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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unpublished sources of data for different soils, crops, and locations.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.



5-4

*(e8L6T) s338eys

woliy 9ae eiep ol
pue [ayo¥ O4SPTOY PUE )
[oNoIN KSTATN <Aq10D uoiny wﬂmww (2L61) WITUS WOl3 PouIvaLo
J eaeq °STJos [ 10] muauquwuwaM:mHﬁom wPiod
O 193eM JfOS§ °
1-6 2an3tjg

WO'Qv3H 34NSS3Yd

0 -
0 0s 0ol -
! | ogl _
] 002 0gz-
e 0sg -
B ' ! ] T oov -
i 1 T
. [ —{)
ook _oTnvs 3uanod _
= ; GNVS AWYOT WVHOVM —e- -~
m "
U ozof YO AT13AVHD AN
O o . .
o NYO XONVS 0H08Sa109 —o
L Z n
|l— ()
m :
2 00
‘l ) _
3 W: \\\\\\\ﬁojﬂﬂw‘ﬁam\ﬁé_z.l|l\\
(3] . — -—
W \\ \.U». — b S— .\.||.\.‘.‘.EO.I\—‘.—.-J.—‘W\.@.OP.‘ll.lll.nl.l.
- . . . J—
3,%%° s V1D N3EAW v
ol v .z
e
-/
/
osoH
v
e



5-5

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.
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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.



5-6

sabed gg¢ ‘epiiolg

‘afliasauten €|-g, *oN FJoday
yodeasay aouaidg |10s ‘SIS ‘vasn
‘eptaolq j0 A3issaatun ‘Svd|

sobed gz ‘eujjose) yzdoN ‘ybrojey
€G|l °ON S@1J43g uoijewsoju} S{}og
B01AJSG YoJRaSaY |e4n3|nOLaby
K31S49A LU 3383 euL|o4e) YJJOoN

sabed 47 ‘eibaosn “suayly

€6G ulla||ng youeasay ‘uoljels
Juauwiiadxg a4njznotuby eibaoen
30 A3tsasatun pue ‘syv ‘vasn

sabed zz “45-1h Suv S¥V ‘vasn

sabed zg
€28-14 S¥V ui3Id|Lng Syv ‘vasn

sabed g1 ‘stour||] €euequq

6SZ "qQhd yoJeasay uoibay euljode)
YIJON pue 09/ utj3s|ing uotjels
jquawtdadxy |eangzinotaby stout(y]

sobed 609 “Hyl-l#r SHY
utad|ihg syv ‘vasn

s|tos epiJyoty
pajoalas Joj ejlep uoljeziuazoedey)

$|1OS BUL[OJE) YIJON

ul Jajem jo abeusols pue JUSWIAOH

spoomje|4 3se0)
orjue|jy a8yl jJO S| LOS SALjejues
-a4dad uesgybia jo soijsidagzoeaeyd
|eotsAyd pue €jeojwayd ©|eoibojoydioy

$|10S juowpald UJayinog awos
40 SO13S}4930RJIRYD BJNJSLOW |10G

S|10S SUtR|d |B3Se0) Jamo| Suwos
JO SO13§44830R4RYD 94N]SLOW |L0G

uoibay |eJjue)
Y3JON @yl jJO S|lOS aAijejuas
-2adaJ ojul uoLljeJR|Ljul JDEM

spaysJaajem
[ejuawiiadxa U0 S| LOS Pa3de|as
JOj B3ep UO[SUd] 8JNJSLOW

epraojy

eutjode) yjJon

spoomie|{ 35e0) dijue|y

Juowpald udayinog

je0) dtjue|y
-suie|d |e3seo) Jomon

uoiboy jeuajua]y yjJon

'v's'n

8L6L ‘1o 30 S@asi|4e) L

0L6L *4 °r *zam 9

6961 ‘1@ 3@ ‘Buoq °g

1961 ‘ie 3@ ‘supyia °4

€961 ‘(e 3@ ‘Buoy ¢

661 ‘syy-vasn pue
SLoupiLl 30 A3isdadAtun 7

8961 ‘le 39 ‘uejloy °|

904nog

319134y 30 91311

S|10§ 40 UOL3EO0T

ajeq pue
Jogebgsaau| Jo Joyjny

ejep Kjsadosd |L0s J4ayjzo

* (WV-VIS-VASH S[MeY °*[ J83|BM wouj UOLIROLUNuWOD (euossad Aq paulelqo)
pue K31A130npuod dineJpAy €(uoisudl 94n3Sjow JO) d}}SEII3ORIRYD JdJeM |LOS paysiiqnd jo seounos  *|-§ dqe]



5-7

sabed ¢9
‘G8-1#-S¥Y uilaLLng SV ‘vasn

sabed g9
‘991-14-SHv Ut LG SYV ‘vasn

sabed gz

‘ejoxieq yjdoN ‘obuey ‘A3isudAiun
aje3g ‘ejoyeq yjdoN ‘uorjess
jusuwisadxy *4by ‘Gey uilaling

sabed /|
fLZL-1h SHY uLlaiing syv ‘vasn

sabed ¢

‘gh-14 Suv ulIaiIng Syv “vasn
sabed g4 “oassauua]
fo(taxouy €/9¢ uL3a|(hg SIS

‘vasn pue uoljeig juswiuadxy
*uby aassauua] jo A3isddatup

sobed ¢4 €1-gg-14-SYV ‘Suv ‘vasn

sobed ¢g ‘ge-LH-Suv *Syv ‘vasn

S|[OS Suie|d 3eaJN UJBYINOG
L 30 satjuadoud (eoibojesautw pue

¢jeowwayd € eotsAyd |eoibojoydiaow suog

ejo)eQq Y3JON UJDISEd ULl S|10S

LZ 40 sotjsidejoedeyo abedols Jajemy

S| LOS ejo¥jeq Y34oN pajoaias 4o

saijtoedes Buipjoy Jojem [LOS NJLS U]

BJOSBUULK MG UL S|10S ,38M,
awos jo sopjstuazoeseyd [eotskyd
48430 pue A31A130RpuU0D DL |NReJpAH

$|10S B30SaUULY @Aljejuasaddad
swos JO AaAJuns auanjistiow |10

S|L0S 93SS3UUD)
3O SO13S1493004RYD BJNISLOY

S|1OS BUBLSLNOT] BWOS JO $OL3St
~J4330eJ4e40 {e21sAyd 03 juawe|ddng

S| 10s PURLSLNOT]
awos jO SO1]SlJdjorJeYyDd (ROLSAYY

suLei{d 3eaJ4n uJayznog

ejoxeq yanos

e30%eq Y3JoN

230S3UU L}

ej0SaUU LY

@sassauua)

eue s Lol

eueLsino

€961 ‘le 39 ‘suayiey

061 €uosio

.61 *Aousamg pue |asse)

996 €Jorowswisy

1961 “1e 39 ‘3|04

€961 €le 3@ ¢[|ambuoq

1961 *le 3@ ‘pum

0961 ‘"1 7 ‘uo3yon
pue 4 *Z ‘pum

St

‘4l

A3

‘1

‘0t

@04nog

910134y 30 313

S|10§ }jO UOL3e00T

ajeq pue

J403eb1380AU| JO Joygny

*(¥v-vas-vasn ©s|mey

N

*f 433 |BM WO4j UOLIEDLUNWWOD (Buosdad Aq pauielqo)
ejep A3uadoud [0S Jayjo pue A31A130NpUCO dp|NeJpAy ‘(uoisudl eJnjstow JO) OL3SLaajoeJdeyd Jajem [j0S paysi|gqnd jo saddnog

‘-G aiqe]

(panui3uo))



5-8

sabed zg| ‘ey3zodQ
‘autep 4o A3LsJddALun
fGL utae|ng |edtuyddy
uojjels juswisadxy *uby

sabed ¢/

‘ououg fautel jo Ajisdeatup
‘94 uL3a||hg [edfuyoal
uot3eis juawisadxy *uby

sobed g ‘auiey

‘ououp ‘aulel jo. A3LsddAiun
‘qE ui3a|hg |eotuyod]
uotjeig juswldadxgy *uby suiey

sabed /¢
€l6-14-SuY ‘Sav ‘vasn

sabed Ggy| €°)°q ‘uozbuiysem
‘9671 “ON UOL1EIL|QNd S°H
€493ua) jJuawdolanag B youeasay
*1aby oryo ‘SIS pue ‘syy ‘vasn

euozJdy ‘uosony ‘euoziay
40 Agtsdoatun €1-g2 “odouaLdg
Lyos ¥ *bu3 by ‘SOS ‘vasn

sabed /g
‘yE-14-SyY uiadLLNg SYV ‘vasn

s3iun Butiddew

ftos a|breq pue ‘ueysod ‘jueuc)
‘noqtae) “juowxig sobueg sy3

30 saijaadouad jeoisAyd pue (eojwsyy

s3iun Buiddew [L0s MO|Jel
pue ‘pueimoy ‘uowssy ‘ysebej|y ay3
30 satjaadoad |eoisAyd pue jedtwady)

s9149s [Los abplagpooy pue
fuogxeq ‘uojljng ‘uozjdey) ayl jo
satjJadoad peoisAyd pue [0 twaY)

sadAq |Los auley aAjjejussasdad
awos jo Kaauns suanjisiow L}og

paysJajem |ejudwiJadxad
ueiyoe eddy y3JoN 9y} jo s|tog

euedey :uoLje3g jusuwiaadxy
RUOZJY 4O AJLSJBALUN 3y} 4O s}LoOg

sadAy | 10s L4NOSSi dALjejuas
-a4day awos jo AoAuns dunjsiow |Log

auLep

autey

auley

oiyo

eUOZ LY

LINOSS Ly

cl6l sbueg pue ayunoy °zZ

161 €le 3@ ‘ojunoy iz

6961 ‘(e 39 ‘ayanoy 0

7961 ‘le 3@ ‘upaysdy gl

SL6L spaemp3 pue Ko(lay ‘8l

861 ‘1o 39 ‘3sod /|

0961 ‘e 39 ‘uayrody 9|

@04n0g

SOy JO 913 L)

S|10g 30 uoL3eson]

@jeq pue
Jojebiysaau| Jo Joyany

ejep Ajaadoud |pos Jay3o

*(4v-v3s-vasn ©simey

‘[ J493|BM woJ} uOL]edlunuwod |euosJdad Aq pauteiqo)

pue A31A130NpUOD O} |NRJPAY €(UOLSUI] S4NJSLOW JO) DI3SLIOJORIRYD JaJeM [0S Pays}|qnd 4O SIOJNOS  “1-G 3|Qe)

{panutjuo))



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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Figure 5-4. Drainage or air volume (mm3/mm2) as a function of water table
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depth for 7 North Carclina soils.
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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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Figure 5-12. Graphical procedure for estimating parameters A and B from
measured infiltration data. ~

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.



