being only one component. In its original application, a lysimeter is a large soil or rock block
surrounded by a casing, with its lower boundary separated from the parent material
(Bergström, 1990), and often mounted on a large balance for monitoring inputs and losses
(e.g., evapotranspiration) as functions of atmospheric and hydrologic conditions. Many
lysimeter designs and sizes with varying boundary conditions and application areas are
reported in the literature. In this section lysimeters designed for collection of pore water
are described.
One basic type of lysimeter contains an undisturbed soil or rock monolith, and the other basic
type is filled with a disturbed porous matrix. A lysimeter may extend from the surface to depths
of as much as 2 to 3 m [6.6 to 9.8 ft]; it may be buried (Cepuder and Tuller, 1996) or installed
from a trench sidewall. Lysimeters may be isolated from the surrounding medium via
impermeable sidewalls or may maintain hydraulic contact with the parent material. Casings
may be round, square, or rectangular, and made of concrete, steel, fiberglass or polyvinyl
chloride (ASTM International, 1998; Best and Weber, 1974; Furth, 1985; Weber, 1995).
Pore water within the lysimeter is commonly obtained at the bottom of the lysimeter, either
through gravity drainage or through suction through a porous material (like suction samplers).
Note that suction samplers are sometimes referred to as lysimeters because of this similarity.
Suction lysimeters are often more useful than gravity drainage lysimeters for vadose-zone
studies, particularly in arid environments, because gravity drainage only occurs when the
bottom of the lysimeter is saturated, while suction can be applied in a more controlled fashion.
Suction lysimeters (such as the device illustrated in Figure 3-22) and gravity drainage lysimeters
have been applied in numerous studies related to monitoring transport of agrochemicals and
water movement (Bergström, 1990; Jemison and Fox, 1994; Tyler and Thomas, 1977; Winton
and Weber, 1996; Joffe, 1932; Kilmer, et al., 1944; Kohnke, et al., 1940; McMahon and
Thomas, 1974; Karnok and Kucharski, 1982; Dolan, et al., 1993; Cepuder and Tuller, 1996;
Moyer, et al., 1996). Lysimeters have also been applied to investigate colloid-facilitated
transport of organic compounds and heavy metals (Thompson and Scharf, 1994) and the fate
and cycling of 15N (Reeder, 1986).

3.3.4

Passive Capillary Samplers

Passive capillary samplers, first introduced by Brown, et al. (1986), use tension developed in a
hanging wick to passively extract pore solution from the porous medium above a sampling pan,
as shown in Figure 3-23. Passive capillary samplers directly measure water flux density
(Selker, 2002), a distinct advantage over suction cups or lysimeters. Recent advances in
passive capillary sampler design include wick selection and design equations (Boll, et al., 1992;
Knutson and Selker, 1994; Rimmer, et al., 1995) and wick pretreatment methods
(Knutson, et al., 1993).
Passive capillary samplers are designed for long-term operation using environmentally stable,
nonadsorbing materials such as stainless steel, fiberglass, and high density polyethylene
(Topp and Smith, 1992). The sampler consists of a fiberglass or high-density polyethylene
container supporting a stainless steel or high-density polyethylene top panel. The panel is
divided into multiple compartments, with holes for a wick in each section (Louie, et al., 2000).
The wick is cut to the desired length, and one end is separated into individual strands and
cleaned by kiln combustion according to Knutson, et al. (1993). The wick is guided through the
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Figure 3-22. Design of a Refilled Suction Lysimeter (Installed With a Tensiometer for
Monitoring Soil Matric Potential) (Tuller and Islam, 2005). A Similar Design Was Used by
Cepuder and Tuller (1996) for Nitrate Leaching Studies. [Illustration Copyright 2005 From
“Field Methods for Monitoring Solute Transport” by Tuller and Islam, 2005. Reproduced
by Permission of Routledge/Taylor & Francis Group, LLC.]
center hole, the filaments of the open end are flared radially on the top of the panel, and the
filaments are glued into place with silicone.
Most wicks used for passive capillary samplers are products for furnace isolation and are
available in a variety of dimensions, weaves, and densities applicable to a wide range of soil
and rock textures (Selker, 2002). Some wick materials follow exponential relationships between
hydraulic conductivity and pressure, as tabulated by Knutson and Selker (1994). From these
tabulated values and the unsaturated hydraulic conductivity of the host porous medium, certain
design criteria for passive capillary samplers (e.g., length, type, and number of wicks for
sampling a given area) can be calculated. Binding agents (e.g., starch) applied during the
manufacturing process may reduce wick wettability, limiting the range of tension that the wick
can use to draw water from the overlying soil. Kiln combustion at 450 °C [842 °F] was found to
be the most effective procedure for removal of various coatings (Knutson, et al., 1993).
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Figure 3-23. Design of a Passive Capillary Sampler [Illustration Copyright 2005 From
“Field Methods for Monitoring Solute Transport” by Tuller and Islam, 2005. Reproduced
by Permission of Routledge/Taylor & Francis Group, LLC.]
However, kiln combustion may induce contamination of the wick surface with ash, which is
undesirable especially if the collected solution is intended to be analyzed for trace elements. As
with other samplers, thorough laboratory testing and wick cleaning with acid and deionized
water is imperative before field installation.
Passive capillary samplers are commonly installed from soil trenches. A tunnel only slightly
larger than the sampling device is excavated perpendicular to the trench at the desired
sampling depth. The top panel is filled with slightly compacted native soil, then the sampler is
carefully pushed into the tunnel and elevated with wedges to achieve tight hydraulic contact
between the tunnel ceiling and the soil layer in the top panel (Louie, et al., 2000). A bentonite
layer is applied to hydraulically isolate the sampler from the trench. The tubing for sample
extraction is brought aboveground and the trench is refilled and compacted. The pore water
collected at the bottom of the sampler is extracted with a manual or battery-operated vacuum
pump, either at predetermined time intervals or triggered by monitored matric potential or
water content.
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Passive capillary samplers have been successfully tested in laboratory experiments (Knutson
and Selker, 1996; Rimmer, et al., 1995), and applied in a number of field trials (Brandi-Dohrn, et
al., 1996; Louie, et al., 2000; Holder, et al., 1991; Boll, et al., 1991).

3.3.5

Capillary Absorbers

When two porous materials with differing water potential are brought into hydraulic contact,
water flows from the medium with higher potential energy to the medium with lower potential
energy. This physical phenomenon is used in capillary absorbers, where a porous membrane
(absorber) is brought in close hydraulic contact with the wall of a borehole. Pore water is
wicked into the absorber because of the difference in water potential, the membrane is allowed
to equilibrate with the surrounding medium, the membrane is retrieved, and the solution
extracted for chemical analyses (Keller and Hendrickx, 2002).
The effective permeability of the host/membrane system controls the flow rate of the liquid into
the absorbing material. Time to equilibration may vary widely between different media, and
strongly depends on the moisture content of the host medium (Keller and Travis, 1993), so it
may be quite uncertain whether equilibrium has been reached for a given sample. Keller and
Hendrickx (2002) developed an approach using changes in the electrical resistance of the
absorber during wicking to infer equilibrium.
Tight contact between soil and absorber must be established to prevent evaporation losses
during equilibration, which could cause an increase in solute concentration. Furthermore, it is
important to prevent evaporation losses and cross-contamination during absorber retrieval.
Potential problems with absorber placement, borehole isolation, and absorber retrieval are
eliminated with an advanced installation method that employs an impermeable balloon-shaped
liner to which the absorber material is glued (Keller and Hendrickx, 2002; Koglin, et al, 1995).
Absorbers may be circular or annular patches, or may cover the entire liner surface. The
inverted liner (i.e., turned outside in) and attached tether is wound onto a reel as shown in
Figure 3-24a. The liner unrolls from the reel as it is lowered into the borehole, with the absorber
facing the borehole wall as shown in Figure 3-24b. The inside of the liner is filled with
pressurized gas or water to establish tight contact between absorber and wall, isolating
individual absorbers if patches are used. The liner is inverted again and rolled back onto the
reel when retrieving the absorber, avoiding cross-contamination and minimizing exposure of
personnel to hazardous chemicals.

3.3.6

Solution Extraction from Soil and Rock Samples

In situ sampling techniques may be supplemented by extraction of pore water from soil and rock
samples collected in the field by means of coring or simple excavation. Such destructive testing
may be desirable when sampling is too slow or inconvenient. Detailed discussion of extraction
from soil and rock samples is beyond the scope of this report, but the possibility is mentioned
for completeness.
There is a variety of single and sequential extraction techniques, including column displacement
and centrifugation, or a combination of both (Adams, et al., 1980; Fuentes, et al., 2004;
Martens, 2002; Pueyo, et al., 2003; Villar-Mir, et al., 2002). The selection of method is mainly
based on the chemical species under investigation and the sample volume required for a
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Figure 3-24. Deployment Sequence for Capillary Absorbers: (a) Canister Placed on
Surface Casing, and (b) Membrane Lowered Into the Borehole and Pushed Against the
Borehole Wall Using Pressurized Air (Koglin, et al., 1995) [Illustration Copyright 2005 From
“Field Methods for Monitoring Solute Transport” by Tuller and Islam, 2005. Reproduced
by Permission of Routledge/Taylor & Francis Group, LLC.]
particular analysis technique. Adams, et al. (1980) compare the ionic composition of solutions
extracted from loam and clayey soils by means of column displacement with a CaSO4-KCNS
solution, centrifugation of moist soil with carbon tetrachloride (CCl4) added, and simple
centrifugation of moist soil. They conclude that the composition of the extracted solution was
not affected by the method employed. Alberts, et al. (1977) and Villar-Mir, et al. (2002) describe
extraction techniques suitable for NO3-N determination. Fuentes, et al. (2004) and Pueyo, et al.
(2003) present single and sequential extraction techniques to determine heavy metals in
sewage sludge and contaminated soils.

3.4

Indirect Water Content Measurement

Dielectric and electric measurement methods discussed in Sections 3.1 and 3.2.5 typically use
sensors embedded in an engineered porous medium having a calibrated relationship between
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the measured and desired quantities. The engineered medium is placed within the natural
porous medium of interest and allowed to equilibrate before measurements are made. The
same physical principles can be applied using indirect methods, where the sensors interrogate
the porous medium of interest without the relationship between water content and a sensed
quantity afforded by a calibrated engineered medium.
Electrical resistivity, electromagnetic inductance, and fiber optic methods are reviewed in this
section. Electrical resistivity and electromagnetic inductance methods may be applied to
indirectly estimate bulk electrical conductivity at a much larger scale than the methods
discussed in Sections 3.1 and 3.2.5. Electrical conductivity is related to water content, the
hydrologic quantity of interest, as discussed in Section 3.1. Fiber optic sensors are an
emerging area that offers the potential for estimating several hydrologic properties, including
water content, using optical sensors.

3.4.1

Electrical Resistivity Methods

The basic principle of electrical resistivity measurements may be explained using the
relationship between electrical resistance and electrical resistivity of a wire

R=ρ

L
A

(3-15)

where
R
D
L
A

—
—
—
—

electrical resistance of the wire (S)
electrical resistivity (S@m)
wire length (m)
cross-sectional area of the wire (m2)

Ohm’s law relates the electromotive force V (volts) to current flow I (amperes) using the
expression V = IR. Substituting this expression into Eq. (3-15) and rearranging yields an explicit
expression for resistivity
ρ=

A V
⋅
L I

(3-16)

Equation (3-16) illustrates that the resistivity is a function of the ratio of voltage drop to current
and the conductor dimensions. This principle can be applied to measure resistivity of a porous
medium acting as a conductor between two or more electrodes. The resistivity of natural
porous media is highly dependent on water content, solute concentration (or on total dissolved
solids), texture, and structure. In general, increasing water content in a pore space leads to a
decrease in resistivity as low-resistivity water displaces high-resistivity air. Coarse-textured
soils usually have higher resistivity than fine-textured soils at the same water content due to
less grain-to-grain contact area per unit volume.
The first soil electrical resistivity measurements date back to geophysical prospecting in the
1920s, when a linear array with two current electrodes (outer pair) and two potential electrodes
(inner pair) was installed in the soil or rock formation. The electrical potential (voltage) is
measured across the inner pair while a constant current is maintained through the outer
electrode pair, as shown in Figure 3-25. The most common electrode array configurations are
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Figure 3-25. Surface Electrical Resistivity. The Current Electrode Pair
Is Spaced Outside the Potential Electrode Pair as Shown at Top. Three
Common Electrode Configurations (Measurement Arrays) for Surface
Electrical Resistivity and Corresponding Measurement Spatial
Sensitivity are Shown at the Bottom (Contours Represent Cumulative
Relative Sensitivity) [Top and Bottom Left Illustrations Copyright 2005
From “Field Methods for Monitoring Solute Transport” by Tuller and
Islam, 2005. Reproduced by Permission of Routledge/Taylor & Francis
Group, LLC. Sensitivity Maps Reproduced From Furman, et al. (2003)
With Permission.]
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(i) the Wenner array, with equally spaced electrodes; (ii) the Schlumberger array, with the
spacing between the potential electrodes smaller than the spacing between current electrodes;
and (iii) the dipole-dipole array, where the potential and current electrode pairs do not overlap
(Furman, et al., 2003). The spacing between the potential and current electrodes in the
dipole-dipole array is the same (a), but the spacing between pairs is na, where n is an integer.
The resistivity is a function of electrode spacing (a,b) (Figure 3-25) given as
Wenner array: ρ = 2πaR

Schlumberger array: ρ = π

(a 2 + ab)
R
b

Dipole - dipole array: ρ = πan( n + 1)( n + 2)R

(3-17)
(3-18)
(3-19)

The bulk soil/rock electrical conductivity (ECa) is the inverse of the resistivity as illustrated for
the Wenner array

EC a =

1
2πaR

(3-20)

A calibration relationship between water content and R is used to obtain water content from ECa
given known geometric parameters, as with all other methods that measure bulk electrical
conductivity (e.g., time domain reflectometry, electromagnetic induction).
The depth of current penetration for the Wenner array electrode configuration is approximately
equal to the inner electrode spacing (Rhoades and Ingvalson, 1971; Rhoades and van
Schilfgaarde, 1976; Rhoades, 1978). Nadler (1980) theoretically and experimentally determined
the soil volume influenced by the applied electrical field and found that the depth sensed with a
Wenner array is greater than the inner electrode spacing for most field situations, especially
under highly variable conductivity conditions with depth caused by varying water content and
solute concentrations. Recent analyses by Furman, et al. (2003) have established spatial
weighting functions for the various arrays in homogeneous and heterogeneous formations.
The electrodes are placed in a linear array based on the applied configuration scheme (see
Figure 3-26 for an example), with the separation distance based on the desired depth and
volume of influence (Rhoades, 1978; Nadler, 1980). Metal electrodes are typically pushed into
the ground when conducting surveys in soil, while aluminum screen covered with wet or moist
vermiculite can be used for rock. It may be advantageous to mount the electrodes, current
source, resistance meter, and datalogger on a nonconducting frame for monitoring surveys with
fixed electrode spacing, to allow rapid repositioning when a large number of measurements are
required. Frame-mounted electrical resistivity systems equipped with global positioning system
and dataloggers are commercially available from a number of companies (e.g., GEOSCAN
Research, VERIS Technologies, GEONICS Limited) but can be easily assembled from scratch
(Rhoades and Halvorson, 1977). The basic components consist of a battery-powered
constant-current-source resistance meter with a range from 0.1 to 1000 S, four metal
electrodes, and connecting wire.
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Figure 3-26. Multi-Electrode Resistivity: (a) SYSCAL-PRO 10 Channel Multi-Electrode
Resistivity Measurement System
(see http://www.heritagegeophysics.com/resistivity/resistivity_meters.htm for System
Description), (b) Close-Up of Electrode Field Installation, and (c) Field Deployment of
Multi-Electrode Array [Photographs Courtesy of R. Green, Geosciences and Engineering
Division, Southwest Research Institute®]
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By successively increasing electrode separation distance around a point of interest, ECa can be
determined for discrete depth intervals (Halvorson and Rhoades, 1974). Assuming that the
penetration depth is equal to the separation distance, the volume measured may be considered
as a uniform lateral layer to which deeper layers are added successively as the separation
distance increases. These layers may be treated as parallel resistors with ECx, the bulk
electrical conductivity for the xth layer, calculated by (Barnes, 1952)
EC x = EC (ai − ai −1) =

ECai ⋅ a i − EC ai −1 ⋅ a i − 1
a i − a i −1

(3-21)

where
ai
ai!1

—
—

sampling depth i
prior sampling depth

Two- and three-dimensional ECa distributions can be readily obtained using the multielectrode
resistivity method with an array of a large number of evenly spaced electrodes. Multiplexers are
used to activate four electrodes at a time in any feasible array configuration (Figure 3-27). A
three-dimensional distribution of bulk electrical conductivity is obtained by varying electrode
separation distances in the two-dimensional electrode array.
An alternative to the surface-based electrical resistivity method for determining depth-dependent
ECa was introduced by Rhoades and van Schilfgaarde (1976). They developed a single probe
with four equally spaced electrodes mounted as annular rings. The probe that is pushed into
the soil to the desired depth provides higher measurement resolution. A drawback, however, is

Figure 3-27. Electromagnetic Induction Method [Illustration Copyright 2005 From “Field
Methods for Monitoring Solute Transport” by Tuller and Islam, 2005. Reproduced by
Permission of Routledge/Taylor & Francis Group, LLC.]
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the small sampling volume; a large number of measurements are necessary to obtain
representative values of ECa. Application of this probe is advantageous when a precise
measurement of salinity within a small localized region is required. Surface-positioned
electrodes are better suited for determining a soil salinity index for larger areas.
Observations of soil or rock electrical conductivity to greater depths can be achieved with
borehole electrical resistivity tomography, where arrays of current and potential electrodes
(pole-dipole) mounted on cables are lowered into boreholes. Low frequency electrical current is
injected into the subsurface, and the resulting potential distribution is measured for many
different current and potential electrode orientations. Robust regularized nonlinear inverse
methods (Binley, et al., 2002) allow the reconstruction of two- and three-dimensional electrical
resistivity distributions within the soil volume between two or more boreholes (cross-borehole
electrical resistivity tomography). In special cases, the current and potential electrodes are
placed in a single borehole (in-line electrical resistivity tomography). While electrical resistivity
tomography was successfully applied to qualitatively study flow and transport in porous media
(Daily, et al., 1995, 1992) and fractured porous media (Slater, et al., 1997), quantitative
assessment of transport characteristics in soils and rocks from electrical resistivity tomography
data is still being developed (Binley, et al., 1996; Slater, et al., 2000).

3.4.2

Electromagnetic Induction Methods

Another widely applied method used to measure apparent electrical conductivity of sediment
and rock is based on electromagnetic induction. In contrast to the electrical resistivity methods
discussed in the previous section, current is applied to the geological formation (rock or
sediment) through electromagnetic induction; thus, no direct contact with the ground surface is
required (Corwin and Lesch, 2003). Common instruments consist of a transmitter coil that,
when energized with alternating current at audio frequency, produces an electromagnetic field.
Figure 3-27 illustrates the method. The time-varying electromagnetic field emitted from the
transmitter coil induces weak circular eddy current loops in the conducting medium, which in
turn generate a secondary electromagnetic field that differs in amplitude and phase from the
primary field (McNeill, 1980). The magnitude of amplitude and phase differences between the
primary and secondary field depends on medium properties such as texture, structure, water
content, and solute concentration, as well as spacing between transmitter and receiver coil,
distance between coils and ground surface, and coil orientation (parallel or perpendicular to the
ground surface). The effect of rock or soil magnetic permeability is relatively minor (de Jong, et
al., 1979) unless the soil contains a large amount of magnetic components (Huang and
Fraser, 2002).
The primary and secondary fields are sensed as apparent electrical conductivity at the receiver
coil, m, according to (McNeill,1980)

m=

⎛ Hs ⎞
⎜⎜
⎟⎟
ωμ 0 s 2 ⎝ H p ⎠
4

(3-22)

where

T

:0

—
—

angular operating frequency (radians per second) of the instrument
magnetic permeability of free space (1.2566 × 10!6 H m!1; H = Henries)
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s
Hs and Hp

—
—

coil spacing (m)
sensed intensities of the primary and secondary fields at the receiver
coil (A m!1)

The apparent electrical conductivity defined in Eq. (3-22) is equal to ECa when (i) the distance
between the coils and the ground surface is zero; (ii) the soil is homogeneous with uniform bulk
electrical conductivity, ECa; and (iii) the induction number NB is much smaller than 1 (NB << 1).
The induction number is defined as

NB =

s
δ

(3-23)

where * is the skin depth, defined as the depth where the primary magnetic field has been
attenuated to 1/e of its original strength (i.e., 37 percent; e is the base of the natural logarithm)
(Hendrickx, et al., 2002).
Assuming that NB << 1, depth-dependent bulk electrical conductivity ECa(z) can be calculated
for horizontal and vertical coil orientation by solving the following Fredholm integral equations of
the first kind (McNeill, 1980; Borchers, et al., 1997; Hendrickx, et al., 2002)

m H (h ) =

∫

∞

0

φ H (z + h ) ECa (z ) dz

(3-24)

with the sensitivity function NH(z) given as

φ H (z ) = 2 −

4z
( 4 z + 1)1/ 2
2

(3-25)

and
∞

m v (h ) =

∫φ

v

( z + h ) ECa ( z ) dz

(3-26)

0

with the sensitivity function NV(z) given as

φ v (z ) =

4z
2

( 4z + 1) 3 / 2

(3-27)

where
H and V
h
m(h)

—
—
—

horizontal and vertical coil orientation, respectively
distance between the coils and the ground surface (Figure 3-27)
apparent electrical conductivity (S m!1)

The sensitivity functions represent the relative contribution of the electrical conductivity at depth
z to the instrument reading m(h). In practice it may be difficult to solve the inverse problem
given in Eqs. (3-24) through (3-27), because the continuous functions m(h) are not known (only
a finite sets of measurements at different heights h are available), and small variations in m(h)
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might lead to large changes in ECa(z). Borchers, et al. (1997) applied a second-order Tikhonov
regularization method to solve the inverse problem for ECa profiles in layered soils.
Hendrickx, et al. (2002) present a nonlinear model, based on solutions of Maxwell’s equations in
the frequency domain, that relate electromagnetic induction measurements to depth-dependent
ECa when the assumption NB << 1 is violated.
It is not clear that the physical models discussed above that describe the electromagnetic
response in homogeneous media are applicable to heterogeneous field conditions. Hendrickx,
et al. (2002) note that attempts to use electromagnetic measurements to determine vertical ECa
distributions are hindered by the nonuniqueness typical of inverse procedures, but the lack of
understanding of physical relationships between the vertical distribution of electrical conductivity
and the response of electromagnetic-induction ground conductivity meters under
heterogeneous field conditions may further exacerbate the situation.
Electromagnetic induction meters are commercially available from a number of geophysical
instrumentation companies. A comprehensive literature review suggests that the most
commonly applied systems in vadose zone hydrology and soil science are the GEONICS, Ltd.,
EM–31 and EM–38 ground conductivity meters. The EM–31 has a coil spacing of 3.66 m
[12.0 ft], which results in a penetration depth of approximately 3 m [9.8 ft] when the coils are
oriented parallel to the ground surface (horizontal), and 6 m [19.7 ft] when the coils are
perpendicular to the surface (vertical orientation). The coil spacing of the EM–38 (shown in
Figure 3-28) is exactly 1 m [3.3 ft], which leads to penetration depths of 0.75 and 1.0 m [2.5 and
3.3 ft] when operated in horizontal and vertical mode, respectively. Note that the horizontal
mode is obtained by simply turning the instrument 90 degrees. Both instruments are lightweight
and can be easily operated by a single person. Corwin and Lesch (2003) mount the instrument
on a sled that is pulled by an all-terrain vehicle, which may be more convenient for large-scale
resistivity surveys.
Recent applications of the electromagnetic induction method in soil and environmental science
are reported by Hendrickx, et al. (1992), Triantafilis, et al. (2000), Hendrickx, et al. (2002),
Lesch and Corwin (2003), Corwin and Lesch (2003), and Sudduth, et al. (2003).

3.4.3

Fiber Optic Sensors

Rapid advancements in fiber optic sensor applications offer the promise of expanded
capabilities for monitoring transport of dissolved constituents (solutes and tracers). Yet-to-bedeveloped multipurpose probes may be able to simultaneously measure relative humidity,
moisture content, temperature, and CO2, and detect fluorescent tracers in soils and fractured
rock (see also fiber optic thermometry and chilled mirror techniques discussed in Section 3.5.4).
The fiber optic technique directs a constant light beam through optical fibers (input leg) to a
target location within a porous matrix, where it is partially adsorbed and partially reflected back
into the probe. The reflected light is guided through a separate fiber bundle (output leg) from
the probe to a photodetector that quantifies light intensity and converts the optical signal to an
electrical signal that can be recorded with a computer or datalogger as shown in Figure 3-29.
Narrow and broad band filters are employed to condition the outgoing and reflected light beams
respectively (Ghodrati, 1999). Given that the intensity of the ingoing light remains constant with
time, the intensity of the reflected beam will be constant if the system under investigation is in
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Figure 3-28. Commercially Available Electromagnetic Induction Meter: Handheld EM-38
Ground Conductivity Meter (Geonics, Ltd.) With Horizontal Coil Orientation (Top) and
Vertical Coil Orientation (Bottom) [Reproduced From
Corwin and Lesch (2003) With Permission]
equilibrium (Krohn, 1988). Perturbations of the equilibrium state will cause a change in output
light intensity that can be analyzed to quantify the perturbation-causing process, based on
calibration relationships that must be established for each probe and the process of interest
(e.g., change in solute concentration or water content).
Fiber optic sensors have been applied for measuring soil water content (Alessi and Prunty,
1986; Garrido, et al., 1999), but characterization of solute transport phenomena in porous media
via fluorescent tracers (Ghodrati, 1999) may be the most promising application for vadose zone
and environmental science.
Garrido, et al. (2000) provide calibration procedures for laboratory and field experiments that
relate tracer concentration to output light intensity with the assumption of a rigid and stable soil
matrix (no particle rearrangement or swelling). The conventional calibration procedure for
laboratory experiments consists of stepwise leaching a column filled with the porous medium of
interest with several pore volumes of tracer with known concentration. Once the photodetector
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Figure 3-29. Design of a Fiber Optic Miniprobe Measurement System [Reproduced From
Ghodrati (1999) With Permission]
indicates stable output intensity for a certain tracer concentration, the column is flushed with a
solution of CaCl2 and the procedure is repeated for the next tracer concentration, until several
points are established on the calibration curve. A second order polynomial function may be
fitted to the measurements to establish a continuous calibration relationship (Ghodrati, et al.
1999).
This calibration procedure may not be practical for field application because of the large amount
of tracer that would be required. Garrido, et al. (2000) developed a point calibration device that
allows site-specific calibration of fiber optic sensors. The device consists of a stainless steel
tube that either forms a jacket around or is attached to the outside of the miniprobe, allowing
injection of a small known amount of tracer directly into the medium in front of the fiber optics.
The tracer injection tube is connected to a peristaltic pump or a syringe. The calibration curve is
constructed in the same manner as for the conventional method. A comparison of both
methods in the laboratory shows good agreement (Garrido, et al., 2000).
Studies by Kulp, et al. (1988), Nielsen, et al. (1991), Campbell, et al. (1999), Ghodrati (1999),
and Ghodrati, et al. (2000), and a comprehensive review of fiber optic sensors and applications
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for environmental monitoring by Rogers and Poziomek (1996), reveal great potential for this
technique, but extensive testing and calibration under field conditions and further sensor
development is required before continuous real time monitoring of environmental parameters
is feasible.

3.5

Temperature Measurement

Temperature can be measured via a diverse variety of sensors. All of these sensors infer
temperature by sensing some change in a physical characteristic. The most common types that
are used in porous media are: thermocouples, resistive temperature devices, thermistors, and
fiber-optic sensors.

3.5.1

Thermocouples

A thermocouple consists of a double junction of two dissimilar metals, and provides a simple
and efficient means of measuring temperature. Two junctions subjected to different
temperatures generate a voltage difference, explained by the Seebeck effect (Seebeck, 1921).
This voltage difference can be read using an analog to digital converter (or any voltmeter), and
the temperature can be inferred from standard calibration tables.
In principle, a thermocouple can be made from almost any two metals. In practice, several
thermocouple types have become standard because of desirable qualities, including linearity of
the voltage drop as a function of temperature and large voltage-to-temperature ratio. The most
common types are the E, J, K, R, S, and T types, with their characteristics summarized in
Table 3-2. Each type has a different temperature range and environment, although the
maximum temperature varies with the diameter of the wire used in the thermocouple. A field
bank of thermocouples is shown in Figure 3-30, demonstrating how small these devices are.

3.5.2

Resistance Temperature Detectors

Resistance temperature detectors are sensors used to measure temperature by correlating the
resistance of the resistance temperature detector element with temperature. Most resistance
temperature detector elements consist of fine coiled wire of known length wrapped around a
ceramic or glass core. The element is usually quite fragile, so it is often placed inside a
sheathed probe for protection. The resistance temperature detector element is made from a
pure material whose resistance at various temperatures has been documented. The material
has a predictable change in resistance as the temperature changes, and it is this predictable
change that is used to determine temperature. Common materials for resistance temperature
detectors are platinum (most popular and accurate), nickel, or copper. A rugged commercially
available resistance temperature detector probe is shown in Figure 3-31, which is suitable for
installation in soil and rock.
The resistance temperature detector is one of the most accurate temperature sensors with a
measurement range from 200 to 850 °C [392 to 1,562 °F]. Not only does it provide good
accuracy, it also provides excellent stability and repeatability. Resistance temperature
detectors are also relatively immune to electrical noise, thus are well-suited for temperature
measurement in industrial environments, especially around motors, generators and other high
voltage equipment. The resistance temperature detector is a more linear device than the
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Table 3-2. Measurement Range and Calibration Coefficients for E, J, K, R, S, and T-Type Thermocouples
Type J

Type K

Type R

Type S

Type T

Nickel-10%
Chromium (+) and
Constantan (!)

Iron (+)
and
Constantan (!)

Nickel-10%
Chromium (+)
and
Nickel-5% (!)
(Aluminum Silicon)

Platinum-13%
Rhodium (+)
and Platinum (!)

Platinum-10%
Rhodium (+)
and Platinum
(!)

Copper (+) and
Constantan (!)

!100 to 1,000 °C
[!148 to !1,832 °F]
± 0.5 °C [1.8 °F]
9th Order

0 to 760 °C
[32 to 1,400 °F]
± 0.1 °C [0.4 °F]
5th Order

0 to 1,370 °C
[!32 to 2,498 °F]
± 0.7 °C [2.5 °F]
8th Order

0 to 1,000 °C
[32 to 1,832 °F]
± 0.5 °C [1.8 °F]
8th Order

0 to 1,750 °C
[32 to 3,182 °F]
± 1 °C [3.6 °F]
9th Order

!160 to 400 °C
[!256 to !752 °F]
± 0.5 °C [1.8 °F]
7th Order

a0

0.104967248

!0.048868252

0.226584602

0.263632917

0.927763167

0.100860910

a1

17189.45282

19873.14503

24152.10900

179075.491

169526.5150

25727.94369

a2

!282639.0850

!218614.5353

67233.4248

!48840341.37

!31568363.94

!767345.8295

8990730663

780225595.81

!1.63565 × 1012

!9247486589

Calibration Coefficients

Type E

10

a3

12695339.5

11569199.78

2210340.682

1.90002 × 10

a4

!448703084.6

!264917531.4

!860963914.9

!4.82704 × 1012

a5

10

1.10866 × 10

2018441314

4.83506 × 10

10

14

7.62091 × 10

14

1.88027 × 10

6.97688 × 1011

a6

!1.76807 × 1011

—

!1.18452 × 1012

!7.20026 × 1016

!1.37241 × 1016

!2.66192 × 1013

a7

1.71842 × 1012

—

1.38690 × 1013

3.71496 × 1018

6.17501 × 1017

3.94078 × 1014

a8

!9.19278 × 1012

—

!6.33708 × 1013

!8.03104 × 1019

!1.56105 × 1019

—

a9
Notes:

13

2.06132 × 10

—

—

—

1.69535 × 10

20

—

Temperature conversion equation: T = a0 + a1x + a2x2 + ...+ anxn.
Nested polynomial form: T = a0 + x(a1 +x(a2 + x(a3 + x(a4 + a5x)))) (5th order) where x is in volts, T is in °C.

thermocouple, but it still requires curve-fitting. The Callendar-Van Dusen equation is commonly
used to approximate the resistance temperature detector temperature response
3
⎡
⎛ T
⎞⎛ T ⎞
⎛ T
⎞⎛ T ⎞ ⎤
RT = R 0 + R 0 α ⎢T − δ − ⎜
− 1⎟ ⎜
− 1⎟ ⎜
⎟ − β⎜
⎟ ⎥
⎝ 100 ⎠ ⎝ 100 ⎠
⎝ 100 ⎠ ⎝ 100 ⎠ ⎥
⎢⎣
⎦

(3-28)

where
RT
R0
", δ , and $

—
—
—

3.5.3

Thermistors

resistance at a given temperature T
resistance at 0 °C [32 °F]
temperature coefficients determined from testing the resistance
temperature detector at four temperatures and solving the associated
Callendar-Van Dusen equations

The thermistor is a thermally sensitive variable resistor. The thermistor exhibits a much larger
parameter change with temperature than either resistance temperature detectors or
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Figure 3-30. Thermocouples Connected to a Datalogger and Embedded in the Soil, With
a Thermocouple Junction Held up for Viewing [Photograph Courtesy of J. Wraith,
Montana State University]
thermocouples. Thermistors are generally composed of semiconductor materials. Although
positive temperature coefficient units are available, most thermistors have a negative
temperature coefficient (i.e., their resistance decreases with increasing temperature). The
negative temperature coefficient can be as large as several percent per degree Celsius,
allowing the thermistor circuit to detect minute changes in temperature that could not be
observed with a resistance temperature detector or thermocouple circuit. The price paid for this
increased sensitivity is loss of linearity. The thermistor is an extremely nonlinear device that is
highly dependent upon process parameters. Consequently, manufacturers have not
standardized thermistor curves to the extent that resistance temperature detectors and
thermocouple curves have been standardized.
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Figure 3-31. Commercially Available Resistance Temperature Detector Probe (Omega
Engineering, Inc.) [Photograph by M. Tuller]
An individual thermistor curve can be closely approximated with the Steinhart-Hart equation

1
= A + B ln R + C (ln R ) 3
T

(3-29)

where
R
A, B, and C

—
—

resistance at temperature T
coefficients determined from a three-point calibration

3.5.4

Fiber Optic Thermometry

Fiber optic thermometry is based on measuring the decay time of an inorganic (ceramic)
photoluminescent sensor material (i.e., a “phosphor”). The phosphor sensor is attached to the
end of a quartz fiber, which is cabled with a Teflon® sheath to ensure high dielectric integrity.
The sensor is subjected to excitation by hundreds of light pulses per second, generated by a
high intensity light-emitting diode at the appropriate wavelength.
The phosphor sensor emits light over a broad spectrum in the near infrared region when
stimulated with red light from the light emitting diode, as shown in Figure 3-32a. The time
required for the fluorescence to decay is dependent on the temperature of the sensor, illustrated
in Figure 3-32b. After the light-emitting diode is turned off, the decaying fluorescent signal
continues to transmit through the fiber to the instrument, where it is focused onto a detector.
The signal from the detector is amplified and sampled after the light-emitting diode is turned off.
The measured decay time is then converted to temperature using a calibrated conversion table.
Different calibration tables are used depending on the temperature range and application, but
the overall temperature range capability of this optical sensor technology is currently !200 to
330 °C [!328 to 626 °F].
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Figure 3-32. Fiber Optic Thermometry: (a) Wavelengths of an Excitation Light
Pulse From a Light-Emitting Diode, and the Resulting Light Emitted by the Sensor;
and (b) Decay of Sensor-Emitted Fluorescent Signal
[Images Courtesy of Luxtron Corporation]
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Fiber optic probes can be relatively small because the excitation light signal and the fluorescent
decay signal pass along the same optical path. Fiber optic probes are compact because the
excitation light signal and the fluorescent decay signal pass along the same optical path. The
tip detail for a typical fiber optic probe is shown in Figure 3-33a, and a variety of commercially
available fiber optic probe tips is shown in Figure 3-33b.

3.6

Relative Humidity Measurement in Cavities

Measurements of relative humidity within a porous medium were discussed in Section 3.2.6,
because relative humidity provides a method for estimating matric potential in a dry medium.
The Performance Confirmation Program also requires relative humidity measurements in drifts
and within other subterranean cavities to assess conditions giving rise to corrosion, microbial
activity, and the potential for condensation and dripping. Although measurements in a porous
medium using psychrometers provide direct estimates of relative humidity values within the
porous medium, other methods may be required for relative humidity determination in drifts,
because temperature differences between psychrometer junctions may be adversely influenced
by mass exchange between the rock and air in drifts with active ventilation.
Five methods for measuring relative humidity in cavities are discussed in this section.
Psychrometer theory is reviewed briefly. Like psychrometers, chilled mirror hygrometers also
manipulate sensor temperatures to achieve vapor condensation, but use a different sensor
approach. Capacitive humidity sensors measure the difference in capacitance of the
surrounding air due to changes in relative humidity. Resistive humidity sensors measure
changes in electrical resistivity in a hygroscopic medium. Thermal conductivity sensors
measure changes in atmospheric thermal conductivity.

3.6.1

Psychrometers

Psychrometers were introduced in Section 3.2.4. These sensors measure relative humidity,
from which matric potential in a porous medium can be inferred, but of course psychrometers
can be used when relative humidity itself is the quantity of interest. Psychrometers are used to
infer the relative humidity from the difference between dry bulb and wet bulb temperatures. The
dry bulb temperature is that of the ambient air (nonevaporating surface). The wet bulb
temperature is that of an evaporating surface; this temperature is generally lower than the dry
bulb temperature because of latent heat loss in the evaporation process.
For typical use in porous media, one junction of the thermocouple psychrometer is suspended
in a thin-wall ceramic or stainless screen cup embedded in the porous material (Figure 3-34),
while the other junction is embedded in an insulated plug to measure the ambient temperature
at the same location. The suspended thermocouple is cooled below the dew point by means of
an electrical current until pure water condenses on the junction. This is called Peltier cooling.
The cooling then stops, and as water evaporates it draws heat in the form of latent heat of
vaporization from the junction, cooling the junction below the temperature of the surrounding air
until the junction attains a wet bulb temperature. The warmer and dryer the surrounding air, the
higher the evaporation rate and the greater the wet bulb temperature depression. The
difference in temperatures between the insulated dry bulb and the wet bulb thermocouples is
measured and used to infer the relative humidity or relative vapor pressure using the
psychrometer equation
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Figure 3-33. Fiber Optic Probes: (a) Tip Detail of a Fiber Optic Probe, and
(b) Representative Commercially Available Probes [Images Courtesy of
Luxtron Corporation]
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Figure 3-34. Design of a Psychrometer Used for Porous Media Applications
RH =

s+γ
e
= 1−
ΔT
e0
e0

(3-30)

where
RH
e0
e
s

(

)T

—
—
—
—
—
—

relative humidity
water vapor pressure at saturation (kPa)
water vapor pressure (kPa)
slope of the saturation water vapor pressure curve
psychrometric constant {approximately 0.067 kPa K!1 at 20 °C [68 °F]}
temperature difference (°C)

The slope s is temperature-dependent and can be approximated as (Brutsaert, 1982)
s=

de 0 373.15e 0
=
τ 2 − 0.5196 τ 3 )
(13.3185 − 3.952τ − 19335
.
dT
T2

(3-31)

where J = 1!373.15/T. The saturated vapor pressure e0 is also temperature dependent and is
estimated from the integral of Eq. (3-31) as
e 0 = 101.325 exp (13.3185 τ − 19760
.
τ 2 − 0.6445 τ 3 − 0.1299 τ 4 )

3.6.2

(3-32)

Chilled Mirror Hygrometers (Dew-Point Technique)

A chilled mirror hygrometer makes a direct measurement of the dew point temperature of a gas
by allowing a sample of gas of unknown water vapor content to condense on an inert, chilled,
mirror-polished metal surface. Thermoelectric modules (e.g., using the Peltier effect) are
typically used to chill the surface. The chilled mirror is used to reflect a beam of light from a
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light-emitting diode into a photodetector, as shown in Figure 3-35. The presence of condensed
fine water droplets markedly alters the properties of the reflected beam. A commercially
available chilled mirror dewpoint sensor is shown in Figure 3-36.
The mirror is maintained, using a feedback system, at the temperature at which the rate of dew
condensation exactly equals the rate of dew evaporation. In this state, the mass of the dew
layer neither increases nor decreases, and the layer achieves dynamic equilibrium with the
water vapor in the surrounding gas sample to define the dew point temperature of the sample.
Under such conditions, the surface temperature of the metallic condensation surface represents
the saturation temperature of the water vapor in the gas being measured. A second detector is
sometimes used to monitor the polarization of the scattered light, which allows automatic
determination of the phase of the condensate (i.e., dew point or frost point).
A typical chilled mirror hygrometer can be made very inert, in contrast to many other humidity
sensors, rendering it virtually indestructible and minimizing the need for recalibration. A
full-range dew point sensor is capable of handling dew points from >100 °C [>212 °F] to as low
as !70 °C [!94 °F]. The gas sample contacts only inert materials: a glass or quartz lens, a
Teflon® O-ring, and a stainless steel housing and metallic condensation surface. Some of the
inert mirror materials include gold, chromium-plated silver or copper, and titanium nitride. A
copper or silver mass covered by a thin, polished stainless steel sheath is commonly used for
mirrors in harsh environments.

Figure 3-35. Chilled Mirror Hygrometer Method
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Figure 3-36. Commercially Available Chilled Mirror Dewpoint Sensor (GE General
Eastern Instruments) [Image Courtesy of GE Sensing]
The chilled mirror hygrometer has several advantages over other water vapor sensing
technologies:
•

A chilled mirror hygrometer provides a direct physical measurement of humidity. This
technique is the most precise method for determining water vapor content of a gas with
more than 5-percent relative humidity.

•

The chilled mirror hygrometer optical sensor is a totally inert device. The sample gas
contacts glass and non-reactive metals, thus, the device is easily cleaned and may
last indefinitely.

•

A chilled mirror hygrometer sensor does not lose its calibration, unlike polymer relative
humidity sensors, lithium chloride dew cells, and other chemically-based sensors.

•

The dew/frost point temperature defines the saturation point for the water vapor in the
gas. From this unique equilibrium temperature, all other reporting formats of gas
humidity can be derived.

3.6.3

Capacitive Humidity Sensors

Capacitive relative humidity sensors, such as the sensor shown in Figure 3-37, are widely used
in industrial, commercial, and weather telemetry applications. Capacitive relative humidity
sensors consist of a substrate on which a thin film of polymer or metal oxide is deposited
between two conductive electrodes. The sensing surface is coated with a porous metal
electrode to protect it from contamination and exposure to condensation. The substrate is
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Figure 3-37. Commercially Available Capacitive Relative Humidity Sensor: (a) Relative
Humidity Sensor and (b) Relative Humidity Probe [Images Courtesy of ROTRONIC
Instrument Corp., Huntington, New York]
typically glass, ceramic, or silicon. The incremental change in the dielectric constant of a
capacitive humidity sensor is nearly directly proportional to the relative humidity of the
surrounding environment. The change in capacitance is typically 0.2–0.5 pF for a 1-percent
relative humidity change, while the bulk capacitance is between 100 and 500 pF at 50-percent
relative humidity at 25 °C [77 °F]. Capacitive sensors are characterized by (i) low temperature
coefficient, (ii) ability to function at high temperatures {up to 200 °C [392 °F]}, (iii) full recovery
from condensation, and (iv) moderate resistance to chemical vapors. The response time ranges
from 30 to 60 seconds for a 63-percent relative humidity step change.
State-of-the-art techniques for producing capacitive sensors take advantage of many of the
principles used in semiconductor manufacturing to yield sensors with minimal long-term drift and
hysteresis. Thin film capacitive sensors may include monolithic signal conditioning circuitry
integrated onto the substrate. The most widely used signal conditioner incorporates a
complementary metal oxide semiconductor timer to pulse the sensor and to produce a
near-linear voltage output.
The typical uncertainty of capacitive sensors is ± 2 percent relative humidity from 5 to
95 percent relative humidity with two-point calibration. Unwanted capacitive effects in cables
limit the distance between the sensing element (the capacitor) and signal conditioning circuitry
to <3 m [<10 ft].
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3.6.4

Resistive Humidity Sensors

Resistive humidity sensors measure the change in electrical impedance of a water-absorbing
(hygroscopic) medium such as a conductive polymer, salt, or treated substrate. The impedance
change typically exhibits an inverse exponential relationship with humidity.
Resistive sensors usually consist of either noble metal electrodes deposited on a substrate or
wire-wound electrodes on a plastic or glass cylinder. The substrate is coated with a salt or
conductive polymer, or the substrate may be treated with activating chemicals such as acid.
Ionic functional groups are dissociated as the sensor absorbs water vapor, resulting in an
increase in electrical conductivity. The response time for most resistive sensors ranges from 10
to 30 seconds for a 63-percent step change. The impedance range of typical resistive elements
varies from 1 kS to 100 MS.
Most resistive sensors use a symmetrical alternating current excitation voltage with no direct
current bias to prevent polarization of the sensor. The resulting current flow is converted and
rectified to a direct current voltage signal for additional scaling, amplification, and linearization.
Nominal excitation frequency is from 30 Hz to 10 kHz.
A distinct advantage of resistive relative humidity sensors is their interchangeability, usually
within ± 2 percent relative humidity, which allows the electronic signal conditioning circuitry to be
calibrated by a resistor at a fixed relative humidity value. This property eliminates the need for
humidity calibration standards, hence, resistive humidity sensors are generally field replaceable.
The accuracy of individual resistive humidity sensors may be confirmed by testing them in a
relative humidity calibration chamber or with a computer-based data acquisition system
referenced to a standardized humidity-controlled environment. The nominal operating
temperature of resistive sensors ranges from !40 to 100 °C [!40 to 212 °F].
A limitation of some resistive sensors with a water soluble coating is a tendency to shift values
when exposed to condensation. Resistive humidity sensors have significant temperature
dependencies when installed in an environment with large {> 5.5 °C [> 10 °F]} temperature
fluctuations. Simultaneous temperature compensation is incorporated to improve accuracy.

3.6.5

Thermal Conductivity Humidity Sensors

Thermal conductivity sensors measure absolute humidity (mass of water vapor per unit volume
of dry air) by quantifying the difference between the thermal conductivity of a reference gas and
ambient air. The rate of heat loss or gain in air is a function of the air vapor content. Thermal
conductivity humidity sensors (or absolute humidity sensors) consist of two matched negative
temperature coefficient thermistor elements in a bridge circuit; one is hermetically sealed in dry
nitrogen and the other is exposed to the ambient air. When current is passed through the
thermistors, resistive heating increases their temperature to > 200 °C [> 392 °F]. More heat is
dissipated from the sealed thermistor than from the exposed thermistor due to the difference in
the thermal conductivity of the air water vapor relative to dry nitrogen. The difference in heat
dissipation results in a difference in operating temperatures and in thermistor resistance that is
proportional to absolute air humidity.
A simple resistor bridge circuit provides a voltage output range corresponding to absolute
humidity in the range of 0 to 0.13 kg (water)/m3 of air at 60 °C [140 °F]. Calibration is performed
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by placing the sensor in moisture-free air or nitrogen and adjusting the output to zero. Absolute
humidity sensors are very durable, operate at temperatures up to 300 °C [575 °F] and are
resistant to chemical vapors by virtue of the inert materials used for their construction
(i.e., glass, semiconductor material, high-temperature plastics, or aluminum).

3.7

In Situ Water Flux Measurement

It is extremely difficult to directly measure fluxes within a porous medium, so water fluxes
usually are inferred from point measurements of water potential obtained from different
locations, from which a gradient of water potential may be estimated. With knowledge of the
hydraulic properties of the porous medium, Darcy’s law can be applied to estimate water flux.
There are two methods, however, for directly measuring water fluxes.
A water flux meter is simply a version of the passive capillary sampler (discussed in
Section 3.3.4) without water sampling capabilities. A heat pulse sensor determines water flux
from the temperature response following application of a heat pulse; moving water carries heat,
which changes the temperature response.

3.7.1

Water Flux Meter

Water flux meters are typically used in an unconsolidated medium, such as soil or sediment.
Water flux meters use a conical collector (filled with the native medium) to intersect flow from a
predetermined area. The flow converges into the funnel, which is filled with a fiberglass wick
that is capable of applying capillary suction. Water flux is measured directly by placing a
transducer at or near the distal end of the wick. The top 15 cm [6 in] of the wick material is
separated into single strands, which are used to line the interior of the collector. A thin layer of
diatomaceous earth is placed in the bottom of the funnel above the wick to prevent overlying
material from filtering through the funnel and the wick. The wick, which extends vertically 60 cm
[2 ft] below the collector, is analogous to a hanging water column applying a suction of 60 cm
[2 ft] at the base of the collector. Figure 3-38 shows a cross-sectional view of a typical water
flux meter with divergence control.

3.7.2

Heat Pulse Sensors—Water Content, Thermal Properties, and
Water Flux

The dual probe heat pulse method was first proposed by Campbell, et al. (1991) for
measurement of water content from volumetric heat capacity, which is linearly related to
volumetric water content. Campbell, et al. (1991) proposed a sensor with two parallel hollow
tubes. One tube contained a thermocouple and the other contained an enamel-coated
resistance wire used to introduce a heat impulse as illustrated in Figure 3-39. Considering the
sensor as an instantaneous and infinitely long thermal line source in an isothermal,
homogeneous medium, they developed an expression that relates the maximum temperature
rise measured at the probe and volumetric heat capacity of the medium

ρC =

q
eπr 2Tm

3-64

(3-33)

Figure 3-38. Water Flux Meter Proposed by Gee, et al. (2005): (a) Flux Meter Design, and
(b) Field Installation [(a) Reproduced With Permission From Decagon Devices, and
(b) Courtesy of Decagon Devices. Photocredit: phtoboy.biz; Reproduced With
Permission From Decagon Devices]
where

DC
q
e
r
Tm

—
—
—
—
—

volumetric (bulk) heat capacity (J m!3 C!1)
heat input per unit length of heater (J m!1)
base of natural log [2.71828]
radial distance from the heat source (m)
maximum temperature rise (°C) observed at r

In practice, r may be considered as an apparent spacing rather than the geometrical probe
spacing, and r may be determined from measurements in a medium of known heat capacity.
Hence, only measurement of Tm is needed to calculate DC if q is known, Knight and Kluitenberg
(2004) presented an expression for heat capacity that offers the advantage of considering the
time interval of heating:
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Figure 3-39. Dual Probe Heat Pulse Sensor: Design and Field Installation
[Reproduced From Heitman, et al. (2003) With Permission]

ρC =

q
eπr 2Tm
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where

g
to
tm

—
—
—

to/tm
duration of the heat pulse
time from the initiation of heating to the occurrence of the maximum
temperature rise

Campbell, et al. (1991) also suggested that measurements of DC might be useful for measuring
water content. Assuming that the heat capacity of the gas phase is negligible, DC becomes a
weighted sum of the heat capacities of the water and solid constituents, yielding (Knight and
Kluitenberg, 2004)

θv =

ρC − ρ b C s
(ρC )W
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