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Abstract

Measurement of the apparent dielectric permittivity of soils (dielectric constant) is becoming a popular way of estimating soil
volumetric water content. This paper focuses on the measurement of apparent permittivity in four sandy soils using; time
domain reflectometry (TDR), a surface capacitance insertion probe (SCIP) and a Theta probe. Measurement of the apparent
permittivity using the SCIP and Theta probe are compared with the apparent permittivity measured using the TDR.

Calibration of such instrumentation has remained relatively empirical following the engineering approximation presented by
Topp et al. (Topp, G.C., Davies, J.L., Anan, A.P., 1980. Electromagnetic determination of soil water content: measurements in
coaxial transmission lines. Water Res. Research 16, 574–582.). The refractive index model proposed by Whalley (Whalley,
W.R., 1993. Considerations on the use of time domain reflectometry (TDR) for measuring soil water content. J. Soil Sci. 44(1),
1–9.) based on that of Birchak et al. (Birchak, J.R., Gardner, C.Z.G., Hipp, J.E., Victor, J.M., 1974. High dielectric constant
microwave probes for sensing soil moisture. Proc. IEEE 62(1), 93–98.) is investigated as a means of gaining some physical
understanding of the relative contributions of the different dielectric components in soils. Predictions made by the model are
tested against results using multiple linear regression. The predictions agree well with the observed measurements. Inter-
electrode conductivity is found to contribute significantly to the apparent permittivity measured using the SCIP and to a lesser
extent the TDR but not the Theta probe. Inclusion of inter-electrode conductivity in regression analysis improved results. The
Theta probe was found to overestimate the apparent permittivity of the soil by, 1.5 when compared with TDR results. It is
suggested that this may be the result of compaction of the soil close to the electrodes, coupled with a strong bias in the
sensitivity of the probe to the region very close to the central electrode.q 1999 Elsevier Science B.V. All rights reserved.

Keywords:Soil water content; Capacitance probe; Soil relative permittivity; Time domain reflectometry; Theta probe; Surface capacitance
insertion probe

1. Introduction

Measurement of the apparent permittivity of a soil
provides an elegant method of estimating its water

content. A variety of sensors are now commercially
available which utilise this relationship to estimate
soil volumetric water content. In order that results
presented in the literature are consistent it is important
to compare what each device measures and its
measurement limitations. The advantages of such
sensors over the widely used neutron probe method
are that they can be automated, used close to the soil
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surface and contain no radioactive source. They are of
use in hydrological research and in commercial
applications such as scheduling irrigation in agri-
culture and horticulture and anywhere else where it
is important to know the water content of a porous
material.

The complex permittivity (1 p) of a material is a
measure of the extent to which the charge distribution
within the material is polarised in an external electric
field. It has a real part (1 0) referred to in this paper as
the relative permittivity (1 r) describing energy storage
and an imaginary part (1 00) describing losses which
are mostly due to ionic conduction:

1p � 1 0 2 j1 00 �1�

wherej is
����
21
p

and1 00 is s=v10, the dc conductivity
(s) divided by the product of the angular frequency
(v ) and electric constant (10).

Polar molecules such as water are permanently
polarised and orient themselves with the applied
field. In becoming orientated with the field, the mole-
cules absorb energy from it, which is released when
the field is removed and the molecules return to their
random orientation. In nature, the most common polar
liquid is water, which has a relative permittivity of
,80, in comparison to 1 for air and,5 for quartz
(Carmichael, 1982), the major constituent of most
sandy soils. The amount of water in a porous material,
therefore, strongly influences the apparent permittiv-
ity of the mixture. Hence an estimate of the volu-
metric water content can be achieved from
measurements of apparent permittivity using a suita-
ble calibration.

Accurate measurement of soil relative permittivity
(1 r) is fundamental to this process. In practice, as
demonstrated in this paper, different dielectric
measurement techniques produce slightly different
apparent permittivity values. The three methods
used in the paper are: time domain reflectometry
(TDR) which is the best established dielectric techni-
que (Topp et al., 1980; Dirksen and Dasberg, 1993;
Heimovaara, 1993; Whalley, 1993; Malicki et al.,
1996; Wyseure et al., 1997); the surface capacitance
insertion probe (SCIP), which is both cheaper and
more adaptable than TDR (Dean, 1994; Gardner et
al., 1998; Robinson et al., 1998) and the recently
introduced Theta probe (Model ML-01, Delta-T

devices, Burwell, Cambridge), which is a low cost,
fixed frequency, impedance sensor (Miller and
Gaskin, 1995; Gaskin and Miller, 1996).

All measurements made using these instruments are
to a greater or lesser extent contributed to by the elec-
trical conductivity of the medium. Therefore, in this
paper the permittivity measured by an instrument is
termed apparent permittivity with the symbolK used
to denote this measurement;1 r is reserved for the
theoretical relative permittivity. The termsKa, KSCIP,
Kc andKTP are used to denote an apparent permittivity
measured by the TDR, SCIP, corrected for soil elec-
trical conductivity and the Theta probe respectively.
The values ofK are not the same and differ according
to the way in which the bulk soil electrical conductiv-
ity affects measurements, this is discussed in more
detail in Section 2.

Sandy mineral soils (.65% sand, particle size
.0.06 mm) present a relatively simple three phase
system (solid, liquid and gas), in which the effects
of organic matter, clays and soil surface area on the
relative permittivity of the soil water can normally be
neglected. Topp et al. (1980) presented an empirical
calibration between soil apparent permittivity
measured by the TDR (Ka) and the volumetric water
content of mineral soils. This serves as a good bench-
mark for comparison of calibrations and has been
shown to be applicable to sandy soils (Nadler et al.,
1991; Roth et al., 1992). However, the empirical
approach provides little understanding of the soil
factors controlling the dielectric properties of the soil.

1.1. Soil dielectric mixing models

Semi-physical models have been presented by a
number of authors seeking to understand the dielectric
properties of soils. One approach is to assume that the
relative permittivity of the soil is a function of the
different dielectric components and their relative
quantities and can be expressed by a mixing equation
of the form:

1ar �
X

i

Vi1
a
i �2�

whereVi is the volume fraction and1 i is the relative
permittivity of the ith soil component anda is an
exponent. Models of this form have been presented
by a number of authors with empirical exponents

D.A. Robinson et al. / Journal of Hydrology 223 (1999) 198–211 199



(Birchak et al., 1974; Dobson et al., 1985; Roth et al.,
1990). The determined exponent is considered by the
authors to reflect, in some way, the geometry of the
system, in much the same way as the depolarisation
factors used in the theoretical models discussed in
Sihvola (1997). For the case where the exponent is
0.5 it becomes the refractive index model as used by
Whalley (1993) and Heimovaara et al. (1994) with
TDR. This relationship is based on that presented by
Maxwell (1873) showing that the refractive index (h )
of a homogeneous and isotropic material ish � ���

1r
p

;
in this work the sands are assumed to be such a mate-
rial. In his review, de Loor (1990) suggests thata �
0:5 holds for measurements made at relatively high
frequencies and so the use of refractive index should
be reserved for measurements made using microwave
remote sensing or TDR. This does not however,
preclude the plotting of

���
1r
p

as a function of water
content for data collected using lower frequency
sensors.

The model used in this work is based on that
presented by Whalley (1993) where

���
1r
p

can be
considered equivalent to refractive index for measure-
ments made using the TDR; for convenience all
results are discussed in terms of

���
1r
p

, the mixing
formula is presented as Eq. (3):���
1r
p � u� ����

1w
p

2 1�1
rb

rs
� ���

1s
p

2 1�1 1 �3�

whereu is volumetric water content,1w the relative
permittivity of water and1 s the relative permittivity of
the solid,r s is the density of the solid (g cm23), andrb

is the dry bulk density of the mixture (g cm23).
For soil of constantrb, the relationship between���
1r
p

andu is therefore linear; the slope of the relation-
ship is related to the water content of the soil by����
1w
p

2 1, and the intercept is a function of the relative

permittivity of the dry mixture. For a soil at a tempera-
ture of 208C �1w � 80:2� a slope of 7.96 would be
predicted. Similarly, (assumingrs � 2:65 g cm23)
for a soil with a bulk density of 1.7 g cm23, an inter-
cept of 1.60 would be predicted for an1 s of 4, 1.75 for
an1 s of 5. For a given value of1 s the change of

���
1r
p

with respect to bulk density can therefore be calcu-
lated. For1 s values of 4 and 5 the factors of 0.38rb

and 0.47rb, respectively, the constant increasing as
the relative permittivity of the solid rises. This
approach is particularly suited to sandy soils contain-
ing mostly quartz as the relative permittivity of quartz
is well documented with a value of about 5 (Carmi-
chael, 1982). The approach becomes more difficult
when soils containing mixtures of minerals with
different permittivites are involved. However, in
work examining a number of light and medium
textured soils Robinson (1998) found a value of five
to adequately describe the mineral fraction.

Experimental values of the slope and intercept of
this relationship (Eq. (3)) have been presented by a
number of authors (using TDR) for sandy and mineral
soils (Table 1). Most of these values lie close to the
values predicted by the model, although, with one
exception, the slopes are slightly greater than those
expected. This might be either due to the experimental
error or as will be demonstrated in this work the
effects of the solution electrical conductivity increas-
ing the value of the apparent permittivity at higher
water contents (Eq. (9)).

2. Methods and materials

2.1. Measurement of soil relative permittivity

Permittivity measurements were made using each
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Table 1
Slope and intercept values for regressions using sands and mineral soils, plotting

���
1r
p

vs. volumetric water content using TDR

Data source: Slope Intercept Material

Zegelin et al. (1989) 8.55 1.55 Bungendore fine sand
Whalley (1993) 8.28 1.10 Redhill sand
Drungil et al. (1989) 8.03 1.61 Sand
Drungil et al. (1989) 8.03 1.62 Sandy loam
Topp et al. (1980) 8.98 1.88 Empirical curve for mineral soils
Gregory et al. (1995) 7.26 1.45 4 sandy soils



of the three instruments in samples of four sandy soils
at known water content and dry bulk density. The
TDR and SCIP instruments that were used, were
designed to operate with detachable pairs of parallel,
stainless steel electrodes which were inserted into the
soil during measurements (Robinson et al., 1998).
This meant that both TDR and SCIP measurements
could be made using the same electrodes in the
sample, without disturbing the soil between measure-
ments.

2.2. Time domain reflectometry

A Tektronix (1502C) TDR system was used
throughout the experiments. A 1 m length of coaxial
cable was used to connect the TDR to a pair of wave-
guide connectors which were, in turn, attached to the
stainless steel electrodes inserted into the soil. The
pairs of stainless steel electrodes were 6 mm in
diameter and 100 mm in length with a 25 mm centre
spacing (Robinson et al., 1998). The TDR was used to
measure both apparent relative permittivity (Ka) and
inter-electrode conductivity using software developed
by Heimovaara (1993). Each waveform was down-
loaded to a PC and interpreted using this software.
The inter-electrode conductivity measured in this
way is equivalent to the measurement at about
20 kHz (Heimovaara, 1994). The sensor measure-
ments were calibrated for conductivity (s ) in solu-
tions of potassium chloride. The cell constant of
0.125 was determined from measurements against a
conductivity bridge (Robinson et al., 1998).

2.3. Surface capacitance insertion probe

The SCIP gives an instantaneous measurement of
frequency which is a function of the electrode capa-
citance; from this, an apparent soil permittivity (KSCIP)
is obtained. The instrument used the same two parallel
stainless steel electrodes as the TDR, described above.

One of the most attractive features of capacitance
probes is their simplicity of concept and use when
compared with the TDR. The capacitance of a pair
of electrodes is a function of the relative permittivity
of the material in which they are embedded and their
geometric configuration:

C � 1rg10 �4�
where C�F� is the capacitance,1 r is relative

permittivity, g is a geometric constant and10 is the
electric constant (8.854 pF m21). The principle of
operation of the SCIP is to include the capacitor in
the tuned circuit of an oscillator and to measure the
frequency of oscillation,F (Hz) (Dean et al., 1987):

F � 1

2p
����
LC
p �5�

where the circuit inductance and capacitance areL�H�
andC�F�; respectively. With 100 mm electrodes, the
oscillation frequency drops from about 150 MHz in
air (relative permittivity 1) to about 70 MHz in water
(relative permittivity , 80).

Most dielectrics are not perfect insulators, espe-
cially soils, which contain an electrically conducting
ionic solution. This has an impact on the measurement
of relative permittivity using this instrument. A
model, based on circuit analysis, which accounts for
the response of the probe in an ionic solution, was
presented by Dean (1994). Robinson et al. (1998)
showed that an improved version agreed well with
measurements for 50 and 100 mm long electrodes.
The apparent permittivity, neglecting inter-electrode
conductance, is given by:

KSCIP�
C3

v2LC3 2 1

� �
2 CA

g10
�6�

whereCA is C1 1 C2 andC1 is the electrode capaci-
tance (between, 1 and 100 pF for 100 mm electro-
des),C2 is a stray parallel capacitance (in the order of
1 pF) andC3 is the circuit board capacitance (15 pF);
L is the instrument inductance andv is the angular
frequency�2pF�: When conductance across the elec-
trodes (G) is taken into account, the corrected appar-
ent permittivity,Kc, is (Robinson et al., 1998):

Kc �

vC3 1
�������������������������������
v2C2

3 2 4�v2LC3 2 1�G2
q

2v�v2LC3 2 1�

0B@
1CA 2 CA

g10

�7�
The apparent permittivity derived by both Eqs. (6) and
(7) was tested to determine if Eq. (7) improved the
measurement of relative permittivity in soil.
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2.4. Theta probe

The Theta probe is a compact, buriable dielectric
sensor (Gaskin and Miller, 1996). The instrument
measures impedance at a fixed oscillation frequency
of 100 MHz. The technique compares a section of
fixed transmission line with a set of stainless steel
electrodes whose characteristic impedance varies
with the water content of the soil in which they are
embedded (Gaskin and Miller, 1996). The probe has
four, 60 mm electrodes, a central electrode
surrounded by three equidistant outer electrodes.
The electrodes are 3 mm in diameter with a radial
spacing of 15 mm. The voltage output can be
converted to apparent permittivity (KTP) using a cali-
bration established with known dielectrics. Calibra-
tion of the theta probe was performed in the
laboratory using eight dielectric fluids (Robinson,
1998) whose relative permittivities were: air, 1;
white paraffin, 1.9; propan-2-ol, 20.1; ethanol, 24.3;
methanol, 32.6; glycol, 37.7, and water, 80.2.

2.5. The soil materials

Large disturbed samples (. 5 kg) were collected

from sandy soils at three field sites in Northern Ireland
and one in England (see Table 2 for details). The
upper 40 mm of soil was removed initially to avoid
most of the organic matter. The physical and chemical
properties of the soils are presented in Table 3.
Conventional procedures were used to determine
soil particle size, organic matter content, mineralogy,
pH, solution electrical conductivity and surface area
(full details in Robinson, 1998), on air dried subsam-
ples of each soil. All the soils contain mostly sand
sized particles with little clay or organic matter. The
soil solution conductivity was low in soils 1, 2 and 3
but much higher in soil 4 due to its agricultural usage
and the application of fertiliser. All the soils had low
surface area and the mineralogy was predominantly
quartz; soil 3 had some iron hydroxide staining.

2.6. Repacked soil samples

The soil samples were initially prepared by sieving
through a 5 mm mesh to help homogenise them and to
remove any large stones and root material. The soils
were air dried for six weeks in the laboratory.
Subsamples were removed for physical and chemical
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Table 2
Location and description of sandy soils used in the data acquisition

Soil Horizon Northern Irish soil survey/soil
survey of England and Wales

Nature of soil Location grid reference

(1) Portrush a C Shallow brown earth Sand dune 24 878,405
(2) Portrush b B Shallow brown earth Dune slack 24 877,401
(3) Antrim Hills Bs Peaty podsol Moorland 34 160,275
(4) Herringswell Ap Redlodge series Agriculture TL 698,713

Table 3
Physical and chemical properties of the soils

Soil 1 Soil 2 Soil 3 Soil 4

USDA textural classification Sand Sand Sandy loam Sand
Sand (%) 98.9 96.1 65.4 93.5
Slit (%) 0.0 2.4 32.7 4.2
Clay (%) 0.7 0.4 1.1 0.3
Organic matter (%) 0.36 1.07 1.03 2.06
pH (1:2.5) 8.45 6.82 4.82 6.55
Solution electrical
conductivity 1:5 (S m21)

0.0033 0.0022 0.0013 0.0295

Surface area (m2 g21) 0.9 0.4 5.2 0.7
Mineralogy Quartz Quartz Quartz (. 5% iron oxide/Kaolinite) Quartz



analysis. The use of repacked soil samples for permit-
tivity measurement followed the approach of Gardner
et al. (1998). Similar methods have been adopted by
other workers (e.g. Malicki et al., 1996) as repacking
of soil allows measurements to be performed over a
wide range of water content and dry bulk density.

A plastic core, 0.103 m in diameter, capped at one
end, was packed with air dried soil to a height of
0.14 m to give a prepared sample of volume
1167 cm3. This was weighed on a balance accurate
to 0.1 g. A pair of the stainless steel electrodes was
fully inserted into the centre of the sample and
measurements were taken using the TDR and then
the SCIP. The electrodes were carefully removed
and the theta probe was inserted into an undisturbed
part of the core. After this measurement, the sample in
its core was re-weighed and then a temperature probe
inserted into the soil to measure soil temperature. A
10 g subsample of soil was removed and oven dried so
that the gravimetric water content could be obtained.

The soil was then removed from the core and mixed
with the remainder of the soil. The core was then
repacked with soil to a slightly greater mass (higher
bulk density) than done previously. TDR, SCIP, Theta
probe and temperature measurements were made
using the same procedure. This was repeated for
repacked soil at five bulk densities but with the
same gravimetric water content. Volumetric water
content and bulk density were calculated from the
gravimetric water content and the wet mass of the

repacked mixture contained in the known volume of
the core following the same procedure as Gardner et
al. (1998).

To obtain measurements over a range of water
content, the above procedure was repeated with
progressively wetter soil. After the air dried soil
measurements had been made, between 80 and
100 g of de-ionised water were added to the soil
using an atomiser spray gun whilst continually
mixing. After thorough mixing, the soil was repacked
into the core and samples again taken for oven drying.
This process was repeated until a range from air dry to
saturation was achieved.

2.7. Statistical analysis

2.7.1. Multiple linear regression analysis
This was performed using

���
K
p

as the dependent
variable. The regression analysis used volumetric
water content (m3 m23) as the main independent vari-
able with dry bulk density (g cm23) and inter-elec-
trode conductivity (S m21) as the other variables.
Multiple linear regression analysis assumes the vari-
ables to be independent, soil water content and bulk
soil electrical conductivity are not. However, in this
work the analysis is used to demonstrate an effect of
conductivity and not provide reliable correction
factors. In order to show this effect all the data sets
included soils with a minimal bulk soil electrical
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conductivity and soils with greater bulk soil electrical
conductivity.

The introduction of any additional variable into a
regression will improve the model fit. To counter this
effect, and to distinguish additional significant vari-
ables the adjustedR2 (Weisberg, 1985; Jacobsen and
Schjonning, 1993) was used for comparing models
with differing numbers of variables:

adjustedR2 � 1 2
n 2 1
n 2 p

� �
× �1 2 R2�

� �
�8�

wheren is the number of observations used to fit the
model andp is the number of variables contained
within the model.

3. Results and discussion

3.1. Dry bulk density and bulk soil electrical
conductivity

The soil dry bulk density and bulk soil electrical
conductivity (measured using the TDR) data from the
repacked cores are presented in Figs. 1 and 2, respec-
tively. The bulk density values ranged from, 1.0 to
. 1.6 g cm23; they were smallest for soil 3 which
contained more silt. The bulk soil electrical conduc-
tivity increased with water content but even close to
saturation was low (, 0.01 S m21) in soils 1, 2 and 3.
At u , 0:08; the bulk soil electrical conductivity of

soil 4 was similar to the other soils but then increased
with increasingu , to nearly 0.05 S m21 at a water
content of 0.3. This much higher bulk soil electrical
conductivity was consistent with its higher soil solu-
tion conductivity (Table 3).

3.2. Measurement of soil relative permittivity using
the TDR, SCIP and Theta probe

The apparent permittivity measurements made as a
function of water content using each of the instru-
ments are presented in Fig. 3. The line on each of
the graphs represents a slope of

����
1w
p

2 1. Fig. 3(a)
shows that the data collected using the TDR were
linear and highly clustered.

Fig. 3(b) and (c), shows the data collected using the
SCIP. The apparent permittivity values shown in Fig.
3(b) were calculated using Eq. 6 (KSCIP), which does
not include a conductance term. Soil 4, which had the
highest solution electrical conductivity had consis-
tently higher values of apparent permittivity than the
other three soils. The use of Eq. (7) to calculate the
corrected apparent permittivity (Kc) by including
the inter-electrode conductance brought the apparent
permittivity values for soil 4 to values similar to the
other soils (Fig. 3(c)). Use of Eq. (6) results in consid-
erable overestimation of the relative permittivity even
for low bulk soil electrical conductivity.

The soils data for the Theta probe, corresponding to
the measurements made with the TDR and SCIP, are
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Fig. 2. Inter-electrode conductivity plotted as a function of water content for the four sandy soils.



presented in Fig. 3(d) and are slightly less clustered
than the TDR data; this is discussed in more detail in
the section comparing the three methods.

3.3. Multiple linear regression analysis

The results of the multiple linear regression analy-
sis are presented in Table 4. The TDR coefficient for
water content of 7.91 agrees remarkably well with that
predicted by the model. The values of 8.5 for the SCIP

and 8.7 for the Theta probe diverge from the values
predicted by the model. In the case of the SCIP elec-
trical conductivity is still seen to have some effect
even when using Eq. (7) suggesting that the modelling
of the probe response has to be improved. The reason
why the Theta probe should overestimate is unclear
and forms part of the discussion later on.

The analysis clearly confirms the importance of
bulk density as a significant factor in the measurement
of soil relative permittivity as has been demonstrated
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Fig. 3. (a) square root of the soil apparent permittivity (Ka) measured using the TDR, plotted as a function of water content; (b) square root of the
soil apparent permittivity (KSCIP) measured using the surface capacitance probe (Eq. (6)), plotted as a function of water content; (c) square root
of the soil apparent permittivity corrected for bulk soil electrical conductivity (Kc) measured using the surface capacitance probe (Eq. (7)),
plotted as a function of water content; and (d) square root of the soil apparent permittivity (KTP) measured using the Theta probe, plotted as a
function of water content.



by others (Whalley, 1993; Jacobsen and Schjonning
1993).

Whalley (1993) suggested that one of the reasons
that water content coefficients might be higher than
the model predicts (Eq. (3)) was that the imaginary
part of the apparent permittivity contributed to the
measurement of relative permittivity. The transmis-
sion line equation used to describe the apparent
permittivity measured by TDR (White et al., 1994)
is presented below:

Ka � 1 0
1 1

�������������������
1 1 tan2�1 00=1 0�

p
2

 !
�9�

where1 00 is s=v10; the conductivity (s ) divided by
the product of the angular frequency (v ) and electric
constant (10) and dielectric relaxation phenomena.
This equation cannot be directly applied to determine
the relative permittivity from the apparent permittiv-
ity, the reason being that the frequency used to deter-
mine the contribution of the imaginary part is
unknown. Both Wyseure et al. (1997) and Robinson
(1998) demonstrated that the bulk soil electrical
conductivity contributes to the measurement of1 r

using the TDR. The value ofKa was found to increase
with increasing electrical conductivity which Eq. (9)
predicts. It is important to try to account for this effect,
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Fig. 3. (Continued).



Wyseure et al. (1997) therefore, adopted a pragmatic,
empirical approach and found that for soils with a
bulk soil electrical conductivity of , 0.25 S m21

the apparent relative permittivity increased linearly
according to:

Ka � 1r 1 14:32s �10�
where the value ofs is in S m21.

The correction factor presented in Eq. (10) means
that the output of the regression analysis for bulk soil
electrical conductivity can be compared. As already
pointed out water content and bulk soil electrical
conductivity are not independent. However, by incor-
porating soils with negligible conductivity and signif-
icant conductivity the multiple regression should give
a reasonable estimate of the contribution of each of
the variables. Eq. (10) can be used to test this in the
case of the bulk soil electrical conductivity. The
results presented in Table 4 with bold typeface include
bulk soil electrical conductivity in the regression
analysis for the three instruments.

Bulk soil electrical conductivity was found to be
significant in the measurement of apparent permit-
tivity made using the TDR and the SCIP but not
the Theta probe. The coefficients determined by the
regression analysis can be used to demonstrate the
relative impact bulk soil electrical conductivity has
on the determination of soil relative permittivity.
The bulk soil electrical conductivity coefficients for
the TDR and SCIP are given in Eqs. (11) and (12),
respectively:����

Ka

p � ���
1r
p

1 1:72s �11�
����
Kc

p � ���
1r
p

1 6:28s �12�
What is clear from these qualitative coefficients is that
the effect on the TDR is small and that the effect on
the capacitance probe is some 3.5 times greater. In
order to test the validity of the coefficients the results
were compared with the correction factor (Eq. (10))
proposed by Wyseure et al. (1997). As a means of
comparison Eqs. (11) and (12) were used to predict
K as a function ofs applied using Eq. (3) with the soil
bulk density fixed to 1.7 g cm23 and the water content
to values representing field capacity (0.15) and satura-
tion (0.36). The results are compared graphically in
Fig. 4 with the adjustment according to Eq. (10)

presented by Wyseure et al. (1997) for TDR. This
clearly demonstrates close agreement between the
TDR coefficient determined by the regression analysis
and the results presented by Wyseure et al. (1997).
This suggests that Eqs. (11) and (12) give an approx-
imate correction required when using these instru-
ments. The correction for TDR in the usual range of
bulk soil electrical conductivity for sandy soils
becomes increasingly important as conductivity
increases between 0.0 and 0.25 S m21. We therefore
conclude that for estimating water content in sandy
soils, bulk soil electrical conductivity should only be
discounted below values of 0.05 S m21. Below this
value Ka can be considered equivalent to1 r in the
case of the TDR, but when using the capacitance
probe a correction is required to obtain values
of 1 r.

To obtain the best results when modelling the
soil relative permittivity this small but significant
effect should be taken into account before testing
a physical model such as the one presented by
Whalley (1993) or at least considered in any
discussion of results:���
1r
p � ���

K
p

2 s�coeff�

� u� ����
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where s is the bulk soil electrical conductivity
(S m21) and (coeff) is the correction coefficient,
the values of which are given in Table 4 for the
TDR and SCIP.

The effect of conductivity on the Theta probe was
not found to be significant. However, Robinson
(1998) demonstrated empirically using ionic solutions
that the Theta probe is affected by conductivity in this
range and that the value ofKTP decreases as electrical
conductivity increases. This is opposite to the effect
on both the TDR and SCIP which both give higher
apparent permittivities as the electrical conductivity
of the medium increases.

3.4. Comparison of the three methods

The work of both Wyseure et al. (1997) and the
multiple linear regression analysis presented in this
work (Table 4) demonstrate that for the range of
bulk soil electrical conductivity encountered in these
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four sandy soilsKa can be considered equivalent to1 r.
The apparent permittivity measurements made by the
SCIP (corrected for conductance using Eq. (7)) and
Theta probe were plotted for comparison against those
measured using the TDR (Fig. 5). The SCIP data
corresponded closely with the TDR data. However,
the Theta probe data are clearly offset from the TDR
data. The mean values of apparent permittivity were:
7.66, for the TDR; 7.71, for the SCIP and 9.16, for the
Theta probe. The difference between the mean appar-
ent permittivity value for the TDR and SCIP is small
but the difference between the TDR and Theta probe
is almost 1.5. This offset cannot be accounted for by
the influence of the bulk soil electrical conductivity;

Robinson (1998) demonstrated that this would
decrease the value ofKTP compared withKa. Water
content estimated using the Theta probe measure-
ments and a standard calibration, such as that of
Topp et al. (1980), is likely to result in a consistent
overestimation of the actual water content of approxi-
mately 4%.

One explanation for this result could be that the
electrode configuration of the Theta probe limits the
penetration of the electric field into the dielectric
(Whalley, 1993; Knight 1992). Knight (1992)
suggested a design rule for electrodes based on the
energy distribution in the sample and the ratio of the
electrode diameter to spacing. The design rule

D.A. Robinson et al. / Journal of Hydrology 223 (1999) 198–211208

Table 4
Results of multiple linear regression using the sandy soils data collected from repacked soil cores (126 samples). Numbers highlighted in bold
include inter-electrode conductivity in the analysis, value in brackets is the respectivep value (significance level)

Instrument Constant Water content coefficient Bulk density coefficient Bulk soil
electrical
conductivity
coefficient

Adj. R2

TDR 1.278 7.981 0.286 – 0.990
Capacitance probe (Eq. (6)) 0.666 9.312 0.640 – 0.958
Capacitance probe (Eq. (7)) 0.990 8.982 0.401 – 0.984
Theta probe 1.531 8.835 0.207 – 0.988
TDR 1 s 1.322 7.910 (. 0.001) 0.253 (. 0.001) 1.72 (0.040) 0.990
Capacitance probe (Eq. (6)�1 s 1.150 8.522 (. 0.001) 0.270 (. 0.001) 19.20 (. 0.001) 0.989
Capacitance probe (Eq. (7)�1 s 1.148 8.724 (. 0.001) 0.280 (. 0.001) 6.28 (. 0.001) 0.988
Theta probe1 s 1.567 8.777 (. 0.001) 0.179 (. 0.001) 1.43 (0.158) 0.988

Fig. 4. Comparison of effect of bulk soil electrical conductivity on the measurement of apparent relative permittivity using the SCIP and TDR.
Upper lines represent a water content of 0.36, lower lines represent a water content of 0.15.



suggests that for a reasonable energy spread a
diameter to spacing ratio of no less than 0.1 should
be obtained. The value for the Theta probe is on
this threshold whilst the value for the TDR/SCIP
electrodes of 0.24 is much better. The value of 0.1
means that much of the Theta probe energy will
be confined to the area immediately surrounding
the inner electrode, where as the value of 0.24 for
the other instruments means that the energy will
spread further into the dielectric so be less susceptible
to compaction.

Analysis following that of Knight (1994) demon-
strates that the field is very concentrated around the
central electrode (Fig. 6). Compaction caused by the
insertion of the electrodes into the dielectric will
increase the bulk density and the water content at
the electrode/dielectric interface and may bias the
measurement of apparent permittivity; essentially
confining it to the zone immediately around the
central conductor. This would mean that the water
content estimated is valid for this compressed soil
but not necessarily representative of the sample as a
whole. This argument is borne out by the data (Fig.
3(d)) which show an increased spread as water content
rises. This effect will be less significant for static
sensors that are used to estimate changes in water

content rather than measure absolute values. A more
thorough investigation of the sampling volume of this
instrument such as the one presented by Petersen et al.
(1995) for TDR would prove a useful contribution to
the measurement of apparent permittivity using this
technique. This overestimation of relative permittivity
may well be the reason that bulk soil electrical
conductivity appears to be insignificant in the multiple
linear regression analysis, the packing effect comple-
tely swamping any conductivity effect.

4. Conclusions

The measurement of soil permittivity using the
TDR, surface capacitance insertion probe and the
Theta probe was examined. The TDR and SCIP
measurements of apparent permittivity in the sands
corresponded to a high degree. The Theta probe
values of apparent permittivity were found to be on
average,1.5 higher than the corresponding TDR and
SCIP results. It is hypothesised that this may be due to
soil compaction around the electrodes and the rela-
tively small sampling volume of the Theta probe.
Further work is required to characterise the sampling
volume of the instrument and confirm this hypothesis.

D.A. Robinson et al. / Journal of Hydrology 223 (1999) 198–211 209

Fig. 5. Comparison of the apparent permittivity measured with the SCIP (Eq. (7)) and the Theta probe compared with the TDR values.



Multiple linear regression showed that bulk soil
electrical conductivity was significant in the measure-
ment of apparent permittivity made using the TDR
and SCIP. The EC coefficient determined for TDR
was found to be supported by the correction factor
proposed by Wyseure et al. (1997). We conclude
that the effect of bulk soil electrical conductivity in
sandy soil should only be neglected when the value is
, 0.05 S m21, thenKa can be considered equivalent to
1 r for the purposes of estimating soil water content.
For accurate modelling the effect should either be
accounted for or at least its relevance discussed in
terms of the measurements made. In the case of the

SCIP it was found that in order to obtain an accurate
measurement of1 r from Kc a correction factor has to
be applied as the influence on the SCIP was, 3.5
times greater.

The use of a linear model based on refractive index
for TDR or

���
1r
p

for the lower frequency devices was
found to give estimates that corresponded to a high
degree with measurement. Predictions by the model
were found to agree with coefficients determined by
multiple linear regression. The results suggest that this
mixing approach can successfully be applied to
measurements made in sandy soils which are mostly
quartz.
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Fig. 6. Two dimensional relative spatial sensitivity function plotted for the Theta probe electrode configuration (After Knight, 1994). Upper
diagram, plan view, the lower diagram is the corresponding side elevation.
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