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1.0 Introduction

Work on this task was authorized under On-Call Contract FCD 2003C018, Assignment
No. 5. The objective of this assignment was to provide assistance to the District in
determining the statistical significance of the hydrologic model, specifically using the
Skyline Wash hydrologic model as part of the Sun Valley Area Drainage Master Plan.

1.1 Purpose and Scope of Work

This first task of a series of proposed tasks is the start of an uncertainty analysis of water
resources technical areas that will eventually encompass hydrology, hydraulics, scour
analysis, and other areas as deemed necessary. This current task is to develop procedures
to determine the uncertainties of hydrologic modeling inputs and their relative effects on
peak discharges. As the uncertainty procedures are described, they are applied to the
Skyline Wash models and designed to show the techniques and typical results.

The eventual end products will be usable by practicing water resources engineers to
perform uncertainty analyses. The uncertainty analysis will be beneficial in selecting the
appropriate alternatives in relation to acceptable risk. Also, it would be helpful in
determining the importance (or the relative influence on the results) of model inputs,
which in turn, would be helpful in deciding the Ievel of effort that should be expended in
obtaining the input variables.

The purpose of this report is to present the procedures and results in a very brief manner
and will be more explanatory when converted for general use by water resources
engineers.

1.2 Acknowledgments

The preparation and review of this document could not have been completed without the
input and review of many key individuals. We would like to thank the following
individuals at the Flood Control District of Maricopa County: Mr. Bing Zhao, Ms.
Valerie Swick, Mr. Doug Williams, Ms. Julie Cox, and Ms. Mona Merkevicius.

2.0 Procedure

This section details the developed procedures for Uncertainty Analysis and their
application on the Skyline Wash hydrologic model.

2.1 General Description of Procedures

Two uncertainty analysis techniques were originally considered with this project: the
Monte Carlo simulation method, and the first order analysis method. Through several
trials and meetings, it was decided to use the Monte Carlo simulation method throughout
the project. The Monte Carlo simulation was used because the first order of analysis is
an approximate method and the Monte Carlo simulation is more accurate if enough
simulations are performed.




- 2.2 Hydrologic Parameters

The desired end product is a probability density function (PDF) and a cumulative
distribution function (CDF) of the peak discharge and volume at the alluvial fan apex of
Skyline Wash. The alluvial fan apex is located at concentration point HC13 in the
existing hydrologic mode] created as part of the Sun Valley ADMP for the 100-year, 6-
hour flood peak. The association statistics are the mean peak discharge, the maximum,
the minimum, and the standard deviation. The basis of the density function is the
probability weighing of 3 hydrologic parameters. These parameters are precipitation,
initial abstraction (IA), and the Green and Ampt loss rate parameter of hydraulic
conductivity at natural saturation (XKSAT). These parameters were selected because
they have the most influence on runoff volume and peak rates. Routing (lag) parameters
were considered but not included because of their complexity which made it difficult and
cumbersome to obtain statistical informaticn. In addition, it was decided that the other
three parameters had a greater influence on peak discharges.

2.3 Description of Procedure

The following is a brief description of the procedure to determine the PDF of the 100
year peak discharge for Skyline Wash. Detailed descriptions of each step are presented
later in this report.

1. Research mean and range of values for the 100-year precipitation, initial
abstraction and XKSAT.

2. Determine the mean and standard deviation for the 100-year 6-hour rainfall values
based on NOAA Atlas 2. Compute the log-based mean and log-based standard
deviation based on the formulas given by Mays and Tung if the log-normal
random variable generator requires the log-based mean and standard deviation.

3. Determine the minimum, maximum, mode and standard deviation values for
initial abstraction. Since the mean value is equal to 1/3*(min+max+mode), the
mode can be solved easily if the mean is known. Note: standard deviation and
mean are the required values for the lognormal PDF random variable generator.

4. Determine the mean and standard deviation for the Green Ampt hydraulic
conductivity or the parameters that are used to generate the Green Ampt hydraulic
conductivity. (Note: An alternate method that may have been necessary would
have been to compute the log-based mean and log-based standard deviation based
on formulas given by Mays and Tung, but only if the log-normal random variable
generator required the log-based mean and standard deviation. However, it was
found that this is not necessary, that our particular program performed the log
calculations.)

5. Use @Risk to randomly generate a set of 100-year precipitation values, initial
abstraction values and XKSAT values. Use log-normal probability distribution
for the 100-year precipitation. Use log-normal for XKSAT or the parameters that
are used to compute XKSAT such as bubbling pressure, pore distribution index...
Use triangular distribution for initial abstraction or the parameters that are used to
generate the initial abstraction such as curve number.

6. Input randomly generated values into HEC-1 input file and run HEC-1 to get the
peak flow rates and runoff volumes (Note: three random variables must be
generated simultaneously; do not fix any as constants).
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7. Repeat Step 5 and Step 6 for a large number of times, say 100, to obtain numerous
peak flow rates and runoff volumes. The simulation number can be chosen such
that the mean and standard deviation of peak and volume becomes convergent to
a fixed value. Simulation 1 numbers for each of the three parameters were input
into the first HEC-1 file, and so on, up to the chosen number of repetition. The
minimum amount of repetition is 100 or more.

8. Compute the exceedance probability values for a series of peak flow rates and
runoff volumes.

2.4 Descriptions of Computational Components

2.4.1 Probability Distribution Functions

To use the Monte Carlo simulation technique (described later), a probability density
function had to be developed for each hydrologic variable. It has been demonstrated that
nature produces variations about a mean value in a fashion that is termed normal or log-
normal probability distribution (some also call it a cumulative probability curve or
cumulative distribution function). This distribution looks as follows (from
Wikipedia.org).

Figure 1. Example of a Cumulative Probability Curve
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In this example, 1 is the mean, o is the standard deviation and 6° is the variance. The Y
axis is the probability of occurrence in fractions and the x axis is the value of the function
of interest. In this instance, t is set to 0 and -2, but its value can be the mean value of any
hydrologic parameter we select and the shape of the curve is determined by the variance.
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While statisticians and mathematicians uniformly use the term "normal distribution” for
this distribution, physicists sometimes call it a Gaussian distribution and, because of its
curved flaring shape when converted to a probability density function (PDF), social
scientists refer to it as the "bell curve. The following is an illustration of such a curve

(from Wikipedia.org).

Figure 2. Example of a Probability Density Function (PDF) Curve
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Note that as ¢° (and standard deviation) increases, the base of the distribution increases,
the mean stays the same, and the probability of the mean value decreases. This infers that
the smaller the variance, the higher is the probability that the mean value occurs. In other
words, this implies that the smaller the standard deviation, the more confident we can be
in the selection of the mean as the appropriate value to use. For the uncertainty analyses,
it is assumed that the selected hydrologic parameters have measurement and/or natural
variations that behave in this manner. Therefore, a probability density funcnon is
determined for each major hydrologic input.

Many of the hydrologic inputs do not have statistical information such as standard
deviation and true mean values. Often, these cited values, although physically based,
were not actually measured but were “back computed” using models to fit observations -
meaning that no statistical information could be obtained. Because of the lack of
statistical information on some of the hydrologic parameters, it was decided to use a
lognormal probability distribution that approximated the normal probability density
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function for the three hydrologic parameters. This is useful vecanse many hydrologic
parameters have means as well as lower and upper values. Such information is conducive
to developing a lognormal distribution curve. The mean is then the average value of the
variable and the standard deviation is the difference between the lower or upper value and

the mean.

2.4.2 The Monte Carlo Technique

The Monte Carlo technique has inherently been used since humans started studying the
world around them. If a phenomenon’s behavior could not be explicitly determined by
equations (often because it was not a perfect system), scientists would often vary input
and observe the output. The inputs were generated randomly, but probability weighted, so
that there would be no bias in the output. This was done many times to determine the
probability of a certain outcome for a known range of input values. This process was
formalized in the 1940s and termed the Monte Carlo technique because of the seemingly
random but identifiable probability distributions of cards dealt in card games in Monte
Carlo, which was the most prominent gambling destination of its time.

The Monte Carlo simulation (there are many types of simulations) used in this
application is accomplished by repeatedly sampling values from the PDF of the
hydrologic parameter to produce trial values of the parameter. These trials are then put
into the HEC-1 model to produce peak discharges. The resulting PDF of the peak
discharges are inherently determined by the PDF of the input parameter. When applying
the Monte Carlo technique simultaneously to the 3 PDFs of the peak discharges resulting
from the Monte Carlo simulations of the 3 hydrologic parameters, the 3 PDFs are all
sampled to produce a series of peak discharges with associated statistical information.
The Palisade’s computer program @RISK was used to perform the Monte Carlo
simulations; however, many other commercially available software programs are
available that will perform these types simulations.

2.5 Development of HEC-1 files and Excel Spreadsheets

Monte Carlo simulations were performec on the HEC-1 input patameters using the
@RISK software. The base HEC-1 model for Skyline wash was then used to create 100
new models for each of the three parameters, using the randomly generated numbers from
the Monte Carlo simulations. Descriptions and detailed information on the analysis are
contained in Appendix A of this report.

2.6 Hydrologic Parameters

2.6.1 Precipitation

The Skyline Wash HEC-1 input model was based on the 100-year, 6-hour storm. The
Frequency Atlas of the Western United States, Volume VIII - Arizona (NOAA Atlas 2)
listed the mean value for precipitation for Arizona for the 100-year, 6-hour storm as 3.50”
with a standard error of 0.50”. The Skyline Wash model, however, used a precipitation
value of 3.40”. A standard error of 0.50” and a precipitation value of 3.40” was used in
this analysis to be consistent with the original Skyline model. It should be noted that
NOAA Atlas 2 has been superseded as of August 2003 by NOAA Atlas 14; however, the
Skyline Wash model used the NOAA Atlas 2 precipitation values. Therefore, the
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statistics were based on the original NOAA Atlas 2. The lognormal distribution requires
a mean and a standard deviation. For this analysis it is reasonable to assume that the
standard error and the standard deviation are equal, therefore, the coefficient of variation
(standard deviation divided by the mean: 0.50”/3.40”) is 15%. From this, 100 Monte
Carlo simulations were performed using mean of 3.40” and a standard deviation of 0.50”,
resulting in 100 precipitation values for a 15% error. The 100 precipitation values were
generated for input into the existing HEC-1 Skyline model (See Section 2.6.4).

2.6.2 Initial Abstraction, IA

To calculate the lognormal PDF for initial abstraction, the upper, lower, the “average”
values and the standard deviation for initial abstraction were determined. The values
given in Table 4.2, p. 4-17, in the Drainage Design Manual for Maricopa County (DDM)

were used as the “average” values for each land use category. This table is included
below for reference as Table 1.

Table 1. IA, RTMP, and Vegetative Cover Density for Representative Land Uses in Maricopa
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After having researched the documents referenced in the DDM for initial abstraction, the
statistical parameters behind the values listed in Table 1 were not found. Therefore, the
information to obtain the upper and lower values for initial abstraction was determined
from the equations and tables listed in the USDA SCS National Engineering Handbook
(NEH) Section 4, Hydrology, Chapter 10, as shown below in Table 2.



Table 2. Curve Numbers (CN) and Constants for the Case 1.=0.2B
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If the variation in IA can be associated with uncertainty in the Antecedent Moisture
Condition (AMC) of the soil, then the following procedure can be developed to explicitly
determine this association. Equation 10.9 in the NEH is: IA = 0.2S where S is the
potential maximum retention after runoff begins. S was calculated for each IA value
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listed in the DDM. The calculated S values were then associated with a curve number

(CN) for AMC Condition IT (average value), as shown in NEH Table 2. In Table 2, each
CN listed is associated with upper and lower CN values. The S value for each land use
category was then taken from the respective upper and lower CN values. The upper and

lower IA values were then calculated from the upper and lower S values on the table.
Thus, the upper and lower IA values, along with the standard deviation were computed
for each land use category listed in Table 4.2 of the DDM.

An example is as follows. For Very Low Density Residential, the suggested IA is 0.30
from Table 1 of the DDM and is assumed to be associated with a CN of Condition II. For

IA of 0.30, S is 0.30/0.2 = 1.5. From Table 2 and for S = 1.5, CN for Condition II is 87.
Also from the table and for a CN of 87 for Condition II, CN is 73 and 95 for Condition I
and III, respectively. For a CN of 73 and assuming now that it represents Condition I, S
= 3.7 from Table 2. IA for the upper bound is 3.7/0.2 = 0.74. For CN of 95, Condition
II, and Table 2 again, S = 0.526. IA for the lower bound is 0.526/0.2 = 0.1052, rounded

to 0.11. The standard deviation is the square root of ((0.30>+0.74°+0.11%-(0.30%0.74)-
(0.30%0.11)-(0.74*0.11))/18) = 0.1328.

The results for each land use are shown in Table 3, below.

Table 3. Basis of Triangular PDF for Initial Abstraction by Land Use

e

LandUse Category. =" " | Lower | "IA(in)  ||. " ‘Upper | StdiDev. |
Very Low Density Resxdentlal 0.11 0.30 0.74 0.1328
Low Density Residential 0.11 0.30 0.74 0.1328

Medium Density Residential 0.09 0.25 0.65 0.1170
Multiple Family Residential 0.09 0.25 0.65 0.1170
Industrial 1 0.05 0.15 0.44 0.0825
Industrial 2 0.05 0.15 0.44 0.0825
Commercial 1 0.04 0.10 0.30 0.0550
Commercial 2 0.04 0.10 0.30 0.0550
Pavement and Rooftops 0.02 0.05 0.20 0.0388
Gravel Roadways & Shoulders 0.04 0.10 0.30 0.0550
Agricultural 0.05 0.15 0.44 0.0825
Lawns/Parks/Cemeteries 0.07 0.20 0.53 0.0968
Desert Landscaping 1 0.04 0.10 0.30 0.0550
Desert Landscaping 2 0.11 0.20 0.74 0.1398
Undeveloped Desert Rangeland 0.13 0.35 0.86 0.1524
Hillslopes, Sonoran Desert 0.05 0.15 0.44 0.0825
Mountain Terrain 0.09 0.25 0.65 0.1170

The Skyline Wash HEC-1 input file listed three land-use types that were used in the 31
sub-basins: Hillslopes/Sonoran Desert, Mountain Terrain, and Rural 43. Rural 43 is not a
land-use category listed in the new DDM; however, in the previous versions of DDM,
Rural-43 was part of very low density residential. Therefore, it is assumed that the Rural-
43 category used in the Skyline model has the same values as the very low density

residential category in the new DDM.




A Monte Carlo simulation was then run using the lognormal distribution of the initial
abstraction values for each of the three land-use types listed in the Skyline Wash model.
100 IA outputs were obtained for each land-use type. These IA output values were then
adjusted according to the percent composites (because some land use categories were a
composite of several other land uses) used in the original model. The 100 adjusted IA
values were generated for input into the existing HEC-1 Skyline model (See Section
2.6.4).

2.6.3 Green and Ampt Loss Rate Parameter, XKSAT

Table 4.1 in the DDM lists values for XKSAT for eleven different soil texture
classifications and is included below as Table 4 for reference:

Table 4. Green and Ampt Loss Rate Parameter Values for Bare Ground

Soll Texburs XKSAT PSIF DTHETAT
Clazsification inchesfhour  Inchas Dy Mormal — Saturated
1) 12} 1) = )
loamy sand & sand 120 24 .35 030 o
s3andy loam Sl 4.3 .33 025 8]
foam 25 3.5 0.3 .25 o
slity bazm 015 B.E .40 025 0
ik 014 75 0.35 oLis 1]
sandy clay loam 208 8.6 0.25 [Lis o
ciay lsam 008 8.2 0.25 015 1]
slity clay lcam .04 10.5 0.30 Lis 0
sandy clay Cillured .4 0.20 [0 ]
slity clay .02 1.5 0.20 10 o
ciay 004 124 8.15 0.5 1]
MosEs:
1. Bsjeclion of THETA
Dry =  MNonimigsied lands, such 25 desert and Egstnd;
Homal - Frsgaded v, T, Bnc DENTSRE fEsns;

Savaratsd = iregeoed agricutiural ignd,

For the statistical parameters behind the XKSAT values, the DDM references a study
conducted by Walter J. Rawls, Green-Ampt Infiltration Parameters from Soils Data.
This study is attached in Appendix B. Equation 7 in that study calculates the saturated
hydraulic conductivity based on three parameters: effective porosity (¢.), bubbling
pressure (), and pore-size distribution index (A). The equation is:

Ks = (((21*(@:2/(wsD))* (A)(A+1)*(M2))))*3600)/2)/2.54 (Equation 7)

It also states that hydraulic conductivity is one-half of the saturated hydraulic
conductivity. The Rawls study references a 1981 Rawls study, Soil Water
Characteristics, which is attached as Appendix C. In Table 4 in Soil Water



Characteristics, the mean and standara deviation about the mean for effective porosity,
bubbling pressure, and pore size distribution are listed.

The PDFs of the XKSAT parameters were developed using the lognormal distribution
method. The lognormal distribution only requires the mean and standard deviation.
Thus, the upper and lower values were used to develop the standard deviation. The
results of the Monte Carlo simulation were used for further analysis in equation 7 to
produce XKSAT values.

Table 5. Basis of Triangular PDF for Bubbling Pressure (wb) by Soil Type

24.620

Sandy Loam 30.20 -3.61 64.01 33.810
Loam 40.12 -20.07 100.30 60.180

Silty Loam 50.87 -7.68 109.40 58.530
Sandy Clay Loam 59.41 -4.62 123.40 63.990
Clay Loam 56.43 -11.44 124.30 67.870
Silty Clay Loam 70.33 -3.26 143.90 73.570
Sandy Clay 79.48 -20.15 179.10 99.620
Silty Clay 76.54 -6.47 159.60 83.060
Clay 85.60 -4.92 176.10 90.500

Table 6. Basis of Triangular PDF for Pore Size Distribution (M) by Soil Type

Loamy Sand 0.553
Sandy Loam 0.378
Loam 0.252

Silty Loam 0.234
Sandy Clay Loam 0.319
Clay Loam 0.242
Silty Clay Loam 0.177
Sandy Clay 0.223
Silty Clay 0.150
Clay 0.165
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Table 7. Basis of Triangular PDF for Effective Porosity (¢e) b Soil Type

oil Description | " | Mean: pper

Loamy Sand 0.577
Sandy Loam 0.412 0.096 0.728 0.129
Loam 0.434 0.189 0.679 0.100
Silty Loam 0.486 0.261 0.711 0.092
Sandy Clay Loam 0.330 0.097 0.563 0.095
Clay Loam 0.39 0.118 0.662 0.111
Silty Clay Loam 0.432 0.224 0.640 0.085
Sandy Clay 0.321 0.042 0.600 0.114
Silty Clay 0.423 0.205 0.641 0.089
Clay 0.385 0.101 0.669 0.116

The values for XKSAT calculated from Equation 7 were for the saturated condition of
XKSAT. Therefore those values were reduced by a factor of two, multiplied by 3600,
and divided by 2.54 to get a resulting hydraulic conductivity in inches/hr. For each HEC-
1 run, the simulated XKSAT values were adjusted according to the soil types, soil
composite percentages, and vegetation factors listed in the original Skyline Model. The
Monte Carlo method was run 100 different times to produce 100 different probability
weighted XKSAT values for each subbasin.

2.6.4 Combined HEC-1 Runs

The 100 simulated XKSAT values for each subbasin, the precipitation values, and the
adjusted IA values run were then input into the HEC-1 Skyline model. The original
Skyline Wash HEC-1 model is attached in Appendix D for reference. As previously
stated, the first randomly generated value for each of the three parameters was input into
the first HEC-1 run, and so on, up to 100. This resulted in 100 different flow and volume
values for the Skyline model and concentration point HC13, at the apex of the fan.

2.7 Results from Combining PDFs of Peak Discharges

The peak discharges and volumes resulting from the Monte Carlo simulations of
variations in precipitation, initial abstraction, and the Green and Ampt XKSAT parameter
were obtained from the HEC-1 output. The exceedance probability values were
computed by ranking the values and computing the percentiles. The results are presented
in Tables 8 and 9 for flows and volumes, respectively. Additionally, the exceedance
probability function was graphed in Figures 3 and 4. Although the resulting CDF appears
rough, additional simulations beyond the 100 performed in this study would provide a
graphically smoother line.
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Table 8. Exceedance Probability Values for Peak Flow Rates

916 0.90
1720 0.80
3090 0.70
3810 0.60
3892 0.50
4308 0.40
5091 0.30
5106 0.20
5404 0.19
6195 0.05

Figure 3. CDF of Peak Discharges for Combined Variations in Precipitation, Initial Abstraction, and

Cumulative Exceedance Probability

XKSAT

Exceedance Probability Computation for Peak Flow
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Table 9. Exceedance Probability Values for Peak Volu.ae

95 0.95
108 0.90
147 0.80
245 0.70
297 0.60
341 0.50
368 0.40
420 0.30
453 0.20
480 0.10
512 0.05

Figure 4. CDF of Peak Volume for Combined Variations in Precipitation, Initial Abstraction, and
XKSAT

Exceedance Probability Computation for Volume
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3.0 Conclusions

The Uncertainty Analysis yielded a 90% confidence interval range i flows and volume
at the apex of the fan on Skyline Wash based on the uncertainty statistics of three
important hydrologic parameters: initial abstraction (IA), hydraulic conductivity
(XKSAT), and precipitation. Exceedance probability, or risk, tables were created, which
can be applied during future usages of the peak flow or volumes in hydraulic
computations and design.

The procedure developed for performing the Uncertainty Analysis can be further
developed into a manual for practicing engineers in the future. Additionally, this
procedure can be researched for use in other water resource arenas, such as hydraulics,
scour, and geomorphology.
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Appendix A - Excel Description of Spreadsheet Inputs
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Excel Description of Spreadsheet Inputs

Input data

This contains all the input spreadsheets needed to create the Monte Carlo simulations for
IA, XKSAT, and the precipitation input files needed to do the 100 simulations to
calculate the values that were input into the HEC-1 model. There are many tabs in
“Input_data” that show how the composites were created to simulate the original Skyline

model.
The "precip" tab shows the lognormal distribution inputs used in the computation.

The "IA Table" tab shows a table that explains the calculations behind finding the
statistical parameters behind IA (NEH 4 and CN used to determine upper and lower
values and standard deviation for lognormal distribution).

The IA values for each land use type were then put into the "parameters” table to create
the same composites as used in the originat file.

The "parameters” tab table shows the composites used for each of the 31 subbasins. This
table was created to simulate the existing Skyline model. It shows % soil types and %

land use types.

The "XKSAT", "XKSAT Table", and "XKSAT Soils" tabs were created for my
reference.

The "XKSAT Soils-log" tab shows the mean and the process used to calculate the
standard deviation values for each soil type to be used for the lognormal distribution
(parameters based on the equation and the table in Rawles research)

The "Soil Types" tab was created to simulate the actual soil type number composites used
in the original model.

The "area” tab was created for my reference

The "MC Inputs" tab shows the mean and standard deviation values for each parameter
and the MC lognormal distribution formula calculates a value for each one

The tabs entitled Final_IA, Final_Precip, and Final_XX show the values that were used
for each of the 31 subbasins for a given Monte Carlo simulation. The spreadsheet was
simulated 100 times and each one of the Final_ sheets was printed 100 times. The values
for each of the 31 subbasin for each of the 100 simulations were entered into the HEC-1

model.




For precipitation: The "MC Inputs” tab created the precip lognormal distribution
simulation, and the FInal_Precip shows this value (100 different simulations done).
These values were entered into HEC-1.

For IA: The "MC Inputs” tab referenced the "IA" table to get the lognormal distribution
needed. The "Parameters” tab then took the MC simulated value and applied the
appropriate composite to each subbasin. These composite values were then shown in
"Final_IA" for entry into HEC-1. This was done 100 different times.

For XKSAT: The "XKSAT Soils-log" provided the statistical parameters needed in the
"MC Simulation” tab. "Soil types" then took the MC simulated values to create a

composite for each soil type number. This value was then brought into "Parameters" to
create the same composites of soil numbers that was used in the original model. These
composite values were then shown in "Final_XKSAT" for entry into HEC-1. This was

done 100 different times.

Exceedance Probability;

This spreadsheet shows the 100 different HEC-1 flows calculated for the 100 HEC-1
iterations for IA, XKSAT, and precipitation.




l PDF/CDF for Combined Varlations in Precipitation, Initial Abstraction, and XKSAT
' Exceedance Probability Computation for Peak Flow
Peak Flow (cfs)  Hank Percent Exceedance Probability for Peak
7195 1 100.00% .00%
l 7036 2 98.90% 1.10%
6654 3 97.90% 2.10%
6267 4 96.90% 3.10%
l 6249 5 95.90% 4.10%
6191 6 94.90% 5.10%
6178 7 93.90% 6.10%
5967 8 092.90% 7.10%
' 5840 9 91.90% 8.10%
5794 10 90.90% 9.10%
5745 11 89.80% 10.20%
' 5690 12 88.80% 11.20%
5685 13 B7.80% 12.20%
5684 14 86.80% 13.20%
l 5669 15 85.80% 14.20%
5665 16 84.80% 15.20%
5619 17 83.80% 16.20%
. 5562 18 82.80% 17.20%
5502 19 81.80% 18.20%
5420 20 80.80% 19.20%
5402 21 79.70% 20.30%
. 5400 22 78.70% 21.30%
5324 23 77.70% 22.30%
5315 24 76.70% 23.30%
l 5241 25 75.70% 24.30%
5200 26 74.70% 25.30%
5185 27 73.70% 26.30%
I 5154 28  72.70% 97.30%
5107 29 71.70% 28.30%
5094 30 70.70% 29.30%
l 5090 31 £9.60% 30.40%
5062 32 68.60% 31.40%
5008 33 67.60% 32.40%
4995 34 66.60% 33.40%
I 4938 35 65.60% 34.40%
4844 36 64.60% 35.40%
4750 37 63.60% 36.40%
l 4690 38 62.60% 37.40%
4631 39 61.60% 38.40%
4627 40 60.60% 39.40%
' 4476 41 59.50% 40.50%
4474 42 58.50% 41.50%
4456 43 57.50% 42.50%
4444 44 56.50% 43.50%
I 4430 45 55.50% 44 50%
4429 46 54.50% 45.50%
4418 47 53.50% 46.50%
' 4410 48 52.50% 47 .50%
4325 49 51.50% 48.50%
I Appendix A Spreadsheet Attachment
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l PDF/CDF for Combined Variations in Precipitation, Initial Abstraction, and XKSAT
' Exceedance Probability Computation for Peak Flow
Peak Flow (cfs) __Rank___ Percent Exceedance Probability for Peak
4312 50 50.50% 49.50%
l 4299 51 49.40% 50.60%
4273 52 48.40% 51.60%
4240 53 47.40% 52.60%
l 4219 54 46.40% 53.60%
4217 55 45.40% 54.60%
4188 56 44.40% 55.60%
3975 57 43.40% 56.60%
' 3959 58 42.40% 57.60%
3862 59 41.40% 58.60%
3822 60 40.40% 59.60%
l 3721 81 39.30% 60.70%
3714 62 38.30% 61.70%
3683 63 37.30% 62.70%
l 3616 64 36.30% 63.70%
3604 65 35.30% 64.70%
3296 66 34.30% 65.70%
' 3291 67 33.30% 66.70%
3217 68 32.30% 67.70%
3117 69 31.30% 68.70%
3097 70 30.30% 69.70%
l 3043 71 29.20% 70.80%
2944 72 28.20% 71.80%
2692 73 27.20% 72.80%
l 2678 74 26.20% 73.80%
2618 75 25.20% 74.80%
2597 76 24.20% 75.80%
l 2479 77 23.20% 76.80%
2314 78 22.20% 77.80%
2258 79 21.20% 78.80%
1730 80 20.20% 79.80%
. 1208 81 19.10% 80.90%
1173 82 18.10% ‘ 81.90%
1155 83 17.10% 82.90%
' 1069 84 16.10% 83.90%
1036 85 15.10% 84.90%
1016 86  14.10% 85.90%
l 990 87 13.10% 86.90%
979 88 12.10% 87.90%
937 89 11.10% 88.90%
l 917 90 10.10% 89.90%
843 91 9.00% 91.00%
831 92 8.00% 92.00%
821 93 7.00% 93.00%
' 804 94 6.00% 94.00%
791 95 5.00% 95.00%
774 96 4.00% 96.00%
' 757 97 3.00% 97.00%
733 98 2.00% 98.00%
l Appendix A Spreadsheet Attachment
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PDF/CDF for Coinbined Variations in Precipitation, Initial Abstraction, and Y KSAT

Exceedance Probability Computation for Peak Flow

Peak Flow {cfs) __Rank __ Percent Exceedance Probability for Peak
730 29 1.00% 99.00%
693 100 00% 100.00%

Appendix A Spreadsheet Attachment
3o0f6




. PDF/CDF for Combined Variations in Precipitation, Initial Abstraction, and XKSAT
l Exceedance Probability Computation for Runoff Volume
~Runoff Volume (ac-f) __Rank Percent Exceedance Probability for FUnoff vVolume
' 608 1 100.00% .00%
l 588 2 98.90% 1.10%
532 3 97.90% 2.10%
530 4 96.90% 3.10%
. 523 5 95.90% 4.10%
510 6 94.90% 5.10%
505 7 93.90% 6.10%
494 8 92.90% 7.10%
' 492 9 91.90% 8.10%
491 10 90.90% 9.10%
478 11 89.80% 10.20%
l 475 12 88.80% 11.20%
474 13 87.80% 12.20%
473 14 86.80% 13.20%
l 469 15 85.80% 14.20%
467 16 84.80% 15.20%
466 17 83.80% 16.20%
l 455 18 82.80% 17.20%
454 19 80.80% 19.20%
454 19 80.80% . 19.20%
453 21 79.70% 20.30%
I 452 22 78.70% 21.30%
437 23 77.70% 22.30%
432 24 75.70% 24.30%
' 432 24 75.70% 24.30%
428 26 74.70% 25.30%
427 27 73.70% 26.30%
l 423 28 72.70% 27.30%
421 29 71.70% 28.30%
420 30 69.60% 30.40%
l 420 30 69.60% 30.40%
413 32 68.60% 31.40%
412 33 66.60% 33.40%
412 33 66.60% 33.40%
l 406 35 64.60% 35.40%
406 35 64.60% 35.40%
390 37 63.60% 36.40%
l 369 38 62.60% 37.40%
368 39 61.60% 38.40%
367 40 58.50% 41.50%
' 367 40 58.50% 41.50%
367 40 58.50% 41.50%
,\ 361 43 57.50% 42.50%
360 44 56.50% 43.50%
' 357 45 54.50% 45.50%
357 45 54.50% 45.50%
356 47 52.50% 47.50%
l 356 47 52.50% 47 50%
345 49 51.50% 48.50%
' Appendix A Spreadshest Attachment
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PDF/CDF for Combiiied Variations in Precipitation, Initial Abstraction, and XKSAT

Exceedance Probability Computation for Runoif Volume

~Runoff Volume (ac-fi) Rank Percent Exceedance Probaﬁiﬁry for Runoff Volume
342 50 50.50% 49.50%
340 51 49,40% 50.60%
338 52 48.40% 51.60%
335 53 46.40% 53.60%
335 53 46,40% 53.60%
334 55 45.40% 54.60%
330 56 44 40% 55.60%
329 57 43.40% 56.60%
321 58 42.40% 57.60%
301 59 41.40% 58.60%
298 60 40.40% 59.60%
296 61 39.30% 60.70%
205 62 38.30% 61.70%
289 63 37.30% 62.70%
288 64 36.30% 63.70%
279 65 35.30% 64.70%
259 66 34.30% 65.70%
257 67 32.30% 67.70%
257 67 32.30% 67.70%
251 69 31.30% 68.70%
247 70 30.30% 69.70%
240 71 29.20% 70.80%
235 72 28.20% 71.80%

l 226 73 27.20% 72.80%

219 74 26.20% 73.80%
211 75 25.20% 74.80%
208 76 24.20% 75.80%
202 77 23.20% 76.80%
191 78 22.20% 77.80%
186 79 21.20% 78.80%
149 80 20.20% 79.80%
127 81 19.10% 80.90%
123 82 18.10% 81.90%
121 83 17.10% 82.90%
118 84 16.10% 83.80%
117 85 15.10% 84.90%
114 86 14.10% 85.90%
112 87 12.10% 87.90%
112 87 12.10% 87.90%
110 89 10.10% 89.90%
110 89 10.10% 89.90%
101 g1 9.00% 91.00%
100 92 8.00% 92.00%
28 93 7.00% 83.00%
97 94 6.00% 94.00%
95 95 5.00% - 95.00%
93 96 4.00% - 96.00%
a1 97 3.00% 97.00%
88 o8 1.00% 99.00%

Appendix A Spreadsheet Attachment
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PDF/CDF for Combined Variations in Precipitation, Initial Abstraction, and XKSAT

Exceedance Probability Computation for Runoff Volume

Runoff Volume (ac-fi) Rank Percent Exceedance Probability for Runoff Volume
88 g8 1.00% 99.00%
84 100 00% ' 100.00%

Appendix A Spreadsheet Attachment
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SOTL WATER CHARACTERISTICS]
W. J. Rawls?, D. L, Brakensiek3, and K. E. Saxton’
ABSTRACT

Relationships of soil water tension and conductivity with soil water
content are needed to quantify plant available water and to model the movement
of water and solutes in and through soils., Field and laboratory measurement of
these hydraulic soil properties is very difficult, laborous, and costly. To
provide the best estimates possible from previous analyses, a comprehensive
search of the literature and data sources for hydraulic conductivity and
related soil-water data was made in 1978. TFrom this search, data for 1,323
gsoils with about 5,350 horizons from 32 states were summarized. Reported here
are summaries of the soil profile descriptions, seoil textures, particle size
distributions, organic carbon contents, bulk densities, selected chemical data,
hydraulic conductivities, soil water retention data, sample location, and the
specific reference or data source. The Brooks and Corey equation parameters,
80il water retention volumes at 0.33 bar and 15 bar, and saturated conductiv-
ities for the major soil textures classes are reported. Relationships for
predicting water retention volumes for particular tensions and saturated
hydraulic gonductivities based on soil properties are also presented.

INTRODUCTION

To incorporate the principles of soil water physics into hydrologic
modeling (Mein and Larson, 1973), it is necessary to specify the relationships
between soil tension and hydraulic conduct1v1ty as a function of soil water
content., Measurement of these relatlonsh1ps is very costly and time consuming,
making this approach difficult to use in watershed hydrology modeling. To
overcome these difficulties, an extensive literature and data search for soil
water retension, hydraulic conductivity, and related soils information was
performed in 1978. In addition, more than 400 soil scientists were contacted,
many of whom contributed unpublished data. The results of this survey are
summarized in two parts: (1) the soil water retention and analysis data base
and analysis and (2) the hydraulic conductivity data base and analysis.

WATER RETENTION-MATRIC POTENTIAL
The literature and data search for water retention and related scils

information produced 30 sources of data each covering at least a matric suction
range from 100 cm to 2,000 cm. The data sources are given in Table 1 and

‘contain 1,323 soils with about 5,350 horizons. As shown in Figure 1, the data

wvere from 32 states. Table 2 contains a summary of the data for each soil
listed alphabetically by soil series name. Included are location (state and
county), source reference number, range of moisture tension values, number of

lgontribution of the USDA~ARS Hydrology Laboratory, Beltsville, Maryland,
USDA-ARS, Northwest Watershed Research Center, Boise, Idaho, and USDA-ARS,
Pullman, Washington.
2Hydrolog1st, USDA-ARS Hydrology Laboratory, Beltsville, Maryland 20705
Hydraulic Engineer, USDA-ARS Northwest Watershed Research Center, Boise,
Idaho 83705
4llydr:o logist, USDA-ARS, Pullman, Washington 99164
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diveraity of soils ard methods used to obtain data. Even though the Gupta and
Larson (1979) equations produced acceptable results there is a need for a
series of prediction equations utilizing differeat available soils data. We
developed three levels of multiple linear regressien anmalysis relating the soil
water retention at specific matric potentials t percent particle size
content {sand, silt, clay), organic matter content, and bulk density;

percent particle .aize content, organic matter, bulk density and 15 bar
water retention; a percent particle size content, organic matter, bulk
density, and 1/3 and 15 bar water retention. These levels of analysis
demonstrate the predictive ability achieved by adding factors which require
more costly and/or time consuming laboratory procedures to the soil survey
data analysis. For example, particle size distribution and organic matter data
are the least expensive data to obtain while 1/3 bar water retention and bulk
density data are the most expensive. The 15 bar water retention value iz an
intermediate cost item.

The three levels of regression equations are summarized in table 5 for the
12 matric potentials reported in the Gupta and Larson (1979) paper. The

- addition of the 15 bar water conteant to the particle size data, bulk demsity

and organic matter content markedly increased the accuracy, especially in the
range of ~-.33 to ~10 bar water content while the addition of both the -0.33
and —~15 bar water contents caused a still greater increase in the accuracy at
all water contents. In general, the —0.33 bar value has greater value at the
potentials less than -0. 33 bar, and the -15 bar value has greater value above
the -0.33 bar value.

The data used to develop the equations in table 5 included 2,541 soils
horizons with a wide range of sand (mean 56%, range 0.1-99%), szlt (mean 26%,
range 0.1-93%Z), clay (mean 18%, range 0.1-94%; organlc matter (mean 0,66,
range 0.1 ~ 12.5%; bulk density (mean 1.42 gm/cm ), range 0.1 - 2.09). These
represent most agricultural soils, Soils included both expandlng {montmoril-
lonite) and nonexpanding (kolinite, illite, chlorite, and vermiculite) type
clay minerals.

HYDRAULIC CONDUCTIVITY

A generalized set of unsaturated hydraulic conductivity values was defined
for the USDA soil texture classes (SCS, 1975) by combining the results of
numerous experiments reported in literature. Table 6 contains the principle
references from which the unsaturated hydraulic conductivity data were

obtained. The generalized conductivity curves were defined by first digitizing

the many reference curves by enough points to adequately define them by
straight line segments. Using information from the referemce or standard soil
survey reports, these data were classed and sorted according to the USDA soil
texture classes. An average representative curve was estimated by visual anal-
yses for each soil texture class. Some minor adjustments of the average curves
were made to provide a uniform family of relationships as shown in figure 2.

The saturated hydraulic conductivities derived from figure 2 are given in
table 4. Using the saturated hydraulic conductivity data set compiled by
Mualem (1976) a set of meap saturated hydraulic conductivity values were
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Table 1. Water retention-matric potential data sources (cont'd)
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BASIC PARTICLE SIZE - INCLUDES SAND, SILT AND CLAY
DETAILED PARTICLE SIZE - INCLUDES DETAILED BREAKDOWN OF SAND AND 8.ELT

REF - REFERENCES GITED IN TABLE 1.

SURFACE TEXTURE CODES

t

Sand
Fine sand
Loamy coarse sand
Loamy sand
7 - Loamy fine sand
10 - Sandy loam
12 ~« Very fine sandy loam
13 - Loam
14 - §Ht loam .
16 -~ Sandy clay loam
17 - GClay loam
18 - Silty clay loam
20 - Sily clay
21 ~ Clay
34 - Humic material
38 - Supric material
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