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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 operzte
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 surface and subsurface water on
the planning and conduct of military operations. 1In 1977, HQUSACE approved a
military hydrology research program; management responsibility was sub-
sequently assigned to the Environmental Laboratory, US Army Engineer Waterways
Experiment Stationm (WES), Vicksburg, MS.

3. The objective of military hydrology research is to develop an
improved hydrologic capability for the Armed Forces with cmphasis 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 hvdrology reports are listed on the
inside of the back cover. This report contributes to the ability to calculate
streamflow, which 1= the basis for developing improved flood-forecasting capa-

bilities for use on ungaged watersheds.




5. Streamflow synthesis from ungaged basins has long been a subject of
scientific inquiry. A survey of hydrologic literature (Dooge 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). 1In 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-
face 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
of given duration occurring uniformly in time and space. It 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 sepavation 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 synthesis (Boyd 1978; Boyd, Pilgrim, and Cordery 1979;




Rodriguez-Iturbe and Valdes 1979; Rodriguez-Iturbe, Devoto, and Valdes 1979;
Valdes, 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 geomorphiology 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 runoftf 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 1s determined somewhat arbitrarily, although
there is increasing evidence to support the view that infiltration is one of
the mc~t 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, 198lc; Sherman and Singh
1976a, 1976b, 1978, 1982), However, these studies haQe been concerned princi-

pally with overland flow and not with other components of streamflow.




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 tc 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. TFifth, 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 streamflow
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

tiie use oI a yuadi-conceptuul appreach in this studv.

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 (¢) to develop a

computer code for ready use by field engineers.

Scope

14, The theoretical development of the model is presented in Part II of

this report. Part 11l includes an explanation of the model structure and a




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.




PART 1I: QUASTI-CONCEPTUAL FRAMEWORK

15, For implicity, the assumption is made that the transformation of
effective ruinfall to direct runcff 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-Tturbe 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 T i=1, 2,

i’
3,000, D, Ti can be referred to as holding time or travel time. 1If it is
assumed that Ti’ ] <« 1 € n, are random variables, then these must te inde-
pendentlyv distributed by virtue of the assumption of noninteraction of parti-

cles, 1t may be added that the assumption of T i=1, 2,..., n, being

random is physically plausible. '

17. Ti, i=1, 2,.... n, depends on where the ith 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 manv other factors encountered along the path. The paths available
for these particles tco 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 Sj , of order 1,
i=1, 2,..., W, are availabtle in the basin; clearly, Si denotes the ith
order streams. In this approach, channel networks are ordered according to
the Strahler ordering scheme (Smart 1972). A particle goes through a number
ot stutes 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 1is defined by Ci’ i=13, 2,..., W,
as the collection (ensemble) of all the Strahler channels of that Strahler
order. Tikewise, an overland region state of order 1 1s defired by r,, i

=1, 2,..., W, as the collection ot all the regions draining directly into
the ith ordered channels, Then each particle will irnitially be found in one

of the overland states r i=1,2, 3,..., W, and its movement will be

i’




governed by the following rules as a consequence of the Strahler ordering

scheme: (a) the only possible transitions out of the state r, are of the

form r, > Ci’ 1 <1 <£W 3 (b) the only possible transitions out of the state

i 1
is a state

C are of the form C, - Cj’ j>i, 2 < j<£W4+1,1<1i<W; and (c) there
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 se¢S§
which a particle may follow through to the trapping state, that is, the outlet
of the basin. For a basin of orde. W , there are .'Zw_1 possible paths. To

illustrate, consider a third-order basin as shown in Figure 1, W = 3 . The

path space S = {51’52’ 33,34} consists of the following paths:
path s;t Ty C1 + C2 > C3 + C4
path 8, T 2 Cl -> C3 > C4
path Syt T, > C2 > C,3 > C4
path S, Tq 7 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 T is the sum of the times spent by the particle in the

S
various states forming its path.

T.=T , + T +... 4+ T M > 1 (1)

XM,

where TX is the time a particle spends in the state x (x = r, or Ci for
some 1) and M 1is the number of states. Tx is assumed to be a random vari-
able. Tx can have an arbitrary probability density function (PDF), and for
different states x and vy , TX and Ty can have different PDF's. How-
ever, Tx and Ty are assumed to be independent for x * y . The validity of
this assumption seems plausible from a physical standpeint,

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

TB = Z ISTS (2)

basin, then




where Is is the indicator function for the path s ; that is, Is = 1 if

the particle follows the path s , and IS = 0 otherwise. The PDF of T

’

denoted by fB(t) s, 1s obtained as follows:

23, Let Ari be the ratio of the area of r, to the basin area Aw ,
and Pci cj the proportion of channels of oraer i merging into channels of
order j, j >1, 2 <j <W+ 1 ., Obviously P =1 this is not

cW,cW+1 ?
strictly true since a basin of any given order may outlet into a stream sev-

eral orders higher. However, this is convenient and does not affect the

model. Similarly, P 1 . Then for a path seS of the form s

ri,ci -
= {Xl’ Xoseens xk} where Xis Xgsens Xy € {Cl, C2,..., Cw; Tis Tosenns rw} .

The path probability function is defined as

p(s) = Axl : le,x2"'ka-l,xk (3)

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

ability of TB < t is

P(TB < t) =Z P(TS <t) « p(s)

seS
(4)
= * x, % .
§ : Foo*F, e ka(t) p(s),
seS
s = {xl, Kyseees xk}
where
t = specific time
Fx = cumulative density function of TX
* = convolution operation
Differentiation with respect to t on both sides yields
= * * * -
fB(t) E fXl fx2 - ka p(s) (5)
seS
where fx Go.v2s the PDF of TX . Gupta, Waymire, and Wang (1980) have
establic. e t'.e equivalence of fB(t) and the 1IUH, h(t) . Therefore,

10




h(t) = Z £ KL, Fl X E Lt p(s) 6)

seS

where h(t) is the result of an instantaneous burst of effective rairfall 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 convcolution integral can be employed as

t
Q(t) = fh(t - 1) I(1) dt (7
0
where
Q(t) = discharge at t
I(t) = effective rainfall
T = variable of integration

Thus, the direct runoff hydrograph synthesis reduces to synthesis of h(t)
using Equation 6.

24, 1In 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 K >0 .

xi

This is consistent with the assumption of basin linearity. Then fxl * fx2

oLk ka in Equation 6 becomes the k-fold convolution of independent but

nonidentically distributed exponential random variables. That is,

k
* x_ = E -
fxl fX2 ees ka(t) Cik exp ( Kxit) (8)

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

Cic = K1 KoK [(le - Kxi) ) (Kxi—l - Kxi)"'
-1 )
(Kxi+l - Kxi)"'(ka - Kxi)] v

11




in which Kxi 2 ka unless 1 = k . Therefore, the TUH 1s given as

k
h(t) =Z 3 cyp exp (K ) - pls), (10)
seS i=1

s = {Xl’ Xpseens xk}

25. To apply Equation 10, the parameters Kxi must be determined.

Following Gupta, Waymire, and Wang (1980), the mean holding time of an 1th

order Strahler channel (state) is given by

1

_1_=a(£,>1/3, 1 <ic<w (11)

where a 1is an empirical constant and ii is the average channel length of

order i , which can also be computed as

i
- 1 2 : .
Li = -N— Lji, 1 = 1, 2,..., W (12)

where N is the number of streams of order i and L, is the length of

i ji
the jth stream of order i . Likewise, the mean holding time l/Kri of an

ith order overland region can be given by

A LA \1/3
__Kl - o LY ,1s1isW (13)
ri ZNiLi

From a physical pecint of view, Equations 11 and 13 state that the mean holding
time of a given state 1s proportional to some "characteristic length" of the
state. The constant a 1s 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.

12




26. To use Equations 11 and 13, the constant a must be specified.
The first moment of the IUH, h(t) , being equal to the mean holding time of

the basin, KB , can be written as

[

KB = / t h(t) dt (14)

0

t Q(t) dt / t I(t) dt
Q(t) dt ,//. I(t) dt

From Equations 10 and 14 it can be shown that

1,1 1
= p(s) [+— + — +...+ =—1], (16)
“ Z (le ¥x2 ka>

seS

(15)

0\8 0\8

s = {xl, Xyr Xgseess xk}

27. 1If Equations 11 and 13 are substituted into Equation 16, the only

unknown is a , However, KB is estimated following Boyd (1978) as

KB - b A3.38 (17)

where KB is in hours and Aw 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.

13




PART TI1I: 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) IUH,
and (13) CONVOL. A flowchart of the model is given in 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 PRECIP,
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 1s 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
direct runoff. If hydrograph separation 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). 1f 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 ~=vent 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 ii and
areas of overland regions for each order. Basin lag i1s computed using basin
area in association with Equation 17 by the subroutine 1LAG, 1f 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 1! and 13 and the basin char-
acteristics given by the subroutine BASIN. The instantareous unit hydrograph
is computed by the subroutine IUH using Equations 9 and 10. To obtaiw the
direct runoff hydrograph, the IUH 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 correspconding 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 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 optimizationm.
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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,
and 2-H. These watersheds range in area from 0.0137 to 17.72 kmz. 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
is a second-order watershed having an area of 2.343 kmz. 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 kmz. It is a second-order watershed
having a tree-structure as shown in Figure 11. 1Its drainage network proper-
ties are shown in Table 2.
Watershed G

40. Watershed G, located near Riesel, TX, includes watersheds C and D.
It has a total area of 17.72 kmz, as shown in Figure 12. This is a
fourth-order watershed, as shown in Figure 13. 1Its 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 kmz. 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

0.0137 kmz. It consists of three channel elements as shown in Figure 17.
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Table 1
Drainage Network Properties of Watershed C, Riesel, TX
(Watershed Area = 2.343 km?)
Serial Channel Length 2ContributingﬁArea
Number km ft km acres
Order 1
1 1.295 4,250 .833 205.91
2 0.647 2,125 .232 57.40
3 0.610 2,000 272 67.19
4 0.687 2,255 .257 63.46
5 0.555 1,820 .230 56.82
Order 2
1 0.882 2,895 .519 128.22
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Drainage Network Properties of Watershed D, Riesel, TX

Table 2

(Watershed Area =

4,492 km?)

Serial

Number

Channel Length

km

.295
.647
.609

.687

.256

.838

.480

.108

ft

4,120
2,750

1,575

Order 2

4,940

1,975

Contpié;flug Area

km2

.833

.232

.272

.257

.230

.426

.450

624

.132

.006

205.

57

67.

63.

56.

105

111.

154.

32.

168.

80.

acres

91

.40

19

46

82

.40

25

32

51

66

11
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Table 3

Drainage Network Properties of Watershed G, Riesel, TX

(Watershed Area = 17.72 km?)

Serial

Number

O OO~ U&=

& W

—

Channel Length

Contributing Area
2

km ft km acres
Order 1
0.765 2,510 0.646 159.72
1.753 5,750 0.989 244 .40
1.4478 4,750 0.620 153.30
2.118 6,950 1.083 267.64
0.363 1,190 0.189 46.92
0.399 1,310 0.101 24.96
1.0866 3,565 0.757 187.05
1.256 4,120 0.450 111.25
1.143 3,750 0.426 105.40
0.555 1,820 0.230 56.82
0.687 2,255 0.257 63.46
1.295 4,250 0.833 205.91
0.648 2,125 0.232 57.40
0.610 2,000 0.272 67.19
0.838 2,750 0.624 154.32
0.480 1,575 0.132 32.51
0.777 2,550 0.474 117.21
0.686 2,250 0.779 182.53
0.533 1,750 0.233 57.51
0.3429 1,125 0.097 23.95
1.067 3,500 0.625 154.42
0.839 2,755 39.15 96.73
0.570 1,870 0.310 76.52
0.419 1,375 0.116 28.72
0.968 3,175 0.528 136.51
1.343 4,405 0.680 168.00
Order 2
0.917 3,010 0.334 82.53
3.216 10,550 1.396 345.06
0.326 1,070 0.077 19.12
0.954 3,130 0.512 126.60
1.646 5,400 0.698 172.53
Order 3
3.394 11,136 2.521 623.02
0.155 510 0.077 19.14
Order 4
0.107 350 0.029 7.31
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Table 4
Drainage Network Properties of Watershed Y, Riesel, TX
(Watershed Area = 1.251 km?)

Contributing Area

Serial Channel Length >
Number km ft km acres
Order 1
1 0.395 1,300 0.282 69.655
2 0.097 1,450 0.097 23.938
3 0.332 1,090 0.152 37.673
4 0.094 310 0.094 23.349
5 0.137 450 0.122 30.020
Order 2
1 0.296 970 0.112 27.606
2 0.543 1,780 0.216 50.819
Order 3
1 0.259 850 0.2 41.211

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

in Table 5.

Table 5
Drainage Network Properties of Watershed 2-H, Hastings,
NE (Watershed Area = 0.0137 km?)

Contributing Area

Serial Channel Length 7
Number km ft km acres
Order 1
1 0.0219 72 5.79 x 1073 1.4298
2 0.015 4 0.001 0.2468
Order 2
1 0.062 204 0.007 1.7217
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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
vailable Used Used
Watershed for Analysis for Calibration for Verification

PR Ne!
O 00 o W
(GRS v
v

2-H 1

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),

f = A+ 0.5 5703 (18)

where

]

rate of infiltration (cm/hr) at time t

A = parameter approximately equal to saturated hydraulic conductivity
(cm/hr)
S = parameter called sorptivity (cm/hro's)

The parameter A depends mainly on the soil type and was therefore fixed for

a given basin. Values used were as fnllowe:-




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. Tts 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 Value of b, cm/hr
C 0.875
D 0.875
G 1.2734
Y 0.875
2-H 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 revgard 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 ev. its being available for its estimation.
The runoff hydrograph is quite sensitive to b since this is the only param-
eter in the TUH. Nevertheless, given model simplicity and its basis in
drainage network morphometry, the 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 applied to five 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 corresponding
to an ensemble of the portions of basin area draining into this path. Because
ti.ese 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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50.

PART V: CONCLUSIONS

The following conclusions are drawn from this study:

a.

o

|6

[f=%

o

The IUH 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 IUH
experiences a quick rise and a quick recession. As the area
increases, however, the rates of rise and recession become more
moderate,

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.

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
IUH. 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.

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.

The GMHS model is partially based on drainage network proper-
ties. This feature suggests that the model should be appli-
cable to ungaged 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
Some fruitful

a.

o

[=9

jrn
.

streamflow for ungaged basins. Much additional work is needed.
areas of research are as follows:

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.

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 TIUH for ungaged basins.

Evaluating the effect of basin size and its ordering on the IUH
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?

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.

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.

For the model to be applicable to ungaged basins, each of its
components needs to be related 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.

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.

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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Watersheds C, D, and G near Riesel, TX
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Figure 21. The instantaneous unit hydrograph of watershed Y,
Riesel, TX
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for the rainfall-runoff event of 29 March 1965 on watershed G,
Riesel, TX
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the rainfall-runoff event of 3 July 1959 on watershed Z-H, Hastings, NE




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
A, = 0.0137 kn® .

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,

L, =0.0184 ka

L, = 0.062 km

_2 2

A1 = 0.00340 km

5, = 0.0070 kn’

5. Determine the path space and the paths for the watershed. 1In the

(271 Ly

present case, the number of paths is . Let the paths be denoted

by ) and s

are defined as

9 ¢ The path space then is § = {sl, sz}. The individual paths

slz r1 > c1 > c2
sz: r, > €y
6. Compute for each path oh and S,y the ratio Ari’ i=1, 2 . For
the watershed 2-H,
_ 0.0068 _
Al = 00137 - 0-49
0.007 _
Ao = Gooi37 - 001
7. Compute the quantity P . In the present case,
ci,cj
2
Pcl,c2 T2 1

* See figures and tables in the main text.

Al




i
Pc2,c3 17

c, represents the trapping state.

3
8. Compute the path probabilities p(S) . These will be:

p(sl) = Arl Prl,cl Pcl,cZ = 0,496 x 1.0 x 1,0 = 0,496

p(SZ) = Ar2 Prz,cz = 0.511 x 1.0 = 0.511

9., Compute the basin lag. Tf b in Equation 17* is assumed to be
0.875 and the exponent is 0.38, then

KB = 0.875(0.0137)0'38 = 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,

Ky = p(s)) (KI + Kl + Kl ) + p(sy) (El“ + El'>

rl cl c? r2 c2
1/3 1/3
Y 3t A N a<0.496 x 0,0137
K - 2 %X 2 % 0.0184
14
= a % 0.4520
1/3
1 (0.511 x 0.0137
K. 2\ x1x0.062
r2
= a x 0.3836
El‘ - 2(0.0184)13 = a x 0.2640
cl
Kl— = a(0.062)/3 = a x 0.3958
c?

* See equations 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 = m = 0.180
Using this value of a , then
1
ra 0.08136 3 Krl = 12.291
rl
. 0.06900 3 K = 14,483
K o ’ r2 ‘
T2
1 —
= 0.04752 3 Kcl = 21.044
cl
L. 0.07124 3 K = 14,036
K - - ’ cz_ .
c2

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 )¢ < Tys €y Cy >+ < Krl’ Kcl’ KC2> >
~ 12,291, 21.044, 14,036 >
path sz: < r2, c2 > + < Kr2’ Kc2 > +» <14,483, 14.306 >

The path probability vector is

p(s): < S1» 8, > > < 0.496, 0,511 >
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12, Compute the values of C for each path 5y and S, using Equa-

1j
tion 9. In the present case, the following is obtained for the path sy ¢

K., K

. - r1 Xe1 . 12,291 x 21,044
137 W, - K. )&_, - K_) ~ (21,044 - 12.291)(14.036 = 12.29T)
- 16.934

c - Kr1 %ol ) 12,291 x 21.044
23T W = K_D(&_, - K_) ~ (12,297 = 21.04%) (14,036 - 21.044)
- 4.2166
. - r1 %ol ] 12,291 x 21.044
33 7 W[ - K_)(K_ = K_) ~ (12,297 = 14.036) (21.044 - 14.036)
= -21.151
and for path 8y »
Kra 14.483
c,, = - : = -32.400
127 W, - Ky ~ (14.036 - 14.489)
K
r2 14.483
c,, = - = 32.400
220 7 T, - K,y - (14,483 - 14.036)

13. Compute the IUH using Equation 10. For the watershed 2-H, the
following 1is obtained,

h(t) = [C13 exp (—Krlt) + C,., exp (-Kclt) + C33 exp (—Kczt)]

23

p(sl) + [C12 exp (-Krzt) + C22 exp (-Kczt)] p(sz)

[16.934 exp (-12.291t) + 4.2166 exp (-21.044t)
- 21.151 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 (IUH) 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
min hr
0 0.000
2 0.033
4 0.067
6 0.100
8 0.133
10 0.167
12 0.200
14 0.233
16 0.267
18 0.300
20 0.333
22 0.367
24 0.400
26 0.433
28 0.467
30 0.500
32 0.533
34 0.567
36 0.600
38 0.633
40 0.667
42 0.700
44 0.733
46 0.767
48 0.800

50 0.833

h(t)
1/hr

0.0000
0.1954
0.2909
0.3124
0.2906
0.2489
0.2021
0.1579
0.1200
0.0893
0.0653
0.0471
0.0336
0.0238
0.0167
0.0116
0.0081
0.0056
0.0038
0.0026
0.0018
0.0012
0.0008
0.0006
0.0004
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 requirements 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. 1If 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=1,40)
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.

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 (F10.4,15).

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).

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),.

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 0O, optimization is not needed. When it is 1, optimiza-
tion is needed. KOPT is entered into cclumns 1-5 and read by
the format FORMAT(I5). From this point on, the card order is
dependent upon whether or not optimization is performed.

If optimization of model parameters is required, then specify
the number of rainfall-runoff events, designated by MOBS, to be
used in optimization. The format for reading it is FORMAT(1S).

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(F10.4).

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 1IPT = 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(315,F15,6,F10.4).

b. Specify initial guesses of the parameters denoted by PAR(I),
I=1,2,...,n, where n 1is 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=1,N) with the format
FORMAT (8F10.4).

c. Specify lower limits of the parameter values denoted by PL(I),
I=1,2,...,n. These are ready as READ(5,.) (PL(I), I=1,N) with
the format FORMAT(8F10.4).

d. Specify upper limits of the parameter values denoted by PU(I),
I=1,2,...,n. These are read as READ(5,.)(PU(I),I=1,N) with the
format FORMAT(8F10.4).

6. The lower aac 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:




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 whicu the rainfall event
occurred. This is denoted by INF., The read statement for this
is READ(5,.) (INF(1),I=1,20) 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(S5,.)RVOL,QVOL with the format FORMAT(2F10.4).

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 IT1, IT2, and QI, respectively. The read statement
for this is READ(5,.)(IT1(I),IT2(I),QI(I),I=1,NNQ) with the
format FORMAT(4(215,F10.4)).

Specify the number of runoff readings. This is denoted by NQQ.
The read statement for this is READ(5,.)NQQ with the format
FORMAT (15).

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(1),I=1,20) with the format FORMAT(20A4).

g. 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),Q0B(1),I=1,NQQ)
with the format FORMAT(4(2I5,F10.4)).

o

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(5,.) (PURP(1),I=1,40) with the format FORMAT(20A4).

b. Specify general information about the watershed, its locationm,
its type, etc. This is denoted by INF and will occupy one
card. The read statement is READ(5,.) (INF(I),I=1,20) with
FORMAT (20A4) .

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(5,.)A,W with FORMAT(F10.4,I5).

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. The read statement is READ(5,.,)MAX,0CM with the format
FORMAT (215).

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(5,.)(0C(1),NC(I),I=1,W) with FORMAT(16I5).

f. Specify the number of paths available in the watershed, denoted
by MS. The read statement is READ(5,.)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(5,.)PAT(I),MC with FORMAT(1615).
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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=1,MC) with
FORMAT (1615).

On a card specify the channel order, denoted by OC, The read
statement is READ(5,.)0C(1) with FORMAT(I5).

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
mav require several cards. The read statement is READ(5,.)
(NE(J),CL(1,J),J=1,NCC) with the format FORMAT(5(I5,F10.2)).
NCC signifies the number of channel elements of a given order.

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

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=1,NCC) with FORMAT(5(I5,F¥10.4)).

Specify the path number denoted by PAT. The read statement is
Read (5,.)PAT(I) with FORMAT(IS5).

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

¢ _ t _ &g _ C __ Cg
— C1 C3 _ C[‘ _ C5
_ C1 CLI» _ C5
_ C1 _ C2 C4 _ C5
C2 _ C3 _ CA - Cs

C2 Clb . C5

3 — %% — S

‘4 — s
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14, Here Cg is the trapping state. 1t 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 Cg for watershed G.

15. 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 Tis Toseens Ty Cl’ Coserer Cy is considered. For example, in case
of watershed G such an array can be written as

T1s» Tys Tas T,5 Cpy Coy Cqy €

A value of 1.00 or 0.0 is inserted in place of r, or cyo 1i=1, 2,..., W,

dzpending upon whether or not r, or c, is presen: 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, 0.0, 0.0, 0.0, 1.0, 1.0, 1.0, 1.0
Likewise, the entire structure of overland-channel flow paths can be coded as

1.0, 0.0, 0.0, 0,0, 1.0, 1.0, 1.0, 1.0

1.0, 0.0, 0.9, 0.0, 1.0, 0.0, 1.0, 1.0

.0, 0.0, 0.0, 0,0, 1.0, 0.0, 0.0, 1.0

1.0, 0.0, 0.0, 0.0, 1,0, 1.0, 0.0, 1.0

6.0, 1.0, 0.0, 0.0, 0.0, 1.0, 1.2, 1.0

0.0, 1.0, 0.0, 0.0, 0.0, 1.0, 0.0, 1.0

6.0, 0.0, 1.0, 0.0, 0.0, 0.0, 1.0, 1.0

0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 1.0
This coded information on overland-channel flow paths becomes input to the
prograit aud cyecified by I denoting the path number and PATH denoting an array

corresponding to overland regions and channels appearing in the path. This

read statement is READ(5,.) (PATH(I,J),J=1,WW) with FORMAT(15F5.1).

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 IUH

18. This subroutine computes the instantaneous unit hydrograph (IUH)

using the geomorphologic formulation. No input is read in this subroutine.

Subroutine CONVOL

19. This subroutine performs convolution of the rainfall excess with
the JUH to determine the direct runoff hydrograph. No input is read in this

subroutine.
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APPENDIX C: GMHS

RELEASE 2.0 MA TN DATE = R3132 23713729
C XXV EVREL X R EL LR R A KL XK TE R S & &
C L 2 MAIN PROGRAM (GMHS s Ek
C I R332 2R 2222t £ 22 222 2R 2 X2 2T
C KAAEEE ERKERE L L EECEREE R R AR XX KX XX KR A EE R KSR RSB EE K SR R S K R X ST KK FREX FR R ER B &
¢ #x%  THIS PROGRAM SYNTHESIZFS THE SURFACE RUMOFF HYDRNGRAPH USING  #%¢
¢ x¢¢  THE MONEL GMHS b
C “‘*“#‘t‘t&#t‘t*""tt#tt#ttttttt#t*f‘t“‘t‘t“t"#""“““‘t.t‘t‘t“
DIMENS TON ©URP (401 10BY(20) ,0BYTI20),KX {20} ,PRI1D)
COMMNN /8] /ARY , NA v%
COMMON 7PAR7A, 8, W
(nMMnN/pnM/1¥.Ex.wF,Kopr
COMMON 7ROSE /PR
PEAL KR
INTEGEP W, WW
C FEF R REFR RS XU RE RO U RECR RS RR SRS AL EKSE ST SR SR SSRGS AN TR KX
¢ *s%  FAC COMVERTS INCHES TO CENTIMETFRS a8
I *x¢  CF CONVERTS METERS TO FEET %
¢ *x¢  PYPP[]) SPECIFIES THE PURPOSE OF THE PROGRAM  s&%
C REEETE KSR XXX KRS AR XE KA LR RS ER KL RE R E KL KK E X RS RKE KR KX XX S G & XK
CF= 3.2808
EAC= 2.54
READ(545) (PUPP(T),1=1,49)
FORMAT { 204 4)
WPITE(6,10) (PUPPLT) 1=1,40)
10 FNRMAT (5X, 20A4)
C FEE S KK XK N X E XS R X SR XS AKX E LKA K SE SR KA KX KK A KRR XX R KA KUK kK S &
3 **% NN SPECIFIES THE NUMBE® OF RASINS UNDER STUDY  #%%
¢ sx+ DT SPECIFIES THE TIME INTERVAL OF COMPUTATINN  ##%
C EERCEL REB R C RSO LR XL R A K EE X AR S KA R G L KA K EE LB RKERY KK EE kT E KK
READ(5,35) DT, NW
35 FORMAT (F10.4,15)
WPITF{ 6,450 DT, NW
45 FORMAT (5X, *TIME INTERVAL FNR COMPUTATICN IN HOURS 1S =7,Fl0.4/5X,
LITHE NUMRER OF WATER SHEDS FOP STUDY 1S=7,15/)
]
[of L33 X2 LR 223222322233 R 2222223 R TR R 233232222222 222 22222322 8 2 B
¢ #3¢  NOBS [S THE NUMRER CF RAINFALL-PUNOFF EVENTS FIP A RASIN #¢#
C 122 2 P22 22 R R 22 2 233232213232 FF R I B IS I RS 23 2SS R R 2 N
PEANIS,25) NOAS
25 FOPMAT{T5)
WRITE( 6, LOOINCHS
100 FORMAT { 5X, "HUNMRER Nf RATNFALL-PUNDFF EVENTS AVATLABLE ON THE
IKATERSHED ="y [5/)
C E2 3 221 R 2 22 8333 S22 22232223 2232322 R332 22232 22t 22 Sy
¢ & AA 1S THE PHILIP INFILTRATI6N PARAMETFR \PPPOXIMATELY %%
¢ “s%  EQUAL TO THE SATUPATED HYDPAULIC CONDUCTIVITY s s
C *«xx  EX=EXPONENT IN THE LAG-AREA RELATTON s
¢ sk NXM IS THE NUMBER OF COMPUTATION TIME INTERVALS *as
C FEXXEE R XXX RS KRR XX XL KX KR L E KRR SR XK L AR KX X R EA S KRR EX KA XK GRS E R R XL &
READIS,80)AA,EX,NXM
80 FORMAT (2F10.4,15)
WRITE(6,1100 EX
110 FORMAT (5Xy VEXPONENT IN THE LAG-AREA 2FELATION=",F10.4/)
AA=AASTAC
WRITE( 6, 105)NXM
105 FORMAT (5X, "NUMAER OF COMPUTATION STEPS IS =*,157)
WPITF( &, R5)AA
85 FOPMAT{5X, 1PHILIP PARANETEP A(CM/HR)=',F10.4/)

Ccl




PELEASF 2.9 MA IN NATE = 23132 23713720
READ(S , 1S}KNPT
15 FApRAT [ [5)
CALL RASINCA, ™S, W, W)
IFIKOPT.FQ.0) 6N 10 20
WRITE(L6,65)IKNOPY
65 FOPMAT (3K, 10PTIMIZATION OF PAPAMETERS IS PrQUIPSD AND OPTIMIZATICN
v
C TR LEEREE LR ELEE RO T R R SRS L S X ARG ER XA AR R A B R S A A R FEKE K E N ARG R XAk FE K X G
¢ $£:  DEFINE THE 1UMREP NF RAINFALL-RUNNFF EVENTS TC BE USED I s
¢ ss&  QOPTIMIZATIO PR
¢ sex  WDOSSWOMBES OF PAINFALL-OUNOFF EVENTS USED IN OARAMETEP see
¢ s«t2  (PTIMIZATION xsx
C SRR LR T FE R S & t‘t#“#t#“&t“*f‘#t#*#*l‘ttttﬁ‘*tt‘t“ttt.t‘*t#"l“
READ(5,25) MORS
WRITE( 6,30) MORS
30 FOPMAT(3X, YNUMREP OF RAINFALL-FUNNFF FVENTS FOR OPTIMIZATION IS'
v
EALL EXOP(MIRS (NXM,AA,A)
NORS=NORS-MOAS
60 In 79
20 WRITEL6,751KQPT
75 FORMAT (5X, "PAPAMEYERS APE KNOWN AND NO NPPTIMIZATION IS MECESSARY'/
15X, *MY OPTIMIZATION CNDE 1S*,13/)
C XEE XL AL E N R TR LK ST LE X R PO AR AL R R R L SR XS S S KL LS RB RS S SRS EE R EE Rk
c sx%  PAR IS THE PROPCRTIONALITY FACTOR AND FX THE EXPONENT [N  ®%s
¢ s8&  LAG~AREA RELATION WHFPF APEA IS IN SOQUARE KILOMETERS AND  ses
¢ *xx  KOPT IS ALSO USED AS A CONTRGL FOR BRINTING QUTPUT [N A e
C (22 LAG TN HOURS L2
¢ #x%  GIVEN SURRDIJTINE P
C (3223 B2 22 8 223 33 31 1R I 2 TS R P E T R TRl R R E 2222222 3T RS YT TRISIRIS T
READ(5,55) PAR
55 FCPHATIFIN.4)
WRITE( 6,60)PAD,EX
60 EDEVAT (AY TRAPANETER ALOWA 1N LAGIHDS) AREA(KWES2) PELATION 15=',
1F10.4/5Y,% EXDONEMT IN LAG APEA RELATION [S=',F19.4/)
READ(S, 25)NOPS
T CONTINUF
KOPT=0
ARTTFE( 6, 9618085
Q(zllif')_i/";\/\T(%X.'FUHRFP NF PAINFALL RUNNFF EVENTS Fre oorn[CTICN [ISY,
Pl
PAR=PR (1)
CALL LAG(A4PAR,EX,KR)
CALL HOLDCMS yWg A Wiy KB yKOPT)
CALL TUH{MS, WweDT,KOPTI
Bh 40 i1=1,H0RS
FALL PPECIP{NNQsDT,AA,OBQs0BOT ,A)
CALL XDATA (NNQ,NXMIDT)
CALL CONVOL (DT sNXM7QP,QPT,KOPT,A)
AFR 6= 0BO~° 1 /ORN
QTERR=({ORQT-QPT) /0RQT
WRITF{6,115) 0ORQ, 00, QERP
115 FORMAT (5X, 1ORS.PFAK DISCHAPGE{CM/HR)=' ,F 17,4 ,2X,1COMP. PEAK
IDISCHARGE=" ,F 10,4, 2X, "RELATIVE EPFNR=,F1N.47)
WPITF( 6, 1201 PRAT,OPT, QTERP
120 FORMAT(GX, 'OPSPEAK TIME (MIN)=' ,F10,3,2Y,'COMP, PEAK TIME (MIN)=
19,F 1043, 2%, \PELATIVE ERROF =0 ,F10.47)
40 CONTINOE
c2




RFLEASE 2.0 MA IN NATE = 83132 22747728
50 CONTINUE
sTOP
END
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RELEASFE 2.7 rxop

[alalzlalalalalnlelalel [glalale]

lalglglels]

DATE = 83132 23713729

SURPNUTINE EXOP(“ORS ,NXM,AA
tt“#ﬁttt‘.#‘t.‘t.tt‘t#“#“tt“tﬁ“‘tt.““.*"“‘*““““t“.“
#¢%  THE PUPPNSE OF THIS SUBROUTINE IS TO PROVIDE PFRTYINENT  #%e
***  INFOPMATION REQUIRED RY THF NPTIMIZATINN ALGORITHH, swe
EEEE S EARE L RS X EE SN XK AR RS S L EC AR RE RS A XL KSR SR CR RS S L EF KE KRR EE S ¥ s 0 %Kk
(OLMENSTON TYL1001,Q1 {100 4X(2000),P(1041000)+PARCLO}+PLLIO),PUL1O)
NX (2812 0BY (201, 0BVT (20
Laln oriZal®
cnnunwlpnv/of,rx,wF.xopr
COMMON Z0RJ 70RY sOBY Ty NX
COMMON7PARA/D AR, PL ,PUI
COMMON 7V SX /X
INTEGER iy W
READIS s SINyMSTHIPTLEPSy WF
5 EORMAT (31537 15.6,F10.4)
SR TR AR T L RE EREREE R KA E RS EE A L X AR R KR E KX AR KL AF KKK RN KRS KE EE kX
s%%  N=NUMBRER OF PARAME TERS s
4% MST=NUMRER GE'STAGE SFARCHES DESIRED e
#%%  [PT=0--——ONLY THE FINAI PAPAMETER VALUES PRINTED PP
wtr  1PTo 1 TNTERMEDIATE WALOFS GF EACH STAGE SEARCH PSINTED 4%s
s&%  [PT= )-~—~INTERMEDIATE VACUES OF EACH CYCLE SFARCH PRINTED #ee
sss  EDS-PONVERCENCE TOLERAM EUBRSED GM THE CHANGE DF THE e
%% (OBJECTIVE FUNCTION "
s*%  WF= WEIGHTING FACTCR YO BE USED IM DEFINING OBJECTIVE P
**%  FUNCTION say
SRR E B EN EXEX AR NN XX LA R R E XS R SE SE KK KA S XSS AN SR KK XX KL VSRS S X KR SRR R R KK
WRITF(6,10IN,FPS
10 FORMAT (5%, 'NUMBEP GF PARAMETERS =',15,3X,'CONVERGENCE TOLERANCE
ILIMIT=*,E15.7/)
PITEL6,15IMST,IPT
15 FOPMAT (5X, *NUMBER OF STAGE SEAPCHES SOECIFIED=*,15,5X,'CNDE FOR
IPPINTING PAPAMETEP VALUE S=*,15/)
WRITE( 6945 )HE
45 FFRMAT (5X, "WEIGHTING FACTOR USED IN DEFINITION NF ORJECTIVE
LFUNCTION=Y ,F10.4/)
22 S 332222 3222222323322 32222228 222322322 23 %32 1]
2% PAP(])=INITIAL GUESS OF ]~TH PARAMFTFR #%%
#tx PLIT}=LOWER BOUND OF [-TH PARAMETEP PP
#x%  pUY([)=iPPEF BOUND NF J-TH PARAMETEP PP
F I3 222333 2 F 233332 23222323222 2382313222322 2238 22 34
READ(S y20) (PAP {11y I=14N)
20 FORMAT{AF10.4)
REAN(S427) (PLLT)yI=14N)
READ(5520) (OU({T1)sl=1sN)
WPITE{ 6,25) (PARTI),T=1,N)
25 FORMAT(5X,* INITIAL PARAMETEF GUESSES ARE' ,8F10.4/)
WRITE[6,30) (PL{I),I=1,N)
30 FOPMAT(5X,* LOWER LIMITS OF PARAMETER VALUES ARE®,8F10.47)
WRITF{6,35) (PUCI} 1=1,M)
35 FORMAT (5X, 'UPPEP LIMITS OF PARAMETER VALUES ARE', 8F10.4/)
DO 40 I=1, MORS
CALL PRECIP(NNQ,DT,AA,0BQ,0BQT,A)
0BY (1) =08Q
QRYTII)=08AT
CALL YDATAINNOQ G NXM,DT)
NX{ T )}=NXM
DN 37 J=1,NXH
37 PUI,J)=XU3)
C4
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40 CONTIMUE
CALL BROSEN(N,MST,IPT,EPS,MOBS)
RETUPN
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RELEASE 2.0

OOOOON O [alnlale]

[aluial OYNO
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22
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55

BASIN DATE = R3132 23713729
SUBROUTINE RASIMLA,MS,WeWH)
.#“##.3“2¥tt"‘*‘*'£t'ttt#t‘.‘.'tt*#“’t*tltt*“.“"*".““t‘t.

*x&¢  THE PUPPNSE QF THIS SURROUTINE 1S TO PONVIDE PEPTINENT PO

*x%  GECHORPHOLOGIC INFORMATION PEQUIRED AY THE GMHS MONEL P
FEEKREE R LELE AR ERE AR QAR KL KR EE XX AR RE KK KR KT E R E A KT R U R X R K XX R KA K REEN SR &
DIMENS ICN PUPP (401 o INF(201 yNC(20 15 1C J(20420) ,CLE20,501 +ALL 2010
1AC( 20,530, SA(20),AR{20)9PCU20,20)MF(20) 3PS(30)1,PA(20) 3PATH( 20,27
14PATI27]),7 1020),CJ(20),ACE20) JNE (3D)

LoMmoN 70%E 7AR  NE VAL

COMMPY 7TWE 7oAt H, BS

INTEGER WoWhof 15CJ4PAT,0CM,0OC

o e

EEELEE S E XS R UE ER KO R R RS C R LR KR XX XK EE FEEC KRR K R S E R BET R K

st PUPP(1) SPECIFIFS THE PUPPOSE DF THIS SUBPOUTINE  %ex

%% THNFL]) GIVES NAME AND L OCATINN OF THE RASIN at

AT XN TSR R L RR KR K E R KL X R R kL X X RS SRR S X R E S K S X RE KL R A K E KK

READ(545) (PURPUI) I=1,40)

FORMAT ( 2044)

WPITE(6,5) (PURP(T),1=1,40)

READ(5,10) (INF{1)o1=1,27)

FGPMAT 1 734 40

WRITEL6,15) (TNFUI),1=1,20)

FORMAT [ 5X; 2044)

XK SRE R ELE R RRXNRBE KX R R IR SRR R K AR LIRS KRR R EARLE L XL T EX SR XX A S A KX SR KE kK X
%8s THE LENGTH AND ARFA ARE IN KILOMETERS AND SQUARF KILOMETFPS  se#
ss%  RESPECTIVELY.IF NOT THEN CHANGE CFF AND COEF FROM 1.0 TO PO
*x&  APPROX [MATE VALUES e
e¢x A DFMOTES QASIN AREA. IF AGFA IS NOT IN SQUAPE KILOMETE®S s
se¢  THEN COMVFPT IT TO THESE UNITS robd
S LEE SR E R SR EREC SR SRR R T R L E R R KF KA SR FX KX KK R KR A SE AR RS RS RN URKE RS KK &
READ(5,427) AywW

FORMAT (F1N.4y15)

A=AXCOEF

WPITE(H,21) AyW

FNPHAT (2%, 1aNSTN AREA(SQ KM)=¢ F10.3,50 1CRNER OF THE BaSIN=',15/)
132232 B2 2222 23 22 2 I R T 2 P F 22 P R T 2 St R Rt 22 P2 S P2 P2 IR RTITIR R 2SR IR T RS
*66 DL GIVES THE CHANNTL NRDER WHICH HAS HTGHEST NUMBER NF THE  tes
t2+  ELEMENTS DENATED RY MAX e
AREXER FLEERLCC R RO ER R BB AL R ER R EEXTERE XK RS EL AL R A RS R R AL K kK K SR RN A &
READ(5,22) MAX,OCM

FORMAT [215)

PITF(6,25) MAX,0CM
(FORMATI5X, "MAXTAUM NUMBEP OF ELEMCNTS=',1542X, "IN CHANNEL OPDER=',

(22 2212322 22 22 23 23 222323332 RT3 23232 R T 2222223222232 F 22 TR

ss¢  NC ]S NUMBEP DF CHANNEL ELEMENTS AND DC CHANNEL CORDEP =4

(2 2 223 R 22222 R IR 223 X233 34 R 22 -2 3222223232223 23 2232322222, 33
READ(5,30) (DC(I)yNCUI),I=1yW)

FORMAT {1615)

WPITE(6,35) (NCETYNCU(T),T=1,W)

FORMAT (5%, "CHANNEL GROER=',15,5X,'NUMBER OF CHANNEL ELEMENTS=',15)

XX ERE EALCE R ELRE R XK RS G R RS LR R R E AR K R EK ER KR E DN AR K E R R XK S E R X TR RE S kX

##3  CCMPUTE THE NUMBEP OF POSSIBLE PATHS IN THE WATERSHEDS  # %=
FEER AL R EE AR KN RF AR EE K AR X AR SRR AR EEN SR SRR KA R KRR N ES R EE SR ES & &

MS=2%& (k-1 )
WPITE(6455)%S
FOFMAT (5X, *NUMBER OF POSSIBLE PATHS 1S=',15/7)

Cc7




PELFASE 2.0 RASIN DATL = R3132 23713729
C SEEREN RS YL AR EARY XS CE XD AR X R XK RE AE XX DA RBREEER AR AR ERE SRR EE SRR ER
¢ s«%  READ THF NUMRER DF AVATLABLE PATHS IN THF WATERSHEDNS  s##
c REEXEE R XS R XK EERE KRR R R R RS R G EF R E K R KR L R A SN KK R R RS EK AR RN S E X R F &S
EAD(5,137) MS
130 FORMAT(I5)
PITFI6,135) MS
135 ENPMAT(5X, "NUMBLR OF AVAILABLE PATHS IN THIS WATERSHED [S =',15/)
C SEESE TN E R YRR R EEREE R AR R L SR KR S KE R S KSR KRR KRS AR KK RA R E SR AR EK ARG S AR ST 4 X
< s&x  SPECIFY THF NUMBER OF CHANNELS OF NRDCR I “ERGING INTO CHANNE s&x
¢ s LS OF DRDER J ACCOPDING YO THF ACTUAL OATH COMPGSITION b
C k& PAT DEMOTES PATH NUMBRER L di
¢ ss%  MC NENNTES NUMBER Of MERGER “ex
c axx  CI AND 1 GENOTE OPDEP e CHANNELS 1 MERGING INTO NRDER xs
¢ *rx  [F CHANNELS Jo. ICJ IS THE FUMBER OF CHANNELS MFRGING st
¢ sxs  PC [S THE PROPORTION DF CHANNELS OF ORDER [ MERGING INYO ppe
¢ ssx  CHANNELS OF ORDEP J xen
C EEEE R XL EX AR S U N R RN ER AR KRR L SRS SR RS LK RE KR RA XA X R R KK RS KX S A XK SRR EE AR KR KB H
N0 36 1= 1,.MS
READ(S ¢37) PAT{1),MC
READ(5,37) (CI{JI3CIUIN,1CIT,d) yJ=1,MC)
MEL{ I )=MC
37 FORMAT (161 5)
WPITF(5,39) PAT(I),MC
391$?RMAT(§X,'THIS PAYH IS = *,2X,15,2X,"NUMBER OF MERGEPS IS',2X,15
WRITE(6438) (C1(J14CJ0I) 4I1CI(T4J)yd=1,MC)
C EEE R XS E XXX REER AR X R A S XL R AR AR RE R KR XX KX R C R R KR RN EE R XY SR EEEE XK X
¢ s«s&  COMPUTE PPOPORTION OF CHANNELS OF ORNDER | MERGING IN TO PP
¢ s«xx  CHANNELES OF ORDEP J ACCORDING YO PATH STRUCTUPE pape
C EXREEE X RA R ERKER AR RA ES SL RS L CER R $X SEEE XL SK XX A S LU R K KX KR AR SR S X SR L Sk Tk
N0 95 J=1,MC
JJ=C U I
PCIT, )= FLOATIICJ(I J))/FLOATINCLII))
95 CNNTINUE
BRITECO 10D (CT (SN sCIEI) PCL Ly 1) gd=] 2 40)
100 FOPMAT [ 6X, i PROPOPTICN OF NREL ST 0F nnnen'.zx 15, 2X, *MERGING INTD
1 CHARNEL S  OF PROER +o x0T 5 X i524 0810, 0 )
36 CONYINUE
38 | ORMATOSX, tNUMBEP N CHANHELS OF ORDER®,1X,12,7X,"MERGING INTC CHa
LNNELS NF ORDER g 1Xy1251Xy" [S=0,2 %, |
C **‘t“lt&‘*"*t‘t‘ttt"‘**‘t‘*’*“"’tt
¢ 2% SOEC [FY THF CHAMNEL LENGTHS 2%
C b2 2 2223 232 23 232222 RT3 2222222222t
NO 41 I=1,W
NCC=NC (T}
READ(S,880) OCUI)
880 FORMAT{15)
C SEE R R XXX E RN E XL BE RS R KX L AAXR XX R R X XL R R KPR KR R SR EE AR XA RN KRR R R A R KX
¢ $43 NE IS THE SEQUENCE RUMBER ASSIGNED TO A CHANNEL ELEMENT OF A %s
¢ *e¢s  GIVFH ORDER AND CL THE LENGTH NF THIS FLEMF ses
< 2 If CL TS NOT SPECIFIED RN I UonETeRs STRER " EORVERT 1T To THESE 12
C XXX EE EX SR R XD ERERY A EREEERKE K SR SR K A XX B E AR XA KN KE KX SRR R NS SR CE R SRR &S
READ(5442) (NE(J)oCLUT,J)yd=1,NCC)
42 FORMAT{5(15,F10,2})
WRITFU6,43) OCI1)
43 FOPMAT (5X,; "CHANNFL OPDER 1S =',2X,15/1
DO 140J=1,NCC
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FELEASFE 2.0 BASIN DATE = Rr3132 23713729

147 CLL{I4d)=CLUI,JI%CFF
RITFi6,44) (FIF(J)sCLIT,J) pd=1,NCC)
44 FURMAT (5%, *CHANNFL "ELEMENT "NUMBEK=4,12,2X,
1YELEMENT LENGTHIKM)=S,F10,3/)
41 CONTINUE
C EESE EELE XX P E RS Kk KR KSR R XX EE RS SR C R KRS RT AR KR SR S S XK KX XK XX E KSR KX
¢ rox TONPUTE AVERAGE LENGTH DF CHANNELS OF EACH ORDEP . axe
C (222 i 2222 R 223323 2R 22333222322 2223322223822 3 F 21 223733
DO 46 I=1,W
SUM=0,0
NCC=NC (1)
N 49 J=1,NCC
su= SUMECL (1,40
49 COMTINUF
C I I I 23 R 33X R 2T 22222232223 22232 S22 2222333 22233322132 F 2322322128322 % 2
¢ *¢& AL IS THE AVERAGE LENGTH OF CHANNELS OF A GIVEN ORDER s
¢ $rer  AC IS THE DRAINAGE AREA OF A CHANNEL ELEMENT.TE THE AREA 1S tx%
c s«x&  NGT IN KILOMETEPS THEN CONVERT IT TO THESE UNIT s
¢ *s%  SA(1) IS YHE OVERLAND APEA GOF ORDER I xs
¢ *et  AP(]) IS THE RATIO NF OVERLAND AREA OF ORDER I TO BASIN sex
C L33 R 23 R 2232322233 323 X3 3323 22233 F T P13 23232223233 332222222222 722232 2 2]
AL( 1)=SUM/NCE
46 CCNTINUEC
WRTITE(6,46T) (T,ALCIY,,1=]1,4W}
47 FORMAT (5X, 'CHANNEL ORDER=%,2¥%,15,2X, 'AVERAGE LENGTH=", F10.3/)
C XX XX R XL KX S XX RS XL XX TR R X K EE XK RER K KR DA EE
¢ xvk  SPECTFY APEA DF EACH CHANNEL ELEMENT . 4es
C EREEXX FEL AR R AL X ER DR A E R KK E R K XX XK KX RS XS ARk S K
DO SO I=1,h
MCC=NC (1)
READ(5,8R0) 0OC(I)
READ(5¢47) (NE(J),ACIT 40}, J=1, NCC)
40 FOPMAT(S(IS5,F13.4))
N0 145 J=1,0CC
145 AC(14JV=ACLT,J)%COEF
WREITEL 6,451PFT 1)
45 FORMAT(SX, 'CHANMEL GROFR IS =%,16/)
WPITE(6,6R) (MELJ) ¢AC{Igd) yJ=14NCC)
48 FORMAT (5X, *CHANNEL ELEMENT "NUMBER =% 42X,15,2X,
15X, "APEA" { SO KM)=*,F19.3/)
5o CORT INUE
C A ERERX XA E R LA LR AT R KL X ESX SR AL RS KX X B RAEX AR L LR E XX KE R EE SN A XX X S XL KK E S S
¢ *s+  COMPUTE SURFACE APFAS OF CHANNELS OF EACH ORDER AND THEREFORE  s%#
¢ % (OF EACH PATH xs
¢ *x&  COMPUTE OVERLAND APEA OF EACH PATH et
C AR ELE A AXFE TR R BYEE AR EE KR A EREEERE KR R E R X R R IR KR KK TR RS RS K E K AR K FE K R E Sk R S &
N0 56 I=1,W
UM=0,
NCC=NC (1)
nH 57 J=1,NCC
SUM=SUM+AC (T, 4)
57 CONTINUE
SAL[)=SUM
AR(1)=SAL1)/4
56 CONTINUEL
WRTTE(6,85) (SAUT)0CII)4ARCE) oI =1 W)
85 FCPMAT (56X, YAPEA OF PEGION(SQ KM) =% fF10.2,2X, 'OF OPDER=?,15,2X, P AT
110 OF PEGION ARFA TO BASIN AREA =*3F10:4/)

Cc9




RELFASE

C
C
C

[alalalal

6

5

1192

ot —

o) -

o

2.0 BASIN

2EEXBE FL XX XXX SE XX RS KO XX KX R R FE XX &

e SPECIFY THE PATH MATR}YX 'Ty
P I R e T T T o

5

,_
>

NATFE

= R3132 23713729

XEEEUARE AR SR RACAXBEOLER AR AXEXK L L SRR SR AR LS LS AR RE SRS R SR &
IS _THE PATH MATRIX WHOSE DIMENSIONS WNULD BE NUMBER OF #t%

[ 2 2

EEEXEL AR RE R AR LA KX X S RE KX R E S L KR E R KR X C AR XSS C RS K R AN X XL KK X

'y I1595X,*PATH PROBABILITY=",Fl0.4/1}

Wh= 2%

WRITF( 64651

FORMAT (5X; YTHE PATH MATPIX 1S AS FOLLOMWS®/)
0 75 1=1,MS

P23 2322 22 34

£ 334 PATH

*tt PATHS X TWPENLD BASIH ORDER
skttt k

PEAD(5 ,61) PAT(I)

FORMAT { T5)

WPITF{ 6,711 PAT(I)

FOPMAT{5X,y 'PATH=',12/)
PEADIS,62) (PATH(T,J) 4J=1 4WH)
FORMAT ( 15F5.1)

WPITE( 6570 ) (PATHUT o) ¢ J=1yWW)
FORMAT{ 5X, LOF10.1)

CONT INUE

DC 129 T=1,4MS

D0 125 J=1su
TE(PATHU1,9).LE.0.0) GO TO 125
PA{1)=AP(])

CONT INUF

CONT INUE

A0 105 I=1,MS

TEMP=1.0

MC=ME( 1)

DO 110 J=1,%

PROD=PCI 14 J)$TEMD

YEMP=PR(OD

CONTINUE

PSIT)=TEMP®PA( [)

WRTTF(6,115) 1,PSUT)
FORMAT (SX, TP ATH NUMRER =

CPNT INUF

FETUR

N

D

Cl0




RELEASE 2.0 LAG DATE = 83137 23/13/29

SUBROUTINE LAG(A.PAR JEXyKR)

C SRR EEE B EE R EE R EKE R & & ;‘## 33333 - RISt 212 232222 33222 2 51

¢ *¢%  THIS SUBROUTINE COMPUTES THF RASIN LAG TI%F  s=2¢

C XX R R X EE LA A X AR CE AR L R XA I KX KL SO KL KA R SN A SR L H O X
REAL KB

C P23 232 R332 PRS2 RS RS R R R R 222332 8 2

¢ #%%x KR [S THE BASIN LAG TIME TN HOURS  *x=

C ELE SR EXNXE LT EREBE KR RIS R ER LR AR AE KL KR R SR R KL
KR=PAR*A*%EX
WPITF( 6,5)A,K3

512?%M3}§§x.'9A51N APEA IN $Q KM =%,F17,3,2X,"®ASIN LAG IN HOURS =9,

RETURN
END

Cll




RELFASF 2,0 HOL D NATFE = 13132 23/13/729
SHBFUUTINE HOLDY WS’kyA‘ Wy KB 4 KOPT)
C CAEEAE TS E A E R LA DR AR E LR SR AL AU RE R R C AR AR R AR R AR AL LA B LA S AR AL AL XK SR #R L P 07
r i THIS SUSPOUT INE COMPHTES HOLDING TIMES OF OVFRPLAND AND CHANNEL a2
C bkl FLOW FEGIONS bd
C SEXXLERTLX KK TERK AR SEFERE LR AKX EE AR XX RERL AL AR AL EXIK AL LA RR KR EE SE K G+ L

DIMEMNSTOMN KR{20),KC{2714 AL 1201 NCL20) KKI20),4R(20),PATH(20,20),

1PS{ 20)

IRTEGER WyWwW

PEAL KR, KE | KK, KR
COMAN ZONE JAP 3 NE AL

COMIAON 7T /PATH,PS (KK
#ttttt#*#tt*%‘#tt*t“#t**ttt#ttttt#tﬁttt#*t*#ttt*#tt**tttttttu‘t#ttt#
*&%  SET UP LOGIC FOR COMPUTING HOLNING TIMES FOR CVERLAND AND  £s#
=e%  CHANNEL PEGIONS ez
CEELAL KXY S ER R L C L R TR R E R RS L L ER XY R AL AL AT X T A S SR RE A R S KRR e K &
NG 15 J=1

Km.n-(.:nlJ)tnuz.mucu)*uun)**(1 0/3.9)

1=AL {J)%%(1.0/3.0)

[alalaln]

ol A

[
1%
(9
Tt :xmx-d--c

we

NN
-~ -
— e
— - 5
2]
o
-
Q
N
wn

[o]%,]
X
NDIRDIDXMIOND

N IHNAOT R I K
=3
(IS, -0 ot T T SR [
D e Deawe et t
. -OZN
—~OMO Ve i MY
~ ..
=z

==
VN4~

PT=S(M = (1
SSUM=SSUM+PT
S CNNTINUF
EEERLEELRE XX LR KL EE AN SRR K AL KL XL KL TR AR AR LR KL AKX KA LXK RE KB SR KK EE RE R XX EE LL &
rE e NDETEPR'YINE THFE COEFFICIENY AG APPEARING I THE HOLDING TIME tx
Ex% FFLATIONSHIP b
EERARE FETE XL CEREBE AN S L RRELEL SLEEB AL LR TL KFLF AL T L XA R T L SR REE T ERR KR *F KL %
AG=KR/ SSUM
G SR EER R TR IR XL AL XK A A LB CE AR AR SR B RRE R E L R AR A X CR KL TS O S L XX AT AT T &
LT3 DETFRMINE THE HOLDING TIMES OF CVERLAND AMD CHAMNEL PEGIONS #*x
tttttttt#ttttttttttttttttttttt*tt#tttttttt*t##tttttttttttttttttttﬁt#tt
pDC 37 1=1,
TFMP l. OI(KK(()*AG)
Kkt l)

[alale i leiale]

(e8]
=]
)
mno7
z~
—
-|=QZ
[ Yo TOREE Yo B a2 1Y
Ve & TIM
X P XWZ X
- MmO
.t
o=~
P
me Q)
TRD
~x
Iw oy
Zem
O~
-\
bolonl )
mi
Gy
-
ox
-

Ve 1X eI 5,5Xy *HOLDING TIME(HOURS) IS=',F10

.,_.
e
—X

[y KKUT#W}
v "CHANNEL ORDER IS=%¢42X+1542X4*HOLDING TIME HOURS IS =¢,

O¥x 0
27D
e
24N —TAX

Ve P =MD DTS
TN
m N )

C e
<

C12




PELEASFE 2.0 HNLD DATF = 83132 22/47/28
END
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PELEASC 2.» [UH

[alalalal

[alainlslal

[alnlal

A5

25

2n
15

45

—

DATF = PA1}32

SURPOUTINE TUH(MS , WW 4DT,KNPT)
FEOPP ST YO P NS |

23713729

XEERACEX RS DR EE EL XK EE KR K L SR CE P XL RC K E R UV A RS EEEE S K R K

L2 2 THIS SURRQAUTINE COMDPUTES THF INSYANTYANEOUS UNIT HYDROGRAPH b bid

txe USING GEOMOPPHIC FNRMULATION

*%z

FEXEUEREAD AR AR ELSERE AR KRR ER ST FE DR SRR L CARE KRB A AR ST AT S X AR KR EERECH K L&
DIMENS TOM PATHUI 20,200, KK (2D} NKE 20),C(20,20) 4PS(20),H(2000)

PK(20,20Y,TT(1030)
OFAL KK
COMMON /TWO /PATH,PS KK
COMNM /THR EE /H y NH
IMTEGEP Wi

XS SR XL LR AL AL RS LR ER AT LN RE R EA B FE L LR KR ACAE LA KB A RS X B R GLL L LR AT AR AR R K S E 32
tet NETERMINE THE COEFFICIENTS C(I,J) FCR FACH PATH, THIS RFOUIRFS &xe
NTS ASSOCTATED WITH * e

£33 AMOTHFP DFTEPMINATICN OF MATRIY NFr COFFI
Ldhda EACH PATHJ,IN THIS MATRIX ONLY NCONZERO VA
FEELFE L AT RLAEREXE AR L L LA L ER 2N KY kE KBS - e Kk Sk KL
KNUMR= 1200

DO 5 I=1,MS

1J=0

00 10 J=14kw
IFIPATHUI, J).LE.D.0) GO TC 10
[J=TJ+1

PE(1,14)= KK(J)

Mkl I3=1

CONTINUE

CONT IMUF

DO 15 1=1,MS
NKK=MK(1)

TEMP=1.0

DC RS J=1,NKK
POCN=TEMPHPK{ 1 ,J)
TEMP=PRND

CONT INUF

DO 27 [K=1yNKK
STNR=1.0

AN 25 J=1, NKK
IF(J.EN.TK) GO TN 25
DENZETIS#{PKIL 4 J1~-PK (T, 1K) )
STNC=PFN

CONT THUE

€U, 1K )=PFOO/STOR
¢onT INUE

COMT INUE

XX XXX LR R EEEECXERERR TN G K X

% COMPUTE THE [UH bbb
EEE X ERERE L XA RN R RR KR AT L R %

EXPU-PK(I,41*T)2PS(])

Cl4

C
L
*

1€
Ut
%

S
x

VILL BE PETAINED Ext
EEHERTSERCEREL KL EH SR L £2
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RELEASF 2.0 PREC 1P NATE = A1132 237113729
SUBRPUT TME PRECIP{NNQ,DT,A4,78Q, DDCT,4)
C **tt##'t#**‘t#**##**‘t*##t#t*#t&“‘#3‘8‘##“tt't'.‘t‘t"*“““*t'*‘t
¢ &% THIS SUBPOUTINE CNMMPUTES RAINFALL-EXCESS AND ARRANGES THE  **%
¢ *x2  [MPUT [M A PPOPEF FASHION ses
C SEESEC R ERLE R CE SRR R L XREN AR KSR RE EE SE A KA KRR EX AL KL AU RE E R KRR EX KT SR KX RKE KRS X
DIMEFS INM IT1(100),1T2(1090),Q1 (1091, T1(102),¥(2009)
1,INF(20) JTQ1(207,3702(2001.72(200),0CR1292) 4 INFOL20)
2:PHI{1INA]
NN /VS/TI.NN
COMMO, PVSX /X
COMMON /VDS /PHI
C EEXREE L L L E KK ECR R AT LR RS E LR T L AR K E LR R E N L A X S AL L ER KX XSS S S Ek %
¢ st% FAC=2_54, (NNVERSION FACTOF FROM INCH YO CENTIMETERS e
C BREXLEGE AL RN RS LR R LR C RS R AE TR R AR KA R E S L AL S R LXK EL A S KL AR R R S Rk FE S0 &
FAC=2.54
C LR AR LL L AR E L LD A XS R E AL FERE LU RE R AL KL KR AR E LA SRR SECEEE CHEEEE KK
¢ *#%  PEAD RAINFALL INPUT. TIME IS5 IN HOUP-MINUTF SYSTEM , AND %
c sxe  [NTENSITY IN INCHES PEP HOUP P
€ *xx  NNO= NUMRER NF RAINFALL READINGS .
¢ *xx¢  S= SORPTIVITY, PARAMETERS IN PRTLIP INFTLTFATIAN MODEL PP
C AR XL AL R R RR R R X EE KRR TRk H K SR KK ST K E XL RE K SRR EE AL A G RE G Rk &K KT
READ(S5, 1) MNNQ
I FORPAT(I5, 10X¢F10.4)
WRITE( 6,111 NNAQ
11 FORMAT (5%, NN OF RAINFALL READINGS®,15/)
C ELEXEEEEEXE A RE AR EXRE KSR LR KRR YLK LA RE KL KR CE KL XC R ANE AR AR RE R KK KY
¢ *#t*+ [NF= DATE OF THE EVENT AND THE WATERSHED IT OCCURED NN %=#
C EREEEEARA R EREDREKER AL R L KR LKA R AR K KSR K E XX EE A KR K KRR E R A SR KN KK KE
READ(S5,3) (INF(1),1=1,20)
3 FORMAT {20A44)
WRITE(6,3) L(INF(T),I=1,20)
C RER L EE L L EE AR LT EAE KL EE L F DR SR AL AR EE EX S E LR KK K EEE RS S E AR RE LK XX EE SR KK L
¢ st PynL= VOLUME NF FAINFALL AND GQVCL= VOLUME OF SUPFACE PUNOFE %%
L8 R DAL L AR KRER AR LR AR LR E S LR EKEEE ARG SL ARG QA S RE L P AL LR L R R KN R &
PEAD(IS,518) RVAL,CVOL
518 FORFAT{3F10.4)
PVNL=RYCL*FAC
AVOL=0VNL £ FAC
WOTTF(6,518) FVLL,QVOL
618 FNOMAT(SX, "RAINFALL VOLUME IS %,F10.4,5X,*2UNGFF VOLUME 1S ' ,F10.4
C (22 223 83 22 R 222 22 R 2 222 2 2223 - X233 2 3223222223223 3832233223323 - F3 24
c e [T1= CLOCK-HDUP , [T2= MINUTF AMD QT= RA[NFALL INTENSITY  #&=
C E 22 2 3 IR TR T2 22 R 22 R i R3¢t 2 3 23 ¥ 22233 2223232222222 22232223 23 RS - X
READ(S: 2L ITILI) 411210001011, 1=1,NNO)
2 FORMAT {{4(215,F10.4)
N0 700 I=1,NNQ
700 QI(I11=QI(I]#*FAC
WPITEL6,7)
FOPMAT (5X, *TIMEY ,3¥, PINTENSITY®, 4X, ' TIME® 43X, * INTENSTTY? 4 X, *TIME?
143Xy VINTENSITY T (4% o TIMEY , 3%, ¢ [TENSITY? /)
WP ITE (6,8)
B FORMAT(2Xy PHGHURY o1 Xy PMINT 40, CCM/ZHRY ;3 X, VHOUR® ,1X, YMINY 64X ,* CM/HR®
193X, "HOURY 4 1X, *MIN®, 4X, " CM/HRY ;3 X, THOUIRT J1X, "MINT,4X , " CU/HRY /)
WRTTE(6y2) (ITICT)40T2(1Y,00(1),1=1,NNQ)
C 23X 23 R 2R 222222222 R 22 RSP - N2 33223222 2332223222333 2233 33
¢ tet  0EDUCE CLOCK-HOUP TIMFS TO ABSDLUTE TIMES IN SECONNS  #%#
¢ st BEGINNING WITH ZERQ P

Cle




RELEASF 2.0 PRECIP DATE = @3132 23713729
C se¢  CHANGE TIME TO SECONDS e
C REEBEE R TR KL LEACREEE SR ARG EREX SR XS X X R A ST RLRE NI KR R SR EESE FR R X
T1111=0.0
DO 12 1=2,NNQ
TECITI01) = ITLCI-1)) 14,13,14
13 THCII=(IT20 1 -1T2( 1-1)1%60.00+ 71 (1 =11
GO TO 15
14 TECITIOT) = ITI(I-1)) 17,17,16
16 THII=TI(T-11400.00¢1T2(1 b+ (601 T2(1-i))1%60.00+4360C.30~i371( 1)~
IT1(1-1)-1)
Sh TD 15
17 TICII=TI(1-11467.00¢ IT2(1)+3600, 00%IT1(1)+67.00%(60-1T2(1-1))+
(24-1T1(I1-1)-11%3€00.09
15 CONTINUF
12 CGNT INUE
N0 21 1=1,NNQ
21 TIUD)=T1(}1/é0.0
TTF IN=TT(NNQ)
WRITE(6,19)
19 FORMAT (71X, STIMEY,3X, *INTENSITY? CTIMET 3K, ¢ [NTENSITY? 44X, T [MF?
&g¥*é{zng§lTv'.4x.'TlvE'.BX.'INTENSITY'/‘
b 4
20 FORMAT (OX, 1MNY 6%, TCM/HR *6X o S MN Y ¢ 6X o CM/HPY 46Xy *MNY 46X 4 *CM/HR?
26Xy TMNT 6 Xy "CMIHP 1/ )
WEITE(6,18) (FILI).Q1C10,1=1,NNQ)
18 FOPMAT(4(F10.1,F1044))
C 23232 R FE3 232322322 233233222 2F R F222 23S 2
¢ #*%  COMPUTE VOLUME OF PAINFALL (CM) #&s
C EEEEXR AL U SRR KR AR AE AR SR KA A SE XS RS KR KXk &
HNO=NNO- 1
VRAIN=0,0
No 135 1=1,MNQ
VRAIFI=VRATR+({QICI)I&(TI(I+1)-TI{1))/60.0)
135 CONTINUF
WRITE( 6, 140)VPATH
140 FDRMAT (5X, YCOMPUTED VOLUME OF RAINFALL (CM)=',F10,3//)
C 8***&‘#**&*'*‘t##*‘t“**t‘ttt*ttt‘&t*&tt‘**‘t#*# (1222222323 23222 22 8 ¢4
C [ 2 %4 PEAD DARSEPVED FUNNFFE INPUT ., TIME IS TN HOUR-VINYTFE SYSTEW L ad
C sEe AMD RUNCFF IN INCHFS PEFR HOUR ¥k
¢ set  NAQ= NUMRER OF RUNDFF READINGS 3
(n RS TE R R LR LRSS YKL NR AR E XS ERC AR X XX L KK RE XXX A LS L RS S RN LK R AR R S XN
READ(5,4) MOQ
4 FORMAT(1IS)
WPITE(6,41) 1QQ
41 FOPMAT(5X, ' NO OF PUNGFF REASINGS *,15/)
C XN EEL EE XX RK A EVERER RS S KK S KK K EK XX SO K E KR KR EE X R X EE R X KR XTI REEE KK KL
¢ #%% INFO= DATE OF RUNOFF EVFNT AND THE WATERSHED IT OCCURED QN s#*
C 1222 SR 222 E 22222223 22 2233332 222 "2 P32 223 2223 22322 22232322332 23232 % 3
READ(S,5) (INFQ(I),1=1,20)
WPITE{6,5) (INFQUI) sl =1423)
5 FORMAT ( 20A4)
C L322 222221 R T2 232 23223233 332 N3 1323333322323 23132 223 2
4 ***  JTQl= CLOCK-HOUR, JTN2=M{NUTE AND QOB= DISCHARGE #&%
C XS U ER KX XV F R R K EKE AR XN RE LK SE DR EE SS R E LT XX KR KX KN S E K ERE KSR KKK
REAN(546) (JTO1(1)9JTQ2(T),QOB(I ), 1=1,NOO)
6 FORMAT[{4(215,F10.4)))
DG 705 I=15NQJ
705 QOBC1)=QNB(1)%FAC

C17




PELEASE 2.C PRECIP DAYF = R2132 23713729

[alanlel

lalniniel

[alnln]

[ginln]

WPITF( 6,9)
9 FOPMAT (BXy ' TIME® ,6X, VRUNOFF® ;4 X, STIME® 46X *RUNOFF® 16X, ¢ TIMF? , 6K,

LPRUNOF F? ,oX, TIME® 26X, VRUNOFE ¢ /]
WOTTE( 6, 8)
WRITE(6y6) (JTQU(11,47Q2(1),008(1),[=1,NQQ)
‘#'#*t““##t“*‘.“tt“*“t*‘# E 2 3
ss&  CHANGE TIME TN SECONDS  ##*%
FEEE LSS LEE R R RE EEXE RS RS L E KR AR XE Sk K
TQ( 1)=0.00
DO 55 1=2,NQN
TECITCICT] = JTQLUT=1)) 52,51,52

51 TOIT)=(JTC201)=0T02¢ I-1) 1 %60+ 1-1)
GG To 53

52 TF(JTCLET) ~ JTOL(I=1)) 56456,54

84 TO(T)ZTO(I-11460#JTQ2(1)+160-JF32(1-111%6043600%(JTOL( 11 -4TQL( I~
I

56 TOUI)=TO(I-1)+60%JTQ2(1)+3600%JTQL(1)+60%(60-JTN2([-1))4+(24-4701
1(f-1)-11¢3600

53 CONT INUF

§5 CONTINUF
(3233323338223 23 2232 P332 3232 232 2R3 23 22 2232 R 2242 2 87

##r  SPRT QUT THE PEAK RATE OF RUNOFF OBSERVED  2##
t&&  0BO=PEAK RUNOFF e
*##t*##tttt.**‘*t‘*###“‘t‘**t‘tﬂ"‘ttt‘*tt‘**ttt#t#t

URO 00?(1)

o

SXy PRUNOEEY , 37, '"TTIME? 45X, *RINOFF® ,6X, *TIME® ,6X, *
23X, VRINAREF 17)

4ﬁ3444«u

bed
-

X
1T (1), 00RCI),1=1,NQQ)
EFELTRERESREEELE LR SE AR RE EECR AL KX XX XK EE X
¢+  CNMPUTE VOLUME OF SURFACE PUNDFF (CY) %%%
EEEEPERNEE EEREREXX L R A BAST TR XX K KR RS KX KR KX TR KR Y
VRUHNNF =) ,.Q
D0 145 1=2,N0Q
VPUNOF = VFUNOP4 (QOB (1 14Q0B( I=11180. 5% (TQCII-TQII=111/60.0
145 CONTINUE
GVOL=y RUNO F
WPITE( 6,150) VRUMDF
150 FORMAT ( 5X, *COMPUTED VOLUME OF SUPFACE RUNOEE (CM)=!,F10.4/)
EEEL SR XL LR N KR L XL ER XX A SRR LA KSR E AR TR XKLL R L L R A A E Rk &
et TNANGE BUNDEE YD CURIC METERS PER SECOND . *%
#ttttt‘tttt‘lttt*&‘t‘#ﬁt‘tt.tttﬁ.t‘.t??‘t‘#*ttt*tt
DO 715 1=1:N0
15 Qnat 11 =008 114 A¢100. 07361
WEITFL6,27)
WP ITEL 6, T20)

p

;

?

73]

Y 'CM/HR"7Xv'MH"6X.'CM/HP'.7X.'MN‘.bX.'(H/HR'.7
14

3

BN XN0G

*
#*
»*
L]
+*
»
»
”4

C18




2%/13/729

B3132

DATE

PREC TP

RELEASE 2.7

LR X

LR K4

* * %

* »
- *
- * »
v & i a -
-~ * % - »
T * <% - [Tl
o 'W‘ - - -
(8 *ZR -~ -
- * o= W L w
- % <4 - [ 3
L o - o —
' LaR.{ » - "
- * X% [7a) '8 -
- L X1 ~ - -
z * o ~ * % 4 - >
T * " g * % % L] L o]
- * . 'y E - -
- *» % (=) * % X -
> o — % * (&) -—
~ * » [T % % - -~ -
- L dadd - * —% %) -~ w
- [ 23,4 - [ XK. ] (7] - <
(%] * < % ] * [19) —
~ *ow - " - w© v -
2 * - - * Wwe > = -
o * % a * XN w D x
(] #* DOn T * D# - s
- L X234 - L =S -~ = -
- . - [ X=1 ) p} O =
* *0O% m. *» > L woow
0 *Tn % ¥ o ¥
- m—pdae (%] *Un P [V S -~
o C# =¥ ~ L 2l ] — < O# #* 3t

[« 3N 1 X * L% - * %

m L 272 [ L X9 4 M L W"tt
- (2 Aad ] o * 2 W% — X~ - #
L XL wvi ® W w Lol S SR S o
LD 04 -~ % | o o Z e % # O
~ = * 0N %I nw o [ R A -
- *HZTH ~ L %I s » w L L B X T ST
v ~uCH# < s Ha# O o 3 - ol =~ RIROD
[t Xt < WC e * Tt o > T WS =A% » e
N i - T~ #ZH - -~ F - L & NN
T Ta<h Vol e - @] - = —% 00O ~
D Cacxw - X = H<TH Ll A w > - " " THWHE e ~
O % m o ~o % + - Q — e X * N~ -
LR ST 31 Qliigae & —_ O - © (=] w Xy -0z O Q
o) Aol > -~ ~ —— + VW T & » g v O ~
MK Ve g UL C AL *HIw Pt /) o et - - — LIy T . -
ON— @ ZHh O scdmI VI IVNCurrn - 0D O " O O 0
(> q=2 Xol S lel LN ¥ S [-Yel=lole] | XQ ¢ Z LY »~#ITWHO m~ ~
=24 HOOZ seeE QRS LXKl QO WECD = Fer &8 o +
=R W ZOZVNTOHH C=aC |1 Z D2V & = i #O) = a -
e RERZNwmQ TR Ze] el O Z U R e - % % -0 b4 o
® emfOf emZilla AP IT# Zwmpri O =O0e empe O Lkt Xgl M| 'S o} pid (=]
XL R AR~ N = U # vt bt ] 3¢ 8 et O mrdem e 0 O YR DR e~ e - -
ML T Nowpe =L W —~Tew 0=y SOt | OX X Ned §t st Qi O Ll
O o e Ol SN G RO IO SU N+ B einNroe ol ;- cr al O~ ¢ I C W N~ ==
e CHO% LWL ZHh W | e Ottt || D Oomem Lo - OerOowra L O# W T TmemO D Lol aad - Xl od o
Tl NI Zwm = OR8N I = NTIZCC e O ll mb b Jeedt # w0 7 O OF + e
AXWE #etm WAY § BLECNA W ZZZZZUWaQN~ LA WSl e Z 2 Z2C™= O N p-X+-C

Io bt et T AR ROON—UAVRZ NZZ Tt TS U % #ChH | ZZ- - Oa el O || -

G AR G a NN BN OewIXZeToeml —ip a2k i b oeOee ZIE FEena
CXOE#BO—TLOTTU W # LD el WO = Z e G~ COC oo # % UL D OOl OZ - LT C
URZIH SR ORUTLOUN# # SO0 >COZFQIUCHEL XU e T4 # &# rmm Z e COO e B e O
—t - —

[} "o T2 o [« « B A ¢! —n N ~

o~ -— o~ el M N N~ oo o ~
~ -4 - P Y o B )

ou oL wou

C1l9
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[glatelel

ann

20 PPECIP DATC = 83132 23713729
T4 CONT INUE
78 CONTINUE
IF{IK.CCe0) 1FRP=~]
{F{ IERREN.~1) GO YO 23
DD 79 [=1N,NNQ
PTMP=Q1(1)
QI IK)}=PTMP
TICIKI=TI(1)-TMpP
IK=[Ke
79 CONTINUE
N1 IK)=0.00
TICIKI=YT{1K=-1)410.72
IX={Ke ]
NILIKY=D,20
TI(IK)=TI(IK-1)+10.00
NNQ= 1K
90 CONTINUE
EEREEE KAERRELE R ERR KRR ERE X EASE A SE AR KR ER SR K E &

bbb SORTOUT THE PEAK RATE OF RAINFALL Dabd
exx  QIMAX= PEAK PAINFALL INTENSITY L
bbb it bibhat i T L2 I R ITRE 2 F Py - R E
géngx=0!(1)

2 [=2yNMO
IFLOTYAX.ET.AT(I)) GO TO 22
QIMAX=QT{T)
22 CONTINUE
WPITE( 6424) DIMAX,0BQ
24 FORMAT (5X,*PFAK RATNFALL INTENSITY (CM/HP)#,F10.4,2X,¢PEAK RUNOFF
LUCH/ 1R Y&, F 10.4)
23 CONT INUE
WRITE(6,628)
628 FORMAT (5%, SRATNFALL-EXCESS 1S AS FOLLOWS */7)
WRITF( 6y 19)
WPITF( 6420)
WRITE(691R)(TICI),QI(T),1=1,NNQ)
WPITF(6,160) TMp
160 FORMAT (SX, *LAG TIME BETWEEN THF STARY OF PAINFALL AND THE
1EFFFCTIVE PATNFALL (MINI=S,F10,27)
Qr TUFN
FND
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PELEASE 2.0 XDATA DATE = R332 23713729
SUBROJTINE XDATA(NNQ,NXM,DT)
C ERERER KA REXEER T TR S XK 't*#.t't'.“ P2 RIS ITRIT IR IRTIZE S 3 S S22 228 22 2 2 4
¢ %% THIS SUBROUT INE COMPUTES THE RAINFALL EXCESS AT EQUAL  &&x
¢ #x%  TIME INTEPVAL sxs
C FEX BB ER RN R ERERE R R AR R X XA XL RE KK ¥ E A KBRS EE RS R E R E RN KR AL S KKK X F X ES &
DIMENS ION GI(100), TI(100),X(2000)
COMMON /vS/T1,01
COMMON 7V SX /X
(o} ETI23 222332 223223323 X223 22X 3222 R T X3 22
¢ #s¢  DEFINE LIMIT DF COMPUTATION  #&=
[ “‘t#l‘tt#.t#‘t“##“t“"“ttt‘**‘t#tt
0 40 I=1,NNQ
TI(1}= TI{1)760.0
40 CONT INUF
NMA X =H XM
QI{NNQ+1)=0,0
TELONNO+1)=T1(NNQ)+500.0%DT
NXM=TI (NNC)/DT#1.0
TFONXM LT oNMAX) NXM=NMAX+S
TC=0.0
KK=1
00 60 I=
0052, L3 1Kk co 10 65
GO 16" 70
65 X{I)=( (TI{KKI-(TC-OT ) 1*QT(KKI+(TC-TI (KK} 1*Qf (KK+1)}/DT
KK=KK+ 1
GO 10 15
70 XC1)1=QT(KK)
75 CONTINUL
FC=TC+DT
60 CONT INUE
RETUPN
£ND
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SURRMUYTINE THFTLINNQ,S Al

R EE AR E XL REE KN SARE BN KX E R KRR E R E KR KR S E R X KR KX S E XX KR A S F R KSR AR SR T Sk K E S
sex  THIS SUBRCUTINE COMPUTES INFILTRATION USING THE TWO- TERM  s2#
sex  [NFILTRATION MONEL ors
SRR XN ST RE R R RER R E RS B S R E R EREERC EE KK SR K R AR SR AT SR KK SRR R R R kA EC SR K &
DIMENS ION TI(100),PHI(100)

MMON/VS/T1
COMMON 7VPS /P HIT

(222 23 2232 22 22 23223 2232222222 2222223

Lidd TWO PARAMETERS ARE S AND A &k
L btdhbtdtiivbaaiiaied S 12 TE IS DTS 2223 11 £
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RELFASE

[alelel

OO0 ONN

[alals]

[alnhel

2.0 AR SEN DATF = 813132 23713729
5 NC=-
4 NC=NC+1
DO 7 I=1,4
1CON=0
DX=0(1)
32 00 8 J=1,t
Yig)=x todenxes(r, o
REXRREEX AR LR A AR ELEREERE TR R X S KX KX XL KR XN R RS R R RE R AR K KNS
CHECK IF IT IS AN INTERIDP POINT NF THE FEASIBLE SET &%
E2 R 2 212222 22223323 RT3 X332+ 23 XTI NI ZIFTIIISIEINISILS I 223 5 2
TFOY(J) LT oXL(J) oNPa Y(J).GT.XMIJ)) I1CON=1
8 CONTINUE
[FCICON.NE.L) GO TO 25
DMIN=1.,0C10
00 26 J=T4N
IFISCIyJ)eF0.74) GD TN 26
IF(v(g )6 axC(d1) GO 10 39
DD=ARE L{X( IV=XL{JI)7SU143))
15i50.LT.DMIN) DMIN=DD
30 IF(Y(IT.LTXMIJ)) GO TO 26
0= ABS ({X{ I1=XMIJI I/ ST,
TFUDD.LT.OMIN) DMINZDD
26 CONT INUE
TE(DX.LTo04) DMIN==DMIN
DX=NMIN
1CON=2
GO TN 32
25 NEF=NFF+1
CALL DBJECTIVALUE,NOBS N)

33

31
10

EEREEE BL LB AT RR AT RRRB AR KL EE AR AL RERERE SR RL XA SRR G XA AT R R R &S
CHECK IF THE VALUF NF OBJFECTIVE FUNCTIOM IS IMOPNVED bbdd
EXEECKEXIFFAXLEREEL X AT REOLAREXLE LL AL F LR FERERL XA ST LLC LS R ER
IF(VALUE.GT.PO) GO TO 9
bbbt bl advbbiiibi bt dib bbbl bbb btthbhdddddd
THE VALUE OF PBJTCTIVE FUMCTINY IS TMPPOVEDN (SUCCFSS) bie
XX AR EEXE R G LR SRR R R ER G L AR KR AL KL XK KN KR CE AR K S KA KX KR RL T &

PO=YAL UE

TECICCN.F0,.2) GO TO 33
IFLIS(T)MEL2) T1S(1) =1
ZUI)=2t1)+DL 7)Y
DII)=3,=D(1)

GC TN 31
240)=2(1)+DVIY
DEIV=-DMIN~D,.5¢D(])
15¢(1)1=2

DO 10 J=1.N

X{Jy=ytJy

CONT INUE

GC YO 7

RS R RASE R AR RIELRE SR AR SRS AR AR SR R RE XS AR AK AR IR DA SR EXETEX SR XK

THC VALUE OF DBJECTIVE FUNCTIOM 1S NOT TMPROVED [FAILURE) &2
CEEX RS KR CE R R ET R L RN N R RN G S KRR A SE SR KX AR K C R R R R KA XK KK S S S E R XX kX &%
IECIStINEQ. 1) TS01) =2
oL =0, 5#0{
CONT IN
“tt#tttt*‘tttttttt.“ttt
END OF CYCLE SEARCH  #x=
XXX AL RSB EEEL RN EE LR KRR X &
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PELEASE

[alalele]

[@lelin]

[alalaBEalalatal

[aleleinl

605
606

11

12

35

607

13

608

603

15

19

1

2.0 8P NSEN DATE = ®3132 23/13/29
IFCIPT WME.2) GN TO 11

WPITF(6,608) RC

FRRMAT (//48Xy LAHCYCLE SEAPCH —=-—-,15)

WPITE{6,606) PN

FRRMAT (//34X,32HTHE CURFENT DBJECTIVE FUMITICM =,E20.8//57X, 21 HTHE
CUPRENT VECTOR 1S)

WRITEL6,602) (X(1),1=1,N)

XKLL D LR BT KL SR S E VR RECRLECE R E RS SN AE LEE RS K KL R K CEL AR KL AR LK SR K E SR K K X
CHFCK 1f ALL THE SEARCH DIPECTION HAVE FAILED AT LEAST CNCE  #&¢
FOLLOWED BY A SUCCESS s
R E X SESLXEE XX KA SERK KA KL R XL BB KL KX KR ER KX XK S E ¥ X AR K KR S S SR SR BE &
IPT=9

On 17 T=1,N

IFLISUI)LREL2) TPT=1

TFCIS(IICEQeD) NRET)=NRIT)+1

CONTTHUF

DO 34 I=1,N

TIE(NPLIV1.ET.4) GO TD 35

CONY INUE

G0 1D 14

IFCIPT.EQ.L) 6D YO 6

R ERXC RS LR SR R Rk R R & X

EMD CF STAGE SEARCH  *%¢

Sk kAxk skt T ekt ke S ke kE L

IF{IPT.EQ.0) GO TO 13

WRITE(64659)

NC=NC+ |

WPITFL6,607) NC

FOPMAT(//741X,30HTOTAL NUMBER OF CYCLE SEARCH =.15)

WRITE(6,606) PN

WRITF(6,£031 (XT{1),1=1,M)

EEEREL SEL R KA XX KK L E R E RS RE L2 AL SR AE R KA XSS RS KA R LR EL 2 E R AL L SR ST R e R L T

ggsgéA&EFTHE FESULT IS SATISFIED WITH THE PREASSIGHEN CONVERGENMCE :::
SRR R IR E R AL K AR S CL LR AT R CE AT AL E AR KER RS R AR S E AR KRR ERRRSE KR £ 4 %
IFLICBI-POILLLEPSY GO TN 14

APR LR L R KR AR AE CEEEE R LR E LB R L ER A LL R EE DL AR L HEE LA E LA B KRR EL S 2
CHErK IF THE MUMRER DF STAGF SFAPCH GPEATER THAN ASSIGNED LIMIY =& %
EXRLLERLR L BRI RERR G RR AR AR RS RRRERE SR DR BE L GRERCRXELREEX AR R E AR AR ERE T TR XS &
&ggNS.LT.MST) GN 1O 15

TE{6,A50)

WRITE{6,678) MST

FORMAT(//40X, 1 BHDN NOT COMVERGE 1M ,15,5X,14HSTAGE SFARCHES)
WPITF16,606) PO

WRITEL6,673) (X(1),]1=1,N)

FRRMAT (2710.4,F10.1)

GO 10 700

P32 322 22322 2223 23 2 2122 22 22222 -2 3322232233222 2222222223
CALCULATE NEW SEARCH DIRECTION FOR NEXT STAGF SEARCH  #%=
PALMFPS VEPSION 1S USED TA COMPYTE THF NFW DIPECTION  ¢s=
KR AT R ERARE SR RERE SR R AE S E R KR XL RE R C AR E R KX A K R E XX KK X KR KL &

DO 17 I=14N

i=h
FLII+T(KI*S(K,LJ)
UE
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(alalnlale]

lalelaliel

30

10

40

15

SURRCUT INF CONVELIDY ,NXM, NP, QP T, KOPT,A)

FREEEE B CE KRS ERDEARRRF KL ERERKL ARG DL EE XL ER KRR C AR AR AR AKX KK KR K KR
bbb THIS SUBROUT INE CONVOLUTES THF RAINFALL EXCESS WITH &
L THE THMSTANTANEUUS UNIT HYDRCGRAPH TO DFTERMINE THE bbb
k& DIRFLCY RUNNFF HYDPOGRAPH *& %
FALESE AR EEL B RELAIE LR R E R AR SN B SR EF EF RS XX RR R AL N AL SE RS $L R R 44 %
DIMENS IGN H{ 200001, X{ 2002),Y(2000),TY(2002)

COMMON /THP EF/H o NH

COMMMN /VSX/ X

KNUMRBR=2000

NHA=NH+1

NHE =NH +} M

[FINHB GT « KNUMB) NHR=KNUMR
NYM=MHR=-]

DO 30 1=NHA,NHR

ax
o=
Z

x

XM, NHB

NN T
QL0 XZ
O Se e
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PELFASE

50

MO

2.0 € ONVOL NATF = 83117 23/13/29
b= |
CONT INUE
QPT=TY(1P)
TF(KCPT.HE.OIGO TO 60
WRITE( 6y 145)
FORMAT (5Y, P THE SURFACE RUNQFF HYDROGRAPH IS AS FCLLOWS'//)
WRITEL6, 150)
FORMAT (7o FTINET 6 Xy tRUNOEES 15X, *TINE 5K, FPUNOFF! 7, 1 TIMET 45X, *
LPUNDFEE ¢, 5%, *TIME Y, 5X, ' RUNCFE ¥ 7)
WRITE(6,155)
FOPMAY (AX, tMMY S TX, 'CM/HP* s TX g P MM BX JTCM/HP® , TX, " MM JRX, "CM/HRS,
Xy *MN® . 8Xy *CM/HRY/)
WRITECE, 1ED] TTYLIDy Yid)ad=1,10Y])
FCRMAT(4(F10.1,2XyF10.3}1
**‘*'t*#*&ﬁ#**‘t'tttt‘*t#ttt###t##tttﬂttt*##tt#&lt
ssx CHANGE RUNOFF TO CURIC YFTEFS PER SFCOMND s
FEEEEEFEIR R AR ERL SRR R KRN EREE R CX S L RESERC EEERE L X
FAC=A*100.0/26.0
DO 170 I=1,NOY
Yi1)=v(1)efAC
WRITE! 62150
WRITF(6,175)
FORMAT (RXy VMMY o 72X, YCUM/ST , TX VMM * BX o CUM/S? o T Xy TMN® LBX, TCUM/S
17Xy "MN®, IX, sCimM/8e7)
weitere,160) (TY(3)5 YL I, 0=1,n0v)
CONTINUF
RETUPN
END
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