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RAINFALL LOSSES 

Rainfall losses are , in the aggregate, the sum of all losses to applied rainfall that 

occur at or near the point of raindrop impact with the surface of the watershed. The 

difference between applied rainfall depth and runoff depth (rainfall excess) is rainfall loss. 

Other losses do occur in the rainfall-runoff process, specifically transmission losses during 

overland flow and in the conveyance channels, but these losses are not generally classified 

as rainfall losses, and these other losses are not included in the treatment of this section. 

For flood hydrology, it is not adequate to simply estimate the magnitude of rainfall losses; 

the time distribution of the losses must be estimated also. 

Rainfall losses are generally composed of evaporation, interception, depression 

storage, and infiltration into the land surface. Factors that affect the magnitude (and the 

time distribution) of rainfall losses are; impervious land surfaces, soil type and texture, 

vegetation type and extent of surface cover, litter and other cover on the soil, surface 

roughness, surface temperature, ambient temperature, rainfall intensity in a very complex 

way, antecedent soil moisture, soil density, and numerous other factors . At this time, it 

has been possible to formulate theories to estimate the magnitude of rainfall excess for 

several of these rainfall loss mechanisms, however, no existing theory is adequate to 

completely describe the rainfall loss process. This situation is complicated by the fact that 

there is tremendous variability over both time and space in most of the factors controlling 

rainfall losses in watersheds . The best that can be expected is that general relations can 

be established to estimate rainfall losses with some degree of confidence that represent 

uniform, rather idealized conditions . 

THEORY 

Numerous theories have been formulated for the purpose of modeling the rainfall 

loss process. Some of the theories and models were developed to simulate the composite 

rainfall loss process that includes all sources of rainfall losses, and an example of such a 
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model is the SCS CN method. Other theories were formulated for the purpose of modeling 

only the infiltration component of the rainfall loss process, and an example of such a 

model is the Green and Ampt infiltration equation. Use of an infiltration model requires a 

separate estimation of the rainfall losses that are due to factors other than infiltration. 

It is not possible to provide a comprehensive discussion of all of t he rainfall loss 

theories that have been developed. Text books, hydrology handbooks, and professional 

literature should be consulted for this purpose. A good overview of rainfall loss and 

infiltration theories and models will be presented in the new ASCE Handbook of Hydrology 

that will be published in about 1992/1993. 

The Green and Ampt infiltration equation is the preferred method to be used to 

estimate rainfall losses due to infiltration for ADOT projects. A brief description of this 

equation and its computational procedure is contained in the Rainfall Losses section of the 

Drainage Design Manual for Maricopa County, Volume 1, Hydrology (Appendix 6-A). A 

good general discussion of the Green and Ampt equation is contained in Hydrology and 

Floodplain Analysis by P.B . Bedient and W.C. Huber, Addison-Wesley Publishing Company, 

1988 (Appendix 6-B). 

The Initial Loss plus Uniform Loss Rate (IL + ULR) method is also described in the 

Drainage Design Manual for Maricopa County, Volume 1, Hydrology. Two additional 

sources of information should be consulted when using that method for flood hydrology; 

the Flood Hydrology Manual by A.G. Cudworth, U.S. Bureau of Reclamation , 1989, and 

Design of Small Dams, Third Edition, U.S. Bureau of Reclamation, 1988. Although those 

references provide some good background information, they probably cannot be used to 

select uniform loss rates (CNSTL) for the IL + ULR method when that method is used for 

special cases in Arizona. 

DEVELOPMENT OF ADOT RAINFALL LOSSES CRITERIA 

The scope-of-work (March 1 990) specifies that three rainfall loss methods will be 

considered, and that the recommended method(s) would be selected from those three. 

Those three methods are: 

1. Green and Ampt infiltration equation plus a surface retention loss, 

2. Initial Loss plus Uniform Loss Rate (IL+ULR) method, and 
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3. the SCS CN method. 

At Meeting No. 1, it was decided that ADOT will provide examples of the various 

levels of information that are available for Arizona for use in estimating rainfall losses. In 

descending order, these were: 

a. SCS soil surveys (usually by county), 

b. ADOT county soils maps, and 

c . ADOT map of Arizona indicating hydrologic soil group. 

At Meeting No. 2, Mr. Robert Ward provided a map of Arizona indicating the 

availability and status of the detailed SCS soil surveys for Arizona. That map is shown in 

Appendix 6-C. 

A Rainfall Losses Working Paper dated December 1989 (revised May 1990) was 

submitted prior to Meeting No. 2. That working paper recommended adoption of the 

Green and Ampt equation as the preferred method with the IL + ULR method as an 

alternative. At Meeting No. 2, Mr. George Lopez-Cepero suggested that the Green and 

Ampt equation be the recommended method and that suggestion was approved at the 

meeting. It was agreed that a preliminary draft of the Rainfall Losses Working Paper be 

submitted prior to Meeting No. 3 that would provide clear guidance on the selection of the 

Green and Ampt equation parameters from the best available information for Arizona. 

The Preliminary Draft of Working Paper No. 3 (September 1990) was prepared and 

submitted. Procedures to estimate the Green and Ampt equation parameters were 

provided, and the IL + ULR method was recommended for special situations where rainfall 

infiltration losses would not be controlled by soil texture. Comments were received on the 

Preliminary Draft of Working Paper No. 3 at Meeting No. 3, and revised Working Paper No. 

3 (October 1990) was submitted. 

At Meeting No. 4, corrections were noted for the IL + ULR method and other 

editorial comments were received. A revision to Working Paper No. 3 (21 January 1991) 

was made. 
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At Meeting No. 5, Mr. Ray Jordan asked about determination of soil texture in 

Example No. 1. Subsequently, Mr. Robert Ward prepared a Technical Memorandum 

(Appendix 6-D). Dr. George Sabol responded to Mr. Ward's memorandum with Technical 

Memorandum No. 8 (Append ix 6-E). These were reviewed at Meeting No. 6 with the 

conclusion that the use of the "gravelly" modifier on soil texture will be t reated as 

presented in the Working Paper. 

Prior to Meeting No. 7 , Mr. Ray Jordan distributed copies of miscellaneous 

infiltration articles to the Committee (Appendix 6-F) . Dr . George Sabol summarized some 

data from one of those articles (also in Appendix 6-F), and it was concluded that the Green 

and Ampt parameters do not appear to be in doubt based on that data, and may be 

somewhat conservative . 

Comments on Green and Ampt parameters were received from Mr. David Creighton 

of the Arizona Department of Water Resources (Appendix 6-G). 

GREEN AND AMPT PARAMETERS 

The procedure to estimate the Green and Ampt parameter values was determined 

by the consultant (GVSCE) while performing research and development f or the Flood 

Control District of Maricopa County in producing the Drainage Design Manual for Maricopa 

County, Volume 1, Hydrology. The following describes the research and development for 

that manual that was subsequently adopted for the ADOT Manual. 

The Green and Ampt equation as coded into HEC-1 requires three parameter values; 

hydraulic conductivity (XKSAT) , capillary suction (PSIF) , and soil moisture deficit 

(DTHETA). The primary reference for the green and Ampt equation parameters is the 

paper by Rawls and others (1983) (Appendix 6-H) . Notice that there is an error in that 

reference and that the hydraul ic conductivities for loam (.34 cm/hr , (. 15 in /hr)) and silty 

loam (.65 cm/hr, (.25 in/hr)) are reversed . This error is corrected in the ADOT Manual. 

Green and Ampt equation parameters for silt are not contained in the above reference, and 

those soil texture parameter values were taken from a publication by Rawls and Brakensiek 

(1983) (Appendix 6-1) . 
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Values of DTHETA as functions of Dry, Normal, or Saturated soil , as defined in the 

ADOT Manual, were developed from information presented by Rawls and Brakensiek 

(1983) (Appendix 6-1) . The work sheets used to develop the DTHETA "Dry" and the 

DTHETA "Normal" values in the ADOT Manual are presented in Append ix 6-J. 

VEGETATION COVER CORRECTION FACTOR 

The effect of ground cover on infiltration rate was investigated. The equations 

presented by Rawls , Brakensiek and Savabi (1989) (Appendix 6-K) were investigated, and 

a discussion of results are shown in Appendix 6-L. Those equations were not accepted 

because they yielded inconsistent results across the range of soil textures. Attempts were 

made to develop a functional relation for hydraulic conductivity as a function of ground 

cover and canopy cover. Dr. Leonard Lane assisted w ith the analysis of data that has 

been published by various researchers. The results of Dr . Lane's work are contained in 

Appendix 6-M. No satisfactory results were obtained and the lack of an adequately 

developed and verified procedure for adjusting bare soil infiltration rates for the effects of 

ground cover and canopy cover remains a major deficiency. 

Dr. Tim Ward assisted in providing infiltration data and reviewing work, and as an 

advisor. Recent research by Ward and others at New Mexico State University (Appendix 

6-N) and elsewhere indicates that canopy cover can greatly increase the infiltration rate. 

As a result of those published research results and communication with Dr. Ward, a 

simplified relation was developed to adjust the bare ground hydraulic conductivity for 

vegetation cover. 

AREA AVERAGING OF GREEN AND AMPT PARAMETERS 

The procedure that was developed for the calculation of the area weighted Green 

and Ampt XKSAT value was adopted from work by Van Mullem (1991) (Appendix 6-0). 

IMPERVIOUS AREA 

Estimation of rainfall losses is highly sensitive to the percent impervious area in the 

watershed. Impervious area is often measured as total impervious area or as effective 

impervious area (that impervious area that is directly connected to the outlet of the 

watershed). Effective impervious area (RTIMP in HEC-1 notation) is the measure of 

impervious area that is to be used, and that is because runoff from the non-directly 
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connected impervious area must flow onto impervious area where infiltration and other 

losses can occur. Two sources for estimating effective impervious area where used; TR-

55 and a paper by Alley and Veenhuis (1983) . Those references and a summary of 

estimates for RTIMP are provided in Appendix 6-P. Mr. Robert Ward provided information 

on impervious area from other studies in which he has been involved (Appendix 6-0). 

WORKING PAPER NO. 3 

The final version of Working Paper No. 3 (16 April 1992) is shown in Appendix 6-R. 

That working paper was incorporated into the ADOT Manual. 

BIBLIOGRAPHY 

A bibliography on pertinent references to infiltration and rainfall losses is provided in 

Appendix 6-S. The bibliography is taken from the list of references to a draft of the ASCE 

Handbook of Hydrology that is in preparation . 
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General 

Rainfall excess is that portion of the total rainfall depth that drains directly from the 
land surface by overland flow. By a mass balance, rainfall excess plus rainfall loss 
equals precipitation. When performing a flood analysis using a rainfall-runoff 
model, the determination of rainfall excess is of utmost importance. Rainfall excess 
integrated over the entire watershed results in runoff volume, and the temporal 
distribution of the rainfall excess will, along with the hydraulics of runoff, deter
mine the peak discharge. Therefore, the estimation of the magnitude and time 
distribution of rainfall losses should be performed with the best practical technol
ogy, considering the objective of the analysis, economics of the project, and conse
quences of inaccurate estimates. 

Rainfall losses are generally considered to be the result of evaporation of water from 
the land surface, interception of rainfall by vegetal cover, depression storage on the 
land surface (paved or unpaved), and infiltration of water into the soil matrix. A 
schematic representation of rainfall losses for a uniform intensity rainfall is shown 
in Figure 4.1. As shown in the figure, evaporation can start at an initially high rate 
depending on the land surface temperature, but the rate decreases very rapidly and 
would eventually reach a low, steady-state rate. From a practical standpoint, the 
magnitude of rainfall loss that can be realized from evaporation during a storm of 
sufficient magnitude to cause flood runoff is negligible. 

Interception, also illustrated in Figure 4.1, varies depending upon the type of 
vegetation, maturity, and extent of canopy cover. Experimental data on intercep
tion have been collected by numerous investigators (Linsley and others, 1982), but 
little is known of the interception Yalues for most hydrologic problems. Estimates 
of interception for various vegetation types (Linsley and others, 1982) are: 
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Interception, 
Inches 
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0.11 
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Rainfall Losses 

No interception estimates are known for natural vegetation that occurs in Maricopa 
County. For most applications in Maricopa County the magnitude of interception 
losses is essentially 0.0, and for practical purposes interception is not considered for 
flood hydrology in Maricopa County. 

Depression storage and infiltration losses comprise the majority of the rainfall loss 
as illustrated in Figure 4.1. The estimates of these two losses will be discussed in 
more detail in later sections of this manual. 

Three periods of rainfall losses are illustrated in Figure 4.1, and these must be 
understood and their implications appreciated before applying the procedures in 
this manual. First, there is a period of initial loss when no rainfall excess (runoff) is 
produced. During this initial period, the losses are a function of the depression 
storage, interception, and evaporation rates plus the initially high infiltration 
capacity of the soil. The accumulated rainfall loss during this period with no runoff 
is called the initial abstraction. The end of this initial period is noted by the onset of 
ponded water on the surface, and the time from start of rainfall to this time is the 
time ofponding (Tp). It is important to note that losses during this first period are a 
summation of losses due to all mechanisms including infiltration. 

The second period is marked by a declining infiltration rate and generally very little 
losses due to other factors. 

The third, and final, period occurs for rainfalls of sufficient duration for the 
infiltration rate to reach the steady-state, equilibrium rate of the soil (fc). The only 
appreciable loss during the final period is due to infiltration. 

The actual loss process is quite complex and there is a good deal of interdependence 
of the loss mechanisms on each other and on the rainfall itself. Therefore, simplifying 
assumptions are usually made in the modeling of rainfall losses. Figure 4.2 represents 
a simplified set of assumptions that can be made. In Figure 4.2, it is assumed that surface 
retention loss is the summation of all losses other than those due to infiltration, and 
that this loss occurs from the start of rainfall and ends when the accumulated rainfall 
equals the magnitude of the capacity of the surface retention loss. It is assumed that 
infiltration does not occur during this time. After the surface retention is satisfied, 
infiltration begins. If the infiltration capacity exceeds the rainfall intensity, then no 
rainfall excess is produced. As the infiltration capacity decreases, it may eventually 
equal the rainfall intensity. This would occur at the time ofponding (Tp) which signals 
the beginning of surface runoff. As illustrated in both Figures 4.1 and 4.2, after the time 
of ponding the infiltration rate decreases exponentially and may reach a steady-state, 
equilibrium rate (fc). It is these simplified assumptions and processes, as illustrated in 
Figure 4.2, that are to be modeled by the procedures in this manual. 

June 1, 1992 4-3 



General 

w 
~ 
I-

I
z 
::::> 

0::: 
w 
0... 

:r: 
1--
0... 
w 
0 

-w 
I
<( 
0::: 

4-4 

\ 
\ 

\ 

INFILTRATION CAPACITY CURVE 

RAINFALL 
EXCESS 

rF'-,...........""7'""""""'T".....,--,.---,..+- - - - - - - _j_- -
fc 

TIME INFILTRATION 

SURFACE RETEN~ON LOSS 

Figure 4.2 
Simplified Representation of Rainfall Losses 

A Function of Surface Retention Losses Plus Infiltration 

June 1, 1992 



Rainfall Losses 

Surface Retention Loss 

Surface retention loss, as used herein, is the summation of all rainfall losses other 
than infiltration. The major component of surface retention loss is depression 
storage; relatively minor components of surface retention loss are due to intercep
tion and evaporation, as previously discussed. Depression storage is considered k> 
occur in two forms. First, in-place depression storage occurs at, and in the near 
vicinity of, the raindrop impact. The mechanism for this depression storage is the 
microrelief of the soil and soil cover. The second form of depression storage is the 
retention of surface runoff that occurs away from the point of raindrop impact in 
surface depressions such as puddles, roadway gutters and swales, roofs, irrigation 
bordered fields and lawns, and so forth. 

A relatively minor contribution by interception is also considered as a part of the 
total surface retention loss. Estimates of surface retention loss are difficult to obtain 
and are a function of the physiography and land-use of the area. 

The surface retention loss on impervious surfaces has been estimated to be in the 
range 0.0625 inch to 0.125 inch by Tholin and Keefer (1960), 0.11 inch for 1 percent 
slope to 0.06 inch for 2.5 percent slopes by Viessman (1967), and 0.04 inch based on 
rainfall-runoff data for an urban watershed in Albuquerque by Sabol (1983). Hicks 
(1944) provides estimates of surface retention losses during intense storms as 0.20 
inch for sand, 0.15 inch for loam, and 0.10 inch for clay. Tholin and Keefer (1960) 
estimated the surface retention loss for turf to be between 0.25 to 0.50 inch. Based 
on rainfall simulator studies on undeveloped alluvial plains in the Albuquerque 
area, the surface retention loss was estimated as 0.1 to 0.2 inch (Sabol and others, 
1982a). Rainfall simulator studies in New Mexico result in estimates of 0.39 inch for 
eastern plains rangelands and 0.09 inch for pinon-juniper hillslopes (Sabol and 
others, 1982b). Surface retention losses for various land-uses and surface cover 
conditions in Maricopa County have been extrapolated from these reported es
timates and these are shown in Table 4.1. 

Table 4.1 
Surface Retention Loss for Various Land Surfaces In Maricopa County 

Surface Retention 
Land-use and/or Surface Cover Loss lA, Inches 

(1) (2) 
Natural 

Desert and rangeland, flat slope 0.35 
Hillslopes, Sonoran Desert 0.15 
Mountain, with vegetated surface 0.25 

Developed (Residential and Commercial) 
Lawn and turf 0.20 
Desert landscape 0.10 
Pavement 0.05 

Agricultural 
Tilled fields and irriqated pasture 0.50 
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Infiltration 

Infiltration is the movement of water from the land surface into the soil. Gravity 
and capillary forces drawing water into and through the pore spaces of the soil 
matrix are the two forces that drive infiltration. Infiltration is controlled by soil 
properties, by vegetation influences on the soil structure, by surface cover of rock 
and vegetation, and by tillage practices. The distinction between infiltration and 
percolation is that percolation is the movement of water through the soil subsequent 
to infiltration. 

Infiltration can be controlled by percolation if the soil does not have a sustained 
drainage capacity to provide access for more infiltrated water. However, before 
percolation can be assumed to restrict infiltration for the design rainfalls being 
considered in Maricopa County, the extent by which percolation can restrict infiltra
tion of rainfall should be carefully evaluated. SCS soil scientists have defined 
hydrologic soil group D as: 

"Soils having very slow infiltration rates when thoroughly wetted and consist
ing 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." 

This definition indicates that hydrologic soil groups A, B, or C could be classified 
as D if a near impervious strata of clay, caliche, or rock is beneath them. When these 
soils are considered in regard to long-duration rainfalls (the design events for many 
parts of the United States) this definition may be valid. However, when considered 
for short-duration and relatively small design rainfall depths in Maricopa County, 
this definition could result in underestimation of the rainfall losses. This is because 
even a relatively shallow horizon of soil overlaying an impervious layer still has the 
ability to store a significant amount of infiltrated rainfall. 

For example, consider the situation where only 4 inches of soil covers an impervious 
layer. If the effective porosity is 0.30, then 1.2 inches (4 inches x 0.30) of water can 
be infiltrated and stored in the shallow soil horizon. For design rainfalls in Maricopa 
County, this represents a significant storage volume for infiltrated rainfall and so 
when developing loss rate parameters for areas of Maricopa County that contain 
significant areas classified as hydrologic soil group D, the reason for that classifica
tion should be determined. 

Hydrologic soil group D should be retained only for: 

» clay soils, 

» soils with a permanent high water table, and 

» rock outcrop. 

Hydrologic soil group D should probably not be retained in all situations where the 
classification is based on shallow soils over nearly impervious layers; site specific 



Rainfall Losses 

studies and sensitivity analyses should be performed to estimate the loss rates to be 
used for such soils. 

Recommended Methods for Estimating 
Rainfall Losses 

Many methods have been developed for estimating rainfall losses; five are listed as 
options in the HEC-1 Flood Hydrology Package. They are: 

1. Holtan Infiltration Equation 

2. Exponential Loss Rate 

3. SCS Curve Numbers (CN) Loss Rate 

4. Green and Arnpt Infiltration Equation 

5. Initial Loss Plus Uniform Loss Rate (IL+ULR) 

Of these five, however, only two-Green and Arnpt and IL+ULR-are recom
mended for estimating rainfall losses in Maricopa County for the reasons discussed 
below. 

The Holtan Infiltration Equation is an exponential decay type of equation for 
which the rainfall loss rate asymptotically diminishes to the minimum infiltration 
rate (fc). The Holtan equation is not extensively used and there is no known 
application of this method in Arizona. Data and procedures to estimate the 
parameters for use in Maricopa County are not available. Therefore, the Holtan 
equation is not recommended for general use in Maricopa County. 

The Exponential Loss Rate Method is a four parameter method that is not exten
sively used, but it is a method preferred by of the U.S. Army Corps of Engineers. 
Data and procedures are not available to estimate the parameters for this method 
for all physiographic regions in Maricopa County, but Exponential loss rate 
parameters have been developed from the reconstitution of flood events for a flood 
hydrology study in a portion of Maricopa County (U.S. Army Corps of Engineers, 
1982a). However, adequate data are not available to estimate the necessary 
parameters for all soil types and land uses in Maricopa County, and this method is 
not recommended for general use in Maricopa County. 

The SCS CN method is the most extensively used rainfall loss rate method in 
Maricopa County and Arizona and it has wide acceptance among many agencies, 
consulting engineering firms, and individuals throughout the community. How
ever, because of both theoretical concerns and practical limitations, the SCS CN 
method is not recommended for general use in Maricopa County. 

As mentioned previously, the two recommended methods for estimating rainfall 
losses in Maricopa County are the Green and Arnpt infiltration equation and the 
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Recommended Methods for Estimating 
Rainfall Losses 

initial loss and uniform loss rate CIL+ULR) method. Both methods, as programmed 
into HEC-1, can be used to simulate the rainfall loss model as depicted in Figure 
4.2. (For a full discussion of these methods, see Sections 4.4.1 and 4.4.2.) TheIL+ ULR 
is a simplified model that has been used extensively for flood hydrology and data 
often are available to estimate the two parameters for this method. The Green and 
Ampt infiltration equation is a physically based model that has been in existence 
since 1911, and has recently been incorporated as an option in HEC-1. 

The preferred method, and the most theoretically accurate, is the Green and Ampt 
infiltration equation. This method should be used for most studies in Maricopa 
County where the land surface is soil, the infiltration of water is controlled by soil 
texture (see Appendix D), and the bulk density of the soil is affected by vegetation. 
Procedures were developed, and are presented, to estimate the three parameters of 
the Green and Ampt infiltration equation. The alternative method of IL+ULR can 
be used in situations where the Green and Ampt infiltration method is recom
mended, but its use in those situations is not encouraged, and, in general, should 
be avoided. Rather, the IL+ULR method should be used in situations where the 
Green and Ampt infiltration equation with parameters based on soil texture is not 
appropriate. Examples of situations where the IL+ULR method is recommended 
are: large areas of rock outcrop, talus slopes, forests underlain with a thick mantle 
of duff, land surfaces of volcanic cinder, and surfaces that are predominantly sand 
and gravel. Because of the diversity of conditions that could exist for which the 
IL+ULR method is to be used, it is not possible to provide extensive guidance for 
the selection of the two parameters of the IL+ ULR method. 

Other methods should be used only if there is technical justification for a variance 
from these recommendations and if adequate information is available to estimate 
the necessary parameters. Use of rainfall loss methods other than those recom
mended should not be undertaken unless previously approved by the Flood Con
trol District and the local regulatory agency. 

4.4.1 Green and Ampt Infiltration Equation 
This model, first developed in 1911 by W.H. Green and G.A. Ampt, has since the 
early 1970s, received increased interest for estimating rainfall infiltration losses. 
The model has the form: 

where 

t=Ks (1 +~) 
F 

for f< i (4.1) 

f=i 

f 

i 

Ks 
~ 

= 
= 
= 
= 

for f~ i 

infiltration rate (L/T), 

rainfall intensity (L/T), 

hydraulic conductivity, wetted zone, steady-state rate (L/T) 

average capillary suction in the wetted zone (L), 

J 
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e = soil moisture deficit (dimensionless), equal to effective soil 
porosity times the difference in final and initial volumetric 
soil saturations, and 

F = depth of rainfall that has infiltrated into the soil since the 
beginning of rainfall (L). 

A sound and concise explanation of the Green and Arnpt equation is provided by 
Bedient and Huber (1988). 

It is important to note that as rain continues, F increases and f approaches Ks, and 
therefore, f is inversely related to time. Equation 4.1 is implicit with respect to f 
which causes computational difficulties. Eggert (1976) simplified Equation 4.1 by 
expanding the equation in a power series and truncating all but the first two terms 
of the expansion. The simplified solution (Li and others, 1976) is: 

F = -0.5 (2F- Ks !lt) + 0.5 [(2F- Ks !lt)2 + 8KsL\t(9'V +F)] 1.1 (4.2) 

where 

!lt = the computation interval 

F = accumulated depth of infiltration at the start of !lt. 

The average infiltration rate is: 

M t=M 
(4.3) 

Use of the Green and Arnpt equation as coded in HEC-1 involves the simulation of 
rainfall loss as a two phase process, as illustrated in Figure 4.2. The first phase is 
the simulation of the surface retention loss as previously described; this loss is called 
the initial loss (lA) in HEC -1 . During this first phase, all rainfall is lost (zero rainfall 
excess generated) during the period from the start of rainfall up to the time that the 
accumulated rainfall equals the value of lA. It is assumed, for modeling purposes, 
that no infiltration of rainfall occurs during this first phase. Initial loss (lA) is 
primarily a function of land-use and surface cover, and recommended values of lA 
for use with the Green and Arnpt equation are presented in Table 4.1. For example, 
about 0.35 inches of rainfall will be lost to runoff due to surface retention for desert 
and rangelands on relatively flat slopes in Maricopa Courity. 

The second phase of the rainfall loss process is the infiltration of rainfall into the soil 
matrix. For modeling purposes, the infiltration begins immediately after the surface 
retention loss (lA) is completely satisfied, as illustrated in Figure 4.2. The three 
Green and Ampt equation infiltration parameters as coded in HEC-1 are: 

» hydraulic conductivity at natural saturation (XKSAD equal to Ks in Equation 4.1; 

» wetting front capillary suction (PSIF) equal to 'I' in Equation 4.1; and 

» volumetric soil moisture deficit at the start of rainfall (DTHET A) equal to 
e in Equation 4.1. 

::::·:;:::~:;:;:;:::·:;:·:·:·:~::·:;:::·:;:;:·:;:;:;:·:· :;:~:;:;:;:;:;:;:::::::::::::::::::::::::;:;::::.:::::::::::;:·;;:;:::::::::::::;:;:;:·:::·:·:::::::::::::::::·:·:;:·:::::::::·:;:;:;:·:::;:;:;:::::::::·:::::::::;: ; :;:;:;:;:·:·:·:·:·:::::::·:::;::".;:;:;:;:::::::::.:;:;:;:;:·:::::;:::::::::::·:·:::::·:;:;:;:;:·:;:;:::::;:: : ::::::;:;:::;:;:·:;:;:;:·:::::::~:::·:::::::::::;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:;:::::::;:;:::::: :::::::::::::::::::::::· 
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The three infiltration parameters are functions of soil characteristics, ground surface 
characteristics, and land management practices. The soil characteristics of interest 
are particle size distribution (soil texture), organic matter, and bulk density. The 
primary soil surface characteristics are vegetation canopy cover, ground cover, and 
soil crusting. The land management practices are identified as various tillages as 
they result in changes to soil porosity. 

Values of Green and Ampt equation parameters as a function of soil characteristics 
alone (bare ground condition) have been obtained from published reports (Rawls 
and others, 1983; Rawls and Brakensiek, 1983), and average values of XKSAT and 
PSIF for each of the soil texture classes are shown in Columns (2) and (3) of Table 
4.2. The values of XKSAT and PSIF from Table 4.2 or Figure 4.3 should be used if 
general soil texture classification of the drainage area is available. References used 
to create Table 4.2 can be found in the Documentation Manual. 

In Table 4.2, loamy sand and sand are combined. The parameter values that are 
shown in the table are for loamy sand. The hydraulic conductivity (XKSAT) for sand 
is often used as 4.6 inches/hour, and the capillary suction (PSIF) is often used as 1.9 
inches. Using those parameter values for drainage areas can result in the generation 
of no rainfall excess-which may or may not be correct. Incorrect results could cause 
serious consequences for flood control planning and design. Therefore, it is recom
mended that-for watersheds consisting of relatively small subareas of sand-the 
Green and Ampt parameter values for loamy sand be used for the sand portion of 
the watershed. If the area contains a large portion of sand, then either the Green and 

Table4.2 
Green and Ampt Loss Rate Parameter Values for Bare Ground 

Soli Texture XKSAT PSIF DTHETAT 

Classification Inches/hour Inches Dry Normal Saturated 
(1) (2) (3) (4) (5) 

loamy sand & sand 1.2 2.4 0.35 0.30 
sandy loam 0.40 4.3 0.35 0.25 
loam 0.25 3.5 0.35 0.25 
silty loam 0.15 6.6 0.40 0.25 
silt 0.10 7.5 0.35 0.1 5 
sandy clay loam 0.06 8.6 0.25 0.15 
clay loam 0.04 8.2 0.25 0.15 
silty clay loam 0.04 10.8 0.30 0.15 
sandy clay 0.02 9.4 0.20 0.1 0 
silty clay 0.02 11.5 0.20 0.10 
clay 0.01 12.4 0.15 0.05 

1 Selection of DTHETA: 
Dry = Non irrigated lands, such as desert and rangeland; 

Normal = Irrigated lawn, turf, and permanent pasture; 
Saturated = Irrigated agricultural land. 

(6) 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
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Ampt method should be used with parameter values for loamy sand or the IL+ ULR 
method should be used with appropriately determined values for the parameters. 

The soil moisture deficit (DTHETA) is a volumetric measure of the soil moisture 
storage capacity that is available at the start of the rainfall. DTHETA is a function 
of the effective porosity of the soil. The range of DTHETA is 0.0 to the effective 
porosity. If the soil is effectively saturated at the start of rainfall then DTHETA 
equals 0.0; if the soil is devoid of moisture at the start of rainfall then DTHETA 
equals the effective porosity of the soil. 

Under natural conditions, soil seldom reaches a state of soil moisture less than the 
wilting point of vegetation. Due to the rapid drainage capacity of most soils in 
Maricopa County, at the start of a design storm the soil would not be expected to 
be in a state of soil moisture greater than the field capacity. 

However, Maricopa County also has a large segment of its land area under irrigated 
agriculture, and it is reasonable to assume that the design frequency storm could 
occur during or shortly after certain lands have been irrigated. Therefore, it would 
be reasonable to assume that soil moisture for irrigated lands could be at or near 
effective saturation during the start of the design rainfall. 

Three conditions for DTHET A have been defined for use in Maricopa County based 
on the antecedent soil moisture condition that could be expected to exist at the start 
of the design rainfall. These three conditions are: 

» ''Dry" for antecedent soil moisture near the vegetation wilting point; 

» "Normal" for antecedent soil moisture condition near field capacity due to 
previous rainfall or irrigation applications on nonagricultural lands; and 

» "Saturated" for antecedent soil moisture near effective saturation due to 
recent irrigation of agricultural lands. 

Values of DTHETA have been estimated by subtracting the initial volumetric soil 
moisture for each of the three conditions from the soil porosity. 

The value of DTHET A "Saturated" is always equal to 0.0 because for this condition 
there is no available pore space in the soil matrix at the start of rainfall. Values of 
DTHET A for the three antecedent soil moisture conditions are shown in Table 4.2. 
DTHETA ''Dry'' should be used for soil that is usually in a state of low soil moisture 
such as would occur in the desert and rangelands of Maricopa County. DTHETA 
''Normal" should be used for soil that is usually in a state of moderate soil moisture 
such as would occur in irrigated lawns, golf courses, parks, and irrigated pastures. 
DTHETA "Saturated" should be used for soil that can be expected to be in a state 
of high soil moisture such as irrigated agricultural land. 

4.4.1.1 Procedure for Aerially Averaging Green and Ampt Parameter Values: 
Most drainage areas or modeling subbasins will be composed of several subareas 
containing soils of different texutres. Therefore, a composite value for the Green 
and Ampt parameters that are to be applied to the drainage areas or modeling 

June 1, 1992 



Rainfall Losses 

subbasins needs to be determined. The procedure for determining the composite 
value is to average the area-weighted logarithms of the XKSAT values and to select 
the PSIF and DTHET A values from a graph. 

The composite XKSAT is calculated by Equation 4.4: 

XK5A1' ~ ALOG(LA;Io~~SAT;) (4.4) 

where 

XKSAT = composite subarea hydraulic conductivity, inches/hour 

XKSATi = hydraulic conductivity of a map unit, inches/hour 
(from Appendix A, B, or C) 

Ai = size of subarea 

AT = size of the watershed or modeling subbasin 

After XKSAT is calculated, the values of PSIF and DTHETA (normal or dry) are 
selected from Figure 4.3, at the corresponding value of XKSA T. 

4.4.1.2 Procedure for Adjusting XKSAT for Vegetation Cover: The hydraulic 
conductivity (XKSAT) can be affected by several factors besides soil texture. For 
example, hydraulic conductivity is reduced by soil crusting, increased by tillage, 
and increased by the influence of ground cover and canopy cover. The values of 
XKSA T that are presented for bare ground as a function of soil texture alone should 
be adjusted under certain soil cover conditions. 

Ground cover, such as grass, litter, and gravel, will generally increase the infiltration 
rate over that of bare ground conditions. Similarly, canopy cover--such as from 
trees, brush, and tall grasses-can also increase the bare ground infiltration rate. 
The procedures and data that are presented are for estimating the Green and Ampt 
parameters based solely on soil texture and would be applicable for bare ground 
conditions. Past research has shown that the wetting front capillary suction 
parameter (PSIF) is relatively insensitive in comparison with the hydraulic conduc
tivity parameter (XKSAT); therefore only the hydraulic conductivity parameter is 
adjusted for the influences of cover over bare ground. 

Procedures have been developed (Rawls and others, 198.9) for incorporating the 
effects of soil crusting, ground cover, and canopy cover into the estimation of 
hydraulic conductivity for the Green and Ampt equation; however, those proce
dures are not recommended for use in Maricopa County at this time. A simplified 
procedure to adjust the bare ground hydraulic conductivity for vegetation cover is 
shown in Figure 4.4. This figure is based on the documented increase in hydraulic 
conductivity due to various soil covers as reported by investigators using rainfall 
simulators on native western rangelands (Kincaid and others, 1964; Sabol and 
others, 1982a; Sabol and others, 1982b; Bach, 1984; Ward, 1986; Lane and others, 
1987; Ward and Bolin, 1989). This correction factor can be used based on an estimate 
of vegetation cover as used by the Soil Conservation Service in soil surveys; that is, 
vegetation cover is evaluated on basal area for grasses and forbs, and is evaluated 
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on canopy cover for trees and shrubs. Note that this correction cal) be applied only 
to soils other than sand and loamy sand. 

The influence of tillage results in a change in total porosity and therefore a need to 
modify the three Green and Ampt equation infiltration parameters. The effect of 
tillage systems on soil porosity and the corresponding changes to hydraulic con
ductivity, wetting front capillary suction, and water retention is available (Rawls 
and Brakensiek, 1983). Although this information is available, it is not presented in 
this manual, nor is it recommended that these adjustments be made to the infiltra
tion parameters for design purpose use in Maricopa County, because for most flood 
estimation purposes it cannot be assumed that the soil will be in any particular state 
of tillage at the time of storm occurrence and therefore the base condition infiltration 
parameters, as presented, should be used for flood estimation purposes. However, 
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appropriate adjustments to the infiltration parameters can be made, as necessary, 
for special flood studies such as reconstitution of storm events. 

4.4.2 Initial Loss Plus Uniform Loss Rate (IL+ULR) 
This is a simplified rainfall loss method that is often used, and generally accepted, 
for flood hydrology. In using this simplified method it is assumed that the rainfall 
loss process can be simulated as a two-step proced~e, as illustrated in Figure 4.5. 
First, all rainfall is lost to runoff until the accumulated rainfall is equal to the initial 
loss; and second, after the initial loss is satisfied, a portion of all future rainfall is 
lost at a uniform rate. All of the rainfall is lost if the rainfall intensity is less than the 
uniform loss rate. 

According to HEC-1 nomenclature, two parameters are needed to use this method; 
the initial loss (STRTL) and the uniform loss rate (CNSTL). 

Because this method is to be used for special cases where infiltration is not controlled 
by soil texture, or for drainage areas and subbasins that are predominantly sand, 
the estimation of the parameters will require model calibration, results of regional 
studies, or other valid techniques. It is not possible to provide complete guidance 
in the selection of these parameters; however, some general guidance is provided: 

A. For the special cases of anticipated application, the uniform loss rate (CNSTL) 
will either be very low for nearly impervious surfaces, or possibly quite high 
for exceptionally fast-draining (highly pervious) land surfaces. For land sur
faces with very low infiltration rates, the value of CNSTL will probably be 0.05 
inches per hour or less. For sand, a CNSTL of 0.5 to 1.0 inch per hour or larger 
may be reasonable. Higher values of CNSTL for sand and other surfaces are 
possible, however, use of high values of CNSTL would require special studies 
to substantiate the use of such values. 

B. Although the IL+ULR method is not recommended for watersheds where the 
soil textures can be defined and where the Green and Ampt method is en
couraged, some general guidance in the selection of the uniform loss rate is 
shown in Tables 4.3 and 4.4. Table 4.4 was prepared based on the values in 
Table 4.3 and the hydraulic conductivities shown in Table 4.2. In Table 4.4, the 
initial infiltration (II) is an estimate of the infiltration loss that can be expected 
prior to the generation of surface runoff. The value of initial loss (STRTL) is the 
sum of inititial infiltration (II) of Table 4.4 and surface retention loss (IA) of 
Table 4.1; STRTL = II+ IA. 

C. The estimation of initial loss (STRTL) can be made on the basis of calibration 
or special studies at the same time that CNSTL is estimated. Alternatively,since 
STRTL is equivalent to initial abstraction, STRTL can be estimated by use of 
the SCS CN equations for estimated initial abstraction, written as: 

STRTL = 200 
- 2 CN 

(4.5) 
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Table4.3 
Published Values of Uniform Loss Rates 

Hydrologic Soli Uniform Loss Rate, Inches/hour 
Group Musgrave (1955) USSR (1975) 1 

(1) (2) (3) 

A 0.30 - 0.45 0.40 
B 0.15 - 0.30 0.24 
c 0.05 - 0.15 0.12 
D 0 - 0.05 0.08 

1 Design of Small Dams, Second Edition, 1975, Appendix A. 
2 Design of Small Dams, Third Edition, 1987. 

Table 4.4 

USSR (1987)~ 
(4) 

0.30 - 0.50 
0.15 - 0.30 
0.05 - 0.15 

0 - 0.05 

Initial Loss Plus Uniform Loss Rate Parameter Values 
for Bare Ground according to Hydrologic Soli Group 

Hydrologic Soli Uniform Loss Rate 
lnltlallnflltra11on, Inches 

II 
Group CNSTL Dry Normal 

(1) (2) (3) 

A 0.4 0.6 
B 0.25 0.5 
c 0.15 0.5 
D 0.05 0.4 

1 Selection of II: 
Dry = Non irrigated lands such as desert and range land; 

Normal = Irrigated lawn, turf, and permanent pasture; 
Saturated = Irrigated agricultural land. 

(4) 

0.5 
0.3 
0.3 
0.2 

Saturated 
(5) 

0 
0 
0 
0 
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Estimates of CN for the drainage area or subbasin should be made by referring 
to various publications of the SCS, particularly TR-55. Equation 4.5 should 
provide a fairly good estimate ofSTRTL in many cases, however, its use should 
be judiciously applied and carefully considered in all cases. 

Procedure for Estimating Loss Rates 

Green and Ampt Method 
A. When soils data are available: 

1. Prepare a base map of the drainage area delineating modeling subbasins, 
if used. 

2. Delineate the subareas containing different soils (as determined from soil 
surveys, if available). Determine the soil texture for each soil type. Soils 
reports such as those of the Soil Conservation Service can be used, if 
available, or laboratory analysis of appropriate soil samples from the 
drainage area can be used if adequate documentation on the sampling and 
laboratory procedure is provided and approved. A soil texture classifica
tion triangle is pro~ided in Appendix D. 

3. If the watershed or subbasin contains soil of all one texture, then determine 
XKSAT, PSIF, and DTHETA from Table 4.2. Adjust XKSAT for vegetation 
cover using Figure 4.4, if appropriate. 

4. If the watershed or subbasin is composed of soils of different textures, then 
area-weighted parameter values will be calculated: 

a. Determine the size (Ai) and the XKSA Ti values for each soil subarea. 

b. Calculate the area-weighted value of XKSAT by using Equation 4.4. 

c. Select corresponding values of PSIF and DTHET A from Figure 4.3. 

d . Adjust the XKSAT value for vegetation cover using Figure 4.4, if 
appropriate. The adjustment factor may be area-weighted, if neces
sary. 

5. Determine the land-use and/ or soil cover for the drainage area and use 
Table 4.1 to estimate the surface retention loss (IA). Arithmetically area
weight average the values of IA if the drainage area or subbasin is com
posed of subareas of different IA. 

6. Estimate the impervious area (RTIMP) for the drainage area or subbasin, 
and arithmetically area-weight average, if necessary. 
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7. Enter the area-weighted values of IA, DTHET A, PSIF, XKSAT, and RTIMP 
for the drainage area or each subbasin on the LG record of the HEC-1 input 
file. 

B. Alternative methods: 

As an alternative to the above procedures, Green and Ampt loss rate parameters 
can be estimated by reconstitution of recorded rainfall-runoff events on the 
drainage area or hydrologically similar watersheds, or parameters can be 
estimated by use of rainfall simulators in field experiments. Plans and proce
dures for estimating Green and Ampt loss rate parameters by either of these 
procedures should be approved by the Flood Control District and the local 
agency before initiating these procedures. 

4.5.2 Initial Loss Plus Uniform Loss Rate Method 
A. When soils data are available: 

June 1, 1992 

1. Prepare a base map of the drainage area delineating modeling subbasins, 
if used. 

2. Delineate subareas of different infiltration rates (uniform loss rates) on the 
base map. Assign a land-use or surface cover to each subarea. 

3. Determine the size of each subbasin and size of each subarea within each 
subbasin. 

4. Estimate the impervious area (RTIMP) for the drainage area or each 
subarea. 

5. Estimate the initial loss (STRTL) for the drainage area or each subarea by 
regional studies or calibration. Alternatively, Equation 4.5 or Tables 4.1 
and 4.4 can be used to estimate or to check the value of STRTL. 

6. Estimate the uniform loss rate (CNSTL) for the drainage area or each 
subarea by regional studies or calibration. Table 4.4 can be used, in certain 
situations, to estimate or to check the values of CNSTL. 

7. Calculate the area-weighted values of RTIMP, STRTL, and CNSTL for the 
drainage area or each subbasin. 

8. Enter the area-weighted values of RTIMP, STRTL, and CNSTL for the 
drainage area or each subbasin on the LU record of the HEC-1 input file. 
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To : 

From: 

Subject: 

Date: 

TECHNICAL MEMORANDUM 

Project Committee Members, ADOT Hydrology Manual 

Robert L. Ward 

Correlation Between SCS Soil Gradation Data & Soil Texture Descriptions 

February 19, 1991 

During Work Group Meeting No. 5, Ray Jordan raised a question about the determination 

of the soil texture used in Example No. 1 to Working Paper No. 3 (dated 21 January 

1991). Specifically, the question focused on the correlation between the published 

scs description of the Perryville soil series (PeA) as a "gravelly loam" and the soil 

texture that would be obtained by plotting the published gradation analysis of this 

soil on a USDA soil texture classification triangle . Concern was expressed that the 

gradation data listed in Example No. 1 might not support the published soil description 

of a "gravelly loam". I agreed to research this issue in order to identify and 

explain any potential conflicts. This memorandum summarizes my research . 

During the course of this research, some secondary issues were also uncovered which 

should be addressed before the ADOT Hydrology Manual is published in final form. 

The first of these secondary issues is the fact that the Agua Fria River tributary 

at Youngtown is composed of three different soil series, rather than the single 

Perryville series that is referenced in Example No. 1. Based on my visual estimate 

from the scs soil survey map, the watershed is composed of 50% Laveen loam, 12% 

Vecont clay, and 38% Perryville gravelly loam. The area-weighted Green-Ampt 

parameters for this 3-soil combination are computed on Attachment No. 1. The 

inclusion of the Vecont clay and Laveen loam changes the bare soil hydraulic 

conductivity (XKSAT) from the 0.40 in/ hr. value, published in Example No . 1, to 

0.278 in/ hr. I noted in reviewing the September 1990 edition of the MCFCD Hydrology 

Manual that they also list all three of these soil series (in similar percentages to 

those on Attachment No . 1) when computing the Green-Ampt parameters for the 

Youngtown watershed . Accordingly, I would recommend that we revise Example No. 

1 to reflect the published soil series that comprise this watershed. For consistency, 

we should probably use the same data that is published for the example in the 

MCFCD Manual. 

1 



Another secondary issue questions the source and shape of the soil texture diagram 

published in the MCFCD Hydrology Manual, and also used in Working Paper No . 3. 

I met with Bill Johnson, SCS Soil Scientist, Phoenix office, on February 13, 1991 to 

discuss SCS policies on soil classification. Bill stated that he had never seen a 

soil texture diagram shaped like the one in the MCFCD manual. He said SCS uses 

the equilateral triangle (see Attachment No. 6) as their official soil texture diagram. 

However , it should be noted that Brakensiek and Rawls (authors of A Procedure To 

Predict Green And Ampt Infiltration Parameters) are both USDA employees and utilize 

the texture diagram published in the MCFCD Hydrology Manual. I have discussed 

this issue with George Sabol and he has agreed to try and track down the source 

of this "hybrid" soil texture diagram . However, since the equilateral triangle shape 

(Attachment No . 6), with sand, silt, and clay axes, appears to be the standard for 

soil texture classifications, I would recommend that we stick with this standard oJ<. 
shape so that this same question will not be raised by future users of the ADOT 

Hydrology Manual. 

Finally, to the central issue of this memorandum. The gradation data published on 

pages 74 and 75 (Table 5) of the Soil Survey Of Maricopa County, Arizona, Central 

Part, September 1977, (this is the data that was used in Example No. 1 referenced 

at the beginning of this memorandum) is not sufficiently detailed to determine soil 

classification from a triangular soil texture diagram. This is not possible because 

the published gradation data does not separate the silt fraction from the clay 

fraction. At least two of the three soil textures (sand , silt, or clay) must be known 

to use the texture diagram. Also complicating this issue is the fact that the SCS 

texture diagram uses a No. 270 sieve (not a No . 200 sieve) to differentiate between 

silt and sand. The smallest sieve size published in the Soil Survey is a No. 200 . 

Further complications are created by the fact that Table 5 of the Soil Survey 

publishes the gradation data as percentage ranges for each sieve size, e.g., 55% to 

75% passing a No. 10 sieve, etc. Depending upon which end of the range a specific 

soil sample might be associated with, a substantially different soil texture could 

be derived. For example, Attachments 2, 3, 4, and 5 show the four possible scenarios 

that exist for computing the percentage of sand in the Perryville gravelly loam. 

After correcting for the gravel fraction that is larger than a No. 10 sieve, the four 

scenarios illustrate how the sand component of the Perryville grav elly loam could 

range from a low value of 23% to a high value of 60% . Attachment No . 6 shows 

the soil texture envelope (red-shaded area) that would be defined by this range 
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of sand percentages. Accordingly, depending upon the distribution of the silt/ clay 

fraction, a Perryville gravelly loam could plot anywhere from a clay to a sandy 

loam, with associated hydraulic conductivities ranging from 0.01 to 0.40 in/hr! 

Fortunately, our search for technical justification of the described soil texture does 
not end with the sieve data published in Table 5 of the Soil Survey report. Table 

10 (pages 110-111) of the same report provides much more detailed data on the 

gradation of six benchmark soils that are included within the soil survey limits . 

Bill said that for those soils which are not tested to the level of detail published 

in Table 10 of the soil survey report, the soil scientist will usually field classify 

the soil by using simple tests, such as squeezing or rolling a ribbon of soil to 

estimate the clay content . He also indicated that field testing with hydrometers 

is sometimes used. Wh en this type of testing is employed, there are no detailed 

sieve analyses performed that could be used to enter a soil texture diagram. 

Table 10 provides a precise tabulation of the percents of sand, silt, and clay that 

comprise the Perryville gravelly loam. These percentages are : 

1. Sand - 42.6% 

2 . Silt - 39.9% 

3. Clay- 17.5% 

Total: 100% 

Applying these percentages to the soil texture diagram on Attachment No . 6 indicates 

that a Perryville gravelly loam plots almost in the middle of the loam envelope. 

A small red "x" on Attachment No. 6 shows the precise plotting point (it lies in 

the middle of the "Loam" label) . Accordingly, the basic soil texture of "loam" is 

confirmed by the gradation data. 

However, another question now arises as to how we resolve the discrepancy between 

a texture plot indicating a "loam" soil and the narrative description in the report 

that defines this Perryville soil as a "gravelly loam" . Additional discussions with 

Bill Johnson indicated that SCS policy for using "gravelly" modifiers is as follows: 

1. Gravelly - 15% to 20% of the sample (by volume) has particle sizes 

bracketed by a No . 10 sieve and 3 inches. 
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2. Very gravelly - 35% to 60% of the sample is retained between a No. 10 

sieve and 3 inches. 

3. Extremely gravelly - more than 60% of the sample is retained between 

a No. 10 sieve and 3 inches. Note: A No. 10 sieve is the upper limit 
for the SCS sand size fraction. 

I have enclosed Attachment No . 7 as the basis on which SCS applies "sand" modifiers 

to basic soil textures. Although I have no supporting test data, the above analysis 

suggests that we may be creating some inaccuracies in the selection of Green- Ampt 

parameters with our proposed treatment of "modifiers" to the basic soil textures , 
e.g., our assumption that a "gravelly loam" will have similar infiltration characteristics 

as a "sandy loam" . In the case of the Perryville gravelly loam, the published SCS 

gradation data clearly indicates the soil is a "loam", not a "sandy loam". The 

associated hydraulic conductivities (XKSAT) of 0 .25 (loam) and 0.40 (sandy loam) 

are substantially different. Perhaps we should revert back to our originally proposed 

treatment of modifiers (see Working Paper No. 3 dated 7 January 1991) and simply 

drop the "gravelly" modifier from the soil texture when selecting Green- Ampt 

parameters. However, prior to doing this, I would recommend that we contact 

Brakensiek and Rawls (or any other Green-Ampt researchers) and ask if they have 

any test data on gravelly learns, etc., and also ask what their recommendations 

would be in assigning Green-Ampt parameters to soils with "gravelly" modifiers, or 

any other modifiers that might not fall into our current list of soils for which 

Green-Ampt parameters are published . 

Conclusions 

1. The "percentage ranges" of sieve analysis data published in Table 5 of 

the Soil Survey of Maricopa County, Arizona, Central Part, are not sufficient 

to use for the determination of soil texture. Unless detailed data, such 

as that presented in Table 10 of the same soil survey, is available, the tJ5 

engineer should use the soil texture defined in the text of the soil survey t/e!Jtt·,-,Je~ 
report . /1? 'fl,p, 

2. The treatment of "gravelly" modifiers to basic soil textures should be 

re-examined to determine their influence on the selection of Green - Ampt 

parameters . 
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3. The conventional "equilateral" triangle should be adopted as the soil 

texture diagram to be published in the ADOT Hydrology Manual. 

Attachments: No.1 - Soil composition & Green-Ampt parameters for Agua Fria River 
tributary at Youngtown 

No.2, 3, 4, 5 - Plotting envelopes for USDA soil texture diagram, 
Perryville Gravelly Loam 

No.6 - USDA soil texture diagram with plotting data for Perryville 
Gravelly Loam 

No .7 - SCS criteria for using sand modifiers 

File: ADOTl.DOC 
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~----------------------------------~----------------~~------------- ... ·-

TO: 
FROM: 
DATE: 

SUBJECT: 

TECHNICAL MEMORANDUM No. 8 

Project Committee Members 
G.V. Sabol 
15 March 1991 
Green and Ampt parameter values 

This technical memorandum is in response to Mr. Robert Ward's suggestion 
that the use of "gravelly" as a soil texture be re-examined (see Mr. Ward's 
Technical Memorandum of 19 February 1991) . 

I and others have spent considerable effort in trying to resolve the 
problem (and other similar problems) of relating Green and Ampt equation 
parameters to influences such as gravel content in the soil. It is my 
conclusion that we presently do not have the "full" answer to the selection of 
Green and Ampt parameters for soils existing in nature; i.e., parameter values 
incorporating the effects of coarse fragments in the soil, rock and litter 
cover of the soil, vegetation cover, impact of land-use, etc. However, it 
does appear from the literature that there is some confidence in selecting the 
parameters based on soil texture for bare ground conditions without the 
compounding effects as mentioned above . Answers to deviations from the simple 
bare ground condition will probably come with time as usage encourages 
additional research. 

In again researching this topic in regard to the effect of coarse 
fragments (gravel) in the soil, I found three references that can be 
considered. Copies of these are attached, and they are: 
(1) Determining the Saturated Hydraulic Conductivity of a Soil Containing 

Rock Fragments 
Brakensiek, Rawls, and Stephenson (1986) 

(2) Applicability of the Green and Ampt Infiltration Equation to Rangelands 
Devaurs and Gifford (1986) 

(3) Large- Plot Infiltration Studies in Desert and Semiarid Rangeland Areas 
of the Southwestern U.S.A. 
Lane, Simanton, Hakanson, and Romney (1987) 

I think that these will provide interesting reading and will lend some 
light on the topic - but will not provide a solution to the problem. First, 
there is no question that estimating the Green and Ampt parameters from bare 
ground, soil texture alone is inadequate for most natural watershed 
conditions. Devaurs and Gifford (1986, pg. 22) state, "These soil texture 
predictive triangles, developed for agricultural soils, need revision for use 
on rangelands." The problem of the soil coarse fraction is specificly 
mentioned as part of the problem for rangelands. No solution is offered in 
this relatively recent article. 

Brakensiek and others (1986) have provided some evidence to indicate 
that the hydraulic conductivity of the fine earth fraction should be reduced 
as a function of the weight fraction of coarse material in the bulk soil. The 
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reduction of hydraulic conductivity would be 30% for a bulk soil containing 
30% gravel. That work would support Ward's suggestion that the parameters 
should be based on the fine earth fraction without regarding the soil texture 
modifier such as gravelly. 

However, if the soil is gravelly then the land surface will have gravel 
and rock cover and there would be a surface soil effect that must be 
considered. Lane and others (1987) provides some valuable data on the effect 
of vegetation and ground cover on hydraulic conductivity (Table 4). The 
measured hydraulic conductivities from those experiments are reproduced below: 

Hydraulic Conductivity in mm/hr 

Natural Clipped Bare 
Ground Vegetation Ground 

Site Cover 

Bernardino 35.3 21.0 13.7 
Cave 26.3 15.0 11.6 
Hathaway 31.6 19.3 12.4 
Mercury 20.5 7.3 4.8 
Area 11 33.7 18.4 11.8 

Average 29.5 18.4 11.8 

Notice that the bare ground hydraulic conductivities compare quite 
nicely to the hydraulic conductivities that are provided for sandy loam, loam, 
and silty loam soils. Also notice the large increase in hydraulic 
conductivity for natural ground cover, an average of 250% increase. 

My conclusions are the following: 
1. It would not be reasonable to use the fine earth soil texture to 

classify the soil (disregard the coarse fraction) , and maybe also reduce 
the hydraulic conductivity by up to 40% to account for the gravel 
content. This would be too conservative. 

2. The presence of gravel in the soil probably has a much greater effect on 
the soil surface to increase the hydraulic conductivity. 

3. The bare ground hydraulic conductivity is probably significantly lower 
than the natural condition hydraulic conductivity. 

4. Retain the soil modifier "gravelly" as presently treated in Working 
Paper No. 3 when classifying soil. This may help to offset what are 
probably conservative hydraulic conductivities for natural conditions. 
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. / · Rainfall Losses Hydrologic Design Manual 
for Maricopa County 

» hydraulic conductivity at natural saturation CXI<SA TI equal to Ks in Equation 4.1; 

» wetting front capillary suction (PSIF) equal to 'i' in Equation 4.1; and 

» volumetric soil moisture deficit at the start of rainfall (DTHETA) equal to 
8 in Equation 4.1. 

The three infiltration parameters are functions of soil characteristics, ground surface 
characteristics, and land management practices. The soil characteristics of interest 
are particle size distribution (soil texture), organic matter, and bulk density. The 
primary soil surface characteristics are vegetation canopy cover, ground cover, and 
soil crusting. The land management practices are identified as various tillages as 
they result in changes to soil porosity. 

Values of Green and Ampt equation parameters as a function of soil characteristics 
alone (bare ground condition) have been obtained from published reports (Rawls 
and others, 1983; Rawls and Brakensiek, 1983), and average values ofXKSATand 
PSIF for each of the soil texture classes are shown in Columns (2) and (3) of Table 
4.2. The values of XKSAT and PSIF from Table 4.2 should be used if general soil 
texture classification of the drainage area is available. References used to create 
Table 4.2 can be found in the Documentation MaDual. J {\tV) 

w.;z ? .Q ~ )( r 
:or. ~ LJ · '-'~ · I + ,., ~ !'f _:__ .... . r 
- - r · 

I~ 5 TabY4.2 
e .. 

w~~? <:J 
Green and Ampt Loss RCJ e Parameter Values for Bare Ground -· ... - -- ~ -- .. 

+=)IF 
DTHETA 1 

Soli Texture XKSAT PSIF .. t_ fl c f.,_ 

Classification Inches/hot r Inches Dry Normal Saturated 
(1} ' (2} ' (3) ·,v (4} (5} (6) 

-~-- ~ ~~~ 

sand ~ ~,) 1~ ,/ 4.6 - ~.a 1.9 .-- 0.35 0.30o.lf7 0 _l_~_O/_ LUT 
---

loamy sand "\~hi, ~~ \. \~ ~~' 1.2 vf.:~ 2.4 f' 0.35 0.30 f).~ 0/ 0 i S:3t .b.S7 - -- ---·- -
sandy loam ~.'0 . 0.40 ~·Sl ~ . 4 .3 ~ . 0.35 0.25 () . ILl. 0 .. I f), to' g,7J - · --- ·--- ... 

loam ,l~t 0.25 ~1& 3.5 /- 0.35 0.25 (), -13 'I 0 /1. tJ :,-:- _ 1_~/t tJ ·-·-- ·-- ~ - -
silty loam • ~ ;J. 0.15 -;1~ 6.6 / 0.40 0.25 V- u 0 ~o7 {5,"Jo 

silt 0.1 0 / ;< 7.51 0.35 0.15 - 0 
_.:.__ ___ 

-··· 
-

sandy clay loam ,4(~ 0.06 -:4 8.6 / 0.25 0.15 Or 3Jo 0 rb ... f3_ /_?::_~7 

clay loam .o'J ') 0.04
1.o' 8.2 / 0.25 0.15 ~- ~0 0 --~-~B 

silty clay loam .p3? 0.04 ~. GI_J 10.8 / 0.30 0.15 !J. ~ '32 0 . _ _I~> 73 __ 

sandy clay .ot'l 0.02 ~.o~ 9.4
1
; 0.20 0.10 o~3 1.1 0 ').2. .P 'f-

silty clay , 1"'>1 0.02 '.t)'J. 11.5 / 0.20 0.10 0- ~23 0 21-62 
clay .• 01\'t 0.01 1,t'j 12.4 0.15 0.05 b:. 85"- 0 '2'f~ ~g 

-· -
f/o,., (1',.. ):, .. ~ "'•' C,P -<:J * R t--·'r'l( /. 1 Selection of DTHETA: ~ /J 

E .f{~'.) :~ 'Pt't<'5.# t r ~ · 

. Dry = Nonirrigated lan.ds, such as desert and rangeland; 
·Normal = Irrigated lawn, turf, and permanent pasture; 

Saturated = Irrigated agricultural land . 

. : . ··-: . : : : : . : : . ·. : . . . . . . . '• . . . : .. . . : ::: : : ·-· : . : :-: : . : . ; ·-: :-; ; : : :-:-:-:-: ·-:-:-: :-:-:-: :-:-:-: :.:-:-: :-· . : : :-. -;.: : :-:-: :-:-: ·-:-:-:-:-: : ·-:-:-:-: : : :-:-: : : : . ·-:-:-· : : ;-:···: .-.-:-: . :- :-:-:-:-:-:-·-: :.:-: :.:-:-: : :-:-:-:-:-:-:-:-·· ·-:-: :·. :-: : :-:-:-:-·-: : : .. :-: ·-:-. ~ -:-:-: : : . . . . .-:-. :-: ·.· . : :.:-: . : . :-: . 
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·CHAPTER 5 PRECIPITATION LOSSES HAND!MJN HEC-1. PAGE 5-21 

Source: CHOW, MAIDMENT AND MAYS [19881 
~ CoiJvHft••u »1t4..,~c. -k IZ~Is~ a .. ~ 
~ ~aw\s ) ~f~~V~$"1-t.l<"' }'rJ;ll~{!9~3) .J. J..l~kEo~a-')::fv.J09:t,.62-7D ,ia11~2. 

; 'RQ wh, .5+"'"" 1 Ot'.f,ky. J; l'k (I ~68) ~~4p~ .Y -J.,.(; l+Mio .. .'.., Yfff?.P ma )fl 

.De eli~ 14.fic~--(~.!_!~ }_~,J" }}-_!_~2-~-~~~}f 't.-3 a.,J u~-~!.. t."_h'_!_ 
Rainfall Losses Hy~d 'r'ologlc Design Manual 

·.:- · for Maricopa County 

- ~--·· ··- ~ · · ·- ~· ... ---- ~-----· -- ·· ·· ·- ·- -·····-·· -- ------ ·-·--·--·-··- ·-- ··- -·-
Table 4.2 

Green and Ampt Loss Rate Parameter Values for Bare Ground 

Soli Texture XKSAT PSIF DTHETA 1 

Class I flcatlon Inches/hour Inches Dry Normal 
{1) (2) 

'· 
(3) (4) (5) 

--
sand 4.6 1.9 0.35 0.30 
loami: sand 1.2 2.4 0.35 0.30 

sandi: loam 0.40 4.3 0.35 0.25 
loam r o.25 --;. 3 .5 0.35 0.25 ---
~~!Y loam l 0.15 } 6.6 0.40 0.25 

silt -0.10 .. 7.5 0.35 0.15 

sanjy_ cla~am ___ 0.06 8.6 0.25 0.15 
-~- ---

f 8.2 ·' 
----

clai: loam ,._Q.Q~. 0.25 0.15 

sil~ clai: loam 5.04 To~s ..... 0.30 0.15 

sandt,~ 0.02 9.4 0.20 0.10 -
silty clay 0.02 11 .5 0.20 0.10 

clay 0.01 12.4 0.15 0.05 

Selection of DTHETA: 
. Dry :::; Nonirrigated lands, such as desert and rangeland; 

Normal = Irrigated lawn, turf, and permanent pasture; 
Saturated :::; Irrigated agricultural land. 

. ........ ... ::··: :···:· · .. ·· :.: .. .... . • . : : : : ·: •• : :·:·: : .·: : : : : : !·:·: : ;.; : , ...... ··.·: :· .•. : : :·. : . : . ~ : : .. .. ;:. ··::.·:·.· ::. ·.: 

Saturated 
(6) 

0 
0 

0 
0 
0 
0 
0 

0 

0 

0 

0 

0 

..· ···: : . 
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CHAPTER 5 PREC:PrfATICN LCSSES DODSON -[~90 
HAND5-CN HEC-1 . PAGe 5-21 

TABLE 5.17 Green-Ampt Infiltration Parameters tor Various Soil Classes 

Effective Porosity Wetting Front Suction Hydraulic Conductivity · 
Soil Class DTHETA PSIF (in) XKSAT (ln/hr) 

Sand 0.417 L95 4.64 

Source: CHOW, MAIDMENT AND MAYS [1988) 

Rainfall Losses Hydrologic Design Manual 
-- tor Maricopa County 

Table 4.2 
Green and Ampt Loss Rate Parameter Values for Bare Ground 

Soli TeJtture XKSAT PSIF DTHETA 1 

Classification Inches/hour Inches Dry Normal 
(1} (2) \ (3) (4) (5) 

sand 4.6 1.9 0.35 0.30 

loamy sand 1.2 2.4 0.35 0.30 -
sandt loam 0.40 4.3 0.35 0.25 
loam ' 0.25' 3.5 0.35 0.25 

silty loam ro.15 ' 6.6 0.40 0.25 

silt 0.10 7.5 0.35 0.15 

sandy clay loam 0.06 8.6 0.25 0.15 

clay loam 0.04 .'' 8.2 - . 0.25 0.15 

silty clay loam 0.04 10.8 0.30 0.15 

sand~ 0'.02 9.4 0.20 0.10 

silty clay 0.02 11 .5 0.20 0.10 

clay 0.01 12.4 0.15 0.05 

Selection of DTHETA: 
. Dry = Nonirrigated lan.ds. such as· desert and rangeland; 

Normal = Irrigated lawn, turf, and permanent pasture; 
Saturated = Irrigated agricultural land. 

Saturated 
(6) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

: ··::: .: .·. :· ... .. : :.: . . . . . .. .... . :-:-::-. :-::; .:: :::-:-:-::::·:·:-:-:-:::::::-:-:-: :·· -:-::· .. ·/·'::-. : .·.-::-:-.-:-.:- . :-:: : ·.;.·-: ·.·.-::: ·-:-: :-:-:-·-;.,: : :-:· .-: ·-:-::-: :- .-· !·. . .· :::-~:. ·. :· . . :·-: :-:•.·' . •... 
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TO: GEORGE SABOL RE HIS 28 APRIL CORRESPONDENCE 

SUBJECT: PROPOSED FIGURE 7A AS A METHOD OF ADJUSTING 
VALUES OF BARE SOIL HYDRAULIC CONDUCTIVITY 
KsO TO REFLECT CANOPY COVER AND GROUND COVER 

FROM: L. J. LANE 

George: 

I think we are close to solving the problem of how to derive 
simplified means of estimating Ks to use in the Green-Ampt 
infiltration equation. 

I must confess, I am stil 1 somewhat confused by the complicated 
regression equations from Rawls, et al. But, I have a proposal for 
you which may help clear up the confusion . 

If you could clean up and document a straight forward way to account 
for coarse fragments in the soi 1, crusting, and bulK density changes 
affecting Ks, I can take care of canopy cover and ground cover 
effects. 

Consider an equation of the form: 

where: Ks = Adjust~d Ks for use in Green-Ampt eq. (mm/h), 
KsO = Bare so i 1 Ks incorporating coarse fragment-:; in the 

profile, crusting, and changes in bulK density (mm/h) , 
Ace = Coefficient expressing influence of canopy cover, 
cc% = Percent canopy cover (%) , 
Age = Coefficient expressing influence of ground cover, and 
gc% = Percent ground cover (%) . 

If you could develop procedures to get estimates of KsO, · I have some 
ideas for the canopy cover and ground cover effects. 

In the following Analysis Notes, I derive first order estimates of 
Ace and Age for data from 32 rainfall simulator plots in Arizona, 
Nevada, and New Mexico. 

But first a question for you. In your Fig. 7A, why is the value of 
KE/XKSAT less than one <~0.53) for values of 0.0 ground cover and 
0.0 canopy cover? I thought the bare soil KsO was the minimum value 
and Ks increased with addition of canopy cover and ground cover. 
This is why I do not understand why we don't require KE/XKSAT >=1.0? 

In any event, please read through my Analysis notes and let me Know 
what the next step is. Perhaps we should set down at a desK 
together for half to a full day together to clear up any 
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The problem is my crazy schedule. I wi 11 be travel 1 ing to Kansas 
City, Honolulu, NewarK, Edmonton, and West Lafayette over the next 
two and a half months. Following are some proposed dates should you 
agree on the need for some personal discussions. We should probably 
count on a full day to accomplish the tasKs outlined above. 

June: 1. Sat 6/1 7 <Note Sunday June 1 8 is Father/s Day) 

July: 1. Mon 7/3 <Note Tues is July 4) 
2. Fri 7/7 
3. Sat 7/8 

Again, please consider the need for a meeting and let me Know if any 
of the above dates would be convenient for you. You can cal 1 and 
leave a message on my machine at home (602-575-8009) if we wind up 
missing calls bacK and forth • 
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ANALYSIS NOTES 

Re: PROPOSED FIGURE ?A AS A METHOD OF ADJUSTING Ks IN THE GREEN-AMPT 
INFILTRATION EQUATION FOR THE MARICOPA COUNTY HYDROLOGY MANUAL 

I. SELECTION AND PRELIMINARY ANALYSIS OF DATA 

My personal 1 ibrar y and the Universit y of Ari=ona Science 
Library were consul ted to find appropriate reports and papers 
me e t i n g t h e f o 1 1 C•VJ i n g c r· i t e r i a . 

1 . De a 1 i n 9 VJ i t h r· .:;.. i n f ·"'- 1 1 =· i mu 1 at or stud i e ·=· i n the :3ou t hv.J e ·:::. t 
2. Studies reporting some soils information including surface 

so i 1 te x ture ~ or p r o•.J i d i n •;l su f f i c i en t i n format i on i n t h t? 

te )d to .:t.llmv estimation of apparent -:.urface soi 1 texture. 
3. Studies reporting percent canop y cover~ percent ground 

cover, and measured final infiltration rate Kf as a 
statistic representing a field-measured estimate of Ks . 

1"1y quicK 1 i tera ture search and quicK trip to the 1 i brary turned 
up four key references 1 i sting data on 32 exper i menta 1 p 1 ots (Table 
1). The soils on the sites listed in Table 1 were all poorl:,. 
described in the te x t with textures given as sand~ gravelly loamy 
sand, gravelly sandy loam, fine sandy loam~ and sandy loam. From 
narrative descriptions given in the te x ts of the papers, I 
classified the soils as sand <Sa), Loamy Sand <LSa), Sandy Loam 
( SaL ) , an d Loam ( U i n t h e 1 as t c o 1 u m n of Tab 1 e 1. T h o s e c 1 ass i f i e d 
as Loam probably are· Sandy Loam near the Sandy Loam--Loam border. 
In any event, my textural classifications are not rigorous but are 
m or e 11 a p p a r e n t 11 base d on my r e ad i n g of t h e t e x t s , m :•' k n ow 1 e d g e of 
the sites, and the grouping of the resulting Kf values. I am far 
from satisfied with these classifications or groupings. But, as 
long as our soils col leagues continue to use such descriptive and 
qualitative descriptions of soils and concentrate their efforts on 
prof i 1 e properties as opposed to surface and ne.:t.r · surface 
properties, we in the West wi 11 suffer from poor soils information. 

The quanti t.:t.t i •,.t e data from the publications are summa.r i zed in 
Table 2. Of the four textural classes in Table 2 C Sa, LSa~ Sal, 
and L ) , LSa and Sal could probably be combined based on th~ 

s t a t i =· t i c s of t h e me as u r e d K f 'J a 1 u e s s h O\IJn i n t h e 1 as t c o 1 u m n . Bu t , 
I suggest we keep them separate for now as we don't Know how really 
representative the values are of al 1 possible Loamy Sands and Sandy 
Lo .;,.ms. 

I I • Al'lAL YS IS & PREDICT I ON OF Ks FROM KsO, CC:I., AND GC:: 

An equation of the following form was hypothesized as a m~ans 
of adjusting KsO for canopy and ground cover effects. Because I had 
trouble understanding how to get coarse fragments, crusting, etc • 
into the estimate of KsO, I decided to get estimates of it by 
opt i m i z at i on . 

The proposed equation is an exponential form which has some 
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desirable properties such as robustness and Known properties in the 
limits. The proposed equation is 

where : K ·~ 

KsO 
Ace 
cc:..-: 
Age 
9c>: 

= 
= 
= 
= 
= 
= 

( 1 ) 

Adjusted Ks value to use in Green-Ampt eq. (mm/ h), 
Bare soil K ·~ va 1 ue adj u-::. ted for cru ·:;t i ng, etc. (mm/ h), 
Coefficient for canop y cover effects, 
Percent canop y cover, 
Coefficient for ground c o ver effects, and 
Percent ground co ver. 

A least squares program was written to read in observed Kf data 
from Table 2, assume initial values of K:;O, Ace, and Age, calculate 
corresponding values of Ks from Equation 1, and find the least 
squares or best estimates of KsO, Ace, and Age. Except for the 
Sand, it looked like 0.01 provided a reasonable (not optimal a::. 
have not done a complete analysis ) value for Ace and Age. For Sand, 
I assumed Ace= 0.005 because canopy effects seem to diminish for 
the sandier soils. Of course, these somewhat arbitrary selections 
for Ace and Age no doubt affect the optimal value of KsO. This is a 
problem for a subsequent multivariable optimization study. I do not 
have the appropriate software available. However if you have a 
statistical package which can do multiple regression, we could take 
the 1 og transform of Equation 1 and estimate all three p .:c\r .:c\meters by 
least squares regression. I did not think you wanted me to take the 
large amount of time· to 1.vr i te such a progrc:;m and, in fact, you 
probably already have one we can use if we get together. 

Table 3 1 i sts the KsO, Ace, and Age values used for e .:..ch of the 
four apptrent textural classes and the final column of table 3 shows 
the estimated Ks values. As y ou wi 1 l see, these predictions are 
quite close to the measured Kf values considering the data were 
collected over a 20+ year period by a variety of investigators using 
many different techniques. 

Tab 1 e 4 c on t a i n s d a t a s u rnm a r i z i n g h ot'J "" e 1 l t h e K -::. •,J a 1 u e s 
correlate with the measured Kf values by class and for al 1 data. 
The corresponding Kf and Ks values and the regression 1 ine between 
them is shown in Fig. 1. My conclusion is that if y ou can get the 
right KsO value, then the proposed equation and the parameter values 
shown in Table 4 can be used to estimate Ks values sufficiently 
accurate for practical application: . . 

Figure 2 shows Ks/ KsO vs ground cover and canop y cover for the 
Sand and similar results are shown for the other te x ture classes in 
Figure 3. 

If you compare Figure 3 with your Figure 7A, you wi 11 notice 
the following : 

1. Fig . 3 suggests the range of influence of ground cover is 
f r om e >: p ( 0 . 0 ) = 1 • 0 t o e >: p ( 1 • 0 ) = 2 . 71 8 as i s t h e i n f 1 u e n c e 
of canopy cover so long as Acc=Agc=O.Ol. Your Fig . 7A 
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suggests about a factor of 2 correction for canop y co v er and 
also for ground cover. Again, I don ' t Know why KE/XKSAT is 
not 1.0 when canopy cover and ground cover are both zero. 

2. The corrections to KsO due to canop y cover and ground cover 
are e xponential and thus transform to "nice" straight 1 ine::. 
on semi log paper as shown in Fig. 3. This ma kes for easy 
interpolation. 

3. Figure 3 incorporates optimal or least squares estimates for 
KsO. How does Ks O enter in y our F ig . 7A? 

I I I . SUI3GE :3T I CNS 

1. Please go through m y n otes and analysis t o make sure the y 
.3.r e correct and that I d i d not m i s i n t e r pre t your r e su 1 t s . 

2. Assuming no problems from step 1, please consider 
combining yo ur work on KsO and my worK on canopy and ground 
cover i nf 1 uences as the first prac t i ca 1 procedure to 
estimate Ks on sandy soils in the desert Southwest. We 
could propose it as a documented procedure, clearl y 
e x plained, and thus amenable to further testing, 
evaluation, and refining. Perhaps we could suggest some 
carefull y conducted e :>: per i men ts to evaluate KsO, Ace, and 
Age as ~vell as the form of Eq. 1. In an y event, Eq. 1 is 
the simples~ I could come up with which is robust and has 
reasonable, easil y apparent 1 imits, y et fits the data so 
~vell. But again we need to use log tran ·:;formations and 
a multiple regression program to find the true optimal 

,'.J .3.lues. 

Please let me Know what you thinK of these suggestions. I 
think we are getting close but are not quite there yet . 

L. J. Lane 
Tu c ·:.on 
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Table 1. Sel eo: ted referenced with dat .?- on canop y co•Jcl, 
ground cover , and f i n .3.1 in f i 1 t r· .3. t i on r .3. t e s . . 

Reference Plot Identification 

8 .01ch, L. B. 1'7':34. Determination of 
i nf i 1 tr .3.t ion, runoff, -?-nd erosi eonal 
characteristics of a small watershed 
u ·::. ing rainf .?-11 simulation data. Un-
p u b 1 i s h e d M S T h e s i s , l'·l e l-'J t1 e x i c o S t a t e 
Univ., Las Cruces, NM, 69 pp. 

Kincaid, D. R., J. L. Gardner, and 
H. A. Schreiber. 1964. Soi 1 and 
vegetation parameters affecting 
infiltration under semiarid conditions. 
Bu 1 1 . lASH 65:440-453. 

Lane, L. J., J. R. Simanton, T. E. 
Hakanson, and E. M~ Romney. 1987. 
Lar•;;~e-plot infi 1 tration studies in 
desert and semiarid rangeland areas of 
the SouthvJestern U.S.A. Proc . Intrl . Conf. 
on Inf i 1 trat ion De•Jel opment and Appl i ca-
t i on . , '!,Ja t e r Res. Res. Center, Un i v • of 
H a1. ... .1 a i i a t Man o a , H on o 1 u 1 u , H I , p p . 3 6 5-3 7 6 . 

Ward, T. J. 1986. A study of runoff and 
erosion processes using large and smal 1 
area rainfal 1 simulators. New Mexico State 
Univ. Water Res. Res. Center, Report 
f\l 0 • 2 1 5 ' 7 1 p • 

U1
v

1 

UI 
t·-p.) 
MI 
LI 

E3 
E2 
E4 
LH-3 
El 
K-10 

BN 
8C 
88 
Allf\l 
All C 
A118 
Cf\l 
cc 
CB 
HN 
HC 
H8 
MN 
MC 
1"18 

I1JS2 
vJS3 
IJJS2 
~.JS3 

Nl"lSU 
NMSU 

Here 

Sal 
:3.3.2 
Sa.3 
Sa4 
Sall 

LSal 
LSa2 
LSa3 
LS-3.4 
LSa5 
Sal2 

LSa6 
LSa7 
LS -3.8 
LSa? 
LSalO 
LSall 
Sal3 
Sal4 
Sal5 
Sal6 
SaL7 
SaL8 
L1 
L2 
L3 

Sal9 
SallO 
Sa 111 
L4 
LSa12 
LSa13 
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T~ble 2. Summar y of canop y cover, ground cover , and final 
infiltration rates for selected data in T .?, ble 1. 

Plot ID "Apparent" Te :< tural ;,-: Can op ;..- ' / Ground "" Fin~ 1 
Class of Surface Soil Co•.• e r Cover Infi l . R2-tc 

(;.~) < >:) Kf ( mm./ h ) 

:3a 1 San1j or Leo am~.- Sand 57.0 35 .0 L!5 • :3 
Sa2 25 . 0 70 .4 .so. 7 
:3~. 3 41 . 2 57.8 ~C" ,• 

,· ....). ·~ 

Sa4 17.0 •=> . .., "7 
U.A- • ,. 81 . 0 

LSa1 Loam ~..- Sand or Gravel ly 44.4 26.7 35.6e 
LSa2 Loamy Sand 35.2 ....,"7 ..., 

~( ,..:_ 17.3 
LSa3 32. 1 10.5 20.3 
LSa4 20.3 1 7 . 6 14.7 
LSa5 26.0 14.7 17.0 
LSa6 65.2 57.3 35.3 
LSa7 0. 0 62 .4 21 . 0 
LSa8 0.0 23.6 13.7 
LSa9 21 . 2 78.4 33.7 
LSa10 0.0 70.8 29.4 
LSa11 0. 0 16.8 16.3 
LSa12 5.0 52.7 25.'? 
LSa13 12.0 50.0>? 22. 1 

Sall :3an d ;v Loam or Gravel ly 23.5 1 . 9 12.0 
SaL2 Sand>' Loam 20.0e 17.7 13.2 
SaL3 34.7 57.9 '> ' '> ..L.·~ • ...J 

SaL4 0. 0 59.4 15.0 
SaL5 0.0 18.8 11 .6 
SaL6 48.7 63.9 31 .6 
SaL7 0.0 65.0 19.3 
SaL8 0.0 21 .9 12.4 
SaL? 23.0 2. 1 18.8 
SaL10 II 12. 0 1 '> • .1... 14.7 
SaL11 II 26.0 2.0>? 16.0 

L1 Sandy Loam to Loam 22.0 76.5 20.5 
L2 0.0 78. 1 7.3 
L3 0.0 16.6 4.8 
L4 22.0 1 .Oe 7. 1 
--------------------------------------------------------------------
The symbol e represents estimated values using information from .the 
te ;< t of the references cited in Table 1 . 
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T~ble 3. Summar y of Ks estimating equation s , c a nop y cover, 

Plot ID 

Sal 
Sa2 
Sa3 
Sa4 

LSa1 
LSa2 
LSa3 
LSa4 
LSa5 
LSa6 
LSa7 
LSa8 
LSa9 
LS .:~10 

LSa11 
LSa12 
LSa13 

Sall 
Sal2 
Sal3 
Sal4 
Sal5 
Sal6 
Sal7 
Sal8 
Sal9 
Sal10 
Sal 1 1 

L1 
L2 
L3 
L4 

g r o u n d c o 'J -:-r ~ me e, s.u r e d f i n c:d i n f i 1 t r ~ t i on r a t e s. , an d 
estimated Ks o,•alues. Estimating equation is 
Ks ~ Ks0 ( e x p ( Acc*cc% ) )*(e x p ( Agc*gc %) ) where KsO is the 
bare so i 1 Ks va I ue, cc:-: is. the percent canop;.' cov€-r, and 
gc% is percent ground cover. The coefficients are Ace and 
Age. 

Par· .0\me t e r -:;. 
Ks.O Ace Age 

(mm/ h ) <-- ) ( --) 

30.0 .005 .01 
II 

II 

12.0 • 0 1 . 0 1 
II 

II 

II 

II 

II 

II 

II 

II 

II 

II 

10.3 01 . 01 

5.7 • 0 1 • 0 1 
II 

II 

:...; Ca nop y 
co,J e r· 

c ·:> 

57.0 
25.0 
41.2 
17.0 

44.4 
35.2 
32. 1 
20.3 
26.0 
65.2 
0.0 
0. 0 

21.2 
0. 0 
0. 0 
5.0 

12.0 

23.5 
20.0e 
34.7 

0. 0 
0.0 

48.7 
0. 0 
0. 0 

23.0 
12.0 
26.0 

22.0 
0.0 
0. 0 

22.0 

% Ground Final Es t. 
Cover Inf i 1. Ra te Ks. 

35.0 
70.4 
57.8 
82.7 

26.7 

10.5 
17.6 
14 . 7 
57.3 
62.4 
23.6 
78.4 
70.8 
16.8 
52.7 
50.0e 

1 • ? 
17.7 
57.9 
5?.4 
18.8 
63.? 
65.0 
21 . '? 

2. 1 
1 • 2 
2.0e 

76.5 
78. 1 
16.6 

1 • 0 e 

f<f ( mm,/ h ) 

<l5.8 
60.7 
75.6 
81 . 0 

35.6e 
17.3 
20.3 
14.7 
1 7. 0 
35.3 
21.0 
13.7 
33.7 
2?.4 
16.3 
~c:::" 0 
~--1 . , 
22. 1 

12.0 
13.2 
~, ~ 
..:-0.-...J 

15.0 
11 . 6 
31.6 
1 '?. 3 
12.4 
18.8 
14.7 
16.0 

20.5 
7.3 
4.8 
7. 1 

( mm .. / h ) 

56.6 
68.7 
65.7 
74.7 

24.4 
22.<l 
18.4 
17.5 
18.0 
LlQ • 8 
22.4 
15.2 
32.5 
2£1.4 
14.2 
21 • c·j 
22.3 

13.3 
15.0 
26.0 
18.7 
12.3 
31 . 8 
1 '?. 7 
12.8 
13.2 
11 • 8 
13.6 

15.3 
1.2.4 
6.7 
7.2 

The symbol e represents estimated values using information from the 
text of the references cited in Table 1. 
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Table 4. Comparison of measured Kf and estimated Ks va lues 
f or t h e f o u r II a p p a r e n t 11 t e ;-< t u r a 1 c 1 as s e s c;:. h ovm i n 
Tables 2 and 3. 

Plot ID 11 Apparen t 11 Te x tur .::\ 1 
Class of Surface Soi 1 

Regression Results for : 
K:. = A + B*Kf 

A 8 R Squared 

Sal 
~=- - ·""') - •d..;_ 

Sa3 
s .=-.4 

LSal 
LSa2 
LSa3 
LSa4 
LSa5 
LSa6 
LSa7 
LSa8 
LSa? 
LSa10 
LSall 
LSa12 
LSa13 

SaL! 
SaL2 
s aL3 
SaL4 
SaL5 
SaL.5 
SaL? 
SaL8 
SaL? 
SaL10 
SaL 11 

L1 
L2 
L3 
L4 

Sand or Loam y Sand 
II 

II 

II 

Loamy Sand or Gravell y 
Loam ;.- Sand 

Sandy Lo~m or Gravelly 
Sandy Loam 

II 

Sandy Loam to Loam 

II 

II 

'JO 0 
....,J , • •' 

5 . 1 

0 . 84 

5.6 

0.40 0.72 

0.75 0.68 

0.94 0.85 

0.49 0 . 70 

----------------------------------------~----~----------------------
For al 1 data : N = 32, Ks = 1 . 3 + 0.94*Kf, R Sq u .=-.r· e d = 0 . ?3 
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DATE: August 13 , 1989 

TO: Dr. George V. Sabol 
1351 East 141 s t Ave. 
Brighton, CO 80601 
303- 457- 0989 

L. J. Lane 
Hydrologist 
411 E. SuffolK Dr. 
Tucson, AZ 85704 
602-575-8009 

SUBJECT: Report on Anal yses of Infi 1 tration Data 

Enclosed is a report on my subsequent anal yses of the 
infi 1 tration data as suggested during your visit here on July 
7 ' 1 989. 

t h i rd< I h a v e don e abo u t a 1 I I c a n do w i t h t h e b as i c d a t a 
set (which is en c lo s ed in ha r d cop y and on a disk ) . Please 
e xamine the material carefully and let me know how y ou decide 
to proceed. I suggest you look at Table 4 and 4a enclosed 
and consider a procedure such as this . 

Enclosed are the following documents/ items: 

1. Invoice for June, Jul y and August 
2. The interpreted infiltration data 
3. Listings of the raw data files which I used in the 2 

variable regression through the origin analyse s 
4. Listings of the regression results 
5. Documentation and a 1 i sting of the 2 variable regression 

program 
6. A disk containing the input and regression output data, 

source and exe code for the regression program, the 
·program documentation, and a read.me file to help you sort 
out the information on the disk. 

With the enclosed information and invoice, I will not do any 
more work on the project until y ou have had a chance to 
e x amine the enclosed material in detai 1 and until we have 
discussed the project. 

enclosures 
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T a. b 1 e 1 . ti e 1 e c t e d r· e f e r· e n c e d V! i t h d a. t .=-. eo n c 2 . n o p :> · c c• •.1 e ; ~ 

ground c Co'...' e r· ~ ::o.n d f i n .::-. 1 i n t= i 1 t r a. t i on r .::o. t r:.· -:: . 

F: e f e r· e n c e Pl o t Identi ficat ion 
In Re fE·r encE· 

B::<.ch, L . 8. 1'7'::::4 . Deter·rnina. tion of 
i n f i l t r· a. t i on , r·u n off , .::o.n d e r· os. i on .::-.1 
c haracteristics of a srna1 1 watershed 
u ·:. i n•;J r· .::o. i nfall : . irnul .::o. t ion d .3. t .::o . . Un -
p u b l i s h e d t···f ::=: T h e s i -::. , t· .J e 1,..,1 t·-1 e :::: i c o S t a t e 
Univ . , Las Cruces, NH, 6? pp . 

Kincaid, D . R., J . L. Gardner, and 
H. A . ::k hr·e i ber· . 1 ·;::-,:;.4 . ::::eo i 1 ·?.nd 
v egetation parameters affecting 
i nf i l tr·a. t ion under· ·: .emi .?.rid condition:. . 
Bull . IASH 65 : 4 <:W -45:3 . 

Lane , L . J ., J. R . Si mant on , T . E . 
HaKonson , and E . M . Romne y . 19 87. 
L .::-. r· ·~ e - p l eo t i n f i l t r· a. t i on =· t u d i e =· i n 
desert a nd semiarid rangeland are~s of 
the Sou th1,~,1ester· n U.S . A . F'r·oc . In tr l . C:onf . 
on In f i 1 t r· .0\ t i on De •,.o e l eoprne n t and Ap p l i c .::-.-
t i eon . , 1,...,1 a. t e r· R e s. • R e s • C: e n t e r· , U n i '·..' . eo f 
Hav .. t.?. i i a. t t··l?.n o .3., Hon eo 1 u lu, HI , p p . :365-376 . 

I, .. .Jar·d, T . . J . 1'7':3.~ . . A -::. tud >· o f runc•ff <:~. nd 

eros ion processes using large and smal 1 
a. r· e a. r a. i n f .?. 1 1 -:;:. i rn u 1 a t or· =· • t'J e t1,1 f' ·f e >~ i c o ~; t .:o. t e 
Univ. Water Res. Res . Center, Report 
t·~o . 21 5, 71 p • 

l,.. .. l.;:~. r d, T . ,J . a.n d S . 8 . Bo 1 i n . 1 ·:;:-::::9 . 
Determination of h ~ drologic p a rameters for 
se l ected soils in Arizona and New Me x ico 
u t i 1 i z i n g r· .3. i n ·f ·?.1 1 s i mu 1 a. t i on . t·· Je ~ .. ~ fvfe ::: i c o 
State Univ. Water Res . Center, Report No. 
243, 84p . 

U',i 
UI 
t···JI,) 
t· f l 
LI 

E·~ 
~· 

E2 
E4 
LH-:::: 
E 1 
f<-1 0 

Bt·,J 
BC 
E:B 
A l Hl 
Al 1 1-. -
Pd 1 8 
Cl·l 
- -. 
I_ : I_ 

C::B 
Ht··.J 
HC 
HB 
t· .. ft'J 
t··f c:: 
t· .. fE: ' 

t·.J ::::2 
l:J::::3 
1, . .,1::::2 
l.·J:3:3 
t·Jf'·fSU 
t·· ft···f :3 1_1 

8H38 
BH6L 
8H6H 
H828 
H84L 
H84H 
U<2L 
U <2H 

Here 

LS .:o. l 
L::::.::-.2 
!_ :;::.?. :.:: 
L:3 .::-.4 
::;:: 3.L 1 

::::a.L2 
:3 .3t.L:3 
SaL4 
:;:: .?.L5 
:;::.?.L6 
S<:~. L 7 

L:3 .~. 5 

LS.?-6 
L::::a.7 
LS .:o.8 
L:3 .?. '? 
LSal 0 
S .3.L8 
:3 .:;..L '7' 
Sa L1 0 
~:a. L 1 1 
:3 a.L1 ...... 

L.. 

:3 aL1 ·~ ·-' 
L1 
L2 
L·::· ·-· 

::::aLl 4 
:3a.L 1 <= ·-' 
Sa.Ll I~ 
L4 
LS.:o.1 1 
LSa1 .-, L.. 

LS:o.1 .-, .:.· 
L :3 .:o.1 4 
L::::a.1 t:' ~' 

L :3 .:o. 1 6 
LSal 7 ,. 

L::::.:o.1 8 
L :3-E-.1 - , 

L ::::.:-.20 
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Table 2 . Summ ar>· of canop y cover . ground cover ~ and final 
i n f i 1 t r ·'='· t i on r· ·'='· t e =· f or =· e 1 e c t e d d ~. t ·'='· i n T 21. b 1 e 1 . 

F'l ot ID "Appar·ent" Te ::: tur·.=:o. l 
Class of Surface Soi 1 

._... C:.=-.n C•P ~v· 

Co• . .Jer· 
·...- C3r· o•Jnd Fin .=:o. l 

Co•...' e r· In f i 1 • F.:.=:o. t e 
~< f < mm ...... h > 

---------------------------- - - ------ ------------ - -------------------
L:::~.=:o. 1 

u::.::o.2 
LS .~.:3 

LE:~. 4 

Lt: .=:o.5 
L:::: .::..-5 
L :3 .~7 

LS 21.E: 
L:3 .=:o.'? 
L:=: .::..1 0 
L::::a 11 
LS .=:o. 1 2 
L :3 .:.. 1 :3 
Lt:ed 4 
LS21.1 5 
u:: .::o.1 6 
u::.:.. t 7 
LS=:o.1 8 
L ::;; .:.. 1 '7' 
L::::.=:o.20 

t:a.L 1 
s.~ L 2 

::::a.L :3 
:=:.::..L4 
::;: .=:o.L5 
:~ .=:o. L.s 

~:a. L 7 
:3a l t: 
::;:.=:o.L '7' 
:3 .::..L 10 
:::: .=:o.L11 
::=:a.L 1 2 
::;; ·'='· L 1 :~: 
::::2.L 1 4 
:3a.L 1 5 
:;.~u .:. 

L1 
L2 
L3 
L 4 

Loamy Sand or Gr a vell y 
Lo~.m}' :32l.rr d 

II 

S .:o.nd ::·' Lo .=:o.m or· Gr·.=:o.•.!e 1 1 ::.-· 
S.=:o.n d ;-·· L oa.m 

Loam or Loam near 
Sa.n d ;•' Loa.m 

57 0 
25 0 
41 2 
1 7 0 
6 5 2 

0 0 
0 0 

2 1 2 
0 0 
0 (I 

5 0 
12 0 

0 0 

1? .:: 
0 0 

1 :3 0 
12 :::: 
3 6 7 
:3 '? :3 

23 5 
44 4 
:::: 5 2 
:32 . 1 
20 .J 
2·~ 0 
20 Oe 
:34 7 

0 0 
0 (I 

4:::: 7 
(I 0 
0 0 

2:3 0 
12 0 
26 0 

22 0 
0 0 
[I 0 

22 0 

:35 0 
70 4 
57 :3 
,-, . ., -;o 
•:) L. ( 

57 3 
62 4 
2 :3 6 
78 4 
70 ::;: 
u :3 

50 Oe 
0 0 

78 '7 
7:3 5 

0 0 
t::' .- . -, ·-' ::' . 
,-::. -;;· 0 
::.: 4 
76 .:. 

1 '? 
26 7 

2 7 :2 
10 5 
17 6 
1 4 7 
17 7 
r::" ..., r-. 
·-' ( 7 

s·;;· 4 
18 8 
63 ·:;:· 
.~.s o 
21 .-

2 1 
1 -=· 

2 Oe 

78 1 
1 6 6 

1 Oe 

45 :3 
.~[I -; 

75 C• 

8 1 0 
:35 :3 
21 0 
1 ·::· ·- ' 
·":'~ ·::· ..., ·-··-· .. 

2'? 4 
1 .~. :3 
25 '? 
22 1 
u:. 3 
1 r:;: 3 
--=··=- -:. ._. ·-· ·-· 

·"")·"':' ·"') .._ ._ . ..._ 
.-.r::" .-, 

L. ·-· =-· 
:3 1 2 
.-, -., .-. 
..::., · 7 

1 -=· 0 

1 ..., .-, . . ,:. 

20 :3 
14 .., 

17 0 
1 3 2 
26 :3 
15 0 
11.6 
:3 1 6 
1 '? :3 
1 ·:· 4 

1 C• 0 ,_. ·-· 
14 ..., 

1 .~ 0 

20 5 

,., Q 
~ ,_, 

The s y mbol e represents estimated va lues using information from · the 
te x t o f the r·eference::. cited in Ta.bl e 1 • 
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Table 3 . Summar y of Ks O base va lue s , canop y cov er, ground cover, 
measured f i neo. l i nf i 1 treo. t i o n r· a.t e ::. , .~nd nor·m.::.. l i zed, 1-<f .. · .... ~< ::. O , 

V -8. lues . 

Pl ot ID 

L S?.1 
u::?.2 
L S .~ :3 

L :3 .~.6 

L S-~. 7 

L ~3a. 8 

L ::::a.'? 
L S -~. 1 0 
L :3?. 1 1 
u;a.1 2 
L ::;:; 21.1 :::: 
u::?. t .q 
L ~3a. 1 5 
L S .~. l 6 
LScd 7 
L Sa. 1 8 
L::::cd '? 
L :::: .~. 20 

:3a.L 1 
Sa.L 2 
:3 .~. L :3 

:=:a.L4 

:3a l 7 
S.;t.L 8 
::::c..L '? 
Sa.Ll 0 
::::aL 11 
::::a.u 2 · 
:3 al 1 3 
Sc..L 1 4 
:3 .:o.L15 
:; .~.L 1 6 

L1 
L 2 
L 3 
L4 

Ba:.e f<:.O 
t) .~. lu e =· 
< mm./ h > 

3 0 . 

" 

" 

1 [I • 

6 . 4 
" 

57 0 
25 0 
41 2 
1 7 0 
.~.5 2 

0 0 
0 0 

2 1 2 
0 0 
0 0 
5 0 

1 2 0 
0 0 
C• ·::> 
.. ·-· 

1 9 !-. 

0 0 
18 0 
1 ·"") 3 

:36 / 
:3'? 3 

2 :3 5 
4<~ 4 
:35 2 
::::2 1 
2 0 :3 
26 0 
20 0 
~34 7 

0 0 
0 0 

48 7 
0 0 
0 (1 

2 :::: 0 
1 2 0 
26 (1 

22 0 
0 0 
0 0 

22 0 

; .. ·: (3 r· ou n d F i n -~. 1 t·· Jor·ma. 1 i ;:: e d 
Co•.1er· I nf i 1 . P :o. i:e ~< f.. ··· t =:: -:. 0 

:3 5 0 
70 4 

5 7 :3 
62 4 
2:3 6 
7:::: 4 
70 :::: 
1 .::. Co 

52 7 
50 0 

0 0 
78 9 
78 5 

0 (1 
~'=' ...., 

6? 0 
.:::. .... 4 

1 '? 
26 7 

10.5 
17 6 
1 4 . ( 
17 . 7 
E::'"-, ...... 
·-' ( 7 

5 ~' 4 
18 8 
6 :3 ·~· 
.55 0 
21 . 9 

2 1 
1 2 
2 (I 

78 1 
1 6 6 

1 (I 

I< f ·~ mm .. / h > 

45 :3 
60 . 7 
7 5 ·~· 
:=: 1 0 
:35 3 
21 • 0 
1 :3 ...., 
--=· ·J 7 ·-· ·- ,. 
2'? 4 
1 .:::. 3 
2 5 '? 

2 2 1 
1.::: 3 
1 8 3 

6 4 
...., ·:> -:· 
"--'-' ~ 

25 :3 
:::: 1 2 
27 . 9 

1 2 0 

1 7 3 
20 :3 
14 -;-' 
1 7 0 
13 2 
2.~. 3 
1 5 (I 

1 1 6 
3 1 .5 
1 '7' :3 
12 q 
1 :::: 8 
1 4. 
16 . 0 

20 5 
7 3 
4 8 
7 1 

(-- ) 

1 52 
2 (12 
.- , C' .-, 
L ._r..::.. 

2 70 
1 1:.3 
(1 70 
0 46 
1 1 2 
0 9:::: 
0 54 
o s.=S 
0 74 
[I 54 
0 6 1 
1 1 1 
0 2 1 
0 ~"? 

0 t::4 
1 0 4 
0 '7' :3 

1 20 
:::: 56 
1 

...., .-, 
... ·~· 

2 03 
1 47 
1 . 70 
1 32 
2 63 
1 50 
1. 1 6 
:::: . 1 6 
1 '?3 
1 2 c:J 
1 :38 
1 47 
1 60 

:::: 20 
1 1 iJ 
0 75 
1 1 1 



Table ::::a . . Summ a.r ;.·· of ~<·sO ba. ·::.e •,.•a. lu e:; , .: .:o.n cq::• >' .:o• .. •er· , gr· o und co •,.ter, 
m e a ::.u r· e d f i n a. 1 i n f i 1 t r· a t i on r· -3. t e s , an d n o r· m .:t I i z e d , I·< f .. "' ~( ::::. 0 , 
•,J.=:t. lue s . f:::-::.0 • .. •.:;. lues. c..djus. ted for o;,r· a.' . .!e l in pr·o-f ile b> · 

• ~< sOa. d...i = 1<·::.0 * ( 1 . 0 - fr·a.c t ion o f g r·.::; •'"•e 1 in prof i 1 e >. 

• 

• 

F'lot ID 

u::a.1 
u::a.2 
u::c-.:3 
L:=: .:c.4 
L S-~. 5 

LS.=.. ~. 

u:: .;:..7 
u:: .;:..:3 
L S.=:t. '? 
L O:::<Od 0 
u::.:c.11 
L:3 a. l 2 
u::a. l 3 
U:i .:c.l4 
L:3:c.15 
L :3 a. l 6 
LSa.l , 
u:: .:c.1 r::: 
u :::c. 1 'i' 
u::0120 

Sa.L1 
~: .:c. L2 

S.::<.L :::: 
:3.:c.L4 

:=: .:tL 6 
~: a. L 7 

::::a.L 1 0 
~: .:c. L 11 
:::: .=-.L12 
:;a.L 1 :~: 
:::: .:c.L14 
:::;a.L 1 5 
::;:: .:tL 1 6 

L1 
L2 
L 3 
L4 

E: .:c. '=· e f< ·::. 0 
',...' .:c. 1 u e =· 
( mm./ h ) 

30 
30 
:30 
30 
1 7 
1 .. · 
1 7 

27 
27 
.-.c:
L ·- ' 
. ..., <= c..._• 
24 
-~ -~ 
L ·-' 

l eo ·-· u. 
1 7 
-..-. 
L£.. 
.-, .• 
..:::...::. . 
1 0 

6 1 
6 1 
6 1 
6 1 
6 1 
t: .6 
5 0 
5 0 
5 0 
4 (I 

4 0 
4 0 

1 0 0 
1 0 0 
10 0 

c .- . 
·-' '=' 
c::" ·:::> ·-' ,_, 

5 8 
6 4 

C:: o~.t e r· 

5 7 0 
25 0 
41 2 
1 7 0 

.~ s 2 
0 0 
0 0 

2 1 2 
0 0 
0 0 
5 0 

12 0 
0 0 
'7' 3 

1 '7' 6 
0 0 

18 0 
12 3 

:3.~ 7 
:39 3 

2:3 5 
44 4 
•'":J t= '"" 
·-· ·-' £... 

32 1 
20 :3 
26 0 
20 0 
34 7 

0 0 
0 0 

4 8 
0 0 
0 0 

2.3 0 
12 0 
26 0 

22 0 
0 0 
0 0 

22 0 

X Ground Fina l Normalized 
Cot.! er· I nf i 1 . Ra. te ~:; f ...-·T:-:. 0 

35 0 
70 4 
c- -:o ( ) 
·-' i ·- · 

82 7 
5 7 :3 
62 4 
2 :~: 6 
7t: 4 
70 :3 
u :. 8 

52 7 
50 0 

0 0 

78 5 
0 0 

c .-, 
._ 1 7 ( 

6'? 0 
.~.7 4 

... . ~ 6 

1 ''i' 

10 5 
17 6 
14 7 

1 .. . 7 

~··? 4 
18 8 
6 :3 9 
6 5 0 
21 'i' 

2 1 
1 • 2 
2 0 

;.~ . 5 
78 1 
1 ==· . 6 

1 0 

~< f ( mm./ h > 

<15 8 
.60 

:3 1 0 
·"'j C .-, ·-· ·-' . .,::. 
2 1 0 
1 :3 7 

:33 .., 

2'7' 4 
1 ,_5 .3 

2 5 ·? 
22. 1 
16 3 
1 •:J ' j .._, ·-' 

:3~: :3 
6 4 

23 2 
.-. C" . .., 
c.,._t ·=· 
3 1. 2 
27 . '? 

1 2 . 0 
3 5 . . ~ 
1 7 ·:· . ·-· 
20 :::: 
14 7 
1 7 0 
13 2 
26 3 
15.0 
11 • 6 
:3 1 6 
1 '? :3 
1 2 4 
18 8 
14 ; 
1 6 0 

20 5 
/ :3 
4. ::::: 
7 1 

(--) 

1 <= .-. 
... ..IL 

2 02 
.- , C" ·~ 

.c_ ·-'L 

2 . 70 
2 08 
1 24 
0 ::q 
1 25 
1 [I '? 
0 60 
1 04 
0 ::::8 
0 .~.8 

0 ::::o 
1 51 
0 36 
1 ··15 
1 4·=· 
1 4 2 
1 27 

1 20 
5. 8 4 

·J •J •J 
·-' ·-· ·-' 
2 41 

1 5:3 
5 26 
:::: 00 

7 '7'0 
4 o ·-:o ._.,:_ 
:3 10 
1 8~: 

1 47 
1 6 0 

,_., c .- , 
·=· ·-' ·::.· 
1 26 
0 8 :3 
1 11 



• 

• 

• 

To.~. 1 e 4 . ~.::; u mm ~. r· >.. o f r e g r· e s s i o n r· e =· u 1 t 3 f o r· i n ·F 1 u e n c e o f 
per·cen t c~. nop ;, · co•.•er ( cc:< > .:o.nd per·cen t 9r· ound co•, .. er 
( g c ;...; ) on h :~' d r· .::.. u 1 i c c o n d u c t i '...' i t / . • 

t· .. l ode 1 : y = < ~( f ./ ~( 3 0 ) - 1 = ~. * c c ;..; + b * g c ; .... 
or· 
k:f . .:' f<·::.O """ 1 . 0 + a.*cc:.·; + b*·~c; ·; 

I..·J h e r· e : f< f = me .:o. ::. u r· e d f i n .:o. 1 i n f i 1 t r· .::..t i ern 
r · .::.. t e i n mm .. · .... h 

f·:· =· 0 = b ~. s e 1,.r ~. 1 u e of h ::- · d r .;:.. u 1 i c 
c on d u c t i •: i t ;.-· i n mm..'· h 

Coefficient .:c. Coefficient b 
-------------- ------------ - ----- ---- ------ - - --- ------------ - -
Lo.::o.m ;.' :3and 20 0 0 1 1 0 . 0 0 . 17 

::;; .::..nd:-,.·· Lo .::o.m 1 6 0 028 0 . 0 1 1 0 . 72 

Lo .:c.m 4 0 036 0 . 00'7' 0 . 60 
------------------------- - -----------------------------------

T ~. b 1 e 4 .:c. . ~; u mm ~. r :;.-· o f r· e •;w e =· ·::. i o n r· e =· u 1 t =· f or i n f 1 u e n c e of 
p e r· c e n t c :c. n o p ::··· c o •.,.r e r· 0: c c ; < ) .:c. n d p e r c e n t g r· o u n d c o '"' e r· 
( g c >: ) on h ::-·· d r· ~. u 1 i c c on d u c t i •,! i t :·· • 

t· .. l ode l : ;.-- = ( ~< f / f< ·::. 0 .:c. d ._i ) - 1 = .::1 * c c :.-; + b * •;l c ;.-; 
or ~f/ KsOad._i = 1 . 0 + a*cc% + b*gc% 

Where : Kf =measured final 
i n f i 1 t r ~. t i on r· .::.. t e 
in mm .. / h 

f( ::.0 .~d._i = b .:o. ·::.e v .a 1 u e of h ::-· d r .:;..u 1 i c 
conductivit y in mm/ h 
adjusted for gravel 
content in the pr·of i 1 e 

Coefi"icient a Coefficient t• 
----- ---------- - ---------------------------------------------
Lo~. m;.-- s .~. n d 20 0 (I 1 3 0 003 Cl 42 

:;:;.:c.nd ::·' Loam 1 6 0 043 0 055 0 7:3 

Loa.m 4 0 0 ::::·;;· 0 0 1 .... (I 
.. ,..., 

L ·~L 

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



LS~. 5 

LS -3.6 

L t: ~. 8 

LS .:_~.·;:· 

Lt:.=:dO 
L S ~. 11 

u:: ~. 1 2 

Lt:a1 :::: 
Lt:c-.1 4 
L ~:::.3. 1 5 
L S-3.1 6 
L Sa.17 
L :::: a18 
LS~. 1 9 

LS=-.20 

LS -~. 2 

LS-3.:::: 
u::.:o.4 
LSC~. 5 

Lt:-3.6 
Lt:.:o.7 
LS -~. 8 

u::.:o.'? 
u::o..1 o 
LSa. 11 
L ~::: .3. 1 2 
LSa.1 :3 
L :3a 1 4 
L Sa 15 
L:=:a 1 t· 
LSa17 
L t: .3.1 t:: 
L ::::a. 1 '?' 
Lt:.3.20 

• 

{)12-l'-!NA·L 019 1 ¥1: 

K-~o Ctf/0 

:3n . 57 . 0 

11 

11 

11 

11 

11 

25 . 0 
4 1 . 2 
1 -;-' . 0 
L c=: ·t 
'-' ·-' • L 

0 . 0 
0 . 0 

2 1. 2 
0 . 0 
0 . 0 
5 . 0 

12 . 0 
0 . 0 
·~· . :.:: 

1 '7' . t. 
0 . 0 

1 :3 . 0 
1 2 . 3 
:::: .~ . 7 
:3'? . '3 

D 11-1 t1 A .D J,. $ r £ D r o (L 

(~R. Av 6 L tN f rl..of tLF_ 

r~o lto1 
:::: o C' -, 0 ·-' ; . 

·j t:' ._ ... ) 0 
41 ~. 

£.. 

11 1 7 0 
1 7 6 5 2 

0 0 
11 0 0 

·} -:" 2 1 .-, 
L l £.. 

0 0 
11 0 0 

2 5 C' (I ·-' 
11 1 .-, 0 L 

24 0 [I 

2 :3 '7' :~ -
2 2 . 1 '7 . 6 
1 E: 0 0 
1 6 1 0 (I ,_, 

1 7 1 ~. :~ o' L -
22 ~. ' -, 

-~ C· ( 

2 2 :39 ~: 

F () I? Yt/)if T-

.35 . 0 4 5 . 8 
7 0 . 4 .::.o . 7 
5 ;: . :3 7 5 . . ~ 
:32 . 7 
57 . :~: 

.::. .::: • 4 
23 . 6 
7:3 . 4 
70 . 8 
16 . 8 

50 . 0 
0 . 0 

7:?. .5 
0 . 0 

c= ,...., --: 
._1 7 • ' 

t .? . 0 
67 . <l 
: . .:: . . 6 

:3 5 0 
70 4 
c·~ 

._ f , ' :::: .•. -. 
•=•L ; ' 

C 7 :=: - I ,. 
1- -, 
- ' L . 4 
2 :3 . 6 
78 4 
70 . :::: 
1 6 8 
«= ·J 
·-' "- 7 
50 0 

0 0 
7:3 '? 
70 5 ,. ·-· . 

0 0 
C' ,.... ..., 
·-· 7 

. o' 

,5'? 0 
~-::' 
'..Jo <1 
76 6 

:3 1. 0 
.- ,c .-, 
.;:. .. _ ... ;:. 

2 1 . 0 
1 :3 . 7 

29 . 4 
1 6 . ~: 
25 . '7' 
22 . 1 
1 6 . :3 
1 8 . :3 
:3:3 . :3 

6 . 4 
~ ........ . , 
..&..:.::..• • L 

2 5 . 3 
3 1 . 2 
27 . '? 

45 . :::: 
60 . 7 
-c ' 
/ ·-' . ~~ 

8 1 . 0 
3 5 . 3 
2 1 . 0 
1 :3 . 7 
.-. ':) 7 ·-=- ·-' . t 

2'? . 4 
1 6 . :::: 
2 5 . ''i' 
22 . 1 
1 6 . :::: 
1 8 . :3 

C- . 4 

25 . 3 
:::: 1 • 2 
27 . ? 

(?.0'/.) 2FII.I; il'i
1 

F Jl,() 

~ J)tJ-TA- FIL-E~ 
(/NfUT .IJ;t-/lt) 

~~ -l 
~t> 
0 . 52 
1 . 0 2 
1 . 52 
1 . -:-'0 
0 . 1 :3 

- O. JO 
-0 . 54 

0 . 12 
-0 . 02 
-0 . 46 
-0 . 1 4 
-0 . 26 
-0 . <16 
-0 . :::::'? 

0 . 1 1 

-0 . 2:3 
-0 . 16 

0 . 0 4 
- 0 . 07 

( I , 5 2 
1 . 0 2 
1 . 52 
1 . 7 0 
1 . 0:::: 
0 . 24 

-0 . 1 'i' 
0 . 25 
o. o ·~ 

- 0 . 40 
(I . 0 tj 

-0 . 1 2 
-0 . 32 
-0 . 20 

0 . 51 
- 0 . 6<1 

0 . <'15 
0 .49 
0 . 4 2 
0 . 2 7 



·~ ·- ::~. L.:.· 
Sa.L4 
:3a.L5 
S .:3.L6 
:3 a.L 7 
:3 a.L8 
::::c..L'7' 
Sa.L 1 0 
:=::a.L11 
:::: .:3.L1 2 
:3 a.L1 :3 
Sa.L14 
:3a.L1 5 
:=:a.L16 

::::a.Ll . 2 ·::· 
. ~· 

4 
:3 c..L 5 
Sal6 
:3a.L 7 
Sa.L f: 
:3.:-.L 9 
s .:-.u 0 
:3 .:-.Ll 1 
:3a.L1 2 
:3a.L 1 ·"j 

·-· 
s .=-.L1 " :3a.L1 r= 

·-' 
S a.L1 ·S 

• 

10 

" 

" 

" 

'") ·J c:-
L ·- ' ._1 

4 <1 4 
:35 2 
::::2 1 
20 3 
26 0 
20 0 
34 7 

0 0 
0 0 

48 7 
(I 0 
0 [I 

2:3 0 
12 0 
2.~. 0 

JJ rrr r1 f\ ro-~.~ r ~r n f u (L_ 

6 {2. A· V £\- 1 N f IL D F I L £ 

1 0 2 :3 r= 
·-' 

.:::;- 1 t:J4 4 
35 -

..:::. 

·-=··-:· 1 ·-'L 

20 :3 
" 26 0 
:3 6 20 0 
<= 
·-' 0 ::::4 / 

0 0 
0 0 

4 0 40 ·-· 7 

0 0 
0 0 

1 0 0 2 :3 0 
1 2 0 
26 0 

1 '? 
2.~. ( 

10 5 
1 7 ::. 
14 ( 
1 ,..· .., 
c::---:- .-
·-'· ! 

5'? 4 
1 8 :3 
.~. :3 '7' 
65 0 
2 1 '? 

2 1 
1 2 
2 0 

1 'f 

26 7 
I 

:27 2 
1 0 "'. ·-
1 

.., .::, -
1 4 7 
1 7 7 ' 
r= .., 

~· ·-' { 

c .- , 4 ·-'7 

1 c: .... 
0 

£.·J '? -· ·- ' 
' r= 

·~· ·-' 0 
21 ? 

2 1 
1 ..... .. -: 
..... 0 £. 

1 2 0 
:35 6 
1 7 3 
20 :3 
1 4 7 

1.., 0 

13 2 
·"')L. ·-=· J-•-· ·- · 

15 0 
1 1 6 
3 1 .~ 

1 ? 3 
1 2 4 
1 8 :::: 
14 7 
16 . 0 

1 ·• 0 .::.. 

35 6 
1 7 -~ ·-
20 ·-:, ·-· 
1 4 ,. 
1 7 0 
1 3 .... . .::.. 
26 :~: 

1 5 . 0 
1 1 6 
31 6 
1 ·:.;· .-, 

.::_. 

1 2 4 
1 8 8 
1 4 7 

; 

1 .:;. 0 

0 20 
:2 5.~. 

0 7 3 
1 0 :3 
0 47 
0 70 
0 ::::2 
1 6:3 
0 50 
(I u:. 
2 u:. 
(I ;;· :::: 

[I 24 
(I 88 
0 47 
0 60 

0 20 
4 :34 
1 8<1 
·":· :::::3 
1 4 1 
1 -:>or 

;' 7 

0 r= ·:> 
·-' ·-' 

" 26 
2 00 
1 --:. ·"J 

·- ' .i-

.~. ·:;::o 
:::: .-.. -. o..::. 
':' 1 0 
0 C•C• ._ .. _, 

0 47 
0 60 



• L ':• 
~· 

L4 

L1 
L2 
L ·-=· 

~· 

L4 

• 

• 

6.4 

II 

22 . 0 
0 . 0 
0 . 0 

22 .0 

pA-l' 11 AS; :r 05. Tf () 

(,~, . 5 
7'::: . 1 
16 . . ~. 

1 . 0 

F bll (op AVt.L JN f;? L'> FILE 

<= 8 ·~ ·J 0 76 <= 
·-' .<.. .l.. ·-' 

0 0 -::" 0 ' '-' 1 
0 0 1 t. 6 

~. . 4 .-,., 
LL 0 1 0 

20 .5 
~ .-. , .. ,:. 

4 ·=· . ·-· 
7 . 1 

20 <= 
·-' ...., ·::-

' ·-· 
4 8 
,. 1 

2 . :20 
0 . 1 4 

- 0 . 25 
0 • 1 1 

2 53 
0 2·5 

- 0 1 7 
0 1 1 



• 

• 

Lo."'.m ::-·· =··=-.nd d ."'.ta, 8 ./ 1:3 .. ..-' 89 , ::~ 1= cc: ··: , ::~ 2=gc:.-:, ;,-- = <f<f ..'"f<::::o::.- 1 

1_., 1 i 

Regression t h rough the origin for 
y = ·"'·* ::< 1 + b* ::-~ 2 

B. = . 0 1 1 tl = - . 000 

th Rs.q u -?.r· e d = . 172 

KJ. :: \ -t o,OI I C c.. ~o 
~So 

Dd. td. Li ·=· t i r";~ 

::< 1 < i ) 

5 7 . 000 
··:. 2 5 . 000 .:.. 

3 41 . 200 
4 17 . 000 
a::- 65 . 200 ·-' 
.~ .000 
.. ·· . 000 
:3 2 1 . 200 
? . 000 

1 0 .000 
1 1 5.000 
1 2 12 . 000 
1 :3 . 000 
1 4 '? . 300 
1 5 1 '7' . 600 
u:. .000 
17 1 :::: . (100 
1 8 12 . 300 
19 3 .~ . . 70 0 
20 .-, ,-, . :::o 0 ..:· 7 

>~ 2 ( i ) 

35 000 
70 400 
57 ::::oo 
:32 ?00 
57 300 
62 400 
2:3 600 
?8 400 
7 0 :300 
1 .~ :300 
52 700 
50 000 

000 
78 900 
7:::: 500 

000 
5·:;:· 7oo 
6':::' 000 
67 . 400 
7.~ 600 

5 2 0 
1 020 
1 . 520 
1 700 

180 
- 300 
- 540 

1 20 
- 020 
- 460 
- 14 0 
- . 26 0 
-. 460 
- 3'7'0 

1 1 (I 
- 7'? 0 
- 230 
- 1 60 

040 
- 070 

::•' p r · e d < i ) 

244 
422 
155 
680 

- 021 
- oot:: 

20 1 
- 024 
- . 006 

036 
11 2 
000 
073 

. 184 
000 
1 ?"3 
1 0 ·:::· 
::::7 1 

-----End of Data Listing-----

• 



• 

1 
1 
1 
1 
1 
1 
1 

Regression through 
y = e>.* ::d + b* >:2 

a. = . 02El b = 

I..·J i th R::.q u ar·ed = 

[:o .;;d.:o<. List i n•;, 

:: : 1 ( i ) 

·-=· ·~ L ·- ' 500 
..... 
L 44 400 
:::: ~. o= 

.:) ._1 . 200 
4 •:) •"') 

·- '"'- 1 00 
o= 20 :30 [I ·-' 
6 26 000 
7 20 000 
8 34 700 
? 000 
0 . 000 
1 48 700 
·-:> 000 L. 

':1 
·-' 000 
4 ·-:· 'J 000 ....... . _. 
"" 1 "j 000 ·-' "-

6 2 .~. 000 

the or· i gin 

. 0 1 1 

. 720 

>:: 2 ( i ) 

1 ·;;·oo 
2 6 700 
-'?"'7 200 "- ( 

1 [I 500 
1 '"7 600 ' 
1 4 700 
1 7 700 ( 

o:::'-
.._1 ,; '?0 (I 
t=.-. 400 ·-1-;:"' 

1 ,-, C• ::::oo 
.:::. :3 '7'00 
·~ 5 000 
21 '7'0 0 

2 1 00 
1 200 
'"" L 000 

-----End of Data Listing--- --• 

• 

(1-<-f ..... ··f<SO ) - 1 

for 

>•" (_ i ) :;.-· pr·ed < i ) 

200 .£.'"""''' ,_, ( 7 

2 560 1 547 
7 ::::o 1 2'?5 

1 030 1 0 1 :3 
470 7 t.'7' 
700 :=:·?5 
320 76 1 

1 ~·30 1 6;':: 1 

500 t.78 
1 .~.o 2 1 "" ·-' 

~. 1 60 .-, 0 s::· 1 L L 

?30 . 742 
240 250 
:380 . t.,:;( 
470 34'7' 
600 750 



L~am data, 8/ 13/ 89, x 1=cc%, x 2=gc% , Y < f<f ....... f<:30) - 1 

R · thr -,,, ~'- t'-~"'- ,-_, r · t· n_t.rl tor .. e 9 r · e s s 1 eon _ ,_, "' •:~1 1 1 ~ 

• 
/ = .;t.*X 1 + b*::< 2 

~. = . 036 b = 

'"' i t h R·::.q u .::..r· e ,j = 

Da. t .::.. L i =· t i n g 

2 
. ..., 
·~ 

4 

22 . 000 
. 000 
. 000 

22 . 000 

. . ::.os 

:: ~ 2 ( i > 

76 .500 
78 . 1 0 0 
1 6 . . ~ o o 

1 • 000 

-----End ot Data Listing-----

• 

• 

. ooo; 

} ' ( i > 

2 . 200 
. 140 

- . 250 
• 1 1 0 

1. 506 
--.c . / ~ ·-· 

• 1 s.-·1 
. 804 



L_oa.rn :.-· ·:: .. ::o.nd da.ta~ 8 ....... 1 :3 .. / 8'7' , .::..d.j for· gr·a• . .!e l, ::< 1=cc; .. ·:, >; 2=gc;.·:, ::··= l<f ./ l<::::o - 1 

• F.: e g r· e s. =· i o n t h r· D u g h t h e o r· i •;) i n f o r 

d. . 013 b = 

l.,J i t h R =· q u a r· e d 

2 

4 
"" ·-' 
6 
7 
( 

0 ·-· 
1 I] 
1 1 
1 2 
1 3 
1 4 

•

15 
1 6 
1 .... 
1 :3 
1 '7' 
20 

:d ( i) 

5 7 000 
25 000 
4 1 . 20 0 
1 7 000 
.~.5 . 200 

. 000 
000 

21 200 
000 

. 000 
5 000 

1 2 000 
000 

9 . 300 
1'? 600 

000 
18 . 000 
12 300 
:.::6 70 0 
:.3'7' :30 0 

. 420 

>~ 2 ( i ) 

:35 000 
70 400 
r=-.., ._1,. 800 
82 700 
57 . 300 
62 400 
.-, .-. 
L ·.:'t .~.oo 

78 400 
70 ::::oo 
1 ~. 800 
52 700 
50 000 

000 
78 '?00 
-, (J 
,· ·-· 500 

000 
<= .-. 700 ·-' 7 ,..:;-, 
-· 7 000 
- ~ 400 ·~ / . 
,.·· " .~. oo L ' 

-----End of Data Listing-----

• 

. 00 :3 
k I- - ) .0 1 O~ot3 c:(_ (b t-o, ooJ GC~ 
~AP:r 

...... ... 
, ' i ) ::··· p r· e d < i ) 

520 :37El 
1 020 556 
1 520 7 :35 
1 700 4:::: .~. 

1 0 :::o 1 . 058 
2~10 1 ?<l 

- 1 '7'0 07::: 
250 52'? 
0'?0 2:20 

- 400 052 
040 231 

- 1 20 3 1 7 
- :320 000 
- 200 370 

51 0 508 
- 640 000 

450 ·L:::3 
490 :.3 80 
420 704 
270 768 



:3a nd ::·' l eo<.~.m d .O<. t .O<. , E: 13 ....... :3 '?, .:o.d ._i fo r· •;;Jr· :o<.'-i el, ::: l=cc:< , ;< 2=gc:<, >· · '"'~< f ....... ~< :30 - 1 

• Regre ssion th r ou g h the origin for 
·:·· = .:;., * >:: 1 + b* >: 2 

a = . 043 b . 05 5 

1,.\1 i t h R s q u a r · e d 7iJ ·1 • ' Co -::.· 

D.:;.. t -21. L i =· t i n g 

::: 1 < i ) >~ 2 < i ·, 

2 :3 . 500 1 '? 00 
2 44 . 400 26 700 4 
:3 35 . 200 '":'7 200 1 Lo 

4 :32 . 1 00 1 0 500 'J . .... 
&::" 2 0 . 300 ·-' 1 7 600 1 ,. 

6 26 . 000 1 4 700 1 
7 2 0 . 000 1 7 700 
0 
'-' :3 4 . 7 00 c.-~ 

._1 / ·;;·oo 4 
'i' . 000 ~·:::· 400 .-. .c.. 

1 0 . 000 1 B 800 1 
1 1 4t: . 700 6 :3 '?00 .~. 

1 •"") . 000 L 
L<= 000 .--, ,_. '-' .;::. 

1 :3 . 000 21 '?0 0 '":• 
L 

1 4 23 . 000 .-. 1 00 .c.. 

. 15 12 . 000 
U :· 26 . 000 

1 200 
2 000 

-----End o f Data Listing-----

J{J --· 1. o tv.DY~ ct. Po-t o.c~r; GC ~ 
l<so APr 

/( i ) ::,·p r· e· ,j ( i ') 

200 1 1 21 
:340 ·::> 

~· '"''"'"' ~ ·=-"-' 
840 .--, 

.;::. 0 1 ·'I 
:330 1 '?6 5 
4 1 (I 1 f: 4 :3 
7'?0 1 '?:3 1 
530 1 83.6 
260 4 L '?t::" ,_, ( ._1 

000 :::: 25 .5 
~:20 1 030 
·:;·oo "' -:5 1 0 ·-' 
820 •"") ·-· c:' L ·J 

._I Lt.L 

. 1 00 1 . 200 
:380 1 1 1 1 
4 70 c:-.-.t= 

..... ••::" ·-' 
600 1 'J ·-· c:::' . ,;_ .; .... ..I 

Lo-21.m, 8 / 1 3 / :3 ·?, .O<.d._i for· gr·a.ve l , ;:: 1=c c :< , :,; 2=gc:<, :~- = l<f ./ I<SO - 1 

• 
l,.o.J i 

Re gression through the origin for 
;.- = eo.* >d + b* x 2 

.:;., = . 039 b = . 012 

t h R::.q u ar· e d = .· "i c:' 
• •=-L ·-' 

Data. Li st i ng 

::< 1 ( i ) ::< 2 ( i ) 

22 . 000 7t. 500 .-. 
L 

~. .000 L 7:3 1 00 
:3 . 000 1 6 600 -. 
4 22 . 000 1 000 

--- - - End of Data Listing-----

y( i ) ~·' pr· ed ( i ) 

530 1 7 .-f_.5 
. 260 '?2 1 

1 70 . 1 C • L .· ·-· . 1 1 0 r\"""";' c::;" 

'=' I _ ! 
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PR0(3F.:At ·1: REGCIF.:Gt'·-12 

PURPOSE: Two perform regressi o n through the origin for t wo 
independent v ar i ables: 

t·1ode 1: ;.·· = .;::, -O; ::<: 1 + b:O: ::~ :2 
Soluti o n: Estimates o f a and b and R s qu a red 

LANGUAGE : FORTRAN 77 

Input unit=-: * k e :;.-· b o c..r·d ~ 
C)utput Unit=. : * =-cr·een, ?-;;· 

i nput files 
ou t p u t f i 1 e 

I n p u t I n f or· m .::~. t i on : 1 . t i t 1 e ~ F 0 F.:t-·1A T 5 1 0 
2 . f m t , F 0 Rt'·1A T 5 1 0 

f m t i s. t h e •,.o <:~. r· i .;:~. b 1 e f or· m .::o. t f or· 
the input da. ta . . 

. 3 . f i 1 e n , F 0 Rt·1A T 5 1 0 
f i 1 err i =· the f i 1 en a.me for the 
input data x l(i) x 2(i ) y( i ) read 
in under the format fmt 

4 . fname~ FORMAT 510 
f n .:o.m e i ::. t h e f i 1 e n .:::.me f o r· .::.. 1 1 
file output 

tempi ,temp2,temp3 FORMAT fmt 
:< 1 < i ) = temp 1 
x 2 < i ) = temp2 
::··· • .. i _:. = temp :3 
for = 1 to i = n ::-~ 

1] u t p u t I n f or· m .:.. t i on : 1 . t i t 1 e , F 0 F.:t .. 1A T 5 1 0 
Output to screen and fname 

2 . He a.d in 9, FOF.:t··1AT 60 0 
Output to s c reen a nd fname 

3 . Equation, FORMAT 610 
Output to screen and fname 

4 . a and b, FORMAT 6 20 
Output to screen and fname 

5 . rsqrd, FORMAT 630 
Output to screen and fn ~me 

6 . Heading, FORMAT 635 
Output t o fname onl y 

Heading, FORMAT 640 
Output t o fname onl y 

:=: • i , >~ 1 < i ) , ::-~ 2 ( i :1 ~ ::•' ( i ) , ;.-· h a. t < i ) 
FORt··J;;T 650 

Output to fname onl y 
? . Heading , FORMAT 6 60 

Output to fname on i>· 

---------- --------- - - - - -------- - - ------------------ ----------
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·:=: u p p o ::. e : .· o u h .::-. • .. ' e .;:. p r •.:• b l em 1.-.1 i t h t h e f o l l 0 1.: .. 1 i n ·~ . 

1· i t 1 e : T e =· t r· u n f Dr t 1: . .1 o , ' ~. r :;. 

frnt : <2 0 :=< ~ :::: +10 . 2> Thi::. i - the form ::o. t Fo r t: he .··. l ~ 2 
' 

) d .::o. 
i i l en : t e· =· t 1. d .::d. Th i :: i - f i l e n ::on1e f o r i npu ~ d::o t ::0 

fn .::o.me : test 1 . out rh i ·=· i =· f i l e n .::o.me for· CtiJ tpu t d .;:. t a. 

T o r·un the prc,~r· ::o.m :-·ou l ·.l o u1d enter the f o 11ol · lill '~ d .::-. t .::o. in 
resp o nse to the pr o gram pr o mpt s . 

E. n t e r· .J o b T i 1: 1 e 
Enter f o rm~t for data 
' ·-;:- ·::: , f n n . n , f n n . n , f n n . n .:· 
En . e r· f i l e n ::o.m e ·f o r· i n p u t: d .::-. t .::-. 
En t e r · { i 1 e n a.rn e -f o r o u t p u t 

U =: er J 11p•J t. 

Te ·=: t r IJI'I ·f .-:·1 · t 1.:.10 '...' .::or:: 
·:· 20 :::lf 1 0 . .2 > 

~e::. tl . d .::•. t 

te::t . d ::ot 

.-. 
L 

t .;:. 

i~1 t t h i ·::. p o i n t t h e p r o ·~ r· .;:o.rr1 v 1 i l I 1· '? ::•. d i n t h e d .;:.. t .;:.. f r· o rro t h e f i l <.: 

o: :<. 1 1 ~· d ~ e =· t 1 . d .:.. ~ . l h e f i 1 e t E' =· t 1 • d <:•. t 1 r:• o I< ·:: 1 i 1/ e t h i = : ,. lc· t ~· 

~ h ::o. t t h <.:· f i r ::. t t h r · e e r c•v.• ::. be l c••.:.! .;:.. r e f o r · 
::-. n d .;:.. r · e n o t i n t h e d ::o. 1. ? f i l e . T h e d ::-. t .::-

i l l u:: t r .::-. . i '...' "=' pur [:• c ·:: e =· 
f j 1 E' I ·JO IJ 1 d •:•n 1 ,· 

·: o n t ?. i n the l i n e :: l :o. be l e d .;:.. c t u ::•. l .j .:.. t .-~. be l 0 1 . .- • . T h ?. t i :: • t h '? 

d .;:.. t .;:.. -f i l e t '? ·::. t 1 . d .;:. t •.: 1 o u 1 d •-: o n =· i :: t of :: i :: ~ r ov.1:: o f d ::-. t 2 . . 

Co lumn in d a ta file 
1 23 45678911 2 3456~ 89 2 1 23 45 6 ~8931 2~ 45678 941 23 ~5 6~89 5: 2? 45 6~8~ 

1~1 

.:..ctu .:-. 1 d:.. t .::o. 
a.c t u .:.. 1 d .:.. t .:.. 
:..ctu .:-. 1 d .:.. t:.. 
.::-.c tu::-. 1 d .;:. l: .::o 
eo.c t u .:.. 1 d .:.. t .:.. 
.:. c t.u .::-.1 d::o. t .:=o. 

0 
1 £: 0 

::: 0 0 
u ':,1=1 

::: 2 1 
5C1 00 

0 
- -. -, 
..: L .i-

<l .q '1 

100 50 
1~1 50 

55 ·;·n 
1 ·=-· c::; 

0 
3 5 5 
--: ·:"~ ~· 

·-'"-

1 ::: s ·:;:·o 
l J 0 

75 00 
:;::;? U Cl 
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T h e o u t p u t d ~. t a. ( i n f i 1 e f n ~.me ) VJ eo u 1 d 1 o o k 1 i I< e t h e 
fol 1 m• .. l i ng . 

Test run for two vars 

Regression through the origin for 
~··· = a.* x 1 + b* >~ 2 

a = 1 C'Qii . . _,._,c~ b = 1.154 

I,J i th Rsquar·ed . '?97 

D.::o. ta Li =· t i ng 

::< 1 ( i ) ::< 2( i ) } ·" ( i ) 

1 . 200 2 . 220 3 . 550 
2 3 . 330 4 . 440 7 . 320 
:3 8 . 000 100 . 500 125.900 
4 . 500 . 500 1 100 
<= :::: . 2 10 ~· 55 . '?00 75 . 000 
.~. 50 . 000 1 . 950 82 . 000 

-----End of Data Listing-----

;..·· pred ( i 

4 . 469 
1 0 . 4 15 

12:3 . 7~:3 
1 . 371 

69 . 6:3 5 
8 1 . 660 

':> ·-· 

) 



• c 
c 
c 
c 

c 

program regorgn2 
Program to perform regression analysis 
through the origin for two independent variables 
y = ax1 + bx2 

L. J. Lane, July 1989 

character*BO title 
character*BO fmt 
character*! ansl 
character*12 filen 
character*12 fname 
common x 1 ( 1 0 0 0) , x 2 < 1 0 0 0) , y ( 1 0 0 0) , yh at ( 1 0 0 0) 

c section to input job info 

500 

510 

505 

-;20 

• c 

560 

c 
c 
c 
10 

20 

c 
c 
c 

• 

wr i t e <*,50 0) 
format< ' Enter Job Title ' ) 
read (*,51 0) t i t l e 
format(a) 
write <*,505) 

format(' Enter format for data (?x,fnn .n,fnn.n,fnn .n) ') 
read<*,510)fmt 
write<*,520) 
format(' Enter file name for input data') 
read <*,510) filen 
open<l,file=filen,status='old ' ) 

write<*,560) 
format(' Enter file name for output ') 
read<*,510)fname 
open(unit=99,file=fname,status='new ' ) 
nx = 0 

read in data x1(i) ,x2( i),y(i) , i=l to nx 

read<1,fmt,end=20) temp1,temp2,temp3 
nx = nx + 1 
xl(nx) = templ 
x2<nx) = temp2 
y(nx) = temp3 
go to 10 
rewind 1 
nx = nx 
xnum = nx 

in i t i a 1 i z e v ar i ab l e s 

sumxl = 0.0 
sumx2 = 0.0 
surny = 0.0 
sumxly = 0.0 
sumx1x2 = 0.0 
sumx2y = 0.0 
sumxlsq = 0.0 
sumx2 sq = 0.0 



• c 

30 
c 
c 
c 

c 
c 
c 

• 
40 

c 
c 
c 

do 30 i =1, nx 
sumxl = sumxl + xl( i) 
sumx2 = sumx2 + x2Ci) 
sumy = sumy + y(i) 
sumxly = sumxly + x l<i )*y(i) 
sumx1x2 = sumx1x2 + xl(i )*x2Ci) 
sumx2y = sumx2y + x2< i )*y(i) 
sumx 1 sq = sumx 1 sq + x 1 ( i ) *x 1 ( i ) 
sumx2sq = sumx2sq + x2Ci)*x2(i) 

continue 

calculate regression coefficients 

b = sumxly*sumxlx2 - sumxlsq*sumx2y 
b b/((sumx1x2*sumx 1x2) - sumxlsq*sumx2sq) 
a = <sumx2y - b*sumx2sq)/(sumxlx2) 

calculate estimated y values 

sse = 0.0 
ssy = 0.0 
ybar = sumy/nx 

do 40 i = 1 , nx 
yhat(i) = a*xlCi) + b*x2(i) 
sse= sse+ (y(i)-yhat(i))*(y(i)-yhat(i)) 
ssy = ssy + (y(i )-ybar)*(y( i)-ybar) 

continue 
rsqrd = 1.0- (sse/ssy) 

section to write out results 

wr i t e ( * 1 51 0) t i t 1 e 
wr i t e < 99, 510) t i t l e 
write<*,600) 
writeC99,600) 

600 format(//,5x,/ Regression through the origin for /) 
write<*,610) 
wri te(99,610) 

610 format<5x,/ y = a*xl + b*x2 /) 
write(* 1 620)a 1 b 
wri te(99,620>a,b 

620 formate/,/ a= /,f10.3,/ b = /,f10.3) 
i f C < r sq rd. g t . 0 . 0) . and. ( r sq rd. 1 e • 1 . 0) ) then 
write<*,630)rsqrd 
writeC99,630>rsqrd 
else 
endif 

630 format(/,/ With Rsquared = /,f10.3,) 

• c 
write(99,635) 

635 formate/,/ Data Listing /) 
writeC99,640) 



50 
650 

660 

• 

• 

1 
format< / , / x 1 < i ) x 2 < i ) 
ypred< i) / ,/) 

do 50 i=1 ,nx 
wr i t e < 99, 650) i , x 1 < i ) , x 2 ( i ) , y ( i ) , y h at< i ) 

continue 
format(i5,4x,f10.3,3x,f10.3,1x,fl0.3,7x,fl2.3 ) 
vJr i t e < 99 , 660 ) 
format(/, /-----End of Data Listing-----/, ///) 
end 

y( i ) 
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Table C300-3 

Summary of Curve Numbers 
for Use in the 1989 City HEC-1 Model 

(undeveloped Desert Shrub, 15% Cover Density) 

Hydrologic Soil Group Curve Numbers 

24-Hour 6-Hour 

A 60 66 

B 74 78 

c 82 85 

D 86 89 

--------~1 Table (300-4 11---------
Percent of Impervious Area 
for Land-Use Classification 

Land-Use Classification 

Residential 

Percent Impervious Area 

See Figure C300-l 

Tourist Accommodations 

Low Intensity Resort 

Support Commercial 

General Commercial 

Cultural/Institutional 

Minor Office 

Major Office 

Light Industrial 

Open Space 

~~~ 
1' 

85.0 

85.0 

85.0 

85.0 

85.0 

85.0 

85.0 

72.0 

1.0 

C300 -16 DRAINAGE DESIGN GUIDELINES 
FOR CLASS I AREAS City of Scottsdale- July 1989 
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I a ! ~· : 
; • developed areas. ·· .The values of imperviousness used for 'this 

. study are given in Table 4-~. .·. t •••. , ,_ _ . 

I . _ ,. ·: ~ .. . . ·:· :. c • , 

The soil types used in this study .were furnished by the Los 
Angeles County bepartment of Public Works which is ~urr~ntly 
in the process of refining the soils types north : of ~venueS. · 
As this updated information ! becomes available, lit should be 
used to revise the ·hydrologic calculations. . .1 . :. :1 ... L ..• ~. '. 
~ , , r , .~. _. .. -. ' ... . "' "\.·. · .. ·.'I·~J.' '.. . ... .. . . ,-· ·· . . · ,'..) ' • •. !", ~. 1 t ..• L.. .. · .. ,,·~ • • .: 7 I. ~;: ., .:.. : __ .,_ l, ''I.,. • ! ... · .. , ·... ... ' ·i-. - .... o- • "' ., 

... ~ .... :'.". :. ~.- . .; '\'• ' ·' 

' I' • "' i 
. ,, 

: .~ _; . · : LAND USE VS. IMPERVIOUSNESS 

··-~-~ ·.:~ ··. : ~'. ~ - .. ' ;o : r • 

Land Use 
Designation 

NU, RU 

SR 

UR 

UMR 

UMHR 

UHR 

COM, LI, MI 

Density 

~ Du/~0 Acre, ~ Du/5 Acre 

2 Du/Acre 

5 DujAcre 

8 DujAcre 

15 Du/Acre 

·> 18 DujAcre 

Commercial/Industrial 

4.5 TIME OF CONCENTRATION 

·Percent 
Impervious 

10 

40 

45 

50 

65 

75 

90 

A major premise of the Modified Rational Method is that the 
greatest discharge from an area occurs when runoff from the 
entire area is contributing to the flow passing the selected 
point of concentration. Since the rainfall intensity is 
decreasing with respect to duration, the maximum discharge 
occurs at the sho.·rtest time period required for water to 
travel from the furthest point of the drainage area. That 
time period is identified as the "time of concentration". 

Times of concentration are computed for each subarea. The 
selection o·f . subareas can have a significant effect on the 
computed times of concentration, particularly with respect to 
the subareas at the upstream end of each drainage basin. The 
size and configuration of these upstream areas determines the 
"initial" time of concentration for the basin. Since the 
initial . time of concentration · determines the rainfall 

I 
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MEMORANDUM 

TO: Project Committee Members 

FROM: 

DATE: 

SUBJECT: 

George V. Sabol 

20 April 1992 

Working Paper No. 3, Rainfall Losses 

Attached is a revision to the Working Paper incorporating the procedure to be used to 

determine area weighted average of Green and Ampt parameter values. Figure 3-3 was 

added. Example No. 2 is included to illustrate this procedure. 

A new Figure 3-1 is provided. 
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INTRODUCTION 

General Discussion 

RAINFALL LOSSES 

Rainfall excess is that portion of the total rainfall depth that drains directly from 

the land surface by overland flow. By a mass balance, rainfall excess plus rainfall 

losses equals precipitation. 

This section is only applicable when performing rainfall -runoff modeling with 

the HEC-1 program. The design rainfall is determined from the procedures in the 

Rainfall section, and this section provides procedures to estimate the runoff from 

the applied rainfall. When using the Rational Method, it is not necessary to 

estimate rainfall losses by the procedures in this section because the "C" factor 

accounts for the effect of rainfall loss on the peak discharge and runoff volume. 

Two methods are provided to estimate rainfall losses; the first method is the 

normal one that is to be used for the majority of cases, and the second method is 

to be used only for special cases when it is determined that the normal method is 

inappropriate. The normal method requires the estimation of the surface retention 

loss (Table 3-1) and the estimation of the rainfall infiltration loss by the Green and 

Ampt equation. The Green and Ampt equation parameters are estimated as a 

function of soil texture (Table 3-2). This classification system places soil into one 

of 12 classes based on the size gradation of the soil according to percentage sand , 

silt, and clay (Figure 3-1 ). One of the Green and Ampt equation parameters 

(hydraulic conductivity) can be adjusted for the effects of vegetation ground cover 

(Figure 3-2) . Correction for vegetation ground cover is not to be made if the soil is 

either sand or loamy sand, and this is because the use of such a correction could 

result in overestimation of the losses due to infiltration. 

The second (special) method requires the estimation of the initial loss and an 

uniform loss rate (IL + ULR method). The special method is to be used for 
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watersheds or subbasins where rainfall losses are known to be controlled by 

factors other than soil texture and vegetation cover, or for watersheds that are 

predominantly of sand. For example, the land surface of upland watersheds of 

Humphrey Mountain near Flagstaff are generally composed of volcanic cinder 

overlain by forest duff. Infiltration is not controlled by soil texture in these 

watersheds and infiltration rates may be as high as 5 inches per hour or more. Use 

of the special method requires adequate data or adequate studies to verify the 

IL + ULR parameters or to calibrate the model of the watershed. 

Both the normal and the special methods require the estimation of the 

impervious area of the watershed. Impervious area (or nearly impervious area) is 

composed of rock outcrop, paved roads, parking lots, roof tops, and so forth . 

When performing watershed modeling with the HEC-1 program, the impervious 

area is to be the effective (directly connected) impervious area (see definitions). 

For urbanized areas, the effective impervious area should be estimated from aerial 

photographs with guidance as provided in Table 3-3. For areas that are presently 

undeveloped but for which flood estimates are desired for future urbanized 

conditions, estimates of effective impervious area should be obtained based on 

regional planning and land-use zoning as determined by the local jurisdiction. 

Estimates of the effective impervious area for urbanizing areas should be selected 

from local guidance, if available, along with the general guidance that is provided in 

Table 3-3. For undeveloped areas, the effective impervious area is often 0 

percent. However, in some watersheds there could be extensive rock outcrop that 

would greatly increase the imperviousness of the watershed. Care must be 

exercised when estimating effective impervious area for rock outcrop. Often the 

rock outcrop is relatively small (in terms of the total drainage area) and is of 

isolated units surrounded by soils of relatively high infiltration capacities. 

Relatively small, isolated rock outcrop should not be considered as effective 

impervious area because runoff must pass over pervious surfaces before reaching 

the point of discharge concentration. For watersheds that have significant, 

contiguous rock outcrop, it may be necessary to establish those areas as subbasins 
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so that the direct runoff can be estimated and then routed (with channel 

transmission losses, if appropriate) to the point of interest. Paved roads through 

undeveloped watersheds will not normally contribute to effective impervious area 

unless the road serves as a conveyance to the watershed outlet. 

Definitions 

rainfall excess - The equivalent uniform depth of runoff, in inches, that drains from 

the land surface. Rainfall excess equals rainfall minus rainfall losses . 

rainfall losses- The sum of rainfall that is lost to surface runoff due to interception, 

depression storage, evaporation, infiltration, and other 

mechanisms. Rainfall loss is expressed as an equivalent uniform depth, in inches. 

infiltration- The rate of movement, in inches per hour, of rainfall from the land 

surface into and through the surface soil. 

percolation- The rate of movement, in inches per hour, of water through the 

underlying soil or geologic strata subsequent to infiltration. 

surface retention loss- The depth of rainfall loss, in inches, due to all factors other 

than infiltration. 

initial abstraction- The accumulative loss, due to all mechanisms, of all rainfall 

from the start of rainfall to the point in time when surface runoff begins. This is 

equivalent to the initial loss (STRTL) in the IL + ULR method. 

drainage area- The total area contributing to surface runoff at a point of interest 

(flow concentration point). 
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subbasin- A portion of a drainage area that is determined according to the internal 

surface drainage pattern . A drainage area can often be divided into subbasins for 

modeling purposes. 

subarea- A portion of a drainage area or subbasin that is delineated according to a 

physical feature such as soil texture or land-use . 

impervious area - The portion of a land area, expressed in percent of total land 

area, that has a negligible infiltration rate. Impervious area can be natural, such as 

rock outcrop and the surface of permanent water bodies; or man-made, such as 

paved areas, roofs, and so forth. 

effective impervious area - The portion of a land area, expressed in percent of total 

land area, that will drain directly to the outlet of the drainage area without flowing 

over pervious area. This is often called directly connected impervious area. 

soil- The layer of inorganic particulate matter covering the earth's surface. It can 

and does contain organic matter and often supports vegetation. For the purpose of 

estimating rainfall losses, only the upper horizon (generally about the top 6 inches 

of soil) will be considered. Underlying soil horizons or other strata will generally 

not affect rainfall losses in Arizona for storms of 100 year magnitude or less. 

soil texture- The classification of soil into groups according to percentage of sand, 

silt, and clay, as used by the U.S. Department of Agriculture (Figure 3- 1 ). 

sand- Soil composed of particles in the 2.0 mm to 0.05 mm size range. 

silt- Soil composed of particles in the 0.05 mm to 0.002 mm size range. 

clay- Soil composed of particles smaller than 0.002 mm. 
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hydrologic soil group - A classification system developed by the SCS to place soils 

into one of four groups based on runoff potential. 

vegetation cover- The percentage of land surface that is covered by vegetation. 

Vegetation cover is evaluated on plant basal area for grasses and forbs, and on 

canopy cover for trees and shrubs. 

PROCEDURE 

General Considerations 

1. Infiltration is the movement of water from the land surface into and through 

the upper horizon of soil. Percolation is the movement of water through the 

underlying soil or geologic strata subsequent to infiltration. Infiltration can be 

controlled by percolation if the soil does not have a sustained drainage 

capacity to provide access for more infiltrated water. However, the extent by 

which percolation can restrict infiltration for design rainfalls in Arizona needs 

to be carefully considered. For example, shallow soils with high infiltration 

rates that overlay nearly impervious material can be placed in hydrologic soil 

group D in SCS soil surveys. The soil texture, vegetation cover, and depth of 

the surface horizon of soil and the properties of the underlying horizons of soil 

need to be considered when estimating the infiltration rate. Surface soils that 

are more than 6 inches thick should generally be considered adequate to 

contain infiltrated rainfall for up to the 1 00-year event in Arizona without the 

subsoil restricting the infiltration rate. This is because most common soils 

have porosities that range from about 25 to 35 percent, and therefore 6 

inches of soil with a porosity of 30 percent can absorb about 1.8 inches (6 

inches times 30 percent) of rainfall infiltration and it is unlikely that more soil 

moisture storage is needed for storms up to the 1 00-year event in Arizona. 

In estimating the Green and Ampt infiltration parameters in Arizona for up to 

the 1 00-year rainfall, the top 6 inches of soil should be considered. If the top 

6 inch horizon is uniform soil or nearly uniform, then select the Green and 

Ampt parameters (Table 3-2) for that soil texture. If the top 6 inch horizon is 
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layered with different soil textures, then select the Green and Ampt 

parameters (Table 3-2) for the soil texture with the lowest hydraulic 

conductivity (XKSA T). 

2. Parameter values for design should be based on reasonable estimates of 

watershed conditions that would minimize rainfall losses. The estimate of 

impervious area (RTIMP) for urbanizing areas should be based on ultimate 

development in the watershed . 

3. Two sources of information are to be used to classify soil texture for the 

purpose of estimating Green and Ampt infiltration equation parameters. The 

primary source that is to be used for the watershed, when it is available, are 

the detailed soil surveys that are prepared by the USDA, Soil Conservation 

Service (SCS). When detailed soil surveys are not available for the 

watershed, then the general soil maps and accompanying reports by the SCS 

for each county in Arizona are to be used. 

4 . Most drainage areas or modeling subbasins will be composed of several 

subareas containing soils of different texture; and therefore, there may be the 

need to determine composite values for the Green and Ampt parameters to be 

applied to the drainage areas or each modeling subbasin. The procedure that 

is to be used is to average the area weighted logarithms of the individual 

subarea XKSAT values and to select the PSIF and DTHETA values from a 

graph . 

The composite XKSA T is calculated by Equation 3-1 : 

{3-1) 
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where XKSAT = composite hydraulic conductivity (XKSAT), in inches/hour, 

XKSA~ = hydraulic conductivity (Table 3-2) of the soil in a subarea, in 

inches/hour. 

A; = size of a subarea, and 

Ar = size of the drainage area or modeling subbasin. 

After XKSAT is calculated, the values of PSIF and DTHETA (normal or dry) 

are selected from Figure 3-3 at the corresponding value of XKSAT. 

5. Correction of XKSAT for vegetation cover (Figure 3-2) is made after the 

composite value of XKSAT is determined (Equation 3-1 }. The composite 

values for PSIF and DTHETA (Figure 3-3} are determined from the composite 

value of XKSAT prior to making the correction of XKSAT for vegetation 

cover. 

6. There are conceptual and computational differences between the Green and 

Ampt infiltration equation method and the IL + ULR method for estimating 

rainfall losses. When using the IL + ULR method, the initial loss (STRTL) is 

defined as the sum of surface retention loss (lA) plus initial infiltration loss 

that accrues before surface runoff is produced, and this is equivalent to initial 

abstraction (see definitions). When using the Green and Ampt infiltration 

equation method, the initial abstraction is calculated based on the input of 

both the surface retention loss (lA} and the infiltration parameters (XKSAT, 

PSIF, and DTHETA}. 

7. When using the IL + ULR method both the initial loss (STRTL) and the uniform 

loss rate (CNSTL) must be estimated. Because this method is to be used for 

special cases where infiltration is not controlled by soil texture or for drainage 

areas and subbasins that are predominantly sand, the estimation of the 

parameters will require model calibration, results of regional studies, or other 
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valid techniques. It is not possible to provide complete guidance in the 

selection of these parameters, however, some general guidance is provided. 

a. Because this method is only to be used for special cases, the uniform 

loss rate (CNSTL) will either be very low for nearly impervious surfaces or 

possibly quite high for exceptionally fast draining (porous) land surfaces. 

For land surfaces with very low infiltration rates, the value of CNSTL will 

probably be 0.05 inches per hour or less. For sand, a CNSTL of 0.5 to 

1.0 inch per hour or larger would be reasonable. Higher values of CNSTL 

for sand and other surfaces are possible, however use of high values of 

CNSTL will require special studies. 

b. The selection of the initial loss (STRTL) can be made on the basis of 

calibration or special studies at the same time that CNSTL is estimated. 

Alternatively, since STRTL is equivalent to initial abstraction, STRTL can 

be estimated by use of the SCS CN equations for estimating initial 

abstraction, written as: 

STRTL 200 - 2 
CN 

{3-2) 

Estimates of CN for the drainage area or subbasin should be made by 

referring to various publications of the SCS, particularly TR-55. Equation 

3-2 should provide a fairly good estimate of STRTL in many cases, 

however its use will have to be judiciously applied and carefully 

considered in all cases. 

Applications and Limitations 

The Green and Ampt infiltration equation, along with an estimate of the 

surface retention loss can be used to estimate rainfall losses for most areas of 

Arizona with confidence. Most soils in Arizona are loamy sand, sandy loam, loam, 

or silt loam for which the Green and Ampt infiltration equation parameters from 

Table 3-2 should apply. Silt, as a soil texture, is relatively rare and it is not 

expected that significant areas will be encountered. The finer soil textures (those 

with "clay" in the classification name) occur in Arizona but not usually over large 
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areas; however, these soils have relatively low infiltration rates (XKSA T). Use of 

the Green and Ampt infiltration equation parameters for the finer soil textures may 

be somewhat conservative, and therefore their use should be appropriate for most 

design flood estimation purposes. Sand, as a soil texture, is also relatively rare and 

it has a very high infiltration rate (XKSA T). Therefore, when encountering large 

areas that have soils that are classified as sand, it is possible that estimates of 

rainfall losses with the Green and Ampt equation would be too large and the 

IL + ULR method should be used. Ideally, rainfall-runoff data or streamgage data 

would be available for model calibration of loss rate parameters in those cases . 

Alternatively, regional studies or extrapolation of results from similar watersheds 

can be used to estimate the IL + ULR parameters for sand . 

In general, the Green and Ampt infiltration equation with an estimate of the 

surface retention loss should be used for most drainage areas in Arizona. The 

IL + ULR method should be used for drainage areas where soil texture does not 

control the infiltration rate (such as volcanic cinder) or where the soil texture of the 

drainage area is predominantly sand. Calibration data or results of regional studies 

are necessary to justify the selection of parameters for the IL + ULR method. 

Determination of Soil Texture 

The normal method to estimate infiltration losses requires the 

classification of soil according to soil texture (Figure 3-1 ). Two sources of 

information are available in Arizona to determine the soil texture. The following 

procedure should be applied when determining soil texture from these sources. 

SCS Soil Survey- For limited areas of Arizona: 

1 . Locate the watershed boundaries and subbasin boundaries on the detailed soil 

maps. 

2. List the map symbol and soil name for each soil that is conta ined within the 

watershed boundaries. 
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3. Read the description of each of the soil series and each mapping unit. Try to 

identify the soil texture that best describes each soil (or the top 6 inches of 

layered soils). 

4. Consult soil properties tables of the soil survey, and from the columns for soil 

depth and dominant texture, make the final selection of soil texture that will 

control the infiltration rate. The size gradation data that is provided in the 

tables can also be used to assist in selecting the soil texture. Many of the 

soils in Arizona contain significant quantities of gravel, and the adjective 

"gravelly," when used in conjunction with the soil texture, can either be 

disregarded when it is used in conjunction with "sandy," that is, gravelly 

sandy loam can be taken as equ ivalent to sandy loam; or "gravelly" can be 

used as a replacement for "sandy" when used alone, that is, gravelly clay can 

be taken as equivalent to sandy clay. Similarly, adjectives such as "very fine" 

and "very coarse," usually used in association with sand, can be disregarded 

in determining soil texture classification. 

General Soil Map- For each County in Arizona: 

1. Locate the watershed boundaries and subbasin boundaries on the general soil 

map. (Since these maps are 1:500,000 scale, it may only be possible to 

locate the watershed.) 

2. Identify the soil association(s) from the map. 

3. Read the description of each soil which will identify the soil texture and soil 

depths . 

4. Consult the soil properties tables of the general soils report, and from the 

columns for soil depth and texture make the final selection of soil texture that 

will control the infiltration rate. Comments regarding the use of adjectives 

such as "gravelly," and "very fine" or "very course" are the same as item 4 

above . 
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INSTRUCTIONS 

Green and Ampt Infiltration Equation based on Soil Texture 

1. Prepare a base map of the drainage area delineating modeling subbasins , if 

used. 

2. Delineate subareas of different soils on the base map. Determine the soil 

texture for each subarea and also assign a land-use or surface cover to each 

subarea. 

3. Determine the size of each subbasin and size of each subarea within each 

subbasin. 

4. Estimate the impervious area (RTIMP) for each subarea (Table 3-3). 

5. Calculate the area weighted RTIMP for the drainage area or each subbasin. 

6. Estimate the surface retention loss (lA) for the drainage area or each subarea 

(Table 3-1). 

7 . Calculate the area weighted value of lA for the drainage area or each 

subbasin. 

8. If the drainage area or subbasin consists of soil of the same textural class, 

then select XKSAT, PSIF, and DTHETA for that soil texture (Table 3-2). 

Proceed to Step 10. 

9. If the drainage area or subbasin consists of subareas of different soil textural 

classes, then calculate the composite value of XKSAT (Equation 3-1), and 

select the composite values of PSIF and DTHETA (Figure 3-3). 

10. Estimate the percent vegetation cover and determine the hydraulic 

conductivity (XKSAT) correction factor (Ck) (Figure 3-2). 

11. Apply correction factors (Ck) from Step 10 to the value of XKSAT from either 

Step 8 or Step 9. 

12. The area weighted values of RTIMP, lA, XKSAT, PSIF, and DTHETA for the 

drainage area or each subbasin are entered on the LG record of the HEC-1 

input file. 
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------- --------

Initial loss plus Uniform loss Rate (ll + UlR) 

The following method can be used only when it is known that soil texture does 

not control infiltration rate. This method must be used with adequate calibration or 

verification to justify the use of uniform loss rates that may exceed the hydraulic 

conductivities shown in Table 3-2. 

1. Prepare a base map of the drainage area delineating modeling subbasins, if 

used. 

2. Delineate subareas of different infiltration rates (uniform loss rates) on the 

base map. Assign a land-use or surface cover to each subarea. 

3. Determine the size of each subbasin and size of each subarea within each 

subbasin. 

4. Estimate the impervious area (RTIMP) for the drainage area or each subarea 

(Table 3-3). 

5. Estimate the initial loss (STRTl) for the drainage area or each subarea by 

regional studies or calibration. Alternatively, Equation 3-2 can be used to 

estimate or to check the value of STRTL. 

6 . Estimate the uniform loss rate (CNSTL) for the drainage area or each subarea 

by regional studies or calibration. 

7. Calculate the area weighted values of RTIMP, STRTL, and CNSTL for the 

drainage area or each subbasin. 

8. The area weighted values of RTIMP, STRTL, and CNSTL for the drainage area 

or each subbasin are entered on the LU record of the HEC-1 input file . 
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TABLE 3-1 

Surface retention loss for various land surfaces in Arizona 
(To be used with the Green and Ampt Infiltration Equation 

for estimating rainfall losses.) 

Land-use and/or Surface Cover 

( 1 ) 

Natural 

Desert and rangeland, flat slope 

Desert and rangeland, hill slopes 

Mountain, with vegetated surface 

Developed (Residential and Commercial) 

Lawn and turf 

Desert Landscape 

Pavement 

Agricultural 

Tilled fields and irrigated pasture 
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Surface Retention Loss (lA) 
inches 

(2) 

.35 

.15 

.25 

.20 

.10 

.05 

.50 



TABLE 3-2 

Green and Ampt Infiltration Equation loss rate parameter values 

for bare ground 

Soil Texture XKSAT PSIF DTHETAa 

Classification in/hr inches Dry Normal Saturated 

( 1 ) (2) (3) (4) (5) 

sandb 4.6 1.9 .35 .30 

loamy sand 1.2 2.4 .35 .30 

sandy loam .40 4.3 .35 .25 

loam .25 3 .5 .35 .25 

silt loam .15 6.6 .40 .25 

silt .10 7 .5 .35 .15 

sandy clay loam .06 8.6 .25 .15 

clay loam .04 8.2 .25 .15 

silty clay loam .04 10.8 .30 .15 

sandy clay .02 9 .4 .20 .10 

silty clay .02 11.5 .20 .10 

clay .01 12.4 .15 .05 

a Selection of DTHETA: 
Dry - for nonirrigated lands such as desert and rangeland 

Normal - for irrigated lawn, turf, and permanent pasture 
Saturated - for irrigated agricultural lands 

b The use of the Green and Ampt Infiltration Equation for drainage 
areas or subbasins that are predominantly sand should be avoided 
and the ll + ULR should be used. 
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(6) 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 



TABLE 3-3 

General guidance for selecting 

Effective Impervious Area (RTIMP) 

Effective Impervious Area, in percent 

Land-Use Mean Range 

( 1 ) (2) (3) 

Single-Family Residentia l 

1/4 acre 30 23-38 

1/3 acre 22 15-30 

1/2 acre 17 9-25 

1 acre 14 8-20 

2 acres 12 7-20 

Multi-Family Residentia l 54 42-65 

Commercial 85 51 -98 

Industrial 59 46-72 
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F/Cii/,R~ 3-/ 
SOIL TEXTURE CLASSIFICATION 
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Clay 

Clay\~~~--
; A clay loam 

Silty loam 

100 ~--~----~--~~L-r----*----r---~----r----r----~0 
0 10 20 30 40 50 60 70 80 90 100 

% Silt-+ 

Definitions: Clay - mineral soil particles less than 0.002 mm in diameter. 
Silt mineral soil particles that range in diameter from 

0.002 mm to 0.05 mm. 
Sand mineral soil particles that range in diameter from 

0.05 mm to 2.0 mm. 

Example: Point A is a soil composed of 40% sand, 35% silt, and 25% clay. 
It is classified as a clay loam. 
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EXAMPlE No. 1 

Estimate the Rainfall loss Parameters for Agua Fria River Tributary, Youngtown, 

Arizona 

The rainfall loss parameters are estimated for a 0.13 square mile drainage area 

in Youngtown, Arizona. A drainage area is delineated on a topographic map, as 

shown in Figure 3-4. From the SCS Soil Survey of Maricopa County, Arizona, 

Central Part, September 1977, the soil series is Perryville (PeA), described as a 

gravelly loam in hydrologic soil group B. Particle size gradation of this soil from the 

soil survey is as follows: 

Sieve No. Particle Size, mm % Passing Sieve 

4 4.76 80-90 

10 2.00 (sand) 55-75 

40 .42 40-55 

200 .074 (silt and clay) 30-40 

From this size gradation data it is noted that 25 to 45 percent of this soil is coarser 

than sand, 15 to 25 percent is sand, and 30 to 40 percent is silt and clay. Data 

are not normally provided in the SCS soil surveys to estimate the percentage clay. 

From this information, it is concluded that the soil texture classification is best 

described as a sandy loam (SL). 

The drainage area is nearly all single-family residential with about 1/4 acre or 

slightly smaller lot size. About 50 percent of the residential lots are irrigated turf, 

although some lawns are in poor condition and the vegetation cover is estimated 

as 75 percent. The other 50 percent of the residential lots are desert landscaped. 

15-305-4 



The loss parameters are estimated as follows: 

lA = 0.10 inch Table 3-1 Residential, Desert Landscape 

0.20 inch Table 3-1 Residential, Lawn and Turf 

DTHETA = 0.35 Table 3-2 Desert Landscape 

0.25 Table 3-2 Irrigated Lawn 

PSIF = 4.3 inches Table 3-2 Sandy Loam 

XKSAT = 0.40 in/hr Table 3-2 Sandy Loam (bare ground) 

ck = 1.12 Figure 3-2 XKSAT correction factor at 75 percent 
ground cover 

XKSAT = 0.40 for Desert Landscape 

XKSAT = ( 1. 72)(.40) = 0.69 in/hr for Lawn 

RTIMP = 30 percent Table 3-3 Single-Family Residential, 1/4 acre 

The area weighted parameters are calculated as follows: 
lA = .50(.1 0) + .50(.20) = 0.15 inch 

DTHETA = .50(.35) + .50(.25) = .30 
PSIF = 4.3 inches 

XKSAT = .50(.40) + .50(.69) = 0.54 in/hr 
RTIMP = 30 percent 

The LG record is coded as follows: 
LG, lA, DTHETA, PSIF, XKSAT, RTIMP 
LG, .15, .30, 4.3, .54, 30 

15-305-4 
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