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ABSTRACT

Many measurement methods are considered to return point values
of volumetric water content, water pressure, or other hydrologically
relevant properties. However, many methods have spatially distrib-
uted measurement sensitivities, averaging a property of interest over
some sample volume. In this investigation, we study the effects of the
spatially distributed measurement sensitivity of time domain reflec-
tometry (TDR) on the inversion of hydraulic properties from water
content measurements. Specifically, a numerical analysis of the water
breakthrough curves that would be measured by TDR probes of vary-
ing designs during the advance of a wetting front is presented. Numeri-
cal inversion of these water breakthrough curves is performed to es-
timate the soil hydraulic parameters. Time domain reflectometry
probes with larger rod separations show less impact on the flow of
water at the wetting front. However, these probes have more widely
distributed spatial sensitivities, leading to more smoothing of the ob-
served water breakthrough curve. The TDR-measured wetting front
shape is more distorted for vertically emplaced probes than for hori-
zontal probes. The optimal TDR probe configuration for inversion
of hydraulic parameters from measurements recorded during the ad-
vance of a vertical wetting front has three closely spaced rods that
lie in a common horizontal plane. The inversion results using this de-
sign show close agreement with known values and very small 95%
confidence intervals of the inverted properties. This specific recom-
mendation cannot be adopted generally for all TDR monitoring appli-
cations. Rather, we recommend that a similar analysis be performed
for each specific monitoring application. While the results presented
are specific to TDR responses, the same consideration should be given
to all instruments with spatially distributed sensitivities.

TIME DOMAIN REFLECTOMETRY has become a standard
instrument for water content measurement since its
introduction by Topp et al. (1980). Time domain re-
flectometry has been shown to give accurate water con-
tent measurements in a wide range of porous materials
with little need for soil-specific calibration. In addition,
the continual advance of TDR instrumentation and as-
sociated software has led to the ready availability of off-
the-shelf TDR monitoring systems. Like other indirect
water content measurement methods (e.g., neutron probes
and capacitance probes), TDR measures some average
water content in a volume of medium surrounding the
probes. One unique aspect of TDR is the ease with which
a user can alter the sample volume and spatial sensitivity
of TDR probes. For the TDR method, this spatial sen-
sitivity has been examined both analytically (Knight,
1992) and numerically (Knight et al., 1997). Further ex-
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amination has shown the dependence of the TDR spatial
sensitivity on the size and orientation of TDR probes
(Ferré et al., 1998; Nissen et al., unpublished data). On
the basis of these analyses, users can design probes for
specific monitoring objectives (e.g., Nissen et al., 2002).
For example, the number and relative position of the
rods comprising the probe can be altered to achieve
high-resolution measurements within small sample vol-
umes adjacent to the rods or to return water content mea-
surements that are representative of larger sample vol-
umes farther from the rods. Despite these advances,
there has been little consideration of the effects of this
spatial sensitivity on the utility of TDR for monitoring
hydrologic processes. Furthermore, the presence of the
impermeable rods will have some effect on water flow.
Therefore, an analysis of the mutual effects of the spatial
distribution of dielectric permittivity, the spatial sensi-
tivity of TDR probes, and the effects of TDR rods on
water flow is necessary to choose the optimal probe
design for any specific measurement application.

In this investigation, we study the optimal probe de-
sign to infer soil hydraulic properties from measure-
ments made during the advance of a wetting front into
initially dry sand. These conditions lead to a strong di-
electric permittivity contrast across a sharp wetting front.
Given that the spatial sensitivity of TDR probes de-
pends upon the spatial distribution of dielectric permit-
tivity, these are considered to be the most challenging
conditions for representative water content measure-
ment with TDR. We designed a numerical study to eval-
uate the effects of TDR probes and TDR spatial sensi-
tivity on the numerical inversion of hydraulic properties.
Initially, we used a numerical forward model of unsatu-
rated water flow to simulate the advance of a wetting
front past TDR rods of varying geometries. We then
used a numerical analysis of the spatial sensitivity of
TDR probes to predict the water content that would be
measured as a function of time for different probe de-
signs. Finally, we used numerical inversion of the TDR
responses to estimate soil hydraulic properties, thereby
identifying potential errors in hydraulic property inver-
sion arising from TDR-measured water contents.

The objectives of this investigation are (i) to deter-
mine whether TDR probes cause significant disruption
to flow during the advance of a wetting front, (ii) to de-
termine whether numerical inversion of TDR-measured
water contents leads to accurate estimates of soil hy-
draulic properties, and (iii) to determine whether any in-
version errors that may result can be minimized by the
correct choice of TDR probe design and orientation.

Abbreviations: TDR, time domain reflectometry.
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Table 1. The values of o, n, and K used in the forward model (Actual), those determined through inversion of the water content at

the center of the domain with no rods present as a function of time (No rods), those determined from the water content at the mid
depth of the domain with 2H, 2V, and 3H TDR probes present (designated as “rods’’), and those determined from inversion of the
water contents measured with 2H, 2V, and 3H TDR probes.}

Scenario « n K, R?
m! ms !X 1073

Actual 14.5 2.68 8.25

No rods 14.4 (13.9-4.8) 2.70 (2.66-2.74) 8.13 (7.88-8.38) >0.999
2H(0.01) rods 14.5 (14.0-15.0) 2.69 (2.62-2.77) 8.23 (7.87-8.58) >0.999
2V (0.01) rods 15.1 (14.4-15.7) 2.67 (2.61-2.72) 8.46 (8.10-8.82) >0.999
3H(0.01) rods 14.0 (13.0-15.0) 2.74 (2.60-2.87) 7.98 (7.36-8.60) >0.999
2H(0.005) rods 13.9 (12.9-15.0) 2.75 (2.62-2.88) 7.92 (7.28-8.57) >0.999
2H(0.01) 12.1 (9.08-15.0) 2.44 (2.15-2.73) 7.32 (5.18-9.46) 0.992
2V(0.01) 16.0 (12.2-19.8) 2.06 (1.83-2.29) 8.95 (6.85-11.1) 0.968
3H(0.01) 14.5 (13.0-16.1) 2.54 (2.38-2.69) 8.57 (7.53-9.60) 0.998
2H(0.005) 12.1 (10.2-13.9) 2.59 (2.38-2.80) 7.16 (5.81-8.51) 0.997

+ The values shown in parentheses are the 95% confidence intervals of the parameter values as reported by HYDRUS-1D.

METHODS

HYDRUS-2D (Simtnek et al., 1999) was used to simulate
the vertical advance of a wetting front into a two-dimensional
cross-section by numerically solving the Richards’ equation.
The soil hydraulic properties (Table 1) were chosen to repre-
sent those of sand based on the ROSETTA (Schaap et al.,
2001) database. The simulation domain was 0.05 m wide and
0.05 m deep. Initially, the pressure head was a constant —0.5 m
throughout the domain. (Note that all pressure heads are
expressed as meters of water.) The lateral boundaries were
no flux. The upper boundary was held to a constant pressure
head of 0 m, representing ponded infiltration, and the lower
boundary was held to a constant —0.5 m. The simulation time
was 60s. TDR probes were placed within the transport domain
as impermeable objects and were represented as circular no
flow boundaries. “Horizontal” probes were placed such that
all of the horizontal rods were located in a common horizontal
plane, while “vertical” probes had horizontal rods located in
a common vertical plane (Fig. 1). All of the rods were placed
such that the center of the TDR probe was located at the
center of the domain. Probes were chosen to represent very
small probes like those that may be used in column experi-
ments. As such, the probes were comprised of 0.0015-m-diam-
eter rods. For comparison of probe geometries, “Two-rod”
probes were represented as two parallel rods with the centers
of the rods separated by 0.01 m. “Three-rod” probes had
three equally spaced rods, with the outermost two rod centers
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Fig. 1. Finite element domain used to simulate the advance of a wet-
ting front into a domain with an initial uniform pressure head of
—0.5 m. The circular holes in the domain are no-flow boundaries
to represent the obstruction to flow caused by a 2H(0.01) TDR
probe. Schematic vertical cross-sections of 2V and 3H probes are
shown as well. The rods lie in the horizontal plane for all of the
probe designs.

separated by 0.01 m. To examine the effects of rod separation,
further simulations were conducted for two-rod horizontal
and vertical probes with separations of 0.005 and 0.02 m.
The probes are described based on the number of rods, the
orientation, and the separation of the outermost rods. For
example, the two-rod horizontal probe with the rods separated
by 0.01 m is referred to as the 2H(0.01) probe.

Nissen et al. (unpublished data) found that 3V probes can
give rise to the simultaneous transmission of multiple waves
traveling at different velocities if the dielectric permittivity
varies between two adjacent rods. This precludes the applica-
tion of travel time measurement to determine the volumetric
water content. As a result, this probe design is not recom-
mended for monitoring the advance of a wetting front. There-
fore, we considered only 2H, 2V, and 3H probes.

An example of the finite element domain used to simulate
water flow around a 2H(0.01) probe is shown on Fig. 1. An
effort was made to make the finite element grid geometries
used in all of the simulations as similar as possible. To achieve
this, circles outlining all of the rods were included in all of
the simulation domains. In total, 13 circles were used. Those
circles that were not used to represent rods in any given simula-
tion were filled with elements. Circles representing rods were
impermeable holes in the grid. An observation point was placed
at the midpoint of each probe, located at the center of the
domain. Given that an observation point cannot be placed in
the center of the domain for the three-rod probes, which have
a rod centered at the domain center, the observation point
for these probes was placed at a point equidistant from an
outer and the inner rod.

The water content, 6 (m* m~?), distribution within the do-
main was determined every 2.4 s for 1 min of simulation time, for
a total of 26 water content distributions. The relative dielectric
permittivity, K, distribution was determined from the water
content distribution based on the linear form of the Topp et
al. (1980) relationship presented by Ferré et al. (1996):

K" = 8470 + 1.56 1]

For each simulated time, the numerical analysis of Knight et
al. (1997) was then used to determine the dielectric permittiv-
ity that would be measured for the given TDR rod distribution
on the basis of the dielectric permittivity distribution at that
time. This analysis is based on the determination of the spatial
distribution of the energy of the electromagnetic field in the
plane transverse to the direction of electromagnetic plane wave
propagation. Knight (1992) showed that this distribution could
be used to define the spatial sensitivity of a TDR probe in the
transverse plane. We use the numerical analysis to determine
the weighted average dielectric permittivity that would be mea-
sured by a TDR probe of a given configuration for a given
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dielectric permittivity distribution in the vertical plane. Equa-
tion [1] can be rearranged to define the “measured” water
content based on this dielectric permittivity. The inversion
capabilities of HYDRUS-1D (Simtinek et al., 1998) were sub-
sequently used to determine the hydraulic parameters that
best fit the 26 probe-measured water contents as a function of
time. HYDRUS-1D uses the Levenberg-Marquardt optimiza-
tion technique to minimize the sum of squared deviations of
measured and computed variables. The soil hydraulic proper-
ties were defined using the van Genuchten (1980) formulations.
The Brooks and Corey (1964) formulations, or a step function,
could have been used to examine a very sharp wetting front,
thereby increasing the expected errors. However, we chose to
use the van Genuchten (1980) form to determine whether
smoothing at a wetting front would greatly reduce errors due
to TDR spatial sensitivity. For the inversion, the saturated
water content, 6;, the residual water content, 6,, and the / pa-
rameter (Mualem, 1976) were held constant with values of
0.43, 0.045, and 0.5, respectively. These values are equal to
those used for the forward flow simulations with HYDRUS-2D.
The inversion optimized the values of the van Genuchten
parameters a (m ') and n, and the saturated hydraulic conduc-
tivity, K (m s™!) for the relationships:

0 =0+ Mforh < h,, and
(1 + |ah|my"
0 = 05 for h = h; [2]
6—10
Se = ! 3
iy (3]
K(h) = KsSe*[1 — (1 — Selmym]? [4]

where 4 is the pressure head (m) and 4 is the air-entry value.
The value of each of the fitted parameters that was used
in the forward flow model was used as an initial guess for
the inversion.

RESULTS

Limitations of One-Dimensional
Inversion of Wetting Front Data

One objective of this investigation was to determine
the impacts of the distributed spatial sensitivity of TDR
on the monitoring of wetting fronts. Specifically, we
investigated the inversion of hydraulic parameters from
water content measurements collected during the ad-
vance of a wetting front. However, it should be recog-
nized that, in general, inverse modeling does not neces-
sarily guarantee unique values of inverted properties.
Furthermore, the forward flow model used in these anal-
yses (HYDRUS-2D) was not identical to the inverse
model used (HYDRUS-1D). For example, HYDRUS-2D
uses the finite element method for a spatial discretiza-
tion of the Richards equation, while HYDRUS-1D uses
finite differences. Therefore, we conducted an initial nu-
merical experiment to identify errors and uncertainties
associated with the inverse modeling of a wetting front
given exact knowledge of the water content at a single
observation point. An equally weighted 26-point objec-
tive function was formed from the water content time
series at the observation node with no rods present (all
circles filled with elements). The correct soil hydraulic

properties were used as initial estimates in the inverse
model. Thus, the objective of this study was not to deter-
mine the uniqueness of optimized parameters, but, ra-
ther, to determine how much information is lost when
TDR-measured water contents are used to form the ob-
jective function. Finally, similar spatial discretization was
used in both the HYDRUS-1D and HYDRUS-2D mod-
els, with the nodal spacing of 0.05 cm for HYDRUS-1D
and an average nodal spacing of 0.08 cm for HYDRUS-2D
with higher resolution near the rods. The time discretiza-
tion, initial conditions, and boundary conditions were
identical in both models.

The observed and fitted water content time series
(Fig. 2) showed excellent agreement (R* = 0.99998), sug-
gesting that there is very little error introduced by the
combined use of HYDRUS-2D for forward modeling
and HYDRUS-1D for inversion. (Note that the observa-
tions are based on the actual water content at the mid-
point of the domain, not on the TDR-measured water
content time series.) The fitted values of «, n, and K,
are shown in Table 1 and are referred to as the “Norods”
scenario. The inverted values were used to construct
characteristic curves (Fig. 3). The actual soil characteris-
tic curves (thick lines) and the no rod inversion (thin
lines) are virtually identical. Furthermore, the 95% con-
fidence intervals for the inverted parameters are very
narrowly defined (Table 1). Confidence intervals of op-
timized parameters are calculated in HYDRUS-1D
from knowledge of the shape of the objective function
at its minimum, the number of observations, and the
number of unknown fitted parameters. It is desirable
that the estimated mean value be located in a narrow
interval. Large confidence limits indicate that the results
are not very sensitive to the value of a particular parame-
ter. Given that the confidence intervals will be a function
of the exact choice of parameters to fit, the reported
values should not be taken to describe the absolute
accuracy of the inversion of hydraulic parameters from
TDR measurements. Rather, the relative values of the
confidence intervals should be used to compare the suit-
ability of several probe designs. The region between the
dashed lines on Fig. 3 shows the full range of values
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Fig. 2. The water content breakthrough curve at the midpoint of the
domain with no rods present determined through forward modeling
with HYDRUS-2D (Actual) and the water content breakthrough
curve predicted (Fitted) based on optimized values for the saturated
hydraulic conductivity and van Genuchten’s (1980) o and n parame-
ters as determined by numerical inversion of the observed water
contents with HYDRUS-1D.
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Fig. 3. The inverted soil hydraulic functions based on optimization of the actual water content at the center of the two-dimensional domain with
no rods present lie within a very narrow range (region between the dashed lines) that includes the correct functions (thick lines). The fitted
functions (thin lines) produce an excellent estimate of the correct functions.

describing the characteristic curves that lie between
curves calculated with the 95% confidence intervals of
the inverted van Genuchten (1980) parameters. The
uppermost dashed line was formed using the highest
values of a, n, and K, within the 95% confidence interval,
and the lowermost line used the lowest values.

Effects of TDR Rods on Wetting Front Advance

The water content time series at the center of the
domain with no rods present is shown as a thick line in
Fig. 4. The water content time series at the center of the
domain with different 2H and 2V probes are shown to
demonstrate the influence of the TDR rods on water
movement at the center of the domain. Most of the
probes have little observable effect on the water content
breakthrough curve. A narrowly spaced 2H probe causes
slightly faster breakthrough because of acceleration of
the water between the rods. As would be expected from
their similar geometries, a 3H probe (not shown) has
an identical response as a 2H probe with one-half the
outermost rod spacing; for example, a 3H(0.01) probe
has the same effect as a 2H(0.005) probe. A narrowly
spaced 2V probe causes a slight delay in wetting front
arrival due to “shadowing” of the probe midpoint by
the upper rod. Probes with larger rod separations show
a much smaller effect on water movement at the probe
midpoint.

The hydraulic function determined from the 2H(0.005)
water content breakthrough curve is shown in Fig. 5,
and the inversion results are included in Table 1. The
impacts of the rods on the wetting front have little effect
on the best-fit interpreted hydraulic functions, which
still show excellent agreement with the actual values.
The only observable effect is an increase in the width
of the 95% confidence envelope, with the results of the
2H probe slightly better than those of the 2V(0.005)
probe (results not shown).

The TDR-Measured Wetting Front Advance

The TDR-measured water content at any given time
will be a function of the specific water content distribu-
tion around the rods at that time. Nissen et al. (unpub-
lished data) found that the numerical approach of
Knight et al. (1997) could be used to describe the spatial
sensitivity of TDR probes in the presence of sharp di-
electric boundaries. To better test the applicability of
the numerical model of TDR sensitivity, they examined
the response of probes near fluid—fluid interfaces. In
this investigation, we applied this numerical analysis to
include the effects of TDR rods on the distribution of
water in a soil, as discussed above. The simulated re-
sponses of four TDR probe configurations are com-
pared with the actual water content at the center of the
domain with no rods present in Fig. 6. Three of the
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Fig. 5. The inverted soil hydraulic functions based on optimization of the actual water content at the center of the two-dimensional domain with
a 2H(0.005) probe present lie within a narrow range (region between the dashed lines) that includes the correct functions (thick lines). The
fitted functions (thin lines) produce an excellent estimate of the correct functions.

probes have identical rod diameters and outer rod sepa-
rations. The fourth probe, 2H(0.005), is included for
direct comparison with the 3H(0.01) probe. The 2V
probe shows a markedly different response than the 2H

or 3H probes. This probe shows an early first arrival of
water and the most dramatic delay in the arrival of the
wetting front (defined here as the time to reach one-half
of the final water content change, shown as a horizontal
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Fig. 6. Simulated TDR probe responses compared with the actual
water content breakthrough curve at the center of the domain
during the advance of a wetting front without rods present. The
time of arrival of the wetting front is identified as the time required
to reach one-half of the total water content change, which is shown
as the intersection of the horizontal dashed line with each break-
through curve.

dashed line). All of the 2H and 3H probe responses
show the same time of arrival of the wetting front. A
3H probe with the same outer rod separation shows less
effect of spatially distributed sensitivity than a 2H probe
with the same separation. However, the response of a
3H probe and a 2H probe with the same distance be-
tween adjacent rods is very similar [i.e., 3H(0.01) vs.
2H(0.005) probes].

The TDR responses can be explained based on an
understanding of the sample areas of TDR probes (Ferré
et al., 1998; Nissen et al., unpublished data). Specifically,
3H probes have very restricted sample areas, with the
probe sensitivity concentrated in the region immediately
adjacent to the central rod. In contrast, a 2H probe with
the same outer rod separation has a sample area that
is more evenly distributed in an approximately elliptical
region surrounding the probe rods. In a homogeneous
medium, a 2V probe has a sample area that is identical
to that of a 2H probe of the same dimensions, rotated
by 90°. However, Nissen et al. (unpublished data) found
that if the dielectric permittivity varies between the rods,
the sample area of a 2V probe is strongly biased toward
the region of lower dielectric permittivity. This bias
arises because all of the energy must flow through both
the high and low dielectric permittivity regions, but the
potential gradient is much higher through the low dielec-
tric permittivity region than through the high dielectric
permittivity region. Given that the energy can be de-
fined based on the square of the gradient of the poten-
tial, the energy, and therefore the probe sensitivity, is
concentrated within the low dielectric permittivity re-
gion. One result of this is that while horizontal probes
will measure the arithmetic average of the dielectric
permittivities ahead of and behind a sharp wetting front
that intersects the probe midpoint, a vertical probe will
measure the harmonic mean dielectric permittivity (Ferré
et al., 1996). As a result, 2V probes will overweight the
dry region between the wetting front and the lower rod,
giving a lower water content when the wetting front is
located between the rods. On the basis of their sample
areas, it is expected that the 3H probe will preserve
more of the sharpness of the wetting front in the water

content breakthrough curve than will a 2H with the same
outer rod separation. Furthermore, horizontal probes
are expected to show the correct time of arrival of a
step function wetting front. The modeling results dem-
onstrate that this result extends to a more dispersed wet-
ting front as well. Meanwhile, the 2V probe will sense
the arrival of the wetting front before the wetting front
reaches the probe midpoint because the upper rod is
located above the probe midpoint. Then, the changing
spatial sensitivity of the 2V probe with further advance
of the wetting front gives rise to a complex water con-
tent breakthrough curve. Nissen et al. (unpublished data)
found that a 2V probe does not sense a sharp dielectric
permittivity boundary until both rods are in contact
with the higher dielectric permittivity region. This may
suggest that the inversion of the 2V results could be im-
proved by considering the measurement point to be
located at the center of the lowest rod. In fact, the shape
of the wetting front is so badly distorted by this probe
configuration that this approach gives only marginally
better inversion results (not shown).

Hydraulic Properties Determined
from TDR-Measured Water Contents

The spatially distributed sensitivity of TDR probes
has a clear effect on the shape of water content break-
through curves. Therefore, researchers must be cautious
when making detailed interpretations of water break-
through curves based on TDR measurements. This cau-
tion also applies to measurements made with other in-
struments that have spatially distributed sensitivities.
However, it is unclear from direct observation of the
water content breakthrough curves how the distor-
tion of the wetting front shape will impact the interpre-
tation of basic hydraulic properties derived assuming
point water content measurements. To examine this,
HYDRUS-1D was used to infer the values of «, n, and
K, from the simulated probe responses for the 2V(0.01),
2H(0.01), 3H(0.01), and 2H(0.005) probes. The fitted val-
ues and the 95% confidence interval of the parameter
values are shown in Table 1. The best-fit inverse models
show good agreement with the simulated TDR-mea-
sured water breakthrough curves, giving R? values in
excess of 0.96 for all probes. The 3H probe shows the
smallest range between the upper and lower 95% con-
fidence intervals for all of the estimated values. Even
comparing the 2H(0.005) and 3H(0.01) probes shows
that although these probes had nearly identical actual
water content breakthrough curves at the probe mid-
points, the larger sampling area of the 2H probe led to
slightly greater smoothing of the water content break-
through curve. This leads to less accurate hydraulic
property inversions.

The interpreted water retention and hydraulic con-
ductivity functions are shown in Fig. 7 and 8 for the
modeled TDR probes. As in Fig. 3, the region between
the dashed lines shows the range of hydraulic functions
that lie within the 95% confidence interval of the inver-
sion. The accuracy of the fit is much better and the
width of the 95% confidence interval is much narrower
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confidence interval. The thin lines show the best-fit parameters.

05 4 - 05
£ 04 g 04 -
ke kel
8 -0.3 3 -0.3
T T
o e
> .02 S 021
723 /2]
4 4
T 01 T 0.1
0 0
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Volumetric Water Content, m® m Volumetric Water Content, m® m™®
_05 _
2H(0.005)
g 0.4 £
o kel
8 -0.3 3
T T
e e
5 .02- 5
2] w
g 8
o 01 o
O )
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Volumetric Water Content, m® m3 Volumetric Water Content, m® m=
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for the inversion based on the water content at the mid-
point of a domain including a 2H(0.005) probe (Fig. 3)
than for the inversion based on the TDR-measured
water contents for this case (Fig. 7 and 8). Similar com-
parisons can be made for the 2H(0.01), 2V(0.01), and
3H(0.01) probes based on the results reported in Ta-
ble 1. These results demonstrate the direct impact of
the spatial sensitivity of TDR on hydraulic property
inversions. That is, for the relatively thin rods examined,
we can conclude that the effects of flow disturbance by
the probes is insignificant compared with the effects of
the spatially distributed sensitivity of TDR. The uncer-
tainty introduced into the inversion of hydraulic param-
eters because of the spatial averaging of TDR probes
is minimized by the use of 3H probes. Furthermore, the
predicted hydraulic properties based on measurements
made with 3H probes agree most closely with the correct
values. Compared with the 3H responses, equally sized
2H and 2V probes lead to unacceptably uncertain pa-
rameter estimates. For the 2V probe, the correct hydrau-
lic conductivity function lies outside of the 95% confi-
dence interval at low water pressures. As a result, this
configuration is not recommended for monitoring the
advance of a wetting front.

CONCLUSIONS

Numerical analysis of the response of TDR probes to
the advance of a wetting front shows that the distributed
spatial sensitivity of TDR probes leads to smoothing of
the observed wetting front. The observed wetting front
shape is more distorted for vertically emplaced probes
than for horizontal probes. The distortion caused by
horizontal probes decreases with a decrease in the rod
separation. However, with decreases in the rod separa-
tion, the impact of the rods on the flow of water in-
creases. In practice, this effect can be reduced by the
choice of relatively small TDR rods. The optimal TDR
probe configuration for inversion of hydraulic parame-
ters from wetting front monitoring was a narrowly spaced
3H design. Despite the effects of this probe on water
flow, the highly concentrated spatial sensitivity of this
probe leads to minimal smoothing of the water content
breakthrough curve. This result suggests that 3H probes
with a very small rod separation will capture the water
content breakthrough curve most accurately, leading to
optimal hydraulic parameter inversion. However, this
conclusion must be balanced by the tendency of probes
with very small rod spacings to be highly sensitive to
the effects of disturbance during insertion of rods into
the medium or during packing of the medium around
the rods. Given this practical concern, we recommend
that a larger separation, on the order of five times the
rod diameter, be used with 3H probes to monitor the

advance of a wetting front. This specific recommenda-
tion for the application of TDR monitoring to wetting
fronts cannot be adopted generally for all monitoring
applications. Rather, we recommend that a similar anal-
ysis be performed for each specific monitoring applica-
tion. Direct examination is especially warranted for
probes with components that would be expected to pro-
duce more disturbance to flow (e.g., rods mounted on
substrates) or rods with shapes that may lead to nonuni-
form concentration of probe sensitivity (e.g., flat plates
with sharp corners). In theory, the method of analysis
presented could also be used to examine the response
of very thin rods, with diameters approaching the grain
size of the surrounding material. However, this will re-
quire a more accurate representation of the distributions
of grains, water movement, and variations in the dielec-
tric permittivity of pore water at such small scales. Fi-
nally, while the results shown here are specific to TDR
responses, the same consideration should be given to
all instruments with spatially distributed sensitivities.
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