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s u m m a r y
Pore solution electrical conductivity (rw) is an important measurement for agricultural and environmental applications. Salt concentration can be predicted from rw and used to trace and monitor the transport
of ionic solutes. Most models for predicting rw rely also on measurements of volumetric water content
(hv). However, hv dependent estimations of rw are difﬁcult to obtain because hv measurements are not
always available and because of the complex nature of physicochemical interactions between soil and
water. Electromagnetic sensors offer an alternative approach because estimations of rw can be obtained
without direct knowledge of hv. We developed two semi-empirical formulae for predicting rw that are
mathematically independent of hv. The new models are dielectric equivalents of the Rhoades type twopathway models that are based on linear and power law solutions for the transmission coefﬁcient. The
models were ﬁtted by nonlinear regression to a data set collected from different soil textures, and disturbance treatments, to predict known electrical conductivities of 0, 1.23, 2.41, 2.02 and 3.96 dS m1. Average rw predicted by the new models compared well to known saturating solution conductivities (average
R2 = 0.82 and average root mean square error of 0.80 dS m1). The new models also compared well to
models reported in the literature. The precision and accuracy of the estimates increased as rw increased,
which might be related to a reduction of the inﬂuence of soil solid phase components on the estimates as
rw becomes much higher than the solid phase conductivity.
Ó 2010 Elsevier B.V. All rights reserved.

1. Introduction
The complex dielectric permittivity of a porous medium is partitioned into two components (i.e. Kraus, 1992; Raju, 2003):

e ¼ er  jei

ð1Þ



where e = complex dielectric permittivity = e/e0 (non-dimensional),
e = permittivity of the porous medium (F m1), e0 = permittivity of
p
free space (8.854  1012 F m1), j = imaginary number, 1, er =


real component of e and ei = imaginary component of e . ei is related to the loss of energy caused mainly by two factors, molecular
relaxation and direct current (DC) conductivity (Seyfried et al.,
2005):

ei ¼ ei;mr þ ðr=2pf e0 Þ

ð2Þ

where ei,mr = relative permittivity due to molecular relaxation
(non-dimensional), r = low frequency conductivity (S m1) and
f = frequency (Hz). The real part of dielectric permittivity is directly
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affected by water content, since er for water is about 80 and only
about 4.4–6 common soil minerals (Robinson, 2004), while the
imaginary part is affected by salinity of the solution. Following
these principles it is possible to indirectly estimate water content
from er and bulk and pore solution conductivity from ei, which in
turn can be used as an estimate of soil salinity.
The Hydra Probe (HP) is an electrical impedance sensor that
operates at a ﬁxed frequency of 50 MHz (Stevens Water Monitoring
System Inc., 2007). It is most commonly used to estimate soil volumetric water content from er alone or er and ei by using empirical
calibration equations (Bosch, 2004; Seyfried et al., 2005). One of
the difﬁculties with the design of the Hydra Probe is that the
effects identiﬁed in Eq. (2), i.e. molecular relaxation and low frequency conductivity, cannot be decoupled from one another. It is
often assumed that the contribution of ei,mr to ei is very small
(Campbell, 1990). The conductivity in the Hydra Probe is then calculated from only the imaginary permittivity (Campbell, 1990;
Seyfried et al., 2005):

rd ¼ ðei 2pf e0 Þ

ð3Þ
1

where rd = dielectric conductivity (S m ).
Eq. (3) is employed for predicting conductivity with the Hydra
Probe (Stevens Water Monitoring System Inc., 2007). The dielectric
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conductivity (rd) in Eq. (3) is typically equivalent to the soil electrical conductivity (i.e. from Eq. (2)) within the range of interest
of most soils (Seyfried and Murdock, 2004; Seyfried and Grant,
2007). Thus, it is commonly assumed that the dielectric conductivity (rd) is equivalent to the soil apparent bulk electrical conductivity (ra).
The apparent bulk electrical conductivity of soil can be separated into two components (Mualem and Friedman, 1991):

ra ¼ vrw þ rs

because it is related to the salinity experienced by plant roots
(Corwin and Lesch, 2005) and consequently plant response is more
strongly related to soil solution salinity than the total salinity of
the soil (Rhoades et al., 1989). Therefore, knowledge of the pore
water conductivity leads to direct applications of the fate and
transport of salts and other solutes in porous media.
Field extraction of soil solution samples for measurement of rw
is often impractical and subject to instrumental and sampling error. Furthermore, the soil solution composition often varies temporally and spatially (Corwin and Lesch, 2005). Thus it is desirable to
estimate rw based on more easily performed indirect measurements. Electromagnetic sensors are an attractive alternative for
such a purpose, mainly because they can, theoretically, provide
in situ, minimum disturbance, real-time estimates of rw that are
independent of soil water content. Two examples of such models
for the determination of rw from electromagnetic properties are
those of Hilhorst (2000) for the 30 MHz Sigma Probe sensor and
Malicki and Walczak (1999) for TDR. No such equivalent has been
derived for the 50 MHz Hydra Probe. Our speciﬁc goals with this
research are to: (1) derive semi-empirical pore solution conductivity estimation models that do not require direct estimations of soil
volumetric water content, (2) generate inverse predictions of soil
solution conductivity using the parameterized forms of these
models, and (3) compare our model predictions with Malicki and
Walczak (1999) and Hilhorst (2000) model predictions.

ð4Þ

where v = a geometric factor, accounting for the irregular distribution of water in soil pores, rw = pore solution electrical conductivity
(S m1) and rs = solid phase electrical conductivity (S m1). Eq. (4)
can be expressed in a suitable form for unsaturated soil conditions,
as a two-pathway model (Rhoades et al., 1976; Amente et al., 2000):

ra ¼ hv Tðhv Þrw þ rs

ð5Þ
3

3

where hv = volumetric water content (cm cm ), and T(hv) = a
transmission coefﬁcient (also known as tortuosity, and geometric
or formation factor) as a function of hv. The transmission coefﬁcient
has been described as a linear function of volumetric water content
(Rhoades et al., 1976; Amente et al., 2000) or as a power function of
volumetric water content (Amente et al., 2000).
Using most electromagnetic methods, ra and hv can be estimated once the particular sensor has been calibrated for speciﬁc
soils and conditions; for example, see Topp et al. (1980) and
Hamed et al. (2003) for time domain reﬂectometry (TDR) and
Bosch (2004) for the Hydra Probe (HP). The 50 MHz Hydra Probe
estimates apparent bulk electrical conductivity from the imaginary
component of dielectric permittivity, ei, by using Eq. (3). Although
values for ra can be obtained from ei, there is a need for better
methods to estimate the pore water conductivity (rw). In theory,
the pore water conductivity is the best index of soil salinity,

2. Theory
2.1. Model I
Volumetric water content can be estimated with the 50 MHz
Hydra Probe using a square-root linear model (Seyfried et al., 2005):

Table 1
Soil physicochemical properties.a
Soil

a

Sand

Silt
(%)

Clay

Total
C (%)

pH in
water

Bulk density (g cm3)
Undist.

Particle
density
g cm3

Dist.

Clay

20.35

34.06

45.59

0.1347 (0.0105)

5.1

1.45 (0.04)

1.30 (0.02)

2.731 (0.008)

Silty clay
loam
Sandy loam

13.03

52.59

34.38

0.8660 (0.0188)

6.2

1.46 (0.02)

1.31 (0.01)

2.669 (0.004)

74.41

19.32

6.27

0.2329 (0.0067)

6.0

1.65 (0.02)

1.55 (0.02)

2.685 (0.005)

Hydraulic conductivity (cm s1)
Undist.

Dist.
5

3.24  103
(1.31  103)
1.85  103
(4.76  104)
4.71  103
(4.40  103)

3.00  10
(4.27  105)
3.62  103
(5.85  103)
5.79  104
(7.00  104)

Speciﬁc
surface
area (m2 g1)
34.678 (0.007)
16.389 (0.337)
2.176 (0.056)

Standard deviations of mean estimates are shown in parentheses.

Table 2
Coefﬁcients of Eqs. (9) and (14) ﬁtted by nonlinear regression.
Dataset

Model
Eq. (9)

General
Standard error
Clay dist
Standard error
Clay und
Standard error
Silty clay loam dist
Standard error
Silty clay loam und
Standard error
Sandy loam dist
Standard error
Sandy loam und
Standard error

Eq. (14)

Eq. (14)

a

b

c

A

B

k

A

B

k

0.0137
0.0011
0.0186
0.0040
0.0363
0.0049
0.0481
0.0051
0.0399
0.0078
0.0238
0.0013
0.0413
0.0013

0.0097
0.0001
0.0060
0.0005
0.0090
0.0006
0.0151
0.0006
0.0129
0.0009
0.0133
0.0002
0.0154
0.0002

0.0042
0.0020
0.0727
0.0085
0.0695
0.0105
0.0658
0.0110
0.0504
0.0158
0.0012
0.0020
0.0264
0.0020

0.1188
0.0001
0.1288
0.0003
0.1136
0.0004
0.1186
0.0001
0.1099
0.0004
0.1187
0.0002
0.1176
0.0002

0.2190
0.0004
0.2382
0.0012
0.1995
0.0014
0.2232
0.0006
0.2019
0.0017
0.2142
0.0005
0.2147
0.0007

0.7619
0.0011
0.9134
0.0025
1.0801
0.0027
0.5828
0.0020
0.6293
0.0025
0.5895
0.0010
0.6188
0.0011

0.1017
0.0004
0.0927
0.0016
0.0732
0.0027
0.1064
0.0021
0.1027
0.0010
0.1164
0.0007
0.1253
0.0009

0.1270
0.0037
0.1835
0.0038
0.1289
0.0694
0.0031
0.0331
0.0775
0.0346
0.1901
0.0013
0.1758
0.0023

0.8447
0.0259
0.3895
0.0427
2.1012
0.5033
1.5070
0.1744
1.1192
0.2111
0.6650
0.0174
0.9822
0.0295
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hv ¼ A

p

er þ B

ð6Þ

where A and B are empirical ﬁtting coefﬁcients. Recalling Eq. (5), the
transmission coefﬁcient is a function of water content T(hv). Since
water content is estimated from er, T must also be some function
of er. Employing the well known linear form for T (Rhoades et al.,
1976) arrived at

T ¼ ahv þ b

323

where ei2pfe0 = rd which is equivalent to ra (dS m1). Eq. (16) is vap
lid for any value of er P es, (ei2pfe0  rs) P 0 and (A er + B)k+1 > 0.

ð7Þ

where a and b are empirical ﬁtting coefﬁcients. Inserting Eq. (6) into
Eq. (7) we obtain:

T¼C

p

er þ D

ð8Þ

where C = aA and D = (aB + b).
Substituting Eqs. (6) and (8) into Eq. (5) and combining the
empirical coefﬁcients we obtain:

p

ra ¼ ða er þ ber þ cÞrw þ rs

ð9Þ

where a = (AB + BC), b = AC and c = BD.
Eq. (9) is the dielectric equivalent to Eqs. (4) and (5). In Eq. (9),
the transmission coefﬁcient assumes the form of a new dielectric
relationship:

p
T d ¼ a er þ ber þ c

ð10Þ

with Td deﬁned as the dielectric transmission coefﬁcient.
Inserting Eq. (3) into Eq. (9) and solving for rw, we can predict
rw from er and ei once the model has been parameterized:

p

rw ¼ ðei 2pf e0  rs Þ=ða er þ ber þ cÞ

ð11Þ
1

where ei2pfe0 = rd which is equivalent to ra (dS m ).
This new pore water conductivity model is mathematically simple and valid for any value of er P real permittivity of solid particles (es). Since in theory ra will always be equal to or greater
than rs the model is constrained to (ei2pfe0  rs) P 0. Mathematically, the denominator in Eq. (11) must be greater than zero, since
at zero the equation is undeﬁned and negative rw predictions are
not physically meaningful.
2.2. Model II
In a study evaluating models for predicting soil solution conductivity from bulk electrical conductivity using semi-empirical
and hydraulic property-based models, Amente et al. (2000) found
that a simple power law function for the transmission coefﬁcient
provided the best predictions among many other more complex
expressions. If we use the power function presented by Amente
et al. (2000), then the transmission factor in Eq. (5) takes the following form:

T ¼ hkv

ð12Þ

where k is an empirical ﬁtting coefﬁcient. Inserting Eq. (12) into Eq.
(5) we achieve:

ra ¼ hkþ1
v rw þ rs

ð13Þ

Substituting Eq. (6) into Eq. (13) yields:

p

ra ¼ ðA er þ BÞkþ1 rw þ rs

ð14Þ

where the dielectric transmission coefﬁcient now assumes the
form:

T d ¼ ðA

p

er þ BÞkþ1

ð15Þ

Inserting Eq. (3) into Eq. (14) and solving for rw, a new pore
solution conductivity model is obtained in terms of er and ei:

p

kþ1

rw ¼ ðei 2pf e0  rs Þ=ðA er þ BÞ

ð16Þ

Fig. 1. Soil pore solution conductivity predictions as a function of volumetric water
content. (a–c) shows predictions for Eqs. (11), (16), and (16)*, respectively. Dashed
vertical line represents the cutoff criterion for volumetric water content employed
in this research (hv = 0.10 cm3 cm3).
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Two important theoretical considerations can be immediately
drawn from Eqs. (14) and (16). First, if the coefﬁcients A and B assume the same values as when they are used to calibrate the volumetric water content dielectric permittivity relationship of Eq.
(6), then the pore water conductivity function can be obtained
for the Hydra Probe by inversely estimating the k coefﬁcient only.
This parameter is theoretically related to the gas diffusion/permeability and thus there could be ways of obtaining it independently
(Amente et al., 2000). Second, if k is measured by an independent
method, then in theory a volumetric water content predictive function could be obtained by inversely estimating A and B in Eq. (16)
independently of knowledge of water content. In other words, a
predictive model for water content could be developed from electrical properties alone, without knowledge of soil water content for
the calibration process.

3. Materials and methods
Thirty undisturbed soil cores and three disturbed bulk soil samples were collected on June 10, 2005 at the Plant Sciences experimental farm at the University of Tennessee, Knoxville. The
sampling was performed in areas over three soil series, covering
three contrasting soil textural classes, according to the USDA system: clay (ﬁne-loamy, siliceous, semiactive, thermic Typic Paleudult), sandy loam (ﬁne-loamy, siliceous, semiactive, thermic Humic

Hapludult), and silty clay loam (ﬁne-silty, mixed, active, mesic
Fluvaquentic Eutrudept) (Table 1).
The undisturbed cores (5.37 cm inner diameter  6 cm tall)
were collected using a Uhland core sampler. The bulk disturbed
samples were collected with a shovel; approximately 5 kg of soil
was obtained for each soil type. All samples were collected at a
depth of 20–25 cm, which was beneath most of the root mass.
The disturbed soil samples were air dried, broken apart by hand,
sieved with a 2 mm mesh sieve, and packed into ten disturbed
cores for each soil texture. Repacked cores were the same size as
the undisturbed cores. The average bulk densities of the disturbed
and undisturbed soil samples are presented in Table 1.
Disturbed and undisturbed duplicate samples were saturated
from the bottom up, with saline solutions at ﬁve concentrations,
namely distilled–deionized water (0 or control), KCl at 0.01 and
0.02 Mol L1, and CaCl2 at 0.01 and 0.02 Mol L1 for 3 days. All soil
samples were ﬂushed by gravity driven ﬂow from the top to the
bottom, with approximately two additional pore-volumes of solution after reaching saturation and a Hydra Probe sensor (Stevens
Water Monitoring System Inc., 2007) was inserted at one end of
each sample. The saturated samples were then individually placed
horizontally on load cells (Transducer Techniques, model LSP-1),
and the Hydra Probe and load cell were connected to dataloggers
(VITEL VX1100 and Campbell 21X micrologger), respectively. The
soil complex permittivity (er and ei) was measured by the Hydra
Probe while the change in weight of the samples over time, due

Fig. 2. Average estimated rw from selected models. Clay disturbed samples on top and clay undisturbed on bottom. S/D = ﬁttings by soil and disturbance, and G = general ﬁt.
The asterisk () indicates the A and B estimated from Eq. (6). The legend is the saturating solution conductivity in dS m1. Negative predictions from Eq. (17) are not
represented.
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to air drying, was measured by the load cells. The change in weight
over time was later used to calculate the volumetric water content
throughout the drying cycle. All measurements were recorded in
5 min intervals. After approximately 5 days of air drying (21.5 °C,
CV = 5.24%), when there was no change in the load cells signal with
time, the probes were removed from the soil samples. The gravimetric water content of the soils was then measured by oven drying at 105 °C for 24 h (Klute, 1986). The er and ei measurements
were temperature corrected (Stevens Water Monitoring System
Inc., 2007).
Each sample’s drying curves included about 1100 paired observations of er, ei, and hv. Apparent soil conductivity (ra) and observed pore solution conductivity (rw-o) were calculated based
on measured imaginary permittivity values of the salt solutions
and Eq. (3). The solutions generated ﬁve distinct conductivity
values: rw-o = 0, 1.23, 2.41, 2.02 and 3.96 dS m1 for distilled–
deionized water, KCl 0.01 Mol L1, KCl 0.02 Mol L1, CaCl2
0.01 Mol L1 and CaCl2 0.02 Mol L1, respectively. Distilled–deionized water was assumed to have a conductivity of 0.0545 
105 dS m1 (Pashley et al., 2005). An approximation to rs was
obtained by inserting the Hydra Probe into air dried unpacked
sieved samples of each soil and averaging the data collected every
5 min for 30 min. The mean and standard deviation of rs were
0.014(0.0013) dS m1 for clay, 0(0.0014) dS m1 for sandy loam
and 0.009(0.0010) dS m1 for silty clay loam. A set of measured
variables: er and ei, the calculated variable: ra, and the measured
parameters: rs and rw-o were used to ﬁt Eqs. (9) and (14). Mea-
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sured volumetric water content values recorded using the load
cells were used to evaluate the independence of the models from
hv. Inverse predictions based on the ﬁttings were performed using
Eqs. (11) and (16).
The predictive potential of the semi-empirical models developed in this research (Eqs. (11) and (16)) was compared to two
water content independent models found in the literature: the ﬁrst
developed for time domain reﬂectometry (TDR) sensors (Malicki
and Walczak, 1999):

rw ¼ ðra  0:08Þ=ðea  6:2Þð0:0057 þ 0:000071 SÞ

ð17Þ

where S = sand content (%) and ea is the bulk (or apparent) dielectric
permittivity (non-dimensional) and the second developed for a
30 MHz sensor capacitance sensor (Hilhorst, 2000):

rw ¼ ew ra =ðea  eh Þ

ð18Þ

where ew = dielectric permittivity of the soil solution and eh is the
offset, or the dielectric permittivity at which the apparent conductivity is zero, both non-dimensional variables. For the TDR model
we assumed that er is a good approximation of ea (Topp et al.,
1980). For the 30 MHz model, Hilhorst (2000) suggested a universal eh = 4.1, and this value was used in our calculations involving
Eq. (18).
Model performance was evaluated based on the coefﬁcient of
determination (R2) and root mean square error (RMSE) from the
average pore solution conductivity predictions from or each model
and the solution conductivity values (Huisman et al., 2001):

Fig. 3. Average estimated rw from selected models. Silty clay loam disturbed samples on top and silty clay loam undisturbed on bottom. S/D = ﬁttings by soil and disturbance,
and G = general ﬁt. The asterisk () indicates the A and B estimated from Eq. (6). The legend is the saturating solution conductivity in dS m1.
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ð19Þ

where n = number of observations, rw is the average predicted pore
solution conductivity from the different models and rw-o represents
the solution conductivity values, measured in the saturating solutions using the Hydra Probe, before saturating the soil samples, as
described previously, both in dS m1.
4. Results and discussion
4.1. Model ﬁtting
Eqs. (9) and (14) were ﬁtted to data on a by soil and disturbance
basis, and also as a general model, including all soils and disturbances, using nonlinear regression in SASÒ statistical analysis software. Speciﬁcally, Eq. (14) was ﬁtted following two procedures, in
the ﬁrst, all three parameters (i.e. A, B and k) were ﬁtted by nonlinear regression and in the second the parameters A and B were previously estimated using Eq. (6) using linear regression (Leao, 2009)
(models parameterized by this procedure will be denoted by ). The
coefﬁcients from these ﬁtting procedures are presented along with
the standard error of the estimated in Table 2. For the soil and disturbance ﬁttings, the average R2 was 0.91 for Eqs. (9) and (14), and
0.94 for Eq. (14). The general ﬁttings resulted in an R2 of 0.82 for

Eq. (9) and Eq. (14) and an R2 of 0.84 for Eq. (14). The nonlinear
regression including all treatments includes more variability in
the dataset, resulting in a decrease in the R2 values for the ﬁts.
The measured values of rs used in the nonlinear regression ﬁttings should be viewed as an approximation of the soil surface conductivity from Rhoades et al. (1976). These rs values were used as
constants in the nonlinear ﬁts because the models could not be ﬁtted with rs as a ﬁtting parameter. In the case of Eq. (9), rs was
overestimated, resulting in rs values much greater than the lowest
values of ra, which violates a physical constraint of the models. In
the case of Eq. (14), the addition of rs as a ﬁtting parameter resulted in non-uniqueness caused by overparameterization in the
nonlinear regression procedure, and thus the model could not be
readily ﬁtted. Both issues were solved by incorporating measured
values of rs into the nonlinear models. Rhoades et al. (1976) used
a graphical approach to calculate rs, which resulted in relatively
high values when compared to our measurements. The rs was taken as the value of the ra where rw is zero (Rhoades et al., 1976).
Amente et al. (2000) used the same procedure of Rhoades et al.
(1976) and found a positive correlation between rs and hv. The
problems associated with ﬁtting rs by nonlinear regression using
Eq. (5) were also experienced by Hamed et al. (2003). The estimated rs were widely variable and in many cases the ﬁttings resulted in negative values, which have no physical meaning
(Hamed et al., 2003). Although our approach of measuring rs in
air dry soil is an approximation to the true value, we found that

Fig. 4. Average estimated rw from selected models. Sandy loam disturbed samples on top and sandy loam undisturbed on bottom. S/D = ﬁttings by soil and disturbance, and
G = general ﬁt. The asterisk () indicates estimated from Eq. (6). The legend is the saturating solution conductivity in dS m1. Negative predictions from Eq. (17) are not
represented.

Author's personal copy

T.P. Leao et al. / Journal of Hydrology 393 (2010) 321–330

better convergence properties in the nonlinear regression ﬁts of
Eqs. (9) and (14) were found when these values were used. These
issues indicate that more research is needed to physically deﬁne
the rs, its range of values for different soils, and to further investigate its potential relationship with volumetric water content.
4.2. Volumetric water content independence
The rw versus hv data are presented in Fig. 1 for Eqs. (11) and
(16) ﬁtted on a soil and disturbance basis. The graphs for the general ﬁts were very similar to the plots for soil and disturbance ﬁttings and thus are not shown. Fig. 1a–c presents the estimates of
rw for the whole range of water contents, from zero to about
0.55 cm3 cm3 using Eqs. (11), (16), and (16). For all the models
the predicted rw increased as hv decreased. Overall, the models resulted in large variability of rw predictions for hv < 0.1 cm3 cm3
(Fig. 1). For Eq. (11) and Eq. (16), when er and ra from
hv < 0.1 cm3 cm3 are removed from the data set, the variability reduces, with little or no dependence on hv (Fig. 1a and b). The average standard deviation (SD) of the hv data reduced from 0.25 to
0.18 cm3 cm3 for Eq. (11) and from 0.24 to 0.17 cm3 cm3 for
Eq. (16), when hv < 0.1 cm3 cm3 data was removed. Contrary to
the other models the dependence on water content was continuous for the whole range of water contents for Eq. (16) (Fig. 1c).
Although the plot shown in Fig. 1c was truncated at 6 dS m1 (with
the purpose of representing all plots in the same scale) the predicted values of rw range up to 18.5 dS m1. However, it is worth
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pointing out that by removing water contents <0.10 cm3 cm3
there was still a substantial decrease in the variability of the hv
data, as the average SD reduced from 0.59 to 0.33 cm3 cm3 in
Eq. (16). Similar results were found for the general ﬁttings for
all models. Therefore, Eqs. (11) and (16) seem to show that estimates of rw at hv < 0.1 cm3 cm3 are uncertain, and thus we choose
to use this hv as a cutoff criterion for our models, which is the same
value used by Hilhorst (2000).
4.3. Predictive capability of Eqs. (11) and (16)
We compared the known conductivity of the saturating solution
to the average predictions of rw for the range of er and ra data. The
results are presented in Figs. 2–4 for Eqs. (11), (16), and (16) for
coefﬁcients obtained on both a soil and disturbance basis, and on
a general (all data) basis by using nonlinear regression.
It should be noted that all models overpredicted the rw for an
initial saturating solution conductivity of 0 dS m1 (Figs. 2–4).
Estimates were lower only in the sandy loam disturbed treatment
(Fig. 4), and the average among all models developed in this research was 0.56 dS m1. Overall, the accuracy of the soil and disturbance speciﬁc models increases as the conductivity of the soil
solution increases (Figs. 2–4). Possibly as rw approaches higher
values, ra is dominated by the rw component, minimizing any soil
speciﬁc variability. This has potential implications for the development of general models for predicting rw, since it is likely that the
accuracy of any predictive function will be better at higher rw. Part

Fig. 5. Standard deviation of rw estimations from selected models. Clay disturbed samples on top and clay undisturbed on bottom. S/D = ﬁttings by soil and disturbance, and
G = general ﬁt. The asterisk () indicates the A and B estimated from Eq. (6). The legend is the saturating solution conductivity in dS m1.
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of the error may be due to the fact that any zero conductivity solution in contact with a soil with salts precipitated in it or adsorbed
to its exchange phase will acquire conductivity as the solution
reaches equilibrium with the solid phase. The general models also
overestimated rw values at low conductivity, but contrary to the
soil and disturbance speciﬁc models, the accuracy did not improve
with increasing conductivity of the saturating solution (Figs. 2–4).
The precision of the models developed in this research is represented by the standard deviations of the model predictions of rw
(Figs. 5–7). In any scenario, the standard deviations were very similar for Eqs. (11) and (16) and substantially higher for Eq. (16),
indicating that including coefﬁcients from Eq. (6) into Eq. (16) resulted in a decrease in precision for this model (Figs. 5–7). For the
soil and disturbance ﬁttings, the standard deviations remained
fairly constant with the increase of the initial saturating solution
conductivity while for the general models the standard deviations
were smallest at rw = 2.02 dS m1. The reasons for the increase in
the precision of the general models at this speciﬁc conductivity value are unclear.
The values of the coefﬁcients A = 0.1017 and B = 0.127 ﬁtted to
a general model independent of water content (Eq. (16)) were similar to the range of values reported in the literature for calibration
equations Eq. (6). Leao (2009) reported ﬁtted general values of
A = 0.1188 and B = 0.2190, Seyfried et al. (2005) reported average
values of A = 0.110 and B = 0.180, while Topp and Ferre (2002) reported A = 0.115 and B = 0.176 for a calibration to a TDR sensor.
Given these results, it is recommended that further investigation
of the relationships among the ﬁtting parameters of Eqs. (6) and

(14) should be sought in future research as this procedure seems
to have potential applications in both water content and soil solution conductivity estimations.
4.4. Comparison to other models
The accuracy of predictions based on the models developed in
this research was compared to that of two water content independent models published in the literature, Malicki and Walczak
(1999) and Hilhorst (2000) equations (Eqs. (17) and (18)). The
average predictions for both models are presented in Figs. 2–4
and the standard deviations of the estimates are presented in Figs.
5–7. These models were also compared using the R2 and RMSE
among average pore solution conductivity predictions from each
of the models and the conductivity of the solution initially saturating the soil (Table 3). Our purpose here was not to demonstrate
that our models are better than previous models, because we are
aware that a calibration equation developed for a speciﬁc dataset
will always out perform general equations developed from different datasets (Seyfried et al., 2005). Therefore, we used the Malicki–Walczak and Hilhorst models as standards to which each of the
new models were compared.
A set of general R2 and RMSE values for all models developed or
evaluated in this research is presented in Table 3. The Malicki–
Walzack model Eq. (17) had lower R2 and higher RMSE values than
any of the models developed in this research, while the Hilhorst
model performed better than Eq. (16) ﬁtted on a general basis.
For our data the Hilhorst model had accuracy comparable to our

Fig. 6. Standard deviation of rw estimations from selected models. Silty clay loam disturbed samples on top and silty clay loam undisturbed on bottom. S/D = ﬁttings by soil
and disturbance, and G = general ﬁt. The asterisk () indicates A and B estimated from Eq. (6). The legend is the saturating solution conductivity in dS m1.
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Fig. 7. Standard deviation of rw estimations from selected models. Sandy loam disturbed samples on top and sandy loam undisturbed on bottom. S/D = ﬁttings by soil and
disturbance, and G = general ﬁt. The asterisk () indicates A and B estimated from Eq. (6). The legend is the saturating solution conductivity in dS m1.

Table 3
Root mean square error (RMSE) and coefﬁcient of
determination (R2) from average pore solution conductivity predictions from Eqs. (11), (16)-(18) compared to
initial saturating solution conductivities. With A and B
estimated from Eq. (6).

a

Model

R2

RMSE
dS m1

Eq.
Eq.
Eq.
Eq.
Eq.
Eq.
Eq.
Eq.

0.93
0.78
0.92
0.78
0.81
0.71
0.60
0.78

0.67
0.79
0.68
0.79
0.88
0.01
0.10
0.88

(11)
(11)a
(16)
(16)a
(16)
(16)a
(17)
(18)

Models ﬁt on a general basis (all data).

general models but was inferior to the models ﬁtted on a by soil
and disturbance basis (Table 3). The precision, as represented by
the standard deviations, of Eq. (18) was in some cases higher than
that of the models developed in this research (Figs. 5–7). This
might be due to the fact that the Hilhorst model includes the value
of pore solution real dielectric conductivity in the estimation process (Eq. (18)). This variable was not included in our models because it is not an easily measured soil property under normal
ﬁeld conditions. The R2 when average predictions from Eq. (18)
were compared to the initial saturating solution conductivity was

0.78. In all likelihood the estimates from Eq. (18) would be even
more accurate if eh (i.e. offset) values were deﬁned for each soil setting, instead of the ‘‘universal” value of eh = 4.1 (Persson, 2002;
Hamed et al., 2003).
One of the reasons why the model of Malicki and Walczak
(1999) (Eq. (17)) had a lower accuracy might be because it was derived for different soils and conditions and because it was used as a
general model, rather than having coefﬁcients ﬁtted to each soil/
disturbance setting. In some cases, the extremely high standard
deviation in the Malicki–Walczak model are due to the fact that
this model has a mathematical discontinuity at water contents
lower than 0.2 cm3 cm3 where rw estimates reach asymptotic values. This is clear from the values of average predicted rw and standard deviation for the 0 dS m1 conductivity treatments
corresponding to Eq. (17) (Figs. 2–7). As discussed by Malicki and
Walczak (1999), Eq. (17) should only be used for water contents
>0.2 cm3 cm3. However, for this research, in order to compare
the models estimates we chose the volumetric water content cutoff
criterion that suited most of the models, i.e. only volumetric water
contents <0.1 cm3 cm3 were excluded.
5. Conclusions and future research
Two new semi-empirical models for calculating the electrical
conductivity of the soil pore solution were presented. They are
mathematically independent of volumetric water content and
can be considered dielectric equivalents of Rhoades type models
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for predicting soil pore solution conductivities. The ﬁrst case (Eq.
(11)) is based on a linear transmission coefﬁcient (Rhoades et al.,
1976) while the second model (Eq. (16)) was derived using a power
law function (Amente et al., 2000). Both models ﬁtted the observed
data of er and ei well on a soil texture, disturbance, and general (all
data) basis. The inverse predictive capability of the models was
very similar when used to predict pore solution conductivity from
er and ei. While not completely water content independent for our
dataset, the predictions from Eq. (16) were satisfactory when using
A and B parameters previously ﬁtted to a form of Hydra Probe calibration equation (Eq. (6)). This is promising, as it could lead to the
development of simpler methods for predicting soil conductivity
and soil volumetric water content. The performance of the new
models was overall equivalent or better to that of other models
previously published in literature (Malicki and Walczak, 1999;
Hilhorst, 2000). The main advantages of our models are that they
are theoretically based ﬂexible semi-empirical models that can
be parameterized for different soils and conditions. In addition,
our models do not require knowledge of pore solution real dielectric conductivity in the estimation process which is not an easily
measured soil property under normal ﬁeld conditions. Based on
our data, the soil texture effect on the model predictions decreases
as the pore solution conductivity increases. Also, our models overestimated soil pore solution conductivity at very low solution conductivities (rw approaching zero). These results indicate that it is
likely that pore solution predictive functions will perform better
at higher pore solution conductivities (rw greater than about
1.23 dS m1 for our data). In any case, further research using measured values of in situ soil solution conductivity (rw) should be employed in the future to validate the new models. The parameterized
versions of our models are limited by the fact that we did not have
pore solution conductivity measurements. The difﬁculties in
extracting and measuring pore solution conductivity greatly limit
the possibilities of obtaining good measurements for this variable.
However, they should be sought in future research in order to increase the accuracy and precision of parameterized versions of
Eqs. (11) and (16) especially for soils saturated with low conductivity solutions. Further research on the measurement and inverse
estimation of rw is also recommended.
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