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Abstract:

Time domain reflectometry (TDR) is the most widely used non-destructive
method to determine the water content of soils and other porous media. TDR
equipment can be automated and multiplexed to acquire accurate and rapid
waveforms (return signal) without safety concerns associated with radioactive
methods (e.g., neutron probe and Gamma-ray probe). Two key steps are required for
TDR applications: (1) Obtain and analyze TDR waveforms using travel-time and
signal attenuation analysis to determine dielectric permittivity and electrical
conductivity, respectively. (2) Calibrate to determine a new- or apply an existing (e.g.,
Topp et al., 1980) relationship between the derived soil dielectric permittivity and the
volumetric water content of the porous medium of interest. A majority of researchers
and practitioners focus on step two and additionally develop new mathematical
models to get better estimates of water content. Although there are reviews of TDR
principles and applications in soil science, there is a lack of information on how TDR
can disclose critical information in porous media beyond average soil water content.
Therefore, we present a newly expanded review of TDR applications in porous media
including soils, plants, snow, food stuffs, and concrete. We begin by reviewing TDR
basics, including principles, probe design, commercially available equipment, and
graphical and numerical methods as well as available software for waveform analysis.
Applications of TDR to estimate volumetric water content in various types of porous
media, the latest techniques available to derive spatial variability of soil water
distributions along a single TDR probe are included, followed by TDR waveform
based analyses to estimate electrical conductivity (EC), wetting/drying and
freezing/thawing fronts, and snow depth. The combination of TDR measurements
coupled with other methods (e.g., gypsum/ceramics and heat pulse method) to
determine a wide range of soil physical properties (e.g., soil water retention curve,
thermal properties, and hydraulic conductivity) and fluxes (e.g., soil heat flux, liquid
water flux, and vapor flux) are also included. The study concludes with a discussion

of limitations and future perspectives on various TDR applications.

Keywords: TDR, soil water content; electric conductivity; tree stem water content;
snow depth and wetness, wetting/drying interface; freezing/thawing interface;

dielectric
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1. Introduction

The time domain reflectometry (TDR) cable tester is an instrument originally used
to locate discontinuities or faults along coaxial, paired or multi-conductor metallic
cables from the 1960’s (Fellner-Feldegg, 1969; Payne, 1968). Fellner-Feldegg (1969)
was the first to determine dielectric properties of materials in a coaxial cell based on
the response of a fast rise time (~107'? s) voltage step or pulse voltage transmitted
through or reflected from the material (Friel and Or, 1999; Topp and Davis, 1981).
Discontinuities at known locations along a transmission line (i.e., open-ended TDR
waveguides or probe rods) resulted in an electrical signal reflection that could be used
to determine the dielectric constant or relative permittivity as it is now known. Davis
(1975) was among the pioneers to apply the TDR technique to estimate the volumetric
water content (6,) of a porous medium (e.g., soil). The #, was estimated from the
apparent permittivity (Ka.), where K, is used to denote a measurement by an
instrument and e is the effective permittivity of a material. K. and e should be the
same for lossless dielectrics in the vicinity of a transmission line inserted a material
under test (Cerny, 2009; Noborio, 2001; O'Connor and O'Connor, 1999; Robinson et
al., 2003b; Siddiqui et al., 2000; Topp et al., 2003; Whalley, 1993). The permittivity is
a measure of the ability of a material to polarize when an electrical field is applied.
Topp et al. (1980) performed laboratory measurements on soils of varying texture to
determine empirically the dependence of K.on 6, at electromagnetic frequencies

between 1 MHz and 1 GHz. They presented a third-degree polynomial equation that
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related on the 6, to K,. The equation is commonly referred to as the Topp et al. (1980)
equation. The Topp et al. (1980) equation is the most widely used model to estimate
6, from the TDR-determined K., because it is assumed to be somewhat independent of
soil characteristics including soil type, soil density, soil temperature, and soluble salt
content. It is able to effectively estimate soil water contents from air dry to water
saturation with a standard error of 0.013 cm? cm, although later studies showed that
the Topp et al. (1980) equation is not really universal and soil specific calibration is
required. Patterson and Smith (1980) were among the first to use TDR to measure
unfrozen/liquid water content (0, < 6)) in frozen/freezing soils (He et al., 2016). This
discovery significantly boosted the applications of TDR in soil science and opened a
new era for soil water measurements. Many subsequent investigations, including TDR
cable testers, TDR probe designs (Zegelin et al., 1989), TDR waveform recording or
analysis tools (Wang et al., 2016), and TDR calibration curves (Dirksen and Dasberg,
1993; Dyck et al., 2019; Friedman, 1998; He and Dyck, 2013; He et al., 2016; Malicki
et al., 1996; Ponizovsky et al., 1999; Robinson et al., 2005a; Roth et al., 1990) led to
improvements in TDR capabilities. Detailed history of TDR developments in soil
science studies is reported by Topp et al. (2003).

The application of the TDR methods to determine 6, is based on the measurement
of the travel time of an electromagnetic wave pulse (usually < 1.5 GHz) generated by
a TDR cable tester through a wave guide (also called a probe or sensor) inserted into a

porous medium (e.g., soil, food, concrete, snow or plant), at normal or frozen
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conditions. The travel time of the wave through the probe is a function of the apparent
or effective permittivity of bulk soil (here after K,), which in turn is a function of the
permittivity of the individual constituents in the soil (i.e., air, water, solids and ice),
their volumetric fractions and geometric arrangements. The key to TDR’s success is
its ability to accurately determine the permittivity of a material and the strong
relationship between K, and its 6,, as demonstrated in the pioneering works of
Hoekstra and Delaney (1974) and Topp et al. (1980). Another unique advantage of
TDR is its ability to make rapid and continuous measurements of both electric
conductivity (EC) and 6, with a single probe and in the same sampling volume
(Castiglione and Shouse, 2003; Wraith et al., 2005). In addition, TDR probes can be
installed in any orientation (e.g., vertically to obtain near-surface soil profile water
content or horizontally to obtain better information at a particular depth) (Wraith et al.,
2005), are easily multiplexed (e.g., up to 512 probes for a single TDR device) and
data acquisition can be automated (Baker and Allmaras, 1990; Heimovaara and
Bouten, 1990; Herkelrath et al., 1991; Spaans and Baker, 1995). Moreover, TDR
methods are safe, unlike the neutron probe and gamma ray methods that release
hazardous radiations. These characteristics make electromagnetic and more
specifically, TDR the most widely used non-destructive method for soil water content
measurement in field and laboratory studies (He and Dyck, 2013; He et al., 2015a; He
et al., 2015b). The readers, if interested, may consult previous studies for more

information on TDR principles and applications for measuring electrical conductivity
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and soil water content (Benson and Bosscher, 1998; Clarke Topp, 1998; Ferre and
Topp, 2002; Hendrickx et al., 2002; Jones et al., 2002; Noborio, 2001; Pettinelli et al.,
2002; Robinson et al., 2008; Robinson and Friedman, 2003; Robinson et al., 2003b;
Stein and Kane, 1983; Stein et al., 1997; Topp et al., 2003; Whalley, 1993; Wraith,
2003; Wraith et al., 2005; Zegelin et al., 1989).

There are two key steps in the application of the TDR method: (1) TDR waveform
analysis and (2) the mathematical relationships/models between material permittivity
and other predicted properties (e.g., water content). The most common application of
TDR is to estimate water content from K, measurements for unfrozen Topp et al.
(1980) and frozen soils (Spaans and Baker, 1995). Applications are focused to
agriculture which include irrigation scheduling (Topp and Davis, 1985) and plant
water uptake estimation (Holbrook and Sinclair, 1992; Irvine and Grace, 1997;
Kobayashi and Tanaka, 2001; Nadler, 2004; Wullschleger et al., 1996) and
applications in science and engineering (Yadav et al., 2019). Advances in TDR
waveform interpretation were associated with the emergence of new techniques and
tools and to enable the detection of various properties and processes in a variety of
porous media, including soil, snow, plant, food and concrete (Baker et al., 1982;
Dalton et al., 1984; Dalton and Van Genuchten, 1986; Greco, 2006; Hayhoe et al.,
1983; Laloy et al., 2014; Marchand et al., 2001; Roberson and Siekmeier, 2000; Topp
et al., 1982a). In addition, TDR methods have been combined with other sensing

techniques to determine a wide variety of soil physical properties and processes
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(Lungal and Si, 2008; Noborio et al., 1999; Ren et al., 1999; Ren et al., 2003; Vaz and
Hopmans, 2001; Wraith and Or, 2001). Although TDR is widely used, to our
knowledge no study has synthesized and critically reviewed the versatile applications
of TDR.

The objectives of this review, therefore, are to review the many applications of
TDR focused on waveform interpretation in addition to for a variety of porous media,
including soil, snow, plant, food and concrete. The review focuses on:

(1) TDR principles including TDR basics, probe designs, commercially available
TDR units and associated waveform analysis tools;

(2) The applications of TDR are categorized according to determination of physical
properties (e.g., profile distribution of water content, tree trunk water content,
liquid water content of snow or snow wetness, frost detection and other properties
pertaining to food science, concrete engineering and geophysics) and
characteristic processes (e.g., solute transport, wetting/drying front, water flux
across soil horizon, freezing/thawing front, snow depth, water depth and rock
movement) in porous media;

(3) The combination of TDR with other sensing technologies for determining a wide
variety of soil physical properties and processes;

(4) Limitations of the TDR method and perspectives on future studies.

2. TDR Basics

2.1. Principles of TDR
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The TDR method is based on the measurement of the travel time of an
electromagnetic (EM) wave generated by a TDR cable tester along a wave guide
(commonly referred to as a probe) inserted into a porous medium. A TDR cable tester
consists of an EM wave generator and a sampling oscilloscope. The electromagnetic
wave generator creates a high frequency, broadband (0.001~1.5 GHz) EM wave that
travels through the open-ended probes that are inserted into the porous media of
interest. As the EM wave travels through the probe, its voltage or amplitude is
sampled at every point along the probe by the oscilloscope and displayed on the
screen of the cable tester as a function of distance (or time). The travel time of the EM
wave through the probe depends on the K, of the porous medium surrounding the
probe. The K, in turn depends on the permittivity of the individual constituents (e.g.,
air, water, solid matrix, and ice), their volumetric fractions and geometric
arrangement. The permittivity of water (&) is a function of temperature (i.e., &w
varying from 96 at -20 °C to 88 at 0 °C to 80 at 20 °C) (Kaatze, 1989). Because & is
much greater than the permittivity of solids (e.g., & varying from 5 to 10 for soil
matrix (Robinson, 2004; Robinson and Friedman, 2003), and from 50 to 70 for meat
(at temperatures between 15 °C and 65 °C at a frequency of 2.45GHz) (Nelson and
Trabelsi, 2008; Sipahioglu et al., 2003; Tanaka et al., 2000), 1.3 to 4.5 for dry wood
(with density between 0.1 and 1.5 g/cm? at a frequency of 0.1GHz) (Amato et al.,
2019), 2.5 to 7 for dry concrete (McGraw Jr, 2015), air (€. =~1) and ice at high

frequencies (gice = ~3.2) (Dirksen and Dasberg, 1993; Friedman, 1998; Miyamoto et
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al., 2005; Robinson and Friedman, 2003; Roth et al., 1990; Seyfried and Murdock,
1996), 6, of a porous media can be estimated based on a calibration relationship
between K, of a porous medium and 6,. Example waveforms and K, values of selected

materials are presented in Fig. 1.

A
< EM pulse
>
5 e 2-rod TDR sensor
o
=
g to-t: t i
% 2 - t1: one-way travel time |
c
e
3 ty ¢,
@
x
Travel time (10 s)
B
> Air (~1.0)
) Air-dried sand (~2.5)
o
2 Di-chloromethane (~8.8)
g' Acetone (~20.8)
© Water-saturated sand
_5 (~30)
O
2 Distilled Water
8 (~80)

Travel time (10 s)

Fig. 1. Principles of TDR: (A) conversion of TDR waveform to permittivity after
Huisman et al. (2002) and Evett (2000a). Difference between ¢; and ¢, indicates time
for electromagnetic waveform travel through the rod of TDR probe; (B) schematics of
TDR waveforms in various materials with different permittivity after Noborio (2001)
and Wraith et al. (2005).

The K, can be estimated by the following:
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5 2
K, :(C_A"j :( L, ]
2L V,L

\* MERGEFORMAT (1)
where c¢ is velocity of the EM in free space (3x10% m s), Az is the two-way travel
time for the wave down and back via the wave guide (s), L is the length of the wave
guide or rods of a TDR probe (m), L, is the apparent length that is the distance
between reflections at the beginning and the end of the TDR rod, V), is ratio of the
velocity of EM propagation in the material under test to that in free space. Equation

improves travel time determination of TDR method (Robinson et al., 2003a).

2.2. TDR Probe Designs

A conventional TDR probe usually consists of two or three parallel rods (Greco,
2006; Zegelin et al., 1989), although TDR probes with a single rod or with four to
seven rods have sometimes been used (Jones et al., 2002). The design of TDR rods
varies with respect to material, length, shape, diameter, and spacing. For instance,
brass was used as the rod material in early designs, while stainless steel is currently a
preferred option for manufactured probes. Lengths of TDR rods generally vary from
21 mm (Amato and Ritchie, 1995) to 1500 mm (Previati et al., 2011), and rod
diameters range from 1.3 mm (Hudson et al., 1996) to 12.7 mm (Topp et al., 1982a).
Souza et al. (2004) developed a variable-volume TDR probe consisting of multiple
single TDR probes to measure water content in large soil volumes. Some of the

selected TDR probe designs are tabulated in Table 1. There are limited number of
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real TDR probes commercially available (Vaz et al., 2013) and most of them are
custom made.

Compared to two-rod TDR probes, probes with three or more rods in a coaxial
configuration do not require the use of balun (i.e., balancing transformer), which was
sometimes used in two-rod TDR probes to reduce signal and information losses or to
match the impedance of the rods and the coaxial cable (Spaans and Baker, 1993;
White et al., 1995). However, the three- or three plus-rod probes disturb the soil to a
greater extent compared to the two-rod probes (Jones et al., 2002; Zegelin et al.,
1989). Although a variety of TDR probes have been proposed to date,
comprehensive criteria are somewhat lacking for a conventional TDR probe design.
Where necessary, TDR probe design has been customized for various applications.
Whalley (1993) contrasted two-rod TDR probes with a balun to three-rod probes and
concluded that: (1) two-rod probe with a balun can estimate water content on a larger
volume of soil; (2) probes with small diameter and closely spaced rods may result in
unwanted errors in measurements; and (3) a three-rod probe is a preferred choice
when a short-rod probe is required as it can produce a much clearer and more
easily-interpreted reflected signal.

In order to reduce the pulse signal attenuation and facilitate accurate travel time
estimation, the approximate maximum and minimum rod length of a balanced TDR

probe can be estimated with (Dalton and Van Genuchten, 1986; Ren et al., 1999):
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\* MERGEFORMAT

L.w=7F=— \* MERGEFORMAT (3)
£,

where Lmax and Lmin are the maximum and minimum rod lengths (m); V7 and Vk are
excitation voltage and reflected voltage (V), respectively; o is the bulk electrical
conductivity (dS m™), 7 is travel time (s), and c is the velocity of light in a vacuum
(3x10® m s'). The optimized ratio of rod spacing to the rod diameter r/d is
recommended to be less than 10, and the ratio should be as large as possible in order
to minimize the “skin effect”, while avoiding significant soil disturbance (Knight,

1992).

16/98



Table 1. Selected designs of time domain reflectometry (TDR) probes

TDR dimension
No. Name/Source Rod Length Dia. Spacing Applications Note
No. (mm) (mm) (mm)
Commercially available TDR probes
- Field probe, paired with
. . FOM2/mts-handheld meter, developed by
1 FP/MTS 2 100 2 16~ Soil moisture, temperatureand o p b (Bajno et al., 2020;
salinity Skierucha et al., 2008),
https://www.e-test.eu/
. . .. Laboratory mini Probe paired with
2 LP/MS 2 53 0.8 5 Soil moisture and salinity FOM?2/mts-handheld meter
. . Profile probe distributed by Campbell
3 SoilVUE 10 I 5501050 52,58  Na Soilmoisture, temperature and EC g to g Y Goan, UT, USA.
profile https://www.campbellsci.com/
Produced by Acclima, Inc., Boise, ID,
4 TDR305H/310H/3 3 50/100/15 15 NA/11.4/1 Soil water, permittivity, EC, and USA.
15H 0 : 9 temperature measurement https://www.acclima.com/sdiproducts.ht
ml
Trase TDR 150. 200 Soilmoisture Equipment Corp., Santa
5 Soilmoisture 2/3 ’ ’ Soil water and permittivity Barbara, CA, USA
Probes 400 https://www.soilmoisture.com
Produced by Acclima, Inc., Boise, ID,
. . USA. TDR probe paired with HD2
> .
6  TRIME Pico 32/64 2 110/160  3.5/6 20/40 SOl moisture (sample volume Mobile (Dettmann and Bechtold, 2018;
1250 ml) and temperature Huza et al., 2014),
https://www.imko.de/en/
7 TRIME Pico IPH | 430 37 N/A Capturing soil moisture profile to  Produced by Acclima, Inc., Boise, ID,
T3/44 TDR probe a 3 m depth (0-60 vol.% USA (Lv et al., 2016),
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TDR dimension

No. Name/Source Rod Length Dia. Spacing  Applications Note
No. (mm) (mm) (mm)
moisture), ideal for soil with high ~ https://www.imko.de/en/
salinity
Customized TDR probes
. Field measurements of sandy and  The original paper is unavailable, data are
8 Davis (1975) N/A N/A 13 50 clay soil’s relative permittivity from (Patterson and Smith, 1981)
o DmEmE e e s FeMmosumentoriae [ SR pne sunmaile dis o
Chudobiak (1975) permittivity of soils. Topp et al. (1980) ’
Patterson and Laboratory measurement of
10 Smith (1981) 2 100 3,100 20,25,50  ynfrozen water of frozen soils.
Also in Topp et al. (1982b);
11 Topp et al. 2 ~1000 12.7 50 \%vaelzg;at(%znrgeasurement of 0 and Balanced transmission lines (Patterson
(1982a) g and Smith, 1981)).
‘ No need for balancing transformers, more
> (Zle9gge;1)n et al. 34 150 476 30 Ficld measurement of 0 and EC g;gcbles.e & less noisy than traditional 2-rod
Wraith et al. (1993)
Constantz and Laboratory measurement of water
13 Murphy (1990) 2 130 3.2 25 storage in trees
Laboratory test of the effects of
Heimovaara 50, 100, different triple-wire TDR probe . . o
14 (1993) 3 200, 500 24 18, 46 dimensions and cable lengths on Triple-wire probe ?
the measurements.
Heimovaara Measurement of the soil’s
15 (1994) 7 98 2 15 complex dielectric constant
16 Amato and 2 21 5 50 Field measurement of 0
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TDR dimension

No. Name/Source Rod Length Dia. Spacing  Applications Note
No. (mm) (mm) (mm)
Ritchie (1995)
_ Field and laboratory test of
17 Robinson and 5 3 150 4 20 comparing parallel plates with
Friedman (2000) ’ conventional rods in measuring
soil moisture.
Laboratory determination of
18 Jones and 3 100 4 50 permittivity to determine particle
Friedman (2000) shape and probe-particle
orientation effects in mica.
19 Nadler (2004) 2 200 3 so  lield measurement soil water
20 Greco (2006) 3 99~380 3~12 8~57 Field, spatial variability of 6, Horizontal (H) and vertical (V) placed.
) 105, 150, ) ,
)1 Greco and Guida 1 300. 450 3 37 Field measurement of top soil
(2008) > T water profile.
600
Hernéndez-Santa
na and Laboratory measurement of water
22 Martinez-Fernand 2 120 3 30 content in soil and oak stem.
ez (2010)
Cheng et al. . Laboratory measurement of soil
23 (2010 4 60 3 20 (radius) 1 oiire
ot Joint use of Ground Penetrating
04  FPreviatietal 2 150~1500 5 50 Radar (GPR) and TDR to map dry
(2011) snow depth, layering, and density.
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TDR dimension

No Name/Source Rod Length Dia. Spacing  Applications Note
No. (mm) (mm) (mm)

: Field measurement of soil water

25 Boike and Roth 3 250 5 30 content at a continuous permafrost
(2015) site.
10 Laboratory measurement of liquid
26 He et al. (2015b) 3 140 1.6 (inter-rod ~ water content and ice content in
spacing) partially fozen soils.

g7 Szerementetal 7 40-45 2 7 Lab test

(2019)

*inclusion of the commercial brands does not mean promotion of them

It should be noted that the list of companies is not complete, and it does not imply any company endorsement
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Table 2. Selected commercially available time domain reflectometry (TDR) cable testers for measurement of water content

TDR characteristics
Manufactur .
(US10°%) time (ps) (LxWxH,cm) (kg) voltage
FOM2/mts
(Flelbcll Operfa}ted Lox70 Handheld TDR moisture
t 9x7.0x .

1 moeiset{;e, 3 200 12.5 020  3.7Vdc Address: E-Test Ltd. 21-030 Motycz, Stasin 90 meter (Skierucha et al., 2008;
temperature and Polar}d . Skierucha et al., 2006)
salinity of soils) E-Test Ltd. Email: info@e-test.eu

Tel: +48 508 499 494 TDR meter with a
https://www.e-test.eu/field-operated-meter.html o] \: .
) TDR/MUX/mpt ~14-17 200 18 x 8.5 x5.8 035 6-15 V dc 4 https://www.e-test.eu/laboratory-meter.html mu t?p exer for so1l moisture,
§ S matric pressure, temperature
and EC measurement
3
4
Address: 815 W 1800 N, Logan, UT
5 1502B/C, ~2.4 200 315 8.2 115V ac Tel: (435) 227-9120 Retired
1503B/C : Fax: (435) 227-9001
https://www.testequipmentdepot.com/usedequi
pment/tektronix/tdrs/1502b-1503b.htm
Tektronix Address: MOHR Test and Measurement LLC
MOHR 10.9 2105 Henderson Loop
y —— Richland, WA 99354 USA
F3 Q= ’
6  CTI100 Series NA NA 60-100 S 20 Tel: +1 (888) 852-0408 CT100B enables FDR
CSm Fax: +1 (888) 278-8037 analysis
Scm

Email: sales@mohrandassociates.com
http://www.mohr-engineering.com/tdr-cable-an
alyzer-time-domain-reflectometer-frequency-do
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TDR characteristics

Manufactur .
(US 10°$) time (ps) (LxWxH, cm) voltage
main-analyzer-CT100B.php
Campbell https://www.campbellsci.com/tdr200
7 TDRI00200  Scientific ~4.5 <ss 21O 2Vde -
Soilmoisture - 0- 100 % Soil Moisture
g Lrase Equipment 15 10 S33cm*43.18 18Vde — N> Sensing, irrigation
SystemI6050X 1 Cq P % cm *38.1 cm * g 1rrg
orporation \( ; Address: 801 South Kellogg Ave., Goleta, CA  management, Mining
g 93117, USA
Tel: +1 (805) 964-3525
‘ Email: sales@soilmoisture.com
Handi-TRASE https://www.soilmoisture.com/HT/ Pert 1 in high salinit
9  IDR ~13 <130 12.0x10.0x4.0 37V erform well in high salinity
Soilmoisture & high EC soils.
Meter
Address: Am Reutgraben 2 76275 Ettlingen
geelr:n}ingy(o) 7743 / 59210 The mobile reading device
2 Mobil IMKO dul Emal: info@imko.de for TRIME-PICO Series soil
10 Tog obile  Micromodult g NA  15%64x3.6 48V dc https://www.imko.de/en/hd2-mobile/ moisture probes, showing
GmbH moisture, temperature and

EC.

It should be noted that the list of companies is not complete, and it does not imply any company endorsement
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2.3. Commercially Available TDR Cable Testers

The Tektronix series TDR cable testers (i.e., Tektronix 1502, 1502B/C, 1503)
were often used in the laboratory and field to measure soil water content since the
1980s. As this method has become more widely accepted by researchers and
practitioners, a variety of TDR cable testers were developed to share the ~$200
million market for soil water measurement
(https://www.grandviewresearch.com/industry-analysis/soil-moisture-sensors-market;
https://www.marketsandmarkets.com/Market-Reports/soil-moisture-sensor-market-14
0653896.html). Some of the companies producing TDR instruments for soil
applications are Acclima, Inc., Ltd., Campbell Scientific, Inc., MOHR Test and
Measurement LLC, Soil Moisture Equipment Corporation (Fatas et al., 2013). These
TDR cable testers vary in measurement accuracy and precision, cost, design,
dimension, durability and portability. The size of instruments has also come down so
that now, TDR sensors are available with the TDR embedded in the head of the
instrument (e.g. Acclima TDR sensors). Some commonly used and commercially
available TDR cable testers are described in Table 2. Some of the TDR cable testers
(e.g., TDR from Campbell Scientific and Soil Moisture Equipment Corporation)
provide software to collect and analyze TDR waveforms. Third-party programs

developed for data acquisition and analysis are described in the next section.

2.4.  Analysis of TDR waveforms
2.4.1. Graphical Interpretation Methods for Water Content

Graphical interpretations of TDR waveforms can be used to determine properties
of and processes in porous media. For instance, the determination of water content
requires the #; and #; values (Fig. 1) in order to calculate L, with Eq. . The detection of
a wetting/drying or a freezing/thawing interface requires the reflection points on a
TDR waveform between #; and 7, to be determined. The measurement of electrical

conductivity (EC) requires the reflection amplitude of the long-time EM waveforms
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(Giese and Tiemann, 1975; Lin et al., 2008). TDR waveform can be processed
automatically with software, sometimes built into the assembled TDR units that
directly output properties like water content and EC. However, manual analysis of the
EM waveforms using specific analysis methods can provide quite accurate estimates
of soil water profile, wetting and freezing front or interface, snow depth and water
level. Topp et al. (1980) analyzed TDR waveforms from the screenshot of the
oscilloscope display to derive K, based on the method proposed by Loeb et al. (1971).
Many graphical interpretation methods (e.g., tangent waveform analysis,
double-tangent waveform analysis) to increase the accuracy or efficiency of TDR
waveform interpretations were developed (Baker and Allmaras, 1990; Heimovaara,
1993; Heimovaara and Bouten, 1990; Herkelrath et al., 1991; Wang et al., 2016).
These graphic methods are generally based on the determination of three points
including 7, ¢; and #; (Fig. 1). Many methods are available to determine these three
parameters. For example, methods to determine #; include: (1) time corresponding to
the minimum of the first derivative; (2) based on #) + a, a is the distance between 7
and ¢, that can be obtained by the short circuiting the TDR probe. #) can be determined
from the cross of tangent lines of /; for the flat limb and /> for the rising limb; (3)
cross of the tangent lines of /5 for the rising limb and /s for the declining limb; and (4)
cross of the tangent lines of I, and either the /5 or /5. Methods to determine #,: (1) the
minimum point after #;; (2) cross of the tangent line of the minimum point after ¢; and

the tangent line of /; for the rising limb; and (3) cross of tangent lines of /s for the
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baseline and /; for the rising limb. Evett (2000b) incorporated some of the EM

waveform interpretation methods in TACQ software.

| A
_J\l( first derivative |
| |

S | |
< |
< || |
2 | | |5
g' | | two-rod TDR sensor | |
‘“ ﬂ |
=
S | lal |
ks } ‘ |
C ! |
D: 12 5 |

i | A,

- At = t-tn |
b H t,

Travel time (10° s)

Fig. 2. Illustration of graphical interpretation methods of TDR waveforms, ¢y indicates
the point where the electromagnetic waveform transitions from the coaxial cable to
the TDR probe handle, ¢#; indicates the first reflection peak where electromagnetic
waveforms enters the porous medium via the TDR probe rod from the probe handle,
and ¢, indicates the second reflection from the end of the TDR probe rod. The values
of #; and #; have to be determined in order to find their difference and subsequently
calculate K, using Eq.. After Huisman et al. (2002) and Evett (2000a).

2.4.2. Graphical Interpretation Methods for EC

TDR waveforms contain information about electromagnetic energy attenuation
besides travel time of an EM pulse (Dalton et al., 1984; Dalton and Van Genuchten,
1986; Giese and Tiemann, 1975; Heimovaara et al., 1995). Because the attenuation or
reflection amplitude is positively correlated to electrical conductivity (EC, c), TDR
can be used to calculate soil bulk EC and infer soil water salinity (Nadler, 2005) (Fig.
3).
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Fig. 3. Schematics of TDR waveforms in deionized water (=0 S m) and soils of
different bulk electrical conductivities (6=0.88, 3.01, 5.15, 8.14 S m'), after
Patterson and Smith (1985) and Ceristi et al. (2016).

Giese and Tiemann (1975) estimated ¢ from a TDR waveform as follows:

Kp 1 - poo scale
0=—| —— | \* MERGEFORMAT (4)
Zr 1 + Iooo,scale

where Zr is the output impedance of the TDR cable tester (50 Q); Kp is the
probe-geometry-dependent cell constant value (m'), and pwscae is the scaled

steady-state reflection coefficient for ideal condition calculated from (Lin et al., 2008;

Lin et al., 2007):

(Ioair B psc )(p - pair)
I+ p)p=p; )+ (P, — P A+ p,)

p oo, scale =

where p, pair and psc are the long-time reflection coefficient measured in the studied

porous medium, in air and of a short-circuited TDR probe, respectively.
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Fig. 4. Schematics of TDR waveforms in response to soils at different salinities and
temperatures (A and B) and with different length in a saline sand at 0°C (C) and 25 °C
(D), after Patterson and Smith (1985).

The shapes of TDR waveforms obtained in saline soils are affected by the
combined effects of pore water salinity, water content, temperature and the length of
the TDR probe (see Fig. 4) (Patterson and Smith, 1985). Zegelin et al. (1989) reported
that coaxial emulating sensors with 3 or 4 rods without a balun overcame the
impedance mismatch problem associated with conventional parallel-rod probes, and
produced more accurate measurements of EC. More studies pertaining to the
principles, the waveform analysis method and measurement of soil EC have been well
documented (Robinson et al., 2003b; Wraith et al., 2005).

The TDR measurement results in a single bulk permittivity value that corresponds
to a particular, but unknown “effective” frequency (fey). It is important to estimating
ferr because accounting of measurement frequency enables us to compare the accuracy

and performance of TDR probes with other techniques (i.e., 0.001 to 1.5 GHz), such
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as impedance or capacitance probes (e.g., 20~300 MHz (Vaz et al., 2013)), or
microwave remote sensing devices (e.g., L band: 0.5 to 1.5 GHz, S band: 2 to 4 GHz,
and C band: 4 to 8 GHz, L, S and C are abbreviation for long, short and compromise,
respectively). Soils with high clay and organic matter content show large dielectric
dispersion and the real and imaginary permittivity change as a function of frequency.
Robinson et al. (2005b) used a transmission line model to investigated the effects of
dielectric dispersion on the TDR signal. They found 0.7< foy < 1 GHz for most

nonconductive TDR measurements, while fo; < 0.6 GHz in dispersive media.

2.4.3. Time-to frequency-domain transformation

The Fourier transformation method has been used to extract information on
frequency-dependent dielectric properties contained in TDR waveforms (Chen and Or,
2006; Jones and Or, 2004). This method can be used to transform TDR (time domain)
EM waveforms to the frequency domain (Fatas et al., 2013). Frequency-dependent
dielectric properties can be used for a variety of purposes: (1) to identify and quantify
the influence of various sources of errors on TDR applications; (2) to improve the
accuracy of estimates as well as to provide valuable information on interactions
between the solid and liquid phases and on possible dielectric relaxation
phenomena(Friel and Or, 1999; Hoekstra and Delaney, 1974); (3) to estimate both
water content and soil bulk electrical conductivity (Fatés et al., 2013; Greco, 2006;
Heimovaara et al., 2004; Huisman et al., 2002; Moret-Fernandez et al., 2012); and (4)

TDR waveform transformation from the time- to frequency-domain was shown to
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facilitate permittivity estimation using shorter TDR probes, down to 2 cm length
under increasingly higher electrical conductivity solutions beyond which travel-time
analysis failed (Jones and Or, 2004).

Heimovaara (1994) presented the theory for the frequency domain analysis of TDR
waveforms. Friel and Or (1999) extended this work by focusing on scatter functions.
The frequency domain analysis of TDR waveforms can be considered as an
interpretation of complex interactions between the input TDR-induced EM field and
the tested porous medium around TDR probes or in a coaxial cell (e.g., geometry and
termination). Fourier transformation can be applied to the reflected or output TDR
signal to simulate the porous medium’s dielectric response. It can be expressed as a
convolution integral of the input TDR signal as (Gemert, 1974)

r(t) = j “*y(t=7)s(r)d(r) \* MERGEFORMAT (6)
where 7(¢) is the response function expressed as the convolution of the input signal,
vo(?); s(?) 1s the system function; ¢ is time and 7 is the integration variable. By applying
the convolution theorem (Lathi, 1992), Eq. in the frequency domain can be reduced
to

R()=V,(/HS(f) \* MERGEFORMAT (7)
where response function R(f), input signal Vo(f), and scatter function or S-parameter
S(f) are the Fourier transforms of r(t), vo(f), and s(¢), respectively, and f is the
frequency (Hz). The S(f) describes how the FVy(f) is modified by the porous

medium-TDR probe system. The porous medium dielectric properties are largely
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determined by the accuracy of S(f) estimation from the measured TDR waveforms

(Fig. 5).

e(f)

€ S(f)-F[s'(f),s"(f)]C

e'lh)
f : >E. g TDR Waveform
A A R(=Valfy'S()
) TDR Input Signal FFT
§ g t

t f

Fig. 5. Schematics for TDR waveform simulation using permittivity, system function,
and FFT/IFFT techniques (Chen and Or, 2006).

An assessment of TDR-based estimates of S(f) and the potential information
losses/errors in making such time-to-frequency transformations is important for
practical applications. The S(f) consists of S;; and S2; parameters that represent scatter
function for an open-ended probe and the scatter function for transmission of the TDR
wave where the probe is terminated with a load matching the input impedance (time
domain transmission (Friel and Or, 1999). This method was used by de Winter et al.
(1996) and Huisman et al. (2002) to calculate the Debye model parameters of a
dielectric medium. Huisman et al. (2002) proposed a simplified method to calculate a
frequency independent K, based on the fact that the commonly used TDR frequency
bandwidth was not affected by the relaxation phenomena in most porous media. The
TDR-Lab software (Fatas et al., 2013) puts K, calculated from the Topp et al. (1980)

equation, Eq. below, in a model that accounts for the cable-probe-soil impedance to
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simulate a TDR signal using the Fourier analysis proposed by Heimovaara et al. (2004)
and Huebner and Kupfer (2007). The resulting 6, is derived by minimizing the root
mean square error (RMSE) between the measured and the simulated TDR signals.
2.4.4. Software Programs for TDR Waveform Analysis

Several waveform analysis software tools (TACQ by Steve. R. Evett (Evett,
2000a, b), TDRANA by Timo J. Heimovaara, TDRAPP by Hailong He, TDR-LAB
by David Moret-Fernandez and E. Fatas, TDR_SPS by Jean-Paul Laurent, WinTDR
by Dani Or (Or et al., 2004), and PC-TDR by Campbell Scientific) are available for
automatic or manual waveform analysis. TDR-LAB 2.0 includes numerical methods
for analyzing TDR waveforms. TACQ provides a number of graphical interpretation
methods. TDRAPP includes all of the graphical methods used by TACQ and has a
drag-and-move function to determine the #;.4:5, t; and 2. The latest version of PC-TDR
includes the Second-Order Bounded Mean Oscillation (BMO) algorithm developed
by Wang et al. (2016) for analyzing TDR waveforms of short TDR probes. Table 3
lists some of the major software available for EM waveform analysis and serves as a
reference guide for users to select the appropriate software for their application. More
details on these software programs are provided in their respective manuals. It should
be noted that all the non-profit software programs face the same limitation: once they
were developed using a given operating system (OS), there is diminishing opportunity
to keep the software running on newer OS without funding and programmers that

continue to be available.
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Table 3 Features of selected software for TDR waveform recording and analysis
(ordered by name of software programs).

Software Features

e Developed by Thomsen (1994) and Thomsen and Thomsen

AutoTDR
o (1994), from (Thomsen et al., 2000)

® (Compatible with TDR100/200 from the Campbell Scientific
cable testers (available at
https://www.campbellsci.com/pc-tdr)
PC-TDR ® Acquisition and analysis of TDR EM waveforms
® The sampling points of waveforms can be customized
® Support manual or automated analysis of TDR EM
waveforms

® Run under Disk Operation System (DOS) or system not
newer than Windows XP (Evett, 2000a, b) (available at
http://www.cprl.ars.usda.gov/programs/)

® Support automated acquisition of TDR EM waveforms

gﬁ;S/TAC ® Support multiplexed systems with up to 256 probes
® Support manual or automated analysis of TDR EM
waveforms
® Various graphical interpretation methods were provided for
analysis of bulk electric conductivity and soil water content
® (Compatible with Tektronix 1502B and IBM PC/XT/AT
computer/laptop (8255), developed by (Heimovaara and
Bouten, 1990)
TDRANA ® Support autorpated acquisition of TDR EM waveforms
® Support multiplexer up to 36-channel coaxial relay
® Support manual or automated analysis of TDR EM
waveforms
® A new graphical interpretation method was developed
® Written with Matlab graphical user interface (GUI) program
TDR APP ® Data analysis for water content only, not compatible with
(by the TDR cable tester ‘
® Manual and automated Waveform analysis
authors)

® Various waveform analysis methods are provided (derivative
and tangent methods are used as reference)
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Software

Features

TDR-LAB
1.0

Compatible with two different TDR cable testers (i.e.,
Tektronics 1502C and TDR100) (Moret-Fernandez et al.,
2010) (available at http://digital.csic.es/handle/10261/35790)
Does not support multiplexers (Fatas et al., 2013)

Included a user-friendly and dynamic file format to show
and save the TDR waveforms

Able to determine 4 and ¢

Two TDR waveform analysis methods( graphical and
inverse modelling methods) (Moret-Fernandez et al., 2012)
Unsuitable for low capacity computers, work with SQL
database engine

TDR-LAB
2.0

Updated version of TDR-LAB 1.0 written in C# with
Microsoft®.Net Framework® 3.5 (only new features will be
listed here)

Compatible with three different TDR cable testers
(Tektronix  1502C, TDR-100, TRASE Soil-moisture
Equipment) and support multiplexer system SDMX50 (Fatés
et al., 2013) (available at
http://digital.csic.es/handle/10261/35790.)

Can be used to analyze bulk electrical conductivity, water
level, matric potential, and soil solution electrical
conductivity in addition to soil water content

TDR-LAB
2.0 Lite

Simplified version of TDR-LAB 2.0 with fewer features for
field tests and measurements (Fatés et al., 2013) (available at
http://digital.csic.es/handle/10261/35790.)

Fits low-end ultraportable devices, works with XML-files

TDR_SPS

Mentioned in (Fatas et al., 2013), no further information was
found

WINTDR
(final
version 6.1)

Compatible with operating systems Windows 9x, ME, NT,
2000, or XP, fit for 32 bit machines only (available at
http://psc.usu.edu/soilphysics/win-tdr)

Support Tektronix 1502/3 B/C TDR units, via the Tektronix
SP232 module

Support multiplexers

Automated readings for automatic data capturing and
analysis

Can be used to determine volumetric water content,
electrical conductivity, and permittivity of soils or solutions
The coefficients in Topp et al. (1980) equation can be
customized
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Software Features

® (Compatible with TDR products from Soil Moisture
Equipment Corp. (available at
https://www.soilmoisture.com/downloads/WINTRASE.zip)

® Run under 32-bit (for any operating system) or 64-bi (only
XP operating system or PCs with XP emulator)

WinTrase
2.07

3. Applications of TDR
3.1.  Physical properties of porous media
3.1.1. Soil Water Content Measurement with Traditional TDR Methods

Soil water content is estimated based on the calibration relationship (i.e.,
mathematical model) between the TDR-measured K, value and 6, of the porous media.
Numerous mathematical models have been proposed to describe the relationship
between K, and 6,. They can generally be divided into four categories:

(1) Empirical model. Empirical models relate measured K, to 6, via least squares
regression. The original development of TDR for soil water content is the third-order
polynomial calibration curve given by Topp et al. (1980).

0 =-53x107+2.92x107° K, —5.5x10"* K> +43x10°K> \* MERGEFORMAT (8)

The Topp et al. (1980) equation related 6, to K, in unsaturated soils, and it was
found to be almost unaffected by change in soil bulk density, texture, salinity and
temperature in the soils tested. The standard error of the estimation was very low
(1.3%) and could be calibrated to a lower level (1%) for a specific soil type. However,
this equation was found to be restricted to unfrozen soils and soils with low specific
surface areas (Dirksen and Dasberg, 1993; Dobson et al., 1985; Dyck et al., 2019). A

special calibration was required for partially frozen soil (Stein and Kane, 1983).
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Patterson and Smith (1981) were the first to measure unfrozen or liquid water content
with TDR, and Smith and Tice (1988), Spaans and Baker (1995), and Watanabe and
Wake (2009) attempted to calibrate TDR in partially frozen soils by relating
TDR-measured water permittivity, ey, to independently measured liquid water content,
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Fig. 6. Illustration of different volumetric water content-apparent permittivity
relationships among different porous media. The calibration equations of Topp et al.
(1980), Schaap et al. (1997) ,Funk et al. (2007) and Blonquist et al. (2006) were
compared.

Therefore, it should be noted that TDR calibration curves vary with different
porous media as shown in Fig. 6. The Topp et al. (1980) (Eq. (8)) represents a wide
variety of soils, while Schaap et al. (1997) represents forest litter and Funk et al.
(2007) is an empirical relation describing over 6000 cereal grain samples, all
corrected for density and other factors. Considering bound water effects, Blonquist et

al. (2006) demonstrated similar relations between high surface area clay aggregates
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(Profile) compared to pumice of a much lower surface area, suggesting constituent
phase configuration may dominate as a factor causing reduced permittivity relative to
Topp et al. (1980).

(2) Semi-empirical model. Models that are partly theoretical models and partly
empirical models (Ansoult et al., 1985; Heimovaara, 1994; Robinson et al., 2005a;
Roth et al., 1990; Whalley, 1993).

(3) Physical models. This type of model can be described as mixture equations
which account for the constituent components of a porous medium such as soil.
Birchak et al. (1974) employed a two phase mixture equation to describe soil moisture
and Dobson et al., (1985) expanded on this concept to include the air phase as well as
to divide the water phase into free and bound water, written

K!=0¢e"+0¢"+ Gﬁugfw“ +6,.5,.°
\* MERGEFORMAT (9)

where 6 6. 6O, ana O are volumetric fractions of solid-, air-, free-water- and
bound-water-constituents, respectively. The permittivity of each constituent uses
similar notation and a is a constant, which when a = 0.5, yields a refractive mixing
formula. Ignoring the bound water phase, one may also introduce the spectral
properties of the free water phase dielectric permittivity, which consist of real and
imaginary components, where the spectral signature of water accounts for
frequency-dependent dielectric dispersion and imaginary losses (Dobson et al., 1985;

Mironov et al., 2004).
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Another category of physical models includes the use of simplified geometrical
arrangement of soil constituents with varied assumptions (He and Dyck, 2013; He et
al., 2016). Some of the widely used models are discrete ellipsoid models (de Loor,
1968; Sihvola, 2000), confocal models (Jones and Friedman, 2000; Sihvola and
Lindell, 1990) and spherical models (Friedman, 1998; Miyamoto et al., 2005). The
applicability of these models in frozen soil has been evaluated by He et al. (2015b).
Note that specific knowledge of soil physical properties and volumetric fractions of
soil components are required to use this type of calibration model (He et al., 2017).
3.1.2. TDR for Soil Moisture Profile Distributions

Spatial distribution of soil water content within the sampling volume is important
for applications such as soil water management (Fares and Polyakov, 2006; Hatfield
et al., 2017; Rousseva et al., 2017), irrigation scheduling and runoff/erosion/flood
forecasting. The spatial distribution of soil water content can be obtained by three
approaches:

(1) multiple vertical TDR probes of varying lengths or multiple horizontal TDR
probes at different depths (Fig. 7A). For the vertical deployment, the rod length of the
TDR probe should be equal to the targeted soil depth investigated. Average soil water
contents of specific soil layers with defined depths can be determined by
measurements each probe directly and by the using length-weighted differences of
water contents determined by the TDR probes. TDR probes can be horizontally

inserted at various depths to estimate water content at each depth;
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(2) a single TDR probe with a special discontinuity designed (Topp and Davis,
1981), which functions in a similar way to multiple horizontally inserted TDR probes
(Fig. 7B); and

(3) numerical inversion methods to reconstruct a soil water profile along a single
TDR probe (Fig. 7C). The first two approaches are generally based on the average
soil water content of the sampling volume and the mathematical models in section
3.1.1 have to be used. The third approach is based on the extraction of information
from the TDR signal that varies along the TDR probes. TDR waveform inversion
methods have been proposed to estimate the soil moisture profile distribution along
the TDR probe (Greco, 2006; Greco and Guida, 2008; Laloy et al., 2014; Oswald et

al., 2003).
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Fig. 7. Spatial profile of soil water content measurement with TDR: (A) multiple
TDR probes for different depths; (B) segmented TDR/TDT (time domain
reflectometry/transmission with discontinuities), after Topp and Davis (1981),
Persson and Dahlin (2010), Adelakun and Sri Ranjan (2013) and Kafarski et al.
(2019); (C) spatial TDR with inverse modeling method.
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Oswald et al. (2003) investigated the use of a single TDR probe to estimate the
spatial variation of soil water content along the soil profile using an inverse profiling
technique. Heimovaara et al. (2004) presented a different inversion approach, which
integrated a multi-section scatter function model for the TDR system with the shuffled
complex evolution Metropolis algorithm to estimate the soil water content profile.
Later, Greco (2006) presented an inversion method based on the telegraph equation
for estimating soil water content profiles under laboratory conditions, which was

tested by Greco and Guida (2008) in the field:

! a—V+—R(x)i—0

1 - \* MERGEFORMAT (10)
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t

The method by Greco (2006) illustrates an electromagnetic pulse propagation
along a uni-dimensional TDR transmission rod in terms of electrical current /(x,#) and
electrical voltage V., that are associated with resistance (R), inductance (H),
transverse conductance (G) and capacitance (C) of the transmission rod unit length. In
the equation, both R and H are constant for a given probe, while Cy) and G depend
on the relative permittivity K, and the bulk electrical conductivity o), and both of
the parameters are in turn related to the water content profile .. The proposed
inverse profiling technique produces good estimations of water content profiles, but
accuracy is reduced by the presence of heterogeneous soil layers.

The inversion profiling techniques were further improved with innovative

mathematical methods that enabled estimations of soil water profiles at a
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higher-resolution (Laloy et al., 2014; Mboh et al., 2011; Oswald et al., 2003). The
inverse methods face several challenges, such as the accuracy of the wave
propagation model, the non-uniqueness of the inverse solution, the temperature
dependence of the cable properties, while both water content and salinity influences
on the TDR waveform as discussed in section 2.4 (Laloy et al., 2014; Persson et al.,
2000).
3.1.3. Liquid Water Content and Density of Snow

Liquid water content (also usually referred as snow wetness) and density of snow
are essential information for many snow hydrological applications, such as avalanche
warning, flood prediction, optimization of hydro- power generation and investigations
of glacier melting due to global warming. Techniques used to determine liquid water
content of snow include destructive methods (e.g., centrifugal separation, melting
calorimetry, freezing calorimetry and dilution method) and non-destructive methods
(e.g., capacitance technique and snow pillow) that are time-consuming and laborious
(Stein and Kane, 1983; Stein et al., 1997). Stein et al. (1997) calibrated the TDR
method for an in-situ measurement of snow liquid water content by relating snow
liquid water content to permittivity and snow density. They proposed an equation to
determine the density of dry snow, psow (g cm), from TDR measured permittivity of

snow, K, snow

p.  =0.61(K,.  —1)\* MERGEFORMAT (12)

a,snow

Similarly, an empirical relationship was established between snow wetness, G0 and

Ka, snow
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snow a,snow

Lundberg (1997) compared the TDR method with the dilution method, and their
results demonstrated that the TDR method estimate G0 With 1-2 vol.% error when
changes in snow density were small. However, they also pointed out that
determination of density was required when psuow changed greatly.

3.1.4. Tree Trunk Water Content

Gibbs (1930) demonstrated a seasonal variation in tree stem water content (Gssem =
volume of water/total volume of stem), also referred to as stem relative water content
(Malavasi et al.,, 2016). Ogen varied with xylem water potential, and different
environmental factors including soil water status, climatic conditions or present tree
disease. Reynolds (1965) showed that stem water storage (Gswrage) Of large Douglas
firs contributed significantly to daily transpiration during high evaporative demand
periods. Calculations of Waring and Running (1978) indicated that an equivalent of
about 22 mm water was stored in the sapwood of older Douglas fir trees. Stem water
changes in various tree species, including maple, pine, birch, oak, and gum under
different growing and climate conditions, were also reported (Clark and Gibbs, 1957,
Jackson et al., 1995; Waring et al., 1979; Wullschleger et al., 1996). In addition, stem
water content could help to characterize plant water relationships, schedule irrigation,
help with watershed management, and forest ecology (Constantz and Murphy, 1990;
Fernandez, 2017). These pioneering studies indicated the importance of quantifying

stem water content/storage.
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Methods, including the dendrometer (Turcotte et al., 2011), coring and
gravimetric analysis (Clark and Gibbs, 1957; Waring and Running, 1978; Waring et
al., 1979), gamma-ray attenuation (Brough et al., 1986; Edwards and Jarvis, 1983),
MRI-nuclear magnetic resonance imaging (Choat et al., 2010; De Schepper et al.,
2012; Reinders et al., 1988a; Reinders et al., 1988b; Windt et al., 2009), X-ray
computer tomography (Raschi et al., 1995), stem diameter transduction (Cuevas
Sanchez and Fernandez Luque, 2010), ultrasonic echo detection (Lyu et al., 2016),
TDR (Dahlen et al., 2015; Hernandez-Santana and Martinez-Fernandez, 2010; Irvine
and Grace, 1997; Nadler et al., 2003; Wullschleger et al., 1996), FDR-frequency
domain reflectometry (Beedlow et al., 2017; Holbrook et al., 1992; Kumagai et al.,
2009; Zhou et al., 2018), and heat tracer methods (Trcala et al., 2015), were
demonstrated to determine stem water content/storage. More details about the pros
and cons of the approaches to the measurement can be found in Malavasi et al.
(2016).

Among the methods mentioned, TDR provides a rapid, automated, in situ and low
impact approach for measuring stem water content in living trees. Theoretically, TDR
can be applied to moisture measurement in any porous material that contains water,
including plant stems or tree trunk, because the permittivity of water is much larger
than most other natural materials including tree stems. Measurements show that TDR
is capable of estimating stem water content (at different time scales) across a range of

tree water status.
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Constantz and Murphy (1990) were among the first to apply TDR to measure
daily and seasonal changes in stem water content of living trees. They developed an
empirical calibration relationship equation between stem water content and
permittivity determined by TDR for a range of tree species (i.e., an English walnut
trees (Juglans regia) and ten evergreen and deciduous trees). Based on the study of
Constantz and Murphy (1990), Wullschleger et al. (1996) produced a calibration

relationship equation based on a larger data pool:

0. =0251+4.66x107K -4.93x107*K? \* MERGEFORMAT (13)

stem a,stem a,stem

There is no universal calibration curve available to estimate stem water content of
all tree species (Hernandez-Santana and Martinez-Fernandez, 2010). Accordingly,
numerous studies were conducted on varying tree species, proposing species-specific
calibrations to accurately measure the stem water content of a specific tree
(Hernandez-Santana and Martinez-Fernandez, 2010; Irvine and Grace, 1997; Sparks
et al., 2001; Topp et al., 1980). In addition, trees may be subject to freezing stress
during winter with phase change of tree trunk water to ice, which may impede tree
growth. Knowledge of both liquid water content and total water content are needed to
calculate the ice fraction to assess the ice formation in stem during winter season and
to develop anti-freezing strategies (Sparks et al., 2001; Sun et al., 2019).
3.1.5. TDR Applications in Food Science, Engineering and Geophysics

Water content significantly affects the storability and the quality of agri-food
products, and TDR has been used widely to determine water content of various

agri-food products (Kraszewski and Nelson, 2004), including meat (Fulladosa et al.,
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2013; Rubio et al., 2013), fruit (Nelson and Trabelsi, 2008), honey (Puranik et al.,
1991), liquids/oil (Ragni et al., 2012), grain seeds or flour (Cataldo et al., 2017;
Cataldo et al., 2010; Yasunaga et al., 2009). The following equations have been

proposed for a conventional two-rod probe in corn flour (Cataldo et al., 2010)

0, =—0.158+0.0962K —0.0089K> +0.0004K> , R* =0.964\* MERGEFORMAT (14
in corn (Cataldo et al., 2010)

0 =—0.4694+0.393K  —0.0916K> +0.0079K> , R* =0.971 \* MERGEFORMAT (15
in bran (Cataldo et al., 2010)

0 =—0.0509+0.0116K +0.0224K> —0.0028K , R =0.981 \* MERGEFORMAT (1¢
in rough rice (Cataldo et al., 2010; Yasunaga et al., 2009)

0,=0.2780In K, —0.1969, R* =0.983\* MERGEFORMAT (17)
Fiala et al. (2014) used the Malicki et al. (1996) model to measure water profiles
in cellular concrete. Pavlik et al. (2008) and Cataldo et al. (2018) applied TDR to
measure water content of construction materials and proposed the following

calibration equations for sand

0 =—0.06116+0.0254K  , R =0.989\* MERGEFORMAT (18)
grey cement,
6 =-0.43724+0.18850K , —0.02090[(5 +0.00086K2 , K =0.976\* MERGEFORMAT (

and for white cement

6, =-0.28450+0.11403K —0.01036Kf +0.00034K2 , R =0.980\* MERGEFORMAT
Similarly, Suchorab et al. (2018) used a non-invasive surface TDR probe to
detect aerated autoclaved concrete, and proposed the following expression for rigid

building material (e.g., 2 < K, < 12)
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0 =-0.1956+0.0691K, —0.0017K> , R =0.986\* MERGEFORMAT (21)

Equations ~ were slightly different from the original equation of (Yasunaga et al.,
2009), because the unit has been converted from % to cm?® ¢cm™. A comparison of
these eight equations (Fig. 8) shows considerable differences among different

materials, which indicates material specific calibration may be required.
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Fig. 8. A comparison of TDR calibration curves for agri-foods and construction
materials with Egs. ~.

3.2.  Waveform analysis to determine porous media processes
3.2.1. Electrical Conductivity (EC) and Solute Transport

Estimation of EC can be obtained by either graphical method s or modelling
methods. Graphical methods are based on interpretations of the TDR waveform (see
section 2.4.2), while modelling methods are based on an inverse analysis of a TDR
waveform using physically-based models as stated in Section 3.1.1. In the modelling

method, the TDR signal is the transient response of the cable-probe-soil set to the
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cable tester excitation signal. The estimation of EC from a TDR signal relies on a
numerical inversion method that searches for the EC values that minimize the root
mean square error obtained from the comparison of the measured and calculated TDR
signals.

The TDR’s applicability to simultaneously measure soil water content (6,) and
soil apparent electrical conductivity, o, of the same soil sample contributes to its
usefulness to study solute transport in soils (Kargas et al., 2017; Persson et al., 2000).
Kachanoski et al. (1992) proposed a TDR method to measure the solute travel-time
density functions, F7(7) to characterize solute transport. Their findings showed that
the TDR estimated o was related to the total specific mass of the added solute tracer
between the TDR transmission lines at constant soil volumetric water content, and
that there was a linear relationship between the o, variation with time and the mass
flux of the solute past the rod ends of the TDR probe. Noborio et al. (2006) extended
the method of Kachanoski et al. (1992) to measure the solute travel time probability
density function, in-situ under transient field conditions using a vertical TDR probe of
length. Several studies were performed (Mallants et al., 1996; Nissen et al., 2000;
Persson et al., 2000; Stahli and Stadler, 1997; Wraith, 2003; Wraith et al., 1993) to
investigate solute transport in soils, or to determine solute transport properties in
laboratory soil columns and in field soil.

3.2.2. Locating Wetting/Drying Fronts
Topp et al. (1982a) tested the use of TDR to locate a wetting front, namely, the

interface between a wet and a dry soil layer. The underlying reasoning is that the
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sudden change of soil water content along the TDR probe results in an amplitude or
voltage change in the TDR waveform as illustrated in Fig. 9 (Topp et al., 1982b). The

amplitude change can be quantified as the reflection coefficient R:

e e 70,76,
e e F0,,)+f,.)

\* MERGEFORMAT (22)

R

where &ye and €4, denote the permittivity in the wet and dry soil layers, respectively;

Ovwer and B4, denote the water content of the wet and dry soil layer, respectively.

A.

Wetting front

Reflection amplitude (V)

Travel time (109s)

| Drying front

Reflection amplitude (V)

Travel time (10 s)

Fig. 9. Examples of TDR waveforms that indicate (A) a wetting/drying front or (B)
wet/dry layers, adapted from Topp et al. (1982a).
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During a soil wetting process, the wetting front can be easily located by
estimating the depth of the wet layer from the transmission time of the EM pulse (see

Fig. 9A):

ct
L, =L-L, =L-—==\* MERGEFORMAT (23)

wet
2 \’ gdry

where Ly, Lay and L denote the thickness of the wet layer, dryer layer and length of

the transmission line, respectively; 74, represents the two-way transmission time of the
EM pulse in the dryer layer.
Topp et al. (1982a) demonstrated that TDR-measured average water content

along a TDR probe was the sum of the depth weighted water content of each layer.
6=>z0/>z \* MERGEFORMAT (24)
i=1 i=1

where n is the number of soil layers; Z; is the thickness of the i layer, and 6; is
the volumetric water content of the i’ layer.

Topp et al. (1982b) demonstrated that TDR was able to profile soil water content
in the 0-1.2 m layer. Dasberg and Hopmans (1992) showed that Eq. could be used to
estimate water contents in a layered soil. However, difficulties in interpreting the
TDR waveform were found when a very wet layer was overlying a very dry soil layer.
Several researchers used TDR to measure wetting fronts (Germann, 2017; Noborio et
al., 1996a; Overduin et al., 2006; Robinson et al., 2005a; Robinson et al., 2003b).

3.2.3. Measurement of Local-Scale Soil Water Flux with Vertical TDR Probes

3.2.3.1. One-dimensional, Transient Vertical Soil Water Flux
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Parkin et al. (1995) and Si and Kachanoski (2003) developed at TDR method to
measure transient soil water flux under quasi-steady surface water applications. TDR
probes of length, L (m), were installed vertically at the soil surface (z = 0) such that
the TDR probe spanned a depth from soil from the surface (z = 0), to a depth of L m
below the surface. A quasi-steady water flux was applied to the soil surface. As the
wetting front moved through the depth of soil spanned by the TDR rods, the average

water content (8,; m®* m) measurements from the vertical TDR probes can be used to
determine water storage along the length of the probe with time (Si and Kachanoski,

2000a):

W ()=0.1t)L \* MERGEFORMAT (25)
where W. (t) (m® m?) is the soil water storage in the depth interval, [0, L] as a

function of time (s).

The TDR-measured W; (t) was linked to local, transient soil water flux through

the one-dimensional continuity equation for conservation of mass:

a0 _ _dq, \* MERGEFORMAT (26)
dt dz

where g, is the local, vertical soil water flux (m? m s!). Integrating both sides of the
continuity equation with respect to depth, z, between the depths spanned by the TDR

probe (z=0,z=L), yields:

d (i L—dg dw, ()
—| Odz=- ~dz — L2 =g (0)-g. (L)\* MERGEFORMAT (27
[ 0dr==f = e > == q,(0)-4,(1) (27)

where ¢w(0) and q.(L) are the vertical soil water flux at depths z = 0 and z = L,
respectively.
Under the field conditions described in Parkin et al. (1995) and Si and

Kachanoski (2000a), root water uptake, and surface evaporation were reasonably
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assumed to be negligible. Further at early times, when the wetting front is between
depths z = 0 and z = L, it was reasonably assumed that ¢,(L) = 0. Finally, it was
assumed that, even though soil pores are tortuous and water from outside of the
sampling volume of the TDR probe may enter and leave the sampling volume during
infiltration, the change in TDR-measured soil water storage with respect to time
represents the average (effective) vertical soil water flux through the soil from the soil

surface to the depth of the wetting front:

LAG

q \* MERGEFORMAT (28)
w0 dt

This method was later extended by Dyck and Kachanoski (2009a) to measure the
vertical transient soil water flux within two depth intervals ([0,La] and [La,Lg])
representing the A and B soil horizons.

The abovementioned TDR methods for transient soil water flux measurement
were coupled with analytical solutions to the 1D and 2D, Richards Equation for
constant flux surface boundary conditions as a means of in-situ soil hydraulic property
estimation and further understand the physics of water flow under transient conditions
in the field.

Parkin et al. (1992), Parkin et al. (1995), Si et al. (1999) and Si and Kachanoski
(2000a) demonstrated that TDR-measured W, (t) , as described above. were
consistent with predictions of the 1D analytical solutions of White and Broadbridge
(1988), Parkin et al. (1992) and Si and Kachanoski (2000b). Further, through inverse
procedures, soil hydraulic properties for the soil spanned by each individual TDR

probe could be estimated as the optimized analytical solutions parameters that
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provided the best fit of the analytical solutions to the TDR-measured W;(t) .
Implementation of field experiments with many vertical TDR probes along transects
allowed for further contributions to quantification and understanding the spatial
variability and scale-dependence of soil hydraulic properties and transient soil water
flux (Si et al., 1999) and hysteresis (Si and Kachanoski, 2003).

The extension of the methodology to the measurement of soil water flux within 2
overlying horizons at the same spatial location by Dyck and Kachanoski (2009a)
provided insight into the complex physics of wetting fronts as they cross soil horizon
interfaces. In Dyck and Kachanoski (2010), spatial patterns of A and B horizon
transient stream tube soil water flux were measured under four different quasi-steady
surface water application rates. The scale-dependent vertical continuity of soil water
flux across the A—B horizon interface was quantified with Fourier-domain coherency
spectra. Comparison of the A and B horizon fluxes across and within different water
application rates revealed a loss of coherency between A and B horizon water flux
with increasing flow rate between spatial scales of 1.0 to 6.75 and 0.38 to 0.50 m. The
flux- and scale-dependent behavior of the horizon interface is probably the outcome
of: (1) convergence of the pattern of preferred flow domains in the A horizon to the
spatial pattern of the saturated hydraulic conductivity of the A horizon with increasing
water application rate; and (2) increased modification of the A horizon soil water flux
pattern as the wetting front moves across the soil horizon interface. The results of this
study indicate that the pedon, like the representative elementary volume (REV), is

hydrologically significant.
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3.2.3.2.. Steady-state Vertical Soil Water Flux and Solute Transport

Continuing with the case of vertical TDR probes spanning the surface depth
interval, [0, L], Si and Kachanoski (2003) assumed steady-state flow commenced
once the wetting front moved past the end of the TDR probe and the TDR-measured
W, (t) maintained a constant value. Following establishment of steady-state flow
conditions, the EC of the water applied at the soil surface was changed through
application of water spike with a conservative solute (step application of CI" or Br).
Under steady water flow and water content ( 6, ), Si and Kachanoski (2003)
demonstrated a linear relationship between TDR-measured apparent electrical
conductivity (ECa) and the conservative solute mass within the measurement volume
of the TDR probe as a function of time as the solute front travels vertically through
the soil:

_95.0 _ gy dECA) 4 \{ERGEFORMAT (29)

Do =4y dt

where  gqpo is the surface convective solute flux (kg m? s), and Si(t) is the solute

mass (kg m?) in the depth interval, [0, L] which is equal to  &;- ECa under the
assumption of a linear relationship between applied conservative solute concentration
and TDR-measured ECa.

Given the following relationship between soil water flux and convective solute flux,

\* MERGEFORMAT (30)

where Cy is the concentration (kg m?) of the conservative solute in the step
application of solute, the following expression for TDR-measured, steady-state soil
water flux was derived:

oL dEC,, (1)
EC,,(t,)-EC,, (1) dt

Qo = \* MERGEFORMAT (31)
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where ECy (tr) and EC,(t;) are the TDR-measured EC, after the solute front has
passed the end of the TDR probes (¢r), and prior to solute application (), respectively,
and dECdL'tL(t) is the changed in EC, with respect to time between times # and 7.

An implicit assumption associated with Eq. is that the distribution of the tracer
within the measurement volume of the TDR probe (i.e., mobile or immobile water),
does not significantly influence £Ca. Another assumption is that the contribution of
diffusive/dispersive solute flux is negligible compared to convective flux.

Although the above theory is for 1D, vertical flow, Zhang et al. (2000a) and
Zhang et al. (2000b) used vertical TDR probes to measure the vertical component of
two-dimensional, steady-sate soil water flux directly beneath a quasi-steady line
source. Further Dyck and Kachanoski (2009b) extended the method for measurement
of 1D, vertical steady state soil water flux within two depth intervals ([0, L4] and [L4,
Lg]) representing the A and B soil horizons.

Like the transient flux method (section 3.2.3.1), under steady-state conditions, the
steady-state soil water flux is equal to the soil hydraulic conductivity at the
TDR-measured water content. If many vertical TDR probes and multiple water
application rates are deployed, it was demonstrated that the field-average soil
hydraulic conductivity curve can be measured in-situ (Si and Kachanoski, 2003).
Further, Zhang et al. (2000a) and Zhang et al. (2000b) demonstrated consistency of
TDR-measured vertical, steady-state soil water flux with the vertical component of

2D, steady-state soil water flux predicted by 2D solutions to the steady-state version

of the Richards equation with a line source surface boundary condition.
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Implementation of inverse procedures, allowed the best fit parameters of 2D solutions
to the steady-state Richards Equation and soil hydraulic properties to be estimated
(Zhang et al., 2000b).

The extension of the method for measurement of steady-state soil water flux
within 2 overlying horizons at the same spatial location provided insights into the
factors affecting the spatial variability and patters of steady state soil water flux at
increasing soil depths. Through estimation of the multiple coherency spectra in the
Fourier domain, Dyck (2008) showed that the spatial patter of the B horizon
steady-state soil water flux was highly, significantly dependent on the spatial pattern
of steady state water flux in the overlying A horizon and the spatial pattern of the
curvature and depth of the A/B horizon interface. This result demonstrates the
complex nature of the correlation between water flow and solute flux within local soil
flow domains (i.e., stream tubes or REVs) not typically accounted for in numerical
simulation models.

3.2.4. Locating a Freezing/Thawing Front and Detecting Frost

TDR can be used to demonstrate whether soil frost is present or not (i.e., some of
the pore water in soils is frozen or not), because there exists a large difference in
permittivity of ice at microwave frequencies (~3.2) and water (~80) (He and Dyck,
2013; Noborio, 2001). The change of permittivity at the interface of frozen (ice) and
unfrozen layers (water) results in an electrical discontinuity that produces a distinct
reflection in the TDR waveform (Fig. 10). Based on the principle for locating the

wetting front as stated in Section 3.2.2, Baker et al. (1982) examined the use of TDR
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to locate the interface between frozen and unfrozen soil layers (i.e., the freezing front).
However, differing from the wetting-drying process, soil freezes from the top down in
the field (Fig. 10A), but it thaws from top (ground surface) and bottom (deep
unfrozen soils) (Fig. 10B), which leaves a frozen layer in the middle sandwiched

between unfrozen layers (Christensen et al., 2013; He et al., 2015a).
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Fig. 10. Experimental layout used in freezing/thawing fronts detection: (A): freezing
process and (B) thawing process, after Baker et al. (1982) and Chen and Horino
(1998).

The frozen and unfrozen depths can be determined by (Chen and Horino, 1998)

ct
L,  =—2%_\* MERGEFORMAT (32)
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ct,.
=W \* MERGEFORMAT (33)

Lunfrozen - 9
V gunfrozen

where Lfozen and Lunfozen indicate the thickness of the frozen and unfrozen layer,
respectively; tozen and funpozen represent the return time of the EM pulse in the frozen
and unfrozen layer, respectively. TDR has been used in several studies to determine
frost depth (Baker et al., 1982; Chen and Horino, 1998; Hayhoe et al., 1983; Hirota et
al., 2006; Kennedy and Sharratt, 1998; Overduin et al., 2006; Pilon et al., 1985;
Rajaei and Baladi, 2015; Roberson and Siekmeier, 2000; Yami et al., 2012; Yanai et
al., 2017). In general, results of these researches verified the reliability of TDR to
locate the freezing front or to determine freezing depth. However, it should be noted
that TDR probes inserted vertically from the surface may lead to preferential freezing
of the surrounding soil due to the greater thermal conductivity of the stainless steel
rods.
3.2.5. Hoarfrost and Dew Detection

Although frost damage on crops is attributed to hoarfrost formed on the surface of
crops, hoarfrost or dew is usually observed by naked eyes. Thus, temporal monitoring
hoarfrost or dew formation has not been available. Kato et al. (2020) reported that
TDR successfully detected differences between dew and frozen dew with an
etched-print-circuit-board probe in the controlled environment (Fig. 11). Dew and
frozen dew are composed of the combination of liquid water and air, or that of ice and
air, respectively that has distinct permittivity (Noborio, 2001). Later year in the field,
Shibuya et al. (2020) detected dew, frozen dew, and hoarfrost under different weather

conditions using TDR techniques. With time-series data on environmental factors and
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TDR-measured hoarfrost, Ding et al. (2019) reported that machine learning

techniques enabled hoarfrost forecast three-hour in advance.
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Fig. 11. Temporal changes in dielectric constant detecting formation of dew and
frozen dew as temperature at the TDR probe decreases to subzero (Kato et al., 2020).

3.2.6. Determination of Snow Depth

Knowledge of snow wetness or the liquid water content of snow (Gsnow), SNOW
density (psnow) and snow depth (Ls.ow) 1s of great importance for avalanche control,
snowmelt simulation, runoff modeling and flooding forecast. The most commonly
used snow survey is laborious, time-consuming and destructive. Many techniques
have been developed (Sturm and Holmgren, 2018), but few methods are available to
make continuous, multiple-point, rapid, accurate and non-destructive measurements at
low cost. Similar to methods used to locate wetting/drying and freezing/thawing
fronts, the TDR can theoretically be applied to measure snow depth, because of the
difference in permittivity between air and ice- water-air mixtures. However, TDR has

not yet been used to detect snow depth. There are studies that use ground penetrating
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radar (GPR) to estimate snow depth (Marchand et al., 2001). Measurements of snow
depth with GPR are based on the travel time characteristics of EM waveforms, which

1s similar to TDR.

Snow depth measurement with the GPR technique is based on the determination
of the two-way travel time, 7, of the electromagnetic (EM) propagating speed, Vgpzr, in
Snow. Lgow = t Vepr However, this method is limited to snow with uniform density.
Unreasonable snow depth measurement may be encountered in layered snowpack
because of the less sensitivity of the GPR (Paolo et al., 2015; Previati et al., 2011).
Recent studies combined GPR techniques and TDR measurements to obtain more
accurate snow depth and density at a greater scale (Paolo et al., 2015). The TDR
measurements were performed to estimate the speed of the EM wave (Vrpr). This is
more accurate than the Vgpr (Paolo et al., 2015). The calibrated snow depth is
therefore calculated by Lgnow =t Vrpr.

3.2.7. Determination of Water Depth or Water Level

Moret et al. (2004) evaluated the use of a vertical coated TDR probe of length L

immersed in a water column to estimate the water depth or water level (L-x) in a

Mariotte tube. The water level is calculated according to (Fatés et al., 2013)

w=p NEr TNE Ve, \* MERGEFORMAT (34)

Veu =e,

where x is the probe length in air above the water level, K, is the apparent permittivity
measured by the TDR cable tester, and e, and &, are the relative dielectric

permittivity values of air and water previously measured with the same probe,
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respectively. From this perspective, TDR has the potential to measure water levels in
rivers, channels, or from surface runoffs, and more studies on the influencing factors
and their applicability are required. Cataldo et al. (2008b) and Cataldo et al. (2008a)
used a similar approach to measure the level or depth of various liquids (e.g.,
de-ionized water, acetone, diesel oil and fuel) with 2~3% errors.
Yazaki et al. (2008) independently proposed the following equation to measure
water depth, L-x, using a TDR probe installed upside down:
L—x= (=) % \* MERGEFORMAT (35)
where L, is the apparent length between the entering location of the probe and the 1%
reflection point. Equation was valid for TDR probes with L between 10 and 20 cm.

They showed a good agreement in water depths measured with a pressure transducer

and TDR in a rice paddy field for about 60 d, as shown in Fig. 12
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Fig. 12. Water depth measured with a pressure transduce and a 20cm-long 3-wire
TDR probe in a rice paddy filed, after Yazaki et al. (2008).
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Unlike the use of an open-ended TDR probes for water level measurements,
Thomsen et al. (2000) developed a time domain transmission (TDT) probe to measure
water depth and found it to provide comparable results to a commercial ultrasonic
liquid level probe. Their new probe is actually similar to the TDT probe described by
Blonquist et al. (2005) to measure soil water content, but it only has a single loop of
transmission line. Similarly, an insulated coaxial cable can be used to measure water
level and other characteristics (e.g., shear strength and pressure), as will be described
in the next section.

3.2.8. Detection of Rock or Soil Mass Deformation, Ground Water Level and
Piezometric Pressure

Instead of using several individual TDR probes, some geotechnical engineering
applications use coaxial cable TDR systems with known crimp locations. The crimps
provide permanent distance markers (e.g., rubber-insulated conductors) that allow the
TDR system to be self-calibrating. The coaxial cable buried/grouted/submerged in a
piezometer/borehole can be used to monitor the change of strength or pressure of its
surroundings (Fig. 13). For instance, mechanical forces change the distance between
distance markers of transmission lines, which in turn affect the spatial distribution of
capacitance and inductance. These spatial variations result in partial reflections of an
incident electrical step pulse from which physical parameter distributions along the
inhomogeneous transmission line can be reconstructed. Therefore, TDR can be used
to measure ground deformation (e.g., displacement along rock joints) (Dowding et al.,

1989) and/or landslides (Drusa et al., 2013; Farrington and Sargand, 2006) at multiple

60/98



distinct locations along the coaxial cables grouted in a rock or soil mass. Coaxial
cable based TDR and fiber optic based distributed temperature sensing methods are
techniques available for monitoring rock/soil deformations at a field scale (Chai et al.,

2004; He et al., 2018a; Kogure and Okuda, 2018).
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Fig. 13. Illustration of a TDR system to monitor slope movement at different
locations along the slope with a closeup of the shear zone, the location of which can
be identified as a signal reflection in the TDR waveform, after (Thuro et al., 2010).

The advantages of the TDR method for landslide monitoring, compared to
traditional methods such as inclinometers, include being economical because of the
low cost of coaxial cables and the multiplexing capability of the TDR system, in
addition to the ease of installation and data collection as concluded by Sargand et al.
(2004). While TDR could successfully detect the depth of shear plains, it is not able to
provide direction of the movement and inferring the magnitude of the movement from

the waveform is possible, though this is often a difficult task especially under field
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conditions. More recommendations on coaxial cable selection and installation
procedures as well as example waveform analyses for TDR slope stability monitoring
can be found in the literature (Cortez et al., 2009; Kane, 2000; Sargand et al., 2004).
As an analog to the mechanical forces, a reflected voltage signal resulting from
changes in impedance of the cable submerged in water can be used to measure
groundwater levels and piezometric pressures (Chaney et al., 1996; Dowding and
Huang, 1996). TDR is advantageous over downhole pressure transducers used in
piezometers in that only small-size riser pipes (e.g., 12 mm inner diameter) are
required, the installation is simple and no field calibration is required, good for
long-term telemetric surveillance. Scheuermann and Hiibner (2009) applied TDR to
determine pressure profiles from the time-domain reflection data of transmission
lines.
3.3. TDR Combined with Other Methods to Determine a Variety of Properties
In addition to the conventionally designed TDR probes, TDR has been combined
with other techniques for simultaneous measurements of a wide range of soil physical
properties. For instance: (1) the combination of a heat pulse probe and a TDR probe
(e.g., Thermo-TDR probe) can simultaneously measure soil water content, water flux,
soil temperature, electrical conductivity, thermal conductivity, thermal diffusivity, and
volumetric heat capacity within the same sampling volume (He et al., 2018b; Ren et
al., 1999); (2) the combination of porous material (e.g., gypsum or ceramic) and a
coiled TDR probe can simultaneously measure soil matric potential and water content

which comprises the soil water retention curve (Lungal and Si, 2008; Noborio et al.,
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1999; Vaz et al., 2002); (3) newly designed TDR probes (e.g., hollow TDR probes
combined with a tensiometer and solution extraction instruments, PVC tubes-coaxial
cables based coil-type TDR, ceramic disks based three-rod TDR and apparatus
combining TDR with remote switching diodes, and a TDR array with continuous rod
pairs as probes) can be used for multipurpose measurements including, but not limited
to, solute concentration, bedrock moisture, soil salinity, frost depth under pavements,
and near-surface soil moisture profile (Baumgartner et al., 1994; Katsura et al., 2008;
Moret-Fernandez et al., 2012; Roberson and Siekmeier, 2000; Sheng et al., 2017); and
(4) a spatial TDR based on the flat ribbon cables and inverse modeling of TDR
waveforms can be used to determine water content and EC profiles along the needle
of a TDR probe (Greco, 2006; Laloy et al., 2014).
3.3.1. Thermo-TDR for Vadose Zone Measurements

The heat pulse method, which is based on the line-heat source solution of the
radial conduction heat transfer equation (Carslaw and Jaeger, 1959), is a transient
method for determination of soil thermal properties and a range of other physical
properties both in the laboratory and under field conditions (He et al., 2018b). A
thermo-TDR device was first developed by combining a single-probe heat pulse probe
with a conventional TDR probe to simultaneously determine 6, and thermal
conductivity (1) (Baker and Goodrich, 1984; Baker and Goodrich, 1987). Noborio et
al. (1996b) developed a 3-probe thermo-TDR probe (Fig. 14) with a central heater
and two outer thermocouples, allowing for simultaneous determination of soil

properties, including water content, EC, thermal conductivity, thermal diffusivity, and
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heat capacity. Ren et al. (1999) re-designed the thermo-TDR probe to provide in situ,
accurate and continuous measurements of 6,, EC, thermal properties, bulk density,
heat flux, liquid water flux, and vapor flux (Ren et al., 1999; Ren et al., 2003). The
Thermo-TDR probe enables in-depth understanding of coupled heat and water
transfer processes in the vadose zone (He et al., 2018b; Ren et al., 1999; Ren et al.,

2003).
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Fig. 14. Schematic of a thermo-TDR, which combines TDR and heat pulse methods.
The middle needle functions as the central TDR and the heater of heat pulse method
(containing a resistance heating wire); the two outer needles function as the TDR
ground needles as well as the temperature sensing needles of the heat pulse method
(each needle contains a thermocouple). The length of the needle ranges from 28 to 70
mm with a needle spacing of 6 - 10 mm.
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3.3.2. TDR- Matric Potential Probe to Determine Soil Water Retention Curves
(SWRC)

Soil water retention curves (SWRC), defined as soil water content as a function
of soil matric potential (%), is a critical soil hydraulic property. It is required to
numerically simulate 6,, water flow and solute transport, to schedule irrigation, and
other soil and land management endeavors (Wraith and Or, 2001). A variety of direct
measurement methods have been developed to measure SWRCs, including the
hanging water column, pressure plate, tensiometers, centrifuge, dew point, thermal
dissipation method, thermocouple psychrometer, VSA, and evaporation method
(Cresswell et al., 2008; Dane and Hopmans, 2002; Klute, 1986; Romano and Santini,
2002; Scanlon et al., 2002). However, these methods vary in measurement range,
accuracy, cost and portability. In situ, automatic and continuous measurement of
SWRC is highly desirable, because dynamic changes in continuity of pore and
pore-size distribution significantly affect the SWRC. Common ways to determine
SWRC in situ requires paired water content and matric potential sensors. However,
this approach suffers from errors associated with poor hydraulic coupling including
unmatched spatiotemporal resolutions and incompatible measurement ranges. A probe
that combines TDR with a tensiometer or with a fixed porous media (e.g., gypsum
block or porous ceramics) enables the simultaneous, automatic and continuous in situ
measurement of SWRC values (i.e., water content and matric potential) in the same

volume.
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Vaz et al. (2002) coiled copper wires around the ceramic cup of a tensiometer (for
matric potential measurement) to function as TDR for 6, measurement (Fig. 15A).
Lungal and Si (2008) put a coiled TDR in a ceramic cup to make a coiled TDR matric
potential probe (Fig. 15B). Whalley et al. (1994) and Baumgartner et al. (1994) used
hollow stainless-steel tubes with a porous stainless-steel tip as TDR rods (Fig. 15C).
The porous tip functioned as a tensiometer to measure soil water matric potential. The
hollow TDR rod is connected with a pressure transducer system to measure the soil
matric potential around the porous tip. However, Noborio et al. (1999) found that
most of the TDR-matric potential methods were generally limited to the measurement
range ¥, > -0.085 MPa. Therefore, Noborio et al. (1999) combined TDR with a
porous ceramic block (dental plaster) to simultaneously estimate matric potential,
based on the 6, of the porous block, and 6, of the soil (Fig. 15D). Their method
extended the measurement range to -1000< ¥,< -10 kPa. Or and Wraith (1999)
arranged a set of commercially available porous ceramics plates along the axis of a
TDR probe. More details of combined TDR with tensiometers or porous material are

shown in Table 4.
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Fig. 15. Schematics of conjunct TDR with tensiometer and porous material for
determination of soil water retention characteristics (A from Vaz et al. (2002), B from
Lungal and Si (2008), C from Whalley et al. (1994) and D from Noborio et al.

(1999).

Table 4. Selected designs of time domain reflectometry (TDR) combined with
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Noborio et al.
(1999)
Or and Wraith
(1999)

Wraith and Or
(2001)

Vaz et al. (2002)
Lungal and Si
(2008)

Moret-Fernandez
et al. (2008)

2 stainless steel rods (1.6-mm
diam., 25 mm apart and 51.4 mm
long) soldered to 2 copper tubes
(3.2-mm diam., 5 mm apart and 50
mm long)

3 rods: 150 mm long and 15 mm
apart.

3 rods: 3.2-mm diam., 20 mm
apart and 200 mm long

Coiled TDR
Coiled TDR

A zigzag copper rod  (150-mm
long, 2 mm diam.) vertically
installed in a clear plastic cylinder,
six vertical copper rods (60-mm
long, 2 mm diam.) arranged
around the inner wall of the
cylinder.

transducer

Porous media (gypsum
block)

Porous ceramic and
plastic disks
Previously
characterized porous

media (having similar

pore-size  distribution
with  soils  under
measurement)

/
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Fig. 16. TDR waveforms for the Noborio et al. (1999) probe.
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The matric potential can be estimated from either permittivity or water content.
Noborio et al. (1999) related TDR-measured permittivity of the gypsum to the soil

water matric potential as:

1 q
e, =€ +e  —-& )|l—
8p res ( sat Ie.s) |:(1+ ’ a'l//m |)p:|

\* MERGEFORMAT (36)
where &g , €50 and e are permittivity of gypsum and permittivity at saturation and
residual water contents, respectively; o, p and ¢ are calibration constants. The

dielectric constant of gypsum and soil were determined as:

Egyp

2
:[i j \* MERGEFORMAT (37)

where L, is the apparent probe length and L is the probe length. The TDR waveforms
at different matric potential values are shown in Fig. 16. Noborio et al. (1999) showed
that the ¥, -0 relationship determined by the TDR probe embedded in porous ceramic

was comparable to the relationship determined by traditional pressure-plate apparatus.

Or and Wraith (1999) used the van Genuchten (1980) model to establish the
relationship between TDR-measured water content and ceramic-measured matric

potential (Fatas et al., 2013)

1 m
0,=10,-0,)———| |+0.\* MERGEFORMAT (38)
1+ (ay)

where 7 is the pore-size distribution parameter, m = 1-(1/n), is the scale factor

related to air-entry point or bubbling pressure (kPa), and 6., and 6., are the saturated

and residual volumetric water contents of the ceramic plates, respectively. The
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equation parameter for each TDR- matric potential probe are derived from pressure
cell calibration measurements.
3.3.3. More Combinations of TDR with other techniques

TDR has been combined with other methods to determine a wide variety of
physical properties. For instance, Roberson and Siekmeier (2000) combined type K
thermocouples and a four-segment TDR probe (each TDR segment 15 cm long) to
measure frost depth of pavement systems. Baumgartner et al. (1994) joined a hollow
TDR probe and a pumping system for water sampling. The hydraulic conductivity can
be estimated by analyzing transient soil water content and capillary pressure head
profiles during a vertical drainage process (Hillel and Gardner, 1970; Kool et al.,
1985). Heimovaara et al. (1993) combined TDR probes with tensiometers to
simultaneously measure soil water content and pressure head profile of a soil column
(Fig. 17A). They found that this apparatus gave more insight into the flow process
through a sprinkling infiltrometer method and evaporation method. Hendrayanto et al.
(1998) proposed a modified instantaneous profile method to determine the unsaturated
hydraulic conductivity of forest soils in the field. Al-Jabri et al. (2006) presented a
dripper-TDR field approach that enabled simultaneous measurement of a variety of
hydraulic conductivity, macroscopic capillary length, immobile water fraction, mass

exchange coefficient and dispersion coefficient (Fig. 17B).
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Fig. 17. TDR and tensiometer apparatus used in A. (Heimovaara et al., 1993) and B.
dripper TDR apparatus applied in (Al-Jabri et al., 2006).

4. Limitations and Perspectives
4.1. Uncertainties in Graphical Interpretations

The classical graphical interpretation methods to determine travel time and
reflection amplitude are easy to use, but they are subject to the setting of travel time

analysis parameters (Huisman et al., 2002). Skierucha et al. (2004) argued that the
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travel times of TDR waveforms must be determined at the resolution of picoseconds
(ps, 107'2 s), because a measurement error of 10 ps lead to about a 0.2% error in soil
water content (Skierucha et al., 2004). In addition, currently there is no tool available
for wetting/drying and freezing/thawing interface detection in the TDR waveforms.
TDR probes may be subject to the following four difficulties in practice:

(1) frost heave over winter may lift TDR rods (up to 10 cm);

(2) detrimental air voids of variable size may develop around the upper ends of
vertically installed rods (Topp et al., 2003), which result in an underestimation of
water content or in unrepresentative water contents when these openings function as
preferential flow channels (Annan, 1977; Topp et al., 1982a);

(3) preferential freezing or thawing along the TDR rods in frozen soil may take
place because the TDR rods have a larger thermal conductivity than the porous media
(e.g., soil and stem) being investigated;

(4) TDR rods may lead to planes of weakness with shrinkage cracks passing
between the rods in un-vegetated soils (Topp et al., 2003).

To reduce subjective interpretation and to maintain constant standards, there is a
need to develop new interpretation methods or tools. Machine learning or artificial
intelligence has been used for graphical interpretation or target detection in various
disciplines of earth science (Arabameri et al., 2020; Nanda et al., 2020; Rizvi et al.,
2019; Saha et al., 2020; Zhang and Shi, 2020; Zhou et al., 2019). The machine
learning may be used to facilitate the interpretation of TDR waveforms in order to

determine a variety of physical properties and processes in porous media. And
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machine learning can also be used to compare the various waveform analysis for
water content measurement.

Another promising alternative to the classical graphical interpretation methods is
the use of numerical inverse modeling or the Fourier transformation analysis of the
TDR waveforms. The advantage of this method 1is that it provides
frequency-dependent dielectric properties contained in TDR waveforms (Cole, 1977,
Friel and Or, 1999; Giese and Tiemann, 1975; Heimovaara et al., 1994). Therefore,
this method can be applied to soils with high clay content or salinity that cause energy
losses (e.g., dielectric dispersion and electrical conduction) in TDR EM waveforms,
making them difficult to interpret graphically. In addition, it can be used to provide
soil water profile along the rods of a TDR probe. It is also noteworthy that few studies
were found to combine the frequency domain analysis of the TDR waveform with the
numerical simulation programs.

4.2.  Uncertainty in TDR Measurements of Water Content and Water Storage

Because short TDR rods (e.g., < 10 cm) can affect the accuracy of soil water
content measurements (Dalton and Van Genuchten, 1986; He et al., 2015b; He et al.,
2018b; Heimovaara, 1993; Topp et al., 1984), special calibration curves (Ren et al.,
2003) or special TDR waveform analysis (Wang et al., 2016) are required for soil
water measurements with a short-rod TDR. This might be also true for stem water
content, because the length of a TDR probe is restricted by the tree diameter and the
ease of drilling/inserting the TDR needles. TDR probes used for stem water

measurement have lengths of 2 cm (Irvine and Grace, 1997), 5 cm (Irvine and Grace,
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1997) or 13 cm (Constantz and Murphy, 1990). Few studies have analyzed the effects
of TDR dimensions on stem water measurements. TDR probe length differences (Fig.
18) may partially explain why the calibration curves for soil water measurements
cannot be used for stem water content (i.e., less-structured soil vs well-structured stem)
(Irvine and Grace, 1997). FDR has also been used for stem water measurements
(Zhou et al., 2015), and FDR may be a better choice than TDR for measuring stem

water contents in trees of small diameter.

Data logger

Fig. 18. Potential installation of TDR probe lengths in a tree trunk, modified from
Constantz and Murphy (1990) and Sparks et al. (2001).

In addition, maximum contact between the TDR probe and the sapwood should
be made, because poor installation results in air bubbles around the TDR rods
(Malavasi et al., 2016). Effects of the radial variability of stem morphology (e.g.,
non-uniform distribution of water in the stem, different dielectric permittivity of the
sapwood and heartwood) on TDR measurements should be investigated to better

understand stem water content. Plant stems differ from other porous media (e.g., soil)
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in that outer sapwood layers of trees tend to exhibit higher water contents compared to
the inner heartwood layers (Constantz and Murphy, 1990). A study of Zhou et al.
(2018) showed that the probe must sense substantial amounts of the sapwood to better
account for changes in Gsen. The influence of temperature on TDR coaxial cable
dielectric length is another issue that should be considered (Malavasi et al., 2016).

There is no universal calibration function to estimate soil water content nor stem
water content (Hernandez-Santana and Martinez-Fernandez, 2010). Collating and
evaluating available TDR calibration curves for soil water content, stem water and
liquid water/ice content should be done.
4.3. Protocols for TDR and a New TDR Probe Design

Similar to other measurement technologies (He et al., 2018b), there is a
noticeable lack of protocols or standards for TDR design and applications. Many
promising combinations of TDR with other techniques (e.g., thermo-TDR and
TDR-matric potential probe) have been studied but not yet commercialized. The
measurement range of the TDR based SWRC method varies from probe to probe and
should be fully evaluated. Because SWRC is temperature dependent (Hopmans and
Dane, 1986; Liu and Dane, 1993), future studies should calibrate the effects of
temperature on the measured SWRC. Hysteresis is another issue that should be solved
for the TDR based SWRC instruments.

It is also noted that a combination of TDR and gypsum/ceramics has been used to
measure matric potential (Lungal and Si, 2008; Noborio et al., 1999; Scanlon et al.,

2002), a combination of TDR and the heat pulse method has been used to measure

75/98



thermal properties and a range of other physical properties (He et al., 2018b; Ren et
al., 2003), and combination of heat pulse or thermal dissipation method and ceramics
has been used to measure thermal properties and matric potential (Feng and Fredlund,
2003; Fredlund, 1992; Kojima et al., 2017; Tan et al., 2007). Theoretically, it is
possible to combine the TDR, heat pulse method and gypsum/ceramics to
simultaneously measure a wide range of physical properties including thermal
properties, matric potential and water content on the same volume of porous media.
This would facilitate the study of coupled water and heat transport in porous media.
4.4. Development of Duty-Cycle TDR Unit

Currently, there is a lack of inexpensive but high-resolution TDR cable testers,
which impede the wide application and deployment of this technique. Shibuya et al.
(2021) introduced one of the good examples for the development of inexpensive but
accurate TDR, a duty-cycle TDR unit, designed and manufactured by Kett Electric
Laboratory Ltd. in Tokyo, as shown in Fig. 19. A square wave pulse generator
running with 25 MHz emits a square wave with a duty cycle is 50%, as shown in Fig.
20A. The pulse travels through the impedance matching and the 50Q2 coaxial cable to
the probe. The pulse reaches the end of the probe, reflects there to return through the
50Q coaxial cable to a comparator. The comparator compares the reflected wave
voltage with the threshold voltage, E;, which is predetermined based on the range of
dielectric constant at the probe (Fig. 20B). The reflected wave voltage varies only
depending on changes in dielectric constant at the probe throughout the signal line

between the pulse generator and the probe. When the reflected wave voltage is larger
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than the threshold, it would be £ otherwise be zero to turn binary values, as shown in
Fig. 20. Fig. 20C. The length ratio of £ to zero does not change the frequency, but
only a duty cycle. The integrator sums up E to a certain voltage corresponding to the
duty cycle induced by the comparator. The A/D part changes the analog voltage to

digital signals for output.

probe
50Q2 coaxial cable
impedance ( (i
matching \
25MHz square comparator integrator A/D
wave pulse
generator

Fig. 19. A block diagram of a duty-cycle time domain reflectometry (Shibuya et al.,
2021).
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Lﬁjﬁb’e LE_P'UbE L, _probe Laﬁcab!e

77/98



Fig. 20. (a) a square wave pulse generated at the pulse generator for sending out to a
probe, (b) the wave reflected at the probe and the coaxial cable, and (c) the wave with
binary values after the comparator. The £ and Es denote a circuit voltage and a
threshold voltage, respectively (Shibuya et al., 2021).

S. Summary

This review shows how TDR can be used to disclose critical information in
porous media beyond average soil water content. It covers basics of the TDR method
including TDR principles, design of TDR probes, commercially available TDR cable
testers, methods and software for TDR waveform analysis. Applications of TDR to
estimate water content in various porous media, including soil, plants, snow, food and
concrete are discussed. New techniques available to derive spatial variability of soil
water distributions along a single TDR probe are presented, followed by TDR
waveform based analyses to estimate electrical conductivity (EC), wetting/drying and
freezing/thawing fronts, and snow depth. The combination of TDR measurements
combined with other methods (e.g., gypsum/ceramics and heat pulse method) to
determine a wide range of soil physical properties (e.g., soil water retention curve,
thermal properties, and hydraulic conductivity) and fluxes (e.g., soil heat flux, liquid
water flux, and vapor flux) are also presented. The study concludes with a discussion
of limitations and perspectives on various TDR applications. This review provides
useful information for novices and experts alike to guide them on the advantages,
limitations, developments, and the applications of the TDR method in porous media.
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