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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,
Heédquarters, US Army Corps of Engineers (HQUSACE), has been tasked to imple-
~ ment a research, development, testing, and evaluation program that will pro-
ﬁide the US Army with (a) environmental effects information needed to operate
in'a realistic battlefield environment and (b) the capability for near-real
time environmental effects assessment of military materiel and operations in
‘combat. In response, the Directorate for Research and Development, HQUSACE,
initiated the AirLan& 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 qf 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. In 1977, HQUSACE approved a
military hydrology research program;‘management responsibility was sub- |
sequently assigned to the Environmental Laboratory, US Army Engineer Waterways
Experiment Station (WES), Vieksburg, MS.

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

4. Previously published military hydrology reports are listed on the
inside of the back cover. This report contributes to the ability to calculate
streamflow, which is the basis for developing improved flood-forecasting capa-

bilities for use on ungaged watersheds.



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). In other words, they do not
explicitly take into account spatial variability of rainfall or runoff, even
though attempts have been made to partly relax this restriction (Singh 1978).
The major thrust has been to develop the effective rainfall-direct runoff
relationship. Effective rainfall denotes that portion of rainfall which
becomes direct runoff, whereas the remaining portion is denoted as abstrac-
tion. Direct runoff is that portion of streamflow which is composed of sur-
face runoff and quick interinW: 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 umiformly 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 separation are somewhat arbi-
trary, since these are not well-defined concepts and are based more on conve-
nience than on ﬁhysical realism,

7. On the Pther 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 geomorphology to the effective
rainfall-direct runoff relationship. However, they remain to be tested on a
wide variety of gaged basins and have yet to be applied to ungaged basins.

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

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

10. It should be pointed out that a few isolated attempts have been
made to abandon the concept of effective rainfall and to consider infiltration
and runoff simultaneously during and after the occurrence of a rainfall
episode (Smith and Woolhiser 1971; Rovey and Woolhiser 1977; Singh 1976a,
1976b; Singh and Agiralioglu 1980, 1981a, 1981b, 1981c; Sherman and Singh
1976a, 1976b, 1978, 1982). However, these studies ha&e been concerned princi-

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



11. Although physically based techniques have been sucéessfully 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 vélidated. Second, parameters
such as friction factor have been determined by data-fitting and not from
physical measurements. It is, therefore, not clear if these parameters can
indeed be determined from commonly available measurements and have the same
meaning in the context of streamflow synthesis as they are intended to have.
Third, a systematic data base has not been developed for obtaining an objec-
tive validation of these techniques and their subsequent application to
ungaged basins. Fourth, dynamic interactions with subsurface flow components
of streamflow have been evaded. Fifth, space-time quantification of friction,
geometric complexity, variability of rainfall, and variability in basin char-
acteristics affecting infiltration and runoff characteristics have been some
of the persistent problems yet to be resolved objectively. It is not clear
how much detailed accounting of these factors is needed in streamflow syn-
thesis. No single study can address all of these and related issues.

12. Close scrutiny may suggest that a major breakthrough in 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

the use of a quasi-conceptual approach in this study.

Objectives

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

computer code for ready use by field engineers.

Scoge

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

this report. Part III 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 II: QUASI-CONCEPTUAL FRAMEWORK

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

16. Let it be supposed that an instantaneous burst of effective rain-
fall having unit volume is injected into the basin. This burst is composed of
a large number of particles n , which are noninteracting. Each of these par-
ticles will stay in the basin for a finite period of time Ti’ i=1, 2,
3,...5 n . T, can be referred to as holding time or travel time. 1If it is .

i

assumed that T 1l si<n, are random variables, then these must be inde-

’
pendently distributed by virtue of the assumption of noninteraction of parti-
cles. It may be added that the assumption of Ti’ i=1, 2,..., n, being
random is physically plausible. '

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

18. Let the basin be of W-order. Then the streams Si » of order 1,
i=1, 2,..., W, are available in the basin; clearly, Si denotes the ith
order streams. In this approach, channel networks are ordered according to
the Strahler ofdering scheme (Smart 1972). A particle goes through a number
of states determined by the structure of the drainage network as it travels
from its point of landing to the outlet of the basin. These states are com-
posed of overland regions and channels of different orders.

19. A channel state of order i is defined by Ci’ i=1, 2,..., W,
as the collection (ensemble) of all the Strahler channels of that Strahler
order. Likewise, an overland region state of order i 1s defined by Tys i
=1, 2,..., W, as the collection of all the regions draining directly into
the ith ordered channels. Then each particle will initially be found in one

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

8



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; (b) the only possible transitions oit of the state
Ci are of the form Ci f Cj’ j>1, 2<j<W+1,1<1isW; and (c) there
is a state Cw+1 » defined as a trapping state. Transitions out of the trap-
ping state are impossible.

20. These rules define a collection S of paths, S = {s} or seS
which a particle may follow through to the trapping state, that is, the outlet
of the basin, For a basin of order 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 = {SI’SZ’ s3,s4} consists of the following paths:

path 81t T > C1 -+ C2 > C3 > C4
path 8,0 T * C1 + C3 + Ca
path 85t T, > C2 > C3 + 04

path 8,8 Ty > 03 + C4

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

various states forming its path.

CTg =T h T, b T, M1 (1)

where Tx is the time a particle Spends in the state x (x = or C, for

r
some 1) and M i1is the number of states. Tx is assumed to be airando; vari-
able. Tk 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 standpoint.

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

B
basin, then

T, = 1T : (2)



where IB is the indicator function for the path s ; that is, 4IS =1 1if
the particle follows the path s , and IS = 0 otherwise. The PDF of TB ’
denoted by fB(t) » 1s obtained as follows:

23, Let Ari be the ratio of the area of r, to the basin area Aw s
and P the proportion of channels of order 1 merging into channels of

ci,cj
order j, j >1, 2 <j <W+ 1 ., Obviously P 1 ; this is not

cW,cW+l =
strictly true since a basin of any given order may outlet into a stream sev-
eral orders higher. However, this is convenient and does not affect the
model, Similarly, Pri i = 1 . Then for a path seS of the form s

b4
= {x,, Xys.0es X} where Xis Xyseee Xy € {Cl, Cosevns C 3 Tys Tosutns rw} .

The path probability function is defined as

p(s) = Ax1 * le,xZ"'ka-l,xk (3)

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

ability of TB <t is

P(T; < t) =Z P(Ts <t) +p(s)

seS
2 ”
= * k% . '
Fop * Fup *euo® F, (€) « p(s),
seS
s = {xl, Xgsenes xk}
where
t = specific time
Fx = cumulative density function of Tx
* = convolution operation
Differentiation with respect to t on both sides yields
= E * k,, . % .
fB(t) fx1 fx2 cee ka p(s) - (5

seS

where fx denotes the PDF of Tx . Gupta, Waymire, and Wang (1980) have
established the equivalence of fB(t) and the IUH, h(t) . Therefore,

10



h(t) = EE: fxl * fxz *oook ka * p(s) (6)

seS

where h(t) 1is the result of an instantaneous burst of effective rainfall of
unit volume. If the effective rainfall takes places continuously for some
time, then the direct runoff can be determined by invoking the basin linear-

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

t
a® = [ he - 0 100 de 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, In Equation 6 the path probability function p(s) can be specified
completely from the drainage network morphometry. However, specification of
f cannot be entirely based on physical considerations. For simplicity,

xi

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

* f
1 X
*o00k ka in Equation 6 becomes the k-fold convolution of independent but

This is consistent with the assumption of basin linearity. Then fx 2

nonidentically distributed exponential random variables. That is,

k
* x,, . % = E -
fxl fx2 ves ka(t) Cik exp ( Kxit) (8)
i=1

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

Cik = le KxZ"'ka-l [KKXI - Kxi) ) (Kxi-l - I<xi)"'

(Kxi+1 B Kxi)"'(ka - Kx:l.):]—1 *

11



in which Kxi z ka unless 1 = k . Therefore, the IUH is given as

h(e) =) Z Cyp exp (K ) * pls), (10)

seS 1=1
s = {xl, Xyseees xk}

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

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

order Strahler channel (state) is given by

1 =a(i)1/3, 1s4isw (11)
K i
ci

where a 1s an empirical constant and L, 1is the average channel length of

i
order 1 , which can also be computed as

N

i
) v
=N E LJi’ 1i=1, 2,..., W (12)
tim1
where N, 1is the number of streams of order i and L is the 1engtﬁ 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

1 . AriAw 1/3
K

ri 2NiLi

y 1 1 <W (13)

From a physical point of view, Equations 11 and 13 state that the mean holding
time of a given state is proportional to some "characteristic length" of the
state., The constant a is determined empirically and plausibly may remain
more or less constant from one state to another within a given basin. Addi-
tional work will provide its range of variability on basins of diverse geomor-

phologic characteristics.

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 s, can be written as

00

Ky = / t h(t) dt . (14)

0

»/ t Q(t) dt ~/ t I(t) dt

Ky = o - = (15)
/ Q(t) dt / I(t) dt
|0 4 Lo -

From Equations 10 and 14 it can be shown that

1 1 1
= p(s) —_—t +. . ot o ’ (16)
& Z (le Ky2 ka)

. seS
s = {xl, Xo» x3,...f xk}

27, 1f Equations 11 and 13 are substituted into Equation 16, the only
unknown 1s a . However, KB is estimated following Boyd (1978) as

0.38

fp=b iy

(17)

where KB is in hours and Aw is in square kilometres. The parametef b

must be determined eﬁpirically. Thus, for a specified value of K a can

. B’
be determined. Methods for obtaining b are discussed later.

13



PART I1I: 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) NEWION, (8) INFIL, (9) XDATA, and
(10) CONVOL. On the other hand, when optimization of parametefs is required,
components are (1) MAIN, (2) BASIN, (3) EXOP, (4) PRECIP, (5) NEWTON,

(6) INFIL, (7) XDATA, (8) BROSEN, (9) OBJECT, (10) LAG, (l1) 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 subrbp—
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 is read in clock-hours, it is reduced to a time series. Runoff
data, which include values of discharge versus time, are then read. Here
also, the time values are reduced to a time series. The runoff data represent
~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). If the infiltration capacity is to be
computed by another method, INFIL must be modified accordingly. The infiltra-
tion model has two parameters: (a) sorptivity accounting for capillary

effects and (b) saturated hydraulic conductivity accounting for gravity
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effects. These parameters are computed in an iterative manner based on New-
ton's method with the subroutine NEWTON. It is assumed that sorptivity is
subject to change from one rainfall-runoff event to another on the same basin;
on the other hand, saturated hydraulic conductivity remains fixed for a basin
but may differ from one basin to another.

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

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

33. The mean holding times of overland flow and channel flow are com-
puted by the subroutine HOLD, using Equations 11 and 13 and the basin char-
acteristics given by the subroutine BASIN. The instantaneous unit hydrograph
is computed by the subroutine IUH using Equations 9 and 10. To obtain 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 corresponding observed
direct runoff hydrographs. »

34, ﬁhen 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

15



optimization is formulated as a constrained minimization problem requiring the
vector always to be an interior point of the feasible set. The subroutines

EXOP and OBJECT provide pertinent information to initiate optimization.
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PART IV: APPLICATION TO NATURAL WATERSHEDS

37. The quasi-conceptual linear model presented previously was verified
on five small experimental agricultural watersheds designated as C, D, G, Y,
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 km2. 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 4

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; Its 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. Its drainage network proper-
ties are given in Table 3.

Watershed Y ‘

41. Watershed Y, shown in Figure 14, is located near Riesel, TX, and
has an area of 1.251 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 1is 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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Drainage Network Properties of Watershed C, Riesel, TX

Table 1

(Watershed Area = 2,343 km?)

Serial

Number

Channel Length

km

1.295
0.647
0.610
0.687

0.555

0.882

ft

Order 1

4,250
2,125
2,000
2,255
1,820
Order 2

2,895

Contributing Area

km2

0.833
0.232
0.272
0.257

0.230

0.519

acres

205.91
57.40
67.19
63,46

56.82

128.22
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Drainage Network Properties of Watershed D, Riesel, TX

Table 2

(Watershed Area = 4,492 km?)

Serial Channel Length ZContributing Area
Number km ft km acres
Order 1

1 1.295 4,250 0.833 205.91
2 0.647 2,125 0.232 57.40
3 0.609 2,000 0.272 67.19
4 0.687 2,255 0.257 63.46
5 0.554 1,820 0.230 56.82
6 1.143 3,750 0.426 105.40
7 v 1.256 4,120 0.450 111.25
8 0.838 2,750 0.624 154,32
9 0.480 1,575 0.132 32,51

Order 2
1 2,108 4,940 1.006 168.66
1,975 80.11
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Drainage Network Properties of Watershed G, Riesel, TX

Table 3

(Watershed Area = 17.72 km?)
Serial Channel Length gontributing Area
Number km ft km acres
Order 1
1 0.765 2,510 0.646 159.72
2 1.753 5,750 0.989 244,40
3 1.4478 4,750 0.620 153.30
4 2.118 6,950 1.083 267 .64
5 0.363 1,190 0.189 46,92
6 0.399 1,310 0.101 24,96
7 1.0866 3,565 0.757 187.05
8 1.256 4,120 0.450 111.25
9 1.143 3,750 0.426 105.40
10 0.555 1,820 0.230 56.82
11 0.687 2,255 0.257 63.46
12 1.295 4,250 0.833 205.91
13 0.648 2,125 0.232 57.40
14 0.610 2,000 0.272 67.19
15 0.838 2,750 0.624 154}32
16 0.480 1,575 0.132 32,51
17 0.777 2,550 0.474 117.21
18 0.686 2,250 0.779 192.53
19 0.533 1,750 0.233 57.51
20 0.3429 1,125 0.097 23.95
21 1.067 - 3,500 0.625 154.42
22 0.839 2,755 39.15 96.73
23 0.570 1,870 0.310 76.52
24 0.419 1,375 0.116 28.72
25 0.968 3,175 0.528 130.51
26 1.343 4,405 0.680 168.00
Order 2
1 0.917 3,010 0.334 82.53
2 3.216 10,550 1.396 345.06
3 0.326 1,070 0.077 19.12
4 0.954 3,130 0.512 126.60
5 1.646 5,400 0.698 172.53
Order 3
1 3.394 11,136 2.521 623.02
2 0.155 510 0.077 19.14
Order 4
1 350 0.029 7.31

0.107
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Table 4
Drainage Network Properties of Watershed Y, Riesel, TX
(Watershed Area = 1.251 km?)

Contributing Area

Serial Channel Length 5
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 7
Drainage Network Properties of Watershed 2-H, Hastings,
NE (Watershed Area = 0.0137 km?)

Contributing Area

Serial Channel Length >
Number K ft km™ acres
Order 1
0.0219 7 5.79 x 1073 1.4298
2 0.015 4 0.001 0.2468
s ’ 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

Available Used Used
Watershed for Analysis for Calibration for Verification
c 9 5 4
D 8 4 4
G 8 4 4
Y 8 4 4
2-H 10 5 5

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

separation.

Determination of Infiltration

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

0.5

f =A+0.5St (18)

where

f = 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 follows:
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Watershed Value of A, cm/hr

C 0.254
D 0.254
G 0.254
Y 0.254
2-H 0.508

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

remains an unsolved problem.

Parameter Estimation

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

the various basins were as follows:

Watershed Value of b, cm/hr

C 0.875
D 0.875
G 4 1.2734

Y 0.875

2-H 0.875

Instantaneous Unit Hydrograph

46. Using these parameter vélues, the IUH was determined for each
watershed; the IUHs are shown in Figures 18-22, It is apparent that the IUHs
possess appropriate shape'charaéteristics. For very small watersheds, C for
example (Figure 18), the IUH experiences a quick rise and a quick recession.
As the area increases, theArates of rise and recession become more moderate as

can be observed for watershed G (Figure 20).
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Runoff Prediction

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

e

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 5 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 streamflow for ungaged basins. Much additional work is needed.

Some fruitful areas of research are as follows:

ae

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 IUH 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. 1In the
future, though, when applied at the subbasin level where
routing becomes an integral part of the overall procedure, the
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GHMS should be interpreted mathematically as representing a
network of storage elements and channels.
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APPENDIX A: AN ILLUSTRATIVE EXAMPLE

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

l. 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,

L1 = 0,0184 km

L, = 0.062 km

2 2

A1 = 0.00340 km

K, = 0.0070 kn®

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

227D _

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

by s; and s, . The path space then is § = {sl, sz}, The individual paths
are defined as

sl: rl > c1 > c2
sz: r2 g c2

6. Compute for each path 8 and 5, the ratio Ari’

the watershed 2-H,

0.0068. _
Ar1 = 0.o137 - 0496

0.007 _
A2 = 0.0137 = 00U
7. Compute the quantity P’ . In the present case,

“eci,cj
2 _

Pel,e2 = 2 1

* See figures and tables in the main text.
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1
Pc2,c3 =17 1
represents the trapping state.
8. Compute the path probabilities p(S) . These will be:
= 0.496 x 1.0 x 1,0 = 0,496

€3

Pls)) = Ay Prpyer Perye2

p(sz) = Ar2 Prz,cz = 0.511 x 1,0 = 0,511 \

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

K, = 0.875(0.0137)°% = 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(sy) (xl + Kl + Kl ) + p(s,) <El' + El;>
Cc

rl cl c2 r2
1/3 1/3
1 [raf) a(0.496 X 0,0137
R A\ ont 2 X 2 X 0.0184
11 '
= a X 0.4520
1/3
1 a(0.511 x 0,0137
R, " 2\zx1x0.062

= a %X 0,3836

él_ = a¢0.0184) /3 = a x 0.2640

Lo a00.062)Y/3 = a x 0.3958

* 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-5—0= 0.180
Using this value of a , then
1
= 0.08136 Krl = 12,291
rl
1
= 0.06900 Krz = 14,483
r2
1 -
T 0.04752 Kc1 = 21.044
cl
Lo 0.07124 ; K , = 14,036
Kc2 ‘ i 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, .

K K > >

path slz < Ts Cys Cy >+ < Kr c1’ Koo

1’
- 12.291, 21.044, 14,036 >

path s < Ty €y > < Kr2’ Kc > + <14.483, 14,306 >

2° 2

The path probability vector is

p(s): < 81» 8y > * < 0.496, 0.511 >
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12. Compute the values of C for each path 8y and 5, using Equa-

ij
tion 9. In the present case, the following is obtained for the path’ sy ¢

. - %1 Xl _ 12.291 x 21,044
137 T, - K D& , - K_) ~ (21.044 - 12.291)(14.036 = 12.29D)
= 16.934 |
. - e Kot ) 12,291 x 21,044
23~ ®_ - K_D(_, - K ) - (12.29T - 21.048)(14.036 = 21.044)
- 4.2166
c - Kr1 Kei } 12,291 x 21,044
337 W, - K )&, - K_) - (12.291 - 14.036) (21.044 = 14.036)
= -21.151
and for path 8,y »
K
. - r2 14.483 - -32.400

12 (Kc2 - Kr2) (14.036 - 14.483)

K2 14.483

= = = 32.400
22 (Kr2 - KCZ) (14.483 - 14.036)

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

h(t) = [013 exp (—Krlt) + 023Aexp (-Kclt) + 033 exp (-Kczt)]
p(s)) + [Cy, exp (-K_,t) + Cyp exp (=K ,t)] 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 h(t)
min hr 1/hr
0 0.000 0.0000
2 0.033 0.1954
4 0.067 0.2909
6 0.100 0.3124
8 0.133 0.2906
10 0.167 0.2489
12 0.200 0.2021
14 0.233 0.1579
16 0.267 0.1200
18 0.300 0.0893
20 - 0.333 0.0653
22 0.367 0.0471
2 0.400 0.0336
26 0.433 0.0238
28 0.467 0.0167
30 0.500 0.0116
32 0.533 0.0081
34 0.567 0.0056
36 0.600 0.0038
38 0.633 0.0026
40 0.667 0.0018
42 0.700 10.0012
44 0.733 0.0008
46 0.767 0.0006
48 0.800 0.0004
50 0.833 0.0003




APPENDIX B: USER INSTRUCTIONS

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

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

3. As for all programs, the preparation of input data is critical.

Some common 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 integér numbers are used. When a
decimal point is used, it must occupy a location in the field just as an
integer would. For example, the number 19.8934 would require at least seven
spaces in the field. If more than one card of the same format is included in
the deck, the locacion 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:

Eo

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 1s 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(2Fl10.4,15).

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

If optimization of model parameters is not required, then model
parameters must be specified., Provide the lag parameter that is
denoted by PAR. The format for it is FORMAT(F10.4).

Read the number of rainfall-runoff events for prediction. This
is denoted by NOBS. The format for reading it is FORMAT(IS).
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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:

6.

a.

|o*

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
welghting factor denoted by WF to be used in defining the objec-
tive function. When IPT = 0 , only the final parameter values
are printed. When IPT = 1 , parameter values at each stage
search are printed. When 1IPT = 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).

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) . '

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).

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).

The lower and upper limits define the range from which optimal

parameter values must be derived.

7.

Subroutine OBJECT

This subroutine computes the objective function for optimization.

No input is read im this subroutine.

Subroutine PRECIP

8. This subroutine reads rainfall-runoff data for a given watershed.

Employing the information furnished by the subroutines NEWTON and INFIL, it

computes the effective rainfall and arranges it in a proper manner. The input

to this subroutine is given as follows:
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I

Specify the number of rainfall readings in a given event. This
is denoted by NNQ. This is read by READ(5,.)NNQ with the
format FORMAT(I5).

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

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

f. Specify the date and basin on which the runoff event occurred.
This is denoted by INFQ(I). The read statement for this is
READ(5,.) (INFQ(I),I=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 JTIQl, JTQ2, and QOB. Depending upon
the value of NQQ, these may occupy several cards. The read
statement here is READ(S5,.) (JTQ1(I),JTQ2(I),Q0B(I),I=1,NQQ)
with the format FORMAT(4(215,F10.4)).

Subroutine NEWTON

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

subroutine.

Subroutine BROSEN

10. This subroutine optimizes the parameter values for a given set of

rainfall-runoff events. No input is read in this subroutine.
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Subroutine INFIL

11. This subroutine computes infiltration using the Philip infiltration

model, No input data are specified in this subroutine.

Subroutine XDATA

12, The purpose of this subroutine is to arrange effective rainfall

data at equal time intervals. No input data are required in this subroutine.

Subroutine BASIN

13. This subroutine specifies and computes pertinent geomorphic param-

eters. The input in this subroutine is given as follows:

a.

Specify the purpose of this subroutine. This is denoted by
PURP and occupies two cards. The read statement is
READ(5,.) (PURP(I),I=1,40) with the format FORMAT(20A4).

Specify general information about the watershed, its location,
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) .

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).

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(S5,,)MAX,0CM with the format
FORMAT (215). ‘ ‘

‘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(I),NC(I),I=1,W) with FORMAT(16I5).

Specify the number of paths available in the watershed, denoted
by MS. The read statement is READ(5,.)MS with FORMAT(1IS).

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 0C. The read
statement is READ(5,.)0C(I) with FORMAT(IS).

Specify the length of each element in a channel of each order.
This is given by NE and CL where NE is the channel element num-
ber and CL the element length. Depending upon the number of
channel elements and the watershed order, this specification
may require several cards. The read statement is READ(5,.)
(NE(J),CL(I,J),J=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(I15,F10.4)).

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

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

— €1 — % S5 _ ¢ __ ¢
— €3 — ¢ _ G5
— 9 ¢, — Cg
— ¢ — S ¢4 — Cg
Q) — 3 & __ C

c, ¢ — Cs

¢y _ ¢ __ S

¢ — S5

B6



14. Here Cg is the trapping state. It should be noted that a water
particle always originates in one of the overland regions. Furthermore, a
water particle travels first to the channel element associated with that
overland region and then continues its journey to the outlet through higher
order channel elements. The last state represents the trapping state as
exemplified by C 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 Ty Toseees Tys Cys Corenes cy is considered. For example, in case
of watershed G such an array can be written as

Tys Tys Tgs T,5 €1y Cyy Cgy €,
A value of 1.00 or 0.0 is inserted in place of ry or cg, i=1, 2,..., W,
depending upon whether or not ry or ¢, is present in a given path. If the
first overland-channel flow path for watershed G is considered, then the
information pertaining to this path can be coded as follows:

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

1.0, 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

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

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

0.0, 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
- program and specified by I dénoting 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 (1IUH)
using the geomorphologic formulation. No input is read in this subroutine.

Subroutine CONVOL

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

subroutine.
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RELEASE 2.0 MAIN DATE = R3132 23/13/29
C AR AR ETLE R R R R RN ARG TR R &
¢ s« MAIN PROGRAM GMHS P
C E2 33 2233232333222 -2 33232 2227
C ‘*****‘#.**ﬁ##‘*t‘““**3**'*****"tt‘.**tt*“‘*t‘*‘**“8****‘*******“#
¢ 1rt  THIS PROGRAM SYNTHESIZES THE SURFACE RUNOFF HYDROGRAPH USING e
¢ **&  THE MODEL GMHS P
c “‘*‘*#‘**‘#**‘***tﬁ‘*‘**ﬁ**tttt***#*t*t**‘t*****"*’***“*‘*'**‘***'***
DIMENSTON PURP(40) 10BY(20)108YTI20),NX(20) PR10)
COMMNN 7083 708Y,0RY T, N
COMMON /BRB 7 a s OnY ke
chMnN/POM/nf.Ex.wF,KUPY
COMMON /ROSE /PR
PEAL KR
: INTEGER Wy WW
C SRR TER KRR KRN E AR KK L ER KA LA RE RE RS KR E R K kR ST R SR E Rk KRk kK
¢ 354 EAC_CONVERTS INCHES TO CENTIMGTERS s
¢ *+¢ CF CONVERTS METERS TO FEET _ ems
¢ wss  PUPPLY) SPECIFIES THE PUGNOSE OF THE PROGRAM  eos
[of REE LK EEXERREERLEXRE XA EREE SR KX RS R RS SR A XA L XL RS S SRR K%k
CF= 3.2808
FAC= 254
READ(S5¢5) (PUPP(1),1=1,40)
5 FORMAT{ 20A4)
WRITE(6y10) (PUPPLT)y1=1,40)
10 FORMAT {5X, 20A%)
C XX RE XA A XSS XK KR EE XL LRSS KK KR TR AR IR AR KRR S e Tk Gtk Kk KKk
¢ **¢ NW SPECIFIES THE NUMBER OF RASINS UNDER STUDY  s#=
¢ s#+ DT SPECIFYES THE TIME INTERVAL OF COMPUTATION  ##%
c ERR L REXE R UL E U KRR SR RS E LB DR AT RE X RE BN R R K CE KA RSRREE S EEE &
EAD(5,35) DT,NW
35 FORMAT!FIO.A',‘}S)
RITE( 6,451 DT
45 FORMAT cono VT I INTERVAL FOR COMPUTATION TN HOURS 1S =9,F10.4/5X,
GRHEONgngégunr WATER SHEDS FOR STUDY 1S=%,15/)
C #‘t#*#ttt;'***'#***'**’#****t*‘**‘*"***t*ﬁt‘***t**‘***“““‘*‘*‘*
¢ sx¢  NOBS IS THE NUMBER CF RAINFALL-RUNOFF EVENTS FOP A BASIN #%s
C *******B****#*‘*‘**t***‘*t***&*&#“*t&**#***#***#‘***"*#‘*tt'**t*‘
PEAN(5,25) NORS
25 FORMATIT5)
WRITE( 6, 100)NCBS
100 FORMAT [ 5X, "HUMBER NF RAINFALL-PUNOFF EVENTS AVATLABLE ON THE
IMATERSHED =%, 15/)
c #t‘t“*3‘#**#".*****"***‘*‘*t‘*“***t***tl‘*#*‘******""‘*****
¢ $3r AA IS THE PHILIP INEILYRATIGN PARAMETER BPPROXTMATELY %%
¢ s$+e  EOUAL TO THE SATUPATED HYDRAULIC CONDUCTIVIT b
¢ 4+ EXOEXPONENT IN THE Lac-AneArREICs *ex
c ess  NXM 1S THE NUMBER OF COMPUTATION YUME INTERVALS e
C *“‘*‘*‘**"“.***“'t‘*’*#‘t*"t"**.“““‘**‘t**#‘*‘t‘***t‘***
‘ READ(S5,80)AA, EXy NXM
80 FORMAT (2F10.4415)
WRITE(6,110) EX
110 FORMAT (3X, *EXPONENT IN THE LAG-AREA RELATION=',F10.4/)
AA= AA® FAC
WRITE[ 64 105)NXM
105 FDRMAT (5X, "NUMBER OF COMPUTATION STEPS IS =',15/)
WRITE( 6, 85)AA
85 FORMAT(5X; 'PHILIP PARANETEPR AICM/HR)=',F10.47/)

APPENDIX C: GMHS
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50 CONTINUE
sTOP
END
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[alalalslalalalalslale] [glalalel

(alslnlielal

SUBBOUTINE EXOP{¥DRS NXM 44
tt#tt*t*‘*'tt**#t'#**‘t‘t“‘*‘t‘***tt‘**‘t‘**#*‘t*‘#‘******‘t‘t*
*%  THE PUPPOSE OF THIS SUBROUTINE IS TO PROVIDE PERTINENT  ##%
*¢*  INFOPMATION REQUIRED BY THE NPTIMIZATION ALGORITHM. *%s
***“#*‘t*#'tt#tt&t‘t‘t.#**#*t#‘ttttt**t#*‘t‘*‘*t*t‘**“t*tt**#***
DIMENSTON TI(100),01(100),X(20001+P(10,10001¢PAR(LO)4PL(10),PU(10)
1gNX(20),0BY(20),08¥T{20)
EOnngR oYY Ql,P
COMMen 7pom 70T, EX JWF, KOPT
COMMON 70RJ70RY ,OBY T L NX
COMMMN 7PAR A/ZP AR, PL 4BU
COMMON 7V SX /X
INTEGER Wy Wi
READ(S y5)yMST o IPT,EPS, WF
S FORMAT (31547 1506,F10,4)
##‘***#***#t###**'***#tt#*#*‘t*ﬁ**‘*****tt*#**#*##tﬁ#t#*##“*#*t*“*
*%&  N=NUMBER OF PARAMETERS oy
##%  MST=NUMBER GF STAGE SFARCHES DESIRFD %%
*#%  [PT=0----ONLY THE FINAL PAPAMETER VALUES PRINTED e
*kx  JPT=1-——~TNTEPMEDIATE VALUES GF EACH STAGE SEARCH PRINTED &4
$&¢  [PT=2-———INTERMEDIATE VALUES OF EACH CYCLE SEARCH PRINTED ##%
ss%  EPS=CONVERGENCE - TOLERANC EUBASED GA THE YERANS EARCH, PR e
*¢&  GBJECTIVE FUNC TION *%e
*+&  WF= WEIGHTING FACTOR TO BE USEDN IM DEFINING OBJECTIVE sas
*xx  FUNCTION sxx
‘**‘*"&#“““3'.'***"*“‘**“““‘*.**.‘***“‘****“t"*‘tt"*“*
WRITF( 6,10 )N,FPS
10 _FORMAT{5X, INOMREP GF PARAMETERS =*,15,3X,'CONVERGENCE TOLERANCE
1L|MlT='.Eis.7/)
WPITE( 64 150MST,1PT
15 FORMAT (5x 'NUMBER OF STAGE SEARC HES SDECIFIED='.15.5x.'cnoe FOR'
IPRINTING PAPAMETEP VALUES=*,15/
WRITE( 6,45 )WF
45 FFPMAT(%X;'NFIGHTING FACTOR USED IN DEFINITION OF OBJECTIVE
1FUNCTION=Y ,F10.4/)
*###'l#*#*#tt*****tt*tt###*#******#*'*‘t’***‘t*t
sex PAR([)=INITIAL GUESS OF 1-TH PARAMFTER *&%
**% PLIT1)=LCWER RRUND OF [-TH PARAVETEP PP
#x%  PU([)=(PPEF BOUND OF J-TH PARAMETER b
t““‘#t*'*‘*#t#***ﬁ***‘t*t‘t*t*‘*tttt'**'ttt*t*
READIS ; 20) (PAR (1), I=1,N)
20 FORMATIAF10.5)
READ(5420) (PL(T)yI=1,N)
READ(5,20) (PULI)yI=11N)
WPITEU 6,25) (PARIT), T21,N)
25 FORMAT(5X,¢ INMITIAL' PARAMETER GUESSES ARE',8F10.47)
WRITE(6530) (PLIT),1=1,N)
30 FORMAT (5X, ' LOWER LIMITS OF PARAMETER VALUES ARE',8F10.4/)
HRITF(6%3§) (PUCT) 41=1,MN) :
35 FORMAT (5X, 'UPPEP LIMITS OF PARAMETER VALUES ARE', 8F10.4/)
DO 40 I=1,MORS
CALL PRECIPINNQ,DT,AA,0BQ,0BQT,A)
OBY ( 1) =08Q
Q8YT(I)=08AQT
CALL X¥DATA{NNQsNXM,DT)
NXC 1 )= NXM
DO 37 J=1y NXM
3T PUI,J1=X(D)

C4
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40 CONTIMNUE
CALL BROSEN{NsMST,IPT,EPS,MOBS)

c5
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[glnlgle]

[elalnls]

[glntal (alalale]

[glnle]

OO0000N

BASIN DATE = 83132 23/13729
SUBROUTINE BASIH(AMS Wyky)
KA XL ALK E R EARERFEEE #**t***t.###*#**‘*#’*“*t**‘**ﬁ**#**t“‘.**ﬁ*
#¥%  THE PURPNSE OF THIS SUBRDUTINE IS TO PRNVIDE PEPTINENT P
*x%  GECMORPHCLOGIC INFORMATION REQUIRED RAY THE GMHS MOREL s x
t***#*tt*tt*‘tt‘t*‘l**t.ttttttt#**#***#**‘##*“**‘t*****#*tt“tt***
DIMENS ION PURP{40) yINF(20) ¢NC{20 )5 ICJ(20,20) 4CLI20,50)4AL(20)
1AC120, 500, SAL201 4 AR(20)yPCE25,20) 3 ME (20) 1PS (36T, PAL20) LPATH( 20 ,20)
1,PAT(29),61020),CJ(200,0C(20) INE (3D)
LoMMON 701E /AR ,NE AL
coMMrN 7Tw0 /7o AtH, BS
INTEGER WeWWoCI3CJ+PAT,0CM,0C
CPECTL s
**tt#*#tl**#*tt‘t##*‘*‘**‘*t#t'#t*t*‘*‘*#tt*#***ﬁ*‘***t*t**‘
*%%  PUPP([) SPECIFIES THE PUPPOSE DF THIS SUBPOUTINE — &&%
k¥ THF( 1) GIVES NAME AND LOCATION OF THE RASIN Tk
*.t**’tt*t‘t*tt*#tt‘##t*#*‘*#t*&**tt*t3‘*“#*“#*****#.##*‘#
READ(545) (PURP{I) o I1=1440)
5 FORMAT[20A4)
WPITE(6¢5) (PURP(1),1=1,40)
READ(5¢10) (INFU1),1=1,39)
10 FORMAT {7944)
WRITE(6,15) (IMFUT)41=1,20)

15 FORMAT (8X; 2044) :
**t‘#t#t#*tt*‘#*##*#*#*t*l**'**‘*‘##t‘***t*#‘*#***t**‘ttt*#‘#*‘#t#*t‘**
#*¢¢  THE LENGTH AND AREA ARE IN KILOMETERS AND SQUARF KILOMETEPS — se&
*#x  RESPECTIVELY.IF NOT THEN CHANGE CFF AND COBF FROM 1.0 T0O o
*xx  APPROX [MATE VALUES %
€ A DENNTES BASIN AREA. IF AREA IS NOT IN SQUAPE KILOMETERS s
*x%  THEN CONVEPT IT TO THESE UMITS e
**#*##tt#t‘*#t*#*#tt*****#**#*#'***t‘t**‘*'**t****tt‘t#*#*#*‘#*#*t‘*tlt
READ(5,29) A,W

20 FORMAT(FiN.4015)

A=A*CREF
WPITFl&421) A W .

21 FOPMAT(SX, 'BASIN AREA{SC KM)=*,F10.3,5X,"CRDER OF THE BASIN=?,15/) v
*‘**t*‘*t#*#t#*#**t**tt*t******‘****x**;*tt#**t#**t*******'**ﬁ*********
*ex  0CM GIVES THE CHANNCL CRDER WHICH HAS HTGHEST NUMBER NF THE o se4
*x%  ELFEMENTS DENOTED BY A X tx
#***.**#*t*#tttt‘t#‘*tﬁ*#t#‘t**#*#t*‘#t***t#tﬁ#*‘**t**#*t***t**‘t*“**t
READ(5,22) MAX,0OCM

22 FORMAT [215)

HRITE(6525) MAX,0CM

25 FORMATUSX, TMAXTMUM NUMBER OF ELEMCNTS=',15,2X, "IN CHANNEL OPDER=',
""*t#*#‘*t‘*‘*t*tt‘t*tt“t"*tt*ttttt*t*‘#““t.‘t*"****t‘t***
®x¢  NC IS NUMBEP OF CHANNEL ELEMENTS AND OC CHANNEL ORDEP . %4
‘tt.#‘t‘**‘#**‘Q#‘#""“‘“*t‘t#*#*#**t*t******#t#**#‘#*tt*‘**‘t
READ(5,30) (OC(I)sNC{I)yI=1qW)

30 FORMAT{1615)

WPITE(6535) (NCIT1NCIT)oT=1,W)

35 FORMAT (5X, "CHANNEL CRDER=',15,5X, NUMBER OF CHANNEL ELEMENTS=!',15)

#t‘t“8*#**‘**‘*‘t*‘*‘**#“*““*##*t*‘t**‘**"t*‘tt**.“"*‘*‘***

*#& CCMPUTE THE NUMBEP OF POSSIBLE PATHS IN THE WATERSHEDS  ##%
tttt*****‘*###t***#t**#***‘tttttttt*ttt‘*ltt*ttt#t##‘*‘t‘tttt‘tttt
MS= 2% (W=1 )
WRITE( 6, 55)4S

55 FORMAT (5X, NUMBER OF POSSIBLE PATHS IS=',15/)

c7
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C
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[glnlala] [glnlelalnlelalialele)

[glglg]

AANOO0

130
135

w
9

—
wWw O 9
o O un

880

42
43

INNELS OF QRDER?,1X,12

bbbt ttidibthihiebetentdi i 2 22 2 - EI 2 22T S 2 222 2 2 R P T 2T

bt READ THFE NUMBER DF AVAILARLE PATHS IN THE WATERSHEDS bpiba
At iibddddvbadid tt ELELIIIIL IR D ETL IE ST 22 22 22t e et T

READ(5,133) MS
FORMAT L 15)

HRTTFL6.135) Ms

FOPMAT(5X, PNUMBLR OF AVAILABLE PATHS IN THIS WATERSHED IS =*,15/)

‘*’3*:**#‘&*#*‘:**"t***'#*tt‘t#**t#***‘*‘*****‘#****‘*#*t****‘#***#***
##x  SPECIFY THF NUMBER OF CHANNELS OF ORDCR I MERGING INTO CHANNE #&x
*#¢ LS _OF ORDER J ACCOPDING YO THE ACTUAL SATH COMPOSITION **s
*%x  DAT DEMOTES PATH NUMRER PP
s¥&  MC NDENNTES NUMBER OF MERGERS ax
#++ C] AND CJ DENOTE ORDER CF CHANNELS 1 MERGING INTO DRDER J xas
sex  (F CHANNELS Jo 1CJ TS THE HUMBER OF  CHANGELS MERGING pepirs
s#¢  pC IS THE PROPORTION OF CHANNELS OF GRDER-F MERGINE INTO PP
ss%  CHANNELS OF ORDEP J e
‘tt*’ﬁt*t*t*tttt**‘**“*"t*'*t*‘It‘#*‘******#‘****‘****#“*“ttt*****#ﬁ
NO 36 1= 1,MS

READ(S437) " PATIT1),MC

READ(5,37) (CI(J)3CIUI) 2 ICI(T4d) od=1,MC)

ME( 1)=MC

FORMAT { 161 5)

WPITE( 6939) PAT(T) MC
ly?RMAT(BX.'THIS PAYH IS = v,2X,15,2X,"NUMBER OF MERGEPS IS',2X,15
WRITEL6438) (CT(J)1CICI),1CI(1,d)

SEEXFE S EFE RS EXREBEEE SRR EREE S *z***#‘*‘t*‘t#***‘*‘*.t*t“****#****

s+  COMPUTE PROPORTION OF CHANNELS OF ORDER | MERGING IN TO  t2e

**%  CHANNELFS OF ORDER J ACCORDING TO PATH STRUCTURE *ax
**“#t*ttt#t#“#““.t***#t*****“t#*tt*#*t***t‘**‘#***t****‘**‘****

N0 95 J=1,MC

JI=CU I

PCIT,J)= FLOAT(ICJCI,J))/FLOATINGIJI))

CONTINUE

MRITECOLLOOLICTIIN LU 1PCLLL I ¢ =] oMC

FOPMAT ( 5X, ? PROPOP f L oe nnnen',zx.!s.zx.'uencxnc INTO
1T CHANM U S OF DRDER + KT s VL2 O SRS

CONT INUE

FORMAT(SX

'NUMBEP NF CHANNELS O ORDER' ¢ 1X1242Xs *MERGING INTO CHA
tt‘t*'l#&#*t***t*lttt&t#t*l2*“#:;#‘*"

**%  SPECIFY THF CHANNEL LENGTHS  #e¢#
‘*8*###*‘t#‘**t#t##*#**t**‘*#.t‘#*#t*t*

o 41 I=1,

NCC=NC (1)

READ(S1880) OC(I)

tttttttatttt*t*ttttttttttt:*ttttttttttttttttttttttttttt*ttttttttatt*tt*t
% NE IS THE SEQUEMCE NUMBER ASSIGNED TO A CHANNEL ELEMENT DF A b
b GIVFHN ORDER_AND CL THE LENGTH NF THIS FLEMENTY b

~e

txt  IECL 1S NOT SPECIFIED TR RILomETeRs STHER EDNVERT 1T To THESE ase
bhddiddd it it et 22 2 2 2232 232 22 B R Y Y T P Y P P 223 -3 .3 2323223
READ(5942) (NF{J)oCLUT¢d)yd=1,NCC)

FORMAT{5(15,F10.2))

WRITEL 6,430 OC(1)

FOPMAT (85X, "CHANNEL ORDER IS =',2X, 15/}

DO 140J=1yNCC

c8
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-0 BASIN DATE = 83132 23713729
140 CLI1,4)=CL(I4J)*CFF
WRITE(6944) (E(J}4CLITI4J) 4d=1,NCC)
44 FURMAT(%X.'CHANNFL ECEMENT NUMBER=1',12,2X,
YELEMENT LENGTH(KM)=',F10.3/)
41 CONTINUE

49

46
47

40
145
45

50

—
VITMENED»PDIDND

Et*#tt#tttttt#t#*t***#*t***#‘#######***#*tt*#**#***#‘*tttt*t
L b COMPUTE AVERAGE LENGTH OF CHANNELS OF EACH ORDEP X%
XK REESTXE RS EL KX E KK EXCR XS LR EE SR AL AR XK KT XA RS R kST SR KGR X &%
AR

NCC=NE (1)

49 J=1,NCC
M sumstLiTs
COMT INUF
P32 R 3T I F 2223232 2R3 222 22222 ¢ 2 23R R E I IR I I E R R TSR RI TR 23
$¥6 AL IS THE AVIRAGL LENGTH DF CHANNELS OF & GIVEN ORDER aax
*+x  AC 13 THE DNAINAGE A OF A CHANNEL ELEMENT TE THE AREA IS PP
sxx  NOT IN KILOMETEP bR CONVERT 1T 55 SHESEMDR xs
aar ) IS SRR O VERL AND AP EA VBF  ORDERCT PP
*«x¢  AP(I) IS THE RATIO OF OVERLAND AREA OF ORDER I TO BASIN AREA &%=
3223 2332 2232 8233232333 22 213 7 P 122 23 3T 2 R b S T 21333 2:3132:%3%32%3.1
AL 1)=SUM/NCE
CCNTINUE
WRITC(6,47) (I1,AL(I)1=]1,HW)

FORMAT (5X, 'CHARNNEL ORDER=?,2X, 15 ,2X,'AVERAGE LENGTH=*,F10.3/)
P33 2223333332333 333222222222 F 2% 3 ‘K‘t****#
ss%  SPECIFY APEA OF EACH CHANNEL ELEMEN ree
t**tt#*t*#‘t#t**#‘#t"**‘*****t*#*#*““***t**t*
D 50 I=1yk

HCC=NC (1)
RFAD(S,880) 0OC(I)

EAN(5449)  (NE(J)sACITJ)yJ=1, NCC)
OPMAT(S(15,F10.4))

0 145 J=1,NCC

C(qul=ACfl}Jl*CDEF

FITE( 6,45)0811)

GRMAT (5X, 'CHANMEL GRDER IS =9,15/)

PITE(6,%8) (ME(J) sACI{IoJ) 9J=1,NCC)
ORMAT (5X,y 'CHANNEL "ELEMENT "NUMBER =9 32X, 152X,
Xy AR AT TS KMY=",F10.37)

TN
gt“***##t##*#t*t**t‘t*‘*tt**tt"*#“#**t**.**‘***ttt‘*t‘*****t't**t*‘t**
*x*  COMPUTE SURFACE ARFAS OF CHANNELS OF EACH ORDER AND THEREFORE  s%
*x% OF EACH PATH &k
#+¢ COMPUTE OVERLAND AREA OF EACH PATH bt
AEREXEEEEE XX XX KB R A K AR XX EEEREE KRR R E R R AR AKX KN K R E S EE SRR A XER A AR KR SR EE &
DO 56 I=14W _

b,

=
no S7 J=1,NCC
SUM=SUM+AC (T 49)

CONTINUE

SA{1)=5UM

AR(1)=SA(T1)/4

CONTINUE

R e s A e s 2o o ax, vor ORDER=1,15,2X,?

PM £ 3 - =, Y4 ’ ' = Xe 'PAT
106 OF PEGION AREA TO BASIN AREA =*3F10.4/) rioeene

)
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2.0 BASINM DATE = 83132 23713729

CEERERSERE XA SR SR XA KK KRS R SR kR Bt kX %

bbb SPECIFY THE PATHH MATRIX bbb
hhvhbbabna R 2T LEE 2 PE 2T PP PIIIpOe

W= 2%
HRITE( 6,65)

FORMAT[5X, STHE PATH MATRIX TS AS FOLLOWS®/)
t#‘***t*t;"t******"*#‘***tt*t‘t*‘****#tttt*****t****#t*‘tt“‘**t*t#
*s¢  PATH IS THE PATH MATRIX WHOSE DIMENSIONS WOULD BE NUMBER OF #¢%
sxt  PATHS X TWOFOLD BASIN ORDER s
**"*#t*tt.***t‘***t#*t*t‘*'**‘t*‘t#**#**t‘ﬁ*****‘*****“*t*‘*‘**‘t**
READ(S5,61) PAT(I)

FORMAT{ T5)

WPITE[6,71) PAT(I)

FORMAT (5Xy 'PATH=Y, [27)

PEAD(S,60) (PATHI T, J) 5J=1 ,WW)

FORMAT [ 15F5.1)

WPITE(6,70) (PATH(T ¢J) ¢ J=14WW)

FORMAT { 5X, 10F10.1)

CONT INUE

OC 120 I=1,MS

DO 125 J=13W

IF(PATHI I, J).LE.0.0) GO TO 125

PA(T1)=AP(])

CONT INUE

CONT INUE

A0 105 I=1,MS

TEMP=1.0

MC=ME( T)

DO 110 J=1,MC

PROD=PC{ 1y J )*TEMP

TEMP=PFROD

CONTINUE

PSUI)=TEMP®PA(T)

WRITE(65115) 14PS(T)

FORMAT (5X, 'PATH NUMRER=%,15,5X," PATH PROBABILITY=* yF10.4/)

CONT INUE

RETURN

END

C10



RELEASE 2.0 LAG

[alale BN alaly]

5
1

DATE = 83132 23/13/29

SUBRDUTINE LAG(A.PAR;[X 1 KB )
EREEREEREKKKE KK ttt#*tttt****ttttt*ttt*tt#*ttt*tt*

ttt THIS SUBROUYINE COMPUTES THF RASIN LAG TINF b

hbbbabad it AL SRS I 3 PEL S PR P IT IR TR T R A P P T

A

%Etk*ﬁg#tt***tttt*tt*ttttttt#tt*tt*‘t**t*#t*t

*ak KB IS THE BASIN LAG TIME TN HOURS Db

tttt#t#*t*ttt##ttttt#ttttttttt**ttttttttttttt

KB:PAR#A*#EX

WPITE( 6

Floﬂg;séx,'BASIN APEA IN SQ KM =1',F10.,3,2X,"BASIN LAG IN HOURS =°*,

Cl1



RELEASF 2.0 HOLD NATE = R3132 23713729

SUBPOUTINE HOLDIMS ¢WeAyWWyaKB,KOPT)

I3 22 2322 R 2 2222 3 3 & *‘t LIRS R R 2222232 23322212232 222322 322322 23 R TR Y TR L]
::: ;}LJ&S SUSPUUT INE COMPUTES HOLDING TIMES OF OVERLAND AND CHANNEL :::
*#*##tttt;t*#*t#tttttt#t*#*##t#‘t##ttt#t*t#tt*t*###***t*t*t*&ttt*t*ttt***i
DIMENSION KR{20)¢KCU20)9AL(20) 4NC(20)KK(20) 4AR(20)y PATH{20,20),

P WeWW

R oKL g KKy

N /CNE 7 AP NC AL

/Tkn/PATH PS KK

i L D 0 DTN
k& SET UP LOGIC FOR COMPUTING HOLNDING TIMES FOR CVERLAND AND k&
b CHAMNEL PEGIONS e
EREEIEEXIDT SR EAEREREETRERR LR LXK SRR R AR KK ERAE AKX ERE LR TR R AR SRk wk k& &

W
JI*A/(2, O*NC(J)*AL(J)))**(I 0/3.0)
(J)**(1.0/3.0

(alelelg)

(7

#EICMNY
N ZZRMe

[alalalnl

)
J

SEH

vt 4

HO

$CZTCOHS STRXNRA~C e~

GO 70 25

NN R XD
EZU’O XIXMIO
AN Attt N 4
Nt Dume
~OMOODe_HMiilan
- T T
— = oo
L d ~

Do

##*#*#*#**t*t#t#‘**t‘tt**l‘t**‘**#t*t#‘t'#*‘#‘***‘*******t'ﬁ*“‘***##
2% DETERHINE THE COEFFICIENT AG APPEARING IN THE HOLDING TIME xe%
t%2  RELATIONSHIP *e e
t#t#*t‘t#tt#ﬂtt##**t#tt*t#*ttt#‘*'##***#**tt**‘*#*‘****#********t*t**
AG=KB/ SSUM

R X EE R AT EEFA R R RA SRR C R R A AR R RS R AR E X TR SRR K R IR KR ST &
##¢  DETFRMINE THE HGLDING VIMES OF OVERLAND AMD CHANNEL PEGIONS %%&
#**#*!t#tt.‘*‘t#**l*“*‘ttt‘t**ﬁ‘*tt*t*ttt**tt‘t#**#t***"‘*'*‘**#***t
0o 39 1=1

EMp2) LoFIRK(112AG)

QOO HNoo

mm

4
MO IRTINGO
Vie o
-nm o
s
Q=9
P T
me &
XRO
=
oy
Lo ]

X P XWX

0
I=1,H)
35 REG‘ON"lX.lS,SX,'HOLD!NG TIME(HCURS) IS=*,F10

[
O
-

Ly KK(I+KW)
» YCHANNEL ORDER IS='¢2X415,2X,'HOLDING TIME HOURS IS =¢,

AR X

el m
=2zNzz0o°

Nime i

—

ROMNMNOEQe N
Crem TN “04C4

o HO
o 20

AZOVZre N\ T
m

C e
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= 22/47/28
END
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RELEASE 2.0 1UH DATE = p3132 23713729

SURROUTTME TUH(MS , W 4DT,KOPT)
C ##tt*ttt#*#*t##’t *‘#t*#t‘* AR AT XS RE R KL ER KL E R RE R R Bk R R R Ak kR
¢ bpo HIS SURROUT INE COMPUTES THE INSTANTANEOUS UNIT HYDROGRAPH = %«
¢ ces  USING CebuaraNEC FNRMULATI ON “xe
C ##***t‘***'**t***t‘t****‘*t#*t**#*tttt*****'*#*t****t#*t*t***#“t*****
DIMENS IOM PATH(20,20),KK(20) yNK( 20),C (20,20) 4PS(20),H(2000)
13PK120,201, TT(1098)
CDPMOM/TNO/PATH,PS,KK
COMNOM /THR EE/H
TNTEGER Wi
C tt“*t#**t**‘**'***#*******“t‘*#**t*t'**‘*'t‘**‘#tt'***‘ﬁ‘t***#*‘**t**#!"*t
¢ #s5  DFTERMINE THE COEFFICIENTS C(I,J) FCR FACH PATH. THIS RFQUIRFS ¢+
¢ $+¢  ANOTHFR DETEPMINATION  OF MATSI ¢ OF COEFTCTENTS ASSOCIATED WITH x4
¢ *¢x  EACH PATH.IN THIS MATRIX ONLY NONZERO ES WILL BE RETAINED *xt
C **#t*****###‘**t*#*#*****t*#*# #**tt‘ttt**#**##**t*#‘ AESK ST Rk ko &t
KNUMB= 1000
DO 5 I1=1,MS
1J=0
OF 10 d=1, kK
IF(PATHII,J)oLE.0.0) GO TO 10
1J=1J+ 1
PE( 11 J)= KK(J)
Ml El=1y
10 CONTINUE
5 CONTINUE
DO 15 1=1,MS
NKK=FIK (1)
TEMP=1,0
DG 85 J=1,NKK
PPCD=T EMP#PK(1,4)
TEMP=pRND
A5 CONTINUF
D0 20 IK=1,NKK
STOR=1.0
B0 25 J=1, NKK
TF(J.EN.IKY 60 TO 25
DEN=STCP*(PKI14J)=PR(T,TK))
STNR=NFN
25 CONTINUE
€1, 1K )=PROD/STOR
20 €oM¥ INUE
15 CONTINUE
C (32 232 2222222331373 32 213272
¢ s#¢  COMPUTE THE IUH &%
C EESREEREXE LXK AKX R R RS KGR K
=
HMX=0,0
=0.1
H(1J)=0.0
TT(1)=0.0
45 CONTINUE
SSUM=0.0
D0 30 1=1,MS
NKK=NK { 1)
SyM=9,0
on 35° J=1, NKK
PROD=C{1,J)¢

EXP{=PK(1,J)*T)*PS(])

Cl4
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PELEASE 2.0 PREC IP NATE = R3132 23712729
SUBRMUTINE PRECIP(NNQ,DT,AA,0RQ, OBGT,A)
C **'t*t.*3“3*##*&#.*#****###*#t#*lt*t***‘#*"#**"*t*t**t*“‘t*****t#
¢ #=¢  THIS_ SUBROUTINE COMPUTES RAINFALL-EXCESS AND ARRANGES THE  &&%
¢ sxx  [NPUT IN A PPOPEF FASHION %
C ****tt**#*‘*‘*“*t"“#**‘t****t***##&*ﬁ**#*t*‘#*t'**tt‘t**tt#t*‘*tt*
DIMELS ION IT1(1001,1T2(1901,Q1 {1001, T1(100),X(200
1, INF(30) 3TaL (2057043212000 1 A 1503) 1661930 » 1nFat 201
23PHIC10D
LomMnoN/vs/TI,01
COMMON 7V X /X
COMMON 7VPS 7PHI
[ *#**3**###'#t#***t*‘*t*‘****##‘##*#t*#***t#***‘***‘#******t*“*****#*
¢ #4¢% FAC=2.54, CONVERSION FACTOR FROM INCH TO CENTIMETERS *e e
C ***#;*;:t****t***‘*'t*‘ﬁ#*“*t‘t*******#*#‘#t#*#***‘**‘*****'***‘*‘*#
FAC=2,
C *tt#*****"t#‘t‘*##‘*‘*#****#*t"*##*****t‘**#*“‘*#t***t‘t**“t*‘
¢ It READ RAINFALL INPUT. TIME IS IN HOUR-MINUTE SYSTEM o AND ¥&
¢ 3t WINTENSITY TN INCHES pEP *¥e
¢ *s% NNO= NUMRER OF NEALL REABINGS *xx
¢ xsr  SUOSORBTIVITY, PARAMETERS TR BATLIP INFILTEATION MODEL PP
C EREXDE AL RERERR KA SR KR RERE SRS E AR ER KB DERE RS EE EE & t 22222222281 223 3 2 33
READ(5,1) MNQ .
1 FORPATII5, 10X, F10.4)
WRITE(6,11) NRQ
11 FORMAT (5X, " NN OF RAINFALL READINGS®,15/)
[of *“**‘t*tt#.Otttt*ttt*tﬁtttttl‘***‘tt**‘*‘**'*t“*‘*t“‘***"***
¢ s+« INF= DATE OF THE EVENT AND THE WATERSHED [T OCCURED NN ==
C t###‘**‘ttlt#‘*##.‘#‘t“#*#t***.‘t*t't*‘*‘t**tt“‘****t“t*‘*“‘
READ(S,3) (INF{1),1=1,20)
3 FORMAT {204 4) .
WRITE(6y3) (INF(T),I=1,20)
C ##*ttﬁ*#*t#'#*t***'t*##ttt*‘t‘*‘.**#t".t‘*“*‘*#tt**“‘*‘**'ﬁ"'*‘tt
¢ #£%  PVNL= VOLUME NF FAINFALL AND QVCL= VOLUME OF SUPFACE RUNOFF %#=
C *t##***tttt*‘***t*t****t&*#‘*tt#t**#tl*‘*#**##"***&*#“**‘**‘*‘*"&#
READI5,518) RVOL,QVOL
518 FORMAT{2F10.4)
RVOL=RVOL*FAC
QVOL=0VAL ¢ FAC
WRITF(6,618) PVOL
61sl§npuAT(sr.'RA1NFA£L VELUME TS ¢4 F10.405X, " PUNGFF VOLUME 1S ' F10.4
[ **#3*#‘**ttt*#tttt**t*‘*ﬁ‘*#*t*ﬁtt#tt*‘t"tttt*tt*‘t‘t*t*#*‘t“t#tt
¢ *2¢  [T1= CLOCK~HOUP , JT2= MINUTE AMD OT= RAINFALL INTENSITY  #&%
C *t‘*tt‘t*‘tttttt***"t**‘**#*****t*ttt‘**t*#“*t#t*‘##.*t**t*t#****
READ(S 121 (IT1LI),TT2(1)4QI{1),1=1,NNQ)
2 FoRmATITA(21s 18123
DO 700 I=1yNNQ
700 QI(I1)=QI(])*FAC
WRITE(6,7)
7 FOPMAT(5X, *TIME®, 3y SINTENSITY ¢y 4X, ¢ TIME 13X, * INTENSTTY® 44X, *TIME®
Lo INTERSTTY S, Ak, b TIMET, 3x, F IRTERSTTY? 7
. b
8 FORMAT (2X, "HCUR® g1 Xy PMINY 44X SCM/ZHRY p3 X,y THOUR? o1 Xy TMIN® o 4X LCHsHRS
193X, VHOURY o 1Xy SMIN® 34X, P CH/HRY ;3 X, iRl $1Xy TMIN®, 4X, P CU/HRY /
WRITE(6y2)  C1T101), 1 T2010,00(13; 151, NNQ)
C *““'##*"‘#'*t****.**t**tttt*;‘**"**“ﬁ*‘t*“*"‘*t""*"“
¢ t&* PEDUCE CLOCK-HOUP TIMES TO ABSDLUTE TIMES IN SECONNS  #%s%
¢ sx¢  BEGINNING WITH ZERQ e

Clé6



RELEASE 2.0 PRECIP DATE = @31232 23713729

C
c

[glnl]

[alelalale

ann

anon

*%&  CHANGE TIME TO SECONDS xx
t#**tt##'**tt*#tt**“'**"***t***’t**##t‘#**t‘***t.t'**"t*‘*‘*
TI(1)=0.0
DO 12 1=2,NNQ
TECITIOT) = ITL(I=11) 14,13,14
13 THCI)=(IT201)-1T2( 1-1)1%60.00+ 71 (1-1)
GO TO 15
14 JECITILT) - ITI(I-1)) 17,17,16
16 THI)=TI(I=1)1+60.00FIT2(1}+(40-1T2(1-1)1%60.00+3600.00%(IT1( 1)
LIT1(I-1)-1)
G0 T0 15
17 TICI)=TII1=1)460,00¢ IT2(1143600.00%ITL(1)+60.00%(60-1T2(I-1))+
1(24=1T1(I-1)-1)%3600.00
15 CONTINUE
12 CONTINUE
N0 21 1=1,NNQ
21 TieT)=T1(l1/60.0
TTE IN=TT(NNQ)
19 FORMEESTRs VTIMEY 3%, *INTENSI TY O 4X Y TIMES 3X,  INTENSITY? y4 Xy ' TIME®
’ ME ] ’ X E
1ag§*é¥zr§g§17v-.lx.‘vlve .3x.-thENSITv-/f 14X 2T
?
20 FORMAT (GXy YMNY L 6X, FCM/HR ¥ 96X 4 *MN® 46X 3 * CM/HRY 36Xy 'MN® 16Xy *CM/HR?
196Xy "MN' o6 X, 'CM/HD 07 ) R
WRITEC6, 181 (TIC(T)201(1),1=1,NNQ)
18 FOPMAT(4(F10.1,F10.4))
E2 2 222 83 22 339 REEEKREREXEE AR SR KK XSGR EE
*¢%  COMPUTE VOLUME OF PAINFALL (CM) %%
t‘#**‘“t"t‘******'*‘t*‘***'t#**t**'t‘t*t
MNO=NNQ- 1
VRAIN=0,0
N0 135 i=1,MHQ
VRATH=VRATR+(QI( IV «(TI(1+1)=-TI(1))/60.0)
135 CONT INUF
WRITE( 6,y 140)VRATA
140 FORMAT (5%, 'COMPUTED VOLUME OF RAINFALL (CM)=',F10.3//)
#*‘***‘**;*#*t*‘***‘*#**#‘tt‘**t*tt**t#t*****&***##**tt“t*tt#ﬁ**ﬁ*#**
*%%  READ GRSERVED PUNOFF INPUT . TIME IS TN HOUR=MINUTE SYSTEW & tos
P AND RUNGFF IN INCHES PER HOUR . b4
ss¢  NOQ= NUMRER OF RUNGFEF READINGS bbb
i“‘#‘*‘tt*#####tt*'#**‘**#****‘3**“****‘*‘t*“t*tt**‘*#t‘**‘***t‘#**
READ(5,4) NQQ
4 FORMAT (15)
WPITE(6,41) MNQQ
41 FORMAT(5X, ' NO OF RUNOFF READINGS *,15/)
*3**‘.*t‘***‘#.“‘t#*tt‘*ttt**‘.*'t“***“#t“*’*t*t#*‘t*tt#*‘t‘tt’*
**x INFO= DATE OF RUNOFF EVENT AND THE WATERSHED IT DCCURED ON  &%%
“t*‘#t**‘*#tt‘t*#t“t‘**“##**‘*#*‘*3“.*##***"tl‘t*#t**“#""t**
READ(S,S) (INFQUI),I=1,20)
WRITE{6,5) (INFQII})1=1,20)
5 FORMAT{ 20A4)
*“*#*'##".tt**#*‘ttt"‘t“tt"‘t*‘.t‘tttt““t““““’*
**%  JTQ1= CLOCK-HOUR, JTN2=MINUTE AND QOB= DISCHARGE ##%
“‘*t*#‘##‘##tttt‘t‘#tt‘#‘t‘*“t*#*t#l#‘*#*t‘*‘*'**“‘*“*
READ(5,6) (JTO1(1),JTQ2(1)4QOB(I)¢I=1,NQO)
6 Fokmarlta(zxs.Fl 0.4)))
DO 705 I=1yNQQ
705 QOB(1)=QNB{1)#FAC

C17



PELEASE 2.C PRECIP DATF = R2132 23713729

WP ITF( 6,9)
9 FOPMAT CX, v TIME®,6X, IRUNOEF,4X, S TIMEY 36X, 'RUNOFF® 46Xy ¢ TIME® 46X,
LPRUNOF F? 4 Xy S TIMEY 36Xy SRUNOFE S /]
WRITE( 6, 8)
WRITE(616) (JTOL(11,47Q2(1),Q08(1) ,1=1,NQQ)
(o} R RS e ek kb kkkkke E3 21232233182
¢ ss%  CHANGE TIME TN SECDNDS  #%%
C ttt“#3*#*“**t‘****‘*#t‘*‘**‘#‘*#
TQ(11=0.00
DO 55 [=2,NQN
IF(ITCI(I] < JTQL(I-1)) 52,51,52
51 TOUT)=(JTC2(11-9TQ2(1-1) ) *60+TAL I-1)
GG TO 53
52 IF(JTCILI) = JTQL{I-1)) 56,56,54
5411?({;=TQ(I-1l+60*JTQZ(l)+(66-JiQZ(l—l)l*60+3600*(JTQl(!)—JTOl(!-
G0 TO 53
56 TOUI)=TQ(I=1)+60%JTQ2(1)+3600%JTQL(I)+60%(60-JTQ2( I-1) 14 (24=JTO1
1{I=-1)-11%3600
53 CONT INUE
55 CONTINUE
C “‘**#*"**#“‘*t‘*‘*ﬁ***##*#*t‘*#***t*#**t***ti**t**
¢ *#¢  SORT QUT THE PEAK RATE OF RUNOFF DBSERVED  #%
¢ t¥s  OBO=PEAK RUNOFF . P
C **#t*'t‘*‘“‘*‘*"t###“*#‘**“*‘*'*tt‘.‘tt‘**t#****#
JP=1
08Q=00R(1)
no 25 I=2,NQO
TO(1)=T0{1)762.0
IF(NeQ.GT. QD8I 1)) GO TO 25
0RQ=Q0B( 1}
Joa1
25 CONTINUC
ORQT=TQ(JP)
WRITE(6,27)
27 FOPMAT{TX, *TIME® (SXy tRUNDEE® 43X, *TIME? y5X, P RUNOFF® 46Xy ' TIME? 46X, ¢
lﬁg?;gf(;,gzx STIMEY, 3X,*RUNNFF /)
. ’
26 FDRMAT(8X, MM . 6Xy 'CM/HR ¢ s TX g MM G 6X o *CM/HRY 4 TX, Y MN? 26Xy 'CM/HRY S 7
1Xg P MM® 36Xy *CM/HRY /)
WRITE(é,18)(TD(1),00B(1),1=1,N0Q)
C **‘t**.3###**"t“‘*‘tt*‘*****"tt'*t*‘**#**t*t
¢ *¢%  COMPUTE VOLUME OF SURFACE RUNOFF(CM) %%
[of #“*‘t“*t#t““‘*".t‘***“***ﬁt**#t#t‘*‘t‘***

VRUHOF =90
DN 145 1=2,N0Q
VRUNOF =VRUNOF+(QOB (1 )+Q0B(I-1) }%0. 5« ({TQ(1)=-TQ(I-1)1/60.0
145 CONTINUE
QVOL=VRUNOF
WRITE( 6,150) VRUNOF
150 FORMAT (5X, *COMPUTED VOLUME DF SURFACE RUNOFE (CM)=',F10.4/)
t#t#*‘#*#t#‘#t*“#t‘*‘#tt**tlttt###‘t#tt**"*t*#t*
*x&  CHANGE RUNOFE TO CUBIC METERS.PER SECOND #ex
‘ttt#ﬁtt‘t**tttt*ttt'##t*‘**t**‘t**ﬁttt‘#*ﬁ**t'*#t
DO 715 I=1,NON
715 QNB{11=QRA{I)*A*100.0/36.9
WRITF(6,27)
WRITE( 6, T20)
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ginNE COMPUTES THL RAINFALL EXCESS AT EQUAL :::
‘*****'****‘*t‘*‘*******‘t**t*****'*‘****‘****“"
00),TI(100),X(2000)

RS REREE R R R Rk Rk EE AT K

*

LIMIT OF COMPUTATIDN  *#x
EEXXEEE KSR E KR LR KK AR EX KR K
6

COMT INUE
NMA X =M X
500.0*DT
M=NMAX+5

R L )
oZu=2x

NXM
1tk GO TO 65

(KK)={TC-DT )} #QI (KK)+ (TC-TI (KK) }*QT (KK+1))/DT

OTOXROI NI rmtone

1
I

*~
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[algleln]

[alalg]

SUBROUTINE INFILINNQ,S,

XXX XE SRS REREX P Ak ##“‘tt‘##t#‘*tttt#t#*#‘t*t‘###*.“‘#t‘tt‘t#*ttt
33r THIS SUSROUTINE COMPUTES INFILTRATION USING THE TKO- TERM  txx
s« [NFILTRATION P
##t**t*#t‘##t*t#*‘*t##t#‘*'t**##**t*####**‘*tt*tt**t#t*tt*‘*#t“‘t#tt
DIMENS ION TI(100),PHI(100)

COMMON/VS/TI

COMMON /VPS /PHI

E2 2T 23 R 22 22 222223313 2222333232 22T T
##%  THO PARAMETERS ARE S AND A  #s&
XEEREREEE R EREEFRR LR R R ST X kR Rk kX
D0 5 I=2,NNQ
TEMP=T 1( 1)

SelaseTEMPa®(-0.5) 44

£
PHI ( 2)

NC“

p=
{
T
(
)

mXvNn
R s st bms |
Zee Z -

HI
ON
H1
ET
ND
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NC=-1

NC=NC+1

DO 7 1=1,M

1CON=0

DX=0(1)

DO 8 J=1.M

Yig)=x (JYeoxes(r,
*‘***‘***‘t*‘*#**t*‘**“*t#*‘**tt#**'**t'*ﬁ‘t***********#‘
CHECK IF IT IS AN INTERIOR POINT OF THE FEASIBLE SET . #se
**#**'t‘t*t**#t***#.*#*‘t"*‘*t‘%t*tt**##***‘##*tt*#t**‘**
TFCY(S) LT oXL(J) oORe Y(J)oGTaXM{J)) 1CON=1

CONT INUE

TFCICON.NE.1) GO TO 25

DMIMN=1,0CI0

D0 26 J=I, N

TFIS(I3J).EQ.0.) GO TN 26

1Y) eet.xC(3)) 6o 1030

DD=ABS ({X( IV=XL{J))/S(1,3))

TF(DD.LT.DMIN) DMIN=DD

IF(Y(IV.LT.XM(J)) G0 TO 26

ND=ABS (I X(I)=XM{JIV7S( T30

TF(DD.LT.DMIN) DMIN=DD

CONT U1UF

TE(NXeLTa04) DMIN==DMIN

DX=DMI N

TCON=2

GO TN 32

NEF=NEF#1

CALL OBJECT(VALUE,NOBS,N)
*i‘**.‘t#t*tﬁ***#**“'*‘*tt‘**‘**#*t**t##********tt#‘ttt‘t
CHECK IF THE VALUF NF OBJECTIVE FUNCTION IS [MODROVED . #%e

b dvb it ittt dtidbd ot il i L F2T TS TP FPT PPN P+ PP D
IF(VALUE.GT.PU) GO TO 9

AEERRERERR AR R R RER ARG R R KRR AR AR ER R AR AR IR R AR AR R e AT S
THE VALUE OF OBJECTIVE FUNCTINM IS IMPPOVED (SUCCFSS) e
hbidvhidhbbadd 2L PTEEELE S ST 2L 222 2T T3 22 2L T TR PR M-+ S

PO=YALUE
TE(ICON.EQ.2) GO TO 33
IFLIS{T)NEL2) TS(1)=1
Z(1)=2(1)+D(])

D(I)=3.,=D(1)

GC 1031

Z(1)=2(1)+DMIN
D(1)=-DMIN-0.5%D(1])

1S(1)1=2

DO 10 J=1.N

X(J)1=Y(J)

10T

REEXEE EERR R R AR RERE AR ER AR R RRAR AR SR FR KL EE AR RS AR T ERRER KRS LA SR &S

THC VALUE OF DBJECTIVE FUNCTIOM 1S NOT TMPROVED (FATLURE) ®%x
“t‘t"tt#*#**‘.*t‘#‘t&.“tt#l‘ﬁ“t‘*“#tt*#t***#**t“*t*‘*ttt
IF(1S(11.EQ.1) IS(I)=2

DLI)=-0.5¢D(T)

CONT INUE

ERXXEEXRERE SR ERFE AR RREE KKK

END OF CYCLE SEARCH  ##%%

CEEEEE RS SR T RE R R AR YRk kKK
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) GO 10 11
) NC
}9%2HCY(LE SEAPCH =====,15)
é*agH}gg CURFENT OBJECTIVE FUNCTICN =,E20.8//59X, 21 HTHE
) (X(l),l=l'
CEERESEEX KL R XL REREXE R SR KX KR K LR S EEL R R XU CT R AR Eh R SR kK
L THE SEARCH DIRECTION HAVE FAILED AT LEAST CNCE b
A SUCCESS *x %
EEXREFXXE SR ST AR AR R R EE KR KRS L BREX X RN EC XN R AR KSR X RS KK &
2} IR =1
0) NR{I)=NR(T}+1
«4) GO T0 35

T0
RS ERERER KL &
SEARCH  ##%x
EEERREU KK bR

GO 70 13

C
RHTOTAL NUMBER OF CYCLE SEARCH =,15)
X(UI)eI=1,M)

tt***ttt&tt#tt*tttt#**t*#*#*#ttt*‘tt***#t***tt*#*#tttt*tt**t##

E THE FRESULT IS SATISFIED WITH THE PPEASSIGMNED CONVERGENCE bt

%

ERRXIERIAEBUDERRER IR EEERRE EXERAE SRR KRR R REEERRARRREERRKR AR KRS KX KR SR &
IFLIOBJ-PO)LLELEPS) GO TN 14

EERREE RCRERRRERERR R AS AR AR C AR DR EE TR RC SRR RRR AR CABE AL AERRAS SRR RE CE 2
CHECK II THE MUMBER OF STAGE SEARCH GREATER THAN ASSIGNED LIMIY bbb
bbbttt bdddbdttadass td P L IE 222 T 20 2 PR E2 3 2 ey P P T I 2 2 T Y

IF(NS.LT.4ST) GO T0 15

WRITE(6,550)

WRITE( 67698) MST

FORMAT (7/40X, 1 BHDN NOT COMVERGE IN,[15,5X,14HSTAGE SEARCHES)
WPITE[6,606) PO

WRITE(67603) (X{1),1=1,N)

Egn¢3t;grlo.4,rto.i)

EXREXE R XN AN R E R R CE R SR XX X R A AR AL R AR S R R E R Sk
CALCULATE NEW SEARCH DIRECTION FOR NEXT STAGF SEARCH  w#&#
PALMEPS VERSION IS USED YO COMPUTE THE NEW DIPECTION  ##%
XRE R KX SE XX RS EE K ERE SR RS R AR R RE KR SRR R A R R R R XK kR R R XK
DO 17 I=1,N

SUMA=0,

DO 18 J=1,M

E(J)=0,

00" 19 R=1,

Plaboe (s i es ik

CONT INUE
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Report
No.

TR EL-79-2

MP EL-79-6
(Military Hydrology
Series)

Unnumbered

MILITARY HYDROLOGY REPORTS

No. in
Series

N -

10
11
12
13
14

156

16

17

Title

Proceedings of the Military Hydrology Workshop,
17-19 May 1978, Vicksburg, Mississippi

Status and Research Requirements

Formulation of a Long-Range Concept for Streamflow
Prediction Capability

A Review of Army Doctrine on Military Hydrology

Evaluation of an Automated Water Data Base for

Support to the Rapid Deployment Joint Task Force
(RDJTF)

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

Assessment of Two Currently “Fieldable” Geophysical
Methods for Military Ground-Water Detection

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

Feasibility of Using Satellite and Radar Data in
Hydrologic Forecasting

State-of-the-Art Review and Annotated Bibliography
of Dam-Breach- Flood- Forecasting

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

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

Case Study Evaluation of Alternative Dam-Breach
Flood Wave Models

Comparativé Evaluation of Dam-Breach Flood Fore-
casting Methods

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

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

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

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

Proceedings of the Ground-Water Detection Workshop,

12-14 January 1982, Vicksburg, Mississippi

Date
May 1979

Dec 1979
Jul 1980

Jun 1931

Nov 1981

Mar 1982

Oct 1984

Oct 1984

Sep 1985

Feb 1985

Jun 1986

Nov 1986
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