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As psychrometers for measuring soil water potential
become readily available, scientists are increasingly in-

. terested in utilizing the technique. Qur purpose in the
following pages is to suggest some useful applications of _
this method for studying the properties of soil and re- -

lated systems. We will also point out some of the present

limitations so that persons beginning work in this area
may make the best possible use of their initial efforts,

There are three general arcas in which psychrometer .
measurements of soil water potential may . be useful:
(1) the analysis of water flow, (2) characterizing the
state of the soil-water system through thermodynamics,
and (3) water potential correlation with observations
of biolopical responses. Because of the information
already available, it is particularly important that careful
.planning precede experimental work on soil water flow
and soil thermadynamics. Considerably Jess is known
about the correlation of soil water potential and bio-
logicat activities. in soil. Experiments in this erca can-
not be planncd as objectively, but should still be based
upon all the principles and rclated responses that are
presently recognized.

WATER POTENTIAL AND SOME GENERAL
EFFECTS OF SOilL VARIABLES

Soil water chemical potential, by definition, is the
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change in total free energy of a system resulting from a
change in water content as all other quantities and vari-
ables remain constant:
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where g, is the chemical potential of soil water, G is the
free energy of the soil, and n. is the water content in

"moles. "It is not possible to assign a unique numerical
value to p., but differences in chemical potential may
be evaluated by using the psychrometer and the ap-
proximate relation,
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where R is the gas constant. T the tempeorature in °K,
and e the vapor pressure. Because of the rather Joose
nomenciature of soil water energy or soil water potential,
the quantity Ap,. Is sometimes crroucously thought of

as the difference in free energy between water mole-
culcs in the soil and molecules in pure water. From the
definition (equation {I]), this physical interpretation
is obviously incorrect since the free energy of the system
includes not only the change in the energy of the water



molecules added to the system, but also chuanges in the
energy of surface intecfaces, dissolved molecules and
ions, and all other cntittes in the sod whose energy
state are affected by changes in the water content (Cary
et al. 1964). :

The soil water energy or potential may or may not
include a gravitational potential component, depending
on the coavenience of the investigator. However, it al-
ways includes osmotic contributions from dissolved ma-
terial, interfacial encrgy contributions from the air-
water and solid-water interfaces, and the contribution of
ambient pressurc. The temperature of p. and 2,° is
necessarily taken as constant (equation [2}). The po-
tential changes from interface phenomena are called
maltric potential, and can be measured with tensiometers
or pressure plates. Changes from dissolved components
are called osmotic potential, and can be estimated from
electrical conductivity measurements and chemical an-

- alysis (Rose 1966).
The effects of common variables on soil water po-
" tential are generally similar, but not exactly the same as
their effects on pure water. For example, increasing the

(eguation [2b]), it is apparent that psychrometer meas-
urements alone wili not indicate the amount of water
flow or even the direction of net movemerit. Additional
information on matric or osmotic potentials is always
needed (Hagan et al. 1967).

Liquid water flow under constant temperature con.
ditions generally obeys Darcy’s law in one dimension
{Childs 1969, Hiliel 1971, Rose 1966).
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where Q is the flux of water, K the hydraulic or capil-

_ lary conductivity, ¢, the matric potential (in cm water), .

ambient pressure in soil increases the soil water poten-

tial. Adding soluble salt to the soil decreases the soil
water potential. However, the amount of decrease may
be. different from that of 2 pure water system because
of the possibilitics of precipitation effects from other
salts already in the soil, and of soil particle dispersion
or flocculation which can change the matric component.
Adding water to soil increases the water potential, but
the rclationshiv between soil water content and soil
water potential is not unique, showing significant hys-
teresis over the whole range of soil water contents. In-
creasing the temperature of pure water decreases its
chemical potential. No such simple relationship exists
for changing the temperature of the soil water system
because temperature also affects the surface tension of
the soil solution, the volume of any entrapped air, and

the solubility of salts (Childs 1969, Hagan et al 1967, .

Hillel 1971, Rose 1966). The time required to reach
complete equilibriumn in soil may be a deceptive factor
when attempting to make exacting measurements of the
effects of changes in these variables., The large surface
area of soil, the activity of microorganisms, and the slow
rate of some chemical reactions, particularly with silica,

may create conditions which require weeks for true

equilibrium to develop.

WATER FLOW IN POROUS MEBIA

Water flows through soil in both liquid and vapor

phases. Flow in the vapor phase is by diffusion along
vapor pressure gradients, or by viscous flow of soil-air
"along ambient pressure gradients. Liquid phase flow
may arise in varying degrees from gradients of matric
potcntial, gravitational force, temperature diffecences,
-and osmotic gradients. Since the psychrometer measures
the water vapor pressure in the soil, which may be inter-
preted as the sum of matric and osmotic potentials
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Y Is the gravitational potential (cm water), and z the
depth.: Two thermocouple psychrometers spaced vertic-
-ally in the profile will allow estimation of 3¢,/dz only
if the salt content of the soil solution causes a negligible .
osmotic potential, i.e. less than 5% of the total water
potential. In this casc if the temperature is uniform, the
direction of liquid flow can be determined. The flow
rate cannot be calculated unless the hydraulic conduc-
tivity is known. a
When flow rates are relatively. large, the soil water
contents are near saturation and the matric potential
near zero. Most instances of important flow during in-
filtration are in response to small vatues of 3 y,/3z. To -
measure this gradient accurately, with a spacing of 10 -
cm between measurement points, requires a matric po-
tential accuracy of -50 cm of water (0.05 bars), which
is beyond the capability of present thermocouple psy-
chrometers, - ' .
When the values of the matric potential pradients
are relatively large, such as during soil druinage and
drying, the flow rates are quite small. The water con-
tents are lower and the hydraulic conductivities are very
small and difficult to measure. Thus the calculated flow

-rates may- be quite inaccurate even though the value of

3yy/d2 is accurately measured. The psychrometer may -
be useful in measuring 3¢,/9z under some of these .
conditions when the matric potentiat is less than -1 bar -
and tensiometers cannot be used. Psychrometer data
must, of course, be supplemented by simultaneous meas-
urements of the osmotic potential in order to arrive at
values for 3y,/3z. Tngvalson et al. (1970} have devel-
oped an instrument where the thermocouple psychro-
reter is combined with a salinity sensor. This allows
for estimation of the water potential and osmotic po-
tential at the same location, which may prove helpfut
in this type of situation.

In general, it appears doubiful that thermocouple
psychrometers will be as useful as teasiometers in meas-
uring liquid water flow under isothermat conditions un-
less some significant breakthrough develops which im-~
proves their accuracy by an order of magnitude. Psy--
chrometers may be used to indicate the direction of
liquid water flow beyond the range of tensiometers pro-
vided the salt content of the soil solution is known from



independent measurements, and the temperature is uni-
form.’
" An equation often used to characterize water vapor
flow in one dimension is:

aov
= - |[—= + -
9y b. Az pv Va {4}

where q. is the vapor flux, IF the effective water vapor
diffusion coefficient in soil, p, the water vapor density,
and v, is the average velocity of the soil air. Thermo-
couple psychrometers, in theory, may provide measure-
ments of 3p./3z and p.. However, over the range of
soil water potentials where psychrometers function well,
the change in water vapor pressure is relatively small.
Significant water vapor flow occurs in scils through the
soil surface where water potentials may be as low as
-1000 bars, well beyond the range of present thermo-
couple psychrometers. Since the water vapor density of
soil air is expsaentially dependent on temperature, the
vapor flow in resposse to temperature gradients that
normally occur in soils is generally much larger than
flow under isothermal conditions in the psychrometer
range. For cxample, a temperature difference of 0.2°C
will cause a vapor density gradient equivalent to a
water potential difference of 15 bars. It is obvious that
-psychrometers that are accurate in the very dry soll
range need to be developed and used in conjunction with
temperature measurements to arrive at the values of py
needed for equation [4]. Hygrometers, which do not
function well in the thermocouple psychrometer range,
may prove vseful in the dry soil range (Campbell et al.
1971, Richards and Decker 1963). '

“To bring the preceding discussion into perspective, -

one should be aware of the relative magnitude of soil -

water flow under various conditions. Four divisions may

'be conveniently considered: infiltration of surface water, .

" fiow to plant roots, flow in drier soil, and flow in frozen
soil.
Infiltration rates of water into soils may vary from
" as much as 100 em hr~! to as low as 0.01 cm hx—!?
with the most common soils grouped around 1 ¢cm hr~*%
Water flow above the wetting front is predominantly in
the liquid phase, responding to the sum of the matric and
gravitational potentials. During infiltration the soil
water content near the surface is usually near saturation,
with relatively large hydraulic conductivities and hyd-
raulic head gradients approaching 1.0 cm of water per
cm of depth. : :
Water uptake rates by plant roots are normally much

less than infiltration ratcs. The combined water uptake -

by the root systzm of a complete plant cover will norm-
ally be Iess than 1 em day =), If a water table exists near
the plant roots, or the soil water contents are high,
liquid water fiow to the plant roots in response to matric
potential gradients will be the principal transfer mech-
anism. If no water table or restricting soil layer exists,
water will redistribute within two or three days after
irrigation to the so-called *field capacity” condition.
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The liquid water flow thercafier may be quite low, in,
the neighborhoad of a miltimeter or less per day. Water
flow to plant roots will then oceur over only short dis-
tances of a few centimeters, but for several weeks plants
may transpire water at rates near that of free water
evaporation from the surface, provided the roots are well
distributed throughott the profile. Even if roots are not
well distributed, root growth into moist soil may be suf-
ficiently great to keep up with the evaporative demands
of the atmosphere. '

Water flow through the soil becomes less than 0.1
mm day=! in the dricr range at soil water potentials
below those needed to maintain transpiration at a rate
near the demand of climatic conditions. This breaking
point depends on the soil physical properties, and may
occur at -0.5 bar matric potential in sands to as low as
-5 bars matric potential in clays. However, even when
the soil is dry, water flow in the top 15 cm near the
surface may be quite active under some microclimatic
conditions. Water will move out of this region as a
vapor in response to large water vapor density gradients
and ambient pressure fluctvations arising from air tur-
bulence across the soil surface. This may occur along
high water potential gradients of the order of 100 bars
cm~!. The total water flow by this mechanism can be.
relatively large over a year, depending on the frequency
of wetting and drying cycles. With one wetting and
drying cycle, total water flow from the. soil to the atmos-
phere may be around 2 ¢m in many situations (Hagan
et al 1967, Hillel 1971, Rose 1996). : '

Water {flow in frozen soil may be significant, varying
from less than a 0.1 mm per day to as much as 1.0 cm
per night under some special short term conditions. The
flow eceurs primarily in the liquid phase, moving in un-
frozen films along temperature gradients into the coldest
areas. Ice freezes out of the soil solution in a pure
state, and since its vapor pressure is lower than that of
supercaoled water, the ice determines the water vapor
pressure in the soil. As ice crystals form in the soil pore
spaces, the soluble salfs are concentrated in the un-
frozen films which soon fall to the same vapor pressure
as pure ice. While the water potential in frozen soil is
important in determining flow, it is easier to obtain from
accurate temperature measurements and handbook
values of ice vapor pressure than from psychrometers
(Hoeckstra' 1966, Cary and Mayland 1971).

DETERMINING THE STATE OF THE SOIL WATER
SYSTEM FROM THERMODYNAMIC FUNCTIONS

_The potential use of psychrometers to determine
s0il thermodynamic functions appears-to be extensive,
particufarly as refinements are made that increase the
range and accuracy of vapor pressure measurements,

One area of interest rises from the Gibbs-Duhem rela-
tion:

...nw du‘%r = nl dul <+ oDy dui [5]



Since the psychrometer is capable of measuring the
chemical potential of soil water, equation [53] suggests
a namber of possibilities for arriving at the chemical
potential and activitics of ionic species dissolved in the
soil water system, Such information is needed in studics
of solubility and equilibriumt constants, as well as for
reaction rates and Kiaetics. Of course the psychrometer
is already used to measure osmotic potentials of solu-
tions and to infer the concentrations of these solutions.

Because the change inschemical potential with tem-
perature gives the negative of the partial molar entropy,

Buw
T Pn

[6]
i

where § is the partial molar entrcpy of the soil water,

a number of thermodynamic functions can be evaluated.
Once the differential entropy is calculated, changes in
enthalpy follow from

Ay = AH - TAS
w W W

where H, is the partial molar enthalpy of the soil water.
While the psychrometer may be used directly in calcu-
lating these quantities, it might also be used indirectly
through equation [5] to assist in the calculation of diff-
crential entropies and cnthalpies of other chemical
species in the system (Guggenheim 1957).

Partial molar values of entropies and enthalpies cal-
culated from equations [6] and [7] are difficult to
interpret in terms of a physical model. They are, by
definition, slopes of a line at a particular point and do
not give any information about the average magnitude
of the entropy cr enthalpy of the system. The best use
of these quantitics may eventually come in testing parti-
tion functions developed from statistical mechanical
modcls of soil water films (Eisenberg and Kauzmann
1969). o
More uscful quantities, in terms of physical inter-
pretation, are integral entropies and enthalpies. Integral
quantities may be calculated from the Gibbs’ surface
© gxcess equation and vapor pressure measurements of the
soil system at varying water contents:

e

dA = RT de [8]
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where ®A is often called the surface potential, and w is
water content by weight. This function may then be
used in combination with either heat of wetting data as
affected by water content, or vapor pressuse data as
affected by temperature, in simple cquations to calcu.
late integral values of eatropy and enthalpy. These
values give some idea of the average value of enthalpy
and entropy and the structure of the surface film. While
integral quantities are casier to interpret in terms of

7}

other components in the system, leaving ample room
for future theoretical and cxpzrimental development
{Cary et al. 1964, Kohl et 2. 1904). .

Tt has been known for many years that the concen-
trations cf solutes at the air-water interface are not the
same us their concentrations in the bulk sotution. This
concentration in the interface is generally called the
surface excess and is a function of the chemical poten-
tial and the surface tension:

’

39
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where I" is the surface excess, and o is the surface ten- -
sion. Because of the large air-water interface area in
unsaturated soil, it is fikely that both surface excess and
surface tension atfect, as least indirectly, most physical
and biological processes in the soil. Since they are
uniquely rclated to the chemical potential of water in
the system, the psychrometer offers uncxplored poten-
tial. The psychrometer may zlso prove useful in the
study of some of the other rather special thermodynamic
concepts in surface chemistry, such as changes in the
energy, entropy, and enthalpy of the surface phase.
Some theorctical development in this area is already
available, and of course the chemical potential of the,

[9]

I =

. water is involved in these relations (Adamson 19480).

phvsical propertics of the soil water solution, a number -

of assumptions are invalved conceming the inertness of -
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In general, the use of psychrometery in soil thermo-
dynamics is largely unexplored at the present time, It
is an area in which significant scientific advancement
appears possible both in the development of theory and
experimental techniques (Adamson 1960, Cary et al.
1964, Kohi et al. 1964, Marshall 1964).

CORRELATION OF WATER POTENTIAL WITH
OTHER OB3ERVED QUANTITIES

There are, of course, an infinite number of studies
that one might do with psychrometers in soil and related .
media, in which various parameters are varied and the
potential changes rccorded. From the preceding dis-
cussion, it is cbvious that this type of “shotgun™ ap-
proach will probably not be very fruitful in yielding new
knowledge concerning changes in the soil physical sys-
tem. EXxperiments involving such variables as temper-
ature, water content, density, pressure, and salt con-
centrations should be well planned in accord with the
known principles and theoretical relations already avail-
able. On the other hand, much less is known about re-
sponses of biological systems such as plant root growth,
seed germination, and soif organisms to changes in
water potential. Tt may be necessary to carry out some
preliminary experiments to gain some insight of how
these entities respond to changes in soil water potential,
Still it appears that no fundamental progress will be -
made with water potential as a single parameter ap-
proach in the obviously complex soil system. Before
making water potential measurements, every effort

--shoutd -be made to develop a ‘theoretical hypothssis’

which includes other related variables such as temper-



ature, pressure, salt concentration, specific jon effects,
cte.- which might affcet the system (Russell 1961, Slay-
ter 1967, Toussoun et al. 1970).

FUTURE OF SOIL

PSYCHROMETER MEASUREMENTS .
Much remains to be done. Progress to the present
time has been mainly in developing psychrometer hard-
ware which is capable of maRking water potential meas-
urements in soil. The most sigaificant resuits from
these first measurements have been in the area of sep-
arating osmotic and matric potential components. This
has led to some preliminary information on the effect
of these components on biological systems and on soil
water movement. Increasing the range of vapor pressure
measurements of the psychrometer will lead to better
understanding of water flow, particularly in the vapor
phase. It will alio be used with matric potential or os-
motic potential measurements in studies of unsaturated
liquid phase flow. Many interesting things remain to be
learned concerning the thermodynamic functions and
physical state of the soil water system, and psychrom-
. etry may well play a major role. Psychrometers will
also be important in developing meaningful models of
the resporse of the biological systems to soil water po-
tential. The use of psychrometry to indirectly aid in the
determining of the activities' of dissolved components
may prove important. It is obvious, however, that the
psychrometer cannot be used as a single tool nor the
. water potential as a single parameter to evaluate bio-
logical response, soil water movement, or other physical
changes under the natural field conditions. Simultancous
measurements of other properties must be made and ex-
perimental work carefully planed to utilize our existing

body of knowledge.
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