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Abstract

A soil-water frequency domain reflectometry sensor, the ThetaProbe, was evaluated for its ability to measure the apparent
soil dielectric constant and subsequent estimation of soil-water content. The soil-water content of a clay-loam soil, determined
using factory-supplied parameters for the sensor and soil-estimated parameters, was compared to the soil-water content deter-
mined in the laboratory. The range in soil-water content was from 0.20 to 0.42 m*-m>. A total of 78 soil samples from the 0 to
600 mm depth of a clay loam soil were used for these comparisons. There was a good correlation between sensor soil-water
content determined using the factory-supplied parameters and the gravimetric soil-water content. Use of both the factory-
supplied and the soil-estimated parameters resulted in more than 20% overestimation of soil-water content compared to the
gravimetric soil-water content. However, using a recalibration process, the adjusted soil-water content was within 0.02 m*-m=
for both the factory-supplied and the soil-estimated calibration constants. Soil bulk density, clay content and temperature had

negligible influence on sensor soil-water contents.
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Introduction

Knowledge of soil-water content is important for water man-
agement and hydrological studies and for calibration and vali-
dation of soil-water balance models. Monitoring soil-water
content for irrigation scheduling, based on a measurement and
control system, requires fast, precise, non-destructive and in
situ measurement techniques (Lukangu et al., 1999; Gebregior-
gis and Savage, 2006a, b). The laboratory methods for deter-
mining soil-water content gravimetrically and pressure plate
soil-water potential fail to satisfy this requirement, although
they are still used for calibration purposes. The neutron probe
field method has the advantage of allowing measurements of
soil-water content for a greater soil volume but radioactive
hazard, lack of automated data collection methodology, and
high cost restrict its use.

Dielectric-based soil-water content techniques are influenced
by factors that affect the dielectric constant of the soil other than
water. The time domain reflectometry (TDR) method involves
measuring the propagation of an electromagnetic pulse along
the transmission lines (wave guides). By measuring the travel
time, the velocity and hence the apparent dielectric constant of
the soil can be estimated. Usually, the TDR method is not soil-
specific (Drnevich et al., 2005), and therefore no soil calibration
is required. The frequency-domain reflectometer (FDR) method
used in the present study makes use of radio frequencies and the
electrical capacitance of a capacitor (formed by using the soil
and embedded rods as a dielectric) for determining the dielec-
tric constant and thus the soil water content. The signal reflected
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by soil combines with the generated signal to form a standing
wave with amplitude that is a measure of the soil-water content.
In the case of capacitance-type sensors, such as that used by
Grooves and Rose (2004), the charge time of a capacitor is used
to determine the soil-water content. Profile-probe versions using
FDR and capacitance methods are now commercially available
(Whalley et al., 2004; Czarnomski et al., 2005; Mwale et al.,
2005).

The effect of clay, soil organic matter content and soil bulk
density on TDR measurements has been reported by Topp et
al. (1980), Roth et al. (1990), and Jacobson and Schjonning
(1993a, b). A temperature effect has been reported by Topp et
al. (1980) while an iron influence on the dielectric constant has
been discussed by Robinson et al. (1994). Evett et al. (2005)
found that TDR measurements may be affected by soil salin-
ity, soil temperature, clay type and clay content. The TDR
technique may overestimate soil-water content in saline soils
because the apparent dielectric constant also depends on the
electrical conductivity of the soil (Wyseure et al., 1997). For
example, Wyseure et al. (1997) used a dielectric-based tech-
nique to estimate the electrical conductivity. Miyamoto and
Maruyama (2004) found that by coating the TDR rods, more
accurate measurements in a heavily fertilised paddy field was
possible. Roots, earthworm channels, cracks and stones can
also cause small variations in soil-water content estimated
using the dielectric-based technique (Jacobson and Schjonning
1993b). Furthermore, old root channels would affect dielectric
measurements if these were within the measurement volume of
the sensor.

The objective of this work was firstly to calibrate the FDR
sensors, for example, the ThetaProbe, for the site and compare
the calibration parameters with those supplied by the manu-
facturer. A second objective was to evaluate the effect of soil
bulk density, clay content and temperature on soil-water content
measured with these sensors.
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Materials and methods

The ML1 ThetaProbe (Delta-T Devices, Cambridge, England),
as well as so-called TDR and other FDR techniques can provide
a continual, precise, non-destructive and in situ measurement of
soil-water content under field conditions.

Theoretical considerations

The ThetaProbe (type MLI) is essentially an FDR sensor that
detects the ratio between the oscillator voltage (for 100 MHz sig-
nal) and that reflected by rods installed in soil. The ratio of the
two voltages is dependent essentially on the apparent dielectric
constant of the soil (¢) which is determined by the soil-water
content. A 5™ order polynomial of the sensor analogue output
voltage V (in volts), is used to estimate the square root of the

dielectric constant of the soil (Ve) as (Delta-T Devices, 1999):

Ne=1+6.19V - 9.72V2 + 2435V - 30.84V* + 1473V (1)

The volumetric soil-water content 6, (m*m~) is calculated from
the dielectric constant by using the soil calibration constants a
and a:

0,=(e-a)a, @)
where:
a, is the square root of the dielectric constant of dry soil

(\/80) where €, is the dielectric constant for dry soil) calcu-
lated using the corresponding measured voltage output and
Eq. (1)

a, is the difference between the square root of the dielectric
constant of saturated (\/sw) and that for dry soil divided by
soil-water content at saturation (9 ):

a,= (e, -Ve,- )8, 3)

The square root of the dielectric constant of the soil at saturation
is also calculated using Eq. (1) for the corresponding measured
voltage output. Factory values for a  and a, of 1.6 and 8.4 for
mineral soils and 1.3 and 7.8 for organic soils are used, respec-
tively. These values were derived from measurements in many
different soil types.

The calibration process is a tool to minimise the error that
an inaccurate sensor would cause in the observed data. Statisti-
cal equations by Snedecor and Cochran (1980) provide a method
for estimating an independent variable X (laboratory soil-water

content) from dependent variable Y (sensor soil-water content),
referred to as a prediction of X from Y, from a Y vs. X relationship
having a slope b and intercept I:

X=[(Y-D/b) - ) C)]

where:
= (1/Xx)(t Sy_x/b)2

is a factor that accounts for the error in estimating X using the
dependent variable ¥, slope b and intercept / (where x = X - X), ¢t
is the Student ¢ statistic Sy_X is the standard error of Y on X). For
perfect agreement between the laboratory (X) and sensor soil-
water contents (), ¢2= 0 and hence X = (Y - I)/b.

Experimental procedure

Five ThetaProbe sensors were calibrated in the laboratory
using clay loam soil from Vita Farm, Tala Valley, KwaZulu-
Natal, South Africa (latitude = 29°50°S, longitude = 30°30’E
and altitude = 900 m). The sensor is 125 mm long and 40 mm
in diameter with a cylinder housing the electronics, with four
sensing rods 60 mm in length, with three of the rods distributed
uniformly around a circumference of 26.5 mm and one rod at
the centre.

Soil bulk density was determined using a core method
(Blake and Hartge, 1986). Undisturbed soil cores, with a diam-
eter of 100 mm and a thickness of 80 mm were taken from each
of four 150-mm layers at the field site (Table 1). The soil samples
were covered, transported to the laboratory, and soil-water con-
tent measured using a sensor inserted into the soil sample. The
sensor was then removed and the samples were weighed. The
samples were then oven-dried for 24 h at 105°C and the gravi-
metric soil-water content calculated. The volumetric soil-water
content (8) of the core was calculated from the gravimetric soil-
water content and soil bulk density. This procedure was repeated
for all 78 soil samples. Particle size distribution was determined
using the pipette method reported by Gee and Bauder (1986).

Sensors were connected to a CR7X data-logger (Campbell
Scientific Inc., Logan, Utah) and sensed using a differential volt-
age instruction. Volumetric soil-water content was estimated
from the measured voltages using Eq. (2). The a_and a, values
therefore allowed the real-time estimation of soil-water content
(using the data-logger 5" order polynomial instruction). The soil
sensors were calibrated using undisturbed soil cores removed
from the site. In the laboratory, the soil cores were saturated and
the sensor voltage and the corresponding gravimetric soil-water

TABLE 1
Physical characteristics of four strata of the soil studied
(Lukangu et al., 1999)
Depth Bulk Soil-water content (m3-m-3) Particle size Gravel | Organic
mm density for various depths and distribution % matter
kg m matric potentials %
Satura-| Field Refill | Clay | Silt |Sand
tion |[capacity| point % % %
0 kPa | -10 kPa | -100 kPa
0-150 1508 0.402 0.292 0.233 36 | 23 41 2.1 33
150-300 | 1595 0.412 0.289 0.230 35 24 | 41 3.4 33
300-450| 1604 0.394 0.294 0.241 33 27 | 40 15.3 2.9
450-600 | 1476 0.414 0.291 0.253 46 15 39 8.7 2.8
Mean 1546 0.406 0.292 0.239 38 22 | 40 7.4 3.1
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content determined between saturation and air-dry conditions.
Measurements were taken every two days to encompass a range
of water contents while the samples were allowed to dry. After
each voltage and soil-water content determination, the mass of
the soil core was determined and the gravimetric soil-water con-
tent calculated. Linear regression was used to compare volumet-
ric soil-water content estimated using the factory-supplied and
soil-estimated parameters a_ and a, (Eqgs. (2) and (3)) with the
soil-water content determined in the laboratory.

The temperature dependence of the sensor voltage was deter-
mined by inserting the sensor and a close-contact thermocouple
into a soil core of known soil-water content. The soil contain-
ers were covered with aluminium foil to reduce evaporation of
water. The experiment was repeated for several soil cores for a
range of known volumetric water contents prepared in the labo-
ratory: 0.15, 0.34 and 0.42 m*m>. Each sensor was artificially
heated using a heater wire. Chromel-constantan thermocouples,
in contact with the body of the sensors inserted into the soil,
were used to measure the temperature variation of the sensor and

soil.

To develop retentivity relationships for the field soil cores,
the soil cores were saturated in the laboratory and subjected
to various suctions on a porous tension table with a hang-
ing column of water to study characteristics for matric poten-
tials of 0 and -10 kPa (Avery and Bascomb, 1974). Retentivity
characteristics at a matric potential of -100 kPa was determined
using undisturbed soil cores and the pressure-plate apparatus
(Soil Moisture Equipment Corp., Santa Barbara, California).
The volumetric water contents for each soil-water potential was
determined using the ThetaProbe. When necessary, soil cores
were dried in an oven. Before replacing the cores on the porous
plate for the next pressure equilibrium step, the plate was made
wet to ensure good contact between ceramic plate, filter paper
and soil. A detailed description of the equipment and procedures
are found in Klute (1986). The matric potentials corresponding
to field capacity and wilting point for these soils (Table 1) were
those recommended by Schulze et al. (1985).

Results and discussion

Selected physical characteristics of the soil from the site are
shown in Table 1. Soil bulk density ranged from 1 476 kg-m?
(for the 400 to 500 mm soil layer) to 1 604 kg-m= (300 to 450 mm
layer) with an average of 1 546 kg-m=. Mean soil-water content at
saturation measured using the pressure plate laboratory method
was 0.406 m*m> and at -10 kPa was 0.292 m*m™. Particle
size distribution showed the soil to have a clay loam texture.
The soil had a high gravel content of iron and manganese con-
cretions in the 300 to 450 mm layer. The organic matter content
averaged 3.1%.

Factory calibration vs. soil calibration

The factory-supplied parameters for mineral soil, a, = 1.6 and
a, = 8.4, were used to estimate soil-water content (Eq. (2)). The
average soil-estimated parameters of ¢, = 1.411 and a, = 11.09
were used to estimate the soil-calibrated soil-water content.
These parameters were calculated using Egs. (1) and (3). The
sensor output voltage under soil air-dry conditions was 0.074 V
and under saturated conditions was 0.882 V, while the soil-water
content at saturation was 0.406 m*>m=. The dielectric constant
of the dry and saturated soil was 2.1 and 23.1 (Eq. (3)), respec-
tively.
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Figure 1
Laboratory calibration of the sensor soil-water content using
the factory-supplied and the soil-estimated parameters vs.
the laboratory soil-water content

The linear sensor calibration relationship for all soil depths
is shown in Fig. 1 for soil samples removed from the study site.
The linear regression statistics for 6, determined using the fac-
tory-supplied or soil-estimated parameters vs. 6, determined
gravimetrically at the various matric potentials for individual
depths and total depth are shown in Table 2. Unfortunately there
was difficulty in measuring soil-water content between 0 and
0.15 m*m= because the sensor, in spite of its sharp rods, could
not be forced into the hard soil without damage to the rods for
these low soil-water contents. The 300 to 450 mm layer had the
lowest coefficient of determination 7° (Table 2) probably due to
the presence of the coarse lateritic material. Iron-rich minerals
have been reported by Robinson et al. (1994) to affect the appar-
ent dielectric constant measurement using the TDR technique
for soil-water measurement. However, analysis of the 95% con-
fidence limits showed that there were no significant differences
in the slope and intercept values between different layers. It was
therefore decided to pool the data from all depths between 0 and
600 mm and use one regression relationship.

There was a somewhat improved correlation of soil-water
content estimates when the factory-supplied parameters were
used compared to when using the soil-estimated parameters.
There was a significant difference between the slope values as
judged by the confidence interval for the various depths (Table
2). Soil variability with depth and sampling error may be the
main causes for this discrepancy. These causes may also explain
the difference between the calibration parameters for the differ-
ent depths. On average, 6, could be estimated to within 0.036
m*m? when using the soil-estimated parameters and 0.034
m3-m? when using the factory-supplied parameters. Both the
soil and the factory calibrations gave smaller errors compared
to the maximum error of 0.050 m3-m= specified by the manu-
facturer. The standard deviation for volumetric water content of
0.021 m*m> (factory-calibration) and 0.013 m3m? (soil-
calibration) was within the range of 0.005 to 0.023 m*m~ found
by Jacobson and Schjonning (1993a) using a TDR technique.
The soil calibration was determined from the ThetaProbe
voltage with the probe inserted into dry soil so as to determine

a, = \/ao and then inserted into wet soil so as to determine the

square root of the dielectric constant for saturated soil \/sw
(Eq. 1). The a, value was then determined using Eq. (3). The
estimated parameters were @, = 1.411 and a, = 11.09 for the Tala
Valley soil.
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There was a slight overestimation
of soil-water content when using the
factory-supplied calibration factors
compared to the laboratory-deter-

mined soil-water content. Little et al.

(1998) found that soil-water content
was underestimated for a ThetaProbe
in a clay soil. Standard deviations
for the slope and intercept for the

obtained in the mentioned reference.
In the present study an r? of 0.92 was

present study were smaller that those
obtained compared to an r* of 0.76

in an Inanda soil (clay texture) and
0.92 in a Hutton soil (sandy texture)

obtained in KwaZulu-Natal by Little

etal. (1998).

The estimate of the soil-water
content indices (saturation, air entry,

point) using the sensor and related
percentage errors for the factory-sup-
plied and soil-estimated parameters

field capacity, refill point and wilting

is shown in Fig. 2. For each depth,
the sample water contents were aver-
aged but for Case 5 in Fig. 2, the aver-
age was for all samples at all depths.
The soil-water content at air entry

by Gregson et al. (1987), Williams

(-5 kPa) was determined as reported
et al. (1992) and Williams and Ahuja

(1993). Other soil-water content indi-
ces were measured on undisturbed
soil using the porous tensions table
or pressure plate laboratory methods.
Both the factory-supplied and the

soil-estimated parameters resulted in
an average error of more than 20%.

An attempt was made to recalibrate
the sensors (see Eq. (4) and the sta-
tistics from Table 2 (Columns 10 and

Recalibration of the sensor

11)) in order to improve the regression
(Columns 12 and 13). The regression
line was forced through the (0, 0)
origin based on the assumption that

if the soil-water content is 0 m*m?>,
then the measured value would also
be 0 m*m>. The range of soil-water
contents was limited to greater than
about 0.150 m*m since below this

value, as mentioned previously, the
soil was too hard to insert the sensor.
The slope, y-intercept and bias of the

recalibrated sensors were closer to
the ideal slope of 1, and y-intercept
and bias of 0. The 7> was much the
same, while the standard error of the
predicted Y values for each X value
increased for both the factory and
the soil calibration. Using the rec-
alibration procedure, soil-water con-
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Figure 2
The estimated soil-water content indices using the sensor with
the factory-supplied (a, =1.6 and a, = 8.4) and soil-estimated (a,
=1.411 and a, = 11.09) parameters, and the corresponding error

tent could be estimated to within 0.020 m3-m= for both the soil-

estimated and the factory-supplied parameters. There was an

improvement for the soil-estimated parameters. The estimated
percentage errors for different soil-water content indices after
the recalibration process are presented in Fig. 3 with the adjust-

ment of the factory-supplied parameters (a, = 1.82 and a, = 7.83)

and adjustment of the soil-estimated parameters (a, = 1.83 and @,

=7.33) and the corresponding error. Compared to the percentage
error shown in Fig. 2, the errors for both the factory-supplied
and the soil-estimated parameters decreased.

The “best fit” expression for estimating soil-water content
using the sensor was obtained using a recalibration proce-
dure (Snedecor and Cochran, 1980). This procedure, based on
Eq. (4), allowed the laboratory soil-water content to be estimated
(CH djust> the X-value) using:

e The estimated 0 determined using the sensor (¥Y-value)

e The slope » = 0.872 and the intercept / = 0.037 m*m?
(Eq. 4) obtained from the regression between soil-water
content determined using the sensor- and laboratory-meas-
ured soil-water content (Table 2, Column 10)

e A factor ¢ = (1/x?)(¢ Syx/b)2 = 0.0046 (Table 2, Column 10)
which takes into account the standard error of Y on X the
Student ¢ statistic and the sum of the deviation squared
(x?) of the laboratory soil-water content from the average
(Eq. (4)), where:

veadiust — 1O, - D/BI/(L - ).
A regression between the 0 giust (X) and Ve () gave a y-inter-
cept of 1.83 and a slope of 7.82. The y-intercept and slope of

the regression between 0, diust (X) and Ve (¥) corresponded to
a, = 1.83 and a, = 7.82 for the calibration constants (see Eq. (2))
compared to the values a = 1.6 and a,= 8.4 provided by the
manufacturer. The values a = 1.83 and a, = 7.33 were obtained
for the . . adjusted for the soil-estimated parameters. Use of
calibration constants @, = 1.83 and a,=7.82 ora = 1.83 and a, =
7.33 would produce the statistics shown in Table 2 (Columns 12
and 13). Comparison of 0 djust and 0  values determined in the
laboratory is shown in Fig. 4. The 0, diust approached the 1:1 line
when using ¢ = 1.83 and @, = 7.82 than when using factory-sup-
plied parameters for which @, = 1.6 and a, = 8.4 (Fig. 1).
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Effect of soil temperature, bulk density and texture
on sensor measurements

The error in soil-water content due to a temperature variation
of between 12 and 18°C was not more than 0.015 m*m? for the
surface soil layers and not more than 0.005 m* m? for the deeper
layers. Topp et al. (1980) also had satisfactory results for tem-
peratures between 10 and 30°C. In this experiment, soil-water
contents were estimated accurately for soil layers with a high
clay content and relatively low soil bulk density (Tables 1 and
2). The 7 of the linear regression between the sensor-estimated
soil-water content (Y) and the laboratory soil-water content (X)
was 0.920 for the adjusted calibrations (Fig. 4). Combining bulk
density or clay content with the laboratory soil-water content
(X, and X)) increased 7* to 0.921 (data not shown). Combining
the bulk density and clay content with the laboratory soil-water
content (X,, X, and X)) increased 7 to 0.927. The change in the
soil bulk density and clay content of different layers therefore
had a very small effect on the sensor-determined soil-water con-
tent. In the present study, the range of soil bulk density and clay
content were relatively narrow and the results are therefore not
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sufficiently conclusive. Thus, the possibility of including bulk
density and clay content into the calibration (Egs. (1) and (2))
was not pursued further for these soils. Similar conclusions
were reached by Topp et al. (1980) and Jacobson and Schjon-
ning (1993b) for a TDR method using soil samples that included
a wider textural and bulk density range than those used in this
experiment. However, it is recommended that more research be
done on the effect of the bulk density, texture, temperature and
other soil physical characteristics on the estimates of the dielec-
tric constant of the soil.

Conclusions

There was a relatively better performance of the FDR sensor
used in estimating soil-water content when using the factory-
supplied parameters than when using the soil-estimated parame-
ters. A slope of 1, and an intercept and bias of zero were obtained
for both the factory-supplied and the soil-estimated parameters
when a recalibration process was used. Therefore the sensor
could be used with confidence to monitor soil-water content for
irrigation or hydrological purposes. For the clay loam soil used,
the clay content, soil bulk density and temperature effects on
the sensor voltage showed a negligible influence on the meas-
ured soil-water content. As judged by the increased variation
in the measured soil-water content in the 300 to 450mm layer,
the coarse structure and the presence of iron in a laterite layer
affected sensor performance. Volumetric soil-water content
could be measured to within 0.020 m*-m=.
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