


Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE 

REPORT DOCUMENTATION PAGE I Form Approved 
OMB No. 0704-0188 

1a. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS Unclassified . 
2a. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION I AVAILABILITY Of REPORT 

Approved for public release; distribution 2b. DECLASSIFICATION I DOWNGRADING SCHEDULE 
unlimited. 

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S) 

Miscellaneous Paper EL-79-6 

~i NAriE ~ PEfF~RMING flR~ANIZA~ON 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION ss ss pp tate n vers ty (If applicable) USAEWES 
Department of Civil Engineering Environmental Laboratory 
6c:. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code) 
Mississippi State, MS 39762-5610 PO Box 631, Vicksburg, MS 39181-0631 

ea. NAME OF FUNDING/SPONSORING Sb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER 
ORGANIZATION (If applicable) 

US Army Corps of Engineers Contract No, DACA39-81-C-0005 
Sc:. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS 

PROGRAM PROJECT TASK WORK UNIT 
Washington, DC 20314-1000 ELEMENT NO. ~o. NO. ACCESSION NO. ee 80 041 reverse. 
11 . TITLE (Include Security Classification) 
Military Hydrology; Report 17, A Quasi-Conceptual Linear Model for Synthesis of Direct Runoff with Potential Application to Ungaged Basins 
12. PERSONAL AUTHOR(S) 
Singh, Vijay P. 
13a. TYPE OF REPORT 11 lb. TIME COVERED 114. DATE OF REPORT (Year, Month, Day) I'S. PAGE COUNT Report 17 of a series FROM TO July 1989 99 
16. S~PPLfi~ENiRY N~TATION Ava la e rom ational Technical Information Service, 5285 Port Royal Road, Springfield, 
VA 22161. 
17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if neceuary and identify by block number) 

FIELD GROUP SUB-GROUP Geomorphology Streamflow 
Hydrology Streamflow forecasting 
Military hydrology 

19. ABSTRACT (Continul! on rev11rse if necessary ;md identify by block number) 

A quasi-conceµt:uaL lineax model is- devel-0ped- for synthes4.s- of- the- instantan-eous-uni t-
hydrograph (IUH) by employing drainage network properties. This IUH is then employed in 
convolution for synthesis of the direct runoff resulting from a rainfall event, Because 
the approach contains parameters that can be determined from basin morphology, it is 
potentially applicable to ungaged basins, A computer model, designated as GMHS, is 
developed using this approach for hydrograph synthesis. The model is verified on five 
small agricultural basins. The model results compare well with observations in light of 
accuracy of the parameters and data. 

20. DISTRIBUTION I AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION 
liJ UNCLASSIFIED/UNLIMITED 0 SAME AS RPT. 0 DTIC USERS Unclassified 

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (Include Area Code) 122c. OFFICE SYMBOL 

DD Form 1473, JUN 86 Previous editions are obsolete. SECURITY CLASSIFICATION OF THIS PAGE 

Unclassified 



SECURITY CL,0.SSIFICATION OF THIS PAGE 

SECURITY CLASSIFICATION OF THIS PAGE 



PREFACE 

The work reported herein was conducted for the US Army Engineer Water
ways Experiment Station (WES) under the Department of the Army Project 
No. 4A762719AT40, "Mobility and Weapons Effects Technology," Task Area 80, 
"Combat Engineering," Work Unit 041, "Tactical Streamflow Forecast Procedures 
for Mobility/Countermobility Operations," sponsored by Headquarters, US Army 
Corps of Engineers (HQUSACE). Dr. Clemens A. Meyer was the HQUSACE Technical 
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Singh, V. P. 1989. "Military Hydrology; Report 17, A Quasi-Conceptual 
Linear Model for Synthesis of Direct Runoff with Potential Application 
to Ungaged Basins," Miscellaneous Paper EL-79-6, prepared by Mississippi 
State University, Starkville, MS, for the US Army Engineer Waterways 
Experiment Station, Vicksburg, MS. 

1 



CONTENTS 

Page 
PREFACE. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 1 

PART I: INTRODUCTION • •••••••••••••••••••••••••••••••••••••• I 

Background . ...••...•••.•..•••...•...•.••.•••....•.•....•.. 
Objectives .............................................. . 
Scope ..•..••....•......••...•.•..•...••..... . ................... . 

PART II: QUASI-CONCEPTUAL FRAMEWORK ••••••••••••• . . . . . . . . . . . ........ 
PART III: A QUASI-CONCEPTUAL LINEAR MODEL ••••••••••••••• ................ 
PART IV: APPLICATION TO NATURAL WATERSHEDS ••••••••••••• ................ 

Description of Watersheds •••....•..•••.•.....••..•..•.•...•...•••.. 
Rainfall-Runoff Data . .........................•......•....••....... 
Determination of Infiltration •••••••••••••••••••••••••••••••••••••• 
Parameter Estimation •••••••••••••••••••••• 
Instan~aneous Unit Hydrograph ••••••••••••• 

. .................... . . . . . . . . . . . . . . . ..... . 
Runoff Prediction •••••••••••••••• 
Considerations of Basin Size ••••• 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............................ . 
PART V: CONCLUSIONS ••••••••••• ...................................... 
PART VI: RECOMMENDATIONS ••••••• 

REFERENCES ••••••••••••••• 

FIGURES 1-27 

APPENDIX A: AN ILLUSTRATIVE EXAMPLE •••• .......................... 
APPENDIX B: USER INSTRUCTIONS •••••••••• ........................... 

GMHS: MAIN • ••••••••••••.••••••••••••••••••••••••••••••••••••••••••• 
Subroutine EXOP •••••• . . . . . .. . . . . . . . . . . . . . . . . . . ....... . 
Subroutine 
Subroutine 
Subroutine 
Subroutine 
Subroutine 

OBJECT • •••••••••••••••••••••••••••••••••••• ......... 
PRECIP ••••••••••••• 
NEWTON ••••••••• 

. ................................. . . ................................. . 
BROSEN • ••••.••••••••••••••••••••••••••••••••••••••••••••• 
INFIL • ••••••••••....•.•••••••.••.•••••.•••..•..•••••••.. 

---Subroutine-XDATA •••••••• 
Subroutine BASIN •••• 

. ....................................... . . . . . . . . . . . . . . . . . . . . ......... . 
Subroutine LAG •••••• 
Subroutine HOLD ••••• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Subroutine !UH •••••• . . . . . . . . . . . .............................. . 
Subroutine CONVOL • ..••••••••.•••.•••••••••...•.••.•••••..••.••••••• 

APPENDIX C: GMliS • ••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

2 

3 

3 
6 
6 

8 

14 

17 

17 
22 
22 
23 
23 
24 
24 

26 

27 

29 

Al 

Bl 

B2 
B3 
B3 
B3 
B4 
B4 
BS 
BS 
BS 
B7 
BB 
BB 
BB 
Cl 



MILITARY HYDROLOGY 

A QUASI-CONCEPTUAL LINEAR MODEL FOR SYNTHESIS OF DIRECT RUNOFF 
WITH POTENTIAL APPLICATION TO UNGAGED BASINS 

PART I: INTRODUCTION 

Background 

1. Under the Meteorological/Environmental Plan for Action, Phase II, 
Headquarters, US Army Corps of Engineers (HQUSACE), has been tasked to imple
ment a research, development, testing, and evaluation program that will pro
vide the US Army with (a) environmental effects information needed to operate 
in a realistic battlefield environment and (b) the capability for near-real 
time environmental effects assessment of military materiel and operations in 

·combat. In response, the Directorate for Research and Development, HQUSACE, 
initiated the AirLand Battlefield Environment (ALBE) Thrust Program. Under 
this new initiative, technologies to provide the field Army with the opera
tional capability to perform and exploit battlefield effects assessments for 
tactical advantage will be developed. 

2. Military hydrology, one facet of the ALBE Thrust, is a specialized 
field of study that deals with the effects of surf ace and subsurface water on 
the planning and conduct of military operations. In 1977, HQUSACE approved a 
military hydrology research program; management responsibility was sub
sequently assigned to the Environmental Laboratory, US Army Engineer Waterways 
Experiment Station- ~WES}, Vicksburg-, MS-. 

3. The objective of military hydrology research is to develop an 
improved hydrologic capability for the Armed Forces with emphasis on applica
tions in the tactical environment. To meet this overall objective, research 
is being conducted in four thrust areas: (a) weather-hydrology interactions, 
(b) state of the ground, (c) streamflow, and {d) water supply. 

4. Previously published military hydrology reports are listed on the 
inside of the back cover. This report contributes to the ability to calculate 
streamflow, which is the basis for developing improved flood-forecasting capa
bilities for use on ungaged watersheds. 
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5. Streamflow synthesis from ungaged basins has long been a subject of 

scientific inquiry. A survey of hydrologic literature (Doege 1976, Singh 
1978) suggests three fundamental approaches: (a) empirical, (b) conceptual, 
and (c) physically based. The first approach comprises empirical relations 
for determining some key characteristics of streamflow hydrographs, such as 
lag time, peak discharge, time to peak, or hydrograph duration. These rela
tions are developed by standard curve-fitting methods based on data from gaged 
basins and are then applied to ungaged basins with the hope that they will 
yield satisfactory results. Although such relations can be useful in particu
lar cases, this approach is, in general, not scientifically sound and is often 
discarded in favor of one of the other approaches. 

6. The second approach basically incorporates what are referred to as 
systems analysis and synthesis techniques (Dooge 1973, Nash and Foley 1982). 
These techniques use spatially lumped parameters, although attempts have been 
made to make them quasi-distributed (Singh 1979). In other words, they do not 
explicitly take into account spatial variability of rainfall or runoff, even 
though attempts have been made to partly relax this restriction (Singh 1978). 
The major thrust has been to develop the effective rainfall-direct runoff 
relationship. Effective rainfall denotes ·that portion of rainfall which 

becomes direct runoff, whereas the remaining portion is denoted as abstrac
tion. Direct runoff is that portion of streamflow which is composed of sur-
f ace runoff and quick interflow~ It is implicit here that the volume of 
direct runoff is equal to the volume of effective rainfall. A classic example 
is the unit hydrograph approach, which is the hydrograph of direct runoff at 
the outlet of a basin resulting from an effective rainfall of unit volume and 
-~f --givi!n --duration -uc-currirrg -untf-ormly i.n time and space. Tt is always associ
ated with the duration of effective rainfall; that is, as this duration 
changes, so does the unit hydrograph. Most of these techniques therefore 
revolve around estimating the effective rainfall, separating the streamflow 
hydrograph, and employing a spatially lumped form (integrated over space) of 
the continuity equation in conjunction with a storage-discharge relation. The 
effective rainfall determination and hydrograph separation are somewhat· arbi

trary, since these are not well-defined concepts and are based more on conve
nience than on physical realism. 

7. On the other hand, geomorphic techniques have recently been advanced 
for hydrograph synthests (Boyd 1978; Boyd, Pilgrim, and Cordery 1979; 
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Rodriguez-Iturbe and Valdes 1979; Rodriguez-Iturbe, Devoto, and Valdes 1979; 
Vald~s, Fiallo, and Rodriguez-Iturbe 1979; Gupta, Waymire, and Wang 1980; 
Wang, Gupta, and Waymire 1981; Rodriguez-Iturbe 1982). These techniques have 
added a new dimension to application of geomorphology to the effective 
rainfall-direct runoff relationship. However, they remain to be tested on a 
wide variety of gaged basins and have yet to be applied to ungaged basins. 

8. The second approach is promising but has shortcomings that need to 
be properly addressed. First, only that portion of the hydrograph attribut
able to direct runoff is synthesized. Second, the concepts of effective 
rainfall and direct runoff are not well defined. Third, the amount of rain
fall infiltrating into the ground is determined somewhat arbitrarily, although 
there is increasing evidence to support the view that infiltration is one of 
the most important factors affecting the streamflow hydrograph. Fourth, spa
tial variability in basin characteristics affecting infiltration, detention 
and depression storage, and runoff is not accounted for. Fifth, spatial var
iability of rainfall cannot be handled analytically in a convenient manner. 
Sixth, the parameters appearing in these approaches often have little physical 
significance, or they have yet to be correlated dependably with physical 
measurements. 

9. The third approach employs, in some form, principles of mathemati
cal physics which are the laws of conservation of mass, momentum, and energy 
(Woolhiser 1982). The development of techniques associated with this approach 
has paralleled, for the most part, those of the second approach; that is, 
development of the effective rainfall-direct runoff relationship has been the 
major thrust. The consequence has been twofold: (a) the techniques have been 
refined little more than those of the second approach and (b) they have been 
less than practical working tools. Their extension to ungaged basins is 
neither convenient nor intuitively acceptable. 

10. It should be pointed out that a few isolated attempts have been 
made to abandon the concept of effective rainfall and to consider infiltration 
and runoff simultaneously during and after the occurrence of a rainfall 
episode (Smith and Woolhiser 1971; Rovey and Woolhiser 1977; Singh 1976a, 
1976b; Singh and Agiralioglu 1980, 1981a, 1981b, 1981c; Sherman and Singh 
1976a, 1976b, 1978, 1982). However, these studies have been concerned princi
pally with overland flow and not with other components of streamflow. 
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11. Although physically based techniques have been successfully applied 
to analyses of streamflow hydrographs, their application to hydrograph synthe
sis for ungaged basins has yet to be made. The reasons are manyfold. First, 
these approaches have not been systematically validated. Second, parameters 
such as friction factor have been determined by data-fitting and not from 
physical measurements. It is, therefore, not clear if these parameters can 
indeed be determined from commonly available measurements and have the same 
meaning in the context of streamflow synthesis as they are intended to have. 
Third, a systematic data base has not been developed for obtaining an objec
tive validation of these techniques and their subsequent application to 
ungaged basins. Fourth, dynamic interactions with subsurface flow components 
of streamflow have been evaded. Fifth, space-time quantification of friction, 
geometric complexity, variability of rainfall, and variability in basin char
acteristics affecting infiltration and runoff characteristics have been some 
of the persistent problems yet to be resolved objectively. It is not clear 
how much detailed accounting of these factors is needed in streamflow syn
thesis. No single study can address all of these and related issues. 

12. Close scrutiny may suggest that a major breakthrough in streamflo~ 
synthesis on ungaged basins is most likely with a conceptual approach. Recent 
studies on application of geomorphology to basin hydrology, cited previously, 
have blended geomorphologic laws with modern hydrological systems analysis and 
synthesis techniques. As a result, they may be on the verge of providing a 
unified framework for hydrograph synthesis for ungaged basins. This motivated 
the use of a quasi-conceptual approach in this study. 

Objectives 

13. The objectives of this study are (a) to develop a quasi-conceptual 
linear model for direct runoff hydrograph synthesis potentially applicable to 
ungaged basins, (b) to test this model on gaged basins, and (c) to develop a 
computer code for ready use by field engineers. 

Scope 

14. The th~oretical development of the model is presented in Part II of 
this report. Part III includes an explanation of the model structure and a 
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brief description of each subroutine. In Part IV applications of the model on 
five experimental agricultural watersheds are discussed. An illustrative 
example showing the calculations required is presented in Appendix A. User 
instructions are included in Appendix B and a listing of the program code in 
Appendix C. 

7 



PART II: QUASI-CONCEPTUAL FRAMEWORK 

15. For simplicity, the assumption is made that the transformation of 
effective rainfall to direct runoff is linear and time-invariant. The problem 
of direct runoff hydrograph synthesis then reduces to determining the instan
taneous unit hydrograph (IUH) utilizing basin morphometry. The approach pre
sented here was developed by Rodriguez-Iturbe and Valdes (1979) and 
generalized by Gupta, Waymire, and Wang (1980). 

16. Let it be supposed that an instantaneous burst of effective rain
fall having unit volume is injected into the basin. This burst is composed of 
a large number of particles n , which are noninteracting. Each of these par
ticles will stay in the basin for a finite period of time Ti, i = 1, 2, 
3, ••• , n • Ti can be referred to as holding time or travel time. If it is. 
assumed that Ti, 1 ~ i ~ n, are random variables, then these must be inde
pendently distributed by virtue of the assumption of noninteraction of parti
cles. It may be added that the assumption of Ti, i = 1, 2, ••• , n, being 
random is physically plausible. 

th 17. Ti, i = 1, 2, ••• , n, depends on where the i particle lands on 
the basin and as a consequence the path it takes to reach the mouth. The path 
is uniquely determined by where it lands in the basin. Obviously, Ti also 
depends on many other factors en.countered along the path. The paths available 
for these particles to follow are determined by the basin geomorphology in 
general. and the channel network in particular. 

18. Let the basin be of W-order. Then the streams 
i = 1, 2, ••• , W, are available in the basin; clearly, Si 

Si , of order i, 
th denotes the i 

-order streams. -in th-is approach, channel networks are ordered according to 
the Strahler ordering scheme (Smart 1972). A particle goes through a number 
of states determined by the structure of the drainage network as it travels 
from its point of landing to the outlet of the basin. These states are com
posed of overland regions and channels of different orders. 

19. A channel state of order i is defined by Ci, i = 1, 2, ••• , W, 
as the collect:f.on (ensemble) of all the Strahler channels of that Strahler 
order. L:f.kewise, an overland region state of order i is defined by ri, i 
= 1, 2, ••• , W, as the collection of all the regions draining directly into 

th the i ordered channels. Then each particle will initially be found in one 
of the overland states ri~ i = 1, 2, 3, ••• , W, and its movement will be 
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governed by the following rules as a consequence of the Strahler ordering 
scheme: (a) the only possible transitions out of the state ri are of the 
form ri + Ci' 1 s i s W ; (b) the only possible transitions out of the state 
Ci are of the form Ci+ Cj, j > i, 2 s j s W + 1, 1 sis W ; and (c) there 
is a state CW+l , defined as a trapping state. Transitions out of the trap
ping state are impossible. 

20. These rules define a collection S of paths, S = {s} or sES 
which a particle may follow through to the trapping state, that is, the outlet 

W-1 of the basin. For a basin of order W , there are 2 possible paths. To 
illustrate, consider a third-order basin as shown in Figure 1, W = 3 • The 
path space s = {sl,s2' s3,s4} consists of the following paths: 

path sl: rl + cl + c2 + c3 + c4 
path s2: rl + cl + c3 + C4 
path s3: r2 + c2 + c3 + C4 
path s4: r3 + c3 + c4 

21. These specify the spatial paths of a particle through a geomorphic 
network of channels and overland regions. The travel time of a particle must 
therefore be specified by the particular path it takes to reach the outlet. 
The travel time TS is the sum of the times spent by the particle in the 
various states forming its path. 

where T 
x. 

some i) and 

TS= Txl + Tx2 + ••• + TxM, M > 1 (1) 

is the time a particle spends in the state x 

M is the number of states. T 
x is assumed to be a random vari-

able. T x 
can have- an arbitrary- tyrobability density fonctfon ·(PDFY, and- for 

different states x and y , T and T can have different PDF's. How-x. y 
ever, T and T 

x y 
are assumed to be independent for x ~ y • The validity of 

this assumption seems plausible from a physical standpoint. 

22. If TB denotes the random time that a particle spends in the 
basin, then 

(2) 

9 



where I 
s 

is the indicator function for the path s ; that is, I = 1 
s 

the particle follows the path s , and I = 0 
s 

denoted by 

23. 

fB(t) , is obtained as follows: 

Let Ari be the ratio of the area of 

otherwise. The PDF of 

to the basin area A 
w 

and P i . 
C ,CJ 

the proportion of channels of order merging into channels of 

order j, j > i, 2 < j s W + 1 • Obviously P = 1 ; this is not cW,cW+l 
strictly true since a basin of any given order may outlet into a stream sev-

eral orders higher. 

model. Similarly, 

However, this is convenient and does.not affect the 

P i i = 1 • Then for a path seS r ,c 
= {x1, x2, ••• , xk} where x1 , x2, ••• xk E {c 1, c2, ••• , 

The path probability function is defined as 

of the form s 

p(s) =A 1 • p 1 2···p k 1 k (3) x x ,x x - ,x 

It should be emphasized that the paths are all distinct. Therefore, the prob

ability of TB < t is 

where 

P(TB < t) = L P(Ts < t) • p(s) 
seS 

=LF *F * 
S xl x2 

SE 

* F xk ( t) • p ( s) , . 

t = specific time 

F = cumulative density function of T x x 
* = convolution operation 

Differentiation with respect to t on both sides yields 

f ( ) -· ~ f * f * B t i:....J xl x2 * fxk • p (s) 
seS 

where f denotes the PDF of x 
established the equivalen~e of 

Gupta, Waymire, and Wang (1980) have 

and the !UH, h(t) • Therefore, 

10 
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h(t) = 2: fxl * fx2 * 
se:S 

* f • p (s) xk (6) 

where h(t) is the result of an instantaneous burst of effective rainfall of 
unit volume. If the effective rainfall takes places continuously for some 

time, then the direct runoff can be determined by invoking the basin linear

ity. Stated simply, the convolution integral can be employed as 

where 

t 

Q(t) = f h(t - ·r) I(-r) d-r 

0 

Q(t) = discharge at t 

I(t) = effective rainfall 

, = variable of integration 

Thus, the direct runoff hydrograph synthesis reduces to synthesis of h(t) 

using Equation 6. 

(7) 

24. In Equation 6 the path probability function p(s) can be specified 

completely from the drainage network morphometry. However, specification of 

fxi cannot be entirely based on physical considerations. For simplicity, 

fxi is assumed to be exponentially distributed with some parameter Kxi > 0 . 

This is consistent with the assumption of basin linearity. Then fxl * fxZ 

*···* fxk in Equation 6 becomes the k-fold convolution of independent but 
nonidentically distributed exponential random variables. That is, 

f * f * xl x2 

k 

* fxk(t) = 2: Cik exp (-Kxit) 
i=l 

where the coefficients elk are given by Feller (1971) as 

Cik = Kxl Kx2 • • .Kxk-1 [(Kxl - Kxi) • ( Kxi-1 - Kxi). • • 

(Kxi+l - Kxi)• • • {Kxk - Kxi)J-l 

11 
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in which Kxi ~ Kxk unless i = k • Therefore, the IUH is given as 

k 

h(t) = L l: Cik exp (-Kxit) • p(s), 
st:S i=l 

25. To apply Equation 10, the parameters K i must be determined. 
x th 

Following Gupta, Waymire, and Wang (1980), the mean holding time of an i 

order Strahler channel (state) is given by 

1 a(i:i) 1/3 , Kci = 

(10) 

(11) 

where a is an empirical constant and Li is the average channel length of 

order i , which can also be computed as 

Ni 

i:i = ~ L Lji' i = 1, 2' ••• ' w (12) 

i j=l 

where Ni is the number of streams of order i and Lji is the length of 
th 

the j stream of order i • Likewise, the mean holding time l/Kri of an 
th i order overland region can be given by 

(13) 

From a physical point of view, Equations 11 and 13 state that the mean holding 

time of a given state is proportional to some "characteristic length" of the 

state. The constant a is determined empirically and plausibly may remain 

more or less constant from one state to another within a given basin. Addi

tional work will provide its range of variability on basins of diverse geomor

phologic characteristics. 
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26. To use Equations 11 and 13, the constant a must be specified. 

The first moment of the !UH, h(t) , being equal to the mean holding time of 
the basin, KB , can be written as 

~ =' 

00 

~ = j" t h(t) dt 

0 

00 00 

j" 
t Q(t) dt 

j" 
0 0 

00 00 

I Q(t) dt j" 
0 0 

From Equations 10 and 14 it can be shown that 

t I(t) dt 

I(t) dt 

~ = L p(s) (/ +if-+ ... + if-) , 
xl x2 xk se:S 

(14) 

(15) 

(16) 

27. If Equations 11 and 13 are substituted into Equation 16, the only 
unknown is a • However~ ~ is estimated following Boyd (1978) as 

~ = b ~.38 (17) 

where ~ is in hours and ~ is in square kilometres. The parameter b 
must be determined empirically. Thus, for a specified value of KB , a can 
be determined. Methods for obtaining b are discussed later. 
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PART III: A QUASI-CONCEPTUAL LINEAR MODEL 

28. The quasi-conceptual model based on drainage basin morphometry for 
direct runoff hydrograph synthesis (GMHS) consists of a number of subroutines, 
each describing a unique component. The arrangement of components, as shown 
in Figure 2, depends upon the need for optimization of model parameters. If 
optimization is not required, the components are: (1) MAIN, (2) BASIN, 
(3) LAG, (4) HOLD, (5) IUH, (6) PRECIP, (7) NEWTON, (8) INFIL, (9) XDATA, and 
(10) CONVOL. On the other hand, when optimization of parameters is required, 
components are (1) MAIN, (2) BASIN, (3) EXOP, (4) PRECIP, (5) NEWTON, 
(6) INFIL, (7) XDATA, (8) BROSEN, (9) OBJECT, (10) LAG, (11) HOLD, (12) !UH, 
and (13) CONVOL. A flowchart of the model is given :f.n Figure 3, and its com
puter listing is provided in Appendix C. A brief discussion of the subrou
tines follows. 

29. The component MAIN outputs general information on the GMHS model, 
initializes parameters, reads in and outputs the model objective, and speci
fies some inputs required by subroutines later. It also monitors whether 
optimization of model parameters is required. Put succinctly, MAIN sets the 
stage for the model and the tasks to be performed by it. 

30. The rainfall-runoff data are processed by the subroutine PRF.CIP. 
These data are properly arranged, and their units specified. First, the rain
fall data, which include values of rainfall intensity versus time, are read. 
Since time is read in clock-hours, it is reduced to a time series. Runoff 
data, which include values of discharge versus time, are then read. Here 
also, the time values are ·reduced to a time series. The runoff data represent 

-ilireet -runoff. H -hydrograph ~-aratiun needs -to be performed for computation 
of the direct runoff, a separate subroutine must be provided for this purpose. 

31. Effective rainfall and the portion of rainfall not contributing to 
direct runoff are computed by using subroutines INFIL and XDATA. The effec
tive rainfall data are properly arranged. The time difference between the 
start of the effective rainfall and that of the direct runoff is noted. 
Infiltration capacity is computed as a function of time using the Philip two
term infiltration model (Philip 1969). If the infiltration capacity is to be 
computed by another method, INFIL must be modified accordingly. The infiltra
tion model has two parameters: (a) sorptivity accounting for capillary 
effects and (b) saturated hydraulic conductivity accounting for gravity 
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effects. These parameters are computed in an iterative manner based on New
ton's method with the subroutine NEWTON. It is assumed that sorptivity is 
subject to change from one rainfall-runoff event to another on the same basin; 
on the other hand, saturated hydraulic conductivity remains fixed for a basin 
but may differ from one basin to another. 

32. The basin characteristics are analyzed by the subroutine BASIN. 

The principal geomorphologic characteristics are (a) basin area, (b) areas of 
overland regions, (c) channel lengths, and (d) number of channels of each 
order. This subroutine is used to calculate mean channel lengths Li and 
areas of overland regions for each order. Basin lag is computed using basin 
area in association with Equation 17 by the subroudne LAG. If a different 
method is to be used for computing basin lag, this subroutine must be modified 
accordingly. 

33. The mean holding times of overland flow and channel flow are com
puted by the subroutine HOLD, using Equations 11 and 13 and the basin char
acteristics given by the subrout:i.ne BASIN. The instantaneous unit hydrograph 
is computed by the subroutine !UH using Equations 9 and 10. To obtain the 
direct runoff hydrograph, the !UH is then convoluted with the effective rain
fall obtained from the subroutine PRECIP by_the subroutine CONVOL, which also 
compares computed direct runoff hydrographs'with the corresponding observed 
direct runoff hydrographs. 

34. When optimization of parameters is needed, then some additional 
components are used as shown in Figure 2. The subroutine EXOP provides 
pertinent information required by the optimization algorithm, including 
specification of initial guesses, upper and lower bounds on parameter values, 
number of stage searches, and convergence limit. 

35. The subroutine OBJECT specifies the objective function to be used 
in optimization of model parameters. The objective function was defined as 
the sum of squares of deviations between observed and computed discharge peaks 
and their times of occurrences~ A weighting factor was used to assign rela
tive weights to the two 1 components of the objective function. Not more than 

20-percent weight was allocated to the component based on the sum of squares 
of deviations between observed and computed peak times. 

36. Optimization of parameters is performed by the subroutine BROSEN, 
which combines the original Rosenbrock method (Rosenbrock 1960), the Palmer 
version (Palmer 1969), and the penalty function method. The problem of 
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optimization is formulated as a constrained minimization problem requiring the 
vector always to be an interior point of the feasible set. The subroutines 
EXOP and OBJECT provide pertinent information to initiate optimization. 
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PART IV: APPLICATION TO NATURAL WATERSHEDS 

37. The quasi-conceptual linear model presented previously was verified 
on five small experimental agricultural watersheds designated as C, D, G, Y, 

2 and 2-H. These watersheds range in area from 0.0137 to 17.72 km. The avail-
ability of rainfall, runoff, and geomorphic data was the primary consideration 
for their selection. The geographic locations of these watersheds are shown 
in Figure 4. Watersheds C, D, and G are shown in Figure 5, while watersheds Y 
and 2-H are shown in Figures 6 and 7, respectively. 

Description of Watersheds 

Watershed C 

38. Watershed C is located near Riesel, TX. As shown in Figure 8, it 
2 is a second-order watershed having an area of 2.343 km • Its tree-structure 

is shown in Figure 9. Its drainage network properties are abstracted from the 
topographic map. The order of channel network, number of channel elements of 
each order, and length and area of each channel element. are given in Table 1. 
Watershed D 

39. Watershed D, shown in Figure 10, includes watershed C. Located 
near Riesel, TX, it has an area of 4.492 km2• It is a second-order watershed 
having a tree-structure as shown in Figure 11. Its drainage network proper
ties are shown in Table 2. 

Watershed G 

40. Watershed G, located near Riesel, TX, includes watersheds C and D. 
2-It has a total area of 17.72 km , as shown in Figure 12. This is a 

fourth-order watershed, as shown in Figure 13. Its drainage network proper
ties are given in Table 3. 

Watershed Y 

41. Watershed Y, shown in Figure 14, is located near Riesel, TX, and 
has an area of 1.251 km2• This is a third-order watershed, as shown in Fig
ure 15. Its drainage network properties are presented in Table 4. 
Watershed 2-H 

42. Located near Hastings, NE, Watershed 2-H is the smallest of all 
watersheds considered in this study. As shown in Figure 16, it has an area of 

2 0.0137 km • It consists of three channel elements as shown in Figure 17. 
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Table 1 

Drainage Network ProEerties of Watershed c, Riesel, TX 

(Watershed Area = 2.343 km2 ) 

Serial Channel Length Contributing Area 

km2 Number km ft acres --
Order 1 

1 1.295 4,250 0.833 205.91 

2 0.647 2,125 0.232 57.40 

3 0.610 2,000 0.272 67.19 

4 0.687 2,255 0.257 63~46 

5 0.555 1,820 0.230 56.82 

Order 2 

1 0.882 2,895 0.519 128.22 
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Table 2 
Drainage Network ProEerties of Watershed D, Riesel, TX 

(Watershed Area = 4.492 km2 ) 

Serial Channel Length Contributing Area 

km2 Number km ft acres -- --

Order 1 

1 1.295 4,250 0.833 205.91 

2 0.647 2,125 0.232 57.40 

3 0.609 2,000 0.272 67.19 

4 0.687 2,255 0.257 63.46 

5 0.554 1,820 0.230 56.82 

6 1.143 3,750 0.426 105.40 

7 1.256 4' 120 0.450 111. 25 

8 0.838 2,750 0.624 154.32 

9 0.480 1,575 0.132 32.51 

Order 2 

1 2.108 4,940 1.006 168.66 

1,975 80.11 
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Table 3 

Draina~e Network Pro2erties of Watershed G, Riesel, TX 
(Watershed Area= 17.72 km2 ) 

Serial Channel Length Contributing Area 
km2 Number km ft acres 

Order 1 
1 0.765 2,510 0.646 159. 72 
2 1. 753 5,750 0.989 244.40 
3 1. 4478 4,750 0.620 153.30 
4 2.118 6,950 1.083 267.64 
5 0.363 1,190 0.189 46.92 
6 0.399 1,310 0.101 24.96 
7 1.0866 3,565 0.757 187.05 
8 1.256 4,120 0.450 111.25 
9 1.143 3,750 0.426 105.40 

10 0.555 1,820 0.230 56.82 
11 0.687 2,255 0.257 63.46 
12 1.295 4,250 0.833 205.91 
13 0.648 2,125 0.232 57.40 
14 0.610 2,000 0.272 67.19 
15 0,838 2,750 0.624 154.32 
16 0.480 1,575 0.132 32.51 
17 o. 777 2,550 0.474 117. 21 
18 0.686 2,250 o. 779 192.53 
19 0.533 1,750 0.233 57.51 
20 0.3429 1,125 0.097 23.95 
21 1.067 3,500 0.625 154.42 
22 0.839 2,755 39.15 96.73 
23 0.570 1,870 0.310 76.52 
24 0.419 1,375 0.116 28.72 
25 0.968 3,175 0.528 130.51 
26 1.343 4_, 4n5 -0-.J.iBD 168.00 

Order 2 

1 0.917 3,010 0.334 82.53 
2 3.216 10,550 1.396 345.06 
3 0.326 1,070 0.077 19.12 
4 0.954 3,130 0.512 126.60 
5 1.646 5,400 0.698 172 .53 

Order 3 
1 3.394 11, 136 2.521 623.02 
2 0.155 510 0.077 19.14 

Order 4 

1 0.107 350 0.029 7.31 

20 



Serial 
Number 

1 
2 
3 
4 
5 

1 
2 

1 

Table 4 
Drainage Network Properties of Watershed Y, Riesel, TX 

(Watershed Area = 1.251 km2 ) 

Channel Length Contributing Area 
km ft km2 acres 

Order 1 

0.395 1,300 0.282 69.655 
0.097 1,450 0.097 23.938 
0.332 1,090 0.152 37.673 
0.094 310 0.094 23.349 
0.137 450 0.122 30.020 

Order 2 

0.296 970 0.112 27.606 
0.543 1,780 0.216 50.819 

Order 3 

0.259 850 0.2 41.211 

This is a second order watershed. Its drainage network properties are given 
in Table 5. 

Serial 
Number 

1 

2 

1 

Table 5 
Drainage Network Properties of Watershed 2-H, Hastings, 

NE (Watershed Area = 0.0137 km2 ) 

Channel Length 
km ft 

0.0219 

0.015 

0.062 

Order 1 

72 

4 

Order 2 

204 

21 

Contributing Area 

ltn?- acres 

5.79 x 10-3 

0.001 

0.007 

1.4298 

0.2468 

1. 7217 



Rainfall-Runoff Data 

43. Rainfall-runoff data for each watershed were obtained from the 
US Department of Agriculture publications entitled, "Hydrologic Data for 
Experimental Agricultural Watersheds in the United States." These publica-

. tions contain the largest yearly flood events, between 8 and 10 for each 
watershed. These events were divided into two mutually exclusive groups, one 
for optimization of model parameters and the other for model verification. 
Numbers of events available for each basin and used for model calibration and 
verification are as follows: 

Number of Rainfall-Runoff Events 
Available Used Used 

Watershed for Analysis for Calibration for Verification 

c 9 5 4 
D 8 4 4 
G 8 4 4 y 8 4 4 

2-H 10 5 5 

For each rainfall-runoff event, direct runoff was obtained by hydrograph 
separation. 

Determination of Infiltration 

44. Infiltration for each rainfall-runoff event was determined on each 
watershed by using the Philip two-term infiltration model (Philip 1969), 

where 

f = A+ 0.5 St-0. 5 (18) 

f = rate of infiltration (cm/hr) at time t 
A = parameter approximately equal to saturated hydraulic conductivity 

(cm/hr) 

S = parameter called sorptivity (cm/hr0 •5) 
The parameter A depends mainly on the soil type and was therefore fixed for 
a given basin. Values used were as follows: 
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Watershed Value of A, cm/hr 

c 0.254 

D 0.254 

G 0.254 
y 0.254 

2-H 0.508 

The parameter S depends on antecedent soil moisture and other physical 
characteristics. It was determined for each rainfall-runoff event on each 
basin by a volume balance analysis. Its determination on an ungaged basin 
remains an unsolved problem. 

Parameter Estimation 

45. The GMHS has only one unknown parameter in Equation 17. This 
parameter b was determined for each basin by using a modified Rosenbrock
Palmer optimization algorithm (Rosenbrock 1960, Palmer 1969). The values for 
the various basins were as follows: 

Watershed 

c 
D 

G 

y 

2-H 

Value of b, cm/hr 

0.875 

0.875 

1.2734 

0.875 

0.875 

Instantaneous Unit Hydrograph 

46. Using these parameter values, the IUH was determined for each 
watershed; the IUHs are shown in Figures 18-22. It is apparent that the IUHs 
possess appropriate shape characteristics. For very small watersheds, C for 
example (Figure 18), the IUH experiences a quick rise and a quick recession. 
As the area increases, the rates of rise and recession become more moderate as 
can be observed for watershed G (Figure 20). 
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Runoff Prediction 

47. The runoff hydrograph was predicted for each event in the predic
tion set using the parameter b , estimated in the manner set forth in para
graph 44. Comparisons of observed and predicted runoff hydrographs for sample 
events on each watershed are shown in Figures 23-27. The predicted hydro
graphs compare reasonably well with observed hydrographs with regard to shape, 
time of rise, time of recession, and peak characteristics. The prediction 
error in peak discharge and time to peak is as high as 50 percent; in most 
cases, though, it is considerably less. Two factors are worthy of note here. 
First, antecedent moisture conditions are extremely important. The infiltra
tion parameter S and the effective rainfall pattern are very sensitive to· 
the antecedent moisture condition and, as a consequence, so is the runoff 
hydrograph. A small change in the effective rainfall pattern results in a 
marked difference in runoff hydrograph characteristics. Second, the parameter 
b , although determined optimally, may not have represented the range of con
ditions persisting on a given watershed over a long period of time. This is 
due to a relatively small number of events being available for its estimation~ 
The runoff hydrograph is quite sensitive to b since this is the only param
eter in the IUH. Nevertheless, given model simplicity and its basis in 
drainage network morphometry, th~ prediction results are encouraging. Addi
tional model testing needs to be done for more definitive conclusions. 

Considerations of Basin Size 

---48. Although-the GMHS has been appl-i~tl ~u ~~ve small gaged basins, its 
application is by no means confined to small basins. Large basins have 
pronounced variability in rainfall distribution, infiltration rate, and surfi
cial characteristics, all of which need to be accounted for in the model. 
There are two ways to handle this problem. First, the entire basin may be 
considered one unit, regardless of how heterogeneous it is. The basin is 
represented by a number of paths, each having an associated area corresponaing 
to an ensemble of the portions of basin area draining into this path. Because 
these portions are of a heterogeneous nature, hydrologic variables can be 
averaged. For example, a certain path drains some of the overland regions of 
first order. Rain falling·on these regions can be proportioned by their 
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respective areas, and the same can be done for infiltration and other 
variables. 

49. Second, a large basin can be divided such that each subbasin can be 
considered a homogeneous unit. The model can then be applied to each sub
basin, and outputs of the subbasins properly routed to produce the direct run
off hydrograph of the entire basin. Therefore, the size of the basin does not 
appear to be a limitation on model applicability. 
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PART V: CONCLUSIONS 

50. The following conclusions are drawn from this study: 
a. The !UH determined by the model appears to possess appropriate 

hydrologic properties. From those generated and examined in 
this study, it is apparent that they possess appropriate shape 
characteristics. For very small watersheds, the !UH 
experiences a quick rise and a quick recession. As the area 
increases, however, the rates of rise and recession become more 
moderate. 

b. The runoff hydrographs predicted by the model compare reason
ably well with observed hydrographs with reference to shape, 
time of rise, time of recession, and peak characteristics. The 
prediction error in peak discharge and time to peak was as high 
as 50 percent; in most cases, though, it was considerably less 
than 30 percent. 

c. Antecedent soil moisture and infiltration are extremely impor~ 
tant for accurate model predictions. The infiltration param
eter S and the effective rainfall pattern are very sensitive 
to antecedent moisture conditions and, as a consequence, so is 
the runoff hydrograph. A small change in the effective rain
fall pattern makes a material difference in the characteristics 
of a predicted runoff hydrograph. The runoff hydrograph is 
quite sensitive to b since this is the only parameter in the 
!UH. The parameter b , although determined optimally in this 
study, was probably not representative of the range of condi
tions that persisted on a given watershed over a long period of 
time because of a small number of events available for its 
estimation. 

d. The b parameter appearing in the lag-area relation, Equa
tion 17, needs further scrutiny. This parameter should be 
related to some physical basin characteristic. 

e. The GMHS model is partially based on drainage network proper
ties. This feature suggests that the model should be appli
cable to ung~ged basins. However, _additional model testing 
will be needed to make more definitive inferences. 
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PART VI: RECOMMENDATIONS 

51. This report represents a portion of a larger effort, i.e. the 
simulation of streamflow for ungaged basins. Much additional work is needed. 
Some fruitful areas of research are as follows: 

a. Determination of the volume of direct runoff resulting from a 
specified rainfall event is essential for subsequent synthesis 
of its associated direct runoff hydrograph. Current procedures 
for computing this volume are inadequate and usually are not 
applicable to ungaged basins. Despite its crucial importance 
in streamflow simulation, this aspect has not been addressed 
adequately in hydrologic literature. 

b. A study to relate the b parameter in Equation 17 to 
measurable basin characteristics is required. This is essen
tial if geomorphologic approaches are to be used to synthesize 
the IUH for ungaged basins. 

c. Evaluating the effect of basin size and its ordering on the !UH 
is important from a practical standpoint. The detail required 
for describing a drainage network should be determined for the 
model reported here. For example, is it necessary to represent 
a sixth-order basin as it is, or will scaling down to fourth
order representation suffice? 

d. The effects of spatial distribution of rainfall on generation 
of direct runoff are not completely known. This is an 
important aspect of streamflow forecasting and deserves con
siderable attention. 

e. The sensitivity of the GHMS model to various kinds of errors in 
its parameters and inputs needs to be determined. This is 
necessary to decide whether the model is adequate, requires 
improvement, or can be further simplified without significant 
loss of accuracy. 

f. For the model to be applicable to ungaged basins, each of its 
componients nie~tls to- be- re-lati:d- to- measurable basin characteris
tics. Parameters of the infiltration model might be estimated 
in this manner. 

~· A better assessment of the accuracy and reliability of this 
model is needed. The level of confidence that can be placed on 
model results is not clear. 

h. The GHMS model should be compared with others on the basis of 
drainage network characteristics. Results of such an effort 
will allow for placing the model in its proper perspective, 
especially in relation to others. 

i. Based on applications made to date, i.e. to small basins, the 
GHMS model is best interpreted mathematically in terms of the 
standard hydrologic concept of storage elements. In the 
future, though, when applied at the subbasin level where 
routing becomes an integral part of the overall procedure, the 
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GHMS should be interpreted mathematically as representing a 
network of storage elements and channels. 
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APPENDIX A: AN ILLUSTRATIVE EXAMPLE 

Watershed 2-H, located near Hastings, NE, illustrates the highlights of 
the quasi-conceptual model. This watershed has been discussed previously in 
the main text. The steps involved in using this model are given below. 

1. Compute the watershed area. Watershed 2-H has an area of 
2 Aw = 0.0137 km • 

2. Order the channel links according to the Strahler ordering scheme as 
shown in Figure 16.* Draw the subwatershed boundaries for each channel link. 
Watershed 2-H is a second-order basin. Its drainage basin properties are 
given in Table 5. 

3. Measure the length and area of each link and overland region. For 
watershed 2-H, these are shown in Table 5. 

4. Compute the average values of length and area for channels and over
land regions respectively for each order. For watershed 2-H, 

Ll = 

12 = 

A = 1 
A = 

2 

0.0184 km 

0.062 km 
2 0.00340 km 

0.0070 km2 

5. Determine the path space and the paths for the watershed. In the 
present case, the number of paths is 2< 2-l) = 2 Let the paths be denoted 
by sl and. s2 • The path space then is S - {s1, s 2 }. The individual paths 
are defined as 

sl: rl +cl+ c2 

s2: r2 + c2 
6. Compute for each path s 1 and 

the watershed 2-H, 

= 

0.0068.= 0.496 
0.0137 

0.007 
0.0137 

= 0.511 

7. Compute the quantity 

p =±-2=1 cl,c2 

p j • • 

ci,CJ 

the ratio Ai' i = 1, 2 • r_ 

In the present case, 

* See figures and tables in the main text. 

Al 

For 



p 
c2,c3 

1 
= - = 1 

1 

c3 represents the trapping state. 

8. Compute the path probabilities p(S) • These will be: 
p(s1) = A P P = 0.496 x 1.0 x 1.0 = 0.496 rl rl,cl cl,c2 

p(s2) = A P = 0.511 x 1.0 = 0.511 
r2 r2,c2 

9. Compute the basin lag. If b in Equation 17* is assumed to be 

0.875 and the exponent is 0.38, then 

~ • 0.875(0.0137)o. 38 = 0.171 hr 

10. Compute the mean holding time of each overland flow region Kri 
and each channel order by using Equations 11-13 in conjunction with Equa
tion 16. For the watershed 2-H, 

~=p(sl)(~+Kl +Kl)+p(s2)(/ +~) 
rl cl c2 r2 c2 

~1~ = a(Ar1Aw)
113 

• a(0.496 x 0.0137)
113 

Krl \ 2N1L1 2 x 2 x 0.0184 

• a x 0.4520 

1/3 
1 (0.511 x 0.0137) 

Kr2 = a 2 x 1 x 0.062 

= a x 0.3836 

_!_ = a(0.0184)1/ 3 = a x 0.2640 
Kcl 

1 a(0.062) 1/ 3 = a x 0.3958 
Kc2 • 

* See equati.ons in the main text. 
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Therefore, 

0.171 = a[(0.4520 + 0.2640 + 0.3958)(0.496) 

+ (0.3836 + 0.3958)(0.511)] 

= a(0.5514 + 0.3983) 

= a(0.950) 

This yields 

0.171 a = 0 •950 = 0.180 

Using this value of a , then 

- 1- = 0.08136 
Krl 

1 0.06900 -= 
Kr2 

1 0.04752 -= 
Kcl 

1 o. 07124 -= 
Kc2 

Krl = 12.291 

Kr2 = 14.483 

Kcl = 21.044 

Kcz = 14.036 

11. For each path, arrange values of the inverse of the mean holding 
time in a vector according to the elements involved in the path. For the 
watershed 2-H, 

path s 1: <rl,cl' c2 > + < K , K , rl cl K > + c2 

- 12.291, 21. 044' 14.036 > 

path s 2: < r2' c2 > + < Kr2' Kc2 > + <14.483, 14.306 > 

The path probability vector is 

p(s): < s 1, s 2 > + < 0.496, 0.511 > 

A3 



12. 

tion 9. 

Compute the values of Cij for each path s 1 and s 2 using Equa
In the present case, the following is obtained for the path' s 1 

Krl Kcl 12.291 x 21.044 
= (Kcl - Kr1){Kc2 - Kr1) = (21.044 - 12.291)(14.036 - 12.291) 

= 16.934 

Krl Kcl 12.291 x 21.044 c = =------23 (Krl - Kc 1)(Kc2 - Kcl) (12.291 - 21.044)(14.036 - 21.044) 
= 4.2166 

12.291 x 21.044 
(12.291 - 14.036) (21:-04_4 ___ 14-.-0-36...,..) 

= -21.151 
and for path s 2 , 

14.483 
(14.036 - 14.483) = - 32• 400 

14.483 
(14.483 - 14.036) = 32 •400 

13. Compute the IUH using Equation 10. For the watershed 2-H, the 
following is obtained, 

p(s1) + [c12 exp (-Kr2t) + c22 exp (-Kc 2t)] p(s2) 

= [16.934 exp (-12.Z9lt) + 4.2166 exp (-21.044t) 
- -zl.T51 exp -(-14.036t)] 0.496 + [-32.400 exp (-14.483t) 
+ 32.400 exp (-14.036t)] 0.511 

For different values of time, the instantaneous unit hydrograph (!UH) can be 
computed as shown in Table Al. 
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Table Al 

IUH for Watershed 2-H Located near Hastings, NE 

Time Time h(t) 
min hr l/hr 

0 o.ooo 0.0000 
2 0.033 0.1954 
4 0.067 0.2909 
6 0.100 0.3124 
8 0.133 0.2906 

10 0.167 0.2489 
12 0.200 0.2021 
14 0.233 0.1579 
16 0.267 0.1200 
18 0.300 0.0893 
20 0.333 0.0653 
22 0.367 0.0471 
24 0.400 0.0336 
26 0.433 0.0238 
28 0.467 0.0167 
30 0.500 0.0116 
32 0.533 0.0081 
34 0.567 0.0056 
36 0.600 0.0038 
38 0.633 0.0026 
40 0.667 0.0018 
42 0.700 0.0012 
44 0.733 0.0008 
46 0.767 0.0006 
48 0.800 0.0004 
50 0.833 0.0003 



APPENDIX B: USER INSTRUCTIONS 

1. The quasi-conceptual model based on drainage basin morphometry for 
direct runoff hydrograph synthesis (GMHS) requires data only on storm rain
fall, soil infiltration characteristics, and the drainage network characteris
tics of a basin. Thus, the model can potentially be applied to synthesize 
direct runoff hydrographs on ungaged basins. To obtain data on drainage net
work properties, it is sufficient to have a topographic map, preferably with a 
scale of 1:24,000. Topographic maps for most of the basins in the United 
States are available from the US Geological Survey. Data on rainfall and soil 
infiltration characteristics used in this study were obtained from the 
US Department of Agriculture publication entitled "Hydrologic Data on Experi
mental Agricultural· Watersheds in the United States." 

2. The GMHS contains a number of subroutines, the use of which depends 
upon whether parameter optimization is or is not required. The arrangement or 
sequencing of the subroutines is shown in Figure 2.* A computer program was 
developed and is available in the form of a Fortran IV deck. The major func
tions of the program are shown in Figure 3. 

3. As for all programs, the preparation of input data is critical. 
Some common req~irements are as follows. All integer numbers must be right 
justified, that is, placed as far to the right in the available field as pos
sible. Decimal points are necessary unless integer numbers are used. When a 
decimal point is used, it must occupy a location in the field just as an 
integer would. For example, the number 19.8934 would require at least seven 
spaces in the field. If more than one card of the same format is included in 
the deck, the location of the-decimal points should be kept the same from one 
card to another to facilitate key-punching of the cards. The following dis
cussion provides information on input variables, data, and formats for 
specific subroutines in the program. 

* See main text for figures and tables. 
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GMHS: MAIN 

· 4. This constitutes the main program. It provides general information 
about the model, for example its purpose, and calls for execution of the 
model. Its input is given as follows: 

a. Specify the purpose of the computer program such as, "The pur
pose of this program is to synthesize a runoff hydrograph using 
drainage network properties." This statement is denoted by PURP 
and appears on cards 1 and 2 at the start of the program. The 
user may enter any alphanumeric information on columns 1-80 of 
two consecutive cards. This is specified as (PURP(I),I=l,40) 
using an A-format as FORMAT(20A4). This information will be 
printed at the beginning of the computer output to indicate the 
purpose of the program. 

b. Specify the time interval of computation and the number of 
basins under study. These are denoted respectively by DT and 
NW and are given on card 3. The format for reading them is 
FORMAT(F10.4,I5). 

c. Specify the number of rainfall-runoff events for which the 
program is to be used. This is denoted by NOBS and specified on 
card 4. The format for reading it is FORMAT(I5). 

d. Specify the parameter A of the Philip two-term model. This is 
denoted by AA and specified on columns 1-10 of card 5. This 
parameter is assumed constant for a given basin but may vary 
from one basin to another. On the same card are specified EX 
and NXM, which denote the exponent of the lag-area relationship 
and the number of time intervals of computation. These are 
entered into columns 11-20 and 21-25, respectively. The format 
for reading all three of them is FORMAT(2F10.4,I5). 

e. A control designated as KOPT is given on card 6. An integer 
number, either 0 or 1, is specified and determines whether 
optimization of model parameters is or is not required. When 
KOPT is 0, optimization is not needed. When it is 1, optimiza
tion is needed. KOPT is entered into columns 1-5 and read by 
the format FORMAT(I5). From this point on, the card order is 
dependent upon wheth~r or not optimization is performed. 

-r. :tf -optimization of moae-1 parameters ls requlrea, then specify 
the number of rainfall-runoff events, designated by MOBS, to be 
used in optimization. The format for reading it is FORMAT(IS). 

~· If optimization of model parameters is not required, then model 
parameters must be specified. Provide the lag parameter that is 
denoted by PAR. The format for it is FORMAT(Fl0.4). 

h. Read the number of rainfall-runoff events for prediction. This 
is denoted by NOBS. The format for reading it is FORMAT(I5). 
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Subroutine EXOP 

5. The purpose of this subroutine is to set the stage if optimization 
of model parameters is needed. The input for this subroutine is given as 
follows: 

a. Specify the number of parameters for optimization denoted by N, 
number of stage searches desired by optimization algorithm 
denoted by MST, control value for printing of results of 
optimization algorithm denoted by IPT, convergence tolerance 
based on change of objective function denoted by EPS, and 
weighting factor denoted by WF to be used in defining the objec
tive function. When IPT = 0 , only the final parameter values 
are printed. When IPT = 1 , parameter values at each stage 
search are printed. When IPT = 2 , parameter values at each 
cycle search are printed. These are read as READ(5,.)N,MST, 
IPT,EPS,WF using the format FORMAT(3I5,F15.6,F10.4). 

b. Specify initial guesses of the parameters denoted by PAR(I), 
I=l,2, ••• ,n, where n is the number of parameters to be opti
mized. These are necessary to start the optimization algorithm. 
These are read as READ(5,.)(PAR(I),I=l,N) with the format 
FORMAT(8F10.4). 

c. Specify lower limits of the parameter values denoted by PL(I), 
I=l,2, ••• ,n. These are ready as READ(5,.)(PL(I), I=l,N) with 
the format FORMAT(8Fl0.4). 

d. Specify upper limits of the parameter values denoted by PU(I), 
I•l,2, ••• ,n. These are read as READ(5,.)(PU(I),I=l,N) with the 
format FORMAT(8F10.4). 

6. The lower and upper limits define the range from which optimal 
parameter values must be derived. 

Subroutine OBJECT 

7. This subroutine computes the objective function for optimization. 
No input is read in this subroutine-. 

Subroutine PRECIP 

8. This subroutine reads rainfall-runoff data for a given watershed. 
Employing the information furnished by the subroutines NEWTON and INFIL, it 
computes the effective rainfall and arranges it in a proper manner. The input 
to this subroutine is given as follows: 
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a. Specify the number of rainfall readings in a given event. This 
is denoted by NNQ. This is read by READ(5,.)NNQ with the 
format FORMAT(I5). 

b. Specify the date and the watershed on which the rainfall event 
occurred. This is denoted by INF. The read statement for this 
is READ(5,.)(INF(I),I=l,20) with the format FORMAT(20A4). 

c. Specify the volumes of rainfall and direct runoff. These are 
denoted respectively by RVOL and QVOL. The read statement for 
this is READ(5,.)RVOL,QVOL with the format FORMAT(2Fl0.4). 

d. Specify the rainfall hyetograph where time is given in hours 
and minutes and intensity in centimetres per hour. Depending 
upon the number of readings, this may be specified on several 
cards. The readings in hours, minutes, and intensity are 
denoted by ITl, IT2, and QI, respectively. The read statement 
for this is READ(5,.)(ITl(I),IT2(I),QI(I),I•l,NNQ) with the 
format FORMAT(4(2I5,F10.4)). 

e. Specify the number of runoff readings. This is denoted by NQQ. 
The read statement for this is READ(5,.)NQQ with the format 
FORMAT(I5). 

f. Specify the date and basin on which the runoff event occurred. 
This is denoted by INFQ(I). The read statement for this is 
READ(5,.)(INFQ(I),I=l,20) with the format FORMAT(20A4) • 

.&• Specify the runoff hydrograph where time is given in hours and 
minutes and discharge in centimetres per hour. These are 
respectively denoted by JTQl, JTQ2, and QOB. Depending upon 
the value of NQQ, these may occupy several cards. The read 
statement here is READ(5,.)(JTQl(I),JTQ2(I),QOB(I),I=l,NQQ) 
with the format FORMAT(4(2I5,Fl0.4)). 

Subroutine NEWTON 

9. The purpose of this subroutine is to determine the Philip infiltra
tion parameter, sorptivity S • No input data are specified in this 

subroutine. 

Subroutine BROSEN 

10. This subroutine optimizes the parameter values for a given set of 
rainfall-runoff events. No input is read in this subroutine. 
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Subroutine INFIL 

11. This subroutine computes infiltration using the Philip infiltration 
model. No input data are specified in this subroutine. 

Subroutine XDATA 

12. The purpose of this subroutine is to arrange effective rainfall 
data at equal time intervals. No input data are required in this subroutine. 

Subroutine BASIN 

13. This subroutine specifies and computes pertinent geomorphic param
eters. The input in this subroutine is given as follows: 

a. Specify the purpose of this subroutine. This is denoted by 
PURP and occupies two cards. The read statement is 
READ(S,.)(PURP(I),I=l,40) with the format FORMAT(20A4). 

b. Specify general 
its type, etc. 
card. The read 
FORMAT(20A4): 

information about the watershed, its location, 
This is denoted by INF and will occupy one 
statement is READ(S,.)(INF(I),I=l,20) with 

c. Specify the area and order of the watershed, respectively 
denoted by A and W. These are given on one card. The read 
statement is READ(S,.)A,W with FORMAT(Fl0.4,IS). 

d. Each channel element within a watershed is identified by a 
label indicating the channel order and sequence number of the 
channel element. For example, 1.3 denotes the third channel 
element of the first~order channel for watershed G as shown in 
Figure 13. This identification of channel elements is con
venient but not essential. Obtain the channel order having the 
highest number of channel elements. Specify this number of 
elements by MAX and its order of the channel by OCM on the same 
card~ 'Iha r.eati s-tatement is- READ (S, • ) MAX, OCM with- the- format 
FORMAT(2I5). 

e. ·Specify the channel order and the associated number of ele
ments, denoted respectively by OC and NC. Depending upon the 
value of W, these may occupy several cards. The read statement 
is READ(S,.)(OC(I),NC(I),I=l,W) with FORMAT(l6IS). 

f. Specify the number of paths available in the watershed, denoted 
by MS. The read statement is READ(S,.)MS with FORMAT(IS). 

_g_. Specify the path and the number of mergers of channels occur
ring in this path. These are denoted by PAT and MC. The read 
statement is READ(S,.)PAT(I),MC with FORMAT(l6I5). 
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-sl: 

s2: 

s3: 

S4: 

S5: 

S6: 

s7: 
SB: 

h. Specify for each path the number of channels of order i merging 
into channels of order j according to the path structure. This 
is done by specifying CI, CJ, and ICJ where CI denotes the num
ber of channels of order I that will merge into a channel of 
order J higher than I, and ICJ number of channels of order I 
merging into channels of order J. Depending upon the number of 
possible paths, this may occupy several cards. The read state
ment for this is READ(5,.)(CI(J),CJ(J),ICJ(I,J),J=l,MC) with 
FORMAT(1615). 

i. On a card specify the channel order, denoted by OC. The read 
statement is READ(5,.)0C(I) with FORMAT(I5). 

i· Specify the·length of each element in a channel of each order. 
This is given by NE and CL where NE is the channel element num
ber and CL the element length. Depending upon the number of 
channel elements and the watershed order, this specification 
may require several cards. The read statement is READ(5,.) 
(NE(J),CL(I,J),J=l,NCC) with the format FORMAT(5(I5,Fl0.2)). 
NCC signifies the number of channel elements of a given order. 

k. Specify channel order, denoted by OC, on a card. The read 
statement is READ(5,.)0C(I) with FORMAT(I5). 

1. Specify channel element number (NE) and area draining directly 
into the channel (AC). Depending on the watershed order and 
the number of elements, it may take several cards to make this 
specification. The read statement is READ(5,.)(NE(J),AC(I,J), 
J=l,NCC) with FORMAT(5(I5,Fl0.4)). 

m. Specify the path number denoted by PAT. The read statement is 
Read (5,.)PAT(I) with FORMAT(I5). 

n. Specify the path matrix. The spatial evolution of a water 
particle through a geomorphic network of overland regions and 
channels is perhaps best accounted for by considering the over
land-channel flow paths that a water particle may take from the 
point of its landing'to its arrival at the basin outlet. The 
specification of these paths for a watershed can be made by 
following the transition rules discussed previously. To 
illustrate, the overland-channel flow paths for watershed G can 
be specified as 

--r 1 -cl - ~c2 C3 C4 C5 

rl cl c3 c4 c5 

rl cl C4 C5 
rl cl c2 c4 c5 

r2 c2 c3 c4 c5 

r2 c2 C4 cs 

r3 c3 c4 cs 

r4 C4 cs 
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14. Here cs is the trapping state. It should be noted that a water 
particle always originates in one of the overland regions. Furthermore, a 
water particle travels first to the channel element associated with that 
overland region and then continues its journey to the outlet through higher 
order channel elements. The last state represents the trapping state as 
exemplified by cs for watershed G. 

lS. The information on the configuration of various overland-channel 
flow paths is supplied to the program in the following manner. An array con
sisting of r 1, r 2 , ••• , rW; c 1, c 2, ••• , cw is considered. For example, in case 
of watershed G such an array can be written as 

rl' r2' r3' r4; cl' c2' c3, c4 
A value of 1.00 or 0.0 is inserted in place of ri or ci' i = 1, 2, ••• , W, 
depending upon whether or not ri or ci is present in a given path. If the 
first overland-channel flow path for watershed G is considered, then the 
information pertaining to this path can be coded as follows: 

1.0, o.o, o.o, o.o, 1.0, 1.0, 1.0, 1.0 

Likewise, the entire structure of overland-channel flow paths can be coded as 

This 

. 1.0, o.o, o.o, o.o, 1.0, 1.0, 1.0, 1.0 

1.0, o.o, o.o, o.o, 1.0, o.o, 1.0, 1.0 

1.0, o.o, o.o, o.o, 1.0, o.o, o.o, 1.0 

1.0, o.o, o.o, 0.0, 1.0, 1.0, o.o, 1.0 

o.o, 1.0, o.o, 0.0, o.o, 1.0, 1.0, 1.0 

0.0, 1.0, o.o, o.o, o.o, 1.0, o.o, 1.0 

o.o, o.o, l.b, o.o, o.o, o.o, 1.0, 1.0 

o.o, o.o, 0.0, 1.0, o.o, 0.0, o.o, 1.0 
coded information on overland-channel flow paths becomes input to the 

program and specified by I denoting the path number and PATH denoting an array 
corresponding to overland regions and channels appearing_ in the p_ath._ This_ 
read statement is READ(S,.)(PATH(I,J),J=l,WW) with FORMAT(lSFS.l). 

Subroutine LAG 

16. This subroutine computes the lag time using a lag-area relation
ship. No input is read in this subroutine. 
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Subroutine HOLD 

17. This subroutine computes holding times for the paths available in 
the watershed. No input is read in this subroutine. 

Subroutine !UH 

18. This subroutine computes the instantaneous unit hydrograph (!UH) 
using the geomorphologic formulation. No input is read in this subroutine. 

Subroutine CONVOL 

19. This subroutine performs convolution of the rainfall excess with 

the !UH to determine the direct runoff hydrograph. No input is read in this 

subroutine. 
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APPENDIX C: GMHS 

RELEASE 2.0 

c 
"'AIN OATE = 113132 

*************•················* *** MAIN PROGRAM GMHS *** 

23/ 13/29 

c 
c 
c c c 
c 

c c 
c c c 

c 
~ 
c 

r. 
c c 

c 
c c 
c 
c c 

******************************* ************************************************************************ *** THIS PROGRAM SYNTHESIZES THE SURFACE PUNOFF HYOROGRAPH USING *** *** THE MOnEL GMH S • *** ················••****************************************************** DIMENSION PUPP(40tfORYl20t,OBYT(20),N~C20t,PR(l01 
COMMnN/OBJ/O~Y10~Y 1NX 
COfllMON /Pl'lB/ At'~ :s, W, WW 
COMMON/POM/n ,Ex,wF,KOPT 
COMMON /ROSE /PR 
PEAL K f\ 
INTEGEP. W,WW •••••••••••••••••••••••••••••••••••••••••••••••••••••••• *** FAC CONVERTS INCHES TO CFNTIMETERS *** *** CF CONVERTS METERS TO FEET . *** *** PllPPIII SPECIFIES THE PURPOSE OF THE PPOGRA'1 *** •••••••••••••••••••••••••••••••••••••••••••••••••••••••• CF• 3. 280!1 
FAC= Z .54 
READ15,51 CPUPPllJ,1 2 1,40) 

5 FOR MAT I 20A4) 
WPITEC6,10l (PUPP(IJ1I=l,40l 

10 Fl1RH~Tl5X 1 20A4) ......................................................... *** NW SPECIFIES THE NUM~EQ CF RASINS UNIJER STUDY *** *** OT ~PECIFIES T~E TIME fNTEPVAL OF CO~PUTATION *** *******************······································ 
35 ~~~~1~t~i~.~~t~~ 

WPITF.16,451 OTiNW 
4'i FORMH(5X, 'Tl'1t 1NTEP.VAL FnR COMPUTATION TN HOUQS ts = 1 1Fl0.4/5X, 

l'THE NUMflf.P or WATERSHEDS FOP. STUDY IS= 1 rl5/I . on 5') J=t, NW 
******************************************************************* *** mms IS THF. NU MR ER CF PA INfALL-RUNOFF EVENTS FOP A l\.'\S IN ** * ................................................................... 
PF.A0(5,25l NOfl'i 

25 FORMAT I 51 
WPIT~C6,lOOINCRS 

100 FORMAT15X,•rJU~'\EP nr RAPffAll-P.UNOFF EVENTS AVAILABLE ON THE 
lWAT EPS HCD •',I 5/ l 
***************************************************************** *** AA IS THf PHILIP tNFILTPATl6N PARA~F.TEP APPROXIMATELY *** *** EOUAL TO THF. SATUPATED HYDRAULIC CONDUCTIVITY *** *** EX•EXPONENT IN THE LAG-ARE A RELATION *** *** NXM IS THE NUMBER OF COMPUTATION TIME INTfPVALS *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• READ15,ROJAA,EX~NXM 

80 FOPMATC2Fl0.4,l51 
WRITE( 6, 110) EX 

110 FORMAT(5X, 'EXPONENT tN THE LAG-AREA ~ELATION=' 1 Fl0.4/) 
AA=A.\*fAC: 

105 ~gunts~?~~~~~EP OF COMPUTATION STEPS tS ,., 1 15/1 
WPITEl6 R51AA 

85 FOP.MATl;X,'PHILJP PARANETEP. AICM/HRl=' 1Fl0.4/I 

Cl 



PFLEASF 2.:'l M.\ IN OATF. ~3132 23/ l 3 /29 

c c 
c c 
c c 

c c 
c c c 
c 
c 

R[A015 ( 15)KOPT 
15 FOP.MAT 151 

CALL BASJN(Ai~s.wtWW) 
lf(KnPT.FO.O GO 0 20 
WPITE( 6165)KOPT 

65 FflRtAl\Tl5X,'f'lPTIMIZATIOIJ OF PAPAMETEP-S IS PEOUIP.f:O ANO OPTIMIZATIOtl lCODE IS 1 ,151 , ********************************************************************** *** DEFJ NE THE r.:UMBER IJr RAJ NF ALL-RUNOFF EVENTS TO BE USEO HI *** *** OPTIMIZATION *** *** ~0£1S=NW1BER or PA[NFALL-!?UNOFF EVENTS USED IN PAPAMETEP. ••• *** OPTIHIZATTON *** ********************************************************************** REAOl5r25l MOAS 
WP!TEl6130) MOSS 

30 FOP.MATl5X, 'N11"1!H:R Of PAINFALL-PUNOFF F.VENTS FOR OPTIMIZATION IS' 112X, 151) 
~ALL EXOPIMOSS,NXM,AA,AI 
N013S=NOPS-l'IORS 
GO TO 70 

20 WRITE(6,751KOPT 
75 FflRMATl5X, 1 PAPA~ETERS APE KNOWN AND NO "PTIMIZATION IS NECESSARY'/ 15X, 1 N~ OPTIMIZATION CODE TS 1 ,13/I ******************************************************************** *** PAR IS THE PROPORTIONALITY FACTOR ANO EX THE EXPONENT JN *** *** LAG-AREA PFLATtotl WHf'P.f:: AR EA IS IN SQUAPE KtLO"'ETERS ANO *** *** KOPT rs ALSO USEO AS A CCJHROL FOR PPINTING OUTPUT IN A *** *** Ll\G JN HOURS *** *** GIVE"l SUBROUTINE *** ******************************************************************** PEA0(5,55) PAR 
55 FOP~ATIFl0.41 
Lo FwRnr1 !F.A.r161 1.e0, 11 PPAAPRA,~.xETF.R ALPHA u ,.. '>r ,. IN LAGIHPSI ARE.llfK"'1**21 PELATION TS"'', 11=t0.4/5Y., 1 FXDONl:NT IN LAG AREA RELATION JS= 1 1 FJ0.4/I RfAOl!i, 251 NOP.5 
70 CllNTINUF 

KQPT=O 
WP J TEI 6, 96) NOFI S 

q6 FOP."1ATI sx, 1 NIJMREf1 Of P.ArNFALL RUNOFF EVENTS FCP DPFDJCTJON rs•. 1 I 5/ I 
PAR=PR ( 11 
CALL LAG!A,PAR,EX 1 K81 
CALL HOLOIMS,W,At.WWiKBfKOPTI 
CALL IUH!MSt.WW,or,KuPT on 40 l=l1NORS 
CALL PREC P(NNQ,OT,AAJOBQ,OBQT,AJ 
CALL XOATAINNQ,NXM 10T 
CALL CONVOLIDT,NXM,QP,QPT 1 KOPT,AI 
QERP=IOBQ-QPl/OBO 
QTERR=(OBOT-OPTl/ORQT 
WRITf(6,1151 ORQ,QP,QERr 

115 FOPMATf5X, 1 BltS.PfAK DISCHARGEfC~/HRl:•,r1~.4 1 2X 9 'COMP. PHK lOISCHARGE=' rFl0.4, 2Xt. 'PELATI VE EPP.OR=' rFl0.411 WPtTF.1611201 OBQT,QPT,OTERP 
120 FORMATl5Xt 'ORS.PEAK TIMI= IMINI=' ,r10.3,7x,•coMP. PEA'K Tl"IE PHNI= l',FI0.3,2Xt'RELATIVE ERROR = 1 ,Fl0.4/) 40 CONTINUE 

C2 



PELEAS E 2.0 

50 CONTINUE 
SH1P 
END 

HAIN 8313? 22147128 
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PELEl\SE 2.0 [XOP DATE = 83132 23/ 13/?9 

c 
c c 
c 

c c 
c 
c c c c c c 
c 
c 

c 
c: 
c c c 

~~::~ll~~.i!~~~=~~~:~!:1!~1!! •• **································ *** THE PUPPOSE OF TH[S SUBROUTINE IS TO PRO\IIOE PfRTINENT *** *** INFOPMHlntJ REQUIREO BY THF. OPTl~IZATION ALGOPITHr~. *** •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 01 MF.NS ION TI I l 00) 1 QI ( 100) t X ( 2000 ) t P ( l 0, l 00 0) , PAR I l 0 I t PU 10), PU( 10) liNX ( 20 I ,OBV l 20), Ot3YTI 201 

Eg~~~~~~t~At~~X=WF,KOPT 
COMMOt:/08J/Ol:W .!OBYT 1 NX 
COMMflN /PAR A/PA~, PL tl'U 
t:rMMOtl /VSX IX 
INTFGEP. w.w~: 
READl5,5JN,MST,JPT,EPStWF 

5 :~~:!liil~1~1;.~;:12.:i ............................................ . *** Nz~UMBER OF PARAMETERS *** *** MSTz~UMBER CF STAGE SFARCHES DESIRFO *** *** IPhO----ONL V THE FINAL PAPAMETER V4.LUES PRJlllTEO *** *** JPTzl----TNTEP.MEOIATE VALUES OF EACH STAGE SEARf.H PPJNTED *** *** IPT=Z----INTERMEDIATF Vl\LUES OF EACH CYCLE SF.ARCH PRINTED *** *** EPS=CONVERGENCE TOLfRAr.'CE BASED ON THE CHANGE OF THE *** *** OBJECTIVE FUNCTION *** *** WF= WEIGHTING FACTOR TO BE USEn IN DEFINING OBJECTIVE *** *** FUllC TIO"! . *** .................................................................... 
10 ~~A~~}fs~01 l~u~~~p CF PARAMETEPS =',t5,3X,'CCNVERGENCE TOLERANCE ILIM[T=',E 5.7/) 

WPITE(6,15)M5T1 tPT 
15 FOPMAT(5X, 1 NUMHEP OF STAGE SEARCHES SDECIFIED=•,rs,5x,•cooe FOR' lPRINTING PAPAMETEP VALUES=',1511 

WRIT!:l6145)WF 
45 fr'PMATl5X, '\.IS:IGIHING FACTOr. USED IN DEFINITION OF OP.JECTIVE lFUNCTION=',Fl0.4/) ................................................ *** PAPI I )zfNITIAl GUES<; OF I-TH Pf\ROIFTfR *** 

*~* PLfll=LOWER AnUND OF I-TH PAR~~ETEP *** *** PU( lt=UPPEF BOUND ns: J-TH P~PA!1~TEP. *** •••••••••••••••••••••••••••••••••••••••••••••••• RFA0(5(201(PAP(l) 1 1=1,N) 
20 FORMAT PFI0.41 

REA0(5,20) (PL(J),J=l,N) 
REA0(5,201 CPUlltfl=l,NI 
WPtTF.f6 251 (PARC ),J:t,NI 

25 FORMAT ( Sx,' H!ITJAL PARA ME TEP GUESSES ARE' ,~Fl0.4/t 
30 ~~,~~}t~~~l l~b~~ 1 ll;tf~ 1 0F PARAMETER VALUES ARE',8fl0.4/) 
35 ~~i~n tsi; !u~g~i Il I~ ihN~F PARAMETER ·VALUES ARE'' 8Fl0.4/) DO 40 l=lt MOBS 

CALL PRECIP(NNQ,OT,AA,OBO,OBQT,A) 
OBVC I I =OBQ 
O!WTI I )=OBOT 
CALL ~DATA(NNQ,NXN,OTI 
NX( 1 l=NXM 
on 37 J= l, NXM 

37 PlI,Jl=X(J) 
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RELEASE 2.0 rxnP 
40 CONT rnuE 

CALL BROSENCN,MST,IPT,EPS,MOOSt 
RETUPN 
END 

DATF = 83132 
\ 

12/47 /28 

cs 



RELEASE ?..D Of\JEC T OA TE = A3132 23113129 

c: 
c c c 
r. 
c 
c 

SURPflUT ft:[ OBJECT I VALUE 1MOAS 1N I 
***************************************************••··················· *** THIS PRnCPAM SPECIFIES THE OBJECTIVE FUNCTION TO BE USED IN *** *** OPTIMIZ4TION Of PARAMETERS *** *** THF OAJEC:TIVE FUNCTION IS OFFTNEO HERE AS THE SUM OF S11JARFS *** *** OF OEVIATJONS ~[TWEEN OOSERVED ANO co~PAREO PFAKS A~D/OP. ••• *** THEIP TIMES OF OCCUP.ENCE *** ************************************************************************ OIMFNSION PPf lOl,NXf201,PflOflOOOl,PREDY(2011Xf200Dl,O~Y(201 l100YTI 2011PPfOT(2011TillJO),Q 11001 
1.-f'lf'AMn~t / P.O:s E/r>R 
COMMON/f'IOJ/OqY 1 0BYT 1 NX 
~g~~~~~~hfi~~T~~k~~~~KOPT COMMON /VS/TI, I.I l 1 1' 
COMMnf'!/VSX/X 
REAL KP,Ke 
HH EGF.P WJ WW WPITF.fb15 (PP.(1) 1 1=1,NI 5 FOP.~1AT(::>X,'ll'HTJAL PAPAMETER GUESSES APE 11 8fl0.4/I KP= PP.( 11 
CALL LAr.1A,KP,E'X1KBI 
CALL HnLO(MS,w,AtWW1KR1KOPTI CALL lUHlMS1WW,O ,KuPTJ on 15 l=l,Muas 
NXM=NX (I I 
DO 20 J=l1NXM 20 X (JI =P fl, JI 
CALL CONVOL(OT 1 NXM 1QP,QPT,KOPT 1A) PREOY( l l=QP 
PREDH l l=QPT 

15 CONTIN lJE 
WPJTE( 6t101 

10 FOP.MATl5X, 10BSEP.VEO PEAK 1 ,2x,•PREDTrTFD PEA!<. 1,2l(.r.'E'PROR=QO-OP',2X t,·n~S.PFAK TIME•,2x, 1PREO. PEAK TIME•,2x,•ERROR=TPQ-TPC 1 /I VALU[l =Cl.'.\O 
VALUE2=0.0::> nr 2i:; J=t,Mnns 
DFVQ=OAYC t J-P~ EDY( 11 
TEi-IP=D EV0* OEVO 
VALUfl=VALUEl+TF~P 
OEVT=ORVTI IJ-PREOTfll 
TEMPT=OF.VT*OEVT 
VALUE2=VALUE2+TE'MPT 
WPJTE(6,301 OBVII),PPEOY(IJ,OEV010BYT(J),PP.EOT(IJ 1 0EVT 30 FORMAT(6(5X,Fl0.4J) . 25 CONTHWE 
VALUF.=WF•VALUF1+(1.0-WFl•VALUE2 VMO=VALUEl/FLOATIMOBSI VMT-=VALUE2/FLOAT (MOBS I 

35 ~~~~~}t5~~!V6~~~c¥i~EV~(,NCTION VALUE='~El5.7/5X 1 ' MEAN SQUARE lERROP IN HYOPOGRAPH PEAK='i F.15.7/5x,• MEAN SQUARE ERRnR IN TIM~ zrn HYOROGP.APH PF.AK=•, El5.T/I RHUPN 
ENO 
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RELEASE ?..O FIA SIN DATF = ~3132 
c 
c c c 

i: 
c 
c c 

r. c c c c c 
c 

c 
r c 
c 

r. 
c 
c 

c 
c 
c 

l~~~~~ll~~.2!~!~1~t~l!~:~~! ••••••••••••••••••••••••••••••••••••• **. *** THE PUPPOSE OF THIS SURROUTINE JS TO PPOVlOF PEPTTNENT *** *** GEQMORPHOLOGIC INFORMATION REOUIPFO RY THE GMHS MOnf'L *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• DJ MENS I ON PUPP I 40 I 1INFI20 I f NC I 20 I 1 TC JI 20 12 0) ,c U 20 150 I, AU 20 l 1 1ACl2015011SAl?.Ol1ARl2011PC 20,20>1MEl?Ol,PSl20J,PAl201,PATH(20120l 1 1 PATl2~J,r.112011~J(201,0Cl20J,NE(Z01 
~OMMON /m~E I AR t Nr: 1A L 
cnM~~N/T~O/PA H,PS 
INTEGER w.~W1CI,CJ,PAT,OCM,OC COEF=l.O 
CFF=l. D ............................................................. *** PUPPlll SPECIFIES THE PUPPOSE OF THIS SUflPOUTlNF *** *** HIFI I I GIVES NAMC: AMO LOCATJnN OF THE RAS IN *** ............................................................. RF.AOl5f51 IPUPP(IJ,I=l,401 5 FORMAT 201\41 
WPITEl6i51 (PUPPll)fl=l 140I REA0(5 r OJ 'INFll l 1 =l ,z11 10 FOP.MAT 71JA41 
WR ITFI 6115 JI HJFI I I ti =11201 15 FORMATl~X,201\41 · ........................................................................ *** THE LENGTH AND AREA APE IN Kll0'4ETFRS M-.tD SQUARF KILOMETF.0 S *** *** RfSPECTIVELY.IF NOT TH~N CHANGE CFF AND COEF FROM 1.0 TO *** *** APPRO)t IMATE VALUES *** *** A 0Ef'f1HS 9.f.SI~l AREA. IF APEA IS "lOT IN SQUAP.E KILOMHERS *** *** THEN CONVEPT IT TO THESE UMITS *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• R.EAOl5,2'1 Adi 20 FORMATIF10.4,151 A•A*COEI= 
WPITF(6,2ll A,W . 21 Ff1R'lATl5X, 1 9fiSJN AREAIS~ KMl=',F10.3,5X, 10POER OF THE BAqN=',15/J ·······~················································•••************ *** oc~ I.YVES THE C:l-lfiNNCL GROEP WHICH HAS J.HGHEST NU"BE~ IJF THE *** it:tt ELFMENTS DENOTED !IV Mt. l( *** ····················································•••it••············· RFt.015,?.21 MAX 1 0CM 22 FOP MAT I 2 I 5 I 

25 ~~i~U?;~;!11~HMB~MNUMREP or ELEMCNTS=•,15,2x,•1N CHANNEL ORDER=•, 1I5/ I ................................................................. *** NC IS NU~BEP OF CHANNEL ELEMENTS ANO OC CHANNEL OROEP. *** ................................................................. RE A 015 r 3 0 I (QC II J, NC II I , I= 1, WI 30 FOR~AT 16151 
WRITEl6,351 IOCllJ1NCfil1l=l1WI 35 FORMATISX,'CHANNEL OROER= 1 ,1s,5x,•NtJMBER OF CHANNEL F.LEMENTS=•.t51 ****************************************************************** ••• cnMPUTE THE NUMBER OF POSSIFILE PATHS IN THE WATERSHEDS ••• .................................................................. MS=2**1.,_'-1 I 
WRITEl6 55J~IS 

55 FORMATlSX, 1 NU~RER OF POSSIBLE PAlHS JS= 1 ,I5/J 

C7 



PELFASE 

c 
2.0 FIA SIN DAT[ = 03132 23/13/29 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• *** REAO THF. NUl~REP. PF AVAILABLE PATHS JN THE WAH~SHEOS *** .................................................. ************** 
READ(5f l3'.l) MS 

c c 

c 
c 
c c c c c c c 
c 

c 
c 
c c 

c 
c c 

c 
c c 
c 
c c 

130 Ff•Rl-lllT 151 
WP[TFf6,l351 MS 

135 FOP~ATl5X, 1 NUMB[R OF AVAILAOLf PATHS I~ THIS WATERSHED IS • 1 ,15/1 ........................................................................ *** SPECIFY THF NUMP.ER OF CHANNFLS OF QRO[R I ~ERG ING INTO CHANNE **"' *** LS OF (lqDER J ACCOPDINI. TO THE ACTUAL OATH COMPOSITION *** *** PAT DENOTES PATH NU~RER *** *** MC OENrJTES NUM!'lfR or Ml::RGERS *** *** CJ ANO CJ DENOTE OPDER PF CHANNf.LS I MERGING INTO ORDER J *** *** OF CHANNELS J. ICJ IS THE NUMl3ER OF Cl-l4NNELS MERGING *** *** PC JS THE PROPORTION OF CHANNFLS OF ORDER I MERGING INTO *** *** CHANNELS OF OPDEP J **"' ........................................................................ 
!">O 36 I= lrHS 
REAOf5,371 PAT(IJ,MC 
REA0(5 ,37) ICI IJJ rCJI J), ICJI l ,J) ,J=l ,MCI 
'1EI I )•MC 

37 FORMATl16151 

39 ~~~i.~i~s~~?r~t!'ilt~CIS = 'r7.X,J5.2Xr'NUMBF.~ OF MERGEPS 1s•,2x,15 
11> 
WRJTEl6,38l ICllJ),CJ(Jl1ICJ(l,J),J=lrMCl .................................................................... *** COMPUTE PPOPORTION OF CHANNELS OF OROF.R I "lERGJNG IN TO *** *** CHANNELFS OF ORDER J ACCORDING TO PATH STP.UCTUPE *** ·····························•************************************** l")(1 95 J=l,~IC: 
JJ=CtlJI 
PCf T,Jl= FLOAT(JCJ(J,J))/FLOATINCIJJJJ 

95 CONT l~HJE 

100 ~~~ ~~H;~~ ?iA~~~~~f 5~ ( ~~ 't~U~~l sJoA ·6~~ER' t 2X 'rs, 2X' I MERGING INTO 
l CHAN~~F.lS OF ORDER 1 ,2x,1s,2x,•1s=•1J:lQ.4/I 

36 CONT fNUE 
38 FOPMi\H5Xr'NUMBEP nF UIANf4ELS CF OPOER•,tx,17.,7.X,'MERGING INTO CH.\ 

lNNELS or ClPOE11 1 ,1x,12,1x,•1s=•,2x,Isn ....................................... 
*** SPEC IFV THF CHllNNEL LENGTHS *** ....................................... 
00 41 I•l.W 
NCCzNC CI I 
REAOf5,B80l OClll 

880 FORMAT I 151 . ........................................................................ 
••• NE IS THE SEQUENCE NIJ'1BER ASStG~EO TO A CHANNEL ELEMENT OF A *** *** GIVFN ORDER AND CL THE LENG TH OF THIS FLEMFNT *** *** IF Cl IS NOT SPECIFIED IN KILOMETERS ·THEN CONVEPT IT TO THESE *** *** UN"ITS *** *** ••••••• ····-·············· .................................. - •••••• REAOl5,421 INFIJ>;CLCI,J>.J=lrNCCI 

42 FORMATl51I5,rl0.2 ) 
WPJTEl6143) OClll 

43 FOPMATC'!IXr'CHANNEL ORDER IS • 1 o2Xrl5/I 
00 l40J=l,NCC 

CB 



PELEASF 2.0 AASIN DATE = ~3132 23/13/29 

14~ CL(I,J)=CL(J,Jl*CFF 

44 ~~4~~Jt;:~!c~~ii~l·~~iA~~··~~A~~~~l,12,2x, 
1 1 ELE~ENT LENGTHIKMl=',Fl0.3/l 

41 CONTINUE 
c ************************************************************ C *** CO~PUTE AVERAGE LENGTH OF CHANNELS OF EACH ORDEP *** c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

no 41, I=l, w 
SUM=O.O 
NCC=Nr: I I) 
no 4Q J=l,NCC 
SUM=SU !-!+Cl 11, J l 

4q CNIT IIHJF c •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
C *** Al IS THE AVERAGE LENGTH OF CHANNELS OF A GIVEN ORDER *** 
C *** Af. IS THE DRAINAGE AREA OF A CHANNEL ELEMENT.IF THE AREA IS *** 
C *** tlOT IN KILOMETEP S THFN CONVERT IT TO THESE UNITS *** 
C u• SAi I ) IS THF. OVERL A~JD AP fA OF OP DER I *** 
C *** AP(I l IS THE RATIO OF OVERLAND AREA OF ORDER I TO BASIN AREA *** c ....................................................................... . 

Al ( I l= SUM/ NCC 
46 CCNTTNU( 

WRITEl6 47) II AUlltl=l1W) 
47 FORMATISX, •CHANNEL OROER=·.2~.15,2~,·AVERAGF LENGTH:- 1 ,Fl~.3/) 

Cc ************************************************ *** SPff. IFV ArEA OF EAC!i CHANNEL ELF.MENT *** 
c ****** ************ ************** •••••••••••••••• 

DO 50 I= 1 1 ~ 
tlCC=~ICI JI 
RfADl5,8RO) OCIIJ 
PfAnl5,411 INElJJ,AC(l,J),J=l,NCCl 

40 FOP.'°AT 151 I 5,Fl'.>.4) I 
00 145 J=l(NCC 

145 AC( l 1J J=l\C I ,J l*COEF 
WP ITEi 6, 45 H1CI I) 

45 Fn1H!!IT(5X 1 'CHANNH OROFR IS ='1l'i/I 
WP ITEi 6 1 48) PIEi JI ,ACI I ,J) ,J=l ,NCC I 

48 FORMAT 1 sx, 'CHANNF.L ELEMENT NUMBER =· ,2x, 1s,2x, 
l 5X, 'J\P FA I SO K"'I) =' , r 1O.3 II 

50 CC'NTHlllf 
c •••••• ************ •• **** ** ****** **************************** ************* 
C *** COMPUTE SURFACE AP.FAS OF CHANNELS OF EACH ORDFR AND THEREFORE *** 
C *** OF E AC If PATH *** 
C *** COMPUTE OVERLAND AP.EA OF EACH PATH *** 
c ************************************************************************* 

DO 56 l=lrW 
SUM=O.O 
NCC=NC I I I no 57 J=lt NCC 
SUM=SUM+AC I I, J) 

57 CONTINUE 
SAi I I= SUM 
API I l=SAIIJ/A 

56 CONTINUE 
WR IT El 6, R5 l ( SAi I J ,OC 11), AR I I) ,I =l ,w l 

85 rr.PMATl5Xl'APEA or PEGIONISQ KM)=•,r10.2,2x, 1 0F' ORDER=',J5,2x,•Pl\T 
llO or PEG OM ARfA TO BASIN AREA =· ,Fl0.4 ) •· 

C9 



RELFASE 

c 
2.0 OhTE = 
................................... 
•u SPECIFY THE PATii MATP[l( *** .............................. .,. ... 83132 23113129 

c c 

c c 
c 
c 

WW=2*W 

65 ~~~~a}ts~;!THE PATH MATP.IX JS AS FOLLOWS'/1 
DO 75 I=l, MS ..................................................................... 

61 

71 

••• PATH rs HIE PATH MATRIX WHOSE DIMENSIONS WOULD BE NU,..BER OF *** *"'* PATHS X TWP.FnLO BASIN ORDER *** ....................................................................... 
PEA0(5,6ll PAT(ll 
FOPMAT(J5) 
WPJTf.16,711 PATii) 
FOPM/\T(5Xl •PATH='• 12/1 
PFADl5,60 fPATH(I,Jl,J==l ,WW) 

60 FDR,.. l\T l 15F '5.1) 
WPITEl6t701 CPATH(I,JJ,J=l,WW1 

70 FOPM~Tf)X,lOFlO.lJ 
75 CONTINUE 

125 
120 

110 

115 
1')5 

DC . 120 I = 1 , M S 
DO 125 J=l 1W 
lff PATH( f,JJ.LE.O.OI GO TO 125 
PA(ll=AP(JI 
CONT INUF 
CONTINUE 
IJ(1 105 I =l, MS 
TFMP=l.O 
MC="*Ffll 
Of1 110 J= 1 , MC 
PPOD=PCII,JJ•TEMP 
TH1P=PPOD 
CONTINUF 
PSI I l=TF.!o!P*PAf I J 
WRJTE(6.ll5J J,PSlll 
FOPMllT ( 51, 'l'.\TH NUMflEP=' 1I5, 5X ,•PATH PROB A Bl l ITV•' ,F 10.4/ 1 crNTlNUF. 
PETllRN 
END 

ClO 



RELEASE 2.0 LAG DATE = 83132 23/ 13/29 

c 
c c 
c c c 

~~~~~~ll~~.~:~i~::~~:~!:~:! ........................... . *** THIS SUBROUTIN[ CO~PUTES THF AASf~ LAG Tl~F *** ******************************************************* REAL KR 
********************************************* *** KA IS THE BASfN LAG TIME TN HOU~S *** ............................................. 
Kfl•PAR*A**EX 
WP lT FI 6 51 A , KB 

s FOPMATISX,'AASIN AP.EA rN SQ KM =•,F10.3,2x, 1 AASIN LAG IN HOURS=•, lFlO .21) 
RETUP~~ 
END 

Cll 



RELF.Asr 2.0 HOLD MTE = q3132 23/13129 

c c 
c 
c 

c c c 
c 

c 
c 
c 
r: 
c c 
c 

~~~~~~ll~~.~~~~1~~1~;~1~~:~~:~~!! ••••••••••••••••••••••••••••••••••••••• ~ 
*** THIS SU6POUT INE CO'~l>IJTFS HOLDING TIMES OF OVFPlAND ANO CHllNNEl **( 
u• Flml REGIONS ··~ 
······································································••*( DIMENSION KRl70),KCl201,ALl201,NCCZOl,KKl20l,AR(201,PATH(20,20), 

lPSI 201 
WTEGEP W \..'W 
PFAL KR,K~rKK,KB 
~b~~d~~~~h~~~T~;p~~KK ............................................................. **······· *** SF.T UP LOGIC FOP CP~PUTING HOLOING TIMES FOP CVERLANO ANO *** *** CHMlNEL P.EGIONS *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• DO 15 J= 1 k' 
KP(Jl=IAPIJl*A/12.0•NCIJl•AL(J)J 1**11.013.i>I 
KC:(J+Wl=ALCJl**ll.0/3.0) 

15 CONTltlUE 

f~1f?Gi:~Jw~o TO 25 
Kl<( I l=KPIT) 
GO TO 20 

25 KKlll=KC(l) 
20 CONTHHJE 

SSUM=O.O nn 5 1=1,MS 
Sll"1=0. 0 
00 10 J=l,WW 
PK=PATHll,Jl•KKIJ) 
SllM=SUM+PK 

10 CONTH:UF. 
PT=SWUPS( t I 
SSUM=S SUM+ PT 

5 CC1NTt'lUF. ..................................................................... 
**'°' DETEP!Htff THE CflEFFICfH'T AG APPEARING IN THI; HOLOING TP1E *** *** RFLATIO~SHIP *** 
******************************"'*************•~···············•******* Ar.=Kfll ssur~ 
********************************************************************** *** OETFR~IINE TH[ HOLiHNG TIMES OF OVElllANO AMO CllAtmEL PEGIONS *** ...................................................................... 
~~M~~1!0Jf~~II)*AG> 
KKI l l=TE'1P 

30 CONTINUE 
1FIKOPT.NF..1IGO TO 50 

35 ~bJ~~}~~~;lbte~~l~b'~eb1M~·,1x,rs,sx,•HOLOING TJMEfHOURS) IS:•,FtO 
1.2/) on 60 1=1,w · 

WH IT E ( 6, 40 ) I , KK ( I +W 1 
60 Cl"r-'TIMUE 
40 FOllMATl5X,'CHANNrL ORDER IS=•,2x,1s,2x, 1 HOLOING TIME HOURS IS=·· 

lFl0.21> 
50 CONTIMUE 

RETUPN 

Cl2 



P. ELEAS F. 2 .o 
END 

Cl3 

DATE' :: 83132 22147/28 



PELEASE 2.~ IUH DATE = f'3132 

c 
c c 
c 

c c r. 
c 
c 

c c c 

~~~~~~!!~!.!~~1~~,~~;2Z•~~~!! ••••••••••••••••••••••••••••••••••••••••• *** THIS SUllPOUTINf CO~PUTES THF INSTANTANEOUS UNIT HYDROGRAPH *** *** USING GEO~OPPHIC FnRMULATION *** ********************************************************************** 0 IM ENS f Ot! PATii( 20 1 20 I, KK I 2 01, NK( ZO I, CI ZO ,z 0) ,PS ( 10 I, HI 2000 I 
l,PKl20r?Ol,TTllO~ol · 
RfAl. KK 
COHMON/TWO/PATH,PS,KK 
crMrtr~l/T HR Ef /H 'NH 
INTEGEP. WW 
*********************************************************************••··~ *** flFTF.P.~INE THE COF.FrlCrFNTS Cl I,JI FCR EllCH P~TH. THIS RFOUIPFS **• *** ANOTHFP DETEPMINATtON OF MATRIV or fOfFJCIENTS ASSOCIATED ~JTH **C *** EACH PATH. TN THIS MATRIX ONLY NONZERO VALUES nLL BE PETATNFO **• 
********************************************************************•••··~ KNUMll= 1000 
0(1 5 I= 1, MS 
IJ•O 
Or. 10 J=l, \.;W 
IF(PATHII,Jl.LE.O.OI GO TO 10 
IJ=fJ+l 
P~ I I r I J I= K KI J J 
NI<. I 11= I J 

10 CQNT lNUE 
o; CONT HIUE 

00 15 l=l,MS 
NKK•~IK I I) 
TE~P=l .O 
DO R5 J=l, NKK 
PPOO=TEMP*PKll,J) 
TF.~P=PRno 

R5 CONTJNUF 
DO 20 IK=l,NKK 
STOP=l.O 
on 25 J= lt NKK 
l~IJ.rn.JKI GO TO 25 
DEN=STrP•IPKllrJl-PK(J,JKI) 
STnQ=l'FN 

25 C~NT HIUE 
C(l,IKl=PROD/STOR 

20 cnMTT~UE 
15 (ONT IN UF. 

*************************** *** cn~PUTE THE IUH *** 
*************************** I J= 1 
HMX=O.O 
T=O. l 
HI I J l=O.IJ 
TTI l l=O.O 

45 CONTINUE 
SSUM=IJ.O on 30 I= 1, MS 
NKK=Nl<'(ll 
SlJl1=n. 0 
on 35 J=l,NKK 
PPrD=CIJ,JI~ EXPC-PK(J,Jl*T)*PSlll 

Cl4 



RELEASE 2.0 JUH 83132 23/13/ZQ 

c 
c c 

SU~'= SUM+PP. OD 
35 CONTH:UF. 

SSU~=S SU,,..+SU'-1 
30 cm•TI~UE 

IJ=JJ+l 
HCIJ)=SSUM 
TTIIJl=T 
IF(HMX.LT.H(IJJJHHX=HCIJI 
HMN=O. Ol*HM>C 
IFIHCIJl.GE.KNUMBJ GO TO 40 
IF(HfIJ).LT.H~NJGOTO 4') T=T+OT 
GO TO 45 

40 CCNTJ~UF 
IF(IJ.LT.101 GO TO 30 
NH= IJ 
IFCKOPT.NE.OIGO TCl 90 
DO l 50 I= 1, MS 
NKK•NK CI I 
WRJTE(6,b')) I 

60 FOR~4T(5X1 1 THIS PATH IS •,JS/) 
WRITEC618ol CPKCJ,JJ1J=lrNKKI 

RO FOPHAT<:>X,' PATH HOLultlG TIMES ARF. 1 /5Xrl'.>Fl0.4/J 150 CONTINUE 
DO 155 I =l, HS 
NKK•NK ( I I 
WRITEl6165) I 

65 FOR,,..~T(5X1'THIS PATH IS •,JS/I 
WRITEf617U) CCfl1JIFJ=lfNKKI 70 FORMhT(5X,'PATH ~OE FIC ENTS CCl,JJ ARE 1 /5X,5E20.7/l 155 CONTINUE 
WP I TE C 6, 12 0 I 

120 FORMATCSX,•THE INSTANTANEOUS UNIT HYDPOGPAPH IS AS FOLLOWS'//) ................................... 
*** COt!VE~T TIME TO Ml NUTE S *** *********************************** 

125 ~~c }~~rtill~~o.o 
WP. IT EI 6, 13 0 I 

1 30 FO~ M Ill (7 X, 'T J ME' , 7 X, 1 I UH' , Sil( t' TI ME' l 7X, 1 l UH' , [> X, 'T t ME' , 7X 1 ' J UH', 7 lX1'TI~E 1 ,8XJ'IUH 1 ,1x, 1 TIM[',9X,'IUH /I WR I TE ( 6 t 13 5 
135 FOR MAT( BX, 1 MN'L7X, 'l /HR' , 8 X, 'MN' f 8 X, 1 1/HP 1 , 8 X, 'MN' o9X, 'l /HR', 7X, ' 1~~it~~6:l{~~itffii~~;,7x1 r:}~~~i' 140 FORMATC5CFlO.l,ZX,fl0.2 I 90 CONTINUE -

~ET URN 
END 
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PELEl'ISE 2.:> PR EC: IP !ll\ TE = A 1132 23/13/'l.9 

c 
c 
c c 

c 
c 
r. 
c 
c c c 
c: 
c 

c 
c c 

c 
c c 

c c c 

c 
c 
c 

SUB RrUT HIE PR EC" Ir ( NNQ, OT. A A. Q'3Q, 0!3CT. A, 
********************************····································· *** THIS SUBROUTINE C0'1PUTES PAINFALL-EXCFSS AND ARRANGES THE *** *** It:PUT I'I A PPOPEP FASHION *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
l~f~~~~J7~ 1111103{~lT~~~V~lt81fl83f:~~1188::~~~1gg&,,1NF01201 
2lh~r~Mns1r r ,Qr 
CO~MON /VSX /X 
Cfl~f'40N/VPS/PHI ..................................................................... 
*** FAC=2.54, CONVERSION FACTOR FROM ItiCH T(l t:ENTIMF:TF.PS *** 
············~························································ FAC=2. 54. 
****************************************************************** *** READ RAINFALL INPUT. TIME IS IN HOUP.-MINUTE SYSTEM , AND *** *** P!TENS ITV JN INCHES PEP HOUP *** *** NNQ= NUMflER OF RAINFALL ~EADlNGS *** *** S= scrnPTTVITY. PAPA"4f TE~S IN PH!LIP I NFIL TS:-ATJIJN 140DEL *** 
****************************************************************** PEADf5f 11 ~J·~Q 
FORHAT ISllOX,Fl0.41 WR ITl'I 6, 1 ) NN~ 

11 FC'RMATl5X,' rm or PAINFALL READIMGS',15/) 
**************************************************************** *** INF= DATE OF THE EVENT AND THE WATF.PSHF.D IT OCCUPEO ON *** 
**************************************************************** P.EAD15r3l fINrltJ,l•l,201 

3 FPRMATl20A41 . 
WRITE(6,31 IJNFIJ),J=l,201 
********************************************************************* *** RVOL:::: VOLUME nF FAl~F4LL AND QVCL= VOLU'1E OF SUPFACf RUNOFF *** 
********************************************************************* PFAD15,5181 RVOL,QVOL 

518 FOR~ATtZFl0.41 
RVOL=RVOL*FAC 
QVOL=QvnL• FAf. 

LIB Wr'Pn .. P.1.Tt'AFr161s' 6lC,18•R1•rtvNnF.AL 1 QLVVOLOLLluF o ~ .. L , IS •,Fl0.4,5X, 1 ?UNOFF VOLUME IS 1 ,Fl0.4 11 
******************************************************************* *** ITl= CLOCK-HOU? , JT2= ~1JNUTE AND OT= RAINFALL tNTEl\ISITY *** 
******************************************************************* REA 0 I 5 f 2 II IT 11 I I ! I T2 I I ) , QI ( I J , I= 1, NNQI 2 FORMAT (4f215,Flo.411J 
no 100 1=1,NNQ 

700 Ql(Jl=Qill)*FAC 
WR I TE( 6, 71 

7 FOPMAT(5X, 1 TIME 1 ,3Y, 1 1NTENSITY• 1 4X,•TJME'f3X, 1 INTENSITY 1 1 4X,'Tl~E' l,3X, 1 1NTFNSJTY•,4x,•TJME•,3x,•tNTENSITY'/ WPITS:: (6,8) 
a FOR MAH 2x, 'HCIJR' fl x, 'MIN' ,4Y, •cM/HP' .i3x, •Hnup• 11 x, 'MlN' ,4x .i •CM/HR' 113Xt'HOUP' ,1x, 'M N'l4Xr'CM/HP 1 J'3X, 1 HellR' .1x,•M '''1',4X, 1 C~/HR'/) 

~~!.~l~i~l.i!Zll!li.!~1!!l~l!!..:l;l;~~~! ••••••••••••••••••••••• *** PEDUCE CLOCK-HOUP TIMES TO ARSOLUTE TIMES IN SECON~S *** *** BEGINNING WITH ZERO *** 

C16 



RELEASE ?..O PR EC IP DATE = !131:\2 23113/29 
C *** CHAHGF TIME TO SECONDS . *** c ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

Tll ll=O.O 
DO 12 I=i', NNQ 

13 J~l fUlH21'i1!THl1!U,lia!6ol~I n-u GO TO 15 
14 tFllTllll - ITllI-llt 17Jl7,J6 16 THll=Tr(T-1)+60.00•JTZ(r +(60-IT2fJ-1))•60.00+3600.00•IJTHil-11TllI-ll-ll 

t;n TO l'> 
1 7 T [( 11• TI I 1-1) +60. oo• 1T 2 (I) +3600. 00•1 Tl (t ) +M. 00• (60- IT 2 ( 1-1) ) + ll24-rTllI-11-ll*3600.00 
15 CONT INllE 
12 CONTINUE 
21 ~~rfl .. J~II~,2o.o 

TTF IN=T [(NNQ) 
WPJTEl6i.19) 

lq FOfH•U I rx, 'TI~-1F.' ,3Xr 'INTFNSI TY' ,4X, 1 TJ ME' f3X,• I NTENS ITV' ,4)(, 'TIME' lt3X1 1 1NTENSJTY'r~X, 1 TI~e·,3x,•1NTENSITY 1 / WR llE'l 6, 20 I 
20 FORMATl'?X, '~"J' 16X1 'CM/HR. 1 ,6X, 1 MN 1 ,6X, 1 CM/HP. 1 ,6X, 'MN' ,6X, 1 CMIHR' l,6Xt'MN',6X,'CMIHP'/) WRI fl6,18) ITHIJ,QHJl,J=ltNNOI 
18 FOP~~Tl41FlO.l,Fl0.4ll c ··················************************ C *** COM~UTE VOLUME OF P.AINFALL IC~) *** c •••••••••••••••••••••••••••••••••••••••••• 

14NO=Nl-I Q- 1 
VRA IN=O.O 
00 135 1,.1,MtlQ 
VPA ItlzVRA IN+IQI< 11 •(Tl I I +l )-TI II) l /60.0J 

135 CONT HlUF 
~~i~al~5~4~~x~~6~ro VOLUMF OF RAINFALL lCMl•',Fl0.3//1 c 140 *********'·····················································•****** C *** PEAO OBSERVED P.UNQFF INPUT • TIME IS T~ HOUR-~tNUTE SYSTEV *** 

~ ::: N o~~0 N~~~~Vo~N R6~~~PR ~rn1 ~g~R ::: c ··············•••***************************************************** Fl EA r> I 5 t 4 I NOO 
4 FORMATll5) 

41 ~h~~Hh~~! ~goof P,UNOfF REAOHIGS 't15/J 
·c ******************************************************************** C *** INFO= OATF D~ RUNDrF EVF.NT ANO THE WATF.RSHEO IT OCCUPF.D ON *** c ******************************************************************** P.EAOl515J I INFOI 11 ,I =11201 

WRITF.(6,5) IINFQ( llrl=l,201 
5 FORMAT I 20A4l c ......................................................... . C *** . JTQl= CLOCK-HOUR, JT02•MINUTE AND QOB= DISCHARGE *** c ****•••··················································· REA015(6) IJTQllJJ,JT02111 1 QOBllJ1l=ltNOOJ 6 FORMAT (4(215 1 Fl0.4J)I 

DO 7(15 l=l ,NOO 
705 QOBltJ•QnBlll*FAC 
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PELEAS( 2.C PREC IP OATF = ~3132 23/13/29 
WP JTF( 6t Q) 

9 FOP MAT I ~X, 'TIME' 1 6X, 1 RUNOFF 1 .z4XJ 'TI~E' ,6X, 'RllNOFF' 9 4'1(, 'TIME' ,6X, l 'PUN Dr F' , 4 X, 'TI Mt' ,6 )(, 'R UNOF t-' I 
WPJTE(6,F\) 
WP I T EI 6, 6 I I J T Q 11 I I , J T Q 2 ( I ), QO RC ti , I • 1 , N QQ I c •••••••••••••••••••••••••••••••••• 

C *** CHANGE Tt~F. TO SF.rONDS *** c •••••••••••••••••••••••••••••••••• 
TQI 1 l=0.00 
DP 55 1=2r NQQ 

51 tb~115f~tb21i1~J~b~l1~1:,~~o~lo?¥-11 r,n TO 53 

~~ tbf t1Sl~fl-1l+ii~~~Azfli+~~o~~T~~c1-111•60+360~•CJTQ11 IJ-JTOllI-111-u 
GO TO 53 

56 TOIIJ=TQCJ-11+60•JTQ2Cil+3600•JTQ1CIJ+60*(60-JTQ211-1)1+124-JTQ1 10-11-11*3 600 
53 CONTINUF 
55 CONTJ~UE r. ••••••••••••••••••••••••••••••••••••••••••••••••••••• 

C *** Sf"lPT OUT THE PEAK RATE OF RUNOFF OBSERVED *** C *** f1BO=PE4K RUNOFF *** c .................................................... . 
JP• l 
0!3Q:OQ RC 11 nn 25 1=2,NOO 
TOI I l=H'I 11/6:>.0 
IFCOPQ.r.T.QOBI Ill GO TO 25 
ORQsQQB( I I 
JP:J 

2s cornrnuc 
ORQT=TQIJP) WPITF.16,271 

27 rorMAT I 7X, 'TH~E' ,5X, 'RUNOFF' ,JX, 'Tt"tE' ,5x, 'Ptl~JOFF' ,6X, 'T J'4E' 16X,' l llUMflFF •, 6X r •TI MF•, 3X, • RUNl1FF •II 
WRITFC6,261 

2 6 FOP MAT I 8 x' '"IM' '6X' I c M/HR • '7X' 1 l~N' '6X '.CM/HP.' '7 x' 'MN' '6 x' I c Ml HR'. 7 ix,• 'IM' ,6x, •c,../HIP 11 
WR IT fl 6, 18 II T () ( I ) , 00 RC I I , I = l , N 00 I 

c ·················*····························· C *** COP'PUTE VOLUME OF SURFACE RUNOFFIC~) *** c •••••••••••••••••• ,.. .......................... . 
VRUtHlF =O • 0 on 145 I•?.,NOQ 
VP.UNOF•VP.UNOF+(QOB CI l+QOIH 1-111• O. 5• (TQ(l J-TQf I-1) 1/60 .O 145 CONTINUE 
QVOLaVRutlOF 

150 ~~Aiii}ts~;~lo~~8~b VOLUME OF SURF4CE RUNOFFfCMl=',Fl0.4/I c ................................................. . 
C *** CHANGE RUNOFF TO CUBIC METERS.PEP SECOMO *** 
c ······························-··········-······ 

DO 715 1-=l,NQI) 
715 QnBIT1=Qr.~ Il•A•l00.0/36.i WPITFl6,27) 

r;P. JTE( 6, 720) 

Cl8 



RELEASE ·2.') PR EC IP DATE = 83132 2'3/13/29 

r c c 

c 
c 
c 

c 
c c 

720 FrJPMAT(BX, '~N' 16Xf 'CUM/S' ,7Xr'HN' r6X,•CU"IS 1 r7X, 'MN' ,6X, •CUl.4/S•, 
l~~,;~n:~~, ·~v~o.~boRfl J rl=l NOOJ 
········*····················l······································ *** COMPUTE INFILTRATION LOSS ,AND SUBTRACT IT FROl.4 RAINFALL *** 
·····~························**···································· 115 V?c lJ~Tiill~~8.o 
CALL NEWTON«NNO,OVOL,S,AA) 
WRITE(6,125JS,AA 

125 FOPMATl5X, 1 PHILIP PARAMETER SlCM/SQP.TCHPJ)= 1 ,Fl0.4//5X 1 'PHIL1P lPARA~ETER AICM/Hr)= 1 ,Fl0.4/) 
CALL INFJL(NNQ,S 1 AAI 

·······*··········································· *** OETF.RHINE THE PAINFALL-EXCESS VOLUMEIC"'ll *** ••••••••••••••••••••••••••••••••••••••••••••••••••• VEXCES•O 

Reo~~-l;h1~~Y+PH1(1•1>>•0.s 
QJ( I J•QI 11 )-PLOSS 
IFIQI(IJ.LT.0.00) QICil•D.00 
TEMP=T II J+l)-TI( IJ 
VEXCES=VEXCES+QICil*TEMP 

69 CONTl'WF 
QJCNNQJ•0.00 
NNQ•NNQ+l 
TICNNOJ=TIINNQ-1)+0.5 
QI( NNO J =O. 0 
WRITFC61130JVEXCES 

130 FORMAT l5Xl'Cm!PUTEO VOLUME OF RA INFA.LL EXCESSICMJ=' rFl0.4/ l 
120 ~~,}~~Tfrrl~~2.o 
627 =~,~~}t~t~?AAtN INFILTRATION JS AS FOLLOWS 'Ill · WRJTE(6~11')1 
110 Fl"'RMflTl7X, 1 TJ"1E',4X, '1"1Fll' 1 7X,'TJME'r4X1' INFIL' 16Xr 1Tl"lE',5X1 1' JN FIL '' 5)1 t • T PIE I' 5X'' Plf IL'/) WPITE( 61261 

WRITEl6r1RI (TJ(JJ,PHJl[J,I=l,NNQ) ••••••••••••••••••••••••••••••••• *** ADJUST THE TIME SCAL~ *** ••••••••••••••••••••••••••••••••• IFlOU u - o.O'JJ qz,qz,q1 
91 IF(TJINNQI - TTFINJ 93,93,qo 
93 NNQ=NNQ+l 

TllN~Ol=TTFIN+l0.00 
QI ( NNO J •O. 00 
GO Tn qo 

92 CONTT~UE 
IKzO 
IERP=O 
DO 76 l=lrNNO 
IN• I 
PTMP=Ql(ll 
IFCPT~P-0.0J) 76,761 77 

77 IK=JK+l 
TMP=TI(JI 
GO TO 78 
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PFLEASE 7..0 PPfC IP OHE = 83132 

c c 
l 

c c c 

71, CONTINUf-
78 er NT IN UF. 

IF I I K. r:c. 0 I I HlP. =- l 
IF( IERP.[('!.-1) GO TO 23 
on 79 r=JN,N!llO 
PTMP-=Q IC 11 
011 IKI "'PTMP 
T II ?Kl =TI I 11-TMP 
lf<slK+l 

7q CONTINUE 
QI( IKl•0.00 
T 11 IK)•Tll IK-1 )+10.:l·'J 
IK:ilK+l 
011 IKl=O.:lO 
TH IK):TJ I IK-1 )+10.00 
NNQ=IK qo cnNTINUf ............................................. 
*** SORTC?UT THE PEAK RATE OF PAINFALL *** *** Ql~AX= PEAK P.AINFALL INTENSITY *** ............................................. 
QIMAX=QH 11 

7~c ~~~Ax~~~~:gll II I GO TO 22 
QIMAX•Qt (I) 

22 CONTINUE 
24 WFOr.Rf!EA·Tf 6r 12x4F•1 P°FA1 ~KARXA' 0r 8NFOALL n ~ INTENSITY IC~/HPJ•,Fl0.4r2Xr*PEAK RUNOFF 

l(CM/HP. l*r 10.41 
23 C('NTH:UE 

6?R ~~l~~Jtst~~AAJNFALL-EXCESS IS AS FOLLOWS 1 //) 
WPJTFl6tl'7) 
WP ITfl 6, 20 I 
WP- IT Fl 6, 1 A I I Tr I I I , QI C I I , I= 1 , NN Q) 

160 ~b~~Hts~~~lA~~~IMF BETWEEN THt. START OF P.AINFALL AN:> THF. 
lEFFFCT IVF PA INFALL (~WI=' ,Fl').2 II 

rinur.t-: 
F.ND 
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PF.LEASE 2.0 X!lATA O.'\TE = 131132 23113129 

c 
c c 
c 

c 
c 
c 

SllBPn.JTlNE XDATACNNQ,NXM,DTI .................................................................. *** THIS SUBROUTINE COMPUTES THt PAINFALL EXCESS AT EQUAL *** *** TIME INTE~VAL *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• DI HENS lflN .011100I.TIC1001rXC2000 I f.OMMDN/VS/TI ,QI 
COMMrn /VSlC /X ••••••••••••••••••••••••••••••••••••••• *** DEFINE LIMIT OF COMPUT~TJON *** ••••••••••••••••••••••••••••••••••••••• 
V~,t~K 1 Tff~~~60.0 

40 COMT tNUF 
N~AX=~lXM 
QI( NNQ+ll==O. 0 
Tl C NNQ+l I• TI CMNQ1+500. O*OT 
NXM=TICNNQl/OT+l.O 
YFCNX~.LT.N~AX) NXM•NMAX+5 
TC•O.O 
KK•l 

~~(~g_Ar!f~~~Ktl GO TO 65 
GO TO 70 

65 XI I l=I CTI( KKl-fTC-DTJ)•QICKKJ+CTC-TI IKKJ J•QI IKK+ll l/DT 
KK•KK+ 1 
GO TO 75 

70 X(l):aQJ(ll'.K) 
75 CONT l'Wt:: 

TC•TC+OT 
60 CONTt~UE 

RETURN 
END 
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RELEASE ~.O NEWTON DA TE :: A 3 l 3" 

c 
c 
c 
( 

SURPGUTIHE NEWTONINNO,YEXC:ES.X3 1 0) •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• *** THIS SURROUTINE COM?UTES THF. SOPPTIVITY PARAMFTEPS IN THE *** *** PHIL IP TWCl-TFRM INFJl.TllATI ON Mf!OH. *** 
·····~·······················································•••****** DIMEtlS ICN Tl( lOOl, QI 11001 1 PH IC 10 0) 
COMMON /VPS /PHI 
COMMC'J/VS/Tt,QI 
Xl=0.10 
)(2= 2. 5 
KOUt!T= 0 

10 C:CNT l'-lUE 
CALL TNFJL(N~Q,Xl,RI 
MMQ=NN0-1 
VEXCES=0.00 
DO 60 f=l,MNQ 
AVG=CPHl Cl )+PHii 1+11l•O.5 
01 FO=Q IC l)-AVG 
IFIOIFQ.LT.0.00) DTFQ=0.00 
VEXC ES=VF.XCES+OIFQ•C Tl ( J +1 )-TI (I I) 

60 CONT JtlUF 
FXl=VEXCES-YEXCES 
C~LL INF1L(NNQ,X2,BI 
MNQ=N'lQ-1 
VEXCES=0.00 

~ec~fp~il1~~~H11r+111•0.5 
otFn=o t 111-AVG 
lffDTFQ.LT.o.n:» OIFQ-=0.00 
VEXCES-=V[XCES+IJJrQ•(TI II+ll-TI II)) ss; cmn r•rne: 
FX2=VEXCFS-YEXCES 
!)FX=FX 2-!=X 1 
IF(DFX.NE.O.O~I GO TC 6 
x3= 2.o•x2 
G!1 Tr 7 

,., crtJT r~:ur 
X3=CXl•~X2-X2•FY11/0FX 

7 r.nNT HJUE 
F.PP=Al.\SI IVFXCES-VFXCES J /YEXCES I 
KOUNT=KOUNT+l 
IFIERP..LT.0.011 GO TO 25 
IF C KOUtlT .GT .20) GO TO 30 
Xl=X2 
X2=X3 
GO TO 11 

30 Cf'NT INUE 
WPITEl6,361 

36 F(lfHIAT C 5X, 1 ERROR IN THE LOOP ANO NO CO"IVERGENCf' It 
25 CONTINUE 

RETURN 
ENO 
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PELEASE 2.0 INFI l DATE = 1.13132 

c 
c 
c 
c 

c 
r 
c 

SUf\ROUTINE INFIUNNQ,S,AI 
***************************************•····························· *** THIS SUBROUTINE CO"lPUTES INFILTRATION USING THE TWO- TERM *** *** INFILTRATION MODEL -• ·····························••************************************** DIMENSION TillOOJ,PHIClOOJ 
COMIMON/VS/TI 
cmmo'll /VPS /PH [ ...................................... 
*** TWO PARAMf.TF.P.S ARE S AND A *** ...................................... 
Wr-t~=l tff~NQ 
PHICil=0.5•S•TEMP**C-0.5)+~ 

5 CONTINUE 
PHI C 11 =PHI C 2) 
RETURN 
ENO 
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PELEASE 2.0 RR OS EN DATE = A3132 23/13/2'1 

c c 
c 
c 
c 
c c 
c c c 
r. 
c 
c 
c c 
c c 
c c 
c 
c 
c c 

c c 
c 

c 
r. 
c 

5VP~2~1~~l[ E ?i8~r, ~f ~a ~sJl r I ~T; ij~ ~6 ~?r~ l11J1 , x 1101, y, 101, z 110,, 
lXMllOl,>ClllOl,S 10,10 ,NP.llul 

COMMON/PAP A/X, XL, XI.I 
co1o1Mmu1ins E/Y 
**************************************••···························· THIS PROGPAM SOLVF.S CONSTPAINED MINl~17ATION PROBLEM, WHICH *** REOlllRES THAT THE VECTOP. ALWAYS RE AN INTERIOR POINT OF THF *** 
FFASl~LE SET *** THE SOLUTION TFCHMIOUE IS A MIXED APPLICATION or ORIGINAL ••• 
ROSENBROCK METHOD, PALHFR VEP.SlON Al\JD PENALTY FUl\JCTION METHOD *** 
THE IJSEP. "lUST SUPPLY A SUBROUTINE ORJF.CTIVALUf,NOBS,NI FOR *** EVALUATIO"-' OF THE' OBJECTTVE FUNCTJON *** THE USEF. '~UST ALSO PROVIDE THE FOLLCHII!-:G INFOPMATIOI'-' *** N= NU"', REP. OF VAP I ABLES *** XII I= l~TTIAL GUESS OF THE VFCTOR *** XM( I I= UPPEP LIMIT OF THE PARAMETER XIII *** 
XU I I= LOWER LI"1IT OF THE PARAMETER XI I I *** EPS1: COllVERGfNCE TOU:RA'iCE BASED ON THE CHANGE OF OP.JECTIVE *** 

FUNCTION *** MST= MAXTMU,.. LIMIT OF NU"-BER OF STAGE SEARCH *** 
IPT= 0 --- ONLY THE FINAL ANSWEP IS DESIRED TO BE PRINTED *** JPT= 1 --- WTERMFOIATE VALUES OF EACH STAGE SEA~CH IS DESIRED •-TO BE PPINTEO *** IPT= 2.--- INTERMF.OIATE VALUES OF EACH CYCLE SEAPCH IS DESIRED *** TO BE PRINTED *** SET INITIAL STEP LENGTH ANO OIPECTJON ••• .................................................................... 
DO 1 I=lrN 
D f I) =O • 1 * X I JI 
Y(l)=XIJJ 
00 2 J:J,N 
Sll,Jl=O. 
JF(J.EQ.IJ SIJ,JJ=l. 

2 CONT rnur 
1 CC'NTINIJE •••••••••••••••••••••••••••••• 
ST~PTJNG OF STAGE SFARCH *** 
************~················· 
~lS=-1 
NEF=l 
CALL OBJECTIVALUE,NOPS,NI 
PO=VALUE 

3 NS=US+ l 
ORJ=PO 
00 4 1=1,N 
NIU I )=I) 
ISi I J=O 
Z I I I :sQ. 

4 CONT rnuE 

650 

604 

IF(IPT.EO.OI GO TO 5 
WR ITEi 6, 650) 
FOPMATl/40Xj40H****************************************I WP ITF.C 6, 604 NS 
FOP.11AT I //4 RX, l 8H STAGE SEAP.CH --- , I 51 ................................................................... 
STARTING OF CYCLE SFA~CH CWITIIOUT CHANGING SEARCH OIRFCTJONI *** •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
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r. 
c c 

c 
c 
c 
c c 
c 

c 
c c 

c c c 

5 "IC=-1 
6 NC•NC+ 1 

DO 7 I =l r ~l 
ICOl~=O 
DlC=O( I) 

32 e~JT=~i31~ox•sc1,J> •••••••••••••••••••••••••••••••••••••••••••••••••••••••••• CHECK IF IT IS AN INTERIOR POJNT OF T~E FEASIBLE SET *** •••••••••••••••••••••••••••••••••••••••••••••••••••••••••• IFCYIJJ.LT.XLIJJ .nP.. YfJ).GT.XM(JJI ICON=l 
fl CONTHlUE 

IFC ltnN.llE. l J GO TO 25 
DMPl=l.OClO 
DO 26 J=l, N 
IFfSII,Jl.E0.1.) GO Tn 26 
lf(Y(J1.GT.XLIJll GO TO 30 
OD• AllS fl X( J l-Xll JJ 1/ Sf It JI J 
IFIOD.LT.DMINJ DMIN•DO 

30 IFCYfJl.LT.XMIJIJ GO TO 26 
no= A BS 11 x ( J I - x M ( J) ) Is ( I ' JI I 
lf(OD.LT.OMINI DMYN=DO 

26 CONTUIUF 
lffOX.LT.O.J OMTN=-DMIN 
OX=Of~f N 
ICON=2 
GO TO 32 

25 NEF•NE F + 1 
CALL ~BJECTfVALUE,NOBS,NJ 
********************************************************** Ct-IECK IF THE VALUF OF OBJECTIVE FUNCTION IS f ~~PPOVED *** •••••••••••••••••••••••••••••••••••••••••••••••••••••••••• IFfV~lUE.GT.PUI en TO q ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• THE VALUE OF OBJECTIVE FU~CTI"N IS IMPPOVEO ISUCCFSSI *** *********************************************************** PO= VALUE 
1F(1CD~.EQ.2) GO TO 33 
JFIISlll.ME.21 1SIIl=l 
ZI I l=Z II l+DI fl 
DI l l=3 •*'DI I I 
GO Tn 31 

33 211 l=Z!Il+DMHl 
Dfil=-DMIN-0.5*0111 
ISlll=2 

31 no 1 n J = 1, N 
>CI J I =Y f J l 

10 CONTINUE 
GO TO 7 
************************************************************** THC: VALUE OF nBJECTJVE FIJNCTlON rs NOT T"lPROVED IFATLUREI ••• ····························••******************************** 9 TFITSIIJ.EO.ll ISfl,.•2 
0( 11=-0. 5•0111 

7 CONTINUE 
************************* ENO or CYCLE SEARCH ••• ••••••••••••••••••••••••• 
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P.ELEl\SE 2.0 BP.OSEN DATE 113132 

c 
c 
c c 

c: 
c c 
c 
r 
c c 

c c 
c c 

IFflPT.ME.21 GO TO 11 
l~P IT Fl 6, M 5 I NC 

b05 FORMAT(//48X,lAHCYrLE SEAP.CH -----,151 
WPT Hl 6, 6061 PO 

606 FORIHT I //34Xf32HTHE CURI-'. ENT OBJECTIVE FUNCTI CN =,E20.B//5')X, 21 HTHE 
1 C:UPPEtlT VEC OJ:I IS I 

WRfTEl6,6031 (X(ll,J=l,NI 
***************************************************************** CHFCK Ir ALL THE SEARCH DIRECTION HAVE FAILED AT LEAST CNCE *** 
FOL LOWED BY A success *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 11 JFT='.J on 17 t=1, N 
Ir! [SI I) .rrE.21 IRT=l 
If( ISi I I .EQ. 01 NRI I) =NRI !) +l 

12 CONT UIUE 
DO 34 1=1,N 
lF(NPIIl.LT.4) GO TO 35 

34 CONTl"IUE Gn rn 14 
35 IrltP.T.F0.11 GO TO 6 ••••••••••••••••••••••••• EtlD l'!F STAGE SEARCH *** 

************************* JFIIPT.FQ.01 GO TO 13 
WPITE(6,65')) 
NC=NC+ 1 
WPITrt6,607l NC 

607 FOP.MAT(//41X,30HTOTAL NUMBER OF CYCLE SEARCH =9 151 
WRITEf6,6061 Pn 
WRITrl6 9 l-i03l CXlll,1=1 9 M) ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• CHECK fF THE HSULT IS SATISFIED WITH THE PP.EASSIGN!:O CC1NVERGE~ll:E *** 
TOLFPANCF *** ....................................................................... 

13 IFI I OBJ-PO I .Lr .EPS I GO Tl"! 14 
·······~·····························•********•······················ CHEO: Ir THE t!lJ'·HIH OF STAGF. SEA PCH l;!IE.HER THAN ASS IGNEO LI ~IT *** 
********************************************************************* IF(NS.Ll.~STI GO TO 15 
WP.ITEl6,6501 
WPITF!6,608) ~ST 

608 FnRMATC//40X,18HOn NOT CONVEPGE IN,15.5X.14HSTAGE SEARCHES! 
WPITFl6 9 6061 PO 
WP IT EI 6 16!"!3 I ( XI [) l I = 1, N I 

603 FOIH1ATC1.rl0.4,FlO. I 
GO T(l 700 .......................................................... 
CALCULATE MEW SEARCH DIRECTION FOR NEXT STAGF SEA~CH *** 
PAL~fPS VERSION IS USEO Tn CO~PUTE TH[ NF.W DIPECTION *** .......................................................... 

15 DO 1 7 l = lt N 
SUMA=O. 
00 18 J=lt M 
EI JI =O. on to K= r, N 
FIJl=F.IJl+Z(Kl*SIK,JI 

lq CONTlNUE 
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~ELFASE 2.0 RPOSEN DATE = 83132 23/13/29 
SUHA=SUMA+ECJ)**2 

18 ·CONTINUE 
U=SQRTISUMA) 
IF(AA.EO.O.l GO TO 3 
IF( l.EQ.11 GO TO 20 
IFCAllSIZII-11).LE.fPS) GO TO 27 
OA•l./SORTIAS••2-AA**2) 
RA= AP/ All 
CA=OA•RA 
CR= DA/RA 
00 21 J=l,N 
CIJ)=Sll,J) 
SllrJl=EtJ)*CA-SIJJ•CB RIJ1zF.(JI 

21 CPNTI"IUF 
GO TO 23 

20 no 22 J=l,N 
C I J I =S I I f J > 
SI I 1 Jl=F JI/AA 
SIJ J=FfJ) 

22 CONTHIUf 
GO rn 2~ 

21 on 2~ J=l,N 
CHM=S CI fJ I 
s I I r JI =r JI 
CIJJ=CTFM 
BIJl=EIJ) 

21\ CONT INUC: 
23 AR= AA 
17 CONT INllE 

GO TO 3 c •••••••••••••••••••••••••••••• 
C A MINIMUM HAS REEN FOUND *** 
c ·····~························ 14 NS=NS+ l 

WP I T £I 6, 65 0) 
WQJTFl6,b0q) NS,NEF 

6 oq Fr RI' AT(// 4fl X, 24t!A MINT MUil HAS Bf EM FOtJ~O //41 Xf l '.'HT CTAL NU~ RFP. Of S lTAGF SEArCH = 1 I5//39X,37HTOTAL NUMBEP OF FUNC: ION EVALUATION =,151 WPTT!:( 6,6101 PO · 610 Fr1P.MA"l"C//3RX,23HOPTIMIZATION FlfiCTION =,E20.8//5QX,1'5HFJNAL VECTOR 1 J s) 
WPJTfl616J3) IXllJ,J=l1NI 

700 CONT l!IJUt 
RFTURN 
END 
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c c c 
c c 

c c 
c c 

SURRPUTINF. (QNV~LIOT,NX~,QP,QPT,KOPT,A) ****************************************••····················· *** THIS SU~ROUTINE CONVOLUTFS THE RAINFALL EXCESS WITH *** *** THE HlSTANTANEUUS UNIT HYOP.CGRAPH TO DF.TERMINE THE *** *** DIRFC:T RUNOFF HYOPOGRAPH *** ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• OJ~FNSICN Hl2000J,Xl2000),y(2000,,TYl2000) 
COM~C~/THPFF./H,NH 
COMMn~/VSX/X 
KNUMf\=200.:> 
NHA=NH+l 
NHl' =NH+NXM 
IFINHB.GT.KNUMB) NHR•KNUMO NYM = l·IH R-1 
00 30 I=NHA,NHA 
Hf I J =O .!J 

30 CONTINUE 
MXM=NXH+l 
on 10 l=MXM,NHB 
XI I ) =O .o 

10 Cf'INT PWF 
TC=O .O 
VMX•O.O 
YB•0.0 on 35 N"' l, NYM 
TC•TC+DT 
Y(N)=O.O 
TYi Nl=TC 
J•N 
IF(N.GT.NXM) J•NXM no 40 I=lt J 
IA•N+l-J 
Y(Nl•YIHl+Xlll*HllAJ 

40 C:O~JT l~WF 
YINl=YINl•DT 
IFIY~X.LT.Vl~I) YMX•YINJ VMN:O. Ol""YMX 
NOY=t! 
IFIN.GF.KNUM~I GO TO 45 
JFIYf~l.LT.Y~~.AND.N.GT.201 GO TO 45 35 CONT INUF 

45 CONTINUE 
DO 5 l=l ,NOY 
TE~P=TYCNOY+l-11 
TV(NOY-l+2)•TEMP 

5 CONTINUE 
TYC lJ=O.O 
NC'Y•NOY+l 
DO 15 l•lf NOY 

15 TY( 1 l=TYC 1*60.0 ........................................................................... *** SORT OUT THE PEAK RATE OF SURFACE PUNOFF AND ITS TIME OF ••• *** OC:CURPENCE ••• ..................................................................... l)P=Ylll on 5') I =2, NOY 
lfCOP.GT.Y(llJ GO TO 50 OP=V I I I 
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IP= I 
50 CONTINUE 

l':ONVOL OATF 83132 23113/29 

QPT=TY I IP) 
IFIKOPT.tJf.OIGO TO 60 
WR IT EI 6 t 14 5 I 

145 FOR~ATl,Yi'TH~ SURFACE RUNOFF HYOROGPAPH IS AS FOLLOWS 1 //I 
WPJTFI 6, 150) 

150 FORMATl7X, 'TIME 1 ,6X,'PUNOFF':5X,•TIME',5X, 1 PUNOFF•,1x,•TJME•,sx,• lRUNnfF'r5Xt'TIMF 1 r5X,'RUNDFF /) 
WRITE( 6115') 

155 FOPM.\T ( 8)(, 'MN'' 7X; 'CM/HP •• 1x, 'MM.' ax ,•Ct-!/HP. 1 • 7X, 'MN' ,ax, ·c~/HR'' 7 ix,' I.IN'' ax, 'CM/HR' I 
WRITEl6,lt-Ol tTYIJ),Y(Jl JJ=t,iJOYJ 

160 FOP.MATl4(Fl0.1 1 2X1Fl0.3J 
c ************************************************** C *** CHANGE ll.IJNOFF TO CUIH C '1ETF P.S PEP SECotlD *** c ************************************************** FAC=A*l00.0/36.0 

DO 170 J=liNOY 
170 YllJ=Y(Il*~AC 

WP.ITEi 6, 1501 
WRITFI 6, 1751 

175 FORM AT ( ~ x~ 'MN. '7X l •c UM IS'' 7X. 'MN'' BX'' CUM/st '7 x •• ~N· '8 x. t CU~/S. 
1 wnt~~~~i6~' 'r¥~0 ;~?,JI ,J=l ,NOYI 

60 CONT mute 
RETUPN 
END 
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MILITARY HYDROLOGY REPORTS 

Report No. in 
No. Series Titlo Date 

TR EL-79-2 Proceedings of the Military Hydrology Workshop, May 1979 
17-19 May 1978, Vicksburg, Mississippi 

MP EL-79-6 Status and Research Requirements Dec 1979 
(Military Hydrology 2 Formulation of a Long-Range Concept for Streamflow Jul 1980 Series) Prediction Capability 

3 A Review of Army Doctrine on Military Hydrology Jun 1981 
4 Ev.aluation of an Automated Water Data Base for Nov 1981 

Support to the Rapid Deployment Joint Task Force 
(RDJTF) 

5 A Quantitative Summary of Groundwater Yield, Depth, Mar 1982 
and Quality Data for Selected Mideast Areas (U) 

6 Assessment of Two Currently "Fieldable" Geophysical Oct 1984 
Methods for Military Ground-Water Detection 

7 A Statistical Summary of Ground~Water Yield, Depth, Oct 1984 
and Quality Data for Selected Areas in the 
CENTCOM Theatre of Operations (U) 

8 Feasibility of Using Satellite and Radar Data in Sep 1985 
Hydrologic Forecasting 

9 State-of-the-Art Review and Annotated Bibliography Feb 1985 
of Dam-Breach Rood Forecastin-g-

10 Assessment and Field Examples of Continuous Wave Jun 1986 
Electromagnetic Surveying for Ground Water 

11 Identification of Ground-Water Resources in Arid 
Environments Using Remote Sensing Imagery 

12 Case Study Evaluation of Alternative Dam-Breach Nov 1986 
Flood Wave Models 

13 Comparative Evaluation of Dam-Breach Flood Fore- Jun 1986 
casting Methods 

14 Breach Erosion of Earthfill Dams and Flood Routing 
(BEED) Model 

15 The Seismic Refraction Compression-Shear Wave Nov 1987 
Velocity Ratio as an Indicator of Shallow Water 
Tables: A Field Test 

16 Assessment of Shuttle Imaging Radar and Landsat Jun 1989 
Imagery for Ground-Water Exploration in Arid 
Environments 

17 A Quasi-Conceptual Linear Model for Synthesis of Jul 1989 
Direct Runoff with Potential Application to Ungaged 
Basins 

Unnumbered Proceedings of the Ground-Water Detection Workshop, Dec 1984 
12-14 January 1982, Vicksburg, Mississippi 


