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ABSTRACT: Mathematical models lor predicting walciNhed .surface How responses arc avail

able, most of which are elaborate nonlinear numerical surface anil channel flow models linked

with infiltration models. Such models may be used to make predictions for unuaued areas, as

suming an acceptable fit linn "' the model to the topography and roughness til Ihc real system.

I or some application purposes, these models are impractical because of their complcxiiv ;md

cspeusive computer solutions. A pioivdilic is developed lli.ll nsi-s a complex model o! an mi-

gaged area to derive a simpler parametric nonlinear system model for rcpclilioussimulalion wiih

input sequences. The predicted flow outputs are obtained with the simpler model at significant

savings of money and time. The procedures for constructing a complex kinematic model of a

4(1 acr; < 161.88(1 m-> reference watershed and deriving tile simpler system model are outlined.

The results of predictions from both models are compared with a selected set o! measured

events, all havini: essentially the Mine initial conditions. I'eak discharges ranged from 3 t,,

IIS if/sec (0 0N5 to ,1..'>4 in ■'/sec), icliich unhides the l;irc.esi event ol lecmd. I ho inherent
limitalion.s of lumped systems models are demonstrated, includm;: the bias caused by their

inability to model inliltration losses alter rainfall ceases. Computer costs and times tor the

models were compared. The derived simple model has 4 cost advantage when icpeated use of .1

model is required. Such an applications hydrologic model has an etij-ineerini1. Iradeolf of re

duced accuracy, and lumping bias, hut is more economical for certain design purposes.

(KKY 'IT RMS: analysis; application; computer; costs; design; ro.nonius; Mow hydrol.ijMc;

kinematic; mathematical; models: prediction: runolf; system; unpaged: watershed.

INTRODUCTION

Deterministic models of the hydrologic system may be divided into two general cate

gories: physically-based models and system models. Physically-based models are those for

which the transformations of input to output are derived from models of the physical

processes within the watershed system. lupni-oulput (1-0) system models employ a

transfer relation 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, if one has confidence in the physically-based, deterministic model,
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ii may he used to make performance forecasts for a watershed system (for which there is

no sampling of the output) by measuring appropriate variables, like soil properties, sur

face slopes, channel dimensions, and hydraulic roughness within that system.

The 1-0 system models arc empirically developed for a particular system by measuring

the input (I) and output (0) 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 effort 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

siiuly. Given an ungaged watershed the possibility of using a complex model as an inter

mediate step to develop parameters fora simplified model is investigated. If the simplifi

cation can be accomplished 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 of 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

of rainfall is used as the input to the deterministic model. Rainfall 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 (channel infiltration) or gains in

How to produce a predicted output (q^) that is compared with the measuring tlow (qm)

to evaluate the model performance.

■*■•'. ■:''.'
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The inptii for Ihe 1-0 model is luither teduced by lumping and is then processed by

• '• . ;.. Hie same mliliraiion uuiline used lor the deterministic model. The excess is convoluted

,v '■■;,; . w'lM :in impulse or unit pulse fund ion (the parameters of which were derived Irom opera-

: V"" ' ''"" "' "IL% c<)ltlPlcx model), lo produce a predicted output ((|s). The ouipul ol Ihcsys-

-.I'.*".I I lei» iiuidcl is compared both with the output of the complex model and thai of the mca-

~V sured real system output to evaluate its performance.

•V-V&tC■■'.'" PKOCFDURF FOR DI-VI-LOI'INC Till: APPLICATIONS MODFL

< "■'•'" . Review of the Kinematic Surface Water Model Development

■ ■■■•!■-j&ii:. ■•'■' "l0 ^1°lorniiiiistio modeling of surface waler How follows Kibler and Woolhiser's
;.'..n'-'*'J$!y.; (1970) aplly described "reduclionisl" approach. The complex topography of natural

\?jr:> . watersheds is represented by a combination of simple planes contributing How to channel

.' 'iri lengths with simple cross sections. The work of many researchers. Brakcnsiek (1966 and

^;-:;:;;, . ll'67): Chen and Chow (1968); Fagleson (1969); Grace and Fagleson (1965); Henderson

•'■V^-M''.1 and WootlinS (1964); Kibler and Woolhiser (1970), Liggett and Woolhiser (1967a and
' .,V^":'' . 1967b); Lighthill and Whitham (1955); Maddaus and Fagleson (1969); Ovcrton and
■y)'l' Brakensiek (1970); SlrelkolT (1970): Wei and Larson (1971); Wooding (1965a and

1965b); Woolhiser, Hanson, and Kuhlman (1970); and Woolhiser and Liggelt (1967) has

contributed to selecting reductions of the complete shallow-water equations and to re

stricting ciitcria. which have led lo the acceptance of the kinematic wave equations as an

"adequate" model of shallow overland water How and How in channels. Kinematic is ihc

term used for How that can be described by the equation o\ continuity of mass and a

st.ige discharge relation, like the Che/y or Manning friction formula.

A kinematic model is the complex physically based model used in this study. It has

two features that contribute lo a belter representation of the real system - continuously

infiltrating planes and channels, and a transitional friction relation. The infiltration com

ponent was derived from work of 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).

■"*' V I.'-1

) ■ ,

Description of Intermediaic Kinematic Model

The intermediate physically based mathematical model used for this study was derived

from the work discussed in the previous section. Row from a iriangular plane (Figure 2)

was lepiesenled by calculating Ihc longest length of overland How (L,, in Figme 2a) and

then storing all the intermediate solutions made ai the node of each equal length segment.

These stoted solutions are used later as ihe distributed Iriangular plane flow into the

"inlersectional" channel, illustrated in Figure 2a. The outflow from one triangular plane

channel set can be doubled to give the response from the geometrical configuration as

shown in the alternate configuration (Figure 2bV The program has the capabilities of

calculating Ihe dimensions of the complementary plane shown in Figure 2a and adding

the distributed plane How calculated for that plane to the disirihuted lateral input of the

"inteiscclional" channel. The watershed model program makes How calculations lor

"independent" channels, which may have uniform lateral input, and may accept input

from one, iwo. or three upstream converging channels. The simple geometrical confnjura-

lion of channels in the watershed model is illustrated in Figure 2c.
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Willi No liilillralion In Constant Input Kales.

measurements of rainfall and runoff were obtained for the entire period. The watershed

shape is relatively simple and the soil rather uniform. Topographic details and localiousol

the iwo recording, weighing raingages are also shown on ihc map in Figure 5. Theoulllow

1131
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was measured by a 3:1 broadcrested V-notch weir. More details about the watershed were

mpoitcd by Chety (l'.>7<>), or may be obtained from a publication by the U. S. Depart

ment «>l Apiculture (I95H). A previous analysis (Chery. I°72) made it possible to select

iniiiill rvrnls having no rainfall within the pievious 120 liouis. Such cases were con

sidered to have the same initial "dry" state, a necessity because a soil moisture account

ing model was not readily available for this area.

■■■%t\\2.'. ?•- C t

-. ^ t T T

l-tjiiirc 5. Topoj-rapliie and Location Maps of Watershed 47.002. With

Kinematic Model Pianos Superimposed II foot = 0.3048 m).

A set 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

reference watershed. The configuration of rectangular and triangular planes was selected

as being sufficiently representative of the watershed topography, yet not too numerous

as to make the kinematic model prohibitively expensive to operate. We realized that there

is an inleiaclioii between the chosen geometry for a watershed and parameters of slope

and roughness. This interaction was used in a study by Lane, Woolhiser, and Yevjevich

(l°75) that investigated Ihc distortion of roughness to achieve a given model prediction

accuracy as the model geometry is simplified. Some geometrical parameters of the con

structed 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) parameters (two for planes, one for channels) arc needed. The infiltration

parameters arc o, an exponent in Ihc infiltration equation (Smith, 1972. p. 7):

f = A(t-Io) (3)

133



An A|>|>lli.illiiil Kiiiii.II Mulrl Sli;ili-|'\ l.n |Iii;-:i)mcI Wi

•s■•■•. ■: •;-:^.

iM, the final infiltration rate; CIN. :i coctTicient in a relation tor a normalizing time

parameter (Smith, I*)72, p. 15). which incorporates parameter A ol liquation <.l); SOIN.

I he maxiinuin walor content by volume: SIN, the initial waior content by volume; ami

UIN. a coctTicient in the runclional ivlation helween iliuiciiMonless soil walci volume :il

time ol ponding the dimensionlcss raintall rate (Smith. 1972. p. IS).

4F0O5 <*

INPUT

I /

0

Cl> '

no

XJ

f

C22

PIS j;

d. Assoinhl.iuo ol" I'Ijiik-s :uui (°li;inncl\ Inr Uil- Kinematic Mmlcl

of Wutorsheil 47.1102 (I1 * Plane. C = Ouinnel).
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TAIII I I. Comparative ('.coiiK-lrical Dimensions of kinematic

Watershed Model ami Ucfcicncc Watershed.

{■'p.: ••■';'•:
:&?•'•• ■•■ •■ ''' '

'•?£-■ ■'•' ■'■' ■
■ -j. .■ ' ■•

#.•■.■■;•.

Measurement

(1)

Total Area

Average Overland Mow Length

Average Weighted Plane Slope

(average landslopc)

(acres)

(ft)

Kinematic Model

(2)

40.1

203.0

11.400

Dorfoh and

Krimgo!(IJ

(3)

40.1

6.5C

Ilickok and

Kalfecly1'

(4)

40.10

14.30

Range ol' Plane Slopes

(range ol' huulslope)

5-27.000 5-45.0

Average Slope of Upper Mall'of

Watershed

Average Slope of Lower Half of

Wateishcd

Total Length of Channels

1 total length of waterways)

Drainage Density

Lcnglh of Principle Waterway

(length of channel from outlet

tu end of main channel)

Length of Chan, to Center of Gravity

Length of Chan, to l^nd of Watershed

Main Channel Slope

Channel Slope to luid of Channel

Channel Slope to V.nd ol Watershed

Uange of Channel Slope

(%)

(%)

(ft)

(ft/acre)

(ft)

(ft)

(ft)

(%)

(%)

I'M

('.;)

13.000

(Upper 607d)

8.700

(Lower 40%)

8,059.8

204.000

2,612.000

= 1.150.000

2.612.000

4.000

6.400

6.400

4-19.4

20.600.0

509.0

1.635.0

4.f,d

16.40

11.90

86.00

1.640.0

1,140.00

2.870.00

4.12

4.75

6.05

NOTt:: I acre = 4047 ni2, 1 ft. = 0.3048 in.

aJ. Dorroh and 0. B. Krimbold. Maps of Montano Watershed W-2 (7.002) with notations. 1941.

map files. Southwest Watershed Research Center. USDA. ARS. Tucson. Arizona.

bU. U. Ilickok and B. R. Rafferty, Special eight report series on flood runoff studies. 1954. 1 ile

Kc|x>rK Southwest Watershed Research Center. USDA. ARS, Tucson. Arizona.

LPrevailing landslope.

Channel slope to center of gravity.

• .•- 1.

"r •-. ■
Inllllratiun parameters a, f^, CIN, and BIN were initially estimated from some soil

sampling data published by the United States Department of Agriculture (1968) lor the

reference watershed. The values of 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 mote than 0.08

in/hr (2.03 mm/hr). It was also determined that the normalizing lime parameter (CIN)

had values of 5000 to 6000 for early-seasun events (June or before), decreasing lo 1000

to 2000 for July, August, and September events. For a given input rate, the model

■espouses were little changed by a 10-fold variation of UIN values; so the originally

■■■ Xj<

*'.;'
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'- .' established value ol IJIN = 0.62 was used lor Ibis coefficient in .ill following lesls. I lie

'{.'.'■ ... initial estiniale of 0.57 for a was salislacloiy. "Dry" initial slate for this soil was esti-

:";-.: mated as SIN = 0.4.

Jf*/; Alter the infiltiation analysis, it was decided to avoid the inlluencc ol the dynamic

■:- . . ' . soil properties by selecting the late-season events, CIN = 1000. Ihe set of "dry." kite-

'£».':.•' '.•;''•'■■ season runoff events with peak discharges greater than I cis (0.0283 ni-tysec) are listed in

$;'*:"•'■'/, Table 2.
;'•/■• • '<" I'"-' planes, the friction coefficient (l')and transitional Reynolds number (K.) were

J.v-, ' estimated Irom a composite graph of friction coefficient veisns Reynolds number pre-

"&JX." ■ .. |);irCl1 ''y Sniilli (1975). The friction coefficient at R = 1 was estimated to be 700 and
~ ■•' R( to be 200. R, was fixed at 200 and the res|Hinses of the model compared with mea-

) • . smetl .espouse for values of F = 500. 700. 1000. and 1400. The best Ills were obtained

'* willi the initial value of F = 700. As shown in Figure 7, tests with distributed Che/y C

;,.,■ : . (:«s listed in Table I) match the measured response more closely than those with a con-

'i'-\ . slant channel friction coefficient of C = 40.
■in . ■

... . ... . _.. r ■■.-.'': The model configuration, illustrated in Figure 6 willi the following parameters, was

$;' ; . , ..'.V'^Vi-^ deemed adequate for the comparative analysis of the selected s;l of 18 "dry" events: ex

it. ..-■■."" . -""V^r^'vK1., ••'•• poncnt in the infillralion equation, a = 0.57; final infiltration rate. IM = 0.08 in/lir (2.03

I ■ '■' •<V'.'^!-»:••.'' mm/lir); noruiali/ing lime parameter. (IN •= 1000. coefficient IJIN = 0.62; initial soil
.; ' *;.?:• water content by volume, SIN = 0.40; maximum water content by vulume. SO1N = 0.85;

S . ;'.:..■•'$*'■'■:' ' " li|a"c lr'clion coefficient, F= 700; transitional Reynolds number. R, = 200; distributed

.'■ ■'.'.. Che/y C for channels. C = 10 to 40: and lime iucieinent. At - 0.5 minute.

i. ■ ,':... The set ol 18 events is a ligorous test ol the model, spanning ranges ol responses t'roin

£ '■• .. .''[ 2.7 lo 118.0 els (0.076 to 3.341 nrVsec) peak dischaige and total event volumes ul

• ... 0.0165 ti)O.7(i"5 inch (0.4 to |y.5 mm).

■■'■ ' . ,r- nFRIVATIONOFSIMI'U-SYSTI-MMODI-LF'ROM

:"•;. COMI'LliXKINI-MATICMODI'l.

'.".■'• ■ .'•'-. l>"';"-- 'espouses loi nine constant excess rales were obtained from the kinematic model

< '■-.'■''•'/■,''.' liy "l0 ltlL>|l'l>tJl)l ilillerencing the S hydrugraph. The results ol this procedure are shown
-■'■ .;4 in lijitirc S. When Ihe derived pulse icsponses (Figure 8a) weie convoluted with ihe e\-

': ••* •! cess tale loi event No. 4 (Table 2). a huge secondaiy peak was geneiaicd (highest peak in

' ■'•, , ' liguie1'). The evaluation of runoff responses from event Nns. 4 ami Id. plus lactslearned

; . ';':,'.;.'; . '" '!'>•• developnx-nt ol the discrete nonhneai model and the lesulls ol a s|vcial mvestica-
■ '.'£*'■•': '"'" <t"Iiciy. l')7(>) showed the secoudaiy peak iespouse to be Imm pianos I, 3. and 5 ••!

: ..-** * I'iguie (>. This information contributed lo the preparation of modified single-peaked unit

.-■'•:• Pi'lse res|ioiises (I'iguie Kb) that had the second peak removed. These studies indicated

.■.,-, 'Inn Ibe upper north side of the constructed kinematic model should lie altered by eithei

' .v";".! icducing How lengths or roughness or both lo produce a more rapid response from this

",.-,- area. The influence of the long lengths of overland Mow in planes 3, 4. and 5 of I 'inure t>

" . ■-• .f ;■*'-■■' W;|S checked by leveising ihe dituensioii <il Ihe liiaugles. Ma\iiiium Mow leuullis were

reduced from SOO. 420. and 420 to 380. 280. and 150 feel. The overall influence of tins

..;••.. ■ . change is shown in I-igure 10. For the complex model with Ihe dimensions ol planes 3. 4.

;i"il 5 reversed, the rates on the rising side of Ihe hydrograph are increased with a higher

peak occurring one minute earlier, followed with less recessional rates as compared with

"■•.-.' the original hydrograph. A comparison of the derived one-minuie unit pulses is shown in

. Figure 1 I. For the input tales ol" 10 and 4 inches per hour. Ihe secondary res|H>nse is

."'.■•.."■"''■ I 13d
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TAHl I 2. Peak Discharge and Tulal Volume Comparison Between Complex Kinematic Model and Measured I vents.

Kvent

ID No.

(1)

1

■)

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Dale3

(2)

240857b
040947

220769

030864

270966

081054

150859

110954

051058

280739

010866

120759

040967

120740

230752

191057

090866

250939

Measured

Peak

Discharge

In

Cubic l-'cet

Per Second

(3) .

118.0

97.7

84.1

46.2

36.8

34 I

22.6

22.6

17.41.

16.0

13.4

12.3

8.0

65

4.4

4.2

3.5

2.7

(•vent

Volume

In

Inches

(4)

0.7695

0.5330

0.3818

0.4013

0.2522

0.3107

0.2445

0.2148

0.1034

0.1048

0.1064

0.0856

003 20

0.0585

0.0441

0.0239

0.0270

00165

Predicted

Peak

Discharge

In

Cubic Feet

Per Second

(S)

94.2

104.5

116.2

52.2

47.4

13.5

17.0

111

17.0

19.3

18.5

24.5

12.6

15.8

0.0

3.6

4.1

3.1

Kinematic Model

%

Difference

(6)

-20

7

38

13

22

-60

• 25

-•51

-2

21

33

99

58

143

100

- 14

16

15

Responses

Predicted

Volume

In

Inches

(7)

0.7636000

0.6418000

0.5925000

0.4273000

0.3062000

0.0967000

0.1956000

0.0959000

0.1254000

0.1592000

0.1656000

0.1686000

0.1079000

0.1741000

O.OO0O087

O.0242O0O

0.0276000

0.0166000

7c

Difference

(8)

-0 8

20.0

55.0

6.5

21.4

-68.9

-20.0

-55.0

21.0

520

56.0

97.0

237.0

198.0

-100.0

1.0

25.0

0.6

i>ia\iniuni

l"\cess 1

In Feel

Second \

P4 7.003

(9)

1152

842

1 355

635

615

348

139

626

502

963

784

303

636

239

11

0

341

170

Rainfall

Rate

Per

io-7

P47.OO5

(10)

1152

1117

1572

627

719

159

420

72

715

755

32:

411

365

351

61

390

298

75

Computer

Run Time

In
In

Seconds

(in

244

256

159

194

162

142

250

178

129

134

219

117

128

179

128

112

92

74

NOT I: 1 It3 = 0028 m3. 1 it; = 25.40 mm.

Jl)a»e in day, month, year notation.

''Kjinlall record <jI ram {layc P47.OO3 aho used as inpul for rain pat-e P47.OO5.

3



An Application Itunoil' Modul Strategy for United Watersheds

. ■' ''*^' v"

•' ' U* *' "

. *. '*.' *.v.'i-.

, ■' . . "1.'/'"

• '■':./■ .:■••_ ■'■,.■!■'.'

-* ^ KINEMATIC W00C1. C*tO-«O

- ■ — •MCMJIIC KOOEl. CUt

40

TIUE IMINUICSI

l-kMiK1 7. Comparison of Kinematic Mntk-l Itcxponsc for Mvunt No. A lor ('hczy,

C = 40;nul Dhiribulcd Clie/y. C = 10 - 40 (Refer to Table I fur distribution).

A o OIRIV

05

«5 To o

true in

li::urc K. I' III Itcspunscs for Motlul 10.

I 138

' ,V-"i--.-..'..:-

. .' ■ "...

• . \t i'J,'



Cliiry. Civil'1. ."i»l Sinilli

essentially eliminated supporting the assumption of the modified icsponses. As the input

rale decieases, the secondary response begins to develop. For the 1-iuch |»er hour input

rate, the secondary response is evident though it is not as prominent as for the lowest in

put rale, 0.25-inch per hour. As the How from these three planes came off 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 II). 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.

'-■*'.■■-

■>■*;*■■' ;V

••"•■i4.".

UEASUREO RUNOFF

DEBIVEO uD(l)

- DERIVED

10 i'o

9. l-'it ol' Convolution Model Responses tor Measured Kvcnt No. -1 (Table 2).

-. ■> ■
CVCNf *, 0)0664

_ to

COMPICX M00CL WITH

OIMEHSC0HS or PLANES

3. « B S REVERSED

RESPONSE Or ORIGINAL

COMPLEX MOOEL CONFIGURATION

••■>•!:• .'.':'
X> *0 SO

TIME (UINUTESI

60 70

l-ipufc 10. Comparison of Outflow Response of Complex Model, Wilh Dimensions of Triangular
Planes Reversed to Give Shorter llow U-nptln. With the Response of the Original Configuration

1139
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Tlicse evaluations indicated the need lor further studies to determine methodologies

for estimation ol'ji reasonable elTecliw oi charactetisiic overland How lenjjlii. The tilting

ol" planes (with some characlerislic How length) and channels lo rcai watershed iieoinciry

needs some further ret tiling for operational application lo ungaged areas.

RI-SULTS ANDCOMI'ARISONS 01- PRIiDICTlONS

I'or this simly, the integral square eiror was selected as a measure of (lie goodncis-of-

lit between the model response and the measured watershed response of an individual

event. An integral square error was defined by March and liagleson (1965) as:

,: . l^ill^ir XIOO
(4)

in which <),„ = measured discharge rate and q., = predicted discharge rate. Also, a conven

tional expression for a linear correlation cueflicient, p, was used as an error measure,

(5)

in which n = number of measurement pairs, <im = measured discharge rate, and q., = prc-

dicled discharge rale. The measures of goodncss-of-fit for the 18 tesl events, comparing

predicted discharges of ihe iwo models wilh measured discharges and with each other, arc
shown in 'fable 3.

1140
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TAULK 3. Integral Squuru liror for K ificiiiutic anil Convolution Predictions.

liven t

No.

1

2

3

4

5

6

7

8

9

10

11

12

n

14

15

16

17

IX

Dale

240857

04(1947

220769

030864

270966

081054

150859

110954

051058

280739

010866

020759

040967

120740

230752

191057

090866

250939

Hotween

Measured and

Kinematic Model

K

%

802

6.61

12.99

3.43

4.27

13.02

4.24

11.25

7.62

15.14

15.93

21.30

38.12

30.24

16.01

13.46

8.94

15.50

P

0.84

0.97

0.99

0.98

1.0(1

0.69

0.96

0.80

0.94

0.75

0.96

0.90

0.85

0.92

0.65

0.75

0.93

0.62

llclwcen

Measured and

Convolution

li

%

926

6.97

13.03

2.26

28.98

6.30

6.28

4.21

11.27

30.86

34.75

37.85

41.95

29.70

65.93

165.37

43.28

85.88

P

0.79

0.94

0.98

0.99

0.55

0.94

0.91

0.97

0.94

0.74

0.84

0.85

0.70

0.91

-0.08

0.97

0.98

0.69

Between

Kinematic and

Convolution Moilcl.%

I-

%

3.29

3.29

2.27

2.45

23.37

27.71

3.99

20.47

5.65

13.27

11.35

12.72

7.77

5.29

1000.00*

51.30

32.58

88.14

P

0.98

0.99

0.99

0.99

0.55

0.66

0.99

0.77

0.97

0.92

0.91

0.89

0.88

0.92

-0.13

0.61

0.57

0.39

In general, both the kinematic and convolution model responses fit better for the lar

ger events (Nos. I to °). The kinematic model also predicts the overall response belter

than the convolution model, as would be expected, although by the integral square error

tcsl. 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 this dis

tribution in only a two-part way, because two rain gage sample points exist. Continuously

varying rainfall could be projected for the ;irea between the two gages, but even this

would be inadequate for extremely variable events, like event No. I (Table 2). For this

event, llic model did not generate enough excess (even when the largest rainfall was used

at both inputs) to match the mcasuied response. The explanation lies in a combination of

inadequate sampling of the rainfall, inadequate definition of the initial conditions, and the

delayed response from planes 1.3. 4. and 5. There also may be some variation ofinfilira-

lion 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 lo IX cfs (0.283 0.510 mVsec) as well as the kinematic model (4. p. 1211. There

:nc at least (wo reasons for this deficiency. One is the error introduced by represent tug

1141
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the distributed rainfall as one lumped input by using the record of one rain gage. The ex-

lieme ol this situation is illuslialed by event No. 16, for which the complex model only

geneiated 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

occurred over the entire watershed. As a result, the predicted outflow response is con

siderably greater than it should be. Second, for the low excess rates, a considerable por

tion ol surface (low is infiltrated as the How moves over the surface. As an illustration of

this situation, the rainfall excess of event No. 4 (Table 2) was modeled as 81,219 fi3

i . '- .'"'<•■ '.'■'.':$ '■■;'•'.■■:".••'• • ; (2300 m3) which is equivalent to the output of the 1-0 model. This amount is greater
; :'■•.■ v.. :' lhil" ">«■' I(«:'! watershed discharge of 62.193 fl3 (1761 m3) predicted by kinematic

.*••'■ model (76 percent of the excess). The loss between excess generated at a point on the

/:.;.', surface and Ihc watershed discharge becomes relatively greater the smaller the event. For
'&■ ' :". -;- ■:••;-'-V:'civV/". '■'..■■ example, excess for event No. 17 was 14.397 ft3 (408 m3), and the kinematic prediction
t- . • ■" *::~fX. }'■ ' of watershed discharge was 4,023 ft3 (114 m3) (30 percent of the excess). A partial coin-
'£'. .. /.:: •'."/■>-'-5^" I"'-'- ■:".-, .■ pCHsation for these two factors is the empirical reduction coefficient of 0.8. illustrated
jV :. ■ .- 3:'-:; ■; i» Figure 9. This coefficient was selected alter comparison of results from tests with co
ll . '..-.. • : V?5;v ■ ".".' efficient of 1.0. 0.833, 0.80, and 0.75. The infiltration model also calculates negative
|" ''■':'.[ ' {S ''' excess when the rainfall rale Tails below the infiltration rate. These negative excess values

' ' • ■■',-i-.'•;;.•',/ ■ wcrc »"t used in the simple model transfoini of input or output, but the incorporation
::,: ■. '■ _■"':':['■'*■>••■• ' ol lu-T:|tive excess values in the transfer calculation could also be a compensation in the
i ' .-.; ■'',.'• proper direction. The meaning of transforming negative inputs must be investigated.
\v : ;.•'•■. ' . W'1:'I is the pulse response of a negative input rate of a given magnitude?
I, '.;;, '■ :■■•.•":■;' The kinematic model can represent infiltrating surface How where the convolution

*.r.": - model cannot. Thus, what is generated as an excess at a point is passed in output without

% ■• -■-■*-.:•■ ; any loss due to flow over surfaces or in channels. This situation explains the ovcrestima-

£; •'■.:; 'ri; t'°" ''':is '" all the convolution predictions but it becomes overwhelming lor How re-

i: '■'.•■ spouses of less than 18-cfs peak discharge. This performance is probably acceptable for
v. • . '. " V. • most design situations, which arc concerned with the large or maximum flow events. The

i': ' ■'•"•! :^.v.- .■•.'■••■,. performance of the convolution model also suggests that the compensating coefficient

i , • .. '« '■. ,•'■,". cuu'tl I)C Im(ic a '""cli"" of both the excess rate and the distribution of measured rain-
:i;. . . .' -VL^: ' ' fall depths. However, this will be investigated at a later dale.
i;: ■ • . ' ..- •" • ■' •_' t. • . '

-"■ '.?■;?■ [ECONOMICS OF Till: AITUCAT10NS PROCEDURIi

': '. -'/• ' . The computer time required to make the convolution model discharge predictions was
^ . • : •■f^'i ■ considerably less than that needed for the kinematic model. The computer run limes for
t ■'.> "v\ '*. '-■■■' l'ic Is events by the kinematic model aie shown in the last column of Table 2. They

v:"'t%d from 74 to 256 seconds, with an approximate total cost of S175.00. an average of

; S9.72 per event. The 18 convolution runs, exclusive of excess calculations and derivation

. ;, . o!* P«lsc response, were done in 14.5 seconds for a total cost of S0.90. The cost to

', •■■,.. '. ■'■■• generate the unit pulse response is about S16.00 per pulse; ihus the one time fixed cost of

..i v setting up the model for the nine unit pulses used in the discrcic linearization cunvulu-

;■ ' ■v'-v6 ;'.' - 'i1'" was about $144.00. This fixed initial cost amortized over the 18 test events averages
. ■§:■'• ;: S8.00 per event, bul as more events arc modeled or predictions made, this average initial

' ••...%»;' c"xl l'l%( L'venl would decrease, lixcess piediclion would cost less than S0.20 per event

: "• C' and Ihc convolution about S0.05 per event: Ihus. in this sample run of IK events, the cost

'" per event was $8.25 for the discrete convolution versus S9.72 for the kinematic model.

\i \ ■■: ■••>■£$»■■'■•■
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.^' The advantage would increase lor hi^ei ii.iii.1kis of events and sets of events will, a

\f\*:i.-: -- greater proportion of large events.

?;-&? :''•• ••" For example, the costs of applying the proposed modeling procedure can be compared
*')*•'£ 3 ;"•" . with that of using only the complex model. Suppose one wishes to predict a 50ye;.r flow

■ " V,K: ' sequence lor an ungaged area, like the reference watershed. The geometry can be ob-

••'.'. A::'- ■ :'-■ lajncd from topographic maps. The infiltration parameters may be determined from soil
sampling or infiltration tests, and roughness coefficient selected from a field assessment.

For the area of the reference watershed, and supposedly most areas, distribution of

% ■ . ••'->,>>;•' • runoff-producing rain storms can be obtained. This distribution can be used in conjunc-

.;•' ..■■•' '-'I',>f.'■:.'■' ■ ■'"' lion with a joint distribution of storm rainfall amount distribution, antecedent moisture
• ^ ;- conditions, and a seasonal shift of infiltration properties to generate storm inputs to the

; . • ■ -. model. Ten runoff events per year would be a reasonable average for the vicinity of the
'V; reference watershed; thus, a 50-ycar simulation would mean 500 runs of a model. From

,,\ '. I'- . . lhe experience of this study, predictions by the complex kinematic model would cost

i- ^j|v..; •' about S4.860. whereas the proposed applications model procedure would cosl about
|. '•■?#':V $275. Thus, a savings of over S4.500 is realized. Probably more relevant to the problem,

■i" .■ ■'•".Vf^ ': / it would only cost a reasonable amount (less than S300) for the computer operation in a
"\i'': ; hydrologic engineering evaluation of an ungaged area, with accuracies satisfactory for the

V . ."i'.fi;. engineering purposes. Further, these predictions arc based, in a derived sense, on the

■ ' ?! y \ physics of the real system. Consequently, alterations or management treatments proposed

•; , :':;-■--j;.Y;t ■ for the ungaged area can be evaluated inexpensively for long sequences of inputs.

•••■..?••' SUMMARY AND CONCLUSIONS

"...*; A kinematic watershed model with infiltrating planes and channels is assembled. This

..';■;..;'. ■ model, based on the work of many preceding researchers and from this extensive body

T. ; •;;;|\ " ; of antecedent work, was deemed to be an acceptable representation of the natural water-

. ; ...;>:V. Sl,ed system. With some additional refinement of fitting plane and channel segments to

'•' .'...' : ,■'""''. ' natural topography, the kinematic model can make outflow predictions for ungaged
'. ' ■■■•'•■"■:'.-'£v' '",'.' watersheds with surface flow. However, the kinematic model is complex and computer
■ ' ..\ ^rf. solutions are expensive. For hydrologic design applications requiring many repetitive

v tests with the complex kinematic model, a procedure of deriving a simpler model from it

-. -: ■ ■> is developed and evaluated. The lumped input and uniform rainfall excess determined for

• •' :;,'v. • .' ihe entire area cause the simple convolution model to have an overprcdiction bias as the

[ 1- '..'".>'.. 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 models should be

acceptable, however, in most design situations dealing with large or maximum How

, •..;'".-■ ' .• events. Further investigation may develop compensating coefficients, that would be a
. •• -;. ■ function of both excess rate and rainfall distribution, to partially compensate lor this

•'. ' . ;''r limitation of lumped models and to refine the simple model predictions.

• . A hypothesized use of the procedure shows that appreciable savings could be obtained.

': '.*••• • • I,,., co,np|ci,,cntary sense, sonic hydrologic design problems could be solved with a physi-

.■"-"'■ L;,||y based evaluation for reasonable computer solution costs of only a few hundred

' !.'• • • dollais.
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