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Soil water potential controls the dynamics of water in soils. This article describes methods to measure soil water
potential. Available methods differ with respect to the moisture range where they are applicable. In the moist
range, the pore water pressure of the soil is directly measured with tensiometers. In the intermediate moisture
range, reference porous media are suitable, where the water saturation changes with water potential. Gypsum
blocks, granular matrix sensors, heat dissipation matric potential sensors, and filter paper are used. If embedded
in the soil and in hydraulic equilibrium with it, soil water potential is obtained by a calibration relationship
from a water content dependent measurement in the reference porous medium. In relatively dry soils, water
potential is derived from vapor pressure measurements by thermocouple psychrometry. This article presents
the theoretical background of the various measurement techniques and illustrates the construction principles of
measuring instruments. Problems and pitfalls of water potential measurements, in particular with tensiometers,
are discussed. A list of manufacturers of water potential measurement instruments is given at the end of the
article and a reference list provides material for further background information.

INTRODUCTION

Soil water potential reflects the energy state of water in
porous media and thus drives movement of water. Its
proper measurement is fundamental for the analysis of
water dynamics in the vadose zone. The energy state of
soil water can be expressed as energy per mass of water
(J kg−1), as energy per volume of water (J m−3), which is
equivalent to pressure (Pa), or as energy per unit weight
of water (J (9810 kg m s−2)−1). The latter leads to the
expression of the water potential as pressure head, with
units of water column length (m), and is commonly used
in vadose zone hydrology.

The lack of single measurement technology covering the
entire energy range of interest, from moist to dry condi-
tions present a challenge to the measurement of soil water
potential. Tensiometry, which is an accurate and widely
used technique to determine soil water (matric) poten-
tial, requires extensive maintenance and is restricted to
relatively wet conditions. Instruments for water potential
measurement measure beyond the tensiometric measure-
ment range are heat dissipation sensors (HDS), gypsum

blocks, granular matrix sensors, or filter paper. They all
depend on equilibration of a reference porous medium with
the surrounding soil and require individual calibration to
infer soil water potential. At the dry end of the moisture
range, thermocouple psychrometers, which use equilibrium
water vapor pressure (relative humidity) in soil air, are often
used to infer soil water potential.

Measurement range, accuracy, repeatability, response
time, and spatial resolution of specific sensors are impor-
tant considerations to their potential applications and in the
analysis of soil water measurements (Or and Wraith, 2002).
Our discussion in this contribution focuses on principles and
applications of tensiometry, because this technology is the
most widely used water potential measurement technology
in practice. The techniques which extend the measurement
range toward drier conditions will be presented subse-
quently, focusing first on the more classic reference porous
media such as gypsum blocks and granular porous media,
and then discussing the recent developments in HDSs.
Finally, the principles of vapor pressure–based methods
and thermocouple psychrometry along with available instru-
ments will be described.
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GENERAL MEASUREMENT PRINCIPLES

The measurement of soil water potential requires hydraulic
equilibrium between soil water in the porous medium
around an instrument and the measurement device. For
thermocouple psychrometers, this contact is provided by
the vapor phase, and for all other instruments by the fluid
phase. The tensiometer porous cup is placed in contact with
the soil at the location of interest. The pore water outside
the cup and the liquid in the interior of the tensiometer
are bridged through water-filled fine pores of the cup.
Following pressure equilibration, the liquid pressure in the
tensiometer is directly measured by a manometer. This
measurement technique is straightforward, but the pressure
range is limited by the air entry pressure of the porous cup
material. It is further restricted to pressures where the fluid
is able to exert a pressure force, which in practice is stable
only at positive absolute fluid pressures.

Measurement of water potential at drier conditions rely
on reference porous media such as gypsum blocks, granular
blocks of filter paper brought into close contact with the
surrounding soil. With varying matric potential of the soil,
the water saturation of these reference porous media vary
in a characteristic manner, dependent on the particular
pore-size distribution of the reference porous material.
The sensor’s water content is measured and related to
matric potential by an individual calibration relationship.
Indirect measurement methods are accordingly based on
water content sensor technology, as described in Topp
and Ferré (2005), and use weight, electrical, thermal, or
dielectric properties of the reference porous medium to infer
matric potential. Hysteresis and slow response introduce
difficulties as discussed in the following sections.

Finally, the measurement of soil water potential in very
dry conditions is based on equilibrium between liquid soil
water and water vapor in the ambient soil atmosphere. The
drier the soil the fewer water molecules escape into the
ambient atmosphere, resulting in a lower relative humidity.
The thermocouple psychrometer measures the dew-point
temperature in a headspace of a closed chamber with gas-
permeable walls, the value is related to relative humidity
and soil water potential at the same ambient conditions.

Total water potential is composed of gravitational, matric,
pneumatic, overburden, thermal, and osmotic components.
For a fixed measurement point, we often disregard thermal
and gravitational components (Durner and Lipsius, 2005).
In a rigid porous medium, the solid phase does not
contribute to the pressure of the water phase, and the
overburden potential component can be disregarded. In
the absence of semipermeable membrane, that is, when
dissolved ions are free to move between the surrounding
soil and the measurement cell, the osmotic component of
the total potential will not affect the measurement (this is
typical for all instruments referred to in this paper, except

the psychrometer where vapor–gas interface represents
an osmotic barrier). Therefore, psychrometers provide a
combined measurement of osmotic and matric potentials.
Tensiometers measure the sum of the pneumatic and matric
potential, because tensiometer cups are impermeable for the
gas phase. Reference porous media (HDSs, gypsum blocks,
granular matrix sensors, filter paper) measure the matric
potential only, because they are permeable for the gas phase
in their operation range and the pneumatic potential does
not contribute to the signal.

Any of the measuring instruments referred to there-
after influence the state of the signal to be measured. The
measurement characteristic of an instrument is determined
by the relation between the sensitivity and the conduc-
tance of the instrument. The sensitivity expresses the ratio
between the change of the signal (pressure change �p)
with respect to the amount of water �V that is required to
flow from the surrounding soil to (or from) the instrument
(Richards, 1949),

S = �p

�V
(1)

The conductance is dependent on the area of exchange
between instrument and soil, and on the flow resistance of
the instrument. In the case of tensiometers, this resistance is
determined by the thickness and the saturated conductivity
of the porous membrane. In the case of equivalence porous
media, it is dependent on the volume and porosity of
the sensor and its unsaturated conductivity. In general
terms, the measurement characteristic of modern advanced
tensiometers is very good and almost constant across
the measurement range due to the high sensitivity of
the pressure transducers and sufficient conductance of the
porous cups. The sensitivity of equivalent porous media
(EPM) is lower, since by principle the water content of the
sensor must change. Furthermore, the conductance varies
with suction, since the flow rate is determined by the
unsaturated conductivity of the EPM.

TENSIOMETRY

Tensiometers for matric potential determination along with
TDR for water content measurement (Topp and Ferré, 2002;
Topp and Ferré, 2005) are the most widely used mea-
surement technologies for soil hydraulic properties in the
field. Tensiometers are particularly suited for the mea-
surement of soil water energy status at high water con-
tents where transport processes are relatively rapid (e.g.,
solute transport from the vadose zone down to ground-
water). Owing to their limited measurement range, ten-
siometers are unsuited for drier conditions where soil water
becomes limiting for plant growth. Under relatively moist
soil conditions, tensiometric measurements are robust, reli-
able, and accurate, with a considerable body of theoret-
ical and practical knowledge gained by soil physicists,
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hydrologists, and other practitioners. However, tensiome-
ters require maintenance and their use at frozen conditions
is problematic.

In the following, we discuss principles of tensiometric
measurements, tensiometer design, and measurement range,
and show recent developments. A treatise on all aspects of
practical applicability of tensiometers, including a recent
list of vendors of tensiometer systems and components
(limited to US market) was provided by Young and
Sisson (2002).

Measurement Principle

A tensiometer is used to measure the soil water energy
state, which in unsaturated soils is dominated by the matric
component of the potential (resulting from combined effect
of capillary and adsorptive forces exerted by the soil
matrix). A water-filled reservoir, connected to a pressure-
sensing element (pressure gauge or transducer), is brought
into contact to the soil through a rigid porous membrane,
which is permeable for water and impermeable for air. The
membrane is in most cases made of a porous ceramic cup,
which is brought into contact with the soil by inserting the
tensiometer into a predrilled access hole with a diameter at
the position of the cup slightly smaller than the porous
cup. Alternatively, the tensiometer can be inserted to a
larger predrilled hole, where a slurry of nonswelling fine
material or sieved local soil is filled in, which is used to
provide hydraulic contact between the cup’s surface and
the soil. When the matric potential of the soil is lower
(more negative) than in the tensiometer, water from the
tensiometer is attracted by the surrounding porous media,
thereby creating suction sensed by the pressure gauge.
Water flows until equilibrium is reached and the suction
inside the tensiometer equals the soil matric potential.
When the soil is wetted, flow may occur in the reverse
direction.

Partial contact between the cup and the surrounding
material is in principle sufficient, since contact area does
not affect the equilibrium pressure, but rather it affects the
rate at which equilibrium is attained. Similarly, if material
properties near the cup are altered by slight compression of
the surrounding soil or by difference of hydraulic properties
of the contact material, it does not affect the measured soil
water potential value, as energy status is continuous across
different porous materials in hydraulic equilibrium.

The porous cup consists of a rigid, fully wettable material
with pores of radius rmax, through which the spatially
discrete arrangement of the water phase of the porous
medium (outside the membrane) is connected with the
continuous water phase inside the membrane. The fluid
pressure outside and inside the membrane equilibrates,
and is measured by a pressure sensor. In most cases, the
membrane has the form of a porous ring or a porous cup
at the scale of few centimeters, and pure water is used

as a pressure transducing fluid. To operate properly, the
pores of the membrane must remain impermeable for the
nonwetting fluid (soil, air), that is, fully water saturated.
Pore openings of the membranes are in the range of
micrometers, which is about 6000-fold larger than the size
of a hydrated Na molecule (Young and Sisson, 2002),
thus making them permeable to dissolved ions. Hence, the
pressure measured inside the porous cup is not affected by
the osmotic potential component.

In most hydrological applications, it is not the absolute
pressure of soil water that is of interest, but rather the
capillary pressure, which is defined as pressure difference
between the water and the gas phase in the soil

pw − pa = pc + 1

L

∂θ

∂t
(2)

where pw is the macroscopic pressure in the water phase, pa

is the pressure in the air phase, pc is the capillary pressure,
L is a nonnegative material coefficient, and t indicates the
time. Under hydrostatic conditions, the capillary pressure
is equal to the matric potential (Hassanizadeh et al., 2002).
This equality is implicit in most vadose zone hydrology
applications, even at transient conditions. Pressure sensors
used for tensiometers, therefore, typically are differential,
measuring the difference between the pressure in the
tensiometer cell and ambient air pressure, which is negative
in unsaturated soils. The absolute value of this pressure
difference is called suction or tension. For isothermal
conditions and negligible effect of soil overburden pressure,
this suction represents the matric and pneumatic potentials.

For most practical purposes, the contribution of the pneu-
matic potential in the unsaturated zone is zero, that is, gas
pressure in the vicinity of a tensiometer cup is equal to
ambient atmospheric pressure. However, there are cases
where during rainfall, a layer of air may become sand-
wiched between a sharp wetting front and the groundwater,
and air pressure will increase substantially. Also, in soils
that are very wet, the local pressure of enclosed air is not
identical to ambient air pressure as long as the gas-phase
continuity is restricted. If the tensiometric pressure in such
cases is interpreted as matric potential, it will be a mis-
conception and this contributes to a class of phenomena
called dynamic effects (Schultze et al., 1999; Durner and
Lipsius, 2005).

Measurement Range

The measurement range of tensiometers is restricted by the
air entry pressure of the porous membrane, pe. The capillary
rise equation relates this pressure difference to a pore size

r = (2σ cos ϕ)

pe
(3)
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where r is the effective pore radius (L), σ is the surface
tension between fluid and gas phase (M T−2), ϕ is the
contact angle between the fluid and the cup material, and pe

is the air entry pressure (M L−1T−2). To remain fully water
saturated up to a pressure difference of 1 bar, membranes
of perfectly wettable material (γ = 0◦) must have pore
diameters smaller than 3 µm. Young and Sisson (2002)
list the properties of various materials used in practice.
Mostly, porous ceramic materials are used as membranes,
with maximum pore diameters of about 2 µm.

A second constraint to tensiometric measurement range
is imposed by the spontaneous boiling or cavitation of
water inside the tensiometer at subatmospheric pressures.
As the energy state of water in the porous medium
becomes more negative and the liquid water pressure inside
the tensiometer approaches the vapor pressure pv(T ) at
ambient temperature, T , spontaneous evaporation (boiling)
of water occurs. However, thermodynamic equilibrium can
be inhibited for considerable periods. This metastable state
associated with the delay in boiling (defervescence) enables
considerable extension of tensiometric measurement range.
The theoretical limit of suction is given by the energy
needed for cavitation in a pure water phase, which needs a
calculated tensile strength of 140 MPa (Fisher, 1948; Zheng
et al., 1991). Practical limits of 140 kPa (microtensiometer
model #4, Nardeux, St. Avertin, France; Tamari et al.,
1993) and −400 kPa (microtensiometer model T5, UMS,
Munich; G. von Unold, UMS Corp. Munich, personal
communication), and −1400 kPa (tensiometer prototype;
A.A. Diene, Development For High Suction Tensiometers
Analyzed in Laboratory Lysimeters in the Study of Drainage.
MSc. Thesis, COPPE/UFRJ, Rio de Janeiro, Brasil) have
been reported. If the stress on water surpasses the boiling
inhibition, a sudden pressure jump occurs in the tensiometer
cell to the pressure of the water boiling point. Requirements
for a stable defervescence are the absence of boiling germs,
absence of air bubbles or dissolved gases, a strongly
hydrophilic ceramic surface, a low-enough air entry value
of the porous ceramic, and surfaces that are all hydrophilic
and polished, even pressure transducer and ceramic. To
reach this, a clean and precise manufacturing is necessary.
As a further technique, microorganisms are applied, which
apparently “bind” water by adhesive forces to all surfaces,
and take up the rest of dissolved gases (G. von Unold,
UMS Corp., personal communication). In such a system,
the defervescence is reversible and reproducible.

Tensiometer Designs

Historically, the concept of soil water potential in unsat-
urated soil was introduced by Buckingham (1907) from a
theoretical perspective. The most widely cited first descrip-
tions of tensiometers are attributed to Gardner et al. (1922)
and Richards (1928), but recently Or (2001) has shown that
already Livingston (1908, 1918) had proposed the use of a

(a) (b)

Figure 1 (a) Richards (1928) tensiometer design. (b)
Haines (1927) design attributed to Livingston (1918).
(Reprinted from Or (2001) with permission of Soil Science
Society of America)

tensiometer, consisting of a porous water-filled cup and a
pressure manometer. In these early descriptions, a liquid-
filled porous cup is connected to a U-manometer, filled with
water or mercury (Figure 1).

Up to the 1980s, tensiometers were constructed on
the basis of the design shown in Figure 1, using mer-
cury manometers. These instruments have advantages with
respect to the accuracy of the readings, but suffer from
inherently sluggish response times owing to their low sen-
sitivity.

Mechanical Tensiometer
Owing to environmental concerns and their low sensi-
tivity, mercury manometers were replaced by mechanical
pressure gauges and pressure transducer tensiometers in lab-
oratory experiments (Vachaud and Thony, 1971) and field
investigations (Bianchi, 1962; Watson, 1967). Problems are
manometer hysteresis, temperature effects, and costs.

Tensiometers Without a Permanent Manometer
(Septum Tensiometers)
In an attempt to reduce costs, Marthaler et al. (1983)
proposed a mobile pressure transducer system. This type
of tensiometers is in wide use nowadays. Tensiometer
tubes without a manometer are installed in the soil, filled
with deaerated water, and plugged with septum stoppers.
A mobile electronic pressure transducer manometer is
connected to a syringe needle, which is stitched through
the septum to measure the pressure in the tensiometer.
Insertion of the syringe needle into a completely water-
filled system exerts a positive pressure and can significantly
alter interior pressure, which in turn drives a small amount
of water out of the ceramic cup. To avoid this, Marthaler
et al. (1983) recommend leaving a 2-cm high air bubble
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at the upper end of the tensiometer. Inserting the needle
into the air pocket below the septum leads to a moderate
increase in pressure, which again leads to a leakage of
water into the soil, resulting in a new equilibrium pressure.
Marthaler et al. (1983) estimated complete reequilibration
to take from 2 to 10 min. In practice, this type of tensiometer
needs careful and skilled operators. Otherwise, problems
with clogged needles, air leakage while boring through
the septum, air leakage by perforation of septums, and
temperature effects (Warrick et al., 1998) make readings
unreliable. Furthermore, the existence of an air bubble leads
to a dramatic worsening of the instrument’s sensitivity at
high suctions, as will be shown later.

Generally, these tensiometers may not be suitable for
precise measurements.

Pressure Transducer Tensiometers
In pressure transducer tensiometers, a metal membrane of
a permanently connected pressure transducer is deformed
by a pressure change. The electrical response can, for
example, be caused by a silicon crystal, onto which a
piezoresistive circuit is fused (Tandeske, 1991). Pressure
transducer tensiometers have a far higher sensitivity than
U-manometer tensiometer, and are nowadays widely used.
Further, they allow automated logging of the tensiome-
ter signal in almost arbitrary temporal resolution, which
enables us to measure the fast changes of the pressure sig-
nals in soils during transient flow processes, thus enhancing
our process understanding of water flow in soils. Following
traditional tensiometer designs, the early pressure trans-
ducer tensiometers had the manometer installed at the soil
surface as the tensiometer tip is transmitted by a water col-
umn to a manometer located at the soil surface. This makes
them very sensitive to temperature fluctuations, as will be
discussed below. Furthermore, their use at larger depths is
impractical.

Advanced Tensiometers
The most advanced way to measure pressures in tensiome-
ter cells is by electronic pressure transducers that are
embedded in the instrument directly at the ceramic cup.
Advanced pressure transducer-equipped tensiometers have
features that enhance measurement stability and control
(Sisson et al., 2002) such as: (1) integrated amplifier and
signal conditioning for the electric output, (2) temperature-
compensation and proximity to the porous cup, (3) filling
status indicator, (4) external in situ refilling, and (5) an inte-
grated temperature sensor in the porous cup for additional
control of temperature effects. Figure 2 shows the design
drawing of such tensiometers. Figure 3 shows two exam-
ples of commercially available modern tensiometers.

Self-filling Tensiometers
Recently, a self-filling tensiometer has become commer-
cially available (TS1, UMS, Munich, Germany). After dry-
ing periods, when the soil is rewetted by rain, an integrated

Ceramic cup

IR indicator

Filling-tube (marked blue or green)

Mark on shaft (must be on upside)

Air bubble
IR indicator

Water

Deairing-tube
(not marked)

Figure 2 Schematic of tensiometer head of a modern
pressure transducer tensiometer. A color version of this
image is available at http://www.mrw.interscience.wiley.
com/ehs

External refilling

Reference pressure

Cable gland

Acrylic glass shaft

Sensor body with amplifier

Sensor area

High-grade ceramic cup

(a) (b)

Figure 3 Advanced pressure transducer tensiometers.
(a) Pressure transducer tensiometer T8 by UMS. (b) Mini
tensiometer T5 by UMS (Reproduced by permission of
UMS Inc., Munich, Germany, 2004). A color version of this
image is available at http://www.mrw.interscience.wiley.
com/ehs

micropump, controlled by an onboard controller, starts to
suck the water from the soil into the tensiometer until the
whole interior is water filled again. The rate of water intake
can be concurrently used to estimate the unsaturated con-
ductivity of the surrounding soil.

Osmotic Tensiometers
Various designs attempt to extend the range of tensiometers
by filling the tensiometer with solutions made up of large
molecules (see Figure 4). Peck and Rabbidge (1969) used
polyethylene glycol with a molecular weight of 20 000 to
extend the measurement range to −15 bar. They stressed
the importance of temperature correction in this system,
since thermal transients give rise to expansion of both
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Aqueous solution

Rigid container
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membrane
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''O''-Ring seals

Figure 4 Schematic of an osmotic tensiometer. (Adapted
from Peck and Rabbidge (1969) with permission of Soil
Science Society of America)

the solution and the tensiometer cell, giving “spurious”
readings. Bocking and Fredlund (1979) investigated the
practicability of the osmotic tensiometer and concluded
that many difficulties stand in the way of a routine appli-
cation, amongst them leaking and drifting, slow response
time, and temperature dependence. Biesheuvel et al. (1999)
simulated the response of the osmotic tensiometer, incor-
porating membrane permeability, instrumental sensitivity,
differential temperature change, and osmotic pressure –
temperature dependency. They found reasonable accuracy
when comparing their model with results obtained from
a prototype that was exposed in a climatic chamber in
pure water. However, Gee and Ward (1999) conclude that
despite recent attempts with improved membrane materials
and sensor configurations, to date the problems of sensor
drift and leakages of the osmotic solutions remain unsolved,
and no commercially osmotic tensiometers are presently
available.

Measurement Practice

Good measurement practice with tensiometers requires
knowledge on proper installation and maintenance, and
interpretation of the signals. The specific measurement
characteristic and the practical functioning of a tensiometer
will depend on a variety of factors. Among those is the
type of pressure sensor, the size and type of the porous
cup material, the amount of water and air inside the
tensiometer, and the contact between the tensiometer and
the surrounding soil.

Soil-tensiometer Contact
For any instruments for soil water potential measurement,
the hydraulic contact between the tensiometer cup and the
soil is essential for a proper operation. If the tensiometer
cup is pressed in a predrilled hole that is slightly narrower
than the diameter of the cup itself, this contact is generally
sufficient. In stony soils, this practice might, however, not
be feasible. In these cases, either a slurry of local sieved fine
soil or else a silty contact material can be used to provide
contact in a predrilled access hole of larger diameter. Sand
cannot be used as contact material, since the hydraulic
contact at lower potentials gets essentially lost owing to the
steep decrease of sand’s unsaturated conductivity. Clay and
loam material is also not recommended, since it hampers
the fast equilibration at high potentials because of its low
saturated conductivity, and, further, is likely to shrink when
the soil is drying, thus creating an isolating crevice between
the soil and the tensiometer cup.

Response Times
The response time of a tensiometer is determined by the
sensitivity S of the reading and the resistance R of the
cup/soil system against water flow (Flühler and Roth, 2004)

tr = R

S
(4)

where the sensitivity S is defined by equation (1), and the
resistance of the cup is given by

R = 1

kcup
= dmembrane

Acup·kmembrane
(5)

In (4) and (5), tr is the response time (T), S is the
sensitivity of the reading with respect to volumetric water
exchange between soil and instrument (M L−4 T−2), R is
the hydraulic resistance of the porous cup (L4T M−1), V is
the volume of Water (L3), kcup is the hydraulic conductance
of the cup, dmembrane (L) is the thickness of the cup, Acup

(L2) is surface the of the cup, and kmembrane (L2T M−1) is
the hydraulic conductivity of the cup material. In the early
water tensiometers and mercury tensiometers, the response
times were slow, even in wet soil, because the sensitivity
S was low. Advanced tensiometers, which have very small
water reservoirs and highly sensitive pressure transducers
nowadays have response times in the range of seconds, if
measurements are done at wet soil conditions. A further
improvement in the response characteristic of tensiometers
results from minimizing the flow resistance of the porous
cups. This is achieved by “high flow” material, where the
bulk of the porous cup is made of a material with large
pores, and just a skin on the outside of the tensiometer
has pore sizes in the required range of small pores. In
relatively dry soil, however, the response time of the
instrument is primarily affected by the resistance of the
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soil to unsaturated water flow around the tensiometer cup.
This leads to response times in the range of minutes in the
intermediate moisture range, up to days at the dry range.

Temperature Influence on Readings

Temperature changes and the formation of gas bubbles
pose particular problems for tensiometric measurements.
Temperature changes may cause spurious readings, because
they affect the calibration of the pressure sensor, the
expansion of the tensiometer shaft and the cup material,
and the expansion of water. The combined effect is not
easy to correct. Air-temperature fluctuations in the exposed
head space of the tensiometer can cause large air-pressure
changes, leading to misinterpretation of the soil water
potential (Butters and Cardon, 1998). Warrick et al. (1998)
showed in the limiting case of zero conductivity around
the tensiometer cup that a cyclical variation of temperature
of 35 ± 15 ◦C leads to variations in water pressure inside
the cup of ±70-cm water head. While cup impedance was
found to be a negligible factor, their analysis suggested
that conductivity of the soil immediately around the cup
is the main factor governing temperature-induced pressure
fluctuations inside the cup.

Frost

Measuring matric potentials at temperatures below 0 ◦C is
a challenge, since water in the tensiometer, which acts
as pressure-transmitting agent freezes and the tensiometer
fails. In some instances, the use of a glycol-water mixture
or the combination of water in the measurement cell with
oil above it toward the surface has been proposed. Finally,
for larger depths ahead of the freezing front, it would
be possible to obtain measurements with an advanced
tensiometer (no continuous water column to the surface).

Formation of Gas Bubbles

If a tensiometer reading approaches its minimum pressure,
gas bubbles (air or water vapor) may come into play,
which reduce the sensitivity of the system. A large gas
bubble in the system essentially deactivates the reaction.
Gas entry can be caused by (i) exceeding the air entry value
of the membrane, (ii) aggregation of small air bubbles,
which result from dissolved air in the water that has been
filled into the tensiometer, (iii) air that diffuses through
the porous membrane, in particular over long measurement
times, and (iv) by reaching the boiling pressure of the
soil water. To reduce the effects of gas bubble formation
within the tensiometer during a long-term operation, air
stripper tensiometers have been introduced using a stripper
tube in the porous cup to continually remove air (Miller
and Salehzadeh, 1993). The tube contains droplets of
water (“wet vacuum”) to minimize net diffusion of water
molecules into and out of the tube.

Tensiometer Performance in Drying Soils

When a soil is drying, the response times of tensiometers
can become much longer, in particular, if their sensitivity
is not high. In general, the decrease in performance is not
caused by the conductance of the porous cup, but rather
by the decreasing conductance of the surrounding soil,
which becomes the limiting factor. The deterioration of
the response characteristic in drying soils is, in particular,
dramatic in cases where there is an air bubble in the
head space of a tensiometer, as recommended for stitch
tensiometers, since the expansion of the air bubble causes
the sensitivity of the instrument to continuously decrease
with increasing tension.

This is illustrated in Figure 5, where the interplay
between the matric potential and the tensiometer response
in a drying soil is modeled. The simulated domain is 2-D
in cylindrical coordinates, with a depth of 100 cm and a
radius of 75 cm. The tensiometer has a length of 30 cm
and is placed 25 cm in the soil, with a porous cup of
50 mm length and 12.5 mm radius at its end. The ten-
siometer is originally filled with air-free water, but has
an air bubble of 1-cm length at the top. The soil is
a silty loam with a homogeneous initial capillary pres-
sure of −10 kPa. Drying takes place with a transpiration
rate of 5 mm day−1 through root water uptake, with roots
being equally distributed along the upper 50 cm. Figure 5(b)
shows how the tensiometer cup short-circuits pressure dif-
ferences along the drying front in the surrounding soil
matrix. With ongoing drying of the soil, the expansion of
the air bubble in the tensiometer causes water to leave the
tensiometer, but this effect is negligible up to a pressure
of −50 kPa at about 12 days. After that, the unsaturated
water flow in the soil surrounding the tensiometer is no
longer high enough to keep the tensiometer reading in
equilibrium with matric potential at some distance from
the instrument. From then on, the tensiometer acts more
and more as a local irrigation device, and the true pres-
sure deviates far from the measured pressure. This analysis
confirms experimental results by Reece (1996) who com-
pared HDS measurements with tensiometric measurements
and found tensiometers to be less responsive and mea-
suring less negative potentials in the range from −70 to
−90 kPa.

The important point is that there is no indication from
the tensiometer reading itself about this deviation, except
from the observation of an increasing length of the air
bubble. The extent of these kinds of deviations in a specific
practical situation depends on factors such as soil type (in
particular, unsaturated conductivity), rate of transpiration,
and root distribution.

The systematic deviation between true soil state and
tensiometer reading can be amended to a large extent by
the use of advanced tensiometers. This is illustrated in
Figure 6, which shows typical tensiometer readings during
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a vegetation period. The accordance of the readings of the
instruments that are placed in parallel at 20 cm and 40 cm
depth is excellent. Second, we see the influence of root
water extraction in the form of daily oscillations. In the
early period, when the roots are just in the upper soil, only
the tensiometers at 20-cm depth show this influence. At
later time, the roots’ influence can be seen at the depths of
40, 60, and finally also at 80 cm. Upon close inspection,
one sees that the two tensiometers at 40-cm depth are
not equally affected by the roots, which indicates local
differences in root activity in the direct vicinity of the two
tensiometers.

Since defervescence cannot be avoided on the long range,
boiling occurs in the tensiometer once its measurement
range is reached. For the uppermost tensiometers, this
is the case around May 27. Then, the build up of the
vapor phase inside the membrane leads to water flowing
out of the tensiometer, wetting the surrounding soil. The
pressure inside the tensiometer will remain at the level of
the temperature-dependent vapor pressure until all water
inside the cup has evaporated. The pores of the membrane
remain water filled (Figure 6).

When all water inside the porous cup has been absorbed
by the soil, the water release from the porous membrane
to the surrounding soil ceases and water potential starts
to drop quickly. Soon the air entry point of the largest
pores in the membrane is reached and some pores become
conductive to air. This leads to ventilation of the cup, and

the pressure inside the tensiometer cup rises steeply until it
reaches atmospheric pressure. For the depicted tensiometers
at 20-cm depth, this is the case on June 7. After that, the
instrument can only be used if the cup is again filled with
degassed water.

GYPSUM BLOCKS AND OTHER REFERENCE
POROUS MEDIA

Measurement of soil matric potential in the intermediate
pressure range between tensiometric (0 to −90 kPa) and
field psychrometers (500 to 50 000 kPa) poses experimen-
tal challenge. Limitations in obtaining direct measurements
resulted in reliance on alternative methods based on mea-
suring water content or water content–related properties in
well-characterized reference porous media that are in hydro-
static equilibrium with the surrounding soil. Typically, these
methods require calibration to infer matric potential from
the sensor response. Wettable porous media with pore-size
distribution that leads to continuous and repeatable desat-
uration of water in the matric potential range of interest
may be used for this purpose. The requirements for the
porous materials to equilibrate with soil is a major obsta-
cle for using these sensors in processes with high temporal
dynamics. In particular, a mismatch between the pore-size
distributions of the sensor and the soil can lead to hydraulic
decoupling of the sensors, which is mostly relevant to
coarse-textured soils (Wraith and Or, 2001).



SOIL WATER POTENTIAL MEASUREMENT 9

0

100

200

300

400

500

600

700

800

900

17.4. 24.4. 1.5. 8.5. 15.5. 22.5. 29.5. 5.6.

P
re

ss
ur

e 
he

ad
 (

hP
a)

TS 1 [20 cm] TS 2 [20 cm] TS 3 [40 cm] TS 4 [40 cm] TS 6 [60 cm] TS 8 [80 cm]
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(May 6, May 13) and some rain events (e.g., April 23, May 20). Two replicate tensiometers were installed at 20-cm depth
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the surrounding soil. The decrease of the depicted head, which is the difference between atmospheric pressure pa and
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Classic porous reference materials are blocks of gypsum,
fiberglass, or nylon. Recently, granular matrix sensors have
become available, which consist of gypsum wafers embed-
ded in granular matrix (Scanlon et al., 2002). Measurements
of water content are obtained either by electrical resistance,
heat dissipation (see next section), or by measuring the
electromagnetic properties of the reference porous medium.
Gypsum blocks with embedded electrodes to measure the
electric resistance have been used for more than 60 years in
agricultural applications (Buoyoucos and Mick, 1940). The
electrical conductivity in these blocks is buffered by the
ion strength of the saturated gypsum solution (∼0.2 S m−1).
This is contrary to nylon and fiberglass blocks, where
the electrical conductivity is dependent also on the ionic
strength of the soil solution. The problems of these sensors
are a limited temporal stability, a long response time, appre-
ciable hysteresis, and the need for individual calibration.
Furthermore, the measurements are temperature dependent

and must be corrected accordingly. Handling and disad-
vantages of these probes are well known and documented
(Scanlon et al., 2002), and it appears that not much devel-
opment has taken place during the last decade.

More recently, activities have been directed toward
methods where the water content of the reference porous
medium is obtained from its dielectric permittivity (Or
and Wraith, 1999; Wraith and Or, 2001). In 1996, Delta-T
Devices introduced the so-called “equitensiometer”, where
a capacitance probe is embedded in a porous matrix.
Noborio et al. (1999) embedded a portion of a TDR probe
in porous gypsum, with the remainder of the electrode rods
surrounded by soil. The signal travel times through the
two sequential media were separately analyzed to obtain
their respective apparent dielectric constant. The electric
permittivity of the porous gypsum was calibrated against
water content in the pressure plate apparatus. Or and Wraith
(1999) introduced a TDR-based sensor, where disks of
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porous ceramic and plastic, having a variety of pore sizes
from 120 to 0.6 µm, were stacked within a coaxial cage.
The pack was brought in in hydraulic equilibrium with
the surrounding soil and its water content measured by
TDR. The relationship between integral water content and
water potential of the sensor’s porous matrix was initially
calibrated and subsequently used to infer the matric head
of the surrounding soil. Both the studies of Or and Wraith
(1999) and Noborio et al. (1999) identified a need for
porous materials having a wide range of pore sizes. Or
and Wraith (1999) reported a trade-off between the sensor’s
matric potential range and its sensitivity to changes in the
surrounding soil. To provide a flexible alternative to probes
constructed using porous disks, Wraith and Or (2001)
proposed that previously characterized porous media having
similar particle and/or pore-size distributions as those of
soils or other media under investigation, may be used as
the porous matrix for TDR-based water potential sensors.

HEAT DISSIPATION MATRIC POTENTIAL
SENSORS

Similar to gypsum blocks and granular matrix sensors,
HDSs infer water potential by measuring a water con-
tent–dependent property in a porous medium, which is in
hydraulic equilibrium with the surrounding soil. Fredlund
(1992) compiled a brief historical review of HDSs showing
that already 75 years ago Shaw and Baver (1939) demon-
strated that soil water potential could be inferred from the
rate of head dissipating into the soil. A HDS consists of
a heating element and thermocouple embedded within a
porous ceramic matrix (Phene et al., 1971). The measure-
ment is based on the rate of temperature rise from a line
heat source, embedded in the cylindrical porous ceramic.
The rate of heat dissipation in a porous medium is depen-
dent on specific heat capacity, thermal conductivity, and
density. Since these properties are greatly affected by the
water content, heat dissipation can be related by a calibra-
tion relation to water potential.

Reece (1996) presented a thorough analysis of HDSs and
concluded that the range of measurable matric potentials
lies between −10 and −1000 kPa. In a comparison with ten-
siometers and psychrometers, he found that at no time did
HDS response appear to lag tensiometer or psychrometer
measurements under wetting or drying cycles (Figure 7). A
significant advantage of HDSs is their insensitivity to solu-
tion salt content, in contrast to electric conductivity–based
sensors. Additionally, sensors are relatively inexpensive
(<$100 per sensor, Flint et al., 2002). Often, variations in
heat transfer properties between heater and ceramic of dif-
ferent sensors necessitates individual calibration. Flint et al.
(2002) developed a normalization procedure that simplified
calibration and presented temperature correction, using sen-
sors from three sources and different calibration methods.
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Figure 8 Schematic of heat dissipation sensor CSI 229
(Reproduced with courtesy of Campbell Scientific Inc.,
Logan, UT, USA)

The normalized calibration resulted in a mean absolute error
of 23% over a matric potential range of −0.01 to −35 MPa.

Commercial availability of sensors is listed in Flint et al.
(2002) and Scanlon et al. (2002). Sensors available from
Campbell Scientific, Inc. (CSI, Logan, UT) measure matric
potential in the range of approximately −0.01 to −100 MPa
with sensitivity proportional to matric potential value.
Resolution is approximately 1 kPa at matric potentials
greater than −0.1 MPa and is capable of responding to
changes in the matric potential of dry soils (see Figure 8).

VAPOR PRESSURE–BASED METHODS AND
THERMOCOUPLE PSYCHROMETRY

Psychrometric measurements are based on equilibrium
between liquid soil water and water vapor in the ambient
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soil atmosphere. Water potential in the air phase is related
to relative humidity, RH, through the Kelvin equation (Or
and Wraith, 2002)

RH = e

e0
= exp

(
Mwgh

RT

)
(6)

where e is water vapor pressure, e0 is saturated vapor pres-
sure at the same temperature, Mw is the molecular weight of
water (0.0018 kg mol−1), g is the gravitational acceleration
(9.81 m s−2), h is the water potential per unit weight (m),
R is the ideal gas constant (8.31 J K−1 mol−1), and T is the
absolute temperature (K). The relative humidity of the air
can be determined from the dew-point temperature, using
a chilled mirror. In water activity measurement devices
(Decagon Inc., Pullman), water potential is measured by
equilibrating the liquid-phase water of a sample with the
vapor-phase water in the headspace of a closed chamber. A
thermoelectric (Peltier) cooler controls the mirror tempera-
ture. A beam of infrared light is directed onto the mirror and
reflected back to a photodetector, which detects the change
in reflectance when condensation occurs on the mirror. A
thermocouple attached to the mirror accurately measures
the dew-point temperature.

Psychrometers measure the difference between a dry
bulb and wet-bulb temperature. The dry bulb is at the
temperature of the surrounding soils, the wet bulb at
the temperature of an evaporating surface. The lower the
humidity, the higher will be the rate of evaporation from
the wet bulb, and thus the temperature depression below
ambient. Since air is an effective diffusion barrier for
most solutes, the corresponding water potential includes
the osmotic and the matric potential. Rearranging (6) and
taking a log-transformation leads to

h = RT

Mwg
ln

(
e

e0

)
(7)

For the range of e/e0 near 1, which is usually encountered
in soils in humid climates, equation (7) can be simplified to

h = RT

Mwg

(
e

e0
− 1

)
= 0.471 · 106 T

(
e

e0
− 1

)
(8)

for h in m.
A thermocouple psychrometer consists of a fine-wire

chromel-constantan or other bimetallic thermocouple. A
thermocouple is a double junction of two dissimilar metals.
When the two junctions are subject to different tempera-
tures, they generate a voltage difference (Seebeck effect).
Conversely, when an electrical current is applied, the junc-
tion is heated or cooled, depending on the direction of the
current (Peltier effect). For typical soil use, one junction
of the thermocouple is suspended in a thin-walled porous
ceramic or stainless screen cup buried in the soil, while

another is embedded in an insulated plug to measure the
ambient temperature at the same location (Figure 9). By
an electrical current, the suspended thermocouple is cooled
below the dew point until water condenses on the junction.
The cooling current then stops, and as water evaporates,
it draws heat from the junction, depressing it below the
temperature of the surrounding air until it attains wet-bulb
temperature. The difference in temperatures between the
wet and dry bulb is related to the relative humidity by the
psychrometer equation

e

e0
= 1 −

(
s + γ

e0

)
�T (9)

where s is the slope of the saturation water vapor pres-
sure curve (s = de0/dT ), γ is the psychrometric constant
(∼0.067 kPa K−1 at 20◦C), and �T is the temperature dif-
ference (K) between the dry and wet bulb.

An accurate determination of the temperature difference
plays a critical role in psychrometric water potential deter-
mination. For water potential measurements to be accurate
to ∼ 105 kPa, temperature difference measurements need to
be accurate to 0.005 ◦C. Psychrometers are therefore highly
susceptible to thermal gradient effects and do not perform
well at shallow soil depths. The necessity of equilibrium of
different phases further causes a relatively slow response
time. When the osmotic potential is negligible, the soil
water potential measured by a psychrometer is nearly equal
to the soil matric potential. In principle, soil psychrometers
may be buried in a soil and left for long periods, although
corrosion is a problem in some environments.

PotentiaMeter (model WP4, Decagon, WA) is a new
device for rapid measurement of water potential using the
chilled-mirror dew-point technique (described above) (see
Figure 10). The vapor pressure in the headspace above
a thermally equilibrated soil sample is computed as the
saturation vapor pressure at dew-point temperature; with
known sample temperature the water potential in the sample
is determined as discussed in psychrometric measurements.
Since both dew-point and sample surface temperatures are
simultaneously measured, the need for complete thermal
equilibrium is eliminated, and measurement time is reduced
to less than five minutes. Readings are provided directly
in MPa with accuracy for water potential range of 0 to
−10 ± 0.1 MPa, and from 0 to −60 MPa ±1%.

CONCLUDING REMARKS

In contrast with soil water content sensors, no single matric
potential sensor is currently capable of covering the entire
range of interest (10−1 –102 kPa tensiometers; 101 –105 kPa
reference porous media; and 105 –108 kPa thermocou-
ple psychrometers). The gap in measurement capabili-
ties of these two important soil attributes is accentuated
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Figure 10 WP4 Dewpoint PotentiaMeter (Reproduced
with courtesy of Decagon Devices Inc., Pullman,
WA, USA). A color version of this image is available at
http://www.mrw.interscience.wiley.com/ehs

by rapid developments in water content detection using
electromagnetic methods (TDR and other noninvasive
microwave methods). Some progress has been made in
the reliability and ease of use of tensiometers, which have

evolved and are now considered among the most accurate
and reliable soil hydration status measurements. Their lim-
ited measurement range, however, remains a severe limita-
tion for field and laboratory studies.

Indirect methods, especially those based on hydraulic
equilibration with reference porous media remain limited
by technical challenges. It is to be expected that the
combination of different porous materials in EPM, and the
use of TDR or the use of HDSs to determine their composite
water content, will bring certain progress. If the problem of
a fully reproducible packing technique can be solved, the
method proposed by Wraith and Or (2001) appears to be
very promising. For the present, we concur with Smiles
(2001), who claims that it “remains a challenge that there
are still no good methods to measure suction in the field
over any length of time, and comments on the osmotic
tensiometer remain pertinent”.

Finally, while water content measurements methods
are rapidly evolving toward noninvasive estimation of
water contents over large areas and large soil volumes
(ground-penetrating radar, electrical tomography, passive
microwave radiation), the methods for soil water energy
state remain restricted to point measurements.
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MANUFACTURERS

A broad overview over suppliers of soil water content
sensing is given by the SOWACS web page (http://www.
sowacs.com/suppliers/index.html). Instrumentation
for water potential measurement can be found at

• Adcon’s Electrotensiometer (http://www.adcon.
com/) has a standard ceramic cup, but the signal from
the vacuum sensor above the water-filled tube is con-
ditioned to be compatible with Adcon’s data acquisi-
tion units.

• Campbell Scientific Inc. manufactures dataloggers,
data acquisition systems, and measurement and control
products, and the heat dissipation matric water poten-
tial sensor.

• Decagon Devices Inc. (http://www.decagon.com/)
produces and sells water activity meters.

• Delta-T Devices Ltd (http://www.delta-t.co.uk/)
offer a range of electronic, pressure transducer ten-
siometers, including miniature and rugged-use mod-
els. Typical usage is in multiple arrays, automatically
recorded by a field data logger.

• Earth Systems Solutions (http://www.earthsystem
ssolutions.com/) are the American distributors for
various SDEC (French) tensiometers including acces-
sories and electronic transducers for continuous logging.

• Irrometer (http://www.irrometer.com/). Original
American Suppliers since 1951. They also produce the
Watermark sensor.

• SDEC’s Tensionics (http://www.sdec-france.
com/us/index.html). A French company that also
makes a capacitance sensor. They also have a “Ten-
siometer” (electronic readout unit), which is designed
for use as a portable gauge for use with tensiometers.

• SoilMoisture Equipment Corporation (http://www.
soilmoisture.com/) supply tensiometers as well as
many other devices for monitoring soil and plant water
potential Suppliers index.

• UMS Inc. Munic, Germany, (http://www.ums-muc.
de/), produce a variety of high-quality tensiometers,
including the new self-filling type TS1.

FURTHER READING

Dane J.H. and Topp G.C. (2002) Methods of soil analysis.
Physical Methods, Part 4, SSSA Book Series No. 5, Soil
Science Society of America: Madison.
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