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Abstract: The so called Spatial-TDR system allows a monitoring of transient soil moisture profiles. Using a fast inversion
algorithm it is possible to reconstruct the electrical properties along a probe in homogenous materials. To evaluate the ap-
plicability of the Spatial-TDR under field conditions different laboratory experiments were carried out in this study. The
measurements were made with 60 cm long three-rod probes. A changing water table has been simulated in soil columns
filled with homogeneous and layered silt and sand. Besides the impact of the soil heterogeneity the effect of a changed
probe geometry and an air gap along the probe were investigated.

For straight probes with good soil contact the reconstructed soil moisture values were very reliable for the homogeneous
and layered soil profile. However, the reconstruction algorithm does not cope with discrete changes of impedance along
the probe resulting in strong oscillations in the reconstructed moisture profiles. The failure is due to the rather flat edge of
the TDR input signal and can not be detected by the optimization approach yet. Discrete changes of the impedance lead to
an increasing oscillation of the capacitance that nevertheless give a very good simulation of the TDR waveform. Alto-
gether, the Spatial-TDR measurement system may be very useful to capture temporal and spatial soil moisture dynamics
down to 50 cm depth. The main advantages are the high temporal and spatial resolution. However, it requires further de-

velopment if one wants to capture accurate absolute soil moisture values.
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INTRODUCTION

In the last decades, the TDR-technique has been used in
various fields e.g. soil hydrological investigations, water
balance studies, irrigation, drainage engineering. The ability
to monitor continuously soil water content at many sites is
one of the main strengths of TDR measurements. The core of
a TDR measurement system is a TDR device, generating a
voltage pulse and receiving the voltage reflections in time
domain. This TDR device is connected to waveguides buried
in the observed material. Whenever the impedance along the
waveguide changes the electromagnetic pulse is partly re-
flected and partly transmitted into the waveguide, interacting
with the surrounding material. The first clear reflection oc-
curs at the junction between the coaxial cable and the probe
(head reflection point). The second, even stronger reflection
takes place at the end of the probe (end reflection point). The
shape of the reflected signal between these two reflection
points, often referred to as TDR waveform, TDR trace or
reflectogram is a kind of finger print of the dielectric profile
along the rods that again is dependent mainly on the water
content. However, the soil moisture profile can not be de-
rived directly from the TDR waveform but has to be calcu-
lated by inverse modelling. The last years, the inverse recon-
struction of the TDR-signal was one focus within the TDR
research community [1-8]. This analysis of the TDR wave-
form holds great potential for obtaining far more information
than only the mean water content [9].
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Aiming to monitor transient soil moisture profiles at
many sites a so called Spatial-TDR has been developed re-
cently at the Technical University of Karlsruhe, Germany [4,
10, 11]. Here, a fast inversion algorithm allows the recon-
struction of the distribution of the electrical parameters ca-
pacitance and effective conductance respectively along a
single probe. This Spatial-TDR measurement system is ap-
plied in several ongoing projects for instance to detect leak-
age in levees [12], to determine snow cover characteristics
[13], to capture the spatial heterogeneity of soil moisture at
the plot scale [8] as well as to investigate flood generation
processes [14].

The TDR-signals are affected by both physical parame-
ters of the surrounding material (temperature, electric con-
ductivity, dielectric permittivity) and uncertainties caused by
the installation of the probe (luting and compaction of the
soil along the rods, changing geometry of the rods). Fur-
thermore, erosion along the probe rods or the presence of
pipes or macropores in the soil may lead to a lacking contact
of the probe rods with the soil. According to [15] small air
pockets with a diameter smaller than 1.2 times the rod di-
ameter and surrounding less than 30° of the rod circumfence
are not likely to affect the TDR-measurement significantly.
Reviews on material related impact factors may be found in
[9] and [16]. The consequence of changing probe geometry
is demonstrated in [7]. The effect of the soil temperature is
discussed in e.g. [17-19].

Our overall motivation in capturing soil moisture data is
to relate the runoff of a catchment to the actual soil moisture
state. But first, to evaluate the applicability of the Spatial-
TDR for this project, several investigations have been carried
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out in the laboratory as shown in this article. The aim was (i)
to check the reliability and accuracy of the inversely recon-
structed soil moisture profiles, (ii) to review occurring meas-
urement problems and other sources of uncertainty, and (iii)
to assess the potential of the Spatial-TDR concerning field
measurements.

1. MATERIALS AND METHODOLOGY
1.1. Technical Devices and Experimental Setup

In this study we used a Campbell TDR 100 as pulse gen-
erator. This TDR device is connected via multiplexer and
coaxial cables to three-rod probes as described by [10], [14]
and [20]. The probes are 60 cm long with a spacing of 2.2
cm between adjacent rods. Each rod has a total diameter of 7
mm with a steel core and a PV C-coating of 1 mm thickness.

The TDR-probes were placed top down in columns that
are PVC pipe segments of 80 cm length and 19 cm inner
diameter (Fig. (1)). The columns were filled with coarse sand
and silty sand, respectively. The characteristics of the mate-
rials are shown in Table 1. The material referred to as dry
was not dried in the oven but in the air and therefore there
was still very little bound water in it. The capillary fringe has
been identified by filling the material into a transparent
PVC-tube of 4.3 cm diameter and putting this tube in a water
filled bucket. After an equilibrium was reached the differ-
ence between the water level in the bucket and in the tube
has been measured.

In this article the results for four different setups are pre-
sented. (i) The columns were filled with coarse sand and (ii)
with silty sand. (iii) A layered profile was set up consisting
of coarse sand in the lower 35 cm, silty sand between 35 cm
and 10 cm depth and air in the uppermost 10 cm. For the last
measurements these 10 cm were filled up with saturated silty
sand, too. The air gap between the probe head and the soil
was 1 cm for the last but one measurement and entirely filled
up for the very last measurement. (iv) To simulate a non-
parallel geometry of the probe rods as it can happen under
field conditions, two stones have been clamped between the
rods of one probe resulting in a linear increasing distance of
the rods up to about 10 cm at the tips of the outer rods in-
stead of 6 cm. The stones were located at 55 cm distance
from the probe's head and were about 1 to 2 cm thick
whereas the rod-contact-length was each less than 1 cm. This
expanded probe was installed in coarse sand. For the setups
(i), (ii) and (iii) TDR-measurements with three TDR-probes
were made, each in one column.

For all setups TDR-measurements were conducted for
dry and saturated conditions as well as for different water

Table 1. Soil Physical Characteristics of the Used Materials
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Fig. (1). Experimental setup: One three-rod probe in one soil col-
umn, that is watered from below.

levels. Water was supplied from below to avoid air locking
in end pores as far as possible. As seen in Fig. (1) a water
filled bottle was connected to the outflow at the bottom of
the column. For the experiments in coarse sand a second tube
was connected to the outflow that allows for an observation
of the water level within the column.

All experiments were carried out at a constant air tem-
perature of about 20 £ 2 °C. The electric conductivity of the
supplied water was 17.3 + 0.7 mS m™. The exfiltrating water
showed a lower electric conductivity of 14.0 + 1.5 mS m™. A
TRIME-FM-TDR with a two rod probe (P22) as well as the
thermo-gravimetric method were used to get comparative
data of the dry and saturated states (Table 3). These meas-
urements have not been done in the soil columns but for six
single soil samples of different volume in the magnitude of
some litres.

1.2. Inverse Reconstruction of Soil Moisture Profiles

The algorithm to reconstruct the soil moisture profile
from the TDR waveform is based on the telegraph equations
for non-uniform transmission-lines (Eq. (1)). These partial
differential equations describes the propagation of a voltage
V(x,t) and a current I(x,t) in time t and space x in depend-
ence on four electrical parameters: capacitance C, effective

Soil Characteristic

Coarse Sand

Silty Sand

Grain size distribution

100 % sand (0.7 - 1 mm)

60 % sand, 37 % silt, 3 % clay

Bulk density [g cm™] 1.61+0.03 1.73+0.04

Water content dried at 20 °C [Vol%)] 0.30 £0.07 0.57 £0.04

Saturated water content [V ol%] 372112 28.1+0.6
Height of capillary fringe [cm] 2005 36+2
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Fig. (2). The simplified moisture probe model consisting of bulk electronic parts. Above: coated 60 cm long 3-rod-probe (TDR waveguide);

below: equivalent circuit of the transmission line [10].

conductance G, inductance L and resistance R. The equiva-
lent electrical circuit of our three-rod probe is shown in Fig.
(2). C and G are strongly depending on the water content
distribution along the probe whereas L is assumed to be con-
stant for parallel rods and R is assumed to be zero for the
specific probe.

O Yty = —R)I(x.t) = L(x) L I(x.1) (1a)
0x ot

1b
iI(x,t) =-G(x)V(x,t)- C(x)iV(x,t) (1b)
ox ot

The telegraph equation is solved numerically to simulate
a measured TDR waveform [4, 21]. The input signal for the
partial differential equation is determined by measuring the
TDR-reflections of an open ended coaxial cable with the
same length than used for the three-rod probes. To solve Egs.
(2) for the unknown distributions of C(x) and G(x), two in-
dependent measurements are actually required, however only
one measurement is available. In this study where we focus
on the soil moisture we decided to simulate only C(x) and set
G to zero, since it is likely to be very low for the used mate-
rials. Furthermore, the influence of a changing G along the
probe is less important for coated rods than for uncoated
ones. Generally, a higher water content leads to a clearly
higher C(x) and a slightly higher G(x).

To determine the capacitance profile C(x) an optimiza-
tion approach is used. Starting with an initial guess of C(x)
and G(x) a simulated TDR-waveform is calculated and com-
pared to the measured one. Using a conjugant gradient
method the difference between simulation and measurement
is minimized. The gradient can be calculated directly with
help of an adjoint boundary value problem (backward prob-
lem) associated to the forward problem of TDR-waveform
simulation. This directly calculated gradient allows a fast
calculation of the solution whereas it cannot avoid the de-
termination to local minima. A detailed description of the
optimization algorithm can be found in [4].

Since we applied coated probes the commonly used
transformation of the capacitance C(x) into the dielectric

permittivity e(x) is not possible. Instead, a probe specific
relationship between the total capacitance C' and ¢ was de-
termined by [10] accounting for the capacitance of the coat-
ing. Here, the two constant parameters C, (influence of probe
geometry) and C, (influence of the coating) were derived
from calibration measurements of materials with known e.
Using Eg. (2) &(x) can be calculated depending on C(x). Fi-
nally, the dielectric permittivity e(x) was transformed to
volumetric water content 8(x) by the standard transformation
according to [22] as shown in Eq. (3).

1/C(x) =1/(e(X)C,) +1/C, @

The values of the electrical parameters used in this study
to reconstruct the water content are given in Table 2. Here,
one have to distinguish between the spatial discretization in
the algorithm and the resolution of the results. The discreti-
zation is the step-size of the numerical algorithm in time and
space to solve the forward problem of the wave propagation.
Time and space step-size are related by the Courant-
Friedrichs-Lewy condition. Following a common rule it is
appropriate to choose 10 discretization steps for one resolu-
tion step. A spatial discretization of 2 mm results in a resolu-
tion 10-20 mm.

0(x)=-5.3-102+2.93-107 -£(x)=5.5-10" - &(x)* +4.3-10° - £(x)’ (3)

A change of the probe geometry (caused by roots or
stones) leads to a variation of inductance L and probe capaci-
tance C;. However, usually one does not know the final ge-
ometry of the rods inside the soil. Therefore we assume a
parallel geometry and figure out the consequences of these
simplifications on the resulting moisture profiles.

2. RESULTS
2.1. Coarse Sand

The measured TDR waveforms in coarse sand at different
stages of water level are shown in Fig. (3). The TDR-
measurements were conducted when the difference in water
level in the connected tube was 10 cm. For the probe without
rod expansion (Fig. 3a) the TDR-signal between the first and
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Table 2. Fixed Transmission-Line Parameters Used in the Re-
construction Algorithm. L, C; and C, have been Cali-
brated for this Type of Probe by [10]. Impact of G is
Assumed to be Extremely Low Due to Coated Rods
and Nearly Lossless Materials

Parameter Value
Apparent rod length [mm] 605
Spatial discretization [mm] 2
Inductance L [nH m™] 575+ 23
Resistance R [Ohm m™] 0
Capacitance C; [pF m™] 205+0.9
Capacitance C, [pF m] 356 + 30
Effective conductance G [mS m™] 0

second reflection point is constant for the dry and fully satu-
rated profile (bold lines). This proves the assumption that the
impact of G on the signal is negligible in this material.

Fig. (4) shows the finally reconstructed moisture profiles.
Considering the middle part of Fig (4a) only (10 to 50 cm
depth) the water content of the saturated coarse sand is be-
tween 32 and 39 Vol%. This is in the right order of magni-
tude as seen in Table 3. But the water content is much too
high for the uppermost centimetres. This is a result of the
discrete change of the line parameters at the beginning of the
probe in combination with the dispersion of the input signal.
Again, an oscillation of the signal occurs at the probe's end
below 50 cm depth.

2.2. Silty Sand

During the measurements in silty sand the water level in
the columns could not be observed in a connected tube.
Therefore, measurements have been taken in intervals of 10
min and have been stopped as soon as the uppermost soil has
been saturated.

The reconstructed soil moisture profiles for one probe are
illustrated in Fig. (5). 10 min after water supply some capil-
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lary water already reaches the lowest 20 cm of the probe
(measurement no. 2). After 60 min the water level is between
30 and 40 cm below the probe's head and after 170 min be-
tween 20 and 30 cm. After 230 min the profile is fully satu-
rated. But again, as described in the previous chapter, the
reconstructions in the fully saturated material show an oscil-
lation of the signal in the uppermost and lowest part. The
saturated water content between 10 and 50 cm depth is 23 to
27 Vol% that is slightly below the reference values given in
Table 3.

2.3. Layered Profile

The effect of different material along the rods is visible
in the measured TDR waveforms as shown in Fig. (6). Espe-
cially for the fully saturated profile i.e. the lower bold line
the material boundary is clearly detectable. For measurement
no. 4 the discrete change of the water content at the interface
of air to wet silty sand is not visible in the TDR waveform.
Due to the dispersion of the electromagnetic wave discrete
steps are generally smoothed in the signal.

The change in material is evident in the reconstructed
moisture profiles, too. The distinct increase of soil moisture
in 10 cm depth (Fig. (7a)) is due to the change from air to
silty sand. As seen in Fig. (7b) the change from silty to
coarse sand is visible as well. The saturated water content in
the silty sand is around 30 Vol% and increases up to 38
Vol% in the coarse sand. These values are consistent with
the reference values in Table 3. But again, the signal oscilla-
tion is evident in the upper and lower part of measurement
no. 6. The oscillation shows the same forming as for the
above elucidated oscillations. Again, when the water level
reaches the probe's head the reconstructed values are much
to high for the uppermost centimetres and consequently too
low just beneath. In contrast near the probe's tips the recon-
structed signal oscillated towards very low soil moisture val-
ues. Furthermore, there is an even stronger oscillating for
measurement no. 4 (Fig. (7a)). At this situation the upper-
most 10 cm of the rods are surrounded by air while the un-
derlying 50 cm of the profile are fully saturated.
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Fig. (3). Measured TDR waveforms for probes installed in coarse sand. Enveloping bold lines are dry (waveform no. 1) and fully saturated
(waveform no. 6) profiles. Water level for waveforms no. 2: 40 cm, no. 3: 30cm, no. 4: 20 cm and no. 5: 10 cm below the probe's head.

a) Constant probe geometry: straight rods.

b) Changed probe geometry: expanded rods (distance of outer tips 10 cm instead of 6 cm).
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Fig. (4). Reconstructed soil moisture profiles for probes installed in coarse sand. Enveloping bold lines are dry and fully saturated profiles
respectively. Water level for waveforms no. 2: 40 cm, no. 3: 30cm, no. 4: 20 cm, no. 5: 10 cm below the probe's head according to the meas-

urements in a connected tube.
a) Straight rods.
b) Expanded rods.

Table 3. Reconstructed and Measured Saturated Water Content (Spatial-TDR: Means of Three Probes Per Material)

Material Spatial-TDR (10 - 50 cm) TRIME-TDR Thermo-Gravimetrically
Saturated water content of coarse sand [Vol%] 38.0+1.38 36.6+1.5 372112
Saturated water content of silty sand [Vol%] 28.8+3.6 29.2+0.9 28.1+0.6

2.4. Influence of Changed Probe Geometry

The effect of an expansion of the probe’s rods was inves-
tigated during the measurements with coarse sand. As seen
in Fig. (3b) the TDR-signals constantly increase between the
two reflection points due to a non homogeneous distribution
of the line parameter L. Consequently, in the reconstructed
soil moisture profile the changed probe geometry results in
an apparent continuous decrease of soil moisture with depth
(Fig. 4b). The saturated water content is 39 Vol% in 10 cm
depth, were the rods are hardly expanded. The impact of the
stones themselves that have been clamped in between the
rods in about 55 cm depth is not visible in the signals.

3. DISCUSSION

3.1. Performance of the Spatial-TDR Measurement
System

The Spatial-TDR measurement system holds great poten-
tial to capture a soil moisture profile in high spatial and tem-
poral resolution. Our experiments confirm that a water table
or a capillary fringe can be located in a resolution of some
centimetres. The reconstructed water contents are very reli-

able for the middle part of the probe (10 to 50 cm depth).
Little differences in the saturated soil moisture profiles might
be due to slightly different conditions in the columns (layer-
ing of material, air locking).

The measurement itself and the reconstruction of the soil
moisture takes only some minutes and consequently allows
for scores of measurements in a short time. However, the
reconstruction algorithm does not cope with abrupt strong or
small scale changes of soil moisture. The reason and the con-
sequences of this fact are explained in the following.

3.2. Shortcomings of the Reconstruction Algorithm

The TDR waveform is inversely simulated by modifying
the capacitance C(x) iteratively along the probe. C(x) is used
to derive the final soil moisture profile. But, if the impedance
along the waveguide changes suddenly (e.g. at an air-water-
interface or at the probe's head) C(x) is modified in the re-
construction algorithm as well but much more inertial due to
the relatively wide edge of the input signal. Consequently, an
oscillation of the capacity distribution can be built up while
the optimization algorithm indicates a local minimum. That
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Fig. (5). Reconstructed soil moisture profiles for probes installed in
silty sand. Enveloping bold lines are dry and fully saturated pro-
files, respectively. Measurements have been taken 10 min (no. 2),
60 min (no. 3), 170 min (no. 4) and 230 min (no. 5) after water

supply.

means, up to now, a nonsense strongly oscillating capacity
along the probe allows for a good simulation of the TDR
waveform. These circumstances are illustrated in Fig. (8).
This is an example of the intermediate steps for the recon-
struction of the rather strong oscillating soil moisture profile
no. 4 in Fig. (7a). Here, the measured and simulated TDR-
waveform fit well (Fig. (8a)). However, by the iterative op-
timization, C(x) is overestimated in about 15 cm depth that is
just under the sharp air-water-interface. Thereafter C(x) is
underestimated to reach a good fit of the simulated TDR-
waveform. This non-realistic distribution of C(x) is the rea-
son for the oscillation of the finally derived soil moisture.

04 .
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One step to improve the reconstruction algorithm is the
implementation of another optimization approach. But, this
might slow down the algorithm. Considering the dispersion
of the TDR-100-input-signal along the 15 m cable a high
resolution in object identification cannot be expected. The
spatial discretization of 2 mm that is equal to a resolution of
10-20 mm should be appropriate concerning the dispersion
of the input signal.

3.3. Suitability for Different Hydrological Investigations

The Spatial-TDR measurement system is very useful to
observe interflow processes in high temporal resolution.
Likewise, it is helpful to monitor vertical and lateral water
fluxes, e.g. to observe the expansion of saturated areas as
documented by [10] and [14]. For that purposes a spatial
discretization of 5 to 10 cm is sufficient and accurate soil
moisture values are not required. For some studies relative
changes of soil moisture are very useful information. E.g. in
[23] the relative saturation in a certain soil depth is used to
determine the moisture state of a catchment and to get in-
formation on the susceptibility to floods.

[10] showed the capability of the Spatial-TDR to monitor
infiltration fronts in a homogeneous loamy sand. But, soils in
the field often feature a very heterogeneous texture and
structure. Higher precipitation will hardly ever infiltrate as
front but rather through macropores, cracks or along roots.
Since the base area of the column that is captured by the
Spatial-TDR is between only 20 and 25 cm?, the infiltration
process might not be seen in the TDR-signals.

For water balance or evaporation studies accurate soil
moisture data are required. In that respect the Spatial-TDR-
system is error-prone at present state. Especially the recon-
structions for the uppermost part of the soil, an important
zone for evaporation studies can not be used. As shown in
this study, almost all reconstructions of the saturated soil
moisture profile feature a much too high water content in the
upper 10 cm followed by much too low values beneath. This
phenomenon occurred in the studies of [10], too, and is
caused by the suddenly changing impedance at the probes
head as explained above. Furthermore, the contact problem
is particularly high in the upper soil due to bioturbation as
well as swelling and shrinking effects. Altogether, accuracy
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Fig. (6). Measured TDR waveforms for a probe installed in layered material. The dashed lines roughly delineate the range of the respective
material. For measurement no. 4 the air gap between the probes head an the material was 10 cm wide, for no. 5 only 1 cm and for no. 6 the

gap was entirely filled up with wet silty sand.
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Fig. (7). Reconstructed soil moisture profiles for a probe installed in layered material.
a) Air gap 10 cm under the probe's head. Measurements have been taken 1 min (no. 2), 10 min (no. 3) and 15 min (no. 4) after water supply.

Bold lines indicate the measurements in dry and saturated material.

b) Air gap of 1cm (no. 5) and without air gap (no. 6) under the probes head. For both measurements the material was saturated.
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Fig. (8). Results of intermediate steps within the soil moisture reconstruction process (measurement no. 4 in saturated layered material, see

Fig. (7a)).
a) Measured and simulated TDR-waveform.
b) Inversely reconstructed distribution of capacitance C (x).

is always a problem in soil moisture measurement and other
measurement systems (e.g. tensiometry) are likely to fail in
this respect, too.

3.4. Factors of Uncertainty

In this section we comment on different factors of uncer-
tainty such as the disregard of the effective conductance G,
the impact of an air gap along the rods as well as the effect
of the changing probe geometry. Other factors of uncertainty
e.g. temperature, salinity and the relationship between di-

electric permittivity and soil moisture (Eq. (3)) have not been
considered in this article but are discussed in e.g. [17-19].

In this study the impact of G(x) on the measured TDR-
Signal has been neglected since we used nearly lossless ma-
terials and coated rods. The straight line between the head
and end reflection of the measured TDR waveform during
wet conditions (Fig. (3a)) confirm this assumption. The
waveforms are also straight for the silty sand. In this study,
no improvement could be reached by setting G higher than
zero. However, natural soils are likely to contain more clay
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and organic material. Here, a material specific empirical re-
lationship between C(x) and G(x) has to be defined as for
instance given by [24].

Natural soils often feature a change in grain size distribu-
tion with depth. To investigate these conditions a layered
profile has been set up. Considering only the middle section
of the reconstructed profile the saturated water content varies
in a reliable way (Fig. (7b)). In this study the transmission-
line parameters have not been changed.

An air gap along the probe's rods has a very strong im-
pact on the TDR-waveform as well as on the performance of
the reconstruction algorithm. Fig. (6) shows that an air gap
of some centimetres below the probes head has a very strong
influence on the TDR-waveform. The differences between
measurement no. 4, no. 5 and no. 6 are only due to the up to
10 cm wide air gap. If the upper soil is nearly saturated the
reconstruction of such a sharp air-water-interface is not pos-
sible. Consequently, in practical use the entire insertion of
the Spatial-TDR-probes is absolutely required.

The effect of changed probe geometry has been shown in
Figs. (3b) and (4b). An up to the rods end increasing spacing
between the rods results in an constantly increasing TDR
waveform and consequently in a constantly decreasing water
content with depth. This is consistent with the investigations
of [7]. It might be possible to detect such constant systematic
variances in field measurements. However, excavations of
some probes in the field showed that the spacing between the
rods is hardly ever constantly changing but the rods are bent
in itself even though the rod holes have been pre-drilled be-
fore installation.

4. CONCLUSIONS AND OUTLOOK

The here presented Spatial-TDR-approach is very prom-
ising and has a lot of benefits compared to other methods.
The disturbance of the soil by the 60 cm long probes is rather
small. Furthermore, the spatial discretization as well as the
temporal resolution is very high both in measurement and
reconstruction. Generally, for the middle part of the profile
the reconstructed soil moisture data is reliable. Conse-
quently, the Spatial-TDR can be very useful for studies that
aim to capture soil moisture dynamics down to a depth of 50
cm (e.g. in hillslope hydrology).

In this article some shortcomings of the Spatial-TDR are
elucidated and factors of uncertainty are discussed from a
user’s point of view. At present state the occasionally occur-
ring oscillation of the simulated distribution of the capaci-
tance C seems to be the main challenge. Furthermore, for
lossy soils an appropriate relationship between C and the
effective conductance G has to be defined to simulate the
distribution of both parameters with only an one-side TDR-
measurement. Nevertheless, the uncertainty of G might be
less important for a successful soil moisture reconstruction
than other uncertainties related to the installation of the
probes. One important point is the lacking contact of the rods
with the soil e.g. if the probe intersect any voids or if it is not
inserted completely into the soil. The problem is not only the
bivalent situation in this void (air or water) but the strong
impact on the reconstruction of the soil moisture around this
void. Another factor of uncertainty is a changed geometry of
the 60 cm long probes. In our experiments a linear expansion
lead to a constantly decreasing soil moisture with depth. In
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the field the probe geometry is not know but at least, since
this is a constant factor, relative changes in soil moisture are
still reliable. Last but not least one have to point out, that the
advantages of the Spatial-TDR are numerous compared to
other soil moisture measurement systems e.g. profile probes
or Ground Penetrating Radar. Some of the discussed uncer-
tainties and challenges exist for these measurement systems
as well.

Several studies and developments within the TDR meas-
urement technique aiming to derive soil moisture profiles led
to substantial technical progress. These measurement sys-
tems proved their performance in the laboratory but only
some of them in the field [6, 8, 25]. The conditions in the
field are very different to those in the laboratory. A close
cooperation between developers and users is important to on
the one hand focus on the major challenges in development
and on the other hand to avoid misuses in field application.

In the future, we are going to interpret the measured Spa-
tial-TDR waveforms itself without reconstructing the soil
moisture values. Even if the probe geometry is changed, the
material changes or the rods intersect any void the TDR
waveform still reflects the moisture state in different depths.
Consequently, the shape of the waveform at a certain point
can be linked to a certain moisture state of a system or can
give a picture of lateral flow processes. These topics will be
presented in another article that is based on our field data set.
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