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39.1 Introduction
Water resources planning and management engineering is concerned with conceptualizing, designing,
and implementing strategies for delivering water of sufficient quality and quantity to meet societal needs
in a cost-effective manner. Alternatives that can be engineered to accomplish these functions include
development of new water supplies, regulation of natural sources of water, transfer of water over large
distances, and treatment of degraded water so that it can be reused. The challenges for water resources
engineers are: (1) to identify the essential characteristics of a given water resources problem, (2) to identify
feasible alternatives for resolving the problem, (3) to systematically evaluate all feasible alternatives in
terms of the goals and objectives of the decision makers, and (4) to present a clear and concise representation of the trade-offs that exist between various alternatives.

Water Resources Decision Making
Because large-scale planning, development, and management of water resource systems generally take
place in the public sector, the individual responsible for making decisions about, or selecting from, a set
of development alternatives is usually not the engineer(s) who perform the technical analyses related to
the given problem domain. The decision-making topology is rather more like that presented in Fig. 39.1.
At the top of the topology is the decision maker, usually an elected official or his or her appointee. This
individual assumes the responsibility for selecting a course of action that best achieves the goals and
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FIGURE 39.1 The water resources engineer uses a wide range of analytical tools and techniques to identify and
evaluate alternative development plans and management strategies. The selection of a particular project or plan from
a set of alternatives identified by the engineer is the responsibility of the decision maker.

objectives of his or her constituency. During the course of the decision-making process, the decision
maker interacts with other interested parties, such as local, state, and federal government agencies; nongovernmental organizations and groups; industry; and individuals.
At the bottom of the hierarchy are all data that pertain to the problem domain, including hydrologic
data, economic and other cost data, demographic and historic data, and information about relevant
structural and management technologies. The water resources engineer selects, from a wide range of
modeling and analysis technologies, those that can best evaluate these data and provide the decision
maker with information about the trade-offs that exist among and between multiple and conflicting
management objectives. In addition, the water resources engineer may interact with other interested
parties, including social scientists, economists, and environmentalists, to ensure a comprehensive consideration of the system and its impacts. Consequently, the water resource systems analyst must be skilled
in problem identification; proficient in the use of different modeling methods and technologies; and
willing and able to interact with technical, and non-technical managers and decision makers.
Comprehensive water resource, planning and management is generally conducted in several separate
but related phases requiring input from a wide range of specialists including urban and regional planners,
economists and financial planners, government agency personnel, citizen groups, architects, sociologists,
real estate agents, civil engineers, hydrologists, and environmental specialists. The National Environmental Policy Act of 1969 (NEPA) requires the preparation of an environmental impact statement for every
major federal action (program, project, on licensing action) “significantly” affecting the quality of the
human environment. Most water projects fall under this legislation and most states have prepared regional
guidelines for complying with NEPA. Special-purpose developments often require the assistance of
specialists from disciplines such as soil scientists, agricultural specialists, crop experts, computer specialists, and legal experts. These individuals are involved in one or more of several planning and management
phases
•
•
•
•
•
•
•

Establishment of project goals and objectives
Collection of relevant data
Identification of feasible best-compromise alternative solutions
Preliminary impact assessment
Formulation of recommendation(s)
Implementation (detailed structural design, construction, and/or policy implementation)
Operation, management, and sustainment

Because most large-scale water resources projects involve many different constituencies having different
goals and objectives, a multiobjective perspective through this process is essential. Consider, for example,
the problem of developing an operating strategy for a large multipurpose reservoir designed to provide
water for irrigated agriculture, municipal and industrial water supply, water-based recreation, and power
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generation (see Chapter 37 for a comprehensive discussion of water resource structures). The reservoir
may also be a critical component in a regional flood control program. The decision maker in this context
might be a regional water authority which reports to a state water agency or to the state governor. Clearly,
the decision maker has responsibilities to a range of constituencies that might include the citizens at
large, industry special interest groups, the environment and future generations, and perhaps a present
political administration. The operating strategy that best meets the needs of one interest may prove
disastrous for another. (For a thorough discussion of multiple and conflicting objectives in water resources
planning and management, see Cohon and Rothley, 1997; Goodman, 1984; and Linsley et al., 1992.) The
selection among alternatives is thus the responsibility of the decision maker who represents these groups.
The role of the engineering analyst is to develop a clear and concise documentation of feasible alternatives.
The focus of this chapter is the use of analytical engineering management tools and techniques for
developing these alternatives.

Water Resources Modeling
The main tool of the water resources engineer is the computer model, which can be classified by:
(1) structure and function (optimization or simulation), (2) degree of uncertainty in system inputs
(deterministic or stochastic), (3) level of fluctuation in economic or environmental conditions being
modeled (static or dynamic), (4) distribution of model data (lumped or distributed), and (5) type of
decision to be made (investment or operations/management). Each model configuration has inherent
strengths and weaknesses, and each has its proper role in water resources planning. The challenge for
the water resources engineer is not to determine which is better, but which is most appropriate for a
particular situation given available resources including time, money, computer capability, and data.

Optimization vs. Simulation Models
A variety of water resources management and planning models can be formulated and solved as optimization models. Optimization models have the following general structure:
Optimize Z = f ( x1 , x 2 , º, x n )

(39.1)

g1 ( x1 , x 2 , º, x n ) £ b1

(39.2)

g 2 ( x1 , x 2 , º, x n ) £ b2

(39.3)

Subject to:

…
…
g m ( x1 , x 2 , º, x n ) £ bm

(39.4)

xj ≥ 0

(39.5)

j = 1, 2, º, J

Equation (39.1) is called the objective function and is specified as a mathematical criterion for
measuring the ‘goodness’ of any given solution. The objective function is a function of a set of non-negative variables known as decision variables (x1, x2, …, xn), which typically represent the choices available
to the decision makers. The optimal solution to the optimization model is the set of values of the decision
variables that provides the “best” (e.g., maximum or minimum) value for the objective function.
The quality of the solution as measured by the objective function is constrained by a set of equations,
appropriately called constraint equations or constraints — Eqs. (39.2–39.4) above. The constraints
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represent all the real-life restrictions on the values of the decision variables. The functions g1, g2, … gm
depend on the values of the decision variables, and are restricted to be less-than-or-equal-to a set of
constants b1, b2,…, bm . This is the typical presentation of an optimization model; however, equalities and
greater-than-or-equal-to inequalities in the constraints are allowed.
Finally, the optimization model typically includes the requirement that all decision variables are nonnegative — Eq. (39.5). From an engineering management standpoint, decision variables represent those
factors of a problem over which the engineer has control, such as the amount of resource to allocate to
a particular activity the appropriate size of a component of a structure, the time at which something
should begin, or cost that should be charged for a service. Clearly negative values for such things have
no physical meaning. However, if there are decision variables that should be allowed to take on negative
values, then this can be accommodated within an optimization model.
If a water resources planning or management model can be constructed to adhere to the rigid structure
of the optimization model, a variety of solution methodologies are available to solve them [Hillier and
Lieberman, 1990; Sofer and Nash, 1995]. These techniques are continuously improving in scale and
efficiency with the ongoing improvements in information technology (e.g., object oriented programming,
increasing computational speeds of computer processors). New techniques such as artificial neural networks, or evolutionary computing — an offshoot of artificial intelligence — are offering an even greater
range of solution options (e.g., Wardlaw and Sharif, 1997).
Undoubtedly the most widely used analytical procedure employed in the area of water resources
systems engineering is simulation (or descriptive) modeling. The main characteristics of this modeling
methodology are: (1) problem complexities can be incorporated into the model at virtually any level of
abstraction deemed appropriate by the model designer or user (in contrast to the more rigid structure
required by optimization models), and (2) the model results do not inherently represent good solutions
to engineering problems. These models reflect the structure and function of the system being modeled
and do not attempt to suggest changes in design or configuration towards improving a given scenario.
Simulation models may be time or event sequenced. In time-sequenced simulation, time is represented
as a series of discrete time steps (t = 0, 1, 2,…, N) of an appropriate length perhaps hours, days, weeks,
or months depending on the system being modeled. At the end of each time period t all model parameters
would be updated (recomputed) resulting in a new system state at the beginning of time step t + 1. The
relationships among and between model parameters may be deterministic or stochastic through this
updating process, again depending on the design of the system and the level of abstraction assumed by
the model. Model inputs, both initially and throughout the simulation, may follow parameter distributions as discussed in the previous section or may be input from external sources such as monitoring
instrumentation or databases.
Models that simulate physical or economic water resource systems can also be event sequenced, wherein
the model is designed to simulate specific events or their impacts whenever they occur. These events
might be input as deterministic or stochastic events or they might be triggered by the conditions of the
system. In any case, the model responds to these events as they occur regardless of their timing relative
to simulated real time. Regardless of the treatment of time through the simulation process, these models
can be either deterministic or stochastic.
With increasingly powerful computer technology, extremely complicated simulation models can be
developed that emulate reality to increasingly high levels of accuracy. Very complicated systems can be
modeled through many time steps and these models can be “exercised” heavily (can be run many times
with different parameter settings and/or data inputs) to understand the system being modeled better. A
number of commercial vendors market simulation systems that can be used to design and develop
simulation models.
Historically, optimization models have been used as screening models in water resources planning and
management analyses. The gross level of abstraction required to “fit’ a particular problem to this rigid
structure, coupled with the heavy computational burden required to solve these models, precluded the
construction of large and accurate systems representation. Once a general solution strategy or set of
alternatives was identified, simulation models could be constructed for purposes of more detailed analysis
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and “what-if ” -type analyses. With the advent of increasingly powerful computing capability there is a
much tighter integration of these and other modeling technologies.

Deterministic vs. Stochastic Models
Water resources models can also be classified by the Ievel of uncertainty that is present in model
parameters and hydrologic inputs. A model is said to be deterministic if all input parameters and expected
future unregulated streamflows and other time series are assumed to be known with certainty and defined
specifically within model constraint equations. If, on the other hand, only the probability distributions
of these streamflows are assumed to be known within the model, the model is said to be stochastic (see
Chapter 31 for a more complete discussion of statistical hydrologic analysis).
Both optimization and simulation models can be either deterministic or stochastic. Stochastic models
are generally more complex than deterministic models, having more variables and constraints or limiting
conditions. But deterministic models, having parameters and inputs based on average values over potentially long time periods, are usually optimistic; system benefits are usually overestimated, while costs and
system losses are generally underestimated. If sufficient information and computational resources are
available, stochastic models (either optimization or simulation) are generally superior (Loucks et al.,
1981).

Static vs. Dynamic Models
Models vary in the manner in which changes to model parameters occur over time. In a particular
watershed, for example, while actual or predicted streamflows might vary over time, the probability
distribution for the streamflows may not change appreciably from one year to the next, and may thus
be considered static within the corresponding model. Dynamic models, on the other hand, assume
changing conditions over time and attempt to incorporate such changes into the analyses being conducted
(e.g., climate change models [Lane et al., 1999; Lettenmaier et al., 1999]). Dynamic models tend to be
more complex and require more computational effort to solve, but usually provide more accurate results,
assuming that adequate data are available to calibrate the models appropriately; this is particularly true
for investment models. Static models can be significantly larger in scope. Models may be static in terms
of some factors (e.g., physical characteristics) but dynamic in terms of others (e.g., economies).

Investment vs. Operations/Management Models
Models may also be classified in terms of the time frame within which the analysis is being performed
and for which the resulting decision will be made. Long-term decisions dealing with selecting investment
strategies including things like physical changes to facilities (reservoir capacity expansion or hydroelectric
facility development, for example) are characteristically different from short-term decisions, such as
determining the appropriate reservoir release at a particular point in time. Models used to develop
operating or management strategies for a water resource system can generally be more detailed than
those designed to recommend longer-term investment decisions, which frequently consider actions taken
over multiple time periods.

Lumped vs. Distributed Data Models
Lumped data models are those that assume single values (e.g., average monthly rainfall or average
hydraulic conductivity for a 1 km2 area) for parameters that might be represented better with a finer
discretization of space or time. Distributed data models use a finer resolution of parameters through
time or space (e.g., daily rainfall or hydraulic conductivity for each 100 m2 area) to represent the same
system. Clearly, distributed data models require considerably more data and probably computational
effort while potentially providing a much more realistic representation of the physical system being
studied. Lumped parameter models are generally much more efficient to solve and may be appropriate
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in cases where insufficient or incomplete data sources are available. With the explosive growth in the use
of geographic information systems and corresponding availability of spatial data, distributed data models
are becoming much more popular, at least within the research arena [Maidment, 1993].

39.2 Evaluation of Management Alternatives
For any given water resources problem, an alternative may be represented as a set of investment decisions,
each having a specific time-stream of costs and benefits. The level of each investment is a variable, the
best value of which depends on the values of other variables and the goals and objectives of the decision
maker. Hence, each alternative may have many impacts that result in numerous economic gains and
losses (benefits and costs) that occur at different times, different locations, and accrue to different
individuals or groups. The evaluation of the gains and losses associated with any particular alternative
may be complex. However, without this analysis, the selection of the best alternative will be impossible.
The questions that must be considered systematically by the water resources engineer in providing
meaningful guidance to the decision maker are: (1) how should each variable be evaluated economically?
(2) what is the set of values for these variables such that the resulting alternative best satisfies a given
objective? and (3) what is the best set of alternatives, and how can one be assured that there are no better
alternatives? A number of proven modeling techniques are available to address these questions.
Consider a set of alternate water resources projects P consisting of individual projects pŒP. Each project
may be specified as a set of values for a discrete number of decision variables x pj , j = 1, 2, …, np . Each
project is fully specified by a vector of these decision variables and their values, represented by Xp . A
common goal of water managers is to identify that plan which maximizes net benefits (NB):
Maximize

Â NB( Xp)

(39.6)

p ŒP

When the benefits (or costs) of a particular project alternative are most properly evaluated in economic
terms, the value of a particular investment component of any given project depends at least in part on
the timing of that particular investment. Because different water resources investment alternatives may
have different useful lives, it is important that they be compared using a common framework. While a
comprehensive treatment of engineering economic analysis is beyond the scope of this handbook, a brief
outline of an approach to valuing alternatives is offered. Basic understanding of the time value of money,
as well as finance principles, is important in an overall analysis of complex investment strategies. The
interested reader is referred to Jenkins et al. [2001]; Blanchard and Fabrycky [1990]; Fabrycky and
Blanchard [1991]; Grant et al. [1990]; and White et al. [1989] for additional information on performing
comprehensive engineering economic analysis.
Discount factors are used to determine the value of a particular investment over time.
Let

PV = the present value of an amount of money (principal)
FV = the future value of an amount (or value) of money,
i = the interest rate each period, and
n = the life (in periods) of the investment.

Given an investment at the present time, the future value of that investment n time periods into the
future is given by the single-payment, compound-amount factor
FV = PV(1 + i )

n

(39.7)

The present value of costs (or benefits) resulting from some future payment is computed using the
reciprocal of this factor, which is referred to as the single-payment, present-worth factor:
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PV = FV(1 + i )

-n

(39.8)

Suppose that a particular investment (water resources project, for example) is anticipated to return a
stream of future net benefits NBt over T discrete time periods, t = 1, 2, …,T. The present value of this
stream of benefits is computed:
T

PV =

Â NB (1 + i)

-t

t

(39.9)

t =1

It is also possible to represent the present value of net benefits (PV) of a project as an equivalent
uniform or constant stream of net benefits over a horizon of T periods. Let A equal a constant amount
of money each period. Then,
A = PV * CR

(39.10)

where CR is the capital recovery factor defined as:

[

CR = i(1 + i )

T

] [(1 + i) - 1]
T

(39.11)

As a supplement to using present value of net benefits as a criterion to evaluate projects, the computation of a benefit-cost ratio — present value of benefits (PVB) divided by present value of costs (PVC) —
is often used to perform preliminary screening of alternatives:
B C = PVB PVC

(39.12)

Alternatives having a benefit-cost ratio less than 1.0 should be removed from further consideration.
However, because costs are typically easier to identify and estimate, care should be used in itemizing and
valuing project benefits for this purpose.
For public investments, the appropriate interest rate to be used in comparing projects is a matter of
public record and is based on the average yield on federal government bonds having approximately the
same maturity period, the economically useful life of the project being evaluated [Water Resources
Development Act of 1974 (P.L. 9302511)]. The assumption of a constant interest rate is standard practice
for these types of investments. A comprehensive discussion of inflationary considerations in project
evaluation is presented in Hanke et al. [1975].

39.3 Water Quantity Management Modeling
Among the largest public investments are those designed to stabilize the flow of water in rivers and
streams. A stream that may carry little or no water during a significant portion of the year may experience
extremely large (perhaps damaging) flows during peak periods. A storage reservoir may be employed to
retain water from these peak flow periods for conservation use during low-flow periods (water supply,
low-flow augmentation for environmental protection, irrigation, power production, navigation, recreation, etc.) or to contain peak flows for purposes of reducing downstream flood damage (flood control).
In this section, methods for managing surface-water quantity pursuant to the development of comprehensive management alternatives are presented.
The management of a reservoir or system of reservoirs is achieved through a set of operating rules,
that govern releases from the reservoir as a function of such things as inflows into the impoundment,
demand for water, storage volumes, and reservoir elevations. Design of the reservoir storage volume, the
spillway, and other reservoir components depends on these rules.
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FIGURE 39.2 Schematic cross section of a typical reservoir system showing the relative location of different storage
types.

Deterministic Reservoir Models
While there is always a significant amount of uncertainty in any hydrologic system, preliminary analysis of
alternatives may be accomplished using deterministic models — models that do not explicitly consider
uncertainty in hydrologic variables. Deterministic methods are particularly useful as screening models, which
can identify alternatives for further analyses using more complete and thorough system representations.

Reservoir Storage Requirements
The factors that determine the extent to which streamflows can be stored for future use are: (1) the
capacity of the impoundment, and (2) the manner in which the reservoir is operated. It is important to
realize that the use of a reservoir to manage streamflows will necessarily result in a net loss of total water
due to evaporation and seepage. Only if the benefits of regulation will be greater than these losses should
a reservoir be utilized. Thus, the main goal of storage-reservoir design is a thorough analysis of the
relationship between firm yield — the maximum quantity of flow that can be guaranteed with high
reliability at a given site along a stream at all times — and reservoir capacity.
The impoundment behind a reservoir consists of three components (Fig. 39.2): (1) dead storage —
that volume used for sediment control and retention of a permanent pool; (2) active storage — that
volume used to meet water demands such as water supply irrigation, conservation, recreation, and power
production (head); and (3) flood control storage — that volume of the reservoir reserved to contain
flood flows, thereby protecting downstream assets. The determination of reservoir capacity and operating
strategy should consider all three storage components with a goal of achieving a least-cost design strategy
(total storage volume) that satisfies a predetermined set of operational constraints.
A variety of methods are available for performing these analyses including the mass diagram analysis
[Rippl 1883; Fair et al., 1966], which finds the maximum positive cumulative difference between a
sequence of specified reservoir releases and known historical (or simulated) inflows; the sequent peak
procedure [Thomas and Fiering, 1963], which is a bit less cumbersome than the mass diagram method;
and a variety of optimization methods [see, for example, Yeh, 1982], which can consider multiple reservoir
systems.
The optimization methods incorporate mass balance constraints of the following form:
STt +1 = STt + PPt + QFt - RRt - EVt
where

STt = storage volume in the reservoir at the beginning of time period t
PPt = precipitation volume on the reservoir during time period t
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QFt = reservoir inflow volume during time period t
RRt = reservoir release volume during time period t
EVt = evaporation volume from the reservoir during time period t
Defining Ka as the minimum active storage capacity of the reservoir for a specified firm yield release
level R* the optimization model, with variables on the left-hand-sides of the constraints and known
quantities on the right-hand-sides is:
minimize K a

(39.14)

subject to:
conservation of mass in each period
STt +1 - STt + Rt = - R * + PPt + QFt - EVt

t = 1, 2, º, T

(39.15)

reservoir capacity cannot be exceeded:
STt - K a £ 0

t = 1, 2, º, T + 1

(39.16)

storage and release volumes cannot be negative.
STt ≥ 0
Rt ≥ 0

t = 1, 2, º, T + 1
t = 1, 2, º, T

(39.17)

where Rt is the volume released in period t in excess of the firm release R*.
The model can be solved to find optimal values for Ka, St , and Rt , and can be solved repeatedly with
different values of R* to find the relationship (trade-off) between minimum reservoir storage and firm
yield. This is a deterministic model that uses a particular sequence of streamflows and the estimates of
required storage volume are dependent on the adequacy of this streamflow sequence to represent the
actual stochastic nature of the streamflows. In addition, because the entire sequence of streamflows is
assumed to be known in advance as far as the optimization model is concerned, the results may be less
conservative than expected.

Flood Control Planning
Prevention (or mitigation) of damage due to flooding may be achieved by: (1) containing excess streamflow in upstream reservoirs, or (2) confining the excess flow within a channel using levees, flood walls,
or closed conduits. Flood flows generally occur during certain periods of the year and last for relatively
short periods. The likelihood of a flood event of a given magnitude is described by its return period: the
average interval in years between the occurrence of a flood of a specified magnitude and an equal or
larger flood.
The probability that a T-year flood will be exceeded in any given year is 1/T. Let PQ be a random
annual peak flood flow and PQT a particular peak flood flow having a return period of T years. Then
the probability of PQ equaling or exceeding PQT is given by:

[

]

Pr PQ ≥ PQT = 1 T

(39.18)

]

(39.19)

For continuous distributions

[

Pr PQ ≥ PQT = 1 - FPQ (PQT )
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TABLE 39.1 Reservoir Operation Priorities in HEC-5
Condition
During flooding at downstream location
If primary power releases can be made
without increasing flooding downstream
During flooding at downstream location
If minimum desired flows can be made
without increasing flooding downstream
If minimum required flows can be made
without increasing flooding downstream
Diversions from reservoirs (except when
diversion is a function of storage)

Normal Priority

Optional Priority

No release for power requirements
Release down to top of buffered pool

Release for primary power
Release down to top of inactive
pool (level 1)
Release minimum desired flow
Same as normal

No releases for minimum flow
Release minimum flow between top of
conservation and top of buffered pool
Release minimum flow between top of
conservation and top of inactive pool
Divert down to top of buffered pool

Same as normal
Divert down to top of inactive
pool (level 1)

Source: US Army Corps of Engineers, 1982.

Or
FPQ (PQT ) = 1 - (1 T )

(39.20)

where FPQ(PQT) is the cumulative distribution function of annual peak flows.
The peak flow at any potential damage site resulting from a flood of return period T will be some
function of the upstream reservoir flood storage capacity Kf and the reservoir operating policy:

( )

PQT = fT K f

(39.21)

By assuming a reservoir operating policy for flood flow releases and using an appropriate flood routing
simulation model, the function fT (Kf ) can be defined by routing different floods through the reservoir
using different storage capacities Kf . Damage functions can then be derived using field surveys at potential
damage sites [James and Lee, 1971].
As an alternative to containing peak flows in upstream reservoirs in order to protect downstream sites,
channel modifications at the potential damage sites can be implemented. Frequently, combinations of
upstream containment and at-site improvements are considered.
In addition, a number of nonstructural measures have been adopted to reduce the impact of flooding
[Johnson, 1977]. Nonstructural measures include moving people and damagable facilities out of the
flood plain, thereby incurring the costs of relocation but reducing the losses of flooding.
If cost functions can be assumed for various improvement alternatives — structural and nonstructural,
optimization models can be constructed to identify least-cost options for improvements or for determining optimal strategies using benefit-cost analyses [Loucks et al., 1981].
Among the most widely used reservoir simulation models is the U.S. Army Corps of Engineers Hydrologic Engineering Center HEC-5 program [U.S. Army COE 1982]. This model was developed to assist in
the analysis of multipurpose, multireservoir systems, and contains routines to model flood control operation (including the computation of expected annual damages), determination of firm yield, hydropower
systems simulation, multiple-purpose multiple-reservoir system operation and analysis, and simulation
of pumped-storage projects. The model incorporates an operating priority as set forth in Table 39.1.

Water Supply Objectives
The model, discussed above may explicitly consider the net benefits that would result from the provision
of water for domestic, commercial, and industrial water supplies, as well as supplies for irrigation and
other agricultural uses. Nonagricultural water users generally base their investments on the availability
of firm water yields because of the importance of the water input. A benefit function can be incorporated
directly into the model (usually as an objective function in an optimization model), provided that the
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expected net benefit of some specified target allocation can be assumed. Constraints are included to
ensure that the allocation to meet demand in any period not exceed the available yield at that time and
location. For those water uses for which economic benefit/loss data are available, constraints specifying
minimum acceptable allocations can be used.
Analysis of agricultural investments is generally more activity-specific than for nonagricultural users
of water and should thus consider additional input factors such as the availability of capital, labor, and
seasonal availability of water. Frequently, a detailed model is used for each irrigation site within a region
or watershed and may contain detailed information about soil types, cropping patterns, rainfall and
runoff profiles, variation in crop yield as a function of water allocation, and perhaps market crop pricing.
In cases where detailed irrigation analyses are not possible, a general benefit function may be assumed
and incorporated into the planning model. A more complete discussion of the factors to be included in
the analysis of water use for irrigation may be found in Chapter 14 of Linsley et al. [1992].

Power Production Objectives
The potential for power production at a reservoir site depends on the flow rate of water that can pass
through generation turbines and the potential head available. Power plant capacity is the maximum
power that can be generated under normal head at full flow, while firm power is the amount of power
that can be sustained, available 100% of the time. Firm energy is the energy produced with the plant
operating at the level of firm power. Power that is generated in excess of firm power is called secondary
or interruptible power.
The problem of determining reservoir storage sufficient to produce a specified firm energy (or some
surrogate benefit function) is similar to that of determining firm yield but, because firm energy, flow
rate, gross head, and storage are nonlinearly related, it is more difficult to estimate. Nonlinear optimization models and, in some cases, mass curve analysis, may be used to estimate the minimum storage
necessary to provide a given firm yield. More common linear optimization models may be used to analyze
hydropower potential: typically, a value of head is assumed, thereby linearizing the power equations; the
resulting optimization model is solved; and the actual heads are compared to the assumed values.
Adjustment of the assumed values can be made if the discrepancy is too large, and the process is repeated.
Simulation models may also be used to evaluate power potential, but they require an explicit specification
of the operating rules for the reservoir. A more complete discussion of the use of optimization models
to size and control hydropower reservoirs can be found in Major and Lenton [1979]; Loucks et al. [1981];
and Mays and Tung [1992].

Flow Augmentation and Navigation
It is often desirable to use water stored in a reservoir to augment downstream flows for instream uses
such as natural habitat protection, recreation, navigation, and general water quality considerations. Not
only is the volume of flow important, but the regulation of water temperature and other quality characteristics may also be of concern. Dilution of wastewater or runoff such as from agricultural sources is
another potential objective of reservoir management. Assuming that appropriate target values can be
established for flow augmentation during different times of the year, these considerations may readily
be incorporated into simulation and optimization models used for developing reservoir-operating strategies. By constraining the appropriate streamflow yields at a specific time and location to be no less than
some minimal acceptable value, it is possible to estimate the degradation in the resulting value of the
objective function (or quantifiable net benefits) that would result from such a policy.

Real-Time Operations
Long-term operation, and planning models attempt to address questions such as: how large should the
storage volume (reservoir) be? what type, and capacities of turbine, would be best for hydroelectric energy
production? and how much freeboard should be allocated for flood control? Many long-term operations
© 2003 by CRC Press LLC

39-12

The Civil Engineering Handbook, Second Edition

and planning models are based on a time scale of months or seasons (and sometimes, weeks), so that
any operating rules from these models serve as guides to real-time operations but do not well define the
operating policy to be followed in the short term.
Real-time operations models attempt to answer the question of how best to operate a reservoir or
water control system in the short term (perhaps hours or days), using the existing physical system.
Real-time operations models can have all of the model characteristics already described but they typically
differ because: (1) they have a short time horizon (days, or weeks compared to years); and (2) they are
used repeatedly. For example, at the beginning of a particular day, the system state — current storages,
anticipated flows for the next week, etc. — is input to the model; the model is solved to determine the
optimal releases to be made during each of the next seven days; the recommended release for today is
actually made and at the beginning of tomorrow, the whole process is repeated with the actual new
system state and forecasts.

System Expansion
The water resources management models discussed thus far have assumed a single (static) planning
horizon with constant parameters (demand, release targets, etc.). More typically, investments of this
magnitude span many years, during which change is continuous. While these models provide reasonable
solutions for a particular future time period, they are not well suited for analyses over multiple time
periods or when multiple stages of development are required. When longer-term planning is required,
dynamic expansion models should be considered. Two types of optimization models are used most
frequently to select an investment sequence: integer programming, and dynamic programming.
The capacity expansion integer program assumes a finite set of expansion investments for each project
site over a finite number of time periods, t = 1, 2, …, T. If the present value of net benefits of each
investment is known as a function of when that investment is undertaken (NBst = net present value of
benefits if investment at site s is undertaken in time period t), then an objective function can be written
to maximize total benefits across all project, during the planning period:
Maximize

Â Â NB
t

st

* X st

(39.22)

s

where Xst = 1, if investment s is undertaken in period t, and 0, otherwise.
Constraints ensuring that each investment can be undertaken only once (or that each must be undertaken exactly once), constraints on total expenditures, and constraints that enforce requirements for
dependencies among investments may also be included if necessary in this capacity expansion model. This
model can also be used to determine the optimal magnitude of a particular investment, such as determining
the optimal net increase in storage to add to a particular reservoir. [Morin, 1973; Loucks et al., 1981].
Integer programs are relatively easy to develop but computationally expensive to solve. In contrast,
dynamic programming is an alternate approach for solving capacity expansion problems, and one that
has become extremely popular among water resources professionals. Dynamic programming is particularly useful for determining strategies for making decisions about a sequence of interrelated activities
(investments) where nonlinearities in the objective function or constraints are present. These models
tend to be more efficient to solve but, because there are only limited commercial solution packages
available for dynamic programs, they may require more time and care to develop [Mays and Tung, 1992;
Esogbue, 1989].

Stochastic Reservoir Modeling
The deterministic modeling approach discussed above is based on an assumed profile of system inputs
(e.g., streamflows). However, the historical record of streamflows upon which these analyses are typically
based may not be sufficiently representative of long-term conditions. In stochastic reservoir modeling,
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available records are considered to be only a sampling of long-term hydrologic processes and are thus
used to estimate the statistical properties of the underlying stochastic process. Two approaches have been
developed to use the resulting stochastic model: (1) incorporate the stochastic model (e.g., a Markov
model of streamflow) directly in an optimization model; and (2) use the stochastic model to generate
synthetic records, which are then used as inputs for a set of deterministic models.
Consider the second option — generating synthetic records that reflect the main statistical properties
of the observed historic flows (mean, standard deviations, first-order correlation coefficients, etc.).
Multiple sets of these streamflow records may then be used in a variety of river basin models. (Synthetic
sequences of other processes are frequently used in river basin simulation modeling, including rainfall,
evaporation, temperature, and economic factors.) There are two basic approaches to synthetic streamflow
generation. If a representative historic record is available, and if streamflow is believed to be a stationary
stochastic process (wherein the main statistical parameters of the process do not change with time), then
a statistical model can be used to generate sequences that reproduce characteristics of that historic record
[Matalas and Wallis, 1976]. For river basins or watersheds that have experienced significant changes in
runoff due to such factors as modified cropping practices, changing land use, urbanization, or major
changes in groundwater resources (see Chapter 32), the assumption of stationarity may not be valid. In
these instances, rainfall runoff models may be useful in generating streamflow sequences that can be used
effectively for water resources engineering [Chow et al., 1988].
The use of synthetic sequences in simulation models is an acceptable way of dealing with uncertainty
in the analysis of water resource planning and management alternatives. Recall, however, that simulation
models are unable to generate optimal alternatives. The optimization modeling methodologies discussed
previously can also incorporate hydrologic variability (and process uncertainties) for solution by the
appropriate optimization algorithms.
The direct incorporation of the stochastic model within an optimization model permits explicit
probabilistic constraints or objectives to be included [Loucks et al., 1981]. One example of this approach
to the incorporation of hydrologic uncertainty into surface-water optimization models is through the
use of chance constraints, which can suggest optimal reservoir size and operating strategy while enforcing
prespecified levels of reliability for release and storage requirements [ReVelle et al., 1969; ReVelle, 1999;
Sniedovich 1980). This technique involves the transformation of probabilistic constraints into their
deterministic equivalents. Here is a probabilistic constraint on storage volumes:

[

]

Pr Smin,t £ STt ≥ a STt

t = 1, 2, º, T

(39.23)

which ensures that the probability of the storage at the beginning of time period t being greater-thanor-equal-to a minimum storage value (Smin,t) will be greater than or equal to some specified reliability
level (aSTt). Similarly, for reservoir release levels:

[

]

Pr Rmin,t £ Rt £ Rmax,t ≥ a Rt

t = 1, 2, º, T

(39.24)

The result is a set of decision rules (often linear) that relate releases from the reservoir to storage,
inflows, and other model decision variables [ReVelle, 1999]. This methodology can be extended to help
determine strategies for planning and operating multiple reservoir systems having multiple water uses.

Water Quality Modeling
The quality of water in a stream, lake, or estuary, or the quality of groundwater is often as important as
the quantity of water available. The range of pollutants of concern (e.g., heavy metals, solids, organics,
heat), water quality indices (e.g., biochemical oxygen demand — BOD, temperature, total suspended
solids — TSS), and specific treatment methodologies are extensive, and are described in the “Environmental Engineering” section and the “Quality of Urban Runoff ” chapter of the Handbook. The impacts
of these pollutants range from negligible to life-threatening.
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The ability to model water quality in the natural environment has improved rapidly over the past
century [see for example, Thomann, 1997]. For example, the Enhanced Stream Water Quality Model
(QUAL2E) from the US Environmental Protection Agency can be used to simulate the major reactions
of benthic and carbonaceous demands, atmospheric reaeration, nutrients, and algal production, and
their effects on the dissolved oxygen balance in well-mixed, dendritic streams. More than a dozen water
quality constituent concentrations can be modeled (www.epa.gov/docs/QUAL2E_WINDOWS).
QUAL2EU is an enhancement of QUAL2E that allows uncertainty analysis to be performed.
Three-dimensional water quality models have also been developed and are in regular use. One example
is the Chesapeake Bay Estuary Model (www.chesapeakebay.net/model.htm) that is three-dimensional and
includes a hydrodynamics submodel as well as a water quality submodel. In addition, the estuary model
is directly linked to a watershed model that predicts inputs to the estuary based on land use and other
factors. It is also linked to an airshed model that predicts inputs to the estuary coming from the
atmosphere. Thus, water quality models can be incorporated directly into larger and more comprehensive
simulation and optimization modeling programs.

Groundwater Modeling
Comparable modeling approaches have been developed and used to solve quantity and quality problems
associated with groundwater. The modeling approaches include optimization and simulation, lumped
and distributed, deterministic and stochastic, and static and dynamic modeling. Further, the coupling
of surface water and groundwater models to represent the actual surface and groundwater systems better
is now routinely considered. For a complete description of these problems and the modeling methods
used to solve them, see Freeze and Cherry [1979], Willis and Yeh [1987] and Delleur [1999].

39.4 Data Considerations
For at least four reasons there is a continuing great deal of interest in the use of spatial data as a framework
for conducting water resources engineering: (1) enormous resources are being expended to collect and
maintain water resources and physical attribute data within a spatial context; (2) there is a clear relationship between physical land features, which are spatially distributed, and hydrologic surface and subsurface
processes [Maidment, 1993]; (3) geographic information systems (GIS) have matured to the point that
they can be used to simulate hydrologic processes [Engel et al., 1993; Englund, 1993]; and (4) the
integration of water resources models, spatial databases, and sophisticated user interfaces has resulted in
the development of powerful (spatial) decision support systems that can be understood and used by
water professionals [Fedra,1993].
Geographic information systems is a technology for storing, manipulating, and displaying geo-spatial
data. While the data manipulation capabilities of GIS are still improving, the computational sophistication
of these systems and the efficiency with which they can store and display data are impressive [Star and
Estes, 1990]. A framework for integration of these spatial databases, traditional lumped parameter data
and contextual information, with specialized water resources models is presented in Fig. 39.3. Physical,
hydrologic, and possibly biological and economic data are represented as attribute maps or “layer” (A1 slope, A2 - soils type, A3 = vegetation, A4 - depth to aquifer, etc., for example). Lumped parameter
information and model parameters might be stated in a database or provided by monitoring instrumentation. The model base might include optimization screening models, or more detailed simulation
models. The user would interact with the models through a graphical user interface that would allow
such options as display of systems status, modification of system parameters and data sets, and display
of model results.
In addition to advances in spatial data management and conventional (simulation and optimization)
modeling technologies, the use of other nonprocedural modeling technologies is also being explored to
improve our understanding of water resource, systems. Though simulation models have become a more
important part of the technology of water resources systems engineering, many well-known and -accepted
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FIGURE 39.3 Functional representation of a spatial decision support system for water resources planning and
management that integrates geo-referenced spatial and non-spatial data, one or more specialized models, and a
custom user interface.

programs have become extremely large and complex precluding the use by inexperienced professionals.
In addition, some system relationships are too poorly understood to be simulated, but may be well
understood (or at least expertly managed or operated) by an individual, who possess special knowledge
and expertise. Expert systems and other techniques from the field of artificial intelligence, such as artificial
neural networks may be used to model water resources systems when such is the case [see, for example
Bender et al., 1993; Fernandez and Naim, 2001; Davis et al., 1990].

Defining Terms
Active storage — The portion of water in a reservoir that is used to meet societal needs, such as for
water supply, irrigation, etc.

Conservation — The confinement of excess flows for future societal use.
Constraints — Functional relationships that limit collective values of decision variables in optimization
models.

Dead storage — The portion of water in a reservoir that is used for sediment collection and retention
of a permanent pool.
Decision variable — An operational or design parameter the value of which is to be determined through
formal analysis (for example reservoir capacity).
Deterministic models — Models whose inputs and parameters are assumed to be known with certainty.
Dynamic models — Models of processes the main characteristics of which are believed to change
significantly over time.
Expansion model — Models that can analyze water resources investments over multiple time or planning horizons.
Firm energy — The energy produced with the plant operating at the level of firm power.
Firm power — The amount of power that can be sustained available 100% of the time.
Firm yield — The largest flow of water that can be provided continuously from a stream or reservoir.
Flood control storage — Portion of volume in a reservoir that is reserved for storing excess flow during
flooding to protect downstream assets.
Future value, FV — The future value of an amount (or value) of money.
Geographic information systems, GIS — Spatial database technology used increasingly for water
resources planning and management.
Gross head — The difference in elevation between the water surface immediately upstream of the
reservoir structure and the elevation of the point where the water enters the turbine.
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HEC-5 — A simulation model developed by the U.S. Army Corps of Engineer, designed to be used in
evaluating multipurpose, multireservoir systems.

Impoundment — The volume of water stored behind a water resources reservoir.
Interest rate, i — The fraction of borrowed capital paid as a fee for the use of that resource.
Interruptible (secondary) power — Power that is generated in excess of firm power; cannot be sustained.
Optimization model — A rigid modeling structure commonly used for water resources planning and
management.

N — The life (in periods) of an economic investment.
NEPA — The National Environmental Policy Act of 1969.
Net benefits, NB — The total value of benefits expected to result from some investment minus total
costs.

Objective function — The function used to evaluate feasible management alternatives.
Operating rules — The policy for operation of a water resource system expressed as a set of management
rules.

Optimization — A modeling procedure that determines the optimal values of the decision variables of
a model.

Plant capacity — The maximum power that can be generated under normal head at full flow.
Present value, PV — The present value of an amount of money (principal).
Return period, T — The average interval in years between the occurrence of a flood of a specified
magnitude and an equal or larger flood.
Rule curve — A guide to reservoir operation typically depicted as a graph showing target storage volume
vs. time of the year.
Simulation — A modeling methodology that is used to describe the structure and function of a system.
The model may be used to find good solution strategies for a variety of management problems.
Static models — Models of processes the major characteristics of which are assumed to not change
significantly ever time.
Stochastic models — Models whose inputs and parameters are assumed to follow specified probability
distributions.
Synthetic record — A streamflow sequence that is generated based an statistical properties from the
historic record of streamflows.
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