
I ' 
WATER RESOURCES RESEARCH CENTER • 113 Ozark Hall 

UNIVERSITY OF ARKANSAS • Fayetteville, Arkansas 72701 

DEVELOPMENT OF OPTIMAL SUSTAINED YIELD 
GROUNDWATER WITHDRAWAL STRATEGIES FOR 
THE BOEUF-TENSAS BASIN IN ARKANSAS 

by 

Richard C. Peralta, Bithin Datta, Jamal 
Solaimanian, P.J. Killian and Amin Yazdanian. 

···3~ 



, 

J 

.J 

J 

j 

j 

OPTIMLIL SUSTAINED YIELD GROUNDWATER WITI1DRAWAL STRATEGIES 
FOR THE BOEUF-TENSAS BASIN IN ARKANSAS 

PREPARED foR: 

U. S. ARMY CORPS OF ENGINEERS 

PREPARED BY: 

WATER RESOURCES Ml\NA.GEMENT lABoRATORY 

DEPAR"11-ENT OF AGRICULTURAL ENGINEERING 

RICHARD C. PERALTA 

BIn-UN DATTA 

JAMAL SoLAIMt\NIAN 

PAUL J. KI LLIAN 

A'-11N YAZDANIAN 

ARKANSAS ~IATER RESOURCES RESEARCH CENTER 
UNIVERSITY OF ARKANSAS 

223 OZARK HALL 
FAYETTEVILLE. ARKANSAS 72701 

MISCELLANEOUS PUBLICATION NO. 29 

DECEMBER. 1985 



DEVELOPMENT OF OPTIMAL SUSTAINED YIELD GROUNDWATER 

WITHDRAWAL STRATEGIES FOR THE BOEUF-TENSAS BASIN 

IN ARKANSAS 

By 

Richard C. Peralta 

Bithin Datta 

Jamal Salaimanian 

Paul J. Ki 11 ian 

Amin Yazdanian 

Department of Agricultural Engineering 

University of Arkansas. Fayetteville 

Arkansas 72701 



List of Figures. 

List of Tables 

Nomenclature. 

CHAPTER 

TABLE OF CONTENTS 

1. INTRODUCTION AND SCOPE OF STUDY 

1.1 The Study Area 

1.2 Objectives •. 

1.3 Boundary Conditions of the Aquifer 

1.4 Summary. 

II. DATA BANK DEVELOPMENT. 

2.1 Introduction •• 

2.2 Estimation of Pumping from the Quaternary 

Aquifer. 

2.2a Introduction. 

2.2b Estimation of Agricultural Pumping. 

2.2c Estimation of Aquacultura-J--Pump1ng-. 

2.2d Estimation of Industrial Pumping •• 

2.2e Results From Estimating Groundwater 

Withdrawals •• 

2.3 Estimation of Potential Pumping. 

2.4 Estimation of Historic Aquifer Parameters 

2.5 Estimation of Aquifer Top and Base .•• 

• v 

• vii i 

• l< 

". 

Page 

1-1 

1-1 

1-5 

1-7 

1-10 

2-1 

2-1 

.2-2 

.2-2 

.2-2 

".---;-- -2~ 10--- -

.2-10 

· 2-11 

.2-13 

.2-14 

.2-17 

2.5 Estimating Historical Quaternary Groundwater 

Levels. .2-23 

i 



2.7 Modeling Stream-Aquifer Interflo~ .2-23 

2.7a Darcy's La~ ••• .2-26 

2.7b Reach Transmissivity. APS Values and 

Their Relationship. .2-28 

2.7c Stream-Aquifer Interflo~. .2-29 

2.8 Estimating Recharge to the System through 

Conetant-Head Cells • • .2-32 

Ill. VALIDATION AND CALIBRATION OF THE PARAMETERS FOR 

A GROUNDWATER FLOW SIMULATION MODEL .•.•••• 3-1 

3.1 Introduction. . . . . • 3-1 

3.2 Validation Of Parameters And Sensitivity 

Analysis • • 3-6 

3.3 Evaluating Current and Historic Aquifer 

Conditions the Validation Parameters •. • 3-13 

3.4 Result from Estimating a Volume Balance for 
the Area • • • . . • . • • II • .. II • • .. • 3-20 

IV. METHODOLOGY •. 4-1 

4.1 Finite Difference Approximation of the 

T~o-Dimensional Flo~ Equation. II • • • 4-2 

4.2 Steady-State Ground~ater Flo~ 4-3 

4.3 Separation ot Volumetric Flux 4-7 

4.4 Types and Characteristics of Cells. 4-10 

4.5 Variables 4-13 

4.6 Upper Limit on Pumping and Recharge 4-16 

4.7 Reach Constraints •••. 4-19 

4.8 Objective Function for Development of Maximum 

Sustained Yield Strategy • . . . II II • • 4-21 

i i 



4-9 Objective Function for Development of 

Sustainsd Yield Strategies That Maintain 

'Target' Levels 

4-10 Optimization Method 

4-11 Initial Feasible Solution 

4-12 Re-Initialization 

4-13 Summary. • • 

.. . 

V. DEVELOPMENT OF OPTIMAL SUSTAINED YIELD REGIONAL 

PUMPING STRATEGY. 

5.1 Introduction. ~ • • . e e B • . . ., . . . " . 
5.2 Description of Scenarios With Maximum Pumping 

Objective Function. 

5.2a General Description of Assumptions and 

Constraints a .. • • 0 • .. 

5.2b Description of Scenarios for Modell 

5.2c Dsscription of Scenarios tor Model 2 

5.3 Discussion of Assumptions and Results. 

5.4 Summary and Conclusions . . . 

4-22 

4-23 

4-31 

4-32 

4-33 

5-1 

5-1 

5-2 

5-3 

5-11 

5-15 

5-15 

5-35 

BIBLIOGRAPHY 

APPENDIX A 

.. . .. . . ••• BIB-l 

Procedure for Estimating Agricultural Pumping. A-I 

APPENDIX B 

Description of the Program SSTAR5 • • • • •• B-1 

APPENDIX C 

Fractions of Western Boundary Cells Enclosed Within 

the Boeuf-Tensas Area (to the east of the eastern 

iii 



divide of the Bayou Bartholomew Watershed) • .C-1 

APPENDIX 0 • 

Listing of Program SSTARS • 0-1 

iv 



LIST OF FIGURES 

Figure 

Figure 1.1 Location of the Study Area in Arkansas 1-2 

Figure 1.2 The Study Area Discretized.into Finite 

Difference Cells a _ • • • • 1-4 

Figure 1.3 Constant-Head Cell Sub-Systems. • • •• 1-9 

Figure 2.1 Agricultural Groundwater Withdrawls from the 

Quaternary Aquifer for 1962 Crop Acreages 

and Averags Climatic Conditions. 

(ac-ft xlIII). 

Figure 2.2 Estimated Potential Demand. (ac-tt) 

Figure 2.3 Estimated Pumping for 1962. (ac-tt) 

Figure 2.4 Kriged Elevations of the Top of the Aquifer. 

( f t). • 

Figure 2.5 Kriged Elevations of the Base of the 

Aqu i fer. (f t). • • 

Figure 2.6 Standard Deviation of the Error for the 

Kriged Top Elevations. (ft). . . . . . " 

Figure 2.7 Standard Deviation of the Error for the 

Kriged Base Elevations. ( ft) . . 
Figure 2.6 Kriged Potentiometeric Surface for 1963. 

·(ft). . . . 
Figure 2.9 Standard·Deviation of the Error for the 

Kriged Potentiometric Surface Elevation 

of 1963. ( f t). • . .. .. . .. . 

v 

2-12 

2-15 

2-16 

2-19 

2-2111 

2-21 

2-22 

2-24 

2-25 



Figure 2.10 Cells For ~hich an Average Annual Recharge 

or Discharge Is Estimated or Calculated 

Using Steady-State Equation for 

T~o-Dimentional Flo~ and Kriged Springtime 

Ground~ater Levelds. 

Figure 3.1 Difference bet~~en Simulated and Observed 

Ground~ater Levels after 10 years of 

Simulation. (tt) •• 

Figure 3.2 Degree of Confinements in 1983. (ft). 

Figure 3.3 Change in Saturated Elevation bet~een 1973 

and 1983. ( it) • 

Figure 3.4 Change in Potentiometric Surface Elevation 

bet~een 1973 and 1983. (tt). 

Figure 3.5 Saturated Thickness in 1983. ( f t) • 

Figure 5. 1 Stream Aquifer Subsystems. · · · · 
Figure 5.2 Change in Observed Potentiometric 

Elevations (1973-1983) ( f t) • · · · · 0. 

Figure 5.3 Optimal Annual Ground~ater ~ithdra~al 

tor Scenario 14 (ac-tt/yr) · · · · · . 

2-31 

3-12 

3-14 

3-15 

.3-16 

.3-18 

5-8 

5-10 

5-31 

Figure 5.4 Optimal Annual Ground~ater ~i thdrawa·l-- ---- --

tor Secnario 15 (ac-ft/yr) · · · · · . 5-32 

Figure 5.5 Optimal Potentiometric surface for 

Scenario 14 (tt) •. . . . · . 5-33 

Figure 5.6 Optimal Potentiometric surface for 

Scenario 15 (tt) ••• 5-34 

Figure 5.7 Optimal Annual Groundwater ~ithdrawal 

for Scenario 20 (ac-ft/yr). • • • 5-37 

vi 

( 

.~--.---



Figure 5.8 Optimal Annual Groundwater Withdrawal 

for Scenario 21 (ac-ft/yr) 

Figure 5.9 Optimal Potentiometric surface tor 

Scenario 20 (ft) •.• 

Figure 5.10 Optimal Potentiometric eurface for 

Scenario 21 (tt) ••• 

vii 

. 5-36 

5-39 

5-40 



LIST OF TABLES 

Table 

Table 2.1 Area of Total Land and Agricultural Land in 

Each County in the Study Area (1972) •• .2-3 

Table 2.2 Rice Acreage Harvested (1000 Acres) ••••• 2-4 

Table 2.3 Soybean Acreage Harvested (1000 Acres). .2-4 

Table 2.4 Cotton Acreage Harvested (1000 Acres). .2-5 

Table 2.5 Percent of Soybean Acreage That Is Irrigated 
in Each County. . . 5 • • • • • •• 2-5 

Table 2.6 Percent of Cotton Acreage That Is Irrigated 

in Each County. • • • • • & • • .2-6 

Table 2.7 Signi ficant Percentagss Describing 

Ground .. atsr Uss. . . . . . . . . . . 2-9 

Table 2.8 Total Historic Pumping from the Quatsrnary 

Aqui fsr . . . . . . . . . . . .. . . . . 2-13 

Table 3.1 Simulated and Observed Ground .. ater Storages. 3-8 

Table 3.2 Validation Results •• .3-9 

Table 3.3 Storage And Change in Storage .3-19 

Table 5.1 Historic Stream/Aquifer Interflo .. 5-9 

Table 5.2 Historic Ground .. ater Withdra .. al in Bayou 

Bartholome .. Basin 5-12 

Table 5.3 Scenario Numbering System for Model 1 5-17 

Table 5.4 Total Regional Pumping (Solutions of 

Mode I 1) • • . 5-18 

Table 5.5 Total Net Recharge from Boundaries Including 

Recharge Through Deep Percolation 

(Accretion) • • • . 5-19 

viii 



Table 5.6 Total Stream/Aquifer Interflow. 

Table 5.7 Total Reg10nal Pumping to Maintain Current 

Groundwater Levele • . .. .. . 
Table C.l Fraction of Boundary Celle'Within Encloeed 

Within the Boeuf-Teneae Area (to the eaet of 

the eaetern divide of the Bayou Bartholomew 

Waterehed) . . .. . . . . 

ix 

5-20 

5-21 

C-l 



• 

A 

APS 
r 

AR 

b 

CHS!1IN(ics) 

dh/dx 

DTR ( i • j ) 

DTU ( i • j ) 

G 
r 

H 
r 

h 

h(i.j) 

i 

ic 

NO!1ENCLATURE 

unit area normal to the direction of flo~. 

2 
(L ) 

streambsd 
hydraulic 

parameter reflecting the degree of 
connection bet~een a stream and a 

2 
aquifer for cell r. (L IT) 

surtace area ot one square finite ditference 
2 

cell. (L ) 

saturated thickness of aquifer material. (L) 

the I o~er limit on total recharge from 
3 

constant-head subsystsm ics. (L IT) 

hydraulic gradient. (L/L) 

average transmissivity bet~een cell (i.j) 
2 

and c ell (i + 1. -j ). (L IT) 

average transmissivity bet~een cell (i.j) 
2 

and cell (i.j+ll. (L IT) 
2 

reach transmissivity at reach cell r. (L IT) 

thickness of the streambed material in cell 
r. (L) 

potentiometric surface elevation. (L) 

the potentiometric surtace elevation in finite 
di tterence csll (i. j). at time psriod t. (L) 

the index in ths X-direction for any cell in 
the study area 

column index for any constant-head cell in 
the study area 

x 



iv 

l(ics) 

j 

jc 

jv 

J (isa) 

k 

K 
r 

K 

N 

NCH 

NCHSUB 

NSUB 

NVAR 

Pmax(i.j) 

Pmin(i.j) 

q 

column index for any variable cell in the 
etudy ar'taa 

the total number of constant-head cells 
in eubsystem ice 

the index in the Y-diredtion for any cell in 
the etudy area 

row index for any constant head cell in the 
etudy area 

row index for any variable cell in the etudy 

the total number of cells in etream/aquifer 
subsyetem isa 

the hydraulic conductivity of the aquifer 
material. (L/T); 

hydraulic conductivity of etreambed material 
in cell r. (l./T); 

total number of inequality constraints 

total number of cells in the study area 

total number of constant-head cells 

total number of constant-head 
subsystems 

cell 

total number of stream/aquifer eUbsystems 

total number of variable-head cells 

groundwater pumping in cell (i.j) during 
3 

simulation period. (L IT) 

upper limit on groundwater pumping in cell 
3 

(i.j). during simulation period. (L IT) 

lower limit on groundwater pumping in cell 
3 

(i.j). during eimulation period. (L IT) 

flux per unit area of aquifer normal to the 
di rect ion 0 t flow. (LIT) 

xi 



Qrmin (i. j ) 

Q 

q 
r 

R 
r 

RCH ( i • j ) 

Rmax (i, j ) 

Rmi n ( i. j ) 

RT(ics) 

(s) 

(s' ) 

Sc 

Smax ( i • j ) 

Sma x ' ( i • j ) 

streamlaquifer response in cell (i.j) during 
3 

simulation period. (L IT> 

minimum allowable interflow between stresm 
and aquifer at cell (i.J) during simulation 

3 
period. (L IT) 

flux through a cross section normal to the 
3 

direction of flow. (L IT); 

discharge from (+ 
the aquifer for 

3 

sign) or recharge to (-sign) 
a particular cell (at reach 

r). (L IT); 

river 
time 

an assumed conetant 
cell r. for a given 
month in this study). (L) ; 

etage at the given 
step. (e.g •• one 

recharge to the aquifer at cell (i.j) during 
3 

eimulation period. (L IT) 

upper limit on recharge in constant-head cell 
3 

(i.j). during simUlation period. (L IT) 

lower limit on recharge in constant head cell 
3 

(i.j). during simUlation period. (L IT) 

the total recharge in constant-head cell 
3 

eubsystems ics. (L IT) 

steady-sta te drawdown in ce 11 (i. j ). (L) 

a 5 dimensional vector ot drawdown values. 
(Ll 

N dime-nsion vector of steady-state drawdowns. 
(L) 

3 3 
storage coefficient. (L IL 

upper limit on drawdown in cell (i.j). (L) 

maximum drawdown in cell (i.j) such that 
loyer limit on interflow is not violated. 
(L) 

xii 



Smin(i,j) 

Sst ( i , j ) 

ST (isa) 

ST ( i , j ) 

SWH I N (isa) 

T' 
ij 

t 

{T} 

tTl 

Tr(i.j) 

W(x.y) 

{ w' } 

r 
x 

X'(i,j) 

X"(i,j) 

6,V(j) 

lower limit on drawdown in cell (i,j), (L.) 

etream drawdown at cell (1, j), (L.) 

the total volume of flow from the aquifer to 
3 

the stream in eubsystem iea, (L. IT) 

the target (known) eteady-state 
variable-head cell number (i,j), 

drawdown 
( L. ) 

in 

the lower limit on total 
3 

eubsyetem isa, (L. IT) 

interflow from 

transmissivity of aquifer, a second order 
2 

tensor, (L. IT) 

time index. (T) 

transpose of the 5 dimension vector of 
transmissivity values 

N by N square matrix of transmissivity values 

2 
reach transmissivity at cell (i,j), (L. IT) 

excitation per unit surface area of aquifer, 
(L.I T) 

n dimensional vector of steady-state excitation 
values, (L) 

average IJidth of the streambed in cell r, (L) 

a distance in the direction of groundlJater 
flolJ, (L); 

slack variable associated IJith pumping 
3 

constraint, (L. IT) 

slack variable associated IJith recharge 
3 

constraint, (L IT) 

the time inc remen t, (T) 

change in constrained derivative (j) 

xiii 



1+1/2 

6,x (i) 

d 

.6 x (j) 

s 

i 

.6 x" (j) 

d 

6x'U(j) 
d 

j 

p 

the distance between csnter of cell (i.j) and 
center of cell (i+j). (L) 

change in decision variable j 

change in state variaole i 

epace increment in the.x-direction for 
col umn i. (L) 

maximum change in decision variable j due to 
limits on decision variable j 

maximum change in decision variable j due to 
limits on state variables 

maximum change in decision variabls j such 
that V(j) does not go to zero 

space increment in the y-direction for 
column j. (L) 

change in the principle objective function 

xiv 



CHAPTER 

INTRODUCTION AND SCOPE OF STUDY 

By 

B. Datta. R. C. Peralta and J. solaimanian 

1 • 1 I.!:!a. STUDY AREA 

The goal of this study is to develop sustained yield 

pumping (discharge via ~ells) strategies for the Bceuf-Tensas 

Basin area. The demarkation of the Boeuf-Tensas area is described 

in the Arkansas State Watsr Plan (Arkansas Soil and Water 

Conservation Commission. 1984) . The Boeuf-Tensas Basin is a 

highly dsvelopsd agricultural rsgion locatsd in the southeast 

corner of Arkansas. Hydrogeologically. it is part of ths Bayou 

Bartholome~/Alluvial Aql.jiier System (Broom and Reed. "1973). 

Before dsscribing the Beeuf-Tensas Basin. 

region should be discussed. 

the Bayou Bartholome~ 

The Bayou Bartholomew region (Figure 1.1) encompasses 

about 3.420 square miles (2.188.800 acres). Comprised of portions 

of six counties. this area has an overall length of about 105 

mi lee in a generally north-eouth direction and averages about "63 

miles in ~idth. The contributions of these counties to the total 

area are: Ashley-495.360 acres (22.3 percent); Chicot-443.520 

acres (20.3 percent); 

299.520 acres (13.7 

Desha-403.200 acres (18.4 percent); 

percent); Lincoln-334.080 acree 

percent); and Jefferson-213.120 acres (9.7 percent). 

Drew-

(15.3 

The total area etudied in this projsct is identical to the 

one reported by Broom and Reed (1973), Its northern and eastern 
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Figure 1.1 Location of The Study Area in Arkansas 
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bo~ndaries coincide ~ith a levee that protects the area from 

"floodS of the Arkansas and Mississippi Rivers. The levee extends 

east~ard along the south bank of the Arkansas River from Pine 

Bluff and south~ard along the ~est bank of the Mississippi-River. 

On the south this area is bordered by the Arkansas-~ouisiana 

state line. The north~estern boundary is the boundary of the 

Quaternary aquifer that underlies the region (Broom and Reed. 

1973). The south~estern boundary is not a natural boundary and 

leaves a part of the Quaternary aquifer outside the study area. 

It ~as selected so as to enclose only that portion of the 

aquifer ~here appreciable ground~ater pumping is historically 

reported. 

Figure 1.2 sho~s both the Boeut-Tensas Basin and the Bayou 

Bartholome~ Basin areas. The smaller area to the east of the 

dashed boundary line ie the Boeuf-Tensas Area (Area A) 

forms a part of the Bayou Bartholome~ Basin area (Area B) 

in Figure 1.1. The ~estern boundary of the Boeuf Tensas 

~hich 

sho~n 

area 

(Area A) 

~atershed. 

is the eastern divide of the Bayou Bartholome~ 

The purpose of this study is to develop optimal 

sustained yield ground~ater ~ithdra~al(pumping) etrategies for 

the Boeuf Tensas Basin (area A). However, in order to properly 

represent the aquifer boundary conditions. the entirs Bayou 

Bartholome~ area (area B) ~as included in the ground~ater 

simulation and optimization models used for etrategy development. 

The ~ithdra~al strategy for Area A (Boeuf-Tensas Basin) ~ae 

eubsequently obtained ae a eubset of the ~ithdra~al 

developed for the entire area (area B). 

strategy 

The natural surface drainage ~ithin the basin consists 

1-3 
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primarily of about 21 meandering etreams and rivers. Excess 

surface water leaves the area through the Bayou Hacon. Bayou 

Bartholomew. and Boeuf Rivers. which outlet into the Ouachita 

River in Louisiana. Because af hydraulic connection with the 

aquifer. under varying conditions these 3 rivers can cause either 

recharge to or discharge from the aquifer. 

Host of the groundwater withdrawal in this area is used 

for agricultural production. Other usages include: aquacultural. 

municipal, and industrial. Agricultural production in this area 

is dependent on large quantities of groundwater to meet the 

irrigation demand of rice. soybean and cotton acreages. 

1.2 OBJECTIVES 

The objective of this study is to develop optimal 

sustained yield regional pumping strategies for the Boeuf-Tensas 

area of the Quaternary aquifer. The optimal withdrawal strategies 

can be based on either of the following two objectives: i) 

maximization of total withdrawal from the aquifer subject to 

sustained yield hydraulic constraints. ii) maximization of the 

sustainable maintenence of the current spring 1983) 

potentiometric surface. The ultimate selection of one of these 

two objectives as the one more suitable for this region will 

depend on analysis of the economic and social consequences of 

implementing a particular optimal strategy. Since final selection 

is outside the scope of this study. we present a number of 

alternative strategies which satisfy either of the two objectives 

as well as plausible physical and managerial constraints. 

The constraints incorporated in the optimization models 

1-5 



include: limits on recharges into the area through the boundary 

cells. limits on recharges or discharges through stream/aquifer 

connections, upper bound on pumping at each of the finite 

difference internal cells and 

thickness (20 ft) at every cell. 

lower limit: on the ea.turated 

The objective functions and the 

constraints used in this study are discussed in detail in Chapter 

4. 

The complete study includes the following steps: 

a) estimation of the historic pumping in each cell. based on 

crop acreages and irrigation demands. aquacultural 

acreages. and recorded municipal and industrial groundwater 

use from the Quaternary aquifer 

b) estimation of the potential demand for agricultural water 

use in each cell. 

demands 

based on maximum potential irrigation 

c) estimation of aquifer parameters through literature review 

d) estimation by gebstatistical kriging of the top and base 

elevations of the aquifer at the center of each3-mileby 

3-mi Ie cell 

e) estimation by kriging of the water table elevations or 

potentiometric surface elevations at the center of each 

cell. for the period between 1973 and 1983 

f) eetimation of the degree of stream/aquifer response for 

those streams hydraulically connected to the aqUifer 

g) validation of a groundwater flow simulation 

hietoric data 

h) estimation of the net recharge that has 

model with 

historically 

occurred: from along the study area boundaries. from 

1-6 



unspsc i f i ed stream-aquifer interaction. and from the 

difference between actual time-variant recharge and the 

assumed stsady recharge. 

i) estimation of the annual volume of water that can bs 

withdrawn from ths Quaternary aquifer underlying each 

csll. so as to maximize ths total amount of annual 

withdrawal from the region while maintaining sustained 

yield conditions 

j) determination of the annual volume of water that ehould be 

withdrawn from the Quaternary aquifer underlying each cell. 

in order to maintain the potentiometric surface 

approximately at current (1983) elevations. 

1.3 BOUNDARY CONDITIONS ~ THE AQUIFER 

In order to uee an optimization model that can prescribe 

an optimal pumping strategy for a given aquifer. 

parameters of the aquifer need to be specified. 

the physical 

Estimates of 

thsse parameters can be obtained by the calibraticn and 

validation of a groundwater simulation model. Implementation of 

both the simulation and the optimization models requires the 

specification of proper boundary conditions. Also. the 

application of a numsTical model to an aquifer extsnding over a 

large area (such as the Bayou-Bartholomew Basin) requires 

discretization of the entire area into finite difference cells. 

This section describes both the boundary conditions important in 

the simulation model. and the discretization scheme. The precise 

boundary conditions used for obtaining optimal pumping strategies 

are discussed in detail in Chapter 5. 
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The aqui fer is divided into 376 cells that are 3 miles 

by 3 miles in size (Figure 1.3). Finer grid spacing ~as not used 

for this model because of the high cost of simulation runs. The 

study area cells are of t~o types: constant-head cells or 

variable-head cells. nost of the area's periphery is simulated by 

a set of 62 constant-head cells. In each of these cells the 

simulated ground~ater level is maintained at a constant elevation 

(head) during a simulation period. The rest of the study area 

periphery, except for 7 cells on the south-~estern boundary, 

coincides ~ith the ~estern edge of the aquifer. Therefore, the 

cells on the ~estern boundary ~ere assumed as variable-head cells 

~ith negligible transmissivity. All constant-head cells including 

those 7 cells on the south-~estern boundary. 

Figure 1.3. 

are sho~n shaded in 

Some recharges to the area take· place through the 

constant-head cslls--the rschargs volume being provided either 

from rivers penetrating to the aquifsr in those cells, or ~ater 

entering them from extensions of ths aquifer outside the region. 

Analysis and study indicate that streams passing through some of 

ths internal cslls in the Boeuf-Tsnsas Basin are also providing 

recharge to the aquifer. In most of the rest o~ the internal 

ce 11 s. a relatively impermeable clay layer overlies the aquifer. 

A major portion of the aquifer is confined in the 

springtime. However, the degree of confinement is small enough 

that the aquifer is probably unconfined in the vicinity of 

pumping ~ells in most of the area. Therefore, a generally 

applicable. linearized, t~o dimensional ground~ater model kno~n 
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as AQUISIH (Verdin et al. 1981) was selected for the simulation 

of the groundwater flow hydraulics in this study. Due to the 

assumptions and approximations of linearization. the model is 

appropriate for both confined and unconfined.conditions~ 

1.4 SUHHARY 

The main objective of this study is to estimate the volume 

of water that can be annually withdrawn in each cell while 

maintaining sustained yisld conditions in the aquifsr. Two 

diffsrent regional objectives are considered: i) maximization ot 

total withdrawal from the aquifer. and ii) minimization of the 

weighted sum of deviations of optimal 

slsvations from current elsvations. 

potsntiometric surface 

Chapter 2 discusses the dsvelopmsnt of the necessary data 

base. Chapter 3 discusses the validation of aquifer parameters 

through 

stresses. 

the simulation of aquifer responses to hydraulic 

Chaptsr 4 describes the optimization thsory and 

methodology. Finally Chapter 5 discusses the application of the 

optimization models to the Quaternary aquifer undsrlying this 

study area. and presents ths alternative withdrawal strategies 

obtained as solutions of the optimization models. 
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CHAPTER II 

~ BANK DEVELOPMENT 

By 

J. Soiaimanian. B. Datta and R. C. Peralta 

2.1 INTRODUCTION 

The baeic issue in a regional groundwater management 

stratsgy is whers and how much watsr can be withdrawn from the 

aquifer in order to sstisfy certain objectives and constraints. 

The simulation and optimization of groundwater flow for an area 

as large as ths Bayou Bartholomew/Alluvial Aquifer System. 

requires the use of a great deal of data. This chapter describes 

the development of the data that are used to determine historic 

recharges to and withdrawals from the Quaternary aquifer 

(Solaimanian. 1985). These data include crop acreagee. crop 

river water needs? aquifer top and base. reach transmissivity, 

stages. and potentiometric surface elevations. The assumptions' 

used in preparing the data are reported where appropriate in the 

following sections. 

The historic recharges and discharges and assumed aquifer 

parameter values are verified by using a groundwater simulation 

model of the area as discussed in Chapter 3. Historic values 

between spring 1973 and spring 

period, are used in this process. 
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2.2 ESTIMATING PUMPING FROM THE QUATERNARY AQUIFER 

2.2.a Introduction 

The major users of Quaternary groundwater in th& Bayou 

Bartholomew Basin are agricul ture, aquaculture, and 

industries. This section describes the procedure used to estimate 

the amount of pumping from the Quaternary aquifer which occurred 

from 1973 to 1982. Pumping from the aquifer (discharge) is 

considered as a positive value. Water moving into the aquifer 

(recharge) is considered as a negative pumping value. 

not considered in constant-head cells. 

Pumping is 

2.2.b Estimating Agricultural Pumping 

Agricultural pumping must be estimated since no record of 

actual pumping exiets. The following procedure, analogous to that 

by Peralta et al (1983,1985), is used to estimate the amount of 

agricultural pumping in the study area. The 1972 Natural Resource 

Inventory System and Land Use Data Information Syst.em data bases 

contain the dominant land use of every square kilometer in the 

study area. (This data is reported in a series of publications by 

the Arkansas Department Of Local Services, 1977). Table 2.1 shows 

the area of total land and agricultural land in each county of 

the study area. The U.S. Department of Agriculture's (USDA) 

Economics, Statistics, and Cooperatives service reports total 

acreage ot rice. soybean, and cotton as well as data that can be 

used to estimate total agricultural acreage (USDA, 

acreages are ehown in Tables 2.2, 2.3 and 2.4. 
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The total rice acreage in each county are assumed to be 

irrigated. The percentages of soybean and cotton acreages 

irrigated in sach county from 1972 to, 1982 are obtained tram 

unpublished data provided by Don Von Steen. USDA. Crop Reporting 

Services. Little Rock. Arkansas. The yearly percentages and their 

11 year averages for soybean and cotton are ehown in Tables 2.5 

and 2.6. 

Tab I e 2. 1 

Arsa of total land and agricultural land 
in each county in the study area (1972) 

County: Total Area Agricultural Area 
(acre) (acrs) 

Ashley 610.350 164.794 
Chicot 467.522 336.616 
Desha 542.150 288.075 
Drew 582.921 162-.6-45._ 
Jeffer. 582.921 291.460 
Lincoln 370.161 207.290 
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Table 2.2 

Rice Acreage Harvested < (100"0 Acres) 

COUNTY 

Year Ashley Chicot Desha DreQ Jefferson Lincoln: 

1973 8.1 11.9 17. 1 5.5 21. 4 10.9 
1974 13.0 21. 9 25.7 7.7 29.2 17.6 
1975 15.6 26.7 32.5 9.7 40.3 23.3 
1976 16.0 22.0 31. 3 9.0 37.1 20.8 
1977 13. 1 16.2 22.9 8.0 2B.5 16.4 
1978 IB.7 28.3 34.5 12.4 44.3 24.3 
1979 21.4 30.0 35.0 13.7 112.5 23.4 
1980 27.6 3B.5 45.5 21.8 53.0 28.6 
1981 27.4 50.4 52.5 21.0 67.5 36:2 
1982 25.6 42.4 45.4 17.7 54.3 31. 6 

Table 2.3 

Soybean Acreage Harvested ( 1000 Acres) 

county 

Year Ashley Chicot Desha DreQ Jefferson Lincoln 
.. _-.. -. 

1973 75.0 181.0 185.0 47.0 98.0 63.0 
1974 56.0 169.0 158.0 46.0 76.0 65.0 
1975 76.0 197.0 180.0 58.0 113.0 72.0 
1976 61. 9 194.9 157.9 45.9 95.0 59.9 
1977 64.4 199.4 167.7 45.8 115. 1 74.6 
1978 69.0 209.6 169.5 49.5 111. 8 74.5 
1979 76.0 227.0 178.0 59.0 122.0 89.0 
1980 66.0 185.0 160.0 45.0 118.0 71.0 
1981 69.3 185.0 151. 5 49.5 119.0 74.2 
1982 66.0 184.0 152.0 49.0 157.0 84.0 
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Table 2.4 

Cotton Acreage Harvested ( 1121121121 Acres) 

County 

---. 
Year Ashley Chicot Deeha Drew Jefferson Lincoln: 

1973 41.3 3121.5 46.3 12.6 51.3 41.121 
1974 47.121 38.3 58.4 16.4 92.121 42.121 
1975 37.9 16.4 35.1 17.2 68.2 26.7 
1976 50.4 32.4 52.5 16.7 96.6 39.8 
1977 53.7 26.6 54.4 19.5 94.6 38.4 
1978 5121.7 24.7 49.6 19.5 84.5 35.9 
1979 49.3 21.7 44.8 . 19. 1 66.4 24.7 
198121 51.6 25.3 48.4 12.6 62.3 26.2 
1981 50.6 34.121 51.121 13.7 46.0 23.121 
1982 38.121 20.9 4121.2 14.2 25.4 12.9 

Table 2.5 

Percent of soybean acreage that is irrigated 
in each county 

County: Ashley: Chicot: Desha: Drew: Jefferson Lincoln 
------: 

Year 

1972 1.4 1.9 2. 1 5.2 3.2 5.6 
1973 2.121 2.121 2.121 6.0 3.3 5. 1 
1974 1.6 1.2 1.7 2.6 2. 1 7.6 
1975 121.8 121.6 2.121 1.7 2.9 5.9 
1976 2.2 1.6 3.2 7.4 3.121 1.121 
1977 2.3 1.6 2.121 9. 1 2.0 6.121 
1978 1.121 5.121 4.121 7.7 5.6 2.121 
1979 2.6 1.8 2.8 8.5 3.3 4.5 
198121 9.1 2.7 15.6 11. 1 4.2 5.2 
1981 8.7 7.6 1121.6 12. 1 5.0 10.8 
1982 9.1 5.4 14.5 16.3 11. 5 5.9 

: ------------------------------- .-----------. -----_._--------
Avg. 3.7 2.8 5.5 8.121 4.2 5.4 

._---_.-
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Table 2.6 

Percent of cotton acreage that is irrigated 
in each county 

:County: Ashley: Chicot: Desha: Drew: Jefferson: Lincoln 
:------: 

Year 

--- ------.. --
1972 l!i1.3 l!i1.6 3!i1.5 31.8 13. 1 2!i1.8 
1973 15.!iI **** 2!i1.1 29.6 9.!iI 19.8 
1974 **** **** **** **** **** **** 
1975 7.9 **** 9.4 23.8 3.!iI 4.1 
1976 7.4 2.6 43.6 52.4 14.8 26.1 
1977 6.4 **** 32.7 39.5 8.3 16.5 
1978 l!i1.4 4.!iI 31.6 38.5 14.9 33.4 
1979 4!i1.6 25.8 49.1 -25.1 8. 1 16.2 
198!i1 2!i1.3 11.9 28.9 3!i1.8 14.4 21.8 
1981 5!i1.6 13.5 5!i1.9 41.5 l!i1.!iI 3!i1. 1 
1982 52.6 14.3 47.3 42.9 11.8 31.!iI 

--------------------------------------------------------: 
Avg. 22.1 12.!iI 34.!iI 36.!iI 11.!iI 22.!iI 

***** indicate that there is no record 

It ie assumed that the crop acreage in each cell varies 

from year to year within the validation period. dopending on each 

year's county crop acreage. Seasonal estimates of rice, soybean 

or cotton irrigation water needs are based on daily soil-water 

balance simulation and scheduling. The utilized programs were 

developed by Peralta and Dutram (1984) and Dutram et al .• (19841. 

By this method annual water needs that vary depending on the 

year's climatological data are estimated per acre of rice. 

soybean, or cotton. 

The daily water balance for rice is represented by the 

following equation' 
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Flood level = Initial flood level + Precipitation + Irrigation 
- Evapotranspiration - Runoff - Seepage. 

According to Peralta and Dutram; (1~54) the assumptionS 

used in the rice ~ater-balance are as follo~R. The average 

irrigation period extends from June 1 to Sept. 1. The initial 

irrigation requires 5 inches of ~ater. one of uhich is needed to 

saturate the root zone uhile four remains above the soil surface. 

If the depth of flood drops through evapotranspiration to less 

than 2 inches the field is flooded to a 4-inch depth. If rainfall 

causes the ~ater depth to exceed 5 inches. the levees are drained 

to prevent damage causesd by overflou. and the fi.2ld is reflooded 

to a 4-inch depth on the follo~ingday. The amount of leakage 

through the levees is included in the estimate of seepage. and 

~ater is rarely lost at the end of the field due to overfilling. 

The result is an average annual pumping requirement of 23.5 

inches and a requirement of 32.7 inches for 1950. a drought year. 

The daily ~ater balance for soybeans and cotton is 

represented by the follo~ing equation: 

Soil moisture = Initial soil moisture + Precipitation + 
Irrigation - Evapotranpiration - Runoff. 

In the model by Peralta and Dutram (1984). the 

assumptions used in soybean ~ater-balance simulation are aa 

follo~. The average irrigation period is from June 1 to Sept. 

10. The root zone is 2.5 feet deep. and the soil is at field 

capacity (5 inches of available moisture) on the date of 

emergence (June 1). The fields are irrigated ~ith 1.25 inches 
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uhenever evapotranspiration causes the available soil moisture to 

drop to 2.5 inches. Rainfall can replenish the soil moisture up 

to the amount of deficit in the root zone. but no more than 1. 25 

inches is allo~sd in anyone day. Precipitation greater than 1.25 

inches is lost as runoff. With these assumptions. the model 

predicts an average annual irrigation reqUirement of 4.3 

inches and a requirement of 12.5 inches for 1980. Additional 

assumptions of the soybean model are that approximately 60 

percent of the soybean acreage is furro~-irrigated at a system 

efficiency of 55 percent and that approximately 40 percent is 

flood~irrigated at a system efficiency of 75 percent. giving a 

~eighted efficiency ot 62 percent. Theretore the initial ~ater 

requirements for soybeans are multiplied by a factor of 1.624 to 

estimate the volume del ivered- to the field. This yields an 

average of 9.1 inches/year and 20.3 inches for 1980. 

In accordance ~ith Outram et al •• ( 1984) the average 

irrigation period for cotton is from June 1 to September- 9. 

For 1980 (an exceptionally dry year). cotton ~ater reqUirements 

are estimated through the end ot September. The cotton acreages 

are assumed to be irrigated by a furro~-irrigation system with 55 

percent efficiency. Therefore. the initial estimated ~ater needs 

tor cotton are multiplied by a factor ot 1.818 to determine the 

total volume delivered to the field. The result is an average ot 

13.6 inches/year and 27.3 inches for 1980. 

The percentage of each county's total water requirement 

obtained by pumping from the Quaternary aquifer is derived from 

figures prepared by the Arkansas Geological Commissi-on in 
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cooperation with the U.S. Geological Survey (Halberg. 1975 

Lud"ig et a 1 •• 1980) • Table 2.7 summarizes the results of this 

analysis. Percentage A represents the ground"ater pumped from 

the Quaternary aquifer as a percentage of total ground"ater used 

in a county. Percentage B is the percent of irrigation "ater 

needs satisfied by ground"ater in a county. Percentage C 

represents irrigation needs met by ground"ater from the 

Quaternary aquifer as a percentage of total irrigation "ater 

needs. Percentage C is the product of A and B. 

Table 2.7 

Significant percentages describing ground"ater 
use 

percentage A percentage B percentage C 
County 
------------~----------------------------------~------: 

Ashley 90% 94% 84% 

Chicot 98% 48% 47% 

Deeha 98% 75% 73% 

Ore" 90% 82% 73% 

Jefferson 66% 86% 57% 

Lincoln 98% 82% 81% 

The product of rice acreage. rice irrigation water 

delivered to the field for rice. and percentage of thoee neede 

coming from the Quaternary aquifer (all for a particular year and 

cell) ie the amount of "ater pumped for rice from the Quaternary 

aquifer in that particular year and cell. This amount plus an 

analogous amount for soybean and cotton represents the total 
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agricultural pumping for that cell in that particular year. A 

more detailed explanation of computational procedure is found in 

Appendix A. It should be noted that the amount of agricultural 

pumping varies from year to year depending on rice. soybean and 

irrigated cotton acreages. and climatological differences. 

2.2.c Estimating Aquacultural EYm~ 

Estimates of aquacultural pumping are derived as follows. 

The location and acreage of fish ponds are obtained from Game 

and Fish Commission's permits for year 1979. According to these 

documents. the following aquacultural acreages existing within 

the study area were supported by the Quaternary aquifer: 395 

acres in Ashley County: 60 acres in Chicot County: 1.247 acres in 

Desha County: none in Drew County: 900 acres in Jelferson County: 

and 103 acres in Lincoln county. In accordance ~ith U.S.G.S. 

estimates (Ha)bsrg. 1977) an applied depth of 7 feet (7 ac-ft per 

acre) is aeeumed to compute the quantity of water pumped into the 

fish and minnow farms. A total ot ten fish farms are located in 

25 cells of the study area. The average annual pumping from the 

Quaternary aqUifer for the cells having aquacultural use are 

computed to be between 535 acre-ft and 3.343 acre-ft. Host of the 

aquaoultural pumping occurs near Pine Bluff in Jefferson County 

and Dumas in Desha County. 

2.2.d Estimating Hunicipal ~ Industrial Pum~ina 

Host of the municipal and industrial groundwater 

withdrawals in this region are obtained either from the Tertiary 

2-10 



aquifer or from etreams and rivers. The only industrial pumping 

from the Quaternary aquifer in the study area is by a paper 

company in Pine Bluff. Based on information from unpublished 

U.S.G.S records. the paper mill pumps S.891 MGD (7820 acre-

ft/year) from the Quaternary aquifer. 

2.2.e Resulte From Estimating Groundwater lIithdrawale 

Figure 2.1 shows a representative set of cell- by-cell 

estimated agricultural pumping from the Quaternary aquifer. using 

the 1982 crop acreages and average climatic:: conditions. 

Expectedly. Chicot. Desha. and Lincoln Counties have the largest 

amount of agricultural pumping from the Quaternary aquifer of any 

counties within the study area. due to their extensive crcp 

acreages. 

The total annual pumping from the Quaternary aquifer for 

each cell is estim·ated by summing the agricultural, aquacultural 

and industrial pumping for the cell. Table 2.8 shows the total 

annual pumping for each year from 1973 to 1982. For simplicity. 

and because they contributed only about 14 percent of total 

annual pumping. aquacultural and industrial use were aseumed to 

be constant during the validation period discussed in Chapter 3. 

Analysis shows that the total amount of pumping hae increased 

with time. However. ths most pumping occurred in 1980. a droughty 

year. and 1981 another dry year. 
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Table 2.8 Total Historic Pumping from the Quaternary 

Aquifer 

Year of Estimate Total Pumping 
(Ac-Ft) 

1973 1 IIl1il. 94111 

1974 148.11132 

1975 12111.11118 

1976 152.965 

1977 123.545 

1978 266.147 

1979 178.11171 

198111 352.916 

1981 325.488 

1982 171'.252 

Average 193.955 

2.3 ESTIMATION OF POTENTIAL AGRICULTURAL PUMPING 

An eetimate of maximum potential ~ater needs for each cell 

is needed as a possible upper bound on groundwater withdrawal on 

that cell. It is assumed that future aquacultural. municipal and 

industrial demands will follow historic patterns. Therefore. the 

maximum potential water needs is the sum of current non-

agricultural ~ater needs and maximum potential irrigation ~ater 

needs. The maximum potential irrigation water ne8ds assumed for 

this study are those reported by Dutram et at .• (1984 ) for 
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maximum potential irrigation acreagee and average climatic 

conditions. 

Figure 2.2 shows the estimated maximum potential demands 

for groundwater in the study area. This includes agricultural. 

aquacultural. municipal and industrial demands. For purpose of 

comparison, Figure 2.3 shows the estimated pumping values for 

1982 acreages and climatic condition. 

2.4 HISTORIC AQUIFER PARAnETERS 
EFFECTIVE POROSITY) 

(HYDRAULIC CONDUCTIVITY AND. 

As previously stated. the aquifer underlying the study 

area is part of an sxtensive aquifer system that underlies much 

of eastern Arkansas. I t is appropriate to consider aquifer 

parameter estimates for other portions of the same aquifer when 

dsveloping estimates for the study area. The effective porosity 

(specific yield) in an adjacent part of the same aquifer. the 

Grand Prairie. was reported by Sniegocki (1964) to be 0.30. 

Griffis (1972). and Peralta et al. (1985) both used this value 

for the Grand Prairie region. Broom and Lyford (1981) ueed this 

value for the adjacent Cache River basin. 

Engler et al. (1945) reported a permeability of 1900 

gallons per day per square foot (254 ft/day). and Sniegocki 

(1964) reported a value of 2000 gpd per square foot (267 

ft/day). for the Grand Prairie. Griffis (1972) used the latter 

value in his work for the adjacent aquifer in the Grand Prairie 

region. Peralta et al •• (1985) obtained best results when using a 

hydraulic conductivity of 270 ft/day in their simulation of the 

Grand Prairie region. Broom and Lyford (1981) achieved best 
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results ~hsn using a hydraulic conductivity of 270 ft/day in 

their simulation of the Cache Basin. 

Bassd on these reported values an effective porosity of 

0.30 and a hydraulic conductivity of 250 ft/day ~ere considered 

as the intial estimates of ths aquifer paramsters for the 

Quaternary aquifsr in the Bayou Bartholome~ region. 

It should be noted that, as is explained in section 3.3, 

although the aquifer is confined in much of the area during the 

springtime, ths degree of confinemsnt is not great. It is assumed 

that the aquifer behaves as if it is locally unconfined in the 

vicinity of high-yielding pumping ~ells during the ~ater use 

season. For this reason, our study does not require an estimate 

of the eta rage coefficient. However, Broom and Reed 
-3 

(1973 ) 

reported an ave rags value of 0.2 x 10 as the storage coefficient 

for this part of the Quaternary aquifer. 

2.5 ESTIMATING AQUIFER TOP ~ BASE 

Ths elevation of the top and base of the Quaternary 

by geostatietical kriging (Sophocleous et al., 1982) from the 

records of construction at 328 ~ells in the etudy area. The uee 

of this geostatistical method eupplies an estimation error for 

each estimated elevation. This error term is a function of the 

eemi-variograms of the observed elevations. The eemi-variograms. 

in turn, are functions of the number and value of observations 

and the distance bet~een them. 

The results indioate that the top and base elevatione 
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decrease in the north-south direction (Figures 2.4 and 2.5 

respectively). Figure 2.4 shows that the elevation of the aquifer 

top is highest in the most northwestern oell. 200 feet above sea 

level. and is lowest in the most southsrn csll. 65 feet above sea 

1 eve 1 • Figure 2.5 shows that the base elevations are highest in 

the most northeastern cells. 150 feet above sea level. and are 

lowest in the southern portion of the study area. 

sea level. 

27 feet below 

The etandard deviations of probable error of eetimated 

top and base slevations are shown in Figures 2.6 and 2.7 

respectively. Ae eeen in Figure 2.6. the etandard deviation of 

probable error in the sstimated top elevation ranges from three 

to twelve feet for most of the internal oells. For boundary 

cells and cells in the western part of Ashley and Drew counties 

within the study area. the standard deviation ranges from five to 

thirty feet. due to the scarcity of well logs in thsse regions. 

Figure 2.7 shows that ths standard deviation of probable 

error is much less for estimated base elevations than for 

estimated top elsvations. For the base. the standard deviation 

ranges from two to six feet in most of the internal 

range for boundary and western cells is larger, 

thirtsen fset. 

2.6 ESTIHATING HISTORICAL GROUNDWATER ELEVATIONS 

ce lIs. The 

from two to 

Sixty-seven springtims groundwater level observations are 

available from U.S. Geological Survey records (Edds. 1983) for 

all eleven years of the validation period. From these records. 
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the water levels at the center of each cell are eetimated for the 

springs of 1973 to 1983 by kriging. 

As an example, the 1983 potentiometric surface and its 

standard deviations of probable srror are shown in Figures 2.8 

and 2.9 respsctivsly. Figurs 2.8 also shows that the 

potsntiomstric surfacs dscrsases in the north-south dirsction, 

from 190 feet above sea level in the northwest to 90 feet above 

sea level in the southeast. 

Figure 2.9 shows that the standard deviation of the 

probable error of estimated potentiometric surface elevations is 

as high as 20 it in some cells. These are cells that are distant 

from an observation well. Standard deviations are much smaller in 

cslls near observation wells. 

For the internal cells, the water levels of spring 1973 

are used as the initial conditions for the validation discussed 

in the next chapter. For each constant-head cell, the average 

springtime groundwatsr level (for 1973-82) at the centsr of the 

cell is used as the cell's constant groundwater elevation in 

simulations conducted for the validation period. 

2.7 MODELING STREAM-AQUIFER INTERFLOW 

Interflow between the aquifer and hydraulically connected 

streams is modeled based on Darcy's law. The program RECHARGE 

was written to utilize this law in estimating interflow between 

the aquifer and the streams. RECHARGE requires the following 

data: observed monthly stream stages, kriged groundwater 

elevations and reach transmissivities. Darcy's law and reach 
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transmissivity are described briefly in the following sections. 

2.7.a. Darcy's ~ 

Flow through a porous media of 'cross-sectional area A-

normal to the direction of flow. can be computed by using the 

following representation of Darcy's law. 

Q. = -k A (dh/dx) (2. 1 ) 

Q. = the flux through a cross section of area A. 
3 

normal to 

the direc-tion of flow (L IT) 

k = the hydraulic conductivity of the aquifer material. 
(LIT) ; 

2 
A = unit area normal to the direction of flow. (L ); 

h = the potentiometric surface elevation or hydraulic 
head. (L); 

x = the distance in the direction of groundwater 
(L) ; 

flow. 

dh/dx = the hydraul ic gradient. (L/L); 

2.7.b Reach Transmissivity And APS Values And Their 
Relationship 

Reach tranemiseivity is a measure of the ability of the 

streambed material to transmit water from the stream to the 

aquifer or frOm the aquifer to the stream. The reach 

transmissivity for a cell which is not hydraulically connected to 

a stream is equal to zero. Reach transmissiVity can be defined by 

the following relationship (norel-Seytoux. 1979); 
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where, 

q 
r 

h = 
r 

R = 
r 

G = 
r 

= 

q = G 
r r 

h 
r 

R ) 
r 

(2.2) 

discharge from (+ eign) or recharge to (- eign) 

the aquifer for a particular cell containing 
:3 

reaoh r. (L IT); 

potentiometric surface elevation at the given 

csll that contain reach r. (L); 

the assumed constant river stage at the given 

cell that contain reach r. for a given time 

etep. (e.g •• one month in this etudy). (L); 

reach transmiesivity 
2 

(L IT); 

at reach cell r. 

To apply Equation 2.2. it is necessary to estimate reach 

transmissivity. G • 
r 

It may be calculated analytically (l1orel-

Seytoux. 1979) • or empirically through model calibration. A 

eimilar parameter. the APS or streambed parameter. may be 

similary obtained (Reed and Broom. 1979). 

APS ~aluee reflect the degree of hydraulic connection 

between the etream and the aquifer. These values represent the 

hydraulic conductivity of the etreambed material multiplied by 

the horizontal area of the etreambed at a node. divided by the 

thicknees of the etreambed material. Therefore for a particular 

cell (Reed and Broom. 1979): 
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where" 

APS 
r 

K L 
r r r 

APS = ----------------- (2.3) 
r 

= 

H 
r 

streambed parameter reflecting the degree" of 

hydraulic connection between a at ream and a 
2 

aquifar for cell r. (L IT); 

K = hydraulic conductivity of atreambed material 
r incellr.(L/T): 

L = length of the stream in cell r. (L): 
r 

W = average width of the atreambed in cell r. (L): 
r 

H = thickness of the streambed material in cell r. 
r (L) : 

For cell r containing a stream reach of length L 
r 

and average width W • and a bed of thickness H and hydraulic" 

conductivity K 
r 

can be described as: 

Q = q 
r 

A = L . 
r 

k = K 
r 

r 
the variables 

W 
r 
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(2.5) 
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dl = H 
r 

dh = h - R 
r r 

(2.7) 

(2.8) 

Replacing these variables in Equation 2.1. it can be eta ted as: 

(K • L • VI 
r r r 

q = -------------- (h 
r H 

r 
r 

R ) 
r 

(2.9) 

Therefore. comparing Equation (2.9) and (2.2) 

K L 
r r r 

G = -------------- (2.10) 
r H 

r 

The reach transmiseivity G and the APS values are 
r 

identical for the eame variables on the dght hand side of 

Equation 2.3. This identity is useful for calculating interflow 

between stream and aquifer (Equation 2.2) when the APS value is 

knolfJn. 

2.7.c Stream-Aquifer Interflow 

AS specified by Reed and Broom ( 1979) • only those 

streams which have significant hydraulic connection with the 

aquifer (Hississippi River. Arkansas River. Bayou Bartholomew. 

Bayou Hacon and Boeut River) are considered for modeling stream-

aquifer connection. 

Reed and Broom (1979) reported the APS values used when 

validating an analogous simulation model. In some portions of the 
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.. tudy area. their value .. are too large to work .. ati .. factorily 

with the digitized simulation model used in this .. tudy. 

Th .. refore a different technique is used to estimate the 

recharges or di .. charges occuring in .. orne of the cells with 

stream-aquifer connections. These cells (Figure 2.10) include 2 

cell .. in the northern reach of the Boeut River and 4 cells in its 

.. outhern reach. AI .. o included are nine cells in the region 

through which the Arkansas River and niss1ssippi River travel. 

which are not used as constant-head cells. T·he annual stream-

aquifer interflow at the two northern cells on the Boeuf River is 

est i rna ted by assum i ng tha t . they have the same 51 A inter flow as 

adjacent S/A cells. The S/A intertlow at the other 13 cells is 

estimated by eolving for the annual volumes ot eteady state 

withdrawal which will maintain obeerved "pringtime groundwater 

levels. 

The APS value .. for other internal cell .. with .. tream-

aquifer connection are obtained from Reed and Broom ( 1979) • In 

that .. tudy the dimen .. ion .. ot each cell are 7040 ft by 7040 tt. In 

thi .. .. tudy the dimeneione of each cell are 15840 ft by 15840 ft. 

Therefore. to astimate an appropriate value of reach 

transmi .... ivity (G for the larger cell in thi .... tudy. the APS 
r 

values obtained from Reed and Broom (1979) are multiplied by a 

factor. 2.25 (= 1584.0.0 I 7040.0). In this conversion the average 

width and thickness ot the streambed are assumed to be conetant. 

The hydraulic conductivities of streambed material used by Reed 

and Broom (1979) for their analog model are virtually identical 

to those used to model the .. tream-aquifer interaction in this 

2-30 



1 

:I 

:3 

i 

5 

6 

7 

8 

9 

10 

U 

12 

13 

Ii 

15 

16 

17 

18 , 
19 

20 

21 

22 

23 

2i 

25 
25 
27 

28 

29 

30 

31 

32 

33 

3i 

35 

Figure 2.10 

J 
1 :I 3 iSS 7 a 9 m II ~ 13 ~ ~ W 17 ~ 19 ~ ~ 

! ! ! ! I , ! ! I! ! [ r ! ! I ! ! [ ! 

.. . , .. 

CelIe For Which an Average Annual Recharge 
or Discharge Is Calculated Using Steady-State 
Equation For Two-Dimensional Flow And Kriged 
Springtime Groundwater Levels. 

·2-31 



· study. 

Oncs rsach transmissivities ars estimatsd. monthly values 

of stream-aquifer interflow are computed based on the differencs 

in elevation between unpublished monthly river stage records 

obtained from the Corps of Engineers and springtime groundwater 

levels in each cell with stream-aquifer connection. lfonthly 

values of intsrflow ars subsequently summed to estimate annual 

interflows. Thus. although the groundwater levels are assumed 

constant throughout the year. the seasonal variations in river 

stages are incorporatsd in the computation of interflow. 

Where the potentiometric surface is above the stream 

stage. discharges occurred from the aquifer to the stream. 

Analysis of historic river stages and groundwatsr levels indicate 

that the Quaternary aquifer discharged to the Bayou lfacon an 

annual average (197:3-62) 0 t 4.057 ac re- ft. This analysis also 

indicatss that Bayou Bartholomew and Boeuf River recharged the 

aquifer an annual average of -9.757 ac-ft and -6.676 ac-ft 

respec t i ve I y. 

In this study. the yearly cell-by-cell stream/aquifer 

(S/A) interflow is added to the cell-by-cell total annual pumping 

from the Quaternary aquifer to estimate the total annual 

hydraulic stimulus occurring at each cell. The use of these net 

stimuli in the validation process is deecribed in next chapter. 

2.6 ESTIlfATING RECHARGES ~ ~ SYSTElf THROUGH CONSTANT-HEAD 
CELLS 

The systsm can be recharged through each of the 66 

constant-head cells which comprise most of the area's periphery. 
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The recharge comes either from rivers penetrating to the aquifer 

in those cells or from extensions of the aquifer outside the 

region. These cells include all the boundary cells through ~hich 

the Arkansas and Hississippi Rivers travel as ~ell as the south 

and southwestern boundary cells (Figure 1.3). The ground~ater 

levels and pumping are fixed in constant head cells. 

The average annual hietoric net recharge through the 

conetant-head celIe into the eystem is estimated using the 

~ater volume balance equation. 

section of the next chapter. 

presented in detail 
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CHAPTER III 

CAL I BRA T I ON ~ VAL I DAT I ON Q.E.' P ARA!'lETERS 

EQR ~ GROUNDWATER FLOW SI!'lULATION !'lODEL 

By 

B. Datta. J. Solaimanian and R. C. Peralta 

3.1 INTRODUCTION 

Simulation of groundwater flow hydraul·ics and the 

hydrology of an aquifer requires the validation of certain 

physical aquifer parametsrs. For a small area thsse paramsters 

can be ·estimated through a few well tests at specific locations. 

However. for a large area such as the Bayou Bartholomew Basin. it 

is impossible to conduct enough · .. ell tests to accurately 

determine the spatial distribution of these parameter values. In 

this study. economic considerations restrict the amount of field 

data that can be collected. Accordingly the first objective of 

the validation is to verity. using existing recorded data. 

preliminary estimates of the effective porosity and hydraulic 

conductivity of the Quaternary aquifer underlying the region. The 

second objective is to validate estimates of vertical accretion 

(deep percolation through the soil profile) to the aquifer and 

the celI-by-cel1 values of reach transmissivity (and S/A 

interflow) • 

In the validation process. it is assumed that the aquifer 

is isotropic and homogeneous with respect to effective porOSity 

and hydraulic conductivity. The AQUISI!'l !'lode 1 (Verdin et a 1 • , 
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1982) is ussd to simulate changes in the potentiometric surface 

within the validation period. 

The AQUISIH model accomplishes the simulation proces.. in 

two stsp ... 

generated. 

excitation 

In the first stsp. influence coefficients are 

These describe ths influence of a unit di .. tributed 

<pumping) at a given cell occurring at a given time 

period. on the hydraulic head at a different or the same cell 

during any given time period. The excitation .. u .. ed in thi .... tudy 

are termed "distributed" because they are assumed to be averaged 

over the area of a cell. Influence coefficient .. are calculated 

for all the cells in.the .. ystem. Theee influence coefficient .. are 

ba .. ed on the effective poro .. ity and tran .. mi .... ivity of the 

aquifer. The tran .. mi .. sivity depends on the hydraulic conductivity 

and saturated thickne .. s • 

In the .. econd step of the simulation. the i nf 1 uence 

coefficients are multiplied by known excitations of groundwater 

di .. charges or recharges at each cell. The model .. ums the 

re .. ponses to all .. timuli to .. imulate the hydraulic heads at the 

end of each time period within the time horizon of the 

.. imulation. 

The ideal procedure for using a groundwater eimulation 

model for calibration and validation of aquifer parameters oan be 

described by the following .. tep .. <Peralta et al. 1985): 

1. u .... available data to determine the preci .. e .. tudy 

area, select a simulation model and make the best hydrogeologic 

assumptions pos .. ible. 
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2. Use the selected assumptions, modifying them if 

necessary. to calibrate the model. In calibration, the model's 

response to pumping during a specified time period is compared 

with the historic obeerved responee of the aquifer over the eame 

period. 

historic 

physical 

continued 

Hodel response is made to be more in harmony with 

response by improving the estimates of aquifer 

characteristics used within the model. The process is 

until the model emulates historic conditions within 

pre-assigned approximation limits over the calibration period. 

3. Test the model over a second time period, the 

validation period. If the model-predicted water levels again 

compare with historic observed levels within pre-asigned 

approximation limits, the model is considered sufficiently 

validated to be used tor predictive purposes. In this step the 

sensitivity of the model to small changes in the assumptions is 

evaluated. 

4. Select the best assumptions from the 

validation/sensitivity analysis step and use the model to predict 

water levels. Prediction is generally limited in time span to the 

same number of years as validation. 

Sufficient accurate data are not always available to 

perform both calibration and validation for time spans of 

satisfactory duration. In such situations, when using a generally 

applicable (as opposed to site-specific) model, validation alone 

is adequate, as long as the hydrogeologic assumptions are not 

changed eignificantly during the validation process. 
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Water-uee information and groundwater-level observations 

for the etudy area prior to the 1970s are not detailed and 

reliable enough to perform both model calibration and validation. 

The 10 years between 1973 and 1983 is the longest period of time 

for which eufficient data could be obtained. For this reason. and 

because previous studies on .this aqui fer and the adj acent Grand 

Prairie region were consistent in eelected aquifer parameter 

values. the calibration period was om.itted in this study. 

Validation and sensitivity analysis of ths parameters are 

accomplished for the 1973-1983· period using the common practice 

of history-matching and the data discusssd in the preceding 

chapter: withdrawals from the aquifer. discharges from or 

recharges to the aquifer through stream aquifer 

aquifer top and base elevations and historic 

groundwater levels tor the years 1973-83. 

interflow. 

Quaternary 

Additional aquifer parameter values and characteristics 

assumed and used in the validation process include the hydraulic 

conductivity. effectivs porOSity and deep percolation through the 

soi I profile. These assumptions are described in the following 

paragraphs. 

A value of 0.3 is used as an aquifer-wide estimate of 

effective poroeity. An aquifer-wide estimate of 250 ft/day was 

selected as an appropriate hydraulic conductivity. These 

parameter values were selected based on the previous studies done 

in this area and the adjacent Grand Prairie region as discussed 

in Section 2.4. The hydraulic conductivity of 250 ft/day is an 

average of the values used by Reed and Broom (1979) for this 
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area. In addition. 250 ft/day was considsred appropriate. because 

previous researchers reported hydraulic conductivity values of 

254-270 it/day for the adjacent Grand Prairie. In alluvial 

deposits. particls size usually increases with depth. Hydraulic 

conductivity increases with particle size. Since the aquifer in 

Bayou Bartholomew study area is less dewatered than that in the 

Grand Prairie region. one would expsct the average hydraulic 

conductivity to be somewhat lsss in the Bayou Bartholomew Basin 

than in the Grand Prairie region. 

Annual transmissivities for each cell in the study area 

are obtained by multiplying the annual hydraulic conductivity by 

the distance between the baseot the aquifer and either the 1973 

groundwater level or the top ot the aquifer. whichever is lower 

at that point. These transmissivities are used in the validation 

process described in this section. 

Broom and Reed (1973) reported a total amount of deep 

percolation equal to 47.000 ac-ft/year for this study area. 

Because, in most of the internal cells. a somewhat impermeable 

clay layer is assumed to overlie the aquifer. 

of recharge seems re9sonable. In this study. 

this slight amount 

it was assumed that 

thers is only 0.20 inches of recharge through dsep percolation 

per year (100 ac-tt/year per csll) for all 380 cells. This 

totals to 38.000 ac-ft per year tor the entire area. As shown in 

the following section. this assumption resulted in very small 

errors between simulated and observed storages in the aquifer at 

the end of the validation period. 

3-5 



3.2 VALIDATION QE PARAHETERS AND SENSITIVITY ANALYSIS 

The 

development 

preceding 

of our 

chapter and eection described the 

best assumptions .concern i ng aqui ter 

characteristics and inputs and outputs to the aquifsr system. 

There is. hogever, always error associated with making aquifer-

wide estimatss of aquifsr characterietics and in estimating 

pumping or recharge. In the model validation and sensitivity 

analysis step our aim was to detsrmine whether we had identified 

the beet assumptions possible for use in predicting future water 

levels. To accomplish model validation and sensitivity analysis. 

we performed a series of simulation runs. Our best assumptions 

were incorporated in Run 1. the validation run. In this run. a 

hydraulic conductivity of 250 ft/day. effective porosity of 0.3. 

accretion equal to 100 ac-ft/year per cell and reach 

transmissivities as diacussed befors were assumed. In ordsr to 

determine the sensitivity of the mode I. the hydraulic 

vertical conductivity. effective porosity and amount of 

accretion were varied in seven additional runs •. Table 3.1 

displays the groundwatsr that was estimated to exist in storage 

in 1973 and 1983 based on observed groundwater levels and the 

assumed effective porosities in the 8 simulation runs. Also shown 

are the storage values that were simulated to exist in all eight 

runs. based on simulated groundwater levels and assumed effective 

porosities. 

The criteria tor estimating the errors resulting from each 

simulation run are the three percentage error measures described 

below. The observed storage in the three criteria are based on 
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the kriged groundwater levels and effective porosity for each 

run. 

simulated storage 1983 - obeerved storage 1983 
PC1 = ---------------------------------------------- x 100 

observed storage 1983 

simulatsd storage 1983 - observed storage 1983 
PC2 = ---------------------------------------------- x 100 

observed storage 1973 - observed storage 1983 

simulatsd storage 1983 - observed storage 1983 
PC3 = ---------------------------------------------- x 100 

total pumping (1973 through 1982) 

Table 3.2 displays the results of ths simulation runs in 

terms of these thrse error criteria. The analysis of the results 

is analogous to that pertormed by Peralta et al. (1985). The 

simulated results that most satisfactorily matched historic data 

are obtained with Runs 1 and 5. Run 1 (the validation run) 

underestimates groundwater storage in 1983 by 0.004 percent and 

the reduction in storage by 0.56 percent. Ths simulated storage 

reduction after 10 years is 0.07 percsnt less than the observed 

value (measured as a percent of the total pumping for the 10 

year period). 
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• 

Table 3.1 Simulated and observed ground~ater storages 

Obeerved Observed Simulated 
Run Storage 1973 Storage 1983 Storage 1983 

: (acre-ft) X 1 III III III : (ac re- f t) X 1 III III III (ac re-ft) X 1 III III III 

1 341 III 1. 9 33869.2 33867.9 

2 39785.7 39514. III 39557. III 

3 28418.4 28224.3 28175.8 

4 341 III 1. 9 33869.2 33872.4 

5 .. .. 338711l.1 

6 .. .. 33816.9 

7 .. .. 338211l.9 

8 " " 33816.7 
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Table 3.2 Validation Results 

Deep *: 
Run K e IPercolation PCl PC2 PC3 

( ft/day) 1 (ac- f t) / ce II 1 ( " ) ( " ) ( " ) 
1 250 0.30: 100 -0.0041 -0.559 -0.067: 

2 250 0.351 100 0.109 15.826 2.217: 

3 250 0.25 100 -0.172 -24.987 -2.500 

4 270 0.30 100 0.009 1.375 0.165 

5 230 0.30 100 0.003 0.387 0.046 

6 250 0.30 0 -0.154 -22.475 -2.700 

7 270 0.30 0 -0.143 -20.756 -2.490 

8 230 10.30: 0 -0.155:-22.561 -2.707 

* average annual pumping (1973-1982) is 193.956 ac-ft. 

K is the Hydraulic Conductivity 

e is the Effective Porosity 

Run 5 is performed assuming an hydraulic conductivity of 

230 ft/day and an effective porosity of 0.3. In addition, deep 

percolation equal to 100 ac-ft/year per cell is included in Runs 

1 through 5. Run 5 simulated actual conditions with about the 

same accuracy as Run 1. In euch a situation. where two runs 

simUlate with comparable accuracy. one must determine which set 

3-9 



of assumptions should be used for prediction of future 

groundwater levels. In this case, 

preferred for several reasons. 

the assumptions of Run 1 are 

The first reason is that 250 

ft/day is more comparable than 230 ft/day to the 270 ft/day 

value, validated for the adjacent Grand-Prairie region of the 

same aquifer. The second reason is that for the ten years of 

validation (1973-1963), the average annual error in simulated 

storage compared to observed storage is smaller for Run 1 than 

for Run 5. The third reason is that it is sater to underestimate 

the available storage than overestimate. Run 1 underestimates 

elightly while Run 5 overestimates slightly. 

Runs 2 and 3 use a hydraulic conductivity of 250 

and effective porosities of 0.35 and 0.25 respectively. 

evident from Table 3.2 that these porosities result 

ft/day 

It is 

in much 

larger errors than those of Run 1. Assumption of an effective 

porosity equal to 0.3 and hydraulic conductivity of 270 ft/day as 

in Run 4 results in larger errore than in Run 1. Runs 6, 7, and 8 

assumed no deep percolation to the aquifer. All three of these. 

runs resulted in larger errors than did Run 1. 

A comparison of Runs 1 and 6 permits an observation to be 

made about ths sensitivity of the model to the estimated volume 

of deep percolation to the aquifer. The difference between Run 1 

and Run 6 is that in Run 1 a deep percolation of 100 ac-ft/year 

per cell is assumed, while nons is assumed in Run 6. From Table 

3.2 it can be noted that Run 6 results in errors 40 to 50 times 

larger than that of Run 1. Therefore the estimated amount of 

vertical accretion is reasonable. 
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Figure 3.1 sho~s ho~ accurately the best run (Run 1) 

predicted cell-by-cell ground~ater lsvels for the spring of 1983. 

The value in each cell is the difference bet~een simulated and 

observed (kriged) ground~ater levels in 1983 for that cell. A 

negative value indicates that the simulated level is lo~er than 

the observed elevation. The standard deviation of probable error 

of estimated kriged potentiometric surface elevations for 1983 

ranged bet~een 4.5 and 20.5 feet in the study area (Figure 2.9). 

Differences bet~een simulated and observed values that are less 

than the standard deviation of probable errors of estimated 

observed potentiometric surface elevations are considered 

insignificant. As a result. the difference bet~een simulated (Run 

1) and observed elevations are insignificant in all cells for 

1983 ground~ater level~. 

In summary, after performing a literature revie~ and 

judging the results of the validation and the sensitivity 

analysis. a hydraulic conductivity of 250 ft/day and an 

effective porosity (specific yield) of 0.3 ~ere selected as being 

appropriate for the Quaternary aquifer underlaying the Bayou 

Bartholome~/Alluvial Aquifer System. In addition. an average of 

0.20 inch/year of ~ater ~as assumed to percolate through the soil 

profile to the aquifer throughout the study area. This value. 

equaling 100 acre-ft/year per cell. sums to 38.000 acre-ft/yr for 

the entire region. As described in Chapter 4 and 5 these values 

are used as inputs to the sustained yield ground~ater ~ithdrawal 

optimization models. 
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3.3 Evaluating Current ~ Historic Aguifer Conditions 
Using The Validated Parameters 

The program VOLCAL (Peralta et al •• 1983b). was modified 

and used to estimate the cell-by-ce.11 volume of groundwater 

stored in the aquifer in the spring of each year. as well as the 

change in storage from 1973 to 1983 using the assumed effective 

porosity. I t is also used to compute the saturated elevation 

(the elevation of the top of the aquifer or the elevation of the 

potentiometric surface. whichever is lower). the saturated 

thickness and the degree of confinement at the center of each 

cell in the study area for each year of the validation period. 

In addition. VOLCAL calculates the changes in the potentiometric 

surface and saturated elevation from year to year and from 1973 

to 1983. 

Figure 3.2 shows the degree of aquifer confinement in the 

springtime of 1983 as the difference between the 1983 

potentiometric surface elevation and the elevation of the top of 

the aqui fer. Since positive values indicate confined portions of 

the aqui fer, one sees that most of the aquifer is confined, 

although the degree of confinement is not great. (For 

representative pumping rates the aquifer can be assumed to act as 

if it is unconfined in the vicinity of pumping wells). Changes in 

groundwater storage occur only in the unconfined portions of the 

aqui fer. 

Figure 3.3 and Figure 3.4 show the change in saturated 

elevation and potentiometric surface elevation between 1973 and 

1983 respectively. As seen from Figure 3.3. moet of the cells in 
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the area have no change in saturatsd elevation. This is due to 

the fact that a large portion of the aquifer is confined in the 

springtime. Figure 3.4 shows that the changes in the 

potentiometric surface elevation are fairly ·small. The average 

change in potsntiometric surtace elevation over the entire area 

is about 4 feet. with larger changes occurring in the eastsrn 

portion of the area. where pumping was greatest. 

The saturated thicknesses in spring 1963 are shown in 

Figure 3.5. The saturated thickness is ths distance between the 

potentiometric surface elevation and the base of ths aquifer. 

According to Peralta et al •• ( 1965) the minimum desirable 

saturated thickness for 1980 climatic conditions (the most 

severe recent drought year) is about 25 feet for the adjacent 

Grand Prairie region of the same aquifer. The average saturated 

thickness over the entire Bayou Bartholomew Basin is about 80 

feet. which is adequate. The lowest saturated thicknesses are 

observed in southwestern dells and range from 20 to 40 feet. 

Three of these cells have saturated thickness less than 25 feet. 

The storage and the change in storage for each year of the 

validation period (1973-1983) are shown in Table 3.3. Table 3.3 

also shows the change in groundwater storage as a percentage of 

1973 storage and previous year pumping for each year of 

the observation period. Because the aquifer is confined in most 

of the study area. the change in storage is very email. despite 

the fact that potentiometric eurface elevations are widely 

declining. The total decrease in groundwater storage from 1973 to 

1983 is 232.700 acre-ft. which is only 0.68 percent of the 1973 

storage. 
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The total change in ground~ater storage bet~een 1973 and 

1983 is 12 percent of total ground~ater pumping (1.939.560 acre-

ft) for that period. This percentage. the mining percentage. 

indicates the proportion of ground~ater pumped during the 

observation period that is not replaced by recharge. 
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3.4 Reeult From Estimating ~ Volume Balance For The Area 

The average annual historic net recharge from causes other 

than thoee previosly epecified can be determined by conducting a 

~ater volume balance analysie. In applying the follo~ing ~ater 

volume balance equations. all discharges from the aquifer are 

positive values and all rechargee to the aquifer are negative 

values. 

or, 

Regional Discharge + Regional Recharge 

+ Change In Storage = 0 (3. 1 ) 

( Pumping + S/A Discharge) + (S/A Recharge + Deep 

Percolation + Net Recharge From 

+ Change In Storage = 0 

All Other Sources) 

(3.2) 

The average annual components of the ~ater balance for 

1973-83 estimated as described in the preceding sectione are: 

Pumping = +193.956 ac-ft 

S/A Discharge = +4.057 ac-ft 

S/A Recharge = -16.432 ac-it 

Deep Percolation = -38.000 ac-ft 

Change In Storage = -23.270 ac-tt 

Therefore. the average annual Net Recharge From All Other 

Sources is: 

193.956 + 4.057 - 16.432 - 38.000 - 23.270 = 120.311 ac-ft 
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Conventionally, this value is negative in sign. [ t 

recharge entering through peripheral constant-head 

includes 

cells. 

recharges entering at internal stream/aquifer cells that were not 

so designated in the models, and the difference between steady 

recharge rates based on springtime gradients and the actual time

variant recharge. 
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CHAPTER IV 

METHODOLOGY 

By 

P. J. Killian. R. C. Peralta and A. Yazdanian 

Components 

objective function. 

of any optimization problem include 

the involved variables and constraints. 

the 

Two 

objective funotions are applied in the management model presented 

in this report. The firet seeks to maximize the sustained yield 

withdrawal from a given region. The second develops sustained 

yield withdrawal strategies that maintain groundwater elevations 

as close as possible to predetermined 'target' elevations. 

The variables subject to management bounding or constraint 

include drawdoQn, pumping. and recharge. In order to assure that 

the models properly simulate groundwater flow. the finite 

difference approximation to the differential equation of steady-

state groundwater flow is used as part of the constraining 

conditions in the management modsl. This technique of linking 

the simulation to the optimization is referred to as the 

embedd i ng meth·od (Go re I i c k, 1983) • The embedding method is used 

to express both the constraining equations and the objective 

functions in terms of only a single type of variable. static 

drawdown. This is done so that other objective functions can be 

applied without modifying the constraint set. Much of this 

chapter is dsdicated to developing the constraining equations 

used in the model. 
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The optimal solution is found through application of 

operations research theory. The optimization algorithm employed 

in this management model is QPTHOR. a linear and quadratic 

programing eubroutine written by Leifsson and others ( 1981 ) • 

QPTHOR uses the General Differential Algorithm. a direct climbing 

method of locating the optimal solution through a eystematic 

gradient search routine. 

4.1 FINITE DIFFERENCE APPROXIMATION OF ~ TWO-DIMENSIONAL FLOW 

EQUATION 

The following linearized .Boueeineeq equation describes 

groundwater flow in two dimensions (Konikow and Bredehoeft. 

1975) . 

(4-1) 

W - a/~x (T' (ah/ax» + Sc (ah/at) = 0 

where 

\I 

T' 
ij 

k 

b 

h 
Sc 

i i j j 

= the excitation or volumetrix flux of recharge or 
withdrawal per unit surface area of aquifer. (LIT); 
= the transmissivity teneor euch that T' = k b. 

2 
(L IT); 

= the hydraulic conductivity of the aqUifer material. 
(LI T) ; 

= the saturatsd thicknese of the aqlJi fer material. 
(L) ; 

= potentiometric head. (L); 
= the storage coefficient. (dimensionless). 

The saturated thickness. (b) • is assumed constant as it 

appears in Equation (4-1). This aeeumption is valid only in the 

case of a confined aquifer. In unconfined situations, a change 

4-2 



in potentiometric head results in an equal change in saturated 

thickness. If the saturated thickness of an unconfined aquifer 

is very large compared to the change in head, then Equation (4-1) 

is relatively accurate. If however, the saturated thickness is 

only slightly larger than the change in potentiometric head. 

Equation (4-1) is an inaccurate repressntation of unconfined 

groundwater flow. This problem is addressed when using the 

management model by sequential re-initialization in a manner 

which is presented in a subsequent section. 

Konikow and Grove ( 1977) provide a summary of the 

assumptions considered in the development of Equation (4-1 ) : 

1) The porous medium can only deform vertically. 
2) Isothsrmel conditions prevail. 
3) The volume of individual grains remains constant during the 

deformation of the medium. 
4) Fluid density is a linear combination of pressurs. 
S) The permeability is independent of pressure and temperature. 
6) Hydraulic head gradients are the only eignificant driving 

mechanism. 
7) Homogeneous fluid density and viscosity. 
8) Two dimensional flow. 

To approximate the differential equation describing 

gr.oundwater flow, a block centered cell system is used. The 

study area is eubdivided into a number ot square blocks or cells 

in which the aquifer properties are assumed uniform. The 

continuous derivatives in Equation (4-1) are replaced by fin i te 

difference approximations at the center of each cell to yield: 

( 4-2) 

11& [ ( T' (ah/ax ) ) ( T' (ah/ax ) ) l + 
i xx i i+l/2,j xx i i-l/2. j 

16Y [ ( T' (ah/ax ) ) (T' (ah/ax ) ) = 
j yy j i,j+l/2 yy j i.j-l/2 

S (i, j ) ~t (hU,j) - h(1,j ,t-l» + W(i,j,t) 
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",here: 

L;:.x = the space increment in the x-direction for column 
i (L J ; 

/:$ = the space increment in the y-direction for ro", j • 
j C L J ; 

L;:.t = the time increment. (TJ; 

i = the index in the x-direction for any cell in the 
study area; 

j = the index in the y-dlrection for any cell in the 
study area: 

t = the time index. 

i • 

Further approximation yields: 

C 4-3)" 
11,6. x I [ DTR ( i • j J (hCi+l.jJ - hCi.jJJ/L;:.x 

i i+1I2 

[ DTR C i-I. j J ChCi.jJ·- hCi-l.jJJ/L;:. x 1 J + 
i-1I2 

11,6. Y I [ DTU C i • j J ChCi,j+lJ - hCi,jJJ/L;:.y J 
j j +112 

[ DTU C i , j -1 J Ch(i,jJ - hCi,j-lJJ/.6 y 1 ) = 
j -112 

t.Jhere: 

h(i,j) = the potentiomp.tric surface elevation in finite 
difference cell ( i , j J at time period t , (L) ; 

DTR ( i , j ) = the transmissivity bet",een cell ( i , j J and cell 
2 

Ci+l,jJ, CL IT> ; 

DTU ( i , j ) = the transmissivity bet",een ce 11 ( i , j ) and cell 
Ci,j+lJ, CL2/T) ; 

6.x, = the dietance bet",een center of ce 11 (i , j ) and 
1 + 1 I 2 center of ce 11 (l+l,jJ, (L) • 

The size and dimension of each finite difference cell 
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depends on the anisotropy of the aquifer characteristics and the 

capabilities of available computational resources. The use of 

smaller dimensions in defining the cells will mo re close I.y 

approximste Equation (4-1). but at the same time increase the 

number of unknowns in the solution set. 

The management model applies a square cell system to the 

study arsa. Consequently. all the space increments in Equation 

(4-3) are equal and some simplification occurs. Multiplying each 

side of Equation (4-3) by the area of one square cell yields 

(4-4) 

DTR (i • j) ( h ( i + 1 • j ) - h (i • j ) ) DTR(i-l.j) (h(i.j)-h(i-l.j» 

+ DTU(i.j) (h(i.j+l)-h(i.j» DTU(i.j-l) (h(i.j)-h(i.j-l» 

= S ( i • j) (A) Ct (h ( i • j ) -h ( i • j)) + W (i • j) AR 

where: 

AR = the surface area of one square finite difference cell. 
2 

(L ). 

4.2 STEADY-STATE GROUNDWATER fLOW 

Steady-state groundwater flow is Simulated in order to 

approximate a sustained yield condition. Steady-state excitation 

rates are those values ot pumping and recharge which. whsn 

appl ied to ths system. continuously maintain constant 

potentiometric surface elevations. For a given set of 

potentiometric surtace elevations, there exists a corresponding 

set of steady-state pumping values. 

This idealistic description of a steady-state system is 

not representative of a natural eystem of groundwater recharge 
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and wi thd rawa I . Seasonal precipitation and pumping for 

irrigation are time-varient. In an agricultural area,. more 

groundwater is removed from the aquifer during the growing season 

and more recharge is available during the spring. Fortunately. 

Peralta and Peralta (1984) and Yazdanian and Peralta (1985) have 

shown that a steady-etate potentiometric surface is generally 

maintained over the long term if the total transient excitations 

for a given time period equal the appropriate total steady 

excitation rate over the eame time period. 

Under steady-etate conditione. Equation (4-4) becomee: 

(4-5) 

DTH ( i • j) (h ( i + I. j ) -h ( i • j ) ) DTH ( i -I • j) ( h ( i • j ) - h (i -I • j» + 

DTU(i.j) (h(i.j+I)~h(i.j» DTU( i.j-I) (h( i. j )-h( i .j-I» = 

W(i.j) A 

The potentiometric surface elevations are replaced by 

etatic drawdown values tor computational efficiency. Drawdown is 

definsd as the difference between the elevation 01 a horizontal 

datum located above the ground eurface and the elevation of the 

potentiometric surface. With this substitution and the 

distribution of transmissivity terms. the following equation 

results. 

(4-6) 

-DTH(i.j) S(i+l.j) DTH ( i-I. j) S ( i -I • j) + T ( i • j) S ( i • j ) 

-DTU(i.j) S(i.j+l) DTU ( i • j - I) S ( i • j -I) = W ( i • j) A 

where: 

S(i.j) = the steady-state drawdown in cell i.j during the 
time period of simulation. (L); 
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= "DTR ( i • j) + DTR ( i-I. j) + DTU ( i • j) + DTU ( i • j -1 ) 

This rslationship is simplified by writing it in vector 

notation as 

(T} (s) = W<i,j) A (4-7) 

where: 

(T} = the transpose of the 5-dimension vector of trans
miseivity values; 

(s} = a 5 dimensional vector of drawdown values. 

The expansion of Equation (4-7) over all cells of the study area 

is written in matrix form as 

[Tl (s'} = (w'} (4-8) 

whers: 

tTl = an N by N square matrix of transmissivity values. 
having a maximum of 5 non2sro alements in each 
roW'; 

(s'} = an N dimensional vector of drawdown values; 

(w'} = an N dimensi ana 1 vector of exc i ta t i on va 1 ues; 

N = the total number of cells in the study region. 

Solution of Equation (4-8) for (s' } when { ",' } is know:n is 

accomplished by simultaneous evaluation of N equations and N 

unknowns. 

4.3 SEPARATION OF VOLUMETRIC ~ 

The right hand side of Equation (4-6) represents the rate 

of groundwater entering or leaving the aquifer at a particular 

finite difference cell. This term is positive if water is leaving 

the system. and nsgative if water is entering from outside the 
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system. To add more flexibility to the model. the volumetric 

flux is separated into three components including ground",ater 

pumping. stream/aquifer flux (referred to as streamlaquifer 

response or interflo",). and recharge such that 

W(i.j) A = P(i.j) + Qr(i.j) + RCH(i.j) (4-9) 

.. here: 

Qr(i.j) 

RCH ( i • j ) 

= the stsady-stats ground",ater pumping in cell 
3 

(i.j) during the simulation period. (L IT); 

= the stream/aquifer response in cell (i.j) 
3 

during the simulation period. (L IT); 

= the recharge to ths a·qui fer at cell (i. j ) 
3 

during simulation period. (L IT); 

The sign convention and above definitions imply that values 

of ground",ater pumping. are typically positive. to 

indicats the volume ",ithdra",n. A negative pumping value is 

interpretsd as caused by an injection ",ell. 

The recharge values. RCH(i.j). are negative .. hen .. ater 

enters ths aquifer from outside the system. A positive recharge 

value occurs at a particular cell. "'hen ",ater is leaving the 

system at that location. Some examples of negative recharge 

include infiltration and flo", from adjacent stUdy areas. 

Evapotranepiration is one example of positive recharge. 

The boundary of the study area is treated as a no flo", 

boundary. Consequently. the transmissivity at the periphery is 

zero. Flo", into the aquifer from outside the system is simulated 

by applying recharge in the peripheral cells .. here conditions 
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indicate the existence of such a condition. 

Substituting Equation (4-9) into Equation (4-7) and 

~riting the relationship in matrix form. results in the follo~ing 

expression. 

{T} {s} = P<i.j) + Qr(i.j) +RCH(i.j) (4-10) 

The interflo~ bet~een the aquifer and a stream in 

hydraulic connection is represented by the term. Qr(i.j) • of 

Equation (4-10) • This response is greater than zero if the 

direction of flo~ is from the aquifer to the etream. and less 

than zero if the stream is recharging the aquifer. No stI'eam 

aquifer response is present in cells ~hich are not hydraulically 

connected to a surface ~ater source. Assuming that the river or 

stream is penetrating the aquifer euch that the medium bet~een 

the streambed and the aquifer material is saturated. the 

interflo~ is determined by 

Qr<i.j) = Tr<i.j) (Sat(i.j)- S(i.j» (4-11) 

~here: 

Tr<i.j) = positive valued reach transmissivity of csll 
2 

(i.j). (L IT): 

SstCi.j) = static stream draydoyn or ths difference betYeen 
the elevation of the datum and the elevation of 
the yater in the stream at cell (i .• j). (L). 

Reach transmissivity. Tr(i.j). is a meaeUI'e of the ability 

of the streambed to tI'ansmit yater to the aquifeI'. The reach 

transmissivity tor a cell yhich is not hydraulically connected to 

a stream or lake is equal to zero. The value of reach 
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transmissivity can be calculated analytically 

1979) • or empirically through model calibration. 

(Horel-Seytoux 

By assuming a 

constant value of reach transmissivity~ and a constant _stream 

stage for the period of simulation. stream/aquifer response 

becomes a function of groundwater drawdown alone. Thus. interflow 

between a stream and the underlying aquifer can be controlled in 

a particular csll. by limiting the drawdown. 

The expression for stream/aquifer response is incorporated 

into Equation (4-10) to obtain 

(4-12) 

{T} {s} + Tr (i. j) S ( i. j) = P ( i. j) + RCH (i. j) + Tr (i. j) Sst (i. j ) 

Equation (4-12) is the finite differ-ence form of the 

~quation of groundwater flow used as a controlling condition in 

the management model. The expansion of Equation (4-12). as 

applied to a single finite difference cell. is written as 

(4-13) 

(T <i • j) + T r ( i • j » S ( i • j) - DTR ( i • j ) S ( i + 1 • j) - DTR ( i-I. j ) S <i - 1 • j ) 

DTU ( i • j ) S ( i • j + 1) - DTU ( i • j - 1 ) S ( i • j - 1) - P ( i • j) - RCH ( i • j ) 

= Tr(i.j)Sst(i.j) 

The drawdown. pumping and recharge terms are either constant or 

variable depending on the type of cell being modelsd. 

4.4 TYPES AND CHARACTERISTICS OF CELLS 

To model a region ueing the management method introduced 

in this report. 

difference cells. 

the area must be defined by a set of finite 

Each cell is identified according to the 

4-10 



variable nature of the drawdown. pumping. and recharge at that 

location. It is not within the scope of this section to comment 

on techniques used to determine the hyprologic boundari_es and 

characteristics of this system of cslls. only on the application 

of the information. 

For each csll there are thrse factors to consider. These 

factors. found in Equation (4-12'. include drawdown. groundwater 

pumping. and recharge. The different typss of cslls are the 

result of ths various combinations of these threefactore 

considering each as a constant or a variable. For each variable 

value thers is a corresponding upper and lower limit defining the 

range of feasibility. 

A variable cell is any cell which has a variable drawdown. 

a variable value of groundwater pumping. and a constant value of 

rechargs. For every va"riable cell thers is an upper and lower 

limit on drawdown. and an upper and lower limit on groundwater 

pumping. Variable cslls sxist in areas where the steady-state 

drawdown and the corresponding pumping value is unknown while the 

vertical infiltration is assumed constant. This type of csll 

will usually comprise the major portion of the stUdy area. 

A special type of a variable cell is a constant-flux cell. 

A constant-flux cell has a variable drawdown. a constant value of 

groundwater pumping. and a constant ~echarge value. The constant 

eum of pumping and recharge may represent actual estimates of 

system conditions. or design withdrawsl rates which the water 

manager considers necessary to achieve. A variable cell becomes 

a constant-flux cell when the upper and lower limit on 
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groundwater pumping are equal. 

A constant-head cell repreeents a cell in which the 

drawdown and pumping values remain constant. but recharge may 

vary. Typically. constant-head cells will be along the periphery. 

although this is not a necessary condition. Because the drawdown 

and the pumping values a-re constant. to reduce computational 

requirements. the objective function is not applied to constant 

head cells. 

Any variable cell may be further characterized ae a 

stream/aquifer cell if investigations indicate the existence of a 

hydraulic connection between surfece water and groundwater in 

that ce 11. For every stream/aquifer cell, the reach 

transmissivity and stream stage are estimated and applied as 

outlined previously. The intartlow in a stream/aquifer cell is 

subject to conditions imposed by an uppsr limit on the volume 

transferred as indicatsd by 

Qr(iv.jv) > Qrmin(iv.jv) (4-14) 

where-:------____ _ 

Qrmin(iv.jv) = the minimum allowable interflow between the 
stream and the aquifer during the time 

3 
period of simulation. (L /T); 

iv = the column index for any variable cell in the system: 

jv = the row index for any variable cell in the system. 

If Qrmin(iv.jv) is positive. the interflow at that cell is 

strictly return flow from the aquifer to the etream. If 

Qrmin(iv.jv) is negative. recharge from the stream to the aquifer 

is limited. Qrmin(iv.jv) is expressed as a function of cell 
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drawdown by re-arranging Equation (4-11) to yield: 

(4-15) 

Smax' ( i v. j v) = Sst ( i v. j v) - Qrm i n ( i v. j v) I Tr ( i v. j v) 

where: 

Smax' (iv.jv) = the maximum drawdown allowed in cell (iv.jv) 
such that the lower limit on intertlow is 
not violated. (L). 

This capability ~s included to provide a means by which surface 

water supplies can be protected. 

4.5 VARIABLES 

The variables involved in the management model include 

drawdown. pumping. and recharge at constant-head cells. The 

restrictions and limitations imposed on thess variables are 

sxpreseed as constraints. These constraints repreeent conditions 

which must be met in order for the variable values to be 

considered as· a feasib.le solution. The constraints imposed 

indicate physical conditions or the implementation of management 

decisions. 

The primary constraining condition is the equality 

condition expressed by Equation (4-12) • This constraint 

represents the physical relationship between the variables by 

maintaining the conditions of steady-state groundwater flow. 

The remaining constraints are formulated as bounds on drawdown. 

pumping and recharge in constant-head cells. 

Limits on the drawdown in variable cells define the range 

in which water levels can rise or fall. Because cf the 
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relationehip betQeen draQdoQn and Qater elevation. the upper 

limit on corresponds to the lower Umit on 

potentiometric surface elevation, limit on 

draQdoQn relates to the upper limit on elevation. A natural 

upper limit on draQdoQn is ths physical bottom of the aquifer. 

If additional saturated thickness is desired for economic reasons 

or for drought protsction. the upper limit is decreased 

accordingly. The lOQer limit on draQdoQn is provided to prevent 

the flooding of foundations of construction sites. Several other 

considerations for determining limitations on draQdoQns are 

listed by Bear (1979). 

The feasible range of values for cell draQdoQns is 

summarized by the general formulation: 

SminUv.jv) > S(1v.jv) > Smax (i v. j v) (4-16) 

f.Jhere: 

Smin( iv.jv) = the lOQer limit on draQdoQn in ce 1 1 (iv,jv), 
(L) : 

Smax ( i v. j v) = the upper limit on draQdoQm in cell (iv.jv), 
(L) : 

and: 

Smax' ( i v • j v ) > Smax ( i v. j v) 

Recall that Smax' (iv.jv) is the maximum draQdoQn in the 

cell such that the lOQer limit on interfloQ is not violated. 

Thus. the final condition maintains the limit on stream/aquifer 

response. 

The groundQater pumping in cells other than constant-head 

cells is a variable and as such is bounded by an upper and a 
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lower limit. The lower limit on groundwater pumping is 

eetablished in terms of variable drawdown values by utilizing the 

relationship expreseed in Equation C4-l2). recalling tha~ in all 

variable cells the value of rechargs is a constant and. if the 

variable cell is a constant-flux cell. the pumping is a constant 

as well. The following relationship applies to every variable 

cell. 

C4-17) 

PCiv.jv) = {T} {s} + Tr(iv.jv) S(iv.jv) - RCHCiv.jv) 

- TrCiv.jv)SstCi.j) > PminCiv.jv) 

where: 

PminCiv.jv) = the minimum value of groundwater pumping at 
cell (iv.jv) during the simulation period. 

3 
(L IT). 

Based on the adopted sign convention. a negative value of 

groundwater pumping signifies water going into the system. This 

internal injection is prevented by setting PminCiv.jv) equal to 

zero. A lower limit on groundwater pumping which is greater than 

zero reflecte the design requirements of the water manager. For 

example, if a particular cell must have no less than a certain 

amount of groundwater available due to strict quality 

requirements. then the lower limit on pumping would indicate this 

necsssity. 

The recharge in constant-head cells is described in terms 

of drawdown by again rearranging Equation C4-12). Because both 

drawdown and pumping in constant-head cells are fixed. the lower 

limit on recharge is expressed as: 
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(4-18) 

RCH (i c • j c) = (T) (s) + T r ( i c • j c) S (i c • j c ) - P(ic.jc) 

Tr(ic.jc)Sst(ic.jc) > Rmin(ic.jc) 

",here: 

Rmin(ic.jc) = the minimum allo",able recharge in cell (ic.jc) 
",hich can occur during the simulation period. 

3 
(L IT): 

ic = the column index for any constant-head cell in the 
study area: 

jc = the row index for any constant-head cell. in the study 
area; 

The lower limit on recharge refers to the greatest 

possible amount of water which can enter the constant-head cell 

from outside the system. The lower limit on recharge is 

typically less than zero unless it is desired to model a 

condition in which water can only leave the system. 

By using Equation (4-12). a constraining condition. to 

define the pumping and recharge terms. it is not necessary to 

include Equation (4-12) as a distinct equality constraint. For a 

study area with NVAR variable cells and NCH constant-head cells. 

there are at least (NVAR + NCH) inequality constraints. NVAR 

constraints are defined by (4-17) and NCH constraints are 

expresssd by (4-18). 

4.6 UPPER LIHIT ON PUHPING AND RECHARGE 

When an inequality constraint is input to the General 

Differential Algorithm. one of the initial steps is the common 

practice of transforming the inequality constraints into equality 

conditions. This is accomplished by adding ",hat is referred to 
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as a slack variable. A slack variable dsscribee the difference 

bet~een the left and the right hand side of the constraint. or 

ho~ "close" a constraining condition is to its limit. I f a sl ac,k 

variable is zero, the value of the left hand side of the 

constraint is equal to the right hand limit and the constraint is 

said to be "tight". 

The introduction of a slack variable to constraint (4-17) 

yields the follo~ing equation. 

(4-19) 

{T} {s} + Tr(iv.jv) S(iv.jv) - RCH(iv.jv)-Tr(iv,jv)Sst(iv,jv) -

Pmin(lv,jv) = X' (iv,jv) 

~here: 

X' (;v,jv) = the slack variable associated ~ith the ground-
3 

~atsr pumping constraint. (L IT). 

This relationship can be simplified to 

P ( iv, j v) - Pm i n ( iv, j v) ,. X' ( iv, j v) (4-20) 

or 

P(iv,jv) = X' (Iv,jv) + Pmin(;v,jv) (4-21) 

The upper bound on ground~atsr pumping is applied such that 

(4-22) 

Pmax (I v. j v) > P ( i v. j v) = X' ( I v. j v) + Pm i n ( i v. j v) > Pm I n ( iv, j v) 

~here: 

Pmax(lv,jv) ,. ths maximum allo~able pumping In cell (iv,jv) 
3 

during the simulation period, (L IT). 
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Equation (4-22) is reduced such that the limits on the slack 

variable are defined. 

Pmax ( i v • j v) - Pm i n ( iv, j v) > X'(iv,jv) > Ii) (4-23) 

By applying a 10Qer limit of zero and an upper limit, equal to 

the di f ference betQeen Pmax (i v, j v) and Pmi n (i v, j v). on the sl ack 

variable of the pumping constraint, the groundQater pumping in 

every variable cell is bounded by: 

Pmax(iv,jv) > P(iv.jv) > Pm i n ( iv, j v) (4-24) 

A similiar procedure applied to recharge constraint (4-18) 

yields 

Rmax(ic,jc) - Rmin(ic,jc) > X"(ic.jc) > Ii) (4-25) 

such that: 

Rmax ( i c , j c ) > RCH ( i c , j c ) > Rmin<ic,jc) (4-26) 

Qhere: 

Rmax(ic.jc) = the maximum alloQable recharge at constant
head cell (ic,jc) during the simulation 

3 
period, (L IT); 

X"(ic,jc) = the slack variable associated Qith the recharge 
constraint at conetant-head cell 

(L3/T) ; 

An upper limit on recharge Qhich is less than zero describes 

a situation in Qhich Qater can only enter the system and is 
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restricted from leaving the system at that cell. Because a 

steady-state condition is modeled. the total flux into the system 

is equivalent to the total flux out of the Eiystem. A negative 

upper limit on recharge may prevsnt the maximum utilization of 

available recharge at other constant-head cells. For this 

reason. it is suggested that a large positive value of 

Rmax(ic.jc) be used for the initial optimization. 

4.7 REACH CONSTRAINTS 

Ths precesding section discusses constraints imposed on 

recharge values in a particular constant-head cell. In addition 

to these constraints. it is possible to constrain the total 

recharge ~hich occurs in a given subsystem or reach of constant-

head cells. This capability 'is utilizsd to simulate a system 

~here ths constant-head cells rspresent a stream or lake from 

~hich the total recharge ie limited. This constraint is 

formulated by applying Equation (4-18) to all constant-head cells 

in the deeignated subsystem. The tollo~ing 

represents this summation. 

I ( i cs) 
RT( ics) = 2: RCH( i) 

i=1 
> CHSM I N ( i cs) 

for ics = I. NCHSUB 

~here: 

relationship 

(4-27) 

RT(ics) = the total recharge in constant-head SUbsystem ics. 
3 

I ( i cs) 

(L IT>; 

= the total number of constant-head cells in eub
system ice: 
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CHSI'I I N (ics) = the lower limit on total recharge from 
3 

constant-head subsystem ics. (L /T): 

NCHSUB = the total number of constant-head cell sUbsystems.-

A constant-head cell cannot belong to more than one 

constant-head reach at a time. However, any constant-head cell 

in a subsystem can have an additional constraint limiting the 

amount of recharge in that particular cell. (see relationship (4-

18) ) • 

In addition to constraining a reach of constant-head 

cells. it is also possible to constrain a reach of stream/aquifer 

variable cells. The stream/aquifer subsystem constraints are 

formulated by applying Equation (4-11) to all the cells in the 

strsam/aquifer subsystem. The following expression represents 

this summation. 

J (isa) 
ST ( i sa ) ="5" Q r ( j) > SWI'I I N ( i sa ) ( 4-28) 

j=l 

tor isa=1.N5UB 

whers: 

ST(iss) = the total volume of flow from the aquifer to the 
3 

stream in subsystsm isa. (L /T); 

J(isa) = the total numbsr of cells in stream/aquifer sub-
system isa; 

SWI'IIN(isa) = the lower 
system isa: 

limit on total interflow from sub-

NSUB = the total number of stream/aquifer subsystems. 

A variable cs 11 cannot belong to more than one 

stream/aquifer subsystem at a time. However, in addition to the 

reach constraint, any variable cell can also be constrained 
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such that the minimum allowable interflow in that cell is not 

violated. (see Equation (4-15». 

Coneidering the reach constraints discussed in this 

section. the total number of inequality constraints applied to 

the study area is described as 

K = NVAR + NCH + NCHSUB + NSUB (4-29) 

where: 

K = the total number of inequality constraints: 

NVAR = the total number of variable cells: 

NCH = the total number of constant-head cells: 

The total number af variables. including slack variables. is 

equal to K + NVAR. As dsscribed previously. sach variable has an 

upper and lower limit imposed upon it. The slack variables 

representative of the reach constraints have an upper bound set 

artificially high. 

4.8 OBJECTIVE FUNCTION FOR DEVELOPMENT OF MAXIMUM SUSTAINED 

YIELD STRATEGY 

One poseible regional policy is to maximize annual 

sustainable groundwater pumping. A linear expression to describe 

maximization of the total volume of groundwatsr withdrawn from a 

region during a specific time period is formed by summing 

Equation (4-17) for all variable-head cells: 

I1aximize Z (s) = 
1 

I J 

2. L: {T} {s} + Tr(iv.jv)S(iv,jv) 
i v=1 j v=l 

- RCH(iv,jv) - Tr(iv.jv) Sst(iv,jv) 
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subject to constraints (4-16). (4-24). (4-26). (4-27) and (4-28). 

Ths objective function (4-30) is similiar to ·those used b~ Aguado 

and others (.1974). Alley and others (1976), and Elango and Rouve 

1980. 

4.9 OBJECTIVE FUNCTION EQR DEVELOPMENT OF SUSTAINED YIELD 

STRATEGIES THAT APPROXIMATELY MAINTAIN 'TARGET' LEVELS 

Another poeeible regional objective is to maintain water 

levels as close as possibls to some pre-dstermined 'target' 

elevations. This is the Target Level Approach (TLA) proposed by 

Peralta and Peralta (1984) and described by Peralta and others 

(1985) . As a technical problem, this can be re-stated as 

'developing ths pumping strategy that will cause the evolution of 

a steady-state potentiometric eurface that is as close to target 

elevations as possible'. 

The objsctive function employed ie an application of goal-

programming (Cohon, 1978) to the design of sustained yield 

groundwater withdrawal strategies (Yazdanian and Peralta. 1985) • 

The approach seeks to minimize the sum of deviations of a set of 

regionally optimized groundwater elevations trom thei r. 

corresponding targets. 

The objective function is: 
(4-31) 

Minimize Z (s) = 
2 

Z L ((S(iv,jv) - St(iv,jv» x W(iV,jV»)2 
iv=1 jv=1 

subject to constraints (4-16). (4-24). (4-26). (4-27) and (4-28); 

where: 
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St(iv.jv) is the target (known) steady-state drawdown in 

variable-head cell number (iv.jv). (L); 

w( iv.jv) is a weighting factor assigned to achievement of· 

the target drawdown in cell number (iv.jv). 

Attainment of the target elevations are usually required 

with different degrees of importance in different parts (cells) 

of a region. There are occasions when the exact targets. and 

to associated gradients. need to be achieved. for example. 

provide a minimum eaturated thickness for drought protection. or 

to control groundwater contaminant movement. In contrast, there 

are cells where attainment of the exact target elevations are 

less critical. The weighting factors in Equation (4-31) make it 

possible to emphasize achievement of target elevations more or 

Ieee in different parte at the region according to management 

requirements. Further explanation of weighting factor.s ie 

provided by Yazdanian and Peralta (1985). An application case is 

also presentsd by Peralta and others (1985). 

4.10 OPTIMIZATION METHOD 

A direct climbing method of locating the optimal solution 

through a systsmatic gradisnt search. known as the General 

Diffsrential Algorithm (Wilde and Beightler. 1967; Horel-Seytoux 

• 1972) • is employed for optimization • To aid in the explanation 

of the General Differential Algorithm consider the minimization 

of a quadratic objective function with N variables subject to K 

inequality constraints. During any iteration in the search 

process, the problem will consist of K equatione and N+K 
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variables. (K of these variables are slack variables introduced 

to transform the inequality constraints into equality 

condi tions). The constraining equations are separable and as 

such, K variables are sxpressed as a function of N independent 

variables. N independent variables are initially referred to as 

decision variables Qhile K dependent variables are referred to as 

solution or state variables. The specific separation of 

variables into state variables and decision variables is knoQn 

as the partition of the system. 

The functional equivalents of the state variables are 

directly substituted into the objective function such that the 

objective function is an unconstrained expreseion of N decision 

variables and no state variables. During each iteration in the 

optimization 

improve the 

process, one decision 

value of the objective 

var iab.1 e 

function. 

is changed to 

In the model 

presented here. a decision variable is either 

variable, or a slack variable corresponding to one of the 

inequality conditions described previously. A change in any 

decision variable Qill cause every state variable related by the 

K equality conditione to change. 

The change in the value of the unconstrained form of the 

principal objective function. for a given change in a particular 

decision variable. is expressed in terms of the gradient of the 

unconstrained objective function. The gradient of the objective 

function is the vector of first partial dsrivatives Qith respect 

to the decision variables. Each first partial derivative is 

referred tc as a constrainsd dsrivative. ("Constrained" 
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• 
derivative implies that the constraining conditions ~ave been 

substituted into the objective function.) The constrained 

derivative describes the direction and magnitude of a change in 

the value of the objective function for an instantaneous change 

in the value of the decision variable. For the linear objective 

function (section 4.6), each constrained derivative of the 

objective function is a constant and is independent of the other 

variables. For the quadratic objective function (section 4.9) 

the constrained derivatives are linear functions of ths decision 

variables. Therefore. the vector of second partial derivatives of 

the unconstrained objective function is a vector of constants. 

These constants identify the change in ths value of a constrained 

derivative for a change in ~he value ot any decision variable. 

Any change in the value of a decision variable ~ill change the 

value of all related constrained derivatives. 

The General Differential Algorithm searches for the 

decision variable for ~hich the absolute value of the constrained 

derivative is the largeet. This variable is referred to as 

x (jmax). This decision variable is changed to improve the value 
d 

of the objective function. The sign on the conetrained derivative 

indicates the direction in ~hich to changs the variable in order 

to improvs the valus of ths objective function. Considering a 

minimization process, if a constrained derivative is positive, 

the correponding decision variable is decreased to improve the 

value of the objective function. Similiarly. if the constrained 

derivative is negative, the decision variable is increased during 

the optimization process. 

The change in the value of the objective function for a 
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specific change in one decision variable is expressed in terme of 

the constrained derivatives as 

_( 4-32) 
2 

= v ( j max) 6. x (j max) + (1/2) b ( j max. j max) <6. x (j max» 
d d 

Qhere: 

is the change in the value of the objective function; 

6. x (jmax) is the specific chsnge in the decision variable i; 
d 

v (j max) is the first partial derivative 

derivative) of Z Qith respect to x (jmax); 
d 

(constrained 

b ( j max. j max) is the second partial derivative of Z Qith 

respect to x (jmax). 
d 

The change in a constrained derivative resulting from a 

change in a single decision variable due to the ncn-linesrity of 

the objective function is expressed as followe. 

6. v(j) = 

for.j=l.N 

b(j. jmax) x (jmax) 
d 

(4-33) 

where 6.v (j ) is the change in the conetrained derivative of the 

objective function with respect to decision variable j. 

Equation (4-32) is valid when the change in the. decision 

variable does not cause a repartitioning of system variables. 

This limitation is subssquently discussed. 

The change in all system variables in response to a change 

in the value of a single decision variable is referred to as the 

system response. Because all decision variables are independent. 

a change to one decision variable will not effect the value of 
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the remaining decision variables. Every state variable. however. 

is expressed as a function of decision variables and is 

therefore affected. By evaluating thE;! gradients of the_ state 

variables. the change to the state variables in response to a 

change in the value of a single decision variable is determined. 

In this model. the constraints are linear and the 

resultant state gradients are column vectors of constants. 

Therefore. the first partial of a state variable with respect to 

each decision variable is valid for any arbitrary change in a 

single decision variable. The system response to a change in 

the value of a single decision variable is represented by the 

following formulation. 

6 x (i) 

s 

where: 

= d ( i. j max) l::,. x (j max) 
d 

fori=l.K 

l::,.x (i) is the change in state variable i; 
s 

(4-34) 

d ( i • j max) is the first partial derivative of state variable k 

with respect to decision variable i. 

The partial derivatives of the state variables. d ( i • j max) • are 

revised each time the system variables are repartitioned. 

Having determined which decision variable to change. and 

the direction in which to change it, the next etep is to 

determine how much change is possible. There are three factors 

controlling the maximum change to a decision variable. The 

decision variable is changed until 1) the decision variable 

reaches its upper or lower limit. 2) a state variable reaches its 
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upper or lower limit. or 3) the constrained derivative 

coressponding to ths decision variable becomes zsro. The 

emallest change in x (jmax) that satisfies t'he above conditions 
d 

is the maximum amount x (jmax) can be changed. 
d 

The first restriction is the difference between the 

current value of the decieion variable and the bound it is 

approaching. 

6.x' (jmax) = 
d 

whsre: 

This deviation is described by 

x (j max) 
d bound 

x (jmax) 
d 

(4-35) 

6. x' (j max) = 
d. 

the maximum change in x (jmax) due to limits on 
d 

x (jmax) 
d bound 

decision variable: 

= the bound that x (jmax) 
d 

is approaching; 

x .( j max) 
d 

= the current value of decision variable with the 
largest constrained derivative. 

For a minimization process. the bound approached by the decision 

variable is the upper limit on the decision variable if the 

corresponding constrained derivative is negative. I f the 

constrained derivative is poeitive. the approaching bound is the 

lower limit on the decision variable. 

The state variables. ae functions of decision variables. 

are subject to change as each decision variable changes. This 

change is described by Equation (4-34). The gradient of each 

state variable is applied to define the change in a dscieion 

variable which causes that etate variable to rench a limiting 

condition. 
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.6. x" ( j max) = min (x (i) x (i» / d ( i"; j max) 
s 

(4-36) 
d s bound 

for i=l.K 

where: 

.6. x " (j max) = 
d 

x (1) 
s bound 

the maximum change in x (jmax) due to limits on 
d 

state variables: 

= the bound approached by state variable i: 

x (U 
s 

= the current valus of state variabls i. 

The bound approached by a etate variable depends on both the 

sign of the constrained derivative of the objective function, 

v (j max) • 

variable, 

positive, 

addition. 

and the sign of the constrained derivative of the state 

d ( i • j max) • In a minimization process, i f v ( j max) is 

the decision variable x (jmax) is decreased. 
d 

If, 

d ( i • j max) is positive. state variable x (1) 

in 

also 
s 

decreases and the bound approached is the lower limit on x (U. 
s 

The third restriction must be considered in the case of a 

quadratic objective function. If the objective function were 

linear, Equations (4-35) and (4-36) would be sufficient in 

dstsrmining ths" msximum change in a decision vsriabls. 

The gradient of a quadratic objectivs function is a linear 

function of the decision variables. As a single decision variable 

changes, the vector of constrained derivatives is also affected 

as described by Equation (4-33) • The initial sign of the 

constrained derivative indicates the direction in which the 

decision variable must be changed to improve the value of the 

objective function. For example. in a minimization process, if 

the constrained derivative is positive. the decision variable 
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must be decreased in order to decrease the value of the objective 

function. I f the eign of b (j max. j max) is negative, a decrease in 

x (j max) causes constrained derivative < v (j m·ax) to increase i,n 

d 
accordance with Equation (4-33) • It is possible to decrease the 

decieion variable such that the constrained derivative changes 

sign (goes from positive to negative). Any further decrease in 

the decision variable will increase the value of the objective 

function. an undssirable effect. 

The change in the value· of a decision variable is limited 

such that the constrained derivative does not change eigns. The 

magnitude of this change is determined by rearranging Equation 

(4-33) • 

6x' " (j max) = (0 - v ( j max) ) / b ( j max. j max) 
d 

~here: 

c6.x' " (j max) 
d 

is the maximum change in x (jmax) such 
d 

does not go to zero. 

(4-37) 

that v (j max) 

In summary, the systematic optimization process first 

locates the decision variable with the largest constrained 

derivative (absolute value) and determines the direction in which 

to change the decision variable. Equations (4-35). (4-36) and 

(4-37) are used to calculate the6.x' L:::.,x II and ~x' " . The 
d d d 

emallest of these three values is the maximum change in the 

decision variable. After this change is made, the values of the 

state variables are rsvised in accordance to Equation (4-34) • I f 

the change causes a state variable to become tight. the syetem 

variables are re-partitioned with the tight state varaible 

becoming a decision variable. The value of the objective 

4-30 



function is then updated as shown by Equation (4-32) • 

completing a single iteration. The process continues until 

thus 

the 

optimal solution has been reached. 

At the optimum. all decision variables that are limited by a 

binding constraint are associated with a non-zero constrained 

derivative. Assuming a minimization process. if a decision 

variable is against an upper limit. the related constrained 

derivative must be negative. A decision variable has a 

positive constrained derivative associated with it if the lower 

limit 

equal 

is binding. If the value of a decision variable is not 

to a limiting condition. the corresponding conetrained 

derivative is zero and any change in the decision variable does 

not improve the value of the objective function. This is simply 

a non-dogmatic explanation of achievement of the Kuhn-Tucker> 

conditione. 

4.11 INITIAL FEASIBLE SOLUTION 

The gradient search technique used to optimize the 

objective 

proceed. 

function must be given a starting point from which to 

This initial feasible eolution consists of a set of 

drawdown values which satisfy all constraining and limiting 

conditions. When a large number of variables a>re considersd. a 

trial and error method is time consuming and evasive. Because 

this problem is formulated under steady-state conditions. the 

initial system drawdowns. a product of tranSient phenomenon. also 

fail to provide a feasible solution to the problem. 
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To compute an initial feasible solution. the set of 

equations described by Equation (4-8) is solved for the variable 

dra~do~ns ~ith the vector of excitation, { w' }, set equa I to the 

vector of lo~er limits on excitation. The Gauss-Siedel iterative 

technique is employed to solve the set of simultaneous equations. 

The recharge values at constant-head cells ars calculated 

using the initial feasible set of dra~do~ns and Equation (4-18). 

If the lo~er limit on recharge has been violated in any constant-

head cell, no optimization can be performed. The least amount of 

feasible ground~ater ~ithdra~al cannot be supported by the 

maximum allo~able recharge. In this case. the computsr program is 

set up to issue a ~arning message stating ~hich recharge 

constraint(s) are violated and by ~hat amount. 

Since the constraint sst is the same for both objective 

functions. the optimal solution from one objective function can 

be used as initial feasible solution for the other. 

4.12 RE-INITIALIZATION 

The transmissivity values. used in the formulation of the 

objective functions and constraints. are calculated as the 

product of hydraulic conductivity and saturated thickness. If an 

unconfined aquifer is modeled. the saturated thickness changes as 

dra",do~n increases or decreases. This causes a nonlinearity in 

the ground~ater flo~ equation. As a result. transmissivity 

values initially determined are not representative of optimal 

conditions and the accuracy of the results is reduced. 

If the difference bet~een the initial drawdowns and the 

optimal dra~do~ns is small. relative to the saturated thickness. 
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the effect on the transmissivity values is negligible. If. 

ho~ever" the 

transmissivity 

change 

values 

in drawdown is 

are significantly 

initialization procedure is performed. 

large, such that 

altered. a re-

To improve the accuracy of ths results without 

introducing nonlinear constraints. the drawdowns resulting from 

one optimization process are used as the initial conditions for a 

second optimization. If necessary. a third optimization is 

performed using the results ot the second optimization. to 

calculate transmissivity values. Each additional re-

initialization brings initial conditions clossr to optimal 

conditions such that the saturated thickness more accurately 

corresponds to the resulting drawdown. pumping. and recharge 

values. Subsequent optimizations are continued until a 

predetermined convergence criterion is satisfied. 

4.13 SUMMARY 

This chaptsr describes the methodology used for obtaining 

optimal sustained yield pumping strategies. Two regional policy 

objectives ~re considered. The first objective seeks to maximize 

the total annual sustainable volume of groundwater withdrawal. 

The eecond objective is set to develop sustainsd yield pumping 

strategies that maintain an optimal potentiometric surface as 

close as possible to a predetermined 'target' surface. 

Constraints used in ths optimization model include limits 

on recharges or dischargee into the area through the boundary 

ce lIs, limits on recharges or discharges through cells with 
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streaml aquifer connection. upper and layer bounds an pumping at 

each variable-head cell. and loyer limit on saturated thickness 

in every cell. The appJ ication of this methodology to the" Boeuf·...: 

Tensas area is described in the next chapter. 
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CHAPTER V 

DEVELOPMENT OF OPTIMAL SUSTAINED YIELD REGIONAL 

PUMPING STRATEGY 

By 

B. Datta. R. C. Peralta. J. Solaimanian and A. Yazdanian 

S.l INTRODUCTION 

This chapter describes the application of alternative 

~ater management policies as constraints in developing optimal 

eustained yield pumping strategies for the Boeuf Tensas area of 

Arkansas. The optimal etrategies are obtained from the solution 

of the SSTARS model. described in Chapter 4. The data required to 

construct this model for this area is based on the aquifer 

parameter values and estimates of historical conditions as 

discussed in Chapters 2 and 3. [t should be mentioned that the 

process of reinitialization (Section 4.12) was not used in 

developing the strategies because: the aquifer is in general 

initially confined. saturated thicknesses are large. and thie is 

a reconnaisance level study. 

The two objective functions. which represent two different 

optimization modele. arel i) maximize total withdrawal from the 

aquifer. and ii) minimize the total deviation of optimal water 

table elevations (or potentlmetric eurface elevatione) at the 

center of each variable head cell. from target (or current) 

elevations. 

objective 

As discussed in Appendix B. either of these two 

functions can be used in SSTARS by assigning 

appropriate values to the index [SUS. In this study the target 

elevations in the eecond model are the current (1983) ~ater table 
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elevations. The Qeighting factors Ware the inverse of the 
k 

standard deviations of the estimation errors for estimating these 

elevations by kriging. Other Qeighting factors or other 

techniques of computing these standard dsviations can be used 

also. 

Constraints defining sustained yield hydraulic stresses 

are incorporated in both models. However, alternative optimal 

sustained yield pumping strategies are obtained by incorporating 

different sets of ~hysical and managerial constraints. Solutions 

of the optimization model Qith these different eets of 

constraints represent different optimal sustained yield pumping 

strategies for different scenarios. The scenarios tested in our 

study represent plausible conditions Qhich may have to be 

satisfied based on other economic. social. and political 

considerations. Presentation of the alternative strategies should 

aid in the selection of a single optimal sustained yield pumping 

strategy for the Boeuf-Tensas area. 'from a set of alternatives. 

The following section describes the different scenarios 

Qhich Qere tested. Amongst the scenarios teeted for Modell (the 

maximizs pumping objectivs function) one was selected as being 

most appropriate for implementation. The constraints for this 

scsnario and a slight variation of it Qere then used develop 

strategiss using Model 2. 

5.2 DESCRIPTIONS QE SCENARIOS ~ MAXIMUM 

PUMPING OBJECTIVE FUNCTION 

The scenarios differ because of the assumptions made in 
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the constraining equations. Each set of assumptions and ths 

scsnarios to ~hich they apply are discussed here. 

5.2a General Description Q.i. Assumptions,and .Constraints 

Formulation of ths constraining equations of an 

optimization model requires estimatss of physical parametsrs of 

ths aquifer. Estimation of thsse parameters ~as described in 

Chaptsrs 2 and 3. Other important assumptions rsquirsd to 

formulate the constraints ars the physical boundary conditions of 

the aquifer undsrlying this area. Finally. boundS and constraints 

impossd on the dscision variables should reflect both physical 

and institutional feasibility. Therefore a number of variations 

of thess assumptions ~ere utilized for obtaining alternative 

management strategies. For the sake of systematic presentation ~e 

~ill separats these assumptions into ths follo~ing thrse 

categories. It 

bet~sen these 

shOUld be noted ho~ever. that the partitioning 

categories are very artific·ial. It' is no doubt 

possible to argue that there is soms overlap. 

i) Boundary Conditions: 

--aT 

peripheral 

cells) 

aasumptTcfiis---regarding the hydraul ic states of 

cells (treatment as constant-head or variable-head 

b) specified steady values of hydraulic variablee at 

given cells ~hich include i) constant recharges at a boundary 

cell or. constant recharge to an internal ce II 

stream/aqui fer (SI A) interaction; iil constant 

accretions (deep percolation) 

through 

vertical 

c) bounds on recharges through a single cell or a sub-
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system of boundary cells 

ii) Bounds on recharges or discharges through S/A 

interactions for a single cell or a eub-system of cells 

iii) Bounds on pumping at internal cells 

Boundarv Conditions 

Figure 1. 3 shows those cells along the study area 

boundary which were identified as constant-head cell or as 

constituents of a constant-head cell sub-eyetem. Those boundary 

cells not shown as constant-head cells conetitute the impermeable 

boundary of the aquifer. Cells along the western boundary above 

1=28 were treated as no-recharge. no-pumping. variable-head 

cells. In all the ecenarios. those boundary cells which contained 

the Arkansae or the Hississippi Rivers were assumed to be 

constant-head cells. 

For all scenarios. constant recharges due to 

stream/aquifer interflow were assumed for eome internal cells. 

These recharges were calculated based on springtime gradients 

between 1973 and 1983. and the 2-dimensional Boussinesq equation 

for steady flow. The cells treated in this manner included all 

those cells where rei iable estimates of APS (reach 

transmissivitiee obtained from the u.s.a.s.) values were not 

avai labl e. The estimated average annual recharge for the period 

between 1973 and 1983 were used as constant recharges. 

The aesumption that a vertical accretion of 100 ac-ft per 

year occurs uniformly in the region (at every cell) ie based on 

water balancs simUlation and the low vertical permeability of the 

soil above the aquifer. As discusssd in Chapter 3. this value is 

close to the value estimated by Broom and Reed (1973). 
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No maximum recharge constrainte were imposed on the 

boundary cells having etream-aquifer connection with the 

nississippi River (personal communication. Corps of Engineers. 

Vicksburg District). 

S/A connection with 

For the eub-system of boundary cells having 

the Arkansas River, the maximum legally 

permissible recharge was assumed to be 7240 thousand ac-ftlyear. 

This value is the difference between the average annual flow at 

nurray Dam gaging station and the minimum annual flow volume 

required to meet strsam water qual ity 'criterion according to 

Dixon and Peralta. (1964). I t was used on I y as a.n upper bound, 

and the actual recharge in this sub-system. required to implement 

anyone of the optimal strategiee. 

value. 

was only a fraction of this 

An upper bound on recharge of 500 ac-ft per year. 

including 100-ac-ft vertical accretion was used for each ot the 

eouthweetern conetant-head boundary celIe (Figure 1.3), Thie 

value ie baeed on the fact that although the aquifer extends to 

the weet beyond that artificial boundary. the aquifer ie 

relatively untapped by welle beyond that line. 

The preceding boundary conditione can be stated ae the 

general boundary conditione for the aquifer, eince they remain 

unchanged in all the scenarioe. Boundary conditions for the celIe 

along the eouthern boundary of the etudy area were changed in 

different ecenarioe. and are preeented later. The general 

boundary conditione can be reetated ae: 

i) impermeable boundary along the weetern periphery of the 

Bayou Bartholomew basin. above 1=28 (Figure 1.3); 
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• ii) vertical accretion of 100 ac-ft/year in each cell; 

iii) constant recharges based on the solution of 2-dimensional 

Boussinesq equation. for some internal S/A cells where reliable 

estimates of A?S values were not avai labl'e; 

iv) no upper bound on recharge for those boundary cells having 

S/A connection with the Hississippi river; 

v) maximum permissible recharge of 7240 thousand ac-ft/year 

tor the sub-systsm of boundary cells having S/A connection with 

the Arkansas River; 

vi) upper bound on recharge for 500 ac-ft/year for each south 

western boundary cell including and below 1=28 (Figure 28). 

The boundary conditions for the cells along the southern 

boundary were treated in four different ways. In order to assure 

that historic discharges of groundwater flowing into Louisiana 

are maintained in an optimal strategy. an upper limit was placed 

on the groundwater entering the region through the southern 

boundary. The different assumptions regarding the boundary 

conditions were grouped into the following four categories. These 

four categories differ only with respect to the treatment of the 

southern boundary of the aquifer underlying the Bayou Bartholomew 

basin. 

Type 1 Boundary Conditions: 

a) General boundary conditions 

b) In each of the 11 southern boundary cells. up to 500 ac
ft/year of recharge from Louisiana is allowed per cell. All 
the 11 cells are treated as constant-head cells including 
those with S/A connection: (35.10). (35.11). (35.15). (35.16). 
and (35.17). 

Type 2 Boundary Conditions: 

a) General boundary conditions 
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b) Six of the southern boundary cells without S/A connection 
are treated as a constant-hsad cell sub-system. The total 
net recharge for this sub-syetem is bounded to be lees than 
600 ac-ft/year (6 x 100 ac-ft/yr per cell of vertical 
accretion). Recharge in each of the other 5 cells is bounded 
to be less than 500 ac-ft/year. 

Type 3 Boundary Conditions: 

a) General boundary condition 

b) All 11 cells on the southern boundary are treated as a 
constant-head cell sub-system. A total of at lesst 3000 ac
ft/year discharge is forcsd to occur through this sub-system 
to Louisiana. 

Type 4 Boundary Conditions: 

a) General boundary conditions 

b) All 11 southern bo.undary celIe are treated as variable head 
cells. with an upper bound of 500 ac-ft/year on recharge 
through each cell. 

Bounds ~ Stream/Aquifer Interflow 

The stream/aquifer cells tor the three internal rivers 

(Bayou Bartholomew. Bouef River. and Bayou I1acon) were also 

assumed as three different sub-systems (Figure 5.1), In different 

scenarios the upper limit on recharges to the aquifer from these 

rivers were varied to satisfy potential institutional goals. 

while assuring physical realism. Table 5.1 shows the estimated 

historic S/A responses. 

As seen from Figurs 5.2. thers has been substantial 

decline in groundwater levels in the cells along the Bayou 

Bartholomew River (as much as 7 feet) in t'he last ten years. This 

has caused an increase in recharge from the stream to the aquifer 

for the last few years of the eimulation period. Therefore. in 

Bome of the scenarios, the maximum eetimated recharge through 

S/A connection computed for any year between 1973-1983 wae 
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II 

" Table 5.1 Historic Stream/Aq~ifer InterfloQ 

S/A Maximum Average 
InterfloQ Recharge Recharge 

(ac-ftlyear) (ac-ftlyear) 

Boeuf River -37.900 - 6.700 

Bayou BartholomeQ -25.800 -9,800 

Bayou Macon -14.000 +4.000 

Baeed on data from 1973-1983. Negative value meane 
recharge to aquifer from etream 
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imposed as the upper bound on S/A recharge. 

For other scenarios. the average annual S/A interflow was 

used as an upper bound on recharge from S/A interflow at internal 

ce lIs. HOlioJever, the use of this constant may be _overly-

conservative. This is pointed out by the tact -that. although the 

average S/A interflow for the Bayou Macon river is a dischargs 

from the aquifer. in soms years. a substantial amount of recharge 

was estimated to occur. 

Bounds ~ Pumping 

The maximum allowable pumping in each internal cell was 

constrained to be less than one of the following three values: 

i) estimated annual pumping based on 1982 acreage and 

average climatic conditions (Figure 2.1) 

ii) estimated annual pumping in a drought year (1980) for 

1980 acreage and climatic conditions 

iii) estimated annual maximum potential pumping as discussed 

in Chapter 2. (Figure 2.2) 

The sum of these upper bounds on pumping are shown in 

Table 5.2. The minimum allowable value of pumping in each 

internal cell ~as assumed equal to zero. 

5.2b Description Qi Scenarios For Model ~ 

The different scenarios used for obtaining the alternative 

strategies are discussed in this sub-section. These scenarios 

differ on the basis of the assumed boundary conditions. and the 

bounds on S/A interflow and pumping. 

tabular form in Table 5.3. 

Scenario .L... 
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• 

Table 5.2 Historic Ground~ater Withdra~al in Bayou-

Regional 
Pumping 

Bartholome~ Basin 

Average 
(1973-1983) 

Pumping) 
(ac-ftlyr) 

194.000 

1980 
pumping 

(ac-ftlyr) 

353.000 

(277,400) 

1982· 
pumping 

(ac-ftlyr) 

171.300 

( 140. 300) 

Values inside parentheses represent total pumping in 
the Boeuf-Tensas area. 
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1. 1. 

1. 2. 

1. 3. 

1" 4" 

1. 5. 

1. 7. 

Scenario ~ 

2.1. 

Scenario ;;i 

3. 1. 

Scenario ~ 

4. 1 " 

Scenario §. 

5.1. 

Scenario §. 

6.1. 

The southern boundary consists of 11 constant head 
(35,16), and (35,17), with S/A connection. [n each of 
these 11 constant-head cells, up to 500 ac-ft/year of 
recharge is allowed per cell. 

A vertical accretion of 100 ac-~t/year is assumed to 
occur in each (boundary and internal) cell. 

The Boeuf River, Bayou Bartholomew, 
are considered as three different 
sub-systsms (Figure 5.1). 

and Bayou Macon 
stream/aquifer 

The maximum recharges to the aquifer from each of the 
three stream/aquifer sub-sytems are constrained not 
to exceed the maximum observed annual values for 
1973-1983. 

All the southwest boundary cells (Figure 1.3) are 
treated as constant-head cella with a maximum 
allowable recharge of 500 ac-ft/year per cell. 

Maximum potential irrigation demand is used as the 
upper bound on pumping in each internal cell. 

Same as Scenario 1, except that the 1982 base pumping 
values are used as the upper bound on pumping in 
each of the internal cells. 

Same as Scenario 1, except that the 1980 (a drought 
year) pumping values are used as the upper bound on 
pumping in each internal cell. 

Same as Scenario 1, except that the total net 
recharge in the southern boundary constant-head cell 
sub-system (excluding the 5 S/A connection cells) is 
bounded to be less than 600 ac-ft/year (vertical 
accretion of 100 ac-ft/yr per cell). Recharge in each 
of the 5 S/A cells bounded to be less than 500 ac
ft/year. This implies no net groundwater movement 
from Louisiana to Arkansas through these cells. 

Same as Scenario 4, except that the 1982 base pumping 
values are used as the upper bound on pumping in 
each internal cell. 

Same as Scenario 4, except that the 1980 pumping 
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Scenario z.. 
7.1. 

Scenario §. 

8.1. 

Scenario §1. 

9. 1. 

values are used as the upper bound on pumping in each 
internal cel!. 

Same as Scenario I. except that the maximum alloQable 
recharge through stream/aquifer ·connections for the 
three sub-systems. are the average annual values for 
the period betQeen 1973 and 1983. 

Same as Scenario 7. except that the 1982 base pumping 
values are used as the upper bound on pumping in 
each internal cell. 

Same as Scenario 7. except that the 1980 pumping 
values are used as the upper bound on pumping in each 
internal cell. 

Scena rio !,g!, 

10. 1. Same as Scenario 4. except that the maximum al.toQable 
recharge to the aquifer through stream/aquifer 
connect.ion for the three sub-systems are the average 
annual values for the period betQeen 1973 and 1983. 

Scenario II 

11. 1. Same as Scenario 10. except that the 1982 base pump
ing values are used as the upper bound on pumping in 
each internal cell. 

Scenario ~ 

12. 1. Same as Scenario 10. except that the 1980 pumping 
values are used as the upper bound on pumping in 
each internal cell. 

Scenario II 

13.1.. Same as Scenario I. except that the discharge to 
the Louisiana portion ot the aquifer through the 
southern boundary cell sub-system. including S/A 
cells. is constrained to be not less than 3000. 
ac-ft/yr. 

Scenario 1!l 

14. 1. Same as Scenario 13. except that the 1982 base pump
ing values are used as the upper bound on pumping in 
each internal cell. 
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Scenario 1.§. 

15. 1. Same as Scenario 13. except that the 1980 pumping 
valuee are used as the upper bound on pumping in each 
internal cell. 

Scenario 1.§. 

16. 1. Same 
able 
the 
for 

as Scenario 13. except that the maximum allo~
recharge through stream/aquifer connections for 
three sub-systems. are the average annual value 

the the period bet~een 1973 and 1983. 

Scenario 12 

17. 1. Same as Scenario 16, except that the 1982 base pump
ing values are used as the upper bound on pumping in 
each internal cell. 

Scenario 1.§. 

18. 1. Same as Scenario 16. except that the 1980 pumping 
values are used as the upper bound on pumping in each 
internal cell. 

Scenario .lli 

19. 1. Same as Scenario 7, except that the eouthern boundary 
celie. including 5 S/A celie. are assumed to be 
variable-head cells. ~ith an upper bound of 500 ac
ft/year on recharge through each of the II conetant
head cells. 

5.2c Description £t Scenarios for Model ~ 

Scenario 20 represente the use of Model 2 ~ith Type 3 

eouthern boundary conditiane; 1982 baee pump i ng va I uee-- as--iipper 

limits on each cell by cell pumping; and maximum annual S/A 

recharge ae the upper limit on recharge from internal S/A eub-

eyeteme. These assumptions. identical to those of Scenario 14. 

~ere selected as being most realistic and acceptable for future 

management purposes. Scenario 21 represents the same constraints 

as in Scenario 20 except that the upper limit on pumping in each 

cell is the potential demand for groundYater in thoss celie. 

Becauee 1983 ~ater table elevatione ~ere the moet recent data 
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available during the development of our data base for thie study. 

these elevations ~ere coneidered ae the current (or target) 

elevatione in Scenarios 20 and 21. In eummary the follo~ing 

ecenarioe ~ere ueed for developing etrategiee using nodel-2. 

Scenario ~ 

20. 1. 

Scenario II 

21. 1. 

Constraints 
ground~ater 

elevations. 

Constraints 
ground~ater 

elevations. 

same as 
table 

same as 
table 

in Scenario 
elevations are 

in Scenario 
elevations are 

5.3 DISCUSSION OF ASSUnPTIONS ~ RESULTS 

14. and 
the 

13. and 
the 

1963 
target 

1963 
target 

The afore mentioned scenarios are used for obtaining 

alternative sustained yield pumping strategies for the Bayou 

Bartholomew Basin. The total values of pumping. recharge. and S/A 

interflo~s (for study area B). obtained as eolutions of nodel 1 

for different scenarioe. are ehown in Tablee 5.3 to 5.6. The 

regional sustainable values of pumping. recharge and S/A 

interflo~e. obtained as solutions ot nodel 2 tor ScenariOS 20 and 

21 are sho~n in Table 5.7 to 5.9. The total annual sustainable 

pumping values for a selected number of scenarios are also 

computed for the Boeut-Tensas basin area. These pumping values 

are shown in parentheses in Tables 5.4 and 5.7. The Boeuf-Tensas 

basin constitutes that portion of the Bayou Bartholome~ basin 

area which is to the east of the eastern divide of the Bayou 

Bartholomew watershed. This boundary of the Boeuf-Tensas basin 

(as shown in Figure 1.2) partitions the cells lying on this 

boundary. The fraction of the total area (9 square miles) of each 
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Table 5.3 Scenario Numbering System for Hodel 1 

S/A Pumping 
Upper Upper 
Bound Bound , , 

Poten. i 
Hax. Need 

S/A 1982 
Pumping 

Rech. 
1980 

Pumping 

Poten. 
Avg. Need 

S/A 1982 
Pumping 

Rech. 
1980 

Pumping 

* Type 1 
Boundary 
Conditions: 

1 

2 

3 

7 

8 

9 

* Type 2 
Boundary 
Conditional 

* Type 3 
Boundary 
Conditions: 

Strategy Number 

4 13 

5 14 

6 15 

10 16 

11 17 

12 18 

Type 1 Boundary Conditions (for southern boundary): 

* Type 4 
Boundary , . . , 
Conditions: 

19 

In each of the 11 southern boundary cells. up to 500 ac
ft/year of recharge from Louisiana is allowed per cell. All 
the 11 cells are treated as constant-head cells including 
those with S/A connection: (35.10). (35.11). (35.15). (35.16). 

* and (35.17). 
Type 2 Boundary Conditions (for southern boundary): 

Six of the southern boundary cells without S/A connection 
are treated as a constant-head cell sub-system. The total 
net recharge for this SUb-system is boundsd to be less than 
600 ac-ft/year (6 x 100 ac-ft/yr per cell of vertical 
accretion). Recharge in each of the other 5 cells is 

* bounded to be less than 500 ac-ft/year per cell. 
Type 3 Boundary Conditions (for southern boundary): 

All 11 cells on the southern boundary are treated as a 
constant-head cell sub-system. A total of at least 3000 BC
ft/year discharge is forced to occur through this eub-system 

* to Louisiana. 
Type 4 Boundary Conditions (for southern boundary): 

All 11 southern boundary cells are treated as variable head 
cells. with an upper bound of 500 ac-ft/year on recharge 
through each cell. 
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Table 5.4 Total Regional !'Iaximum Pumping (Solutions of !'lode 1 1) 

* * * * Type 1 Type 2 Type 3 Type 4 
Boundary Boundary Boundary Boundary 
Conditions: Conditione: Conditions: Conditions:. , ., , , 

S/A : Pumping , 
Upper Upper Total Pumping 
Bound Bound ( ac - f t/ yea r ) 

Potsn. , , 
!'lax. Nesd 344. 5 III III 344.511l0 336.200 

S/A 1962 147.211l0 
Pumping! 156.000 155.71210 (116.12100) 

Rsch. 
196121 201.61210 

Pumping: 21216.71210 206.200 (172.600) 

Potsn. ' 
Avg. Need 146.400 146.400 144.300 176.400 

S/A 1962 66.900 
Pumping 66.900 66.900 (55.61210) 

Rsch. 
1960 

Pumping 109.600 109.600 106.200 

Type 1 Bcundary Conditions (for southern boundary): 
In each of the 11 southsrn boundary cells. up to 500 ac
ft/year of rechargs from Louisiana is allo~ed per cell. All 
ths 11 cells are treated as constant-head cells including 
thoss ~ith S/A connsction: (35.10). (35.11). (35.15). (35.16). 

* and (35.17). 
---- ---.-- - ----~-----

Type 2 Boundary Conditions (for southsrn boundary): 
Six of the southern boundary cells ~ithout S/A connection 
are treated as a constant-head cell sub-system. The total 
net recharg.e for this sub-system is bounded· to be less than 
600 ac-tt/yr (6x100 ac-ft/yr per cell vertical accretion). 
Recharge in each of the other 5 cells is bounded to be less 

* than 500 ac-ft/year per cell. 
Type 3 Boundary Conditions (for southern boundary): 

All 11 cells on the scuthern boundary are treated as a 
constant-head cell sub-systsm. A total of at least 3000 ac
ft/year discharge is forced to occur through this sub-system 

* to Louisiana. 
Type 4 Boundary Conditions (for southern boundary): 

All 11 southsrn boundary cells are treated as variable head 
cells. ~ith an upper bound of 5111121 ac-ft/year on recharge 
through each cell. 

Values inside parentheses are for the Boeuf-Tensas area. 
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Table 5.5 Total Net Recharge From Boundariee Including Recharge 
Through Deep Percolation (Accretion) 

S/A Pumping 
Upper Upper 
Bound Bound 

Poten. 
Max. Need 

S/A 1962 
Pumping. 

Rech. 
• 1960 • 
I Pumping 

Poten. 
Avg. Need 

S/A 1962 
Pumping 

Rech. 
19.60 

Pumping 

* Type 1 
Boundary 
Conditione: 

-276.700 

-117.200 

-165.600 

-143.100 

-98.300 

-116.900 

* Type 2 
Boundary 
Conditionel 

* Type 3 
Boundary 
Conditionel 

Total Recharge 
(ac-ft/year) 

-276.900 -269.000 

-117.100 -103.600 

-165.200 -156.800 

-143.100 -141.900 

-96.300 -95.500 

-116.900 -113.500 

Type 1 Boundary Conditione (for eouthern boundary): 

* 
Type 4 

Boundary 
Cond-i t i one 

-164.300 

In each of the 11 eouther·n boundary celie. up to 500 ac
ft/year of recharge trom Louieiana ie allowed per cell. All 
the 11 cells are treated as constant-head cells including 
those tJith S/A connection. (35. HI). (35.11). (35.15). (35.16). 

* and (35.17). 
Type 2 Boundary Conditions (for southern boundary)' 

Six ot the eouthern boundary celie tJithout S/A connection 
are treated as a constant-head cell sub-system. The total 
net recharge for this sub-system is bounded to be less than 
600 ac-ft/yr (6x100 ac-ft/yr per cell vertical accretion). 
Recharge in each of the other 5 cells is bounded to be less 

* than 500 ac-ft/year per cell. 
Type 3 Boundary Conditions (for southern boundary): 

All 11 cells on the eouthern boundary are treated as a 
constant-head cell sub-system. A total of at least 3000 ac
ft/year discharge is forced to occur through this sub-system 

* to Louisiana. 
Type 4 Boundary Conditione (for eouthern boundary): 

All 11 southern boundary cells are treated as variable head 
cellS. tJith an upper bound of 500 ac-ft/year on recharge 
through each cell. 
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Table 5.6 Total Stream Aquifer Interflo~ 

S/A 
Upper 
Bound 

Hax. 

tPumpingl 
Upper 
Bound : 

Poten. : 
Need 

SI A 1982 

Rech. 

Avg. 

IPumping 

1980 
IPumping 

Poten. 
Need 

SI A 1982 

Rech. 
IPumping 

I 1980 
lPumping: 

* Type 1 
Boundary 
Conditions 

S/A 
Response 

(ac-ft/yr) I 

-67.800 

-38.900 

-43.000 

-5.400 

+8.300 

+7.300 

* 
Type 2 

Boundary 
Conditions' 

S/A 
Response 

(ac-ft/yr) 

-67.800 

-38,900 

-43.000 

-5.400 

+8.300 

+7.300 

* 
Type 3 

Boundary 
Conditions' 

S/A 
Response 

(ac-ft/yr) 

-67.100 

-43.600 

-42.900 

-2.400 

+8.600 

+7.300 

Type 1 Boundary Conditions (for southern boundary): 

* Type 4 
Boundary 
CondItions 

S/A 
Response 

(ac-ft/yr) 

-12.200 

In eech of the 11 southern boundary cells. up to 500 ac
ft/year of Techargs from Louisiana is allowed per cell. All 
the 11 cells are treated as constant-head cells including 
those ~ith S/A connection: (35.10). (35.1lJ. (35.15). (35.16). 

* and (35.17). 
Type 2 Boundary Conditions (for southsrn boundary): 

Six of the southern boundary cells without S/A connection 
are treatad as a conetant-head cell SUb-system. The total 
net recharge for th·is sub-system is bounded to be 1 ess than 
600 ac-ft/yr (6x100 ac-ft/yr per cell vertical accretion). 
Rscharge in each of the other 5 cells is bounded to be less 

* than 500 ac-ft/year per cell. 
Type 3 Boundary Conditions (for southern boundary): 

All 11 cells on the southern boundary ars treated as a 
constant-head cell sub-system. A total of at least 3000 ac
ft/year discharge is forcsd to occur through this sub-system 

* to Louisiana. 
Type 4 Boundary Conditions (for southern boundary): 

All 11 southern boundary cells are treated as variable head 
cells. with an upper bound of 500 ac-ft/year on recharge 
through each cell. 
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Table 5.7 Total Regional Pumping to Haintain Current 
Groundwater Levels (Solutions of Hodel 2) 

Type 3 Boundary Conditions 

Values ins.ide parentheses represent total 
Tensas area bordered by the eastern 
Bartholomew River. on the west. 
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Table 5.8 Total Net Recharge From Bdundariee Including 
Recharge Through Deep Peroolation 
(Solutions of Hodel 2) 

Type 3 Boundary Conditions 

S/A Pumping Total 
Recharge Upper Recharge 

Upper Bound Bound (ao-ft/year) 

1982 Strategy 
Haximum Pumping No. 20 -52.800 

S / A 

Recharge Potential Strategy 
Need No. 21 -50.800 
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Table 5.9 Total Stream/Aquifer'Interfloy 
(Solutions of Model 2) 

Type 3 Boundary Conditions 

S/A Pumping Total 
Recharge Upper S/A Response 

Upper Bound Bound (ac-ftl year) 

1982 Strategy 
Maximum Pumping No. 20 + 29.0 

S I A 

Recharge Potential Strategy 
Need No. 21 -4.600 
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partitioned cell ~hich falle ~ithin the Boeuf-Tensas side of 

this boundary. and the corresponding I.J coordinates of the 

cells. are sho~n in Tabls C.l (Appendix C). 

The most important constraints ijposed in the t~o modelS 

can be separated into the fol10~ing broad categories. 

i) maximum allo~able pumping at each cell is constrained 

not to exceed the maximum potential demand for ground

~ater in that cell (Scenarios 1.4.13.7.10.16.19.21); 

ii) maximum allo~able pumping at each cell is constrained 

not to exceed the estimated pumping for droughty 

climatic conditions and irrigated acreage of 

(Scenarios 3.6.15.9.12.16); 

1960 

iii) maximum allo~able pumping in each cell is constrained 

not to excsed the estimatsd pumping for 1962 irrigatsd 

acreage and climatic conditions (Scsnarios 

2.5.14.6.11.17.20) ; 

iv) the maximum possibls recharge that can enter the region 

through stream/aquifer connections is limited not to 

exceed the maximum annual values sstimated to occur 

bet~een 1973 and 1963 (Scenarios 1.2.3.4.5.6.13.14.15. 

20.21) ; 

v) the maximum possible rscharge that can enter the region 

through stream/aquifer connections is limited not to 

excesd the average annual values estimated to occur 

bst~een 1973 and 1963 (Scenarios 7.6.9.10.11.12.16,17. 

16.19); 

vi) no net recharge is allo~ed to enter the aquifer from 

the Louisiana sids. through ths southern boundary cells 
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(Scenarios 4.5.6.10.11.12); 

vi) discharge to the Lousiana side of the aquifer through 

the southern boundary cells. is constrained to be 

at least 3000 ac-ft/year (Scenarios 13.14.15.16.17.18. 

20.21) ; 

The four typee of bundary conditions differ in how much 

recharge is permitted to enter the study area from Louisiana thru 

the eouthern boundary cells and whether these cells are treated 

as variable-head cells. individual constant-head cells. or as a 

part of a constant-head cell subsystsm. The physical interaction 

that exists between the aqUifer and rivers in five of the 

southern boundary cells was not modelled dirsctly. In each of 

Types 1-3. 

head cells. 

all southern boundary cells are treated as Conetant-

Type 1 boundary conditions permit a net recharge of 5500 

ac-ft/year· (11 x 500 ac-ft/year per cell) from the aquifer 

underlying Louisiana. Thie represents the assumption of maximum 

recharge to our area through the southern boundary. 

In Type 2 bcundary conditions. thoee southern boundary 

cells with S/A connections were excluded from the sub-system of 

constant-head cells along this boundary. Type 1 and Type 2 

boundary conditions differ only in the restrictions imposed on 

the six southern boundary cells without any S/A connecticn. In 

Type 2 boundary conditions. we assume that 500 ac-ft/year per 

cell is reasonable recharge from S/A interflow in southern 

boundary cells with S/A connection. Therefore, the constraining 

of each of those cells without S/A connection to less than 100 
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ac-ft/year (the eetimated annual deep percolation value) in Type 

2 conditions aseures no net movement of ground~ater thru the 

aquifer from Louieiana. It ~ae observed that even ~ith Type 1 

boundary conditions the resulting optimal ~trategies did not 

require any recharge from the Louisiana side of the aquifer. 

Therefors. Type 1 and Type 2 boundary conditions produced 

virtually identical optimal etrategies. (The emaIl differences 

bet~een some of the optimal values for scenarios using Type 1 and 

Type 2 boundary conditions are due to the use of convergence 

criteria in specifying ~hen the optimization algorithm should 

terminate. ) 

Type 3 boundary conditions included a constraint to ensure 

a discharge of at least 3000 ac-ft/year to the Louisiana part of 

the aquifer. This quantity is based, on the average valus of 

estimatsd historical net recharge/diecharge (1972-1982) through 

the southsrn boundary cells. obtained by solving the 2-

dimensional' Boussinesq equation for observed springtime 

elevations. This 3000 ac-ft/year discharge is the eum of the 

discharge through intertlo~. and rechargs to theee cells through 

vertical accretion. Since the S/A cells are treated the same as 

other southern boundary cells this 3000 ac-ft/year bound does not 

incorporate any separate S/A responses. 

Type 3 boundary conditions represent the most restrictive 

of the four conditions. It can be noted from Table 5.4 that Type 

3 boundary conditions permits less sustainable pumping than any 

other type. For example. Scenario 13 differs from Scenarios 4 and 

1 only in southern boundary constraints. yet its sustainable 

pumping is less. 
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Wh~n using Type 4 boundary conditions. the group of cells 

along the southern boundary were assumed to be variable-head 

cells. However. this variation was not r~gorouslY tested because 

such a relaxation of the constant head conditions along the 

boundary may lead to large declinee in water table elevations 

along the Louisiana boundary. 

undeeirable. 

Such an alternative is politically 

The average value of the net annual groundwater pumping in 

the Bayou Bartholomew basin during 1973-1962 was estimated to be 

194.000. ac-ft/year (Table 5.2). Scrutiny of the total pumping 

values for Scenarios 16-16 in Table 5.4 indicatee that the use of 

"average" historic reoharge (through boundary cells and from S/A 

interflow) rates as constraints does not permit this much 

sustainable annual pumping. This is expected since groundwater 

levels become stable in a sustained yield scenario. whereas the 

historically observ~d withd~awals caused declines in the 

groundwater levels. 

In a number of scenarios the recharge constraints were 

recharges than those estimated as 

historic averages, along the boundary. and/or through S/A cells. 

For example. Scenarios 1-6 allowed greater recharges i.n the 

boundary cells and the three S/A SUb-systems than the historic 

averages; Scenarios 7-12 allowed greater recharges through the 

boundary cells only. and Scenarios 13-15 and 20-21 allowed 

greater recharges through S/A SUb-systems. and all boundary cells 

except those along the southern boundary: while Scenarios 16-16 

allowed greater recharges through all boundary cells except those 
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• 
along the southern boundary. Scenario 19 represents a special 

case in which the southern boundary was treated as a variable-

head cell boundary and permitted more recharges through the 

boundary cells than was estimated to be the average hisoric 

values. 

The historic annual pumping estimates that Yere used as 

uppsr bounds on pumping in sach csll were sithsr 1982 values 

(Scenarios 2.5.14.8.11.17.20) or 1980 values (Scenarios 

3.6.15.9.12.18). Estimatsd groundwater withdrawal values for 1982 

acreages and average climatic conditions ars considered more 

realistic because they reflect the most recent information 

available when this study was initiated. The 1980 values are 

significantly greater than the 1982 values because 1980 was a 

drought year. Theretore. the use of 1980 instead of 1982 

withdrawal (pumping) values reprssented a relaxation of the upper 

bounds on pumping at each cell. and resulted in an increase in 

sustainable pumping (Table 5.4). However. this increase in total 

regional withdrawal was accomplished by sacrificing the more 

uniform regional distribution of optimal cel I-by-cel 1 pumping 

obtained. when using 1982 values as bounds. 

The maximum potential demand for groundwater at each cell 

was used as the upper bound on allowable pumping in Scenarios 1. 

4. 7. 10. 13. 16. 19 and 21. As seen in Table 5.4. this resul ted 

in an increase of total sustainable withdrawal from the region 

compared to that obtained trom scenarios which ueed historic 

pumping values as the upper limit. However. the resulting optimal 

pumping was very much concentrated in a small fraction of the 

entire area. This strategy of permitting groundwater withdrawals 
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according to potential needs (where physically feasible) 

diminishes the spatial equity in the dietribution of pumpings. 

Such a strategy is socially unrealistic. since it would require 

the ehift in irrigated acreages. from current locations to other 

locations nearer to recharge sources. Therefore. using historic 

pumping as an upper bound on pumping at each cell 

desirable alternative. 

is a more 

Some scenarios (Scenarioe 7-12. 16-19) used average 

estimated S/A recharge (1972-83) as the upper bound an recharge 

to the aquifer from the Boeuf River. Bayou !'lacon. and Bayou 

Bartholomew. The rest of the scenarios (Scenarios 1-6. 13-15. 

20.21 ) used maximum estimated annual S/A recharge ( 1972-83) as 

the upper bound on the recharge to the aquifer from the three 

internal rivers. As seen from Table 5.3. If all oth~rconstraints 

remain the same. the use of maximum S/A recharge as the upper 

bound on S/A recharge to the aquifer substantially increased the 

sustainable amount of pumping. Use of these values as upper 

bounds is not physically unrealistic since the Implementation 

of a desirable sustained yield strategy will probably cause 

initial declines in the groundwater tabls elevations along the 

streams. This would result in increased amounts of recharges from 

these streams into the aquifer. 

Scenario 14 was chosen as the most appropriate scenario 

for Hodel 1. because: 

a) use of estimated pumping in 1962. as the upper bound on 

cell-by-cell pumping. is moet efficient in maintaining the 

historic spatial distribution of pumping: 
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b) use of maximum estimated annual S/A recharge as the upper 

bound on recharge to the aquifer from the three internal 

is realistic; and 

rivers 

c) use of Type 3 boundary conditions preserves the estimated 

historic ground~ater flo~ into Louisiana. 

,The use of Hodel 1 and results in a total ~ithdra~al of 

147.200 ac-ft/yr (116.000 ac-ft/yr from area A. the Boeuf-Tensas 

basin) frOID the Bayou Barth.olome~ Basin Quaternary aquifer. In 

contrast. Scenario 15 (~hich is identical to Scsnario 14 sxcept 

that the upper bounds on pumping in each cell is the 1980 pumping 

value) results in 201.600 ac-ft/yr (173.000 ac-ft/year frOID area 

A) in the Bayou Bartholome~ basin. This increase in sustainable 

pumping frOID the aquifer is achieved at the cost of spatial 

sqUity in pumping. i.e •• some cells are allo~ed to pump more than 

that specified for Scenario 14. ~hils other cells are allo~ed to 

pump much l~ss or not at all. Thus. assuming that our estimates 

of cell-by-cell ~ater demands ars accurate. 

bassd on Scenario 15 may be undesirable. 

a pumping strategy 

Figures 5.3 and 5.4 

sho~ these charactsristics of Scenarios 14 and 15. The optimal 

eustainable potentiometric surface elevations for these scenarios 

are sho~n in Figures 5.5 and 5.6 respectivsly. 

Scenario 17 is also similar to Scenario 14 except that the 

upper bounds on recharges in the form of S/A rssponses are the 

averags valuss for 1972-83. This reduction in allo~able recharge 

from ths streams to the aquifer rssults in a large reduction in 

the total suetainable pumping from the aquifsr. Only 86.900 ac-

ft/year can be pumped from the ~hole area (55.800 from the Boeuf-

Tensae portion) if Scenario 17 is used. This value is far less 
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than the estimated aveI'age annual pumping fI'om this aquifer and 

is not veI'y acceptable. 

In eummaI'Y. the constI'aints and boundary conditions of 

Scenario 14. are the most acceptable if maximization of sustaine~ 

groundwater withdrawal is the management objective. If the 

maintenance of average histoI'ical interflow to the inter'nal 

rivers is also an important considsration. ScenaI'io 17 is the one 

that should be used with nodel 1. 

The same constraints used in Scenario 14 foI' Hodel 1 weI'e 

used for nodel 2. The resulting scsnario. number 20. used 1982 

pumping as ths uppsr bound on cel l-by-cel 1 pumping. Type 3 

boundary conditions. and 1983 potentiometric eurface elevatione 

as the target elevations. The total sustainable pumping with 

Scenario 20 was only about 30 percent of the aveI'age historic 

pump·ing. Therefore," in Scenario 21. the uppeI' bound on cell-by-

cell pumping was increased to the potential need in each cell to 

veI'ify what additional amount of total eustainable pumping can be 

obtained with this I'elaxation of pumping upper bounds. Scenario 

21 repI'esents constI'aints identical to Scenario 13. and diffeI's 

from Scenario 20 only in the pumping uppeI' bounds. Even with this 

relaxation of pumping uppeI' bounds. the total suetainable pumping 

increased only by about 3000 ac-tt/year. Constraints eimilar to 

those of ScenariO 15 weI'e not used with Hodel because, the 

1980 pumping values are in between 1982 values and the potential 

needs. Thus the use ot constraints eimilar to Scenario 15 would 

reeult in eustainable total 

Scenario 21. 

withdrawal less than that for 

As evident from Table 5.7. Scenario 20 specifies an 
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optimal regional pumping value of 52.800 acre-ft/yr (50.400 ac-

ft/yr for the Boeut-Tensas area). This amount can be pumped trom 

the study area while maintaining the potsntiometric surfase near 

that of 1983. 

ths potential 

If the maximum allowable pumping at each cell is 

dsmand for that cell (Scenario 21). 

regional value of pumping is elightly greatsr. 

the optimal 

55.900 ac-

ft/year (54.700 ac-ft/year from the Boeuf-Tsnsas area). The cell-

by-cell regional optimal pumping valuss for Scenarios 20 and 21 

and the corresponding potentiometric surface elevations that 

those strategies will maintain are shown in Figures 5.7 to 5.10 

respectively. 

The total optimal pumping valuss obtained by using. nodel 2 

for the two most realistic scenarios are far less than those 

historically observed. A major reason is that the historic 

withdrawals caused a continuous decline in the potentiometric 

elevations (Figure 5.l). Therefore. sustenance of current 

potentiometric surface elevations will permit much less pumping 

than has been historically observed. 

5.4 SUnnARY AHR CONCLUSIONS 

Solutions of an optimization model ussful for developing a 

regional groundwater management strategy are dependent on the 

specified boundary conditions. Two types of considerations are 

nscsssary while selecting these boundary conditionsl 

feasibility based on hydraulic conditions. and i i ) 

feasibility based on social, economic and 

i) physical 

managerial 

political 

consider-at ions. These two criteria were considered in developing 

optimal suetained yield pumping strategies for the following two 
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objectives: 

i) naximizing sustained yield groundwatsr pumping (nodel 1); 

ii) naximizing maintenance of current potentiometric surface 

elevations (nodel 2). 

For node I 1. 

assumed that: 

the most acceptable strategy (Scenario 14) 

a) the estimated average annual groundwater flow to the 

Louisiana portion of the aquifer should bs maintainsd. 

b) the uppsr bounds on pumping in sach intsrnal cell should 

be 1982 valuss. (Ths spatial distribution of the resulting 

optimal pumping stratsgy clossly conforms to the historically 

observed values.) 

c) the maximum annual. val ues 0 f recharge to the aqui fer 

from the intsrnal streams that were estimated for 1973-1983 

should be used as uppsr bounds on stream/aquifer rechargs. 

The sustainable pumping trom the Quaternary aquifsr under 

lying the Boeut-Tensas basin for this scenario is 116.000 ac

ft/year. This value is within 18 percent of the estimated pumping 

in 1982 in this region, 140.300 ae-ft. 

A greater. and quantitatively satisfactory. eustained 

yield can be obtained if one uses the same constraints as those 

of Scenario 14. with the exception that the upper bounds on 

pumping in each internal cell are the 1980 pumping values. The 

result of this ecenario. number 15. is an annual eustained yield 

of 172.800 ae-tt/year for the Boaut-Tensas basin. This is about 

110 percent of this area's sstimated average annual pumping. 

Unfortunately. to achiave this yield. pumping is ccncentrated 

near recharge sources. Assuming that our eetimate of the spatial 
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distribution of historic pumping reasonably accurate, the 

redistribution of pumping locations that ~ould be required by 

adopting this scenario is probably not- politically desirable. 

The other most acceptable strategy for nodel 1 (Scenario 

17) had the eame constraints as those of Scenario 14 except that: 

the average estimated stream/aquifer recharges for 1973-83 ~ere 

used as the upper bounds tor the three internal rivers. The 

sustainable pumping for Scenario 17. 55.600 ac-ft/year for the 

Boeuf-Tensas basin region. is naturally lo~er than that for 

Scenario 14. Scenario 17 may represent overly restrictive 

conditions. since grounduater levels have been declining. and 

hence recharge from the streams is likely to increase uith time. 

The same assumptions as uere used for Scenario 14 in 

nodel 1 uere applied to nodel 2. Scenario 211l. The resulting 

sustainable annual pumping for this s.trategy ie 50.400 ac-

ft/year. Becauee this value of sustainable pumping is only about 

311l percent of the average historic (1972-62) pumping. in Scenario 

21 the upper bound on cell-by-cell pumping uas increased to 

potential need in each cell. ~hile retaining all other 

constraints ths same as those of Scenario 211l. The total value ot 

sustainable pumping tor Scsnario 21. 54.6011l ac-ft/year. is only 

slightly different from that of Scsnario 20. For both of these 

scsnarioe ueed for node! 2. the allowable total pumpings for the 

Boeut Tensas Basin are only about 30 percent of the estimated 

annual pumping in 1962. Therefore. it might be extremely 

difficult to implement a pumping strategy based on the objective 

of nodel 2. 
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No doubt. the choice of a singls strategy from a set of 

alternative strategies requires analysis of social. political and 

economic consequences. 

implementing an optimal 

potentiometric elevations 

Ho~ever, if the sole criterion for 

strategy is the maintainance of the 

as close as possible to the current 

levels. then the regional ~ithdra~al policy must be based on the 

solution ot Hodel 2. On the other hand. if the goal for 

implementing a regional pumping strategy is to maximize 

sustainable ground~ater pumping. a sustainable yield pumping 

strategy for this area should be based on the solution of Hodel 

1. preferably ~ith the constraints of Scenario 14. 
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APPENDIX &. 

Procedure to Estimate 1981 
Agricultural Pumping in Cell H. County A 

(Peralta et. al •• 19831 
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ACRE (I'l) 

TAGAC (A) 

= the agricultural acreage in cell I'l in 1977 
(ac) 

= the total agricultural acreage in county A 
~ithin the study area in 1977 (ac) 

RAGA (A.S1) = the rice acreage in county A ~ithin the 
study area in year 19S1 (ac) 

SAGA (A.Sl) = the soybean acreage in county A Qithin the 
study area in year 19S1 (ac) 

CAGA (A.S1) = the cotton acreage in county A Qithin the 
~study area in year 19S1 (ac) ~ 

RIR (Sll 

SIR (Sll = 

CIR (Sll = 

QUAT (A) = 

Z (A.Sll = 

Z (A.S1) = 

= irrigation Qater used for rice irrigation 
in 19S1 (tt) 

irrigation Qater used for soybean 
irrigation in 19S1 ( f t) 

irrigation Qat~er used for cotton 
i r.r igat i on in 1981 (ft) 

the percent of the county A's irrigation 
Qater Qhich is draQn from the Quaternary 
aquifer 

RAGA (A.S1) * RIR (Sl) + SAGA (A.S1) 
SIR(Sl) + CAGA (A.Sl) * CIR (Sl) * 

total Qater used 
cotton irrigation 
(ac-ft) 

for rice. soybean and 
in county A in year 1981 

AGPUI'lP (I'l.Sl)= Z (A.Sl) * ( ACRE(I'l) / TAGAC(A) ) * QUAT (A) 

AGPUI'lP (H.S1) = the volume of the ~ater used for rice. 
soybean and cotton irrigation in cell H 
year 19S1 (ac-tt) ~hich is pumped from 
the Quaternary aquifer 
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Subroutine !1a!1! 

APPENDIX B 

SUBROUTINES USED IN SSTAR5 

The main function of this subroutine is to direct the execution 

to other subroutines. This subroutine also initializes the input 

uni t, IN. and the two output units. ITOUT and 1I1AP. This 

subroutine directly calls subroutines READRO. TSAVG. COEF3. 

COEFI. SWCON. LPI1IN. TARGET. INFOUT. SENSE and CHECK. 

Additional subroutines describing other objective functions may 

be called from subroutine I1AIN any time after the call to 

subroutine COEFI. 

Subroutine READRO 

This subroutine reads in data from the main data file from unit 

IN. Some variables and arrays are initialized for subsequent 

subroutines including QPTHOR. From the input data. 

eubroutine calculates the initial saturated thickness. 

this 

the 

initial drawdowns. and the midpoint transmissivities. I f I W= 1. 

the following information is output to unit II1AP: the cell 

numbering system. the initial potentiometric surface elevations. 

the initial drawdow-ns, the upper bound on drawdown, the initial 

saturated thickness. ths minimum allowable recharge. and the 

upper and lower limits on groundwater pumping. The subroutines 

directly called from subroutine READRO include NUMBER and MAP. 
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Subroutine NUMBER 

This subroutine assigns a one-dimensional integral value to 

identify each finite difference cell located by ( I • J 1 

coordinates. The set of cells is defined by a cartesian 

coordinate system ~ith the origin located at I =0 .. J=!IJ. An 

integer designation is assigned separately to each variable-head 

cell and each constant-head cell. The variable-head cells are 

numbered beginning ~ith the cell in column one which is in the 

row ~ith the smallest J-value. Sequential numbering continuee in 

the vertical direction until reaching the last row in column one. 

The next number is assigned to the cell in column two which ie in 

the ro~ ~ith the smallest J-value. This pattern continues until 

all NVAR variable cslls have been numbered. The constant-head 

cells are similarly numbered beginning ~ith one and ending ~ith 

NCH. 

Subroutine TSAVG 

From the midpoint tranemissivity values determined by subroutine 

READRO. this subroutine calculates the five-point finite 

difference transmissivities. A geometric averaging method is 

used to determine the average transmissivity between each finite 

difference cell and the cells immediately adjacent to it in the 

positive I-direction and the positive J-direction. The 

transmissivity values are in units of (square feet per yearl*E-

06. Valuss are truncated one place after the decimal point. 
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Subroutine HA? 

This subroutine takes the data in the array ~hich is passed to 

it. and outputs this data on unit IHA? in a map format. The data 

in the argument array must be identified by (I.J) coordinates. 

Subroutine COEF3 

This eubroutine formulates the constraints imposed on recharge in 

every constant-head cell in ~hich ISW is equal to zero. This set 

of KCH constraints limit the recharge in constant-head cells such 

that it is greater than ACCRN. The upper limit on recharge ie 

imposed in subroutine L?HIN or TARGET (whichever is called) in 

the form of an upper bound on the slack variable associated ~ith 

inequal i ty constraints (NVAR+l) t·o (NVAR+KCH). Subroutine COEF3 

also formulates a constraint for ~very constant-head cell 

subsystem. There are NCHSUB additional constraints. The lower 

limit on total recharge in each constant-head subsystem is set 

equal to CHSHIN. The upper limit is imposed in subroutine L?HIN 

(or TARGET) in the torm of an upper bound on the alack variable 

associated ",ith inequality constraints (NVAR+KCH+ 1) to 

(NVAR+KCH+NCHSUB). 

Subroutine COEFI 

The finite difference transmissivity values are utilized in this 

subroutine to determine the coefficients and the right hand side 

of the linear constraints on pumping in all variable cells. The 

constraint limiting groundwater pumping to be greater than PHIN 
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is formulated. The upper limit on ground~ater pumping is imposed 

in subroutine LPnlN (or TARGET) in the form of an upper bound on 

the slack variable associated ~ith the first NVAR inequality 

constraints. 

Subroutine SWCON 

This subroutine formulates the final NSUB insquality constraints. 

A constraint for each stream/aquifer subsystem is developed 

limiting the sum of the stream/aquifer response to be greater 

than or equal to SWnlN and less than or equal to SWnAX. The index 

ISA indicates to ~hich subsystem a stream/aquifer cell belongs. 

Subroutine LPnlN 

In this subroutine. the linear objective function to maximize 

total regional groundwater pumping is formulated and submitted to 

QPTHOR. Upper and lo~er limits on dra~dd~n. arG applied to the 

first NVAR variables. Limits on the slack variable associated 

~ith the pumping constraints are imposed on the next NVAR 

variables. The upper and lower limit on the slack variables 

associated ~ith the recharge constraints are applied to the 

next KCH variables. The limits on the rscharge in the constant-

hsad subsystems are applied to the next NCHSUB variables. 

Finally. the limits on stream/aquifer interaction in each 

stream/aquifer subsystem are applied to the last NSUB variables. 

This subroutine is directly called from the main program when the 

index lSUS = 0. The subroutines directly called from subroutine 

LPnlN include subroutine GSlnEQ, and QPTHOR. 
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Subroutine GSIMEQ 

The function of this subroutine is to develop an initial feasible 

solution from which the optimization process will begin. A 

Gauss-Sidel iterative method is used to solva the set of 

simultaneous equations to compute the drawdown values for which 

the groundwater pumping in all cells is equal to PMIN. If the 

lower limit on pumping in all cells 1s zero. this etrategy 

represents an unstressed aquifer condition. From the initial eet 

of ,. drawdown values. the recharge necessary to support minimum 

groundwater reguirements is computed and compared to the imposed 

recharge constraints. If the maximum amount at recharge at any 

constant-head cell is exceeded, a message is output to unit lOUT. 

Subroutine QPTHOR 

This subroutine optimizes the objective function formulated by 

eubroutine LPMIN (or TARGET) under the constraints defined by 

subroutines COEFI and COEF3. It has the capability of optimizing 

both the linear and quadratic objective functi ons. This 

subroutine is a slightly modified version of the QPTHOR written 

by Leifsson and othere (1961). A user's manual of the unmodified 

program may be purchased from H. J. Morel-Seytoux, Civil Eng. 

Dept. , Colorado State University, Ft. Colline. CO 60523. QPTHOR 

is not to be extracted from SSTAR5 and used for other purposes 

without the permission of H. J. Morel-Seytoux. 

Subroutine INFOUT 

This eubroutine outputs the results from subroutine QPTHOR in a 
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map format on output unit IHAP. The information output from this 

subroutins includes; draydoyns. elevations. groundyater pumping. 

rscharge. total excitation. the percent af m~ximum recharge used. 

stream/aquifer response. and optimal saturated thickness. 

Subroutine SENSE 

This subroutins yritee out the constrained derivatives associated 

Yith each decision variable to output unit ITOUT. The 

constrained derivatives indicate the change in the value of the 

objective function due to a change in the value of a single 

decision variable. The infor.ation from this subroutine is 

useful in determining the effect of relaxing a constraining 

condition on .d,rat.Jdoun. pumping, or recharge. 

Subroutine TARGET 

This subroutine formulates a quadratic goal-programming 

objective function to create a set of optimized potentiometric 

levels so that the deviations of the latter set from the input 

slevations (current or any given set of 'target' slevations). are 

regionally at a minimum. Limits are imposed on variables in the 

same yay as in subroutine LPHIN. Subroutine QPTHOR is called for 

optimization. Subroutine INFOUT is called subsequently. to 

calculate the steady-state pumping values that correspond to this 

optimized set i.e .• 

elevations. 

sustained yield strategy for the optimized 

I f this subroutine is being called. an input data file 

containing the Yeighting factors (as described under methodology) 
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must bs provided. 

the next section. 

The description of this input file is given in 

This subroutine is called directly from the main ~rogram 

if the value of the index ISUS on card C is set to one of its 

values other than 0 (i.e., 1 , 2 or -3) • In other words. if ISUS 

equals 0, thie subroutine ie not executed (see Input Data to 

SSTAR5) • Under specific optione. calls are also made by this 

subroutine to subroutinss LPMIN. GSIMEQ and DETERM. 

Subroutine CHECK 

This eubroutine ie included to print out. on unit ITOUT. the 

optimum value of all variables. including original and slack 

variables, and their corresponding lower and upper bounds. The 

combination of feasibility and optimality conditions dictates 

that all the optimal values must be within. or at one of, their 

bounds. This print out is provided, however, to indicate any 

remotely probable instance when the condition may be violated due 

computational inaccuracy encountered in extermely large size 

problems. In such a case. the meesage 'Violated' is printed on 

the same line as the violating variable and its bounds. 

The output from this subroutine is also provided for a 

practical purpose. That is. a computer file containing the 

optimal values may also be saved if future use of these values as 

initial feasible solution to a subsequent optimization is 

envisaged. 

The optional call to this subroutine is made from the main 

program only if the index ICHK = 1. on card C. 
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Subroutine DETERH 

Subroutine QPTHOR is designed for minimization of convex quadratic 

functions. In other words. global optimality of a solut~on is 

assured only when the function is convex (concave in the case of 

maximization). The neceesary and sufficient condition for 

convexity is that the coefficient matrix of quadratic terms. 

called the Hessian matrix. 

is positive definite if 

must be positive definite. A matrix 

the determinants of all minors are 

greater than zero. The coefficient matrix of the objective 

function introduced here is a diagonal matrix whose diagonal 

elements are reciprocals of squares of the weighting factors. 

Therefore they are all nonzero and positive. Thie guarantees the 

positive definitenees of this matrix. However, the present 

eubroutine is included as a capability for the management model 

to check the condition of any Heesian matrix that may ariee by 

using different quadratic objective functions. The eubroutine 

firet transforme the Hessian matrix to a lower triangular matrix. 

It then examines whether all diagonal elements are positive. The 

result of this test is printed on unit ITOUT as a message stating 

whether ths coefficient matrix is or ie not positive definite. 
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INPUT DATA FOR SSTAR5 

Theee are the definitions and format for the input data to 

SSTAR5. 

~ ~ Format (F10.a.F10.6) 

Field 1: Hydraulic conductivity in feet per year ~ 
Field 2: Computational accuracy criterion (ACe). The 

value for ACC for optimization of both 
functions is 0.002. 

euggested 
objective 

~ ~ Format(4IS) 

Field 1 : I START: l1inimum I-coordinate associated with a finite-
difference cell. 

Field 2= II1AX; l1aximum I-coordinate associated with a finite-
differencs cell. 

Field 3: JI'IAX; l1aximum J-coordinate associated with a finite-
difference cell. 

Field 4: ICELLl Total number of cells in the study area. 

Card ~ Format (SIS) 

Field l' 
constrained. 
If IRCH = 

IRCH; Index defining whether recharge wi 11 be 
If IRCH = 0 no recharge constraints are recognized. 

1 there are recharge ccnstraints. 

Field 2' ITER; Index defining ~hether optimal 
used as initial conditions for purposes 
optimization If ITER ~ 0 initial conditions are 
data file and results are not saved on FT23F001. 

resul ts wi 11 be 
of sequential 
read from main 

I f ITER = 1 
initial conditions are read from main data file and results saved 
on FT23F001. If ITER·- 2. input is read from FT23FQ)!1JI and resulta 
are not saved on FT23F001. I f ITER = 3 input is read from 
FT23F00I and results saved on FT23F001. 

Field 3' ISUS; Index defining whether the subroutine TARGET is 
to be called. It ISUS = 0 no call is made. If ISUS equals I. 2 or 
3 this eubroutine is called. Whenever this eubroutine is called. 
an input file containing the cell co-ordinates and the weighting 
factors for all cells in the region must be provided under 
FORTRAN UNIT II. The input format for this file is (215. 
FI0.3). The three fields correepond to the cell co-ordinates I.J 
and the reCiprocals of the weighting factors respectively. The 
reciprocals are needed because eubroutine TARGET has been 
developed to use the inverse of the standard deviations from 
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kriging as ths ~sighting factors and these standard 
~ere di rect I y input to the program. Therefore. if
~eighting factor is to be used. its reciprocal must be 

deviations 
any other 
input. 

The three values of index ISUS determine the source of the 
initial feasible solution (IFS) to be used by Subroutine -QPTHOR 
for cptimization: 

I f I SUS 
solution 
QPTHOR. 

= 1, 
found 

subroutine LPHIN is called by TARGET. 
by that subrcutine is transferred as an 

and 
IFS 

the 
to 

If ISUS = 2. an IFS must be provided as an input file on unit 25. 
The tile must have the initial feasible values for each of the 
original variables (variables in the objective function) in 
continuous sequence from variable number one to number N. 
according to the variable numbering system explained in a 
follo~ing section of this report. The format for this file is 
(15X.FI5.7'. 

I f I SUS = 3. subroutine GSIHEQ is called to gene:rate the IFS. 

For a large size aquifer system. the numerical difficulties 
inherent in optimization of quadratic objective functions require 
the fairly careful selection of an IFS and an accuracy criterion. 
It has been observed that for the Boeuf-Tensas Baain. ~hich is a 
fairly unstressed· system. an IFS generated by subroutine GSIHEQ 
(ISUS = 3) and an ACC = 0.002 are most appropriate. Our 
experience has been that ~hen using subroutine TARGET an IFS that 
is close to target levels ~ill cause a more rapid convergence and 
a satisfactory set of ~atsr levels than an IFS that is far from 
the target elevations. 

For large size problems. subroutine TARGET may take a 
considerable amount of computer time even for a fairly small 
number of iterations. For the Boeut-Tensas Basin. a problem ~ith 
660 variables and 346 constraints. a computer run required 1661 
seconds of CPU time to perform 68 iterations. The most important 
single factor dstermining the computer run time is. of course. 
the size of the problem. Run time increases exponentially ~ith 

increase in size. Accuracy is another factor that affects 
execution time. Hore accurate solution is normully associated 
~ith more iterations and. thus. ~ith more CPU time. Therefore. 
the model user must decide ~hether he can afford mare iterations 
required by a smaller ACC in order to achieve a mo:re satisfactory 
solution. 

Field 4: ICHK: 
1 f I CHK = I. 
made. 

Index defining ~hether subroutine CHECK is called. 
the subroutine is called: if it is zero no call is 

Field 5: I PDl1; Index 
called. The subroutine 
ca Iii s made. I f I SUS = 

defining ~hether subroutine OETERn 
is called for IPOH = 1; tor IPon = 0. 
0. IPon should be zero too. 
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Card ~ Format (315) 

Field 1: ISP; Index defining whether eensitivity analysis on 
the optimization reeults is performsd. If ISP = 0 no sensitivity 
analysis is performed. If ISP = 1 sensitivity analysis of 
optimal solution is performed by eubrouttne SENSE. 

Field 2: IWP; Index defining 
output in map format. If 
eolution is provided. If 
format. 

whsther 
IWP = 0 
IWP = 1 

results 
no map 
rssults 

of optimization are 
output of optimal 
are output in map 

Field 3: 1101; Indsx defining whether any input data is output 
in map format. If 1101 = 0. no input data is output in map format. 
If 1101 = 1. selected input data ie output in map form'at. 

~ ~ Format(15) 

Field 1: NSUB; Total number of stream/aqui fer subsystems. If 
NSUB = 0 skip to Card G. 

Card(s) ~ Format(FI0.8) (optional) 

Field 1: 
per ysar. 
aquifer. 

SWnIN(I); The lower limit on interflow. in acre feet 
from the etrsam in" stream/aquifer subeystem 1 to the 

Continue with ths 
The total number of 

next F-Card f~r stream/aquifer 
F-Cards is equal to NSUB. (Card 

subsystem .2. 
E. Field 1). 

Card(e) ~ Format (215) 

Field 1: JSTART(I); The smalleet. 
the left-most column. column 1. 

lower-moet J-coordinate in 

Field 2: 
column 1. 

JEND(l): The largest. upper-most .T-coo-rdinate in 

Continue with ths nsxt G-Card for 1=2 (column 2) 
smallsst and largsst J-coordinats in column 2. Thsn 
for column 3.... The total numbs I' of G-Cards should 
(Card B. Field 2). 

~ ~ Format(215) 

with the 
a G-Card 
squal InAX 

Fisld 1: NCH; The total number of constant-head cells. If NCH -
o then skip to Card K. 

Field 2: 
sUbsystems. 

NCHSUB; The total number of constant-head cell 
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Card(s) ~ Format(3I5) (opt i ana I) 

Fisld I: 
csl I . 

ICH(1); The I-cocrdinate of the first constant-head 

Field 2: 
cell. 

JCH (1) ; The J-coordinate of the first constant-head 

Field 3: ICF(I); An index defining ~hether a constant-head cell 
is part of a constant-head cell sUbsystem. If ICF = 0. the cell 
is constrained alone. It lCF is greater than zero. ICF indicatee 
the constant-head SUbsystem to ~hich the constant-head cell 
belongs. The largest value of ICF is NCHSUB. 

Continue 
located. 
1). 

~ith I-Cards until all constant-head cells have 
The total number of I-Cards equals NCH (Card H. 

If NCHSUB = 0. (Card H. Field 2). skip to Card K. 

Card(s) ~ Format (FI0.8) (optional) 

been 
Field 

Fie I d 1 : CHSl'Ii N ( 1) ; The lowe r 
constant-head subsystem I. 

1 imi t on tots I . recharge in 

Continue with the next J-Card for constant-head subsystem 2. The 
total number of J-Cards is equal to NCHSUB (Card H. Field 2) 

~!l.:... Formaf (IS) 

Field I: NSA; Total number of stream/aquifer cells. 
then skip to Card H. 

If N'SA = 0 

Card(s) ~ Format (3I5.F10.2.EI2.6.F10.2) (optional) 

Field I: 12 ; I-coordinate of first stream/aquifer cell. 

Field 2: J2: J-coordinate of first Stream/Aquifer cell. 

Field 3: ISA( 1); An index defining whether cell ([2. J2) is in a 
stream/aquifer subsystem. The integral value of ISA indicates 
the subsystem to which the stream/aquifer cell belongs. The 
largest value of ISA is N'SUB. If ISA is equal to 0. cell <I2.J2) 
does not belong to a stream/aquifer eubsystem and is constrained 
by STHAX. (Field 6). 

Field 4: 
(12.J2). 

Field.5: 

XSST: The elevation of the water in the stream at cell 

XAPS; The reach transmissivi ty at cell (12. J2) in 
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units of squars feet per year. 

Field 6: STHAX: The minimum allo~able interflo~ 
stream and the aquifer at cell (I2.J2) in acre-feet 
Use appropriate sign convention. It STHAX ois equal 
cell is constrained only as part of a stream/aquifer 
If STHAX is not equal to zero. ths dra~do~n in cell 
limited such that STHAX is not exceeded. 

bet~een the 
per year. 

to Qlo, the 
subsysteom: 

([2. J2) is 

Continue 
located. 
Field 1). 

~ith L-Cards until all strsam/aquifer cslls have been 
The total number of L-Cards should equal NSA (Card K. 

Card(s) ~ Format(IX.I2.1X.212.8F9.2) 

Field 1: 12: The I-coordinate ot any cell 1n the study area. 

Field 2: J2; The corresponding J-coordinate of the cell 
partially identified by field 1. 

Field 3: IS,": An index defining "hich cells "ill be ueed in the 
maximization of selected ground~atsr ~ithdra~al. It IS'" = I. the 
cell ~i 11 be included in the I inear optimization. If ISW = Ql. the 
cell "ill be excluded from the linear optimization. If IS'" = (I) 

for a constant-head cell. the constant-head cell is constrained 
by XACN and XACX (Field e and Field 9) If IS'" = 1 for a 
constant-h~ad cell. the constant-head cell is constrained only as 
part of a constant-head cell subsystem. 

Field 4: XELEV: The initial (current or target) elsvation of the 
potentiometric surface at cell (12. J2) in feet. 

Field 5: XTOP: The elevation of the top of the aquifer at cell 
(12.J2) in feet. 

Field 6: XBOT; The elevation of the base of the aquifer at cell 
(I2.J2) in feet. 

Field 7: XSATH: The minimum acceptable saturated thicknees in 
cell «(2.J2) in feet. 

Field e: XACN: The minimum acceptable recharge (maximum flux 
from outside the system) in cell (12.J2) in acre-feet per year. 
I f cell (12.J2) is a variable-head cell. this value is considered 
a constant. 

Field 9: XACX: The maximum allo~able recharge in cell (I2.J2)in 
acre-teet psr year. If cell (I2.J2) is a variable-head cell. 
this value is ignored. 

Field lQl: 
cell (12.J2) in 
constant-head cell. 

The minimum acceptable groud~ater pumping 
acre-feet per year. I f cell (12. J2) is 
this value ie coneidered a constant. 
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The maximum allowable groundQater pumping 
cell (I2.J2) in acre-feet per year. If cell (I2.J2) is 
constant-head cell. this value is ignored. 

Field 11: XPI1AX; in 
a 

Continue with I1-Cards until all cells have been assigned 
characteristics. The total number of ~-Cards must equal_ 
(Card B. Field 4). The order is not important. 

these 
[CELL 
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HATRIX DIHENSIONS 

To modify SSTAR5 to execute for any given study area. the 

following matrix dimensions must be- changed based on the 

characteristics of the region. The matrix modifications listed 

for QPTHOR are from the QPTHOR User's Hanual (Leifsson and 

others, 1981). 

COHHON/BUNCH l/ISTART, IHAX,JHAX,JSTART(IHAX),JEND(IHAX) 

COHHON/BUNCH 3/NCELL(IHAX,JHAX),NCHN(IHAX,JHAX), ICH(NCH),JCH(NCH), 
*ICF(NCH),ISW(ICELL) 

COHHON/CHUNK I/DTR(IHAX.JHAX).DTU(IHAX.JHAX),T(IHAX,JHAX) 

COHHON/CHUNK 2/ACCRX(IHAX,JHAX),ACCRN(IHAX,JHAX),PHAX(IHAX,JHAX), 
*PHIN(IHAX,JHAX),XH(IHAX,JHAX).SI(IHAX.JHAX) 

COHHON/BLOCK I/CA(NVAR+K).AA(K,NVAR+K),R(K).B(K.K).D(K.NVAR). 
*V(NVAR) 

COHHON/BLOCK 2/X(NVAR+K).ITYPE(NVAR+K),XO(NVAR+K).XU(NVAR+K).XL(NVAR+KJ 

COHHON/BLOCK 3/NS(K),ND(NVAR).NN(NVAR+K) 

COHHON/OPOUT/QG(IHAX,JHAX),SSOP(IHAX.JHAX) 

COHHON/SWC I/NSUB,SWHIN(NSUB),SWHAX(NSUB),CHSHIN(NCHSUB),CHSHAX(NCHSUBJ 

COHHON/AQUIF/TOP(ICELL).BOT(ICELL) 

COHHON/STAQ/SST(IHAX,JHAX).APS(IHAX.JMAX).ISA(ICELLJ 

COHHON/QUA I/Q(NVAR,NVAR) 

COHHON/AAA/TAR(IHAX.JHAX) 

COMHON/YAZ/SD(IHAX,JHAX), S2(ICELLJ 

DIHENSION DATA(IHAX.JHAX) 

DIMENSION SCR(IHAX,JHAX) 

DIHENSION CH(IHAX.JMAX) 

DIHENSION FACTOR(NVARJ 

DIMENSION TV(NVAR),SCR(NVAR).SCR2(VAR) 
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DIMENSION SS(NVARl,SCR(IMAX,JMAXl,SCR2(IMAX,JMAXl,SCR3(IMAX,JMAXl 

DIMENSION RT(NSUB+NCHSUBl 

DIMENSION Z(NVAR+Kl 

The follolling 
dimensions. 

definitions apply to the above variable 

IMAX 

JMAX 

= the maximum number of columne in the finite difference 
cell system. 

= the maximum number of rOilS in the finite difference cell 
system. 

NCH = the total number of constant-head cells in the study 

NVAR 

area. 

= the total number of variable-head cells in the study 
area. 

I CELL = the total number of finite difference cells in the study 
area. ICELL = NCH + NVAR. 

K = the total number of constraints in the problem: 
K = NVAR + KCH + NCHSUB + NSUB. 

KCH = the total number of individually constrained constant-
head eel Is. 

NCHSUB = the total. number of constant-head SUbsystems. 

NSUB = the total number of stream/aquifer SUbsystems. 
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DEVICE INPUT UNITS FOR SSTARS 

The following is a listi.ng of the ,comp).Jting device units 

used by the SSTAR5 water management model to read in data: 

Unit l1i 

The main input. described under INPUT DATA FORMAT FOR 

SSTARS. should be provided on this unit. IN ie currently assigned 

to unit 4. 

Unit II 

If the index ISUS (Card C. Field 3) is either 1. 2 or 3. the 

input file containing the weighting factors must be provided on 

this unit. Format and order for this input file are given under 

Field 3 of Card C (page B-9). 

Unit 23 

This unit is used if values of ITER (Card C. Field 2) are 

other than zero. The unit may be either an input or an output 

unit or both. depending on the value assigned to ITER. The output 

file created on this unit is 60 column and the same file is used 

as input in a subsequent run. Therefore. the format ~ order need 

not concern the user. 

ISUS = 2. the file containing initial feasible solution 

must be provided on this unit. Format and order for this file are 

given under Field 3 of Card C for the option ISUS = 2 (page B-

10) • 
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OUTPUT FROH SSTARS 

The output from the SSTARS ~ater management model appears on 

three separate output files. General output information, 

including any sensitivity analysis. 

~idth and is directed to unit ITOUT. 

is less than 60 columns in 

Output and results from the 

optimization subroutine QPTHOR are found on Unit 6. ~here 132 

column ~ecord length is needed. Any requested map output is 

directed to unit IHAP. also of 132 column record length. Each of 

these output files are described in detail for a typical problem. 

Unit ITOUT 

This output listing indicates the number of individually 

constrained constant head cells. KCH. The number of constant-

head subsystems. NCHSUB. and stream/aquifer sUbsystems. NSUB. are 

also noted in this file. The total number of constraints. K. is 

squal to NVAR + KCH + NCHSUB + NSUB. ~here NVAR is the total 

number ot variable-head cells. 

If IPDH = 1 and ISUS is not equal zero. there will be a t~o 

line message at this point in the output file that indicates 

whether the coefficient matrix of the quadratic terms is positive 

definite or not. 

I f ISUS is not zero. the next line in the output file 

indicates the constant value of ~eighted sum of squares of the 

initially input (current or 'target') drawdo~ns in variable-head 

cells This numerical value is the constant term in the 

quadratic objective function (Hodel 2 ) 

four. 
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If ISUS is not 2. the follo~ing part of the output file is a 

note indicating the number of iterations used in subroutine 

GSInEQ. and ~hether the total number of iterations. NIT. has been 

excseded. Subroutine GSlnEQ uses the Gauss-Sidell iterative 

process to calculate the dra~do~n values ~hich correspond to the 

lo~er limit on ground~ater pumping in all ce 1 Is. (Further 

description of this subroutine appears in the Description of 

Subroutines used in SSTAR5.) Because this is an itsrative method 

of simultaneous equation solution. an accuracy criteria is 

employed for determining ~hen the. process should be stopped. 

The accuracy criteria ueed in subroutine GSInEQ is the same 

criteria used in QPTHOR for determining ~hether any constraints 

have been violated by the initial feasible solution. Therefore. 

a solution created by GSlnEQ ~ithin the maximum number of 

iterations. is automatically accepted by QPTHOR. Ho~ever. if the 

maximum number of iterations is exceeded before the accuracy 

criteria is satisfied. the initial feasible solution may be 

rejected by QPTHOR. 

The accuracy criteria in both GSInEQ and QPTHOR is a 

function of ACC (Card A .• Field 2). The values of ACC in the range 

0.001 - 0.002 have been satisfactory for most of the 

developmental simulations. The maximum number of iterations in 

GSInEQ is defined by the integer NIT and has been internally set 

to 100. If this is exceeded and the solution rejected by QPTHOR 

it may be necessary to increase NIT. Under certain input 

conditione. such as a large valus of reach transmissivity (above 
2 

the order of E+09 ft Iyear). a degenerate situation may ariee in 
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~hich convergence in subroutine GSIMEQ ie not guaranteed. I f 

such a situation occurs. 

increased. 

the accuracy term. ACC may have to be 

After a solution has been calculated in subroutine GSIMEQ. 

the corresponding recharge in the constant-head cells is 

calculated. This calculated recharge is that Qhich supports the 

initial feasible solution. I t the i ni ti a I recharge in a 

constant-head cell is less than the input lo~er limit on rscharge 

in tha t ce 1 1 • the 10Qer limit is decreased and set equal to the 

initial rscharge. When this is necss.sary. a message is output to 

unit ITOUT indicating the magnitude of the Change. When a 

recharge constraint is tight at the initial feasible solution. 

and the initial feasibls solution represents minimum alloQable 

ground~ater pumping. further optimization is severely reetricted. 

In the specific oase ~hen ISUS = 2 (initial 

solution supplied by the user through an input file), 

feasible 

no call is 

made to subroutine GSIMEQ. In this case obviously no output trom 

that subroutine described above. ~ill be produced. 

I f I CHK = 1, the next portion ot the output file is a print 

out ot the tinal optimal ~alueB tor all variables ( inc 1 Udi ng 

slack variables) and their bounds. 

is not produced. 

If ICHK equals 0. this output 

If no sensitivity analysis is performed ( I SP = 0) • no 

additional output to unit ITOUT exists. If a sensitivity analysis 

is requested (ISP = 1), the results are directed to unit [TOUT. 

The results of the sensitivity analysis indicate the relationship 

of each decision variable to the value of the objective function. 

This is useful in determining the etfect on the objective 
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function due to a change in a limiting constraint. 

The output listing contains three lines for each decision 

variable. A decision variable is any variable which is tight 

against either its lower bound or its upper bound at the optimal 

solution. The total number of decision variables is equal to 

NVAR. 

The first line indicates the type of variable and its 

current value. The cell numbering system is that as discussed 

previously. The variable may represent drawdown or pumping in a 

variable-head cell. recharge in a conetant-head cell. tota 1 

recharge in a conetant-head eubsystem. or total intertlow in a 

stream/aquifer subeystsm. If the variable is representative of 

drawdown. the value of the variable is equal to ·the drawdown at 

that cell. 

variables. 

If however. the variable represents one of the elack 

pumping. recharge. or total reach response. the given 

value of the variable is equal to the difference betwsen the flux 

and the lower limit on that flux. For example. if the value of 

the variable repressnting pumping in cell 9 is equal to zero, 

than the actual 

P=PrlIN. 

value of pumping is computed as P-PrlIN=0 or 

The second output line for each decision variable lists the 

constrained derivative of the objective function with reepect to 

that particular decieion variable. and the maximum change in the 

value of 

derivative 

the change 

that d·ec isi on var i ab 1 e for which the constrained 

is applicable. The constrained derivative indicates 

in the value of the objective function for a unit 

change in the value of the deCision variable. The maximum change 

B-21 



in the decision variable indicatee the range ~ithin ~hich the 

constrained derivative applies. assuming that the decision 

variable is changed in the direction ~hich improves the value of. 

the objective function. A unit change in the decision variable in 

~hich the absolute value of the constrained derivative is the 

largest has· the most effect on .the value of the objective 

function. 

The third output line for each decision variable indicates 

the state variable ~hich becomes tight ~hen the decision variable 

is changed by the maximum amount indicated in the second line. 

The variable numbering system applied to these state variables is 

common throughout the output and ~ill be encountered again. For 

this reason it is no~ explained in detail. 

The total number of variables. including slack variahles. is 

equal to ~VAR+K ~hers K is the total number of inequality 

constraints as dsfined prsviously. The total number of variables 

is also expressed as ~VAR + ~VAR + KCH + ~CHSU8 + ~SUB. The 

first NVAR variables are numbered according to the cell numbering 

system and represent the dra~do~n in cells 1 to NVAR. The next 

NVAR variables represent the ground~ater pumping in cells 1 to 

NVAR and are designated by the integers NVAR+! to 2*NVAR. The 

next KCH variabtes are those corresponding to the recharge in 

individually constrained constant-head cells and are numbered 

from 2*NVAR+! to 2*~VAR+KCH. (The individually constrained 

constant-head cells are located as described in the constant-head 

cell numbering system.) The follo~ing ~CHSU8 variables are those 

repreeenting the total recharge in each of the constant-head 

cell subsystems. These variables are numbered from 2*NVAR+KCH+! 
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to 2*NVAR+KCH+NCHSUB. The final NSUB variables repressnt total 

interflow from the stream/aquifer subsystems and are numbered 

from 2*NVAR+KCH+NCHSUB+! to 2*NVAR+KCH+NCHSUB+NSUB. 

Un,it 6 is designated by QPTHOR to receive the output from 

the optimization procsss. This output listing begins by 

indicating the number at variables in the objective function. 

NVAR. and 

information 

the total number at inequality constraints. 

that tollows is the upper and lower limit 

K. 

on 

The 

each 

variable .. including slack variables. and the value of each 

variable used as an initial feasible solution. The value used as 

an initial feasible eolution must be within or equal to the upper 

or lower bounds. 

explained previously. 

The variable numbering system is that as 

The initial value at the objective function is indicated 

fa 11 owed 

that the 

by the optimal value of all 

values listed for the 

eystem variables. Recall 

slack variables are the 

differences between the flux and the' lower limit on the flux. 

Fi naIl y. the optimal value at the objective function and the 

number of iterations required is output. 

Befors performing the optimization. all input values are 

modified such that all volumes are represented in units of 

millions at cubic teet. This is done in order that the matrices 

of coefficients are all of an order of one. The values of 

variables and limits listed in this output are therefore in units 

of millions of cubic feet and must be divided by 0.04355 to 
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change them to acre feet. 

The information on this unit is a listing of some input and 

output values on a cell by cell basis in map format. [f[W=I. 

the listing begins Qith a map of the cell 

follo~ed by a map of the constant head cell 

numbering system 

numbering syetem. 

These maps are useful in locating a particular variable by i.j 

coordinates. Initial input elevations (current or target). 

corresponding dra~do~ns. bounds on the variablee and initial 

eaturated thicknesses are then printed in a map format. 

The next parts of this output file are tormulated in 

subroutine [NFOUT and contain t~o main portions J) 

about the initial feasible solution and 2) information assoc1ated 

~ith the optimal solution. When [SUS is equal to 0 or 3. that is 

~hen subroutine GS[nEQ is called to generate the initial feasible 

solution, the first portion sho~s the reeults associated ~ith 

dra~do~ns calculated by that subroutine. The eecond portion in 

this case contains the optimal solution either from LPn[N ([SUS = 

0) or from TARGET (lSUS = 3), When lSUS = 2. the first portion 

contains information from the initial solution supplied by the 

user and ths second portion sho~s the results of optimization by 

TARGET. When 1 SUS = 1. the first portion sho~s the results from 

optimization in LPnlN and the second portion contains the reeults 

from TARGET. 
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Table C.l Fractiona ot Western Boundary Cells Enclosed Within 

Ths Boeut-Tensas Area (to the east ot the 

eastern divide of the Bayou Bartholomey 

Watershed) 

Fraction of Cell 
J Within Boeut-Tensas 

Area 

9 7 0.30 
10 7 0.20 
11 8 1 • 00 
12 8 0.25 
13 9 0.30 
14 9 0.25 
15 10 0.50 
16 11 0.50 
17 11 0.10 
18 12 0.50 
19 13 0.25 
20 13 0.30 
21 13 0.30 
22 13 0.25 
23 13 0.30 
24 13 0.30 
25 13 0.30 
26 13 0.40 
27 13 0.70 
28 13 0.90 
29 13 0.85 
30 12 0.40 
31 12 0.70 
32 12 0.85 
33 12 0.90 
34 1 1 0.25 
35 11 0.25 

C-2 



APPEND I X 12. 

LISTING OF PROGRAn SSTAR5 

0-1 



c .* •• *******************************************.***~~ •• *~~~~ 
C' SSTAR5 WATER MANAGEMENT MODEL: 
C • MAXIMUM PUMPING AND " 
C * ']UADRATIC GOAL-PROGRAMMING OBJECTIVE FUNCTIONS 
C • DEVELOPED : UNDER THE DIRECTION OF 
C • R.C. PERALTA, BY THE 1982-1985 STAFF OF' 
C • WATER RESOURCES MANAGEMENT LABORATORY 
C • AGRICULTURAL ENGINEERING DEPARTMENT " 
C • UNIV. OF ARKANSAS, FAYETTEVILLE AR, 727!91 
C •. (501) 575-2351 
C • ~UNDER FUNDING BY THE CORPS OF ENGINEERS 
C , AND THE AGRICULTURAL ENGINEERING DEPT. 
C *****************************>11*********************'** **~~~~ 
C >II 
C 'NOTE: 
C • 
C >tc 

C • 
C • 
C • 
C • 

SUBROUTINE ']PTHOR IS A SLIGHTLY MODIFIED 'lERSI;)N c,;: 
THE PROGRAM DEVELOF'ED BY VERDIN ET AL, 1'?8L ,:,PTH(',o, 
IS NOT TO BE EXTRACTED FROt1 THIS PROGRAM FOR SEPRA', ~ 
USE WITHOUT PERMISSION FR<)M H.J.MOREL-SEYT<)UX, 
DEPT, OF CIVIL ENG., COLORADO STATE, FORT COLLINS 
CO, 8@523. 

C >II**.***~********.*********.*****>tc***~**********~~*~.****.~~~ 
C • 
C' FOR ARRAY MODIFICATIONS CHANGE THE FOLLOWING: 
C. (IMAX) MAXIMUM NUMBER OF COLUMNS 
C' (VAR) TOTAL NUMBER OF VARIABLE CELLS 
C' (NKT) TOTAL NUMBER OF CONSTRAINTS 
C' (NPK) (VAR) + (NKTl 
C '. (IM,JM): IMAX, JMAX 
C. (NCH) TOTAL NUMBER OF CH CELLS 
C' (NC) NUMBER OF CH SUBSYSTEMS 
C. (NCLl TOTAL NUt1BER OF CELLS 
C. (NS) NUMBER OF BfA SUBSYSTEMS. 
C. (NS+NC) THE TOTAL NUMBER OF SUBSYSTEMS. 
C' (NKT,NPK) 
C.. (NKT,VAR) 
C' (NKT,NKTl 
C' (VAR,VAR): 

~--- - -- C-1I--ojI'l"ic"'-*-**-*.****-~*!/I-;jr~~>/I->il'"-" -il*;II>fI*>it*'>fI .... *'iI·"~*'>fI .... '!I;jI.kl/l·~'II t<'\4 'tr;i<:<e 

C MAIN PROGr::AM: DIRECTS .' TION TO OTHER SLD~/;UTI~~ES 
C ~"*>tc*****>tc*********~*.**~. *****.~~""*~~*.*~~:~*~.M~.~~. 
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SUBROUTI NE NUM\1ER 
(: ~~.***.~~**$*****$~*******.*************.~.~~************~****.******* 
,. ASSIGNS A IN'iEGRAL VALUE TO f",CH !.J, COoRDlNnTE NCELL(),J)=l,NVAR" 
C' CONSTANT HEAD CELLS HAVE A ilCCLL': I , J) = 'ii. ANU II NCHN (j , J) = 1 , NCH • 
C·. NCHN(l,J)= 0 FOR ALL NON- CONSTflNT HEAD CELL:,. • 
C *********************************.************************~*#*.******. 
c 

COMMON/BUNCH 1 J ISTART, 1MAX, .JMAX, JSTART (35) , J£NI) (35) 
COMMON/BUNCH 3/NCELL(35,~'12) ,NCHN(J5,22}, rCH(6;-} ,JCH(6;:), )CF(62) 

" ISW(J].~) 
COMMON; !)NE/ lUI L, NVAR, NC)1, NSA, !RCH, ITER, NCH:;UlJ, KCH, ISUS, JCHK , IPDM 

NUMCH=0 
NUMC=0 
DO 100 I=ISTART,IMAX 

.JBEGIN=JSTf\Rr( II 
JSTOP=JEND( I) 

Do 100 J=JBEGLN, JSToP 
01) 209 L=l, NCH 

IF(lCH(U.loCI. (.AND.JCH(U.Eel .. ])80TO 3130 
2160 CONTINUE 

NUMC=NUMC+1 
NCELL(],J)=NUMC 
NCHN(j,J)=@ 
60TO 100 

:llo\liCONTINUE 
C I ,J j S A CI)NSmNT HEAD CELL 

NCELL( I, J) =l3 
NU11CH=NUMCH+ 1 
NCHN(I,J)=NIJMCB 

1 ;,~I CONTI NUE 
l\:ETURN 
lONG 
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SUDROUT I NE TSJWI3 
(' ~'***~***************$**~*****.**.**~$*******.*****~*.~*~~~~*~*~***** 
'.' CALCULATES FINITE DIFFERENCE iR?)NSMISSI'lITIE!; 'usn"3 GEO!',fcyIC AVE' 
C ~~***~~**.**~*~**'***~*~**~~******$******~*~~**~*~'**.******;~~***$** 
C 

COMMON/BUNCH 3/NCELU35, 22) ,NCHN <35, 22) , ICH (62) ,JCH (62) , !CF (62) 
',ISW(376) 

COMMON/BUNCH 1/ISTART,IMAX,JMAX,JSTART(35),JEND(35) 
COMMON/CHUNK lIDTR (35.22) ,DTU (35, 22) ,T (35, 2:") 

c 
DO lIilliJ I=ISTART ,IMAX 
J8EGIN=JSTART(I) 
.JSTOP=JEND (r) 
DO 100 J=JBEGIN,JSTOP 
IF(I.m.IMAy.)GOTO 9!. 
IF(J.GT.JEN[)(l+ll ) GOTI) 9f. 
IF (J. LT. JSTART(J+ll) GOTO 90 
rlTR( I, J)=SQRT<T (I, J) -T(J+l, J» 
GOTO 10<1 

90 DTR(I,]1=0.0 
100 CONTI NUE 
C 

DO 200 I = ISTART, IMAX 
JBEGIN=JSTART(]) 
JSTOP=JEND(I) 
DO 200 J=JBEGIN,JSTOP 
IF (J. EQ. JSTOP) GO TO 19!9 
DTU (!, J) =SQRT iT (r. JPT (I, J+ll) 
SOTO 20<1 

1 9f~ DTU ( I , J) =1iJ. 0 
?0fJ CONTINUE 
r: JJO 15<1 I=IsrART,IMAX 
C JBEGIN=JSTART(Il 
c: JSTOF'= JEND ( I ) 
C DO 150 J=JBEGIN, JSTOP 
C XDTU=OTU(I,J)'10.~ 
c: IDTU=XOTU 
CADTU=IDTU 
C DTU (r. J'l =XDTU/ 1f9. 
C XDTR=DTR(I,J)oI0. 
C IDTR=XDTR 
C XDTR=IDTR 
C DTR(I,J)=XDTR!II. 
156 CONTINUE 
C 

DO 30<1 J=ISTART,IMAX 
JBEGIN=JSTART(Il 

, JSTOP=JEND ( I) 
DO 300 J=JBEGIN,JSTOP 

TC r. .J) =0. 0 
IF(!.EG!. ISTARTlGOTO 220 
IF (J. GT. JEND (I-I» GOTO 220 
IF(J.LT.JSTART(I-ll )60TO 220 
T(I, J)=T(I, J)+DTR(I-1, J) 

2;:f~ CONTINUE 
IF(I,EQ.IMAX)GOTO 231 
IF (J. LT. JSTART (! +1) ) GOTO 230 
IF (J. GT. JEND (1+1 i) GOTO 2J<I 

T (I, J) =T (I, J) +DTR (I, J) 
:'1"1 CONTI NUE 
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IF\J.t::G!.JSTOPlGOTO 2419 
Tll, J) =T( I, J) +DTU( I, J) 

::'i.) CONTINUE 
IFiJ.EC/.JBEGIN)GOTO 245 
T(I,J)=T(I,])+DTU(I,J-IJ 

~/15 CONTINUE 
31019 CONTINUE 
C 

!TOUT=7 
C I,RITE (ITOUT, 2000) 
C DO 41313 I=ISTART,IMAX 
C JBEGIN=JSTART(I) 
C JSTOP=JEND(I) 
l DO 400 J=JBEGIN,JSTOP 
C ~jRITE (ITOUT, 110019) I. J. DTR( I. J). DTU (I, J) ,T (I, ]) 
4!!1~1 CONTI NUE 
1I~i91~ FORMAT (IX, 12, IX, 12.2X,3FI0.2l 
2~1~10 FORMAT 11 X,, I J OTR DTU T' ) 

RETURN 
END 
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SUBROUTI NE 11AP (DATA) 
C ~.* ••• ~*******~**** •• *********.*.**.#****~**.*~#***** 
[:, TAKES GIVEN DATA AND l~RITES IT OUT IN MAP FO[,MAT • 
C ****************************************************. 
C 

COMMON/BUNCH 1IISTART, IMAX, JMAX, JSTART(35) ,JENI! (35) 
Dlt1ENS]ON DATA(35,22) 

c 
C KTOP=JMAX+! 
! I~ CONTINUE 

DO 1150 I=ISTART,IMAX 
DO l@l~ J=l,JMAX 

C IF(IDIFF.GT.Jt1AX)GOTO 2SiJ 
~=KTOP-J 

2!i1 CONTI NUE 
JBEGIN=JSTART(I) 
JSTOP=JEND(I) 

C IF(IDIFF.GT.JI1AXlGOTO 3.1 
C IF (K. LT. JBEl1IN.OR. K. lOT. JSTOP) DATA (I, K) =1 .Ii.fE'·2;? 
]!il CONTINUE 

IF< J. LT. JBEGIN. OR. J. lOT. JSTOP) DATA (I, J) =1.19E+22 
HI~I CONTI NUE 
C IF <IDIFF. GT. JI1AX) GOTO 4SiJ 
C DO 21515 J= 1 "lMAX 
C K=KTOP-J 
C GOTO 50 
'WI CONTI NUE 

DO 2@@ I=ISTAR1, [MAX 
~"I CONTI NUE 
C IF(IDIFF.LE.JMAX) WRITE(9,10019) <DATA([,K),[,eIGTART,IMAU 

.JR ITE (9, 10019) (DATA (I, J) , J= j, JMAX) 
;W,I CONTI NUE 
',·;(:,H FORMAT«(X,21F6.0,1) 

RETURN 
END 
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• 

SUBROUTINE CGEF3 
C *~*~***************~$*****~*********~~********;~*********~******·~**.2Z 
C , FORMULATES CON\,TRAINTS FOR EACH CCNSTANT HE(lD ';ELL" 
C • IF THERE ARE NO RECHARGE CONSTRAINTS, THIS :;UilHOUTlNE 1S '2K IPPED_' 
C .*.************************~**********~*********$*********~*~******3* 
C 

c 

COMMON/BUNCH 11 I START , IMAX.JMAX, ']START (35) ,JFNJi (35) 
COMMON/BUNCH J/NCELU35,22) ,NCHN(35,22),rCH(b2) ,JCH(62), rCF(62) 

" ISW (376) 
COMMON/ONEIlCELL, NVAR, NCH, NSA, IRCH, ITER, NCH:.iUB, KCH, [SUS, ICHK, IPDM 
COMMON/CHUNK l/DTR(35,22),DTU(J5,22),T(35,n) 
COMMON/CHUNK 2/ACCRX(J5,22) ,ACCRN(35,22) ,PMAXCl5,22) ,PNHHJ5,22), 

oXMG35,22) ,51(35,22) . 
COMMON/STAQ/SST(35,22),APS(J5,22),ISA(J76) 
COMMON/SWC lINSUB, SWMIN(4) ,SWMAX (4) ,CHSMIN (1), CHSMAX (1) 

COMMON/BLOCX l/CA(68:J),AA(:J84,683),R(384),B(384,384),D(384,J27), 
oV(327l 

C THERE WILL BE NO EQUALITY CONSTRAINTS IN THIS SFT. 
C 

DIMENSION SCR(35.22l 
ITOUT=7 

C SET VARIABLE SCRATCH DRAWDOWNS TO ZERO 
DO 1@0 I=ISTART,IMAX 

JBEGIN=JSTART(I) 
JSTOP=JEND ( ! ) 

DO 100 J=JBEGIN,JSTOP 
SCR(l,Jl=0.@ 

DO 100 LL'I,NCH 
IF(ICH(LL).EQ.l.AND.JCH(LLl.EQ.JlSCR(],J)=S](],J) 

10fil CONTI NUE 
C 
C SINGULAR CH CONSTRAINTS. 

NK=NVAR 
DO ·200 LLCH= 1 , NCH 

LCH=LLCH+NVAR 
ADD=!iJ.0 
I=[CH(LLCH) 
J=JCH(LLCH) 
JDEGIN=JSTART (I) 
JSTOP=JEND(l) 

IF(NCHSUB.EQ.0lGOTO 202 
[F(ISW(LCH) .GT.0)130TO 200 

)';12 CONTINUE 

-- ------ -~ c-

66 

NK=NK+l 
ADD=ADD-SCR(I,J)oY([,J) 

IF(I.GE.IMAX)GOTO 66 
IF(J.GT.JEND(!+I)lGOTO 66 
IF(J.LT.JSTART(!+O lGOTO 66 
M=NCELUI+l,J) 
IF(M.m.0)GOTO 65 
AA(NK.Ml=(-DTR(I,J» 

CONTINUE 
ADD=ADD+DTR(I,J).SCR(I+I,J) 

CONTINUE 

IF (J. BE. JSTOPl 60TO 76 
M=NCELL (I, J+1) 
IF(M.EI2.0)GOTO 75 
AA(NK,M)=(-DTU(I,J» 

75 CONTINUE 
ADD=ADD+IJTU (1,J) 'SCR (1.J+ I) 

76 CONTINUE 
C 

IF(!' LE. ISTART) GOTO 86 
IF(J.GT. JEND(I-l) )GOTO 86 
IF(J.LT.JSTARTlI-1) )GOTl) 86 

M=NCELL (! ·-1 ,J) 
IF (M.EGI.0) 60TO 85 

AAiNK ,i'll ~(-[iTR( I-I, J) , 
~i·~ CONTINUE 
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~-ADD=ADD+DTR( I-I, J) *SCR (I-I, J) 

86 CONTINUE 
c 

IF(J.LE. JBEGIN)GOTO 96 
M=NCELL (I, J-!.) 
IF(M.EQ.0)GOTO 95 
M(NK ,M) ,o(-DTU( I, J-l» 

95 CONTINUE 
ADD=ADD+DTU(I, J-1) *SCR(!, J-l) 

96 CONTINUE 
c 

R (NK) =ADD+APS (!, J)' (SST (I, J) -SCR (I, J» +PMIN<I, J) +flCC:m (I, J) 
20~1 CONTI NUE 
C 

IF (NCHSUB. m. 0) RETURN 
C SUBSYSTEM CH CELL CONSTRAINTS 

DO 300 L=I,NCHSUB 
NK=NVAR+KCH+L 

c 

ADD=0.19 
DO 400 LLCH=l,NCH 

I=ICH(LLCH) 
J=JCH(LLCH) 
JBEGIN=JSTART (I) 
JSTOP=JEND(I) 
LCH=LLCH+NVAR 
IF (ICF (LLCH) • m. 19) GOTO 4190 
IF (ICF (LLCH) • NE. U GOTO 419,3 

ADD=ADD-SCR(I,J)oT(I,J)+PMIN(I,J) 

IF (r. GE. IMAX) 60TO 466 
IF (J.6T. JEND (HI» GOTO 466 
IF(.].LT.JSTARHI+j)GOTO 466 
M=NCELL<I+j,J) 
IF (M. m.liJ) GOTO 465 

AA(NK,M)=(-DTR(I,J» 
465 CONTINUE 

ADD=ADD+DTR(I,J)*SCR(I+I,J) 
')66. CONTINUE 
C 

IF(J.GE.JSTOP)GOTO 476 
M=NCELL< I, .J + 1 ) 
IF(M.EQ.0)GOTO 475 

AA(NK,M)=(-DTU(I,J» 
4 75 CONTI NUE 

ADD=ADD+DTU(l > J) *SCR (J, J+ll 
476 CONTINUE 
C 

[F (r. LE. ISTART) GOTO 486 
IF(J.GT. JEND([-I) )GOTO 486 
IF (J. LT. JSTART (1- 1) ) GOTO 486 
i1=NCELL< r -1 , J) 
IF(M.EGI.0)GOTO 485 

AA (NK, ~1)=(-DTR (1-1, J» 
485 CONTINUE 

ADD=ADD+DTR (1~-I, J) 'SCR (I-I, J) 
486 CONTI NUE 
C 

IF (J. LE. JBEGIN) GOTO 496 
M=NCELL (I, J-I) 
IF(M.m.0)GOTO 495 

AA (NK, Ml = (-DTU (!, J-l) ) 
495 CONTINUE 

ADD=ADD+DTU(I,J-I)*SCR(I,J-l) 
496 CONTINUE 
C 
4.1,1 CONTINUE 

R (NK ) =AD[I+CHSt11 N (L) 
J0QI CONTINUE 
C 

RETUF.~; 
END 
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SUBROUTINE C(lEFl 
C i •• t*****.**.*.***~* •• **.*.$**~**.*****~*~**.***~~.~.* '****** 
C; DETERMINES COEFFICIENTS OF CONSTRAINTS ON VAlnAI3LE CELLS' 
C' ALL ARE INEQUALITY CONSTRAINTS. XU(U =xuU ON CF CELL.S • 
C ***********************$********~*********.*********** ******* 
C 

C 

c 

COMMON/BUNCH I/ISTART,IMAX,JMAX,JSTART(35',JENO(35) 
COMMON/BUNCH 3INCELL(35,22),NCHN(35,22),ICH(62),JCH(62), lCF(62) 

.,ISW(376) 
COMMON/CHUNK l/DTR (35, 22) , DTU (3::;' 22) , T(35, 2) 
COMMON/CHUNK 2/ACCRX(35,22),ACCRN(35,22),PMAX(35,22),PMIN(35,22), 

.XM(35,22),SI(35,22) 
COMMON/ONEIlCELL, NVAR, NCH, NSA, IRCH, !TER, NCHSUB, KCH, ISUS, ) CHK, IPOt1 
COMMON/STAQ/SST(35,22) ,APS(35,22) , ISA(376) 

COMMON/BLOCK l/CA(683) ,AA(384,683) ,R(384) ,8 (:J81\,384) ,O(]84,327), 
OV(327) 

COMMON/QUA I/Q(327,327) 

DIMENSION SCR Cl5, 22) 
!TOUT=7 
I SCR= 113 

C SET SCRATCH DRAWDOWNS TO ZERO 
DO 5 I=ISTART,IMAX 

JBEGIN=JSTART( I) 
JSTOP=JENO(I) 

DO 5 J=JBEGIN,JSTOP 
SCRn. J)=0. ~ 

DO 5 L=I,NCH . 
IF(ICH(L).EQ.I.AND.JCH(L).EQ.J'SCR(],J)=S](I,J) 

5 CONTINUE 
C 

DO 1130 L=ISTART,IMAX 
JBEGIN=JSTART (Ll 
JSTOP=JEND (Ll 
DO 11313 M=JBEGIN,JSTOP 

I=NCELL(L,M) 
IF (NCELUL, M) . LE.I.lGOTO 10~ 

IF(I.GT.NVAR)GOTO 100 
IF (L. LE. ISTARTl 130TO 15 

J=NCELUL-l.t1) 
IF (J-13) 15, 15,10 

10 CONTINUE 
AA(I,J)=(-DTR(L-l,M» 

15 CONTINUE 
IF(L.GE.IMAX)GOTO 25 
J=NCELUL+l, M) 
IF(J-~) 25.25,219 

2QI CONTINUE 
AAII,])=(-DTR(L,M» 

~',~ 
..... J CONTINUE 

IF(M.LE.JBEGIN)GOTO 35 
J=NCELUL,M-t} 
IFIJ-0) 35.35,J0 

~~v.J CONTINUE 
AA(I,J)=(-DTU(L,M-l» 

35 CONTINUE 
IF(M.GE.JSTOP)GOTO 45 
J=NCELUL,M+t} 
IF (]-0) 45.45,40 

L10 CONTINUE 
AA(I,J)=(-DTU(L,Ml) 

4~ 

" CONTINUE 
J=NCELUL, Ml 
AA(I,])=T(L,M)+APSIL,M) 
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eIGHT SIDE OF CONSTRAINT ONE. 
R (I) ::::SCR (L -1, M) *DTR (L-l T 1'1) +SC:;: (L+l, 11) *OTFi: (L. f:t rSCR (Ll !.~-: " 

C'OW (L, M- U +SCR (L .11+1) -DTU (L, ,'11 +S8T (L, M1 'AF',;o' " i'l1 +ACCr,:N I.L, ~u 
C+PMIN(L,Ml 

1 lil,l CONTI NUE 
C 
c 
[ 
l 
C 
2):10· 
C 
11~!"1~ 
20Qi0 

DO 200 I=l,ICELL 
1=170 
WRITE(ITOUT,2000lI,R(ll,AA(I,Il 

DO 200 J=I,NVAR 
WRITE(ITOUT,1000ll,J,AA(I,Jl 

CONTINUE 

FORMATC3X, 13, IX, 13, lX,EI2.6l 
FORMAT(IX, 'RIGHT SHiE ',13,' = ',E12.6,' AA(L 0=' ,El2.6i 
RETURN 
END 
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S:':llROUTINE SWCON 
C *$.********.***************'*'*************************************** 
C • FORMULATES ADDITIONAL CONSTRAINTS FOR LIMITING TOTAL USE OF 
C. INTERFLOW IN A STREAM AQUIFER CELL. EACH GRQUP(S lrIENTIFIED BY 
C • THE ISW INDEX. 
C ***********.*****************************************.*************** 
C 

C 

c 

COMMON/ONEIICELL, NVAR, NCH, NSA, IRCH, lTER,NCHSUB, KCH, ISUS, '(CHK, JPDM 
COMMON/BUNCH l/ISTART, !MAX. JMAX. JSTART(35) , JEND (35) 
COMMON/BUNCH 3/NCELL(35,22) ,NCHN(35,22) ,ICH(62) ,JCH(62) ,ICF(62) 

'.ISW(376) 
COMMON/CHUNK lIDTR(35,22) , DTU (35, 22) ,T<35,22) 
COMMON/CHUNK 2/ACCRX(35,22) ,ACCRN(35,22) ,PMAX C15, 22) ,PM!N(35,22); 

'XM(35.22).S] (35.22) 
COI1MON/STAQ/SST<35.22) .APS(35.22) .ISA(376) 
COMMON/SWC lINSUB,SWMIN(4), SWMAX (4) ,CHSMIN( 1) , CHSMAX (j ) 

COMMON/BLOC!( lICA(683) ,AA (384, 683) ,R(384) ,8cm·1,384) ,0(384.327), 
'V(327) 

I TOUT=7 
C INITIALIZE 

00 5 NN=l. NSUB 
NEX=NVAR+KCH+NCHSUB+NN 
IF(IRCH.EQ.0}NEX=NVAR+NN 
R(NEX)=0.0 

DO 5 L=[,NVAR 
AA (NEX. Ll =0, 0 

:) CONTINUE 
c· 

C 

00 100 NN=I.NSUB 
NEX=NVAR+KCH+NCHSUB+NN 
IF (IRCH.EQ.0)NEX=NVAR+NN 
AOO=0.0 

DO 200 1=ISTART,IMAX 
JBEGIN=JSTART(I) 
JSTOP=JENO ( I ) 

DO 200 J=JBEGIN.JSTOP 
L=NCELL (I, J) 
IF(L.EQ.0)GOTO zgg 
IF (ISA (Ll. NE. NN) GOTO Zg0 

AA(NEX,L)=(-1.0)'APS(I,J) 
ADD=ADD-APS(j,J)'SST(I,J) 

?f.I~1 CONTI NUE 
R (NEX) =SWi1IN (NN) +ADO 

1 ~M CONTI NUE 
[; 

c 
RETURN 
END 

D-17 



SUBROUTINE LPMIN 
C ~.***.**********.********************.~:~*~*****~******.~~~*~ 
C, SETS UP OBJECTIVE FUNCTION If) MAXIMIZE TOTAL i3VJ PUMPiNG' 
C t********~************ •• *******.******************.*I~**~**** 
c 

C 

c 
C 

C 

C 

COMMON/ONEIICElL, NVAR, NCH, NSA, IRCH, ITER, NCH~iUB, KCH, lSUS, ICHK, lPm-' 
COMMON/BUNCH 1/ISTART,IMAX,JMAX,JSTART(35),JEND(35l 
.~I?~n~~~~~NCH 3/NCELU35, 22) ,NCHN (35, 22,., ICH (b2) ,JCH (62) , ICF (64) 

COMMON/CHUNK I/DTR(35,22),DTU(35,22),T(35,22) 
COMMON/CHUNK 2/ACCRX(35,22),ACCRN(35,22),PMAX(:l5,22),PMIN(35,22), 

'XM(35,22) ,Sl (35,22) 
COMMON/STAQ/SST(35,22),APS(35,22),ISA(376) 
COMMON/SWC I/NSUB, SWMIN (4) ,SWMAX (4) ,CHSMIN (1) ,CHSMAX (1) 

COMMON/FASTI 1IIPR, IREAD, Y 
COMMON/KONST 7/ACC 
COMMON/BLOCK I/CA(683) ,AA(384,683) ,R(384) ,B(]R4,384) ,D(384,327) , 

0'1(327) 
COMMON/BLOCK 2/X(683),ITYPE(683),XO(683),XU(6BJ),XL(68]) 
COMMON/BLOCK 3/NS(356),ND(327),NN(683) 
COMMON/QUA \/Q(327,327) 
COMMON/CONST I/N,NF,K,KE 
COMMON/CONST 7IIPRINT . 
COMMON/KONST I/IFREQ 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/CONST 3/EPSY,EPSV,EPSCO,EPSD 
COMMON/GLOB I/lGlOS, lGMAX, IG 
COMMON/POUT/lOUT 

DIMENSION FACTOR(327) 

lTOUT=7 

L3=NVARo2 

WRITE(ITOUT, 87R7) KCH 
WRITE(ITOUT, 8786) NCHSUB,NSUB 

8786 FORMAT (1 X, 'NCHSUB = ',j 5,' NSUB ~ '.J5) 
8787 FORMAT(lX,'KCH = ',15) 

DO 27 I=1,NCH6UB 
L4=NVAR'2+KCH+] 
XU(L4)=CHSMAX(I)-CHSMIN(I) 
XUL4) =0. 0 
CA(L4)=0.@ 
ITYPE(L4)=[ 

27 CONTI NUE 
C 

MI 
C 

c 

DO 60 I=bNBUB ---------
L5=NVARo2+KCH+NCHSUB+I 
XU(L5)=SWMAX(I)-SWMIN(I) 
XLIL5)=0.0 
C,~ (L5) =0. 0 
HYPE (L5) =\ 

CONTINUE 

DO 100 1=]START,lMAX 
JBEGIN=JSTART (!) 
JSTOP=JEND (]) 

DO 10111 J=JBEGIN,JSTOP 
L =NCELL< I ,J) 
L2=L+NVAR 
IF (L.13T. 0) 130TO 43 
L=NVAR+NCHN(],]) 
IF(ISW(L).EQ.0)L3=L3+1 

XU(L3)=ACCRX(],J)-ACCRN(I,J) 
WRITE (HOUT, 1200) U, XU (U) , ACCRX (], J) 
CA (U) =0. £1 
ITYPE(U)=1 
Yl_1:L3)=('.l:.1 
;~:. TO l!~'!{!J 

~()NTI>rUE 
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C 

FACTCIR(U =~1.0 
TMIN=PMIN (l, J) 
TMAX=PMAX(I,J) 
TMAX=0.0 
TMIN=0.0 
XO(L;2J=0.0 

C'iPPER AND LOWER LIMITS (UJ ON GW PUMPING NOT ON TOTAL DISCHARGE. 
XU(L2J=PMAX(I,J)-PMIN(I,J) 
XL<L;2J=0.0 
XL<Ll=IU) 
XO(L2J=0.0 
IF(XL(LJ.GT.XU(LJJXL(LJ=XU(LJ 
ITYPE(LJ=l 
ITYPE (UJ =1 
CA(L2J=0.00 
X(LJ=SI<I,J) 

21110 CONTI NUE 
C 

c 

8 

10 

18 

2QI 

28 

30 

38 

40 

100 
C 

IF(ISWCLJ.EQ.0)GOTO 100 

IFCI.GE.IMAX)GOTO 10 
M=NCELL< !+ 1 , J) 
IF(M.LE.0)GOTO 8 
TEST=CACM) 
CA(Ml=TEST+DTR(I,J) 

CONTINUE 
CA(L)=CACL)+OTRCI,J)·C-I.0) 

CONTINUE 
IFCJ.GE.JSTOP)60TO 20 

M=NCELL ( I , J+ 1) 
IF(M.LE.lif}GOTO 18 
TEST=CA(Ml 
CA(M)=TEST+DTU(I,J) 

CONTINUE 
CA (LJ =CA (LJ +DTU (f, J) • (-1. 0) 

CONTINUE 
IF(I.LE.ISTART)GOTO 30 

M=NCELL( 1-1, J) 
IF(M.LE.0)GOTO 28 
TEST=CA(M) 
CA(M)=TEST+DTR(I-(,J) 

CONTINUE 
CA(L)=CA(Ll+DTR(I-l,J)'(-1.0) 

CONTINUE 
IF(J.LE.J8EGIN)GOTO 40 
M=NCELL ( I , J·-l ) 
IF(M.LE.0)GOTO 38 
TEST=CA(MJ 
CA(M)=TEST+OTU(I,J-I} 

CONTINUE 
CA(L}=CA(Ll+DTU(I,J-(}'(-1.0) 

CONTINUE 
CA(LJ=CA(LJ-APS(I,J} 

CONTINUE 

C FIND INITIAL FEASIBLE SOLUTION 
CALL GSIMEQ (FACTOR) 

c 
LP=l 
EPSY=0.0 
NIMAX=390 

N=NVAR 
NF=0 
K=NVAR+KCH+NCHSUB+NSU8 

IF(IRCH.EQ.0)K=NVAR+NSUB 
KE=0 
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c: TEST THE LEAST PUMPING SOLUTION TO SEE IF ANY HOUNDS AREnULATED. 

!10 

1219 
15QI 
C 

DO 150 1=ISTART,IMAX 
JBEGIN=JSTART (I' 
JSTOP=JEND ( I , 

DO J51!! J=JBEGIN,JSTOP 
L =NCELL< I ,J, 
IF(L.LE.0'GOTO 150 
IF(XL(L).LE.XO(L»GOTO J10 

TEST=XL (U -XO (U 
XUU=XO(U 
WRITE(ITOUT,101!!I!!lI,J,TEST 

CONTINUE 
IF(XU(L).GE.XO(L)lGOTO 120 
TEST=XO(U-XU(U 

TEST2=XU(U 
XU(U=XO(U 
t>JR HE ( HOUT , 2@l!!l!!l I , J, TEST, TEST2 

CONTINUE 
CONTINUE 

C PERFORM OPTIMIZATION 
CALL QPTHOR 

C 
lQIQI@ FORMAT(/,lX, 'LOWER BOUND FOR CELL ',)2,[X,]2,' DECREASED BY', 

'F!0.2) 
1200 FORMAT(lX,I5,2X,FII!!.2,2X,FI0.2) 
2QI~J0 FORMAT 1/, IX, 'UPPER BOUND FOR CELL', 12, IX, IL,', INCREASE:D BY " 

.F!0.2,lX,'WAS = ',F!0.2) 
-.136121 <="<)RMAT<lX, 'FACTOR(lol3,') = ',F5.3) 

RETURN 
END 

c 
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SUBROUTINE f]SIMEQ (FACTOR) 
C ~~.**********************************.***********~~~*******~~*.** 
C' SOLVES FOR A GIVEN 'l. OF PUMPING UNDER CONSTRAINT ONE (COIOFt) • 
C .***************~* •• ***.***** •• *****************:~********o*~***** 
C 

COMI10N/BUNCH II I START , IMAX,JMAX, JSTART (35) , .IENO (35) 
COMMON/BUNCH 3/NCELL(35,22) ,NCHN(35,22), ICH(8l1 dCH(62l, lCF(62l 

',ISW(376) 
COMMON/ONE/ICELL,NVAR,NCH,NSA,IRCH,ITER,NCHSU[I,KCH,ISUS,]CHK,IPDM 
COMMON/CHUNK 2/ACCRX (35. 22) ,ACCRN(35. 22), PMIH (35,22) ,rmN (35.22) , 

'XM(35.22).SI(35,22) 
COMMON/SWC 1INSUB,SWMIN (4) ,SWMAX (4) ,CHSMIN (!) ,CHSMAX (1) 

C 
COMMON/BLOCK i/CA (683) • AA (384, 683) • R (384) ,B (384, 384) , 0 <384, 327) , 

.V (327) 
COMMON/BLOCK 2/X (683) , ITYPE (683) ,XO (683) , XU (6fl3) , XL(683) 
COMMON/KONST 7/ACC 

C 

c 
DIMENSION FACTOR(327) 
DIMENSION TV(327),SCR(327),SCR2(327) 

!TOUT=7 
IMAP=9 
ISCR=!0 
NIT~!000 

C INITIATE STARTING SOLUTION 
DO 135 12=ISTART.IMAX 

JBEGIN=JSTART(I2) 
JSTOP"JEND (12) 

00 135 J2=JBEGIN,JSTOP 
L=NCELUI2,J2) 

IF(L.LE.r;;)GOTO 135 
SCR(L)=PMAX(12.J2)-PMIN(I2.J2) 
IF (rSus. EQ. 3) X (L) =81 lI2, J2) 

1 J5 CONTINUE 
C 

DO 11M!! IT"!, NIT 
DO 3r111i1 1=1, NW,\R 

C LARGEST ELEMENT SHOULD BE ON OIAGNAL- POS.OEF. 
JMX=1 

C LARGEST ELEMENT IS (l, JMX) IN ROW (!) 
ADD=0.0 

1213 
C 

DO 120 JJ=I,NVAR 
IF!JJ.EQ.JMXlGOTO 120 
ADD=ADD+AA(I.JJ)·X(JJ) 

CONTINUE 

C CALCULATE X(NEW) BY CONSTRAINT 1 AND FACTOR. 

Jfillj 
C 
1:'12 
1234 
C 
C ERROR 

RS=R (I )-ADD+FACTOR (I) '8CR (I) 
X (JMX) =R5/AA (!. JMX) 

CONTINUE 
WRITE!ITOUT,1212lIT,X!I) 
FORMAT( IS, 2X, 'X (1) = " Fl0. 2) 
CONTINUE 

CHECK 
SUM=0 

DO 350 J~l,NVAR 
SUM=SUM+ X (J) 
TV(J)=0.0 

DO 350 JJ=I,NVAR 
TV(J)=TV(J)+AA(J.JJ)'X(JJ) 

350 CONTINUE 

!'1ftTf{IX. 

C COMPUTE ACCURACY AS DONE BY QPTHOR TO 
AVEX=SUM/NVAR 

INSURE FI:;~S IBILITY, 

EPD=ABS (ACC'AVEX) +0. 0000001 
DO 450 J= 1 , NVAR 
TEST=TV(J)-R(J)-FACTOR(J)'SCR(J) 

I F (TEST. LT , -t:PO) GOTO 4f9f~ 
IF lABS !TEST) ,GT. EPO) GOTO 4£10 

4:'"f CONTINUE 
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GOTO M10 
41,13 CONTINUE 

Xi])=XIJ)+TEST/AVEX 
[; I~RlTE (! TOUT, 2211.' IT, J, EPD, TEST 
<:211 FORMATe215,' EPD = , ,F12.4,' TEST = , ,F12.8) 
1 ,19J CONTI NUE 
C 
C NUt1BER OF ITERATIONS COMPLETE ",II WRITE I ITOUT,2000) 
C ALL MEET ERROR CRITERIA. 
60el WRITE (ITOUT,3000) IT 

C 
WRITE (ITOUT, 3001) EPO 

DO 711J11J L=l,NVAR 
XO(L)=X(U 
SCR(L)=X(L) 

700 CONTINUE 
C 

IF(IRCH.EQ.0)GOTO 111 
C CHECK RECHARGE CONSTRAINTS. 

85il 

000 
C 
111 

ITEMP=KCH+NCHSUB+NSUB 
DO 800 L=l, !TEMP 

L2=NVAR+L 
ADD=0.11l 

00 850 J= 1 , NVAR 
AOD=ADD+AA(L2'])'X(J) 

CONTINUE 
IF(ADD.GT.R(L2»GOTO 800 
DIFF=(R(LZ)-AOO)/.04356 

WRITE(ITOUT,5000)L2,DIFF 
R(L2)=ADD 

CONTINUE 

IF(ISUS.NE.I1l)GOTO 
WRITE (IMAP, 4000) 
CALL INFOUT (SeR) 
CONTINUE 

112 

112 
C 
219!'1~ 
J19I,0 
3eJ~n 
41~1"1' 
50j?l~ 
511319 

FORMATe IX, 'MAXIMUM NUMBER OF ITERATIONS EXCEEDED IN GSI,'lEn',!) 
FORMAT(lX,' ITERATIONS = ',J5,' IN SUBROUTINE I1SIME!]',/i 
FORMAT(/,' •••• EPO = ',E16.8,/) 

c 

FORMATe /, 1 X, ' OUTPUT FROM I. F. S. ' , /J 
FORMATe IX, 'RECHARGE CONSTRAINT', 13,' EXCEEIlED BY , ,ELi. ,~:>l 
FORMATe IX, 'UPPER LIMIT ON RECHARGE VARIABLE', 13,' EXCEEDED BY , 

>EI2.6) 
RETURN 
END 
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SUBROUTINE INFOUT (88) 
[; ~t***.***.**.***.*** •• ********* •• *********~*****.~*****~* 
C :< OUTPUTS IN MAP FORM GENERAL INFORMATION ABOUT OPrIMAL • 
C , SOLUTION. • 
C ~************.****~********************.*******~********* 
C 

COMMON/ONE/ICELL, NVAR, NCH, NSA, IRCH, ITER, NCHSUB, KCHdSUS, ICHK, IPDr' 
COMMON/BUNCH I/ISTART, IMAX, JMAX, JSTART(35), JENO(35) 
COMMON/BUNCH 3/NCELU35,22),NCHN(35,22),ICH(62) ,JCH(6:2),]CF(62) 

',ISW(376) 
COMMON/AOUIF/TOP(376),BOT(376) 
COMMON/CHUNK lIDTR(35,22) ,DTU(35,22) , T<35,22) 
COMMON/STAQ/SST(35,22),APS(35,22),]SA(376) 
COMMON/SWC l/NSUB, SWMIN (4) , SWMAX (4) ,CHSMIN(\) ,CHSMAX (t) 
COMMON/CHUNK 2/ACCRX (35,22) ,ACCRN(35,22) ,PMAX Cl5, 22) ,PMIN (35, 22) , 

'XM(35,22),SI(35,22) 
COMMON/OPOUT /J;lG (35. 22) ,SSOP (35, 22) 
COMMON/AAA/TAR(35,22) 

C 
DIMENSION SS (327) ,SCR (35,22) ,SCR2 (35, 22) ,Scr{J (:15,22) 
DIMENSION RT(5),CH(3S,22) 

C 
II'!AP=9 

C INITIALIZE 
IF(NCHSUB.EQ.Iil)GOTO S 
DO 4 L=I,NCHSUB 
RT(U=0.0 

4 CONTINUE 
5 CONTINUE 

IF(NSUB.EQ.IiI)GOTO 8 
DO 12 L=I,NSUB 

L2=L+NCHSUB 
RT(L2)=0.J1I 

12 CONTINUE 
8 CONTINUE 
C FILL TWO DIMENSIONAL DRAWDOWN ARRIW 

00 l1i10 I=ISTART .IMAX 
J8EGIN=JSTART (I) 
JSTOP=JEND ( I ) 

DO lJ110 J=JBE61N,JSTOP 
SSOP(I,J)=SI (I,J) 

L=NCELL (I, J) 
IF(L.EQ.J1Il60TO 90 

SSOP(!, J)=SS(U 
9~1 CONTI NUE 

06(I,J)=0.0 
C COMPUTE ELEVATIONS 

SCR(I,J)=3!i11il.-SSOP(I,]) 
IF(ISUS.NE.Iil)CH(I,J)=SCR(I,J)-TAR(I,J) 

W0 CONTINUE 
C 
C WRITE OUT DRAWDOI~NS 

WRITE (IMAP, 1001it) 
CALL MAP (SSOP l 

C WRITE OUT ELEVATIONS 
WRITE (IMAP, 2000) 
CALL MAP(SCR) 

C I~RITE DIFFERENCE BETWEEN OPTIMAL AND TARGET ELEVAnONS 
IF(ISUS.NE.@)WRITE(IMAP,2@21) 
IF(ISUS.NE.~)CALL MAP(CH) 

~ 

C Ci;~IPUTE GROUNDWATER PUMPING 
TGW~Iil.1il 
TACR=0.1il 

DO 200 I=ISTART,IMAX 
JBEGIN=JSTART(I) 
JSTOP=JEND (I ) 

DO 2210 J=JBEGIN, JSTOP 
L=NCELL (I. J, 
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A(!(!=T (I, J) *SSOP (!, J) 
IF (I. LE. ISTART) GOTO 220 
IF(J.LT.JSTARTlI-l)lGOTO 220 
IF(J.GT. JEND(J-ll lGOTO 220 
ADD=ADD-DTR (I -1, J) -SSOP( 1-1, J) 

220 CONTINUE 
C 

IF(J.LE.JBEGIN)GOTO 240 
ADD=ADD-DTU(I,J-lloSSOP(I,J-l) 

241~ CONTINUE 
C 

IF(J.GE.JSTOP)GOTO 260 
ADD=ADD-DTU(I,J)oSSOP(I,J+l) 

260 CONTINUE 
C 

IF(I.GE.]MAX)Gom 280 
IF (J.GT. JEND (1+1) ) <3OTO 28@ 
IF(J.LT.JSTARTlI+l) lGOTI) 280 
ADD=ADD-OTR (I, J) 'SSOP (] + 1, J) 

280 CONTI NUE . 
C ASSIGN VALUE TO TOTAL EXCITATION. 

c 
SCR(I,J)=ADD/.043560 

ACR=ACCRN(],]) 
IF (L.EQ.0) ACR=ADD-PMIN(J, J)-APS(I, J)' (SST( j, J)-SSOP( i,.n i 
',G(J, J) =ADD-ACR-APS (], J)' (SSTI] , J) -SSOP(], Jl i 
QG(],J)=QG(I,J)/.043560 

C ASSIGN VALUE TO TOTAL ACCRETION 
SCR2(I,J)=ACR/.043560 

c 
DO 282 LSUB=l,NCHSUB 

IF(!CF(U.NE.LSUBlGOTO 282 
RT(LSUB)= RT(LSUB)+SCR2(I,J) 

282 CONTINUE 
C 

TACR=TACR+SCR2(],J) 
TGW=TGW+QG (I, J) 

C C0I1PUTE % GW PUMP I NG 
SCR3(I,J)=0.0 
IF <PMAX (I, J) • EQ. 0. 0) GOTO 20@ 
SCR3(I,J)=(QG(I,J)o0.043560)fPMAX(I,J)oI00, 

2013 CONTINUE 
C 
C WR ITE OUT GROUNDWATER PUMP] NG 

WR HE ( I MAP, 3@@lo) 
CALL MAPWG) 
WRITE(IMAP,3100)TGW 

C WR HE OUT % GW PUMP I NG 
WRITE (IMAP, 5500) 
CALL MAP(SCR3) 

C WRITE OUT ACCRETION (-RECHARGE) 
WRITE (IMAP, 4100) 
CALL MAP (SeR2) 
WRITE (IMAP,4300) TACR 

IF (NCHSUB. EGl.liJ) GOTO 290 
DO 292 LSUB= 1, NCHSUB 

WRITE(IMAP,4310)LSUB,RT(LSUB) 
292 CONTINUE 
29~1 CONTINUE 
C WRITE OUT TOTAL EXCITATION 

WRITE (IMAP, 40001 
CALL MAP (SCR) 

C 
C COMPUTE % OF MAX ACCRETION AND Sf A RESPONSE. 

TSA=0.0 
DO 30@ 1=ISTART,IMAX 

JBEGIN=JSTART (! 1 
JSTOP=JEND (I l 

DO 300 J=JBEGIN,JSTOP 
L=NCELLI I, J) 



IF(L.EQ.@)L=NVAR+NCHN(I,J) 
SCR (I, J)=0.@ 
IF(L.GT.NVAR.AND.ISW(L).EQ.I)GOTO 305 
IF (ACCRN <I,J), EQ.Iif. 0) GOTO 305 
SCll (I, J) =(SCR2( I, J)'. 043560) lACCRN (!, J) *11;;0. 

305 CONTINUE . 
C S/A RESPONSE 
C IF(NSA.EQ.0)GOTO 31@ 

SCR2(I,J)=APS(I,J)o(SST(I,J)-SSOP(I,J»/@.1if43560 
C 

DO 312 LSUB=l,NSUB 
LZ=LSUB+NCHSUB 
IF(ISA(LJ.NE.LSUB)GOTO 312 
RT(L2)=RT(L2)+SCR2(I,J) 

312 
C 

CONTINUE 

TSA=TSA+SCR2(I,J) 
SCR3(I,J)=0.0 
IF(L.EQ.@)GOTO 31@ 
SCR3(I,J)=30@.-SST(I,J) 
IF(ISA{LJ.EQ.@)SCR3(I,JJ=0.0 

310 CONTINUE 
C COMPUTE SATURATED THICKNESS 

IF(L.EQ.@)L=NVAR+NCHN(I,J) 
TTOP=TOP (Ll 
EL=30@. -SSOP (I, J) 
IF(EL.LT. TTOP) TTOP"'EL 
XM(I,J)=TTOP-BOT(L) 

30@ CONTINUE 
C 

IF(NSA.m.@)GOTO 35@ 
C WRITE OUT STREAM/AQUIFER RESPONSE 

WRlTE(IMAP,42@0) 
CALL MAP (SCR2) 
WRITE(IMAP,44@0)TSA 

IF(NSUB.EQ.@)GOTO 340 
DO 344 LSUB=l,NSUB 
L2=NCHSUB+LSUB 

WRITE(IMAP,44!@)LSUB,RT(LZ) 
:~ 44 CONTI NUE 
J41~ CONTINUE 
C WRITE OUT STREAM ELEVATIONS 

!~R ITE ( I MAP, 5600 ) 
CALL MAP (SCR3) 

350 CONTINUE 
C WR HE OUT :c ACCRET! ON 

WRITE (IMAP, 5000) 
CALL MAP(SCR) 

C WRITE OUT SATURATED THICKNESS 
WRITE (IMAP, 601l10) 
CALL MAP mil 

C 
10~10 FORMAT(J,6X, 'DRAWDOWN VALUES FROM 3@1iI. DATUI1. (FT)' ,I) 
22100 FORMAT (' I' ,/, 6X, 'ELEVATIONS. (FT) , ,J) 
202! FORMAT('I',1,6X,'DIFFERENCE(OPTIMUM-TARGET) IN ELEVATlONS(FT)',;' 
3@~10 FORMAT('!' ,1,6X, 'GROUNDWATER PUMPING IN ACRE-FEET' ,I) 
31>10 FORMAT(f,6X,'TOTAL REGIONAL GROUNDWATER PUMPING = ',Et2.6) 
4~JeJ0 FORMAT (11' ,I, 6X, 'TOTAL EXCITATION IN ACRE-FEET', /) 
411,1lI FORMAT(' l' ,I, 6X, 'RECHARGE IN ACRE-FEET', /) 
4200 FORMAT (' I' ,j, 6X, 'STREAM/A'_UIFER RESPONSE IN AC,E-FEEP, n 
4300 FORMAT(J,6X, 'TOTAL REGIONAL RECHARGE = ',EU.I,) 
431" FORMAT (f,6X, 'TOTAL RECHARGE IS CH SUBSYSTEM', 13,' = ',612.4) 
440" FORMAT (f, 6X, 'TOTAL REGIONAL S/A RESPONSE = ',Ell. 6) 
4410 FORMAT(f,6X, 'TOTAL INTERFLOI~ IN S/A SUBSYSTD1 ',13,' " , ,GI2.4) 
51l11~0 FORMAT (' l' ,/, 6X, 'RECHARGE AS r. OF MAX. ALLOY/ABLE RECHf1hO:;E', 0 
551~1~ FORMAT<' I' , I, 6X, 'GW PUMP IN6 AS :r. OF MAX ALL(l,IABLE PUMf') NV , I) 
56191~ FORMAT(' I' ,/,6X, 'STREAM ELEVATIONS', Il 
6Wl0 FORMATPI',I,bX,'SATURATED THICXNESS <FT)'./i 

RETURN 
END 

c 
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SUBROUTINE S:,NSE 
c ******** •• ** •• ***~******.~***.*****~.~*****~*.*******.*-**********~ 
C' PERFORMS SENSITIVITY ANALYSIS ON ,)PTIMAL RESUUS • 
C' OUTPUTS CONSTRAINED DERIVATIVES ':'F' 08JECTIVE FI)NCTION • 
,- WITH RESPECT TO THE DECISION VAR,ABLES. • 
C' COMPUTES AND OUTPUTS MAXIMUM CHANGE IN A DECISION VARIA8LE • 
C 

C 

>; '" q: * *. * * III. $: * *. * * *,!jI.Ijr; III *. * * * 1Ir* $: * ** * * * 1jc * Jjr: * * * * * '1= * !II; * '" I/(:k '* * * *_** *. ~*:}<:II ** * lit * Jjc *' 
COMMON/ONEIlCELL,NVAR,NCH,NSA, lRCH..ITER,NCH';U[<,KCH, ISUS, IGHK, IPDM.' 
COMMON/BUNCH l/ISTART, IMAX, JMAX, JSTARTi35) , .IEND(3S) 
COMMON/BUNCH 3/NCELL(35,22),NCHN(35,22),ICH(62),JCH(62),(CF(62) 

0,ISW(376) 
COMMON/BLOCK lICA(683) ,AA(384,683) ,R(384) ,8(384,384) d:;(384,327), 

oV(327) 
COMMON/BLOCK 21X (683) , ITYPE (683) , XO (683) , XU (6,m , Xli 683) 
COMMON/QUA 1/Q(327,327) 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/CONST lIN,NF,K. KE 
COMMON/BLOCK 3/NS (;356) ,ND (327) ,NN (683) 

CD-ARRAY HOLDS PARTIAL OF STATES WITH RESPECT TO DECISIONS 
C V-ARRAY HOLDS PARTIAL OF OBJECTIVE FUNCTION W. R. T. DECISIONS 

!TOUT=? 

C 

C 

N9=N-KE 
DDMAX=j1I.11I 
N2==N*2 
N3=No2+KCH 
N4=N-2+KCH+NCHSUB 
1 CEL2= I CELL 

. WRITE(ITOUT. !1i!1i!1i!) 

[<0 BI1II1I JJMX=j,NVAR 
LD=ND(JJMX) 
DDMIN=!@.E+!@ 

IF(V(JJMX).EQ.I1I.I1I)GOTO 66111 
IF(V(JJMX).LT.@.I1I)GOTO 65111 

C FIRST PARTIAL IS POSITIVE, 

C 

IMIN=l 
AMIN=!I1I.@E+111I 

DO !1i!1i! 1=1. ICEL2 
IF(D(I.JJMX).LE.Ii!.IiJ)GOTO 200 
XO (Il= (X (NS (lJ ) -XLiNS (Il» /D (], JJMX) 
IF(XO(J) .GE.AMIN)GOTO 210111 
AMIN=XO(I) 
lMIN=I 

20~ CONTINUE 
100 CONTINUE 

c 
DELS=AMIN 

IUMIN=! 
UMIN=11i!.Ii!E+!0 

DO 301i! I=1.ICEL2 
IF([f(I,JJMXl.GE.0.0lGOTO 35@ 
XO(])=(X iNSi lJ) -XUiNS(l)) /Di I, JJMX) 

IF (XO (J) • GT, UMIN) GO TO 35111 
UMIN=XO (I) 
lUMIN=I 

JSI~ CONTINUE 
300 CONTINUE 

DELSS=UMIN 
C 
C FIND MIN(DELS,DELSS) 

ODMIN=OELS 
IF(DELSS.LT.DOMIN)DDMIN=OELSS 

GOTO 66@ , 
C 
651~ CONTINUE 
C .** .......... V (JJMX) ( iii 

IMIN=I 
AAMIN=!0 •• 1E+!0 

DO 500 1=1, ICEL2 
IF(o(I,JJ~IX).GE.19.0)GOTO 550 
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XO(j)=(XUNS( j) I-X (NS( J) )/[1(1, JJMX) 
!F(XO(J) .GT.AAMm)GOTO 55.' 

AAMIN=ABS(XO(I) . 
IMIN=I 

556 CONTINUE 
51'1? CONTINUE 

c 
DELS=AAMIN 

IUMIN=! 
UMIN=10.E+10 

DO 700 I=1,ICEL2 
IF(D(I,JJMX).LE.0.0)GOTO 750 
XO(I)=(XU(NS(I»-X(NS(I»)fD(I,JJMX) 

IF (XO (Il • GT. UMIN) 60TO 750 
UMIN=XO(I) 
IUMIN=I 

751, CONTINUE 
7~J~1 CONTINUE 

DELSS=UMIN 
C 
C FIND MIN <DELS. DELSS) 
640 CONTINUE 

DDMIN=DELS 
IF <DELSS. LT. DDMIN) OOMIN=DELSS 

C 
660 CONTINUE 

IF(LD.6T.N)60TO 510 
V(JJMX)=V(JJMAX)f.0435560 
XXX=X(ND(JJMX» 

WRITE (ITOUT. 2000) LD. XXX. V (JJMX) , DOMIN 
60TO 850 

51.9 CONTINUE 
IF(LD.GT.N2)GOTO 520 
LLD=LO-N 
XXX=X(NO(JJMX»/.043560 
ilRITE (ITOUT. 3000) LLD. XXX, V (JJMX) , DOMIN 

GOTO 850 
520 CONTINUE 

IF(LD.GT.N3)GOTO 530 
LLD=LD-N2 
XXX=X(NO(JJMX»f.043560 
WRITE (ITOUT, 400@)LLD, XXX, V (JJMX) ,DDMIN 

60TO 850 
cj3i.i CONTINUE 

IF (LD.GT.N4)GOTO 540 
LLD=LD-N3 
XXX=X(NO(JJMX»/.043560 
WRITE(ITOUT,5000)LLD.XXX,V(JJMX).DDMIN 

60TO 850 
540 CONTINUE 

LLD=LD-N4 
XXX=X(ND(JJMX»/.04356@ 
WRITE (ITOUT, 6000) LLD. XXX, V (JJMX) ,DOMIN 

8:5€1 CONTINUE 
IF (DOMIN. EQ. OELS) WRITE (ITOUT, 7200) NS (lMIN) 
IF <DOMIN. m. DELSS) WRITE (ITOUT, 740@)NS (!UMI.D 

8y.1~1 CONTI NUE . 
C 
jQl.J0 FORMAT (f,lX. 'FINAL DECISION VARIABLES, VALUe, OY/DX, DXMf'iX' 

" f) 
·"1~1~0 FORMAT<lX,'DRAWDOWN IN CELL ',13,' 'JALUE = '.1'.9.3,' FT.',/,2X, 

"[lV/DX = ',E9.3,' AC-FT/FT. MAX [IX = ',E9.3) 
J0131~ FORMAT(lX,'PUMPING IN CELL ',13,' VALUE = ',E9.3,' AC+T.',1,2X, 

"DV/DX = ',E9.J,' AC-FT/AC-FT. MAX OX = ''('9.:1) 
400 .. 1 FORMAT (lX, 'RECHARGE IN CH CELL', 13,' VALUE = ',E9.3,' AC-FT.', 

*j,2X,'DV/DX = ',E9.J,' AC-FT/AC-FT. MAX OX = ',E9.3) 
:'1~131~ FORMAl( 1 X, 'RECHARGE IN CH SUBSYSTEM '.I3,' VALUE = ',E? 2., 

.' AC-FT.',/,2X,'DY/DX = ',E9.J,' AC-FT/AC-Fl. MAX OX"· ',E9.3) 
6.1~1<1 FORMAT(lX, 'RESPONSE IN Sf A SUBSYSTEM' ,[3,' VALUE = ',(,eI. 3, 

.' AC-FT.',/,ZX, '[lV/DX = ',E9.3,' AC-FT/AC-FT. ~1AX [IX c ',E9.3) 
721'1~ FORMAT<2X, 'THE STATE x(NS<IMIN) I GOES TO LO,!ER LIMIT. I'IS(IMIN)= 

*15; 
-,'1<.::-:\ FOf.:MAT(2X,'THE STATE X(NS<IU~HN}> GOES TO LI!"p~r: LIi"lIT, hiC::;\IUMH/}= 

.~, , IS) 
RETUF:N 
fNf! 
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SUBROUTI NE READ IN 
C'9~*****~**** •• ********~*~.*******~.****** •••• $**~o~**.****~******* •• ~~ 
c 
(: THIS SUBROUTINE DOES THE FOLLOWING : 
C 1. READS AND PRINTS INPUT DATA 
C 2. FORMULATE QUADRATIC PROGRAMMING F'ROBLEM IN'STANDARD FO 
c~~*~.**.~.*** •••• **·*··**·********~****.**·************.**~*.*~*****.*. 

COMMON/BLOCK !/CA(683),AA(384,683) ,R(384) ,B(J84,384),D(384,J27) , 
-V(327) 

COMMON/BLOCK 2/X (683) , ITYPE (683) , XO (683) , XU (6831 ,XU683) 
COMMON/QUA I/Q(327,327) 
COMMON/FAST I 1/IPR,IREAD,Y 
COMMON/CONST liN, NF, K, KE 
COMMON/CONST 2/Nl,N2,N3,N4,N5,N6 
COMMON/KONST 1IIFREQ 
COMMON/CONST 3/EPSY,EPSV,EPSCO,EPSD 
COMMON/CONST S/KOUNT,NIMAX,LP 
COMMON/POUT/lOUT 
COMMON/KONST 7/ACC 
COMMON/CONST 7/1PRINT 
COMMON/GLOB 1IlGLOB, IGMAX, IG 

C~***.***.***************************.***************$*******0********** 
C 
C REMEMBER TO CHANGE LIMITS IN LIMIT-CHECK ANIJ -MESSAGE DEL OW 
C 
C***********.**********·****·**********·****·*~·**¥******.*$*********~.' 

IF(IGLOB.EQ.2) GO TO 9901 
IF (. NOT. IREAO. m.l) GO TO 311 

9999 FORMAT('-'/T5,12011H*),I'-') 
READ 100, N,NF,K,KE,IGMAX 

100 I'ORMAT(5I4) 
C:~~**.** •• *******~******.*********************************************~* 
C 
C FOR DIMENSION CHANGE, INCREASE LIMITS ON N mw K IN THE TWO SUBSEfi 
C STATEMENTS, AND IN THE FORMAT 97 MESSAGE 
c: 
311 CONTINUE 
C IF iK. 6T. 60. OR. N. GE. 61. OR. N+I( -KE. GT. 120. OR. N-'!':E. 6T, 60) F'RINT97 
97 FORMAT<1Hl, T5, 'LIMIT EXCEEDED K=60 N=60 N+K-KE=120 N-KE=60'" 
C IF (K. GT. 60. OR. N. GE. 61. OR. N+K -KE. GT. 120. OR. N-KL GT. 60) STOP 
C 
C.***.****************·*******~***$***·*****~*****~~***$*******$**$**~** 
C 

IF (. NOT. IREAD. m.1) GO TO 9901 
READ 101, (CA (l) , ITYPE (I) , 1=1, N) 

Hl1 FORMAT (8 (G8. 0,12» 
(1) 11 I=I,N 

11 READ 103, (Q(I,J) ,J=I,N) 
DO 10 1=I,K 

10 READ 11<12, (AA(I,J).J=I,N) 
102 FORMAT (HIG8. 0) 

READ 103,(R(]),I=I,KI 
103 FORMAT(10GS.0) 

READ 104, (XU(I), I=l,N) 
READ 104, (Xl( Il , 1=1, N) 
READ 104, (XO (I) , 1=1, N) 

11~4 FORMAT (10G8. 0) 
READ 105, EPSY,ACC,NIMAX,LP 

105 FORMAT(ZGS.0,3I3) 
READ 106, IPRINT, IFREQ, lOUT 

11~6 FORI1AT (312) 
IG=~, 
IGLOB=0 

~a"'l CONTI NUE 
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SJBROUTINE QPTHOR 

C*$******~**********~*************.**************************;~*******~'* 

C COMMENTS WERE DELETED BECAUSE NUMBER J~AS UNAC! ::'PTABLE TO U:"11 
~ FORTRAN COMPILER. LI)I)K IN TEST FI)RTRAN I)N OWl( I~P24012 1.92 FI)R 
,-. I)RIGINAL CI)MMENTS. 
" ., 
C***********************.********.******************~****.****~***~***** 
C 

C 

LOGICAL KT,IVPOS 
COMMON ICON l/NSTAR 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/GLOB l/IGLOB,IGMAX,IG 
ICASE1=0 
ICASE2=0 

C READ AND PRINT INPUT DATA 
C FORMULATE AND PRINT STANDARD FORMULATION 
c 

CALL READIN 
c 
C PARTITION VARIABLES, AND PRINT TABLE OF CORRESPONDENCE 
C 

CALL PART 
c 
C PARTITION AND PRINT MATRICES I)F CI)EFFICIEN'IS 
C 

CALL PART AA 
c 
C CALCULATE DELTA COEFFICIENTS 
C 

CALL !DELTA 
C 
C CALCULATE CONSTRAINED DERIVATIVES 
C 

CALL CONDER 
c 
C INITIALIZE ITERATION COUNTER 
C 

c 

NSTAR=0 
KOUNT=0 

Hl CONTINUE 

C FIND NUMERICALLY LARGEST CONSTRAINT DERIVATIVE 
C IF POSITIVE. IVPI)S=. TRUE., IF NEGATIVE. IVP(lS=,FALSE. 
C CHECK KUHN-TUCKER CONDITIONS, AND PRINT OPTl"rtAL SOLUTION IF SATI:3F 
C 

c 
CALL MAXV(IVPOS,JMAX,KTl 
IF (KT) GO TO 15 

C FIND HOW MUTCH THE VARIABEL CAN CHANGE AND WHAT IS THE ~:ESTRICTION 
C 

C 

IF (IVPOSl CALL CASEA1 (ICASE1, JMAX, IMIN, IUMIN, OEL[I, DEL 'I. Of-LS, DELSS) 
IF(.NOT.IVPOS) CALL CASEA2(ICASE2,JMAX, IMIN, IlJllIN, [lELJ),DELV, DELS, 

$DELSS) 

r. CARRY OUT THE ITERATION 
C 

-' 

" '., 

.-. 

IF(ICASE1.EQ.1) CALL CASEB1(JMAX,DELD,1) 
IF (IeASE1. EQ. 2. OR. ICASE2. EQ. 2) CALL CASEB2 (,lMIU, DELV) 
IF(ICASE1.EQ.3.0R.ICASE2.EQ.3) CALL CASEB3(JMAK,IMIN,UELS,3) 
IF(ICASE2.EQ.4) CALL CASEB1(JMAX,DELD,4) 
IF ([CASE1.m.5. OR. ICASE2.EQ.5) CALL CASEB3(jMAX. lUMIN.fJEi.SS,5) 

15 CONTINUE 
IFLNOT.KT) GO TO 20 
F:ETURN 

20 CONTINUE 

, ••• KT CONDITIONS ARE NOT SATISFIED .••• 

ICASE1=~1 
ICASE2=19 
GO TO 1~3 
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,_ , , , ,DEFINE UPPER BOUNDS OF UNBOUNDED VARIABLEfi •••• 
C ., •• AND LOVER BOUND OF FREE VARIABELS iARTli·IClAU ••• 

DO IHI I=I,N 

C 
C 

IF(ITYPE(I) .EQ.I!H XUIl=-10E10 
110 IF(XU(I).EQ.0.@) XU(I)=I@.E10 

C •••• DEFINE TOLERANCE PARAMETERS •••• 
II=0 
SUM=0.0 
DO 96 1=I,N 
SUM=SUM+ABS(CA(I» 
IF(ABS(CA(I) .NE.l1I.) II=Il+J 
DO 96 J=I,N 
IFW(I.J).NE.0.) 11=11+1 

96 SUM=SUM+ABS(Q(I,J» 

c 

c 

AVERC=SUMIII 
EPSV=ABS(ACC*AVERC) +0.0000000001 

II =0 
SUM=0. 
DO 95 I=I,N 
SUM=SUM+ABS(XO(I» 
IF(ABS(XO(I» .NE.0.) 1I=II+l 
CONTINUE 
AVERX=SUM/II 
EPSD=ABS (ACC"A'IERX) +0.1001010001 
Nl=N+l 
N2=N+K 
N3=N+KE 
N4=KE+l 
N5=N+KE+l 
N6=IN+KI-INF+KE) 
N7=N+K-KE 
N9=N-KE 

C CHECK I~ETHER THE PROBLEM IS L. P. OR '1. P. 
C 

IFILP.NE.2) GO TO 436 
DO 321 I=I,N 
DO 321 J=I,N 
IFIQII,J).NE.0.) LP=0 
IF ILP. EGUI) GO TO 436 

J21 CONTINUE 
C 
C •••• PRINT INPUT DATA •••• 
C 
'!:l6 IF I IPR. NE. J) GO TO 7 

PF:INT 9999 
PRINT 9998 
JFIIGMAX.EQ.0) PRINT 7272 
IFIIGMAX.GT.0) PRINT 7273,IGMAX 
IFILP.GT.0) PRINT 322 

J-n FORMAT(,-', T5, 'THE PROBLEM 15 LINEAR PROGRA~IMING PROBLEN'; 
7272 FORMATI'-', T5, 'CONVEX PROGRAMMING PROCEDURE ONLY') 
7273 FORMAT I' _., T5, 'CONVEX PROGRAMMING + SEARCH "ROCEDURE' ,/T5,' M~.XIMU~l 

1 NUMBER OF SEARCH ITERAT IONS =', 14) 
9998 FORMATlT5,' ,"UADRATIC PROGRAMMING') 
3888 FORMAT('-', T5, 120(lH-), /'I~') 

PRINT 9999 
PRINT 199 

;','7 FORMATIIHL T5,' INPUT DAT4') 
PRINT 8888 
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PRINT 2l!1@,N,K 
2Q1@ FORMAT(I-'/'f2Jl,T5,'TOTAL NUMBER OF ORIGINAL VAnJABLES',T4y'I,'N=', 

1T5@, 13/'0', T5, 'TOTAL NUMBER OF CONSTRAINTS', 140, 'K=' , T50, j:J) 
PRINT SSSS 
PRINT 201 

201 FORMAT (1-' I' 0' , T5, ' INDEX' , T2S, 'COEFFICIENTS' ,T45, 'TYPE OF', 
l' VARIABLE', T65, 'INITIAL SOLUTION', IS5, 'UPPER BOUNDS', T105, 
2'LOWER SOUNDS') 

PRINT 2@2 
202 FORMAT (' -, , T7, , I' , T31, 'C (l) , , T49, I HYPE (!) , , T71, , XCI (!) , , T';>I1I, 

2'XU(I)', T109, , XU])') 
193 FORMAT<'-',T5,I:J,T4l!1,T5:J,T67,G12.5,TS5,£12.5,Tl05,EI2.5) 

PRINT 210, (1, CM I) , lTYPE (]) ,XO (Il, XU (I i, Xl( J) , 1=1, N) 
1N2"N+1 

C PRINT 193, (I, XI) (I) ,XU(I), XUO d=IN2,N7) 
21J!l FORMAT<' -, ,T5, 13, T2S, 612. 5, T52, 11, T67, 612. 5, T85, £12. 5, T U95, E12. 5) 

C PRINT SSS8 
C PRINT 211 

211 FORMAT ('-' ,17,' 1', 12S, 'COEFFICIENTS QU, J)') 
C DO 21 !=j,N 
C 21 PRINT 212, 1,(Q(I,J).J=I,N) 

212 FORMAT('-', T5, 13, (1T2S,SGI2.5» 
C PRINT -8S88 -

237 FORMAT('-'/'0') 
C PRINT 2@3 
C DO 2l!1 1=I,K 
C 20 PRINT 204, I,R(I), (AA(I.J),J=LN) 

203 FORMAT (lX, T5, 'CONSTRAINT' , T3l!1, 'RIGHT HAND' ,"1"70, 'COEFFICIENT MATRIX 
$ OF CONSTRAINTS' 1T5, 'NUMBER' , T28, 'SIDE' ITS,' (', T34,' R (Ii', T86, 
$'MI,J) ') 

204 FORMAT(IH0,T6,I3,T29,GI2.5, (/T45,7GI2.5») 
PRINT 8SSS 

7 CONTINUE 
l111 CONTINUE 

c 
C INPUT DATA ARE NOW READ AND PRINTED 
C FORMULATE QUADRATIC PROGRAMMING PROBLEM IN ST,~NMRD FORM 
C 
C DEFINE AUGMENTED COEFFICIENT \lECTOR OF OBJECTl'IE FUNCTION, CA (!) • 
C 

DO 31 I=NI, N7 
lTYPE(!) =1 

31 CA(l)=0.QI 
C UEFINE AUGMENTED COEFFICIENT MATRIX AA<IoJ) 

DO 4@ 1=I,K 
DO 42 J=Nl,N7 
AA (r. J) =O. 
IFII-KE.EQ.J-N) AA(I,J)=-l. 

42 CONTINUE 
4l!1 CONTINUE 
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C CALCULATE SLACK VARIABLES ASSOCIATED WOTH INEGiUALITY CONSTRAINTS 

C DEFINE ARRAY OF VARIABLES. ORIGINAL AND SLA(;I{ 
C 
C ORIGINAL VARIABLES 
C 

DO 50 I=l,N 
50 X<Il=XO(l) 

C 5 
C SLACK VARIABLES, INEQUAliTY CONSTRAINTS 
C 

DO 70 I=l,K 
SUM=fJ. 
DO 71 J=l,N 

71 SUM=SUM+AA(I.J)'X(J) 
IK=N+I 
XXXXX=SUM-R (I) 
IF(I.GT.KE.AND.XXXXX.LT.-EPSD) GO TO 331 
IFII.LE.KE.AND.ABSIXXXXX).GT.EPSD) GO TO 331 
IFII.LE.KE) 60 TO 70 
X I N+ I -KE) =XXXXX 

C XLIN+I-KE)=0. 
C XUIN+I-KE)=11.E10 

IF IX (IK). LT. XLlIK) ) XLlIK) =X (IK) 
IF(X(IK).GT.XU(IK))XU(IK)=XIIK) 

70 CONTINUE 
PRINT 21Q1. (I. CA(!) • ITYPE (!) • X <Il • XU( l) • XLI!) , I"IN2. N7! 

c 
RETURN 

T31 PF:INT 332, I 
332 FORMAT('-'1'0',T5.' THE INITIAL SOLUTION IS NO'! FEASIBLE', 

lI'IiI',T6, 'THE FIRST VIOLATED CONSTRAINTS IS NR',I3) 
3J3 CONTINUE 

F'F:INT 335, IK 
335 FORMATIIX, 'VARIABLE NUMBER ',13,' IS LESS THAN LOWER BOUNO') 
:1;,4 CONTINUE 

PRINT 336, IK 
~:l6 FORMAT IIX,' VARIABLE NUMBER', 13,' IS GREATEn rHAN UPPEri BOUND') 

STOP 
END 
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SUBROUTINE PARr 
C 
C***$ •• *** •• ** •••• *$* ••• ************ •• **** •• **************.*~ •• *.*.***o* 
C THIS SUBROUTINE MAKES THE PARTITION OF XeI) INTO: 
C 1. K STATE VARIABLES, NSm, FREE + BOUNDED 
C 2. N-KE DECISION VARIABLES, NDe.1), ZEROS + BOUNDED 
c****.***.*******~*·**********.*****.*···*********~****.************.**. 

C 

COMMON/BLOCK lICA(683) ,AA(384,683) ,R(384) ,B(384,384) ,nCi84,327), 
*V(327) 

COMMON/BLOCK 21X (68:3) , 1 TYPE (683) , XO (683) , xu (683) , Xl( 6<)3) 
COMMON/BLOCK 3INS (356) ,ND(327) ,NN(683) 
COMMON/OUA 1/0(327,327) 
COMMON/CONST liN, NF, K, KE 
COMMON/CONST '2/Nl,N2,N3,N4,N5,N6 
COMMON/CONST 7/IPRINT 
COMMON/FASTI lIIPR, IREAO, Y 
N9=N-KE 
N7=N+K-KE 

C SELECT FREE VARIABLES TO BE STATE VARIABLES 
C DEFINE ARRAY OF BOUNDED VARIABLES, NN (J) 
C 

c 

J=1 
1=1 
DO Wl L=I,N 
IF(ITVPE(LJ.ED.0) NS(I)=l 
IF (lTVPE(LJ .E9.@) 1=1+1 
IF(ITVPE(L).GE.l) NN(J)=l 
IF(lTYPE(LJ.GE.1J J=J+l 

11l~ CONTINUE 
DO 111 L=Nl, N7 
NN(J)=L 
.1=,]+1 

11 1 CONTI NUE 

C SELECT BOUNDED VARIABELS FAREST FROM THEIR l.li11TS TO BE STATE 
DO 10 l=I,N7 

11. XO(!)"'X(I) 
15S=NF+l 
IF(JS5.GT.K) GO TO 37 
DO 11 IS=ISS,K 
XI'lAX=@ 
MAX=0 
DO 12 L=I,N6 
CC=AMINI (XU (NN (LJ ) -XO (NN (LJ) , XO (NN (LJ) -XL (NN (LJ ) ) 
IF(CC.GE.XMAX) MAX=L 
IF(CC.GE.XMAX) XMAX=CC 

1'2 CONTINUE 
IF(IS.LE.N)MAX~IS 
IF(IS.GT.N)MAX=IS+N 

NS(IS)=NN(MAX) 
XO(NN(MAX»=-I~EI2 

11 CONTINUE 
" 
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C SELECT REMAINING VARIABLES TO BE DECISION VARIABLES 
C 
C SELECT REMAINING NON. NEG VARIABLES TO BE DECISION VARIABLES 
37 J=1 

DO 121 L=1,N6 
IFI.NOT.XO(NN(LJ).EQ.-I~E12l NDIJl=NNILl 
IFI.NOT.XO(NN(LJ).EQ.-I~E12) J=J+l 

121 CONTINUE 
C 
C 'PRINT TABLE OF CORRESPONDENCE 
C 

IFIIPRINT.EQ.1J GO TO 26~7 
PRINT 4~~ 

41~19 FORMAT I 1H1, TS, 'TABLE OF CORRESPONOANCE',/' -, ) 
PRINT 4~1 

4~ll FORMAT <T5, 'STATE VARIABLES', I'~' , T5, • NS (J) , , T3~I, 'X INS (j) i ' ) 
PRINT 41il2,(NS(IJ,X(NS(J).J=I,K) 

4192 FORMAnT7, 13, T31,G12.5l 
PRINT 4~3 

403 FORMAT ( , -, , TS, , DECI SIaN VARIABLES', I' 0' , TS, {I,D I J) , , T30, 
I'X(NO(J» ') 
PRINT 41il4, <NO(J) ,X(NO(J» ,J=1,N9) 

404 FORMAT(T7,13,T31,G12.5) 
2607 CONTINUE 

C 
C CALCULATE INITIAL VALUE OF OBJECTIVE FUNCTION 
C 

c 

IF<IPR.NE.1J GO TO 7 
Y=0.£1 
DO 1101il 1=1, N 

1101(1 Y=Y+CA(I)*X(I) 
YY=0. ,1 
DO 2677 1=1, N 
DO 2677 J=I, N 
YY=YY+Q(I,J)oX(I)'X(J) 

',677 CONTI NUE 
y=y+g.5*YY 

C PRINT INITIAL VALUE OF OBJECTIVE FUNCTION 
C 

PRINT 11193, Y 
111~3 FORMAT,('-'/T5,'INITIAL VALUE OF OBJECTIVE FtrNC1!ON,Y=',T519, 

11312.5/'-' ) 
PRINT 9999 

9999 FORMAT (' -, ITS, 12l!1<lH*), I' _. ) 
7 CONTINUE 

,-

RETURN 
END 

D-J4 

( 



SUBROUTINE PART AA 
c 
c~·***********·************************************~·********~********~~ 
C THIS SUBROUTINE MAKES THE PARTITION OF AA (I, J) INTO 
C t. THE KoH COEFFICIENT MATRIX B(I,J) OF STATE VARIABLES 
C 2. THE K*N-KE COEFFICIENT MATRIX on, J) OF DECISION '/ARIABLES 
c~~************.*****·****************·**********************~*~******~* 

c 

COMMON/BLOCK l/CA(683) ,AA(384,683) ,R(384) ,B(384,384) ,0(J84,327) , 
.V(327) 

COMMON/BLoCK 2/X(683), ITYPE (683) ,W(683) ,XU (bKH ,XL<6B3) 
COMMON/BLOCK 3INS(356) ,NO(327) ,NN(683) 
COMMON/CaNST l/N,NF,K,KE 
COMMON/CONST 2/Nl,~2,N3,N4,N5,N6 
COMMON/CONST 71lPRINT 
N9=N-KE 

DO Jlil I=l,H 
DO 1;J J=l,K 

10 B(J,I)=AA(J,NS(I» 
DO 20 I=I,N9 
DO 20 J=l,K 

20 O(J,I)=-AA(J,NO(I» 
c 
C PRINT PARTITIONED MATRICES B(I,J) AND C(I,~) 
C 

C 
C 

TF(IPRINT.EQ.I) 60 TO 2607 
IF(IPRINT.EG.0)60TO 2607 
PRINT 500 

5130 FORMAT(1Hl,T5, 'COEFFICIENT MATRIX OF STATE VARIABLES ,H I. JS) , 
1,1'0') 
PRINT 503 

503 FORMAT <T7, , l' , T811i, , 8 (I, JS) , ) 
00 501 1=I,K 

501 PRINT 502, I, (B(I.JS),JS=l,K) 
5212 FORMAT (lH0, T5, 13, (lT29, 8612. 5» 

PRINT 505 
505 FORMAT('-'/T5, 

I' COEFFICIENT MATRIX OF DECISION VARIABLES 0 (I, JD) , ,I' I"~ i 
PRINT 5kl6 

506 FORMAT <T7, , I' , T80, , 0 (J,JOl ' ) 
DO 507-I=1,K 

5el7 PRINT 508, I, !D(I.JD),JD=I,N9) 
5.~18 FORMAT OHl" T5, 13, (/T29, 8612. 5) ) 

2601 CONTINUE 

RETURN 
END 
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SUBROUTINE IDELTA 

c****.* ••• ** •• *.***.*.*** •• ** •• ***.*.********.******~******************* 
C THIS SUBROUTINE CALCULATES THE DELTA COEFFICIENTS BY GAUSS ELIMINA 
C IF NEW PARIITION IS NEEDED SUBROUTINE NEWPAR IS CALLED 
C THE MATRIX D( , ) STORES THE DELTA( , ) COEFF1CIENTS 
c*~** •• ********.** ••••• ***.**** ••••••• ** ••• *.******.** ••• *.***«* ••• ***** 

c 

COMMON/BLOCK I/CA(683),AA(384,683),R(384),B(384,384),D(384,327), 
0'1(327) 

COMMON/BLOCK 2/X(683) ,lTYPE(683) ,XI)(683),XU(68]) ,XL<68Ji 
COMMON/BLOCK 3/NS(356),ND(327),NN(683) 
COMMON/CONST 7/IPRINT 
COMMON/CONST liN, NF, K, KE 

EPSA=0.00000001 
N9=N-KE 
1=1 

I 11=1+1 
C"'.*FIND LARGEST ELEMENT IN COLUMN 1* •• --
99 IMAX=I 

BMAX=ABS(B(I,I» 
IF (BMAX.GT.EPSA) GO TO 196 
[to 10 L=II,K 
IF(ABS(B(L, I» .GT.8MAX) IMAX=L 
IF(ABS(B(L,I»).GT.8MAX) BMAX=ABS(B(IMAX,I) 

10 CONTINUE 
C ..... LARGEST ELEMNT IN COLUMN I=B(IMAX, I) ..... 

IF(BMAX.LE.EPSA) CALL NEWPAR(I) 
IF(BMAX.LE.EPSA) GO TO 99 

C ..... INTERCHANGE ROWS,MAKING LARGEST ELEMENT THE PIVOT"'" 
DO 11 J=I,K 
XX=B(I,J) 
B (1, J)=BUMAX, J) 
B(IMAX,J)=XX 

11 CONTINUE 
DO 12 J=I,N9 
XX=O(I,J) 
D(l,J)=D(IMAX,J) 
D(IMAX,J)=XX 

12 CONTINUE 
C ..... PERFORM GAUSS OPERATIONS ..... 
196 DO 13 L=II,K 

IF(ABS(B(L, Il) .LT.EPSA) GO TO 13 
B (L, [) =8 (L, !l /B (I. I) 
[I(} 14 J=II,K 
8 (L, J) =B(L, J)-B (L, !loS( I, J) 

14 IF(ABS(B(L,J).LE.EPSA) B(L,J)=0. 
DO 15 J=I,N9 

15 [I(L,J)=D(L,J)-B(L,I)'D(I,J) 
13 CONTINUE 
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1=1+1 
IF(I.LT.K) GO TO 1 

CH".MATRIX IS NOW UPPER TRIANGULAR, AND I=K ..... 
IF(ABS(B(K,K».LE.EPSA) CALL NEWPAR(]) 

C ..... PERFORM GAUSS OPERATIONS BACKWARDS"_" 
2 CONTINUE 

12=1-1 
DO 21 L=I,J2 
LL=I-L 
B(LL,I)=B(LL,I)/B(I,I) 
!F(ABS(B(LL,I».LE.EPSA) GO TO 21 
DO 22 J=I,N9 

220(LL,J)=O(LL,J)-B(LL,I)'D(I,J) 
21 CONTINUE 

1=1-1 
IF(I.GE.2) GO TO 2 

C'''**DIVIDE BY DIAGONAL ELEMENTo.* •• 
DO 23 I=LK 
DO 23 J=I,N9 
D (!,J) =0 (I,J) IB (!, I) 

23 IF(ABS(D(I,J».LE.EPSAlO(I,J)=0. 
C .... PRINT DELTA(!,J) .... 

IF(IPRINT.EQ.1l GO TO 26~7 
IF(IPRINT.EQ.0)GOTO 2607 
PRINT 32 

32 FORMAT('-'1'0',T5,'DELTA COEFFICIENTS') 
DO 33 l=l,K 

33 PRINT 34, I, <D <I, J) ,J=I, N9) 
34 FORMAT (IH0, T5, 13, (/T10, 1~G12. 5) ) 

261~7 CONTINUE 
RETURN 
END 

0-37 



L 
SU8ROUTI NE NEWPAR 1 I ) 

c 
C*~.**********~*******************~***************~~~****-****#********* 
C THIS SUBROUTINE MAKES NEW PARTITION BETVEEN STATE 'IAR1ABEL I AND (> 
C EACH IN FOLLOVING ORDER. 
C 1. STATE VARIABEL WITH HIGHER NUMBER 
C. 2. DECISION NOT ON ITS 80UNDARY 
C 3. DECISION ON ITS 80UNDARY 
C 
C THIS SUBROUTINE ALSO CONSTRUCTS NEW COLUMS IN THE B ANO (I MATRIXES 
C GAUSSIAN ELIMINATION PROCESS CAN BE CONTINUED IN COLUMN I 
C*********************************··********************* •• *******.***~. 

c 

c 

COMMON/BLOCK lICA(683) , AA 1384,683) ,R (384) ,B <J84, 384) ,01384.327) , 
*V1327) 

Cot1MON/BLOCK 2JX (683) ,ITYPE 1683) ,XO (683) ,XU (683), XU683) 
COMMON/BLOCK 3/NS(356),ND(327),NNI68J) 
COMMON/CaNST 71lPRINT 
COMMON/CONST lIN,NF,K,KE 

EPSA=0. 0000!i1~101 
N9=N-KE 

C FIND IF STATE VARIABEL OF HIGHER NUMBER HAS NONZERO E1D1[NT 
c 

]]=1+1 
[FII.EQ.K) GO TO 19 
DO 16 J=[[,K 
DO 17 L=I,K 
[FIABSIBIL,J».GT.EPSA)NSS=J 
[FIABSIBIL,J».GT.EPSA) GO TO 18 

17 CONTINUE 
16 CONTINUE 

GO TO 19 
c 
C CHANGE PARTITION OF STATE VARIABELS I AND NES 
C 
18 CONTINUE 

[FIITYPEINSI[» .EQ.~.AND.ITYPEINSINSS» .NE.l~) NN(N+K-KEJ=7 
C""THIS [5 TO INDICATE THAT NOW THE NF FIRST ST~m: ARE NOT ::~.L FREE VA 

.JJ=NS I I) 
NS(I)=NSINSS) 
NS (NSS) =JJ 
IF(IPRINT.NE.l) PRINT B1,I,NSS 

81 FORMAT('-'/'-', 'CHANGE PARTITION BETWEEN STilTE VAFIABELS ',215) 
C 
C CHANGE TWO COLUMNS IN B MATRIX 
C 

DO 215 J=I,K 
xc (J) =8 (J,j) 
B (J, Il =8 (J, NSS) 
BIJ,NSS)=XO(J) 

:'~j CONTINUE 
RETURN ,-. 
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C iRY TO FIND NONZERO COLUMNS AMONG NONZERO O:CIS1ONS V"",],,?ELS 
" 
19 CONTINUE 

DO 22 J=I,N9 
IF (ABS (X (ND (J)) -XUND (J) ) ). LE. EPSA.OR .ABS (XU (NIH J) ) -X (NO (J) ) ) • LE. E 

$PSA) GO TO 22 
DO 23 L"I.K 
IF{ABS(D(L.J».ST.EPSA) LD=J 
IF(ABS(O(L.J».GT.EPSA) GO To 3i!l 

23 CONTINUE 
22 CONTINUE 

C 
C TRY TO FIND NONZERO COLUMS WITHIN ZERO DECISIONS VARIABELS 
C 

DO 25 J=I.N9 
IF (.NOT. ABS (X (ND( J) ) -XL (NO (J») • LE.EPSA.OR.AllS(xU (ND( J) ) --x (ND{ J) ) ) 

$.LE.EPSA) GO TO 25 
DO 26 L=I,K 
IF(ABS(D(L.J».GT.EPSA) LD=J 
IF (ABS <D (L. J)) • GT. EPSA) GO Ti) 3 .. 

26 CONTINUE 
25 CONTINUE 
J[:M PRINT 77 
77 F(lRMAT('liP,T5,' SOMETHING IS WRONG NO EGlUATIONS OF STATE CAN BEl, 

I' OBTAINED') 
STOP 

c 
C CHANGE PARTITION BETWEEN STATE I AND DECISION LD 
C 
30 CONTINUE 

JJ=NS (I) 
NS(I)=NO(LD) 
ND(LD):JJ 
IF(IPRINT.NE.I)PRINT 88,I.lO 

88 FORMAT('-' 1'-' 1'-', 'CHANGE PARTITION BETWEEN 3'fATE ' .U. 
l' AND DECISION '.13) 

c 
c 
c 

3:1 
C 
C 
C 
C 

CHANGE TWO COLUMNS IN BAND 0 MATRIXES 

DO 33 J=I.I( 
;W-(JT=BTJ, !) 
B (J, J) =-D(J. LDl 
D(J,LDl=-XO(J) 
CONTINUE 

I F THE STATE VARIABEl WAS FREE VARIABEL MAK[- n BOUNO[O '"HEN IT r-: 
DECISION VARIABEL. 

IF(ITYPE(ND(LDJJ.EQ..1J RETURN 
XU{ND(LDJ)=!~.El~ 
XL(ND(LD)=-10.E10 
NN(N+K-KE)=7 
RETURN 
END 
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SUBROUTINE CONDER 
c 
c*.~************************************************** ************.***** r: THIS SUBROUTINE CALCULATES THE CONSTRAINED DERIVATIVES OF THE OBlE 
C FUNCTION WITH RESPECT TO THE NON NEGATIVE DECISION 'lAra ABLES 
C IF THE PROBLEM IS L P. THE CODE USES DIFFERENT FORMULA TO CALCULAT 
c*·~****.**.*******.*******.*.********.* •• *******.'*~**~***********~**.* 

COMMON/BLOCK ilCA (683) ,AA (384, 683) ,R (384) ,B (384,384) ,0 (384,327) , 
0'1(327) 

COMMON/BLOCK 2/X (683) ,ITYPE (683) ,XI) (683) ,xu (683) , XL (6f{J) 
COMMON/BLOCK 3/NS(356) ,NO (327l ,NN(683) 
COMMON/CONST 8IKOUNT, NIMAX ,LP 
COMMON/QUA 1/(/(327,327) 
COMMON/CONST 7/IPRINT 
COMMON/CONST lIN,NF,K,KE 
COMMON/CONST 3/EPSY,EPSV,EPSCO,EPSD 

-----~~--,Cc;--·~I'!ATRIX D( , ) STORES THE DELTA( , ) COE1FlCIENTS 
C 

N9=N-KE 
IF(LP.NE.0} GO TO 400· 
DO 160 J=I,N9 
V(J)=I!!. 
DO 10 I=I,K 
WA=£!. 
IF(NS(I}.GT.N} GO TO 10 
IF(0(I,J}.EQ.0.} GO TO 23 
DO 11 IR=I,K 
IF(NS(IR} .GT.N) GO TO 11 
WA=WA+Q(NS(I},NS(IR}}.X(NS(IR» 

11 CONTINUE 
DO 12 IT=I, N9 
IF(NO(IT}.GT.N) GO TO 12 
WA=WA+Gl(NS(l) ,NO( IT) OX (No(IT» 

12 CONTINUE 
WA=WA+CA(NS(I}} 
V (J) ='1 (J) +WA*D (I, J) 

7:3 IF(NO(J) .GT.N} GO TO 10 
V(J)=V(J) +(HNS(I) ,No(J) )'X(NS(I» 

u,J CONTI NUE 
IF(No(J}.GT.N) GO TO 21 
DO 13 TT=I, N9 
IF(NOOT}.GT.N} GO TO 13 
VU)=V(J)+Gl<NoOT) ,NO(J» oX (No(IT» 

1.1 CONTI NUE 
~t V(J)=V(J}+CA(No(J}) 

IF(ABS(V(J)} .LT.1.E-9) V(J}=0.0 
160 CONTI NUE 

GO TO 401 
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C 
C 
400 

403 
402 
C 
C 
C 

CALCULATE '/(J) BY L.P. FORMULA 

CONTINUE 
DO 402 J=I,N9 
V(J)=CA(NO(J) ) 
DO 403 I=I,K 
V(J)=V(J)+CA(NS(I»'O(I,J) 
IF(ABS(V(J» .LE.10.E-10) V(J)=0. 

DEFINE ALL THE TAU COFFICINTS AS ZERO IN L.I'. CASE 

DO 41114 J=I,N9 
DO 41114 1=1, N9 
B(I,J)=0. 

PRINT CONSTRAINED DERIVATIVES 

IF(IPRINT.EQ.l) 60 TO 2607 
PRINT 90111 

900 FORMAT<'-' 1T5, 'CONSTRAINT DERIVATIVES V(J)') 
PRINT 91111 

901 FORMAT(IH~1,/'0',T5,'INDEX OF DECISION VARIA£:LE',T40, 
l' CONSTRAINT DERIVATIVE' /' 111' , T17, 'J' ,T48, 'V (J) , , /' -':> 
PRINT 902, (J, II (J) ,J=I, N9) 

90~ FORMAT(TI5,I3,T44,GI2.S) 
:'6<17 RETURN 

END 
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SUBROUTI NE 11AXV (j '1P(JS, JMAX , :< T) 
c 
C*~*****'*·***~****************************************'************'*.* 
l, THIS SUBROUTINE FINDS THE NUMERICALLY LARGEST ,;(JNSTRA1NED DERIVAT ( 
C IF V(J) IS POSITIVE, IVPOS=. TRUE. 
C IF V(J) IS NEGATIVE, IVPOS=.FALSE. ' 
i' 
C 
C 
C 
C 
C 
C 

THIS SUBROUTINE ALSO TECKS THE KUHN-TUCKER CONOITIONS 
1. KT-CONDITIONS SATISFIED : RETURN KT=. TRUE. 
2. KT-CONDlTIONS NOT SATISFIED: RETURN H=.FALSE. 

IF THE OPTIMUM IS REACHED,I.E. IF KT=.TRUE., THE OPTIMIlL SOLUTION 
TED 

C 
C***.*************~*******************'********************************* 

C 

COMMON/BLOCK lICA (683) ,AA (384, 683) ,R (384) ,B (J84, 384) ,D 084, 327) , 
0'1 (327) 

COMMON/BLOCK 2/X (683) , ITYPE (683) ,KO (683) ,XU (68J) ,XLl68J) 
COMMON/BLOCK 3/NS(356),ND(327),NN(683) 
COMMON/CaNST 7/IPRINT 
COMMON/ENTER/NEW 
COMMON/CONST liN, NF, K, KE 
COMMON/CONST J/EPSY,EPSV,EPSCI),EPSD 
LOGICAL IVPOS 
COMMONIQUA lIJ~ (327,327) 
DIMENSION YSTAR (50) 
COMMON/FASTI lIIPR, [READ, Y 
COMMON/GLOB I IlGLOB, IGMAX, IG 
COMMON/CON lINSTAR 
COMMON/CONST B/KOUNT,NIMAX,LP 
l.OGICAL KT 
N9=N-KE 
N7=N+K-KE 

C .••• COUNT ITERATIONS •••• 
KOUNT=KOUNT+l 
IF(KOUNT.GT.NIMAX) PRINT 1109 

c 

[11~9 FORMAT('-' 1T5, 'MAXIMUM NUMBER OF ITERATIONS EXCEEDED,', 
l' STOP, THE PRINTED OPTIMAL SOLUTION IS NOT C<)HRECT', 
2' US IT AS AN NEW INITIAL SOL') 

fJ88R FORMAT('-',T5,120(IH-),/'0') 
KT:.TRUE. 
IF (KOUNT. GT. NIMAX) 130 TO 541 

C FIND THE NUMERICAL LARGEST FEASABLE CONSTRA!NEO DERI')I\ flVE TO CHAN 
C IF NONE IS FEASABLE (JMAX=0) THE KUHN-TUCKEf\ CONDITIONS i\HE SATISF 
C 
T1 .]MAX='" 

VMAX=0.0 
DO [2100 J=I,N9 
IFIABS(V(J)).LT.EPSV) GO TO 1200 
IF (V (J) .13T. EPSV. AND. X (ND (J) ) -XUND (J) ) • LT. EPSD) GO TO le'fi0 
IF(V(J).LT. (-EPSV) .AND.X(ND(J)).GT. (XUiND(J) )··<:PSD)) GO r(> 1200 
IF(ABS(V(J)).GT.ABS(VMAX)) GO TO 1201 
GO TO 12£1111 

12~Jl CONTINUE 
VMAX=V (J) 
JMAX=J 

1 bJ0 CONTI NUE 
IF(JMAX.EQ.0) GO TO 541 

C 
C .••• CALCULATE TAU FOR JMAX •••• 

NEW=1 
CALL NEWVAL(JMAX,IMIN) 

C END OF LOOP, VMAX:V(JMAX) AND JMAX DETERMINI,D 
IFIVMAX.GT.y'l.,l) IVPOS=. TRUE. 
IFIVMAX.LT.B.0) IVPOS:.FALSE. 
I F':ND (JMAX) 
iCl::::, FALSE. 
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C 
r' c, 

PR1NT MAXIMUM CONSTRAINED DERIVATIVE, rlND Vi\RIABLE TO BE CHANGEr< 

Ii- (IPRINT. En. 1: GO ;02607 
PRINT 1211, VMI\X 

1211 FORMAT<T5,' NUMERICALLY LARGEST CONSTRAINT Dc.R!'!ATIVE, VM!)X=', T6@, 
1GI2.5,11) 

PRINT 1213, IP 
1213 FORMAT<T5,' VARIABLE TO BE CHANGED: X (IP) =X (Nfl( J~IAX) ) ']P'" • T66,]3,() 

PRINT 1215, JMAX 
1215 FORMAT (' 0' • T46, , JMAX=' , T66, 13. I) 

PRINT 1216, X (IP) 
1216 FORMAT(T46,'X(IP)='.T60,GI2.5) 

IF(IVPOSIPRINT 1214 
IF(.NOT.IVPOS)PRINT 1219 

1214 FORMAT(' 0' , T5,' IF V(JMAX) IS POSITIVE. IVPO!)=. TRUE.'. iT5, 
$'lF V(JMAXI IS NEGATIVE. IVPOS=.FALSE. './'0'. T3, 'IVPOS=', T66, 
".TRUE.') 

1219 FORMAT(' 0' , T5,' IF V(JMAX) IS POSITIVE. IVPO~;=. TRUE.', ITS. 
$' IF V(JMAXI IS NEGATIVE. ]VPOS=.FALSE.', 1'0', T5,' IVPOS'"', T66, 
$' • FALSE. ' I 

'26@7 CONTINUE 

CALCULATE VALUE OF OBJECTIVE FUNCTION 
IF(EPSY.EQ.0.0) GO TO 7 

541 CONTINUE 

c 

Y=0.0 
DO 1100 I=I,N 

IlJ~!iI Y=Y+CA (Il *X (1) 
YY=l!1.0 
DO 2677 I=I,N 
DO 2677 J=I.N 
YY=YY+11{!,J).X (I) oX (J) 

2677 CONTINUE 
Y=Y+@.5.YY 

c " .. IF THE CHANGE OF Y IN FIVE ITERATIONS (8 LESS THAN t:PSY 
C 

IF (KT> GO TO 10 
YSTAR (NSTAR) =Y 
IF (NSTAR. LE. 5) GO TO HI 
DELTAY=ABS(YSTAR(NSTAR)-YSTAR(NSTAR-5)) 
IF(OELTAY.LE.EPSY) KT=.TRUE. 
IF <DEL TAY. LE. EPSYl PR INT 20 

21<1 FORMAT (' -, I r5, 'LITTLE CHANGE IN OBJECTIVE VI\LU[ IN FIVE', 
l' ITERATWNS - STOP',I'-') 

1~) CONTI NUE 
7 CONTINUE 

NSTAR=NSTAR+l 
c 

IF (. NOT. HI RETURN 
C 
C PRINT OPTIMAL SOLUTION 
C 

IF (IPR.NE.ll GO TO 8 
PRINT 1101 

1101 FORMAT('-'I'!iI',T5,'OPTIMAL SOLUTION',I'-',T5,'I',Tl0,'X(l)') 
PRINT 1102, (], x (J), 1=1, N7) 

t 1@2 FORMAT (IH0, 13,13, T6, 612. 5) 
PRINT 9999 
PRINT 1103, Y 

1103 FORMAT (' _. IT5, 'MINIMUM VALUE OF OBJECTIVE FUNCT ION. Y=' , 
1T50,612.5) 
PRINT 9999 
PRINT 1104, KOUNT 

1104 FORMAT{'-'1T5,'NUMBER OF ITERATIONS ='.TJI;f,U) 
PRINT 9999 

0~99 FORMAT(~-'/T5T12~(1HljI)J!'-') 
:l CONTINUE 

RETURN 
END 
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SUBROUTINE NEWVALIJMAX,IMIN) 
c 
c*~**.*****.* •• ***.**·*·*****.***********************.******~*********** 
C THIS SUBROUTINE CALCULATES NEW DELTAS AND ONE SET OF rAIJ COEFFICIE 
C WHEN CALLED FROM SUBROUTUNE MAX 
C IN L.P. CASE IT DOES NOT CALCULATE TAU COEFFICIENTS. 
C*.************.****.·.****************.********~***** ****************** 

c 
" " c 
C 

c 
c 

COMMON/BLOCK I/CA (683) ,AA (384, 683) ,R (384) ,B 1:184, 384) ,0 (384, 327) , 
W(327l 

COMMON/BLOCK 2/X(683),ITYPE(683),XO(683),XUlb83),XL(683) 
COMMON/BLOCX 3/NS(356),NDI3271 ,NN(683) 
COMt10N/QUA \/Q 1327,327) 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/CONST lIN,NF,K,KE 
COMMON/CONST 7/IPRINT 
COrlMON/CONST 2/Nl, N2, N3, N4, N5, N6 
COi1MON/ENTER/NEW 
COMMON/GLOB 1IIGLOB, IGMAX, IG 
DmENSION Z (683) 
THE VECTOR XO IN+K) IS USED FOR LOGALISED STOR{\I,E 
THE MATRIX 81 , ) STORES THE TAUI , ) COEFF,[CIENTS 
THE MATRIX 0 I , ) STORES THE DELTA ': , ) COEfFICIENTS 

IF INEW. EGl.ll GO TO 26~7 
N9=N-KE 
NEW DELTA COEEFICIENTS 

DO 210010 I=I,K 
Z (! l =0 1 I , JMAX) 

2001~ CONTINUE 
DO 1999 J=I, N9 
XCI I Jl =D IIMIN, J) 

1999 CONTINUE 
DELTRP=D 1 IMIN, JMAX J 
DO 21011.1 l=l,K 
IF (Z (Il.EQ.0.) GO. TO 2001 
DO 2fi!fi!2 J=I, N9 
DI],J)=DII,J)-Z(IHXOIJ)/DELTRP 
IF(ABSIDII,J)l.LE.l.E-Sl DII,Jl=0. 

213192 CONTINUE 
- 219M CONTi NUE 

DO 212109 J=I, N9 
D( IMIN, J)=-XCllJ) /DELTRP 

21jl~9 C ONTl NUE 
[II) 2003 1=I,K 
O(I,JMAXJ=Z(IJ/DELTRP 

2!.03 C ONTl NUE 
DIIMIN,JMAXJ=l.@/DELTRP 
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" C PRINT NEW DELTA COEFFICIENTS 

C 

IF(IPRINT.EGI.1) GO TO 2607 
IF(IPRINT.EQ.0)SOTO 2607 

PRINT 2004 -
201~4 FORMAT('-'/T5,'NEW COEFFICIENTS DELTA(I,J)',I'-') 

PRINT 2005 
201~5 FORMAT<T5,' INDEX', T75, 'COEFFICIENTS' I' I~', T7,' I', T76, 

I'DELTA(I,J)'/'0') 
DO 2006 1=1, K 
PRINT 2907, I, (D(I,J) ,J=I,N9) 

2007 FORMAT(lH9,T5,I3, (/T40,7G12.5» 
20@6 CONTINUE 
2607 CONTINUE 

IF(NEW.EQ.0) RETURN 
C 

c 
C 

!F(IGLOB.EQ.l) RETURN 

C •••• CALCULATE NEW TAU COEFFICIENTS FOR ONE ,;TA"fE VARIABEL ONLy •••• 
C 

IF(LP.GT.0) GO TO 752 
IT=JMAX 
N9=N-KE 
DO 14 J=1,N9 
TA=0. -
DO 15 l=l,K 
IF(NS(Il.GT.N) GO TO 15 
IF(D(I,J).EQ.~.) GO TO 21 
TAA=0. 
DO 16 IR=I, K 
IF(NS(IR).GT.N) GO TO 16 
IF W (NS (I) ,NS (IR) ) • NE. 0) TAA=TAA+I;l(NS (!) ,NS OR) ) 00 ([R, 1 Ti 

16 CONTINUE 
TA=TA+TAA*O( I, J) 
IF(NO(IT) .LE. NJTA=TA+GHNS (I) ,ND(lT» -0(1, J) 

21 IF(ND(J).GT.N) GO TO 15 
TA=TA +I~ (NS (l) ,NO (J» 00 (I.In 

15 CONTINUE 
B(J, LT)=TA 
IF(NO(J).LE.N.ANO.NO(ITl.LE.N) B(J,IT)=B(J,IT)+QINOIJ),NU(ITI' 
IF(ABS(B(J, IT» .LE.1.E-8) B(J, LT)=0. 

14 CONTINUE 
C 
C •••• PRINT TAU COEFFICIENTS •••• 

IF i IPRINT. EQ. 1) GO TO 2608 
IHIPRINT.EQ.0)GOTO 261<18 

c 

PRINT 897 
897 I--ORMAT (' -, IT5, 'CONTROL: TAU(J, In ' I' I~' ,T7, 'J' , L::4, 'TAW,], in' I' !.' i 

PRINT 895. (B(J,In,J=I,N9) 
895 F(JRMAT('0', T5.13, (!T20,8G12.5» 

16<18 CONTINUE 

752 NEW=0 
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SUBROUTINE CASEA! (ICASE!, JMAX, IMlN, IUMIN, DELD,IJELV, DELS, DELSS) 
c 
c*** •• *~.*****************************.**.~ •• *~*****#********~~*****.*~$ 
C •••• TH I S SUBROUTI NE DETERM I NES WHETHER: •••• 
C A DECISION VARIABLE GOES TO ITS LOVER LIMITS ICASE1=1 
C A CONSTRAINED DERIVATIVE GOES TO ZERO : ![;,~SE!=2 
C A STATE VARIABLE GOES TO ITS LOVER LIMITS ICASE!=] 
C A STATE VARIABEL GOES TI) ITS UPPER LIMITS lCASE!=5 
C~************.*.***.***.************************~*~$********$~~*.****~~ 

COMMON/BLOCK l/CA(683) ,AA(384,683) ,R(384) ,B<384,384) ,0(384,327), 
'V (327) 

COMMON/BLOCK 2/X (683) , !TYPE (683) , XO (683) ,XU (683) ,XL(683) 
COMMON/BLOCK 3/NS(356),NO(327),NN(683i 
COMMON/GLOB l/IGLOB,IGMAX,IG 
COMMON/CONST liN, NF, K, KE 
COMMON/CON liNSTAR 

C THE MATRIX O( , ) STORES THE DELTA ( , ) COErFfCIENTS 
COMMON/CONST 71!PRINT 

C THE VECTOR XO(N+K) IS USED FOR LOGALIZED STOr;:AGE 
C THE MATRIX B( , ) STORES THE TAU( , ) COEFFIC![-:NTS 
C 

IF( IGLOB.EQ.ll GO TO 2607 
IF(]PRINT.EQ.ll GO TO 2607 
PRINT 1729 

1729 FORMAT<'-'/T5,'CASEA! : VMAX(J)=V(JMAX) IS F'OSITIVE') 
PRINT !9, JMAX 

19 FORMAT (IH0, T5, I JMAX=', T10, 13) 
261~7 CONTINUE 

C 
C .••• THE MINIMUM OF DELD, DELV, [lELS, DELSS DETeRMINES WHEi::E TO GO 
C 
C •••• DEF! NE OELD •••• 

DELD=X (ND (JMAX) ) -XUND (JMAX) ) 
C 
C • , •• CALCULATE DELS •••• 

IMIN=! 
AMIN=10.E!0 
N8=NF+l 
IF(NN(N+K-KE).EQ.7) N8=! 
DO 1302 I=N8,K 
IF([I(I,JMAXJ.LE.0.01 GO TO 1305 
XO(I)=(X(NS(I»-XL(NS(I»)/DII,JMAX) 
IF(XO(l).LT.AMIN) GO TO !303 
GO TO 13195 

.! 31.3 CONTI NUE 
AM IN=XO (l) 
IMIN=I 

\3,15 CONTINUE 
! 302 CONTI NUE 

C END OF LOOP AMIN=XO (IMINl AND IMIN OEYERMINED 
C 

DELS=AMIN 
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c 
c ••.• CALCULATE DELSS •••. 

c 

IUMIN=1 
UMIN=IIiI.ElliI 
DO 30 I=N8,K 
IF(0(I,JMAX).GE.0.0) GO TO 31 
XOW=(X (NSW )-XU(NS(])) ID(I,JMAX) 
IF(XOW.LT.UMIN) GO TO 32 
GO TO 31 

32 CONTINUE 
UMIN=XO (l) 
IUMIN=I 

J I CI)NTINUE 
30 CONTI NUE 

c .... UMIN=XO (IUMIN) IS NOW DETERMINED •••• 
c 
c 

c 

OELSS=UMIN 

IF <IGLOB. EG!. Il GO TO 26119 
IF {(OELS.EG!. 0. iii. OR. DELSS. EQ. 0. 0) .AND. IPRINT.NE.ll PRINT 8127 

8127 FORMAT (' -, .T5, 'DEGENERATE CASE', I' 0' ) 
IF ([IELS. EQ.@.0. OR. DELSS. EG!. 0. 0) NSTAR=NSTAR-\ 

c ... ,CALCULATE DEL V .... 
IF(B(JMAX,Jt1AXl.LE.0.000l DELV=10.Ell 
IF (8 (JMAX, J~lAX) • GT .0.0) DELII=V (JMAX) 18 (JI1AX, JM()X) 

C 
'2610 CONTINUE 

r. .... FIND MIN <DELD,DELV, DELS, DELSS) .... 

.r. 

IF(IGL08.EQ.1) DELV=I@.El1 
ODMIN=AMINI <DELD,DELV, DELS, DELSSl 
IF <DDMIN. EG!. DELD) leASE!=1 
IFWDMIN.EQ.DELV) ICASE!=2 
IFiDDMIN.EQ.DELS) ICASE1=J 
1F([IDMIN.EQ.DELSS) 1CASE1=5 

e .... PRINT FINDINGS •••• 
1F(]PRINT.EQ.1J GO TO 2611 
PRINT 103,DELD,DELV,OELS,DOMIN 

lIil3 FORMAT('-' 1"[5, 'MAXIMUM POSSIBLE CHANGE OF THE OEcrSION', 
l' X (NO (JMAX) ) ~ , T r \3' ,T5,' DELD=' 1812.5, 2X I' DEL!.):" '--181"2. 5, 2X I 

2' OELS=' , 812. 5, 2X, 1 DDMIN=' ,612.5) 
IFmOMIN.EQ.DELD) PRINT lI31i1,JMAX 

1£10 FORMAT('-'1T5, 'CASE Bl: THe: DECISION X(ND(J!'IAX» GOES T;) ZERO', 
$1'~1', T5,' JMAX=', TH1, 13, T15,' ICASE!=I') 

IF (DOMIN. Ea. DELV) PRINT 101, JNAX 
lIH FORMAT('-'1T5, 'CASE 82 :THE CONSTRAINED DERJ'iMI'lE', 

I' V(JMAX) GOES TO ZERO'I'0',T5,'JMAX=',T1QI,U,n5,IICASE1~2') 
IF(ODMIN.EQ.DELS) PRINT!02, [MIN 

ilil2 FORMAT('-'/T5, 'CASE 83: THE STATE X(NS([MIN)) GOES TO ZERO'. 
11'0', T5,' IMIN:', T10, 13, Tl5,' [CASE1:3') 

[F<DDMIN.EQ.DELSS) PRINT 33, WMIN 
33 FORMAT('-'/T5,'CASEB5: THE STATE X(NS(lUMIN))', 

I' REACHES ITS UPPER LIMlT'!'0'.T5,' IUMIN=' ,"fllc;, [3,T15,' 1CASE1=5') 

.::6! 1 RETURN 
END 

0-47 



l. 
SUBROUTINE CASEA2 (ICASE2, JM{\X, IlMIN, lUMIN, D:Lrl, DEL'!, DEI.:3, UELSS) ,-. 

" 
c*·*~*·~************************************~*.**********.****~********. 
c " •• THIS SUBROUTINE DETERMINES WHETHER : •••• 
C A DECISION REACHES ITS UPPER LIMITS ICAl;E2'~4 
C A CONSTRAINED DERIVATIVE GOES TO ZERO : lCASE2=2 
C A STATE GOES TO ITS LOVER LIMITS ICASE:,!=:; 
C A STATE GOES TO ITS UPPER LIMITS ICAE2"::i 
C***·**********·*********·*******~*·******************~**.************'* 

COMMON/BLOCK l/CA (683) , AA (384, 683) ,R (384) , B (384,384) , [I (,184, 327) , 
''1(327) 

COMMON/BLOCK 2/X (683), ITYPE(683), XO(683), XU (683) , XU6S3) 
COMMON/BlOCI( 3/NS (356) , NO (327), NN (683) 
COMMON/GlOB 11 IGlOB. IGMAX, IG 
COMMON/CONST I/N,NF,K,KE 
COMMON/KONST l/IFRm 
COMMON/CON 1INSTAR 
COMMON/CONST 7IIPRINT 

C THE MATRIX 8( , i STORES THE TAU ( , ) COEFF1CI:'NTS 
C THE MATRIX D( , ) STORES THE DElTA( , i COEF:=ICIENTS 
C THE VECTOR XO (N+K) IS USED FOR LOGAlnED 51(1I':r>,loE 
C 

IF(IGlOB.EQ.ll GO TO 2607 
IF(IPRINT.EQ.l) GO TO 2607 
PRINT 210 

210 FORMAT('-'/T5.'CASE A2: V (JMAX) IS NEGATIVE') 
PRINT 211. Jl1AX 

211 FORMAT (' -', T5,' JMAX=', THJ, I3) 
2MI? CONTINUE 

C 
C •••• THE MIN I MUM OF DELD, DEL V • DELS • DELSS DETr-:Rm NES WHE~E YO GO 
C 
C •••• DEFINE DElD •••• 

DELD=XU(ND(JMAX))-X(ND(JMAX)} 
C 
C .••• CALCULATE D~lS •••• 
C FOR NEGATIVE DELTA <I , JMAX) , AND NON-NEG STAn: 'iAF:IABLES, THE mtm'~ 
CABS (X (NS (I) ) /DEL TA (I, JMAX)) IS DETERMINED 
C 

N8=NF+l 
IF(NN(N+K-KE}.EQ.7) N8=1 
I!MIN=1 
AAMIN=10.E1Ji1 
[/(1 1900 I=N8,K 
IF ([I (1. JMAX) . GE. el. 0) GO TO 19.11 
XC>! !)=(X (NS<I)} -XL<NS(]))) iD<I, JMAX) 
IF(ABS(XO(l)).LT.AAMINl HO TO 19192 
GO TO 191111 

t 9~12 CONTINUE 
AAMIN=ABS (XI) (I) ) 
IIMIN=I 

t 9Qll CONTINUE 
\ 900 CONTINUE 

C 
c: END OF LOOP, AAMIN=ABS(X(J(lIMIN)) AND IIMIN DETERMINED 

DELS=AAMIN 
(' 
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c ... , CALCULATE DELSS •••. 

C 

WmN=1 
UNIN=10.EI0 
DO 30 I=N8,K 
IF([I<I,JMAX) .LE.£I.0) GO TO 30 
Xi) (!)=IXU (NS (l) )-X INS <Ii) ) ID (I .JMAXl 
IFIXO(I).LT.UMIN) GO TO 32 
GO TO 3£1 

32 CONTINUE 
UMIN=XO( I) 
lUMIN=I 

31i1 CONTINUE 

C ., •• UMIN=XO (lUMIN) IS NOW DETERMINED •••• 
'DELSS=UMIN 

c 

c 

IF (IGLOB.EQ. 1) GO TO 261£1 

IF «DELS. EQ. £I. £I. OR. DELSS. EQ. 1iI • .0) • ANCI. IPRINT. NE. 1) PRINT f:127 
3127 FORMAl (' -, ,T5, 'DEGENERATE CASE', I' Iii' ) 

IF WELS. EQ. ~1. ~1. OR. DELSS. En. 0. £1) NSTAR=NSTAR-j 

C •••• CALCULATE DELV •••• 
IF (B (JMAX, JI1AX) .LE. 1iI.@IiIIiI) DELV=10. E11 
IF (B( JMAX, JI1AXl • GT .@.£I) DELV=ABS (V I JMAX) IB (.J11AX, ']MAX») 

C 
26lriJ CONTI NUE 

C •••• FIND MINIDELD.DELV,OELS,DELSS) •••• 
IFIIGLOB.EQ.I) OELV=10.Ell 
OOMIN=AMIN1(DELO,OELV,DELS.DELSS) 
IF(DDMIN.EQ.DELV) ICASE2=2 
IF(DDMIN.EQ.DELD) ICASE2=4 
IF(ODMIN.EQ.DELS) ICASE2=3 
IF(DDMIN.EQ.DELSS) ICASE2=5 

c 
c 

C 
C 

., •• PRINT FINDINGS •••• 
IF<IPRINT.EQ.ll GO TO 2608 
PRINT 222, ClELV,DELS.DDMIN 

222 FORMAT(' -, IT5, , MAXIMUM POSSIBLE CHANGE OF mE OECISION', 
I' :<IND(JMAX»:' 
2/' 0' I TS, I DELV=' 1812.5, 2X I' DELS=' ,1312.5,2:<,' lJmo 1\1=' ,G12. 5:' 

IF(ClOMIN.EQ.DELV) PRINT 22£1,JMAX 
22PJ FORMATI'-' 1T5, 'CASE B2 : THE CONSTRAINED DEI«VriTIVE', 

l' \!(JMAXl GOES TO ZERO' 1'0', T5,' JMAX=', TII~, 1.J. HS,' ICA:;U~2' i 
JFWDMIN.ECI.DELS) PRINT 221, IJMiN 

221 FORMAT('-'IT5.'CASE B3 : THE STATE X(NS(IlMfN)) GOES Ti} ,-eRO' 
I. ('19' ,TS,' IIMIN=', T10, 13, T1S,' ICASE2=3') 
iF(DDMIN.EQ.DEl~) PRINT J4,JMAX 

3·~ FORI1AT('i9'ITS,'CASEB4; THE DECISION X(ND(J~IA')!'. 
I' REACHES ITS UPPER LIMIT' 1'0', T5,' JMAX=', THI, 13, Tl5, 'l(,;8E2=4') 

IF ([IDMIN.EG!. DELSS) PRINT 33, IUMlN 
33 FORMAT (' -, 1T5, • CASEB5 : THE STATE X INS (lUMIN)) , , 

I' REACHES ITS UPPER LIMlT'/'0',T5,'IUMIN=' ,'1 Hl,I3,TI5,'lC;\SE2=5':, 
2608 CONTINUE 

•••• RETURN NEGATIVE DEL\! AND DELS •••• 
DELD=-DELD 
DEL\}=-DELV 
DELS=-DELS 
DELSS=-DELSS 
RETURN 
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SUBROUTI NE CASEB 1 (JMA X , DELD, Ie 1 
c 
C~.****I~***.*** •• *******************~**********************.~*********** 
C THIS SUBROUTINE HANDLES THE CASE AI, 81 AND It",;J4 
C 1. SAME PARTITION AS PREV]OUSLY 
C 2. DECISION VARIABEL GOES TO LOVER LIMITS [C=J. 
C J. DECISION VARIABEL GOES TO ITS UPPER LIMITS IC~4 
C1~~***$******.*~*****~****~********$********.***.**.******.***4*****.~* 

c ,
c' 

c 

COMMON/BLOCK 1 /CA (683) ,AA (384, 683) ,R (384) ,B (384,384) ,D (3:34, 327) , 
·V(327) 

COMMON/BLOCK 2!X (683) , !TYPE (683) ,X(l( 683) , XU (6'13) ,XL (68.3) 
COMMON/BLOCK J/NS(356) ,NDC327l ,NN(683) 
COMMON/GLOB lIIGLOB, IGMAX, JIJ 
COMMON/CONST 7/IPRINT 
COMMON/K ONST 1/ IFRErl 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/C(JNST l/N,NF,K,KE 
THE MATRIX O( , ) STORES THE DELTA ( , ) COEFFICIENTS 
THE MATRIX 8( , ) STORES THE TAU I , ) COEFFiCIENTS 

IF (IPRINT. NE. 1. AND. IC. EG. 1) PRINT 1923, JMAX, XUND (JMAXJ ) 
InJ FORMAT('-'j,T5, 'THE DECISION JI1AX GOES TO ITS LOWER LUHrs ',/, 

I' JMAX =',13,' LONER BOUND= ',G8. 5) 
IF (IPRINT. NE. LAND. IC. EGl. 4) PRINT 1924, .JMAX·, xu (NO (JMAXi ) 

1924 FORMAT ('-' /,15, 'THE DECISION JMAX GOES TO rrs UPPER Llt1HS ',/, 
I' JMAX =',13,' UPPER BOUND= ',G8. 5) 

(~ 
C CALCULATE NEW STATE VARIABLES 
C 

[10 10 I=l,K 
XINS{I»)=X{NS{I»-O{I,JMAX)'OELO 

10 CONTINUE 
C 
C DEFINE NEW DECISION VARIABLES 

C 

c 
X (NO ( JMAX) ) ~XL (ND (J~lAX) ) 
IF (lC. Erl. 4) x (ND( JMAX) )=XU (NO (JMAX) ) 

IF{IGl.OB.EQ.ll CALL PRINT(KOUNT, IFREGl 
IF(IGLOB.EQ.l) RETURN 

C •••• CALCULATE NEW CONSTRAINED DERIVATI'lES •. ,. 

c 

N9=N-I{E 
DO 11 J=1.N"I 
'JlJ) =V (J)-B (J, JMAX) -OELD 

11 C ONTl NUE 

C,~LL PRINT(I{OUNT, IFREQl 
RETURN 
END 
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SUBROUTINE CASEB2(JMAX,DELV) 
C 
C~ •••• ~*.*****··*.***·*******.****.*.*****.****·~**$****.*.*~****~****~~ 
C •••• THIS SUBROUTINE HANDLES CASE 82 : 
C A CONSTRAINED DERIVATIVE 'I UMAX) GOES TO ZERO 
C THE PART! Tl ON REMA I NS UNCHANI3EO 
C.~*****.** •• *.******.***********~$*************$**~~****,****~,*******z 

COMMON/BLOCK 1!CA(683) ,AA(384,68J) ,R(384) ,B(384,384) ,[1(:.J8",,3271, 
'V(327) 

COMMON/BLOCX 2/X (683) , !TYPE (683) ,XO (683) ,XU (6;),3) ,XU6e:!} 
COMMON/BLOCK 3/NS(356),NO(327),NN(683) 
COMMON/CONST 71lPRINT 
COMMON/KONST IIlFREGI 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/CONST 1/~h NF, K, KE 

C THE MATRIX D( , ) STORES THE DELTA( ) COEITICIENTS 
C THE MATRIX iH , ) STORES THE TAU(, COEFFlCIENTS 
C 

C 

IF (lPRINT. m. 1) 60 TO 2617 
PRINT 1923 

1923 FORt1AT('-'1T5,'CASE B2: THE CONSTRAINED DEJUVATIVE', 
I'V(JMAX) GOES TO ZERO') 
PRINT 1924, JMAX 

1924 FORMAT (' -, /, T5. 'JMAX=' , T10, 13; 
2617 CONTINUE 

C CA~CULATE NEW STATE VARIABLES 
C 

c 

DO I@ 1=I,K 
X (NS(I» =X (NS(!» -[I ( I, JMAX) 'OELV 

10 CONTINUE 

C •••• CALCULATE NEW DECISION VARIABLES ••••• 
X (NO (JMAX) ) =X (ND (JMAXl ) -DELV 

C •••• CALCULA'fE NEW CONSTRAINED DERIVATIVES •• " 
N9=N-KE 

c 

[10 II J=I,N9 
V (J) =V (J) -8 (J, JMAX) .DELV 

II CONTINUE 

CALL PRINT(KOUNT, IFREQ) 
RETURN 
END 
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:3U8HOUTINE i;;~SEB3 {JMAX:, IHIN, GELS, Ie) 

::-******************************:~************~*~************~********~~ 
," THIS SUBROU rJNF: HANDLES THE Ci'i3E 
C IF IC=] THE DECISION JMAX IS CHANGED UNTIL ,'Hi'. STATE [!-!1N GOES T: 
C LOVER LIMITS 
C IF IC=5 THE DECISION JNAX IS CHANGED UNTIL :rHE ST;,TE (i'HN GO",S 'r:' 
e UPPER LI M ITS ' 
C ,mAX ,AND IMIN ARE SlMPLEXED AND NEV CONSTRA CNEO DERI"'i\ flVES AND 
C DELTAS ARE CALCULATED 
c~·**·***.**********************************.**************~.*********** 

COMMON/BLOCK lICA(683) ,AA(384"S83) ,R(]84) ,B (J!J'\, J84) ,DC384,J27i, 
-'1(327) 

C(JMMON/BLOCU 21X (683), IT'lPE (683) ,XO (683) ,XU (6I]:l) ,XL (6f)]) 
COMMON/BLOCI( 3/NS(356) ,ND(327J ,NN(683) 
COMMON/GL08 lIIGLOB, IGMAX, IG 
COMMON/CONST I/N,NF,K,KE 
COMMON/CONST 8/KOUNT,NIMAX,LP 
COMMON/KONST I/IFREQ 
COMMON/CONST 7/lPRINT 

C THE MATRIX B( , ) STORES THE TAU ( , ) COEFFCCIENTS 
C THE MATRIX (I ( , ) STORES THE DEUA ( , ) COEFFICIENTS 
C 

IFUPRINT.Nl:.l ,AND, IC.m.3) PRINT lI~,JMAX, !ilIN 
1" F<)Ii'MAT('-' I, T5,' THE DECISION JMAX [S CHflNGUJ UNTiL Til:"" 

l' STATE IMIN REACHES ITS LO',iER LIMITS JM!1X=' ,13, 
2' [MIN=' , 13) 

IF(IPRINT.NE. LAND.IC.EJ~.5) PRINT l1.JMAX, Ii'IlN 
\t FORMAT('-'/,T5,' THE DECISION JMAX IS CHANGfCD lJiHIl TH':', 

I' STATE IMIN REACHES ITS UPPER LIMITS JM!',Xo,', 13, 
2' IMIN=', LJ) 

C 
C CHANGE PARTrTION,SIMPLEXING THE DECISION :COP) AND THE :lillTE UIF::' 
C 

c: 

IP=ND(JMAX) 
IR:NS(IMINI 
IF (IGLOB. EQ. 1) GO TO lU10 
NS (IMIN) =IP 
NO (.JMAX)=IR 

100 CONTINUE 

,C CALCULATE NEW STATE VARIABLES 
c 

'-' 

:COlP:X(]P) 
DO 1500 l=I,K 
X(NS(I))=X(NS(l))-O(I,JMAX)"OELS 

t 5~'0 CONTINUE 
X (IP) =XOIP-OELS 

C DEFINE NEW DECISION IIARli,BLES 
" c, 

C 

r, 
c 

" 

;~ I IR)=Xl( IR) 
IFIlC.EGI,5) X(lR):XU(IR) 

IF (lGLOB. EQ. 1) CALL PRINT (KOUNT, lFREQ) 
IF (IGLOB. EQ. 1) RETURN 

" •. CALCULATE CONSTRAINED DERIIIATIVES •••• 
VOP=V(JMAX) 
N9:N-KE 
DO i3 J=I,N'! 
DR=D(IMIN,J)/D(IMIN,JMAX) 
V (J) =V (J) -'lOP-DR-DELS. (8 (J, JMAX) -8 (JMAX, JMAX) 'IJR) 

13 CONTINUE 
'I (JMAX) = ('{I)P-8 (JMAX, JMAX) >OELS) 10 (1M IN, .JMAX) 

:At.CULATE NEt~ DELTAS 

CALL NEWVALIJMAX,IMIN) 
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SUBROU Tl NE PR I NT i U OUNT, ! FRE W 

C:~~~*****·*****.*************~**.*********.********** ********~******~*** 
C THIS SUBROUnNE PRINTS TABLES OF CORRESPONDCNCl:, AND 'iAUIES OF THE 
C VE FUNCTION 
C IF IPRINT=0 ALL SORTS OF DEBUGGING PRINTOUr< {111E PROViDED 
C (I" JPRINT=1 ONLY INPUT, TABLES OF CORRESPONDI\NCE, AND SOu.;nON 1;,)1_'. 
C TED. FREQUENCY OF P<!INTOUTS ARE DETERMINED BY IFREG!. 
c: IFREIJ.=0 ONLY INPUT AND SOLUTION FRlNTr:D 
, If'REG!=l TABLE OF CORR PRINTED AT EACH LEVEL 
r IFREG!=Ci TABLE OF CORR I''RINTED AR EACH j LEVEL 
C IFREQ=Hl TABLE OF CORR PRINTED AT EACH \;J LEV~L 
C*.*******.***.**'****~*****~***.*****~*******'**********~**~~~******.kz 

. 'nrll~ON/BLOCK I/CA (683) ,AA (304,683) ,R (384) ,B (384, 384) ,D "">!, 327) , 
*V(.327} 

COMMON/BLOCK 2/X(68J), ITYPE(683) , XI) (68J) ,XU(SKll, XL!6.:<O 
[;<'f'~I1')N/BLOCf: 3iNS (356) ,ND (3:07) ,NN(683) 
COl1MON/GIUA 1/0 (;327,327) 
COMMON/GLOB2IXLClC (50) ,XBEST (5£1) , Y 
!.:o::,r"110N/(iPT 1 JENTRY, 1 COST, ](JUT, NBlT, LPlT, ILP, LP, LPMAX, N',iPI1r;X 
COMMON/GLOB lIIGLOB, IGMAX, IG 
COMMON/CONST lIN,NF,K,KE 
CO!1MON/CONST 71 I PRINT 
N'1=N-KE 
IF (lGLOB. m. 1. AND. IfREI~. m. J.) GO TO li~1 
q' (I SLOB. m. 1. AND. IFRE!~. m. r!l) GO TO 21919 
IF(IFREQ.EQ.6) GO TO 10£1 
IF (IFREQ. EQ. 1) GO TO 101 
IFIVE=l!I 
lTEN=0 
FIVER=FLOAT mOUNT) 15.0 
FIVEI=FLOAT(KOUNT!5) 
TENR=FLOAT (KOIJNT)/II~.I!l 

. TEN I =FLOAT (KOUNT il19) 
IF<FIVER. ST, F1 VEl >0. 999. AND. FIVER. LT. FIVEI> J ,::':"!) IFI'/F~ 1 

IF lTENR. GT. TENI*0. 999. AND. TENR. L T. TENI.i.i'!~L HEN=1 
IF(IFREQ.EQ.5.i<ND.IFIVE.EG!.'j) 130 TO 1191,1 
IF (IFREI;1. EQ. 11 •• AND. !TEN. EI~. 0) GO TI) 1190 

Hil CONTINUE 
C PRINT TABLE OF CORRESPONDENCE 
C 

r 

PRINT 19195 
191~5 FORMAT< IH1, T5,' NEW TABLE OF CORF:ESPONDENCE' i' -') 

PRINT 1966 
1'1196 FORMAT<T5, 'STATE VARIABLES' /'19', T8,' I', TaJ, 'NS( I)', T17, 

\';:<NS(J))'/HiP) 
FRINT 19197, (l.NS(!), UNS(D), I=I,K) 

t 907 FORMAT (lH0, T6, 13, Til, l.1, T15, 812. 5) 
PRINT 1908 

t 9~18 FORMAT (' -, IT5," DECISION VARIABLES' I' 0' , T8, ' .J' , T10, ' ND!i.> ; ,117, 
I'X(ND(J)) 1/'0') 
PRINT 1909,IJ,NDIJ),X(ND(J)),J=1,N9) 

(709 FORMAT <1H0, T6, 13, T 11,13, T 15,612.5) 
213l~ CONTINUE 
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• 

C 8ALCULATE AND PRINT NEW VALUE OF OBJECTIVE FUNCTION 
C 

IFOPRINT.EW.1.AND. IGLOB.NE. 1) GO TO 2607 
Y=!!l.!!l 
DO 1910 I=I,N 
Y=Y+CA O)'X (!) 

1910 CONTINUE 
YY=0.19 
DO 26i7 I=l~N 
DO 2677 J=1. N 
YY=YY+Q(I.J)OXII)'XIJ) 

2677 CONTINUE 
Y=Y+0.S.YY 
IF(IOUT.NE.ll PRINT 1911,Y 

1911 FORMAT('-'.I,T5,'NEW VALUE OF OBJECTIVE FUNCn(>J'hY=',T~)';,"i2.5,/) 
100 CONTINUE 

IF(IGLOB.EO.l) RETURN 
C PRINT CONSTRAINED DERIVATIVES 
C 

IFIIPRINT.EO.l) GO TO 26!!l7 
PRINT 900 

91~@ FORMAT<'-'1T5.'CONSTRAINED DERIVATIVES 'IU)') 
PRINT 901 

9191 FORMAT<'-' IT5.' INDEX OF DECISION VARIABLE' ,I'W, 
1 'CONSTRAINT DERIVATIVE' I '9J' • T17,' J', T4G, ''I (J)',.I' _.) 
N5=1 
PRINT 902. IJ,V(J).J=l,N9) 

91,2 f-ORMAT(T15.IJ. T44.612.5) 
2MI7 CONTINUE 

RETURN 
END 
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SUBROU Tl PIE r ARGET 
~ .~.~~*~~.******.*~***~~.~~*~****~*****~****~***~o* 

• FOF:MULATES ';!U(~Df,nTIC GOAL -f'ROC;RAr1t1IN6 PROBLEM, 
C t~*~****~*.*******:~***'**********.**~*****~*****J* c 

c 

c 
C 

[; 

COMMON/ONE/ ICELL, NIJAR, NCH, NSA, IRCH, ITER, NCHlJJO, !(CH, ISUS, fCHY., IPDM 
COMMON/BUNCH 1 j I START , mAX, JMAX, JSTART (35) ;.JENl! (35) 
COMMON/BUNCH J/NCELL(35,22) ,NCHN(J5,22) ,rCH(6:?) ,JCH(62) ,ICF(62) 

',ISW(376) 
COMMON/CHUNK 1/DTR(35,22),DTU(35,22),T(35,22) 
C011MON/CHUNK 2/ACCR:( (35,22) , ACCRN(35, 22) ,PM!1X <:15, 22) ,pmN(35, 22) , 

'XM(35,22),SI(35,22) 
COMMON/STAQ/SST(35,22) ,APS(J5,n), [SA(376) 
COMMON/SWC lINSUB, SWM IN (4) , SWMAX (4) ,CH'311IN (J ) , CHSI1AX ( J ) 
COMMONiAAA/TAR(35,22) 
COMMON/YAZ/SD(35,22),S2(384) 

COMMON/FAST! lIIPR, IREAD, y 
COMMON/KONST 7/ACC 
COMMON/BLOCK IICA (683) , AA (384, 683) , R (384) ,B UB4, 384) , D (JH4, 327) , 

.IJ(327) 
COMMON/BLOC!( 2/X (683) , lTYf'E(683) , XO (683) , xu (b8J) ,XL (6£(;) 
COMMON/BLOCl( 3/NS(356) ,ND(327) ,NN(683) 
COMMON/I~UA I.IGH327, 327) 
COMMON/CONST l/N,NF,K,KE 
COMMON/CaNST 7/IPRINT 
COMMON/K ONST 11 I FREI~ 
COMMON/CONST 8/KOUNT,NIMAX,LF 
COMMON/CONST 3/EPSY,EPSIJ,EPSCO,ErSD 
COMMON/GLOB IIlGLOB, IGMAX, IG 
COMMON/POUT/IOUT 

DIMENSION !:lCR(35,22) , FACTOR (]27) ,SCR2(35,2;,:) 

ISCR=10 
1Q=24 
!TOUT-7 
I~lAP=9 

C. SET SCRATCH DRAvJDOWNS TI) ZER,) 
DO 2 !=!STAilT,IMAX 

JBEGIN=JSTART(I) 
JSTOP=JEND (I) 

DO 2 J=JBEGIN,.JSTOP 
SCR (I, J) =0.19 
SCR2 (I, J) =JI~(d. -TAR( 1,.J) 

DO 2 L=L NCH 
IF (ICH(U • EGI. I. AND. JCH (Ll • EG!. J) SCR (j, J) '':'1 (!, J) 

;: CONTINUE 
c 
C READ IN 3D VALUES FROl1 FTllF001 

DO 16 KI=l,ICELL 
READ ( II ,31.0'10) [, J, XX 
SD (!, J) =XX 

loS CONTI NUE 

C 

C 

SUMSI=0.0 
CONST=0.0 

L3=NIJAR'2 

WRITE(ITOUT,8787)KCH 
WRITE (!TOUT, 8786) NCHSUB, NSUB 

8786 FORMAT (1 X, 'NCHSUB = ',15,' NSUB - ',15) 
8187 FORMAT(lX,'KCH = ',15) 

01) 27 I= 1 T NCHSUB 
L4=NVAR·2+~CH+I 
xu (L4) =CHS~1!\X (I) -CHSI1IN (I) 
:(L {L4! :::!~~ iJ 
·'.:A (L q.) '=19. j!J 
ITVPE,.L4)=j 

~~:-JNrI~ll!E 
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c 
DO 60 ]=I,N5UB 

L5=NVARoZ+KCH+NCHSUB+] 
XU(L5)=SWMAX(1)-SWMIN(I) 
XL<L5) =0. 0 
CA(L5)=0.0 
ITYPE(L5)=! 

61ij CONTI NUE 
C 

DO 100 I=ISTART,IMAX 
JBEGIN=JSTAR"r I I) 
JSTOP=JENDII) 

DO lJil0 J=.JBEGIN, JSTOP 
L=NCELL< I, J) 
L2=L+NVAR 
]FIL.GT.0)GOTO 43 
L=NVAR+NCHNI],J) 
IFiISWIl) .m.y.IlLJ=L3+1 

XU(l3) =ACCRX I I, J) -ACCRN I], J) 
C WRITE I HOUT, 12190) LJ, XU ILJ) , ACCRX I I, J) 

CA(LJ)=JiI.I' 
!TYPE IU) =1 
XL<L3) =19. Iii 
(lOTO 10m 

4] CONTINUE " 
FACTOR (U =~1. I~ 

c 
C UPPER AND LOWER UMITS IU) ON GW PUMPING NOT ON TOTAL DISCHARGE. 

XUIL2)=PMAXlj,J)-PMINII,J) 
XL<L2) =21. f' 
XL<U=0.0 
XO Il2) =21. Y.l 
IFIXL(l).GT.XUIL»XLIl)=XUIl) 
ITYPEiU=1 
!TYPE IL2) =\ 
CA ILl) =Jil.l"liI 

C X IU =SI I I, J) 
S2(Ll=SDi],J)-SD(I,J) 

c 

CA ill =SCR2 iI, J) -2.1110 i -1. eJ) /52 ill 
SUMS ! =5UMS I +SCR2 (!, J) ,SCR2 <:], J) 
CON5T=CONST +5C1':2 (I, J) *SCR211, J) /52 (U 

! I',G CONTI NUE 
C 
C FILL Q-ARRAY WITH MATRIX OF QUADRATIC TERriS. 

DO 2190 L=il NVAli 
[10 2021 M= 1 , NVAR 
~Hl,M) =21. 21 
IF IL. EI;1. MW (l. M 1=2.0/82 III 

21M, CONTINUE " 
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' .. 
·:HECk If' THE I} rlATRIX [S POSITT'-lE DEFINITE. 

IF (IPDt1. ECL \) CALL DETEr~M 

C INITIAL FEASIBLE SOLUTION 
C IF ISUS=3 INITIAL SOLUTION IS GENERATED BY SUBROUTiNE GSIMEGI 

IFIISUS.EQ.3) CALL GSIMEQIFACTOR) 
IFIISUS.EQ.3) GOTO 456 

DO 234 I=I,NVAR 
C ~lAXIMUM SUSTAINED-YIELD ILPMIN OUTPUT) IS USED [18 INITIAl .. SOI.UTlON. 

IF (ISUS. EQ.l) GOre. 123 
C I N I Tl AL SOLUTI ON IS READ FROM AN INPUT FILE ON UN IT 25. 

IF 1 rsus. EQ. 2) READ 125, 345) X (J) 
123 XO I]) =X (I) 
234 CONTI NUE 
J45 FORMAT I 15X, F15. 7) 
456 CONTINUE 
C 

c 

LP=0 
EPSY=QI.JiJ 
NIMAX=201!!0 

N=NVAR 
NF=0 
K=NVAR+KCH+NCHSUB+NSUB 

. I F I IRCH. EQ. @l K =NVAR+NSUB 
KE=0 

C TEST THE INITIAL SOLUTION TO SEE IF ANY BOUNDS. fiRE VIOLATED. 

Ill. 

1219 
: ·:':~I 
C 

00 15@ I=ISTART,IMAX 
JBEGIN=JSTARTII) 
JSTOP=JENDII) 

DO 150 J=JBEGIN,JSTOP 
L=NCELUI, J) 
IFIL.LE.lillGOTO 151il 

IF IXUU • LE. XO Ill) GOTO 110 
TEST=XL III -XO III 
XL ILl=XO III 

. WRITE IlTOUT, 1000) I, J, TEST 
CONTINUE 
IFIXUILl.GE.XOllllGOTO 120 

TEST=XO (I.l-W III 
TEST2=XUIU 

XU III =XI) III 
WR lTE I lTOUT , 21il1il1il) I, J, TEST, TEST2 

CONTINUE 
CONTINUE 

C F'RINT OUTPUT FROM INITIAL SOLUTION 
IF (ISUS. EO. 1J WRITE 1 IMAP, Iv.121) 
IF 1 ISUS. EO. 2) WRITE IIMAP, H122) 
IFIISUS.m • .]) .IRlTE(IMAP,I@23) 
CALL INFOUTIl:) 

C 
C PERFORM OPTIMIlATHlN 

CALL llPTHOR 
C 
[.MY) FORMATI/,lX, 'LOWER BOUND FOR CELL ',j2,lX,U,' DECREASED BY', 

*FI0.2) 
11,21 FORMAT('I',IX,'<)UTPUT FROM !NITIAL SOLUTWN WAX. PUMPING)',,!,!) 
\~122 FORMAT(' I', lX, 'OUTPUT FROM. INITIAL SOLUTlON (!lEAD AS 1NP\JT)' ,il) 
1023 F·ORMAT(lI', IX, 'OUTPUT FROM INITIAL SOLUTION <.tllN. PUMF)i'jb)', I/) 
1:"~r!I~1 FORMAT (IX, 15, 2X 1 Fi0. 2, 2X, F10. 2) 
?l,I"I"1 FORt1AT(J, IX, 'UPPER BOUND FOr.: CELL', 12,1;\, r;:,' iNCREASCD BY , 

~F10.2,lX,'WAS: ',F10.2) 
-0RMATCIX,'CCNST = ',E12.6) 
\-"I)RMAT ("2I5 7 F l!~i. 3) 

"'\,1 ':-)R~lAT(lX7'rACT(JR(7,I3,:!;; 1,r5.J} 
'lETURN 
:ND 
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SUBROUTl NE CHECK 
C ~*.* •• ***.********~.********.***~*~**.~***~~**~~*~******** 
C • CHECKS IF OpnMAL SOLUTION VECTOR 18 WITHIN Irs O(lUNDS " 
C *.* •• *******.****.***.**************************~********* 
C 

C 

c 

COMMON/BLOCK 2/X (683) , !TYPE (683) , XI) (6831, XU (6[{1I ,XL (683) 
COMMON/CONST l/N,NF,K,KE 

LTOUT=7 
IMAP=9 

WR!TE ( ITOUT , 345) 
WRlTE (lTOUT, 456) 
NT=N+K-KE 
DO 2 1=1, NT 

IF (X (I) .GE. XL (!) .AND. X (!) .LE. XU(I)) GOTO J. 
WRITE (!TOUT, J23) XL< I) , X ([) , XU (I) 
I,OTO 2 
WR!TE ( !TOIJT ,234) XL ( I ) , X ( I ) , XU ( I ) 

.;: CONTI NUE 
t.RITE (HOUT, 567) 

1:?3 FORMAT(/,3F!5. 7,5X, 'VIOLATED', /) 
234 FORMAT (JF15. 7l 
345 FORMAT (11' ,II, 5X, 'CHECK ING IF ANY BOUND IS V rOLATED BY THE OPT L\ 

-AL SOLUTION', / /) 
456 FORMAT<5X, 1 XU I) 1 , 11OX, , X (I) , 1 11 X, , XU ([l , ,!l 
S,~ -; F (IRMA T (J J) 

RETURN 
END 

,-. 
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SUBROUTINE OETERM 
r· .~*************************$********~******~***~******'***$~*$*****~~:~ 
C " CHECKS MATRIX OF I2UADRATIC TERMS I~(L,M) TO DETRmNE IF I:ii '\ 
C • POSITIVE DEFINITE MATRIX. THE METHOD USED IS THE METHOD I)F 
C -; PRINCIPLE MINORS- THE DETRMINANT OF EACH MINOr; f1UST BE .I3E. 9.1 
C ; TO BE SEMI-POS. DEF. AND .GT. 9.1 TO BE POS. DET'. 
e ********************************************************************** 
C 

c 

c 

COMMONi ONEil CELL, NVAR, NCH, NSA, I RCH, ITER, NCHSUB, K CH, I SUS, I CHK , !P[!M 
COMMON/ QUA 1/1;1( 327 , 327) 

DIMENSION X;( (315, 315) 
!TOUT=? 
ICH=0 
WR ITE ( ITOUT , (00111) 

DO 5@ 1=1, NVAR 
DO 5@ J=!, NVAR 
XX(I,J)=I~(r,J) 

:iIi! CONTINUE 
C 

IF(XX(blJ .EQ.0.&1)80TO 300 
L=NVAR-l 
M=NVAR+l 

DO 100 K=I,L 
IiPl=K+1 

DO 2!iJ1~ I=KP1, NVAR 
IM1=I-l 
IF(XX(I,I).EQ.0.0)ICH=! 
IF (XX II, I) • LE. 0.19} 60TO 300 

XJ:l.=XX ([,K) /xX (K,K) 
DO 21110 J=KP1,M 

XTEMP=XX (], J) 
XX(I, J)=XTEMP-XQ'XX (K,J) 

;~ril'il CONTI NUE 
DO llllill I=KP1,NVAR 
XX(]'K)=0.0 

ii<l';1 CONTI NUE 
C 

WR ITE ( !TOUT. 21l100) 
60TO 400 

:,M CONTINUE 
IF ilCH. EQ. 0) 60TO 350 
WRITE (!TOUT, 41'100) 
GOTO 400 

J50 CONTINUE 
WRITE (!TOUT. 30001 1M! 

40kl CONTINUE 

c 
C 
S~IQj 

! 19i31~ 
::-:QI~I~J 
301.19 
4::11919 
5Y.1'~IIi) 

t:iMI~J 

DJ) 500 I=I,NVAR 
WRITE (ITOUT,61i11i101I 
WRITE (ITOUT, 5000) (XX (I, J) , J=I, NVAR) 
CONTINUE 
FORMAT (I, IX, 'MATRIX OF G!UADRATIC TERMS, 1~(L.ro. IS ••.• , I 
FORMAT(JX,'A POSITIVE DEFINITE MATRIX.',/) 
FORMAT< IX, 'NOT A POSITIVE DEFINITE MATRIX DUE TO CELL ',)4,/) 
FORMAT(1X, 'A SEMI-POSITIVE DEFINITE MATRIX.', /) 
FORMAT (8610. 2) 
FORMAT (13) 
.'·ETURN 
END 
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