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ABSTRACT

APPLICATION OF
AN ELECTRONIC ANALOG COMF UTFER
FOR THE SIMULATION OF HYDROLOGIC EVENTS
ON A SOUTHWEST WATERSHED

The hydrologic characteristics of watersheds in semiarid regions
are dependent upon mauny variable and often interrelated factors., A
quantitative knowledge of these factors and of their relative infiuence
upon the system as a whole is needed in order io improve the efficiency
of watershed management in these areas. In an attempt to develop a
comprehensive simulation model of a semiarid watershed. research
workers in the Agricultural Research Service considered the electronic
analog computer, and a cooperative research agreement was subse-
quently signed with Utah State University. Analog modeling concepts
are based upon the development of basic relationships which describhe
the various processes which occur within the surface hydrologic systemn
of a semiarid watershed. Once established, the model is applicable to
‘any particular geographic unit by determining the appropriate constants
of the hydrologic equations. The analog computer js ideally suited to
the many time-dependent differential equations which are encountered
in hydrologic systems. To test individual equations and to verify the
model, a subbasin of Walnut Guich watershed in southern Arizona was
simulated. In preliminary tests, close agreement was achieved between
the observed and computed runoff hydrographs for a single storm. Some
Progress is also reported in the development of an analog technigue to
plot isohyetal lines corresponding to selected time intervalsg during the
course of a storm.

Riley, J. Paul, Chadwick, Duane G.. ani Israelsen, Eugene K.
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PARTIAL LIST OF SYMBOLS1

Definition

volume of water stored within a particular length of

constant infiltration capacity rate under conditions of a

potential evaporation rate or evaporation capacity

infiltration capacity or maximum infiltration rate
soil infiltration capacity rate at the beginning of a storm

net inflow rate to surface channels within a watershed

rate of flow from the groundwater basin into an effluent
channel within a watershed zone

rate of channel runoff from a particular watershed zone

rate of seepage loss from a surface channel within a

Symbol
C

° surface channel
Er evaporation rate
Fc

saturated soil profile

B

cr
Fr infiltration rate
F

cr
F

o
i
r

zone

P precipitation rate
b
9re
q

'8 watershed zone
1

Notes:

i) All parameters are functions of time

2} The subscript "r'' denotes a rate of change with
respect to time .

3) The subscript '"s" denotes a stored quantity

4) Values of all parameters are greater than or equal to
ZEro

5) Symbols not included in this list are defined within the
text of the report



Symboi

rn

rs

rs

cr

cs

Definition

rate of discharge from interflow storage within a water-
shed zone

rate of total surface discharge from a watershed, including
channel base flow

rate of discharge frorm surface detention storage within a
watershed zone

retention rate capacity or the maximum rate at which
precipitation is able to enter retention storage

retention storage capacity of the vegetation and land
surface within a particular area

rate at which precipitation is entering retention storage
quantity of precipitation in retention storage

rate at which water is available for surface runoff within
a zone (inflow to surface detention storage)

quantity of water stored as surface detention

vi
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CHAPTER 1

INTRODUCTION

The hydrologic characteristics of the semiarid watersheds of the
southwestern part of the United States are dependént upon many variable
factors. The high-intensity, short-duration convective storms that
cause most of the runoff down the ephemeral channels of these water-
sheds rarely cover an area of more than a few square miles. The
outfiow hydrograph is, therefore, greatly affected by the storm pattern.
Infiltration and channel transmission loss rates are generally high.
Vegétafive cover.ha.s a significant effect on runoff characteristics, and
in areas where the vegetative density is low, the surface runoff fre-
quently carries high sediment loads.

Because of the very limited precipitation in the Southwest , effi-
cient management of available water supplies is becoming increasingly
more important. For this reason, the Soil and Water Conservation
Research Division of therAgricultrual Research Service, United States
Department of Agriculture, recently established four experimental
watersheds in southern Arizona and New Mexico. To provide basic
data for an evaluation of the various factors which influence the hydro-
logic processes within these areas, dense instrumentation networks
were established.

A hydrologic system is relatively easy to describe from a qualitative



standpoint. However, the extension of this qualitative knowledge to
obtain specific quantitative res{llts is a difficult problem. The complex
interrelation and variable nature of the many different processes occur-
ring simultaneously within a hydrologic system make this so. In addi-
tion, compared to many other fields of science, few basic quantitative
concepts exist as yet in the area of hydrology. Thus, there is need
both to describe the various hydrologic processes in mathematical
terms and to develop a practical method of combining these expressions
into models which will facilitate a quick and easy examination of hydro-
logic parameters as they are affected by management and other changes
within a prototype basin.

In an attempt to develop a comprehensive simulation model of a
semiarid watershed, research workers in the Agricultural Research
Service considered the electronic analog computer. In February 1966
an agreement was signed setting out the terms of a cooperative study
between the Soil and Water Conservation Division of the Agricultural
Research Service and the Utah Water Research Laboratory. Under
this agreement the Utah Water Research Laboratory was charged with
the responsibility of developing a general electronic analog model

»

which would be applicable to complex semiarid watersheds, considering

such factors as the small aerial extent of runoff-producing thunderstorms,

channel transmission losses, and momentum waves in the channel

systems.



This report outlines the research activities by personnel of the
Utah Water Research Laboratory during the first year of this coopera-
tive study. During this time there has been a considerable interchange
of information with the staff of the Southwest Watershed Research
Center, Soil and Water Conservation Research Division, Agricultural
Research Service, at Tucson, Arizona. An initial mathematical model
of the surface hydrologic system has been proposed and tested. Pro- -
gress also has been made in the development of an analog device for
automatically plotting isohyetal lines for a particular watershed.

Chapter II of this report deals with the basic concepts that are
incorporated into the development of an electronic analog model of a
hydrologic system. Chaptef III contains the development of preliminary
mathematical descriptions of the various processes which occur within
the surface hydrologic system of a semiarid watershed. Verification
of the model for a particular drainage area is briefly descrribed in
Chapter IV. Chapter V discusses the development and present status

of the isohyetal plotting technique. Finally, Chapter VI briefly summa -

rizes the results of the past year, and reviews plans for the continuation

of the study.



CHAPTER II

ANALOG COMPUTER SIMULATION OF HYDROLOGIC SYSTEMS

Characteristics of the analog computer

Simulation is a technique for investigating the behavior or response
of a dynamic system subject to particular constraints and input functions.
This technique is usually performed by means of both physical and elec-
tronic models. Physical models and also those consisting of electrical
resistor-capacitor networks have been used to invéstigate hydraulic and
hydrologic phenomena for many years. However, simulation by means
of high-speed electronic computers is a relatively new technique.

Considerable progress has been achieved in digital computer simu-
lation of hydrologi; phenomena (1, 4, 5). However, for applications of
this nature the electronic analog computer has several important advan-
tages. This type of computer solves problems by behaving electronically
in & manner analogous with the problem solution, and is therefore a
much faster computing machine than the digital computer. Moreover,
the analog computer isa parallel device in that all computations proceed
simultaneously. If the size of a problem is doubled, the amount of ana -
log equipment required is also approximately doubled, but the time for
solution remains the same. On the other hand, the digital computer,
whiéh is a sequential machine, takes twice as long when the problem

size is doubled.



Many of the processes which occur in nature are time dependent
and as such are differential in form. It is in the solution of differential
.equations that the great speed of the analog computer is particularly
apparent because it can integrate the problem variables continuously
instead of using numerical approximations. Frequently, design
optimization problems or those involving stochastic variables require
differential equations to be solved repeatedly, each with slightly
different parameters or functions. Because of its tremendous speed,
problems of this nature can be undertaken feasibly by the analog
computer when all other methods would require unacceptable lengths
of time. -

Output on an analog computer is presented in graphical form as a
continuous plot of the variable quantities involved. The operator can
visualize results as being the actual dynamic responses of the phy;sical
system under investigation. Also, the results of possible alternative
ways of combining the various components of the entire system can be
quickly defined as an aid to determining the changes in specific processes
that might be necessary to meet prototype conditions. Thus, the é.nalog
is very helpful during the exploratory phases of developing both component
relationships and -'c}:composite model of a hydrologic system.

In recent vsrea.:r:a: research in the development of electronic analog
models of dynamic flow systems has beefl undertaken at several centers.

In the area of flood runoff, Shen (15) discusses the applicability of analog
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on the Kitakami River of Japan {13

o

Research in slecirenic analoy zimuls

of hydrologic syestems
'begaln at Utah State University in 19.63 .(3). Logically, emphasis was
first placed on the formulation (;f basic and fundamental.models of the
physical system. Professors Bagley and Chadwick envisioned the
simulation of the entire wateréhed and recommended the design and
formulation of a pilot model, -These.reéomrhendations were accepted,
and the Agricultural R-esearlch S-ér‘lrice, the Soil Conserv.ation Service,
and the Utah Water and Power Board provide& funding to proceed with
the construction of a test modei. An electronic analog coﬁxputihg device
was subsequently_ designed and built at Utah State University and
completed in November 1964 (2), The success of the project encouraged
further work and led to a study ‘supported in part with funds provided by
the Department 6f the Interior, Office of Water Resources Research (14).
Under this project important improvementg were made both in the
mathematical relations for describing the various hjfdrologic processes
and in the capability of the ah‘atl'og computihg'eqdipméht. The computer

developed under these two projects is shown by Fig, 2. 1.
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The only available independent variable on an analog computer is
time, and computations are performed contimmusly'throughout the
integration period. It is for this reason that differential equations with
respect to time are very applicable to this type of computer. For
example, in the case of precipitétion, intensity or rate is given by the
following differential expression:

dp

P = - I |

r dt
From Eq. 2.1 the total ?recipitation occﬁrring during a period of time,

n, is given as follows:

£
fn

P(n) = f P

£
o}

It is recognized that meteorological data are frequently recorded in
digital format over finite time intervals. For example; precipitation
information might be available as inches per day or per month, which

is expressed in finite form as follows:

P o=

- &
Fa)

i }Tj

i
i

Ly

in which @r designates the average ratc of precipitation during the
time period 4 t, and & P ig the precipitation which oceurred during
this period. In many cases it is very convenient to input to the analog
computer the data in its ldigii:ai format, and this is possible if the
period of integration ceincides with the finite period over which the

record was obtained. In this case equation Z.2 becomes:

N
B



i
P(n)=15fdt=13m e e e e e e e s 2.4
o iy .
o

This function is, of course, continuous only within a particular finite
period. A solution over a longer period of time is achieved, however,
because conditions existing at the end of period n then become initial
conditions for integration over period (n + i}, and sec on. As a second
alternative for the input of digital information, continuous functions of
time can be developed from digital data by interpolation techniques.
These functions are then input to the computer by means of electronic
function generating devices,

Throughout this report the subscript r applied to any parameter
is used to designate the variation of that parameter with respect to time,

whether it be an instantanecus rate or an average value occurring over

a finite time interval, such as a day or an hour.

Concepts of a hydrologic model

The fundamental reguirements of a cemputer model of a dynamic

hydrologic system are that:

1. It simulates on a continuous basis all important processes and
relationships within the system that it represents,

Z. It is nonunique with respect to space. This implies.that it can
be easily applied to different geographic areas with existing

hydrologic data.
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3. The computing equipment posses a nigh degree rof capacity and
capability,

Requirements one and two are approached by developing a preiimi—
nary meodel from an analysis of published information and established
concepts. Through the 0perati§n of the model, quantitative relationships
and hydrologic concepts are further defined and improved. At the same
time, the third requirement is met through improvements in equipment
design and modeling techniques. When the model is properly verified
so that it accurately simulates a particular system, input and individual
model parameters can be varied, and the ef’fécts of these changes can be
observed at any point in the system.

A dynamic system consists of three basic components namely the
medium or media acted upon, & set of constraints, and an energy
supply or driving forces. In a hydrologic systermn water in any one of
its three physical states is the medium of interest. The constraints are
applied by the physical nature of the hydrologic basin, and the ériving
forces are supplied by both direct solar energy and gravity and capillary
potential fields. The various funciions and operations of the different
parts of the system are interrelated by the concepts of continuity of mass
and momentum. Unless relatively high velocities are encountered,
such as in channel flow, the effects of momenturn are negligible, so

that for many hydrologic models continuity of mass is the only link



between the various processes within the system.

Continuity of mass is e'xpresseﬁ bj,r thé general equation:

Input = Output + Change in Storage | T 1
‘A hydrologic balance is the application of this equation in order to
achieve an accounting of physical hydrologic measurements within a
particular unit. Through this means and the application of appropriate
franslation or routing functions, it is possible to predict the movement
of water within a system in terms of ifs occurrence in space and time.

The concept of the hydrolegic balance is pictured by the block
diagram of Fig, 2.2, The inputs to the system are precipitation and
surface and groundwater inflow, while the output quantity is divided among
surface outflow, groundwater outflow, and evapotranspiration. As water
passes through this system, storage changes occur on the land surface,
in the soil moisture zone, in the groundwater zone, and in the stream
channels., These changes cccur rapidly in surface locations and more

a

slowly in the subsurface zones.

11



Precipitation

Evapoc-
transpiration

3

Interception Storage

Surface Inflow

-

Groundwater

SuE:c‘faCe Storage

Root Zone
Storage

Inflow

Groundwater
Storage

Surface Outflow

Groundwater

QOutflow

Fig. 2.2. A simplified diagram of the hydrolegic balance,
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CHAPTER Ii1

THE HYDROLOGIC MODEL

The hydrologic flow chart which was followed in the development of
a preliminary mathematical model for a semiarid watershed is shown by
Fig. 3.1. It will be noted that this chart includes certain modifications
resulting, in pért, from the fact that precipitation rarely occurs in the
form of snow on the rangeland watersheds of the Southwest. In addition, -
evaporation was assumed to be negligible during the period of a typical
runoff-producing event. For the initial model discussed here only the
surface hydrologic system was simulated, so that as water entered the
soil surface it was removied from any further consideration in the model.
This modification led to a further simplification. Precipitation which
enters interception storage is lost through evaporation. The component
of precipitation which enters depression storage eventually enters the
soil profile, and in this mo.d.el wes also lost because only the surface
system was considered. Thus, both inferception and depression storage

were combined and treated as a single entity termed retention storage.

Precipitation

Spatial integration of precipitatién was performed by means of the

Thiessen weighting technicue as follows:

n
P = > a,P__.. . . \ . . . . . . . . . . 3.1



Fig.

P
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' No yes
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\ /
Retention R=P .F
Storage B cr
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-3 S=FP-F -R - S—
T T cr cr
Y
Surface Surface
Inflow from Inflow
other zones
Routing [ s Channel
Seepage
Loss, g
rg
Channel
Qutflow

3.1

watershed,

from zone
Y

Hydrologic chart for the surface flow system of a semiarid
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in which

n = total number of Thiessen weighting areas included within
the zone

P = mean precipitation in 2 zone during a particular time period

z

Az = area of the zone

2. = the Thiessen area within the zone over which precipitation
1 occurs

P. = the precipitation recorded at station i

Studies conducted by personnel of the Agricultural Research Service for
the Walnut Gulch watershed indicated no significant difference between
the results of the Thiessen and isohyetal methods for computing average
precipitation over an area within the watershed for a particular period

of time.

Infiltration

The first abstractive process considered by the model was infiltra-
tion. For a particular soil the capacity infiltration rate at any tinlle is
usually primarily a function 6f the soil moeisture content. However, the
goil moisture system was not included in this initial model, and the
infiltration capacity equation as proposed by Horton {7) wa;s therefore
applied. This equation is entirely @:'iﬁle dependent, and is of the form:

F{;r = F_+(F_-F exp(-kt) . . . . . . . . . 3.7
in which |

k is an empirical constant depending upon the soil type,

t is the time from the'be.ginning of the rainfall, and the remaining

terms are defined at the beginning of the report. It is obvious that



infiltration actually occurs at the capacity rate, F'cr’ only when the

precipitation rate equals or exceeds Fcr' Thus,

F = F , P =2F . . . . . . . . . 3.3

I cr T cCr
F =P , P <¥® . .. . . . . . . 3.4
Ir T T C '

Retention

Retentioﬁ was the next abstractive proCe‘ss applied in the model.
Inflow to this form of storage was assumed to occur ;only when the pre-
cipitation rate exceeded the capacity infiltl_'a;tion rate of the soil. Losses
from retention occur as evaporation and infiltration.

The capacity rate of inflow to retention storage decreases through-
out the period of 2 storm. As the more shallow depression of the vege-
tative and ground surfaces within the precipitation area become filled,
the rate of retention storage increase decreases, and consequently, for
a particular supply rate, the rate éf surface runoff increases. In general
terms, the rate of retention storage increase becomes less with time and
is a function of the quantity in storage. Thus, the maximum or limiting
rate at which precipitation enters retention storage can be given by an
expression of the form:

Rcr; kr[RCS -Rs(t)] R -
in which.

kr = a constant depending upon vegetation and soil surface
characteristics

Rcs = retention storage capacity of the vegetation and land surface
within a particular area

16



The value of Rs(t)' in Eq. 3.5 is given by the following expression:
t

R(t)=f(R)dt T
s T

o

in which the actual retention rate, Rzr' is given by the three limiting

equations:
R =0 s O=2(P. -F Y . . . . . . . . . 3.7
T . r cr
R = (P ~-F } s 0 < (P -F ) < R .. . . 3.8
r 'y cr T cr cr
R =R . (P -F ) =2 R B T
r cr. r cr cr

As shown by Fig. 3.1, surface runoff occurs when the rate of
precipitation exceeds the sum of the capacity retention and infiltration
rates at any particular time. Thus,

S =P -F -R s, S =0 . . . . . . . 310
¥ r Ccr cr I

in which the quantity Sr represents the rate of inflow to surface deten-

tion storage.

Surface flow

Surface runoff from a watershed occurs firat as overland flow,
so‘metimes called the land phase {9), and secondly as channel flow.
The time distribution of cutflow from‘ surface detention sforage {land
phase} within a watershe& zone might be approximated by the following
géneral expression:

qrs_=kSSS(t) L. Co SR . 3011
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in which ks is a constant characteristic of surface conditions and slope

within the watershed zone, and surface detention storage is given by

= - . . . . . s . . \ R . 3,12
s_(t) f(s]r q_,).ds 3

in which the value of Sr is given by Eq. 3.10. Using the differential

form of Eq. 3.12 and substituting into it Eq. 3. 11 yields the equation

14
qrs+ k _dT(qu ; Sr S

The solution of this differential equation provides an estimate of the
required quantity, qrs

Several techniques for the routing of surface runoff in the channel
phase are described in the literature. Many of these techniques are
based upon the familiar continuity of mass principle in which the stream
channel is considered as a series of reaches with the length of a given
reach being established By the channel distance between the upstream
and downstream boundaries of the particular watershed zone in which
the reach is situated. Thus, for a particular reach, channel inflow and

outflow are related by the following differential equaticn:

"rdt—qrcdtzd.[cs“” S 3.14

Expressed as an indefinite integral, .Eq. 3.14 appears as |
Cs(t) =f{tr-qrc)dt Co e e, K 3.15

The form of Eq. 3.15 is identical to that of Eg. 3.12. The channel out-

flow, 9. is expressed as a function of the channel storage, thus:
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q =kCS(t) e T

re
Laurenson (10) expressed Eg. 3. 16 in the form

C () = k' q . . ... s

in which Cs is expressed inl cub?c feet, qr; in cubic feet per second,
and k' in seconds. In tests conducted on a2 watershed near Sidney,
Australia, he found the value of k' | in Eq. 3.17 to be a function of the
channel discharge rate in accordance with the foliowi.ng relationshi'p

-0.27
k(g ) = ka__ .. ... ... .. 3.18

in which e is again expressed in cubic feet per second. Laurenson

established the value of kr by a particular application of Eg. 3.18 as

follows:
_ -0.27
t = k g .. e .. .. . 3,19
m rirem
in which
tm = tnean lag time in hours for the watershed zone
U = the mean discharge rate in cfs, including base flow,

caused by a runoff producing event
Thus, if values of t and g are known, k_is estimated from
m  rcm r
Eq. 3.19. For the particular watershed on which he tested his theories
{South Creek), Laurenson found the mean value of kr to be 64.
From Eq. 3.18, Eq. 3.17 can be written as follows:

0.73 . . . . . . . . . . . . 320

in which Cs is expressed in terms of cubic feet. Now, substituting
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Eg. 3.20 into Eq. 3.14 yields the expression

d{g_ )
-0,27 rc
.73 k ———— = ], .o.3.21
qrc +0.7 rqrc dt 1r

The solution of this differential equation provides an estimate of the channel
discharge rate, q_.- Initial values of q..are established from streamflow

records, In the case of ephemeral streams, {0y = 0,
p qrc

In the general case, the term ir in Eq. 3. 21 consists not only of sur-
face runocff and interflow from within a particular zone, n, but also of
channel flow from a higher zone, m. In addition, ir is increased by ground-
water inflow originating within the zone in the event of an effluent reach,
and decreased by seepage losses in the case of an influent channel. Also,
channel evaporation losses represent a loss from the zone and should be

considered. A general expression i is, therefore, given by
: r

i) =g (m)+q (n)+q (n)+aq, (n)-q (n)-F_ (1) . . 322

r s rn I'g cr
In the preliminary model developed during the initial phase of this
study some of the terms on the right side of Eq. 3,22 were neglected,

Thus, the rate of entry of water to the channel by interflow, q , the
rn

groundwater or base flow inflow rate, {n}, and evaporation losses,

qrb

Ecr(n), were each assumed equal to zerc, g (m) represents the com-
rc

puted channel runoff from zone m which is situated immediately above

zone n. g S(n) is the rate of surface runoff from the land phase (deten-
r

tion storage) within zone n as given by Fq. 3.13,



With. reference to the channel seepage losses, qrg(n), an average
value was established for each watershed zone on the basis of the dimen-
sions of the surface channel and the vertical permeability of the bed
materials within the zone. From Darcy's equation. the rate of channel
seepage loss can be written as

q = kia . . . . . . . . . . . . . . 3.23

k = the permeability of the bed material
i = the gradient
a = the area of surface over which seepage is occurring
If seepage is assumed to occur mainly ina veftical direction, Egq. 3.23

can be written in the form

qrg{t) = kgw(t}l Ce e 3. 24
in which

kg = the vertical permeability of the bed material

w = the average width of the surface of the water within the

channel at any time, t
I = the length of channel within the zone under consi&ération
For a given.volume of water gtorage per unit length‘ of channel at a
particular point, the value of w depénds upon the cross-sectional
area of flow, AS, within the channel at this point.- ' Thus,
w(t) = _f[As(t)}'. A e | c 3.25

in which the function f is dependent upon the shape of the channel cross-

21
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section. Now, if the distribution of storage within 2 zone is assumed to
be uniform, the average cross-sectional area of flow at any time, t,
is given by

C

Aty = —5— . . . L L 326
s o

Substituting Eq. 3.25 and 3.26 intoc Eq. 3.24 yields the general

expression

C (&)

5
qrg(t)_kgf1 S -

The application of Eq. 3.27 is demonsirated by assuming a
trapezocidal channel cross-section with an average side slope equal to
m horizontal to one vertical and a base width, b. In this case the

average cross-sectional area of flow is given by

WZ ~ b2
s(t) yy 3. 28
from which’
3 1/2
wit} = [b +4mAZ(t)] .. ... . . ... 3.29

From Eq. 3.26, w now can be expressed in terms of channel storage
as follows:

. 1/2 R _
w(t)=[b2+~iin-?-cs(t)] L 350

- Substituting Eq. 3.30 into Eq. 3.24 gives

1/2 _
C_(t) ] SRR

4m

1

2
(t) = k1] b +
%rg gt Lo



Special cases of Eq. 3.31 occur for rectangular shaped channels
(m = 0), and triangular channels (b = 0). It is also noted that this
equation establishes a limiting minimum rate for channel seepage

losses, namely:

qrg(min) = kglb T A ¥4

Thus, in the absence of channel stora.ge, ng if the gross infléw rate
to a particular réach of channel does not exceed the rate established by
Eq. 3.32, there is no outflow, qr.c’ from the reach. I, therefore,
follows that the actual total rate of channel loss is given by the sum of
the seepage and evaporation terms contained on the right side of Eq. 3.22
only when the positive or gross inflow terms on the right side of this
same equation jointly equal or exceed this sum. When this is not the
case, the rate of channel loss is limited by the supply rate.

As an example of the application of the preceding channel routing
analysis to a particular zone, consider the‘Walnut Gulch experimental
watershed which is situated in southern Arizona. With reference to an
estimate of kr by Eq. 3.19, the mean lag time of many watersheds
is closely approximated by the more easily obtained hydrograph rise
time. In the case of the Walnut Gulch watershed the average rise time
is given by the expression {12):

¢ = 25,34 "0-14 R T
r Z

in which

23
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t rise time in minutes

r

A

&

H

area of the runoff surface or zone in square miles

For this particular watershed rise time is appgrently independent of
discharge rate so that the value of kr in Eq. 3.17 is also independent

of 9. and in fact is; equal to the rise -time estimated by Eq. 3.33. Thus,
Eq. 3.17 can be written in the form:

C(t) = 25.3a "t
s Z rc

in which CS and .. are expressed in terms of cubic feet and cubic
feet per minute respectively. Substituting Eg. 3. 34 into Eg, 2 14
yields the resulg

-0.14 4 ‘
4+ 25, — = . . . ; ) . , .35
qrc 3 Az dt (qrc} lr 53

This equation is a particular form of the more general routing Eq. 3. 21.
If for short duration storms channel evaporation losses are neglected
and the inflow to channels of interflow, or quick seepage, and base flow

is assumed to be negligible, Eq. 3.22 can be written as -

'ir(n) = qu(m)-a‘-qrs(n}—qrg(n} e . ..., 3,36

If a trapezoidal channel cross-section is assumed, qrg is given by
Egs.3.31 and 3. 34 ag follows:

1/2
2 4 -0.14 -
= i —— . . . . . . .
qrg kg (b~ + 7 25‘ 3 Az qrc) 3. 37

Eqs. 3.36 and 3. 37 are now substituted into Egq. 3.35 to yield 2 channel

routing expression for Walnut Gulch watershed as follows:



q

rc

) -0.14
AL
{n) K 25.3 Az(n)

= qu(.rn) +q (0

d
dt [gr

2
()] +kg1[ b” +

4m

r——

1

25.3 A
/)

-0.

i4
q

3.

rc

38
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CHAPTER IV

TESTING AND VERIFICATION OF THE MODEL

Preliminary tests of the initial hydrologic model developed in
Chapter IV were made by simulating a subbasin of the Walnut Gulch
experimental watershed. This watershed contains approximately
37,200 acres and is situated at Tombstone in southeastern Arizona.

It is an ephemeral tributary of the San Pedro River. Runoff character-
istics of the area are being intensively studied by the Agricultural
Reseavch Service of the U. S. Department of Agriculture, and hydro-
logic instrumentation is therefore very complete (8, 12, 14), Fig. 4.1
shows the general outline of the basin and the approximate locations of
the precipitation and runoff measuring stations, Annual precipitation
on the watershed is approximately 14 inches, with between 50 percent
and 70 percent of the precipitation and essentially all of the runoff, oc-
curring during the June to September period as the result of intense,
small-diameter, convective storms., Precipitation is measured with

a network of 91 recording rain gages. Runoff is measured at the water-
shed outlet and from seven subwatersheds,

Elevations vary from 4, 200 feet above mean sea level at the water-
shed outlet to over 6,000 feet at the upper portions of the drainage area.
Stream channels in the watershed are tyvical of the semiarid Southwest.
Gradients are steep (approximately one percent), and consequently flow

velocities are high. Throughout most of the channel system several feet
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of sand and gravel overlie a more consolidated material of fine-

textured sediment or rock. The vegetative cover is the grama grass and
creocsote bush mixture typical of many of the rangelands of the Southwest.
The regional groundwater table is situated at a &epth of approximately
400 feet beneath the land surface.

The subunit of the Walnut Gulch watershed which was selected for
initial simulaiion was subwatershed 11. Good precipitation and runoff
data are available for four storms which occurred within this particular
catchment area during July 1966. This report will present simulation
results corresponding to the single event of July 20, 1966. An enlarged

plan of subwatershed 11, which contains a totsl srea of %, 035 acres, is

4.3 is the analog flow diagram for the sirmulation model of
subwatershed 11, The fime scale adopted for the model was one second

o five minutes of real time. Precipitation input values to the

]
[}
=
o
foet
[

computer were therefore those quantities which occurred at each rain
gage during succeeding five-minute intervals throughout the storm.

Frecipitation input data for the svent of July 20, 1966, are shown by Table

2

A 1. Although these dats were received in digital form, the time increment
varied congiderably. A digital camp,u‘ter prograra was therefore

developed to convert this data into the desired format of Table A 1,

This program together with sample osuiput information ave included

within the appendix of this report. It will be noted that the data heve been

ouiput for three particular time intervals. Any desired interval within

!
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the range of the data may be specified in the digital program. Input
values characteristic of the prototype area are included within Table A2,
Most of the jnformation in this table was obtained fro‘m the results of
field studies carried out by personnel of the Agricultural Research
Service.

Analog computer output functions plotted directly.on ‘thé ¥-y vari-
plotter are shown by Fig. 4.4. If will be noted that the vertical scale
of the curve representing the rate of inflow toc surface channels, q.¢°
is ten times larger than that of the other 'accompanying curves. The
area beneath this curve is, therefore, ten times greater than the cross-
hatched area beneath the plot which represents the rate of input to
surface detention storage. Except for the discharge hydrograph, all
values are expressed in terms of inches over the area of the subwater-
shed per time interval. The outflow hydrogrpahs are e}.cp.ressed in terms
of acre-feet per time interval. Reasonable agreement was achieved
between the computed and observed hydrographs. The peak discharge
rates of 0.146 acre-feet per five minutes (approximately 20 cfs) coin-
cided exactly.

The time delay, in this case of about 50 minutes, between the out-
flow from detention sf;orage and the a:ppea.rance of an appreciable flow
at the stream gaging station, is dependent largely upon the location of
the stormon the subwatershed. This variable Adelay proble-m can be

approached by subdiving the area into a2 number of small zones and
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routing down the channels from one zone to the next. In subsequent
simulation studies of subwatershed 11 it is proposed to model this area
as eight individual zones.

Unfortunately, the only point at which quantitative verification of
the mode.l was possible was at the siream gaging station. However,
channel transmission losses for portions of the Walnut Guich watershed
have been estimated as a function of average peak :_iischarge (14). On
the basis of this relationship the computed transmission loss of about
12 acre-feet for the storn.n of July 20, 1966, on subwatershed 11 is a

reasonable value.

33
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CHAPTER V

PLOTTING OF ISOHYETAL LINES USING AN ANALOG COMFUTER

As indicated in Chapter I, the scope of this study includes an
investigation of computer techniques which might be applicable to
hydrologic problems. Personnel of the Soil and Water Conservation
Research Div‘ision of the Agricultural Research Service at Tuscon
suggested that consideration be given to.the possibility of using the
analog computer for ploﬂ:i.ng isohyetal lines within a watershed area.
Accordingly, during the phase of the project reported herein, an investi-
gation of this problem was begun at the Utah Water Ressarch Laboratory'.,.
It is noted her~ that staff members of the Agricultural Research Service
indicated the ischyetal s‘tudy as being of secondary importance to other
areas of research in the Walnut Gulch simulation project. For this
reason, and because considerable expenditures of both time and money
are needed to develop and test the. technique, approx‘iﬁﬁately two-thirds
of the cost of the isohyetal study to date has been provided from other
funding sources,

The plotting teéhniq‘ue being im-restigated is an adaption of the
procedure proposed by Lym in 1965 (11), A diagrafn of the analog
computer program being tested is shown by Fig_. 5.1. Basically, this

program solves the twe LaPlacian equationsg
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Circuit for plotting equipotent'i'a.l lines in a potential field.
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xs=-‘g"-%“ . N - T |
and

i;s=gi' 5,2
in which

Scs = the x component of velocity along an ischyetal line

irs = the y component of velocity along an ischyetal line

¥ = the potential of the isohyetal line |

The plotting technique requires the use of electrical resistance
paper in conjunction with a large 30 inch by 30 inch'x-y plotter and a
four-point probe. A close-up view of this probe is shown by Fig, 5. 2.
The probe is mounted on one of the arms of the plotter in place of the
pen. In addition to this equipment, other éomponents required by the
technique are 23 operationai amplifiers, six 'x-y multipliers, a limiter,
about 100 potentiometers, and a second x-y plotter for plotting the
isohyetal lines,

The boundaries of a particular watershed area are established on the
resistance paper according to an appropriate scale factor., Provision
is then made for applying voltages at points on the resistance paper
corresponding to the lécations of the .raingages on the watershed. The
voltages applied at these points can be varied by means of potentiometers
and can be set at values w‘hi.ch are proportional to the quantities of

precipitation recorded at the raingages within the area.






The minimum.map scale fls limited by‘the‘ physical size of the
four -point probe. Id‘ealllyr, '.the probé w:oultrl‘ gontact thé r.esistanc:e paper
at only one point. . From a practical consideration, hoﬁever, this is
not possible. The probe is equ‘ippeld with fo_lzr contacts arranged in
a square pattern and épaced at a distance of 0.2 inches apart (Fig. 5.2).
"This is considered to be about the minimuﬁ practical spacing (11).

Ipitial tests of the isohyetal plotting technique were made by
simulating the lower portion of the Walnut Gulch watershed. Because
of the minimum scale limitation, the entire watershed cqul_d not be
included within the aréa of the 30 inch by 30 inch plotting board.
Consequently, only that part of the watershed which extends eastward

as far as raingages 44 and 46 was included in the simulation (Fig. 5. 3}.

The locations of the 60 raingages within this area are shown by Fig. 4.1.

Fig. 5.4 is a view of the probe and resistance board in position on the
plotter. The white dots on the black resistancle paper indicate rain-
gage locations (or voltage source points).

Preliminary tests of the isohyetal plotting technique indicate that
the system has good possibilities. However, problems are still being
encountered in establishing boundary conditions on the resistance
paper, and much additional work will be needed t§ establish the

practicality of this technique.
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CHAPTER IV

SUMMARY AND CONCLUSIONS

This report proposeé a preliminary analog model of the surface
hydrologic system within a serniarid watershed. The basic components
of the model are:

1. Fundamen.tal and logical mathematical representations of the
hydrologic processes.

2. An electronic analog computer which is capable of representing the
individuél hlydrologi‘c processes and of synthesizipg them into a
complex system.

Electronic analog simulation of hydrologic systems has many prac-
tical applications in the areas of both research and project planning and
managemeﬁt. As a research tool the computer is valuable in the pro-
cess of investigating and improving mathematical relationships. In this
respect, the computer is applied not only for its calculating potential,
but also for its ability to yieid optimum solutions. Simulation is also
ideal for ihvestigations of hydrologic sengitivity. Problems range from
the influence of & single factor upon a particular process to.the effects
of an entire process, such as evapotranspiration, upon the system as a
~whole.

In many ways analo’g. simulation can assist ir;_p]anning and develop-

ment work. Models can provide the designer with runoff estimates



from the input of recorded precipitation data. In addition, simulated
streamflow records from statistically generated input informartion enable
the establishment of synthetic flow frequency distribution patterns.

In the area of water resource management, analog- computer simu-
lation will permit the rapid evaluation of the effects of vafious manage-
ment alternati_ves upon the entire system. These altefnativeﬂmight
involve such vafiables as watershed treatment, including urbanization,
the construction of a storage reservoir, or changes in irrigation prac-
tices within a Basin.

To test individual equations and to verify the model, a particular
hydrologic unit was simulated. Flow records at the outlet (-Df the sub-
basin provided‘ data for quantitative verification of the model. For the
storm of July 20, 1966, close agreement was achieved between the
computed and observed oufflow hydrographs from subwatershed 11 of
the Walnut Gulch catchment aréa.

During the phase of the project reported herein efforts were also
ekpended to improve the capability of the analog computing equipment
for hydrologic applications. Some progress has been r;aade in the de-
velopment of an analog technique to plot isohyétal lines corresponding
to selected time intervals during the course of a storm. It is anticipated
" that this‘ technique, if successful, will facilitate the distribution of pre-
cipitation within a particular area with fespect toc the dimension.s of both

time and space.
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In a research program of this nature certain constraints or boundary
conditions limit the degree ‘o‘f achievement during any particular phasé
of the overall program. The most iﬁportan# of these limiting features
are the extent to which reéearch information and basic input data are
available, the degree of accuracy established b3.r the time and spatial
incf‘emet_lts adopted fér the model, equipment llimitatibns, and the neces-
sary time limit imposed upon the investigation period,

In this study a high .-level of cooperation has been achieved between
personnel of the Ag'ricultural Research Serﬁce'and the Utah Water
Research Laboratory. Through this cbope:ration exteﬁsi've technical
knowledge and basic data are availabl'e to'.t.he project. In addition, ade-~
guate comput.ing facilities permit detailed modeiing in terms of both time
and space,

During the next phase of the study, development of the isohyetal
plotting technique will be continued. The hydrologic model will be im-
proved by mod-eling' an area, such as subwatershed 11, as a number of
sﬁbzones. Thus, variable watérshed characteristics and storm patterns
will be more accurately represented by the model. Channel routing is
also an area of possible improvement, Considei‘ation is now being given
to representing this flow by the sirﬁuItaneous solution of the c.onservation
" of mass and momentum eqﬁatlioﬁs.. Subsequent models will also be further
generalized by including the soil moisture system and tlhe evapotranspira-

tion process.
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The overall objeCtife of this study involves nﬁa.ny challenges, not
only in the mathematical repres en.tations of the h.ydrologic processes,
but also in equipment requirements and modeling techniques. However,
achievements during the initial phasé of the study reported herein have
demonstfated the soundness and validity of the analog simulation approach

to the complex hydrologic problems of semiarid regions.
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DIGITAL COMPUTER PROGRAM FOR COJ&/I?UT..‘-.NG

INCREMENTAL PPECIPITATION

CIMENSION TD(SO},T(5O)9P(J0),DFLT(10)
1 RL&D $9,DTL,0T2,NTG,L yND, (DELT(I),1=1, ND )
99 FORMAT(2A3,19,215,5F9.0) o , o - . e
READ 1C0 % : o
PUNCH 100 .
100 FGRMAT(BO&: :
1 ' ¥
" PUNCH 101, @Tl DT2,NTO
101 FORMAT{15X,5HCATE 2A3,8X, 9HTIME ZERUIb) e e
o PUNMCH 110 ”
110 FORMAT(THGAGE NO3X,13HACC TIME(MIN)#X 19HINTERVAL PRECIP(IN)BXgZOH,.
LACC STORM PRECIP(IN)) .
2 READ1OZ2,KyNGA o .- _“' _ L e
102 FURMAT({215) _ _ ' o ‘
READ 1044 {TP{J)sJd=LsK?} - e . e s e
104 FORMAT [20X,10F642) 3
DO324 J=1,K
I=TP{J)#0.1
T(iY 1
3=1+%10
324 P{J)=TP(J)=B
323 DO 15KK=1, ND
PUNCH 360,DELT(KK) .
360 FURMAT(ZOHTIME INCREM:NT(MIN)—F4 o).
CR=1.0 e e . S
AP=P{1) L o
AT=DELTUKK Y oo e o . , , el
J=1 ' ‘ o ' :
ASP =0
3 IF(AT=T(J+1))5, 798
5 DT=DELT{KK) :
API=AP
GG TG 10
8 J=Jd+1 _
IF({J+1)I=K)646514
6 IF(AT=~T{J+1)19,7,8 -
7 TaP=P{J+1) '
GO 7O 11:
-9 DT=AT«T{d4) .
API=zP(J)
G TG, 10
L4 TAP=P{K)
: 6O TO1L
10 TAP= Dn%(P(J+lJ"P(J))/(T(J+1) T(J)}+API



1t

108

Jos
A%

DI=TAPmAP
PIR=PI+0;005

ASP= ASP??

ASPR= ASP+C 005

NAT=AT

PUNCH lOQ,NGAywAT PIR ASPh
FCRMAT(15411242F22.2) h
LF(AT=T(K})12,15,15
CR=CR+1.0

AT=CR=DELT (KK)

AP=TAR :

G 170 .3

CONTIRUE

L=lel

20

PF(L)Y20520,2
PAUSE

GO TO L
END

Sample Qu‘tpu'tr

PRECI

CAGE

=

LT
™

L2
32
32
32
2
32
32
32
32
32
32
32
TIiMk
32

27

32
32
32
32

32

ITATION DATA FOR WALNUT GULCH

_ DATE 072066 TIME ZERG L
NG ACC TIME(MIN) " INTERVAL PRECIP(IN)
INCREMENTI(MIN)= S, .
S 5. ' ' .b2-
S.10 o 06
£5 O L06
20 W07
25 ‘ _ : .13
S 30 - _ a15
35 ‘ .11
.40 L C .07
45 . .03
T80 ' ' 01
55 ' W01
&0 . .01
: 65 o '0.00
INCREMENTIMIN)= 10.- . '
’ . 10 . 108
20 . \ .13
30 ' .28
40 . _ <18
56 - i .03
60 . : ~ #01

SUB WATERSHED

70 : : 0.00°"

PRECJECT WG'38

.02
«08
« 14
«21

34

%9
60
67
270
- 71
» 71
<72
.72

208

e 21

« 49
+67
271

P .

.72

51

ORM PRECIP(IN)



CUTIMe

38

INCREMENTIMIN) =
32 ' 15
32 30 .
32 45
52 . . 60
. . 3? p IZ 75
. TIME INCRENENT(NIN)-.
' 33 5 .
33 10
33 15 -
33 20 -
33 25
33 30 -
33 35
33 40
33 . 45
33 50
33 556
33 60
R 33 65
o TIME INCRtMENT{NIN)“
E 33 10
33 20.
33 30
33 490
33 50
33 60
e 33 70
“ TIME INCREMENT(MIN)=
.33 ' 15
33 30
33 45
33 60
: 33 : 75
CTIME INCREMENT\NIN)-H
:.. 38 5. .
L 38 10 ..
38 15
. 38 . 20 . .
3e 25
38 30
38 © 35
38 Ay
38 45
38 - 50

55

TIVF INCREMENT(MIN}-

338
38

SR 38 i
28
38"

i0
30

50
&0

15,

20

._40.;M'.¥Am“

o1&

235
o2
02

| 0.00
56

.04

-Ia 06
005 . T
.09 -
o 12
15
10

T e 04

: 902
. 001 o

C...01
) .01
10. .

.10

L ] 21. N
g.2 5{ :

. ) ‘.‘_ @ 06

e 020

01
154 o
e 13

w20

229

a4

001
50
0.00
05
ﬁll
e ll

o 16

.21

01‘?

« 05

« 04

U3

.03

: oo 005
T a22

07

Y

03

’ aO?II

.37
W19

o l&

e 49

« 70
a72
72

<03

GO?
.13

+38
«53

63

«67

. <68
ﬂég

« 70
o711

- 07
al7
.38
+63
« 68

.70
oT1

«13
«38

6T

=« 70
<71

0.00
«05
0'16

27

243
w64
.78
83
« 87
+ 90
-92

05
s 64

=90

2t

) 017 oo
.26

02T

e BB i

mwwggwww.mw.”wvé
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TIME ImCRLMr\T\N N}-:15;1 e o Genl Dol :
TE S P LU S ¥- 1
Bao L E T80 e Gl weB e W6k
g T gy 23 st e W BT
CTIME INCREMENT(MINI= Se . . 0 - e BT o
CUBeL 5 0400 e 0.00 - & . o
39 o0 LG o e T e 03 L - .03 ¢
39 o Ls .09 .12
39 o aap o W l4 o 26
39 0 Eo 2% 0 L1300 - .39
39 30 Lo T e .08 S e4B
39 35 R S - B .60
39 4O o o L E 100 L e TG0
39 a5 , SoLB6 e e 6
39 . 05000 .02 S LT8
39 85 : IR o b S 819
T R Yo RN o § SR R LBO il
39 &S . g L 0.00 Lo LB0
TIME INuREMPNT(NINJ- 10.. e R DA P S
39 10 I .03 .03 T
B 200 W23 L 26 e L
29 3¢ : _ _ 022 : W48
29 40 o . .23 G W70
39 50 W08 S W78
39 ... 60 . 01 L . .80
39 _ 70 B 1 0.00 - | o .8C
TIME INLREME\T(“ILJ—.lS. L e
39 15 o W12 S A
39 30 W36 T L 48
39 0 45 o 29 - C.T6
._V_vq.p_;- 60 04 T .80
’ 59 R 75 E . 0.00 .: S <80
S TIME IhCRhNENT(NLN)—f 54 . : . L _ '
Cgg s .03 S .03
44_41x;j:,;10~, NI 208 R I ¥
Cg4 s S N : .21
Ge 200 222 T e43
L& oo T 25 . .20 .63
L4 300 W21 . . B4
a4 35 0 T 15 .99
B S e ¢ B 204 . - S 1.03
B S T 04 1.07
C4b4 L B0 D2 . C1.09
aa._'g; ' 58 . 201 : 1.10
DR D60 S . 0.00 _ o 1.10
STiME INC&:N{NT{MIM)- 10« : :
44 10 ; : _ . -ll . oll o e
44-:;_ﬂ y.jzo_'ﬁ;:s W32, 043
174 . :.' S 30 .. o R ' . ‘.041 .- .- 9_84 o
G4 00T 40 S e19 : 1,03
CH4 o e B0 e 0T _ S WS o1 (O —
44 . g0 o 01 ¢ . lsl0
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