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AN APPLICATION RUNOFF MODEL STRATEGY FOR
UNGAGLED WATLRSHEDS!

Donald {.. Cherv, Jr., Calvin (. Clvde, and Roger £ Smiith?

ABSTRACT:  Mathematical models Tor predicting watershed surtace flow FeSpoOnses are avail
able. most ol which are elaborate nonfinear numerical surface and channel flow models tinked
with infiltration models.  Such models may be used to make predictions for ungaged areas, as-
suming an acceptable titting ol the model to the topography und roughness of the real system.
lor some application purpases, these models are impractical because of their complenity and
erpensive computer selutions. A procedose is developed tat uses i conples model of an un-
gaged aren to derive a simpler parametric noanlinear system model Tor repetitious simulation withy
input sequences. The predicted flow vutputs are obtained with the simpler model at significant
savings ol money .md time. The procedures Tor constructing a complex Kinemittic model of 3
40 acr: (161,880 m= ) reterence watenshed and deriving the sumpler system model are outlined,
The results of predictions trom both models are compared with a selected set of measured
cwm\, all having essentially the sume initial conditions.  Peak discharres ranged from 3 1,
[IREIE /\u (LO8S (o 334 w7 /see), which inclodes the Lirpest event ol jecard. The mberent
limitanons of lumped systems models are demonstrated, including the bias caused by their
inability to model intiltration losses atter raintall ceases.  Computer costs and times tor the
madels were compared. The derived simple model has a costadvantage when repeated use of 4
model is required. Such an applications hydsologic model has an eoginecring tradeot ol re
duced accuracy, and lumping bias, but is more cconomizal for certain design PUrposes.

(KLY TERMS: analysis; application; computer; costs; desipn; ceonomics; low hy drolayic:
Kinematic; mathematical; models; prediction: cunotl; system; ungaped; watershed,

INTRODUCTION

Determunistic models of the hydrologic system may be divided into two general cate.
gonies: physically-based models and system models. Physically-based models are those for
which the transformations ol input to output are derived from models of the physical
processes within the watershed system.  luput-output (1-0) system models employ 3
transter refation derived from a sequence of inputs and outputs for the particular water-
shed. Models of each group have particular advantages.

In general, the physically-based, deterministic models better represent the structure of
the real system. Thus, it one has confidence in the physically-based. deterministic model,

I’.||tcr No. 78094 ol the Water Resources Hulletin, Discussions are open until April 1, 1980,

'Rcspulm.lv Research Hydraulic Fngineer, USDA, SEA, Southeast Watershed Research Program,
PO Boa 5677, Athens, Georgia 30604: Protessor ot Civil and Enviconmentad 1 neineering, Uiali Wager
Rescareh Lale, Utahy State University, Logan, Utah 843215 and Rescareh Hydianiic | ogineer, Usha,
SEA, Colorado State University Fogincering Researel Center, Fr Callins, Colagda X082
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it may be used to make performance forecasts Tor a watershed system (tor which there is
no sampling ol the output) by measuring appropriate variables, like soil propertics, sur-
face slopes, channel dimensions, and hydraulic roughness within that system.

The 1-0 system models are empirically developed for a particular system by measuring
the input (1) and output (O) of that particular system. They are, relatively, much simpler
than the physically based models and may be used efficiently and inexpensively to predict
the behavior of the particular system for which they were developed.

Deterministic surface water models have progressed from modeling and refining models
of subunits of this system, to combining these subunits into more comprehensive models.
Considerable cffort has been directed toward the improvement of these comprehensive
models, building confidence in their representation of the hydrologic system. In the
process, these models have become complex and thus more difficult and expensive to use.

An applications role for a complex physical model is proposed and investigated in this
study.  Given an ungaged watershed the possibility of using a complex model as an inter-
mediate step to develop parameters for a simplilied model is investigated. If the simplifi-
cation can be accoinplished preserving a desired accuracy, then the simpler and more
economical (saving both time and money) system model may be used operationally with
a full spectrum of inputs for predictive purposes.

The overall scheme of this study is illustrated in Figure 1. The objective is representa-
tion ol the real watershed system. The variable distributed rainfall of the real system may
be sampled at several points. This greatly reduced, but still distributed, representation
ol raintall is used as the input to the deterministic model. Ruinfall excess is determined
by an infiltration routine. The generated excess is then routed over infiltrating planes
and through a channel network with provision for losses (channet infiltration) or gains in
flow to produce a predicted output (qy) that is compared with the measuring tlow (q)
to evaluate the model pecformance.

RAINFALL . ————_] REAL SYSTEM
{OISTRIBUTED) ——————=§ ({WATERSHED) —MEASUREMENT ql'“

PARAMETERS FROM MEASUREMENT f
OF NATURAL WATERSHED VALUES COMPARE
i R prerrrr e
SAMPLED INFILTRATION MODE —b— Qk
{DISTRIBUTED) ot L
(COMPLEX)
USE TO DETERMINE COMPARE
PARAMETERS
1-0
INPUT SYSTEM
F f— e e
LUMPED ——-—-l IN u.nunou'—» MODEL qs
{SIMPLE)

figure 1. Scheme of Study.
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The mnput tor the 1-0 model is turther reduced by lumping and is then processed by
the sime mliltcation routine used for the deterministic model. The excess is convolute
with an impulse or unit pulse lunction (the parameters of which were derived Trom opera.
ion of the complex model), to produce a predicted output (<1y). The output of the sys.
tem maodel is compared both with the output of the complex model and that of the mea.
sured real system output to evaluale its performance.

PROCEDURE FOR DEVELOPING THE APPLICATIONS MODEL

Review of the Kinematic Surfuce Water Model Development

The deterministic modeling of surface water Now follows Kibler and Woolhiser's
(1970) aptly described “reductionist™ approach. The complex topography ol natura]
watersheds is represented by a combination of simple planes contributing low to channel
lengths with simple cross sections. The work of many researchers, Brakensiek (1966 and
1967). Chen and Chow (1968); Eagleson (1969); Grace and Eagleson (1965); Henderson
and Wooding (1964); Kibler and Woolhiser (1970), Liggett and Woolhiser (1967a and
1967b); Lighthill and Whitham (1955). Maddaus and Eagleson (1969); Overton and
Brakensick (1970); Strelkoft (1970): Wei and Larson (1971); Wooding (19652 and
[965b); Woolhiser, Hanson, and Kuhlinan (1970); and Woolhiser and Liggett (1967) has
contributed to selecting reductions ol the complete shallow-water equations and (o re.
stricting criteria, which have led to the acceptance of the kinematic wave equations as an
“adequate™ model ol shallow overland water low and flow in channels. Kinematic is the
term used for flow that can be described by the equation of continuity ol mass and 3
stage discharge relation, like the Chezy or Manning friction formula.

A kinematic model is the complex physically based model used in this study. It has
two features that contribute to a better representation of the real system -~ contnuously
infiltrating planes and channels, and a transitional friction relation. The infiltration com.
ponent was derived from work ot Smith and Woolhiser (1971), Smith (1972). and Smith
and Chery (1973). The transitional friction relation developed from works of Morgali
and Linsley (1965); Morgali (1970); and Woolhiser, Hanson, and Kuhlman (1970},

Description of Intermediate Kinematic Model

The intermediate physically based mathematical model used for this study was derived
from the work discussed in the previous section. Flow from a triangular plane (Figure 2)
was represented by caleulating the longest fength of overland tlow (L, in Figure 2a) and
then storing all the intermediate solutions made at the node of each equal length segment.
These stored solutions are used lier as the distributed triangular plane Now into the
“intersectional™ channel, illustrated in Figure 2a. The outflow from one triangular plane
channel set can be doubled to give the response from the geometrical conliguration as
showa in the alternate conliguration (Figure 2b).  The program has the capabilities of
calculating the dimensions ol the complementary plane shown in Figure 2u and adding
the distributed plane Now calculated for that plane to the distributed lateral input of the
“intessectional™ channel.  The watershed model program makes flow caleulations for
“indepeadent™ channels, which may have uniform lateral input, and may accept input
lrom one, two, or three upstream converging channels. The simple geometrical conligura.
tion ol channels in the watershed model is illustrated in Figure 2¢.
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A Figure 3. Responses of Kinematic Model { Triangular Plancs, Figure 2b)
v With No Intiltration to Constant lnput Rates.
e measurcments of rainfall and runof were obtained for the entire period. The watershed
o shape is relatively simple and the soil rather uniform. Topographic details and locations of
o the two recording, weighing raingages are also shown on the map in Figure 5. The outtlow
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was measured by 1 3:1 broaderested V-noteh weir. More details about the watershed were
reported by Chery (1976), or may be obtained From a publication by the U. S. Depant-
ment of Agriculture (1958). A previous analysis (Chery, 1972) made it possible o select
pmal events Javing no ainlall within the previous 120 hows, Such cases were con-
sidered to lave the same initial *dry” state, a necessity because a soil moisture account-
ing madel was not readily available for this asca,

A3Lal OB war

cayes st imer Wt

= 4 twed r

-
e CessTral

Caetaus veREResL 4 2440 11 MPday

Uisure 5. Topographic and focation Maps of Watershed 47.002, With
Kinemalic Model Planes Superimpased (1 foot = (.3048 m).

A sct of planes and channels shown superimposed on the map of Figure 5 and laid out
in a sequential arrangement in Figure 6 is the designed geometrical representation of the
relerence watershed.  The configuration of rectangular and triangular plancs was selected
as being sutliciently representative of the watershed topography, yet not too numerous
as 1o make the kinematic model prohibitively expensive to operute. We realized that there
is an inleraction between the chosen geometry for a watershed and parameters of slope
and roughness. This interaction was used in a study by Lane, Woolhiser, and Yevievich
(1975) that investigated the distortion of roughuess to achicve u given model prediction
accuracy as the model geometry is simplified.  Some geometrical parameters of the con-
stricted complex kinematic model and the reference watershed are compared in Table 1.

Besides establishing the geometry of the model, six infiltration and three friction (or
roughness) paraimeters (lwo for planes. one for channels) are needed. The infiltration
parameters are a, an exponent in the infiltration equation (Smith, 1972.p. 7):

(= 0+ Alt-1)) @ ' (3
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(o the final infiltration rate; CIN, a coefficient in a relation tor a normalizing time
parameter (Smith, 1972, p. 15). which incorporates parameter A of Equation (1), SOIN.
the maximum water content by volume: SIN, the initial water content by volumie; aml
BIN. & cocetlicient in the Tunctional whition between dimensionless soil water volume a1
time of ponding the dimensionless raintall rate (Smith, 1972, p. 18).
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TABLE 1. Comparative Geometaeal Dimensions of Kincatatie
Watershed Model and Reterence Watershed.

Dorroh and tlickok and

Measurement Kincmatic Model Krimgotd? I(alfctly"
1) (2) 3 )

Total Area (acres) 40.1 40.1 40.10
Average Overland Flow Length ({}7] 203.0
Averaee Weighted Plane Slope % 11.400 6.5¢ 14.30

taverage landslope)
Range of Plane Slopes %) 5-27.000 5-45.0

(rappe ol lindslope)
Average Slope of Upper Half of %) 13.000 16.40
Watershed (Upper 60%)
Average Slope of Lower Hall of (%) 8.700 11.90
Watershed (Lower 40%)
Total Length of Channcls (fv) 8,059.8 20,600.0

(total length of waterways)
Drainage Density (ftfacre) 204.000 509.0 86.00
Length of Principle Wateeway (1) 2,612.000 1,635.0 1,640.0

tlength ot channel from outiel
to end ol main channel)

Length of Chan. to Center of Gravity {fuy ~1,150.000 1,140.00
tength of Chaa. to End of Watershed (f1) 2,612.000 2,870.00
Main Chiannel Slope (%) 4.000 4.64 4.12
Channel Slope to End of Chanuel (%) 6.400 4.75
Channel Slope to End of Watershed (%) 6.400 6.05
Range ol Channel Slope {4 4-19.4

NOTE: 1acre = 4047 m2, | ft. = 0.3048 m.

9. Dorgoh and D. B. Krimbold, Maps ol Montano Watershed W-2 (7.002) with notations, 1941,
map files, Southwest Watershed Rescarch Center, USDA, A RS, Tucson, Arizona.

bl{‘ 8. Hickok and 8. R. Rafferty, Special cight report series on flood runoll studics, 1954, File
Reports, Suuthwest Watershed Research Center, USDA, ARS, Tucson, Anizona.

“Prevailing landslope.

d(‘h;mncl slupe to center of gravity.

Infiltration parameters a, fo,, CIN, and BIN were initially estimated from some soil
sampling data published by the United States Department ol Agriculture (1968) for the
relerence watershed.  The values ol these parameters were varied and several model-
predicted discharges compared with those of the same measured event. From these
analyses, it was concluded that the final infiltration rate, f, was not more than 0.08
in/hr (2.03 mm/hr). [t was also determined that the normalizing time parameter (CIN)
had values of S000 to 6000 for early-seasun events (June or before), decreasing Lo 1000
1o 2000 tor July, August, and September events. For a given input rate, the model
wesponses were little changed by a 10-fold variation of BIN values: so the vriginally
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ostabhished value of BIN = 0.62 was used tor this coetlicient i all [olowing tests, e
mittal estimate of 0.57 for o was satistzctory. “Dry™ initiad state for this soil was esti-
mated a5 SIN = 0.4,

After the infiltation analysis, it was decided to avoid the intluence of the dynamic
suil properties by selecting the late-season events, CIN = 1000, The set of “dry.” late-
season runoll events with peak discharges greater than 1 efs (0.0283 m3/scc) are listed in
Table 2.

For the planes, the friction coetlicient (F) and transitional Reynolds number (R;) wese
estimated from a composite graph ol friction coelficient versus Reynolds number pre.
pared by Smith (1975). The friction coetlicient at R = 1 wus estimated to be 700 and
R to be 2000 Ry was fixed at 200 and the responses of the model compared with mea-
sumed response for values ol 17 = 500, 700, 1000, and 1400, The best lits were vbiained
with the initial value of F = 700, As shown in Figure 7, tests with distributed Chezy €
Cas listed in Table 1) match the measured response more closely than those with a con-
stant channel friction coclticient ol C = 40,

The model configuration, illustrated in Figure 6 with the following parameters, was
deemed adequate Tor the comparative malysis of the sclected szt of 18 *dry™ cvents: ex-
penent in the infiltration equation, a = 0.57: final infiltration rate, £, = 0.08 in/hr (2.03
mm/hry. normalizing time parameter. CIN = 1000, coefticient BIN = 0.62: inital soil
water content by volume, SIN = 0.40: maximum water content by volume., SOIN = 0.85:
plane friction coellicient, F = 700: transitional Reynolds number. Ry = 200: distributed
Chezy C lor channels, C = 10 to 40: and time increment, At = 0.5 minute.

The set of 13 events is 4 rigorous test of the model, spanning ranges of responses fron
27 1o HIBO ¢fs (0076 10 3.341 mdisee) peak dischiarge and total event volumes of
0.0165 16 0.7695 inch (0.4 to 19.5 mm).

DERIVATION OF SIMPLE SYSTEM MODEL FROM
COMPLEX KINEMATIC MODI:L

Pulse responses Tor nine constant exeess rates were obtained from the kinematic model
by the method of diftferencing the S hydrograph. The results of this procedure are shown
in Figure 8. When the derived pulse responses (Figure 8a) were convoluted with the ex.
coss e Tor event No. 3 (Table 2), a kuge secomdary peak was generated (highest peak m
Figure 9). The evaluation of runolt responses from event Nos. -4 and 16, plus tacisieamed
in the developnrent of the discrete nonlinear model and the results of a spectl vestigy-
ton (Chery, 1976) showed the sceondiny peak tesponse to be trom planes 1, 3, and 5 o0
Figane 6. This information contributed o the preparation of moditied single-peaked unit
pulse responses (Figure 8b) that had the second peak removed. These stuidies indicated
that the upper north side of the constructed hinematic moded should be altered by cither
reducing flow fengths or roughness or both 10 produce o mare rapid response from this
arca. The influence of the long lengths of overland Mow in planes 3, 4, and § of Figure o
was checked by veversing the dimension ol the tiangles. Maxuum How lenzths were
reduced tiom 800, 420, and 420 to 380, 280, and 150 feet. The overall infuence of this
chamge is shown in Figure 10, For the complex model with the dimensions of planes 3, 4,
and 5 reversed, the rates on the nsing side of the hydrograph are increased with a higher
peak vecurring one minute carlier, tollowed with less recessional rates as compared with
the original hydrograph. A comparison ol the derived one-minute unit pulses is shown in
Figure T For the input sates of 10 and 4 inches per hour, the secondary response is
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TABLE 2. Peak Discharge and Total Volume Comparison Between Complex Kinematic Model and Meusured lvents.

Measured Event

Kinematic Model Responses

Predicted Maximum Rainfall
Peak Peak Excess Rate
Discharge Discharge Predicted In Feet Per Computee
In Volume In Valume Second X 10_7 Run Time
Event Cubic Feet In Cubic Feet e In o In
ID No. Pate? Per Sccond Inches Per Secand Difference Inches Difference P47.003 P47.005 Scconds
n (2) 3) . ) (5) 6) 7 (8) &) (o an
1 240857" 118.0 0.7695 94.2 =20 0.7636000 -0.8 1152 1152 244
2 040947 97.7 0.5330 104.5 7 0.6418000 20.0 842 1117 256
3 220769 84.1 0.3818 116.2 38 0.5925000 55.0 1358 1572 159
4 030864 46.2 0.4013 52.2 13 0.4273000 6.5 635 627 194
K 270966 36.8 0.2522 47.4 22 0.3062000 N4 615 719 162
_: 6 Ng1054 341 0.3107 13.5 -60 0.0967000 --68.9 348 159 142
3 7 150859 226 0.2445 17.0 - 25 0.1956000 -20.0 139 420 150
8 110954 216 0.2148 11.1 -51 0.0959000 -55.0 626 72 178
9 051058 }7.4% 0.1034 17.0 -2 0.1254000 21.0 502 ns 129
10 280739 16.0 0.1048 J9.3 21 0.1592000 520 963 753 134
11 010866 13.4 0.1064 18.5 33 0.1656000 56.0 784 323 219
12 120759 323 0.0856 24.5 99 0.1686000 97.0 303 411 117
13 040967 8.0 0.0320 126 58 0.1079000 237.0 636 365 128
14 120740 6.5 0.0585 15.8 143 0.1741000 198.0 239 351 179
15 230752 4.4 0.044) 0.0 100 0.0000087 -100.0 11 61 128
16 191057 4.2 0.0239 3.6 -14 0.0242000 1.0 0 390 112
17 090866 3.5 0.0270 4.1 16 0.0276000 25.0 341 298 92
18 250939 2.7 0.0165 3 15 0.0166000 0.6 170 75 74
NOTE: l't3 = 0.028 m3. 1in = 2540 mm.

Matein day, month, ycar notation.

Al i . . . -~ . - .
! Rainfall record of rain gage PA7.003 alsa used as inpul Tor rain gage P47.005.

Yinug put *aps|) A
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essentially climinated supporting the assumpuon ol the modilicd responses. As the input
rate decreases, the sccondary response begins to develop. For the l-inch per hour input
rate, the secondary response is evident though it isnot as prominent as for the lowest in-
put sate, 0.25-inch per hour. As the Mow From these three planes came of T more quickly
by reversing the dimensions, the total response peak was increased (Figure 10) and the
peaks of the unit pulse responses were proportionately increased (Figure 11). The judg
ment was made at this stage of the study to proceed with development and evaluation of
the procedure by using the modified responses (Figure 8b) without incurring the expense
of a repeated set of runs with the kinematic model.
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These evaluations indicated the need lor further studies to determine methodologies
for estinution of a reasonable effective on chasacteristic overland Now length. The fitting
ol planes (with some charactesistic Now length) and channels 1o real watershed Leomelry
needs some Turther refining for operational application 1o ungaged arcas.

RESULTS AND COMPARISONS OQF PREDICTIONS

For this study, the integral square error was selected as a measure of the goodness-of-
lit between the model response and the measured watershed response of an individual
eveni. An integral square error was defined by March and Eagleson (1965) as:

o= _M__.._ X 100 (4)

in which ¢, = measured discharge rate and ¢, = predicted discharge rate. Also, a conven-
tionad expression for a fincar correlation cuctTicient, p, wis used as an error meausure,

oXg (. - Y. Y
= m'p m="p <
p= $ IRLLL I L ())

e 2 o V21 ey 2 W 212
[:l.‘.,qm - (.‘..qm) ]|n>..qp - (Z.qp) | /

in which n = number of weasurement pairs, Gy = measured discharge rate, and Up = pre
dicted discharge rate. The measures of gooduess-of-fit for the 1¥ test events, comgring
preclicted discharges of the two models with measured discharges and with cach other, are
shown in Table 3.
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TABLE 3. Integral Square Error Tor Kinematic and Convolution Predictions.

Between Between Between
Measured and Measured and Kinematic and
Kinematic Moded Convolution Convolution Maodels
Event E D L
No. Date U3 p % P % P
1 240857 8.02 0.84 9.26 0.79 3.29 0.98
2 040947 6.61 0.97 6.97 0.94 3.29 0.99
3 220769 12.99 0.99 13.03 0.98 227 0.99
4 030864 3.43 0.98 2.26 0.99 245 0.99
5 270966 4.27 1.00 28.98 0.55 23.37 .55
6 081054 13.02 0.69 6.30 0.94 2.1 0.66
? 150859 4.24 0.96 6.28 0.91 3.99 0.99
8 110954 11.25 0.80 4.21 0.97 20.47 0.77
9 051058 7.62 0.94 11.27 0.94 5.65 0.97
10 280739 15.14 0.75 30.86 0.74 13.27 0.92
11 010366 15.93 0.96 34.75 0.84 11.35 0.91
12 020759 21.30 0.90 37.85 0.85 12.72 0.89
13 040967 38.12 0.85 41.95 0.70 7.7 0.88
14 120740 30.24 0.92 29.70 0.91 5.29 0.92
15 230752 16.01 0.65 65.93 -0.08 1000.00+ -0.13
i6 191057 13.46 0.75 165.37 097 51.30 0.61
17 090866 8.94 0.93 43.28 0.98 32.58 0.57
18 250939 15.50 0.62 §5.88 0.6Y 88.14 0.39

In gencral, both the kinematic and convolution model responses fit better for the lar-
ger events (Nos. | to 9). The kinematic model also predicts the overall response belter
than the convolution madel, as would be expected, although by the integral square error
test, the convolution model was a better predictor for four events (Nos. 4, 6. 8, and 14).
The latter situation is not unreasonable in the sense that the errors of measurement and
modeling would be so random that there may well be some instances in which the simpler
model would predict as well as or better than the complex models.

As mentioned in the previous section, rainfall distribution can vary considerably over
this watershed, The distributed kinematic model was constructed to represent his dis-
tribution in only a two-part way, because Lwo rain gage sample points exist. Continuously
varying rainfall could be projected Tor the area between the two gages. but cven this
would be inadequate for extremely variable events, like event No. 1 (Table 2). For this
event, the model did not generate enough excess (even when the largest rainfall was used
at both inputs) to match the measured response. The explanation lies in a combination of
inadequate sampling of the rainfall, inadequate definition of the initial conditions, and the
detayed response [rom planes 1, 3,4, and 5. There also may be some variation ol infiltra-
tion over the watershed, but there was no sampling to assess the differences.

The convolution procedure did not predict events that had peak discharges less than
10 1o 18 ¢fs (0.283 - 0510 m3/sec) as well as the Kinematic model (4, p. 121). There
are at least two reasons Tor this deticiency. One is the error introduced by representing
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the distributed raintall as one lumped input by using the record of one rain gage. The ex-
treme of this situation s illustiated by event No. F6, for which the complex model only
gencrated rainfall excess on the upper portion of the watershed. The convolution model
when used with input from the gage with the greatest depth uses this input as if it
vecurred over the entire watershed. As a result, the predicted outllow response s con.
siderably greater than it should be. Second, for the low excess rates, a considerable por-
tion af surlace flow is infiltrated as the Nlow moves over the surlace. As an illustration of
this situation, the rainfall excess of event No. 4 (Table 2) was modeled as 81,219 13
(2300 m3) which is equivalent to the output ol the 1-0 model. This amount is greater
than the total watershed discharge of 62,193 113 (1761 |n3) predicted by kinematic
model (76 percent of the excess). The loss between excess generated at a puint on the
surface and the watershed discharge becomes relatively greater the smalles the event. For
example, excess for event No. 17 was 14,397 113 (408 m3). and the kinematic prediction
of watershed discharge was 4,023 i3 (114 m3) (30 percent of the excess). A partial com-
pensation for these two Tactors is the empirical reduction coefficient of 0.8, illustrated
in Figure 9. This coefficient was selected alter comparison ol results from tests with co-
efficient ot 1.0, 0.833, 0.80, and 0.75. The infiltration model also calculates negative
excess when the sainfall rate falls below the infiltration rate. These negative excess values
were not used in the simple model transform of input or output, but the imcorporation
ol negative excess values in the transter caleulation could also be 3 compensation in the
proper direction.  The meaning of translorming negative inputs must be investigated,
What is the pulse response of a negative input rate of a given magnitude?

The kinematic model can represent infiltrating surface flow where the convolution
model cannot. Thus, what is generated as an excess at a point is passed Lo output without
any loss due to flow over surlaces or in channels. This situation explains the vverestima-
tion biss in all the convolution predictions but it becomes overwhelming lor flow re-
sponses ol less than 18-cls peak discharge. This performance is probably aceeptable for
most design situations, which are concemned with the large or maximum flow events. The
performance of the convolution model ulso suggests that the compensating coefficient
could be made a function of both the excess rate and the distribution of measured rain-
lall depths, However, this will be investipated at a later dale.

ECONOMICS OF THE APPLICATIONS PROCEDURE

The compulter time required to make the convolution model discharge predictions was
considerably less than that needed for the kinematic model. The computer run times lor
the 18 events by the kinematic model are shown in the lust column of Table 2. They
varied from 74 to 256 scconds, with an approximate total cost of $175.00. an average of
39.72 per event. The 18 convolution runs, exclusive of excess calculations and derivation
of pulse response, were done in 4.5 seconds for a tolal cost of $0.90. The cost to
generate the unit pulse response is about $16.00 per pulse; thus the one time fixed cost of
setting up the model for the nine unit pulses used in the discrete linearization convolu-
tion was about $144.00. This fixed initial cost amortized over the 18 test cvents averages
$8.00 per event, but as more events are modeled or predictions made, this average initial
cost per event would decrease.  lixeess prediction would cost less than $0.20 per event
and the convolution about $0.05 per event: thus, in this sample run of 18 events, the cost
per event was $8.25 for the diserete convolution versus $9.72 for the kinematic model,
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The advantape would increase Tor Tager nombers of events and sets of events with a
greater proportion ol large cvents.

For example, the costs of applying the proposed mudeling procedure can be compared
with that of using only the complex imodel. Suppose one wishes to predict a 50-year Now
sequence Tor an ungaged area, like the reference watershed. The gecometry can be ob-
wined from topographic maps. The infiltration parameters may be determined from soil
sampling or infiltration tests, and roughness coelficient sclected from a field assessment.
For the area of the reference watershed, and supposedly most areas, distribution of
runolf-producing rain storms can be obtained. This distribution can be used in conjunc-
tion with a joint distribution of storm suinfall amount distribution, antecedent moisture
conditions, and a scasonal shift of infiltration properties to gencrate storm inputs to the
model. Ten runoff events per year would be a reasonable average for the vicinity of the
celerence watershed: thus, a 50-year simulation would mean 500 runs of a model. From
the experience of this study, predictions by the complex kinematic model would cost
about $4.860, whereas the proposed applications model procedure would cost about
$27S. Thus, a savings of over $4,500 is realized. Probably more relevant to the problem,
it would only cost a reasonable amount (less than $300) for the computer operation in a
hydrologic engineering evaluation of an ungaged area, with accuracies satisfactory for the
engincering purposes.  Further, these predictions are based, in a derived sensc, on the
physics of the real system. Consequently, alterations or management trecatments proposed
for the ungaged arca can be evaluated inexpensively for long sequences of inputs,

SUMMARY AND CONCLUSIONS

A kinematic watershed model with infiltrating planes and channels is assembled. This
madel, based on the work of many preceding rescarchers and from this extensive body
of antecedent work. was deemed to be an acceptable representation of the natural water-
shed system. With some additional refinement of fitting plane and channel scgments to
natural topography, the kinematic model can make outflow predictions for ungaged
watersheds with surface flow. However, the kinematic model is complex and computer
solutions are expensive. For hydrologic design applications requiring many repelitive
tests with the complex kinematic model, a procedure of deriving a simpler model from it
is developed and evaluated. The lumped input and uniform rainlall excess determined for
the entire area cause the simple convolution mudel to have an overprediction bias as the
size of the event decreases. This bias is inherent in simple system models that cannot
account for losses from surface water after rainfall ceases. Lumped mudels should be
acceplable, however, in most design situations dealing with large or maximum low
events. Further investigation may develop compensating coetlicients, that would be a
function of both excess rate and rainfall distribution, to partially compensate lor this
fimitation of lumped models and to refine the simple model predictions.

A hypothesized use of the procedure shows that appreciable savings could be ubtained.
In a complementary sense, some hydrologic design problems could be solved with a physi-
cally bascd evaluation for reasonable computer solution costs of only a few hundred
dolins,

1143




. An Application Runott Mode! Strateey tor Gneared Watersheds

LITERATURE CITFD

Brakensick, D, L, 1966, Storage Ulood Roating Without Coetlicients. Agricultural Rescarch Service,
ARS d1-122, 27 pp.

Wekensiek, D, 4967, A Simulated Watershied 1 low Syaiem bor tydioeraph Predivtion A K e
oatie Application. Procecdings of (he Tntermtional Hydrotogy Symposinm, Colorado State Uns-
versity, I Colling, Coloradu, Vol. 1, pp. 3.1-3.7.

Chen, L.oand V. T. Chaw, 1968, Hydrodymamics ot Mathematically Simulated Sustace Runolf, Civil
Fogincering Studivs Hydraulic Fapines ing Series No. 18, Department of Civil Lngineering, Unie
versity of Hlinais, Urbana, Minois, 132 pp.

Chery, D. L., Jr., 1976. An Approach to the Simplification of Watcrshed Models for Applications
Purposes.  Disscriation presented to Utah State University, Logan, Utah, in partial fulliliment ol
the requirements for the degree of Doctor of Philasophy.

Chery, ). L., fr., 1972, Signilicance of Antecedent Soil Moisture to o Semiarid Watershed Rainfyl).
Runolt’ Retations, Hydrology and Water Resources in Arizona and the Suuthwest. Proceedings of
Joint Meeting of the American Water Resources Association and the Arizona Academy of Science,
Prescutt, Arizona, Vol. 2, pp. 193-207.

Chaw, V. T. (Iditor), 1964. tlandbook of Applicd Hydrology. McGraw-1lill Book Cu., Inc., New
York, New York.

Cagleson, P S, 1969, Patential of Physical Madels tar Achieving Better Undenstanding and Uvaluation
ot Watershed Changes, Elfects of Watershed Clhanges on StreamBlow. University of Tesas, Austin,
Texas, pp. 12-25.

Grave. R. A, and P. 8. Fagleson, 1965. Simikarity Criteria in the Surtace Runolf Processes, Hydso-
dynamics Laboratory Report No. 77, Department of Civil Engincering, Massachusetts fnstitute o
Technology, Cambridge, Massachusetts, 151 pp.

Henderson, 1. M. and R. AL Wooding, 1964, Overland 1low and Groundwater Flow from a Steady
Rainfall of Finite Duration. Journal of Geophysical Research 69(8):1531-1540.

Kibler, Do Fand D, A Woothiser, 1970, The Kinematic Cascade as i Hydrologic Mudel. Hydrolog,
Paper No. 39, Colorado State University, | 1. Collins, Colarado, 27 pp.

Lane, Lo I, D0 AL Waoolliiser, and V. Yevievich, 1975, Influcnce ol Simplitications in Watershed Geo
melry 0 Simulation ol Surkace Runoll. Hydrology Paper No. 81, Colorade State Univeraity, 1.
Collins, Colorada, 50 pp.

Ligeett, 1A and D0 AL Woalhiser, 19672, Dilterences in Solutions of the Shallow Water l-quation,
ASCE Journal of Engincering Mechanics Division 9 31M2): 39-71.

Ligeett, J0 A and . A, Woolhiser, 1967b. The Use of the Shallow Water Fquations in Renolt Com-
putation. Praceedings of the 3rd Annual American Water Resources Conlerence, American Wate;
Resources Association, pp. 117-126.

Lighthill. M. J. and . B. Whitham, 1955. On Kincmatic Waves: L. Flood Movement in Long Rivers
Proceedings of the Royal Society of London 229¢ AK2BI-316,

Maddaus, W. O, and P S, Fagleson, 1969, A Distributed Lincar Representation of Surtace Runoff,
Hydradynimics  Lsboratory Repart No. 115, Department of Civil Engineering, Massachuseqs
Institute of Technology, Cambridee, Massachusetis, 134 pp.

Margadi, J. R and R. K. Linsley, 1965. Computer Analysis of Overland Flow. ASCE, Journal of the
Hydrautics Division 91¢11Y3):81-100, Proc. Paper 43285,

Overton, D1 oamd 1D L. Brakensick, 1970, A Kinematic Model ol Surlfuce Runott Response, Pro-
cecdings of the IASH-UNEFSCO Symposinm on the Results of Research an Representative and
Ixperiental Basins, Wellington, New Zeaband, pp. 1OD-312.

Smith, R.EL 1972, The Infiltration Envelope: Results Fram a Theoretical Infiltrometer. Journad
of Hvdrology 1201):]-24.

Smith, R. ) circa 1975, Personal Correspondence  Composite graph of 1 vs, R.

South, R and DL L. Chery, Jr., 1973, Raintall Excess Madel From Soit Water llow Fheory. ASCY
Journal of the Hydraolics Division 9901Y9): 13371358, Proc. Paper 9990,

Smith, R Foand Do AL Waoolhiser, 1971, Mathematival Simulation of Intiltrating Watersheds. {ydro-
togy Paper No. 47, Coloradao State University, 1. Collins, Colorado, 44 pp,

Stretkalt, UL 19700 Nwnerical Solution of Saint- Venant Fauations. ASCLE, Journal of the Hydraulics
Division 9601y 1):223-252, Proc, Paper 7043,

Y]
w




T

- Chery, Clyde, and Smith

taited States Depariment of Agricutture, Undided, cirea 1958, Monthly Precipitation and Renoff fur
Sl Apgicultueal Watessheds jo the United Stages. Apgiculturad Research Service, Washington,
..

United States Department of Agriculiuse, 1968, Moisture-Tension Bata lor Selecied Soils on Fxperi-
mentad Walersheds, ARS 41-144, Agricutisral Rescarch Service, Washington, D.C.

Wei. C. and C. L. Larson, 1971, Effects ol Arcal asul Time Distributions of Rainfall on Small Water-
shed Runoll Iydsographs.  Water Resources Reseazeh Center, Bulletin 30, University ol Minne-
sola, St Faul, Mianesals, 118 pp.

Wooding, R, A. 19652, A Hydrauolic Model Tor the Catchment-Stream Problem: L Kinematic Wave
Theory. Journal of liydrology 3(3-4): 254-267.

Waoding, R. A., 1965b. A Hydraulic Model for the Catchment-Strcam Prablem: 1. Nunterical Sulu-

. Journal of 1lydrology 3(3-4):268-282,

Woolhiser, D. A.. C. L. Hanson, and A. R. Kublman, 1970. Overland Flow on Rangeland Watersheds.
Journat of llydrology {N.Z.) 9(2):336-356.

Wonlliser, 12, A, and J. A Lipgett, 1967, Unsteady One-Dimeasionat Flow Over a Plince ~ The Rising
Hydropraph., Witer Resounrces Research 33)1:753-77).




