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INTRODUCTION

This series of three papers deals with the successive stages necessary
in my analysis for determining the potential for groundwater recharge from
conservation bench terraces. Due to the small number of recharge events
that were likely to occur over the period of my masters program and thé
difficulty in measuring actual recharge from them, I decided to study the
problem by using a continuous water-budget type computer model. The model
was calibrated and verified using field data obtained from two conservation
bench terraces constructed at the Garden City, Kansas, Branch Agricultural
Experiment Station. A typical cross section of a conservation bench terrace
system is shown in Figure 4, page 17.

Accurate prediction of water movement between adjacent soil layers in the
213 cm profile required the knowledge of soil water potential-soil water content
and unsaturated hydraulic conductivity-soil water content relationships for
the Richfield silt léam soil found on the comservation bench terrace area
at Garden City. None were available in the literature, so laboratory tests
were conducted to determine the relationships. The resulting curves and
the procedures used in obtaining them afe discussed in Chapter 1, and in more
detail in Appendix A.

The water budget model discussed in Chapter 2 utilized these realtionships
to calculate daily soil water movement across the 183 cm depth boundary. The
summation of soil water movement (downward taken as positive) across the 183
cm depth boundary was taken as daily groundwater recharge. Computer runs
using 30 years of histgrical weather records were made to model four combin-
ations of crop rotations ana watershed:bench ratios ultilized on the conser-
vatién bench terraces installed at Garden City. Runs were made using a

wheat-fallow rotation on the watershed areas and either wheat-fallow or con-
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tinuous grain sorghum rotations on the benches. Watershed:bench area ratios
of 2:1 and 4:1 were tested. The results of these runs are discussed in

Chapter 3.



Chapter 1: SOIL MOISTURE RELATIONSHIPS FOR A RICHFIELD SOIL

With more sophisticated computer models becoming widely used in modeling
various aspects of so0ill moisture movement within a soil profile, unsaturated
hydraulic conductivity-soil moisture content and soil water potential-soil
moisture content relationships are required for the soil in question. These
two relationships are necessary functions for the model developed in Chapter 2.
No relationships for a Richfield silt loam were found in the literature so
laboratory tests were performed to determine them,

| The Richfield Series

According to the 1972 USDA, SCS Soil Survey of Lane County, Kansas,
the Richfield series in the Garden City area consists of deep, nearly level
to sloping, well drained soils on the tableland and on knolls and ridges in
the rolling upland. These soils formed in deep loess.

In a representative Richfield profile, the surface layer is grayish-
brown, noncalcareous heavy silt loam about 13 cm thick. The A horizon ranges
from 10 to 25 cm in depth. The subsoil, about 53 cm thick, is a dark grayish-
brown, noncalcareous, f¥iable silty clay loam in the uppermost part. The
middle pertion of the subsoil is a grayish-brown, noncalcareous firm heavy
silty clay loam. The lowermost portion is light brownish-bray, strongly cal-
careous, firm silty clay loam that contains many threads, films and small
soft concretions of lime. The depth to lime ranges from 25 to 46 cm. The
underlying material, to a depth of about 130 cm, is light gray, strongly
calcareous light silty clay loam. Richfield soils have a high available

water capacity and moderately slow permeability.



Soll Water Potential-Soil Moisture Curve Procedure

Most methods for determining soil water potential-soil moisture content
consist essentially of exposing a soil sample to a desired temsion or pressure
for a specific amount of time, and either measuring water outflow from the
sample during the time period or soil moisture content at the end of the period.
The procedure is then repeated for each point used in constructing the soil
water potential-soil moisture content curve. Most procedures vary only in
the type of equipment used at each pressure step and the time allowed at
each step for the sample to come to equilibrium.

The procedure I used is outlined in more detail in Appendix A. Detailed
instructions were found in a laboratory exercise writtem by Dr, W. L. Powers,
Dept. of Agronomy, Kansas State University (personal communication).

The tests 1 ran were conducted at the Kansas State University Evapotrans-
piration Laboratory, using three different sets of equipment. From zero
tension (saturation) to 9.800 kilopascals (kPa) a Buchner funnel apparatus
was used. Each undisturbed 7.62 x 7.62 cm cylindrical sample was placed in_

a funnel and after initial saturation was exposed to the tension created by
5, 10, 25, 50, 75 and 100 cm long columns of water, allowing one day for
each equilibration. Outflow from each tension increment was recorded.

From 9.8 kPa to 1.47 megapascals (MPa) air pressure was used to extract
soll water. One very basic assumption made was that the soil moisture content
would be the same or close to the same under equilibrium tension or pressure
conditions. From 9.8 kPa to 196 kfa a set of pressure cells with 196 kPa
bubbling pressure ceramic membranes were used. The same samples used in the
first set of experiments were again saturated and exposed.to 9.8 kPa for

48 hours to re-establish the equilibrium conditions previously obtained on



the Buchner funnels. The samples were then exposed to pressures of 19.6 kPa,
78.4 kPa, 137 kPa and 196 kPa, allowing one day fqr equilibration at each
pressure setting. The outflow from each pressure step was recorded and sample
moisture contents determined by the gravimetric method after the 196 kPa out-
flow was recorded. Soil moisture contents at the end of each pressure step
were back-calculated from the known moisture content at 196 kPa and outflow
measﬁrements, giving the desired curves over the 0-196 kPa range.

For soil water potentials in the 490 kPa to 1.47 MPa range, a set of
three pressure membrane plates was ﬁsed. The dried, undisturbed samples
from the 196 kPa pressure cells were crushed, poured into 3.8 cm diameter
rubber rings resting on the cellulose membranes and allowed to come to sat-
uration. Pressures of 490 kPa, 980 kPa, and 1.47 MPa were applied to the
three plates for six days. Samples were assumed to be at equilibrium, or
close enough to it for practical purposes, at the end of six days. Measure-
ment of outflow from each .plate confirmed this assumption. The samples
from the three plates were oven-dried and weighed. From these data, the
curve points from 490 kPa to 1.47 MPa for each sample were determined. The
soil water potential-soil moisture content-curves for our Richfield silt
loam are shown in Figure 1.

Unsaturated Hydraulic Conductivity-Soil Moisture Content Curves

Several factors were considered in determining which of the methods avail-
able to determine unsaturated hydraulic‘conductivity should be used. First,
the method had to be compatible with the equipment, or minor modifications in
the equipment available at the Evapotranspiration Laboratory. Second, time
requirements, both from periods of equipment availability and man-hours

necessary to run the tests should be minimized. And finally, realizing
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the great varliability in soill propertles with location in a plot for the
same soil, some accuracy could be sacrificed for the sake of simplicity
and reduced time requirements,

Kirkham and Powers (1972) give an excellent discussion of various methods
of determining unsaturated conductivity (or the related unsaturated diffusivity)
and the general approach taken by each as reported through 1971. Several
additional methods reported since 1971 were also considered (Bouma and Denning,
1972; Gupta et al, 1974; Hillel, et al, 1972; Klute, 1972; Smiles and Harvey,
1973; Stroosnijder and Bolt, 1974).

The One-Step Method as reported by Doering (1965) was selected as a
compromise between simplicity, shortened time requirements, general compat-
ibility with existing equipment and accuracy. The accuracy of this procedure,
especially at soil mositures near saturation has been questioned (Gupta, el
al, 1974), but was deemed sufficiently accurate for use in the model developed
in Chapter 2.

In Doering's method, diffusivity is calculated by Equation 1 developed by
Gardner (1962): 2

4L aw

2

m (W-Wf) dt (1)

soil diffusivity in cmZ/hour

where D
L
dw/dt = change in water content with time (e.g. outflow per time divided

sample length, cm

by sample volume, here 347.5 cm3)
W = sample water content, percent by volume, when the rate dW/dt is
determined

Wf= final equilibrium sample water content, percent by volume
Equation 2 converts calculated diffusivity to unsaturated hydraulic con-

ductivity (Doering, 1965):

K = =D dw/ds (2)



K is unsaturated hydraulic conductivity in cm/hour and dW/ds is the slope
of the soill water potential vs. soil water content curve at the soil water
content represented by D.

Undisturbed samples identical to those for the soil water potential-
soil moisture tests were collected and prepared as described in Appendix A.
Equipment arrangement was identical to that required for the 9.8 - 196 kPa
pressure cell determination of soil water potential-soil moisture content
tests with two exceptions. First, a plastic pipe tee fitting and a 15-cm
long verticél plastic standpipe was attached to the outflow line on each
set of equipment. Second, outflow was collected in 10 ml graduated cylinﬁers
instead of in sealed 150 ml beakers. This allowed rapid observation and
recording of outflow data. A small one-hole rubber stopper was fitted over
each of the outflow pipe tips and into the mouth of a graduated cylinder
to prevent evaporation losses. A small vent notch was cut in each stopper
to prevent pressure increaée in the cylinders. On a preliminary run, air
accumlated in the curved area of the outflow tips and blocked water passage
into the cylinders. This greatly interfered with the outflow vs. time
measurements necessary in this procedure. The standpipes were added to
eliminate the problem and in most cases worked well.

Experimental Procedure

The samples were soaked for 48 hours to achieve saturated conditions.
Alr pressure equal to 196 kPa was applied, with outflow measurements from
each core beginning immediately. The initial outflow rates were quite large
and required the use of 25 ml graduated cylinders for ease of reading and
ability to "keep up" with the equipment. Time increments were selected so
that the outflow for all cores was usually between 0.5 and 1.5 ml for each
period. This gave between 100 and 150 data points, producing good definition

of the accumulated outflow vs. time curve, Figure 2., The pressure was applied
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and outflow recorded for 40 dayse. At that time none of the cores had reached
equilibrium, but all were sufficiently close to justify ending the experiment.

Doering (1965) made plots of accumulated outflow vs. time and graphically
determined the slope (d accumulated outflow/d time) at wvarious times and
divided this instantaneous outflow rate by the sample volume (347.5 cm3 in
this case) to obtain the dW/dt values used in Equationl. Repeating this
procedure for each data point would give the curves shown in Figure 3.

Two methods of calculating unsaturated hydraulic conductivity were used
in obtaining the curves shown in Figure 3. Both were modifications of
Doering's (1965) One-Step Method. In Method 1 the slope of the accumulated
outflow vs. time curve was obtained by taking the first derivative of a con-
tinuous function fitted to the data. Doering determined this slope graphically
from the actual data. All other parts of the Method 1 procedure were the
same as Doering's procedure.

- Method 2 again used continuous functions to describe the accumulated
outflow vs. time curves shown in Figure 2. It also used the curve fitting
equations of soil water potential vs. soil moisture content in determinationm
of unsaturated hydraulic conductivity values. From these developed relation-
shops and Equations 1 and 2, direct relationship between unsaturated
hydraulic conductivity and soil_moisture contént was developed.

Method 1

The model developed in Chapter 2 required a continuous function with un-
saturated hydraulic conductivity as the dependent variable and soil moisture
content as the independent variable. A statistical analysis showed that for
the soil depths considered, accumulated outflow vs, time could be described by

a general equation of the form:
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Y=a+bilnx (R from 0.974 to 0.995) (3)
where Y 1s accumulated outflow in cm, x is time in hours,and a and b
are constants evaluated for each depth. Similarly, soll water potential:
(H) vs. soll moisture (W) in the 980 Pa-1.47 MPa range could be described by

H=c-dlnW (R? from 0.981 to 0.995) (4)

wheee ¢ and d are constants evaluated for each depth.

By differentiating Equation 3 with respect to time, an equation fqr
the instantaneous outflow rate was produced. Using values from this equation
and dividing them by the sample volume of 347.5 cm3, the values of dW/dt
for use in Bquation 1l were calculated. Values for a specific soil moisture
content were then substituted into Equation 1 and the corresponding unsat-
urated diffusivity calculated. Use of Equation 4 provided the unsaturated
conductivity-soll moisture content points necessary to develop the curves

in Figure 3.
Method 2

By manipulating Equations 1, 2, 3, and 4 Equation 5 was obtained:

(A complete derivation is available in Appendix A.)

1.625 bd

K = WV (5)
-N(W-Wf) db
e
where
347.5 W
N = 1.8_.¢% (6)
b d
e b

Equations 5 and 6 allowed direct calculation of an unsaturated hydraulic

conductivity value for a given soil moisture content,
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N = a constant

K = unsaturated hydraulic conductivity, cm/day

a,b,c,d, are coefficients for Equations (3) and (4) at the desired

depth (see Appendix A for actual values)

W = water content, percent by volume, at which a value of K is desired

We= final sample equilibrium water content at 196 kPa

V = sample volume, here 347.5 cm

Wy= water content when the 196 kPa pressure was first applied (assumed

to be saturation water content)
Results and Conclusions

Values of apparent specific gravity, field capacity and permanent wilt-
ing point abtained from the soil water potential-soil moisture content tests
are summarized in Table 1. Data from Method 1 of the unsaturated hydraulic
conductivity-soil moisture content procedure are plotted as shown in Figure 3.
Conductivities for water contents ranging from that at final equilibrium
water content at 196 kPa (22-25 percent by volume) to 38 percent by volume were
calculated. Comparisons between conductivities calculated by Methods 1 and 2 were
made., Method 1 was judged to provide a better fit. Differences in Method 2 with
respect to Method 1 for each sample ranged from 5 to 60 percent in the Wy to 38
percent by volume soil mositure range. In most samples wf was approximately twenty-
three percent by volume. The curves calculated by Method 2 were corrected with
a serles of linear factors to pive values within 5 percent of those calculated
by Method 1 in the Wf to 38 percent by volume soil moisture range. Gupta et
al (1974) reported that for soil mositure contents approaching saturation, the One-
Step Method overpredicted unsaturated hydraulic conductivity. Because of this,
calculated conductivities above 10 cm/day were set equal to 10 cm/day. Conductiv-
ities at soil moisture contents below that for the minimum conductivity calculated
for each sample were set equal to the minimum ﬁonductivity calculated. Due to
equipment limitation, the maximum allowable pressure was 196 kPa. (A more com-

plete explanation of problems encountered with Method 2 and reasons for the above

corrections are given in Appendix A.)



Table 1. Soil Moisture Related Properties of Richfield Silt Loam.

Apparent Percent Field Permanent

Depth,cm Specific Gravity Pore Space Capacitya Wilting Point
0-15 1.46 44.90° 31.96 16.03
15-31 1.43 46.42 31.93 17.37
31-61 1,55 41,51 31.19 17.71
61-91 - 1.56 41.13 30.48 17.01
91-122 1.47 44,53 30.71 18.65
122-152 1.48 44,15 34.80 23.03
152-183 1.39 47.55 34.25 18.64
183-213 ‘1.36 48.68 32.19 17.52
213-244 1.34 49,43 33.71 17.54
244-274 1.32 50.19 35.87 15.67

#19.6 kPa., Soil moisture content in percent by volume.
1.47 MPa., Soil moisture content in percent by volume.

“in percent by volume

Ph

Pore Space = _ L -~ __ ¥ 100

where f’b = 2.65 and Pp = apparent
1- A,

specific gravity.

12
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The wide variation in hydraulic conductivities obtained from different
.amples of the same soil type, the errors introduced by equipment limitations,
nd those inherent in the One-Step Method mav not accurately reflect actual field
onductivities. However, the uncorrected results of Equations 5 and 6 probably
iredict unsaturated coductivity as well as can be expected by lahoratory proced=-
ires. Method 1, or some of the other methods mentioned earlier may provide
ore aécurate estimates of cunductiﬁity; but they may in faect be implying more
irecision than is actually possible in sample collection and experimental pro-
:edures. The model in Chapter 2 required unsaturated conductivity as an input
n a Darcy equation calculation of moisture flow between two adjacent soil layers.
n that model, errors of up to 100 percent in unsaturated hydraulic conductivity
11l produce nepligible differences in the quantity of water flowing between
ayers in the soil moisture content range occurring naturally. Therefore, Equations

v and 6 may be used directly in the model with very little error,

Summary

Soil water potential-soil moisture and unsaturated hydraulic conductivity-
01l moisture relationships for a Richfield silt lecam soil at the Garden City,
.ansas, Branch Agricultural Experiment Station were developed for use in a
:omputer simulation model of soil moisture movement.

The so0il water potential-soil moisture relatiounships from 0-1.47 MPa
tere devloped using rather standard Buchner funnel-outflow, pressure cell-
wtflow and pressure plate-equilibrium soil moisture content procedures.
urves were developed for soil layers in the zero to 213 cm profile over the

jaturation to permanent wilting point range (e.g. 0-1.47 MPa).
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Unsaturatea hydraulic conductivity-soil moisture curves for the same
soil profile were computed by Doering's One-Step Method (1965). The
effective range of the curves was from about 23 to 38 percent by volume with
values of unsaturated hydraulic conductivity for soil moisture contents
above or below this range set equal to those at 38 or 23 percent respectively.
A continuous function was developed to compute unsaturated hydraulic con-
ductivity over the above range fof any given soil moisture content. Although
other investigatiors(Gupta et al. 1974) have shown possible errors in
conductivity calculations by the Oné—Step Method over certain moisture ranges,
- the accuracy of the curves produced was considered sufficient for use in

s01l moisture movement models.
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Chapter 2: A CONTINUOUS WATER BUDGET MODEL FOR WESTERN KANSAS

With computer simulation the long-term effects of changes in specific
parameters in a study may be investigated in a period of days, instead of
the years required for collection and study of field data. 1In this way
only the most promising combinations of parameters involved in the study
need be field tested.

The ability to accurately model evapotranspiration and the changes
over time in soil moisture contents at desired depths in the soil profile
allows model calculations of the kinds of information necessary for the
various water-use, and fallow efficiency problems peculiar to the western
Kansas climate. The model as presently written is set up to model hydrologic
variables on both the sloping contributing watershed area and the leveled
bench area of a conservation bench terrace. A typical cross section of a
conservation bench.terrace system is shown in Figure 4,

Models similaf to mine have been reported by Saxton et al. (1974},
Anderson (1975), and Kanemasu (1975). Some were developed and calibrated
for a different ciimate and crops than we desired while others provided very
good models of only some of the processes we wished to model. This model
was to be developed to study hydrologic variables in western Kansas but
was to be written. with énough flexibility to be readily modified for use

elsewhere.

The Model

This model is a continuous watershed model with interflow assumed to
be negligible and streamflow not calculated. The main objective of the
present model is to estimate soil moisture movement so that groundwater

recharge rates may be estimated as various input parameters are changed.
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The approach used to model soil mositure movement in this work is similar
in many respects to that of Saxton et al. (1974) and Anderson (1975).

General inputs required for the model are the crop rotations desired
on the watershed and bench areas, the watershed:bench ratio desired, and
the soil type (irrigation design group from the Kansas Irrigation Guide
and Planners Handbook, 1975). These variables are input as constants in
the model. (For actual values see Tables 14, 15, and 16, Appendix B.)
Other input data required are:

Daily maximum and minimum air temperature

Daily precipitation

Mean monthly relative humidity

Mean monthly percent sunshine

Mean monthly wind speed

Mid monthly extraterrestial solar radiation

The daily weather inputs are read from a tape containing records
for Garden City, Kansas, from 1912-1974. This data was obtained from
the Kansas Agricultural Experiment Station Weather Data Library.

Daily values of potential evapotranspiration (PET), actual evapo-
transpiration (AET), interception-storage, runoff, surface evaporation and
soll moisture movement to or from assumed groundwater storage are cal-
culated. Moisture withdrawal from the 0-15 cm, 15-30 cm, 30-61 cm,

61-91 cm, 91-122 cm, 122-152 cm, 152-183 cm, and 183-213 cm layers,

and corresponding changes in soil moisture in each layer are calculated.
Daily model outputs are precipitation, runoff water added to the benches,
interception-storage, runoff, movement to or from groundwater storage,
actual evapotranspiration, and change in soill moisture storage for the
0-183 cm profile. Accounting for these outputs is updated daily and a

yearly summary is printed as shown in Table 2. The general model algorithm

is shown in Figure 5.
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Potential Evapotranspiration

Daily potential evapotranmspiration is calculated using the Penman

(1976}Kfouﬂd'gcna'agreement between potential evapotranspiration {PET)

! calculated using monthly averages of percent sunshine, relative humidity
{ and wind speed as opposed to PET calculated using actual daily values of -
! S o

i these same variables when comparing PET over 5-day periods.f Calculation

\ofwﬁﬁTwﬁsing daily values requires data avaiiéﬁle only at first-order

weather stations, greatly reducing model applicability for many areas.
However, by using estimates of monthly averageé for all inputs except
maximum and minimum temperatures and precipitation, data available from
all local temperature and rainfall fecording stations may be used in the

model. This gives the model more flexibility and widespread application.
Evhluating Runoff and Interception-Storage Losses

The form of preqipitation is not designated on input data. A snow-
melt routine (Bean, 1976) establishes the form of the precipitation as
rain or snow, depending on the average daily temﬁerature. Sublimation
and the amount of Snow.accumulated or melted_each day are evaluated as
approached by Bean (1976). This function produces the daily value of
precipitation, composed of rain, snowmelt or both, that is evaluated for

runoff,
Runoff

Runoff is calculated according to the SCS equation (USDA, SCS

National Engineering Handbook, 1964.) Since daily values of soil

21

combination equation as mndified by Zovne and Nawaz (1975). :Anschutz et al.
}

ks



mﬁisture in the surface 15 cm are known, I have modified the growing season
criteria for establishing antecedent soil molsture conditions as follows:
Condition I: soil moisture is less than 0;4 of so0il moisture
at field capacity
Condition II: s3o0il 'moisture is between 0.4 and 0.8 of field
capacity
Condition III: soil moisture is ereater than 0.8 of field capacity
Runoff curve numbers for Condition II antecedent moisture (RCN,) are
input to the model acecording to soil and crop type, RCNE'S used in the
model may be found in the USDA, SCS MNational Engineerinq Handhook (or Table
18, Appendix B). (Soil and crop code$ are listed in Taﬁles 16 and 17,
Appen&ix B.) The USDA, SCS Kansas Trriration fuide and Planners Handhoolk,
1975 classified Richfield silt loam as an Irrigation Desien Class 3 soil.
For this particular version of the model additional soil nroperties,
especially unsaturated hydraulic conductivity and soil moisture tension-
soil moisture content relationships are necessary. Mv estimates of these
relationships may be appiied with reasonable confidence only to the deep

soils composed of silt loam, loam or clay loam surface and subsoil lavers

displaying moderate to modéfately slow permeability characteristic of

22

Design Class 3-5 soils. As a result, the nresent model is limited in applica-

tion to Design Group 3-5 soils. When necessary, the RCN, is modified by
PCH; = RCHy x 0.39 e0-009 x RCN; (7
RCN, = RCH, x 1.95 ~0.00663 x RCN, (8)

giving the runoff curve number for Condition I (RCNl} or ITI (RCN3) that
i3 used in the model. T developed Equations 7 and 8 from tables contained
in USDA, SCS Natibnal Engineering Handbook, These equations allow simple

computer evaluation of RCN's for conditions ranging from sandy pasture or
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range soils in good condition (RCN2 = 39) to fallow, moderately heavy clay
soils (RCN2 = 91). This eliminates the need for table storage and an inter-

polation routine.
Interception-Storage

Interception-storage losses are defined here as the amount of pre-
cipitation that is evaporated back to the atmosphere from the surface of
plant leaves and/or surface storage.

An effective approaéb for computer simulation of these losses involves
fixing an interception-storage capacity (Saxton et al. 1974 Ward. 1975),
which must be satisfied before water from precipitation or snowmelt is
available for infiltration or runoff.

Interception-storage losses are evaluated and assumed to be lost by
evaporation at the potential rate. If no precipitation occurrs the previous
day, or if all previous interception losses have been evaporated, these
losses are assumed to be 2.5 mm for rainfall amounts exceeding 2.5 mm
and equal to precipitation for lesser amounts (Anderson. 1975 Saxton et
al, 1974). 1If precipitation occurrs the ﬁrevious day, or if any water is
present in the interception-storage account, available interception-
storage is first reduced by this amount before being deducted from pre-
cipitation.

Interception~storage losses should average between 10 and 20 percent
of the total annual precipitation (Ward, 1975). Model calculations of
interception-storage for Garden City, Kansas, for the 1945-1974 period
accounted for 25 percent of the total precipitation. Observation of
climatological data indicate that Garden City experiences almost as many
precipitation events as areas of higher precipitation, but most events at

Garden City are smaller. Since interception-storage losses as evaluated
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here are based on the number of events as well as their size, a larger
fraction of total yearly precipitation allocated to interception-storage

losses is justified.
Evaporation Losses from a Bare Soil Surface

According to Ritchie (1972) and Kanemasu (1975), evaporation from a
bare soil surface maﬁlbe oonsidered to take place in tﬁo stages; a constant,
and a falliog rate stage. Stage I, or the constant rate stage occurs as
long as the soil is sufficiently moist to transport water to the surface at
the evaporative rate. Stage I evaporation (El) takss place at the PET rate
(e.g. E1 = PET).until she moisture in the surface layer drops below a given
threshold (U), at which time Stage I evaporation ceases and Stage Il
evaporation (Ez) is initiated.

il T

Reduction in Stage I evaporation resulting from the effect of crop

i L._.»"'*—-"‘
1
I

f residues present on the'soii surface is calculated from curves presented By
% Bond and Willis (1970). A linear decrease in crop residues remaining on
z the surface from harvest to the next planting season is assumed in all
; cases.*'ﬁﬁesfmfesidos raten o5 Ehe wheat-fallow rotation were assumed to
P”Jﬁr‘be 3262 kg/ha at harvest and decrease linearly to 560 kgfha by the following
planting season,. For cox;i:isuous wheat the corresponding values were 2242
kg/ha snd 560 kg/ha respectively. Grain sorghum residues were assumed to
be only one-half as effective as wheat straw in reducing Stage I evaporationm.
Values of 1681 kg/ha effective residues (3362 kg/ha actual residue) at
harvest and 112 kg/ha at seeding time were assumsd for the grain sorghum-
fallow rotation. For continuous grain sorghum effective residue rates of
1121 kg/ha for harvest and 112 kg/ha for planting seasons were used.

In Stage II evaporation the hydraulic properties of the soil begin to -

~1limit the rate of water transfer to the surface, causing a decrease from
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the constant rate stage. Ritchie (1972) and Kanemasu (1975) calculate

Stage II evaporation by
E, = 25.4 (ct? - c (t - 1)) {9}

where

E, = Stage II evaporétiOn from a bare soil surface, mm

¢” = goil dependent coefficient, mm/days

t = time since the beginning of Stage II evaporation, days

The value of the Stage II threshold (U) and of c were obtained from
Ritchie (1972) and field exﬁeriments at Manhattan, Kansas, by Kanemasu
(1975) . |

Reduction of Stage I and II evaporation by a developing canopy is

calculated by the use of Equation 10

B, =B (5 {10}

where

Ec = soil evaporatioﬁ corrected for canopy effects

Ei = original uncorrected soil evaporation for i = 1 (Stage I)

- and 1 = 2 (Stage II)

t = a constant, indicating canopy effect

o = a calibration constant
and

-0.398 LAI
t=e {11}

where

LAI = leaf area index |
{Ritchie, 1972; Kaneﬁasu, 1975). Kanemasu.calculated PET based on radiation

_and'temperaﬁure conditions only and included the effect of the advectivé
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component of PET by multiplying this calculated PET by o, calibrated for

Manhattan, Kansas, as 1.69. The E, value used in Equation 10 includes the

i

effect of Kanemasu's estimated advective component (e.g. E, = PET x a). To

i
eliminate the advective effécts, Kanemasu divides Ei by « as shown in Equation
10. This results in calculation of surface evaporation using only the solar
radiation compohent of Kanemasu's PET determination. This is a reasonable
approach when crops are present. However, on fallﬁw areas and in areas

with highér mean windspeed, the advective component of PET is more important
and its effects should possibly be included. In this model, PET is calculated
by the combination method which.directly calculates an advective component.

So, use of a is unnecessary. Another calibration constant, o,includes only

1
the correction factor necessatry to reduce calculated evaporation from a-

" free-water surface to the actual first stage evaporation rate. Bond and
Willis ( 1970) estimate thislreduction in the first stagé evaporation

rate to be 11 percent for a bare soil surface. First stage evaporation in the
model is cﬁlculated by using Equation 10 and replacing a with a,. For

Stage II evaporation Equation 10 is used with o = 1.0. Total daily soil
evaporation is then thé sum of Stage I and II evaporation, the sum of which

can never exceed the day's PET minus any unevaporated water from the inter-

ception-storage account.
Transpiration

That portion of the potential evapotranspiration remaining after water
held in interception-storage is evaporated and after bare soil evaporation
has been satisfied is allocated to potential transpiration. Potenﬁial trans-
piration is first reduced by a factor indicating the:crop's seasonal ability
to transpire. Blaney-Criddle monthly crop coefficients (USDA, SCS TR_ZL;'1967)
adjusted to give a maximum value of 1.0 are used as an indicator of thié

factor. These original monthly'c:op coefficients were not developed for
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this purpose. They are, in fact, a ratic of measured consumptive use to
potential ET evaluated on a monthly basis (Schwab, et al, 1966; Taylor and
Ashcroft, 1972). However, due to the widespread testing that went into
the development of these coefficients and their availability for several
crops, it is felt that by scaling the coefficients for various crops down
by dividing by the maximum value when greater than 1.0, to give a maximum
value of 1.0, these adjusted coefflcients should provide a reasonable
estimate of a crop's seasonal ability to transpire. Relationships used
for grain sorghum and wheat are shown in Figures 6 and 7.

Potential transpiration is next reduced by a soil moisture factor,
KS. Ritchie (1973) reported that tramspiration from sorghum or corn was
not affected by soil moisture deficit until the available water in the root
zone is less than 0.3 of the maximum available water content (emax)' Tanner
and Ritchie (1975) found that 0.3 emax represented the critical moisture
level for nearly all data., When the available soill moisture content (Ba)
was above 0.3 emax’ no correction was necessary (e.g. KS = 1.0). For
moisture contents below 0.3 Bmax potential ET was multiplied by KS where
KS = 83/0'3 amax (Kanemasu, 1975.) We use this approach. Actual trans-
piration is divided among the soil layers according to the root extraction
patterns listed in Tables 3 and 4 (Dr. H. L. Manges, Agricultural Engineering
Dept., personal communication; Russell and Ellis, 1968; Weaver, 1926).

If the available soil moisture in a layer 1is un;ble to satisfy its
fraction of the day's actual transpiration demand, and the next deeper
soil layer also contains roots, any unsatisfied demand is shifted to this
lower layer. This assumes that if the plant root system is present and
pysiologically developed to a given depth on this day it would be capable
of expanding to satisfy the increased demand transferred from above soil

layers. If roots are not present in the lower layer, only the portion of
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Table 3. Seasonal Variation for Grain Sorghum in the Percent-
age of Total Daily Water Consumption Removed from
Each Soil Zone.

Days since Planting

7Zone

Depth,cm 61 63 73 76 104 106 119 13n
0-15 56 55 51 50 40 39 33 29
15-30 23 22 16 16 13 13 12 12
30-61 21 21 19 19 19 19 19 19
61-91 13 13 13 13 13 13

91-122 10 10 10 10

122-152 5 5 10 10

152-183 8

Table 4. Seasonal Varation for Wheat in the Percentage of
Total Dally Water Consumption Removed by Roots from
Each Scil Zone.

Days since Planting

Zone
Depth,cm 55 189 197 210 218 231 238 247

0-15 72 58 57 56 55 54 53 52
15-30 20 13 13 13 12 12 11 11
30-61 8 14 14 14 14 14 14 14
61-91 9 9 9 9 9 9 9

91~122 4 8 B 8 8 8 g

122-152 3 3 3 3
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the actual transpiration that may be satisfied in the active root zone is
considered as actual transpiration. Total daily AET 1s then reduced

accordingly.

Moisture Redistribution

Any rainfall or smowmelt not lost by runoff or interception-storage
is assumed to enter the soil profile, filliﬁg the top 15 cm to field capacity.
Any remaining moisture moves downward, filling each succeeding layer to
field capacity until all the moisture available for increasing soil mositure
is depleted. Aﬁy moisture passing from the ;g?:l%? ﬁ? layer to the %§3ﬁ-
213 cm layer is assumed to be ultimately used for groundwater recharge,
similar to the approachwﬁsed by Saxton (1974).

Soil moisture movement Between adjacent soil‘léyers is calculated by
the one dimensional form of the Darcy equation (Equation 11, Appendix A).

On days when no water enters the soil surface, soil hydraulic properties are
evaluated at the beginning of the day and At in the Darcy equation.is

taken as one day. When water does enter the soil surface, At is taken as
1/6 day. Flow is calculated, soil moisture re-evaluated, and hydraulic
properties re-calculated at the end of each four-hour period.

The soil water potential-soil moisture relatidnships used in the
{Darcy equation were obtained experimentally from undisfurbed soil samples
Fftaken from the conservation bench terrace area at the Garden City; Kansas,
Branch Agricultural Experiment Station. These curves were obtained using
undisturbed 7:627cm~&i;ﬁeter samples 7.62 cm in length in the 0 to 196 kPa
range and.distﬁrbed samples from 490 kPa to 1.47 MPa soil moisture tension
range as outlined in Chapter 1. Similar curves were combined, giving the
curves shown in Figure 8.

| The soil moisturé-unsaturated hydraulic conductivity relationships

used were obtained using Doering's (1965) One-Step Method as discussed in
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Figure 8. Soil Moisture Retention Curves for Richfield Silt Loam.
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Chapter 1. Due to equipment limitations, these curves are limited in

application to soil moistures above equilibrium moisture content at 196 kPa.

. Conductivities at moisture contents below this were assumed to be the same

as the 196 kPa values. Conductivities above 10 cm/day were limited to 10

cm/day to compensate for errors in model calculations above that point.

Conductivities of this magnitude compare favorably with saturated hydraulic :
' conductivities for soils similar to Richfield silt loam as listed in Taylor

Eand Ashcroft (1972). Relationships used in the model are shown in Figure 9.

Groundwater recharge is calculated as the sum of recharge due to
water entering the ¥§3f2;3 cm zone from heavy rainfall and the movement of
water across the 185 cm depth, downward taken as positive, as calculated by
the Darcy equation. The 1?3—2%3 cm zone is allowed to seek its own moisture
level. This gives a reali;ticjseﬁ‘of éonditions for moisture flow across

the 183 cm boundary. The negative deep percolation values shown in the

yearly summary f:om the model, Table 2, page 16 indicate soil moisture move-

~ment upward across the boundary from a moist 183-213 com zone to a drier

152-183 cm zone.
Model Calibration and Results

The model was calibrated with one year of data obtained from a
conservation bench terrace system consturcted at the Garden City, Kansas,
Branch Agricultural Experiment Station. Koelliker et al. (1976) furnish a
complete description of plot layout and method of data collection.

Two sets of computer runs were made for the calibration period. Both
sets used daily maximum and minimum temperature readings and mid monthly
extraterrestial solar radiation as inputs for PET calculation. 1In addition,
one set used daily observed values for wind speed , percent sunshine and

relative humidity while the other set used monthly averages of these in-



CM/DAY

UNSATURATED HYDRAULIC CONDUCTIVITY.

33

Figure 9.
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puts as well. Measured relative humidity readings from 12 a.m., 6 a.m.,
12 p.m., and 6 p.m. were averaged to give the daily relative humidity
values used for the calibration run. Soil moisture data from 0-213 cm
was available from June 11, 1975 through June 3, 1976. The model was run
using data for the June 1, 1975 to May 31,1976 period. Soil moisture
contents at each depth considered were re-initialized to the June 11
value on that day.

Due to an extremely dry summer and the temporary changes in soil
properties resulting from leveling and establishing the experimental lay-
out, the sorghum crop on the benches experienced an almost complete crop
failure, so we were unable to obtain any meaningful moisture use data for
sorghum, As a result, all calibration was done using fallow bench and
fallow watershed areas.

Actual soil moisture contents and predicted moisture contents using
both methods are shown in Table 5. At depths below 31 cm predictions from
each method generally agreed to within 5%. In the top 31 cm of soil, pre-
dicted moisture contents using daily data generally appeared to be a better
predictor of soil moisture content than did soil moistures calculated from
monthly averages.

For model verification, soil moisture contents calculated from daily
climatological information should be considered, as this represents the
most sensitive form of the model. Actual moisture contents and predicted
moisture contents based on daily climatological data are shown in Figure
10 for each of the eight soil layers studied. Rainfall events produced
the rapid increases in so0il moisture contents visible in the 0-15 and
15-30 cm layers. Stage I evaporation may be seen as the rapid decline in
soil moisture contents in the 0-15 cm layer following rainfall. This rapid
decline then tapers into a more gradual, Stage II decay curve. With the

exception of the June 5 observation, predicted soil moistures are within

34
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3.3 percent by volume of actual observed soil moistures in the 0-15 cm
range, 3.4 percent by volume in the 15-31 cm layer, 5.8 percent by volume

in the 31-61 cm zone and within 3.9 percent by volume for all depths between
61 and 213 cm.

In considering only the surface 31 cm, the predicted soil moisture
contents were in error by an average of 5.3 percent over the one year
calibration and test period. A maximum error of 12.3 percent was observed
after five days of the test run. A minimum error of 0.4 percent was observed
at the end of the 366 day run. The average error for the four days when
the entire 213 cm soil profile was sampled was 2.4 percent and ranged from
1.2 to 3.4 percent. The improved model predictions : when considering the
entire 213 cm profile were due to the inclusion of the deeper soil layers
where little water movement occurred. As a result, smaller differences
between actual and predicted moisture contents were obtained.

The 30-year model runs were made using PET calculations based on
‘monthly averages of all but temperature data. Comparing daily and monthly
based predicted values to the observed soil moisture conditions shown in
Table 5 gives an indication of the relative magnitude of the model sensitivity
that is sacrificed when using the monthly average approach.

Model calibration over a‘longer period of time could result in
improved model prediction, especially in the surface 31 cm. However, the
precent errors in model prediction are within the range of errors produced
by present soil moisture sampling and measurement techniques.

By using modified Blaney-Criddle coefficients (USDA, SCS TR 21, 1967)
and root soil moisture extraction patterns developed for the Concordia,
Kansas, area (Dr. H. L. Manges, Agricultural Engineering Dept., Kansas State
University, personal communication) and for England (Russell and Ellis, 1968)
and making decisions about coefficient changes necessary for transfer to

the Garden City area, realistic model results should be obtained.
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The model as now written contains two simultaneous soil moisture
accounting procedures, one for watershed conditions and‘one for the leveled
bench area where runoff is concentrated and applied as supplementary water.
Watershed results may be considered as results typical of unmodified fileld
areas in the Garden City area. With slight model modifications, results for
unmodified field conditions alone may be obtained.

The addition of unsaturated hydraulic conductivity-soil moisture and
soil water potential-soil moisture relationships for several other soil groups
would allow this model to be used for a variety of simulation studies in
semi-arid regions. The use of the soil water potential-seil moisture and
the difficult-to-obtain unsaturated hydraulic conductivity-soil moisture
content relationships somewhat limit the widespread use of this model. Buf
in areas where appropriate relationships are available, it should more closely
approximate actual field conditions and provide a larger amount of supplemen-

tary information than some of the less complex models now available.
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Summary

A continuous water budget type of computer model was developed and
calibrated for use in western Kansas. Daily potential evapotranspiration
(PET), actual ET aﬁd soil moisture changes in a 213 cm soil profile were
calculated from inputs of crop and soil moisture characteristics and daily
meteorological observations. Interception-storage evaporation, evaporation
from the soil surface and plant transpiration were computed and combined to
give-the actual ET estimate for the day. Soil moisture was redistributed
by tension and conductivity-soil moisture relationships. The model was
calibrated with one year's data from fallow watershed. Model calculated
soil moisture contents averaged within 5.3% of the measured moisture content
in the 0-31 em soil layer. Predicted total moisture content in the 213 cm
profile averaged within 2.4 percent and ranged from 1.2 to 3.4 percent over
the one-year test period,

Although this model is somewhat limited by the required soil water
potential-soil moisture content and unsaturated hydraulic conductivity-soil
moisture content curves it should more closely approximate actual field
conditions and provide a larger amount of supplementary information than

gsome of the less complex, lower input data requirement models available.
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Chapter 3: ESTIMATING GROUNDWATER RECHARGE
FROM CONSERVATION BENCH TERRACES

In 1965, 27 counties in the western one-~third of Kansas were pumping
water at rates higher than the natural recharge rate. In a study made of
the present and future water resources of the state, recoverable ground-
water was estimated to be'two-thirds of that in storage in 1965 (USDI,
Bureau of Reclamation 1974). Using this criteria, two of the 27 counties
would deplete their recoverable groundwater by 1980, three more by 1990,
elght more by 2000, five more by 2010 and nine more by 2020 (Kansas Water
Resources Board 1967, USDI, Bureau of Reclamation 1974). For the state
as a whole, a water shortage of roughly 6.4 million md per yvear was pro-
jected if the predicted water use occurs (USDI, Bureau of Reclamation
1974).

Direct measurements of recharge to groundwater storage are difficult
to obtain and limited in number. It is believed that most recharge in the
western one-third of Kansas comes from precipitation on the land surface
and averages from 0.6 to 1.3 cm per year. (Kansas Water Resources Board
1958 and 1962, USDI, Bureau of Reclamétion 1974)

Several factors inherent in the climate of the area are responsible
for these low recharge rates. First, the climate is dry with an average
annual rainfall of 45 to 48 cm per year. Second, when rainfall does oc-
cur, a large percentage of it occurs as local downpours, with water run-
ning off rapidly, leaving little opportunity for the water to enter the
soil surface. Much of the remaining rainfall occurs as light showers and
is lost to evaporation from the soil surface in one to twe days. And
third, the lafgest percentage of the yearly rainfall occurs during the
months of May through August, when evapotranspiration demands are largest.
This greatly reduces the amount of water available to infiltrate below the

root zone (Kansas Water Resources Board 1958).

44
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With water usage exceeding the natural recharge rate by an increasingly
large factor, some means of augmenting natural recharge is necessary if
large-scale irrigation and other water usage increases are to be successfully
met. Ideally recharge structures could be designed to be compatible with,
and hopefuily produce an economic incentive for use in production agricul-
ture systems.

Recharge basins (Schiff 1948, Bouwer et al 1974), pits (Schiff 1954,
Bauman 1965) and wells (Johnson 1948, Bauman 1965) have been used with vary-
ing degrees of success in recharging clear or low turbidity water to aquifers.
Runoff water from agricultural lands has a much higher turbidity than any
water used in previously mentioned work. Recharge of higher turbidity water
in basins formed by removing the slowly permable Pullman clay loam surface
soil were conducted with runoff water collected in playas at the USDA South-
western Great Plains Research Center, Bushland, Texas (Goss et.al. 1971, |
Jones et al. 1974). The average recharge rate for eleven tests over a five-
year period on a 0.04 hectare basin was 43.28 cm per day. To maintain this
rate however, sediments were removed by sweeping or air blasting after each
test, a practice economically unfeasible for large-scale production agricul-
ture.

Conservatidn bench terrace systems have been tested at several locations
across the High Plains (Black 1968, Cox 1968, Haas ﬁnd Willis 1968, Hauser
1968, Mickelson 1968, Wittmuss 1968). Significant increases in soil mois-
ture storage and crop production were noted in each case. Conservation bench
terraces act as water-harvesting and spreading devices during periods of ex-
cess, runoff producing rainfall. As a result, they may be an effective method
of increasing the potential for groundwater recharge while maintaining, if not
increasing total crop production on suitable sites in the western one-third of

Kansas.

Two conservation bench terraces 152 m in length were constructed at the
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Garden City, Kansas Branch Agricultural Experiment Station. Bench widths were
18.3 m. Watersheds with contributing watershed area:bench area ratios of 0:1,
2:1 and 4:1 were constructed. Koelliker et al. (1976) give a more detailed
description of experiment objectives and plot layout.
PROCEDURE

Since direct measurements of groundwater recharge are difficult to
obtain and usually represent less than five events per year, computer model-
ing was chosen as the most effective approach to examine the effects of land .
modification and cropping practice changes on groundwater recharge rates over
extended periods of time. A continuous water-budget model was developed and
field calibrated.for fallow conditions using one year's data. A crop failure
on the sorghum plots during the summer of 1975 rendered them useless for cali-
bration.

The general algorithm for the computer model used to estimate ground-
water recharge is shown in Figure 11. Precipitation and maximum and minimum
temperatures are first input to the model on a daily basis. Daily actual
ET, interception-storage, runoff, change in soil moisture in the 183 cm pro-
file, and deep percolation to groundwater recharge are then calculated.

Soil moisture is redistributed daily during periods of no rainfall and six
times per day on days when precipitation exceedes the interception-storage
capacity for that day. Maximum interception-storage is taken as 2.5 mm. The
Darcy. equation and the soil water potential-soil moisture and unsaturated hy-
draulic conductivity-soil moisture content relationships developed in Chapter
1 are used to redistribute soil moisture. Water applied to the soil either
by pfecipitation or runoff added is considered to first fill the uppermost
soil layer to field capacity. Any waker remaining after the top 183 cm pro-
file is filled to field capacity is allocated to groundwater recharge. Total
recharge over a given period is then the sum of this recharge and the summa-
tion of water movement across the 183 cm depth boundary during the period, down-

ward taken as positive, as calculated by the Darcy equation.
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RESULTS AND DISCUSSION

The model was run for a 30-year period, 1945-74 for watershed:bench
area ratios of 2:1 and 4:1. A wheat-fallow rotation was used on the water-
shed areas for all runs. Wheat:fallow, continuous grain sorghum and contin-
uous wheat rotations were used for each of the two watershed:bench area
ratios. (Yearly summaries for three of the years studied are shown in Tables
20, 21, and 22, Appendix C.)

Results of a 4:1 watershed:bench area ratio, using a wheat-fallow crop
rotation on the bench areas are shown in Table 6. Computer runs for 2:1 and
4:1 watershed:bench area ratios using'continuous wheat, continuous grain
sorghum and wheat-fallow rotations for each ratio are summarized in Table 7.
(Yearly values for each variable considered are listed in Table 19,

Appendix B.)

From Table 7, average annual recharge estimates for the 1945-1974 periods
ranged from 0.48 cm per year for a 2:1 watershed:bench area ratio and a
continuous wheat cropping rotation to 5.11 cm per year for a 4:1 wheat-fallow
rotation. Groundwater recharge on the sloping watershed areas was estimated
as 0.33 cm per year from model runs. Recharge estimates considering the
watershed area to be fallow in even years were averaged with estimates con-
sidering them as fallow in odd numbered years to obtain my estimate of 0.33 cm
per year. This value was taken as my estimate of the natural recharge rate
for the Garden City, Kansas area. Bureau of Reclamation (1974) estimates
of groundwater recharge in the western one-third of Kansas range from 0.6
cm per year at the Kansas-Colorado border to 1.3 cm per year at the eastern
edge of the region. These estimates , however, give recharge values for
entire watersheds and still larger areas. My recharge estimates are for a
Richfield silt loam soil and may be extended with some care to the similar

Ulysses and Harney silt loam soils. All three soils show moderately slow
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permeabilities and as such may have a lower recharge rate than that for a
composite of the soils found in the area. Because of this, I believe my
estimates do accuraﬁely reflect recharge rates present on these soils.

Estimates of average annual recharge for the watershed and bench areas
of conservation bench terraces at Garden City, Kansas are summarized in
Table 7a. The effect of conservation bench terraces on increasing the
percolation rates on the entire Wéfershed-bench area are also listed. 1In
all cases an improvement was noted. Under a 4:1 area ratio using a
wheat-fallow rotation, recharge was increased by a factor of 15.

From Table 7, increasing the watershed:bench area ratio from 2:1 to
4:1 increased groundwater recharge ratios by 4.2, 2.7 and 2.0 times for
continuous wheat, continuous grain sorghum and wheat-fallow rotations
respectively.

Two factors are responsible for the crop rotation dependent change in
benefits in recharge rates shown in Table 7 for a 4:1 watershed:bench area
ratio as opposed to a 2:1 ratio. First, although yearly AET estimates for
continuous wheat and continuous grain sorghum are very close to the same,
continuoaus wheat derives more of a benefit in increased recharge rate
than does continuous grain sorghum when the watershed:bench area ratio is
increased from 2:1 to 4:1 because it is lying fallow during the period of
the summer when the heaviest rainfall occurs. Second, the wheat-fallow
rotation shows the least increase in recharge rates for increasing watershed:
bench area ratios because at the 2:1 ratio recharge is already much closer
to a potential recharge rate than is the case for the other two rotations
studied. When the ratio is increased to 4:1, an additional 1.85 cm per
year is available for use on the bench area. Actual ET uses only 0.12 cm
of the additional water with the other 1773 cm going to groundwater re-

charge.
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Table 7a. Computer Model Istimates of Average Annual Pecharqge
From Conservation BRench Terraces at fdarvrden ity
Kansas.@

Averaqe Annual Recharqe, om

Watershed Watershed: lench Area Ratio
- Porcolationb
wheat-fallow Rotation 2: 4:1 2:1 411
wheat~fallow 2.59 5.11 1.08 1.29
0.33 continuous wheat 0.418 2.02 D.38 0.67
continuous grain 1.41 3.80 N.69 1,02

sorghum

a4 pighfield S5ilt Lean Soil

For 2:1 : bpercolation for entire area =
2 (Watershed Perc,)+Bench Perc.
3

For 4:1 : percolation for entire area =
41 (Watershed Perc.)+BEBench Perc.
. 5




Table 6 indicates that AET values on the bench areas are generally
larger than those on the watershed areas when the same crop rotation is used
on both. In years of above average rainfall or runoff, such as 1953, 1957,
1958 or 1969, more runoff water is ponded on the bench areas. This produces
larger increases in soil moisture storage on the bench areas than on the
corresponding watershed areas. As a result, more soil moisture is available
on the bench areas for use in crop production in following years of below
average precipitation. This moisture storage ability of the bench areas is
shown in the larger bench area AET values and estimated negative changes in
soil moisture storage occuring in 1954, 1959, 1960 and 1970 for the bench areas
as opposed to thosé for the corresponding watershed areas. In these cases
more water was present in storage on the bench areas so more was available
to be lost through AET. This caused a larger decrease in soil moisture on
the benches than was poésible on the watershed areas.

In 1951 more rainfall was recorded than for any other year in the 30-
year test period. As shown in Table 5, 75.21 cm of precipitation and 18.17
cm of runoff water were added to the bench plots in 1951. An additional 4.54
cm in surface runoff losses not available to the watersheds was added to the
bench plots by preventing runoff from the benches. This much larger than
normal inflow was used to produce 17.77 cm of groundwater recharge.

Yearly groundwater recharge exceeded 15 cm in only six years: 1946,
1951, 1958, 1967 and 1972. Total recharge in these years was 127.65 cm.

When recharge from these years was eliminated recharge estimates dropped

from 153.17 cm for the 30-year period to 25.09 c¢m for the remaining 24-year

period. Average yearly recharge for the 30-year period was 5.11 cm. For the

remaining 24-year period it was only 1.04 cm per year. This indicates

that most recharge takes place only during periods much wetter than normal.
Due to the extra water available for increasing soil moisture contents

on the bench areas during years when runoff occurs, higher fallow efficiencies



55

were observed on the bench areas than on the watersheds. Watershed fallow
efficiences averaged about 18 percent while bench fallow efficiencies
averaged about 23 percent. Due to this increased fallow efficiency, more
water is available for crop prowth the following year. Comparisons of rain-
fall, change in soil moisture, and AET columns in Table 6 for 1946, a

fallow year and 1947, ‘a crop year illustrate this quite well.

Some care must be taken when comparing watershed and bench values in
Table 7 because of the different crop rotations used on the watershed and
bench areas. Another factor that must be taken into consideration, especially
when comparing values from two different years is that due to the crop
rotation used, a large water input may be used for AET during a crop year
while most water added would go to increasing soil moisture and deep percola-
tion in a fallow year. This may be seen by comparing rainfall, recharge
and change in soil moisture values in Table 6 for 1950, a fallow year and
1949, a crop year. Comparison of years as opposed to results assuming
fallow in odd-numbered years also illustrates this point.

Also, time of occurence of rainfall with respect to crop development
will greatly affect the disposition of water inputs. For example, in Table
6, 1950 was a wheat planting year on the watershed and bench areas, meaning
that all areas were fallow until planted in the fall. The soil profile was
relatively full from 6.94 cm of water added to it in 1949. As a result, the
37.49 cm of rain that fell on the fallow areas in May and June went to run-
off, bare soil evaporation and interception-storage losses, but mostly to
groundwater recharge. Wheat was planted in mid-September. For the rest of
the year AET demands exceeded the precipitation available for crop use after
runoff and interception-storage losses for each storm were evaluated. The
result was a net change in soil moisture of -6.20 cm for a year with rain-

fall of 52.20 cm.
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The years 1951 and 1967 are examples of yedrs when conservation bench
terraces are most effective. These are years where precipitation produced
large runoff volumes, giving the bench areas the benefit of an additional
22,70 and 26.76 cm of water not available to the watershed areas. These
figures assume runoff values of 4.54 and 5.35 cm, a watershed:bench area
ratio of 4:1 and zero runoff from the bench areas. In 1951 and 1967 re-
charge on the benches exceeded recharge on the watersheds by 17.95 and
20.17 cm respectively.

SUMMARY

A continuous watershed model developed and tested for the Garden City,
Kansas area was used to evaluate the potential for groundwater recharge from
conservation bench terraces. Computer runs were made using historical weather
records for the period 1945 to 1974, Watershed:bench area ratios of 2:1
and 4:1 were used. A wheat-fallow rotation was used on the watershed areas.
Continuous wheat, continuous grain sorghum or wheat-fallow rotations were
used on the bench areas for both 2:1 and 4:1 watershed:bench area ratios.

Daily values of runoff, interception-storage, groundwater recharge, actual
ET, and change in soil moisture content in the 183 cm depth profile were
calculated. A large portion of total deep percolation to grdundwater re-
charge occurred any time water was applied to an area when the 183 cm profile
was at field capacity. The remaining fraction of deep percolation was cal-
culated as the summation of water movement, downward taken as positive,
between adjacent 30.4 cm soil layers across the 183 cm boundary, using the
Darcy equation.

Groundwater recharge on the watersheds under wheat-fallow rotation was
estimated as 0.33 cm per year for the period 1945 to 1974. Recharge rates

for the rotations used, in order of increasing amount were continuous wheat,
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continuous grain sorghum and wheat-fallow. This was true for both 2:1 and
4:] watershed:bench ratios. Continuous wheat gave the larpgest response to
an increase in watershed:bench ratios from 2:1 to 4:1. Continuous srain
sorghum was next, and the wheat-fallow rotation gave the smallest increase
in recharge rate. All bench areas, regfardless of watershed:bench ratios
or crop rotations used showed a larger recharge rate than was calculated
for the sloping watershed conditions. Utilizing runoff from the sloping
watershed areas on the bench areas of a conservation bench terrace increased
fallow efficiencies from about 18& percent on the watersheds to 23 percent
on the leveled bench areas. From this it would appear that conservation
bench terraces do have the potential for groundwater recharpe when used on
Richfield silt loam or other snils with similar permeabilities, with the
effectiveness as a recharge structure denendent upon the choice of crop

rotations and watershed:bench area ratio used.
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In computing moisture flow between adjacent soil layers a one

dimensional form of Darcy's law was used:

3 (h + 2) Ah + A =z

q = KAt 3z or q = KAt T (11)

where q = flow per unit in the vertical direction, cm
K = unsaturated hydraulic conductivity, average of the two adjacent
layers, cm/day
Ah = difference in soil water potential between centers of adjacent
soll layers, cm of water
A z = change in elevation between centers of adjacent soil layers, cm
At = time increment over which the process is allowed to run before
the above variables are re-evaluated, days
Equation 11 requires soil water potential and unsaturated hydraulic
conductivity for each soil layer on a continuous basis. The only model
variable that is continuous over time is soil moisture content. Therefore,
soil water potential-soil moisture content and unsaturated hydraulic con-
ductivity-soil moisture content relationships were needed. Because of the
time and equipment requirements necessary to obtain these relationships,
especially the unsaturated hydraulic conductivity-soil moisture content
curves, only limited data was available in the literature. None was
available for a Richfield silt loam so laboratory experiments were con-
ducted at the Evapotranspiration Laboratory, Kansas State University, to

develop soil water potential-soil moisture content and unsaturated hydraulic

conductivity-soil moisture content relationships for this soil.
Moisture Retention Curve (Soil Water Potential-Soil Moisture) Procedure

Three aifferent sets of equipment were necessary to obtain retention
curves over the 0 to 1.47 MPa pressure range. Detailed instructions for the

three methods were found in a laboratory exercise written by Dr. W.L. Powers.



Agronomy Dept., Kansas State University (personal communication).
Stage 1

From zero tension (saturation) to 9.8 kPa, the Buchner funnel
apparatus shown in Figure 12 was used. Undistutbed 7.62 cm diameter
samples were placed in a 7.62 cm length of 7 cm nominal diameter thinwall
plastic tubing in the field and sealed in'plastic bags to retain soil
moisture. In the laboratory, both ends of each core were planed down to
the tubing ends, giving a 7.62 x 7.62 cm cylindrical sample with both
ends sufficiently uniform to make proper contact with the ceramic plate
in the Buchner funnel.

The bottom poftion of the funnel was filled with water, taking care
to remove all air bubbles. The rubber stopper - flexible tubing - stop-
cock apparatus was then filled with water and attached to the funnel,
closing the stopcock before filling. Cores from six different depths
were placed in the funnels. Water was added to the area between the
soil cores and the outside wall of the funnels, filling to within 1.3 cm
of the top of the cores. Care was taken not to pour water directly on
the cores, especially sandy ones. Plastic bags were placed over the top
of the funnels to prevent evaporation. The entire apparatus for each
sample was placed in the rack as shown In Figure 12 and the cores were
allowed to soak for 24 hours.

After 24 hours, the 250 ml flasks and stopcock tubes were lowered
until the tips of the stopcock tubes were 5 e¢m below the center of the
cores., The stopcocks were opened and the water allowed to drain into the
flasks for 24 hours. The stopcocks were then closed and the collected
water discarded. The tube tips were lowered to 10 cm below the center of

the cores, the stopcocks opened and the soil allowed to drain for 24 hours.
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Figure 12. Buchner Funnel Apparatus for Stage 1, Soil Moisture
Retention Curve Procedure. 0-9.8 kPa Tension Range.
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This procedure was repeated for 25, 50, 75 and 100 cm differences in
elevation, with the volume of water released at each step from 10 to 100 cm

recorded as shown in Table 8.
Stage 2

For the 9.8-196kPa pressure range, a set of six 196 kPa pressure
cells with ceramic plate bottoms was used. Above 196 kPa the plates
allowed excessive air to pass.) The cores were carefully removed from
the Buchner funnels and the more uniform end placed on the ceramic plates.
Water was added to within 1.3 cm of the top of the cores. They were
allowed to soak for 48 hours, adding more water if necessary. The excess
water was then siphoned from the cells. The retaining bars were removed
and replaced with the cell covers. -The covers were each attached with
four bolts, hand-tightening the wing nuts. The pressure was set at 9.8
kPa to bring the soil back to the equilibrium moisture content achieved
at 9.8 kPa on the Buchner funnel apparatus. After draining for 48 hours,
the water in the beakers was discarded and the pipettes and the beakers
were sealed as.units, as shown in Figure 14. The pressure was then set
at 19.6kPa and the outflow collected for 24 hours. The outflow was
measured and recorded in Table 8. The beakers were re-sealed, the
pressure set at 78.4 kPa and the outflow collected for the following
24 hour period. The outflow was measured and recorded and the procedure
repeated for 137 and 196 kPa.

When the outflow from the 196 kPa run had been recorded, the cores
were removed from the cells. The soil from each sample was pushed from its
plastic cylinder back into its original storage carton. The samples were
oven dried for 48 hours. Apparent specific gravity and soil moisture
content by weight were determined. Values for five different plot

locations are listed in Table 9.



Volume of Water Released (ml) for Stages 1 and 2 of

Moisture Retention Curve Procedure.?
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Figure 13. Equipment Arrangement, Preliminary Stage 2 Moisture
Retention Curve Procedure,

Figure l4. Final Equipment Arrangement, Stage 2 Moisture Retention
Curve Procedure. 9.8 kPa-196 kPa Pressure Range.



Table 9. Apparent Specific Gravity, Soil Meoisture Content | Percent

by Volume and Weight, for Stages 2 and 3 nf Snil Moisture
Retention Curve Procedure.

Sample Core.b

No. No. 2atm 5atm 10atm 15atm
" Pw As Pv - Py Pv Pw Py Pw Pv
Il 1 17.70 1.45 25.60 11.99 17.39 9.80 14.21 9.17 13.30
12 2 19.47 1.41 27.47 15.68 22,11 12.98 18.30 12.12 17.09
13 3 17.08 1.51 25.87 14.62 22.08 12.13 18.32 11.23 16.96
I4 4 15,08 1.52 22.95 13.20 20.06 11.08 16.84 10.17 15.46
I5 5 15.24 1.48 22.50 14.64 21.67 12.37 18.31 11.84 17.52
I6 6 20.60 1.48 30.40 19.88 29.42 16.51 24.43 15.56 23.03
17 7 20.09 1.39 27.84 14.42 20.04 13.41 18.64
18 8 19.09 1.36 25.97 14.06 19.12 12.88 17.52
I9 9 20.95 1.34 28.10 15.19 20.35 13.67 18.32
I10 10 20.43 1.32 27.01 13.29 17.54 11.87 15.67
IIl 11 18.75 1.43 26.73 10.92 15.62 10.16 14.53
112 12 18.65 1.34 25.01 11.14 14.93 10.30 13.80
113 13 18.20 1.48 27.00 23.19 12.15 17.98 11.35 16.80
II4 14 15.24 1.68 25.67 20.58 10.88 18.28 9.98 16.77
II5 15 14.04 1.65 23.14 18.23 10,11 16.68 9.34 15.41
III1 16 18.18 1.45 26.42 19.92 10.65 15.44 9.33 13.53
ITI 17
III§ 18 18.55 1.61 29.81 25.20 13.57 21.85 12.48 20.09
III4 19 16.24 1.60 26.00 13.57 21.57 11.76 18.82 10.51 16.82
1115 20 17.23 1.50 25.93 15.2% 22,82 13.55 20.33 12.51 18.76
IV1 21 18.93 1.51 28.53 15.18 22.92 13.01 19.64 12.12 18.30
IV2 22 16.41 1.52 24.87 13.64 20.73 11.63 17.68 10.39 15.79
IV3 23 14.01 1.62 22.68 11.57 18.75 9.90 16.04 9.29 15.05
IVA 24 20,20 1.42 28.77 17.88 25.39 15.24 21.64 14.43 20.49
IV5 25 20.96 1.31 27.49 19.52 25.57 17.10 22.40 15.68 20.54
Vl 26 20.87 1.48 20.89 16.77 24.82 14.71 21.77 13.86 21.51
Vz 27 22.97 1.44 33.08 18.76 27.01 16.67 24.00 15.83 22.80
V3 28 18.56 1.53 28.35 15.62 23.90 13.66 20.90 12.85 19.66
V4 29 15.57 1.56 24.28 12.49 19.48 10.91 17.02 9.94 15.51
V5 30 20.88 1.40 29.17 18.30 25.62 16.52 23.13 15.02 21.03

aRichfield So0il, Garden City, Kansas, Branch Agricultural Experiment

Station
Corg Number Plot Location Code:
1-10 = Plot 5, West bench
11-15 = Plot 8, West Watershed
26-30 = Plot 8, East Bench
CSample Number Depth Code:

moa u o

1
2
3
4
5

16-20 =

21-25

0-15 cm
15-30 cm
30-61 cm
61-91 cm

Pl
P1

91-122 cm

ot
ot

6
7
8
9
10

8, West bench

2, East Watershed

12
15
18
21

wnonunn

2-152 em
2-183 cm
3=213 cm
3-244 cm

244-274 cm



Stage 3

For tensions of 490 kPa to 1.47 MPa a set of three pfessure membrane
plates were used as shown in Figures 15 and 16. The dried soil cores from
Stage 2 tests were crushed un;il roughly 100 gm of each sample would pass
a 2 mm sieve (the soil should not be crushed to a fine powder if it can be
avoided). Presoaked 1.47 MPa bubbling pressure cellulose casing were then
placed on the base plates. All air between the membrane and base plates
was removed before the spacing cylinders were attached to the base plates.
Water was added to keep the membranes moist at all times. For each sample
to be tested, a 3.2 cm diameter by 1.0 cm length of rubber tubing was placed
on each membrane and filled with soil. The plate covers were bolted in
place, tightening opposite bolts in a rotating pattern to 16 N » m of
torque. Preliminary and final Stage 3 equipment arrangement is shown in
Figures 15 and 16. The samﬁles were allowed to soak for 24 hours. Pressure
of 1.47 MPa, 980 kPa and 490 kPa were then applied to the first, second,
and third plates respectively. (The valves should be opened slowly or
the air flow will disturb any samples in the immediate area of the plate
cylinder air inlet.)

Outflow was measured in partially sealed 10 ml graduated cylinders
to determine when the samples in each plate had reached equilibrium.

When no change was observed in the outflow cylinder level for 2 days, the
samples in that plate were assumed to be at equilibrium conditions. The
pressure on that plate was released and the samples were oven dried for
24 hours. Moisture content for each sample was determined and the data
recorded in Table 10. Most runs required five to ten days to reach

equilibrium,



Figure 15.

Preliminary Equipment and Sample Arrangement, Stage 3,
Soil Moisture Retention Curve Procedure.

Figure 16.

Final Equipment Arrangement, Stage 3, Soil Moisture
Retention Curve Procedure. 490 kPa-1.47 MPa Pressure
Range.
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By initially filling the cylinders to a given level and placing the

plate outlet tube ends below the water surface, the size of any membrane
leaks was quickly determined. (If more than one air bubble every 2-3
seconds appears the membrane and samples should be removed. Otherwise,
samples will be "air dry" after a onme week run). Before replacing a leaky
membrane, the base plate should be checked for small rust scales which
occasionally fall from the plate covers and may puncture the membrane.
Also, once every two or three runs, the base plate should be removed and
have high pressure water passed backwards through it to remove any small
rust particles that may be partially blocking the base plate outlet.)

A completely sealed graduated cylinder will experience a gradual
pressure increase over time due to the small amount of air passing through
the membranes. If this air is not allowed to escape, it will accumulate
between the membrane and base plate, producing a large air pocket that
separates the base plate and membrane. This interferes with flow through
the membrane and gives samples with higher equilibrium moisture contents
at a given pressure than actually exist. This was the case in some pre-
liminary runs.

When all the data was in the form of Tables 9-11 itlwas reduced to
the coordinates of the moisture retention curve by the following procedure:
1) The moisture contents, percent by volume, were calculated for

the 196, 490, 980 kPa and 1.47 MPa samples using the appropriate wet,
dry and can weights and apparent specific gravity values. These values
were entered in Table 9.

2) The soil moisture, as percent by volume, that was lost from each
sample for each pressure increment between zero and 196 kPa was calculated
by dividing the ml of water removed during each increment by the sample
volume (347.5 cm3) and multiplying by 100. These values were entered in

Table 11.



Table 11.

Water Released in Percent by Volume for Each Pressure
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Increment Applied Durinp Stages 1 and 2 of Soil Moisture
Retention Curve Procedure.?
Cm Water Tension

13 .12
14 .17
15 .14
l6 .23
17 .23
18 .12
19 .20
20 .12
21 .43
22 .09
23 .29
24 .14

26 .37
27 .17
28 .09
29 .14
30 .12

3Richfield silt lcam, Bench terrace

25

1.44
1.58
1.44
1.73
1.58

2.13
2.13
2.47
2.27
2.68
4.60
1.32

.32

.58

.32
.26
+95
1.15
2.01
2.71
2.50
.63
.98
1.38
.75
.37
0

1.64

50

.66
3.08
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Agricultural Experiment Station.

bCore Number Plot Location Code:
1-10 = Plot 5, West bench

11-15
26-30

Sample Number Depth Code:

(Samples 11-30 were sampled
at the same depth increments
as 1-10 but were sampled
only to a depth of 122 cm.)

Plot 8, West Watershed
Plot 8, East Bench

ne-wn e

100

1.96
1.35
1.01
1.50
2.01
1,27
1.18
1.27
1.09
1.04
1.09
1.27
1.01

.89
1.44
2.56
. .92
1,21
1.55
1.84

.86

.14
1.15
1.61
2.16

.95
1.15
1.70
1.04
1.58

area, Garden City, Kansas Branch

200
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.29
.69
.69
.92
3.17
1.32
1.35
3.34
2.73
2.27

16-20 =

21-25 =
= 0=15 cm 6
= 15-30 cm 7
= 30«61 cm 8
= 61-91 cm 9
= 91-122 em 10
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.86

o Gy
oW

.95
1.01
»95
W72
.60
1.01
.81
1.24
1.32
<75
.81
.86
.92
1.04

2000

1.06
.69
.60
.63
.72
.78

1.15

1.01
.81

1.09

.98
.92
.66
.60
.40
.66
.69
.72
.63
.58
.60
.78
.63
.86
.95
.49
.40
.52
.69
.81

Plot 8, West bench
Plot 2, East Watershed

122-152
152-183
183-213
213-244
244-274

cm
cm
cm
cm
cm
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3) Beginning with the known moisture content at 196 kPé, soil moisture
at 137 kPa was back-calculated by subtracting the percent by volume of
water removed at 196 kPa from the water content at 196 kPa. This procedure
was repeated for each pressure step back to 490 Pa, All values for the
same depth were averaged, giving the values shown in Table 12.

4) For moisture content at saturation, Equation 12 was used (moisture
content at saturation was assumed to be equal to the potre space).

p

saturated moisture content = percent pore space = (1- EE x 100 (12)
P

where b is the apparent specific gravity of the soil sample and Pp is the
density of the soil particles, assumed to be 2.65 g/cma.

Moisture content at saturation may very well be less than that at
490 Pa for several reasons: 1) apparent specific gravity may be in error;
2) particle density may not be 2.65 g/cm3; 3) not all water drained from
the soil that should have drained at the 490 Pa setting. (Moisture content
at 490 Pa is back-calculated from the equilibrium moisture content at the
980 Pa setting and the outflow measured at 980 Pa., The measured outflow
at 980 Pa will be too large if insufficient time was allowed for slow draining
soils to come to equilibrium at the 490 Pa pressure setting. When the
resulting extra-large outflow at 980 Pa is added to the equilibrium soil
moisture content at 980 Pa, too large a 490 Pa equilibrium soil moisture
content will be obtained.)

Curves for 0-15 and 15-30 cm were similar enough to be combined as
one curve in the model, as were the 30-61, 61-91 and 91-122 cm curves.

Figure 8, Chapter 2, shows the relationships actually used in the model.



Table 12. Final coordinates for Soil Moisture

for Richfield Silt Loam.2

Soil Depth, cm

Retention Curves

74

Moisture
Tension 91-
cm 0-15 15-30 30-61 61-91 122
Ob 44,90 46.42 41.51 41.13 44.53
5 42.61 41.05 39.47 38.72 42.09
10 42.21 40.78 39.22 38.54 41.95
25 40.33 38.79 38.05 37.81 40.76
50 38.11 36.09 36.05 35.80 38.05
75 36.4 34.64 34.57 33.87 35.45
100 34.92 33.67 33.35 32.55 33.64
200 31.96 31.93 31.19 -30.48 30.71
800 29.4 29.38 28.34 27.22 27.31
1400 28.39 28.31 27.37 26.21 26.34
2000 27.63 27.61 26.74 25.53 25.65
5000 23.50 23.28 21.58 21.66 23.92
10,000 17.34 18.73 19.02 18.52 20.17
15,000 16.03 17.37 17.71 17.01 18.65

aBench Terrace Area, Garden City, Kansas Branch Agricultural Experiment

Station :
b fob

122~
152

44.15
42.10
41.67
40.24
39.32

38.31

37.04
34.80
32.27
31.18
30.40
29.42
24.43
23.03

£, at saturation = (1- F;) x 100, F; = 2.65

152-
183

47.55
46.39
45.96
43.83

40.81

38.97
37.79
34.25
30.54
28.99
27.84
25.49
20.04
18.64

183-
213

48.68
44.79
44.45
42.32
39.33
37.52
36.25
32.19
28.42
26.98
25.97
22.98
19.12
17.52

213~
244

49.43
45.30
44.64
42.17
39.35
372
36.62
33.71
20.26
28.91
28.10
24.16
20.35
17.54

244—
274

50.19
47.32
46.60
44.33
41.80
40.25
39.21
35.87
29.83
28.1

27.01
19.63
17.54
15.67
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Unsaturated Hydraulic Conductivity-Moisture Content Curves

Several factors were considered in determining which of several
methods available to determine unsaturated hydraulic conductivity should
be used. First, the method had to be compatible with the equipment, or
minor modifications in the equipment available at the Kansas State
University Evapotranspiration Laboratory. Second, time requirements, both
from time periods of equipment availability and man hours necessary to run
the tests should be a minimum{ And finally, realizing the great
variability in soil properties with location for the same soil, some
accuracy could be sacrificed for the sake of simplicity and reduced time
requirements.

kirkham and Powers (1972) discuss the advantages and disadvantages
of various methods of obtaining soil diffusivity. From their discussion
and additional searching, Doering's One Step Method (1965) was chosen
as the method that best fit the above considerations.

In this method, diffusivity is calculated by Equation 13 developed

by Gardner:

2
4L dw

- ,,,.‘ch_wf) dt (13)

D =

where D = soil diffusivity, em/hr

L = sample length, cm

W = sample water content, percent by volume, when the instantaneous
outflow rate dW/dt is determined

Wf- final equilibrium water content, percent by volume, at the
pressure used in the experiment

To obtain unsaturated hydraulic conductivity from these calculated

diffusivity values, Equation 14 was used (Doering 1965).
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K == D dw/ds (14)

where K 1is unsaturated hydraulic conductivity in cm/hr and dW/ds is the
slope of the soil water potential vs. soil water content curve at the

water conteht represented by D.
Experiment Description

Undisturbed samples were taken in the 0-15 and 15-30 cm layers and
at 46, 76,.107, and 138 c¢m with a 7.62 em Giddings probe. Samplés about
10 cm in length were placed in 7 cm nominal diameter plastic sleeves and
sealed in plastic bags in the field to prevent excessive drying.

In the laboratory, the samples were prepared using thé same
procedure as outlined for the moisture retention curve samples, giving
uniform-faced cylindrical samples with a volume of 347.5 cms.

The equipment was set up as shown in Figure 17. Equipment arrange-
ment was identical to that for Stage 2 of the moisture retention curve
procedure with two small exceptions. First, a plastic pipe tee fitting
and a 15 cm plastic pipe standpipe were added. And second, outflow was
collected in 10 ml graduated cylinders in this experiment. A small
ong—hole rubber stopper ﬁith a narrow groove cut parallel to the hole on
the outer surface was fit over each of the outflow tips and into the
mouth of a graduated cylinder. This provided a seal to prevent evaporation
and a small vent to prevent a pressure increase in each c¢ylinder. The
standpipe, .containing about 1.3 cm of-water was necessary to remove
any air that collected in the apparatus before the air had a chance to reach
the tip of the graduated tubing. On a preliminary run, air accumulated
in the curved area of these tips and blocked water passage into the

cylinder. This greatly interfered with the outflow ws. time measurement



Figure 17,

Preliminary (Top) and Final (Bottom) Equipment
Arrangement for "One-Step'" Method of Determining
Unsaturated Hydraulic Conductivity-Scil Moisture
Relationships.

77
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necessary in this procedure. The standpipes were added to eliminate this
problem and in most cases worked well. Large bubbles 2 cm in length or
longer did have a tendency to pass the standpipe entrance intact and created
problems if they were not removed from the systems before reaching the tips.
By removing the tip from the cylinder, maintaining it at a constant level
over another container and adding water to the standpipe, the bubbles and
extra water could be flushed from the system with no problems created. By
observing the apparatus at least once a day and flushing when necessary,
reliable data were obtained.

Samples were placed on the ceramic plate of the 196 kPa pressure cells,
soaked for 48 hours and the water remaining between the cores and cylinder
walls siphoned off as in Stage 2 of the moisture retention curve procedure.
Covers were bolted in place and 196 kPa was applied. Outflow measurements
from each core began immediately and were recorded vs. time as shown in
Table 13. The initial outflow rates were very large and required the use
of 25 ml graduated cylinders for ease of reading and ability to "keep up"
with the experiment. Time increments for recording outflow were determined
as the experiment progressed. They were selected so that the outflow for
all tﬁe cores was usually between 0.5 and 1.5 ml at the end of each time
period. This gave between 100 and 150 data points for each curve and good
definition to the accumulated outflow vs. time curves, Figure 2, Chapter 1.
The experiment was run for 40 days. As seen from comparing total outflow
on the last two days of the run, none of the cores had truly reached
equilibrium conditions but all were approaching equilibrium.

Doering (1965) took plots of accumulated outflow vs. time and
graphically determined the slope at various points to get values for
347.5 X dw/dt. I chose instead to attempt to find a continuous function

to describe these curves and then take the first derivative of the
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of the expression to determine values for particular 347.5 X dW/dt's.

One-Step Procedure, Method 1

A statistical analysis determined the Y vs. time relationships for

the depths considered as:

0- 30 cm = Y = 29.548 + 7.904 In X R = 0.990
30-122 cm = ¥ = 36.758 + 7.736 In X R = 0.995
122-152 cm = Y = 10.541 + 4.814 1n X R® = 0.986
152-183 cm = Y = 35.640 + 7.678 1n X R> = 0.983
183-213 cm = Y = 43.924 + 8.271 1In X R> = 0.974

where Y was accumulated outflow (ACCOUT) in ml and X was time in hours.
With these relationships of the form Y = a + b 1n X, the first
derivative was simply the b term. Then dw/dt was b/347.5. Water
content (W) at a given accumulated outflow was calculated as W = Wi -
ACCOUT/347.5. Where W, is the initial moisture content at saturation.

Wf is the final volume water content at the end of the 40 day run,

~and W

1 are all expressed as soil

determined gravimetrically. W, W £

moisture content fractions by volume (Bv). The appropriate wvalues were

inserted into Equation 13 and diffusivity calculated for each data point.
Equations for thelsoil moisture retention curves in the 980 Pa

to 1.47 MPa range were obtained from a regression analysis program. The

equations followed the general form Y = ¢ = d 1n X and were:

0- 30 cm = ¥ = 50.565-3.562 1n X R> = 0.995
30-122 cm = Y = 48.364-3.260 1n X R> = 0.981
122-152 cm = Y = 48.948-2.649 1n X R> = 0.992
152-183 cm = Y = 55.698-3.948 1n X R> = 0.990
183-213 cm = Y  53.895-34893 1n X R® = 0.984
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where Y was soil water potential, in cm of water and X was soil moisture
content in percent by volume.

Equation 14 required the slope, or first derivative of the moisture
retention curve, which in each case was just (-d). Inserting the appropriate
values in Equation 14 produced an unsaturated hydraulic conductivity
value at the moisture content corresponding to each succeeding accumulated
outflow value. The resulting curves are shown in Figure 9, Chapter 2.

Accumulated outflow from the soil core taken from the 91-122 cm depth
layer followed a significantly different pattern than was observed in any
of the other cores tested in the preliminary or fimal test runs. When the
samples were taken, this core came from a sandy layer present at that
location on the bench area. Comparison of the moisture retention curve
obtained from this sample and from others taken at the same depth in other
locations on the benches suggest that this sample was not representative of
the entire area. As a result, the accumulated outflow function for the
30-122 cm range was taken as a composite of the 30-61 and 61-91 cm curves.
Because of time limitations, curves were not obtained for the 152-213 cm
depths, so the accumulated outflow functions for 61-91 cm were used. Moisture
retention curves and a preliminary One-Step Method rumn showed the physical
properties of the 152-213 cm layers to more closely resemble those for the
61-91 cm layer than any other layer tested in the final.run. Although not
technically correct it was felt that when combined with the correct moisture
retention curves, reasonable estimates of unsaturated hydraulic conductivity
in these two layers would be obtained.

The final curves obtained by Method 1 calculations are shown in Figure
9, Chapter 2. Corrected curves calculated by Method 2 were all within 5
percent of the Method 1 values in the range plotted so only Method 1 curves

are presented.
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One~Step Procedure, Method 2

Daily calculation of unsaturated hydraulic conductivity for each of
the eight soil layers in the model required a function, or functions
that would use an input value of soil moisture content and calculate the
corresponding unsaturated hydraulic conductivity. Observing that a simple,
continuous function fit the accumulated outflow (ACCOUT) vs. time data
rather well (R2 from 0.974 to 0.995), I chose the fol;owing approach.

The general form of the ACCOUT vs. time and soil water potential
(TENSION) vs. soil moisture content in percent by volume (W) curves

are
ACCOUT = a + b 1In TIME (15)
and
W = c+d 1n TENSION (16)
Taking the first derivative of both,
dW/d TENSION = dW/ds (Doering's notation) = d/TENSION an
and

d ACCOUT/dt = b/TIME (18)
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Since the change in sample moisture content, percent by volume, with

time equals the accumulated outflow with time divided by sample volume,
dW/dt = b/ (TIME x 347.5) (19)

Doering's (1965) Equation 1 for diffusivity (D) is

41 aw
D= —— @

with terms as previously defined. Hydraulic conductivity (K) is then
K = - D dw/ds, (14)

Doering's Equation 2. Substituting 19 into 13:

612 b
D =-gr? (U-W,) (347.5) (TIME) (20)

Substituting 17 and 18 into 20 and multiplying by 24 to obtain cm/day;

412 ba (24)
K = -1W2(TIME) (TENSION) (347.5) (W—Wf) (21)

It is next necessary to be able to express TIME and TENSION in
terms of soil moisture. From 15, 1n TIME = (ACCOUT-a)/b or
TIME = exp (ACCOUT/b) x exp (-a/b). Let exp (-a/b) be a constant, K> so

ACCOUT

TIME = Kle b (22)
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Soil moisture content (W) at any time i8 represented by W = Wi -

ACCOUT/347.5, 8o

ACCOUT = ':(wi - W) (347.5) (23)

Substituting 23 into 22, TIME = K, e(347.5} X (Wi - W)

Let K3 = exp (347.5 Wi), 80
-347.5 W
TIME = Kl K3 e b (24)
W-2C
From 16, 1n TENSION = (W - ¢ /d or TENSION = e 4
-C
Let K, = d so
2 e
TENSTON = K, _ /¢ (25)

Combining equations 21, 23 and 25 gives an expression for K in

terms of soil moisture content and several constants:

4L%bd (24)
K = ~347.5 W W

2 b d
7 KKy e Ky e (347.5)(W = Wp)

The length of the soil column (L) is 7.62 cm for this set of experiments

80 combining constants gives

K= 1.625 bd (26)
W.)

“K KKy (W=-W,) W - 347.5W
o4 b
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combining K1K2K3 into another constant, CON, equation 26 becomes:

K = 1.625 bd
CON (W-W,) W - 347.5 W (27)
od b
_za 347.5Wi ¢
where CON = B x b -3
e e
- CON = 347.5W; _a _c¢c
. b b (28)

Equations 25; 27 and 28 are used in the model to calculate soil moisture
Computer runs were made comparing conductivities by Method 1 and Method
2, Method 1 was considered to be the more accurate method because constants
obtained from curve fitting of other relationships (a, b, ¢, and d) were used
more times in the argument of exponential functions in Method 2. Percent
error was calculated for each point obtained in Method 1 for each core and

ranged from 5 percent to 60 percent in the W_. to 38 percent by volume soil

£
moisture range. The errors were graphed vs. soil moisture content and gave
figures similar to Figure 18 in most cases. Maximum errors obtained at

some depths were smaller than for other depths. The curves calculated by
Equations 27 and 28 in the model were corrected with a series of linear
correction factors. These corrections gave values within 5 percent of Method
1 results over the Wf to 38 percent by volume range. (Note: field capacity
ranged from 30-34 percent by volume so model accuracy was acceptable in the
working range of soil moistures encountered.) Due to the method of calcula-
tion in both Methods 1 and 2, as the soil moisture approached the final
equilibrium water content (Wf) at 196 kPa the conductivity leveled off and
then increased sharply. To correct for this, conductivity was assumed to
maintain the minimum value reached from that corresponding moisture content

to permanent wilting point. This assumption may not be entirely valid but

due to experiment conditions was considered acceptable, especially since the
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volume of water moving between two adjacent soil layers with an average
moisture content below 23 percent by volume is practically negligible. 1In
considering movement from a very wet to a very dry layer, an error of 100
percent or more will produce a negligible difference in the total volume of
moisture movement when conductivities for the two layers are averaged.

Although Equation 15 is a very good predictor of accumulated outflow
vs. time (R2 of 0.974 to 0.995), plots of acutal and predicted outflow over
time showed consistent overpredictions in the dry soil moisture range,
tapering to perfect prediction and then increasingly underpredicting out-
flow as the soil moisture increased farther, giving a somewhat sinusoidal
variation about the actual values. Equation 15 or its derivative, Equation
18, was used directly in Method 1 while in Method 2, 18 was used directly in
Equation 27 and in two of the three parts of the argument of an exponential.
The third part of the argument, (c/d) was also used only directly in Method
1. So, even though Equations 19 and 25 fit the data very well, any errors
are magnified by use in the argument of several exponential functions,
giving the 50-60 percent errors encountered in Method 2.

While an error of 50 or even 100 percent is not serious in dealing
with unsaturated hydraulic conductivities, and could go uncorrected in the
model with few noticeable effects, I would recommend an alternate approach.
Instead of using Method 2 (the present method used in the model), I believe
an equally satisfactory approach would be to calculate the curve coordinates,
using Method 1 and approximate each curve by a series of straight lines and
simple curves. These simple curves and straight lines would then be sub-
stituted for Equations 27 and 28 'in calculating daily values of unsaturated
conductivity. A generated ACCOUT vs TIME function is still required in this

procedure but the complex exponential functions involved in Method 2 are
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unnecessary. As a result, the calculated unsaturated conductivities should
be easier to evaluate on a daily basis and should be more satisfactory in
describing actual unsaturated hydraulic conductivity-soil moisture content
relationships.

In following this suggested approach, only a series of two or at most
four "IF" statements would be necessary to determine unsaturated hydrauiic
conductivity for each depth, as opposed to passing through Equations 23, 27
and 28 and the necessary correction statements for each depth. This should
reduce computer time requirements and the corresponding cost per run con-

siderably, while producing only negligible changes in model results.



Appendix B.

Additional Figures and Tables
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Table 14,

Table 15.

Crop Rotation Codes Used in the Model

1. Continuous grain sorghum
2. Continuous wheat

3. Grain Sorghum-fallow

4. Wheat-fallow

Watershed:Bench Area Ratio Codes Used in the Model

0 0:1 Watershed:bench area ratio
2 2:1 Watershed:bench area ratio
4  4:1 Watershed:bench area ratio

92
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Table 16, Irrigation Design Class Descriptions for Kansas Soils

Profile
Irrigation Depth
Soil Class (ft.) Soil Class Description

1 L Deep soils with silt loam or silty clay loam
surface layers and slowly to very slowly permeable
heavy clay and claypan subsoils.

2 K Deep soils with silty clay or clay textures
throughout. Surface infiltration and subsoil
permeability are very slow when the soil is
moist. Shrinkage from drying causes extensive
cracking, resulting in high infiltration rates
until swélling occurs.

3 5" Deep soils with silt loam, loam, clay loam, or
silty clay loam surface layers and clay loam,
silty clay loam, or silty clay subsoils.

Subsoil permeability is slow to moderately slow.
Shrinkage cracks resulting from drying in the
soils with more clayey subsoil textures give a
relatively high initial infiltration rate.

4 2.5" Moderately deep soils with silt loam, clay loam,
or silty clay loam surface layers and clay loam
or silty clay subsoils with predominately
moderately slow permeability.

5 5' Deep soils with silt loam, loam clay loam, or
silty clay loam surface layers and subsoils.
Subsoil permeability: moderate to moderately
slow.

6 3! Moderately deep soils with silt loam or loam
surface layers and loam, clay loam, or silty
clay loam subsoils with moderate to moderately
slow permeability.

7 5! Deep soils with silt loam, loam or very fine
sandy loam surface layers and moderately permeable,
medium textures subsoils.

8 25" Moderately deep soils with silt loam, loam or
very fine sandy loam surface layers and moderately
permeable clay loam, loam, or silt loam subsoils.
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Table 16.continued.

9 5! Deep soils with fine sandy loam and loam surface
layers and subsoils that have moderately rapid
permeability. Available water capacity is
moderate to low.

10 5! Soils are moderately deep over sand with sandy
loam to loam surface layers and moderately rapid
to rapidly permeable subsoils with low available
water capacity.

11 5' Deep soils with loamy fine sand or loamy sand
surface layers and moderately rapid to rapidly
permeable subsoils.

12 5* Deep rapidly permeable soils with sand or fine
sand textures throughout.



Table 13. Crop Codes Used in the Model

Reference Number .. Crop
1 | Wheat
2 Sorghum
3 Corn
4 Soybeans
5 Pasture
6 Alfalfa

7 Fallow Soil



96

Table 18 SCS Runoff Curve Numbers for Condition 112 Antecedent Soil
Moisture after USDA SCS Handbcok, 1964.

' Crop
Design 1 2 3 4 5 6 7
Soil Grain Fallow
Group Wheat Sorghum Corn Soybeans - Pasture - Alfalfa Soil
1 83 86 86 84 80 86 84
2 83 86 86 84 80 86 84
3 78 82 82 81 74 82 g1
4 78 82 82 81 74 82 81
5 69 75 75 73 61 75 73
6 69 75 75 73 61 75 73
7 69 75 75 73 61 75 73
8 69 75 75 73 61 75 73
9 69 75 75 73 61 75 73
10 69 75 75 73 61 75 73
11 69 75 75 73 61 75 73
12 55 65 65 61 39 65 61

aConditioniII - During the growing season, soll moisture Iin the top 15.2
em (6 in) 1s between 0.4 and 0.8 of field capacity.
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MOISTURE CONTENT FROM GRAVIMETRIC DATA, % BY VOLUME

36.0

110/

34-0 B
, . ¢
32.0 " A 30-61 cm (I_th.)
¢ All other depths to
244 cm (8 ft.)

30.0 —

[ ]
28.0 f :

]

[ ]
26,0 |

L ]

Y = 4,33 + 37.99X
24.0 F RZ = 0.70 ®
22,0 |-
20.0 - Y = 213.86 + 59.47X
r? = 0.84
1810 L 1 i o |
&
0.2 0.3 0.4 0.5 0.6 0.7 0.8

TROXLER NEUTRON PROBE COUNTS PER MINUTE/STANDARD COUNTS

Figure 19,Neutron Probe Calibration Curve, Probe # 1257,
Serial no. 222. '
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Appendix C. Computer Printouts
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ABSTRACT

A continuous water budget type of computer model was developed
and calibrated for use in western Kansas. Daily potential evapo-
transpiration (PET), actual ET and soil moisture changes in a 213 cm
soil profile were calculated from inputs of crop and soil moisture
characteristics and daily meteorological observations. Interception-
storage evaporation, evaporation from the soil surface and plant
transpiration were computed and combined to give the actual ET estimate
for the day. Soil moisture was redistributed by tension and conductivity-
soil moisutre relationships developed from laboratory tests on a
Richfield silt loam soil. The model was calibrated with one year's data
from a fallow watershed. Model calculated soil moisture contents
averaged within 5.3% of the measured moisture content in the 0-31 cm
soil layer. Predicted total moisture content in the 213 cm profile
averaged within 2.4 percent and ranged from 1.2 to 3.4 percent over the
one-year test period.

The model was used to evaluate the potential for groundwater
recharge from conservation bench terraces for the Garden City, Kansas
area. Computer runs were made using historical weather records for
the period 1945 to 1974, Watershed:bench area ratios of 2:1 and 4:1
were used. A wheat-fallow rotation was used on the watershed areas.
Continuous wheat, continuous grain sorghum or wheat-fallow rotations
were used on the bench areas for both 2:1 and 4:1 watershed:bench area
ratios.

Recharge was assumed to be the net water movement downward below

the 183 cm depth. A large portion of total deep percolation to ground-



water recharge occurred any time water was applied to an area when the
183 cm profile was at field capacity. The remaining fraction of deep
percolation was calculated as the summation of water movement, downward
taken as positive, between adjacent 30.4 cm soil layers across the 183
cm boundary, using the Darcy equation.

Groundwater recharge on the watersheds under a wheat-fallow was esti-
mated as 0.33 cm per year for the period 1945 to 1974. Recharge rates,
for the rotations used, in order of increasing amounts were continuous
wheat, continuous grain sorghum and wheat-fallow, for both 2:1 and 4:]
watershed:bench area ratios. A1l bench areas, regardless of watershed:
bench area ratio or the crop rotation used showed a larger recharge rate
than was calculated for the sloping watershed conditions. It would
appear that conservation bench terraces do have the potential for ground-
water recharge when used on Richfield silt loam or soils with similar
permeabilities with the effectiveness as a recharge structure dependent

on the choice of crop rotations and watershed:bench area ratio.



