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THE TACQ COMPUTERPROGRAM FORAUTOMATIC
TiIME DOMAIN REFLECTOMETRYMEASUREMENTS:
I[l. WAVEFORM INTERPRETATIONMETHODS

Steven R. Evett

ABsTRACT. Despite the increased use of time domain reflectometry (TDR) for measurement of soil water content
and bulk electrical conductivity (BEC), there are few public releases of software for TDR system control. Even
though graphical interpretation of the waveform to find pulse travel times is key to success with the method, the
few published descriptions of computer methods are incomplete. The TACQ program, under development since the
early 1990s on a wide variety of soils, allows control oftipkexed systems supporting up to 256 TDR probes.
Waveform interpretation methods are user-controlled and allow interpretation using various methods reported in
the literature or methods available only in TACQ. The default methods allow automatic interpretation of waveforms
from a variety of media including loose, air-dry soil, and wet clay. The present study shows that interpretation
methods can have a large effect on reported water contents. The additive effects can result in water content change
errors as large as 0.08 m* as the soil wets and dries, and as TDR system temperature changes over a season.
Thus, the interpretation methods used should be reported in rigorous studies involving TDR water content
determination, calibration, and temperature effects. The TACQ program, and documentation, may be downloaded
from (http://www.cprl.ars.usda.gov/programs/).

KeywordsTDR, Time domain reflectometry, Computer program, Soil water content, Waveform interpretation, Bulk
electrical conductivity, BEC.

as a useful method for soil water content angbarticular difficulty of the TDR method, this paper

bulk electrical conductivity measurement in thecontinues with a discussion of waveform shapes,
1980s; and automated TDR systems for water contefdctors that influence shape, and graphical algorithms
measurement were described by Baker and Allmarder automated waveform interpretation and some errors
(1990), Heimovaara and Bouten (1990), Herkelrath ghat can occur.
al. (1991), and Evett (1993, 1994). Commercial systems Baker and Allmaras (1990) described how the first
became available in the late 1980s. The TDR methaoderivative of the waveform could be used to find some
relies on graphical interpretation of the waveformof the important features related to travel time of the
reflected from that part of the waveguide that is thestep pulse. These and other features are illustrated in
probe (Fig. 1). The interpretation yields the travel timeFigure 1. An example of waveform interpretation for a
t,, of an electrical pulse along the rods of the probe; ar2d cm TDR probe in wet sand shows how tangent lines
t, and probe length are then related to water conterdre fitted by TACQ to several waveform features (Fig.
Despite its key importance in the TDR method, only &). Intersections of the tangent lines define times
few papers have been published describing wavefornelated to (i) the separation of the outer braid from the
interpretation, notably Topp et al. (1982), Baker andtoaxial cable so that it can be connected to one of the
Allamaras (1990), and Heimovaara (1993). The firsprobe rods, t1.bis; (ii) the time when the pulse exits the
paper in this series (Evett, 2000) described the TAC®andle and enters the soil, t1; and (iii) the time when
program for controlling an automatic TDR system. Itthe pulse reaches the ends of the probe rods, t2.
began with a discussion of aspects of the TDR method Graphical interpretation depends on the fact that the
that influence program design, described prograrprobe designitselfintroducesimpedance changesinthe
design objectives, and discussed program capabilitegaveguide. The impedance, @)( of a transmission

Time domain reflectometry (TDR) became knownand operation. Because waveform interpretation is a
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line (i.e. waveguide) is

Z=7e)°* (1)

where Z is the characteristic impedance of the line

(when air fills the space between conductors)eisd t1.bis

the permittivity of the homogeneous medium filling the t1

space between conductors. For a parallel transmission l t2
line (the two rods in the soil), the characteristic / l
impedance is a function (Williams, 1991) of the wire

diameter, d, and spacing, s (Fig. 1):
Z, =120 In{2s/d + [(s/d)- 11>} 2
or, if d<<s:
Z,= 120 In(2s/d) (3)

For a coaxial transmission line the characteristi
impedance is:

Z, = 60 In(D/d) (4)

Tine 1.bis = 1.03, Tine 1 = 1.54, Tine 2 = 7.38, Travel tine = 5.84 ns. H

Uol, Water Content = 08,335 Press [Y1= accept, [RI= reject, [Dl= re-do, [Aluto:

Date: 97102 08:54 Probe ID: 010
DISTADIV: .1 m, UP: .64, Probe length:

.2

Figure 2. Example from TACQ of graphical interpretation of a
waveform from a probe in wet sand. Vertical lines denoting times t1.bis,
t1, and t2 have been marked by arrows and labels. A horizontal line,
drawn tangent to the waveform base line at the far left, intersects with
a line drawn tangent to the first rising limb of the waveform to define
&1.bis. A horizontal line drawn tangent to the peak intersects with a line
drawn tangent to the descending waveform after the peak to define t1.
The water content is calculated from Eq. 7 of Topp et al (1980). The
width of the waveform window is 1 m or 1/(0.64 $ = 5.2 ns. There are
251 data points in the waveform.

where D and d are the diameters of the outer and inner From Egs. 1 through 4 it is apparent that impedance,

conductors, respectively.
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Figure 1. TDR waveform (middle) for a wet sand and its first derivative
(top) showing features useful for graphical interpretation and their
relationship to a bifilar TDR probe (bottom) with rod spacing, S, and
rod diameter, d. The dashed vertical lines indicate times t1 and t2, the
difference between which is the travel time, tt, that is related to water
content.

Z, increases as wire spacing increases, and decreases as
e (or water content) increases for any probe type (Fig.
3). Inthe probe handle, the wire spacing increases from
that of the coaxial cable to that of the probe rods. The
resulting impedance inease cages the waveform level
torise (firstrising limb in Fig. 1). If the porous medium

in which the probe rods are embedded is wet, then the
permittivity of that medium will be higher than that of
the epoxy probe handle. This causes a decrease in
impedance, which results in the descent of the reflected
waveform level as the step voltage leaves the handle
and enters the rods in the soil (first descending limb,
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Figure 3. Influence of rod spacing, rod diameter, and permittivity of the
medium on impedance of the waveguide according to Egs. 1 and 2.
Permittivities are: AIR, unity; EPOXY, close to 3; and SATurated
SOIL, approx. 35.



Fig. 1). The combination of impedance increase at the
handle and impedance decrease after the handle gives4)
the peak in the waveform. The rod ends are another
impedance change in the waveguide, in this case an
open circuit. The remaining energy in the voltage step

first peak.

Find the most negative derivative, DMIN, the
corresponding time, tDMIN and waveform
value, VIDMIN, in a region of 25 points
following t1p. The slope of the first descending

limb is DMIN.
5) Define a line, with intercept V1IMAX and slope
of zero, that is horizontal and tangent to the
first peak. Define a second line, with slope
DMIN and intercept such that it passes through
VIDMIN at tDMIN. Solve for the intersection
point of the two lines, and the associated time,
t1, that corresponds to the point where the rods
exit the handle.
Find the maximum derivative, D2MAX, in a
region of 25 points following VMIN, and
associated time t2.2 and waveform value Vt2.2.
Define a line tangent to the second inflection
with slope D2MAX and passing through Vt2.2
at t2.2. Define a horizontal line tangent to
VMIN. Solve for the intersection of these lines
to find t2, the time corresponding to the ends of
the rods.

is reflected back at the rod ends, which represent an
impedance increase (second rising limb, Fig. 1). As will
be discussed later, waveform shapes different from
those shown in Figs. 1 and 2 result from different soil
types and conditions (e.g. dry soil, or wet clays). A
program for automatic TDR data acquisition must be
able to acquire the waveform from the probe and
correctly interpret it graphically. It should be able to
accomplish this despite different cable lengths to the
probes, different probe lengths and rod spacings, and 6)
different soil conditions.

The objective of this work was to create a computer
program for TDR system control that would correctly  7)
interpret waveforms from probes of widely varying
length in many different soils and soil conditions to
give travel times and water contents automatically.

EarLY WAVEFORM INTERPRETATIONS

Topp etal. (1982) described a method of interpreting
waveforms captured on paper using a chart recorder or
by photographing an oscilloscope screen. This analysis
consisted of two graphical algorithms. Algorithm 1
consisted of drawing a horizontal line across the top ofg,
the first peak, and drawing a line tangent to the2
descending limb of the first peak. The intersection of_‘é5
these lines defined t1, as illustrated in Fig. 2. Algorithm L
2 consisted of drawing a horizontal line tangent to theg
base line between the first peak and second inflection,”
and drawing a line tangent to the second inflection. The
intersection of the latter two lines defined t2. The
voltage step travel time, in the part of the waveguide
that was buried in the soil, was=tt2 - t1. Peaks and
inflections were identified by eye and no computer
code or algorithms were presented' Figure 4. The TDR waveform (bottom) and its first derivative (top) with

Baker and Allmaras (1990) discussed a Compum&tures.identified by Baker and Allmaras (1990) (our nomenclature).
program for interpretation of waveforms following the

ideas of Topp et al. (1982). The program, which was 1o {ravel time of the voltage step through the

not published, inglu_ded the following _steps gpplied t%xposed length of the rods was t2-t1. While these
a waveform consisting of 200 data points (Fig. 4):  5154rithms worked well for relatively moist soils, there
1) Smooth and differentiate the data (Savitsky an&/ere problems with the absence of DMIN and absence
Golay, 1964). or movement of VMIN and associated times in
2) Use a loop to search the waveform data for thewaveforms for dry, low bulk density soils.
global minimum, VMIN, and associated time, Heimovaara and Bouten (1990) described a
t2_.1. _ computer program that involved fitting lines to the
3) Find the local maximum, VIMAX, and second inflection and to the base line between t1 and t2.

associated time, tlp, in the data between the - o 1o igns of data points to which these lines were fit
first point and t2.1. This is the time, t1p, of the

tDMIN

< DMIN

t1p

Jﬂ <«—V1IMAX
<— VtDMIN

-

< VMIN
t2.1

Time
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were determined empirically for a given probe. Also| nFLUENCE oF Proee DesicN oN WAVEFORM SHAPE

these authors recognized that the waveform might not The height of the first peak increases with the
always descend at t1. Because of this, they introducegparation distance of the rods because the impedance
the concept of fitting lines to the rising limb of the firstat this point in the waveguide increases with the
inflection and to the base line before the first inflectionseparation distance (Eq. 2; Fig. 3). The impedance and
and using the intersection of these lines to define a timgeak height are inversely proportional to the diameter
corresponding to the point of separation of the cablef the rods. The height is also influenced by the
conductors. This time is termed t1.bis in this paper, andermittivity of the material separating the proximal
is illustrated in Fig. 2. A correction time was added taends of the rods in the handle (Eg. 1). For a handle
t1.bis to obtain t1. This correction time was determine¢hade of epoxye(, approx. 3), rod diameter of 3.2 mm
by performing a single measurement in air before probgnd spacing of 30 mm the characteristic impedance

installation. increases from 50 ohms in the cable to 152 ohms in the
part of the stainless steel waveguide embedded in the

Factors|neLuencing WAVEEORM handle (Fig. 3). The pulse travel time between tl.bis
and t1 increases with the permittivity of the material

SHAPE between the point of splitting the antenna cable and the

Many conditions may alter the waveform from theconnections to the rods. The pulse travel time also
classical forms displayed in Figures 1, 2 and 4. Earljncreases with the separation distance of the rods.
computer algorithms emphasized finding the minimumfinally, this travel time increases with the distance
VMIN, and its time, t2.1; the second maximum in thebeétween the split in the cable and the point of
first derivative, D2MAX, and its time, t2.2; and the connection to the rods.
minimum of the first derivative, DMIN, and its time, ~ Consider an early type of TDR probe consisting of
tDMIN (see Fig. 4). In humid environments, wheretwo stainless steel rods buried parallel to one another in
soils are seldom dry, and are well leached so that butke soil, with the proximal ends connected to the split
electrical conductivity is low, these features are foun@nds of a bifilar antenna cable. Connections were
in almost all waveforms and can be reliably used asometimes made using alligator clips, sometimes
keys for computer analysis. Also, some of the first fielgsoldered, and were sometimes made by clamping the
probes consisted of two stainless steel rods connectédre to the rod with a screw. The perpendicular
to 200Q twin-lead antenna cable. Because impedancéistance between the rods was the separation distance.
in the soil is almost always less than Z0@Fig. 3), Typically the antenna cable would have a characteristic
there was always a drop in the waveform at thémpedance of 200 ohms. A balun would usually be used
transition from cable to probe rods. This fact tended t& connect the antenna cable to the cable tester, in order
favor the use of the earlier algorithms. However, evefP match impedances (thus lowering signal loss and
for these probes, the position of VMIN may be closer tdlistortion) between the antenna cable and the 50 ohm
tl than to t2 in dry soils. Today, most commonlywaveguide of the cable tester. For this probe, the
available TDR probes are connected directly t€50 connections, and some of the split wire, are separated
coaxial cable. For these probes in dry soils, DMIN an®y the soil between the proximal ends of the rods.
the descending limb of the first peak may disappearhere is no first peak for this probe, because the
making t1 difficult to find. Also, in dry soils, the waveform always drops from a level corresponding to
position of VMIN may change dramatically, moving the 200Q cable to a level corresponding to the
from the right side to the left side of the waveformimpedance at the proximal ends of the rods. But, the
between t1 and t2, and causing interpretation problem@oint at which the waveform drops is influenced by the
In soils with high bulk electrical conductivity, the Water content of the intervening soil (assuming the
waveform may rise only slowly at the point pProbe is buried). For dry soil the impedance may be
corresponding to the ends of the rods; making the valutearly the same as for epoxy but for wet soil the value
of D2MAX so low as to be lost in the noise level of theof €, may approach 35 and the impedance may be 30
first derivative. These and other factors influencingohms or lower (Fig. 3).
waveform shape are discussed here. Later, algorithms Using a probe made with antenna cable and two

will be presented that allow interpretion of waveformsfods, one can see several reasons why the position of
despite these changes in shape. the drop in the waveform and the time of t1 might not

be reproducible between probes in the field. The length
of cable split may vary, the separation distance at the
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proximal rod ends may vary (over time even ifshowed only minor differences in waveform shape
controlled at installation), and the permittivity of the between trifilar and coaxial waveguides.
porous medium separating the two wires of the cable
may vary in time and space between the cable split anéirLuence oF Dry SoiL on WAVEFORM SHAPE
the point of connection to the rods. If the rods are As the soil dries, the first descending limb of the
installed vertically, and the point of connection is at thevaveform (Fig. 1) becomes less steep, and may
soil surface, the split cable may be separated by aidisappear. Because dry soil has about the same
whereas if the probe is installed deeper in the soil, theermittivity as the plastic materials used in most probe
split cable will be separated (along at least some of itsandles, there may be little or no impedance change
length) by soil that varies in permittivity as it wets andbetween the waveguide in the handle and in the soil.
drys. Indeed, if the soil is both dry and of low bulk density,
For these reasons, the TDR probes commercialihe impedance of the waveguide may actually increase
available today are invariably made with the splitin thén the soil compared with the handle. Both conditions
cable (usually coaxial cable) and the cable connectiorguse the first descending limb to be almost absent, and
to the rods embedded in a material of consistent anflay cause the waveform level to rise between t1 and t2
constant permittivity. This embedding results in a rigidbetween vertical lines in Fig. 5), so that VMIN is
configuration, usually called the handle (Fig. 1). Theocated close to, or before, t1. This renders ineffective
handle may be made of epoxy resin, delrin, polymethydoth algorithm 1 of Topp et al. (1982) and the
methacrylate (acrylic), RTV silicone or some othercorresponding methods of Baker and Allmaras (1990).
plastic and may contain metal for shielding orDry soils of low bulk density are usually found close to
connection of rods. These handles share the propertigge surface. This is where the TDR method enjoys its
of a fixed separation distance, fixed permittivity of thegreatest advantage compared with neutron scattering,
material separating the conductors of the waveguide ifs nearest competitor. Thus, it is imperative that the
the handle (with some minor temperature variations)TDR method be usable in such soils. For dry soil, the
fixed distance between the cable split and the point afecond inflection, caused by the distal ends of the rods,
connection to the rods, and fixed distance between the¢ invariably steep and high, making it easy to find by
point of connection at the proximal ends of the rods angearching for D2MAX. However, the global minimum
the point at which the rods exit the handle and enter theay not occur after t1, or the position of the local
soil. Such handles provide optimal conditions forminimum may shift from just before the second
reliable algorithms determining t1.bis and t1, and thénflection to a point just after the first peak, or to any
remaining discussion will assume such a handle.  intermediate position (Fig. 5). This causes variations in
It has been argued (e.g., Spaans and Baker, 1998)e intersection of the two lines (horizontal tangent to
thatin order to match impedances (thus lowering signagjlobal minimum and tangent to second inflection) that
loss and distortion) between the coaxial cable and thgave no relation to the travel time, t
two rods in a bifilar probe, a balun should be used at
the point of connection. Also, the balun should serve to
convert the unbalanced signal in the coaxial cable tD1MAX

-
(where the inner conductor carries the waveform and / —DIMAX / \ PAMAX
the outer conductor remains at virtual ground) to a DMIN 2
balanced signal in the two rods (where both conductorsp '
: (&)
carry the waveform). The argument states that if a balunc
is absent the unbalanced signal will tend to balance a% ﬁ
it travels down the rods, eventually becoming closely & J
balanced at some point along the rods. But, between thé&
handle and that point, the signal reflections will be //<_—\VM|N ,
distorted due to the partial imbalance. If the rods are N ' DRY SAND
very short, the distorted portion of the waveform may VIDIMAX

interfere with the second inflection. The trifilar probe
responds to this concern by providing a waveguide that Time
is geometrically similar to a coaxial waveguide (Zegelin

et al., 1989)_ Measurements by Zege”n et al. (19892igure 5. Influence of dry soil on waveform shape illustrating difficulty
f finding DMIN and VMIN. The upper line is the first derivative of the

waveform.



Another phenomenon sometimes found in low bulk SATURATED SAND
density soils is a double peak in the waveform. This
may be due to compression of a thin layer of soil next '—/\/V*"
to the handle as the probe is inserted into the solil at
installation time. This higher bulk density soil will g 0=0.358
exhibit a lower impedance due to lower porosity and 8 o~
correspondingly higher water content (at equilibrium (©
with surrounding soil), thus causing the dip in the 8 WET PULLMAN CLAY LOAM
waveform after the handle (Air has a permittivity of 1, & -/\_\,.
soil minerals have permittivities of 3 to 5, so denserg
soils have higher apparent permittivities). As the pulse 0=0.352
enters less compressed soil it encounters a higher
impedance and the reflected waveform rises, only to
lower again as the pulse travels further down the rods
(due to the impedance decline associated with the .
lowering of total resistance with rod length). It is Time

important to have an algorithm to discriminate between o o o
Figure 6. Waveforms and their first derivatives (top line in each plot)
these peaks.

for two soils. For the wet clay loam, there is no distinct peak in the first
derivative corresponding to the second rising limb of the waveform. But,
InFLUENCE oF Buik ELecTricaL ConpucTiviry on o R e i and may be used to help ind . Athough
W AVEFORM SHAPE the sand is slightly wetter §, m* m®), there is a distinct peak in the

As the bulk electrical conductivity (BEC) of the soil derivative useful for finding t2.
increases, the impedance of the waveguide in the soil
decreases due to the reduction in the resistive Unfortunately, increased soil salinity is only one
component of impedance. In addition, there is &ource of increase in BEC. Another source of BEC is
reduction of signal voltage along the length of the rod#§1e conductivity arising from certain clays, especially
due to conduction through the soil. These effects caugéays with high CEC. These are often expanding lattice
the waveform level after the first peak to declineclays containing cations entrapped between clay layers.
relative to that for a soil of lower BEC. The effects alsoVhen such soils are dry they exhibit low BEC,
reduce the slope, D2MAX, of the second rising limpProbably due to low mobility of cations resulting from
(Hook and Livingston, 1995) and the final height tothe contracted nature of the clay micelles and the
which the waveform rises after the second inflectiofliscontinuous water films on soil particles. As these
(Fig. 6). The latter has been used successfully to findoils wet, their BEC increases as shown in Fig. 6 for an

the BEC of soils (e.g. Dalton et al., 1984; Topp et al.expansive Pullman clay loam with mixed mineralogy at
1988; Wraith, 1993). Bushland, TX. Effects are apparent as a lowering of the

However, the reduction of D2MAX can make it second inflection and final waveform height as these
difficult to find the second rising limb by searching for soils  wet. ~Although problems posed by this
D2MAX. Smoothing the waveform and its first Phenomenon, vis-a-vis the determination of t2, can
derivative can make determination of D2MAX moreusually be solved, the implications for relating TDR
reliable by reducing the relative height of peaks in th&vaveforms to soil salinity cannot be ignored.
first derivative caused by random noise in the Furthermore, the reduced slope of the second rising
waveform. However, in the case of a very weak secoriinb has implications for the application of frequency
rising limb, the peak in the first derivative can be s¢lomain (FD) probes to water content determination in
spread out that the apparent position of the secoriiese soils, similar to the implications and reported
rising limb, deduced from the position of D2MAX, is problems related to salinity effects on water content
not consistent (Fig. 6). Fortunately, in these cases ti§¢termination by FD probes (Baumhardt et al., 2000).
high BEC guarantees that the waveform will slope? frequency domain probe relies upon the change in
downward between t1 and t2, guaranteeing that tHéequency of an oscillator circuit caused by the change
position of VMIN is a|WayS just before the Secondin permltthlty of the soil around the probe. For the
rising limb. In this situation, VMIN can be used reliably 0scillator to change states, the reflected voltage must

as the key to an algorithm used to find t2 (describefeach the set point voltage of the oscillator at which
below). time the oscillator changes states and drives the




waveguide to the opposite polarity. To make an analogy
between an FD probe and a TDR probe, the time CECIL CLAY

required for the reflected voltage to reach the set point 0
is determined not only by the travel time to t2 but by 0.003
the additional time between t2 and the time at which theg

. . . : &}
second rising limb rises to the set point. Thus, the% 0.307
frequency of oscillation is dependent not only on t2 oro 431
t2-t1 but on the BEC of the medium. Because the BEC. 0

may be changed by salinity changes, clay contenE
changes, and/or water content changes in a clayey or
saline soil it is clear that calibration of an FD probe for
routine field use, where these factors may change in
time and space, is problematic.

Figure 7 illustrates the general lowering of the Time
reflected step voltage (and thus the increase in apparent
BEC) as water content increases for the Pullman soifigure 8. Waveforms fromgnqn-saline Cecil clay (kaolinitic). The effect
Not all clay soils show increases in BEC with water;’f ?ﬁ'.l water content @, m* m®) on the bulk electrical conductivity is
content as shown in Fig. 8 for a Cecil clay of kaolinitic
minerology from Watkinsville, GA. Figures 7 and 8 limb of the first peak will intersect the rising limb of
illustrate the loss of the firstedcending limb and the second inflection, causing the travel time to be
VMIN as the soil dries. incorrect. A longer cable causes a lower slope of the
descending limb, requiring a longer probe to avoid this

problem. Since the slope of the descending limb also
PULLMAN CLAY LOAM (c;rg) 0312 decreases with increasing BEC of the soil, a probe
5 0.037 length adequate for a given cable length is difficult to
o predict. Another problem associated with long cable
Q 10 0.097 lengths is loss of the first peak altogether.
3 15 0.150
“é ALcorITHMS FORWAVEFORM
- | NTERPRETATION
20 0.276
25 0347 This section describes algorithms used by TACQ for
automatic graphical interpretation of a wide variety of

waveforms, and discusses errors that may occur with
some published methods. The user magose from
Figure 7. Waveforms from a non-saline Pullman silty clay loam. The several methpds deSCTIbFEd in the literature or use
effect of soil water content@, m* m?) on the bulk electrical conductivity ~ methods available only in TACQ. These huds
is large at several depths (cm) in the silty clay loam A horizon (2.5t0 15 35gyme waveforms are correctly positioned in the
cm) and the clay B horizon (20 and 25 cm). . . . .
instrument window as described in Evett (2000).
Features of the waveform and its first derivative,
InFLUENCE OF CaBLE LENGTH ON WAVEFORM SHAPE  discussed below, are defined in Figures 1, 4, and 5. Pre-
_ As the pulse moves down the cable to the probe, igefined, recommended values of all user choices are
higher frequency components are selectively attenuategored in TACQ. A detailed list of the steps used in

because the cable acts as a low pass filter. This meanACQ to interpret waveforms is given in Evett (1999).
that a longer cable causes a slower rise time of the

pulse at the probe, and less steep rising and descendifgverorM SMOOTHING

limbs of the inflections caused by probe handle and end waveforms typically include noise, which when
of rods (Hook etal., 1992; Hook and Livingston, 1995)severe can affect the interpretation. Following the
If the waveform is correctly interpreted, then the traveimethod of Baker and Allmaras (1990), waveforms are
time, t, should be constant despite cable lengthsmoothed using the Savitsky-Golay procedure (Gorry,
However, if the probe is short enough, the descending;go), The user ma)hoose any degree of Smoothing

Time
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from none to a 21-point smooth. To provide athe user may choose between two methods. Method M1
symmetrical smooth, only odd numbers of points arés similar to the peak search of Baker and Allmaras
allowed. For example, for a 21-point smooth, ten datél990), and searches for the peak voltage VIMAX and
points before and ten points after each smoothed datae subsequent minimum in the first derivative DMIN
point are included. Points nearest the smoothed poi(fig. 4). But, it starts the search from the time of the
contribute most to the smoothing process. Thdrst peak in the first derivative, DIMAX (Fig. 5). A
Savitsky-Golay procedure adjusts smoothindine tangent to the first descending limb of the
coefficients to smooth points at the beginning and endiaveform is drawn at voltage level VIDMIN and time
of the waveform where there otherwise would not béDMIN, and with slope DMIN (defined in Fig. 4). A
enough points. Derivative smoothing may vary fromhorizontal line is drawn across the peak at level
none to a 19-point smooth. Derivative smoothing mus¢1MAX. The intersection of these lines defines t1 (Fig.
be over a number of points at least two lower than th2), which is the time at which the step pulse exits the
number chosen for waveform smoothing. The useprobe handle (Fig. 1). If VIMAX and DMIN cannot be
should specify only enough smoothing to reducdound, as might be the case for a dry soil (Fig. 5), the
extraneous peaks in the first derivative. Excessivprogram then uses method M2. Method M2 finds the
smoothing can cause errors, most particularly loss dirst peak in the first derivative D1IMAX and the
sharp waveform features such as the first peak. Treorresponding time tD1IMAX and waveform level
default setting for smoothing is 9 points on theVtD1MAX (Fig. 5). It fits a line tangent to the first

waveform and 3 points on the first derivative. rising limb at time tD1IMAX and voltage level
VID1MAX. It also fits a horizontal line tangent to the
CIRCUMSCRIBING WAVEFORM | NTERPRETATION baseline before the first rising limb and then solves the

In order to avoid dealing with sudden drops or riseéhtersection of these lines for tl.bis (Fig. 2). Time
in level that may occur at the beginning or end of thél.bis represents the pointin the probe handle where the
waveform (usually only seen with the older analogcoaxial cable braid is separated from the inner
Tektroni¥ model 1502 cable tester), the user mayonductor to connect to the probe rod(s). Method M2
exclude any number of points from waveformthen adds a user-set handle transit tigepttl.bis to
interpretation at either end of the waveform. Verticabbtain t1. The time.t= t1 - tl.bis is found by
lines on the screen show the excluded parts of th®easurements on probes installed in wet soil using both
waveform. The number of excluded points for eithemethods M1 and M2, and represents the time necessary
end may be set by entering a number or by moving tHer the step pulse to travel within the handle from the
lines interactively using the cursor keys. point of separation of the coaxial cable braid to the

Also, the user may exclude data in the right hang@oint where the probe rods exit the handle. For the
side of the waveform from being used to find the firstrifilar probes developed by the author (model TR-100,
peaks in the waveform and first derivative. ThisDynamax, Houston, TX)¢Equals 0.52 ns. Method M2
excludes the second peak in the first derivative froris the default method for Time 1.
consideration for finding Time 1 and eliminates Method M2 is different from that proposed by
confusion between the first asgcond rising limbs. Heimovaara and Bouten (1990) involving a single
Correspondingly, the user may exclude a portion of thexeasurement in air that supplied the travel time to the
left hand side of the waveform from consideration wheprobe handle. This travel time, t1.bis, was then used for
determining the location of the second rising limb.all future measurements. By contrast, TACQ measures
Again, these limits may be set by entering a number diL.bis every time a waveform is interpreted. The reason
by using the cursor keys to move the vertical lines thdor this is that the pulse travel time to the handle varies

represent the limits on the computer screen. as the temperature of the intervening cable changes, and
the variation in the value of tl.bis can introduce
CHoosING WAVEFORM | NTERPRETATION M ETHODS considerable error in the calculated probe travel time,

Time 1. Time 1, t1, is defined as the time at whicht;, and water content. For example, data from 72 probes
the step pulse exits the probe handle and begins movifiy a field experiment showed that tl.bis varied
down the exposed probe rods (Fig. 1). For finding tigiurnally, with a mean range of 0.1 ns (SD = 0.03 ns)
over an 86 day period. For the 20 cm probes used, the
relationship between water contefit(m* m?), and
2 The mention of trade or manufacturer names is made for information travel time, ;(ns), is0 =-0.19 + 0'0900' and the error

only and does not imply an endorsement, recommendation, or exclusioninduced by the varying value of t1.bis is on the order of
by USDA-Agricultural Research Service.
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0.01 nf m®. For five of the probes, the variation in may choose one of three methods. Method 1 finds the
t1.bis over the period approached 0.28 ns, or an error sécond peak in the first derivative D2MAX and
0.026 m m? (Fig. 9). For a water content measuremenassociated time t2.2 (Fig. 4). Method 2 finds VMIN and
method that can achieve precision on the order dR.1 (Fig. 4) and sets t2.2 as t2.1 plus a user-set number
0.0006 m m® (Evett, 1998) errors of this size are notof points. Method 3 is an automatic method that uses
acceptable. If change in stored moisture were measuretethod 1 if the value of D2MAX is above a user-set
over the 86 day period, the decrease in tl.bis wouldhreshold, D2Thresh, and that uses method 2 otherwise.
result in an increase in measured water content changee default value of D2Thresh in TACQ is for a
of 0.026 M m?®. For probes shorter than 20 cm, thewaveform from a Tektronix 1502B/C cable tester
error in water content induced by not determining t1.bisaptured at 13 bit resolution and no gain. Method 3 is
recommended. It will find the center of the rising limb
from the position of VMIN if the value of D2MAX is
so low that the position of D2MAX is uncertain (e.qg.
lower part of Fig. 6); and it will use the position of
D2MAX otherwise. Method 3 relies on the fact that,
when D2MAX is low, the position of VMIN is always
easily identified and always occurs just before the
second rising limb. Method 1 is similar to that of Baker
and Allmaras (1990), except that the search for VMIN
is conducted in the data after time t1 rather than over all
the data. Regardless of the method for finding t2.2, the
line tangent to the second rising limb is found by linear
regression on a swath of points around t2.2 (user
Day of Year, 1997 chosen swath width).
Tangent to VMIN or Fit to Base Line. The user
Figure 9. Variation of t1.bis over an 86 day period in 1997 for five _may use_ On_e of two me_thOdS t'O fit the "hOI’IZOI’]t'aJ"
probes in a field experiment at Bushland, Texas. The value of t1.bis INtersecting line that partially defines t2. Method 1 is a
depreased as temperature increased, both dil_JrnaIIyand oye_r_the period. horizontal line passing through the waveform at level
Coaxia cable meuiation, Otér experments, i which the TR cabie VMIN. Method 2 is a line fit by regression to a swath
tester was kept in an isothermal environment (within 1°C) showed ~Of points just prior to t2.1 (e.g., Fig. 2) (user-chosen
similar effects of temperature, i_ndjcating tha_t variations in cable swath width and position). Method 2 is recommended.
temperature are the cause for variations in t1.bis. . . . .
Travel times found with it are less susceptible to

for every waveform would be even larger. temperature induced errors (Wraith and Or, 1999), and

Time 2. Time 2, t2, is defined as the time at whichmay be less susceptible to errors due to clay mineralogy
the step pulse reaches the distal ends of the probe raatsd soil bulk electrical conductivity. If the horizontal
(Fig. 2) where it is reflected back, causing the seconthngent method is chosen, the program will also use
rising limb of the waveform (Fig. 1). It often may be method 2, and if the slope of a line fitted to the swath of
found from the intersection of a line, drawn tangent t@oints is positive, the program will use the fitted line
the steepest part of the second rising limb of theatherthan the horizontal tangent. This avoids improper
waveform, and a horizontal line drawn tangent to thénterpretation of waveforms from dry soils for which
“global minimum” of the waveform as defined in Fig. VMIN may be located closer to t1 than t2 and the
1. The steepest part of the rising waveform is identifiedvaveform slope may be positive between t1 and t2.
by finding the second peak in the first derivative. Screen shots from TACQ illustrate some of these
However, as mentioned above, in some wet soils thBime 2 interpretation procedures. In Figure 10A, we see
second peak in the first derivative can be difficult toa waveform acquired from a wet soil. The automatic
find; and in very dry soil the “global minimum” can be method for determining Time 2 was invoked and the
difficult to find. Thus, alternative strategies are used byalue of D2MAX was lower than D2THRESH, causing
the program , which will automatically switch betweenthe position of VMIN (t2.1) to be used as a starting
these strategies to find the best interpretation of Timpoint. The center of the rising limb at t2.2 was found by
2 as follows: adding a user-set number of points to the position of

Tangent to Rising limb. For finding the center of VMIN; and a line tangent to the rising limb was found
the second rising limb (time t2.2 in Fig. 4), the useby linear regression on a swath of points around t2.2
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Tine 1.bis = 1.17, Time 1 = 1.69, Time 2 = 7.83, Travel time = 6.14 ns. H Time 1.his = 1.28, Time 1 = 1.80, Time 2 = 3.92, Travel time = 2.12 ns. M2
Uol. Water Content = 0.359 Press [Y1= accept, [Rl= reject, [Dl= re-do, [Aluto: Uol. Water Content = 0.017 Press [V1= accept, [Rl= reject, [Dl= re—do, [Aluto:

t2

[
Date: 1995206 20:31:12 Probe ID: 10
DIST/DIV: .5 ft, WP: .99, Probe length: .2

Tine 1.his = 1.28, Time 1 = 1.80, Tine 2 = 3.49, Travel time = 1.69 ns. HJ
Uol. Water Content = -.008 Press [Y1= accept, [R1= reject, [D1= re-do, [Aluto:

Date: 1995206 20:31:12 Probe ID: 10
DIST/DIV: .5 ft, UP: .99, Probe length: .2

ine 1.bis = 1.17, Time 1 = 1.69, Time 2 = B8.19, Travel tine = 6.50 ns. W2
Uol. Water Content = 8.387 Press [V]= accept, [R]= reject, [Dl= re-do, [Aluto:
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Date: 1995206 20:31:12 Probe ID: 10
DIST/DIV: .5 ft, UP: .99, Probe length:

Date: 1995206 20:31:12 Probe ID: 10
DIST/DIV: .5 ft, UP: .99, Probe length:
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Figure 10. Two screen shots from TACQ.EXE showing alternative
interpretation methods for Time 2. In A, the position of VMIN is used
to find the center of the rising limb by moving to the right 40 points. The
box around the rising limb shows the swath of points to which a tangent
line was fit by linear regression. The box around the waveform to the
left of VMIN shows the swath of points to which the second tangent line
was fit. In B, the second tangent line is simply a horizontal line at
VMIN. Data are from a Tektronix 1502 cable tester digitized at 364
points across the window and connected to a 20-cm trifilar probe in wet
Pullman clay loam.

Figure 11. Two screen shots from TACQ.EXE showing alternative
interpretation methods for Time 2 in a dry Pullman clay loam. In A,
The time of the second peak in the first derivative, D2MAX, is well
defined and is used to define the center of the second rising limb of the
waveform at t2.2. A tangent line is fit to a swath of waveform data
points around t2.2 as shown by the box and line there. A second tangent
line is fit to a swath of points that ends at 0.8 of the time between t1 and
t2.2. The intersection of these lines defines t2. In B, the search for the
lowest point between t1 and the end of the waveform resulted in finding
VMIN at tD1IMAX, the time of the first peak in the first derivative. A
horizontal line drawn at this point clearly results in incorrect

shown by the box around the waveform to the right ofterpretation.

t2. The tangent to the waveform prior to t2.1 (before

VMIN) was found by linear regression on a swath of In Figure 11A, the waveform is from the same
points that ended at 0.8 of the distance between Timeptobe, but when the soil was dry. The value of D2MAX
and t2.2. The user can set both the number of pointswas high enough that the time of D2MAX (t2.2) was
the swath and the ending point of the swath as waell defined. The tangent to the rising limb was found
fraction of the time between Time 1 and t2.2. Theby linear regression on a swath of points around t2.2.
program contains default values for all user-setting$he line tangent to the waveform prior to the second
that work well for waveforms captured from Tetktronix rising limb was found by linear regression on a swath of
1502B/C cable testers using the window width settingpoints that ended at 0.8 of the distance between Time 1
discussed in Evett (2000). Figure 10B shows that ind t2.2. Figure 11B shows the -0.025m? error in
method 2 for the base lirfié is used then the line is water content that occurs when the base line fit prior to
horizontal and passes through VMIN. This causes Tim#he second rising limb is made by drawing a horizontal
2 to be increased by 0.36 ns, with a resulting increase liie across VMIN, which cannot be found in its usual
0.028 ni m?® in water content reported.
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position because the waveform rises continuously ilcknowLEDGMENTS. This work has benefited from
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