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PREFACE 

One of the major constraints in the development of any 

ecosystem, and especially an aquatic ecosystem, is invoked 

by the physiography where water flows over and through the 

geologic units of an area. rhis preliminary investigation 

presents an attempt to model the ground-water/lake-water 

exchange in a small aquatic ecosystem. Designing a ground

water model specifically for an aquatic ecosystems model is 

new and combines two distinct disciplines in a truly 

interdisciplinary environmental study. Before participating 

in environmentally related projects, one should be familar 

with data acquisition techniques, the theoretical concepts 

for data interpretation, and the terminology employed by the 

other disciplines involved in such studies. The model in 

this thesis can be used to illustrate this point. 

The theories and the tools most commonly used in 

geology were employed to establish the physical parameters 

of the ecosystem and the dynamic changes (flow of water) 

that occur within the ecosystem. The development and use of 

the model demonstrates that these measured parameters can be 

utilized readily in ecosystem analysis by limnologists, 

aquatic biologists, or aquatic chemists. 

The author extends his sincerest thanks to Dr. Douglas 

Kent for his valuable advice throughout the study of this 
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diversified and unusual topic. Special thanks is extended 

to Dr. Charles Bacon, Director of the Center for systems 

Research for assisting the author with the theory of 

ecosystems analysis and the mathematics necessary for such 

an analysis; to Dr. Dale Toetz, Department of zoology, for 

helping in the formulation of the topic for this thesis; to 

Dr. Gary Stewart and to Dr. John Stone of the Department of 

Geology for their suggestions during the writing of this 

thesis; and to Dr. zuhair Al-Shaieb of the Department of 

Geology for his instruction and suggestions incorporated in 

the clay analysis section. Appreciation is also extended to 

Thomas D. Jordan who helped and advised the author with some 

of the theoretical mathematics and initial engineering of 

the model, and Robert Rutledge who helped the author to use 

the CSMP language. Finally, special gratitude is extended 

to James w. Naney, ground-water research investigator for 

the Agricultural Research Service (ARS), for his suggestions 

and for providing some of the hydrogeologic data necessary 

to construct the model. The hydrologic data and the core 

samples were provided by the southern Plains Watershed 

Research Center, Agricultural Research Service, Chickasha, 

Oklahoma. 
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CHAPTER I 

ABSTRACT 

A preliminary investigation of a small flood retention 

reservoir near Hinton, Oklahoma shows the interaction 

between ground water and lake water by using a 

mathematical model which can be incorporated into aquatic 

ecosystem models. Core samples of the alluvium and bedrock 

were analyzed in order to establish median grain size and 

permeabilities of the sediments, and the types of clay in 

the sediments. Physical parameters are described 

mathematically and incorporated into a systems model using 

the IBM System/360 continuous system Modeling Program (CSMP) 

and the IBM-360/65 digital computer. 

Results of this investigation indicate that a limited 

exchange of water occurs between the lake and the ground-

water system during wetter periods of the year. It appears 

that the lake is not a major source of water supply for the 

entire ground-water system. However, ground-water seepage 

is one of the primary sources of water for the lake during 

the drier periods of the year. The model indicates that the 

ground-water/surface-water volumetric exchange occurs within 

a limited area of the impoundment during periods of low 

flow. The transfer of dissolved chemical constituents may 
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have a significant impact on some physical and biological 

parameters within the ecosystem. Isolating these effects 

remains for future investigations. 



CHAPTER II 

INTRODUCTION 

The model presented in this thesis was created to 

simulate the hydrologic functions of a specific flood 

retention reservoir designated as Site 13. Site 13 is a 

flood control impoundment constructed near Hinton. Oklahoma 

on the Sugar Creek tributary of the Washita River. by the 

Soil conservation Service (SCS). 

The mathematical expressions employed in designing this 

model are similar to those used in formulating ciological 

ecosystem models. This particular modeling format was 

selected to facilitate integrating this hydrologic model 

with any biotic or abiotic study conducted on this 

impoundment. 

Generally hydrologic models are constructed for 

purposes other than defining the physical confines of an 

aquatic system specifically for ecosystem modeling. This 

model was created to describe the combined hydrologic 

effects of both surface water and ground water on an 

ecosystem. The model will serve as a base for a proposed 

nitrogen fixation study (Kent and Toetz. 1972) to be 

conducted on the impoundment. The model will be used to 

predict the spatial distribution and to trace the movement 
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of nitrogen based compounds between the lake-water system 

and the bank storage portion of the ground-water system 

within the impoundment. 

water-budget models, ground-water flow and aquatic 

ecosystem models, if properly interpreted, may be useful in 

managing water systems while maintaining or improving the 

quality of the ecosystem (Van Dyne, 1969; Watt, 1968; Water 

Resources Engineers, Inc., 1972, 1968). However, ecosystems 

models are used also by those involved in resource 

management (Davidson and Clymer, 1966; Martin, 1972; Patten, 

1971; King and Paulik, 1967; Garfinkel, 1962; Garfinkel and 

Sack, 1964; Garfinkel, MacAuthor and Sack, 1964),. 

Ecologists interested in aquatic ecosystems are 

describing mathematically the various parameters and their 

interconnections to further understand the total function of 

an ecosystem (Parker, 1968, water Resources Engineers, Inc., 

1972; Orlob and Subinski, 1969; Chen, 1970; Chen and 

Orlob, 1968; Deininger, 1973). Ecosystem models often 

exclude mathematical representation of the physical 

parameters within the ecosystem and the interactions between 

the biota and the abiotic environment in order to simplify 

the model design. However, community succession may be 

influenced by the physical parameters associated with the 

ecosystem~ This is especially true in ecosystems where 

lithology of the area is responsible for compounds that 

inhibit community growth. In addition, the flow of ground

water may supply nutrients or toxins to the aquatic 
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ecosystem in the form of dissolved salts. Some of these 

chemical constituents may be trapped temporarily or 

permanently within the geologic units due to the filtering 

action associated with percolation, which commonly occurs as 

ground water moves through the sediments within the system. 

The various clay minerals within the sediments may be 

responsible for some of the natural variations in ground

water quality as reported by several investigators (Kemper, 

Massland, and Porter, 1964; Olsen, 1972; Quirk and 

Schofield, 1955; Back and Barnes, 1965; Blackmore, 1970; Day 

and Forsythe, 1957; Low, 1962). For example, the percentage 

and type of clay in the sediments of a system can affect the 

quality of the water as it passes from an impoundment into 

the ground, and vice versa, by the phenomenon of ion

exchange occurring within the clay minerals (Kemper, 1960, 

Back and Barnes, 1965, Marshall, 1958, Carroll, 1959). 

The model presented in this thesis is designed to 

describe quantitatively the hydraulic flow of both surface 

water and ground water in a small watershed. This flow 

subsequently can be used in other studies to describe the 

fluctuation and distribution of nitrogen based compounds in 

an aquatic ecosystem. Predicting spatial distribution of 

these compounds would provide a base for studying the role 

of nitrogen fixation in lakes (Kent and Teetz, 1972). 

Theoretically, if the amount of water flowing through the 

system could be modeled, then the various ionic constituents 
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(including nitrate) within the water could also be modeled 

as some function of the flow. 

The simplest method for initiating this type of 

investigation is to measure all of the necessary physical 

parameters related to surface-water and ground-water flows 

associated with a small impoundment. Site 13 is an ideal 

example for modeling because the lake has a small surface 

area (approximately 56 acres at maximum elevation of 1428 

feet) and volume (approximately 746 acre-feet at maximum 

elevation of 1428 feet). The lithology (sediment type and 

been studied previously (Kent, et.al., 

Additional permeability data were 

the permeabilities of core samples 

permeabilities) has 

1973; Levings,1971). 

obtained by measuring 

taken at Site 13. The volume/ elevation relationships 

which define the quantity of water needed in either the 

ground-water system or the lake to establish an elevation at 

any height were calculated by estimating the total volume of 

the entire system and subtracting the estimated volume of 

the lake at every 2-feet elevation increment. This 

information was stored as function curve data arrays in the 

model. Flows within the model are calculated in cubic-feet 

per day (ft3/day). The data arrays enable the computer to 

convert the results of the model into information which can 

be compared to measured data. The only continuous 

information which can be used to verify model output is lake 

elevation. Since Site 13 is located in a semi-arid climate, 

lake elevation rarely fluctuates dramaticly throughout the 
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year. For this reason, data collected during the storm 

period of September to October. 1965 were selected to 

compare the results of the model. The lake elevation varied 

over 10 feet in 2 days which was one of the largest inflows 

recorded at the site and provided an opportunity to examine 

the bank-storage component of the ground-water system. 

The hydrologic model may also be used in the future to 

help answer the following questions: How does the varying 

salt concentration of the reservoir affect the biota during 

periods of little inflow? Do the sediments filter and 

concentrate salts and organic materials as 

interacts with the ground water? If 

organic compounds and salts occurs, does 

flowing into the lake (bank storage) 

the lake water 

such filtering of 

the ground water 

contain a high 

concentration of such constituents? Also, how do these 

conditions affect the aquatic biota? Once the relationships 

of the physical and biological parameters of a pond are 

measured, the mathematical relationships and 

interconnections of these processes and parameters can be 

incorporated into a water-flow model. 



CHAPTER III 

INTRODUCTION TO ECOSYSTEM MODELING 

Definition of an Ecosystem Model 

A systems approach for studying surface-water and 

ground-water flows associated with a lake ecosystem can be 

developed by describing the components of the system. The 

compartments with their interconnections (flows or fluxes) 

are illustrated both conceptually and mathematically as 

compartment models. Examples of 

are shown in Figures 1 and 

relationships are manipulated 

models. 

a conceptual description 

2. The expressions of these 

functions in mathematical 

Most ecosystem studies have omitted comprehensive 

evaluations of the environmental factors within the defined 

system by having reduced the abiotic components to average 

inputs per unit time, or by introducing such components into 

the state equations using varying or non-varying 

coefficients. Although the biota within an ecosystem may 

have some influence or control over various abiotic 

environmental constituents (Kormondy, 1969: Odum, 1959), the 

structure of an aquatic community will vary directly with 

the quantity and energy mode of the water within the 

ecosystem. 
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ENGINEERS, INC., 1972 MODIFIED IIY THE AUTHOR). 
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The quantity of water within an ecosystem and the 

course of water movement within a small lake system (both 

surface water and ground water) will influence various 

abiotic factors within the impoundment such as dissolved 

solids, dissolved gases, and temperature and therefore will 

affect the biota. 

Dynamic Model Construction 

The theoretical systems model and some of the 

terminology and techniques employed in linear systems 

modeling are briefly described in this section. A 

comparison also is made between biotic and abiotic models. 

Biological components in a dynamic linear system model 

are described, by definition, as states upon inflows and 

outflows, all "implicitly" linear. The differential 

equation is the basic mathematical expression for the 

dynamic systems model which may be used to model the abiotic 

components of an ecosystem, such as the water budget. 

A systems model is used in this study to represent an 

idealized hydrologic system of a watershed impoundment. 

This model is similar in design to biological ecosystem 

models except the hydrologic systems model is not implicit 

or unidirectional. Most flows (fluxes) described in 

biological models are unidirectional between major trophic 

level compartments. This means that a flux of biomass 

travels only in one direction fran trophic level to trophic 

level. Because the systems model used for this study is 
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not biologically oriented, direct feedback or reverse flow 

conditions exist and are physically defined. The fluxes of 

this model are quantities of water expressed in volumetric 

units per unit time (ft3/day). Therefore, unlike the biotic 

models, flow may occur from one compartment to another 

compartment in either direction depending upon the 

difference in the states of these compartments. 

Mathematics of a General Reservoir Model 

As an example of the mathematical form involved in 

ground-water modeling, consider the following equation which 

represents the state of Xl, the volume of the lake, as 

described in this thesis: 

0 

Xl(t) = QOl +Q21 -Q12 -PEV -QlO, Xl(t) given at t = 0, 

where: 
QlO = seepage (ft 3/t) 

Q12 = inflow to bank storage (ft3/t) 

Q21 = seepage from bank storage (ft3/t) 

PEV = evaporation (ft3/t) 

Xl = volume of the lake at any time (t) 
in ft3 

QOl = runoff within the watershed . 

The flows (Q12, Q21, and QlO) are determined by Darcy's 

equation which describes laminar flow of fluids through 

saturated permeable materials (Todd, 1959): 

Q = - KAi 



Q = volume/unit time (ft3/.1t) 

K = permeability constant (ft3/ft2/.1t) 

A = frontal area (ft2) 

i = hydraulic gradient = 

L =' length for water movement (ft) 

1!!1 
(ft) 

hi = XiC = (state of Xi) (function C) 
head pressure 

hj = XjC = (state of Xj) (function C) 
head pressure. 

If flow occurs from Xi to Xj, then hi> hj. If hi= hj, 

the states Xi and Xj are in equilibrium. 

Therefore: 

or, 

Q12 = K (A) h2-=_hJ 
L 

Q21 = K (A) h1 - h2 ----
L • 

13 

Permeability (K) must be found experimentally. Although 

being depicted equal in this example,the interfacing areas 

(A) can vary under certain conditions which will be 

discussed later. 

In the hydrologic reservoir model, the Qij•s are flow 

rates by mathematical definition (Darcy's Equation). 

Therefore, when constructing the state equations in the 

model, the rate of change of any state (Xi) is the sum of 

the,Qij•s or Qji•s representing the transfer of water to, or 

from the state Xi, and the other state(s) Xj where a 
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transfer is possible, e.g., between the lake and the 

ground water near the shore of the lake. 

Note that the Qij only appears once in the set of state 

equations and not twice as in a biological model. This is 

the second important difference between biotic and abiotic 

models. By its mathematical construction, the Darcy 

relationship, 

states that Qij will be positive when hi > hj and negative 

if hi < hj. The position of hi and hj, or in this model 

H1 and H2, actually governs the direction of flow (i.e. 

whether the quantity Qij is positive or negative) and 

whether the flow Qij is added to or subtracted from 

compartment Xi. 

Thus, Qji need only appear in the state equation of Xj 

since ground-water movement is not unidirectional. When 

hi> hj, the term Qji automatically becomes negative, the 

appropriate quantity is subtracted from the larger state. 

such an interconnection cannot exist in a biological model 

with unidirectional fluxes. The reversal of a biomass flux 

would indicate that lower trophic levels would be feeding on 

higher trophic levels, e.g., the plants would be eating the 

herbivores which in turn would be eating carnivores, etc. 

such a situation would be highly unlikely to occur in 

nature. 



CHAPTER IV 

S/360-CSMP MODEL FORMAT 

The system Program 

The mathematical model used in this study was executed 

on the S/360 Continuous System Modeling Program (S/360 CSMP) 

on the IBM 360/65 digital computer. The following 

description of S/360 CSMP is based upon information in the 

user's manual (IBM, 1972). 

Briefly, S/360-CSMP is a problem-oriented program which 

employs digital simulation of continuous processes on a 

large storage capacity digital computer. The program is 

based on an application-oriented computer language which 

permits a graphical solution of a problem directly from 

conceptual block-diagrams or ordinary differential 

equations. Components of the system used in this study are 

represented by basic function blocks (mathematical 

expressions or functions) included within the program and/or 

by application-oriented statements which define the 

connections between these blocks. The S/360-CSMP accepts 

most FORTRAN statements. A fixed format is provided for 

printing (tabular format) and for plotting (graphic format) 

at selected increments of the independent variable. The 

simplicity of this system is a great advantage because it 

15 
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permits greater concentration on the system being modeled 

and not on specific programming steps. Note that the usual 

FORTRAN statements (READ,WRITE statements) are not 

necessary. Only basic parameter data are entered in the 

program. All other necessary format statements are stored 

in the program and are called when needed by the computer. 

The S/360-CSMP program consists of three basic 

segments: INITIAL, DYNAMIC, TERMINAL. The INITIAL segment 

is an optional part of the system used for computing initial 

condition values and those parameters the user chooses to 

express in different dimensions. For example, when using 

the formula Q = KAH/L, where K (coefficient of permeability) 

is varied in a series of sequential computer runs, the 

computer will recompute Q automatically prior to each 

successive run. Data points representing arrays of 

information that define linear or non-linear functions are 

also placed in this section. 

The DYNAMIC segment includes the complete description 

of the system dynamics. Computations needed during the 

computer run are generally placed in this segment. 

The TERMINAL segment is used for those computations 

necessary for the presentation of results. Necessary 

information about integration step size, time information 

(TIMER used), and data printout information (PRTPLOT card) 

can be read into 

also accept the 

(Rutledge, 1971). 

this section although the computer will 

information in the DYNAMIC segment 
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S/360-CSMP assumes that the INITIAL AND DYNAMIC 

segments represent parallel structure (all of the statements 

are carried simultaneously) while the TERMINAL segment 

represents procedural structure (each step is done in 

order). For this reason,·a NOSORT card is placed at the 

beginning of the DYNAMIC segment. This card changes the 

structure of the DYNAMIC segment from parallel to 

procedural, and permits the modeler to put the various "IF • 

• • "statements in the dynamic section. The computer 

rejects this type of programming without the NOSORT card. 

S/360-CSMP provides two function blocks for handling 

functions of one variable: AFGEN (arbitrary function 

generator) and NLFGEN (non-linear function generator). In 

this model, lake elevation is a function of the quantity 

of water in the lake, and ground-water elevation is a 

function of the quantity of water in the lake ground-water 

system. These relationships are defined by various 

corresponding data points. The x, y coordinates of the 

function (volume, height) 

data statement following the 

name of the function. 

are entered sequentially in the 

function label and symbolic 

Therefore, when constructing the data array (CURVE 1) 

the independent variable (volume of the lake, X1) is listed 

first followed by the dependent variable (height of the lake 

suriace, H1) The function is described by the following 

statement as an example: 
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H1 = AFGEN (CURVE 1, X1) • 

The arbitrary function generator, AFGEN, provides linear 

interpolation between consecutive points and defines the 

volume/elevation relationship for each volume (either ground 

water or lake water)used in the model. 



CHAPTER V 

MODEL CONSTRUCTION 

Designing the Theoretical Model 

The mathematical model in this study was constructed 

to demonstrate the relationship between a ground-water 

system and the lake surface-water system of the small 

watershed impoundment (Site 13). Most ecosystem models are 

constructed in a series of steps. The first step includes 

measuring the quantity of material in a state, or 

compartment at various time increments. The second step in 

model construction involves establishing the various 

compartments and the interconnections of those compartments 

as illustrated in Figure 3. State equations are written 

next. The transfer coefficients governing the fluxes are 

estimated by interpreting the real data. Model responses 

are verified by operating the model and comparing 

simulations with measured data. Some of the various 

parameters included in the compartment model are: lake 

volume (X1); ground-water volume (X2); ground-water input 

from outside the system (Q02); evaporation (PEV); seepage 

from bank storage into the lake (Q21); flow into bank 

storage (Q12); seepage under the dam (GUO); seepage through 

the dam (GTD). 

19 
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QOI PEV Q02 

012 

X I )( 2 

Q21 

QIO 020 

{ 
)( I = Volume Of lmpoundment ( Lake Water) 

STATES 
X2 = Volume Of Ground-Water Compartment 

FLOWS 

Q 12 = Flow From The Lake Into Ground-Water Compartment (Contribution 
Of Bank Storage). 

021 = Seepage From Ground-Water Compartment Into The Lake 

010 = Total Loss From The Lake By Seepage Through The Dam (GTD) 
And Seepage Under The Dam ( GUO) 

PEV= Loss By Evaporation 

001 = Runoff Within The Watershed 

002= Ground Water Base Flow ( Input) 

020= Ground Water Base Flow(Output) 

Figure 3. Compartment Model Showing Structure Of The Reservoir 
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Defining the Hydrogeologic System 

The impoundment selected for this study is a small, 

flood retention structure (Site 13) constructed by the Soils 

Conservation service and located approximately 4 miles 

south and 1 mile west of Hinton, Oklahoma. The location is 

shown in Figure 4. A topographic map of Site 13 is shown in 

Figure 5. 

The reservoir is situated on alluvial sediments within 

a channel cutting into the Rush Springs Sandstone (Permian). 

This sandstone is a fine-grained, silty, highly crossbedded 

sandstone consisting of sub-angular to sub-round grains 

loosely cemented with iron oxide and calcite (Levings, 

1971). The unconsolidated alluvial sediments consist of 

silts and clays in a highly organic matrix which affects the 

permeability of the sediments and contributes a dark brown 

or black color to some of the samples. After treating the 

sample with hydrogen peroxide (Kittrick and Hope. 1963) most 

of the samples changed to a rust-red color. 

The measured permeabilities of core samples from 

previously cored wells and from wash samples of Well #774 

were used in constructing the cross-sections A-A' and B-B' 

(Figure 6). The locations of the cross-sections are shown 

in Figure 5 (topographic map). 

The mathematics of the model are based on the 

assumption that the layers of sediments lie horizontally. 

This is a common modeling assumption because it simplifies 

the flow equations within the model. Based upon well core 
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Figure 5 Topographic Map of Site 13 
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TOPOGRAPHY 
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Figure 6. Cross-Sections A-A' and B-B' Depicting 
Distribution of Permeable Materials at Site 13. 
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data, an isometric diagram of the sediments arowid the site 

was constructed (Figure 7). The sediment layers were 

projected onto the topographic map creating hypothetical 

outcrops of each layer within the impoundment basin. 

Figure 8 is a map of the impoundment area showing the 

permeabilities using a range of measured permeability 

coefficients which have been assigned to the sediment types 

(F1,F2,F3,and F4). 

Permeability of Unconsolidated Material 

Two observation wells at Site 13 were cored (#774 and #784). 

Descriptions of the cores from these two wells appear in 

Table 1. The permeabilities of the unconsolidated sediments 

within the core samples were determined in the latcratory 

using standard gas-permeameter techniques. The results 

appear in Table 2. Grain size distribution was determined 

by using the visual accumulation tube. The median grain 

size and the percent of fines by weight are shown in Table 

2. Table 3 lists similar data for the wash samples 

collected from the observation wells at Site 13. 

The measured permeability data (gpd/ft2) were ~lotted 

against median grain size (Figure 9). The resulting 

permeability envelope is based on earlier studies by 

Levings f1971) and Kent, et. al., (1973). Modification of 

the envelope was made for the clay and silt sizes based on 

new data presented in this thesis. Plotting permeability 

(gpd/ft2) vs. percent by weight of the fine fractions 
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Tnbln 1. Lnhorat.m•v 1)3soriotion of the Core Sruno1es taken at Site 13. 
DATA Nl!~·IIIER DETAILED LABORATORY DESCRIPTION 

Core and/D:ita/llcpth 
SmN11ple No. (feet) 

o. 

SA/774/0-.1 
SB/7711/ ,l-l.O 

4A/774/5.l-5.4 

4D/774/S.4-5,9 
4C/774/5,9-6.6 

7 A/ 77 4 /7 • 4-7 , 7 
7B/774/7, 7-8, 7 

d 
:,: 3A/774/ll,0-12,5 
::i: lOA/774/18,7-18.9 
~ lOB/774/18,9-19,8 
:i:: 

lA/774/23.7-24,9 
lB/774/23,2-23,7 

SA/774/49. 3-50, 7 
2B/7&4/ L 5-2. 2 
2A/764/l.2-l.5 

2.2-2.7 
9A/7811/J, 0-3. 3 

..i 9B/784/3.3-3,6 
~ 6A/784/3,6-4,5 

§ 
0 
Ill 

llA/784/60,0-60.4 
llB/784/60,4-60.5 
llC/784/60.5-61,3 
12A/Bcdrock/J8,5-38.7 

~ 12D/Bcdrock/38,7-39,0 

I 
,:Q 

l2C/Bcdrock/39.0-40.0 
12D/Bedrock/40,0-40.4 
12E/Bedrock/40,4-40,5 

type, size; color; other 

Silt ml!! clay; black 
Sand, very fine; red brown with vertical black silt streaks 

and vertical rootlets; n~sible crossbedding 
Sand, very fine; red brown with laminated silt strP.ak; no 

visible cross bedding --
Silt.!!!.!!. clay; Gray 
Silt~ clay; Gray and buff 

Sand, very fine; brown and silt; black 
Sand, very fine and fine;°brown 

Silt and clay; black 
Sand,"'very fine and fine; red brown with silt 
Sand, very fine and fine; red brown ----

Sand, very fine; red brown, Massive, no visible crossbedding 
Sand, very fine and silt; dk gray brown; Massive, no visible 

crossbedding -
Sand, very fine and fine; red brown 
Sand, very fine; buff 
Sand, very fine end silt; dark brown; massive, no visible 

crossbcdding -
Sand, very fine and silt; brown 
Silt; brown --
Sand, very fine; red brown; with short vertical streaks of 

black silt and with vertical streaks of light gr.:i.y very 
fine and fine sand; massive, no visible crossbedding 

Clay; dark gray 
Sand, fine; tan 
Clay; d.:i.rk ~rav 
Sandstone; massive, well cemented 
Sandstone; with horizontal fractures filled with soft 

sandy clay 
Siltstone, with sandstone; medium hard 
Sandstc,ne anci'sandy clay; altel't\ating lenses 
Sands tone, "triable 



Table 2. Grain Size Distribution and Penneablilties of Core Samples from Site 13. 

DATA NU:1BER 
Sample/Data/Depth 

No, No, (feet) 

5-A/774/0-,l 
* 5-B/774/0,1-1.l 

5-B/774/0.1-1. 1 
*+ 4-A/774/5.1-5,4 
*+ 4-A/774/5.1-5.4 
*+ 4-B/771,/5,4-5,9 

4-C/774/5,9-6,6 
7-A/774/7,4-7, 7 
7-B/774/7. 7-8, 7 
7-B/774/7, 7-8, 7 
3-A/774/ll.0-12,5 

.+ 3-A/i7'•/ll.0-12.5 
*~10-A/774/18.7-18,9 
.,,,+ 10-n/77t./ 1s. 9-19. s 
~-B/774/23,2-23,7 

*+ l-B/7711/23. 2-23. 7 
~ l-A/774/23.7-24.9 
*+ 1-A/774/23, 7-24, 9 
*+ 3-11/774/49, 3-50, 7 

8-A/774/49,3-50.7 
12-A/B~<lrock/38,5-38,7 
12-B/Bc<lrock/38,7-39,0 
12-E/Be<lrock/40.4-40,5 

* 12-C/Bc<lrock/39.0-40,0 
.,,,+ 12-D/Bc<lrock/l,0,0-40,4 

2-A/7Rl,/2, 2-2, 7 
* 2-B/781,/1.5-2.2 
* 2-B/781,/1.5-2,2 

2-A/781,/2, 2-2. 7 
* 9-A/7811/2.5-3,3 
* 9-B/73!,/J.3-3,6 
• 6-A/7811/3,6-5.0 
* 6-A/731,/3,6-5,0 

llj/784/60.0-60,4 
llC/7~!,/60,5-61,4 
llB/784(60,4-60,5 

+ Glycofated 

GRAIN SIZE DISTRIBUTIO~ 
% by weight Grain size Uniformity 
of fine frac- D50(u:n) coeff, 60mm 
tion ( , 062=) To;;;; 

Not sampled 
29,5 
10. 7 
35.6 
17,1 
65.8 

Not sampled 
Not sampled 

15.4 
11.3 
66.1 
59.8 
24,4 
19.7 
41.9 
39.6 
18.6 
20,2 
12,2 
10.9 

Not sampled 
Not sampled 
Not sampled 

71.8 
45,5 
30.3 
8.3 

15,7 
32. 8 
40.8 
34 
17 
35.8 

Not sampled 

(Too thin) 
,07 1. 29 
, 105 1.88 
,069 1.5 
, 081 1.53 
,05 1.54 

(Imperneable) 
(Too thin) 

,08 1.5 
1.5 
2,09 
1.61 
1.32 
1.47 
1,29 

,071 
,04 
.059 
,072 
, 08 
, 067 
.068 
, 078 
.079 
• 035 
,085 

(Too thin) 
(Too thin) 
(Too thin) 

, 04 
,066 

13,33 
1.4 
1.44 
1.48 
1.51 

2,04 
1.64 

Wax contaminated 
,078 1.27 
,077 1. 81 
,07 1.36 
.06 1.4 
,07 1.36 
,085 1.5 
, 073 1. 39 
Clay 
Clay 

(Too thin) 

* one test run for identification X-rayed sample& 

Falling head 
24°C/16°~ 

(gpd/ft ) 

2,09/1. 71 
2,82/2.31 
14, 35/11. 77 
4.94/4.05 
Impermeable 

2.1/1.73 
3.33/2,73 
Impermeable 
Impermeable 
3,91/3,2 
Lost 
Impermeable 
Impermeable 
21.06/17,27 
4,67/3,83 
8,83/7,24 
38.87/31.87 

Impermeable 
Impermeable 
43.39/35.58 
3.03/2.48 
54,91/45,03 
18,47/15,15 
1.87/1.53 
.74/.61-
1.12/.92 
• 956/. 984 
Impermeable 
Impermeable 

PERMEABILITY 
Constant head 

24°C/16°C 
2 

(gpd/ft ) 

1. 64/1. 35 
2,56/2,10 
9,12/7.48 
4.06,13,33 
Impermeable 

2,80/2.30 
3,57/2,93 
Impermeable 
Impermeable 
5,05/4.14 
Lost 
Impermeable 
Impermeable 
15.87/13,02 
5,79/4,74 
10,66/8,74 
41.86/34,32 

Impermeable 
Impermeable 
33.49/27.46 
2.62/2,15 
41.49/34.02 
61. 59/ 50. 51 
1.31/1.07 
1.28/1.05 
.575/ ,472 
,991/,813 
Impermeable 
Impermeable 

Direction 

Horizontal 
Vertical 
Horizontal 
Vertical 
Vertical 

Horizontal 
Vertical 
Vertical 
Horizontal 
Horizontal 
Vertical 
Vertical 
Horizontal 
Horizontal 
Vertical 
Horizontal 
Vertical 

Horizontal 
Horizontal 
Vertical 
Horizontal 
Vertical 
Horizontal 
Horizontal 
Horizontal 
Horizontal 
Vertical 
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Table 3. Grain Size Distribution or the Wash Samples Collected at Site 13. 

DATA NIDIBER GRAIN SIZE DISTRIBu'TIO~ 

Sample/Data Process/Depth % by weight of Grain size Uniformity Coeff. 
No. No. (feet) fine fraction D50 (mm) 60mm 

lOmm 

N-1/774/0,15 35.3 .07 1.50 
N-1/774/5, 6-7 .4 31.4 .068 1.88 
N-1/774/7,1 19.4 .082 1.84 
N-1/774/10 37.5 .07 1.55 
N-1/774/12,7 72 .05 1.57 
N-1/774/20.4 29.9 .077 1.62 
N-1/774/24,9 17.3 .08 1.50 
N-1/774/53-77 29 .078 1.60 
N-1/774/53 54.4 .06 1.75 
N-2/775/5-50 47.2 ,069 2.26 
N-3/776/0-40* 18.7 .077 1.33 
N-3/776/ 40-50 15.5 .09 1.58 
N-3/776/47 , 54.3 .063 1.68 
N-4/777/17-47 18.7 .08 1.64 
N-5/778/6-16 40.1 .012 1,60 
N-5/778/16,5~20 25.9 .11 6.50 
N-6/779/20 14 ,085 1.48 
N-6/779/26-34 79 .028 4,38 
N-6/779/40 60.6 ,055 2.03 
N-7/780/5-7 52.9 ,062 1. 75 
N-7/780/5-10 47 ,061 1.15 
N-7/780/40 18.9 .099 2.00 
N-8/781/40 27.3 .084 1.95 
N-9/782/43 42.0 .08 1.60 
N-9/782/47 87.1 .011 10.59 
E-1/770/0-49 18,9 .083 1.48 
E-1/770/49 85.2 .018 6.25 
E-2/771/0-40 29.4 .085 1.94 
E-3/772/3 16 ,083 1.57 
S-1/784/1.2 27.2 ,074 1.45 
s-1/784/2.5 48.1 .055 1.76 
S-1/784/3,5 13,9 .082 1.48 
s-1/784/3.5 13.9 .082 1.48 
S-1/784/15 1.0 .055 1.34 
S-2/785/0-40 88.7 .01 10.59 
S-2/785/40-50 23.8 .10 6.48 
S-2/785/47-50 56 .06 2.5 
s-3/786/ o-40 15.3 .11 2.2 
s-4/787/37 51.9 .061 5.0 
S-4/787/40 91.3 .0085 8.67 
s-5/788/33 73.1 .038 3. 77 
S-5/788/40-50 28.0 .08 1.80 
s-7/790/8 29,1 .079 1,63 
S-8/791/ 67,7 .042 2,79 

* wax contandnated sample 
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(<.062 mm) from each sample, another permeability envelope 

is formed (Figure 10). 

The results shown in Figure 10 imply that the 

permeability of unconsolidated materials with a median grain 

size less than 0.93 mm (Figure 9) is greatly affected by 

compaction of silt and clay, by the percent of organic 

material within the clay, and perhaps to a lesser extent, by 

the type of clay. Because different clay minerals exhibit 

different swelling properties and ion exchange capacities, 

identifying the clay constituents possibly would indicate 

one cause for rapid decrease in the permeability in addition 

to providing initial clay identification information for 

those investigatigators interested in the dispersion and 

distribution of dissolved ions within the impoundment 

ground-water system. The major clay constituents in the 

core samples are identified in Figure 10. Five clay 

minerals were identified in the samples collected from Site 

13: Montmorillonite, Kaolinite, Illite, Chlorite, and 

Glauconite. These minerals are listed in Table 4. 

Parameter Identification and Description 

The model was created by employing standard geologic 

techniques for measuring the 

(permeability, lake surface 

various physical parameters 

area, and the volume of the 

lake) while those parameters that could not be measured were 

estimated (specific yield, volume of ground-water system, 
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Table 4. Clay Minerals Identified ~ Site 13. 

SAMPLE# 

1 OA-NH-18.9 

8A-NH- 49 

1B-NH-23.4 

JA-NV-11 

1B-NV-23.2 

10B-NH-19.2 

12D-HBed-38.5 

12C-HBed- 38 

U-NV-24.4 

6A-SH- .4 

4B-NV-6.2 

1A-NH-24.2 

2B-SV-1.0 

7B-NH-8.9 

4A-NH-5.1 

d- No Treatment 

14.25 

16.99 & 15.23 
1.06 

14.73 

14. 7.3 

16.99 

14.25 

14. 73 
9.7 

14.73 
9.8 

14.97 

17 
14.73 
1.06 

16.06 

15.23 

15.23 

14. 7 

16.36 

d- Glycolated+ 

17-15 

16-13 (broad) 
1.08 

16 

17 

22-147(broad) 

14.4 

17 
9.9 

15 
9.8 

15.23 

16 
11.05 
1.08 

16.06 

15.5 

7.2 

17-17 

19-14. 7 

Mit{ERAL 

Montmorillonite 

Mont. & Chlori te 
(002) Chlorite 

M:>ntmorillonite 

Montmorillonite 

Hontmorillonite 

Chlorite 

Montmorillonite 
Glauconite/lllite 

11.ont. I Chlorite 
Galuconite/.Illite 

Chlorite 

l'.ont. {?) 
(?) 
(002) Chlorite 

Montmorillonite 

Montmorillonite 

Kaolinite 

Chlor. & Mont. 

Mont. & Chlor. 

+ Glycolated samples were placed in a descicator ltlth ethylene 

glycol for 8 days at 88°c. Samples were then removed and 

run on the X-ray 
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and bank storage). Hydrologic data collected during 

September and October, 1965, appear in Table 5. 

The lack of continuous ground-water elevation records 

for a corresponding storm period.made it necessary to define 

the physical constraints of the ground-water and lake-water 

systems by mathematically estimating their respective 

hydrologic fluctuations. The path and rate of ground-water 

movement were predicted by Darcy's equation. This required 

the identification of the hydrologic parameters of the 

ground-water system. consequently, the variables in Darcy's 

Equation (flow, coefficient of permeability, cross-sectional 

area of flow, and hydraulic gradient) were measured in 

addition to estimating the storage volumes of the ground

water and lake compartments of the model. These data appear 

in Tables 2, 6 and 7. The accuracy of the values assigned 

to these physical parameters and converting them into 

mathematical expressions govern the reliability of the model 

response to additional input data. 

The first data measured include continuous changes in 

lake level. The storm period in September, 1965 was 

selected because of the large change in lake level during 

that period. The surface area and the corresponding volume 

were measured for every contour increment on the 

topographic map in Figure 5 using a planimeter. The data of 

lake area, water level, and corresponding volume are shown 

in Table 6. 



Table.5. Daily Swnmary of September 1965 Runoff Event at Site J3t 

Surface Gage Principal 
area height Rain Volume spillway Rain Inflow loss 

t Month Day (acres) (ft) (in) (ac-ft) (ac-ft) <ac-ft) (ac-ft) (ac-ft) 

1 9 16 15.95 6.96 o.oo 66.37 o.oo o.oo o.oo o.63 
2 9 17 15.85 6.92 o.oo 65.74 o.oo o.oo o.oo 0.70 
3 9 18 15. 79 6.91 o.oo 65.60 o.oo o.oo o.oo 0.13 
4 9 19 16.59 7.62 4.31 76.73 o.oo 5.87 5.70 0.44 
5 9 20 23.77 17.30 8.25 311 • 81 1.20 14.32 222.98 0.31 
6 9 21 31 .94 16.64 8.05 290, 19 24,37 o. 14 14,82 12.20 
7 9 22 30.18 15,55 o.oo 257.55 22.25 o.oo o.oo 10.39 
8 9 23 28.43 14.60 0,00 231.80 20.08 o.oo o.oo 3.67 
9 9 24 26,75 13. 78 0,07 209.24 18.10 0.15 o.oo 4.61 

10 9 25 25.39 13.04 o.oo 190.98 16.04 o.oo o.oo 2 .21 
11 9 26 24.19 12036 o.oo 173. 71 13.89 o.oo o.oo 3.37 
12 ? 27 23.11 11.78 o.oo 159.92 11.66 o.oo o.oo 2.12 
13 9 28 22.29 11.30 o.oo 149.51 9.53 o.oo o.oo o.87 
14 9 29 21.69 10.97 0.10 142 .37 6.33 0.18 o.oo 0.89 
15 9 30 21.29 10. 75 o.oo 137 .49 3.35 o.oo Q.00 1.54 
16 10 1 21 ,03 10.61 o.oo 134.35 1.93 o.oo o.oo 1.20 
17 10 2 20.86 10.52 o.oo 132.35 1 .12 o.oo o.oo 0.88 
18 10 3 20. 75 1 o.45 o.oo 130. 78 o.66 o.oo o.oo Oo89 
19 10 4 20.66 10.40 o.oo 129. 71 0.42 o.oo o.oo o.64 
20 10 5 20.66 10.36 o.oo 128.81 D.28 0~00 o.oo 0.61 
21 10 6 20.56 10.34 o.oo 128.38 0.20 o.oo o.oo 0.23 
22 10 7 20.52 10.31 o.oo 127.60 0.14 o.oo o.oo 0.55 
23 10 8 20.49 10.29 o.oo 127 .23 0.07 o.oo o.oo 0.38 
24 10 9 20.46 10.27 o.oo 126.83 0.02 o.oo o.oo 0.37 
25 10 10 20.43 10.25 o.oo - 126.38 o.oo o.oo o.oo 0,45 

Total 151 .65 20.64 242.90 52.38 

* From 1971 ANNUAL RESEARCH REPORT I Southern Plains Watershed Research Center, Chickasha, Oklahoma 

.. 
w 
c,\ 



Table 6. Calculated Pata used in Constructing this 

Area of Surface Area 
kcum.ul&tive VolUlle 

AcCU111Ulat1ve Volu11e 
Reservoir of Reaervoif of 111 + 1-28 Acre 

Elevatlo11 lo Acre1* Acre at ln Acre Feet of 11 a!:t • 
fc. t1+(l+2) -r 

1428 52. 76 56 766.8 746 

1426 49.22 52 664.82 634 

1424 4S.26 46 570. 34 539 

1422 41.35 44 483. 73 445 

1420 37. 42 37 404.96 366 

1418 33.69 34 333.85 294 

1416 29.91 30 270.22 232 

1414 ~~- 37 25 213.91 176 

1412 23.01 22 164.53 130 

1410 20.22 19 121.3 88 

1408 17.96 14 83.lZ 57 

1406 13.4] 11 51. 73 31 

1404 ,. 71 28.59 13 

1402 5.96 3 12.92 s 
1400 2.56 0 4,40 0 

1398 .92 0 .92 0 

• Calculated by tho Soil Conoervatlon Service of the U.S. Depart:llont of Aartculture. 

t Calculated ~y th• author. 

Model. 

fn Acre Feet~ 
Yolwne Each 2 

Poot Incrment • 

101.98 

9'.45 

86.61 

78. 77 

71.ll 

63.63 

56.31 

49.38 

43.23 

38.18 

31.39 

23.14 

15.67 

·a.52 

l.48 

.92 

In Acre Feet, Total Interfacing 
Volume Each Area (A) Between 

2 Poot Increment t x1 and x2 Computer Tera t 

.112 
1952 

,095 
2094 

.094 
1445 

.079 
2917 

,072 
1527 

.062 
1695 

.056 
1825 

.046 
1467 

.042 
1S5i 

,031 
2012 

,026 
1314 

.018 

,0099 
1799 

.0032 
1635 

0 
1355 

0 

Length 
L1 

L2a 

L26 

L24 

L22 

L20 

LU 

Ll6 

Ll4 

Lu 

LlO 

La 

L6 

L4 

L2 

w 
....i 



* Table 1. Calculated Ground-water Increments ( CURVE 2 -CURVE 15) 

Calculated Lake-water Increments (CURVE 1 ); 

'k.Curve Curve Curve Curve Curve Curve Curve Curve Curve Curve Curve Curve Curve Curve Curve 
K1 or ·11 2 l 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

28 )2$00016 362659 

26 27621396 31163i 362383 

24 2]1,83196 257643 307899 354 7-. 7 

22 19)68556 225830 257620 303688 346632 

20 1Sll,7)16 163641 221981 250881 292 761 3316,' \ 

18 12810996 135098 162584 215090 241100 278792 3139 28 

16 10110276 105870 132990 157422 204094 227214 260718 291950 

14 7681070 78952 lQ-4502 128232 149610 190448 210678 239994 26 7322 

12 5832)50 59305 76909 98809 119149 137473 172477 189817 214945 238369 

10 )81.7800 42848 58358 73028 91278 108228 123498 152668 167118 186058 2075 78 

8 2579880 24291 40387 52795 64531 79131 92691 104907 123243 139803 156555 172171 

6 1350360 15611 23195 35267 44573 53375 64325 74495 83657 101159 109829 122393 13 .. 105 

4 692280 6259 13752 18714 26762 32966 38834 46134 52914 59022 70690 76470 84846 92654 

2 1 J0680 2600 4625 8223 10851 14875 17977 20911 24561 27951 31005 36839 39729 43917 47821 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o.o 

* Calculated Volume in 2-feet Increments = (rjJ x , o3 ) 
+ Calculated Volume in 2-feet Increments • rt 

w 
CD 



39 

The following sections describe the calculations used 

to define the volume and area relationships shown in 

Table 6. The impoundment volume was theoretically divided 

by a series of parallel divisions in the plane of the 

contour increments (Figure 11) • 

The volume of the lake (X1 in the program) was 

calculated in two feet elevation increments using the 

foliowing formula for estimating the volume of 

irregularly shaped trapezium with a height (h) of 4 feet: 

where, 
v 

V = 1/6h (B1 + 4M + B2) 

= volume is ft3 

B1 = area (ft2) of the base 

M = area (ft2) of the midpoint 

B2 = area (ft2) of the top 

h = height in feet. 

an 

Each increment was calculated in the following manner: 

V(1402-1404) = 1/6(4)*[ (130680 ft2 + 4 (130680 ft2) + 
304920 ft2) - ((lake volume 1400~1402)] 

. V(1402-1404) = V(1400-1404)-V(1400-1402) 

V(1402-1404) = 692280 ft3 

The volume of the next increment (t404-1406) was calculated 

similarly using areas of 1402 as B1, 1404 as M, and 1406 as 

B2. The volume of the lake from 1402-1404 was sul::tracted 

from the total volume instead of the volume of increment 

1400-1402. 
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The remainder of the elevation increments was estimated 

using the Hewlett-Packard 9820A. The results, as 

accumulative ft3 /2-feet elevation increments, appear in 

Table 7 as FUNCTION CURVE 1. The results were converted to 

acre/feet and then entered in Table 6. 

After defining the volume of the reservoir (X1), it was 

necessary to estimate the boundary and the volume of the 

ground-water system. The base elevation was arbitrarily 

established at 1400 feet. The highest elevation of interest 

in the impoundment is 1428 feet. To match the reservoir 

sections, the entire ground-water system was divided into 

two feet elevation increments. Figure 12 illustrates that 

the impoundment was divided as was the lake in the plane of 

the elevation contours. The data for each CURVE(2-15) 

(Table 7) were calculated as if the saturated sediment or 

volume of the ground-water system were a series of 

enclosing envelopes divided into elevation increments of two 

feet each (Figure 13). The data for each CURVE i 

represented in Table 7, or volume increment were estimated 

using the following method. 

The surface areas of the various lake increments (ft2) 

were designated as the surface areas (Alki, Figure 13) of 

the ground-water envelopes. FUNCTION CURVE s (2-15) 

represent the accumulative volume of ground water (X2) for 

each 2 foot increment represented by the FUNCTION CURVE 1 

which describes the accumulative volume / elevation 

relationship within the lake. Each volume / elevation 
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increment of X2 was estimated by multiplying the area (ft2) 

of the upper-most contour interval by the height of the 

increment (feet above base level) and subtracting the total 

volume of the lake at that elevation. Mathematically, the 

volumes listed in Table 7 were derived by the following 

formula: 

(Alki * i) - (VLKi) = VSi *Sy= VGWi 

Alki = 

i = 

VLKi = 

Vsi 

VGWi = 

Sy = 

= 

Area of lake (ft2) at maximum elevation of 
interest and extending radially 

Height above base elevation in feet 
(2 feet, 4 feet, etc.) 

Volume of lake (X1) at height (i) of 
interest above base elevation 

Volume of sediments at height i 

Volume of ground water at height i 

Specific Yield. 

Specific yield is a measurement of the porosity when 

the aquifer is unconfined, as is the material at Site 13, 

and approximates the available storages in the aquifer. 

Multiplying the total volume of the permeable material by Sy 

approximates quantity of water available for exchange within 

the system. Typical values for unconsolidated fine grained 

sediments range .0005 ~Sy~ .1 {Te Chow, 1964; Todd,1959). 

The sediments at Site 13 are well-sorted, fine grained sand 

highly dispersed with clay. Therefore the number .001 was 

designated as the average specific yield for the sediments 

at Site 13. 
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Thus the volume increments (FUNCTION CURVE 2-15) define 

the actual quantity of exchangeable water within the ground

water system and appear in the program. The response of the 

system is dependent upon specific yield (Sy). Since the 

storage coefficients for the various sediments at Site 13 

are determined experimentallyr the sediment volume 

increments (Table 7) must be multiplied by the new Sy 

coefficients and inserted into the model. A comparison was 

made between the results of simulations with various Sy 

coefficients. The results of these comparisons will be 

discussed later. 

Thereforer the elevation and the location of each well 

determine the FUNCTION CURVE used for further computations 

in the model. Every FUNCTION CURVE defines a discrete 

portion of the ground-water system. As the elevation (H1) 

increases the surface area used to define the lake water / 

ground-water exchange area increases. As the surface area 

increasesr the volume of water required to raise ground

water elevation (H2) any . elevation increment also 

increases. Each volume increment includes the volume of the 

preceding increments in the calculations. Each CURVE (2-15) 

represents the relationship between the total (accumulative) 

volume of water in the ground-water compartment (X2) and the 

corresponding height (H2) of the ground water at any given 

distance from the lake-water / ground-water interface. 

H1 = AFGEN (CURVE irX2) is the computer statement for this 

relationship. The elevation (between two contour intervals) 



46 

of any observation well automatically establishes CURVE i. 

CURVE(S) 1-15 are graphically represented in Figure 14. 

After the exchangeable volume of the ground-water 

compartment had been estimated, the parameters in Darcy's 

Equation (permeability coefficient, area, hydraulic 

gradient, length of travel) were determined and converted 

into the proper mathematical form for this model. The 

permeability and cross-sectional area of flow in each 

elevation increment are combined into a single constant, Ci. 

This equation appears in the program as, 

Ci = [..QµFL!_F1Ll:~ifL!-F2l.:!:~iF3 !_F3l.:!:.{~ifL *F4) ] 
. Li 

where F1, F2, F3, F4 are the coefficients of permeability in 

ft3/.1day/ft2. Li represents the length in feet measured 

horizontally from the midpoint between each contour interval 

(i and i +1). Ai is area of the contour increment i with 

the permeability Fi. In the program, the symbols 

F1,F2,F3,and F4 represent 1/10 the various permeabilities of 

the sediments in Table 2. Dividing the permeabilities by 10 

is necessary because the computer calculates each step of 

the integration at .1(t), or .1 day. The total quantity of 

water transferred in 1t equals 10 x F1 F2 F3 and F4. 

Obviously, the distances between each lake interface 

increment and the observation well (Li's at any elevation 

increment) are different for each observation well tecause 

the distance varies from one contour interval to another. 

Figure 15 illustrates this point and depicts the real data 
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as the computer assimilates them. Step simulation ccnverts 

the lake bed into a series of small step increments. The 

Ai•s or the areas used in the formulas were initially 

figured as the average perimeter between any 2 contours 

(i and i+1) * 2 feet in elevation. The perimeters. or 

contour lines of the lake basin. are actually the 

circumferences of the previously defined envelopes used for 

calculating the volume of 12. In the program these areas 

are the numbers that appear in the sets of Ci equations 

(Appendix A). Figure 15 is a cross-sectional view that 

illustrates the relationship of the parameters of 12. The 

parameters are illustrated as being two-dimensional when 

actually the parameters CURVE i. X2, 11. and pav[i-(i+2) ], 

are three-dimensional and the program is written 

accordingly. The ratio of ground-water to ground-water 

elevation for any increment is defined by the FUNCTION 

CURVE(2-15). The FUNCTION CURVE defining this relationship 

is dictated by the position of the observation well 

(Figure 15) • 

A time delayed response of an observation well water 

height to a rapid increase in lake elevation is expected 

because of the resistance to flow (governed by permeability 

K) between the compartments as defined by Ci. The 

difference in heights of lake level (H1) and ground-water 

level (H2) provides the driving force as was previously 

stated. The computer must vary the proper areas. according 

to the change in states X1 and X2. 
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The symbols 01 and D2 represent the accumulative area 

of seepage between the lake and the ground-water system as 

determined from CURVE(s) 2-15. The elevation of the lake 

(H1) and the elevation of the ground-water (H2) are used in 

the Darcy equation to describe the direction and the 

gradient of flow at the impoundment boundary. 01 represents 

the total area of lake bottom and perimeter covered by 

water. 02 is the total area of the lake bottom and 

perimeter where water may flow or seep from the ground into 

the lake. 01 may equal D2; but since the dynamic response 

of the lake is more rapid than the response of the ground

water, D1 will not always be equal to 02, creating an 

unequal flow (mathematically) between X1 and X2 in the 

program. Two additional terms (QT1 and QT2) were employed 

to correct this problem. 

Because the volumetric units of the model fluxes must 

be equal, the permeability coefficients of the sediments 

appear in the model as ft3/day/ft2 although they are 

reported as gallons/day/ft2. The program symbol Q12, is the 

flux (ft3/t/ft2) from X1 to X2 if H2<B1. Q21 is the program 

symbol defining the flux (ft3/t/ft2) from X2 to X1 if H1<B2. 

When 11 increases, B1 increases. Q12 increases and the 

compartment X1 responds accordingly. However, since Q12 and 

therefore 01 are not part of the X2 compartment equation, X2 

does not receive the total flux defined by Q21. Even though 

the driving forces, or changes in B1 and H2, indicate a flow 

from X1 to X2, B2 has not increased sufficiently to increase 
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the flow into the 

compensate for this 

donor controlled 

Q02 (flux from outside the system into X2), and Q20 

(ground-wai!er flux from X2 to outside the system by seepage 

and flow through the dam) represent flows estimated by 

measuring the permeabilities and areas of the sediments at 

the cross-sections A-A' and B-B' (Figure 6). The areas of 

the cross-sections (ft2) were measured by a planimeter and 

. then entered into the program. 

The program symbol Q10 

through the dam (GTD) and 

describes 

under the 

a flow of wat€r 

dam (GUO). Q10 

estimates the water that passes from X1 through the .dam and 

is lost from the system. More accurate formulas describing 

the flow of water under and through earthen dams exist 

(Te Chow. 1964) but the following expressions were employed 

to simplify the mathematics: 

where: 

Q10 = GTD + GUO 

GUO= (11250*F3*H1)/100 

GTD = (DA*H1*100) 

GUO is a term which defines the flow of water from the 

lake unde.r the dam through a cross-sectional area of 

11250ft2 with a permeability of F3. The driving force is H1 

and the average length of travel is 100ft. GTD, like the 
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other fluxes in the system is governed by Darcy's principle. 

Obviously the areas will vary with the amount of water in 

the impoundment area. 

The term DA automatically supplies the well with the 

proper area in the equation by the same principle used in 

determining Dl or D2 The driving force is Hl. The physical 

parameters are established by the following equation: 

DA = 

A = 

K = 
A = 

L = 

}:, Al+ A2 + A3 •••.•• Ai 
0-1 

(K*A) IL 
Fl, or F2, or F3, or F4, or F5 

Cross-section area of dam (Figure 8) 
at any 2' increment 

Length of ground-water travel from the 
inside surface of the dam to the 
cross-section B-B'. 

Since the model incorporates this term as a loss from the· 

system, Lis approximated. After the water leaves the 

system, its direction is of no importance and therefore a 

rough approximation these measurements is sufficient. 

Evaporation is a major source of water loss in the 

southwestern portion of Oklahoma. The program symbol PEV 

represents the water lost from the lake (Xl) by evaporation. 

Mathematical relationships have been suggested for 

calculating evaporation from lake surfaces through the year 

(Decoursey, 1965). However, because the formulae are quite 

complex, the evaporation component in this preliminary model 
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is reduced to a simple expression. Once the other 

parameters of the model are properly measured or adjusted, 
-

and an ample supply of data collected, the accuracy of the 

proposed evaporation formulas can be tested with the model 

by evaluating the response of the lake level when the values 

of the EV term are altered. 

The symbol PS (Principal Spillway) introduces an 

expression which estimates the flow through a sharp-edged 

orifice from a reservoir. The discharge from the principal 

spillway (PS) at Site 13 is calculated from: 

V = CD A (2gh) 'f2 

The resulting program statement of this equation is: 

or, 

Q 

CD 

PS = Q actual= SQRT(2*(32.2)*G)*PSA*CD 

= flow in ft3/day 

= .6 = experimental coefficient 
(Sobersky and Acosta, 1964) 

g = 32.2 ft./sec. = gravitation constant 

h = G = (Hl - 10.2) = height in feet above 

A = 

principal spillway 
orifice 

• 8 ft 2 = PSA = area of orifice in ft 2 

PS = .8 * .60 /64.4*h 

PS (computer symbol PSS) is a flux in volumetric 

units/t, (ft /day). PSAFT is the discharge (PS) converted 

to "real" or actual reservoir discharge in acre-feet/day. 

In the program, G is a limiting function. The principal 
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spillway only functions when H1 > 10.2, the elevation of the 

princifal spillway. The statements, 

IFtH1.LE.10.2) G = 0 

IF(H1.GT.10.2) G = (H1-10.2), 

provide the limiting controls for G. An approximate 201 

deviation occurs between the simulated results and the 

measured outflow in Table 5. The spillway acts like a 

siphon when the entire orifice is submerged and consequently 

conducts more water. This relationship may be refined by 

future investigations. 

ES is the program symbol for the flow out of the lake 

through the emergency spillway. The formula defines the 

flow of water over an open spillway (Streeter, 1966). The 

equation is included in the program. Again a limiting 

function is incorporated in the formula because ES only 

operates when H1 is greater than 23.2 feet. 

The STEP functions (program symbols SP1 and SP2) 

generate runoff into the lake by adding the estimated volume 

(ft3) of water needed to raise the lake elevation to the 

"real" or measured elevation during the periods of runoff 

listed in Table 6. The numbers in the program are cubic 

feet of water added to the pond. SP1 and SP2 are time 

functions telling the computer when to add the appropriate 

quantities of water to the lake. Simulating runoff for 

longer periods of time requires a different arrangement. A 

time related function similar to H1 = AFGN(CURVE 1, X1) 
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could generate a hydrograph vs ft(t) • or runoff vs ft(t), or 

rainfall vs ft(t) if the relationship of rainfall to runoff, 

or runoff to lake level were mathematically known. When 

more precise data become available, calculating and entering 

these functions into the model will be areas for future 

research. 



CHAPI'ER VI 

THE RESULTS OF MODEL SIMULATIONS 

Limitations of Simulation 

A systems model is not a copy of a real ecosystem. 

Any mathematical model only simulates those functions 

defined within the program. The results of any mathematical 

simulation are as valid as the parameters and functions used 

in defining the system. The measured dynamics (data) of a 

real system can be duplicated by the model when the various 

parameter coefficients are systematically altered in the 

model program adjusting any errors or deviations from the 

real data (lake level and ground-water level responses). 

For example, a reservoir drains at 

(X1 =dX/dt). The loss from the reservoir is 

a given rate 

controlled by 

seepage under the dam and evaporation. Inflow is assumed 

constant .for a specific time period. If the simulated rate 

of change in reservoir elevation does match the plotted rate 

of change in the the real system, the user can vary one, two 

or all three of the parameters until the simulation results 

compare with the real system data. However, if the 

parameters are altered beyond reasonable physical limits for 

such parameters or if they are altered without supporting 

hypotheses or evidence, the model is not a good 

56 
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representation of the real system even though the output 

data from the simulation match the real data. 

When systematically evaluating the sensitivity of the 

system by adjusting the various parameters (one per 

simulation) and by noting the response of the system, the 

modeler can isolate the resulting effects and the 

significance each variable has on the system. In the first 

sets of simulations, only the permeabilities (Kor F1 F2 F3 

F4) were changed. The specific yield value (.001) was 

assumed to be constant as was the base flux (Q02 + Q20). 

The model was designed to simulate conditions at 

Site 13 during 24 days in September and October, 1965 when 

unusually high rainfall caused flash flooding in the 

reservoir. During the storm period (Table 5) lake elevation 

data and the ground-water level in Well No. 32 were the only 

continuous measurements made of the system. Well No.32 can 

be used to estimate the quantity of water constantly leaving 

the system through dam seepage but will not indicate the 

fluctuation of bank storage adjacent to the impoundment 

basin. consequently, lake elevations were the data used to 

calibrate and analyze the results of each simulation. 

Interpretation of the Results 

Figure 16 depicts the results of the first simulation. 

The parameters most significantly affecting model response 

at any time and the corrections introduced to improve model 

response, also appear in Figure 16. Initial simulation 
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included the adjustment of the paramaters in order to obtain 

the best fit portion of the hydrograph curve representing 

the time period prior to and including peak stored volume 

(day 5) of the storm event. For model stability, 

evaporation (PEV), ground-water base flow (Q02), and 

downstream seepage (Q20) were considered constant throughout 

the period represented by the hydrograph (Figure 16). Base 

flow and seepage were determined using an assumed 

coefficient of permeability (constant throughout test) and 

the average gradient represented by initial conditions. 

Drive for the initial system was rainfall described in 

terms of runoff within the watershed. The only loss from 

the initial system when Hl < 10.2 is by evaporation (EV). 

This parameter establishes a .05 ft/t decrease in elevation 

of the lake which approximates the correct loss from the 

reservoir. The accuracy of the simulation is illustrated by 

comparing the slope of the plotted simulated lake elevation 

data (B) with the slope of the plotted real lake elevation 

(A) from t = O(days) tot= 4(days), and from t=20(days) to 

t = 24(days). 

The best-fit parameters, obtained in the first stage of 

model simulation, were included as constants in the second 

stage of model simulation. The response of ground-water 

elevation to bank storage (Q21 and Ql2) was further adjusted 

in the second stage of simulation by noting the local 

ground-water gradients and by varying coefficients of 

permeability and specific yield. Therefore, comparisons of 
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simulated lake level curves with the real lake level were 

restricted to the time period from initial rainfall to the 

terminous (day 24) of the hydrograph recession curve 

(Figure 16). 

The average difference in elevation between H1 and H2 

was calculated using more recent data collected from ground

water observation wells by the Agricultural Research 

service. Because these ground-water levels were not 

measured continuously and therefore do not correspond with 

the lake level during any one time period, it was necessary 

to extrapolate new ground-water levels for the initial 

conditions. The difference in ground-water elevation was 

converted to a volume difference for each observation well 

by the appropriate FUNCTION CURVE. These differences were 

extrapolated to the initial conditions of lake level in the 

model. For example, if H2 was an average of 10 feet higher 

than H1 for any given t, and if H1 in the model at t = 0 was 

7.0 feet, the corresponding H2 was assumed to be 17.0 feet 

at t = O. H1 and H2 at t = O, were not changed throughout 

the simulations in order to duplicate the same conditions at 

the pond for each successive simulation at any time. 

The following ~rocedure was employed to evaluate the 

effects of permeability and specific yield changes en the 

model. Figure 17 illustrates the percent cumulative area of 

the various permeable materials at Site 13. The predominant 

permeability at Site 13 is < 10gpd/ft2. The sediment 

permeabilities at Site 13 range from ( < .1gpd/ft2) for 
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various clay deposits to 41.86gpd/ft 2 for some silty sands 

(Table 2). Most of the sediments are rather impermeable 

considering the permeability ranges and the percent of the 

total sediments in each range listed in Figure 6 and shown 

in Figure 17. To best exemplify the effects of permeability 

on bank storage, homogeneous permeability was assumed 

throughout the sediments with a constant specific yield. 

Homogeneity was assured by letting Fl=F2=F3=F4= the 

permeability selected in ft 3/ft 2/day. The permeabilities 

selected were 1.2 ft 3/ft2 /day (minimum permeability 

measured), 9.0 ft 3/ft 2/day (maximum permeability measured), 

and 6.4 ft3/ft 2/day (calculated average permeability). Non-

homogeneity was demonstrated by varying permeabilities 

within each permeability range (Fl, F2, F3,or F4). However, 

the results of varying each permeability within its defined 

range did not alter the response of either the lake 

elevation or the ground-water elevation significantly. This 

lack of response under non-homogeneous conditions indicates 

that the range of permeabilities for each Fi symbol and the 

area of the impoundment within a given permeability range is 

reasonably close to the actual range and area of each 

permeability within the real impoundment. Consequently, 

only one simulation of non-homogenedus conditions was 

performed. 

Figures 18, 19, and 20, depict the response of the lake 

elevation to a maximum permeability (homogeneous conditions, 

Fl-F4=9.0ft 3/day), to minimum permeability (homogeneous 

conditions, Fl-F4=1.2ft 3/day, to a calculated average 
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permeability (homogeneous conditions, F1-F4=6.4ft3/day), and 

to one set of permeabilities (non-homogeneous conditions, 

Fl=.2,F2=1.7,F3=2.8,F4=5.59ft3/day). The model was run 

three times with the same permeabilities at different 

specific yield values (.0005,.001,.1). Varying the specific 

yield coefficients did not alter the simulated lake 

elevation significantly (Figures 18,19,20). Therefore, lake 

elevation is sensitive to variations of the permeabilities 

within the system and not to variations of specific yield. 

The ground-water system responds to both permeability 

and specific yield changes. Figures 21 through 27 depict 

the results of ground-water elevation to bank-storage 

influence at three observation well locations (Wells 777, 

I75, and 18) under the previously described parameter 

variations. 

Well #777 is located farthest from the interfacing 

area. Well #18 is located closest to the interfacing 

area. Both wells are depicted on the topographic map in 

Figure 5. Well #I75, an imaginary observation well, is 

introduced into the program to illustrate how the frogram 

can be used to optimize observation well locations prior to 

drilling. The only parameters changed in the imaginary 

observation well simulations were distances between the 

well and the inundated area of the lake. The effect of 

distance between any observation well and the lake is 

represented in Figure 28 by comparing the ground-water 

response of Well #777 and Well #18. The well nearest to the 
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lake (Well #18) responds more quickly and with a greater 

amplitude. 

Because no real continuous ground-water data exist for 

comparing the simulated ground-water response to real 

ground-water elevation, the results are subject to 

verification. However once continuous data are collected, 

the permeabilities and the specific yield coefficients can 

be adjusted to elicit a more accurate ground-water response. 

Figure 28 summarizes the development of the model at this 

time. The simulated lake elevation has been adjusted to 

yield a reasonable response. However, the plotted ground

water elevation could be any of the three responses 

dependant upon the specific yield and the range of 

permeabilities selected. The fine adjustment of the ground

water system is left to future investigators who can compare 

the results of this model to additional field data and then 

select the appropriate permeabilities and specific yield 

parameters. 

Adaptation of the Model to Other Systems 

Ground-water and lake-water 

concentrations and the transfers 

fluxes can govern 

of the nutrients 

the 

and 

dissolved salts represented in Figure 2. The quantity of 

water within a system and the rate of flow within an 

ecosystem are the primary connections between biotic and 

abiotic models. 
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To demonstrate the compatability of this model to other 

systems, the following terms are introduced: GUO, GWL, GWG, 

GTO, GIP. These terms represent the conversion of some flux 

within the system to "real" values which are necessary in 

other models (Appendix A). 

All of the following flow symbols represent quantities 

of water tr~nsfer in ft3/day: GUO is the quantity of water 

lost under the dam. GWL is the quantity of water 

transferred from the lake into the ground-water system. GWG 

represents the water seeping into the lake from the ground

water system. GTO is the water lost from the lake through 

the dam. And, GIP is a flow that represents the amount of 

ground water coming into ground-water compartment from 

upstream. These flows were only approximated in this model. 

They are dependent upon permeability and hydraulic gradient. 

Flows GWL and GWG are affected to any extent by varying 

specific yield coefficients. 

The numbers that appear in this text describe the 

suspected conditions at Site 13. The format of the model is 

applicable to other impoundment areas by substituting t-he 

parameter data of the area in question for the data of Site 

13. The data necessary include: (1) FUNCTION CURVE data; 

(2) the permeability of the various constituents; (3) 

surface areas; (4) depths or total relief of reservoir. 

Obviously, certain parameters like the principal 

spillway dimensions or function (open weir flow vs. sharp

edged orifice flow) will change to conform to the confines 
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of the impoundment in question. At this time, the model 

format has not been applied to impoundment areas other 

Site 13. 

than 

The 

used to 

concept of plotting ground-water movement can be 

trace movement of dissolved ions or compounds 

between the lake and the ground-water system, or to examine 

the filtering effects of the clay with regard to various 

compounds (pesticides, nitrates, phosphates, etc.) dissolved 

in the water. If the input parameters are reasonable, the 

model can be used to better understand biochemical 

relationships. 

The biological compartments 

will have the interconnections 

of this ecosystem model 

between the abiotic 

components and biotic compartments. The aquatic ecosystem 

model is dependent upon an accurate mathematical simulation 

of the hydrology within an area. 

To understand how the abiotic model is integrated with 

a biotic model, consider the general mass-balance equations 

in Figure 29. The diagram mathematically represents the 

interconnections employed in a comprehensive ecosystem study 

conducted by Water Resources Engineers Incorporated(1972). 

Note in equation 1 that portion labled INPUT and OUTPUT. 

The abiotic parameters are entered into the equation as 

concentrations (C) multiplied by a flow(Q) which defines the 

quantity of water entering (Qj) or leaving (Qi) the system. 

The cube represents the volume of ground water surface water 

in the entire ecosystem. The symbols in Figure 29 may be 
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equated to some terms employed in the developed impoundment 

model: 

QOU = EV+ Q10 = Evaporation+ seepage through 
the dam 

QIN = Runoff 

Qj = Q02 = Ground-water input from upstream 

Qi = Q20 = Ground-water outflow. 

The spatial distribution and the concentration of 

dissolved solids (the other components of equation 1 in 

Figure 29) will vary with the inter-system flows (Q21 and 

Q12) within the impoundment area. The system and the biota 

will respond accordingly to this variation. Therefore, 

assuming a constant flow or uniform distribution of all 

ionic substances within surface water or ground water in any 

ecosystem does not simulate the existing conditions at any 

variation in time. 

As an example of employing this systems model in a 

watershed management model, consider Figure 30. Managing 

water resources in a given area requires an accurate 

estimation and prediction of surface water and ground water 

movement within the given area. The model constructed for 

this thesis could be integrated with the model shown in 

Figure 30 by incorporating the flows into and out of the 

impoundment as part of the flow within a given section of 

the entire watershed. Each part of the entire system is a 

dynamic state within its own boundaries. The impoundment, 

free-flowing streams, and the main river stem itself are all 



INPUT 
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/" 

INPUT 

~ = IMPOUNDMENT MODEL FUNCTION 

~=WATERSHED COMPARTMENT 

INPUT FLOWS DESCRIBING 
OUTPUT BOTH GROUND WATER 

a SURFACE WATER 

~OUTPUT 

{.:.-, ..... INDIVIDUAL IMPOUNDMENT MODEL 
IN THIS STUDY 

ENTIRE BOUNDARY OF MODEL 

Figure 30. Theoretical Watershed Management Compartment Model. 
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dynamic in nature and may be modeled as a system with all 

of the components being smaller, more finite models. By 

establishing a system of flow models, the manager can have 

an accurate estimation of the quantity, distribution (which 

may be used for flood prediction or land use management 

criteria), and the quality of both surfacewater and 

groundwater within the area of interest. Establishing those 

relationships is an area for future investigators. 



CHAPTER VII 

CONCLUSION 

The lake-water/ ground-water system at Site 13 was 

modeled using standardized methods for mathematically 

estimating the neccessary parameters, permeabilities of the 

sediments, interfacing areas, specific yield coefficients, 

and total volumes of the lake and of the ground-water 

systems. The flows between the systems are defined as a 

function of Darcy's relationship. Simulated lake elevation 

results are compared to existing data. Although, simulated 

ground-water data are subject to verification, several 

traits of the systems were noted. 

Simulated lake elevation is sensitive to variations of 

permeability but relatively insensitive to specific yield 

coefficient variations. The boundary conditions providing 

the best fit of the simulated response on the recessional 

portion of the lake hydrograph were homogeneous conditions 

using a permeability coefficient of 6.44 ft 3/ft 2/day 

(Figure 28). However, the ground-water system responses 

(amplitude only) are only slightly sensitive to variations 

of the permeability coefficient and much more sensitive to 

specific yield variations (Figures 24, 25, and 26). The 

ground-water elevation is directly proportional to 

82 
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permeability and inversely proportional to changes in 

specific yield and to the distance between an observation 

well and the interfacing area of the lake. The best 

simulated predictions of ground-water response are shown in 

Figure 28. However, further verification of these 

predictions is needed. 
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Ai 

C2 •• C28 

DA 

Dl 

D2 

Fl 

F2 

F3 

F4 

GIP 

GTD 

GUO 

GWE 

GWG 

GWL 

Hl 

List of Symbols Used in the Model 

Interfacing area(ft 2 ). In the model, Al, A2, •• 
•• Ai (ft 2 /.lday) represent the K*A/L portion of 
Darcy's equation for defining the flow through 
the dam. 

Defines K*A/L from Darcy's equation (ft 2/.lday 
for every 2 feet elevation increment. 

Sum of Ai for any given lake elevation (Hl) in 
ft 2/.lday. 

Sum of c2 ••• c2a interfacing area increments 
(between lake and ground-water systems) at any 
given lake.elevation (Hl) used in determining 
flow Ql2 at any time t. 

Sum 9f c2 ••• c2a interfacing area increments 
(between lake and ground-water systems) at any 
given lake elevation (Hl) used in determining 
flow Q21 at any time t. 

89 

Permeability of sediments < lOgpd/ft 2 c<. 748ft 3 / 

day/ft 2 ). 

Permeability of sediments l0gpd/ft 2 - 15gpd/ft 2 

(.748ft 3 /day/ft 2 - l.12ft 3/day/ft 2 ). 

Permeability of sediments 15gpd/ft2 - 20gpd/ft 2 

(l.12ft 3/day/ft 2 - l.49ft 3 /day/ft 2 ), 

Permeability of sediments > 20gpd~t2(>1. 49ft 3 /day/ 
ft 2 ) • 

Ground-water base flow (ft 3 /.lt). 

Ground-water flow (ft 3 /.lt) through the dam. 

Ground-water flow (ft 3 /.lt) under the dam. 

Preface for ground-water elevation, number that 
follows indicates specific observation well. 

Flow (ft 3 /.lt) from the ground-water system into 
the lake. 

Flow (ft 3 /.lt) from the lake into the ground
water system. 

Elevation (feet) of lake above base elevation 
elevation (1400 feet). 



H2 

PS 

PSAFT 

PEV 

Q20 

Ql2 

021 

QlO 

Xl 

X2 

L2,Li ••• 

Elevation (feet) of ground-water above base 
elevation (1400 feet). 

Flow (ft3 /.lt) through the principal spillway. 

Flow (acre-feet) through the principal 
spillway. 

Evaporation(ft 3 /.lt). 

Ground-water base flow (ft 3/.lt). 

Flow (ft 3 /.lt) from the lake into the ground
water system (inflow to bank-storage). 

Flow (ft.3 /. lt) from the ground-water system 
into the lake (seepage from bank-storage). 

Total loss (ft 3 /.lt) from the lake through 
seepage. 

Volume (ft3 ) of the lake. 

Volume (ft 3 ) of the ground-water system. 

Horizontal distance (ft) from the interfacing 
area between two elevation contours and any 
observation well. Li's will vary with 
each observation wall's location. 
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CALL CIIP 
,u ... 

UIITIAL 
HFINI TNE 
PNYSICAL 
PAHll:ltTIIII IF 
STITII$ 

CALCULATE PHIIITIAL 
EVAPIUTIN (PIV) 

IYN .. I C n•1n 
CALCULATE 
NTIITIAL 
FLHFH 
UCN ELEVAT IM 
INCIIIIINT: 
(Al • l, L 

11A I NF ALL 1-,111 
TIIU FUNCTIIN 
SPI l SP2 

FIIN TME 
IN I T IAL VOLUIE 
DF LAU, DETEIII I Nf 
LAH ELEVA Tl IN 
MIO CALCULATE 
11 ( l•TtffACI -MIU 
Htl nu•1 TTI NI 
IATEII FNII LAU INTO 
IIIDUND-IATEII SYSTH 
HO 
CALCULATE DA, TITAL 
I NCIIEIINTAL AIIEA 
Fiii CALCULATING 
FLII TNHU91 THE DAI 

IEFINE FUNCTION 
IF EHHENCY SPI LLHY 

CALCULATE 
IIIYND-IA TEii 
IIITFLH O 

i----- ::~c~~~:~ ~:'u::::ulH 

IIETUIIN TD .. -~~~~~~~~~~~~~~~~~~~~~~~:~~~~ 

THE 1• ( .. I) 

l CONTINUE 

FIGURE 31. LOGIC AND ILOCK DI AGRAM FOR THE IODEL. 

.. 

DETE.INE DISTANCE (L) SELECT APPltOPII I ATE DETfNINE ELEVATION 
FIN INTHFACINC FUNCTION CUll'IE OF M2 
SUllf'ACE FOii H2: X2 ltELATIONSHI 

CALCULATE nn CINIITIINAL SELECT APPHPIII ATE 
TttllllHN PIUNCIPAL STATUDT IIVUIIINI INTUFACINI AIIU 

SPI LLIAY IPHATIIN tF PRINCIPAL Fiii X1 l X2t 111 Ufl 
SPILLIAY ,, 
ii ",(10.2 

if H )10.2 

1------~IIIII ~~~:::11:iT~AL 
DETEIIIINE THE 
STATE OF X 

TENINAL 
SE•ENT 
TIIEII STATEIENT: 
PEIIFDIII CALCULATIONS 
nun .11 

IS TIIE 2. TOTAL 
TIIE (T) INDICATED? 1----tl( !ES 

NIUND IATH EUUTIN 
(N2) AT t a O: 

IH 1& 1N • SY 

DETEIIIINE 
THE STATE OF 

'2 

STOP CALCULATIONS 
>------.iPIIINT RESULTS 1---... ,( 

END 
JOI 



****CGNTINUCLS SYSTEM MODELING PROGRA~**** 

*** VERSION 1.3 *** 

IN 1 TIAL 
PARAMETER IC=l96512n. 
PARAMETER JH=94280000. 
FUNCTION Ct;tl. V!: 1 = C, 0,130b80o ,2. ,t.92280. ,4. ,1350360., 6., 2 5796'!0., B., • • • 

3B47eoo. ,le. ,5'332350. ,12. ,1001010. ,14.,10110210.,10 .. 12810996., ••• 
18., l ~64 73 lb. ,20. ,193 fj8556. ,22. ,2348319t.. ,24., 27623196., 26., •• • 
32 500116., 28. 
FU'lCTIUN CURVE2=0,0,'!.355,2 
FUl~C TION C LR VE3=0 ,O ,4o25 ,2,b259 1 4 
FUNCTION CLRVE4=0,0,9223,2,13752,4,l5&11,6 
FUNCTIGN C LRV:: 5=0,0, 10'351 ,2 ,18714 ,4, 2~ 195,6, 24291, 6 
FUNCTION CURVEb=O,O,l4975,2,2o762,4,35267,6,~2348,8 1 43~79,10 
FUNCtlGN CU~VE7=0,0,17977,213296b,4,44573,6,52795,~,58358,lO, ••• 
59305,12 
FUNCTION CURVE8=0,0,209ll,2,38834,4,53375,616453l,8,73029,10,oo• 
76909,l2,7e952,l4 
FUNCTION CLRVE~=0•0,24561,2,46134,4,64325,6,79131,B,91278,lO, ••• 
;aaoi,12,lC4502,14,lJ5670,l6 
FUNCTION CU~Vl0=0,0,27951,2,52914,4,74495,b,92691,8,108228,lO, ••• 
119149,12,128232,14,132990;16,135098,18 
FUNCTID~ CLRV11=~ 1 0 1 31005,2,59022,4,83657,6,l04907,9,123498, ••• 
l0,!37473,12,14~olJ,l~,157422,l6,l625B4,lB,l63o41,20 
FUNCTION CLKV12=0,0 136839,2,70690,4,10ll59,o,l28243,8,l52668,oo• 
10,172477,12,l~J448,l4,204094,16,215090,16,22193l,20,225330,22 
FUNCTION CLRV13=0,C,39729,2,76470,4,10i829,6,l39S03,B,I67ll8, ••• 
10,l898l7,12,21067d,l4,2272l4,l6,24ll00,18,250831,20,257&20,22, ••• 
257643,24 
FUNCTION CLRV14=0,0,43917,2,B4846,4,122393,6,l56555,8,l88058, ••• 
10,214945,12,23~9?4,14,260718,16,278792,ld,292761,20,303688,22, ••• 
307899,24,311631,26 
FUNCTION CLRV15=0,0,47B21,2,92654,4,l34105,6,l72171,8,207578, ••• 
10,238369,12,2o7322,14,291950,16,3l3928,18,33180l,20,346632, ••• 
22,354747,24,3623o3,2o,3o2o59,28 

PARAMETER PSA=od 
PARAMETER SY=.001 
PARAMETER L2=1200. ,L4=1180., L6=ll30o ,L8=890e ,Ll0=660. ,L12=390., ••• 

L 14=22 O. ,Ll 6=90. , Ll 8=0. 
G~V777=X2. 
GWE777=H2 

PARAMETER N=O. 
PARAMETER P=.Ol 

CD=.6 
PARAMETER Fl=o0279,F2=.17,F3=.28,F4=o559,F5=6o 
OYNAMC 
NO SORT 

Al =( 153*FU/ll 
A2 =(156*Fll/l0.5 
A3 =(l 62*F 11/<3 
A4 =(l64*F31/d 
AS =( 175*F31/7o5 
A6 =(1Sl*F3l/7 
A 1 =( l 89*F 5 l /5 
AS =(195•F5l/4o5 
A9 -=( 204*f' 5112. 5 
Al0=(279*F51/2.25 
All=l28l*F51/2.22 
Al2=( 266*F 51 /2 
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A13=(290*F51/l.5 
A14=( 294*F !>I /1 
IF (L2. u=.o.tGO T040 
C2=( Fl *3.08) /L2 
IF (L4. LE.O.IGO TO 41 
C4= lF l*I 40al 1 /L4 
IF (L6. LE.O.IGO TO 42 
C6=tFl*l56gl•F3*(4511/Lb 
IF I LB. LE.O. IGO TO 43 
C8=(Fl*l49gl+F3*12251+F4*(811/L8 
IF (LlO.LE.O.)GO TO 44 
ClO=lF1*1554.l+F2*lO.l+F3*( 305.t+F4*(1811/L10 
IF IL12oLE.u.lGO TO 45 
Cl2= (Fl*l3821+F2*ll811+F3*144ll+F4*12611/Ll2 
IF (Ll4.Le.O.IGO TO 46 
Cl4= 1Fl*ll871+F2*1416.l+F3*1426l+ F4*l81.II/Ll4 
IF 1Ll6.LE.O.IGO TO 47 
Cl6= (Fl*I 335l+F2*15tOl+F3*(2501+F4*l13011/L16 
IF (LlB.LE.O.IGO TO 48 
Cl8=(lF1*13991+F2*147ll+F3*f24~1+F4*fl251t/Ll8l 
IF (L20.LE.O.IGO T~ 49 
C20=lF1*15S91+F2*(1951+F3*ll991+F4*1127ll/L20 
IF ll22.LE.O.)GU TO 50 
C22=(Fl*l6581+Ft•tl49l+F3*ll69l+F4*(224ll/L22 
IF (L24.LE.O.IGO TO 51 
C24-=l Fl*I 4281 +F2 *I 4 751 +F3 * 11251 + F4* ( 322 II/L24 
IF lL26.LE.O.lGO Ta 52 
C26=1Fl*f 2 951 +F2 *l 7111 +F3 *f92 lt-F4*( 3371 I/L26 
IF (L2B. Lf. o. IGO TO 53 
C28=lFl*l3301+F2*l494 )+F3*(541+F4*(35211/L28 
GO TO 75 

40 C2=0. O 
'41 C4=C. 0 
42 C6=0. 0 
43 CB=O. 0 
44 ClO=O.O 
45 Cl2=0. 0 
46 Cl4=0.0 
lt7 Cl6=0.0 
48 ClB=O. 0 
'49 C20=0. 0 
50 C22=0.0 
51 C24=0. 0 
52 C26=0.o 
53 C28=0. 0 

Hl=AFGEN(C~RVEl,Xll 
GO TO 75 

'15 IF 10 .. LT~Hl.AND.Hl.LE.2.JGC TO l 
IF ( 2 •• LT.Hl.ANO.Hl.LE.4. IGC TO 2 
IF l 4 .. LT.Hl.ANO.Hl. LE.be IGO TO 3 
IF C6.LT.Hl.AND.Hl.LE.B.IGO TO 4 
IF 18.LT.Hl.AND.Hl.LE.10.IGO TO 5 
IF 110.LT.Hl.ANO.HlelE.12.IGG TO 6 
IF ll2.LT.Hl.AND.Hl.LE.l4elGO TO 1 
IF ll4oLT.HloANO.HleLEol6.IGO TO 8 
IF 116.LT.HloA~D.Hl.LE.lSolGO TO 9 
IF llBoLTeHl.ANOoHl.LE.20.)GG TO 10 
IF 120.LT.HleA~D.HleLE.22.IGC TO 11 
IF 122.LT.Hl.A~O.HleLE.24.>GO TO 12 
IF 124.LT.Hl.AND.Hl.LE.26.IGU TJ 13 
IF lZ6.LT.Hl.ANO.HleLE.28elGO ~O 14 
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1 Dl=C2 
DA=Al 
GO TO 30 

2 Ol=C2+C4 
OA=Al+A2 
GO TO 30 

3 Dl =C 2+C4+C 6 
OA=A l+A2+A 3 
GO TO 30 

4 Dl=C2+C4+C 6+C 8 
DA =Al +A2+A 3+A4 
GO TO 30 

5 Dl=C2+C4+C6+C8+Cl0 
OA=A 1 +AZ+A 3+A4+A:, 
GO TO 30 

6"Dl=C2+C4+C6+CS+ClO+C12 
DA=Al+A2+A3+A4+A5+A6 
GO TO 30 

7 Dl=C2+C4+C6+C8+C!O+Cl2+C14 
OA=A l+A2+A 3+A4+A 5+A6+A7 
GO TO 30 

8 Dl=C2+C4+Cb+C8+ClO+Cl2+C14+Cl6 
OA=A l+A2+A3+A4+A5+A6+A7+A8 
GO TO 3() 

9 Dl=C2+C4+C6+C8+Cl0+Cl2+C14+Cl6+Cl8 
OA:Al+A2+A3+A4+A5+h6+A7+A8+A9 
GO TO 30 

10 D1=C2+C4+C6+C8+ClO+Cl2+Cl4+Cl6+Cl8+C20 
DA=Al+A2+A3+A4+A5+A6+A7+AS+A9+Al0 
GO TO 30 

11 Dl=C2+C4+C6+C8+ClO+Cl2+Cl4+Cl6+Cl8+C20+C22 
DA=Al+A2+A3+A4+A5+A6+A7+A8+A9+Al0+All 
GO TO 30 

12 Dl=C2+C4+C6+C8+Cl0+C12+Cl4+Cl6+Cl8+C20+C22+C24 
OA=Al+A2+A3+A4+A5+A6+A7+A8+A9+Al0+All+Al2 
GO TO 30 

13 Dl=C2+C4+C6+C8+Cl0+Cl2+vl4+Cl6+Cl8+C20+C22+C24+C26 
D~=Al+A2+A3+A4+A5+A6+A7+A8+A9+AlO+All+Al2+Al3 
GO TO 30 

14 Dl=C2+C4+C6+CB+ClO+Cl2+Cl4+Clb+C18+C20+C22+C24+C26+C28 
DA=Al+A2+A3+A4+A~+A6~A7+A8+A9+Al0+All+Al2+Al3+Al4 
GO TO 30 

30" IF ( L2. LE• O. IGO TO 59 
[F (l4. LE.O. IGu TO 60 
IF C L6. LE .o. IGO TO 61 
IF f LS. LE. O. I GO TO 62 
IF ILlO.LE.O.IGO TO 63 
IF lL12.LE.O.JGJ TO 64 
IF fll4oLE.O.IGO TJ 65 
IF IL16.LE.Q.IGO TO 66 
IF 1Ll8.LE.O.IGO TO 67 
IF CLZO.LE.O.IGO TO 68 
IF (L22.L~.O.JGO TO 69 
IF CL24.LE.O.JGO TO 70 
IF (L26oLE.OolGO TO 71 
IF (L28oLE.O.JGO TO 72 
GO TO 73 

59 STOP 
60 H2=AFGEN(CLRVE2,X2J 

[ F ( H 2. C. T • 2 • J H 2 =H 1 
GO TO 80 
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61 H2sAFGENICl.RVE3 ,X2t 
IF lH2.uT.4.J H2=Hl 
GO TO oO 

t2 H2=AFGENCCLRVE4,X21 
IF (H2.:;.T.6. I H2=Hl 
GO TO 80 

t3 H2=AFGENCCLRVE5,X21 
IF CH2.GT. 8.1 HZ=Hl 
GO TO. 80 

t4 H2=AFGENCCL~VE6,X21 
IF C H2 •::; T. 10. I H 2=H 1 
GO TO 80 

t5 H2=AFGEN(CliRVE7,X21 
IF CHZ.::;T.12.I HZ=Hl 
GO TO 80 

66 HZ=AFGEN( C LR VE 3, X2 I 
IF (H2.GT.l~.I HZ=Hl 
GO TO 80 

67 H2=AFGENCCURVE9,X21 
IF (HZ.:;T.16.J HZ=Hl 
GO TO 80 

68 H2 =AFGEN( C LR VlO, X2 I 
IF lH2.GT.18.I HZ=Hl 
GO TO 80 

(:9 HZ=AFGENI C LR Vll, XZ I 
IF IHZ.:;T.20.1 H2=Hl 
GO TO 80 

70 H2=AFGEN(CURV12,X21 
IF (HZ.GT.22.I H2=Hl 
GO TO 80 

l1 H2=AFGEN ( C LR Vl3, XZ I 
IF ( Hz.:; T • 24. I HZ=Hl 
GO TO 80 

72 HZ=AFGEN(CURV14,XZI 
IF CAZ.GT.Zoe) H2=Hl 
GO TO 80 

73 H2=AFGEN(CLRV15,X21 
If C HZ.GT. 29.1 H ?=ril 
GO TO 80 

80 If C O .. LT.H2eANO.H2.LEe2e IGO .TO 15 
IF C z •• LT.HZ.AND.HZ.LE.4. IGO TO 16 
IF (4.LT.H2.ANO.H2.LE.b.)GG TO 17 
IF (6.LT.H2.ANU.H2eLE.8.IGG TG 18 
IF (8.LT.HZ.ANO.H2.LE.10.IGC TO 19 
IF I 10.L T.H2.ANa.Hz. Le.12. I.GO TO 20 
IF Cl2eLT.HZ.ANJ.H2.LE.14.IGO TO 21 
IF 114.LT.HZe.\ND.tiZ.LE.lt...lGO TO 22 
IF (16.L T.H2.~ND.H2. LE.18. IGO TO 23 
IF (lSeLT.HZ.AND.HZ·LE.20.JGO TO 24 
If (20.LT.HZ.AND.HZ.LE.22.IGG TO 25 
If (22.LT.HZeAND.H2.LE.Z4.IGC TO zc:, 
If l24eLT.H2eANDeH2.LE.26.IGC TO 27 
IF (26eLTeH2eANOeH2eLE.28elGC TO 28 

15 02=CZ 
GO TO 29 

16 DZ=C2+C4 
GO TO 29 

17 02=C Z+C 4tC 6 
GO TO 29 

18 02~t2+C4+C6+C8 
GO TO 29 
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19 D2=C2•C4+C6+C8+C10 
GO TO 29 

20 02=C2+C4+C6+CB+ClO+C12 
GO TO 29 

21 02=C2+C4+C 6+C B+C lO+C12+Cl4 
GO TO 29 

22 02=C2+C4+C6+C8+ClO+C12+Cl4+C16 
GO TO 29 

23 02=C2+C4+C6+C8+ClO+Cl2+Cl4+Cl6•C18 
GO TO 29 

24 D2=C 2+C4+C 6+C8+C lO+C 12+Cl4+C-16+Cl8+C20 
GO TO 29 

25 02=C2+C4+C6+C8+ClO+Cl2+Cl4+Cl6+ClB+C20+C22 
GO TO 29 

26 D2=C2+C4+C6+CB+ClO+Cl2+Cl4+Cl6+Cl8+C20+C22+C24 
GO TO 29 

27 D2=C2+C4 +C 6+C S+C'lO+C l 2+Cl4+Cl 6+Cl8 + C20 +C22 +C24+C26 
GO TO 29 

28 02=C2+C4+C6+C B+C lO+C 12+Cl4+"Cl 6+Cl8+ C20+C22 +C24+C26+C28 
GO TO 29 

29 If (Hl.LE.10.2J G=O 

' 

If (Hl.&T.10.2) G=Hl-10.2 
PSS=SQRTC2•l32.2J*G)*PSA*CD 
PS=PSS*86.4 
P SAF T=P S /4 3. 560 
Q=Hl-23. 2 
R=LIHI T( O. 0,27.2 ,QJ 
Y=SQRHR**3) 
E 5=33. 3* 70. *Y 
SPl=STEP I 3. OJ-STEPl4.0J 
SP2=STEP( 4. 8)-STEP( 5. OJ 

EV=Xl 
PEV=P*EV 
Ql2=Dl*l Hl-H2J *10. 
Q2 l=D2*( H2-H 1J *l O. 
QTl=Q2l+Ql2 
QT2=Ql2+Q21 
G TD"=( DA*Hl J *150. 
GUD=((ll25CO.*F3)*Hll/lOO. 
QlO= GUD+G TD 

Q02=il4616. *F2)+(300. *F311*l2B.-H21 *3.30 
Q20=Q02 

GWG= Q21 
GWL= 012 
GIP=Q02 
IHl=IH*SY 
Xl=INTG~LlIC,QTl-Ql2-ES-PS-lPEVI-Ql0+940lOO.*SP1+55000000.•SP21 
XZ=INTG~ Ll ltfl ,QT2-.J21+ Q02-Ci20J 
LAKELE=H·l 
LAKVOL=Xl 
IF IN.EQ.O.IGO TO 81 
IF (N.EQ.1.)GO TO 82 
IF (N.E~.2.)GO TO 33 
IF (N.EQ.3.IGO TO 84 
IF (N.EQ.4.IGO TC 35 
IF CN.E~.S.)GO TO 86 
IF (N.EQ.6.)GO TO 87 
IF (N.EQ.7.JGD TO 88 
IF CN.EQ.8.IGO TO 89 
IF CN.EQ.9.JGO TO 91 
IF lN.E~.10.JGO TO 92 
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81 GWV777=X2 
GWE777=H2 
GO TO 90 

82 GWV776=X2 
GWE 776=H 2 
GO TO 90 

83 GWV775=X2 
GWE775=H2 
GO TO 90 

84 GwV774=X2 
GwE774=H2 
GO TO 90 

85 GWV2.4=X2 
GWE24=H2 
GO TO 90 

66 GWE 794=H 2 
GWV794=X2 
GO TO 90 

87 GWV18=X2 
GWE18=H2 
GO TO 90. 

ea GWVI74=X2 
GWEI 74=H2 
GO TO 90 

89 GWVI76=X2 
GWEI 76=H2 
GO TO 90 

91 GWVI 75=X2 
GWEl75=H2 
GO TO 90 

92 GWV24=X2 
G~E24=H2 

c;o CONTINUE 
TERMINAL 

~RTPLOT GWE777,LAKELE 
TIMER FIN1IM=30.0, OUTOEL=l.O, OELT=O.l 

END 
PAR AM ETE-R Fl=. 12 ,F 2=.12 ,F 3=.12 ,F4=.12 
END 
PARAMETER Fl=e64,F2=.~4,F3=.64,F4=.64 
ENO 
PARAMETER Fl=.9,F2=.9,F3=.9,F4=.9 
END 
RESET PR TPLOT 

PRTPLOT GWEI75,LAKELE 
PARAMETER N=9. 
PARAMETER L2=115.5,L4=106.,L6=88.5,LS=67.,Ll0=56e,~l2=19.,Ll4•7.5, ••• 

Ll 6=0.0 
PARAMETER Fl=.0279,FZ=.17,F3=.28,F4=.559,F5=6. 
END 
PARAMETER Fl=• 12 ,F 2=.12 ,F 3=.12 ,F4=.12 
E~O 
PARAMETER Fl=.64,F2=.o4,F3=e64,F4•.64 
END 

RESET PRTPLOT 
PRTPLOT G we 18 ,LA KELE 

PARAMETER lH=94282000. 
PAl<AMETER L2=12 5., L4=93. ,,L6•75., L8=42e ,Ll0=33e ,L12=25e ,Ll,._ 19., ••• 

Ll6=14.,Ll8=8e,L20=3.,L22=0. 
PARAMETE~ N=6. 
PARAMETER Fl=.0857,F2=.2,F3=,64,F4=3. 
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END 
PARAMETER Fl=.9,FZ•.9,F3=.9,F4•.9 
E1'£0 
PARAMETER fl:e12,F2•el2,F3•.12,F4=el2 
END 
PARAMETER Fl=e64,f~=.64,F3•.64,F4•.64 
END 
STOP 
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.Ml NI "1UM LAKELE VERSUS TIH.E 
6. 8598E 00 

TIME LA KELE I 
o.o 7.0000E 00 + 
1.ooooe 00 6.9527E oc + 
2.ooOOE 00 6.9060E 00 • 
3.0000E 00 6. 859BE oc + 
4.0000E 00 8. 3209E 00 ------+ 
5.0000E 00 1. 8545E 01 -------------------------------------------+ 6.0000E 00 1. 6323E 01 ---------------------------------------+ 7.0COOE 00 1. 5124E 01 ----. ------------------------------+ 
8.0000E 00 1. 4133E 01 ------------------------------+ 9.0000E 00 l.3452E 01 -----~--------------------~-+ 1.ooooe 01 1. 2 845E 01 -----------------------+ lelOOOE 01 1. 2267E 01 ----------------------+ 1.2oooe 01 l. l 947E 01 ---------------------+ l.3000E 01 le l 848E 01 ---------------------+ 1.4000E 01 1. l 750E 01 ------------ -------+ 
1.soooe 01 l.1653E 01 --------------------+ l.6000E 01 1.1558E Cl -------------------+ 1.1oooe 01 l. l464E 01 -------------------+ 1.soooe 01 le l 371E 01 -----------------+ 
le9000E 01 l.1279E 01 ------------------+ 2.ooooe. 01 l.1189E 01 ------------------+ 2.lOOOE 01 le l099E 01 ------------------+ 
2.2oooe 01 1.1012e 01 -----------------+ 2.3000l: 01 1. 0925E 01 -----------------+ 
2e4000E 01 1. 0839f: 01 -----------------+ 2.soooe 01 1. 0755E 01 ---------------+ 
2e6000E 01 1. 0672E 01 ----------------+ 
2.7000E 01 lo0589E 01 ---------------+ 2.aoooe 01 le 0508E 01 --------------· 2.9.lOOE 01 1. 0429E 01 --------------+ 3.0000E 01 1. 0350E 01 --------------+ 



TIME GWE777 
o.o 1. 0797E 
1.ooOOE 00 1. 0784E 
2.ooooE 00 1. 0771E 
3.0000E 00 1. 075 8E 
4.00COE 00 1. 0746E 
5.0000E 00 1. 0761E 
6.0000E 00 1.1021E 
7.0000E 00 l.1203E 
8.0000E 00 l. l323E 
9.0000E 00 1.l363E 
leOOOOE 01 1.1389E 
l.lOOOE 01 l. l400E 
1.2000E 01 l.1404E 
l.3000E 01 l .1406E 
le4000E 01 l.1407E 
1.soooE 01 l.1405!: 
le6000E 01 1.1402E 
le7000E Ol l.1396E 
l. BOOOE 01 le 1389E 
l.9000E 01 l.l381E 
2.0000E 01 l. l 37CE 
2.lOOOE 01 l. l 359E 
2. 2000E 01 1. l347E 
2.3000E 01 1. 133 SE 
2.40COE 01 1. l 329E 
2.5000E 01 1.1316:: 
2.6000E 01 l.13C7E 
2.7000E 01 l.l294E 
2.SOOOE 01 l.1281E 
2e9000E 01 l .1266E 
3.0000E 01 l.1251E 

MINIMUM 
le 0735E 01 

I 
01 ----+ 
01 ---+ 
01 --+ 
01 -+ 
01 + 
01 -+ 

GWE777 VERSUS TIME 

01 ---------------------+ 
01 ------------- -------------------+ 
01 -------------------------------------------+ 
01 ----------------------------------------------+ 
01 ------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 ------------------------------------------------+ 
01 ------------------------------------------------+ 
01 -----------------------------------------------+ 
01 ----------------------------------------------+ 
01 -------- .----------------------------------+ 
01 --------------------------------------------+ 
01 --------------------------------------------+ 
01 -------------------------------------------+ 
01 ------------------------------------------+ 
01 -----------------------------------------+ 
01 ----------------------------------------+ 
01 ---------------------------------------+ 
01 --------------------------------------+ 
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•** t SMP /3ti0 SI MULA Tl CN DAT A o• 

PARAMETER Fl=.64,F2=e64,F3=.64,F4•.64 

END 

TIHE 
o.o 
1.00001: 00 
2.0000E 00 
3eOOOOE 00 
4.00COE 00 
s.oocoE oo 
6eOOOOE 00 
7.0000E 00 
e.oooce oo 
9.0000E 00 
leOOOOE 01 
1.1oooe 01 
le2000E.Ol 
1.3oooc 01 
le4000E 01 
1.5000E 01 
le6000E 01 
lelOOOE 01 
1.soooE 01 
le9000E 01 
2.0,)00E 01 
2.1aooe 01 
2.2000E 01 
2. 3000E 01 
2e4000E 01 
2.soooE 01 
2.6000E 01 
2. 7000E Cl 
2.eoooE 01 
2e9000E 01 
3.0000E 01 

GWE 175 
1.4000E 
1. 4000E 
l.4000E 
le4000E 
le4000E 
1.4000E 
1.4000!: 
l.4000E 
l.4000E 
le4000E 
l. 4000E 
l.4000E 
l. 4000E 
l.4000E 
le4COOE 
l.4000E 
1. 4000E 
l.4000E 
l.4000E 
1. 3ll6E 
1. IC;46E 
l. l487E 
l.lllBE 
l ._096E:E 
1. OS07E 
1. 0643E 
1. 0475E 
l. 0305E 
le0l34E 
9.982j?E 
9. 8993E 

Ml NI l'IUH G~El75 VERSUS TIHE 
c;. 8993E 00 

I 

01 -------------~------------------~------------+ 
01 ----------- -------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 ------------------------------------------- -----+ 
01 ------------------------------------------------+ 
01 -------------------------------------------------+ 
01. ------------------------------------------------+ 
01 -------------------------------------------+ 
01 ------------ · ----------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 -------------------------------------------------+ 
01 ----------------------------------------------- -+ 
01 -------------------------------------- ---------+ 
01 -------------------------------------------------+ 
01 ------------------------------------------------+ 
01 ---~---------------------------------------------+ 
01 -------------------------------------------------+ 
01 ---------------------------------------+ 
01 ------------------------+ 
01 -------------------+ 
01 ------------+ 
01 -------------+ 
01 ----------+ 
01 ---------+ 
01 -------+ 
01 ---+ 
01 --+ 
oc -+ 
00 + 
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*** CSMP/360 Sil'ULATICN DATA*** 
PARAMETER F1 = .6~ F2=.64,FJ=.6J ,F4=.64 

TIME GWE18 
o.o 7.0000E 
l.OOCOE co 6. 9989E 
2.00COE 00 6. 9'i5bE 
3.0000E 00 b. 9904E 
4.000CE 00 6. gc;aaE 
5. OOCOE 00 7.2737E 
6.0000E 00 9. 750~E 
7.0000E 00 1.oane 
B.OOOOE 00 1.1539E 
9.0JOOE 00 1.l802E 
1.ooooe 01 l.1931E 
1.1oooe 01 1.l954E 
lo 2000E 01 l.l943E 
l.3000E 01 1.191 SE 
l ~4,)00E 01 l.1872E 
l.5000E 01 1. 181 7E 
l.6;JCOE 01 1.1750E 
l.7000E 01 lo l674E 
1.aoooe 01 l.15B9E 
lo9.JOOE 01 l .1496E 
2.ooooe 01 l. l397E 
2. lOCOE 01 l~ l 292E 
2.2ocoE Cl 1. ll 93E 
2.3000E 01 1. ll22E 
2o4000E 01 l.1044E 
2.5000E 01 1. 0%0E 
2.6000E 01 1. 0870E 
2. 7 OOOE Cl 1. C775E 
2oBOOOE Cl 1. 0676E 
2.9000E 01 1. 0572E 
3.0000E Cl le04b5E 

00 
oc 
00 
00 
oc 
oc 
00 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 
01 

+ 
+ 
+ .. 
+ 
--+ 

---------------------------+ ---------------------------------------+ ---------------------------------------------+ ------------------------------------------------+ -------------------------------------------------+ -------------------------------------------------+ -------------------------------------------------+ -------------------------------------------------+ -----------------------------------------------+ ------------------------------------------------+ -----------------------------------------------+ -----------------------------------------------+ ----------------------------------------------+ ---------------------------------------------+ --------------------------------------------+ -------------------------------------------+ ------------------------------------------+ -----------------------------------------· ----------------------------------------+ ---------------------------------------+ ---------------------------------------+ ---- ---------------------------------+ ---- --------------------------------+ ------------------------------------+ ----------------------------------+ 



APPENDIX B 

BASIC MATHEMATICS OF MODEL CONSTRUCTION 
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Basic Mathematics of Model Construction 

The most common ecosystem models are constructed by 

biologists interested in transfers of biomass (gm/m) during 

some given length of time. A typical equation would be, 

0 

Xl = dX = Xl*Ql0+X2*Q21 
~ 

This expression states that the rate of change (of the mass) 

of Xl is controlled by the state of Xl (total mass) times 

some transfer coefficient (QlO) plus the mass of another 

state (same measurement units) multiplied by a transfer 

coefficient (Q21) for any given time Ct). 

Note that the expression only states that a transfer 

occurs from one compartmen~ (Xl or X2) to another). The 

mode of flux and the method of transport are not specified. 

The route of transfer is also not specified in the model. 

However, most biological models represent biomass flux 

through trophic levels. The method of transport is assumed 

to be one organism ingesting and digesting another. 

The following symbols are used to describe the basic 

functions of a linear systems model. Fij(X,t) is the flux 

of energy, matter, or water from compartment i to j, while 

Xi and Xj, are concentrations in their respective 

compartments. The compartments Xi and Xj may be expressed 

as concentrations (e.g., milligram per liter, kilocalories 

per square meter), or total volume (e.g. cubic feet). The 

flux units (Fij(X,t)) may be milligrams per liter per day, 
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kilocalories per square meter per year, or cubic feet per 

day. The flux rate is governed by ~ij (transfer 

coefficient) which when multiplied by its respective state 

governs how much of the flux is transferred from Xi to Xj in 

one time unit t. 

More simply stated, two compartments are interconnected 

and have an exchange of material (cubic ft. of water) during 

some length of time (t). ~ij or Qij in the previous 

examples, is a number which when multiplied by the states 

tells the modeler the rate or how fast the transfer occurs, 

e.g., 25 ft /hr vs. 25 ft /day. 

A major distinction exists between biological models 

and abiotic models in determining transfer coefficients and 

intercompartmental flows. In the biological model, the 

symbol Qij is a number which, when multiplied times its 

respective state (Xi), produces a flow rate or transfer of 

biomass from that state per unit Ct). The same flow 

(Xi*Qij) may appear twice in the set of state equations 

representing a portion of an ecosystem (providing the system 

is not uni-directional), once as a positive flow (Xi*Qij) in 

the state equation of Xj (since the flow denoxes a positive 

transfer, or an increase in the state of Xj), and once as a 

negative flow (-Xi*Qij) in the state equation of Xi 

(denoting a decrease in the state Xi). 

Biological models are constructed by estimating the 

biomass of one compartment (each compartment of the model 

generally represents a different species) at a time t 
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(defined as an initial t, or t = 0) and then repeating the 

measuring process again at another time t + n. The 

following equation defines the flux Fij (flow from Xl to 

Xj), 

Fij(X, (t+n)) = Xi(t+n) - Xi(t). 

The transfer coefficient for this expression generally is 

found, 

Qij{t) = Fij{x,t+n)/n, 

where, 

t = unit of time (initially, t = 0) 

n = total number oft units 

therefore, 

XiQij(t) = Fij(t) • 

The most common mathematical expressions for flows in 

ecological compartment models are as follows: 

(1) Fij = k {constant). Flow from compartment i to 
j does not change with time (t) or system state. 

(2) Fij = QijXi. Flow to j is proportional to the 
content of state i. The donor compartment only 
is controlling. 

(3) Fij = QijXj. The receiving compartment alone 
regulates the flow. 

These three functions represent linear flows which are 

common to hydrologic and ecologic models. Nonlinear flows 

also occur but they are not discussed here (Patten, 1971). 
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