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Abstract

Time domain reflectometry (TDR) operates by propagating a radar frequency electromagnetic
pulse down a transmission line while monitoring the reflected signal. As the electromagnetic
pulse propagates along the transmission line, it is subject to impedance by the dielectric
properties of the media along the transmission line (e.g., air, water, sediment), reflection at
dielectric discontinuities (e.g., air-water or water-sediment interface), and attenuation by
electrically conductive materials (e.g., salts, clays). Taken together, these characteristics provide
a basis for integrated stream monitoring; specifically, concurrent measurement of stream stage,
channel profile and aqueous conductivity. Here, we make novel application of TDR within the
context of stream monitoring. Efforts toward this goal followed three critical phases. First, a
means of extracting the desired stream parameters from measured TDR traces was required.
Analysis was complicated by the fact that interface location and aqueous conductivity vary
concurrently and multiple interfaces may be present at any time. For this reason a physically
based multisection model employing the S;; scatter function and Cole-Cole parameters for
dielectric dispersion and loss was developed to analyze acquired TDR traces. Second, we
explored the capability of this multisection modeling approach for interpreting TDR data
acquired from complex environments, such as encountered in stream monitoring. A series of
laboratory tank experiments were performed in which the depth of water, depth of sediment, and
conductivity were varied systematically. Comparisons between modeled and independently
measured data indicate that TDR measurements can be made with an accuracy of +3.4x10™ m
for sensing the location of an air/water or water/sediment interface and +7.4% of actual for the
aqueous conductivity. Third, monitoring stations were sited on the Rio Grande and Paria rivers to
evaluate performance of the TDR system under normal field conditions. At the Rio Grande site
(near Central Bridge in Albuquerque, New Mexico) continuous monitoring of stream stage and
aqueous conductivity was performed for 6 months. Additionally, channel profile measurements
were acquired at 7 locations across the river. At the Paria site (near Lee’s Ferry, Arizona) stream
stage and aqueous conductivity data were collected over a 4-month period. Comparisons drawn
between our TDR measurements and USGS gage data indicate that the stream stage is accurate
within £0.88 cm, conductivity is accurate within +11% of actual, and channel profile
measurements agree within £1.2 cm.
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1. Introduction

The versatility of time domain reflectometry (TDR) is evidenced by the variety of
applications for which this technique has been employed, including locating breaks in long
transmission lines [Detlefsen, 1970], monitoring deformation of geologic [Dowding et al., 1989;
Kane and Beck, 1996] and engineered materials [Gorski and Anderson, 1998] and for soil
moisture sensing [Herkelrath et al., 1991]. These applications take advantage of one or more of
TDR’s capabilities to 1) locate dielectric discontinuities by tracking arrival times of energy
reflections from the resulting impedance mismatches, 2) discriminate the sensitivity of radar
energy velocities to different media, and/or 3) measure attenuation of the radar energy in
electrically conductive media and solutions. We contend that these same capabilities can be
exploited for purposes of insitu stream monitoring. Specifically, TDR has the potential to
measure stream stage, channel profile and aqueous conductivity continuously and in real-time.

Admittedly, there are other technologies available for insitu stream monitoring. Float-
driven sensors, pressure transducers, and ultrasonic sensors [Latkovitch and Leavesley, 1992]
provide accurate measures of stream stage; however, to determine stream discharge from stage
requires information on channel profile. Channel profile measurements are still largely measured
by hand on a monthly or seasonal basis but other technologies are being developed for
continuous monitoring. Fathometers using sonar [Hayes and Drummond, 1995] and radar [Gorin
and Haeni, 1989] have been successfully used to bathymetrically determine the channel profile.
However, highly turbulent, air-entrained flow conditions, and/or suspended sediment affect
instrument readings. Dropping weights and magnetic collar configurations [Richardson and
Lagasse, 1994] are relatively inexpensive but have the limitation of not being resettable and
susceptibility to binding. Piezoelectric film, mercury tip switches, and magnetic switches
mounted on driven rods [Lagasse et al., 1997] provide incremental spatial resolution and the
ability to track the entire scour cycle; however, the sensors are delicate and susceptible to
damage by ice and debris. An alternative buried device is the neutral buoyancy ball [Zabilansky,
1996], which is equipped with a seismic transducer and radio transmitter that is anchored at
varying depths in the channel sediment. As these balls are uncovered and caused to move by the
current, their transmitted radio signals are modulated, indicating that the scour has reached their
tethered depth. During a depositional event, the balls are reburied, returning to their original
depth. While this system can be reset, it’s limited to a fairly crude spatial indication of the scour
progression. Conductivity is easily measured using electrical conductivity probes, which are
sensitive to changes in temperature and the probes are subject to fouling.

The primary advantage of TDR is that with one instrument measurements of stream
stage, channel profile and aqueous conductivity can be made continuously and in real-time. Such
measurements can be made at as many locations as desired by installing additional probes; for
example, along a channel cross-section for channel profiling. Additionally, TDR does not suffer
from the limitations noted for the technologies above. However, there are some disadvantages to
using TDR in this capacity. First, measurements require probes to be buried directly in the
stream channel, thus subjecting them to loss during flood events. Second, complete attenuation
of the TDR signal is problematic where the sediments or waters are highly conductive, which
could limit application in some environments.



Application of TDR to stream monitoring has been previously explored, primarily in the
context of detecting scour around bridge piers. Dowding and Pierce [1994] conducted the first
experiments by burying a sacrificial probe in the sediment near a bridge pier. Once a section of
the probe was exposed during scouring, the current caused the exposed section to be broken off,
shortening the probe and thus changing the TDR signal. Yankielun and Zabilansky [1998]
extended this work by conducting proof-of-concept experiments in the lab and field using a fixed
probe (i.e., one that would not break off). The field experiments focused on scour near a bridge
pier in White River Junction, Vermont with the added complication that the scour was intensified
by high-energy flows beneath an ice cover. Based on encouraging results they performed a series
of additional laboratory experiments in which they sequentially varied the depth of seven
different sediments (sands to cobbles) while collecting accompanying TDR traces [Yankielun
and Zabilansky, 1999]. Sediment depths were estimated from the TDR traces by way of the time
delay between the negative minima, indicating the sediment/water interface and the positive
maxima, indicating the end of the probe. From this approach they found the system capable of
measuring changes in sediment depth of less than 5 cm. Using TDR and a variety of other
techniques, an extensive survey of river ice influences on channel bathymetry was performed for
the Fort Peck reach of the Missouri River [Zabilansky et al., 2002]. Additional field applications
of TDR to scour monitoring are given in Zabilansky [2002].

Here, we build on these previous efforts with a focus toward the more general case of
stream monitoring. For such application concurrent measurement of stream stage and aqueous
conductivity are of interest in addition to the channel scour application described above. More
importantly we propose a more robust means of analyzing the TDR data, allowing improved
measurement resolution and application to conditions where multiple interfaces exist or multiple
parameters are varying simultaneously. The analysis scheme is formulated within a physically
based multisection-modeling framework employing the S;; scatter function and Cole-Cole
parameters for dielectric dispersion and loss. Our objective is to evaluate TDR as an integrated
tool for continuous, real-time stream monitoring; specifically, concurrent measurement of stream
stage, channel profile, and aqueous conductivity. Efforts toward this goal are organized
according to three distinct tasks:

1) Adapt the multisection-modeling framework to the analysis of TDR traces collected
within a stream-monitoring context.

2) Perform laboratory experiments to test the multisection-modeling framework and to
evaluate the precision and accuracy of the TDR stream monitoring system.

3) Finally, test the TDR stream monitoring system under normal field conditions.



2. Measurement Theory and Multisection Modeling

A typical TDR measurement system consists of a pulse generator, transmission line, and
oscilloscope. The pulse generator produces a radar-frequency, fast-rise, step-voltage pulse in the
form of an electromagnetic (EM) wave. The EM wave, assumed to be traveling in transverse
electromagnetic (TEM) mode, is propagated along the transmission line. The transmission line is
generally composed of a length of coaxial cable terminated with a waveguide (Figure 2.1). The
waveguide is the “sensor” of the system and is embedded in the medium of interest. The EM
wave travels to the end of the waveguide where it is reflected back to the oscilloscope for
analysis.

Propagation of the EM wave is dependent on the physical and dielectric properties of the
transmission line and the dielectric properties of the medium surrounding the waveguide. In a
fluvial environment, a single waveguide could traverse several different media (i.e., air, water,
and sediment) each with different dielectric properties such as that depicted in Figure 2.1.
Because of the multiple and heterogeneous phases present in fluvial systems, we must look
beyond traditional methods [e.g., Topp et al., 1980; Dalton et al.,1984] for analyzing and
interpreting the data. Here, we adopt an approach similar to that employed by Heimovaara
[1994] and Feng et al. [1999].

With the TDR system, the input signal, vo(t), and reflected signal or response function,
r(t), are measured as a function of time. The response function can be conceptualized as the input
function acted upon by the system being tested. This “filtering” of the input signal by the
transmission line and sample media is captured in the system function, s(t), and can be
represented by the convolution of the input signal with the system function

() = | v, (t-Os(&)de 2.1)

where £ is an integration variable. The frequency-dependent response function, R(f), can be
obtained with the convolution theorem

R(f) =V, (1)S(f) (2.2)

in which R(f), V(f), and S(f) are the Fourier transforms of r(t), vo(t) and s(t), respectively, and f is
the frequency.

According to this approach, modeling of the TDR trace, r(t), requires definition of the
system function. The system function is formulated by recognizing that the EM wave is subject
to reflection, transmission and attenuation as it propagates along the transmission line.
Specifically, any discontinuity in the dielectric properties along the transmission line produces a
reflected and a transmitted wave. Discontinuities occur at points of connection along the
transmission line (i.e., coaxial cable/waveguide interface) and at media interfaces traversed by
the waveguide (i.e., air/water, water/sediment). The relation between reflection and transmission
can be obtained by multiplication of the incident signal by a reflection coefficient and a



transmission coefficient, respectively. The reflection coefficient, p, (f), and transmission
coefficient, z, (f), for the kth segment of the transmission line (Figure 2.1) are given by

Z,(f) - Z,(f)
fy=—2 2 17 f) <
D=2z pIEl 23)

7 () =1+ p,(f) 7 (D) <1

where Z;(f) is the frequency dependent impedance for the section of the transmission line in
which the reflected wave propagates and Z,(f) is the impedance for the section of the
transmission line in which the transmitted wave propagates. The frequency dependent impedance
is calculated with

Z
Z(f)=—""%53 (2.4)
[5k(f):r

where Zy is the characteristic impedance and g ( ) is the complex frequency dependent
dielectric permittivity of the kth segment. Although several models are available for quantifying
& (f) of asample, we adopt the extended Debye relaxation model [Hasted, 1973]

s " bk . Oy

1+ (if/f,)  2As

&(f)=45,+ (2.5)

where ¢, is the dielectric permittivity of free space (8.854x10™2 F/m), i is \/—_1 o, the DC
conductivity, g, the relative high frequency permittivity, &, the relative static permittivity, and
frel the relaxation frequency of the kth segment of the transmission line. fr is defined as the
frequency at which the permittivity equals (¢, &, )/2.

Attenuation of the EM wave results from dielectric relaxation and direct current
conductivity (e.g., salts or suspended clays). Assuming TEM mode propagation, wave

attenuation is given by
i27f [e()]
7L, = é( ) 2.6)

where 7,(f) is the complex frequency dependent propagation parameter, Ly is the length of the

kth section of the transmission line, and c is the electromagnetic wave velocity in a vacuum
(3x10° m/s).

The system function can be described by way of the S;1(f) reflection scatter function [e.g.,
Clarkson et al., 1977; Heimovaara, 1994; Feng et al., 1999].



k . pk(f)+Slkl_1(f)exp(_27/k|-k)
Sl = o (D8 (Pexp(27, L) @7

The reflection scatter function is constructed by considering the reflection/transmission that
occurs at each dielectric interface along the transmission line and the associated losses. The
scatter function is developed in a bottom-up manner starting with the segment most distant from

Waveguide
Segment 1: Air

Segment 2: Water

Segment 3: Sediment

Segment 4: Waveguide
Base

Segment 5: Coaxial Cable

Figure 2.1: Schematic of TDR probe in a fluvial environment. Segment numbers
denote sequence for calculation of the multisection S;; scatter function.
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the cable tester (i.e., segment 1 in Figure 2.1). To start however, an assumption concerning the
reflection at the end of the waveguide is required. For a transmission line that is open ended

S (f) =1, shorted S’ (f)=-1and matched S’(f) =0. The scatter function for the kth segment is
calculated from the scatter function for the (k-1) section and the reflection coefficient and loss

factor for the kth segment. This process is followed until the final segment of the transmission
line is reached [see Feng et al., 1999].
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3. Laboratory Studies

To evaluate the multisection-modeling process and to determine the accuracy and
precision of the TDR monitoring system, a series of controlled laboratory experiments were
performed. In these tests the depth of water, depth of sediment, and conductivity along a TDR
probe were varied systematically. Acquired TDR traces were then modeled and the results
compared against independent measurements of water/sand depth and conductivity. Tests were
also conducted to evaluate the consistency of measurements acquired with different probes and
with different lengths of coaxial cable.

3.1. Laboratory Methods

3.1.1. Laboratory-Based TDR System

The TDR system employed in our experiments included a Campbell Scientific TDR100
cable tester and a 50-ohm coaxial cable attached to a 3-pronged waveguide. Two different types
of coaxial cable were used. For short lengths (1 m) an RG58 (Alpha Wire Co.) coaxial cable was
utilized while for longer lengths (2 to 55 m) a low loss Bury-Flex (Davis RF Co.) cable was
used. The 3-pronged waveguides (Figure 2.1) were constructed of 0.8 cm diameter stainless steel
rod mounted in a watertight polycarbonate base. Waveguide tines measured 17 cm in length,
with 2 cm mounted in the polycarbonate and 15 cm exposed for sensing. Spacing between
waveguide tines was 2.5 cm. With this configuration, a complete reflection of the signal at the
end of the waveguide is assumed; that is, an ideal open-end condition for measurement.

To maximize the information content of the acquired TDR traces, particular attention was
given to the selection of an appropriate sampling frequency and sample length. The sampling
frequency was defined by the frequency bandwidth of the TDR system, the generally accepted
range of which is 20 kHz to approximately 1.5 GHz [Heimovaara, 1994]. The sample length was
set such that steady state is reached by the end of the TDR trace. To meet these criteria, a 2048-
point trace with a sampling length of 20m was generally found sufficient. With the velocity of
propagation set at 1, this yields a sampling frequency of 15.4 GHz, which is a factor of 10
greater than the TDR bandwidth. For measurements made with the longer cables, sampling was
initiated at the TDR probe rather than the beginning of the transmission line. All acquired traces
were the average of 10 sequential measurements (as performed internally by the cable tester).

3.1.2. Tank Experiments

Laboratory experiments were conducted to evaluate multisection-model, as well as, the
precision and accuracy of the TDR system in measuring the depth of water, depth of sediment
and conductivity along the length of a waveguide. Tests were conducted in a 30 cm diameter by
30 cm deep acrylic tank in which multiple waveguides were secured. Tests proceeded by
sequentially changing the water depth, sediment depth, and/or conductivity, while recording the
resulting TDR traces. For example, Test 1 employed four identical waveguides each with a 1-m
long cable. Testing was initiated by establishing a static water level (deionized water) 1 cm
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above the waveguide base and collecting a TDR trace with each probe. Additionally, 10
sequential measurements were made with one of the probes for evaluating system precision.
Then the water level was increased by 1 cm and the process repeated. This process was
continued until the top of the probe was reached (15 cm) resulting in the collection of 60 unique
measurements and 150 repeated measurements. Other tests included air/tap water, water/sand,
air/water/sand, and water with varying conductivity. Finally, 15 waveguides with differing
lengths of cable (2, 3, 5, 7, 9, 11,13, 15, 20, 27, 30, 33, 38, 40 and 55 m) were tested to evaluate
the effects of cable length on the accuracy of the TDR measurements. Details concerning each
test are given in Table 3.1.

For comparison with the acquired traces, independent measurements of the depth of
water, depth of sand and conductivity were made. Water and sand depths were measured by way
of a graduated scale fixed to the tank, while conductivity and water temperature measurements
were made with a conductivity probe (WTW Cond 340i).

3.1.3. Trace Analysis

The next step in the process involved extracting accurate information on the depth of
water, depth of sediment and conductivity from the measured TDR traces. This was
accomplished by fitting the multisection model described above to the measured traces.
Operationally, these parameters were progressively adjusted until an optimal fit (minimum sum
of square error) between the model and trace was found. PEST [Doherty et al., 2000], a public
domain software package for nonlinear parameter estimation, was used to automate the
optimization process.

To accomplish the multisection modeling, detailed information on the dielectric
properties of each transmission line segment was required, including the relative high frequency
permittivity g, , the relative static permittivity &, , the relaxation frequency f. and the
characteristic impedance Zo. In some cases, like water and air, these properties were well
documented. In other cases only limited data were available (e.g., polycarbonate, and coaxial
cable) or the model was only an idealized representation of the actual system (e.g., our three-
pronged waveguide is not a coaxial line). For the later cases, these parameters were determined
through calibration to acquired traces unique to the TDR measurement system.

Calibration aimed at defining these uncertain dielectric properties made use of a subset of
the data collected from static tank experiments, which involved four traces from each of the six
tests performed. Here, the measured depths for water/sand and aqueous conductivity were taken
as knows, while the uncertain dielectric properties formed the set of fitting parameters. The
calibration process began by establishing estimates for each dielectric property. &,and ¢,

values were estimated from reported ranges in the dielectric constant for saturated sand, the
coaxial cables, and polycarbonate. Z, values for the two coaxial cables were estimated from the

. 60 a . , ,
relation Z, = T In(—] where a and b are the inner and outer diameter of the coaxial cable,
65

respectively. Initial best estimates for all other variables were determined using a trial-and-error
procedure involving modeling of the calibration data set with the multisection model. Fine-
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Table 3.1: Tank experiment details.

Test Phases Comments Unique
Measurements
1 Air/Deionized | 4 identical waveguides with 1-m cables; water 60
Water level increased by 1-cm increments
2 Air/Tap Water | 4 identical waveguides with 1-m cables; water 60
level increased by 1-cm increments
3 Water/Saturated | 4 identical waveguides with 1-m cables; 60
Sand waveguide submerged in deionized water

while sand level was increased by 1-cm
increments; 40/20 sieve sand was used

4 Air/Water/ 4 identical waveguides with 1-m cables; 60
Saturated Sand | measurements made with sand depths of 5 and
10 cm, while water level increased by 1-cm
increments from sand surface to top of
waveguide; 40/20 sieve sand was used

5 Water Single waveguide with 1 m cable; 11
Conductivity increased from 10 to 1000
puS/cm
6 Air/Deionized | 15 roughly identical waveguides with cable 75
Water lengths of 2, 3, 5, 7, 9, 11,13, 15, 20, 27, 30,

33, 38, 40 and 55 m; water level increased by
4-cm increments

tuning of the uncertain dielectric properties was then pursued by way of a semi-automated
calibration procedure using PEST. Three to four of the uncertain dielectric parameters would be
used as the fitting parameter set while all others were set to their current best estimate. Several
iterations were performed varying the fitted and fixed parameter sets while sequentially updating
the best estimate values. The relatively large number of uncertain parameters necessitated this
piecewise procedure. The resultant parameters taken both from the literature and determined
through calibration are given in Table 3.2.

3.2. Laboratory Results

Below a review of the results from our laboratory studies is provided. We first explore
the measured traces and how they change with variations in water/sand depth and conductivity.
Also reviewed is the nature of the fit between the measured TDR traces and the multisection
model. Finally, we turn our attention to an evaluation of the precision and accuracy of the TDR
within the context of stream monitoring.

To assist in this discussion a limited but representative set of TDR traces are plotted.
Shown are three TDR traces from Test 1 for an air/water system in which the depth of water
varies along the length of a waveguide (Figure 3.1), three traces from Test 3 for a water/sand
system in which the depth of sand varies (Figure 3.2), three traces from Test 4 for an
air/water/sand system in which the depth of sand is held constant at 5 cm while the depth of
water varies (Figure 3.3), and three traces from Test 5 for the single phase water system with

14



Table 3.2. Multisection model properties

Material

& & 1:rel (GHz) ZO
Deionized Water 79.9° 4.2! 17.4 1552
Air 1t 1t 1t 155°
Water Saturated Sand 19 34 6 155°
RG58 Cable 2.39 2.05 0.015 75
Bury-Flex Cable 1.6 1.56 0.02 62
Polycarbonate 2.8 2.8 0.1 185°

! from Hasted, 1973
2 3-pronged waveguide

varying aqueous conductivity (Figure 3.4). In each case the measured trace is denoted with a
solid line while the fitted multisection model is given by a dotted line. Note that similar results
were obtained for the other probes and measurements not shown.

3.2.1. TDR Trace Behavior

In comparing the traces shown in Figures 3.1-3.4, it is apparent that distinct and unique
changes in the traces accompany variations in the depth of water and sediment as well as changes
in the aqueous conductivity. It is these changes that we exploit in applying TDR to stream
monitoring. As water displaces air along the length of the waveguide a proportional change in
the shape of the trace occurs (Figure 3.1); specifically, the signal is increasingly impeded due to
the higher dielectric of water relative to air. The signal propagating in water is impeded relative
to the same signal in air as expressed by the distinct dip in trace values. The minimum threshold
reached by the trace is a function of the dielectric; that is, no dip in the case of air, while trace
values dip below —0.4 in the presence of water. It is also evident that the time increment over
which the trace remains at or near this threshold is directly proportional to the depth of the water.
Displacing saturated sand with water has a similar affect (Figure 3.2). As the saturated sand has a
dielectric intermediate between air and water, trace threshold values likewise fall between that
for air and water. So as the sand depth increases a distinct shoulder on the lower left portion of
the trace forms. In the case of the air/water/sand sequence, we see evidence of both of these
effects (Figure 3.3). Increasing conductivity has the very apparent effect of attenuating the signal
as evidenced by the reduction in the magnitude of the trace at times as early ast  1.5x10® sec
(Figure 3.4).

3.2.2. Comparing Measured and Modeled Traces

Over 300 TDR traces were analyzed with the multisection model. The model was fitted
to the data, in a minimum sum of square error sense, by way of the non-linear parameter
estimation code PEST. Each trace was modeled using a consistent set of system parameters (see
Table 3.2), while the depth of water and sand, as well as the aqueous conductivity were treated as
the fitting parameters. Figures 3.1-3.4 provide a visual comparison between the measured data
(solid lines) and fitted model (dotted lines) for a limited but representative set of results.
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Figure 3.1. TDR traces measured with a varying depth of deionized water along the length
of the probe. Shown are traces for water depths of 0, 5, 10, and 15 cm. The solid lines
designate the measured traces while the dotted lines correspond to the modeled traces.
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Figure 3.2. TDR traces measured in a layered sequence of sand and deionized water. Shown
are traces for a probe submerged in water with accompanying water saturated sand depths of
3,9, and 15 cm. The solid lines designate the measured traces while the dotted lines
correspond to the modeled traces.
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Figure 3.3. TDR traces measured in a layered sequence of sand, deionized water, and air.

Shown are traces for a 5 cm depth of saturated sand and increasing depth of water. The solid
lines designate the measured traces while the dotted lines correspond to the modeled traces.

0.8 ]

0.6 -

100 microS/cm

04
i 600 microS/cm

0.2 +

900 microS/cm

Reflection Coefficient

[ N N N 1 L N N 1 L N N 1 L N N 1 L N N i
0 210% 410® 610%® 810% 1107
Time (sec)

Figure 3.4. TDR traces measured with varying conductivity. Shown are traces for
conductivities of 100, 600, and 900 uS/cm. The solid lines designate the measured traces while
the dotted lines correspond to the modeled traces.
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Inspection of the results shows a generally good fit between the measured traces and the
fitted model. Quantitatively, the least square error between the data and model averaged 1.25 and
always fell within the limits of 0.11 and 4.45. Although measurements span a broad range of test
conditions (different phases, depths, conductivities, and cable lengths) the goodness of fit
remained surprisingly stable. That is the same degree of fit was achieved regardless of the test
conditions.

Nevertheless there are visible differences in each of the measured/modeled pairs. In
particular, there are two sets of errors common to all measured/modeled pairs, one at early times
(t=0.5-1x10"® sec) and the other is evident in the secondary reflections at intermediate times
(t=3-5x10® sec). In both cases the model consistently over predicts relative to the measured
traces; however, the magnitude of the disparity varies between measured/modeled pairs. There
are two possible causes. First, these errors may simply reflect inadequate calibration of the
model. Given the number of uncertain dielectric properties and the lack of a fully automated
calibration procedure, this is a very possible cause of the disparity. In fact, the next phase of this
study will consider improved methods for calibration. The second possible cause is that these
errors reflect inadequacies in the model to fully capture the effects of the coaxial cable and
secondary reflections, respectively, on the TDR signal. However, we must rule out the former
before considering the later.

More important than where the measured/modeled traces differed is where the pairs are
similar. In all cases the model closely fits the measured data where the trace is rapidly changing;
that is, in the falling and rising arms of the trace. This is the case in both the primary and
secondary reflections. A close fit between the measured and modeled traces is also consistently
achieved at later times (t>8x10° sec).

It is fortuitous that the model fits the measured traces where it does. It is the steeply
falling and rising arms of the trace that marked the points of reflection of the TDR signal, which
in turn correspond to the dielectric interfaces of interest. More specifically, it is the time
increment between these falling/rising arms (both in the primary and secondary reflections) that
quantify the location of the dielectric interfaces. Equally important is the fact that the model fits
the data well at late times where the greatest information content on the aqueous conductivity
lies. For these reasons the model is able to accurately quantify the location of the air/water or
water/sediment interface and the aqueous conductivity, as we will soon see, and for the same
reasons the aforementioned errors do not appear to be significant relative to our purposes.

3.2.3. Measurement Precision and Accuracy

Information on the measurement conditions were extracted from each fitted model;
specifically, the depth of water and sand along the waveguide as well as the aqueous
conductivity. These parameter values were then used along with the independently measured
parameter values (i.e., graduated scale and conductivity probe) to assess the precision and
accuracy of the TDR measurement system in the context of stream monitoring.

Measurement precision was determined by analyzing the sets of 10 repeated
measurements collected with a single probe in Tests 1-4 (see Table 3.1). These sets of data span
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the full range of test conditions in terms of depth of air, water and sand as well as a range of
different conductivities. Inspection of the results indicates that the error among repeated
measurements is essentially uniform across the full range of test conditions. On average the error
among repeated measurements was found to be +1.8x10™ m for the depth of any given phase
along the waveguide and +9.75x10" pS/cm for the conductivity. Adopting a confidence interval
of two standard deviations, the precision of the TDR in measuring the depth of air/water/sand is
+3.6x10™ m while conductivity is measured with a precision of +1.95x10™* pS/cm.

Measurement accuracy was determined by comparing the depth of water/sand and
conductivity extracted from the fitted model with that measured independently with the
graduated scale and conductivity probe. These analyses made use of the full suite of data
collected from Tests 1-6 (see Table 3.1). Errors between the measured and modeled parameters
for the different tests and probes were then compared.

Figures 3.5a and 3.5b show scatter plots between the independently measured interface
depth data (single interface) and that determined from the fitted model. Results indicated that the
errors in the measured/modeled interface depth were surprisingly uniform. Specifically, errors
were found to be independent of the probe used, the interface type (i.e., air/water, were found to
be independent of the probe used, the interface type (i.e., air/water, water/sediment), the length
of the coaxial cable (from1-55 m), and the depth of the interface along the length of the probe.
Adopting a confidence interval of two standard deviations, the accuracy of the TDR system to
measure the depth of a single interface was determined to be +3.4x10° m. The one exception
noted was when the depths of two interfaces were fitted together (Figure 3.5c). In this situation
the accuracy in the depth of either interface fell to +6.4x10°° m. The loss of accuracy arises
because of the concurrent fitting of two lengths rather than just one.

Accuracy of the conductivity measurements was also found to be independent of the
probe, the length of the coaxial cable, and the number of phases present (Figure 3.6). However,
errors between the measured and modeled data were noted to increase with increasing
conductivity. Using a confidenc