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NOTATION

A = Area over which the weight of lysimeter is distributed
(L.2)

Aq = Area of the bottom of the lysimeter (Lz)

A(z) = Root extraction term (L/T)

a = Root radius (L)

D = Soil water diffusivity = K dh/df. (L2/T)

E, = Evapotranspiration or precipitation rate (L/T)

Eg = Potential evaporation rate (L/T)

FD = Potential evapotranspiration rate (L/T)

H = Hydraulic head (L)

Hyoot = Effective root water potential at the soil surface
(z =0)., @)

h = Soil matric potential (L)

hp = Tnitial soil matric potential (L)

hplnnt = Water potential within the plant root (L)

hgoil = Total soil water potential (L)

h(z) = Soil matric potential at depth (z). (L)

i = Subscript for depth increment; usually appears along with j

Iy = Radiation count with no interference

j = Subscript for time increment

K = Hydraulic conductivity (L/T)

K¢ = Crop factor

q = Flux of water at the root surface (L3/T)

r = Radial distance from the axis of the root (L)

R = Resistance to water movement in the soil (T/L)




Tmax, Tmin

(o

Ah

Ah

pf

pw

"

Also ratio of neutron counts in soil to standard count
Also total incoming solar radiation (Cal/LZ/T)

Flow coefficient

Net longwave back radiation (cal/L2/T)

Net radiation (Cal/Lz/T)

Proportion of total active roots in depth increment
Az (M/M)

Root Resistance = (1 + Rg)

Water extraction rate (L/T)

Also salt (osmotic) potential at depth z (L)

Average transpiration rate (L/T)

Maximum and minimum air temperature, respectively. (°C)
Time (T)

Vertical length of root system (L)

Rate of water uptake/unit volume of soil (L/T)
Vertical distance (L)

Matric potential difference (L)

Also corrected change in height of fluid (L)

Depth increment (L)

Volumetric water content (Fraction). (L3/L3)
Initial volumetric water content (Fraction. @3/Ld)
Bulk density of material M/L3)

Also reflection coefficient

Density of the fluid (M/LB)

Density of the water (M/L3)

Euler's constant = 0,57722




Mass absorption coefficient
Mass absorption coefficient of dry soil

Mass absorption coefficient of water




ABSTRACT
Model for Estimating Soil Water Flow,
Water Content, Evapotranspiration
And Root Extraction
by
Musa N. Nimah, Doctor of Philosophy
Utah State University, 1972
Major Professor: Dr. R. J. Hanks
Department: Soil Science and Biometeorology

A mathematical model was developed to predict water content pro-
files, evapotranspiration, water flow from or to the water table, root
extraction and root water potential at the surface as functions of time
under unsteady state conditions.

The model was tested in the field at The Hullinger Farm near Vernal,
Utah, in 1970 and 1971. Comparison of water content-depth profiles show
excellent agreement at the end of a 9-day run in 1970 on oats seeded
to alfalfa. In 1971 with alfalfa as the crop, the data show best agree-
ment, between predicted and computed water content-depth profiles, 48
hours after any water addition. The poorest agreement for both crops
was right after irrigation.

The computed cumulative ET was 4.9 cm which was 0.4 cm less than
actual (measured) ET, during the 9-day period in 1970. 1In 1971, the
actual and measured ET were the same for the whole season. This agree-
ment may be partially due to the "forcing'" of the water removal by ET

to be the same as measured.




In 1970, the computed cumulative upward flow from the water table
was 2,20 cm which was 0.1 cm greater than the actual for the 9-day
period. In 1971, the cumulative upward water flow from the water table
was 4.80 cm which was 3.20 cm greater than the calculated for the whole

season of 116 days.

(131 pages)




INTRODUCTION

The water quality problems associated with irrigation return flow
are of special concern, because irrigated agriculture is the largest
consumer of public water supplies in western United States. Of the
water applied to the field for irrigation, a large portion is stored
in the root zone and transpired by the crop or evaporated from the soil.
The water not stored may percolate below the root zone, and/or may run
off the land surface during irrigation. Deep percolating and runoff
water constitute the irrigation return flow from an irrigated field.

The evapotranspiration rate of a crop plays an important role in
determining the quality and quantity of irrigation return flow. The
most important factor, in the relationship of evapotranspiration to
irrigation return flow, is that the water consumed by the crop is
relatively pure, the dissolved salts being left behind in the soil.
Thus, the process of evapotranspiration has the effect of concentrating
the total salt load in the fraction of the water returned to the stream
as return flow.

During evapotranspiration water moves from the soil through the
plant to the atmosphere along a path of continuously decreasing poten-
tial. The movement of water along this path is affected by a complex
set of interactions and processes which occur simultaneously at dif-
ferent rates. This path is a continuum involving soil, plant and
atmosphere (SPAC) and includes a number of distinct segments, each
of which can be described in terms of a flow equation. The first seg-

ment is the flow of water in the unsaturated soil surrounding the root.




The second segment is the flow of water in the plant to the evaporative

surface. The third segment is the flow of water from the evaporative

The flow of water in any

surface to the atmosphere, in vapor form.

segment is influenced by properties of the other segment.

Evapotranspiration and evaporation from a free water surface have

been related to each other through many empirical formulas. Due to the

development of the crop and to a possible lack of water, evapotrans-—

piration has, under many conditions, little direct relation with the

It is therefore necessary to

evaporation from a free water surface.

take all the factors governing evapotranspiration from a crop, into

account to estimate water uptake by the plant. The most important

factors can be grouped under soil properties, plant properties and

climatological properties.

1. Soil properties: These include the matric potential,

hydraulic conductivity, diffusivity and water capacity

relations to the water content.
2. Plant properties: These include the plant root distribution
as a function of depth plus percent plant cover.
3. Climatological properties: These properties govern the
evaporation rate from soil and transpiration rate by plant.
They include radiation, temperature, wind velocity and
humidity.
Each of the factors may act as a limiting factor to the water
movement through the soil-plant-atmosphere continuum (SPAC). For
example, when the soil is dry, although other factors are favorable,

water movement from the soil to the root is hindered due to the low

soil water potential. Similarly for plants, if the stomata are closed




water movement is stopped. At night, where there is no radiation, water

movement stops because there is no demand at the evaporative surface.
The overall objective of this study is to manage water in the SPAC,

taking into consideration all related factors. This is closely related

to a similar study by Gupta (1972) on salt flow in the soil because

salt and water flow are so closely linked. Both studies are a part of

a general study on the control of quantity and quality of irrigation

return flow from irrigated fields.

Objectives

The specific objectives of this study were:

1. To develop a mathematical model to determine the relation of
soil water and root distribution to water uptake, soil water
content profiles, drainage, evapotranspiration and soil water
flow under irrigated and non-irrigated conditions.

2. To develop a computer program to solve the mathematical model.
The program should predict evaporation, transpiration, soil
moisture change, runoff, infiltration, drainage and water con-
tent profiles as a function of time.

3. To test the developed model under field conditions, where the

appropriate soil, plant, and atmosphere components have been

measured.




REVIEW OF LITERATURE

A current approach to the field soil water cycle is based on
recognition that the field and all its components--soil, plant, and
atmosphere taken together--form a physically unified and dynamic system
(Gardner, 1960; Cowan, 1965) in which various flow processes occur
sequentially like links in a chain. This unified system has been
called "SPAC" (for "soil-plant-atmosphere-continuum") by J. R. Philip
(1966). 1In this system, flow takes place from higher to lower poten-
tial, with the concept "water potential" equally valid and applicable
in soil, plant, and atmosphere alike.

To characterize the SPAC physically, therefore, it is necessary to
evaluate the potential of water and its change with distance and time
along the entire path of water movement (Hillel, 1971). The flow rate
is everywhere inversely proportional to an appropriate resistance. The
flow path includes the water movement in the soil toward the roots,
absorption into the roots, transport in the roots to the stems through
the xylem to the leaves, evaporation in the intercellular air spaces
of the leaves, vapor-diffusion through the stomatal cavities and
openings to the quiescent air layer in contact with the leaf surface
and through it to the turbulent boundary layer, whence the vapor is
tinally transported to the external atmosphere.

Soil water flow to plant root has been studied by a number of
investigators. The studies of Philip (1957), Gardner (1960), and Molz
et al. (1968) consider the radial flow of water to a single root.

However, other studies (Ogata, Richards, and Gardner, 1960; Gardner,




1964; Whistler, Klute, and Millington, 1968; Molz and Remson, 1970, 1971;

and Molz, 1971) deal with the removal of moisture by the root zone as

a whole without considering explicitly the effects of individual roots.

For convenience, the term "microscopic" is used for the flow process in

the vicinity of a single root, and "macroscopic" for the overall moisture

extraction process in an entire root zone.

Models for Root Extraction

Soil water potential decreases as soil water content decreases.

The soil will deliver water to the root as long as the water potential

in the root is maintained less than in the soil. However, as a root

extracts water from the soil in contact with it, the water potential

in the soil contact zone may decrease, as well as the hydraulic conduc-

tivity.

Water uptake may decrease, assuming the root water potential
stays constant, unless additional water can move in from the farther
reaches of the soil in direct contact with the root. In order for
this additional water to become available to the plant, not only must
the soil water potential be greater than the root water potential, but
the hydraulic conductivity of the soil must be large enough so that
water will move toward and into the root at a rate sufficient to com-
pensate the plant for its own loss of water to the atmosphere by
transpiration.

These principles have been applied on both a microscopic and a
macroscopic scale. These two approaches will now be discussed in

detail.




Microscopic Approach or Single Root Model

In this approach the details of the flow about a single root are
examined. On the assumption that a typical root can be represented by

an infinitely long, narrow cylinder of constant radius and water =

absorbing characteristic (effectively a line sink), and that soil water

movement toward the root is radial, the appropriate form of the flow

equation is:

30 _ 19 , 90
S S P Do [1]
TR T T

where 6 is volumetric soil water content, D is diffusivity, t is time,

and r is radial distance from the axis of the root. Assuming constant
flux at the surface, Gardner (1960) solved this equation subject to the

following initial and boundary conditions:

q= ZﬂaKéh = 2mand® r=a, t>0 [2]
or or

where a is the root radius, h is matric potential, K is hydraulic
conductivity, and q is the rate of water uptake by the root or the flux
of water at the root surface expressed as volume of water per unit
length of root per unit time. The solution of equation [1] subject to

equation [2] for constant D and K and sufficiently long time is:

q 4Dt
h - hy = Ah = Z%f(ln—_7 -Y) [3]

where Y is Euler's constant = 0.57722 ... . From this equation, it is

possible to calculate the gradient Ah that will develop at any time




between the soil at a distance (r-a) from the root (i.e., the initial

soil water potential hn) and the matric potential h at the root-to-soil

contact zone. Since diffusivity, time, and radius at the root occur in

a logarithmic term in equation [3], Ah is much less sensitive to these
three factors than to q and K. Gardner (1960) showed that a ten thousand-
fold variation in D would cause only about a nine-fold variation in Ah,
hence the assumption of an average constant value of D does not introduce
a serious error. Similarly, Gardner showed that root size is not
extremely important; the root diameter should be important only when
resistance to water entry in the root is large compared with resistance

to water movement in the soil. This is probably the case only in wet
soils., Moreover, the variation in K, due to Ah, was considered to be no

larger than the uncertainties in determination of K, so that the

assumption of a constant K was valid for not too large K. FEquation
[3] shows that the gradient Ah, or the increase of soil water potential
above the initial value, is directly proportional to the rate of
water uptake and inversely proportional to the hydraulic conductivity
of the soil. The root water potential can, therefore, be expected

to depend on these two factors as well as on the average soil water
potential. Hence, when soil water potential is high and conductivity
high, Ah is small and the potential in the root will not differ
markedly from the potential in the soil. When soil water potential
decreases and soil hydraulic conductivity decreases, the potential
difference (or gradient) needed to maintain the same flow rate must
increase correspondingly. As long as the transpiration of the plant
is not too high, and as long as the hydraulic conductivity of the

soil is adequate and the density of the roots is sufficient, the




plant can extract water from the soil at the rate needed to maintain
normal activity. However, the moment the rate of extraction drops
below the rate of transpiration (either because of high evaporative
demand by the atmosphere, and/or because of low soil conductivity, and/
or because the root system is too sparse), the plant necessarily loses
water, and if it cannot adjust its root water potential or its root
density so as to increase the rate of soil water uptake, the plant may
suffer from loss of turgor. This situation will sooner or later cause

the plant to wilt.

Limitations of the Microscopic Approach

The limitations of the microscopic approach are:

1. The diffusivity, D, and hydraulic conductivity, K, of the soil
were assumed constant (Gardner, 1960), while they change as
soil water and salt concentration change with time and depth.

2. The model has been based on the assumption that the roots are
uniformly distributed in the rooting zone, and that the
average soil water potential is similarly uniform within the
rooting zone (Gardner, 1960; Molz et al., 1968). In actual
fact, root systems in the field are seldom, if ever, uniform
with depth.

3. Another limitation of the microscopic approach is the deter-
mination of the correct boundary condition at the root sur-
face. Most authors have used either a constant flux condition
(Gardner, 1960) or a constant head condition (Molz et al.,
1968). The correct condition would probably be some combina-

tion of both that varied temporally (Molz and Remson, 1970).




Moreover, if an attempt is made to treat realistically more

than one root at a time, it becomes very difficult to

specify the geometry correctly. An added difficulty is

measuring the necessary variables with macroscopic instruments.
Based on the microscopic approach, the usual method for studying

the composite soil-plant system has been to consider flow to a single

"typical root." The results are then multiplied by an "average' root

density to obtain generalizations concerning the entire root-plant

system (Gardner, 1960; Cowan, 1965).

Macroscopic Approach or Bulk Root Model

In this model the flow to individual roots is ignored and the

overall root system is assumed to extract moisture from each differential

volume of the root zone at some rate. At a given point, this rate can
depend on position in a coordinate system, water content, soil conduc-
tivity, time, etc. The water-removing roots may then be represented as
an extraction (sink) term in the soil water flow equation.

Ogata, Richards, and Gardner (1960); Gardner (1964); Whistler et al.
(1968); Molz and Remson (1970, 1971); and Molz (1971) have considered
the macroscopic approach. Gardner (1964) modified equation [3] from

single root system to an entire root system:
W= (hpjant = hgoi1) /R (4]

where W is the rate of water uptake per unit volume of soil, hplant is

water potential within the plant root, 1 is the total water poten-

Ts01

tial in the soil, and R is the resistance to water movement in the soil,

RS, and the plant, Rp. In specifying R one can assume that the soil




and the plant resistance can be added in series so that R = Rp + Rg.

Gardner and Ehlig (1962) suggested that Rp may be small compared to

R.; therefore, it is assumed to be negligible. According to this,
Gardner (1964) assumed that the water potential is uniform through-
out the entire root system at any one time. On the other hand, Molz
and Remson (1970) devised an extraction term that depended only on
depth and transpiration rate. They used an empirical rule, given

by Danielson (1967) that 40 percent, 30 percent, 20 percent and

10 percent of the total transpiration requirements comes from each
successively deeper quarter of the root zone. Molz and Remson
(1970) considered these numbers 40, 30, 20, and 10 of no special
significance but they regarded them as 'reasonable" quantities to

write their root extraction term:

S(z)=—1_'g£_z+ﬂ Oz < [5]

v v

where S(z) is the water extraction rate per unit volume of soil, z is
the vertical distance positive downward, v is the vertical length of

the root system, T is the transpiration rate per unit area of soil

surface. In some cases, T is interpreted as an "average" transpiration

rate.

The total water extraction rate from a volume of soil of unit

cross section bounded by the horizontal planes z = z; and z = )

where z, < z, is:
L 2

z
f 2S(z)dz [6]

2
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Because the extraction rate from the root zone equals the transpiration
rate, then:

v

T =] S(z)dz =- =22
Jo 2 2

It can be verified that [5] meets the stated percentage requirements by
integrating over the appropriate portions of the root zone. To account
for root systems that are growing so that v = v(t), Molz and Remson (1970)

generalized equation [5] to:

S(et) = ~ (161 3e 4+ 00y, (8]
wen2 Vo

Combining equation [8] with the general flow equation in one dimension,

and assuming steady state conditions, they got the partial differential

equation:
] 90 9K
B oo (D) = I8 =~ -
0 P ( 32) e (az b) [9]

where D is diffusivity = K 3h/36, h is matric potential, 6 is volumetric
water content, a =—l.6T/v2, and b = 1.8T/v. Equation 9 was applied to
the data from an experiment of Gardner and Ehlig (1962) and yielded

reasonable results.

Limitations of the Macroscopic Approach

The macroscopic approach has been studied under controlled
experiments, but it has not been widely used and knowledge of its
utility and behavior is limited under field conditions. Other limita-

tions of the macroscopic models that have been studied are:
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1. A uniform root distribution and water potential were assumed
throughout the root system at any one time (Gardner, 1964).
These assumptions rarely exist under field conditions. It
was also assumed that the plant resistance to water movement
was negligible compared to the soil resistance to water-
movement (Gardner, 1964), but roots are not uniformly per-
meable to moisture (Slayter, 1960).

2, Steady state was assumed to solve the model (Whistler, Klute
and Millington, 1968; Molz and Remson, 1970). Steady state
rarely occurs in the field.

3. A constant "average" transpiration rate and an initial
uniform moisture content of approximately field capacity were
used to solve the macroscopic model by Molz and Remson (1970
and 1971) and Molz (1971) utilizing controlled column experi-
mental data collected by Gardner and Ehlig (1962) and
Gardner (1964).

Moreover, extraction models such as [5] and [8] may give reasonable

qualitative results for higher moisture contents, but it is doubtful

if they will agree in detail with experimental results. One reason
for this is that as the upper layers of soil dry, more of the trans-
piration requirements comes from deeper roots in the wetter soil
(Van Bavel, Stirk, and Brust, 1968). This is not accounted for in
[5] and [8]. However, for a steady state, the moisture extraction
pattern is static and a model as [8] and [9] can yield reasonable
results (Molz and Remson, 1970).

The macroscopic approach has significant advantages over the

microscopic approach. The geometry for a one-dimensional model is
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quite simple. The boundary conditions are easy to identify and apply
compared with those that occur at the root surface in the microscopic
treatment. The upper boundary conditions are usually taken at the soil
surface; thus evaporation, rainfall, or zero flow conditions can be
accounted for. The lower boundary might be an impermeable layer or
water table. Moreover, any results obtained from the macroscopic model

apply directly to the SPAC as a whole.




DERIVATION OF A NEW MACROSCOPIC APPROACH

This study was a part of a general problem that dealt with quality
of irrigation return flow. The overall objective of this study was to
determine the salt and water content within a soil and in the drainage
water as a function of time and depth for saturated and unsaturated
soil water flow. None of the previous models, as mentioned before, have
been applied to field conditions. For these reasons, and in order to
encounter more variables as they exist under field conditions, a new
macroscopic approach has been developed and tested under field condi-
tions.

The bulk root model developed herein is a modification of the soil
water flow model of Hanks, Klute and Brestler (1969). The principle
modification involves the consideration of extraction by plant roots.
The general flow equation without root extraction for one dimension
given by Hanks, Klute, and Brestler (1969) is:

30 - d OH.
® % KO ]

where 6 is volumetric water content, t is time, z is depth, K is
hydraulic conductivity, H is hydraulic head (sum of pressure head h

and gravity head z). The modification of the above equation by a plant
root extraction term, A(z), gives:

%« 2 (g(oyk:
ETS 2 (K(J)az) + A(z). [11]




is the root extraction term or the sink term and depends on the

A(z)

root density function (the fraction of total active roots per unit

volume of soil), soil conductivity, and the difference between pressure

potential of water in the plant root and the pressure potential of soil

water. Thus, the source term is defined as:

A(z) = [Hroot + (RRES * 2z) = hg;) - Siz)] * RDE(Z) * K(z) [12]

where Hroot is an effective water potential in the root at the soil

surface where z is considered zero, RRES = (1 + R.). R, is a flow

coefficient. When RRES is multiplied by z, the product will account

for the gravity term and friction loss in the root water potential, so

that root water potential at depth z is higher than the root water poten-

tial at the surface (Hroot) by a gravity term and friction loss term,

(assuming that the friction loss in the root is independent of flow),

h(z) is the soil matric potential at depth z, S(z) is the salt (osmotic)

potential at depth z, RDF(z) is the proportion of total active roots

in depth increment Az, and K(z) is the hydraulic conductivity at depth

z and it is a function of 6. The soil matric potential, h(z) and the
hydraulic conductivity, K(z), are assumed to be unique functions of soil
water content (hysteresis ignored). The validity of the assumption that
a unique relation of hydraulic conductivity to a volumetric water con-
tent K(0) exists is affected by hysteresis to a much lesser degree

than is the K(h) function (Topp and Miller, 1966: Poulovassilis, 1969).
The Hroot term is dependent on plant, climatic and soil conditions.

The value of Hroot will depend on plant conditions since they govern

the root distribution function, RDF(z). Hroot will depend on climatic

conditions since they define potential transpiration, discussed in




detail later. The value of Hroot will depend on soil conditions since

h(z), K(z), S(z) will be soil properties (which will vary greatly from

wet to dry soil). In the model, a value of Hroot is "hunted" for until

the plant root extraction over the total profile is equal to potential

transpiration provided the value of Hroot is higher than the value of

plant water potential below which the plant will not go and thus wilting

will occur (Hwilt). Thus, in the model Hroot is bounded on the wet end

by (Hroot = 0.0) and the dry end by (Hroot = Hwilt).

The basic input data needed for the solution of the model are:

1. Soil properties h - 6 and K - 8 curves covering the range

of water content to be encountered in the problem. The value

of O-saturated and O-air dry must also be known.

0 vs z and S vs z at the beginning, or at t = 0.

Plant properties, root distribution function RDF(z) and the

value of Hwilt.

4. Boundary and climatic properties--these include the potential
evapotranspiration and potential transpiration (from which
potential evaporation can be deduced) as a function of time.
These data will come basically from climatic variables of
solar or net radiation, air temperature, air humidity, and
wind speed and the proportion of ground covered by actively
transpiring plants, or measurements of actual evapotranspira-
tion. Potential infiltration, and precipitation as a function
of time, are also needed

5. Presence or absence of water table or layer restricting water

flow at the lower boundary.




The output data that the solution of the model will give are:

1. Cumulative evapotranspiration, transpiration and evaporation
as functions of time.

2. Volumetric soil water content, 6, soil water potential, h, as
functions of time and depth.

3, Cumulative water flow (upward or downward) through the lower
boundary as a function of time.

4, The value of Hroot as a function of time.

Theory and Basis for the Model Development

Equation [10] results from combining Darcy's law for flow in an
unsaturated soil with the continuity equation. The assumptions underlying

this development are:

The fluid of interest, water, is continuously connected throughout
the flow region.

Inertial forces are not significant as compared to viscous forces.

The fluid of interest, water, is incompressible.
Flow is isothermal, vertical and one-dimensional.
The chemical nature of water does not change with time or
position.
Biological phenomena have no effect on soil water flow.

Air freely and instantaneously escapes from the system as water

accumulates in it.

Soil does not shrink or swell as water content changes.
Water content either increases or decreases monotonically, thus

avoiding the effects of hysteresis of soil properties.
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Equation [11] is a modification of equation [10], so the following
assumptions were imposed for its development.

1. The roots are considered to be distributed in a continuous (but

not necessarily uniform) manner.

2. No water is stored or consumed by the plant itself.

Equation [10] is a second-order, non linear, partial differential
equation of parabolic type. Hanks and Bowers (1962) solved equation [10]
and developed an implicit-type finite-difference model for infiltration
in layered soil. Hanks, Klute and Brestler (1969) modified the solution
to estimate infiltration, redistribution, drainage, and evaporation as
they occur under field conditions. Since the present model, equation
[11], is a modification of equation [10], the generalized numerical
solution is presented herein.

The one-dimensional vertical flow or equation [11] 1is:

38 3 - oH
=" [}\(a)ﬁ] + A(z). [13]

This equation needs to be transformed so that there is only one variable.
Rubin (1966) mentioned three possible ways of doing this transformation.
The transformation used was developed by Richards (1931) involving the

left-hand side of equation [13]:

96
(B) = — 1
c(e) T [14]
where C(6) is the soil water differential capacityv. By the chain rule

of calculus:

= " 5 5c " c(ﬂ)gzu [15]




The substitution of equation [15] into equation [13] yields:

|k (0)%

o PRI K (16]
L) dz)

where the hydraulic head (H = h + z) is the only dependent variable.
The finite-difference form of the left-hand side term of equation

[16] is:

where the subscript i represents the depth of a node, and the super-
script j represents time.
The first step in finite differencing the first term on the right

of equation [16] is:

9H
9z

9 ] oA [g2E
‘aﬂ““ﬂ . Az3[‘<w

where the identifier 1 is the mesh increment between nodes i-1 and i,
the identifier 2 is the mesh increment between nodes i and i+l, and
the identifier 3 is the mesh increment between nodes i-1 and i+l.
Solving for the second and third term on the right-hand side of
equation [18] yields:

oH
Ko

=l ]
yp - Hi+1‘|
|

= J

[19]

where Kl is the average of the K values corresponding to the 8 values

at nodes (i-1, j-1), (i-1, j), (i, j=1) and (i, j), and K, is
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j-1), &, j), (i+l, j-1) and

similarly associated with nodes (i,

(i+l, j). Another way of defining K, and K7 that has been used is:

1

i-% i%
Kl = Ki—% and K2 = Ki+% [20]

The substitution of equations [19] and [20] into equation [18]

yields:
w7+ wd A
——lKlE] i e = A {1 1 _ i+l +1)
Jz( dz) Az3 2 L 2 2 )
P |
i
= [21]

Hanks and Bowers (1962), and Hanks, Klute and Bresler (1969)

assumed constant depth increments, therefore, having:

In this model variable depth increments are considered, hence

Azl, Azz, and A23 are not equal and are defined by:

Azl =z - Z. Az2 =3z -2t bz = (z -z Y/2. [22]

s G 1=1

Finally, the finite difference for the last term of equation [16]

is:

. mon
(hp? - hsd)k3 ™2 xRrOF,
1 1 - : §

J

Az = 2

i Az, (23]
4 y ; i - 5

where hpi = Hroot% + RRES x 23 and hsi = hi 1 + Si : (24]




Substituting equation [17], [21], and [23] into equation [16], and

substituting for H = h + 2z, yields:

J1

hi -t
. SRS
e

0 AL AR, = SR
he +hy = hy — i s X e
{ i J: i i+l g2 (hpi 3 hSJ)Ki Y

+ 22]
2A22 | it i

Equation [25] was the basic linear equation used to solve the model
This equation was programmed and solved by computer (IBM 360 and/or
UNIVAC 1108) using Crank-Nicholson or Laosonen approximation, from a
knowledge of appropriate boundary and initial conditions. Detailed
explanation of the computer program and the solution of equation [25]

will be presented later.




General Program Description

The general flow diagram for the computer program (Appendix A,
Program A) is shown in Figure 1. The input and boundary data necessary
for the program must be obtained for the specific crop and field condi-
tion for which the study is to be done. The program calculates the
different variables for any time period and prints the output at any
time interval required.

A step by step description of the program (details in Appendix A)
follows:

Step 1. The program reads and prints all the input and boundary

data. These data include tables of conductivity and soil

water pressure head as functions of water content, and

root distribution as functions of depth. The potential
water and salt flux at the surface, as well as potential
evaporation and evapotranspiration as functions of time
are also input data as are the maximum and minimum plant
water potential. Other input information needed is the
initial time increments At to be used, the upper and
lower limits on pressure head and water content (that is,
saturation and air dry), the length of time the computa-
tion is to run, and the condition of the lower boundary (two
conditions, a constant pressure head or no flux are
provided).
The diffusivity as a function of water content is com-
puted and printed, as well as the pressure head as a

function of water content at the different depth

increments.
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General flow diagram of the program.




The subroutine ''plot" is called and water and salt con-
tent versus depth are plotted for the first time incre-
ment.

Step 4. From the initial water content as a function of depth,
values of hydraulic conductivity as a function of depth
are computed by the procedure outlined by Hanks and
Bowers (1962). Values of the specific water capacity
(Cc = %%) as function of depth are computed from the water
content and the pressure head-water content relations.

A surface pressure head is computed to give the estimated

flux at the surface in conformance with boundary condi-

tions applying at the time using the following equation:

T
gt 4 - w0 - th + b2)K; 2
ER = g : (26]

2 Az

J+1 J
where ER is the flux at the surface, ho and hp are the
pressure heads at the surface at the end and beginning of

J+1 J
the time interval, h and h1 are the pressure heads at

1
depth Az from the surface at the beginning and end of the

J+
time interval and K% “

is the hydraulic conductivity

assumed constant over the time interval and applying between
the surface and z = Az. The surface pressure head is
allowed to vary only between limits (that is, saturation

or air dry). So the computed flux may be different from

the potential flux. T5 solve equation [26] a value of

JHL
hé+l is assumed (ho = Hdry, if it is evaporation,

hé+l = Hwet if it is precipitation) since it has not been

computed yet.




Step 5.

Step 6.

Step 7.

Step 8.

Step 9.
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A value of Hroot is hunted for that satisfies the condition
(Sink < potential ET of the plant, Sink is the cumulative
root extraction). Hroot is allowed to vary only between
limits (i.e., Hlow < Hroot < Hhi). A value of Hroot is
assumed (Hroot = hi) to start with since it is not computed
yet. If precipitation is taking place, root extraction is
assumed zero. If evaporation is taking place, then the
cumulative root extraction is printed using equation [23].
The tridiagonal matrix which approximates the original

flow equation [21] is solved for the pressure head at the
end of the time interval at each depth increment as
described by Hanks and Bowers (1962). The only difference
is Az is variable in the model used herein.

The water content at each depth increment is computed

from a knowledge of pressure head at each depth incre-

ment and water capacity as function of depth and pressure

head-water content relations, using the following formula:

J+1 J J+1

J J
9 =Cj [hy - hy]l + 8y [27]

i
The values of hi+l and hi are computed in Step 6.

The program tests the total change in water content

(Z/A8/ 2 ConQ, where ConQ is the largest total water
content change allowed every computation). If Z/A6/>ConQ,
then the time is reduced by half (At = At) and the program
goes back to Step 6. [f Z/AB/ < ConQ the program proceeds

to Step 9.

The program computes the water flux at the surface and at




Step 10.

Step 11.

the bottom boundaries. The cumulative water flow through
the surface and lower boundary, and runoff.
Cumulative values of various variables are computed,

desired output is printed, a new At is chosen that satis-

= “ i +
fies the condition ZAB = ConQ, and the values of h; .
i
and 6;+1 taken as the new initial conditions hq, 8{.
i

The cumulative time is checked to adjust the potential
boundary conditions if necessary. The process is repeated
from Step 4 above until the time required for the entire

program is reached.




EXPERIMENTAL PROCEDURE

The field work for this study was carried out at the Hullinger
Farm near Vernal, Utah. Actual evapotranspiration was measured
by means of lysimeters. Potential evapotranspiration (Ep) was calcu-
lated from a combination equation developed by Penman (1963) using
daily values of a minimum number of meteorological paramerers. The
basic meteorological data required consist of:

1. Daily maximum and minimum air temperatures.

2, Daily solar radiation.

3. Average dew point temperature

4, Daily wind run at a known height,

The combination equation is:

A Y =
o A+Y(Rn)+A+Y(15.36)(1+0.01w)(es e)) [28]

where A is the slope of the saturation vapor pressure-temperature curve,

Y is the psychrometric constant equal to 0.57 for Vernal conditions, w

is the total daily wind run in miles, e, is the mean saturation vapor

s

pressure in mb, e, is the saturation vapor pressure at mean dew point

2

temperature in mb, Rn is the daily net radiation in cal-cm~ -t71, The

parameters A/(A + Y) and Y/(A + Y) are mean air temperature sensitive

factors whose sum is 1.0 (Jensen, 1966). It was assumed that soil heat
flow was negligible.

The net radiation (Rn) was calculated from

Rn = (1 - p) R - Ry [29]




where p (albedo) is reflection coefficient assumed equal to 0.20, and
R is total incoming solar radiation in cal cm il Ry, the net long

wave back radiation in cal em™21-1 was calculated from:

1
R = [0.98 - (0.67 + 0.04ke,?)] x 0.5855 x 1077 [(Tp,, + 273)* +

max
(@ F 27934 [80]

where Tmax and Tmi are maximum and minimum air temperature, °C,

n
respectively. The data for actual and potential evapotranspiration
were measured periodically twice a day.

Potential evapotranspiration for a given agricultural crop can be

related to potential evaporation from free surface:

[31]

where E_ is potential evapotranspiration, K. is crop factor (dimension-

P C

less), and EF is potential evaporation from free water surface. Equa-
tion [29] is applicable when soil water is not limiting.
Soil water content profiles were arrived at by measuring the water

content of the soil at different depths before and after each irrigation

using neutron and gamma scattering devices. Details of these measure-

ments are given later.

The field work was carried out in 1970 and 1971. 1In 1970 the field

was planted to oats and seeded to alfalfa. 1In 1971 alfalfa was grown.

The field was irrigated by a solid-set automated sprinkler system.

Excess water was drained by tiles already installed in the field or by

natural drainage. The field layout is shown in Figure 2.




cEz0

2 INIT NIVHG «

. 4=l

@....@MW-

..... i s P
. £ GNIT NIVHD + p

§92¢ H%u e

S INT NI Smmi

e s
|

9 3INIT Niv&a

|
|
.“ “...I.--.- Crmo——— [ e .

-
?S‘

POH-213

R, THERMOPILE

IRRIGATION BLOCKS (USUALLY 4 LATERALS)
ANENOME TER, HUMIDITY SENSO

4 PROBE SENSOR

4 PROBE SENSOR

8 PROBE SENSOR

LYSINETER STANDPIPES

RAIN GUAGE
ACCESS TUBES, TENSIOMETERS, SALT CUPS, SALT SENSORS,

LEGEND :

- ¥
52 :
i3

& m.m

LE 5
mmmmmm
-

-“q

ACCESS TUBES AND TENSIOMETERS

FARM LAYOUT

ACCESS TUBES

FENCE
MANHOLES
CBSERVATION HOLES

~—3280~ GROUND SURFACE CONTOUFR

a
e}

300

20
SCALE W FEET

oo

General Drainage Farm layout. Vernal, Utah, 2

Figure 2,




30

Lysimeters

Two lysimeters 4 x 4 feet wide and 4 feet deep were installed in
the Vernal farm. The details of construction are shown in Figure 3.
The lysimeters used were similar to those developed by Hanks and
Shawcroft (1965). The total weight of the lysimeter was distributed
over the two wooden blocks which sat on two rubber bags. The pressure
of the water in the bags was equal to the total weight of the inner
tank and contents divided by the area of the two wooden blocks. The
wooden blocks were used to maintain a constant area over which the
weight was distributed. The pressure was measured as the height of
water in the standpipe (active tube). The "dummy'" standpipe was used
for temperature correction.

The change in weight of the lysimeter was due to evapotrans-
piration or precipitation. Moreover, the weight changes are most
conveniently expressed as an equivalent depth of water. The equation

expressing this relation was given by Hanks and Shawcroft (1965):

E = hh % & x £ [32]

where Ea is evapotranspiration (or precipitation) in cm of water,

Ah is corrected change in height of fluid in standpipe, A is the area
over which the weight is distributed, Al is the area of the bottom of
the lysimeter, Py is the density of fluid in the standpipe, and Py is
the density of water. In other words G%I X %5) is the calibration
coefficient of the lysimeter. In the case of the lysimeters installed

for this experiment, it was equal to 0.53. The value of Ah was

measured from readings of the standpipe (active and dummy) at two
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Figure 3. Schematic diagram of the lysimeter installation.




different times. Hence for the lysimeters used in the field experiment,

equation [32] becomes:

E, = 0.53 [(A] - Ap) = (D} - Dp)] [33]

where A and D; are readings of active and dummy standpipes at first
period, and Ay and D, are readings of active and dummy standpipes at
second period, respectively. The data collected is presented in

Appendix B, Table 9.
Neutron Probe

Soil moisture determinations were made by the neutron scattering
method. Equipment manufactured by Troxler Electronic Laboratories of
Raleigh, North Carolina was utilized. The probe was model 104A, 1,865

inches in diameter with americuim-beryllium as a fast neutron source,

and with a nominal activity level of three millicuries. The detector

utilized boron trifloride (BF3) enriched with B10 isotope which respond

The scaler was Madel 2651 with count

only to relatively slow neutrons.
indicators and was battery operated.
Moisture content on a volume basis was determined by taking
neutron counts at the desired depths, comparing them to the neutron
counts through the standard and then applying the calibration equation.
Readings at various depths were made by inserting the neutron probe
into access tubes penetrating the root zone to a depth of 7.0 feet.

These access tubes were made of two-inch outside diameter aluminum

pipes, placed vertically in the soil by augering. While not in use
each tube was closed by a rubber stopper to prevent the tube from

filling with water while irrigation was taking place.
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The probe was calibrated. The purpose of this calibration was to

compare results with a general calibration supplied by the manufacturer.

One metal barrel 46 cm in diameter and 56 cm high was filled up to
45 cm with air dry soil; another barrel was filled with field moist soil
and another barrel was filled with field moist soil brought to saturation
and then drained for 48 hours. The moisture contents of the soil were
determined gravimetrically and counts per minute of the neutron probe
were taken at 20, 23, and 25 cm depth in each of the barrels and the
average count computed. The ratio of the counts per minute in the soil
to the shield standard for each soil was calculated. The results are

tabulated in Table 1.

Table 1. Results of calibration of the neutron probe.

Relative Water content Bulk Water content
Sample counts by weight density by volume
R gm—cm‘3

Air dry soil 0.013 1.482
Field moist soil 0.159 1.354

Field moist soil
(before saturation) =187 1.548

Field moist soil
(after drainage) s 1.548

Figure 4 shows the calibration curve and the calibration curve
supplied by the manufacturer. The latter gives negative water content

for low counts. The calibration resulted in the formula:
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0.3591 R - 0.0038

as compared to

@
II

0.4149 R - 0.0410 [35]

supplied by the manufacturer. O is water content by volume and R is

the ratio of soil count rate to shield standard count rate, The differ-
ences between the calibration curves do not allow drawing a conclusion
as to whether different soils require separate calibration curves as
recommended by Mortier and Deboodt (1956), McGuinnes, Driebelbio, and
Harold (1961), and Nimah (1968) or whether one calibration is enough,

as reported by Gardner and Kirkham (1952). The calibration curve as
developed in Figure 3 and equation [34] was used for moisture determina-
tion throughout this study. Tables 10 and 11, Appendix B, summarize

the data collected during the 1971 growing season.

Gamma Probe

The two-probe gamma density gauge used in this study was manufac-
tured by Troxler Electronics Laboratories of Raleigh, North Carolina.
The two-probe density gauge was Model 2376 and used cesium 137 as a

source of gamma photons of 661 Kev energy with a nominal activity level

The detector utilized thalium activated sodium

of five millie~-curies.

iodide crystal., The system used a pulse height analyzer which rejects

all radiation above and below a 661 Kev energy level., The attenuation
of monoenergetic gamma radiation for a fixed source-detector distance
is described by:

I -1, exp (-upX)
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where IO is radiation intensity with no interference, U the mass absorp-
tion coefficient (cmz/g) of the absorber for the quantum energy of
radiation, p the density of the material (g/cm3) and X the thickness of
the sample (cm). Accurate values of the mass absorption coefficients of
the soil and the water are needed if equation [36] is to be used for
determining density and water content of the soil, (Davidson, Biggar,
and Nielsen, 1963). With these mass absorption coefficients, equation

[36] can be written as
I =1, [exp (- (ugP + 1) X)1] [37]

where p is the bulk density (g/cm3) of the soil, 6 is the water content
(g/cm3), and Ug and ly are the mass absorption coefficients of oven dry
soil and water, respectively. As the water content increases, the
radiation passing through the sample decreases. Tt is apparent from
equation [37] that changes in the bulk density of the soil cause corres-
ponding variation in the radiation intensity passing through the soil
water system. If the bulk density is constant, changes in I from one
period to the next are due to changes in water content. Although this
is a major assumption of the method, it offers no limitation for many
agricultural soils. Equation [37] requires a knowledge of Ij, Ug, My
and p to calculate © from detector count rate reading, I.

The attenuation coefficient or mass absorption of oven dry soil
and water were determined for Mesa fine sandy loam and water. The
procedure for determining them was essentially the same as given by
Davidson, Biggar and Nielsen (1963). The attenuation coefficients for
soil and water were measured as 0.065 and 0.067, respectively. These

results are lower than those reported by Davidson, Biggar and Nielsen




(1963) which were 0.077 (soil) and 0.082 (water). The reason for these
differences is not known. Measurements on the other soils yielded
almost identical lower results. Therefore, the values 0.065 (soil)

and 0.067 (water) were used throughout this study. The processed

data is shown in Appendix B, Tables 12 and 13.
Climatic Data

A weather station was located on the farm, as shown in Figure 2,
Measurements of global radiation, wind velocity, and wet and dry bulb
temperatures were taken during the experiment.

Global radiation was measured by a radiometer sold by Science
Associates, 230 Nassau St., Box 230, Princeton, N. J. It was Model
No. 633 solarimeter and consists of weather protected thermopile, a
pyranometer (180° pyrheliometer, for the measurements of total sun and
sky radiation and is the Moll Gorezynski-type). Tt has a sensitivity of
about 3 millivolts per cal/cmz—min, with an effective wavelength range
of 0.3 to 2.0 microns (3,000/20,000 Angstroms). The measurements were

recorded on an integrator using this formula:
R = 2.7775 [(0.1016 Dx) - (I x min)] [38]

where R is total radiation in cal/cm2 - period, Dx is the difference in
integrator readings at two different times, I is the average '"zero"

current intensity during the time interval, and min is the lapsed period
in minutes between the time of measurements. The net radiation was cal-

culated from the total radiation using equation [29]. Data of R and

computed R, and Ry are shown in Table 14, Appendix B.
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Wind velocity was measured at 200 cm above the soil surface by an
anemometer purchased from Science Associates, (U. S. Weather Bureau
Specification Number 450.6103). The anemometer consists of three
conical cups of 2.75 inches in diameter mounted on a rotor with a turning
diameter of 12.5 inches with a starting speed of 3 mph and an accuracy of
+ 1.5 mph to 70 mph. The measurements were taken by a totalizing remote
electrical counter that was read twice daily. The data collected is
tabulated in Table 14, Appendix B.

The wet and dry bulb temperatures were measured at about 200 cm by
a sling psychrometer, purchased from Science Associates, (U. S. Weather
Bureau Specification Number 450.1016). It utilized two matched ther-
mometers, 9.5 inches long, accurate to + 0.3°F above 0°F and + 0.5°F
below 0°F, mounted on a stainless steel backing. The measurements were
made twice a day. Table 14, Appendix B, shows all data collected.

Daily maximum and minimum temperatures were measured at the weather
station located at Vernal Airport about 1500 feet to the east of the
research farm.

The values of ey and e, were estimated from the following equations:

eg = 6.10127 + 0.4538 DB + 0.01217 DBZ + 0.004156 DB3  [39]

e, = eg — 0.57288(1 + 0.00115 WB) (DB - WB) [40]

where DB and WB are dry and wet bulb temperatures in °C. The data are

tabulated in Table 14, Appendix B.
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RESULTS AND DISCUSSION

The developed mathematical model, equation [25], and the computer
program (Program A, Appendix A) were used to predict evapotranspiration,
soil water flow, and soil water content profiles as a function of time
in the Vernal project. The crops used were oats in 1970, and alfalfa
in 1971. Predicted values were compared to the actual as measured in
the field.

The program predictions covered nine days of the 1970 growing
season, and the entire growing season in 1971 for a fixed irrigation
frequency of ten and one-half days. The results show the soil water
profiles, evapotranspiration, drainage, and plant root potential as a

function of time.

Input Data Used in 1970 and 1971

The input data used for the computation are tabulated in Appendix
A, Tables 6, 7 and 8. Figures 5 and 6 show the soil properties as deter-
mined by Andrade (1971) for the soil in situ. The data were extrapolated
to cover the whole range of the soil water content. The initial soil
water content as a function of depth, for the different crops, is shown
in Figure 7, for the years 1970 and 1971.

Figure 8 shows the plant properties for the two crops. Figure 8a
shows the relative root distribution assumed for oats. No measurements
were made. Figure 8b shows the root distribution of alfalfa as measured

in the field during the growing season.
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Figures 9 and 10 show the potential flux at the surface for the
different crops in 1970 and 1971, respectively. The fluxes include the
rate of potential evapotranspiration and precipitation (rain and/or
irrigation) as functions of time for the total time of computation.
These data are the surface boundary conditions needed for the computa-
tion. The bottom boundary condition was a constant pressure head at

165 cm (the water table).
Results

The program was run for one irrigation interval during 1970 due to
the lack of continuous field data for comparison of actual versus
computed data. The computed results of 1970 and 1971 as compared to the
actual measurements are shown in the following order:

1. Soil water profiles at different times of season.

2. Evapotranspiration as a function of time.

3. Water flow through the lower boundary as a function of

time.

4. Plant root potential as a function of time.

Soil Water Profiles

Figure 11 shows the actual and computed water content profiles
for oats in 1970. Water contents were measured by the neutron probe
at 30, 45, 75, 105, 135, and 165 cm depth. A linear relation was
assumed to exist between any two depths. For the top 30 cm the water
content at 75 and 30 cm was extrapolated linearly. This was done
because the effective diameter of the neutron probe was more than 30

cm, so no points could be measured between 0 and 30 cm. The
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comparison was better when the redistribution stage reached an end as

shown in Figures 11b, llc, and 1ld.

For alfalfa in 1971, similar results were reached as shown in
Figure 12 for the first crop, Figures 13 and 14 for the second crop, and
Figures 15 and 16 for the third crop. The results of computed and
actual soil water content showed excellent agreement, especially after
48 hours of irrigation or heavy rain.

Figure 17 shows water content with respect to time for the nine
days interval in 1970 (oats) at 30, 70 and 100 cm depth, as compared
to the measured water content during that interval. The agreement
is good except for the period 24 hours after irrigation where at the
30 cm depth the measured water content was higher than the computed.

Figure 18 shows the same comparison for alfalfa in 1971 for the entire

season of 116 days. The computed values agree very well at all depths
with the measured. The greatest difference was at 30 cm depth. The
disagreements at 30 cm occurred mostly after irrigation in the redis-
tribution stage. This might be due to the assumption that there was
no hysteresis effect on the soil properties, and/or due to the non-

uniform field soil.

Evapotranspiration

Figure 19 shows a comparison among the computed, actual and Penman
cumulative evapotranspiration (ET). The actual ET was measured from
daily readings of two lysimeters installed in the field, the Penman ET
was calculated using equation [28] using measured field data. The
model computed 4.9 cm cumulative ET in 1970 which was 0.4 cm less than

the actual ET. This might be due to two factors:
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1. The root distribution was assumed uniformly distributed to a
depth of 30 cm, which is generally not true.

2. At such depth the Hroot reached the minimum allowable (-15 bars)
at the 155 hour, where the cumulative computed ET started to
become less than the cumulative actual ET, as shown in Figure
19, The minimum value allowed for Hroot, -15 bars, was chosen
arbitrarily. Lower values of Hroot -20 or -40 bars would have
decreased the difference between cumulative computed ET and
cumulative actual ET. This condition was considered and
details of its effect are discussed in a later section.

In the 1971 growing season the cumulative actual and computed ET
were almost the same. This is due to the intentional high irrigation
regime. If the value of Hroot is greater than the minimum allowed,
computed ET is equal to the actual ET as shown in Figure 20. The com-
parison with Penman ET depends on the stage of growth of the crop. At
the early growth stages the ET demand was less, hence Penman ET was
usually greater than the actual or predicted ET. At the later growth
stages the relation was reversed as shown in Figures 20b and 20c. In
Figure 20a, the cumulative actual and computed ET were less than the
Penman ET for the first alfalfa crop.

Figure 21 shows the variation of the ratio of actual ET to Penman
ET, and the ratio of predicted ET to Penman ET during the nine-day
interval in 1970. The ratio reached a maximum of 1.2 for the actual
ET/Penman ET (ETact/ETpen) and .99 for the predicted ET/Penman ET
(ETpre/ETpen). Both ratios dropped at the sixth and seventh day of
the interval, at that time the program predicted an Hroot = -15 bar,

which was the minimum allowable. In the 1971 growing season, although




| M

=) °’0/0,0,0—0/"/

Ly c) Crop 3

! l ) L 1 ! | L el
g 201
3] 0——=o Penman ET
' 15L. « . Actual or computed ET
=
2 10t
o
)
.‘—4;’ 5k b) Crop 2
5
© | | | E 1€ L ! | |
o—°
o—

15

10 |-

5+ a) Crop 1

—
| l 1 ! | | 1 L i
100 300 500 700 900 1000
Time - hours

Figure 20. Comparison of actual, predicted, and potential evapotranspiration for alfalfa in 1971,

8¢




ET/ETpen

Figure

« — — —¢ ET Actual/ET (Penman
- ———————y ET Comp/ET (Penman)
- —_—— - e AL )
—_———— _————t
_=—_—=? L= e i I PRy e s
—_———
.
- —_—
| | | | 1 | | 1 |
24 48 72 96 120 144 168 192 216
Time - hours
21. Comparison of ratio of actual ET/Penman ET, computed ET/Penman ET for oats in 1970.




the Hroot did not reach the minimum allowable, the ratio of actual or
predicted ET to Penman ET seemed to vary with the irrigation cycle or
the change in Hroot value, as shown in Figure 22. At 938 hours and
1995 hours the decrease in the ratio of ETact/ETpen was due to cutting
of the alfalfa crop. The discontinuity in Figure 22 between 1395 and
1995 hours was due to lack of climatological data to calculate Penman

ET.

Flow from/to the Water Table

In the 1970 growing season, only upward flow from the water table
occurred in the nine days test interval. Figure 23 shows that the
computed cumulative upward flow added up to 2.2 cm which was 0.1 cm

greater than the actual. The actual upward flow was measured by

measuring the right hand side components of equation [41],

FLOW = AM, - I + ET [41]

where AMO is the change in moisture content in the field, as measured
by the neutron probe, I is irrigation or precipitation, ET is evapo-
transpiration as measured by the lysimeters, and FLOW is flow through
the lower boundary. If FLOW is positive, the flow through the lower
boundary is upward, otherwise it is downward.

Figure 24 shows the cumulative flow through the bottom boundary
as compared to the actual for 1971. The actual upward flow was consis-
tently greater than the predicted except at the end of the first crop.
The total actual upward flow was 4.8 cm as compared to 0.0 cm predicted
for the entire growing season (116 days). This difference might be due

to the uncertainty of measurement of water content in the top 30 cm of
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depth was the average for that depth. Figure 24 shows that late in the

season, or at 2400 hours, 19 days before the cut of the third crop,
downward flow to the water table started. This was due to the larger
amount of water applied to induce downward flow. The predicted and

actual data agree in general during this period.

Root Water Potential (Hroot) at the Surface

Figure 25 shows the variation of Hroot during the nine-day inter-
val for oats. The Hroot reached -15 bars, which is the minimum allow-
able beyond which wilting occurs at 155 hours. Figures 25 and 26 show
that Hroot increased when precipitation occurred, and decreased when
the water content decreased toward the end of the irrigation cycle. In
1971, as shown in Figure 26, Hroot rarely reached -1 bar; this might be
due in part to the greater depth of the root system for alfalfa as
compared to oats in 1970, but it was primarily due to increased addition
of water. In both years, the average conditions over the day were used
as a boundary condition. Consequently, predicted changes of Hroot valued
with time during the day did not occur. It would be more realistic,
but cost more field and computer time, if the potential ET was varied
with time during the day for both seasons. If this was allowed the
program would be expected to predict the variations in Hroot values
during the day, since it predicted the variations during the whole

season.
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SENSITIVITY OF THE MODEL

The sensitivity of the model to various parameters was tested.
Most of the tests were conducted for the data from the nine-day interval
in 1970. Two soil conditions A and B were compared. The pressure
potential was varied in these two conditions as tabulated in Table 3
and shown in Figure 5. Condition A caused evapotranspiration and trans-

piration to be greater than condition B while the reverse was true for

evaporation and upward water flow. The comparison is tabulated in

Table 2.

Table 2. Comparison of predicted evapotranspiration, evaporation,
transpiration, and water flow as influenced by different soil
properties for a nine-day period starting July 28, 1970 at
Vernal, Utah (no precipitation)

Condition A Condition B
45 cm root depth 45 cm root depth
Evapotranspiration 6.01 cm 5.79 cm
Evaporation 0.64 cm 0.77 cm
Transpiration 5.37 cm 5.02 cm
Water flow from the
water table 2.44 cm 2.58 cm

The water content profiles were quite different in the active
root extraction zone. At the end of the period the water content at
30 cm depth was about 0.10 for condition A and about 0.12 for condition
B, Figure 27 shows these data. For these computations Hroot fell to

-15 bars one day earlier for condition B than for condition A.




Table 3. Soil properties used for computations made. Vernal sandy

clay loam. A and B are different conditions assumed.
Water Hydraulic Pressure potential
content conductivity A B
0.02 3.4 x 1077 cm hr -8.5 x 10™ cm -8.5 x 10%5 cm
.04 1.7 x 1078 -2.2 x 1075 -3.6 x 10
.06 5.4 x 1078 -5.8 x 1074 -1.5 x 10%3
.08 17 % 1077 -1.5 x 10%4 -6.4 x 10%4
.10 4.8 x 1077 -8.0 x 1073 ~2,7 x 101
12 1.5 x 1076 -4.9 x 10%3 -1.5 x 1074
.14 4.5 x 1076 -3.0 x 10%3 -7.8 x 1073
.16 1.4 x 107 -1.85 x 1013 -3.8 x 1013
.18 4.5 x 1075 -1.12 x 10%3 S i
.20 1.1 x 1074 -6.7 x 10+2 -7.7 x 1012

-4.1 x 102 ~&i1 % 1072

-2.5 x 1072 -2.5 x 10%2

-1.65 x 1012 -1.65 x 1012

.28 3.5 x 1073 -1.15 x 10+2 -1.15 x 102

-8.5 x 10%1 -8.5 x 101

-6.6 x 1011 —6:6 % 10

.34 3.5 x 1072 -4.8 x 10™M -4.8 x 10!

446 6.0 x 10-2 -4.13 x 10™1 -4.13 x 10t

38 1.0 x 1071 -3.44 x 10*1 =-3.44 x 10

40 1.7 x 1071 -2.73 x 10+l -2.73 x 101

10+1

10+l
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Another test of sensitivity of the model was made using different
root extraction depths 30, 45, and 60 cm for oats in 1970. Evapotrans-
piration and upward flow from the water table for the 45 and 60 cm

root extraction were higher than the actual and the 30 cm root extrac-

tion. The results are tabulated in Table 4.

Table 4. Comparison of evapotranspiration, upward flow of water from
the water table and Hroot at the end of the 9-day interval

in 1970.
Upward Hroot-bars
Root depth Evapotranspiration water flow (end of interval)
cm cm

4.9

The water content profiles varied from the measured with the 30 cm
root extraction giving best results compared to the measured as shown
in Figure 28.

In this test the flux at the surface was varied.

Potential evapo-
ration was assumed to be 10 percent and 50 percent of potential evapo-

transpiration. The program was run for these two conditions and for

the three root depths. The results are tabulated in Table 5.
A sensitivity test was run on the data of the 1971 growing season.
In this test the initial moisture content was reinitialized at the

beginning of each crop as compared to one initial moisture content at

the water

The results were the same,

the beginning of the season.
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Comparison of measured and predicted water content
profiles at the end of a 9-day period in 1970 assuming
root distribution 30, 45 and 60 cm.
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content profiles were about the same, especially after the first irriga-
tion after cutting in both cases, as shown in Figure 29. Figure 24 shows

the difference in upward flow for both cases.

Table 5. Effect of change in upper boundary condition and root depth
on evaporation, transpiration and upward water flow (11 days)

Surface flux E = 0.1 ET E = 0,5 ET

Root depth - cm 30 45 60 30 45 60
Evaporation .62 .62 .62 2.68 2.99 299
Transpiration 5.70 6.37 6.37 3.26 3.58 3.58
ET 6.32 6.99 6.99 5.94 6.57 6.57
Upward water flow 5.43 635 776 5.38 5.94 6.78

Another test of sensitivity of the model was made using data from
a desert soil.1 where the lower limit for Hroot was varied. The original
soil water content was high simulating spring conditions. Figure 30
shows cumulative ET where the lower limit was allowed to drop to =20
and -40 bars as well as cumulative potential ET. The data show that
cumulative ET at 48 days was 7.6 cm for the -20 bar limit compared to
8.3 for the -40 bar limit. The computed data indicated that the lower
limit of Hroot was reached at 24 days for -20 bars and 30 days for
-40 bars.

From the last two tests it appears that under irrigated conditions
one initial water content profile is needed at the beginning of the

growing season. And, it appears also jthat the value chosen for the

1Personal communication with Dr. R. J. Hanks, Utah State University.




20

60

100

180

20

Soil depth - cm

60

100

180

Figure 29.

Water content - 8

| .3 5 ol +3 5
[——‘T*":S [ T f T T i 1
.l
1 -
L
\ i
"
' =
a) F k)
Crop 2 Crop 2
June 25, 1971  Aug., 3; 1971
k
-
—T o e p T T - |
iE L
!
1‘. 5
I -
.
\ =
° r
‘ L
|
-
c) \ d)
Crop 3 ) Crop 3
Aug. 6, 1971 \ [~ Sept 8, 1971

Comparison of water content profiles as predicted,
(dots) 6 was initialized after each hay cut, (solid
lines) 6 was initialized at the beginning of the

season: (a,c) three days after hay cut,
end of the crop.

(b,d) at the




Cumulative ET (cm)

20.0 |
18,0 |~
16.0 [~ 4——> Potential ET
0———=» -20 Bar min allowable for Hroot
15.0 L I g .40 Bar min allowable for Hroot
12.0 L
10.0 |-
8.0 |
6.0 |-
—O—0
/’_/,o/
4.0 -
2.0 -
1.0 -
0 == I | [ | | | | 1 o
5 10 15 20 30 35 40 45 50 55
Time - days
Figure 30. Cumulative evapotranspiration versus time compared with

predicted evapotranspiration where the lower limit of
Hroot was -40 bars and -20 bars (data for desert soils--
from Curlew Valley, Utah).

74




lower limit does not make very large differences in ET. Other than

these, exact field conditions and soil properties are needed for the

program to compute comparable results.




SUMMARY AND CONCLUSIONS

A mathematical model was developed to predict soil water profiles,
evaporation, transpiration, drainage and root potential at the surface
in a cropped field as functions of time. The model is for one dimen-
sional unsteady state flow conditions, and can be applied to irrigated
and non-irrigated crops.

The model consists of a second-order, non-linear partial differen-

tial equation of a parabolic type with a plant extraction term:

30 _ 9 OH.
o 'a’z'[K(e)Bz] + A(z) [42]

where A(z) is the root extraction term which depends on root density
function, soil conductivity and plant water potential and soil water

The solution for equation [42] was obtained by

potential difference.
using a numerical method solution using a digital computer to solve the

above equation. The basic input data needed for the solution of the

model are:

1. Soil properties: h - 6 and K - 6 curves covering the range

of water content to be encountered in the problem. 6 - z
and S - z relation at t = 0, as well as 6 saturated and 6

air dry of the soil.

Plant properties: Root distribution function RDF - z and the

minimum and maximum values that Hroot can reach.

Boundary and climatic properties; these include: potential
ET and potential transpiration and evaporation as function

of time. These can be calculated from climatic parameters
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potential infiltration and precipitation as function of time,
and presence or absence of water table or layer restricting
water flow at the lower boundary.
Soil, plant, and climatic parameters were determined in the field.
The total study included two years of field experiments. The
crops were oats seeded to alfalfa in 1970 and alfalfa in 1971. Two
lysimeters were used to measure actual ET. A neutron and gamma probe
were used to measure soil water content profiles. Climatic data were
collected from a weather station installed in the field.
The computed soil water content-depth profiles agreed very well
with measured soil water content-depth profiles for both crops in 1970
and 1971.
The cumulative computed ET was 4.9 cm which was 0.4 cm less than
the actual (measured) ET during the 9-day interval in 1970, 1In 1971
actual and computed ET were the same for the whole season. This
agreement may be partially due to the '"forcing" of the water removal
by evapotranspiration to be the same as measured.
Computed cumulative upward water flow from the water table was 2.2
cm which was 0.10 cm greater than measured in the 9-day period in 1970.

The computed cumulative upward flow from the water table was 4.8 cm

as compared to 1.6 cm measured upward flow for the whole season (116

days) in 1971.




FURTHER RESEARCH

This study provides a basic framework for solving problems that
involve water quality and quantity in irrigation return flow, since
salt movement in the soil depends primarily on water movement. More-
over, this study provides a basic step in irrigation water management,
as to how much and when to irrigate.

Some of the weaknesses of this model are that it didn't consider
hysteresis or layered soil although both of these have been considered
earlier. Further assumptions were made that the soil properties,
primarily the hydraulic conductivity-water content relation, do not
change with time. Moreover, this model requires some assumption

regarding the partioning of potential evapotranspiration into poten-

tial transpiration and potential evaporation directly from the soil.

At present, this partition is done rather crudely based on an estimate

of percent of cover of the plant.

Therefore, further research for the development of this program

should be pursued. The suggested research is:

1. Development of the program to account for the variation of

parameters with time, therefore increasing the accuracy of

computed values.,

Simplification of the model to reduce computer time and input

data needed since the accuracy of the computed values is

fair enough for many practical purposes.
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APPENDIXES




Program A

The FORTRAN program to solve equation [25] by the implicit method

using Crank-Nicholson or Laosonen approximation.
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SALT AND WATER FLOW. 1972
I MAINGMAIN
PROGRAM-SOTL WATER¢SALTFLOW WITH PLANT UPTAKE .
PROGRAM OF FFR. 29,1972

CONG TS LARFFST WATFRCONTENT CHANGE ALLOWED F 4aCH COMPUTATION

HWET TS PRESSURE NF HIGHEST FOSSTHLF WATFR CONTONT
v IS AOUNDARY CONDITIONS 8T TOP AND TIMES CONNITIONS

APPLY

DETT IS TIME INCREMENT TN START WITH AND LOWEST TG USF
CONO IS SMALLFST WATFRCONTENT CHANGE ALLOWED FACH COMPUTATION

GPAVY 1S GRAVTTY COMPONENT USUALLY THE SAME AS DNELX
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TIMF TS CUMULATIVE TTME AT SYART OF COMPUTATION
TT IS 1.0 FOP LAASONFN AND 0.5 FOR CRANK NICHOLSON
CUMT IS TIME AT END OF COMPUTATIONM
--TAR=1s FNR ZERO FLUX AT BOTTGM.TAAZD FOR MHIKK) CONST
FROM G(I) 0R H(T)I=GIT)

ANT
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CELX IS DEPTH INCRFMENT

W IS WATFP CONTENT AS A FUNCTION OF DEPTH RFGINNING 8T TOP
H TS WATEP PPESSURF AS A FUNCTION OF DEPTH RFCINNING AT TOP

WATL IS LOWEST POSSIBLE WATEP CONTENT

WATH TS HIGHFST POSSTALE WATFR CONTENT

CR IS A CNONSTANT TO MULTIPLY D APRAY BY--USUALLY 1.u
K IS NO. OF NFLX INCREMENTS +MM NO. OF TIMFS Hew PRIN
START HERE FOR A NFW PROGRAM

TEDWKIT NOLOF

-=MI TS 10 PRINT HeW ARRAYS EACH ITER.+TER NOa OF V ELFMENTS

HRONT IS THE ACTUAL PNOT WATFR POTENTIAL
BB RFPRESENTS PLANT UPTAKE ADPDITIONS

HLOW IS THF MINIMUM ROOT POTENTIAL ALLOWED
HHT IS THE MAXIMIM POOT POTFNTIAL ALLOWED

ET TS THE POTFNTIAL FVAPOTRANSPIRATION, ALWAYS NFGATIVE

WFDD TS THF WATER FLOW RATE AT THF SURFACE
ETPL IS THF POTENTIAL TRANSPIRATION JALWAYS NFGATIVE
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WRITE(R+8765)
5 FORMATUIH Ly 25X B1(%»*))
WRITELR +RTER)
6 FOPMATULH +25Xs*eR00T DEPTH NORMALT.. EVAPRATTON =0.
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WRITF(6+9999)
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R767 FORMAT(1H
440 80 sseeatasestsessessasessostssssessssststssnessstossesssnese

n

1HLOW=-15 BARS.
WRITE(B+BTRT)

READ 163s ML
LMM=0
LMMZLMM+1

CROP 1.1971%)

» 25X+ B0 "))

READ(Ss 16 3)Ks MM s IER +NBs ND

KK=K+1

READ(Ss165) (TET(IV«IZ1+IER)
READ(S5+165) (RDF (I ) +T=1 ¢KK)

KC=1
WFDD==.009
ET=TETC LY
LL=MM

READIS, 16S)(PLI)+IZ1+ND)

READIS IRSIINIT)
READ 165+ (W(T)»
READ 165 (VIT).

I=1.ND)
KX
«IFR)

READ 165+ DELXsDETT «GRAVY +CONOs DFLW + TTME
READ 165+ TTeCUMT TAAJHLOMWHHIZRRFS

READ 165y HOPY HWET +WATLy WATHCB

READ 165+ (SFUT) +I=1+1ER)

READ 165 (SE(I)sIZ1eKK)

WRITE (Fe169)

WRITE(R +163) KeMMTER JNBe ND
PLIV=P(1)¢1.0E+D3

TE1)=0.0
DO 9NN I=2+ND

TIT)=DELW+T(TI-1)
P(I)=P(T)*1.0E+03
READ 165+(0D(T) «T=1 +KK)

SEC1I=SF(1)
SMAX=S.0
CWFLX=0.0
EORZVI(1)
DELT=DETT
TH=1.0-TT
TB3=1.0-TAA
YMAXZWATH

DO 14 I=1 KK
SSUTI=SELD)

SDCII=SE(I)*W(T)

Y(I) =wtn)
PIT=0.0
D0 15 I=2.+K

PIT=WI(T)«(DD(T+1)-DDIT-1))/2.+PIT

WRITE (6+170)
Tw=D(1)

D(1)=(D(1)*(P(2)-P(1)))+CB
JOWCEI=T(1Y) 7DELW+ 1.0
HOLI=EP (U I =P LU s (WE1 =T LID) ZDFLW4PC )

Ge1I=HL 1)

COLIZDELW/ P (I+1)-PLI))

WRITE ( 6+16F)
00 3 I=2.KK

TCL)WPCI) e THDI1 )9 CLL)4DDE1) WD) s HEL) 4ROF (1 DeSF 1)

1
mn
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TW=D(Y)

D(]D:D(I)'(P(T)-P(I-lll‘CR‘D(l-)l A
J(W(I)=-TC(1))/DELW+1.0

HUTYZ(PLJ+1) =P LI} oLt 1) =T(J))/DELW+PL )

CLIV=NELW/ (P LI+ 1I-PLIN)

GUI) ZH(T) »

WRITE ( B416F) TUI)PET e THNET) o CLIIaDN () W (T o HIT) $ROF (TD4SELTY
3 CONTINUE

NIKK +1

DO 7 T=NeND

TW=D(I)

D(TY=DAT)e (PUT)-P(I=-1))sCReOCT-TF
? WRITE (6s166) T(I)eP LI} sTHsDLT)
Cooe sassssnsansssssvee B R AR ]
c D TS NOW DIFFUSIVITY TIMES DELW NOT CONDUCTIVITY

WRITE (Rs179)
DO S I=2+1FER.2

5 WRITE (6¢166) VII o VIT=11eTFTLI=1)eSFLI-1)
WRITE (6+180)
WRITE (64+166) DFL!-HF'1|GPAVV-CDN'MDFLH-'I"E
WRITE (6+181)
WRITE (6+165) TTWCUMToTAAZHLONs HHIWRRES

WRTTE (6¢)72)

WRITE (6e0R6) HORY s HWF T oWATL s WATHCR

KCK=1 A
HROODT=G(2)

RUNOF=0.0 ]
cuNs=n.n A
cumMg=0.n A
CUMM .0

SUMAZD.O A

CALL PLOT (KX WATHsWeDDsSMAX.SD)
WRTTE(B+166) TIME
R TR T Y
~COMPUTATION OF CONDUCTIVITY (R) AND WATER

S gl ER CAPACITY (1) a
BOT=wWATL ;

PR

IF (FOR-D0.0)

17 WOL1)ZWATL
H{1)=HDRY
GO TN 19

18 WE1)=WATH
HU1)ZHWET

19 TWWZ(WIL)+Y(1))+0.5
JTOTWW-T(1)1/DELW+1.0
BB (TWN-T(J))/DELW
DIFFAZ(D(J+1)-D(J) Y¢RA+DI(J)
HIZ(PLJ+1)-P(J))«BR+PLJ)
00 7 I=1+K
THZ(W(T+1)+Y(TI+1)) 0.5
JZUTW =TU1))/DELM+1.0
BBZ(TW-T(J)I)/DELW
DIFFRZ(D(J+1)=-NLJ)IsRR+D(I)

GIZIP(J+1)-P(J)) sRBeP( ) '

17+19+18
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IF(HT-GI)20+32+ 20 %

BIT)I=(DIFFA-PIFFR) /(HI-GI)

IF (I-1) 212133

IF (EOR-N.U) 2293322
ER=(R(1)e(HI1)sTT-H(2)#TT=6(2)sT+5(1)+TM+DD(2)))/NDL2)
TF (ARS(1.1+FOR-FRI-ARS(N.1eFOR)) 2364236423

IF (KCK.EQG.1) GO T0 220

IF (KCK-20)305¢ 236 236
HE1)=(1<14F0P*ND(2)/RL1IN4H(2)#TT =6 (11 TMeG(2)a TH-00(2))/TT
IF(HET) LT .HNRY D H(1)=HORY

TF (H(1) .GT.HWET) HO1)ZHWET

Gn TO 3%

HU1) ZHKP

Wil KP

KCK=KCK+1

GO0 T0 19

KCKZKCK+1

IF (FR-EOR) 2us 33426

IF (W(1)-WATH) 25,33, 33

ROT=W(1)

WE1)T(WI1)+TOP) 0. &

GO TO 28

IF (W(1)-WATL) 33433.27

TOP=W(1)

WI1)Z(WE1)+B0T) 0.5

JTAHE1)I-T(1))/DELW*1. 0

ABZ(W(L1)-T(J))ZDELW

IF (EOR=N.0) 30 +X 3430

HULYS(P(J+1) =P (J)) +RBeP(J)

TUWZ(WEL)+Y(1))e0.5

JZ(TWW-T (1)) /DELW+1.0

RA=(TWW-T(J))/DELW

DIFFAS(D(J+1)-DUJ))«BR+D(J)

HIZ(PUJ+1)-P(J)) *BR+P(J)

€0 T0 219

A(I)(D(J+1)-DIIN) ZLPLI+1) =P LI))

IF (I-1) 33,21+33

TWuWw=Tw

HIZ=G1

DIFFA=DIFF8

TW=(W{I«1)+Y(I+1))*0.5

JZ(TW -T(1))/DELW+1.0

C(T+1)=DELW/(PLJ+1)-PLU))

CONTINUE

KCK=1

IF(FOR.GT.0.N. AND. ET.GELD.U) GO T0O 6666
IF(FORP.GT.N.04AND. ET.LTW0.0) GO T0O 5555
ETPL=ET-FOR
IF(ET.6E.0.0) G0 TO 39
IF(ETPL-D.0) 365¢3939
EYPLEET
FEAreaaetareassn ks aa AN IRENE S
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HHOLDNZHROOT

HROOT=HLOW A
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411

412
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491

405
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407%

DO 250 I[=2:K
FITI=6GUII-N.5T15+SF(T)-DD(TI)*RRES
DO 42N I=2+K
IF(HRONDT-E(I}1.GT.0.0) GO TO 420
SINK=RII)*RDF(I)#(HRNOT-E(I))+SINK
CONTINUE

IF(SINK-ETPL.GT.0.0) GO TO 402
HROOT=HHOLD

HROOT=1.2*HROOT

SINK=D.0

DO 421 I=2.K
IF{HRONT-E(I).GT.0.0) GO TO 421
SINK=R(I)*RDF(TI)*{HROOT-E(I))+SINK
CONTINUE
IF(STNK-ETPL)IG11+4D2+410
HRILOZHROOT

HRDOT=HHOLD

LCOUNT=D

HRNOT=0.8*HRNOT

LCOUNTZLCOUNT+1

IFILCOUNT.FQ.5) GO TO 49n
SINK=D.0

DO 42?2 T=2.K

IF (HROOT-E(T).GT.0.N) GO TO 422
SINK=B(I1sPOF(I)*(HROOT-ELTI))+SINK
CONTINUE

TF (STNK-FTPL)412,402. 413
HRHTIZHROOT

GO TO 491

HRHIZHHT

LCOUNT =0

HROOT=HHOLD

SINK=0.0

00 400 T=2+K

IF (HROOT-E(I1.GT.0.N) GO TO 400
SINK=B(I)*RDF(I)*(HROOT-E(I))+SINK
CONTINUE

LCOUNTZLCOUNT+1

IF(LCOUNT.EG.20) GO TO 4n2

IF (ARSISINK-ETPL}-0.002)802+402+401
TF (SINK-ETPL) 403,402,404
HRLO-HROOT

HROOT=N. 5« (HROOT+HRHT)

6o fn aos

HRHTI=HRONT
HROOT=Z0.5¢ (HROOT +HRLO)

GO TO 405

D0 251 I=2,K

SINK=040D

AtIY=0.0

GO To 38

A TS THE DEL WATER/DELT CAUSED BY PLANT EXTRACTION

DO 406 I=2.K
IF (HROOT-E(TI).6T.0.0) GO TO &07

ACI) =BT )« (HROCT-E(I))+2.0¢RDF (I)/ (DD( I+1)-DD(I-1))

G0 TO 406

BR
B8

AR
RA

RA
RA
AR
RR

BB
BA




4 ACTI)Z0.0
CONTTINUE
B L )
C----—COMPUTATION NF TRIDIAGONAL MATRIX MAIN RODY
38 DO 42 I=2.K
POTZAND(T+11-DNCTI-1) )/ (2. UsDELT)
DLXAZ(DD(T)I-DDEI-1))
ODLXB=(DD(I+1)-DD (1))
BB=C(I)ePOT/TT+B(I)/DLXB+B(I-1)/DLXA
DA(C(TI)ePOT*G(I)+ (RITI/DLXR)® (THe (GITI+1)-G(I) )-DLXBI+(RLI-1)/NLXA
LI« (TMe (GIT-11-G(I))+DLXA)+ALT) o (DD(T+1)-DDCL-11)+0.5)/TT
IF (1-2) 390,390 40
U IF(H(1).6E.HWET.OR.H(1).LE LHNRY) GO TO 394
DA?D!-((‘HY—!‘/I"LX!IO!‘H'!()(1-])-f7l1))'ﬂLXl))IYTOFOQI"T
B3=AR-B(I-1)/DLXA
GC TO 393
Ty DACDACH(I-1)«B(I-1)/NLXA
73 Ft1)=DA/BB
E(T)I=(R(T)/DLXB) /BR

GO TOD 42
40 IF (T-K) 41+43,43
41 E(TY=(RIT)/DLXB) /ZCBR-(B(I-1) /DLXA) *F T -1))

FOT)Z(DAS(RIT-1) /DLXA)Y#F(I=1)) Z(PR-(RCI-1)/DLXA) «E(T-1))
4> CONTTINUE

43 RE=RA-TAA*R(T)/DLXB
DAZDA+TAA«(B(T)/OLXBIe((GUIN=GUI+1))eTM+DLXR)/TT+TPEe RLII/DLXReHL
1KK)
HITIZ(DAS(R(T-1) /0LXAYF(T=11) Z(BP-(RITI-1)/DLXA)+F(T-1))

44 I=1-1

HIT)IZE (T s HI(T+1) +F LT
IF (T-2) 454544

45 IF(TAA-]1.00)47 o4 6 u&

46 HIKKIZH(K)+DN{KK)-DDI(K)

a7 DO AN 122 +KK

nn IF (H(I)V-HWET-0D(I)) €060 S5
55 HIT)IZHWET+DDI(T)

60 CONTINUE

. see R L
--COMPUTATION OF WATER CONTENTS AS A FUNCTION OF PRESSURES JUST COMP
IF(HE1) GE.HWET.OR.H(1).LF.HDRY) GO TO 1005
WFDD=EOR
HO1)Z(EORSDN(2) /B L) +H{2) o TT=G(1)oTH+G(2) e TM-DD(2))/TT
GO TO 1384
1005 WFDD=R (1) e (LHIII-H(2)) o TT«(GL1)-6(2))«TH+DD(2))1/DNC2)
130 I=1
62 IF (HIT)-GUI)) 65+11R465

65 NHI=S54
NLOZ=1
J=25
66 IF (HUI)=P(J)) 67472468
67 NHI=ZJ
€0 TO 69
68 NLO=ZJ
69 JT=J

JZ(NHT-NLO)/?+NLO
IF (J-JT) 66+70+66

T3> >

PEPEDDBD

>> PP o=pDmn

158
159
160
1€1
1R2
1621
1622

206
2u7
208
2m
210
21
212
213
214
215




70
71
72

11¢

268

260

13
131

A

Coeen

ni
2nt

IF (HU(T)-PLJY) T1e72:72

J=J-1

WAT=(HIT)I-PCJI e DELUW/(PLI*1) =P (J))+T (J)

WOT)=WAT

GO T0 117

Wi zy(n

DO ?RAR T=2+KK

WD) =CUI e (HIT)-GETYIev L T)

0 T0 2/9

SUM3IZ0.0

SUM2z0.0

SuM1=n.0

N0 131 I=2sK

SUMIZWIT)+SUM]

SUM2ZY(I)+SUM?

IF (ARS(SUMI-SUM2)-ARS(SUM3)) 1 31.131.130

SUM I=SUM]-SU» 2

CONTINUE

IF(APS(SUM3)-ABSICONR) ) 634630 122

IF(DELT-DETT#N.1)63 4630 173

DELT=0.5DFLT

60 Y0 38

SUM1z0.0

SuM2-0.0

00 80N T=2+K

SUMIZW(T)e(DRIT+1)-DNCI=-1))/2.+SUM]
SUM2=Y(I)e(DD(I+1)-DDEI-11)/2.45UM2

CWF=SUM1-PIT

WFRDDZ (SUM1-SUM2) /DELT

WFUU=A (NB) ¢ C LHINB) ~HINB+ 1)) o T T4 (GINRI-GINRs 1)) «TMeDDINR+] )=0ONINAY)
/(DD(NR+1)-DD(NB))
CUMSZWFDNeDEL T+CUNS
CUMBZWF UUSNEL T+CUME
SUMA=SUMA+STNKeDELT
CWFLXT (SUMI-SUM2)
Seesssetestrensentane
KB=K-1

D0 999 I=1+K8
DELX=(DD(I+2)-DD(I)) /2.0
WFRUS(B(TIo((HIT)-H(T+1))eTT+(G(I)I-G(I+1))sTHeDN(T+11-DDCT) }eDELT)
/(DD(T+1)-DD(T))

WFRD=(B(T+1)# ((H(I+1)-H(TI¢2))eTT+(GII+1)-G(L+2)) ¢« TH+ND( T+ 2)-DDIT+1
V1) eDELT)/Z(ND(T+2)-DD(T+1))

WFRUZWFRU/DELX

WFRD=WFRD/DELX

A(T+1)=A(I+1)+DELT

IF (ABS(WFRU-WFRD).LT.N.0001)G0 TN 200

IF(I.ER.1)60 TO 201

IF (WFRU.GE .0-0.AND.WFRD.GE.0.01G0 TO 205

IF (WFRULLE .0.0.AND WFRD.LE «0.0NGO TO 209
IFIWFRULGE « 0. 0.AND .WFPD.LE .0.0)G0 TO 208
IF(WFPULLE « 0. 0.AND.WFRD.GE.U.D0ICO TO 210
SECT+1)=(SSII+1) oY (I+ 1)¢SSIII*WFRU-SSUI+1)*WFRO) /WIT+1)

G0 TO 200

IF (EOR-U.0)203» 204, 2N 2

IFIWFRD.GT.N.01GO TO 706

R R R T R

90

1f

18

A 300

>emonos
WA N
Y

& 341

A3y TA

R3IG

R o345




207 SE(2)=(SS(2)*Y(2)-SSU 3 «WFRD)I/W(2)
60 TO 200
X SEL2)T(SSI2)+YL2)-SS(2) +WFRDI/W(2)
GO T0 200
74 IF(WFRD.LT.0.O00GN TOo 207
60 T0 206
M2 IF(WFRD.6T.0.NIGO TO 205
A SECT+1)=(SSIT+1)aY(T+1)+SSUIIeWFPU-SStT+2)euFO ) /HITI+])
GO TO 200
219 SECT+1)=(SSIT+1)#Y(T+1)+SSII+ 1) sWFRU-SSET+2)*WFRN)/WIT+1)
G0 TO 200
2100 SECT+1)=(SS(T+1) Y (T+1)2+SSEI+1)eWFRU-SSIT+1)*WFRD)/WLI+1)
200 TF(SF(T+1).LTaU0.0) SFEI+1)=SSUI1)
9032  CONTINUE
DO 706 I=1+KK
mn SOCII=SE(I)ew (1)
707 IF(FOR-0.0)13F, 1364 135
135 PUNONF=(EO0R-WFNN) *DEL T+ RUNDF
134 TIMECTIME+DELT
IF (LL-MM) 138,137,137
177 CALL PLOT (KK sWATHy» WeND+sSMAXeSD)
WRITE (6+166) (H(I)TT1+KK)
WRITE(G+1RE) (SE(TI)s T=1eKK)
WRITE(G ¢166) (ALINeT=2.K)
LL=o
WRITE (6v184)
1 ® WRITE (6+166) TIME+CWFoEORyWFNDyHROOT +CUMSe CUMP ¢S UM A WF RODDy WFUIL +SE
10K
IF (SUM3-1J.0) 139301139
%1 DELT=2.0eNFLT
GO TO 145
139 TW=ABS(CONQ*DNELT/SUMT)
14n IF (TW-D.1+DFTT) 181142y 142
141 TW=0D.1sDETT
GO TO 148
142 IF(TW-1000.0+DETT) 14441 44 ¢143
147 TWZ1N0D.0«DETT
1ey IF(TW.GT.2.0+DELT) GO TO 301
DELT=TW
[ e e R R )
C---=-TEST TO SEF IF EVAP OR RAIN INTENSITY (FOR) HAS CHANGED
145 TFCTIME-V(KC*3) 1148 +167 4148
147 CALL PLOT (KK oWATH,WsDDeSMAX.SD)
WRITE (6+166) (HUI) TT1 oKK)
WRITE(6+166) ISECI)»T=1sKK)
WRITE(6+166) (A(T) T=2KK)
WRITE(6+188)
WRTTE (6+166) TIME,CWFoEOReWFNDeHROOT »CUMSs CUMP S UM As WF RDDs WFUU oSFE
1K)
DELY=DFTT
EORZVIKC+2)
SEL1)=SF (KC+2)
ET=TET(KC+2)

18R IF(TIMF+DELT-VI(KC+1) 1151+ 151+ 149
149 DELT=VIKC+1)-TIME
151 LL=LL+1




IF (TIME-CUMT) 1534152¢ 152

152 IF (ML-LMM) 1621621 A 3%

1512 YEIIZ(W(l)+Y(1) ) e0. € A 387
JZEY(L)I=T(1))/DELW* 1.0

BBZ(Y(1)-TiJ))I/DELW t 380

IF (FOR-0.0) 155+ 156+ 155 A 390
15 GULIZ(P(J+1)-P(J)) +RReP (Y]} b 3463
15F DO 161 I=2+KK A 3y

JT(WIT)=-T(L))/DELW+1.0

RB=(WIT)-TLJI)/DELW

GIT)IZ(P(J+11-P(J)) +BR+P ()

TUSEHIET) =Y (T +W() A 3as

IF (TW-WATH) 157+157.159 A 39
157 IF (TW-WATL) 158,160 160 8 3497
15°¢ TWZWATL A 98

GO T0 1&D A 3199
189 TWZWATH Ay
1611 YT =uwtl A w0

Wl =Tu A 42

SSUII=SE(I)
161 CONTINUE hou s

SSE1I=SE(1)

GO T0 16 A uy?
162 STopP A uwp
840 80808000 aetssresossesssssssssssestsossssassossssetrcssatosonesssasssos
167 FOPMAT (20T3) roul
16° FORMAT (7€10.W) s 43

16F FORMAT (11F11.4)
19 FOPMAT (14H K MM IFP NR)

17n FORMAT (119H WATER POTENTIAL CONDUCTIVITY DIFFUSIVITY
1C(1) DFPTH W-DEPTH H-NEPTH PODF-NEPTH SE-DFPTH)

1772  FORMAT (S3H HDRY HWFT WATL WATH c8)

179 FORMAT (54H TIME END  SOIL FLUX FT FLUX SALT CONC. )

18n FOPMAT (66H NELX DETTY GRAVY CONG NELW
1 TIME)

181 FORMAT (66H T cumTy T AA HLOW HHT
1 RRES)

134 FORMAT(1IH »* TIME CWF FOR WFDD HROOT

1 CuMs CUMB TRANS. WFRDD WFUU SE(K) ")

END




AFN2 I SUR1.SUB1
SUBROUTINE PLOT(N¢WMAXs WWALUF ¢XVALUEsTMAX s TVALUE)
DIMENSTON ALINF(101)¢WVALUE(25) oXVALUF (25)s TVALUE (25)
DATA FILL sAXTSsCHAR «CHABISAMF/IH +1H.oLHW1HS s1He/
WRITE (Re7) WMAX.TMAX
0O 1 J=1.101 :
1 ALTNE (J) ZAXTS R 2
WRITE (6+8) (ALINE(K) KZ14101) 9
DO ? J=1s101 i
2 ALTNE (J) ZFTLL P28
ALTNF (1) =AXI<
DO 4 L=1sN ]
JZ100.0¢ (WVALUECL) Z7WMAXY+ 1.5
JJT100.0%(TVALUE (L) /THAX) #1.5
IFtJ.LTL1) J=1
IF(J.6T.101) JT1U01
IF(JJaLTL 1) Juzd
IF(JJ.GT.101) Ju=101
IF (J-JJ) 1011010
11 ALINE (J)=SAME
60 10 12
10 ALINE (J)=CHAR
ALTNE(JJI=CHAB
12 WPTTE(6+9) XVALUE(L) » WVALUECL) s TVALUECL ) s (ALINECK) o
ALINETJUIZFTILL
ALENF LU =FILL » 4
» ALTNE(1)=AXIS
4 CONTINUE B 42
00 S J=1l.101 P uy
5 BLTNE (J)ZAXTS Po4s
WRITE (fyB) (ALINE(K)sK=1+101) R 47
RETURN PR
7 FORMAT (24H X VALUE WVALUE SVALUF+SXe17H MAX WAT CONT IS oF 7.4y "
1 MAX SALT CONCENTRATTON IS*sFB.2+1H )
8 FORMAT (31X+101A1) B8 &%
7 FORMAT(IH +FR.1+F9.4,FB8.2+7H 101 A1)
END




Table 6. Soil properties used for computations mase.

clay loam soil

Vernal sandy

94

Hydraulic

Water content conductlvitz Pressure head
¢} K in cm/hour h in cm
.00 1.0 x 167 =3 x 100
.01 2.0 x 1072 -1.3  x 10°
.02 3.4 x 1072 -8.5  x 109
.03 1.0 x 1078 -4.2  x 103
.04 1.7 x 1078 2.2 x 10’
.05 3.0 10-8 -1.15 x 103
.06 5.4 10-8 -5.8  x 10
.07 9.2 x 1078 S
.08 1.6 = 10~7 ~1.5 % 104
.09 27 107 -1.1 x 10%
.10 4.8 x 1077 -8.0 x 103
i 7.5 x 107/ -6.2 x 103
S22 1.5 x 1077 -4.9 x 103
.13 2.5 x 1076 -4,0 x 103
14 4.5 x 107° 3.0 ix 103
.15 8.7 x 1076 -2.35 x 103
.16 1.4 10-5 -1.85 x 103
i 2.5 x 107 -1.45 x 103
18 4.5 x 1070 =117 “ix 03
.19 7.5 1072 B B [
.20 il 10-4 =6, 7  ax 10%
21 X7 10~4 -5.3 x 10°
22 2.7 Ao -4.1 x 107




Table 6. Continued

Hydraulic
Water content conductivity Pressure head
8 K in cm/hour” h in cm

4.0 x 1074 -3.2  x 102

x 102

x 102




Table 6. Continued

Hydraulic
Water content conductivity Pressure head
] K in cm/hour” h in cm

8.8 x 1071 - .6985 x 10

1,03 = 3175 x 10

1.30 - .0000




Table 7. Root distribution (RDF), salt content (SE) for alfalfa in
1971 and initial water content for alfalfa crop 1 (“l), crop
2 (67), crop 3 (03) versus depth used for the computations

Terete
Depth RDF SE 61 8, 05
cm mmhos
0 .0000 .000 .080 .180 W 242
1 .0280 475 . 085 .180 .2425
3 .0560 .505 .090 .181 +2435
5 .0560 +5113 .095 .183 2445
8 . 0840 .5200 .100 .185 .2455
12 .1118 «5325 .110 .189 . 2465
16 .1042 1.0000 .120 +1915 +2475

1.3500

2.4000

2,1000

1.8000

1.4120

1.0500

.6250




Table 8. Flux at the surface for alfalfa in 1971, evapotranspiration
(ET), soil surface flux (WF), +ve value is precipitation,
-ve value is evaporation, and salt concentration (SF) versus
time




Table 8. Continued

Time
hours

648

657




Table 8. Continued

1nn

Time ET WF SF
hours cm/hr cm/hr mmhos
429 .000 .5608 .635
456 -.281 x 1071 -.281 x 1072 .000
504 -.383 x 1071 -.383 x 1072 .000
528 -.289 x 1071 -.289 x 1072 .000
576 -.241 x 1071 ~241 x 1072 .000
626 -.251 x 1071 -.251 x 1072 .000
648 .000 .363 x 102 .000
671 .000 .435 x 1072 .000
683 .000 .6033 1.775
719 .000 .000 .000
769 -.23% x 1071 -.234 x 1072 .000
816 -.259 x 1071 -.259 x 1072 .000
817 .000 .03 .000
865 -.264 x 1071 -.264 x 1072 .000
889 -.323 x 1071 -.323 x 1072 .000
893 .000 .6425 .635
912 o ~.456 x 1072 .000
963 ~277 x A0 BF w A0 .000
1005 —.226 = 1071 -.226 x 1072 .000

crop 3

24 -.625 x 1072 =625 x 10°3 .000

48 =097 & 1071 -,127 x 1072 .000
144 -.142 x 1071 -.142 x 1072 .000
240 -.243 x 10-1 948 x 1072 .000




Table 8. Continued

Time ET WF SF
hours cm/hr em/hr mmhos
312 =30 = 107% -.30 x 1072 .000
328 .000 .6362 1.0920
336 .000 .000 .000
360 -.211 x 107} =211 x 1672 .000
480 -.187 x 1071 -.187 x 1072 .000
552 -.135 x 1071 -.135 x 1072 .000
612 =219 x 107% -.219 x 1072 .000
627 .000 .6166 .839
696 “974 x 10 -.224 x 1072 .000
698 .000 ¥ .000
768 - 450 = 10T ~.190 x 1072 .000
792 .000 .0021 .000
816 L 2760 x 107~ =226 x 1072 .000
840 .000 .0504 .000
864 —.227 % 107~ -.227 x 1072 .000
888 =108 w10 -.198 x 1072 .000
-1 =

915 =191 x 10 ~«191 x 10 .000




Appendix B
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Table 9. Rain,irrigation and actual evapotranspiration data for alfalfa
in 1971. Rain and irrigation data were measured by rain gage,
evapotranspiration data were measured by the lysimeter

ET-cm ET-cm Cumula-
Date Rain Irrigation Epst West Average tive
cm cm lysimeter lysimeter ET-cm cm

May 15, 1971 .84 .84 .84 .84

May 16, 1971 163 .38 -.25 .07 .91

May 17, 1971 .20 .05 .09 ,07 .98

May 18, 1971 .04 <15 .10 1.08

May 19, 1971 «53 42 .48 1.56

May 20, 1971 .48 42 .45 2.01

May 21, 1971 «32 42 <37, 2.38

May 22, 1971 177 1.01 .42 = 3,10

May 23, 1971 1.57 «37 ~: 35 0L 314

May 24, 1971 .09 -.07 .01 3.12

May 25, 1971 53 .64 .58 3.70

May 26, 1971 .85 42 .64 4,34

May 27, 1971 .16 .48 «32 4.66

May 28, 1971 79 .00 .00 .0n 4,66

May 29, 1971 .65 .65 .65 5.31

May 30, 1971 il 7L e 6.02

May 31, 1971 ST sl w27 6175

June 1, 1971 .16 » 37 .26 7+05

June 2, 1971 .48 .26 «37 7.42

June 3, 1971 2.99 32 .16 .24 7.66

June 4, 1971 .08 .08 .08 7.74

June 5, 1971 .08 .08 .08 7.82

June 6, 1971 ! .37 .45 8.27

June 7, 1971 +33 23 .45 8.72

June 8, 1971 .48 «37 42 9.14

June 9, 1971 +33 37 .45 9.59

June 10, 1971 4,83 S .05 =) 9.75

June 11, 1971 .59 .00 .29 10.04

June 12, 1971 127 42 85 10.89

June 13, 1971 W24 .50 ¥37 11.26

June 14, 1971 ol s45 .58 11.84

June 15, 1971 .58 .48 +53 12,37

June 16, 1971 .58 .64 .61 12.98

June 17, 1971 +53 W42 .48 13.46

June 18, 1971 .64 .58 .61 14.07

June 19, 1971 .90 .85 .87 14.94

June 20, 1971 90 .60 15 15.69

June 21, 1971 .03 .90 <713 .81 16.50

June 22, 1971 54 .54 .54 17.04

June 23, 1971 .54 .54 .54 17.58

June 24, 1971 47 47 47 18.05

June 25, 1971 27 47 37 18.42

June 26, 1971 «13 .00 .00 00 18.42




Table 9. Continued
ET-cm ET-cm Cumula-
Date Rain Irrigation East West Average tive

cm cm lysimeter lysimeter ET-cm cm

June 27, 1971 «26 «37 32 18.74
June 28, 1971 42 62 92 19.06
June 29, 1971 6.05 .0N .00 .0n 19.06
June 30, 1971 27 .00 .00 .00 19.06
July 1, 1971 51 .51 9, 19,57
July 2, 1971 62 62 .62 20.19
July 3, 1971 70 .70 » 70 20.89
July 4, 1971 o 72 72 W12 21,61
July 5, 1971 .67 .67 .67 22.28
July 6, 1971 .64 .64 .64 22,92
July 7, 1971 .67 .67 .67 23.59
July 8, 1971 .65 .65 .65 24,24
July 9, 1971 .67 .67 <67 24,91
July 10, 1971 6.73 67 .67 .67 25.58
July 11, 1971 .76 .16 .76 26.34
July 12, 1971 .90 .98 .94 27.28
July 13, 1971 .87 93 .9n 28.18
July 14, 1971 .64 14 +69 28.87
July 15, 1971 o] +35 95 29.42
July 16, 1971 .36 .84 .60 30.02
July 17, 1971 .48 .68 .58 30.60
July 18, 1971 +15 117 .66 31.26
July 19, 1971 .08 .00 .00 .00 31.26
July 20, 1971 7.24 .00 .00 .00 31.26
July 21, 1971 sa0) .00 .00 .00 31.26
July 22, 1971 .00 .00 .00 31.26
July 23, 1971 33 .80 .62 31.88
July 24, 1971 W47 .64 o b’ 32.43
July 25, 1971 46 .80 63 33.06
July 26, 1971 .03 .45 273 «59 33.65
July 27, 1971 45 SR .59 34.24
July 28, 1971 «52 «85 .68 34,92
July 29, 1971 257 .86 .70 18 35.70
July 3n, 1971 Vi 1.02 w87 3657

July

Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.
Aug.

1971
1971
1971
1971
1971
1971
1971
1971
1971

.53

«35
.66
37
.38
.46

38.55
38.98
39.14
39.29
39.60
39.96
40,28
40.58
40.97
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Table 9, Continued

ET-cm ET-cm Cumula-

Date Rain Irrigation East West Average tive

cm cm lysimeter lysimeter ET-cm cm

Aug. 12, 1971 48 .69 .58 42,04
Aug. 13, 1971 73 .67 .60 42.64
Aug. 14, 1971 41 .90 .66 43,30
Aug. 15, 1971 .58 .90 .74 44,04
Aug. 16, 1971 58 .88 w3 44,77
Aug. 17, 1971 - = .69 45,46
Aug. 18, 1971 10.18 - - .00 45,46
Aug. 19, 1971 = ~ <31 45.97
Aug. 20, 1971 .16 .74 .45 46.42
Aug. 21, 1971 .18 .69 W43 46.85
Aug. 22, 1971 «27 .65 .46 47.31
Aug. 23, 1971 A = .45 47.76
Aug. 24, 1971 = - 46 48.22
Aug. 25, 1971 - = +35 48,57
Aug. 26, 1971 +33 +33 .33 48.90
Aug., 27, 1971 «29 .29 29 49,19
Aug. 28, 1971 A .46 W46 49,65
Aug, 29, 1971 « 3D <55 wOD 50.20
Aug. 30, 1971 9,25 GAs .28 28 50.48
Aug, 31, 1971 .50 +350 «50) 50.98

1, 1971 .49 .49 W49 51.47
2y 1971 .74 .56 +53 .55 52.02
35 1971 42 .42 42 52.44
4, 1971 W43 .43 W43 52.87
5, 1971 .48 .48 .48 53.35
Sept. 6, 1971 .05 .00 .00 .00 53.35
75 1971 .54 .54 .54 53.89
8, 1971 1.21 .00 .00 .00 53.89
9, 1971 .18 «92 55 54,44
0, 1971 .48 .48 .48 54.92
Ly 1971 +52 2 052 55.44




106

Table 10. Average soil water content (8) of six sites in the field, as
measured by the neutron probe, and equivalent depth of water
in the soil profile for alfalfa in 1971, and for oats in 1970

Depth - cm Equiv.
Date 30 45 75 105 135 165 water
depth
cm

May 13, 1971 +1.53 .268 . 267 +276 .308 +373 46.407
May 31, 1971 +290 .284 247 .262 +350 .388 52,556
June 9, 1971 259 +283 .264 .281 .378 .408 53.766
June 11, 1971 .312 .314 .294 .289 - 375 .403 57.456
June 22, 1971 .202 .248 .238 +273 <327 .396 47.947
June 29, 1971 =315 .303 .260 .283 .382 .413 56.600
July 8, 1971 +223 +259 .246 w21 «377 .405 51,121
July 10, 1971 321 +322 .280 «275 +371 .400 56.990
July 19, 1971 231, .266 +253 .279 .380 .413 52.128
July 21, 1971 «313 .318 .310 .307 .386 414 59.255
July 22, 1971 .301 .305 .302 ol L .386 412 58.286
Aug. 3; 1971 »252 .276 . 264 . 294 »385 414 54,116
Aug. 16, 1971 s 197 244 246 .285 .381 .413 50.304
Aug. 18, 1971 3.6 +322 +320 +334 .402 W419 61,151
Aug. 19, 1971 .302 .310 +3L1 .343 404 421 60.386
Aug, 29, 1971 L2244 «279 +272 .308 .389 .420 54.845
Aug. 30, 1971 321 .325 .325 .335 .400 419 61.540
Aug. 31, 1971 .306 .314 .316 .343 .398 .420 60.641
Sept. 8, 1971 275 .288 .280 +313 .389 .411 56.370
July 31, 1970 =197 +295 «257 +295 .378 462
Aug. 2, 1970 .163 <273 .262 - RIS .380 .463
Aug. 4, 1970 127 .250 257 .290 377 455

Aug. 8, 1970 « 112 +233 .247 .288 .378 462




Table 11. Average soil water content (8) of two

as measured by the neutron probe, and
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sites in two lysimeters
equivalent depth of

water in the soil profile for alfalfa in 1971
Depth - cm Equivalent
Date 30 45 60 75 82.5 water depth
cm
May 13, 1971 .205 .262 .279 .302 +325 22.433
May 31, 1971 .283 +283 .292 + 312 +333 26.109
June 9, 1971 .256 «277 .301 .326 -337 25.310
June 11, 1971 =311 .314 «382 . 344 -353 28.765
June 22, 1971 .207 .250 .278 «311 .322 22,362
June 29, 1971 +315 .308 .294 .304 .307 27.369
July 8, 1971 .204 +233 .258 .280 .287 21.020
July 10, 1971 -325 317 .302 .281 .280 27.500
July 19, 1971 .204 .226 .249 .265 .264 20,371
July 21, 1971 .309 .316 «327 <332 .328 28.283
July 22, 1971 .299 «295 .308 323 2325 27155
Aug. 3, 1971 221 .226 .239 <257 .257 20.704
Aug. 16, 1971 .154 .162 «L77 .189 .185 14,826
Aug. 18, 1971 <310 <311 .318 w272 <252 26.767
Aug. 19, 1971 .290 .291 .300 .298 .284 25,957
Aug. 29, 1971 «212 . 224 «232 237 .228 19.765
Aug. 30, 1971 .318 .323 .329 «327 .314 28.585
Aug. 31, 1971 .296 .296 . 310 .320 +315 26.972
Sept. 8, 1971 =255 .250 .258 277 .273 23,041




Table 12. Average soil water content (0) of four sites in the field, as measured by the gamma probe,
for alfalfa, 1971

Depth - cm

Date 75 15 22.5 30 37.3 45 52.5 60 67.5 75 90 105 120

May 14, 1971 .260 .264 «236 .240 .264 2271 <269 «281 .241 «252 . 264 273 .305
May 31, 1971 .319 «297 »252 ~230 <241 «255 .241 . 244 -225 -220 «255 » 267 .293
June 9, 1971 .231 .234 .205 .216 .238 .261 .249 244 .220 .230 257 .283 =325
June 11, 1971 .333 .290 .284 .264 «275 .298 .274 293 <249 . 246 «263 .294 «317
June 22, 1971 165 «202 .149 .163 .202 .228 + 223 +223 1224 »228 . 265 +299 +328

June 30, 1971 .299 <299 .252 .250 .246 .263 .224 237 217 «229 .269 .306 .347
July 8, 1971 211 .246 .226 .234 .249 .269 «258 .264 257 .254 .287 .324 .366
July 10, 1971 .361 .342 <302 «291 <287 .316 .278 .380 <229 «235 .258 .296 .336
July 19, 1971 .152 231 191 <209 .234 « 237 .258 .248 .234 .241 v273 .305 +339
July 2L, 1971 <325 .313 .267 277 .289 .314 +309 « 312 .280 .301 .304 +333 .364

July 21, 1971 327 +326 .289 +292 <293 =339 .328 «329 +294 . 304 .324 +351 .378
July 22, 1971 .309 .302 .265 AT «276 +3.8 .300 .318 .285 .288 a3 .356 379
Aug. 3, 1971 .241 +251. +220 w233 +250 .269 .268 &l +265 265 .293 . 344 .364
Aug. 16, 1971 .159 .186 o7 1192 « 226 .244 237 <253 .228 .247 .289 .334 .361
Aug. 18, 1971 .298 « 271 .260 «233 .236 .289 279 .295 .264 .276 .274 .320 «376

Aug. 19, 1971 .329 .330 274 .280 .282 «332 .324 . 345 .306 .309 .334 «379 417
Aug. 29, 1971 .208 228 .196 .208 .250 .263 .268 .281 . 247 +293 w29 «359 .366
Aug. 30, 1971 .353 .346 +303 .290 .304 .334 .334 .363 <321 +322 +320 «395 .403
Aug. 31, 1971 .322 <322 .282 .265 w2l =312 1316 .354 .310 +319 .322 . 400 421
Sept. 8, 1971 .287 .285 .240 244 .264 .276 20T -292 <291 .283 .290 .368 .366
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Table 13. Average soil water content (8) of two sites in two lysimeters as measured by the gamma probe,

for alfalfa in 1971
Depth - cm

Date Zis-D x5 22.5 30 375 45 52125 60 675 75 82.5
May 14, 1971 .270 .265 .262 .280 .286 .300 +324 «326 «332 . 346 .346
May 31, 1971 312 +311 .283 294 284 .287 <311 .307 .306 333 .330
June 9, 1971 w226 248 .238 .256 .273 .281 .316 w311 «317 +352 .350
June 11, 1971 .326 .319 .315 +336 305 .330 .348 .356 .347 .363 .370
June 22, 1971 .161 .181 .184 .218 .238 .242 .262 =AY i .290 «313 323
June 30, 1971 .289 .294 .274 .307 .288 .296 .301 312 1283 321 +325
July 8, 1971 .220 +236 +239 253 265 .274 <297 .312 .295 322 «325
July 10, 1971 +351 . 340 351 +389 370 .334 .293 .280 287 225 .296
July 19, 1971 .180 .186 .183 .206 .240 «232 «255 +270 243 .285 274
July 21, 1971 +297 .307 «315 .324 825 .315 .338 +332 +317 +327 <355
July 21, 1971 .290 .304 .285 «311 +323 .311 «335 «325; +331! . 342 «372
July 225 1971 «281 . 304 «272 . 300 .296 .296 312 30 .319 352 « 372
Aug. 3, 1971 .220 w223 .209 272 +233 .240 244 .263 .258 285 .269
Aug. 16, 1971 141 .158 .156 .180 174 w75 .186 .190 174 .205 +203
Aug. 18, 1971 «287 .296 .295 <322 311 .309 .345 .326 .306 .258 . 245
Aug. 19, 1971 .290 .309 .302 .324 .314 .328 +331 +331 «313 .326 .270
Aug. 29, 1971 .168 .184 «191 .208 +219 .220 <225 =233 «285 2242 «223
Aug. 30, 1971 327 »311 324 .361 +339 .343 .360 .356 .341 .361 +325
Aug, 3L. 1971 .310 <312 .308 311 .318 +315 342 347 «334 .354 .341

Sept. 8, 1971 ~ = = o 2 3 7 - 7 = b




Table 14. Climatic data and potential evapotranspiration as calculated by Penman modified
method for alfalfa in 1971

Radiation Temperature Vapour Pressure ET-Pen ET-cum.
Date Total Net Long Wind Dry Bulb Wet Bulb Soil Saturated Actual cm/day cm
ly/min ly/min ly/min miles/day °C G g MB MB

May 15, 1971 +27 .14 .07 71.9 18.61 1167 9.50 21.44 17.41 +30 .30
May 16, 1971 .50 <33 .08 84.1 16.11 10.83 9.50 18.31 15425 +59 .89
May 17, 1971 22 .08 .09 160.6 i 1V 6.67 10.00 1321 10.65 .19 1.08
May 18, 1971 .43 =25 .10 62.8 6.11 2.50 10.75 9.42 7435 +37 1.45
May 19, 1971 .49 .30 .09 74.2 8.20 4.30 9.65 10.86 8.61 47 1.92
May 20, 1971 .60 -3 .08 90.0 12.30 6,39 9.25 14.40 10.90 ol 243
May 21, 1971 «39 <22 .09 772 10.00 556 8.50 12.27 9. 71 .36 2.79
May 22, 1971 sS0 .38 .08 173:0 15.40 7.08 8.00 17.50 12.70 .74 .53
May 23, 1971 .43 25 .10 76.4 9.44 5.83 FisdS 11.82 9.74 .40 3.93
May 24, 1971 i +33 .09 67.6 9.44 6.94 8.25 11,82 10.38 49 4,42
May 25, 1971 W45 27 .09 64.4 11.70 T=78 8.00 1371 11.46 <45 4,87
May 26, 1971 .50 231, .09 St 14.40 91T 9.50 16.45 13:.39 <33 5:40
May 27, 1971 42 .29 .07 -3 18.75 102755 8.63 21.60 16.89 .49 5.89
May 28, 1971 40 23 .09 84.8 14.86 9.44 10.00 16.89 13.76 W43 6.32
May 29, 1971 .40 23 .08 84.8 14,86 9.44 10.00 16.89 13.76 43 6.75
May 30, 1971 40 23 .09 84.8 14.86 9.44 10.00 16.89 13.76 W43 7.18
May 31, 1971 .40 +23 .08 84.8 14.86 9.44 10.00 16.89 1376 43 7.61
June 1, 1971 <3 iy .08 86.4 16.53 10.00 8.50 18.80 15.02 35 7.96
June 2, 1971 .38 22 .08 66.5 15.00 8.89 10.75 17.05 13251 W41 8.37
June 3, 1971 335 .24 .08 59.5 17.64 10.95 10.87 20.10 16.30 .50 8.87
June 4, 1971 W42 .26 .07 108.5 17.79 11.24 10.00 20.37 16.57 .56 9.43
June 5, 1971 .43 .26 .08 94.5 16.66 10.97 10.50 18.97 15.67 .49 9.92
June 6, 1971 .48 +30 .08 79.4 14.72 10.28 10.00 16.74 14.16 33 10.45
June 7, 1971 .48 .30 .08 79.4 14.72 10.28 10.00 16.74 14.16 .53 10.98
June 8, 1971 44 .28 .07 45.0 19.00 11.67 10.50 21.99 1773 »54 11,52
June 9, 1971 42 27 .07 62.0 20.80 13.00 10.75 24,40 20.00 55 12,07
June 10, 1971 .28 k) .07 60.0 19.00 13,20 11.50 21.20 18.20 31 F12538

0Tt



Table 14. Continued

Radiation Temperature Vapour Pressure
Date Total Net Long Wind Dry Bulb Wet Bulb Soil Saturated Actual ET-Pen ET-cum.

ly/min ly/min ly/min miles/day °C °C °G MB MB  cm/day cm
June 11, 1971 .28 + L5 Bt )y 60.0 19.00 13.20 11.50 21.20 18.20 «31 12.69
June 12, 1971 46 ..30 .08 60.0 16.90 11.11 12.00 19.30 15.92 «57 13.26
June 13, 1971 +50 +32 .08 47.1 1717 11,30 11.80 19.50 16.10 w30 1382
June 14, 1971 .43 st .07 60.0 20.00 13.82 10,512 23.82 19.88 2% 1l 3s
June 15, 1971 .43 w27 .06 54.5 21.88 14,28 9.67 26.21 21.78 56 14.91
June 16, 1971 W41 + 27, .07 60.9 21.50 14.52 9.70 25.62 21.58 +52 15.43
June 17, 1971 .43 27 .08 61.6 18.61 12.78 12.50 21.44 18.06 .50 15593
June 18, 1971 .38 .24 .06 72.4 24.52 15.56 12530 30.60 25.45 D2 16.45
June 19, 1971 .34 22 .05 62.8 26.00 16.20 12.58 33.48 27.76 54 16.99
June 20, 1971 .48 «33 .06 52.4 23.06 15.56 12,25 28.13 23.75 .60 17.59
June 21, 1971 .48 -33 .06 52.4 23.06 15.56 12.25 28.13 23.75 .60 18.19
June 22, 1971 .43 .29 .05 56.6 24.86 15.90 9.06 31.28 26.07 .61 18.80
June 23, 1971 «39 .27 .04 123.0 26.75 15.00 13.00 37.90 30.43 .58 19.38
June 24, 1971 W41 .28 05 82.9 26.70 1475 13.00 34.85 27.87 .66 20.04
June 25, 1971 .46 32 .05 83.1 26.05 14.50 1370 33.35 26.84 .70 20.74
June 26, 1971 o 3] «36 .05 83..3 25.40 14,25 14.75 32,25 25.81 73 21.47
June 27, 1971 <32 w20 .05 100.6 25.56 14.17 13.50 32.58 25.95 47 21,94
June 28, 1971 +53 .34 08 L 1ZBL8 18.89 11.67 14,25 21.82 17.62 67  22.61
June 29, 1971 42 +28 06 1264 23.72 14.44 15.60 29.26 23.86 «62 23.23
June 30, 1971 38 w23 .07 6547 19.44 12+50 16.00 22.58 18.54 W45 23.68
July 1, 1971 .43 <29 .06 65.0 22.43 1232 15375 27.18 21.19 .64 24,32
July 2, 1971 W45 .29 2 Q7 78.0 20.00 14.44 16.00 23.37 20.13 .56  24.88
July 3, 1971 .45 «29 .07 78.6 19.44 14.72 15.50 22.58 19.83 .54 25.42
July 4, 1971 .45 .29 .07 89.7 19.17 13.06 135 75 22.20 18.64 .56 25.98

5,

6,

7

8




Table 14. Continued

Radiation Temperature Vapour Pressure
Date Total Net Long Wind Dry Bulb Wet Bulb Soil Saturated Actual ET-Pen ET-cum.
ly/min 1y/min ly/min miles/day °C i °c MB MB cm/day cm
July 9, 1971 .43 27 .07 62.1 19.17 13.89 16.50 22,20 19.12 51 28.68
July 10, 1971 +50 L8y .08 52,2 18.06 12.50 16.50 2071 17.48 .59 29,27
July 11, 1971 o1 33 .08 52.2 18.89 13.06 16.50 21.81 18.42 .61 29.88
July 12, 1971 .54 -36! JQ7 5242 20.00 13.61 16.50 28.37 19.65 .68 30.56
July 13, 1971 +33 .36 .07 71.4 20.58 15.00 16.50 24,18 20.94 .67 31.23
July 14, 1971 42 .28 .06 722 21,31 18.33 16.25 25.02 23.39 G 31:75
July 15, 1971 44 .30 .06 68.4 21.39 18.89 16.25 25.44 23.98 5ok 32.30
July 16, 1971 .50 33 .07 36.3 20.83 16.39 16.50 24,60 22.00 .62 32,92
July 17, 1971 +49 .34 .05 43.7 25.00 18.06 16.25 31.55 27.48 .68 33.60
July 18, 1971 37 .26 .04 46.0 27.78 20.28 16.25 37.00 32.61 .53 34.13
July 19, 1971 <29 o7 .06 524 22.78 18/06 16.50 27.66 24.90 .34 34.47
July 20, 1971 .20 .09 .07 34.6 16.94 14.72 16.50 19.30 18.01 .16 34.63
July 21, 1971 +31 .16 .08 15.0 15.00 13.75 16.50 17.05 16.32 S 34.90
July 22, 1971 37 22 .08 53.9 16.39 14,58 16.25 18.64 17.58 «37 35.27
July 23, 1971 31 L .07 67.2 17.78 15.00 16.50 20.35 18.73 +32 35.59
July 24, 1971 .48 =l .07 42.9 18.60 15.00 16.50 21.44 19:33 .56 36.15
July 25, 1971 .48 <39 .07 42.9 19.17 15.00 16.25 22.20 1977 58 36.73
July 26, 1971 .45 29 07 42.9 19.44 15.00 16:25 22.58 19.99 «53 36.26
July 27, 1971 45 29 .07 45.0 20.00 15.56 16.25 23.37 20.78 .54 37.80
July 28, 1971 .45 «29 .07 38.1 18.61 16.11 16.00 21.44 19.98 .52 38.32
July 29, 1971 .48 .32 +07 35.6 18.06 17.78 16.00 20.71 20.55 <55 38.87
July 30, 1971 .46 =30 O 34.4 18.08 17.34 15.:25 21.01 20.46 +53 39.40
July 31, 1971 44 .28 .07 3352 18.10 16.90 15.75 21,31 20.37 o | 39.91
Aug. 1, 1971 42 .26 .07 32.0 18.12 16.46 1573 21.61 20.28 .49 40.40
Aug. 2, 1971 .40 .25 .07 30.8 18.14 16.02 15+75 2191, 20.19 47 40.87
Aug. 3, 1971 .38 .23 «07 29.8 19,17 15.56 15.75 22,20 20.09 .43  41.30
Aug. 4, 1971 42 «25 .08 48.4 15.56 13.33 15.50 17.67 16.38 43 41,73 =
Aug. 5, 1971 .28 =15 .08 50.7 17522 13.61 15..50 19.65 17.55 .28  42.01 >
Aug. 6, 1971 <37 .24 .06 43.9 23.89 16.67 15.50 29.55 25.34 A48 42,49




Table 14. Continued
Radiation Temperature Vapour Pressure
Date Total Net Long Wind Dry Bulb Wet Bulb Soil Saturated Actual ET-Pen ET-cum.

ly/min ly/min ly/min miles/day °C e 0 MB MB  cm/day cm
Aug. 7, 1971 .36 »25 .04 60.9 28.89 18.33 1575 39.39 33.21 +55 43.04
Aug. 8, 1971 «24 L5 04 63.6 27.78 17.78 16.00 37.00 31.16 57 43.39
Aug. 9, 1971 .24 +15 .04 63.6 27.78 17.78 16.00 37.00 31..16 «35 4374
Aug. 10, 1971 .36 ¥23 .06 56.7 22,22 15.00 16.50 26.76 22..55 46 44,20
Aug. 11, 1971 47 el <7 47.6 21.67 13,61 16.50 25.87 2119 60  44.80
Aug. 12, 1971 .39 .24 .07 69.7 22.22 13.89 17.25 26.76 21.91 .50 45,30
Aug. 13, 1971 .43 27 .07 579 20.83 14.17 17.75 24.59 20.71 .54 45,84
Aug. 14, 1971 W43 27 .07 60.7 20.28 13.89 1775 23.77 20.05 .52  46.36
Aug. 15, 1971 .41 v 2 .06 46.9 23.06 14.72 17,75 28.13 23.27 54  46.90
Aug. 16, 1971 W43 +29 .05 41.0 26.11 16.39 18.00 33,165 2797 .60  47.50
Aug, 17, 1971 .48 .34 «05 26.9 2611 16,39 18.25 33.65 27.97 69 48.19
Aug. 18, 1971 .34 +20; o0 8.7 20.56 14.31 17,75 24,18 20.54 .39 48.58
Aug. 19, 1971 333 .19 .09 82.7 15.00 12.08 18.50 17/05 1535 «34  48.92
Aug. 20, 1971 .29 A5 .08 41.8 15.83 12.78 18,75 17.99 16.21 27 49.19
Aug. 21, 1971 .37 22 .07 49.6 18.06 14,72 18.50 2071 18.67 .40 49.59
Aug. 22, 1971 42 27 .06 373 21,11 15.83 18.25 25./02 21.94 =5l 50.10
Aug. 23, 1971 44 <28 .07 58.3 20.56 15.83 18.00 24,18 21.43 54 50.64
Aug. 24, 1971 =37 22 .07 48.1 18.89 14.44 18.00 21.82 19.23 41 51,05
Aug. 25, 1971 .45 +29 .07 32.3 19.17 14,44 L7.75 22.20 19.45 «53 51458
Aug. 26, 1971 «19 .08 .07 21,5 18.33 15.56 18.00 21.07 19.45 +15 51.73
Aug. 27, 1971 «30 ) .07 39.4 18.61 16.11 18.25 21.44 19.98 «30 52.03
Aug. 28, 1971 .30 .18 .06 40.7 21.39 1750 18.00 25.44 23,17 .34 52.+37
Aug. 29, 1971 .38 .24 .06 40.8 22,22 18.33 17.50 26.76 24,48 A7 52.84
Aug. 30, 1971 .40 25 .06 75.0 20.28 16.67 17.50 2377 21.66 .48 53.32
Sept. 1, 1971 .45 .30 .06 625 22.50 1722 17.50 27.20 24,12 «59 54.18
Sept. 2, 1971 .43 27 07 60.0 19.44 15.00 17.00 22.58 19.99 «51 54.69
Sept. 3, 1971 W41 +24 .09 100.8 12.50 9572 17.00 14.49 12.88 «40- 55.09 o
Sept. 4, 1971 .28 «13 .09 53:3 10.83 8.06 16.50 12,97 1037 23 55432 —
Sept. 5, 1971 W45 .30 .07 50.3 18.06 PICT 16.50 20.70 16.68 «55 55,87 W




Table 14. Continued
Radiation Temperature Vapour Pressure
Date Total Net Long Wind Dry Bulb Wet Bulb Soil Saturated Actual ET-Pen ET-cum.

ly/min ly/min ly/min miles/day °C °¢ °g MB MB  cm/day cm
Sept. 6, 1971 45 .29 .07 43.7 18.89 12,22 16.00 21.82 17.94 »55 56.42
Sept, 7, 1971 .40 .25 .08 74.3 16,39 12.50 15475 18.64 16.38 b4 56.86
Sept. 8, 1971 <38 22 .08 45.5 14,44 11.94 15.50 16.45 15.00 .38 57.24
Sept. 9, 1971 .38 =22 .08 44,0 11.67 10.67 15.50 13,71 13/07 «35 5759
Sept. 10, 1971 .38 w23 .08 42.3 13.89 11.39 15:25 15.86 14,41 .38 5797
Sept. 11, 1971 .36 w21 .07 35.4 1722 13.06 15.25 19.65 17,23 «38 58.35
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