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OPTIMIZING CONJUNCTIVE WATER USE
IN A DYNAMIC STREAM-AQUIFER SYSTEM
WITH US/REMAX

Getachew Belaineh! and Richard C. Peralta,? A.M. ASCE

ABSTRACT

Long-term water management planning models frequently use largc? tin}e
steps and must employ fairly crude assumptions (such as average chm_auc
conditions, etc.). Managing stream aquifer systems during a dry season requires
using finer discretization in time and space. Presented is a computer model,
US/REMAX, developed by Utah State University persormel for aiding best
management of stream-aquifer systems for both long and short eras.

The model computes strategies for optimally allocating surface and
ground water resources in time and space. For a water suppiy problem the model
carl maximize the sum of delivered surface and ground water. For an
environmental protection problem the model can minimize total groundwater
pumping (extraction plus injection) needed to capture contaminant plurn_e. ’I.'he
model can provide optimal steady-state or time varant solutions. Wenght{ng
coefficients can be used in the objective function: (1) to emphasize substitution
of surface water diversion for groundwater pumping or vice-versa, (2) or to
achieve linear economic optimization.

'Graduate student, Dept. of Biological and [rrigation Eng., Utah State University, Logan, Utah.

*Professar, Dept. of Biological and Irrigation Eng., Uteh State University, Logaa, Utzh.
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INTRODUCTION

The uscfulness of computer models as tools for solving water resource
management problems is widely recognized. In this study a microcomputer based
simulation/optimization(s/o) model US/REMAX is presented (Peralta et al.,1993).
US/REMAX includes both simulation and optimization capabilities. It simulates
system responses to unit groundwater pumping (extraction or injection) and river
diversions. It organizes operations research type of optimization problems and
calculates optimal strategies for a wide range of management problems. The
optimal strategies are based upon user selected management criteria.

ERA' REVIEW

Linear programming models have been applied to a wide varety of
groundwater or conjunctive water management problems. Most models have
assumed system linearity. This has permitted use of linear influence coefficients,
having additive and multiplicative propertizs, to describe system response to
excitation.  Such coefficients have also been termed discrete kemels or
technologicat functions.

Numerical or analytical methods have been employed to compute influence
cocfficients in time and space. Usually numerical methods are required to
calculate influences at cells and analytical methods are used for computing at
points (wells). Maddock (1972) showed how to compute algebraic technological
functions from analytical expressions for a two-dimensional homogenous aquifer.
Verdin et al. (1981) developed a Fortran program which generates discrete
kernels for points and cells in 4 two-dimensional heterogenous aquifer. Peralta et
al.(1990) developed and used coefficients for both cells and wells.

Many s/o models based on the use of influence coefficients have been
reparied by numerocus researchers, (Bredehoeft and Young, 1970; Lefkoff and
Gorelick; 1987, Peralta et al., 1988; among others).

Most coefficients relate ground water pumping to aquifer head.
Coefficients that describe the effect of diversion on the system are not widely
used. This is due partially to the fact that models for simulating dynamic-aquifer
systems are uncommon.To some extent it might also be due to the nonlinearity
of the head-discharge relationship. When Peralta et al. (1988) addressed such a
system they bounded stream stage to achieve system quasi linearity within the
range of stages being considered.

Of the reviewed literature, the UTAC model (Peralta et al., 1990) reported
the ability to optimize diversion and groundwater pumping while constraining
stream flow and aquifer head. However, UTAC did not use influence coefficients -
© for stream flow and was not easily transferable. Here the transferable
" US/REMAX sfo model addresses the same issue more efficiently than UTAC.
US/REMAX calculates optimal time-varying conjunctive use strategies.
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EL FORMULATION AND ASSUMPTIONS

Consider an area relying on an aquifer and a stream for its water supply,
The objective 18 to maximize the water provided from both surface diversion and
pumping wells to meet water demand in time and space. Let g;(k) be the rate of
water pumped from cell & during time period k {extraction is negative). Let d;(k}
be the rate of water diverted at diversion point & during time period k. The actual
objective function minimizes the sum of negative pumping minus positive
diversion. The effect is Eq. 1.

MAX; et Jopta] + cfo) ol (D)

k=1 G=1

In Equation 1 the weighting coefficients, ¢;°(k) and ¢;#(k), are all equal to
one. All decision variables will have identical impact on the objective value. A
decision vadable can be de-emphasized by using a coefficient smaller than that
used for other decision varfables. By making a coefficient equal to zero, the
variable becomes ineffective in the objective function.

The objective function in equation 1 can be optimized subject, for example
to legal, economic, environmental, and soctal limitations or constraints. The
aquifer head (h,(k)) must remain within a permissible range at each pumping cell.

Influence coefficients are used in equations describing head. Let & (n-
k+1) and P%g(n-k+1) be influence coefficients describing the effect of
groundwater punping and stream diversjon, respectively, at ¢ell & in stress period
k, on aquifer head at observation cell & by the end of period n. Equation 2 is the
general expression used to constrain the potentiometric surface elevation at
pumping cells, where h”"(k) and h;(k) are nonoptimal and eptimal heads of the
system at control cells and b, is the lower bound on aquifer head.

non Z a(k’ _E(k)
e ;3_1[(5%,3(11**1”27 + U’%‘-?‘“'*‘*mi’};—:] > B (2)

5

Similarly, stream diversion in any time period must not cause the
minimum flow requirement for downstream legal users to be violated, Flow in
the stream is a function of stream diversion and groundwater pumping. Let f;(k)
be reach outflow and &%:(n-k+1) and ff%:(n-k+1) be influence coefficients
describing the effect of proundwater pumping and stream diversion respectively,
at cell & in stress period k, on stream reach outflow at cell 6 by the end of period
1. The utilized constraint at stream flow contrel points is shown in equation 3.
The notation f&;, represents the minimum acceptable flow rate.
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Equations 4 and 5 define upper and lower bounds on pumping,

gf (k) < goik) < g¥lk) )
di (k) < dstk) < a¥(k) (5)

Constraints can alse be imposed on the sum of pumping or diversion from
groups of ¢ells. For example, let M.F be the total number of pumping cells in
pn::Emg group p, M,* the number diversion reaches in diversion group » and
M, ‘be the total number of cells and diversion in group M. Equations 6 and 7
descnb_e upper and lower bounds on summations of pumping and diversions
Tespectively. Equation 8 defines bounds on the sum of pumping and diversion in
the other group {Again, absulute values are used, for clarity)

(Zgik))l < g‘:(ga(k)) s (Eg(x))¥ (6
for € € pgp
dg
(Ed(x))y < iitda(kn < (Zd(k))? 0
CLaX
for & € dgr

(E|gslk) [+d (k) E < glggck) [+dz k) < (Z|ggih) |+dy (i) ) )

. _ for & € pdgh
Cre superscripts U and L denote upper and lower limits respectively, and pgp
dgv, pdgh represent sets of groups of excitation cells. , ,

APPLICATION AND RESULTS

Simulation and. Ppre-optimization. US/REMAX reads data and computes system
responses to stimyli. These include non-optimal potentiometric heads, reach
nutflov.vs and river stages. Next, the responses of the system that result frc;m unit
excnauon_s (pun?pi.ng or diversion) are computed. Differences between Iesponses
tononoptimal stimuli and nonoptimal stimuli Pplus unit pulses are termed influence
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coefficients. Thus, the model can compute steady or unsteady-state coefficients
for aquifer head, river reach outflow, and river stage,

To illustrate model applications a small hypothetical study area having a
single layer aquifer and a stream is considered (Figure 1). The stream and aquifer
are in hydravlic connection. They are surrounded by no-flow boundaries. The
only flows to the system are vertical recharge due to rainfall and the stream
inflow.

In this study four sets of influence coefficients are computed: (1) change
in aquifer head due to pumping (extraction), (2) change in stream flow due to
pumping, (3) change in head due to stream diversion, and (4) change in stream
flow due to diversion. These influence coefficients are subsequently used in
constraint Equations 2 and 3 via superposition. Two control lecations for
observing aquifer responses, and two other control locations for observing stream
responses are used. When generating influence coefficients the system is excited
with a known pulse during one stress period and responses are observed during
that and subsequent stress periods. A negative influence coefficient describes a
decrease in head or flow. Table 1 presents influence coefficients describing the
effect of pumping and diversion on stream flow.

Table 1. Influence coefficients describing the effect of pumping and diversion
on stream flow. (obs = observation location, and stm = stimulus
location}.

The effect_of groundwater pumping (pulse of
=100,000 n’/day during week 1) on stream flow:
Time peried (weeks)
obs.stm 1 2 K] 4 5 ]
1.1 -8287  -8410  -T460  -4333  -5345  -4507  -3801 3210
1.2 0 0 0 Q Q q 0 4
2.1 -7619  -8290 -~T097 -6052 -EMNME -4316 -3642 -3081
2.2 -8551 -~10480 -10120 -$i38 -B049 -7019 -6099 -5294

The effect of stresm diversion (pulse of

200,000 n®/day during week 1) on stream_flow:

Time period (weeks}
& 5

obs.stm 1 2 3 ) 7 8
1.1 -175900 760 38 T A 3429 24
o ] 9 0

1.2 1 a 0 0
2.1 -166500 3150 ~1114 -535 -354 -247 -199 -167
2.2 -172000 -980 -617 -343 -218 -156 126 ~-103

Notice that the effect of groundwater pumping on streamflow did not peak during
the first week. This reflects the time-lag effect (Figure 2).
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Table 2 Summary of the scenarios®.

OPTIMUTILIZED BOUNDS AND CONSTRAINTS OPTIMAL STRATEGIES
1l 2 3 4 5 & 7 8 9] 10 11| 12] 13
f 1, h a d Ig Id | Ig+d g d | Ig+d
1
: ° ¢ | q10® || e10® | cae® | ca0®
° e m |10t | cgos oot | o® | ¢
. ‘;J?d) ;.J?dy ‘ drdy |wsdy | wisdy | mised | isay [ nsey | mivd) | wivd)
n b " per per per per | per time | time | time
a [} div. | pair [ pair | each [| avg. [ avs. | a&va.
rff wu cell |eell |of of of per per per
i n pumg | div. | four [| pump | div. all
c d cell cell | cells|| cell | cell |eells
1 || uep . , =500 |o0.40" | 050} 0,061 | 0.221 {0.564
tow| 0.15" | 0.16" | 48.00 | 5 gg* | 0.00
2 |l uep . . |s5.00, | 020, | 0.80" £.026 | 0.235 [0.522
tow | 0.15" | 0.16" §s0.00 | 0.00" | p.00
B (| wp . | s5-00, | 0.60, | 3.00 0.01% | 0.266 [0.560
Low | 9.15" | 0.10" | 50.00" [ 0.00” § 0.00
4 || uee , |s55-00, | 040, | 3.00 0.019 | 0.157 [0.433
tow] 0.25" | 0.20" }50.00" | c.00" § 0.00
upp . |s5.00, 040" | 0.50" | 0.20° 9.025 | 0.237 [0.524
ball toul0.15" [ 0.10" | 49.00" | .00 jo.00 | 0.00
upp 55.00, | D.40, | 1.007 4,007 0.025 | 0.183 [0.418
b || ton | 0.257 | 0.20" [50.00" | 0.00" | 0.00 0,00
upp 55.00, | 0.40, | 1.00° 0.40°|| 0.009 | 0.189 [0.395
kel ten| 007" | c.0s™ | 50.00" | 0.00" [ 0.00 0.00

’ implici jon is shown as a pesitive value.
For simplicity extraction is .
* Tight Irr.'lgnstraint:s for at Least one cell for at least one stress period.

Optimization. Once the influence coefficients have been generated and saved,
optimal solutions subject to acceptable system responses can be c-?mputed fora
wide range of scenarios. Here seven different management scenarios are tes':te{i.
The first 10 columns of Table 2 summarize bounds and constraints used w1t‘hm
the scenarios. The last three columns describe the resulting computed strategies.

The management objective is to maximize the water _dehvered by
diversions from two points and by withdrawing grounfiwater (Qumpmg) from two
cells. The last three columns of Table 2 summarize the time average rates
computed to be optimal for all 8 weeks (of course US/REMAX actually computes
time varying rates for each stimulus location). Values in columns 11 and 12 ari_
obtained by averaging the total values for eagh van_able over_tl}e number o
variables and stress period. The time average daily delivery rate is in column .13.
This is determined by adding column 11 multiplied l:_»y the 'numbe:r of pumping
cells to column 12 multiplied by the number of diversion points. To compute the
total volume of water delivered during eight weeks one multiplies the column 13

valve by 56, (7 days/week * 8 weeks).
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Y AND CONCLUSIONS

US/REMAX has a demonstrated capability for calculating optimal
conjunctive water management strategies. it can maximize the sum of unsicady
groundwater pumping and surface water diversions for a management period of
multiple stress periods, Optimal strategies can be subjected to constraints on
aquifer head, stream flow, river stage, and other management considerations.
US/REMAX utilizes the response matrix method and linear systems theory. It
is perfectly applicable to linear systems but can be applied to nonlinear systems
also by cycling.

. US/REMAX will assist decision makers and water managers in developing
and selecting the best surface and ground water use strategy for a wide range of
management problems.
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OPTIMIZING CONJUNCTIVE WATER USE
IN A DYNAMIC STREAM-AQUIFER SYSTEM
WITH US/REMAX

Getachew Belaineh! and Richard C. Peralta,? A.M. ASCE

ABSTRACT

Long-term water management planning models frequently use large time
steps and must employ fairly crude assumptions (such as average climatic
conditions, etc.). Managing stream aquifer systems during a dry season requires
using finer discretization in time and space. Presented is a computer model,
US/REMAX, developed by Utah State University personnel for aiding best
management of stream-aquifer systems for both long and short eras.

The model computes strategies for optimally allocating surface and
ground water resources in time and space. For a water supply problem the model
can maximize the sum of delivered surface and ground water. For an
environmental protection problem the model can minimize total groundwater
pumping (extraction plus injection) needed to capture contaminant plume. The
model can provide optimal steady-state or time variant solutions. Weighting
coefficients can be used in the objective function: (1) to emphasize substitution
of surface water diversion for groundwater pumping or vice-versa, (2) or to
achieve linear economic optimization.

LGraduate student, Dept. of Biological and Irrigation Eng., Utah State University, Logan, Utah.

2Profe.ssm‘, Dept. of Biclogical and Irrigation Eng., Utsh State University, Logen,Utah,
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INTRODUCTION

The usefulness of computer models as tools for solving water resource
management problems is widely recognized. In this study a microcomputer based
simulation/optimization(s/o) model US/REMAX is presented (Peralta etal.,1993).
US/REMAX includes both simulation and optimization capabilities. It simulates
system responses to unit groundwater pumping (extraction or injection) and river
diversions. It organizes operations research type of optimization problems and
calculates optimal strategies for a wide range of management problems. The
optimal strategies are based upon user selected management criteria.

LITERATURE REVIEW

Linear programming models have been applied to a wide variety of
groundwater or conjunctive water management problems. Most models have
assumed system linearity. This has permitted use of linear influence coefficients,
having additive and multiplicative properties, to describe system response to
excitation. Such coefficients have also been termed discrete kernels or
technological functions.

Numerical or analytical methods have been employed to compute influence
coefficients in time and space. Usually numerical methods are required to
calculate influences at cells and analytical methods are used for computing at
points (wells). Maddock (1972) showed how to compute algebraic technological
functions from analytical expressions for a two-dimensional homogenous aquifer.
Verdin et al. (1981) developed a Fortran program which generates discrete
kernels for points and cells in a two-dimensional heterogenous aquifer. Peralta et
al.(1990) developed and used coefficients for both cells and wells.

Many sfo models based on the use of influence coefficients have been
reported by numerous researchers;, (Bredehoeft and Young, 1970; Lefkoff and
Gorelick; 1987; Peralta et al., 1988; among others).

Most coefficients relate ground water pumping to aquifer head.
Coefficients that describe the effect of diversion on the system are not widely
used. This is due partially to the fact that models for simulating dynamic-aquifer
systems are uncommon.To some extent if might also be due to the nonlinearity
of the head-discharge relationship. When Peralta et al. (1988) addressed such a
system they bounded stream stage to achieve system quasi linearity within the
range of stages being considered.

Of the reviewed literature, the UTAC model (Peralta et al., 1990) reported

the ability to optimize diversion-and- groundwater pumping while constraining - - .

stream flow and aquifer head. However, UTAC did not use influence coefficients

for stream flow and was mnot-easily - transferable. Here -the - transferable - - -~ - - -

US/REMAX s/o model addresses the same issue more efficiently than UTAC.
US/REMAX calculates optimal time-varying conjunctive use strategies.

2 Belaineh, Peralta



MODEL FORMULATION AND ASSUMPTIONS

Consider an area relying on an aquifer and a stream for its water supply.
The objective is to maximize the water provided from both surface diversion and
pumping wells to meet water demand in time and space. Let gi(k) be the rate of
water pumped from cell & during time period k (extraction is negative). Let d (k)
be the rate of water diverted at diversion point & during time period k. The actual
objective function minimizes the sum of negative pumping minus positive
diversion.The effect is Eq.1.

[cf (k) |oggk) | + (k) dg(k)1 (1)

‘ﬁ' v

MAX: ki;:

In Equation 1 the weighting coefficients, ¢;*(k) and c¢#(k), are all equal to
one, All decision variables will have identical impact on the objective value. A
decision variable can be de-emphasized by using a coefficient smaller than that
used for other decision variables. By making a coefficient equal to zero, the
variable becomes ineffective in the objective function.

The objective function in equation 1 can be optimized subject, for example
to legal, economic, environmental, and social limitations or constraints. The
aquifer head (h;(k)) must remain within a permissible range at each pumping cell.

Influence coefficients are used in equations describing head. Let &";;(n-
k+1) and B z(n-k+1) be influence coefficients describing the effect of
groundwater pumping and stream diversion, respectively, at cell € in stress period
k, on aquifer head at observation cell & by the end of period n. Equation 2 is the
general expression used to constrain the potentiometric surface elevation at
pumping cells, where h;"™(k) and hy(k) are nonoptimal and optimal heads of the
system at control cells and h%;, is the lower bound on aquifer head.

Mﬁ.

ge (k) * (ﬂ%'§ (n-—k+1) ) da'au(tk)

e e

hip + (82 S{n-k+1)) 1 = k&, (2)

k=1

]
III
=3

Similarly, stream diversion in any time period must not cause the
minimum flow requirement for downstream legal users to be violated. Flow in
the stream is a function of stream diversion and groundwater pumping. Let f;(k)
be reach outflow and &%z(n-k+1) and B5(n-k+1) be influence coefficients
describing the effect of groundwater-pumping and stream- diversion respectively,
at cell € in stress period k, on stream reach outflow at cell 6 by the end of period
n. The utilized constraint at stream flow control points is shown in equation 3.
The notation f';  represents the minimum acceptable flow rate.

3 Belaineh, Peralta
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Equations 4 and 5 define upper and lower bounds on pumping.

gF(k) < gzlk) < gg(k) (4)

di(k) < di(k) < d2(k) (5)

Constraints can also be imposed on the sum of pumping or diversion from
groups of cells. For example, let M,? be the total number of pumping cells in
pumping group p, M,* the number diversion reaches in diversion group » and
M,P% be the total number of cells and diversion in group A. Equations 6 and 7
describe upper and lower bounds on summations of pumping and diversions
respectively. Equation 8 defines bounds on the sum of pumping and diversion in
the other group (Again, absulute values are used, for clarity}.

MDQ’
(Sg(k))E < _)‘::1<gg(k>) < (Tg(k))l (6)

for & € pgp
(7)

0%

(Xd(k))E < (ds(k)) < (Xd(k))T

Ll
!I1
=

for ¢ € dgv

(X|go (k) |+d (k) E < t|g-(k ) [+ds (k) < (E|ge(k)1+d_(k))"°’

for € € pdgh
Here superscripts U and L denote upper and lower limits respectlvely, and pgp,
dgr, pdgh represent sets of groups of excitation cells.

APPLICATION AND RESULTS

"Simulation and pre-optimization. US/REMAX reads data and computes system
responses to stimuli. These include non-optimal potentiometric heads, reach
outflows and river stages. Next, the responses of the system that result from unit
excitations (pumping or diversion) are compuied. Differences between responses
to nonoptimal stimuli and nonoptimal stimuli plus unit pulses are termed influence

4 Belaineh, Peralta



coefficients. Thus, the model can compute steady or unsteady-state coefficients
for aquifer head, river reach outflow, and river stage.

To illustrate model applications a small hypothetical study area having a
single layer aquifer and a stream is considered (Figure 1). The stream and aquifer
are in hydraulic connection. They are surrounded by no-flow boundaries. The
only flows to the system are vertical recharge due to rainfall and the stream
inflow.

In this study four sets of influence coefficients are computed: (1) change
in aquifer head due to pumping (extraction), (2) change in stream flow due to
pumping, (3) change in head due to stream diversion, and (4) change in stream
flow due to diversion. These influence coefficients are subsequently used in
constraint Equations 2 and 3 via superposition. Two control locations for
observing aquifer responses, and two other control locations for observing stream
responses are used. When generating influence coefficients the system is excited
with a known pulse during one stress period and responses are observed during
that and subsequent stress periods. A negative influence coefficient describes a
decrease in head or flow. Table 1 presents influence coefficients describing the
effect of pumping and diversion on stream flow.

Table 1. Influence coefficients describing the effect of pumping and diversion
on stream flow. (obs = observation location, and stm = stimulus
location).

The effect of groundwater pumping (pulse of
-100,000 m’/day during week 1) on stream flow:
Time period (weeks)

obs.stm 1 2 3 4 5 6 7 8
1.1 -8287 -8410 -7460 -6333 -5345  -4507  -3801 -3210
1.2 0 0 0 0 0 0 0 0
2.1 -7619  -8290 -7097 -6052 -5115  -4316 -3642  -3081%
2.2 -8551 -10480 -10M20 -9138 -8049 -7019 -6099 -5294

The effect of stream diversion (pulse of
200,000 m’/day during week 1) on stream flow;
Time period (weeks)
obs.stm i 2 3 A 5 6 7 8
1.1 -175900 760 183 71 44 34 29 24
1.2 1 0 0 0 0 0 0 0
2.1 -160500 -3130 -1114 -535 -334 -247 -199 -167

2.2 -172000 -980 -617 -348 -218 -156 -124 -103

Notice that the effect of groundwater pumping on streamflow did not peak during
the first week. This reflects the time-lag effect (Figure 2).

5 Belaineh, Peralta
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Figure 1. Hypothetical study area and cell indices.
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Figure 2. Figure showing the time-lagged effect of pumping on stream
flow.
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Table 2 Summary of the scenarios”.

OPTIMUTILIZED BOUNDS AND CONSTRAINTS OPTIMAL STRATEGIES
1)l 2 3 4 5 6 7 8 9 10 II 11 2] 13
f, f, h g d g Id Eg+d g d | Bg+d
L)
c ¢10® | (10° (m) (10° (106 (10% | ¢10® fc10® Q1 (10® | c10® | (10°
e o’/d) | m*/d) ne/d)y | m/dy | afsdy | ofsd) | mizdy || misdy | mird) | misdd
nk b per per per per per | time | time | time
a o pump | div. pair | pair | each jf ava. avg. | avg.
r u cell cell of of of per per per
i n punp | div. { four || pump | div. all
o d cell cell ] cells]] cell cell Jeells
1 || upp . . |55.00 |o0.40 0.50: 0.061 | 0.221 [0.564
tow|0.15 [ 0.10" 148.00 g g0° | 0.00
2 || upp . . |s55.00, | 0.40, | 0.50" 0.026 | 0.235 Jo.522
low | 0.15 | 0.10 50.00 | 0.00 0.00
3 || uep . . |55.00, | 0.60, |3.00 0.014 { 0.266 |0.560
low|0.15 |o0.10° |S0.00 jo.00 | o0.00
|l upp . . |s5.00, | 0.40, |{3.00 0.019 | 0.197 [0.433
tow|0.25 [0.20° |s0.00 [0.00 |0.00 |
upp . . |5s5.00, | 0.40" | 0.50" | 0.20" _ 0.025 | 0.237 [0.524
Sail Low] 0.15 0.10 49.00 | 0,00 0.00 0.00
upp . . |55.00, | 0.40, | 1.00" 1.00" 0.026 | 0.183 [0.418
bl tow | 0.25° | 0.20° | 50.00 | 0.00° | a.00 0.00
upp . . | 355-00, {0.40, | 1.00° 0.40"{f 0,009 {0,189 {0.396
c|l low| 0.07 }0.05 50.00 | 0.00 | o.00 0.00

For simplicity extraction is shown as a positive value.
Tight constraints for at least one cell for at least one stress period.

Optimization. Once the influence coefficients have been generated and saved,
optimal solutions subject to acceptable system responses c¢an be computed for a
wide range of scenarios. Here seven different management scenarios are tested.
The first 10 columns of Table 2 summarize bounds and constraints used within
the scenarios. The last three columns describe the resulting computed strategies.

The management objective is to maximize the water delivered by
diversions from two points and by withdrawing groundwater (pumping) from two
cells. The last three columns of Table 2 summarize the time average rates
computed to be optimal for all 8 weeks (of course US/REMAX actually computes
time varying rates for each stimulus location). Values in columns 11 and 12 are
obtained by averaging the total values for each variable over the number of
variables and stress period. The time average daily delivery rate is in column 13: -
This is determined by adding column 11 multiplied by the number -of pumping
cells to column 12 multiplied by the number of diversion points. To compute the
total volume of water delivered during eight weeks one multiplies the column 13
value by 56, (7 days/week * & weeks).
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SUMMARY AND CONCLUSIONS

US/REMAX has a demonstrated capability for calculating optimal
conjunctive water management strategies. it can maximize the sum of unsteady
groundwater pumping and surface water diversions for 2 management period of
multiple stress periods. Optimal strategies can be subjected to consiraints on
aquifer head, stream flow, river stage, and other management considerations,
US/REMAX utilizes the response matrix method and linear systems theory. It
is perfectly applicable to linear systems but can be applied to nonlinear systems
also by cycling.

US/REMAX will assist decision makers and water managers in developing
and selecting the best surface and ground water use strategy for a wide range of
management problems.
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