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Preface

The investigation reported herein is the second of two phases of a project conducted by the
Hydrologic Engineering Center (HEC) to assist staff of the Missouri River Division (MRD). The goal
of the project is to develop efficient operation plans for the six major reservoirs on the Missiouri
River. Phase I began 1 July 1990 and yielded HEC-PRM, a prescriptive model for system analysis.
Phase II extends and improves that model.

The project is undertaken in accordance with a task order issued July 1990 by MG Patrick J.
Kelly, Director of Civil Works, HQUSACE. HQUSACE point of contact is Earl Eiker, Chief,
Hydraulics and Hydrology Branch, Engineering Division, Civil Works Directorate. The project is
funded jointly by MRD, the National Drought Study, and the Civil Works Research and Development
program.

The project is a joint effort by HEC and the Institute for Water Resources JWR). IWR staff are
responsible for development of cost based penalty functions critical to the analysis. Reports of their
work are published separately.

Mike Burnham, Chief, Planning Analysis Division, HEC, is project engineer. Bob Carl, Planning
Analysis Division, HEC, developed the software and performed applications described herein. Other
HEC staff assisting include Vern Bonner, Marilyn Hurst, and Richard Hayes. Darryl Davis, Director,
HEC, provided general supervision and guidance for the project.

HEC staff were assisted by the following consultants in Phase II of this project: Prof. Paul

Jensen, University of Texas at Austin; Dr. David Ford, Consulting Engineer; and Prof. Jay Lund,
University of California, Davis.
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Chapter 1

Executive Summary

The six main-stem reservoirs of the Missouri River system are operated by the Corps of
Engineers for flood control, navigation, irrigation, power, water supply, water quality control,
recreation, and fish and wildlife protection. Changes in supplies and changes in demands motivated a
review of system operation policy by MRD staff.

To provide information for decision making in this review, HEC developed a prescriptive model.
This model, designated HEC-PRM, represents the system as a collection of nodes and links and uses
network-flow programming to allocate optimally the system water for competing purposes. This
approach was selected because it satisfies institutional, economic, environmental, and engineering
criteria. Goals of and constraints on system operation are represented with penalty functions. The
functions are both cost-based and non-cost-based. The cost-based functions are developed by
evaluating economic cost incurred or the value of opportunity foregone. The non-cost based functions
were developed to reflect environmental outputs and concerns, regional priorities on type and location
of outputs, and risk-management objectives. The model is implemented on a personal computer
running MS-DOS. It makes extensive use of HEC’s data storage system (HEC-DSS). Prior to
application as a decision-making tool in the review, the model was validated subjectively by
comparing prescribed operation for a historical period.

Model development and testing constitute Phase I of HEC activities. Phase II of the activities
began in January 1991. Table 1 summarizes the proposals and accomplishments for Phase II of the

Table 1
Phase II Activities and Accomplishments

Proposal Accomplishment

Expand the system analyzed Model extended to St. Louis and expanded to
full hydrologic record.

Refine the penalty functions used Refinement generally lagged development.
Flood control issue addressed.

Improve HEC-PRM'’s user interface Character-based interface implemented. This
provides additional display and analysis tools
via MATHPK, DSPLAY, PRMPOST.

Make technical improvements to HEC-PRM Significant improvements to network solver.
Hydropower algorithm formulated.

Complete additional Phase Il analyses Delayed due to unanticipated delays in
deveiopment of penalty functions.

Transfer developed technology to MRD staff Workshop held. Variety of reports,
documents prepared.



Missouri River System Analysis.

As an extension of the Phase II activities, HEC is reviewing alternatives to enable
recommendation of procedures for developing system operating rules from HEC-PRM results. This
task is necessary to bridge the gap between theory (the prescriptive model) and practice (the real-world
system). Results are forthcoming.

In calendar year 1992, HEC staff plan improvements to HEC-PRM for other on-going studies.
These include, but are not limited to, the following:

(1) further refinement to the user interface;
(2) integration and testing of the improved network solver; and
(3) implementation and testing of the hydropower algorithm.

The goal is to develop a general-purpose model and software that can be applied on any system.
As HEC-PRM is improved, updates will be provided to MRD.

[\



Chapter 2

Hydrologic Engineering Center Prescriptive Reservoir Model

Motivation for Model Development

System Description. In the April 2, 1991 issue of the Wall Street Journal, staff reporter
Dennis Farney wrote the following about the Missouri River:

Until recent decades, it was known as "Old Misery" - a treacherous stream... But
today, the Missouri is a blue-collar river: harnessed, dammed and channelized for
flood control, hydroelectric power, barges, and irrigation. It can generate 2,400
megawatts of electricity [and] hold enough water to supply Kansas City for the next
two centuries.

The Missouri River main-stem reservoir system consists of six reservoirs. Figure 1 shows the
location of these reservoirs and the major streams in the system. Pertinent characteristics of the
reservoirs are shown in Table 2. Authorized purposes for these reservoirs include flood control,

Table 2
Missouri River Reservoir Characteristics

Reservoir Drainage Avg. Reservoir Total Shoreline Avg.
Area Total Capacity Discharge Length, Annual
(sq mi) Inflow, {1000 acre-ft) Capacity (mi) Energy
(cts) (cfs) (10° kWh)
Ft. Peck 57500 10200 18688 291000 1520 1044
Garrison 181400 25600 23923 796000 1340 2354
Oahe 243490 28900 23338 245000 2250 2694
Big Bend 249330 28900 1874 373000 200 1001
Ft. Randall 263480 30000 5574 680500 540 1745
Gavins Point 279480 32000 492 381000 90 700

navigation, irrigation, power generation, water supply, water-quality control, recreation, and fish and
wildlife protection.

The Missouri River system operation is based on decreasing priority for the following purposes:

(1) flood control;

(2) all irrigation, and other upstream water uses for beneficial consumptive purposes;

(3) downstream M&I water supply and water quality requirements;

(4) equitable service to navigation and power;

(5) efficient generation of power to meet the area’s needs; and

(6) '"insofar as possible without serious interference with the foregoing functions.." benefit to
recreation, fish and wildlife (USACE, 1979).

[
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Operation Problems. A five-year drought in the midwestern United States has strained the
Missouri system. In early 1991, the reservoirs were at near-record lows. Oahe reservoir, for example,
held less than 60% of its 1986 peak storage; the reservoir water surface was 28 ft below the 1986
level. As a consequence, upstream users were forced to compete with downstream users for the
reduced supplies. The recreation industry that developed in North Dakota, South Dakota, and
Montana protested as the system operator, the Corps of Engineers, released water from the reservoirs
for downstream navigation.

Missouri River Main Stem Plan of Study. To provide information for making decisions
regarding changes in Missouri River mainstem operations, the Corps initiated in 1989 a formal review
of the Master Water Control Manual, the basic document for operating the system. The Corps formed
a multidisciplinary study team within the Missouri River Division (MRD) office and adopted a formal
plan of study (USACE, 1990a). The goal of the study is to determine if the current plan or an
alternative plan for Missouri River mainstem operations best meets the current needs of the basin. To
do this we need to identify the economic, environmental, and social benefits of satisfying competing
demands. Study team staff accepted early that analytical tools would play a key role in the review,
and set out to identify one or more appropriate reservoir-operation analysis tools. Those considered
may be classified broadly as descriptive or prescriptive. Yeh (1985) has provided an extensive review
of both categories.

A descriptive tool would be used to answer the question "How would the system perform if we
followed this policy or set of priorities?” The alternative policies considered are proposed by a user.
MRD study staff proposed to conduct the study with such a tool. The study procedure proposed
initially relied on LO1, the MRD long-range regulation simulation program (USACE, undated). In the
first phase of the study,

... the operation of the main stem reservoir system will be simulated over the period of
record from 1898 to the present to provide a base line condition. This base line
condition will be analyzed in hydrologic, economic, and environmental terms to
identify issues and conflicts. Alternative water control plans ... will be formulated and
evaluated in hydrologic, economic, and environmental terms. The evaluation of these
alternatives will identify which of these plans favor each of the main stem project uses
(USACE, 1990a).

In the second phase, MRD staff proposed to use the descriptive model to evaluate promising
alternatives in further detail.

A prescriptive tool, on the other hand, would be used to answer the question "How should we
operate the system if we accept this definition of the goals of and constraints on system operation?" A
prescriptive tool generates iteratively the alternative policies to be considered and evaluates the
feasibility of each with a built-in simulation model. It quantifies the efficiency of each feasible
alternative using a formal definition of operation goals and objectives,. Finally, after evaluating all
alternatives, it identifies the best policy. Examples of prescriptive tools are linear-programming
models, nonlinear-programming models, and dynamic-programming models.

To promote systematic comparison of the alternative models, a set of critical questions was
posed. These are summarized in Table 3. Based on consideration of these, HEC proposed to develop
and apply a prescriptive model for the Missouri River main stem study (USACE, 1991b). The most
compelling argument for proposing a prescriptive model to assist in studies was that it would provide
a highly efficient means for developing reasonable alternative policies to represent accurately the

h



Table 3
Criteria for Model Selection

Institutional Criteria

Economic Criteria

Environmental Criteria

Engineering Criteria

Will the model provide directly information that will help solve the system-
operation problem?

Can the model represent all system operation purposes accurately?
Can the model evaluate alternative priorities for system operation?

Can the model outputs be translated into terms that are readily understandable to
users?

Can the model be modified or expanded easily as more information becomes
available, as understanding of the system operation improves, and as the users
become more sophisticated?

Can the model be used on the computer hardware available to users?

Can the model be implemented in time to provide information for decision
making?

Can the model evaluate accurately the economic impact of operation decisions?
Can the economic data required for the model be obtained with reasonable
effort?

Can the model treat non-quantifiable operation purposes, such as fish and
wildlife protection?

Can the model represent adequately the requirements for endangered species?
Does the model use existing data or data that can be obtained with reasonable
effort?

Can alternative future inflow or demand sequences be studied conveniently?
Can results from the model be used to evaluate risk?

Is the technology embodied dependable?

Is the model fast enough to permit analysis of many alternatives?

competing demands.

Prescriptive Model Description

Mathematical Formulation. The prescriptive model developed by HEC addresses the
Missouri River water allocation problem by:

(1) representing the physical system as a network;

(2) formulating the allocation problem as a generalized minimum-cost network-flow
programming problem [see Jensen and Barnes (1980) for details of network-flow

programming];

(3) developing, for various users or purposes, an objective function that represents desirable



operation for that user or purpose;
(4) solving the network problem with an off-the-shelf solver; and
(5) processing the network results to define, in convenient terms, system operation.

The network representation of the reservoir system is similar to the approach used by Sigvaldason
(1976), Martin (1982), Ikura and Gross (1984), Sabet, et al. (1985), and Chung, et al.(1989). The
network arcs represent any facilities for transfer of water between points in time or space. For
example, a natural channel transfers water between two points in space and is represented by an arc.

A reservoir transfers water between two points in time; this transfer, too, is represented by an arc of
the network. Network arcs intersect at nodes. Flow is conserved at each node. The nodes represent
river or channel junctions, gage sites, monitoring sites, dams, or water-demand sites. To analyze
multiple-period system operation, each site in space is represented by a node for each time period.

Penalty Functions. Central to the proposed approach (and, for that matter, to use of any
prescriptive model) is the idea that goals of and constraints on system operation can be represented
with objective functions. The difficulty in doing so is well recognized. Liebman (1976) wrote of this
that ".. human tastes are different...even with perfect knowledge of all effects, interactions, and
implications, individual definitions of Utopia would be different...even if there were complete
agreement on goals, ...there would still be disagreement over which is the best way, and even on what
criteria should be used to define best.”

These differences in preferences and measures of success were well understood by the study
team. However, the study goal is to provide information to be used to define the best operation, not
to develop a model that would define the best operation. The MRD study team and HEC felt that a
prescriptive model with alternative objective functions, representing various goals and various rankings
of goals would provide much of this information. For example, a purely economic objective function
with inviolable constraints to protect lake recreation will identify the cost of such constraints.

For this study, cost-based penalty functions were developed by MRD staff in cooperation with
the IWR. The current status of these functions is described in Chapter 3. The functions developed
can be of two types: cost-based or non-cost-based. The cost-based functions, "...show the loss in
economic value as the flow in each model link deviates from the optimum flow (USACE, 1990b)."
Individual economic cost-based penalty functions were developed for the following outputs: urban and
agricultural flooding; water supply; recreation; hydropower; and navigation. The functions relate cost
to either reservoir release, reservoir storage, or channel flow at downstream locations. The functions
vary by month if appropriate. At this time, non-cost-based penalty functions have not been used in
this study. If utilized, they can represent goals of system operation that cannot be quantified in
economic terms. For example, a flow requirement for fish and wildlife protection may be represented
with a penalty function in which the penalty arbitrarily is set to force the desired operation. As with
the cost-based functions, these functions relate penalty to either reservoir release, reservoir storage, or
channel flow at downstream locations and vary by month if appropriate.

For analysis of system operation, the penalty functions are summed. The non-cost based
functions are believed to be in units commensurate with the cost-based functions, enabling the
functions to be summed. Otherwise, the functions can be treated separately. The resulting functions
are represented in a piecewise-linear fashion for the network model. This manipulation of penalty
functions is described in further detail in Chapter 3.



Software. Software to implement the proposed solution is general purpose. Figure 2 shows
schematically the components. These include software to:

(1) formulate the network;

(2) solve the minimum-cost generalized network;
(3) manage the data; and

(4) display and help analyze the results.

HEC’s Prescriptive Reservoir Model, HEC-PRM, formulates the minimum-cost network-flow
programming problem that represents the system operation problem (USACE, 1991c). From the user’s
description of system reservoir storage, release facilities, interconnecting channels, diversions, and
hydropower facilities, the program defines the network layout. HEC-PRM accesses flow data and
penalty functions stored in data bases to define the parameters of the network arcs.

Several alternative solvers are available, depending on the level of detail of representation of the
reservoir system. If evaporative losses are negligable, an out-of-kilter solver (Ford and Fulkerson,
1962) can be used to solve the resulting pure network problem. Otherwise the problem requires a
generalized network solver. Initially, the dual flow-augmentation solver developed by Jensen and
Bhaumik (1974) was used. This will be replaced with an improved solver developed by Jensen
(1991), as discussed in Chapter 5 of this report.

To manage the mass of time-series and relational data required, HEC’s data storage system,
HEC-DSS (USACE, 1990c), is used. The software provides a systematic means for organizing,
storing, retrieving, manipulating, and sorting data. Its capabilities are accessible via FORTRAN.
Program DSPLAY graphs any of the data stored with HEC-DSS, including inflow time series, penalty
functions, and, after solution of the minimum-cost network problem, the prescribed release, storage,and
flow time series. A variety of utility programs manipulate and preprocess data necessary for the
analysis. For example, a utility program converts penalty functions provided in spreadsheet format to
the HEC-DSS format. Another computes the parameters of a piecewise-linear approximation of a
nonlinear penalty function. These programs are described in further detail in Chapter 3.

Missouri System Representation with Model. The network representation of the Missouri
River main stem system represents Ft. Peck, Garrison, Oahe, Big Bend, Ft. Randall, and Gavins Point
reservoirs and non-reservoir control points Sioux City, Omaha, Nebraska City, Kansas City, Boonville,
and Hermann. This system is shown by Figure 3. Inflows are specified for each control point. Lake
evaporation is described as a function of storage for each reservoir, and is represented in the network
with the arc multiplier. The present model was extended to St. Louis, Missouri, on the Mississippi
River.

Penalty functions are defined for storage in each reservoir, for release from each reservoir, and
for flow at each of the non-reservoir control points. Additional penalty functions for hydropower are
defined as a multivariate function of head and release at each reservoir. For initial analysis, these
were simplified by assuming constant head. Subsequently, a successive linear programming algorithm
similar to that proposed by Grygier and Stedinger (1985) will be implemented to eliminate this
assumption. This algorithm is described in further detail in Chapter 3.
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Phase | Applications of HEC-PRM

HEC-PRM was applied by HEC staff for preliminary analysis of the Missouri River system in
Phase I of this study. These results were presented in an earlier report (USACE, 1991b) and are
summarized here for completeness.

Validation of Model. Unlike a descriptive model, HEC-PRM cannot be validated directly by
comparison with historical data. No such data can exist because the objective function used in the
model never reflects exactly all goals of and constraints on operation. Consequently, historical
operation never is truly optimal for the objective function used in the model. However, HEC staff felt
that properly-defined, current-condition, aggregate penalty functions would correlate highly with
current operation rules because those functions have developed around expected operation. For
example, marina owners build boat docks where they expect the lake level to be. They would incur
no cost if the reservoir is operated to hold the lake at that level. Their penalty function would reflect
this. The marina owner’s desired level, over time, becomes the level corresponding to operation with
the current policy. Similar arguments can be made for facilities to withdraw irrigation water from
reservoirs, and for works to divert water for supply in downstream reaches. Thus operation to
minimize the penalty should reflect, to a large degree, current operation rules. This argument led to
expecting the operation proposed by the model with current-condition penalty functions to compare
favorably with current operation. A test was thus devised.

For the test, Missouri River system operation for March 1965 to March 1970 was analyzed with
HEC-PRM. Best estimates of current-condition penalty functions were used. The resulting network
included 5327 arcs and 1142 nodes. The results were compared with operation following current
rules, determined with LO1. A perfect match of operation was not expected. Indeed, the results
should not be identical, as the models employ different simplifications of the real system, and the
descriptive model does not have the foresight of the prescriptive model. Computed reservoir storages
for Ft. Peck, Garrison, Oahe, and Ft. Randall for the validation period are shown in Figure 4 through
Figure 8. For simplicity, storage is shown in thousand acre-feet (KAF). The pattern of storage
indicated by the two models for Ft. Peck (Figure 4) matches well. The seasonal cycles are identical.
HEC-PRM proposes slightly less storage for 1967-1969. Some slight differences in the storages are
attributable to the approximation of the evaporation. At lower storages, the evaporation is over-
estimated. This is true for all reservoirs. The general pattern of storage for Garrison, shown by
Figure 5, also matches well. The storage indicated by HEC-PRM from mid-1966 to early 1968 is
about 20% less than that indicated by the MRD model. In that same period, HEC-PRM has proposed
greater release due to the energy penalty function: The advantage of releasing water for energy
exceeds the advantage of storing it in these months, even for future use. Thus HEC-PRM draws down
the reservoir. The overall Oahe storage pattern, shown in Figure 6, follows the pattern of the MRD
model. Figure 7 shows storages at Ft. Randall proposed by the two models. These match well, with
what appears to be a slight time lag in the HEC-PRM results. This time lag is the result of the
capability of HEC-PRM to incorporate knowledge of future inflows in making release decisions: If
postponing releases will reduce the overall penalty, HEC-PRM will do so. Figure 8 shows the total
storage in the mainstem reservoirs which consists of Ft. Peck, Garrison, Oahe, Big Bend, Ft. Randall,
and Gavins Point.

As a consequence of this validation study, HEC and MRD staff accepted HEC-PRM as a tool for
analysis of the Missouri system.

11
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Figure 4
Ft. Peck Storages Prescribed in Validation Test
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Figure 5
Garrison Storages Prescribed in Validation Test
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Figure 6
Oahe Storages Prescribed in Validation Test
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Figure 7
Ft. Randall Storages Prescribed in Validation Test
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Figure 8
Total Storage in Mainstem Reservoirs Prescribed in Validation Test

16



Phase | Applications. Phase I applications of HEC-PRM included the following:

(1) analysis of the system critical period, March 1930 - March 1953, with the best-currently-
available estimates of system penalty functions; and

(2) analysis of the same period with a hypothetical navigation penalty function.

Chapter 3 of this report describes further applications of the model.

Critical Period with Best Currently-Available Penalty Functions. The network required
to represent system operation for this critical period included 23375 arcs and 4970 nodes. Figure 9
through Figure 13 show the HEC-PRM proposed end-of-month storages at Ft. Peck, Garrison, Oahe,
and Ft. Randall for the critical period. As a rule, energy generation dominates the operation. HEC-
PRM proposes release of water to drive the energy penalty to zero if sufficient water is available.
Otherwise, it proposes making no release and storing water for subsequent use. This is a case of
farsighted versus shortsighted decision making. The model must choose between making minimum
releases for hydropower now or storing water for later use. It choses the latter based on system
penalty for the total period of analysis, as defined by the penalty functions. Although a skilled
operator might choose a smoother operation scheme, the penalty functions used in this application do
not indicate that another policy is better, although it may be as good.

Figure 14 shows channel flows at Sioux City and Kansas City if the system is operated according
to the policy found by HEC-PRM. At Sioux City, the penalty would be great if the flow is less than
approximately 500 KAF/month (8,260 cfs) in January or less than 1600 KAF/month (26,400 cfs) in
the remainder of the year. HEC-PRM has proposed releases that will meet this minimum. At Kansas
City, the penalty would be great if the flow is less than 500 KAF/month (8,260 cfs) in January or
2200 KAF/month (36,400 cfs) in the remainder of the year. Again, HEC-PRM has proposed releases
to meet this minimum. Similarly, HEC-PRM has proposed releases that will limit the channel flow at
Sioux City to well below the discharge at which penalty again is great. This is 2500 KAF/month
(41,300 cfs) in January or 8000 KAF/month (132,000 cfs) in the remainder of the year. In fact, most
flows are in the range between the desired minimum and the desired maximum, thereby incurring little
or no penalty. The same is true at Kansas City. The flow is frequently in the range 500 or 2200
KAF/month (8,260 or 36,400 cfs) to 3600 KAF/month (59,500 cfs). The flow at Kansas City is
clearly outside this range in 1947 and again in 1951. However, reservoir operation could do little to
reduce these extreme flows, as they are the consequence of uncontrollable local inflow. For example,
when the flow at Kansas City reaches approximately 10000 KAF/month (174,000 cfs) in 1951, the
local inflow between Nebraska City and Kansas City is almost 9000 KAF/month (149,000 cfs).

Critical Period with Hypothetical Navigation Penalty Function for Sioux City Flow.
In the second Phase I application of HEC-PRM, a hypothetical navigation penalty function was added
at Sioux City to demonstrate the impact of system operation for high-penalty downstream
requirements. This function increased by approximately an order of magnitude the unit penalty for
flow outside the range desired for navigation (1875 - 7200 KAF/month or 31,000 - 119,000 cfs during
the months April to November). Figure 15 through Figure 19 show the prescribed storages for Ft.
Peck, Garrison, Oahe, Ft. Randall, and total mainstem storage for the critical period using this
hypothetical navigation penalty function.

The hypothetical navigation penalty function causes the flow pattern at Sioux City to be
smoother, as the range of flows there is reduced. Figure 20 shows the downstream flows at Sioux
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Figure 9
Fort Peck Prescribed Storages for Critical Period with Best Estimate Penalty Function
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Figure 10
Garrison Prescribed Storages for Critical Period with Best Estimate Penalty Functions
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Figure 11
Oahe Prescribed Storages for Critical Period with Best Estimate Penalty Functions
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Figure 12
Ft. Randall Prescribed Storages for Critical Period with Best Estimate Penalty Functions
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Figure 13
Total Peck Storages Prescribed for Critical Period with Best Estimate of Penalty Function
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Figure 14
Sioux City and Kansas City Flows for Critical Period with Best Estimate Penalty Functions
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Figure 15
Ft. Peck Prescribed Storages for Critical Period with Hypothetical Navigation Penalty Function
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Figure 16
Garrison Prescribed Storages for Critical Period with Hypothetical Navigation Penalty Function
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Figure 17
Oahe Prescribed Storages for Critical Period with Hypothetical Navigation Penalty Function
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Figure 18
Ft. Randall Prescribed Storages for Critical Period with Hypothetical Navigation Penalty Function
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Figure 19
Total Prescribed Storages for Critical Period with Hypothetical Navigation Penalty Function
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Figure 20
City Flows for Critical Period with Hypothetical Navigation Penalty Function

as

Sioux City and Kans



City and Kansas City in that case. Often the system has operated to provide exactly

1875 KAF/month(31,000 cfs) during April-November. For December-March, the system has reduced
releases to a bare minimum to conserve water to meet subsequent April-November demands. Even so,
to satisfy the 1875 KAF/month (31,000 cfs) minimum at Sioux City, the system must draw down Ft.
Peck, Garrison, and Oahe, starting in 1939. For example, the January 1942 storage at Ft. Peck falls
to 7000 KAF, whereas without the hypothetical function, it was approximately 15000 KAF. Earlier
and later in the critical period, the Ft. Peck storages are approximately the same with and without the
function. Then sufficient water is available to meet the demand without drawing on upstream storage.



Chapter 3

Phase Il Activities

Summary of Activities Proposed

As proposed by HEC, Phase II of the Missouri River system study began in January 1991, with
the following goals:

(1) expand the system analyzed;

(2) refine the penalty functions used;

(3) improve HEC-PRM’s user interface;

(4) make technical improvements to HEC-PRM,;
(5) complete additional Phase II analyses; and
(6) transfer developed technology to MRD staff.

Each of these proposals is summarized herein, and the progress is described.

Model Expansion

Proposed Expansion. Phase I HEC-PRM applications included all six main-stem reservoirs,
but were limited to non-reservoir control points as far downstream as Hermann. For Phase I analyses,
HEC proposed the following expansion:

(1) add St. Louis as a node to enable modeling the effects of the Missouri River reservoir
operation on navigation of the Mississippi River between St. Louis and Cairo, the mouths of
the Missouri and Ohio Rivers, respectively; and

(2) expand the period of analysis to the available period of record.

Accomplishments. The model was successfully expanded to the full hydrologic record:
Hydrologic data files were completed for the full 1898 to 1990 presently-available record. The
software permits choosing all or any selected time window for analysis. The model was successfully
extended by adding a control point for St. Louis and incorporating local flow representing the
Mississippi River above the junction with the Missouri River. A penalty function representing
downstream Mississippi River navigation impacts was applied to flows in the St. Louis-to-Cairo reach
for April through November. This function is shown as Figure 21.

Figure 22 shows total system storage prescribed by HEC-PRM, with and without the St. Louis

penalty function. These results are not significantly different. This indicates that optimal operation of
the system for all other purposes, ignoring navigation at St. Louis, more-or-less satisfies requirements
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Figure 21
St. Louis Navigation Penalty Function
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Figure 22
Total Prescribed Storage for Critical Period with St. Louis Penalty Function
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for navigation flows at St. Louis. Of course, the operation for individual months varies depending on
inclusion of the penalty function. However, HEC-PRM does not consider operation for individual
months without reference to the long-term impact. This is illustrated well with Figure 23, flow-
duration functions at St. Louis. The functions are essentially the same with and without the navigation

penalty.
Penalty Function Refinement

Refinement Proposed. The penalty functions used in Phase I were based on the best
currently available data. For Phase II, these functions were to be refined, and functions were to be
added to permit modeling operation for all purposes. As originally proposed, this refinement was to
be undertaken as a task separate from model development. In addition to function refinement,
representation of short-term flood-control operation goals and objectives in the monthly analysis with
HEC-PRM was to be addressed.

Accomplishments. In general, refinement of the penalty functions has lagged behind model
development. Work continues by IWR and MRD staff. The penalty functions required for Phase II
analyses are to be available in early 1992. As a consequence of the delay, final analyses were not
completed as of the publication of this report. This is discussed further subsequently.

The flood-control issue was addressed. In Phase I, no penalty was associated with storing water
in the flood-control pools of the system reservoirs. Instead, HEC-PRM was constrained to prevent use
of the exclusive flood-control pool. HEC explored the following alternatives for analysis with HEC-
PRM:

(1) develop penalty functions to discourage storage in the flood-control zone;

(2) continue to exclude storage from the zone; or

(3) analyze system operation with and without storage permitted in the zone.

Each alternative is described in Appendix A. After considering the pros and cons of each, HEC staff

decided to continue analysis as performed in Phase 1. If HEC-PRM fails to find a solution as a
consequence of these constraints, the constraints can be relaxed, and the model re-run.

User Interface Improvement

Proposed Improvements. Identified targets for improvements to the HEC-PRM user
interface for Phase II were:

(1) automate penalty-function derivation;
(2) improve presentation of results; and

(3) implement a viable user interface for the Phase II analyses commensurate with the time and
resources available.

Accomplishments. A character-based interface was selected and implemented. This interface,
designated MENUPRM, is a shell similar to that employed by HEC for its other PC-based programs.



20UBpPe8dXg senjeA Jo Jusdled
09 0g oy 0e

00000+

000°002

000°‘00g

000'‘00¥

000°00S

uopjound Aeued uonebiaeN UM
000009

ouny Ajjeued uopeBireN INOUHAA

000'00L
SJ0 Ul MO|4 [auuey)

SINoT '1S 1k uoneing-moj4

Figure 23
St. Louis Flow-Duration for Critical Period with St. Louis Navigation Penalty Function
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MENUPRM provides the user easy, consistent access to HEC-PRM and the support programs required.
With MENUPRM, the program user can accomplish the following:

(1) Assign a subdirectory for each study;
(2) Select a study and move to the associated subdirectory;
(3) Select the desired program from those listed and described in Appendix B;

(4) Identify files required to execute the selected program including ASCII input and output
files, ASCII macro and function files, and binary files, such as HEC-DSS files;

(5) List existing files associated with the selected program;

(6) Edit files using the COED editor;

(7) Edit files using the alternate editor, "Blackbeard” from Lahey Computer Systems;
(8) Delete a file;

(9) Execute the selected program;

(10) View the ASCI output from the selected program with the LIST program;

(11) Print the files with the DOS PRINT command; and

(12) Automatically post-process results from HEC-PRM with programs PRMPOST and
MATHPK.

Appendix I describes the purpose of MENUPRM and displays the various menus which are accessible
to the user. It also describes the procedures and sequences of moving through the menus as well as
the required key combinations for performing operations. An example operation is to execute the
selected program by pressing the "Alt-X" key combination.

Results of solution of the network-flow programming representation of the reservoir operation
problem are stored by HEC-PRM with the HEC-DSS. To display the results in a meaningful,
consistent manner, HEC staff selected a set of standard operation reports and developed macros to
produce these with program MATHPK (USACE, 1991e). MATHPK is accessible from the user
interface. Appendix C describes the macros.

HEC-PRM requires the user to specify a single convex and piecewise-linear penalty function for
each system link. To develop this function, the user must pre-process penalty functions developed for
various project purposes. For the Phase I applications, this pre-processing was done using Lotus 123,
DSPLAY, and a number of manual steps. This process was improved substantially with better
interface between the Lotus 123 steps and HEC-DSS file entry. However, further improvements are
desirable.

In addition to the planned activities, modifications were made to MATHPK and program

PRMPOST was written to process model results. These modifications and additional programming
permit convenient period-by-period comparision of HEC-PRM and LO1 results.
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Technical Improvements to HEC-PRM

Proposed Improvements. HEC proposed the following technical improvements to HEC-PRM
for Phase II studies:

(1) the execution time required would be reduced, if feasible; and
(2) an improved algorithm would be implemented for computation of hydropower penalty.

Accomplishments. Significant progress has been made towards reducing execution time. In
addition to various alternatives proposed in the Phase I report, HEC contacted and subsequently
contracted with Prof. Paul Jensen of The University of Texas at Austin to improve the generalized
network solver used in HEC-PRM. Jensen provided an updated FORTRAN-callable solver in May
1991 and reported solution times that were 20-50% of those required by the solver originally
employed (Jensen, 1991a). Subsequently, Jensen further modified the solver to permit rapid re-
optimization after changes in the model (Jensen, 1991b). This modification will be particularly useful
in iteration for estimation of hydropower penalty. Unfortunately, the structure of the updated solver is
significantly different from the original solver, so it has not yet been incorporated fully in HEC-PRM.
However, for interim applications, software was developed to use this solver and alternative solvers
with data transfer via files. With this approach, the network description is written to a file. The
solver reads the file, determines the optimal flows, and writes the solution to a file. This solution file
is read and processed, and the results are stored with HEC-DSS for display and further analysis.

For all applications in the Phase I study, hydropower penalty functions were simplified to express
the penalty as a function of reservoir release only. For Phase II, a hydropower algorithm was
developed to overcome this deficiency. This algorithm is a successive linear programming solution,
based on those proposed in the following references:

Grygier, J.C., and Stedinger, J.R. (1985). "Algorithms for optimizing hydropower system
operation.” Water Resources Research 21(1), 1-10.

Martin, Q.W. (1982). "Multireservoir simulation and optimization model SIM-V," UM-38, Texas
Department of Water Resources, Austin, TX.

Reznicek, K.K., and Simonovic, S.P. (1990). "An improved algorithm for hydropower
optimization.” Water Resources Research 26(2), 189-198.

The algorithm is presented in detail in Appendix D. In summary, the approach is to estimate storage
(head) for each reservoir, solve the resulting linear problem in terms of release, re-compute storage
given the optimal release, and re-iterate if the difference between estimated and computed storage
exceedes a tolerance. Initial tests of the algorithm were made. Final coding of the algorithm and
testing is not yet complete, pending incorporation of the improved network solver.



Phase Il Analysis

Analyses Proposed. For Phase II, HEC proposed to perform three or four analyses of system
operation, in anticipation that MRD staff would request these for their studies. HEC staff expected
that these analyses would represent differing views regarding system operation that would surface
during model development. HEC planned that these analyses would use complete, finalized penalty
functions with a final, Phase II version of HEC-PRM.

Analyses Completed. An MRD request was not received, and the proposed modeling was not
performed. The delay occurred because of unanticipated delays in development of complete penalty
functions

Technology Transfer

Proposed Transfer Activities. HEC proposed the following: (1) prepare a draft user’s
manual; and (2) conduct a workshop on model application for MRD staff.

Accomplishments. A successful workshop was conducted in Davis, CA, on 2-4 December
1991 for MRD staff. The agenda for that course is included as Appendix E. Additional workshop

materials not included in this report are published under separate cover.

The following additional documents were prepared to provide MRD staff with guidance in use of
HEC-PRM and are included as Appendices to this report:

(1) HEC-PRM Pathname Parts, MRD Application. (Appendix G)

(2) HEC-PRM Program Description. (Appendix F)

(3) HEC-PRM Supplemental Programs. (Appendix H)

In addition to these manuals, two internal reports were prepared to document improvements and
modifications to the network solver (Jensen, 1991a,b). Another report is under preparation to provide
guidance in developing operating plans from HEC-PRM results. This report is not scheduled for

completion until after publication of this Phase H report. Preliminary proceedings and findings of this
report were presented in the December 2-4 workshop and are summarized in the next chapter
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Chapter 4

Development of Operation Plans from Analysis Results

As an extension of the Phase II activities, the Hydrologic Engineering Center is reviewing
alternatives to enable recommendation of procedures for developing system operating rules from HEC-
PRM results. This task is necessary to bridge the gap between theory (the prescriptive model) and
practice (the real-world system). The present status and findings of this activity were presented in the
2-4 December 1991 workshop and will be discussed in a future technical report by Prof. Jay Lund,
contractor to the HEC (USACE, 1992). These are summarized briefly herein.

Some Uses of Operations Plans with HEC-PRM Results

There are two potential uses of operating rules developed from HEC-PRM results for the
updating of reservoir control manuals. The first use is to suggest modifications in the rules currently
used to operate a reservoir system. Here, the HEC-PRM results are used to "re-calibrate” existing
operation rules, varying parameters such as minimum pool sizes, the rate at which releases increase
with storage, etc. The second potential use of rules developed from HEC-PRM results is to suggest
new, quantitatively different operating rules for the system. This second use can be used to suggest
near-optimal operating procedures that may be very different from the approach currently used. This
provides a relatively rigorously-derived alternative to modifications to existing operating rules. These
alternatives can then be compared on the basis of more detailed simulation studies.

Approaches to Developing Operations Plans with HEC-PRM Results

There are several general approaches to developing operations plans from optimization model
results. These include intuitive approaches, use of statistical regression, the use of balancing rules
from reservoir operations theory, and mixed simulation-optimization approaches. These are
summarized in Table 4.

In actual practice, a combination of all these approaches, in some mix, has typically been used in
the literature. In any approach taken to develop operation plans from optimization results, the
operation plan suggested by the optimization results should only be viewed as an initial suggestion for
the reservoir system’s operations. The nature of optimization modeling typically requires
simplification of the problem to a significant degree beyond the simplifications made in most system
simulation models. Therefore, any optimization-derived operation plan should be considered subject to
further refinement and testing with the aid of simulation models. In this way, the operation plan from
the optimization results is mainly a "point of departure".

Approach Taken for MRD Application

The HEC-PRM results used in developing preliminary operation rules utilized the full 92-year
hydrologic record for the basin. This long record contained several major drought and flood events
and was assumed to be representative of the range and frequency of conditions that will be
experienced in the future.



Table 4
Alternative Approaches for Developing Operation Rules from HEC-PRM Results

Approach Description

Intuitive This approach relieves on the analyst’s subjective review of HEC-PRM results to
identify patterns in operation. For example, if HEC-PRM consistently prescribes
seasonal drawdown of a given reservoir, the analyst could infer that a good
operating rule for that reservoir would include such seasonal drawdown.

Regression This approach was formally proposed by G.K. Young in 1966 in his paper "Finding
reservoir operating rules”. The approach relies on statistical analysis to identify
any correlation between the optimal releases, as defined by a prescriptive model,
and system inputs and state variables. For example, a regression equation might
be developed to define the optimal monthly reservoir release as a function of
beginning-of-month storage and predicted monthly inflow.

Balancing rules This approach seeks to identify patterns in the prescriptive-model results that are
consistent with theoretical operation rules. These theoretical rules include, for
example, the space rule, the pack rule, and the hedging rule described by Maas, et
al.( 1962).

Mixed simulation Although identified as a separate optimization approach, Lund characterizes this as
a critical component of all approaches. He proposes that any operating rules or
patterns identified be tested with detailed simulation model. This will permit more
detailed review of both the prescriptive model results and the derived operation
rules.

In analyzing the record, an "informal, yet systematic” strategy is used to infer new operating rules
from "optimal" HEC-PRM results. This strategy incorporates some elements of all the approaches
mentioned above and employed a statistical package to quickly display and process results data. First,
the HEC-PRM results were reviewed graphically with time series plots and histograms and with the
use of descriptive statistics, mean monthly storages, minimum storages, mean releases, etc. This
identified consistent and dominant trends in the HEC-PRM results. This first pass was able to identify
near optimal storage levels for each of the lower three reservoirs for each month and identified
minimum storages in all of the system’s reservoirs. These results were very consistent across the 92-
year record. This first pass fixed the annual and over-year operating behavior of the three lower
reservoirs.

A second pass was then made to examine specifically the operation of the upper three reservoirs.
While distinct minimum storages were evidenced for each of these three reservoirs, no simple pattern
of storage or release targets was evidenced in the first pass through the results. The second pass
consisted of the use of several trial regression equations to explain the behavior of the storages and
releases from these reservoirs. These regressions proved largely ineffective. A second, simpler
approach was then taken, plotting the storage in each reservoir against total system storage. This
yielded rather consistent patterns of storage allocation between the three reservoirs as shown in
Figure 24. This second pass then produced allocation rules for total storage between the three large
upper reservoirs.

A third pass was then made to estimate monthly release rules from Gavins Point, based on total
system storage and inflows. With this estimate, total storage can be cumulatively derived and the
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operation of the entire system is then specified.

Finally, a comparison of the operations suggested by HEC-PRM and the current operation plan,
represented by the MRD system simulation model, was made. This pointed out divergences between
HEC-PRM’s suggested operations and current operation plans. Had this been an actual application to
actually suggest new operation plans, a series of follow-up simulation studies would be required.

The process of finding operating rules from the 92-year HEC-PRM results revealed the following
causes for concern, which should be addressed before final HEC-PRM results are created:

1.

It appears that the preliminary penalty functions for flooding in the winter are the same as
those for summer months. This neglects the important role of ice formation on winter
flooding discussed in the current water control manual. The absence of ice-related flooding
penalties drastically changes the within-year operation of the system, retaining within-year
storage much later in the winter. The penalty functions for flooding due to ice formation
are currently under development and will be used in the final HEC-PRM runs.

In comparing the HEC-PRM results with the results from the MRD simulation model, it is
evident that the same hydrologic input was not used as input to the two models. To make
accurate comparisons, the proper versions of depletions and models must be used so that
both programs are analyzing the same level of depletions and that the input is of the same
version as that of the model.

Final work with HEC-PRM to suggest operation plans for the main stem system cannot be
completed until final penalty functions are derived. When these become available, the final 92-year
runs could be made and interpreted for the development of operation plans. From the interpretation of
the initial 92-year run, it appears that this would be possible. However, if one were to develop final
operation plans from HEC-PRM results, the functions would have to be refined and tested by
simulation.
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Chapter 5

Planned Model Improvements and Their Impact on Future Analysis

In calendar year 1992, HEC staff plan improvements to HEC-PRM for other on-going studies.
These improvements include, but are not limited to, the following:

(1) further refinement of the user interface;
(2) integration and testing of the improved network solver; and
(3) implementation and testing of the hydropower algorithm.

The goal is to develop a general-purpose model and software that can be applied on any system. The
current HEC target for public release of the software is 1 January 1993. However, as HEC-PRM is
improved in the interim, updates will be provided to MRD.

User Interface Refinement

The user interface described in Chapter 3 is viewed as an evolving product. Changes to it will
make HEC-PRM easier and more convenient to use by enhancing input data preparation and
streamlining the review of results. Additional capabilities anticipated include improvements to the
method of defining composite penalty functions. These improvements will permit users to analyze
operation options more efficiently in response to proposals by those affected by system operation. No
major change in the overall structure of the analysis package (HEC-PRM coupled with HEC-DSS) is
anticipated. Consequently, changes to the user interface will be "upwardly compatible,” permitting
continued use of previously-developed time series data, penalty functions, and HEC-DSS input data
files.

Improved Network Solver

The existing HEC-PRM network solver will be replaced with the more-efficient solver provided
by Jensen and described in Chapter 3. This should reduce the computation time required for analysis
of any proposed operation goals and objectives. To incorporate the new solver, the FORTRAN code
of HEC-PRM will be restructured as necessary. This restructuring will yield code that is oriented
towards the new solver’s theoretical methodology (primal simplex) as opposed to the 0ld solver’s
theoretical methodology (duval flow augmentation). This will facilitate the efficient replacement of
Jensen’s solver with a even more efficient commercial solver of the same theoretical methodology if it
is deemed necessary.

In addition to the anticipated reduction in execution time due to the improved solver, a reduction
in memory requirement is anticipated. As described in earlier documents (USACE, 1991b), the current
version of HEC-PRM represents nonlinear penalty functions with a piecewise linear approximation.
Each segment of the approximation requires a separate arc of the network. The improved solver uses
a new data structure for storing models with piecewise linear arc costs. This structure requires fewer
arcs to represent the same system. This reduction in memory is offset by the new solver’s requirement
of double precision variables for some solver malrix variables. If it results in a net reduction of
memory requirements, this would enable users to expand the system analyzed, include more control
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points, or optimize for a longer period of time.

Hydropower Algorithm

The hydropower algorithm described in Chapter 3 will be implemented and tested, following
implementation of the improved solver. This algorithm will permit more accurate analysis of system
operation for energy generation, as it will evaluate properly the penalty as a nonlinear function of
storage and release. In the case of the Missouri system, this will yield a "fine tuning” of simulation
results.
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Alternatives for Modeling Flood-Control Operation

Penalty Functions
Description. Penalty functions can be developed to discourage use of
reservoir flood-control storage. These functions would represent as a function
of beginning of month storage, for example, the short-term (within-month) risk
of storing rather than releasing water. These penalties can be compared with
penalties of releasing water, thus evaluating trade-offs in operation.

Single Reservoir or Independent Operation. For a single reservoir or
for a system in which reservoirs are operated independently for flood control, a
flood-control storage penalty function can be developed as follows:

a. Develop a set of hypothetical inflow hydrographs, each with
specified frequency. These hydrographs represent short-term flood
inflow. Route these hydrographs to downstream locations to define
unregulated frequency curves. Compute the damage associated with
each peak. Define a damage-frequency function. Integrate to
compute unregulated expected damage.

b.  For a selected beginning-of-month (BOM) state of flood-control
storage (for example, flood-control pool empty), determine the
downstream damage with each hydrograph if the reservoir is
operated according to existing rules. Determine the corresponding
damage. Develop a damage-probability function. Compute
expected damage. Compare unregulated and regulated damage to
compute expected benefit. Assign the benefit to the corresponding
BOM storage state.

c.  Repeat step b for other selected BOM storage states to develop a
complete function.

This procedure is described in some detail in the following:

Duren, FX., and Beard, L.R. (1972). "Optimizing flood control allocation for
a multipurpose reservoir." Water Resources Bulletin, 8(4), 735-744.

Multiple Reservoir System. Developing flood-control storage functions for
a multiple reservoir system is more complex. In that case, the damage
prevented by one reservoir (and hence, the value of empty storage in that
reservoir) depends on the available storage in other reservoirs and on the
inflows to those reservoirs. Such nonseparable functions cannot be represented
conveniently with a linear model such as HEC-PRM. Possible remedies to this
problem include the following:



a.  Assume all reservoirs in same condition of storage (ie., if one
reservoir flood-control pool is empty, all flood-control pools are
empty). Assume probability of inflows same at all sites (ie., all
reservoirs have n-year flood inflow simultaneously). Perform
computations as above.

b. Assume state of storage and system inflows are independent. Select
a BOM storage state for one reservoir. Generate a large set of
random inflows for system reservoirs, with all other reservoir BOM
storage states selected randomly. Evaluate average damage
prevented and assign to the selected BOM storage state of the
reservoir in question. Repeat for other BOM storage states. Then
repeat for all other reservoirs.

Pros and Cons. This alternative makes a legitimate attempt to value storage
for trade-off analysis. Unfortunately, the methods are not well documented or
understood. Development of the functions as proposed herein is
computationally intensive.

Exclude Storage

Description. In phase I of the Missouri River system, HEC included flow-
related penalty functions to represent damage at downstream control points.
After early runs revealed that the model called for storing significant volumes
in the exclusive flood-control pool, HEC added inviolable constraints to
prohibit use of that storage. In that case, HEC-PRM prescribes only flows and
storages that do not require use of the flood-control space. If HEC-PRM could
not allocate water in some fashion that did not require use of the excluded
storage, it would declare that no solution exists.

Pros and Cons. This alternative is simple. However, it makes no attempt
to value storage for trade-off analysis. Adding constraints to HEC-PRM
assumes that the existing allocation of storage is inviolable. If the flood-
control space is required to manage a large, long duration flood, no feasible
solution will be possible.

Analysis With and Without Storage Permitted

Description. With and without analysis with HEC-PRM permits the analyst
to impute the value of various operation constraints. For example, the analyst
could add constraints to prohibit use of flood-control space in Ft. Peck and re-
analyze system operation. The analyst could then eliminate the constraint and
re-analyze operation. The difference in system penalty is the value of
permitting use of the flood-control space. Many variations on this theme are
possible, including use of a portion of the space, use of space in various
combinations of reservoirs, use in some months only, etc.



Pros and Cons. This alternative also is simple to use. It does make a
legitimate attempt to value storage for trade-off analysis. However, it has the
same problems as excluding storage if storage is required.
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Appendix B

Computer Programs Accessable from MENUPRM






Program

HEC-PRM

PRMPOST

DSSUTL

DSPLAY

MATHPK

DSSPD

RDMATF

RDATAO

DSSTXT

DSSTS

LO1

A\t

COED

Computer Programs Accessable from MENUPRM

Description

This is the prescriptive model. This program formulates and solves the
network-flow programming problem that represents the reservoir operation
problem. The network-flow solver is integrated into this program.

This program post-processes the HEC-PRM results, yielding a table similar in
format to the output of LO1.

This is the HEC-DSS housekeeping program. It permits the user to tabulate,
edit, copy, rename, and delete data stored with the HEC-DSS. It also converts
data to and from ASCI format from HEC-DSS format.

This is the graphing program for data stored with the HEC-DSS. It will graph
both time series and pair-function data.

This program is the equivalent of a spreadsheet for data stored with the HEC-
DSS. It provides extensive capabilities to perform computations with stored
data.

This program allows the user to store paired-function data with the HEC-DSS.
It may be used to enter penalty functions directly for analysis with HEC-PRM.

This program reads the output file created by MRD’s post-processor, V1.EXE,
and stores the results in an HEC-DSS file.

This program read’s MRD’s file DATAQ and stores the data in an HEC-DSS
file.

With this program, the user can store or retrieve text from an HEC-DSS file.

With this program, the user can enter regular-interval time series into a HEC-
DSS file from keyboard or a file.

This is MRD’s long-range-study model. It simulates operation of the six
major reservoirs of the Missouri system for six downstream control points for
15 periods per year.

This is the post-processor for LO1. It provides the user with a menu of system
variables computed for various locations. The user can tabulate or plot these
values.

This is the Corps editor. It permits the user to modify any text file. It is used
to prepare and/or edit the HEC-PRM input file. Through file conversions, it
also may to used to edit data stored with HEC-DSS.



LIST This program permits the user to "browse" an ASCII file on-screen.
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MATHPK Macros for HEC-PRM

Listing of Macros

Description of MATHPK MACIOS . ... ...ttt ettt e neennns C-60
DO PRM .. e e C-63
DO _PRM M .. e C-64
DO_PRMI . e e e e C-64
DO MR . . e e e C-o64
OPEN . e e e e e C-65
OPEN . e C-65
GET TS L e e C-65
MONV AR Y .. e C-66
MONV AR Y L . e e e e e C- 66
MONSAME . ... e e e C-66
CLASSDEF . . it e e e e e e C-67
COUNTLO . e e e et et e et e e ettt e e e e C-o67
RES ST AT .. e e e e C-68
O 1 N P C-68
ST AT e e e C-69
DO _RES . e e e C-70
DO REST . . e e e C-170
DO _RES . . e e c-71
DO RESS . e e e e Cc-72
3 1 C-73
DO P L e e C-73
L K 1 C-73
2 1 C-74
SY S EM . e e e e e C-75
RES _DUR .o i e e e C-76
CP DR . e e e C-76
DURATION ... e e e cC-77
POWER . . e e e e C-78
POWER P .. e C-78
POWERI .. e C-79
POWERI P .. e C-79
FLOW _LOC . . e e e C-80
QL0 T L e C-80



Description of MATHPK Macros

DO_PRM

DO_PRM_M

DO_PRM1

DO_MRD

OPEN1

OPEN

GET_TS

MONVARY

MONVARY1

MONSAME

CLASSDEF

COUNTLO

Master macro to process all reservoirs and control points. If reservoirs
are added or removed, this macro must be modified. There is one line
for every control point and 3 lines for every reservoir. The reservoir
lines are (1) for most information including elevation, flow in both
units, time series penalties, etc., (2) for hydropower energy, and (3) for
hydropower capacity.

Macro similiar to DO_PRM. This acts as a backup.

Macro similar to DO_PRM except this is for a test case of one
reservoir and one control point.

Simpler form of DO_PRM for only some information.

Opens all DSS data files. It assumes that MRD.DSS is the time series
file and PENCMP.DSS is the penalty function file. It calls the more
complex macro OPEN.

Opens all DSS data files, sets the time window, sets the interpolation
paramater to no extrapolation, sets the number of lines of printout to

46, initializes the tabulation file so that all tabulations will start at the
beginning of the file, gets certain parameters like the month number,

the factor to convert cfs to KAF, and sets the printout format for the

month number.

Allows a simple retrieval of time series data and the conversion from
KAF to cfs.

Calculates time series penalties for a parameter when the penalty
functions for all months are stored in one record (pathname). The
penalty function record contains 12 curves, one for each month.

Calculates time series penalties for a parameter when the penalty
function for each month is stored in a separate record (pathname). To
compute penalties for all 12 months of the year, 12 separate functions
must be retrieved.

Calculates time series penalties for a parameter when there is only one
penalty function and it applies to all months of the year.

Computes class intervals for the user given a starting value, ending
value, and an interval. The user must set the pathname parts and units
and then store the class intervals in the DSS data file.

Computes the number of monthly occurances within a year for each

year. The number of occurances is the count of the number of times a
parameter falls below a certain value. Typically used for computing

C-60



RES_STAT

CP_STAT

STATI1

DO_RES

DO_RES1

DO_RES2

DO_RES3

DO_CP

DO_CP1

DO_CP2

DO_CP3

SYSTEM

RES_DUR

the number of months during the year in which a navigation level was
not met.

Computes statistics associated with reservoirs and sets the the units and
curve labels for the statistics variable. This macro calls STATI.

Computes statistics associated with control points and sets the units
and curve labels for the statistics variable. This macro calls STATI.

Computes statistics of an input variable. The statistics include the
minimum, maximum, mean, standard deviation, and the sum.

Primary reservoir macro. It calls the macros DO_RES1, RES_STAT,
DO_RES2, DO_RES3, and RES_DUR. Those macros include getting
storage and flow data, computed time series penalties, computing
statistics, tabulating the results, storing the results in the output DSS
data file, and computing duration statistics.

Gets storage, flows, and the elevation-area-capacity curve. Computes
pool elevation, flow in cfs, and time series penalties.

Sets formats for variables defined in macro DO_RES1 and
RES_STAT, and tabulates the results to the tabulation file defined in
the MENUPRM.

Sets units and pathname parts for variables defined in macro
DO_RESI, and stores the data in the output DSS data file.

Primary control point macro. It calls the macros DO_CP1, CP_STAT,
DO_CP2, DO_CP3, and CP_DUR. Those macros include getting flow
data, computing time series penalties, computing statistics, tabulating
the results, storing the results in the output DSS data file, and
computing duration statistics.

Gets flows and converts them to cfs. Computes time series penalties.

Sets formats for variables defined in macro DO_CP1 and CP_STAT,
and tabulates the results to the tabulation file defined in the
MENUPRM.

Sets units and pathname parts for variables defined in macro DO_CP1,
and stores the data in the output DSS data file.

Computes system paramaters above and including Sioux City. This
macro is not complete as it does not include calculations of
hydropower.

Computes duration parameters at reservoirs. Includes values for
reservoir pool elevation and reservoir release. Calls macro
DURATION.



CP_DUR

DURATION

POWER

POWER_P

POWER1

POWER1_P

FLOW_LOC

Q_LOC1

Computes duration parameters at control points for flow in KAF.
Calls macro DURATION.

Performs duration analysis for some parameter. It includes the number
of hits within each class interval, the accumulated number of hits both
in increasing and decreasing value direction, and computes the percent
values which equal or exceed a given class interval.

Computes hydropower energy and capacity at all reservoirs except
Gavins Point.

Stores hydropower variables defined in macro POWER in output DSS
data file.

Computes the hydropower energy and capacity at Gavins Point.

Stores hydropower variables defined in macro POWERI in the output
DSS data file.

Computes adjusted local incremental inflows at all control points and
reservoirs. It calls macro Q_LOCI.

Computes the adjusted local incremental inflows at all nodes using the
unadjusted inflow, the time varying depletions, and the monthly
varying depletions.



MACRO DO_PRM prm dssfn pf dssfn mpk _dssfn ts_dssfn alternative start_date end date

!RUN OPEN prm dssfn pf dssfn mpk dssfn ts dssfn start date end_date

IRUN DO_RES FTPK FTPK-GARR FTPK-FTPKR FTPKR-GARR ‘alternative’
IRUN POWER FTPK FTPK FTPK~-FTPKR ‘alternative’
IRUN POWER P FTPK FTPK FTPK~FTPKR ‘alternative’

IRUN DO_RES GARR GARR-OAHE GARR-GARRR GARRR-OAHE ’alternative’
IRUN POWER GARR GARR GARR-GARRR ‘alternative’
fRUN POWER P GARR GARR GARR-GARRR 'alternative’

IRUN DO_RES OAHE OAHE-BEND OAHE-OAHER OAHER-BEND ’alternative’
IRUN POWER OAHE OAHE OAHE~OAHER 'alternative’
IRUN POWER_P OAHE OAHE OAHE-OAHER 'alternative’

IRUN DO_RES BEND BEND-FTRA BEND-BENDR BENDR-FTRA 'alternative’
IRUN POWER FTRA BEND BEND-BENDR ‘alternative’
IRUN POWER P FTRA BEND BEND-BENDR ’‘alternative’

IRUN DO_RES FTRA FTRA-~GAPT FTRA-FTRAR FTRAR-GAPT ‘alternative’
IRUN POWER FTRA FTRA FTRA-FTRAR 'alternative’
IRUN POWER_P FTRA FTRA FTRA-FTRAR 'alternative’

IRUN DO_RES GAPT GAPT-SUX GAPT-GAPTR GAPTR-SUX falternative’
IRUN POWER1 GAPT GAPT-GAPTR ’alternative’
IRUN POWERl P GAPT GAPT-GAPTR ’alternative’

IRUN DO_CP SUX-OMA SUX-OMA ‘alternative’
I RUN DO_CP OMA-NCNE OMA-NCNE falternative’
IRUN DO_CP NCNE-MKC NCNE-MKC falternative’
{RUN DO _CP MKC-BNMO MKC-BNMO falternative’
IRUN DO _CP BNMO-HEMO BNMO-HEMO ‘alternative’
IRUN DO_CP HEMO-STIL. HEMO-STL alternative’
IRUN DO_CP STL~-S_SINK STL-S_SINK alternative’

IRUN SYSTEM ‘alternative’

FI
ENDMACRO

@]
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MACRO DO_PRM M prm dssfn pf dssfn mpk dssfn ts_dssfn alternative start date end date

!RUN OPEN prm dssfn pf dssfn mpk dssfn ts_dssfn start date end date

RUN DO_RES FTPK FTPK-GARR FTPK~FTPKR FTPKR-GARR falternative’
{RUN POWER FTPK FTPK FTPK-FTPKR ‘alternative’
!RUN POWER P FTPK FTPK FTPK-FTPKR 'alternative’

IRUN DO _RES GARR GARR-OAHE GARR-OAHER OAHER~OAHE falternative’
!RUN POWER GARR GARR GARR-GARRR ‘alternative’
!RUN POWER P GARR GARR GARR-GARRR ’alternative’

RUN DO_RES OAHE OAHE-~BEND OAHE-OAHER OAHER-BEND falternative’
'RUN POWER CAHE OAHE OAHE-OAHER ’alternative’
'RUN POWER P OAHE OAHE OAHE-OAHER falternative’

!RUN DO_RES BEND BEND-FTRA BEND-BENDR BENDR-FTRA ’alternative’
{RUN POWER FTRA BEND BEND-BENDR 'alternative’
IRUN POWER P FTRA BEND BEND-BENDR ’alternative’

!RUN DO_RES FTRA FTRA-GAPT FTRA-FTRAR FTRAR-GAPT ’alternative’
{RUN POWER FTRA FTRA FTRA-FTRAR ’alternative’
{RUN POWER P FTRA FTRA FTRA-FTRAR ‘alternative’

IRUN DO_RES GAPT GAPT-S5UX GAPT-GAPTR GAPTR-SUX falternative’
IRUN POWER1 GAPT GAPT-GAPTR ‘alternvative’
IRUN POWERl_P GAPT GAPT-GAPTR ’alternative’

!RUN DO CP SUX~-OMA SUX-OMA ’alternative’

IRUN DO CP OMA-NCNE OMA-NCNE ’alternative’

IRUN DO CP NCNE-MKC NCNE-MKC ‘alternative’

IRUN DO CP MKC-BNMO MKC-BNMO ’alternative’

{RUN DO _CP BNMO-HEMO BNMO-HEMO falternative’

{RUN DO CP HEMO-STL HEMO-STL ’alternative’

.. TIRUN DO_CP STL-S_SINK STL-S_SINK falternative’

'RUN SYSTEM ‘alternative’

FI
ENDMACRO

MACRO DO_PRM1 prm dssfn pf dssfn mpk dssfn ts_dssfn alternative start_date end date

{RUN OPEN prm dssfn pf dssfn mpk dssfn ts dssfn start date end date
!RUN DO_RES FTPK FTPK-GARR FTPK-FTPKR FTPKR~SUX ‘alternative’ ~
IRUN DO CP SUX-OMA SUX-S SINK ’alternative