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THE ARIZONA WATER COMMISSION'S
CENTRAL ARIZONA PROJECT WATER ALLOCATION MODEL SYSTEM

by

Philip C. Briggs

The Arizona Water Commission is authorized to plan for development and utiliza-
tion, by all potential users, of interstate and intrastate waters, surface and ground
water, water quantity and water quality - everything concerning water. The Commis-
sion is required in its planning to coordinate closely with other State agencies and,
although it is authorized to develop integrated comprehensive plans for multi- purpose
projects, its authority is not exclusive and in no way infringes upon, for example,
the Arizona Game and Fish Department's authority to plan for fish and wildlife
impoundments. The Arizona Water Commission, however, is responsible for tying to-
gether all State planning efforts in water resources.

In February of 1969, the Governor of Arizona requested that the Commission pre-
pare recommendations for allocations that would maximize the benefit to the State of
Arizona from the use of its remaining entitlement in the Colorado River. Expressions
of interest in Colorado River water total over five million acre -feet; about five
times the project's average delivery. About one hundred entities are interested in
contracting. In the spring of that year we contracted for the preparation of a plan
of study outlining a means of meeting the Governor's charge. A computerized systems
analysis approach was proposed using interlocking optimization and simulation models.
The proposal was accepted by the Commission and for the next two years consultants
served to develop methodology, develop the models and train our staff in their use.
The staff participated in the refinement of the models, collected most of the input
data and by July of 1971 were in full command of the system. The first use of the
model came in 1974, when then Secretary of the Interior Morton instructed the Bureau
of Reclamation to work with the State and the five central Arizona Indian tribes to
prepare recommendations as to allocations for the Indian tribes. Each group for-
warded recommendations to the Secretary; the Commission's being the most rigorously
based - and the lowest. The model has been sitting on the shelf since then awaiting
the Secretaries' (three of them) decision on allocations to the tribes so that we
would know how much Central Arizona Project water would be left to allocate to non -
Indians. The decision was made this last fall, and shortly thereafter, contested by
legal action.

Because of the complex interrelationships of the physical, engineering /hydro-
logic, and the economic and social aspects of the water allocation problem, it was
recognized that the analytical system must have the capacity to incorporate and prop-
erly account for the many factors which are of vital importance to the allocation
problem. At the same time, it was acknowledged that non -quantifiable social and
political aspects would also be imposed on the quantitative, i.e., economic and engi-
neering, solution to the allocation problem.

Over the last 30 years, an interdisciplinary science of systems analysis and
operations research has evolved for the study and resolution of complex technical -
management problems. This interdisciplinary approach to the solution of complex
problems often utilizes mathematical and other simulation models which are designed
for computer operations to effectively solve such problems, including problems in
many areas of our economy and society. The systems analysis approach was conse-
quently a logical avenue to assist in formulating, analyzing and resolving the many
problems related to the determination of a recommended allocation of Arizona's
remaining entitlement to Colorado River water.

The model is a comprehensive system designed to minimize the cost of distrib-
uting water over a large geographic area where sources of water include surface,
ground, reuse and import; demands for water are classified as agricultural or
municipal /industrial (includes household consumption); and where local demands may
vary within a prespecified range to reflect changing patterns in water availability
and water procurement costs.

The model is composed of two principal components: (1) a linear program formu-
lated to determine the optimal allocation of all sources of water to all demands
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which assumes per unit procurement costs are fixed; and (2) a hydrology simulator
capable of reflecting the impact of distribution alternatives upon per unit cost of
delivery. Operating interactively, the two components are programmed to select the
least cost delivery plan from the infinite number of possible delivery schemes.

The linear programming (LP) portion of the model is a. network flow model designed
to determine the least cost way to deliver specified quantities (demands) of water to
all applicable nodes within an engineering model area. The demands can be satisfied
from any defined, applicable source subject to supply constraints. The LP portion,
formulated for solution using IBM's MPSX, simulates the resource flow conditions of
each modeled area, and each application of the model is tailored to given, actual
conditions.

The model provides a water allocation by source to each demand node which mini-
mizes the summation of the capital, O&M and purchase costs based on specified per unit
input cost data. New costs result following an allocation - as determined in the
hydrology portion of the model - hence, there is a need to automatically iterate
between the two models.

The hydrologic stimulation portion of the model provides a means for analyzing the
performance and costs of a combined surface and subsurface water allocation plan
selected by the LP. This portion is based on a conceptual representation of the
hydraulic system, simulated as a network of storage and transfer elements (nodes and
links, respectively).

This portion focuses primarily on the physical effects of an allocation plan
upon the ground water basin(s) modeled. Surface flows are included to provide appli-
cation and transfer data used to compute recharge to the ground water basins as would
be experienced under the plan. It does not incorporate a cost analysis.

Given the optimal allocation of the LP, the simulator projects future ground
water elevations and corresponding pumping depths under the selected ground water
basin management plan. The model output also provides for a detailed accounting of
pumping, purchase and distribution costs.

The focus of analysis is on geographic areas called nodes. A node may be of any
size or shape but as currently operated, nodes commonly correspond to townships,
subsets of irrigation districts, and municipalities. Supply and demand nodes need not
be coincident in shape or size. Demand nodes may be classified as either agricultural
or municipal- industrial and households. Supply nodes are classified as ground, sur-
face, reuse or import source. Transfer nodes are used for routing and collecting
water supplies of various types. A separate set of nodes is defined for each source
of water and for each type of demand (use) so that nodal boundaries may be drawn to
more readily correspond with conventional data sources and hydrologic and economic
boundaries. Once boundaries are defined, nodal connections are specified which allow
water to "flow" from node to node along linkages in a manner similar to that seen in
reality.

An iterative procedure is established between the LP and the hydrology model
wherein revised (updated) data from one is successively input to the other with the
goal of obtaining a consistent (least- cost -delivery and hydrologically balanced)
allocation plan within the modeled geographic area. The components are concurrently
operated with automatic program execution control which proceeds to either a conver-
gent solution or a maximum specified number of iterations. These conditions are
determined, a priori, by the analyst.

More specifically, an initial LP solution is first derived. Report generator
programs of IBM's MPSX are then executed to print user oriented tables summarizing
the least cost delivery solution and to create temporary disk storage files specify-
ing demands and ground water pumpage on a node by node basis. Next, the hydrology
model is called. The demand and pumpage files are used in conjunction with hydrology
input data to calculate recharge, internal ground water flows, dynamic pumping lifts
which would result from the LP solution and associated pumpage delivery and purchase
costs for each ground water supply link. The resultant cost data is stored on a
temporary disk file and execution is returned to the LP where the objective function
values are revised according to the cost file. After the objective function is
revised, a new solution is obtained and the iterative cycle is repeated until closure
is obtained or allowable iterations are exhausted.

Data requirements - Basic data required by the model includes the following:

(1) Nodal boundary and connection definitions.
(2) Magnitude and location of surface, reuse, and import supplies.
(3) Beginning elevations of the water table and the associated pumping depth,

by node.
(4) Hydraulic factors which describe the natural behavior of the ground water

system (e.g., subsurface flows of ground water), by node.
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(5) Hydraulic factors which describe how the ground water system reacts to
pumpage and recharge associated with use (e.g., recharge resulting from
irrigation), by node.

(6) Per unit costs of distributing surface, reuse, and imported water (including
per unit capital cost), by node.

(7) Per unit cost of pumping ground water one foot of lift (including well main-
tenance and replacement costs), by node.

(8) Reuse water generated per unit of water used for municipal /industrial pur-
poses, by node.

(9) Recharge to the ground water system resulting from one unit of water used,
by node.

(10) Upper and lower limits for activity in demand nodes.

When the above data are supplied to the model, the following results may be
obtained:

(1) Total cost of meeting the demands for water given the available supplies.
(2) Water utilization and average water cost by node and aggregations of nodes

which represent user groups.
(3) Numerous ground water statistics including average ending water table

elevations, subsurface flows, recharge, changes in aquifer storage, etc.,
by node.

(4) Depletions of water supplies by node.
(5) Distribution of water among users, by water type.

The model is currently being utilized by the Water Commission in developing plans
for allocating water from the Central Arizona Project. The geographic area being
modeled encompasses the Central Arizona Water Conservation District. Results from
the model have substantially contributed to the understanding of the role of water in
an expanding Arizona economy.
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