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Abstract

Over the past decade or so, the development and continuing refinement of the time-domain reflectometry
(TDR) technique for in-situ, nondestructive measurement of water content has revolutionized the study and
management of the transfer and storage of water within the soil profile. The principles for the application of TDR to
water content are now well accepted and straight forward. For many mineral soils, the calibration for water content
has a linear relationship with the square root of the relative permittivity measured by TDR. This allows a two-point
calibration. TDR-measured water content has been applied successfully to water balance studies ranging from the km
scale of small watersheds to the mm scale of the root-soil interface. Soil probes can be designed to meet many and
varied requirements. The performance of a number of probe geometries is presented, including some of their
strengths and weaknesses. Although coated soil probes allow measurement in more conductive soils, the probe
coatings alter the water-content calibration both in sensitivity and linearity. Three general options are available for
determining profiles of soil water content from the soil surface to a depth of 1 m. Soil probes of differing total depths
extending to the surface are the most accessible. Soil probes buried at selected depths provide easily repeatable
values. The vertically installed single probe, with depth segments separated by diodes, allows repeated measurement
in a single vertical slice. The portability of TDR instrumentation coupled with the simplicity and flexibility of probes
has allowed the mapping of spatial patterns of water content and field-based spatial and temporal soil water content
distributions. The usefulness and power of the TDR technique for characterizing soil water content is increasing
rapidly through continuing improvements in instrument operating range, probe design, multiplexing and automated
data collection.

1. INTRODUCTION

The use of dielectric techniques to determine water content of soil has increased greatly since
the early application of high frequency methods to soil materials over thirty years ago [1]. The time
domain reflectometry (TDR) technique was applied successfully to soil in the mid-seventies [2, 3]. Over
the intervening twenty-five years, TDR has become widely accepted for the measurement of water
content of soil, and more than ten companies are marketing instruments or components to measure soil
water content based on the application of TDR. All of these make use of the unique electrical properties
of water in a soil matrix. The TDR technique is electromagnetic and, as such, makes use of measurement
techniques from the communications sector of society for which instrumentation has been developed
with very good temporal and temperature stability. This provides for TDR a significant advantage over
many other approaches.

Water, ionic solutes and air are vital inputs to the soil - as the basis of agricultural production of
food, in the form of anthropologic contamination of the soil and near surface water, or as major factors in
the mass and energy balances of the soil profile. In spite of their significance, only in the last 15 years
has rapid, in-situ, nondestructive measurement of soil water content, ionic solute concentration and soil
air content (indirectly) become possible in the form of TDR [4-6]. This radar-based technology has
revolutionized our ability to characterize the storage and movement of water, solute and air in the soil
profile [7]. With TDR, it is now practical to monitor simultaneously the soil water, ionic solutes and air
(indirectly) in both space and time with high accuracy and relatively low equipment and labour costs.
This capability, in turn, provides better evaluations of the impacts of agricultural practices on the soil-
plant-atmosphere continuum.
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This paper gives a brief overview o f the operating principles of TDR, as well as a review of how
it is used to measure water content in the soil profile. A s the effective use and development of TDR
depends critically on probe performance, w e give a summary of probe-design developments and some of
the important considerations that must be m a d e when using TDR.

2. M E A S U R E M E N T S

The high dielectric constant or relat ive permittivity of water (about 80) compared to those of the
other soil components (1 for air, 2 - 5 for soil solids) makes determination of the relative permittivity an
attractive way to measure water content. T h e T D R approach, which is a radar technique applied within
the soil, is used to determine the soi l ' s bulk relative permittivity. A fast rise step voltage pulse is
propagated along a transmission line in the soil. The voltage pulse propagates as an electromagnetic
(EM) wave, traveling in the soil and guided by the conductors of a probe, which may have a variety of
configurations. The properties of the soil that govern the propagation of E M waves are expressed in
terms of velocity, v (m s'1), and attenuation, a (m'1) , which can be written as [8, 9 ] :

c 2L I— ct
v = -j= = — from which Vf™ = — (1)
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where

c is the velocity (m s"1) of an E M w a v e in free space (vacuum),
En is the apparent relative permittivity (dimension-less) measured by TDR,
L is the length (m) of the t ransmission line (probe) in the soil,
t is travel t ime (s) of the E M wave a long the probe,
co is the frequency (rad s'1) of the propagat ing wave,
t", is the imaginary component of the relat ive permittivity,
( j 0 is the zero frequency (dc, S m"1) electrical conductivity of the bulk soil,

and £o is the permittivity of free space.

By applying Equat ions (1) and (2) sequential ly, both water content and bulk electrical conductivity are
determined by analyses of T D R traces (Fig. 1) [8, 9] . For T D R measurements in soil, e"r can be usually
neglected without incurring large error [4, 9 ] .

An empirical relat ionship be tween relative permittivity, 8,,, and volumetric water content, 8 was
initially used for conversion of T D R data to 9 [8]. A variety of researchers have confirmed that the
"Topp equation" is quite broadly appl icable to inorganic soils [6, 10]. Later improvements and
refinements have made use of dielectric mix ing formulae that require more prior knowledge of the soil
properties, such as density, texture and/or organic matter content [11 , 12]. F rom these analyses and
related experimental work [10 -13 ] , it has been shown that Ve^ is essentially a linear function of the
water content over the usual water-content range. From the assumption that the dielectric properties of
the soil phases (solids, water and air) are addi t ive , a further simplification of the calibration approach has
been achieved where 0 is related linearly to the travel t ime of the T D R signal [ 1 4 - 1 6 ] . The ratio of the
TDR travel time in soil to that measured in air, t/taif, is equivalent to Vera,which means that calibrations
for water-content measurements in mineral soil can be developed from as few as two measurements . For
organic soil, there is some nonlinearity at h igh water contents.
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The use of TDR for electrical conductivity measurements developed rapidly after its
introduction [4, 8, 17]. The approaches now in use to convert TDR data to electrical conductivity, o0, are
equivalent to that of Giese and Tiemann [9, 18-21]. This approach depends on a knowledge of the
characteristic impedance of the TDR probe, Zo, output impedance of the TDR instrument, Z, and
impedance or voltage measurements from the TDR waveform (Fig. 1). This analysis is often applied for
rapid electrical conductivity measurement during solute transport experiments, and for the determination
of mass flux of solute.
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FIG. 1. A representative TDR trace showing how the travel time, /„ is determined for water content, 6
calculations. Also Vo and Vjare given for the calculation of bulk conductivity, Og. The other symbols are
defined in the text (after [7]).

3. MASS BALANCE AND MONITORING WATER CONTENT USING TDR

TDR serves effectively for monitoring hydrological water balance, measuring agricultural or
forest water use efficiency, and monitoring changes in water content for irrigation scheduling. This type
of monitoring requires rapid, reproducible recovery of data from a number of representative locations,
requirements that led to the development of automated analyses of the TDR trace for water content [6,
15, 19, 22-24]. Associated with this automation was the development of multiplexing, or switching
capabilities that allow periodic monitoring of water content at multiple locations by a single TDR
instrument. A number of custom systems have been developed and used in recent years [15, 19, 22, 23,
25]. Most commercial TDR-based instruments now offer automated water content analysis as a part of
the basic instrument with the multiplexing capability as an option.

TDR for monitoring water content must be approached in relation to three different scales of
measurement:

- Point or near point (i.e. regions within 1 m and/or within a soil profile) with replication and real-
time continuous data recovery,
Spatial replication at tens of metres (up to 100 m) with real-time continuous data recovery,
Spatial replication > 100 m.

The first two are currently available using an appropriate TDR instrument, multiplexers and probes.
Instruments measuring over separations greater than 25 m between instrument and probe require better-
quality cables and give rise to associated cost increases. At the present time, the third option would
require separate instruments for widely spaced locations or the loss of real-time possibilities for data
retrieval. Intermittent sampling would be dependent on operator availability [26].
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Field water balance studies using TDR have been carried out at differing scales, referenced to
rain gauges, weighing lysimeters and Bowen ratio mass balances [6, 15, 27]. Over a one-year period, in a
forested plot, Herkelrath et al. [15] measured the water budget using vertically installed 50-cm-long TDR
probes. They found excellent concurrence for the timing of rainfall events with only a 13% discrepancy
between TDR and precipitation gauge. Using TDR (0- to 0.8-m deep probes) and weighing lysimeter (0-
to 2.0-m deep) in a wheat field, Zegelin et al. [6] compared the changes in stored water for two periods,
one of 6 days involving wetting and drying cycles and the other of 16 days involving depletion by
evapotranspiration. The amounts of wetting and drying were similar for both techniques with an average
deviation of less than 10% in both periods. Changes in TDR-measured soil water storage below a
turfgrass cover showed excellent temporal coincidence and response times with those measured by
weighing lysimeter [28]. During daily irrigation of the turfgrass, the TDR probes underestimated the
amount of water added and lost, but this was probably due to the daily storage and loss of water from
within the surface thatch of the turfgrass for which the TDR could not account. By contrast, during an
unirrigated 6-day interval, the TDR probes were able to measure the water loss, with the longest probes
recording 96% of the lysimeter-measured loss. Water exchange between soil and atmosphere was
measured by TDR and verified intermittently by weighing microlysimeters, and by Bowen ratio and rain
gauges [29]. For bare soil, the 21-day water balance for these systems was in agreement to within 10%
when drainage beyond the TDR probe depth was taken into account.

In addition to total mass transfers, TDR has been used to indicate the distribution of water
extraction with depth. Using vertical probes of differing length, Young et al. [28] characterized the
increasing amounts of water being taken up from deeper layers as the soil dried during the 6-d drying
interval. Zegelin et al. [6] compared hourly water content changes measured using TDR, lysimeter, and
Bowen ratio techniques over a 12-h period. The TDR-measured soil-water losses agreed very well with
those of the other two techniques until 11:00 h, after which the results diverged. A plausible
interpretation is that the wheat extracted water from depths below 0.8 m while the evaporative demand
was low, i.e. before 11:00 h, and used deeper roots to extract water after this time, which was not
detected by the 0.8-m length TDR probes.

Although plant roots have been recently identified as responsible for over half of the water
transfer and much of the chemical relocation within the soil profile, their effects are often neglected in
water and solute transport studies [30]. Clothier and Green [30] have shown examples of how TDR is
one of several emerging technologies being used to overcome the neglect of roots as agents of mass and
energy transfer in soil [26, 31, 32].

Lateral spatial variability of water content is a common occurrence that may arise from soil
factors such as topography, texture, and structure, as well as from crop factors. Attempts to characterize
such variability are relatively recent. For example, Van Wesenbeeck and Kachanoski [27] installed a
hundred TDR probes to a depth of 20 cm in an equally spaced linear array across twenty-five maize rows
and over a depth of 0 to 20 cm. In addition to showing the distributing effects of leaf and stem flow on
rainfall infiltration (Table I) and subsequent water uptake by roots, they further calculated an average
TDR-measured soil water recharge of 7.9 mm, which differed by only 5% from the 8.2 mm recharge
measured by rain gauge.

TABLE I. MEAN SOIL WATER RECHARGE FROM 8.2 mm RAINFALL ON DAY 220
(FROM [27])
Sampling location

Row
Quarter row
Inter-row

lh before rainfall, Si

54.2
52.4
55.8

Soil water storage
0.5h after rainfall, Sf

(mm)
64.4
60.3
61.4

Recharge, Sf-S,

10.2aa

7.9b
5.6c

'Values in the same column with the same letters are not significantly different (P<0.05).
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After cutting grass hay in late summer, we made TDR measurements with repeated insertions to
a depth of 0.15 m using a portable probe similar to that described by Topp et al. [33]. From 750 locations
on a 10 x 10 m grid, a mean water content of 0.236 ± 0.024 m3 m"3 and ranging from 0.16 to 0.32 was
recorded [34]. In spite of apparently uniform cropping practices and nearly level topography (<0.5 m
elevation difference over 7.44 ha), a distinct spatial pattern emerged (Fig. 2). As we have found less
variability during wetter spring conditions, this spatial variation at the end of a growing season includes
effects of spatially variable losses (e.g. water use and drainage).
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FIG. 2. The spatial pattern of soil water content in the 0-15 cm depth range of a 7.44 ha level, clay
loam field after cutting hay.
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With TDR, it is now possible to determine hydrological balances more effectively and
efficiently, and obtain spatial and temporal details of water content that were not feasible a decade ago.

4. DEVELOPMENTS IN PROBE DESIGN

The initial laboratory research made use of coaxial transmission lines varying in length from 0.1
to 1 m, with diameters in the range of 0.03 to 0.08 m [8]. Although the coaxial configuration was
electrically well defined, it was unsatisfactory for field use. The TDR measurement process interfered
with the natural exchange of water between the measured soil and its surroundings. The balanced pair
transmission line, consisting of two parallel rods, soon became the probe of choice for use in field
measurements. These probes were shown to measure the correct, length-weighted average water content
along their length, even in the presence of sharp wetting fronts [35]. Dalton [4], Patterson and Smith [36]
and Zegelin et al. [19] have discussed various criteria and related probe configurations for their
application. The most critical design component for accurate water-content determination is probe
length. Excessive conductive loss, extinguishing the reflection from the rod ends [36, 37], and the
increased potential for relaxation losses with increased length [38, 39] limit the maximum useable
length. The minimum length is determined by the precision of the measurement system. Very short (2.5
to 7.5 cm), gold-plated probes were used successfully with a specially designed, wide-band instrument
[40]. However, there is no convincing published evidence that probes shorter than 10 cm in length
measured using standard cable testers can produce consistent, reliable waveforms [41-43]. In general,
the measurement error is inversely related to the rod length [44]. A further concern for short rods
involves the effects of fringing fields beyond the ends of the rods. "Zero mechanical length" probes,
terminated at the ground surface, have been shown to measure the physical properties in the underlying
soil [45]. These probes have an effective length greater than their physical length. It is reasonable to
expect that parallel-rod TDR probes have some sensitivity beyond the probe ends as well, and that this
additional length becomes more significant for shorter probes.

It has been customary to use impedance matching transformers between the balanced line in the
soil and the unbalanced line from the TDR instrument. These were given the name balun, implying the
matching role between balanced and unbalanced signals. Early results showed that the balun improved
the signal transmission to and from the soil, giving better measures of the water content. Initial
measurements of the electrical conductivity of soils failed to include the influence of the balun in the
calculation. More recently, Spaans and Baker [46] developed baluns to overcome the problem of signal
attenuation by the balun. Ledieu et al. [14] cite DeClerk [47] as showing that a balun was not necessary
to connect a coaxial transmission line to a twin-rod probe. However, baluns continued to be used for
most twin-rod applications until recently [41, 48-50]. Dasberg and Hopmans [51] compared the water-
content response of two- and three-rod probes. Hook and Livingston [49] did not find any clear
difference in the frequency content of two- and three-rod probes connected to a 75-Q. coaxial
transmission line without a balun.

Zegelin et al. [19] introduced the multi-wire probe that emulates a coaxial transmission line. In
its simplest form, three parallel conductors form a plane. The centre wire acts as the "centre" conductor
and the outer two as the "shield" of the simulated coaxial line. These probes offer the advantage of
improved impedance matching between the usual coaxial output of TDR instruments and the line in the
soil being measured. Except that one additional rod or wire has to be inserted in the soil for
measurement, these three-pronged probes have proven quite successful for measurement of both water
content and electrical conductivity.

As with any measurement technique, it is important to ensure that the installation of TDR probes
cause as little disturbance to the medium as possible. Topp et al. [52] examined the effects of inserting
the rods directly into the ground or into predrilled pilot holes, finding no difference in the measured
water contents. An x-ray computed tomography investigation [53] clearly showed compression due to
rod installation; this disturbance was minimized by predrilling pilot holes. Balancing this concern with
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the errors introduced by air gaps around the rods [54-56], it appears that pilot holes may be justified in
highly compressible soils or for large-diameter rods. For routine application, especially for
measurements of the spatial distribution of water content on the field scale, the added effort of drilling
pilot holes is not justified. In addition to the need to ensure intimate contact of the sides of the rods with
the soil, gaps beyond the end of the rods have been shown to affect the measured relative dielectric
permittivity [57]. Therefore, if pilot holes are used, they should not extend as far as the ends of the rods.

Soil surface

10 cm

20 cm

35 cm

50 cm

(a) (b) (c)

FIG. 3. Three options for measuring water content profiles, using different probe designs and
configurations.

Oftentimes, the soil properties causing signal attenuation limit the maximum probe length.
Applying resistive coatings to the rods can minimize these losses. The first published example of
measuring the water content with coated rods was presented by Topp et al. [52]. However, this use was
not directed at minimizing conductive losses. Coatings had come into general use when Kelly et al. [40],
in an examination of the use of a wide-band instrument, found better results using Teflon coatings than
epoxy or PVC heat-shrink coatings. Ferre et al. [55] presented an analytical description of the behavior
of coated rods. Their analysis extended the work of Annan [54]. to show that coated rods do not measure
the arithmetic average of the dielectric permittivities of the coatings and the surrounding medium.
Because common coating materials have low dielectric permittivities, coated rods are more sensitive to
low water contents than to higher water contents. One result of this variable sensitivity is that, unlike
uncoated rods, coated rods do not measure the correct length-weighted average water content along their
length if the water content varies along their length. Therefore, probes that measure water content
through coatings should be installed in a manner that minimizes water content throughout their sample
volume.

One of the great advantages of uncoated TDR rods is their ability to measure the correct average
water content over their length. This is especially useful for measurements of the total water depth of
soil, such as for hydrologic balances. However, this limits the ability of TDR to measure the water-
content profile. If vertical water-content gradients are desired, a series of probes can be buried at
different depths (Fig 3b), or probes extending to differing depths (Fig. 3a) can be used and differencing
the water contents of two adjacent depths gives the water content of the nonoverlapping depth interval
[58]. Topp [58] described the error considerations applicable to these approaches. Similarly, Lundberg
[59] designed a ladder-type horizontal rod probe that was left on the ground surface, snowed-in over the
winter, and used to measure the unfrozen water-content profile of the snow pack. Davis and Chudobiak

117



[3] presented the first probe designed to be installed without excavation to measure the water-content
profile. This probe included changes in the diameter of the rods along their length to produce a series of
reflections; the travel times to any pair of discontinuities can be used to calculate the water content of the
intervening soil interval. To alleviate the problem of air gaps forming around the smaller diameter
intervals, a dielectric coating was placed around these sections to produce rods of uniform outer diameter
along their length [52]. This probe was later shown to produce water-content profiles that compare well
with horizontally installed parallel rods [60]. Multiple reflections and attenuation due to the
discontinuities limited the number of depth intervals that could be measured accurately with this probe.
A further advance alleviated the problem of multiple reflections with the use of electrically shorted
diodes [61]. These probes include diodes embedded in a plastic probe body placed between two or three
metal rods (Fig. 3c). Each of a sequence of diodes can be shorted individually. The points of divergence
of the superposed unshorted and shorted waveforms define the travel times between the diodes at either
end of a probe segment. This allows for the determination of the average water contents along each
segment by systematically shorting the diodes in pair sequences from the ground surface, from which a
profile can be developed to each diode depth. These probes allow for very accurate determination of the
water-content profile [62] and are the only probes that can make automated water-content profile
measurements, but the number of depth intervals is practically limited by the cost of probe production.
Finally, Ferre et al. [50] designed a profiling probe that measures the water content through two parallel
access tubes. Large diameter target rods, connected to the transmission line by smaller diameter wires,
are lowered to the measurement depth. These probes allow for water-content measurement over any
depth interval within the tubes. However, they require manual placement of the probes and face the same
limitations as other coated-rod probes.

Given the restrictions on the minimum lengths of TDR probes, vertically installed rods cannot
measure the water content very near the ground surface. Horizontally installed rods can be used to
measure the water content near the ground surface. Petersen et al. [63] showed how close to the surface
these rods, placed in either the horizontal or the vertical plane, can be located before they are adversely
affected by the air/ground interface. Schneebeli et al. [64] used horizontal rods glued to the surface of a
rock core to measure the water content. Using analytical descriptions, Maheshwarla and
Venkatasubramanian [65] estimated the response of parallel rods placed on the surface of cores and bore
holes. Selker et al. [66] designed a probe including parallel rods embedded in a plastic probe body. The
probe was placed on the ground surface, measuring some average of the relative dielectric permittivity of
the probe body and the near-surface soil. To increase the effective length of the probe, they laid the rods
on the block in a serpentine pattern. Previously, Kachanoski et al. [67] showed that the travel time along
smoothly curved rods corresponded to the physical rod length. However, it is not clear whether the same
is true for sharply bent rods of the surface probe presented by Selker et al. [66].

The simplicity of the parallel-rod TDR probe makes it attractive for combination with other
sensors. Early attempts recognized the advantages of combining TDR with a thermal conductivity probe
embedded in one of two rods [68]. A recent modification of this probe used a heating coil in a three-rod
design [69]; the measured water content was not affected by the application of the heat pulse.
Furthermore, given that the heat probe instrumentation is embedded within the rods, there is no reason to
expect that this addition will change the response of the probes. Two designs aimed at combining TDR
with tensiometers: one attaching a porous stainless steel tip to the end of one of two rods [70], the other
attaching a porous section to, or within, one of three rods [71, 72]. There were no effects of the porous
segment on the TDR waveforms. Two concerns with these probes must be addressed. Firstly, is the water
in the porous segment being measured as part of the soil water, and secondly, is the water in the porous
segment affecting the water in the soil. The design of Topp et al. [71] minimizes the possibility of these
complications. The future promises many exciting developments from experience with TDR. For
example, we are coupling TDR measurements of water content with cone penetrometery for
measurement of soil strength. Figure 4 shows the probe configuration on the left and on the right, an
example of profiles of cone resistance and water content.
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FIG. 4. A soil probe which combines the TDR for water content with a cone penetrometer to measure
cone resistance (strength). An example of field-measured profiles is displayed.

5. SPATIAL SENSITIVITY OF TDR PROBES

The volume of soil measured by a TDR probe and the sensitivity of the measurement to the
spatial distribution of the soil's dielectric permittivity has been recognized as key to adequate
interpretation of TDR measurements. Experimental and theoretical analyses have demonstrated that the
distribution along the length of a probe has an effect that is represented by a linear-weighted average
[14—16, 35, 73]. For the lateral distribution, the situation is more complex. Zegelin et al. [19] used an
approximate calculation of the electric field around transmission-line probes to illustrate the sensitivity
of embedded transmission lines to the dielectric surrounding the probe wires. They recognized that
contours of electric potential do not tell how a TDR measurement averages the spatial distribution of
apparent permittivity of a material in which the probe is immersed. Baker and Lascano [74] used known
placements of water-filled tubes to map the spatial sensitivity and weighting in the plane perpendicular to
parallel pair transmission line probes. Knight [75] and Knight et al. [76] examined theoretically the
spatial weighting function for parallel pair and multi-wire "coaxial" probes inserted in a medium of
nearly uniform permittivity. Using small variations in water content, they were able to show that the
weighting function is proportional to the distribution of electric energy, that is, to the square of the
gradient of the electric potential around the probes. Analytic expressions for the two-dimensional
weighting functions were derived for these probes and other similar geometries.

From these analytical expressions Knight [75] showed that the ratio of the wire spacing to the
wire diameter in a transmission line is an important geometric descriptor of all TDR probes, and should
be considered for design and installation purposes. The scaled spatial sensitivity of thin, closely spaced
wires may be identical to that of thick wires spaced further apart, but additional factors need to be
considered. Ease of insertion and minimizing soil disturbance suggest that probe wires should have as
small a diameter as possible. In contrast, the effects of air gaps, measurement volume and the mechanical
strength of soil require probe wires of larger diameters. Knight [75] proposed that the ratio of wire
spacing to wire diameter should not exceed 10 and White et al. [13] reasoned that the wire diameter
should be at least ten times the representative pore size or particle diameter to provide sensible averages.

One important finding of this analytical investigation is that the sample volume of TDR is
independent of the water content of the medium. In contrast, the sample volume of a neutron probe
decreases with increasing water content [77]. Petersen et al.[63] provide experimental evidence
confirming the applicability of these results.
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Dowding et al. [78] applied finite element numerical modeling to define the capacitance that
would be measured by coaxial probes following deformations of the outer shield. Knight et al. [56] and
Ferre et al. [79] applied a numerical analysis to the response of parallel-rod probes embedded in a porous
medium. This numerical approach allowed for the investigation of heterogeneous distributions of
dielectric permittivities in the transverse plane. One aspect of this work was the definition of sample
areas in the transverse plane that are not limited to predefined shapes, allowing for a more realistic
description of the lateral sensitivity of different probe configurations. Another result is the discovery that
the sample area of coated-rod probes varies with the water content of the medium, decreasing sharply
with increasing moisture. Finally, the results show that partial air gaps, surrounding only a fraction of the
probe perimeter, do not adversely affect the measured relative dielectric permittivity. Given the
simplicity of application, the analytical treatment of Knight [75] is most appropriate when designing
uncoated probes for use in columns or near the ground surface to ensure that the sample area of the probe
is confined to the medium of interest. The numerical analyses of Knight et al. [56] and Ferre et al. [79]
are more appropriate in the design of alternative probes when attempting to maximize their sample areas
and to minimize the dependence of the sample area on the water content of the medium.

6. SUMMARY AND CONCLUSIONS

The development of TDR has greatly enhanced our ability to measure and monitor the storage
and movement of water in the crop-root zone and beyond. Hydrological mass balance estimates have
shown TDR comparable to weighing lysimeters, Bowen ratio and rain gauges, but with an improved
response time and greater operational flexibility, especially improved spatial sampling options. The
choice of probe type and distribution of measurement location allows mapping both lateral and vertical
distribution patterns of water content with TDR. As TDR is an electromagnetic technique there is
available a body of knowledge that describes well the response characteristics of an assortment of
probes. The flexibility in probe design possibilities allows one to develop a TDR measurement system
that meets the requirements of a wide variety of field applications.

The importance of TDR alone or in combination with other techniques has only begun to be
realized. The use of TDR should increase significantly as continuing developments in instrumentation
both reduce the instrument costs and increase the flexibility and applicability of the technique. In
addition, high frequency electromagnetic instruments, based on principles learned from TDR
applications, are appearing on the market. Such approaches offer less flexibility, but have the advantage
of lower cost. Their validity is not yet clearly established, however. Continued development of TDR and
related "spin off' techniques such as high frequency methods will undoubtedly contribute substantially
to our understanding and exploitation of water content and its transfer in soil.
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