs are freely available on the Internet (e.g. TACQ by S.R. Evett, 
TDRANA by T.J. Heimovaara, TDR_SPS by J.P. Laurent and WinTDR by D. Or). 
For example, TDRANA obtains Ats from a TDR waveform by finding the times 
corresponding with distinct impedance changes at the beginning and the end of the 
probe {t1 and t2 in figure 2.1). The procedure for calculating t2 (see figure 2.1) is to 
find the inflection point S, which is defined as the maximum in the first derivative 
of the waveform in the neighborhood of the reflection. Then, the vertical tangent 
line is calculated with a linear regression over a user-defined interval of points 
A/, [ns] around S. W is found as the minimum in the range [S-At}, 5], where 
At3 [ns] is a user-defined search range. The base tangent line is calculated as a 
weighted linear regression over a user-defined interval of points At2 [ns] before W 
and, finally, the intersection of the base and vertical tangent line results in t2. 
Evidently, the exact definition of the travel time analysis parameters is at least 
partly internal to the considered software and each program differs in its 
procedures to calculate t, and t2 (e.g. in terms of waveform smoothing, scaling of 
the analysis parameters, etc.). However, the important point we want to make here 
is that, in general, travel time analysis algorithms are similar and require user-
defined and therefore subjective analysis parameters to ensure that the tangent lines 
are drawn correctly. 

The correct setting of the travel time analysis parameters depends on the 
personal taste of the user and the shape of the TDR waveform, which is 
determined by cable length, type and length of the TDR probe, soil permittivity 
and small variations in water content along the probe. Ideally, the user-defined 
travel time analysis parameters are set separately for each TDR waveform, but in 
the face of all these factors influencing the correct setting this is not feasible when 
analy2ing large sets of TDR measurements. Therefore, it is common practice to use 
either standard settings for each type of TDR probe or to visually optimize the 
travel time analysis parameters for one TDR waveform (i.e. the first of each day) 
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Figure 2.1. TDR measurements in water showing the impedance changes at the beginning 
(A) and end of the probe (B). The travel time analysis parameters Aft, At2 and A/j, the 
travel time in the soil Ats, the inflection point S and the minimum W are also illustrated. 

and to apply this setting to the other measurements. In both cases, the non-optimal 
setting of the analysis parameters affects the reproducibility of the analysis, and in 
some extreme cases it can even affect the accuracy of soil water content (SWC) 
measurements. Furthermore, there will always be some subjectivity in the setting of 
analysis parameters because there are different (but perhaps equally appropriate) 
ways to draw the tangent lines in figure 2.1. For example, Wraith and Or (1999) 
showed that in the extreme case of the subjective choice between flat (Baker and 
Allmaras, 1990) and dual tangent line analysis (Heimovaara and Bouten, 1990) the 
difference in volumetric SWC could be as large as 0.04 m3m"3 for different analyses 
of the same waveform. In this chapter, we present a procedure to optimize the 
travel time analysis parameters by minimizing the difference between duplicate 
TDR measurements. To our knowledge, this procedure is the first attempt to 
remove user bias and subjectivity from travel time analysis. 

Heimovaara (1994) presented an inverse modeling analysis to obtain permittivity 
by fitting simulated to measured TDR waveforms. His analysis consisted of 
optimizing three Debye-parameters, which together with the independently 
determined TDR bulk conductivity describe the frequency-dependent permittivity 
of the soil. This inverse modeling analysis could increase both the accuracy and the 
reproducibility of TDR measurements due to the lack of user-defined analysis 
parameters. An important requirement of such an inverse modeling analysis is that 
all the Debye-parameters are identified in the inverse problem. However, Weerts 
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et al. (2001) showed that the limited frequency bandwidth of standard TDR 
equipment inhibits a meaningful and reproducible identification of all three Debye-
parameters for some soils. We therefore also consider an inverse modeling analysis 
in which the frequency-dependent permittivity is replaced by an apparent dielectric 
permittivity independent of frequency. 

The aim of this chapter is to compare three methods to remove user-defined 
analysis parameters and subjectivity from the analysis of TDR waveforms. We 
consider travel time analysis with optimized analysis parameters and two inverse 
modeling procedures as fully automated algorithms to analyze large series of TDR 
waveforms. To this end, we performed an outflow experiment in which we 
simultaneously collected SWC measurements (determined from outflow) and 
duplicate TDR measurements for both travel time analysis and inverse modeling. 
We then compared all methods in terms of accuracy and reproducibility of SWC 
measurements. 

2.2 Theory 
Analysis of TDR waveforms r(t) can be seen as the interpretation of how an 

input signal v0(t) is modified by the system s(t) being tested, i.e. the probe-soil 
system (Heimovaara, 1994; van Gemert, 1973) 

r(t)= jv0(t-x)s(z)dx [2.2] 

in which t is an integration variable. The frequency-dependent response function 
K(f) can be obtained with the convolution theorem 

R(f) = VQ{f)S(f) [2.3] 

in which ƒ is the frequency [Hz] and K(f) and V0(f) and S(f) are the Fourier 
transforms of r(t), v0(t) and s(t), respectively. The system function S(f) can now be 
obtained as the ratio of the Fourier transforms of the backward difference of the 
sample and input function r (t) and v0(/) 

*/>-|™ M 
DFT[v0(t)] 

The theoretical system function of an open-ended coaxial probe can be 
described by the i" ; rscatter function (Clarkson et al. 1977; Heimovaara, 1994) 

,(-2yi) 

^•Sïv» [2'51 

in which 
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. _l~z[e'(f)]1'2 

P ~\ + z[s'(f)r [ Z 6 ] 

. Unfile'(f)]1'2 

JL= J yJH [2.7] 

**ZJZ, [2.8] 

where Zc is the impedance of the cable connecting the probe and cable tester 
(«50 Q), Zp [Q] the impedance of the probe filled with air and p*(f) is the complex 
scatter function of the interface between cable and a probe with an infinite length. 
Due to the finite length of the probe, additional reflections occur. In equation 2.5, 
the term yL accounts for the attenuation of the signal as it travels back and forth 
through the probe and the factor 2 accounts for the fact that the length of the 
transmission line is traveled twice (Heimovaara, 1994). The frequency-dependent 
complex dielectric permittivity, e*(f), of the sample being tested can be described 
with the extended Debye-model for single relaxation (Hasted, 1973) as was 
suggested by Heimovaara et al. (1996) 

g,C/) = e.+( £ ' ~ £ ; )-£f- [2.9] 

J rel 

in which adc [Sm' ] is the conductivity at dc-voltage (which is assumed to be equal 
to TDR bulk conductivity), e0 the dielectric permittivity of free space 
(8.854xlO"12 Fm'1), 8, [-] is the relative static permittivity, sx [-] is the relative high-
frequency permittivity and fn, [Hz] is the relaxation frequency, defined as the 
frequency at which the permittivity equals (s, + &^)/2. Basically, the real part of the 
Debye-equation assumes two levels of permittivity (e, and 6oo) separated by a 
transition zone around fnt Weerts et al. (2001) showed that a meaningful 
identification of Soo, s, andf„, by inverse modeling is only possible when fnl falls well 
within the frequency bandwidth of the TDR equipment. However, the relaxation 
frequencies encountered in most porous media (e.g. Keynon, 1984; 
Campbell, 1990) are either beyond the upper limit of the TDR bandwidth 
(relaxation of free soil water at frequencies > 2 GHz) or in the lower range of the 
bandwidth (relaxation of bound water and Maxwell-Wagner relaxation at 
frequencies < 10 MHz). Therefore, we also consider a model without a frequency 
dependency in permittivity 

e ' ( /)=£
0-£f- [2.10] 

in which za [-] is the apparent dielectric permittivity in case of inverse modeling. 
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2.3. Materials and Methods 
2.3.1 TDR measurements 

The probe used for all TDR measurements was a seven-wire probe with a 50 Q. 
head ( I J = 0 . 0 9 8 m, cable length w 3 m), similar to the one used by Heimovaara 
(1994). The probe is fitted with a BNC connector. TDR measurements were 
performed by attaching the probe to a cable tester with 3 m of high-quality coaxial 
cable (Suhner Sucoflex-104P) fitted with BNC connectors. The cable tester used in 
this chapter was a Tektronix 1502B cable tester (Tektronix, Beaverton, Oregon) 
equipped with the SP232 serial communication module. 

In order to compare inverse modeling with travel time analysis, two types of 
TDR waveforms were recorded: 1) 251-point waveforms for travel time analysis 
and 2) 1024-point waveforms for inverse modeling. An important difference 
between these TDR waveforms, besides the number of points, is the sampling 
interval. For travel time analysis the sampling interval is (automatically) optimized 
until the 251-point waveform ends with the first reflection from the end of the 
probe (as in figure 2.1). For inverse modeling it is convenient to use a fixed 
sampling interval, which we chose to be 1.347x1010 s (horizontal setting of 0.5 m 
per division and a propagation velocity of 0.99 on the cable tester). In both cases, 
the vertical resolution of the measurements is controlled for optimal resolution. 
Prior to the experiments, we obtained both 251-point and 1024-point 
measurements in demineralised water and air to calibrate the probe parameters for 
travel time analysis (t0 and L, details in Heimovaara and Bouten, 1990) and inverse 
modeling (^and L, details in Heimovaara, 1994). 

2.3.2 Input signal V0(f) 
Inverse modeling requires the definition of an input signal V0(f). Heimovaara 

(1994) used the TDR waveform measured with the inner wire of the probe 
removed as the input waveform. However, the electronic 'noise' (marked A in 
figure 2.2a), which is a reflection from the bad impedance transition at the output 
of the cable tester, strongly deteriorated the quality of the signal after conversion to 
the frequency domain. Therefore, we redefined the input signal as the signal leaving 
the coaxial cable and used open (popm; perfect reflection) and short-circuited 
measurements {vsho^ of the cable to remove errors from the input signal. This 
procedure is similar to the set-up correction function used by Feldman et al. (1996). 
The open and short measurements were made with a calibration kit routinely used 
in the calibration of network analyzers (Hewlett Packard 85033D 3.5-mm 
calibration kit). Subsequently, vopm was normalized between 0 and 1, and vshort was 
normalized between 0 and - 1 . This is a reasonable assumption when the resistance 
of the cable tester and the coaxial cable can be neglected (see chapter 4). The new 
input signal (figure 2.2b) is now defined as 
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Figure 2.2 (after Weerts et al. 2001). Open and short-circuited measurements (left) used to 
calculate the input signal (right). 

,(') = 
,(')• ,(0 [2.11] 

In order to use the input signal as defined in equation 2.11, a small shift in time 
base was required to account for the extra travel time in the head of the TDR 
probe. The time shift was done by visually synchronizing the rise of vinput(t) with the 
rise of an air measurement. Note that this approach is only possible when the extra 
reflections in the probe head can be neglected. We used a sensor with a head that is 
designed to be 50 Q and, therefore, the absence of extra reflection is a reasonable 
assumption. 

2.33 Outflow experiment 
An undisturbed soil sample was taken from the field in a 0.10-m-lengfh and 

0.05-m-diameter stainless steel ring. The sample was taken in the top layer of eolian 
deposited fine sand in Appelscha, the Netherlands with a low organic matter 
content (4 gkg"1). Grain-size analysis showed that the sample contained 98.5 % 
sand, 0.9 % silt and 0.6 % clay as a weight percentage of the total dry weight of the 
mineral matter. The soil sample was drained to a pressure head of \|/= —100 cm, 
and then wetted to a SWC of 0.26 m3m~3 with a NaCl-solution (0.2 Sm"1). Then the 
sample was placed on a hanging water column (filled with the same NaCl-solution 
used to saturate the soil sample) and the TDR probe was inserted vertically in the 
middle of the sample. With the hanging water column, 18 suction increments were 
applied over 4 days to assure reasonable coverage in the water content range of 
0.05-0.26 m3m"3. Outflow readings were made every minute with pressure 
transducers. Afterwards, the outflow measurements were converted to 5-min 
average estimates of SWC of the sample. Both 251-point and 1024-point TDR 
measurements were recorded every 5 minutes in duplicate. During night, the 
outflow ceased because the sample reached equilibrium. To obtain a more uniform 
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distribution of measurements over the total water content range, TDR 
measurements and outflow readings made during equilibrium were removed from 
the data set. The whole experiment was performed under isothermal conditions 
(20° C). 

2.3.4 Travel time analysis 
We used a travel time analysis algorithm similar to the one published by 

Heimovaara and Bouten (1990). The travel time analysis requires three analysis 
parameters to ensure that the tangent lines for the determination of t2 are drawn 
correctly (as in figure 2.1). The travel time analysis parameters are defined for a 
TDR measurement in air, and are subsequently multiplied with a dimensionless 
scaling factor F 

in which Tpeak [s] is the travel time between the peaks in the first derivative of the 
TDR waveform (see figure 2.1). For a measurement in air, F is close to 1 and for 
media with higher permittivity F increases. This procedure potentially allows 
analysis of TDR measurement from a wide range of soil water contents. In this 
chapter, we do not consider the travel time analysis parameters for /, because the 
TDR measurements made under isothermal conditions can be analyzed by using a 
fixed point on the cable instead of an extra set of tangent lines to determine where 
the signal enters the probe-soil system. 

The setting of the travel time analysis parameters is usually determined by the 
user, who visually checks whether the tangent lines are drawn correctly. Despite the 
scaling factor F, it is difficult to obtain a set of travel time analysis parameters that 
does not need to be changed during the processing of large time series of TDR 
measurements over a wide range of soil water content. We propose an optimization 
of the travel time analysis parameters by minimizing the difference between the two 
time series of SWC obtained from the duplicate TDR measurements to solve this 
problem. Unfortunately, this optimization cannot be performed with standard 
optimization techniques because of the abundant presence of local minima in the 
objective function. Instead, we divided the parameter space in 123 equidistant 
segments (12 intervals of 0.01 from 0.04 ns to 0.15 ns for the three analysis 
parameters) and calculated the difference between the duplicate time series for each 
parameter combination. This resulted in a first estimate of the optimal settings. The 
final estimate of the optimal settings was obtained by dividing the parameter space 
around the optimal value in l l 3 segments (zooming in with 11 intervals of 0.002 
from -0.01 ns to 0.01 ns around the first estimate of the optimal settings) and 
finding the minimum difference between the duplicate time series. The assumption 
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implicitly underlying this approach is that the correct way to draw the tangent lines 
results in a minimi2ation of the difference between duplicate measurements (i.e. an 
optimization of the reproducibility of the analysis). The sensitivity of the travel time 
analysis to small variations in the travel time analysis parameters was determined by 
randomly sampling 100 parameter sets within the range of 10% and 25% around 
the optimized analysis parameters with Latin Hypercube Sampling (McKay 
etal., 1979). 

2.3.5 Inverse modeling analysis 
The inverse modeling analysis of TDR waveforms consists of optimizing three 

parameters in the Debye-equation (equation 2.9 and Heimovaara et al., 1996) or 
optimizing £a (equation 2.10). The optimizations were performed with a Nelder-
Mead simplex (direct search) method (Press et al., 1986) that minimized the 
difference between measured and modeled TDR waveforms in the time domain. 
Friel and Or (1999) suggested that the optimization of 5,,-scatter functions in the 
frequency domain is more informative and more sensitive to features such as 
multiple dielectric relaxations. However, the behavior of the 5,,-scatter function in 
the frequency domain can be very erratic, which results in a troublesome frequency 
domain optimization with low agreement between measured and modeled scatter 
functions. We see the time domain optimization as a 'filter' that discards the 'noise' 
present in the frequency domain and consider it a more robust method to extract 
permittivity from TDR measurements. 

The optimization of the three-parameter Debye-model was very sensitive to the 
initialization of the relaxation frequency. This can be explained by the limited 
frequency bandwidth of TDR in combination with the flexibility of the Debye-
model, which allows identical results if the relaxation frequency is shifted above or 
below the TDR bandwidth (also see Weerts et al., 2001). Therefore, the 
optimizations were initialized with £,=20, 8oo=15 and X = 3 0 MHz for all 
measurements, which means that our optimization can only capture low frequency 
dispersion in permittivity (e.g. Maxwell-Wagner or bound water relaxation). The 
optimizations for the apparent permittivity, s„, were not sensitive to the 
initialization. The processing time for the inverse modeling of a single TDR-
measurement is 10 to 30 s on a Pentium II 233 MHz computer, depending on the 
amount of iterations required in the optimization. This is substantially longer than 
unsupervised travel time analysis and approximately equal to the processing time 
required for supervised travel time analysis. 

2.3.6 Accuracy and reproducibility of analysis methods 
The relation between SWC and the refraction index, na (square root of dielectric 

permittivity) is described by the linear equation (Herkelrath et al., 1991) 
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SWC = b]+b2na [2.13] 

in which b1 and b2 are calibration parameters. The root mean square error (RMSE) 
between observed soil water content, SWCobs, and soil water content predicted by 
equation 2.13, SWCts„ can be used to express the accuracy of the calibration 
equation 

RMSE = l£(SWCobs -SWCes,)
2 IN [2.14] 

in which N is the number of observations. We defined the reproducibility of each 
analysis method as 

SDD = J~T(swci ~swc'i)2 [2-15] 

in which SDD [m3m3] is the standard deviation of differences, SWC', and SWC'2 

are the duplicate time series of SWC, AT is the number of duplicates and the factor 
two accounts for the fact that the standard deviation is estimated from duplicate 
measurements. Note that higher standard deviations correspond with lower 
reproducibility. 

2.4 Results and Discussion 
2.4.1 Travel time analysis 

The optimization of the travel time analysis parameters resulted in A/?=0.054 ns, 
A^=0.072 ns and A^=0.056 ns with a minimized SDD of 3.15x10 4 m3m"3 for this 
particular soil. A visual check of the performance of the travel time analysis 
confirmed that the minimization of the difference between duplicate TDR 
measurements indeed resulted in well-drawn tangent lines for the whole range of 
soil water content. It is important to realize that these parameters are optimal for 
the whole dataset and are not necessarily optimal for each couple of duplicate TDR 
measurements. In fact, for each couple of TDR measurements there is a broad 
range of settings leading to equivalent results, which means that it is hard to 
estimate optimal settings for time series analysis from one pair of TDR 
measurements. 

The sensitivity analysis showed that the maximum deviation in permittivity 
found for a 10% variation in analysis parameters was ASWrCmix=0.0026 m 3 m 3 for 
one measurement and the average maximal difference between duplicate 
measurements was [S.SWC„„V„,=0.0018 rrrW3. In case of a 25% variation lS.SWCmax 

was 0.0062 m 3 m 3 and bSWCmaxavg was 0.0044 m3m"3. These results are much lower 
than the deviation of ASWC&0.04 reported by Wraith and Or (1999), but that is 
not surprising because 1) their results were obtained for a highly conductive and 
dispersive clay soil where the potential difference between different sets of analysis 
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Figure 2.3. TDR measurements in air and demineralized water used to optimize the probe 
parameters % and L. The optimized waveforms are also presented. 

parameters is much larger and 2) we used only small variations around the optimal 
setting whereas they considered two extreme ways to perform travel time analysis. 
The 10% variations in the travel time analysis parameters also caused a decrease in 
reproducibility, with a maximum decrease from 3.15xl0~4 m3m~3 to 3.77xl0~4 m3m"3 

(in case of 25% variation the reproducibility decreased to 5.20x10"4 m3m"3). This 
decrease in reproducibility could be expected because the optimal travel time 
analysis parameters have the highest reproducibility by definition. Of course, these 
results are internal to the software we used to analyze the TDR waveforms. 
However, we expect that the general similarity in the travel time analysis algorithms 
will lead to similar results for other programs. 

2.4.2 Optimisation of^ and L for inverse modeling 
The probe parameters ^ and h, were calibrated with measurements in water and 

air (figure 2.3). It can be seen that the optimized TDR waveform for water 
underestimates the reflection coefficient in the front part of the waveform. This is 
caused by the objective function of the optimization (Sum of Squared Residuals), 
which minimizes the difference between modeled and measured waveforms for all 
1024 points. The underestimation in the first part of the waveform is compensated 
by an overestimation in the middle part of the waveform, so that the overall SSR is 
minimized. A possible explanation for the deviations is that a constant value of % 
cannot completely capture the variation in the measured waveform, possibly 
suggesting a frequency dependence of either the impedance of the cable or Zp. 
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Figure 2.4. Measured and modeled waveforms for a wet soil sample (top) and the 
difference between modeled and measured waveforms (bottom). A, B, C and D indicate 
deviations between measured and modeled waveforms discussed in the text. 

Nevertheless, we used ^=0.3670 and 1^=0.0981 obtained from the overall 
optimization. 

2.4.3 Inverse modeling of TDK waveforms 
Figure 2.4 shows the measured and modeled waveforms for a wet soil sample at 

the start of the outflow experiment. Clearly, both the 3-parameter Debye model 
and the 1 -parameter model without frequency dependency in permittivity describe 
the measured TDR waveforms well. The most distinct differences between 
modeled and measured waveform are A) the small rise at the beginning of the 
waveform indicating that despite the efforts to make a 50 Q. probe head, there still 
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is a small impedance change between cable and probe not accounted for in the 
model, B) the 'noise' in the measured waveform which is not present in the 
modeled waveform because of the error correction on the input function and C) 
the underestimation of the reflection coefficient at the first and second reflection 
from the end of the probe. This underestimation is at least partly due to the 
problematic calibration of the probe parameter ^illustrated in figure 2.3. 

The parameters of the modeled waveforms presented in figure 2.4 were 
£,=21.31, £„0=19.50 and ^ = 9 MHz for the three-parameter model, whereas the 
optimal value of £a was 19.80. Figure 2.4 illustrates that the inclusion of frequency-
dependent permittivity resulted in an improvement of the fit just after the first and 
second reflection (marked with D in figure 2.4). However, the improvement was 
only small (RMSE decreased from 0.0094 to 0.0088) and therefore it seems 
inappropriate to interpret the small dispersion in permittivity found with the 
3-parameter Debye model in terms of relaxation processes in soils. This is further 
supported by 1) the low relaxation frequency of 9 MHz, which is close to the lower 
limit of the TDR bandwidth, 2) the similar misfit between measured and modeled 
air measurements in figure 2.3 and 3) the general observation that low frequency 
dispersion (caused by Maxwell-Wagner or double layer relaxation) is often 
unimportant in case of sandy soils. As could be expected from the low initialization 
of the relaxation frequency in the inverse analysis of the three-parameter model, 8oo 
determines the permittivity in a large part of the TDR frequency bandwidth 
(scenario 1 from figure 8 in Weerts et al., 2001). We therefore only consider £«, and 
za in the following discussions on inverse modeling analysis for SWC 
determination. A high initialization of relaxation frequency would have resulted in 
scenario 3 from Weerts et al. (2001) and in that case es would have been the 
appropriate parameter to interpret in case of the three-parameter model. 

2.4.4 Comparison of inverse modeling and travel time analysis 
Figure 2.5 compares the apparent dielectric permittivity, Ka from the travel time 

analysis with the high frequency permittivity, £„, from equation 2.9 and the 
apparent permittivity, £a from equation 2.10. Clearly, both parameters correspond 
well with Ka. Looking more closely, it seems that both inverse modeling analyses 
have difficulties to fit TDR waveforms of dry soils (clutter of points in lower left 
corners of figure 2.5). This can be explained by the resolution (1.35xl0"10 s) of the 
1024-point waveforms used in inverse modeling. In case of dry soils, the travel time 
along a 10-cm TDR probe can be as short as 1.35xl0~9 s which means that most 
variation is present in the first 10 points of the TDR waveform. This 
problem could be overcome by changing the settings of the cable tester, but care 
should be taken because changing the time domain settings (number of points N 
and time resolution At) will also affect the properties of the frequency domain 

31 



Chapter 2 

" g 
w 18-

2 1fi 
1 

o> 14-

<u 12-
•D 
O 
S 10-
0 
2 8-
© 

= 6-

4-

"? 
• 

/ 

/ 

/ 
/ J 

f 
f 1:1 Line 

•4L , , , , , , _ 
6 8 10 12 14 16 18 20 

Travel Time Analysis (Ka) 

20-
ID 

co i 8 _ 

ro Q. 16-

O) 14-
e 
£ 12-
O 
2 10-
o 
H> r. 
>- 8-Q) 

> = R-

~? 
/ 

S' 

/ 
s/ 

y 
f / 

y 
f 

J 
s s / 

/ 1:1 Line 
/ ' i 

4 6 8 10 12 14 16 18 20 

Travel T ime Analysis (K a ) 

Figure 2.5. Comparison of apparent dielectric permittivity Ka from travel time analysis 
with high frequency permittivity 8oo from the three-parameter Debye-equation and the 
apparent dielectric permittivity £a obtained from inverse modeling with a frequency-
independent permittivity. 

(frequency bandwidth, frequency resolution A£ and most important the input signal 
V0(fj). Figure 2.5 also shows that s„ generally is a little higher than Ka and s.m, 
especially in the range of medium permittivity. 

Table 2.1 presents the results for the calibration between SWC and the refraction 
index, na for all three analysis methods. The results are within the range of 
parameters found by others (Jacobsen and SchJ0nning, 1994). As expected from 
figure 2.5, the three methods to analyze TDR waveforms provide similar results in 
terms of intercepts and slopes. The accuracy of the calibration ranged from a 
RMSE of 0.0041 m 3 m 3 for the inverse modeling analysis with apparent dielectric 
permittivity to a RMSE of 0.0049 m3m"3 for travel time analysis. This lower 
accuracy is mainly caused by a slight non-linear dependence between refractive 
index and SWC in case of travel time analysis (which can also be seen in figure 2.5). 
The reproducibility of the three analysis methods is also presented in table 2.1 and 
is similar for all three analysis methods. However, it should be noted that the SDD 
of the travel time analysis was minimized in the optimization of the travel time 
analysis parameters, whereas the SDD for inverse modeling was obtained without 
optimization. Furthermore, there is room for improvement in case of inverse 
modeling because the resolution of the 1024-point waveform is far from optimal, 
especially for measurements in dry soils. At the moment, it is not possible to 
optimize the acquisition of TDR measurements for inverse modeling (analogous to 
travel time analysis) because each TDR setting would require the registration of a 
new input signal V0(f). An improved theoretical understanding of V0(f) could solve 
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Table 2.1. Descriptive statistics and performance parameters of calibration curves for 
both the inverse modeling analysis and the travel time analysis. 

Calibration Equation" Performanceb 

b, 95%conf . i n t . b2 9 5 % conf. int. R2 RMSE S D D 

Inverse Modeling (e«)c 0.0959 0.0954 to 0.0964 -0.1491 -0.1508 to-0.1474 0.9963 0.0048 0.00034 

Inverse Modeling (e,)' 0.0989 0.0985 to 0.0994 -0.1647 -0.1662 to-0.1632 0.9972 0.0041 0.00035 

Travel Time Analysis 0.0982 0.0977 to 0.0988 -0.1615 -0.1633 to-0.1597 0.9961 0.0049 0.00032 
abi and b2 are estimates of the intercept and slope of the linear regression of SWC on die refraction index. 
b RMSE is the root mean square error of the water content estimate, R2 is the goodness-of-fit and SDD is the 
standard deviation of die difference between duplicate measurement; a measure of reproducibility. 
c Eoo is die relative high frequency parameter of the Debye-model and sa is die apparent permittivity in inverse 
modeling. 

this problem and lead to a substantial improvement in the accuracy and 
reproducibility of TDR analysis. 

2.5 Conclusions 
We compared three methods to remove subjectivity from the analysis of TDR 

waveforms: travel time analysis with optimized analysis parameters and two inverse 
modeling approaches in which modeled TDR waveforms are fitted to measured 
TDR waveforms. Travel time analysis was done with the algorithm of Heimovaara 
and Bouten (1990) extended with scalable travel time analysis parameters. These 
analysis parameters were optimized by minimizing die difference between duplicate 
time series of SWC obtained from TDR measurements. The optimal settings of 
these analysis parameters indeed resulted in well-drawn tangent lines, and it can be 
concluded that this optimization is a valuable procedure to remove die subjectivity 
from travel time analysis. The sensitivity to small changes in the optimal settings 
was also tested. It was concluded diat a 10% variation around the optimal setting 
already resulted in small but significant differences in the SWC estimates and the 
reproducibility of TDR measurements. 

A comparison of the results obtained with the two inverse modeling analyses 
showed that the inclusion of frequency-dependent permittivity did not significandy 
improve the fit between measured and modeled waveforms as compared with 
inverse modeling with an apparent permittivity (ej without dispersion in 
permittivity. It was concluded that es and fn, were only 'fitting parameters' and 
should not be physically interpreted in terms of low-frequency dielectric relaxations 
for the sandy soil used in this chapter. We therefore only considered the remaining 
Debye-parameter, £«,, and za in die comparison between both inverse modeling 
analyses and travel time analysis. A future challenge is the application of inverse 
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modeling on soils relaxing in the frequency bandwidth of the TDR measurement 
system. For these soils, the three-parameter model will probably be of greater 
importance. 

The comparison between travel time analysis and inverse modeling analysis 
showed that the Ka from travel time analysis compared well with both £<*, and 8fl in 
case of a sandy soil. The relationship between SWC and the refraction index 
showed that the accuracy of the three analysis methods to estimate water content is 
similar. Duplicate measurements showed that the reproducibility of analysis was 
also similar for the three methods. This leads to the conclusion that removal of the 
subjectivity from TDR analysis resulted in similar accuracy and reproducibility for 
the three analysis methods. However, the comparison is not entirely fair because 
the reproducibility of the travel time analysis was maximized to obtain optimal 
analysis parameters, whereas the high reproducibility for inverse modeling was 
obtained without additional effort. Furthermore, the inverse modeling analysis can 
be improved by 1) an increased understanding of the input function and 2) the use 
of the more elaborate multi-scatter model of Feng et al. (1999). An increased 
understanding of the input function could result in a procedure where the 
resolution of the TDR measurement is optimized for inverse modeling (as is 
customary in travel time analysis) and this would further increase the 
reproducibility of inverse modeling. The multi-scatter function of Feng et al. (1999) 
can be used to include the (dispersive) cable properties and the probe head in the 
T D R modeling, which can potentially allow a more accurate determination of the 
frequency-dependent permittivity. Clearly, inverse modeling analysis is an 
interesting alternative to travel time analysis because it is a physically based, fully 
automated and unsupervised analysis with high accuracy and reproducibility. 
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