e

Theta Probe

TRASE

Soil type affects accuracy of
dielectric moisture sensors

Blaine R. Hanson Q

Several types of dielectric soil
moisture sensors were evaluated
at various locations in California.
The TRASE and ThetaProbe de-
vices were reasonably accurate
over a range of soil textures. In
silt loam and silty clay soil types,
the Enviroscan readings were in-
accurate. The Aquaterr meter,
which provides a qualitative mea-
surement of soil moisture content,
responded to changes in soil
moisture content for several dif-
ferent soils, but little response oc-
curred in one sandy soil.

Dielectric soil moisture sensors deter-
mine soil moisture content by measur-
ing an electrical characteristic of soil.
The dielectric constant is about 1 for
air, 3 to 5 for soil particles and about
80 for water. The relatively large con-
stant of water means that the dielectric
constant of bulk soil is higher when
the soil contains more moisture.

Most dielectric sensors are classi-
fied as capacitance or frequency-
domain-reflectometry (FDR) sensors
and time-domain-reflectometry (TDR)
sensors (White and Zegelin 1995). Ca-
pacitance sensors consist of two elec-
trodes separated by a dielectric. Plac-
ing the electrodes in the soil results in
the soil becoming part of the dielectric.
A high-frequency electrical pulse ap-
plied to the electrodes causes a resonant
frequency, which is measured by the in-
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strument. This frequency changes as the
dielectric constant of the soil changes.

TDR sensors require two to four
waveguides installed in the soil paral-
lel to each other. An electrical signal
applied to the waveguides travels
along their length and is reflected
back. The travel time is related to the
dielectric constant of the soil. A cali-
bration equation relates the dielectric
constant to soil moisture content.

We evaluated four dielectric instru-
ments for their appropriateness for ir-
rigation scheduling. They were as-
sessed for their accuracy in determin-
ing soil moisture content, ease of
operation, ease of installation and cost.

Dielectric devices evaluated

One dielectric device, the TRASE
TDR instrument, was evaluated at six
sites in the San Joaquin Valley. These
sites and their average respective
sand, silt and clay percentages are
Sandy Loam-WAL (70-29-1), Sandy
Loam-PE (67-29-4), Loamy Sand-GR
(82-17-1), Silt Loam-WA (19-62-19), Silt
Loam-CO (19-52-29) and Silty Clay-
WB (19-46-35). Letters at the end of the
texture classification indicate the site
location.

The TRASE (Soil Moisture Equip-
ment Co., Santa Barbara, CA) device is
a TDR instrument that requires two
steel rods or waveguides driven into
the soil parallel to each other, con-
nected by cable to the instrument. Two
sets of rods were used for this study,

Aquaterr

with one set measuring the 0-to-12
inch depth interval and the other mea-
suring the 0-to-24 inch depth interval.
The instrument measures an average
moisture content over the respective
depth intervals.

In addition, we evaluated an
Aquaterr Moisture Meter (Aquaterr
Instruments, Fremont, CA), an
Enviroscan system (Sentek Ltd., Aus-
tralia), and a ThetaProbe (Delta-T De-
vices, England) at a number of loca-
tions. The Aquaterr meter is a steel rod
containing electrodes at its tip. The rod
is pushed into the soil to the desired
depth and a reading obtained. Instru-
ment readings are related to a qualita-
tive degree of soil wetness by a color-
coded chart. Soil textures at the
evaluation sites were Silt Loam-CA,
Sandy Loam-DF, Loam-DR and Siity
Clay-WB.

The Enviroscan system is a capaci-
tance instrument consisting of a series
of sensors installed in a PVC access
tube. The sensors are connected to a
data logger, which allows very fre-
quent measurements to be made. Mea-
surements were made at depths of 4,
12, 20, 28 and 36 inches every 60 min-
utes. We took measurements near Silt
Loam-WA, Silty Clay-WB and Silt
Loam-CA.

The ThetaProbe consists of four
electrodes, each 2.25 inches long, at-
tached to a plastic cylinder. A hole is
augered to the desired depth of mea-
surement and the electrodes are
pushed into the bottom of the hole.
The sensor is connected to a handheld
meter. We took measurements at Silt
Loam-CA, Sandy Loam-DF, Sandy
Loam-SM, Sandy Loam-DF, Loam-DR,
Clay-TB, Silty Clay-WB and Loam-BL.

The dielectric instruments are pro-
moted as measuring volumetric soil
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Fig. 1. TRASE readings versus neutron
moisture meter (NMM) measured soil
moisture contents for three locations.
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TABLE 1. Slopes and intercepts of the TRASE meter

Site Slope Intercept [
12-inch interval

Sandy Loam-WAL a* 0.74 a 3.50 0.85
Sandy Loam-PE b 0.68a 7.69 0.64
Loamy Sand-GR ¢ 0.83a 2.39 0.98
Silt Loam-WA d 0.09b 24.25 0.02
Silty Clay-WB e 147 ¢ -19.33 0.83
Silt Loam-CO f 0.78 a 1.01 0.96
24-inch interval

Sandy Loam-WAL a 1.09 -0.23 0.90
Sandy Loam-PE b 0.87 5.15 0.91
Loamy Sand-GR ¢ 0.87 1.96 0.98

*Note that the letters indicating the results of the tests of equality are for each respective depth interval.
They do not indicate any equality between the depth intervals.

TABLE 2. Regression coefficients and coefficients of determination
for the Aquaterr moisture meter sites

Site Slope Intercept i’

Silt Loam-CA a* 1.62a 19.93 0.42
Silty Clay-WB b 3.08b -17.54 0.77
Sandy Loam-DF ¢ 031¢c 74.39 0.18
Loam-DR a 1.20 a 34.70 0.40

*Sites with similar letters indicate statistical equality. The level of significance was 5%.

moisture content, except for the
Aquaterr meter. Therefore, to deter-
mine their accuracy and response to
changes in soil moisture content, we
compared the readings of the dielec-
tric instruments using their factory
calibrations with measurements of soil
moisture content. Two methods were
used for measuring soil moisture con-
tent. TRASE and Enviroscan readings
were compared with soil moisture
contents measured with a neutron
moisture meter (NMM) calibrated for
each site. The TRASE device was in-
stalled along a transect about 6 feet
long at each site, with the NMM access
tube installed in the middle. Measure-
ments were made twice a week during
our study. NMM measurements were
made 6, 12, 18 and 24 inches deep. We
compared Enviroscan readings with
soil moisture contents measured with
NMM about 2 feet away.

We compared the readings of the
ThetaProbe and Aquaterr meter with
soil moisture contents obtained from
soil sampled about 1 to 2 inches from
each instrument. Soil sample volume
was about 60 cm?, about the volume
sampled by the two dielectric instru-
ments.

Although it might be preferable to
compare TRASE and Enviroscan read-
ings with moisture contents deter-
mined from soil samples, this ap-
proach would require frequent
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removal and reinstallation of access
tubes and waveguides for each set of
measurements due to disruption of the
soil in the immediate vicinity of tubes
and waveguides. Removing and in-
stalling these access tubes/
waveguides is difficult and time con-
suming. Therefore soil sampling was
not practical for these devices because
of the number of sampling sites and
the frequency of measurements.

One concern about using the NMM
is that it samples a much larger vol-
ume of soil compared with the dielec-
tric sensors. The NMM horizontal
zone of influence can range from
about 6 inches in a wet soil to about 27
inches in a very dry soil. The few stud-
ies on the zone of influence of dielec-
tric sensors show a zone about 1 to 2
inches for TDR sensors and about 4
inches for the Enviroscan device. (Baker
and Loscano 1989; Paltineanu and Starr
1997). However, the results of this re-
search and that conducted by Frueh and
Hopmans (1997) suggest that differences
in zones of influence were not a major
factor where the NMM is calibrated for
the site-specific conditions.

TRASE readings

We compared TRASE TDR readings
with the NMM soil moisture contents
averaged over the depth intervals of 0
to 12 and 0 to 24 inches. The data re-
vealed strongly linear relationships be-



tween TRASE readings and soil mois-
ture contents for each depth interval at
Sandy Loam-WAL and Loamy Sand-
GR (fig. 1). Similar behavior occurred
at Sandy Loam-PE. More scatter ex-
isted in the readings for Loamy Sand-
GR, which were slightly above the 1:1
line.

At Silty Clay-WB (fig. 1), a reason-
ably linear behavior occurred for the
12-inch interval with some deviation
from a 1:1 line. Similar behavior was
found at Silt Loam-CO. At Silt Loam-
WA, little correlation occurred be-
tween TRASE readings and soil mois-
ture contents. No readings could be
made for the 0-to-24-inch interval at
the fine-textured sites because of ex-
cessive signal attenuation in this soil.
This attenuation prevented detection
of the travel time at which the re-
flected signal occurred.

Correlation coefficients between in-
strument readings and soil moisture
contents exceeded 0.88 for Sandy
Loam-WAL, Sandy Loam-PE, Silt
Loam-CO and Loamy Sand-GR (0-to-
24-inch interval). Coefficients of the
linear regression equations (table 1)
generally differed statistically from
those of the 1:1 line for Sandy Loam-
PE, Loamy Sand-GR, Silty Clay-WB
and Sandy Loam-WAL (12-inch inter-
val). Coefficients of determination ex-
ceeded 0.88 except for the 12-inch in-
terval at Loamy Sand-GR. The
regression equations generally were
statistically different for each site, but
the slopes of these equations generally
were statistically equal.

Aquaterr meter

Aquaterr meter readings plotted
against soil moisture contents showed
that, with one exception, Aquaterr
readings responded to changes in soil
moisture content, although consider-
able scatter occurred in the data (fig.
2). At Silt Loam-CA and Loam-DR,
outliers appeared to exist in the drier
ranges of soil moisture, while at Sandy
Loam-DF, we found little change in
Aquaterr readings with soil moisture
contents. The reasons for this behavior
are unclear.

Regression coefficients and coeffi-
cients of determination showed con-
siderable variation among the four

sites (table 2). Except for Silt Loam-CA
and Loam-DR, regression equations
and their slopes were statistically dif-
ferent for each site. Coefficients of de-
termination ranged between 0.18 and
0.77.

Enviroscan

We compared NMM and Enviroscan
readings with depth on two measure-
ment dates at locations Silt Loam-WA
and Silty Clay-WB (fig. 3). This ap-
proach was used because Enviroscan
readings could not be directly com-
pared with NMM readings due to dif-
ferent depths of measurements. Each
set of data consists of readings in a
relatively wet soil and in a relatively
dry one. These data show that the
Enviroscan readings generally were
much greater than the NMM readings.
Most of the Enviroscan readings were
at least 1.5 times greater than the
NMM values. The ratio of Enviroscan
reading to NMM reading increased as
soil moisture content decreased. How-
ever, at each location, the ratio for the
shallowest measurement depth ranged
only between 0.9 and 1.16. Similar be-
havior occurred at Silt Loam-CA.

The ability of the Enviroscan device
to estimate changes in soil moisture
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Fig. 3. Comparison of Enviroscan readings
and NMM soil moisture contents with
depth of soil profile at two locations for
both wet and dry soll.

content was determined by calculating
the ratio of the change in Enviroscan
readings to the ratio of the change in
NMM moisture content for four or five
time intervals between irrigations. At
Silt Loam-WA, the average ratio was
0.95, with values ranging from 0.77 to
1.25. At Silty Clay-WB, readings were
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Fig. 4. ThetaProbe readings (A, B) and linear regression equations (C, D) versus soit
sample moisture contents for several locations.
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TABLE 3. Regression coefficients and coefficients of determination for the ThetaProbe sites

Site Slope Intercept r

Silt Loam-CA a* 0.79a 6.38 0.86
Silty Clay-WB b 0.72 a 10.63 0.64
Loam-DR ab 077 a 7.51 0.91
Clay-TB a 0.68 a 10.67 0.79
Sandy Loam-SM ¢ 1.05b 1.10 0.88
Sandy Loam-DF ¢ 1.06 b -0.43 0.87

*Sites with similar letters indicated statistical equality. The level of significance was 5%.

TABLE 4. Average absolute differences (absolute percent volume) between instrument readings and
soil moisture contents

Site TRASE Neutron moisture meter ThetaProbe
Sandy Loam-WAL 2.6 2.3

Sandy Loam-PE 1.4 2.3

Loamy Sand-GR 3.6 23

Silt Loam-WA 8.4 2.3

Silty Clay-WB 4.6 24 3.9
Silt Loam-CO 42 2.6

Silt Loam-CA 2.6
Loam-DR 25
Clay-TB 3.0
Sandy Loam-SM 2.6
Sandy Loam-DF 1.8

taken at two locations. At one location,
the average ratio was 1.52, with values
ranging from 1.02 to 1.98. At the sec-
ond location, the average ratio was
1.59, with values ranging from 0.49
to 2.12.

ThetaProbe

ThetaProbe readings plotted
against soil sample volumetric soil
moisture contents showed a strong lin-
ear response to soil moisture content,
with data points relatively close to a
1:1 line except for Silty Clay-RO where
ThetaProbe readings underestimated
soil moisture at high moisture contents
(fig. 4). We could not measure at lower
moisture contents because of potential
damage to the electrodes when
pushed into drier soil. Data of the sites
with sandy soil (Sandy Loam-DF,
Sandy Loam-SM) better fit the 1:1 line
compared with the data of the other
sites. The better the fit to a 1:1 line, the
more accurate the sensor.

Regression coefficients showed
similar slopes and intercepts for the
finer-textured soils (Silt Loam-CA,
Loam-DR, Clay-TB and Silty Clay-
WB), statistically different from a 1:1
line (table 3). Similar coefficients also
occurred among the sandier sites that
were statistically similar to a 1:1 line.
Coefficients of determination ranged
between 0.64 and 0.91.

Error analysis

The error values the TRASE and
ThetaProbe instruments are the aver-
age of the absolute differences be-
tween instrument readings and soil
moisture contents (table 4). Errors
were slightly smaller in the sandy soils
for the TRASE instrument. TRASE er-
rors at these sites were statistically
similar to the error in the NMM cali-
bration curves. (Errors for the NMM
were the average of the absolute dif-
ferences between soil moisture con-
tents of soil samples used to calibrate
the NMM and the predicted soil mois-
ture contents obtained from the NMM
calibration equations.) Thus differ-
ences between TRASE readings and
NMM soil moisture contents may be
explained to a large degree by the er-
ror in the NMM calibration.

We did not do an error analysis
for the Aquaterr and Enviroscan in-
struments. The Aquaterr device pro-
vides a qualitative indicator of soil
moisture content only, while depths
of measurement differed slightly be-
tween the Enviroscan and NMM. In
both cases, an error analysis would
be inappropriate.

Soil type affects readings

It should be understood that these
results are specific to soil type, clay
type and soil salinity. Similar compari-
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sons conducted under different condi-
tions may have different results.

The ThetaProbe and TRASE instru-
ments were the most accurate over a
wide range of soil conditions. How-
ever, the TRASE device would not
read over the 0-to-24 inch interval in
the finer-textured soils because of ex-
cessive signal attenuation. The
Aquaterr meter provides a qualitative
reading only, and also requires some
field calibration.

The Enviroscan device was not ac-
curate in the soil types at the evalua-
tion sites. Research in Washington also
revealed Enviroscan readings to be
higher than soil moisture contents
(Leib and Matthews 1999). However,
USDA researchers in the eastern
United States reported excellent agree-
ment between Enviroscan readings
and soil moisture contents (Paltineanu
and Starr 1997).

Reasons for the different responses
are not clear, but may involve factors
such as clay type and soil salinity.
However, the Enviroscan instrument
reasonably estimated changes in soil
moisture content at one site, while it
overestimated changes at another site.

A particular advantage of the
Enviroscan is its ability to make con-
tinuous measurements with time. In
spite of any inaccuracies, continuous
measurements can identify behavior in
soil moisture content that may not be
readily evident from intermittent mea-
surements. Field observations and
calibration, however, are necessary to
interpret the Enviroscan readings rela-
tive to crop water needs.

The TRASE, ThetaProbe and
Aquaterr meter are relatively easy to
install in a wet soil, but can be difficult
to install in a relatively dry soil. The
Enviroscan instrument requires care-
fully installed access tubes. Special in-
stallation equipment supplied by the
manufacturers is recommended.
Technical support from the manufac-
turer is needed to set up the
Enviroscan system.

The ThetaProbe and Aquaterr
meter were easy to operate, by simply
pushing a button and reading the in-
strument. The TRASE was more diffi-
cult to operate. It required selecting
the appropriate screen display and en-



tering the waveguide length. The
Enviroscan system requires download-
ing the data stored in its datalogger
into a computer and then displaying
the data using manufacturer-supplied
software.

The Aquaterr meter is the least ex-
pensive (about $500), followed by the
ThetaProbe ($850 for a minimum kit).
Minimum costs for the other instru-
ments range between $8,000 and
nearly $14,000.

B.R. Hanson is Extension Irrigation and
Drainage Specialist and D. Peters is Staff
Research Associate, Department of Land,
Air and Water Resources, UC Davis.
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Effectiveness of tensiometers and electrical
resistance sensors varies with soil conditions

Blaine Hanson aQ

Tensiometers, gypsum blocks,
Watermark blocks and an electro-
magnetic conductivity meter were
evaluated for their response to
changes in soil moisture content.
Tensiometers and Watermark
blocks had similar responses, but
the blocks operated better than
tensiometers in drier soil. Gyp-
sum blocks did not respond until
some threshold moisture content
was reached. The electromagnetic
conductivity meter responded to
changes in moisture content in
fine-textured soil, but it did not re-
spond in sandy soil.

Measuring or monitoring soil moisture
content can help determine when to ir-
rigate, how much water to apply, ad-
equacy of wetting, patterns of soil
moisture extraction by roots, and
trends in increasing or decreasing soil
moisture content with time. Such in-
formation can help improve crop
yield, increase irrigation efficiency,
stretch limited water supplies and re-
duce nonpoint-source pollution.
Traditional methods for monitoring
soil moisture content include soil sam-
pling, tensiometers, electrical resis-
tance/conductance methods and neu-
tron moisture meters. These devices
must be calibrated to provide actual
soil moisture contents. The calibra-

Douglas Peters

Qo Steve Orloff

tions depend on soil texture, particu-
larly for tensiometers and resistance
blocks and less for the neutron mois-
ture meter. More recently, dielectric
sensors have been developed that de-
termine soil moisture content based on
the dielectric constant of the soil.

This project investigated the re-
sponse of these sensors to changes in
soil moisture content to evaluate their
appropriateness for irrigation schedul-
ing on farms. Criteria used to evaluate
these instruments were ease of opera-
tion, ease of installation, maintenance
and cost.

Evaluating monitoring devices

Tensiometers, electrical resistance
blocks and an electromagnetic conduc-
tivity meter were evaluated at six sites
in the San Joaquin Valley. These sites
and their average percent sand, silt
and clay were Sandy Loam-WAL (70-
29-1), Loamy Sand-GR (82-17-1),
Sandy Loam-PE (67-29-4), Silt Loam-
WA (19-62-19), Silty Clay-WB (19-46-
35) and Silt Loam-CO (19-52-29). The
letters following soil type identify site
location.

At Sandy Loam-WAL, silty clay
loam occurred at 6 inches, and sandy
loam at the deeper depths. Sandy loam
occurred at 6 inches deep and loamy
sand at the deeper depths for Loamy
Sand-GR. Soil texture was fairly con-
stant with depth for Sandy Loam-PE.

Tensiometer

Silt clay loam to silty clay occurred at
Silty Clay-WB. Silt Loam-WA had
smaller clay contents and larger silt
contents compared with Silt Loam-CO.
Sandy Loam-WAL was a flood-irrigated
walnut orchard, Sandy Loam-PE was a
flood-irrigated peach orchard, Loamy
Sand-GR was a flood-irrigated vine-
yard, Silt Loam-WA and Silty Clay-
WB were furrow-irrigated tomato
fields, and Silt Loam-CO was a furrow-
irrigated cotton field. Only data from
Sandy Loam-WAL and Silty Clay-WB
are shown in the following figures to
simplify the illustrations. Results from
these sites were representative of those
from the other sites.

In this paper, we report on five de-
vices evaluated at these sites:

1. Tensiometer (Irrometer Com-
pany, Riverside, CA; Soil Moisture
Equipment Co., Santa Barbara, CA). A
tensiometer is a plastic tube with a po-
rous ceramic cup attached to one end
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