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PREFACE

‘The research wh1ch is the subJect of th1s report was conducted to support the

S0l Mo1sture project of the Agriculture and Resources Inventory Surveys
. Through Aerospace Remote ‘Sensing program. Under Contract NAS 9- 15800

personnel of Lockheed Engineering and Management Services Company, Inc., com- .
pleted this work for the Earth Observations Division, Space and Life Sc1ences
Directorate, National Aeronautics and Space Adm1n1strat1on, at the Lyndon B. i'
Johnson Space Center.. ‘

_ We w. H11dreth of Lockheed wrote the computer program for computat1on of
unsaturated hydraul1c conduct1v1ty. : ‘

- J. F.’Paris and R. R. Baldwin of the National Aeronautics and Space" _
. Administration reviewed the final report and made’ usefu] suggest1ons for
improvement.
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1. INTRODUCTION

"The 1978 Agr1cu1tura\ So11 Mo1sture Experiment (ASME) conducted at a s1te near
Colby, Kansas, was des1gned to acquire f1e1d data for use 1n test1ng and ‘

evaluation of soil mo1sture prof11e mode]s. Week]y measurements of so11 water,

.content as a function of depth were made by a comb1nat1on of grav1metr1c
sampling and neutron-meter techn1ques. Four locat1ons in each of fourteen
16.2-hectare (40-acre) fields were monitored from May 20 to the end of

August 1978. The soil type for all fields is reported to be Keith s11t 1oam ,j

(refs. 1, 2).

Most of the soil moisture models selected for'testing and evaluation require
data on soil hydrologic properties.1 A detai]ed knowledge of these properties

is essentia1 for the analysis of soil water movement. Although fie1d-measured’
soil hydrologic properties.are emphasized in-soil moisture studies; laboratory

- data on undisturbed core samp]es are relatively easier to.obtain. In some
instances (e.g., Rogowski, ref. 3; Nielsen et al., ref. 4), predictive’ models -
utilizing limited measurements and soil structural properties have been found
to give sat1sfactory results. '

N . _
Colby soils data that were collected on the physical properties include: - bulk
density, saturated hydraulic conductivity, and a few data points for the rela-
tionship between soil water pressure and soil water content measured on -
- disturbed,(crushed and sieved) soil samp]es. Since hydrologic properties
determined on disturbed soil samples are not considered suitable and saturated
_ .hydrau1iclconductivity represents; only one data point for the relationship

" between hydraulic conductivity and soil water content, information available
on Colby soils was considered inadequate. Consequently, predictive procedures
were adopted to develop the needed information. In predicting the hydrologic‘

1The relationships between (a) soil water pressure and soil water content and
(b) hydraulic conductivity and soil water pressure or soil water content.
These relationships are typically described by curves which span over the
range of wetness of interest.

: .1-1



propert1es of Kelth silt 1oam, use was made of the avaﬂable data (refs. 1 2)
“on some of the basic character1st1cs of the soil. ' ' ~

This report presents the hydrologic properties of Keith silt loam soil
obtained from predictive models. Character1st1cs of the models which were"
used are discussed and input reqmrements and computation procedures are

‘ outhned. The relatwe merits of the regression and. analytical approaches are
. commented upon. Additional efforts for deve]omng and testmg pred1ct1ve
procedures are recommended. : :

1-2
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..2o" "AVAILABLE DATA-.

2.1 AGRICULTURAL TECHNOLOGY COMPANY

. Bulk dens1ty, soil water pressure versus so11 water content re]at1onsh1p, and

., saturated hydrau11c conduct1v1ty data for Keith silt Toam collected by the
Agricultural Technology Company, McCook Nebraska, are shown respect1ve1y in
tables 2-1, 2-2, and 2 3.

Bulk density data Were single,ve]ues for the various depths in each of thef'

14 fields and showed wide variations between fields and depths (see fig. 2-1).
Since bulk densities are known to vary over short spaces, more. representative
values for each field were obtaineh by pooling the data on the basis of:
simi]arity.' Assuming all fields were in Keith silt loam, it was argued that
~-differences in surface bulk densities would be more a result of historical
cultural treatments (e.g., tillage and croppfng) and that differences in the
lower layers would reflect the effects of spatial variabilities in the'fectors:
‘of soil formation. On this basis, bulk densities from the surface down to a -
depth of 38 centimeters (15 inches) for all fields of one type — corn, .
pasture, wheat, or fallow — were pooled together, forming a separate group for-
each type of field. For each group, a single smooth curve was hand drawn to
represent the bulk density prof11e for the 38 centimeters (15 1nches) of
surface soil. For the lower layers, fields were grouped together on the basis
of similarity in the pattern of buik density changes with depth, and smooth
curves were drawn through the pooled data. -

Field bulk density data were limited to a depth of 137 centimeters (54:inehes),
whereas the water content measurements extended down to a depth of 183'centi¢
meters (72 inches). This necessitated extrapolation of bulk density_profiles :
below the 137-centimeter (54-inch) depth. Bulk density data interpolated from
smooth curves are shown in table 2-4. ' '

Data for soil water pressure versus soil water content relationships -

(table 2-2) were obtained on disturbed (crushed and sieved) soil samples;
hence, they were not considered entirely satisfactory. Numerous studies

2-1



(e.g., Croney and Coleman, ref«HS; Sharma and Uehara, ref. 6) have shown‘that
water retention in the wet range is strongly influenced by soil structore. In

. the dry range,'thetinfluence of soil texture is more dominant. Since-crushing

- destroys the soil structure, data obtained on such samples cannot approximate

field,conditions. They are useful, however, in the range of soil dryness _ |
where soil structure has least'influence. The range of wetness over wh1ch the
-influence of soil structure is significant is somewhat difficult to def1ne,, |

- for it varies from soil to soil and is modified by the sample history.

Typically, however, soil water pressures from 0 down to -3000 centimeters canl
.be cons1dered to represent the wet range for most soils. Thus, only Colby

'data for lower pressures could be cons1dered useful. ' :
,Saturated:hydraulicfconductﬁvities-(table-2-3) were obtained at.various times -
during a 48-hour flow. The data show fluctuating conductivity values,fbut |
such fluctuations are not uncommon. Incomplete saturation and structoral_“ '

changes during'the prolonged wetting'and flow process can have both negative'h
‘ and pos1t1ve influences on the flow rate. It is doubtful, theretore; whether

a mean of all observations for the 48-hour period would be a more reasonable 4
}value than that of the f1rst few observations. .

Since the objective of the experiment is.to-closely approximate the field
structural condition, it is generally recommended (e.g., Klute,dref. 7) that,
after complete saturat1on, conductivity should be obtained when approx1mately
- 100 milliliters of water has passed In the case of Colby data, the length of -
' saturat1on time and the amount of water collected for each observation are not
known. However, in view of ‘the probable structural disturbance that could
have taken place, a mean of the first three observations (a 4-hour flow) was
cons1dered appropr1ate.

2-2



l

2.2 SOIL CONSERVATION SERVICE SOIL SURVEY LABORATORY

‘In addition to data supplied by the Agricultural Technology Company;_describé
“'tions of two Keith silt loam profiles (ref. 8) were available from the Soil

Conservation Service (SCS) Soil Survey Laboratory, Lincoln, Nebraska.1 "These '

~ profile surveys were made in 1958. From-these surveys, soil texture, drganié
_carbon, bulk density, and 15-atmosphere water content data were extracted and

are reported in table 2-5. For the two profiles, variations in soil téXthre_:_
with depth appeared very similar; therefore, particTe-size data were-co@binéd :
to reflect the variations with respect ‘to soil horizons only. Partic]eféize o
distributions for the A, B, and C ‘horizons are shown in figure 2-2. ‘The data .
. show that the C-horizon [i.e., soil below th¢-102~éentimeter‘(40-inch) depth]  '.'

is distinctly coarser than the A and B horizons. Although the textural

compositions of A and B horizons appear somewhat similar, owing to variations

in structure and drganﬁc matter content, water retention characteristics of
the two horizons can be significantly different. Therefore, treating the two
horizons separately would be appropriate.

As expected, organic carbon decreased with depth. These data are plotted in
figure 2-3, and a smooth curve is hand drawn. '

lan agency of the U.S. Department of Agriculture (USDA).

2-3
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TABLE 2 1 - BULK DENSITY DATA FOR KEITH SILT LOAM

[As reported by the Agmcu]tura] Techno] ogy Company]

' S ‘Bulk - ‘Bulk : - Bulk
 Field D?gfh’ density, | Field D?ﬁth? density, | Field D?ﬁth’. dens1ty, :
. gem™ -3 gcm‘3 ' gem” -3
1 3 1.05 6 3 1.07 11 3 142
3* | 1.30 : 3* 1.24 - 3* | 1.31-
5% 1.44 : 5% 1.39 _ 5 | 1.45
8 - 1.17 S 8 . 1.03 _ ' 8 1.13
9* 1.34 ' R L 1.40 9* 1.43
15* .1.45 - .15+ 1.43 _ 15% 1.46 -
28 | 1.22 124 1.10 28 1.31°
54 2 1.09. | - - 52 |. 1.51 : 52 | 1.11
2 3 -l.26 | -7 |- 3 1.39 12 3 1.12
: .3 1.15 : 3* 1.25 3* 1.27
e* 10 1.17 5* "1.29 5% 1.42
-8 | 1.22 o "8 1.25 ‘ -8 | 1.03.
9* 1.23 . 9* 1.36 g 1.40 |-
15* | - 1.43: | 15*% - 135 | 15* 1.37 =
o 28..1 1l.40 28 1.27 . 28 1.47
- 54 1.27 52 1.29 52 1.39
-3 3 - 1.34 8 | 3 | 094 13 3 1.29°
. 3* 1.20 ' 3* 1.17 * | 1.12
5* | 1.29 _ . 5% 1.15 - | 5 | . 1.21°
8 " 1.22 ‘ 8 1.14 : : 8 1.10
g* 1.36 o . 9% 1.27 | : g* 1.34.
15* 1.38 15% 1.34 15* 1.36
28 1.59 26 1.51 : 28 | 1.34
54 1.25 _ 54 1.47 , 52 1.23 -
4 3 1.09 9 3 1.39 14 3 1.06 .
3* | '1.18 3* | 1.25 L 3* 1.23
5 1.23 . 5* 1.35 | 5% 1.20 -
8 1.29 ' 8 1.27 8 - 1.28
9* 1.39 . - L 1.37 9* 1.25
15* 1.31 15+ 1.39 : 15* 1.24
28 1.43 - 28 1.38 28 1.20.
54 | 1.31 52 1.34 52 1.20
5 3 1.29 10 3 1.14
3* 1.29 3* 1.24
5* 1.30 5* 1.28
8 1.36 8 1.13
g* 1.38 9* 1.28
15* 1.48 : 15* 1.39
28 1.28 26 1.31
54 1.31 52 1.11

*From bulk density data set obtained for the microwave remote sensing
exper1ment
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TABLE 2-2.- SOIL WATER PRESSURE VERSUS SOIL WATER CONTENT RELATIONSHIPS* '
FOR KEITH- SILT LOAM

'[As.feported by the Agricultural Technology Company]

(a) Set 1
Pressure, -bars |- Pressure, -bars.
Field ngfh 1/3 | 15 Field | DePth, 13 | 15
Water content, ggf1 g Water content, .gg~!
1 3 | 0.243 | 0.116 8 | 3 0.252 | 0.116.
8 | -o0.250 | 022 | - 8 0.223 | 0.105°
28 | 0.250 | 0.120 | 26 0.265 .| 0.124
54 | . 0.261 | 0.127 | 54 0.292 | 0.159
2 | 3 | o0.25 | o0.108 9 | 3 0.253 | 0.106
8 0.259 | 0.121 1 8 '0.236 | 0.011
28 0.262 | 0.113 28 0.258 | 0.122
54 0.263 | 0.132 52 | 0.262 | 0.115
3 3 0.245 | 0.104 10 3 0.216 | 0.089
-8 0.236 | 0.107 8 | 0.211 | 0.091
28 0.258 | 0.112 - 26 0.239 | 0.102
54 | - 0.262 | 0.117 52 10.251 | 0.115
4 | 3 0.253 | 0.112 1 3 0.239 | 0.098
8 0.270 | 0.133 8 0.247 | 0.133
28 0.277 | 0.127 28 0.249 | 0.128
54 - 0.274 | 0.122 52 0.254 | 0.123
5 3 0.267 | 0.121 | 12 3 0.270 | 0.101
|l 8 0.257 | 0.122 | 8 0.268 | 0.112..
28 0.278 | 0.124 | 28 0.259 | 0.120
54 0.278 | 0.144 52 0.258 | 0.118
6 3 0.281 | 0.138 13 3 0.262 | 0.100
8 0.278 | 0.141 8 0.259 | 0.125
24 | 0.277 | 0.144 28 0.257 | 0.119
54 0.279 | 0.153 52 0.262 | 0.121
7 3 0.240 | 0.099 14 |. 3 0.280 | 0.107
8 0.246 | 0.118 g 0.262 | 0.114
28 . 0.262 |- 0.122 28 | o0.268 | 0.115
52 0.254 | 0.116 52 0.269 | 0.106

" *Determined on crushed, sieved samples using a pressure plate apparatus.
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 TABLE 2-2.- Concluded.

15 | -

2-6

- (b) . Set 11
B N |
. Pressure, -bars
1- Field. : N :
1 and D?gth' 113 | 1 3 6 | 10
-1 Tocation * ' - ' 1
1 o Water content, g9q9~.
2.3 | 8 |0.333]0.248( 0.198 | 0.160| 0.150 | 0.148
2.3 | 25 |0.328]0.238| 0.189| 0.160 0.153 | 0.149
2-3 48 | 0.279 | 0.218 | 0.161( 0.138 | 0.133 | 0.119
-6-3 | -8 |o0.356|0.274 | 0.216| 0.203 | 0.185 | 0.183
“6-3 | 25 | 0.298]0.217| 0.164 | 0.142| 0.139 | 0.134 |
63 | 48 | o0.284|0.198 | 0:141] 0.123|0.117 | 0.113| -
#4974 | 8 | 0.328 | 0.246 | 0.198| 0.181 | 0.139| 0.135 |
114 | 25 | 0.326| 0.236| 0.187| 0.156 | 0.151 | 0.146
‘11-4 | 48 | 0.279| 0.215| 0.158 | 0.139 | 0.124 | 0.118
14-1 8 | 0.298|0.227|0.176 | 0.174 0.147| 0.142
1441 25 | 0.309] 0.245| 0.193] 0.170| 0.135 | 0.134
“14-1 | 48 | 0.279]0.218| 0.159| 0.136 | 0.130| 0.125



TABLE 2 -3. - SATURATED HYDRAULIC. CONDUCTIVITY (INCHES PER HOUR)

IN KEITH SILT LOAM
[As reported by the Agr1cu1tura1 Techno]ogy Company]

Flow time, hr Mean

Overall mean = 1.90 cm/hr (O. 748 in/hr) = 3. 17x10-2 cm/min
Mean for A-horizon [20-cm (8-1n ) depth] 3.88x107 -2 cm/min
Mean for B-horizon [64 -cm (25—1n.) depth] 3.25x10~2 cm/min
Mean for C-horizon [122 -cm (48-1n ) depth] = 2.37x1072 cm/min

2-7

' FiE]d Depth, : , o
o in. 1./ 2| & | 8 | 28| a8 |ann | First
location | : ni three|
2-3 | 8 | 0.80 | 0.36 | 0.46 | 0.85 | 0.45 | 0.31 | 0.41 | 0.41
2-3 25 | 1.15| 0.93 | 1.08 | 1.03 | 1.07 | 1.15 | 1.07 | 1.05
2-3 | .48 ‘| 0.48| 0.41 | 0.48 | 0.48 | 0.46 | 0.37 | 0.47 | 0.46°
6-3 | 8 | 1.98| 1.72| 2.06 | 1.94 | 2.11 | 1.51 | 1.87 | 1.92
6-3 | 25 | 0.26 | 0.22| 0.26| 0.26 | 0.29 | 0.33 | 0.27 | 0.25.
6-3 | 48 | 0.95| 0.79 | 1.03 | 1.00 | 1.07 | 1.08 | 0.98 | 0.92
11-4 8 | 0.69 | 0.55 | 0.65 | 0.55 | 0.67 | 0.77 | 0.65| 0.63-
11-4 25 | 0.40 | -- .| 0.43| 0.40 | 0.46 | 0.48 | 0.43 | 0.42
11-4 48 | 0.43 | 0.40 | 0.52 | 0.46 | 0.48 | 0.48 | 0.46 | 0.45
14-1 8 | 0.72| 0.64 | 0.77 | 0.77 | 1.03 | 1.19 | 0.85 | 0.71
14-1 25 | 1.38 | 1.20 | 1.46 | 1.43 | 1.44 | 1.62 | 1.42 | 1.35
14-1 48 | 0.41| 0.38 [ 0.43( -- | -- | 0.33] 0.39 0.41
Results:
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Figure _2-1;- Bulk density profiles for Colby fields. Data for various
- fields are identifigd;by field numbers. R
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Organic carbon, percentage by weight

2.5

B-horizon t{: C-hori zon—+~

Soil depth, in.

Figure 2-3.- Organic carbon distribution in Keith silt loam, Logan County,
Kansas. Data from two soil profiles. The curve is hand drawn..

2-12

i



3. ESTIMATION OF HYDROLOGIC PROPERTIES

3.1 SOIL WATER PRESSURE VERSUS SOIL WATER CONTENT RELATIONSHIPS

Three different models were considered for'estimating the relationship of soil
- water pressure to soil water content for Keith silt loam. These were:

a. Regression model
b. Rogowski model

c. Ghosh model

3.1.1 REGRESSION MODEL

The regression model was developed by Hall et al. (ref. 9) in 1977 at the
Rothamsted Experimental Station, England. A family of regressioh equations
relates the volumetric water content at different pressures to particle-size
composition, organic carbon, and bulk dehsity. The equations are:

Topsoils: \
ev(0.0S)

= 47.00 + 0.25C + 0.10Z + 1.12X - 16.52D, -;1 (1)
8,(0.10) = 37.47 + 0.32C + 0.12Z + 1.15X - 12.5D, .‘,:f-(2)_
8,(0.40) =-26.66 + 0.36C + 0.12Z +_1.00X.:‘7.64Db "?\;;§3)
0,(2) = 8.70 + 0.45C + 0.11Z + 1.03X | | (4) f
6,(15)-= 2.94 + 0.83C - 0.00s4c2 . f:— >::(5)'ﬂ

Subsoils: ,.. |

6,(0.05) = 37.20 + 0.35C + 0.12Z - 11.73D, - -(6)
8,(0.10) = 27.87 + 0.41C + 0.15Z - 8.320, ‘ .f: (7)
8,(0.40) = 20.81 + 0.45C + 0.13Z - 5.96D, - (8)
0,(2) = 7.57 + 0.48C + 0.11Z : )
6,(15) = 1.48 + 0.84C - 0.00542 o - (10)
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where

9., = percentage“of volumetric water ddntent at different pressures (in bars)

v . , .
“indicated in parentheses:(One bar = 1000-centimeter height of a water
column.) - ’ :

C ;‘particles"<6;bbzwhifiihéters,lpercenfagé by weight -
Z = bértic]es 0.002 to 0.06 millimeters, percentaée by weight_

X = organic carbon, percentage by weight

n

Dp = dry bulk density of}thg soil, grams per cubic centimeter

For the various horizons of Keith silt loam, mean values of C, Z, X, and Dy
~ and applicable equations are as follows: | |

Horizon c z | X Dp Equations -
A 28.5 65.5 1.30 1.30 | 1 through 5
B 31.0 |  64.0 - 1.35 | 6 through 10
- C- - 22.0 - 71..0 s 1.28 6 through 10|
Reference | Fig. 2-2 | Fig. 2-2 | Fig. 2-3 | Fig. 2-1 | =~

The relationships of soil water pressure to soil water content computed from
equations (1) through (10) are b]otted in figure 3-1. The soil water pres-

- sures for which water contents can be calculated from the regression equations
are limited to -50 centimeters in the wet range and -15 000 .centimeters in the
dry range. Most soil moisture models and hydraulic conductivity calculations,
however, require data beyond these limits. Thus, the utility of the regres-
‘sion model appears to be limited. With this model, therefore, extrapolation

' -of computed soil water pressure versus soil water content re1ation5hips may -

" become necessary. In the dry range, the pressure versus water content rela-

 “tionships for most soils, when plotted on semilog graphs, are very neakly ‘
linear, and extrapolation may not be too critical_(see model comparisons by
Rogowski, ref. 3; Baver et al., ref. 10, p. 296). In the wet range, however,
~extrapolation may not be simple; and, as an aid, knowledge of other hydrologic
parameters such as pressure and water content at the air-entry point and
effective saturation may be required. For the purpose of comparative testing
of soil moisture profile models, computed data were extrapolated to a water
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1 which

content value equivalent to 85 percent of the theoretical poros1ty,
appeared to approx1mate effect1ve saturat1on. This was done merely to fill in .
the gap and is not recommended as a rule. '

The data in figure 3-1 show that the water retention characteristics of A and

B horizons are similar and can be grouped together. Those for the C-horizon
show substentia1ly lower water retention. Thus, it appears that two diStinct]y
different soil water pressure versus soil water content relat1onsh1ps, one. for -
the combined A and B horizons and the other for the C-horizon, are app11cab1e |
to Keith silt loam at Colby. This pattern of separation between horizons is
also shown by the experimenta1 data plotted in figure 3-1.

Because experimental data were obtained on disturbed samples, only the
pressure versus water content values in the dry range should be considered
valide In this range, a comparison between experimental and predicted dété
shows that, on an average, predicted water contents are 15 percent higher. A~
similar comparison of data in the wet range is not possible because (1) the
regression model does not provide for computation of water -contents in the wet

_ range and (2) valid experimenta]idata are not available.

For ease in applying data to soil moisture models and in computing hydfaulic'
~conductivity, pressure-water content values for small increments of water
~content are presented in table 3-1.

3.1.2 ROGOWSKI MODEL

The Rogowski model (ref..3) describes an analytic form of the soil water pres-
‘sure versus soil water content relationship. The essential soil hydro]pgic |
parameters are.water content at a soil water pressure of -15 000 centimeters,
soil water pressure and water content at the air-entry point, and saturated’
water content. The model is of the following form.

le . f1- (Db/Dp)], where f is the theoretical porosity, Dy is the bulk

density, and Dp is the particle density assumed to be 2.65 grams per cubic -
centimeter. L
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vhere € is the volumetric water content in cubic centimeter per cubic Cenfié“.f
- meter and ¢ is the soil water pressure in centimeters (in terms_of,magnitude'  '
only). Subscripts e and 15 denote air entry.and 15 000 centimeters pressure, .

respectively.

For Keith silt loam at Colby, experimentally measured (e-v)15 values (1,e;, N
volumetric water content at a pressure of ~15 000 centimeters) can be

| accepted. Values are given in table 2-2 and are plotted in figure 3-1.

Parameters (ev)e and b, were not measured and must be estimated based on data

~in the literature. Some data compiled by Rogowski (ref. 11) are summakized’in

“table 3-2. These data show that, on an average, the ratio of air-entry water
content to saturated water content is approximately 0.9 and the air-entry '
pkessure is approximately 23 centimeters. Assuming these values are appli- -
cable to the Keith silt Toam at Colby, relevant hydrologic parameters for
computing pressure-water content reiationships can be developed. Important -
parameters for Keith silt lcam are shown below. o o

Dp» Dy (9') s ' (9 ) 9 s (9 ) 3A
Horizon| P 3 b 3 e (8y)e/(8y)o | e |t Vs -a
gem™ | gem™3 | em3cm™ | . _cm3c;m'3 cm | emdem3
A |2.65 [1.30 | 0.509 | 0.90 0.453 | 23.0| 0.198 | 0.02704
B 2.65 |[1.35 | 0.491 0.90 - 0.442 | 23.0} 0.190 ~0.02621
C 2.65 | 1.28 G.517 |  0.90 0.465 3.0 0.152 | 0.03255

Volumetric water contents as a function of soil water pressure, computéd.from'
equations (11) through (13), are sho@n in figure 3-2. These equations allow -
computation of water content at pressures below the air-entry point only. _For

soil water preésures above the air-entry point, Rogowski suggests an alterna-
tive formulation in the form:

(14)

6, = (6 ), *+ 8 z"(?e i A B T
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o, > () - | : A a,(is) i
8= 10,5~ (0)I/mnlyg -9+ . (18)

where y  and (ev)o are saturation soil water pressure and water cohtent,'
respectively. By using equations (14) through (16), the pressure-water
content relationships were extended to the saturation point.-

The Colby experimental data are shown also in figure 3-2. 'Agreement between
-experimental and predicted water contents appears reasonable in the pressure
range of -3000 to -15 000 centimeters. At higher pressures, experimental data
show significantly higher water contents. Howevef, because Colby data were
‘obtained on disturbed samples, it would be inappropriate to use them for .A
verifying the predicted results. ‘Rogowski compared the predicted and experi-
mental soil water pressure versus soi] water content relationships'for a
number of soils and concluded that, in view of field variabilities, resu]ts
obtained from equat1ons (11) through (16) are qu1te adequate.

Table 3-3 shows the pressure-water content values for small increments of
water content. '

3.1.3 GHOSH MODEL

The Ghosh model (ref. 12) describes the pressure-water content re]at1onsh1p of
soils in the following manner: ' '

ERACHICAN S e -A(’u) |

where-¢ is any soil water pressure, ¥_ is the soil water pressure at air

entry, 6

e
v is the water content corresponding to soil water pressure y, (ev)o

is the water content at saturation, and g is an emp1r1ca11y determ1ned
_'constant. For application of this model, at least one measurement of ev’at ¥
and knowledge of Vas particle-size distribution, and bulk density are
necessary. The value of (8,), can be estimated from a knowledge of bulk
density, while 8 is given by the following formulation:

B = 26.5(A2/A1)1’786 (18)
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where *1 and Az are the percentages by weight of sand® and si1t3 content of .

- the soil.

For Keith silt loam, bulk density and particle-size distribution can be

inferred from figures 2-1 and 2-2,-respective]y.___'

| Measured water content va]ues at pressures ranging from -3000 to -15 000 cent1-

meters are accepted as be1ng reliable. These values can be 1nferred from

f1gure,3 -1 or 3-2.

Relative to the Ghosh mode1, var1ous parameters for Ke1th s11t 1oam are as

follows:
o ] oo [ o | euise [t ] a, | g
‘Horizon P b vior | RIS | ¥ 1A, AZ{ g
‘gcm -3 | gem3 “cm3cm'3 ~emdem3 | -cm % %
| 2.5 | 130 | 0.500 | o0.198 | 285 | 52.5 | 19.0 | 2.314
B | 2.65 {135 | 0.491 | 0.190 | 94 | 49.0 | 20.0 | 5.348
¢ |265 |1.28 | 0517 | 0.152 | 11 | 54.5| 23.5] 5.899

The computed values of w for the A and B hor1zons, a1though not 1mposs1b1e,
appear too h1gh when compared with published exper1menta1 data (see table 3-2).
The emp1r1ca1 formulation for 8 in ‘the Ghosh model [equation (18)] was
developed from ‘data on sandy mater1a1s, it may not be adequate for heavier
textured soils. Furthermore, var1ab111t1es associated with so11 density,

~ estimates. of saturated water content, and the.choice of .a pair of measured

¥- e values as 1nputs to the mode] shou]d be expected to have an 1nf1uence on

*e'

Zparticles ranging in size from 2.0 to 0.02 millimeters.
3Part1c1es ranging in size from 0.02 to 0. 002 m1111meters.

4Computed on the basis of water content at a pressure of -15 000 centimeters,
8, and’ (ev)o as shown.’

Computed on the bas1s of part1c1e-s1ze parameters Al and Age

‘ . ) '_'-_,3-6-



An a1ternat1ve approach is to estimate both ¢ and B from a pair of
simultaneous equations. However, this approach requires at least ‘two pa1rs of
measured w-ev values, in addition to saturated water content.

. i : .
For Keith §i1t loam at Colby, measured water contents at soil water pressures
of -3000 and -15 000 centimeters (see figs. 3-1 and 3-2) were used for esti-

" mating w' and 8 from eduation (17) . The substitution of appropriate values _
for v, 6,, and (ev)o in equation (17) resulted in the following rev1sed va]ues

of w and 8 for the various horizons.

s Vas

Hor1;on -gm 8
A 37 6.362
B 44 6.134
C 9 6 .088

Computed soil water pressure versus soil water content relationships based on
revised Yo and 8 values and equation (17) are shown in figure 3-3. The data

in figure 3-3 show that the A and B horizons have very nearly identical soil
water préssure versus soil water content relationships and that water‘fetention
for these two horizons is substantially higheg than “for_the C-horizon.

Table 3-4 shows the pressure-water content values for small increments of
water content. '

3.2 HYDRAULIC CONDUCTIVITY VERSUS SOIL WATER CONTENT RELATIONSHIPS

A knowledge of hydraulic conductivity as a function of soil water content ié e

~important in analyses of water movement . Although experimental data obtained

in the field or on undisturbed core samples are preferred, soil variability is
often so large that experimental efforts needed for Targe-scale application
become prohibitive. As a result, predictive methods have gained popularity;
in many instances (e.g., Nielsen et al., ref. 4), satisfactory estimates of
hydraulic conductiyity.have been obtained.

3-7
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For Keith s11t 1oam at Colby,‘saturated hydrau11c conduct1v1ty for selected
depths in four fields was measured. These data are reported in table 2-3.
Unsaturated hydraulic conductivity was not measured ‘but was predicted by
Jackson's (ref. 13) modification of Marshall's (ref. 14) pore-interaction
mode1.5 -The necessary input for Jackson's method is the soil water pressure )
versus soil water content re]at1onsh1p for the so11.. The curve describing -
this relationship is divided into n equal water content increments, and'the'f
conductivity is calculated by the fol]owing equation: ' '

(e ) P Z [(23 +1 - 21)‘1’ ]
.K =K [(e ) ] j=1i s 1= 1"2,....’n
: [(Zj - 1)v; ] |

(9

JJM’.

', J' -
'where

hydrau11c conductivity (centlmeters per minute) of water content at the -
upper end of the ith water content 1nterva1

K

| Kg measured saturated hydrau11c conduct1v1ty (cent1meters per m1nute)

i\ghwater content at the upper end of the 1th water content 1nterva1 (cub1c -

centimeter per cub1c centimeter)

6, = highest or saturated water content (cubic centimeter per cubic‘
centimeter) ' '

p = an empirical constant [The value depends on ‘the method of computat1on,

- for equation (19), p = 1.1

wj = so1l water pressure at the m1dpo1nt of Jth water content 1nterva1 (m1nus

cent1meters of water)
;s

he computer program for computat1on of unsaturated hydraulic conductivity is .
given in the appendix.
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For the combined A and B horizons of Keith silt loam, hydraulic conducti?ity '
data computed from equation (19) are shown in f1gure 3-4. Those for the '
C-horizon are shown in figure 3- 5. Hydraulic conduct1v1t1es for each of the
two- sect1ons of the soil profile are based on soil water pressure versus water
content. re]at1onsh1ps predicted from the regression, Rogowski, and Ghosh
models. Table 3-5 shows the hydrau11c conductivities for small increments of
water content. '
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TABLE 3-1.- SOIL WATER PRESSURE VERSUS SOIL WATER CONTENT RELATIONSHIPS*

FOR KEITH SILT LOAM COMPUTED FROM THE REGRESSION MODELVJM

So11 horlzon

A +B [0 to 102 -cm (40 -in. ) depth]

C [below 102 cm (40-1n ) depth]

cﬂﬁiirﬁt, P"ef;‘r“re"’ c‘gﬁ:;t‘,‘ Pressure; c‘g?l:::t " Prefz:‘”é" égﬁz'::t,"""efﬁ:'fe’

cm3cm3 : cmiem=3 cmem™3 cmiem™3 -
0.43 | 1.00x100 0.23 | 1.30x10% 0.43 | 1.00x100 0.23 | 4.20x103
0.42 | 9.00x10° 0.22 {1.65x10% ; 0.42 | 4.00x100 0.22 | 5.40x103
0.41 | 3.00x10! 0.21- | 2.25x10% 0.41 | 1.30x10! 0.21 | 6.80x103"
0.40 | 6.60x10! 0.20 | 2.95x10% 0.40 | 2.50x101 | 0.20 | 8.60x103
0.39 .| 1.20x102 4  0.19 | 3.80x10% 0.39 | 4.20x00 ! 0.19 ! 1.07x10%
0.38 | 1.90x102 0.18 | 4.90x10* j 0.38 |6.30x10!.} 0.18 | 1.35x10%
0.37 | 2.60x102 0.17 | 6.40x10% § 0.37 i9.60xi0! | 0.17 | 1.70x10%
0.36 | 3.60x102 0.16 | 8.60x10* | 0.36 |1.35x102 | 0.16 | 2.10x10%
0.35 | 5.00x<102 | 0.15 ! 1.15x10° 0.35 |1.90x102 | 0.15. | 2.60x10%
0.34 | 6.60x10? 0.14 | 1.50x10° 0.34 | 2.55x102 0.14 | 3.30x10%
0.33 | 7.70x102 .13 | 1.95x10° 0.33 | 3.30x102 0.13 | 4.10x10%
0.32 | 1.15x103 0.12 | 2.50x10° 0.32 | 4.35x102 | 0.12 | 5.00x10%
0.31 | 1.50x103 0.i1 | 3.40x10° 0.31 | 5.60x102 0.11 | 6.40x10%"

©0.30 | 2.00x103 0.10 | 4.40x10° 0.30 | 7.40x102 0.10 | 8.00x10%
0.29 | 2.50x103 0.69 | 5.70x10° 6.29 | 9.60x102 0.09 | 9.80x10%
0.28 | 3.30x103 0.08 | 7.40x10° 0.28 | 1.23x103 0.08 | 1.23x10°
0.27 | 4.30x103 0.07 | 9.50x10° 0.27 | 1.60xi03 0.07 | 1.55x10°
0.26 | 5.70x103 (.06 | 1.30x10% 0.26 | 2.00xi0%® | 0.06 | 1.95x10°
0.25 | 7.50x103 0.05 | 1.65x10° 0.25 | 2.60x103 0.05 | 2.45x10°
0.24 | 9.70x103 0.04 | 2.20x10° 0.24 | 3.30x103 | 0.04

3.00x10°

- .. 3-10




| .
TABLE 3-2.- NUMERICAL VALUES OF IMPORTANT PHYSICAL AND
HYDROLOGIC PARAMETERS FOR SEVERAL SOILS
 [me prepublication copy of Watershed Physics: Moisture
Characteristics and Variability Criteria by

~A. S. Rogowski, USDA Agr1cu1tura1 Research Serv1ce,
Be'ltsv1He, Maryland]

(a) 15-bar* and air-entry values

soft | Ovise |yt (8)e
series - . cmem-3 ~cm emiem™3
Watson S. - 39.8 0.350
Adelanto c.l. 0.174 12.0 0.414
Adelanto c.l. 0.110 | 10.0 0.402
: Panoche c.1. 0.213 35.0 0.448
Panoche c.1. 0.275 25.0 0.431 r
Panoche c.l. 0.199 32.0 0.428 X
-} Pancche c.l. 0.196 47.0 0.476
- | Panoche c.1. -- 32.0 0.491
Panoche c.1. -- 32.0 0.522
Yolo 1. ’ - 0.167 10.0 0.482
" Yolo 1. 0.167 20.0 0.482
Miller Si.c. -- 10.0 0.357
Miller Si.c. 0.200 15.0 0.340
Miller Si.c. 0.135 30.0 0.333
Miller Si.c. 0.112 30.0 0.340
Monona Si.l 0.125 9.0 0.476
Adams F.s.l. 0.102 " 10.0 0.519
" Cecil C. 0.299 100.0 0.422
Houston C. 0.317 200.0 0.428

" (b) Density and [(8,),/(6,),] ratios

~ Soil N L A IR (0.1
serfes gcm‘3 gcm‘3 emen3 | emdem3 viet i vio
‘Panoche | 2.65 | 1.31 0.506 | 0.479 0.95
Panoche | 2.65 | 1.25 0.528 0.435 0.82
Adelanto | 2.72 | 1.47 0.460 0.408 0.89
Yolo 2.65 | 1.23 0.536 0.474 0.89
"Miller | 2.65 | 1.61 0.393 0.334 0.85
Webster | 2.58 | 1.28 0.504 | 0.419 . 0.83
Webster | 2.58 | 1.20 0.535 0.513 0.96

*Represents a soil water pressure of -15 000 cm.
?Mean Ve = 23 cm for all soils except sand and clay.
¥Mean [(ev)e/(ev)o] = 0.90.
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TABLE 3- 3 - SOIL NATER PRESSURE VERSUS SOIL WATER CONTENT RELATIONSHIPS*
FOR KEITH SILT LOAM COMPUTED FROM THE 'ROGOWSKI MODEL

- *Interpolated from

3-12

" S6i1-horizon .

A+ B [0 to 102-cm (40-in.) depth] | ~  C [below 102-cm (40-in.) depth]
tater, | pressure, | Mater | pressure, | Mater | pressur, | Mater | pressure,
' em3em™3 ' cm3em™3 “em3em™3 ‘emem-3 -

0.50 | 1.00x10° 0.27 | 9.60x102 | 0.52 | 1.00x100 0.27 | 4.30x102
0.49 | 1.20<10! | 0.26 | 1.35%103 | 0.51 | 9.00x100 0.26 | 5.80x102
" 0.48 | 1.80x10! "0.25 | 2.00x103 *| 0.50 | 1.60x10! 0.25 | 7.90x102
1 0.47 |2.00x100 | 0.2 |2.85<103 | 0.49 |{1.95x10! | 0.24 | 1.03x103
0.6 | 2.20x10! 0.23 | 4.15x103 | 0.48 | -2.10x10! 0.23 | 1.45x103
0.45 | 2.30x10! | o0.22 | 6.00x103 0.47 | 2.20x10! 0.22 | 1.90x103 | .
0.44 | 2.40<10} | .0.21 |8.60x103 | 0.46 | 2.30x10! 0.21 | 2.60x103"
0.43 | 2.60x101 | -0.20 | 1.25«10% | -0.45 | 2.40x10! 0.20- | 3.60x103
0.42 | 2.80x10! | ~ 0.19 | 1.80x10% 0.44 | 2.53x101 0.19 | 4.80x103
0.41 |3.00x10l | 0.18 | 2.60<10% | 0.43 | 2.65x10! 0.18 | 6.50x103
- 0.40 - | 3.30x10! | . 0.17 | 3.80x104 0.42 | 2.80x10! 0.17 | 8.90x103
0.39 | 3.60x101 | - 0.16 | 5.37x10% | - 0.41 - 3.00x10! 0.16 | 1.20x10%
ci 0 0.38 | 4.00x10! | - 0.15 | 7.81x10%-| | o0.40 | 3.20x10l 0.15 | 1.65x10%
0.37 |a4.60x101 | 0.14 | 1.14x105 |  0.39 | 3.50x10! 0.14 | 2.25x10%
| - 0.36 | 5.30x10! 0.13 | 1.65<10° | 0.38 | 3.85x10! 0.13 | 3.00x10%
| 0.35 | 6.50x101 0.12 | 2.41x10° | -0.37 | 4.30x10! 0.12 | 4.10x10%
. 0.3 | 8.60«10! | 0.3l | 3.51105 | 0.36 | 4.80x10! 0.1 | 5.40x10%
0.33 | 1.15x102 0.10  |5.11x10° 0.35 | 5.60x10! 0.10 | 7.41x10%
. 0.32 | 1.55x102 0.09 | 7.43x10° 0.3¢ | 6.80x10! 0.09 | 1.01x10°
i 0.31 |2.20x<102 | .0.08 | 1.08x106 | 0.33 |'8.60x10} I 0.08 | 1.37x10°
| 0.30 | 3.15x102 0.07 | 1.57x105 | .0.32 | 1.10x102 | 0.07 | 1.86x10°
1 0.29 | 4.60x102 | 0.06 | 1.57x106 0.31 | 1.40x102 | . 0.06 | 2.53x10°
0.28 | 6.60x102 0.05 | 3.34x100 0.30 | 1.85x102 0.05 | 3.44x10°
L | 0.04 | 4.86x106 0.29 | 2.40x102 | 0.04 | 4.68x10°
[ O | 0.28 | 3.20x102 '
figure 3-2.




TABLE 3-4.- SOIL WATER PRESSURE VERSUS SOIL WATER CONTENT RELATIONSHjPS*
FOR KEITH SILT LOAM COMPUTED FROM GHOSH MODEL |

~'SoiT horizon - -

C [below 102-cm (40-in.) depth]

A+ B [0 to 102-cm (40-in.) depth]

Water - Water : Water | Water: '
content, Rrefzzre, content, Prefz;re, content, Prefzgre, content, Prefi:re’
emdem3 | emdem™3 : cmem-3 ' cm3cm'3 4

0.50 | 1.00x100 | 0.27 |1.95x103 | 0.52 |1.00x100 | 0.27 | 4.80x102
0.49 | 4.50<101 | 0.26 |2.45x103 | -0.51 |9.80x10 | 0.26° | 6.00x102
0.48 | 5.20x10! 0.25 |3.20x103 | 0.50 | 1.10x10! 0.25- | 7.70x102
10.47 | 6.00x10! 0.24 | 4.00x103 0.49 | 1.24x10! 0.24 | 9.80x102
0.46 | 6.80x101 0.23 | 5.30x103 0.48 | 1.40x10! [ "0.23 | 1.25x10°
0.45 | 7.90x10! 0.22 | 6.80x10% 0.47 |1.60x10! | 0.22 | 1.65x10
0.44 | 9.10x10! 0.21 |9.00x103 .| 0.46 |1.84x10! | 0.21 |2.20x10%
0.43 | 1.05x102 0.20 | 1.25x10% 0.45 | 2.10x10! | 0.20 | 3.00x103
0.42 | 1.22x102 0.19 | 1.78x10% | 0.44 | 2.30x101 | "0.19 | 4.10x103
0.41 | 1.40x102 .} 0.18 | 2.40x10% | 0.43 | 2.75x101 | 0.18 | 5.80x103
0.40 | 1.64x102 0.17 | 3.60x10° 0.42 | 3.15x101 | 0.17 |8.20x103
0.39 | 1:92x102 0.16 | 5.30x10% 0.41 | 3.65x10! 0.16 | 1.15x10%
0.38 - | 2.25x10° 0.15 | 7.58x104 0.40 |4.30x10! |7 0.15 | 1.65x10%
0.37 | 2.70x102 | "0.14 | 1.17x10° 0.39 | 5.00x10! 0.14 | 2.55x10%
0.36 | 3.20x102 0.13 | 1.85x10° /| 0.38 | 5.80x10! 0.13 | 4.15x10%
0.35 | 3.80x102 0.12 | 3.06x10° 0.37 | 7.00x10! | .0.12 | 6.54x10%
0.33 | 5.50x102 0.10 | 9.55x10° 0.35 | 9.70x10} 0.10 | 1.99x10°
0.32 | 6.70x102 0.09 | 1.84x106 0.38 | 1.15x102 | 0.09: | 3.77x10°
0.31- | 7.40x102 0.08 | 3.85x100 0.33 | 1.40x102 0.08 | 7.73x10°
'0.30 | 1.00x103 0.07 | 8.87x108 0.32 |1.68x102 | 0.07 | 1.74x106
0.29° | 1.25x103 | - 0.06 | 2.32x107 0.31 | 2.04x102 | ; 0.06 | 4.45x106
0.28 | 1.55x103 0.05 | 7.26x107 0.30 | 2.50x102 | . 0,05 | 1.35x107
L | 0.08 | 2.93x108 0.29 |3.05x102 | 0.04 |5.26x10’
: 0.28 |3.85x102 | :

*Interpolated. from figure 3-3.
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4. CONCLUDING REMARKS

: For hydraulic conductivity versus soil water content relationships, Marshall's
model and its modifications have been shown to represent field conditions
adequately. However, because the soil water pressure versus water content
relationship and saturated hydraulic conductivity are key inputs to the
hydraulic conductivity model, the accuracy of these properties would ]hrge]y

"determine the quality of the predicted hydraulic conductivity data. - L

The regression, Rogowski, and Ghosh mode]s,:used to obtain soil water pressuré
versus soil water content relationships for Keith silt loam at Colby, repfe-
sent two approaches. In the regresﬁion-type approach, no attempt islmadé to .
'incorporaté hydrophysical characteristics of the soil into the model. Hence;

~ predicted results may be useful only to evaluate variations between sdijs '

resulting from such factors as texture, bulk density, and organic mattér."The

Rogowski and Ghosh models, on the other hand, represent the analytical ‘
_approach and do, in fact, consider some well-recognized hydrophysical quan-
tities, such as water content at one or two specified soil water pressufes,
soil water content and pressure at the air-entry point, and saturated'Water '
content. Thus, the results of the analytical approach may represent a more

realistic description of soil hydrologic characteristics than wr%l\the regres-

sion approach. Colby experimental water contents in the drier range,were e used
as inputs to the Rogowski and Ghosh models; therefore, agreement betweeh,

experimental and predicted data in that range does not constitute probfrof the
-models' predictive ability. Additional tests over a wide range of watek;con-l

‘tents need to be carried out. In the wet range, soil water pressure and water .

content corresponding to the air-entry point and saturation values were based-
on data in the literature and may not be representative of Keith silt loam -
soils at Colby. Thus, the reliability of data generated from the Rogowski. and
Ghosh models should be considered within the limits of the assumpt1ons that
experimental water contents in the drier range are valid and that the
literature-based air-entry and saturation values are applicable to Keith silt
loam. "
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*5."" ‘RECOMMENDATIONS " -

Analyses of physical and hydrologic properties of Keith silt loam indicate
"similarities between the A and B horizons, which ;ogether appear distinctly
different from the C-horizon. As far as possible, the two sections of the
~ profile should be treated sgpgfately.:" o B ' '

© 2 PN
|

Cbmputed hydrologic - properties presented in this.reporf~appeér typical of mbst'.,

loam to silt loam soils and should be adequate for the purpose of comparing °

different soil moisture models. The results from ana1ytica1 models should-be -

preferred over those from regression-type models.

Concerning the effects of hydrologic properties on the ability of a s0i1 ‘
moisture model to predict the measured soil moisture regime, experimentally
determined hydrologic properties would appear more appropriaté than those
predicted. When detailed information is not available, experimental determi-

~ nation of the soil water pressure versus soil water content relationship near -
'saturation, at the air-entry point, and at a pressure of -15 000 centimeteks

:V should be the minimum requirement. In the wet range, field measurements -
. should be. preferred over laboratory measurements.

- In the application of soil moisture models to the task of predicting soil.
moisture regime over large areas comprising a variety of soils, it is_highTy
unlikely that experimental data pertinent to different soils would be avéj]4 '
able. Nor would it be economically feasible to devote experimental efforts. -
Furthermore, in view of the large variability between soils (even within a
series), such efforts would not be justified. Therefore, much of the abp]ica-
tion of soil moisture models will have to depend. on predicted hydrologic
properties. '
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In order to develop'reasonable predictive methods, it is recommended‘thétZ‘

.2« Models for pred1ct1ng soil hydro]og1c propert1es ‘be extracted from the
literature ‘

vb.’ For as many soils as possibTe, a catalog of experimentally determined. soi]’;_’
hydrologic properties and such basic propert1es as are necessary as 1nputs
. for the models be developed ma1nta1ned and updated ' '

c. The effects of pred1cted soil hydrolog1c properties on pred1ct1ve
performance of s0i1 moisture models be evaluated

d. Efforts be directed toward mod1f1cat1on and 1mprovement of existing,hodels;’y'

5-2



1.

'{z.

- 3;‘

4.

5,

‘60
5

8.

9.

10.

11.

12.

13.

14,

~ 6. REFERENCES

Milstead, B. W.: Agricultural Soil Moisture Experiment: 1978 Colby
(Kansas) Data Catalog and Documentation. Lockheed technical report

'LEC-13226 (JSC-16229), NASA/JSC (Houston), Sept. 1979.

USDA/SCS So11 Survey of Thomas County, Kansas. Unpub11shed.'

Rogowski, A. S.: Est1mat1on of the Soil Moisture Character1st1c and
Hydraulic Conductivity: Comparison of Models. Soil Sci., vol. 114,
1972, pp. 423-429. ' . . o

Nielsen, D. R.; Biggar, J. W.; and Erh, K. T.: Spatial Variability of -

Field-Measured Soil-Water Properties. Hilgardia, vol. 42, no. 7,-1973, .
pp. 215-259. SR

Croney, D.; and Coleman, J. D.: Soil Structure in Re]at1on to 5011
Suction (pF). J. Soil Sci., vol. 5, 1954, pp. 75-84.

Sharma, M. L.; and Uehara, G.: Influence of So1l Structure on water
Relations in Low Humic Latosols. I, Water Retention. Proc. So11 Sc1.
Soc. America, vol. 32, 1968, pp. 765 768. ' o

Klute, A.: Laboratory Measurehent of Hydraulic Conduct1v1ty of Saturated '
Soil. Methods of Soil Analysis, part I, C. A. Black et al. (eds.),
American Soc. Agronomy (Madlson, Wisc. ), 1965, pp. 210-221.

Soil Survey of Thomas County, Kansas. USDA/SCS Soil Survey Laboratory .
(L1nco1n, Nebr.), 1958.

Hall, D. G. M.; Reeve, M. J.; Thomasson, A. J.; and Wr1ght Vo For - Water' :
Retent1on, Porosity, and Density of Field Soils. Tech. Monograph 9, '
Roltamsted Experimental Station (Harpenden, England), 1977.

- Baver, L. D.; Gardner, W. H.; and Gardner, W. R.: Soil. Phys1cs.-"

Fourth ed. John Wiley and Sons, Inc. (New York), 1972.

Rogowski, A. S.: Watershed Physics: Model of the Soil Moisture S
Characteristic. Water Resources Res., vol. 7, no. 6, 1971,

pp. 1575-1582. :

Ghosh; R. K.: Model of the Soil Moisture Characteristic. J._Indiah'Soo{ '
Soil Sci., vol. 24, 1976, pp. 353-355. : Co

Jackson, R. D.: On the Calculations of Hydraulic Conductivity. 'Proo.-
Soil Sci. Soc. America, vol. 36, 1972, pp. 380-382. oo

Marshall, T. J.: A Relation Between Permeability and Size D1str1but1on

of Pores. J. Soil Sci., vol. 9, 1958, pp. 1-8.



- APPENDIX

FORTRAN PROGRAM FOR THE COMPUTATION OF
UNSATURATED HYDRAULIC CONDUCTIVITY

T me—

—

—

b



APPENDIX

FORTRAN PROGRAM FOR THE COMPUTATION OF

UNSATURATED HYDRAULIC CONDUCTIVITY.

CUNVERSATIONAL MUNLTOR SYSTEM

A

FIRTRAN

FILE: uvcoup‘

HyC0001u

DIOIVIODOIIIIDDIODOVDOIDIOIDIDDIOIDIDIDIDIDDD
DOV PO~M UM ENODROA NS NODRPNO=aNINE NOMTDN
D2 D DO ettt et vt e et =t NI YN NN NN I M T
DODID0DIDOIDIDIDODIDDIVOIDDIODIDODDIDDID

nYCu0020
. nYCO003Y
0040

3= 2w e o e Jor P P = P o P P P P P P Jw P Y D B 3 Pm I Jon Juv Joo Jv Joe o Pm v e o B
LLXCLLTXLE hHHHHHHHHHHHHHHHHHHHHHHHHH
L]
L ¢
[,
L. 4
=]
n x
-4 o
— [
[=} <
N =
b
b O w
O e— T
X L -
‘A o= TE
2~ W
>»>O>X D e
bom vt et ) > .
Lomdandand? VN N x
>0V Z - -
DN = > T
TS D - <
QaZaLd A = W
2 2> OV L
DUJE = D -
Z— J £ N 2 8
DY I & o
Q- Z W O %
wih— I O -
VI D - -~
-ty L - (& 2 -t
SdILXT = - -~
D000 « I Z
A D> > - 2 -4
¥ L2 w « et
0Z 2 X X~ [T >
»—DD D DD - ~N n n L- 4
r J N >N - ] ) w> > ¢
Y S} L~ -~ -t L po] NG -
NT 1Y W zZ "M -~z e~ d o ~C -
AN 0T DY —~ Z2Jd 2N < —— =0
=D LYY W= e St~ -~ % > ~ odE
L F14 T B -1 NE NN r » . ZN<eD
O X GILE oo ‘N) o N~ ~ dT=iN~
DONALTF s JaeNL AW -~ D ad D) e o\
(8} D +=ND dAa e Wen M o’ NNHN— o
HYD WL IV e e o> e ¢ LN~} A «EXT T
oA UIXSL Jm> g ~en P NNV Nuy—~DD e
EU~TUd D>DADA o =~ o 1—aDD> T-EIVNN
g gL JYVNE=~N =-IN - - D= e -~
YEXNY Nty) ~Ne T - L 41 AL~ NI N~A
DL A2V~ YL W~ ~a X T POP>IID \NemaT—m
QXNUZIDNZIL ~eNE~De o @ B +IM g e
XOE s = P NN O DM o~ N NNt ¢ T LN o
as = OUN e~Meoeme B N ~ e~ T EOWIY & ¢ D~0)
XY NECLr=Nvo=0| 00~ = ) M= DDt DN N Ot~
QAL Zrtrmpobm 2t N = ot N pe D D | S DONNN~ Z = g} Z
Z J D ol ZegLa) —wwWAEAHDNO . We i =T N UL WL~
QO Nt NN = > DT (N D € Y\t e Dt D Nertpm b b P (o T b 1)
Ot N ATt 2 AT LY L=YXL E m) Y= JEE=ZVL~T~YZOD
>ITAX O D= XDOWXYDIDDV NN ILIDIDYIULLZIXYODI=Z
TWANAZOUIOF DXL BOX L NADNOX>>=>NN VL 3 B LN
n o . T~ O N —_
N

. 53. . 11 62
CCCCCCCCC , u C .

- o
e lae o

DDODOVDDIDIDVODIOIVIOODIVDIOIDIDIDIODODOD |
WDLJIVIVWUVVLULLUILVOVUOLVLLVLVVVLOLOVLIIVOLVLLY

'NASA-JSC

A-1



SOIL MOISTURE

SM-10-00463

JSC-16366

"Agricultural Soil Moisture Experiment,

Coiby, Kansas, 1978: Measured and

Predicted Hydrologic Properties of the Sofl"

WASHINGTON, D. C.
R. D. Allen  USDA/ESCS

T. H. Barr USDA-WFAQSB
M. Calabrese ~NASA-HQ ERL-2
C. £. Caudi1l USDA-ESCS
R. H. Gilbert USDA-SCS
G. F. Hart ~  USDA-ESCS
H. Hjort Dir. Econ. Policy
W. Kibler USDA-ESCS
R. Mcardle USDA-WFAQSB
D. McGinnis NOAA-NESS-ESG
C. Paul AID Code SAl8
T. D. Potter NQAA/EDIS
R. Schiffer NASA/HQ
. N. Strommen USDA/WFAQSB
D. Tarpley NOAA-NESS
P. G. Thome NASA-HQ
D. Wiesnet NOAA-NESS-ESG-S33
H. Yates Office of Res./S3
NASA/JSC
ED/D. F. Grimm
ED6/R. G. Fenner
K. Kristen
G. F. Pels-
SA/M. E. Rice

SA4/H. E. Granger
W. K. Stephenson

" SF/R. B. Erb
F. G. Hal

" SF2/R. L. Eason
: W. E. Hensley*

SF3/R. Baldwin
K. J. Demel
J. D. Erickson -
H. Huckle
J. F. Paris
F. W. Ravet
D. R. Thompson
M. C. Trichel
V. S. Whitehead

SF4/J. L. Dragg
R. 0. Hi1]

SF5/0. G. Smith
SF6/0. H. Hay

USDA/SA4

Barrett
Boatwright .
Conte

Hatch
Murphy
Rogers
Weber

NFAP/J. R. Bell
NOAA/M. Helfert-SF

VLLDVOMT
. e s s e

LOCKHEED
C09/M. L. Bertrand
B. L. Carroll
J. L. Hawkins (2)
. P. L. Krum®*
P. E. Swanzy
J. J. Yaccaro*
J. E. Hainwright

*ABSTRACT (JSC FORM 1424) ONLY.

DISTRIBUTION

B09/Technical Library (S)

PURDUE/M. Baumgardner
L. Silva

TAMU/A. Blanchard
B. Blanchard
R. Newton
C. H. Van Bavel

JET PROPULSION LAB (JPL)
. E. Brown

A. Kahle
E. Njoku

" HASA/GSFC/A. Chang

M. Halem
Y. Mintz
A. Rango
~ T. Schmugge -
- E. Wolf

NASA/LANGLEY - H. Curfman

RESTON, VA
F. Doyle .- USDI/USGS

UNIV. OF CALIF., S.8.

J. E, Estes
D. Simonett

UNIV. OF VA
6. Horrbarger

PHOENIX, AZ
S. ldso USDA/SEA-AR
R, D, Jackson USDA/SEA-AR

"R. Reginato . USDA/SEA-AR

UNIV. OF MISSQURI

C. Johannsen
W. McFarland
J. Rouse

NSTL Station, MS
Earth Resource Lab
A. Joyce

W. Honneyhan

UNIV. OF KANSAS

G. A. Bradley
F. Ulaby

FT. BELVOIR, VA
WRSC-C/H. McKim

SIOUXFALLS, SO
G. Metz ‘UsDI
A. Matkins  USGS
BROOKINGS, SD
D. Hoore

V. Myers
WATERLOO, W1

J. Paster/Radiation
Monitoring Div.

TEMPLE, TX
J. Ritchie - USDA/SEA-AR

October 28, 1980

UNIV. OF ARKANSAS

D. Scott
W, Haite

WATERTOMN, MA

J. Steidiey/Radiation Mon. Devices

SILVERSPRING, MD
R. Whitman/ORI

BELTSVILLE, MD

T. Engman USDA/SEA-AR
T. Jackson USDA/SEA-AR
R. F. Paetzold USDA/SCS

J. Ritchie USDA/SEA-AR
PULLMAN, WA

K. Saxton - USDA/SEA-AR

OREGON STATE UMIV.
M. Schlisinger

UNIV. OF CALIF. AT DAVIS
D. Nielson

:;{"l gé





