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ABS TRACT

A small "homogeneous" watershed in southeastern Arizona was

modeled as an electric analog solution of Laplace's equation, 0,

to determine whether or not the model surface configuration and model

drainage development are similar to the prototype watershed. Three

analog models having successively longer trunk streams, were solved in

an attempt to simulate the development of the prototype watershed.

Profile sections of the third model solution and the prototype watershed

are only approximately similar indicating that the analog model

solutions do not give an exact solution for the prototype watershed.

Places of concentration of the idealized flow, derived from the model

solutions by a graphical method, are comparable with the prototype

watershed tributary junctions. Since the surface of a stretched rubber

membrane also represents a solution (approximate) of Laplace's equation,

it is speculated that the erosional surface of the prototype watershed

is the resultant of the tendency for erosional force and resistive

force to approach equilibrium everywhere at all times. Looked at in

this way, the shape of the watershed would represent a form of minimum

energy surface.
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Chapter I

INTRODUCTION

While studying the application of electric analog techniques to

hydrologic problems, I became aware of the similarity in appearance

between an electric analog solution of Laplace's equation anJ a watershed

topographic map, Both represent maps of potential systems The electric

analog solution illustrates the potential energy distribution within an

electric field; a watershed topographic map illustrates the potential

energy distribution within a gravitational field. Of course, this is

a very superficial resemblance, but I wondered whether there was the

possibility that a watershed would develop, in a senses as a solution

to Laplace's equation. If it did, a means for the prediction of the

development of drainage network patterns could be obtained.

Therefore, the purpose of this thesis is to find out what the

consequences are for a watershed surface and for the initiation of a

watershed tributary pattern when a watershed is assumed to develop in

such a manner that it can be represented as a solution to Laplace's

equation, 7 U

To accomplish this, a watershed is selected as a prototype,

Then a particular mode of watershed development is assumed for it and

tested on electric analog models simulated to give a Laplace solution,

The relationships existing between the models and the prototype are

compared and a possible interpretation of results is attempted,

I



Chapter II

AN INQUIRY CONCERNING 'THE IDEAL FLOW FIELD IN A SMALL
WATERSHED AND ITS RELATIONSHIP TO THE DRAINAGE NETWORK"

A0 General Statement

The term watershed, as used in this investigation is taken to

have the same meaning as the term drainage basin, defined by Meinzer

(1923): "A part of the surface of the lithosphere that is occupied by

a drainage system or contributes surface water to that system0'

Watershed divides separate one watershed from another, and the drainage

system or network is incised into the surface of the watershed0

B Previous Investigations

The ideas formulated for the initial development of drainage

network patterns consider a uniformly sloping plain on which incipient

rills form and cross-grade to join each other0 Horton (1945) gives two

possible reasons for the development of the incipient rills: 1) there

is an accidental concentration of sheet flow, and 2) there are

accidental variations on the sloping surface forming troughs0 Leopold

and Langbein (1962) take Horton's first statement and study drainage

network patterns with a statistical random walk model, Solutions of this

model are supposed to be similar in configuration to actual drainage

networks Schenck (1963) applies digital computer simulation to the

random walk model0
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C, Description of the Prototype 'Homogeneou&' Watershed

In order for this inquiry to be adequately tested, certain

features are required within the prototype watershed. They are: a

recently developed drainage network; the drainage network developed by

headward extension only; the watershed surface slopes are erosional

features throughout, not accumulative features; the material composing

the watershed surface is essentially homogeneous; and the predominant

erosional agency acting on the watershed is water,

The small watershed (Fig. 2) selected as the prototype is a

subwatershed within the Walnut Gulch Experimental Watershed located

near Tombstone in southeastern Arizona (Fig, l) Walnut Gulch

Experimental Watershed is a field experimental area of the Southwest

Watershed Research Center, Agricultural Research Service, Tucson,

Arizona.

Residual soil covers the surface of the prototype watershed,

and its surface slopes appear to be entirely erosional. Approximate

percentages of surface area covered by different particle sizes are:

gravel to cobble 60 per cent; sand to gravel - 30 per cent; clay to

sand - 10 per cent. Mr0 David Kincaid, a staff member of the

Southwest Watershed Research Center determined these estimates by a

line intercept technique, and kindly allowed me to use them, The

watershed lies within a semi-arid grassland, but because of past

over-grazing grass is very sparse, and the predominant vegetation is

scrub (white thorn, creosote bush, tarbush). The decline in grasslands

has brought on an acceleration in erosion within the past 75 years0

Therefore, the drainage network may be of recent origin, and may have

3



0
340 LL

VUMA

114°

N IN 0 MAN

3::

/

C

112°

U TA H
-'I-

FLAGSTAFF

A R I Z ON A

PHOENIX

112°

50 0 50

SCALE IN MILES

GLOBE

l00

$4 T

10°

Fig. 1. Index Map Showing the Location of
Walnut Gulch Experimental Watershed

110°

SIt,

AJO 0

TUCSON

WALNUT GULCH
WATERSHED

TOMBSTONE

SISBEE

4

-r

_360

C)



Fig. 2. Topographic Hap of the
Prototype Watershed
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been incised into the watershed surface material. Annual average

precipitation is 14 inches. Almost all of the surface runoff occurs

during the summer because of thunderstorm activity (Fig. 2 3, 4, and

5).

Electric Analog Solutions of Laplace's Equation for
the Prototype Watershed Boundary Value Condition

Problems involving the solution of Laplace's equation, are

termed boundary value problems, i.e.., the solution depends on the

chosen boundary conditions. In this thesis, the boundary condition is

closed (surrounds the region in which a solution is sought) and the

value of the solution is given over it. The closed boundary is

considered to consist of two segments which intersect at the arbitrary

base level of the prototype watershed - the watershed divide and the

drainage network.

1) Watershed Divide Boundary Value Condition - The segment of

the closed boundary represented by the potential energy distribution

along the prototype watershed divide. For modeling purposes, the

elevation at points on the divide (gravitational potential) is

assumed analogous to the voltage at points on the model divide (electric

potential). It is assumed that this boundary segment remains constant

during the development of the watershed drainage network.

Horton (1945) states that during the development of a watershed

a "belt of no erosion" exists on the watershed divide boundary area.

This he believes, is because water must travel a certain distance

downslope before it has the velocity necessary for erosion to take

place0 This may be true, but even if it is not, one would intuitively

6



Fig. 3. The Prototype Watershed From the
Watershed Divide

Fig. 4. The Prototype Watershed's Trunk Stream
at the Junction of Tributary "C"





Fig. 5. The Prototype Watershed's
Surface
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expect the watershed divide to experience much less erosion than occurs

on the interior portions of the watershed, at least until the drainage

network has fully extended itself within the available area of the

watershed. Thus, the initial watershed divide boundary conditions may

be approximately maintained. What happens after the drainage network is

fully extended within the available area of the watershed is another

question

2) Drainage Network Boundary Value Condition - The segment of

the closed boundary represented by the potential energy distribution

along the prototype watershed's drainage network. It is considered as

a moving boundary in that the various solutions given in this thesis

analyze successive stages of its headward growth. Also, this boundary

is assumed to have the restriction that once a network point is

established, its position and elevation (electric potential in the

model) remain consistent during the future development of the watershed

drainage network.

Gilbert (1877) used the term TgradeT' in discussing the profile

of equilibrium exhibited by stream channels along a longitudinal section.

Leopold and Maddock (1953) consider the channel slope to be only one of

many factors affecting the channel geometry. They give the term quasi-

equilibrium to the channel's adjustment to its controlling stream

factors. Both of these statements are supposed to apply to fully

developed channel reaches; no mention is made of stream channels which

may be developing. The description of the drainage network boundary in

this thesis assumes that an equilibrium configuration - once a point is

determined it remains the constant in position and elevation - occurs in
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a developing drainage network.

3) Method of Solution - An electric analog technique was used

to obtain the necessary solutions, which by mathematical analysis would

be extremely difficult or impossible0 However, the solutions are

subject to errors introduced by the electronic equipment and the

subjectivity of its operator.

Karplus (pp. 23, and 24, 1958) shows by utilizing the principle

of continuity that the electric potential distribution in a field

composed of resistance is described by Laplace's equation,

where V is the electric potential. The resistance parameter of the

field does not appear in this equation indicating that the voltage

distribution is independent of the magnitude of resistivity. Implicit

in this, is the assumption that the characteristics of the field are

uniform and isotropic.

For this thesis, the potential energy per unit mass, = gz,

where, g, is the acceleration of gravity and, z, the elevation from some

datum - on the prototype watershed is taken to be analogous to the

electric potential, V. Since z, the elevation, z1 is used to

indicate the boundary values on the prototype watershed.

The electric analog models were of a continuous type, using

teledeltos resistance paper patterned after the geometry of the

prototype watershed divide, Teledeltos paper used in the modeling had

a high resistance and approximately 10 per cent variation in resistivity

from length to width throughout the sheets (Karplus, p. 128, 1958),
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Prototype watershed boundary conditions on the divide and drainage

network were simulated by a finite difference network of resistors rated

for a 10 per cent tolerance.

Once the models were actuated - the electric potential at

points on the boundaries were analogous to the gravitational potential

at similar points on the prototype watershed boundaries; the electric

potential distribution on the teledeltos paper was analogous to the

hypothetical gravitational potential distribution on the prototype

watershed surface, i.e., as it would be if the watershed developed as a

solution to Laplace's equation.

4) Solutions - Three solutions were obtained for differing

drainage network boundaries, the divide boundary being the same for all.

To simplify the construction of the models, the trunk stream boundary

value condition was considered to represent the major feature in the

drainage network, So, only successively longer sections of the trunk

stream were used in the analog models. The solutions are in the form of

maps (Fig. 7, 8, and 9) illustrating the potential energy distribution

existing at a particular stage in the model watershed development, as

indicated by the headward extent of the trunk stream.

Of three electric analog solutions, the third (Fig. 9) most

closely represents the present prototype watershed conditions (Fig. 2).

A similarity in the distribution of potential energy on the third analog

solution to that of the prototype watershed is apparent even though the

trunk stream was modeled in the analog solution only to the point of

trunk stream bifurcation.
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Because of this similarity, profile sections A-A' and B-B' were

made and compared (Fig. 6).

a) Profile Section A-A'(Fig. 6 - This was taken in the lower

portion of both the prototype watershed and third analog solution. The

profile comparison indicates that they are only approximately similar.

If, the prototype topographic map is assumed to be an accurate

representation of the watershed, the percentage deviation between the

area under the model profile, A(m), and the area under the watershed

profile, A(w), can be computed using:

Per Cent Deviation =
A(w) - A(m) . 100

A(w)

The area under limb A of the model profile has a 17 per cent deviation

and the area under limb A' of the model profile has a 28 per cent

deviation. Area measurements were made by the method of counting

squares.

A possible major source of error in the model is the anisotropic

nature of the teledeltos paper. Resistivity of the paper is given in

ohms per square, Karplus (1958, p. 128) mentions that the paper has a

10 per cent variation in resistivity from width, 22,000 ohms per square

to length, 20,000 ohms per square. The longitudinal axis of the

watershed was modeled along the length of the teledeltos paper, thus

causing the analog model to have a 10 per cent greater resistivity in

its lateral dimension. To correct for this, or to see what the

dimensions of the model should have been to take this into account, a

variation of a scheme stated by Muskat (1937, p. 226) is used.
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By taking the Y axis in the watershed's longitudinal direction

and the X axis in its lateral direction, new boundary distances to

account for the effect of the anisotropicity in resistivity of the

model can be found by an equivalent shrinking or expansion of the

coordinate system. Transforming the watershed's coordinate system,

and Y

where R and R are the value of resistivity in the coordinate

directions, Since there is a 10 per cent variation in resistivity

- x
5 = 1 and R 1,1, then X = 1.05 and Y = Y. The distance between

the boundaries of limb A is 132 feet and for limb A', 68 feet. The new

boundary distance which should have been used in the model to correct

for anisotropic effects is 126 feet for limb A and 65 feet for limb A'.

This means that the equipotential lines on the model in the region of

the profile section are displaced toward the divide boundary from the

trunk stream boundary by 6 feet and 3 feet, respectively.

The profile section (Fig. 6) shows that, for the most part, the

values of potential on the model are displaced laterally toward the

divide boundary from the equivalent values of potential on the watershed.

Thus, if a correction had been made for the anisotropic resistivity in

the teledeltos paper, the per cent deviation found above would have been

a little less.

Other sources of error in the model solution not as easily

quantified as to their magnitude of effect are: the approximate nature

of the model boundary condition and the incomplete modeling of the

drainage network.

14
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The approximate nature of the boundary condition can be seen on

solution No. 3 (Fig. 9), where the profile section intersects the

divide boundary, It should have intersected the 18-foot contour line

on the boundary, as it does in the section taken on the watershed, but

instead it is approximately at the 17-foot level. This has had the

effect of lowering the model profile somewhat. Some of the deviation

found for limb As may be explained by this, how much would be difficult

to say.

The incomplete modeling of the drainage network can be seen on

solution No. 3. Its effect was to shift the contours away from the

divide boundary and thus raise the model profile and tend to decrease

the deviation.

After considering all the above, it is apparent that the analog

solution of Laplace's ecivation does not give an exact solution for the

prototype watershed, However, the analog solutions could be considered

to approximate the watershed and in this way have some value in aiding

an attempt to understand why the watershed's configuration is in its

particular form,

b) Profile Section B-B' (Fig. 6 - This was taken along the

trunk stream through the upper portion of the prototype watershed and

the third analog solution, Both are identical to the point of

bifurcation because the analog was modeled as such, Beyond this point,

the comparison shows a fair similarity. The lower watershed profile

could be explained as representing the expected lower elevations in

this area since the drainage network is developed past the point of

bifurcation whereas in the model it is not, If the drainage network had
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been completely modeled a better fit probably could have been obtained.

E. Water Particle Trajectories on the Electric Analog Model
Watershed Surfaces Representing "The Ideal. Flow Field in
a Small Watershed..

Water flowing across the surface of a watershed because of

rainfall excess can present a very complex picture when viewed

microscopically. Horton (1945) considers the types of overland flow

to be either completely turbulent, completely laminar, or a combination

of both. This picture is further complicated if rainfall is considered

to fall into an already existent flow condition on the watershed

surface. Undoubtedly, all of this occurs, but to describe a situation

such as this matheniatically is obviously very difficult or impossible.

Fortunately, the precise description of overland flow is not the

problem for this inquiry. What is the problem is the macro-aspect

or result of the flow conditions, i.e., the drainage network tributary

pattern.

The electric analog models were constructed under the

assumption that the drainage network developed by headward extension.

Concentration of erosional stress on the watershed surface at the point

of headward extension was assumed to be the cause. Following these

assumptions, tributaries of the modeled trunk stream should also develop

because of the concentration of erosional stress on certain areas of the

watershed surface.

1) Method of Solution - Whatever the nature of the overland flow,

the most important force acting to move a particle of water across a

watershed surface is gravitational attraction, Where the paths of the
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water particles tend to concentrate on the watershed surface, there would

be a concentration of erosional stress.

To show the path of a water particle, a technique developed by

electrical engineers was followed. Kleynen (1937) and Zworykin and

Rajchman (1939) were interested in the trajectories of charge particles

moving in the electric potential field within an electrostatic electron

multiplier tube. For this purpose, they simulated the electric

potential field with a stretched rubber membrane, and the paths of

charged particles by rolling small spheres from the boundary down the

surface of the stretched rubber membrane. Their interests were, in a

sense, similar to the problem of mapping the tendency toward

concentration of erosional stress on the electric analog watershed

surface solutions. However, the water particle paths originate at

every point on the surface.

The procedure for mapping the water particle trajectories on

the analog solutions is an approximate technique. A square grid was

drawn for each solution. From the center of each square, the ideal

path, orthogonal to the potential contours, was graphically determined.

Grid size was selected to avoid overcrowding of the sketched-in particle

trajectories.

2) Solutions and Comparison to the prototype Watershed

Trunk Stream Tributary Pattern

a) No. 1 (Fig. 7) - The water particle trajectories show a

tendency to concentrate at the head of the modeled trunk stream and also

at point C. The trajectory concentration at point C on the electric

analog solution may possibily be correlated with tributary C on the



/
/

/
/

/
/

COITOUU IMYINWI. t'

'2 9 '°
5C*LC IN UT

Fig. 7. Solution No. 1

/

4
/

0

3. J

3.

0 I

4
'S
/

4 .5/
,, /

V
4 / OLUT0N *1 0? wATEaHD SUNFACE

'0

AND WAItA PAlCLC TRAJCCT0IIES

a -./ (LEVATION CONTOVII L.NU

W*1 PANTICL TAJeCT0aV

j 0 TuTAAY OCOIGNAflON

/
/

18

-J



19

prototype watershed topographic map.

No. 2 (Fig. 8) - The water particle trajectories show

a tendency to concentrate at the head of the modeled trunk stream and

also at point C'. The concentration at C' was at first thought to be

a possible distortion caused by not modeling tributary C of the

prototype watershed into the analog model, But upon a field check of

the prototype topographic map, a tributary, similar in size to tributary

C, was found on the watershed (Fig. 2) in the same general location as

C' appears on the analog map, and may be correlated with it.

No. 3 (Fig. 9) - The water particle trajectories show a

tenJency to bifurcate their concentration at the head of the modeled

trunk stream. points D and E on the electric analog model solution

indicate this. These may be correlated with tributaries D and E on the

prototype watershed topographic map. There is also a concentration at

point F on the analog solution, This may be correlated with tributary

F on the prototype map.

The water particle trajectory solutions imply a decreasing rate

of material removal from the model watershed as the trunk stream cuts

headward. The amount of water causing erosional stress decreases at

the trajectory concentrations during headward extension, thus slowing

down the erosional process at these points. Schum (1956) described

essentially the same thing. He observed by an analysis of hypsometric

curves that the form of the typical basin at Perth Amboy changed most

rapidly in the earliest stage of development.
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Chapter III

SOME SPECULATIONS CONCERNING THE PROTOTYPE WATERSHED'S
DEVELOPMENT IN LIGHT OF ANALOG SOLUTIONS

A. Previous Investigations

It has long been believed that slopes and stream channels show

a tendency to achieve a configuration that is adjusted to the multiple

physical forces operating on them. This assumption has been the basis

for every theory advanced in an attempt to explain or to gain a better

understanding of the earth's landscape.

Gilbert (1877) used the term grade in discussing the uniform or

regular concave-upward longitudinal profile that is characteristic of

many streams, i.e., the profile of equilibrium. Davis (1909) borrowed

the term from Gilbert (Hack, 1960, p. 81) but used it in a special sense

to designate a certain stage in the evo1ution of stream profiles that is

the beginning of maturity, when the stream's ability to transport the

load supplied to it from above is just equal to its ability to carry that

load. Mackin (1948) in his study of the graded stream clarifies some of

ideas and suggestions of Davis. Leopold and Maddock (1953) considered

the graded stream in relation to the hydraulic geometry of the channel.

They conclude that Davis's concept of grade cannot be demonstrated, and

favor using the term quasi-equilibrium to refer to the balance of the

many variables involved in channel flow. Quasi-equilibrium, they feel,

is arrived at very quickly, almost immediately in the development of a

22



valley. In other words, a quasi-profile of equilibrium is achieved

almost immediately. Strahier (1950) considers slopes of constant

angle to represent an equilibrium condition that implies a steady state

in the rate of removal of debris and rate of supply of debris. This

can be seen to be a variation of Davis's concept for grade of streams.

Strahier states:

1A graded drainage system is perhaps best described
as an open system in the steady state.. .Open systems have
import and export of materials.., consuming energy to
maintain the steady state,,.Another property of the open
system is that a disturbance in the flow of materials or
energy will cause readjustment to take place until a
time-independent steady state is achieved. . .In a graded
drainage system, the steady state manifests itself in
the development of certain topographic form characteristics
which achieve a time-independent condition. The forms may

be described as equilibrium forms., ." (1950, p. 673, 674,

and 675).

Hack (1960) uses the term dynamic equilibrium in an attempt to

apply Strahler's interpretation of equilibrium forms to erosional

topography in humid regions. Leopold and Langbein (1962) agree with

Hack's term, dynamic equilibrium, and consider it in their application

of thermodynamics to landforms.

B. Discussion of a Stretched Rubber Membrane

Upon completion of the electric analog model investigation, I

was rather awed. The results seemed to indicate that a solution to

Laplace's equation described, at least approximately, the various

stages of the prototype watershed's development. hy this might be

occupied most of my time in preparing this thesis. Unfortunately, I

was unable to come up with anything which could be demonstrated as

being directly applicable to the problem. However, to gain some
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possible insight into what might be happening. I decided to investigate

another physical system, also a surface, for a possible analogy. This

was a stretched rubber membrane.

When the shape of a rubber membrane is altered such that its

surface area increases, a definite amount of work per unit area is

needed to create fresh surface. Since the work can be recovered when

the area decreases, the surface is capable of storing potential energy.

At equilibrium, the stretched rubber membrane has a minimum potential

energy consistent with its boundaries. The force per unit length along

the surface is the surface tension. When the sum of the surface

tension forces, acting on each infinitesimal area of the surface is

zero, a stable equilibrium state occurs and reflects the minimum

potential energy surface condition of the rubber membrane. Zworykin

and Rajchman (1939, p. 561) used the calculus of variations to describe

the stretched rubber membrane surface. The area of the membrane

surface, Z(x,y), may be given by the integral,

where A is the horizontal projection of the area within the boundaries.

The function, z(x,y), sought minimizing this integral, will satisfy

Euler's differential equation,

F + FFz =zy ôy

in which F(x,y,z,Z,Zy)

0

Euler's equation



then becomes upon substitution

?
+ç)2 2

1

+()2
Jz

- 2àx dx y
0

If the slopes of the membrane surface, and are small, i.e.,

less than 60, the error in the solution will be less than 1,0 per cent.

This equation may be approximated by __- + 0 = 0; the boundary
)x2 y2

value problem of Laplace. Thus, an approximate solution for the

original area integral may be obtained, if the boundary value functions

can be suitably described.

C. Discussion of the Prototype Watershed

The comparisons that can be made between the prototype watershed

and a stretched rubber membrane are: first, assuming a solution to

Laplace's equation approximately describes the prototype watershed, a

solution to the same equation approximates the stretched rubber membrane;

second, the watershed is a surface and so is the rubber membrane, though

the membrane is assumed to have negligible mass; third, because of the

assumed negligible mass of the stretched rubber membrane, the only force

acting at every point is surface tension in an equilibrium state. The

equilibrium state of the forces involved in erosion could possibly be

analogous to the surface tension forces, since both act on their

respective surfaces,

By assuming that these comparisons are valid, some interesting

speculations concerning the prototype watershed can be stated. The

forces operating to develop the erosional slopes of the prototype

watershed could be: an erosional force, this would tend to cause the
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displacement of a particle on a slope; and a resisting force or

resistance to erosion, this would tend to resist the displacement of a

particle on a slope. Unlike the surface tension forces of the rubber

membrane which achieve a stable equilibrium state, the erosional force

and the resistance to erosion have to be considered approximately

balanced on the slopes of the watershed. Chorley (1962) mentions that

force and resistance cannot be equated because this would imply no

absolute form change. So, for the development of erosional slopes, the

erosional force would have to be a small finite difference greater than

the resistance to erosion to allow for form change and material within

the watershed. The actual equilibrium state between the erosional

force and the resistance to erosion is a limiting condition which these

forces approach but never reach though they are al'ys approximately

balanced throughout the development.

To gain some insight into what might constitute the equilibrium

state between the erosional force and the resistance to erosion,

Coulomb's empirical law is used. The shearing strength of a soil

surface under various normal forces may be analyzed with this empirical

law. Its form is, S = A + oB, where S is the shearing strength or the

limiting force a material can resist before shearing along some plane;

A, is the effective cohesion or the shearing strength a material

possesses because of cohesion -- cohesion may be thought of as some

type of attraction or bond which either exists or comes into action to

resist the relative displacement of adjacent particles; a-B, is the

effective friction angle or friction force component of the shearing

strength which a material possesses by virtue of having particles in



Erosional Force
(component of gravitional
attraction parallel to the slope
+ shear stress caused by
flowing water)

= Resistance to Erosion
(cohesion + frictional force)

Also, as with the stretched rubber membrane, and considering

the above interpretation of the equilibrium erosional slopes, the
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contact with each other and it does not act unless required to resist

an applied force parallel to the plane of motion (Taylor, 1958, pp. 312,

321, and 402).

Coulomb's empirical law is a statement of the equilibrium

condition existing at the instant of shear. The force acting to

produce the shear is just balanced by the forces resisting the shear.

Now, by applying this to a particle on the surface of a watershed at

equilibrium; the erosional force could be considered that part of

Coulomb's empirical law referring to the shearing force and the

resistance to erosion that part referring to the resistance to shear.

For example, a particle at rest on a slope has a component of

gravitational attraction acting downslope, parallel to the slope, the

forces balancing this are the particles cohesion and frictional force.

'Jhen water flows across the particle, an additional force because of

the water's viscosity is added tending to move the particle in a

downslope direction. Only when the stresses acting downslope are greater

than the cohesion and frictional force will a particle be displaced from

its position on the slope.

Thus, the equilibrium state between the erosional force and the

resistance to erosion of a particle may be considered as the following:



prototype watershed could be interpreted as always approximating

throughout its development and consistent with its boundaries, a

minimum potential energy surface.
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Chapter Iv

CONCLTJS ION

This thesis was initiated to see what the results would be if

the prototype watershed was modeled as a solution to Laplace's equation,

0. Of particular interest was the initial development of the

tributary pattern for such a case.

The results of this investigation indicate that an electric

analog solution of Laplace's equation does not give an exact solution

for the prototype watershed. However, the model profile sections,

surface maps and ideal flow fields do show approximate comparisons with

the watershed and illustrate the possibility that the watershed might

be described as an approximate solution to Laplace's equation. Further

investigation should be undertaken to test this possibility, because

even as an approximation it could have some value in understanding the

development of landforms. Also, a practical consideration for such an

approximation is that the effects of any engineering work which would

necessitate the disruption of a landscape could be approximately

predicted, i.e, the resultant effects on the surrounding slopes and

the drainage network development accompanying the construction of an

airfield.

Another equation which could be solved giving a closer fit to

the watershed is Poissons's f(x,y,z). In this equation,

potential is assumed to be coming into the watershed. Some

29



explanation of this would be necessary before its use, since the

incoming potential is a feature which is not too readily obvious.
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