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Abstract

Recent studies have shown that inverse modelling of TDR waveforms allows the
determination of detailed soil water content variation along the wires of the TDR probe.
Before inverse modelling can successfully be applied for soil water profile reconstruction
under field conditions, the following requirements need to be fulfilled: valid TDR wave
propagation model, appropriate reference level for the input signal, appropriate choices of
optimisation strategy, measurement device and probe type. In this review paper, we will first
describe a commonly used TDR wave propagation model. Second, we will review the merits
and limitations of different choices for the input signal reference levels. Such practical issues
as input signal variation due to temperature changes will also be discussed. Then, we will
review different optimisation strategies. The discussion on optimisation strategies will deal
with appropriate optimisation algorithms, strategies to constrain the optimization problem,
and frequency versus time domain optimisation approaches. Finally, we will review different
measurement devices and probe types. We hope that this review provides an overview of
current practice and challenges in determining the water content profile from a single TDR
measurement made in the field.
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I ntroduction

In vadose zone hydrology, there is a need for information on the vertical distribution of soil
water content. When using time domain reflectometry (TDR), this information is typically
obtained by either installing horizontal TDR probes at several depths or by installing vertical
TDR probes of different length. Such arrays of TDR probes require a large number of TDR
sensors and might not provide the spatial resolution required for some applications.

Recent studies have shown that inverse modelling of TDR waveforms allows the
determination of detailed soil water content variation along the wires of the TDR{liﬂolne

TDR inverse modelling, the parameters of a model describing TDR wave propagation are
adapted until a satisfying fit between measured and modelled TDR waveforms is achieved. If
the reconstruction of the vertical water content profile is accurate, this information would, for
example, be very helpful for validation of remote sensing methods, such as ground
penetrating radar, active radar and passive radiometry. These remote sensing methods
inherently have a variable and shallow measurement depth and detailed information on the
vertical water content profile of the upper soil would be valuable in assessing the sampling
depth of these methods. Other applications where detailed information on the vertical water



content profile might be useful are irrigation sihkng, root water uptake studies and
infiltration studies, among others.

Before inverse modelling can successfully be appfee soil water profile reconstruction
under field conditions, a number of choices havbdanade regarding the 1) forward model,
2) input signal, 3) optimization strategy, 4) meaaswent device and 5) probe type. In the
following, we will first present some theoreticadkground. Then we will separately discuss
each of the abovementioned choices in detail. W ltbat this review provides an overview
of current practice and challenges in determinigwater content profile from a single TDR
measurement.

TDR Wave Propagation Model

Two model approaches are used to model TDR waveagaiion in the vadose zone
hydrology community. The first approach is basedaotime domain formulation of TDR
wave propagatidhi>*® and the second approach is based on a frequennyaido
formulatiod®"®.. It can be shown that these two approaches ameafty equivalent (Oswald,
personal communication). In this paper, we useftbguency domain formulation out of
convenience, although we want to note here that tiodeling approach requires special
attention with regard to measurement acquisitioavoid unwanted artifacts when using the
required Fourier transforms.

In the time domain, the measured TDR wavefo(this related to the input signed(t) and
the system function(t) by

r(t) = j v, (t-7)s(z)dr [1]
whereris an integration variable. The equivalent freqysth@main formulation is
R(f) =V, (f)S(f) [2]

in whichf is the frequency [HzR(f) is the measured TDR waveforiwy(f) is the input signal
andS(f) is the system response functi®(f), Vo(f) andS(f) are related to(t), vo(t) ands(t) by
Fourier transforms. In the case of TDR measurem&()sis calculated from the ratio of the
discrete Fourier transformation (DFT) of the backdvdifference of the reflected and input
waveformr’ (t) andvy' (t)
s(t)=DETIr O] 3]
DFT[v,'(t)]
Feng et al®! presented a multi-section scatter function to rhtite TDR waveform measured
by a cable tester. In this paper, we adopt the comnumbering conventiéif! where section
1 is the section farthest away from the cable te@te. the end of the wires of the TDR
probe). To model a water content profile accuratiflg TDR wire length should be divided in
a sufficiently large number of sections. The cqroesling multi-section scatter function
measured by the cable tester is then given by:

g = ps (f) +Si (F)expE2y, ()L, )
T1+ Pl (F)SK () exp2y, (F)L,)

with
Z . (f)y=-2Z(f)
: f)= k-1 k
2 2 M2 o)
whereps is the reflection coefficient between the differeactionk, Z(f) the impedance and
u(f) the propagation coefficient of sectikrmndL,;y the length of a section. Eq. 5 is solved by

[4]




iterating through all sections, starting with sewtil. The frequency dependent impedance of
a sectionZ(f), can be calculated by
Z

Z( f :*—0

TG ]
in ZO is the probe impedance in air ag{f) is the complex frequency dependent dielectric
permittivity including a DC electrical conductivitgrm

io,

£(f)=¢(f)-=—=%

(D= (N5 [7]
Finally, the propagation coefficient is given by

i27 [ (F)]V?

L : (f)]
in whichc is the speed of light (3a0° ms?).

[8]

To solve Eqgs. [4-8] it is required to define a eeflon coefficient at the end of the probe.
Typically, it has been assumed that there is agpereflection f=1). Recently, it has been
suggested that this might not be the Ea€ Using the time domain formulation,
Leidenberger et &t presented several alternative expressions: ativesitermination, a
resistive voltage source termination and a paradisistive capacitive termination. Since an
accurate forward model is the key to a successfieval of the profile water content, a
detailed analysis of these different probe ternmmmat in media with known permittivity
should be performed in the future. It should beeddhat such a study requires the use of the
time domain formulation, since it is not appareoivithese terminations can be implemented
in the frequency domain formulation used here.

Definition of Input Signal

There is a wide range of options to define an irgighal,Vo. Heimovaarg' used a custom-
made 7-wire probe where the inner wire could beoneed from the probe head. With such a
probe, the reference level is at the beginninghef TDR wires, and the wave propagation
model only needs to describe propagation alongwtines of the probe. The effects of the
cable and the probe head are included in the ismal and do not have to be modelled
explicitly. Other§? & have used a probe where the probe could be discteth from the
cable. With such a set-up, the effect of the prbbad needs to be included in the wave
propagation model. Heimovaara et®hkuggested to explicitly model the effects of table
tester-cable transition, the cable itself and thebe head and to approximate the signal
generated by the cable tester with an analytiaattfan.

The potential advantage of modelling the entireesysis that it does not require custom-
made probes with detachable cables or removabér inimes. The disadvantage of modelling
the cable tester — cable transition and the cabéddfiis the large number of parameters that
needs to be calibrated. For example, Heimovaaed8trequired 14 parameters to calibrate
the cable-probe system and 38 parameters to agdygumabdel the entire TDR system. The
additional measurements required for this calibrativere a measurement with ab@ad
directly attached to the cable tester to deterrtiieetwo parameters of the analytical function
describing the generated input function and thresasurements with coaxial cables of
different lengths to determine the transmissiore lparameters of the cable tester — cable
transition and the coaxial cable.
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After this extensive calibration, the model of Heimara et df' was able to accurately
describe TDR measurements made under laboratorgitmors. However, under field
conditions, cable properties (and therefore theitirgignal) might not be stable because of
temperature variations. To test the influence afgerature on the input signal, a 24 meter
long RG58 coaxial cable was inserted in a wateln bad TDR measurements were made at
four temperatures (5, 15, 25 and 35 °C). Fig. nshthese four measurements. Clearly, the
permittivity of the coaxial cable (non-linearly) ateases with increasing temperature because
the reflections arrive earlier at higher tempermaurAlso, the temperature has affected the
frequency content of the input signal becauseitfeetime of the signal has changed.
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Fig. 1. Impact of Temperature on Cable Properties.

This short overview leads us to the conclusion thatently there is no way to accurately
determine the input function for a field applicatiovith permanently installed sensors and
automatic logging. Probes with removable inner siiog detachable cables do not allow
automatic measurement of soil water content pfi@urrently, forward models describing
the entire TDR system do not account for tempeeagfifects on wave propagation, and are
therefore not yet suited for use in the field. Asgible solution to these problems is the
development of a temperature dependent cable mAdelirate measurements with a range of
cable lengths and temperatures should allow theraigtation of the temperature dependence
of the capacitance, resistance and the shunt ctartiec of the coaxial cables. Another
solution would be to add a remote diode short englobe head. With this solution, an input
signal could be obtained just before the actual TDRasurement used for the profile
reconstruction by making a TDR measurement withaetivated shorting diode. The TDR
measurement made with an activated shorting dibdeld be closely related to the actual
input signal. Finally, the accuracy of a pragma@ution in which the input signal is
temperature corrected by time shifting should dlsevaluated. However, it should be noted
that an error in the frequency content of the irgghal will translate into an artificial change
in soil water content because the model errors @mpensated by a wrong model
parameterization.



Choice of Optimization Strategy

Determining the water content profile from a TDRaserement certainly is a formidable
optimization problem. Most studies have used powerptimization tools, such as a genetic
algorithn{®®!, or the Shuffled Complex Evolution Metropolis algom™. These algorithms
have in common that they are able to find the dlofiaimum of the objective function in a
complex error landscape. Despite the use of thesenbul optimization algorithms, there is a
need for improved optimization constraints. Thidl Wwe discussed in the next section. After
that, attention will be focussed on the choiceroappropriate objective function.

Improved optimization constraints

Determining the vertical water content profile ntigiequire the optimization of a large
number of parameters. For example, Oswald &t dlscretized a 1.0 m probe in 46 layers.
The permittivity of each of these layers was optixi separately by a genetic algorithm. To
stabilize the solution, they imposed a smoothnessstcaint on the resulting permittivity
profile (regularization). Despite regularizatiorhet resulting permittivity profile showed
considerable fluctuations, unlikely to have beensea by variation within the soil sample. In
a follow-up study, Leidenberger et8lused a hierarchical optimization, which startshweit
coarse spatial resolution which is increased as dbevergence rate decreases. This
hierarchical approach resulted in smoother and meabstic soil water content profiles that
matched reference measurements reasonably wellertdeless, computation efforts were
high in both studies with computation times of galvbours per TDR measurement.

To reduce calibration times and the number of cafésl parameters, Gré¥osuggested a
flexible 4-parameter functional equation that casatibe the key features of a variety of soil
water content profiles. To test the Grét@pproach, a 10 cm 3-wire TDR sensor was
installed vertically in column filled with a dry sdy soil and water was allowed to infiltrate.
After some time, a TDR measurement was made. Thee waopagation model was
discretized in 20 layers (~0.5 cm). Prior to theexment, the input function was determined
by detaching the cable from the probe head. Thbephead properties, the probe impedance
and the electromagnetic probe length were calidraith measurements in water and air. Fig.
2 shows the measured and modelled TDR waveformsttamgermittivity profile obtained
with the Grec6’ approach. The permittivity profile nicely showsattthe infiltration front
reached a depth of ~6 cm at the time of the meamnt It should be noted that an analysis
of this TDR measurement with the traditional tarig@me method would most likely have
resulted in an erroneous water content estimate.

Fig. 2 also shows that there are still some apparesmatches between measurement and
model, especially in the simulated reflection cméghts between 30 and 40 ns. In this case,
the mismatches are most likely related to the Usa 8-wire probe with an inferior head
design. Huisman et &. achieved a better match between measured and leddEDR
waveforms with a custom-made TDR probe (e.g. sgeji

It can be concluded that the functional equatiopr@g@ch is an interesting alternative to
reduce the optimization problem to manageable ptmps. The number of function
evaluation was two orders of magnitude lower comgdo the other methods. An approach
that uses the final result of the functional equatapproach as a starting point in the
hierarchical approach seems a worthwhile direditoexplore.
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Appropriate objective function

The success of inverse modelling depends on theitsétly of the model towards the
parameters that are being optimized. Huisman & already showed that some model
parameters could be more accurately determined WieemDR waveform is converted to the
frequency domain in case of the determination efdbmplex frequency dependent dielectric
permittivity from TDR waveforms. To investigate wther this is also true for the
determination of vertical water content profileerfr TDR waveforms, two TDR waveforms
were simulated. The first waveform represents a TB&asurement in a homogeneous wet
soil and the second measurement represents a ragesurin a soil with a wet upper layer
above a dry soil (e.g. infiltration front as in F@). Fig. 3 shows these two simulated TDR
waveforms in the time domain and frequency dom@iearly, the sensitivity of the model
towards a change in the model parameters is mughehiin the frequency domain.
Potentially, this means that optimization shouléferably be performed in the frequency
domain. However, the periodic nature of the scdttection in the frequency domain makes
the optimization problem very susceptible to loealnima in the objective function.
Therefore, a sequential approach where the timeadomepresentation of the TDR waveform
is used for a first estimate of the permittivityofile and where the frequency domain
representation is used to further improve the piginnty profile seems to be promising.

Choice of M easurement Device

The choice between optimization in the time domainn the frequency domain is closely

related to the choice of measurement device. Huisetaal’® compared the use of vector

network analyzer (frequency domain) and cable tedbme domain) measurements. That
study showed that cable tester measurements ayeneey above ~1 GHz in the frequency
domain. This is illustrated in Fig. 4, which shothe magnitude of a scatter function after a
numerically generated TDR waveform with added sti@liGaussian noise is converted to the
frequency domain. Network analyzer measurementsiged much better results in the

frequency domain. Fig. 5 shows measured and madelieasurements in the frequency
domain and in the time domain. The measurements wexde with a 7-wire probe with a

specially designed %D head and a network analyzer. Clearly, these meamnts show



much less noise, which is evident when the frequeloenain representations of Fig. 4 and 5
are compared. It can be concluded that networkyaeelmeasurements should be preferred
over cable tester measurements when the higheitisinsof the scatter function towards
permittivity changes is to be used in the optimaat
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At this point, it should be noted that automateddfimeasurements with network analyzers
are not yet feasible. However, contrary to cabkdetetechnology, network analyzers are
continuously being improved. Recently, portablenwek analyzers with sufficient accuracy

have been developed, and they are available foac@eptable price (comparable to the
Tektronix system). Although these portable systamesnot yet rugged enough for field use
and multiplexer systems are not yet available, ghdsvelopments bring high quality

frequency domain measurements in the field a dteec

Choice of Probe Type

Appropriate probe design is important for accumdgermination of water content profiles.
Most studies have used either a 2-wire p¥ote3-wire prob&® or a 7-wire proté®. The
probe length has varied from 0.10 to 1.0 m. Thecssg of inverse modelling with these
different probe designs depends on the appropeatenf the wave propagation model for
that particular design. Little is known about tissue, also because work has mainly focussed
on the time domain representation of TDR measurémewhich these errors are much less

apparent.
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for Water for Different Probe Types: (a) 9.6 cm goftWire Probe; (b) 9.6 cm Long 3-Wire
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Huisman et af’ compared 4 probe designs: a long (9.6 cm) and §Bdt cm) 7-wire and 3-
wire probe. The 3-wire probe was obtained afteravng the appropriate wires from the 7-
wire probe. Therefore, the probes are identicakpkéor the number of wires. Fig. 6 shows
frequency domain representations of TDR measureneide in demineralised water for
these four probe designs. Clearly, the mismatctvde model and measurement is lower for
the 7-wire probe than for the 3-wire probe. Aldwe tvave propagation model seems to be
more appropriate for longer probes. For water aanpeofile retrieval, longer probes (up to



1.0 m) are of interest, but these have not yet beeestigated in detail. Other aspects of
probe design, such as the connection between eaioleprobe in the probe head, are also
known to affect the modelling quality. For examphMuyssbergét” reported that the head
transition from an unbalanced to a balanced signah 2-wire probe was difficult to model,
partly because of a lack of suitable calibratioraswgements.

Final Remarks

We hope that this review provides an overview efc¢hrrent state-of-art of inverse modelling
of TDR waveforms and points to the future challentfeat need to be resolved before TDR
can be used to routinely monitor soil water confaofiles in the field. Nevertheless, profile

reconstruction methods have strongly improved #st years, and the method is ready for
extensive testing under laboratory conditions.
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