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PREFACE

This report was prepared for the Soil Conservation Service, United
States Department of Agriculture. The purpose is to provide a guide for
developing a computer simulation model for drainage - water management
systems on high water table soils. The model and related methodologies
presented herein were developed to facilitate the design and analysis for
these systems. The methods can be used to evaluate the long-term perfor-
mance of systems for surface and subsurface drainage, subirrigation, con-
trolled drainage, and waste water application to artificially drained soils,

The materials presented in this report are based primarily on research
conducted in the Biological and Agricultural Engineering Department at North
Carolina State University to develop and test a water management simulation
model. The methods draw heavily on the drainage and hydrology literature,
and results of recent and ongoing research from several locations are
utilized in the material presented. In many cases, approximate methods were
favored over the so-called exact approach in the model development because
of large differences in computational and input data requirements. The
philosophy of the model development was to assemble the linkage between
various components of the system, allowing the specifics to be incorporated
as subroutines so that they can readily be modified as better methods are
developed.

The report contains a detailed description of each component of the
model. When possible, alternative methods for treating individual compo-
nents are presented. Input data requirements are discussed and sources for
the data identified. Numerous examples are given to demonstrate the appli-
cation of the model and associated methodologies for design and evaluation
of water management systems. The report also contains the results of
sensitivity tests to determine the effect of errors in the input data on
predicted design parameters. The subjects of subirrigation and seepage
losses are considered in separate chapters in the report. Results of recent
research to test the validity of the model were reviewed in detail and are
presented as an appendix to this report. Model predictions were compared
with field measurements from past drainage studies conducted in three states
in addition to the specific work in North Carolina for testing the model.

In general, predicted results were in good agreement with field observations
and the model is judged to be suitable for application to field scale
problems.

The model was developed and tested for use in humid regions. Although
research to test, and, if necessary, modify the model for irrigated agricul-
ture in semi-arid climates is currently being conducted, its application
should be confined to humid regions at the present time. The methods pre-
sented herein were developed for field-sized units with parallel subsurface
drains (relief drains). Lateral seepage due to a sloping landscape is not
considered as an integral part of the model. This limits application of
DRAINMOD to fields with slopes of less than about 5 percent. Freezing
conditions are not considered in the model so its application at the present
time is confined to periods when the soil is not frozen.



A concentrated effort was made to include all materials needed for
development and utilization of a computer simulation model for water manage-
ment systems on high water table soils. Although the resulting report is
somewhat lengthy, I believe that it can be used to accomplish the stated
objective.

:Z%ﬁ /J%\éf/ﬂ [/ -24 -0
R.”W. Akaggs, P<F.

Professor, North Carolina State University
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METHODS FOR DESIGN AND EVALUATION OF DRAINAGE-WATER
_MANAGEMENT SYSTEMS FOR SOILS WITH HIGH WATER TABLES

CHAPTER 1

INTRODUCTION

The design of efficient agricultural water management systems is
becoming more and more critical as competitive uses for our water resources
increase, and as installation and operational costs climb. In humid regions,
artificial drainage is necessary to permit farming of some of the nation's
most productive soils. Drainage is needed to provide trafficable conditions
for seedbed preparation and planting in the spring and to insure a suitable
environment for plant growth during the growing season. At the same time,
excessive drainage is undesirable as it reduces soil water available to
growing plants and leaches fertilizer nutrients, carrying them to receiving
streams where they act as pollutants. In some cases, water table control or
subirrigation can be used to maintain a relatively high water table during
the growing season thereby supplying irrigation water for crop growth, as
well as preventing excessive drainage. This type of irrigation has many
advantages over other methods for certain conditions and has been practiced
in scattered locations for many years,(Cllnton, 1948, Renfro, 1955).

However, these lands constitute only a small percentage of the total land
area suitable for subirrigation. This practice has not been rapidly accept-
ed because of the lack of established design criteria and information
characterizing the operation of systems in the field.

The design and operation of each component of a water management system
should be dependent on soil properties, topography, climate, crops grown and
trafficability requirements. Further, the design of one component should
depend on the other components. For example, a field with good surface
drainage will require less intensive subsurface drainage than it would if
surface drainage is poor. This has been clearly demonstrated in both field
studies of crop response (Schwab, et al, 1974) and by theoretical methods
(Skaggs, 1974). The relative importance of water management components
varies with climate, so, in humid regions, a well-designed drainage system
may be critical in some years yet provide essentially no benefits in others.
Thus, methods for designing and evaluating multicomponent water management
systems should be capable of identifying sequences of weather conditions
that are critical to crop production and of describing the performance of
the system during those periods.

The purpose of this report is to describe methods for the design and
evaluation of water management systems for soils with natural or induced
high water tables. The basic tool that will be used for design and evalua-
tion is a computer simulation model called DRAINMOD which was developed at
North Carolina State University (Skaggs, 1978b). The simulation program
characterizes the response of the soil water regime to various combinations
of surface and subsurface water management. It can be used to predict the
response of the water table and the soil water above the water table to
rainfall, evapotranspiration (ET), given degrees of surface and subsurface
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drainage, and the use of water table control or subirrigation practices.
Surface irrigation can also be considered and the model has been used to
analyze sites for land disposal of waste water. Climatological data are
used in the model to simulate the day to day performance of a given water
management system over several years of record. 1In this way, an optimum
water management system can be designed on a probabilistic basis as initial-
ly proposed for subsurface drainage by van Schilfgaarde (1965) and subse-
quently used by Young and Ligon (1972) and Wiser, et al, (1974).

i The model establishes a link between the water management system and
the water table and soil water conditions. Results of investigations of the 2
effect of soil water stresses (due to both excessively dry and wet conditions) '
on crop yield responses will allow the model to be used to relate the water
management system design to crop yields. Approximate methods for accomplishing
this task are now being developed and will be available in the near future.
More sophisticated methods are on the horizon. Ongoing research toward
developing crop models will provide much more accurate approximations of
water management system effects on yields and will increase the value of
simulation models of the type discussed here.

This report begins with a description of each of the components now
used in DRAINMOD. In some cases, a number of methods could be employed to
quantify a single hydrologic component. Therefore, whenever possible, the
discussion of each component, such as infiltration or subsurface drainage,
includes alternative methods that could be used and which may be advanta-
geous for some applications. Water management model objective functions are
discussed in Chapter 3 and the procedures for simulating the performance of
a water management system are discussed in Chapter 4. Input data require-
ments for DRAINMOD, sources of available data and methods for measuring the
needed inputs are discussed in Chapter 5. Several examples showing the use
of the model for design and analysis of water management systems are given
in Chapter 6. Sensitivity analyses which examine the effect of errors in
the various input data on the model predictions are given in Chapter 7.
While the emphasis in this report is on the simulation model, design and
evaluation of subirrigation or water table control systems also requires
analysis of short-term effects such as the time required to raise the water
level at the beginning of an irrigation cycle, etc. Methods for making
these analyses are given in Chapter 8 and the subject of seepage losses
during subirrigation is treated in Chapter 9. Finally, field tests of the
validity of the simulation model based on data obtained in North Carolina,
oOhio, Florida, and California are presented in a separate Appendix.

The methods presented herein for the design and evaluation of water
management systems are not exact. Approximations are involved in almost
every component of the model as more exact treatments were bypassed in favor
of methods that have feasible computational requirements and for which
necessary input data can be obtained. Nevertheless, field tests of the
model have shown it to be reliable for a wide range of soils and climato-
logical conditions. Although research efforts to improve this and related
models will continue, the most efficient means of improving the methodology
lies in its application. Application of DRAINMOD to real world situations
which are frequently complicated by a lack of input data have already

—_
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resulted in modifications. It is anticipated that modifications will
continue to be made as the model is applied to an ever widening range of
conditions.

Limitations of the Model

The model, as developed and presented herein, can be used to analyze a
broad range of drainage, subirrigation, and waste water application
problems. However, DRAINMOD should not be applied to situations which are
widely different than conditions for which it was developed, without further
testing. DRAINMOD was developed and tested for use in humid regions.
Although research to test and, if necessary, modify the model for irrigated
agriculture in semi-arid climates is ongoing, its application should be
confined to humid regions at the the present time. The methods were devel-
oped for field-sized units with parallel subsurface drains. Lateral seepage
due to a sloping landscape is not considered in the present methodology.
This limits application of the model to fields with slopes of less than
about 5 percent, although the exact slope limitation is dependent on drain
spacing, hydraulic conductivity, and other factors. Lateral seepage losses
from a water table control system are considered in Chapter 9. Freezing
conditions are not considered in the model so its application at the present
time is confined to periods when the soil is not frozen.
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CHAPTER 2

THE MODEL

Background

A schematic of the type of water management system considered is given
in Figure 2-1. The soil is nearly flat and has an impermeable layer at a
relatively shallow depth. Subsurface drainage is provided by drain tubes or
parallel ditches at a distance d, above the impermeable layer and spaced a
distance, L, apart. When rainfall occurs, water infiltrates at the surface
and percolates through the profile raising the water table and increasing
the subsurface drainage rate. If the rainfall rate is greater than the
capacity of the soil to infiltrate, water begins to collect on the surface.
When good surface drainage is provided so that the surface is smooth and on
grade, and outlets are available, most of the surface water will be
available for runoff. However, if surface drainage is poor, a certain
amount of water must be stored in depressions before runoff can begin.
After rainfall ceases, infiltration continues until the water stored in
surface depressions is infiltrated into the soil. Thus, poor surface
drainage effectively lengthens the infiltration event for a given storm
permitting more water to infiltrate and a larger rise in the water table
than would occur if depression storage did not exist.

RAINFALL OR ET

Phdbbibbbbietrrertr bt

DEPRESSION STORAGE S —>RUNOFF (RO)
WWWV
SOIL SURFACE  M\FILTRATION (F)
~ _ <___=__QR’A|NAGE:2 ’,/’ \\\ |
== XJTSUBIRRIGATION
-—'——l WATER TABLE ‘
I b
| ) | ¢
|

|
TTTEI 7T 77T E7TETTE] 7 LT 71787677 £/ E7L7 /7877 £7
RESTRICTIVE LAYER UDEEP SEEPAGE (DS)

Figure 2-1. Schematic of water management system with subsurface drains
that may be used for drainage or subirrigation.
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The rate water is drained from the profile depends on the hydraulic
conductivity of the soil, the derain depth and spacing, the effective
profile depth, and the depth of water in the drains. Wwhen the water level
is raised in the drains for purposes of supplying water to the root zone of
the crop, the drainage rate will be reduced and water may move from the
drains into the soil profile giving the shape shown by the broken curve in
Figure 2-1. Studies by Skaggs (1974) showed that a high water table reduces
the amount of storage available for infiltrating rainfall and may result in
frequent conditions of excessive soil water if the system is not properly
designed and managed. Water may also be removed from the profile by
evapotranspiration (ET) and by deep seepage, both of which must be
considered in the calculations if the soil water regime is to be modeled
successfully.

Model Development

Two important criteria were adopted in the development of the computer
model. First, the model must be capable of characterizing all aspects of
water movement and storage in the profile so as to predict, as accurately as
possible, the soil water regime and drainage rates with time. And second,
the model must be developed such that the computer time necessary to
simulate long-term events is not prohibitive. The movement of water in soil
is a complex process; it would be an easy matter to become so involved with
getting exact solutions to every possible situation that the final answer

RAINFALL OR IRRIGATION (P)

SURFACE
STORAGE (S)

RUNOFF (RO}
prm—

D T = gy e
ET
INFILTRATION (F)
WATER TABLE
o DRAIN TUBE
i ¢=DRA|NAGE _ OR DITCH

DEEP SEEPAGE (DS)

~<TVvE Q\\%\\%\\rrﬁrvr-%\\\%\\\
RESTRICTIVE |

LAYER

Figure 2-2. Schematic of water management system with drainage to ditches
or drain tubes. Components considered in the water balance are

shown on the diagram.
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would never be obtained. The guiding principle in the model development was
therefore to assemble the linkage between various components of the systen,
allowing the specifics to be incorporated as subroutines, so that they can
readily be modified when better methods are developed.

The basis for the computer model is a water balance for the soil
profile (Figure 2-2). The rates of infiltration, drainage, and evapotrans-
piration, and the distribution of soil water in the profile can be computed
by obtaining numerical solutions to nonlinear differential equations (e.g.,
Freeze, 1971). However, these methods are impractical for our purposes
because they require prohibitive amounts of computer time for long-term
simulations. Instead, approximate methods were used to characterize the
water movement processes. In order to insure that the approximate methods
provided reliable estimates, they were compared to exact methods for a rarge
of soils and boundary conditions. Further, the reliability of the total
model was tested using field experiments.

The basic relationship in the model is a water balance for a thin
section of soil of unit surface area which extends from the impermeable
layer to the surface and is located midway between adjacent drains. The
water balance for a time increment of At may be expressed as,

AVa =D+ ET +DS - F (2-1)

Where AVa is the change in the air volume (cm), D is lateral drainage (cm)
from (or subirrigation into) the section, ET is evapotranspiration (cm), DS
is deep seepage (cm), and F is infiltration (cm) entering the section in At,

The terms on the right-hand side of Equation 2-1 are computed in terms
of the water table elevation, soil water content, soil properties, site and
drainage system parameters, crop and stage of growth, and atmospheric
conditions. The amount of runoff and storage on the surface is computed
from a water balance at the soil surface for each time increment which may
be written as,

P=F+ AS + RO (2-2)

Where P is the precipitation (cm), F is infiltration (cm), AS is the change
in volume of water stored on the surface (cm), and RO is runoff (cm) during
time At. The basic time increment used in Egquations 2~1 and 2-2 is 1 hour.
However, when rainfall does not occur and drainage and ET rates are slow
such that the water table position moves slowly with time, Equation 2-1 is
based on At of 1 day. When drainage is rapid but no rainfall occurs, At = 2
hours is used. Conversely, time increments of 0.05 hours or less are used
to compute F when rainfall rates exceed the infiltration capacity. A
general Flow Chart for DRAINMOD is given in Figure 2-3. Methods used to
evaluate the terms in Equations 2-1 and 2-2 and other model components are
discussed in the following sections.



MATN - PLIT

READ YEAR, MONTH, WOURLY RAIWFALL,
DAILY MAX. AND MIN TEMPERATURES
FOR A ONE-MONTH PERIOD

1

CALCULATE POTENTIAL ET FOR EACH
DAY OF THE MONTH-THORNTHNAITE PETHOD

FORSUB & OTHER SUBROUTINES - FORTRAN TV

RANK YEARLY VALUES OF SEwig.

WORKING DAYS, ORY DAYS AND  AMNUAL

SURFACE [RRIGATION FOR WASTE DISPOSAL.

SuB. R,

Sug. R.

]
CALL SUBROUTINE FORSUB FOR
SIMULATION FOR QHE-'10HTH PERIOD

- e - - o -
- e o o - -l

i
'
'
t
t
i
: PRINT OUT THE RESULTS
'
!
1
!
1
t
i

YES

Is
YEAR = LAST

CONVERT HOURLY

DAILY PET VALUES TO Cn

RATIFALL AND

YES

SECTION 2

SUB.R___IREAD SOILS DATA, CROP

ALLOCATE STORAGE BLOCXS,
DATA AND SYSTEM PARAMETERS

INCREMENT DAY, DETERMINE
HOURLY RATHFALL (INCLUDING
IRRIGATION): ROOT DEPTH:

WEIR DEPTH AND INITIALIZE

1
[ONITIALIZE VARTABLES

VARTABLES FOR A NEW DAY.

1o YEAR OF

< 'MULATION

I M

RAINFALL  DRALNAGE. ET. RO,
IRRIGATION, SE'ly,, HORKIYG
DAYS, ETC. (USER OPTION)

YES

N

RAHK

ON

BEGINNING OF
DAY

DOES
RATHFALL OR
SURFACE AT

SURFACE - IRRIGATION
OCCUR THIS DAY

CALCULATE HOURLY IMNFILTRATION
(GREEN-AMPT) ITTERATIVE PRO-
CEDURE. USE WATER BALANCE AT

SURFACE

)
DETERHIHE HOURLY ' SUB. R.
DRATNAGE VOLUME 13

jrvy
—
L4

DETERMINE HOURLY | SUB. R

DETERMINE PLANT
GROWTH (SEw.,) AND
TRAFFICASILITY PARA-
METERS; MAKE MOMTHLY
SUMMARY CALCULATIONS.
PRINT DAILY SUMMARIES
[F DESIRED.

I SU8. R,
X3

CALCULATE HOURLY WATER
BALAKCE, FIND KNEW WATER
TABLE DEPTH, DRY ZONE
DEPTH, SURFACE STORAGE,
HOURLY SEL,, ETC.

RECALCULATE DAILY
HATER BALANCE. FIN
UATER TABLE DEPTH, DRY
ZONE CEPTH & WET ZUNE
DEPTH AT END OF DAY
BASED ON DAILY ORAINAGE
€7, R.0. & INFILTRATIOR
DETERMINED ABCVE

e ot e 8 e e e e e L e e e e O A S e n Mmoo e e e e e e e e e e

Lo o e ar s o > - - - -

Figure

@ o

sum. R CALCULATE onug;mz w{‘sm .
e FLUX AT START ’
DRATTS B4y FLUX « 0.02)YES
CH/DAY
r————-—m
CALCULATE DRAINAGE ESTIMATE ORAITAGE
SUB. R, VOLUME FOR 2 HOUR FOR DAY BASED ON
BRATRY ] IMCREVENT INITIAL FLUX
THCRE-TENT
HOUR; M » He2
ws. R CALCULATE ET TSTIMATE €7 FOR s
.y FOR 2 HOUR DAY 8.
ETFLOR [HCRESENT 3817
k2
CALTULATE WATER CALCULATE WATER
BALAMCE. FIND %EV BALANCE. FLUD
'ATER TABLE DEPTH, V.T. DEPTH AT
SOIL JATER CONTENT, END OF DAY, DRY
DRY Z0ME DEPTH, ETC. ZONE DEPTH, £TC.
[ ] [ ]
CALCULATE DRAINAGE CALCULATE ORATIAGE | SUB.
SUR, R, |ELUX BASED ON NEU FLUX AT END OF DAY JTRATH
T 4.T. OEPTH. :
CALCULATE AVERAGE
DRATIAGE FLUX FOR DAY

YES

DETERNITE DAILY OPATHAGE.
R.0. SEY,,, ETC. 8Y
SUMMATION OF HOURLY VALUES

2-3.

An abbreviated general flow chart for DRAINMOD.

T e e G " o o - = o - . e = e . e o e o e = A o e - . e T T A A am G e A G 4 m G S e R W GE S e (b e s b G UL G e W @ ek o S . e e

- wn O E, e n S S W IR WD R AP WA S WS U WD D WS W G W e e e - - - o - - o o o



Model Components

Precipitation

Precipitation records are one of the major inputs of DRAINMOD. The
accuracy of the model prediction for infiltration, runoff, and surface
storage is dependent on the complete description of rainfall. Therefore, a

‘short time increment for rainfall input data will allow better estimates for

these model components than with less frequent data. A basic time increment
of one hour was selected for use in the model because of the availability of
hourly rainfall data. While data for shorter time increments are available
for a few locations, hourly rainfall data are readily available for many
locations in the United States.

Hourly rainfall records are stored in the computer based HISARS (Wiser,
1972, 1975) for several locations in North Carolina and these records are
automatically accessed as inputs to the model. A data set for selected
locations (at least 2 per state where possible) in the eastern USA is now
being developed at North Carolina State University. These hourly rainfall
and daily maximum and minimum temperature data will be available to the SCS
and to other public and private agencies and will permit the use of DRAINMOD
for a wide variety of climatic and geographic conditions. Hourly data for
other locations in the USA can be obtained from the National Weather Service
at Asheville, North Carolina.

Infiltration

Infiltration of water at the soil surface is a complex process which
has been studied intensively during the past two decades. A recent review
of infiltration and methods for quantifying infiltration rates was presented
by Skaggs, et al, (1979), Philip (1969), Hilel (1971), Morel-Seytoux (1973),
and Hadas, et al, (1973) have also presented reviews of the infiltration
processes. Infiltration is affected by soil factors such as hydraulic
conductivity, initial water content, surface compaction, depth of profile,
and water table depth; plant factors such as extent of cover and depth of
root zone; and climatic factors such as intensity, duration, and time
distribution of rainfall, temperature, and whether or not the soil is
frozen.

Methods for characterizing the infiltration process have concentrated
on the effects of soil factors and generally assume the soil system to be a
fixed or undeformable matrix with well-defined hydraulic conductivity and
soil water characteristic functions. Under these assumptions and the
additional assumption that there is negligible resistance to the movement of
displaced air, the Richards equation may be taken as the governing
relationship for the process. For vertical water movement, the Richards
equation may be written as,

oh 9 sh 89X (h)
C(h) 3% = 3z [K(h) 3;] " 3z (2-3)

Where h is the soil water pressure head, z is the distance below the soil
surface, t is time, K(h) is the hydraulic conductivity function, and C(h) is
the water capacity function which is obtained from the soil water character-
istic. The effects of rainfall rate and time distribution, initial soil
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e

water conditions, and water table depth are incorporated as boundary and

initial conditions in the solution of Equation 2-3.

Although the Richards equation provides a rather comprehensive method
of determining the effects of many interactive factors on infiltration;
input and computational requirements prohibits its use in DRAINMOD. The
hydraulic conductivity function required in the Richards equation is
difficult to measure and is available in the literature for only a few

soils.

Furthermore, Equation 2-3 is nonlinear and for the general case,

must be solved by numerical methods requiring time increments in the order
‘ The computer time required by such solutions would
clearly be prohibitive for long-term simulations covering several years of

of a few seconds.

record.

Nevertheless, these solutions can be used to evaluate approximate

methods and, in some cases, to determine parameter values required in these

methods.

Approximate equations for predicting infiltration rates have been
proposed by Green and Ampt (1911), Horton (1939), Philip (1957), and Holton,

et al, (1967), among others.

Of these, the Green-Ampt equation appears to

be the most flexible and is used to characterize the infiltration component

in DRAINMOD.

homogeneous profiles with a uniform initial water content.

The Green-Ampt equation was originally derived for deep

Water is assumed

to enter the soil as slug flow resulting in a sharply defined wetting front
which separates a zone that has been wetted from a totally uninfiltrated
Direct application of Darcy's law yields,

zone (Figure 2-4).

(2-4)

Where f is the infiltration rate which is equal to the downward flux
(cm/hr), L_ is the length of the wetted zone, K_ is the hydraulic

conductivigy of the wetted or transmission zone, H
is the hydraulic head at tﬁ

the soil surface and H
the soil surface as thé datum, H. = H , the ponded water depth and H, = h

. . ' . £
L_ where h_ is the soil water préssuré head at the wetting front. Tﬁen,

Equation 2-4 may be written as,

H,

Y

WATER =

Ho

it

6+ 8
/ s
0

}

Le

_WETTING FRONT-

IDRY SOIL:

e g

is the hydraulic head at
e wetting front.

Taking

Figure 2-4. Definition ske<ch for derivation of the Green-ampt egquation.
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f= -Ks (hf - Lf - Ho)/Lf (2-5)
Note that h, is a negative quantity. Substituting a positive quantity, sa ,
the effective suction at the wetting front for hf, i.e. hf = —SaV gives, v

f = KS (s‘_=W + Ho + Lf)/Lf (2-6)

At any time the cumulative infiltration, F, may be expressed as,
F=(6 -6,)L_=ML_, where 8 is the volumetric water content in the wet
zone, 8i is"the initiaf water cogtent and M is the initial soil water
deficit (or fillable porosity). Assuming HO is negligible compared to Sa +
Lf, and substituting Lf = F/M into Equation 2-6 gives the Green-Ampt equagion:

A

f= Ks + KS M SaV/F (2-7)

Although the original derivation by Green and Ampt assumed total saturation
behind the wetting front, this requirement was in effect relaxed by Philip
(1954). He assumed the water content € , was constant, but not necessarily
equal to the total porosity. Likewise,s K_is expected to be less than the
saturated hydraulic conductivity. For a given soil with a given initial
water content, Equation 2-7 may be written as,

£f=A/F +B (2-8)

Where A and B are parameters that depend on the soil properties, initial
water content and distribution, and surface conditions such as cover,
crusting, etc. Note that the derivation of Equation 2-7 assumes a ponded
surface so that infiltration rate is equal to infiltration capacity at all
times. This is not the case for rainfall infiltration where there may be
long periods of infiltration at less than the maximum rate. In this case,
the infiltration rate is assumed equal to the rainfall rate until it exceeds
the capacity as predicted by Equation 2-7.

In addition to uniform profiles for which it was originally derived,
the Green-BAmpt equation has been used with good results for profiles that
become denser with depth (Childs and Bybordi, 1969) and for soils with
partially sealed surfaces (Hillel and Gardner, 1970). Bouwer (1969) showed
that it may also be used for nonuniform initial water contents.

Mein and Larson (1973) used the Green-Ampt equation to predict
infiltration from steady rainfall. Their results were in good agreement
with rates obtained from solutions to the Richards equation for a wide
variety of soil types and application rates. Mein and Larson's results
imply that, for uniform deep scils with constant initial water contents, the
infiltration rate may be expressed in terms of cumulative infiltration, F,
alone, regardless of the application rate. This was first recognized by
Smith (1972) and is implicitly assumed in the use of the Green-Ampt equation
to predict rainfall infiltration. Reeves and Miller (1975) extended this
assumption to the case of erratic rainfall where the unsteady application
rate dropped below infiltration capacity for a period of time followed by a
high intensity application. Their investigations showed that the infiltra-
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tion capacity could be approximated as a simple function of F regardless of

the application rate versus time history. These results are extremely

important for modeling efforts of the type discussed herein. If the infil-

tration relationship is independent of application rate, the only input

parameters required are those pertaining to the necessary range of initial S
conditions. On the other hand, a set of parameters covering the possible

range in application rates would be required for each initial condition if

the infiltration relationship depends on application rate.

2 frequent initial condition for shallow water table soils is an
unsaturated profile in equilibrium with the water table. Solutions for the
infiltration rate - time relationship for a profile initially in equilibrium
with a water table 100 cm deep are given in Figure 2-5 for a sandy loam
soil. The solutions were obtained by solving the Richards equation for
rainfall rates varying from 2 to 10 cm/hr and for a shalldw ponded surface.
Note that infiltration rate is dependent on both time and the application
rate (Figure 2-5). However, w¥en infiltration rate is plotted versus
cumulative infiltration, F = /_ f dt, the relationship is nearly independent
of the application rate (Figurg 2-6). This is consistent with Mein and
Tarson's (1973) results discussed above for deep soils with uniform initial
water contents. '

It should be noted that resistance to air movement was neglected in
predicting the infiltration relationships given in Figures 2-5 and 2-6.
Such effects can be quite significant for shallow water tables where air may
be entrapped between the water table and the advancing wetting front
(McWhorter, 1971, 1976). Morel-Seytoux and Khanji (1974) showed that the
Green-Ampt equation retained its original form when the effects of air
movement were considered for deep soils with uniform initial water contents.
The equation parameters were simply modified to include the effects of air

movement.,

Infiltration relationships for a range of water table depths are
plotted in Figure 2-7 for the sandy loam considered above. Although these
curves were determined from solutions to the Richards equation, similar
relationships could have been measured experimentally. The parameters A and
B in Equation 2~8 may be determined by using regression methods to fit the
equation to observed infiltration data. The resultant parameter values will
reflect the effects of air movement, as well as other factors which would
have otherwise been neglected. Infiltration predictions based on such
measurements will usually be more reliable than if the predictions are
obtained from basic soil property measurements. Methods for determining
parameters A and B from infiltration measurements and from basic soil
properties are discussed in detail in Chapter 5.

The model requires inputs for infiltration in the form of a table of A
and B versus water table depth. When rainfall occurs, A and B values are
interpolated from the table for the appropriate water table depth at the -
beginning of the rainfall event. An iteration procedure is used with
Equation 2-8 to determine the cumulative infiltration at the end of hourly
~time intervals.
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when the rainfall rate exceeds the infiltration capacity as given by
Equation 2-8, Equation 2-2 is applied to conduct a water balance at the
surface for At increments of 3 minutes (0.05 hour). Rainfall in excess of
infiltration is accumulated as surface storage. When the surface storage
depth exceeds the maximum storage depth for a given field, the additional
excess is allotted to surface runoff. These values are accumulated so that,
at the end of the hour, infiltration and runoff, as well as the present
depth of surface storage are predicted. Hourly rainfall data are used in
the program so the same procedure is repeated for the next hour using the
recorded rainfall for that period. Infiltration is accumulated from hour to
hour and used in Equation 2-8 until rainfall terminates and all water stored
on the surface has infiltrated. Likewise, the same A and B values are used
for as long as the rainfall event continues. An exception is when the water
table rises to the surface, at which point A is set to A = 0 and B is set
equal to the sum of the drainage, ET, and deep seepage rates. Aan
infiltration event is assumed to terminate and new A and B values obtained
for succeeding events when no rainfall or surface water has been available
for infiltration for a period of at least 2 hours. This time increment was
selected arbitrarily and can be easily changed in the program.

Although it is assumed in the present version of the model that the A
and B matrix is constant, it is possible to allow it to vary with time or to
be dependent on events that affect surface cover, compaction, etc.
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Surface Drainage

Surface drainage is characterized by the average depth of depression
storage that must be satisfied before runoff can begin. In most cases, it
is assumed that depression storage is evenly distributed over the field.
Depression storage may be further broken down into a micro component
representing storage in small depressions due to surface structure and
cover, and a macro component, which is due to larger surface depressions and
which may be altered by land forming, grading, etc. A field study conducted
by Gayle and Skaggs (1978) showed that the micro-storage component varies
from about 0.1 cm for soil surfaces that have been smoothed by weathering
(impacting rainfall and wind) to several centimeters for rough plowed land.
Macro-storage values for eastern North Carolina fields varied from nearly O
for fields that have been land formed and smoothed or that are naturally on
grade to >3 cm for fields with numerous pot holes and depressions or which
have inadequate surface outlets. Surface storage could be considered as a
time dependent function or to be dependent on other events such as rainfall
and the time sequence of tillage operations. Therefore, the variation in
the micro-storage component during the year can be simulated. However, it
is assumed to be constant in the present version of the model.

A second storage component that must be considered is the "film" or
depth of surface water that is accumulated, in addition to the depression
storage, before runoff from the surface begins and which remains during the
runcff process. This volume is referred to as surface detention storage and
depends on the rate of runoff, slope, and hydraulic roughness of the
surface. It is neglected in the present version of the model which assumes
that runoff moves immediately from the surface to the outlet. Actually,
water that eventually runs off from one section of the field is temporarily
stored as surface detention and may be infiltrated or stored at a location
downslope as it moves from the field. However, the flow paths are
relatively short and this volume is assumed to be small for the field size
units normally considered in this model.

Subsurface Drainage

The rate of subsurface water movement into drain tubes or ditches
depends on the hydraulic conductivity of the soil, drain spacing and depth,
profile depth, and water table elevation. Water moves toward drains in
both the saturated and unsaturated zones and can best be quantified by
solving the Richards equation for two-dimensional flow. Solutions have been
obtained for drainage ditches (Skaggs and Tang, 1976), drainage in layered
soils (Tang and Skaggs, 1978), and for drain tubes of various sizes (Skaggs
and Tang, 1978). Input and computational requirements prohibit the use of
these numerical methods in DRAINMOD, as was the case for infiltration
discussed previously. However, numerical solutions provide a very useful
means of evaluating approximate methods of computing drainage flux.

; The method used in DRAINMOD to calculate drainage rates is based on the
assumption that lateral water movement occurs mainly in the saturated
region. The effective horizontal saturated hydraulic conductivity is used
and the flux is evaluated in terms of the water table elevation midway
between the drains and the water level or hydraulic head in the drains.
Several methods are available for estimating the drain flux, including the
use of numerical solutions to the Boussinesq equation. HKowever,

Hooghoudt's steady state equation, as used by Bouwer and van Schilfgaarde
(1963), was selected for use in DRAINMOD. Because this equation is used for
both drainage and subirrigation flux, a brief derivation is given below.
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Consider steady drainage due to constant rainfall at rate, R, as shown
schematically in Figure 2-8. Making the Dupuit-Forchheimer (D-F)
assumptions and considering flow in the saturated zone only, the flux per
unit width can be expressed as:

(2-9)

Figure 2-8. Schematic of water table drawdown to and subirrigation from
parallel drain tubes.

Where K is the horizontal or lateral saturated hydraulic conductivity
and h is the height of the water table above the restrictive layer. From
conservation of mass we know that the flux at any point x is equal to the
total rainfall between x and the midpoint, x = L/2.

dh _ _ - (2-10)
kh i R (L/2 - x)

Where the negative sign on the right-hand side of Equation 2-10 is due
to the fact that flow to the drain at x = 0 is in the -x direction.
Separating variables and integrating Equation 2-10 subject to the boundary
conditions h = d at x = 0 and h =d + m at x = L/2 yields an expression for
R in terms of the water table elevation at the midpoint as,

_ 4 (2 md + m) (2-11)

L2

R

Although drainage is not a steady state process in most cases, a good
approximation of the drainage flux can be obtained from Equation 2-11. That
is, the flux resulting from a midpoint water table elevation of m may be

)
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approximated as equal to the steady rainfall rate which would cause the same
equilibrium m value. Then, the equation for drainage flux may be written
as,

8KAm+4K e (2-12)

Cc L2

Where g is the flux in cm/hr, m is the midpoint water table height
above the drain, K is the effective lateral hydraulic conductivity and L is
the distance between drains. Bouwer and van Schilfgaarde (1963) considered
C to be equal to the ratio of the\average flux between the drains to the
flux midway between the drains. While it is possible to vary C depending on
the water table elevation, it is assumed to be unity in the present version
of the model. By solving Equation 2-12 for L with C = 1, we obtain the
ellipse equation, which is often used to determine drain spacings. The
ellipse equation is discussed in detail in the SCS-NEH (Section 16, Equation
4-8, and pages 4-57 to 4-69).

The equivalent depth, d , was substituted for 4 in Equation 2-11 in
order to correct for convergénce near the drains. The D-F assumptions used
in deriving Equation 2-12 imply that equipotential lines are vertical and
streamlines horizontal within the saturated zone. Numerical solutions for
the hydraulic head (potential) distribution and water table position are
plotted in Figure 2-9 for four different drains: a conventional 1i4 mm O.D.
drain tube, a 114 mm tube with open side walls, an open ditch, and a drain
tube surrounded by a square envelope, 0.5 m x 0.5 m in cross-section. The
solutions were obtained by solving the two-dimensional Richards equation
which requires no simplifying assumptions. These solutions show that,
except for the region close to the drain, the equipotential lines in the
saturated zone are nearly vertical. Thus, the D-F assumptions would appear
reasonable for this case, providing convergence near the drain can be
accounted for. '

Hooghoudt (van Schilfgaarde, 1974) characterized flow to cylindrical
drains by considering radial flow in the region near the drains and applying
the D-F assumptions to the region away from the drains. The Hooghoudt
analysis has been widely used to determine an equivalent depth, d , which,
when substituted for 4 in Figure 2-8 will tend to correct drainagg fluxes
predicted by Egquation 2-12 for convergence near the drain. Moody (1967)
examined Hooghoudt's solutions and presented the following equations from
which de can be obtained.

For 0 < d/L < 0.3 :
d = d (2-13)

da .8 d
1+-i‘-{;ln (‘;)-G}

In which 2
1.64 2

a = 3,55 ~ Tt 2 (I) (2-14)
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And for 4/L > 0.3

a = L (2-15)
8 {1n (%) - 1.15}

In which r = drain tube radius. Usually o can be approximated as a =
3.4 with negligible error for design purposes.

For real, rather than completely open drain tubes, there is an
additional loss of hydraulic head due to convergence as water approaches the
finite number of openings in the tube. The effect of various opening sizes
and configurations can be approximated by defining an effective drain tube
radius, r , such that a completely open drain tube with radius r, will offer
the same FYesistance to inflow as a real tube with radius r. Denfiis and
Trafford (1975) used Kirkham's (1949) equation for drainage from a ponded
surface and measured drain discharge rates in a laboratory soil tank to
define effective drain tube radii. Bravo and Schwab (1977) used an electric
analog model to determine the effect of openings on radial flow to
corrugated drain tubes. There data were used by the author (Skaggs, 1978b)
to determine r, = 0.51 cm for 11.4 cm (4.5-in.) 0.D. tubing. Standard 4-in.
(100-cm) corrugated tubing has an outside diameter of approximately 4.5 in.
The same methods are used to determine r and then 4 which is an input to
the model. More discussion of entrance Fesistance into drain is given in
the FAO Irrigation and Drainage Paper No. 9 (FAO, 1972).

The above discussion treats the soil as a homogeneous media with
saturated conductivity K. Most soils are actually layered with each layer
having a different K value. Since subsurface water movement ‘to drain is
primarily in the lateral direction, the effective hydraulic conductivity in
the lateral direction is used in Equation 2-12, Referring to Figure 2-10,
the equivalent conductivity is calculated using the equation,

K = Kd +K2D2+K3D3+KD4 (2-16)

e
d1 + D2 + D3 + D4

Because the thickness of the saturated zone in the upper layer is
dependent on the water table position, K_ is determined prior to every flux
calculation using the value of d. which 8epends on the water table position.
If the water table is below layér 1, dl = 0 and a similarly defined d2 is
substituted for D2 in Equation 2-16.

Dz \}C)/

K3

Figure 2-10. Equivalent lateral hydraulic conductivity is determined for
soil profiles with up to 5 layers.



The use of the approach discussed above, employing Equations 2~12
through 2-16, will give satisfactory results as long as there are not major
differences in the conductivities of the individual layers. When major
differences occur, the thicknesses and conductivities of the layers should
be considered in defining the egquivalent depth, @ . Van Beers (1976)
summarized methods for predicting drain flux which consider convergence tc
the drains and layered profiles. These steady state methods included that
developed by Ernst, which divides the loss in hydraulic head (m in Figure
2-8) into three components: m=h + h_ + h_ where h = head loss due to
vertical flow, h_ = head loss due Yo horfizonfal flow &nd h_ = head loss due
to radial flow near the drain. This approach was combined with that of
Hooghoudt to give the Hooghoudt-Ernst equation, which does not require a
separate calculation for d . However, it is necessary to determine a
geometric factor from a nogograph for some layered systems. The modified
Hooghoudt~Ernest equation is also discussed by van Beers (1976) and could be
easily employed in DRAINMOD, '

The discussecd methods above for predicting drainage flux assumed a
curved. (elliptical) water table completely below the soil surface, except at
the midpoint where it may be coincident with the surface. However, in some
cases, the water table may rise to completely inundate the surface with
ponded water remaining there for relatively long periods of time. Then, the
D-F assumptions will not hold as the streamlines will be concentrated near
. the drains with most of the water entering the soil surface in that
vicinity. Kirkham (1957) showed that in one case, more than 95 percent of
the flow entered the surface in a region bounded by * one-quarter of the
drain spacing. The shape of the streamlines for drainage from a ponded
surface as compared to that for water table drawdown is shown in Figure
2-11. Drainage flux for a ponded surface can be quantified using an
equation derived by Kirkham (1957):

41k (¢t + b - r) (2-17)
= oL
Where
_ tan(n(2d-r)/4h) - cosh (mm L/2h) + cos (mr/2h)
g=21n [tan nr/4h ] +2 mgl in [cosh (rm L/2h) - cos (nr/2h)

. cosh (sm L/2h) - cos (n{(2d - r)/2h)] (2-18)
cosh (mm L/2h) + cos (n(2d - r)/2h)

Where h is the depth of the profile (Figure 2-12) - actual depth not
equivalent depth.

Equation 2-17 can be used after the water table rises to the surface
for as long as surface water can move freely toward the drains. Recall that
water is stored on the surface in depressions, so movement overland toward
~ the drains may be restricted by surface roughness as shown schematically in
Figure 2-12. When rows are oriented perpendicular to the drain tube -
direction, water may move along the furrows to the region above the drains, )
but still remain in lower depressional areas (with a maximum depth of S, as-— —
shown in Figure 2-12). When the ponded depth becomes less than 5., water
can no logner move freely over the surface, the depth of water ponded over
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Figure 2-12.

Schematic of drainage from a ponded surface. Water will move
over the surface to the vicinity of the drains until the
ponded depth becomes less than Sl' The maximum depressional

storage is S.
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the drains will decrease more rapidly than that near the midpoint and
Equation 2-12 will provide a better estimate for drainage flux than will

2-17.

Use of equations 2-12 and 2-17 assume that drainage is limited by the
rate of soil water movement to the lateral drains and not by the hydraulic
capacity of the drain tubes or of the outlet. Usually, the sizes of the
drain tubes are chosen to provide a design flow capacity, which is called
the drainage coefficient, D.C. Typically, the D.C. may be 1 to 2 cm per day
(about 3/8 to 3/4 inches per day) depending on the geographic location and
crops to be grown. The D.C. for a given slope and size of drain (either
lateral or main) can be obtained from the N.E.H. Section 16, Figures 4-36,
or by direct use of the Manning equation. When the flux given by equations .
2-12 or 2-17 exceeds the D.C., g is set equal to the D.C. in DRAINMOD as
suggested by Chieng, et al, (1978). The water level in the main outlet
(canal or river) may also limit the drainage flux in certain cases.

However, the outlet water level is affected by surface and subsurface
drainage from a much larger area than the field size areas analyzed in
DRAINMOD. Such outlet limitations would depend on both the site and storm
event and are not treated in the present version of DRAINMOD. That is, the
outlet capacity is assumed to be adequate to carry the drainage and runoff
from the fields.

In summary, the drainage flux should be calculated using a three-step
approach as follows:

1. For water tables below the surface and for ponded depths < Sl' use
Equation 2-12.

2. For ponded depths > Sl' use Equation 2-17.

3. when the flux predicted by the appropriate equation, either 2-12
or 2-17, is greater than the D.C., set the flux equal to the D.C.

Subirrigation

When subirrigation is used, water is raised in the drainage outlet so
as to maintain a pressure head at the drain of h_ (refer to the broken curve
in Figure 2-8). If the boundary condition h = h° at x = o is used in
solving Equation 2-10, the equation corresponding to Equation 2-12 for flux
is,

2
g = 2K (2 m+n) (2-19)

L2

Where m is always defined as water table elevation midway between the
drains minus the water table elevation at the drain, (h. - h ), in this case
(Figure 2-8). To correct for convergence, h =y + d 'is the equivalent
water table elevation at the drain and h_ is the 8quiv§lent water table
elevation midway between the drains. For subirrigation, hO > hm and both m
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and g are negative. Convergence losses, at the drain, are treated in the
same manner as in drainage by using the equivalent depth to the impermeable
layer, 4 , rather than the actual depth, d, to define h_ in equation 2-19.
Equation 2-19 was derived by making the D-F assumptionsoand solving the
resulting flow equation for steady evaporation from the field surface at
rate g. The magnitude of g increases as m becomes more negative, i.e., as
hm becomes smaller, until the water table at the midpoint reaches the
equivalent depth of the impermeable layer, h = 0. For deeper midpoint
water table depths, which can occur because Fhe actual depth to the
impermeable layer is deeper than the equivalent depth, equation 2-19
predicts a decrease in the magnitude of q. Ernst (1975) observed that this
is inconsistent with the physics of flow since the maximum subirrigation
rate should occur when the midpoint water table reaches the impermeable
layer. He derived an equation similar to Equation 2-19 to correct these
deficienceis. The equation may be written in the present notation as,

h
2
4K m (2h + D_m) (2-20)
q = o] o
L2
Where Do =y + d, d is the distance from the drain to the impermeable
layer, and h_ is Phe same as defined previously, h =y + de' Equation

2-20 is now 8sed in DRAINMOD to predict subirrigation £lux.

When controlled drainage is used, a weir is set at a given elevation in
the drainage outlet. The actual water level in the drain is not fixed as it
is with subirrigation, but depends on size of the outlet, previous drainage,
etc. If the water table elevation in the field is higher than the water
level in the drain, drainage will occur and the water level in the drain
will increase. If it rises to the weir level, additional drainage water
will spill over the weir and leave the system. When the water table in the
field is lower than that in the drain, water will move into the field at a
rate given by Eguation 2-10 raising the water table in the field or
supplying ET demands while reducing the water level in the drain. The
amount of water stored in the drainage outlet and the water level in the
outlet during subirrigation or controlled drainage is computed at each time
increment by a DRAINMOD subroutine called YDITCH. This subroutine uses the
geometry of the outlet, weir setting and drainage or subirrigation flux to
determine the water level in the outlet at all times.

Evapotranspiration

The determination of evapotranspiration (ET) is a two-step process in
the model. First, the daily potential evapotranspiration (PET) is
calculated in terms of atmospheric data and is distributed on an hourly
basis. The PET represents the maximum amount of water that will leave the
soil system by evapotranspiration when there is a sufficient supply of soil
water. The present version of the model distributes the PET at a uniform
_rate for the 12 hours between 6:00 a.m. and 6:00 p.m. In case of rainfall,
hourly PET is set equal to zero for any hour in which rainfall occurs.
After PET is calculated, checks are made to determine if ET is limited by
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soil water conditions. If soil water conditions are not limiting, ET is set
equal to PET. When PET is higher than the amount of water that can be
supplied from the soil system, ET is set equal to the smaller amount.
Methods used for determining PET and the rate that water can be supplied
from the soil water system are discussed below.

Potential ET depends on climatological factors which include net
radiation, temperature, humidity, and wind velocity. Evapotranspiration can
be directly measured with lysimeters or from water balance-soil water
depletion methods. However, such measurements are rarely availabe for a
given time and location and most PET values are obtained from climatological
data using one of the many prediction methods. Jensen (1973) presented a
thorough review of the consumptive use of water. He included detailed
discussion and summary of the theory of evaporation and evapotranspiration
(ET); engineering requirements for ET data; sources of ET data; evaluation
of methods for estimating ET and utilization of ET data. Methods for
predicting PET in humid regions were reviewed by McGuinness and Borden
(1972) and Mohammad (1978). A summary of some of the methods, including
required climatological input data is given in Table 2-1. Perhaps the most
reliable method is the one developed by Penman (1948, 1956) which is based
on an energy balance at the surface. The method requires net radiation,
relative humidity, temperature, and wind speed, as input data. Additional
methods that could be used include, among others, those by Jensen, et al,
(1963), Stephens and Stewart (1963), Turc (1961), and van Bavel (1961).
However, all of these equations require dairly solar or net radiation as
input data and such data are available for only very few locations. Because
we are interested in conducting simulations in many locations throughout the
United States, it is necessary to estimate ET based on readily available

input data.

The method selected for use in the model was the empirical method
developed by Thornthwaite (1948). He expressed the monthly PET as,

e =cT2 (2~-21)

wWhere e. is the PET for month j and T, is the monthly mean temperature
(°C), c and d are constants which depend ol location and temperatures. The
coefficients a and ¢ are calculated from the annual heat index, I, which is
the sum of the monthly heat indexes, ij' given by the egation,

. — .1.514

i, = (T./5 2-22

;= (@75 (2-22)
12

1= I i, (2-23)
i=1 3

The heat index is computed from temperature records and the monthly PET
calculated from Equation 2-21. Then, the monthly PET value is corrected for
number of days in the month and the number of hours between sunrise and
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sunset in the day by adjusting for the month and latitude. Daily values may
be obtained from the monthly PET by using the daily mean temperature
according to the methods given by Thornthwaite and Mather (1957).

The PET is computed in the main program of DRAINMOD from recorded daily
maximum and minimum temperature values. The heat index must be determined
and entered, along with the latitude of the site, separately. Adjustments
for day length and number of days in the month are made in the program based
on latitude and date. This version of the main program also inputs hourly
rainfall from climatological records and is used for long-term simulations.
Another version of the main program was developed to input climatological
data obtained in experiments to test the model. The daily PET values were
calculated separately and read into the model from cards. In this case, any
method could be used to determine PET, although the Thornthwaite method was
still used for all tests.

The approximate nature of the Thornthwaite equation for predicting
daily PET should be emphasized. The following comments on the method were
made by Taylor and Ashcroft (1972):

"This equation, being based entirely upon a temperature relationship,
has the disadvantage of a rather flimsy physical basis and has only
weak theoretical justification. Since temperature and vapor pressure
gradients are modified by the movement of air and by the heating of the
soil and surroundings, the formula is not generally valid, but must be
tested empirically whenever the climate is appreciably different from
areas in which it has been tested. ... In spite of these shortcomings,
the method had been widely used. Because it is based entirely on
temperature data that are available in a large number of localities, it
can be applied in situations where the basic data of the Penman method

are not available."

Several of the methods listed in Table 2-1, as well as others not
listed, will give more accurate estimates of PET than Thornthwaite. The
Penman (1948) equation and the combination method by van Bavel (1966) are
reliable methods, but regire input data that are not available for many
locations, especially for the long, continuous period of record needed in
application of DRAINMOD. However, it is important to note that, if the
input data can be obtained, these or other methods can be used in DRAINMOD
by simply substituting for the Thornthwaite method in the main program. The
necessary data for other methods may be available for some locations and it
may be desirable to change the PET component for such applications.
Measurements of net radiation, wind speed, RH, etc., are presently being
conducted, analyzed and stored using modern micro computer technology.
Thus, complete sets of required input data for the more sophisticated PET
precediction equations may be available for many locations in the future.

In spite of the deficiency of the Thornthwaite method, it has given
good results in some areas and it appears to be sufficiently accurate for
drainage modeling in humid regions. Mohammad (1978) compared six methods
for predicting PET for eastern North Carolina conditions. His study was
closely associated with North Carolina State Univeristy experiments to test

_)
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DRAINMOD. Mohammad found that the PET values predicted by the Thornthwaite
method were somewhat higher than that predicted from pan evaporation
measurements and lower than predictions from the Penman method. Considering
the difference in input requirements, the Thornthwaite method appears to
provide an acceptable estimate of PET for North Carolina conditions.

An alternative method of estimating PET is to use measured daily pan
evaporation corrected by a pan coefficient. The pan coefficient is usually
taken to be about 0.7. Daily pan evaporation values can easily be read into
DRAINMOD, if they are available. This method is reliable for a wider range
of locations and conditions than the Thornthwaite method. The problem with
its use is that the data may not be available for locations of interest.

Another method for estimating ET in terms of temperature and day length
is the Blaney-Criddle formula. This method was developed by Blaney and
Criddle (1947) for irrigated regions of the United States. The method has
been modified by the SCS and is described, in detail, along with charts for
consumptive-use and crop growth stage coefficients in Technical Release No.
21, "Irrigation Water Requirements.” The Blaney-Criddle methods has been
widely correlated with field experiments having been empirically developed
for irrigated areas of the semi-arid and arid regions. According to Taylor
and Ashroft (1972), the method gives an estimate of actual ET, rather than
PET, because it is based on correlations with existing irrigation practice.
This would cause some difficulty in using the Blaney-Criddle method in
DRAINMOD where the effect of limiting soil water conditions is considered
separately from PET calculations. Taylor and Ashcroft state that the method
"js probably adequate for many estimates of seasonal ET under conditions
similar to those for which crop coefficients and consumptive use factors
have been determined. It has not proven reliable for shorter periods."”
Still, this may be a suitable alternative to the Thornthwaite method,
especially for applications in the west, although it would require some
modification of DRAINMOD.

Each ET calculation involves a check to determine if soil water
conditions are limiting. When the water table is near the surface or when
the upper layers of the soil profile have a high water contnet, ET will be
equal to PET. However, for deep water tables and drier conditions, ET may
be limited by the rate that water can be taken up by plant roots. Gardner
(1958) analyzed the factors controlling steady evaporation from soils with
shallow water tables by solving the governing equations for unsaturted
upward water movement. For soils with a given functional relationship
between unsaturated hydraulic conductivity and pressure head, K = K(h),
Gardner presented simplified expressions for the maximum evaporation rate in
terms of water table depth and the conductivity function parameters. For
steady unsaturated flow, the upward flux is constant everywhere and the
governing equation may be written as,

d dh _ (2-24)
T [X(h) g - k()] =0

Where h is the soil water pressure head and z is measured downward from
the surface (Figure 2-13). For any given water table depth, the rate of
upward water movement will increase with soil water suction (~h) at the
surface. Therefore, the maximum evaporation rate for a given water table
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WATER TABLE

Figure 2-13. Schematic for upward water movement from a water table due to
evaporation.

depth can be approximated by solving Equation 2-24, subject to a large
negative h value, say h = =-1000 cm, at the surface (z = 0) and h = 0 at z =
d, the water table depth. Numerical solutions to Equation 2-24 can be
obtained for layered soils and for functional or tabluated K(h) relation-
ships (See Chapter 5 and Appendix F). By obtaining solutions for a range of
water table depths, the relationship between maximum rate of upward water
movement and water table depth can be developed. Such a relationship is
shown in Figure 2-14 for the Wagram loamy sand studied by Wells and Skaggs
{1976).

Relationships such as that shwon in Figure 2-14 are read as inputs to
the model in tabular form. Then, if the PET is 5 mm/day, the ET demand
could be satisfied directly from the water table for water table depths less
than about 0.64 m. For deeper water tables, ET for that day would be less
than 5 mm or the difference would have to be extracted from root zone
storage. The root depth will be discussed in a later section. However, it
should be pointed out that the roots are assumed to be concentrated within
an effective root zone, and that the surface boundary condition may be
shifted to the bottom of the root zone, as indicated by the abscissa label
in Figure 2-14.

Methods used for determining whether ET is limited by soil water
conditions can best be described by an example. Assume that the Wagram soil
shown in Figure 2-14, the water table at the beginning of day k is 0.91 m
between the bottom of the dry zone; the root zone depth is 10 cm and PET for
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Figure 2-14. Relationship between maximum rate of upward water movement
versus water table depth below the root zone for a Wagram
loamy sand.

day x is 5 mm. From Figure 2-14, we find that 1 mm of the PET demand will
be supplied from the water table, leaving a 4 mm deficit. This deficit can
be supplied by water stored in the root zone, if it has not already been
used up. Here it is assumed that the plant roots will extract water down to
some lower limit water content, 62 ; the wilting point water content has
been used for 6, , but a larger vaiue can be substituted if desired. For
convenience, this water is assumed to be removed from a layer of soil
starting at the surface and creating a dry zone which is limited to a
maximum depth equal to the rooting depth. Taking a value of 62 of 0.15 and
a saturated water content, 6 , of 0.35 the 4 mm deficity would éry out a
layer of thickness 0.4 cm/0.§5 - 0.15) = 2 cm. Thus, the dry zone depth at
the end of day k, would be incrased by 2 cm. Further, the total water table
depth would be incrased by 2 cm in addition to the incrase resulting from
the upward movement of the 1 mm of water. Under these conditions, ET for
day k will be equal to the PET fo 5 mm. When the dry zone depth becomes
equal to the rooting depth, ET is limited by soil water conditions and is
set equal to the upward water movement. For example, if the dry zone at the
beginning of day k was already 10 cm deep, the ET for day k would be limited
to the rate of upward water movement of 1 mm, rather than 5 mm. The storage
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volume in the dry zone is accumulated separately from the rest of the
unsaturated zone. It is updated on a day-to-day, hour-to-hour basis, and is
assumed to be the first volume filled when rainfall or irrigation occurs.

One problem with the use of the methods discussed above for calculating
ET, is the difficulty of obtaining reliable K(h) data needed to determine
the relationship given in Figure 2-14 for many field soils. This is
particularly true for multilayered soils and is discussed in detail in
Chapter 5. A more approximate method was developed and may be used as an
option in the model by estimating a single critical or limiting depth
parameter. When this option is used, it is assumed that the potential ET
rate will be supplied from the water table until the distance between the
root zone and the water table becomes greater than the limiting depth.
After the distance from the root zone and the water table reaches the
limiting depth, it is assumed that water will be extracted from the root
zone at a rate still equal to the potential ET rate, until the root zone
water content reaches 6 2 in the same manner as was explained above when PET
was greater than the ra%e of upward water movement. Thus, water is removed
from the root zone from the surface downward until the depth of the
resulting dry zone is egqual to the rooting depth. Then, ET is assumed equal
to zero. This option is considered more approximate than the alternative
method and should be used only when the relationship between maximum upward
flux and water table depth cannot be obtained.

N

Predictions of ET, as limited by soil water conditions, are shown
schematically in Figure 2-15 for a period of constant PET. As discussed
above, ET is assumed to be equal to PET, until the water content in the
entire root zone falls to 6 .. Then, there is a steep drop in ET to a value
equal to the upward flux from the water table. Such abrupt changes are very,
rare in natural situations and better methods can be devised to handle the '
transition, as water is removed from the root zone. Actually, the rate that
water can be removed from the root zone is a function of soil water
potential (Figure 2-16).

The rate, E , that water can be removed from the root zone to satisfy
ET demand could FEe calculated from a relationship such as the one developed
by Norero (1969):

E_= PET/(1 + WX (2-25)

Where k is a constant that can be defined using methods given in Taylor
and Ashcroft (1972) and Norero (1969), ¥ is the soil water potential in the
root zone which could be obtained from the soil water characteristic using
the average root zone water content, and y* is the value of ¢ when E_ = 0.5
PET. Inclusion of Equation 2-24 or a similar method in DRAINMOD would =
likely improve predictions for periods when the dry zone approaches the root )
zone depth. However, these modifications have not been made, nor tested at
this time.

Soil Water Distribution

The basic water balance equation for the soil profile (Equation 2-1)
does not require knowledge of the distribution of the water within the
profile. However, the methods used to evaluate the individual components,
such as drainage and ET, depend on the position of the water table and the
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Figure 2-15.

Figure 2-16.

Schematic of the change in ET, with time for a constant PET as
treated in the model. When the dry zone depth reaches the
bottom of the root zone, ET is assumed to decline to the rate
of upward flux.
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Schematic of relative evapotranspiration (ET/PET), as affected
by soil water potential, ¥, in the root zone.
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soil water distribution in the unsaturated zone. One of the key variables
that is determined at the end of every water balance calculation in DRAINMOD
is the water table depth. The scil water content below the water table is
assumed to be essentially saturated; actually it is slightly less than the
saturated value due to residual entrapped air in soils with fluctuating
water tables. In some earlier models, the water content in the unsaturated
zone was assumed to be constant and equal to the saturated value, less the
drainable porosity. However, recent work (Skagges and Tang, 1976, 1978) has
shown that, except for the region close to drains, the pressure head
distribution above the water table during drainage may be assumed nearly
hydrostatic for many field scale drainage systems. The soil water
distribution under these conditions is the same as in a column of soil
drained to equilibrium with a static water table. This is due to the fact
that, in most cases in fields with artificial drains, the water table
drawdown is slow and the unsaturated zone, in a sence, "keeps up" with the
saturated zone. As a result, vertical hydraulic gradients are small. This
is supported by the nearly verticial equipotential (H) lines in Figure 2-9
and Figure 2-17, which shows plots of pressure head versus depth at 'the
drain, quarter and midpoints for drainage to open ditches spaced 20 m apart
in a Panoche soil. The pressure head at the quarter and midpoints increase
with depth in a 1:1 fashion indicating that the unsaturated zone is
essentially drained to equilibrium with the water table (located where
pressure head = 0), at all times after drainage begins.

The assumption of a hydrostatic condition above the water table during
drainage will generally hold for conditions in which the D~F assumptions are
valid. This will be true for situations where the ratio of the drin spacing
to profile depth is large, but may cause errors for deep profiles, with
- narrow drain spacings.

Water is also removed from the profile by ET, which results in water
table drawdraw and changes in the water content of the unsaturated rate. 1In
this case, the vertical hydraulic gradient in the unsaturated zone is in the
upward direction. However, when the water table is near the surface, the
verticial gradient will be small and the water content distribution still
close to the equilibrium distribution. Solutions for the water content
distribution in a vertical column of soil under simultaneous drainage and
evaporation are given in Figures 2-18 and 2-19. The solutions to the
Richards eguation for saturated and unsaturated flow were obtained using
numerical methods described by Skaggs (1974). The water table was initially
at the surface of the soil column and solutions were obtained for various
evaporation rates and a drainage rate at the bottom of the column equal to
that resulting from drains spaced 30 m apart and 1 m deep.

The results in Figure 2-18 indicate that, when the water table is 0.4 m
from the surface, .the water content distribution for this soil is
independent of evaporation rates less than 4.8 mm/day. When the rate of
evaporation from the surface was 0.0, the water table fell to the 0.4 m
depth after 1 day of drainage; whereas, it reached the same depth in 0.74
days, when the evaporation rate was 4.8 mm/day. However, the water content
distribution above the water table was the same for both cases; it was also
the same for the intermediate evaporation rate of 2.4 mm/day. Figure 2-19

)
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Figure 2-18. Soil water content distribution for a 0.4 m water table depth.
The water table was initially at the surface and was drawn
down by drainage and evaporation. Solutions are shown for
three evaporation rates.

shows the distribution when the water table reached a depth of 0.7 m.

Again, the soil water distribution was independent of the evaporation rate,
except for the region close to the surface at the high evaporation rate (4.8
mm/day). The distribution for no evaporation is exactly the same as that
which would result from the profile draining to equilibrium with a water
table 0.7 m deep. Thus, the "drained to equilibrium” assumption, appears to
provide a good approximation of the soil water distribution for this soil
for both drainage and evaporation, when the water table depth is relatively
shallow. Even when the water table is very deep, the soil water distribution
for some distance above the water table will be approximately equal to the
"equilibrium" distribution.

The zone directly above the water table is called the wet zone and the
water content distribution is assumed to be independent of the means in
which water was removed from the profile. Thus, the air volume or the
volume of water leaving the profile by drainage, ET, and deep seepage, may
be plotted as a function of water table depth as shown in Figure 2-20.
Assuming hysteresis can be neglected, Figure 2-20 would allow the water

T
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table depth to be determined simply from the volume of water that enters or
is removed from the profile over an arbitrary period of time. For example,
if the water table in the Wagram loamy sand of Figure 2-20 is initially at a
depth of 0.6 m, the air volume above the water table would be V_ = 33 mm.
Then, if drainage and ET removed 10 mm of water during the follgwing day,
the total V will be 43 mm and the depth of the wet zone, which is equal to
the water tible depth in this case, 0.66 m (from Figure 2-20). Subseguent
infiltration of 25 mm would reduce the air volume to 18 mm and the water
table depth to 0.48 m.

The maximum water table depth for which the approximatation of a
drained to equilibrium water content distribution will hold depends on the
hydraulic conductivity functions of the profile layers and theée ET rate. The
maximum depth will increase with the hydraulic conductivity of the soil and
decrease with the ET rate. Because the unsaturated hydraulic conductivity
decreases rapidly with water content, large upward gradients may develop
near the surface, or near the bottom of the root zone, where the soil water
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Figure 2-20. Volume of water leaving profiel (cm3/cm2) by drainage and
evaporation versus water table depth. Solutions for five
evaporation rates are given.
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distribution departs from the equilibrium profile. At this point, the
upward flux cannot be sustained for much deeper water table depths and
additional water necessary to supply the ET demand would be extracted from
storage in the root zone creating a dry zone as discussed in the ET section.
This is shown schematically in Figure 2-21.

For purposes of calculation in DRAINMOD, the soil water is assumed to
be distributed in two zones - a wet zone extending from the water table up
to the root zone and possibly through the root zone to the surface, and a
‘dry zone. The water content distribution in the wet zone is assumed to be
that of a drained to equilibrium profile. When the maximum rate of upward
water movement, determined as a function of the water table depth, is not
sufficient to supply the ET demand, water is removed from root zone storage
creating a dry zone as discussed in the ET section. The depth of the wet
zone may continue to decrease due to drainage and some upward water
movement. At the same time, the dry zone, with a constant water content of

622 may continue to increase to a maximum depth equal to that of the root
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Figure 2-21. Schematic of soil water distribution when a dry zone is
created near the surface.
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zone. The water table depth is calculated as the sum of the depths of the
wet and dry zones. When rainfall occurs, the storage volume in the dry
zone, if one exists, is satisfied before any change in the wet zone is
allowed. However, the depth to the water table will decrease by virtue of
the reduction of the dry zone depth.

The assumptions made concerning soil water distribution may cause
errors during periods of relatively dry conditions in soils with deep water
tables and low K in the subsurface layers. Depp water tables may result
from verticial seepage into an underlying aguifer or because of deep
subsurface drains. For such conditions, the soil water at the top of the
wet zone just beneath the root zone may be depleted by slow upward movement
and by roots extending beyond the assumed depth of the concentrated root
mass. Such conditions may cause the water content at the top of the wet
zone to significantly depart from the drained to equilibrium distribution.
However, this will not cause a problem for wet conditions and for most
shallow water table soils for which the model was derived.

Rooting Depth

The effective rooting depth is used in the model to define the zone
from which water can be removed as necessary to supply ET demands. Rooting
depth is read into the model as a function of Julian date. Since the
simulation process is usually continous for several years, an effective
depth is defined for all periods. When the soil is fallow, the effective
depth is defined as the depth of the thin layer that will dry out at the
surface. When a second crop or a cover crop is grown, its respective
rooting depth function is also included. The rooting depth function is read
in as a table of effective rooting depth versus Julian date. The rooting
depth for days other than those listed in the table is obtained by
interpolation.

This method of treating the rooting depth is at best an approximation.
The depth and distribution of plant roots is affected by many factors, in
addition to crop species and date of planting. These factors included
barriers, fertilizer distribution, tillage treatments, and others, as
reviewed in detail by Allmaras, et al, (1973) and Danielson (1967). ' A good
discussion of the effect of various factors on root growth and distribution,
with effective graphic presentations, is given in Chapter 1, Section 15 of
the SCS-NEH. One of the most important factors influencing root growth and
distribution is soil water. This includes both depth and fluctuation of the
water table as well as the distribution of soil water during dry periods.
Since the purpose of the model is to predict the water table position and
soil water content, a model which includes the complex plant growth
processes would be required to accurately characterize the change of the
root zone with time. Such models have been developed fro very specific
situations, but their use is limited by input data and computational
requirements at this time. Research is being conducted at North Carolina
State University to develop root and plant growth models for use in
DRAINMOD. Results of this and similar work at other locations should lead
to future improvments in this component of the model.
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The variation of root zone depths with time after planting may be
approximated for some crops from experimental data reported in the
literature. Studies of the depth and distribution of corn roots under field
conditions were reported by Mengel and Barber (1974). Their data were
collected on a silt loam soil which was drained, with drains placed 1 m deep
and 20 m apart. They observed little evidence of root growth limitation by
moisture or aeration stresses. The data of Mengel and Barber are plotted in
Figure 2-22 for root zone depth versus time. Numbers on the curves indicate
percentage of the total root length found at depths less than the value
plotted. The broken sections of the curves were approximated by assuming
that the effective root depth increases slowly for the first 20 days after
planting, then more rapidly until the beginning of their measurements on day
30. The data of Mengel and Barber (1974) for the year 1971 showed the total
root length reached a maximum 80 days after planting at about the silking
stage, remained constant until day 94, then decreased until harvest at day
132. However, the percentage of roots less than a given depth remained
relatively constant after about 80 days as shown in Figure 2-22.

Q6
PERCENTAGE OF TOUTAL
0.5 ROOT LENGTH ABOVE
GIVEN DEPTH
= 80%
- 0.4}
% 70%
— 0.3r 60%
8 50%
(]
T 02t
’l
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/
’
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’
h' 3 g 1 4

3540 60 80 10 120
TIME AFTER PLANTING, DAYS

Figure 2-22. Relationships for depth above which 50, 60, 70, and 80 percent
of the total root length exists versus time after planting for
corn. From data given by Mengel and Barber (1974).
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A similar study on the root distribution in corn was conducted by Foth
(1962). Distribution plots based on root weights are given in Figure 2-23.
The major differences between these results and those of Mengel and Barber
were the shorter growing season (85 day versus 120 day corn) and smaller
root depths, than those given in Figure 2-22. The total root dry weight is
also plotted versus time in Figure 2-23. Foth found that root growth for
plants less than 0.3 to 0.4 m reached a maximum by end of the vegetative
growth stage 45 to 50 days after planting. After that date, there was a
more rapid increase of roots, at deeper depths.

The following comments regarding mositure extraction patterns are made
in the SCS-NEH (Section 16, Chapter 1, pages 1-30 and 1-33).

"For most plants, the concentration of absorbing roots is greatest in
the upper part of the root zone (usually in the top foot) and near the
base of the plant. Extraction of water is most rapid in the zone of
greatest root concentration and under the most favorable conditions of
temperature and aeration. Since water also evaporates from the upper
few inches of soil, moisture is withdrawn rapidly from the upper part
of the soil. As the amount of moisture in this part of the root zone
is diminished, soil-moisture tension incrases. Plants then get
moisture from the lower parts of the root zone.

In uniform soils that are fully supplied with available moisture,
plants use water rapidly from the upper part of the root zone and
slowly from the extreme lower part. Basic moisture-extraction curves
indicate that almost all plants growing in a uniform soil with an
adequate supply of available mositure have similar moisture-extraction
patterns. The usual extraction pattern shows that about 40 percent of
the extracted moisture comes from the upper gquarter of the root zone,
30 percent from the second quarter, 20 percent from the third gquarter,
and 10 percent from the bottom quarter. Values for individual crops
are within a range of * 10 percent.

It is apparant that input data to DRAINMOD for the effective rooting
depth-time relationship should not be based on the maximum depth of root
penetration. Use of the 60 percent curve, as shown by the dark curve in
Figure 2-22 has given good results in tests of the model. Relationships
such as those given in Figures 2-22 and 2-23 for corn are not available for
many crops. Values for a constant effective root zone depth are reported in
the literature for many crops and are used in irrigation design. Bloodworth,
et al, (1958) reported root distribution data for several mature crops.
Methods for estimating the effective root zone depth-time relationship from
single effective depth values given in the literature are discussed in

Chapter 5.
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CHAPTER 3

WATER MANGEMENT SYSTEM OBJECTIVES

Agricultural water management systems may be installed to satisfy a
variety of objectives. In most cases, the overall objective is to eliminate
water related factors that limit crop production or to reduce those factors
to an acceptable level. 1In the final analysis, the acceptable level depends
on the cost of the required water management system in relation to the
benefits that will result from its installation. Such benefits vary from
year to year with both weather and economic conditions and are difficult to
quantify because of the complex interrelationships of crop production
processes. The selection or design of an optimum water management system
for a given situation may also depend on the land owner. Some owners are
willing to operate at a greater level of risk than others, so an acceptable
level of drainage protection, for example, may be less for one owner than
for another.

As more is learned about modeling plant growth, yields, and machinery-
soil interactions (e.g. trafficability), it may be possible to simulate the
entire crop production process, and thus to optimize the water management
system design based on profit for a given enterprise. Lacking this know-.
ledge at the present time, more intermediate or traditional objectives of
water management systems must be used. Such objectives are easier to
quantify and generally form the basis for system selection and design. For
example, drainage systems in humid regions are usually installed to satisfy
two functions: (a) to provide trafficable conditions for seedbed prepara-
tion in the spring and harvest in the fall, and (b) to insure suitable soil
water conditions for the crop during the growing season. There may be a
number of drainage system designs that will satisfy these objectives. For
example, a system with good surface drainage and poor subsurface drainage
may be adequate while a system with poor surface drainage and good
subsurface drainage may serve the same purpose. whether or not a given
system will satisfy the objective depends on the location, crop, and soil
properties. Of course, the objective itself may depend on the individual
farmer's management capabilities, equipment, and manpower available, etc.
For example, one farmer may require 10 working days for harvesting his crop
while another farmer may need only 5 days for the same job. DRAINMOD can be
used to simulate the performance of a given system design and evaluate the
appropriate objective functions for a long period of climatogical record.
By making multiple simulations, the least expensive system that will satisfy
the water management objectives for a given situation can be chosen.

Four objective functions are routinely computed in DRAINMOD and may be
used for evaluating the adequacy of a given system design. These objective
functions are:

1. Number of working days - this is used to characterize the ability
of the water management system to insure trafficable conditions
during specified periods.

2. SEW-30 ~ stands for sum of excess water at depths less than 30 cm
and provides a measure of excessive soil water conditions during
the growing season.
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3. Number of dry days during growing season - gquantifies the length
of time when deficient soil water conditions exist.

4. Irrigation volume - when a water management system is designed for
land disposal of waste water, the objective function is the —
allowable amount of irrigation for a specified time interval.

Working Day

A day is defined as a working day if the air volume (drained volume) in
the profile exceeds some limiting value, AMIN; if the rainfall occurring
that day is less than a minimum value, ROUTA; and if a minimum number of
days, ROUTT, have elasped since that amount of rainfall occurred. It should
be noted that ROUTA and ROUTT are assumed to be independent of AMIN and of
the drainage system. For example, if conditions are very dry, with say an
air volume of 150 mm in the profile, a 30 mm rainfall might still postpone
field operations for 1 or 2 days even though the soil would normally be
trafficable with an air volume of less than 150 - 30 = 120 mm. This is due
to the fact that the surface wets up during rainfall and remains too wet for -
field operations until sufficient time for redistribution of the soil water
has elapsed. Values for these limiting parameters are read into the model
for two time periods which are specified by the beginning and ending Julian
dates. The starting and stopping working hours (SWKHR and EWKHR) are also
read in for each period and are used to compute partial working days. For
example, let us assume that SWKHR = 0600 and EWKHR = 1800, (i.e., the
working day is 12 hours long) for a given period. Then, if rain in excess
of ROUTA occurs at 1400 hours, field work would be terminated at that point;
and (1400 - 0600)/12 = 0.67 working days would be computed and stored for
that day. The parameters AMIN, ROUTA, etc., are dependent on the soil and
on the field operation to be conducted. These parameters have been obtained
experimentally for some soils and are presented in Chapter 5, along with a
discussion of methods for estimating the parameters for other soils.

SEW-30

The concept of SEW-30 was discussed by Wesseling (1974) and Bouwer
(1974). It was originally defined by Sieben (1964) to evaluate the
influence of high fluctuating water tables during the winter on cereal
crops. It is used herein to quantify excessive soil water conditions during
the growing season and may be expressed as,

SEW-30 =
i

H~s

(30 - x.) (3-1)
1 1

Where x. is the water table depth on day i, with i = 1 being the first
day and n thé number of days in the growing season. The model actually
calculates SEW-30 on an hourly, rather than a daily basis, so the SEW-30 as
calculated by the model is more accurately expressed as,

SEW-30 =

(30 - x.)/24 (3-2)
3 J

"N~y

1

Where x. is the water table depth at the end of each hour and m is the
total hours in the growing season. Negative terms inside the summation are
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neglected. The definition of SEW-30 is shown graphically by the cross-
hatched area in Figure 3-1.

The relationship between crop yields and SEW-30 is shown schematically
in Figure 3-2. Use of the SEW concept assumes that the effect on crop
production of a 5 cm water table depth for a one day duration is the same as
that of a 25 cm depth for five days. This seems unlikely as pointed out by
Wesseling (1974). The severity of crop injury due to high water tables
depends on the growth stage and time of year (Williamson and Kriz, 1970) as
well as height of water table and time of exposure which determine the
SEW-30 values. Probably, a better method of evaluating the quality of
drainage during the growing season is the stress day index (SDI) concept
advanced by Hiler (1969). This objective function was used by Ravelo
(1977). He used DRAINMOD to evaluate alternative drainage system designs
based on predicted excess water damage to grain sorghum. The crop
susceptibility factors were defined for 3 growth stages from published
experimental data (Howell, et al, 1976) and SEW-30 was used as the stress-day
factor. This procedure allowed association of the amount of damage and the
level of the stress-day-index. The slight modifications of the model
necessary to use the stress~day-index are given by Ravelo (1977). However,

“the crop susceptibility factors are not available for other crops, so the

SEW-30 value is used here as the objective function for quantifying
excessive soil water conditions.

0
30
60
90
DRAIN HARVEST DATE
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1 1 1 v 1 1 1 1 1 ¥ 1 1 1 §
J F M A M J J A S O N D J
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Figure 3-1. SEW-30 may be defined as the area between the water table and a
depth of 30 cm (cross-hatched) during the growing season.
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Figure 3-2. Schematic representation of the effect of SEW-30 on crop
yields.

Although the SEW-30 concept has a number of weaknesses, it still
provides a convenient method of approximating the quality of drainage.
Sieben found that yields decreased for SEW-30 values greater than 100 to 200
cm-days. However, his values were calculated for the entire year, rather
than just for the growing season as given here. Unless otherwise specified,
it will be assumed that drainage is adequate to protect crops from excess
water if the SEW-30 value is less than 100 cm-days. Obviously, some Crops
are more susceptible to poor drainage than others (Figure 3-1), so it may be
desirable to adjust the critical SEW-30 value to fit the crop to be grown.
Research is currently being conducted to better define the relationship
between drainage and crop reponse.

Dry Days

A dry day is defined as a day in which ET is limited by soil water
conditions. When the water table is at a shallow depth, water removed from
the root zone by ET is replenished by upward movement from the wetter zones
near the water table. After the water table is drawn down to a certain
depth, the ET demand can no longer be sustained by upward movement alone and
the root zone water will be depleted. ET will continue at a rate governed
by atmospheric conditions until the soil water content in the root zone

reaches some lower limit, 922, as discussed previously. Wwhen this condition
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occurs, ET will be limited to the rate water can move upward to the root
zone from the vicinity of the water table. The limiting water content
depends on the PET rate, as well as soil and crop properties, although the
model assumes that it depends only on the soil (Figure 2-16). Days in which
ET is less than the potential (PET) because of soil water conditions are
presumed detrimental to optimum crop production and are counted as "dry
days." A better method of quantifying stress due to dry conditions is the
ratio of actual to potential transpiration, as used by Sudar, et al, (1979).
This has not been included in the present version of the model, however.

Thus, the three parameters, working days, SEW-30, and dry days are used
to quantify the performance of alternative agricultural water management
systems. Ideally, a system would insure a given number of working days
during the season when the crops are to be planted; SEW-30 values below a
given maximum to prevent crop damage by excessive soil water; and a minimum
number of dry days to prevent crop losses due to deficient soil water
conditions.

Waste Water Irrigation Volume

DRAINMOD was also developed with the option to evaluate hydraulic
loading limitations of land treatment of waste water. Waste water
application to the surface may be scheduled at a specified interval, INTDAY,
during a given period. If the drained volume in the profile is less than a
given amount, REQDAR, irrigation of waste water may be posponed until the
next day, at which time the drained volume will again be compared to REQDAR,
or it may be skipped until the next scheduled period. If the parameter
INSIRR = 0, the irrigation will be skipped. If INSIRR > 0, the irrigation
will be postponed until the following day. If rainfall in excess of AMTRN
occurs prior to time of scheduled irrigation, it is assumed to be 'rained
out' and the event is postponed to the next day. If a scheduled irrigation
is postponed more than twice, for whatever reason, it will be skipped until
the next scheduled event. When land application systems are hydraulically,
rather than nutrient limited, the objective is to apply as much waste water,
as possible, without surface runoff. Maximum application reduces the land
area required for the system, as well as the size of the irrigation system
required. Thus, the objective function for evaluating a system design and
irrigation scheme is the amount of wastewater than can be applied per unit
area. This function may be evaluated on an annual basis to determine the
size of the required system, and on a month basis to assess the waste water
storage capacity that may be required during wet months. The amount of
water irrigated at each application is read in to the model by specifying
the beginning and end times of irrigation, IHRSTA and IHREND, and the
application rate for each month AMTSIM (MO) (cm/hr). By specifying a
negative value for AMTSIM (I), DRAINMOD will automatically apply the maximum
amount of water that the profile will hold at irrigation, less the amount
AMTSIM. That is, it will apply an amount TAV + AMTSIM(I) for every
scheduled irrigation where AMTSIM(I) < 0.0. TAV is the total air volume in
the profile at the time irrigation is scheduled to begin. Normally, a fixed
amount of water will be applied at each scheduled irrigation. The option to
apply the maximum amount of water that the profile will hold was added to
evaluate situations where waste water would be stored during wet periods of
the year and then applied at the maximum rate during dry periods.



In addition to determining the effects of a given drainage system
design on the amount of waste water than can be applied per unit area of
land, DRAINMOD can be used to compare the results of different irrigation
strategies. For example, under the guidelines of only applying waste water
when runoff will not occur, can more waste water be applied by scheduling
two - 1 inch irrigations each week, one - 2 inch irrigation each week or one
- 4 inch irrigation every two weeks? It turns out that, everything else
being equal, more waste water can be applied by irrigating more frequently
with smaller amounts of water. These alternatives are evaluated and
discussed in some detail in an example given in Chapter 6.
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CHAPTER 4

SIMULATION OF WATER MANAGEMENT SYSTEMS -~ PROCEDURE

This section discusses the procedure for using DRAINMOD to simulate the
performance of a water management system. As an example, the design of a
drainage system is considered. The required input data and a representative
example of the program output are presented. Sources of input data and
methods used to determine them are discussed in Chapter 5. Other examples
of the use of DRAINMOD for evaluation and design are given in Chapter 6.

The purpose of this chapter is to demonstrate the simulation procedure and
examine the form of the required inputs and simulation output.

Example - A combination surface-subsurface drainage system

The soil chosen for this hypothetical example is a Wagram loamy sand
located near Wilson, North Carolina. This soil type is usually well drained
in nature and does not require artificial drainage. In this case, however,
it is flat and is underlain by a very slowly permeably layer at a 1.8 m
depth. Corn is to be grown on a continuous basis. The seedbed is to be
prepared after about March 15 and corn planted by April 15; the harvest
period is September 1 to October 15. The purpose of the drainage system is
to provide trafficable conditions in the spring and ruing the fall harvest
season, and to prevent excessive soil water conditions during the growing
season. The simulation will tell us whether or not the given design will
accomplish this purpose and how often it may be expected to fail.

Ingut Data

The input data for this example are given in Appendix A as card images
arranged in the order that they are fed into the computer. The sources of
these data and more details concerning the inputs are discussed below.

Soil Property Inputs

The relationships between drainage volume (or effective air volume
above the water table) and water table depth were determined from large
field cores as discussed by Skaggs, et al, (1978), and are plotted along with
similar relationships for other soils in Figure 5-4. The relationship
between maximum rate of upward water movement to supply ET requirements and
depth of the water table below the root zone is given in Figure 2-15 for the
Wagram soil. A summary of the other soil property inputs is given in Table
4-1.

Crop Input Data

The growing season for corn is approximately 120 days from April 15 to
about August 15. The effective root zone depth is assumed to be dependent
on time after planting and is arbitrarily taken as that given by the 60
percent curve from the data of Mengel and Barber, Figure 2-22. Soil water
from a shallow surface layer will be removed (i.e., dried out to some lower
limit water content) by evaporation even when the land is fallow.
Therefore, an effective root zone depth of 3 cm was assumed for the period
before and after the growing season. Other crop related input data are
given in Table 4-1.



Drainage System Input Parameters

The drainage system consists of subsurface 102 mm (4 inch) drains
spaced 45 m apart and 1 m deep. The surface drainage is only fair with some
shallow depressions and an average surface storage depth of 12.5 mm. —
Convergence near the drain is accounted for by defining an equivalent depth

Table 4-1. Summary of soil property and crop related input data for Wagram
loamy sand.

Program
Parameter Variable Name Value
Depth to restricting layer DEPTH 180 cm
Hydraulic conductivity CONK 6 cm/hr
(uniform)
Volumetric water content at lower limit
{(wilting point) WP 0.05
Initial water table depth IDTWT 0.0 cm
Minimum soil air volume required for
tillage operations during:
first work period (spring) AMIN1 3.7 cm
second work period (harvest) AMIN2 3.0 cm
Minimum rain to stop field operations:
spring seedbed prep. ROUTA1 1.2 cm
fall harvest ROUTA2 0.5 cm
Minimum time after rain before can till:
spring seedbed prep. ROUTT1 1 day
fall harvest ROUTT2 1 day
wWorking period for seedbed prep.: ‘
starting day BWKDY1 74
ending day EWKDY1 104
Working period for harvest:
starting day BWKDY?2 240
ending day EWKDY2 270
Working hours during spring:
starting time SWKHR1 0800
ending time EWKHR1 2000
Working hours during harvest:
starting time SWKHR2 0800
ending time EWKHR2 1800
Growing season - starting date ISEWMS/ISEWDS 4/15
- ending date ISDWME/ISEWDE 8/15
Depth on which SEW calculations are based SEWX 30 om
Parameters for Green-Ampt w.T. Depth A(hr-l) B(cm hr—l) -
infiltration equation: 0 cm 0 0 ”
50 3.0 1.0
100 5.5 2.0
150 8.7 3.0
200 11.5 3.0
500 25.0 3.0
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from the drain to the impermeable layer according to the methods given by
Hooghoudt (van Schilfgaarde, 1974). Methods given elsewhere Skaggs (1978b),
were used to find an effective radius of a completely open drain tube from
data presented by Bravo and Schwab (1975), and then to determine the
equivalent depth using equations given by Moody (1966). Input parameters
describing the drainage system are summarized in Table 4-2.

Table 4-2. Summary of drainage system input parameters.

. Program

Parameterxr Variable Name Value
Drain spacing SDRAIN 45 m
Drain depth DDRAIN i1m
Equivalent depth to impermeable layer HDRAIN 0.68 m
*Equivalent profile depth DEPTH - 1.68 m
Maximum depth of surface storage STMAX 12.5 mm
Drain radius *% 57 mm
Effective drain radius * % 5.1 mm

* The equivalent profile depth is the sum of DDRAIN and HDRAIN and is used
as input for the variable DEPTH, rather than the actual profile depth in
Table 1.

#*These variables are not inputs to DRAINMOD, but are used to calculate
HDRAIN.

Climatological Input Data

Hourly precipitation and daily temperature data were obtained for
Wilson, North Carclina, from HISARS. Inputs identifying the station and
specifying the heat index for ET calculations were given on the EXECUTE JCL
card. These inputs are given in Table 4-3.

Table 4-3. Inputs for calling climatological data from HISARS and ET

calculations.
Program
Parameter Variable Name Value
Station ID for precipitation ‘ D1 319476
Station ID for daily temperatures ID2 319476
Latitude for temperature station LATT i 35° 47!
Heat index HET 75.0
Year and month simulation starts START 1952-01

Year and month simulation ends END 1971-12




Other Input Data

Irrigation is not considered in the example given here. However, input
data for irrigation must be specified; values are selected such that no
irrigation water will be applied. An example of the irrigation inputs
required for simulating the use of the above system for application of waste
water is given in Appendix A.

Simulation Results

Sample results of the computer output for each simulation are shown in
Tables 4-4 through 4-7. A listing of the input parameters and soil
properties is given in Table 4-4. Daily summaries for the month of July
1959 are given in Table 4-5 and monthly summaries for 1959, a relatively wet
year with a total of 1553 mm of rainfall, infiltration (INFIL), ET,
cumulative drainage (DRAIN), runoff, total water leaving the field through
the outlet drain (WLOSS) and the amount of irrigated water (DMTSI). In
addition, soil water conditions at the end of the day are given by values
for air volume in the wet zone (AIR VOL), total drained volume (TVOL), depth
of dry zone (DDZ), depth of wet zone (WETZ), depth of the water table
(DTWT), depth of water stored on the surface at the end of the day (STOR),
depth of water in the outlet (DRNSTO). The SEW-30 value is also given for
each day.

The monthly summaries (Table 4-6) give the totals of rainfall,
infiltration, runoff, drainage, ET, dry days, working days, water lost from
the field through the drainage outlet, SEW-30, total irrigation (MIR),
number of irrigation events (MCN), depth of water pumped for subirrigation
(PUMP), and the number of scheduled irrigation events postponed (MPT) for
each month. Sample output results for a year (1961) with a smaller amount
of rainfall are given in the output section of Appendix A. Also given in
Appendix A is an example of simulation output when this water management
system is used for disposal of waste water at a planned sprinkler irrigation
rate of 2.5 cm/week.

The simulation was conducted for a 20-year period (1952-1971). The
summary and ranking of the objective functions, which is printed out at the
end of the simulation is given in Table 4-7. A probability analysis can
then be conducted on the results in Table 4-7 and on similar results for
other sets of design parameters to develop relationships between the
objective functions and design parameters such as those given in Chapter 6
(e.g. Figures 6-11 and 6-12).
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CHAPTER 5

INPUT DATA

The input data requirements for the water management model are
discussed in this section. Data are required for soil properties, crop
inputs, water management system parameters and climatological input data.
The purpose of this chapter is to identify required inputs, discuss methods
of measuring or calculating these data and identifying published and
unpublished sources of data for different soils, crops, and locations.

In many cases, all of the input data needed in the model will not be
available from conventional data sources. Furthermore, it may not be
possible to measure, or otherwise directly determine, the data, and the
needed inputs will have to be approximated. Where possible, methods of
approximating the various input data are given in the chapter. When
relationships, such as the hydraulic conductivity or upward flux have to be
estimated from a meager amount of information, it is a good idea to test the
sensitivity of the objective function to the relationship estimated. Some
sensitivity analyses are presented in Chapter 7, but, when possible, such
analyses should be conducted for the specific case of interest. If the
objective function is not sensitive to the estimated inputs, the
approximations may be used. When the results are sensitive to the
estimations, it may be desirable to invest more time and money in
determining the needed inputs.

Soil Property Inputs

The first step in obtaining soil property input data for a given area
is to refer to a good soils map of the fields involved. The soils map will
identify the different soil types and certain of the required input data can
be obtained or estimated from the soil survey interpretations. The soil
survey data will also serve as a guide for identifying layers, etc., and for
making additional soil property measurements,

The model should be used to make a separate analysis for each major
soil type involved in a given water management system design or analysis.

Hydraulic Conductivity - K.

The saturated hydraulic conductivity of each horizon above the
restricting layer is an important input. Since artificial drainage and
subirrigation usually involve lateral flow to and from drains, the effective
horizontal K values are used. A rough estimate of K can be obtained from
the SCS soil survey interpretations (Form #5 -~ blue sheets). These data are
usually based on soil texture and structure and the judgment of soil
scientists. The K values are normally not determined from measurements and
are approximations of the vertical hydraulic conductivity. Field or
laboratory measurements of K are occasionally made for a soil series by the
SCS National Soil Survey Lab personnel or at universities in the various
states. These data may be in the file for the given soil series at the state
SCS office or at the respective National Technical Centers. They may also
be available in publications from the state universities, usually from the
departments of soil science or agricultural engineering. Hydraulic K data
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may also have been measured for a few locations by the SCS National Soil
Mechanics Lab in Lincoln, Nebraska. These measurements would have been made
on cores form dam site locations and would represent deep horizons. Such
data would be available from the state SCS office.

In some cases, detailed in situ K measurements have been made for
selected soil types (e.q., Schwab, et al, 1978) so a good estimate of
saturated hydraulic conductivity can be made from knowledge of the soil
type. K values have also been determined in the lab from undisturbed
samples and tabulated by soil type and horizon for many soils. Some of the
sources for these data, as well as for some field measurements of K are given
in Table 5-1. K values determined from cores tend to be smaller than field
effective values because the cores usually do not contain cracks, worm
holes, etc., that may have a big effect on K. Also, care should be taken in
using values from cores, in that these values usually represent vertical K
while drainage rates depend more on horizontal K. Effective vertical and
horizontal K values may be different by a factor of 10 for field soils.
Furthermore, K values may very considerably within a given soil type.
Therefore, on-site measurements should be made whenever possible.

Numerous methods have been developed for determining saturated
hydraulic conductivity in the field (Bouwer and Jackson, 1974). They
include the auger hole method (van Bavel and Kirkham 1949, Boast and Kirkham
1970, van Beers 1970); the slug test (Bouwer, 1978) the two-well method
(Childs, et al, 1953); the four-well method (Kirkham 1955, Snell and van
Schilfgaarde 1964); and the piezometer method (Kirkham 1946). Shady, et al,
(1977) reported on experience in Canada with field production scale
hydraulic measurements using the auger hole method. This method is the most
commonly used and is described in the SCS-NEH (Section 16, Chapter 2).

These methods offer the advantage of a rapid, relatively easy measurement,
but the resulting K value represents a single point in the field and several
measurements may be needed to determine a field effective K value {(Dylla and.
Guitjens, 1970); Hore 1959).

Methods for determining field effective K values from water table
drawdown measurements were presented by Hoffman and Schwab (1964) and Skaggs
(1976, 1979). These methods are currently being used by Schwab, et al,
(1978) to determine K for several soils in the midwest. The ratio of K to
drainable porosity, £, is obtained by matching measured drawdown rates to
those predicted from theoretical equations. By calculating f from drain
outflow measurements (e.g. Hoffman and Schwab 1964) or from soil water
characteristic data (Duke 1972; Skaggs, et al, 1978), hydraulic conductivity
can be obtained from the K/f determinations. A major advantage of
determining K/f from drawdown measurements is that the effects of profile
heterogeneities, nonuniformities, and anisotropy tend to be lumped in such a
way that they are properly represented in ultimate drain spacing
calculations. 1In addition, errors made in estimating the effects of soil
layering and determining the depth to the impermeable layer are incorporated
in the K values obtained and result in smaller errors in predicted drain
spacings than when K is measured independently. The main disadvantage is
that these measurements require more time and effort than do the point
methods.
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Soil water Characteristic h(e).

This property is a measure of how tightly water is held in the soil
matrix in the unsaturated state. In addition to being an input to DRAINMOD,
h(6) is used in determining other inputs such as the relationship between
water table depth and drainage volume, upward flux, etc. When the water
table depth-drainage volume relationship is not read in, it is computed in
DRAINMOD from the h(8) data. The soil water characteristic is a basic soil
property which is second in importance to only hydraulic conductivity in
modeling soil water movement.

The soil water characteristic is usually determined in the laboratory
using tension tables or pressure plates. Details of apparatus and procedure
are given by L. A. Richards (1965), Tanner, and Elrick (1958) and others.
Soil water characteristics for soils representing several textural classes
are plotted in Figure 5-1. Data are available for many soils from several
sources and a national data set on soil water characteristics is being
compiled by Rayls and Brakensiek (1979). A list of their data sources is
given in Table 5-1. Holtan, et al, (1968) compiled a data set for h(e) for
several hundred soil horizons. Some of these data are plotted in Figure 5-2
(from Baver, et al, 1972). However the lowest tension represented in these
data is 0.1 bar so they are not complete in the range needed for drainage
modeling applications. They can still be used to get an approximation of
the soil water characteristic. However, it will only be an approximation
for drainage purposes. Additional h(@) data may be available from the SCS
Soil Survey Investigations Reports (SSIR) from each state. The SSIR's are
available from the National Technical Centers and from individual state
offices. The user should be aware that the data in the SSIR for a given
soil type may be incomplete (e.g. volumetric water contents for only 2 or 3
tensions), or it may not be available at all. On the other hand, additional
h(8) data may be tabulated in the file that is maintained for each soil type
at the SCS National Technical Centers, the National Soil Survey Lab, the
state SCS offices, or in soil science departments at cooperating
universities in various states. Because of the need for h(e) data at low
tensions in drainage modeling, it is desirable to increase the number of
pressure steps that are used in standard tests run by the SCS National Soil
Survey Lab. Water contents could be obtained at tensions of 5 cm, 50 cm,
and 100 cm without much additional effort or expense. Such data would be
extremely valuable for applications discussed herein, as well as in other
water management uses.

The soil water characteristic relationship for only one layer is used
as input data in the model. These data should represent the thickest layer
between the surface and the drain line depth. Soil water characteristics
for all the layers are needed to determine other required inputs.

Soil water characteristics for a given site should be measured whenever
possible. The next best alternative is the tabulated h(8) data in the
literature (Table 5-1). If data for the soil is not available, h(8) can be
approximated for each horizon by matching the textural classes with those of
soils that are tabulated. If possible, data should be obtained from soils
in the same series and from the same geographic area. While h(8) depends on
texture, it is also heavily dependent on structure. So a well aggregated
soil should be matched with a soil in the literature that is also well
aggregated. Once h(8) is determined for each horizon other inputs can be
obtained.
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Methods for determining input h(8) data may be ranked as follows:

1. Measurement of h(8) from undisturbed field samples taken from each
layer of the major soil types on the sites to be considered.

2. Obtain tabulated h(8) data for the given soil types from
literature sources.

3. Estimate h(8) for each profile horizon by matching according to
texture and structure with similar soils that have published or
otherwise available h(8) data.

WATER CONTENT (em¥em3)
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Figure 5-2. Desorption curves for various soils sketched from data at 0.1,

0.3,
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

0.6, 3, and 15 bars tension given by Holtan,
Continental gravelly sandy loam, Arizona.
Sassafras sandy loam, Maryland.

Progresso fine sandy loam, New Mexico.
Vaucluse sandy loam, Georgia.

Albion loam, Oklahoma.

Abilene clay loam, Texas.

Hartsells loam, Ohio.

Palouse silt loam, Washington.

Fayette silt loam, Wisconsin.

Nellis gravelly loam, New York.

Lard-like silty clay loam, South Dakota.

Memphis silt loam, Mississippi.

Drummer silty clay loam, Illinois.

Auston silty clay, Texas.

Marshall silty clay loam, Iowa.

et al, 1968.

Bascom-like clay, South Dakota (from Baver, et al, 1972).
Note that the curve between tensions of 0.0 and 9.1 bars
may be very important for drainage applications and these

data are missing in this data set.
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Drainage Volume - Water Table Depth Relationship

This relationship is used in the model to determine how far the water
table falls or rises when a given amount of water is removed or added. The
volume of water drained at various water table depths (sometimes called the s
water yield) can be measured directly from large soil cores (Skaggs, eta al.
1978). However, it is usually not convenient to collect a large core and
the drainage volume - water table depth relationship may be calculated from
the soil water characteristic.

In calculating the water yield from h(®), it is assumed that the water
table recedes such that the vertical hydraulic gradient above the water
table is zero and the unsaturated zone is essentially 'drained to
equilibrium' with the water table at all times. That is, it is assumed that
the water content distribution at any time is the same as that which would
result if the water table was stationary at a given position and the profile
drained to equilibrium. Theoretical studies (Tang and Skaggs, 1978; Skaggs
and Tang, 1976) indicate that this assumption is valid for most field scale
drainage systems. Then, the volume drained per unit area, V., when the
water table drops from the surface to depth Y., may be expressed as,

¥y
v. = [ (Go(y) - 8(y)) dy, (5-1)
(o]

Where 6 (y) is the soil water content prior to drainage, usually
assumed to bé constant and equal to the saturated value*, and 6(y) is the
equilibrium water content distribution which is obtained from the soil water
characteristic for a water table depth of y.. The water content
distribution and V. are shown schematically in Figure 5-3a for a uniform
soil V. is calculaged for any depth, y, by numerically integrating the
cross—gatched area in Figure 5-3a.

For layered profiles eo and 6(y) are obtained from the soil water
characteristics for the respective layers, the drained volume for a layered
profile is schematically shown in Figure 5-3b. If the water yield
relationships of the soils in the top layer, le {y), and in the bottom

*Spils are rarely completely saturated in the field because of entrapped
air. Thus, 6 is the volumetric water content at residual air saturation
which is usually not more than 90 to 95 percent of total porosity.
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layer, V (y), are first determined from the soil water characteristics, Vd
can be eaSily computed for the layered soil as follows. For water table
depths less than the depth, a, of the top layer,

vd(y) = le (y) (5-2) ~—
For greater depths,

\A (y) = le (y) - le (y-a) + Vao (y=-a) {5-3)

If the profile has a third layer starting at depth b, the water yield
for depths greater than b may be computed by,

Vd(y) =Vq y) = Vg (y-a) + Vg, (y-a) - Vg4, (y-b) + Vg, (y-b) (5-4)
Where Vd3(y) is the water yield relationship for the third layer.

A computer program to calculate the V_(y) relationship from the soil
water characteristics of a soil profile wigh up to 5 layers was developed by
Badr (1978) and is given, along with example input data and program results,
in Appendix D.

Drainage volume - water table depth relationships are given in Figure
5-4 for 7 North Carolina soils. Others can be calculated from soil water
characteristic data which are available for many soils as discussed in the
previous section. The slope of a plot of drainage volume versus water table
depth is the drainable porosity, f, also called the specific yield. So if £
is known or can be approximated for each soil horizon V (y) can be
estimated. For example, consider a soil with a well aggregated surface
layer (0 - 30 cm) which has a drainable porosity of approximately £ = 0.12.
The subsurface layer (B horizon; 30-120 cm deep) is a silt loam with f =
0.04. These drainable porosities imply the water yield relationships
plotted in Figure 5-5 (broken lines) for each layer. Once the V_(y)
relationships are estimated for each layer, the water yield for the entire
profile can be obtained from equations 5-2 and 5-3. This relationship is
plotted as the solid curve in Figure 5-5.

There are a number of methods of obtaining the input data for drainage
volume versus water table depth as discussed above. These methods are
ranked as follows with the most exact or best method listed first, the next
best listed second, etc.

1. Measurement of V_(y) from large undisturbed soil cores. (Probably
impractical for most situations.)

2. Calculation of V_(y) from soil water characteristics, h(8), for
each soil horizon.

3. Determination of V_(y) from estimated drainable porosities of each
layer (e.g. Figure 5-5).
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Upward Flux

There are several ways of estimating the relationship between upward
flux and water table depth. The entire concept is approximate, as discussed
in Chapter 2 because the relationship is defined for steady state conditions
while the actual upward water movement process is transient. The easiest
method is to obtain upward flux relationships directly from the literature.
Such relationships are plotted for 8 North Carolina soils in Figure 5-6.
Gardner (1958) obtained explicit unsaturated flux solutions for a given form
of the unsaturated hydraulic conductivity function. Generally, however,
upward flux relationships are not available and must be calculated from more
basic soil properties. Numerical procedures may be used to calculate the
water table depth for a given steady upward flux.

The equation for upward flux, at any point below the root zone, may be
written from the Darcy-Buckingham equation as,

dh
g = - K(h) T + X(h) (5-5)

Where g is flux, z is the vertical position coordinate which is positive in
the downward direction, h is pressure head, and K(h) is the unsaturated
hydraulic conductivity. By dividing the soil profile into increments of Az
(Figure 5-7), Equation 5-5 can be written in finite difference form as,

N Sl SN (5-6)
4= i Az
Solving for hi+1 yields,
_ _ Az (5-7)
Biyn =Pyt A2 T d R

For a given surface (or bottom of root zone) boundary condition h., say
h. = -500 cm, and an assumed value of g, h_ can be calculated from Equation
(%—7) by looking up the K value corresponding to h, = -500 cm. Then, h, can
be determined from (5-7) and so on for the entire column. The water tagle
depth for the g value assumed is that depth at which h = 0. By repeating
the solution for a range of q values, the relationship between upward flux
and water table depth can be defined. The K(h) value for each node is
obtained from the unsaturated hydraulic conductivity function of the
appropriate layer. A computer program to solve Equation 5-7 for a profile
with up to 5 layers is given together with example input and output data in
Appendix E.

The most critical condition for upward water movement is when available
water in the root zone has been used up. Then, the upper boundary is
effectively at the bottom of the root zone. Since the root zone depth
changes with time during the growing season, an average root depth should be
defined and used as the surface boundary for calculating the upward flux.
For example, if the root zone depth of corn varies from 2 to 28 cm, the
upper boundary condition should be applied at a depth of (2 + 28)/2 = 15 cm.
Then, if the soil profile has three layers: O - 25 cm with K_(h); 25-75 cm
with K2(h); and 75-120 cm with K3(h), the solutions given above should be
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obtained for a profile starting at the 15 cm depth. That is, a profile with
layer 1, 0 - 10 cm - K (h); layer 2, 10-60 cm - K (h); and layer 3, 60 - 105
cm - K (h).

It is generally difficult to apply the above methods to determine
upward flux relationships because of the unavailability of unsaturated
hydraulic conductivity, K(h), data. Measured data are available for a few
soils. Mualem (1978) cited sources of data for 50 soils. Other
conductivity data may be obtained from some of the sources listed in Table
5-1, Unsaturated hydraulic conductivity, soil water characteristics and
other properties are being measured in the field in several locations
throughout the United States. The measurements are being made primarily by
soil physicists at the Land Grant universities in the various states. A
regional project entitled "Movement and Storage of Water and Solutes in
Selected Southern Region Field Soils" is being conducted by researchers in
12 southern states. The project is sponsored by the Environmental
Protection Agency and the Agricultural Experiment Stations in the individual
states. The results from all states will be published in a bulletin when
the project is completed (in 1982). Data may be published or available from
individual researchers prior to that time.

What do you do if K(h) data are not available? Probably the next best
alternative is to calculated K(h) from the soil water characteristic and
saturated K. A number of prediction methods have been proposed and were
reviewed by Bouwer and Jackson (1974). Experimental evaluations of the
prediction methods have shown that best results are obtained when a matching
factor is used to force the calculated and measured conductivities to agree
at a given water content, usually saturation. Among the most frequently
used methods are those predicted by Millington and Quirk (1961) and Marshall
(1958). When the matching factor is based on the saturated conductivity,
both the Millington and Quirk and Marshall equations can be written in the
following form (Jackson, 1972).

m

0. I (23+1-—21)/h2
K(8,) = K_ 5P 5=1 (5-8)
es m
T3 - 1)/h
j=1

Where K(6.) is the calculated conductivity at water content 8,, K_is the
saturated condlictivity, ©_ is the water content at saturation, m iS§ the
number of water content increments used in the computation and j and i are
indicies. The exponent p is 0 for the Marshall formulation and 4/3 for
Millington and Quirk. A value of p = 1 can be used for most cases (Kunze,
et al, 1968; Jackson 1972). Figure 5-8 shows a soil water characteristic
divided into m equal water content increments. Usually m taken between 10
and 20 is adequate. The pressure head h is obtained from the midpoint of
each increment. The water content, 6. 1s the highest water content for the
increment. A computer program to caldulate K(8) from Equation 5-8 is given
in Appendix F. Once the K(h) relationship is defined, the numerical methods
discussed above and in the computer program given in Appendix E can be used
to determine the upward flux - water table depth relationship.
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Often the soil water characteristic will not be known. Then, how do
you determine the upward flux? It should be obvious that the less we know
about the soil properties, the more approximate will be the inputs and the
results. In the case where we know neither K(h) or h (8), upward flux
relationships can be estimated in terms of the soil texture and saturated
hydraulic conductivity by assuming a form of the hydraulic conductivity
function and selecting equation parameters based on the soil texture.
Gardner (1958) suggested the following equation for the relationship between
the hydraulic conductivity, K(h), and the pressure head, h.

KM =a [(W® + b7t (5-9)

Where a, b, and n are parameters that depend on the soil. Raats and
Gardner (1974) wrote the equation as:

n
Km)=Ks[mﬂbj) + 1]

Where K is the vertical saturated hydraulic conductivity and h 5 is
the pressure head at which K(h) = K /2

Gardner (1958) solved Equation 5-5 for n values between 1.5 and 4 and
expressed the maximum upward flux in terms of the water table depth and the
parameters a, b, and n. Raats and Gardner (1974) showed that the solution
for maximum upward flux could be written as,

-1 h
q._, =K —2:2 0 (5-10)

n Sinn/n

Where y is the depth of the water table below the surface. For our
purposes, we would assume that y is the depth below the root zone, as
discussed on pages 5-20.

An equation similar to 5-10 was derived by Anat, et al, (1965) by
assuming the Brooks and Corey (1964) form of the hydraulic conductivity
function, which may be written as,

= > -
K Ks ’ h hb (5-11a)
k=% (" h< h (5-11b)
s ————
h
Where n is a dimensionless constant for a given soil and is the
bubbling pressure head (remember that the pressure head is negative for
unsaturated conditions, so h < corresponds to tensions greater than —hb)

Anat's equation for maximum upward flux may then be written as,

1.89 hy n

g =K [h +—5—] ek (5-12)
n +1

Brooks and Corey (1964) related n to the pore size distribution index,
A, as,

n=2+ 3 ' (5-13)



They described graphical methods of determining A from the soil water
characteristic. It can be shown that n = n in Egquations 5-9 and 5-10.

The difficult part in applying either Equation 5-10 or Equation 5-12 is
determination of the parameters n, , and h . When better information
cannot be obtained the parameters can be apprdéximated in terms of the soil
texture using results recently reported by Brakensiek, et al, (1980). These
results build on the work of Clapp and Hornberger (1978) and Brakensiek
(1979) to present, for textural classes of sand, sandy loam, silt loam,
etc., average values of n, ., and other parameters that will be discussed
in the section on infiltration. Values for nand are given in Table 5-5.
The values given by Brakensiek, et al, (1980) were derived from analyses of
desorption data. Because upward flux may involve both desorption and
imbibition processes (Anat, et al, 1965), estimates for the imbibition
cycle should probably be used. Bouwer (1969) suggested that the bubbling
pressure head for imbibition, which he called the water entry section, could
be approximated as one-half the desorption hb.

Another method of estimating the upward flux is to employ the results
of Clapp and Hornberger (1978). They used a power curve to model the soil
water characteristic and a relationship for K(h) originally derived by
Cambell (1964). By examining soil properties for many soils, they obtained
average parameters for various textural classes. Their results were used to
calculate normalized upward flux relationships for each textural class using
Equation 5-7 and the computer program in Appendix E. These normalized
relationships are plotted in Figure 5-9. An input upward-flux relationship
for a given soil can be estimated by multiplying the flux values on the
approximate curve in Figure 5-9 by the saturated conductivity. A note of
caution is necessary in using the values given in Table 5-5 and Figure 5-9.
In both cases, the results are based on soil water characteristic data
obtained by Holtan, et al, (1968). As already mentioned (page 5-4), these
data are not complete for low tensions. Inaccuracies in this range may
cause significant errors in predicting upward flux relationships so the
results in Figure 5-9 and the data in Table 5-5 should only be used when
measurements on the specific soils considered cannot be obtained.

For layered soils, the maximum upward flux-water table depth
relationships can be constructed for each soil layer using Equation 5-10,
Equation 5-12, or Figure 5-9. Then, a composite curve can be constructed,
as shown in the example below.

Example. Analyses are to be conducted for a soil having the following
profile description: '

0 - 15 cm sandy loam, X 2.0 cm/hr

S

15 -~ 55 cm sandy clay loam, Ks = 0.5 cm/hr

0.2 cm/hr

55 - 135 cm sandy clay, Ks
Corn, with a time-average rooting depth of 15 cm is to be grown. Therefore,
the upward flux relationship will be defined from profile characteristics
from the 15 to 135 cm depth. Multiplying the ordinate values of the sandy
clay loam and sandy clay curves in Figure 5-9 by 0.5 and 0.2 cm/hr,
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Approximate upward flux relationships for a range of textural
classes. Upward flux was determined for saturated K of 1 cm/hr
in all cases. Average h(8) relationships were obtained from
the results of Clapp and Hornberger (1978). K(h) was predicted
from the Millington and Quirk method with K = 1.0 cm/hr and
upward flux computed numerically (Egquation §-7 and Appendix E).
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respectively, gives the broken curves in Figure 5-10. The sandy clay loam
curve will represent the relationship for water table depths from 0 to 55 -
15 = 40 cm and the sandy clay curve for deeper depths. A transition curve
is sketched in to smoothly connect the two relationships giving an
approximate upward flux - water table depth relationship for the profile.

If an upward flux relationship is to be calculated from Equation 5-12 or
chosen from Figure 5-9 for a single layer, it should be based on the texture
and K of the zone from the bottom of the plow layer to a depth of about 1 m.

The simplest (and most approximate) method of handling the upward flux
is to define a critical limiting depth, CRITD, below which water will not be
transferred to the root zone. That is, it is assumed that water will move
upward from the water table at a rate equal to the potential ET rate until
the distance between the water table and the root zone becomes greater than
CRITD. The parameter CRITD can be approximated from a soil profile
description based on the texture and hydraulic conductivity of each horizon.
In some cases, this option may be preferable to approximating an upward flux
- water table depth relationship. Consider the field description of an
Oldsmar sand profile given in Table 5-2. For this particular case, the soil
properties are given by Hammond, et al, (1971) and the upward flux
relationship could be calculated using the numerical methods discussed
above. However, if these data were not available, we would assume that
upward water movement would be severely restricted by the tight layer at a
depth of 86 cm. Then, subtracting the average root zone depth of 15 cm
gives CRITD = 86 - 15 = 71 cm.

Alternative methods for determining input data for upward flux may be
ranked as follows:

1. Obtain upward flux - water table depth relationship from plots or
tables in the literature (e.g. Figure 5-6) or from explicit
solutions such as those given by Gardner (1957). Such relation-
ships are not available for many soils at this time, but could be
developed for future use.

2. Calculate the relationship from K(h) using numerical methods
(Equation 5-7 and Appendix F).

a. With measured or tabulated K(h) for the given soils.

b. Wwith K(h) of each horizon computed from Millington and Quirk
or other prediction methods (Appendix G). This requires the
soil water characteristic, h(6), and saturated K of each
horizon.

3. Use the normalized relationships for different soil textures given
in Figure 5-9 with saturated X for each horizon. Approximate for
layered soils, as discussed in relation to Figure 5-10, or choose
approximate n and h, values from Table 5-5. Calculate upward flux
relationship using Equations 5-10 or 5-12.

4, Use the critical depth concept. CRITD should usually not be
greater than 90 cm and may be less depending on location of
restricting horizons.
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Table 5-2. Field description of an Oldsmar sand profile at the SWAP
Experimental site at Fort Pierce (after Hammond, et al, 1971).

Horizon Depth, cm Morphology ' K (cm/hr)
Al 0-13 Very dark gray (10 YR 3/1) sand; single 30.
grain structure; loose; gradual smooth
boundary.
A21 13-30 Gray (10 YR 5/1) sand; single grain 10.

_structure; loose; gradual smooth boundary.

A22 30-86 Light gray (10 YR 7/) sand; single grain 10.
structure; loose; abrupt wavy boundary.

B2h 86-107 Black (10 YR 2/1) sand; massive structure; 0.01
weekly cemented; gradual wavy boundary.

B21 107-127 Very dark grayish brown (10 YR 3/2) loamy 18.
sand; single grain structure; loose;
gradual wavy boundary.

B22tg 127-152 Very dark grayish brown (10 RY 3/2) sandy 1
clay loam; sub-angular block structure;
friable; gradual wavy boundary.

B23tg 152-218 Grayish brown (2.5 Y 5/2) to gray 0.1
(10 YR 5/1) sandy clay loam; massive
structure; friable; undetermined boundary.

Green-Ampt Equation Parameters

The flexibility of the Green-Ampt equations for describing infiltration
under varied initial, boundary, and soil profile conditions makes it an
attractive method for field applications. The fact that the equation
parameters have physical significance and can be computed from soil
properties is an added advantage. In practice, however, it will nearly
always be advantageous to determine the equation parameters from field
measurements by fitting measured infiltration data or from measurements such
as those proposed by Bouwer (1966). Field infiltration measurements tend to
lump the effects of such factors as heterogeneities, worm holes, and
crusting in the equation parameters. This results in more reliable
infiltration predictions than if the parameters are determined from basic
soil property measurements.

Methods for measuring infiltration in the field are discussed briefly
in Section 15, Chapter 1 of the SCS-NEH. Parr and Bertrand (1960) published
a thorough review of field methods for measuring infiltration capacity.
Basically, two types of devices have been used - sprinkling infiltrometers
and flooding infiltrometers. While it would be advantageous to use a
sprinkling infiltrometer to simulate rainfall conditions, the flooding
devices are far more frequently used because they require less equipment and
are easier to install and operate than the sprinkling type.
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The most commonly used infiltrometer is probably the ring or cylindri-
cal infiltrometer which was described in detail by Haise, et al, (1956).
Bouwer (1963) and Wooding (1968) discussed methods of reducing and correcting
for errors caused by lateral flow from the cylindrical infiltrometer. There
are many types of sprinkling infiltrometers, as discussed by Parr and
Bertrand (1960). Construction and operation of one such infiltrometer was
presented, in detail, by Dixon and Peterson (1964). Sprinkling or spray
infiltrometers usually consist of a plot surrounded by partially buried

- sheet metal barriers with facilities for measuring the rate of surface

runoff. Water is sprinkled onto the plot surface at a constant intensity
and the infiltration rate is determined from recorded runcff measurements.

In most cases, the infiltration rate is determined by simply subtracting the
runoff rate from the application intensity. However, the rate of surface
storage during the initial stages of runoff should also be considered, as
shown by Skaggs, et al, (1966) and Smith (1976). Another sprinkler irriga-
tion method of measuring infiltration rates was described by Tovey and pair
(1966). A shielded rotating sprinkler head is used to apply water to a
circular section of soil at various rates depending on location. Application
rates are measured and notes made as to whether the water is applied too
fast, too slow, or equal to the infiltration capacity. The results can be
used to plot a curve of infiltration capacity versus cumulative infiltration.

Regardless of the method used to measure the infiltration relationship,
the next step is to determine the Green-Ampt equation parameters from the
infiltration measurements. - From Equation 2-7, the Green-Ampt equation may
be written as,

f =4a/F + B (2-7)

Where A = KM S and B = K . A simple method for determining A and B is
. a .. S
demonstrated in Ehe example given below.

Example. Results of field infiltration measurements on a sandy loam
soil are tabulated in Table 5-3 and plotted in FIgure 5-11. The
infiltration rates were determined by drawing a smooth curve through the
observed cumulative infiltration data and taking the slope at various times
along the curve. The parameters A and B can be estimated from these data by
first defining a variable G = 1/F such that Equation 2-5 may be written,

f=AG+ B (5-14)

The variable G is also tabulated in Table 5-~3. Then, A and B can be
determined from a plot of f vs. G (Figure 5-12) by simply drawing a straight
line (eyeball fit) through tBe data and determining the slope and intercept.
In this example, A = 1.25 cm”/hr and B = 0.50 cm/hr.
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Table 5=-3. Results of sprinkler infiltrometer measurements on a sandy loam
soil. The application rate was 5.0 cm/hr.

Cumulative Infiltration G = 1/F
Time Infiltration, F Rate, f B 21
min {cm) (em/hr) cm
0 0 5.0 0
"3 (time of 0.25 5.0 4.0
surface ponding)
5 0.45 3.6 2.22
10 0.60 2.4 1.67
20 1.0 1.7 1.0
40 1.55 1.2 0.645
60 1.80 1.08 0.555
90 2.25 0.95 0.444
120 3.0 0.88 0.333
150 3.25 0.81 0.308
180 3.75 0.78 0.267
210 4.10 0.75 0.244
40
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Figure 5-11. Cumulative infiltration determined from sprinkler infiltrometer
measurements and calculated infiltration rates as a function of
time.
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Nothing has been said so far about the initial conditions for the above
test. Let us assume that the water table was at a depth of 150 cm when the
abgve gest was run and the water content at the soil surface was 8, = 0.25
cm” /cm The maximum water content (saturation less entrapped air} is 8 =
0.45 cn”/cm”. Therefore, M = 0.45 - 0.25 = 0.20 and since K_ =B = 0.5
cm/hr, S = A/K M= 12.5 cm. The values of A and B can be getermined for
other inifial wafer table depths by repeating the experiment for the
different conditions. Alternatively, B can be assumed constant at 0.5 cm/hr
and A can be estimated by determining the appropriate value of M for each
water table depth. For example, if the initial water table depth is 50 cm,
the water content at the surface may be obtained from the so§1 water
characteristic (corresponding to h = =50 cm) as, say 0.3§ cm /cm™. Then, M
= 0.45 - 0.36 = 0.09 and A = 0.5 X 0.09 X 12.5 = 0.56 cm” /hr.

More sophisticated methods for determining A and B by fitting
infiltrometer data using regression methods were presented by Brakensiek and
Onstad (1977). They considered spatial variation of the estimated
parameters and presented methods for averaging the values to give lumped
parameter values for watershed modeling. A sensitivity analysis for the
equation parameters showed that predicted infiltration and runoff amounts
and rates were most sensitive to the errors in fillable porosity, M, and KS,
and less sensitive to errors in Sav'

<



When field infiltration measurements are not available, the Green-Ampt
equation parameters can be estimated from basic soil properties. Bouwer
(1966, 1969) showed that the hydraulic conductivity parameter in the -
Green-Ampt equation should be less than the saturated value, K , because of
entrapped air. He described an air-entry permeameter which can be used in
the field for measuring K , the conductivity at residual air saturation, and
the air entry suction. en measured values are not available, Bouwer
(1966) suggested that K_ may be approximated as K = 0.5 K . Thus, an
estimate of KS can be oBtained from Ko values in £he standird soil survey
interpretation forms.

The effective suction at the wetting front, S__, is somewhat more
difficult to determine. Bouwer (1969) used the waber entry suction, h_, .
for Sa in Equation 2-7 and suggested that it can be approximated as €
one-h3Yf of the air entry value. Main and Larson (1973) used the
unsaturated hydraulic conductivity as a weighting factor and defined the
average suction at the wetting front as,
1 By

S = [ hdk_=~-f/k_dh (5-15)
av. r o ¥

Where h is the soil water pressure head, hi is the pressure head at the
initial water content, 6., and k_is the relatiVe hydraulic conductivity, k
= K(h)/K . The effective matricrdrive, H , introduced by Morel~Seytoux and
Khanji (f974) is dependent on the relativé conductivities of both air and
water. However, for most cases, the value of S given by Equation 5-15 is
a reasonable approximation of Hc (Morel—Seytouannd Khanji, 1974).

One of the problems of using Equation 5-15 to obtain S is the
requirement of the unsaturated hydraulic conductivity functidn K(h). Some
investigators have used prediction methods (e.g. Equation 5-8 and Appendix
G) to estimate K(h) and then determine S from Equation 5-15. Brakensiek
(1977) used methods of Brooks and Corey HWoe4) and Jackson (1972) to
determine S for the five soils originally investigated by Mein and Larson
(1973). Heaghowed that, for the Brooks and Corey (1964) model, Equation
5-15 may be integrated to give,

S,y = Bee n/(n-1) (5-16)

Where hce is approximately one-~half the bubbling pressure. The
bubbling pressure, P_, and the parameter n may be obtained from the soil
water characteristic by using graphical procedures given by Brooks and Corey
(1964). The procedures are demonstrated in an example given below.
Brakensiek (1977) found that S__ values computed from Equation 5-16 and from
Equation 5-15 with k. given byaEquation 5-8 were in good agreement with the ' -
original values of Mein and Larson for actual kr data and with the H_ values
computed by Morel-Seytoux and Khanji (1974) for the same five soils.
Brakensiek (1977) also found that the simple equation,

S = 0.76 P_, (5-17)
av

Where P, is the desorption bubbling pressure, is an acceptable
approximation for the soils he investigated.
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Example. The soil water characteristic for a sandy clay locam soil is
plotted in Figure 5-13. To use the method of Brooks and Corey (1964), we
first define saturation as S = 8/6 where 6 = saturated water content. The
residual saturation, S_ is determified from igure 5-13, or a similar plot of
S vs. h, as the horizontal asymptote. In this case, Gr = 0.21 and Sr =
0.21/ 0.42 = 0.50. Then, the effective saturation,

S =85-28
e r
1-58
r

is calculated for a number of points as shown in Table 5-4. Then, log Se is
plotted versus log (~h) on log-log paper (Figure 5-14). )

The value of P, is determined from the straight line intercept of the
-h axis. From Figure 5-14, P, = 32 cmand n =2 + 3A = 2 + 3 x 0.57 = 3.71.
Then, the value of SaV may be estimated from Egquation 5-16 as,
32

== x 3.71/(3.71 - 1) = 21.9 cm.

Sav 2

Using Equation 5-17 gives S = 0.76 x 32 = 24.3 cm, Thus, S can be
estimated from the soil water characteristic when it is available.

Table 5-4. Effective saturation and pressure head values for a sandy clay
loam. (Sr = 0.50).

3 3
6 cm™ /cm Se (S-Sr)/(l—sr) h cm
0.42 1.0 0.0
0.41 0.95 =30
0. 40 0.90 -40
0.38 0.81 -61
0.36 0.71 -92
0.34 0.62 -138
0.32 » 0.52 -200
0.30 0.43 -295
0.28 0.33 -550
0.26 0.24 -1,000

When the soil water characteristic cannot be obtained for a given soil,
it may be estimated by matching the soil texture with that of a soil for
which h(8) is known, as discussed earlier in this chapter. Then, S could
be estimated using the methods discussed above. The results of Braﬁgnsiek,
eta al. (1980) and Clapp and Hernberger (1978) can be used to estimate soil
property values for various textural classes as discussed earlier in this
chapter. Brakensiek's, et al, (1980) results for saturated water content,

8 , n, , and S are given in Table 5-5. Brakensiek's (1979) estimates
for Sav are alsoagiven in the table.
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Table 5-~5. Average values of 8 , n, , and S for 10 textural classes of
soils (after Brakengiek, 2% al, 19@8). Note: There may be wide
variation of S__ within a textural class and these values should ~—
be regarded, asS approximate.

Average (std. Sav Average
Soil Texture Gs Dev.) n hb (cm) (cm) sav* (em)
Sand 0.35 (0.11) 3.6 17 10 10
Loamy sand 0.41 (0.06) 3.3 10 7 7 -
Sandy loam 0.42 (0.08) 3.1 17 12 18
Silt loam 0.48 (0.06) 2.6 43 35 64
Loam 0.45 (0.07) 2.7 23 18 39
Sandy clay loam 0.41 (0.05) 3.0 26 19 25
Silty clay loam 0.47 (0.05) 2.5 37 30 31
Clay loam 0.48 (0.05) 2.8 28 21 55
Sandy clay 0.42 (0.06) 2,7** 28** 14
Silty clay 0.48 (0.06) 2.5 27 20 44
Clay 0.48 (0.05) 2.5 33 26 36

* From Brakensiek's (1979) comment on the Clapp and Hornberger (1978)
paper.

** Estimated.

Note: The values given in Table 5-5 are average values and that h(e) (and
hence S ) depends on soil structure and other factors, as well as texture.
Therefo%g, the values tabulated in Table 5-5 should be treated, as
estimates, to be used only when better data cannot be obtained.
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Figure 5-14. Determination of bubbling pressure, P_, and n from the
effective saturation, Se, - pressure Eead relationship.
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For a layered soil, S should usually be based on properties of the
surface horizon. The valudVof K in the surface layer may be used for
shallow initial water table deptﬁs, while K of underlying layers or average
Ks values may be used when the water table fs deeper. Consider a profile
made up of 30 cm of the sandy clay loam of the above example (with K_ = 2
cm/hr) over 170 ecm of silty clay loam with K= 1 cm/hr. We need inSut data
for DRAINMOD for a range of initial water tabBle depths (IWID). From above
Sa = 22 cm.* For IWID = 30 cm, Ks = 2 em/hr. From Figure 5-13, es = 0.42
ang ©. = 0.41 (corresponding to h = =30 cm). Then, M = 0.42 - 0.41 = 0.01,
A= O%Ol x 2 cm/hr x 22 cm = 0.44 cm" /hr and B = K = 2.0. For IWID = 120
cm, 6, = .345 (Pigure 5-13), M = .075, K_= (30 x 3 + 90 x }/120 = 1.25
cm/hrlso B=1.25 cm/hr and 2 = 1.25 x 0?075 x 22 = 2,06 cm” /hr. For water
table depths greater than 150 cm, a dry zone normally develops at the
surface with an assumsd ez = 0.22., Then, M= 0.42 - 0.22 = 0.20, B = 1.25
cm/hr and A = 5.28 cm“/hr.” Using these methods for other IWTD values, the
input data for infiltration parameters could then be written as follows:

IWTD (cm) A(cmz/hr) B cm/hr
0 0. 2.0
30 0.44 2.0
60 1.32 1.5
120 2.06 1.25
150 5.28 1.25
500 5.28 1.25

Methods for determining the Green-Ampt equation parameters may be
ranked as follows:

1. Determination from field infiltration measurements.

2. Field measurement of S and K_ using methods such as those
proposed by Bouwer (198%).

3. Calculation of Sav from measured kr (h) and h(e) data.

4, Calculation of S using prediction equations for k_ and measured
h(8) data. That Ys, use of Equations 5-16, 5-17, 4518, and
others. Obtain K from field measurements or estimate from soil
survey interpretations.

5. Estimate Sav based on soil texture from Table 5-5. Get Ks from
soil survey interpretations.

* Sa = 22 cm was obtained from data for this specific soil and is used
r3ther than the value for sandy clay loam in Table 5-5. If h(8) data
were not available, sav = 11.7 cm could have been estimated from Table
5-5.
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Trafficability Parameters

Three parameters are used in DRAINMOD to determine if field conditions
are suitable for tillage or harvesting operations. The parameters are: (1)
minimum water free pore volume (air volume) (cm) required for trafficability,
AMIN; (2) minimum precipitation (cm) required to stop field operations,
ROUTA; and (3) minimum time after rain before field operations can begin
(days), ROUTT. Two sets of the parameters are read in DRAINMOD; one set
represents values required for tillage operations (seedbed preparation,
etc.) in the spring and the other set is for harvesting conditions in the
fall. Spring conditions are called working period 1 and the trafficability
inputs are designated as AMIN1l, ROUTAl, and ROUTT1, while AMIN2, etc., are
used for working period 2 in the fall. Times that the working day begins
and ends are also inputs to the model in order to determine fractional
working days as discussed in Chapter 3. ‘

Trafficability parameters were approximated for several research sites
in North Carolina by field observations during the spring period of seedbed
preparation. Field conditions were monitored by experienced technicians in
coordination with farmers and research station personnel. When the soil
reached a condition that was just dry enough to plow and prepare seedbed,
samples were taken at 10 and 20 cm depths and the water contents determined.
Drainage volumes corresponding to the measured water contents were estimated
from the soil water characteristics and drainage-volume water table depth
relationship. For example, the volumetric water content for Goldsboro s.l.
was 0.23 at the point that it was just dry enough to plow. This corresponds
to a pressure head of -75 cm (Figure 5-1). A suction head of at least 75 cm
at the surface would result from a 75 cm water table depth. This would give
a water free pore volume (air volume) of 3.2 cm (Figure 5-4). Thus, AMINI1 =
3.2 cm for Goldsboro s.l. soil. Trafficability parameters for the seedbed
preparation period are given in Table 5-6 for eight North Carolina soils.

Table 5-6. Trafficability parameters for plowing and seedbed preparation
for some North Carolina soils.

Water con- Corresponding
tent in pressure head
plow3lay§r* in plow layer AMIN ROUTA ROUTT
Soil (cm™/cm™) (cm) (cm) (cm) {days)
Cape Fear 1. 0.395 -65 3.3 1.2 2
Lumbee s.1. 0.265 =70 2.8 1.5 1
Coxville-Ogeechee 1. 0.39 -80 3.4 1.2 2
Goldsboro s.l. 0.23 -80 3.2 1.5 1
Rains s.1. 0.25 =70 3.9 1.2 2
Wagram 1l.s. 0.15 -65 3.5 1.5 1
Bladen s.l. 0.40 -60 3.0 1.0 2
Portsmouth s.1l. . 0.32 -75 3.0 1.2 2
* Water content in plow layer when soil is just dry enough for plowing

and seedbed preparation.
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The water contents given in Table 5-6 corresponded to pressure heads
between -60 and -80 cm of water. For a 10 cm depth at the point of
measurement, these pressure heads would result for water table depths
between 70 and 90 cm from the surface. Grossman (1979)* measured the
minimum water tension at which tillage operations could be initiated in the
spring. He measured the tension at a 15 cm depth in a Sharpsburg (typic
Argiudall, fine) in southeastern Nebraska and a Mexico {(Udollic Ochraqualf,
fine) in central Missouri. The tensions ranged from 40 to 170 cm with most
below 100 cm of water. These results are consistent with those given in
Table 5-6. Similar measurements are needed on many more soils throughout
the humid region to provide a data base for predicting trafficability. In
the absence of specific data, it is suggested that suitable conditions for
seedbed preparation may be assumed when the soil tension at the 15 cm depth
is at least 60 cm. This will occur for a profile drained to equilibrium to
a water table 75 cm deep. Then, AMIN1 can be obtained directly from the
drainage volume - water table depth relationship.

The other trafficability parameters, ROUTA and ROUTT, can be selected
by a technician or farmer who is familiar with the soil being analyzed.
Assuming very dry initial conditions, ROUTA is the minimum amount of rain
that would prohibit field operations because of wet or slick soil
conditions. The air volume in the profile may be greater than AMIN at that
time, but field operations would be limited because the surface soil is too
wet. Then, ROUTT is the time (in days) required for the soil water at the
surface to redistribute in the profile so that field operations can resume.

Crop Input Data

Crop input data include the relationship between effective rooting
depth and time and the dates to initiate and stop SEW and Dry Day
computation. The main input is the effective rooting depth-time
relationship which was discussed in some detail in Chapter 2 (pages 2-47
through 2-52). Data of the type given in Figures 2-22 and 2-23 will not be
available for most crops so the relationships will have to be approximated
from other data. Depths of roots that extract soil water at the peak stage
of growth are given for several crops and locations in Table 1-4 of the
SCS-NEH, Section 15, Chapter 1. The depth of plant feeder roots for various
crops is also given in the Sprinkler Irrigation Handbook published by Rain
Bird Manufacturing Corporation and listed in Table 5-7.

Because most of the water will be extracted near the surface, as
discussed in Chapter 2, the maximum effective root depth used in DRAINMOD
should be approximated as 50 to 60 percent of the depth given in Table 5-7
or in Table 1-4 of the SCS-NEH. The maximum rooting depth depends on
factors such as physical and chemical barriers to root growth, as well as
soil water conditions. Values given in the tables may require modification
because of the influence of such factors.

* Unpublished data obtained by personal communication from R. B.
Grossman, Research Soil Scientist, SCS National Soil Survey Laboratory,
Lincoln, Nebraska.
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Table 5-7. Plant feeder root depths* (from Sprinkler Irrigation Handbook,
Rain Bird Manufacturing Corporation, Glendora, California).
e

Crop Root Depth Crop Root Depth
Alfalfa 3 to 6 feet Nuts 3 to 6 feet
Beans 2 feet Onions 1 1/2 feet
Beets 2 to 3 feet Orchard 3 to 5 feet
Berries (Cane) 3 feet Pasture (Grasses only) 1 1/2 feet
Cabbage 11/2 to 2 feet Pasture (with Clover) 2 feet
Carrots 1 1/2 to 2 feet Peanuts 1 1/2 feet )
Corn 2 1/2 feet Peas 2 1/2 feet
Cotton 4 feet Potatoes 2 feet
Cucumbers 11/2 to 2 feet Soy Beans 2 feet
Grain 2 to 2 1/2 feet Strawberries 1 to 1l 1/2 feet
Grain, Sorghum 2 1/2 feet Sweet Potatoes 3 feet
Grapes 3 to 6 feet Tobacco 2 1/2 feet
Lettuce 1 foot Tomatoes 1 to 2 feet
Melons 2 1/2 to 3 feet
* Majority of feeder roots.

The change in the effective root depth with time can be estimated by
Crop Growth Stage Coefficients (K ) given in the SCS Technical Release No.
21, "Irrigation Water Requirementg." The K was introduced to account for -

the growth stage in predicting ET by the Blgney-Criddle method.

K values

are plotted as a function of percent of growing season for several crops in

the SCS-TR 21.

Because K

indicates the rate that the crop can use water,

it should also be proportgonal to the stage of development of the plant and

root growth.

with time is demonstrated in the following example.
not derived for this purpose.

Use of the K to estimate the change in effective root depth
Note that the Kc was
Further, the procedure has not been verified

experimentally and should be viewed only as a method of obtaining a rough
estimate of the root depth distribution with time.

Example.

June 28 in eastern North Carolina.
ship during that period.
for potatoes is 2 feet.
gives 0.5 x 2 ft

1 ft =

30 cm.

Irish potatoes are to be planted on March 10 and harvested

Estimate the root depth-time relation-

From Table 5-7, the maximum depth of feeder roots
Taking an effective depth of 50 percent of maximum
We can estimate the root depth at any time

during the growing season by assuming that it is linearly related to Kc as,

R, = aKC + b where R_ is root depth and a and b are coefficients. K _ values . =
for Irish potatoes are given as curve No. 18 in the SCS-TR 21. Assuming

that water may be removed from the surface 3 cm by evaporation when the soil

is fallow implies an effective root depth of 3 cm at the beginning of the

growing season when K = 0.33 (curve No. 18). The maximum effective root

depth of 30 cm would Sorrespond to a maximum Kc of 1.37. Substituting
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these values in the above equation and solving for a and b gives R_, = 26 K

- 5.62. After 20 percent of the growing season (growing season length = 1I0
days, so 20 percent = day 22), K_= 0.51. Then, R. = 7.6 cm 22 days after
planting. Repeating this procedﬁre for several times during the growing
season gives the following values for root depth versus time:

Table 5-8. Effective root depth versus days after planting for potatoes, as
estimated from published crop growth stage coefficients.

Percent of bays after

Growing Season Planting N Kc Root Depth
0 percent 0 0.33 3 cm

10 11 0.40 4.8

20 22 0.51 7.6

30 33 0.72 13.1

40 44 0.96 19.3

50 55 1.18 25.1

60 66 1.31 28.4

70 77 1.37 30.0

80 88 1.36 30.0

90 99 1.30 28.1

100 , 110 1.22 26.1

Drainage System Parameters

Surface Drainage

Most of the input data for drainage system parameters such as drain
spacing and depth are easy to define. The depressional storage parameter
used to quantify surface drainage is somewhat more difficult. Depressional
storage has been measured under various field conditions in eastern North
Carolina (Gayle and Skaggs, 1978). The following subjective guidelines are
offered for estimating surface storage:

Table 5-9. General qguidelines for estimating field surface depressional

storage.
Field Surface Depressional
Drainage Quality Field Description Storage
Good Surface relatively smooth and on grade so - 0.1 - 0.5 cm

that water does not remain ponded in field
after heavy rainfall. No potholes -
adequate outlets.

Fair Some shallow depressions, water remains in 0.6 - 1.5 cm
a few shallow pools after heavy rainfall.
Micro-storage caused by disking or culti-
vation may cause surface drainage to be only
fair, even when field surface is on grade.



Table 5-9. General guidelines for estimating field surface depressional
storage. (continued)

Field Surface Depressional
Drainage Quality Field Description Storage
Poor Many depressions or potholes of varying 1.6 - 2.5 cm

depth. Widespread ponding of water after or greater

heavy rainfall or inadequate surface outlets,
such as berms around field ditches or very
rough surface, such as directly after plowing.

Effective Drain Radius

The effective drain radius, r , is used in Equation 2-13 to calculate
the equivalent depth from the drain tube to the impermeable layer. The
effective radius is considerably smaller than the actual drain tube radius
to account for the resistance to inflow due to a finite number of openings
in an otherwise impervious wall, as discussed in Chapter 2. The determina-
tion of r is based on research by Bravo and Schwab (1977). They used an
electric gnalog to determine the effect of openings on radial flow to
_corrugated drain tubes. Envelopes increase the effective size of the drain

by allowing free movement of water to the drain openings. When gravel
énvelopes are placed around the drain in a cylindrical shape, the effective
radius may be taken as the outside radius of the envelope. For a more
commonly used sguare envelope cross-section of length 2a on each side, r
can be approximated from the results of Kirkham and Selin (1973) as r_ =
1.77a. Fabric wrap envelopes tend to prevent drain tube corrugations from
filling with soil and therefore increase the effective radius to some
degree. However, the effective radius with a fabric wrap material would
still be less than the actual tube radius. The effective radii of some
conventional drain tubes are given in Table 5-10. These values were
approximated from Bravo and Schwabs (1977) work and from related work by
Skaggs (1978a). Research is continuing in this subject and the values given
in Table 5-10 are subject to revision.

Table 5-10. Effective radii for various size drain tubes.

Diameter r
Drain (0.D.) ©
3-in corrugated* 89 mm 3.5 mm
4-in corrugated* 114 5.1
5-in corrugated* 140 10.3
6-in corrugated* 165 14.7
4-in clay - 1/16 in crack between joints 127 3.0
4-in clay - 1/8 in crack between joints 127 4.8
Drain tube surrounded by gravel envelope 2a 1.177a
with square cross-section of length 2a
on each side
* Based on 5 rows of slots with total opening amount to 1.5 to 2 percent

of the wall area.



USDA Natural Resources Conservation Service

Wetland Science

=
F Institute

DRAINMOD
REFERENCE
REPORT

This pdf download file is a scanned image of the report.
Pages are images, not text.
OCR has not been performed.



CHAPTER 6

APPLICATION OF DRAINMOD - EXAMPLES

The purpose of this chapter is to present examples of the use of
DRAINMOD for designing and evaluating water management systems. Four sets
of examples will be considered. First, alternative designs of a combination
surface-subsurface drainage system are analyzed for four soils at three
locations. The results are presented such that the least expensive
alternative can be selected for each case. The use of a drainage system for
controlled drainage or subirrigation is considered in the second example
set. In the third example, DRAINMOD is used to determine the amount of
waste water that can be applied to a disposal site that has surface and
subsurface drainage. The storage capacity required to hold waste water
which cannot be applied during the wet season of the year until the summer
months when it can be irrigated is also determined. Finally, the model is
used to show the effects of root depth on the occurrence and frequency of
drought stress on crops in North Carolina. The purpose of this example is
to demonstrate the potential effects of removing physical and chemical
barriers to root growth on water availability to plants and the frequency of
drought stress.

Example Set 1 - Combination surface-subsurface drainage systems

Combination surface-subsurface drainage systems are analyzed for four
soils at three locations: Wilmington, North Carolina, Columbus, Ohio, and
Jacksonville, Florida. The results in this example were presented as an
ASAE paper (Skaggs, 1978c). The soils used at all locations are North
Carolina soils and may not be typical of soils at Columbus or Jacksonville.
The analyses for these locations show the affects of changes in climate and
planting dates on the drainage system design needs.

Soils

Four soils were chose for analysis in this example: Bladen loam,
Lumbee sandy loam, Rains sandy loam, and Wagram loamy sand. The soil
properties were determined in a study to test the validity of the model
(skaggs, 1978b). Methods for determining the properties and the soils are
discussed in more detail in Chapter 10. All soils are assumed to have
relatively flat surfaces with poor drainage in their natural states. The
Bladen and Wagram soils have relatively uniform profiles while Lumbee and
Rains have layered profiles. As noted in Chapter 4, the Wagram soil is
normally well drained in its natural state and does not require artificial
drainage. However, the loamy sand considered here has a nearly level
surface and is underlain by a heavy subsoil that may be assumed impermeable
so artificial drainage is needed. Downward water movement in all soils is
restricted by an impermeable layer at a uniform depth; the depth of the
layer is soil dependent and is within 3 m of the surface for the soils
considered herein. Soil properties used as inputs in DRAINMOD are tabulated
in Table 6-1. The soil water characteristic and the relationship between
water table depth and upward water movement are given in Table 10-5 and
Figures 5-4 and 5-6, respectively. The relationship given in Figure 5-4 for
Portsmouth s.l. was used for the Bladen soil.
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Crop Data

It was assumed that corn was to be grown on a continuous basis in all
simulations conducted. The growing season was assumed to be 120 days in
duration with the planting and harvesting dates dependent on location as
shown in Table 6-2. Although the depth and distribution of plant roots
depend on many factors including soil type, water content, fertility,
physical and chemical barriers in the soil, and others, the effective root
zone depth is assumed here to depend only on time after planting. The root
distribution given by the 60 percent curve in Figure 2-22 (with a minor
correction so that the minimum root depth was 3 cm to account for the thin
surface layer that can be dried by evaporation) was used for all soils and
locations.

Drainage System Parameters

Three field surface drainage intensities corresponding to the average
surface storage depths o 2.5, 12.5, and 25 mm were considered in the
simulations. This range is consistent with the results of field studies of
surface storages on fields with and without improved surface drainage in
eastern North Carolina. The subsurface drainage component was provided by
parallel 102 mm (4 inch) drain tubes placed at a range of depths and
spacings as given in Table 6-3. Convergence near the drains was accounted
for by defining an equivalent depth as discussed in Chapter 2. An effective
drain tube radius of 5.1 mm (0.51 cm) was used in calculating d_.
Simulations were conducted for four drain depths and five spaciggs for each
soil at each location, as indicated in Table 6-3. Table 6~3 gives the
values of drain depths, spacings, surface drainage, soils, and locations
used in the simulations. Simulations were conducted for all combinations of
these variables.

Table 6-2. Planting and harvesting dates for corn that were used in the
simulations for three locations.

Jacksonville, Wilmington, Columbus,
Florida North Carolina Chio
Planting date March 3 April 15 May 5
Harvesting date July 3 August 15 September 5
Seedbed preparation February 1 - March 15 - : April 15 -

period March 2 April 15 May 5
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Table 6-3. Range of drainage system parameters, soils, and locations for
which simulations were conducted.
S

Drain depths (m) 0.75 1.0 1.25 1.50%

Drain spacing

Wagram (m) 15 30 45 60 90
Bladen (m) 7.5 15 30 60 a0
Lumbee and Rains (m) 7.5 15 30 45 60
Surface depression 2.5 12.5 25
storage (mm)
Soils Bladen 1, Lumbee s.l., Rains s.l., Wagram l.s.
Locations Columbus, OH; Wilmington, NC; Jacksonville, FL
* The greatest drain depth for the Rains soil was the depth of the
restrictive layer, 1.4 m, rather than the 1.5 m used for the other

soils.

Climatological input data consisted of hourly precipitation records and
maximum and minimum daily temperatures. These data were obtained from
storage in HISARS (Wiser, 1975) for Wilmington, North Carolina, for the
26-year period, 1950-1975. Data from Jacksonville, Florida, and Columbus,
Ohio, were obtained from the National Climatic Center, Asheville, North
Carolina, and stored in HISARS format for automatic retrieval by DRAINMOD.
Simulations for Jacksonville and Columbus were conducted for 25 years of
record (1949 to 1973).

Results - Alternative Drainage System Designs

Results of the simulations were analyzed to identify alternatives of
surface and subsurface systems that would satisfy trafficability and crop
protection requirements.

Trafficability

The effect of drain spacing on the number of working days during the -
1-month period (March 15 - April 15) prior to planting is shown in Figure
6-1 for two soils at Wilmington, North Carolina. Relationships are plotted
on a 5-year recurrence interval (5 YRI) basis for both good (s = 2.5 mm) and - T
poor (s = 25 mm) surface drainage. The results show that trafficability is
strongly dependent on the drain spacing. The effect of surface drainage on
the number of working days during the seedbed preparation period depends on
the soil and the drain spacing. For example, a drain spacing of 21 m on the
Lumbee soil would give 10 working days on a 5 YRI basis for poor surface
drainage as compared to 13 working days for good surface drainage (Figure
6-1). On the other hand, improving the field surface drainage for the
Wagram soil with a 40 m drain spacing would only increase the working days R
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Figure 6-1. Working days on Lumbee sandy loam and Wagram loamy sand during
the month prior to corn planting at Wilmington, North Carolina,
as a function of drain spacing for good (s = 2.5 mm) and poor
(s = 25 mm) surface drainage.

from 10 to 11 on a 5 YRI basis. In general, the effect of field surface
drainage on trafficability will be larger for the tighter soils with close
drain spacings than for soils that require less intensive subsurface drainage.
However, the results plotted in Figure 6-1 show clearly that the quality of
surface drainage has only a small effect of the drain spacing required to
insure a given number of working days during the seedbed preparation period.
In the above example, the 21 m spacing required to provide 10 working days
with poor surface drainage on Lumbee could only be increased to 23 m for
good surface drainage. Similar results for the effect of field surface
drainage were observed for all soils at all locations. In order for
trafficable conditions to exist, there must be a minimum air volume
(water-free pore space) in the profile. Because seedbed preparation follows
the winter period when water tables are often high, trafficable conditions



depend on the rate that water can be removed from the profile.
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ET is

relatively low during this period so the major pathway for water removal is

subsurface drainage.

the water stored on the surface after rainfall ceases.

Surface drainage is only effective in removing water
from the surface before it can infiltrate into the profile and in reducing

Land forming and

smoothing to provide good surface drainage does not remove water from the
soil profile; it only affects the amount of water that must be removed from

the soil surface before water table drawdown can begin.

Thus, trafficability

has a strong dependence on subsurface drainage and only a weak dependence on
surface drainage on these soils.

Subsurface drainage for a given soil depends primarily on the depth and

spacing of drains.

Figure 6-2.

increased by increasing the depth.

Working days for the Lumbee soil at Wilmington, North
Carolina, are plotted versus drain spacing for several drain depths in
These results show that the drain spacing can be considerably

For example,; the 23 m spacing required

at a 1.0 m depth to give 10 working days (5 YRI basis) could be increased by

30 percent to 30 m by increasing the depth to 1.25 m.

A depth of 1.5 m

would allow a 34 m spacing (48 percent increase) for the same number of
These results indicate that the drains should be placed as

working days.

deep as possible so as to increase spacings and decrease costs.

However,

the drain depth may be limited by the depth of restricting layers or the

elevation of the drainage outlet.
exists below a 1 m depth.

For the Lumbee soil, a layer of higher K
However, in many soils, the conductivity

decreases with depth so there is less advantage of increasing the drain

depth.

Another factor that may be important for some soils is the
possibility of excess drainage when very deep drains are used.

Results of
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Wilmington, North Carolina.
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the simulations showed that excess drainage was not a problem with the
Lumbee soil as the number of drought days were only increased from 34 to 37
(again on a 5 YRI basis) by increasing the drain depth 0.75 to 1.5 m.
However, this will not always be the case and the possibility of excessive
drainage should be considered when deep drains are proposed.

Relationships between the number of working days and drain spacings are
plotted in Figure 6-3 for Wagram and Bladen soils at all three locations.

- The relationships for the three locations were surprisingly close for all

soils, as indicated by the results given in Figure 6-3. The drain spacings
required to provide 10 working days were less than 2 m different among the
three locations for both Bladen and Wagram soils. It is important to recall
that the planting dates are different for each location so that working days
are determined for the period February 1 to March 2 for Jacksonville compared
to April 5 to May 5 for Columbus. If the planting dates were the same,

there would be considerable difference in the working day relationships
between locations, as shown by the dotted curve in Figure 6-3, which was
obtained for the Jacksonville location using the planting date and growing
season from Columbus.

Working day - drain spacing relationships for all four soils are
plotted in Figure 6-4 for the Columbus, Ohio location. Similar
relationships for the Lumbee and Wagram soils at Wilmington, North Carolina,
are plotted in Figure 6-5 for recurrence intervals of 5, 10, and 25 years.
An interesting point here is the relatively small differences in drain
spacing among the three recurrence intervals. Taking 10 working days on the
Lumbee soil, as an example, a drain spacing of 23 m would be required for
design on a 5 YRI basis while the 25 YRI basis would require an 18 m
spacing.

The results presented in Figures 6-1 through 6-5 show that traffica-
bility during the seedbed preparation period is heavily dependernit on the
factors controlling the rate of subsurface drainage: drain spacing, depth,
and soil properties. While surface drainage may have a significant effect
on the number of working days for a given soil and drain spacing, it has a
relatively small effect on the subsurface drainage intensity required to
insure a given number of working days on a 5 year recurrence interval basis.
Location had a relatively small effect for the cases considered. It is
clear, however, that, in general, drainage requirements for trafficability
depend heavily on the local climate, planting date (Figure 6-3), and the
level of protection desired (Figure 6-5).

SEW-30

The effect of drain spacing and surface drainage on SEW-30 is shown in
Figure 6-6 for Lumbee and Wagram soils. The quality of surface drainage has
a much greater effect on SEW-30 than on trafficability as can be seen by
comparing Figures 6-~1 and 6-6. The results given in Figure 6-6 show three
combinations of surface and subsurface drainage that will provide a given
level of SEW-30 on a 5 YRI basis. Consider the Lumbee soil, for example. A
SEW-30 value of 100 cm days can be obtained with drain spacings of 23, 16,
or 12 m for surface drainage corresponding to depressional storage values of
s = 2.5, 12.5, or 25 mm, respectively. All of these combinations would
provide 10 or more working days for seedbed preparation (Figure 6-1), so the
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Figure 6-5. Working days versus drain spacing for recurrence intervals of
5, 10, and 25 years on Lumbee and Wagram soils at Wilmington,
North Carolina.

least cost system could be selected. If a different number of working days
or SEW-30 values are required, the appropriate combinations of surface and
subsurface drainage can be selected from Figures 6-1 and 6-6.

The results for the Lumbee soil demonstrate the utility of using
DRAINMOD to evaluate alternative designs of combination surface-subsurface
drainage systems. The required number of working days and drainage
protection for crop growth as indicated by SEW-30 values can be provided
with a drain spacing of 12 m and poor surface drainage (s = 25 mm) or with a
spacing of 23 m and good surface drainage (s = 2.5 mm). Both systems will
do the required job so the farmer can choose the alternative that requires
the least investment, although other factors such as maintenance costs and
compatibility with the farming operation must also be considered. Another
parameter that must be considered is drain depth (Figure 6-7). By placing
the drains at a depth of 1.5 m rather than 1.0 m, the spacing could be
increased from 23 m to 30 m for good surface drainage (s = 2.5 mm). This
alternative would also be satisfactory from the trafficability aspect as it
would result in 14 working days on a 5 YRI basis (Figure 6-2). Again, it is
emphasized that the drain depth may be limited by other factors such as
restrictive layers and the depth of the drainage outlet. Of course,
possible increased costs of placing drains at a deeper depth must also be
considered.
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Relationships between SEW-30 and drain spacing are plotted in Figure
6-8 for all four soils at Columbus, Ohio. Drain spacings required for a
given SEW-30 value were somewhat greater at Columbus than at Wilmington or
Jacksonville (Figure 6-9). This was true for all four soils and simply
results from the fact that the precipitation is greater at Jacksonville and
Wilmington than at Columbus. The average precipitation during the 4-month
growing season was 440 mm at Jacksonville, 410 mm at Wilmington, and 370 mm
at Columbus.
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Example Set 2 - Subirrigation and Controlled Drainage

The soils considered in Example 1 are relatively flat so water table
control via subirrigation or controlled drainage should be considered.
Outlet conditions for drainage, controlled drainage and subirrigation are
shown schematically in Figure 6-10. When subirrigation is used, a weir is
placed in the drainage outlet and water is pumped into the outlet as
required to maintain a constant water level. For controlled drainage a weir

DRAINAGE

OUTLET

\ DITCH

L |

7/////7///7////////////////////////f.

CONTROLLED DRAINAGE

WIER

7/////////////////////////////.

DRAINAGE - SUBIRRIG ATION PUMP

WIER U

7/////////////////////////////

Figure 6-10. Schematic of three possible modes of operation for a subsurface
drainage system.
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is also placed in the drainage outlet, but no water is pumped in. This

reduces the drainage rate and allows plant use of some runoff and drainage

water that would be lost from the system under conventional drainage S~
practices. In the analysis of controlled drainage systems, it is assumed

that water in the outlet comes only from the field being drained and not an

upstream source. Therefore, controlled drainage is not expected to provide
assistance during dry years when drainage water is not available.

Simulations were conducted for subirrigation and controlled drainage on
the Bladen and Wagram soils analyzed above for drainage and on a Portsmouth
sandy loam. The input soil properties for Portsmouth are given in Tables
6-1 and 10-5 and Figures 5-4 and 5-6. Analyses were conducted for only the _
North Carolina site with the crop being continuous corn as discussed above. i
A drain depth of 1.0 m was used for all soils. Additional simulations were
made for a drain depth of 1.5 m on the Portsmouth soil.

Results - Subirrigation and Controlled Drainage

The effect of drainage, controlled drainage, and subirrigation on the
number of dry days during the growing season is shown in Figure 6-11 for the
Wagram loamy sand. The relationship plotted for drainage shows clearly that
drainage systems should not be over designed. For example, a drain spacing
of 40 m would give, on the average, 35 or more dry days in one year out of
five. Closer spacings, which are not required for trafficability (Figure
6-1) nor for crop protection (Figure 6-6) could increase the number of dry
days and have detrimental effects on crop growth.* Recall that a dry day
does not mean that there is no water available to growing plants, but that
ET is limited by soil water conditions. The relationships plotted in Figure
6-11 were derived for good surface drainage (s = 0.25 cm). Surface drainage
had little effect on the number of dry days and similar relationships were
obtained for the other surface drainage treatments.

When subirrigation is used, water is pumped into the drainage outlet
such that the water level is held constant at a depth of 60 cm below the
soil surface during the growing season. The water table depth directly over
the drain tubes during subirrigation will be approximately equal to that in
the drainage outlet, but will increase with distance away from the drain
during dry periods because of ET (Fox, et al, 1956). The 60 cm depth was
chosen so that the water table would not be too close to the surface
directly over the drain tubes. Williamson and Kirz (1970) reported that a
60 cm steady water table depth caused a 15 percent reduction in yield from
the optimum depth of 76 cm for a loam soil. Yield reduction for the area
directly over the drains is expected to be less for the lighter Wagram loamy
sand. Results plotted in Figure 6-11 for subirrigation show that a drain

* Note that it was assumed that the effective root depth depends on time
alone, although it clearly is also dependent on soil water conditions
during the growing season. Thus, good drainage, early in the season,
may allow a better developed, deeper root system, which may counteract
the over drainage effects shown in Figure 6-11.
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Figure 6-11. Dry days, during the growing season, as a function of drain
spacing for three water management methods on Wagram soil,

spacing of 30 m or less will provide sufficient water table control to allow
only 3 dry days on a 5 YRI basis. For spacings between 30 and 60 m, the
number of dry days increases to 16. Further examination of the results of
simulations show that, for L = 30 m, the three dry days occurred immediately
after planting when rooting depths were negligible and subirrigation had
just been initiated. Under these conditions, three dry days appeared to be
acceptable and a drain spacing of 30 m sufficient for subirrigation on the
loamy sand. These results are subject to the assumption that the water
level is held constant in the drains at the 60 cm depth. This level may
fall due to equipment failure or operator error. Therefore, the time
required to raise the water table back to its steady state position may be
critical and should be checked using the procedures given in Chapter 8.

One of the major concerns in using subirrigation in humid regions is
that a high water table reduces storage available for infiltrating rainfall
and may result in frequent conditions of excessive soil water. The effect
of subirrigation on SEW-30 values is shown in Figure 6-12. These results
show the importance of good surface drainage if subirrigation is to be used.
A 30 m drain spacing gives a SEW-30 value of 210 cm days for poor surface
drainage (s = 25 mm). Additional simulations showed that a SEW-30 value of
less than 100 cm days can be obtained with only moderate surface drainage (s
= 7.5 mm). When a 30 m spacing is used with good surface drainage (s = 2.5
mm), the 5 YRI SEW-30 value exceeded 100 cm days only once, in 20 years, and
that value was only 114 cm days.
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Figure 6-12. SEW-30, as a function of drain spacing for conventional
drainage, subirrigation, and controlled drainage on Wagram
soil. Results are plotted for two levels of surface drainage.

The results presented for Wagram loamy sand indicate that, if
subirrigation is used, a drain spacing of 30 m with good surface drainage
will satisfy both drainage and irrigation requirements. If subirrigation is
not used, a drain spacing of 40 m will satisfy drainage requirements for
both trafficability and plant growth, regardless of surface drainage.
However, unless irrigation water is applied through other means, we can
expect at least 35 dry days during the growing season on an average
frequency of once every 5 years. The number of dry days can be reduced
somewhat by using controlled drainage. Simulations were conducted for
controlled drainage by assuming a weir is placed in the drainage outlet at a
depth of 60 cm below the soil surface. From Figure 6-11, we see that this
practice reduced the number of dry days on a 5 YRI basis by only 4, from 35
to 31. Obviously, this provides very little assistance for dry years and
cannot replace an irrigation system. However, for wetter years, controlled
drainage did provide -some assistance. For example, a 40 m drain spacing
gave fewer than 10 dry days in a growing season in 16 of 20 years of
simulation when controlled drainage was used, versus only 7 of the 20 years
when it was not used. When good surface drainage is provided, controlled
drainage will not cause a problem with inadequate drainage during wet years,
as shown in Figure 6-12. '
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The effect of the various water management alternatives on the number
of dry days is plotted in Figure 6-13 for the Bladen soil. The relation-
ships given in Figure 6-13 were obtained for good surface drainage, s = 2.5
mm, but the quality of surface drainage had little effect on the number of
dry days. Subsurface drainage had only a small effect on number of dry
days, as shown by the fact that the number of dry days decreased from 50 to
only 40 when the drain spacing is increased from 7.5 to 60 m. The number of
dry days during the growing season for drainage seems high, even on the
basis of a 5 YRI. This may be due to assuming a root zone depth which is
too shallow. Spot checks using a 75, rather than 60 percent curve in Figure
2-22 for the root zone depth, showed a reduction in the number of dry days
for a 30 m spacing to about 30. '

The relatively high number of dry days is consistent with the reputa-
tion that Bladen soils have for being droughty. This is caused by the low
hydraulic conductivity which decreases rapidly with water content for
unsaturated conditions so that the rate of upward water movement from wetter
regions is slow (Figure 5-6). Thus, plants must obtain their water from a
relatively shallow zone which extends only a small distance below the root
zone. These soils have severe water shortages during dry years, as
indicated by Figure 6-13 and it is not uncommon to experience large
reductions in yield every three or four years, if irrigation is not used.

The relationship given for subirrigation if Figure 6-13 was obtained
for a water level in the drainage outlet of 60 cm below the surface. In
order to use subirrigation on this soil, the drains would have to be spaced
about 5 m apart to provide (on a 5 YRI basis), less than 10 dry days during
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Figure 6-13. Dry days, during the growing season, for three water
management methods on Bladen soil.



the growing season. Furthermore, it would be necessary to have good surface
drainage in order to insure that the soil is adequately drained during wet
periods (Figure 6-14). Such close drain spacings are not economically
feasible and other methods of applying irrigation water should be used on
this soil. For example, a drain spacing of 5 m rather than the 20 m
necessary to meet trafficability (Figure 6-3) and crop requirements for
conventional drainage would require 2,000 m/ha of tubing, as compared to 500
m/ha for conventional drainage. At an assumed cost of $2.50/m (installed),
the tubing cost alone would be $5,000/ha ($2,000/ac) for subirrigation
versus $1,250/ha ($500/ac) for conventional drainage. One possibility of
increasing the drain spacing for subirrigation is to hold the water level in
the drainage outlet closer to the surface. A water table depth at the drain
of 40, rather than 60 cm was tried, but could not be used because of high
SEW-30 values during wet years. In order to meet both subirrigation and
drainage requirements, it was still necessary to have drain spacings of
about 5-7 m.
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Figure 6-14. SEW-30, as a function of drain spacing for conventional
drainage, subirrigation, and controlled drainage on Bladen
soil. Results are plotted for two levels of surface drainage.
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Controlled drainage is not attractive for this soil either. Use of
controlled drainage reduced the number of dry days by only 2 on a 5 YRI
basis (Figure 6-13). Thus, neither subirrigation nor controlled drainage
appear feasible for the Bladen soil.

The above examples considered a soil (Wagram) with a relatively high K
where subirrigation is feasible and a tight soil (Bladen) where subirrigation
- is impractical. A third soil, Portsmouth sandy loam with intermediate
conductivity of K = 3 cm/hr, is analyzed in the following example. This
same soil is also used in examples in Chapter 8 to demonstrate methods for
predicting the time necessary to raise the water table at the beginning of
the subirrigation process. The position of the water table during subirri-
gation with steady state ET conditions is also considered in Chapter 8.

A subirrigation system is to be designed for a Portsmouth sandy loam
soil located near Wilson, North Carolina. Corn is to be grown on a
continuous basis. The soil is flat, but good surface drainage can be
provided by filling potholes in the field and smoothing the surface. Some
of the soil properties and site parameters are given in Table 6-1. The soil
water characteristic is given in Table 10-5 and the drainage volume and
upward flux relationships in Figures 5-4 and 5-6, respectively. Example
calculations in Chapter 8 showed that a steady ET rate of 0.5 cm/day could be
supplied by either of the following combinations of drain spacing and drain
water elevations:

1. L = 25 m with water level at drain = 30 cm deep
2. L = 17 m with water level at drain = 50 cm deep
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Figure 6-15. Working days on a Portsmouth s.l., as affected by drain
spacing and depth and by surface drainage. Results are
plotted for a 5 year recurrence interval.
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Both combinations assumed a constant midpoint water table depth of 76
cm. With the 17 m drain spacing, the water table could be raised to a
subirrigation position in 2.3 days (c.f. example in Chapter 8), but an
excessive length of time (10 days) was required for the 25 m spacing.
Therefore, a drain spacing of about 17 m is expected to do the job so far as
meeting the irrigation requirement. DRAINMOD was used to determine if both
irrigation and drainage requirements can be met by this on other alternative
system designs.

Simulations were conducted for two drain depths (100 and 150 cm) at
drain spacings of 7.5, 15, 22.5, 30, and 45 m. After planting (about April
15), the water level was raised in the drain to within 30 cm of the surface
where it was held for the growing season. Simulations were also conducted
for the drain water level 50 cm from the surface during the growing season.

Working days during the month prior to planting (March 15 to April 15),
are plotted versus drain spacing in Figure 6-15. These relationships would
be the same whether the system is used for subirrigation or for conventional
drainage. Based on these results, 10 working days could be provided on a 5
YRI with a drain spacing of 32 m for a depth of 100 cm or a spacing of 45 m
for a 150 cm drain depth. As in previous examples, surface drainage had a
small effect on working days. SEW-30 for drainage without subirrigation is
plotted in Figure 6-16. These results show that a threshold value of 100 cm
days on a 5 YRI basis can be maintained with a spacing of about 35 m if the
surface drainage is good (s = 2.5 mm). For poor surface drainage (s = 20
mm) drain spacings of 17 and 22 m would be required for depths of 100 and
150 cm, respectively.
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Figure 6-16. SEW-30, as a function of drain spacing for two surface
drainage treatments and two drain depths on Portsmouth s.l.
The system is used for conventional drainage without
subirrigation, in this case.
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The number of dry days on a 5 YRI basis are plotted in Figure 6-17.
For conventional drainage, about 40 to 50 dry days can be expected in one
year out of five. When subirrigation is used, the number of dry days
depends on the drain spacing and the depth that water is held in the drains
(weir depth). For a drain spacing of 15 m, about 4 dry days (5 YRI) would
result for a weir depth of 30 cm and 10 dry days for a weir depth of 50 cm.
However, a 30 cm weir depth and L = 15 m would result in SEW-30 values in
excess of 300 (5 YRI) during the growing season (Figure 6-18). A 50 cm weir
depth would have 5 YRI SEW-30 values of about 140 cm days for good surface
drainage. There is no advantage in placing the drains at a depth of 150,
rather than 100 cm, if subirrigation is used. At a spacing of 15 m, the 100
cm drain depth is sufficient to provide trafficable conditions for seedbed
preparation (Figure 6-15), as well as protection for crop growth (Figures
6~-16 and 6-18). Close inspection of the simulation for subirrigation with L
= 15 m showed that most of the 10 dry days occurred during start-up
immediately after planting, as observed earlier for the Wagram soil. This
number can be reduced to 4 or 5 days by raising the weir to within 30 cm of
the surface during start-up and then lowering to a 50 cm depth for the
remainder of the growing season.

A summary of results for the Portsmouth soil shows that drainage and
irrigation requirements could be provided with the alternatives given in
Table 6-4. It is interesting that the factor limiting the drain spacing for
a combination drainage-subirrigation system on this soil is the drainage
requirement. For example, the irrigation requirement could be satisfied .
with a drain spacing of 25 m and a weir depth of 30 cm (Figure 6-17).
However, this would give an unacceptable SEW-30 value of 450 cm days (Figure

6-18) .
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Table 6-4. Drain spacings required to meet drainage* and irrigation**
requirements for a Portsmouth sandy loam near Wilson, North

Carolina.
Surface Drainage
Drain Depth Good (s = 2.5 mm) Poor (s = 20 mm)
DRAINAGE ALONE
100 cm 34 m 17 m
150 cm 36 m 21 m
Weir Depth DRAINAGE AND SUBIRRIGATION
30 cm 05 m 05 m
50 cm 15 m 7m

* The drainage requirement is assumed to be at least 10 working days
during the month prior to planting and SEW-30 values less than 100

cm days.

** The irrigation requirement is assumed to be 10 or fewer dry days during
the growing season.
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Example Set 3 - Waste Water Application on Drained Lands

Land application of agricultural, municipal, processing, or industrial
waste water, with appropriate pretreatment, is an economically and
technically feasible alternative to conventional waste disposal methods for
many situations. A major step in designing a land application system is
determining the permissible loading rate for a given site. In some cases,
the loading rate is limited by the pollutants in the waste water. 1In
_others, the application rate is limited hydraulically by drainage conditions
of the site. In the latter cases, it may be feasible to provide subsurface
drainage to increase the amount of waste water that can be applied to a
given site and reduce the land area required. Since the costs of land and
irrigation systems to apply waste water are relatively high, increasing the
application rate by the use of artificial drainage could significantly lower
the costs of a land disposal system,

In this example, we consider waste water application to the Wagram
loamy sand discussed in example sets 1 and 2 above. The hypothetical site
is located near Wilson, North Carolina. Fescue is grown year around and
waste water from a processing plant pretreatment lagoon is to be applied
(sprinkler irrigation) onto the surface. Consideration of the nutrient
levels in the water limit the application rate to 25 mm/week in this
example. The water may be applied at any irrigation frequency, but the
average must not exceed 25 mm/week. Higher loading rates of 50 mm/week and
100 mm/week will be considered in another example. As discussed in example
set 1, the soil surface is flat and a restrictive layer exists at a depth of
1.8 m so that drainage under natural conditions is slow. Outlet conditions
limit the depth of the drain tube to 1.25 m, which is considered deep enough
to prevent short-circuiting of the waste water directly into the drain.

The objective in this example is to determine the effect of surface and
subsurface drainage on the amount of water that can be applied without
causing surface runoff. The effect of application frequency (e.g. one
irrigation per week of 25 mm versus one application of 50 mm every 2 weeks),
on the total permissible annual application will also be considered.
Simulations were conducted for good surface drainage, s = 2.5 mm, poor
surface drainage, s = 25 mm, and very poor surface drainage, s = 150 mm.

The very poor surface drainage was considered because it may be desirable in
some cases to construct dikes or otherwise artificially shape the surface to
prevent runoff during high rainfall intensities. This would prevent
pollutants deposited on the surface, grass cover, etc., from washing off the
site with runoff water. Simulations were conducted for five drain spacings
and for 3 application strategies as follows: (1) 10.5 mm every 3 days; (2)
25 mm every 7 days; (3) 50 mm every 14 days. All 3 strategies would give an
average application rate of 25 mm/week. As discussed in Chapter 3, waste
water application is simulated by DRAINMOD on the application interval,
INTDAY, if the drained volume (air volume) in the profile is greater than a
given amount, REQDAR, and if rainfall occurring on the scheduled day is less
than AMTRN. Parameter values used to determine whether an application will
be skipped or postponed are listed in Table 6-5 for the cases considered in
this example. In all cases, the required drained volume, REQDAR, was 10 mm
greater than the amount of water to be irrigated.



Table 6~5. BApplication parameter values used in Example 3.

Application interval, INTDAY 3 days 7 days 14 days
Irrigation amount 10.5 mm 25 mm 50 mm
Time irrigation starts 1000 1000 1000
Time irrigation ends 1200 1200 1200
Drained (air) volume required 20.5 mm 35 mm 60 mm

in the profile, REQDAR

Amount of rain to postpone 10 mm 10 mm 10 mm
irrigation, AMTRN
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Figure 6-19. Effects of drain spacing and surface storage on amount of
waste water treated annually for irrigation scheduled once per
week, 25 mm per application.



all simulations were conducted a 25~year period and the results
analyzed to determine the total annual irrigation on a 5-year recurrence
interval basis. The results are plotted in Figure 6-19 for the 7-day
application frequency and all three surface drainage treatments. The
results show that, for drain spacings of 25 m or less, water could be
applied at every scheduled application for a total of 1300 mm (52 weeks x 25
mm/week) on a 5 YRI basis. In some weeks, waste water application may have
to be postponed for one or more days due to rainfall, but the scheduled
amount could be applied in all cases. For larger drain spacings, many of
the scheduled irrigations could not be applied because there was
insufficient water-free (drained) volume in the profile. When this
happened, application was canceled for that period and conditions were
checked on the next scheduled day. For example, only 770 mm could be
applied (5 YRI basis) for a drain spacing of 45 m and good surface drainage.
Closer inspection of the simulation results showed that most of the
cancellations due to wet conditions occurred in the winter and early spring
when ET is low. The results plotted in Figure 6-19 show that the amount of
water that can be applied is more dependent on subsurface drainage, as
indicated by the drain spacing, than on surface drainage. However, when
subsurface drainage is poor (large drain spacings), the amount of waste
water that can be treated is heavily dependent on surface drainage. When
surface drainage is poor, water may be stored on the surface after periods
of high rainfall and can be removed only by evaporation or subsurface
drainage. Time required for removal of this surface water may cause the
next scheduled waste water application to be canceled due to wet soil
conditions.

The effect of the application interval on annual amount applied is
shown in Figure 6-20. Recall that the intervals and amounts to be applied
were selected so that the average application rate was 25 mm/week for all
three combinations simulated. This is obvious for good subsurface drainage
where 1300 cm could be treated for all three irrigation frequencies. For
slower subsurface drainage (i.e., drain spacings greater than 25 m), the
results in Figure 6-20 indicate that more water can be treated by applying
smaller amounts on a more frequent basis. For example, if drains are spaced
45 m apart, 950 mm of water could be treated (on a 5 YRI basis) by applying
10.6 mm every 3 days, while only 650 mm could be treated by scheduling 50 mm
every 14 days. The reason for the difference is that, due to random
occurrence of rainfall, it is more difficult to get the required water free
(drained) volume for larger, less frequent irrigations. For the 14-day
application interval, a water-free pore volume of 60 mm was required in
order to apply waste water at the scheduled time. This volume may be
available on the 12th day, but rainfall on the 13th day could cause
conditions to be too wet for application at the scheduled time on day 14.
For the 3-day interval, on the other hand, the same rainfall conditions
would cause cancellation of only one or perhaps none of the 4 scheduled
smaller waste water applications during the same period.

The results discussed above assumed that a given amount of waste water
is applied at a schedule time providing that soil water and rainfall
conditions are not limiting. For a given drainage system, soil water
conditions are more likely to be limiting in the winter and early spring
because of lower ET rates, as mentioned above. However, it may also be
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Figure 6-20. Effect of drain spacing and application frequency on total
annual waste water treated for a Wagram loamy sand.

possible to increase the amount applied during the late spring and summer
months because of the relatively high ET rates during this season. Thus, it
would be possible to increase the annual application over that shown in
Figures 6-19 and 6-20 by storing the water in a reservoir during periods
when irrigation is not possible and increasing the application rate during
the summer. 1In this case, it is important to determine the amount of
storage that would be required for a given drainage system and application
strategy. Storage required for the alternative systems considered here is
shown in Figure 6-21 for drain spacings up to 45 m. The values given
represent the storage required (5 YRI basis) to permit land treatment of an
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Figure 6-21. Effect of drain spacing, surface drainage, and application
frequency on storage volume required for application of an
average of 25 mm/week on a Wagram loamy sand.

average of 25 mm per week for 52 weeks per year. For example, a drain
spacing of 45 m, with good surface drainage, would require storage capacity
for 350 mm of waste water. This amounts to 13 weeks of irrigation at 25 mm
per week.

The results of this example show that DRAINMOD can be used to determine
the amount of waste water than can be applied to drained soils. The storage
volume required because application is not possible during wet periods can
also be assessed. Since simulations are made with actual weather data,
designs can be made on a probabilistic basis. By considering alternative
systems, DRAINMOD can be used to select the most economical system that will
meet the design requirements for a given situation.

In many cases, concentrations of potential pollutants in waste waters
are very low and the amount of water than can be applied to a disposal site
depends on hydraulic limitations only. The following hypothetical example
considers the effect of drainage system design and loading rates on the
total amount of water than can be applied to the same Wagram soil discussed
above.
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A processing plant needs to treat above 11,000 m3 (3,000,000 gallons)

of waste water per week during the 8-month period from March 15 to November
15. The waste has a low concentration of pollutants and could be applied to
the soil at rates up to 10 cm/week as far as the pollutant load is
concerned. What size land disposal site will be required and how is the
size dependent on the drainage system design?

The size of the land area required will obviously depend on the loading
rate. If 2.5 cm of water can be applied every week, an area of 44 ha (110
acres) will be required. For loading rates of 5 and 10 cm/week, areas of
22 ha (55 acres) and 11 ha (27 acres) would be needed respectively.

However, land application of the waste water would be limited during some:
weeks because of natural rainfall. Application may also be frequently
restricted by wet soil conditions if the soil is not adequately drained.
Simulations were conducted for planned loading rates of 2.5, 5, and 10
cm/week. - A 3-day application interval was used in all cases with the amount

Table 6-6. Irrigation parameter values for three different loading rates on
Wagram 1.s.

Loading rate* 2.5 cm/week 5.0 cm/week 10.0 cm/week
' Application interval (INTDAY) 3 days 3 days 3 days
Irrigation amount* 1.07 cm 2.14 cm 4,28 cm

(per application)
Time irrigation starts (IHRST) 10 10 10
. Time irrigation ends (IHREND) 12 12 12

Intervals when no irrigation

is applied:
Interval 1 ggiig | 7:11 :;ZZ 13 71 7411
Interval 2 NOIRR3 314 (Nov 15) 314 314
NOIRR4 365 (Dec 31) 366 366
Drained (air) Volume 2.07 cm 3.14 cm 5.28 cm

required in profile, REQDAR

Amount rain to postpone 1l cm 1l cm 1l cm
irrigation, AMTRN

Irrigation rate** 0.53 cm/hr 1.07 cm/hr 2.14 cm/hr

* Not a direct input to this model.
*x Constant for all months in which waste water is to be applied.
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of water at each application adjusted to give the required weekly loading.
The irrigation parameter values used in this example are given in Table 6-6.
As in the previous example, subsurface drainage is provided by 4-inch drains
placed at a depth of 1.25 m in the Wagram soil. Also, the required drainage
volume was set at 10 mm greater than the amount of waste water to be
applied. However, in this example, it is assumed that good surface drainage
(s = 2.5 mm) will be provided for all cases. A good stand of fescue, with
an effective rooting depth of 30 cm, will be grown on the site.

All simulations were run for a 25-year period and the results analyzed
to determine the annual waste water applied on a 5 YRI basis. The results
are plotted in Figure 6-21 for all three loading rates. In this case, the 5
YRI means that the total waste water application, taken from Figure 6-22
could be applied four years out of five on the average.

Results given in Figure 6-22 show that, for narrow drain spacings, the
amount of waste water than can be applied during the 8-month season is
directly dependent on the planned loading rate. For example, a 15 m drain
spacing would permit an irrigation total of 85 cm, 170 cm, and 325 cm for
planned loading rates of 2.5, 5, and 10 cm/week, respectively. For wider
drain spacings, the drainage rate limits the application of irrigation water
and there is much less difference in the amount of water that can be applied
at the different loading rates. At a 30 m drain spacing, both 5 and 10
cm/week loading rates will apply a total of 140 cm of water while the 2.5
cm/week rate will still result in a total application of 85 cm. Clearly,
the drainage system should be designed to fit the loading rate desired. For
example, if the loading rate is restricted to 2.5 cm/week, the total amount
of water applied cannot be increased by placing the drains closer together
than 30 m. Likewise, a 10 m spacing would allow the maximum amount of
irrigation to be applied if a 10 cm/week loading rate is used.

The relationship plotted in Figure 6-22 can be used to determine the
optimum drain spacing and size of the land disposal site for a given
application rate. Assuming a land cost of $3,000/ha ($1,200/ac), irrigation
system (pipe, sprinkler, installation, etc.) costs of $2,000/ha ($800/ac)
and drainage system costs (installed) of $2.50/m ($0.78/ft), the initial
cost of a land disposal system can be calculated, as follows, for a planned
application rate of 5. cm/week.

An average waste load of 11,000 m3/week gives a total of 477,400 m3 to
be applied over the 8-month period. For an application rate of 5 cm/wk and
a 10 m drain spacing, 170 cm of water can be applied (Figure 6-21). Then,
the area required is:

377,300 m3 1 ha
Area = b4 = 22.2 ha

1.7 m 10,000 m

The total drain length = 22.2 ha x 10,000 m2/ha/10 m= 22,200 m. Then,
the total land cost is 22.2 ha x $3,000/ha = $66,600; the irrigation system
cost is 22.2 ha x 2,000/ha = $44,400 and the drain cost is 22,200 m x 2.50/m
= $55,500. Initial costs for land, irrigation, and drainage systems are
tabulated in Table 6-7 for drain spacings of 10, 20, and 30 m.




Table 6-7. 1Initial costs for a land d%sposal system with subsurface
drainage to treat 11,000 m~ (3,000,000 gallons) per week. These
calculations are based on a planned application rate of 5

cm/week.
Drain spacing 10m 20 m 30m
Total seasonal loading 170 cm 167 cm 144 cm

(Figure 6-21)

Land area required 22,2 ha 22.6 ha 26.2 ha
Total drain length 22,200 m 11,300 m 8,700 m
Land cost* $66,600 $67,800 $78,600
Irrigation system cost** $44,400 $45,200 $52,400
Drain cost $55,500 $28,200 $21,800
Total cost $166,500 $141,200 $152,800

* Land cost calculated at $3,000/ha ($1,200/ac)
* ok Irrigation system costs assumed to be $2,000/ha ($800/ac)

*** Drainage cost (installed) calculated at $2.50/m ($0.78/ft)

The initial cost of land, irrigation, and drainage system considered
above are plotted in Figure 6-23 for all three loading rates. These results
show that the minimum cost will be obtained by using the loading rate of 10
cm/week and a drain spacing of 15 m. If the loading rates are restricted,
due to pollutant concentration or for other reasons to 5 or 2.5 cm/week,
initial costs can be minimized by using drain spacings of 23 m and 30 m,
respectively. Pumping, maintenance, and other operational costs have not
been considered and the analysis is therefore incomplete. However, this
example demonstrates the use of the model in optimizing the design of an
under-drained land disposal system.

Example Set 4 - Effect of Root Depth on the Number and Frequency of Dry Days

Root depths are limited in many North Carolina soils due to the
physical barriers caused by hard pans or layering and by chemical barriers,
such as a low pH below a given depth. In other cases, root depths are
limited by high water table conditions which frequently prune back deeper
roots. Some varieties of a given crop have more shallow rooting depths than
others. Thus, increasing the rooting depth for a given crop may be a matter
of variety selection, providing good drainage, or removing physical and
chemical barriers to root growth. Because increasing the rooting depth
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subsurface drainage costs) versus drain spacing for three
loading rates.

directly increases the water available for plant use, there has been much
interest in removing barriers to root growth and in developing plant
varieties with deeper rooting systems. The purpose of this example is to
examine the effect of root depth on the number of days that the plant is
under stress due to dry conditions. A day when plants are under stress due
to dry conditions is. assumed here to be a dry day and is defined in Chapter
3 as a day in which ET is limited by soil water conditions.

The soils, Bladen loam and Wagram loamy sand, and drainage systems
considered here were used in previous examples (Example Sets 1 and 2). The
drainage system for the Bladen soil is composed of parallel drains buried 1
m deep and placed 20 m apart with good surface drainage (s = 2.5 mm). For



6-33

the Wagram soil, the drain spacing is 43 m with poor surface drainage (s =
25 mm). Conventional drainage is assumed without controlled drainage or
subirrigation. Simulations were conducted for 20 years of climatological
data for Greenville, North Carolina. It was assumed that corn was to be
grown on a continuous basis and the maximum effective rooting depth was
varied from 0.1 m to 0.6 m to determine the effects on number of dry days.
The basic relationship for rooting depth versus time was the same as used in
the previous examples and is given by the 60 percent curve in Figure 2-22,
which has a maximum depth of 0.3 m. When the value given in Figure 2-22 was
greater than the maximum rooting depth chosen, the rooting depth was set
equal to the maximum. For maximum rooting depths greater than 0.3 m, the
values given by the 60 percent curve in Figure 2-22 were increased by the
ratio M/.30 where M is the maximum depth.

The results of the simulations are plotted in Figure 6-24 for 5-year
and 2-year recurrence intervals for both Bladen and Wagram soils. An
example interpretation of these results yields the following for a Wagram
soil with a limiting root depth of 0.15 m. On a 5 YRI basis, we should
expect to have 38 or more dry days during the growing season in one year out
of 5 when the root depth is limited to 0.15 m. However, if the barrier to
root growth is removed and the maximum effective depth reaches 0.3 m, the
expected dry days (once in 5 years) would be 23. From another point of
view, we can say that 23 or fewer dry days would be expected in 4 years out
of 5 when the maximum effective root depth is 0.3 m. If the effective
maximum root depth could be further increased to 60 cm, the expected number
of dry days in 4 years out of 5 would be 7 or fewer.

Use of the model, as in this example allows an evaluation of the
potential benefit of operations to increase rooting depths, such as chisel
plowing to break hardpans or deep incorporation of lime to raise subsoil pH.
Potential benefits of research to develop varieties with deeper rooting
systems could also be evaluated.
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CHAPTER 7

SENSITIVITY ANALYSIS

Simulation of a water management system requires input information for
soil properties, climatological data, plant relationships, and system
parameters, as discussed in Chapter 4. Various methods can be used to
measure or approximate these inputs (Chapter 5). The accuracy of the input
data will usually be proportional to the time and resources invested in
their determination. However, exact values for the required inputs will
rarely be available in practice because of measurement errors and field
variation of soil properties and other parameters. Results of simulations
both in terms of the day-to-day predictions and objective function values
(Chapter 3) will obviously be affected by errors in the inputs.
Furthermore, the results will probably be affected more by errors in some
inputs than others. Therefore, the sensitivity of simulations to errors in
the individual inputs is needed in order to establish where priorities
should be placed in determining required input data. The purpose of this
chapter is to examine the sensitivity of the objective functions to errors
in input data for several water management systems.

Procedure

Sensitivity analyses were conducted for the following soils and water
management systems:

1. Conventional surface and subsurface drainage on a Lumbee sandy
loam at Wilmington, North Caroclina.

2. Conventional surface and subsurface drainage on a Toledo silty
clay at Columbus, Ohio.

3. Drainage and subirrigation on a Portsmouth sandy loam at
Wilmington, North Carolina.

4. Waste water application to a Wagram loamy sand with surface and
subsurface drainage near Wilson, North Carolina.

Simulations were conducted and the results presented elsewhere in this
report for each of the above cases. Sensitivity analyses are presented in
this chapter for a single water management system and operational procedure
for each case. That is, only one drain spacing, drain depth, and
depressional storage is considered for each soil and location. Drainage
system parameters and certain additional input data that were used in
sensitivity analyses are summarized in Table 7-1.

s



Table 7-1. Summary of certain water management system parameters used in
sensitivity analyses.

Drain Drain Weir Depressional Reference to
Spacing Depth Depth** Storage Soil Property
Soil Location* (m) (m) (m) (mm) Information
Lumbee s.1l. Wilmington, 15 1.0 1.0 2.5 Chapter 6,

» N. Carolina Example Set 1
Toledo sl. Columbus, 12.2 0.9 0.9 2.5 Chapter 10,
cl. Chio pages 10-37 to

10-44
Portsmouth Wilmington, 15 1.0 0.50 2.5 Chapter 6,
s.1l. , . N. Carolina Example Set 2
Wagram 1.s. Wilson, 30 1.25 1.25 2.5 Chapter 6,
N. Carolina Example Set 3
* Location refers to the place that the weather data used in the

simulations were obtained. Soil property data may have been obtained
from a different location.

* Weir depth is the depth of a weir in the outlet during the growing
season. A weir was only used for the Portsmouth soil in the examples
considered in this chapter.

Sensitivity analyses were conducted by changing a given input by a
predetermined amount, and, with the other inputs held at their correct
values, running a simulation for 20 or 25 years of record. Then, values of
the objective functions for a 5-year recurrence interval were obtained from
the simulation results and plotted as a function of input error. Analyses
were made for hydraulic conductivity, water content at the lower limit (or
wilting point), upward flux - water table depth relationship, drainage
volume -~ water table depth relationship, root depth, and potential
evapotranspiration (PET). For each input parameter, simulations were
conducted for the correct value(s) +10 percent, *25 percent, *50 percent,
-95 percent, +100 percent, and +200 percent. For example, the hydraulic
conductivity for Portsmouth s.l. is (Chapter 6), K = 3.0 cm/hr. Simulations
were conducted for K = 3.0 cm/h, 3.3 ecm/hr., 2.7 em/hr, 3.75 cm/hr., 2.25
cm/hr, etc. For layered soils, the conductivity (or other soil property) of
each layer was increased or decreased by the given percentage error.
Functional relationships, such as drainage volume versus water table depth,
were likewise increased or decreased by the given percentage for all levels
of the independent variable (water table depth, in this case).
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Results

Working Days

Sensitivity of the number of working days predicted by the model to
errors in the input data are plotted in Figure 7-1 for Lumbee sandy loam and
in Figure 7-2 for Portsmouth sandy loam. Corn production, near Wilmington,
North Carolina, was considered in both cases with the seedbed preparation
period being from March 15 to April 15, as discussed in the examples in
Chapter 6. It may be concluded from Figures 7-1 and 7-2 that errors in
hydraulic conductivity (K) have the greatest effect on predicted working
days.

An error of +50 percent, in K for the Lumbee soil, would have resulted
in a prediction of 17 working days on a 5 YRI, rather than the 11 days that
should have been obtained. For the Lumbee soil (Figure 7-1), the
sensitivity of predicted working days to errors in drainage (air) volume,
PET, and depth to the impermeable layer was of the same order as hydraulic
conductivity. Practiced results were not noticeably affected by errors in
wilting point or the upward flux relationship. Results for Portsmouth s.l.
were only sensitive to negative errors in K and, to a lesser degree, depth
to the impermeable layer. The 15 m drain spacing used on the Portsmouth
s.l. was chosen to meet both drainage and subirrigation objectives. Actually,
a 32 m spacing would have been sufficient to meet the trafficability require-
ment of 10 working days (Figure 6-15). Because the system is operated in
the conventional drainage mode during and prior to seedbed preparation, the
maximum number of working days (19), as limited by soil water conditions,
was predicted (c.f. Figure 6-15). The other 11 days (30 - 19 = 11) cannot
be working days (on a 5 YRI), because of rainfall on those days. Thus, an
error causing the K to be too high had no effect on predicted working days
for this case. Rapid subsurface drainage provided by the close drain
spacing also nullified potential effects of errors in PET, drainage volume,
and depth to the impermeable layer.

SEW-30

Effects of errors in soil properties and other inputs on SEW-30 are
shown in Figures 7-3, 7-4, and 7-5 for the Lumbee, Toledo, and Portsmouth
soils, respectively. 1In all three cases, SEW-30 was more sensitive to
errors in K and PET than to any of the other input parameters. Errors in
upward flux and air volume - water table depth relationship had relatively
small effects on predicted SEW-30. However, the effects were somewhat
greater for subirrigation (Figure 7-5) than for conventional drainage. This
is a fortuitous result because the upward flux relationship is usually the
most difficult to characterize, and therefore, subject to the greatest error
of all the model inputs. The effect of root depth, another input parameter
that is difficult to define, also has a relatively small effect on SEW-30
(Figures 7-4 and 7-5).
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Lumbee sandy loam at Wilmington, North Carolina.
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Based on the results plotted for working days and SEW-30, effort in
defining the model inputs should be concentrated on accurately determining
field effective K values and PET. This is especially true when the model is
used to analyze conventional surface-subsurface drainage systems. This is
not to say, however, that the user can be sloppy in determining the other
inputs. The sensitivity analyses presented represent only a limited number
of soils, locations, and water management systems. In other situations, the
results may be more sensitive to other parameters so all inputs should be
specified as accurately as possible.

Dry Days

The sensitivity of the predicted number of dry days to errors in
various input parameters is demonstrated in Figure 7-6 for the Lumbee soil
near Wilmington, North Carolina, and in Figure 7-7 for the Toledo soil at
Columbus, Ohio. 1In both of these cases, the drainage systems were used for
conventional surface and subsurface drainage. The same relationships are
plotted in Figure 7-8 for subirrigation on the Portsmouth soil considered in
Example Set 2, Chapter 6. The number of dry days are less dependent on K
than either working days or SEW-30 for all cases considered. The
sensitivity of predicted dry days to errors in root depth and PET was
greater than the other parameters tested. For example, there were 36 dry
days predicted (5 YRI basis) for the Lumbee soil. If the methods for
predicting PET had been 40 percent too high (error of +40 percent), 60 dry
days would have been predicted. 2An error of the same magnitude in effective
root depth would have resulted in a predlctlon of 21 dry days. The effects
of errors in root depth were not as great for the Toledo soil or for
Portsmouth sandy loam, under subirrigation, as for the Lumbee. Still, the
dry days were more sensitive to root depth than any other parameter, except
PET.

Dry days were also quite sensitive to errors in the water content at
the lower limit (wilting point), except for the case of subirrigation where
sufficient water was supplied from the water table so the wilting point
selection was not critical. Errors in the upward flux relationship had a
significant effect on dry days for Lumbee and Portsmouth soils, but not on
the Toledo soil (Figure 7-7). 1In the latter case, the drainable porosity in
the subsoil was small and the water table was often greater than 1 m during
dry periods. Since upward flux is small for deep water tables (Figure
10-31), increasing it by as much as 200 percent had only a small effect on
the number of dry days. Errors in drainage volume and depth to the
impermeable layer had only a small effect on number of dry days predicted.

Waste Water Application

Effects of errors in the model inputs on the predicted annual amount of
waste water that can be applied are shown in Figure 7-9 for the Wagram soil
considered in Example Set 3, of Chapter 6. The drain spacing is 30 m and
irrigation is planned once per week at a rate of 2.54 cm per application.
Therefore, the maximum amount that could be applied is 2.54 cm per
application. Therefore, the maximum amount that could be applied is 2.54
cm/wk x 52 weeks = 132 cm. The 30 m drain spacing permitted an application
of 122 cm on a 5 YRI basis (Figure 6-19), as shown for zero error in Figure
7-9.
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This waste water treatment system involves application of as much as
2.5 cm per week of water in addition to natural rainfall. Therefore, the
soil is relatively wet all year long and the effects of errors in wilting
point, root depth, and upward flux relationships on annual waste water
application are negligible. Errors in K had the largest effect on the
predicted total allowable application. Depth to impermeable layer and PET
were the next most sensitive parameters. An error of -50 percent in K (3
cm/hr, rather than 6 cm/hr) would have resulted in a predicted annual
application of 86 cm. The same error in depth to the impermeable layer and
PET would have given annual amounts of 105 and 128 cm respectively. Thus,
if the model is to be used to predict annual waste water application, effort
should be concentrated toward determining those input data controlling the
rate that the water is removed from the profile: K, depth to the
impermeable layer, and PET.
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CHAPTER 8

SUBIRRIGATION

The purpose of this chapter is to examine factors affecting water
movement in a subirrigation system. Methods are presented making certain
preliminary design calculations to supplement results obtained from DRAINMOD
and improve the efficiency of its application. Examples to demonstrate the
use of these methods are presented and discussed.

There are basically two operational procedures for subirrigation
systems. The most common procedure is to maintain a constant water level
elevation in the tile outlet (Figure 8-1). Water is periodically pumped
from a well, stream, or other water supply to replenish water which moves
from the drains into the soil to supply ET demands and seepage losses from
the system. During dry periods, this procedure results in a water table
profile which is more or less in steady state. The drain spacing necessary
to satisfy crop ET demands depends on the hydraulic conductivity of the
soil, peak ET, or consumptive use, height of the water level in the drain,
etc. Methods for determining the drain spacing for steady state operation
are discussed in the following section.

Another procedure for operating subirrigation systems is to place a
weir in the outlet that extends to near the soil surface and, by pumping for
an extended period, raise the water table into the root zone of the profile.
Then, pumping is topped and the water table is allowed to fall as water is
removed by ET and seepage. Pumping is initiated again when the water table
reaches a predetermined depth and the process is repeated. Water table
profiles for this unsteady state subirrigation process are process are shown
schematically in Figure 8-2. Determination of design parameters, such as
drain spacing in this situation depends on the time required to raise the
water table to the desired elevation. Methods for predicting the time
required to raise the water table in terms of drain spacing, hydraulic
conductivity, and other factors are given in a subsequent section of this
chapter.

Steady State Operation

The position and shape of the water table for steady-state subirrigation
can be approximated by making the Dupuit-Forchheimer (D-F) assumptions and
using the approach of Fox, et al, (1956). By neglecting water movement in
the unsaturated zone, the flow rate in the horizontal direction per unit
length of drain may be expressed as:

dh (8-1)

O = " Khx

Where, referring to Figure 8-1, Qx is the horizontal flow rate (cm3/hr
cm) and h is the height of the water table above the impermeable layer which
depends on the horizontal position, x, (i.e., h = h(x)). At any position,



x, Q must be equal to the rate that water leaves the profile by ET in the
section x to x = L/2. That is,

Q = e(L/2 - x) (8=-2)
Then,
dh = e (L/2 - x) (8-3)
- KX h ‘a‘;

Separating variables and integrating subject to the boundary condition
of h = ho at x = 0 yields an expression for the water table position in
terms of x:

2

n2 = 2 e L 2

e
TE Tx 4 h (8-4)

Thus, the water table assumes an elliptical shape under steady ET
conditions. The derivation of Equation 8-4 assumes that water can move
vertically from the water table by unsaturated flow to supply the ET demand.
The maximum upward rate of water movement is dependent on water table depth
as well as soil properties as discussed in Chapter 2. Therefore, the drains
should be placed close enough together to maintain some minimum water table
elevation at the midpoint (x = L/2) during a period of maximum ET demand.
This spacing can be estimated from Equation 8-4 by specifying a water table
elevation of h1 at x - L/2 and solving for L:

L= (4 k&2 - n2) /et (8-5)

The effective horizontal hydraulic conductivity should be used for K in
Equation 8-5, while the maximum permissible water table elevation at the
drains, h , will depend on the root zone depth, crop sensitivity and site
parameters.

As discussed above, Equations 8-2 to 8-5 are subject to the D-F
assumptions and do not consider convergence losses near the drain. These
losses can be accounted for by substituting an effective depth to the
impermeable layer, d , for 4@ in Figure 8-1, as discussed in Chapter 2 (pages
2-13 to 2-15) for dralnage. The h values are adjusted accordingly. The
value of d can be computed from Equations 2-13 and 2-14. Because d
depends on €the drain spacing, L, an iteration process is required to compute
L from Equation 8-5. First, a trial value of L is calculated from Equation
8-5 using h values based on the actual value of 4. Then, d@ is computed
from Equation 2-13 or Equation 2-15 and the h and h, are agjusted. Then, a
new value of L is determined from Equation 8~5. A néw value of de is
-computed and the process is repeated until L remains constant. Usually, one
iteration is sufficient for convergence.
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Water table profiles for unsteady state operation of a
subirrigation system. The water table is raised to near the
surface at time, t . Then, pumping is stopped and the water
table recedes due to ET, as shown for times t, and t_. When
the water table reaches some depth, g, pumping is iniItiated to
raise the water table back to its initial position.



Example 1 - Steady State Subirrigation

A Portsmouth sandy loam has a hydraulic conductivity of 3 cm/hr and a
profile depth to a restrictive layer of 2.0 m. Drains are placed at a 1 m
depth as shown in Figure 8-3 with the main in the direction of the surface
slope of 0.5 percent. Corn is to be grown with an effective rooting depth
of 30 cm (1 ft.). Roots cannot penetrate much below this depth because of
acid subsoil. The drains to be used have a diameter of 10 cm (4 inches)
with a completely open effective radius of 0.51 cm. Determine the drain
spacing necessary for subirrigation during dry periods in the summer when
the peak ET demand is 0.5 cm/day.

Because the root zone is 30 cm deep, the water level in the laterals
should not be held closer than 30 cm to the surface. A given depth in the
lateral can be maintained in a sloping situation by placing a water level
control structure such as those shown in Figure 8-4 immediately below each
lateral. One design of such structures is described in detail in an SCS
technical note (TECH NOTE ENG-FL-11) from the SCS Florida State Office
(dated April 1977). Depending on the slope, it may be possible to service
several laterals with a single control structure (Figure 8-3). However, in
this case, we will assume that the water level is controlled exactly 30 cm
from the surface in each lateral so that h = 100 - 30 + d_ . Assuming 4@ =
d = 100 cm for the first trial, gives h =170 cm. To det&rmine h , we use
the curve in Figure 5-6 for Portsmouth.O It gives a water table depth below
the root zone of 46 cm for a steady upward flux of 0.5 cm/day. The root
zone is 30 cm deep so h, = d + 100 - (30 + 46) = 100 + 24 = 124 cm.
Applying Equation 8-5 glves a first estimate for the drain spacing of:

L1 = [4 x 3 cm/hr (1702 cm2 - 124 cmz)/(O.S cm/day . 1 day)]l/2
24 hr
L1 = 27.9 m (91 ft)

The equivalent depth to the impermeable layer is then calculated using
Equation 2-18 with r = re = 0.51 cm as:

d = 100 = 74 cm
100 g 100
*5o55 3 I —gp - 3-4)

With this value of d,s h =74 +70 = 144 and h) = 74 + 24 = 98. Then,

L,= [4x%3 (1442 - 98%)/(0.5/24)] = 25.3 m (83 £t)

Recalculating @ from Equation 2~18 gives 4 = 72 cm which is close
enough to the 74 cm Sssumed in the above calcula%ion of L. Therefore, a
drain spacing of L = L_ = 25.3 m (83 ft) would be sufficient to supply an ET
rate of 0.5 cm/day, if“the water level in the drain is held 30 cm from the
surface.
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what if the minimum tolerable water table depth is 50 cm, rather than
30, as assumed above? Then, starting with an assumed 4 of 70 cm, we would
have hO = 70 + (100 - 50) = 120 cm and h, = 70 + (100 -®30 - 46) = 94 cm.
From Equation 8-5, L1 = 17.9 m. Recalcuiating de gives de = 64 cm so ho =
64 + 50 = 114 and h, = 64 + 24 = 88. Then, L, = 17.4 m and the new d_ 1is d
= 63 cm, which is close to the assumed value Gf 64 cm. Therefore, ifethe
water level in the drain line is maintained at a depth of 50 cm, a drain
spacing of L = 17.4 (57 ft) would be needed, as opposed to the 25 m spacing

for a 30 cm depth.

Water Table Rise During Subirrigation

The time required to raise the water table to a height sufficient to
supply crop ET demands may be the limiting factor in the design of a
subirrigation system. The need to consider this aspect is obvious for
operations where the water table is raised to the root zone and then allowed
to fall as water is removed from the profile by ET. These systems function
in an unsteady state mode and it is extremely important to be able to raise
the water table rapidly enough to maintain a supply of water to the crop.
The time required to raise the water table is also important for steady
state operation. Ignoring this aspect of the operation could result in a
prohibitive length of time to raise the water table at the beginning of the
growing season or when irrigation is initiated.

Methods for predicting water table rxrise for both initially horizontal
and draining profiles were presented in a previous paper (Skaggs, 1973).
The methods are described here and new graphical solutions are presented for
the convenience of the user.

Equation 8-1 for horizontal flow rate may be combined with the
principle of conservation of mass to obtain the following governing equation
for unsteady conditions (van Schilfgaarde, 1974).

dh _ 3 3h _
fa-=Kzg=[h=] +e (8-6)

Where, referring to Figures 8-1 and 8-2, h = h(x,t) is the distance of
the water table above the impermeable layer, t is time, f is effective or
fillable porosity, and e is the rate water is added to the soil by rainfall
and is negative for losses by ET or deep seepage. If the water table is
initially flat at some distance, h, above the impermeable layer, the

s s s i .
boundary and initial conditions may be written as:

h=h , x=0 , t>0 (8-7a)
h=h , x=L , t>0 (8-7b)
h=h , 0<x<L, t=0 (8-7¢)

Equation 8-6 can be expressed in nondimensional form as:

o = 2 (H EE) + . (8-8)

9T 14 af



8-7

Where H = h/h_, £ = /L, u = er?/kh?, and 1 = X % t. Then, the
boundary condition$ may be written, £ L2
S’
H=1, & =0, 1>0 (8-9a)
H=1,¢=1, 1 >0 (8-9b)
H=1D= hi/ho' 0<g<, 1 = 0 (8-9c)
i The D-F assumptions are not valid for regions near the drain tube, as
discussed earlier, so de should be substituted for 4 in Figures 8-1 and 8-2.
K The values of h and hi should be adjusted accordingly to compensate for
convergence losses neaY the drain.
Solutions
Numerical solutions to Equation 8-8 were obtained by writing the
equation in finite difference form and solving on the digital computer. The
numerical methods are described elsewhere (Skaggs, 1975). Solutions for the
H vs. T are given for a point midway between the drain (£ = x/L = 0.5) in
Figures 8-5 through 8-8 for u values of 0, -1, -2, and -3, respectively.
The solutions in each figure are plotted for a range of D = h_/h_ values
from D = 0.0 to D - 0.95. Solutions for D and u values not given can be
obtained by interpolation.
The final or steady state values of H are constant for a given u value,
as shown in Figures 8-5 through 8-8. The steady state value of H can be
— obtained by solving Equation 8-8 with 9H/3T = O. Then,
3 oH
3E (H EE) + p=0 (8-10)

Separating variables and integrating subject to the boundary
conditions:

dH/3E = 0 at § = 1/2 (8-11a)
and
H=1at £ =0 (8-11b)
gives
B2 = —pEZ + pg + 1 (8-12)
. At the midpoint, £ = 1/2 and Hi = u/4 + 1 (8-13)

Then, for example, if u = -1, the midplane H value should approach Hm =
0.87 after some period of time. This is consistent with results given in
Figure 8-6, which shows that the steady state position of H = 0.87 is
attained at T = 0.8 for all D values. Note that for u = -4, Hm =0
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(Equation 8-13). This simply means that the water table elevation at the
midpoiBt w%ll be drawn down to the impermeable layer by the ET losses when
p = elL."/Kh” = -4. This assumes, of course, that the ET rate of e occurs S
uniformly Scross the field and is not restricted by the deep water table.

In fact, it may be restricted, but this would represent a point of failure
for the subirrigation system. 1In any case, solutions for u < -4 are not
needed as it is not possible to maintain a steady state midplane water table
above the impermeable layer for these values.

It may seem unusual that the midplane water table decreases after the
water level is raised in the drains (e.g., the solution for D = 0.8, u = =3
in Figure 8-8). This can occur when the initial water table is higher than
the steady state water table depth; i.e., D > H . 1In other cases, the
midplane water table may decrease for a while then increase (e.g., the
solutions for D = 0.4 and 0.2 in Figure 8-8). This happens because some
time is required for the water table midway between the drains to react to a
change in the water level at the drains. However, vertical losses due to ET
(and deep seepage, if it occurs), have an immediate effect. So the midplane
water table may fall at first due to ET losses, then increase as water

arrives from the drain.

Example 2 - Water Table Rise During Startup

) The water table in Example 1 is initially horizontal at a depth of 1 m
when the crop is planted and the water level in the drain is raised to
within 30 cm of the surface. If the drain spacing is 25 m (from Example 1)
and the evaporation rate is assumed to be zero during the period just after
planting, how much time will be required to raise the midpoint water table
to the design elevation of 76 cm from the surface?

Since e = 0, p = 0, and Figure 8-5 can be used to calculate the time
required. From calculations in Example 1, 4 = 72 cm for L = 25 m, so h =
72 + (100 - 30) = 142 cm, h, = 72/142 = 0.51° The water table at the
midpoint is to be raised tolh = 72 + (100 - 76) = 96 cm. Then, H=h_/h =
96/142 = 0.676. The effectivé porosity for Portsmouth s.l. can be estimafed
from the slope of the drainage volume - water table depth curve given in
Figure 5-4. The slope between water table depths of 1.0 m and 0.75 m is f =
0.06. Substituting H = 0.68 in Figure 5-5 and interpolating for D = 0.51
gives 1 = 0.089. Then,

K h
(o]
T= .42 t=0.089 )
2 2 2
£ = 0.089 £f L™ _ 0.089 x 0.06 x 2500 cm _ 78 hours
K h - 3 cm/hr x 142 —_

Thus, 78 hours will be required to raise the water table to the design
elevation, if evaporation from the surface is negligible.
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What time will be required for the same situation if tse ET rate is a
relaEive%y modest 0.20 c /dag? For this case, u = -eLo/K h™ = -0.20 cm/d x
2500° em“ /(3 cm/hr x 142° cm™ x 24 hr/day) u = -0.86. Substituting B =
0.68 in Figure 5-6 (u = -1) gives 1_, = 0.137 and from above To = 0.089.
Interpolation for u = -0.86 yield T = 0.130. Solving for t, as shown

- -0.86
above, yields:

0.130 x 0.06 x 2500°
3 x 142

t = = 114 hours

This example shows that a substantial length of time may be required to
raise the water table, especially when water is lost by ET from the surface.
The time increases sharply with e, as shown in FIgure 8-10, for L = 25 m.
The 25 m spacing was determined from steady state considerations in Example
1 such that a water table depth of 76 cm at a point midway between the
drains would result if the water level in the drains is held at an elevation
30 cm from the surface and the steady ET = 0.5 cm/day. However, the above
results and those given in Figure 8-10, show that a long time would be
required to raise the water table to the desired steady state position. For
example, if the water table is allowed to drop to a depth of 100 cm for some
reason (equipment failure, operator error, assumption that it is going to be
a wet year and irrigation will not be needed), about 240 hours would be
required to raise the water table to its steady state position, if e = 0.4
cm/day. The irrigation requirement would not be met during that period and
substantial yield reductions could result. Therefore, a smaller drain
spacing than calculated from the steady state analysis may be desirable to
reduce the time required to raise the water table during the growing season.

The time required to raise the midplane water table, as affected by the
vertical loss rate, e, is also plotted for L = 17.4 m in Figure 8-10. Only
57 hours would be required to raise the water table for this spacing when e
= 0.4 cm/day. Then, the water level at the drains could be allowed to fall
to a depth of 50 cm and still supply a steady ET rate of e = 0.5 cm/day
(Example 1). This would allow a smaller variation in the steady state water
table depth (from 50 cm at the drain, to a depth of 76 cm at the midplane).
At the same time, the smaller spacing would provide system that is
responsive to adjustments in the outlet water level during the growing
season.

The effects of rainfall and of available water stored in the
unsaturated zone are not considered in this chapter. The effects of such
factors on drain spacing and operational procedures of a subirrigation
system can be analyzed best by using DRAINMOD to simulate the performance of
the system. However, the methods discussed herein can be used to make a
first cut design of the subirrigation system. The methods may also be used
to check the final design for the time required to raise the water table to
an operational position. Interruptions of subirrigation due to equipment
breakdowns or other problems, are not planned so they are not usually
simulated when DRAINMOD is used to analyze a given design. Thus, the time
required to "restart" the subirrigation process should be checked for all
systems designs.
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CHAPTER 9

SEEPAGE LOSSES FROM SUBIRRIGATION AND
WATER TABLE CONTROL SYSTEMS

Introduction

One of the most important components of a subirrigation system is the
development of a water supply with adequate capacity to meet plant use
requirements, plus replenish water lost from thep system by seepage. When
the water table is raised during subirrigation, the hydraulic head in the
field is higher than that in surrounding areas and water is lost from the
system by lateral seepage. The rate of deep seepage or vertical water
movement from the soil profile may also be increased. The magnitude of
seepage losses depend on the hydraulic conductivity of the soil and depth to
restricting layers. It also depends on boundary conditions such as the
elevation of the controlled water table in relation to surrounding water
table depths and the distance to drains or canals that are not controlled.
Methods for characterizing seepage losses from subirrigated fields are
presented in the following sections. The methods used are similar in
concept to those described by Hall (1976) for computing reservoir water
losses, as affected by ground water mounds. However, water tables are
usually high for subirrigation systems and seepage losses can be computed by
considering flow in one or two dimensions, whereas, the reservoir seepage
problem is normally a two or three dimensional problem.

Seepage Losses to Nearby Drains or Canals

Methods for quantifying steady seepage losses in the lateral direction
can be developed by considering the case shown in Figure 9-1. Using the
Dupuit~Forchheimer (D-F) assumptions, the seepage rate may be expressed as,

dh

g==-Kh o (9-1)

Where g is the seepage rate per ynit length o§ the drainage ditch (or
per unit thickness into the paper (cm” /cm hr or ft“/ft hr)). K is the
effective lateral hydraulic conductivity (cm/hr). h is the water table
elevation above the impermeable layer (cm or ft), which is a function of the
horizontal position, x. If evapotranspiration from the surface is assumed
negligible, g is constant for all x and Equation (9-1) can be solved,
subject to the boundary conditions,

h 0] (9-2)

h1 at x

h h2 at x = s (9-3)

The solution for h may be written as,

2 2
h - h
2 1 2 2
Fog— o — -4
h S X + h1 (9~-4)
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Differentiating Equation (9-4) and substituting back into (9-1) gives,

K 2 2
q=33 (hl - h,) (9-5)

Then, if the length of the field (into the paper) is &, the seepage
loss from that side of the field may be calculated as,

Q=q & =3z (b7 = h) (9-6)

Vertical water losses due to ET along the field boundaries increase the
hydraulic gradients in the horizontal direction and, thus, seepage losses
(Figure 9-2). 1In this case, the flux, g, may still be expressed by Equation
(9-1), but rather than the flux being constant we may write, according to
Harr (1962),

dg _ _ _
= - e (9-7)

Where e is the ET rate.

Then, substituting Equation 9-1 for g,
d dh., e (9-8)
dx ) = x

Solving (9-8), subject to boundary conditions (9-2) and (9-3) gives,

2 .2 e 2
h2_3x2+(h2'h1'is)x+h2 (9-9)
T K S 1

Again, differentiating and evaluating dh/dx at x = 0 and substituting
into (9-1) yields,

2 .2 2
K (hy -h)) + eS8 (9-10)

Q= 25

Notice that for no ET (e = 0), Equations (9-9) and (9-10) reduce to
(9-4), and (9-5), respectively, as they should.

Seepage Losses to Adjacent Undrained Lands

Subirrigation systems are often located next to forest or cropland that
is not drained. However, seepage losses may still occur along these
boundaries because of low water tables in the undrained areas. Why would
.water tables be low in surrounding areas if they are not drained? Remember
that subirrigation is used during dry period so water tables would be drawn
down due to ET. Such a situation is shown schematically in Figure 9-3. The
problem here, as opposed to the cases above is that neither h2 nor S is



known. The relationship between the rate of steady upward water movement
and water table depth was discussed in an earlier section (pages 5-13 to
5-23). For purposes of this problem, it is assumed that water will not move
to the surface (or to the root zone) at a rate sufficient to support an ET
rate of e for water table elevations less than h_. Then, from principles of
conservation of mass, we may write for any point, x,

g(x) = (5-x) e (9-11)

Where g(x) is the flowrate per unit length of the field (into the
paper) expressed as a function of x, e is the steady ET rate, S is the
limiting distance where h = h_, the limiting water table elevation that will
allow upward water movement to the surface at rate e.

Substituting Equation 9-1 for gq gives,

dh
- kh % - (8 - x) e (9-12)

Separating variables and integrating subject to the condition h = h_ at
- . . 1
x = 0, yields the following expression for h,

h® = - + h (9-13)

Then, S can be determined by substituting h = h2 at x = S, which after
simplifying results in,

2 2
s - ((hl - hy) K (9-14)
e

Then, the seepage loss per unit length of the field may be evaluated
from Equation (9-11) at x = 0 as,

2 2
hy -=h)) x (9-15)
as= e
oxr
2 2
q= \/(hl - hy) ke (9-16)

Normally, seepage losses to surrounding undrained areas would be
highest during peak consumptive use periods. The value of h. would depend
on the water level held in the subirrigation system. The va}ue of h_ would
depend on the soil profile and could be chosen from relationships for
‘maximum upward flux versus water table depth (Figure 9-6). To be on the

safe side h2 should be chosen so that the depth of the water table is at

least 1.0 m at x = S.

Vertical or Deep Seepage

Subirrigation and water table control systems are usually located on
soils with tight underlying layers and/or high natural water tables so that



vertical losses are not excessive. When evaluating a potential site for a
subirrigation system, vertical seepage losses under a raised water table
condition should be estimated even though a natural high water table is
known to exist. These losses should be added to lateral seepage estimates
to determine the water supply capacity needed in addition to that required
to meet ET demands.

Deep seepage can be estimated for soils with restricting layers at a
‘relatively shallow depth by a straight-forward application of Darcy's law.
Referring to Figure 9-4, the vertical seepage flux may be estimated as,

h1 - h2 (9-17)

G =K —p

Where is the flux (m/day), K_is the effective vertical hydraulic
conductivity of the restricting layer, h., is the average distance from the
bottom of the restricting layer to the water table, h_ is the hydraulic head
in the ground water aquifer referenced to the bottom Of the restricting
layer, and D is the thickness of the restricting layer.

The hydraulic head in the ground water aquifer may be estimated from
the water level in wells in the vicinity. It may be necessary to install
piezometers to the depth of the ground water aquifer in order to accurately
determine the hydraulic head in the aquifer. Methods for installing the
piezometers are discussed in Section 16 of NEE (pages 81-87). The thickness
and hydraulic conductivity of the restricting layer may be determined from
deep borings in the field. Data from such borings should be logged in
accordance with the procedures given in Section 16 of NEH (pages 63-70).
The vertical hydraulic conductivity, K , of restricting layers can be
determined from in-field pumping testsvusing the piezometer method (see
Bouwer and Jackson, 1974). Laboratory tests on undisturbed cores can also
be used to determine KV; however, field tests are preferred, when possible.

The restricting strata is often composed of several layers of different
conductivities and thicknesses rather than a single layer. In this case, K
in Equation (9-17), is replaced by the effective vertical hydraulic v
conductivity K . The effective conductivity can be calculated for flow
perpendicular ¥8 a series of-laygrs (Harr, 1922) as,

D

Kve =
+ ... (9-18)

Piv D2+ D3
Kvl Kv2 Kv3

where D, D, D_, ... are the thicknesses, and K _, X _, K _, ... are

the vertical hydraulic conductivities of the individugi laygrs.V3

Examples

An example layout of a subirrigation system is shown in Figure 9-5.
Drains are placed 20 m apart and the water level directly above the drains
is held to within 50 cm of the surface during the growing season, Seepage
losses occur along all four boundaries of the field. The effective lateral
hydraulic conductivity is 2.0 m/day for the field and surrounding areas,
except for the compacted roadway south of the field where K = 0.5 m/day.
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Boundary A-B

Along Boundary A-B, water moves from the field under a 5 m wide
uncompacted field access road to a drainage ditch on the other side (Figure
9-6a). A drain tube is located immediately adjacent to the road in order to
maintain good water table control right up to the field boundary. The
seepage rate under the road can be calculated using Equation 9-5 as,

3
q, ., = 2.0 m/day 2 _ 2, 2 m
A-B S % 5w (1.5 0.67)m” = 0.378 day m
3 3
QA—B =g =0.,378 m/m day x 800 m = 302 m” /day

Converted to more familiar units, the seepage rate may be written as,

1 day 1 hr ft, 3 % 7.5 gal

X W ————— (3.28 —)
24 hr 60 min m ft3

3
QA—B 302 m™ /day x

Q 55 gal/min

A-B

This rather high seepage loss can be reduced by moving the first
lateral away from the edge of the field, say by one-half of the drain
spacing (Figure 9-6b). Then, substituting S = 10 + 5 = 15 m in Equation 9-6
gives,

2.0 m/day x 800 m
2x15m

2 2 3
Qa-p (1.5 - 0.6”) = 100 m"/day

or

QA—B = 18 gal/min

This would be the seepage rate when ET = e = 0. Seepage losses are
most critical during periods of high consumptive use (high ET by crop)
because it is at this period that the highest supply rate will be required.
The seepage rate for a design ET value of e = 0.6 cm/day can be calculated
from Equation 9-10 as,

2.0 m/day (1.52 - 0.62)m2 + .006 m/day x 152 m2
2x 15m

9p-p

3
9.p 0.171 m™ /m day

QA—B =g £ = 0.171 m3/m day x 800 m = 137 m3/day
or

Q = 25 gal/min
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However, it should be noted that this is the flowrate from the first
lateral toward the access road and the adjacent drainage ditch. Part of the
water supplies the ET demand between the lateral and the ditch and should
not be counted as seepage loss. The rate of water used in the 10 m strip
between the first lateral and the access road is,

Qe = 0.006 m/day x 10 m x 800 m
3
= 48 m” /day
then
3 3 ,
QA—B = 137 m"/day - 48 = 89 m /day = 16 gal/min

This includes water lost by seepage to the drainage ditch plus water
lost by ET from the road surface (at an assumed rate of 0.6 cm/day) where
grass, weeds, etc., are growing. Note that the same result would have been
obtained by evaluating the guantity h dh/dx from Equation (9-9) at x = 10 m,
rather than at x = 0. Then, Equation 9-10 would have been replaced by,

K 2 2 e 2
q--ex+—2-§(h1—h2+is) (9-19)
and

2.0 2 2 .006 2

9y ~ ~.006 x 10 + % 1% (1.5 .67 + > x 157)
= 0.111 m3/da m

5.5 . Yy
QA-B = 0.111 x 800 = 88.8 m3/day = 16 gal/min

which is the same as determined above.

It is interesting that seepage losses for e = 0 are greater than for e
= 0.6 cm/day. The reason for this is that ET within the field lowers the
water table elevation at the field edge and thus the hydraulic gradient and
seepage rates are reduced. Losses can be further reduced by moving the
first lateral further away from the field boundary. This may mean
sacrificing the quality of water table control near the edge of the field,
but should be considered if seepage losses are excessive.

Boundary B-C

Seepage losses along the North Boundary, B-C, are in response to
gradients caused by water table drawdown due to ET, as shown schematically
.in Figure 9-7. The relationship between maximum upward flux and water table
depth (Figure 5-6) indicate that, for the Lumbee soil, an ET rate of 0.6
cm/day can be sustained with a water table depth below the root zone of 50
cm and a rate of 0.2 cm/day at a depth of 60 cm. Assuming an effective
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rooting depth of 60 cm (2 ft) and taking a conservative estimate of 60 cm
for the water table depth below the root zone, gives a total water table
depth of 1. 2m and h_ = 2.0 - 1.2 = 0.8 m. Then, the seepage rate can be
determined from Equation 9-16 as,

a5 e V(1.52 - 0.8%) 2.0 x 0.006 m°>/m day

0.139 m3/m day

and

3 .
QB—C 1,600 qB—C = 222 m /day = 41 gal/min

Seepage along B-C increases with the square root of e in contrast to
Boundary A-B where seepage losses decrease with increasing e. It is also
interesting to note that a 25 percent increase in h_ to 1.0 m still gives a
seepage rate of 36 gal/min, a reduction of only 12 percent.

Boundary C-D

As in the previous case, seepage losses along BC are caused by a lower
water table in the adjacent nonirrigated field which was drawn down by ET
(Figure 9-8). By assuming an effective maximum root depth for corn of 30 cm
and a water table depth below the root zone of 60 cm (y = 0.60 + 0.30 = 0.90
soh. = 2. - 0.90 = 1.1) for a steady ET rate of e = 0.6 cm/day, the seepage
rate‘from the last drain tube toward the boundary C-D is (Equation 9-16),

q-= v%ZiSZ - 1.12) 2.0 x 0.006 = 0.112 m3/m day

However, part of this seepage supplies the ET demand for the region
between the last tube and the field boundary and should not be considered as
seepage loss. If the last drain tube is located 10 m from the edge of the
field, the portion of the above seepage usgd by ET within the irrigated
field is, q = 0.006 m/day %x. 10 m = 0.06 m”/m day. Therefore,

0.112 - 0.06 = 0.052 m3/m day

9c-p

and

QC-D 0.052 m3/m day x 800 m = 41 m3/day = 7.5 gal/min

An alternative means of calculating this loss is to first determine S

for which h = h2 = 1.1 m from Equation (9-14).

s = V/Q;.Sz - 1.12) 2.0/.006 = 18.6 m

And, then determine de-p from Equation (9-19) with x = 10 m,

3
9eop T .052 m" /m day

which is the same value obtained above.
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Boundary A-D

Seepage under the road along Boundary A-D (Figure 9-9) can be estimated
using Equation 9-6 with K for the compacted road fill of 0.5 m/day.

R
Q, = 0.5 m/day x 1,600 m 2 _ 2 2
A-D % 15m (1.5 0.7 ) m
3 .
Q o= 47 m~ /day = 8.5 gal/min
Deep Seepage
Deep borings and hydraulic conductivity tests using the piezometer
method indicate the thickness of the restricting layer is 20 m with an
effective vertical hydraulic conductivity of K.V = 0.01 cm/hr. Measurements
in observation wells, cased to the depth of the ground water aquifer (22 m
deep), show a nearly constant hydraulic head of h_ = 20.5 m (refer to Figure
9-4). Then, assuming an average h2 = 21.3 m, the“vertical seepage rate can
be calculated from Equation (9-17) as,
q., = 0.01 cm/hr 21.3 m - 20.5 m
v
20 m
9y = 0.0004 cm/hr = 0.000096 m/day
— Then, for the entire field with dimensions of 800 m x 1,600 m, the

vertical seepage rate is,

Q, = ayA = -000096 x 800 x 1,600 = 123 m3/day = 22 gal/min

Total Seepage Losses

Based on the previous calculations, the total seepage losses are:

0r =% p*t%ec *%p*%p

Qp = 89 + 222 + 41 + 47 + 123 = 522 m°> /day
or

QT = 95 gal/min
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This amount of water will have to be supplied in addition to the
irrigation water necessary to satisfy ET demand during the operation of the
subsurface irrigation system. The calculations are based on a peak ET rate
of 0.6 cm/day. Therefore, the capacity required to satisfy ET during
periods of dry weather when the total demand must be satisfied by the
subirrigation system is,

' l1m
QET = 0.6 cm/day X'TGE cm X 800mx 1,600 m
3
QET = 7,680 m”/day or 1,400 gpm

Thus, the seepage loss expressed as a percentage of the total capacity
is:

Percentage loss = 522/8,200 x 100 = 6.4 percent

which is quite reasonable, compared to conventional methods of irrigation.
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