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INTRODUCTION 

Many cities have developed near streams because water for drinking, 
irrigation, power, industry, and waste disposal is normally readily 
available. The expansion of cities has caused stress on the water 
supply, a very important natural resource. Two basic problems have re-
sulted: (a) the demand for water has increased beyond supply; and 
(b) runoff from urban areas has seriously increased the frequency and 
magnitude of floods. Consequently, zoning flood plains and planning 
for dams, reservoirs, and storm sewers are of paramount importance. 

The City of Waynesboro, Virginia, is an example of an area that has 
evolved on a flood plain. Local county and city planners are actively 
seeking ways to predict growth and evaluate its impact on the drainage 
system. This type of planning requires a knowledge of the volume of 
runoff to be expected from a given rainfall. 

During the past decade, research efforts have focused on the development 
of hydrologic models which have the capability to simulate flow response 
when a drainage area is subjected to some rainfall distribution. These 
models have been lumped parameter models, where parameters are based on a 
weighted average of such factors as soils, land use, and topography. The 
models are relatively easy to use when necessary data requirements are 
available, but they normally are not readily adaptable to situations such 
as non-uniform rainfall. 

This report covers one phase of a cooperative research effort sponsored 
by the Virginia Water Resources Research Center and conducted jointly by 
Virginia Military Institute and Virginia Polytechnic Institute and State 
University to develop a hydrologic model for the South River drainage basin 
immediately above the City of Waynesboro, Virginia. The work at VPI & SU 
is being conducted jointly by the Departments of Civil Engineering and 
Agricultural Engineering. The Department of Civil Engineering has the re-
sponsibility for developing a routing routine utilizing the finite element 
technique to provide temporal and spatial history of overland flows. Input 
to the Civil Engineering routine will be precipitation excess, and this phase 
of the overall program will be the focus of this report. 

The model presented in this paper is based on hydrologic response units, 
i.e., areas which respond similarly to a given rainfall input. The criteria 
necessary for the development of these units are given and is followed by an 
outline of a computer program designed to generate precipitation excess 
(rainfall-infiltration) for each unit. In addition, some preliminary re-
sults are presented which illustrate the potential effect of various land-
management practices. 



LITERATURE REVIEW 

The runoff process describes how total rainfall ultimately reaults in the 
discharge of excess rainfall. In recent years, mnuy hydroloi.zic model~ have 
been developed to simulate this process (e.g., Schulze, 1966). Most techniques 
involve moisture accounting as a function of infiltration. Consequently, this 
review will be limited to pertinent infiltration models. The different models 
can be divided into two major groups: theoretical and empirical methods. 

Theoretical Methods 

Most theoretical methods for predicting precipitation excess are based on 
Darcy's Law as applied to the wetting front in the soil. All display a depen-
dency on soil properties, but vary in dependency on time and rainfall intensity. 

The Green and Ampt Equation 

Green and Ampt (1911) developed a relationship to predict the flow of water 
throuKh the soil based on Darcy's Law and the assumption that the soil acts as 
an aggregate of capillary tubes differing in area, direction, and shape. A 
homogeneous deep soil with a uniform initial moisture content and a ponded sur-
f ace are also basic assumptions in their equation. Infiltration capacity is 
determined from the relationship 

where. 

f = A ( 1 + B ' (P + H» 
f 

f is infiltration capacity 
F is accumulative infiltration 
H is head of water on surf ace 
P is capillary potential at the wetting front 

[ 1] 

A,B''are constants dependent on soil type and moisture conditions 

The head of water on the surface and capillary potential 
front are difficult to obtain under field conditions, which 
the applicability of the method. Estimates for constants A 
determinea empirically for a particular set of conditions. 
plays no dependency on rainfall intensity or time. 

The Richards Flow Equation 

at the wetting 
seriously limit 
and B' can be 
The equation dis-

Richards (1931) combined Darcy's Law with the equation of continuity to 
obtain the following nonlinear partial differential equation for vertical 
water movement in the soil during unsaturated conditions: 

ae ~K ah) + aK at"= ax ax ax 

2 
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where 
e is moisture content of the soil 
t is time 
x is position of the wetted front 
h is capillary potential at the wetted front 
K is unsaturated hydraulic conductivity 

Like the Green and Ampt equation, the Richards equation requires knowledge 
of the capillary potential at the wetted front. In addition, the saturated 
hydraulic conductivity of the soil must be estimated, which is very difficult 
to determine, particularly under field conditions. The equation stresses 
time-dependency, but involves no direct dependence on rainfall intensity. 
Despite obvious disadvantages, the method is considered to be a theoretically 
sound procedure for determining vertical movement of water in a soil column. 

The Philip Equation 

Philip (1957) solved the soil moisture flow equation assuming a homogeneous 
deep soil with a ponded surface. The solution is in the form of an infinite 
time series (t), with the diffusivity and moisture retention characteristics 
of the soil defining the coefficient for each term. Since the series converges 
quite rapidly, usually only the first two terms are retained to give 

where 

F = st~+ At [3] 

F is volume of infiltration to time, t 
s, A are constants dependent on soil type and initial soil 

moisture content 

This equation is simple when limited to the first few terms in the series. 
Like the Green and Ampt equation, however, the constants s and A must be ob-
tained by fitting the equation to actual data. This equation, like the the-
oretical methods previous.ly discussed, is not a direct function -of rainfall 
intensity, but is clearly time-variant. 

The Mein and Larson Equation 

Mein and Larson (1971) developed a set of two equations to predict infil-
tration based on Darcy's Law. They considered three conditions in the development 
of their model. Case A was defined to include all periods during which the 
rainfall intensity was less than the saturated hydraulic conductivity (Ks); that 
is, by definition no runoff will occ.ur until the soil becomes saturated, at which 
time runoff equals precipitation • 

Case B was defined to include the condition when the rainfall rate exceeded 
the saturated hydraulic conductivity but was less than the maximum infiltration 
rate. The model developed for this case was 

(S ) (IMD) av [4] 

3 



where 
F is infiltration volume to start of runoff s 
IMD is initial soil moisture deficit 
I is rainfall intensity 
K is saturated hydraulic conductivity s 
S is capillary potential at the wetted front, represented av by the area under the capillary suction (S) versus rela-

tive conductivity of the soil (K) curve, from K=0.01 to 
1.0 

Finally, Case C was defined to include the condition when rainfall rate exceeded 
the infiltration capacity of the soil. In their method they stated that 

where 

f = (K ) (1 + (IMD - 8av)) 
p s 

f is infiltration capacity p 

F 

K is saturated hydraulic conductivity s 
IMD is initial soil moisture deficit 
Sav is capillary potential at the wetted front 
F is infiltration volume 

[S] 

This method, like others, is cumbersome to use because of the difficulty 
associated with determining S • However, it is a definite improvement over 
previous methods because it a~¥empts to define threshold conditions. The 
model is a function of rainfall intensity and is time-invariant. 

Empirical Methods 

In addition to the numerous theoretical methods for predicting precipitation 
excess, there exist a number of methods based on the relationship of a decreas-
ing infiltration capacity to an increasing volume of water in the soil profile. 
These models attempt to fit observed infiltration to a decay-type function. 
Most empirical methods require fitting of the equation to actual data to obtain 
one or more necessary parameters. 

The Kostyakov Equation 

The Kostyakov equation (1932) takes the general form 
b F = at 

where 
F is total infiltration volume 
t is time from onset of infiltration 
a is constant dependent on soil type and initial soil 

moisture content 
b is a constant dependent on soil type that ranges 

between 0 and 1.0 

[6] 

Mein and Larson (1971) noted that the simplicity of this model and its 
adaptations have promoted its widespread use. However, the constants a 

. 4 



and b must be fitted by use of field data, and threshold conditions must 
be estimated. The equation is time-variant but does not consider rainfall 
rate. 

The Hortan Equation 

Hortan (1939) proposed the following model for predicting precipitation 
excess: 

where 

f = f + (f - f )e-kt 
p c 0 c 

f is infiltration capacity at time, t p 
f is initial infiltration capacity 

0 

f is final or equilibrium infiltration capacity c 

[7] 

k is constant dependent on soil type and initial moisture 
conditions 

The equation is easy to use once the constants are defined. The constants 
f , f , and k must be fitted to field data. The model does not provide a means .o c 
for direct computation of infiltration recovery -- a distinct disadvantage in 
continuous modeling of watershed systems. The initial infiltration rate is 
also very difficult to estimate with reasonable reliability. 

The Non-Linear Loss Relation 

The U.S. Army Corps of Engineers (1973) developed the following non-linear 
relationship between rainfall and runoff: 

where 
L = KPE [ 8] 

L is loss rate (infiltration) in in/hr. 
K is a coefficient which decreases with increasing ground 

wetness 
P is average rainfall rate in in/hr. for given basin 
E is exponent which varies between 0.0 and 1.0 

The exponent E is a function of land use and soil characteristics and 
usually ranges from 0.3 to 0.9. The loss rate becomes independent of rainfall 
intensity when E is set to O. 

The coefficient K is estimated by: 

where 

K = K C-(L/10) 
0 

K0 is initial loss coefficient, in inches 
C is coefficient controlling rate of decrease for K 
L is accumulated loss during storm, in inches 

5 
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By considering the initial soil moisture deficit: 

L = (K + K')PE [ 10] 
where 

K' is 0.2D(~) 2 where L/D is less than 1.0 
D is initial soil moisture deficit in inches 

This method is indirectly dependent on both rainfall intensity and time, 
but constants K, E, K0 , C, and D must be fitted from field or laboratory 
data. 

The Soil Conservation Service Method 

The Soil Conservation Service (1972) developed a method for predicting 
precipitation excess based on the soil-vegetative complex. Initial soil 
moisture content is reflected in Ia, referred to as the initial abstraction. 
The Soil Conservation Service (SCS) recommends Ia be set to 20% of the po-
tential maximum storage (S). Actual retention is represented by (P-Ia-Q), 
where Q is the precipitation excess and P is the rainfall in in/hr. The 
ratio of actual retention to the potential maximum retention (S) is equal 
to the ratio of actual runoff to potential maximum runoff (P-Ia). Thus, 

(P-Ia) 2 
Q = (P-Ia) + S [ 11] 

S can be estimated by runoff curve numbers, CN, for any particular soil-
cover complex using the following: 

CN = 1000 
S+lO [ 12] 

As retention (S) approaches infinity, CN approaches zero and when S becomes 
O, CN is equal to precipitation. This method has attained wide usage, par-
ticularly within the SCS, but the determination of CN requires the use of a 
weighted average ba.sed on the existing soil-vegetative complex. Depending 
upon the size and detail of the watershed, this can entail many calculations. 

The Holtan Equation 

Holtan (1961) developed the following empirical equation which defines 
infiltration as a function of soil water volume: 

where 

n f = a(S-F) ·· +f c 

f is rate of infiltration in in/hr. 
S is unfilled storage potential of a soil above the 

impeding strata, in inches. Initially equal to 
available storage minus antecedent soil moisture 
is accumulated infiltration in inches F 

f c is constant rate of infiltration after prolonged 
wetting, in in/hr. 

a and n are constants for a 
complex 

particular soil-vegetative 

6 
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The constant f, in general, ranReH from 0.45 to O.JO for hydrn.ll1Ry Rrm1p 
A; 0.30 to 0.15 f&r hydrology group B; 0.15 to 0.05 for hydrology group C; 
and 0.05 to 0.0 for hydrology group D. 

The value for n is generally set to 1.4, but a must be fitted to actual 
data from a specific area. Estimates are available for various cover crops 
(Holton and Lopez, 1971). 

Infiltration recovery is achieved through evapotranspiration and deep 
seepage. Time and rainfall intensity indirectly influence the precipitation 
excess value generated by this method. 

OBJECTIVES 

Most hydrologic models have been structured to predict streamflows based 
on the lumped parameter concept. This technique has been successful, par-
ticularly for water yield predictions. However, recent emphasis on land use 
planning has created a need for models with sufficient flexibility and reli-
ability to predict the impact of watershed change and/or modification on the 
stream system draining the area. 

In response to this need, this project began with a general goal to develop 
a hydrologic model to predict the effects of land use change. This report 
focuses on the following specific objectives: 

a) Develop a technique for defining areas which are 
hydrologically homogeneous from readily determinable 
watershed conditions. 

b) Develop a computer algorithm to predict excess 
precipitation on each hydrologic response unit. 

HYDROLOGIC RESPONSE UNITS 

Since the objective of this study was to develop criteria for describing 
the effects of land use change on the discharge from a drainage area, para-
meters changing the effect of these factors on runoff must be incorporated 
into any model. It is important that spatial uniqueness be maintained so 
that runoff contribution from a specific point in the watershed can be traced. 
To meet these requirements the area was subdivided into hydrologic response 
units. The following section describes the vegetative-soil characteristics 
that were used to identify a given unit. Data from the Rocky Run Watershed 
(located in Brunswick County, Virginia) is used to describe the procedures. 

Data contained in detailed soils and land-use maps were used to determine 
the hydrologic response units. The land-use maps contained the type and 
extent of cover, while the soil maps identified soil type, erosion class, and 
land surface slope class. Typical land-use classifications were fallow, row 
crop, small grain, pasture, woods, ponds, and paved area. As many classifi-
cations can be included as needed to describe the existing cover. 

Soil maps, as mentioned above, are based on soil type, erosion class and 
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surface slope. Often, however, soil types may differ in such characteristics 
as color or parent material, yet have the same texture, hydrology grouping, 
and horizon depth. For the purposes of this model, such soil types can be 
grouped together. Overlays of the two maps were used as guides to determine 
the hydrologic response unit. In using overlays it is very important that 
maps have the same scale. It was found beneficial to grid the maps and enter 
the grid points into a data file accessible by a computer. Each soil type 
and land use was assigned a different symbol, for example W for woods. Grid 
points falling within these response areas were entered with the corresponding 
symbol. After these grid points have been entered into a data file, they can 
easily be manipulated on a computer terminal in an interactive edit mode. For 
example, soil type A and soil type B have similar hydrologic characteristics 
and should be grouped as one unit. This can be accomplished by simply re-
defining the symbols for A and B to a common symbol. 

In addition to simplifying the process of regrouping, gridding provides a 
technique whereby maps with different scales can be easily compared. A trans-
parent grid network drawn to the desired scale can be placed over the map to be 
rescaled. The grid data resulting from this network redefines the area coverage 
to the scale represented by the transparency. 

After appropriate groupings are completed, computer printouts similar 
to Figures 1 and 2 can be obtained. Transparencies were made of computer 
printouts (e.g., Figs. 1 and 2) for corresponding soil and land use maps, 
i.e., maps of the same area. These transparencies were then overlaid. Each 
set of soil and land-use characteristics was assigned a new symbol. The 
procedure is illustrated in the schematic given in Figure 3. Figure 3a re-
presents part of a soils map with two soils, coded as A and B. Figure 3b 
represents the corresponding land-use map of that area with three fields, 
woods coded as W, pasture coded as P, and small grain coded as S. Figure 3c 
represents an overlay of these two maps, showing new delineations based on 
both the soil and the land-use characteristics. For example, small grain 
on soil B is redefined as 5, woods on soil B is redefined as 4; the area 
defined as 2 is pasture on soil A. This procedure is continued until the 
entire area of interest is redefined. Figure 4 is the map that resulted when 
Figures 1 and 2 were combined, using the above procedure. This grouping 
(Figure 4) represents the initial categorization of Rocky Run Watershed into 
hydrologic response units. In a latter section, procedures to refine these 
groupings based on the results of a precipitation excess generator will be 
discussed. 

8 
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Figure 1. Digitalized soils map for 
Rocky Run Watershed. 
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Figure 2. Digitalized land use map for 
Rocky Run Watershed. 
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Figure 3. Schematic illustration of the process for determinin~ 
hydrologic reaponae units. 
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Figure 4. Digitalized hydrologic response 
unit map for Rocky Run Watershed. 
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INFILTRATION MODEL 

Infiltration equations developed by Mein and Larson (1971) and Holtan 
(1961) were selected to be used in this study. The recent work of Mein 
and Larson (1971) was appealing, because their method attempted to define 
threshold conditions necessary for runoff to occur. The Holtan equation, 
although empirical, has obvious advantages for continuous modeling and 
takes into account storage recovery, vegetative cover, soil characteristics, 
soil moisture content, and if necessary, ponding effects. The equation has 
been shown to fit a wide variety of data and is easy to apply (Holtan, et al., 
1967). In addition, the parameters required parallel the criteria for de-
termining a hydrologic response unit. 

The Mein and Larson equation is more difficult to apply, because the 
unsaturated hydraulic conductivity of the soil must be available. This 
presents an immediate difficulty, since unsaturated hydraulic conductivities 
are available for a very limited number of soils and locations. In addition, 
unlike Holtan's equation, this method does not account for storage recovery 
or provide a direct way of introducing variations in vegetative cover. It 
does, however, define the conditions prior to and after flooding. Thus it 
has an advantage over methods such as the Green and Ampt equation and the 
Philip equation which presuppose the presence of a ponded surface. 

A study by Skaggs, et al., (1968) determined a correlation coefficient 
for the Green and Ampt, Hortan, Philip, and Holtan equations. All coeffi-
cients were above 0.90, with the Holtan equation being 0.988, the Hortan 
equation 0.987, the Philip equation 0.936, and the Green and Ampt equation 
0.935. Since Mein and Larson's equation has, as do all theoretical methods, 
Darcy's Law as its basis, one would expect a correlation coefficient for 
that method of over 0.90, consistent with the results displayed by the Green 
and Ampt and Philip equations. Thus it appears that the correlation coeffi-
cients for both methods chosen would lie within an acceptable range, provided 
parameters for these models can be determined. 

Parameters 

Storage Capacity 

Storage capacity within a soil profile is defined in this study as the 
percentage of pore space in a unit volume. A typical unit of soil is composed 
of solids and pore space. The pore space is occupied by both air and water. 
This breakdown is illustrated by the schematic given in Figure S. The hydro-
scopic water is moisture that can only be removed by oven drying and therefore 
is unavailable to plants. Normally, this water is not considered in modeling 
because it does not enter into the evapotranspiration process. The point at 
which water becomes available for plant use is called the wilting point. There 
is a small and insignificant amount of soil water held below the wilting point 
and above the hygroscopic coefficient. Soil water readily available for plant 
use is designated as AW, and its upper limit is defined as field capacity. The 
remaining voids, designated a SGW, when filled with water are defined as gravity 
water, because water in these large pores is moved through the soil profile by 
gravitational forces. The upper limit of the volume is defined as the satura-
tion point, or total porosity. The remaining volume consists of solids. 
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The potential water storage capacity for a specific soil is determined 
by its textural class. Both infiltration equations used in this study 
utilize the potential water storage capacity of the soil. Infiltration is 
related to the volume of unfilled pore space, i.e., pore space not contain-
ing water. If the volume of water is defined as V , then the volume of 
unfilled pore space becomes w 

where 
S = SGW + AW - V 

w 

S is total available storage per unit depth, in/in. 
SGW is gravity water per unit depth, in/in. 
AW is plant available water per unit depth, in/in. 

[14] 

Typical volumes of S, SGW, and AW for sixteen textural classes are 
summarized in Table 1 (England, 1970). 

Table 1. Estimates by t~xture of the total water storage capacity in 
a soil. 

Soil texture 

cs 
cSL 
s 
LS 
LfS 
SL 
fSL 
vfSL 
L 
SiL 
SCL 
CL 
Si CL 
SC 
SiC 
c 

Soil Depth 

Gravity water 
storage (SGW) 

(in. /in.) 

.177 

.153 

.190 

.269 
• 2 7'2. 
.18() 
.235 
.210 
.144 
.11!1 
.1311 
.130 
.084 
.116 
.091 
.073 

Available water Total storage 
storage (AW) (S) 

(in. /in.) (in. /in.) 

.067 .244 

.087 . 245 

.133 .323 

.101 .370 

.054 .326 

.123 .309 

.131 .366 

.117 .327 

.156 .300 

.199 .313 

.119 .253 

.127 .257 

.149 .233 
• 078 .194 
.123 .214 
• J,.15 .188 

The Holtan equation relates infiltration to the potential water storage in 
a finite depth. It has been shown that the depth to the first impeding horizon 
gives a reasonable approximation of the infiltration rate. This depth was de-
fined by Holtan and Lopez (1971) as the depth of the A horizon. However, the 
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Mein and Larson equation assumes n homogeneous son wJth an unconrtned depth. 
The equation was modified by the authors of thiH n~port to prov:ldt- for 11 fln1tt~ 
soil depth, because most rainfall intensities were leAs than the snturated 
hydraulic conductivity and were assumed to infiltrate. The finite depth 
assumption proved more reasonable when using the model under the conditions 
of this study. 

The depth of the A horizon was determined f~om typical profile descriptions 
which are normally included in a detailed soil survey. The typical profile is 
usually a class B slope with an erosion class 2. A typical profile description 
for an Appling series, gritty sandy loam phase is shown in Table 2. 

Table 2. A typical soil profile description for an Appling series, 
gritty sandy loam phase 

Horizon Depth 

(in.) 

AP 0-5 

B2t 5-26 

B3 26-38 

c 38-42 

Description 

Yellowish-brown (10 YR 5/ 4 very friable 
gritty sandy loam; \~eak fine granular 
structure; many small roots; strongly 
acid; 4 to 12 in. thick; clear smooth 
boundary. 

Yellowish-red (5 YR 5/6) with common 
medium faint mottles of yellowish-brown 
(10 YR 5/8) and pale brown (10 YR 6/3) 
friable clays; moderate medium sub-
angular blocky structure; few small 
roots; distinct and continuous clay 
films on most peds; strongly acid; 15 
to 25 in. thick; gradual wavy boundary. 

Yellowish-brown (l~ YR 5/8) with com-
mon medium and distlnct mottles of 
yellowish-red (5 YR 5/6) and pale brown 
(10 YR 6/3) friable clay loam; moderate 
medium subangular structure; thin 
discontinuous clay films on a few peds; 
strongly acid; 8 to 18 in, thick, 
gradual wavy boundary. 

Mottles yellowish-red (5 YR 5/6), yel-
lowish-brown (10 YR 5/6) and red (2.5 
YR 5/6 clay loam with numerous highly 
weathered rock fragments. 
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There will be other soils in the same series that have a different slope 
or erosion classification. When these are not described, the description 
of the typical profile can be extended, with modification, to determine the 
depth of the A horizon for these other phases. For example, an Appling 
series -- gritty sandy loam phase with a D slope (10 to 15%) -- would pro-
bably have a depth of the A horizon of 4 inches. If the soil is also severely 
eroded, the A horizon could be as shallow as 3 inches. If rock outcrops occur 
to a great extent, it is also an indication of a shallow soil. 

Initial Soil Moisture 

The initial soil moisture content (IMC) is necessary for both models. It 
is required in defining the initial moisture deficit (IMD) in the Mein and 
Larson equation and must be known to calculate the total available storage 
(SWS) in the Holtan equation. The IMC is defined as the soil water content 
antecedent to the rainfall event minus the moisture content at wilting point. 
It is usually given as the percentage of total storage, SWS, and ranges between 
0 and 1. 

Correcting storage in the Mein and Larson equation for initial soil moisture 
content gives 

!MD = (SGW +AW) = (SGW + AW)IMC [15] 
where the variables are as previously identified. 

Correcting storage in the Holtan equation for IMC gives 

SWS = (S - (S) (IMC)) DEPTH [16] 

Constants for the Mein and Larson Equation 

Two constants that are needed specifically for the Mein and Larson equation 
include the saturated hydraulic conductivity (SKS) and the capillary potential 
at the wetted front (SSAV). 

The saturated hydraulic conductivity is directly dependent upon soil tex-
ture, since it determines the number and size of soil capillaries {Mein and 
Larson, 1971). Using the data of Holtan, et al., (1968) and by arranging 
textural class averages of saturated hydraulic conductivities for several 
hundred soils on a textural triangle (Figure 6), it was noted that SKS was 
approximately logarithmic on the basis of percentage of clay. Combining 
this with a linear regression analysis to fit the data to an equation resulted 
in the following relationship for determining saturated hydraulic conductivity 
based on soil texture: 

SKS 4(1-Si) [17] cz 
where 

Si is percent of silt in the soil, expressed as a decimal 
c is percent of clay in the soil, expressed as a decimal 
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Figure 6. Illustration of the logarithmic characteristics of saturated 
hydraulic conductivities as related to textural class. 
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The capillary potential at the wetted front (SSAV) can be represented by 
the area under the relative hydraulic conductivity versus soil moisture 
tension curve, where K is the ratio of unsaturated to saturated hydraulic r 
conductivity. Data for the unsaturated hydraulic conductivity at differing 
moisture tensions for textural classes is usually not available and difficult 
to obtain under field conditions. However, as the moisture tension approaches 
zero, the soil approaches saturation and hence, the unsaturated hydraulic con-
ductivity approaches the saturated hydraulic conductivity at this point for all 
soil textures. Therefore, one point on the curve is obtainable. 

Further, in a study by Bouma, et al., (1971), curves of soil moisture 
tension versus hydraulic conductivity were determined for several different 
textural classes. Curves were constructed for each textural class (Figures 
7 and 8) using these as a guideline for their general shape and range. The 
curves (Appendix C) were then transferred to coordinate paper, cut and weighed 
to determine the area under the curve for each textural class. As suggested 
by Mein and Larson (1971), only that area between K =0.01 and K =1.0 was used r r 
in determining SSAV. This is due to the difficulties in defining the curve as 
it approaches zero. Table 3 shows both the saturated hydraulic conductivity 
and the capillary potential at the wetted front for fourteen classes. Values 
for textures involving the various sand sizes can be estimated by use of the 
curves from Figure 7. For example, the hydraulic conductivity of a very fine 
sandy loam would range somewhere between a fine sandy loam and a sandy clay 
loam. 

Table 3. Estimates based on soil texture for the saturated hydraulic 
conductivity, SKS, and capillary suction at the wetting 
front, SSAV, tor the Mein and Larson equation. 

Soil texture SKS SSAV 

(in. /hr) (in.) 

cSL 15.000 3.00 

s 2l1.934 1.98 

LS 22.310 1.00 

SL 4.921 9.99 

fSL 3.0 11.00 

L .984 14.17 

SiL 1.020 4.63 

SCL . 892 6.74 

CL .348 2. 96 

Si CL .241 4.68 

SC .308 2.37 

SiC .144 3.32 

Si 2.625 0.996 

c .181 2.03 
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Constants for the Holtan Equation 

Three additional constants are necessary for the Holtan equation. These 
arc tl1c exponential constant, C, the flnnl rnte of tnflltrntion, SFC, nnd 
the land use factor, AH. 

Although C was first thought to vary according to soil properties, it was 
later reported by Holtan, et al., (1967), that C could be set to 1.4 with 
little problem in accuracy. 

A and SFC are based on properties concordant with the criteria for determining 
hydrologic response units. The final rate of infiltration was defined by 
Holtan and Lopez (1971) as a range of values for each of the hydrology groups 
A, B, C, and D. Analysis of available soil data enabled soils to be assigned 
intermediate hydrology groups. These were designated by plus and minus signs. 
Table 4 sununarizes the SFC values for these hydrology groups. 

Table 4. Estimates by hydrology group for the final rate of 
infiltration, SFC, for the Holtan equation. 

Hydrology group SFC 

(in./hr) 
A+ 0.450 
A 0.400 
-A 0.350 

B+ 0.300 

B 0.250 
B 0.200 
c+ 0.150 
c 0.100 
c 0.075 

~ 0.050 

D 0.025 
D 0.000 

Impervious o.ooo 

The land use factor (AH) is given by Holtan (1961) as a range of values 
for a particular land use. Although his land use categorization was more 
detailed than that used in this study, it provided an excellent guideline 
for estimating the land use factor for the hydrologic response units. For 
example, no distinction was made in the study between permanent pasture and 
temporary pasture. Table 5 shows the land-use and corresponding values for 
parameter AH (Holtan equation) used in the model development. 
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Table 5. Eetimatee of the vegetative parameter, AH, for the Holtan 
equation. 

Land Use 

Impervious 
Fallow 
Row Crops 
Small grains 
Pasture 
Woods 

Vegetative Parameter (AH) 

o.oo 
0.20 
0.20 
0.30 
0.60 
1.00 

Evapotranspiration 

Evapotranspiration is not normally considered as a parameter or constant 
in hydrologic models. In this study, however, emphasis is focused on model-
ing single storm periods capable of causing severe flooding. Evapotranspir-
ation will not significantly affect the streamflow generations during these 
type events, simply because rates are very low. 

For the purpose of this study evapotranspiration is entered as a constant 
with units of in/day. It is assumed to be zero during rain periods and be-
tween the hours of 6:00 a.m. to 6:00 p.m. 

The Mein and Larson equation has no provision for infiltration recovery 
due to losses by evapotranspiration. The Holtan equation, however, provides 
an effective procedure for increasing infiltration potential because inf il-
t ration is a direct f\mction of remaining soil water storage. 

Evapotranspiration is assumed to prevail at the potential or maximum rate 
when the soil profile is greater or equal to field capacity. The tmfilled 
pore space is adjusted according to the relationship 

ET SWS • SWS 112 .0 (TINC) (18] 

where 
ET is the evapotranspiration rate, in/day. 
TINC is duration of the period of no rainfall in hours 

However, when soil water content is less than field capacity, the actual 
evapotranspiration rate was assumed to be proportional to the ratio AWC/S. 

The storage remaining was adjusted by the expression 

ET SWS • SWS + AWC/S C12 •0)(TINC) (19] 
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The evapotranspiration rate varies with the location of the watershed and 
the time of year when the storm occurs. The higher the evapotranspiration 
rate, the greater the storage recovery provided the storm conditions are con-
ducive to evapotranspiration. 

Computer Model 

A computer program was developed to determine precipitation excess by 
hydrologic response llllit when given rainfall, evapotranspiration, and program 
control cards as input. Computations were performed for each period during 
which the rainfall intensity was constant. These intervals were defined as 
a storm event. The basic procedure is essentially a moisture accounting 
technique whereby infiltration during any time interval is subtracted from 
the available storage. The procedure is repeated for each storm event. In-
filtration can be determined by either the Mein and Larson or Holtan equation. 

Assumptions 

During the development of the model the following assumptions were made: 

1. Homogeniety of the upper horizon 

Although an acutal soil profile is never homogeneous, 
for the purposes of modeling, the upper horizon is 
assumed to be homogeneous. 

2. Evapotranspiration 

It was assumed that evapotranspiration occurs only 
during periods of daylight when the rainfall intensity 
is zero. 

3. Depressional storage 

Since the effect of water storage in surf ace depressions 
during a storm of large magnitude will be negligible 
compared to total amount of excess, it was not included 
in the model. 

4. Plant interception 

The effect of rainfall interception by the leaves of 
plants is also negligible during storms of large mag-
nitude, and was not included in the model. 

5. Sealing of the soil 

Certain types of soils, particularly certain clays, expand 
when wetted, thus sealing the surface of the soil and making 
it somewhat impervious to infiltration. Although this is 
partially acco\lllted for by the textural and hydrologic class-
ifications, it is not directly accounted for by the model. 
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6. Model is worked in discrete time steps 

Calculations for precipitation excess were performed 
assuming that the rainfall intensity during a time 
step was constant and that the infiltration taking 
place did not affect the available storage until the 
end of that time step. 

Program Design 

The computer program for this model was written in sub~outines for ease 
in understanding and to allow future modifications to be accomplished with-
out major changes in the entire program. The function of each subroutine 
is briefly discussed below. Other comments are given in the program listing, 
Appendix B. 

Subroutine MAIN 

Precipitation data and program control data are entered by this subroutine. 

Subroutine PRECIP 

PRECIP collects the constants necessary for the two infiltration models, 
passes them to the subroutines XMEIN and HOLTAN, summarizes and prints the 
results of the calculations. 

Subroutine XMEIN 

XMEIN calculates the precipitation excess for each storm event for all 
response units using the Mein and Larson equation. 

Subroutine HOLTAN 

HOLTAN calculates the precipitation excess for each storm event for all 
response units using the Holtan equation. 

Subroutine TOPLOT 

TOPLOT plots recorded data and accumulated simulated precipitation excess 
versus time. The plots are optional with the option coded by the user on the 
program control data card discussed in a later section on input. 

Subroutine SOILS 

The user must supply data for SKS, SSAV, DEPTH, AWC, GW, and SFC for each 
hydrologic response unit through this subroutine. The data are arranged in 
Fortran DATA statements. Each variable must be dimensioned in a Fortran 
DIMENSION statement, with the dimension equal to the number of hydrologic re-
sponse tmits. 

A worksheet simplifies the process of determining this information. After 
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the hydrologic response units are determined, the basic information, soil 
texture, land use, hydrology group, and depth of the A horizon, can be 
entered on the worksheet (Table 6) and the appropriate constants determined 
from Tables 1, 3, 4, and 5. After the worksheet is completed, DATA state-
ments can be keypunched directly from the worksheet. The first value in 
each DATA statement will be the value of that constant for the first hydro-
logic response unit, the second value for the second hydrologic response 
unit, and so on. An example of the setup for the worksheet in Table 6 can 
be found in the program text in Appendix B, identified as SUBROUTINE SOILS. 

Table 6. A summary of the soil and vegetative characteristics for 
each hydrologic resnonse unit for Rocky Run Watershed. 

Soil Map 
Hap tex- Land HRU Depth src AH AW SGW SKS SSAV aym-,.,.4. •oor• HG uee ' ~.2.L ,,., §.i. -· 8+ wood• l - 5.0 0,3 1.0 0.087 0.158 15. 0 3.0 .E.._ -
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49C2 §L B~ r•a-. ure._ ~11 6.0 _9. 3 0.6 0.087 O_,.b58. 15.0 3.0 b 

§L B+ amap 12 ,___ 6_. <>. O.)_ ,__o. 3 0.087 ~<?..·_!18 ~o 3.0 49C2 ·- --- gra Ji 
~--- i--=--·--

4902 
c 
SL B+ wood a .11 __ 5.0 - O!}_ 1.0 0.087- 0.158 15.0 _3.~_ c 

4902 §L 8+ ~as- _ _!~-- 5.0 0.3 0.6 O.Q~ ~CJ.158 15.0 3.0 c ---~~r~-
4902 h B+ row 15 5.0 0.3 0.2 0.087 0.158 15.0 3.0 3 croo 
49D2 §L B+ ~!UP l~- ~9- .. 9_·1 0.3 0!987 0.158 -~~!Q -·~Q_ I ra n ---- ~-·-- ··-------
2511 §L B+ wood1 17 l~~~ .. !>..!.~. -·~·o __ 0.087 0.158 15.0 ~!_o D ·- -~-- - -- .. - -
2581 §L 8+ ~ .. - 18._ !.Q ~~- '9 .. 3_ ~·_Q,§._ O,Q87 .0.158 l}.O 3_.o d ··-- ure 

c 
a~ 

row 19 10.5 0.3 _Q_._~. ~.087 0.158 15!0 3.0 4 mL SL .. crop -··· 
2§83 SCL B I~··-ure 20 4.0 0.25 0 6 0 119 0,134 0.892 6.74 f 

c ~ ___ Lw_oC?d! _!_.Q__ 0.3 1.0 0.08] 0.128 _1~_.o -~_Jl_ G 25C2 S_L_ .-2L ~---

25C2 C + ·rH- ,_?L ,__!,_Q_ _Q. 3 0,6 0.08? Q.,.!.~!! -~5.0 3.0 a__ SL 8 · ure 
HC2 §L __ .-B+ ~1~~;-. 23 4.0 0.3 0.2 9~Q.8_7 ~11.~!5_8 _.!~..!..Q 3.0 _2_ •.•. ..;;o..__ ~- - t-- - - ---
25C2 §L I B+ .. ~i~lt 24 4,0 __ 0.3 0.3 O.O~] _Q, 12.f! _J._1& _h.Q_ 1-7-- .. - ~--· 

2502 
C + I 

25 3.0 0.3 1.0 0.087 0.158 15.0 3.0 H SL B I wood• 1C • r··- 3.0 0.3 0.6 0.087 0.15_~ ~_l,_5.0 3.0 h 25D2 'SL -t-B __ ui:e __ J 26 
~L ' B- 0 wood1 27 .,15.0_ 0.2 1.0 o._121 0.13 0.348 2.96 J 

---~ -:,:-·j- aa- ----- ,___. . -- --- ----q. _____ j _I_ -hf\,lrt!_ _J~-- 15.0 0.2 0.6 0.127 0.13 0.348 2.96 1 
1----- ·-r··- 10.5 o_.J_ 0.6 0.127 0.13 0.348 2.96 K 30D~-1-c_t. __ ' . B- -~ u_re _ _:'.9 ---

3111 ~I.. .. . 8+ --kooda .3Q_ ._]_._5 .. O.)_ _.l_....() O,Q_87 0.158 15.0 3.0 L -- ----- t---- ---c + I f•a- 7 5 0.3 0.6 0.087 0.158 15.0 3.0 I 3111 SL B ure 11 
111'1 §L 8+ wood a 32 7.5 0.3 1.0 0.087 0.158 15.0 3.0 H 

26 



Table 6. Continued • 
..-~~~~~~~.-----.-~~~~~...--~-.-~~-..--~~.--~~-~-...~~~~--. 

!'o 11 I ! ' , ~tap 
Hap tc><- llG J.an<l HRU Depth1 SFC All Al-' st:\,' Sl'.S · SSA\' I s\·m-
~u~n~i~t'--1-~t~u~rc"'-<>--~-+~u~sc"--+--~~--<>--~-.._l~-4~~-j.__~~ 1 h~1 
2683 CL 

.2~DJ CL 
°7Al f~ -. - r 
:1ft.~ SI. 
lnRl ~L 
IOH.1 ~I. 

I 
10111 SI. .. 
Hiii :a. 

l' 
Hl\.I SI. 

l!Bl i§L 

HBl i ~L 
~81 I SL 

26CJ Cl. 

26C1 Cl. 

26C I CL 

IOll'I Cl. 

IOll 1 I Cl. 

'JOllJ 

JOB) 

25C3 
I~~ 
'SCL 

25C3. l SCL 
I 

' -I - ·I -

I 

ll 

[) 

ll 

() 

II 
~ 

I 
l 

I 

+ c 

n 
II 

II 

! ll 
I -i 
I 

! -

l~~~ 33 7.s I 0.210.h :11.1~1.n.11 .0.1:.~:~.% n 

woods, 34 4. 0 I 0. 2 1. 11 ; 0. I 2 7. P. I l . (l, \~ i;. _,. ~tl • f'_ __ 

woodsjl 35 115.0 I 0.02511.0 O. lJI 0,2 l) 1.1' ll.t1 S 
I row : I i crop j 36 15.ll j 0.02S, 0.2 0.131. O.cJ'- 3.0 JJ.O _ €- _ 
I won.I" 3 7 I 15. 0 ; 0. 0 2 5 l. 0 0. I 11 0. 2 3) I. n 11. n T 
I pas-
j turc 1 )8 

rcJw ! crop j 'J9 

I wuod s I /10 

I ~;;~;. I '• l 
l'rOD I 42 
smai11 
frain 43 
I~~- I 44 

15.0 I 0.025; 0.6 
15.11 

1
. 0.0251 O.;> 

I 'i. 0 (). I., I 1 . (J 
! 

15.11 1 0.1510.6 

15.o 0.15 I 0.2 

15.o 0.1510.J 

15.0 0.15 0.2 

woo<lsl 45 , <;.o 0.20 

r::~~ I 46 ! •;.o I 0.20 
i ~~~ll I f17 I 'i,O i 0./.0 

1.0 

I 0.h 
1 wuu«ls 1 

' ll;IS-l lfl"(' 
I f"tlW 
: ,·rop 
,;ma) I 

48 i 1s.o I u.:w 
j lr1.0 O.W 

0 2 

1.0 

'). 6 

I I' 0 0.20 0.2 I '· 
i 11rnln, 51 i 15.fl I 0.20 0.3 
r woods 52 i 3.0 i 0.25 1.0 

. o. lJl. o. n5. J. 'J ll. 'J 
! . () ~ 1 • () 

· 0.01!7: l1. l'1H 1 I'•·'' 'I.fl 
i ' i I 0.111171 O. l'1H, 1'1.f) 'J.'1 

'0.flBT 0.1581 15.0 J,n 

I 0.087 0. ViH1 15,fJ ), 0 • r + 

0.087, 0.1511, 15.!1 3.0 
1 ' ; ' I 0.121, O.ll I 0.14R. ~.<16 

io.1n1 0.11 '.o.HR,2,% 
. 0 I 27• 0 I J I 0 l4R L. 91i 

t 

7 

~I 

w 

II 

_(___ 

x 
Q 

. I I · 
o.1n·r1.11jo.v.:i·;1,•1f) 1 v I i I I I 

i IJ. IJI! 0.1·1; IJ •. 14H, '/.'lft, y 

I o.1n, 11.1·1, 1i. 11,H; 2.% ~ 

: 0.127 0. 1 ·1 : 0. )118, 2.% 

I 0,119· 0.134' O.R92 6.74 z 
53 l 3.0 '. 0.25 I I I 0.6 ,0.119;0.1)4,0,A92.6.71t .. L 

pas-
. ture 1 

road 

. pond 

: 54 

55 

' o.o : o.o 
1. 0.0 0.0 

i 

10.0 '.o.o ,o.o .o.n.:o.o I •. ,, : •. ,, •. ,, •.•.•.•.. 
----1 

I 

I 

I 
I i I 

' I 
I 
I 
I 

i 
I 

27 

I 

I 

I 
I 
I 

I i 



Input to the Computer Model 

lltree types of data are required for the model. These are rainfall data, 
control data, and recorded surface runoff for plot output. 

Rainfall Data 

Rainfall data are entered by the following format: 

Columns 1 - 4 5 - 6 7 - 8 

xxxx xx xx 
WSID IGAGE MO 

22 - 30 31 32 - 38 

xxxx.xxxx b xxx.xxx 
TINC RI 

Symbol 

WSID 

!GAGE 
MJ 

DA 
YR 
HR 

TINC 
RI 

RF 

9 - 10 

xx 
DA 

11 - 12 

xx 
YR 

39 40 - 44 

b xx.xx 
RF 

Description of Variables 

14 - 20 21 

xx.xxxx b 
HOUR 

Numerical identification sequence for 
the Watershed (I4) 
Gage number from which data was taken (12) 
t-bnth data was recorded (12) 
Day data was recorded (12) 
Last two digits of year data was recorded (12) 
Military time at which storm event occurred (F 7.4) 
Duration of storm event, hours (F 9.4) 
Intensity of rainfall during storm event, 
in/hr. (F 7. 4) 

Total rainfall which occurred during the storm 
event, inches (F 5.2) 

1./ b is a blank space 

Each storm event must be recorded on a separate card. To terminate data 
entry, place four asterisks in column 1 - 4 as follows: 

Columns 1 - 4 5 - 72 

**** BLANK 
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Control Data 

The next data card contains control data: 

Columns 1 - 5 6 - 10 

xxxxx xxxxx 
NSU NST 

Symbol 

NSU 
NST 
ET 
SMC 

WSID 

I PLOT 

Recorded Discharge Data 

11 - 20 21 - 30 31 - 50 51 - 52 

xx.xxx 
ET 

x.xxx 
SMC 

Description of Variables 

AAAAA 
WSID 

xx 
IP LOT 

Number of hydrologic response units (15) 
Number of storm events (IS) 
Evapotranspiration rate, in/day. (F 10.0) 
Initial soil moisture content, percent 
(F 10.0) 

20-character string identifying which water-
shed is being run (5A4) 
Plot control. !PLOT = ~. no plot desired 
!PLOT = 1, excess f.rom each response unit 
is plotted from both equations with the 
recorded data 

If !PLOT is coded as 1, recorded flow data must be entered in the form: 

Columns 1 - 10 

xx.xxxx 
RECQ (1) 

41 - 50 

xx.xxxx 
RECQ (3) 

Symbol 

RECQ 

RTIME 

11 - 20 21 - 30 31 - 40 

xx.xxxx xx.xxxx xx.xxxx 
RTIME (1) RECQ (2) RTIME (2) 

51 - 60 61 - 70 71 - 80 

xx.xxxx xx.xxxx xx.xxxx 
RTIME (3) RECQ (4) RTIME (4) 

Description of Variables 

Recorded discharge for time interval 1, 2, 
3, and 4, respectively, inches 
Acctnnulated time from beginning of storm to 
time interval 1, 2, 3, and 4, respectively, 
hours 

Repeat this card until all the recorded discharge has been accounted. The 
last card may contain from one to four pairs of RECQ (1) data. When !PLOT is 
~' these data are not included. 
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Output from the C.Omputer Program 

Listings 

The first page of output contains data from the control card, NSU, NST, 
ET, IMC, WSID, and !PLOT. These data are printed to ensure that the proper 
control options were used during execution of the computer program. 

The remaining pages appear as shown in Table 7. Output for each hydro-
logic response tmit begins on a new page and each is identified from left 
to right as follows. 

Plottings 

Symbol 

HRU 
STORM INT 
TIME INC 

RF Intensity 
TOTAL PRECIP 
sws 
INF 

PE 

Description of Variables 

Hydrologic response unit 
Storm interval 
Time increment; duration of storm 
interval, hours 
Rainfall intensity, in/hr. 
Total precipitation for that interval 
Storage at end of the storm event, inches 
Cumulative infiltration, inches 
Cumulative precipitation excess, inches 

In addition, when IPLOT is coded 1, plots are produced for each hydro-
logic response unit. Im example is given in Figure 9. 
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Table 7. Sample output from computer program for a hydrologic response unit. 

CALCULATED PRECIPITATICN EXCESS FOR 1311 RCCKY RUN 
STCR~ Tr "E RF TOTAL • ME I '-S F~UATICN: • HOLTANS EOU.\T IO"l: 

HRU INT. HOUR INC. INTH.SITY PRECIP. • sws INF. PE • sws INF • PE 

28 1 ll.5bb7 c.cc ... c o.co:c o.ooco • 3.3787 c.ocoo 0.0000 • 3.3787 O.OOCJ c.aoJJo 
28 z ll.1161 C.1500 ..i.2C.CC. 0.03JO • 3.HE7 C. C3C C O.JOOO • 3 .348 7 0.0300 0.0)00 
29 3 11.75\:\J 0.0333 5. 1 :cc 0. 1 7C ~ • 1.2304 'J.1484 C..0514 • 3.2196 C.1591 O.C409 
28 4 11.8333 o.oe:;3 l.2ccG C.100'.l • 3.1304 C.2483 C.C511t • 3.1196 0.2591 0.0409 
28 5 11.8833 0.0500 O.bJ"CC 0.0300 • 3.1(,Qt, 0.2783 C.05ll• .. 3.0896 0.2891 c,. C',09 
28 6 11.9661 C.Ce33 i.c8oc 0.0900 • 3.0104 0.3683 0.0514 • 2.9996 0 .3791 0 .040'l 
28 7 12.0167 C.C500 l.oCCC C.0800 • 2.9304 C.4483 0.0514 • 2.9196 o ... 591 0.04)9 
28 ti 12.J5JO C;.0333 3.coco 0.1000 • 2.8455 c.5332 C.0665· • 2. Bl·'i 7 0.5590 0.0410 
23 <; 12.ICCC C.050C 0.4:CC 0.0200 • 2.!!255 0. 5 53 2 C.0665 • 2.7997 0.5790 0.0410 

w 28 l .J 12.1667 o.0667 3.45CO G.2300 • 2.E:550 c.1237 C.1260 • 2.6120 o. 766 7 0.0833 ..... Z8 11 12.£333 C.CE:67 2.25cc C.15')0 • 2.~211 C.8576 C.1422 • 2.462:> 0.9167 ').0833 
28 12 12.2!!33 C .'J50C 4.:ccc c.2occ • 2.1ao1 C.9<lPC c.2010 • 2 .3386 l .04G l 0. l 5'l'l 
28 13 12.3333 0.05CO 1.cocc G.1500 • 2.2611 1.1176 C.2322 • 2.2230 l.L557 (.,.1943 
28 14 12.4161 0.0833 1. 2COC 0.1000 • 2.1611 1.2176 G.2322 • 2.1230 1.2557 0.1943 
28 15 12.5000 c.C833 2.0ecc c.2400 • l.'>845 1.39'92 0.2955 • 1.9614 l.4173 0.2121 
28 16 12.5500 O.J50C o.iccc o.o 100 • l.'>745 l. 4C4 2 0.2955 • l.9514 1.4273 0.212 7 
28 1 7 12.9667 C.4167 O.C1t8C ".l • .JZ:>C • l.G545 1.424 2 C.2955 • 1.9314 l .4473 IJ.2727 
28 ld 13.0333 C.C667 J .45CC v.0100 • l. 9245 l .'95'92 C.2955 • l.901'9 l.4773 0.212 7 
28 l~ 13.3333 0.3.:cc O.IJ3B c.0100 • 1.9145 t.4c42 C.2'155 • 1.8914 l.4E73 J.2727 
28 2J 13.45CO C.1167 0. 34 2 9 0.0400 • 1.8745 l.5C42 G.2955 • l.d514 1.5273 c.2121 
28 21 13.55.JO a.1000 l.5CCO 0.150J • lo 734 3 l. t445 C.3053 • 1.7014 1.6773 ·:.2121 
28 22 l3.b667 0.1167 0.17l't 0.0200 • 1. 7 l't 3 1. 6 64 5 0.3053 • l.6814 l.6'173 0.2727 
2B 23 13.d333 0 .166 7 0.1800 0.0300 • l.68't3 l.6'145 C.3053 • 1.6514 1.7273 'J.2727 
28 24 l3.9lb7 o.C833 0.36CO 0.0300 • 1.c543 l. 7 24 5 0.3053 • 1.6214 1.7573 0.2121 
28 25 llt.1667 C. 250C o.cacc 0.0200 • l.E:3"3 1.7445 C.3053 • l.60llo 1.7773 'J.2727 
28 26 14.5000 0.3333 O.C60C 0.0200 • l.61'93 1. H45 0.3053 • 1.581'9 l. 7973 0.2727 
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Figure 9. Sample plot output from computer program for a hydrologic response unit. 



DISCUSSION 

Parameter Adjustment 

The initial moisture content and land use parameters can be used to adjust 
the model to obtain a better match between simulated and actual flows. The 
values given for these parameters in initial computer runs can later be revised 
to try to fit the simulated to the recorded data. The plots generated must be 
studied, adjusted, and the program re-run until the match between recorded arid 
simulated flow is acceptable. 

Initial Soil Moisture Content (SMC) 

Adjustment of the initial soil moisture content will affect the simulated 
excess values obtained by both infiltration models. The effect is greater 
with the Holtan equation since it bases storage on the entire depth of the 
first horizon. Therefore, by observing the plots of the simulated data from 
the Holtan equation in relation to the recorded data, the adjustment of the 
initial soil moisture content can be estimated. If the simulated curves for 
all response units show excess accumulating in advance of the recorded curves, 
the initial moisture content is too high. This is because the initial soil 
moisture content determines the amount of storage remaining. If the initial 
soil moisture content is too high, too much of the storage will be modeled 
as occupied by water at the beginning of the storm, and too little storage 
will be modeled as available for infiltration. Generated precipitation ex-
cess will then begin sooner than the recorded data show. 

It should be noted that since recorded data consists of flow from the en-
tire watershed, a time lag between simulated and recorded curves approximately 
equal to the watershed time of concentration would be expected. The excess 
generated for a point is immediately apparent; however, the response is not 
noted at downstream locations until a later time. A technique for obtaining 
time lag is discussed in succeeding sections. 

Land Use (AH) 

Adjusting the land use factor will not affect the excess generated by the 
Mein and Larson equation, since this parameter is not considered in determining 
precipitation excess. It does, however, greatly affect the excess generated 
by the Holtan equation. 

Increasing AH for any given land use classification will decrease the amount 
of excess produced. The final value for the land use parameter, however, must 
lie between 0 for a completely impervious area, to 1 for a completely pervious 
region. 
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Regrouping Hydrologic Response Units 

Once the model has been calibrated and precipitation excess generated 
for each hydrologic unit, units producing similar excess values should be 
grouped together. Parameters for the new response units can be taken as 
the parameters of any of the units included in the new grouping. 

The excess precipitation for all hydrologic response units approaches 
the total rainfall as the magnitude and duration of the storm increases, 
because the storage approaches zero. Therefore, if the regrouping is based 
on a storm of relatively small magnitude and intensity, it should be the 
same as that for a storm of larger intensity and duration. 

Ranking Response Units 

Similar units can be grouped together, since a hydrologic response unit 
was previously defined as.an area which responds similarly to a given rain-
fall input. If this grouping could be predicted, much of the initial effort 
needed to define these units could be eliminated. Therefore, an attempt was 
made to find an equation which would predict the relative amounts of excess 
for each response unit. 

The data used to produce this equation was generated using storm data 
from the Rocky Run Watershed. The initial moisture content was taken to 
be 99% and the evapotranspiration rate as 0.20 inches per day. The hydro-
logic response units are shown ranked in ascending order according to 
simulated precipitation excess (Table 8). After many trials the following 
equation was developed: 

where 

ALU D AW Aw2•5 
c = (~6~ + 5ALU) (2.0 - -s> 2.8 +HG + <11sws ) [20] 

ALU is a land use factor 
HG is a hydrology group factor 
AWC is available water based on soil texture 
SWS is total storage based on soil texture 
C is rank of hydrologic response unit (increasing C indicates 

higher excess) 

This equation gives an acceptable ranking for the hydrologic response 
units given in Table 8. However, the storm-to-storm variation of total 
rainfall, evapotranspiration rate, and initial soil moisture content is not 
considered. Therefore, the equation needs further testing to validate its 
practical usefulness which is being undertaken in a separate study. The 
equation does show, however, that the four characteristics used to develop 
the hydrologic response units do not interact in a linear fashion, but ra-
ther in a highly complex manner which illustrates the complex problems en-
countered in developing reliable mathematical models. 
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Hydrologic response units ranked in ascending 
order based on total precipitation excess 
predicted by the Holtan equation. 
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Comparison of Two Infiltration Models 

Flve storm periods were chosen from the Rocky Run record including the 
dates 7/10/70, 7/21/70, 10/22/71, 6/20/72, nnd 10/5/72. TheA<.' Htorms W<.'rl' 

ma.1nr eventa and were selected for nn evaluntion nf till· mod0l ht•1·1111H1' It 
w11s structur~d to predict excess precipitntion during pott>nt lnl flood pni-
ducing storms. 

Excess of precipitation was computed for 54 response units described in 
previous sections. A summary of the results are given in Appendix D. A 
survey of these data show that excess estimates range from zero on some re-
sponse units to several inches on other units during most storms. These 
results obviously illustrate the variability of response over a drainage 
area. 

These data also illustrate that significantly different results were 
obtained from the two infiltration equations. For most response units, 
the amount of excess generated by the Mein and Larson equation was equal 
to or greater than that of the Holtan equation. However, there were 
several units where the reverse was true, for example, see the results 
from storms 1 and 2, response unit 19, in Appendix D. 

In addition, it would appear that the results from the Mein and Larson 
equation are more uniform. This is because this equation does not ex-
plicitly account for either depth of the A horizon or land use. Therefore, 
the hydrologic response units for the Mein and Larson model are solely a 
function of soil texture. Hence, when soil depth and land use become un-
important in relation to the soil texture, the results from both models 
will, in general, be similar; for example, response unit 28, Appendix D. 
However, when the textural properties of the soil are the limiting factor, 
the excess from the Holtan model will be higher if the soil depth is shallow 
and the land use factor AH is high. This is shown very clearly in Appendix 
D, storm 2, response units 47 and 27, respectively. 

Rainfall intensity is a very critical factor. If the storm is of high 
intensity, the soil depth and land use play a much lesser role than does 
the soil texture. This can be illustrated by again referring to response 
unit 19, storm 5, in Appendix D where the excess obtained by using the Mein 
and Larson equation exceeded that of the Holtan equation because storm in-
tensities were much higher than storms 1 and 2. The Mein and Larson equation 
is a direct function of the soil's hydraulic conductivity and consequently is 
highly sensitive to the rainfall rates. Again, the complexity of the inter-
actions among the four characteristics used to define the hydrologic response 
units and storm intensity clearly illustrates the problems encountered in 
hydrologic modeling. 

Comparison of Recorded and Simulated Runoff 

The excess precipitation data for each element must be routed to an outlet 
point of interest (e.g., gaging stations) before a valid evaluation between 
recorded and simulated discharge can be made. However, a rough approximation 
can be obtained from the relationship 
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where 

R 
n Ai R 

Q = l -w pi 
w i=l Ai 

n is number of hydrologic response units 
A~ is area of the hydrologic response unit 

A~ is area of the watershed 

[21] 

P~ is precipitation excess for the hydrologic response unit 

Qw is accumulated weighted discharge. 

Base flow and interflow must be separated from the recorded discharge hy-
drograph and the resultant surface flow must be separated into precipitation 
excess for each hydrologic response unit before the recorded data can be 
compared to the simulated precipitation excess. 

Surface flow was separated from the total hydrograph following procedures 
outlined by Barnes (1940) as illustrated in Figure 10. Partitioning the 
surface flow to represent contributions by individual response units cannot 
be accomplished from the recorded flow sequence. Therefore, comparisons 
must be made based on a sum of the simulated excess precipitation from each 
response unit and the recorded hydrograph. An approximation is given by 
equation [21]; however, valid interpretation of the influence of each response 
unit can only be made by routing the flows from their point of origin to the 
gaging station. 

Accumulated simulated and corresponding recorded discharge are compared 
in Appendix E for two response units and five major storms. Results are 
presented for both the Mein and Larson and Holtan's infiltration model. Note 
that the accumulated excess precedes recorded data, because the excess pre-
cipitation has not been adjusted for lag time. 

The total accumulation provides some guideline as to how well the model 
is predicting flow volume. If the entire watershed consisted of the indi-
cated response unit, then the recorded and simulated curves should match 
within some predefined error range. Otherwise the weighted contribution 
from all elements must be combined by routing technique before goodness of 
fit can be properly judged. 

A routing technique using finite element theory is currently being 
developed by Ross (1975) which will be used at a later date to test goodness 
of fit of this model. 

To provide some continuity of thought, a brief description of the procedures 
that will be used py Ross (1975) to define the finite sized elements for sub-
sequent routing follows. The watershed is subdivided into elements based on 
topography. The element map, Figure 11, is overlaid with the hydrologic re-
sponse unit map, Figure 4, and the elements defined based on the hydrologic 
response units. A precipitation excess value for each sub-element is then 
determined. These excess values are then routed, assuming one-dimensional 
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Figure 11. Digitalized map of the element breakdown 
for the routing routine for Rocky Run 
Watershed. 
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flow, to the gaging station. This gives an estimate of runoff with respect 
to time and space, producing a hydrograph of the simulated excess values. 

It should be noted that, in drawing the sub-element divisions, it is not 
always possible to divide an element into homogeneous sub-elements, and each 
sub-element must therefore be assumed to be dominated by a particular response 
unit or a weighted average of the precipitation excesses for all the response 
units located within the sub-element must be calculated. 

Sensitivity Analysis 

Several model runs were made with the Holtan equation to demonstrate the 
effects that varying initial soil moisture conditions, depth of the A horizon, 
soil texture, hydrology group, and land-use have on precipitation excess. All 
characteristics remained constant except the one being studied, in an attempt 
to eliminate some of the confusing interactions among totally different hy-
drologic response units. For example, soil texture is usually related to the 
hydrology group, and two hydrologic response units with the same texture are 
usually classified in the same hydrology group. For the sensitivity analyses, 
however, it was assumed that soils within a specific textural class could have 
different hydrology groups. 

Initial Soil Moisture Content 

Figure 12 shows the effect of varying the initial soil moisture content 
from 25% to 99%. As the initial soil moisture increases, the amount of pre-
cipitation excess increases. This is due to a reduction in available storage, 
since the initial soil moisture represents that part of the storage occupied 
by water before infiltration begins. The parameters which were held constant 
were soil texture (clay), hydrology group (B), soil depth (4.0 in.) and land 
use (small grain). 

Depth of the A Horizon 

The results of varying the depth of the A horizon from 1 to 15 inches is 
shown in Figure 13. As the depth increases, storage increases, and precipi-
tation excess decreases. The differences were evident early in the storm. 
These differences are predictable, since depth is a direct function of avail-
able storage. The parameters held constant were initial soil moisture content 
(25%), soil texture (loam), hydrology group (B), and land-use (row crop). 

Soil Texture 

The precipitation excess generated for four soil textures is shown in 
Figure 14 with hydrology group (B), soil depth (6.0 inches), and land-use 
(small grain) held constant. The loamy fine sand showed the least amount 
of precipitation excess, while the clay showed the most. These soils were 
all assumed to have an initial soil moisture content of 25%. The effect of 
texture is highly dependent on the ratio of AW to S and SGW to S. 
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Hydrology Group 

Results of varying the hydrology group on precipitation excess generated 
for a silt loam with a 4.0 inch A horizon in pasture can be seen in Figure 
15. The initial soil moisture content was held constant at 25%. The pre-+ cipitation excess increased as the hydrology group index was ranged from B 
to D. The hydrology group classification is directly related to the infil-
tration properties of the soil. Infiltration potential decreases as the 
classification is increased from B to D; therefore, runoff should increase. 

Land Use 

The results of changing land use within a particular response unit is 
perhaps the most interesting and important application of this model. Figure 
16 shows the effect of land use for an area with fine, sandy loam soil, hy-
drology group B, and a 6.0 inch A horizon. Wooded areas of this soil would 
produce the least amount of precipitation excess. If the area were paved, 
all precipitation would be modeled as excess, producing the line designated 
by "I. II 

Applications of these results are obvious. Suppose, for example, a water-
shed like Figure 17 exists. A city, marked X, has decided to build an airport 
in the field marked Y, which is presently in woods and pasture. Hydrologic 
response units are identified as 2, 3, 4, and 5. It is important to the down-
stream city, Z, to know the potential effect of this decision, because it is 
located within the 100-year flood zone. 

The model could be used as follows: Given an approximate rainfall dis-
tribution, the expected discharge would be simulated with the area in its 
present state. Then the proposed airport would be assumed to replace response 
units 2, 3, 4, and 5 and a new discharge created. A comparison of these results 
would give the effect of the airport. 

The model can also be used to find an area where the change to impervious 
area will produce a less drastic change in the generated precipitation excess. 
For example, a shallow clay soil planted in row crops would produce a less 
drastic change than a deep loam covered by woods. 
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CONCLUSIONS 

Data generated by the two infiltration models illustrate that, regardless 
of the method, vegetative-soil characteristics should not be ignored. Both 
equations produced results that varied widely for different response units. 
When using the Mein and Larson equation alone, hydrologic response units could 
have been delineated solely on the basis of soil texture. An alternative to 
modifying the response units is to modify the Mein and Larson equation to in-
clude the characteristics of a hydrologic response unit. However, not only 
is the Holtan equation highly compatible with this concept, but also the nature 
of the equation itself suggests such a method. 

A model based on hydrologic response unit concept is not difficult to use 
because soil and land use data are generally readily available. Gridding large 
areas, however, can prove tedious, but since the digital computer is being 
applied to so many new fields, it is simply a matter of time before soils maps 
will be available in digitalized (gridded) form. Land-use data is already 
being collected in this form by remote sensing, using aerial photographs. The 
technique is still not perfected, but the time of widely used remote sensing 
is not far off. 

The ability of the hydrologic response unit concept to maintain the spatial 
uniqueness of the area is an important aspect which provides many variations 
not possible with a lumped-parameter system. If rainfall data is available 
from gages scattered throughout a watershed, the hydrologic response unit con-
cept provides the capability to account for non-uniform rainfall throughout 
the watershed. This is especially· important in large watersheds, since storms 
over a large area are rarely uniform. 

In addition, if delayed infiltration can be adequately described, many 
studies will be possible which require spatial uniqueness. This relationship 
would enhance our ability to model potential effect of urban expansion. For 
example, perhaps a golf course or forested park should be placed between a 
new subdivision and a stream. By application of zoning codes, building codes, 
and decisions concerning the location of pertinent city facilities such as 
schools, bus lines, roads, and sewage treatment plants, development can be 
restricted to areas less conducive to being flooded or to producing downstream 
flooding. Urban development can be orderly. 

Application of this model to agricultural problems are also possible. 
Erosion can be greatly slowed by planting row crops in soils with high inf il-
tration rates or by bordering fields of row crops with pasture or wooded area. 
The effects on precipitation excess caused by changing the cover on a response 
unit can be determined readily by the model. Soil conservation would be one 
goal; water conservation another. By manipulating existing hydrologic response 
units, maximum efficiency in relation to these two goals can be achieved. 
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SUMMARY 

Rapid urbanization demands a method for obtaining data for flood plain 
zoning and design of dams, reservoirs and storm sewers. Ideally, city 
planners should have a means of predicting runoff from storms of varying 
intensities had durations for both existing conditions and proposl'd cond i-
tions. These types of needs can best be solved by use of u hydro lo~ ic model. 

A model described in this paper was developed to predict precipitation 
excess (rainfall minus infiltration). It predicts excess by hydrologic 
response units, i.e., areas which response similarly to a given rainfall 
input. The response units were based on readily available information in-
cluding soil texture, soil hydrology group, depth of the A horizon, and 
land use. 

The model simulates excess precipitation with infiltration equations 
developed by Mein and Larson (1971) and Holtan (1961). A computer program 
was developed using these equations to calculate precipitation excess for 
each hydrologic response unit. Initial evaluation of the model was made 
with data from the Rocky Run Watershed, Brunswick County, Virginia, since 
extensive rainfall and actual discharge data were available for this area. 
Five storms were modeled, producing the output in Appendices D and E. 

Sensitivity runs were made to illusttate the effects of changing soil 
texture, soil hydrology group, depth of the A horizon, and land use. These 
sensitivity analyses demonstrate the flexibility of the model and show that 
spatial uniqueness may be necessary to completely define the effects expec-
ted from propo$ed changes in land use. The model will be used for this 
purpose in a study of the South River area near Waynesboro, Virginia. A 
routing technique is currently being developed to provide spatial and time 
history for the excess precipitation generated at each hydrologic response 
unit. 

Comparisons were made between the two infiltration equations. The equa-
tions gave the same results for some response units and different results for 
others. This situation was caused by the structure of the equations. The 
Mein and Larson equation did not explicitly account for either depth of the 
A horizon or land use. 
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APPENDIX A 

A List of the More Important Variables used by Various Infiltration 
Equations and the Computer Model with Their Meaning 
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APPE~DI.X B 

So~rce PrQgr8!1l Listing with Sample Input Data 
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rn=_:t.L Y.S 
J=O 
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20 CC~iTIN!Jc p:ir:-;'"'«:.~;-

J=J+l opcJ~~1c 
TFAC=O PDf()~4?0 
WRITE(6,173) p~c104~C 

173 FORMAT(' l') ppc 1044C 
WPITE(6,102)kSfO DPCJ045C 

102 HJPMAT(lOX,'CALCULAT=f'I PRf=C:fPJTATrG!'\' '-XCFSS F(.-2_ •,SA't/7X,'')Tf1;U.11, P~F004:,C 
21ox,•r1~r·,6x,•Rr=•,sx,•rorAL',3X,'*',4X,'MFI~s cauATinN:•,4x,'*', oQcac470 
3 3 x ' I t.-i 0 L T A N 5 E Q u A T I iJ r-; : I I ? x ' ' H R u • ' 3 x ' I I N l • • ' .? x ' I '-I '11 J R I ' 4 x ' • T !'\: c • ' ' ? x ' p D c ) ;) 4 :> 0 
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C lOCP TJ C~LCULATF EXC~SS FCP 'PfS~C~~F U~IT p~c0~~10 
OD 9~ T=l,NST roc:12~?0 
REA0(9,l00)~P,TI~C,~I,RF O~CG~~3J 

l 0 C c (i P 11 AT ( 1 3 X, F 7. 4, l X, r: ) • 4 , 1 X , F 7. 4 , 1 X , c: 5. 2 ) r:> ::- = ') ~ = 1. ~ 
TFAC=TFAC+TJN( DJr~r~cr 

Ir<I.GT.l)G( Tr 10 "ccy::;-:-r 
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SwSS=SAS 
Fl-l=r 
TPr:H=O 
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GO TO 15 
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s up :~ 0 u T T f\ [ f-l n L T v . ( r· F ' ~. I ' '-I~; ' s \., 5 s ' F µ ' t ' ( ' r: c ' ~ \. J ' r T ' r != ' T I ' l r ' t-. i,.: r ) 
CALCUL.'.\T-:S PRl=(!Pr11TrCi\ rxrcss F'_'r.· cr.c~ RF5Prt-.•S[ U'HT 'JSl'·1G p .. ~ 

H n l T I\ N F r~ L f' T I r. l\J 
Rf flt I {~F 
P.FC=tJ.J 

I~PF~VIUUS ~~EA lEST 
yr: ( SW S S • F<-1 • 0. 0 • Al\J D. F C • F 0 • 0 • Q ) l r l F = C. Q 
TF(SWSS.FQ.O.O.ANO.FC.FC.O.O)GO TC 5 

CALCULATES rt,F2,F~ 

c1=A*SwSS*'*C+rcr. 
xu= Sw:iS-RF 
F2=FC 
lF(X~.GT.O.O>r2=A*(SWSS-RF)**C+FC 
F.A=(Fl+F?l/2 

T F s T T 0 <; [ != l F c /~ L (. u L 4 T F fl T"' F II_ TR t TT c 'l c M. fl c T t lJ Al L y I \J F T l Tl' ~ T r r . j 
r.!Vfli TJ!\F !NTFiW/\L 

Tti=RF/F!\ 
tPSl=O.O 
IFCT:\.L':::.TTf\C)GC Tl' 2 

r:i"J::'Jl45C 
,:1:.--:!lL.hC 
D :· '= "J l <t 7(_. 

r:i"':::;14s0 
,.,::::11,9(' 
::i,::~lC:JC 

-,:::::~1510 

09C')l52C 
!:)t:' i:: 11530 
op:11540 
o:::-::'ll"'r::(' 
p:;::~l'::60 

D0t:"'Jl57Q 
p?:::Ol580 
':>::; c ')15'10 
DQC)Jf>QQ 
OD!:l)\610 
O!J!:•Jlt2C 
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ITFPATE Tn FIND !\MrU\T PF INFILTRATir~ 4HtC~ CAI' l~[TLT?AT~ I~ 
TJ:--'F I:'jTFf<VflL 

'°;JIJC',!:' . .d'") 1~4<: 

::>:.''H~5C 

~ EPSl=EPSl+O.C~Ol 

TFST UJ=~.F-FPS 1 
)! Y P = S :IS S-T F ST Tf., 
F 2= FC 
IF()XP.GT.C.C}FL=~~1s~~5-rrsrr~)~*r+cr 

FA= { Fl +F 2 ) I 2 
T .A= T '-Sf H' IF fl 
T t.= L\8$ ( T f.-T lf''C) 
If'F=fl=STTN 
TF(T4.LE.a.oc5)GG Tl 4 

GC TO 3 

-:>-:::;ut.o 
~;)-=rq1,1c 

'.)_::--,!,:::ic 
.,-,-=:1'_;r 
'") - :: ~ l 7 f) r: 
::;:.:,::")l 7 1(' 
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CHE(K STl~A(~ PFCOVfP¥ 
'f-!f-' ~ '{f 
tF(l~~.lE.S~~S)Gl rn 1 
JNF-=.iWSS 
SwSSz().0 
GO "TO ~ 

7 SwSS=SWSS-Rf 
P IF(SkSS.Gl.l,WIGO TO 9 
CALCULATE RECOVERY RV fV~P~Tg\~SQtPATICN FCR sw~s l~SS T~l~ lP 

FQUA!_ TO c;w 
RFC=FC*T INC 
X=Gw-s ;~S s 
Jf(RFC.GF.X)SWSS:~W 
'F( RFC.l. T .X) S"4SS-=SVISS+P~C 
I~CRF.GT.0.0)~0 J0 6 
T F ( ,_. ~ • GT • 1 ~ • 0 • 1 J K • !...! P • l T • -1.i ·• ": ) S Cl T n fi 
FTA={(4WC•Gh-S~SSl/A~Cl~(rT/t2.l~Tl~f 
~~SS=SWSS+F.T~ 
~C TO r, 

9 C f:N T{:\!Uf 
C~t<:IJL\TE f:r.:cov~PV !W cVf'it'~'T•Pi.·JSPfllJ\TH~'4 ~CR Sr.~~ y-,v.i 

Tf (P~.Gr.J.OlGG rn ~ 
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SV.SS=Sl<;S ~+( i::r / 12. t "'"T P.f 
GC TLl 6 

4 CONT I'hJJ:.: 
IF-(1NF.t.F.S\,SSlGil rn .:; 
P~F= SWSS 
S\rJS S=O. 0 
GC FJ 6 

'i S \-, S S = S ;~ S S- T"I F 

i>!'l'.".")171() 
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0 e:_ r. r l P oo 
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c p L 0 T :. v; TI JAL ! q s c: LJ.'\ •) r: c ,-, r .. : • ' l .,..~j (' p~ tJ' IP" F n p'.: r l n L '( c= ~ <; 1; .\I , I cc: 

C r R C :t. r: h C '·~ F:- S r: ·,>\ S r: ' J.. ~ T 
f) I I"' r: I\ S I u ;\! R c Cr: ( !t ) , c' T l " ·: ( 4 ) 
Jf(NSU.GT.l)G~ rn l~ 

c !~FAf1 til.j '<-::cnRo-:::-i "lS(H'\·,r:r. r•!\T;\ FIJC~ (l'ii:\f'S, :-;:->_TTr. "":\ r~.\!'· '"11~V. 
C CALCUL~f?: SCALFS r=cp A)('.=S 

c 

2 RF Ar~ ( 5 , g 0 0, EI\ f1= l l ( n C J ( T ) , t:.> T f'.ff ( l ) , T = 1 , 4 ) 
900 i:orwAT(JFlO.O) 

rr ll t=l,'1 
IFCI.1-;T.l.ANn.~n1··~f:( I).C•).J.Q)r.1) TC 11 
WP l T F. ( 2 , q C 6 ) RFC Q (T ) , 'H I ~ >= ( I ) 
TQ=P1:C()(l) 
TTIME=;\Tlt1E( Tl 

QJ& FfR~~T(2flO.ll 

l l CTNT HUF 
t;C TO 2 

l C ff\! T PHJC 
U!GF I u= 2 

15 CCf\~TIWJl-
I F ( T T I •'i r-: • ~ T • T F i1 C l T ~ f ( =.: T T I • i F 
rx=TFACIB.C 
'(FJ\C=TP'=H 
fF( Tr>f: 1.r,1. YI !\C) yc-:t.J=T JC:'' 

r F ( T >'.'). (; T. 'fr~ ( ) y F "c = f ~ 

'1Y=YFAC/6.U 
( F ( ": s u • != ~' • l ) c :. I. L f) L ; . T ( [) • ,j ' 7 • <J ' - j ) 
I F ( ,\l SU • '-; T • 1 } C f I L P I r · T ( l 4 • :J , ::; • 0 , - 3 I 

C. AL I_ AXT S ( 0. C, C. n, ' T I•· c 1 , 4, P • !J • C. 11, 0 • rl, r X ) 
( I:> l t ,\ X T S ( 0 • C , O • r , ' ~, Cr • '= X r r SS ' , L 1 , (, • i) , <; C • ri , n. ,, , '1 v l 
[ t.1 L PL• JT ( :j. C , C. 0, 3 ) 

DLCT fATA f"!'.'D 1 HCLT.I\'~<; r;:L'-<TE~~ 

·) '""0?140 
~«r"t?15< 

fl""'C:!J?l60 
f);~C1?l70 

"•'.t:O?t•rn 
riri=o21qc 
pi.>r: 'J2 ~')O 
PR. r:o;> 71(1 

Pr.'.co22?r 
p~rozrw 

[H~l=Q~24Q 

f)oi:o2;-ic:;o 
PRE02.?6C 
PR'-1)27 70 
PP.rn,??.90 
i:H> r- 'J? zqc 
f>P!"'.0?"'.IJ() 
0 rr::orno 
r~'-0?32C 

DR>-0?~ '\G 
1J:~c:123~0 

pnco?:.;~(' 

or.r:r.;:i~(1C 

D ') r: 02j1() 
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3 R~AC(1,qo2,E~0:4)TI~c, 0 ~ 

902 FCRMAT(2FlC.6,10X) 
CALL SY~80L(TTNC/~X,PF/~Y,.l,7,f.O,-?) 

GC T1 3 
4 CCl'llT INIJc: 

RFWTNn l 
r~EW Pm "? 

C PLOT ~CTUAL rATA 
C~LL PLOT(O.c,o.o,3) 

5 CCNTINU~ 
REAC(2,906,FND=6)~~EC,TT~( 

CALL SVMfGL(lTNC/~X,~~rc1~v,.R,~,o.1,-7) 

GO TJ '-l 
6 CCNTINllf 

P. EW I "W l 
CALL PLOT(O.C,o.0,1) 

C PLOT OHA FROfl, MFI~S E()Ut\TlT~ 

7 RFAD(l,9C5,~~D=8)Tl~C,PF~ 
905 FfRMAT(Fll.6,lOX,Fl0.6) 

C Al_ L Sy-.~ UJL (Tl NC/ IJ X, PF 1 -~ I IY, • l, q , 1 l. :) , - ? l 
GO TO 1 

8 <:C"JT TNUf 
REWIND l 
Pf"'.TlJP·~ 

ENO 

lli'CJ?46G 
r -. -= ·1 2 4 7 c 
rJ;:;-=o.,4q(I 
oo::: 1;?49() 
O;::'t""Q251)(' 
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Storm l Storm 2 Stonn 3 Storm 4 St .. ..'nn 5 
7/10/70 7 /21/70 10/22/71 6/20/72 1015/72 

p p r p p 
e e e e • 

HRV Mein Holtan Hein Holtan Mein Holtan Hein Holtan Mein llo!Lan 
l o.n35 l. 0684 3.4939 2.8354 3.1855 0. 7315 s ,n5so 4.2553 7 .%41 6 . .:.3.;:.~ 
2 0.95)5 l.1857 3.4939 2.8354 3.1855 o. 8921 5.0450 4. 2734 7.%43 6.4430 
) 0.9535 l. 3784 3.4939 2.8826 3.lR55 1. 13)6 S.0450 4. 2931 7.QMJ 6 · '' 523 
4 0.9535 l. 3207 3.4939 2.83S4 3.1855 1.1321 5.0450 4.2878 7. 9643 6.4498 
5 0. 3954 0.7545 2.935R 2.2773 2.6383 0.5079 4.5610 3.9690 7.4714 5.9413 

• 6 o. 3954 0.9366 2.9358 2.3174 2,6383 0.6865 4. Sn JO l.9690 7. 4 714 5.0501 
7 0.3954 l. 2556 2. 9358 2.6379 2.6383 0.9082 4.5630 3.9690 7. 4714 6.1779 
8 o. 3954 l. 1530 2.9358 2.5119 2.6383 0.8999 4.5630 3.9690 7. 4 714 6.0755 
9 0. 3954 l. 2556 2.93S8 2.6379 2.6383 0.9082 4.5630 3.9690 7. 4 714 6.1779 

10 o. 7302 0.9489 3.2707 2 .6122 2.9666 0.5478 4.R522 4. 2011 7.7671 6. 2171 

11 o. 7302 l.0805 3.2707 2.6122 2.9666 0.7388 4, 11522 4.2357 7. 76 71 6.2459 
l2 0.7302 1. 2565 3.2707 2.6967 2.9666 1.0282 4.8522 4.2382 7.7671 n.nn 
l3 0.9535 1.0684 3.4939 2.8354 3.1855 0.7315 0.0450 4.2553 7 .%41 6. 4 34 2 
14 0.9535 1. 185 7 3.4939 2.8354 1.1855 o. s921 5.04'>0 4.2734 7. \jh:. l b,4!.)0 

15 0.9535 l. 1784 3.4939 2. 8826 3.1855 l.1336 5.04)0 4. 29 31 7.%·'.d 6 . .:. 5 ~ 3 

16 0.9535 1. 3207 3.4939 2.8354 3.1855 1.1321 5. 0450 4.2878 7. 964) 6.4496 
17 0.0000 0.4002 2.2661 1.6329 1. 9816 0.4645 3.9846 3.3907 6.8799 5.).QO 
18 0.0000 0.6503 2.2661 1.8236 l. 9816 0.4784 3.9846 3. 3907 6.8799 5.4737 
19 0.0000 l.0897 2.2661 2. 3318 1.9816 0.5219 3.9846 3.3907 6.8799 5. 7330 
20 l. l 76 7 l. 3216 3. 7162 3.0587 3.4108 1. 7725 5.2826 4.4439 8.1998 6.8294 

21 1.176 7 1.1925 3. 7172 3.0587 3.4044 0.9989 S.2378 4.2773 8,1614 6.6314 
22 l.1767 1. 2844 3. 7172 3.0587 3.4044 1.1566 5.2378 4. 2877 8.1614 6,6402 
23 l.1767 1.4263 3. 7172 3.0587 3.4044 1.3525 5.~378 4.3024 8.1614 6.b495 
24 l.1767 1.3829 3. 7172 3.0587 3.4044 1. 3525 5.2378 4.2970 8.1614 6.6470 
25 l. 4000 l. 3141 3.9404 3. 2101 3.6233 l .1165 5.4306 1., 2773 8.3586 6.8385 

26 1.4000 1. 3768 J.9404 3.2459 3.6233 1.2742 5.4306 4.2877 8.3586 6.8)i] 
27 o. 3053 0.0303 l. 2314 0.8929 0.9965 0.6000 3.2970 2.8544 6.1428 4.9742 
28 0.3051 o. 2727 l. 2314 l.1989 0.9965 0.6002 3.2970 2.8544 6.1428 5.1500 
29 0.3393 0,6830 2.2451 l.9108 1.9816 0,7916 4 .1106 3.6680 6.9849 5.8870 
30 0.3954 o. 7645 2.9358 2.2773 2.6383 0.5079 4.5630 3.9690 7 .4714 s.9413 

31 0.3954 0.9366 2.9358 2. 3174 2.6383 0.6865 4. 5630 3.9690 7 .4714 5. 9501 
32 0.3954 0.7645 2.9358 2.2773 2.6383 0.5079 4. 5630 3.9690 7 .4714 5. 9513 
33 0.3979 0.9816 2.9208 2. 4268 2.6383 l. 3841 1. 3841 4.2104 7.5464 6.4369 
34 l.1687 l. 2556 3. 7092 3.0773 3.4044 2. 0031 5.2858 4.5493 8.2014 6.9995 
35 0.0000 0.0000 0.0000 0.1040 0.0000 0.0000 l. 6981 I. 5872 4.5408 4.3520 

36 o. 0000 0.5970 0.0000 1.4741 o.oorio 0.1608 l. 6981 2. 163 4,5408 4. 6613 
37 0. 0000 O.IJOOO 0.0000 0.1040 0.11000 0.0000 l.6981 1. 5872 4.5408 4.3520 
38 0.0000 0.0000 0.0000 0.3935 0.0000 0.0025 l.6981 1.6713 4.5408 4.3532 
39 0.0000 0.5970 0.0000 l.4741 0.0000 0.1608 l.6981 2.3363 4. 5408 4.6613 
40 0.0000 0. 04 36 l.2614 0.9398 O,Q965 0.6420 3.1170 2.7886 5. 9928 4.9767 

41 0.0000 0.2950 1. 2614 l. 2548 0.9965 0.6465 3. ll 70 2. 7886 5.9928 5.0923 
42 0.0000 0.9237 l. 2614 2.0895 0. 9965 0.6465 3.1170 3 .0403 5.9928 5. 1076 
43 0.000(1 0. 7122 l. 2614 l. 7865 o. 9965 0.6465 3.1039 2.9061 5.9928 5.1081 
44 0.0000 o. 9237 l. 2614 2.0895 0.9%5 0.6465 3 .1170 3 .0403 5.9928 5.3076 
45 0.9435 l.1134 3.4839 2. 8521 3.1855 l. 7842 5.1050 4.5216 8.0143 6.Rl24 
46 0,94]5 l.2456 ).48]9 2.821 3. !R55 l. 8122 5. l050 '·. '1402 8.1\143 6. 8 714 
4; o.o.y, l. 4/. 1q 3.483q J.0714 3.11155 l.8255 5. LOSO 4. '.1683 8. 1\143 6.~H7 

~s 0. 105) O.llJO] l. 2 314 0,8929 0.'lll6-; 0.6000 3,2q70 2. A544 6. 1428 4.9742 
4'> 0. 3053 o.~121 l. 2 314 l. 1989 0. 9965 0.6002 ). !970 2.R~44 6.142A 5.1500 • ~l' 0. :10'.>3 0.81171 l.2314 2 .0218 0.99t1'"1 O.h465 J.2910 ).1)444 6. 1.428 5.l75'i 

51 0. 3053 o. 6811 1. 2 314 l. 7201 o.q965 0.6266 ) • 2670 2.<l4A1 6.1428 s. 1713 
52 1.4000 1.3606 3.9404 3.2423 3.6281 l. 9073 5.4542 4. 4 337 8. 1874 7 .0104 
53 1.4000 1.4233 3.9404 3.2819 3.6281 l.9119 5.4542 '• • '· ~ 2 r; 8. 1A74 7 .0170 
s i. 2.~700 2 ,fl700 4.~101 4. 6101 4. 2800 4. 2800 6.00'lO 6.ooqo H.'l')Oo H,G5!\0 

----·----- ----------

75 



APPENDIX E 

Simulated Versus Recorded Discharge from 
Selected Hydrologic Response 

Units for Four Selected Storms. 
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