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INTRODUCTION

The analogy between the flow of electrical current and that of water

is well understood. In the Department of Watershed Management at the

University of Arizona, a passive electric analog has been developed that

has a direct physical correspondence to the processes taking place on a

typical watershed. The usual procedure in surface water electronic analog

models is the use of active elements such as operational amplifiers or in

the case of surface water routing models, R-C networks combined with slow

speed switching devices. Modern technology has made available numerous

semiconductor elements which allow us to build passive electric analogs

that modify an electrical input function in manner of marked similarity

to the way rainfall input is modified by the watershed storage parameters

as it traverses through the watershed.

The model discussed in this paper is designed as an instructive

tool for student or scientist in investigating the use of electrical

components in analog modeling; and also serves as an excellent means of

studying most of the major hydrologic processes of "a watershed and their

interrelationships. The authors by no means have completely exhausted

the possibilities of this model. The infiltration circuit for example,

shows an excellent correspondence to the familiar Horton equation and

had promise of being a unique method for observing the relationship be-

tween infiltration and surface runoff.



DEVELOPMENT OF MODEL

When an electronics technician checks out a television set, he exam-

ines the modification of input wave shapes by the various shaping circuits

in the electrical system.	 If the input wave form is modified incorrectly,

he has a means of troubleshooting the set. A passive direct electric ana-

log model of a watershed can be looked upon in a similar manner, not so

much as a troubleshooting device, but as a means of observing and invest-

igating the interrelationships between the modifying parameters of the

watershed.

The basic modifying components of the rainfall input on a watershed

are interception storage, surface storage, the infiltration process, and

subsurface storage. Without storage and the time lag associated with

satisfying storage requirement, we would be operating in a steady state

mode. It is the storage factors that make watershed analysis complex,

and also interesting.

Some of the important electrical concepts required to follow the

development of the analog model circuitry will now be advanced. The

basic components of this model are resistors, capacitors and diodes.

The resistors are used to restrict flow, and in other instances are

combined with capacitors to provide time constants. The capacitors are

used to simulate storage. The diodes serve as electrical check valves

directing current flow and holding charges on the capacitors. The zoner

diodes operate like pressure relief valves and serve to limit storage

and provide the time delays.
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The characteristics of resistors and capacitors are common knowledge

to most electric analog modeling enthusiastics. Therefore, only informa-

tion pertinent to their use in the model will be presented. The most

important concept of the model involves how the time delay and storage

limit is built into the model. The concept is quite unique and makes

this passive modeling technique possible. The heart of the technique is

the use of a zener diode across the capacitor or storage element. Zener

diodes have the characteristic of blocking current flow in one direction

until a certain voltage potential has been reached. At this potential

current starts to flow, thus holding the potential constant. If the po-

tential drops below the zener value, current ceases to flow. (Examine

Figure I.)

Figure I shows graphically what happens in the circuit. A constant

current pulse is applied to the circuit (la) and this charges the capaci-

tor C 1 until the zener potential Zv is met. It is important to note

here that the time to reach maximum storage is the time ts; that is,

the charge time to reach the zener potential. Up to this time no current

passes out of capacitor storage. The charge rate of the capacitors in

the circuit is a function primarily of the rate at which the input cur-

rent (rainfall) is applied.	 In some cases this is modified slightly by

the forward resistance of a diode in series with the capacitor or a re-

sistor paralleling the capacitor. With the value of resistor R I set to

zero, the curve will flatten out as shown. With resistor R
I 
at some

value other than zero, a voltage drop will result across R I and raise

the zener reference point. As a result, the capacitor will continue to
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charge along the hypothetical dashed line. This overcharge condition is

important in the model as it provides for the decaying portion of the wave-

shap shown by dashes. It is apparent that some current will be trapped in

storage by the diodes. The significance of this in the model will be ex-

plained later.

A word about constant current may be enlightening to some at this

point. Constant current is just that it says

According to ohms law:

E= IR	 (I)

If current I is held constant and the resistance R allowed to vary, the

value of the voltage E also varies. The resistance R can be replaced with

the term for inpedance implying a capacitive or inductive reactance in the

circuit.	 In the case of capacitor C I in Figure 1(a) this reactance results

from the fact that with time it is increasingly difficult to force current

into the charging capacitor, and as a result the voltage drop across capa-

citor C
I 
climbs, due to an increase in the network impedance.

In the following discussion, the circuits of the model will be broken

up into component parts to facilitate understanding, before combining them

into the completed unit.

• The Interception Circuit 

When precipitation falls on a forested watershed, a portion of the

input falls directly on the plant and accumulates as leaf storage. The

remaining portion of input will be defined as throughfall, that is, the

portion of rain that passes through the folliage directly to the surface
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of the ground. When leaf storage requirements have been satisfied any ex-

cess rainfall will pass on to the ground surface as leaf drip and stem

flow.

The electrical circuit for interception is shown in Figure 2. The

input to the circuit is a constant current pulse which simulates a rain-

fall of a specified duration and amplitude. A constant current pulse

is required because the impedance of the network changes with time and

would modify the input if it were a constant voltage source. The circled

resistors in the circuit are used to measure the current at that particular

point. These resistances are very small and when a high input impedance

recorder is placed in parallel with them, the current flow of that point

can be measured as a function of the voltage drop across the resistor.

This current flow can be precisely measured if desired by determining the

exact value of resistance required when combined with the recorder input

inpedance.

•
Diode D I allows current to flow into the leaf storage or its electrical

equivalent Capacitor CI. The diode has a low forward resistance and a very

high reverse resistance. This effectively traps current in storage on C I

until the potential of the zoner diode Z I has been reached. At this point

the leaf storage requirements are met with any excess current then passing

on through the circuit. This excess is defined as leaf drip and stem flow.

A significant feature here is the time delay resulting from the time re-

quired to charge the capacitor up to the zener potential. This delay con-

cept is very important in all of the component circuits as it provides

electronically for control of the time lag associated with storage.

6
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The resistors R I and R2 serve only to proportion the desired current

flow into storage or as throughfall. The two variable resistors in series

with R I and R3 are for experimental purposes. These resistance values

should be kept as low as possible to keep the network resistance down.

The variable resistor R3 serves the purpose of shaping the current flow

out of leaf storage at the saturation point. Current flow through this

resistor elevates the zener diode off of its reference point by virtue of

the IR drop created by the current flow. This allows a charge to keep

building up on the capacitor C I although at a slower rate. At the end

of the simulated rainfall input, this over-charge decays back through

this resistor simulating after storm leaf drip or stem flow. The charge

that is trapped on the capacitor C
1 
after the end of the storm can be

allowed to bleed off through a large resistance such as R4 and considered

as an evaporation loss if so desired. The resistor goes to ground and this

charge is completely lost to the system as would be evaporation.

An examination of the wave shapes at the measuring points will illus-

trate how the input function is being modified by the circuit. At Point

A the input square wave is shown. Point B shows how the current flow into

storage decreases as storage requirements are met, until it levels off and

the excess flows to the ground surface as leaf drip and stem flow. This

overflow can be observed at measuring point C. Throughfall is observed

at point D. The lower dashed portion of the waveshape illustrates that

due to direct throughfall; the upper portion above the-dashed line and

under the curve illustrates the decrease in available leaf storage with

time and therefore an increase in throughfall with time. Point E is
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where the combined effect of the circuit can be observed. This is consid-

ered to be the ground surface. The diagram beside capacitor C I shows how

the voltage builds up across the capacitor and flattens out as the zener

potential is met. Time ts on this diagram is the time of storage determined

by the rate of current input, capacitor size and zener diode potential, to

satisfy leaf storage requirements.

This completes the interception phase of the model. Interception was

included in the model because under certain circumstances it can be an im-

portant modifier of the simulated rainfall input.	 It can be effectively

removed from the system by disconnecting capacitor C I .

Surface Storage and Runoff 

In reality it is difficult to separate the surface water phase from

the infiltration process, but in the electrical analog this will initially

be done for simplification. After the two circuits have been developed

they will be combined.	 In the following discussion then, the ground sur-

face will, for the time being, be considered impermeable.

When rainfall initially strikes the ground, it has to satisfy surface

storage requirements before we can have runoff. If we are thinking of the

model as being either a complete watershed or a elemental part of a water-

shed, a time delay can be determined and assigned for satisfying the storage.

This is, of course, a function of the surface conditions, litter, grass, and

slope.

The circuit used to describe the runoff phase of the model is similar

to the interception circuit but simpler. Figure 3 shows the component

arrangement for the runoff phase. Capacitor C2 will charge at a rate
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determined by its size and by the rate of current inflow. When it has

reached the zener potential of Z2 , current will flow out through R5 causing,

as explained before, capacitor C2 to continue to overcharge to a higher level

at a slower rate because some runoff is occurring. Resistor R5 serves as

a slope control adjustment. Small values simulate a steep slope and large

values simulate gentle slopes. The runoff curve can also be shaped by

paralleling the zener diode with a large resistance such as resistor Rx ,

which will cause an extended decay curve. The waveforms of figure 3 il-

lustrate the modification of the input due to interception, and the re-

sulting modification of runoff. Notice that the time tc has passed before

there is any runoff. It is to be noted here that if the zener diode is

paralleled with a large resistance, a small amount of current will leak

through as runoff during the time of concentration tc. The time lag in

this circuit can be adjusted to fit a specified field condition by assign-

ing the correct values to capacitor Cl, zener diode Z2, resistor R5 , and

the current input which simulates input rainfall rate. The runoff hydra-

graph can be monitored at point F of the circuit diagram.

Infiltration and Subsurface 'Storage 

Infiltration of rainfall from the land-surface is known to be highly

variable. We can readily appreciate the importance of this variability,

for the amount of surface runoff is definitely altered by the rate of

infiltration.	 Infiltration and how it varies with time is probably the

most important process within the watershed. The process gets water

under the surface into soil moisture storage, and eventually on to ground -



12

water storage.	 Infiltration is not fully understood and certainly not its

modification by surface conditions such as slope, vegetal cover, and sub-

surface parameters such as hydraulic conductivity of the soil, and ante-

cedent moisture conditions. This modeling technique provides a means for

gaining visual insight to these relationships.

Before discussing the infiltration circuit, an important point needs

to be illustrated about some factors governing the input (infiltration)

from the land surface. This is, that when water initially strikes the

land surface, a large portion of it goes into satisfying surface storage

including interception, resulting in only a small amount of water being

available for infiltration. With time, of course, more water is available

to infiltrate. At the point in time which runoff commences, we have a

transition from an essentially transcient current input to a constant

voltage input. This constant voltage is analogous to the development of

a depth of water on the land surface, the development of which slows

considerably after the beginning of runoff.

Of the electrical parameters used in this infiltration circuit capa-

citance is the most important. The infiltration circuit is shown in

Figure 4. Capacitor C3 can be visualized to represent available storage

at the near surface and on down to the watertable or to bedrock such as

may be the case. Resistor R6 is used as a means of controlling the infil-

tration rate, whereas diode D2 allows flow into subsurface storage but not

out. Since current flow into capacitor C3 is controlled by the constant

head at the surface, it can be realized that a decrease in flow into the

capacitor will occur in time. The flow into the capacitor will level off

at a rate determined by the zener potential rating of zener diode Z3 .
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Flow out through diode Z 3 is proportioned by resistors R 7 and R8 , and is

to be considered to be interf low and base flow respectively.

Flow into ground water storage can be added quite readily to the

circuit by the addition of capacitor C4 and resistor R9 as shown in

Figure 4, but was omitted in this model study because the model was in-

tended to illustrate a mountain watershed with shallow soils and imper-

meable bedrock. Capacitors C 3 and C4 are relatively large when compared

to the surface storage elements. Also resistor R9 should be large pro-

viding the pronounced dampening of flow which is characteristic of ground

water movement. Diode D3 is used to direct flow into ground water storage

along a one way path.

Following through the circuit of Figure 4, we can observe the wave-

shape modification at the various monitor points. At point G we can

observe the rate of infiltration with time. The particular function

has marked similarity with the well known Horton infiltration equation.

This is not surprising when Horton's equation is compared with the elect-

rical equation for the circuit. See equations 2(a) and 2(b).

q = Qe t/RC+ qc

(Electrical)

f = (fo - fc) e-Kt + ft

(Horton)

The initial rounding off illustrated in the figure at point G is due to

surface storage requirements. With the addition, to the equation for

charge (q) on a capacitor at time (t), of the qc term which represents

the outflow through zener diode Z3' 
and realizing that the Q (total charge)

14
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term is identical'to the (fo-fc) term, the equations become identical with

one exception. This is the K term of Horton's equation. If K is set equal

to 1/RC the analogy is quite complete. A detailed study of this circuit

has shown that scaled values for R and C (Re, & 0
3
) can be determined and

related to the K term from field derived infiltration data.

Interflow monitored at point H is delayed as determined by 03 and Z3

and its amplitude reduced according to design. The basef low does not differ

significantly from inter-flow unless the groundwater storage capacitor is in-

eluded.	 If included, considerable dampening and time lag can be introduced.

Basef low is monitored at point I.

The Integrated Circuit 

By connecting the previously described circuits together, a very com-

plete passive electronic analog model of a watershed is formed. This paper

is designed to provide sufficient information to allow anyone interested to

build a similar model. The remainder of the report will be devoted to dis-

cussing the integrated circuit and listing the component values used for one

hypothetical modeling situation. The actual waveforms monitored for this

situation are displayed. Due to the large number of variables which can

be manipulated in the model, the number of waveforms illustrated is limited

only to those of greatest significance in demonstrating the model. Some of

the important features of these waveforms and how they provide insight to

interaction between the hydrologic components will be pointed out.

The integrated circuit is shown in Figure 5. Table I lists the com-

ponent values used in this hypothetical case and Figure 6 displays the

hydrologic waveforms resulting from the integrated circuit. The variable
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resistors shown in the circuit all have 5,000 ohm values, and are not

necessary other than to provide variable control for experimentation. It

is to be pointed out that in this hypothetical case, the scaling for the

listed components is relative only to the model itself; that is, it is not

tied to any particular field situation, although this would be no problem

if all scaling factors for a specified field situation were available.

In Figure 6, waveform A shows the input current pulse as a square wave

simulating a rainfall input at a specified rate.	 In this case the rate

was 10 milliamperes per second applied for 20 seconds. Waveform B illus-

trates how the rate of rainfall going into interception storage is altered

with time due to decreasing storage capacity until the storage requirements

are satisfied, at which time (o + ts) of waveform C, leaf drip and stem

flow commence. Since the rate of current inflow into interception storage

is shown to initially decrease in waveform B, an increase is apparent with

time in waveform D. This simulates the expected increase of throughfall

with time as interception storage requirements are met. Waveform E illus-

trates the total effect of the interception phase on the input function

at the surface of the ground.

The runoff function generated is shown in diagram F. This is the char-

acteristic type of function for a square wave input. The time lag tc is

relatively longer compared to the interception storage lag ts to illustrate

the concept of storage lag used in the model. Observation of the rate of

infiltration into the subsurface is accomplished by monitoring waveform G

which shows a trace very similar to the emperical curves derived from

Hortons equation (2b). In waveform H the long delay which occurs before
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any interf low is observed is due to a model requirement that subsurface

storage be nearly satisfied before this event can occur. The total modi-

fication of the model's electronic components on the input function is

evident in the output function identified as waveform I. This point is

analogous to a flume on bedrock in a closed hydrologic system. The output

will not exactly equal the input because some charge remains trapped in

the system simulating antecedent conditions. The charges may be allowed

to bleed off if the zener diodes are paralleled with large value resist-

ances, or as suggested before, the charges are allowed to leak to elect-

rical ground simulating evaporation or losses into bedrock fractures.



APPLICATION OF THE MODEL

Experimentation with the model has shown some interesting results.

When the input current (rainfall) rate is increased, the storage require-

ments are satisfied earlier and runoff commences sooner. The infiltration

function behaves in a manner reasonably analogous to the physical system.

Infiltration is initially high and then decreases to the same final infil-

tration rate observed at lower rates of current input. This is assuming

that the applied rate is higher than the steady state infiltration rate.

Continued increases in the input current will eventually result in a max-

imum initial infiltration rate being reached.	 Increases beyond this will

result only in increased runoff.

Antecedent moisture conditions can readily be simulated in all storage

phases included by the model. If the storage components in the model are

left charged after a run, the next input will cause almost immediate leaf

drip, throughfall, runoff or interf low, depending on the time interval be-

tween runs.

A useful application of this concept in Watershed Management is the

removal of the interception storage element to instantaneously simulate

removal of the vegetation on the watershed. The affect of this action

can be immediately observed in the other hydrologic phases of the system,

thus making the model a most instructive teaching aid as well as a useful

21
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tool for experimentation. Numerous other experiments can be readily con-

ducted by varying the other controlling components.

This model was purposely built on a very slow time scale so that the

initial experiments using the model could be visually observed on milliamp-

meters in series with all the recorder monitoring resistors. Presently

a more sophisticated approach is being used wherein the proven circuit

is being greatly compressed in size allowing reduction of the time scale

and component size. This modeling approach appears to have many possibil-

ities as a tool for researching watershed problems by using the integrated

circuit as an element of a watershed. Each of these elements can be scaled

to fit the variability of the Physical system thereby including the spacial

variation factor so important in accurate watershed modeling.

The constant current source used with this model is a Hewlet Packard

power supply (Mode162l8)capable of delivering 200 milliamps at up to 50 vdc.

A two channel Hew let Packard direct writing recorder was used,which has a

sensitivity range from 50 volts down to .005 volts, for monitoring the

waveforms. The low sensitivities are necessary to measure the small vol-

tages across the monitoring resistors.

Progress is presently being made toward attaching a scaled relationship

to the model with data collected from the Department of Watershed's exper-

imental telemetered Mount Lemmon watershed. The mathematical equations for

the various waveshapes are presently being worked up from electrical theory.

These equations will produce a unique approach to designing input functions

for our digital modeling program. The model discussed in this paper will

be used next year as a teaching aid for the Department's hydrology students

as an exercise in electronic analog modeling and experimentation.
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