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ABSTRACT

The problem of managing a groundwater resource under the

influence of three conflicting objectives is examined using a

southern Arizona example. A constraint approach relying on indepen-

dent, single-objective models with incomparable constraints sets and

standard linear programming techniques is developed to formulate a

set of feasible alternative management policies. A final operating

policy is defined using the satisficing method and the dominance

method. Both methods result in the identification of a good policy

which represents a compromise between the specified objectives. The

key decision variables defined by the policies are pumping rates for

17 wells over a two year design period.

Basin hydrology is incorporated in the management models with

the response function method. Procedures for treating non-linear

boundary conditions, including river leakage and evapotranspiration,

and non-steady state initial conditions are presented as they apply

to response function calculations. Response functions are used in

the management models to constrain drawdown and velocity field

components within the basin and thereby ensure development of

reasonable management policies.

ix



CHAPTER 1

INTRODUCTION

Groundwater management is concerned with the planning and

management of subsurface water resources subject to possible

economic, hydrologic, and institutional constraints. The water

manager must identify a specific operational policy from a broad

spectrum of feasible alternatives and, with that policy, achieve

selected management goals. Typically, the same goals can be achieved

through a number of vastly different approaches. Efficient groundwa-

ter management, therefore, involves development of a good policy

which will represent a compromise between the specified objectives.

Traditionally, problems in groundwater management have re-

quired the consideration of a single goal. In such cases, con-

strained optimization techniques such as Tinear or quadratic

programming can be utilized to define a unique set of operating

variables which maximize or minimize the stated goal. This optimal

solution is, with few exceptions, the preferred policy.

When two or more goals exist, however, the management problem

typically becomes more complex. Independent optimization of one goal

may result in sub-optimal conditions for one or more of the remaining
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remaining goals. As a result, classical optimality concepts are not

usually applicable to multicriterion cases.

A variety of generalized techniques have therefore been

developed specifically to analyze multiobjective problems (Goicoechea

et al., 1982). Implementation of these techniques requires that a

comparable set of constraints be applied to the entire vector of

management objectives before a solution can be defined. In multi-

objective groundwater problems, this is frequently a difficult task.

As a first step towards solving a multiobjective ground water

problem, this study illustrates a systematic method for the analysis

of management problems with incomparable constraint sets. The method

employs independent groundwater management models as the primary

decision making tools. Each model, consisting of a numerical flow

simulation model coupled with an optimization algorithm, represents a

single management goal for the study. The models are used to

generate feasible alternative management policies using the multi-

objective constraint technique (Geicoechea et al., 1982). Tradeoffs

between the feasible alternatives are quantified using the satisfic-

ing and dominance techniques so that informed compromise decisions

are possible. Value judgments enter the solution process in a formal

manner as an expressed preference for certain goals, and as a defined

range of acceptable values for those goals.

The method is presented with a case study of three

hypothetical management goals for the upper San Pedro basin in
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Southern Arizona. The upper San Pedro basin was chosen for

illustration based on its relative abundance and accessibility of

hydrogeologic data, on the scarcity of its groundwater resources, and

on the likelihood that growing demands for water will lead to the

establishment of conflicting management objectives in the future.

The overall utility of the method depends primarily on its

computational efficiency. Its computational efficiency depends, in

turn, on the technique utilized to couple hydrologic concerns with

economic concerns in the management models. This study employs the

response function method as the coupling technique. Response func-

tions are obtained with the flow simulation model and provide

necessary temporal relationships between pumpaoe and induced draw-

downs throughout the basin. Although various other coupling tech-

niques could be utilized, the response function approach is

particularly attractive in that, once obtained, the same matrix of

response coefficients can be employed to solve each of the different

management models.

Strict application of the classical response function ap-

proach is prohibited in this study, however, by certain hydrogeologic

characteristics of the upper San Pedro basin. These include the

existence of historical pumpage, a predominately phreatic aquifer,

and non-linear river boundary conditions. Successful treatment of

these limitations is a secondary objective of the study.

Following a description of the upper San Pedro basin in
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Chapter 2, the multiobjective analysis technique is presented in

Chapters 3 through 5. Specifically, Chapters 3 and 4 are intended to

review the theory of response functions, discuss the limitations of

their application to the upper San Pedro basin, and detail the method

by which they are calculated. Chapter 5 describes the mathematical

formulation of each management model, develops a set of feasible

alternative solutions to those models, and illustrates methods for

systematically selecting a good compromise policy. Chapter 6 con-

cludes the study with summaries of the results, methods and

observations.



CHAPTER 2

DESCRIPTION OF THE STUDY AREA

Location and Physical Setting 

The San Pedro basin is an elongated northwest trending

structural trough lying in Southeastern Arizona and Sonora, Mexico

(Figure 2.1). It averages 50 miles in length and 30 miles in width,

with roughly half lying on either side of the international boundary.

The study area lies north of the international boundary and

covers approximately 950 square miles. It includes parts of Co-

chise, Santa Cruz, and Pima Counties, and encompasses the Fort

Huachuca Military Reservation and the City of Sierra Vista.

Bordering the upper San Pedro basin on the west are the

Huachuca Mountains, Canelo Hills, Mustang Mountains, and Whetstone

Mountains. The Mule Mountains and Tombstone Hills form the eastern-

boundary. Altitudes range from 4,400 feet to 9,500 feet in

mountainous areas, and from 3,900 feet to 4,800 feet in the basin

interior.

The area is drained by the San Pedro River flowing north

along the principal basin axis, and by the Babocomari River flowing

east towards the San Pedro River at Fairbank, Arizona. The San Pedro

5
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and Babocomari Rivers are locally perennial, with relatively gentle

gradients of 12 to 15 feet per mile. Numerous intermittent washes

supplement these two rivers from the east, west, and south.

The basin is characterized by an arid climate. Precipitation

averages approximately 13 inches annually throughout the interior,

with most occurring as rainful during a late summer monsoon season.

Mountainous areas may receive in excess of 25 inches of rain per

year.

Hydrogeology 

The detritus of the upper San Pedro basin consists primarily

of Quaternary and Tertiary alluvial deposits (Brown et al., 1966).

Exposed along the mountain fronts is a Tertiary conglomerate

interspersed with igneous and metamorphic rocks (Hayes and Raup,

1968). Figure 2.2 illustrates the generalized surficial geology of

the study area.

Consolidated rock forming the bottom of the structural trough

describes the lower boundary of the basin's aquifer. Although the

configuration of this lower boundary is largely unknown, it is

believed to lie at depths approaching 5,000 feet (Oppenheimer and

Sumner, 1980). The shallow, defined segment of the basin consists of

the Tertiary conglomerate, a lower basin fill, an upper basin fill,

and alluvial deposits associated with the San Pedro and Babocomari

7
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River floodplains (Brown et al., 1966). The relative placement of

these four units is illustrated in Figure 2.3.

The upper and lower basin fills generally grade from fan

gravel near the mountain fronts to silt and clay along the valley

axis. Hydraulic properties of the units are highly variable,

however, due to lateral changes in packing, sorting, and degree of

consolidation. Heterogeneities within each unit also negate any

hydraulic difference between the two and, consequently, they can be

considered as a single hydrogeologic formation. The Tertiary con-

glomerate possibly occurs at depth in the basin but, owing to its

relatively low hydraulic conductivity, it is not considered an

important part of the aquifer (Freethey, 1982).

Hydrologically, then, the upper San Pedro basin can be

considered to consist of a single alluvial fill unit underlain by a

Tertiary conglomerate. The aquifer is confined by silt and clay

lenses of moderate extent in isolated areas but is considered

phreatic on a regional scale.

Transmissivity is highly variable, ranging from a maximum of

about 15,000 feet 2/day in the coarse alluvial deposits of the

Babocomari River floodplain to a minimum of about 100 feet 2/day in

some areas near the mountain fronts. Storage coefficients, as

estimated from aqUifer tests and drillers' logs, range from 0.03 to

0.25 (Freethey, 1982).
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Groundwater flow directions are typically from the outer

margins of the basin perimeter towards the San Pedro River and in a

general downstream direction (Figure 2.4). Recharge occurs as

infiltrating rainwater along the mountain fronts and as underflow

across the southern boundary of the study area. Discharge occurs as

evapotranspiration within localized reaches of the river floodplains

and as a result of pumping.
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CHAPTER 3

RESPONSE FUNCTIONS

Introduction

Viable groundwater management models require not only that

economic factors be evaluated, but also that the hydrologic aspects of

proposed management plans be considered. To incorporate basin

hydrology into management models, a number of different techniques have

been developed in recent years. These include embedding (Aguado and

Remson, 1974), linking (Bredehoeft and Young, 1970), and the response

function method (Maddock, 1972).

The selection of a particular coupling technique depends pri-

marily on the type and size of the groundwater flow problem at hand.

Embedding methods are best suited to small scale, steady-state prob-

lems, and linking methods are useful in the analysis of non-linear

problems. The response function approach is, in comparison, advan-

tageous to large scale, linear problems.

Due to the relatively large size of the upper San Pedro basin,

the response function method is utilized in this study. This approach

improves the computational efficiency of the study by allowing the

digital flow model to be analyzed independently of the optimization

models, thereby reducing computer run time and storage requirements.

Furthermore, the same set of response functions can be used to analyze

13
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a variety of vastly different management problems such that the full

response coefficient matrix need only be calculated once.

Classical response function theory is based on the principle of

superposition, and therefore on the existence of a linear groundwater

flow system. The upper San Pedro basin, however, exhibits several

types of non-linear behavior that prohibit strict application of the

classical theory. This problem is further complicated by the existence

of non-steady-state conditions in the basin as a result of historical

pumpage.

The purposes of this chapter are to introduce the basic theory

of response functions and discuss the limitations of its application in

the upper San Pedro basin. The actual method of calculating response

functions is covered in Chapter 4.

Classical Theory 

Response functions describe the relationship between pumpage in

a well and induced drawdowns in surrounding wells over time. In that

they are typically calculated with a digital groundwater flow model,

their form depends on the type of partial differential equation

selected to describe the system, on the spatial distribution of

transmissivity, storativity, and pumpage, and on the initial conditions

and boundary conditions imposed. They are, however, independent of the

quantity of pumpage.

The governing equation of groundwater flow for a linear system

in two dimensions can be written in terms of drawdown as:



N
S aS (x, a	 w

V. 7 Vs (x, t)] — 	 — 1 Q (x ., t) 8 (x — x.)
at	 J	 1

j=1

where

= the two-dimensional gradient operator,

T = the 2 x 2 transmissivity tensor,

s = drawdown

x = two-dimensional position vector (xl, x2)

t = time,

S = storativity,

Wx0 = pumpage at time t from well j,

/17= the number of wells,

ax—x» = the Dirac delta function indicating that wells are

treated as point sinks.

Maddock (1972) has shown that, given suitable initial

conditions and boundary conditions, a Green's function exists for

equation (1) such that:

s(x, t) =	 F	 G (x, x', t — de du
X

15

(1)

(2)

where

F (x', = Y Q (x . , t 8 (x — x .) ,
	 (3 )

.7=1
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and G(x,xt) is the Green's function. Assuming that pumpage occurs

during n equal time periods of duration Thequation (2) can be written

as:

N
w n

s(x, nq) = 	Y Q (xi , G (x, z., n - -u) .
1=1 i=1	 n(i-1)

	 (4)

By defining:

fqx,x.,q(n— i+1)) = G(x,x.,n4- i)ch
n(i-1)

	 ( 5 )

and setting the time duration of pumping, q, equal to unity, the

drawdown at any well k is given by the response function equation

(Maddock, 1972):

N
w n

s(k,n) =	 f3 (k,j, n - i + 1)Q (j, i)
	

(6)
j=1 i=1

where

s(k,n)= drawdown at well k at the end of time period n,

4)(0) = pumping rate at well j during the Oh time period,

p(k,j,n-i+1)= the response coefficient representing drawdown

in well k at the end of time period n due to

pumping well j during time period i.
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Velocity response functions are related to equation (6) by the

definition of drawdown. The drawdown, s, at any point in a confined

aquifer is defined as:

	s = H
o

— h
	

( 7 )

where Ho is the initial head condition and h is the pumping head

(Figure 3.1). Substituting equation (7) into equation (6) and assuming

k is an arbitrary point x==(x,y) yields:

Nw n

Ho (X,0)—h(x,n).	 13(xj,n — i+1) QUA.
	 (8)

j=1 i=1

Taking the derivative with respect to x or y, multiplying by the

hydraulic conductivity E7, dividing by the porosity 45, and rearranging

terms gives:

N
w n

K ah	 K arlo	 k ap
— — = —	 —	 — — (x,j,n — i + 1) Q (j, i)
(I) ax4 ax	 j=1 i=1	 ax

and

K ah	 ano	 w n K al3
— — = — —	 —	 — — (x,j,n — i+ 1) Q y, 0.
4) ay	 4) ay	 j=1 i=1	 &Y

(9a)

(9b)
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Recalling that the definition of fluid velocity in a porous media is

given by:

and

K ah
v = — —

X	 4, ax
(10a)

K ah
= —

y

equations (9a) and (9h) may be written as:

n

Vx (m, n) = V. (m) — Y 	Pi. (m,j, n — i + 1) Q (j, i),
j=1 1=1

and

(lob)

(11a)

w n

V (m, n) = V (m) —	 13vy(m, j, n — i + 1) Q
Y	 0Y

j=1 i=1

(11b)

where

17,,,y (m,n) = velocity at observation point m during time period

n (in x and y directions),

VOX, Oy (M) = initial velocity at observation point m prior to

development (in x and y directions),
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= velocity response coefficients

representing the velocity at point m

during time period n due to pumping in

well j during time period i (x and y

directions).

The response functions given by equations (6) and (11) are in

their discrete form since an analytical solution to most groundwater

flow systems is impossible to find. It is the existence of this form

that allows hydrologic aspects of the flow system to be explicitly

included in the management models. In actuality, however, response

functions represent continuous temporal relationships. Figure 3.2

depicts the more general form of continuous drawdown response functions

for two different wells.

Limitations of the Upper San Pedro Basin 

As was previously mentioned, the upper San Pedro basin aquifer

is considered unconfined on a regional scale. The governing equation

of flow in such a case is given by the non-linear Boussinesq equation,

written here in terms of drawdown as

2 (x, as (x,
V [E. (x) v	 (x) s (x, — s	 = — s

0	 2	 Y at

N w

± \"" Q
• '

(x t) 8 (x — x .)
.,!-, J	 J
J=1

(15)
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where Sy is the specific yield of the aquifer and all other terms are

as described before. Maddock (1974) has shown that a response function

exists for equation (15), but that it is a non-linear polynomial

function of pumpaqe.

The computational efficiency of classical response functions is

due primarily to their linearity. To retain this efficiency, equation

(15) may be linearized by substituting

e t) 	H 0 (x) s (x, —

and approximating s(x,t)with
	 s*(x,0 

in the time derivative to yield
H 

o

N
as* (X. t)	

w

v• [IC (x) V .s.* (x, 41 = S 	  — 1 Q (x — x) 8 (x — x .) .
Y	 at	 J	 J

j=1

(17)

The error introduced by this linearization is SAThro. However, equation

(17) is now analogous to equation (1) and therefore a linear response

function exists for it. The response function for equation (17)

relates pumpage to a function of drawdown, rather than to drawdown

directly. As such, its interpretation is somewhat more complicated

than the classical case.

Bear (1979) has shown that when drawdown is a small fraction of

the initial saturated thickness, a phreatic aquifer may be treated as a

confined one. In addition, Maddock (1974) has shown that, under these

conditions, the linear response function for a confined aquifer is an

s2 (x, 	
(16)

2
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excellent first approximation to the non-linear polynomial response

function of an unconfined aquifer. In the upper San Pedro basin,

drawdowns have typically been less than 3% of the total saturated

thickness. Transmissivity can therefore be considered independent of

drawdown, and the computationally efficient linear response function of

equation (6) can be applied.

Two other types of non-linear behavior, namely river leakage

and evapotranspiration, also limit the use of classical response

function theory in this study. In the case of river leakage, the rate

of water movement into or out of the aquifer is proportional to the

difference in head betwen the river, hs , and the aquifer, hg (Figure

3.3a). However, leakage into the aquifer becomes a maximum value that

is proportional to the depth of water in the river (assumed constant)

when the aquifer head falls below the base of the river. A non-

linearity therefore occurs whenever water levels in the aquifer cross

the critical point defined by the river bed elevation, hb (Figure

3.3b).

Two partial differential equations are required to describe

this situation. When water levels in the aquifer are higher than the

river bed, confined conditions exist under the river bed and the

governing flow equation is

V- 11 C (x) (h b (x) — b (x)) V h (x, + L (x)th r (x) h (x,	 =

S ah (x,
for h (x, t) > h

b 
(x) .

at
(19a)



	-1 Gaining stream

2 Losing stream

3 Losing stream
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A. Positions of water table relative to stream.

B. Variation of specific stream recharge with water table
elevation (L is leakance).

Figure 3.3 River leakage boundary condition.
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However, when the aquifer head is below the bottom of the river bed,

unconfined conditions exist and the governing equation becomes

V [If (x) (h (x, t) — b (x)) V h (x,	 + L (x) th (x) — h b (x)i =

ah (x, t)
for h (x, t) < h (x)

at

(19b)

where:

h(x,0 = the hydraulic head in the aquifer,

hbG0 = the height of the base of the river bed,

b(x) = the height of the base of the aquifer,

hr (X) = the height of water in the river (constant),

L(k) = the leakance factor of the river bed.

To retain the advantages associated with a strictly linear

system, equation (19) may be approximated by a single piecewise linear

partial differential equation (Larson, Maddock, and Papadopulos, 1977):

as (x, t)
- [T (x) Vs (x)i — L (x) s (x) = S

Y at

- E Q (z. — x) 8 (x — x.) — 1 Q r (X1 - X) 8 (x — x 1)
j=1	 1=1

N	 N
w	 r

J	 J

	 (20)

where



[K (z) [H 0 (x) — b (X)] away from the rivers
T (x) =

K (x) [h (x) — h (41 under the rivers,

0	 when s (x, < sb (x)

Q r (X, =
L (x) [s (x, t) — s b (x)] when s (x, t) sb (x),

sb (x, t) = H 0 (x) — b (x)

K (x)

	

L (x) =	 A (x),
W (x)

V7(4 = thickness of river bed,

A(x) = representative area,

Arr. = number of river nnAPS in the simulation model.

Equation (20) has a solution of the form

N
w n

s (k, =	 I	 + 1) Q
j=1 i=1

N
r n

+	 I32(k, n — + 1) Q (1, i)

1.1 i=1
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(21)

where
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0	 when s (I, i) < Sb (I)
Q (1, i) =	

L (I) [s (1, i) — s b an when s (I, i)	 s b (I) .

In equation (21), the drawdown at any arbitrary point k is the

sum of two separable components. Response coefficient p i relates

pumpage to drawdown at each of the AT,„ wells when the aquifer head hg is

above the base of the river bed hb. Response coefficient 132 describes

the effect of non-linear river leakage on drawdown by compensating for

the difference between an assumed steadily increasing leakage, and the

actual constant leakage that occurs when hg <hb. This term may be

considered to be the drawdown due to pumpage from imaginary wells

(Figure 3.4) located at AT, discrete points along the river (Zurkoff,

1983). These wells are activated only when hg <hb , and pump at rates

proportional to s(x)-s00.

The inclusion of image well theory in this study, then, serves

to linearize the river leakage problem so that constant response

functions can be utilized. However, under these conditions response

functions must be calulated not only for each pumping well, but also

for each of the N r imaginary wells.

Evapotranspiration can be modeled in a similar manner. When

the water table lies below the root zone (Figure 3.5a), no groundwater

is lost as a result of evapotranspiration. However, when the water

table lies at the land surface, groundwater loss approaches a maximum

rate given by the potential evapotransirpation. Between these two
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\flat term in equation 1211
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equation 1211

h=hriver
0

h=hb
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h

Figure 3.4 Linearized boundary condition for river nodes
(after Zurkoff, 1983).
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extremes, evapotranspiration is assumed to vary linearly with head

(Figure 3.5b). Non-linear points are therefore defined by the depth of

the root zone, h„ and by the land surface elevation, hmax.

If it can be assumed that aquifer heads always lie below the

land surface, evapotranspiration may be linearized in a manner

analogous to that described above for river leakage. In the upper San

Pedro basin, steady-state and transient head elevations have

historically been below the land surface such that this assumption can

be applied.

One final aspect of the upper San Pedro basin further

complicates the application of classical response function theory in

this study. As was previously mentioned, appropriate initial

conditions and boundary conditions are required to derive the constant

response function of equation (6).	 These conditions are:

s (x ,o) = 0 (22a)

s cr,	 = o (22b)

as =0
(22c)

an



A. Position of water,table relative to the root zone.

B. Variation of evapotranspiration with water table elevation
(q is potential evapotranspiration).

Figure 3.5 Evapotranspiration boundary condition.
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The initial conditions given by equation (22a) require that

drawdown be initially absent throughout the aquifer (i.e., no prior

development). Equation (22b) is a constant head boundary condition

along bounaary segment r, and equation (22c) describes an unperturbed

boundary condition along boundary segment P. An unperturbed boundary

condition assumes that the initial recharge and discharge properties of

the aquifer are unaffected by well development.

In the upper San Pedro basin, significant quantities of water

have been withdrawn from storage since 1940. As a result, the basin is

no longer in a steady-state, equations (22a) and (22c) are violated,

and the classical response function derivation is not applicable.

However, since the basin can be linearized as described above, the

principle of superposition and the concept of linear capture can be

utilized to handle the violation of each equation in turn.

Specifically, with the principle of superposition, the apparent

lack of appropriate initial conditions can be handled by considering

drawdown at any future time to be a linear combination of prior

drawdown due to historical pumpage, future recovery in the absence of

all pumpage, and future drawdown related to pumpage and response

functions in the study design period. In this manner, the effects of

historical pumpage are isolated from the effects of future pumpage, and

response functions for the study design period can be calculated as if

equation (22a) is satisfied. The drawdown at any point can now be

considered to be the result of four components: historical pumpage,

design period pumpage from actual wells, design period pumpage from



imaginary wells, and design period recovery in the absence of any

pumpage. Equation (21) can therefore be written as

N
w n

s (k, n)	 7	 (k, j, n — i + 1) Q (j, i) +
j=1 i=1

N
r n

7 7 f3 2 (k, /, n — i + 1) Q (1, i) + s(k)	 R (k , n)
prior

/=1 r=71

where

sp r (k) = the drawdown due to historical pumpage in well k at

the beginning of the design horizon,

R(k,n) = the recovery from sprior at well k during design period

n if no additional pumpage occurs.

The violation of equation (22c) can be treated by considering

the concept of capture. Capture is defined as the change in natural

recharge to, and discharge from, an aquifer caused by _pumping. When

capture occurs, it may be explicitly included in the drawdown equations

so that the boundary condition of equation (22c) is satisfied as

written. The general form of the drawdown equation in this case becomes

S as (x, V- IT V s (x, t)1 + A (x, t) s (x, t) —
at

-	 Q (x t) a (x — x
	 (24)

J= 1

32
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where

A (x, t) s (x, t) = the capture function.

Equation (24) has a solution of the form

w n

s(k, n) = Y 	13,(k,j, n — i + 1) Q
	

(25)

i=1

Although the response function of equation (25) is similar to

that given by equation (6), it is conceptually different in that it

incorporates capture. It is applicable only when capture is linear in

drawdown.

In the upper San Pedro basin, capture occurs as an increase in

river leakage and as a decrease in evapotranspiration losses caused by

pumpage. In that both processes can be linearized, they can be

explicitly modeled as a capture mechanism in the drawdown equations.

The boundary condition of equation (22c) is therefore satisfied, and

constant response functions can be utilized. This approach of modeling

river leakage and evapotranspiration is entirely consistent with the

previous discussions of these processes since the term L(x) s(x) in

equation (20) is analogous to the term YLO:,0 s6c,0 in equation (24).

As can be seen from the above discussions, linear response

functions provide a viable option for incorporating basin hydrology

into the management models to be considered in this study. The actual

calculation of response functions is the topic of Chapter 4.



CHAPTER 4

THE GROUNDWATER FLOW MODEL

Introduction 

Analytical determination of response functions is often

precluded by complex aquifer geometeries and spatially distributed

hydraulic parameters. Accordingly, they are typically approximated

with a numerical flow simulation model. Construction of such a model

is therefore prerequisite to the systematic analysis of groundwater

management.

A variety of existing flow models can be utilized to obtain

response functions. Selection of a particular model depends primarily

on the hydrogeologic characteristics of the basin, and on the purposes

of the study at hand. The model must provide a realistic representa-

tion of the actual flow system to produce accurate response functions

and, therefore, viable management models. It must also, however, be

consistent with the economic limitations of the study.

The computer code BETA.F10 (Maddock, 1975) is utilized to

calculate response functions here. BETA.F10, as an explicit drawdown

model, improves the computational efficiency of the study by allowing

direct calculation of drawdown and velocity response functions. In

addition, it can be easily modified to handle a variety of hydro-

34
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geologic conditions, including the river leakage, evapotranspiration,

and historical pumpage aspects of the upper San Pedro basin.

The purposes of this chapter are, first, to review a conceptual

flow model of the upper San Pedro basin. Second, the numerical

characteristics of BETA.F10 and the manner in which it is applied to

the basin are discussed. Finally, a description of the actual method

used to obtain response functions is provided.

The Conceptual Model 

Before a numerical model of a groundwater system can be

developed, a concept of the relation between the physical environment

and the movement of groundwater must be defined. Freethey (1982)

provides one interpretation of the relationship believed to exist in

the upper San Pedro basin. His conceptual model, reviewed below, is

used as a starting point for applying BETA.F10 in this study.

As was reported in Chapter 2, the upper San Pedro basin may be

considered to consist of a single alluYial fill unit with highly

variable hydraulic properties. The largest transmissivities (15,000

ft2/day) are encountered in coarse grained alluvial deposits of the

Babocomari and San Pedro River flood plains. The lowest values (100

ft2/day) occur in consolidated rocks near the mountain fronts. Storage

coefficients range from a maximum of 0.25 in interior portions of the

basin to a minimum of 0.03 around the basin perimter.

The primary source of recharge to the basin is infiltrating

surface water along the mountain fronts and major stream channels.

Recharge is estimated to range from approximately 6 ft 3/sec in the
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Huachuca Mountains to 3 ft3/sec in the Mule Mountains and 5.5 ft 3/sec

in the Whetstone Mountains, Mustang Mountains, and Canelo Hills

(Freethey, 1982). Recharge from the area bordering the Tombstone Hills

is considered negligible. Effluent reaches of the San Pedro River

contribute an estimated 1 ft 3/sec to 4 ft 3/sec of water to the basin,

and reaches of the Babocomari River contribute up to 2 ft3/sec

(Freethey, 1982).

A secondary source of recharge is underflow from south of the

international border. Although the magnitude of infiltration along

mountains south of the border is presumably similar to that north of

the border, most of the groundwater is discharged before it reaches the

international boundary. As a result, the amount of underflow to the

study area is small, ranging from 1 to 4.5 ft3/sec (Freethey, 1982).

Discharge from the basin occurs by evapotranspiration, along

gaining stream reaches, and as a result of pumpage. Evapotranspiration

occurs primarily in the river flood plains at an estimated rate of

8 ft3/sec. Influent reaches of the San Pedro River gain an estimated

2.5 ft3/sec to 13 ft 3/sec of groundwater, while those of the Babocomari

River gain up to 7 ft 3/sec (Freethey, 1982). Withdrawals due to

pumping have averaged approximately 9 ft 3/sec since 1942 and currently

exceed 15 ft 3/sec.

Groundwater flow directions in the study area are generally

from the basin margins to the basin axis and toward a narrow valley of

the San Pedro River near Fairbank, Arizona. Although the groundwater

undoubtedly moves in three dimensions, particularly in areas near the

mountain fronts where infiltration rates are highest, vertical flow can
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be essentially ignored when the overall saturated thickness of the

basin is considered. Specific directions and rates of flow within the

basin are controlled by local hydraulic properties and boundary

conditions.

The eastern and western edges of the basin are formed by

mountain ranges. Owing to the relatively impermeable character of

these mountains, no groundwater movement to or from adjacent basins is

presumed. The eastern and western boundaries of the conceptual model

are therefore special cases of prescribed flux boundaries (i.e., with

zero flux).

Groundwater flow across the southern boundary is, for the

purposes of this study, considered to be a function only of time and

position along the boundary segment. As such, it can also be

considered a prescribed flux boundary.

The northern edge of the basin is defined in part by an

impermeable barrier to flow formed by the Tombstone Hills. The

remaining portion of the northern boundary was selected to be

coincident with a groundwater flow line. Since, by definition, water

cannot move across a flow line, the entire northern edge of the upper

San Pedro basin can be considered a special no-flow, prescribed flux

boundary.

The upper San Pedro basin is unconfined on a regional scale.

However, for reasons outlined in Chapter 3, it can be approximated as a

confined system. The error introduced by this approximation is

expected to be on the order of 1% during the design period of this

study.



The Numerical Model 

BETA.F10 is a finite difference model describing nonsteady-

state, two-dimensional flow of groundwater in a confined, hetero-

geneous, and isotropic aquifer. The governing equation of flow

considered in BETA.F10 is

38

y.
	as (,

[T V s (x,	 C = S 
x0

aP	 at
—	 Q (x ., 	(x — x

:1= 1 

(26)

subject to the initial conditions

s (x, 0) = 0
	 (26a)

and boundary condition    

as =0
(26b)    

where: Cap is the linear capture function.

To solve equation (26), it is necessary to develop an equiva-

lent algebraic expression which is amenable to solution on a computer.

Using the method of finite differences, equation (26) may be

discretized through space and time to form the following equation for

each node (1,j) in the flow system:
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AA s(i,j— 1,n + 1) + BB s(i,j + 1, n + 1) + CC s(i — 1,j, n + 1)

+ DD s(i + 1,j, n + 1) + EE s(i,j, n + 1) = FF
	 (27)

where

2 T (i,j 1) T (i,j)
AA=

T (i,j — 1) + T (i,j)
(27a)

2 T (i,j + 1) T (i,j) 
BB-.

T (i,j + 1) + T (i,j)
(27b)

2 T (i — 1,j) T (i,j) 
CC —

T (i — 1,j) + T (i,j)
(27c)

2 T(i + 1,j) T (i,j) 
DD —

	

	 (27d)
T (i + 1,j) + T (i,j)

EE = — AA — BB — CC — DD —

at
) +c 

aP
)	 Yi
	 (27e)

FF =	 7- s(i,j, n) — Q (i,j, n)1 x ty
J

(27f)
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dajAy, = the area of the discretized system represented by node

= the time step.

A complete finite difference description of the flow system

must contain a separate equation of the type given by (27) for each

node in the model. Obviously, a solution to the resulting set of

simultaneous equations for a large aquifer can require considerable

computer run time and storage. To reduce this expense, an iterative

form of the alternating direction implicit (ADI) solution technique of

Peaceman and Rachford (1955) is used here.

With the iterative ADI method it is possible to reduce a large

set of simultaneous equations to a number of smaller sets.

Specifically, each set of node equations representing an individual row

of the finite difference grid is solved while holding constant all of

the terms related to nodes in adjacent rows. After all of the row

equations have been solved, a similar process is utilized to solve each

column equation independently. Finally, after each column equation has

been solved a single iteration has been completed. Successive

iterations are continued until the solution converges for the given

time increment, and the entire process is repeated for successive time

increments.

To facilitate node equation solving by rows, equation (27) is

rearranged as
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AA s (i,j — 1, n +	 + BB s (i,j + 1, n + -1)
	 (28)

+ EE' s (i,j, n + = FF'

where

	EE' = —AA — BB — I S aj) C Ax 
Yi
	 (28a)

FF' = I — — s(i,j, n) — Q (i,j, n)1A x . Ay. — CC s (i — I ,j, n)
At	 J

(28b)

— DD s(i + 1,j, n) + (CC + DD) s (i,j, n).

For calculation by columns, equation (27) is rearranged as

CC s(i — 1, j, n + 1) + DD s(i + 1,j, n + 1) (29)

+ EE" s(i,j, n + 1) = Fr

where

EE" = — CC — DD —
S (i, jD

.	 ,j	 r
(29a)+ C

ap

Fr = [
s	

s(i,j, n + f) — Q (i, j, n + 1)1— —  Ax . Ay. (29b)
At J

— AA s(i,j — 1, n + i) — BB s(i,j + 1, n + I) + (AA + BB) s(i,j, n + .
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Equations (28) and (29) contain three unknowns, as compared to

five unknowns in equation (27). The solution of the set of row or

column equations is accomplished in this study by Gauss elimination.

The iterative ADI method is unconditionally stable. That is,

the solution at any node (i,j) remains bounded as time increases,

regardless of the time increment utilized in the solution process.

The accuracy of the method is defined as the degree to which

the analytical solution to equation (26) satisfies the finite differ-

ence expression given in equation (27). If the analytical solution

cannot satisfy the finite difference equation exactly, then a trunca-

tion error exists. The truncation error of the ADI method is on the

order of [Ax2j+ [do).

Application of BETA.F10 to the Upper San Pedro Basin

Considering Freethey's (1982) conceptual model of the upper San

Pedro basin, and the constraints of response function theory as it

applies to that model, tt is necessary to define 4 primary groups of

data to utilize BETA.F10 in this study. The first group defines the

finite difference grid employed to discretize the basin. The second

group assigns hydraulic properties to each block within the grid and

describes the lateral aquifer boundary conditions. The third group

defines natural recharge and discharge properties of basin, and the

fourth group defines artificial stresses that have altered predevelop-

ment equilibrium conditions.

The finite-difference grid employed in the study consists of

858 rectangular blocks (Figure 4.1). It is oriented with the axis of
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the basin to minimize the number of blocks outside of the principal

aquifer system. A variable grid size with block dimensions ranging

from 0.6 mile to 1.0 mile is used to provide better resolution in areas

where large variations in aquifer properties or stresses occur. Blocks

with the smallest dimensions are situated in river flood plains and

pumping centers that require response function calculations. Specific

aquifer properties are assigned to the center nodal point of each block

and are assumed to be uniform over the entire block.

Hydraulic properties are assigned in the model with 4 primary

data arrays: transmissivity, storage coefficient, hydraulic

conductivity, and starting hydraulic head. The general distribution of

transmissivity zones is depicted in Figure 4.2, while that of the

storage coefficient is depicted in Figure 4.3. Hydraulic conductivity

and initial head distributions are shown in Figures 4.4 and 4.5,

respectively. Each distribution is based on work by Freethey (1982).

The lateral boundaries forming the basin aquifer are, as

previously discussed, prescribed flux boundaries. Each translates into

the unperturbed boundary condition given by equation (26h) in BETA.F10.

They are handled in the model by assigning a value of zero to the

transmissivity of each node within the finite-difference grid, but

outside of the aquifer's areal boundary.
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36 Row and column numbers
for Finite Difference grid

Figure 4.1 Finite difference grid for the upper San Pedro River basin.
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Figure 4.2 General distribution of transmissivity.
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Figure 4.3 General distribution of the storage coefficient.
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Figure 4.4 General distribution of hydraulic conductivity.
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Figure 4.5 General distribution of steady state hydraulic head.
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Natural recharge and discharge properties of the basin are

treated in BETA.F10 by considering the concept of capture. Capture is

defined as a change in the natural rates of recharge to, and discharge

from, the aquifer caused by pumping. It occurs in the upper San Pedro

basin model as an increase in river leakage at 40 nodes, and as a

decrease in evapotranspiration at 72 nodes (Figure 4.6). The func-

tional relationships defining river leakage and evapotranspiration (see

Figures 3.4 and 3.5) are linearized as described in Chapter 3 to ensure

the generation of constant response functions. Recharge by areal

infiltration along the mountain fronts is assumed to be independent of

hydraulic head and, as such, is not considered in the model.

Capture at each river node is simulated by defining the

altitude at the bottom of the river bed, the depth of water in the

river (assumed constant at 1.0 foot), and a river leakance factor. The

river leakance factor is proportional to the hydraulic conductivity of

the streambed sediments, and inversely proportional to their thickness.

Capture at evapotranspiration nodes is simulated by defining

the potential evapotranspiration rate and the effective depth of the

root zone. Potential evapotranspiration is estimated to be about

8.0 ft 3/sec over the entire basin (Freethey, 1982), or about

0.01 ft 3/sec per node. The effective depth of the root zone is assumed

to be 10 feet.
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Figure 4.6 Locations of river and evapotranspiration nodes.
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Historical development of the basin's groundwater is simulated

by the ten pumping periods depicted in Figure 4.7. Pumpage occurs in

the model at 44 nodes (Figure 4.8). The pumping rate assigned at any

given node is assumed to be the combined rate of all actual pumping

wells within the representative area of the node.

Appendix A provides complete listings of all nodal information

developed for the model. Each distribution was initially based on

calibrated input data to Freethey's (1982) model of the basin. Calibra-

tion and verification of BETA.F10 were accomplished by simulating

historical pumpage during various time periods, and comparing the

resulting water levels to those predicted by Freethey for the same

period. Comparisons were considered acceptable when BETA.F10 predicted

drawdowns differed from Freethey's values by no more than 15 feet.

Figure 4.9 depicts the comparison developed for 1977, the last year

simulated in Freethey's model, and illustrates the relatively close

match achieved between the two models.

Calculation of Response Functions 

A complete management model of the upper San Pedro basin

requires that response functions be obtained for each of the 44 pumping

nodes and 72 river leakage/evapotranspiration nodes contained in

BETA.F10. With a two-year study design horizon, over 25,000 response

functions must therefore be calculated. In that the primary purpose of

this study is to demonstrate a technique, management models incorporat-

ing that number of response functions would have been prohibitively
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Figure 4.7 Distribution of historical pumping rates.
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large. Accordingly, a reduction in the problem size was considered

prerequisite to development of the response coefficient matrix.

Toward this end the basin was, as a first step, divided into

two primary pumping zones: a northern zone consisting primarily of

wells located in the Sierra Vista area, and a southern zone consisting

of wells located around Palominas and Hereford (Figure 4.10). BETA.F10

was then utilized to evaluate the effects of design period pumping in

one zone on water levels in the other zone. Specifically, the radius

of influence due to pumping in the northern zone was determined for

1984 and 1985 while holding all southern zone pumpage at zero. In a

similar manner, northern zone pumpage was then eliminated and the

radius of influence due to pumpage in the southern zone was determined.

Results of these model runs, depicted in Figure 4.11, indicate that

both zones can be treated independently during the design life of the

project. As a result, management models can be developed for the

northern section without considering the effects of pumping in the

southern section, and the number of pumping nodes requiring response

functions is reduced from 44 to 17.

An additional reduction in the scope of work was accomplished

by examining the linearity of the northern section. As was described

in Chapter 3, linear boundary conditions are required to generate

constant response functions. The northern section originally contained

39 non-linear river leakage and evapotranspiration nodes. However,

only one of those was situated within the area affected by northern

zone pumping and, as such, required linearization. Consequently, the

number of non-linear nodes requiring response functions was reduced
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from 39 to 1, and the total number of response functions required for

the study was reduced from over 25,000 to approximately 650.

With the problem size defined in this manner, response

functions were calculated for the northern section as if steady state

conditions prevailed at the beginning of the study design period.

Specifically, successive wells in the northern section were pumped at

unity during the first design year (1984), and induced drawdowns in

surrounding wells were measured at the end of 1984 and 1985. Drawdowns

occurring at the end of 1984 were recorded as lag-one response

functions, while those occurring at the end of 1985 were recorded as

lag-two response functions. Velocity responses were derived from the

lag-one and -two drawdown response functions by invoking Darcy's Law as

described in Chapter 3.

To account for the effects of prior development in the basin,

BETA.F10 was utilized next to define the drawdown associated with

historical pumpage through the end of 1983, and the anticipated water

level recovery that would occur during 1984 and 1985 in the absence of

all pumpage. The linear combination of prior drawdown, recovery, and

response function-drawdown describes the basin's response to pumpage in

the study design period. By isolating the effects of historical

pumpage in the prior drawdown and recovery terms, it was possible to

calculate constant response functions. The technique is applicable,

however, only when the aquifer system is linear.

Quasi-verification of the drawdown response coefficient matrix

was accomplished by computing drawdowns at the end of 1985 using

response functions and an extrapolated set of pumping rates. The
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response function-predicted drawdowns were then corrected for the

effects of historical pumpage and compared to results of a normal

BETA.F10 simulation run using the same pumping rates. Drawdowns in

both cases differed by less than 2% during the study design period

(Table 4.1) indicating that corrected response function drawdowns

provide an accurate description of the upper San Pedro basin.

Appendix B provides listings of the drawdown and velocity response

functions obtained for the study. The manner in which they facilitate

an evaluation of multiple management objectives is discussed in the

following chapter.
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CHAPTER 5

MULTIOBJECTIVE GROUNDWATER MANAGEMENT

Introduction

Groundwater management problems have traditionally required

consideration of a single management objective. The general task in

such problems is to find the optimal solution of a function of

variables subject to a prescribed set of constraints. The solution

typically defines a set of pumping rates which are restricted by

physical aquifer properties, economics, and institutional considera-

tions. In basins with competing users, however, it is necessary to

consider simultaneously several management objectives while developing

and evaluating alternative plans. The identification of a single

optimal solution is generally not possible in multiobjective problems.

Rather, the goal is to develop a set of "non-dominated" solutions and,

from that set, select a good compromise policy. The non-dominated

solutions are a subset of the entire feasible region of solutions.

They are technologically efficient in the sense that the decision

variables of a non-dominated solution cannot be altered to increase one

objective without decreasing one or more of the remaining objectives.
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A variety of formal mathematical algorithms have been developed

to generate systematically the set of non-dominated solutions and guide

the decision maker in selecting the best compromise policy (Goicoechea

et al., 1982). Implementation of these algorithms is, however, fre-

quently a cumbersome and complicated process. Furthermore, they

require that a comparable set of constraints be applied to the entire

vector of management objectives before a solution can be defined. When

development of a comparable constraint set is difficult, and economic

conditions prohibit sophisticated studies, the utility of many of these

algorithms to the groundwater manager may be restricted.

The purpose of this chapter is to demonstrate a relatively

simple, "manual" multiobjective analysis technique for problems with

incomparable constraints. The technique is illustrated by considering

three conflicting objectives for the upper San Pedro basin aquifer:

maximization of pumpage, minimization of basin-wide drawdown differ-

ences, and velocity field control. A good compromise solution for the

objectives is developed through a three-phased process consisting of

objective quantification, alternative plan formulation, and final plan

selection. Implementation of the technique is accomplished with

independent, single-objective models which utilize, as input, the

drawdown and velocity response coefficient matrices developed in

Chapter 4.

Objective Quantification 

Objective quantification is the process of developing a

numerical criterion which indicates how well a particular objective is
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satisfied by a particular plan. By developing a quantitative descrip-

tion of each objective, it is possible to rank alternative plans

according to their ability to achieve the stated goals. Quantification

begins by assigning a scalar function of decision variables to repre-

sent each management objective. These "objective functions" are then

typically restricted to satisfy a set of physical, economic, or

institutional constraints.

The general linear mathematical formulation of a constrained,

single- objective problem is given as:

maximize [1(x)
	 (30)

subject to

g i (x) = b i 	 (31)
x. ^ 0

where

x = the vector of decision variables (x1 ,x2,...x,),

f = a linear operator,

gi = the constraint coefficient matrix,

b = the constraint vector.

Equation (30) represents the objective function while equations (31)

define the constraint set.

To maximize pumpage in the upper San Pedro basin, the quantity

of water pumped from the km well during the nm time period is defined

as Q6i,70. The objective function is therefore given as:



N N
e

maximize	 (z) =	 Q (k, n)]
k 1 n=1

where:

= the number of wells,

Ne = the number of years in the study design period.

Constraints must be imposed on this function to prohibit the production

of undesirable drawdown effects, and to ensure that wells are not

pumped beyond their design capacity. These constraints are:

Nw 
N

e

1. s(k, n) = Y 	(k , j, n— i+1) Q(j, + sprior (k) — R(k, n)
j=i i=1

where

2. s (k,n) S(kn)

3. Q(k, n) Qmax (k)

For k = 1, ...,

n = 1,

For k = 1, ...,

n = 1 ..., Ne

For k = 1,

n = 1

(34)

(35-)

S (k,n) = the prescribed maximum allowable drawdown at well

k during time period n,

Qm= 00	 = the maximum capacity of the pump in well k.

Equations (32) through (35) specify a linear model of the

maximum pumpage objective. It is possible, however, that a solution to

these equations will result in drawdowns approaching the limit Smax

during the first time period and, consequently, the elimination of all

64
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(33)
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pumping during the second period. To avoid this problem, pumpage from

each well will be assumed equal during both time periods [i.e., Q(k,/) =

Wk,10]so that drawdowns will reach the limit in period 2. This assump-

tion effectively forces the model into an equivalent, single time

period problem. It is accomplished by combining drawdown response

functions for both time periods at all levels. The reformulated model

is therefore:

max [fi (x) =	 Q(k)}
k=1

(36)

subject to  

p(kj, 1) + f(k, j, 2)1Q (j) + s	 (k)prior 

— IR(k, 1) + R(k, 2)1 S	 (k)
max  

For k=1,...,N, (37)

2. Q(k) Q (k) For k = 1, ..., N u, (38)

The second management objective for the study, namely minimiza-

tion of basin-wide drawdown differences, is concerned with determining

a set of pumping rates which result in the creation of equitable draw-

downs. to all groundwater users. The objective is constrained to meet

the total demand for groundwater in the basin, by pump capacities, and

by drawdown restrictions. Quantification of the model is as follows:



N
w 

NE

min( 12 (x) =	 u(k, n) + v(k, n)}
k=1 n=1

subject to

N
w

1. Q(j,n) .̂.. D (n)

i= 1

For n = /,	 NE (40)

For k=1,...,Nw (41)
2. Q(k,n) 5 Q	 (k) n =

N
w 

N
E For k=1,...,Nw (42)

3. s(k,n) =	 p(k,j, n—i+1)Q(j, i)
j=1	 i=1 n	 1, ..., NE

4. S(k, n) — S(k +1, n) = u(k,n) if S(k, n)	 S(k+ 1, n)
u(k, n) if S(k, n) s S(k +1, n)

	For k	 1, _, Nw

	n 	 /,
(43)

where

D(n)= the demand for groundwater during time period n,

u(k,n),v(k,n) = equivalent absolute value of the difference in

drawdown between wells k and k+1 during time

period n.

In the final management objective for the study, it is assumed

that the decision maker wishes to control a groundwater contamination

problem by operating a series of interception wells. The costs asso-

ciated with treating and/or disposing of contaminated water are assumed

to be of a magnitude such that it is desirable to minimize the quantity

of water produced in the interception wells. The decision maker must
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also ensure that a sufficient amount of potable water is produced in

supply wells to meet demands, and that a desired velocity field is

created along a set of observation points between the supply wells and

interception wells.	 The objective function and constraint sets are

therefore:

N

min

subject to

{ f3 (x) =	 Q (k,n)
k=1	 n=1

(44)

1.	 Q(k, n)	 Q	 (k)max

For k = 1, ..., Nu,
n = 1, ..., NE

(45)

8W

2.	 (2y,	 D (n) For n=/,...,NE (46)

.j = 1

For m = 1, ..., N0 (47)
3. VI. (m, n) + VS. (m, n.) + VO x (m, n) = V DIS (m) n = /,	 NE

For m=1,...,N0 (48)
4. VI (nt, n) + VS (m, n) + VO (m, n) = VDI S 

(m)
Y	 Y	 Y	

Y

Nw	 n

5. V.  (m, n) = Vo. (m) —	 m,j, n— i+1) Q(j, i)
j=1 i=1

= 1, ..•,NE

For m = 1, ..., Nu,
n = 1, --., NE

(49)

N
w	 n

6.	 V (m, n) =V	 (m) — 13	 (m,j,n—i+1)Q(i,
Y	 oy	 vy

j=1 i=1

For m = 1,
n = 1,	 NE

(50)
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Qi(k, n)	 = the quantity of water pumped from the ka

interception well during the na time

period,

VI,(m, n), Vly(m, n)	 = the x and y components of the velocity

vector at the ma observation point

during the nth time period due to pumping

from interception wells,

VS,(m,n),VSy(m,n)	 = the x and y components of the velocity

vector at the inthobservation point during

the nthtime period due to pumping in

supply wells,

V 0,(m, n), VOy(m,	 = the x and y components of the velocity

victor at the maobservation point during

the nthtime period due to past pumping

practices (i.e., the initial velocity

field),

Vmsfm,n),Vors(m,n) = the desired x and y components of the

velocity vector at the nithobservation

point during the nthtime period,

Njw	 = the number of interception wells,

Nsw 	= the number of supply wells,

No 	= the number of observation wells.
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If it can be assumed that methods other than velocity field

control are available to the manager for mitigating the impacts of

groundwater contamination, then it may not be desirable to constrain

velocity components in the other two objectives under consideration.

Consequently, constraint sets for the three objectives are not directly

comparable. Alternative mitigating measures may include natural

processes such as dispersion, dilution, and adsorption, or engineering

options such as grout curtains, encapsulation, or solidification.

The objective functions and constraint sets described above

constitute three quantified, linear management models for the upper San

Pedro basin. Techniques for formulating the set of non-dominated

solutions to these models, and for selecting a good compromise

solution, are discussed in the next two sections.

Plan Formulation

The goal of multiobjective plan formulation is the generation

of a set of technologically efficient plans (Loucks et al., 1981). To

accomplish this task, two alternative strategies are typically em-

ployed: the weighting and constraint methods. Both methods require

numerous solutions to a single-objective management model.

The weighting approach involves converting an objective

function vector to a scalar which is the weighted sum of the separate

objective functions (Goicoechea et al., 1982; Loucks et al., 1981). As

such, it requires comparable constraint sets. The constraint method,

by comparison, requires only that individual objectives be optimized

subject to prescribed limits on the other objectives. Each objective
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is consequently treated independently, and individual constraint sets

need not be applied to all functions. A simplified version of the con-

straint method is utilized to generate a set of non-dominated solutions

here.

In its general form, the constraint method can be expressed as:

(51)

subject to

Ax �_b
	

(52)

fk (x) -̂  Lk
	

For all k j

Implementation of the model requires that each objective

function fi(x) be maximized subject to lower limits Lk on the other

objectives. Model solutions corresponding to any set of feasible lower

limits represent non-dominated alternative policies.

To apply the method in the upper San Pedro basin, the three

management models were first optimized independently. The subsequent

solution to each model was then incorporated as a constraint in the

remaining two models [i.e., the Lk's were set equal to mm4kW], and

new solutions were generated. As a result of this process, three

alternative, non-dominated management policies were defined. These

policies do not represent a complete enumeration of the non-dominated

set, but rather are a first-cut approximation sufficient for

illustrating the plan formulation and selection processes. Additional
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solutions, if required, could be quickly generated with the constraint

method by varying the Lk's and employing the sensitivity analysis

features of most optimization programming packages.

Alternative solutions were developed by employing the linear

programming package XMP (Marsten, 1981). XMP consists of a series of

subroutines called by a main driver program. The driver program

includes a matrix generator which transforms raw input data into the

standard IBM Mathematical Programming Systems (MPS) form. Solutions

are generated in XMP with the primal or dual simplex methods. For a

description of the simplex methods, the reader is referred to Marsten

(1981) and Loucks et al., (1981).

XMP input requirements for the maximal pumping model are illus-

trated in Table 5.1. Drawdowns at each well were restricted to be less

than one-half of the initial saturated thickness of the aquifer. The

prior drawdown and recovery values were determined with BETA.F10 as

described in Chapter 4. Hydraulic constraints were defined with the

response functions displayed in Appendix B.

Input requirements for the equitable drawdown model are

presented in Table 5.2. Target demands were 15.7 ft 3/sec for year 1

and 16.0 ft 3/sec for year 2. Hydraulic constraints were input as

response functions and corrected for prior pumpage as described

earlier.

Table 5.3 summarizes input requirements for the velocity

control problem. Contamination is assumed to have originated in the

vicinity of three wells at node numbers (20, 7), (20, 9), and (20, 10)



Table 5.1

XMP Input for fi (x)

(Equivalent 1 Time Period)

Well	 Node	 Prior	 Combined
Two-Year

Number	 Location	 Drawdown	 Recovery
from Prior
Drawdown

(Row, Column)	 (feet)	 (feet)

MdXiMUM	 Pump

Allowable	 Capacity

Drawdown
(feet)	 (ft3/sec)

1 6, 4 18.7 2.2 429 4.5

2 6, 5 17.2 1.6 435 4.5

3 10, 7 30.9 7.3 366 4.5

4 11, 6 32.6 3.7 316 4.5

5 12, 3 37.8 2.3 254 4.5

6 14, 5 47.3 5.5 207 4.5

7 15,	 5 56.2 10.1 169 4.5

8 15, 6 55.3 9.3 184 4.5

9 16, 6 62.1 14.2 149 4.5

10 16, 7 53.2 9.9 172 4.5

11 16, 8 46.9 8.9 204 4.5

12 17, 8 46.2 9.1 188 4.5

13 17, 9 42.7 9.6 210 4.5

14 17, 10 33.2 4.9 247 4.5

Demand = 16.0 ft3/sec per year
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Table 5.2

XMP Input for &i)

73

Well
Number

Node Prior Recovery Recovery Pump
Location Drawdown During During Capacity

Year 1 Year 2
(Row, Column) (feet) (feet) (feet) (ft3/sec)

6,	 4 18.7 1.6 0.6 4.5

6,	 5 17.2 1.2 0.4 4.5

10,7 30.9 5.7 1.6 4.5

11,6 32.6 2.5 1.3 4.5

12, 3 37.8 1.4 0.9 4.5

14,5 47.3 3.3 2.2 4.5

15,5 56.2 6.4 3.7 4.5

15,6 55.3 5.3 3.9 4.5

16,6 62.1 8.9 5.2 4.5

16, 7 53.2 5.9 4.0 4.5

16, 8 46.9 5.7 3.3 4.5

17,8 46.2 5.9 3.2 4.5

17, 9 42.7 6.6 3.0 4.5

17, 10 33.2 3.2 1.8 4.5

Demand 1 = 15.7 ft3/sec per year

Demand 2 = 16.0 ft3/sec per year

1
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(Figure 4.8). A line of zero velocity will be created between the

contamination and the City of Sierra Vista by pumping the three wells

in an optimal manner. Observation points located at nodes (19, 6),

(19, 7), (19, 8), and (19, 10) will be used to ensure that the desired

velocity field has been created. All pump capacities are set at

4.5 ft3/sec.

Solutions to the three management models specify values of the

objective functions, and values of decision, slack, and dual variables.

Decision variables are the pumping rates at the 14 water supply wells

and 3 interception wells for the two design years. Slack variables are

artificial parameters introduced by XMP to convert inequality con-

straints to equality constraints. Dual variables represent the rate of

change in the optimal value of the objective function corresponding to

a change in the value of a particular constraint. With respect to the

notation given in equations (30) and (31), dual variables can be

expressed mathematically as:

af(x) =	 For i=1, „Are 	(53)
ab.

where

b = the right-hand side value of the oh constraint,

= the number of constraints,

= the dual variable.
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A summary of the decision variables, drawdowns, drawdown con-

straints, pump constraints, and dual variables for the maximal pumping

model are depicted in Table 5.4. With the exception of well number 9,

all pumps were operated at full capacity implying that drawdown

restrictions were not binding. This contention is supported by the

dual variables for drawdown which were, with the exception of well 9,

zero. Dual variables with a value of zero indicate that the particular

constraint is redundant or inactive. Wells 1 and 2 were the most

sensitive to pumping in that they produced the greatest amount of

drawdown. They also produce a relatively greater effect on the

objective function than do the other wells as indicated by the dual

variables for pumping constraints.

Table 5.5 summarizes the decision, state, and dual variables

for the equitable drawdown model. Required demands were satisfied

during both time periods of the model as illustrated by the linear sums

of the decision variables. Well number 2 was pumped at the maximum

allowable rate of 4.5 ft 3/sec during year 1. Its associated drawdown

(47.5 feet) consequently restricted allowable drawdowns, and therefore

pumping rates, in the remaining wells. Prior drawdowns in wells 7, 8,

and 9 were initially greater than 47.5 feet and, as a result, no

additional water was pumped from them during period 1. Well 9 had the

greatest amount of prior drawdown (62.1 feet, Table 3) and therefore

deviated the most from the restricting drawdown of well 2 at the end of

period 1. During the second year, well 2 was again pumped at a greater

rate than the other wells (3.6 ft 3/sec), and its subsequent drawdown
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Table 5.5

Summary of Optimal Solution .A72 to 1.2()0

Year 1 

Well	 Pumping	 Pump	 Drawdown	 Drawdown	 Dual Variable
Number	 Rate	 Capacity	 Produced	 Difference for Difference

lk -(k+1)1	 in Drawdown

	

(ft3/sec) (ft 3/sec)	 (feet)	 (feet)

1 2.5 4.5 47.5 0.0 -0.4491

2 4.5 4.5 47.5 0.0 0.9999

3 3.2 4.5 47.5 0.0 0.9839

4 2.1 4.5 47.5 0.0 0.9783

5 1.9 4.5 47.5 0.0 0.9757

6 0.3 4.5 47.5 3.3 1.0000

7 0.0 4.5 50.8 0.4 1.0000

8 0.0 4.5 51.2 3.6 -1.0000

9 0.0 4.5 54.8 0.0 -0.2607

10 0.4 4.5 54.8 0.0 -0.0126

Ti 0.8 4.5 54.8 0-.0 -0_0104

12 0.7 4.5 54.8 0.0 -0.0009

13 0.9 4.5 54.8 0.0 -0.0004

14 0.2 4.5 54.8 0.0 0.0000

15* - - - -

16* - - - -

17* - - -

Totals 17.5 7.3
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Table 5.5 (continued)

Summary of Optimal Solution 1(2 to kgx)

Year 2 

Well	 Pumping	 Pump	 Drawdown	 Drawdown	 Dual Variable
Number	 Rate	 Capacity	 Produced	 Difference for Difference

lk -(k+1)1	 in Drawdown

	

(ft3/sec) (ft 3/sec)	 (feet)	 (feet)

1 1.7 4.5 52.9 0.0 0.0000

2 3.6 4.5 52.9 0.0 0.0000

3 2.9 4.5 52.9 0.0 0.0000

4 1.7 4.5 52.9 0.0 0.0000

5 1.7 4.5 52.9 0.0 0.0000

6 0.9 4.5 52.9 0.0 0.0000

7 0.3 4.5 52.9 0.0 0.0000

8 0.4 4.5 52.9 0.0 0.0000

9 0.1 4.5 52.9 0.0 0.0000

10 0.2 4.5 52.9 0.0 0.0000

11 0.4 4.5 52.9 0.0- G-0000

12 0.3 4.5 52.9 0.0 0.0000

13 0.5 4.5 52.9 0.0 0.0000

14 1.2 4.5 52.9 0.0 0.0000

15*

16* -

17* -

Totals 16.0 0.0

&X) 7.3

* Note: Wells 15, 16, and 17 are assumed to lie within a contaminated
area and, as such, are not pumped in this model.
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became limiting for the period 2 pumping rates. Dual variables for the

differences in drawdown during period 2 were all zero indicating that

the constraints were redundant. This redundancy is largely due to the

fact that drawdown differences were initially forced to a minimum by

period 1 pumping rates.

The optimal solution to the velocity control model is

summarized in Table 5.6. Demand constraints were satisfied in both

years by pumping those wells located farthest away from the assumed

contamination source (i.e., wells 1 through 5). This result is a

logical consequence of the model in that it is designed to minimize the

amount of pumpage required to control velocity components around the

contamination plume. Specifically, interception well pumpage is

minimized by reducing the influence of supply well pumpage in the

contaminated area. Velocities were constrained to be greater than zero

in the y-direction so that contaminated groundwater had a net southerly

flow direction. This procedure resulted in the creation of an

east/west groundwater flow divide in the vicinity of the four

observation points.

The final step of the plan formulation process required that

each of the optimal solutions given in Tables 5.4, 5.5, and 5.6 be

incorporated as constraints in the remaining two models. Results of

these model runs are summarized in Table 5.7 in terms of the subsequent

objective function values. Table 5.7 illustrates the tradeoffs that

exist between the various objective functions for each of the three

non-dominated solutions. The selection of a final compromise plan is

based, to a large extent, on an evaluation of those tradeoffs.
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Table 5.7

Tradeoffs Between Three Alternative Plans

Objective
Function

Alternative
	

12(x) 	[3(x)

Plan*

xi 73.1 680.8 9.5

X2 33.7 7.3 2.2

X3 31.7 246.6 5 x 10-3

* Note: Values of the decision variables for alternative plans X1 ,
X2, and X3 are summarized in Tables 5.4, 5.5, and 5.6,
respectively.
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Plan Selection

The plan selection phase of multiobjective analyses requires

not only the participation of a planner or analyst, but also that a

decision maker who is responsible for approving or disapproving alter-

native plans be involved. Selections are commonly made based on

iterative and interactive methods wherein analysts prompt the decision

makers for certain types of information and then identify key param-

eters which define the preferred plan(s). The methods differ primarily

in the types of information requested of the decision makers.

Three relatively simple techniques called dominance, satis-

ficing, and lexicography are available for problems in which multiple

plans have already been generated. Each involves the comparison of

alternative decision vectors Xi, based on values of fj (xk) for each

separate objective j (Loucks et al., 1981).

In the dominance method, alternative plans are ranked on their

ability to: 1) produce values for all objectives that are equal or

superior to those of other plans, and 2) produce at least one objective

value that is strictly superior. A plan that achieves these two

criteria dominates all other plans and is therefore preferred. It is

infrequent, however, that a single dominant plan can be defined.

Rather, the technique is more useful in identifying plans that are

inferior to at least one other alternative.

Satisficing requires that the decision maker specify a minimum

acceptable value for each objective. Alternatives that do not meet

these minimum values are eliminated from consideration. When used in

an iterative fashion, satisficing results in the identification of a



87

single best compromise policy or a set of policies between which the

decision maker is indifferent. Satisficing differs from the dominance

method primarily in that the decision maker is required to initially

assess the relative value of each objective.

Lexicography involves, first, a ranking of the various

objectives by priority. The analyst then ranks the alternative plans

by the values of each objective in order of priority. The preferred

plan therefore achieves the largest values of the highest priority

objectives. As in the satisficing method, lexicography requires that

the decision maker assign value judgments to each objective prior to

selecting a plan.

The dominance and satisficing methods are used to illustrate

the plan selection process here. To use the dominance method, each

alternative plan XI, 2-2, and A"3 was evaluated on the basis of its

ability to dominate other plans by examining objective function values

given in Table 5.7. That is, the number of plans XI, dominated by each

alternative Xi(i*k) for each objective function fi(x) was determined and

summed. The alternative resulting in the largest sum was then selected

as the preferred plan. Table 5.8 summarizes the technique and pre-

sents, for comparison, the values of each objective function for each

alternative. As can be seen, alternative X2 dominates plan X2 for

fi(x), plans X/ and X/ for h(1), and plan X/ for &a:). Plans X/ and A73

are inferior to X2 in the sense that they dominate fewer objective

function values. Plan A72 is therefore selected as the preferred com-

promise policy.
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Satisficing, by comparison, was implemented by first assigning

a lower or upper bound of acceptable values to each objective. The

minimum value for objective ff (x) was taken to be the required two-year

water demand of 31.7 ft3/sec (i.e., the decision maker requires that an

alternative plan must, at a minimum, produce enough water to meet

demands during the study design period). For objective fyx), drawdowns

were restricted to vary by no more than 10 feet between any two wells

during any year of the study. The maximum acceptable total drawdown

difference for the 14 water, supply wells in two time periods is

therefore 260 feet. In objective f3W, the costs associated with

treating or disposing of contaminated groundwater were assumed to be

such that the decision maker can allow only two million gallons of

interception well pumpage during each design year. The maximum

acceptable value of 13(x) is therefore 8.5 X 10-3 ft 3 /sec.

The ability of each alternative plan to stay within these

acceptable objective bounds is summarized in Table 5.9. Plan 2:1 ,

exceeds the maximum allowable values for f2(x) and /3(x) and is therefore

eliminated. Similarly, plan X2 fails to satisfy the allowable bound on

f3(x) and is eliminated. Plan X3, by comparison, meets or exceeds all

allowable objective values. It is therefore the preferred alternative.

In summary, the dominance method resulted in the selection of

alternative plan 272 while the satisficing method selected plan X3.

This difference is attributable to the types of information requested

of the decision maker in each technique. Specifically, the dominance

method requires no prior articulation of objective preference or worth.

It is therefore most useful when the decision maker is essentially
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indifferent to the various objectives. Satisficing, however, requires

an initial assessment of objective worth in the sense that the decision

maker must specify a range of acceptable objective values. Those

objectives of relatively greater worth to the decision maker are

restricted to satisfy a narrower range of values. Satisficing is only

applicable when such an assessment can be made.

Discussion

Solutions to the three linear management models developed for

this study illustrate various points. First, each solution was

consistent with the physical properties and limitation of the upper San

Pedro basin as indicated by the reasonableness of drawdown and velocity

state variables. The response function method of incorporating

hydrology into the management models is therefore an appropriate

technique for the study. A number of assumptions were required to

obtain realistic response functions. The validity of each is

substantiated by the general agreement between other modeled drawdowns

and response function-predicted drawdowns as indicated in Table 4.1,

Chapter 4.

A complete management model for the upper San Pedro basin

technically requires consideration of all non-linear river and

evapotranspiration nodes. Solutions to such a model can only be

developed with a separable programming technique. In this study,

simplified models based on linear programming were developed by

maintainina strictly linear boundary conditions throughout the basin.

The subsequent solutions to these LP models are sub-optimal in the
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sense that different operating policies would likely result from

separable model formulations.

The entire set of non-dominated solutions was not developed in

that the primary purpose of the study is to demonstrate a technique.

Complete enumeration of the non-dominated set would undoubtedly result

in the selection of a different compromise plan. Procedures for

developing the entire set and selecting a final plan would, however, be

identical to those used here.



CHAPTER 6

SUMMARY AND CONCLUSIONS

Summary 

The primary objective of this study was to demonstrate a

relatively simple, "manual" multiobjective analysis technique for

problems containing incomparable resource constraints. The utiliza-

tion of response functions for incorporating basin hydrology into the

management models was a secondary objective.

To accomplish these objectives, four general tasks were

completed:

1. Response functions were obtain ed with the explicit drawdown

model BETA.F10 (Maddock, 1975).

2. Three conflicting management objectives were formulated,

quantified, and constrained.

3.	 Alternative, non-dominated solutions were generated with the

constraint method (Loucks et al., 1981).
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4.	 Final compromise management plans were selected using the

dominance and satisfying methods (Loucks et al., 1981).

Response functions are dependent on the type of flow model

used to simulate the basin. The pertinent assumption used to model

the upper San Pedro aquifer were:

1. The aquifer consists of a single alluvial fill unit with

highly variable hydraulic properties.

2. The aquifer is confined on a regional scale.

Flow in the aquifer is strictly two-dimensional .

4.	 Natural recharge and discharge occurs primarily as a result of

river leakage and evapotranspiration. Each process is a non-

linear function of head.

Response functions require a strictly linear system. Lineari-

zation of the river leakage and evapotranspiration processes was

accomplished by superimposing imaginary wells at each location

exhibiting non-linear behavior. The imaginary wells were activated

when the boundary conditions became non-linear and pumped at rates

such that the combined effects of imaginary pumping and linearized
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boundary conditions equaled the actual drawdowns of the non-linear

system (Zurkoff, 1983).

The upper San Pedro basin originally contained 44 pumping

nodes and 72 river leakage/evapotranspiration nodes for which

response functions were required. To limit the size of subsequent

management models, the following assumptions were made:

1. Wells located in the extreme southern end of the basin do not

influence drawdowns or velocities at wells in the northern

end. Southern wells can therefore be eliminated in the

management models.

2. Only the area within the two-year design period radius of

influence for northern well pumpage will be considered in the

management models. This radius was defined by simulating an

anticipated maximum pumping rate in northern wells for two

years.

3.	 Only non-linear nodes within the two-year radius of influence

require linearization.

As a result of these assumptions, the number of pumping nodes

was reduced to 17, and the number of river leakage/evapotranspiration

nodes was reduced to one. Response functions were obtained for these
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locations by systematically simulating a unit pumping rate at each

well during the first design year, and recording induced drawdowns in

surrounding wells for both design years. Response function-predicted

drawdowns were then corrected for historical pumpage by forming a

linear sum of prior drawdown, design period recovery, and design

period drawdown.

Three simplified linear programming models were formulated to

demonstrate the multiobjective analysis technique:

1. Maximize pumpage in two years subject to hydraulic and pump

capacity constraints.

2. Minimize inequity measured in terms of drawdown differences

between successive wells over two years. Constraints included

water demands, hydraulic considerations, and pump capacities.

3.	 Minimize pumpage from three interception wells while meeting

water demands and establishing a zero-velocity line between

the interception and supply wells. Constraints included

velocity controls, demands, and pump capacities.

Selection of a good compromise solution for the objectives was

based on a three-phased process:
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1. Objective quantification wherein mathematical expressions were

developed for each objective and constraint.

2. Plan formulation which resulted in the definition of three

alternative non-dominated policies. Plan formulation was ac-

complished by the constraint method.

3.	 Plan selection based on the dominance or satisficing method.

Alternative solutions were developed with the linear programming

package XMP (Marsten, 1981). Results determined the total pumpage

from each well during each design year. The final plan selected by

the dominance method was the optimal solution to the equitable

drawdown model. Satisficing, by compson, resulted in selection of

the optimal velocity control solutin as the best compromise policy.

Conclusions 

Accurate and verifiable response functions were obtained for

the upper San Pedro basin despite the existence of non-linear

boundary conditions and non-steady state initial conditions. The

assumptions required to generate constant response functions were

reasonable and had little effect on model results during the study

design period.

Each of the three management models formulated represented a
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hypothetical, yet realistic, management objective for the basin.

Viable alternative operating plans were developed for the models

independently and while considering the objective functions simul-

taneously using standard linear programming techniques. Each alter-

native, although sub-optimal compared to strict, separable model

solutions, provided a reasonable management policy.

The techniques utilized to evaluate tradeoffs between the

alternative plans, namely satisficing and dominance, represent two

typical scenarios of the decision-making process: one in which the

decision maker has a preference for one or more objectives, and one

in which the decision maker is indifferent to the various objectives.

These two scenarios, and therefore the two plan selection techniques,

should account for the majority of situations encountered in

multiobjective groundwater managemen - -oblems. Implementation of

the techniques is a straightforwaro process, particularly when

objective functions and the groundwater flow system are linear.

Logical extensions to this study include additional enumera-

tion and ranking of the set of non-dominated solutions for the three

objective functions. Ranking should be performed using the satisfic-

ing and dominance method:- and, for comparison, using the compromise

programming method of multiobjective analysis. Finally, comparable

constraint sets should be developed for the objectives and new

solutions should be generated using formal multiobjective analysis

techniques.
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NODAL INFORMATION FOR BETA.F10
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3 4 5 6 7 8

TRANSMISSIVITY / 1x105

9	 10	 11	 12	 13 14 15 16 17 18

q9

19

3 2643 2679 5510 5655 5728 5511 5710 5745 2453 1777 1647 1087 216 60 2658 3080 856
4 2769 2859 4289 4344 4057 4202 4250 5246 4847 3718 1262 9 39 362 492 2415 723
5 2824 2987 4534 4479 5134 8703 9346 9243 5312 1908 27 21 362 132 2172 604 120
6 3005 3095 6790 7445 8063 7614 7741 6042 3405 1159 24 272 905 615 4228 695 120
7 3321 4802 6437 5945 6054 6163 6163 5677 4178 3381 1665 1419 1738 1691 3624 423 30
8 3003 4469 5510 5655 5800 5764 5873 5312 5579 3816 2208 1631 1665 846 2416 272 15
9 2919 3357 5148 5401 551C 5619 5219 5246 5544 3849 2932 1601 1882 9 1449 181 15

10 4314 4749 5003 5220 4880 4980 5146 5312 5511 3765 3149 1601 3141 9 1449 151 15
11 4241 4314 4386 4216 4382 4681 4947 5113 5445 3680 3258 1631 2318 1668 1449 121 15
12 3964 3806 3915 3785 3951 4150 4382 5013 5378 2597 3220 1540 1631 1208 725 151 15
13 3689 3371 3480 3320 3519 3752 4084 4449 5279 2552 1611 2023 1661 695 298 151 15
14 3215 2900 2789 2889 3054 3320 3652 3715 3713 4033 374 2809 1993 1181 1691 151 30
15 3261 2707 1884 2457 2656 3054 3320 3503 2008 1520 2718 399 222 330 540 242 30
16 2792 3256 2115 2316 2465 2973 3054 3231 1518 2537 2703 1683 216 324 372 242 30
17 2514 2749 1934 2030 2277 2719 2789 2415 2190 2769 1593 1656 1104 189 384 338 800
18 2193 2716 2641 2568 2665 286 4 3022 2453 2114 1557 1665 1104 219 756 1449 2189
19 2327 2568 290G 3382 3961 2627 1991 1222 1475 1647 1629 276 888 3864 2219
20 2341 2482 3123 3959 2973 1901 1711 2000 2157 1638 282 1704 5587 3330
21 2949 3444 3126 2317 1928 2061 2169 1647 282 1164 6040 5496
22 1156 1229 1448 1557 1629 810 282 5919 6040 3849
23 1449 1122 984 1080 1647 558 282 6040 3955 3744
24 164 1 1131 984 1068 1647 561 277 6040 3765 3639
25 682 1177 1439 1044 1092 276 2745 6100 3913 1506
26 258 405 468 519 1074 279 282 5798 6040 1068
27 282 420 453 510 1062 276 279 5768 6040 1062
28 153 435 453 510 540 1104 279 6040 5587 1050
29 168 450 457 516 1092 2217 567 5979 5557 1044
30 144 465 48C 1044 1683 5708 5E59 5919 5376 2537
31 39 480 1006 2145 4492 5738 5979 5315 5074
32 84 480 4250 4492 5798 7250 5557 5496 5376
33 178 3854 5436 5738 7250 5678 5496
34 355 5436 5859 7250 5678 4347
35 2235 5617 7250 5678 4347
36 4067 7250 5659 5557
37 6155 5738 4347
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HYDRAULIC CONDUCTIVITY / 1x10 7

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

3 362 362 725 725 725 664 664 664 423 423 362 302 60 60 604 604 241
4 362 362 543 543 483 483 483 664 664 664 664 30 30 241 120 483 241
5 362 362 543 543 604 967 1027 1027 664 483 30 60 181 30 543 302 60
6 362 362 785 846 906 846 846 664 483 483 30 302 181 181 1208 302 60
7 423 604 785 725 725 725 725 664 483 483 362 302 362 483 1208 302 60
8 423 604 725 725 725 725 725 664 664 483 362 302 362 423 1208 302 30
9 423 483 725 725 725 725 664 664 664 423 362 302 362 30 1208 302 30

10 725 725 725 725 664 664 664 664 664 423 362 302 304 30 1208 302 30
11 725 725 725 664 664 664 664 664 664 423 362 302 483 725 1208 302 30
12 785 725 725 664 664 664 664 664 664 302 362 302 302 302 504 302 30
13 785 725 725 664 664 664 664 664 664 302 181 302 302 302 483 302 30
14 846 725 664 664 664 664 664 604 423 483 42 302 302 241 483 302 60
15 1087 846 785 664 664 664 664 604 302 181 302 42 30 60 120 483 60
16 1269 132S 846 785 725 725 664 604 2 4 1 302 302 181 30 60 120 483 6 0
17 1571 1571 967 846 785 725 664 483 362 362 181 181 120 30 120 483 302
18 1994 1873 1390 1027 846 725 643 423 302 181 181 120 30 120 483 302
19 2115 2054 1450 1208 1148 604 362 181 181 181 181 30 120 483 302
20 1873 1571 1329 1269 725 362 241 241 241 181 30 120 604 362
21 967 1148 906 362 241 241 241 181 30 120 604 604
22 362 241 181 181 181 90 30 604 604 423
23 483 181 120 120 181 60 30 604 423 423
24 482 181 120 120 181 60 30 604 423 423
25 181 181 181 120 120 30 30 604 423 120
26 60 60 60 60 120 30 30 604 604 120
27 60 60 60 60 120 30 30 604 604 120
28 30 60 60 60 60 120 30 604 604 120
29 30 60 60 60 120 241 60 604 604 120
30 24 60 60 120 181 604 604 604 604 302
31 6 60 120 241 483 604 604 604 604
32 12 60 483 483 604 725 604 604 604
33 24 483 604 604 725 604 604
34 48 604 604 725 604 483 483

302 604 725 604 483
36 543 725 604 604
37 604 604 483



1 01

STORAGE COEFFICIENT / 1.1x102

3

3

4

4

4

5

4

6

4

7

4

8

4

9

4

10

4

11

4

12

8

13

8

14

8

15

4

16

4

17

-8

18

-8

19

8

4 4 4 4 4 4 4 4 4 8 8 16 2 2 4 4 8 8

5 8 8 8 8 8 8 4 4 4 12 2 2 12 12 4 4 4
6 8 8 8 8 8 8 4 4 12 12 2 4 12 12 4 4 4
7 4 4 4 8 8 8 4 12 12 12 12 12 12 12 4 4 2
8 6 6 6 10 10 12 4 12 12 12 12 12 12 4 4 4 2
9 6 6 6 12 10 12 4 12 12 12 12 12 12 2 4 2 2

10 6 8 8 12 10 12 4 12 12 12 12 12 12 2 4 2 2
11 6 8 8 12 10 8 4 12 12 12 12 12 12 4 4 2 2
12 25 8 8 12 12 8 8 12 12 12 12 12 8 4 4 2 2
13 14 14 14 16 12 8 8 8 12 12 12 8 8 4 4 4 2
14 14 14 14 16 12 8 8 8 8 8 8 8 8 4 4 4 2
15 14 14 14 18 12 6 8 8 8 8 8 8 8 4 4 4 2
16 14 14 18 18 12 8 8 8 8 8 8 8 8 4 4 4 2
17 14 14 18 16 12 8 8 8 8 8 8 8 8 4 4 4 2
18 12 14 14 8 4 4 4 4 4 4 4 4 4 4 4 4
19 8 8 8 4 4 4 4 4 8 8 8 4 4 4 4
20 8 4 4 4 4 8 8 8 8 4 4 4 4 4
21 8 8 8 8 8 8 8 4 4 4 4
22 8 8 12 12 8 4 4 4 4
23 21 21 12 12 8 4 4 4 4
24 21 12 16 16 8 8 8 8 8
25 12' 12 16 16 8 8 8 8 8
26 12 12 8 8 8 8 8 8 8
27 8 8 12 12 12 8 8 8 21
28 8 8 12 16 12 12 8 8 8 21
29 8 8 8 8 8 12 12 8 8 8
30 8 8 12 12 8 12 12 8 8 8
31 16 16 12 14 14 10 12 8 8
32 8 8 14 14 14 18 14 14 10
33 14 14 14 14 20 10 10
34 14 14 14 20 14 10 10
35 14 14 18 10 10
36 -8 14 14 10
37 -12 -8 10
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STARTING HYDRAULIC HEAD

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

3 4181 4161 4149 4141 4134 4126 4117 4107 4091 4067 4044 4020 3964 3900 3860 3850 3850
4 4179 4161 4149 4142 4134 4125 4116 4104 4088 4063 4040 4019 3989 3890 3864 3849 3850
5 4175 4159 4148 4141 4133 4125 4117 4105 4092 4081 4053 4004 3943 3908 3874 3859 3861
6 4168 4157 4149 4143 4137 4130 4124 4115 4104 4093 4064 4010 3957 3917 3890 3885 3880
7 4166 4158 4152 4146 4140 4134 4129 4121 4111 4098 4074 4034 3978 3929 3897 3895 3893
8 4169 4161 4155 4150 4144 4138 4133 4126 4115 4101 4079 4043 4000 3943 3910 3906 3904
9 4174 4166 4158 4153 4148 4142 4136 4129 4119 4104 4084 4059 4023 3961 3918 3916 3914

10 4179 4171 4163 4157 4151 4146 4140 4133 4122 4107 4098 4058 4030 3975 3929 3929 3928
11 4183 4175 4168 4161 4155 4150 4144 4136 4126 4110 4090 4063 4028 3990 3944 3943 3944
12 4187 4180 4173 4167 4160 4154 4148 4140 4130 4115 1093 4067 4033 3997 3952 3955 3958
13 4192 4184 4178 4271 4165 4159 4153 4145 4134 4121 4096 4069 4041 4006 3961 3967 3971
14 4201 4189 4183 4177 4171 4165 4158 4151 4139 4127 4106 4072 4044 4012 3982 3983 3985
15 4206 4194 4188 4182 4177 4171 4165 4158 4146 4133 4120 4093 4057 4019 2993 3994 3996
16 4210 4200 4193 4188 4183 4178 4172 4165 4154 4140 4125 4110 4081 4036 4005 4000 4008
17 4215 4205 4198 4193 4190 4185 4180 4173 4161 4146 4131 4115 4099 4058 4022 4009 4024
18 4209 4206 4201 4197 4193 4188 4181 4169 4152 4137 4121 4,106 4066 4032 4021 4028
19 4216 4210 4206 4202 4198 4191 4178 4151 4144 4127 4111 4077 4041 4032 4034
20 4219 4220 4212 4207 4201 4188 4170 4152 4134 4118 4080 4047 4038 4041
21 4220 4219 4212 4199 4178 4159 4141 4123 4085 4053 4045 4048
22 4233 4213 4190 4168 4149 4127 4089 4064 4061 4062
23 4259 4234 4205 4178 4158 4132 4095 4071 4073 4077
24 4277 4250 4219 4189 4165 4136 4105 4083 4087 4090
25 4300 4261 4230 4200 4174 4142 4117 4101 4105 4114
26 4346 4283 4239 4205 4180 4152 4131 4118 4120 4130
27 4372 4299 4248 4209 4184 4164 4143 4132 4131 4141
28 4386 4300 4248 4210 4189 4174 4155 4142 4144 4152
29 4379 4290 4241 4212 4191 4178 4165 4155 4158 4165
30 4368 4276 4235 4212 4195 4183 4174 4171 4171 4173

4355 4256 4230 4215 4204 4193 4184 4183 4183
32 4298 4247 4232 4223 4212 4204 4198 4193 4191
33 4270 4248 4239 4230 4220 4215 4213
34 4266 4256 4248 4239 4231 4223 4221
35 4279 4268 4259 4252 4242
36 4298 4283 4274 4267
37 4298 4289 4277
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RIVER BOTTOM ELEVATION

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19

3 3899
4 4059 4039 4019 3999 3849
5 4099 4089 3859
6 3889
7 3889
8 3909
9 3919

10 3929
11 3939
12 3949
13 3959
14 3979
15 3994
16 3999
17 4009
18 4019
19 4029
20 4034
21 4039
22 4059
23 4069
24 4079
25 4099
26 4117
27 4129
28 4139
29 4149
30 4169
31 4179
32 4209
33 4219
34 4239
35 4259
36 4282
37
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LAND SURFACE ELEVATION AT EVAPOTRANSPIRATION NODES

3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14	 15	 16	 17	 18	 19

3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

3865
4064 4041 4030 4000 3910 	 3850 3865

4110 4093 3880 3860
3891 3900
3898 3910
3911 3940
3920 3960
3930 3970
3945 3980
3953 3990
3962 3995
3983 4000
4000 4005
4010 4010
4030 4010
4040 4022
4050 4133
4055 4139
4060 4146

4110 4070
4110 4072
4115 4084 4100

4102 4115
4120 4130
4140 4132
4143 4155
4155 4170

4175 4180 4180
4185

4210 4210
4221 4230

4240

4284 4260



APPENDIX B

SELECTED DRAWDOWN AND VELOCITY

RESPONSE FUNCTIONS
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PUMPING WELL NUMBER 1

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 7.6671 2.7018 0.0000 0.0000
2 (6,5) 2.3768 1.5235 -0.4903 -0.1861
3 (10,7) 0.0674 0.1432 -0.0178 -0.0322
4 (11,6) 0.0481 0.1092 -0.0142 -0.0284
5 (12,3) 0.0246 0.0648 -0.0092 -0.0218
6 (14,5) 0.0035 0.0119 -0.0014 -0.0045
7 (15,5) 0.0009 0.0039 -0.0005 -0.0018
8 (15,6) 0.0008 0.0033 -0.0003 -0.0013
9 (16,6) 0.0002 0.0011 -0.0001 -0.0005

10 (16,7) 0.0003 0.0013 -0.0001 -0.0005
11 (16,8) 0.0004 0.0016 -0.0001 -0.0005
12 (17,8) 0.0001 0.0007 -0.0000 -0.0002
13 (17,9) 0.0001 0.0007 -0.0000 -0.0002
14 (17,10) 0.0001 0.0005 -0.0000 - 0 .0001
15 (19,6) 0.0000 0.0000 -0.0000 -0.0000
16 (19,7) 0.0000 0.0001 -0.0000 -0.0000
17 (19,8) 0.0000 0.0001 -0.0000 -0.0000
18 (19,10) 0.0000 0.0001 -0.0000 -0.0000
19 (20,7) 0.0000 0.0000 0.0000 0.0000
20 (20,9) 0.0000 0.0001 -0.0000 -_0_0000
21 (20,10) 0.0000 0.0001 -0.0000 -0.0000

106



PUMPING WELL NUMBER 2

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 2.3807 1.5207 -0.2843 -0.1146
2 (6,5) 5.6077 1.8048 0.0000 0.0000
3 (10,7) 0.0942 0.1783 -0.0259 -0.0412
4 1 1,6) 0.0574 0.1218 -0.0174 -0.0321
5 (12,3) 0.0204 0.0557 -0.0076 -0.0180
6 (14,5) 0.0036 0.0119 - 0 .0014 -0.0045
7 (15,5) 0.0010 0.0040 -0.0005 -0.0018
8 (15,6) 0.0009 0.0037 -0.0004 -0.001 4
9 (16,6) 0.0003 0.0012 -0.0001 -0.0005

10 (16,7) 0.0004 0.0016 -0.0001 -0.0006
11 (16,8) 0.0005 0.0020 -0.0002 -0.0007
12 (17,8) 0.0002 0.0009 -0.0000 -0.0003
13 (17,9) 0.0002 0.0009 -0.0000 -0.0002
14 (17,10) 0.0002 0.0007 -0.0000 -0.0002
15 (19,6) 0.0000 0.0000 -0.0000 -0.0000
16 (19,7) 0.0000 0.0001 -0.0000 -0.0000
17 (19,8) 0.0000 0.0002 -0.0000 -0.0000
18 (19,10) 0.0000 0.0002 -0.0000 -0.0000
19 (20,7) 0.0000 0.0001 0.0000 0.0000
20 (20,9) 0.0000 0.0001 -0.0000 -0.0000
21 (20,10) 0.0000 0.0001 -0.0000 -0.0000
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PUMPING WELL NUMBER 3

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0674 0.1432 0.0215 0.0309
2 (6,5) 0.0941 0.0178 0.0489 0.0615
3 (10,7) 6.0776 1.8503 0.0000 0.0000
4 (11,6) 1.0275 0.9445 -0.3054 -0.2035
5 (12,3) 0.0573 0.1317 -0.0172 -0.0335
6 (14,5) 0.0381 0.0900 -0.0151 -0.0322
7 (15,5) 0.0114 0.0332 -0.0054 -0.0145
8 (15,6) 0.0169 0.0459 -0.0068 -0.0167
9 (16,6) 0.0051 0.0164 -0.0022 -0.0067

10 (16,7) 0.0093 0.0264 -0.0036 -0.0095
11 (16,8) 0.0013 0.0339 -0.0045 -0.0109
12 (17,8) 0.0048 0.0148 -0.0017 -0.0048
13 (17,9) 0.0049 0.0151 -0.0015 -0.0042
14 (17,10) 0.0039 0.0125 -0.0009 -0.0026
15 (19,6) 0.0003 0.0014 -0.0002 -0.0007
16 (19,7) 0.0005 0.0022 -0.0002 -0.0009
17 (19,8) 0.0008 0.0031 -0.0004 -0.0013
18 (19,10) 0.0008 0.0031 -0.0002 -0.0007
19 (20,7) 0.0002 0.0011 0.0000 0.0000
20 (20,9) 0.0004 0.0016 -0.0002 -0.0006
21 (20,10) 0.0003 0.0014 -0.0000 -0.0004
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PUMPING WELL NUMBER 4

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0481 0.1092 0.0192 0.0299
2 (6,5) 0.0571 0.1219 0.0371 0.0523
3 (10,7) 1.0203 0.9499 0.4881 0 .1707
4 (11,6) 6.4324 2.1911 0 .0000 0.0000
5 (12,3) 0.1707 0.3109 -0.0469 -0.0677
6 (14,5) 0.1327 0.2405 -0.0544 -0.0870
7 (15,5) 0.0368 0.0873 -0.0179 -0.0388
8 (15,6) 0.0439 0.1000 -0.0183 -0.0377
9 (16,6) 0.0117 0.0335 -0.0054 -0.0143

10 (16,7) 0.0151 0.0412 - 0 .0061 -0.0152
11 (16, 8 ) 0.0162 0.0430 -0.0058 -0.0138
12 (17,8) 0.0061 0.0188 -0.0021 -0.0061
13 (17,9) 0.0054 0.0169 -0.0016 -0.0046
14 (17,10) 0.0037 0.0124 -0.0008 -0.0024
15 (19,6) 0.0005 0.0022 -0.0003 -0.0012
16 (19,7) 0.0007 0.0029 -0.0004 -0.0014
17 (19, 8 ) 0.0010 0.0038 -0.0004 -0.0016
18 (19,10) 0.0009 0.0033 -0.0002 -0.0007
19 (20,7) 0.0003 0.0014 -0.0000 0.0000
20 (20,9) 0.0004 0.0018 -0.0002 -0.0007
21 (20,10) 0.0004 0.0015 -0.0001 -0.0004
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PUMPING WELL NUMBER 5

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0237 0.0651 0.0118 0.0225
2 (6,5) 0.0205 0.0546 0.0134 0.0266
3 (10,7) 0.0573 0.1317 0.0064 0.0097
4 (11,6) 0.1732 0.3094 0.0035 0.0073
5 (12,3) 5.3885 3.2892 0.0000 0.0000
6 (14,5) 0.1349 0.2821 - 0 .0495 -0.0906
7 (15,5) 0.0477 0.1224 -0.0211 -0.0489
8 (15,6) 0.0187 0.0560 -0.0071 -0.0191
9 (16,6) 0.0063 0.0223 -0.0027 -0.0087

10 (16,7) 0.0037 0.0138 -0.0014 -0.0048
11 (16,8) 0.0025 0.0096 -0.0008 -0.0029
12 (17,8) 0.0011 0.0045 -0.0003 -0.0013
13 (17,9) 0.0007 0.0032 -0.0002 -0.0008
14 (17,10) 0.0004 0.0019 -C.0000 -0.0003
15 (19,6) 0.0004 0.0018 -0.0003 -0.0012
16 (19,7) 0.0003 0.0013 -0.0001 -0.0006
17 (19,8) 0.0002 0.0011 -0.0000 -0.0005
18 (19,10) 0.0001 0.0006 -0.0000 -0.0001
19 (20,7) 0.0001 0.0006 -0.0000 -0.0000
20 (20,9) 0.0000 0.0005 -0.0000 -0.0002
21 (20,10) 0.0000 0.0003 -0.0000 -0.0000
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PUMPING WELL NUMBER 6

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0032 0.0120 0.0014 0.0042
2 (6,5) 0.0041 0.0116 0.0025 0.0061
3 (10,7) 0.0382 0.0900 0.0203 0.0367
4 (11,6) 0.1349 0.2391 0.0967 0.1227
5 (12,3) 0.1351 0.2821 0.0918 0.1211
6 (14,5) 7.9088 3.2233 0.0000 0.0000
7 (15,5) 1.6894 1.4695 -0.8817 -0.6425
8 (15,6) 0.6121 0.8047 -0.2491 -0.2771
9 (16,6) 0.1733 0.3166 -0.0817 -0.1325

10 (16,7) 0.0908 0.1907 -0.0357 -0.0661
11 (16,8) 0.0488 0.1129 -0.0158 -0.0318
12 (17,8) 0.0211 0.0572 -0.0068 -0.0166
13 (17,9) 0.0124 0.0364 -0.0031 -0.0083
14 (17,10) 0.0059 0.0192 -0.0009 -0.0027
15 (19,6) 0.0054 0.0187 -0.0040 -0.0126
16 (19,7) 0.0045 0.0158 -0.0024 -0.0077
17 (19,8) 0.0041 0.0142 -0.0018 -0.0057
18 (19,10) 0.0020 0.0076 -0.0004 -0.0014
19 (20,7) 0.0018 0.0072 -0.0000 -0.0000
20 (20,9) 0.0014 0. 0 056 -0.0006 -0.0022
21 (20,10) 0.0009 0.0039 -0.0003 -0.0010
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PUMPING WELL NUMBER 7

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0008 0.0040 0.0003 0.0014
2 (6,5) 0.0013 0 .0038 0.0007 0.0020
3 (10,7) 0.0114 0.0332 0.0065 0.0151
4 (11,6) 0.0375 0.0870 0.0283 0.0487
5 (12,3) 0.0475 0.1225 0.0434 0.0795
6 (14,5) 1.7012 1.4628 0.4142 0 .1386
7 (15,5) 8.9978 3.9051 0.0000 0.0000
8 (15,5) 1.5612 1.4573 -0.5747 -0.3857
9 (26,6) 0.5489 0.7779 -0.2516 -0.3058

10 (16,7) 0.2010 0.3552 -0.0738 -0.1088
11 (16,8) 0.0814 0.1691 -0.0232 -0.0391
12 (17,8) 0.0409 0.1001 -0.0118 -0.0253
13 (17,9) 0.0204 0.0559 -0.0043 -0.0102
14 (17,10) 0.0083 0 .0261 -0.0009 -0.0026
15 (19.6) 0.0184 0.0545 -0.0142 -0.0377
16 (19,7) 0.0128 0.0397 -0.0068 -0.0190
17 (19,8) 0.0098 0.0308 -0.0042 -0.0119
18 (19,10) 0.0038 0.0134 -0.0007 -0.0023
19 (20,7) 0.0051 0.0184 -0.0000 -0.0000
20 (20,9) 0.0032 0.0117 -0.0013 -0.0045
21 (20,10) 0.0019 0.0075 -0.0005 -0.0019
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PUMPING WELL NUMBER 8

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0007 0.0033 0.0003 0.0011
2 (6,5) 0.0008 0.0037 0.0005 0.0018
3 (10,7) 0.0168 0.0459 0.0123 0.0252
4 (11,6) 0.0432 0.1000 0.0398 0.0666
5 (12,3) 0.0186 0.0561 0.0116 0.0260
6 (14,5) 0.6063 0.8079 0.5419 0.3687
7 (15,5) 1.5609 1.4574 -0.6731 -0.4613
8 (15,6) 7.7374 3.6849 0.0000 0.0000
9 (16,6) 1.5377 1.5045 -0.7811 -0.6471

10 (16,7) 0.7026 0.9133 -0.2834 -0.3088
11 (16,8) 0.3052 0.4781 -0.0960 -0.1215
12 (17,8) 0.1374 0.2657 -0.0448 -0.0757
13 (17,9) 0.0716 0.1578 -0.0173 -0.0333
14 (17,10) 0.0299 0.0771 -0.0042 -0.0093
15 (19,6) 0.0269 0.0723 -0.0191 -0.0451
16 (19,7) 0.0271 0.0723 -0.0149 -0.0346
17 (19,8) 0.0258 0.0672 -0.0117 -0.0268
18 (19,10) 0.0116 0.0348 -0.0023 -0.0063
19 (20,7) 0.0103 0.0335 -0.0000 -0.0000
20 (20,9) 0.0029 0.0271 -0.0037 -0.0100
21 (20,10) 0.0056 0.0185 -0.0016 -0.0048
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PUMPING WELL NUMBER 9

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0002 0.0011 0.0000 0.0004
2 (6,5) 0.0003 0.0013 0.0001 0.0006
3 (10,7) 0.0049 0.0164 0.0035 0.0093
4 (11,6) 0.0118 0.0334 0.0098 0.0222
5 (12,3) 0.0063 0.0223 0.0051 0.0141
6 (14,5) 0.1741 0.3155 0.2123 0.2653
7 (15,5) 0.5481 0.7829 0.5966 0.4364
8 (15,6) 1.5383 1.4974 0.3651 0.1354
9 (16,6) 7.9691 3.8827 0.0000 0.0000

10 (15,7) 1.7748 1.5936 -0.6462 -0.4000
11 (16,8) 0.5089 0.6604 -0.1183 -0.0997
12 (17,8) 0.3020 0.4861 -0.0859 -0.1132
13 (17,9) 0.1301 0.2496 -0.0245 -0.0375
14 (17,10) 0.0462 0.1088 -0.0033 -0.0064
15 (19,6) 0.1045 0.2252 -0.0777 -0.1439
16 (19,7) 0.0901 0.1941 -0.0505 -0.0908
17 (19,8) 0.0713 0.1570 -0.0315 -0.0599
18 (19,10) 0.0253 0.0675 -0.0046 -0.0111
19 (20,7) 0.0335 0.0923 -0.0000 -0.0000
20 (20,9) 0.0227 0.0613 -0.0095 -0.0228
21 (20,10) 0.0132 0.0392 -0.0036 -0.0098
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PUMPING WELL NUMBER le

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0003 0.0013 0.0001 0.0004
2 (6,5) 0.0004 0.0016 0.0002 0.0007
3 (10,7) 0.0096 0.0262 0.0068 0.0149
4 ( 11,6) 0.0148 0.0413 0.0108 0.0228
5 (12,3) 0.0037 0.0138 0.0019 0.0058
6 (14,5) 0.0905 0.1908 0.0629 0.0932
7 (15,5) 0.2013 0.3551 0.0947 0.1031
8 (15,6) 0.7015 0.9136 0.6097 0.3902
9 (16,6) 1.7754 1.6009 -0.6916 -0.4346

10 (16,7) 8.9471 3.5794 0.0000 0.0000
11 (16,8) 2.3859 1.7456 -0.7278 -0.3180
12 (17,8) 1.1137 1.2988 -0.3758 -0.3317
13 (17,9) 0.5014 0.6868 -0.1163 -0.1286
14 (17.10) 0.1803 0.3202 -0.0196 -0.0281
15 (19,6) 0.1128 0.2354 -0.0715 -0.1185
16 (19,7) 0.1776 0.3174 -0.0990 -0.1471
17 (19,8) 0.1887 0.3161 -0.0884 -0.1221
18 (19,10) 0.0803 0.1702 -0.0160 -0.0297
19 (20,7) 0.0667 0.1523 -0.0000 -0.0000
20 (20,9) 0.0629 0.1342 -0.0268 -0.0492
21 (20,10) 0.0393 0.0940 -0.0111 -0.0238
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PUMPING WELL NUMBER 11

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0004 0.0015 0.0001 0.0004
2 (6,5) 0.0005 0.0020 0.0002 0.0008
3 (10,7) 0.0127 0.0338 0.0084 0.0175
4 (11,6) 0.0162 0.0430 0.0091 0.0192
5 (12,3) 0.0025 0.0096 0.0008 0.0026
6 (14,5) 0.04S8 0.1128 0.0183 0.0321
7 (15,5) 0.0812 0.1694 0.0169 0.0230
8 (15,6) 0.3065 0.4775 0.1139 0.1054
9 (16,6) 0.5073 0.6632 -0.1299 -0.1132

10 (16,7) 2.3809 1.7598 -0.7574 -0.3382
11 (16,8) 9.3909 3.0829 0.0000 0.0000
12 (17,8) 2.7673 1.8571 -0.1105 -0.5552
13 (17,9) 1.4406 1.3688 -0.4041 -0.3062
14 (17,10) 0.5391 0.7216 -0.0794 -0.0857
15 (19,6) 0.0991 0.2103 -0.0492 -0.0788
16 (19,7) 0.2027 0.3402 -0.1038 -0.1374
17 (19,8) 0.3236 0.4537 -0.1505 -0.1732
18 (19,10) 0.1888 0.3222 -0.0459 -0.0596
19 (20,7) 0.0864 0.1862 -0.0000 -0.0000
20 (20,9) 0.1212 0.2189 -0.0520 -0.0786-
21 (20,10) 0.0847 0.1693 -0.0248 -0.0432
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PUMPING WELL NUMBER 12

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0001 0.0007 0.0000 0.0002
2 (6,5) 0.0002 0.0008 0.0000 0.0004
3 (10,7) 0.0048 0.0148 0.0031 0.0077
4 (11,6) 0.0061 0.0188 0.0034 0.0086
5 (12,3) 0.0011 0.0045 0.0004 0.0016
6 (14,5) 0.0211 0.0572 0.0113 0.0247
7 (15,5) 0.0410 0.1007 0.0215 0.0403
8 (15,6) 0.1374 0.2656 0.0937 0.1247
9 (16,6) 0.3024 0.4854 0.1530 0.1496

10 (16.7) 1.1195 1.1952 0.8081 0.4149
11 (16,8) 2.7609 1.8599 0.4136 0.8566
12 (17,8) 9.9907 3.3573 0.0000 0.0000
13 (17,9) 2.9576 2.0035 -0.6672 -0.2961
14 (17,10) 0.8055 0.9309 -0.0362 -0.0400
15 (19,6) 0.2667 0.4617 -0.1259 -0.1478
16 (19,7) 0.5789 0.7453 -0.295; -0.2804
17 (19,8) 0.9817 0.9704 -0.4709 -0.3527
18 (19,10) 0.4391 0.6022 -0.0889 -0.0992
19 (20,7) 0.2474 0.4311 -0.0000 -0.0000
20 (20,9) 0.3279 0.4665 -0.1402 -0.1587-
21 (20,10) 0.2110 0.3478 -0.0607 -0.0841
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PUMPING WELL NUMBER 13

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0001 0.0007 0.0000 0.0002
2 (6,5) 0.0002 0.0008 0.0000 0.0003
0' (10,7) 0.0048 0.0151 0.0028 0.0072
4 (11,6) 0.0053 0.0169 0.0025 0.0067
5 (12,3) 0.0007 0.0032 0.0002 0.0008
6 (14,5) 0.0124 0.0364 0.0045 0.0111
7 (15,5) 0.0204 0.0559 0.0072 0.0157
8 (15,6) 0.0719 0.1578 0.0326 0.0526
9 (16,6) 0.1294 0.2506 0.0413 0.0551

10 (16,7) 0.5024 0.6864 0.1849 0.1502
11 (16,8) 1.4454 1.3650 0.8654 0.3667
12 (17,8) 2.9581 2.0061 -0.7385 -0.3313
13 (17,9) 10.0683 3.3868 0.0000 0.0000
14 (17,10) 2.3646 1.6145 -0.3343 -0 .1683
15 (19,6) 0.1627 0.3115 -0.0548 -0.0615
16 (19,7) 0.3821 0.5621 -0.1632 -0.1753
17 (19,8) 0.8011 0.8695 -0.3455 -0.2834
18 (19,10) 0.7798 0.8880 -0.1785 -0.1633
19 (20,7) 0.1992 0.3656 -0.0000 -0.0000
20 (20,9} 0.4155 0.5476 -0.1794 -0.1875
21 (20,10) 0.3222 0.4692 -0.0967 -0.1169
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PUMPING WELL NUMBER 14

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0001 0.0005 0.0000 0.0001
2 (6,5) 0.0002 0.0007 0.0000 0.0003
3 (10,7) 0.0038 0.0125 0.0020 0.0054
4 (11,6) 0.0037 0.0124 0.0014 0.0041
5 (12,3) 0.0004 0.0019 0.0000 0.0003
6 (14,5) 0.0058 0.0192 0.0014 0.0039
7 (15,5) 0.0083 0.0260 0.0019 0.0051
8 (15,6) 0.0299 0.0770 0.0091 0.0183
9 (16,6) 0.0458 0.1094 0.0109 0.0197

10 (16,7) 0.1788 0.3211 0.0397 0.0488
11 (16,8) 0.5385 0.7214 0.1521 0.1204
12 (17,8) 0 .8044 0.9320 -0.0572 -0.0637
13 (17,9) 2.3664 1.8112 -0.4295 -0.2058
24 (17,10) 9.2461 3.5569 0.0000 0.0000
15 (19,6) 0.0786 0.1739 -0.0166 -0.0158
16 (19,7) 0.1919 0.3391 -0.0659 -0.0843
17 (19,8) 0.4357 0.5995 -0.1594 -0.1693
18 (19,10) 1.1603 1.1407 -0.3006 -0.2368
19 (20,7) 0.1180 0.2446 -0.0000 -0.0000
20 (20,9) 0.3270 0.4748 -0.1378 -0.1583
21 (20,10) 0.3897 0.5336 -0.1220 -0.1404
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PUMPING WELL NUMBER 15

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0000 0.0000 0.0000 0.0000
2 (6,5) 0.0000 0.0000 0.0000 0.0000
3 (10,7) 0.0002 0.0011 0.0001 0.0006
4 (11,6) 0.0003 0 .0014 0.0002 0.0007
5 (12,3) 0.0001 0.0006 0.0000 0.0004
6 (14,5) 0.0018 0.0072 0.0018 0.0063
7 (15,5) 0.0051 0.0184 0.0069 0.0202
8 (15.6) 0.0105 0.0335 0.0133 0.0334
9 (16,6) 0.0339 0.0923 0.0585 0.1164

10 (16,7) 0.0665 0.1523 0.0911 0.1500
11 (16,8) 0.0859 0.1864 0.0924 0.1396
12 (17,8) 0.2474 0.4305 0.2876 0.3095
13 (17,9) 0.2000 0.3654 0.1664 0.2041
14 (17,10) 0.1177 0.2445 0.0657 0.0948
15 (19,6) 1.4431 1.8179 0.3831 0.2851
16 (19,7) 2.3892 2.2241 0.7855 0.2700
17 (19,8) 1.6831 1.7274 0.1584 0.7878
18 (19,10) 0.4855 0.7248 0.0647 0 .0551
19 (20,7) 11.1908 5.2493 0.0000 0.0000
20 (20,9) 1.6349 1.5886 -0.6185 -0.3818
21 (20,10) 0.6516 0.8659 -0.1478 -0.1345
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PUMPING WELL NUMBER 16

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0000 0.0000 0.0000 0.0000
2 (6,5) 0.0000 0.0000 0.0000 0.0000
3 (10,7) 0.0004 0.0015 0.0002 0.0007
4 (11,6) 0.0004 0.0018 0.0002 0.0008
5 (12,3) C.0000 0.0005 0.0000 0.0002
6 (14,5) 0.0015 0.0056 0.0010 0.0034
7 (15,5) 0.0032 0.0117 0.0030 0.0092
8 (15,6) 0.0087 0.0269 0.0078 0.0193
9 (16,6) 0.0225 0.0610 0.0262 0.0547

10 (16,7) 0.0618 0.1342 0.0616 0.0978
11 (16,8) 0.1210 0.2189 0.1185 0.1424
12 (17,8) 0.3282 0.4678 0.3440 0.2833
13 (17,9) 0.4153 0.5477 0.4231 0.2962
14 (17,10) 0.3261 0.4772 0.2213 0.1872
15 (19,6) 0.3985 0.6344 0.3814 0.4854
16 (19,7) 0.9168 1.0732 0.6223 0.4742
17 (19,8) 1.9639 1.5986 0.1631 0.5580
18 (19,10) 1.7852 1.5294 0.6727 0.2275
19 (20,7) 1.6140 1.6045 0.0000 0.0000
20 (20,9) 9.5497 2.9039 0.0000 0.0000_
21 (20,10) 3.5101 2.1192 -0.9356 -0.2708
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PUMPING WELL NUMBER 17

OBSERVATION
WELL NO

NODE
COORDINATE
(row,col.)

DRAWDOWN
RESPONSE FUNCTIONS
year 1	 year 2

y-VELOCITY
RESPONSE FUNCTIONS
year 1	 year 2

1 (6,4) 0.0000 0.0000 0.0000 0.0000
2 (6,5) 0.0000 0.0000 0.0000 0.0000
3 (10,7) 0.0003 0.0014 0.0002 0.0007
4 (11,6) 0 .0004 0.0015 0.0002 0 .0006
5 (12,3) 0.0000 0.0003 0.0000 0.0001
6 (14,5) 0.0009 0.0039 0.0006 0.0020
7 (15,5) 0.0019 0.0075 0.0015 0.0052
8 (15,6) 0.0056 0.0185 0.0043 0.0117
9 (16,6) 0.0134 0.0392 0.0136 0.0314

10 (16,7) 0.0394 0.0941 0.0341 0.0615
11 (16.8) 0.0848 0.1693 0.0724 0.1018
12 (17,8) 0.2115 0.3473 0.1893 0.1959
13 (17,9) 0.3224 0.4691 0.2862 0.2444
14 (17,10) 0.3899 0.5321 0.3084 0.2267
15 (19,6) 0.1856 0.3485 0.1298 C.2157
16 (19,7) 0.4461 0.6369 0.1774 0.2088
17 (19,8) 1.0063 1.0786 0.4574 0.2877
18 (19,10) 2.9479 1.9002 0.2693 0.4952
19 (20,7) 0.6449 0.8708 0.0000 0.0000
20 (20,9) 3.5163 2.1063 -0.12S1 -0.2851
21 (20,16) 9.8533 3.1699 0.0000 0.0000
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