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ABSTRACT

This thesis presents the results of comparative in situ soil
water measurements with several types of soil water sensors in Ascalon
soils. The field location for these measurements was the Pawnee
Intensive Site in northeastern Colorado which is a shortgrass prairie
vegetative type. The sensors evaluated were the double-junction thermo-
couple psychrometer, Colman fibérg]ass electrical resistance units,
cylindrical gypsum resistance units, and the neutron scattering device.

Four 1.45 m? calibration plots were identically instrumented with
thermocouple psychrometers, Colman resistance units, and gypsum re-
sistance units at soil depths of 2, 7, 15, 30, and 45 cm. In addition,
three access tubes were installed in each plot for the neutron scatter-
ing probe. Three of these plots were subjected to artificial applica-
tions of water in addition to the natural precipitation. The fourth
plot served as a control and received only natural precipitation.

The sensors in these plots were monitored on an intensive basis from
June 13th through August 31st of 1973, The results indicate that the
Colman and gypsum type resistance units can have significant lags in
their responses to changes in the soil water status. This is especially
true in dryer soil water conditions. Diurnal fluctuations in the soil
water potential were measured with the thermocouple psychrometers. The
corresponding resistance type sensors indicated 1ittle or no fluctua-

tions in soil water status during the same period.
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The soil water potential data obtained with the thermocouple psychro-
meters in the control plot had a close relationship to the growth
stages or phenclogy of blue grama grass_(BouteToua gracilis) during
the study period. These results pointed out the utility of using a
combination of thermocouple psychrometers and the neutron probe for
measuring plant-soil-water relationships.

A statistical correlation was used to test the possibility of an
in situ calibration technique for either the Colman or gypsum resistance
sensors with the thermocouple psychrometer. These results indicate
that neither type of resistance sensor can reliably predict the soil

water potential.
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CHAPTER 1
INTRODUCTION

The investigation of soil water dynamics has been a major effort
in the hydrologic process studies at the Pawnee Site, near Nunn,
Colorado, U.S. International Biological Program (IBP}. This informa-
tion is useful in determining the water balance for a shortgrass
prairie ecosystem and relsting soil water to ecosystem processes. It
has been pointed out by Striffler (1969) and others that water is a
Timiting factor in the productivity of this system. The over-riding
importance of soil water particularly for plant growth, transpiration,
and decomposition cannot be overemphasized.

In a general water balance equation of state, the following com-

ponents are considered (Slatyer, 1967):

P-R-D-E+AM = 0

wher:: P = precipitation
R = net runoff
D = drainage below the root zone
E = evapotranspiration
AW = changes of soil water content of root zone.

A1l components of this water balance have been monitored at the
Pawnee Site on a regular basis since the summer of 1970.

The status of the soil water is usually expressed in one of two
ways. The most common and direct measure is of concentration or soil

water content (e) . This measurement can be used to describe soil water



on a gravimetric basis, in terms of weight of water per weight of
oven dry soil; or on a volumetric basis which is the volume of water
per unit volume of soil. Another measure of soil water is based on
the energy status of the soil water.

Free energy is related to the forces acting on the soil water
(gravitational, pressure, osmotic, and adsorptive). When expressed in
terms of force, the free energy of soil water is often expressed as
bars of water potential (ergs/cm3). By definition, the water potential
of pure water at atmospheric pressure and a given elevation is equal
to zero. The potential of the soil water solution is less than zero
or negative (Salisbury and Ross, 1969).

Different techniques for the measurement of soil water have been
utiiized on the IBP Pawnee Site study are for the monitoring of soil
water phenomena. The continuous soil water measurement for the hydro-
logy studies has been the neutron scattering technique. The neutron
scattering technique measures the soil water content on a volumetric
basis. Another technique in use for soil woter measurement involves
the measurement of electrical resistance within some matrix. The
change of matrix resistance is a function of its water content, At
the Pawnee Site, two types of resistance sensors are used, one has a
gypsum matrix and the other one uses fiberglass. The matrix water
content is a function of the soil matric potential (Kohnke, 1968).

The matric potential is the adsorptive force between the soil particles
and the water present.

Two other soil water sensors which have been utilized by the IBP

are the thermocouple psychrometer and the tensionmeter. Both sensor



‘types give a direct measurement of water potential. The tensiometer
has a 0 to -1 bar range and measures the soil matrix potential. Due
to the limited measurement range of the tensiometer, it has only been
utilized on irrigated plot studies at the Pawnee Site.

The thermocouple psychrometer, however, has been utilized along
with many aspects of the IBP field studies (photosynthesis, respira-
tion) and has not been restricted to just the hydrology studies. The
psychrometer, in contrast to the tensiometer, has approximately a 0 to
-60 bar range and can be used in a variety of field conditions. The
psychrometer measures the total soil water potential.

The final method utilized for soil water measurement on the
Pawnee have been the gravimetric techniques. This sampling method is
a destructive technique since field samples must be taken to the
laboratory to be weighed, then oven dried to constant weight (usually
about 24 hours) at 105°C. The water content can be interpreted on a
volume basis if bulk density values are obtained.

During the course of the IBP hydrology studies, some of the
advantages and limitations of the different techniques for measuring
soil water have become &jiparent. No one sensor or technique is the
ultimate solution to all of the information needed about the status
of the soil water. In addition, for practical reasons it is often
necessary to convert soil water content to soil water potential and
vice versa. For this reason, it was decided that & study to compare

and evaluate the sensors in use on an in situ basis would be useful.



The objective of this study was to gain further insight about
the responses of these sensors to soil water dynamics and to define

their utility in studies of plant and soil water relations and soil

water hydrology.



CHAPTER I1I
REVIEW OF LITERATURE

Much work has already been completed concerning the various
hydrologic phenomena of the shortgrass prairie ecosystem. Striffler
(1969) reported on the status of grassland hydrologic studies. 1In
1971, Galbraith reported on the "Soil Water Regime of a Shortgrass
Prairie Ecosystem" and developed a water balance for the Pawnee Site
research area. Van Haveren {1974) reported on "Scil Water Phenomena
of a Shortgrass Prairie Site." The scope of this Titerature review
is therefore confined to those techniques of soi) water measurement

which were evaluated in, or are related to the previous studies.

The Status of Water In Soils

Two types of information are generally needed in the study of
soil water phenomena:

(a) the amount of water contained in the soil
and (b} the energy status of soil water.
While these are usually measured independently they are functionally
related. This relationship is termed the soil water retention curve.
This characteristic curve expresses the influence of many soil pro-
perties such as texture, porosity, pore size distribution, and
adsorption on the state of soil water (Hillel, 1971). Hysteresis,
related to whether the soil is wetting (sorption) or drying (desorption),

is reflected in the soil water retention curve.



Volumetric Expressions

Soil is a disperse system of solids and voids. The mineral and
organic compounds of soil form a solid matrix. The boundaries of the
many irregularly shaped intersticial pores in soil are controlled by
this matrix. That portion of the soil not occupied by the matrix is
defined as the pore space or voids. These voids can be filled with
soil air, water vapor, and liquid water. In a particular volume of
soil (V) will be contained a volume of solids (Vé) » volume of water

(Kﬂ) » and volume of air and water vapor (Vﬁ) such that:

vV = Vs + gﬁ + V& {Rose, 1966)

Arbitrary conventions have been established to describe the water
in soil. Saturation is defined as the point when all the pore space
in a given volume of soil is completely occupied by 1iquid water.
Field capacity is the soil water content after a thoroughly wetted
volume of soil has been allowed to drain by gravitational forces for
1 to 3 days, {no evaporation). The water remaining in the soil at this
point is considered capillary water since the bonding force is due to
the adhesion of water to the soil matrix {(matric potential). The field
capacity of a given soil is highly dependent on the properties of the
matrix and pore space geometry for that soil. Field capacity is con-
sidered to be the upper limit for water storage in the soil {-1/3 bar
matric potential or greater) and is often referred to as a “"constant.”
It is however, not an equilibrium condition.

The lower limit for soil water availability to plants is usually

referred to as the "permanent wilting percentage." Briggs and Shantz



(1912) first defined this soil water value and called it the "wilting
coefficient.” They made this determination by growing plants in small
containers until adequately developed., Then the containers were sealed
and the plants allowed to deplete the soil water until wilting occurred.
The plants were then placed in @ humid environment overnight and again
exposed to normal growing conditions the following day. If the ptlants
did not regain turgor, then the permanent wilting point had been
achieved and the soil water content was determined. Llater investiga-
tions show that the permanent wilting point is reasonably approximated
for many soils by the 15 bar percentage. Thus, it is common to use
the water content at a matric potential of -15 bars as an estimation
of the wilting percentage. This percentage has become a standard or
"constant" for the lower limit of soil water availability for plants.
"Available soil water" became the term which expressed the total
amount of soil water which is useful to plants. The upper limit for
available soil water is field capacity and the lower 1imit is considered
the permanent wilting percentage. The available soil water to plants
for a given soil will be influenced by many factors. Soil porosity
and pore geometry will regulate the amount of storage available for
soi]l water. Soil texture will influence the water availability. As
the soil clay content increases the "bound" water in the soil will be
greater and water held in this manner is not readily available to plants
(Kramer, 1969).
Due to the hysteretic behavior of soils a given water content may
indicate a wide range of possible water potentials (or vice versa).

The actual water potential that is associated with this single



measurement will depend on the condition of the soil at the time of
measurement. If the soil has been undergoing drying conditions prior
to the measurement, then the associated water potential may be Tess
(more negative) than for the same water content if the soil had beén
wetting at the time of measurement (Cary and Taylor, 1967). Each

soil has an ideal sorption (wetting) and desorption (drying) curve
which relates the soil water content to soil water potential. However,
between these two curves may lie an almost infinite set of "scanning”
curves, These curves represent interruptions or reversals of the
normal wetting or drying curves. There are several factors which may
account for most of the hysteretic behavior of soils (Klute, 1969).
These factors are the irregular pore geometry which causes the
“inkbottle effect” (Figure 2.1), air entrapment during the sorption
process, swelling and shrinking properties of the soil, and the contact-
angle effect. The contact-angle effect is caused by the increased
radius of curvature of an advancing miniscus by comparison to a reced-

ing miniscus.

Energy or Potential Expressions
At the present level of technology, there are two approaches to
the measurement of soil water. One approach is the measurement of soil
water content (e©) and the other is the measurement of the energy
status of the soil water or soil water potential (y) . Due to the
effects of hysteresis, a measurement of water content may or may not

give a reliable prediction of soil water potential. In other words, a



Figure 2.1, The "inkbottle" effect determines the equilibrium height
of water in a variable width pore: (a) in capillary

drainage {desorption); (b) in capillary rise (sorption)
from (Hillel, 1971).
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measurement of the amount of soil water available for growing plants
may not give an accurate indication of the energy these plants have to
expend to obtain water to meet their evapotranspiration needs.

The energy status of soil water is a thermodynamic relation that

is based upon Gibbs free energy function (Brown and Van Haveren, 1972),

Gm = U-1T5 + PV
where: Gb = Gibbs free energy
U = ‘internal energy of element
T = absolute temperature
S = entropy
P = pressure
V = volume

Slatyer {1967) shows the following derivations to obtain the soil water
potential from the Gibbs free energy function. The differential form

of the Gibbs equation is written as:

_ = Syt
dc, = du --SwdT+Vw+):(6N)nj an,
where: d”w = partial molal Gibbs free energy of water
N, = number of moles of solute whose chemical species
changes
n; = number of moles of solute whose chemical species

does not change
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In a non-swelling soil this equation has been rewritten to the

form:
duw = deP - SwdT - Vw dt - de-rr
where: dt = matric pressure component

dn

osmotic pressure component

If the temperature is allowed to remain constant, but the soil system
is changed from the condition of pure free water at atmospheric pres-
sure to a condition where the pressure on the soil water js different,

this change in state can be written as:

0

w) = VAP - VwA'r - VwA'n'

by, = (uw - U

where: superscript (°) denotes the new molal GibLs free energy
of water. This relationship now simplifies to

Ay _p -t -n (Slatyer, 1967)
v

where: ¢ = water potential

An alternative notation is:

where: y = total water potential
Yooil = soil water potential
¥ = pressure potential
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i/ matric potential

v

m

o solute potential
The soil matric potential (wm) is the force per unit area due
to the capillary adhesion of the water present to the soil particles.
Pressure potential (WP) is the force per unit area due to any extern-
ally applied pressures on the soil water. Solute potential (Ws)
is related to the osmotic pressure and is due to the presence of
solutes in the soil water solution.
Soil water potential is the energy status of the water in the
soil. In order to obtain water in the soil, the plant must maintain
a potential gradient which will conduct water to the plant roots for
assimilation. This water potential in the root system must be at least
equal to or less than (more negative) the water potential of the
surrounding soil. If this does not occur, the plant will wilt. This
Toss of gradient is often due to the depletion of soil water by evapo-
transpiration to the point that soil water potential exceeds the water

potential of the plant tissues (Kramer, 1969).

The Measurement of So’1 Water

Gravimetric Soil Water Measurement
Gravimetric methods are one of the oldest quantitative soil-
water measurements. Russell used results from soil-moisture studies
started at Rothamsted, England in 1843 (Russell, 1950). Gravimetric
methods are still the most widely used approach for obtaining soil water
records. It is a direct method for measuring soil water and is a
calibration standard for many indirect methods of measurement (Lull and

Reinhart, 1955).
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The gravimetric technique consists of obtaining a field soil
sampie, usually with a coring tool. This sample is immediately
placed in a container and sealed to prevent evaporative losses to the
atmosphere., The sample is taken to the lab for weighing and is dried
for 24 hours at 105 to 110°C. The sample is then reweighed and the
weight loss due to drying is recorded {Millar, Turk, and Foth, 1965).
The water content on a weight basis is expressed as a percentage,

calculated from the formula:

0 Wt Water

wt = Wigerr X 100

Some of the disadvantages to the gravimetric approach are the
time and labor required in sampling. Repeated sampiing destroys the
experimental area. For continuous soil water records, there is an
inherent sample variation because a new sample must be obtained at each
sample date.

A modification of the gravimetric technique to infer water
‘potential is the filter paper method. In this approach, a filter paper
whose weight has been calibrated with solutions which have different
water potentials is placed in a container with the soil sample, sealed,
and allowed to come to vapor equilibrium. The filter paper is then
removed and weighed to infer the sample water potential using the cali-

bration relation (McQueen and Miller, 1968).

Measurement of Soil Water with Electrical Resistance

The electrical resistance of various porous media inserted in the

soil has found much use as an in situ means of following soil water
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status changes at a particular point in the soil profile. The re-
sistance of the porous media can then be measured with some form of
wheatstone bridge. This idea was first put to use by the Department

of Agriculture in 1896 (Whitney, 1896-1899}. The results of this study
were inconclusive because resistance was measured between two electrodes
and the surrounding soil particles to give an unreliable measurement

of the soil water status.

The first successful device was developed by Bouyouces and Mick
(1940). The unit introduced by Bouyoucos and Mick consisted of two
electrodes embedded in a porous plaster-of-Paris block. The block
can be placed at any depth in the soil and insulated wires lead from it
to the surface. The resistance of the porous block is a function of
its water content which in turn depends on {Taylor, Evans, and Kemper,
1961):

(a) the relative affinity of the soil and porous material for
water,

(b} the amount of water present,

(c) the rate that water transfer can be made from one material
to the other,

and  (d)} the electrical conductivity of the water or solution that
is within the influence of the electrodes.

A more recent modification of this design consists of two concentric
circular stainless steel screen electrodes embedded in plaster-of-Paris
(Figure 2.2). This configuration helps to confine the resistance
measurement within the block. The modification helps eliminate the
effects of the soil-block contact and nature of the soil itself on the

measured resistance (Bouyoucos, 1956).
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Figure 2.2. The cylindrical gypsum resistance block.
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In 1949, Colman and Hendrix introduced a fiberglass electrical
resistance unit (Colman and Hendrix, 1949). This unit consists of two
monel screen electrodes separated by and wrapped in a fiberglass cloth
matrix (Figure 2.3). This sandwich is then enclosed in a metal case
which serves as a shield to the elements. The case minimizes the
tendancy for electrical currents to move through the soil surrounding
the unit.

Both the Bouyoucous or gypsum blocks and the Colman units tend
to equilibrate with the soil matric potential (Aitchison and Butler,
1951). This potential is the attraction of the soil matrix or particles
for the water present. Therefore, it is appropriate to calibrate these
units against soil matric potential and not the soil water content.
This is especially true when using disturbed soil samples for the cali-
bration (Hendrix and CoTn.n, 1951)}.

The conductivity of the matrix in a resistance type soil water
sensor is a function of the fluid present. If electrolytic solutes
are present in the soil water, the conductivity will be increased and
the resistance will be decreased within the matrix. Blocks which have
a plaster-of-Paris (gypsum) matrix maintain an electrolyte concentra-
tion corresponding to that of a saturated calcium sulfate solution.

The fiberglass or Colman unit, however, has an inert matrix (primarily
silica) and no buffer is available in the unit. Salt concentrations
in the soil water of 1000 ppm can have a pronounced effect cn this
sensor and the resolution will be greatly reduced (Ewart and Baver,
1950). A ncw unit has been introduced that has a nylon matrix and is

similar in design to the Colman unit. This unit, however, has a gypsum
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Figure 2.3. The Colman fiberglass electrical resistance unit.
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impregnated nylon matrix which will tend to offset the adverée effects
of salts in the soil water solution (Bouyoucos, 1973).

Salt and hysteresis effects are the main descrepancies in soil
water measurement with the electrical resistance method. The accuracy
of these units is affected by four main factors which are:

(a) magnitude of hysteresis in the unit,

(b) uniformity of the units (unless individually calibrated),

(¢} sensitivity,
and  (d) deterioration {aging of the units).

The electrical resistance is higher and the moisture content Tower at
a given tension on a wetting scanning curve than the corresponding
resistance for the same water content in a drying scanning curve
(Bourget, Elrick, and Tanner, 1958).

The fiberglass units normally have a greater range of operation
than the gypsum block. However, both sensors have poor resolution at
higher soil water contents (field capacity to saturation) due to the
corresponding small change in resistance in this range (Johnson, 1962).
The greater mass of the gypsum block causes it to be influenced to a
greater extent by hysteresis than the more compact fiberglass unit.
Another problem with electrical resistance units is the soil-sensor
interface. If the unit is not in adequate contact with soil, there will
be abnormal lag in response to the soil water phencmena.

A temperature measurement is necessary for electrical resistance
units to obtain a precise resistance since temperature has a direct

effect on resistance readings (Colman, 1946).
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Measurement of Soil Water with Thermocouple Psychrometers

In 1951, D. C. Spanner introduced a revolutionary instrument for
the measurement of water potential (Spanner, 1951). This instrument,
the thermocouple psychrometer, is capable of measuring different water
potentials as a microvolt (uV) output. This sensor is useful in a
water potential range from 0 to -60 bars.

The thermocouple circuit has two bimetrallic junctions, one of
which is maintained at a known temperature and is called a reference
junction. When the measuring junction is heated or cooled to a tempera-
ture other than that of the reference junction, an electromotive force
is created in the circuit. The electromotive force (EMF} will be in
proportion to the difference in electrical potential of the two junc-
tions due to their temperature differential. The EMF will increase
lTinearly with the temperature difference and will move from the wire
of higher electrical potential. With a chromel-P and constantan
junction constructed from 40 gauge wire, a 19¢ temperature difference
between the reference and measuring junctions will produce an EMF of
approximately 60 wuv (Hoffman and Herkelrath, 1968). Therefore, a
small thermocouple is capable of measuring very minute temperature
differentials.

The thermocouple junction has been adapted to psycirometric
measurements in the following manﬁer. When a droplet of water is
placed on the measuring junction, a temperature change will correspond
to the wet bulb depression of a sling psychrometer used in the measure-
ment of relative humidity. Water potential can be related to relative

humidity in the following formula (Rawlins, 1965):
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Y = ﬁ_ﬂ"_ In R. H.
where: R = gas law constant
T = temperature in degrees Kelvin
Vv = molar volume of water
R.H., = vrelative humidity
¥ = water potential (-bars)

The thermocouple psychrometer requires no complex computation to
obtain the soil water potential. If the ambient temperature is con-
stant throughout the measurement range (0 to -60 bars), then the result-
ing EMF produced by wet junction cooling should be constant for any
given potential in this range. Therefore, a thermocouple psychrometer
can be used to give the water potential of unknown materials such as
soil once the unit has been calibrated over solutions of known water
potential. Preferably, a multi-point calibration curve should be
established but a one-point calibration is theoretically possible since
the thermocouple has a fairly linear response to decreasing water
potentials (Wiebe, et al., 1971).

There are currently two basic types of thermocouple psychro-
meters in use. One is the Richards or droplet type and the other is
the Peltier or Spanner type psychrometer {Lang and Trickett, 1965).

The Richards or droplet psychrometer is a laboratory instrument which
must have a water droplet manually placed on the measuring junction
before a water potential reading is made. A precise temperature con-

trol and a sample chamber is required for the Richards psychrometer.
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The Spanner psychrometer uses a unique feature of bimetallic
thermocouple junctions, the Peltier effect. When a current is intro-
duced through a thermocouple circuit one junction will be heated
while the other cools. More specifically, if the current is passed
through the measuring junction from the negative potential wire
(constantan} to the positive potential wire (chromel-P) cooling will
occur at the measuring junction (CRC handbook, 1964-65), Since the
relative mass of the reference junction is many times that of the
measuring junction, a significant cooling affect at the measuring
junction will have relatively no temperature effect on the reference
junction. Thus, at high relative humidities (95-100%) Peltier cooling
can be utilized to Tower the measuring junction to the dewpoint tempera-
ture so that a droplet of water can be formed on its surface. The
thermocouple is then switched to a galvanometer and the resulting EMF
produced by the droplet evaporation corresponds to the chamber relative
humidity and therefore the soil water potential.

For the in situ measurement of soil water potential, a precise
temperature control is not necessary with the Spanner psychrometer.
Wiebe et. al. (1970) found that a iﬂOC/hr. temperature change caused
an error of only +0.3 bar during cooling and -0.3 bar during the
warming cycle. When temperature control is not used a temperature
measurement must be obtained at the time of reading. A temperature
measurement is required due to the effects of temperature on psychro-
meter output (Campbell and Gardner, 1971). This reading can then be
used to correct the thermocouple psychrometer output. In this approach,

temperature effects on psychrometer readings can be minimized.
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Neutron Scattering
The neutron scattering method for soil water measurement was
first developed in the early 1950's (Belcher, Cuykendall, and Sack,
1950). The neutron moisture meter is composed of two main parts:

(a) a source of fast neutrons, in a probe which is
lowered into a soil access tube

(b) & scaler or ratemeter to monitor the flux of slow

neutrons, which is proportional to the soil water
content (Hillel, 1971)

In principal, the measurement of the soil water content with the
neutron scattering method is not too complicated. As described by
lillel (1971), fast neutrons are emitted radially into the soil from
the source. These neutrons collide elastically with other atomic
nucleii and gradually lose some of their kinetic energy. This loss is
maximal when a neutron collides with a particle of mass nearly equal
to its own. One such particle is the hydrogen nucleii of water
(Weinberg and Wigner, 1958). 1In soils it has been found that the
attenuation of fast neutrons is proportional to the hydrogen content
of the soil. Stower thermal neutrons scatter randomly in the soil
forming a cloud, Some of the thermal neutrons return to the probe
where they are counted by a slow neutron detector tube which emits
a pulse for each encounter. The scaler then measures the number of
pulses as a functicn of time,

The radius of the sphere of influence of a neutron source is
dependent on the source strength and the soil water content (Van Bavel,
Underwood, and Swanson, 1956). This makes the neutron probe very use-

ful for measuring the average water content of that volume of soil

in this sphere of influence. However, near the atmosphere-soil
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interface there will be an error in measurement due to the loss of
neutrons into the atmosphere. Lawless, Mac Gillivray, and Nixon

(1963) found that the neutron probe underestimates the water content
near the soil surface. The magnitude of this error is dependent upon
the soil water content near the surface. The effect extends deepest

in dry soil, to as much as 45 cm or more. The absolute error is
greatest in wet soil, where it may exceed 2 cm of soil water. Neutron
probes also tend to underestimate the soil water contents of stratified

soil water profiles.
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CHAPTER III
STUDY AREA

The International Biological Program, Grasslands Biome

The US/IBP Grassland Biome Program (IBP) was initiated in 1968.
The goal of the IBP is to investigate, "the biological basis of pro-
ductivity in human welfare," (Van Dyne, 1969). A systems approach was
chosen for the Grassland Biome ecosystem research. The flux of energy
and the cycling of water and nutrients will be related to the producer,
consumer, decomposer, and abiotic components of the ecosystem. A
systems analysis is the main technique of processing the information
gathered by the many individual studies. A major result of this
research is the Ecosystem Level Model (ELM) which incorporates the many
constituents of the ecosystem into a mathematics! model so that a better
understanding of the interaction of the different trophic levels can

be achieved.

The Pawnee Site Experimental Area

The Grasslands Biome has utilized both comprehensive and intensive
research areas located in different types of grasslands. The Pawnee
Site is the intensive site where the most detailed ecosystem level

research has been conducted.

Location
The Pawnee Site is located in northeastern Colorado approximately

56 km northeast of Fort Collins and 40 km north of Greeley. This site
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is located on the westernmost portion of the 46,540 ha Pawnee National
Grasslands which is administered by the U.S. Forest Service. The land
which is used for IBP studies is a portion of the Central Plains
Experimental Range, administered by the Agricultural Research Service
(ARS). The experimental range is located on the extreme western edge
of the Pawnee National Grasslands. The ARS rangeland has been utilized

for grazing intensity research since 1940.

Climate

The climatic regime of the Pawnee Grasslands is continental and
the climatic classification cool steppe (Rasmussen, Bertolin, and
Almeyda, 1971). Continental climates characteristically have large
annual temperature fluctuations and low precipitation. The 30 year
average annual precipitation for the Pawnee 15 approximately 300 nm
(12 inches). The average annual temperature is 8.3°C {47°F) for the
Pawnee.

A major climatic influence for the Pawnee Site is the rain-
shadow effect created by the Rocky Mountains which 1ie about 50 km
west of the grasslands. The prevailing winds in this region are
westerlies and as a result most major winter storm systems which move
across the Pawnee Grasslands must first ascend the Continental Divide.
Orographic Tifting cools these eastbound moist air masses. This
orographic effect essentially removes most of the precipitable moisture

from these air masses before they reach the Pawnee Grasslands.
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The primary source of moist air for the Pawnee is the Gulf of
Mexico, 1600 km to the south. In the summer, a high pressure system
is established over the Atlantic Ocean. This system occasionally
allows a northerly flow of moisture laden air from the Gulf of Mexico.
This moisture is usually precipitated by convective thunderstorms dur-
ing the growing season. These storms are highly variable in their
intensity and areal distribution. As a result, the ARS 30 year pre-
cipitation records have varied from an annual minimum of 110 mm (4.3
inches) in 1964 to a maximum of 582 mm (22.9 inches) in 1967. The
seasonal distribution of precipitation is less variable with approxi-
mately 80% of the annual rainfall occurring between April and October
(Galbraith, 1971}, Snowfall accounts for 10 to 15% of the annual
precipitation on the Pawnee Grasslands (Van Haveren, 1974). A storm
probability analysis by Bertolin and Rasmussen {1969} shows that
annual rainfall is closely correlated to the prcipitation events of
approximately 25 mm (1 inch) or greater during the April to October
period. Most of the annual precipitation occurs from a few major

storms which are primarily frontal.

Physiography
The Pawnee Site is located on the northern edge of the Colorado
Piedmont. The relief is genera11y less than 100 m and the topography
is flat to gently undulating. Elevations for the Pawnee NationaT
Grasslands are between 1500 and 1800 m (4900 and 5900 feet) above sea

Tevel,
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Drainage of this region is in a southeasterly direction. Most
major streams in the area are intermittent and a few closed drainage
basins exist. Small shallow potholes are present which are occasionally
filled with water whenever runoff producing storms occur. These Tow
lying areas appear to have little or no internal drainage due to high
soil clay contents and most of the runoff collected in them is sub~
sequently lost to evaporation. The presence of potholes and deflation
basins indicate aeolian erosion and deposition.

Bedrock in the region is a part of the Pierre formation which
consists of interbedded sandstones and shales. Most of the sofl parent

material on the Tower slopes is alluvial in origin.

Soils

There are four major soil series and six major types present
within the Pawnee Intensive Site. The differences in these series are
apparently related to the type of parent material from which each
series has developed (Van Haveren, 1974). Of the four series, the
Ascalon soil series is the most widespread in the study area.

The Ascalon series is derived from fluvial outwash parent
material, This soil is texturally classified as a fine sandy loam and
in the Seventh Approximation classification is a member of the fine
loamy, mixed, mesic family of Aridic Argiustolls formed from fluvial
outwash materials. Van Haveren and Galbraith (1971) found a mean
surface bulk density of 1.42 (gm cm'3) for the Ascalon soils. The

mean A horizon texture (0 to 15 cm) was 69% sand, 14% silt, and 17%
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clay. The mean B horizon texture (16 to 45 cm) was 60% sand, 15% silt,
and 25% clay. Soil structure is granular at the surface. Structure
changes from subangular blocky in the B2 horizon to massive in the
parent material. Soil pH ranges from 7.0 at the surface to 8.2 (basic)
in the parent material. At depths of 50 cm or greater deposits of
calcium carbonate are often visible. Soluble salts are low in the
surface Tayers with specific conductance generally less than 1

millimho per cm.

The Ascalon soils have relatively high infiltration rates and
good internal drainage. Rauzi and Smith (1972) found that the infiltra-
tion rate was primarily influenced by soils during the first 10 minutes
of infiltration. After 15 minutes, grazing and soil effects are
important. Sundberg and Smith (unpublished data) found that the
Philips' equation adequately accounted for the wetting front movements

during these tests,

Vegetation

The vegetation association of the Pawnee Grasslands is classified
as a shortgrass prairie. It has been demonstrated that shortgrass
prairie can be derived from mixed grass prairie due to grazing effects.
This situation led Weaver and Clements (1938) to classify the shortgrass
prairie as a grazing disclimax of the mixedgrass association. However,
there are also climatic limitations that can and do fix shortgrass
prairie over a large area of the Central Great Plains (Hyder, 1969).

The obvious climatic differences between the shortgrass and

mixedgrass prairie types are the amounts of precipitation received in
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the fall, winter, and spring. High precipitation during these three
seasons coupled with less favorable summer precipitation tends to
favor the cool season grasses and forbs. Cool season plant species
are the predominate species in the mixedgrass prairie association.

At the Pawnee Site, the major portion of the precipitation is received
during the summer. This timing of precipitation tends to favor warm
season plants which are the major constituents of a shortgrass prairie
ecosystem. Cool season plants are present in this system but due to
the less favorable moisture conditions in early spring and late fall
their frequency of occurance is much lower than in a mixedgrass
community (Hyder, 1974),

The structure of the shortgrass prairie is relatively simple
and uniform. At the Pawnee Site, over 300 species of vascular plants
have been identified, so composition can be fairly diverse. The
average vegetation height is 5 cm. The sod is discontinuous which is
a major feature of the plant distribution. However, even under bare
soil surfaces there is a well developed root system.

The major plant species by frequency of occurence are blue
grama (Bouteloua gracilis), buffalograss (Buchloe dactyloides), and
plains pricklypear (Opuntia polyacantha). Blue grama and buffalo-
grass are perennial warm season grasses while the plains pricklypear

is a warm season cactus.
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CHAPTER TV
METHODS

Experimental Design

Three primary objectives were uSed as guidelines for the experi-
mental design. The first was to obtain simultaneous readings of
thermocouple psychrometers, Colman units, and gypsum resistance units
at each soil measurement depth. This sampling method would provide
information about the responses of the different sensors to the same
soil water conditions. The second goal was to obtain this data over
a wide range of soil water conditions to determine the relative range
and accuracy of the three sensors. This was accomplished using
irrigated plots. The third objective was to obtain a continuous
record of the various sensor readings at different soil depths during
the period of field study. This record would provide information about
the changes in the soil water status through the growing season.

The primary method for collecting abiotic data for the eco-
system research conducted at the Pawnee Site has been through the use
of automated tape systems. However, very littie soil water data has
been obtained by this method. The reason for this was the inherent
problem of reliably interfacing soil water sensors to a data acquisition
system. Soil water content has been manually monitored using the
neutron probe.

Thermocouple psychrometers offer the most useful measurement of

soil water for plant growth studies, namely the soil water potential
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(¥) . The psychrometer is basically simple in design and operation.
However, the electronic equipment necessary to operate and record
psychrometer readings automatically from a remote location is very
expensive, complex, and often unreliable.

Resistance-type soil water sensors are easily interfaced for
automatic data acquisition but their readings cannot be directly
interpreted as a soil water potential without extensive calibration.
Therefore, one of the objectives of the study was to determine if the
resistance units could be adequately correlated with the soil water
potential as measured with the thermocouple psychrometer. If so,
the resistance units could then be automatically read to avoid the
complex switching and interfacing materials needed for the automation
of thermocouple psychrometers,

Four calibration plots {1.45 m2) were located on the Ascalon
sandy loam soil, the major soil type of the Pawnee Site. These plots
were all within the grazing excTosure at the IBP lysimeter. Each
plot was identically instrumented with thermocouple psychrometers,
Colman resistance units, cylindrical gypsum resistance blocks, and 1%
YSI (Yellow Springs Instruments) thermisters (1,000 ohms @ 25°C). This
series of sensors was embedded at depths of 2, 7, 15, 30, and 45 cm in
the wall of a 15 cm diameter auger hole. The auger hole was at the
center of each plot. The sensors were placed in a spiral pattern so
their Tocation would not impede the movement of water to other sensors
at lower depths (Figures 4.1a, 4.1b),

A section of 11 cm diameter poly vinyl chloride (FVC) irrigation

pipe was placed in the auger hole to serve as an access tube and
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Figure 4.1a. Side view of calibration plot installation.
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Figure 4.1b. Plan view of the calibration plots.
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storage container for the sensor lead wires. All of the psychrometer
leads in each plot were given additional thermal shielding and strength
with a length of flexible PVC tubing. The auger hole was backfilled
with s0il around the pipe. The lower opening of the pipe was sealed
with silicon rubber sealant. The top of the pipe was covered with a
removable PVC cap. The backfill soil in the auger hole was compacted
to a bulk density similar to the surrounding undisturbed soil profile.
The reason for compaction was to minimize abnrormal infiltration rates
or percolation in the disturbed soil. Higher rates of water move-
ment in this backfilled area could Tead to lateral movement of water
to the sensors and create an artificial effect on the timing of
Sensor responses to changes in the soil water status.

At a distance of approximately 56 ¢m from the center of each
plot three aluminum neutron access tubes were installed in a triangular
pattern. Tubes were installed with the use of a truck-mounted coring
tool and the cores were saved for determination of the soil bulk
density for each plot. Due to the dryness of the soil at the time of
installation, tube depth varied between 120 and 180 cm.

Each of the four plots was enciré]ed with a 30 c¢m high 20
gauge sheet metal cylinder with a radius from the plot center of 68
cm (Figure 4.2a). The cylinders were driven approximately 5 cm into
the soil to serve as a barrier to prevent trampling and as a support
for a drip pan used for artificial precipitation applications (Figure
4.2b). This pan had a radius of 75 cm with a bottom perforated with

1.6 mm drill holes in a 2.54 cm grid spacing.
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Figure 4.2a. Typical calibration plot Tayout.
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Figure 4.2b. Calibration plot with drip pan in place.
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Three of the four plots were selected for artificial applica-
tions of water in addition to any natural precipitation which might
occur during the study. The fourth plot served as a control and received
only natural precipitation. The artificial applications were used to
increase the number of wetting and drying cycles to which the sensors
were exposed. This would give an indication of sensor responses to a
wider range of soil water conditions. Rainfall events were recorded
with a Belfort weighing raingage (calibrated in mm) which had a 24 hour
rotation chart drive. Artificial water applications were recorded in
a notebook along with the date, time, and size of the application.

The physical and chemical soil characteristics which are pertinent
to the different sensor measurements are listed in Table 4.1. Soil
texture was determined by the hydrometer method. Bulk density was
calculated by gravimetric techniques. Soil pH was measured using the
paste extract method and by a distilled water-soil solution technique,

Specific conductivity was measured by the CSU Soils Testing Laboratory.

Sensor Calibrations

In addition to studying the behavior of different snesors, one
objective of this study was to explore the possibilities of an in situ
calibration technique for resistance-type soil water sensors. The pri-
mary tool for this calibration procedure was the thermocouple psychro-
meter. Sequential readings of psychrometers at each plot depth were to
be correlated with the corresponding resistance sensor readings to see
how well each type could predict the soil water potential. Only the
thermocouple psychrometers were calibrated prior to the installation of

the calibration plots.
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The thermocouple psychrometers used for this study were double-
junction psychrometers manufactured by Emco (Figure 4.3)., They are a.
modification of the original Spanner design. Chow and De Vries (1973)
found psychrometers of this type to have 40 times the thermal stability
of the Spanner design. The reason for this increased stability is that
both of the psychrometer junctions are located in the same thermal
environment and are subject to the same ambient temperature fluctuations.
These junctions produce opposing thermal EMF's which cancel each other

with very little or no effect on the overall psychrometer output.

Thermocouple Psychrometer Calibrations

Laboratory calibration of the Emco double-junction thermocouple
psychrometers consists of taking readings over saline solutions of known
water potential. Each microvelt (wv) reading was plotted with the
corresponding water potential for the individual psychrometer to
establish a calibration curve. Since both the psychrometer output and
solution water potentials are temperature dependent a series of
temperatures and solutions were used with each unit to obtain a family
of temperature related calibration curves.

The basic calibration procedure followed guidelines suggested by
the manufacturer. Sodium chloride solutions of different molalities
were prepared using tables from Brown and Van Haveren (1972). Tempera-
ture control for calibration was achieved with a refrigerated water
bath. This bath had a temperature range from -15°¢C to 70°C and a

temperature control accurate to 1_0.02°C.
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Figure 4.3. The Emco double-junction thermocouple psychrometer,
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A teflon calibration chamber was designed and constructed which
held 14 thermocoupie psychrometers simultaneously (Figure 4.4). When
the chamber was sealed, the psychrometers were positioned directly over
a filter paper disc which was saturated with a sodium chloride solution
of known water potential. The chambers were built from teflon due to
1ts non-absorbent surface. The non-absorbent surface is needed to
prevent changes in solution water potential due to solution adsorption
by the chamber walls. The chamber volume was approximately 1 cm3 per
psychrometer. The psychrometers were fastened into the chamber with
silicon rubber sealant.

Each psychrometer was calibrated over salt solutions of 0.05,
0.2, 0.4, 0.7, 1.0, and 1.3 molality. These solutions have water
potentials at 25°C. of -2.34, -9.16, -18.23, -32.1, -46.4, and -61.19
bars respective]y.' The same series of temperatures was used with each
of these solutions to generate the family of temperature dependent
calibration curves. These temperatures were 1°, TOO, 200, and 30°c.

A standardized calibration procedure was adopted for calibrations
over each of the six sodium chioride solutions. A standardized pro-
cedure was required to minimize any measurement errors which could
occur during the calibration. After the psychrometers had been secured
into the chamber they were washed with boiling distilled water and
rinsed with acetone. This was necessary to remove any contamination
from the chamber and the units themselves that could affect the solu-
tion potential or the measuring junction output. After washing, the
units were dried in an oven at 60°C for 5 or 6 hours. Next, they were

placed in a walk-in freezer (=-5%¢) unti they had reached temperature
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Figure 4.4. Teflon thermocouple sychrometer calibra-
tion chamber with (35) thermocouple
psychrometers.
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equilibrium. Coo1ing reduced the possibility of solution condensation
on the thermocouple psychrometer measuring junctions when they were
placed in the water bath at 1°C.

The filter paper disc was placed in the bottom of the chamber and
saturated with salt solution. Then the chamber was sealed and wrapped
in a plastic bag. This bag was a precaution against chamber leakage
while submerged in the water bath. Next, the chamber was taken from
the freezer and submerged in the water bath which had been preset to a
temperature of 1%. The chamber was allowed to reach thermal stability
in the bath for approximately 2 hours before any psychrometer readings
were taken.

After the 1°C readings were completed, the bath temperature was
raised to 10°C and a 2 hour equilibration period was again allowed.
This procedure was repeated at 20° and 30%C. When the 30%¢ readings
were completed, the chamber was removed from the bath and the same
wash-down, rinse, drying, and cooling procedures were used prior to the
calibration run over the next selution.

A record of the output for the individual psychrometers at the
various water potentials was kept by plotting the output on graph
paper. Actually an average of three readings at each measurement point
was used to develop the calibration curve. Later, this data was plot-
ted on a Hewlett-Packard (KP) programmable calculator with an X-Y plot-
ter to select the coefficients of the regression equation for each
calibration curve (Figure 4.5). Since thermocouple psychrometer output

is affected by both the temperature and the actual water potential, a
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parabolic regression equation was used to obtain a more precise fit

of the data. The basic format of this equation is:

Y = g+ bX + ex2

~

where: Y = estimated water potential
a = Y intercept
b,e = slope coefficients.

The three coefficients (a,b,e) are part of the output of the HP

parabolic regression program,

Neutron Probe Calibration

A surface and deep calibration for the neutron probe used in
this study was completed by Galbraith (1971). A series of neutron
attenuation counts were taken at two depths (15 and 30 cm) under
different soil water conditions. A set of 400 cm3 bulk soil samples
were then taken from the vicinity of the access tube at the source
depth. These samples were immediately placed in sealed containers.
Later, the volumetric water content of these samples was determined.
A calibration curve was established relating neutron counts per unit
time to the soil volumetric water content 6,/ . Due to the high

241

stability of the fast neutron flux rate of an AM*"'Be neutron source

this calibration curve is still valid (Figure 4.6).

Field Measurement

A1l resistance readings were taken with a Soiltest MC-300A soil

moisture meter. The MC-300A is a 90 cycle alternating current version
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of the wheatstone bridge (Colman and Hendrix, 1949). An alternating
current source is used to prevent the polarization of the electrodes
within the resistance sensors which can cause a loss of accuracy. This
instrument has two scale ranges the "1o0" scale has an effective range
from 50 to 10,000 ohms. The "hi" sclae has a range from slightly less
than 10,000 ohms to 3,000,000 ohms, Dial readings are in microamperes
and a calibration chart is provided to convert microamperes to ohms.

For this study, the MC-300A was modified to decrease the time
required for individual sensor readings. A small electrical chassis
box was attached to the moisture meter case. The chassis box contained
a 16-position single pole rotary switch which was connected to an
Amphenol MS receptacle. The chassis box was Jjumpered to the MC-300A
with a 3-wire harness (Figure 4.7).

The individual resistance sensors were connected to the mating
MS plug. The rotary switch was used to select the appropriate sensor
for measurement. This modification eliminated the problem of
individually connecting each sensor for measurement. A1l 15 of the
resistance sensors in each plot could be connected to the MC-300A
and measured in about 5 minutes.

Thermocouple psychrometer output was measured with a Keithley
155 microvoltmeter. The switching unit used for selecting, nulling,
cooling, and reading the psychrometers was constructed from a circuit
diagram provided by Ray Brown of the Intermountain Forest and Range
Experiment Station at Logan, Utah (Appendix A). The switching unit also
contained an S-B Systems programnable 0°C copper-constantan reference

Junction for thermocouple temperature measurement. The switching unit
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Figure 4.7. The soiltest MC-300A soil moisture meter
with chassis box and MS connector.
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was modified with an Amphenol Series 57 microribbon chassis connector.
This connector, with the corresponding microribbon plug, allowed all
five psychrometers in each plot to be connected to the switching system
simultaneously (Figure 4.8).

Neutron attenuation measurements were taken with a Nuclear
Chicago Corporation depth moisture probe and scaler. The source is an

Amzq]Be type with a 30 millicurie strength.

Data Collection

Two standardized field data forms were utilized to record obser-
vations during this study (Appendix B). The first form was used for
all thermocouple psychrometer and resistance unit readings. Each line
of data on the form Tisted the date and military time for the sensor
readings at a specified depth in a single calibration plot. The
sensor readings were taken sequentially from the surface 2 c¢m depth
to the greatest (45 cm) depth. The sequence was to first record the
five thermocouple temperatures, psychrometer outputs, thermister
temperatures, gypsum block resistances, and then the Colman unit
resistances. The data on these forms was later keypunched for computer
analysis.

The second standard data form was used for recording neutron
probe data. This data was also keypunched for computer analysis. A
computer pregram had been previously developed for the analysis of
this data. The program derives the soil water content at each measure-
ment depth in either centimeters of water or in terms of volumetric

soil water, expressed as a decimal fraction.
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Figure 4.8. Keithley microvoltmeter and double-junction
thermocouple psychrometer switching unit with
micru-ribbon connector.
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In the field, a 1/2 minute counting interval was used on the
scaler to determine the amount of fast neutron attenuation. Prior to
the actual soil water measurements a 1/2 minute count was taken and
recorded while the probe was in the shield as an equipment checkouf.
This shield reading is also utilized in the computer program as an
error check. Sampling depths for the probe were 15, 30, 45, 60, 75,
and 90 c¢m in the soil.

Program Calplot was developed to convert field readings of
thermocouple psychrometers, thermisters, gypsum resistance units, and
Colman resistance units to standard readings (Appendix B). A tempera-
ture correction is necessary to eliminate the effects of changing soil
temperature on the internal properties of the sensors themselves. In
this manner, the effects of temperature change will be confined to its
effects on the soil properties. Psychrometer output was corrected to
a standard temperature of 20°C. A linear function was used to convert
thermocouple temperature readings to a centigrade temperature.

Thermister readings were converted to a Farenheit temperature for
us in the temperature correction of Colman and gypsum unit resistance.
For this study, temperature correciions were iade using tables prepared
by the USFS Waterways Experiment Station. These tables relate the
MC-300A dial reading and temperature of the units to a common tempera-
ture of 60°F. The related resistance is listed as a 10910 resistance
in ohms. A series of polynomial regression equations were developed
which predict the temperature corrected 10910 resistance for gypsum and
Colman units from the MC-300A dial reading. A series of these tempera-

ture dependent equations were used and the program selected the
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appropriate one by using the corresponding thermister temperature and
the MC-300A microampere dial reading as an independent variable. Pro-
gram Calplot contained two sets of equations for the temperature
correction of the resistance unit data. The first of these sets was
far the "1o" meter scale and a temperature range of 50 to 115°F. The
second set of equations describe the "hi" scale resistance in the same

temperature range.

SampTing Schedule

The sampling scheme for this study was designed to obtain a
fairly continuous record of measurement with the varigus sensors over
a wide range of soil water conditions. Measurements were taken from
-1/3 bar at shallow depths to the stages of drought dormancy for the
plants located on the plots (approximately -30 to -40 bars at 15 cm
depth).

The four calibration plots used in this study were installed in
Tate May 1973. The units were allowed to equilibrate with the soil
water conditions until June 13th. On the 13th of June, data collection
began and continued on a regular basis through August 31st. 1In order
to obtain a background level of the soil water status, the plots were
monitored for approximately two weeks before any artificia) pre-
cipitation was applied.

Readings were obtained from all of the in situ electrical sensors
an each of the plots at least once daily during the measurement period
(June 13 to August 31). One plot served as a control with natural
conditions determining the soil water status during the study (Figure

4.9a}. Qn the other three plots artificial applications of known
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amounts of water were made to increase the soil water content (Figures
4.9b, 4.9c, 4.9d). Sensor readings including neutron probe were
recorded immediately prior to these applications. After the applica-
tion was completed, the sensors were monitored on an intensive basis
until water movement had begun to stabilize. At this point, the
intensity of sampling was reduced since the evapotranspiration flux of
soil water is much less pronounced.

Each treated plot was allowed to dry for a period of at least one
week, in most instances, before another application was made. No set
schedule was used for these treatments. Instead, water was usually
applied on the plot when the water potential at 2 c¢m had exceeded the
measuring range of the psychrometer at that depth (-60 to -70 bars).
Different types of treatments were made in which the amount of water
was applied uniformly to the plot surface.

In mid-July, a series of large rainstorms recharged the soil
water content. No further artificial applications were made unti]
this water had been depleted (-20 bars) by the plants to a depth of
30 cm (mid-August). Each plot was subjected to a series of wetting and
drying cycles. The control plot was subjected to the smallest number
of cycles and produced a precise record of the natural soil water

conditions during the study period.
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CHAPTER V
RESULTS AND DISCUSSION

The soil water data which was collected with the different sensor
types in the calibration plots was used in a series of analysis and
comparisons. Microfilm plots were made with the computer for visual
data interpretation. In addition, the soil water potential data in
the control plot was compared with the growth stages (phenology) of
blue grama grass during the study period. Next, a series of graphical
comparisons were made with readings from the different sensor types.
These comparisons were used to examine how closely related the soil
water measurement. were between the different sensor types. Finally,
a statistical correlation program was used to test the possibility of
using thermocouple psychrometers for the in situ calibration of either
gypsum or Colman resistance units.

Much information can be obtained from the characteristic shapes
of the sensor time traces. One noticeable characteristic is the rapid
fluctuation of the water potentials measured with the thermocouple
psychrometer. Both the gypsum and Colman units have slower responses
to these same soil water dynamics (Figures 5.1a, 5.1b, 5.1c}. The
magnitude of change for the difzrent sensors to the soil water con-
ditions is misleading in these traces since the Colman and gypsum unit
readings are logrithmic values. Logrithms were used to linearize
the resistance changes of the Colman and gypsum units. Another
characteristic of these traces is that the sensor readings are plotted

as a continuous trace. The traces between actual data points can only
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be used to imply the rate of change or flux and direction of change
for the soil water conditions between actual measurements.

The time traces yield a characteristic drying curve for each of
the three sensor types. The thermocouple psychrometer has an almost
linear downward (more negative) drying curve. In the same drying con-
ditions, the Colman unit has a convex upward (higher resistance) curve
on the log scale. The gypsum unit has a concave upward curve during
the same time interval.

These characteristic curves are a function of the individual
sensor volume, sensor design, and the soil properties in relation to
the sensor. The gypsum units have their own internal water capacity
due to their large volume. The Colman unit also has an internal water
capacity but due to its smaller volume the effect is not as pronounced
as in the gypsum block. Since the thermocouple psychrometer is only
measuring the vapor pressure of a very minute volume of the soil
atmosphere its internal hysteresis is very small as compared with the
gypsum and Colman units.

Another noticeable characteristic in these time traces is the
decrease in fluctuation of sensor readings with depth (Figures 5.1d,
5.1e). These changes are due to the fewer wetting and drying cycles
of soil water as depth increases. Small precipitation events have a
greater effect on the soil water status near the soil surface and
50% of the below ground biomass is located in the top 10 c¢m of soil
(Bartos and Simms, 1974), Therefore, the main interaction of pre-
cipitation, soil water, and water uptake by plants occurs in this thin

surface layer of soil.
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The ability of shortgrass prairie plant species to respond very
rapidly to an increase in available soil water is illustrated by a
comparison of the 15 cm water potential data in the control plot with
the plant phenology which was observed on the D treatment (control)
in the Environmental Stress Area (Figure 5.2a). In this figure,
phenology is based on an ordinal scale (1 to 14) representing distinct
stages of plant development where 1 signifies preemergence growth/winter
dormancy and 14 éignifies flowering-induced dormancy {at the end of the
growing season). By visual inspection, the blue grama grass (Bouteloua
gracilis) phenology was constant (leaves fully expanded) from June 13th
(Julian day 164) until July 12th (Julian day 193). At this time, a
series of large precipitation events caused the blue grama to develop
floral buds (Figure 5.2b). The plants remained in this phenological
stage until the soil water became depleted and the 15 cm water potential
began to decrease. As the water potential decreased the phenological
stage of blue grama advanced to the more mature stages of development
(a combination of both green and ripe fruits).

During the study, two 30-hour data runs were made to determine
the diurnal temperature and evapotranspiration effects on the sofl
water potential. 1In the first, the soil water status had not been
influenced by artificial water applications. In the second trial, 4
cm of water were applied in 1 cm increments at about 2 hour intervals
at the beginning of the run.

In calibration plot B, no water was applied and an apparent
temperature effect on the soil water potential is present at the 2 cm

depth (Figure 5.3a). However, as the soil temperature declined in the
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Figure 5.2b. Blue grama seed head production.
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evening the soil water potential increased (towards 0) and then began
to decrease. No direct explanation can be given for this phenomenon.
However, it is possible that at this shallow depth the psychrometer
measurements may be influenced by an interchange of the atmosphere.
and the soil air.

At the 7 cm depth the diurnal temperature effect on the water
potential is present but is not as pronounced as at the 2 cm depth
(Figure 5.3b). At depths greater than 7 cm there is Tittle diurnal
temperature effect. The 2 cm gypsum and Colman resistance units show
no significant temperature effect during this same time interval
(Figure 5.3c). The 2 cm gypsum unit data have a gradual but continuous
increase as a result of the soil water depletion by evapotranspiration,
However, the 2 cm Colman unit readings show a very slight diurnal
temperature effect but not as pronounced as that measured with the
thermocouple psychrometer.

The second 30-hour measurement sequence was on calibration plot
D. During this sequence, artificial water applications were made in
the first 8-hour period of these observations. These applications of
water mask out the effects of temperature on the water potential during
the pericd of treatment (Figures 5.4a, 5.4b, 5.4c). The following day,
the diurnal temperature influence on water potential is again visible
at the 2 and 7 cm depths but the magnitude of the effect is greatly
reduced in comparison to the plot B observations,

The response times of the different sensors are a function of

their construction and mass. The thermocouple psychrometer, which
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samples the soil atmosphere vapor pressure, has a very small mass and
a quick response to any changes in the soil water potential.

The gypsum resistance unit has a very rapid response when soil
water is near saturation but a very gradual response when the soil is
unsaturated. The relatively large volume of this sensor causes a
significant time lag due to its water holding capacity.

Colman unit response to saturated conditions was relatively
slower than the gypsum units. This is probably due to a loss of
sensor-soil contact caused by soil shrinkage during the previous drying
cycle. However, the Colman units were much more responsive to unsatur-
ated movements of the soil water than the gypsum units, This is
probably due to their smaller volume.

During artificial water applications, it was possible to
observe a change in the resistance of the gypsum unit within 10 minutes
after the application. At the same 2 cm depth, thcrmocouple psychro-

meter responses occurred in approximately 20 to 25 minutes. The
Colman unit in these instances began to respond to the wetting con-
ditions in about 30 minutes.

Graphical comparisons of the three sensor types were made. The
first was a comparison of sensor readings to the corresponding volumetric
water content measured with the neutron probe. The second comparison
was between the resistance units and the soil water potential measured
with the thermocouple psychrometer.

The variation shown by the points within the envelope curves
surrounding the water potential versus the soil water content data are

primarily due to hysteresis effect for Ascalon soils (Figure 5.5a).
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The data points for the higher water content envelope curve correspond
to the soil water characteristic Curve measured with the pressure plate
apparatus by Van Haveren (1974).

The comparison of the gypsum resistance unit data and volumetric
water content data show much more scatter (Figure 5.5b). This is due
to the compound effects of soi] hysteresis, the internal water storage
of the gypsum block, and sensor variability. The lag in response of
the gypsum block to changes in soil water conditions creates a large
variation in resistance measurements at a specific soil water content.

In the comparison of Colman unit data and the corresponding soil
water contents a relationship is more apparent than in the gypsum unit
graph (Figure 5.5¢). However, the variation of the data is still
fairly broad. This is due to the smaller water capacity effect of the
fiberglass unit. During these same observations, the majority of the
gypsum unit readings were in the low resistances while the associated

Colman unit resistances are almost uniformly distributed over the
Vmeasurement range. The broader range gives the Colman unit more
resolution for measurement of changes in the soil water.

Comparisons between resistance readings of the two units and the
'soil water potential are shown in the second set of graphs. These
graphs show the relation between the resistance values and the water
potentials measured with the thermocouple psychrometer. They also give
an indication of the measurement rages for the two types of resistance
units.

The gypsum unit resistances plotted against water potential

indicate a wide variation for a given potential (Figure 5.6a). This
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implies that the resistance unit was not at equilibrium with the soil
water potential at the time that most of these readings were taken.
The figure indicates that the gypsum units are only accurate at high
water potentials where water movement primarily occurs in the liguid
phase.

The distribution of Colman readings versus water potential
suggests that this type of sensor has a much more sensitive response
to changes in the soil water potential between 0 and -10 bars (Figure
5.6b). Therefore, the unit has a fairly reasonable response to un-
saturated movements of the soil water in a limited range. At water
potentials less than -10 bars this unit shows little resistance change
for a wide range of potentials (-10 to -70 bars).

Based on the information in these graphs, it appeared that a
better relationship between soil water potential and resistance might
be possible for the individual sensors in the 0 to -15 bar range. How-
ever, plots of Colman and gypsum block resistances versus corresponding
soil water potential measurements showed variations nearly as great
as those in Figures 5.6a and 5.6b. Plots of individual resistance
sensors against the soil water potentials showed very poor relation-
ships (Appendix C).

A pairwise correlation program (Cormid) was used to test the
possibility of an in situ calibration of the two types of resistance
sensors with thermocouple psychrometers. This statistical program
produced a simple correlation coefficient, » , which was squared to

obtain the coefficient of determination (r?) .
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In the first comparison all field data for the three sensor
types were tested against each other (Table 5.1). The »2 values
produced in these trials was 0.40 between psychrometer and gypsum unit
data and 0.39 between the psychrometer and Colman unit readingé. The
correlation between the Colman and gypsum units produced an r2 value
of 0.46. These results indicate that the resistance type units can-
not accurately predict the soil water potential.

The second test was a correlation of the three sensor types
within the individual calibration plots (Table 5.2). The »2 values
produced in this comparison indicate that the control calibration plot
{plot C) had the highest correlations among the three types of sensors.
The reason for this is probably due to the smaller number of drying
cycles that the sensors in this plot underwent. There was less varia-
tion in sensor readings due to the lower number of fluctuations in
the soil water status.

The final sensor to sensor correlation was a comparison of all
sensor data at the individual depths within each plot (Table 5.3). The
effect of wetting and drying cycles is alse present in these sensor
correlations by depth. As the sensor depth increases the »2 values
also tend to increase in most cases. The fluxes in soil water are more
gradual at greater depths and the changes in sensor readings are more
uniform, producing higher correlation coefficients.

The poor correlation coefficients produced in most of these tests
are probably a result of three factors. The primary factor is the
basic differences in the design of the sensors and how they measure

the soil water. The thermocouple psychrometcr measures the total soil
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Table 5.1, Correlation matrix of the coefficients of determination
r2) for all calibration plot data.

Psychrometer Gypsum Colman
Psychrometer 1.00 0.40 0.39
Gypsum 1.00 0.46

Colman 1.00
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Table 5.2. Correlation matrices of the coefficients of determination
_ (r2) for all data in_each calibration plot.
PLOT A
Psychrometer Gypsum Colman
Psychrometer 1.00 0.12 0.24
Gypsum 1.00 0.43
Colman 1.00
PLOT B
Psychrometer Gypsum Colman
Psychrometer 1.00 0.53 0.40
Gypsum 1.00 0.42
Colman 1.00
PLOT C
Psychrometer Gypsum Colman
Psychrometer 1.00 0.78 0.61
Gypsum 1.00 0.80
Colman 1.00
PLOT D
Psychrometer Gvpsum Colman
Psychrometer 1.00 0.35 0.43
Gypsum 1.00 0.55
Colman 1.00
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Table 5.3, Correlation matrices of the coefficients of determination
{r¢) for calibration plot A by sampling depth.

PLOT A (2 cm)

Psychrometer Gypsum Colman
Psychrometer 1.00 0.41 0.24
Gypsum 1.00 0.65
Colman 1.00

PLOT A (7 cm)

Psychrometer Gypsum Colman
Psychrometer 1.00 0.29 0.24
Gypsum .00 0.48
CoTman 1.00

PLOT A (15 cm)

Psychrometer Gypsum CoTman
Psychrometer 1.00 0.12 0.38
Gypsum 1.00 0.34
Colman 1.00

PLOT A (30 cm)

Psychrometer Gy'psum Colman
Psychrometer 1.00 0.30 0.66
Gypsum 1.00 0.33
Colman 1.00

PLOT A (45 cm)

Psychrometer Gypsum Colman
Psychrometer 1.00 0.23 0.53
Gypsum 1.00 0.62

Colman 1.00
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Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

PLOT B (2 cm)
Psychrometer

1.00

PLOT B (7 cm)
Psychrometer

1.00

PLOT B (15 cm)
Psychrometer

1.00

PLOT B (30 cm)
Psychrometer

1.00

PLOT B (45 cm)
Psychrometer

1.00

Gypsum
0.60
1.00

Gypsum
0.59
1.00

Gypsum
0.54
1.00

Gypsum
0.59
1.00

Gypsum
0.67
1.00

Colman
0.56
0.66
1.00

Colman
0.36
0.64
1.00

Colman
0.35
0.39
1.00

Colman
0.44
0.26
1.00

Colman
0.54
0.63
1.00
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Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gyr:sum

Colman

Psychrometer
Gypsum

Colman

PLOT C (2 cm)
Psychrometer

1.00

PLOT C (7 cm)
Psychrometer

1.00

PLOT C (15 cm)
Psychrometer

1.00

PLOT C (30 cm)
Psychromete:

1.00

PLOT C (45 cm)
Psychrometer

1.00

Gypsum
0.55
1.00

Gypsum
0.85
1.00

Gypsum
0.79
1.00

Gypsum
0.89
1.00

Gypsum
0.91
1.00

Colman
0.55
0.80
1.00

Colman
0.50
0.76
1.00

Colman
0.68
0.87
1.00

Colman
0.69
0.89
1.00

Colman
0.85
0.87
1.00
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Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

Psychrometer
Gypsum

Colman

PLOT D (2 cm)
Psychrometer

1.00

PLOT D (7 cm)
Psychrometer

1.00

PLOT D (15 cm)
Psychrometer

1.00

PLOT D (30 cm)
Psychrometer

1.00

PLOT D (45 cm)
Psychrometer

1.00

Gypsum
0.42
1.00

Gypsum
0.39
1.00

Gypsum
0.18
1.00

Gypsum
0.71
1.00

Gypsum
0.38
1.00

Colman
0.45
0.71
1.00

Colman
0.7
0.70
1.00

Colman
0.47
0.49
1.00

Colman
0.66
0.61
1.00

Colman
0.36
0.42
1,00
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water potential while the resistance units produce a logrithmic
resistance value which is related to the soil matrix potential. It

is not very realistic to corre]até these two different scales of
measurement. Even though the resistance readings are transformed to
togrithms they have a nonlinear relationship to the soil water potential.
A second factor is the difference in the hysteresis effects of the

two types of resistance sensors. In addition, there is the effect of
the varying soil characteristics on the individual sensors. Each sensor
has its own unique association with the soil to which it is exposed.

A third factor is the varying response times of the different sensors

to the same changes in the soil water status. This effect is a combi-

nation of the sensor water capacity and the soil properties.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

One of the objectives of this study was to compare sensors and
define their limitations. The results obtained point out that no one
sensor can fulfill all of the requirements necessary to obtain a
complete picutre of the soil water status. The thermocouple psychro-
meter directly measures the total soil water potential not the soil
water content. The gypsum and Colman resistance units give only a
rough measurement of the soil matric potential. The neutron probe
is very accurate for the measurement of soil water content at soil
depths of 15 cm or greater, bu. its readings cannot be interpreted in
terms of water potential,

A person who needs information about the soil water should make
several considerations before choosing the types of sensors needed.
The primary consideration is the type of soil water information re-
quired. If the investigator is interested in hydrologic balance, then
soil water content will probably be the most useful data to him. Soil
water contents can be used to establish the water balance for a parti-
cular study area. Water content data can also be used to determine the
consumptive use by plants and evaporation. If soil water stress is of
interest, then the sensors chosen must be capable of measuring the
soil water potential. These data will be very useful in the study of

plant-soil-water relationships.



91

Thermocouple psychrometers are not recommended for use in data
acquisition systems. Exceptions can be made if the investigator is
willing to make equipment checks on a very regular basis, The small
microvolt output of this sensor demands a very precise and compiex
system. If these standards are not met erroneous data may result, and
much time and expense wasted. The thermocouple psychrometer is, however,
the most reliable in situ sensor for the direct measurement of a wide
range of soil water potentials. Double-junction psychrometers have the
added advantage of higher thermal stability as compared to single
junction units, and are recommended for field use. The water potential
data from the shallow sampling depths indicates that thermocouple
psychrometers should not be installed at soil depths less than 5 cm.

The 2 cm psychrometer time traces are highly discontinuous due to water
potentials greater than the psychrometer measurement range, Other
probiems are the large temperature changes during measurement periods

and the apparent atmosphere-soil interface effect at these shallow depths.

If the researcher needs information on the relative soil "wetness"
or "dryness", then either of the resistance type sensors may be the most
beneficial. These units can be monitored with data acquisition equip-
ment at a very low cost and can also give an indication of soil water
movement if placed in a stack at different soil depths. The choice of
resistance sensor type can be based on the properties of the soils
present in the study area. In saline conditions, the gypsum resistance
unit will give the most reliable data due to the CaSO4 buffer effect.
However, in acid soils the CaSOq will dissolve very rapidly and may

Tast Jess than one year under such conditions. At the Pawnee Site,
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the ARS has used the same gypsum blocks for up to 6 years in Ascalon
soils without replacement. If the soil salinity permits the use of the
Colman units, they are the more responsive resistance sensor to the
actual soil water conditions.

The neutron scattering method is a proven technique for measure-
ment of the soil water content. However, it is most useful when manual
measurement applications are appropriate and when shallow measurements
are not required.

For plant soil water relations research, a combination of the
neutron scattering method and thermocouple psychrometers can provide
the most useful information. The sampling schedule does not have to
be too intense. Instead, a routine schedule can be used except during
periods of major precipitation inputs to the soil.

Based on observations made during this study, plant phenology
appeared to be useful as a direct indication of the soil water status.
For blue grama, a change in phenological stage appears to be a direct
indication of a change in the soil water potential. Artificial water
application on three 6f the calibration plots modified the timing of
plant phenology. Unfortunately, no record of plant development was
kept on these plots for comparison with the control plot. This infor-
mation couid have been useful in obtaining a more exact picture of the
relationships between the soil wafer potential and plant development

in the shortgrass prairie ecosystem,
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APPENDIX A

Double-Junction Thermocouple Psychrometer Switching Unit:

Circuit Diagram and Materials
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DOUBLE-JUNCTION THERMOCOUPLE PSYCHROMETER SWITCHING UNIT MATERIALS LIST

Allied Electronics
2400 Washington Blvd.
Chicago, I11inois 60612

Quantity Description Price
1 Bud Metal Utility Cabinet #CU-729 2.40

3 Miniature fluted binding posts
T-green #930-0511 .69
T-red  #930-0513 .69
1-black #930-0507 .69
1 Miniature ceramic switch, shorting, 5.48

6 poles, 2-6 positions, 3 sections

Allied #747-2022 (Centralab #PA-2022)

1 Miniature potentiometer, 500 ohm, 1/2 watt 5.10
#875-0303
2 Mercury batteries, 1.35 V #853-0008 3.90

(Mallory #RMI12R)

2 Battery holders #839-3239 (Keystone #139) .70

] DC milliammcter, Simpson 0-10 MA 21.00
#918-4554 (Simpson #2121)

1 Miniature ceramic switch, shorting, 2 poles,: 4.29
2-12 position, 2 sections, Allied #747-2004
(Centralab #PA-2004)

1 Alco #MST-205N, DPDT toggle switch Allied 2.44
#700-5795
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Quantity Description
1 Bourns #3009Y trimpot 0-200 ohms #528-75RC
1 Resistor, 10 megohm, 1/4 watt, 5% #824-1924
Cramer/Denver

5465 E. Evans P1.
Denver, Colorado 80222

12 Augat T0-5 sockets #8092-1G9 (@1.44)
or
1 Ampheno! micro-ribbon miniature
50 contact receptacle #20500
1 Amphenol micro-ribbon miniature
50 contact plug w/cable clamp #30500
S-B Systems

2130 Prairie Glen
Manhattan, Kansas 66502

! Programmable 0°¢C Cu-Constantan temperature

reference junction

Price
3.02
.09

17.28

4.00

5.54

43.00
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APPENDIX B

Field Data Forms and Program Calplot (program will be

microfeisch)
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PROGRAM CALPLUT(INPUT.UUTPUIgTAPt5=lNPUToTAPtb:UUTPUToPUNCHq
ATAPE7=FUNCH TAPE &)

Géoﬂu*#b#ﬁﬁ@ﬁ*&i‘ﬁﬁﬁﬁu#i}#n—ui-\‘as‘.‘rﬁ\‘}s‘}\'-‘-Q-'DGi}ﬁi}ﬁ-ﬁé%ﬁ-ﬂ--‘)s‘}-;}\'I-nuﬁﬁﬁ&#oﬁﬁ##ﬂﬁﬁ&#ﬁﬁaﬂﬁbﬂ&
FPHOGKAM CALPLOT CONVEKTS Tal SETS UF HEADINGS FrUM EaCri UF THAREE
SOIL-wATEK SENSORS (PSYLHKOME TF K=inUOKMAL ANy REVERSE « HUUYOUCUS—

HIGH AND LGWe ANU COLMAN=RMIOH ANU LOw) INTC STANUAKD UNWITS FOR

CUOMFAKISON OF THE DIFFEREWT SENSUNS,

TEMPERATUKE READINGS FrOM A TREMUCUUPLE SENSOK ARE CONVERTED
TO STaMDAKL CEMTIGRADE AND USED TO LETewMItt COEFFICIENTS 1IN
THE CONVERSTON EGUATIONS FUH THEe FSYCHRUME TER READINGS.

TEMPERATUKRES FROM & THERMISTER Artt CUNVERTEL TO FamkeENNEIT FOKR
USe TN THE ROUYOUCUS AND COLMAN CONVERSIUN EQUATIONS,

ﬂ'ﬁﬂﬁdﬁﬁﬂ‘ﬂﬁﬁ“Q#ﬂ'ﬁﬁﬁ‘.‘rﬂ‘-}-ii—Cu*-}i}'ﬁ'\‘}é?ﬂ%ﬁ#ﬁ#ﬁ*“*ﬁ*#ﬁﬂi}ﬁ-*%{?ﬁQi'fﬂd’ﬁ%ﬂﬂ'ﬁﬁdﬂﬁ-#ﬂﬁﬂﬂﬁQ{}Cr(}ﬁl

IR N e N NN el o W o W e Wal o WSy

CumMMON N-SITE(BOO).THEﬂT(cuU)-Uﬁli(EOUJvTIMt(:GU);PLUT(200]-
AU£PIH(200).NPSYCH{200).HvbrCntBUO:.IHHMCP(aUOJ.Tﬂleb(cuo}.
BHHUUY(2GU)-LHUUY(eOU).nCULtchD).LCOLtlzou.PuuA«.TAPAH.PHPAH

INTEGER SI{ﬁ-TPEAT.UAIL-TIM&-PLUIqUtPIH.PHPAH.PUFAH-TﬂPAHuPnH

REAL LHOLY LCULE yNPSYCH

CecanaREAD THE WARAMETER CArL = 1T MUST HAVE AN + [N Cul., |

Covewed 1IN CUL, 10 MEARNS PRINTEy GUTPUT IS vESIKED

Coeensh 1 IN CUL, 20 MFARS PUNCHED OUTHUT [S DESIWED

Covvend 1 IN COLL 30 MEANS MaGNELIC TAPE OR LISK FILE UUTPUT 1S LESIKED
REAG S I PARSFRPAR W AR, [ARPAR

1 FORMAT (AT wtsXa3( 1 atsr})
FFAPAKEGL,IHEYGO Fu Lo
FRINT L00

100 FORMAT (ZOXa#PAMAME TER CaRD 1S MISSING Uk INCORKECT®)
STOP

1o CALL OVERLAY{(4MCONVy el

CALL OVERLAY (4HCUNV P4 U)
CALL UVERLAY (4HCGNY Y 340)
CALL OVERLAY (4HCUNY +4.9)
CALL OVERLAY (4HCONY 5« )
CALL UVERLAY (4HC OV b U}
END
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HHOGRAM ki Al

G#ﬁ##ﬁﬁbﬁ#iéﬁﬁGﬁﬁﬁﬁ*ﬁﬁQQ&#*&#OG#QG%#ﬁﬂ##*uﬁﬁﬁﬂ#ﬂ*%ﬁbﬁﬂ#o####béébhééﬁﬂﬂ%#%é
THE REAU SECTION PLaltS INPUT DATA INTO ARRAYS AND CUUNTS THE NUMYE R
OF RECORLS RE&AU,

{?ﬂ-{'{}ﬂ#ﬂﬁ\'}%s":ﬂ-##t—&i}ﬂ—ﬂ#ﬂ&-%i‘r-}*#ﬁi}ﬁﬁﬂﬁﬁ%1.'?#i#%%é*&“ﬂﬁ#%#ﬁ\'}ﬂ“#ﬂ'ﬂ#ﬁﬂt‘r@ﬁﬁﬂﬂt‘-t‘ri‘ri}ﬁﬁ-o#

COMMBON NnSl'lE(:_’UD)-TH‘F.ﬁT(ZUG?vDA“’_(BOU)-rIMEI&UO)aPLOTIZ(IUJa
AUEi—'TH(?OU]oN"bYCH(Pl*Ui»HPSTCH(EUU)-THHMLP’ICUG]-THHMI‘::(dG‘UJ»
ERBEGUY (200) +LA0ODY (200) e COLE (2001 sLUCULELZ00) o PUF AR T AF AR PR AW

INTEGER SITE‘.aTht.ﬂT-[iAIr_.TIMLgL‘LU}sUEPTﬂ-PHF‘AR-PUPAHoTAPAR

KEAL LEUUYLCULE sMNESY(

N=]

HEAU(SQZFBiTﬁ(NI»THEA](N)cl.'ﬂff_(“)q]IMt(PJ)OHLOT(NIQIJE.P]H(N)Q
ANPSYCH (M) artmSYCH (M) s THrtCH (Iy) s THHMIS (N} yHgut Y (M) sLAUUT NG »
BRaCOLE (M) yLCULE ()

FUHMI‘-Y(I&-“le()v13\014~lxu'4i~llvJ’\sF‘D.vaK»F5.80‘3&.?“.‘).J15K'F4.1’
REXoF 3,003 rXefF 3013

IFtEOF (S ,HEL 0. 0060 TO 5

N=N+ ]

GO 7O 1

Moo= Ne)

E D
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PROGRAM TEMpP

MhRRRAAR LR LA AL A L R R R g g G I N
TEMP COUNVERTS THE THERMISTen REALDINGS TO ULGHEES FarHewrnbEIT ANy
The THERMUCOUPLE FELDINGS TU DEGWEES CeNFlukALE,

0“99&##ﬁi&ﬁ-uﬂ--‘.'rﬂ{i—ﬂil-u-ii-ﬁﬂib\"li‘t-‘}ﬁ-i}\‘.'rﬁﬂﬁﬁﬁﬂﬂi"ﬁﬂ-ﬁﬁﬁﬂﬁﬁﬁ—ﬂ-#&ﬁ-#&ﬁﬂ“#ﬁﬁﬂﬁﬁﬁhﬁ'ﬁﬂ'ﬁ%{r%#ﬁrﬁt}&

COMMON N.S[TEIEDO).THE&T!&UUJ-UATE(&UO).T:ME(EOOJ-PLUTlaou).
ﬂUhPTH(EOU)-NPSYCH(EOU)-HP&YCH(EUO)oTHRMCP(dOD)tTHHMIS(cUD)o
HHBUUY(?OB)-LHUUY(ZOO).ﬁCULt(800!aLCULE(ZOU),PUPAHQTAPhH.PHPAP

INTEGER SITE«THEAT LATe s TLttk e PLUT s UEFTH o PHFAR o PUFAF « TAFAR

REAL LBOUY JLCULE 4NESYCH

DO 10 I=]anN
THRMIS{]) = G O0FTHHRMIS(I) /5,0 + 37,0
THRMCP () = (0.R222 + 24,3¢THRMCP (1}

CONT INUE

£END
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PROGRAM PSYCH

GOG&#Q##Q#ﬁﬂﬂGﬁﬁﬁﬁﬁﬂﬁﬂﬁé#&ﬂ”%ﬁﬂG&ﬁﬂ#ﬁﬁﬁﬂ#%k#ﬁﬂ&ﬁﬂ#é#ﬂ#ﬁﬂﬂbﬁﬁ“ﬂhb&o##ﬁ“ﬁo#i
PROGRAM PSYCH CONVERTS HUTH NORMAL AND REVERSE PSYCHRUME TE W REAUINGS RY

a4 SFCUNMD UEGREF FOLYNG# T AL EUUATIUN, THE CUEFFICIENTS FUR THE eWUATION

ARE DETERMINED ACCORDING o T PLOT ani udErTh UF FME SENSUH. [THe

FINAL EQUATION S MOLTLIFLIEG BY A TEMPERATUNE CORKECTIuUN FaCTOx wh]lChH

IS DETERMINED FROM THE TRERMUCOUFLE valuE,

ﬂ#ﬁ*Gﬁ#ﬂﬂ%ﬁ&ﬂﬂﬂﬁ#ﬁﬁGﬁﬁiﬁﬂﬁiﬂﬁﬁﬁﬁﬂdﬁ%#ﬁﬂﬁﬁﬁﬁGQQ####Q#&#GHGGoﬁﬁﬂéﬁﬂﬂﬂﬁﬂ4009“

OGO OO

COMMON N.SITE(BOO)-THtAT(&uOJoDATE(EUU)'TIME(BOO}-PLOTIBUD};
AUEPTH(EOU)-NPSYLH(EOD)-kPSYLH(EUU)-thMCP{BUO:.inHMIS{cUOJ-
BHbUUY(EﬂUi-LHOUY{EOOJ-HCOLL(EUO)oLLULtCEUUJcPUPAH.F&PAH.PHPAR

DIMENSTON FCOEF (3420) o TCORNIS) oF (41

INTEGER SIIE-YHEAT.UATt-TIMtcPLUi-UEFTHqPHPAH-DUPAkgTAFAR‘P

REAL LEOUY WLCOLE 4MBSYOH

LATA P-TCUHH-PC(JEF/]Hﬂ-lﬁbvl"'C-lHU!l.2‘3701.010.53810-71210.6290
A-l.l!2]948.#00002.0.UhlPHho-O.HJHJJE»E.C&~UUhc0.00276“0
8-1.230775-8.07553?.O.U1Hlbc--0.951J17-r.Jaf?BJ.u.UBeouv.
C-ﬂ.?ﬁﬁ?Sbsd.lebHT.U.UEHbUJo-U.HalJbﬂo(.BdiUﬁJ»U.UU?QUU.
U-l.359770-5.634500.-D.UUbﬁbU.U.UJBwHIc1.7901d9'0.0~3£UJu
E'U-]705?01l.qfll?‘43-0-U(r‘)f(v*f‘.olscf‘tdqd.(’“.j‘fJ'“J-U.Ulb'idfc
F~0.725952.d.a0~?ab.0.nu1761.-0.794n9b.g.331I@H-u.UObocw.
b*O.GBlHlbcd.UEfEBV'U.UﬁbUHI~—0.1fﬁigd'd.ﬂblbUHcU.UlFCWWO
H—O.ESede-I.QJQOSQoO.UJl?71.—0.3bn7uo,1.Huawbﬁ.u.odaadg.
l—o.ﬁlahlb.z.1«341&.0.051110.-1.fsbuda,z.zbdhaau.u.uﬂuud9-
J—0.184209.l.920146.0.thBoa»-O.b??GJl-c.100915.0.060164/

DO 2% J=1.h

Cones s DETERMINE THE PLOT vALUE
DO IS m=)les
IFAFLOT {J) JEG,PIR}IGO TU 186

15 CONT INUE
Coeas s DETERMINE S FROM THE PLUT AND DEPTH. WALCH SET OF THwkt COEFFICIENTS TO LSt
16 I = 852tk=1) + RERPFa{Y)

CoveasTHE TEMPEwRATUKE CURKECLTION FACTURS AKE FOR lUr 20 30+ 4Us
CoveseANU 90 DEGREES CENTIOMADE
CaveasFIND THE WANGE OF TE THEHMUCUURLE VALUE (iU=20s 20-30s 30-40y 4U~50)
D0 17 MAXT=20e50+10
IFATHHMCP (U) LT MaXT) LU TO iH
17 CONT INUE
CosneslF THE THERMOLOUPLE VALUE S GHEATLHR THAN S0, ThHt CORRECTIUN FACTOwn
CavenslS TRE Same AS FOR A Sy UEGHEE Valug
CORR=TCUKR (%)
GO TO 1y
18 MINT = MaxT-10
Coness INTERPOLATE THE CORWECTION FACTOR wITHIN TAE RANGE LIVEN BY THr
Covsas THERMUCOUPLE VAL UF
CURK = TCORR(MINT/]0) -« (THRMCP (U} =MENT) /1 0% (TCORR (MAKT /1 0} =
A TCORR(MINT 100}
ConensIF THE PSYCHROMETER VALUE |S ZERUS NO CURKECTION 1S NLLESSARY

16 EF ANESYCH(U) JEG.0.0100 Tu co
Couao e CALCULATE THE LORRECTEY PSYCHRUMETER (NURMAL ) VALUE
NPSYCH{J) = =CORRS(PCOEF (1el) » MPSYCH{J) 2 (FCOEF (241)

A NPSYCh(J)SPCOLF (341) )}



108

CewaaslF THE PSYCHROHETEQ VALUE IS ZERUs NO CORRECTION IS NECESSARY

20 IFARPEYCHID) JEQL0.0160 To 21
CoasesCALCULATE THE CORKECTED PSYLHROMETER (REVERSE) VALUE
HPSYCH(J) = ~CORK® (PLOEF (1e]) + HPSYLR (U # (PCUEF (24013 »

A HPSYCH{W =PCOEF {341 )
CoveeoF THE PSYLHROMTEN VALUE 15 POSITIVE, SET IT TO ZERO
2l IF{NPSYCH(J).bT.O.UlNPSYCHIJl=U-U
IF(RPSYChtJ).GT.O.U)HPSYLH(J)=U.U
25 CONTINUE
END
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PROGRAM KFSHI

LR R R TR R R R R R R G R I S 1 N R R AT A AP A QA PN
PRCGRAM RESHI CONVERTS HIGHR aUUYLUCUS AND COLMAN READINGS aCCURDING
TG & TEN DEOGREE HOLYNUMIAL cGUATIUN. THE COEFFICIENTS rUR ThE £UUATIUN

Akt DEPENDENT ON THE TEMPEraTURE VALUE FROM THE THEkMISTEwR,
L2 LR Ly - R Y T R e R R L L L L L L LN L N Yrraranen

COMMOM NGSLITEL260) «TRFAT(200) «DATE(Z00) « TIME(Z200) oFLUT(200)
ADEPTH{Z200) aNPSYCH(200) «HFSTYCH(Z20U) «TAKMCP (2001 « TARMIS (20D 4
BHEOUY (200) sLHUUY (200} «nCULE {2000 ~LCOLE(200) «PUPARSTAFARSPREAR

UIMENSTUON WHCOEF (J1eit)

INTEGER STTE s TREATDATE « TIME o FLUTsDEP TR PHPAR4PUPAR S TAFAR

HEAL LBOUYLCULE +NPSY(LH

DATA {(RHCOEF T e o l=ialltau=144)1/6.3Tb5%Ge=0,11260Kc892
Bl .O0G2HEBPO4E -0
A=0,2266251392E-03049¢118VcyS3E-05e~0,7TH6730418E-0T
BUOW /94 3700605 = 0% =074 1R (528E=11+0.10659%0%062E =13,
Ca0.0])58794n72E - jbelaulill /0incaE=19¢b6,43107e=U0, 113759910l
D0.A06TTS3T0RE-02+=0,22 10 T /E=0340,5101334]159L~054
E~0.75912714A5e=0TeNoT1n5]al79F =094=0,406 1499926k =11 4
FUOLIRG0G26HKeOE =1 3e=0,4]¢l296 3409F ~ 0o 3Y9hyyihadb =19,

G0 6R5]6a~0,11485153T440.00602 06k =ge=U0,c177cI2429E~U3s
HO 492 26067 TE=US«=0.TalO30 oab=-0T40./2265¢3559AL =00,
1-0,4079812/18E-11a0,1n]9880h6 =l de-0.40sfU%2307E~]16,

SO 39R2233293E~ 1940595 e= 0. L 1423330900 ,.5% 180T acdat =Ucs
K=, 2105930049 E~U3 N4 708 Tha /b =USe=0, 70721060905 =074
LObHTL52]160E~ 0% —ltaa 303465280 =) 1041 /nad05/6~13,

Mel 3900709342k =164y, 30147406015 -1Y/

OATA ((RACUEF {Lsd)el=1ell) VI =9 B8) /6. Tw R =0, 4bHYZ354
NOAOTO5032264F -02e~11,220335 290 03¢0, 9200536330 -ub,
O0-0,H03330390A0=07+0.79076404 TRE-UY+=0,315010G705E=)]"
PO.P0T2424%2%9F =1 3a=l1, 6720 ey =lbaU, 06000347190 ~1%
QB.6384T+=0, 117710770 1a0, A2t 313H2UTE~0Z2¢=0.¢ 30005 9TrbE~Ude
RO.S373392240E =05 a=0.81084T3I0TE~0 o0 TYY9baptaei=09,
S=0.,5115852349E~110.200506/113E=134-0,463039Ta33E~1064
T0.4S4 79862 THE-1940,6970bha=0,120219258%]e0.5452153397~0c0
Ur0,230884 754 JE=030.5010060beoE oy -0 85 FTyleonib=07,

VI .HA32664940E 094 0.5609506a323F =1 lal,2ltb2uASlnb =14,
We0.49]1094HYT2PE =100, 40 b0a 3 oF—lYehoTabure~t,122T208149,
X0ab6u]l 103942 ~0re=Ua24 /0T Y0RE=0340,5050069162 =004
Y=0.562G35700ab-07+0.,88/084/U0T7E~UP+-0.9T70380a63c-11
042785532504 E=134-0.5105%05000E~1600,.bubialUbDKBPE~]19/

DATA ((HACUEF (Laulal=zball) eum9sl2)} /6, 8183040, 1275977E04,
AQ,T1IBS9HL523E =02« =0, 2TUNTBHbONE =03,
B0.04443]19TL=054=N,985209205E=07s0.9780143a421E=0Yy
C=0,62T6835/4E-11+0,2500TH6092F=134=0,5065d40096]17c~]1hs
DULSS17544736E=19406.873 10004 129¢2B12640. 1305352129 =0¢1
E=Q,2802850]116E-03¢00.67505 )1 iE-UDe~0,]1041907374L=06
FOLl04091/737TE-0UB3-0.670c95%096k~11e0.20n0U26T7276E=10,
G=0.h055966975E-160.5900802705E =1946,931Tar=0.]1313656989,
Hila 7430615889602+ =0.2035] 3486795 =03,0.674d0%0301L-05%.
I-04102867949ab~0h0.10]16996255F ~UBa~0,04t34215%72E=11y
JO256Y304108E~]13s=0,.979321%085E=1640.55594029 4t =1Yy
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K6 o995 T29=0413728H44H00UR210BI6LEBE=02+=0, 32H5092549E =0 3,
LOLBI4090545TE~05+-0,12/BT51032E=00+0,129502T8EYE =08+

M0 HAZ22900081E=11+0,33958995010b=13+=0.7720416609E=16,

N . 7562506425~ ]49/

DATA ((PrCubEF(led) oI=1al11ad=134161/7.05509+=0.1607359315,
00.6592029563E=02
0-0.36Q323537ﬂ£—03o0.b?bh045002t-05‘-0.1386467836E-u6o
POe1413767h9nE=UBa-0,925179502TFE=1140.3751004103E-13,
0-0.8575591&55-lbo0.&4437126ch—l9o7.11096;-0.13?43u973¢¢
30.799l9931£3ﬁ-0?o-O.JIbUBOQUcE-UJ-G.TTH5J43135—050
S-U.123462ab56h—ub-ﬂ.lfbabQUJBHE—UBo-U.duoulTHhOHt-lla
T0.345318e07TE=134=0.8007023107E=1640,7996LuT0c4b =15
UTo167194=0.14081793500.79)1 70064950 =02y=0. 990686t ~030
V0.714412]139PE=-05,=0,109637961%-U6+0,Luyn932] T5E -0
WoDoT103441096E=11+0.2366797/86E~] 3e-0.654 79434360 ~1ks
10.6é59925619i—19-7.22h09.—u.13603ub399.0.ldﬁ]&nd??Jt—Oz-
YeoGu2621 107157 ~0340,60c0729154E-U05e=0.900/%0% /30E=07y
Z0.B8704384089 =09 =0,.5093140202t ~11s0.22882212T6E~1 5,
A-0,5%221807026L~16400,5]076brbaTe =9/

O 30 K=l

CoaneeFIND THE TEMRPERATUF RANGE rUW THt THERMISIER
D0 10 I=50110+4
IFATHEMIS(R) LT (l+31 360 TO 1o
16 CONT INUE
CovensFIND THE ST OF ELEVEN COEFFICIENTS TU BHE USED Ity The CONVERSIUN BEGQUATjuN
15 J o= (I=%01/8 ¢ )
CoaaeeASSTGH A LAKGE BOUYQULUS VALUE IFf THt ORTGINAL VALUE 15 GREATER ThaN i40
IF (HROUY (X} .GT . 150,0006U U )&
Cavanelf THE HUOUYOUCUS VALUE IS ZerOe MU CORMECTION [S NECESSAKY
R AAnnOuY (k) LB, 00000 TO 21
CoaaaeCALCULATE THE (ORMFCTED BOUYOULUS (HT L) VaLUt
AROUY (K} = RACOUEF () yu) + pH0UY{K) S (RRCUEF (2ed) + HHOUY (K] ®

A CHHCOEF (3eJ) + HYOUY (K) % {+~mCObr (Bay) + ABOQUY (K} & (WHLOEF (bed) »

B HRQUY{K) % (HHCOE (BaJ) + ABGUY (K #AWHCOEF (T4d) ¢ RBOUY{K)®

C (RHLOFF(80d) » HrOUY (K} & (RHCUEEF (Yed)} + HROUY (K)# {HCUEF (10sJ) +

b HEOUY (1) #RHCOEF (11+J)}) 3323030

GU 10 21
16 HEOUY(K) = 117.0
CeaesaASSIGN A LARGE COLMAN valLute IF THE ORIGINAL VALUE 15 OREATER THAN 190
21 IF (HCOLE (KYoGTL150, 0160 TU rtd

CovaeolF THE COLMAN vALUE IS ZEwuy NU CURRECTIUN IS MECESSARY
IF(HCOLE (X)) ot 0. 0. 006U T 30
CoeeesCALCULATE THE CORRECTEL COLMAN(HiGH) VALUE
HCOLE (K} = RACUEF (led) + ACOLL (K) % {RANCUEF (2sJ) ¢ HMCULE (K)#
A (FHCOEF £30d) & HOOLE (R & (RICULF (aed) » mCCLE (K) @ {RHCUEF (Sed} »
8 HCOLE (R) % (RHCORF (6eu) ¢ HLCOLE{R) # (RHCOEF (Tad) ¢ HCOLE (R} %
€ (RHCOEF (ned) ¢ HCOLF (R) S (RHCOLF (Yed) + HCULE (K} % (RHCUEF (lUed) +

U HCOOLE(K)#HHCUEF (11400121200 1))
GO TO 30
2e HCOLE(A) = 117.0
30 CONT INUE

END
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PROGRAM RESLO

i e L L 2 L L L T L LT N T g A e G P G
PROGRAM KESLO CONVERTS LUw oOUYOUCLS Awl CULMAN HEADINGS ACCURUING TO
A TEN DEOMEE POLYNOMIAL EQUATION, THE COEFFICIENTS FOR THE EQUATION ARE

DEPENDENT OWN THE TEMPERATURE VALUE FROM Tt THERMISTER,
R e L R R LT L L Tk L L R g g P g

COMMON N.SITE(EOG).THEAT(?UU]-DATE(ZOU}-TIMECEDDIoPLOT{2001-
AUEQTH(EOU)vNPSYChtHGO)qHPsrCH(PDU).THHMCP!&OG).THRMIS(:UO)v
BABOUY (200} +LR0UY (2601 «rtCOLE (200) sLCULE (200) + PUPAR ¢ T Ak AR « PRI AR

DIMENSEON KHLCOEF (Ye]8)

INTEGE K SITE»THEAT A GATE s T Lt s PLUT o DEPTH e PP AR« PUPAR « TAF AR

HEAL LRBOUYJLCULF JNPSYCH

DATA FARLCORF L o) 0 1=) 09) e =10 E) /=B, 6B0644 0. 96THTO207
A=, 344B5HR4AlE=01
AQL.6FZ21030341E=034=0,H8145969001E=0540.0037911212E~07»
H-O.EFEDbeE31&-09uD.bHcHHUJJQTr-lec-U.fBPbGEﬁliatvlb-
C-3.8004640,72911095] Ta=0.2735802990F =0 40,2929 4402 =044
De0o6716554094E 090,504 T 9031 TE U e=llaldey9bb ] B9t =UY e
E0.5825090191&-]2--U.6?97931f?“t-lb-—&.«1034-U.h2v?c99bu3‘
Fo0.242619420TE-0140.6906400934E=03s=Uun] lvw3ha0nc-05,
Gu.kb?QBBnUuét-UTo—U.(llﬁ9lu?th-UG-ﬂ.bJTchllnni—ld-

He0 5807221393150 9353} e Uabnaoe3H0 4 =0, 2235336 3 ~U1 s
J0.455992 096 RE =034~ ,550H6H 4402 =(5e0ed 1965949335 =07«
F=0.191482000H 0940, 0R5u54 7519 =l de—(.5743805036E~]5,
KeS5e130)2¢0.,8410R32013v0031032027T0F~0]a0.916TA39260E=03,
L-0.7397669343E-0240.542317 | 38F=0Ta=(0ocudlsl5) fot =09,

MO E0UYE3THUAF =P s~ N5 386820001 = De=3. 808594047 399) 6708
N-O.E?bleqkiﬁﬁt—nl-O.bbcﬁ?&nﬁwlk—u3--0.ob3d981991t-hb-
0088326 1H9HF = TamN, 2203790089 =920 Sul v 7 Iabt~124
Pe0.584 99265 -15/

DATA ((RLCOEF (TIadlal=lo9) au=Ts12) /149851 0a310015457 39
Q=0, 1283753 326=01,

Q02727307 Y E~030~0,.30¢35740r =050, 6318559593 =07,
He0.121904002E 0% +0,312710644% = Pamlla 3418667 380E =15,
53.&4409-0.12255004H--b.ﬁBdedeJut-UdcU.l«vﬂuwh?ﬁlt—039
Te0a 19905 b =050 1601219099t =0 fs=U, TO44en0088E =11
U0.20081207P69E~LPe=N,2ralth fabt =0et.aTnTasl.Tnew]l29lbek=01y
V0.7 1T12T793E-020, 1186200088l ~03e=0,16321%550% =05,
HO.133b0653dltvﬂ?--ﬂ.bh9350uH3~h-lU-0.l?jﬁwdduflt-ldo

K0, 1967610037t -15e6,504724~0eH1100201 79t =01aUs 406391 79i0E=03,
Y0ul2BhHRO429454E =04 a=1,67M]9]lcalab=0640.6071 6846) 7t -0x,
Z~0.3808939b156-]0qﬂ.1119?31uht~]é-—0.140930463t-!5-
A=10.5100404133204465E0]1a-0,4926708103E-0]al.991],69658L-03,
B=0.1200400143E~0440.699220c2L 18 ~0Ta=Uaa070003560t (19,
CUel020235137e~114-0,195016923 —taa~ri ,99bEdale FUTSIZTOYS
D-O.ETBISI&?&TE-H]-U.bbubO7Abqu-03c-0.ﬁ919lIHUUbE-OS'
EQuS267201243F-0Ta~0,.243T03363F~0930.018060391HE-12y
Ferl.6706390305F =15/

DATA ((RLLOEF (LaJd)1=]+9) 2] 3416) 74,51221+0.8302060,050E-01)4
G=0.51598422T763E=02
GD.1300877603E-03.-0.lﬁb4c3d327£—obo0.lbkd]JB?&{&—O?.
H=0.76HH0Z21U36E=]1010,209855a4942 =1 Ze=0o2421usofusi-15,



l3.55[44-0.152932?5hb-—0.71:0144763:-0290.1599&21a70t-03.
*0.207961lddE-Ubuﬂ.l64:4813565-0?v-O.?ulﬂbaubwﬁi-IO-
K0.2054lEJhwE-12--0.229c&d?499F-15-4.30153-U.onzdﬂzladt-OI;
L-O.E?QOOOQE&H&-O?-H.1202535?1EE-U3-—0,1716:52693E-u5o
MO.14057779J7E-079-U.bh763UalUOF-}U~O.ldbSll“det-IEy
N-O.ElEl?46973&-15-?.9uu9h.u.al145635721—0.9274430554&-02-
00-201500063bF-03--0.25b599lbﬁlE-U5-0.19939~9055&-O?-
P-0.93236abhult-lﬂq0.3414391UQBE-lE--O.EbéboTibde-l5/
00 30 K=l.n
CoesasFIND THE TEMPERATUF RANGE FOR THE THERMISTER
DO 10 I=%0e11044
IF(THRMISIK) LT (E+3)3G0 TO 1%
10 CONT INUE
CossasfIND ThE SET OF NIME COLFFICIENTS TO HE USED IN THE CONVERSION EWUATIUN
15 Jos (l-50)/4 + )
CoeeasASSIGN A LARGE HOUYOUCUS VaLuUF [F THE ORIGINAL VALUF IS GREATER THAN 200
IFALBOUY(K) oGT o200.0)GU Ty 16
CovaesIF THE BUUYOUCUS VALUE 1S zewGe NU CURRECTION 1S NECESSARY
IF(LBOUY (K} JbGL 00U TO 21
CoaawsCALCULATE THE CONKECTEL BUUYUUCUS(LUW) VAU
LREOUY(R) = FLCOUEF (lad) + LAOUY (K) 4 (RLCULF (Zed) + LBUUY(K}®
A (RLCOEF (3eJ) + LBOUYIK)# (RLCULF (asd) + LUy (K # {RLCUEF (SeJ) «
B LBOUY(R} % (RLCOFF {6sJ} + LBOUY (R & {nLCOFF (7T4J) + LbOUY(K)®
C  (RLCUEF theu) + LrQUY (K) o<LCOEF (Yad)3))))))
GO T0 21
16 LROUY{K) = 1}17.0
CovavshASSIGN A LaNGE COlL¥aiv vaLUr, [F fHE ORIGINAL VALUE IS LGREATER ThHaN 200
21 TF(LCOLE (K} JGT 20000060 U e
CovnanIf THE COLMAN VALUE |S ZEiue NO CURRECTIUN IS NECESSARY
IF(ECOLE IR JFOLDL, 006U TO 34
CowawsCALCULATE HE CORRECTEL CULMAN(LUW) VALUF
LCOLE (K} = RLECOEF (Led) LCOLL (K@ (HLLCOEF i20d) + LCULE (K} ®
A (RLCOLF (3,4) + LCOLE K # (L COtr {ued) « LCOLE R ¥ (RLCUEF (Do) o
B LCDLE (KY“ {RLCUEF tHa ) « LLOLE (K) B A(RLLOEF (TeJ) + LCOLE (K) =
C (RLCUEF trned) « LCULE{K)S~LCUEF §94d) 1)) )3 )

G0 TO 30
22 LCOLE(KY = 1317,0

30 CONT INUE
’ END
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COMMGN N.SlTE(ZOD).THEAT(&OO).HATE(EDDJ-TIME(EUO).PLUT(EDO!.
ADEPTH(EUO)-NDbYCH{200).HPSrCH(?OU}.TnHMLH[:OO).TﬂRMrsrcoon.
BHBUUY(EOG)ngOUY(EQO).HCUL:(ZOUi9LCOL&(200}oPUPAH.FAPHHoPRPAH

INTEGER SITt-TREAT.UATLo[IME.DLUT1UEPTH;PKPAH.PUPAR'TAPAH

REAL LAOUY JLCOLE JNPSYCH

[PAGE=L INES=]

WRITE (64101) IPAGE
DO 20 K=laeN
CaeeeasPRINT 4% LINES PEKR PAGE
FFILINES.LE 45160 TO &
WHITE (64105)
LINES=]
Cawae o INCKEMENT PAGE NUMKE K
FPAGE=1PAGE+] % ¥TImMr=]
CovaaePRINT FITLE AND FEADLHHS
WRITE (6alil) [PAGE
5 LINFS = LIutse]
ConoesORIUP NATA HY TIME. SKIPPING A LINE HETWEEN EACH TIME InNTERVAL
IF!I]NE(K).NE.ITIME)WnITE(bqlual
ITYIME = TIME (%)
IF{PHHAH.&h.I)wHITF(b.lOE)b[Tt(n).THEA?{K).UAIE(Ki.TlMt(h}.

A PLO!(ﬂ).UEPTth).HPSYLH(K).«PbYCth).THHMCP(K:.THﬁMISthJc

H HBOUY(K).LHUUY(K)-HCOLr(K)-LCOLt(ﬂ)
IF(PUPAF.rQ.l)WHIIF(?‘110)5ETL(N).IHEAT{K)-UnTh(KJ.TIM&(K).

A PLOT (/) ¢DERTH(K) asPSYUHIR) oKPSYCH IR ) 4 THRMCHE (K} «

5] HBOUT(KloLnuuvlkquCOLttK);LCULL(A)
IFITAPnk.hH.l}nklltlh-llﬂ)bxlt(hl.[H&nI(K)-UAIL(KJ.TIM&rm:,

A PLOI(KIqUtP]H(K)-HPSYLH(K).HPBYCH(KI.THHMCP(K)g

B HHCUY(K}.LBUUY(R)‘HLULQ(K)|LLULEiﬂI

20 CONT [ RUE

101 FURMAT (] 0y /4% 2al20KatPAGE# T 3y r9u TeauX 2 2CALIBRATION DATA - SOIL
A WATER PUTtNrIAL”./c“—*9555;“PSYCHHOMETtH“chX-9IHEHN0*“14X'GThﬁHM-
BoynX o oBOLYOUCUSEy 1R s FCOLMANG o /4 & “ollXsTHEAT =% 430Xy #{=pARS hzy
CPOT.}“va!*CUUPLE“OSAOGIS1LH*QTKQG( LOO R &9k s( LUG W Jae/4% vy
DaXy#SITE# IR« &Mt NT#46x 9*"&]";“-41!“’]!Mt*'ﬁ!!‘”"LOT“o3x v HUEPTHY,
Eﬂx,ﬁNUHMAL*QSX-“HtVFHStﬁuHAo°(Dtb LIS e dRe e (UELG FltyaXevH[GHE,
FSXQ“LUN*!bXU*HIGHG-SAo*LUN“)

102 FORMAT (# “-bx-IPUOK.A]-hx.ib|3X!lﬂaﬁx-AlcfA-Ilqbqub.Etﬁl-F6.2|
AﬁvaS-EQOXVFS-l04Xqfb.392&!56.3,4X!F6.31211F6.3)

104 FURMAT (& #)

10% FORMAT (TOrus INDICATES YTHe HOUYOUCUS OR CULMAN VALUE wAS AuOVE 1H
AE NORMAL RANGE)

110 FURMAT(1201X0AIOIXqusIXGI“OIXvA]!lXollvlA!Fb.E!lXoFb-ﬁolX!Fbcév
AlX-F&.BuIX.Fh.BoIX-Fb.JoIX-Fb.B)

END



PROGRAM BLANK (INPUT s OQUTPUT s TAPES=INPUT + TAPESG)
C.....-
CaveenPROGRAM pLANK IS USED TO CUNSOLIDATE THE DATA FROM PHUGRAM CALPLOT
CoaeeseFOR THE TAREE SOIL WATER SENSOKS [T ALSO USES FUNCTION JULIAN TUu CHANGE
Caanses THE TIME OF READING TO A& Jullan UATE
c......
ODIMENSTION lat6)+IN(6)
5 RﬁAD(S-IUO)KQMUQMU-MYvTYMQL’Iﬂ(l)rIN(]iOIA(E)QIN(E)OIIM'(IA(I]1
2INtl)el=3,0)
100 FUHMAT(AS-3I?9F5-0.A4-£(A2’A5)1&6’%(A20A5))
IF LEOF (5) WnvE,01060 TO 30
00 20 iI=}lanb
IFUTA{I) JNE L 2H #)GO TO 1S
Iatl)=1n
IntI)=1H
60 TO 20
15 CONT INUE
IFtI.6T.2160 YO 17
[F AINGI) o doSH=0.00) IN{I)=]H
60 TO 20
17 CONT INUE
IFCINCE) otie s SHO L0000 o FACL) JNELZH =) GU TOo 20
iatly=1ln
IN(I)=1H
20 CONT IHNUE
IFCINCLY sF . ) TAC ) =eH =
IFCING2) sEUL LR 3 iR{2) 22 =
FFEINGLY o IH D ING] Y =5HED 00
TFCINC2) sEGaIH D IN(PS =nHKO .00
IFOIN(3) sBEuatH ) ING3) s IN(G
IFLIN(S) (b, i VIN(9)Y=INI(B)
AJzJULTAN (MDD MO g MY )
TYM=AJ+TYM/ 2400,
WHITE (64200) KQTYMQLQIA(I)le(l)OIA(aio]NlZ)cITM.lN(3IOIN|5)
200 FUHMﬂ](ﬂbofﬁ.3!3X1£ﬁ;2(A21Nb)|A6|2K'A5!9X1n5)
GO TO S
30 ENDFILE ©
STOP
END
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FUNCTION SULTAN(IDAY oMUy [ YR}
CunaneBIVEN DAY, MONTH. YEAR RETURNS JULIAN DATE
INTEGER LPMilZ)
CATA DPM/0+31+45999041204151018192129243427343049330/
IF(IYRLLELD)Y GO TO Z
K=UPM(MO) + [Day
IF(MOD(IYHa4) o NE 40,0, MOLLE . 2) GO TU ]

K=Ka+l
1 JUL TAN=K
RE TURN
2 JULTan=n
RE TURN

Etl)
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APPENDIX C

Comparisons of Individual Resistance Sensors and the Soil

Water Potential Measured with the Thermocouple Psychrometer
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Figure C.1. A comparison of gypsum block resistance and the soil water
potential as measured with a thermocouple psychrometer
(Plot B - 2 cm depth; June 18th - August 31st 1973).
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Figure C.2. A comparison of gypsum block resistance and the soil water
potential as measured with a thermocouple psychrometer
(Plot B - 7 cm depth; June 18th - August 31st 1973),
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Figure C.3. A comparison of gypsum block resistance and the soil water
potential a: measured with a thermocouple psychrometer
(Plot B - 15 ¢m depth; June 18th - August 31st 1973),
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Figure C.4. A comparison of gypsum block resistance and the soi) water
potential as measured with a thermocouple psychrometer
(PTot B ~ 30 cm depth; June 18th - August 31st 1973).
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Figure C.5. A comparison of Colman unit resistance and the soil water
potential as measured with a thermocouple psychrometer
(Plot B - 2 cm depth; June 18th - August 31st 1973).



122

LOG,, RESISTANCE (OHMS)

2 3 4 5 6 7
O \/\ 1 1 Tge | 1 ]

' ’
®
e ;go g:'...
®
-2 o o :p
®
-4~ ¢ ® o
)
S
M _g- L
L
~J
< o
= 8- . .
w
-
@
a
5 -10~ . .
[_
<
=
-12 4
®
-14 + °

Figure C.6. A comparison of Colman unit resistance and the soil water
potential as measured with a thermocouple psychrometer
(Plot B - 7 cm depth; June 18th - August 31, 1974),
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Figure C.7. A comparison of Colman unit resistance and the soil water
potential as measured with a thermocouple psychrometer
(Plot B - 15 cm depth; June 18th - August 31st 1973).
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Figure C.8. A comparison of Colman unit resistance and the soil water
potential as measured with a thermocouple psychrometer
(Plot B - 30 cm depth; June 18th - August 31st 1973),
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