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INTRODUCTION

Numerous methods Ffor predicting the surface runoff hydrograph resulting
From the application of real or hypothetical storms to a given water-
shed have been proposed. The large number of proposed methods is the
result of two primary factors. First, the determination of the volume
and pate of movement of surface water within a watershed is the funda-~
mental step upon which the design of reservolirs, channel improvemsnts,
erosion contrel structures and sewers as well as agricultural, nighway
and airport drainage systems 1s based. Secondly, the processes involved
in describing the hydrological behavior of an area are extremely Ccom-
plex; thevefore, numerous attempts have been made to develop methods
based on simplifying assumptions concerming these physical processes,
which can be used to characterize the behavior of & watershed with
"acceptable' accuracy.

Historically, many of the methods proposed to predict the suprface run-
of f hydrograph resulting from the application of real or hypothetical
storms to a given watershed area have been based upon relationships
hetween average conditions within the entire watershed, the applied
storm and the resulting composite hydrograph. The computaticnal effort
required to describe the detailed dynamics of phenomena occurring within
the watershed boundaries made other approaches unreasonable. The
peneral approach of this research project was to utilize general modeling
concepts and the computational capabilities of a large digital computer
to attempt to describe the detalled physical processes occurring within
the boundaries of a watershed and thereby more precisely characterize
the behavior of the entire watershed. This general approach resulted

in the following specific objectives:

1. To develop the fundamental mathematical relatlionships des-
cribing the mechanics of surface runoff within a watershed
and the digital computer programs required te perform the
integration of the resulting equatlons to produce a complete
runcff hydrograph.

», To investigate the adequacy of the mathematical model by applying
. it to gaged watersheds from which records were available and
to compare predicted and observed hydrographs.

3. To use the mathematical model developed in objective 1 and
avallable data to investigate the sensitivity of predicted
hydrographs to variations in parameter values for the various
hyvdrological compenents of the model.

4. On the basis of the results of objective 3, o initiate labora-
tory studies of the mere important hydrological cemponents not
curvently under investigation elsewhere in suitable detail in
order to obtain more precise quantifying infermation about
these processes,



WATERSHED MODEL CONCEPTS

Most of the methods proposed to date for describping the hvdrological
performance of a watevshed have been based upon the concept of a
"lumped"” system, i.e. the parameters used te moedel the various hy-
drological processes are assumed to be representative of an average

or net effect of the particular process over the entire watershed.

The quantification of the resulting coefficients for such a system

is not easy even for linear systems; unfortunately, it Is many times
more difficult for nenlinear systems because the coefficients for

each lumped parameter vary with the magnitude and temperal distri-
bution of the system inputs. To quantify such parameters, a knowledge
is reguired of not only the particular component itself, but of its
complex interaction with all other components as well. Furthermore,
unless all the elements and processes within a watershed behave in a
linear fashion, a final or overall avevage coefficient will depend
upon the magnitude and the time distribution of the system input as
well as the physical characteristics of the watershed. Such an average
value may be determined only with previous knowledge of the system
response or the ability to predict that response from which the aver-
age may be computed directly.

In order to develop a watershed model for predicting the hydrologic
responge for any specified input without using lumped parameters, it
is necessary to describe the dynamics of the processes occurring at
every point within the watershed boundaries. A mathematical watershed
model designed to operate in this manner may be developed on the basis
of the following hypothegis:

At every point within the watershed, a functional relationship
exists between the rate of surface runoff (dependent variable)
and the hydrologic parameters of topography, temperaturse, time
from the beginning of the storm svent, depth of flow and rain-
fall intensity (to the extent it affects flow turbulence and sur-
face roughness}.

This same hypothesis Is fundamental, though usually implicit, to all
mathematical models. The primary difference between implications for .
a lumped analysis and the one developed below is its use as a point
relationghip. '

The necessity ‘of attempting to describe the geometry and processes
cecurring within a watershed using partial differential equations may -
be avoided by relaxing the concept of a "point" application of the
above hypothesis to refer instead to a finite-sized elemental area.
Thus, a watershed may be viewed conceptually as being composed of a
grid of elemental areas as shown in Figure 1.



Figure 1. Hypothetical Watershed Showing Subdivisicn into Elements

In order to assure accurate modeling of the eesential characteristics

of a complete watershed, these physical elements must be of sufficiently
small size that all hydrologically signiflicant parameters, €.g., slope
steepness and dirvection, vegetaticn, rainfall and infiitration rates,
ete., are uniform within the boundaries of each element. However,

these parameters may vary in & compietely unrestricted manner between
adjacent watershed elements. In +the strictest sense, each of these
elemental areas constitutes a lumped sub-area because the mechanics

of the processes interior to its boundaries are not analyzed by dis-
+ributed system eguations. This 1s done primarily to reduce the com-
putational effort required to analyze the model. The distinction be-
tween this concept and the more classical gross lumping of parameters
over an entire watershed comes from the fact that, wlith this approach,
parameter coefficients correspond to an entire elemental area because
the relavent physical characteristics are constant within the boundaries
of +hat element rather than because an effectlve or average value has
been substituted for specially variable characteristics.

Assuming a watershed is composed of a composite group of essentially
independent elements, it is apparent that the runocff water from one
element is a source of inflow to its adjacent elements. Basically,
the application of this concept to a watershed requires the develop-
ment of a runoff hydrograph for each elemental area and the integration
of these elemental responses over the entire watershed. The relation-
ship between individual elemental responses and the composite water-
shed hydrograph is determined by the solution of the differential Torm
of the continuity equation for each element:

d

I-0=3 S (D)

o3

I inflow rate,

O = outflow rate,

S = volume of water in storage,
t = time.

For application in the watershed model, the following finite-difference
form of equation one was used:
2871

- T - Protom S :
I1+ 1o Ql + AT Gop +

28, e (2)
At

where: the subscripts 1 and 2 vefer, respectively, to the values at

the beginning and end of a time increment, At.

The runoff hydrograph from the entire watershed is obtained by ap-
plying equation twe sequentially to all elements within the watershed



at time t, to ascertain conditions exlsting at time t,. This proc
dure iz repeated until the complete hydrograph at the outlet of t
watershed has been defined.

For an indlvidual element, the net inflow rate, I, 1s composed of the
algebralc sum of the rainfall rate, any interflow that resurfaces with-
in its boundaries, the applicable surface runoff rates from adjacent
elements and the rate at which water is being Intercepted by plant
surfaces. The outflow rate from an element, 0, lIs composed of the
rates of Infiltration and surface runoff., Surface retentlon effscts
resulting from microrellief must be incorporated in the rzlationship
between the depth or volume of water in an element and the corvespond-
ing rate of surface munoff. The component of surface detention stor-
age ls obtained as a result of the integration of the continuity equa-
tion.

The actcuracy with which a watershed model of the type outlined above
can predict a particular runoff hydrograph depends both upon the size
of the elemental areas into which the watershed is sub~divided and
upon the ability of the mathematical relationships representing the
various individual hydrologic componenis to describe thelp regpective
phenomena. The size of the element chosen depends upon the economics
of a particular situation, i.e. the application for which the results
are needed and the precision of the prediction required. The accuracy
of the component relationships is not so controllable by the end user.
These results depend primarily upon lmproved relationships and will
dome enly from additional research results in the area of physical
hydroiogy. Freliminary results in connection with the mechanics of
overland flow are presented later in this report.

COMPCNENT RELATIONSHIPS

The physlical processes that require characterization by the watershed
model Include: Interception, Infiltration, interflow, depressional
atorage and surface flow. With the exception of interflow which was
neglected in this project, the method used to characterize each pro-
cess is desoribed in detall below. The methods chosen are admittedly
crude; however, one of the primary advantages of the modeling method
outliined above lg the ease with which Improved component relationships
can be introduced as they become avallable. Thus, these are proposed
only as a starting peint sgo that preliminary testing of the model

may proceed.

Interception. Interception is that portion of the rainfall caught

and retalned by the vegetal canopy: 1t never reaches the ground sur-
face to bscome part of the surface water hydrology. This component

iz often subdivided into two parts: Interception storage and evapora-
tion. Interception storage refers to the volume of water held on the
plant surfaces due primarily to surface tension forces; this porticon
of the interception component is satisfied during the eariy stage of
the more Intense storms., Because of the tremendous surface areas

that can be exposed in a dense vegetal cover, significant amcunts of
water may evaporate during a storm despite the high relative humidity
conditions which normally prevail. This evaporatlon represents an ab-
straction from the rainfall rate which continues throughout the dura-
tion of the storm. For computational purposes in the mathematical




watershed model, the entire interception component can be incorporated
by appropriately modifying the rainfall rate which would prevail under
conditions of no vegetation.

A considerable amount of interception research, particularly with
regard to woodland cenoples, has been conducted. The classic work of
R. E. Hopton' reports the results of an extensive series of intercep-
tion measurements under several species of trees., A limited number

of obgepvations under certaln economically significant crops were also
reported.

Horton found the interception storage volume for trees to vary from
0.02 inches to 0.07 inches and concluded that these values were ap-
proached for certain well-developed crops. By expressing the inter-
ception loss in terms of depth on the horizontal projected area
shadowed by the vegetation, he found the Ioss for any shower of a
given amount of rain to be very nearly the same for various broad-
leafed trees during the summer season. The percentage ol the rotal
precipitation intercepted duping a storm varied Irom nearly 100 per-
cent for light showers where the total rainfall did not exceed the
intevception storage capacity to about 25 percent as an average con-
stant amount for most large trees in heavy rains of long duration.
Both the interception storage and evaporation were found to be greater
for needle-leaved than broad-leaved traes.
basis of an analysis of rather extensive data taken under trees
lative to crops, Horton recommended

interception to be expected from various crops. The constantz given
in Table 1 are applicable to an interception relationship of the form:

v o= A{(R + C:P)h (3)

1

where: h = helght of crop In feet,
P = precipitation In Inches,
Y = interception volume in inches,
A, B, and C are constanis dependent upon
the type of vegestal cover.

IH

From the standpoint of physical significance, the B coefficient is
associated with the interception storage potential of the crop while
the O coefficient is a2 measure of the evaporation losses to be ex-
pected.

i

Horton, R. E. 1913, Rainfall Interception. Monthly Weather Review
47:603-623.
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Table 1. Interception Constants Recomménded by R. E. Horton

Crop A : B C
Oats 1 ' L007 .07
Corn _ h/10 .005 005
Grass 5/6 ' . 005 ) .08
Pasture and meadow 1 005 . .08
Wheat, rye and barley 1 .005 .05
Beans, potatoes, and cabbage h/u .02 1B

Measurements of interception on several economically important crops
and of the projected areas shadowed by the leat surfaces of these
crops have been made by Haynesgu Unfortunately, only the total amount
of interception that occurred during the three vear perlod of record
is reported; therefore, it i1s impossible to determine how the amount
of interception might vary with the amount of rainfall. HNe ralnsg in
exacas of 0.5 inches were recorded during the period of this study.

Exprezsing the total Interception loss as a percent of the rain which
fell during the period of study, Haynes' results can be summarized

as follows: alfalfa, 22 percent; corn, 43 percent; and soybeans,
{based upon only cne year's data), 15 percent. The measurements of
projected leaf surface areas are summarized in Table 2. Haynes con-
cluded, as did Horton, that the amount of Interception for any plant
species Increased almost directly with the pearcent of vegetal cover.

Table 2. Projected Leaf Surfaces of Various Crops Measured by Haynes

Crop Condition of Growth Frojected Area -- %

Corn 8 fr. high, 42 in. rows with 55-65
14 inch hill spacing

Oats maximim stage of gﬁowth; 55-65
drilled in 8 inch rows

Alfalfa 18-20 inches high 30-100

Soybeans 38 inches high, driiled in a5
8 inch rows

e,

Qﬂaynes, J. L. 1940, Ground Rainfall Under Vegetative Canopy of
Crops. J. of ASA 32:176-184
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Stoltenberg and Wilsond measured the interception storage capacity of
corn plants by cutting the plant, bringing it to the labopatory, and
then applying artificial rainfall. The amount of water intercepted
was determined by weighing the plant before and after the appllcations
of painfall. They found that approximately 0.35 pounds of water was
held on the surface of a mature corn plant. The amount of storage
was essentially constant for rainfall rates between 2 and 10 inches/
hour., Using these data from indlvidual corn plants, Stoltenberg and
Wilson computed the total Interception capacity of a corn field with
15,000 plants per acre to be 0.020 inches of rain. These data are in
general agreement with that of Horton as given in Table 1.

For direct use in a watershed runoff model an interception relation-
ship describing the prate at which rainfall is Peing intercepted at

any particular time is required. None of the peported work In this
area provides such information. Fortunately, the magnitude of inter-
ception storage For runcil producing storms is generally small in
comparison with the other aydrologic components. Thus, quantitative
interception rate pelatlionships were developed by combining the re-
ported work with two assumptions: (1) the amount and rate of svapora-
tion occurring during the intense runotf producing storm could be.
neglecred and {2) the rate at which water iz intercepted prlor to the
satisfaction of interception storage could be computed as the fraction
of the total apea covered by the horizontal projected leaf surfaces

the rainfall rate.

Whiie the results of Horton indicate evaporation losses represent a
gignificant portion of the total interception volume for a storm, the
extension of these relationships to predict the rate of Interception
during the storm was not consicdered desirable. The linear velation-
ship between evaporation and total precipitation implied by Equation
{3) is theoretically very doubtful. Intultively the amount of evapora-
tion cccurring per inch of raln would be expected to decrease with
increasing rainfall intensity. Thus, evaporation would be of reduced
significance for the more intense runcff producing storms. A prcbable
reasen for the relationship between evaporatlon and toral rainfall
which Horton Found is the high correliation which exists hetween total
rainfall and storm durvation.

-

12

Supface -Btorgge
The utilization of the eguation of continuity to determine the time
dlstpiburion of runotff from a watershed element requlres, as indicated
ahove, that the volume of surface storage be expressed as a function
of the depth of water In the element. Such a relation is necessary

o account for the influence of the surface micro-relief on the depth
to which a given velume of water will rise on a specified surface area.
Knowledge of this depth of water is also important because the rate

of surface runoff From an element depends upon the depth of flow. The

3Stoltenberg, N, L. and Wilsoen, T. V. 1850, Interception Storage
of Rainfall by Corn Plants. Trans. AGU 31:HE3~048



use of the total volume of water within an element instead of the
depth melative to. a datum cen signiflicantly reduce the subgeguent
calculational effort and can if carried throughout the infiltration
relationships, eliminate the necessity of spscifying an explicit sur-
face storage relationship. However, for the purpose of completeness,
a possible explicit form is developed herein.

In erder to develop a surface storage-depth relationship consider.
the ground surface profile sketched in Figure 2 to represent the
average profile for a particular watershed element.

h - -1z

%,

A
\ N

~

Figure Z. Typical or Average Ground Surface Profile

Assuming the water to be comparatively uniform cver the entire ele-
ment and defining the depth, h, to be zerc at the lowermost point of
the deepest depression, the water surface area is given hy:

A(h) = Ax 14 {y)
i=1

Therefore, the storage voiume, 8, for h ¢ hy,, the height of the highest
roughness elemant in the profils, may be expressed as:

h::hu
s(h) = 4x  L(h) - dh (5)
h=0
where: n
L(hry = o 1y
i=1
For h g h @
sty =g+ (0’0 - n) (&)

where Su = the volume of water in-storage when h = hu

The general form of such a storage-depth relationship is shown in
Figurs 3.
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Figure 3. Typical Shape of a Storage-Depth Function for a Flat
and a Rough Surface,

Most of the reported research on micro-rellef has congerned the ef-
fects of tillage operationg on surface conditions. s 2 These studies
have employed micro-velief meters which measure the surface elevation
at fixed points in a uniform grid, usually two inches square. While
data from such equipment may be used to determine the volume of water
as a function of depth, the normal published results from these studiss
include only means and standard deviations of the roughness heights
which are inadequate to define a storage-depth relationship.

information concerning the crder of magnitude of the infiuence of
micro-relief on the storage-depth relationshlp was obtained from an
analysis of a limited number of high-resolution field surface profiles.
The tillage conditionz selected were chosen to include extreme condi-
tiong: spring plowed ground before rainfall, fall plowed ground, corn
stubhle and disked and harrowed conditions after approximately one inch
of rainfail. All conditlons except the corn stubble were measured

in more than one location,

The measuring procedure consisted of driving an 8 foot length of gal-
vanized sheet metal into the ground at the desired location. The
metal exposed above the ground surface was then sprayed with paint
leaving a clear outline of the greound surface elevations on the metal.
The profile was later analyzed to determine a dimensionless storage-
depth relationship of the Fform:

g = f(h/‘hu) (7)
(Ax)° hy

LLBurweli3 et al. 1963. A Field Measurement of Total Porosity
and Surface Microrelief of Soils. Proc. SSSA 27:687-700.

5Alimaras, R. R,, et al. 1966. Total Porosity and Random Roughness
of the Interrow Zone as Influenced by Tillage. USDA ARD Congervation
Research Report No. 7, Z7 pp.



For most of the profiles this functional relationshig could be approxi-
mated quite well with an equation of the form y = Ax~, the coefficients
of which were determined by a least-sguare regression of the logarithms
of the chserved data. These results are summarized in Table 3. Al-
though not all of the profiles could be described egqually well by cne
equation, no trend in the values of the A and B coefficlents with

the degree of roughness was evident from these cobservations.

Table 3. Swmmary of Surface Storage Relatlonships

Condition h f=“ﬂ ¢ = 2 A B Correlation
“ . h; - h) Coefficient
i=1 T
Plowed Ground
Spring -- smooth 4.0 .81 75 1.9 .99¢%
Spring -- normal 5.3 1.26 .55 2.1 .998
Spring -- vough 5.2 1.45 SHO 1.7 .995
Spring -- very rough 7.2 2,12 : 55 2.2 .999
Fall -- smooth 2.5 .51 A 207 .997
Fall -- noprmal L,z .88 .31 2.2 . 986
Fall -- normal 2.7 .52 .81 3.0 .996
Fall -~ normal 3.5 .81 SR, 8 ,999
Pail -- rough 3.1 1,11 .56 2.2 L9886
Disked and Harrowed
Very smooth 1.h .33 55 2.4 .999
Rather rough 2.3 NS .59 2.3 .999
Corn Stubble b.5 1.25 B7 1.7 . 999
All data LB 2.2 .86L

An assumption Implieit in the above discussion was that topographic
conditions measured at some arbitrary time would represent conditions
during a sterm event, 1.e., the surface tcpography would not change
appreciably during the storm. Such an assumption is obvicusly not
valid when significant evosion or deposition occurs during a runoff
event. In order to avold neglecting the effects of ercsicn on runoff
a storage-depth relationship which varied with time from the beginning
of the storm event would be required. Such conditions could be incor-
porated in the proposed watershed model with little difficulty; how-
ever, specifying the manner, amcunt and distribution of soil moving
into, out of, and within each watershed element is ncot possible with
the present understanding of erocsicn mechanics.

Infiltration

Despite the comparatively large effort devoted to infiltration research
over the past few decades, no widely accepted method of describing

the infiltration process on a watershed scale has been developed.

This is quite understandable in light of the tremendous complexity of
the infiltration phenomenon and the Infinite variety of solls which
occur in nature.
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Most of the past infiltration research can be subdivided into two
broad classes: Ffirst, Those efforrs which have attempted to develop
empirical relationships descriptive of cbserved field conditions and
secondly, the more recent attempts to develop and sclve the partial
differential equations governing unsaturated flow through a porous
media. Although the more rigovous approach holds censiderable promise
of ultimately providing more reliable infiltration relationships,
present developments are not sultable for application to the proposed
watershed model.

The basic concepts of the infiltration process outlined by K. E.

Horton,® while primarily empirical, have strongly influenced much of

the pesearch involving hydrologic applications of infiltration data.

in 1939, Horton' supggested the following widely used relationship for

infiltration capacity:

et o+ (£ - £ e (8)
o c

“

where: K = & constant,

e = base of natural logarithms,

£ = initial infiltration capacity,

£.=.final or steady-state infiltration capacity,
£ = infiltpation capacity at a particular time, t.

Equation (8) is an empirical relationship which describes the observed
fact that the infiltration rate of most solls decreases somewhat expo-
tentially with time when subjected o a supply rate in excess of the

infiltration capacity.

Philip8 proposed an equation of the form:

F
where: u = viscosity of fluid,
k = saturated permeability,
F = total volume of water Infiltrated,
H = depth of water on the soil surface,
My = initial moisture content of the soil,
P = capillary potential at the wetting front,
m = average moisture content to the depth of the wetting

front at time .

6Horton, . ©. 1933, The Role of Infiltration in the Hydrologic Cycle.
Trans, AGU 1H:HLE-LBO.

Tyorton, R. E. 1939, Analysis of Runoff Plat Experiments with Vary-
ing Infiltration-Capacity. Trans. AGU 20:693-71L.

BPhiiip, J. R, 1954, An Infiltration Equation with Physical Signi-
ficance. Soil Science 77:153-~157.
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The potential application of relaticnships such as Equations (8) and
{9 in a watershed runoff model is handicapped by the fFfact that infil-
tration capaclty is expressed as a function of time. Such relation-
ghips are satisfactory provided the rate of water being supplied to
the ares exceeds the calculated infiltration capacity; however, d4if-
ficulties arise with the occcurrvence of periods during a storm when
the supply rate temporarily Falls below the calculated infiltration
cgpacity of the soil. Holtan and f)vertonie'progosed an infiltration
capacity relationship. which eiiminates this difficulty by specifying
the soil moisture content as the independent wariable. This equation
has the form:
™
f=f +AlS - F) (10)
where: A and P = coefficients
S = storage potential of a zoll above the impeding strata
(total porosity minus antecedent soil moisture).

Equation (10) can be made dimensicnally consistent and the coefficients
A and P given a physical interpretation by the following modification:
- E?‘P

T

P {11)
where : Tp = total porosity of the soil above the impeding layer.

Fo=f,+ A

With such a rearrangement, the coefficient, A, has the same units as
f, and represents the maximum potential increase of the infiltration
capacity above the limiting or steadv-state value. The dimensionless
coefficient, P, is velated to the rate of decrease in the infiltration
capacity with increasing soil moisture content. Because the ratio

of {8 - F) to T is always less than unity, the larger values of P are
associated withprapid rates of decresase of the infiltration capacity.

The infiltration volumes utilized In Equation (11) are determined by
vigualizing the value of the. steadv-state infiltration rate, fn, as
being limited by either the permeability of an impeding strata or the
depth required for the hydraulic gradient to approach unity. This
infiltration control depth.is used to determine the initial storage
capacity and total porosity.of the soll. The initial and all subsequent
infiltration capacity rates may then be computed directly.

* Using soll moisture instead of time as the independent variable for
infiltration capacity determinations offers a major practical adventage.

9Holtaﬂ, H. N. 1961. A Concept for Infiltration Estimates in
Watershed Engineering. USDA ARS #41-51, 25 op.

iOOverton, . E. 196%. Mathematical Refinement of an Infiltration
Equation for Watershed Engineering. USDA ARS 41-99, 11 pp.
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For example, no difficulties are encountered in computing the infil-
tration capacity at any time during a storm event, even when the water
supply does not at all times exceed the infiltration capacity. Assuming
+ha soil drains at the specified rate proportional to its water con-
tent, Equation (11) will predict the "pecovery' of the iInfiltration
capacity observed In field studies as the result of a temporary Iinter-
ruption in the rainfall. Equation (11) was used in all tests of the
watershed model that were conducted In this project.

Surface Runoff. The watershed model developed above 1s based upon the
hypothesis of the existence ol a functional relationship between the
depth of water and the rate of surface runoff for every point within
the watershed. Such a relationship would normally be expected to de-
pend upon the general zlope of the watershed element, the degree of
turbulence in the flow, the micro-reilef of +he element and, in cer-
tain cases., the topographic conditlons in adjacent elements.

The qualitative forms expectsd for a surface runoff-depth relatlion-
ship, or runoff function, are shown in Flgure 4. Figure Ha represents
the mopre commonly expected form for such a relaticnship, i.e., the rate
of surface runoff increases at an increasing rate for depths in excess
of the surface vetention demands, d,. The more complex relationship
shown in Pigure Wb corresponds to an element located in a depressional
area. The depth d. represents the water depth at which the element
becomes {londed due to the topography of adjacent elements. Tlow would
recommence at a depth, d,, when the entire ponded aprea begins to over-
flow. The runeciff function for depths greater than d_ would depend
primarily upon the hydraulic characteristlics of the Entire pond and its
cutlet rather than the conditions prevalling in the particular element
under consi

tderation.

Numerous researchers have studied the flow of shallow depths of water
over flat plains, i.e. classical overland flow. 11, 12, 13, 14, 15

1 Hepton, R. E. 1938. The Interpretation and Application of Runcff
lat Experiments with Reference To S631 Erosion Problems. Proc. SS55A
3:340-349,

12

1
P

fgzard, C. F. 1946, Hydraulics of Runoff from Developed Surfaces.

Proc. Highwavy Research Board 26:128-150.

13 . L
Yoo, D. and Brater, E. . 1

9872 Spatially Varied Flow from Con-
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In general, the relevance of much of the above rvesearch to the develop-
ment of a runofi function of the type required by the proposed watershed
model is questionable. The ability of peiationships derived Tor the
analysis of [low in thin, relatively uniforn sheets to describe the
phenomenon ol flow in the myriad, interconmected rills and channels
which compose the actual flow conditlions in a watershed is very doubtful,
Intuitively, @ means of quantitatively describing the overall flow
conditions of an element without analyzing the rlgorous nydro-dynamic
equations governing the flow in the tiny individual channels appears to
be required. 3uch a relationship would be analogous to the manney in
which the Darcy squation permits the analysis of groundwater I'lows with-
out concern for the size and geometry of the actual fiow paths through
the porous media. Because no such relationship was found in the litera-
ture, the runcff function outlined below was developed for temporary use
tow the feasibility of the proposed watershed model to be tested.

Pieupe 5. Typical Cross-Section of blement
g L

Let Figure 5 represent the average surface profile, taxen perpendlicular
to the divection of flow, of a particular waterched element. The average
cross-sectional fiow depth, d, can be determined rfor a given total depth,

e

d, Irom the storvage relationship for the element as:

- g~ 5]
d = (DAL—»,{‘)

where: A = arca of the elemant
8,= volume of water for a depth = d,

On the basis of the ewperimental results obfained from the overland
Flow studies discussed above, the hypothesis of a relationship for the
avepage velocity of [low within an element of the following form seemed
reasonable:

v o=k a (12)
where: V = average [low velocity
K = & coefficient pelated to the slope and surface
roughness of the slement
w = an exponent dependent upon the degree of turbulence
in the flow.

For application In the watershed model it was assumed that the coefflecilents
for Equation (16) could be determined by Manning's eguation for open
channel flow, L.e.:

1.U86
K o= = (86 S



i

slope of watershed element

where: S
n = hydraulic roughness coefticient

1

Déspilte some experimental evidence to the contparyl6 and cbservations
of the occurrence of a transition from laminar to turbulent conditions
in overland flow studies, the coefficients for the runcflf Function were
assumed to be constant for a given storm event. The assumption of more
complex conditions was not justifiable witheut experimental validation
of the basic form of Equaticn (18).

The assumption that the rate of discharge is proportional to the
average depth of water within the element, i.e., the total volume of.
storage, makes the specification of the Influence of micro-relief on
surface storage unnecessary. TFor a given volume of retention storage,
the runoff hydrographs predicted for a flat and a rough surface of the
game hydraulic roughness are identical,

SIMULATION OF NATURAL WATERSHEDS

The ultimate method of determining the abllity of a mathematical model

to characterize a physical phenomenon is a comparison of the measured
responses, for g vapriety of input functions, from the physical system
being studied with those predicted by the model., In the case of a
watershed model this means a comparison between observed and predicted
runoff hydrographs resulting from measured rainfall hydrographs. Detailled
records of the rainfall and runoff hydrographs, cropping history, and
intiltration characterisitics from a number of small, single crop,

natural watersheds located on the Purdue Throckmorton Farm were made a-
vailable to study the ability of the proposed watershed medel to simulate
the vunoff hydrographs resulting from actual storm events. Two of these
watersheds, shown in Figure 6 and each approximately two acres in size,
were selected for this purpose.

The major difficulty with attempting to use actual storm events on
natural watersheds to investigate the adequacy of a detailed mathemati-
cal model arises from the lack of guantitalive data regarding the ante-
cendent conditions of the several hydrolopilc model components at the time
of occurrence of the storm being studied. For exanple, the zoll mois-
ture conditens, all of the surface roughness. properties and the infil-
tration conditions must be estimated on the basis of primarily the ante-
cedent rainfall and the season of the year. Because lhese estimates are
all subjsct to substantial errvor it is impossible to determine whether
diserepancies which may occur between the observed and predicted hydro-
graphs are due to 3 poor model or the assumption of Inaccurate boundary
conditicons. Fortunately, the ultimate engineering application of a
watershed model, the prediction of possible future runoff events, does
not reguire such quantitative data. For such applications the parameters
are determined by probabilistic relationships rather than observable
coenditions.

Schiff, L, 1951L. Surlace Detenticn, Rate of Runoff, Land Use, and

froslion Relatlonships on Small Watersheds. Trans., AGU 32:57-65.
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Numercus hypothetical and natural storm events were analyzed using the
model to simulate the hydrologic behavior of the two Throckmorton water-
sheds. A detailed presentation of these results has been previously
published“l7 An example of the results obtained for a particularly com-
plex storm i shown in Filgure 7. On the basis of thase results, the
following conclusions were drawn:

For the limited range of conditions studied, the watershed model developed
above, lor appropriate values of Initial parameters, was capable of simu-
lating observed surface runcff hydrographs very well in comparison with
techniques currently employed. However, because of the uncertainty in

the magnitude of several of the watershed parameters at the beginning

of a storm event, due to lack of sufficiently detailed historical data,
the agreement between observed and predicted hydrographs cannot offer
conclusive evidence of the validity of the watershed model.

A parameter sensitivity analysis indicated that, for the Throckmorton
watersheds, the most gignificant parameters were those factors which
influenced the calculated infiltration capacity rates during the storm.
This result was expected in view of the high infiltration rates of the
soils found on the test watersheds. The infiltration parameters for
theze soils are given in Table 3.

Teble 3. Infiltrarvion Capaclty Parameters for the Throckmorton Soills

Toral — Field Capacity
Soil Porosity % of £ A P
Volume % Saturation in.7hr. in/hr
Sidell si. lo. 46, 7Z. 1.00 4.90 .65
Chalmers si, cl. lo. 49, 80. 0.50 3,00 .78
Raub sl. lo. 51. 73, 0.80 L. 50 .65
Dana si. lo. 53, 66, 0.90 4,75 .65

The influence of Interception storage on the predicted runoff hydrographs,
Tor the magnitudes of storage capacity considered, was minor. The effect
was discernible only when the runoff resulted from a storm wherein the
runoff producing raintall irtensities occurred very early during the
atorm event.

17 \ 3 . . . - X . .
Huggins, L. I'. and Monke, E. J. 19886. The Mathematical Simulation

of the Hydrclogy of Small Watersheds. Tech. Report 1. Purdue University
Water Resources Research Center.
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The parameters in the runoff function, hydraulic roughness and surface
retention volume, both appreciably influenced the predicted runoff hy-
drographs. Generally, the hydrographs were considerably more sensitive
to the roughness coefficient than to the surface retention volume with
the maximum influence of hydraulic roughness occurring during the
ungteady flow periods of highest rainfall excess intensities.

The influence of the size and orientation of tThe elemental areas used
to represent the watershed tended to become comparatively insignificant
alfter a slze was reached which resulted In about L50 elements for the
entire watershed. The eiflect of the time increment used in the simu-
lation became negligible for ratios of element area to time increment
gregter than 100 i+. /sec.

THE MECHANICS CF OVERLAND FLOW

The result discussed in the previocus section indicated the Iimportance
of being able to accurately describe the behavior of the surface flow
over plane surfaces. The relative importance of this particular pro-
cess to the overall problem of modeling the runeft from real water-
sheds can be ewpected To increase as the rate of infiltration for
tighter solls tends to decrease., In view of this result, studies
were initiated under this project to develop techniques for better
characterizing the Flow of water over surfaces which had roughness
elements that were larger than the depth of flowing water, il.e., sur-
faces which could be expected to characterize the tvpe of overland
flow that would he found in mest field situations. The first study
complieted in this connection was reported as an M.8. thesis by G. E.
Foster+8., The basic data for his study was provided by the Agri-
cultural Research Service (ARS, USDA, at Purdue University). The

jected to simulated rainfall conditions. In excess of 10,000 plot-
years of data waere available from studies which involved a variety of
soll types, slopes and cultural practices.

The overall ohijective of Foster's work was to determine the feasibility
of using classical hydraulic eguations to describe the movement of sur-
face water from erosion pict studies. The specific objectives of

his First studies wers: to select an analytical model and to simulate
actual fleld hydrographs; to determine the magnitude of the model para-
meters necessary to produce adequate simuletions; to investigate the
variations of the model parameters within a given hydrograph and from
one surface condition to ancother: and, when possible, to correlate these
parameters to elther a qualitative descripticon or a quanatative

measure of the surface roughness.

The data available from the ARS studies, which were designed to obitaln
information concerning the mechanics of ercsion by water, consisted of
a suprface runoff hydrograph measured at the downstream end of a plet

er, G. R. 19688, Analysis of Overland Flow on Short Erosion
s. Purdus University.



and a known rate of application of artificially applied rainfall. The

plot size for these atudies, 35 feet long by 12 feet wide, was large

enough that the unsteady effects of overiand flow were signiflcant;

however, because no data were available concerning the instantaneous

rate of infiltration, 1t was not possible to differentiate unsteady
effects caused by changing Infiltration rates From those resulting

from cverland flow dynamics. Since the primary objective of this

study was concerned only with the mechanics of surface runoff, only
those tests which wers made under vevy wet soll moisture coanditions in

which 1t was reasonable to assume the rate of infilrration was constant

during the pericd of rainfall applicaticn were used for subseguent analyses.

A1l of the data used for this investigation were taken from fallow
plots which had been tilled parallel 1o the slope of the plot.

The analvtical model selected to simulate the cbserved hydrographs was
obtained using a finite difference solution to the following equations:

A 3¥-: @ & L (19D
G54 at
Fo? o :
where g = discharge per unit width,

= velocity of flow

& = rainfall rate,

f = Darcy-Weisbach ceefficient of friction

These equations represent the kinematic method of analysis of overland
flow and are derived by neglecting some of the smaller magnitude terms
in the full meomentum equation governing fluid flow., The particular
solution generated by solving these equations depends upon the magni-
tude of the input parameters. 0f the vaprious parameters required, only
the coefflcisnt of friction could not be estimated from measured data.
The "correct" value of the coefficient of friction was estimated by
trial and error using a computer program written to solve equations 19
and 20 for each trial value of the friction factor. Values were chosen
which resuited in good agreemsent between obzerved and simelated hydro-
graphs. By analyzing the range of friction factors required to obtalin
good simulations for a large number of hydrographs and ror g varlety
of surface POUQ%ﬁé“qu it was possible to estimate the feasibility of
pradicting the hydraulic roughness of a surface based upon some measure
of the phyzical roughness., The magnitude of varistion in the coeificient
of friction required to obtain reascnable simulations for similar, yet
individual, surface conditicong determines the precizjion with which
this term must be correlated to surface conditions and the detall that
mugt be known zbout the flow surface 1f the above sguations are used
to model the behavior. Hodel simulatlono were also run using flow
equations based upon Chezy's C and upen Manning's n to characterize
‘energy dissipation term of the flow equatiocns.

e

the

On the basis of this giudy several conclusions were drawn. For the
plot studies simulated in thisz work, the kinematic model was capable
of providing an accurate simulation of the unsteady portions of the
flow hydrograph when appropriate values for the frictional resistance
of the flow were specifled. A constant coefficlent of friction, i.e.
one which does not have to varvy as a function of the Reynolds number
of the flow, gave very satisfactory regults for the rather small plot

size and short flow lengths investigated For mest flow situations
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The water supply to the individual hyprodermic tubes was controlled at a
constant pressure of 25 psi and passed through. a.50 micron filter before
entering the ralndrop producers.. Flow in each of the four supply lines
was centrolled by solenoid values., The entire system of raindrop pro-
ducing modules was supported by a frame and could be raized a variable
distance above the flow plane. This provided for the capebility of
centrolling the momentum of the raindrops striking the flow surface by
controlling the distance of fall of the raindrops.

A schematic view of the laboratory facility is shown in Figure 8. The
initial flow surface was constructed from 1/4 inch aluminum sheets
supported by a frame which was suspended at 4 polints with load measuring
devices. The load measuring devices permitted the total vertical force
acting on the flew plane to be continuously monitored. They ceonsisted
of aluminum reds of .35 in. diameter to which foll-type straln gages
were attached. The force measuring rods were supported by a large frame
piwted from fixed supports at the upstream end. Slope control of the
entirve surface was provided by 2 screw Jacks located at ths lower end

of the support frame and driven by & common shaft and motor. This
arrangement provided for longitudinal slopes. ranging from 0 to 6.5 per—
cent. HNo provisicn for cross-sloping of the surface was provided.
Various types of roughness treatments could be applied to the aluminum
surface in order to simulate a variety of conditions which might occur
under normal field situations.
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Figure 8. Schematic of labovatory equipment.
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Runoff from the laboratory elament wazs determined by measuring the rate
of increase of the total mass rmold from the ow surlace., Runoll
was collected at the downstream of the flow plane in a metal trough,

ilevered aluminum bars on which

s““M in gauges had been mounted.

The deplh of water st 20 points on the Flow surface was measured by
pressure transducer technigues. iz waz perhaps the most complex

measurement in this investigation. Not only was the depth ol water
very small, but the effect ol ralndrop impact, the roughness of the
surface and surlface tension elfec made precise measurements very

difficult.

A technique was developed to deteprmine the depth For both transient
at geveral points on the flow plane. It ma,dﬁy
sure transducer, a manometer bank and a 24-point pressure
swi‘v connected between the transducer and piezometer hoiao
plane. The working range ol the transducer was + .5 p.s.i.

e !‘",al. The pressure scanning switeh provided a means to record
depths at different peints on the flow plane using only one pressure
transducer. AU twenty locations on the flow nplane 1L/16-in. plezometer
holes were drilled. Small pileces ol brass tubes approximately 1" long
with a 1/16 insi digmeter hole were glued on the bottem suriace of
the {low plane in aligmuent with the each o? the pie

inc

;
ometer holes. One-

quarter ch Tygon tu}'tp wa 1 to connect the brass extension tubes

on the piezometers to the scamming switch., Two peinta were connecied

TOo manons Led Lo a kﬁown, conglant water level approximalting

the [ull scale range of the preszure de Transducer yeadings {rom

these manometers provided calibration for each complete pressure

v

B 1B

SCalt.

Bach of the 20 depth meac 2
manomater tube on a centr: he manometer bank provi
advantage: Fivet, it facq: ted the removal of aly Irom The pressure
line by allowing water to be poured in each manometer tube just prior
to the beginning of a test. This was particularly Lmportant when the
slope was changed from low to high and air was drawn inte the lines.

tubes was connected in

r" U

Secondly, the manomsters provided a means to damp zny momentary changes
in pressurs dus to impact of raindrops near a piezometer opening during

.+

a test. The ratio ol diameters of manometer tube to plezometer hole
on the flow plane was roughly 8. Thiedly, it was possible to physically
see tThe elevation of each row of points on the [low plane. This greatly
itated detect! trouble in the pressure lines during and afiter

All of the electronic signals assoclated wlth the various measuring
transducers were sant to a vemote analog/hybrid computer over shlelded,
Instrumentation-grade lines for amplification and preliminary analysis
of the data. The data concerning the vertical force .on the flow sur-
face was amplified at the computer, digitized at periodic intervals

and recorded on digital snelic tape., In addition, after the signal
was analyezed @i back to the laboratory for display on a re-
cording osclllograp 1 provided the operator the convenience of
monitoring the equmetnt d iring a test to verify that it was operating
properly. The signal from the weighing tank which collected the mass
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runoid during a test was amplified and then differentiated, using an
analog circuit, to provide a signal proporticnal to the rate of runoff.
Both accumilated mass runcff and the calculated rate of yumolf were
digitized and recorded periodically and, as with the . vertical force,
sent back to The laboratory for cbservation on the oscillograph.

the data. from Tthe pressure tranzsducer
on in order to not vequive incrdinate time

The scanning and
merited special oo

periods and thereby de the overall system performance. A [inite
period of time was requived for the pressure transducer output to

stabilize the switching transients vesulting from the scanning valve
stepping from one plezometer to a successive one at a different pressure.
Furthaermere, e stebilization time depended upon the magnitude of pres-
sure change between adjzcent points. Because of large elevation

changes between some plezoneters on the sloping flow surface, the mag-
nitude of pressure changes betwsan points varied grestly. In order to
reduce the overall scanning time Lo a minimum, the transducer signal

was analyzed "on-line'" and the results of this analysls were used to
control the stepping rate.

s

analysis signals for two full scale step inputs to the transducer is
shown in Figure %. The data in Fipgure 9 were recorded at a chart speed
of 25 mm/sec and sensitivities of Sv/em for the derivative and compara-
tor signals and 2v/em for the other signals. The basic analysis clr-
cuit to control the scan vate consisted of testing the time derivative
of the pressure signal and accepting the signal as stable when this
derivative decreased in magnitude below a predetermined "critical valiue.
However, as may be noted from the transient oscillations of the pressure
signal in Figure 9, the transducer response was not that of a first
order system. This meant the magnitude of the derivative.of this signal
would beccme zero even though the signal was not vet stable. Therefore,
in order to prevent this condition from falsely indicating stability

the transducer signal was passed thyough a first-order filter with a
time comstant of 0.1 seconds before being differentiated. This resulted
in an output approximating a fivst-order system as can be seen from the
sample output of Iigure 2. Once the absolute value of the derivative
had falilen below the critical value and remained there for a period
Tonger than 68 milliseconds, the original transducer signal was digitized
and recorded and the pressure scanning switch was advanced Te the next
position. With this type of analysis it was possible to scan and record
the 20 flow depihs on the surface in a perlod of 3 to 4 seconds. This
time interval represented a reduction by a factor of 10 over the period
required when using a fixed scanning rate.

A sanple of the pressure transducer signal and the associated computer
o
Bl

Analysis of experimental results. An experimental investigation was
conducted to determine 1f a runctional relatlionship esisted between the
average depth of water within a finite-sized, uniform area and the rate
of surface runoff frem that area. Three uniform surface roughnesses
described herein as smooth, rough and very rough, were used in the study.
Aluminum was used. to represent the smooth surface. [t was treated with
chemical to eliminate surface tension effects. The rough surface was
formed by gluing sand on the aluminum surface. Sand particles screened
between sieves number i4 (1.4 wm opening) and 20 (0.83 mm opening) with
an average size of 1 mm in diameter were used. The very rough surface
was Fformed by repeating the same procedure using gravel screened between

sieves number 4 (4,70 mm opening) and 6 (3.33 mm).
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On the basis of these variables an experiment was designed. Five treat-
ment levels were chosen for each of the three independent variables

Qus S, and I and three treatment levels for the variable K. TFifteen
treatment combinations covering zll permissible levels were chosen for
the test. Due to several limitations It was not peossible to randomize
the surface within the experiments. Hence all tests were completed

cn one surface before It was changed. The fifteen different treatment
combinations tested on each surface consisted of a 2° Factorial supple-
mented by seven additional tests.

The fifteen treatment combinations were tested randomly with two repli-
cations for each surface. The chiective of the statistical analysis
was to astablish a relationship between average depth (dav) end other
independent variables &, Q,, 1 and K. '

itiaily varicus analyses of the data were made to determine the sig-
cance of main and intepraction effects. The results of the analysis
of variance of the 2° factorial part of the experiment indicated all

main effects were slgnilicant for each of the three surfaces, Tor the
smooth surface the only significant 2-way interaction was rain x upstream
flow, The significant 2Z-way interactlong in the case of rough surface
were rain x slope and rain x upstream flow. The only significant 2-way
interaction Ffor the very rough surface was slope x rain. All the above
tests were made at the five percent level of significance.

Pody

The presence of a significant level of interaction in the analysis of
variance inferred that a nonlinear regressicn model would be required
to correlate the dependent and Independent variables. On the basis

of thess results and the general Form of the classical hydraullc eguations
to characterize open channel flows, the Mannings and Chezy equations,
the mathematical model chosen was of the form:

1= a () i Hi 1)

Analyses wers completed individually for each surface roughness and
for the composite case with all tests combined. The results, as shown
in Table 4, indicated the variation (R-squared) accounted for by the
regression in each of the cases was rather high. The composite cases
vielded relatively high R-sguared values comparable to the values ob-
tainad for individual surfaces,

Table 4. Summary of Regression Analyses

Case R2 a b c d @
Smooth Surface .93 20.7 = lDti -~ 387 . 089 L2865 -
Rough Surface .92 W, i LO“; ~.308 L1811 .362 -
V., Rough Surface .92 1.57 % 10_? - 423 .198 517 -
Composite L9k 1.3 = 10~ -.378 .181 Ve 164

used
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SUMMARY AND CONCLUSIONS

The four project objectives outlined in the introduction of this report
were completed during the duration of the project. The primary result
of this project is the mathematical watershed model, programmed in
FORTRAN IV, presented in the Appendix to this report. In its present
form, this model must be viewed as a research model rather than a finished
product ready for use as a design teool for water resources planning.
Before the concepts presented in this report can be translated intc a
practical design method much addition research is needed to better
define the equations governing the component hydrologic relationships,
especially those concerning infiltration and surface rnoff processes,
for a variety of cenditions which cover the range of normally occurring’
situations. Addition effort should also be devoted to improving the
computational efficiency of the computer program and to developing a
simplified method for chavacterizing the surface topography of water-
sheds to be modeled. Before the model can be recommended for use in
engineering practice it will also be necessary to determine the range

of watershed sizes for which it ls applicable.

The laboratory facility developed under this project 1z capable of
providing much of the date necessary te establish improved modeling
equations and parameters to characterize overland flow. The rather long
design and construction time required to develop this facility resulted
in a severe yestriction on the variety of surfaces cenditions which
could be tésted during the project duration. Those experiments which
were conducted indicated a need to improve the instrumentation used,
especially that required to measure the point flow depths and the dy-
namic vertical forces acting on the flow plane.

Specific conclusions concerning the results of the various phases of
the overall proiect have been presented previously in this report and
are not repeated here. TFor these results the reader 1s referred to
the closing remarks of each major section of the report.

Finally, cne of the primary strengths of the conceptual watershed
modeling approach developed herein concerns the ease with which it

can be modified and improved as individual research advances are nmade
in the areas assocclated with the various hydrolegic compeonents de-
lineated in the model. It is hoped that this will encourage others
working in the field of hydrology to incorporate their ideas concerning
the modeling of component processes into the model and to test the
effoctiveness of their ideas with historical watershed data.
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APPEND IX

COMPUTER PROGRAMS

The following pages contain a listing of the computer program, written
in FORTRAN IV, employed to simulate surface runoff conditions from
natural watersheds. In order to facilitate possible future modifi-
cations and to better 1llustrate the programming logic, the program
was segmented into various subprograms, each with a specifle function.
Considerable effort was devoted to increasing the computational effi-
ciency of the routines used in the Iterative portions of the program.
Unfortunately, this endeavor often resulted in an increase in the
complexity of the programming logic, the combining of several coelffi-
cients inte a single numerical guantity with unfamiliar units and the
storage of otherwise superflucus arrays of values for later computa-
tional use,

All of the basic control logic and the essential features of the
mathematical watershed model developed above are contained in the pro-
gram MAIN. Newton's method of finding the zero of a functien by using
its derivative to chtain successive approximations to the zero was
employed To solve the equation of continuity recursively for each
element within the watershed. As written, the program does not allow
areal variations of rainfall, vegetal cover opr surface roughness
within the watershed bhoundaries. However, this feature could very
easlly be incorporated by changing the appropriate ceelficients to
subscriptad variagbles and assigning values for all elements within

the watershed.

Various hydrologic components of the watershed model were incorporated
into the computer program as separate function subprograms. The rate
of interception occurring during a storm event is determined by the
subprogram RAIN which returns the value of the net rate of rainfall,
the actual rate minus the rate of interception, to the main program.
The infiltraticn rate is determined by the FILT function subprogram.

The purpose of the subroutine DATA is to input all of the basic data
required to simulate a given hydrologic event on z particular water-
shed, This Input data can be subdivided into four categories:

A, The rainfall Intensity~time distribution with the time expressed
in minutes and the intensity expressed in inches / hour constitutes
the fiprst category. These data ave required for the first and
each subsequent new storm to be analyzed in a set of data. The
effect of a glven storm under a variety of antecedent watershed
conditions emd/or watershed may be analyzed by simply deleting
this sub-section of data from data sets following the first set.
The word PRINT starting in column 25 of the storm data card causes
the storm hydrograph to be printed after being read. A non-zero
value In column 1 of a card indicates the end of the rainfall data.

B. Antecedent watershed condition data (a total of six data cawrds)
are required for each analysis. The headings on these cards are
intended to be self-explanatory. It 1s suggested that a roughness
category of 4 be used for most analysis. Such z selection results
in the average depth of surface vetentlon agreeing with the value
punched on the data card.
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£. Infiltration coafficilents are required for each type of sclil pre-
sent within a watershed. Current dimension gtatements allow for
only four soll types to be present in a watershed; however, this
is easily increased by changing appropriate dimension and read/
write statements in the program. These data need to be read only
when the values of the coefficlents from a preceding simulation
must be changed. A DATA statement provides a default option.

. The last set of data concerns the topography of the watershed
being simulated. The watershed must be subdivided Into elements
as shown in Figure 6. For each element the surface slope
{percent), the slope direction and the soil type classification
must be specified on a single card. The position of an element
is determined by a row and column index. TFor best results, parti-
tioning should begin with row ons and column one corresponding
tc the most sxtreme, upper left portion of the watershed and
progressing toward increasing column numbers, i.e., horizontally
from left to right as normally viewed. The slope direction of an
zlement is specifled in depgrees measured counter-cleckwise from
a directed line originating from the center of an element and
projecting parallel to a row of elements. A non-zero value in
column B of a card indicates the last element in the watershed.
The slope dirvection of the watershed output element should be
specified in such a manner that all cutflow from the element
leaves the watershed, i.e. either 0, 90, 180, 270 degrees.

The above set of data must be followed by data sets for subsequent
simulations, cr, if only one simulation is to be made, by an arbitrary
additional card (END DATA was used in the example below). Several
checks are made to assure the data are in a form which will allow the
simulation to be completed. Farameter values for all elements of the
model arve evaluated from the Input data and transferred back to the
main programn for subsequent calculations.

The subroutine DRY is used to greatly reduce the computational erffort
required during iIntermittent periods of complex storm events when the
rainfall and runoff have temporarily ceased. The soil moisture con-
ditions existing at all polnts in the watershed at the time of recur-
rence of vainfall are determined with this subprogram.

ot

The physically slignificent programming symbols used are defined in
the feolleowing list. Other symbols which appear in the programs were
used only for programming convenience and have little or nec physical
significance.

Programming Symbols

ACT) = Infiltration coefficient of Equation (10) for I-th element
ADIR =  Average surface retention depth -- in.
ANG = Angle of the flow direction across an elsment--degrees

(input).

ARFA =  Area of the watershed--acres,
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ASHM = Antecendent soll molsture--percent of saturation.

B(I) = Ceoefficient for runcoff [unction for I-th element.

CONST = A constant = 2-DX:DX/DT -- ft.zfsec.

» - o 3

CONV = Constant to copvert watershed cutflow from It. /szc.
to in./hr.

CROP = Type of vegetation,

ey = Constant to convert vates from in./hr. to ft.%/sac.

Cl = Constant for converting from inches per unit area to
cubie feet.

DINE = Depth of the control zenme used In caleulating the in-
filtration capacity vates -- in. (input).

DiR = Twice the surface retention volume divided by DT-~Ft. % /sec.

DIRM = Maximum surface retention depth at any point in the
watershed-~in,

DR = Discharge,in a direction parallel to the elemental
rows~~£1, /sec,

T = Time increment used in the analysis--sec.

BT1 = Time increment used in a previous simulation--sec.

DT = Time increment used in the analysis--min.

DX = Size of watershed element--ft.

FC(T) =  Steady-state infiltration capacity rate of I-th element--
£t.%/zec,

FILTC{I,J) = Constants for the inliltration capacity rates for the
I-th soil: J = 1 coprresponds to the total volume porosity--
percent; J = 2 to the fleld capaclty--percent of satura-
tion; J = 3 to f.-in./hv.y J = 4 to "AY in Bquation (11)-
in./hr.; and J = 5 to "B in Equation {11).

FLIN = Net rate at which water is flowing into an element--
£t.%/sec.

FLINS(I) = The sum of the inflow, outficw and rate of change of
storage for the I-th element at the end of each itera-
tion-~ft.%/sec.

GWC(I) = Gravitational water capacity of I-th element-~ft,?

HU = Maximum height of surface roughness influence on sto-

age~-in. (input).
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IDATE = Date of storm event being analvzed.
MOUT o= The position number of the outlet element.
NC(T) = Position number of the element to recelve overland flow

paraliel te the column direction from I-th element.

EHP = Drainage exponent used in Infiltration calculations.
NIouT =  Row number for watershed outlet element,

NJ = Number of columng of watershed elements.

NJOUT = Column number for watershed dutlet'elem@nt.

NR({I} = Position number of the element to receive overland flow

parallel to the row direction from the I-th alement.

NUM = Watershed code number.
P{I) = Infiltration coefficient for Equation (10) Tor I-th

element.

PER = Ground surizce covered by follage--percent of total area.

PIT = Potential interception storage volume--in. (input).

PIVII) = Melsture def%ciency (relative to saturation) for I-th
element--ft,

PREC = Total amcunt of rainfall--in.

0% = Watershed outflow rate~~in./hp.

Q2 = Rate of discharge from an element-~£t.% /sec.

Q(I) = Discharge rate from the I-th element--ft.%/sec,

QI(I) = Inflow rate from adjacent elements~wft,3/se¢.

R = Dffective rainfall yate. Actual rainfall rate minus

rate of interceptionm—ft.s/sec.

RATE = Rate at which water is being supplied to an element by
rainfall-ft.%/zsec.

RC(I) = The rainfall intensity corresponding to the I-th time
interval--in. /hr.

RFL(I) = The percentage of total outflow from I-th element which
flow parallel fo the rows of elements.

RIT = Rate of interception—hft.3faec,

RN = Manning's vroughness coafficient,

RN1 = Value of Manning's roughness cosfficient used in a pre-

vious simulation.



ROUGH = Surface roughness category.

s(I) = Slope of I-th watershed element--ft./ft.: or twice the
element %torage volume divided by the time increment,
DT, -t ., /aec,

S0TL(T) = Soil type number of the I-th element.
8S(I) = The change in value of 8{(I) during an iteration.
BETOR = Twice the veolume of water in storage divided by the

time increment, DT,——it.S/Sec.

surP = Rate at which water is being supplied to satisfty Iin-
filtration capacity--ft.Y/secc.

SUR(CT ) = Constants for the storage function for the I-th soll.
T = Time~-min.
TC(I) = The time at which a change in raintall intensity

cceurred~-min.

VOL = Tetal volume of runoff predicted by simulatien--in,
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Program Listing

Le Fo HMUGGINMS #% SECOND EDITION #& 10G/68
MATHEMATICAL MODEL OF A SMALL WATERSHED

EHROGRAM MAIN(INPUT . OUTPUT s TAPES= INPUT s TARES&=0UTPUT )

DIMENSION QI(3001eRFILL{3003s IDATE(Z23oFLLINS{Z00} RCIUIOOY s TC{IO0D)-QI(3
101 e SI{3005:58 13003 :A(3001:PIVIS001RI300IFCI300)GWLI300).B(300)
2eTII1015 Q1107 }MNR{300) .NC{306) NUM(20)

COMMON NEXD SUPP.DT

DATA QI{13 S0e/

MEXE = 3

READ (S.13 TEST

1 FORMAT (A&
S CALL DATAIMUM, (DATE :BeDIR:TC o NDT o KPR Mo MR oNCs QL e RFL . CONV . CUPER ]
1T e Ae P IV el e FCe W s TES T o FLINS G555 e RC s NRAIN)

IR = 1
VOL. = O
FREC = O

BT = DTAB0e

Ty = TCUL)

WRITE (64103 Telr.01(1}
10 FORMAT (1Mo 31X 1 7THRURNDFF MYDROGRAPH ~/ 1HO 20% TIHTIME « MIMe. X 1

1OHDISCHARGE =~ IMe/HRe / ZOX F9sls 18X FHe3)

DO 60 L om 2.MDT

Ty = Ti—-1}

0o S0 J = (KPR

TELY = Teily + DTHM

IF (TqLy = TCETTRIY 13,11.11
11 IF [ITR - MRAING 12:867.67
12 ITR = TR 4 1

RATE = RCLITRY#CU

PREC = PREC + RCIITRIMITCIITRY -~ TCUITR=111/60s
13 R = RAINIRATE.RPIT.PER}

DO B0 M o= feN

SETOR = SI4M) <+ S55(M)

FLIM = QIdMy + R

SUPE = ,SESSTOR + FLIN

FLIN = FLIN = FILTIAMY cPIVIMIPIM) FCIM) s GWCIMY)

FHS = FLINS(M) 4+ FLIN

IF (FHS.GT.DIRY GO TO 22

18 &My = FHS

55{MY = Os

FLINS{MY = FLIN 4+ FHS

IF (GUMeEQeDe} GO TO B0
19 0O = -G(M])

G{M} = Os

GO TC a8

22 ® = FHE®: Fwed
IF (85TORLGT.DIRY GO TO 28
28 SETOR = FHS
GG TO 28
26 SS5TON = SSTOR — FSA{ie + 1 .8686T2Q2/7D)
28 b = S8TOR - DIR
G2 = BIMIBDEE]L , 66687
FS = Q2 + S8TOR - FHS
IF (FSel. Te=HaORaFSGTeX) GO TO 2&
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D= G2 -~ Q{M)

Q{M) = Q2

SSIM) = SSTOR - SiM)y

S{My = SETOR

FLINSIM) = FLIMN + SSTOR - Q2
48 DR = DRRFEL (M)

I = NRIM)

€ o= NCIMY

QICIY = QI(I} + DR

GIIRY = D «- DR + GHIK)Y
B0 CONT INUE

Q1LY = QIeN+T ) ACONY

VOL = VOL + 01 (L)

IF (Q10L) el TeaDOOBsAND ITReGTo2) CALL DRY (NiPIT PERS«CUQeAsPIVs

IPeFCsGUWCRATES QI+ TIL ) s TCoRC: ITR.NRAINFL INS  PREC)
60 WRITE (£:6853 T(LI.Q1¢L)
65 FORMAT (20X F9glas 18X FT+8)

L o= NDT + 1
87 VOL = (VOL ~ oS¥Q1{L~1)1%DTHFLOAT(KPR /3600

WRITE (6:70) PREC.VOL
70 FORMAT (1HO 4X 32HTHE RUNOFF VOLUME PREDICTED FROM FSe2¢ 21H INCHE

1S OF RAINFALL = FGe3¢ 4H IMo 3 '

GO TO 8

ERD

FUNCTION FILTIAPIV.P.FCGWD)
COMMON NEXP,S5UPP.DT
IF (PIV) 45:50.5
5 FILT = AsRIveap + FC
[F {FILT«GT«SUPP FILT = SuUPP
IF (PIVel.T.GWCY GO TO 25
PIV = PIv - FILT#DT
RE TURN
7% PIV = PIV - (FILT « FC2(le = PIV/GWC)#RNEXP)2DT
RETURN
45 WRITE (&.46) PV
46 FORMAT (52H WATER CONTENT OF SOIL EXCFEDS TOTAL POROSITY. PIV = [P
1 E157)

PIV = Qs
50 IF (FCeGT<SUPP) GO TO 65
FILT = FC
RE TURN
65 FILT = SUPP |
PIV = (FC -~ FILT)I*DT
IF (PIVeGTGWC) PIV = GuC
RE TURRN
END

FUNCTION RAINIRATE.PIT.PERS
DETERMINATION OF NET RAINFALL RATE ## CONSTANT INTERCEPTION RATE

IF (PITY 40¢850.10



i0

1%

PO

40
at

S0

i

=30

RIT = PER¥RATE
IF (RIT « PIT) 151820

RAIN = RATE - RIT
PIT = BIT - RIT
RE TURN

RAIN = RATE -~ PIT
PIT = O

R TURN

WRITE (&:41) PIT

FORMAT (60H INTERCERTION VOLUME EXCEEDS MAXIMUM BOTENTIAL VOLUME.,
IPIT = IPE1S7)

PIT = Os

RAIN = RATE

RETURN

END

SURROUTIME DATAINUM, IDATEsB+DIRs TC o NDT KPR e Mo NReNCe QI sRFLCONVe LU
IPERPITo AP IVeP o FCrGUWC s TEST FLLINS e Q0555+ RC K Y

DIMENSION QU30071«RFLI30C)I s IDATEIZY o FILINS{300RCI{ICOI«TCLIOOY QI (3
1011eS5{300):.85(30071:A{300)1:PIVI300)«PL3001:FLI300)GWCI300)B(300)
SFILTClAS ) SURI4:2) o NCI300 ) NRIB00)Y . NUML 203

INTEGER ROUGHSOILL(300)

COMMON NEXP,3UPPR,,DT

TAMIKY = SIN{X§ACO05(X)

DATA CHECK C1.C2+PRT /4H 50«4k AN 434 NE s 4HPRINS

IF (TEST.EQ«CI Y GO TO 2

READ (S.66) IDATE PR

o= 1
READ (5581 JeTCUIKY RCIK
K o= K 4+ i

IF {(J}Y 2412

IF (KeGTs100) GO TO B

RCIKY = 0o

TCIKY = TCIK=1) + ¢1#{TC{K~-1) ~ TCL1}}

IF (PRIEQ.PR) WRITE (6537 IDATEL{(TCIIYRC{ITal=1,sK}

READ (5,49 TEST

READ (5:59) CROPsPERPIT ROUGH s HU s ASMDINF RN« DIRMDTNDT« TEST

IF (NDTGT.1013 GO TO 70

IF (TEST:NELCHECKY GO TO 4

READ {S:64) NEXPL{IFILTC{Isd)ed 5 181 {SURIT«LTel. = 14231 = 1+4)
WRITE (6:532) ([«(FILTC{Ted)ed = 1:6BY el = (041 sMNEXP (I {SURITsJ) s J
I= 12351 = 1s8)

READ (S<49) TEST

IF (TEST.NE-C23 GO TO 40

READ (S5:49) NUMNIOUTNJIOUT DX

RN = RN

DT1 OT

cutl DAXROXA/12 6

ClJ = DXEDX/43200

CONET = 486/ RN¥DX/(2./DTHDH RO I %] . 6567

IC = 1
N o= O
M o= 1
JE = UBL + %
L= N

Z
i

Z
4



0
READ {S5:T4) [+ JBL«NESTOPS(NI«QIINF.S30TL (M)
IF (TaEQoNIQUT s AND JBL EQ MJSOUTY MOUT = M
IF (NSTOR) (210012
10 IF {1 = €Yy 756612
12 L= N
13 IC = 1
DO 30 0 = NJel
M = QI{JY /G0 + 1o

ANG = (QT{JY = QO0%FLOATIM - 1)1%#.01T745329
GO TO (202121 .20) M
20 NRIJY = O 4+ |

GO TO (232324 ,24% M
Py MRS = J o~ 1

GO TO (23,23:24:243, M
23 NC{UY = J + UP

GO TO 25
28 MNCOJY) = g 4+ U5 - JBL
25 IF LANG = (785398161 Z64:26.27
26 RFLIJY = «SRTANCANG)
GO TO 28
2T RFLIJY = e = «SETAN(]ZTOTOB83 ~ ANG)
28 GO TO (29:30:29:30) % M
P9 ORFLIJY = 1o =~ RFLOJ}

30 BlJ)y = CONSTESGRTISTJIIR{SINIANGY + COS{ANGY)Y
JPo= o OBL - US
M = N
IF (NSTOP) 35:6,35
35 AREA = FLOATINIZ2DXRDH /435860,
MRIMOUT ) = N 4+ |
MC{MOUT) = N + 1
COMY = FLOATINI#CU
READ (S.49)y TEST
IF (N -~ 300} 40:40,.80
40 SUPR = RC{Z1%{1. -~ PERY¥CU

CF1 = RNI/ARNALDTIZDT %% « 6667
D71 = DY

DT = Oe

DO 41 1 = feW

BTy = O

S{1y = O

SSETY = Q.

GICTY = O

IS = 3071013

BlIy = B y#CF

Py FILTCLIS B

FCH{TY = CURFILTCITS,3)

TRPOR = FILTCIIS«1 1#CUL¥DINF

it

PIVILI) = (1s - ASMIXTPOR
ACTy = CURFILTC{IS 41/ TRORREPE 1Y
GWC(TY = (je = FILTC({IS:21)#TROR
41 FLINS{IY = SUPP = FILTIACIY ePIVIIIToP({TYFCIT) . GWCIIiY
BT = DT
GIiN+13 = Os
WRITE (6:50) IDATENUMAREAN.:DT1DX DX+ CROD,PERROUGCH DT T o RN ¢ MU
Rl o= R
BPIT = BPITHCULADT

KPR (TCi{RY = TCLIYSADT/FLOATINDTI®E0s + 1
AD IR=SURIROUGH : 1 J #HUR {DIRM/HU ) ##SUR(ROUGH: 8
DIR = ADIR/AG: #DX®DXR/DT

WRITE {660 DIRMADIRASMDINF

IF (DTeGTe506) WRITE (6.69)

3]
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RE TURN
49 FORMAT (20A4/7 19X 209X 141 66X FHeld

50 FORMAT (1H] 13X B2HMATHEMATICAL SITMULATION OF SMALL WATERSHED HYDR
1OLOGY /18X 3SHPREDICTION OF RUNDFF FROM STORM OF 2A4,// 1X
2 20A47 720MO0STZE OF WATERSHED = FS5,2:6H ACRES &
3 ¥ Z2EHNUMBER OF ELEMENTS USED = [4/17H TIME INCREMENT = F&esls SH S
4ECs ¥ 1THSIZE OF ELEMENT =zFéesle HH FTe X FBelas 4H FT:/21H CROP B
SEING GROWN 18 Ag. 10X 38HPERCENT OF GROUND COVERED BY FOLLTAGE = 2pF
£5:0/ 29M SURFACE ROUGHNESS CATEGORY = [2. &X Z3AZ2HMAXIMUM POTENTIAL
TINTERCEPTION = 0OPF6.3+ a4 INes/ Z2aH MANNING'S COEFFICIENT = F&3: 7
8xX 34HMAXITMUM SURFACE ROUGHKNESS REIGHT = FSale 4H ING)

52 FORMAT {/1HOPAX Z2ZHINFILTRATION PARAMETERS / 21H0S50IL TYPE POROS
1TTY 7 14aHFIELD CABACITY OX Z2FHINFILTRATION CONSTANTS / 11X 48KYOL
2 PERCENT PELQCENT SATURATION FC = INeg/HRes 3XI1IHA —- [Ng/ HR, 4%
B OIHP 2 413X 1348X Z2PF5,0¢ 11X FHae0s 13X OPFEeZs OX FS524¢ 3IX FRe3/)
4e 37TH DRAINAGE RATE & PROPORTIONAL TO THE {29 41+ POWER OF THE
SCGRAVITATIONAL WATER CONTENT / 1HO/IHO/IHO 26X 28HSURFACE ROUGHNESS
65 PARAMETERS / [HO 20X 18HROUGHNESS CATEGORYABXZHICAY 2HEPR / (28XI13.
TI3X FHeBs 4% FHa21

53 FORMAT (1M 30X 19MRAINFALL HYDROGRARH / 32X 9HSTORM OF 2A4 / 1HO
1 20% 11HTIME - MINs 77X 23MRAINFALL RATE - INe/HRo / {20 F9slas 18X
1 FE.23)

=4 FORMAT {213:12:F3e36Fa,0123

56 FORMAT {(4%HIDATA INPUT EXCEEDS RANGE OF DIMENSICON SPECIFICATION

H5R FORMAT {(12:F8.0.F100}

5 FORMAT (21X A6 4TX Fa.,0/ 34X Fa,3¢ 38X 127 385X FSeZe 28X F5:2/ 27
IX FBelse 31X FB:3/ 26X FHe3s 2% FSe2/ 39X l4r Aas)

650 FORMAT (4% 31HMAX, SURFACE RETENTION DEPTH OF F6.3s 26H INe = AN A
IVERAGE DEPRPTH OF FH.3e¢ 4H INe / 14X ZHHANTECEDENT SOIL MOISTURE = 2
PPFS.0¢ 22H PERCENT OF SATURATION ~ 22X ZBMINFILTRATION CONTROL. DE®
ATH = DRFS 1 4K INg 3

G2 FORMAT (34HMISOME ERROR IN WATERSHED DATAs T = 3¢ SHe J = 133
64 FORMAT {21XI3/7(B8XFasPe OXFA4e2s TXFEe2¢ HXF4:29 BXEBeDe TXES Do TXHF
14e33}

&6 FORMAT (10X ZA4, 6X A4}
67 FORMAT (53HINUMBER OF WATERSHED ELEMENTS TOO LARGE FOR DIMENSION S
1TATEMENT
&8 FORMAT (46HIRAINFALL DATA EXCEEDS DIMENSION SPECIFICATION 3
69 FORMAT (T74HOANALYSIS IS NOT CORRECT IF RAINFALL INTENSITY INTERVAL
1S ARE LESS THAN DTe
70 WRITE (635569
ST OP
7% WRITE (6+823 1 JBL
SToR
B0 WRITE (6467)
ST OR
a5 WRITE (6.68)
STOP
END

SUBROUTINE DRY (NsRPIT+PER«SsCUs QAP IVeP s FCGWCiRATE e QT e T e TCeRCIT
TReNRAINFLINSPREC)

DIMENSION S{3001:RCUICO) e A(3001 P IVIZ00I«PI300)FCI30031GHWCI300YT
JCOIO0 Y« FI_INS{300)Y:Q0(300)sQI(301)

COMMON NEXP . SUPPDT

DQ = L0005#CU



w2
DO 10 1 = 14N
10 IF {(Q(I1eGT<DQy GO TO 80

oTs = DT
R = RAINIRATE.PIT.,2ER)
L o= 1

i1 GO TO {(14.13%: L
13 1TR = ITR + 1

RATE = RC{ITRyY&CU
PREC = PREC 4+ RC{ITRI®(TCLITR) —~ TC{ITR=111)}/60.
o= 1
R o= RAINIRATE:RIT:PER)
14 T =2 T 4+ Hye
DT = 300 .
I (Tl TeTCLITRIY GO TO 16
DT = {TC{ITRY = T + H541#60.
T = TCEITRS
L= 2

16 RATIO = DTSDT/2,
BO 35 7 = §eN
FLINSITY = PIVITY
Giiyy = Qi1
IF (S{13eLTae0s) S{I) = De
SURE = SUI#RATIO 4+ R
GETy FILT{A(TI}sPIVIIIsPUI1FC{1).GWCI{TY} -~ R
SUI1y = S{(Iy - Q1Y 7RATIO
a5 IF (QUT1eblTeDey GO TC 38
T = 0O
TF (T — TCIMNRAINIY 1180440
38 7T = 7 - DY/60.

£t

40 DO 80 J = 1N
IF (JeGTely GO TO B0
PIVIJY = FLINSED

SUJdYy & SUUY 4+ QEIYSRATIO
FLINSt(JY = StJdy - GIth
GO TO BS
50 FLINS(JY = S(J1 = QtJ)
55 QlJdy = 0O
60 QILUY = Os
QIIN+LY = O
DT = DTS
WRITE (&.7T0Y
7O FORMAT (28X Z2BHSIMULATION By SUBROQUTINE DRY )
20 RE TURN
END

Example Data

1 RAINFALL DATA FOR THROCKMORTOM STORM OF 0572140

STGRM OF 5721740 PRINT

o 6ES2 Ce 00D 07/19/742
] HG4 5 « 300 CTrI9/42
O 6598 s 3. 000 OT/LG/42
G 697 . & OO0 Q7 /19742
O T63 s s 020 071942
] FTT70 e 2570 07719742



-l 3

TF3s 2000 o A=Vl 5]
TB3,s 46 200 Q719742
FET e Ze 100G OT/I9 82
TS 3900 OF/19/a2
T93e 1 e BO0 GFr19/742
BOZe e BO0 GF/l197°42
BOG, 12950 G719/ 42
810, &0 B3O ' 0F/19 482
B3, 3200 OFrsI9saz
B18, 1200 QF /19742
B22. Zeo 250 7 OT7/19/42
B28, 1 500 Q7712 82
B33 i« BOQ 7L/ 82
BHCG, ¢ 430 ) : Q7 19742
FIE, = 060 71 s/az2
ANTECEDENT WATERSKHED CONDITION DATA FOLLOW
CROP BEING GROWN 1S TIMOTHMY PORTION OF WATERSHED COVERED BY FOLITAGE = 0,90
MAX EMUM POTENTIAL INTERCEPTION = 020 INes SURFACE ROUGHNMESS CATEGORY = 2 2
VAKX TMUM SURFACE ROUGHNESS MEIGHT = 160 IMes ANTECEDEMT MOISTs = + 58 pPERC SATS
INFILTRATION CONT: DFPTH 2 110 I[Ny, MAMMING'S ROUGHMESS = , 100 4
SURFACE RETENRTION DERPTH =2 0,000 [Nee TIME INCREMENT = 50 SECe 5

NUMBER OF L IMNES OF HYDROGRAPH OUTPUT = 101
SOIL INFILTRATION AMD SURFACE ROUGHNESS CONSTANTS S0 Ow

JRAINAGE EXPONENT = 3

e o= ef&e FCAR = e 7T2e FC = 1e¢Qo A = 44,900 P = 68500 SC = 24000: S = 1,73
P.o= e 3Ty FCAP = eB80s FC = 080 A = 3.00¢ P = 47800 5C = 5400 SP = 2019
e = «+51e FCAR = 273 FC = 0e80¢ A = 4:50¢ P = 468500 5C = «BI00s S8 = 2,97
TR = 253e FCAR = 368 FC = 0:900 A = 4,780 P = 6500« 5C =

1000 SP = 1,00
NEW WATERSHED DATA FOLLOWS : .
SIMULATION OF THROCKMOMNTON WATERSHED NOs 4~2 +GRID SIZE NOel+ORIENTATION MO bt

4T o= 10: MWL = B¢ MIOUT = e MIOUT = B: DX = 5060 FTe o
z 2 28 270 1 G2
3 2 30 304 1 &2
3003 33 270 1 & o 2
4 2 ®E 331 03 &G
4 3 33 294 a4 G F
4 A4 37T 270 1 G-z
%5 38 2é4 1 o 2
5 2 30 O 1 e 2
5 3 &0 343 3 G-t
5 4 36 302 3 L A2
5 05 50 264 1 8 w2
5 6 B0 261 1 &2
5 7 50 264 1 &we 2
& 2 31 a1 G2
& 3 40 O I By 72
& a4 40 o1 o2
& 5 40 3214 3 B
& 6 50 261 1 47
& 7 &0 270 1 G-z
73 45 ¢ 1 w2
T 4 48 13 1§ &2
T B S5 13 1 &Gt
T & 21 314 3 o 2
T 7 &2 270 1 B
T8 42 270 i G2
8 4 &0 T 1 G 2
a =5 50 13 4 &=2
a8 & 45 13 1 & on
a 7 22 32& 1 &om 2
& a 4% 270 1 ot



G 0000

10

1G

10 7 9 7O
END DATA

U d0e
9
g

32
32
333
17
51
20

L A I WY S R

~hl-
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Exampls Output

RAINFALL HYDROGRAPH
SY0RM OF S/91/40

TIME = MINn, RAINFALL RATE = IN,./HRe
6Y2,.0 B.n0
694 .0 60
6526, 0 3.00
5%T4 0 fe 0D
T63,0 2 07
TT0.0 2aB7
T73.9 2,00
TH3:0 b.76
TuT .0 2a10
?Q}QG 3QQO
7930 1.R0
RHOZs 0 s P
BU6L 0 .05
Bl0e0 450
B13a0 3.20
Bi8.0 1.70
HE2.0 205
8?800 ’igg‘.o
B32.0 1.R0
B39, 0 o83
3150 N6
93T.3 8,00

INFILTRATION PARAMETERS

YIL TYPE  PORDSTTY FIELD CAPACITY TNFILTRATION CONSTANTS
V0L« PERCEMT  PERCENT SATURATION  FC = INs/HRS B o= INe/HH. p
i 46 77 100 46590 + 650
z 49 80 s 51 3,00 s 750
3 59 73 LR 4,480 2 650
4 57 66 -1 4,74 « 650

2 IMAGE RATE IS.WROPOHTIONAL TO THE 3 POWER OF THE GRAVITATIOMAL WATFR CONTENT

SURFACE ROUGHNESS PARAMFTERS

ROUGHNESS CAYEGORY a0 5F
1 400 173
2 s 540 FelQ
3 «A10 P97
& 1000 100



—Ug-

MATHEMATICAL SIMULATION OF SMALL WATERSHED HYDROLAGY
PHEDICTION 0OF RUNNFE FROM STORM AF  8/21/40

1 SIMULATION OF THROCKMONTON WATERSHED NOo 4=2 $BRID SIZE NO.1.ORIENTATION NGO,

SIZE OF WATERSHEDN = 2,18 ACRES NUMBER 0OF ELEMENTS USED = 38

TIME INCREMENT = 5.0 SEC, SIJE OF ELEMENT & Bnep FT, X 90,0 FT.
CROP HEING GRUWN 1S TIMOTH PERCENT OF sRoUND COVERED BY FOLTAGE = 90
SURFACE ROUGKNESS CATEGORY = » MARTMUM POTENTTAL TNTERCERTION = 020 IN
MANNINGES COFFFICTENT = 4100 MAXTMUM SUBFAry ROUGHNFSS HEIGHT = le0 INs

MAR, SURFACE RFTENTION DEPTH OF 0,000 IN, = AN AVERAGE DEPTH OF 0,000 IN,
ANTECEDENT SOTL MOISTURF = BE PEFRCENT OF SATURATYON
INFILTRATION CONTROL DEPTH = 310 IN,

RUNOFF HYDROGRAPH

TIME = mMii, DISCHARGE «» [Ne/HR,
69240 fenno
SIMULATION BY SURROUTINE ney
6960 G000
SIMULATTON RY SUBRDUTINE nRY
??3@0 Waﬂﬂ@ﬂ
T75.5% AT NG
TT860 a N8 7
THO % enDPY
TH3.0 « 1974
7%5@% &73?@53
THE, e PHIN
T90,% 035691
T93:.0 8 RZP
T95,5 s 2510
T98 60 @1476
Ao, 5 aéﬁﬁg
BO3,0 s 1376
ROB,5 afizT3
BOB LD «AR4A
B18.5 «?ph7
RiZs0 el )
Blga% @ﬁﬁﬁ&
&1gag PR AR
820@% @QR@@
823@() o4 G433
75,5 e hBET
BER, 0 s 4 3BH
B30,.5 4 P2h
RBE@G @‘@ﬂl&g
B35,.% e 2G0T
HBIR. O ¢ PNRY
B40,5 : s 1796
8463,0 20703
HeH  ® - 031G
BB, 0 : »A093
8h0.5 e003
SIMULATION Ry SUBROUTINE nRy
937,23 =, AN00

THE RUNODFF VOLUME PREDICTED FROM 3,173 INCHES nF RAINFALL = 4299 IN,

HCD INPUT #ENDFTILE#INPUT
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