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ABSTRACT

The recent development of the peltier-type thermo-

couple psychrometer has made possible the measurement of

soil moisture potentials to values as low as -80 bars. The

applicability of this type of psychrometer to "in situ"

measurements of moisture potential at a Sonoran desert field

site is investigated. An evaluation is made of the effect

of variations in soil temperature, moisture content, and

solute concentrations on the psychrometric measurements.

Moisture potential measurements with the psychrometer

are shown to be limited to a moisture content range com-

posing approximately 50 per cent of the total variation in

soil moisture observed during the study. A significant

quantity of moisture is transferred across the soil-

atmosphere interface at moisture contents both above and

below the measurement range of the psychrometer. Psychro-

metric measurements cannot be used to determine the total

moisture flux into or out of the soil horizon.

The temperature component of the total soil moisture

potential is not measurable with the thermocouple psychrom-

eter. Under conditions occurring frequently within the

study period, this component is shown to be of equivalent or

greater magnitude than the components measured with psychro-

metric techniques.
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Laboratory measurements of the sorption-desorption

isotherms for the field soils were made using thermocouple

psychrometers. The isotherms vary significantly among

samples, as a function of soil composition. This variation

prevents the determination of absolute values of soil

moisture content from measurements of soil moisture poten-

tial. However, for the soils at the field site, the slope

of the moisture isotherms at a given potential does not vary

significantly among samples. Psychrometric measurements can

be used to determine moisture content changes at the study

site, within the measurement range of the psychrometers.

The variation in moisture isotherms, the signifi-

cance of temperature induced moisture flux, and the limited

moisture range of psychrometric measurements prevents the

construction of a quantitative model of soil moisture move-

ment from potential measurements made with thermocouple

psychrometers.

The effect of Celtis pallida (desert hackberry), a

native plant species, on the soil moisture regime is

described. Moisture uptake by the plant, and precipitation

input to the soil near the plant are described in terms of

the potential variations they produce. The particular

hackberry plant studied is shown to be removing moisture

from the soil at potential values as low as -30 atmospheres.

Moisture potentials in the root zone were within the

measurement range of the psychrometers throughout most of
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the year. The measurement of soil moisture potentials with

the thermocouple psychrometer is shown to be an effective

means of studying moisture content variations in the root

zone of desert plant species.



CHAPTER I

INTRODUCTION

Plant species native to the Sonoran desert are

commonly subjected to soil moisture stresses greatly in

excess of those experienced by agricultural plants. Still,

desert plants grow and thrive under these conditions,

employing a variety of mechanisms for the uptake and

conservation of the available soil moisture. Very little

is known about the movement of water through the soil-

plant-atmosphere system of desert plants. An understanding

of this system is essential to a thorough knowledge of the

hydrologic behavior of desert watersheds. This dissertation

is restricted to a study of the movement of water through

the soil portion of the soil-plant-atmosphere continuum.

The movement of moisture through soil materials has

been studied by innumerable investigators in a wide variety

of fields. The original work was generally of a descriptive

or qualitative nature. The development of moisture sensing

devices, and of theories to describe soil moisture movement

under various conditions has permitted quantitative analysis

of the phenomenon. The primary motivation of early investi-

gators was the desire for knowledge that could be applied

directly to agricultural practices. The major efforts were

1
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thus devoted to the study of soil moisture movement at

moisture contents near field capacity. The development of

the tensiometer made possible the measurement of soil

moisture potentials in the field in the range from 0 to

-0.8 bar. Information about drier conditions was obtained

through laboratory studies, generally utilizing pressure

membranes or dessication chambers to produce potentials

below -0.8 bars. The extension of the theory of soil

moisture flow to these lower potentials was primarily of a

theoretical or idealized nature.

Until recently little was known about the factors

governing soil moisture movement in native desert soils.

Considerable laboratory investigation was done, but sensors

for measuring moisture potentials in the dry range under

field conditions were not available. Many different sensors

were experimented with, but most depended on the measurement

of some other property, such as soil moisture content, which

was then related to moisture potential by laboratory calibra-

tion of the soil. These procedures left much to be desired.

The thermodynamic relationship between soil moisture

potential and the relative humidity of the soil atmosphere

permits the determination of the former by a measurement of

the latter. However, a high precision is required in the

measurement. A relative humidity change of 0.1 per cent

corresponds to a change of about 1.5 bars at the -5 bar

level. The required precision was not possible until the



3

development of the thermocouple psychrometer (Spanner 1951,

Richards and Ogata 1958). The original instruments required

strict temperature control, commonly to within +0.001 ° C.
This effectively limited their application to laboratory

studies.

Considerable work has been done with thermocouple

psychrometers for the measurement of moisture potentials in

the laboratory (Campbell and Gardner 1971, Hoffman and

Splinter 1968, Ingvalson et al. 1970, Korven and Taylor

1959). For various reasons very little work has been done

using thermocouple psychrometers for field measurements. A

paper by Moore and Caldwell (1971) discusses the use of

psychrometers for moisture potential measurements in the

cold desert regions of northern Utah. This author is unaware

of any published work utilizing thermocouple psychrometers

within the hot, Sonoran desert region of the southwestern

United States.

The overall objective of this dissertation is to

investigate the applicability of thermocouple psychrometers

to the measurement of soil moisture potentials under Sonoran

desert field conditions, and to apply the measurements of

moisture potential to an analysis of the movement of

moisture within the soil profile. Specifically, the

objectives are to: (1) determine the accuracy and precision

of potential measurements made with thermocouple psychrom-

eters installed in desert field plots, (2) relate any
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spatial or temporal variations in the observed potentials to

climatic variables and/or variations in soil and plant

parameters, and (3) determine the feasibility of describing

the quantitative relationship between soil moisture movement

and the concurrent moisture potential gradients recorded

with the psychrometers.



CHAPTER II

SOIL MOISTURE--THEORETICAL CONSIDERATIONS

Thermodynamics of Soil Water 

Water moves through soil materials in response to

energy gradients, always moving in the direction of

decreasing energy. The energy of the soil water is

defined in terms of its capacity to do work, or its free

energy. The actual free energy of a substance is difficult

to define, so in practice the free energy of soil water is

defined as the difference between the free energy of water

in the soil system and that of pure free water at some

standard temperature and pressure. The total moisture

potential, or energy per unit mass, of the soil water is a

measure of its ability to do work, compared with that of

pure free water.

The terms on the right side of Equation (1) describe,

in order, the matric, solute, temperature, pressure, and

gravitational components of the total soil moisture poten-

tial, Ø.

nw	 nj

$= y T dn + 1:

	

	 -	 SdT + y v dP
w w Pj

no	
0	 T w	 w

3
o	 o

gdz
	

(1)

zo	
5
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The variables of integration affecting the moisture poten-

tial, n, n	 T I 
P, and z are the moisture content, solutew 

content, temperature, pressure and elevation, respectively.

The change of potential with respect to moisture content,

describes the slope of the soil moisture isotherm at aT
W'

particular moisture content, whilt	 is the change in

potential resulting from a change in the concentration of

the jth solute component of the soil water. Sw and Vw are

the specific entropy and specific volume of the soil water,

respectively. The standard symbol, g, is used for the

acceleration of gravity. The "o" subscript or superscript

on the limits of integration refers to the value of the

respective variable at the standard condition.

Matric Component

Water is held within the pores of the soil by

adhesive forces between the soil and the water, and by

cohesive forces within the water itself. The adsorptive

force lowers the water potential below that of pure free

water. The "standard condition" for the matric component is

the moisture content at saturation. Thus, the matric

component, as defined in Equation (3), is zero for saturated

soils. However, as the moisture content drops below

saturation the matric component increases rapidly with

respect to the other components of the total potential. The

slope of the moisture isotherm is always positive, the
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potential increasing monotonically with increasing moisture

content. The limits of integration, as given in Equation

(3) are from a higher to a lower moisture content, and as a

result the matric component always bears a negative sign.

The magnitude of this component is closely tied to the

thickness of the adsorbed water films on the soil particles.

Solute Component

The presence of materials dissolved in water tends

to increase the bonding between water molecules. Water

entering the soil nearly always contains dissolved material.

In addition, soil water will dissolve many of the chemical

and mineral components of the soil, lowering its potential

below that of pure free water. The solute component is

computed as a change in potential from a condition of zero

concentration, i.e., pure water. As was true for the matric

component, the solute component of the total potential will

always bear a negative sign.

Temperature Component

The energy of water decreases with decreasing

temperature due to a loss of energy by the individual water

molecules, both in the liquid and vapor phases. The thermal

energy, or specific entropy of water is not constant with

temperature. However, its change is small enough over the

temperature range encountered in natural soils that it is

commonly considered a constant. The magnitude of the
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temperature component is thus a linear function of the

difference between the ambient soil temperature and the

standard temperature.

Pressure Component

Ambient atmospheric pressure is commonly adopted as

the reference for the measurement of the pressure component.

In saturated materials, this component is one of the primary

elements contributing to the energy of the soil water. In

unsaturated materials, the soil air is nearly always in

pressure equilibrium with the atmosphere, producing a zero

or negligible magnitude for the pressure component.

Gravitational Component

The energy of soil water is increased or decreased

by virtue of its elevation above or below the reference

datum. For unsaturated systems of small vertical extent the

gravitational component is commonly of a much smaller magni-

tude than the other components, and is often neglected. For

unsaturated systems which are tens or hundreds of feet in

vertical extent the gravitational component may equal or

exceed the magnitude of other components, and must be

included. Similarly, the gravitational component is an

important factor in saturated systems where it may be the

only component contributing to the free energy.

The reduced significance of the pressure and

gravitational components in unsaturated soil systems leads
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to the definition of the moisture potential in terms of the

matric, solute, and temperature components alone. The

symbol, T, will be used in this work to represent the sum of

these three components, as expressed in Equation (2).

T	 Tm + T s + TT
	 (2)

The terms TM'	 and TT refer to the matric, solute, andS'

temperature components, respectively.

Soil moisture potential may be expressed in a

variety of units. When determined as energy per unit mass,

as in Equation (1), the units joules per kilogram are

commonly used. Expressed as energy per unit volume, the

potential has the units of pressure. Two pressure units are

commonly used: the atmosphere and the bar. One atmosphere

is taken as 1.0132 x 10
6 dynes cm

-2 , and one bar is defined

as exactly 1.0 x 10
6 dynes cm

-2
. The two units being of

nearly identical magnitude, they are commonly used inter-

changeably. The potential can be converted to units of

hydraulic head by dividing the value in energy per unit mass

by the acceleration of gravity. The equivalence of the

various units is given as:

-1
1 bar = 0.988 atmospheres = 10

2 joules kilogram

10.2 meters water

The units of bars will be used in this dissertation, and

where necessary converted to other units.
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If the liquid and vapor phases of soil water are in

thermodynamic equilibrium, the soil water potential can be

related to the relative vapor pressure of the soil air by

the expression:

R • T-	 ln p/poV
w

(3)

where p and po are the actual and saturated vapor pressures

of the soil air at the ambient air temperature, T is the

absolute temperature, R is the universal gas constant, and

V
w 

is the specific volume of water. When expressed in this

manner, the water potential, YID, has the units of pressure.

The relative vapor pressure (or its equivalent the relative

humidity) of soil air is generally greater than 95 per cent.

The relationship between potential, relative humidity, and

temperature is presented graphically in Figure 1. Data used

to construct the figure, through the use of Equation (3),

were obtained from Shull (1939).

The water potential, as given by Equation (3), is

the sum of the solute and matric components of the total

soil moisture potential, and will be referred to in this

work as the "psychrometric potential." The temperature

component can be calculated, if desired, by determining the

change with temperature of the free energy of pure water.



a

10	 20	 30
TEMPERATURE, °C

1 1

Figure • Psychrometric Potential Versus Temperature for
Selected Values of Relative Humidity
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Soil Moisture Movement 

The flux of water through unsaturated soil under

steady state, isothermal conditions is described by Equation

(4):

	

q	 K(0)V>	 (4)

where K(0) is a conductivity function dependent on the soil

moisture content, e, v is the space gradient of the soil

moisture potential, and q is the flow volume per unit area

per unit time, or volumetric flux, in the direction of

maximum gradient.

If flow is occurring in the vertical direction only,

Equation (4) becomes:

	q 	K(0) c3T'	 (5)

The description of soil moisture content changes

occurring under non-steady state conditions requires the

substitution of Equations (4) or (5) into the continuity

equation. When flow is occurring in the vertical direction

only:

de	 d (K(0) --)dt	 dz	 dz

If the gravitational component is negligible compared with

the total potential, Equation (6) may be written as:

d0	 d	 d'Y(K(0) aZ )dt	 dz (7)

(6)
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The moisture potential, T, as described by Equation (2),

includes the matric, solute, and temperature components

only. However, under isothermal conditions, the gradient

of the temperature component is zero, and the moisture

potential, T, in Equation (7) is equivalent to the psychro-

metric potential, Tp, described by Equation (3).

The solution of Equation (7) may be simplified if

the potential gradient is replaced by a moisture content

gradient. If the potential is a single-valued function of

moisture content, a concentration dependent parameter, known

as the soil water diffusivity may be defined as:

dTD(0) = K(e)
de

Substitution of the resultant expression for K(0) into

Equation (7) yields:

de	 d

dt = dz ( D ( e) II)dz

The solution of Equation (9) for certain specific boundary

conditions can be obtained directly from standard references

on diffusion theory (Crank 1956).

Moisture transfer, as described by Equation (7) or

Equation (9), is dependent only on the osmotic and matric

potential gradients. In theory the transfer coefficients

K(e) and D(0) are different for the two potential components.

However, for convenience the two components are generally

combined, and a single transfer function defined. This is

(8)

(9)
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permissible only in soil systems where the osmotic component

is relatively small, or where the primary mode of moisture

transfer is vapor flux (Philip 1955).

The preceding discussion of moisture movement

relates primarily to soils which are sufficiently wet that

liquid phase movement is occurring. However, as the mois-

ture content of a soil decreases, the liquid moisture

conductivity decreases rapidly. For soils at matric poten-

tials below -80 bars, liquid flow effectively ceases, and

vapor flux provides the only means of moisture transfer

(Jackson 1964). Vapor flux occurs in response to vapor

pressure gradients within the soil. These gradients may be

caused by any one, or a combination of the components of the

total potential. Equation (10) has been used to describe

vapor flux for isothermal conditions (Philip 1958):

qv . - Dv Vp
	

(10)

The vapor flux per unit area, qv , is given in terms of a

vapor diffusivity function, Dv: and the vapor pressure

gradient, VP.

Jackson (1964) has shown that the diffusion equa-

tion, Equation (9), can be used to describe the isothermal

transfer of moisture in the potential ranges where both

liquid and vapor flux is occurring. The diffusivity func-

tion, D(6), is defined as a combined liquid and vapor

transfer function.
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Laboratory experiments can be designed to eliminate

or control the gradients of the various components of the

total moisture potential to facilitate the application of

the various theoretical equations describing soil moisture

movement. However, in field soils temperature and solute

concentration gradients commonly exist, and can result in a

considerable departure from the behavior predicted from the

use of the preceding equations (Ingvalson et al. 1970, Lang

1968). Moisture movement in response to solute potential

gradients generally only occurs in wet soils, or in soils

with high salinity. Neither condition applies to this

study, and no further discussion will be made of the solute

component at this point.

Thermally Induced Moisture Movement 

The movement of moisture in response to temperature

gradients has been studied in some detail (Cary 1965,

Philip and de Vries 1957). It has been observed that thermal

gradients in soils cause water to move from a warm to a

cooler area in both the liquid and vapor phases. However,

data presented by Cary (1965) indicate that for potentials

as high as -0.034 bars, thermally driven liquid flow accounts

for only about 30 per cent of the total thermally driven

flux. Calculations made by Philip and de Vries (1957)

confirm this observation, and demonstrate that thermally

driven liquid flow essentially ceases at moisture contents
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corresponding to the -1 bar level for the soils of this

study.

Vapor movement due to temperature gradients results

from the increase in vapor pressure associated with a

temperature increase. Psychrometers measure potential as a

function of relative vapor pressure, and thus cannot observe

this change. Philip and de Vries (1957) present an exten-

sive discussion of the theory of vapor flux due to tempera-

ture gradients. The following discussion is adapted from

their paper.

The mass flux of water vapor through the soil is

given by the expression:

qvap 
- D

atm a a Vp

sec
-1

where: qvap vapor flux in gm cm
-2

D
atm 

diffusivity of water vapor in air, in
cm2 sec-1

= "mass flow factor," introduced to allow for
boundary effects

a	 volumetric air content of soil, in
cm 3 air • cm-3 soil

VP vapor pressure gradient, in gm cm
-3 cm-1

a	 tortuosity, allowing for increased path
length of vapor flow in soil

The vapor pressure gradient can be written as:

dpo
7p h dT	  VT (12)
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where po is the saturation vapor pressure, h is the relative

humidity expressed as a fraction, and T is the temperature.

This relationship assumes that the relative humidity of the

soil air at a given soil moisture content is independent of

temperature. Philip and de Vries (1957) suggest that this

is true for values of h greater than 0.6. The work of these

authors and that of Campbell and Gardner (1971) suggest that

this is more likely true for h greater than 0.95. In either

event, for the major portion of the potential range observed

in this study, the condition is met. If the expression for

Vp given in Equation (12) is substituted into Equation (11),

the following is obtained:

qvap 
- D

atm vaah 	dT 

dpo 
VT
	

(13)

Philip and de Vries (1957) utilize the following values for

the constants in Equation (13):

D
atm . 0.274 cm

2 sec

= 1.024

a	 0.66

dpo
-6	 -3 o c-1- 1.05 x 10	 gm cm

dT

Using these values, Equation (13) becomes:

qvap = 
a • h • (1.94 x 10 -7 ) VT
	

( 14 )
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Equation (14) is referred to as the "simple theory" of

thermally induced vapor flux. Values calculated from the

equation do not agree with observed vapor flux values. The

authors suggest that this is due to the presence of micro-

temperature gradients within the air filled pores of the

soil which are considerably larger than the average soil

temperature gradient. These higher gradients, coupled with

moisture flow through liquid island between pores result in

the observed deviation from the simple theory. The authors

present an analysis to include the higher temperature

gradients, and derive an expression for the ratio of the

flux predicted by their theory to that predicted by the

simple theory. The correction factor is given as:

a + 
- a • a (15)

with: f - VT

The coefficient "f" is the ratio of the temperature gradient

within the air filled pores to the overall temperature

gradient. Values of "f" are calculated on the basis of heat

flow considerations. Values of the coefficient for selected

values of porosity and moisture content are given in

Table 1. The corrected theoretical equation for vapor flux

due to temperature gradients is obtained by combining

Equations (14) and (15) to obtain:

(VT ) a
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Table 1. Ratio of the Temperature Gradient in Air-filled
Pores to Overall Temperature Gradient

Values of "f" for a + O =

0.5	 0.3

0.0

0.1

0.3

0.5

3.0

2.0

2.1

(VT) a (a
a • a	 VT

+ 0) 
qvap	 a • h	 )(1.94 x 10

-7 ) VT 	(16)

Equation (16) is used by Philip and de Vries (1957) to

calculate moisture fluxes induced by temperature gradients.

They =pare the fluxes predicted by their theory with

experimental data obtained by other authors. Good agreement

exists between observed and calculated flux values for most

of the data they present.

The application of Equation (16) to the prediction

of thermally induced fluxes requires a knowledge of the

relative humidity of the soil air, the moisture content, the

temperature gradient, and the total porosity of the soil.

The former three factors can be obtained directly or in-

directly from psychrometric measurements, and the latter one

from laboratory analysis of soil samples. This permits an



estimate of the thermally induced moisture flux utilizing

field data obtained with the thermocouple psychrometer.
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CHAPTER III

THERMOCOUPLE PSYCHROMETERS

Principles of Operation 

Bimetallic thermocouples are in common use for the

measurement of temperature. Normally, one junction of the

thermocouple pair is kept at some constant, or reference

temperature, and the other junction is used as a sensor.

The voltage potential developed by the thermocouple is then

related by a calibration function to the temperature differ-

ence between the two junctions.

If a voltage differential is imposed across a thermo-

couple pair initially at the same temperature, the current

flow will cool one junction below the ambient temperature,

and raise the temperature of the other junction. This

phenomenon is called the "Peltier Effect." The peltier

cooling of a thermocouple junction is the key to the

functioning of the thermocouple psychrometers used in this

study. The construction of a typical thermocouple psychrom-

eter is illustrated in Figure 2. The illustration is taken

from Brown (1970).

A simplified schematic of the electrical circuitry

in the instrument used to measure potentials with thermo-

couple psychrometer is presented in Figure 3. The

21
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psychrometer is connected to the binding posts on the

instrument, and the switches set in the indicated positions.

A variable bucking current is passed through the psychrom-

eter until the voltmeter indicates a voltage of zero across

the psychrometer leads. This electronically removes any

voltages due to initial temperature gradients in the

measuring circuitry. A two pole-six position switch is used

to connect the psychrometer to the cooling circuit, dis-

connect the voltmeter, and short out the voltmeter circuit.

A current of 5 to 8 milliamperes is conducted through the

psychrometer circuit for a period of 5 to 30 seconds. The

actual values of current and cooling time are dependent on

the specific psychrometer design and the potentials being

measured. During the cooling period the measuring junction

is cooled below the dewpoint of the atmosphere adjacent to

it, causing water to condense on the junction. The cooling

current is then turned off, and the voltmeter is simul-

taneously reconnected to the psychrometer. The measuring

junction warms to the dewpoint within a few tenths of a

second, and remains at, or near the dewpoint for several

seconds thereafter. When all of the condensed water is

evaporated, the junction temperature returns quickly to the

ambient temperature of its surroundings.

The voltage output of the psychrometer, as illus-

trated in Figure 4, thus evidences a "plateau" corresponding

to the maintenance of the dewpoint temperature. The
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calibration curve of the psychrometer relates this plateau

voltage to the relative humidity of the air surrounding the

junction, or to the psychrometric potential of the liquid

water in equilibrium with that air.

Design and Construction 

The design and construction of the psychrometer

greatly affects the precision of the measurements, and the

shape of the voltage output curve. The copper posts held

Within the teflon plug at the top of the psychrometer

(Figure 2) serve primarily as heat sinks. The posts main-

tain the copper-constantan and the copper-chromel junctions

at a more or less constant temperature while the chromel-

constantan junction is being cooled. The design and size of

the heat sinks significantly affect the operation of the

psychrometer. It has been found that the psychrometer will

function best if a massive heat sink is used. However, the

presence of a large thermal mass severely restricts the

application of the psychrometer to certain types of poten-

tial measurements. The psychrometers used in this study

utilize a heat sink which is of sufficient size to maintain

linearity in the calibration curve, without sacrificing

versatility in psychrometer application. A thorough discus-

sion of the need for, and desired size of heat sinks for

psychrometers can be found in Bingham, Johnson, and Lemon

(1971).
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Introduction of foreign material to the psychrometer

chamber, or onto the surface of the thermocouple junction

will affect the potential measurement. Thus, the junction

is encased in a porous ceramic cup to ensure constancy of

calibration. The cups, usually in the -1 bar bubbling pres-

sure range, permit the passage of water vapor and heat, but

restrict the movement of liquid water, salts, and solid

material. The entire cup assembly is sealed with a water-

tight cap, usually formed from epoxy encased in heat-shrunk

teflon tubing. The size and shape of the ceramic cups will

affect the shape of the calibration curve, as will the loca-

tion of the measuring junction within the cup. In general

it is desirable to locate the junction within the lower half

of the cup, to minimize the effects of the non-active teflon

surface at the top of the cup. However, some of the

psychrometers employed in this study utilize a teflon plug

in the bottom of the cup to offset the effect of the upper

teflon surface. This plug, not shown in Figure 2, allows

the placement of the junction in the center of a cylindrical

chamber. This construction method provides for greater

uniformity among several psychrometers, minimizing calibra-

tion time.

Temperature Effects 

Temperature affects the psychrometric measurements

in four different ways (Rawlins and Dalton 1967). First,
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the theoretical relationship between psychrometric potential

and relative humidity, as given in Equation (3), is tempera-

ture dependent. However, the effect is linear, and requires

that the absolute temperature only be measured within about

2°K. to measure the potential to within one per cent.
Second, the movement of water vapor towards and away from

the measuring junction is temperature dependent. However,

the effect will be constant for a given construction

geometry at a given temperature. Inclusion of the ambient

air temperature in the calibration function will eliminate

any errors due to this effect. The thermodynamics involved

in the movement of water vapor towards the cooling junction,

its condensation, and subsequent evaporation will not be

discussed in this work, but are analyzed elsewhere (Rawlins

1966).

The third temperature effect results from changing

temperature differences between the reference junctions and

the measuring junction. As previously described, the use of

metallic heat sinks can effectively eliminate the error

resulting from differential heating during the cooling

cycle. However, external temperature gradients are fre-

quently imposed on the psychrometer, and are rarely constant

with time. The error due to any initial temperature gradient

can be removed electronically or mathematically from the

voltage output curve of the psychrometer. However, tempera-

°ture changes of more than 0.03C per minute during the
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measurement period can seriously affect the accuracy of the

measurement. Fortunately the temperature variations within

desert soils throughout most of the profile during most of

the year are considerably less than this amount. The

required degree of temperature stability is easily obtained

in the laboratory. The fourth temperature effect is related

to the movement of heat and vapor through the ceramic

material forming the psychrometer chamber. Providing the

material is sufficiently porous, the error resulting from

this effect only becomes significant at relative humidities

below 95 per cent (potentials below -80 bars). Above this

level, inclusion of the ambient air temperature in the

calibration function will effectively eliminate the error.

The temperature dependency of the psychrometer can

be compensated for by placing a second thermocouple junction

within the ceramic chamber to measure ambient air tempera-

ture. The accuracy of this measurement will directly affect

the accuracy of the calibration curve for the psychrometer.

The various temperature and geometric factors

affecting the calibration of the psychrometer are never

exactly the same among several units. This results in a

variety of shapes for the voltage output curves. Two

typical curves are illustrated in Figure 4. In general the

plateau voltage is not constant, but tends to drop off

slowly with time. Several different techniques are used

for determining the relationship between the plateau voltage
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and the moisture potential (Lopushinsky 1971). Whatever

technique is used, it is essential that it be the same at

all times, during calibration and for all subsequent mea-

surements. The specific techniques used for obtaining the

calibration values in this study are discussed in Chapter

IV of this dissertation.



CHAPTER IV

LABORATORY PROCEDURES

The factors affecting the calibration of thermo-

couple psychrometers have been discussed in the preceding

chapter of this dissertation. Modern construction tech-

niques permit rather precise control of the geometric and

-Lemperature factors affecting the psychrometer response.

This allows manufacturers of psychrometers to provide

calibration data, within a specified precision. The Wescor

Model PT 51-10 psychrometer was chosen for use in this

study. Preliminary work with the psychrometers indicated

that a greater precision was required than that provided by

the manufacturer's calibration data. For this reason,

laboratory calibration of the psychrometers was undertaken.

Calibration of Psychrometers 

Calibration required that the psychrometers be

brought into equilibrium with an environment of known

moisture potential, at a known temperature. This was

accomplished through the use of solutions of potassium

chloride of varying strengths. A table of osmotic potential

versus temperature and solution strength is given in

Appendix A. A calibrating solution was placed inside a

sealed flask, with the psychrometers suspended above the

31
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solution. The flask was then placed in a bath capable of

maintaining a desired temperature to within + 0.01° C.

Sufficient time was permitted for the calibrating solution

to come into temperature equilibrium with the bath, and the

psychrometers were then lowered into the solution. A period

of five to ten minutes was required for the psychrometers to

reach thermal and potential equilibrium with the solution.

Three values of the output voltage for each psychrometer

were recorded, and the psychrometers raised above the solu-

tion. The bath temperature was changed and the process

continued.

After output voltages were recorded at several

different temperatures for a given solution, the psychrom-

eters were removed from the bath, and soaked in distilled

water overnight. Several rinsings with distilled water were

performed, and the psychrometers allowed to air dry. A

solution of different osmotic potential was then placed in

the flask, and the entire calibration process repeated. In

this fashion measurements of psychrometer output voltage

were made at 10e , 200 , 300 , and 40o C for each of five

different solutions, ranging in potential from -6.5 to -47

bars. On several occasions measurements were taken at a

given temperature both by warming the psychrometers from a

lower temperature, and by cooling from a higher. No

hysteresis was observed in their response.
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Field measurements with the psychrometers were to be

made using a non-recording microvoltmeter. The need to

maintain a consistent measurement technique when using the

psychrometers required that the same meter and measurement

method be used in the laboratory calibration. The voltage

plateau in the output curve, discussed in the previous

chapter, was observed as a pause in the movement of the

meter needle as the voltage dropped from its maximum at the

end of the cooling period, to zero. The meter selected for

measurement was the Wescor Model MJ55 Psychrometric

Voltmeter. The meter is equipped with the circuitry required

to cool the thermocouple junction and observe the after-

cooling voltage output. The meter has a range switch per-

mitting the selection of values from 0.02 microvolts to 20

volts for the smallest scale division. The psychrometer

calibration and subsequent potential measurements utilized

the + 10 microvolt scale, with a least count of 0.2 micro-

volts, or the + 30 microvolt scale, with a least count of

1.0 microvolts.

Calibration Errors 

When the cooling period is terminated by releasing a

spring-loaded switch, the meter needle swings rapidly from

its original position, near zero, to some value at or above

the plateau voltage. It then moves back towards zero,

pausing for a variable amount of time at the plateau
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voltage. The length of this pause is dependent not only on

the geometry of the psychrometer, but on the magnitude of

the potential being measured. The reading of the plateau

voltage often required a substantial amount of judgment by

the operator of the meter, introducing a somewhat indeter-

minant amount of error. The background noise of the meter

is + 0.1 microvolts. If the voltage plateau was maintained

for a period of 3 to 5 seconds this noise could be visually

eliminated. This was generally possible for potential

values from 0 to -20 bars. In that potential range calibra-

tion precision was then dependent on variations in the

actual output signal and on read errors. Repetitive

measurements taken during the calibration procedure indicate

that for most of the psychrometers a precision of + 0.2

microvolts is appropriate to the 0 to -20 bar range.

Potential values below -20 bars were measured using

the 30 microvolt meter scale. Voltage values could be

estimated to within + 0.2 microvolts if the voltage plateau

was sufficiently long to permit the elimination of meter

noise. However, this was generally not possible, resulting

in a total error of + 0.3 microvolts for the measurement of

potential values below -20 bars.

A typical set of calibration data is plotted in

Figure 5. The response of the psychrometer is not a linear

function of temperature. Extensive regression analysis of

the calibration data was avoided through the use of
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Figure 5. Typical Calibration Curve for Psychrometer
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graphical calibration curves. The Voltage output of the

psychrometer is a linear function of potential for a given

temperature, so a series of straight lines could be fitted

by eye to the calibration data. Values for intermediate

temperatures were obtained by linear interpolation between

lines.

At a temperature of 25o C the errors in voltage

measurement produce an error of + 0.4 bars from 0 to -20

bars, and + 0.6 bars for lower values. This error will vary

with temperature from + 0.2 to + 0.8 bars. The thermo-

couples used to measure the temperature of the psychrometer

are accurate to within + 0.1oC. This will produce an addi-

tional error of + 0.1 bars when recorded voltages are con-

verted to potential values using the calibration curves.

The precision obtained at 25 ° C is then + 0.5 bars from 0 to

-20 bars, and + 0.7 bars for lower potentials. The majority

of the potential measurements were for values above -20

bars, at temperatures close to 25°C. For this reason, and

to simplify data analysis, a mid-range error of + 0.5 bars

will be applied to the recorded potential data, with the

understanding that larger or smaller values may be applicable

to some of the extreme values of potential or temperature.

Sorption-Desorption Isotherms 

Two core samples of the soil at the field site were

taken from a depth of approximately 40 centimeters, and one
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each from depths of approximately 65 and 95 centimeters.

The type of sampler used employs an aluminum cylinder 8

centimeters long by 8 centimeters diameter to contain the

soil sample. This cylinder was used as a sample chamber

for the measurement of sorption-desorption isotherms in the

laboratory. Immediately on removal from the core sampler,

the ends of the aluminum ring were sealed using rubber

gaskets and lucite plastic end plates. The plates were held

in place by threaded rods, providing an air-tight seal for

the sample chamber. The sealing of the sample required an

average of about one minute after it was removed from the

ground.

Each end plate was equipped with a packing gland to

permit access to the soil sample without removing the

plates. A small diameter hole was bored into the center of

each soil sample, using one of the packing glands for

access. This permitted the emplacement of a psychrometer

at the center of each sample, with the lead wires passing

through the packing gland. A completed sample unit is

illustrated in Figure 6.

The sample units were weighed and placed in an

insulated chamber within a controlled temperature room.

Diurnal temperature fluctuations in sample temperature were

thereby held to less than 0.5°C. As discussed previously,
this effectively eliminated any measurement error due to

temperature fluctuations. Moisture potential readings were
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taken for each unit until constant values were obtained.

It is assumed that at that time potential equilibrium

existed throughout the sample. The sample •units were re-

weighed, and a known volume of water introduced to each

through the packing glands in the ends opposite the psychrom-

eter lead wires. The samples were again weighed and placed

in the insulated chamber. This process was continued until

the potentials in all four samples reached approximately -1

bar.

One of the sample units was periodically removed

from the insulated chamber and placed in the controlled

temperature bath described previously. The unit was

suspended above the liquid in the bath, and allowed to reach

temperature equilibrium with that air space. Potential

readings were taken until constant values were obtained.

The bath temperature was changed, and the process repeated.

This resulted in the measurement of the moisture potential

at a given moisture content from 10° C to 40° C, for several
different moisture contents. For potentials from -1 to -20

bars, no significant temperature dependence was observed.

At -30 bars, a potential variation of 0.5 bars per degree

was observed. This agrees with data obtained by Campbell and

Gardner (1971) with respect to the nature of the temperature

dependence of the moisture isotherm.

The desorption limb of the moisture isotherm was

determined for two samples. Each unit was removed from the
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insulated chamber, and an air tube connected to the access

gland at one end. The cap on the gland sealing the lead

wires was loosened, permitting dry air to be passed through

the sample. The air served to remove moisture from the

sample without otherwise disturbing it. The sample was then

sealed, weighed, and placed back in the insulated chamber.

Moisture potential values were again recorded until constant

readings were obtained. The drying process was continued

until the measured potentials were close to the initially

recorded values (generally about -40 bars). The two samples

were then wet to saturation using a constant head source,

and reweighed. All four samples were disassembled and the

total moisture content of the soil determined gravimetric-

ally. The sorption-desorption isotherms obtained are shown

in Figure 7.

Particle Size Distributions 

The dried samples were analyzed with respect to

particle size distribution, using standard procedures

(Black 1965). The weight per cent was determined for size

classes from greater than 2.0 millimeters to less than 1.0

microns. The results of the analysis are presented in

Appendix B.
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CHAPTER V

FIELD PROCEDURES

Plot Descriptions 

A study site was selected in the Santa Rita Experi-

mental range, south of Tucson, Arizona. The site is at an

elevation of approximately 3500 feet, lying within a region

of gently sloping topography drained by numerous small

washes. The vegetation in the area is typical of the

middle elevation Sonoran desert. Mesquite (Prosopis 

juliflora), paloverde (Cercidum microphyllum), and desert

hackberry (Celtis pallida) are the dominant arboreal species.

The teddy-bear cholla (Opuntia bigelovii) and prickly pear

(Opuntia englemannii) are the principal cactii. Grasses,

principally of the Aristida genus, and various small shrubs

form the primary ground cover. The site is adjacent to the

International Biological Program validation site (Inter-

national Biological Program 1969).

Two plots were selected within the study site, both

of them located on Sonoita sandy loam soil. Photographs of

the plots are presented in Figures 8 and 9. One plot,

essentially free of plant life was completely cleared of all

surface vegetation. The plot has an area of about 5 square

meters. Three psychrometer units were installed within the

42
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Figure 8. View of Non-Vegetated Plot

Figure 9. View of Vegetated Plot
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plot at each of two depths, 180 and 90 centimeters, on

December 23, 1970. Two pairs of units were installed at

depths of 60 and 30 centimeters, respectively, on February

11, 1971, and two more units at a depth of 15 centimeters

on February 27. The relative positions of these units

within the plot are shown in Figure 10.

The second plot selected contained no vegetation

save one specimen of desert hackberry. Psychrometer units

were installed on May 7, 1971, at depths of 15, 30, 60, 90,

and 150 centimeters directly underneath the center of the

plant. On the same date, additional psychrometers were

installed along a radial line at depths of 15, 30, 60, and

90 centimeters, at distances of 15, 30, 60, and 90

centimeters, respectively, from the plant center. A cross-

section of the plot is presented in Figure 11. The

dendritic root system illustrated schematically in the

figure was inferred from examination of the rooting habits

of other specimens of the same species.

Psychrometer installation was accomplished by

driving a 3/4 inch 0.D. pipe to the desired depth. The pipe

was withdrawn and the psychrometer placed in the hole, with

the lead wires encased in a 3/8 inch O.D. polyethylene tube.

The soil extracted from the hole was then replaced, and

tamped with a 3/8 inch I.D. plastic pipe. The hackberry

plant showed no signs of injury resulting from the psychrom-

eter installation within its root zone.
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Data Collection 

Continuous measurements of atmospheric temperature

and relative humidity at the site were made using a

hygrothermograph located in an instrument shelter 4 feet

above ground level. A standard 8-inch recording raingauge

and a Class-A evaporation pan were located near the study

plots, and serviced at 5 to 10-day intervals. The precipi-

tation and evaporation data collected are presented in

Appendix C, and a plot of the temperature and relative

humidity variations during a one week period in June is

shown in Figure 12.

Moisture potential and soil temperature measurements

were made at about one week intervals with all units follow-

ing their installation. Initially, two or three measure-

ments were made for each unit on any given day at about one

hour intervals. The values were then averaged to obtain a

single reading for that day. The initiation of potential

measurements with the units at depths of 60 centimeters and

less revealed the presence of significant diurnal potential

and temperature variations. Measurements of temperature and

potential were made at about two-hour intervals for all

units on June 3 and 4. A portion of the collected data is

plotted in Figures 13 and 14. The measurement error in the

potential values is indicated on both figures.

A pronounced diurnal cycle is evident in the mea-

surements taken at 30 and 60 centimeters. The potentials at
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the 15 centimeter level were below the measurement range of

the psychrometers throughout the day. However, the varia-

tions in potential and temperature are the result of diurnal

variations in atmospheric conditions; temperature, relative

humidity, etc. It is assumed that the 15 centimeter level

evidenced diurnal variations similar to those observed at

the deeper levels. It was realized that the averaging of

several values taken during a portion of the day might not

serve to adequately characterize the potential and tempera-

ture for that day at a given depth. Measurements could not

be taken over a 24-hour period for every measurement event

due to personnel limitations, but no single time of the day

produced values at the average for that day for all depths.

The diurnal variations in atmospheric conditions are

nearly identical from day to day, as illustrated in Figure

12. It was assumed that the variations in soil temperature

and potential would behave in a similar fashion. The values

recorded during a short period of time for the various depths

should bear the same relationship to each other from day to

day if they were read at the same time each day. This

assumption led to the practice of recording temperature and

soil moisture potential values during a one hour period in

midafternoon for all units. This assured that any errors

due to diurnal variations would at least be consistent among

various measurement events.
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Measurements were made at about one week intervals

during July and August when precipitation was producing

rapid changes in soil moisture contents. During the

remainder of the year a period of 10 days to two weeks

separated measurement events. The moisture potential and

soil temperature data collected are presented in tabular

form in Appendix D.

A limited amount of gravimetric sampling was con-

ducted at selected time intervals during the year. Exten-

sive sampling within the plots would have disrupted the soil

moisture regimen, and invalidated the potential measurements.

Samples were taken at selected intervals to depths of 120

centimeters, and analyzed for moisture content and bulk

density in the laboratory. The resultant data are tabulated

in Appendix E.

Phenological observations were made of the hackberry

plant on the vegetated plot whenever moisture potential data

were collected. These observations were used to charac-

terize the status of the plant with respect to moisture

stress, growth rates, and overall activity. The observa-

tions are recorded in Appendix D.

Soil samples were collected from a test pit several

hundred meters from the study site, but in the same soil

type as that of the study plots. The conductivity of the

saturation extract was determined, and used as a measure of

the solute concentrations in the soil water (Hendricks
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1972). The conductivity and solute concentration data for

samples to 250 centimeters are presented in Appendix F.

As discussed in Chapter IV, four "undisturbed"

samples were collected within the non-vegetated plot for the

determination of moisture isotherms and particle size dis-

tributions.



CHAPTER VI

ANALYSIS OF PSYCHROMETER APPLICABILITY

The measurement precision of the thermocouple

psychrometers used in this study was evaluated in Chapter IV

of this dissertation. It is desirable to obtain an estimate,

directly or indirectly, of the accuracy of the psychrometers

installed in the field plots. In addition, the relationship

between moisture content and psychrometric potential may

permit the determination of field soil moisture contents.

Errors involved in this determination must be analyzed.

Accuracy of Psychrometers 

A direct check on the measurement accuracy of the

thermocouple psychrometer would require an independent

measurement, "in situ," of the psychrometric potential.

However, no other instrument is available that measures this

quantity with the precision of the psychrometer over as wide

a moisture potential range. It is thus necessary to use an

indirect method for evaluating the accuracy of the psychrom-

eters.

The soil moisture potential regimen in the non-

vegetated plot, as summarized in Table 2, permits such an

indirect evaluation. The approximate configuration of the

isopotential surfaces within the plot can be determined
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independently. The measured potential values along such

surfaces should be equal, and their departure from equality

will provide a measure of the accuracy of the psychrometers.

The absence of vegetation on the plot precludes

transpiration losses from the soil, except by way of lateral

root systems from adjacent areas. Six small test pits

around the perimeter of the plot, to depths of 120 centi-

meters, revealed no such root systems. Further, no plant

species which commonly develop lateral root systems are

located within a 10 meter radius of the plot. The data in

Table 2 illustrate that horizontal temperature gradients at

a given depth are uniformly less than 1.5° C per meter, and
on most of the days represented in the table are less than

0.3°C per meter. Temperature gradients of this magnitude
produce only a small amount of moisture movement, as dis-

cussed in Chapter VIII of this dissertation. Salt concen-

trations in this soil type are reasonably uniform with

depth, as evident from the data in Appendix F. In addition,

solute potentials resulting from concentrations of this

magnitude are small compared with matric components at

potentials below -10 bars. This subject is discussed in

detail in Chapter VII of this dissertation. It is concluded

that no significant moisture movement occurs within the plot

as a result of plant water use, solute potential gradients,

or horizontal temperature gradients.
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The primary factors causing moisture movement within

the plot are precipitation on, or evaporation from the soil

surface. The ground surface is essentially horizontal, as

can be seen in Figure 8. The climatic factors responsible

for moisture movement into or out of the soil can be

expected to be uniform over the surface of the plot. The

soil within the plot is of uniform texture at any given

depth. Similarly, the physical parameters governing soil

moisture movement can be expected to be uniform along any

horizontal plane within the soil, except near the ground

surface. Variations in microtopography and soil dis-

turbance will produce non-uniformities in the soil

parameters in the upper several centimeters of the profile.

The horizontal uniformity of the soil should cause moisture

movement within the plot to be primarily in a vertical

direction. The isopotential surfaces within the plot will

be perpendicular to this movement, or nearly parallel to

the ground surface. This will be particularly true at the

end of a sustained drying period, when horizontal redis-

tribution of moisture resulting from differential infiltra-

tion at the soil surface is minimal. Under these conditions,

it is reasonable to expect that the potentials measured at a

given depth will be approximately equal on any particular

day.

The data in Table 2 confirm this conclusion. The

measured potentials at depths of 60 centimeters and more are



58

within + 3 bars at any given depth on all but 5 of the days

represented in the table. At the end of drying periods in

excess of 20 days, recorded potentials at a given depth are

generally within + 1 bar, an amount only slightly greater

than the mid-range measurement error. One exception to this

uniformity occurs in the data recorded with psychrometer

P-2. Although the temperatures recorded with the unit agree

closely with the others measured at the same depth, the

potential values are consistently higher. Further, the

potential values remain nearly constant with time. It is

assumed that this is due to a malfunction of the psychrom-

eter, and that the data should not be included in an analysis

of the potential measurements. With this one exception, the

recorded potentials at a given depth agree closely on any

given date.

Measurement of Soil Moisture Content

The value of psychrometers for the determination of

soil moisture content must be discussed from two reference

points: that of obtaining a generalized estimate of the soil

moisture status, and that of obtaining specific values for

the moisture content to within a desired accuracy.

The sorption-desorption isotherms, as presented in

Figure 7 , indicate that the moisture content changes from

about 4 per cent to 12 per cent as the potential changes

from -50 to -1 bar. Gravimetric sampling data from
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Appendix E show that the maximum value reached by soil

moisture after the winter rainy season was about 12 per cent

by weight. This is equivalent to about 18 per cent by

volume, using an approximate value of 1.5 for the bulk

density. At this maximum percentage the soil was too wet

for the psychrometers to obtain an accurate measurement of

the potential, but it is assumed that the moisture contents

at this time approximate field capacity conditions. The

moisture content at saturation determined in the laboratory

averaged 31.5 per cent by volume for the samples analyzed.

Particle size distributions as presented in Appendix B,

reveal that the soil of the study plot contains approximately

65 per cent sand and gravel, 20 per cent silt, and 15 per

cent clay. The measured moisture contents at the various

moisture states are within the range expected for this type

of soil.

The psychrometer can be used, then, to characterize

the moisture status of the soil at the field site in a

general way. Moisture contents below 4 per cent will

produce potentials below the psychrometer's measurement

range. Moisture contents from 4 to 12 per cent will produce

measurable potentials, and contents above 12 per cent will

result in potentials above the measurement range.

The determination of specific values of moisture

content is thus limited to the measurement range of the

psychrometers. The sorption-desorption curves evidence very
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little hysteresis in the -50 to -1 bar range. However,

considerable variation occurs among the several samples.

For example, the moisture content observed at -10 bars

varies by more than 2 per cent among the four samples. This

is a particularly large value when compared with the 8 per

cent moisture content variation over the entire measurement

range.

The particle size distribution data can be used to

explain the observed variation in the isotherms. The total

surface area of a soil is primarily a function of the clay

content of that soil. As the surface area of a soil

decreases, the moisture content required to produce a given

moisture potential also decreases (Monadjemi 1969). A plot

of moisture content at the -10 bar potential versus the

weight per cent of soil particles smaller than 2.0 microns

is presented in Figure 15. The linear relationship is

apparent. Thus, the variation of the isotherms among the

several samples is attributable primarily to variations in

particle size distribution. The two samples collected from

the same depth interval, 35 to 43 centimeters, show the

closest agreement in the isotherms.

The variations in the isotherms is thus a real

phenomenon, resulting from specific variations in soil

composition, and not to random measurement errors. However,

as the data in Figure 15 illustrate, the change in clay

content required to produce the observed isotherm variations



SAMPLE NO.47
35-43 cm.

SAMPLE NO. 52
60-68 cm.

II	 12	 13	 14	 15
CLAY CONTENT (<2.0 microns)

PERCENT BY WEIGHT
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Figure 15. Effect of Clay Content on Moisture Isotherms
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is quite small. Larger variations in clay content within

the soil profile can be expected to produce correspondingly

greater variations in moisture isotherms. Soil samples

were collected from the nearby test pit previously

described. The clay content of the samples varied from 3

to 13 per cent in the upper two meters, tending to decrease

with depth (Hendricks 1972). Similar variations can be

expected for the soil within the study plots. On the basis

of the isotherms recorded in this study, potential measure-

ments will permit the determination of moisture content to

within + 1 per cent within the 4 to 12 per cent moisture

content range.

A further indication of the reliability of psychrom-

eters for the measurement of moisture content can be

obtained from the data in Table 3. Gravimetrically deter-

mined moisture contents for selected depths are compared

with the contents inferred from the recorded potentials at

those depths on the date of sample collection. A moisture

content range is given for the latter value, corresponding

to the variation in the observed potentials at a particular

depth, and the variation in the moisture isotherms determined

for the field soils. The range given is the maximum possible

using the observed potentials and the isotherm most appli-

cable to a particular depth. The inferred moisture contents

bracket the observed moisture contents (to within 0.5 per

cent) for nearly 70 per cent of the observations. All but
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one of the exceptions occurred in the samples collected on

September 14. Either a significant sample error exists in

that set of data, or a unique phenomenon was operating to

create the discrepancy.

Psychrometric measurement can be used to estimate

the actual moisture content within the 4 to 12 per cent

content range, with a known error of at least + 1 per cent.

Even greater errors can be expected over the entire soil

profile, or within other study plots. The relatively

limited moisture range within which potential measurements

can be made, coupled with the measurement errors in that

range, render the thermocouple psychrometer ineffective as a

tool for measuring soil moisture content of field soils at

the study site.

The variation in the moisture isotherms for the

several soil samples manifests itself as differences in

moisture content at a given potential. However, the iso-

therms are of similar shape, and if shifted along the

moisture content axis will nearly coincide. The "average"

isotherm for the four samples is presented in Figure 16. It

was constructed by shifting each isotherm along the moisture

content axis until the -10 bar moisture content coincided

with the average moisture content at -10 bars for the four

samples. The data for the respective isotherm were then

plotted and identified by symbol. All four curves were

shifted in this fashion, and a line of best fit drawn



SAMPLE
NO.

DEPTH,
cm.

0 43 35-43
0 47 35-43
A 52 60-68
• 61 90-98
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5	 6	 7	 8	 9	 10	 II

MOISTURE CONTENT, PERCENT BY VOLUME

Figure 16. Average Moisture Isotherm
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through the data by eye. The uniform shape of the several

curves is apparent, with major deviations occurring only

below the -40 bar level. The slope of the average isotherm

can thus be used to determine the changes in moisture

content corresponding to isothermal changes in potential.

Collection and analysis of additional samples would be

required to extend this technique to other study plots, but

it can be used effectively ithin the non-vegetated plot

where the samples were collected.



CHAPTER VII

MOISTURE MOVEMENT INFERRED FROM
POTENTIAL MEASUREMENTS

General Considerations 

Moisture movement in the soil at the study site was

expected to be primarily in a vertical direction. The

psychrometers were installed within both the vegetated and

non-vegetated sites in positions which would best facilitate

the analysis of such movement. The psychrometers within the

non-vegetated plot were assigned to three groups. Psychrom-

eters P-8, P-7, P-12, P-13, and P-17 were placed in one,

units P-9, P-3, P-11, P-14, and P-16 in a second, and P-1

and P-2 in a third group. The data from units P-1 and P-2

were not used in the analysis of moisture movement, partly

due to the anomalies in the data from P-2. The other two

groups of psychrometers provide data permitting the evalua-

tion of two vertical potential profiles within the non-

vegetated plot. As can be seen in Figure 8, Psychrometers

P-8 and P-9, at a depth of 180 centimeters, are located one

meter horizontally from the psychrometers with which they

are grouped. However, as shown in Table 2, the horizontal

variations in potential are relatively small compared with

those in the vertical direction. The one meter displacement

should not significantly affect the analysis.

67
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The observed time variations in soil moisture poten-

tial within the vegetated and non-vegetated plots at depths

of 15, 30, 60, 90, 150, and 180 centimeters are shown in

Figures 20, 21, 22, 23, and 24 in Chapter IX of this disser-

tation. The precipitation amounts recorded at the study

site are plotted as a histogram on each figure, with the

values rounded off to the nearest 0.05 inches. The mid-

afternoon air temperatures recorded with the hygrothermograph

and the soil temperatures recorded with psychrometers P-8,

P-7, P-12, P-13, and P-17 at depths of 180, 90, 60, 30, and

15 centimeters, respectively, are plotted in Figure 25 in

Chapter IX.

Laboratory analysis, as discussed in Chapter IV of

this work, indicated that for potentials below -20 bars,

temperature variations would produce potential changes un-

related to moisture content changes. Accordingly, the data

for the 150 and 180 centimeter depths were corrected for

temperature, using the soil temperature at those depths on

January 31, 1971 as a reference. A potential change of 0.5

bars per ° C was used for the correction. The potentials
observed at depths of 90 centimeters and above were generally

greater than -20 bars, and did not require temperature

correction. The data presented in Figures 20 through 24

thus reflect only the potential changes resulting from soil

moisture changes.
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A pictorial summary of the potential, precipitation,

and pan evaporation data is presented in Figure 17. The

data from psychrometers P-8, P-7, P-12, P-13, and P-17 were

used in constructing the figure.

Examination of Figure 17, and Figures 20 through 24,

reveals that a strong relationship exists between the

observed soil moisture potential variations and the varia-

tions in climatic parameters. However, little effect is

noted at the 180 centimeter depth, the potentials simply

manifesting a gradual increase for most of the year. The

potentials below -50 bars and above -1 bar are estimates

only, and cannot be used to evaluate the actual moisture

content changes.

In principle it should be possible to utilize the

observed potential gradients to predict not only the direc-

tion but the rates of soil moisture movement. The use of

psychrometric measurements for this putpose requires an

analysis of the importance of various factors affecting the

recorded potential. In addition the importance of thermally

driven moisture fluxes must be determined.

Solute Potential Gradients 

It has been stated previously in this work that

little variation exists in the solute potential at a given

moisture content within the study plots. The data presented

in Appendix F can be used to evaluate the magnitude of the
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solute component of the soil moisture potential at various

moisture contents. The magnitude of the solute potential is

a function of the concentration of dissolved materials in

the soil water. The concentration will tend to increase

linearly as the soil moisture content decreases from satura-

tion. Some departure from linearity can be expected at very

low moisture contents, where soil-solute interactions become

significant, or solute concentrations are at saturation

levels. For the soils at the field site these conditions

would only occur at moisture contents well below those

observed during the study. It is reasonable to assume then,

that the solute component will be directly related to the

soil moisture content. The specific ions present in the

soil water were not determined by this author, but they

likely consist in large part of metallic ions, such as

calcium, sodium, and potassium, and of anions such as

carbonates, bicarbonates, and chlorides. The osmotic

potential produced by various concentrations of potassium

chloride solution is presented in Appendix A. These data

can be used to determine the importance of the solute

component at various moisture contents if it is assumed

that the ions in the soil solution have activities similar

to KC1.

Table 4 presents the results of calculations made to

estimate the solute component at various moisture contents.

The molecular weight of KC1 was used to determine the solute
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Table 4. Solute Component of Total Soil Moisture Potential

Soil
Moisture
Status

Moisture
Content,
wt/volume

Psychrometric
Potential,

Bars

Solute
Concentration
moles/liter

Solute
Potential
Bars

Satura-
tion 0.32 -0.3 4.8 x 10

-3
-0.3

Field
Capacity 0.19 -0.6 1.0 x 10

-2
-0.5

Rela-
tively
Wet 0.13 -1.0 1.5 x 10

-2
-0.8

Dry 0.08 -10.0 2.4 x 10
-2

-1.2

Rela-
tively
Dry 0.05 -50.0 4.0 x 10

-2
-2.0

concentration at a given moisture content, and the cor-

responding osmotic potential read, or extrapolated from

Appendix A. It was assumed that the solute concentrations

increased linearly with the decrease in moisture content.

For potential values above -1 bar, the solute

component is of the same or smaller magnitude than the

measurement error in the psychrometric potential. For

drier conditions the magnitude of the component increases,

but its importance decreases rapidly relative to the

psychrometric potential. The magnitude of the solute

component is sufficient to explain some of the observed

variations in potential at given depths on particular dates.
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However, it is not of sufficient magnitude that it need be

considered as contributing significantly to the total energy

gradient in the -1 to -50 bar potential range. At higher

potentials its relative importance increases, but in

comparison with the measurement error in the psychrometric

potential it can be neglected. It is concluded that the

potential gradients observed within the study plots can be

considered the result of matric potential gradients only.

The observed potential gradients arise from differences in

moisture content and soil composition within the plots.

The psychrometric measurements define, in part, an

energy field within which soil moisture movement is

occurring. Three primary factors interfere with the

construction of a quantitative model describing this move-

ment. First, it was not possible to obtain a reliable soil

moisture diffusivity function for the soils at the field

site. Second, the total range in soil moisture content was

significantly greater than that in which psychrometric

potentials could be accurately measured. Third, the effect

of horizontal and vertical temperature gradients within the

profile cannot be completely defined. These factors will be

discussed in detail in the following sections.

Measurement of Diffusivity 

The application of the diffusion equation (Equation

[93) to a prediction of soil moisture movement due to
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potential gradients requires a knowledge of the diffusivity

function for the soil. Numerous measurements have been made

of this function for soils wetter than -1 bar potential

(Richards and Moore 1952, Childs and Collis-George 1950).

Jackson (1964) describes the theory and methods used for the

determination of a combined liquid-vapor diffusivity func-

tion for potentials dryer than -50 bars. However, all of

these methods relate diffusivity to the moisture content of

the soil. The determination of the diffusivity function in

this fashion requires that a unique relationship exist

between the moisture potential and the soil moisture content.

Further, the application of the diffusivity so obtained

requires that a unique, or at least predictable, moisture

potential-moisture content relationship exist for the soils

to which it is applied. The soils at the study site exhibit

a significant non-uniformity in this relationship, as pre-

viously discussed.

Few measurements have been made of the diffusivity

function in the -1 to -50 bar potential range, and no

"standard" methods are available. However, data presented

by Hanks and Bowers (1962) indicate that for potentials

below -5 bars the diffusivity changes relati\;ely slowly as a

function of potential. Preliminary measurements of the

diffusivity of the field soil by this author resulted in

values of about 5 x 10
-5 

cm
2 

sec-1 at -40 bars to 5 x 10
-4

cm
2 sec-1 at -10 bars. These magnitudes compare well with
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those presented by Hanks and Bowers (1962) and Jackson

(1964).

It is the opinion of this author that the variation

in moisture isotherms for the field soils is of sufficient

magnitude to make unnecessary any detailed measurement of

the diffusivity function for the soils within the study

plots. For the purposes of computations made in Chapter VII

of this work, an approximate value of 1 x 10 -4 cm
2 

sec
-1

will be assumed applicable to the -40 to -1 bar potential

range.

Moisture Content Variations 

Calculations of soil moisture flux would need to

consider the movement of water across the soil-atmosphere

interface. Following precipitation events, or after a pro-

longed drying period, the potentials in the surface soil

layers are respectively either well above or well below the

values measurable with the psychrometer. Some analysis is

possible of moisture movement occurring in the -1 to -50 bar

potential range. However, as pointed out previously, this

represents a relatively small percentage of the total

moisture content range.

Temperature Effects 

The psychrometer records only the matric and solute

components of the total soil moisture potential. Temperature

gradients in the soil will result in energy gradients in
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both the liquid and vapor phases which are not measurable

with the psychrometer. Theoretical considerations dis-

cussed in Chapter II of this dissertation demonstrate that

for the potential range measured in this study, only vapor

phase transfer is of concern. Energy gradients occur in the

vapor phase due to an increase in vapor pressure associated

with an increase in temperature. The psychrometer responds

only to the relative vapor pressure, and will not record

temperature induced vapor pressure changes. Thus, thermal

potential gradients cannot be directly measured using

thermocouple psychrometers. However, the moisture content

changes resulting from vapor transfer will result in poten-

tial changes, and these will be recorded by the psychrometer.

For this reason, changes in psychrometric potential will not

correspond at all times to those predicted from the con-

figuration of the potential field determined from psychro-

metric measurements.



CHAPTER VIII

THERMALLY DRIVEN MOISTURE FLUXES

Moisture fluxes due to temperature gradients cannot

be measured directly using psychrometers. However, an

estimate can be made of the magnitude of thermally induced

fluxes within the study plots as compared with the fluxes

produced by matric gradients. This estimate will be useful

in the interpretation of observed potential changes with

time at the study site.

Theoretical Considerations 

Vapor fluxes resulting from temperature gradients

have been measured by numerous investigators (Cary 1965,

Taylor and Cavazza 1954, Rollins, Spangler, and Kirkham

1954). The measured fluxes were occurring primarily in

soils with a 20 per cent or higher moisture content. Cary

(1965) determined that at -0.034 bars a temperature gradient

of 1
o C per meter will produce the same flux as a matric

potential gradient of 0.5 bars per meter. Philip and

de Vries (1957) indicate that the magnitude of the moisture

flux resulting from a given temperature gradient increases

down to a potential of about -0.1 bar. The magnitude then

remains more or less constant until it begins to decrease

rapidly at potentials of -80 bars or lower.

77
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The theory of thermally driven moisture flux

developed by Philip and de Vries (1957) was discussed in

Chapter II of this work. This theory can be used to

estimate the magnitude of such fluxes within the study

plots. Combining Equations (15) and (16) of this work, one

obtains:

--h•a'n° VT (1.94x10	 -1-7
) gm cm-2 sec	 (17)qvap

The thermally driven vapor flux can be calculated using the

values for "a," "h," and un" appropriate to various moisture

contents. The total porosity of the soil, a + 0, is more

correctly determined through the use of observed bulk

density values for the field soil than from the measurement

of saturation moisture content. Air entrapment and bulk

density changes can produce errors in the determination of

total porosity by the latter method. The porosity of the

soil is given by:

a + 0
P s

p s	 density of soil particles

pb = measured bulk density of soil

The bulk densities for the four samples used to determine

the moisture isotherms averaged 1.56 gm cm
-3 . The average

( 18 )

bulk density of gravimetric samples collected from depths of

30 cm or more was 1.48 gm cm
-3 . The former samples were
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collected during very dry soil conditions, and undoubtedly

experienced some compaction during the sampling process. An

average bulk density value of 1.50 gm cm-3 will be used in

calculating the porosity. Using a value of 2.65 gm cm-3 for

the density of the soil particles, a value of 0.43 is

obtained for the total air-filled porosity of oven dry soil

from the field site.

Table 5 presents the results of calculations made

with Equation (17), assuming a temperature gradient of 1 ° C

per meter at 20 °C. The values for the moisture content, 0,

at a given potential, Tp, are taken from Figure 16, the

"average" isotherm. Values of n were obtained from Equation

(15), with the aid of Table 1. The value of "h," the rela-

tive humidity, corresponding to a given potential was

determined through the use of Equation (3) of this work.

It is apparent from the data in Table 5 that the magnitude

of the vapor flux due to a given temperature gradient is

relatively independent of potential in the -1 to -45 bar

-9range. An average value of 2.6 x 10	 will be assumed to

be applicable to the entire potential range represented in

the table.

An estimate of the flux produced by gradients in

psychrometric potential can be made using Equation (19). It

was obtained from Equation (4) of this work, replacing the

total potential gradient, V, with the vertical
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Table 5. Thermally Induced Vapor Flux Produced by a 1° C per
Meter Gradient

Tp	 0	 a 0.43-0 h at
bars cm 3 cm-3 cm 3 cm-3 200 C

qv p
gm cm- sec-1 °C - 'meter

	-1	 0.110	 0.320	 0.999 4.2	 2.60 x 10 -9

	

-5	 0.083	 0.347	 0.996 3.9	 2.61 x 10-9

	

-10	 0.074	 0.356	 0.992 3.8	 2.60 x 10 -9

	

-25	 0.064	 0.366	 0.981 3.7	 2.60 x 10 -9

	

-40	 0.058	 0.372	 0.963 3.7	 2.50 x 10 -9

psychrometric potential gradient, dTp /dz, and multiplying

by the density of water, pw .

= p
w K(0) 	dz

The conductivity, K(0), can be determined using Equation

(20), as derived from Equation (8).

K(e)	 de 
d Y p

The value of 13 (0) changes relatively slowly with potential

in the dry moisture range. The previously discussed value

of 1 x 10-4 cm2 sec-1 will be used in the following calcu-

lations. The values of de/d{ corresponding to a given- P

potential are obtained from Figure 16. Table 6 presents

the results of calculations made to estimate the moisture

(19)

(20)
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Table 6.	 Comparison of Moisture Fluxes Produced by Poten-
tial and Thermal Gradients

Moisture flux,
q,	 for gradient	 Vapor flux, gvap,

dO/dTp	 of one bar per	 for gradient of
Tp	 D(0)	 bars-1	 meter	 1°C per meter

bars	 cm 2 sec-1 	x 10 2 	gm cm-2 sec-1 	gm cm-2 sec-1

-1 7.5	 7.6	 x 10 -9

-5 0.3	 2.6 x 10
-9

-10 0.15	 1.5 x 10
-9

1 x 10
-4

2.6 x 10 -9

-25 0.035	 3.5 x 10
-10

-40 0.046	 4.6 x 10
-10

flux created by a one bar per meter potential gradient,

using Equations (19)	 and	 (20),	 at various potential values.

The fluxes are compared with the thermally driven flux

produced by a 1° C per meter gradient. It is apparent from

the data in the table that the thermally driven flux can be

a significant portion of the total moisture flux under

conditions of low potential gradients and high temperature

gradients.

Field Observations 

The moisture potential and temperature data

collected within the non-vegetated plot can be used to

determine the relative importance of thermally induced vapor

flux under natural field conditions. This will make
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possible an estimate of the value of the use of psychro-

metric potentials for the quantitative prediction of soil

moisture transfer.

Figure 20 in Chapter IX illustrates that from March

26 to May 14 there was a moisture potential increase of 3.5

bars at the 90 centimeter level recorded by psychrometer

P-7. The average potential during this time was -23 bars.

The observed potential change corresponds to a moisture

content increase of 0.0012 cm3 Cm-3 , as obtained from

Figure 16, the average isotherm. The net moisture flux

through a one centimeter layer at the 90 centimeter depth

for this 49 day period is given by:

Ag _ AO 	0.0012 
p -	 x 1.0 gm cm

-3
Az	 At w	 49 x 86,400 sec

= 2.9 x 10
-10 

gm cm
-3 

sec
-1
	

(21)

This value is subject to about a + 30 per cent error

resulting from possible errors in the recorded potential

values.

During the same time period the observed potential

gradient from 60 to 90 centimeters (psychrometers P-12 and

P-7) average 18 bars per meter. From 90 to 180 centimeters

(psychrometers P-7 and P-8) the gradient average 21 bars per

meter. The recorded potentials varied from about -17 bars

at 60 centimeters to about -42 bars at 180 centimeters. In

this potential range the moisture flux due to a given
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potential gradient remains more or less constant with

potential. The potential gradient increases with depth,

inferring an increase with depth of the downward moisture

transfer created by potential gradients. This would pro-

duce, in the absence of other transfer mechanisms, a

decrease in the moisture content at the 90 centimeter depth

from March 26 to May 14. However, as noted above, the

moisture content at the 90 centimeter depth actually

increased during this period.

Examination of the soil temperatures recorded by

psychrometers P-8, P-7, and P-12 reveals that the tempera-

ture gradient during this same time period average 4.5° C per

meter from 60 to 90 centimeters, and 2.0° C per meter from 90

to 180 centimeters. The temperature decreased monotonically

with depth, implying a uniformly downward vapor flux. The

net flux of vapor through a one centimeter layer at the 90

centimeter depth, due to temperature gradients, can be

calculated using the data in Table 5, and the observed

gradients.

= (2.6 x 10
-9 

gm cm
-2 

sec-1 oC-1 meter)yap
-1

• (4.5
oC meter )

- (2.6 x 10
-9 

gm cm
-2 

sec-1 oC-1 meter)

-1
• (2.0

oC meter ) ( 22)



The resultant moisture content increase is computed as:

Aq
va2	 (2.6 x 10

-9
) x (4.5 - 2.0) 

Az	 -	 1.0 cm	 gm cm	 sec
-1

sec

6.5 x 10
-9 

mg cm
-3 

sec
-1

The magnitude of the calculated moisture content increase

is more than sufficient to account for the observed moisture

-3content increase of 1.1 x 10
-9

gm cm	 sec
-1

, even allowing

for considerable downward movement of moisture due to poten-

tial gradients.

The assumptions made in the preceding calculations

were many, and it is not the intention of this author to

imply that the various values calculated are exact. It is

conceivable that a full order of magnitude difference may

exist between the observed values, and values calculated in

this fashion. The concern here is one of determining the

relative importance of various mechanisms of soil moisture

transfer. It is well illustrated that under conditions

existing at the field study site, thermally induced vapor

transfer may be quite significant. Reasoning similar to

that used above can be applied to other portions of the

field data collected on the non-vegetated plot, and the

importance of temperature gradients determined. Table 7

presents a summary of information obtained from several

different time intervals within the one year period of this

study.

84

(23)



H	 4-)
rd -P

•H	 0
-P WE
• H

r-0 Cf)
(C1

0
04 0 4

H W
CCI -P -P
-H
4-)
• -H \

Co• 9:3
4-) rd $-1

Poi
P4 0 4

• W4J
0.4 -H
E ra
• \

U
0 0

85

I	 I
	I4 	 E
	rd 	 M	 a) ro	 0 •

1	 - u) 3	 4	 -P H - ,--I 3-1 H
o rn-H04-)	 W I 4-) U0	 4W
P4 I	 90 O	 > -H	 -H 0., 0 0 U >

04 -	 0	 -H '0	 3 u) >1 W
O N ro -H	 $-1	 0 -P W	 rd M H

- H 4--) I W r0	 r0 0 -P(ir.C(DWQ4
rd PA M rd 0cvE4OP	 E

	rd $.-1	 >1	 W	 0 U 4 U
O W 4 W ki)	 ,---I CU	 >1 W H 0 4-)

H u) C1 ,P U rd r0 0 0
-P Ri • H U H	 al CD 	O 	Q al
O (1)	 ni	 E ,-	 0 r0 -H 4J al
• $--1	 • H -H	 $-i -P 4 0 ta	 -P W
ro U ro	 4-)	 0	 U	 W ro rd ,-
0 0 00 0(I)	 r4	 4	 - - H 0-) 	4)
$-1 -H $-1 4 @	 -P 0 (a 'D M D U) H

	

al 4-) -P	 r"C3	 0 -P ai	 rd -P
WHP4	 n	 11)E-i-ini-,--Ict
4 rd E 0 P4 4	 P4 0 0) U -P
Ei - H 0 -P	 Fi	 u)	•r-1 	010

4J 0 	r0 •	 X	 -P rcs H W 0 --1
O 	W$-1 m	 0 al al rd > -P W
0 ca	 rd I	 H -H 4	 • H rd 0 4-)

	

-P rd ro 3 P4	 LH -P -P t3) -P 4 0, a)

0	 0
	Ln

	
Lo	4-H	 c\1	 -P	 cv

	H 	 (1) H H 0	 CV	 W1-1 (N

	

I	 ni	 I	 I	 (riI
›

	in	 in 	00 Ln	 tr) 	00

	

.	 .	 4-)	 •	 . 	e	 4-)	 •
	H 	 o	 0 ,---I H	 H	 o	 (1) .-1 .—I
	I 	 -I-	 OcriI	 I	 +	0(111

›

4 •
OU)	 c•J	 H
›-1 0 HON N 0 00 N	 H 0 ro co 0 O.) m
(OZ 	I-P I	 I-P I	 I	 I -P I	 141I	 I
al	 P4	 P-1	 04 	04 	04	 04 	04	 04	 04	 04

o	 o
4	 o	 co	 o	 co
4-)	 cn	 H	 cs)	 H
04E 	i	 i	 o	 I

0
1

0)0 o	 o	 o.)	 o
n	 Lo	 0,	 .0	 0,

o



I	 -P a)
rd 3-1 o 4

0 3 (1) 0)
0 -P -P 1 73 -P

23 73 a) 0 ,--I a)	 u)

U)
Cd

I
O M
(:)-,	 1

a	 a)	 E	 rd 4 r0 ›	 › rd 0
	U) -P -H 4-) 4-) -H (1)	 H -P	 $4 e —I E	 •

-H 4-) -H 0 ro 0	 -P 4	 14-1 0:1	 -H (1) 	P	 D C!)
Cd 	Cd	 0 -P-P	 0 -H E	 u) a) ro	 0 4-)

• N 	P	 -HO 	4-) 0 -Qt!) 	0 Pt
O W IrOO)airoU4-)	 (1))-1,----Iord>14-) at W
-H u) Pr( (3)	 (d

•	

U 0 1-1-1 W	 0 H rd	 -H
-P rd	 u) H u)	 0 0	 4-)	 > a)	 H 0 -P r0
U (L) ,- rd RI -H 03 0-) 4	 0 0 >-, (1) 4 0 al -.1 CO CO

-P (1) -H	 0)	 u) a, ra H -P	 E 03 4
73 U -H	 -P 0 o a)

•	

a)	 3	 -H Pi	 -P 0)
W 3UPIPI.-0	 P10")rtIPI-P	 a) Cd
• -H	 W a) -P

•	

A4	 a) ç-H 4	 H
73 --I -P	 -P	 4	 -H 	 rd -P 14-1 rcl rd

W HO) 	 0 El rd u) 4-) • CD	 0 44 -H	 0 $ -H
4 rc5	 0 0.4 	PD 	r0 ,-	 (I) 5	 -P 0	 -P 4-)
H -H 71 4	 0 --1 4 0 H 'H H 'H u) 	4-3 --P a, -P ro • 04 rd -P -H	 -P ro 4-) 0 W	 X 0 0

5	 --1 0-) E 3 P.,	 R:1 F.: -P -P 0	 ro 4J
WOOrd I WOWW	 OPIŒ)ffiC)H	 0
-P U 4-) 3 0.4 4-) -P ro a,	 U 0) U U 0,73 4-1 -P al

	4 	 14-1	 4-1
	H 4-)	 0	 5	 o	 5

rd -P	 U	 0
	- HQ 	a)	 a)
	-P05	 0)0 0	 0.1 In 0

• -,--1 \	 rd • (n	 al • 03
	a) DU)(1)	 $4 en	 P H

	

4-) RS Pi	 W+ -P	 0 + -P
O al	 >	 al	 >	 rd

	

P4 CD 4	 ai	 al

H 0
RI 4--) 4-)

	-HOW 	W	 a)
	4-) a) E	 co	 c0	 -P	 in	 in	 -P LC)

• -H \,	 H	 r-i	 0r-i i	 0	 NI	 (1) i c\I

	

0 ro u)	 I	 I 	OCd	 I 	OCdI
-P rd	 >	 >
O $-1 rd
fll CD A

0
• 0 -P 0	 cp 	0)0 o	 o 	(DO

	Pi-d !)) 	.	 -P	 •	 .	 • 	4-)i.
• rC3 E	 •1	 H	 0 H co	 d, 	H	 W,---1 m
O 71 \	 I	 I 	0CdI	 1	 I 	OCdI

	E-1 $-i U	 >	 >
(.7 0

4

• •

U u) cv	 H

	

>10 HON NO00 N	 H 0 (n co 0 M cr)
CO	 I 4-) 	I	 I -P	 I	 I	 I-PI	 14-)I	 1

1214	 121	 CLI	 fa4	 fal 	Pi 	(11	 r24	 rli	 (:)-1	 rli

o	 o
4	 o	 co	 o	 co
4-)	 cr)	 H	 03	 H

	a, 5	 I	 I	 o	 I	 I	 o
w 0 0	 o	 (n	 0	 o	 cr)
n	 t.o	 cr,	 q:.	 0)

0

	

4-) 	In 0
	Cd 	-P

	

(2)	 m

86



W
-P -P

-P (1) E

Q) y u)
-P rd $.4
0 Cd
04 CD

87

E	 HI 	cu• O)
HO 	rd -H u)	 I 0)
Cd	 4-1 tY) E r() la	 H	 H •
H0	 0P0)	 W rd -P 0 al	 W 4--)

-P CO	 -H (1) -H	 0	 -P	 rd 1P	 4-) 0
.—I 4 a)	 4	 G) 4-i -P 0	P	 u) (1)

Q) 	4-) u	 -I-)	 ›	 ai H a) 0 -P	 E
4 -) 0 0	 rt:3 0 a) -H u) mi 	(d00 u) 0	 RD
O -1-) rg (I)	 u) ,—i -P -4-) U -P r_Q E H -H -H S-1 -H
04	 u) u) -H -H U	 -H rd	 a)	 0 -I-) 0 r0
0 H 4 @	 rd a) a) 4-1	 0 -P >1 E -H P-I

a) 0) 0 rd ty)	 > 4-4 -H -H u) 7t, 	H	 y	 -P
J) 	LH	 0 0 LH r0	 W I 0	 r0	 H fl'
ME 	0)rd4 --1(1)cdt-5)X	 t:DOWOMQ)
$-1 0 a) 4 4 3 04	 -H	 a) rd	 U C) ,Q -H
0.) H E EH U	 -H C-5) U) H 4 g-i (-H	 Y
> LPI M F00)	 4-1 4--) W 0 Y	 in rd
Cd	 Cd	 H 0	 a) u )z-5)	 ›	 0 a) H --1

4-)	 • (d -H o 4 -H	 a)	 cd -P	 r0	 0)
0 f7.,' a) u) -H $-1 -H -P H -H H -H 	1 P Cd
4 a) 4 ro 4-) a) -P	 4J u	 a)	 rri	 u
E-1 -H -P o	 0,-H u) rd	 4-) u)	 -H H	 0 -H

r0	•H G) 	r0 Q) E r0 (f) H	 r0 a) X
cd u) S-4 4-) a)	 4-)	 0 -H cd	 rd -P	 W 4-)

gini004	 M4-4 -10-H	 --la.)H4rd
t3)	 a40.,_puuoaie-p	 tre4- 1 e

tY1 	•
o	 I	 rn	 t-1-1

u) • 0 -H ad 	WH	I	 0
0)0 • 3 $-1	 C)')	 CI ai G) -H

-H	 H 0 W	 CO	 -H (-)
P E	 HQ4Cdo	 u) -H
M0OHE4-) 4H	 4-i rd ai

OU 0-H 4
• 1-H	 LH -I-) 	C)

O r0	 (1)	 r0
CD Ln	 0	 CHT)	 0
rd H --1 -H	 di H	 -H
P lOP	 PlOP
Q)	 'HG) 	0 	'HG)
• LIH	 04	 › 4-1 	04
rd 0	 (d o

ro 00)
I	 -1--) 	I

PA	 PA

M 00)
. 1 -P	 I
P-1	 ra4

-P
• (1)

4-)
f-_).4 -H Q)
Era E
I)) Cd

E-1 PU
00

4

• •

• u)
>-i o

P-I

co	 c0

• I I
o(I)	 o



88

• I	 -P	 14-1	 M	 (N	 o
(I) -H	 10 •IM 	(1) .0 	ctiH	 (\)
4-o	 Q) -H 1-- CC

•	

H	 3 0 \ -HI
10 ni 0 4 S-1	 I W 0 -H ro (1)	 -HO
• /-i -P -H	 -P P-i -P • ,--1	 a) > 0 0 10 -P H 11-1 X -
rd ta)	 rOrd	 04PO>0-H4P4-1() 	0O

	

-P ai H e 4-1 P--1 u) • H -P	 4 (1) 4	 .--1 ri)
-P 0 ,(11 m	 ni	 ro rd 0	 U 0 di	 0 0 1-1-1 4 •

W rd 0 -P	 /-i	 d) m	 a)	 -H -H	 (.)	 cd 4-1
-H (1) 3 (Do m 0 -1,.Q (1) .-ir-oro 'D r0

O 4-) U $-1 C • H U 0 0 .P -H	 ni	 (1) ai a)	 a)
P., rd -H U -P 	(fl -H	 C Q) ro	 0 > -P > H
ai /--4 4H	 ni 0 + e 4-1 -H m e	 aityl(f)1-i -1 --1 rd rd
> Q)4- .H .4 .-4 	-HC 	cd ,--1 (D 4H	 0 0 I-i -H eD.,

P.,	 -P 4-1 1-1-1 Ell 0	 • -P .4 m 0 0 (1) I--)_. Ti 4-) P-1
70 5 u) (I)	 o 	-RaiI (d	 4-)	 > ,Q 5	 Cai
P (1) 	- H E 	pro 	H a)	 rd 

• 

CD 0 ,--1 >1 (1)
cli -P u) -P ni 0 -P CD (d 	-(11 O	 - gl -P $.-1	 H4--) U)
3	 rd	 -H I-i 4 ro	 (ri -H	 /-1 4-1 ni	 4-) a) H 0 - H
P.+ 0 3 4-1 -P 1-1-1 0	 t51 H 4-1 0 a)	

• 

a) rd ,_	 rd P__.
(D 4	 .H	 \ • CY) > --1 W .- ,-. EH e	 -

	(1) m 0 -P ro	 .-1 (-0 0	 0 0 p.. -P -P	 I-i m M
W 4 4-1 -P H ai 	ai	 4--1 0 3 P-I	 0 -H I-1• 1+-1 0	 -H	 0 4 ci rd (D	 (.1)	 .4	 (1.5

rC) 0 0 P-1 CO tl) 	4-1 0 	 > 4-1 -H ni	 -P -P ,L)

4-) 	-P

	

e 4	 e
U 4)

• 0 CD	 • 0
Ho-ira Cr) (3)

o)	 0
cc)	 0	 -P	 (Y)	 ro	 7t1	 -P	 H
H	 H 	Q) H +	 I	 H	 (1) ,--I .--1

I	 I	 rd	 I	 4 rd I
> >

0	 1I)	 1:ll Ir)	 0	 in 	Q) LC)
.	 .	 -P	 •	 • 	s	 -P	 •

CC) 	H	 0 H H ro	 H	 1.) n-1 H
± +	 ni + +	 +	 Cai+

› ›

c\1	 H
H 0 N N 0 GO N	 H 0 Pl ro 0 (D rr)

I	 -1-) 	I	 I	 -1-1 	I	 I	 I	 -1-1 	I	 I	 -1-1 	I	 I
P4	 P-I	 P-I	 tas	 P-I	 c14	 04	 CI-1	 ai	 P-1

O

O 	o
co	 o	 co
H	 ci-)	 H

o
I	 o

(D
i

o
I

cs)
cy,	 ko	 o,

(3)



89

The conclusions stated in the table are qualitative

in nature, primarily due to a lack of quantitative informa-

tion on the thermal and moisture diffusivity functions for

the field soil. However, it is apparent from the informa-

tion in the table that the energy field described by the

psychrometric potentials is not sufficient to completely

describe the movement of moisture within the soil profile

below the 60 centimeter depth.

The analysis of temperature induced moisture fluxes

has been limited to the region below 60 centimeters. Above

that level diurnal temperature variations are significant,

and no conclusive statements can be made about temperature

gradients based on measurements made during a brief portion

of the day. The close correlation between the increase in

potential and the decrease in temperature would indicate the

presence of temperature induced fluxes in the near surface

layers of the soil. Information is not available for the

diurnal variations at the 15 centimeter depth, but it is

assumed that the temperature variations, and the correspond-

ing potential variations would be of even greater magnitude

than those observed at 30 centimeters. Jackson (1971)

reports a significant diurnal variation in moisture content

of the near surface layers continuing up to 48 days after

an irrigation cycle. A net decline in moisture content

occurred during this period, inferring the presence of

processes creating a transfer of moisture away from the
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surface soil, layers. The temperature and potential varia-

tions observed in this study are undoubtedly related to

those transfer processes.

The presence of temperature gradients within the

study plot, at potentials of -15 bars and lower produces

significant moisture flux, when compared with that produced

by matric potential gradients in the same potential range.

Under conditions of extreme temperature gradients, the

observed potential changes may be exclusively due to

thermally driven vapor flux. For higher potential values

no conclusive evidence exists within the field data for

the presence or absence of thermally induced transfer.



CHAPTER IX

EFFECT OF VEGETATIVE COVER ON MOISTURE POTENTIALS

The analysis of the various factors causing changes

in soil moisture potential has been restricted thus far to

data collected within the non-vegetated plot. A comparison

of the spatial and temporal variations of potential within

the vegetated plot with those within the non-vegetated plot

will yield information on the effect of desert plants on the

soil moisture regimen. The comparison will of necessity be

qualitative in nature. The horizontal and vertical varia-

tions in diffusivity and the moisture isotherms, as well as

the indeterminate effect of temperature gradients prevents

the construction of a quantitative model of moisture transfer

within the soil-plant-atmosphere system.

Field Observations 

The vertical temperature profiles beneath the two

plots, as illustrated in Figures 18 and 19, are quite

similar. Some differences are observed at the 15 centimeter

depth, most likely due to the plant shading the surface.

The overall similarity of the profiles would indicate that

thermally driven moisture fluxes within the two plots are of

similar magnitude and character, and that the observed

91
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differences in potentials are due to differences in matric

potential gradients.

The winter rainy season of 1970-71 was unusually

dry. Less than two inches of precipitation occurred from

October 1970 through June 1971, compared with a long term

average of about six inches (International Biological

Program 1969). The reduced moisture input to the soil

profile resulted in unusually dry soil conditions at all

depths by mid-April. The vertical variations in potential

within the non-vegetated plot for selected dates are shown

in Figure 18. The potential values above the 90 centimeter

depth respond quickly to changes in climatic variables. The

decrease in potential from May 14 to July 20 is in response

to the extreme evaporative demand at the surface, which

reached a value of 30 inches for June (recorded Class-A pan

evaporation at study site). Precipitation occurring in mid-

July and throughout August raised the potentials throughout

the profile. By mid-November, with pan evaporation reduced

to about 6 inches per month, there was a continuing increase

in moisture contents at all depths, accompanied by a down-

ward decrease in potential.

The normal growth habit of desert hackberry (Celtis

pallida) is to begin the growth of new leaves in late winter

or early spring, prior to the start of the summer rainy

season. Leaf growth and development continues until early

fall, when flowering, followed by fruiting occurs. A
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significant amount of leaf drop usually occurs by mid-winter

(Hastings 1969). Very little investigation has been made of

the water use of this species, but it appears that under

natural conditions the growth (and inferred water use) is

regulated by both temperature conditions and moisture

availability (Cannon 1905).

The Celtis pallida plant on the study plot exhibited

an atypical growth pattern during 1971, as did other plants

of that species in the vicinity. Leaf growth and develop-

ment began, on schedule, in late March. In mid-July, after 

the start of the summer rains, a total leaf drop occurred.

The plant remained leafless until mid-August, when bud

growth and leaf development became evident. From that time

on, the plant responded in a normal fashion, keeping its

leaves well into the winter of 1972.

The potential profiles beneath the center of the

plant, shown in Figure 19, reflect the plant activity. The

profiles indicate the existence of relatively small vertical

potential gradients below 15 centimeters, except during late

July and early August when there was no apparent plant

activity. The potentials decrease towards the 60 to 90

centimeter depth zone throughout most of the year, indi-

cating the presence of a moisture sink in that zone. The

potentials at all depths increase as a result of surficial

moisture inputs occurring during July, August, and

September. However, the vertical potential gradients



96

evident beneath the non-vegetated plot do not appear beneath

the plant. The general decrease in potential from the 30 to

the 15 centimeter depth beneath the plant is most likely a

result of moisture losses from the surface, similar to those

occurring from the non-vegetated plot. However, the sharp

rise and fall of potentials in the upper 60 centimeters of

the non-vegetated plot is distributed more uniformly, and

with reduced magnitude, over the entire profile beneath the

plant center. The temperatures at the 15 centimeter depth

beneath the plant tend to be Lower than those at the same

depth beneath the non-vegetated plot, most likely due to the

shading of the surface by the plant. A gradual cooling from

July through November is apparent at all depths. This

follows closely the trends in atmospheric temperature

illustrated in Figure 25.

The moisture potential variations at the 15 centi-

meter depth, presented in Figure 20, evidence few signifi-

cant differences between the vegetated and non-vegetated

plots. The only major difference is in the response to the

precipitation that occurred in July. The potentials beneath

the plant rose above -1 bar almost immediately, while those

within the non-vegetated plot required an additional two

weeks to reach that level. Any other distinctions between

the potential variations at the 15 centimeter depth within

the vegetated and non-vegetated plots are more likely due to

soil variations than to the presence or absence of the
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plant. It can be inferred from this that the upper 15

centimeters of the soil profile is not an active layer, with

respect to water use by the hackberry plant.

The observed potential variations at the 30 centi-

meter depth are shown in Figure 21. Many of the differences

observed between the potentials beneath the vegetated and

non-vegetated plots are attributed to soil variability.

However, during May and June, when transpiration was

occurring, the potentials beneath the vegetated plot are

markedly lower than those beneath the non-vegetated plot.

As was true for the 15 centimeter depth, the potentials

beneath the plant at the 30 centimeter depth respond much

more rapidly to the onset of the July rains than do those

beneath the bare plot. By mid-November, the potentials

observed beneath the plant cover are again well below those

observed within the non-vegetated plot.

The recorded potentials at the 60 and 90 centimeter

depths are shown in Figures 22 and 23, respectively. The

potentials at both depths evidence significant differences

between the vegetated and non-vegetated plots. Potentials

beneath the plant cover are lower than those beneath the

non-vegetated plot for nearly the entire period. The

potentials rise much more during the non-growth period of

the plant (late-July and early-August), and show rapid

declines after the end of the August storms, when leaf

growth was occurring. The potentials beneath the
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non-vegetated plot, particularly those at the 90 centimeter

depth evidence little response to short term variations in

precipitation and other seasonally changing climatic condi-

tions. It is particularly interesting to note that the

potentials observed directly beneath the plant at the 30,

60, and 90 centimeter depths increased much more rapidly

than did those observed beside the plant at the respective

depths; the former being uniformly higher than the latter

during the non-growth period occurring in mid-July. During

the active growing periods of late spring and early fall

through winter, no uniform differences exist between the two

sets of measurements. The data for the 150 and 180 centi-

meter depths, presented in Figure 24, show potential varia-

tions similar to those observed at the 90 centimeter depth,

but of reduced magnitude.

Interpretation of Field Data 

From the field observations, a number of significant

conclusions can be drawn. First, little if any moisture is

withdrawn from the upper 15 centimeters of the soil profile

through transpiration by this particular hackberry plant.

The presence or absence of moisture in the upper 15 centi-

meters appears to exert little direct influence on the

plant's growth cycle.

Second, the greatest uptake of soil moisture by the

plant directly beneath it occurs between the 30 and 150
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centimeter depth. This region appears to exert considerable

control over the growth pattern of the plant, with respect

to soil moisture availability.

Third, the soil directly beneath the plant serves as

a source of soil moisture for both the plant and the sur-

rounding soil. When moisture input to the soil surface is

occurring, the potentials beneath the plant are uniformly

higher than those beside the plant, indicating a horizontal

moisture flow away from the plant center. Another study

(Lyford 1968) observed a significant increase in infiltra-

tion capacity of soils directly beneath desert plant cano-

pies. This increased infiltration, coupled with increased

precipitation per unit area (through interception and stem

flow) account for the observed phenomena. When there is not

significant vertical movement of water beneath the plant the

horizontal movement is reduced, and potential changes within

the plant root zone are primarily attributable to plant

transpiration.

Fourth, little if any moisture movement occurs as a

result of potential gradients produced by root extraction of

water from the soil. During growth periods the rate of

decline in potentials is similar throughout the plot, with

little evidence of the presence of potential gradients. The

variations observed in the moisture potentials at the

selected depths beside the plant appear to be the result of

an increase in water uptake by roots in the immediate
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vicinity of the psychrometers, coupled with a limited amount

of vertical moisture movement within the profile.
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CHAPTER X

SUMMARY AND CONCLUSIONS

Applicability of Psychrometers to Field Problems 

Peltier-type thermocouple psychrometers installed

within vegetated and non-vegetated plots at a desert field

site were used to measure soil moisture potential over a

one year period. The psychrometer measures only the sum of

the matric and solute components of the total soil moisture

potential. Measurements of this sum, termed the psychro-

metric potential, were possible in the range from -1 to -50

bars, providing temperature variations at the measurement

point were less than 0.03 ° C per minute. Greater temperature
variations prevent the measurement chamber of the psychrom-

eter from reaching vapor equilibrium with the surrounding

soil. At potential values above -1 bar the measurement

error is a significant part of the total recorded value,

invalidating the measurement. For potentials below -50

bars, the instrumentation used in this study was not

sufficiently sensitive to permit measurements of the poten-

tial. Analysis of the collected data demonstrates that the

thermocouple psychrometer can be used to obtain a reliable

measurement of the psychrometric potential within desert

field soils, subject to the above limitations.

107
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Laboratory calibration of the psychrometers revealed

that the measurement error is dependent on both the poten-

tial and the temperature at the measurement point. However,

for most conditions encountered during the study period the

error may be taken as + 0.5 bars. The measurement error is

primarily dependent on the inaccuracies involved in

measuring the voltage output of the psychrometer, rather

than on actual variations of the output at a given poten-

tial.

Laboratory measurements of the relationship between

psychrometric potential and soil moisture content were made

using soil samples from the field site. The resultant

moisture isotherms permit an estimate of the soil moisture

content at a given potential, in the -1 to -50 bar range.

However, the moisture content within which such estimates

are possible comprises less than 50 per cent of the total

range in moisture content observed at the field site. In

addition, differences in clay content among the soil samples

produced a significant variation in the corresponding iso-

therms. It is concluded that the measurement of psychro-

metric potential cannot be used to determine specific values

of moisture content for the soils at the field site.

Instead, soil moisture contents observed at the study site

can be divided into three categories, those below the

measurement range of the psychrometer, those within the

measurement range, and those above the measurement range.



109

Measurements of psychrometric potential can thus be used to

characterize the general status of soil moisture at field

sites, given the appropriate moisture isotherms.

The moisture content at a given psychrometric poten-

tial varied considerably among the soil samples analyzed.

However, the slope of the individual isotherms at a given

potential were nearly identical. Changes in recorded values

of psychrometric potential can thus be used to determine

changes in soil moisture content.

A significant amount of vapor transfer due to

temperature gradients occurs in the potential range within

which psychrometric measurements are possible. However, the

energy gradients creating this transfer are not measurable

with the psychrometer. The magnitude of the transfer can be

determined by empirical or theoretical means. Thermally

induced moisture fluxes within the field plots were shown to

be of greater magnitude than fluxes produced by gradients in

the psychrometric potential on numerous occasions during the

study period. Quantitative models of moisture movement

within desert soils must include the role of thermally

induced fluxes, as well as those resulting from matric and

solute potential gradients.

During the course of the study, considerable insight

was gained into the limitations placed on the use of

psychrometers in field investigations. Diurnal temperature

variations in the upper 15 centimeters of the soil profile
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were frequently of sufficient magnitude to prevent accurate

measurement of the psychrometric potential. In addition,

the moisture content of that portion of the soil was

commonly either above or below the measurement range of the

psychrometer. Thus measurements of moisture content changes

in the surface soil layers were not possible. Similarly,

psychrometric measurements can not be used to estimate the

net flux of moisture across the soil-atmosphere interface.

More accurate measurement of the moisture potential,

over a wider range of potentials would be possible through

the use of improved instrumentation. This increased sensi-

tivity will not eliminate the errors resulting from tempera-

ture variations of the soil.

Effect of Native Plants on the 
Soil Moisture Regime 

The desert hackberry plant growing on the vegetated

plot significantly altered the spatial and temporal varia-

tions in soil moisture potential, as compared to those within

the non-vegetated plot. Vertical gradients in potential

beneath the plant were much smaller than those within the

non-vegetated plot. Seasonal variations in moisture poten-

tial were much greater beneath the plant than beneath the

non-vegetated plot, particularly at depths in excess of 30

centimeters. The plant was actively withdrawing water from

the soil at potentials as low as -30 bars.
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The moisture potentials beneath the plant rose more

rapidly in response to precipitation input than those within

the non-vegetated plot. This is likely the result of higher

infiltration capacities of the soil beneath desert plants as

compared with the soil beneath non-vegetated areas.

No significant horizontal or vertical potential

gradients were observed within the root zone of the hack-

berry plant, except following periods of precipitation input

to the soil. However, pronounced variations in moisture

potential occurred in the root zone during the study period,

corresponding to observed variations in plant growth and

development. Observed moisture potential changes in the

root zone are thus attributed primarily to moisture uptake

by the plant adjacent to the psychrometers, rather than to

horizontal or vertical movement of water within the soil.

Moisture potential changes observed beneath the

center of the plant differed from those observed beside the

plant at similar depths. The differences were most pro-

nounced when the plant was highly stressed by low moisture

potentials, or during the beginning of a growth period.

These variations are attributed to changes in root dis-

tribution accompanying high moisture stress, and the ensuing

growth of new roots following the removal of the stress.

The presence of the plant significantly alters the

spatial distribution of the parameters governing moisture

movement in the soil. This variation, together with changes
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in root distribution must be considered in any model of

water uptake by desert plants. The specific conclusions

drawn in this study may or may not be true for other

specimens of desert hackberry, or for other desert plant

species. The psychrometric measurements made in this study

were restricted to the -1 to -50 bar potential range.

However, the plant observed in the study was growing in soil

exhibiting potentials in this range throughout most of the

study period. The potentials beneath the non-vegetated plot

were of similar magnitudes. It is reasonable to presume

that other desert plant species are subjected to similar

soil moisture stresses. The psychrometer is a valuable tool

for studying the magnitude and distribution of the moisture

potential within the root zone of such plants.



APPENDIX A

OSMOTIC POTENTIAL OF KC1 SOLUTIONS AT
SELECTED TEMPERATURES

Data from Campbell and Gardner (1971)

Osmotic potential--Joules/kg x 10
2*

Molality 	0°Co  20
o 
C10 C 	 30

o 
C 40°C

0.05	 -2.14	 -2.22	 -2.29 -2.37 -2.45

0.10	 -4.21	 -4.36	 -4.52 -4.67 -4.82

0.20	 -8.27	 -8.59	 -8.90 -9.20 -9.49

0.30	 -12.29	 -12.77	 -13.24 -13.70 -14.14

0.40	 -16.28	 -16.93	 -17.57 -18.19 -18.79

0.50	 -20.25	 -21.08	 -21.90 -22.68 -23.44

0.60	 -24.20	 -25.23	 -26.23 -27.19 -28.11

0.70	 -28.14	 -29.38	 -30.57 -31.71 -32.80

0.80	 -32.08	 -33.53	 -34.92 -36.25 -37.52

0.90	 -36.01	 -37.69	 -39.28 -40.80 -42.25

1.00	 -39.93	 -41.85	 -43.66 -45.38 -47.02

*Valus given for osmotic potential in joules per
kilogram x 10	 are approximately equivalent to those given
in bars,	 if the 10 2 factor is deleted.	 The numerical values
in the body of the table can thus be read directly as bars.
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APPENDIX B

PARTICLE SIZE DISTRIBUTIONS FOR SOIL SAMPLES USED TO
OBTAIN SORPTION-DESORPTION ISOTHERMS

Size range

Weight per cent of sample in size
range for:

Sample	 Sample	 Sample	 Sample
No. 	43 	No. 	47	 No. 	52 	No. 	61

Gravel
> 2.0 mm 5.6 12.5 16.7 11.6

Sand
2.0 - 0.02 mm 54.0 47.5 49.0 56.0

Silt
20 - 2.0 microns 25.6 24.9 21.0 20.5

Clay
< 2.0 microns 14.9 14.2 13.3 11.9

Clay
2.0 to 1.0 microns 4.5 3.2 3.3 2.1

Clay
< 1 micron 10.4 11.0 10.0 9.8
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APPENDIX C

PRECIPITATION-EVAPORATION RECORD, SANTA RITA
EXPERIMENTAL RANGE--1971

Precip--Measured precipitation for day, in inches
Evap--Cumulative record evaporation from previous data of

measurement, in inches

January	 February	 March	 April

Day Precip Evap Precip Evap Precip	 Evap Precip Evap

1
2
3 3.14
4
5 0.49 1.27 3.40

6 0.70
7
8
9 1.82

10

11
12
13 4.94
14
15 1.03 0.30

16 0.12
17 3.30
18
19
20

21
22 1.46
23 4.06
24
25 0.95 3.91 2.83

26
27 1.72
28
29
30
31

Total 0.49 3.88 0.95 7.75 10.72 0.30 11.35
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Precip--Measured precipitation for day, in inches
Evap--Cumulative recorded evaporation from previous date of

Day

measurement, in inches

May	 June	 July

Precip 	Evan	 Precip	 Evap	 Precip	 Evap

August

Precip	 Evap

1 8.18 3.05
2 0.27
3 8.26
4
5 0.45

6 0.40 4.91
7
8 4.06 1.40 1.01
9 0.96

10

11
12
13
14 6.22
15 6.49 5.76

16 0.26
17 1.77
18
19
20 4.36 1.48

21 0.04 2.06
22 2.44
23 7.67	 0.70 1.23
24 1.58 0.27
25

26 2.03
27
28 2.95	 0.67 0.10
29 2.66
30 0.25 0.64
31

Total 0.0	 21.20 0.0 34.81	 2.32 22.94 3.31	 20.0*

*Measurements not taken, estimated from previous
years' data, adjusted for temperature and humidity.
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Precip--Measured precipitation for day, in inches
Evap--Cumulative recorded evaporation from previous date of

measurement,

September

Day	 Precip	 Evap

in inches

October

Precip	 Evap

November

Precip	 Evap

December

Precip	 Evap

1 0.71
2
3
4
5 1.00

6
7
8
9

10

11
12
13
14
15 1.00 0.30

16
17
18 1. 00
19
20

21
22
23
24
25

26
27
28
29
30
31

Total 0.0	 15.0*	 1.71 10.0*	 1.00	 6.0*	 1.30	 5.0*

*Measurements not taken, values estimated from
previous years' data, adjusted for temperature and humidity.



APPENDIX D

TEMPERATURE AND PSYCHROMETRIC POTENTIAL DATA
FROM FIELD SITE

Date
1971 Time oc -Bars °C -Bars °C -Bars

P-1: 90 cm P-2: 180 cm P-3: 90 cm

12/30 0930 13.2 45.0 17.0 27.0 13.2 43.0
1/5 1600 13.5 41.0 20.5 25.0 14.0 34.0
1/13 1100 11.0 38.0 14.8 28.0 11.0 34.0
1/13 1230 11.5 35.0 17.0 26.0 12.0 33.0
1/13 1345 11.8 35.0 17.0 26.0 12.0 33.0

1/13 1500 12.0 38.0 17.5 26.0 12.2 33.0
1/13 1615 11.0 38.0* 16.0 27.0* 11.5 34.0*
1/19 1400 13.2 32.5 16.5 27.0 13.0 31.2
1/19 1500 13.0 33.0 16.2 27.5 13.2 32.4
1/19 1600 13.2 32.5 16.5 27.0 13.2 30.4

1/26 1100 14.8 34.4 16.5 28.6
1/26 1240 15.0 34.6 16.5 29.5 14.8 29.5
1/26 1340 14.5 33.0 16.5 29.5 14.8 29.0
1/31 1440 14.5 29.4 16.5 27.0 14.8 27.3
1/31 1640 14.8 31.0 16.5 26.0 14.8 26.4

2/17 1250 15.5 31.0 16.5 28.5 15.5 27.6
2/22 1200 14.5 22.2 16.5 28.0 14.5 26.0
2/22 1330 14.2 23.0 16.8 28.2 14.5 25.6
2/27 1100 13.8 29.2 -- -- 13.5 25.4
2/27 1300 14.0 31.8 16.2 26.2 13.8 25.3

2/27 1430 13.8 28.6 16.2 28.3 13.8 24.2
3/5 1430 13.5 25.2 16.0 27.2 13.5 21.8
3/5 1530 13.2 26.0 16.0 28.5 13.2 21.6

3/13 1000 15.5 25.2 16.0 29.0 15.5 21.4

3/26 1340 18.5 21.5 17.2 28.5 18.2 20.0

3/26 1530 18.5 22.0 17.2 29.0 18.2 20.0
4/14 1500 22.0 21.0 19.8 29.0 21.8 18.5

4/14 1545 22.0 21.0 19.8 29.0 21.8 18.5

4/30 1145 21.2 20.5 20.0 27.5 21.0 18.5
4/30 1415 21.0 20.0 20.0 28.5 21.0 18.5

*Potential values prior to 1/19/71 are approximate,
resulting from possible errors in temperature values recorded
prior to that date.
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-Bars

P-1; 90 cm P-2: 180 cm P-3; 90 cm

5/14 1045 23.2 19.0 21.2 28.5 23.0 18.0
5/14 1500 23.0 19.5 21.2 28.5 23.0 17.5
6/3 1125 25.5 22.3 23.0 27.7 25.2 17.6
6/3 1315 25.5 22.5 23.2 27.4 25.2 17.6
6/3 1450 25.5 22.0 23.2 27.8 25.2 17.4

6/3 1730 25.5 22.0 23.2 27.8 25.8 17.8
6/3 1915 25.5 21.8 23.0 27.7 25.2 17.3
6/3 2130 25.5 22.3 23.0 27.8 25.5 17.6
6/4 0015 25.5 21.6 23.2 27.8 25.5 17.6
6/4 0430 25.5 22.0 23.2 27.8 25.5 17.6

6/4 0730 25.5 23.3 23.2 28.1 25.2 17.6
6/4 1030 25.5 22.5 23.5 27.5 25.2 17.4
7/20 0730 31.0 29.0 28.0 15.0 30.5 18.5
7/22 2300 -- 27.8 14.0 30.5 8.0
7/23 0600 31.0 16.5 28.0 14.0 31.0 8.7

7/23 1000 31.0 18.7 28.0 14.0 30.5 9.5
7/30 0730 32.5 27.5 28.2 12.6 32.0 17.4
7/30 0930 32.5 27.5 28.2 12.6 32.2 17.5
7/30 1130 32.5 27.5 28.2 12.6 32.2 17.4
7/30 1500 32.5 27.5 28.8 12.5 32.2 16.5

8/4 1500 32.0 26.8 29.5 8.8 32.0 13.0

8/10 1430 30.0 9.0 29.0 8.2 30.0 9.4

8/16 0815 30.0 24.2 28.5 8.2 29.8 17.1

8/16 1100 30.0 24.3 28.5 8.2 29.8 17.1

8/16 1400 30.0 24.8 28.5 8.2 29.8 17.2

8/25 1400 28.8 25.3 28.5 19.4

9/14 1145 30.2 23.5 28.2 6.5 30.0 20.1

9/28 1330 28.2 27.3 28.0 7.3 28.2 20.2

10/12 1415 26.0 27.6 27.0 7.6 25.8 21.3

11/9 1215 20.5 25.5 23.5 8.8 20.5 24.4

11/9 1515 20.5 24.6 23.2 9.4 20.5 24.2

1/7 1400 11.0 18.0 15.8 11.8 11.0 5.5

1/7 1500 11.0 18.0 11.0 5.5

1/21 1130 12.2 5.0 15.0 11.6 12.0 0.0

2/8 1515 12.8 0.0 15.0 9.0 12.5 0.0

P-7; 90 cm P-8; 180 cm P-9; 180 cm

12/30 0930 13.0 42.0 17.2 39.0 17.2 44.0

1/5 1600 13.5 37.0 19.0 38.0 18.8 43.0

1/13 1100 10.0 40.0 13.5 41.0 13.5 45.0

1/13 1230 12.0 35.0 17.5 40.0 17.5 43.0

1/13 1345 11.5 38.0 17.0 40.0 17.5 44.0



Date
1971 Time °C -Bars oc -Bars oc
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-Bars

P-7; 90 cm P-8; 180 cm P-9; 180 cm

1/13 1500 12.0 35.0 16.5 42.0 17.0 45.0
1/13 1615 11.0 38.0* 16.5 41.0 16.8 42.0
1/19 1400 13.2 32.2 16.2 42.5 16.5 44.4
1/19 1500 13.2 33.6 16.2 41.5 16.5 44.4
1/19 1600 13.0 32.5 16.2 40.2 16.5 45.0

1/26 1100 16.5 42.4 16.5 46.2
1/26 1240 14.5 33.2 16.5 42.4 16.8 46.5
1/26 1340 14.8 33.1 16.5 43.0 16.5 44.4
1/31 1440 14.8 32.2 16.5 41.4 16.8 44.0
1/31 1640 14.8 33.5 16.5 40.2 16.8 43.5

2/17 1250 15.5 32.5 16.2 42.5 16.5 45.0
2/22 1200 14.2 30.0 16.8 43.0 17.0 44.5
2/22 1330 14.2 31.0 16.5 42.4 16.8 44.0
2/27 1100 13.5 30.5 16.2 42.2 16.5 43.3
2/27 1300 16.2 42.2 16.5 44.4

2/27 1430 13.8 32.0 16.2 43.4 16.5 44.4
3/5 1430 13.2 29.2 16.0 43.0 16.0 46.0
3/5 1530 13.2 28.0 16.0 43.0 16.0 44.0

3/13 1000 15.5 28.0 16.0 43.0 16.0 45.9
3/26 1340 18.5 25.0 17.2 42.5 17.2 43.0

3/26 1530 18.5 25.0 17.2 43.0 17.2 43.5

4/14 1500 22.0 23.5 19.8 42.0 19.5 42.0

4/14 1545 22.0 23.5 19.8 42.0 19.8 42.0

4/30 1145 21.0 21.5 20.0 42.0 20.0 42.0

4/30 1415 21.0 22.5 20.0 42.1 20.0 41.5

5/14 1045 23.2 21.5 21.2 41.0 21.2 41.0

5/14 1500 23.2 21.5 21.2 41.1 21.2 41.0

6/3 1125 25.5 22.4 23.2 39.2 23.0 37.8

6/3 1315 25.5 22.6 23.2 39.2 23.0 39.1

6/3 1445 25.5 22.6 23.2 39.2 23.0 37.8

6/3 1735 26.5 22.8 23.2 39.4 23.0 38.8

6/3 1915 25.5 22.2 23.2 39.6 23.0 38.3

6/3 2130 25.5 22.6 23.2 39.4 23.0 38.8

6/4 0015 25.5 22.6 23.2 39.6 23.2 39.4

6/4 0430 25.5 22.2 23.2 39.6 23.2 39.2

6/4 0730 25.5 22.8 23.5 39.7 23.0 38.6

6/4 1030 25.5 22.0 23.2 39.4 23.0 39.0

7/20 0730 31.2 27.0 28.2 37.0 27.8 35.0

7/22 2300 30.8 27.5 28.2 36.0 27.8 35.0

7/23 0600 30.5 27.7 28.0 35.6 27.8 34.9
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P-7; 90 cm P-8; 180 cm P-9 - 180 cm
7/23 1000 30.5 27.8 28.2 36.0 27.8 35.0
7/30 0730 32.2 26.5 28.8 35.2 28.2 32.1
7/30 0930 32.2 26.6 29.0 35.4 28.2 34.2
7/30 1130 32.2 26.5 28.8 35.5 28.2 34.4
7/30 1500 32.5 26.7 28.8 36.0 28.2 34.4

8/4 1500 32.2 16.0 29.5 35.6 28.8 34.6
8/10 1430 30.0 24.0 29.5 34.7 28.8 33.6
8/16 0815 29.8 23.3 28.8 34.0 28.5 33.6
8/16 1100 30.0 23.2 28.5 34.7 28.5 33.6
8/16 1400 29.8 23.4 28.5 34.7 28.2 33.7

8/25 1400 28.8 23.7 28.2 34.6 28.0 34.3
9/14 1145 30.5 22.8 28.0 35.1 28.0 34.5
9/28 1330 28.2 21.9 28.0 33.9 28.0 34.3

10/12 1415 25.8 22.8 27.0 32.6 27.0 34.4
11/9 1215 20.5 24.0 23.2 33.3 23.5 35.2

11/9 1515 20.0 34.2 23.2 34.0 23.5 35.6
1/7 1400 11.0 0.0 15.8 36.0 16.0 40.2
1/7 1500 11.0 0.0 -- --
1/21 1130 12.0 0.0 14.8 36.2 14.8 42.0
2/8 1515 12.5 0.0 14.8 37.0 15.0 41.0

P-11; 60 cm P-12; 60 cm P-13; 30 cm

2/17
2/22 1200 11.8 5.0 10.8 16.5 6.0 0.0
2/22 1330 11.8 5.2 10.8 17.0 7.0 0.0
2/27 1100 12.8 19.0 12.2 29.0 8.8 0.0
2/27 1300 12.8 18.3 12.0 29.5 9.5 0.0

2/27 1430 12.8 18.1 12.0 29.3 10.2 0.0
3/5 1430 12.5 22.4 12.5 28.7 13.5 0.0
3/5 1530 12.5 22.4 12.5 28.2 14.2 0.0
3/13 1000 16.2 21.0 16.8 25.0 15.8 0.0
3/26 1340 19.5 19.0 19.5 20.0 21.0 2.0

3/26 1530 19.2 19.5 19.5 20.5 22.5 2.0
4/14 1500 23.5 18.0 24.0 16.5 24.5 4.3
4/14 1545 23.5 18.0 24.2 16.5 25.0 4.5
4/30 1145 22.0 16.5 22.0 17.0 21.2 7.5
4/30 1415 22.0 16.5 22.0 17.0 23.0 8.5

5/14 1045 24.2 17.0 24.5 17.0 24.5 11.0
5/14 1500 24.0 17.0 24.5 16.0 27.0 11.5
6/3 1120 25.8 18.2 26.0 21.0 24.5 19.1
6/3 1315 26.0 17.3 26.0 20.1 25.5 18.7
6/3 1445 25.8 16.8 26.2 20.2 26.5 19.3
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1'	 T	 T.
-Bars	 °C	 -Bars

P-11; 60 cm P-12; 60 cm 	P-13;	 30 cm

6/3 1735 26.0 17.3 25.8 20.6	 28.0	 20.6
6/3 1915 26.0 17.7 25.8 20.8	 28.2	 20.4
6/3 2130 26.2 17.8 26.5 20.8	 28.2	 20.7
6/4 0015 26.2 18.4 26.5 21.6	 27.5	 20.4
6/4 0430 26.5 18.7 26.8 21.7	 26.0	 20.0

6/4 0730 26.8 18.4 26.5 31.0	 24.5	 19.4
6/4 1030 26.2 18.2 26.2 20.9	 24.5	 19.2
7/20 0730 32.2 25.6 32.5 37.4	 24.5	 19.4
7/22 2300 31.5 17.2 31.2 37.6	 31.2	 53.0
7/23 0600 32.0 19.7 31.8 37.0	 29.5	 41.5

7/23 1000 31.2 20.5 31.5 37.0	 28.5	 42.5

7/30 0730 33.8 21.1 34.5 30.4	 32.0	 19.5

7/30 0930 33.8 21.1 34.5 30.4	 31.2	 19.5

7/30 1130 33.2 22.5 34.0 30.5	 32.5	 19.0

7/30 1500 33.2 21.5 33.8 30.4	 35.2	 20.0

8/4 1500 32.5 18.7 32.5 27.6	 33.2	 9.2

8/10 1430 30.0 13.6 29.8 28.0	 28.5	 0.0

8/16 0815 30.2 19.5 30.8 26.4	 29.5	 0.0

8/16 1100 30.0 18.8 30.5 26.4	 29.5	 0.0

8/16 1400 30.2 18.5 30.2 26.5	 30.5	 0.0

8/25 1400 28.5 15.9 28.2 24.7	 29.2	 0.0

9/14 1145 31.8 14.9 32.5 18.1	 30.8	 4.9

9/28 1330 28.2 19.1 28.2 19.7	 27.5	 25.5

10/12 1415 25.2 19.9 25.0 19.2	 24.5	 18.8

11/9 1215 19.0 17.0 18.5 16.8	 15.5	 0.0

11/9 1515 19.0 17.2 18.2 16.7	 17.5	 0.0

1/7 1400 9.0 8.5 0.0	 6.2	 0.0

1/21 1130 11.2 0.0 11.2 0.0	 9.0	 0.0

2/8 1515 11.8 0.0 11.5 0.0	 11.0	 0.0

P-14; 30 cm P-16; 15 cm 	P-17;	 15 cm

2/17 Units P-13 and P-14 installed
2/22 1200 7.0 0.0

2/22 1330 7.8 0.0

2/27 1100 8.8 0.0 Units P-16 & P-17 installed
2/27 1300 10.0 0.0

2/27 1430
3/5 1430 14.5 0.0 20.5 10.2	 18.5	 4.2

3/5 1530 15.5 0.0 21.2 10.2	 19.5	 3.6

3/13 1000 15.2 0.0 15.5 1.0	 14.8	 1.0

3/26 1340 22.5 6.0 29.5 15.5	 28.0	 6.0
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P-14; 30 cm P- 1 6; 15 cm P-17; 15 cm

3/26 1530 24.0 10.0 29.5 16.0 28.8 5.0
4/14 1500 25.5 9.5 29.5 23.0 27.8 11.5
4/14 1545 25.8 10.0 29.2 23.5 28.0 11.5
4/30 1145 21.8 16.0 27.0 11.5 24.8 11.5
4/30 1415 24.5 20.0 32.0 17.0 30.2 14.0

5/14 1045 24.2 21.5 28.2 > 50 26.8 22.5
5/14 1500 27.8 31.0 -- 34.8 36.0
6/3 1120 24.5 32.5 27.8 > 50 26.8 > 50
6/3 1315 25.8 36.3 31.5 > 50 30.2 > 50
6/3 1445 27.5 37.4 33.0 > 50 32.0 > 50

6/3 1735 28.5 37.6 33.0 > 50 32.5 > 50
6/3 1915 29.2 35.8 31.0 > 50 30.0 > 50

6/3 2130 28.2 37.8 27.5 > 50 28.2 > 50

6/4 0015 27.0 28.7 25.0 > 50 25.5 > 50

6/4 0430 25.5 26.0 21.5 > 50 22.2 > 50

6/4 0730 24.0 28.1 21.5 > 50 21.5 > 56

6/4 1030 24.5 29.4 27.5 > 50 24.8 > 50

7/20 0730 30.2 36.5 27.5 10.0 27.5 43.6

7/22 2300 30.2 0.0 28.0 0.5 30.0 0.0

7/23 0600 28.0 0.0 25.0 0.0 26.0 0.0

7/23 1000 27.5 0.0 28.5 0.0 28.8 0.0

7/30 0730 30.2 2.0 28.2 0.0 28.2 0.0

7/30 0930 31.0 3.0 31.5 0.0 30.8 0.0

7/30 1130 32.5 3.5 35.5 0.5 35.5 1.5

7/30 1500 34.5 9.0 43.0 2.5 42.2 3.0

8/4 1500 33.0 3.0 39.8 1.6 39.5 0.0

8/10 1430 29.5 0.0 33.8 0.0 32.2 0.0

8/16 0815 28.5 0.0 27.0 0.0 27.2 0.0

8/16 1100 29.0 0.0 30.8 0.0 30.2 0.0

8/16 1400 32.0 0.0 35.2 0.8 35.8 0.0

8/25 1400 31.0 0.0 38.0 2.7 33.2 0.0

9/14 1145 30.8 26.6 34.5 27.4 34.5 4.4

9/28 1330 27.5 38.7 32.8 40.0 32.8 14.5

10/12 1415 25.0 30.4 30.0 27.7 29.8 10.0

11/9 1215 15.2 5.5 17.5 9.3 17.0 0.0

11/9 1515 18.0 8.3 22.8 13.0 22.0 0.0

1/7 1400 6.5 0.0 9.5 0.0 9.5 0.0

1/21 1130 8.5 0.0 9.5 0.0 9.2 1.0

2/8 1515 11.5 0.0 15.5 0.4 15.2 0.4
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Date
1971 Time oc -Bars	 Plant Status

P-34: 150 cm

5/14 1600 22.5 32.5 Leaves on plant, some new growth
6/4 1100 24.0 32.0 Leaves on plant, mostly mature
7/20 0830 29.2 37.5 No leaves on plant
7/22 2230 29.0 38.0
7/23 0800 29.2 38.0

7/30 0800 29.8 36.5 No leaves on plant
7/30 1000 30.0 37.0
7/30 1200 29.8 37.0
7/30 1430 30.0 36.0
8/4 1530 30.0 35.0 No leaves on plant

8/10 1400 30.0 32.4 Leaf bud growth evident
8/16 0830 29.2 28.8 Significant leaf growth occurring
8/16 1030 29.5 15.2 on all portions of plant stems.
8/16 1430 29.5 28.7
8/25 1500 28.8 27.4 Continued new leaf growth

9/14 1130 29.2 25.0 Leaves on plant, mostly mature
9/28 1530 28.5 28.0 Leaves on plant, mostly mature

10/12 1400 27.0 30.0 Mature leaves and fruit present
11/9 1300 22.5 28.3 Mature leaves and fruit present
11/9 1545 22.5 28.5

1/7 1330 14.5 Primarily old leaves; some leaf
1/21 1200 at top occurring as a result of
2/8 1500 frost damage in January
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P-26: 90 cm P-25; 90 cm P-31; 60 cm

5/14 1600 24.2 37.0 25.8 34.5
6/4 1100 25.5 36.5 26.8 31.0
7/20 0830 32.0 34.5 30.8 42.5 32.5 38.0
7/22 2230 31.8 35.5 30.8 42.5 32.5 38.0
7/23 0800 31.8 35.5 31.2 41.0 32.2 38.0

7/30 0800 32.5 35.5 32.5 37.5 34.5 33.5
7/30 1000 32.8 34.5 32.5 37.5 34.8 33.5
7/30 1200 32.8 34.5 32.2 37.5 34.2 33.5
7/30 1430 32.8 35.5 32.5 37.0 34.2 33.5
8/4 1530 32.0 36.5 32.0 34.5 32.8 35.5

8/10 1400 30.0 37.3 30.2 31.9 30.2 34.5
8/16 0830 30.0 33.4 29.8 26.9 30.2 32.5
8/16 1030 30.0 34.0 30.0 27.2 30.2 31.3
8/16 1430 30.0 33.4 30.0 26.4 30.2 31.9
8/25 1500 29.2 33.8 29.0 24.0 29.2 29.9

9/14 1130 30.8 29.2 30.2 25.6 32.5 25.0
9/28 1530 29.0 36.0 28.3 31.8 29.2 31.0

10/12 1400 26.2 38.0 26.0 32.8 25.8 31.8
11/9 1300 20.5 28.6 20.5 27.2 19.2 32.5
11/9 1545 20.5 28.4 20.5 27.2 19.2 31.7

1/7 1330 10.5 23.5 11.0 14.8 9.2 0.0
1/21 1200 12.0 10.4 12.0 13.8 11.5 0.0
2/8 1500 12.2 1.6 12.2 14.3 11.8 0.0

P-35; 60 cm P-22; 30 cm P-20: 30 cm

5/14 1600 25.0 35.0 25.2 39.5 24.5 33.0

6/4 1100 26.0 36.0 25.2 47.5 24.0 37.0

7/20 0830 32.2 42.5 31.8 45.5 31.8 32.0

7/22 2230 32.0 41.0 32.2 46.5 30.2 0.0

7/23 0800 31.5 42.5 29.8 45.5 29.5 0.2

7/30 0800 32.8 37.5 32.2 27.5 32.5 0.0

7/30 1000 33.8 37.0 32.2 25.5 32.0 0.0

7/30 1200 33.8 36.0 32.5 27.0 32.2 0.2

7/30 1430 33.2 36.0 34.8 26.5 32.8 0.0

8/4 1530 32.5 35.0 33.0 14.0 31.5 0.0

8/10 1400 30.2 30.8 28.8 0.0 28.2 0.0
8/16 0830 30.0 25.0 29.5 0.6 29.5 1.3
8/16 1030 30.2 25.3 29.8 0.5 29.5 1.3
8/16 1430 30.0 25.0 30.2 1.6 29.5 2.0
8/25 1500 29.0 20.1 30.0 2.4 28.2 0.5
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P-35: 60 cm P-22: 30 cm P-20; 30 cm

9/14 1130 32.0 26.2 32.0 15.8 31.5 26.6
9/28 1530 28.2 34.2 28.2 29.6 27.5 34.3

10/12 1400 25.5 33.8 24.5 30.6 24.0 27.6
11/9 1300 19.2 26.7 16.8 22.7 17.0 18.6
11/9 1545 19.0 26.7 18.5 24.0 17.5 20.2

1/7 1330 9.2 0.0 7.2 0.0 9.8 0.0
1/21 1200 11.5 2.6 10.2 1.0 10.2 0.0
2/8 1500 11.8 4.3 11.2 1.9 10.5 2.2

P-21; 15 cm P-15; 15 cm

5/14 1600 25.0 > 50 24.0 38.5
6/4 1100 24.5 > 50 24.0 52.0
7/20 0830 28.5 0.0 28.5 1.0
7/22 2230 30.0 0.0 29.5 0.0
7/23 0800 27.0 1.5 27.2 0.5

7/30 0800 29.5 0.5 29.0 0.2
7/30 1000 30.8 0.0 30.0 0.0
7/30 1200 33.2 0.0 32.2 0.0
7/30 1430 37.0 0.0 35.2 0.0
8/4 1530 35.2 0.0 33.2 0.0

8/10 1400 29.2 0.0 28.0 0.0

8/16 0830 27.5 0.0 27.0 2.0

8/16 1030 28.2 0.0 28.0 2.4

8/16 1430 32.8 1.6 32.0 4.0

8/25 1500 33.2 1.6 31.2 3.5

9/14 1130 32.2 23.3 31.0 33.6

9/28 1530 32.5 39.3 30.2 47.0

10/12 1400 27.2 15.2 25.5 33.0

11/9 1300 18.0 11.1 17.5 22.1

11/9 1545 22.2 12.7 21.0 25.0

1/7 1330 10.0 0.0 9.5 0.0

1/21 1200 11.0 1.0 10.8 6.2

2/8 1500 14.8 5.3 14.0 11.4



APPENDIX E

SOIL MOISTURE CONTENT AND SOIL BULK DENSITY WITHIN NON-
VEGETATED PLOT, DETERMINED BY GRAVIMETRIC METHODS

Date
Sample
No.

Sample
Depth
cm.

Moisture
Content

% by
Weight

Bulk
Density
gm cm-3

8-25-71 1 15-19 6.7 1.48

2 15-19 8.0 1.44
3 15-19 7.8 1.38

4 26-30 5.1 1.39

6 26-30 4.8 1.41

5 30-34 4.5 1.39

7 30-34 4.5 1.44

8 46-50 4.4 1.48

9 46-50 4.4 1.47

9-14-71 101 15-18 6.5

102 33-36 7.6

103 42-45 7.2

104 57-60 8.0

106 72-75 6.3

107 86-89 3.6

9-29-71 201 20-24 5.3

202 28-32 4.4

203 43-47 4.1

204 58-62 4.3

205 71-74 3.8

11- 9-71 301 0-4 1.6
303 13-17 7.6
304 20-24 7.9
305 28-32 4.8
306 43-47 4.1
307 58-62 4.3
308 88-92 3.2
309 118-122 3.0
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Date
Sample
No.

Sample Depth
cm

128

Moisture Content
% by Weight

1-20-72 402 0-2 3.2
403 2-4 5.4
404 4-6 6.3
405 6-8 7.5
406 8-10 6.4
401 10-12 9.3
411 17-18 10.5
414 19-20 11.1
413 20-21 11.3
412 22-23 11.7
410 24-25 11.9
409 25-27 11.8
408 27-29 11.5
407 29-30 10.4
417 33-36 9.8
418 36-39 9.1
416 39-42 9.9
415 42-45 10.1
422 48-50 10.3
421 52-55 10.2
420 55-57 9.7
419 58-60 9.6
426 78-82 7.5
425 82-85 7.1
424 85-87 5.8
423 87-90 4.0
427 110-114 3.4
428 114-118 3.8



APPENDIX F

CONDUCTIVITY AND SOLUTE CONCENTRATION OF SATURATION
EXTRACT FOR SONOITA SANDY LOAM

Data obtained from Hendricks (1972)

Depth	 Conductivity
Sample No.	cm.	 mmhos/cm.

Solute
Concentration

mg/liter*

SR 4 - 1	 0-5	 0.55 350

- 2	 5 - 18	 0.32 205

-	 3	 18-30	 0.30 190

- 4	 30-45	 0.38 245

-	 5	 45-65	 0.50 320

- 6	 65-87	 0.40 255

-	 7	 87-105	 0.58 370

- 8	 105-120	 0.64 410

- 9	 120-140	 1.57 1000

-10	 140-160	 0.38 245

-11	 160-190	 0.58 370

-12	 190-220	 0.44 280

-13	 220-250	 0.46 295

*Concentration in milligrams per liter computed as

Conductivity (mmhos/cm) x 0.64 x 10 3 .
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