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ABSTRACT

The model choice problem in Hydrology is illustrated
by means of the optimum levee design for flat rivers along a
confluence reach. Special attention is given to the selec-
tion of a probability distribution for the joint flood
stages.

The optimality criterion used is the minimization of
construction plus expected flood damage costs. The main
éssumption in the mathematical'model is that the levee
profile is uniquely determined as a function of the levee
heights at the extremes of the reach; thus the problem is
reduced to the determination of the optimum pair of extreme
levee heights. |

The selection of a probability distribution of flood
stages, from a set of distributions estimated from the
partial duration series, is performed using either one of
two selection procedures: 1likelihood of the Chi-square
sfatistic and sample likelihoods. A composite distribution,
taking into account the model uncertainty, is also derived.

The methodology presented is applied to the re-
modeling of the levee on the west bank of the Zagyva River,
in Hungary. A sensitivity analysis is pefformed, using the

best ranking distributions according to the two model choice
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procedures. The composite distribution appears to offer a

reasonable choice.



CHAPTER 1
INTRODUCTION

The problem of determining the optimum levee design
for flat rivers along a confluence reach is presented here,
giving special attention to the selection of the hydrologic

model.

l.1 Summary

After an introductory discussion of flood pro-
tection methods and the uncertainties in engineering design,
the emphasis of the study is focused on the design of levees
in flat rivers and the selection of a bivariate pdf to
synthesize the hydrologic aspects of the system.

Chapter 2 is devoted to the analysis of the
hydraulic, hydrologic, and economic aspects of flood pro-
tection levees in flat rivers, under random backwater
effects. This analysis leads to the statement of the basic
assumptions, and to the definition of the three major compo-
nents of the mathematical model for the determination of
the optimum levee profile. The hydraulic component will
give the water surface corresponding to any valid pair of
water stages at both ends of the levee reach; the hydro-
;ogic component gives the probability of any valid pair of
water stages; finally, the economic component gives the

1



total yearly cost (TYC) for a levee design alternative, as
the sum of the construction cost and the expected flood
damages for that alternative. The interaction between the
major compénents is defined by the goal function. The
exploration of the computational aspects of the goal
function leads to the mathematical expressions that will
finally be used in the implementation of the model.

Chapter 3 deals with the selection of a probability
distribution for the hydrologic submodel. It begins with an
introduction to the model choice problem and its importance,
especially when extreme events are considered. The pdf's
to be used in Chapter 4 are presented next, giving their
functional form énd the equations for parametér estimation.
In the last part of this chapter, two model selection
criteria are presented: 1likelihood of the Chi-square
statistic and sample likelihoods. The use of goodness of
fit tests for a preliminary reduction of the candidate set
is also considered. This chapter is closed with the deriva-
tion of a composite model consisting in the sum of several
probability distributions, weighted by their sample likeli-
hood.

In Chapter 4, the mathematical model defined in
Chapter 2, and the model selection procedures discussed in
Chapter 3 are used to determine the optimal levee profile
for the remodeling.of the existing levee on the west bank

of the Zagyva River in Hungary.



The transformation of raw data into functional
parameters for the hydrahlic and economic submodels is
briefly explained. The implementation of the hydrologic
submodel, by the application of the model choice procedures,
is explained in detail. Next, the computational aspects of
the evaluation of expected losses are studied, and a further
simplification is introduced to the model. 1In the final
sections of Chapter 4, a sensitivity analysis is performed,
using the best ranking pdf's from the model selection part.
The optimum decisions and the total yearly cost surfaces are
presented for five different pdf's. The results lead to the
‘conclusion that, since the model uncertainty can not be
completely resolved, the composite model, that takes into
account the model uncertainty, is perhaps the most appro-
priate, especially since an expected value approach has been

adopted in the definition of the goal function.

1.2 Floods and Flood Control

'Rivers, a very valuable natural resource for
humanity, also produce each year tremendous material damage
and loss of human lives due to floods. Every nation faces,
in relation to its rivers, two simultaneous goals: first,
to derive the mbst benefit from its rivers and, second, to
minimize the damages and losses caused by floods. The
second goal is what is called flood protection. Yevjevich

(1974) summarizes the following methods that can be used,



alone or in combination, to protect a community or any

valuable land against flood damage.

l.

Reduction of the flood peaks by the use of reser-
voirs. The idea is to keep the river flow within
safe limits by storing the excess water in a reser-
voir upstream of the protected area.

Confinement of the flow within predetermined
channels. It consists in building a barrier
parallel to the river channel and between the river
and the perected area. Two types of barriers are
in use: levees, which are earth dikes built with
materials available at the site, and flood walls,
which are masontry or reinforced concrete structures
built paréllel to the river. Levees are widely used
becaﬁse of their low cost. However, since they
require'a large base width, due to their flat side
slopes, the cost of the land occupied by the levee
may become too high in populated areas. In such
case, the use of flood walls could be a more eco-
nomical alternative. To have an idea of the size of
these structures, we cite Van Ornum (1914) who
presents a typical levee cross-section in the
Mississippi River. Such levee is 6.10 m high and
36.58 m wide at the base, with a volume of 125.28
m3/m. The largest embankment on the Tisza River

(Hungary) has a volume of 10.273 m3/m, the same



author reports. The levee reach along the Zagyva
River (Hungary) has a length of 60.4 km (Bogardi,
Duckstein, and Szidarovszky, 1975).

Reduction of the flood stage by increased speed.
The flow speed can be increased by cleaning and
straightening the cﬁannel,

Diversion of flood waters. This method, used by the
Egyptians in the Nile River, consists in flooding a
large, shallow valley to reduce the flood peak
downstream.

Reduction of the runofﬁ by land management. Re-
forestation of the basin provides some storage
capable of regulating smdll runoffs. However, it
is not effective in case of heavy precipitation.
Zoning. It consists in legally restricting the use
of the flood plain.

Evacuation. It proves to be an effective solution
when a warning system is available and the value of
the land does not justify a more expensive form of
protection. It consists in the evacuation of
persons, livestock, and commodities from the
threatened area when there is a certain risk of
flood.

Null alternatives. That is, do nét take any pre-

ventive measure.



Generally, a combination of several of the above
methods is used. In the present work, only the design of

levees will be considered.

1.3 Uncertainties in Engineering Design

Any engineering design is the result of a best com-
promise among physical, economical, social, and legal
factors. 1In the design of a flood protection system, for
example, the input may include: physical constraints
(terrain, strength of materials, flood regime), social re-
quirements (recreational, ecological, risk to human 1life),
economical constraints (costs, damages, budgetary restric-
tions, cash flow, effect on navigation), legal regulations
(federal, state, and city codes), etc. The output consists
in the optimum (under the constraints imposed) combination
of flood protection methods and the engineering specifica-
tibns for each component of the system.

In the input for the design process, the value of
many of the parameters is not certain. Some of them will
change along the lifespan of the project; others will remain
constant but are only known approximately. Several authors,
such as Wood, Rodriguez-Iturbe, and Schaacke (1974) and
Benjamin and Cornell (1970), have classified uncertainty
into: natural, parameter, and model uncertainty. Other
authors go further and also consider: economic, tech-

nological, and strategical uncertainty (Bogardi, 1975;



Duckstein et al., 1975; Duckstein and Simpson, 1975). A

brief review of these uncertainties follows.

1.3.1 Natural Uncertainty

It is associated with the stochastic nature of
complex phenomena. It is preSent, not only in natural
processes, but also in economic, social, and, in general,
all kinds of phenomena that are too complex to be predicted
deterministically (Bogardi, 1975).

To cope with natural uncertainty, it is necessary to
treat the uncertain parameters as random variablesf and a
probability distribution (pdf) must be assigned to the un-
certain design parameters. At this point, the following
ques£ion comes to mind: Should all the uncertain variables
be randomized? Benjamin and Cornell (1970, p. 1) say: "If
the degree of variability is small and if the consequences
of any variability are not significant, the engineer may
choose to ignore it (the uncertainty) by simply assuming
that the variable will be equal to the best available
estimate." Only those variables with a wide variability and
with significant consequences associated with such varia-
tions should be randomized. In flood protection, for
example, the maximum flood peak is a highly uncertain
quantity. Since the degree of protection is very much based
in such value, improper estimation of the maximum flood

peak leads to a considerable extra cost in terms of damages



or over-design. To take into account the natural un-
certainty in the flood peak, the optimum levee height (H¥*)
can be chosen such that minimizes the expected net cost of

the project.

Z(H*) = min[ SL(H,h)f(h)dh + K(H)], (1.1)
H h
where
Z(H) = net cost,
L(H,h) = losses for a flood of height h with levee
height H,
K(H) = construction cost of a levee of height H, and

f(h)dh = pdf of h, the flood level.

1.3.2 Parameter Uncartainty

To account for the natural uﬁcertainty, the
designer adopts a probabilistic model to synthesize the
behavior of the uncertain variable. Then he has to
estimate the parameters of the probabilistic model from a
finite sample. This leads to uncertainty in the distribu-
tion parameters, because of the randomness of the sampling
process, in which different samples will lead to different
parameter estimates for the same phenomenon. This new
source of uncertainty is called parameter or sample un-
certainty. 1In Bayes Decision Theory (BDT), both the natural
and the sample uncertainty are taken into account by using
the expected value of f(h) given the sample, where f(h) is

the pdf of the uncertain variables. In the previous



example, the optimum levee height taking into account the

natural and the sample uncertainty will be H* such that:

Z(H*) = min[/L(H,h)E(h)dh + K(H)], (1.2)
where | #on

£(h)dh = ff(h|a)g(a)da,

a = parameter vector of f(h),:

g(a) = prior pdf of a.

All other parameters and variables were defined earlier

in this section.

1.3.3 Model Uncerfainty

| A theoretical model is "a quantitative description
of a physical phenomenon” (Smallwood, 1968, p. 333). Most
models are unable to exactly mimic the phenomenon under
study. Such mismatch between real and modeled behavior
constitutes in itself a source of uncertainty.

Some phenomena are simple enough to be represented
by a deterministic model, i.e., a more or less complicated
functional relationship between inputs and outputs. However,
most natural and social phenomena are too complex to be
synthesized in a deterministic manner and a probabilistic
approach must be used instead. Essentially, a probabil—
istic model gives the probability of occurrence for each
possible outcome of the real phenomenon.

The choice of a probabilistic model can be based on

theoretical considerations or on empirical observation. For



10
example, it is known that a process resulting from the sum
of many independent causes is related to the normal distri-
bution, and that a lognormal model is more appropriate when
a multiplicative effect instead of an additive one is
present. When the "internal mechanism" of the process is
not known, model choice must be based on empirical observa-
tion, i.e., on the historical records. Very often the
sample size available does not permit a precise discrimina-
tion among several pdf's that could explain a phenomenon.

A typical case is that of hydrological extreme events.
Here, the sample is abundant in realizations close to the
center of the pdf, but very little is known about the tails
of the distribution--the extreme events. 1In Such case, the
modeller may have several pdf's that fit the data.equally
well (or bad). The lack of sample information to choose
the "true" model is an additional source of uncertaiﬁty
associated with probabilistic models.

"In recent years, considerable progress has been
made on the development of statistical procedures for
discrimination among alternative models" (Wood et al., 1974,
p. 231). However, most of the research has been oriented
toward the area of econometrics where the model choice
problem is most often in terms of which variables are to be
included in a regression model. Nevertheless, several
authors, Gaver and Geisel (1974); Atkinson (1970);

Dumonceaux, Antle, and Haas (1972) , among others, have



11
dealt with the model choice among different families of
distributions. The classical or non-Bayesian procedures are
usually oriented toward statistical testing of hypotheses.
The drawbacks of the classical procedures have been pointed
out by Wood et al. (1974). We mention: (1) the need to
compare the models by pairs, (2) the low power of the tests
for small sample sizes, and (3) classical procedures do not
allow the economic assessment of the model uncertainty.
The following statement by Gaver and Geisel (1974, p. 65)
adds one more point to the list:

If a model has a positive probability (of being

the true model), it contributes to our knowledge of

future observations and there is no reason to

neglect this contribution. Procedures that select

one model are thus seen as approximations undertaken

for simplicity of view or ease of computation.
Bayesian proéedures have been applied to model choice in
econometrics by Gaver and Geisel (1974). Smallwood (1968)
presents a Bayésian framework for simultaneous consideration
of several alternate models. Wood et al. (1974) apply
Bayesian procedures to model selection in a flood protection

problem. Further details on model selection will be given

later in the present thesis.

1.3.4 Economic Uncertainty

Economic uncertainty is associated with our lack of
knowledge about the value of economic parameters such as
costs, losses, and benefits. Several authors consider the

economic uncertainty as a part of the model uncertainty. We
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presume this is so because they consider the model as the
whole mathematical entity used to represent the problem.
However, in the case of flood control, for example, the
model has at least three very definite components: the
hydrologic component, the hydraulic component, and the
economic component; not to mention other‘components such as
social, political, ecological, etc. Each one of these
components is subject to the three basic uncertainties:
natural, sample, and model uncertainty. Strictly speaking,
then, when we refer to economic uncertainty, we should imply
the natural, sample, or model uncertainty in the economic
component of a larger model. we did not explore the realms
of economics and econometrics to see what has been done to
cope with uncertainty in economic models. In water re-
sources applications, it is apparent that the three basic
uncertainties have not been fully accounted for in the
economic component of the models.

ECUP, Economic Uncertainty Programming (Szidarovszky
et al., 1976, in press) is a procedure that accounts for
the economic uncertainity (more precisely, the natural un-
certainty in the economics). ECIP is based on the fact that
the loss and cost functions can be estimated oﬁly at
discrete points in the decision space (the height of a
levee for example). It assumes that these discrete points
in the loss and cost functions are distributed as dependent

joint normal variates, where the means are the estimated
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points and the covariance matrix reflects the uncertainty
in such estimates. Monte Carlo simulation is used to
compute the empirical pdf of the optimum design. The use of
the pdf of the optimum design, instead of a unique optimum,
enables the decision maker to consider the uncertainty in-
volved in the selection of the final design value. ECUP
also permits the assessment of the economic uncertainty in
monetary units, i.e., the expected opportunity loss and the
value of perfect information may be easily computed. The
hydrologic component in the mathematical formulation to
compute the optimum design for every set of simulated
economic values can take into account the natural and sample
uncertainty in the hydrologic variables by any of the
methods mentioned here in the previous section.

This concludes a brief review of the uncertainties
in- engineering design. The present work will focus on un-
certainty in the pdf that synthesizes the hydrologic aspects
of the problem. The parameter and the economic uncertain-
ties will not be considered; the natural uncertainty is
implicitly considered by assuming randomness in the

hydrologic aspects of the problem.

1.4 Scope

In the present work, an attempt will be made to
resolve the hydrologic model uncertainty for a realistic

situation. Namely, the optimum levee profile under



14
stochastic flow regime is determined for the levee reach at
the Zagyva River along 60.4 kilometers before its confluence

with the Tisza River, in Hungary.



CHAPTER 2

PROBLEM DEFINITION AND DESCRIPTION
OF THE MODEL

The problem under consideration is the determination
of the optimum levee profile for flood protection along a
confluence reach under random backwater conditions. The
relevant characteristics of the problem are now considered.

The location of the levee near a confluence means
that the water surface curves along the reach will depend on
the flows in the tributary and in the main river, along with
the hydraulic characteristics of the channel and the flood
plain. The latter can be assumed to be known and constant;
the former are essentially of a random nature and must be
treated as such in the decision process. The optimization
aspect of the problem implies the search for the alternative
that maximizes net benefits or, equivalently, that minimizes
construction costs plus losses. Since only the quantifiable
aspects of the problem are considered here, this is an
optimum from the economic viewpoint only. It will have to
be modified prior to its implementation, in order to satisfy
social and political requirements that have not been

included in the model.

15
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2.1 Hydraulic and Structural
Considerations

The fact that the levee is near a confluence com-
plicates somewhat the computation of surface curves due to
the backwater effect. In this case, the water profile not
only depends on the flow in the tributary but also on the
flow in the main river. Assuming'steady flow in both
rivers, the water profile is defined by the differential
equation (Kuiper, 1965): |

dh , udu 2

Q
—_— 4 == = —_— 2.
dx gdx K2(h,x) (2.1)

where x is the horizontal distance from the mouth of the
river, h is the water stage at x, u is the average velocity
through the cross section at x, g is the acceleration of
gravity, Q is the discharge of the tributary, and K(h,x) is
the conveyance of the cross section at x.

The solution of this equation with initial wvalues
(hm,ht) at the extremes of the reach uniquely determines the
water surface curve corresponding to the pair (hm,ht).
Depending on the difference ht - hm’ the water surface curve
can be concave upward (MI or "damping" curve) if (ht - hm)
is less than Dh; or concave downward (MII or "draw down"
curve) if (ht - hm) is greater than or equal to Dh, where

Dh is the altitude difference between the gauges where hm

and ht are measured. The "draw down" curves are associated
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with floods in the tributary, and the "damping" curves with
floods in the main river.

The solution of Equatioﬁ (2.1) is a boundary value
problem. However, since the discharge Q can be expressed as
a function of the water stage at the upper end of the curve
(ht), it can be transformed into an initial value problem.
When the geometry of the channel and the conveyance function,
K(h,x), are both particularly simple, the eguation can be
solved analytically by conventional methods such as power
series (Szidarovszky, 1974), Piccard's iteration, or gquasi-
linearization (Bellman and Kalaba, 1965). In a natural
channel, however, that simplicity is almost never enountered,
and numerical methods must be used. General methods avail-
able include: Runge Kutta methods, linear multistep, pre-
dictor corrector methods (Ralston, 1965), and difference
method (also known as step method) (Szidarovszky, 1954).
There are also specialized graphical methods such as the
Ezra and the Escoffier methods (Henderson, 1966).

For a computer solution of the equation, graphical
methods are ruled out for obvious reasons. The first three
of the general methods above mentioned require the equation
to be expressed in explicit form, and the right hand side of
the (explicit) equation must be evaluated a large number of
times. The step method, consisting in the numerical solu-
tion of the finite difference form of the differential

equation, is computationally simpler than the other methods
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and the points (x) where the function is evaluated can ke
restricted to predetermined cross sections. It appears then
that the step method is the best suited for the solution of
Equation (2.1).

Overtopping occurs when the flood level is higher at
some point than the existing levee. It ;s the most
important mode of failure and the only one to be considered
here. Other modes of levee failure are: water saturation
and loss of soil stability, boils and hydraulic soil
failure, and wave action (Bogardi and Zoltén, 1968). 1In
addition to flood stages, the alternate modes of failure
depend on other flood parameters such as: flood exposure,
duration of the flood wave, and wind. A more detailed model
could take into account these and other aspects of the flood

protection problem.

2.2 Hydrologic Considerations

The hydraulic component of the model will produce
the water profile corresponding to any pair of stages
(hm,ht). If the most adverse pair to occur during the life
span of the project were known, the optimum levee profile
could be easily determined. However, due to the random
nature of the water stages, the most adverse pair cannot be
predicted. It is generally uneconomical to build a levee
capable of standing extremely large (and unlikely) floods.

Instead, a smaller structure is constructed and a certain
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risk of failure is thereby accepted. The degree of risk
involved is a function of the designed capacity of the levee
and the probability of floods that could exceed such
capacity.

The ignorance about future floods is by no means
total. Historical records provide valuable information
about the flood regime and are the basis for the estimation
of probability distributions (pdf's) of flood frequencies
and flood discharges. The most common form of flow records
are periodic stages (annual, daily, etc.) and partial
duration series.  Instead of periodic records of flow
stages, the partial duration series only show stages above a
certain base level b. Such records are, consequently, event
based in nature and automatically condition the type of
probabilistic model that can be obtained, as évent—based
models.

In the case of a confluence, it is natural to expect
some degree of correlation between the discharges (and also
the stages) of the two rivers. Consequently, simultaneous
records are required in order to estimate the joint pdf of
flood stages. Bivariate partial duration series consist of
all pairs (hm,ht) such that either or both stages exceed the
basic levels. The sample space of the bivariate partial

duration series can be defined as follows:

g = {(hm,ﬁt):.hm>bm, .OR. ht>bt}, (2.2)
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and it can be divided into the mutually exclusive and

collectively exhaustive events:

El = {(hm,ht):hm>bm, ht<bt}, (2.3)
E2 = {(hm,ht):hm>bm, ht>bt}' (2.4)
E3 = {(hm,ht):hm<bm, ht>bt}, (2.5)

where bm and bt are the basic flow levels in the main river
and the tributary, respectively. The conditional pdf's of
joint flood stages: fl(hm,htIEl), f2(hm,ht|E2), and
f3(hm,ht|E3), can be estimated from the subsamples cor-
responding to events El, E2, and E3, respectively. Those
édf's completely synthesize the hydrology of the problem for

the purposes of the present study.

2.3 Economic Considerations

The two essential components of any economic enter-
prise, namely, investment and benefits, appear here as
construction (and maintenance) costs and reduction of flood
damages. An economically optimum alternative is sought such
that maximizes the total net benefit or, equivalently,
minimizes total net cost.

It is assumed here that construction cost, as a
function of the levee height, and flood damages, as a
function of the water stage, are available for every cross
section along the reach. Because of its dependence upon

random water stages, the total damage for a given levee
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alternative must also be treated as a random variable.
Different levee alternatives will be compared in terms of
their total expected cost, which is defined as follows

(where the underline denotes vectors):

TEC = C(G) + [ L(g,g)f(g)qg (2.6)

where: P

G is the profile of the levee,

H is the (random) water profile,

f(H) is the pdf of the water profiles,

L(G,H) is the damages caused by a flood H when the

levee profile is G,

C(G) is the yearly construction cost of the levee, and

D is the domain of all possible values of H.
Since the expected damages are expressed on a yearly basis,
the construction cost, which is a "one time" expense, must
also be reduced to a yearly basis. This is done by multi-

plying the initial cost by the discount factor associated

with the life of the project and a chosen interest rate.

2.4 A Model for Optimum Development

As a conclusion from the economics of the problem,

the goal function can be expressed as:

min{C(G) + JL(G,H)£(H)dH}. (2.7)
G D

All the elements of the goal function have been defined in

Equation (2.6).



22

The difficulty in obtaining an analytical expression
for H, the solution of Equation (2.1), dictates the dis-
cretization of the water and levee profiles. H and G will
then represent the n-vectors [gl,gz,...,gn] and [hl'hz""’
hn]’ respectively, where g, or hi are the levee or water
profile heights at the i-th cross section located at a
distance X5 from the confluence.

The goal function adequately synthesizes all the
properties of the model. The decision variables gyr---19,
are the levee heights at the n cross sections; the hydraulic
variables and relations are imbedded in the total loss
function L(G,H); the hydrologic component is present in the
pdf of water profiles; finally, the economics appear in the
cost and loss funétions and in the form of the goal function
itself. The different components of the model will now be

analyzed in detail and finally assembled together into a

complete model.

2.4.1 Construction Cost

Construction cost functions are available for each
cross section. The total building cost for a levee
alternative with profile G is given by:

c(g) =

. cl(gl)r (2.8)
1

1

It 3

where ci(gi) is the construction cost function for cross

section 1i.
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2.4.2 Flood Losses
Flood damage functions are alsQ available for each
cross section. The function 1i(gi’hi) gives the damages

when the levee is overtopped at cross section i. Obviously,

1,(g;/h;) > 0 for h;>g.,
= 0 for h.<9;. (2.9)

It is important to stress the fact that the function li not
only refers to damages in the vicinity of the failure but
to the total area reachable by the flood waters from the
point of failure.

Bogardi et al. (1975) have defined the failure
mechaniém of a levee reach in flat rives as follows. Based
on the assumption that the levee follows its corresponding
water profile (in other words, the water surface curve with
stages 94 and Iy at its extremes), the failure point is
determined as the first overtopped cross section from up-
stream for a flood with a draw down curve; and the first
one from downstream for a flood with a damping curve.

The first assumption is based in the fact that if
there is a section of the levee that is below this "optimum"
profile, the levee will fail, precisely at that section,
for some pair of stages (hm,ht) such that hm<gm or ht<gt or
both. Hence the levee is not providing as much protection
as it could. On the other hand, if there is a section that

is higher than the "optimum" profile, it represents an
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unnecessary expense because it does not inqrease the total
reliability of the structure.

Based on the above assumptions, the total loss

function adopts the form:

n

where lk(gk’hk) is the flood damage function for cross
section k, t, (G,H) is an indicator function such that:

tk(g,g) =1 if: ht - h_<Dh, and:

h)£9ys BpSGpre-ei By 159, 1 B> Gy

OR: ht - hm >Dh, and:
BnS9ns Bpo1%9p-17 e Pep1 894
hy > 9,

= 0 otherwise, (2.11)
2.4.3 Making the Goal Function Suitable
for Numerical Evaluation
Replacing the cost and loss terms in the objective
function (2.7), the following expression is obtained:
n

n
min{ I ¢, (g,) + /[ £ 1 (g,,h )t (G,H)]E(H)AH} (2.12)
R R R e

Based on the assumption that, for heights at the
extremes (gl,gn), the optimum levee profile follows the
water surface curve with the same extremes, a substantial

simplification to the decision problem can be introduced.
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Namely, the reduction of the set of decision variables from
the n-element set: [gl,gz,...,gn] to the two-element set:
[glgn]. Taking also into consideration that the ordinates
hl'hz""’hn of the water surface curve are functions of the
extreme stages (hl,hn), the goal function can be expressed

in the form:

n
min { I Ck(gk(gl'gn)) +

S s
(9,9,) k=1 h hy k=1

1, [g; (9,,9.) e (hy,h )] &, [G(gy,9,) H(h ,h 1]
f(hl,hn)dhldhn}. (2.13)

In the numerical evaluation of expression (2.13),
the generation of water profiles by the step method, for
each point in the double numerical integration of the
expected losses, may render the problem computationally un-
feasible if the number of cross sections is moderately
large. Even for a computer solution, it is necessary to
introduce additional simplifications.

Szidarovszky, Duckstein, and Bogardi (1975) have
proposed a simplification consisting in the evaluation of

the hk's by the linear regression model:

hk = akht + bk + ckhm (2.14)
where hm and ht are equivalent to hl and hn’ and the co-
efficients a s bk’ and c, are estimated by least squares

from a large number of profiles generated by the step
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method. This simplification will be adopted here for
reasons of computational speed. The vector h will sub-
sequently denote the pair (hm,hg).

2.4.4 Use of the Conditicnal pdf's in the
Evaluation of the Expected Damages

It has been mentioned earlier that the partial
duration series can be used to estimate the conditional

pdf's: fl(hm,htlEl), £,(h ,h |E2), and f3(hm,htIE3). Their

|
role in the evaluation of expected damages will now be
investigated. ©Note: In the remainder of this section, the
notation ereyre, will be used to denote E1,E2,E3 in order
to avoid confusion with the expected value E[ ].

Let N; be the number of events e, that occur in one
year, and Pi(Ni=ni), i=1,2,3, the probability that event
e; occurs n, times in one year. Also let Si be the set of
pairs (hm,ht) corresponding to event e, - The following
assumptions are made:

1. The number of yearly occurrences of the events are
independent; i.e., P(Nl’NZ’N3) = Pl(Nl)-Pz(N2)°
P3(N3).

2. The losses are time independent functions of the
water stages h = (hm,ht) and do not depend on the
number of events per year or the time between floods.

3. The flood stages h = (hm,ht) are assumed to be

independent sample clements from the same family,

for each type of event.
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Given that there are ny events e, in a year, the
losses associated with the nl—tuple of water stage pairs

(gl,gz,...,gnl) are:

YL = I L(h;). (2.15)
i=1

The conditional expected losses are:

E[YL|N;=n;] = é .. é [L(h))+(L(hy)+...+L(hy, )]
1 1
f[b-l'}—IZ" . o,}_lnl]d[b_l[EZI . o .,Enl] .
By assumption 3,
™
E[YL]Nl=nl] = [ ....fnlL[Q][fl(g)dg]
nl—l
=,nl[f L(Q)fl(ﬁ)dgl[f - [fl(ﬁ)dgl ]
Sl Sl Sl
= nlEl[L]’ where El[L]
= f L(Q)fl(g)dg (2.16)
S

1

This result can be extended to all three events, so that:
E[YL|Ni=ni] = n;E;[L]. For n, events e, (i=1,2,3) in one

year, the losses are:

(TYLINl=nl,N2=n2,N3=n3) = _g n;E, [L]
i=1
The total expected yearly losses are:
™ o o 3
E[TYL] = I X X [.Z niEi[L]]P(nl,nz,n3).

nl=0 n2=0 n3=0 i=1
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By assumption 1,

© [ [ 3
E[TYL] = I z X [ £ n,E,[L]]P, (n,) "
nl=0 n,.=0 n3=0 i=1 11 171
P2(n2)-P3(n3).
Finally:
E[TYL] = E; [L]IE[N;] + E2[L]E[N2] + E3[L]E[N3]. (2.17)

In conclusion, the expected damages can be computed
by means of the conditional pdf's and there is not even need
to determine the distributions of the yearly frequency of

the flood events.

2.4.5 Final Form of the Goal Function
After incorporating the results of the preceding

section, the final form of the goal function is:

n 3
min { Z ¢ [lg, (g _,9,)] + Z E[N.]S LI[G(g_,9.),
(9,,r9,) k=1 K™k m’ T i=1  * s; meot
g(hm,ht)] fi(hm,ht)dhmdht} (2.18)

2.5 The Complete Model

The three major components of the model, namely
hydraulic, hydrologic, and economic, have thus been
analyzed in detail. They will be assembled, along with an
integration and a minimization routine, into the compléte

model. The assemblage is shown in Figure 2.1.
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CHAPTER 3
SELECTION OF THE HYDROLOGIC SUBMODEL

In the present chaptef, the problem of choosing the
appropriate pdf for the hydrologic component of the model
will be considered. The pdf of flood magnitudes is,
obviously, a decisive component of the total model, since
the final results are expected to be heavily dependent upon
the type of distrigution used to compute the expected

losses.

3.1 Generalities

Since extreme events are considered, and samples
contain small number of realizations of them, the model un-
certainty is large. Two pdf's may fit a sample relatively
well, but their tails may differ substantially. Since the
losses associated with higher flood levels are large, the
discrepancy in the tails is amplified manyfold as it is
multiplied by the losses.

The choice of a pdf to represent a natural
phenomenon can be made on a causal basis when, as a result
of his knowledge about the internal mechanism of the
phenomenon, the modeller can conclude that it follows a
certain probabilisitic model. There are also situations
where the mcdel selection is based on convenience and

30
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computational tractability; or even may have been regulated
by design standards. Finally, the choice may be based only
on the information contained in the sample. This is the
approach to be used here, and it will be discussed in
greater detail in the following paragraphs.

3.1.1 Model Selection from
Sample Information

Given a sample of flood events, the problem is to
determine the probability density function {pdf) that best
models the phenomenon where the sample was taken from. This
pdf will be used to predict the relevant aspects of the
process in order to take some decision based on such pre-
dictions.

The simplest approach is to take the sample relative
frequencies as the pdf itself. This is equivalent to assume
that the future will be like the past. Even for very large
samples (uncommon in hydrologic problems), this approach
has at least three serious drawbacks: (1) it ignores changes
in the flow regime due to developments in the basin and in
the river itself (for example urbanization, deforestation,
and dredging); (2) it also ignores long term natural trends
such as long term climatic changes; and (3) discrete records
can produce serious distortions in the model, especially
toward the tails. For example, if in the "true" model the
probability of a flood between 50,000 and 60,000 cu ft/sec

is .001, one occurrence of such a flood in a 100 year sample
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would make this probability equal to .01, that is, ten
times larger.

A more rational approach is to assume that the
"true" model belongs to one of the well known families of
distributions, such as the normal, lognormal, gamma, etc.
Once a set oficandidate families has been decided upon, the
parameters for one pdf of each family can be obtained by
estimation methods such as maximum likelihood or the method
of moments. Then, the selection of the "best" pdf can be
based, for example, on how well it fits the sample.

In relation to model choice, Wood et al. (1974, p.
27) raise an important point: "Most hydrologic processes
are so complex that no model yet devised may be the true
model or that no hydrologic events follow one particular
model." Consequently, it could be reasonably.expected that
a combination of models, for example a weighted sum of
individual pdf's from different families, would better
"explain" the hydrologic process, than does a unique well
known pdf.

In the present work, pdf's from different families
will be fitted to the historical records, and a composite
model, consisting in the sum of the individual pdf's
weighted by their sample likelihood, will also be con-
structed. Some bivariate distributions (with non-zero
correlation coefficient) will be used; Lkut, since the

sample correlation coefficient is low, independence will be
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assumed in other models by taking the product of their
marginal pdf's. The candidate distributions to be used,
along with the estimators for their parameters, will now be

presented.

3.2 Distributions to be Used

In the case study of the Zagyva River, considered in
Chapter 4, several candidate distributions are selected in
basis to the shape of the marginal histogram. This section
presents the functional form of those distributions and
their parameter estimators. The known base stages, bm and

b of the partial duration series (see section 2.2) will be

tl
used as the "shift" or location parameter for distributions
such as the lognormel or the exponential. The variables x
and y will be used subsegquently instead of hm and ht; also,

E[.] and DT[.] stand for expected value and standard

deviation, respectively.

3.2.1 Lognormal Distribution
The three parameter lognormal pdf (Johnson and Kotz,

1970a, p. 112) has the form:

£(x3;0,E,0) = (/21 (x=8)0) Yexp (-.5[log(x-0)=£]12/02)

X > 0 (3.1)

where 6 is the location parameter,

& = Ellog(x-6)1, (3.2)

DT [log (x-6)]. (3.3)

Q
il
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For 6 known, the maximum likelihood estimators (MLE) of &

and o are:

(aa B3
I

n-IZlog(xi—S) (3.4)

- - 1/2
(7 1z og (x;-0) - £13Y (3.5)

Qs
I

3.2.2 Exponential Distribution
The exponential distribution with two parameters

(Johrson and Kotz, 1970a, p. 207) has the form:
£(x32,8) = A Texpl-(x-8)/A], x>0, A>0. (3.6)

Where 6 is the location parameter, and A = E[x-9]. For 0

known, the MLE for X is:

A= n—lZ(xi—G). (3.7)

3.2.3 Gamma Distribution
The gamma distribution (Johnson and Kotz, 1970a,

p. 166) has the form:

(X_Y)a—l

55T () exp [-(x-v) /B], (3.8)
a

fCra,B,v) =

x>y, ao>0, B >0,

Assuming that the parameter y is known, the MLE for a and B

are obtained by solving the equations:
n" 1 [Zlog(x;-v)1 = logB+y(d), (3.9)
log(x-y) = log(a) + log(B), (3.10)

where Y (a) = é%[log(?[a])] (the "digamma" function).
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3.2.4 Beta Distribution

Although the beta distribution does not have a tail,
it will surely be useful as the marginal of ht in the
conditional pdf: f(hm,htIEl) (cf. Chapter 2). The beta

distribution (Johnson and Kotz, 1970b, p. 37) has the form:

f(x;a,b,p,q) = [B(p,q) (b-a)PT97117 L (x-a)P 7L (p-x) 9L

for: a<x<b; p>0; q>0; B(p,q) = 31%%géa%- (3.11)

Fer a and b known, the MLE of p and g are obtained by

solving the equations:

X.—a

v(p) - v(ptq) = n'121og(b{_a) (3.12)
-1 b=x4
(@) - v(p+tq) = n “2log(g—3’ (3.13)

where Y (.) represents the "psi" or "digama" function.

3.2.5 ©Normal Distribution

The normal distribution (Johnson and Kotz, 1970a,
p. 40) has the form:
-1 . 2,2
fi{x;ypu,0) = [vV210] “expl[-.5(x~-u)"/o7]. (3.14)
The MLE for u and ¢ are:
~ -l
I =n Z(xi) (3.15)

- 1/2
0 1z<xi-ﬁ)2) (3.16)

Q>
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3.2.6 Truncated Normal Distribution

Based on the fact that only flood magnitudes above
a base level are being considered, it seems reasonable to
expect that the tail of a normal distribution would fit the
sample fairly well. The truncated normal distribution is
then a common normal pdf, but defined only for values of x
above certain value x. and multiplied by a normalizing

L
constant. The distribution has the form:

[KVZﬂo]—lexp[—.S(x-u)20_2], xL<x<w

f(x;xL,u,o)
0, m oe<x < oxp
(3.17)
where:
_ -.5 2 o

K= J (2m) exp (-.5u”)du, z, = (xL-u)/G.

z

L

For known Xp the following equations, relating the first

to moments, ui and ué, of the truncated distributicn to the

mean and variance of the complete distribution, can be

obtained:
Ui = [f(XLrUIO)/F(XLIUIO)] + u (1) (3.18)
' = (ox.4ou) [£(X.,1,0) /F (%, ,11,0) +0°+1° (3.19)
Uz L u L'u’ LIUI u y .
where

£(xpru,0) = exp[-.S(xL-u)z/ozl//7F0°

F(xL,u,o) = [ f(u,u,o)du.

X
L
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3.2.7 Bivariate Gamma Distribution

In the literature, several forms of three-parameter
bivariatz gamma distributions can be found (see, for
example, Mardia, 1970; or Johnson and Kotz, 1972). Ghirtis
(1967) presents a method for estimation of parameters of the
five parameter form of the "Double Gamma" distribution
introduced by David and Fix (1961). The five parameter

dotble gamma distribution (Ghirtis, 1967) has the form:

f(x,ysa,b,c,A,u) =

k—lexp[— %-- %J éua_l(x—ku)b—l(y—uu)c—leudu (3.20)
where:
k = APuCT(a) T () T ()
m = min[x/A,y/u]

a,b,c,x;,u >0
x >0, yv > 0.
The parameters a,b,c,A, and y can be computed by the

equations (Ghirtis, 1967):

X = X50”¥10 (3.21)
B = kg, kg, (3.22)
3 = k1K 0%01/%20K 02 (3.23)
B =% /ky, - & (3.24)
& = kg /Ky, - & (3.25)

Where ki 3 is the i,j-th cummulant of the population and can
!

be estimated by the Fisher's bivariate k statistics:
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kig = Sy1¢/n

-1 .2
kgp = (n=1) 7 (S,4 - 874/n)

_ 1 _ _ i3
kll = (n-1) (Sll SlOSOl/n)’ Sij = X y~.

3.2.8 Truncated Bivariate
Normal Distribution

The truncated bivariate normal distribution, for Vv

truncated at Yi,v has the form:

f(x,y;ux,cylcx,oy,p,yL) =
exp[-.5(z2-2pzw+w2)/(1—p2)1/(2wkoxoy/i-p2) (3.26)
where
k =S exp[-.5(22—2pzw+w2)/(l—pz)]dy/(ZﬂOXO Vl-pz)
Yy, Y
z = (x - ux)/OX
w = - O .
(y uy)/ y

Des Raj (1952) presents the following equations to compute

the MLE of the parameters ux, uy, Ox’ Oy, and p, when the

truncation point, Yi,r is known.

Vo, = oi(l—k’(zl-k')) (3.27)
Vo = Oy(Zl - k') (3.28)
“y =Yy - k'oy (3.29)
My +‘(zl)pox -~ Vi = 0 (3.30
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— ' - -
oy(zl k )ux + oypcx v11 0 (3.31)
02 = v -y (p +2p0 2 ) - (po )2k'z (3.32)
Y 20 X' 'x x71 X 1’ :

where Vij is the ij-th sample moment about the truncation,

k' = (yL - uy)/oy

2y = ¢(k")/11 - To(r)at]
k!

dp(t) = (2ﬂ)—'5exp[—.5t2].

3.2.9 Truncated Bivariate
Lognormal Distribution

The truncated bivariate lognormal distribution for

y truncated at ¥y, has the form:

f(xly;exleylgxt gy’gx’c IO,YL) =

y

exp[—.s(z2-2pzw+w2)/(1—p2)]/[k—ex)(y-ey)cxoyznkJi—pz]

b, < X < =, ey <y <y <@y, (3.33)

where

N
]

(log(x—ex)-sx)/oX

w = (log(y-Gy)-Ey)/oy

Ex = E[log(x—ex)]
Ey = E[log(y—ey)]
O = G[log(x—@x)]
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Oy = 0[log(y—8y)]

2
exp(—u”/2) du th _ -0 _ .
— , wit z (log(yL y) Ey)/ay

.
N 8

L

For known Yy, and location parameters, ex and Gy’ the

gy, ox, Gy' and p can be computed as in the

truncated bivariate normal after making the transformation;

parameters Ex,

x! log(x - ex) (3.34)

Il

y' log(y - ey). (3.35)

3.3 Criteria for Model Selection

The point has finally been reached where a set of
distributions is available to choose from. Each pdf belongs
to a different family and, when its parameters have been
estimated by the method of maximum likelihood, it is the
most likely source of the data in the sample, given that
the model space is restricted to that particular family
When cenfronted with the data, some of the candidates will
show such poor fits that they could ke discarded at once.
More powerful tools will be reguired, however, to discrimi-
nate between those models that fit the sample equally well.
A review of the most relevant methods for the purposes of

the present work is presented in the following sections.



41

3.3.1 Goodness of Fit

Several model verification methcds are based in
"goodness of fit" criteria; that is, a comparison between
the relative frequencies contained in the sample (histogram)
and those predicted by the hypothesized model. A quick
visual comparison of the histogram and the (discretized) pdf
may point out enough discrepancy to reject the model.
Except for obvious or extreme cases, the subjective
judgment involved makes this method inappropriate.

Statistical goodness of fit tests constitute a more
objective and precise way to measure discrepancies between
the model and the sample. The Chi square and the Kolmogorov-
Smirnov (KS) are the most widely used goodness of fit tests.
(A very good presentation on the application of these tests
can be found in Benjamin and Cornell, 1970, Chapter 4.)
Actually, these tests are not designed for model choice, but
to test statistical hypotheses of the form: "The random
variable x is distributed fo(x;Go)"; where fo is a partic-
ular pdf, and Go is a point in its parameter space.

The Chi square goodness of fit test is based on the

statistic: 5
k (N.-nP.)
5 i i

D= . npP. (3.36)
i=1 i
where
Ni = the number of sample points in interval Ij'
Pi = XET. fo(x;eo)dx, and

J
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n = the sample size.
For: k = number of intervals, p = number of parameters
estimated from the sample, the statistic D is approximately
distributed Chi square with k - p - 1 degrees of freedom.
The Kolmogorov-Smirnov goodness of fit test is

based on the statistic:
D = Max[Fn(x) - F(x) |, (3.37)

where Fn(x) is the sample cumulative distribution function,
and F(x) is the hypothesized CDF (cumulative distribution
function). The KS goodness of fit test has the advantage
that it does not reguire the definition of a priori
intervals, as in the Chi square test. On the other hand, it
should only be used for continuous univariate distributions,
and when the distribution has been obtained independently of
the sample. (In other words, the sample can not be used to
estimate the parameters of the distribution.) When the
parameters have been estimated from the sample, the critical
(rejection) value should be smaller (Benjamin and Cornell,
1970, p. 488).

In the Chi square and the Kolmogorov-Smirnov
goodness of fit tests, the null and the alternative

hypotheses take the form:
HO: X 1s distributed fo(x;eo),

H X 1s not distributed fo(x;eo),

l:
and the critical region is: D > c. The computation of the
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type I erxor, P(D > clHo) is a simple matter. However,
since the alternative hypothesis is in a very general form,
the type II error, P(D < clHl), can not be computed.

Although the goodness of fit tests are not intended
for discrimination between models, they can be used for a
"preliminary screening" of the set of candidate pdf's to
discard those that are rejected at a given significance
level (say, 5%).
3.3.2 Most Likely Value of the
Goodness of Fit Statistic

Benjamin and Cornell (1970) suggest the use of the
Chi square statistic as a tool for model choice by selecting
the model for which the likelihood of the observed value of
the corresponding closeness-of-fit statistic is largest.
Such value is more related to the mode of the Chi square pdf
than to the miniumum value of the statistic. This criterion
is based on the fact that the minimum value of the Chi
square statistic is not the most likely outcome (except for
the distribution with two degrees of freedom, where it is
zero). In order to compare models using this criterion, it
is necessary to have the same number of degrees of freedom
for all models.
3.3.3 A Composite Model Based
on Sample Likelihoods

Wood et al. (1974) have used the sample likelihoods

to account for model uncertainty within a Bayesian
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framework. They formulated the following composite model:
K

Bl = 1gs Pie;=1) £ (@), (3.38)
where
fi(q) = the "Rayesian Distribution" given model i,
=1 if f. is the true model,
6, 1 +

= 0 otherwise,

P'(ei=l) is the prior probability of fi being the true
model,

Ki is the marginal likelihood function of the observa-

tions for model 1i.

For A = Model parametcrs,

K.

;= JE(ala,m) £(A; M) aA;

= M ' =
K, = ZK;"P'(8,=1).

A Bayesian approach has not been attempted here
because of the complexity of the Bayesian distribution in
the bivariate case. (The Bayesian distribution takes into
account the parameter uncertainty.) Nevertheless, a similar
composite model can be developed without taking into account
the parameter uncertainty.

Let:

m
£(x|0) = I Of (x) (3.39)

k=1

so that the composite model has the form:
f(x) = J£(x]0)£(0)as,

where 0 is an m vector such that:



45

I

1 if fk(x) is the true model,

il

0 otherwise

and

Notice that this definition reduces the possible values of
® to: 100...0, 010...0, 00l...0, ..., 000.,..1. The likeli-
hood function given a sample x is:
n m
L(x|9) = izl [kzlﬁkfk(xi)]

]Z{ ek[{lfk(xi)]
1

z ekLk(g). (3.40)
k
Notice that there are no crossproducts because of the
restrictions imposed on 8. Also, L, (x) is the sample
likelihood for model k.
Let the prior pdf of 8 be:
£1(0) = I

.

' =
) 6,p' (8,=1), (3.41)

1
where p' (6=1) is the prior probability of model i. Given
a sazmple x = (Xl'XZ""’Xn)’ the prior pdf of 8 can be
updated using Bayes Theorem:

_ £(x|0) £ (8)

£(x)

L(x]0)-£' (8
TE(x]OYE' (6

f" (§_|§.)

)
Yo
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(26,0, (x)]°[726,P'(6,=1)]
JIT6,L, (x) 1+ [20,P'(6,=1)]dg

. ' =
B zeiLi(g) P'(6,=1)
2 ' =
ZLi(x;P (ei 1)

Il

zeip"(ei=1) (3.42)

where
. L} —
Li(g) P (Bi—l)

L. (X) "B (0,=1)

P" (ei-_-l) —

are the posterior model probabilities.
The composite model can now be updated by replacing
th~ posterior pdf of 6:

() = JE(x|8)£"(8)Ad

Il

I[Zeifi(x)]'[ZGiP"(6i=l)}dg

Zfi(x)P"(Gi=l). (3.43)

So the composite model is a linear combination of the
candidate models, weighted by their posterior probabilities.
In the case of equal prior model probabilities P'(ei=l)=P‘,
(reflecting perhaps a state of total ignorance about the

true model) the posterior model probabilities become:

L; (x)

paEs) (3.44)

P"(Gi=l) =

that is, proportional to the sample likelihood given that

each model is the true model.
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3.3.4 Use of Sample Likelihoods
for Model Selection

In addition to the composite model, the performance
of the posterior model probabilities P"(@i=l) will be
studied here, as a criterion for ranking the competing
models for selection. At this point, the choice is not
among families of distributions but, rather, among the
pdf's with the maximum sample likelihood from each family.
Hence, the pdf so chosen has thé maximum sample likelihood
arong all the possible pdf's in all the families con-
sidered. This does not intend to be a proof that it is the
best model; but at least an intuitive argument in its

favor.



CHAPTER 4
NUMERICAL RESULTS

The general model defined in Chapter 2 and the model
selection procedures described in Chapter 3 will now be
applied to the case of the optimum levee profile for the
Zagyva River, an important tributary of the Tisza River,
both located in Hungarian territory. The low lands to the
west of the Zagyva‘River are protected by a 60.4 km levee
reach between the Jasztelek gaging station and the mouth in
the Tisza River, at Szolnok. The existing levee, shown in
Figure 4.21 (p. 92), does not follow a water surface. The
implementation of the model will take into account that when
the existing levee is higher than the proposed one, the
existing heightbshould be used. The average slope betweecn
the two ends of the reach is .01%.

Wetted cross sectional areas and hydraulic radii
have been determined for 49 cross sections along the reach.
Construction costs and flood losses for different levee
heights are also available for each cross section

(Szidarovszky et al., 1975; Bogardi et al., 1975;

Szidarovszky and Yakowitz, 1976).

48
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4.1 TImplementation of the Hydraulic
and Economic Submodels

The hydraulic information to be used in the genera-
tion of water surface profiles has been synthesized by
Szidarovszky et al. (1975) in a linear regression model that
gives the water level at each cross section as a function of
the water levels at the ends of the reach (see Egquation
[2.14]). Two different sets of rcgression coefficients are
used depending on the type of water surface curve: concave
upward or "damping," when (ht—hm) < 6.5m; concave downward
or "draw down" when (ht—hm) > 6.5m; where 6.5m is the
aliitude difference between the two gaging stations at both
ends of the reach. Tables A.l1 and A.2 show a listing of

b and ¢, for damping and draw down

the coefficients a K’ k

K’
surface curves.

The economic submodel has been implemented with the
construction costs and flood damage data used by Bogardi et
al. (1975). Two modifications, however, have been
introduced: (1) instead of piecewise linear functions,
guadratic functions have been fitted to the data, and (2)
the damage functions have been extrapolated beyond existing

data by fitting them to a square root function. The

damage functions have then the form:
2 b
ah” + bh + ¢, h < - 5a d, a < 0,
f(h) = {
b

.5
(h e) +g,h>—“§a‘ d
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where h is- the levee height, and a, b, ¢, d are known

constants (obtained from the damage data), and,

b -
e=-’“§‘ [4a(—:2-5-d) + 2b]

.5

- (. 2 PSS R
g = f( 5 d) ( 55 d e).

Figures 4.1 and 4.2 show typical cost and damage functions.
The cost and damage coefficients are listed in Tables A.3
and A.4 respectively.

4.2 Tmplementation of the Hydrologic
Submodel

The hydrologic submodel consists in the joint
probability density function of flood magnitudes. A set of
candidate pdf's will be determined from the historic reccrds
and the methods discussed in Chapter 3 will be applied for
the selection of one pdf. A composite model, combining

some of the candidate pdf's will also be constructed.

4.2.1 The Sample

The joint partial duration series for 36 years is
available. Figure 4.3 shows a plot of the 68 sam 'e points
and Table A.5 presents a listing of the sample. It is
important to realize that the sample only contains pairs
(x,y) of water stages at both ends of the reach such that
X > XL and/or y > YL’ where XL = 85.95m and YL = 91.04m are

the base levels. In other words, a simultaneous reading was
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taken only if the water surface was above the base level in
the tributary and/or in the main river.

This sample space is, in fact, a subset of the set
of all possible values of (x,y), and it could be considered
as an "L-shaped" tail of a bivariate distribution. An un-
successful attempt was made to estimate the underlying
("complete") distribution from such "L-shaped" truncated
sample. As an alternative, it was shown in Chapter 2 how
the sample space can be divided into two or more events, soO
that the joint magnitude pdf's, conditional upon the
occurr¢nce of such events, can be computed. t was, then,
decided to divide the sample space into two subsets (see
Figure 4.3): event El, corresponding to flood in the main
river only; and event E2, corrcsponding to floods in the
tributary. The sample contains 21 occurrences cof event E1
and 47 occurrences of event E2. Hence, the expected number

of events per year can be estimated as:

.58333, (4.1)

B[Nl] 21/36

il
il

E[N2] 47/36 1.3056. (4.2)

4.2.2 Candidate pdf's

After consideration of the marginal sample histo-
grams, it was decided to fit a number of pdf's to the
sample at hand. Since the sample correlation coefficients
are small (less than .10) both bivariate pdf's and products

cf independent marginal pdf's will be used. The equations
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for estimation of parameters have been presented in Chapter
3. It will be noticed that the two sets of candidates are
not identical. The candidate pdf's were selected in basis
to the shape of the marginal histograms. The pdf's to be
used and their estimated parameters are presented in Tables

4.1 and 4.2.

4.2.3 Goodness of Fit Tests

Using &n o (probability of type I erroxr) of 5%,
univariate Chi-square tests were run for the marginal pdf's.
The results of these tests are shown in Table 4.3. Based on
the results of these tests, the set of candidate pdf's will
be reduced to those not rejected at the 5% level. It is
important to mention that the Kolmogorov-Smirnov test did
rot show enough discriminatory power in this particular
situation. Using the K-S test, none of the candidate
marginals is rejected at the 5% le~ :1.

Using an o of 5%, bivariate Chi-~square tests were
run for the products of the non-rejected marginals, and for
the bivariate distributions. Tables 4.4 and 4.5 show the
results of these tests and also the abbreviations to be used
subsequently in this text. It can be cconcluded from Tables
4.3 through 4.5 that this case study has too few degrees of
freedom to make any valid inference; nevertheless, the

methédology is illustrated.
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Table 4.4. Results of Bivariate Chi-square Tests for
" Candidate pdf's to f(x,y|/El) -- Abbreviated
names also given.

NAbbreviation xz stat. D.F. Reject

Product of independent marginals

£ (x|EL) .fy(y]El):

Exponential.Lognormal E.L 6.622 4 No
Exponential.Exponential E.E 6.518 5 No
Exponential.Gamma E.G 4,715 4 No-
Exponential.Beta E.B 4.069 4 No
Beta.Lognormal B.L 5.296 3 No
Beta.Exponential B.E 5.253 4 No
Beta. Gamna B.G 3.389 3 No
Beta.Beta B.B 2.872 3 No
Bivariate pdf's

f(x,y|E1l):

Bivariate Lognormal BVI. 5.715 2 No

Doubl.: Gamma DBG 4,272 2 No




Table 4.5. Results of Bivariate Chi-~square Tests for

60

Candidate pdf's to f(x,y|E2) -- Abbreviated
names also given.

px

Abbreviation xZ stat.

Reject
Product of independert marainals
£ ”
fx(xlEZ).@y(y[EZ).
Normal.Lognormal N.L 13,752 No
Normal.Truncated-

Lognormal N.TL 9,214 No
Normal.Gamma N.G 10.374 No
Normal.Truncated-

Normal N.TN 10.064 N

Bivariate pdf's
f(x,y|E2):
Bivariate Normal BVN 8.736 No
BVL 14.293 No

Bivariate Lognormal
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4.2.4 Selection of the "Best" pdf

There were initially, 18 candidate pdf's for
f(x,y!El) and 14 pdf's for f(x,y|E2). By the use of
goodness of fit tests, these sets have been reduced to 10
and 6 candidates, respectively. Two different criteria
will be now used to select the "best" pdf{, namely, sample
likelihoods and likelihood of the Chi-square statistic.
Finally, a composite model as defined in Chapter 3 will be

constructed.

4.2.4.1 Likelihood of the Bivariate Chi-Sguare

Sta istic. Bivariate Chi-square statistics were recomputed

for the non-rejected pdf's in order to have the same number
of degrees of freedom in each group: the Chi-squ:re
statistics for the candidates of f(x,y|El) have three
degrees of freedom, and those of f(x,y|E2) have eight
degrees of freedom. Tables 4.6 and 4.7 present the Chi-
square statistic for each candidate and its corresponding
value of the ordinate in the Chi-square pdf with three or
eight degrees of freedom, for f(x,y|El) and f(x,y|E2),
respectively. According to these tables, the models
beta*beta for f(x,y|[El) and normal-truncated lognormal for

f(x,y|E2) should be selected as the "best" models.

4.2.4.2 Sample Likelihoods. Weights for each

model were computed according to the definition given in

Chapter 3 (Equation [3.44]) and are presented in Table 4.8.
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Table 4.8. Weights for Candidate pdf's Based on Sample

Likelihoods

f(x,y|E1l) | }(x,ylm)
pdf weicht pdf weight
E.L .0167 N.L .1433
E.E .0025 N.TL .129¢
E.C .0123 N.G .4586
E.B . 0084 N.TN .0173
B.L 3721 BVN .2496
B.E .0536 BVL .0018
B.G .2657
B.B .1769
BVL .0709
DBG .0210
Normalizing factor is: Normalizing factor is:
ZL, = 4.37551 E-14 L, = 9.8024624 E-59

k k
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According to Table 4.8, the models beta-lognormal for
f(x,y|El) and normal-gamma for f(x,y|E2) should be selected

as the "besi" models.

4.7.4.3 A Composite Mcdel. A composite model can

now be¢ defined according to expression (3.43). Disregarding
the models with weight less than .05, and readjusting the
weights so that they add up to 1.00 the following composite

models are obtained:

£ z < = y
Lc(x,y!El) A2 Lo+ L30£, o+ L206, o+ .08, o

f 7 = £
fc(x,}|E2) AISE b AT o+ L2580+ J13E

N TL

where the subindices are the abbreviations used to name the
candidate models (see Tables 4.4 and 4.5).
4.2.5 Summary and Remarks
on Model Selection

Two sets of pdf's (for f(x,y|El) and f(x,y|E2) were
studied in order to determine the most appropriate model,
given the sample at hand. After eliminating those pdf's
that were rejected at the 5% level with the Chi-square test,
two criteria were used to rank the remaining candidate
models: the likelihood of the Chi-square statistics and
the sample likelihoods. Figure 4.4 presents the relative
ranking of the pdf's for the two choice criteria. The
rat 1gs shown were obtained in the following manner: for

each set of pdf's and for ecach choice criterion, a rating
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between 0 and 1 was obtained for each element of the set by
dividing its ind: x (Chi-square probability or sample likeli-
hood weight) by the greatest index in the set, for the
criterion considered. Table 4.4 could also be viewed as a
nulticriteria decision problem. It would be interesting to
apply some of the existing methods (such as ELECTRE,

Be :uyoun, Roy, and Sussmann, 1966) to make a selection under
the tvo criteria simultaneously.

It can be concluded from Figure 4.4 that the two
choice criteria considerably disagree. Two factors seem to
have contributed to this result. First, the small sample
size used, especially for event El. A five-parameter
bivariat distribution requires at least 7 cells to be
defined in the sample space for the application of the Chi-
square test. For a sample of 21 points, the reguirement of
having at lezst 5 points per cell cannot be =2t. .This
situation makes the results of the Chi-square tests rather
unreliable. Again, the example is for illustrative
purposes only. A seccnd factor that may bias the results
of the Chi-square test is the arbitrariness in the defini-
tion of the cells. It could perfectly happen that a given
arrangement of cells mighit favor a particular pdf or group
of pdtf's and disfavor others. It was also realized that the
sample likelihoods are extremely sensitive to errors in the
normalizing constants (commonly used in thc truncated

models). A 1% error in such constant, making the computed
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probabilities 1% larger, will double the sample likelihood
in a sample of 70 points. This will erroneously increase
the degree of importance of a model.

It also appears from the result: that the sample
likelihoods have a better ability to discriminate between
models. This is well illustrated in Table 4.6, where for
f(x,y!E?) only three models out c¢f ten have a weight
greater than .10. This ability to reduce the choice set in
a very definite manner is a desirable feature in a model
selection procedura.

When models are rarked to make a selection, it is
possible that two or more models rank very close together.
When the sample likelihcods are used, the weights so
obtained are actually the posterior probabilities of each
model being the true one. 1In sucli case, a composite model
(as defined in Equation [3.18]) could be used, rather than

making a more or less arbitrary choice of a unique pdf.

4.3 Crmputational Consicdrrations

Before going into the acutual numerical results, it
is necessary to give some attention to the computer imple-
mentation of the model. A listing of the program is
presented in Appendix B. The implementation of the model
is relatively simple; however, it is necessary to consider

here the computational aspects of the evaluation of expected
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loss«s, which nroved to be a critical factor in terms of
execution timo.

4.3.1 1Integration Region for
Expectcd Losses

Basically, the integration regimn for the evaluation
of erpected losses is the sample space itself. However,
since the water level at the main river (x) cannot be
greater than the water level at the tributar-y (y), the addi-
tional constraint x < y must be introduced. The basic

integration region is then:

Sl: x<y, x>85.95, 88.10<y<91.04 (4.3)
52: %<y, X>77.9, y>91.04 (4.4)

The basic integration region is shown in Figure 4.5.

Yy
- 3
) ———
t__\”ﬁ 5> B!
1
C X
gm

Figure 4.5. Regions in the Space of (x,y) for a Design
Alternative (qm,gt)
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4.3.2 Convergence Problems in
Numerical Integr:ition

Using Sing:: on's numerical integration, the evalua-
g i

tion of expected damages:'

I L(g_,9,,%,y)f(x,y)dxdy (4.5)
(x,y) €S, US moot
! 1772
where:
L(gm,gt,x,y) = damages for water stac 3 (x,y) with

levee alternative (gm,gt),
f(x,y) = pdf of water stages,

presents convergence problems because of the existence of
a region where the damages are zero, and a jump to non-zero
damages across the boundary of such region. Consequently,
the properties of the integration region were studied in
detc 1Ll and are discussed in the following paragraphs.

Given a levee design alternative (gm,gt), three
regions can be defined in the space of water stages (x,y).
The three regions are shown in Figure 4.5. Water stage
psirs in.region 1 do not cause any damages because the levee
provides enouagh protection, and no overtopping N occur.
Pairs in region 3 will always produce damages, and the
losscs will be associated with the failure of either end
(but not both) of the levee reach. Water stage pa‘rs in
region 2 may or may not produce failure of the levee, and it
will not be at the extremes of the reach but somewhere in

between. Such failures are called here "internal failures."
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A detailed analysis showed that region 2 is a very
narrow strip (with average width of .0lm) located along the
segments AB, BC (in Figure 4.5). Experience with the model
dcmonstrated the high cost, in terms of computer time, of
including region 2 in the evaluation of expected losses.
Consequently, it was decided to disregard partially region
2 by computing expected losses over the area to the right
and- above the scgments AB and BC. This simplification
introduc >d substantial savings in execution time without
much loss in accuracy.

In the final implementation, the basic integration
ar- 1 was divided into 4 subregions in order to handle the
discontinuity of the loss function. Figure 4.6 shows these
regicns fcr a typical levee design alternative (gm,gt).
Notice that regicn 1 corresponds to event El, and regions
2, 3, and 4 cor;espond to event E2.

As will be explained in 2ppendix B, the program may
be run either to determine the total yearly cost (TYC) of
individual design alternatives, or to automatically find
the optimum alterrative.

4.4 Determination of the Optimum
Jevee Profile

The problem of model selection has not completely
been solved as far as determining a unique best pdf.
Nevertheless, the number of candidate pdf's has been sub-

stantially reduced. In addition, the composite model seems
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to be the most reasonable choice, becauvse it "integrates
out" tite model uncertainty. The next stage is a sensitivity
analysis, to determine up to what extent the most likely

models affect the final decision.

4.4.1 pdf's to be Used

The complete model will bé run for several combina-
tions of pdf's (f(x,y|El), £(x,y|E2)), and the sensitivity
of tie optimi» decision to the pdf's will be studied. The
results of such analysis will give the designei an addi-
tional piece of information for the final selection.

In addition to the best ranking pdf's in each
group, the model will also be run for other candidate
models to illiustrate the effect of the hydrologic submodel

upr 1 the final result. The pdf's to be used are:
f(x,vy|El): B.B, E.B, B.E, B.L,
f(x,y{E2): N.TL, BVN, N.L, N.G.

The shape of the marginal distributions, shown in Figures
4.7 through 4.10, was also taken into account to select the

additional models.

4.4.2 Preliminary Results

The model was initially run for a few design
alternatives using the 16 possible pairs of pdf's
(f(x,yIEl), f(x,y]EZ)). The results of this preliminary

run showed:
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1. The optimum design alternative lies in the region
In > 90.
2. The variation of the TYC with the change of models
for EI1, f(x,y]El), decreases as gm increases, and
is zero for Iy > 91. This is a consequence of the
propérties of the marginal pdf's fx(x|El) and the
shape of the integration region for the expected

losses.

It can be verified in Figure 4.6 that the integra-
tion arca of event E1 (area 1 in figure) decreases as I
increases and is zero for I 91.04. Two more points must
aiso be taken into account: (1) the expected number of
yeariy occurrences of event E2 is twice as large as that of
event E1; and (2) the probability of water stages in the
main river, x, being greater than 89m is very small. See
Figure 4.7.

As a consequence of the preliminary results, the
16 model pairs were grouped into the following 4 types,

according to f(x,y|E2):

Type I1: f(x,ylE2) = N.G,
Type II: f(x,y|E2) = BVN,
Type III: £(x,y|E2) = N.L

Type IV: f£(x,y|E2) = N.TL.



78

4,.4.3 Optimum Design Alternatives

The optimum design alternative was determined for
the above 4 types and for the composite model. Figures 4.11
through 4.15 show the contours of the TYC surfaces for the
different alternative models. Figures 4.16 and 4.17 show
the variation of the TYC with the levee height at one end
of the reach while the other end is kept constant at its
optimum value for each model type.

The optimum levee design alternatives are shown

graphically in Figure 4.18 and are listed in Table 4.9.

Table 4,9, Optimum Design Alternatives

Construction Expected

Type f(x,y|E2) Iy Iy TYC cost losses
I N.G 91.4 94.6 15.24 132.39 3.32
IT BVN 91.6 94.3 15.36 136.63 3.64

IIT N.L 91.4 96.6 26.03 209.41 27.33
v N.TL 91.4 94,4 14.37 126.37 3.00

Composite 91.5 95.0 18.46 145,26 5.38
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4.4.4 Discussion of Results

The first fact noticed in Figure 4.18 is that the
optimum for the lognormal model is significantly deviated
from the rest of the models. Figures 4.11 through 4.15 also
show that the TYC for the N.L model is consistently higher
than for the other models.

This deviation can only be explained in terms of
the marginal distributions fy(yIEZ) (see Figure 4.10). The
lognormal distribution, in this case, has the longest tail
among the pdf's considered. Taking, for example, the gamma
distribution, which appears to be close to the lognormal in
Figure 4.10, it can be verified that the probability of y
being grater than 95.0 is approximately .0006 for the gamma
and .0118 for the lognormal. That is, about twenty times
larger. When these small quantities are multiplied by the
damages, generally above 1000 cost units, the differences in
the expected losses are within the range of variation
observed.

At a first glance, it might be expected that the
differences would disappear as the levee height at the
tributary (gt) tends to 91.04; that is, when the area under
all distributions fy(ylEZ) is 1.0. However, this does not
occur, because for levee heights 9y < 93.7 (the existing
levee height at the tributary) the losses due to event E2

become constant. Figure 4.19 illustrates a typical case
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of the variation of flood damages due to event E2, with the
increase of 9yr for the 4 marginals considered.

The results obtained for the lognormal models
illustrate very well the effects of the tail of a distribu-
tion upon decisions based on extreme events. For the model
choice criteria used here, the models with lognormal
marginal in y ranked poorly enough not to be selected as the
"best" model; and, even in the composite model, its in-
fluence is greatly reduced by a low weight. If a more
simplistic model choice procedure had been used, it is
probable that the lognormal marginal had been chosen because
its parameters are easy to estimate and the evaluation of
the function itself is easy, too. On the other hand,
results such as obtained for the lognormal not always should
be regarded as undesirable. For example, if a minimax
decision procedure were used, this result would be worth
much attention.

It is also worth noticing the steep descent in the
TYC with the increase of I This suggests (under the
assumptions of the model) that the existing levee does not
provide enough protection toward the end at the main river,
and that any improvement must be first done toward that end
of the levee reach.

The construction cost surface (shown in Figure
4.20) in conjunction with the TYC surface, can be used to

determine the most cost effective stages of development in
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case the project is not accomplished all at once. The
trajectory a, b, ..., h in Figure 4.15 (the composite model)
shows the development program with successive investments of
20 million Forints.

Figure 4.21 shows the optimum levee profile for the
composite model, along with the existing levee profile.
Notice that the vertical scale is extremely exaggerated.

One unit length in the vertical scale represents 1.0m
whereas in the horizontal represents about 1200 m.

Clearly this result does not imply that the existing
levee has been poorly designed. Assumptions have been made
along the way, in part with respect to the loss functions
that might have exaggerated the necessity for reinforcement
of the levee. Other difficulties in the procedure are

discussed in detail in the next chapter.






CHAPTER 5

DISCUSSION AND CONCLUSIONS

5.1 Discussion

Some points have been raised along the development
of this work. They will now be discussed in relation to
each submodel; however, since the hydrologic submodel
occupies most of this thesis, it will be divided here as:

methodolegyr pdf fitting, and model choice.

5.1.1 Hydraulics

"The gaging station on the Tisza River is located
downstream of its confluence with the Zagyva River. The
fact that the readings for the main river are directly
affected by the tributary was not taken into consideration
in the implementation of the model for the Zagyva River.
The effects of this assumption upon the final results were

not explored in the present work.

5.1.2 Economics

The accuracy of the economic information has not
been questioned here, especially in relation to the flood
losses. Quadratic loss functions are commonly used in
theoretical works but this does not imply that they are of
common occurrence in the real world. The loss functions

93
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in this example probably exaggerated the flood damages. For
example, the assumption that the damages become approxi-
mately constant beyond a certain flood level, and its
implementation by the use of a square root function is
reasonable. However, the implicit assumption made here,
that this "leveling" of the losses occurs after the
guadratic function reaches its maximum is not necessarily

true.

5.1.3 Methodology

The use of water stages instead of discharges
presented some problems for the distribution fitting and may
have affected the final decision. The transformation
operated upon the random discharges by the shape of the
channel and the flood plain adversely affects the resulting
behavior of the random stages. The cross sectional area
in¢reases more than linearly as the water rises. Hence,
even if the pdf of the discharges has a long tail, the pdf
of the stages will have a shorter tail (if any). The
fitting of exponential type distributions to water stages
may, consequently, erroneously increase the expected
damages. It seems that a better approach would be, when
possible, to obtain the distribution of the discharges, and
then use the stage/discharge relationship to determine the

water levels.
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The properties of the integration area for the
evaluation of expected damages, discussed in Section 4.3,
open the possibility of a further simplification of the
model, that surely will improve the manageability of the
whole problem. It is based on the assumption that the
levee follows a water profile, and it consists in the con-
sideration of levee failures at the extremes of the reach
only. This makes the expected losses dependent only upon
the damage functions of the two extreme cross sections and
eliminates the need to generate water profiles for each

possible pair of water stages.

5.1.4 pdf Fittings

One major difficulty at the beginning of this thesis
was trying to estimate a single bivariate pdf from an "L-
shaped" tail. This proved to be a difficult estimation
problem; and only very simple cases (linear truncations,
univariate cases, etc.) were found in the literature con-
sulted. The division of the sample space and the use of
conditional distributions is, however, a valid approach too,
and it completely satisfies the needs of the problem treated
in this thesis.

The location parameters of some distributions were
assumed to be known, in order to simplify the parameter
estimation in the example of the Zagyva River. The use of

the base levels, x. = 85.95 and Yy = 91.04, as the location

L
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parameters for the lognormal, exponential, gamma, and beta
distributions seems rathér reasonable. Other parameters,
such as the location parameter for the truncated lognormal
distribution and the "b" parameter for the beta distribution,
were fixed in a more arbitrary fashion, after a subjective

judgment of the sample.

5.1.5 Model Selection

Although the model selection procedures used here
were relatively successful in reducing the choice set, the
discrepancy between the two methods suggests the need for
additional study (for example, using simulation) of the
performance and accuracy of such methods. It also suggests
the need for extreme caution and awareness of the possibile
pitfalls in their application.

The deviation of the optimal decision and the in-
flated total yearly costs obtained for the lognormal model
in the case of the Zagyva River clearly illustrate the
importanée of model selection for decision making based on

extreme hydrologic events.

5.2 Conclusions

The following points can be concluded from the
present work:
l. When expected damages of extreme events are sought,
the problem of estimating a bivariate pdf from an

"L-shaped" truncated sample may be overcome by
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proper subdivision of the sample space and the use
of conditional pdf's.

Using standard goodness of fit tests, the distribu-
tions of different families can be fitted to the
joint flood magnitudes in the Tisza and the Zagyva
Rivers.

None of the marginal distributions considered can be
rejected at the 5% confidence level by the
Kolmogorov-Smirnov test.

The two model selection procedures presented here
can be successfully applied to reduce the set of
candidate pdf's. However, the ordering of the
distributions is different for the two criteria.
Model selection by sample likelihoods is very
sensitive to numerical errors in the normalizing
constant of a distribution.

Under the likelihood of the Chi-square statistic
criterion, the best ranking distribution of water
stages are: the Beta.Beta for the conditional on
event El; and the Normal.Truncated-Lognormal for
the conditional on event E2. Under the sample
likelihoods criterion, the best ranking distribu-
tions are: the Beta.Lognormal for the conditional
on event El; and the Normal.Gamma for the condi-
tional on event E2. The composite model is a

weighted sum of the Beta.Lognormal, Beta.Gamma,
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Beta.Beta, and Bivariate Lognormal distributions for
the joint pdf of water stages conditional upon event
El; and a weighted sum of the Normal.Lognormal,
Normal.Gamma, Bivariate Normal, and Normal.Truncated-
Lognormal distributions, for the joint pdf of flood
magnitudes conditional upon event E2.
For decisions based on expected values, the
composite model represents a very good alternative,
because it takes into account the model uncertainty.
In the case of flood protection for the Zagyva
River, the decision rached with the composite model
lies within the range of variation of those obtained
with the component models.
The discontinuity in the integration for the eval-
uation of the expected losses plays a critical role
in the speed and accuracy of the results, and it
should receive special attention in similar problems.
Using the composite model, the optimum levee design
has a height (over the sea level) of 95.0m at the
tributary, and 91.5m at the main river. 1Its initial
construction cost has been computed as 145.26
million Forints and has an expected total yearly
cost of 18.46 million Forints. (One Forint is
approximately $0.05 U.S.)
According to the model formulated here, the total

yearly cost of the levee system for the Zagyva River
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is sensitive to the type of distribution used for
the joint probability of flood stages conditional
upon event E2, and is not sensitive to the distribu-
tion of flood stages given event El.

Under the economic assumptions of the case study,
the results of all the models considered show high
investment returns for the improvement of the levee

toward the downstream end of the reach.
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Regression Coefficients, Draw Down

Table A,1l.
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B(K)

Regression Coefficients, Damping

Table A.2
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Construction Cost Coefficients

Table A.3.
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Damage Coefficients

Table A.4.
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NOTATION

bm Basic flow level for the main river

bt Basic flow level for the tributary

C(G) Total construction cost of levee with profile G
ci(.) Construction cost function for cross section i
D Domain of water profiles

El’EZ’E3 Flood events

£ (H) pdf of water profiles

G Levee profile; the vector (gl,gz,...,gn)
g5 Levee height at cross section i

I Levee height at main river (same as gl)
9. Levee height at tributary end (same as gn)
h A flood stage pair (hm,ht)

H Water profile; the vector (h;,h,,...,h )
hi Water level at cross sectioh i

hm Water level at main river (same as hl)

ht Water leve; at tributary end (same as hn)
L(G,H) Losses caused by flood H with lévee G

1i(.,.) Damages function for cross section i

S Sample space

TEC Total expected cost

tk}g,g) Indicator function; see Equations (2.10) and (2.11)
TYC Total yearly cost (usually in million Forints)

X Water level at the main river (also h., or hm)
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XL Base level for main river (also bm)
Yy Water level at the tributary (also hn or ht)

Yy, Base level for the tributary (also bt)



REFERENCES

Atkinson, A. C., 1970, "A method for discriminating between
models," Journal of the Royal Statistical Society,
Series B, Vol. 32, No. 7, pp. 323-353.

Bellman, R., and R. Kalaba, 1965, Quasilinearization and
non-linear value problems. American Elsevier
Publishing Company, Inc,, New York.

Benayoun, R., B. Roy, and B. Sussmann, 1966, Electre, une
méthode pour guider le choix en présence de points
\de vue multiples, Note de Travail no. 49, Direction
scientifique, S.E.M.A. (Metra International), Paris.

Benjamin, J. R., and C. A. Cornell, 1970, Probability,
Statistics and Decision for Civil Engineers.
McGraw-Hill Book Co., Inc., New York.

Bogardi, I., 1975, "Uncertainty in water resources decision
making," Proceedings, U.N. Interregicnal Sem. on
River Basin Develop., Budapest, Hungary.

Bogardi, I,, L. Duckstein, and F. Szidarovsky, 1975,
"Hydrologic system reliability at confluence of
rivers," Proceedings, Symp. on Math, Models in
Hydrol., & Water Resources Systems, Bratislava,
Czech., No. 115, pp. 36-44,

Bogardi, Istvén, and Mathé Zoltdn, 1968, "Determination of
the degree of protection offered by flood levees and
the economic improvement thereof," National Water
Authority, Department for Flood Control and River
Training, Budapest, Hungary.

David, F, N., and Evelyn Fix, 1961, "Rank correlation and
regression in a non-normal surface," Proceedings
of the fourth Berkeley symposium on mathematical
statistics and probability, vol, 1, Jerzy Neyman,
editor, University of California Press, Berkeley,
Los Angeles, pp. 177 f£f,

Des Raj, 1952, "On estimating the parameters of a bivariate
normal population from double or singly linearly
truncated samples," Sankya, Vol. 12, pp. 277-290.

138



139

Duckstein, L., I, Bogardi, F. Szidarovszky, and D, Davis,
1975, "Sample uncertainty in flood levee design:
Bayesian versus non-Bayesian methods," Water
Resources Bulletin, Vol. 11, No. 2, pp. 425-435,

Duckstein, L,, and E. Simpson, 1975, "Uncertainties in

karstic water resources systems," Proceedings,
Seminar in Karst Hydrology & Water Res., Dubrovnik,
Yugoslavia.

Dumonceaux, Robert, Charles E. Antle, and Gerald Haas, 1972,
"Likelihood ratio test for discrimination between
two models with unknown location and scale
parameters," Technometrics, Vol. 15, No., 1, pp. 19-
27,

Gaver, Keneth M., and Martin S. Geisel, 1974, "Discriminating
among alternative models: Bayesian and non-Bayesian
methods," Frontiers in Econometrics, Paul Zarembka,
editor. Academic Press, New York, London, pp. 49-77.

Ghirtis, G. C., 1967, "Some problems of statistical
inference relating to the Double-Gamma distribution,"
~Trabajos de Estadistica, Vol, 18, pp. 67-87.

Henderson, F., 1966, Open Channel Flow. The Macmillan
Company, New York.

Johnson, Norman L., and Samuel Kotz, 1970a, Distributions in
~Statistics: Continuous Univariate Distributions-1.
Houghton Mifflin Company, Boston.

Johnson, Norman L., and Samuel Kotz, 1970b, Distributions in
Statistics: Continuous Univariate Distributions-2.
Houghton Mifflin Company, Boston.

Johnson, N., and S. Kotz, 1972, Distributions in Statistics:
Continuous Multivariate Distributions. John Wiley &
Sons, Inc., New York, London, Sidney, Toronto.

Kuiper, E., 1965, Water Resources Development. Butterworths,
London.

Mardia, K. V., 1970, "Families of bivariate distributions,"”
Griffin's Statistical Monographs and Courses #27,
Griffin, London.

Ralston, A,, 1965, A First Course in Numerical Analysis,
McGraw-Hill, Inc,, New York,




140

Smallwood, R., 1968, "A decision analysis of model selec-
tion," IEEE Trans. Svstems Science and Cybernetics,
Vol. SSC-4, No. 3, pp. 333-341.

Szidarovszky, Ferenc, 1974, "Introduction to numerical
methods" (in Hungarian) Koézgazdasagi &s Jogi
Konyvkiadd, Budapest.

Szidarovszky, F., I. Bogardi, L. Duckstein, and D. Davis,
1976, "Economic uncertainties in.water resources
project design," Water Resources Research,

in press.

Szidarovszky, F., L. Duckstein, and I. Bogardi, 1975,
"Levee system reliability along a confluence reach,"
~ASCE, J. of the Engineering Mechanics Division,
Vol. 101, No. EM5, pp. 609-622.

Szidarovszky, F., and S. Yakowitz, 1976, "Analysis of
flooding for an open channel subject to random
inflow and blockage," unpublished manuscript,
Department of Systems Engineering, University of
Arizona.

Van Ornum, J. L., 1914, The Regulation of Rivers. McGraw-
Hill Book Company, Inc., New York.

Wood, Eric F., I. Rodriguez-Iturbe, and J. C. Schaake, Jr.,
1974, "The methodology of Bayesian inference and
decision making applied to extreme hydrologic
events," Ralph M. Parsons Laboratorv for Water

Resources and Hydrodynamics TR 178, Department of
Civil Engineering, Massachusetts Institute of
Technology, Cambridge.

Yevjevich, V., 1974, "Systematization of flood control
measures," Journal of the Hydraulics Division,
American Society of Civil Engineers, vVol, 100,
No, HY1l, pp. 1537-1548,




	HWR-1976-028_pg000a001_m
	HWR-1976-028_pg000a002_m
	HWR-1976-028_pg000a003_m
	HWR-1976-028_pg000a004_m
	HWR-1976-028_pg000a005_m
	HWR-1976-028_pg000a006_m
	HWR-1976-028_pg000a007_m
	HWR-1976-028_pg000a008_m
	HWR-1976-028_pg000a009_m
	HWR-1976-028_pg000a010_m
	HWR-1976-028_pg000a011_m
	HWR-1976-028_pg000a012_m
	HWR-1976-028_pg001_m
	HWR-1976-028_pg002_m
	HWR-1976-028_pg003_m
	HWR-1976-028_pg004_m
	HWR-1976-028_pg005_m
	HWR-1976-028_pg006_m
	HWR-1976-028_pg007_m
	HWR-1976-028_pg008_m
	HWR-1976-028_pg009_m
	HWR-1976-028_pg010_m
	HWR-1976-028_pg011_m
	HWR-1976-028_pg012_m
	HWR-1976-028_pg013_m
	HWR-1976-028_pg014_m
	HWR-1976-028_pg015_m
	HWR-1976-028_pg016_m
	HWR-1976-028_pg017_m
	HWR-1976-028_pg018_m
	HWR-1976-028_pg019_m
	HWR-1976-028_pg020_m
	HWR-1976-028_pg021_m
	HWR-1976-028_pg022_m
	HWR-1976-028_pg023_m
	HWR-1976-028_pg024_m
	HWR-1976-028_pg025_m
	HWR-1976-028_pg026_m
	HWR-1976-028_pg027_m
	HWR-1976-028_pg028_m
	HWR-1976-028_pg029_m
	HWR-1976-028_pg030_m
	HWR-1976-028_pg031_m
	HWR-1976-028_pg032_m
	HWR-1976-028_pg033_m
	HWR-1976-028_pg034_m
	HWR-1976-028_pg035_m
	HWR-1976-028_pg036_m
	HWR-1976-028_pg037_m
	HWR-1976-028_pg038_m
	HWR-1976-028_pg039_m
	HWR-1976-028_pg040_m
	HWR-1976-028_pg041_m
	HWR-1976-028_pg042_m
	HWR-1976-028_pg043_m
	HWR-1976-028_pg044_m
	HWR-1976-028_pg045_m
	HWR-1976-028_pg046_m
	HWR-1976-028_pg047_m
	HWR-1976-028_pg048_m
	HWR-1976-028_pg049_m
	HWR-1976-028_pg050_m
	HWR-1976-028_pg051_m
	HWR-1976-028_pg052_m
	HWR-1976-028_pg053_m
	HWR-1976-028_pg054_m
	HWR-1976-028_pg055_m
	HWR-1976-028_pg056_m
	HWR-1976-028_pg057_m
	HWR-1976-028_pg058_m
	HWR-1976-028_pg059_m
	HWR-1976-028_pg060_m
	HWR-1976-028_pg061_m
	HWR-1976-028_pg062_m
	HWR-1976-028_pg063_m
	HWR-1976-028_pg064_m
	HWR-1976-028_pg065_m
	HWR-1976-028_pg066_m
	HWR-1976-028_pg067_m
	HWR-1976-028_pg068_m
	HWR-1976-028_pg069_m
	HWR-1976-028_pg070_m
	HWR-1976-028_pg071_m
	HWR-1976-028_pg072_m
	HWR-1976-028_pg073_m
	HWR-1976-028_pg074_m
	HWR-1976-028_pg075_m
	HWR-1976-028_pg076_m
	HWR-1976-028_pg077_m
	HWR-1976-028_pg078_m
	HWR-1976-028_pg079_m
	HWR-1976-028_pg080_m
	HWR-1976-028_pg081_m
	HWR-1976-028_pg082_m
	HWR-1976-028_pg083_m
	HWR-1976-028_pg084_m
	HWR-1976-028_pg085_m
	HWR-1976-028_pg086_m
	HWR-1976-028_pg087_m
	HWR-1976-028_pg088_m
	HWR-1976-028_pg089_m
	HWR-1976-028_pg090_m
	HWR-1976-028_pg091_m
	HWR-1976-028_pg092_m
	HWR-1976-028_pg093_m
	HWR-1976-028_pg094_m
	HWR-1976-028_pg095_m
	HWR-1976-028_pg096_m
	HWR-1976-028_pg097_m
	HWR-1976-028_pg098_m
	HWR-1976-028_pg099_m
	HWR-1976-028_pg100_m
	HWR-1976-028_pg101_m
	HWR-1976-028_pg102_m
	HWR-1976-028_pg103_m
	HWR-1976-028_pg104_m
	HWR-1976-028_pg105_m
	HWR-1976-028_pg106_m
	HWR-1976-028_pg107_m
	HWR-1976-028_pg108_m
	HWR-1976-028_pg109_m
	HWR-1976-028_pg110_m
	HWR-1976-028_pg111_m
	HWR-1976-028_pg112_m
	HWR-1976-028_pg113_m
	HWR-1976-028_pg114_m
	HWR-1976-028_pg115_m
	HWR-1976-028_pg116_m
	HWR-1976-028_pg117_m
	HWR-1976-028_pg118_m
	HWR-1976-028_pg119_m
	HWR-1976-028_pg120_m
	HWR-1976-028_pg121_m
	HWR-1976-028_pg122_m
	HWR-1976-028_pg123_m
	HWR-1976-028_pg124_m
	HWR-1976-028_pg125_m
	HWR-1976-028_pg126_m
	HWR-1976-028_pg127_m
	HWR-1976-028_pg128_m
	HWR-1976-028_pg129_m
	HWR-1976-028_pg130_m
	HWR-1976-028_pg131_m
	HWR-1976-028_pg132_m
	HWR-1976-028_pg133_m
	HWR-1976-028_pg134_m
	HWR-1976-028_pg135_m
	HWR-1976-028_pg136_m
	HWR-1976-028_pg137_m
	HWR-1976-028_pg138_m
	HWR-1976-028_pg139_m
	HWR-1976-028_pg140_m

