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ABSTRACT 

Model for Estimating Soil Water Flow, 

Water Content, Evapotranspiration 

And Root Extract ion 

by 

Musa N. Nimah , Doctor of Philosophy 

Utah State University, 1972 

Major Professor: Dr. R. J . Hanks 
Department: Soil Science and Biometeor ology 

A mathematical model was developed to predict water content pro-

files, evapotranspirat ion, 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 conten t-depth profiles, 48 

hours afte r any water addition. The poorest agreement for both crops 

was right after irrigation. 

The computed cumulative ET was 4 . 9 em which was 0.4 em less than 

actual (measured) ET, during the 9- day period in 1970. In 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 em which was 0.1 ern greater than the actual for the 9-day 

period. In 1971 , the cumulative upward water flow from the water table 

was 4 .80 em which was 3.20 em 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 evapot r anspiration 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 cont i nuum involving soil, plant and 

atmosphere (SPAC) and includes a number of distinct segments, each 

of which~ 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 e vaporative 

surface to the atmosphere, in vapor form. The flow of water in any 

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 

evaporation from a free water surface. It is therefore necessary to 

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. Climatol ogical properties: These properties govern the 

evaporation r ate 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-p lant- 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 
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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 f low 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 f rom irrigated fields. 

Objectives 

The specific objectives of this study were: 

1 . To develop a mathematical model to determine the relat ion of 

soil water and root distribution to water uptake, soil water 

content profiles, dra i nage , 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 , infilt r a t ion , 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 . 



REVIE\v 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). In 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 soi l 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 n contacr with the leaf surface 

and through it to the turbulent boundary layer, whence the vapor is 

finally transported to the external atmosphere. 

Soil water flow to plant roor has been studied by a number of 

investigators. The studies of Philip (1957) , Gardner (1960), and Molz 

et al. (1968) consider rhe radial flow of water to a single root. 

However, other studies (Ogata , Richards, and Gardner, 1960; Gardner, 
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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 11microscopic 11 is used for the flow process ln 

the vi cinity of a single root, and "macroscopic" fo r the overall moistur e 

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 

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

extracts wate r f r om the soil in contact with it , the water potential 

in the soil contact zone ma y decrease , as well as the hydraulic conduc­

tivity. lvater uptake may decrease, ass uming 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 wate r potential, but 

the hydraulic conductivity of the so1l must be large enough so that 

water will move toward and into the roo t at a rate sufficient t o 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. 
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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 characteristi c (effectively a line sink) , and that soil water 

movement toward the root is radial, the app ropriate form of the flow 

equation is : 

(1] 

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 s urface, Gardner (1960) solved this equation subject to the 

following initial and boundary conditions : 

e 

q 21T~ 
ar 

h 

21Ta~ ar r = a , 

t 0 

t > 0 

where a is the root radius, h is matric potential , K is hydraulic 

[2] 

conductivity , and q is the rate of water uptake by the root or the flux 

of water a t the root s ur face 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: 

1\h [3] 

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

possible to calculate the gradient 1\h that will develop at any time 



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

soil water potential h0) and the matric potential h at the root-to- soil 

contact zone . Since diffusivity, t i me, a nd radius at the root occur in 

a logarithmic term in equation [3], ~h is much less sensitive to these 

three fac tors than to q and K. Gardner (1960) showed that a t en thousand­

fold variation i n D would cause on l y about a nine-fold variation in ~h, 

hence the assumption of an ave rage 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 inK, due to ~h, was considered to be no 

larger than the uncertainties i n determination of K, so that the 

ass umption of a constant K was valid for not too large K. Equation 

[3) shows that the gradient ~h, or the incr ease of soil water potential 

above the initial value , is directly proportional to the rat e 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, ~h is small and the potential in the root will not differ 

markedly from the potential in the soil. When soil wa ter 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 conduct ivity of the 

soil is adeq uate and the density of the roots is sufficient, the 
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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 l oses 

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, uni form 

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 use d eithe r a constant flux condition 

(Gardne r, 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 

9 

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 " ave r age " 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); l~istler 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 [4] 

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

water potential wi thin the plant root, h5011 is the total water poten­

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

Rs, and the plant, ~ · In specifying R one can assume that the soil 
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and the plant resistance can be added in ser ies so tha t R = ~ + Rs. 

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

Rs; therefo re, it is assumed to be negligible. According t o this, 

Gardner (1964) assumed tha t 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 t o tal transpi r ation 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 

wr ite their root extract ion t erm: 

S (z) 0 < z < v [ 5 ) 

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 = z1 and z = z2 

where z
1 

< z
2 

is : 

z2 f S(z)dz [ 6) 

zl 
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Because the extraction rate from the root zone equals the transpiration 

rate, then: 

T r S ( z)dz 
0 

l. 6T z2 
--2-2 

v lv+ l.8Tz lv· 
0 v 0 

[ 7) 

It can be verified that [5) mee ts the s tated 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: 

[8) S (z, t) - (~)z + (1.8T). 
(v( t) )2 v( t ) 

Combining equation [8 ) with the general f low equation in one dimension, 

and assuming steady state conditions, they got the part ial different ial 

equation: 

(az - b) [9) 

where D is diffusivity = K ah /a9 , h is matric potential, 9 is vol umetric 

wate r content, a= - 1.6T/v2, and b 1.8T/v . Equa tion 9 was applied to 

the data from an experiment of Gardner and Eh lig (1962) and yielded 

reasonable res ults. 

Limitations of the Macroscopic Approach 

The macroscopic approach has been st udied under controlled 

experiments , but it has not been widel y used and knowledge of lts 

utility and behavior is limited under field condi tions. Other limita-

tions of the macroscopic models tha t have been studi ed are: 



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 movemen t 

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. 

12 

3. A constant "average" transpiration rate and an initial 

uniform moisture content of approximately field capacity were 

used to solve t he 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 Savel, Stirk, and Brust, 1968). This is not accounted for in 

[5] and [8] . However, for a steady state, the moisture extraction 

pattern is s tatic and a model as [8 ] and [9] can yield reasonable 

resul ts (Molz and Remson, 1970). 

The macroscopic approach has significant advantages over the 

microscopic approach. The geometry fo r 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 . 



14 

DERIVATION OF A NEW MACROSCOPIC APPROACH 

This study was a part of a general problem that dealt with quality 

of irrigation return f low . The overall objective of this study was to 

determine the salt and water con t en t within a soil and in the drainage 

wa ter as a func tion o f 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 exis t under fiel d conditions, a new 

macroscopic app roach has been developed and tested under fie ld 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 : 

ae = a (K(S)aH) 
at az az [10] 

where 9 is volumetric water content, t is time, z is depth, K is 

hydraulic conductivity, His hydraulic head (sum of pressure head h 

and gravity head z) . The modifica t ion of the above equation by a plant 

root extraction term, A(z), gives: 

ae = a (K(S)aH) +A(z) . 
at az az [ 11] 
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A(z) is the root extraction term or the sink term and depends on the 

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

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

potential of wate r in the plant roo t and the pressure pot ential of soil 

water. Thus, the source t erm is defined as : . 

A( z) [Hroot + (RRES · z)- h(z)- S(z)] 
/':, z 

RDF{z) K (z) --[ 12.] 

where Hroot is an effec t ive water potential in the root at the soil 

surface where z is considered zero, RRES = (1 + Rcl · Rc is a flow 

coefficient . l<hen RRES is mult iplied by z , the product will account 

for the gr avity t erm and f r iction loss in the root water potential, so 

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

tial at the s urface (Hroot) by a gr a vity t e rm and frict ion loss term, 

(assuming that the f rict ion loss i n the root is independen t of flow), 

h(z) is the soi l matric potential a t depth z , S ( z) is the salt (osmotic) 

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

in depth increment f':,z , and K(z) is the hydraulic conductivity at depth 

z and it is a f unction of 9 . The soil matric potential , h(z) and the 

hydraulic conduct ivi t y , K(z), are assumed to be unique functions of soil 

water content (hys teresis ignored). The validity of the assumpt ion that 

a unique relation of hydraul ic conductivity t o a volumetric water con-

tent K(9) exists is affected by hyst e r esis t o a much lesse r degree 

than is the K(h) function (Topp and Miller, 1966; Poulovassilis, 1969) . 

The Hroot term is dependent on plant, climat ic and soil conditions . 

The value of Hroot wi ll depend on plant condi t ions since they govern 

the r oo t distribution function, RDF(z) . Hroot will depend on climatic 

conditions since they define potential transpiration , discussed in 
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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 (H~<ilt) . 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 - a and K - a curves covering the range 

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

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

2. a VS Z and S VS Z at the beginning , Or a t t = 0. 

3. 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 s peed and the proportion of ground cove red 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 . 
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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 : 

1. The fJuid of interest, water, is continuously connected throughout 

the flow region . 

2. Inertial forces are not significant as compared to viscous forces . 

3. The fluid of interest, water, is incompressible . 

4. Flow is isothermal, vertical and one- dimensional . 

5. The chemical nature of water does not change with time or 

position . 

6. Biological phenomena have no effect on soil water flow. 

7. Air freely and instantaneously escapes from the system as water 

accumul a tes in it. 

8. Soil does not shrink or swell as water content changes. 

9. 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 uni form) 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 fini te-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] is: 

[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]: 

C(8 ) ae 
ah [14] 

where C( 8) is the soil water differential capacity . By the chain rule 

of calculus : 

ae ae ah c(e )~ht . at= oh at= a [15] 



The subs titution of equation [15) i nto equa t i on [13) yi elds : 

ah a ( aH) C(8)- = - K(8 )- + A(z) 
Ot dZ dZ 

[16 ] 

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: 

[17] 

where the subscript i represents the depth of a node, and the super-

script j represents time. 

The first step in fJ.nite differencing the first term on the right 

of equation [16) is : 

~rK(8) oHJ 
dZ dZ 6~JK~: 11 - K~: IJ [18) 

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 1+1. 

Solving fo r the second and th ird term on the right-hand side of 

equation [1 8 ) yields: 

j - 1 j j - 1 
Hi) KoH 

11 
[~] [Hi- 1 + Hi-1 Hi + 

and 
dZ 6z

1 
2 2 

j - 1 j j - 1 + j 

KaH I = r~J ri +Hi 
Hi+l Hi+l) [19 J 

dZ 2 6z2 2 2 

where K
1 

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 K2 is 
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similarly associated with nodes (i , j-1), (i, j), (i+l, j -1 ) and 

(i+l , j) . Another way of defining K
1 

and K
2 

that has been used is : 

and [20] 

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

yields : 

L[K"H) oz az 

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 

6z
1

, 6z
2

, and 6z
3 

are not equal and are defined by: 

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

is: 

where hpj 
i 

Hroot~ + RRES x zi; and hsi 

xRDF 
i [23] 

[24) 
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Substituting equation [17), [21), and [23) into equation [16), and 

substituting for H = h + z, yields: 

[25 ) 

Equation [25) was the basic linear equation used to solve the model. 

This equation was programmed and solved by computer (Il>f! 360 and/or 

UNIVAC 1108) using Crank-Nicholson or Laosonen approximation, from a 

knowledge of appropriate boundary and initial conditions . Deta iled 

explanation of the computer program and the solution of equation [25) 

will be presented later. 
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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 fo r 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, a nd 

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 6t to be used, the upper and 

lower limits on pressure head and water content (that is , 

saturation and air dry), the length of t ime the computa­

tion is to run, and the condition of the l ower boundary (two 

conditions, a constant pressure head or no flux are 

provided) . 

Step 2. 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 

i ncrements. 



Input data 

P(8 ) - 8 

K( Bl - e 

ompute 

READ 
Boundary data 
8 - depth 
SE - depth 
RFD - depth 
V(ET,E , SF) - tim 
HLow,HHi(plant) 
HDry , HWet,WatL 
WatHi Soil 

earch for Hroot that s atisfy 
he model by keeping Sink ~ ET 
!ant. Hroot limits are HLow 
nd HHi. 

Compute WFDD, WFUU 
WFDD water flux i n the 

surface 
WFUU = water flux at the 

Figure 1. General flow diagram of the program . 
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Step 3. The subroutine "plo t" 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 comp uted by the procedure outlined by Hanks and 

Bowers (1962). Values of the specific water capacity 

(C = 66) as function of depth are computed f rom the water 
t.h 

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 

hJ+l - hJ + t.z)K!~ 

equation: 

ER 
1 1 ~ [26 ] 

2 /:,z 

J+l J 
where ER is the flux at the surface , ho and ho are the 

pressure heads at the surface at the end and beginning of 

J+l J 
the time interval, h

1 
and h1 are the pressure heads at 

depth /:,z from the surface at the beginning and end of the 

time interval and ~~ is the hydraulic conductivity 

assumed constant over the time interval and applying between 

t he surface and z = t.z. 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 f lux. T~ solve equat1on [26] a value of 

J+l if l' t is assumed (ho = Hdry, is evaporation , 

= Hwet if it is precipi~ation) s1nce it has not been 

computed ye t. 
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Step 5. A value of Hroot is hunted for that satisfies the condi t ion 

(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 

J assumed (Hroot = h1 ) 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]. 

Step 6. 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 ~z is variable i n the model used herein. 

Step 7. The water content at each depth i ncrement 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 : 

[ 271 

The values of h~+l and h~ are computed in Step 6. 
l. l. 

Step 8. The program tests the total change in water content 

(E/~8/ ~ ConQ, where ConQ is the l argest total water 

content change allowed every computation). If E/~8/>ConQ, 

6t then the time is reduced by half (~t = ~) and the program 

goes back to Step 6. If E/~8/ ~ ConQ the program proceeds 

to Step 9. 

Step 9 . The program computes the water flux at the surface and at 
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the bottom boundaries. The cumulative water flow through 

the surface and lower boundary, and runoff. 

Step 10 . Cumulative values of various variables are computed, 

desired output is printed, a new ~t is chosen that satis-

fies the condition E~6 = ConQ, a nd the values of 

and e~+l taken as the new initial conditions hj 
1 i ' 

Step 11. The cumulative time is checked to adj ust 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 wo rk for this study was carried out at the Hul linger 

Farm near Vernal , Utah. Actual evapotranspiration was measured 

by means of lysimete rs. 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 comb i nation equation is : 

27 

Ep = _ !!,_ (Rn) + _:r___ (15. 36) (1 + 0.01 w) (es - ea) [ 28 ] 
/!, + y /!, + y 

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

y is the psychrome tric constant equal to 0 . 57 for Vernal conditions, w 

is the total daily wind run in miles, es is the mean satur ation vapor 

pressure in mb, e 8 is the saturation vapor pressure at mean dew point 

temperature in mb, Rn is the daily net radiation ·in cal- cm- 2- T- 1 . The 

parameters /!,f ( /!, + y) and yf(/!, + y) are mean air temperature sensitive 

factors whose s um is 1.0 (Jensen, 1966). It was assumed that soil heat 

flow was negligible . 

The net radiation (Rn) was calculated from 

Rn (l - p) R - RL [ 29] 
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where p (albedo) is r eflection coefficient assumed equal to 0.20, and 

R is total incoming solar radiation in cal em - 2T-l. R1 , the net long 

wave back radiation in cal cm-2T- l was calculated f r om : 

R1 [0. 98 - (0.67 + 0.044ea~)) x 0.5855 x 10- 7 [(Tmax + 273) 4 + 

(Tmin + 273)4) [30] 

where Trnax and Tmin are maximum and mdnimum air tempera ture, °C, 

respectively . The dat a fo r ac tual 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 EP is potential evapo transpiration, Kc is crop fac tor (d i me ns ion­

less) , and EF is potential evaporat ion from free water surface. Equa­

tion [29) is applicable when soil water is not limiting. 

Soil water content profiles were arr ived at by measuring the water 

content of the soi l at different depths before and after each irrigation 

using neutron and gamma scattering devices . Details of these measure­

ments are given later . 

The fie ld work was carried out i n 1970 and 1971. In 1970 the field 

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

The field was irrigated by a solid- set a utomated sprinkl er system. 

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

natural drainage . The field layout is shown in Figure 2. 
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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 relat ion was given by Hanks and Shawcroft (1965): 

[32] 

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

~h is corrected change in height of fluid in standpipe, A is the area 

over which the weight is distributed, A1 is the area of the bottom of 

the lysimeter, Pf is the density of fluid in the standpipe, and Pw is 

the density of water. In other \vords c.!- x Pf) is the calibration 
A1 Pw 

coefficient of the l ysimeter. In the case of the lysimeters installed 

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

measured from r eadings of the standpipe (active and dummy) at two 
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different times. Hence for the lysimeters used in the field experiment, 

equation [32] becomes: 

[33] 

where A1 and n1 are readings of active and dummy standpipes at first 

period, and A2 and n2 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 

i nches 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 s10 isotope which respond 

only to relatively slow neutrons. The scaler was Model 2651 with count 

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 eq uation. 

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 wate r 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 em in diameter and 56 em high was filled up to 

45 em with air dry soil; another barrel was filled with field moist so i l 

and another barrel was filled with field moist soil brought to saturati on 

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 em 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 densi~~ by volume 

R gm-cm 

Air dry soil 0.062 0.013 1.482 0.019 

Field moist soil 0.562 0.159 1. 354 0.216 

Fi eld moist soil 
(before saturation) 0.601 0.137 1.548 0.212 

Field moist soil 
(after drainage) 1.089 0.239 1.548 0.370 

Figure 4 shows the calibration curve and the calibration curve 

supplied by the manufacturer. The latter gives nega tive water content 

for low counts . The calibration resulted in the formula: 
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8 0.3591 R- 0.0038 [34] 

as compared to 

8 0.4149 R - 0.0410 [35] 

supplied by the manufacturer. 8 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 fo r 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 

of five millie-curies. The detector utilized thalium activated sodium 

iodide crystal. The system used a pulse height anal yzer 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: 

[36] 
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where r
0 

is radiation intensity with no interference , ~ the mass absorp­

tion coef f icient (cm2/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 (em) . 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 coefficien t s , equation 

[36] can be written as 

I r 0 [exp (- C~sP + ~6) X)] [37] 

where p is the bulk density (g/cm3) of the soil, a is the water content 

(g/cm3) , and ~sand~ are the mass absorption coefficients of oven dry 

soi l and water, respectively. As the water content increases, the 

radiation passing through the sample decreases. It 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 r0 , ~s • ~ 

and p to calculate e from detector count rate reading, I. 

The attenuation coefficient or mas s 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 lowe r than those reported by Davidson, Biggar and Nielsen 
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(1963) which were 0.077 (soil ) and 0.082 {water). The reason for these 

diffe rences 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. 

Meas urements 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) . It has a sensitivity of 

about 3 millivolts per cal/cm2-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 t i me interval, and min is the lapsed period 

i n minutes between the time of measurements. The neL radiat ion was cal­

culat ed f r om the total rad i ation us ing equation [29]. Data of R and 

computed ~ and RL are shown in Table 14, Appendix B. 
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Wind velocity was measured at 200 em 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 we r e 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 em 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 R, shows all data collected . 

Da i l y 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 es and ea were estimated from the following equations : 

6.10127 + 0.4538 DB+ 0.01217 DB2 + 0.004156 DB3 [39) 

md 

es - 0.57288(1 + 0.00115 WB)(DB - WB) [40) 

where DB and WB are dry and wet bulb temperatures i n °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 profi les 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 

f unction of time. 

Input Data Used i n 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 Sa 

shows the relative root distribution assumed for oats. No measurements 

were made. Figure Bb 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 func tions 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 em (the water table). 

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 pr ofiles at different times of season. 

2. Evapo transpiration as a function of time. 

3. Wate r flow through the lm•er boundary as a function of 

time . 

4. Plant root potential as a function of t ime. 

Soil Water Profiles 

Figure 11 shows the actual and computed water content profiles 

fo r oats in 1970. Water contents were measured by the neutron probe 

at 30, 45, 75, 105, 135, and 165 em depth . A linear relation was 

assumed to exist between any two depths . For the top 30 em the water 

content at 75 and 30 em was extrapolaled linearly. This was done 

because the effective diameter of the neutron probe was more than 30 

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

shown in Figures llb , llc, and lld . 
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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 fo r t he 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 em depth , as compared 

to the measured wate r content during that interval . The agreement 

is good except for the period 24 hours after irrigation where at the 

30 em 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 em depth. The 

disagreements at 30 em 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 em cumulative ET in 1970 which was 0 . 4 em less than 

the actual ET. This might be due to two factors: 



49 

Moi sture content - 6 

0 . 1 0.1 0.3 0. 5 

I ~ 
I 

20 1 

·'[ 
I \ 
I r 

100 , I I 
I I 

,~. \ 
140 \ r I 

I \ 
Cr op l Crop l '\' 
May 31 , a) [ June 9, 1971 b) 

13 180-
t) 

.c ... I 
I I "" Q) 

"0 20 1--Predic ted-.... I .... 
I 0 

Cll I 
I 

60 I 
I 
I 
\ --Measured 

I 
100 

\ 
\ 

140 

,:'~ - Crop l 
June 11, c) d) 

180 

Figur e 12. Comparison of wat e r cont ent profiles a s measured and 
predicted for crop 1 alfalfa in 1971 (a,c) 24 hrs aft e r 
precipitation, (b,d) end of irrigation interval . 



a 
<J 

.c .., 
"" QJ 

-o 
,..., .,.. 
0 

"' 

0.1 

20 

60 

100 

140 

Crop 2 
J une 

180 

20 -

60 

100 -

140 

_ Crop 
J uly 10, 

180 -

Water content - 8 

t 

- Crop 
c) July 

50 

0.5 

b) 

X 
I 
I 
I 
\ 

2 \ 

1971 ~ 19, d) 

Figure 13. Comparison of water content profiles as measured 
and predicted fo r crop 2 alfalfa in 1971 . (a,c) 
24 hours after i rriga tion, (b,d) end of irrigation 
interval. 



s 
l) 

.J:! .., 
Q. 
Q) ., 

.... .... 
0 

<ll 

0.1 

20 

60 

100 

140 

Crop 
July 21, 

180 -

20 

60 

100 

140 

180 

- Crop 2 
Aug . 3, 

Water content 

0.3 0.5 

I 

I 
I 
LJ>redicte 
I 
I 

I 

I 
I 

- a 
0 . 1 

Crop 
July 22, 

~-------M•easured 

~--------~redicted 

c) 

0.3 0 .5 

I 
I 
I 

I 

I 
I 
I 
I 

b) 

Figure 14 . Comparison of water content profiles as measured 
and predicted for crop 2, alfalfa, in 1971. a) 
24 h r s after irrigation , b) 48 hours, c) end of 
irrigation interval . 

51 



13 
u 

20 

140 

180 

20 

60 

100 

140 

180 

0 . 1 

Crop 3 
August 16, 

Crop 3 
August 19, 

Moisture content - 8 

0.3 0 . 5 0.1 0.3 

I 

\ 
I 
I 
I 
I 

I 
/ 

/ 
/ 

I 

~----------~-Predicted~ 

\ 
18, 1971 

\ 
I 
1--Predicted +---------.J.\ 
I 

c) 
Crop 3 
Augus t 

\ 
\ 

52 

0.5 

b) 

Figure 15. Comparison of wate r content profiles as measured and 
predicted for crop 3 , alfalfa, in 1971 . a) end of 
irrigation interval , b) 24 hrs after irrigation , 
c) 48 hrs after irrigati on, d) end of irrigation 
interval . 



0 

20 

6() 

100 

140 

a 
() 

180 
.c .., 
"" OJ 
"tl 

.... ..... 20 0 

"' 

60 

100 

140 

180 ~ 

0 . 2 

Crop 3 
August 30 , 

Crop 3 
September 

Moisture 

0. 4 

\ 
I 
I 
I 

I 
I 
r 
I 

' I 
\ 
I 

53 

con t ent - e 
() 0.2 0.4 

I 
I 
I 
I 

redicte 

easured 

\ 

Crop 3 
\ 

\ 
August 31, 1971 b) 

Predi cted 

Figure 1 6 . Compar ison of wat e r cont ent profiles as measured for 
crop 3 , alfalfa, in 1971. a) after i rr igation, 
b) 48 hrs, c) end of seas on. 



w 

" Q) 

;:: 
0 
u 

... 
Q) 
.... 

"' ~ 

c) 8 at 100 em 

--w,------., 

00 •• 43~~ ~:>---'3----;; b) 8 at 70 em 

-$ Q e e ~ 9 

:::L-----------~~~------------~--~--~-~-~~----------~--------
0.4! Q.) a) 8 at 30 em 

0.2 G 

Q.l ---

Q 

so 

!j! 
9 

100 
Time - hours 

Q I 

150 200 

Figure 17. Comparison of predicted (solid lines) and measured (dots) water content at three depths for oats 
in 1970. a) 30 em , b) 70 em , c) 100 em depth. 



0.4 c) e at 100 ern depth 

0.3 
0 

0.2 

0.1 

<D 0. 4 

.., 0 . 3 
" ., .., 
" 0 0 . 2 u 
... 
~ 0.1 

b) e at 70 ern depth 

··~ 
"' ;3: 

0 . 4 

~ 
0 .3 

0 . 2 

0.1 

a) e at 30 em depth 

300 600 900 1200 1500 1800 2100 2400 2700 3000 

Time - hours 

Figure 18. Comparison of measured and predicted water content profiles for alfalfa i n 1971 . a) 30 ern , 
b) 70 ern, c) 100 ern depth. 



Predicted evapo t rans pira tion 
~ Actual evapotranspi ration 

6 0-----0 Potent ial evapo transpiration 

50 100 

Time - hours 

150 200 

Figure 19. Comparison of actua~predicted>and potential evapotranspiration du r ing the 9- day period 
with that predicted for oats in 1970. 



1. The root distribution was assumed uniformly distributed to a 

depth of 30 em , which is generally not true. 
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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 mi nimum 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 i s 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 ac t ual 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 in terval, at that time the program predicted an Hroot = -15 bar, 

which was the minimum allowable. In the 1971 growing season, although 
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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 ho urs 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 em which was 0 . 1 em 

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

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

FLOW [41) 

where 6M0 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 ~he first crop . 

The total actual upward flow was 4.8 em as compared to 0.0 em 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 em 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 g~neral 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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i ncrease in Hroot is due to precipitation. 
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SENSITIVITY OF THE MODEL 

The sensitivity of the model to various parame t e rs 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 evapot ranspiration 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 . Comparis on of predicted evapotranspiration, evaporation, 
transpiration , and water flow as i nfluenced by different soil 
properties for a nine-day period starting July 28, 1970 at 
Vernal, Utah (no precipitation) 

Evapotranspiration 

Evaporation 

Transpiration 

Water flow from the 
water table 

45 
Condition A 
em root depth 

6.01 em 

0.64 em 

5.37 em 

2.44 em 

Condition B 
45 em root depth 

5 . 79 em 

0.77 em 

5 .02 em 

2.58 em 

The water content profiles were quite different in the active 

root extraction zone. At the end of the period the water content at 

30 em 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 

-1 5 bars one day earlier for condition B than for condition A. 
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Table 3. Soil proper ties used for computations made. Vernal sandy 
clay loam. A and B are different conditions assumed. 

Water Hydraulic Pressur e potent ial 
content conductivity A B 

0 . 02 3.4 X 10-9 em hr - 8 . 5 X 10+5 em - 8 . 5 x 10+5 em 

. 04 1.7 X 10- 8 - 2. 2 X 10+5 - 3. 6 X 10+5 

.06 5. 4 X 10-8 -5. 8 X 10+4 -1. 5 X 10+5 

.OR 1.7 x lo- 7 - 1.5 X 10+4 -6 . 4 x lo+4 

. 10 4.8 X 10-7 - 8 . 0 X 10+3 - 2.7 X 10+4 

. 12 1.5 X 10- 6 - 4 . 9 X 10+3 -1.5 X 10+4 

.14 4. 5 X 10- 6 -3 . 0 X 10+3 - 7.8 X 10+3 

. 16 1.4 X 10- 5 - 1. 85 x 10+3 -3 . 8 X 10+3 

.18 4.5 X 10- 5 - 1.12 X 10+3 -1. 5 X 10+3 

. 20 1.1 X 10-4 - 6 .7 X 10+2 - 7. 7 X 10+2 

.22 2. 7 x 10-4 -4.1 X 10+2 -4 .1 X 10+2 

.24 6 .1 X 10-4 - 2.5 X 10+2 -2 . 5 X 10+2 

. 26 1. 5 X 10-3 -1.65 X 10+2 -1. 65 X 10+2 

. 28 3. 5 x lo-3 -1. 15 x 1o+2 - 1.15 X 102 

. 30 9.0 X 10- 3 - 8 . 5 X 10+1 - 8 . 5 X 101 

.32 2 .1 X 10- 2 - 6.6 X 10+1 -6.6 X 101 

. 34 3 .5 X 10-2 - 4.8 X 10+1 - 4 . 8 X 101 

. 36 6.0 X 10- 2 -4.13 X 10+1 -4.13 X 101 

. 38 l.Ox 10-l - 3.44 X 10+1 - 3.44 X 101 

. 40 1.7 X 10-l - 2 . 73 X 10+1 - 2.73 X 101 

. 42 3.1 X 10-1 -2.10 X 10+1 - 2.10 X 101 

. 44 5.4 X 10- 1 -1.34 X 10+-1 -1. 34 X 101 

. 46 8 . 8 X 10- 1 - 6 . 98 - 6 . 98 

. 48 1.3 0 0 
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Figure 27. Comparison of measured water content profiles for soil 
condition A and B at the end of the 9-day period in 
1970, oats. 
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Another test of sensitivity of the model was made using different 

root extraction depths 30 , 45 , and 60 em for oats in 1970. Evapotrans -

piration and upward flow from the water table for the 45 and 60 em 

root extraction wer e higher than the actual and the 30 em root extrac-

tion . The results are tabulated in Table 4 . 

Table 4 . Comparison of evapotranspiration , upward flow of water from 
the wate r table and Hroot at the end of the 9-day interval 
in 1970. 

Upward Hroot-bars 
Root depth Evapot ranspiration water flow (end of interval) 

em em 

30 em 4 . 9 3 . 2 -15 

45 em 5.8 2 . 3 -11 

60 em 5.8 2.7 - 2 

Actual 5.3 2.1 

The water content profiles varied from the measured with the 30 em 

root extraction gi ving 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 begi nning of the season. The results were the same, the water 
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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 fo r bo th cases. 

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

Surface flux E 0.1 ET E 0.5 ET 
Root depth - em 30 45 60 30 45 60 

Evaporation .62 .62 .62 2.68 2.99 2.99 

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 6 . 35 7.76 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 

shm<s 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 em for the -20 bar limit compared to 

8.3 for the - 40 bar limit. The computed data indicated that the lower 

limi t 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 i ni tia l water content profile i s needed at the beginning of the 

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

1Personal communication with Dr. R. J. Hanks , Utah State Universi ty. 
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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. 
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SUMMARY AND CONCLUSIONS 

A mathematical model was developed to predict soil water profi les, 

evaporation, transpiration, drainage and root potential at the surface 

in a cropped field as functions of time. The model is for one d i men-

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 extrac tion term: 

ae 2-[K(8)aHl + A(z) at dZ dZ 
[42] 

where A(z) is the root extraction term which depends on root density 

function, soil conductivity and plant water potential and soil water 

potential difference. The solution for equation [42] was obtained by 

using a n~erical method solution using a digital computer to solve the 

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

model are: 

l. Soil properties: h - 8 and K - 8 curves covering the range 

of water content to be encountered in the problem. - z 

and s - z relation at t = 0, as well as e saturated and e 

air dry of the soil. 

2. Plant properties: Root distribution function RDF- z and the 

minimum and maximum values that Hroot can reach. 

3. 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 r estricting 

wate r flow at the lower boundary . 

Soil, plant , and climatic parameters were determined in t he field . 

The total study included two years of fi eld 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 f rom a weather station installed in t he field. 

The computed soil water content-dep th profiles agreed very well 

with measured soil water content- depth prof i les for both crops in 1970 

and 1971. 

The cumulative computed ET was 4.9 em which was 0.4 em less than 

the actual (measured) ET during the 9-day i nterval in 1970. In 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 f low from the water table was 2.2 

em which was 0.10 em greater than measured i n the 9-day period in 1970. 

The computed cumulative upward flow f rom the water table was 4.8 em 

as compared to 1.6 em measured upward flow fo r the whole season (11 6 

days) in 1971. 
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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 direc tly from the soil. 

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

of percent of cover of the plant. 

Therefore, fur ther 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. 

2. Simplification of the model to reduce computer time and input 

data needed since the accuracy of the computed values is 

fair enough for many pract1cal purposes . 
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Appendix A 

Program A 

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

using Crank-Nicholson or Laosonen approximation. 
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PE~O 165 o HOPYoHWET oiJITLo WATHoCB 
P[AO 165 oC '; fltl t} :: J,TERI 
P[IIO 165 o f 'if. flld :lo MKI 
WRI TE l~o l6'U 

WR1 T[I f\ ol fi3 1 Kd'l,.,olf R oN8oN'O 
Plti :P ttt+J,.QE•03 
Tll 1:: 0.0 
DO cton 1 : 2 oN f\ 
Tltl : OELW•Ttl-11 

gm PC T I : P(J I •t.O£• 0 3 
P£110 16S.IOOifloT : t.tOO 
S£ I ti :SF I 11 
SMA X:<; ,Q 
CWFLJ:Q . O 
EOI?: V 11 I 
DEL T :0 [ TT 
TH : t .. O-TT 
TR~ : J.Q - TI.A 

'f'HA t : WATH 
DO Ill I : 1 oKK 
SS ITI :SE fll 
SO III :S[ Ill+\1111 
Ylll : Wftl 

PI r : o. a 
DO 15 1 :::2 oK 

1 c; PIT:Wili•IODII+IJ-OOII-lii/2,+PIT 
WRTT f. 1 6ol701 
rw:acu 
Dlt J : tOili•IPI21-Piliii+CB 
J: f WI JI-TC 1 t I fDELW+t.O 
HI 1 I : t tt I J • t t -PI J I I +I WI 1 I-T I J I ) I Ofl W • PI J I 
Gclt=Mfll 
Clti:O(LW/IPIJ+li-PIJJ I 
WRIT( I 6 ol 61> J Till ,Pfl )t T~oOillo C f IloOO I 11 oWl II oHil J oR Of II lo 'i f 11 I 
DO 3 [ :7oKK 

II 
10 

,. 

,. 

"' 7f, 

" 
" n 
8Z 

., 
"" 

,. 
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86 

Tw::O II I 
OI]I ::OtiJ•IPIT1-PIT·\11•CR+Oil · ll t+1 
J::IWII I -T C 111/0ELW•l•O 
HI]1::CPIJ•11-PIJII•IWI 11 - liJli/OfLW+PI Jl 
C I I I ::OEL WI I P I J + 11- PI J I I 
Gl J I ::HI I 1 SF 
WRITE I fotlFif:l Ttl lo P illtTWonl]lo C IJ ltDOIIloWI T1 oHIIIo ROF II lo 'i ftll 

CON TINUE 
N::KK •1 
00 7 t::NtNO 
tw::D ft I 
0 1 t 1 ::0 (J I• I PIT)- PI 1- 11 l• CB +0 rT - t r 
WRTlf lfoo1661 TllltPCIIoTWtOill 

c ... . ................................. ' •••••••• • •••••••••••••• • •••••••••• 
0 T'i NOW OIFFUSIYITV TIMES 0£LW NOT fONOUr:TlVTT Y 

WRITE ( S:. t11qJ 
oo c; t::z,trRo7 
WRTTf 16 tlF. 6 1 VIH•Vtf - lltTF"TCI- li• SFII- 1 1 

WRl TE 16• 18 0 1 
WFHTE 1 6 dF> 6 1 OELXoflfTTtGRAVVoCOr.l l'l o0£LWoTIME 

WRITE l&olRll 
WRIT£ 16o l6Fil TTtCUMToTAAol-t..OWoHHloR I)f'S 

WRITE t6,f';?l 
WRIH 16df-61 l·ln RVoHW fl oWATLoWATHtCR 
KCK:: 1 
HR00l=Gt21 
QUN OF :Q .O 
cuNc; =n. n 
CUMB=o.n 
CUMH::O.U 
SU 1'14 ::Q . Q 
CAll PlOT I KJ( ,WATHo WoOO o'SHAX o 'SOI 
WRTTEI6tlfi61 TIHE 

c •••••••••••••••••••••••••••••••••••••••••••• • ••••••••••••••••••••••••••• 
~~- --~~~~~! :!JON Of CONOUCTJYlTY IRJ A .. O WIT [R CAP4C!TY t r. J 

18 

'" 

BOT :: I,U TL 
HKP:: Hill 
WKP::Wil) 
IF l fO R-0. 01 )1dgo l8 
WI 1 1 :: WAlL 
Hll I ::t-iORV 
GO TO 1 9 
WCJI::WATH 
Hlli::HW(T 
TWW :: I WI 11• Y I 11 I • 0. iii 
J:: I TWW-Tilii/OELW+].O 
88:1 TWW - TI Jl JI OE LW 
OIFF A:: 10 IJ tll-0( Jl h PR+O (J I 
Ht:l .. l J•l I -P IJ) I •89+PC JJ 
DO ~ 7 t::t t K 
TW ::I WII+li +Y (]+lii•O .. 'i 
J::ffW -fClJJ/0£LW+I.n 
88:1 TW -TIJJI/0£LW 
OHFR:: f 0tJ+1 J-Ot J ) •• RA+OIJ 1 
&J::IP IJ + l I -PIJII+RB•PfJI 

•• 

qq 

• 1 m 
... ) 01 

'1ll2 
A 1 03 
A IU'I 

lOS 
II ~ 

A 1 U1 
a 1 dll 

A 1 10 
a 1 11 
a 1 11 

Ill 
II' 

A 11j: 
a J J1 



,, . 
>n 

7l 

7J 

~-

27 .. 

Jll'-

,. 
" 
?6 
27 

'" 

J7 

JJ 

35 
J7 

,, 

71 • 

JFIHT-GllZO•ll o lU 
~ C J I ::(O[FF.I.-"TFFBI II 1-4{-GII 
If 11-11 2 lo?hl3 
JF C(OR-II.UI 72ollon 
( R ': C R f 1 I • t H t 1 I + T T- H C 7 I • fT- G t 7 I • T "'+ G I I I • T M + 0 D I 7 It I /!1 0 I 7 1 
IF fiASil.l•fOR-F.RI-l RS I !1. 1+F ORII ZlF.tZl6• 2 l 
If i i<CI<.fQ .tl GO Tt"J 770 

tF C I<CK-201 J05• 2J f> , ZJf. 
H C ) ) :: II. I+ [QP+ 00 I 2 1/ fl I 1 I +H t 71 • T T -(, I \I + T M +G I ll • TM- CO I 7 I 1/ T T 

JffH itJ. LT.HnR'tl HC tJ : HOIH 
IF IH CII. GT . HWfTl Hf )l ::HW[T 

G'l TO ' ' 
Hltt::HKP 
WC)I::WKP 

KCI< ::KC K+I 
GO TO 1 q 
KC M':: KC K +I 
IF lfR-f Of:l) 7 '-•33t26 
If tWili-WATI.fl l5 o3l• U 
RO T :: we 11 
Wltl :: f\1111 +TOPI • Q.~ 

GO TO 2S!i 
IF (Wfli-WATLI 33 t 3lo 27 
TOP:: WC 1 I 
Wl ti ::IW I11+ 80T I• O.~ 

J :: I W f1 I - Tf 1 I I I Of l W • I , tJ 
A!\ :: I WI 1 I - T I J I 1/0 EL W 
JFCEC1R-O,LJI30o~],Jrl 

Hl ti ::CPI J•ll -P I J II+ Rq+PIJI 
rww :: c we 1 t •Y c 11 I• o. 'i 
J :: I TWW -T I 1 I 1 /0[ LW•I . 0 
AA: fTWW-T(JIIID(lW 
OtrF"A : fOfJ•li-OfJII•P. R•OfJI 
HI : (PIJ•l J - P IJII• RA•P f Jl 
CO TO 2 1 9 
A (l I : I 0 ( J q I -0 I J Jl /I Pf J• II -P I J II 
IF IT-11 Ho 2 1o33 
rww : rw 

HI :G t 

HI :( Wf I •I I +YII + 111 •0. 'i 
J : I TW -T ilii/ DE LW+l.O 
Cll•li:OELW/ I P I J+ti - P I JJ I 
CONTT NUE 
tcCI< : 1 
lFIF"OR . GT . O.n.ANO .. ET.riE.O.U I GO TO 661i6 
lF I [ OP.GT .. D.Q . ANO.ET.LT.(1.01 GO TO ~555 

f;Ff, 1i (TPL:(T-FOR 
JFI E T.GE.fi.OI GO TO 3q 
IF" I ( fPL-0.01 J6S o3q,3q 

51j'i5(TPL:t: f 
c •••• •• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Sf APCHING FOR THE PROPER HROf'IT VAL UE 
3~ '1 HHOLO:HROOT 

HROOT: HLOW 
SINK:o . o "" 

A 1 7fl 
II 1 71 

• J 7f. 
"1 n 
A I 7R 

' I 7" 
• 1 111 

A I ' 1 
A I '\7 

A 1311 

ll l \~ 

A 1 11 1 
A Ill 
A 1 )'7 

A I ~ 7 

l 1 ~' 
A 1 ~~~ 
A lll'i 
A I ~f, 

A 1117 

A 1 "1 
ft l 'ill 

8 7 



00 ?C:.Q t=2•K 
~ ~~ fiTI =r;tJI-0.'17JS•SFfTJ-iJOfll•PRE S 

DO 4 7n t=2·K 
IffHP.OOT-Eiti .. GT.[J.Ql GO TO 1$20 
SIN K =ll f I J • RO~ f I I •f HJ? nor- (I lJ I +SINK 

";;n CO NTINUE 
JFI<iJNK-f.TPL.GT .. Q.OI GO TO lt02 
HROOT=HHOLO 

IH II HROOT=1.2•HPOOT 
SINK =0 .0 
00 42\ I =2 ·K 
tFfHPOOT-Efti.GT.Q.Ol GO TO 421 
S INK =R t I h ROF I I I •t HROOT- [I I I I •S INK 

IC?I CONTINUE 
IF f <iTNK-fTPLlf.ll hlfO?t 410 

It 11 HIHO=HROOT 
HPOOT=HHOLO 
LCOUNT=O 

4\ 7 HROOT=0.8•HROOT 
LCOUNT=LCOUNT•t 
!FtLCOUNT.fO.SJ GO TO &fq(l 

SINK =O.O 
oo 4 7.7 r =2 ·K 
lffHPOOT-flti.GT .. O.OJ GO TO 422 
S J"'K =B f I I • PDF I I I •f HR OOT- f I 1) I • 'S I NK 

1$ 7' CONT!NUE 
1FIC\TNK -F: TPLJIH7of.l£12·1ll3 

q n HRHI =HROOT 
GO TO lfql 

f.lq n HJHI I =HHJ 
491 LCOUNT=O 

HROOT = HHOLO 
40'i S INK =O.O 

00 400 I =2 •K 
IFfHPOOT-EIJI.GT.O.Ol GO TO 400 
SINK =B f1 I • ROF" I I I •I HR OOT- £I U I • SINK 

1.100 CONTINUE 
LCOUNT=LCOUNT•l 
JFILCOUNT,.[0.201 GO TO 407 
rr 1 A ~c; IS tNK-fTPL 1- o. o021~t 02,4 02,4 m 

1.101 IF I<;JNK-[ TPLI403tf.I02t401t 

40 ~ HRLO =HROOT 
HROOT=o. 5• IHQOOT•HRHTl 
Go fn •os 

4"' HRHI =HRO~T 
HROOT: Q.S• (HROOT+HRLOI 
GO TO 405 

.,.9 DO 2&;1 I =2 •K 
SIN~ =0•0 

?<;I It II =0 ·0 
GO Tn 38 
& T"i THE DEL WATER/DEll CAUSED BY PLANT EXTRACTTON 

(f('\1 00 flOfi I=Z•K 
IFfHRO~T-Eitt.GT.Q.Ot GO TO •o7 
A C I l =R II t • Hi POO T-£ (I t J • 2. O•ROF U II IOOC I+ 1 I -OOf 1-1 I J 
GO TO ~Of. 

B~ 

BR 

RP 
•• 

BR 
&R 

88 



89 

II tT7 A C I I =u .O 
110 '- CONTINUE 
c .............. ... ... . ...................... ... ....................... .. .... . . 
C--- -CO "''PtlfAJJON nr TRIOJi! GON AL HaT Rllt "1ATN ROOY l SB 
38 00 tt7 J: 2 oK 1 r;q 

PO T= WO CI .. II- ON T-lllll 2 aU• 0£LTI I F:O 
0LX 4 :: 100 1ti- 00 (1-JJI I f. ) 
otxR:: roocr• tJ -oo ctll eo J l;7 
RB=Ci fi• POT ITT•RIJJ/OLX B • R i l-11/0I..XA ~ l h7 1 
O t. :: I C"Ili•POTtGIII•CAtT I /OLX~ I•tT M•tGIJ•ti - Gtiii-OLXAJ+fR t l-ll/ntxA R l h72 

I I• I T f'4 • I G I I - 1 I- G I 1 I I• OL X 4 I • 41 J I • t 00 t T .. 1 1- 0 0 I 1- 1 II • 0 a c:; 1/ T T 
IF I l -7 1lciO•lqO.IfO 

""'II JFIHitla G( .HW f TaORaHIJ)alE.H O!HI GO TO 1aQ 
DA=O•- (lqt T-11/0tx •l•&lM•I (d I - ll -G il JI+ OLXA I 1/TT .. f' OR /TT 
BR-:i?FI-BI J-1)/0LXA • 
GO TO 3')3 

,...,q OA :O &•Hil - ll • f! fi-lJ/fll.XA 

'<'~3 FIJI ::O A/RI1 
E tli = IRCTJ/OLXBI/BR P l f>F. l 
GO TO If 7 A I f,7 

14 0 I F I !- K I q I o14 3 , 4 3 I f.A 
14 1 f t TI :: PHI I/OLXB I / I BR- I Btl- 11/0LXAI • F U - 111 l hq 

ff II = t O A•I RI T- 11 /OlXAI•Fil- 1 1 1 / I Fiq- c RC 1 - 11/DU &J • ftJ - 111 I 7lJ 

CONTT~UE 

QJ RR::BA-T A••qiTIIDLXB A IT; 
QA::QAtTAA• I H (JJ/CILXB I•II G IJI -G il+llltT !hOLXA I/TT•TP k • RIIJ/PU R• HI ~ I H 

)KK I ~ 1 711 
HIT I :: I 0 A • I fl f T -I 1/0l X A I • F I ( - Ill I I RP - I ~ t l - 1 I I Ol X t.l • F' I I- II I P I 711 1 

'4 4 I = I-1 1 7r; 
HIT I ::f" ([I•HII+ll+flll 1 7h 
I F IT -2 1 4 5 .14So44 • 1 .,., 

lie; lfiUA - ). I) )U7o4f.oU I; 
au; HIKI<I :. HIK I• fH'I IKKI -00 11<1 R 1 1P. 

lt7 DO ~;n I ::z , J<K 
1nn IF IH III -H WE T-OD IIJJ ~0 . 60oe;S 

'iS HITI=HWET•ODIJI 
£.0 CON TtNUf .. 1 ''17 
c ....... .... ...................................... + ••••••••••••••••••••••• 

C- ---C0 "1PUTJfiON OF WATfR CONTENTc; AS l fiiNCTJON OF PRfSSUQ[<. JU 'S l r OhP A I Cfl 

JF I HIII. G[. HWET . OR.H fiJ.L F.HORYI fiO TO ln US 
WfOO::fOR 
H I 1 l :. 1 rnR • 00 ( 7118 1 I I •HI 21 + TT -G I II • TH • G I 2 1 • T H- 001? I I ITT 
GO TO l l ll 

I rYI') IJF OO::q (lltf1Hfll -HI21J•TT• I G I11 -G I 2 1 I•TM•00 17 1 1100 1 ;? I 
l lli t = 1 

6 7 IF IHIJI - GCt ll f>S•l 11'•1i5 
(,5 NHI :: 5 .. 

NLO:: 1 
J:::7.5 

66 IF IHIII -P IJJI 67o72o h8 
67 NHt =J 

GO TO £,q 
£.8 NLO=J 
6~ JT ::J 

J:::INHT-NLOI/7 • NLO 
IF I J-JTI 66o70 o&6 

7(£ 
7 U7 . "" A 2 1)<1 

210 
211 
7 12 
2!3 
21' 

• 2 15 



10 
71 
12 

IF 1~111 -P IJll 7lo7;?o77. 
J =J-1 
WA T: IH I J 1- P I J I I • {)( L W /I P I J+ 1 I -P I J I I t T I J I 
WI 1 I =WA T 
GO TO 117 

11 r WIII:YfJI 
11 7 00 ?~A I : Zot<t< 

76R Wllt:riiJtiHIJI- GITll+'t'lll 
GO f(1 7r,q 

7 f. Q c; u•n=o.n 
c;;u"' ?:o . u 
c;;u~on:n .o 

no 1·n r =7 ·t< 
<;U !o\ 1 :WI I I •'::IUM I 
c;; u .. ?: Y I t I + c;;u-. 1 
IF flR~I ~UI'Il-5UM ;?I-A~'I;; C 5UM,I I 1 "ll olll•llO 

13 1' 'iU I't~ :<:.U MJ-<;U~7 

131 CONTINUE 
IFIAP'\f 'i U"'''-AB5CCONilll6'·63• n? 

1 <"' JFIOfLT -OE TT • n.IJf)J,Fdol''l 
I ~ ' OE L T:ll. Ci •O"L T 

GO TC'I 3R 
.:: 'l <; UM 1 :O . 0 

00 ROO t : 2oK 
SUMt:WC t 1•1001 1•11 - 001 J-111/7 . • S UM I 

f1Jl1l SU ,..? : YCTI•IDOCI•ll - 001 J- 11117.+c;;UP'I2 
CWF:'\W~l-PIT 

wFPOD : I SUI"' l-<>U"'?IIO(L T 
IJFIII I:A IN 8 1 +I I HUI BI -HI NR+ II I• J T+ I fi l NP 1- GOJJ\ + l )) •TM +00 1 NR •1 1- (11" I N f'l l I 

I /tOO CNA •11-001 NR 1,1 
CUI'I<;:WFOO•OEL T+C lJ MC: 
CUHf:\:WfUU •OEl T+CIII'I f'; 
sup.~a:o:;upUo<;fNK•O fL T 
CWFLX: CSUMt-<;UI'I71 

c •••••••••••••••••••••••• •••• •••••••••••••••••••••••••••••••••••••••••••• 
t<B :::.K -I 

Of l X:f00fT+21-00II 1112.0 

90 

~ 2 tr 
,., ' 17 
~ 7 l A 

A 3 1J1 

A l2f, 

~ 3 21 

' '"" . '"" A 3Y'I 

• 'll 
• 3 l? 

A 3 41 

WFffU: I 8 C ll •I f HI I 1- HI T • 1 I I• T T + I G I I 1-G II + 11 I • fi'~•Or I T • II- 0 Of II I• DELl I P '"to 
1/IOOCT•IJ - OOfTJI 
WFRQ:IBII+ll•fCHII+li - HCl+'lii • TTtiGil+11-Gfl•?II•TH•F'I n iJ• 2 1-0(l lltl P 3~~1 

111 • 0fLTJ/IOOfT•2J - ['10(f•lll 
WFPU:WFRU/OELX 
WFRO=WFRO/DEL X 

A (l+ti =A ll•JJ•OELT 
!FIARSIWFRU-IJFROI.LT.O.OOOII GO r n 700 
IFII.fQ .II GO TO 201 
lF(WFRU.G E .Q.Q.l NO .WFRO.GE .. O .. OIGO TO lOS 

l F IWFRU.LE.O .. O.A NO .W FRO .. Lf.Q .. OIC. O TO ?OCJ 
IF I Wf"RU.G E .Q. O .. ANO . ~o~F PO . LE .. Q .. OI GO TO 20 8 
IFf IJF'"PU.LE .Q .. O.lNO.WfiW .. G[ .U.QI GO TO ?1 0 

i'l' ~ SE IT+ll = l'i ';; ll•ll•'t'll•li+ SS CII•WF RU - SS tl+li•WFf) (l i/W(l•II 
GO TO 200 

?fll 1Fif0R-U.OI20 .'l • 2014• 2fl'l 
70' !FIWFRO.GT.O .. OIGO TO 106 



201 'i[ 1 7t: I S'5 1 2 1• Yi l l-<;S I ~ I• WFRO I /W I 7J 

GO TO 200 
i'lln SE 1 7 1 : 1 S'5 1 2l • YI 1 1-S<; I 7 1• WFRIJ I /WI 2 1 

GO Tf' 20U 
?1.., 4 I F IWFRO .LT. Q. OIGf) TO ?0 7 

r.o ro 206 
?n7 l F IWF PO . G T. O·ni GO TO '105 
">> I A <,[ I J +\ 1 -:: I S <>I T+lJ•VI T+ l) +'i'i l T I•W F"rU- S'i f J +7 1•1JFPD J / Wil+) I 

GO TO 2 00 
~ : q "\[ f T + 1 I -:: I 5 c:; I T + 1 1 • V I T • t l • c; S I t • II •W F R U -;; S I 1 +2 J • W F" RrJ J I WI I+ II 

GO TO 1 00 
} J 11 Sf I T • 1 J : I SS I I • 1 I • v I I • 1 I • o;;; S I I • II • W F" QU-o;;; S I 1 +I I •W F RO I I WI I • II 
;>nn IF I '\f (f•ll.LT. U. O I "\ f ll • ll -:'5~ 1 1 •11 

qo a CON TI NUE 

00 7 (14 t = t· ~l( 

7 011 C:.O ill =SE I I l•WIJJ 

7 Ur. JF ( f i" R-O . O II J F:, tl 6 o l3'i 

L J C. PUNOF: I[ OQ- WF OO I• O[l T• RUNO F 
1 lf, T P I[-:: TIH f • OE l T 

IF fll - MHI }3Rol37o l3 7 
1'7 CAL l P L OT I KK oWAT H dlo OO o S HA X o ~OI 

WR I Tf 1 6 ol6 6 1 fHIIt.r -:: to l< l<l 
WR JT f ff>ol F;G l f oc:; f( I I• t = lo KK t 
WR IT ( ffi ol Gfi l fA f I I.Y :7 , I( I 
u =o 
WR IT E l h ol 8 41 

1 '41 WP ITf IGol F.h l TIHEoCWFo fOR oW F" nO,H !';!O QT, C U~S . C I J~n . <;UMAoWF"RfJOoW F" U UoSf 

Il l< I 
I F 1"\UM J- !.).01 1 3qo 3 01 ollq 

"li lt DF. LT :?. .. O•r)fLT 
GO TO 14 5 

I Jq Tw : ABII:i iCON O•nflT /S IIM l l 
14 P I F ITW -O .l•DF TTI 14l o l~ 2 olll 2 

111 1 TW:O .l• Df TT 
GO TO I ~q 

14 2 I F I TW- l OO O. n • DE TTI144o11fllo143 
l4 't TW: 100tl .O• OET T 

J l.lll 1FIT". GT . 2 .. 0 • DE LTI Gn TO 'Vl l 
DEl T = rw 

c • ••••••••••••••••••••••••• • •••••••••••••••••••••• •• ••••••••••••••••••••• 

91 

3 45 
"!I~ 

A J 47 

a 3 57 

3 a;7 
l 59 

C- ---- TE<> T TO SEE IF (VAPOR R llk INT EN S ITY ( fOR I HA S CH ANG £ 0 A JF.~ 
1'1 "' IF ITJM f-V IKC•UJl'f8 t)l!.7tllffil 
1 4 7 C Al l P L O T fK K tWATHdh OOt SH A Xo'iO I 

WRI TE ( 6 ol 6fi l IHI I J •l-= 1• 1<1< 1 A J7 1 
WR ITE f f> ol fi 611 S n Jl.t -=t •KK l 
WR IT E I 6 ol 6 6 1 IAfJ),J -:: 7, 1( 1<1 
WR I TE 1 6 ol 8 1tl 
WR T TE I 6 . 1661 l Ht£ , CWF', E OR o Wf OO o HPOO T oC:U Mc;;;, CUH P oS U!Uo WrfWOt WF IJU • S E 

11 1< 1 
DE L T : OF TT 
EOR : VfKC+ 2 1 
SEfti =S FIKC+ ? l 
( T: TE T1K r. • 2 1 
KC:K r •2 
GO TO 1 5 1 

14 fl IFfTIMf+ OELT - VIKC+llll 5 1• 15 ltl'f 9 
llt q DE L T : Yf KC +l 1-TIH£ 

15 I ll =L L+ l 

A l 7'l 

4 l 79 

. '"' 



TF fTTH E-CUJotll 1S lol '\7o 1~7 

1 S 7 I F I .. L-LHH I I f.l •1 62 ol 
1S '~' Ylll !" fl,lfli+Yflii• O, '\ 

J :: fYfli - TIIlliOflW+J, O 
BEI:: C'f l l i - T(JII /OEL W 
IF lfOR-0.01 IS So lS 6 o 1St; 

l S ~ Glti :- CP CJ • li -P I JJ I• RR +P IJI 
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Table 6. Soil properties used for computations ~. Vernal sandy 
clay loam soil 

Hydraulic 
Water content conductivit~l Pressure head 

e K in em/hour h in em 

.00 1.0 X 10- 9 - 2 X 106 

. 01 2. 0 X 10- 9 - 1.3 X 106 

.02 3.4 X 10-9 - 8.5 X 105 

.03 1.0 x 10-8 - 4 . 2 X 105 

. 04 1.7 X 10-8 - 2 . 2 X 105 

. 05 3.0 X 10-8 - 1.15 X 105 

.06 5 . 4 x lo- 8 - 5 . 8 X 104 

. 07 9.2 X 10- 8 - 3. 0 X 104 

.08 1.6 X 10- 7 -1. 5 X 104 

. 09 2.7 x ln- 7 - 1. 1 X 104 

. 10 4.8 X lo- 7 - 8.0 X 103 

. 11 7. 5 X 10-7 - 6. 2 X 103 

.12 1.5 X 10- 7 - 4.9 X 103 

. 13 2.5 x 1o- 6 -4.0 X 103 

.14 4. 5 X 10- 6 - 3.0 X 103 

.15 8.7 X 10- 6 - 2 . 35 X 103 

.16 1.4 x 1o- 5 -1. 85 X 103 

.17 2 . 5 X 10- 5 - 1.45 X 103 

.18 4.5 X 10-5 - 1.12 X 103 

. 19 7. 5 X 10- 5 -8 . 7 X 103 

.20 1.1 x lo-4 - 6.7 X 102 

.21 1.7 X 10-4 - 5 . 3 X 102 

. 22 2.7 X 10- 4 - 4.1 X 102 
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Table 6 . Continued 

Hydraulic 
Water content cond uctivi t y Pressure head 

e K in cm/hour- 1 h i n e m 

.23 4.0 x 10- 4 - 3 . 2 X 102 

. 24 6 .1 x ro- 4 - 2.5 x 102 

.25 9 . 5 X 10- 4 - 2.0 X 102 

.26 1.5 x 10- 3 - 1.65 X 102 

.27 2 .4 x 1o- 3 - 1.35 X 102 

. 28 3 . 5 X 10- 3 - 1.15 X 102 

.29 5 . 5 x 10- 3 - .99 X 102 

. 30 9 . 0 X 10- 3 - .85 X 102 

. 31 1. 4 x 10-2 - . 74 X 102 

.32 2. 1 x ro-2 - .55 X 102 

.33 2. 8 X 10- 2 - .56 X 10
2 

.34 3.5 X 10- 2 - .48 X 102 

. 35 4 . 6 x 10- 2 - . 45 X 102 

. 36 6.0 X 10- 2 - .41 X 102 

. 37 7.9 x 10- 2 - . 38 X 102 

. 38 1.0 X 10- 1 - . 34 X 102 

. 39 1.3 X 10- 1 - . 3112 X 102 

.40 1.7 X 10- 1 - .2731 X 102 

.41 2 . 3 X 10- 1 - .2413 X 102 

.42 3.1 x 10- 1 - , 2096 X 102 

. 43 4 .1 X 10- 1 - . 1715 X 102 

.44 5.4 X lQ- l - .1335 x ro2 

. 1>5 6 . 9 X 10- 1 - .1016 X 102 
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Table 6. Continued 

Hydraulic 
Water content conductivity Pressure head 

e K in em/hour- ! h in em 

. 46 8 . 8 X lQ-1 - .6985 X 10 

.47 1. 03 - . 3175 X 10 

.48 1. 30 - .0000 

• 
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Table 7. Root distribution (RDF) , salt content (SE) for alfalfa ln 
1971 and initial water content for alfalfa crop 1 (91) , crop 
2 (92) , crop 3 (9 3) versus depth used for the computations 
!liMe 

Depth RDF SE el e2 e3 
ern rnrnhos 

0 . 0000 . 000 .080 .180 . 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 .1 20 .1915 . 24 75 

20 .07 66 l. 3500 . 130 . 195 . 2485 

25 . 0967 1. 7750 .144 .198 . 25 00 

30 .0967 2. 2000 .155 . 202 . 2520 

35 . 0637 2. 6250 .195 .215 .2600 

40 . 0633 3.0250 .225 .230 .2680 

45 .0633 3.4620 . 265 . 245 . 2760 

55 . 0666 3.1750 . 267 . 244 .2740 

70 . 0344 2.7250 . 268 .240 .2675 

85 .0000 2. 4000 .2 73 . 265 . 2740 

100 .0000 2 .1 000 .275 .285 .2870 

115 . 000 1.8000 .285 . 301 .3175 

135 . 0000 1. 4120 . 305 . 326 . 3780 

155 . 0000 1. 0500 .365 .370 .4035 

165 .0000 . 6250 . 400 .400 .4140 
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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 

Tlme ET WF SF 
hours cm/hr cm/hr mmhos 

Crop l 

25 -. 336 X 10-1 -. 336 X 10- 2 . 000 

52 - .25 X 10-Z -. 25 X 10- 3 .000 

55 -.000 .5433 . 635 

74 -.4 1 x lo- 2 -. 41 X 10-3 . 000 

75 -. 000 . 20 . 000 

98 -.43 X 10- 2 -. 43 X 10-3 . 000 

122 -. 20 X 10-l -. 20 X 10- 2 .000 

169 - . 175 X 10-l -.175 X 10- 2 . 000 

193 -. 30 X 10-l -.30 X 10- 2 .000 

196 -.000 . 59 . 635 

220 - .40 X 10-4 - .40 X 10- 4 . 000 

223 . 000 .5233 .635 

242 -.50 X 10-3 - .50 X 10-4 . 000 

290 -. 254 X 10-1 - . 254 X 10-2 . 000 

313 -. 139 X 10-1 -.139 x lo-2 .ooo 

337 .000 . 1162 . 000 

414 - .2766 X 10-1 -.2766 X 10- 2 . 000 

457 -.145 X 10-l - . 145 X 10- 2 .000 

482 - .96 X 10-2 -.96 X 10- 3 .000 

487 . 000 . 598 . 635 

530 -. 375 X 10-2 -.375 X 10- 3 .000 

626 -. 192 X 10-1 -.192 X 10- 2 .000 
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Table 8. Continued 

Time ET WF SF 
hours cm/hr cm/hr mmhos 

648 -. 72 X 10-2 - . 72 X 10- 3 
. 000 

657 . 000 . 5366 . 635 

672 -.193 X 10-l -.193 X 10-2 .000 

698 -.326 X 10-l -.326 X 10- 2 . 000 

722 -.154 x w - 1 -.154 X 10-2 . 000 

793 -.241 x 1o-2 -.241 x 1o-2 .000 

868 -.2 24 X 10-1 -. 224 X 10-2 .000 

919 -. 320 X 10-2 -.320 x w- 2 . 000 

920 .000 .030 . 000 

938 -.30 X 10- 1 - . 30 X 10-2 .000 

Crop 2 

22 -. 246 X 10-1 -. 246 X 10- 2 .000 

48 - .181 X 10-1 - .181 X 10-2 . 000 

73 -.146 X 10-1 -.146 X 10-2 .000 

96 .000 .565 x 10- 2 . 000 

120 -. 134 x w-1 -.134 x 10- 2 .000 

157 -. 141 X 10- 1 -. 141 X 10-2 .000 

169 .000 . 5041 . 635 

187 . 000 .015 .000 

216 - .177 x w - 1 -.177 X 10- 2 .000 

241 -. 249 X 10-1 -.249 X 10-2 . 000 

288 - . 30 X 10-l -.30 x 1o-2 . 000 

408 -. 275 X 10-1 -. 275 x 1o-2 . 000 

417 -. 749 X 10-1 
-. 749 X 10-2 .000 
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Table 8 . Continued 

Time ET WF SF 
hours cm/hr cm/hr mmhos 

429 . 000 .5608 . 635 

456 - . 281 X 10-l -. 281 X 10- 2 . 000 

504 - .383 x w-1 - . 383 X 10- 2 .000 

528 -.289 X 10-1 -.289 X 10-2 .000 

576 - .241 X 10- 1 -. 241 X 10- 2 .000 

626 -. 251 X 10-1 - . 251 x 10- 2 .000 

648 . 000 .363 x 1o-2 . 000 

671 . 000 .435 x w-2 .000 

683 .000 .6033 1. 775 

719 .000 .000 . 000 

769 - .234 X 10- 1 - . 234 x 10-2 .000 

816 -. 259 x 1o-1 - . 259 x 10-2 .000 

817 . 000 .03 . 000 

865 - .264 X 10-1 -.264 X 10-2 . 000 

889 - . 323 X 10-1 - .323 x 1o- 2 .000 

893 .000 .6425 .635 

912 -.456 X 10-1 - . 456 X 10-2 . 000 

963 - .277 X 10-1 -. 277 X 10-2 . ooo 

1005 - . 226 X 10-1 - . 226 x 10-2 . 000 

Crop 3 

24 - . 625 X 10-2 - . 625 x 1o-3 .000 

48 - . 127 x 10-1 - .127 x Io- 2 .000 

144 -. 142 x 10-1 - .142 X 10-2 . 000 

240 -. 243 X 10-1 -.243 X 10-2 .000 
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Table 8. Continued 

Time ET WF SF 
hours cm/hr cm/hr mmhos 

312 -. 30 X 10-l -.30 X 10- 2 .000 

328 . 000 .6362 1.0920 

336 . 000 . 000 .000 

360 -. 211 X 10-l -.211 X 10- 2 .000 

480 -. 187 x 10-1 - .187 X 10-2 .000 

552 -. 135 X 10-l -.135 X 10- 2 .000 

612 - .219 X 10-l -.219 X 10- 2 . 000 

627 . 000 .6166 .839 

696 -.224 X 10-l -.224 X 10- 2 .000 

698 .000 . 37 .000 

768 -. 190 X 10 -1 - . 190 X 10- 2 . 000 

792 .000 .0021 .000 

816 -. 226 X 10-1 - . 226 X 10- 2 . 000 

840 .000 .0504 .000 

864 -. 227 X 10-1 - . 227 x 1o-2 . 000 

888 -.1 98 X 10 
- 1 

- .198 X 10- 2 . 000 

915 -.191 X 10-l -. 191 X 10- l .000 
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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 EJist West Average tive 

em em lysimeter lysimeter ET-cm em 

May 15, 1q71 .84 . 84 .84 . 84 
May 16, 1971 1.63 . 38 - .25 . 07 .91 
May 17. 1971 .20 .05 . 09 .07 .98 
llay 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 1.77 1.01 .42 . 72 3. 10 
May 23 , 1971 1.57 . 37 -.35 .01 3.11 
May 24 . 1971 .09 -.07 .01 3. 12 
May 25. 1971 .53 .64 .58 3 . 70 
1-f.ay 26 , 1971 .85 .42 . 64 4 . 34 
May 27 , 1971 . 16 .48 .32 4.66 
May 28, 1971 2.79 .00 .00 .on 4 . 66 
May 29, 1971 .65 . 65 . 65 5 . 31 
May 30 , lq71 . 71 .71 . 71 6.02 
May 31 , 1971 . 77 . 77 .77 6 . 75 

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 .53 . 37 . 45 8 . 27 
June 7. 1971 .53 . 37 . 45 8 . 72 
June 8, 1971 .48 . 37 .42 9.14 
June 9, 1971 . 53 .37 .45 9.59 
June 10, H71 4.83 . 27 . 05 .16 9. 75 
June 11, 1971 .5q .on .29 10 . 04 
June 12 , 1971 1. 27 .42 .85 10.89 
June 13, 1971 . 24 . 50 . 37 11.26 
June 14. 1971 . 71 . 45 . 58 11 . 84 
J une 15, 1971 . 58 . 48 . 53 12 . 37 
June 16, 1971 .58 .64 . 61 12.98 
June 17, 1971 . 53 . 42 . 48 13 . 46 
June 18, 1971 .64 .58 .61 14.07 
June 1q, 1971 .90 . 85 . 87 14 . 94 
June 2n, 1971 .9n . 6'l . 75 15.69 
June 21 , 1971 .03 .90 .73 . 81 16 . 50 
June 22, lq71 . 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 
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Table 9. Continued 

ET-cm ET-cm Cumula-
Date Rain Irrigation East l~est Average tive 

em em lysimeter lysimeter ET- em em 

June 27 , 1971 .26 . 37 .32 18.74 
June 28, 1971 .42 . 62 .52 19 . 06 
June 29 , 1971 6 . 05 .on . 00 . 0() 19.06 
June 30, 1971 .27 .no .00 . 00 19 . 06 

July 1, 1971 .51 .51 . 51 19.57 
July 2 , 1971 .62 .62 .62 20 . 19 
July 3 , 1971 .70 .70 . 70 20 . 89 
July 4, 1971 .72 . 72 . 72 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 .Jb . 76 26 . 34 
July 12, 1971 . 90 .98 . 94 27.28 
July 13 , 1971 .87 .93 .90 28.18 
J uly 14, 1971 .64 . 74 .69 28.87 
July 15 , 1971 . 55 .55 . 55 29 . 42 
July 16' 1971 . 36 . 84 .60 30 .0 2 
July 17, 1971 . 48 . 68 .58 30 . 60 
July 18 , 1971 .15 1.17 .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 .10 .00 . 00 .oo 31 . 26 
July 22' 1971 . 00 .00 . 00 31.26 
July 23, 1971 .53 . 80 . 62 31 . 88 
July 24, 1971 . 47 .64 . 55 32 . 43 
July 25, 1971 . 46 . 80 .63 33.06 
July 26, 1971 .03 .45 .73 . 59 33 . 65 
July 27' 1971 . 45 .73 .59 34.24 
July 28, 1971 .52 .85 . 68 34 . 92 
July 29 , 1971 2.57 . 86 . 70 . 78 35.70 
July 30, 1971 .72 1. 02 .87 36.57 
July 31, 1971 . 64 . 95 .79 37 . 86 

Aug. 1, 1971 . 63 37.99 
Aug. 2, 1971 .56 38.55 
Aug. 3, 1971 .36 . 50 . 43 38.98 
Aug. 4, 1971 -.21 . 53 .16 39 .14 
Aug . 5, 1971 .15 39 . 29 
Aug. 6, 1971 .26 . 35 . 31 39.60 
Aug. 7, 1971 . 05 .66 .36 39.96 
Aug. 8, 1971 .26 . 37 .32 40 . 28 
Aug. 9, 1971 . 22 .38 . 30 40.58 
Aug. 10 , 1971 .32 .46 . 39 40.97 
Aug . 11, 1971 . 32 . 66 .49 41.46 



105 

Table 9, Continued 

ET- cm ET- cm Cumula-
Date Rain Irrigation Eas t !<est Average tive 

em em 1ysimeter lysimeter ET- cm em 

Aug . 12, 1971 .48 .69 . 58 42. 04 
Aug . 13, 1971 . 53 . 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 . 73 44 . 77 
Aug . 17 . 1971 .69 45.46 
Aug. 18, 1971 10 . 18 .00 45.46 
Aug. 19 , 1971 . 51 45.97 
Aug. 20, 1971 .16 . 74 .45 46.42 
Aug. 21 , 1971 .18 , 6q . 43 46 . 85 
Aug. 22, 1971 . 27 . 65 .46 47 . 31 
Aug. 23 , 1971 . 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 .46 . 46 . 46 49.65 
Aug . 29 , 1971 .55 . 55 . 55 50.20 
Aug . 30 , 1971 9 . 25 .28 . 28 .28 50.48 
Aug. 31 , 1971 . 50 . 50 . 50 50 . 98 

Sept . 1, 1971 .49 . 49 .49 51.47 
Sept . 2, 1971 .74 .56 .53 . 55 52.02 
Sept . 3, 1971 . 42 . 42 .42 52.44 
Sept. 4 , 1971 . 43 .43 .43 52.87 
Sept . 5 , 1971 .48 .48 .48 53 . 35 
Sept. 6, 1971 .05 .00 . 00 . 00 53.35 
Sept. 7, 1971 .54 . 54 .54 53.89 
Sept. 8, 1971 1. 21 .00 .00 . 00 53 . 89 
Sept . 9, 1971 . 18 .92 .55 54 . 44 
Sept . 10 , 1971 .48 . 48 .48 54 . 92 
Sept. 11 , 1971 . 52 . 52 . 52 55 . 44 
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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 i n 1970 

ne t h - em Equiv. 
Date 30 45 75 105 135 165 water 

dep th 
em 

May 13, 1971 .153 . 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 
J une 11, 1971 . 31 2 .314 . 294 .289 .375 . 403 57 . 456 
June 22 , 1971 . 202 . 248 . 238 . 273 .327 . 396 4 7. 94 7 

June 29, 1971 . 315 .303 .260 .283 . 382 .413 56 . 600 
July 8 , 1971 . 223 . 259 . 246 . 277 . 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 . 311 .386 .412 58.286 
Aug . 3, 1971 .252 . 276 . 264 .294 .385 . 414 54 .116 
Aug . 16, 1971 .197 . 244 . 246 .285 . 381 . 413 50 . 304 
Aug. 18 , 1971 . 316 . 322 . 320 . 334 . 402 .419 61.151 
Aug. 19 , 1971 . 302 . 310 .311 . 343 .404 . 421 60.386 

Aug. 29 , 1971 . 244 .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 .295 .380 .463 
Aug . 4, 1970 .1 27 . 250 . 257 . 290 . 377 .455 
Aug. 8 , 1970 .11 2 .233 . 24 7 . 288 . 378 . 462 
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Table 11. Average soil water content (8 ) of two sites in two lysimeter s 
as measured by the neutron probe , and equivalent depth of 
wate r in the soil profile for alfalfa in 1971 

Depth - em Eg uivalent 
Date 30 45 60 75 82 . 5 water dep th 

em 

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 .332 . 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 
J uly 21 , 1971 . 309 . 316 .327 . 332 . 328 28 . 283 

July 22 ' 1971 . 299 . 295 .308 .3 23 .325 27.155 
Aug. 3 , 1971 . 221 .226 .239 .257 . 257 20.704 
Aug. 16 , 1971 .154 . 162 . 177 .189 .185 14 . 826 
Aug . 18 , 1971 .311 .311 . 318 . 272 . 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 .9 72 
Sept. 8, 1971 .255 .250 . 258 . 277 . 273 23 . 041 



Table 12 . Average soil water con t ent (8) of four sites in the field, as measured by the gamma pr obe , 
for alfalfa, 1971 

De th - em 
Dat e 7.5 15 22.5 30 37 . 5 45 52 . 5 60 67 . 5 75 90 105 120 

May 14 , 1971 . 260 .264 . 236 . 240 . 264 . 271 . 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 .24 6 . 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 . 301 .342 . 302 . 291 . 28 7 . 316 .278 .380 .229 . 235 . 258 . 296 . 336 
July 19, 1971 .192 . 231 . 191 . 209 . 234 .257 . 258 . 248 . 234 . 241 . 273 . 305 . 339 
July 21 ' 1971 .325 . 313 . 26 7 . 277 .289 . 314 .309 . 312 . 280 . 301 . 304 .333 .364 

July 21, 1971 . 327 .326 .289 .292 . 293 . 339 . 328 . 329 . 294 . 304 .3 24 . 351 . 378 
July 22 , 1971 . 309 . 302 . 265 .271 . 276 . 3 . 8 . 300 . 318 . 285 . 288 . 311 .356 . 379 
Aug. 3 , 1971 . 241 .251 .220 .233 .250 . 269 . 268 . 277 .265 . 265 . 293 .344 . 364 
Aug. lii ' 1971 .159 .186 .171 .192 .226 . 244 . 237 .253 .228 . 247 . 289 . 334 . 361 
Aug . 18 , 1971 . 298 . 271 . 260 . 233 . 236 . 289 . 279 . 295 .264 . 276 . 274 .3 20 .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 . ~93 . 291 . 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 . 277 . 312 1316 . 354 . 310 . 319 . 322 .400 . 421 
Sep t. 8, 1971 . 28 7 . 285 .240 . 244 . 264 .276 . 277 .292 . 291 .283 .290 . 368 .366 

..... 
0 
00 



Table 13. Average soil water content (6) of two sites in two lysimeters as measured by the gamma probe, 
for alfalfa in 1971 

De th - em 
Date 7.5 15 22 . 5 30 37.5 45 52 . 5 60 67 . 5 75 82.5 

May 14, 1971 .270 . 265 .262 .280 . 286 .300 .324 . 326 .33 2 .346 .346 
May 31 , 1971 .312 .311 .283 . 294 .284 .287 . 311 .307 . 306 .333 . 330 
June 9, 1971 . 226 .248 .238 . 256 .273 . 281 . 316 .311 . 317 . 352 .350 
June 11, 1971 .3 26 . 319 .315 .336 . 305 . 330 . 348 .356 .347 . 363 . 370 
June 22 , 1971 .161 .181 .184 .218 . 238 .242 .262 . 275 . 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 . 327 .325 
July 10 , 1971 . 351 .340 . 351 .339 . 371 . 334 .293 . 280 .287 . 225 .296 
July 19, 1971 .180 .186 .183 .206 .240 .232 . 255 .270 .243 .285 . 274 
J uly 21, 1971 . 297 . 307 . 315 . 324 .325 . 315 . 338 .33 2 . 317 . 327 . 355 

July 21, 1971 . 290 .304 . 285 . 311 . 323 .311 .335 .325 . 331 . 342 .372 
July 22 , 1971 .281 . 304 .2 72 .300 .296 .296 .312 . 311 .319 . 352 . 372 
Aug . 3 ' 1971 . 220 .223 . 209 .272 .233 .240 .244 . 263 .258 . 285 .269 
Aug . 16, 1971 .141 .158 .156 .180 .174 . 175 . 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 .235 . 242 . 223 
Aug . 30, 1971 . 327 . 311 . 324 .361 .339 .343 . 360 .356 .341 .361 .325 
Aug . 31. 1971 . 310 .312 . 308 . 311 . 318 . 315 .342 .347 . 334 . 354 .341 
Sept. 8, 1971 

'""' 0 

"' 



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

Radiation TemE:erature VaEour Pressure ET- Pen ET-cum. 
Date Total Net Long Wind Dry Bulb Wet Bulb Soil Saturated Actual em/day em 

ly/min ly/min ly/min miles/day oc oc oc MB MB 

May 15, 1971 .27 .14 .07 71.9 18.61 11.67 9.50 21.44 17 . 41 .30 . 30 
May 16, 1971 .so .33 .08 84 .1 16.11 10.83 9.50 18 . 31 15.25 .59 . 89 
May 17, 1971 . 22 .08 . 09 160.6 11.11 6 .67 10.00 13.21 10.65 .19 1.08 
M.ay 18, 1971 .43 .25 . 10 62 . 8 6.11 2. 50 10.75 9 . 42 7.35 .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 .43 .08 90 .0 12 . 30 6.39 9.25 14.40 10.90 .51 2 .43 
May 21, 1971 .39 .22 .09 77 . 7 10.00 5.56 8.50 12 . 27 9. 71 .36 2.79 
May 22, 1971 .57 . 38 . 08 173 . 0 15 . 40 7.08 8.00 17.50 12.70 .74 3 .53 
May 23, 1971 .43 .25 .10 76.4 9 .44 5 . 83 7.75 ll. 82 9.74 .40 3.93 
May 24' 1971 .51 .33 .09 67.6 9.44 6.94 8.25 11.82 10 . 38 .49 4 . 42 
May 25, 1971 .45 .27 . 09 64.4 11 . 70 7.78 8 . 00 13.71 11.46 .45 4.87 
May 26, 1971 .so . 31 .09 5 . 7 14.40 9.17 9 . 50 16 . 45 13 . 39 .53 5.40 
May 27, 1971 .42 .29 .07 . 3 18.75 10.55 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 .43 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 .43 7.18 
May 31 ' 1971 .40 . 23 .08 84.8 14.86 9 . 44 10.00 16.89 13.76 .43 7.61 

June l, 1971 .31 .17 .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 13.51 .41 8 .37 
June 3, 1971 . 35 . 24 . 08 59.5 17.64 10.95 10.87 20 .10 16.30 .so 8.87 
June 4' 1971 .42 .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 . 53 10.45 
June 7' 1971 .48 .30 .08 7~ . 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 17.73 .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 .15 .07 60 .0 19.00 13 . 20 11 . 50 21.20 18.20 .31 12.38 0 



Table 14. Continued 

Radiation Tem2erature Va2our Pressure 
Date Total Net Long l;ind Dry Bulb Wet Bulb Soil Sa turated Actual ET-Pen ET-cum . 

ly/min ly/min ly/min miles/day •c •c •c MB MB em/day em 

June 11, 1971 . 28 .15 . 07 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 . so .3 2 .08 47 .1 17 .17 11.30 11.80 19 . 50 16.10 .56 13 . 82 
June 14, 1971 .43 . 27 .07 60 . 0 20 . 00 13.82 10.12 23 . 82 19.88 . 53 14.35 
June 15, 1971 .43 . 2 7 . 06 54.5 21.88 14 . 28 9.67 26.21 21.78 .56 14.91 
June 16, 1971 .41 . 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 . so 15 . 93 
June 18, 1971 .38 .24 . 06 72.4 24 .52 15.56 12 . 30 30 . 60 25 .45 .5 2 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, 19 71 . 43 .29 . OS 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 .41 .28 . 05 82 . 9 26 . 70 14.75 13 . 00 34 . 85 27 . 87 . 66 20 . 04 
June 25 , 1971 . 46 .32 . 05 83 .1 26 .05 14.50 13 . 70 33.55 26.84 . 70 20.74 
June 26 , 1971 .51 .36 .OS 83.3 25.40 14.25 14.75 32.25 25.81 . 73 21.47 
June 27 , 1971 .32 .20 .OS 100 . 6 25.56 14.17 13.50 32.58 25.95 .47 21.94 
June 28 , 1971 . 53 .34 .08 128.8 18.89 11.67 14.25 21.82 17 . 62 .67 22.61 
June 29, 1971 .42 . 28 . 06 126.4 23 . 72 14.44 15.60 29 . 26 23 . 86 .62 23.23 
June 30 , 1971 . 38 . 23 . 07 65.7 19.44 12 . 50 16.00 22.58 18 . 54 .45 23 .68 

July 1, 1971 .43 . 29 . 06 65.0 22 . 43 12.12 15.75 27 . 18 21.19 .64 24 .32 
July 2, 1971 . 45 . 29 . 07 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 15.75 22 . 20 18.64 . 56 25.98 
July 5 ' 1971 .45 . 29 .07 93 . 0 19.44 13 . 33 16.00 22.58 19.03 .55 26 . 53 
July 6, 1971 . 43 . 27 . 07 63 . 3 20 . 00 13.39 16 . 25 23.37 19 . 81 .53 27 .06 
July 7, 1971 .42 .27 .07 94.6 20.28 14.72 16.00 23 .77 20.54 .53 27 .59 1-' 

1-' 

July 8, 1971 .47 . 30 . 07 93.0 20.28 15.28 16.75 23.77 20.86 .58 28 .17 1-' 



Table 14. Continued 

Radiation TemEerature VaEour Pressure 
Date Total Net Long Wind Dry Bulb lo/e t Bulb Soil Saturat ed Ac t ual ET-Pen ET-cum. 

ly/min ly/min ly/min miles/day oc oc oc MB MB em/day em 

July 9, 1971 . 43 . 27 . 07 62 . 1 19 . 17 13.89 16.50 22.20 19 .12 .51 28.68 
July 10, 1971 .so . 32 . 08 52.2 18 . 06 12 . 50 16.50 20.71 17 . 48 .59 29.27 
J uly 11, 1971 . 51 .33 .08 52.2 18.89 13.06 16 . 50 21.81 18 . 42 . 61 29 . 88 
July 12, 1971 . 54 .36 . 07 52 . 2 20.00 13 . 61 16.50 23 . 37 19 . 65 . 68 30.56 
July 13, 1971 .53 . 36 .07 71.4 20 . 58 15.00 16.50 24 . 18 20.94 . 67 31.23 
July 14, 1971 .42 . 28 . 06 72.2 21 . 11 18.33 16.25 25.02 23 . 39 . 52 31.75 
July 15, 1971 .44 . 30 .06 68 . 4 21 . 39 18.89 16 . 25 25 . 44 23 . 98 .55 32 . 30 
July 16, 1971 .so .33 . 07 36.3 20.83 16.39 16.50 24 . 60 22.00 .62 32 . 92 
July 17, 1971 .49 . 34 • OS 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 . 17 .06 52.4 22.78 18/06 16.50 27.66 24 . 90 .34 34 . 47 
July 20, 197] . 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 . 27 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 .17 .07 67 . 2 17.78 15 . 00 16 . 50 20 . 35 18.73 . 32 35.59 
July 24, 1971 . 48 . 31 .07 42 . 9 18.60 15 . 00 16.50 21.44 19.33 . 56 36.15 
July 25 ' 1971 .48 .32 . 07 42 . 9 19.17 15.00 16.25 22 . 20 19.77 .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 
J uly 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 .07 34 . 4 18.08 17.34 15.75 21 . 01 20 . 46 . 53 39.40 
July 31 , 1971 . 44 . 28 .07 33.2 18 . 10 16 . 90 15 . 75 21.31 20.37 . 51 39.91 

Aug . 1, 1971 .42 . 26 . 07 32 . 0 18 . 12 16 . 46 15.75 21.61 20 . 28 . 49 40.40 
Aug . 2' 1971 . 40 . 25 . 07 30 . 8 18.14 16 . 02 15 . 75 21.91 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 so. 7 17 . 22 13.61 15.50 19 . 65 17.55 .28 42 .01 N 

Aug . 6, 1971 .37 . 24 . 06 43 . 9 23 . 89 16 . 67 15 . 50 29 . 55 25.34 .48 42.49 



Table 14. Continued 

Radiation TemEerature VaEour Pressure 
Date To t al Ne t Long Wind Dry Bulb We t Bulb Soil Saturated Actual ET- Pen ET-cum. 

ly/min ly/min ly/min miles/day •c •c •c MB MB em/day em 

Aug. 7, 1971 .36 . 25 . 04 60 . 9 28 . 89 18 . 33 15 . 75 39 . 39 33.21 .55 43 . 04 
Aug. 8, 1971 . 24 .15 . ()4 63 . 6 27.78 17 0 78 16 . 00 37.00 31.16 0 35 43 . 39 
Aug. 9, 1971 .24 .15 . 04 63.6 27.78 17.78 16 .00 37.00 31.16 .35 43.74 
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 . 31 .07 47.6 21.67 13 . 61 16.50 25.87 21.19 . 60 44.80 
Aug . 12 , 1971 . 39 . 24 .07 69.7 22 . 22 13 . 89 17 . 25 26 . 76 21.91 .so 45.30 
Aug. 13, 1971 . 43 . 27 . 07 57.9 20.83 14.17 17 . 75 24 . 59 20.71 . 54 45.84 
Aug. 14, 1971 .43 .27 .07 60.7 20.28 13 . 89 17.75 23.77 20.05 . 52 46.36 
Aug. 15 , 1971 . 41 . 27 .06 46.9 23.06 14.72 17.75 28 . 13 23.27 .54 46 . 90 
Aug . 16 , 1971 . 43 . 29 . 05 41. 0 26.11 16.39 18.00 33 . 65 27 . 97 . 60 47 .so 
Aug . 17, 1971 .48 0 34 . 05 26.9 26 . 11 16.39 18.25 33.65 2 7 0 97 . 69 48 . 19 
Aug. 18 , 1971 . 34 .20 .07 8 .7 20 . 56 14.31 17.75 24.18 20 . 54 .39 48.58 
Aug . 19, 1971 . 35 .19 .09 82 .7 15 .00 12.08 18 . 50 17/05 15.35 . 34 48 . 92 
Aug . 20, 1971 . 29 . 15 . 08 41.8 15 . 83 12 . 78 18.75 17 0 99 16.21 .27 49 .19 
Aug. 21, 1971 0 37 . 22 .07 49 . 6 18 . 06 14.72 18 . 50 20 . 7l 18.67 . 40 49 . 59 
Aug. 22, 1971 . 42 . 27 .06 37.3 21.11 15.83 18 . 25 25 . 02 21.94 .51 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 0 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 17 . 75 22.20 19 . 45 .53 51.58 
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 .17 0 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 17 .so 18 . 00 25 . 44 23.17 .34 52 . 37 
Aug. 29, 1971 . 38 . 24 .06 40 . 8 22.22 18 . 33 17 .so 26 . 76 24 . 48 . 47 52.84 
Aug. 30, 1971 . 40 . 25 . ()6 75 . 0 20 . 28 16 . 67 17 .so 23 . 77 21 . 66 . 48 53 .32 

Sept. 1, 1971 . 45 . 30 . 06 62.5 22 . 50 17 0 22 17.50 27.20 24 . 12 .59 54 . 18 
Sept . 2 , 1971 .4 3 . 27 .07 60.0 19.44 15.00 17 . 00 22 . 58 19 . 99 .51 54 . 69 
Sep t. 3 , 1971 . 41 .24 . 09 100 . 8 12.50 9 . 72 17 . 00 14 . 49 12.88 . 40 55 . 09 
Sept. 4 , 1971 . 28 .13 . 09 53 . 3 10 . 83 8 . 06 16 . 50 12 . 97 11.37 .23 55 . 32 >-' 

>-' 

Sept. 5, 1971 . 45 .30 .07 50 . 3 18.06 11.11 16 . 50 20 . 70 16.68 . 55 55 .87 Lo.> 



Table 14 . Continued 

Radiation TemEerature VaEour Pressure 
Date Total Net Long l<ind Dry Bulb Wet Bulb Soil Saturated Actual ET- Pen ET- c urn. 

ly/min ly/min ly/min miles/day oc oc oc MB MB em/day em 

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 15.75 18.64 16.38 .44 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 57 .59 
Sept . 10, 1971 . 38 . 23 .08 42 . 3 13 . 89 11.39 15 . 25 15 . 86 14.41 . 38 57.97 
Sept. 11, 1971 .36 . 21 . 07 35.4 17.22 13.06 15.25 19 . 65 17.23 . 38 58.35 
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