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Dear Joe:

During my meeting with Davar Khalili and Steve Waters on 23 August 1991,
they informed me that there has been a concern expressed by some users and
reviewers of the Hydroloqic Desiqn Manual about the effect of gravel and
stones in and on the soil in regard to infiltration rates. The effect of
ground cover; t~at is, stones, vegetation and litter, was extensively
researched during the preparation of the Manual. Dr. Leonard Lane helped with
this effort. The results of that research were that 1} ground cover has a
dramatic impact on infiltration rates, and 2} data are not presently available
to develop reliable estimators on the effect of ground cover on the Green and
Ampt parameters (mainly hydraulic conductivity). That research resulted in a
simplified correction of hydraulic conductivity as a function of vegetation
cover only (Figure 4.3). The results of the research by Dr. Lane and I are
contained in the Documentation Manual, Part 2.

That research was directed at total ground cover and not just the effect
of gravel and stones, and therefore there probably is the need to provide some
additional documentation on the effect of gravel and stones so as to answer
questions by users and reviewers of the Manual.

There is considerable information on this subject in the professional
literature. Regrettably, as Dr. Lane and I discovered, very little conclusive
results are available at this time.

I am providing copies of articles that I have compiled that address the
effect of gravel and stones on hydraulic conductivity. The following are
brief annotations of those articles (in chronological order):

Mehuys and others (1975) - This research was directed at unsaturated hydraulic
conductivity and we are concerned with near saturated hydraulic conductivity.
The results indicate that there is no appreciable difference in the
unsaturated hydraulic conductivities whether the soil contains stones or the
stones are excluded from the soil.

Brakensiek and others (1984) - This paper presents information that can be
used to adjust or define SCS curve numbers (CN) for rangeland soils, however
some of the information is relevant to our concern. On page 10 is referenced
another study in which stone cover on the soil surface, from 0 to 20%,
decreased CN by nearly 10%. Also on page 10, equation 6 indicates that CN
decreases as a function of total cover, and therefore an increase in
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infiltration rate. Total cover, presumably being vegetation, stone, litter,
etc.

On page 9, equation 4 indicates that saturated hydraulic conductivity
decreases linearly with an increase in stone content of the soil. This
equation appears to be too simple and obviously does not apply in the limit
that Zl = 100% (clean gravel) for which the hydraulic conductivity would be
O.O! I would not place much confidence in this equation.

Devaurs and Gifford (1986) - The major conclusion is that use of the soil
texture triangle developed for agricultural lands may need revision for use on
rangelands. This is because the soil coarse fraction (gravel and stones),
rangeland soil porosities, and percent organic matter may need to be
considered. The Manual relies on parameter values based on the soil texture
triangle classification, and therefore this conclusion should be noted.
However, Figure 4 (2) of the article compares hydraulic conductivies from
observed field data and from soil texture data. Those results indicate that
the actual hydraulic conductivity is greater than that from soil texture
classification. This indicates that use of the soil parameters from the
Manual are probably conservative and that a correction for soil cover (such as
Figure 4.3 of the Manual) is warranted.

Brakensiek and others (1986) - This is a review of methods to calculate the
hydraulic conductivity of soil containing stones. These equations indicate
that hydraulic conductivity decreases with an increase in stone content. This
is the same as equation 4 of Brakensiek and others (1984).

Lane and others (1987) - The results of studies using experimental plots in
rangelands and deserts in Arizona and Nevada are presented. Rainfall
simulator data from these plots were used to investigate the influence of soil
characteristics, vegetative cover, and surface stone and gravel cover (desert
pavement) on runoff and infiltration rates. The studies indicate that
infiltration rates decrease as vegetative canopy cover, and stone and gravel
cover decrease.

All sites had a stone and gravel cover that averaged about 16% (range of
13 to 19%). The plots always had significantly lower infiltration rates after
the stone and gravel cover had been removed. Removal of the vegetation cover
resulted in a 39% decrease in the mean final infiltration rate, and also
removing the stone and gravel resulted in an additional 34% decrease in final
infiltration rate. The results of previous studies with similar results are
discussed.

These results indicate that, if anything, the bare ground Green and Ampt
parameters are conservative for flood estimation purposes and that reasonable
corrections of hydraulic conductivity for ground cover are appropriate.

Wilcox and others (1988) - Although this paper is oriented towards semiarid
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mountain slopes, it provides considerable information of value. One of the
conclusions is that infiltration is higher if stone cover is protecting the
soil surface than if the soil surface is bare. Several explanations for this
are provided in the text; 1) stone cover enhances infiltration by protecting
the soil from raindrop impact and subsequent surface crusting, and 2) exposure
of the soil surface accelerates decomposition of organic matter and compaction
of the soil by raindrop impact resulting in a more impermeable surface.

Rawls and others (1989) - Using a data base from rangeland infiltration
experiments, a procedure incorporating the effects of soil properties, soil
surface cover, and vegetative canopy cover on the Green and Ampt hydraulic
conductivity was developed. Dr. Lane and I studied this procedure
extensively. (Results and discussions are contained in the Documentation
Manual, Part 2.) The results of our studies indicate that we should not adopt
this procedure in the Manual because of some peculiar results that could be
obtained for various soils and cover combinations. The authors state in the
conclusions, "since the development and testing of data sets did not include
high silt soils and grass-dominated vegetative cover, using the proposed
procedure may yield questionable results."

In conclusion, I believe that the best data and results that are reported
indicate that stone and gravel cover, and the presence of stones in the soil
does not decrease the hydraulic conductivity that is reported based on the
agricultural soil texture. The use of bare ground hydraulic conductivity is
probably conservative. The use of a vegetation cover factor, such as Figure
4.3 of the Manual, is reasonable and should be applied when appropriate.

It may be appropriate to share this information with the users of the
Manual at the District. This may be of value to them when addressing
questions from consultants to the District and other users of the Manual.

I suggest that this letter and attachments be incorporated into the
Documentation Manual, Part 2 since it is an important point that may be of
value to the District in the future.

From my perspective, this topic of adjustments to the Green and Ampt
parameters for conditions in Maricopa County (and throughout the Southwest) is
an important one. Presently, the best researchers in this area have not been
able to come to grips with a solution. Until such a solution is available, we
should continue with our approach and refine it, when and if, such refinement
is justified.

Sincerely yours,
George V. Sabol Consulting Engineers, Inc.

George V. Sabol



Effect of Stones on the Hydraulic Conductivity of Relatively Dry Desert Soils!

G. R. MEHUYS, L. H. STOLZY, J. LETEY, AND L. V. WEEKS2

ABSTRACT

The objective of this study was to determine whether mois­
ture transmission properties of stony soils could be evaluated
using samples of the same soil in which the stony fraction
( > 2 mm) had been excluded. Experiments were conducted in
the laboratory on soil columns with and without stones. Unsat­
urated hydraulic conductivity (K) was measured .with a tran­
sient outflow method over the matric potential range of -0.05
to - 50 bars using tensiometers and soil psychrometers. The
soils studied were Rock Valley gravelly loamy sand (Mojave
Desert, Nevada) and Tubac and Rillito gravelly sandy loams
(Sonorun Desert, Arizona). On a weight basis, these soils con­
tain up to 40% stones> 2 mm in diameter.

If expressed as a function of rnatric potential, hydraulic
conductivity values were similar, with or without stones. Soil
water potential as measured by tensiometers or by thermocouple
psychrometers is not affected by stones because these instru­
ments respond to moisture changes in the soil portion only.
\Vhen K was expressed as a function of volumetric water con­
tent, the apparent conductivities were higher for a given water
content when stones were present. A simple correction of water
contents of stone-free samples, based on the stone volume of
each soil, adequately accounted for differenecs observed when
water contents were computed on a total volume basis.

Additional Index \\'ords: unsaturated soil, transient How,
moisture desorption curves, coarse fragments.

MOST STUDIES on the movement of water through rela­
tively dry soils have either been experimental verifica­

tions of the theory of unsaturated flow or aimed at separat­
ing the components of flow as the soil dries beyond a cer­
tain level (e.g. Hanks, 1958; John, 1962; Jackson, 1964;
Rose, 1963). The soil is assumed to be homogeneous and
only that part of the mineral soil which will pass a 2-mm
sieve is considered.

A particular problem with desert soils is that they often
contain appreciable amounts of coarse fragments (or stones
as these will be referred to in this paper). Bulk density
measurements in such soils are difficult because stones im­
pose sampling problems and introduce errors in the deter­
mination (Curtis and Post, 1964; Reigner and Phillips,
1964; Shipp and Matelski, 1965; Cunningham and Matel­
ski, t968). When measuring soil moisture of a stony sample
by the direct gravimetric method, adjustments must be
made for the weight and moisture content of the stones
(Coile, 1953). Further, stone volumes and bulk densities

must be known to convert gravimetric water contents to
soil moisture volumes (Reinhart, 1961).

There is no mention in the literature of the effect of
stones on soil moisture movement in general and on hy­
draulic conductivity in particular.

Stones would tend to restrict moisture movement by re­
ducing the area available for flow and by increasing the
tortuosity of the medium. The increase in tortuosity is
probably negligible, especially at low matric potentials be­
cause moisture movement takes place in small, tortuous
pores. While the reduction in cross-sectional area available
for flow is variable from place to place in a soil profile and
would depend on the size, shape, and orientation of indi­
vidual stones, it can be estimated by making it proportional
to the volume of soil occupied by stones.

The purpose of this study was to determine whether
unsaturated hydraulic conductivity of stony soils could be
evaluated using samples of the same soils in which the
stony fraction (>2 mm) had been excluded.

MATERIALS AND METHODS

The hydraulic conductivity of three desert soils was measured
by the transient outflow method of Weeks and Richards (1967).
This method was chosen because it is relatively fast, does not
require much specialized equipment, and can be quite easily
extended beyond the tensiometer range to cover relatively dry
conditions.

The soil materials used in this study are described in Table 1.
Samples were dug from the first 25- to 50-em layer of the pro­
files and placed in 20-Iiter containers for shipment to the labo­
ratory. Undisturbed samples were impossible to take owing to
the stoniness of these soils. Field bulk density (PT) was deter­
mined according to the procedure known as the rubber balloon
method (Blake, 1965). The samples were dry sieved into sepa­
rates <2 mrn, 2 to 4 mm, 4 to 9.51 rnrn, and >9.51 mm in
diameter. Size classes > 2 mm were chosen arbitrarily. Each
size fraction was oven-dried, then weighed to determine its per­
centage on a total weight basis. The stone density (Ps) was
determined by dividing weight by volume which was obtained
by water displacement. The bulk density of the <2·mm fraction
(Pb) was calculated from an equation based on the following
reasoning.

Consider a unit volume of soil containing stones whose total
weight is d grams. If the ratio of the weight of soil <2 mm in
diameter to the total weight of the sample is W, then the unit
volume of soil can be represented by the expression

. d Wd (l-W)d
unit volume of soil = - = - + . [1)

PT Ph P.

Solving the second and third terms of Eq. [1] for Pb yields

[2)PsPT W
Pb= .

P.- PT (1- W)

Bulk density data are reported in Table 2.
Air-dry soil material was packed into acrylic plastic columns,

10 ern in diameter by 30 em in length, with a piece of acrylic
plastic taped at one end to form a soil container. To achieve a
packing density similar to the field bulk density, a preweighed
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Table I-Fractionation analysis of fine and coarse fragments of the soils studied

SoU Berlel Sampling
(USDACIA.oUleatlon) depth Texture

em

Rock Valley· 0-50 Gravelly
(Entle Durorthld) loamy

.and

Tuban t 2-25 Gravelly
(Typle Paleargld) landy

loam

particle size analysts

-- %of<:2 mm fraction ---

Clay Silt Sand
<2 pm 2- 50 um >50 ~m

Coarse fragment.

FineR
stceee

<2 rom 2-4 mm 4-9.5 mm >9.5 mm

%on lotal weight baol.

61.9 4.8 9.8 23.5

73.1 8.9 8.6 9.5

66.2 10.9 9.0 13.9

77.4

68.5

75.3

18. 4

18.3

12.4

4.2

12.3

13.2

Gravelly
sandy
loam

2-30Rlllllot
{Typic Calelnrthld)

• ~ot a recognized BOU sertes, DAme Indleates neighborhood of samples (Nevada Test Site, Mojave Desert).
t Sonoran Desert. Sllverbell, Arizona..

amount of material was added to fill one 2-cm section of the
column at a time and was tapped level with markings on the
outside wall of the column. This procedure insured uniform
packing and very little migration of the fine material towards
the bottom of each section. For those columns that were to con­
tain stones, each increment was filled with the relative propor­
tions of fine and coarse materials shown in Table 1. This per­
mitted reconstitution of the field soil in a reproducible, although
somewhat arbitrarily uniform manner. To facilitate later inser­
tion of instrumentation, cavities were maintained behind the
port holes in the plastic column by inserting tensiometer cups
during the packing process. Once a column was filled, the cups
were removed and the cavities filled with fine material before
adding water.

The equipment and procedures used to measure hydraulic
conductivity were similar to those described by Weeks and
Richards (1967). except for some changes that were necessary
to. extend the method beyond the tensiometer range. A predeter­
mined amount of tap water was added to the air-dry soil and
each column was left to equilibrate for 2 days. A cell, consisting
of a ceramic plate fitting the inside diameter of the column and
glued to a hollowed piece of acrylic plastic, was pressed against
the soil and held in place with silicone sealant. The column was
then placed horizontally on a stand. Tensiometers were inserted
at 2.5, 5, to, and 20 em from the porous cell wall. Additional
water was added through a burette connected to the ceramic cell
under a controlled suction of 30 em of water until all tensiorne­
ters showed the same reading.

At a convenient time (t =0), water was withdrawn through
the ceramic cell by applying a constant suction of 0.7 bars.
Volume of outflow was recorded at the burette, together with
the tensiometer readings and time, every hour for the first 8
hours, at t =24 hours, and once a day thereafter. As the soil
dried out, the controlled suction was first increased to 0.9 bars,
then the ceramic cell and attached burette were removed and
replaced by a perforated copper disc to prevent rapid loss of
water from the column. The latter was finally removed and the
column was left to evaporate freely into the ambient atmo­
sphere. After removal of the cell and burette, the volume of out­
flow was recorded by weighing the entire apparatus. Atmo­
spheric pressure was maintained inside the column at all times
through a small hole drilled at the opposite end of the column
from which water was withdrawn.

The experiments were conducted in a room where the tem­
perature was controlled at 23 ± IC. Relative humidity was not
controlled but remained at 50 ± 10%.

Table 2-Some physical properties of the soils studied

Bulk dansme.

e Field Stone. seu-
Soli oerle. PT p. pt, Ee.

I cm-J mmhoa era"
I

Rock "aUey 1.79 2. 59 1.50 0.66
Tubae 1.86 2.60 1.68 0.61
Rlllito L 88 1.56 1.66 0.34

• Calculated from Eq. 121.

As each tensiometer went off scale, it was replaced by a soil
thermocouple psychrometer that had previously been calibrated
in standard KCI solutions at 25C. Soil temperature was meas­
ured at the time of the psychrometric reading with a copper­
constantan thermocouple built into the instrument. Psychrome­
ter outputs were corrected to 25C from the relation (Brown.
1970)

Corrected reading at 25C = Reading/(0.027T + 0.325) [3]

where T is the measured psychrometer temperature in degrees
C. For these soils the osmotic pressure component, as measured
by psychrometers, was negligible since the electrical conductivi­
ties of the saturated extracts were low (Table 2). The volumetric
water content for these soils is approximately 40 and 6.5 % at
saturation and -5(} bars matric potential, respectively. This
represents a sixfold concentration of the soil solution. Consider­
ing all solutes to remain in solution, an EC I of 0.6 mmhos cm- 1

would result in only -1.3 bars osmotic potential for -50 bars
total soil water potential measured by a soil psychrometer.

When the soil psychrometer closest to the drying end of the
column went off scale (at -50 bars approximately), the soil
column was cut into 2-cm sections. These were placed in cans.
weighed, oven-dried, and reweighed to determine final water
contents and bulk density. From the total water content (vol­
ume of water) of the column at the end of the run, total water
contents for each time were calculated from the weight or
burette records. It was not always possible to cut stony columns
exactly into 2-cm sections. However, only the amount of Water
held in the soil column at the end of a run is required in subse­
quent calculations. In such cases, sectioning served merely to
speed up oven-drying. The average time required to complete
a run was 31 days excluding the time to prepare the soil columns.

Calculations of hydraulic conductivity were carried out on
an IBM 360/50 Data Processing System using a program writ­
ten in the Fortran IV language. Input data to this program
include, for each time, the four matric potential values (in milli­
bars or em of water), the total water content of the column
(ern"), and time (hours). Hydraulic conductivity was calculated
for each time and position by dividing the rate of flow past a
given section of the column by the hydraulic head gradient at
that point. For a detailed description of how these values were
obtained, the reader is referred to Weeks and Richards (1967).
[Their Eq. [6]. p. 722. should read ... (I + /Ilbj) instead of
(1 X IIlbj)']

The same calculations were performed for columns contain­
ing stones as for those that did not. Water contents were calcu­
lated on a total. volume basis. including stones when present.
Since stones hold less water per unit volume than the soil frac­
tion, this procedure resulted in an underestimation of the actual
water content in the soil portion of stony samples. Thus, water
contents of stony and nonstony columns were not directly com­
parable. To correct water contents of nonstony samples as
though stones were present, the data was rerun using a column
volume increased in proportion to the volume of total soil occu-
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2..5 em
5.0 em

10.0 em

2.5 em
5.0 em

10.0 em

DISTANCE F~OM

D~YING END

o
0.

o

•..
•

TUBAC

~OCK VALLEY

Welgbt ratlo Bulk delUlltl ••of ltones
Column >2 mm Total· S~.t Soul

no. (1-1\') P..:I. ~ P.!l-
Icm-.J

3 0 1.50
6 0 1.56
7 0 1.55
4 0.235' 1.71 2. 59 1.55
5 0.381 1.83 2. 59 1.55
8 . 0.381 1.80 2. 59 1.52

9 0 1.72
10 0.269 1.84 2.60 1.66

11 0 l69
12 0.338 1.87 2.56 1.64

•

-0.5 -1 -5 -to -SO

MATRIC POTENTIAL (bars)
Fig. 2-Experimental points given for unsaturated hydraulic

conductivity at three positions and plotted as a function of
matric potential for stony samples of Rock Valley and Tubac
soils.

Table 3-Bulk densities achieved in laboratory soil columns

curves were calculated for Tubac and Rillito soils, there is
little difference between the two as seen from the data points.
The generally good agreement between experimental points
and calculated curves leads to the conclusion that the tran­
sient outflow method can be readily extended to relatively
dry soil systems. The assumption made by Weeks and
Richards (1967) in developing their methodology that an
exponential equation correctly describes the relationship
between matric potential and volumetric water content
appears to be valid over a much wider matric potential
range than they initially investigated.

Unsaturated conductivity values (K) calculated for stony
samples of Rock Valley and Tubac soils over the matric
potential (II) range -0.05 to -50 bars are shown in Fig.
2. These are typical examples of the results obtained on
these soils. Results for Rillito were very similar to those
for Tubac. The experimental points for K as a function of
II are given for three positions along the column correspond­
ing to distances of 2.5, 5, and 10 em from the drying end.

Soil Ieriel

RUlIto

Tubac

.Rock VaUey

~ Determined at end of each run,
., MeasW'ed.
t "h for columns with stones calculated. from Eq. (21.
t >lJ. 5-mm Iraetton only.

ROCK VALLEY GRAVELLY
LOAMY SAND

TUBAC GRAVELLY SANDY
LOAM

RILLITO GRAVELLY SANDY
LOAM
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pied by stones. The volume ratio of stones to total soil was
computed from

T.h~ ~equired increase in column volume is achieved simply by
dividing the actual volume by 1 - volume ratio of stones. In
applying such a correction, the area available for flow is like­
wise increased. Thus, for an equivalent amount of water passing
an~ pl~ne in a nonstony column the flow velocity is reduced,
which In turn results in decreased hydraulic conductivity values.
This decrease is included in the calculation of hydraulic conduc­
tivity of a stony sample, because the total volume of the stony
column is used.

Samples of the Rock Valley soil were run in triplicate without
stones and in duplicate with stones. In addition, one column
containing only the largest size fraction of stones <>9.5 i mm)
was also run. No replication was made for the Tubac and Rillito
series.

Volume ratio of stones = (1 - W)PTI P" [4]

In considering replicated columns of a particular soil, it
is essential that the bulk densities be as similar as possible.
Furthermore, a valid comparison of results observed on
samples containing all size fractions with those obtained on
samples without stones is only possible if the packing densi­
ties of the < 2-mm fraction of the sample are in close agree­
ment. The bulk densities found at the end of each run after
sectioning the columns are reported in Table 3. The pack­
ing technique used to fill the soil containers resulted in fairly
good replication of bulk densities. The PT values for Rock
Valley soil were slightly higher than the field values (Table
2), but slightly lower for the two other soils. With one
exception, Pb values of stone-free columns were higher than
calculated values in Table 2. -

The volumetric water content-matric potential relation­
ships for each soil as calculated from the transient outflow
method during desorption are presented graphically as solid
and dashed lines in Fig. 1. Data points correspond to water
contents determined experimentally at the end of a run for
which the matric potential was known. While different

.04'--_-.L..__J..-_--L__..L._-L__...l-_..-J

o -10 -20 -30 -40 -50 -60 -70

MATRIC POTENTIAL (BARS)

Fig. i-Calculated moisture characteristic curves for three
desert soils during desorption. Data points were obtained
experimentally.
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MATRIC POTENTIAL (bars)
Fig. 4-H)'draulie conductivity as a function of matrie poten­

tial for slony and non-stony samples of Tubac gravelly sandy
loam.

are in close agreement, the extension of the transient out­
flow method to matric potentials beyond the tensiometer
range is further justified.

Plots similar to those shown in Fig. 2 were obtained for
each soil column. Distinguishing between nonstony and
stony cases, "best-by-eye" fit curves were drawn through
all data points. Replicates were averaged in the case of
Rock Valley soil. As a measure of variability of K, the
mean relative error between replicates and the average
curve was 25% (max. =56%) for stone-free columns and
10% (max. = 34%) for stony columns. There is little dif­
ference between stony and nonstony samples when hy­
draulic conductivity is expressed as a function of matric
potential (Fig. 3, 4, and 5). As shown in Fig. 3, even vary­
ing the weight ratio of stones to total soil from as much as
38.1 to 23.5% has no effect on the relationship between
K and h.

In the case of Tubac soil (Fig. 4), agreement between
stony and nonstony samples is not so good, especially at
rnatric potential values> -1 bar. In the dryer range, the
curves tend to be quite similar. Tensiometers or thermo­
couple psychrometers measure the water potential of the
soil fraction only since they do not come in contact with
stones. The measured matric potentials should therefore
not be affected by the presence of stones, as was indeed
found with Rock Valley and Rillito (Fig. 3 and 5).

When unsaturated hydraulic conductivity is expressed
as a function of volumetric water content, distinct curves
are obtained for stony and nonstony samples (Fig. 6, 7,
and 8). For the Rock Valley soil in Fig. 6, each line repre­
sents the average of replicates. For similar K values, water
contents are always higher when stones are excluded be-
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size fractions (mm)
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Fig. 3-Hydraulic conductivity as a function of matric poten­

tial for stony and non-stony samples of Rock Valley gravelly
loamy sand, curves represent the average of replicates.

Some replication is obtained with the transient outflow
method because similar values of h occur at different posi­
tions along the column at different times. Since the experi­
mental points for different positions but similar It values

Fig. 5-HYdraulic conductivity as a function of matrie poten­
tial for stony and non-stony samples of Rillito gravelly sand)'
loam.
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Fig. 7-Relation between hydraulic conductivity and volu­
metric water content for Tubac gravelly sandy loam with and
without stones.
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replicates.

Fig. 8-Relation between hydraulic conductivity and volu­
metric water content for Rillito gravelly sandy loam with and
without stones.

water content and thus the correction used would be differ­
ent at different moisture levels. Coile (1953) prepared a
simple regression graph relating moisture content of stone
to uncorrected soil water content for soils derived from
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cause, in the transient outflow method, volumetric water
contents are calculated on the basis of the total volume of
the column. In other words, stones are considered to hold
as much water as the soil portion does. But stones hold
much less water than soil at comparable matric potentials,
so that the water contents of the soil fraction computed for
soil samples containing stones are underestimated. With
increasing water content, the underestimation also increases.

It is not implied that water contents for stony soil based
on total volume are erroneous. These are the values that a
field worker would obtain by direct gravimetric sampling
or from neutron probe readings. Therefore, on the assump­
tion that the stony fraction did not absorb water, hydraulic
conductivity curves for samples without stones were re­
drawn by correcting water contents as though stones were
present. For Rock Valley and especially Rillito (Fig. 6 and
8), the correction appears to be appropriate. For Tubac
(Fig.. 7), the K(O) curve was overcorrected.

It is difficult to explain the behavior of this latter soil.
The fit between stone-free and stony samples of this soil was
not good when K was expressed as a function of h. While
there is good reason to believe it should have been better
and therefore also K vs 0, the validity of the assumption
that stones do not absorb water at all may be questionable.
It is probably only correct for quartz gravel but is not
necessarily true for rock composed of other minerals in
various stages of weathering. For example, Reinhart
(1961) estimated that stones in the Fernow Forest of West
Virginia, which are derived from sandstone and shale, usu­
ally had a gravimetric water content of 6.5%. Furthermore,
moisture content of stones may vary appreciably with soil
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Table 4-Volumetric water content of stones at various soil
matric potentials

Soli malrlc potenHal

SoU.erle. '" -1 -5 -15
em!cm- J

Rock Valley O.OU 0.B39 0.029 0.028
Tubac 0.076 0.053 0.049 0.048
Rlllllo 0.090 0.060 0.044 0.043

various and differing parent materials. Unfortunately, his
data are restricted to relatively wet moisture levels. His
regression line indicates that at zero moisture content of
total soil (stones included), stones would have a moisture
content close to 4% by weight. Hence, Coile's correction
is useless at the water contents encountered in this study.

In order to estimate what the magnitude of the correction
would be, separate stone samples of each soil were equil­
ibrated at various matric potentials to -15 bars in pres­
sure plate apparatus (Table 4). As expected, the moisture
content of stones is significantly less than in soil, but the
shape of the water release curves from stones is similar to
that of the finer soil material. After a rapid decrease in
moisture content, from saturation to -5 bars, moisture
release becomes very slow with a further decrease in matric
potential.

Although examination of Fig. 7 reveals a greater over­
correction at high than at low water contents, the amount
of water held by the stones is insufficient to account for the
overcorrection. The lack of agreement found in Fig. 4 and
7 for Tubac could result from different bulk densities
achieved in the stony and stone-free columns (Table 3).
Had the two columns been packed at the same density of
1.66 g cm- 3, water contents in the stone-free column would
have been higher. A lower bulk density increases the
amount of large pores which are only fiIled with water at
high water contents. Therefore, a larger increase in water
content would be expected at high than at low moisture
levels, which is confirmed by the data in Fig. 7. Similarly,
matric potential would be reduced and the curves of Fig. 4,
would come closer to each other. However, the differences
observed with Tubac soil cannot be entirely explained on
the basis of a bulk density effect as the difference in bulk
density (Pb) between stone-free and stony columns of Ril­
lito soil was nearly as large. Replication might have pro­
vided better agreement.

In conclusion, a simple correction of water contents and
of the area available for flow would be sufficient in most
cases to account for the presence of stones. If the amount
of water held by stones was known as a function of soil
water content, then a progressive correction could be ap­
plied to values obtained on columns without stones. But
this refinement is probably not necessary in practice. On the
other hand, if K is expressed as a function of It, unsaturated
hydraulic conductivity values obtained by the transient out­
flow method on columns of soil with stones excluded pro­
vide a good estimate of the values that would be obtained
if stones were present, without any special treatment of the
data, providing care is taken to pack the laboratory columns
to the same bulk density as the field soil.
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Modifying SCS Hydrologic Soil Groups and Curve Numbers

for Rangeland Soils
1

2D. L. Brakensiek, W. J. Rawls, and G. R. Stephenson

Alternative determinations of SCS hydrologic soil groups (HSG) and runoff curve
numbers (CN) procedures are presented along with examples. The procedure
utilizes the SCS Soils-5 data base. Use of this data base is facilitated by
SIRS (Soils Information Retrieval Systems) facilites use of this data base.

SOILS DATA

The SCS Soils-5 file represents the largest and most available U.S. soils data
bank. SIRS has now greatly facilitated access to Soils-5. Since the Soils-5
data file does not include certain soil water properties such as percent sand,
R. B. Grossman of the National Soils Survey Laboratory, SCS, Lincoln, Nebraska,
developed expressions for calculating these quantities from the Soils-5 data.
He cautions that the exactness of the approximations may vary and that they
should only be used if measurements for particular properties are unavailable.

Table 1 presents Soils-5 property entries from SIRS for the Searla soil series
(found on the Reynolds Creek watershed in Idaho). We have added a letter code
for reference to the following calculations. Necessary soil properties which
we require but are not available on SOILS 5 are: Z1, the percent of fragments
< 250 mm, > 2 mm by weight, and Z5, the percent sand.

These can be calculated from the Grossman expressions as,

E
Z1 = E + [(1 - ---) (100 - G)],

100

where

E percent fraction greater than 3 inches (E),
G percent material less than 3 inches passing sieve #10 (G),

and

1Contribution from the USDA, Agricultural Research Service; Northwest
Watershed Research Center, 270 South Orchard, Boise, ID 83705, and Hydrology
Laboratory, Room 139, Building 007, BARC-West, Beltsville, MD 20705.

2Research Hydraulic Engineer, Northwest Watershed Research Center, Boise, ID
83705, Hydrologist, Hydrology Laboratory, Beltsville, MD 20705, and Geologist,
Northwest Watershed Research Center, Boise, ID 83705.
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1ABLE 1. SOILS-5 FILE FOR SEARLA SOIL SERIES

e-.-.-.-.-.-.-.-.-·I-+

'e~rla I id0929 lcool

mlral~): 25
rev. tho ghl , 12-82
calcic a r q i ee r o Ll s , loamy-skeletal, roiled, fri!lid

the ~earla ieries consists of verlJ devp well drained soils that formed in colluvium from sedlmentarlJ rocks on mountains.
z Leva t r c n is 5500 to 6900 feet. aap is 14 to 16 ihes. mast is 42 t'o 45 f. ffs is 50 to 70 da~s. veg.tation is mountain
big sagebrUSh and bluebunch wheatgrass. tlJpicalllJ the surface laver is brown gravelly loam 15 inches thick. the subsoil
is vellowish brown very gravelllJ clay loam to 32 inches. the substratum is white ver~ gravell~ loam and very pale brown
very gravelly sandlJ loam to 60 inches. Ilopes are 30 to 60 percent.
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---------------------------------------------------------------------------------------------------------------------------------1o P Q R S 'T U V W
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(in/hr) (In/in) I (ph) I I I kit I gr~up I (petl I

-------------------------------------------------------------------------------------\
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0, 6-2. 0 : O. 05-0. 07 I 7.4-8. 4 I c 2 I 1UlII I. 05\ I \ I

-------------------------------------------------------------------------------------1
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where

100 -
100 I

G

I percent material less than 3 inches passing sieve #200 (I).

PROPOSED HYDROLOGIC SOIL GROUP (HSG) PROCEDURES

Our procedure for determining the HSG is based on knowing the percent sand and
clay, and soil porosity. If Soils-5 data are used, then the percent sand (ZS)
is calculated by equation (2).

Calculation of the soil porosity from the moist bulk density (N), if not given
in Soils-5, is computed as follows:

1 - Enter Fig. 1 with the percent sand (Z5) and clay (M) and read the mineral
bulk density.

2 - Use the equation in Fig. 1 to calculate the Soil Bulk Density (SBD) with an
appropriate percent of organic matter (OM) (W).

3 - Calculate the total porosity as,

Porosity = 1 - SBD/2.65.

If the Soils-5 data contains bulk density, then calculate the porosity from
that value. With the inputs of percent sand and clay and porosity, enter the
computer program shown in Table 2 to determine the fine earth fabric saturated
conductivity, KS. Table 3 presents a sample output. For our purposes, only
the KS from the output is needed.

With the saturated hydraulic conductivity (KS) known, determine the hydrologic
soil group (HSG) from Table 4. Rangeland soils may require a modification due
to conditions, such as stone or coarse fragment content, soil compaction, or
frozen soils. These modifications are considered in the next section. The
saturated conductivity limits for A, B, C, and D were taken from Musgrave
(1955).

Wood and Blackburn (1984) indicated that the hydrologic soil groupings should
be "greatly modified" for use in arid and semiarid rangelands, especially to
make more use of surface soil properties.

RANGELAND SOIL MODIFICATIONS

Coarse Materials

Rangeland soils, such as those on the Reynolds Creek Watershed, contain
significant amounts of coarse fragments. From work by Bouwer and Rice (1983)
and unpublished SCS Soils-5 based equations, developed by Grossman (1983), a
relationship was developed for calculating the soil porosity for the bulk soil
containing coarse fragments,

3
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TABLE 2. PROGRAM TO FIND SOIL PARAMETERS

paR = POROSITY PS = PERCENT SAND = %SAND PC = PERCENT CLAY

REAL*4 Ks,Yf,Qe,Qr,Yb,LAM
CHARACTER*l ANS

10 WRITE(6,20)
20 FORMAT(/,I,5X, '$ ENTER THE POROSITY: ' , $)

ACCEPT*, POR
IF(POR .LT. 0.0 .OR. POR .GT. 1. 0) GO TO 150

30 WRITE(6,40)
40 FOR l1 AT ( I , 5X, , $ ENTER THE % OF SAND: ' , $)

ACCEPT*, SAND
IF(SAND .LT. 5.0 .OR. SAND .GT. 70.0) GO TO 170

50 WRITE(6,60)
60 FOR f1A T ( / , 5X, , $ ENTER THE % OF CLAY: ' , $)

ACCEPT*, CLAY
IF(CLAY .LT. 5.0 .OR. CLAY .GT. 60.0) GO TO 190
PS=SAND
PC=CLAY

EQUATIONS DESCRIBING GREEN-AMPT PARAMETER CHARTS

% CLAY

Qe=0.01162-0.001473*PS-0.002236*PC+0.98402*POR+0.0000987*PC**2
1+0.003616*PS*POR-0.010859*PC*POR-0.000096*PC**2*POR-0.002437*
2POR**2*PS+0.0115395*POR**2*PC

Yf=6.5309-7.32561*POR+0.001583*PC**2+3.809479*POR**2+0.000344*
1PS*PC-0.049837*PS*POR+0.001608*PS**2*POR**2+0.001602*PC**2*
2POR**2-0.0000136*pS**2*PC-0.003479*PC**2*POR-0.000799*PS**2*POR

Yf = EXP(Yf)

Ks=19.52348*POR-8.96847-0.028212*PC+0.00018107*PS**2-0.0094125*
1PC**2-8.395215*POR**2+0.077718*PS*POR-0.00298*PS**2*POR**2­
20.019492*PC**2*POR**2+0.0000173*PS**2*PC+0.02733*PC**2*POR+
30.001434*PS**2*POR-0.0000035*PC**2*PS

Ks = EXP(Ks)

Qr=-0.0182482+0.00087269*PS+0.00513488*PC+0.02939286*POR
1-0.00015395*PC**2-0.0010827*PS*POR-0.00018233*(PC**2)*
2(POR**2)+0.00030703*(pC**2)*POR-0.0023584*(POR**2)*PC

LAH=-0.7842831+0.0177544*PS-1 .06249S*POR-0.00005304*PS**2
1-0.00273493*PC**2+1 .11134946*POn**2-0.03088295*PS*POR
2+0.00026587*(PS**2)*(pOn**2)-O.00610522*(PC**2)*(POR**2)
3-0.00000235*(PS**2)*PC+0.00798146*(PC**2)*POR-0.00674491
4*(POR**2)*PC

LAr: = EXP(LAM)

5
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TABLE 2. PROGRAM TO FIND SOIL PARAMETERS (CONT.)

Yb=5.3396738+0.1845038*PC-2.48394546*POR-0.00213853*
lPC**2-0.04356349*PS*POR-0.61745089*PC*POR+0.00143598
2*(PS**2)*(POR**2)-O.00855375*(pC**2)*(POR**2)-O.OOOOl282*
3(PS**2)*PC+0.00895359*(PC**2)*POR-0.00072472*(PS**2)*POR
4+0.0000054*(PC**2)*PS+0.50028060*(POR**2)*PC

Yb = EXP(Yb)

BARTHD=.1535-.0018*PS+.0039*PC+.1943*POR
BAR15 =.0370~.0004*PS+.0044*PC+.0482*POR

OUTPUT SECTION

WRITE(6,70) POR,SAND,CLAY
FORMAT (/ , / , /, 12X, 'POROSITY' , 5X, '% SAND', 5X, '% CLAY', / ,
112X,F7.5,6X,F6.2,5X,F6.2)
WRITE(6,80) Qe
FORMAT(/,/,5X, 'EFFECTIVE POROSITY = ',F7.4)
WRITE(6,85). LAM
FORMAT(/,5X,'POROSITY INDEX ',F7.4)
WRITE(6,90) Yf
FORMAT(/,5X,'WETTING FRONT CAPILLARY PRESSURE = ',Fl0.4,' em')
WRITE(6,100) Ks
FORMAT(/,5X,'SATURATED HYDRAULIC CONDUCTIVITY ',Fl0.5,' em/hr')
WRITE(6,110) BARTHD
FORMAT(/,5X,'ONE THIRD BAR WATER CONTENT = ',Fl0.4)
WRITE(6,120) BAR15
FORMAT(/,5X,'15 BAR WATER CONTENT = ',Fl0.4)
\ofRITE(6,125) Qr
FORMAT(/,5X, 'RESIDUAL WATER CONTENT ',Fl0.4)
WRITE(6,126) Yb
FORMAT(/,5X,'BUBBLING PRESURE = ',Fl0.4,' em')
WRITE(6,130)
FORMAT(/,/,/,5X, '$ WOULD YOU LIKE TO CALCULATE ANY MORE?(y/n) ',$)
READ (5, 140) ANS
FORHAT(Al)
IF(ANS .EQ. 'Y' .OR. ANS .EQ. 'y') GO TO 10
STOP

ERROR CHECKING

WRITE(6,160)
F0 HlU T ( / , / , 5X, , ERR0 R I N POR0SIT Y, val u emus t be> 0 and < 1')
GO TO 10
WRITE(6,180)
FOR~AT(/,/,5X,'ERROR IN PERCENTAGE OF SAND, value must be > 5 and
1 < 70 ')
GO ro 30
WRITE(6,200)
FORMAT(/,/,5X,'ERROR IN PERCENTAGE OF CLAY, value must be > 5 and
1 < 60')
GO TO 50
E:I D

6



TABLE 3. SAHPLE OUTPUT

RUN SOILS

$ ENTER THE POROSITY: 0.45

$ ENTER THE % OF SAND: 39

$ ENTER THE % OF CLAY: 16

POROSITY
0.45000

% SAND
39.00

% CLAY
16.00

EFFECTIVE POROSITY

POROSITY INDEX

0.3788

0.3460 (GREEN AND AMPT. ;\)

WETTING FRONT CAPILLARY PRESSURE = 21.1312 em (GREEN AND AMPT ~f)

SATURATED HYDRAULIC CONDUCTIVITY = 0.59637 em/hr

ONE THIRD BAR WATER CONTENT 0.2331

15 BAR WATER CONTENT = 0.1135

RESIDUAL \ofATER CONTENT 0.0710 (GREEN AND ANPT 8r )

BUBBLING PRESURE 27.4790 em

$ WOULD YOU LIKE TO CALCULATE ANY MORE?(y/n) N

FOR'rRAN STOP

7



Table 4.--SCS hydrologic soil groups for saturated conductivity (KS)
classes.

HSG
(KS cm/hr)

A 1
(0.76-1.14)

B
(0.38-0.76)

c
(0.13-0.38)

D
(0.0-0.13)

Description

(Low runoff potential). Soils having high
infiltration rates even when thoroughly wetted and
consisting chiefly of deep, well to excessively
drained sands or gravels. These soils have a high
rate of water transmission.

Soils having moderate infiltration rates when
thoroughly wetted and consisting chiefly of
moderately deep to deep, moderately well to well
drained soils with moderately fine to moderately
coarse textures. These soils have a moderate rate
of water transmission.

Soils having slow infiltration rates when
thoroughly wetted and consisting chiefly of soils
with a layer than impedes downward movement of
water, or soils with moderately fine to fine
texture. These soils have a slow rate of water
transmission.

(High runoff potential). Soils having very slow
infiltration rates when thoroughly wetted and
consisting chiefly of clay soils with a high
swelling potential, soils with a permanent high
water table, soils with a claypan or clay layer at
or near the surface, and shallow soils over nearly
impervious material. These soils have a very slow
rate of water transmission.

1I t is assumed that a KS greater than 1.14 cm/hr is an "A" soil.

8



~
c

where

Zl 1
(1 - -) / (-

lOa ~

Zl
-)
100

~c = the bulk soil porosity (with coarse fragments),
~ = fine earth fabric, < 2 rom, porosity, and

Zl percent by weight of the soil material > 2 rom and < 250 rom,

where Zl is calculated from Soils-5 data by equation (3). The value of ~ is
the porosity determined from Fig. 1 by the procedure described in the text or
taken from the Soils-5 data file.

Equation (4) was also derived from the results of Bouwer and Rice (1983). The
saturated conductivity can be calculated for the soil containing coarse
fragments, K , from the conductivity of the fine earth fraction, KS, and the
percent by W~ight of coarse fragments, Zl. If Zl is not known it is
calculated by equation (1).

K
c

Z1
(1 - -) KS

100

The value of K is entered in Table 4 and a hydrologic soil group is determined
for the bulk sgil. The computer program in Table 2 can be entered with ~ to
determine bulk soil properties other than the saturated hydraulic conductrvity,
which is determined by equ~tion (4). Equation (4) is also similar to one
derived by Peck and Watson. Additional research on gravels in soils is
presented by Dunn and Mehuys (1984).

Compacted Soils

Soil bulk densities can change as a function of land use which induce
compaction. As the bulk density increases the bulk soil porosity will
decrease, which may change the HSG. Our procedure is simply to change the
original bulk density by the percent change and compute a new porosity. The
program in Table 2 is entered with a new porosity, and the calculated KS value
is used in Table 4 to determine the HSG.

FROZEN SOILS

Frozen soil conditions frequently occur on rangelands. The following procedure
was developed by Lee (1983) from his study of a frozen soil. He related the
ratio of the frozen soil saturated conductivity (KS)f to the unfrozen soil KS
as a function of antecedent soil water content. We nave expressed his

3Peck, A. J., and J. D. Watson. 1979. Hydraulic conductivity and flow in
non-uniform soil. Unpublished paper, presented at the Workshop on Soil
Physics and Field Heterogeneity, Canberra, Australia, p. 31-36.
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antecedent soil water factor as a percent of field capacity. One-third bar
water contents are also estimated in our computer program. Equations (5a,b)
present Lee's relationships,

(KS)f/KS

and

1.89 - 0.023 (% of FC), %FC < 78

= 0.1 %F > 78.

For example, if it is estimated that the antecedent soil water content when the
ground is frozen was 50 percent of field capacity, then by equation (5a)

Thus, if the original hydrologic soil group was "B", KS = 0.45 cm/hr, then

(KS)f = 0.33 cm/hr

and the HSG determined from Table 4 would be reduced to a "c" soil. Equations
(5a,b) should be used very cautiously, since they are based on laboratory tests
of only one soil texture. However, they do indicate the hydrologic importance
of frozen soils.

SURFACE ROCK COVER

A thesis study by Dadkhah (1979) indicated that rock cover on the soil
surface, from 0 percent to 20 percent, decreased the SCS curve number by nearly
10 percent. Apparently surface rock cover is a signficant factor to consider
on rangeland curve number hydrology, but more research is needed to quantify
its effect. The same thesis study also investigated the interactions of rock
cover, vegetation cover, and soil compaction.

RANGELAND RUNOFF CURVE NUMBERS

Standard SCS procedures for determining rangeland CN's are given in Tables 8.1,
8.2, and 9.1 of their Hydrology Guide (SCS 1972). Inputs are land use
treatment or practice, hydrologic condition, and hydrologic soil group (HSG).
The HSG can be estimated by our procedure.

We propose an alternative procedure which uses the KS parameter directly,
rather than the hydrologic soil group. We developed Fig. 2 by combining Tables
8.1,8.2, and 9.1, and our Table 4. Fig. 2 would be entered with the estimated
KS value and with an estimated hydrologic condition (HC), i.e., cover class.
We are suggesting that HC can be estimated from percent cover. Based on SCS
Table 8.2, the cover classes were defined as shown in Fig. 2 for bare, poor,
fair, and good cover. The lines in Fig. 2 were oriented with the four points
in their Table 9.1 representing the curve numbers for a bare, poor, fair and
good HC plotted versus the mid-point KS for each HSG. For interpretation
between classes, we developed the following equation assuming the average cover
percent shown in Fig. 2 for each class.

CN

where

96.38 - 0.158C - 19.84K - 0.397KC

10
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Fig. 2--Rangeland curve numbers as a function of saturated conductivity for
cover classes.
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eN Curve Number,
C = total cover in percent, and
K saturated conductivity, em/hr.

EXAMPLES

Given: Reynolds Creek Soils-5 data for Searla (id0929) cool

(1) Find - percent sand

Sand (%) = Z5 = 100 - 100 riG

r percent material < 3" passing #200 sieve = 35 - 50 percent
G percent material < 3" passing #10 sieve = 60 - 80 percent.

Using the midpoint value for rand G

Sand (%) = 100 - 100 (42.5/70)
39 percent.

(2) Find - percent by weight of material> 2 mm and < 250 mm Zl

E
Zl = E + [(1 - ---) (100-G)]

100

E percent fraction ) 3 inches
G percent material < 3 inches

passing the #10 sieve.

From Soils-5

E 5 - 10 percent
G = 60 - 80 percent

7.5
Zl 7.5 + [(1 - ---) (100 - 70)]

100

Zl 35 percent.

(3) Find - Hydrologic Soil Group

From the Soils-5, the percent clay (M) is 12 - 20 with the mid-value of
16 percent and the percent of sand (Z5) is 39 percent.

The measured moist bulk density (N) is 1.4 - 1.5 with a mid-value of
1.45.
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From our computer program

KS = 0.60 em/hr.

Referring to Table 4, this soil is Hydrologic Soil Group B.

If we assume a total cover of 30 percent cover, the calculated curve
number is

CN = 72.
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APPLICABILITY OF THE GREEN AND AMPT INFILTRATION
EQUATION TO RANGELANDS·

ABSTRACT: TIle objective of this study was to investigate the use
of Green and Ampt infiltration equation parameters (determined by
least squares fitting of field infiltration data or predicted from soil
texture pr~perties) to characterize in filtration on spatially varying
rangeland sites. It was found that a least squares regression approach
redu~:s the phY~icallY.based parameters in the Green and Ampt to
empirical coefficients SInce negative coefficients are obtained, particu­
larly on plots with low infiltration rates. Green and Ampt parameters
predicted from soU texture data describe infiltration rates less than
3 em/hr. TIle applicability of these Green and Ampt parameters
appears limited to sites with lower infiltration rates. Results indicate
that soU texture predictive triangles, developed to describe infiltration
on agricultural soils, need revision to adequately describe infiltration
patterns on rangelands.
(KEY TERMS: infiltration; Green and Ampt; soil texture; rainfall
sirnulation.)e

INTRODUCTION

Characterization of infiltration on rangeland sites is- re­
ceiving increased attention as hydrologists must predict water­
shed responses to rainfall events. It would be advantageous
to use model parameters to index infiltration characteristics
on rangelands. Attempts have been made to fit the Horton
Kostiakov and Philip's infiltration equations (Gifford, 1976;
Jaynes and Gifford, 1981) to rangeland infiltrometer data.
However, with the exception of Philip's equation, these
models do not have physically based parameters. If a model
such as the Green and Ampt (1911) infiltration equation
(widely used for modeling inflltration on agricultural lands).
with physically based parameters, could accurately fit range­
land infiltrometer data, model parameters could serve as
physically interpretable indexes of infiltration.

A number of recent studies have illustrated great spatial
variation in hydrologic properties within short distances on
semi-arid rangeland sites (Achouri, 1982; Merzougui, 1982;
Springer and Gifford, 1982). Whether an infiltration equa­
tion such as the Green and Ampt can characterize a potentially
variable hydrologic site isnot known. Other studies (McCuen,

et al., 1981) have suggested that soil texture data can be
used to predict Green and Ampt infiltration equation param­
eters on agricultural lands. If applicable to rangelands, such
a predictive model would reduce collection of field infiltro­
meter data. However, it is not known whether predictive
models are useful when variability of hydrologic response is
considered.

The Green and Ampt Infiltration Equation

The Green and Ampt (1911) infiltration equation has been
used widely for modeling infiltration on agricultural lands.
The rate form of the model is:

f = K(1+nS/F)

where f =infiltration rate (cm/hr), k =hydraulic conductivity
in the wetted zone (cm/hr), n =availableporosity, S =suction
parameter (em), and F =cumulative infiltration (em).

The equation can be fitted to infiltrometer data by deter­
mining parameter values. However, direct measurement of
physical parameters such as capillary pressure head, available
porosity and hydraulic conductivity is difficult: relationships
among these parameters and more easily measured soil pro­
perties would be useful. It has been shown by McCuen,
et al: (1981), that, for agricultural soils, soil texture is a
major discriminator of Green and Ampt infiltration param­
eters.

The Green and Ampt infiltration equation assumesa homo­
geneous soil with uniform moisture content; a negligible
depth of water ponded on the surface throughout the calcu­
lation; that each small plot acts as a point; and that the en­
tire plot is contributing when runoff begins. Mein and Lar­
son (1973) adapted the Green and Ampt model to the steady
rainfall case, which allows for intermediate ponding time
during rainfall. The model's assumptions are not met in
most infiltrometer studies, and may limit the usefulnessof the

'I'.:r N,o. 84069 of the Water Resou~ct's Bulletin. Discussions are open until October I, 1986.
. ReSpectlvel.;' Graduate Research ASSIstant and Professor and Chairman, Watershed Science Unit. College of Natural Resources, Utah State Uni­
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Green and Ampt in fitting field infiltromcter data. The Green
and Ampt also docs not explicitly consider vegetation, land

aondition or spatial variability.
• The objectives of this study were: (I) to examine the

ability of the Green and Ampt infiltration equation to repre­
sent spatially varying infiltration measures using a least squares
fit to measured field data, and (2) to examine the use of
measured rangeland soil properties for predicting parameters
in the Green and Ampt Infiltration equation..

SITE DESCRIPTION

The inflltrometer data were collected on rangeland sites
located on the Reynolds Creek Experimental Watershed near

. Boise, Idaho. The watershed soils, geology, vegetation and
land use represent plateau and foothill grazing areas of the
Northwest (Stephenson, 1977). Elevations range from about
1097 m to 2225 m. The climate of the watershed ranges
from arid to temperate, with annual precipitation varying
from 250 mm at the lower elevations to 1270 mm at the
higher elevations. Nearly 75 percent of the annual runoff is
from snowmelt; however, runoff from smaller areas can
occur following intensive summer rain storms.

Three sites on the Reynolds Creek Experimental Water­
shed (referred to as Flats, Nancy and Lower Sheep) were
selected for this study. A description of these sites is given
in Table 1. Additional detail concerning these sites is given
~ U.S. Department of Agriculture (1976).
• Rainfall simulator plots were located on the three sites in

grazed, ungrazed, and tilled conditions. Average plot slopes
were 3, 6, and 9 percent on the Flats, Nancy, and Lower
Sheep sites, respectively. Tilled plots were tilled up- and
down-slope to approach a fallow condition approximately
one week prior to rainfall simulation and restored to the
original (measured by soil cores taken randomly within and
adjacent to plots bulk density (1.1.1.4 g/cm3) by natural sett­
ling and human trampling before simulator runs. Fenced sites
have been protected from grazing by domestic livestock since

1971. Unfenced sites are grazed both by domestic livestock
and wildlife, but exact stocking rates, season of use and
duration of use data are not available. Generalized grazing
allotment data are available from local Bureau of Land
Management offices, but the applicability of these data to
specific locations on the watershed is questionable.

METHODS

Infiltrometer Methodology

All infiltrometer data were collected using a modular
drop-forming device (Malekuti and Gifford, 1978). Small
plots (0.37 m2) were run with soils at field capacity to start
(pre-wet and allowed to drain) or under very wet conditions
(half-an-hour after the infiltrometer run ended, stimulated
rainfall was again applied for one-half-hour). Antecedent
soil moisture was determined for each small plot prior to the
infiltrorneter run. Runoff was measured at select time inter­
vals during each 30-minute infiltrometer run and infLItration
was assumed to be the difference between rainfall applied
and runoff. Rainfall application rates were either 6.35 cm/hr
or 12.7 ern/hr.

Small plots were located within large (3.05 m X 10.67 m,
or 32.5 m2) rainfall simulator plots, which were part of a
concurrent Agricultural Research Service study. On plots in
either an unfenced or fenced condition, 20 small plots were
sampled within each large plot, ten each on two randomly
located belt transects within each large plot. On plots in a
rototilled condition, ten small plots, randomly located within
the large plot, were sampled.

After obtaining runoff data from a small plot, surface
soil characteristics were sampled. Two samples of surface
material (with a core diameter of 5.4 em and core depths of
2.54 ern and 7.62 cm) were taken for determination of bulk
density (g/cm3), particle size distribution (hydrometer method,
Bouyoucos, 1962), and soil organic matter (colorimetric
analysis; Sims and Haby, 1971).

TABLE 1. Site Characteristics on the Reynolds Creek Experimental Watershed.

Site

flats

Nancy

ever Sheep

Average
Elevation
(meters)

1219

1402

1646

Average
Annual

Precipitation
(mm)

250

330

380

Soil Description

fine, loamy, mixed mesic Typic Haplargids

fine, montmorillonitic, Mesic Xerollic Durargid

fine, montrnorillonitic, Frigid Pachic Argixeroll

20

Dominant Vegetation

Shadscale (Atriplex confertifolia)
Cheatgrass (Bromus tectorum)
Bottlcbrush squirrel tail (Sitanion hystrix]

Big sagebrush (Artemisia tridentata subsp. wyomingensis)
Sandberg Bluegrass (Poa sandbergii)
Bottlcbrush squirrel tail tSitanion hystri:c)

Low sagebrush (Artemisia arbusculat
Sandberg bluegrass (Poa sandbergiit
Bottlebrush squirreltail (Sitanion ltystrixs
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Calculation Methodology

The runoff data for each plot were integrated numerically
_ determine the cumulative infiltration (F), and the infiltra­
~on rate (f), at any time (t). For each site all small plot

inflltration curves were used to investigate site variability.
The rate form of the Green and Ampt infiltration equa­

tion is f = K(l +nS/F) where the factors are as defined above.
Cumulative infiltration is determined from the time simulated
rainfall begins. Using the standard equation of a line Y =
mX+b, where m is the slope and b is the intercept, if Y=f
and X=I{F, the slope is KnS and the intercept is K. Note
that separate values for nand S cannot be obtained. The
Green and Ampt infiltration equation was fitted to the f ver­
sus I/F pairs for each infiltration run by least squares linear
regression. The time to ponding (tp) was determined using
the Mein and Larson equation (1973), which states that tp =
ns -:- [ilK (i-K») where i = rainfall intensity and the other
terms are as defined above.

The field-obtained soil texture, bulk density (7.62 cm
depth) and antecedent moisture data were used to predict
Green and Ampt equation parameters using procedures de­
tailed in Brakensiek, et al: (1982). These soil texture
triangles were developed for agricultural soils data. Soil tex­
ture triangles for (a) 1.5 percent organic matter and (b) 3
percent organic matter were used" to obtain the Green and
Ampt suction parameter, S, and the saturated hydraulic con­
ductivity, Ks. It was assumed that no porosity changes oc-

arred during each small plot run (referred to as zero percent
.rosity change). The available porosity, n was calculated as

the effective porosity, 8e, (total porosity (if» minus residual
soil water (8r», minus the antecedent soil moisture. The
antecedent soil moisture was obtained from field data as dis­
cussed above. The total porosity was determined from field­
obtained bulk density data, assuming a soil particle density
of 2.65 glee. The residual soil water was obtained from an
unpublished table (Brakensiek, personal communication).
Using the K andnS obtained, the integrated form of the Green
and Ampt infiltration equation [F-nS(ln(1+F/nS»=Kt] was
interactively solved for F using Newton's method.

Infiltration rates and the time to ponding predicted from
the soil texture determined Green and Ampt infiltration
equation were statistically compared to the values of infiltra­
tion rates and time to ponding from (I) field data (field.
observed time to ponding was defined as the time when mea­
surable runoff, i.e., 10·15 ml runoff in 15 seconds, occurred
from the small plot), and (2) least squares fit of field data
to the Green and Ampt infiltration equation.

For both the soil texture predicted and least squares fit
determined curves of infiltration versus time, the time scale
must be adjusted for the preponding time period so that it is
initialized at the start of rainfall. TC, the time correction,
is equal to TP, the time to ponding, minus TE, the equiva-.t time for the preponding infiltration if it occurred with

• ided conditions. Calculation of TE is facilitated by an
approximation derived by Li, et al: (1976): TE =(Fl)2/
[K(2(nS)+F I») where F I is the infiltration amount at

21

ponding exclusive of surface interception (em), K is the hy­
draulic conductivity (cm/hr), n is the available porosity, and
S is the suction parameter (em).

RESULTS AND DISCUSSION

Least Squares Fitting of Field Data

Least squares estimation of Green and Arnpt infiltration
equation parameters K and nS resulted in negative parameters
that were not physically interpretable. Table 2 shows that
negative parameters occurred with the greatest frequency on
those sites with the lowest final 30·minute infiltration rates
(particularly rototilled plots). Previous studies using least
squares estimation of infiltration model coefficients have also
found negative parameters (Gifford, 1982; Grah, 1983; Jaynes
and Gifford, 1981).

Infiltration Parameters from Soil Texture Data

Green and Ampt parameters predicted from soils data
(McCuen, et al., 1981) were compared with Green Ampt
parameters predicted from least squares fitting of field infil­
tration data. The results obtained using soil texture predictive
triangles for S and Ks for soil with 1.5 percent organic mat­
ter and 0 percent porosity change (Brakensiek, personal corn­
munication) are discussed first.

On the rototilled plot (Figure 1), the soil texture pre·
dieted Green and Ampt parameters resulted in an infiltration
curve that approximates the field data fairly well. (Rotc­
filled plots probably approach an agricultural situation similar
to that for which the predictive soil texture triangles were
developed.) Figure 2 shows the results of regressing observed
field data (infiltration rate) against (1) least squares fit of
field data, and (2) data predicted from soil texture. Note
that the regression equation for the least squares data is not
significantly different from a 1:1 relationship. However, in
the case of the infiltration curve predicted from soil texture
data, both the slope and the intercept differ significantly
from those predicted from a 1: 1 relationship. Recalling that
least squares estimation of Green and Ampt parameters some­
times resulted in negative. values, this result was not sur­
prising.

On unfenced and fenced plots (see Figure 3) the soil tex­
ture predicted Green and Ampt parameters best "mimicked
field observed infiltration rates when the inftItration rate
was low (less than 3 em/he) and there was sufficient draw.
down. The results of regressing the observed field data
against (a) least squares fit of the field data, and (b) data
predicted from soil texture are given in Figure 4. As on the
rototiIled plot, although results from the observed field data
and those predicted from soil texture data could be corre­
lated, the result was significantly different from a one-to-one
relationship.

On unfenced and fenced plots with a higher infiltration
rate (Figure 5), from 12 to 30 minutes (0.20·0.50 hr), there
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TABLE 2. Mean Final Infiltration Rate and Least Squares Predicted Green and Ampt Parameters for Each Larue Plot. *

Final 30 Min.
Slope Rlin InL Rate K nS .

Site Condition (percent) (cm/hr) N (cm/hr) (cm/hr) (em) n

\VET RUNS

rIats Unfenced 3 6.35 19 2.53 ± 1.05 0.48 ± 2.24 1.89 ± 6.94 4
Rats Fenced 3 6.35 15 4.01 ± 1.05 -0.16 ± 3.38 -14.8 ± 25.9 9
Flats Tilled 9 6.35 10 1.69 ± 0.22 -0.30 ± 1.26 0.91 ± 4.31 5
Flats Tilled 3 6.35 10 1.27 ± 0.29 -2.96 ± 2.12 -0.45 ± 2.49 9
Flats Tilled 3 12.7 10 1.34 ± 0.65 -5.97 ± 2.29 -0.45 ± 2.49 10
Nancy Unfenced 6 12.7 19 5.40 ± 2.31 1.62 ±4.41 -14.8 ± 65.6 7
Nancy Fenced 6 12.7 19 7.17 ± 2.96 4.69 ± 4.47 0.44 ± 8.77 4
Nancy Tilled 6 12.7 10 2.31 ± 0.72 -2.97 ± 2.64 -1.26 ± 1.49 8u

Lower Sheep Unfenced 9 12.7 19 7.65 ± 2.30 5.66 ± 2.82 2.98 ± 3.39 0
Lower Sheep Fenced 9 12.7 15 9.55 ± 1.23 7.53 ± 2.48 2.83 ± 5.68 0
Lower Sheep Tilled 9 12.7 10 2.29 ± 0.48 -1.30 ± 1.42 -7.91 ± 12.6 9

VERY WET RUNS

Flats Unfenced 3 6.35 15 2.97 ± 0.67 0.47 ± 1.11 0.44 ± 6.20 9
Flats Fenced 3 6.35 20 2.06 ± 0.93 0.20 ± 1.33 -1.05 ± 5.62 7
Flats Tilled 9 6.35 9 1.45 ± 0.39 -0.14 ± 0.68 0.94 ± 3.92 5

·Values in this table are reported as mean ± standard deviation where N=number of small plots where runoff occurred and n=number of negative K
and nS values obtained by least squares fitting.

uNumber of negative K's on this plot is 9, number of negative nS's is 8.

15.0,.....---..,.----r----r----y----.,
was an approximately 5 cm/hr gap between the field infll­
tration rate and soil texture predicted infiltration rate. Note
also that only the least squares fit of field data and not data
predicted from soil texture, when regressed against the ob­
served field data, fit a 1:1 relationship (Figure 6).

TIle results obtained using soil texture predictive triangles
for nS and K for soil with 3 percent organic matter (Braken­
siek, personal communication) were not significantly different
from those obtained using values predicted for 1.5 percent
organic matter. For example, on the Lower Sheep "grazed"
site, with an average field-determined organic matter content
of 4.7 percent, there was no consistent pattern with respect
to whether the 1.5 percent or 3 percent organic matter soil
texture triangles fit the data better (Table 3). Generally,
when the 3 percent organic matter soil texture triangle is
used, K is smaller and nS is larger than the parameter values
obtained using the 1.5 percent organic matter soil texture
triangle. Only insignificant increases or decreases in the slope,
intercept and R2 resulted when the field data (as infiltration
rate) was regressed against the soil texture predicted Green
and Ampt infiltration rate using soil texture predictive trio
angles for 1.5 percent or 3 percent organic matter.

These soil texture predictive triangles, developed for agri­
cultural soils, nced revision for use on rangelands. First,
rangeland sites often have an organic matter content greater
than 3 percent; prcdic tive triangles for such conditions are
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Figure 1. Comparisons of (l) Observed Field Data, (2) Least
Squares Fit of Field Data to the Green and Ampt, and
(3) Soil Texture Predicted Green and Ampt Infiltration
Rate on a Lower Sheep TiIled, 9 Percent Slope, Small
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Figure 2. Regressions of Observed Field Data Against (1) Least Squares Fit of Field Data and (2) Data Predicted from Soil
Texture for Data Given in Figure 1. A star (*) indicates the intercept is significantly different from zero at 0.05 level.

Two stars (**) indicate the slope is significantly different from one at 0.05 level.

not available. Secondly, rangeland soils often have a signifi­
cant fraction of coarse fragments (greater than 2 rnm), where­
as agricultural soils generally have few coarse fragments.
Thirdly, it may be that soil porosities are higher on vegetated
rangeland sites than on rototilled or agricultural sites.

Time to Pending Predictions

Table 4 shows that least squares fitting of field data to
the Green and Ampt inftltration equation gave time to pond.
ing values that were significantly different from field­
observed values on certain rototilled plots. Soil texture pre­
dicted time to ponding estima ted field-observed values best
on the til\ed plots when the' drawdown in infiltration was
rapid. Significant differences in soil texture predicted time
to ponding and both (a) field observed tp and (b) least
squares fit of field data predicted tp, occurred only on se­
lected unfenced and fenced sites, and not on rototil\ed plots.
Large differences in texture on the Flats fenced plot resulted
in large standard deviations for the soil texture predicted time
to pending.
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-- field data
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figure 3. Comparisons of: (1) Observed Field Data. (2) Least
Squares Eit of Field Data to the Green and Ampt, and
(3) Soil Texture Predicted Green and Ampt Infiltration

Rate on a Lower Sheep Unfenced, 9 Percent Slope,
Small Plot at the Rainfall Intensity of 12.7 em/hr.
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Figure 4. Regressions of Observed Field Data Against (1) Least Squares Fit of Field Data and (2) Data Predicted
from Soil Texture for Data Given in Figure 3. A star (.) indicates the intercept is significantly different

from zero at 0.05 level. Two stars (U) indicate the slope is significantly different from one at 0.05 level.

CONCLUSIONS

Least Squares Fitting of Field Data

There are limitations in the ability of the Green and Ampt
infiltration equation, as applied in this study, to describe the
observed variable infiltration patterns on rangelands. (It
must also be remembered that the field conditions in this
study differed from the assumptions used in deriving the
Green and Ampt infiltration equation.) Least squares estima­
tion of the model coefficients, K and nS, from infiltrometer
data resulted in negative parameters which were not physi­
cally interpretable. The R2 values indicated that, although
there is no physical basis for the fitting of the model, the
Green and Ampt infiltration equation can mimic field-obtained
rangeland infiltration curves.

If least squares fitting of field infiltration data to the
Green and Ampt infiltration equation continues to result in
negative parameters (indicating an empirical rather than
physical basis) on diverse sites, it may be useful to either:
(1) index the negative parameters to either nonnegative
Green and Ampt parameters (perhaps those predicted from
soil texture data) or other factors such as the flnal Ju-mlnute
infiltration rate; (2) alter the model so the resulting param­
eters have physical meaning; or (3) find another model that
more accurately describes the data (the Philipp's and Horton
equations are feasible models for estimating infiltration on
rangelands (Gifford, 1976; Jaynes and Gifford, 198 I»).
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Figure 5. Comparisons of: (I) Observed Field Data, (2) Least
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(3) Soil Tcx lure Predicted Green and Ampt Infiltration

A Rate on a Lower Sheep Unfenced. 9 Percent Slope, Small
., Plot at the Rainfall Intensity of 12.7 em/hr.
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Figure 6. Regressions of Observed Field Data Against (1) Least Squares Fit of Field Data and (2) Data Predicted
from Soil Texture for Data Given in Figure 5. A star (*) indicates the intercept is significantly different
from zero at 0.05 leveL Two stars (**) indicate the slope is significantly different from one at 0.05 level.

TABLE 3. Differences in Soil Texture Predicted Green and Ampt Parameters Obtained Using Soil Texture
Predictive Triangles for Different Organic Matter Contents on the Lower Sheep Unfenced Site}

Organic !'fatter Content for Soil Texture Predictive Triangles

1.5 Percent 3.0 Percent

K nS Intercept R2 K nS Intercept R2

Plot (cm/hr) (em) Slope (cm/lu) (percent) (cm/hr) (em) Slope (cm/hr) (percent)

1 0.75 6.28 0.57 6.47** 62.5 0.60 6.55 1.01 4.86 81.0
2 0.15 8.36 3.06 3.05 32.6 0.13 9.35 3.04 3.35 28.5
3 0.48 9.13 0.78 8.04** 69.8 0.35 9.93 0.86 8.13** 64.9
4 0.33 8.90 3.43 1.92 47.7 0.25 9.79 3.30 3.04 35.2
5 0.33 7.73 2.03* 6.17** 77.1 0.25 8.50 2.23* 6.20** 75.9
6 1.63 4.10 3.87* -5.67 68.3 1.25 4.48 3.88 -3.61 53.3
7 0.55 5.24 2.34* 2.U** 94.5 0.38 5.82 2.73· 2.23*'" 92.0
8 0.26 8.29 1.65 5.80** 65.0 0.23 8.93 1.71 5.85*'" 63.5
9 1.25 4.33 0.80 6.38** 82.4 0.88 4.69 0.92 6.53*'" 80.4

10 0.30 6.81 2.47 -0.29 54.4 0.25 7.40 2.57 -0.13 51.5
11 0.20 6.73 1.86* 5.47*'" 80.3 0.15 7.33 2.09* 5.47*· 78.7
12 0.23 8.07 2.45* -1.43 93.9 0.19 8.61 2.60· -1.42 93.8
13 0.75 5.42 -1.76 16.5*'" 89.6 0.50 5.78 -1.49 15.1** 92.8
14 0.50 6.57 -0.20 11.9** -16.5 0.38 7.61 -0.78 13.0** -13.6
15 0.25 7.95 3.87* 0.0003 49.0 0.20 8.90 3.92 0.50 43.0
16 0.20 7.31 2.78* -0.73 88.6 0.18 8.35 2.78* -0.69 88.5
17 0.20 8.26 1.38 5.48** 79.3 0.18 9.44 1.38 5.50** 79.3
19 0.28 7.62 1.14 7.50** 24.0 0.20 8.50 1.14 7.84** 16.0
20 0.30 8.13 2.36* 3.26** 72.9 0.23 8.73 2.56* 3.56** 64.5

'TIles.: stope and intercept values arc the result of regressing observed field infiltration rates against thc soil texture predicted Green an~ Anl;'­
infiltration rate, where * = slope significantly different from one at = 0.05. and*'" = intercept significantly different from zero at a = 0.05, R- vah::.
given arc adjusted for degrees of freedom (Ryan. et al., 1976).
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Dcvaurs and Gifford

TABLE 4. Mean Time to Pending Values for Each Large Plot Obtained Using Three Methods."

ricld Observed Least Squares Predicted SuiI Texture Predicted
Slope Rain Time to Ponding Time to Ponding Time to Ponding

Site Condition (percent) (cm/hr) (min) (min) (min)

WET RUNS

rlats Unfenced 3 6.35 6.10±4.40 6.05 ±4.30 6.73 ± 3.43
rlats renced 3 6.35 15.7 ±6.27 14.6 ± 6.30 15.3 ± 23.4
rlats Tilled 9 6.35 2.80 ± 0.62a 2.23 ± 0.50b 14.3··
rlats Tilled 3 6.35 4.22 ±0.33 3.43 ± 1.33 4.72**
rIats Tilled 3 12.7 1.82 ± 0.67 1.55 ± 0.38 1.07**
Nancy Unfenced 6 12.7 5.23 ± 3.42a . 4.62 ± 3.17a 1.22 ± 0.47b
Nancy Fenced 6 12.7 6.67 ±4.00a 5.65 ± 3.05a 1.23 ± 0.62b
Nancy Tilled 6 12.7 2.30 ±0.53a 1.67 ±0.75b 0.53 ± 0.0018
Lower Sheep Unfenced 9 12.7 7.57 ±6.78a 7.02 ±6.42a 1.13 ±0.65b
Lower Sheep Fenced 9 12.7 10.08 ± 5.82a 9.20 ±5.58a 1.47 ±0.67b
Lower Sheep Tilled 9 12.7 1.30 ±0.33 1.32 ±0.30 0.28**
Flats Unfenced 3 6.35 2.67 ± 2.15 2.70 ± 2.15 6.90 ± 3.40
Flats Fenced 3 6.35 7.72 ±3.72 6.97 ±3.27 15.3 ± 23.4
Flats Tilled 3 6.35 1.15 ±0.18 0.80 ±0.18 14.3**

·Values are given as means ± standard deviation. Alphabetic letters following time to ponding values indicate significant differences within a given
row at a= 0.05 •

••All soil samples had the same soil texture, hence'only one time to ponding value was predicted.

Infiltration Parameters from Soil Texture Data

This study has shown that Green and Ampt parameters
predicted from soil texture data describe infiltration rates

Mest on rototilled sites with infiltration rates less than 3 cm!
"r. However, the applicability of these Green and Ampt pre­

dicted parameters appears limited on sites with higher infil­
tration rates. Soil texture predicted time to ponding esti­
mates were best on rototilling sites.

Given that soil texture predictive triangles to discriminate
Green and Ampt parameters were developed to describe in­
filtration on agricultural soils, which correspond most closely
to rototilled soils, it is not surprising that the equation
works best on rototilled (previously rangeland) sites. This
study identified limitations in using the soil texture predictive
triangles developed for agricultural lands, when the goal is to
adequately describe observed infiltration patterns on range­
lands. These soil texture predictive triangles may need revi­
sion for use on rangelands; the soil coarse fraction, rangeland
soil porosities and percent organic matter may need to be
considered. The reliability of prediction parameters in the
Green and Arnpt infiltration equation in the context of
spatial variability of field-measured soil physical properties
also needs to be investigated further.

ACKNOWLEDGMENTS

This project was supported through the Northwest Watershed Re­
search Center. U.S.D.A., A.R.S., Boise, Idaho, and the Utah Agricul-

_ Iral Experiment Station, Projects 749 and 171. Technical Paper
79, Utah A!!ricultural Experiment Station, Logan, Utah 84322.

26

LITERATURE CITED

Achouri, M., 1982. Spatial and Seasonal Variability of Field Mea­
sured Infiltration Rates on Rangelands. M.S. Thesis, Utah State
University, Logan, Utah.

Bouyoucos, G. J., 1962. Hydrometer Method Improved for Making
Particle Size Analyses of Soil. Agron. J. 54:464-465.

Brakensiek, D. L., W. J. Rawls, and B. Soni, 1982. Infiltration Param­
eter Values for Transient Soil Conditions. Trans. of ASAE (in
press).

Gifford, G. F., 1976. Applicability of Some Infiltration Formulae to
Rangeland Infiltrorneter Data. J. Hydrol. 28:1-11.

Gifford, G. F., 1982. Impact of Burning and Grazing on Soil Water
Patterns in the Pinyon-Juniper Type. J. Range Manage. 35(6):697­
699.

Grall, O. J., 1983. Spatial and Temporal Distribution of Inftltration
Rates on a Small Subalpine Watershed. M.S. Thesis, Utah State
University, Logan, Utah,

Green, W. H. and G. Ampt, 1911. Studies of Soil Physics, Part I. ­
The Flow of Air and Water Through Soils. J. Agr, Sci. 4:1-24.

Jaynes, R. A. and G. F. Gifford, 1981. An In-Depth Examination of
Philip Equation for Cataloging Inftltration Characteristics in Range­
land Environments. J. Range Manage. 34(4):285-296.

Li, Ruh-Ming, et al., 1976. Solutions to Grcen-Arnpt Infiltration
Equation. Proc. ASAE 102(lR2):239-248.

Malekuti, A. and G. F. Gifford, 1978. Natural Vegetation as a Source
of Diffuse Salt Within the Colorado River Basin. Water Resources
Dulletin 14:195-205.

McCuen, R. 11., W. J. Rawls. and D. L. Brakensick, 1981. Statistical
Analysis of the Brooks-Corey and Grccn-Ampt Parameters Across
Soil Textures. Water Rcsour, Res. 17(4): 1005·1013.

Mein, R. G. and C. L. Larson, 1973. Modeling Infiltration During a
Steady Rain. Water Rcsour, Res. 5(2):385·394.

Mcrzougui, M., 1982. The Effect of Instrument Type in Measuring
Infiltration Rates on Spatial Variability Patterns, M.S. Thesis,
Utah State Univ., Logan. Utah.

Ryan, Jr., T. A., D. L. Joiner, and F. D. Ryan, 1976. Minitab Student
Handbook. Duxbury Press, Doston, Massachusetts, 341 pp.

WATER RESOURCES BULLETIN



...
. ,

Applicability of the Green and Ampt Infiltration Equation to RJngclands

Sims. 1. R. and V. A. llaby, 1971. Simplified Colorimetric Deter-
mination of Soil Organic Matter, Soil Sci. 112(2): 137-141.

•

ePhenson. G. R. (Editor), 1977. Soil-Geology-Vegetation lnvcn­
torics for Reynolds Creek Watershed. Ag. Exp. Sta., Univ. of

Idaho. Misc. Series No. 42.
U.S. Department of Agriculture, 1976. Northwest Watershed Research

Center, Reynolds Creek Experiment Station, 56 pp.

27 WATER RESOURCES BULLETIN



o 2 3 4 5 6 7 8 9 10
Kb CALCULATED. M/DAY

Fig. 1. Relationship between measuredK, and calculated K, for sand­
gravel mixtures.
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where eb is the void ratio of the field soil; and e, is the
void ratio of the fine-earth fraction. Calculation of the
void ratio requires the porosity of both the field soil
and the fine earth fraction. They presented experi­
mental data for validating their prediction equation
and compared it with Eq. [I].
We will use their data to compare a simpler equation
for predicting the field saturated hydraulic ratio.

Equation Development

Equation [1] requires the volumetric rock fragment con­
tent for the particular soil. Rock fragment content on a vol­
ume basis is generally not as available as that on a weight
basis. Referring to Flint and Childs (1984), the volume of
rock fragments, R I , (decimal form), can be expressed as

R" = a(Rw)f[1 - RAI - a)] [3]
where RO!, is the rock fragment content by weight (decimal);
and a is the ratio of the bulk density of the fine-earth fabric
divided by the bulk density of rock fragments.

Substituting [3] into [1] gives

KblKs = (1 - R".)/[1 - R,,(l - 3aI2)]. [4]
From Table I in Flint and Childs (1984), a was calculated

by the authors from 40 sets of bulk densities representing
soil parent materials in southwest Oregon. The mean a ±
I standard deviation was

a = 0.49 ± 0.11 .

Using an average a of 0.5, Eq. [4] becomes

KblKs = (1 - Rw)J(1 -- Rw/4).

SOIL SCI. SOc. AM. J., VOL. 50, 1986834

DETERMINING THE SATURATED
HYDRAULIC CONDUCTIVITY OF A SOIL

CONTAINING ROCK FRAGMENTS·

D. L. BRAKENSIEK, W. J. RAWLS, AND G. R. STEPHENSON2
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flow in nonuniform soil. Presented at a Workshop on Soil Physics
and Field Heterogeneity. Canberra, Australia (unpublished data).

Abstract

Many rangeland soils contain various amounts of rock fragments
(>2 mm and <75 mm), which influence soil hydraulic and water
storage properties. Most publisheddata on these properties are only
for the fineearth fraction«2 mm).Determining properties for soils
containing rock fragments requires either in situ measurements or
procedures that adjust fine earth fabric properties for the coarse
fraction content. The hydraulic conductivity is a major determinant
of the infiltration and water movement properties of soils. Addition­
ally, the saturated conductivity is used as a scaling parameter in
modeling partially saturated flow in porous media. In this Note,
literature Is reviewed on calculating the saturated hydraulic con­
ductivity for soils containing rock fragments. The two most widely
used methodologies are based on knowing either the volume fraction
of the rock fragments or the void ratio of the field soil and the fine
earth fabric..Both ofthese soil properties require somewhat labo­
rious laboratory procedures. We show that a calculation of the sat­
urated conductivity of the bulk soil can be accomplished by using
only the rock fragment fraction on a weight basis. For many soils
the rock fragment fraction on a weight basis is routinely determined
and published. For example, the Soil Conservation Service pedon
data files list the rock fraction on a weight basis. We test our cal­
culation of the saturated hydraulic conductivity with published data
on the saturated conductivity of a stony soil. We show that our
simple formulation using the rock fraction on a weight basis dupli­
cates the observed data. Furthermore, it is as accurate as the more
complicated procedure requiring void ratio information.

Additional Index Words: stony soils, fine earth, soil coarse frac­
tion.

I N AN UNPUBLISHED PAPER, Peck and Watson? (see
Fig. 1), utilizing a heat flow analogy for a medium

with noninteracting spherical inclusions, derived the
following equation for the ratio of the field soil satu­
rated hydraulic conductivity, Kbo to the fine-earth frac­
tion saturated conductivity, Ks, as

KblK, = 2(1 - RI.)/(2 + RI.) [1]

where R I• is the volume fraction of rock fragments.
Equation [1] assumes zero conductivity for the inclu­
sions.

Bouwer and Rice (1984) intuitively derived a pre­
diction equation for the ratio as

KblKs = ebles [2]

•
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NOT

Equation [5] requires only the rock fragment on a weight
basis. By assuming that the denominator is close to I, the
ratio KJ K, can be approximated by

KblKs = (l - R...). [6]
The utility of Eq. (5] and [6] is that the rock fragment on a
weight basis is much easier to obtain, usually available in
most soil descriptions. The value of R., is expressed as a
decimal.

Results
. Using the Bouwer and Rice (1984) data, Eq, [6] is

compared with Eq. [I] and [2J. Figure 1 shows the
comparison. Equation [6] provides estimates very close
to Eq, [2] and also to the measured values for the
sand-gravel mixtures.

In Table 1 we have compared Eq. [4] and [6] for a
range ofvalues for ex and Rw- We see that the difference
in (KJKs) between Eq. [6] and [4] is probably not im­
portant for practical application.

To calculate K, requires an independent estimate of
K; We recommend a measured value or estimating
K, by the procedure of Rawls and Brakensiek (1985;
Table 1).
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LARGE-PLOT INFILTRATION STUDIES IN DESERT AND SEMIARID
RANGELAND AREAS OF THE SOUTHWESTERN U.S.A.

Leonard J. Lane, J. Roger Simanton, Thomas E. Hakonson and Evan M. Romney

ABSTRACT

Thirty-six large (3.05 by 10.7 m) experimental plots were established in
semiarid rangeland and desert areas in Arizona and Nevada. Rainfall simulator
data from these plots are used to investigate the influence of soil character­
istics, vegetative cover, and surface rock and gravel cover (desert or erosion
pavement) upon runoff and infiltration rates and amounts. The experimental
design incorporated the influence of these factors using replicated plots and
simulated rainfall during the spring and fall for four years in Arizona and
two years in Nevada. Relationships between the mean final infiltration rate
(a statistic representing the saturated hydraulic conductivity) and the three
treatments (natural, vegetation removed, and bare soil) are established for
the five sites/soils. Vegetative canopy cover and surface rock and gravel
exhibited comparable, and statistically significant, influences on final in­
filtration rates. Final infiltration rates decreased as vegetative canopy
cover and rock and gravel cover decreased. These findings have important
implications for evaluation of land uses and management practices which reduce
the vegetative canopy cover and/or disturb the rock and gravel cover in areas
such as studied in this experiment. Such uses and practices are expected to
reduce infiltration, and thus increase surface runoff which, in turn, would
lead to increased erosion rates.

INTRODUCTION

Arid zones and semiarid rangelands cover extensive areas of the world
(e.g., Branson et a l , 1981), and fonn an important land resource of the United
States, especially in the Southwest. Precipitation in these regions is gener­
ally less than potential evapotranspiration, so water availability is the most
important environmental factor controlling survival and growth of desert and
range plants (Brown 1977). Water balance calculations are necessary in soil­
water-plant relationship studies, and infiltration calculations are necessary
to partition precipitation into runoff and soil water recharge.

As is often the case in hydrology and agricultural science, more atten­
tion and resources have been devoted to infiltration research in humid areas
subject to cultivated agriculture than to rangelands and desert areas. If we
are to make better use of limited water resources in arid and semiarid areas,
additional experimental data and research efforts are needed to understand and
predict water infiltration on rangelands. Of the many factors controlling
infiltration on rangelands, the role of desert and range vegetation and the

Leonard J. Lane and J. Roger Simanton are Hydrologists at the Aridland Water­
shed Management ;:esearch Unit, 2000 E. Allen Road, Tucson, AZ 85719. Thomas
E. Hakonson and Evan M. Romney are Scientists with the University of Califor­
nia, at Los Alamos National Laboratory, Los Alamos, NK, and The University of
California, Los Angeles, CA, respectively.
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EXPERIMENTAL METHODS AND PROCEDURES

The purposes of this paper are to describe some recent rainfall simulator
studies, particularly plot characteristics and summary infiltration data, in
southeastern Arizona and southern Nevada, to relate this infiltration data to
previously collected experimental data, and to discuss relationships among
parameters expressing infiltration rates and experimental plot characteris­
tics. Because of the large amount of data (several hundred rainfall simulator
runs on several dozen plots), only summary analyses can be presented.

role of desert or erosion pavement are not very well understood or quantified.
Additional research is needed to quantify their role in determining components
of the water balance, including the infiltration process. Recent advances in
hydrologic modeling (e.g., Knisel 1980; Haan, Johnson, and Brakensiek 1982;
and others), and extension of those models and concepts to semiarid and arid
areas (e.g., Wight and Hanks 1981; Lane, Romney, and Hakonson 1984), have made
hydrologic models more readily available for applications in the western
United States.

The availability of these hydrologic models has important implications in
current waste management studies (e.g., Hakonson et al. 1982). Recently
developed rules and regulations require the ability to model hydrologic pro­
cesses at shallow land burial facilities used to dispose of low-level radio­
active wastes. Thus, it is important in these applications of hydrologic mod­
els to predict the amount and rates of infiltration, as they provide the
source term for subsequent unsaturated flow and transport modeling. Because
of the water problems associated with waste disposal, it is likely that arid
and semiarid areas in the West and Southwest will receive increasing attention
as possible sites for waste disposal facilities in the future. It is apparent
there is a need for additional research and experimental data to quantify
infiltration processes in arid and semiarid areas.

Predominant Vegetation

Creosote bush (Larrea tridentata),
white-thorn (Acacra-constr1cta)

False mesquite (Calliandra erio­
~), creosote bush, snakeWeed,
blue grama (!. gracilis), blackgrama

Blackgrama (Bouteloua eriopoda),
sideoats grama (!. curt1pendula),
snakeweed (Gutierrezia sarothrae)

Spiney menodora (Menodora spines­
cens), creosote bush, shadscale
TAtriplex confertifolia)

Boxthorn (Lycium andersonii), Indian
ricegrass Oryzopsis hymenoides),
shadscale

Soil

Thermic, shallow
Typic Palerorthid

Thermic, Ar i d i c
Calciusto-l-l--

Shallow, mixed
thermic,~
Durorthid

Shallow, mixed
thermic,~
Durorthid

Thermic, Ustollic
Haplargid

SUMMARY OF SOIL AND VEGETATION CHARACTERISTICS FOR
THE RAINFALL SIMULATOR PLOTS IN ARIZONA AND NEVADA

Hathaway

Area 11

TABLE 2.

Mercury

Cave

Bernardino

The Bernardino series is a deep, well-drained, fine-textured soil formed
in old calcareous alluvium. The soil can have up to 50%, by volume, gravel
and cobbles in the surface 10 cm, and usually less than 35% gravel in the re­
maining profile. Percent sand, silt, clay, and organic matter in the surface
5 cm are 84, 10, 6, and 0.8, respectively. The Cave series is a shallow,
well-drained, medium-textured soil with indurated lime hardpans that have
developed at less than 45 cm in old gravelly and cobbly calcareous alluvium.
This soil can have up to 60%, by volume, gravel and cobbles in the surface 10
cm, and usually less than 40% gravel in the remaining profile. Sand, silt,
clay, and organic matter in the surface 5 cm are 66, 26, 8, and 1.8%, respec­
tively. The Hathaway series is a deep, well-drained, gravelly medium and
moderately coarse-textured soil over very gravelly, coarse-textured materials
of moderate depths. This soil was formed from gravelly or very gravelly cal­
careous old alluvium, and can have up to 70%, by volume, gravel and occasional
cobbles in the surface 10 cm, and usually less than 50% in the remainder of
the profile. Percent sand, silt, clay, and organic matter in the surface 5 cm
are 74, 17, 9, and 1.5, respectively. The Bernardino, Cave, and Hathaway
soils are located on the Walnut Gulch Experimental Watershed near Tombstone,
Arizona (see Renard 1970 for a detailed watershed description), in an area
which represents highlands in a transition zone between the Chihuahuan and
Sonoran Deserts.

An updated'soil survey underway on Walnut Gulch is changing the names of some
of the soils. Bernardino will probably be called Bernardo, Cave will be
called Baseal, and Hathaway will probably be called a Tombstone soil.

Site

Nevada Plots
(Nev. Test Site)

Arizona Plot s
(Walnut Gulch)

1941-1970

1968-1976

Penod of
Record
(yr)

16117.01020

TABLE 1. StHMARY OF CLIMATIC FEATURES AT STATIONS NEAR THE
RAINFALL SIMULATOR PLOTS IN ARIZONA AND NEVADA

Rock Valley, NV 36"40' 116"05'

Tombstone, AZ 31"42' 110"03' 1405 17.6 324

Locat10n Mean Annual
Station Lat N Long W Elevation Temperature Precipitation

(m) (C) (mm)

In the period 1981-1983, experimental plots were established in Arizona
and Nevada to conduct rainfall simulator studies of erosion, runoff, and
infiltration processes (Simanton and Renard 1982). These studies were con­
ducted using a rotating boom rainfall simulator (see Swanson 1965 and Neff
1979 for details) on 3.05 by 10.7 m plots. The rainfall simulator is trailer
mounted, with 10 booms 7.6 m in length supporting a total of 30 V-Jet 80100
nozzles. These nozzles apply simulated rainfall intensities of about 60 or
120 mm/hr, and produce drop-size distributions comparable with natural rain­
fall, but with about 80% of natural rainfall energy. The general procedure
involved spring and fall rainfall applications on paired plots representing
two soils in Nevada and three soils in Arizona. Location and climatic fea­
tures of the plots are summarized in Table I, and soils and vegetation are
summarized in Table 2.
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TABLE 3. SUMMARY OF PLOT SURFACE CHARACTERISTICS FOR THE THREE TREATMENTS AT
THE FIVE SITES; DATA ARE AVERAGES OF '!WO REPS, SPRING AND FALL DATA
FOR 1981-1984 FOR THE ARIZONA PLOTS, AND 1983-1984 FOR THE NEVADA
PLOTS

generated by these experiments, the limited space here, and the focus of many
investigations upon saturated hydraulic conductivity, subsequent discussions
emphasize data from the very wet runs. In most cases, steady-state runoff
rates were reached well before the very wet run ended at 30 minutes.

Percent Cover

Total
Canopy

Forb ShrubGrassLitter
Surface

Gravel Soil
Slope

(%) '::R-o....,ck,---=---:=7=~~:---::-:---Trt.Site/plot

1he Mercury plots are located on the Nevada Test Site near Mercury, Neva­
da in the northern Mojave Desert, and the Area 11 plots are in a transition
zone between the Mojave Desert and the Great Basin. The two sites are about
35 km apart on soils that have not been officially named, but are referred to
hereafter as Mercury and Area 11. The Mercury soil is loamy, underlain by
silica-lime hardpan, well drained, and formed in material weathered from lime­
stone, quartz, and tuff. Percent coarse sand, fine sand, silt, and clay in
the surface 5 cm are 20.4, 58.8, 14.8, and 6.0, respectively. The Area 11
soil is coarse-loamy, underlain by silica-lime hardpan, well drained, and
formed .Ln material weathered from tuff, basalt, and limestone. Percent coarse
sand, fine sand, silt, and clay in the surface 5 cm are 15.2, 69.6, 14.5, and
0.7, respectively. Additional information on soils, vegetation, and climate
is given by Romney et al. (1973).

Six plots were selected on each of the five soils to receive three treat­
ments. Two of the six plots at each site were "control" plots, and were left
in their natural cover condition. Two of the six plots at each site were
"clipped" plots, wher~ all vegetation was cut at the ground surface and remo­
ved with minimal soil 'surface disturbance. The remaining two plots at each
site were "bare" plots, where vegetation was clipped and removed, and all non­
embedded rock fragments greater than 5 rom were removed. These treatments were
designed to determine the influence of vegetative cover and surface rock frag­
ment (desert or erosion pavement) cover on runoff, erosion, and infiltration.
A point-frame meter with pins spaced every 60 rom of its 3.05 m length was used
to determine surface and canopy measurements at 490 points on the 3.05 by 10.7
m plots. The characteristics measured at each point were: bare soil (parti­
cles < 2 mm), gravel (particles 2 to 20 mm), rock (particles> 20 mm), litter,
and vegetation basal and canopy cover. Average surface characteristics for
the three treatments at the five sites are summarized in Table 3. The data in
Table 3 (and subsequent tables) represent averages of two replications for
each treatment, and thus do not represent plot to plot variations (see siman­
ton and Renard 1982 for additional information).

Ariz. (WG)

Bernardino
p I 6 & 7
p l 5 & 9
pI 4 & 8

Cave
pI 21 & 26
pI 19 & 25
pI 20 & 23

Hathaway
p I 12 & 15
pI 14 & 17
p I 11 & 16

Nevada (NTS)

Nat
Clip
Bare

Nat
Clip
Bare

Nat
Clip
Bare

11. 3
10.6
12.0

10.0
10.3
10.0

10.3
10.6
9.8

22.3
22.6

4.5

18.1
16.7
6.6

21. 7
25.1

6.6

28.6
35.3
14.6

26.5
32.2

6.8

29.3
32.3

8.2

42.7
37.6
76.4

42.1
40.6
82.0

36.1
35.0
78.1

6.4
4.6
4.5

13.6
10.5
4.7

12.9
7.6
7.1

39.1

9.5

33.1

20.7

23. 7

12.4

5.3

1.6

3.2

65.2

34.7

48.7

As expected, the climatic, soil, and plot characteristics were somewhat
variable among the sites. At the Arizona sites, vegetative canopy cover vari­
ed from 35% (Cave site, Table 3) to 65% (Bernardino site, Table 3). Vegeta­
tive canopy cover was about one half to one third as dense (about 20%, Table
3) at the Nevada sites. The percent rock and gravel cover on the Arizona
natural plots ranged from 45 to 51%, and 49 to 58% on the Arizona clipped
plots (Table 3). Rock and gravel cover was somewhat higher on the Nevada
plots, and ranged from 63 to 65% on the natural plots and 66 to 75% on the
clipped plots. The bare plots (after treatment) at all sites had a rock and
gravel cover that averaged about 16% (range of 13 to 19%, Table 3).

Mercury
p l 7 & 11
pI 8 & 10
pI 9 & 12

Area 11
pI 1 & 4
p l 3 & 6
pI 2 & 5

Nat
Clip
Bare

Nat
Clip
Bare

8.8
8.6
8.7

7.2
6.4
7.8

13.1
17.5

5.2

14.0
14.2
3.0

51.6
58.2
10.9

48.8
51.3
12.4

23.5
21.9
83.4

21. 6
29.2
83.2

11.8
2.4
1.3

15.7
5.4
1.5

0.6

3.9

18.6

14.4

2.8

2.9

22.0

21.2

The same rainfall simulation sequence was applied at all sites. Rainfall
was applied in the spring and fall at each site in the following sequence. A
one-hour run (DRY) was made under initially dry soil conditions followed 24 h
later by a 30 minute run (WET), which was followed 30 minutes later by another
30 minute run (VERY WET). Rainfall application rates were held as constant as
possible during all experimental runs, and usually varied from 55 to 60 rom/h.
This experimental design allowed for comparisons among sites and at sites for
varying initial soil mositure. Because rainfall rates and durations were held
constant, the experimental design does not allow analyses of the influence of
rainfall amount, rates, or durations. Because of the large amount of data

RESULTS AND DATA

Selected data from the very wet runs at the five sites are summarized in
Table 4. Again, notice that rainfall depth, P, and intensity, I, are nearly
constant for the 8 experimental runs at the Arizona sites and the 4 experi­
mental runs at the Nevada sites.

Because of water shortages, a few runs at the Nevada sites were for 25
minutes, rather than the full 30 minutes. In all cases, the runoff amount, Q,
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was largest on the natural plots. intermediate on the clipped plots. and
smallest on the bare plots.

A simple correlation matrix. for the data shown in Table 4 and for
selected plot characteristics. is shown in Table 5.

TABLE 5. CORRELATION MATRIX FOR PLOT CHARACTERISTICS. RUNOFF. AND INFILTRA­
TION VARIABLES; DATA ARE AVERAGES OF TWO REPLICATIONS FOR VERY WET
RUNS ON EXPERIMENTAL PLOTS IN ARIZONA (1981-1984) AND NEVADA (1983­
1984)

CC
(%)

-0.65*
-0.68*

0.59*
0.71*
O. 74*
0.13
0.26
1.00

PRG
(%)

-0.54*
-0.48

0.60*
0.49
0.48

-0.15
1. 00

0.45
0.37

-0.39
-0.31
-0.27

1.00

-0.97*
-0.98*

0.92*
0.99*
1. 00

-0.98*
-0.99*

0.93*
1. 00

-0.96*
-0.95*

1. 00

0.99*
1. 00

Qp
(mm/h)

1.00 3

lSee Table 4 for definition of variables.
2pc = % clay in soil 0-5 cm; PRG = % rock and gravel on plot surface. and CC
% canopy cover.

3eorrelation coefficients for d.f. N-2 = 13 are significant at the 5% level
if r > = 0.514. Significant values are shown with *

Means and 95% confidence limits on the mean final infiltration rates for
the three treatments at each of the five sites. and for all sites together.
are shown in Figure 1. This graph emphasizes t~e ~n~luence.of treatments at
each site. At the Bernardino site, there are slgn1ficant d1fferences between
the natural and bare plots. with the clipped plots intermediate•.However.
there appear to be greater differences bet~e~ the natu:al a~d clipped plots
than between the clipped and bare plots. Similar relat1onshi~s and ~atterns

are evident for the Hathaway and Cave sites. At the three Ar1zona sltes.
there is a statistically significant difference between final infiltration

Notice that the runoff and infiltration variables are highly intercorre­
lated as they should be when rainfall application rates and amcunts are held
near 1; constant and uniform. This suggests that ~naly~es with a singl~ vari­
able such as Kf would indicate the expected relat10nshlps and trends w1th t~e

other intercorrelated variables. The data in Table 5 are suggested as quali­
tative measures of the influence of the treatments upon infiltration rates and
amounts. For example. final infiltration rate. and thus sa~urated h~draulic

conductivity should decrease with increasing percent clay 1n the sOlI. and
increase with rock and gravel cover (desert or erosion pavement) and v~geta~
tive canopy cover. The data shown in Tables 3. 4. and 5 suggest rel?t1?nshipS
among plot characteristics. treatments, soils/sit~s. and runof~ a~d 1n~11tra­

tion variables. Again. they do not suggest anyth1ng about var1at1ons 1? run­
off and infiltration with precipitation amount or rate or antecedent m01sture.

Q
Qp
t r
F

Kf
PC
PRG
CC
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TABLE 4. SUMMARY OF RAINFALL. RUNOFF. AND INFILTRATION DATA FOR THE VERY WET
RUNS AT THE FIVE SITES; DATA ARE AVERAGES FOR THE TWO REPS. SPRING
AND FALL DATA FOR 1981-1984 FOR THE ARIZONA PLOTS. AND 1983-1984 FOR
THE NEVADA PLOTS.

Time to
Simulated rainfall Measured runoff Infiltration runoff 2

Depth Intensityl Depth Peak Depth Final
P I Q Op F Kf t rSite/plot Trt. (mm) (mm/h) (mm) (uun/h) (mm) (mm/h) (min)

Ariz.(WG)

Bernardino
pI 6 & 7 Nat 28.5 56.9 8.9 22.7 19.6 35.3 3.1pI 5 & 9 Clip 27.6 55.2 15.1 35.1 12.4 21.0 2.2
p l 4 & 8 Bare 28.1 56.2 20.8 44.0 7.3 13.7 1.0

Cave
p I 21 & 26 Nat 28.6 57.1 13.6 31. 5 14.9 26.3 2.5
pI 19 & 25 Clip 27.4 54.8 18.7 40.8 8.8 15.0 1.9p l 20 & 23 Bare 28.0 55.9 21.4 45.0 6.5 11.6 1.2

Hathaway
p I 12 & 15 Nat 28.7 57.4 11.4 26.6 17.2 31.6 2.9
p I 14 & 17 Clip 28.7 57.6 18.3 40.2 10.4 19.3 1.6
pI 11 & 16 Bare 28.5 57.0 21. 1 44.7 7.4 12.4 1.1

Nevada (NTS)

Mercury
pl 7 & 11 Nat 27.8 59.5 17.0 40.4 10.8 20.5 1.7pI 8 & 10 Clip 25.9 54.0 20.9 47.0 5.0 7.3 1.3
pI 9 & 12 Bare 26.3 54.5 23.8 52.1 2.5 4.8 0.9

Area 11
pI 1 & 4 Nat 26.1 54.7 7.6 21.0 18.5 33.7 4.1
pI 3 & 6 Clip 26.8 55.9 9.3 26.6 17.5 29.4 3.3
pI 2 & 5 Bare 26.5 55.4 16.7 39.0 9.8 16.3 1.2
lRainfall duration ,is about 30 min for all very wet runs.
2Ti.me from beginning of rainfall until runoff begins as measured in the flume
at the lower end of the plot.

was lowest from the natural plots. intermediate from the clipped plots. and
highest from the bare plots. The same (but opposite direction) relationships
held for total infiltration. F. calculated as P-Q. and final infiltration rate
Kf calculated as the difference between application and runoff rates at the
end of a run. The time to runoff. t r• is the time from the begi~ning of simu­
lated rainfall until runoff is observed in the measuring flume at the lower
end of the plot. The time to runoff, t r• includes time delays due to inter­
ception. storage. and routing. and is thus always greater than the actual time
to ponding. The differences between t r and t p are greatest on the natural
plots and least on the bare plots. With these qualifications. time to ponding
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RELATION TO PREVIOUS STUDIES

Previous studies of infiltration on the Walnut Gulch Experimental Water­
shed in Arizona include early Type F infiltrometer studies on 1.8 by 3.7 m
plots as reported by Kincaid, Gardner, and Schreiber (1964). These plots
represented two soil types with predominately brush on one site'and grass
vegetative cover on the other. The ~oil characteristics and vegetation cover
were similar, but not identical to, those used in the present study. Kincaid,
Gardner, and Schreiber (1964) found that total infiltration amount increased
with surface gravel cover, that shrub canopy cover together with surface cover
of grass, litter, and gravel was most strongly related to infiltration amount,
and that final infiltration rate increased as the crown spread of shrubs and
half-shrubs increased.

Kincaid and Williams (1966) used similar 1.8 by 3.7 m plots to evaluate
the influence of range improvement practices upon runoff (and thus infiltra­
tion) over a summer runoff season. Their most significant finding of interest
here was that runoff volume showed a significant negative correlation with
vegetation canopy cover. A subsequent study reported by Schreiber and Kincaid
(1967) developed regression equations relating precipitation quanity, vegeta­
tion canopy cover, and antecedent soil moisture to runoff volume for 34 natu­
ral storms on 1.8 by 3.7 m plots. Their study indicated that total precipita­
tion or rainfall intensity was most significant, that total runoff volume had
a significant negative correlation with vegetation canopy cover, and that
antecedent soil mositure was not significantly correlated with runoff volume.
Smith and Chery (1973) reported on the results of application of a parametric
infiltration model to a subset of data (events with a recorded hydrograph
rather than just total runoff for the storms) from the 1.8 by 3.7 m plots.
Their results reported potential advantages of their infiltration model over
another erapi r i ca l i n f i l t r a t i un model. Smith and Chery (1973) concluded that
;~~··tr. :"',,i.;,.-t l:;'''''~ ,nl~.:J':;IJI~!· ~;"'~ll.f"lI.J ';~I,J runr f f I';. the l.d 1:,:/ 3.7 In pl'a.. ;J

rates on the natural and bare plots. Bare soil plots always had significantly
lower infiltration rates than the corresponding natural plots. While not sta­
tistically significant at the 95% level, the final infiltration rates were
lower on the clipped plots than on the natural plots, and higher than on the
bare plots. This same pattern was observed at all five sites, suggesting sta­
tistical significance at the 3% level, since this outcome would be expected
only once in 32 times by chance. The results shown for the Mercury and Area
11 sites are based on only 4 observations, so they should be given qualitative
interpretation only. However, the Nevada results shown in Figure 1 do seem to
match the results observed at the Arizona sites. When all data are pooled
(lower right hand corner of Figure I), the results are significant at the 95%
level. Final infiltration rates are lower on the clipped plots than on the
natural plots, and lower on the bare plots than on the clipped. With respect
to the pooled data, removing the vegetative canopy cover resulted in a 39%
decrease in mean final infiltration rate, and also removing the rock and
gravel cover resulted in an additional 34% decrease in final infiltration
rate.
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Walnut Gul~h Experimental Watershed. Their results were for 1 m square plots
on Bernard1no, Cave, and Hathaway soil with 3 replications at seven sites. The
Bernardino soil was represented by 3 natural plots in grass cover. The Cave
soil was represented by 3 natural brush plots, 3 natural grass plots, and 3
bare soil plots. The Hathaway soil was represented by 9 plots with 3 grazed
grass plots, 3 ungrazed grass plots, and 3 natural brush plots. Their results
showed higher infiltration on the brush plots than on ungrazed grass plots
which had higher infiltration rates than the grazed grass plots. In agreement
with the present study and the previously cited studies, Tromble, Renard, and
Thatcher (1974) found significant increases in infiltration with increases in
vegetative canopy cover and significant decrease in infiltration on bare soil
plots.

Dixon, Simanton, and Lane (1978) evaluated several algebraic infiltration
equations on a variety of data including some from the Santa Rita Experimental
Range located approximately 80 km W,NW of the Walnut Gulch Experimental Water­
shed. Their most significant finding relative to the present study was a
listing of the most important soil surface conditions affecting infiltration
as microroughness, macroporosity, plant litter, and effective surface head.
Lane et al. (1978) used similar infiltrometer data from the Santa Rita Experi­
mental Range to evaluste the capillary and saturated hydraulic conductivity
term in the Philip (1957) equation. They found (on 1 m square plots) that
plots including a dense cover of grass plants had significantly higher final
infiltration rates than adjacent bare soil plots.

Simanton and Renard (1982) developed the experimerttal design upon which
the present study is based, and reported on the first full year of data
(spring and fall, 1981) from Walnut Gulch. They found runoff, infiltration,
and soil loss to vary with treatments (following the patterns described in the
previous sections of this paper), and with season as well. The initial exper­
imental design developed by Simanton and Renard (1982) was intended to develop
Universal Soil Loss Equation (Wischmeier and Smith 1978) parameters for range­
land conditions. Since that time, however, the data have been utilized in
infiltration and erosion modeling studies.

Previous studies of infiltration on the Walnut Gulch Experimental Water­
shed, and similar semiarid rangeland areas, have produced quantitative and
qualitative relationships among vegetative canopy cover, rock and gravel sur­
face cover, and infiltration rates and amounts. Data presented in T~bles 1-5
and Figure 1 support the previous studies. The large-plot infiltration data
reported herein for the Nevada sites in the Mojave desert appear to be unique
in that no comparable results in Nevada· were found in the literature surveyed.

SUMMARY AND DISCUSSION

Rainfall simulator data on 3.05 by 10.7 m plots, at three semiarid sites
in Arizona and two arid sites in Nevada; were used to investigate the influ­
ence of soil surface characteristics and surface treatments (natural vegeta­
tion and rock and gravel cover, clipped or vegetation removed, and bare soil
plots) upon runoff and infiltration rates and amounts. Site characteristics
are summarized in Tables 1 and 2, plot surface characteristics are summarized
in Table 3, rainfall, runoff, and infiltration data are summarized in Table 4,
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and Table 5 presents a correlation matrix for plots characteristics with run­
off and infiltration variables. Because rainfall application rates were held
constant and uniform (except .for the dry runs as noted earlier>, runoff and
infiltration variables exhibited strong intercorrelation. Final infiltration
rate at the end of the very wet runs was selected as the infiltration variable
for further analyses and for investigation of the influence of the treatment
upon infiltration.

Relationships between the mean final infiltration rates and treatments
for the five sites/soils are summarized in Figure 1. Vegetative canopy cover
and surface cover of rock and gravel exhibited comparable influences on final
infiltration rates. Final infiltration rates decreased significantly as vege­
tative canopy cover and soil surface rock and gravel cover decreased. These
findings are in agreement with previous studies at the same or similar loca­
tions.

These findings (particularly the relationships shown in Figure 1) have
important implications for management of semiarid and arid rangelands. Land
uses and management practices which reduce the vegetative canopy cover and/or
disturb the rock and gravel (desert or erosion pavement) in areas such as
studied in this experiment are expected to significantly decrease infiltration
with resulting increases in runoff and erosion.
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Factors influencing infiltrability of semiarid mountain
slopes
BRADFORD P. WILCOX, M. KARL WOOD, AND JOHN M. TROMBLE

Abstract

The objective of this research was to determine the effects of
selected vegetation, soli, rock, and slope variables on infiltration of
semiarid rangelands with slope gradients ranging from 0-70%.
Analyses were made on 1 sets of data collected a year apart in the
Guadalupe Mountains of New Mexico and consisted of Pearson
and partial correlation analysis of the dependent infiltration vari­
ables and independent site variables. In addition, infiltration was
regressed against uncorrelated factors produced by factor analysis.
Vegetal cover and biomass strongly Infiuenced infiltration. The
relative Importance of grasses, shrubs or Utter was dependent on
their respective abundance, espec:lally grass. Soli depth also Umlted
infiltration espec:lally as soli water storage became satisfied. Inm­
trabllity was negatively correlated with rock cover and the smallest
rock size fragments were the most negatively related. When the
effects of vegetal cover and slope were removed (using partial
correlation analysis) however, the median sized rock fragments
(16-150 mm) were positively related to infiltrablUty, and the smal­
lest rock fragements (1-11 mm) were negatively related. Partial
correlation analysis also suggested a positive correlation between
infiltrablUty and slope gradient.

Key Words: soli water, infiltntion, rangeland hydrology

An understanding of basic hydrologic processes on rangeland is
critical for effective range watershed management. The infiltration
process fundamentally influences rangeland hydrology; thus,
knowledge of factors that influence infiltration is important. Many
studies have assessed the influence of soil and vegetation factors on
rangeland infiltration. Few, however, have evaluated semiarid
rangelands and none to our knowledge have included very steep
slopes in their study. Results of these studies have been variable
depending on the characteristics of the study area (Branson et a!.
1981).
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Hillel (1971, 1982) has pointed out the shortcomings of the term
"infiltration capacity"and has proposed the term "infiltrability" in
its place to "designate the infiltration flux resulting when water at
atmospheric pressure is made freely available at the soil surface"
(Hillel 1982 p. 212). We concur that "infiltrability" is a more
appropriate term and have used it throughout this article.

Smith and Leopold (1941) concluded that vegetal cover and
initial soil moisture had the greatest influence on infiltrability in
the Pecos River watershed in New Mexico. The importance of
vegetal cover has been shown by many others (Woodward 1943,
Dyksterhuis and Schmutz 1947, Duley and Domingo 1949, Rauzi
1960, Johnson 1962). In western Colorado infiltrability was more
highly correlated with bare soil than it was with plant cover (Bran­
son and Owen 1970). Blackburn (1975) reported that soil morpho­
logical characteristics (organic matter, clay content) had the grea­
test influence on infiltrability in NevadavTromble et al. (1974)
evaluated infiltrability on 3 range sites in Arizona and found
vegetal cover and litter biomass to be most positively related,
whereas gravel cover was negatively related. Meeuwig (1970) and
Dortignac and Love (1961) also found litter cover to be important.
In the Rolling Plains of Texas, infiltrability was most strongly
correlated with aggregate stability (Wood and Blackburn 1981).
Generally, as the size of the bare ground area increases, influence of
plant cover decreases (Wright et a!. 1982). Soil macroporosity can
also have a tremendous influence on infiltrability (Beven and Ger­
mann 1982). A complete review of the influence of soil and vegeta­
tion factors to rangeland infiltration is given by Branson et al,
(1981).

The influence of slope on infiltrability has received less atten­
tion. Agronomic studies have shown little relationship between
slope and infiltrability, especially on slope gradients greater than
4% (Duley and Hays 1932, Neal 1938, Duley and Kelley 1939).
Slope gradients in these studies did not exceed 20%. Few rangeland
studies have addressed the influence of slope gradient on infiltra­
tion. Meeuwig (1970) found little correlation between slope gra­
dient and infiltrability of Utah rangelands. The range of slope
gradients included in his study was not reported. Mean slope
gradient was 20%. In northern Utah, runoff from sagebrush-grass
covered plots (22.1 X 1.8m) was the same for 10and 32% gradients
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(Hart 1984).Assuming comparable evaporation losses, infiltrabil­
ity on both slope gradients should have been the same as well.
Others have found infiltrability to be positively related to slope
angle (Wilcock and Essery 1984, McCord 1985).

The objectives of this study were two fold. One was to determine
the effects of selected site variables on infiltrability of semiarid
slopes with slope gradients ranging from 0-70%. This study is
unique in that steep slope gradients have been sampled as well as
the more gentle ones. The second objective was to determine when
in the infiltration process each variable was most important. In
other words, does the correlation between infiltrability and the
respective variable increase, decrease, or stay the same with time?

Study Area

The study was conducted in the northern Guadalupe Mountains
of southeastern New Mexico. The Guadalupe Mountains are a
dissected plateau of moderate to high relief (King 1948, Hayes
1964).The plateau runs northwestwardly, and is about 64 km long
and 5 to 19 km wide. Plateau width increases towards the south.
The western edge is defined by a great fault scarp known as the
Guadalupe Rim. Field work was conducted on and adjacent to the
Guadalupe Rim. Elevation of the study area ranges from about
1,200 to 2,000 m. The climate is semiarid and is characterized by
relatively mild winters and warm temperatures throughout the
year. Average annual precipitation is about 50 em per year.
Approximately 80% of the precipitation comes from May to
October (Gehlbach 1967).

Most soils in the study area developed from limestone or dolom­
ite residuum and are shallow. Underlying bedrock beginsat depths
of 10to 50em. Textures are gravelly loams and gravellyclay loams.
Soils are classified as loamy-skeletal, carbonatic, mesic Lithic ea-I­
ciustolls (Deama series) or clayey, mixed mesic Lithic Argiustolls
(Encierro series). Deeper soils occur on alluvial valleys and fans.
They are classified as Aridic Haplustalfs (Montecito series). Soils
are well drained with moderate permeability (USDA 1981).Rock
outcrops are common on steep slopes.

Succulent desert and evergreen woodland formations are pre­
sent in the study area (Gehlbach 1967). Common shrub and tree
species are one-seed juniper (Juniperus monosperma [Engelm.]
Sarg.), three-leaf sumac (Rhus aromatica Ait, var.flabelliformis
Shinners), mountain mahogany (Cercocarpus montanus Raf.),
skeleton-leaf goldeneye (Viguiera stenoloba Blake), and wavy-leaf
oak (Quercus undulata Torr.), Smooth-leaf sotol (Dasylirion leio­
phyllum Engelm.),lechuguilla agave (Agave lechugillaTorr.), and
walkingstick cholla (Opuntia imbricata [Haworth] DC.) are com­
mon succulents. Major grasses are blue grama (Bouteloua gracilis),
sideoats grama (Bouteloua curtipendula [Michx.] Torrey), slim
tridens (Tridens muticus [Torr.] Nash), curlyleaf muhly (Muhlen­
bergia setlfolia Vasey), needle and thread (Stipa comata Trin. and
Rupr.), and cliff muhly (Muhlenbergia polycaulis Schrilon). The
area is seasonally grazed by sheep and cattle at moderate stocking
levels (up to 2 ha per animal unit). Mule deer are also abundant in
the area.

Methods

A hand-portable rainfall simulator (Wilcox et al. 1986)was used

to apply rainfall to flexible plots about I m2 in size. The rainfall
simulator employed a single stationary nozzle that was placed 2.0
m above the plot. Rainfall application rate was 10.3ern hr-1. Drops
varied from 0.8 to 2.0 mm in size. Median drop size was 1.2 mm.
Plots constructed from sheet metal strips 10em wide and 355 em
long were lightly tamped into the soil. The lower inside borders
were sealed with soil to prevent leakage. The soil seal was covered
with a mulch layer to protect it from raindrop impact and subse­
quent soil particle detachment. Plot area was measured at each
location using a grid construction from 1.27 em wire mesh.

Water wasapplied twiceat each plot location. Application times
were separated by about 16--24 h. Water was applied for 45 minutes
during the first application (dry run) and 35 minutes during the
second (wet run). These times were selected to attain steady state
infiltrability. Dry and wet runs were included in the analysis to
increase the range in soil moisture conditions and to approximate
field capacity conditions as well as dry or antecedent conditions.
Immediately after the dry run the plot was covered with a plastic
sheet to prevent evaporation loss.

Infiltrability was considered to be application rate minus runoff
rate from the plot. Other components of the water budget (surface
water storage, interception storage,evaporation) werenot accounted
for in determining infiltration since they represented minor losses
to the system and would have been difficult to determine for each
plot. Runoff was determined at 5-min intervals.

Data were collected for 2 consecutive field seasons (June-Au­
gust). In year I (1983) infiltrability was determined at 72 locations
on the face of the Guadalupe Rim. Plot slope gradients varied from
16-70%. In year 2 (1984) infiltrability was determined on 80 plots
of which 34 were located on lower slope gradients «10%) above
the Guadalupe Rim and 46 were located on steep slopes of the
Guadalupe Rim. Soils on and above the Guadalupe Rim were
similar to one another (shallow, silty clay loams) with the excep­
tion of the deep soils on the alluvial valley bottoms (Montecito
series). Six plots were located on alluvial soils in year 2 but not year
I. A productive grass community dominated by Stipa comata and
Bouteloua gracilis was sampled (16 plots) in year I but not year 2.
Plant communities sampled appear in Table I.

Standing biomass (g m") was determined for shrubs, grasses,
and forbs by clipping to a 1.5 ern height. Plant litter was also
collected. All plant material was dried for 48 h at 60-70° C before
weighing.

Aerial and basal cover were estimated by species using a point
sampling method (Pieper 1978).One-hundred points were read per
plot for both aerial and basal cover estimates using a 100em wide
2o-pin point frame. Aerial cover was estimated before the plot was
clipped, and basal cover was estimated afterward. Bareground and
rock cover was also noted. Rocky were recorded by size classes
(2-12,13-25,26-75,76-150, >150 mm) in year 2. Rock cover was
estimated before the vegetation was removed by clipping.

Antecedent soil moisture was estimated for the surface 5 cm by
the gravimetric method. Samples were collected adjacent to the
runoff plot before the first rain application. Soils were assumed to
be at or near field capacity before the wet run. After the wet run,
soil samples were taken within the plot at a depth of 0-5 em for
particle size and organic carbon analysis. Particle size distribution

Table 1. Steady state Infiltrabl1ltyand associated standard deviations of the plant communities sampled.

Infiltrability (cm/hr)

Year I Year2
Dry Wet Dry Wet

6.9 (2.1) 4.1 (2.0) 7.4(1.9) 5.5(2.2)
9.1 (1.0) 7.6 (1.8) 6.8 (2.4) 5.7(2.8)

6.3 (2.7) 4.3 (2.5)
9.4(0.8) 7.3 (2.1)

Vegetation types labelled by dominant
Species

Muhlenbergia setifolia-Bouteloua curtipendula
Muhlenbergia palycaulis-Quercus undulata
Bouteloua gracilis-Juniperous monosperma
Muhlenbergia richardsonis-Opuntia imbricata
Stipa comata-Bouteloua gracilis

Slope

Steep
Steep
Low
Low
Steep 9.1 (1.2) 7.6 (2.7)
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Fig. 2. Year 2 correlations between vegetal cover and infiltrability at
5-minute intervals for the dry and wet runs. Dashed lines represent the
value the which correlations are significant (p:51J.05).

between total vegetal cover and infiltrability decreased with time.
Correlation coefficients were also computed between the compo­
nents ofvegetal cover (grasses, forbs, shrubs, litter) and infiltrabil­
ity. In year I grass cover was the dominant factor while shrub and
litter cover were nonsignificant. In year 2 shrub and litter cover
were dominant and grass cover was nonsignificant. Site differences
account for some of this incongruity. Recall that the productive
Stipa comata-Boute/ouagracilis community (high grass cover and
production, low shrub-litter cover and production) were sampled
in year I but not year 2. When these plots were removed and the
data analyzed again correlations between infiltrability and shrub,
litter, and grass cover were about the same for both years.

wasestimatedusingthe hydrometer method (Bouyoucos1962). Organic
carbon percentage was determined by the Walkly-Black method
(Allison 1965). Surface bulk density was determined for each plot
by the core method (Blake 1965). In some cases, soil was too rocky
within the plot, so samples were taken adjacent to the plots where
the core sample could be tamped into the soil. Depth to bedrock
was determined 3 times in each plot by probing with an iron bar.
Slope gradient was determined in each plot as the maximum
difference in elevation of a given length (0.9 m) divided by that
length.

Pearson and partial correlation coefficients were computed
between independent variables (soil, vegetation, rock slope) and
the dependent infiltration variables (infiltrability at 5-minute
increments). Partial correlation analysis was employed to reduce
multicollinearity among the independent variables. This analysis
allows the linear effect of one or more variables to be removed
when examining the relationship between another pair of variables
(Thorndike 1976).

Factor analysis was also used to reduce or account for multicol­
linearity. Principal component analysis (PCA) with a Varimax
rotation extracted new uncorrelated factors from the independent
variables. These factors were then regressed against the dependent
variables (Afifi and Clark 1984). Analyses were performed separ­
ately on the 2 sets of data. Principal component analysis can be
used to effectively overcome multicollinearity of the data by trans­
forming the original independent variables into new uncorrelated
variables or principal components (Afifi and Clark 1984).As many
factors are produced as the number of original variables but the
new factors are arranged in order of decreasing variance. Thus,
most of the variance of the original data is accounted for by fewer
variables. Interpretability of the principal components is often
difficult and can be simplified by using a rotation technique. The
most accepted method and the one used here is the Varimax
rotation (Thorndike 1976). The new factors are easier to interpret
than the principal components and are still uncorrelated with one
another.

10 15 20 25 30 35 40 45 5 10 15 20 25 30 35
DRY RUN TIME (min.) WET RUN

• COVER 83 + CoVER 84

Fig. 3. Partial correlations (effect of rock cover and slope gradient
removed) between total vegetal cover and infiltrabilityat 5-minute inter­
valsfor the dry and wet runs. Dashed lines represent the value at which
correlations are significant (p:51J.05).

Partial correlation analysis was used to examine the relationship
between infiltrability and vegetal cover with the effect of slope
gradient and rock cover removed (Fig. 3). Both variables (slope
gradient, rock cover) were highly correlated with vegetal cover.
The resulting correlation coefficients were much reduced, espe­
cially in year I. In year 2 a marked decline with time was evident in
both the dry and wet run. These graphs also indicate that in year 1
(1983) infiltrability was more correlated with vegetal cover during
the wet run. In year 2, however, little difference existed between
coefficients of the dry and wet funs. The removal of only slope
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Fig. 1. Year I correlations between vegetal cover and infiltrability at
s-mimue intervals for the dry and wet runs. Dashed lines represent the
value at which correlations are significant (p:51J.05).

trability and total vegetal cover (Figs. I and 2). Coefficients were
generally higher for year 2 than year I. After the first 5 minutes
coefficients remained steady throughout the dry run and increased
slightly during the wet run. In year 2 (Fig. 2) wet run coefficients
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Soil
Of all the soil variables measured infiltrability was most corre­

lated with soil depth (depth to bedrock) (Fig. 6). Soils in the study

these observed differences between year 1 and year 2. However,
when the Stipa comata-Bouteloua gracilis plots were removed
from the year I data, results were not much different. Grass bio­
mass was higher in year I than in year 2 (Table 2) even when the
productive grass stands were removed. These data suggest a thres­
hold value of grass biomass must be surpassed before grass bio­
mass has a large impact on infiltrability. Blackburn et al. (1980)
noted that infiltration is higher under bunch grasses (high biomass)
than sod-forming grass (low biomass) with all other conditions
being equal. Most research however (Lyford and Qashu 1969,
Trombleetal. 1974, Wood and Blackburn 1981, Brocket al. 1982,
Thurow et al. 1986), with the exception of Box (1961), has demon­
strated higher infiltrability under shrub canopy than in the inter­
space zone. Box (1961) measured higher infiltrability on some
grassland communities than under mesquite canopies. Shrubs
usually enhance infiltrability by providing protection from rain­
drop impact and preventing formation of a soil crust. The copious
litter supply, besides reducing raindrop impact, also adds organic
matter to the soil. Organic matter increases soil porosity by encou­
raging aggragation and reducing soil bulk densities.

The positive impact of vegetation on infiltrability is borne out by
these data. Vegetation, in general, influences surface hydrological
properties by decreasing velocity of overland flow, increasing sur­
face roughness, enhancing soil infiltrability by root activity and
addition of organic matter (Selby 1982). Vegetal cover also reduces
impact energy of raindrops (Osborn 1954, Smith and Wischmeier
1957), substantially reducing rain splash erosion and formation of
less permeable soil crusts.
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Fig. 4. Year 1 correlation between vegetal biomass and infiltrability at
5-minute intervals/or the dry and wet runs. Dashed lines represent the
value at which correlations are significant (pg).05).

only biomass component significantly correlated with infiltrabil­
ity. Even total vegetal biomass (which is most heavily weighted by
shrub biomass) was nonsignificant. In year 2 results were quite the
opposite with significant correlations between infiltrability and
total, shrub and litter biomass and low correlation for grass bio­
mass (Fig. 5). Again it was thought that site differences caused
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gradient had little effect on the correlation between infiltrability
and vegetal cover. When only rock cover was removed, the result­
ing coefficients were very similar to Figure 3, suggesting that rock
cover has a positive impact on infiltrability. In a semiarid environ­
ment rock cover should increase as vegetal cover decreases (assum­
ing rocks are in the soil) because with lower vegetal cover raindrop
impact and overland flow remove the finer particles, leaving the
coarse particles behind (Cooke and Warren 1973). The effect of
rock cover will be discussed in more detail later.

Basal vegetal cover was a poorer indicator of site infiltrability
than aerial cover. In general, correlations between infiltrability and
basal cover were nonsignificant. Kincaid et al. (1964) also found
basal cover a poor indicator of infiltrability.

Results of the correlation analysis of infiltrability and vegetal
biomass to some extent mirrors the results of the correlation
between infiltrability and vegetal cover. Both cover and biomass
are a reflection of vegetation abundance. Coefficients were higher
during the wet run for both years. In year I (Fig. 4) grass was the
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Fig. 5. Year 2 correlations between vegetal biomass and infiltrability at
5-minute intervals for the dry and wet runs. Dashed lines represent the
value at which correlations are significant (pg).05).
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Fig. 6. Correlations between soil depth and infl/trability at 5-minute inter­
vals/or the dry and wet runs. Dashed lines represent the value at which
correlations are significant (pg).05).

area tended to be very shallow (underlain by limestone or dolomite
bedrock) with the exception of the alluvial soils. Note that soil
depth became more correlated with time. Soil depth limits soil
water storage capacity and as storage capacity is reached, infiltra­
bility slows. Others have also noted that infiltrability is limited by
soil storage capacity (Dunne and Leopold 1978).

Infiltrability was slightly correlated with soil texture in both
years (Fig. 7). It was positively related to percentage of clay sized
particles and negatively related to sand and silt sized particles.
Blackburn (1975) reported a significant relationship between infil­
trability and soil texture in semiarid watersheds of Nevada. He
found however, that clay and silt were negatively correlated while
sand was positively correlated, just the opposites of these results.

200 JOURNAL OF RANGE MANAGEMENT 41(3), May 1988



r

Table 2. Mean values and assodated standard deviations for measured plot characteristics.

Year I

Variable

Aerial vegetal cover (%)
Basal vegetal cover (%)
Aerial forb cover (%)
Aerial grass cover (%)
Aerial shrub cover (%)
Litter cover (%)
Bare ground (%)
Basal forb cover (%)
Basal grass cover (%)
Basal shrub cover (%)
Rock cover (%)
Rock 2-12 mm (%)
Rock 13-25 mm (%)
Rock 26-75 mm (%)
Rock 76-150 mm (%)
Rock 151+mm (%)
Grass biomass (g)
Litter biomass (g)
Shrub biomass (g)
Forb biomass (g)
Organic carbon 0-5 ern (%)
Bulk density (gl em')
Sand 0-5 ern (%)
Clay 0-5 cm (%)
Slope gradient (%)
Soil depth (cm)

Steady state dry run infiltrability (cm/hr)

Steady state wet run infiltrability (cm/hr)

Steep Slopes

x sd

38.5 16.0
11.5 7.8
2.3 2.7

26.9 17.1
9.0 14.4

11.6 11.0
16.6 10.9
0.2 0.4

11.0 8.0
0.4 1.0

·33.2 16.8

132.5 110.5
237.0 232.8
185.5 382.8

11.2 13.2
6.0 1.7

25.7 5.3
33.9 5.6
41.0 13.1
23.1 13.6

8.0 2.0

6.0 2.5

Year 2

Flat Slopes Steep Slopes

x sd x sd

63.5 18.7 42.3 17.5
30.7 9.8 15.1 8.1

1.8 2.5 1.4 1.6
38.8 15.1 24.0 13.4
10.0 17.1 10.7 16.9
12.9 10.2 6.2 4.7
21.8 12.3 20.6 8.6
0.2 0.6 0.3 0.6

29.8 10.2 13.7 8.7
0.7 1.1 1.2 2.3

14.0 14.3 34.5 14.4
4.2 4.5 6.5 4.8
4.1 4.6 7.8 4.4
4.1 4.9 12.2 6.9
1.4 1.8 6.1 4.6
0.1 0.6 1.9 2.7
75.8 43.1 87.5 34.3

133.7 238.6 64.7 106.7
164.8 413.9 284.4 575.2

7.7 12.8 6.7 7.5
5.3 2.0 5.3 1.4
0.98 0.2 0.98 0.1

22.0 3.7 23.1 4.0
33.5 6.5 35.3 4.8

5.7 4.5 51.1 8.0
34.9 21.3 26.5 7.5

6.8 2.7 7.3 2.0

4.8 2.6 5.6 2.3
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Flg.8. Correlations between bulk density and bare ground and infiltrabil­
ity at 5-minute intervals/or the dry and wet runs. Dashed lines represent
the value at which correlations are significant (p~.05).

drop impact has a greater compacting effect. The more extreme
microenvironment of exposed soil also contributes to soil compac­
tion (Satterlund 1972). Infiltrability however, was poorly corre­
lated with bare ground in year l. Significant negative correlations
occurred only in the beginning ofthe wet run. Average bareground
was lower in year I than year 2 (Table I).

The positive influence of organic matter on infiltrability is well
established. Organic matter encourages soil aggregation and
increases water holding capacity of the soil (Brady 1974).The year
2 data reflects this but the year I data do not (Fig. 9). In fact there
was actually a negative relationship for the 1983 data set. One
reason for this was that organic carbon was negatively correlated
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FI~. 7. Correlations between soil texture and infiltrability at 5-minute
intervals for the dry and wet runs. Dashed lines represent the value at
which correlations are significant (p~O.05).

Indeed one would expect coarse size particles to enhance infiltra­
bility r~ther than inhibit it. The surface soil textural range however
was quite narrow (clay loam-silty clay loam). In this range it is
conceivable that clay increases could increase infiltrability since
clay enhances soil aggregation (Baver et al. 1972).

. ~ulk density ~as measured only in year 2. As expected, infiltra­
bility ~as negatively correlated with bulk density (Fig. 8). Highest
coefficients were observed in the middle of the infiltration event.
The shape of the bulk density correlation curve was quite similar to
the bare ground correlation curve of year 2. Both variables influ­
ence soil porosity. As more bare ground becomes exposed, rain-
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Fig. 10. Correlations and partial correlations (effect of vegetation and
slope removed) between rock cover and infiltrability at 5-minute inter­
vals for the dry and wet runs. Dashed lines represent the value at which
correlations are significant (p$O.05).

Thomes (1980, p. 162)states that "development of a stone carapace
while protecting the soil from raindrop impact tends to inhibit
infiltration and increase surface runoffthough it may occasionally
have the reverse effect." Research by Yair and Lavee (1976) on
talus mantled slopes in Israel showed that rock cover contributed
to runoff by concentrating and delivering water. Tromble et al,
(1974) also found infiltrability to be negatively correlated with
gravel«10 mm)cover in semiarid rangeland of Arizona. Converse­
ly, others have noted that under laboratory conditions a stone
cover enhances infiltration by protecting the soil from raindrop
impact and subsequent surface crusting (Grant and Struchtemeyer
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Flg.9. Correlations and partial correlations (effect ofsoil depth removed)
between organic carbon and infiltrability at 5-minute intervals for the
dry and wet runs. Dashed lines represent the value at which correlations
are significant (p$O.05).

with soil depth. Very shallow soils had the highest amounts of
organic carbon. When the effect of soil depth was removed, the
relationship was nonsignificant in year I and made more positive
for year 2. Another reason for the weak correlation in year I was
that organic carbon was lower in the Stipa cornata - Boute/oua
gracilis community soils, which had high infiltrabilities.

Rock Cover
Infiltrability was negatively correlated with rock cover for both

sets of data (Fig. 10). The key question is does rock cover on
semiarid mountain slopes contribute to lower infiltrability and
increased runoff or is it simply an indicator of low infiltrability?
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Table 3. Communalities and radar loadings produced by the PCA with Varlmax rotation on the 1983data set.

Comrnun- Factor Loadings

Factor Variable ality I 2 3 4 5 6 7

Shrub biomass .85 .88 0 -.23 .16 -.03 -.03 .04
Shrub cover .89 .86 .03 -.32 .17 .04 -.07 .09
Total biomass .92 .85 .21 -.19 .34 -.07 -.01 0
Basal shrub cover .74 .77 -.18 .10 -.06 .15 .19 -.19
Litter biomass .84 .73 .15 -.10 .52 -.03 .03 -.09

Rock cover .85 -.31 -.80 -.19 -.18 -.10 .15 .07
Total cover .89 .42 .78 .14 .15 -.11 .22 .07

2 Grass biomass .66 -.14 .73 .04 -.04 -.28 .10 .16
Grass cover .90 -.29 .71 .45 .01 -.24 .23 -.03
Soil depth .82 -.12 .58 -.28 -.41 .26 -.33 -.18

Total basal cover .87 -.20 .41 .81 -.03 -.04 .06 -.04
3 Basal grass cover .88 -.28 .43 .78 -.05 -.05 .03 -.03

Slope gradient .65 .16 .21 -.69 .07 .28 -.09 -.10

Litter cover .83 .15 .17 -.04 .85 .06 -.18 -.II
4 Bareground .72 -.29 -.01 .08 -.69 .22 -.33 -.07

Organic carbon (0-5 ern) .78 .37 -.31 .01 .52 .06 .47 -.23

Forb cover .83 -.22 -.19 -.19 .02 .84 .04 .07
5 Forb biomass .76 .11 -.10 -.35 -.04 .73 -.15 .25

Ante. Moisture .62 .35 .02 .40 -.08 .56 .10 .01

6 Silt (0-5 em) .84 0 .13 .12 -.02 -.02 .90 -.06

Clay (0-5 cm) .91 -.12 0 -.01 -.14 .13 -.43 .82

e 7 Sand (0-5 cm) .90 .10 -.16 -.11 .06 -.11 -.48 -.78
Basal forb cover .29 .13 -.05 -.06 .34 .07 -.07 .36

Eigenvalue 5.7 4.3 2.5 1.8 1.5 1.2 1.2
%variance 25 19 11 8 7 5 5
Cumulative % 25 44 55 63 70 75 80
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When the effects of vegetal cover and slope gradient were
removed, infiltrability was only negatively correlated with the very
smallest size class of rocks and was positively correlated with the
intermediate size classes (26-75 rnm, 76-150 mm) (Fig. 12). Corre­
lations were nonsignificant for the 13-25 mm and >150 mm size
classes. These data indicate that if rock cover inhibits infiltration, it

0.4,---------------------,

Fig. 12. Year 2 partial correlations (effect of vegetal cover and slope
removed) between rock cover by size class and infiltrability. Dashed lines
represent the value at which correlations are significant. (p$O.05).

is most likely when smallest rocks dominate. Infiltration is encour­
aged by larger sized rock cover. Perhaps soil coverage by small
rocks does not afford the same degree of protection as an equal
coverage by larger sized rock fragments. The largest rock class was
nonsignificant because of its low overall cover (Table 2). Similarly,
Tromble et al. (1974) found that infiltrability was negatively corre­
lated with gravel «10 mm), but was positively correlated (not
significantly) to the larger rock size fragments.

Slope Gradient
Infiltrability was positively related to slope gradient in year I,

although not significantly (Fig. 13). It was negatively related in
year 2, with significant coefficients occurring at the beginning of
the rainfall event. In other words in year 2, on the steep slopes
infiltrability was initially lower than on the low ones, but after a
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1959, Jung 1960, Dadkhah and Gifford 1981). In Arizona, Siman­
ton et al. (1984) demonstrated that if the erosion pavement is
removed, erosion will increase, presumably because the soil surface
is less protected. After root plowing and pitting semiarid range­
land, Tromble (1976) found that infiltrability was positively related
to rock and gravel cover.

The apparent conflict in the literature can be readily explained.
Under laboratory or even cultivated conditions, surface rock cover
represents additional protection to the otherwise bare soil surface
and will reduce raindrop impact and soil crusting. Under natural
conditions in an arid or semiarid environment, a stone pavement
has evolved and exists because of the lack of vegetal cover (Cooke
and Warren 1973). In areas not protected by vegetation, more
erosion will occur, resulting in removal of fine soil particles and
organic matter and a lowering of the surface, leaving coarse frag­
ments or a stone pavement behind. Exposure of the soil surface
accelerates decomposition of organic matter and compaction of
the soil by raindrop impact (Satterlund 1972) resulting in a more
impermeable surface. Infiltrability of stone pavements is low,
therefore, not because of the rock cover per se, but because of the
soil crusting and compaction that has resulted from raindrop
impact. This is supported by partial correlation analysis (Fig. 10)
showing that when the effects of vegetal cover and slope are
removed, rock cover was much less significant in year I and was
positively related to infiltrability in year 2. This supports the labor­
atory research showing that rock cover enhances infiltrability.

A very interesting feature of the data was the relationship
between the rock size classes and infiltrability (Fig. II). The
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Fig. 13. Correlations between slope and infiltrability at S-minute intervals
for the dry and wet runs. Dashed lines represent the value at which
correlations are significant (p$O.05).
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Fig.ll. Year 2 correlations between rock cover by size classand infiltrabil­
ity at S-minute intervalsfor the dry and wet runs. Dashed lines represent
the value at which correlations are significant (p$O.05).

smaller the rock size the more significant and negative the relation­
ship. Each succeedingly smaller rock size class became more
strongly correlated with infiltrability. Yair and Lavee (1976) found
the opposite relationship between rock size and infiltrability on
talus mantled slopes in arid Israel. They concluded that runoff was
positively correlated with rock size class. In their study area, how­
ever, rocks were larger and covered a greater surface area. In
general, conditions were quite different from those in the Guada­
lupe mountains. The questions remains as to why low infiltrability
was associated with cover by small rocks rather than larger ones?
The most obvious answer is that the erosion pavement (from which
sediment production was high) was composed mostly of the
smaller sized rock fragments incorporated in the soil. The larger
rock fragments mostly originated from weathered limestone cliffs
faces which commonly protrude from the Guadalupe Rim, and do
not represent erosional pavement.
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few minutes differences were minimal. Rock and vegetal cover
were significantly correlated with slope and when the effect of these
variables were removed (by partial correlation analysis), the corre­
lation was mostly positive. Partial correlation coefficients were
most significant for year l. These data support the work of Wilcock
and Essery (1984), who found a strongly positive correlation (r =
.78) between infiltrability and slope, and McCord (1985), who
argued that slope positively influences infiltrability because of its
influence on subsurface flow. One possible reason for the positive
correlation between slope gradient and infiltrability is that inter­
flow rates are increased with slope gradient, particularly if a shal­
low subsurface impeding horizon is present (Whipkey and Kirkby
1978).

Factor Analysis
Factor analyses were performed on each set of data. Seven

factors were produced from year 1 (Table 3) and 6 from year 2
(Table 4). Each factor has an eigenvalue >1, and thus accounted
for more variation than an individual, original variable. Factor
loadings and communalities appear in Tables 3and 4. Communali­
ties are assigned to each variable and are the percentage of the
respective variable variance accounted for by the factors. For
example, the 7factors retained for year 1accounted for 85%of the
variance of shrub biomass (Table 3). The factor loadings are the
correlation between the respective variables and factors.

The factors produced from both sets of data were quite similar
and interpretation was straight forward. In each set there was a
factor representing (1) vegetal and rock cover (2) vegetal biomass
(3) forb cover and biomass (4) soil texture (each data set has 2
factors representing soil texture) and (5) soil surface condition

(bare ground organic carbon, litter cover).
The factors produced were satisfactory but not ideal. The basal

cover-slope gradient factor (year 1) was generally uninformative
because slope gradient and basal cover counteracted one another.
Basal cover was negatively correlated with slope gradient (r= -.44);
thus as slope increased, basal cover tended to decrease. Pearson
and partial correlation analysis has indicated that both are posi­
tively related to infiltrability. In year 2, slope was buried in the
cover factor. The year 1cover factor was heavily weighted by grass
biomass and grass biomass contributed little to the biomass factor.
The 2 soil textural factors produced from each data set also differ.
In year 1,clay and sand were combined and silt occurred as a single
factor, while in year 2 clay and silt were combined and sand
accounted for an indh..idual factor. Vegetal cover was positively
related and rock cover was negatively related to the year 1cover
factor. The opposite relationship occurred for year 2.

The cover factor easily accounted for the most variation in year 1
(Fig. 14and 15).Rock cover and total vegetal cover were the major
variables loaded into this factor, but grass biomass was included as
well(Table 3). The cover factor curves for the dry and wet run were
quite similar. Infiltrability was generally poorly correlated to the
biomass factor (minus grass biomass) in year 1. The only other
factor with which infiltrability was significantly correlated was the
clayI sand factor (Fig. 14).Note the gradual increase in correlation
with time during both the dry and wet runs. This factor was
positively weighted by clay and negatively weighted by sand (Table
3). The silt factor was nonsignificant. The soil surface factor and
forb factor were nonsignificant.

In year 2 the cover, biomass and soil surface factors (Figs. 16and
17) were most significant. Infiltrability was most correlated with

Table 4. Communalities and rador loadings produced by the PCA with Varlmax rotation on the 1984data set.

e Factor Loadings

Factor Variable Communality I 2 3 4 5 6

Total rock cover .97 .91 -.28 .19 .09 -.01 .10
Total cover .94 -.85 .36 -.09 .30 -.02 -.02
Rock cover 26-75mm .78 .84 -.20 .13 .11 .01 -.03
Slope gradient .84 .76 .37 -.30 .18 -.08 -.04
Rock cover 76-150mm .97 .72 -.07 .04 .05 -.11 -.20
Rock cover 13-25mm .72 .71 -.32 .23 .03 O· .26
Litter cover .70 -.69 .20 .06 .33 -.06 -.27
Basal grass cover .82 -.66 -.51 .12 .18 -.04 .28
Rock cover 2-12mm .72 .51 -.37 .24 .09 .. 04 .37

Shrub cover .93 -.21 .93 .13 .06 .04 .02
Shrub biomass .88 -.16 .90 .01 .22 .03 .06

2 Total biomass .88 -.24 .86 .03 .28 0 .05
Basal shrub cover .62 -.03 .78 .02 -.06 -.09 .02
Litter biomass .63 -.42 .57 .16 .30 -.05 .01

Clay (0-5 em) .80 -.10 -.05 -.87 .09 0 -.16
Silt (0-5 em) .84 .03 .02 .84 -.03 .06 -.37

3 Silt (5-10 em) .82 .08 .02 .72 .35 -.17 -.39
Clay (5-10 ern) .65 -.06 -.07 -.67 -.34 .24 .11
Organic carbon (5-10 em) .71 .12 .05 .52 .49 .43 -.06

Bare ground .70 0 -.26 -.17 -.76 .08 -.13
Organic carbon (0-5 ern) .75 -.08 .35 .42 .55 .27 -.26

4 Bulk density .46 .02 -.21 -.09 -.50 -.11 .37
Grass biomass .55 .03 -.25 -.33 .48 -.36 -.14

Forb cover .77 -.10 .06 -.02 -.03 .86 -.16
5 Forb biomass .75 -.11 .06 -.11 .03 .85 -.02

Basal forb cover .43 .14 -.19 .01 -.01 .61 -.04

Sand (0-5 ern) .72 .10 .04 -.12 -.08 -.09 .82
6 Sand (5-10 em) .51 -.08 .10 -.19 -.06 -.12 .66e Soil depth .76 -.46 -.10 -.43 -.30 -.23 -.46

Eigenvalue 7.0 5.0 3.1 2.4 2.0 1.5
%variance 24 17 II 8 7 5
Cumulative % 24 41 52 60 67 72
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Fig. 14. Positive correlations between the year I PCA/actors and infiltra­
bility at J-minute intervals for the dry and wet runs. Dashed lines
represent the value at which correlations are significant (p$O.OJ).

Fig. 16. Positive correlations between the year 2 PCA/actors and infiltra­
bility at J-minute intervals for the dry and wet runs. Dashed lines
represent the value at which correlations are significant (p$O.OJ)
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Fig. IS. Negative correlations between the year 1 PCS/actors and inflltra­
bility at J-minute intervals for the dry and wet runs. Dashed lines
represent the value at which correlations are significant (p$O.OJ).

Conclusions

Analysis of 2 years of infiltration data collected with a small plot
rainfall simulator on semiarid slopes indicated the following.

the cover factor, however, the coefficient decreased (absolute
value) with time. (InfiltrabiIity was negatively correlated with the
cover factor because the factor was negatively weighted by vegetal
cover and positively weighted by rock cover (Table 4». Recall that
vegetal cover (year 2) also decreased in significance in the wet run
(Fig. 2). Similar phenomena were not observed in year I (Fig. 14).
The soil surface and biomass factors correlation curves (Fig. 16)
were very similar in shape (highest correlations occurred in the
middle of the infiltration runs). This is the same general shape of
the vegetal biomass, organic carbon, bareground and bulk density
correlation curves produced for year 2 (Figs. 5, 8, and 9). This
relationship to infiltrabiIity was not evident for any of these varia­
bles or factors for year 1.
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FIC. 17. Negative correlations between the year 2 PCAfactors and infiltra­
bility at s-mtnute intervals for the dry and wet runs. Dashed lines

. represent the value at which correlations are significant (p$O.OJ).

(I) Vegetation has a major effect on soil infiltrability. This
conclusion is nothing new and has been shown by numerous pre­
vious research. Previous research, however, has generally ignored
steep slopes. The relative importance of grasses, shrubs, and litter
is dependent on their respective productivity, especially of grasses.
Infiltrability was generally better correlated with vegetal cover
than biomass. Aerial cover was a much better indicator of infiltra­
biIity than was basal cover.

(2) For shallow soils small changes in soil depth have a large
impact on infiItrability. The impacts of soil depth to infiltrability
become more acute as infiltration progresses.

(3) Increases in clay within the clay loam-silty clay loam textural
classes increases infiltrability; possibly because of increased aggre­
gation.

(4) Rock cover is negatively associated with infiltrability because
generally low vegetal cover accompanies high rock cover. Some
protection however is offered by rock cover, especially if fragments

15 20 25 30
WET RUN

o FACTOR6
(SILT)

30 35 40 45 5 10
TIME (min.)

+ FACTOR3
(SLOPE/BARE GRD.)

10 15 20 25
DRY RUN

• FACTOR1
(VEG.BIOMASS)

JOURNAL OF RANGE MANAGEMENT 41(3), May 1988 205



are larger than 25 mm in length. In other words, infiltrability is
higher if rock cover is protecting the soil surface than if the soil
surface is bare.

(5) Infiltrability is positively related to slope gradient; possibly
because interflow increases with increases in slope.

Factor analysis supported the conclusions drawn from the Pear­
son correlation analysis. Partial correlation analysis proved espe­
cially valuable in separating out the effects of one or more variables
from another variable. Results of the 2 years of data were not
always in complete agreement, sometimes making it more difficult
to draw general conclusions, but well illustrating the potential
danger of interpreting relationships based upon I year of data.
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where f = infiltration rate (cm/ hr)
F = infiltration amount (em)

. T = time (hrs)
K = hydraulic conductivity (cm/hr)
'I' = wetting front capillary potential (cm)
~. = corrected porosity (total porosity corrected for

rocks and air) (vol)
ASW = antecedent soil water (vol)

Abstract

Important to the management of rangelands Isknowledge of the
water Intake properties of their 50115 and the effect of soil surface
and canopy cover. Using a data base of rangeland infiltration runs
covering a wide range of 5011 and cover conditions, a procedure
Incorporating the effeds of 5011 properties, soli surface cover, and
vegetative canopy on the Green-Ampt hydraulic conductivity
parameter was developed. Test results indicate that the estimated
Green-Ampt parameters provided good predictions of the mean
final Infiltration rates and volumes (or a variety of soli-cover
situations.

In order to predict infiltration with equations [1] or [2], the
antecedent soil water (ASW) needs to be inputted and hydraulic
conductivity (K), wetjing front capillary potential ('I't) and the
porosity corrected for rocks and entrapped air (9.) need to be
estimated. The following are equations used for predicting the
parameters based only on soil properties:

Effective Porosity (9.)
~. = ~ = (CFC) (EAC) (3]

where
~ = total porosity (vol) = (2.65) - BD)/2.65

CFC ~ Correction for coarse fragments (Brakensiek et al. 1986)
= «Ioo - VCF)/ loo)

EAC = correction for entrapped air (Rawls and Baumer 1989)
= 1.0 - (3.8 + 0.00019 (CL2) - 0.337 (SA) + 0.126 (CEC)

(CL) + OM (SA/200)2)/ roo
BD = 33 KPa bulk density of the fine earth soil (<2 mm)

gfcm l

OM = % organic matter
CL = %c\ay
SA =% sand

CEC = cation exchange capacitY/%clay (ranges 0-1)
VCF = % volume coarse fragments (>2 mm) computed from

Brakensiek et al. 1986
VCF = «WCFf2.65) • loo)/«loo-WCFfBD + WCFf2.65»

WCF = %weight of coarse fragements (>2 mm)

Wetting Front Capillary Potential ('1',)
~=~ M

where x = 5.34 + 0.185 (CL2) - 2.484 (~) - 0.0021 (CL2) - 0.0436 (SA)
(~) - 0.6175 (CL) (~) + o.oci« (SAl) (~2) - 0.oo855 (CL2)
(~2) _ 0.000013 (CL) (SAl) + o.oos (~) (CL2) - 0.00073 (~)

(SA2) + 0.000005 (SA) (CL2) + 0.5003 (CL) (~2) (Rawls and
Brakensiek, 1985)

Hydraulic Conductivity (K)
K =K. (FGC) (CFC) [5]

where K. =saturated hydraulic conductivity (Rawls and Baumer
1989)

= (~. - arp) (BD \2 (0002 (C2~
(I - ~.)2 Sr 1 )

FGC = frozen ground correction (Lee 1983)
= 2 - .019 • PFC

Sr = residual soil water (vol) (Rawls and Baumer 1989)
= 0.2 + 0.1 (OM) + 0.25 (CL) (CECO·4) (BD/ 100)

(BD/ 100) (EAC) (CFC)
C = -{).17+ 0.181 (CL) - 0.00000069 (SA2) (CL2) ­

0.00000041 (SA2)(SJ2)
+ 0.000118 (5A2) (BD2) + 0.00069 (CL2) (BD2)
+ 0.000049 (SA2) (CL) - 0.000085 (SI) (CL2)

51 = percent silt.
PFC = soil water at freezing (% vol)/soil water held at 33

KPa (% vol).
If PFC ~ I, then FGC =.1 (Lee 1983).

Brakensiek and Rawls (1983) developed a factor for reducing the
saturated hydraulic conductivity for an established soil crust. The
crust factor is

[1]

[2]t: F )
, (~. - ASW) 'l't

.K(T) = F - (~. - ASW) 'l't In

Key Words: Green-Ampt, Infiltration rates, soli properties

The importance of ground and canopy cover on rangeland infil­
tration characteristics has long been recognized (Gifford 1984).
Generally, it has been shown that as ground cover or canopy cover
increase, infiltration amounts increase while increases in bare
ground decreasesinfiltration amounts (Gifford 1984). Most recently
Hutten and Gifford (1988) showed that Green-Ampt parameters
estimated from soil texture data alone do not adequately model
rangeland infiltration. Mehan (1986) showed that infiltration
increases with increases in surface rock for a range of soil textures.
Also, Lane et al. (1987)conducted infiltration studies on 5 soils in
Arizona and Nevada where rainfall simulation experiments were
run on plots with natural cover canopy removed and bare plots
where the canopy and most of the surface rock and litter were
removed. They found that infiltration was greatest for the natural
condition, declining when canopy was removed and further declin­
ing when surface rock and litter were removed.

At present there are methods for predicting parameters for the
Green-Ampt infiltration model based on soil properties (Rawls
and Brakensiek, 1983, 1985); however, there is no method for
incorporating the effects of rangeland ground cover and canopy
cover on infiltration parameters. Therefore, it is the purpose of this
paper to develop procedures for incorporating the effects of
ground cover and canopy cover into the Green-Ampt infiltration
parameters, which may alleviate some of the problems identified
by Hutten and Gifford (1988).

The Green-Ampt infiltration rate equation is

f=K (I + (~. - ;SW) 'l't)

and its integrated form is
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Table 1. Summary description of data sets.

Methods

or

KEe =effective conductivity under canopy (crn/hr)
KEo =effective conductivity outside of canopy (cm/hr)
CF =canopy factor
DC=bare area under canopy (%)

CAN = canopy area (%)
OP =open area outside canopy (%)
DO=bare area in open space (%)

CRC = crust factor (equation [6])
A = macro-porosity factor
K =hydraulic conductivity of soil (cm/hr) (equation [S])

Combining equations [8] and [9] for th tota umt are consisting
of canopy covered area (CAN) and open area <. ), we have

KE = (CAN)KE. + (OP)KEoPOv [10]

KE = (CF) [(A)(CAN-BC) + CRC(BC)](K) + [(A)(OP-DO)+
CRC(BO)](K) [11]

The canopy factor (CF) and macroporosity factor (A) are the
only unknown parameters in equation [II]. In the following sec­
tions estimators for these parameters will be developed.

Canopy Factor
The canopy factor (CF) is defined as the ratio of effective con­

ductivity under canopy (KEc) to effective conductivity without
canopy (KEnc) .

The Hutten (1984) data set was chosen to develop the canopy
factor because it covered a wide range ofsoil texture, ground cover,
and canopy cover conditions (Table I) and included infiltration
runs. with and without canopy. A geometric mean KE without
canopy was determined for the 4 soils and used to determine CF for
each of the 12 treatments. Using the data the following equation
was developed relating canopy to CF

integrated value-for the analyses.

Parameter Development

Past research (Moore 1981) has shown that the wetting front
capillary potential parameter is relatively insensitive in compari­
son with the hydraulic conductivity parameter. It was thus
assumed that ground cover and canopy cover affect only the
hydraulic conductivity parameters. Since rangeland conditions
reflect long-term climate, cover, and land use patterns, we assumed
that all bare soil is crusted and that the bare or covered soil under a
canopy has a higher conductivity than the bare or covered soil in
the interspace area. In addition, the covered soil has a higher
effective conductivity than the uncovered soil surface whether
under a canopy or in the interspace area. These assumptions reflect
that canopy, ground cover, Jitter, or surface rocks reduce crust
formation. Further, they enhance macroporosity caused by biotic
activity and other processes especially in the soil under or around
the Jitter rock soil interface.

We incorporated the canopy and ground cover effect into a
simple weighting by the proportions of the unit area composed of
canopy and open space and by the proportion of the canopy space
and open space in which the soil surface was covered or bare. For
the portion of unit area under canopy cover we estimate the effec­
tive conductivity parameter, (KE)e, as

KE. =(CF) [(BC/CAN)(CRq + A(HBC/CAN))) (K) [8]
and for the portion of the unit area outside of canopy cover we
estimated the effective conductivity (KEo) as

KEo =[(BO/OP)(CRq+A(I-{BO/OP))) (K) [9]

where

[6]

General description

3 soil series, grazed and non-grazed sites
and 2 soil water levels; 38-S9% sand;
9-18% clay; bulk density 1.1-1.5 g/cm l ;

30-S2% canopy; and 7-32% bare ground.

S soil sites with 2 management practices
(plowedand unplowed);2S-68% sand;
15-33%clay; bulk density 0.9-1.3 g/cm l ;

0.6S% canopy; and O-SO% bare ground.

Natural, clipped and bare range cover at
3 sites in AZ and 2 sites in NY; 66-84%
sand; 1-9% clay;0-75% canopy; and
0-41% bare ground.

27-88%sand; 7-42%clay; bulk density
0.85-0.95 g/cm l ; 27-57%canopy; and
21-43%bare ground.

Grazing levels, pinyon-juniper mgt,
sagebrush mgt and others at 3 sites;
32-90% sand; 14-33%clay; 1-90%
canopy; and 3-89% bare ground.

4 chained pinyon-junipersites; 16-6S%
sand, 16-33%clay; bulk density
.9-1.6 g/ cmt; 0.20%canopy; and 38-97%
bare ground.

NM Dry and wet soil water levelson one
range site; 29%sand; 44%clay; and 35%
canopy.

10

State

L-TC+ TC

SC B

CRC = soil crust correction (Brakensiek and Rawls, 1983)
L = wettingfront depth (em) (assume6 em)

TC = crust thickness(em) (assume0.5 em)
B = 0.0099+0.0721 (Tq +0.0000068 (SA2) + OO21סס.0

(SA2) {Tq - 0.000315 (SA) (TO)
SC = correction factor for partial saturation of the subcrust

soil (Brakensiek and Rawls 1983)

Management changes are reflected in the above parameters only
by changes in the bulk density of the soil.

Devaurs (1984)

Study reference

Woodl

CRC=-where

An extensive data search was performed to compile infiltration
data sets which included detailed soils, ground cover, and canopy
cover information. The physical characteristics of the data sets
located are summarized in Table 1.

For each infiltration test we calculated the effective conductivity
using an approximation to the Green-Ampt equation derived by Li
et al. (1976),

KE = 2(FR) - {F/n [7]
where KE = effective conductivity (cmjhr)

FR = final infiltration rate (cm/hr)
F = total infiltration at the final infiltration rate (CM)
T = accumulated time corresponding to the final rate ande infiltration amount (hr)

Since the studies contained various replications at each site, we
used the mean site value for soil-ground cover, canopy cover, and
the geometric mean effective conductivity which represents an area

Ii

Hutten (1984) UT

I-L _neetal. AZ
987) NY

Thurow (198S) TX

~'5 Ward and Wood NM
(1982)

Williams(1969) UT
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CF = :::= (I + 0.96 ~~N) r' =0.88 n =13; [12]
where CAN = canopy (%)

Macroporoslty Factor
The macroporosity factor (A) in equation [II] is assumed to

represent an enhancement of the infiltration potential of soil that is
covered by rocks or litter (Mehan 1986). The Hutten (1984),
Devaurs (1984)and Thurou (1985) data sets were chosen for eva­
luating the macroporosity factor because they covered a range of
soil conditions including bulk density and ground cover condi­
tions. Using the previously developed CF predictor equation [12]
we solved equation [II] for a mean A for each treatment and then
using regression techniques related to A to soil properties resulting
in the following prediction equation:

A =erl .82 - 0.099 SA + 1.94 BD) r2 =.88 n =41 [13]

where
SA= %sand
BD= 33 KPabulkdensity of fine earthsoil(<2 mm) g!cm)

In fitting equation [13], Awas constrained to be greater than one
because macroporosity was assumed to only increase hydraulic
conductivity. Also, since the data did not include soils with less
than 20 % sand, and the form of equation [13] will produce
extremely high Avaluesfor soilswith lessthan 20% sand, wewould
limit the equation to a maximum A value of 18 which was the
largest value in the data set.

Table 2. Summary of testresults.

Testing

We used the Laneetal. (1987),Ward and Wood (1982),Williams
(1969) and Wood data sets (Table I) to test equations [II, 12and
13] because these data sets were not used in parameter develop­
ment. Since each data set had different run durations, we predicted
the final infiltration rate, total infiltration amount, and the average
measured antecedent soil moisture using the Green-Ampt infiltra­
tion model equation [I] from equations [3,4,5,6,11,12,and 13].The
predicted infiltration values were compared with the mean and
standard deviations of the observed values for each site. The results
of the testing are summarized in Table 2.

Lane et al. (1987) reported infiltration results from studies on
large rangeland plots in Arizona and Nevada under simulated
rainfall. At each of the 5sites they had 2 plots evaluated spring and
fall for several consecutive years with the following designated
treatments:

natural- naturalsiteconditions
clipped - alIvegetation cut and removed

bare - canopy and nonernbedded (>5 mm) surface matrial
removed

They reported mean final infiltration rates and amounts for the 30
minute very wet run at each site. As they did not measure bulk
density it was calculated with the equation reported by Rawls
(1983). Rock, litter, bare soil, under and outside canopy were
measured for each AZ plot. The proportion of bare ground
beneath the canopy and outside of the canopy was estimated for

Infiltration final rate and volume
Measured Predicted

Study Finalrate' Volume' Finalrate Volume
reference Site Treatment Sample size crn/hr cm cm/hr cm

Lane et al, Bernardino Natural 8 3.53 ± 0.77 1.96 ± 0.82 3.87 2.19
(1987) Clipped 8 2.10 ± 0.75 1.24 ± 0.65 2.69 1.67

Bare 8 1.37 ± 0.62 .73 ± 0.60 1.79 1.21

Cave Natural 8 2.63 ± 0.70 1.49 ± 0.77 1.96 1.32
Clipped 8 1.50 ± 0.62 .88 ± 0.80 1.81 1.23
Bare 8 1.16 ± 0.60 .65 ± 0.65 1.08 0.81

Hathaway Natural 8 3.16 ± 0.99 1.72 ± 0.85 2.65 1.62
Clipped 8 1.93 ± 0.85 1.04 ± 0.80 2.16 1.38
Bare 8 1.24 ± 0.52 .74 ± 0.58 1.32 0.92

Mercury Natural 4 2.05 ± 0.48 1.08 ± 0.98 1.97 1.32
Clipped 4 .73 ± 0.55 .so ± 0.70 1.93 1.29
Bare 4 .48 ± 0.30 .25 ± 0.46 1.04 .77

Area II Natural 4 3.37 ± 1.30 1.85 ± 0.75 2.55 1.60
Clipped 4 2.94 ± 0.75 1.75 ± 1.00 2.18 1.42
Bare 4 1.63 ± 0.48 .98 ± 0.48 1.31 0.94

Williams Intermediate 8 4.4 ± 0.98 1.88 ± 0.59 2.25 1.71
(1969) " sandy soils

(30-45%)

High sand soils 8 4.98 ± 2.61 1.61 ± 0.82 5.32 3.19
(50--65%)

Wood Dry 24 6.94 ± 0.32 6.28 ± 0.12 7.08 6.21
Wet 21 4.60 ± 0.45 5.34 ± 0.20 5.66 5.28

Ward and Grazing Dry 6 8.56 ± 1.13 5.91 ± 0.73 7.62 5.90
Wood (1982) Wet 7.63 ± 1.85 4.25 ± 0.80 7.50 4.34

Sagebrush Dry 5 6.35 ± 2.21 4.15 ± 1.10 7.88 4.81
Wet 5.81 ± 1.79 2.96 ± 0.73 4.83 2.79

Pinyon!Juniper Dry 5 7.50 ± 2.29 4.6 ± 1.53 11.3 6.20
Wet 7.30 ± 1.65 3.86 ± 0.72 9.5 5.00

• ± value isthe standard deviation for each measured mean.
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the NV sites. Soil rock was estimated from their soil report.
Table 2 compares the predicted Green-Ampt final infiltration

Arates and total infiltration amount with the measured mean final
"infiltration rate and amount at each site and treatment. As shown

in Table 2, predictions for all sites except Mercury bare and clipped
were within ± I standard deviation of the measured mean. Since
Lane's sites had very high sand (>65) the macroporosity factor
derived from equation [II] becomes I; thus this study gives an
independent test of the crust and canopy factors in equation [II].
The natural plots test our procedures for predicting the canopy and
crust factors. The clipped plots test our procedure for predicting
surface cover factors, while the bare soil plots tested our proce­
dures for predicting crusted soil hydraulic conductivity. The bare
plots independently tested the crust factor since the soil surface was
primarily bare. '

Williams (1969) conducted a number of infiltration tests in Utah
on pinyon juniper sites in 1967and 1968.We stratified the Williams
data into 2 groups, intermediate sand and high sand, and the
results are shown in Table 2. The predicted rates and amounts are
within the 95% confidence intervals; however, the confidence
intervals are very wide and absolute error is up to 100%for the high
sand total infiltration. The high sand tests the effect of the canopy
and crust factors while the intermediate sand soils incorporates the
crust, canopy and macroporosity factors.

Wood conducted infiltration tests on a clay loam soil in New
Mexico. We ran predictions on the dry and wet treatments; all
predictions except the dry final rate, which could be a result of
antecedent soil water conditions, were within the 95% confidence
intervals.

Ward and Wood (1982)conducted 4 replicate infiltration tests at
17sites. We subdivided the sites according to cover (grazing sage­

.-brush and pinyon juniper) and dry or wet treatments. The pre­
"dicted final infiltration rates and amounts were within 95% confi­

dence intervals; however, the standard deviation of the means are
very large (Table 2). The numerical error in the pinyon/juniper
estimates are 30-50% high.

Regression analysis was performed on the mean measured final
infiltration rate versus the predicted final infiltration rate given in
Table 2 and the mean measured total infiltration volume versus the
predicted infiltration volume given in Table 2. This analysis indi­
cated that the intercepts and slopes were not significantly different
from 0 and I, respectively, at the 0.05 significance level. This
indicates that the model predicts accurate and unbiased estimates
of the mean final infiltration rate and total infiltration volume.

Conclusion

A method was developed for incorporating readily available
rangeland soil, surface cover, and canopy cover properties into the
predictions ofthe Green-Ampt hydraulic conductivity parameter.
The method was evaluated on ten diverse independent rangeland
areas and generally predicted the mean final infiltration rate and
amount within one standard deviation of the measured mean,
indicating that our assumptions and parameter estimators are
acceptable. Since the development and testing of data sets did not
include high silt soils and grass-dominated-vegetative cover, using

142

the proposed procedure may yield questionable results. Also, the
proposed procedure yields one of the first quantitative methods for
evaluating the relativeeffectsof rangeland treatments on infiltration.
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TO:
FROM:

SUBJECT:
DATE:

TECHNICAL MEMORANDUM

Joe Rumann, FCDMC
G.V. Sabol
Areal Averaging Green and Ampt Parameters
29 April 1991

Presently, use of the Green and Ampt infiltration equation has included

area weighted averaging of the individual parameter values (XKSAT, PSIF and

DTHETA). At our recent review meetings (16-17 April), it was decided that we

should determine the area weighted average of XKSAT and then determine the

representative values of PSIF and DTHETA from graphs of XKSAT versus PSIF and

DTHETA. Use of such graphs is to reduce the computation effort. I recently

performed some computational comparisons that indicate that large error could

be introduced by arithmeticallr averaging the XKSAT values. Much greater

accuracy is achieved by using the area weighted average of the logarithms of

the XKSAT values. Both methods used the same procedure to estimate PSIF and

DTHETA from the calculated value of XKSAT. The procedure and results of my

comparison is enclosed.

PROCEDURE

Four soil distributions (% of drainage area being comprised of various

percentages of each soil texture) were created from three soil textures as

shown below:

% of Drainage Area

Soil Distribution

Soil Texture A B C D

loamy sand 33 1/3 60 25 15

loam 33 1/3 25 60 25

clay 33 1/3 15 15 60

Two graphs were prepared of XKSAT versus PSIF and DTHETA (dry) from Table 4.2

(Figure 1). The area weighted values of XKSAT were calculated for these soil
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distributions based on the arithmetic values of XKSAT and log XKSAT.

Corresponding values of PSIF and DTHETA were taken from Figure 1 in both

cases. The area weighted values of the Green and Ampt parameters are shown in

Table 1.

The runoff volumes were calculated by three methods:

1. The "actual" runoff volume was estimated by calculating the rainfall

excess for each portion of the total area that contains a single soil

texture. The volume is the sum of the runoff volumes from each soil

texture type. The depths of rainfall excess for four different drainage

areas and the three soil textures are shown in Table 2. These rainfall

excess depths were calculated with HEC-1.

2. The runoff volumes were then calculated by using the area weighted

average arithmetic values of XKSAT and related PSIF and DTHETA (shown in

Table 1). This is the procedure that is presently used.

3. The runoff volumes were then calculated by using the area weighted

average log values of XKSAT and related PSIF and DTHETA (shown in Table

1) •

RESULTS

The results are shown in Table 3 for four drainage areas. The drainage

areas were selected such that they corresponded to Pattern Nos:

0.5 sq. mi. - Pattern No. 1

2.8 sq. mi. - Pattern No. 2

16 sq. mi. - Pattern No. 3

100 sq. mi. - Pattern No. 4.07 (area limit of procedure)

The results from Table 3 are shown in Figures 2 and 3. Notice that the

presently used method always results in an underestimation of the runoff

volume. The log method of averaging provides very close estimates of runoff

volume to the actual volume.

The % error using each procedure is shown in Table 4. The method of

arithmetic averaging becomes worse with increasing drainage area size. The

log averaging method shows some small overestimation for small to medium sized

areas, and underestimation for large areas.
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We need to carefully review this

a decision.

5.

2.

3.

4.

6.

CONCLUSIONS

1. Area weighting of arithmetic parameters will generally (maybe always)

result in underestimation of runoff volumes. The error seems to grow

increasingly worse as drainage area size increases.

This underestimation of rainfall excess also affects the calculation of

Te • This error is partially responsible for the problem in using the

Clark unit hydrograph method wherein the duration of rainfall excess is

often too short.

It appears that the area weighting of log XKSAT is a preferred method.

Area averaging of parameters should be avoided for large watersheds if

there is a large range of XKSAT for the subareas. The limit for

averaging of XKSAT (by any method) may be around 16 sq. mi.

We need to check the log averaging procedure for some real watersheds.

I will check the procedure for the Agua Fria R. trib. and the Tucson

Arroyo.

This appears to be a critical concern.

and make more comparisons before making
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LOGARTHMIC AREAL AVERAGING OF THE GREEN & AMPT SATURATED HYDRAULIC
CONDUCTIVITY PARAMETER (XKSAT)

ON FOUR DESERT WATERSHEDS IN MARICOPA COUNTY, ARIZONA

Purpose

The Green & Ampt loss rate method is currently recommended for use in

hydrologic analyses by the Hydrologic Design Manual for Maricopa County

(manual). The established procedure for developing the average saturated

hydraulic conductivity parameter (XKSAT) for a subbasin involves linear

(arithmetic) averaging of first the conductivity for each soil texture within

a soil map unit, then for the various map units within a subbasin. The

Wetting Front Capillary Suction (PSIF) and Volumetric Soil Moisture "Deficit

(DTHETA) values for the subbasin are then chosen from a graph (Figure 1) based

on the average XKSAT.

Users of the manual have expressed concern with the present method.

Subbasin average parameters seem to be biased toward higher infiltration rates

when soils of high conductivity (say a loamy sand, XKSAT = 1.20 in/hr) are

averaged with soils of low conductivity (say a sandy clay loam, XKSAT = 0.06

in/hr). Since some research in this area has already been done (Sabol, 1991;

Van Mullen, 1989) this paper will investigate the results of logarithmically

averaging the XKSAT parameter, within both the map unit and the subbasin.

Procedure

Four subbasins, ranging in size from 0.42 to 9.78 square miles were

chosen for this analysis, without regard to the types of soils they contained.

The subbasins were part of previous hydrologic analyses by the Flood Control

District and Burgess & Niple, with soil map unit percentages already

delineated. All subbasins are located within the boundaries of the Soil



Survey of Aguila-Carefree Area. Parts of Maricopa and Pinal Counties. Arizona,

because it contains the most detailed soil texture data of the three available

soil surveys in Maricopa County.

Map units (designated by numbers) were described for each subbasin.

XKSAT values for each major and minor soil were assigned from Appendix A in

the manual. Each minor soil was given equal weight in the averaging process.

Two average XKSAT values were calculated for each map unit, one using the

arithmetic average of the individual XKSATs times the partial areas, and one

using the log of the individual XKSATs times the partial areas, with the

antilog taken at the end of the calculation. At this point, the average XKSAT

value for the subbasin was calculated in four ways:

1. A/A - (Arithmetic/Arithmetic): The arithmetically averaged

map unit XKSAT values are averaged arithmetically (this

procedure is currently recommended by the manual).

2. A/L - (Arithmetic/Log): The logarithmically averaged map

unit XKSAT values are averaged arithmetically.

3. L/A - (Log/Arithmetic): The arithmetically averaged map unit

XKSAT values are averaged logarithmically.

4. L/L - (Log/Log): The logarithmically averaged map unit XKSAT

values are averaged logarithmically.

Appendix 1 contains all of the calculations used in the averaging process.

To develop the Modeled Runoff quantities, values of PSIF and DTHETA

(dry) were read from Figure 1 for each of the four XKSAT values, and the loss

parameters became input to an HEC-l model for each subbasin on the LG card.

Table 2 lists the loss parameters for the different subbasins and methods of

areal averaging. Also included in the HEC-1 input were the following

constants:



1. 6-hour rainfall from the manual, pattern number and areal

reduction are based on the area of each subbasin.

2. A rainfall depth of 3 inches (a typical 100-year, 6-hour

design rainfall depth in Maricopa County).

3. A five-minute hydrograph timestep.

The model was run four times for each subbasin, and after each run the value

of total excess rainfall was converted to a runoff volume in acre-feet. The

Modeled Runoff values are listed in Table 1.

As a comparison to the Modeled Runoff values, an attempt was made to

quantify the Expected Runoff volume for each watershed by separating the soil

textures, running an HEC-1 model for each using the same constant inputs, then

summing the totals. A key assumption here is that all the individual soil

textures contribute runoff to the outlet, i.e. runoff from an area of clay

loam does not traverse an area of sandy loam and infiltrate en-route. This

seems to be a reasonable assumption for low frequency design rainfall events

because rainfall rates are generally greater than saturated conductivity rates

and soils are nearly saturated at the point in the storm when large quantities

of runoff begin. The Expected Runoff values are listed in Table 1.

Results

The results of the HEC-1 analyses are presented in Table 1.

Conclusions (from Table 1)

1. The present method of arithmetically averaging the XKSAT parameter

(A/A) generally results in a large (12-31%) underestimation of the true

runoff volume. Since rainfall excess is underestimated, the time of



concentration parameter in the Clark Unit Hydrograph method will be

overestimated, resulting in underestimation of the peak discharge.

2. The Log/Log (L/L) method of averaging XKSAT seems to yield the best

results when compared to the Expected Runoff, even for large basins and

differing soil texture compositions.

Recommendations

If the Youngtown and Tucson Arroyo testing by GVS yields similar

results, incorporate the Log/Log method of areal averaging the XKSAT parameter

into the Hydrologic Design Manual. Include a detailed example of the

procedure in the manual. Provide the weighted XKSAT values for each map unit

in Appendicies similar to the current ones using the procedures developed

herein. Provide guidance on developing an alternative map unit XKSAT for

small drainage areas which might be dominated by one or more major or minor

soils or a particular geomorphic regime.



TABLE 1

SUMMARY OF LOG AREAL AVERAGING TESTING RESULTS

SUBBASIN
NUMBER

AREA
(sq.mi)

DOMINANT SOIL TEXTURES EXPECTED RUNOFF
(approx. percentage) (ae-tt)

MODELED RUNOFF (% error)
(ae-ft)

AlA AIL LIA LIL
+---------------+---------------+----------------------------+---------+---------------+-------------+-------------+-------------+

LD4

CF5

JR6

TW8

0.42

1.12

6.74

9.78

Sandy Loam (45)
Sandy Clay Loam (39)
Loamy Sand (13)

Sandy Clay Loam (65)
Sandy Loam (28)

Sandy Loam (70)
Sandy Clay Loam (11)
Loamy Sand (11)

Sandy Clay Loam (37)
Sandy Loam (34)
Loamy Sand (26)

32.1

91.4

296.

461.

28.2 (-12.1)
1
I 30.2 (-5.9)
1
I
I
1
I
I
1
I

I
(+1.2)1

I
I
I
I

Average Error (absolute value) ----------> 17.5 % 7.2 % 10.3 % 3.0 %



TABLE 2

SUBBASIN LOSS PARAMETERS

Subbasin Averaging
Method

(subbasin/map unit)

XKSAT
(in/hr)

PSIF
(in)

DTHETA
(in)

-----------------------------------------------------------------------------

LD4 A/A .367 4.30 .350

A/L .301 4.65 .350

L/A .295 4.70 .350

L/L .217 5.35 .365

CF5 A/A .234 5.20 .355

A/L .127 6.55 .380

L/A .232 5.20 .360

L/L .125 6.60 .375

JR6 A/A .431 3.95 .350

A/L .362 4.30 .350

L/A .423 4.00 .350

L/L .344 4.30 .350

TW8 A/A .476 3.85 .350

A/L .370 4.25 .350

L/A .337 4.40 .350

L/L .260 4.95 .350
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. Sandy C/c1Y loam (LD'-ISCL.OA,T) P« == /. '31 /.·lJ \7 =' /&,'130 ac.-{t

CIa,:! Loam (Ll>l/CL, f)A T) ?e s: 2.62 LJ] V= • t03 ac.-ft

Tor4L RUNOFF ::: 32 . {'-l fa 0..<:' - Fi:

/'LfOO£LE.o .')[/8;::-45//1/ RUNOFF

AI/~RA~-O i..os.s~",<;: (X 1<'SAT)

Ar<trH/ARITH : ./33(1.0 33) + .3'10(.370)+-.09G(.08)+.lIJ/(.22'1)::: .3~7'·i?/hr

AR/Tf-t / LOJ: .IJ3 (.Cf4/) + .3t10 (.31.1/) +- . oq~ (. (08) +-. vst (.,25) =: • 30 I i.n /Ar

Lo~ / A RliH :C. 133 (1°3 /.033)+ ,340 ( 10J .370) + I 09", (;0j . es) +. 1131 (1°1- 2.24)] A l6<4

::: .29.5'" L'n/hr

. L0'j / Lo') : [. /33(/og. 9lfl) r. 3lfO (IOJ. 3<J1) + .0% (lOj . a~~) r • if31 (to~ . 125)] AL0<4

=: .2/7 l.Y1/hr

RutJ5 r::- SubbasII'l HAP lJl'1i-t.
.../

r
I. LD'IAA. OAT XKSAT:: .3(07 t.'n/hl I P.5IF =: tf.3 Ln I dG-= .35 tV)

2. LDl/AL. f)AT X kSAT = .301 il'llhr I PSIr = 1.0.fi17 I
J& ~ .35 LV)

3. LDlfLJI. OAT XKSA r:: . 29~ LI7/hrJ PS /F =- '1.7 lfl/ dl9 =.35 ~n

'I. LDLjLL. DAr X/<5AT = • :2/7 L'n/hr, PS/F:: s: 3.5" t.:t7 de> . jG5" en

I, LPLfAA. DAr R ::. /.2(", In V= 26.22,Y ac- ft

2 LDl/AL. PAT Fe= /. 35' in V= 30. ZL/() o-c.- ft
,

3, LDY LA. DAT Pc= /,30 in V=- 30. Lj(;L/ oc-Fi-

LI. LDlJ LL. OAT fe= /. tiS' ,;" V= 32. £180 ac-Ft



JAC.KRABBIT JJA5 H -=If:. GD

NAP UNIT % IIRFA
·z

,r//L

-#3 O. 7'-12
] 4.BCfc:'

. oS"

#'1 Jf. /5 '-/ .28

#30 02.315 4.20

#5'0 4.599 .3/

#1/ z.cu . /8

dJCJCj Z.~71 . /8

#!()8 (),SQ3 .ol..j

=iF/I? 22.255 /.5"0

SOIL. DeSCRIPTIONS

:/J:s 3 J L/ : AIJ THO - Carr/za - l1t1r/?o COl'17r le:x. XKSAT

35% A I\J THO SCAVld'j LDaM
. t-fo

30/0 Carrrzo \)erj ~ral/cllj So.Vlcl /.20

::<0% Hart po Sand') I... 041>1
.40

/5% BRio<; J p ra.ina 'Jc:.wCl.:J5 /,20

6:/..f1o.r7 1Fcocoplat ns
.25

............
\/~I',-t:

\J' , '-/0
v

D~V}ure
~

5n<caM TCrret;c,5
L.(O

LJ

HOvY/"li N .'-10
'-./

Co('I" ;70
' t/o

XKSAT (AKITH):= • 32S( 1.20) +. ~s (40 ) -I- ,c:?2S(.25) = O. ~5G t'Yl/hr

XKSAT (Lo':}) ... AL~q [.325 (/03 1.20) +. ~5" ( 'eg. '/0) +, 02.5" (.f0J I 25) = .5ta5 tn/I1/"



®

# ~c2. OcA!LlRF - #Ol'-I"GI - Carr/Zo CO l/Y1p / C X Xf<SAT

L/O /0 .oE/:JtlR~ GtrClvd!J 5C/vd~ L OOV'1 ' tic;

30% HomCJL./ 0-/'ClvelI J 5a.v;J;j LClQ tY] , I/O

20% Carr;zo 6raveJ/y Sa'fldy Loar" · yo

/O/D ql.c..t1AtJ
.........

\j .zs
'OJ

l1artj7 0 ~ h-OCJO? LAI115 , L;o
ff)
M

Ca rrv z o It) /.20<:»

XKSAT (ARlTH) -= .'7333 (.<to) ....... 0333 (.20) +,0333 (/. 2 0) =. • '122 t,,/hf'

XK5AT(Lo~)=[clE33(loj.l(0)-f- ,0333 (/0).25) +-.0333 (10' 1. 20 )] AL.03 = . '1tJB tnJhr

---- ---
XK~AT

.2S-

• '10

(.20

.25

· I~

• '10

• L/O

.40

• tlO

Th rou.:J h 0 ut

j
7 ... ___

ran lerra~~s

AIJTl-lo

Cornzo

ESrRE"LLA
,.......

Glc I/l boY' (j
\l

VI'vIt ~

~
Dc vi u r e. !'(

"-..J

r-t 0 VVlQ It.

C C\('r 17..0

~~-~--------------------~-----------------

=It. Sc.. C;;;/L.HA/1/ LOAM 5

80 % cq/L..H4A./ Loc1fvJ

20%

XKSAT (ARITH)= .82.5(.25')+ ./25'(.40)+ .CJ2S'(1.20)+.CJ25(.IS):::' .210 ,'nlhr

X/<.SAT (L0j) =A/oJ[. ~25(/0J-25)+ .12S{loy, '/0) +. 02S ( /aJ /. 20) +. cJ?5" (/dJ .15)]:: .272 [nlhr



#9/

'IS-~o /-/c;/Jl()k' VerJ (jratJcly L.oalYj

35% Cat'"nzo Vcr:; t9'ravd0 Sandy LCXlrY)

20% /foha/I

X/<SAr.

• LjO

I. 20

,25

Ctun51j ht

Chue. kCWJCl.I/a.

Denu,-e-

G, ILf1AN

f1 a n pa

CClr,-izo

} ThrcJl-('j hout"

I LfD

I ex"

.O~

)<J<.5AT (.AR.ITH) ~ .375"(1,20)+-,525(. '1o)+-.os(..zs) +,os(or;.) = .G7~ i.'nlh,-

XKsAT (Log) ::. 4i.Cf? [(.31S(J0J ,,20)+-.5'25(1°1,40) +-. OS (lOJ .2£;) +-, OSa=; ,OI::,)J ::: .537 it'!/1r

# 99 l1izamt - ?re,nClY1i: c.ontp/ex,
9'5% Ana;:;t Uf'j c;ravdl'j Scudy CI4.J LOQr>?

35% 7?emc1Ilt 9/4V~"j L oarr;

2070 Carrrz..o } Draifla.je.WCl.:P

Xf,.SA,

. '/()

/.20

Chl.lc.kQwa./Ie{.
EbtJJ'}

~(uisi7ht:

RUtteo

. ore.

.O~

,~O

XK5AT (A~lrH);' , OL! (/.Z) +- , '13(. 'JO) 0/- • 53 (lJG) =- .2SZ c'n/IPr

Xk54T ( LOj) =['0'1 (10:; /,2) to , '1.1 (IDJ. '10) of- .5"3 (loy, O(,,)J AL.0t..7 ... , /53 t,'n/hr



SIIEItICO

Antho

BectrJs/ej

Cherioni

C,'priar1o ~

EbOf) 3

tquI1SJ'jht"
~

~

Sur; C/-tJ
~

<'-.1

~acViado
"-.J

Qu. i16 to.50.

V{;l;VCt.

XKSAT

. oC:,

. ?fO

.2.5

. oro

,oc;.

. 7"0

,~

} 1-I;//5/0?es

] nm"jhout

Y;(54T (ARITH) =.O;)~'" (/. zo) + .//'Ilf(.lfO)+. OZSb(.2S) t . eze« (,oc.,)::. ./37 ti?/hr

XK5AT (L0:J) ~ ,4L09[02Se:,(l0J 1.2) +. tJ~5"8 (/dJ .~O) r .027J~ (/OJ .25-)+. 826Lf(10j. ()~)J
= . 087 it?/hr

Allulllal rnJIIs
CarnZo D f.Z

o
rtJll'.aq~waYj

0/LHAN .25

X/<SAT CARliH)= • 2t{'29b( 1.2) +. 2428~(.lfO)+ • ()B572(.ZS) + . 38572(.o~) t- .ot/2Ft, (.0'1)= .. f/.JS 'n,
XKSAT(LOtq)= AUJI?,[.2'f28C> (/a:J /.2) r. 2'118(, (to). '10)+.a8s1z{l~ .25) t: 38572 (I0j .(6) of- ,0$'28(.. (I"J .(11)] = • 21'1 irrlhl'

-# 1/7 77<EI'1ANT - t:qUN5/GHT - kJl..UTcJ CoM?L.6X,. XK5AT

30/,,0 Tre.mant
.dC:;;

2CJ% 9~n.5j/,t:
1. 2 0

20J{, /(;LLITO
.. 7'"0

30 G>tIc> C Ip('ICli10 r-:- • DC:::>

P/na wlf ~ • 0,"

~ ~rY'QCCS

Hoha/I ~
.. 25

CoJ1tlne.
t"'J .oi
)'

Awtlro
V , 'It)



SUBBASIN RUNOFF FRoM INDIVIDUAL .sOIL TEXTURES

:rR~D

# 3 of:1 ~ Lf.1 ~ dP 5ubbasin

Loarn::J So.nd - 32.£'U (tf.?) = /.59% ()F Su6l:a.sin

5o.t1cl~ Lso vn --. 0570 (LJ/) = 3. /9 '%

l.oar» --to 2.5% (L/.9) -= 0.12.%

# 30 - 02. 3 % a;= SUBBASIN

Loarnlj ~nd ~ 3.33 % (C,2.3) = 2.07;%. (1r S~bba5t'Yl

5 a ndj Loa.m- 93.33% (~2.3)~ 58./Y%

LoQ.'/YI -- 3.33% ('23)= 2.07 %

#'S0 L/. Co % OF 5U13BASI N

L.otJ.P1:J Sond ­
SandJ LoayYJ -t>

Loam -.

5/L TY !.. com -+

2.5~ (tj,0) -= 0./2 %

/2.5% (L!,6)::: 0.58 ~

82.S % ('!.C:»::: 3. ~o /0

25 % ('/.cO)::: 0./2 %

#" en 2.7% of 5U8lJAS/N

LoaMy SCJ.Vld ~ 37,5%

So.Vlcl~ Loaf't1 ~ S2.S'%

LoaM ~ 5"7:

5'a l'loy Clet:) Loam -I" 5~

C2,7)= /.O/~ OF 5ubbasin

(.2.7)= 1.'-12Yo

(». 7 ) = . /If %

(::2.7): . /~ %

:it qCJ 2.7% OF St..(68AS/N

LOQY}1,J 50.:1"'4 --. '7~ (:1.7) = . II j;, or- Suhbc1.StV"l

So.V\dj LOtH"Y/ ~ '-I3rc (J,7)= 1.1G:>%

.5al'1c1
i

C let:J LOCU'1 -to 53 % (:27) ~ I. Lf 3 %



------------_.---
#/06 0.0 % of .5ub~StYl

LOQVVlJ SCtVld -. Z. 8(0 ~ (, c) = . 02 ~ dF Su bba.5 i (l

SaV1~ Loam -f" /I,L[t-( ~ (~) ;: • 07 %

L. 0 aWl ~ 2. 3G, % ( . ~ ) == . 02 %

5cmd'j C 1a.:J LOct rn -. B2. 8L.f % (. 0 ) -= •50 ;1.

#/11 22.3 :% OF Su.hbasin

LOo.Wl:J Sct nd - 2LJ.2'6C'o%(;22.3) : 5.42.. % o,c' 5QbbasI.'n

5 a Vl d :} LDa(Y) ~ ;;2Lf. Z8~%(:.2 2. 3) :: S. 42- X

LOQvYJ ~ 3.S7Z1{..22. 3) :: /,q/ %

5al1d~ Clo.:1 Loam -. 3Z.572X( 22,3) = l3. Co 0 %

Clo:} L00'IV\ ~ 7.2'3(.,,% (22.3) =- o.9~ %

TOTALS FoR. THE' 5UBBASIN

L OAHY SAND - /0. 3 ~ %

So.Yld~ Loa.m ~ ro9.9~ %
Loa M -4 g,Oc'o ~

S,LTY LOQ.V'IJ ~

So. Yld~ C 11.l.::J L 00.'/'11 -+

C.I,,~ LoaM ~

• (L %

/0,(07%

. '1& /f;

100,13%

C A:. (,.7,-/ ",,/2.)

= .1097 m/i?

= 4.7/7 mi z,

'= ,543 ,z.
Yi1L

': .008 mi2.

'= • 7-1 q ,Z
ml

:::: OGS P1i1.•

G, 7 Lf9 nrt"z

RUNOFF By So/(- 7'E-XTuRE

LOAHY SAND ( ::rRLS, OAT)

SANDY LOAr1 C.T RS L. DAT)

LOA"1 C-J"RL. OAT)

SILTY La.4M ( jR. S L. L I DAT)

SAN!)'! Claj L04Y¥7 (. TRSGL, OAT)

Cia'} Laams (JP-.CL,DAi)

g; = .. 1L.f ~t'l J V::: 5.20 a.c.-f'f

pe ~ .75 V:: /88.C,8

pc z: I, /2 V:; 3 2. t.I '{

Pc. z: /. /2.. V:: 0, Lff3

p~ ::. I.t/( V:. ~Z. 8'7

Pe s: iet V::: b. Zf3

'lOrAL ;?uNOFF ~ 295: 97 o.c- ft..



. " .. '

jY/oDELED S u8BAS/N RUNOFF

A vERA~E"D L OSs€S (XKSAT)

I ($(.I!>bGl5 1t1 (I1CiP tlnit

! AR/TH /4R /TH ; ,OL.Je16(. GS(;) ~ , (,23/$ (. ~22) + ,ot/S99 (,2.'10) + . 02"7/ ( C:>7t:.)

+,02G71(.252)"" ,00593(.137)+ ,22ZS5"(.~3S):: .431 Lrt/t,r

P51P ::: 3.95" b} c/& = • 35" ~t'l

ARITE-IILoCj : ,oLf8'lG (.sros) 1-. G>Z3IS (.l.Joe)+ ,0'15'97(.272) +-, o;;'~71 (. 537)

-1-,0;;((,,7/ (.IS3)+.tJ05'93(.067)r.Z225S(.;2,ICJ)':: .302. lVl/hr

F51F = 7':3 £'0 J&:= .35' L'n

Lo§IA RtTfi = ALOr:, [ ,O'-{B9r., (103 ,056) +- , C:> 231$ (tOj . '-/2Z)+, ()l.J5'19 ( 107 , 290 )

+ ,02(.;,71 (l03 . C:>76) + .02(,71 (/OJ. 252) +.tJ(j~93 (/oJ .137) +- .222.55 (IOj' L/3S)]

::: .'-123 LVl/hr j75/"c=- ~CJ )e:: ,3S'L'17

1-.0
4

/ LOG -= ALtX4[.O'lfJ96 (loJ ,565') +-.62315' (/aJ' '1()B) r. Oll599 (lOj .272)

-+- .02C:>7/ (/OJ' 537) + , {)2071 (lo:J' /5"3) r. 00593 (/03 ,ot7) T, ZZZSS- (Ioj .2/1)]

= .34Li LI/I / hr PSIF = LJ.3 iv; d() = ,. 3S ,,'1"'/

RUN Rt=$ULT..5

I. YRAA. OAT

2. JR. AL. [JAT

3. jRLA, DAT

~ :rRLL, PAr

~ (in;

.73

.81

"7'-/
.85

v loC--(i:)

2~2.i

z-u.».
2&:>e:" 0

305. S-



Carefree Subbas/n ~ S-
2­

J)RAINA6,G" AREA; /.122 mi.

A~UILA - CAR.~FRe£
SOIL S orvev'

NAP UI'J/T5 : #" tj/ 3%' ~ .03t.{
.2.

Vl1L

# GI Lf% ::. . o '--15
.2.

~t

#(;3 .21% == .23Co
.z.

rYll

#= 7.2 72% = . 808
.2-

YYlL

# '1/ E6Q - P/J/lC} /ena C Q rYl P Ie~

7'5% E6Q ve.r-Ij 'Jravelllj loam

35°h, Ana/enD very ~ravelly c/a~ loam

20 % onaco (5%) )
) THROUGHOUT

Tre5 f!er ma f70 S {51~)

ANTHoNY (5%) lDRAINA<qE WAis
ARIZO (5p)

XJ(SAT-
.40

.O~

.0'-\

.OCe,

I. 2. Q

XKSAT cARin-I) = .tlS-(.lfo) r . ~o{.OG) -I- .OS(.QI./)+ .10 ( /. 20) = .32(., L.n/hr

XKsAT (L."9 ) =[ '(s (Io) .l(tJ) of • '!t1 (I"J' as} ~ ,os(loy, 00/) f- jo(loJ /'20)] ALOE,

::: .IBc:' ZVl/l-ir

# ~I

~Y""an - Wicketllbunj COi//lp/e.x. I /> /t::7% .s;.OFFS

7"t:J'j0 q/'an Verlj '3r""a.IJt::.Il'j sa'ficl:.J c1a.:J loom (00)

35% U),c.Kc;1 hUYJ qra.l.lell~ GO;1J j [aavn (.£f
O)

2S~ Ebo~ (gh X) } (~/6)70e 5~pc5
I

Plllla.!enO (J5!31~) (,00)

ArrzlJ (5}/s %) JDr'Qi.rr-1jCMjS (I. 20)



X I<SAT (Ant??) -=- • Lf'83 (. C~) +- • L/33(. ~o) .... oif3 (;,20) z: • 302 tn/hr

XKSAT (1.. 03): ALOGt['1$3(lcJj.OG)4-.7'33(IoJ , !jO) +- ,OF3 ( /OJ I. 20)]= ./75'" t.'n/Ar

Gran - j,/;ck~J1 bury Comp/eJC / /0 -c"S% S/res

£/0% GrctV] ver:) :Jravell:f sand:; cia) loaV'r1

33% /t)rc!::ei1!:uu·j JrauellJ saX'~ !oar"
27 % D /xa/eta } Ht::n 5/op e5

Le. /,-z vn a VlS

EbQ

Pt na]e ;10

Arrzo

Jj Toe S/f;r~

} Dreo V1 CLjewajS

(.0<0)

(.~O)

(.7'6)

(.Oc,)

(, '-10)

(Oc,)

(j.2 o )

XKsAT (AgITH) .138(. tfo) r ,so8 (,oeo) + ,oSy (/.20) = -270 lYl//;r

XK5AT (1..0.9) ALO~[.'138(;63.·IO) t-,50?{/OjJJC,)+,oS<7(IoJ 1.2t?}J= _ /C:,Z L'~;h".

:/I: 72 LEHHAtJ5 COM?/~.K..

e:,ij% LeI;(Ylat1;5 v(,('j Jrauel/y clay loam (. ac,,)

30% ARIZC) J D":"Jra'JeU/QY~ ( I. Z0)

EbCL
7 (. '(D)f foot: :slopes

PI lila Iet'!O 7. 2% ea. (.oeo)

0rejcay!c. }6<-ntle 5¥ (. 'f6)

!Weld (. '(0)

)'/{54T CAR/tH) =- _7/2 (.6Ca) +,07,2 (/,zo) + .2/(" (.yo)= • .:dC:, "·nlh,,.

XK5AT (LoJ) :: At.oC:t [.7/2 (J0j _0"') +- ,07;;< (/03 /.2) -/-. ;;z.tCo (loy - I/o)} • 112. (.f1/J,f"



· -'

{, ARlrI-l! ARITH

2. ARI,HILoS]

XJ<.SAT= .03 (./ctc,,)+ .0'-1 (.17S) + .Z.I (.10Z)r .72 (.IIZ) =. • /27 L.1Il/hr

3,. t05 / ArlTH

X 1<SAr = ALoq [ .03 (I03 ' 32G,) 1-, CJ'I ( ICYJ .302) +- , '7../ ( /03 .270) +.72 (/°3 •2/(,)]

= ~ 232 Ln/hr

'1, LDS / L03
XI<sAT:: AL~ (.03 (/03 . IS") -r.Ot((/oJ. 175 ) r , 21 (/03./(,2)';- .72 ( /°1 . 11 2 )]

= . 125"' :"''/l/hr

I, .CFSAA.OAT -+ %/(5A1 = .23'1 ~iJ.a,r j7.5"/;C' = s; 2 i,., de =.355 LV)

2-, cPSAL, /JAT --I> XKSAT =./27 lfJ/4r 'pSIF = 6, ss lot) cia = .33 ,'n

3. CFS LA , ~A T -I'- Xf.SAT = .232 /..·r;/hr P5IF= 5.2 t:.·17 de = .3t:, in

4.CF5LL.DAT ~ X/(5A r- .125 if1/hr pS/F = 6, (., if) de ::: .375" in



. ... .

7/§ER WAsH SUB 8
DRAtNArqE ARE'A; r. 78 mi.2

SOIL Survev; A'jui 10... - Co. re .free

HAP U,\lIrs #/9,20 38.~ % 3.77S
..

:: ....
vYH

:# 92 5'0./ ~ :: 'i. qa) .?
fYll.

'#: /00 11.3% = I. /oS" • :!
y)1t.

SO II.- Dt=SCRIPTiOtJS ( !'1A P (.,IN If Losses)

#/9,20

CHUC.KAWJ\LLA - <qUNSI~HT COM PL~X. X KSAI

'15"%

35 "/0

20%

C.HUGKAWALLA Ver:f <:9,o.vd/j SaVldj Cia:; Loam

9UNS/GHr Vef':J ~f'avetl=t L.o<::\W'l

Sol 1FANPif'lQVV/t ~
ThRR~.CeS.

'Tre: Vl1a t1i: O'v

!Z I L.L{ TO
~ ] SIde Slopes
I'....
V)

] F~="f'<AiN$
AVlTHO

m.
l\j

~ if Man '--

M"rtpo

• or.,

.0'"
,oC:,

• £.fQ

• '/0

.25"

. ~o

XKSAT (ARITH) = • £357/'1 (.0(",) + . //'1 (. 'to) + . 02357 (. zs).::: . /01../ f.:n/hr

XI<SAT (Loy):: ALOG,[.?!S71'1(loJ.06)+./IIf(Io.J.~O)+.02gS7((°5. 25 )] = .078 ivlhr



.... .' ..
# 92

dONOL/ - CARRIZO COI'Ii'-"'L.€X

~5'Yo Ho~GUJ Ver'j q raVc.tl~ LcaY'''l

3.£"% CARRIZD Verj ~r~vd~ SaYld~ LoaY"l

20 % !'1oHAt.,l.

XK5AT

,40

t. 2.0

• 2.5

-r;-.e mant

cAuns/;}t1t

Chuckawc<!/a

Otnuure.

G, rc. rr.4/1/

!'1ar/;oCJ

CQrr/ZO

}-ItCjh
7U,aces .Ob

· o~

• '-10

.2.5

. LID

I. GO

, Xf(SAT (A RITH) == .375 (1.20) + . 52S (, J{O) of • OS (.25) + . oS (. ClC,):: • fc, 7(P L·,.,/hr

XK5AT (Lo;]):: Al.LJ(1[. 37S( (oJ 1.2) +-. SZ5 ( 10j. Lfo) +-. es( /oJ. 2S} +. OS(lay. ot.)] =. 537 .:~(

.it /00 QUI/orosA - VAlVA CO/'1PL€X

~2.S% C;;uJlotosa... Ext,-cvYle!g qrav~/':J Loar>;

, 25" % Val VA Ver~ 3ra vd lj LoctVVj

/2.~/o 5chcnc.o . J;Yin, ..5"/o/,es

X/<SAT

1,20
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I

LOGARTHMIC AREAL AVERAGING OF THE GREEN & AMPT SATURATED HYDRAULIC
CONDUCTIVITY PARAMETER (XKSAT)

ON FOUR DESERT WATERSHEDS IN MARICOPA COUNTY, ARIZONA

Purpose

The Green & Ampt loss rate method is currently recommended for use in

hydrologic analyses by the Hydrologic Design Manual for Maricopa County

(manual). The established procedure for developing the average saturated

hydraulic conductivity parameter (XKSAT) for a subbasin involves linear

(arithmetic) averaging of first the conductivity for each soil texture within

a soil map unit, then for the various map units within a subbasin. The

Wetting Front Capillary Suction (PSIF) and Volumetric Soil Moisture Deficit

(DTHETA) values for the subbasin are then chosen from a graph (Figure 1) based

on the average XKSAT.

Users of the manual have expressed concern with the present method.

Subbasin average parameters seem to be biased toward higher infiltration rates

when soils of high conductivity (say a loamy sand, XKSAT = 1.20 in/hr) are

averaged with soils of low conductivity (say a sandy clay loam, XKSAT = 0.06

in/hr). Since some research in this area has already been done (Sabol, 1991;

Van Mullen, 1989) this paper will investigate the results of logarithmically

averaging the XKSAT parameter, within both the map unit and the subbasin.

Procedure

Four subbasins, ranging in size from 0.42 to 9.78 square miles were

chosen for this analysis, without regard to the types of soils they contained.

The subbasins were part of previous hydrologic analyses by the Flood Control

District and Burgess & Niple, with soil map unit percentages already

delineated. All subbasins are located within the boundaries of the Soil



Survey of Aguila-Carefree Area. Parts of Maricopa and Pinal Counties. Arizona,

because it contains the most detailed soil texture data of the three available

soil surveys in Maricopa County.

Map units (designated by numbers) were described for each subbasin.

XKSAT values for each major and minor soil were assigned from Appendix A in

the manual. Each minor soil was given equal weight in the averaging process.

Two average XKSAT values were calculated for each map unit, one using the

arithmetic average of the individual XKSATs times the partial areas, and one

using the log of the individual XKSATs times the partial areas, with the

antilog taken at the end of the calculation. At this point, the average XKSAT

value for the subbasin was calculated in four ways:

1. A/A - (Arithmetic/Arithmetic): The arithmetically averaged

map unit XKSAT values are averaged arithmetically (this

procedure is currently recommended by the manual).

2. A/L - (Arithmetic/Log): The logarithmically averaged map

unit XKSAT values are averaged arithmetically.

3. L/A - (Log/Arithmetic): The arithmetically averaged map unit

XKSAT values are averaged logarithmically.

4. L/L - (Log/Log): The logarithmically averaged map unit XKSAT

values are averaged logarithmically.

Appendix 1 contains all of the calculations used in the averaging process.

To develop the Modeled Runoff quantities, values of PSIF and DTHETA

(dry) were read from Figure 1 for each of the four XKSAT values, and the loss

parameters became input to an HEC-l model for each subbasin on the LG card.

Table 2 lists the loss parameters for the different subbasins and methods of

areal averaging. Also included in the HEC-l input were the following

constants:



1. 6-hour rainfall from the manual, pattern number and areal

reduction are based on the area of each subbasin.

2. A rainfall depth of 3 inches (a typical 100-year, 6-hour

design rainfall depth in Maricopa County).

3. A five-minute hydrograph timestep.

The model was run four times for each subbasin, and after each run the value

of total excess rainfall was converted to a runoff volume in acre-feet. The

Modeled Runoff values are listed in Table 1.

As a comparison to the Modeled Runoff values, an attempt was made to

quantify the Expected Runoff volume for each watershed by separating the soil

textures, running an HEC-1 model for each using the same constant inputs, then

summing the totals. A key assumption here is that all the individual soil

textures contribute runoff to the outlet, i.e. runoff from an area of clay

loam does not traverse an area of sandy loam and infiltrate en-route. This

seems to be a reasonable assumption for low frequency design rainfall events

because rainfall rates are generally greater than saturated conductivity rates

and soils are nearly saturated at the point in the storm when large quantities

of runoff begin. The Expected Runoff values are listed in Table 1.

Results

The results of the HEC-1 analyses are presented in Table 1.

Conclusions (from Table 1)

1. The present method of arithmetically averaging the XKSAT parameter

(A/A) generally results in a large (12-31%) underestimation of the true

runoff volume. Since rainfall excess is underestimated, the time of



concentration parameter in the Clark Unit Hydrograph method will be

overestimated, resulting in underestimation of the peak discharge.

2. The Log/Log (L/L) method of averaging XKSAT seems to yield the best

results when compared to the Expected Runoff, even for large basins and

differing soil texture compositions.

Recommendations

If the Youngtown and Tucson Arroyo testing by GVS yields similar

results, incorporate the Log/Log method of areal averaging the XKSAT parameter

into the Hydrologic Design Manual. Include a detailed example of the

procedure in the manual. Provide the weighted XKSAT values for each map unit

in Appendicies similar to the current ones using the procedures developed

herein. Provide guidance on developing an alternative map unit XKSAT for

~ small drainage areas which might be dominated by one or more major or minor

soils or a particular geomorphic regime.



TABLE 1

SUMMARY OF LOG AREAL AVERAGING TESTING RESULTS

SUBBASIN
NUMBER

AREA
(sq.mi)

DOMINANT SOI~ TEXTURES EXPECTED RUNOFF
(approx. percentage) (ac-tt)

MODELED RUNOFF (~ error)
(ac-f t )

AlA AIL LIA LIL
+---------------+---------------+----------------------------+---------+---------------+-------------+-------------+-------------+

LD4 0.42 Sandy Loam (45)
Sandy Clay Loam (39)
Loamy Sand (13)

32.1 28.2 (-12.1) 30.2 (-5.9) 30.5 (-5.0) 32.5 (+1.2)

CF5 1.12 Sandy Clay Loam (65)
Sandy Loam (28)

91.4 77.2 (-15.5) 86.8 (-5.0) 77.2 (-15.5) 87.4 (-4.4)

306. (+3.4)266. (-10.1)291. (-1.7)262. (-11.5)296.Sandy Loam (70)
Sandy Clay Loam (11)
Loamy Sand (11)

9.78

6.74JR6

TW8

1
I
1
I 1
I I
I Sandy Clay Loam (37) 461. 318. (-31.0) 386. (-16.3) 412. (-10.6)1 475. (+3.0)
I Sandy Loam (34) I
I Loamy Sand (26) I

I I I
+---------------+---------------+----------------------------+---------+---------------+-------------+-------------+-------------+

Average Error (absolute value) ----------> 17.5 X 7.2 X 10.3 X 3.0 %



TABLE 2

SUBBASIN LOSS PARAMETERS

Subbasin Averaging
Method

(subbasin/map unit)

XKSAT
( in/hr)

PSIF
(in)

DTHETA
(in)

-----------------------------------------------------------------------------

LD4 A/A .367 4.30 .350
A/L .301 4.65 .350
L/A .295 4.70 .350
L/L .217 5.35 .365

CF5 A/A .234 5.20 .355
A/L .127 6.55 .380
L/A .232 5.20 .360
L/L .125 6.60 .375

JR6 A/A .431 3.95 .350
A/L .362 4.30 .350
L/A .423 4.00 .350
L/L .344 4.30 .350

TW8 A/A .476 3.85 .350
A/L .370 4.25 .350
L/A .337 4.40 .350
L/L .260 4.95 .350
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So.ncl.;JClaj !.oam --. 7701 % (3L.f) z: 2. C:./8 %

:. 8. 503 d~
. -- .~_. " ... ~~;~.' .. ---,~./.~,. -- .

=. .27Lf%

:It. L/Lj ---t- 9. G % Or SUBBASIN

50./11(:1::1 Loa VVJ ~ 2. 1?S7 %

Loam -- 5.71,-/ %

__ __ Sa_Vic:l':} C Ia.~ Lo:a~ ---+ 'jE. 57/ %

Clt:t~ l-oam ---... 2.857 ft

(q,(o) -::

( q.b) -::

(_1·__~)

('l.b)

. SLf9 %

___.~_52. -+. _c~3. / % OF 5u£6ClS';/\/

.. ._ .._._... ~__. .__LQCll?Jy_SCl~d.- ..5: 31(3. (£(3. /1..=
..... ._ ._.5o..v>_d-J j~:.()qm -to 30.3'12 (y~.!) =

____ .. :iaVJcllj Cjq!j LOQvYJ -+ ~Lf.3/3 (Ll3.1/ :.

_2.}9~.~ .. oF$..ubhasin

/3,077 %

27. 7/~ %



0'...,".'.-.
RUNOFF By $"O/L TEXTURE

LOAN'! 5 At.JD (L!)LILS. DAT)

$dVldy LOQvYj (LD'/SL. OAT)

L04v'1 (LOLlI-. DAT)

Sandy (Ia.:; !.00 V'! (LDL/SCL.OA.T)

Cia:; Loan? (LDl.(CL,f)AT)

~ ::::. .8'-1l/7 v= 2.419 ac.-ft.

p~= /.21 in v= /2.455 cAe-ft
- -

Pe. :: /.53 in V=. . 7.3 Y a.c.-ft

Pe. = /,~1l-'n v= /&.'130 ac. -.ft

?e = 2.CJ2 if) v= . {08 ac.-IT

TOTAL RUNOFF :: 32./'-lc:' a..c-Ft

/"1.foO£LEL? 5v138AS/N RUNOFF

Av€R.AGEO L05..5t::.5: (X KSAT)

AQlrHIAR/TH : .133(1. 033)+ .3'10(.370)+-.o"!tl?(.oe)+-.lf3/(.22l../)= .3&>7 /17/hr

_ARITH/LoJ: ./33 (.14/) + .3t10 ( . 3l./ /) + . OCJt,(.008) +-. '13/ (/25) = .30/ L.n/hr

Lo~ / AR/TH :[./33 (1°3,.033)+ .340( 103' 370)+.01'G (/OJ .DS) +. lf31 (iOj' 2.24)J AlO~

= .29S- in/hr

Lo'j / LOJ : [. /33( log • 9L(1) +.3'10 (IOj. 3'11) + . o1h(loj . OGre,) + ~ '13/ (lo~ . IZS)] A L0<4 __

=.217 t.n.!hr

RUA.J5 ~ Subbas 1f7.../ f 1AP Ll",ii.
y:

I. L,o'lAA . OAT XKSAT = • 3 Co7_t..'n/hl" I P.5/F= If.3Ln J

... ._ ..' _.2 .LDL/.Al...[:>AT X K.SAT=. 3PLi!ljhc', e$I;:::..f.~;Jl,

.3 LD'jL,4·j)AT. . XK5Ar: . ??S:.in/h'-J.__ .PSIF=-.:!·Z.ifi/

__ ..Lj.._ ..£P!fL.l~./)AT. X }<5AT = ~.:2ll.~·rJ}C,. . f!~JF =_.f.3S>;17

RUN Rc=.SULT;5

dG=.$5 iY)

j () =" 3..S [YJ

de =.35 :'11

ds ~. 3~S- t.r7

/. LPI.fAA. DAr R:. :. /.2ro l'l V::: 28.2lL./ ac- ft

2, LDl/AL. PAT Fe::: j. 35' in v= 30. 2. i../(J o-c.-{t

3. LDyLA. DAT R= /.30 in V=- 30. 'ic,Lf o.c-f't

1./. LDl./ LL. OAT ~ = /. 'IS" i" V= 32. £180 ac-ft



-,- I / =IF /D
..JAC.KRABBIT WAS H V?

-s

HAP UNIT ~ ARFA
• L-

/lJL.. -_.- .._-------

#"3 O.7t.fZ J4.8>1"
.os-

pLf 'I. /5,-/ .26

#30 02.315 Lj.ZQ

#S"0 '-1.599 .3/

#11 z.cu . /8

di9CJ 2.~71 . /8

#106 O.SQ3 .04

::IF/I7 22.255 /.50

-5..0/'- DeSCRIPTIONS

#5 3 i '-! : .:2/1,;-10 - Carr/za - l1etrlpo Comple.x XKSAT/, _" I •

35% Arv THO So.Vldlj LoaM • t.j-CJ

30",/0 Carr,-zo l/er'y qravdly SaYlc/ 1.20

:<O~b l-1cJO po Sa.ndy LOQI'>? .40

]/5% BRID<; Pr o... /n a J c:.w Cl.J5 [,20

6;~f1a.r7 JF<ooo p fa; fIS
.7.5

'"""'.
Vi-1'1 i: o . l/ov

D~i1ure ~
STI?caM TCrr~C5

£10
In

HOMOli N .YO
'--./

Corr;70 . '10

XKSAT (ARITH) = . 325( 1,20) +. as (.lfO) 4- .025(.25) = o. ~~ ir./hr

XKSAT (LoJ) ::. ALOq [.325 {Io} 1.20)+ .~5" ( lag. '/0) +. 02S (loJ. 25) z: • 5~5 tn/hr



0

#~Q.. O!:NLI!?E - #OI'l~GI - Ca rrrro Cov--:p/c'X. XI<5AT

Lft) /0 J)E/JLlR£" C::t r~ vd!J SCi VldY LoOV"i ' '-!o

30% HomtJLI 6jI'OV ell J 50 .s.. L00»7 . 'I{)
J

20% Carozo 6raueJIlj Sar;dy Loa o; · '-/0

IO~ qo:'I"1AN
--..

1h-OOD?,AnJ5

'1
.zs

'.>!

/10f"l/, 6 ~ , LfO
rr,
M

Carozo ~<i J /.20
<:»

XKSAT (ARITH) -= .9333 (.40) +,0333 (.2[;) +.0333 (/. 2 0) z: • '122 in/hi'

XKSAT (Lo~)::: [9333 (IOj ,lIo)+- ,0333 (loJ,2s) +-,0333 (ioJ /.20)] A1...0,3 = • fOB ,'n)"'r

- --.

XK~AT

.2C

· '10

1.20

.25

· ;;-

• '10

.40

.40

. '10

Tn ro u.:J h c ui.

f !Jrcw'i'Jj(t..<.Ja'jS

J

AAJTH()

Corrrz.o

ESiREL!..A
--...

Glen boY' (:l
\)

Vi..... t ~

~
DeYll.{re.. <'X

'....J

MOVVlol ~

C~,. r I"Z.C>

:II; S," C;;;/L.HA/\/ L cAM S

BO% C;/L.H4A} l.OC1f>1

20%

XK5AT (Ar? (TH) = .825(,25) 4- • /25 (.40) + .025" (I, 20)+ ,025(.IS);' ,2'70 ,'nlkr

X/{SAT (Loj) :: A/OJ[. f525 (/o.1' 2S) -r .125 (loJ' '/0) +-. 02S ( I(JJ /. 20) +, cJ.?~ {/4/ _IS)]:: .272 ['tjhr



l1omoL../ - Carrizo CO//lA:.EX

'-15"% /tbff/Ok' Very 91"c2tJC (~J LoaM

35% Carnzo VerJ ~ral/cl0 SO-Vld.J Loary;

?91

20% /Voha/I

Tfen-zant

~un.slj~'t ~

Chue. ko.vVal {Cl
~
ltI

Denure- ~
In

GILMAN "i
""'--"

11«ripo

Cqrrizo

H'3h
Ie (YO c.eos

~

S Throu'] hour

j

X/<,5AL

. '-/0

1.20

,7.5

. ltD

,00

1,2.0

)(K5A.T (ARITH):' . 37S-( 1,20) +-.525(. tfo) ..... OS(.2.5) +-. as: (OG) =. • b7C:> i.'n/};/'

)(KSAT (LOS) '" ALct? [(31S0Oj I. 20) r: S-25(107,40) r . OS (loJ' 2£) -1-. os(lcxy ,d~)] ::: . .537 ('I?/hr

9'S% I1rJa#'1t Ikf'j c?f'avdltj 5 clYdy CI4J Loa#'>!

35% 7?emcU'/t q ravc " j L oa Y"Y/

20 % CaJ'"'rrz.o } Drai(lCljCwa.:r

X/(SA,

• Lf()

/.2.0

chllc1ac»a.lla....

Ebo'l

~L(IISi1ht:

RLlI~ /::0

XK5AT (Af<lrH)" , OL! (/.2) +- , '13(. 40) +- . 53 (bG) =- .2SZ (:n/hr

XKS4T(L0'j) =[,0'1 (/oy/'Z)r ,'IJ(/OJ'~o)+-,53(10.1,0")] AL.or:;:L ./53 t:n/hr



"

#/08 .5HFNCO COHPL£X XKSAT

IIi % .5f1EIl/CO . o~

28,~% Antho ] praina:Jewa!Js . '-/0

Be~rd5/~'j ,25

Cherioni ' '10

C /priano ,.-..,. Fd.n. krraCcS .O~

EOof) 3 .o~

t9uns lCjhr ~ .7'0
~

SUI? C/iJ
«) .ao
<'\j

~ad'1ado
<: } 11/1/.5/o/,es ,0(0

Qu. ;(6to.50. ] Thro"Jhour
1. 2 0

V(;tiVCl . l/o

y/(5,4 T (ARITII) ==.0.;)3''- (I. zo} + , //'1'/(. ~O)+ , tJZ8f.:. (.25) + . 82e~ (, or..)::. .137 tiJ/J;r

XK5AT (LoJ) =" ,4L09[02Sfo(l0:J 1.2) r . 015"8 (/0/' $'0) T- ,o211e, (10:1 .ZS-) + , SZ6l.f(IOj ,()(,)J

z: • 087 il?/hr

#= 1/7 77<EI"1ANT - yUAlS/GHT - IOU_ITO COp?e~6X X/<5AT

30/,0 Tre.1'?7ant .. d"

2CJ% 9~n.s7/,t: /. zo

20;% /i/LL./To • 7"0

30% C.lprlano "=' ,DC::,

Pt'naYJ-t!
g

, O~

~ UrrQCC5
Hoha/I ~

,25

CowHnc.
I'-J
)' ,01

Jll1tho
v

I lfO
Alluvial ~nsCarrizo 1.20DrolMtJewap

01LHAN ,25

X/<SAT (AR1TH) ~ • 2'!Zl(, (1.2) +. 2428"(.1/0)+ , tJ8572 (.25) + ,38572(.()(:,) +- ,o~Z6' (.0'1)= ..'I.JS 1~1'
xKSAT(LOrq)= ALPq[,2'128C,{Ic::J,.2) r. 2«Z~,{t0J,'1o)+.oeslz(lOj.ZS)T.38572 (toJ ,C6) +- .o$lz8,,(I.:J.()~)J = .2/q i"'/IIt'



SU.BBA.SI/" RUt-JOFF FROM INDIVIDUAL SOIL TEXTURES
:J/<C,D

Loam:] Soncl - 32. S" 'j'; (~1 ) = /. 5'1 %

So.Yld~ Loav» --+ (,570 (Lit) = 3.19%

Loa rn -. 2.£% (tf.9) :: o. /2 X.

()F Su6to.s in

# 30 -+ 023 % ()F SCJBBA.SIIJ

LoaY>1!j ~fJd -+ 3.33 % (C,2.3) = 2.07 % tfr St.<bbast'f7

Sandj Loal'V/- 93.33~ (~2.3) =: SB./L! %

Loa~-- 3.33% ((,7.3)= 2.07%

#S0 L/. Co % 6F 5UBBA,51 N

Loo.Yl'1U Sand ­
J

So.~dj !..CJC1'fY'J -f>

Loam -.

25% (,/, 0) = 0.12 %

/2. S/~ (!(,0)::: 0.58 ~

82.5% (If.C:,):: 3.'bO/4

2.5% ('(.~)=O.J2%

#cn 2.7% of 5U88AS/N

LOQyYJ:J SClIl1J --. 37,5% (;2.7)= /.0/ ~{, OF S~bbasil1

S().t1d~ LoaM -.-,. 52.S'% (..7.7)= /.l./2 ~

Loa. Y'f/
-40 5"}': (». 7 ) = • /'-1 %

S"al'loJ Cla:J Loam ~ 5~ (2.7) : . /71 X.

:iF qq 2.7 % OF 5(.,(BBASIN

LOQn1j SaV'.d -. Lj~ (;;;. 7) = • II ~ OF 5u.b/xl-stn

So. III d.:J Loam --to L(3 rc (;).7)::' I.l~ %

~aI'lJ'-j C.I~ LooM -+ 53 % (2.7) =- I. L/ 3 %



LCJClVJII!:J SalAd ~

Sct w!J !.. oarn --i"

Z80 % (.«) = . 02 ~ dF Subbasi.n

II. L/t..j /~ r.«) = ~ 07 %

!.ODyVJ -I' 2. 8(, % (. c )> .02 %

SaV)d~ C 1a.:J Loa r'Yj -. ez. 8'-1 % (. 0 ) = . SO ~

#/11 22.3 /0 o> .5u..h bas !{/!

LOa.Wl~ Sand - 2'-/ . 2 'bra %( ;2 2 .3) :: .5.42.. % 6,c 5L.JbbaSl·Y]

5 tlVld :J LDa ('I) ~ ;2'1. 28 ~i:(.22. 3) .: S. L.f2.. %

L-c>aVVJ --.. 3. .5"72..4- .22.3) = (. cJl %

5at1d~ Clo'! Loa t'''i -. 3Z.572;:( 22,3) :: 8.(,,0 %
J

Clou. Loo't'VI ~ Lj,2gfo% (zZ. 3) =- o.sc %
.,.i

TOTAL5 FoR.. THE 5UBBASIN C A::. C,.7,-/ ,..,/z,,)

L04M'/ SAND -- /O.3~ % :;; • fo97 j1/l('<:'

Sanclj Loa.~ -+ ro9.9S % = 4.7/7 mi"l..

Loa VV1 - g.oto /Ia' -:: .543 MIt..

SILTY LOOVVl - . n. % -= .OO8mi2.

Sa. V1d:J C (dj Lo~VV\ ..... /0.&7% '=- .7-/9 mil

Cla.~ Loa yr') --'» . t(&p ::: .OC,SJ?1i z.

100.13% ~. 7 ¥9 ntt"z

RUNOFF By Sa/(- TEXTURE

LOAHY SAND C:rR LS . OAT) Pe = , I L-f ~t'\ I
V;:; 5.20 aC. -{i.

SAtJ{)Y LOAM (.J RS L. DAT) Pc: = .75 V~ /88.t. 8

LOAI'1 (J"R.L. OAT) pc = /,/2 V"'" 32.t-l'{

SILTY La.4M (TR SLL. DAT) Pc z: /.IL \7= 0, 'IS

5ANOY Cla.j LOClI11 (J"R$C.L, OAT) P~ ::: I.t/-j V=- 02.89

C/t1tj L~ams (JP-C L. DAT ) Pe := I.g/ v:: b.2.8

70rAL ;(I.INtJFF .: 295".97 o.C- ft.



I" .' • ®
jV/ODELED S U8BAS/N RlI/VOP'F

...AvERA~ED LOSSES (XKSAT)

($ob\.Glslf'l t": tlnit

ARITfI /AI< ITH ; . OLfe16(. G5G) -+ • (,23/5 (. ~22) + .0l/S'l9 (.210) + . 02c.7/ ( ~7C.)

+ .0207/ (.26'2) -r ,00593(.137)+ . 222S5"'(.'I3S) z: ,L/31 ~"//"r

PS/F =3.9S- L'r; cltJ = ,35" L.JI'l

ARfn-l ! Loq : ,0'-/91(;, (.505) t-. G,2 31S ( l.j08) + . OtlS""'1'J(. 272) +, ()?c.7/ (.5'37)

-1-,0:;'''7/ (./S3)+,~0S'93(.OB7)~.2225S(.2.I<=t) = ,302. lVl/hr

?51F = ~3 L/; d'&:= . 3S ,:n

Log fA RITf; = AL0C!l [. oyg9ra (103 . 6SC;) + . 0 231S (Ioj . szz}«. oL/5'19 (loy. 210)

+ .02'-7/ (l03' C:>76) + . 02G7i (/OJ. 252) +.1J6K<J3 (loJ ,/37) +.222.55 {/OJ. 43S)J

= • t.{ 23 LVI / ht: j?51F =- '7:'0 de = . 35" 1:.'17

L-CX9 I LOG -= ALtJq[. ()'1'396 (loJ .5"{'5") +, b231S' (/0.3' 'lOg) r. OlfS19 (JOj .272)

of-.0207/ (/OJ' 537) +, ()207! (1°3' /S3) "f. ooS93 (1°5 .or?) -r. Z2ZS"S- { lo5 ,2!1}]

= •34Li LVI / hr P:5 I F = '/.3 i Vi d () = •3S (:/7

RUN RESULTS

~ (in) V loc-f-f:)

I. .TRAA. OAT .73 2~2.Y

2. JRAL f)AT .81 29/.2.

3. JRLA,DAT .. 7Lj 2c:'e:,.O

~ jRLL, PAl ,85 305.5



CD

~U/lA - CAR~FRt:£

SOIL S UrI/BY

. HAP UNITS: .#'11 3%' ::: .03'-1 .z.
VVIL

~ ~; Lf% ::. .0'-15
.2-

rn :

#~3 <21% == .23f:o
. ?-

,.-/lL

#= 7.2 72:% = . 808
• z.

rvil.

SOIL QES~/Pr/t:JIJS

# 1(/ E6G..~. P,v,a lena C o rY1 P Iex XK.SAT

L/S%

35°;;'

20%

E6a.. ve.r~ 'J ra v e If 'j loa rn

. Anale.no ve.rr; Cjravel/'j ci0'--1 loafYl
"'I -/

Ohaco(5%) J
) THROUGHOUT

T~re51!~rma..nosl..5'%) .

ANTHoNY t.S%) 1 ..Js. DRAIf-J A<2:l E WA T·

_A RIZO. (5/~)

.40

.0"

.0'4

1.2.0

1.20

XKSAT (AR1TH) = .'15"( , r~) r . JlO (.O~) -/- .OS(.OC/)+ .10 (J. 20) ~.' 32(., _~n/hr

...j/KsAT ('o~) =[ 't'S(;OJ.'_'!oJ.'!_, .'It) (!tJ" oc} +- ,OS(/Cj,o"!). +' .I~(IPJ /..?o)]~~o~ ..

_. ~.. ~{8~ .ZYllbr

#: Cpl

Wic.keVl burj Co~p/e.x. / / - /a~ ~aPFS-

q./1:!1'? verlj <jra.ve.ll<j sctV1dH clo.~ loom . (.O~)
W(c-k~.n purj CJrC{tJel(~ GOVlJ;} loan'] (. 'fO)

EbQ.. el1:> ») f TOe S~pc~ (LlO)

Pu-14!enO (.'8/3 %) J (,00)
,

AriZ!) o» %) j Df"Qi.rraJcaays (/. 20)



· -".
XK5AT (AntI?) ~ . Ljg3(.o~) +-. ~33(./f'O) .... 083 (;'20)= .302 tn/17r

XK5AT (1.03) = ALOq [i/$3(lcJJ .o,,)+-. 7'33{103' '10) r . ago? (/O) u'o}]= . f7S" In/Ar

Gran - IehcK~JI} burJ_Com;;(~~ I /0 - c,s:% S/res

L(o % Gra V] very 8 ('a.~ Ilj S4.Vidj clay /oaY''''1_

33% jJicfel1burj J,au~/!y Sa~ loam

27 % D/xaleta. JHi::n Slopes

[e.hWlaVlS

Ebct
- -..- -.~..... '-~-"'--- ...-.-

PtV1a.!eYiO

Arrzo

S. 'f% ea. JTee: Sft,/,u

} Dro, Y14.Jewa.ys

(, Dec)

(.~c)

(.'10)

(. oc, )

c. LfC;)

(.O~)

(12 0 )

XKSAT (AR/TH) . ~3e (# '-/0) r . soB (Dc:') + .OSt.{ (/. 20) = . 270 i~1/I;F

_eXK5AT (Lo,9) ALotf, [. <f38(1CJ.9 . tlo) t-.SO'l ( 10/ .O~) T • OS9' (/oj /. 20)J=- . /(.,2. L''llhr'

LEHHAJJS COMf'/~X.

Le~/'1Cln5 Verj Jrau~ll:f

:It 72

Eb({.
~'- .. ' -._..--- _.. - .

PII/I~ I~YiO

__6f'e!:'jCo.yt~

l1//cld

7. 2% ca.

clay loa#?

J Dralna~eU/QY~

f f=tsj"p~s

J&.ntl~S/F

(. CJ~)

(I, 20)

(,I.{D)

(.0(,,)

(. '(6)

(. '10)

)'K5AT (AR~rH)=- .7/2(.0'=-) +,07'< (/,zo) + .21Co (.'1 0 ) = .~/C:. l'l?lhr

XKSAT (LoJ) = At.o~C·7{2(fOj.Ob) +-.o7~(I0.3 /.z)+,;}.(G:.(IOtj.1I0)} .112 G.tI/hr



. -'

SdBBAS/N Loss!:S

t • AR,/rt-I! AR/TH

XKSAT = _03 (.32{') +- .0'/(.302) + .Zlt. 270) + .72(.2/") -= .23Y :..,.., I h,.

2, ARITH I LOB

. XKSAT=- .03(./~C,)+ .0'-1 (17S) + ~Zl (./~2)+-.72 (.UZJ =. • /27 L.Vl/nr

3. __ LOj / ArtTH

_. Xt<5AT = ALoq [.03 (!()(j .32G» r. DL/ (IOJ . 3c>2) r . 7.' (loy. 270)';-.72 (/03' 2/(.,))
= • 232 Ln/hr

__ .. __ ______~L .1-1:)5 1_ L09J _._ _ _ ... __ _ .. ~ .. .". ~ . . __

.XI<SAr:: A~ [ .03 (!o:J . I'DG) 7-, ~tf(loy ./75) -1-, 2.1 (/03,1(..2) r. 72 (jo'J . tlz)]

= . /2::: :"'n/hr

___ l . CF~AA. OAT -+ Xk'5AT = . 23'1 __~/7/J/' .. /'S/r=_~2-117 c1~_= *_355 i.V}

2-. Cc5:AL ·/2A_T --'_XKSAT =./Z7.t;rJ!/;r. l:J!Jf. ~._JJ:_f§ ~g_.___. __c.ld : . ..3~t.·n

3. __~,.e:.5'L.A. f)AT ~_XI\SAT =.232 L~,!I.~I'_ .F.-?!C~_s:.._?_f·(l_ .__/e._=_~_3b in

t.-( •.CFSLL. DAT ~ Xk5A T:. .125i..n/hr _ PS/F= 6.(., i/J ___d(i ~ .37.5'en



- .'

7/§ER WAsH Sl..!B 8
DRA{NA~E ARE"A; 7,78 rni Z

SOIL Survey : Aguilo.. - Caret:ree

38,(; % ::HAP UrJlrs « n.:»
:it 92

"#: /00

50./ %

/1.3%

=

= . t
Y'rlt.

SOIL.. DESCR1PTIO/JS . (/'1AP l,ANli Losses)

~/9,20

CHLK... KAwALLA - <qUNS/qHT COM PL~X. XKSAT

CHUGKAWALLA Ver:f cqraucl/j SoVldj Cia:} Loa'"
r€tUNS/GHr Ver:1 ~rave II~ L.oa.m

'-15%

35 OJ,,

__ __._._._...' .. 20 % . Sol

PiflQVV/t

TreVl1Qnt

rz I £...L/ TO

AVlTHO

~iI'Man

M".r,tpO
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LOGARTHMIC AREAL AVERAGING OF THE GREEN & AMPT SATURATED HYDRAULIC
CONDUCTIVITY PARAMETER (XKSAT)

ON FOUR DESERT VATERSHEDS IN MARICOPA COUNTY, ARIZONA

Purpose

The Green & Ampt loss rate method is currently recommended for use in

hydrologic analyses by the Hydrologic Design Manual for Maricopa County

(manual). The established procedure for developing the average saturated

hydraulic conductivity parameter (XKSAT) for a subbasin involves linear

(arithmetic) averaging of first the conductivity for each soil texture within

a soil map unit, then for the various map units within a subbasin. The

Vetting Front Capillary Suction (PSIF) and Volumetric Soil Moisture Deficit

(DTHETA) values for the subbasin are then chosen from a graph (Figure 1) based

on the average XKSAT.

Users of the manual have expressed concern with the present method.

Subbasin average parameters seem to be biased toward higher infiltration rates

when soils of high conductivity (say a loamy sand, XKSAT = 1.20 in/hr) are

averaged with soils of low conductivity (say a sandy clay loam, XKSAT = 0.06

in/hr). Since some research in this area has already been done (Sabol, 1991;

Van Mullen, 1989) this paper will investigate the results of logarithmically

averaging the XKSAT parameter, within both the map unit and the subbasin.

Procedure

Four subbasins, ranging in size from 0.42 to 9.78 square miles were

chosen for this analysis, without regard to the types of soils they contained.

The subbasins were part of previous hydrologic analyses by the Flood Control

District and Burgess & Niple, with soil map unit percentages already

delineated. All subbasins are located within the boundaries of the Soil



Survey of Aguila-Carefree Area, Parts of Maricopa and Pinal Counties, Arizona,

because it contains the most detailed soil texture data of the three available

soil surveys in Maricopa County.

Map units (designated by numbers) were described for each subbasin.

XKSAT values for each major and minor soil were assigned from Appendix A in

the manual. Each minor soil was given equal weight in the averaging process.

Two average XKSAT values were calculated for each map unit, one using the

arithmetic average of the individual XKSATs times the partial areas, and one

using the log of the individual XKSATs times the partial areas, with the

antilog taken at the end of the calculation. At this point, the average XKSAT

value for the subbasin was calculated in four ways:

1. A/A - (Arithmetic/Arithmetic): The arithmetically averaged

map unit XKSAT values are averaged arithmetically (this

procedure is currently recommended by the manual),

2. A/L - (Arithmetic/Log): The logarithmically averaged map

unit XKSAT values are averaged arithmetically.

3. L/A - (Log/Arithmetic): The arithmetically averaged map unit

XKSAT values are averaged logarithmically.

4. L/L - (Log/Log): The logarithmically averaged map unit XKSAT

values are averaged logarithmically.

Appendix 1 contains all of the calculations used in the averaging process.

To develop the Modeled Runoff quantities, values of PSIF and DTHETA

(dry) were read from Figure 1 for each of the four XKSAT values, and the loss

parameters became input to an HEC-l model for each subbasin on the LG card.

Table 2 lists the loss parameters for the different subbasins and methods of

areal averaging. Also included in the HEC-l input were the following

constants:



...----------------------------

1. 6-hour rainfall from the manual, pattern number and areal

reduction are based on the area of each subbasin.

2. A rainfall depth of 3 inches (a typical lOO-year, 6-hour

design rainfall depth in Maricopa County).

3. A five-minute hydrograph timestep.

The model was run four times for each subbasin, and after each run the value

of total excess rainfall was converted to a runoff volume in acre-feet. The

Modeled Runoff values are listed in Table 1.

As a comparison to the Modeled Runoff values, an attempt was made to

quantify the Expected Runoff volume for each watershed by separating the soil

textures, running an HEC-l model for each using the same constant inputs, then

summing the totals. A key assumption here is that all the individual soil

textures contribute runoff to the outlet, i.e. runoff from an area of clay

loam does not traverse an area of sandy loam and infiltrate en-route. This

seems to be a reasonable assumption for low frequency design rainfall events

because rainfall rates are generally greater than saturated conductivity rates

and soils are nearly saturated at the point in the storm when large quantities

of runoff begin. The Expected Runoff values are listed in Table 1.

Results

The results of the HEC-1 analyses are presented in Table 1.

Conclusions (from Table 1)

1. The present method of arithmetically averaging the XKSAT parameter

(A/A) generally results in a large (12-31%) underestimation of the true

runoff volume. Since rainfall excess is underestimated, the time of



concentration parameter in the Clark Unit Hydrograph method will be

overestimated, resulting in underestimation of the peak discharge.

2. The Log/Log (L/L) method of averaging XKSAT seems to yield the best

results when compared to the Expected Runoff, even for large basins and

differing soil texture compositions.

Recommendations

If the Youngtown and Tucson Arroyo testing by GVS yields similar

results, incorporate the Log/Log method of areal averaging the XKSAT parameter

into the Hydrologic Design Manual. Include a detailed example of the

procedure in the manual. Provide the weighted XKSAT values for each map unit

in Appendicies similar to the current ones using the procedures developed

herein. Provide guidance on developing an alternative map unit XKSAT for

small drainage areas which might be dominated by one or more major or minor

soils or a particular geomorphic regime.



TABLE 1

SUMMARY OF LOG AREAL AVERAGING TESTING RESULTS

SUBBASIN
NUMBER

AREA
(sq.mi)

DOMINANT SOIL TEXTURES EXPECTED RUNOFF
(approx. percentage) (ac-ft)

MODELED RUNOFF (X error)
(ac-ft)

A/A A/L L/A L/L
+---------------+---------------+----------------------------+---------+---------------+-------------+-------------+-------------+

LD4 0.42 Sandy Loam (45) 32.1 28.2 (-12.1) 30.2 (-5.9) 30.5 (-5.0) 32.5 (+1 .2)
Sandy Clay Loam (39)
Loamy Sand (13)

CF5 1.12 Sandy Clay Loam (65) 91.4 77.2 (-15.5) 86.8 (-5.0) 77.2 (-15.5) 87.4 (-4.4)
Sandy Loam (28)

JR6 6.74 Sandy Loam (70) 296. 262. (-11.5) 291, (-1.7) 266. (-10.1) 306. (+3.4)
Sandy Clay Loam (11)
Loamy Sand (11)

TW8 9.78 Sandy Clay Loam (37) 461, 318. (-31.0) 386. (-16.3) 412. (-10.6) 475. (+3.0)
Sandy Loam (34)
Loamy Sand (26)

+---------------+---------------+----------------------------+---------+---------------+-------------+-------------+-------------+

Average Error (absolute value) ----------> 17.5 ~ 7.2 % 10.3 % 3.0 %



TABLE 2

SUBBASIN LOSS PARAMETERS

Subbasin Averaging
Method

(subbasin/map unit)

XKSAT
(in/hr)

PSIF
(in)

DTHETA
(in)

-----------------------------------------------------------------------------

LD4 A/A .367 4.30 .350
A/L .301 4.65 .350
L/A .295 4.70 .350
L/L .217 5.35 .365

CF5 A/A .234 5.20 .355
A/L .127 6.55 .380
L/A .232 5.20 .360
L/L .125 6.60 .375

JR6 A/A .431 3.95 .350
A/L .362 4.30 .350
L/A .423 4.00 .350
L/L .344 4.30 .350

TY18 A/A .476 3.85 .350
A/L .370 4.25 .350
L/A .337 4.40 .350
L/L .260 4.95 .350
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X KSAT (L.Oj) ::. AL04[()~.3<tJ( 1°3 /.zo) + .3D3IfZ( ICJ . '10) +. t.'1313 ( log ,0(, jj =- ./2~ ~ry't,t'



#/0 - /3. 3 % OP-"

LoaWJJ_SaYJd ­

Sa ll1dlj Loq~ ~

LoQ,(Y] ~

5'ubbaslN

.&:-q%_({~,3) = /0. ~Lf x
/5~ ..(1:}.3) ~ _ /. 995 %

5% (13,3) =- D. (f:,(PS' ':;1,

0;=

:# 31 - 3Lf.O % ~p .)u66t:15//;

5QJ1dtj !..C?gf?1 __~ 89.73'-/% (31./)::

_.. __. .!- oarn ...-:-! 2,~(,7. % (3 tf ) =-

S~nJ!J CIa; Lcam --* 7701 % (3Lf)::

9. (;, % t:)F SUBBASIN
. .. . - - -

SaillOj Loam ~ 2.Z57% ( 9.(0) ~
.27~ o~ 5aj,bas./nOr

Loam ~ 5.71L1 % (c/.0) ': SL.J9 %.

.5a.YlJ~ _.c;;I~~_.lo..~~_..~_ 8S. 57/ % (~•. ft> ) =- .8.~O~%. --- ...- - ~ ..-- 0"- _

Clct~ Loa WJ ---+ 2.857 j{, ('1.6) :. .27L/ %

_..#_52. -+._--,-_':13•.L~ ...o~_.SU~~4S";V _

______j~oamy-SaYJcI -.5:3r3 (£f3.I) = 2.303 /0 OF Subbasin

,.. _ . .5o.n_d.!:Jj~.Qqm -:+ _~o...3r2 ('13 . 1) = /3.077 %

Sand,:! CIa!) LOQvYJ -+ ~o/.313 (¥3./) =. 27.717%

?OrALS ;=-'ei/? THE' Sv,t95A5/N

L04 fl7!1 Sand - 12.1£13% = .05'!
.z.

PIt.

5a.Vld:1 LOQVVl --+ lfS.8SC:. % :: /93 ' z.. mt

LooYJ1 ~ 2.087 % ':; .001 .z.
f'VIt.

Sand!::} Cf4J Loam -... 3S,8'(o/{ -: I&.3 .:l
fflt

C-/4'j t.oqm - .277' % = 00/ ·2
IMl

/OtJ.t)OD j{,
. tfZO

.Z
1Hl-



pe :::'.L?"3J.1'/_ .. _Y.= . . 731-1 a.c.-ft

pe =./~?J!Z__ -: Y~ /&.'-130 ac.-ft

f::: x: 2,92 .':'17 . V = . (oE ac..- ft:

TOTAL RUNOFF::: 32 .ILl~ o..c-Ff

..-" -
RUNOFF By 50lL TEXTURE

LOAN'! SA ND (!.lY-ILS. DAT)

Sandy LoaM (LD'-/SL. OAT)

L0401 (LDl./L. DAT)

Setney C/4:J !.oam (LDLISC/...OA.T)

Cia:; Loam (LDLfCL. DA r )

/j;::. .•.B'f LI]

p~ = ('.?! in

.1':= 2. 4/9 cu. - ft.

.. V.~LZ. 4SS o.c - {f

AvlZRAGEO LOS$s$: (x KSAT) ._.' ..

Al<trH/ARITH : .133(1.033) + .3<TO(.370)-f-.O'lc:>(.08)+.'1J/(.22L/):= .3{P7 t'o/iJr

At</TH / LOJ; .133 (. "141) + .3'10 (.3'1/) of- • OC/C,. (. 00'8) -1-. L/3! (. 12S) =. 30 I in /Ar

Log / A R IIH :C. 133 ( 1°3 1.033)+ . 3LfO( 10J . "370)+ .09G (;OJ: Og) "!:-, lf31 (JOj. 2.24)] A LO~

= .29S- L'n/hr

._.h~ l i p5 :_[../33.((og.~ 9'(1).+.~YO (lo:J:.3.'iJ) "!::o.'lh/!9j_: a~~t+. lf3j.{lo.:J_:'-~) ] ..~ L9§...

:= • 217 ~Yl,lhr

RutJs ..r::: SubbaslYI../ HAP U... ii.
~

I. t.DL(AA -,O~T XK5AT:= • 3C>7 t..'n/h" P.5Jc_=_.tf.3.i-.n I __ .JG·=... 6!? tY)

..... __~. ~Q 't'A,"-,~~.T._ ..>5 ~$AT =. 3 0L~t'l Ihr J E:il.c:_t:§Ii'l.J .__JtJ.._=-~l.$".~VJ

_. 3. ~!?'1LA.J2AT_ .XI<SAT:. 2'fS: t.n/hrJ_.p?IF_~ __~Z~·I?/ . de;:: .35 Ln

_. __ 'l. __ ._LPIfL_L.~j~AT X /<5AT = • :217 irj hr, l~/F =_€~~~.~·r'l.__ dS :. .3"5"" it?

RUN RE.SUL T;5

I. LPl.fAA.DAT R=- /.Z~ in V= 28.22.'-1 ac- ft

2 , LDLfAL. PAT Pe= /.35' in V= 30. 2. L./(J <J-c.- ft

3. LDylA. DAT It= /.30 in V=- 30. '10Lf O-c-+f

"I. LD4 L L. OAT fe= /. 'IS" iJ1 V= 32. lf80 ac-Ft



-r I / =If:./D
.J AC!<RABBIT WAS H {.o

NAP UNIT ..» 4RFA
.z.

/ilL

-#'3 O. r«: J4.BCfC.
. OS"

#'1 i-J. /5 'i .28

#30 !'? :? I ~ Lj.ZO'.0 '- • .... j ........

#S"r; "-1.599 .3/

#1/ Z.(Pl{ .18

~9CJ 2.~7/ , /8

#1°6 c.SQ3 .0'/

=IF/I7 22.255 /.5"0

a= C,.77' //PI.:

SOIL. OE"SCRIPT/O/i/S,

#s 3 d L/ : AtJT;-IO - CarrizO - !'1t?r/?o Comr/e.x XI<SAT

35% A f\) THO So-Vlc1'j LoaM . tio

30% Carrrzo l/~rJ qravcl/'j s;,.Ylc! 1,20

~O% /'ItJr/ po Sandy !... OQWJ ,4d

/5% BRio<; J {> rct/naJc:.t~k?.J5 /.20

6;~t1at1 JFLoooplaifl£ ,25
........

"

VI.Vl i: a" . '-lei"
D~nure ~

STReaM TCrf"4::C5
LiO

LJ
HOvY!o/i (\J .YO<:.

Cor-I" i70 .70

XKSAT (ARITH) = .325 ( 1.20) + " as CLIO) -I- .025(.25) = O. 05~ i~/hr

XKSAT (L 0':)) :=. ALOq [.3Z5 (/oJ 1.20) + .&>5' ( leg. '/0) +. 025" (JOJ' 25) z: .505 tn/IN"



Dc/JLIRE" - #Ol'l~t./ - C a r//ZcJ COl/>1p/c 'X. X 1<SAT

30%

ZQ% Corozo

Gtr-qvd!J 5CiVldfj LOOV"

cq,ovellj 5ov;J.:) LOQYl1

6rouel/'j SaYJdy Loanj · '10

/o.'/t

/'
'--..o.,.r/zo

.zs

. Lto

/.20

XKSAT (A?Il--H) -= .1333 (.'-/0) .... 0333 (25-) +,0333 (/. 2 0 ) = .l.f22 <".--;/1,(.

X KS4T (1..0:)) =['935? (IOj .110 ).-- .CJ333 (/0').25) +-.0333 (/0:; 1,20)] ALC3 =
~- - ------._._------~----------------

::fj; 5;;;;' C;;; /4. H,L,II LOAMS

BC/; 0/LHA/l-J t. OC?W1

20:;;- AIJT"-!t)

CO'-rt?o

ESrRFLLA.
r-....

6/c 1/7 /::'0r: (:S
\)

VI~t ~

~
DeYlU r e, ~

'-...J

M oV>1OL:.

C ~('(' I"'Z.O

Th rou:J h c uf.

Xr.SAT

· zS-

· t-jo

(.20

.25

· It"

• if{)

.40

. '10

XKSAT (Ae.rTH) = .825(.25) + ./25'(.40) + ,CJ25" (1.20)+.02 5 (. 15) :' ,210 ,'n/hr

XK5AT(Lo~):: AloJ[.S?5-(/~.2S)+ .125(10./,$/0) +.02S(/~~/.20)+.()?S(/.?j.ISJ]= .272 [nih,.



------------------ ~-

• DC:,

I ()(;,

• Lt~

I. 20

,7.5

X/<SAT.

• i/O

HIgh
Te ("'("tC~~;

,
f Thro~3 hout"
~

!10#JOL-I - CarriZO COJ1.1PtEX

'15"% //c;J?1()// Very (jraucly i..CJar~

35 o/.o /"'0 .,- y'"1 70 I / -: /1 C J L/C L-", Co ve'J 9rov(. ';J -...Jo.n r.J CX::W'j

20% /'10 ha II

Vev<1ant

GtUY/5Ij kt ~

/">h I '{
\j

C uc: ko.wCli q '<J

'.0

.Denure..
..,,-
l.J

~ILf1AN
\\(

"---'
11«rtpo

CqrrizCJ 1,2.0

XKSAT (AR.ITH) ':. .37.5"(/.20) 7-,525(. <fo) -I-,os(.2.5) r . os (Oc,) = . G7tO L'",/};,.

XKSAT (LC><J) =- AL.O:p [(.31S(J0J 1,20)-1-.5:25(1°1,40) r . OS (Io) .2£") -1-. os(l=y ,~)J == .537 ('I?/hr

#.9/

# 9'1 hhamt - 7rcl'1'1oyd: C.ofi1p/e><,

9'5"% ;:?nol41t Very tiravdllj S:vdy C/~ LOQP?

3S% vemoflt cqr4Vc./Ij LoarYl

20 X:> Carrrz.o } DraifltJjewa:r

X/(SA,

• 'fCJ

/.ZQ

Chaciawa/la...

Ebo'l

q CJ.T?siCjhi:

Ri.//~ 1::0

.O~

XKSAT (Af{lrH) ~ , OL{ (I. Z) +- ,'13(, '(0) +- . 53 (1JG):::' .252 c:a/IJr

xtS4T ( LOj) =[0'1 (loy 1.2) to , '1.7 (IOj' '(0) +- •53 (Io) ,0,")] AL..0Gi ,.. , /53 £n/hr



e #/08 ..5Hi:NCa COMPLEX XKSAT

1/. tl '}1; .5I1ENCO .cc.
...,

28.~% Antho t' f)rai Yio.5~wa!1s . '-/0.J
~

Be~rds/~j
I

I
.2.5

Cherioni . tioi
I

C'-prfaY10 ~ 10.;( --.-.... /e.rrac.c5 .0<0
I

3
!

Ebof) I ,or:;

)9unsJ'jhr ~ .7'0
~

SUfi CI'iJ
(()

,~

~ }~e::tcltlado 1-11//5/o;pes ,0(0

Qu.; /6 to..50. j T!,ro"y},OUt-
1.20

VttiVCl . «o

YJ{5I1T (ARlm) =.o:n.r~ (1.20)+ ./Itflf( vo} + , a2Sb (.25) r . g2e~ ('Or..):. . /37 L/7//;r

XK5AT (LoJ) :: AL09[02f!k,((oJ 1,2) r . o'lS-Z (/oy . $-'0) t- ,02frC:. (/Cj .25-) + . ZZ6l..f(103 ,oG,)J

= . 087 il?/j.,r

iF //Z 7RFI'1ANT - 9 u N 5 1G H T - Rn.uTcJ CoPJ?L.6X. XK5AT
30/,,0 'T"re.1'?7a n t -(j~

20% 9~n.siy;,t- I. zo

20;% /f/L£.-/To .. 7"0

30% C Ipt"141fO r-:- ,De:,

P/naw!f ~ .0"
~

~rrJCt:.S110ha//
~ ,25

Cowl/fit::..
~

~ .01
lI,rllto

V
, lfO

Carrizo Alluvial Fans I. zo
Om If'.tJljt:WQ'j5

GU~N ,25

X/<5AT CARl/H):: • 2l/29b( /.2) t . 2428C.(. '(0)+ . tJ857Z(.25) + , 38572(.~) +-.O~O' (.()I()= .. t/.JS iJh"
xKS6,T(LO~)= Al.Pq[.2,(28~ (10:1 u) 7-, 2lfZgt,(10J. '(0)+ •oeSlz(IOj .es) T, 38512 (/oJ .06) -t- ,OSlzer.. (t.~.OI/)] =•2/'1 i"'/ht'



SUBBASI/v RUNOFF FROM LNDIVIDLIAL SOIL TEXTURES

;rR~D

# 341 -+ L7.7 % OF Subbasin

Loam:} SClnd - 32.5% (~?) .: /. S9% ()F ..5u61:a.sin

5aYldj LDCHY/ -+ 0570 (Lit) = 3./9 %

Loam --. 2.5% (L/.9):: 0.12;%

# 30 - 02.3 % tJp SUBBASIN

Loamy ~fd -+ 3.33 % (~2.3) = 2. 07 ~ ~r Sf-(bbast'r,

SaVld'j LoaYV/- 93.33X, ((;;2.3)= S8./L.f%

Loo.>'Y1 ~ 3.33% ((,23)= 2.07 %

Loo}'Y!u Sand --J .

Sat1dJ LoarY'J --+>

Loam -.

2.5~ (~0) -= 0./2 %

/2. S% ('f,0) ~ (J.SB ~

82.5% ('l.c,)= 3.'bO %

2.5 % (~~)=: 0./2 h

# (;t/ 2.7% of 5UB845/1/

LOQVVlCj SCtVld -. 37, S %

SaYld~ LoaM -.-,. 52.S%

LoaM ~ 5"}:

)al'loy Claj Loam'-" 5X

(:2.7)= /.O/X, OF SubbaSL'Y;

(.2.7)= /.Lf2'Yo

( ;;. 7 ) = • /'1 %

(;:).7): . /~ h

=it CfCf 2. 7 % OF .5U.SBASIN

I.. OQ ""1(A Sa',., I -. 7' ..~ ("'.7):: II 0;'; 5 hL __ ",.'..; da /tJ"<.,t) OF u. c:;;vwlV1

So.Vldj Loa.m -+ '-(3~ (J.7)= 1.1~%

~aI'lJ:J C I~ LOOM -. 53 % (27) = I. L/ 3 %



#/08

L()QVVlJ SCtVld -. Z,8C:J % (.«) = .02 % dF Subba.sin

Sawy LoC/1Y} -i> /I.Llt.[;-:, (10) = . 07 %

LooY'Vl -I" 2. 8" % (: c:,) z: .02 %

Sa. nd:J C fa.:J Loa;", -- ~2. 8~% (. fa ) -= •SO ~
. _. ~ .-

Sand~ cta.~ Loam -+

Cl0:1 L00VV\ ~

S. '-12.. %

S. 1..(2- %

{. ell %

~.~O %

o.sc %

22.3 /0 o> .5u.hbasc"n

L 00. W1 !:J 5 a V) d -- 24. 2 ~C:>%( .z 2 .3) ::

5e.tV'ld:J LOQt'Yi - ;2'-1. 28~/,'(.22.3)':

LoaV'1 ~ Z..£721/..2.2.3) =

3Z.572XC. 22,3) ::

Lj.2 g~ % (22.3) =-

# III

TOTALS FOR. THE 5UBBASIN

LOAMY SAND -­

Sandj Loom -­

Loa rvJ --..

SU..TY LoaV'r'i -

Sa~d:J C (a.j L oo.~ ...,.

C.I~~ LOQM 4'

/O.3~ %

~9.9~ %

g.Oft, %

.. 1'2. %

IO.C?7%

. 9& ;-;,

100.13%

C A:. ("..7L/ ~lz..)

= . ~97 rn: eo

= 4.717 mi 2-

:: .543 ,~

me

::: 008 .2-. mt

:. .7-11 miz

= .OC,SP1i
z

c,. 7 Lf9 n,,'}!

RUNOFF By Salt_ 7'E-xTuRE

LOAHY SAND (TRLS.DAT)

SANOY LOAf1 (.J' RS t., DAT)

LOAM (J'RL. OAT)

SIL.TY LOAM (TR SLL, DAT)

SANOY Cfa.j L04r>1 (J'RSGL I OAT)

C/t1tj !.-oams (..JfZCL.DAT)

Pt: : .. Pi ':1'\ 1 V~ 5.20 aC -ft.

Pc: = .75 V = 188.C,8

pc = I.. /2 V::. 3 2. q '-I

Pc z: I, /Z. \f = O. LjB

Pt: ::0 I.t/( V:. 02.89

Pe s: 1'<61 V;: b.2.8

70rAL !?l.Il'.1tJFF ~ 295: 97 o.C- Pt.



· .'

/'10DELED S u8BAS/N Rr..tNOFF

A vERA~ED LOSSES (XKSAT)

(StAbbGt"f'I r:Clnit

ARITI-I JAR ITH ; . OL.f816(. 05G) -I- • (,2315 (. ~22) + .0t/S99 (.2.10) + . 021;.7/ (.07(,)

+.02071(.2~2)+ ,00593(.137)+ .222S"S-(.~3S)= • '-I3J ~"//"r

PS/F =3.9S- L'n cltJ = •3~ it1

ARln-l / Loq : . OL/f31C, (.505) r. G>23/S (. lJ(8) + ,OttS-9't(. 272) +. O;;UA7/ (.5'37)

of- .0;<"7/ (.153) +. ~0s-93 (.087 )-1-.22255(. 2.n) .:: .302.. lVlI hr

?51F = 7:3 L// d&;: . 3S Zn

Log IA R'ITH = ALOq [. O'ig9r~ OOf) .65(;) + , ~ '2315 (Ioj . '122)+. oL/5'l"l (107' Z10)

+ .02'-7/ (loJ . ~76) + . 02c.7r (/OJ. 252) +.tJ65''l3 (loy .137) +.222£5 (/03' 435")J

= •Lf23 LVI /hr j?51r =- 7(tJ dB = . 3S- ~'I'/

LOg I L.oG -= ALoq[.Olf'J96 (loJ .S6S) r . ~23/S (IOJ.lfOg) r. OliS99 (JOj .272)

+- .02071 (/OJ' 537) +.0207/ (log. /S3)-r. oOS93 (10;) .0[7) 1", 2ZZS-.5" (105 .2! c;)]

= • 3Lf L./ Lv1 I 0r PS 11;:;- = Lj.3 i v; d () = .. 3S c.'~

RUN RESULTS

! .TRAA. OAT

2. JR. AL. £JAT

3. JRLA, DAT

~ :JRLL. PAr

~ (in)

.73

.81

.7Lj

.85

v (oc--r-f:)-
2~2.Lj

29/.2

2~c:'.O

3CJS.S-



.._---

Care free SUbiJas/n .:#~
2­

'oRAINAq£" AREA: /. /22 mi

CD

~UILA - C AR'=FRt=E
.sOIL. S url/eY

. HAP UNITS: #/fl 3% == .03t.f .z.
VVll.

-£ GI Lf% ::. .oL/S .2-
.VV/ t

#~3 <:21% z: .23ro
.2-

ML

#72 72X =. _ 808 • 2.
WiL

SOIL OeSc..RIPT'/t:)~S

# r(/ X KSAT

?O%~ 0

Eoo.- ve.r<j c;rauel{'j loam

A'na.ieno very <Jra ve 11':1 c /au loa rr:
.... J

OhacD (5%) !
) THROUGHOUT

Tre.511~rma..#Josf.$~t_ ._

ANTHoNY (S%) 1
. DRA/I\JA<qE //JA is

A RIZO (5'}6)

• '-to

.o~

.0"1

.OG:,

1.2.0

1.20

XKSAT (AR1TH)::; .7'5"(. '7"0) r . JfO(.o.~) ..,.. .05(.O_tl)+./o(/.zo)~ .32G in/&r

__ .XKsAr <::: Lc~) =[ 'IS (Ioj .110)'" . 'It) (~-!.: tJ.,): .P~(/()J;.oo/)r- ./~(loJ j,ZO)]~LO~_

: .!8~ZYl/l1r

#" (PI

Arrzt)

('8/;%)

(BYs %)



X K5AT (Antf,,) :. . l./'83('oc,,) +- • L/.33(. ""0) .... cJg3 (;, zo) = . 302 ('n/hr

XK5AT (LoJ) =ALO~ [l{S3(loj' or;,)+-. 7'33(105 , raj 1-. O?3' (/0) I. 20)]= • /7S" t.'n/Ar

(.oec.)

(.'-{o)

c. 'I~)

(. OG,)

c. '-(0)

(.O~)

(1.2 0 )

-v

j o-:;"ict.Jewa.ys

Pn'7a. / e J1. 0

ArrZD

Gron - h/~RcJ1 bury Co""'I1'/~~ / /0 -C,5% S/res

Ljo% GrctV] ver'j tJravellJ sanc!J cia; lo::JV'7

33% v.Jrc!:cl1!:nl'J Jrauc/Iy SGlJJc!Y /oaFT/

27 % D /xaleta. } Ht:n 5/op e5

Le.hlMdVlS

s: 't;> '" JToe. S,-0,.".a

.. XKSAT (A~ITH) .2J38(.,/O)"".S08 (.O~)+ .05'1 (/.20)= .270 il7l!;/"

..e ..XI<5A T (L.o.J) ALO~ [. </38(/6.3. ~()) f-.S"O? (10/.')0) T. OS<f/ (/oj /. 20)]= . /~Z L%r'

---------~--------------"---- ----" --.- --

L..EHHAN5 ComF/~x.

Le~/1'JClt1.5 very J ra u~/I:J

#72

ARIZC'

EbCL

. PIVla/~no .

6~j<=ctj!~ .

l0t:kd

7. 2% ~a.

clay loam

J Dro.,nayeuay5

f'":":
} &.ntle S+O-

(. GJc,)

( {..20)

.(.'{f?)

(.0(.,)

(. '(6)

(. L(O)

_..%K5AT (AR./TII): . 7/2 (C)(o) +. 07"< (/.ZO) + .2/ro (,'(0)= • .:2/c:, l'n/h,...

XKSA r (LoJ) = Aco« L.712 (fbj .ob) T- .07;;< (10:3 /.z) +. ;).(c::, ( IOJ • qo)} • 112.. Loa/hr



... _t _

...5UBBA,St.N.. L ossez:

t . AR./Ti-II ARITH

2. ARITH!L o B

XKSAT=- .o~_{.18~)+ .ol.{ (.llS) + .2.1 (./~Z)+- .72 (.lIZ)::' • /27 t.V1/hr

3 .. £03/ ArlTH

x{(SAT =Af~L· 03 (Ioj . 32CD) r. 6l/ (10) .302.) +- • ?.l ( 103 .270)-t-.72 (/03' 2/"))
.= .r._~32 .Lnjhr

~.LD5 !.j..99J .~_..~_.;; ...'-_c .• _.· .

XI<SAr::;.A~ (.03 (/0:) . I'OG) r, ()</(loy .175) -I- .2./ (loJ ,1C,Z ) f- .72 (10'] .IIZ)]

..= •E2.5( L r>/ iJr

.. _.. l , CFSAA . OAT. -:+. Xk'5AT= .. 237' ~iJA'/' ?.5/;:::-= .5:2 £11

z: c;:::SAL·j2AT ~..cXKSAT= ./27.lf}/4r. 1'5/r= 6.S'S l.fJ

:3. CFSL.A .lJAT .~XX.S.AT :: .232t.-",/hl' P5IF=. 5.2 (,:17

t.{.cF5LL.DAT.~.XkSAr::. .IZ5i..(]/hr PS/F = &.~ in

df) = .355 LV)

cld .:....:38 t.'n

dB.= .3b in

de ~ .37S,:n



... '"' '. .. ...

7/§ER WAsH SL/88
ORAtN/\<qE ARE:A; "l78 mi Z

SOIL Survey: A.<Juilo.. - Car-~fr~e

_. NAP UNITS #/9,20
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