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water content in range surveys 
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measuring soil 

Abstract 

Time Domain Reflectometry (TDR) is introduced as a viable 
alternative for measuring soil water content for rangelnnd surveys. 
The method is based on a strong relationship between the complex 
dielectric constant of soil and volumetric soil water. Volumetric 
water content (a,), measured by TDR and gravimetricnlly, was 
compared for 2 rangeland sites. TDR underestimated 8, when 
compared to gravimetric samples for all data. Potential causes of 
this error and possible solutions sre discussed. Some advantages 
and disadvantages of the method are discussed. 

Key Words: TDR, time domain retlectometiy, soil moisture, 
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Standard methods commonly used for measuring soil water 
content, such as neutron moderation, tensiometers, gypsum blocks, 
or gravimetric samples have several disadvantages in the precise, 
accurate, or timely collection of data in the field. Time Domain 
Reflectometry (TDR) is a relatively new soil water measuring 
technqiue (Hoekstra and Delaney 1974, Davis and Annan 1977, 
Topp et al. 1980, Topp and Davis 1985a). TDR is accurate, 
requires no calibration between soil types or bulk densities, is not 
affected by salt content, and the sampling equipment is mobile and 
easy to use. The purpose of this paper is to briefly introduce and 
describe TDR, compare TDR measured water contents to gravi- 
metric samples, and evaluate its use under field conditions. 

Time Domain Reflectometry is a technology in which an elec- 
tromagnetic pulse is propagated down a transmission line and the 
reflection of the pulse is analyzed with an oscilloscope to estimate 
the complex dielectric constant (c*) of a medium. The complex 
dielectric constant is an electrical property that represents the ratio 
of the dielectric permittivity of the media being measured to the 
dielectric permittivity of free space (Hoekstra and Delaney 1974). 
Using TDR, the complex dielectric constant (c*) of soil media can 
be estimated (Topp et al. 1980). When measured in the MHz to 
GHz frequency range, thee* of a soil is strongly dependent on the 
volumetric water content (0,). Topp et al. (1980) evaluated this 
technique in several soils and other porous media and determined 
L* to be independent of bulk density, soil type, particle size distri- 
bution, and salt content. They presented the following calibration 
curve for use in mineral soils: 

Inapplying95%confidence bandstoEquation I,Toppetal.(l980) 
reported this relationship to be very accurate across all soils and 
water contents studied when compared to gravimetric determina- 
tions (i 0.013 in 0,). 

In practice, instruments or TDR probes are constructed that 
allow the measurements off* in soils using a Time Domain Reflec- 
tometer, an electronic device primarily designed to detect and 

locate faults in transmission lines. Topp et al. (1984), Reeves et al. 
(1989), Zegelin et al. (1989) and others have described different 
styles ofTDR instrumentation developed for measuring 0, in soils. 
Figure 1 shows a TDR probe which was built at the University of 

Fig. 1. TDRprobe with*@em (4.*mmdiam.)stainlesssteelrodsspaeedat 
4 em (on center, for WBV.2 guides. 

Wyoming. The parallel rods or wave guides of the probe act as a 
balanced transmission line. When they are inserted into the soil, 
the soil around and between the wave guides also becomes part of 
the transmission line. This response area has been discussed by 
Baker and Lascano (1989). They indicated that the area of influ- 
ence perpendicular to the wave guides was extremely narrow (30 
mm). Because of this property, wave guides can be inserted horir- 
ontally into a soil and 8, measurements taken with high degrees of 
vertical resolution or very close to the soil surface. The complex 
dielectric constant of the soil is determined by interpreting the 
reflected signal on the oscilloscope of the Time Domain Reflec- 
tometer (Topp et al. 1982, Stein and Kane 1983). The reflected 
signal on the oscilloscope can be interpreted by the user in the field 
or digitized for later, more precise, interpretation. 

Methods 

Two sites were used to compare 8, measured by TDR and by 
gravimetric methods. Site 1 was to be burned for control of moun- 
tain big sagebrush (Arremisia tridentota Nun. spp. vaseyana 
(Rybd.) Boivin). The soils were deep to shallow loams with coarse 
limestone aggregates and were classified as fine-loamy, mixed 
Typic Cryoborolls. The dominant vegetation was mountain big 
sagebrush, Idaho fescue (Festuca idahoensis Elmer), and western 
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wheatgrass (Pascopyrum smithii (Rybd.) A. Love). Normal pre- 
cipitation was 500 mm per annum. Site 2 was in the northern mixed 
prairie in western Nebraska. The soils were deep sandy loams and 
were classified as coarse silty, mixed (calcareous) mesic, Ustic 
Torriotbents. The dominant vegetation was needleandthread 
(Sfipa CDM(I~(I Trin. & Rupr.) and threadleaf sedge (Corexjilifolia 
Nutt.). Normal precipitation was 350 mm per annum. 

observed water contents than site 2, and this provided 2 ranges of& 
which were evaluated. 

At site I,24 surface soil moisture measurements were taken at 
approximate 20-m increments along a 500-m transect. Thirty-six 
(36) soil moisture measurements were collected from permanent 
sampling points at site 2. Gravimetric samples of a known volume 
were taken at both sites by inserting a ZO-mm diameter coring tube 
to a I5-cm depth. Because the tube was inserted to an exact depth, 
potential changes to the core volume caused by compaction in the 
sampling tube could be ignored. Gravimetric samples were tram- _ 

Sampling by TDR was extremely time efficient; a measurement 
could be taken and 0, calculated in less than 1 minute. In all cases, 
TDR underestimated the water content measured gravimetrically 
(Fig. 3). The mean error in &at site 1 was -. 105 (-10.5%) and the 
mean error in 8, at site 2 was -0.032 (-3.2%). The error associated 
with the TDR measurement appears to be systematic for both sites. 

ferred to the laboratory, weighed, and dried at 104O C until an g 
0.3 

equilibrium weight was achieved. The core volume was used to + 
0.2 

I 

convert water contents from a dry weight basis to a volumetric 
basis for comparison with the TDR values. 

A TDR probe (Fig. 1) and a Tektronix model 1502 TDR Cable 
Tester (Tektronix, Inc., Beaverton, OR)1 were used to perform soil 
moisture measurements. The probe with 20-cm wave guides was 
connected to the TDR cable tester using 50 ohm coaxial cable. 
Figure 2 shows the application of TDR in the field. The 20-cm 

Fig. 2. TDR applied during B field survey. The signal from the TDR probe 
is reflected bacli to the Time Domain Renectometer and interpreted to 
determine e*. 0, is calculated using Equation 1. 

TDR probe was inserted into the soil at an approximate 48” angle 
so that 0, was measured between 0 and I5 cm of soil depth. 
Reflected TDR signals were interpreted in the field and Equation 1 
was used to calculate volumetric water content. Measurement 
differences or errors were calculated by substracting 0, measured 
by TDR from 6, measured gravimetrically. The standard deviation 
associated with the mean error was also calculated. 

Results and Discussion 

The difference in 0, between replicate samples was small at both 
survey sites. This was especially true for site 2, where the difference 
between the high and low value in 0, for gravimetric samples was 
only ,028 (2.8%). Site 1, however, did have relatively higher 

Gravimetric 

-I 

0.5 

The line denotes a perfeet 12 relationship. 

Concurrently, the sampling error was extremely small (s = 0.031 
and s = 0.008 for site I and site 2, respectively). We believe that a 
systematic measurement error was introduced when the probe was 
inserted into the soil. The coarse limestone aggregates associated 
with the soils at site I caused considerable difficulty in inserting the 
TDR probe by hand. Less difficulty was noted in site 2 and better 
accuracy was achieved at this site than at site I (Fig. 3). Baker and 
Lascano (1989) stated that any “wobble”caused by inserting the 
rods would introduce air gaps and cause “systematic underesti- 
mates” in water content. Topp and Davis (1985a) suggested that 
this error could be minimized by inserting the probes at an angle. 
Although our measurements were taken by inserting the probe at 
an angle, these data suggest that measurement accuracy is very 
sensitive to the air gap effect. It is also possible at site I that the 
TDR wave guides encountered limestone fragments when inserted 
into the soil that were not in the gravimetric core. This effect would 
also lower the 8, measured by TDR and increase the error with 
respect to the gravimetric measurement. 

These data showed systematic underestimates in 0, measured by 
TDR compared to 0, measured gravimettically. The underestima- 
tion was more prominent in the soil which contained large coarse 
limestone aggregates and caution should be used when applying 
the TDR technique in coarse soils. These data suggest that air gaps, 
created when the TDR probe was inserted into the soil, was the 
primary cause of the error. The air gap effect could be minimized 
by the use of smaller diameter rods, tapered rods, or a designed 
insertion guide or template. Smaller, tapered rods would be easier 
to insert into a soil and an insertion guide would decrease any 
wobble. On sites where repeated measurements for 0, are desired, 
permanent probe installations could be made or probes could be 
buried (Reeves et al. 1989, Topp and Davis 1985b). Air gaps 
around permanent probe installations would diminish over time. 
Depending on the objectives of the user, the specific characteristics 
of the probe used, and the desired degree of accuracy, double 
sampling could be applied to correct systematic errors. 



TDR can be applied in the field as a viable alternative for 
measuring soil water content. Measurements of 0” can be made 
from dry to nearly saturated conditions. The method is easily applied 
and very little training is involved. The major advantage of this 
technique is that volumetric soil water can be quickly measured 
without calibrating for specific soils. Volumetric soil water is a 
more appropriate term for most hydrological and plant physiolog- 
ical concerns, but its calculation previously required a knowledge 
of both the bulk density and the water content by depth. Because of 
a very narrow response area perpendicular to the wave guides 8, 
measurements can be taken with high degrees of vertical resolution 
or very close to the soil surface. The initial cost of the time domain 
reflectometer is relatively high, being slightly more expensive than 
a neutron probe. It does not, however, present a radiation hazard 
or require licensing. The method can be automated and the read- 
ings between different probes can be multiplexed (Baker and 
Allmaras 1990, Heimovaara and Bouten 1990). 
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