In practice, a confidence interval was calculated by fitting statistics to the 500 generated
discharge scenarios. By trial and error, it has appeared that a useful synthesis could be
based on a lower limb of the interval taken as the 30 % quantile and the upper one as the
95 % quantile. These quantiles were chosen so that the range of future discharges was
wide enough to include the observed discharge most of the time. Also, below the 30 %
quantile, the scenarios frequently reverted to the zero rainfall scenario which is the natural
recession from the current hour status, when rain definitively stops, see
Figure 4.3.14 (b) and (c).

Obviously, using such statistics does not prevent one from considering some of the
extreme scenarios, but proves more useful as a first tool.

This sytem has been "played” off-line on all the events of the Gardons data set, in an
attempt to reproduce real-time conditions. Obviously, both TOPMODEL and the Rainfall
Generator had been already calibrated on this set of events, therefore altering slightly the
value of this validation test.

A complete example is provided for a multi peak event where a sequence of 12 hour ahead
forecast is provided for some critical time-steps during the event (Figure 4.3.15). More
details can be found in Lardet and Obled (1994), and only conclusions will be presented.

"~ Results can be summarized as follows:

a)  the system provides reliable information up to a lead-time of 4 hours, and often
6hours . Indeed, rainfall scenarios are only significantly conditioned by past
observed rainfall for a couple of future coming hours only. Taking into account a
delay of almost 2 hours between rainfall and discharge at the outlet of the
catchment, it means that discharge scenarios can be actually well conditionned
during 4 hours. At this short lead-time, generated discharge scenarios can be
considered as reliable forecasts.

~ b) the system provided useful information for decision-making for lead-times up to
12h. At these longer lead-times, generated scenarios can be considered as potential
future discharges, or climatologically likely discharges, but not as forecast, since
the conditioning is weakened. For example, it can give an idea of possible future
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d)

discharges if it continues to rain after the flood peak, even if it is more likely that
rain stops . In some such cases, the range of future discharge scenarios may be very
wide, which reflects the fact the hydrological system is mainly driven by its last
inputs.When these inputs are uncertain, the response can only be very uncertain.

results are very dependent on the time-step in a rainfall event at which generations
are considered. Indeed, the quality of the results, (in terms of a narrow range for the
discharge confidence interval), is not constant throughout an event. At some time,
the meteorological situation conditions the rainfall generation very well (e.g. just
after a storm peak, when rainfall can only dampen for a few hours) but at other
times, conditioning is weaker and the range of future discharges becomes wider.

the rising part of a hydrograph is quite well predicted by the upper limb of the
confidence interval used whilst the lower limb is more useful when discharges are
receeding. Thus, the problem is to determine exactly when the discharge peak will
or has occured. But this can be solved only by using a meteorological model.

even if the rainfall-runoff model is considered good, the uncertainties related to such
a model cannot be ignored and should be added to the confidence interval suggested
by the scenarios. This was not done in the work presented here because the aim was
only to investigate the usefulness of a stochastic rainfall generator. These
uncertainties are obviously more important at lead-times of more than 6 h, but could
be neglected in a first step at lead-times up to4 h.

it was noticed that other meteorological information could be added to the model to
obtain a still better conditioning of the scenarios by the observed situation. The
present conditioning is performed by the observed past only. However, existing
meteorological forecast could suggest an expected range of possible future rainfall
volumes (over the next 12 h for example). In such case, this can be assimilated by
the rainfall generator which would then be used as a disaggregation model of these
suggested volumes to give still more realistic scenarios of rainfalls and discharges.
An example is provided for the biggest event available, with the confidence interval
based on past rainfall only (see Figure 4.3.14(d)), or complemented by a 12 hour
forecast specifying that total rainfall will be between 50 and 150 mm
(see Figure 4.3.14(e)).
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Figure 4.3.14 - Example of generated scenarios and derived confidence intervals
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In conclusion, it has been shown that this rather simple method already shows a
significant improvement over a pure hydrologic forecasting system. This was not
expected, nor is it a widespread concept in the hydrologic community. Furthermore, it
still seems far from complete development.

4.4 CONCLUSIONS

Various problems and methodological options arise when a rainfall-runoff model is
operated for real-time flood forecasting. These are summarised below to help the
non-expert user in model development and use.

Choice and collection of data

At first, it may be sufficient to collect the longest possible record of data for the most
significant events (of the range which is feared to produce trouble making flooding i.e. an
order of magnitude of two to three per year). So, our suggestion will be to perform first
an exploratory analysis on event data, even if the implementation choice is to run the
model continuously (see below).

The time step to be used is roughly around one hour, coming down to half an hour for
basin areas of some 10 km2, and two or three hours when approaching 10.000 km2.

There are two important things about the quality of data. One is the density of the
raingauge network (or the availability of radar information), to get a good estimate of the
true input variable i.e. the basin average rainfall. Some rules of thumb deduced from
geostatistical analysis of rainfall fields suggest one gau ge per ~25 km? x (time step in
hours) without getting below one gauge per ~80 km2 x (time step in hours). If this
density is not accessible, there is a strong chance that the gross input rainfall is poorly
estimated, so it will be hard to get a proper estimate of effective rainfall and quick runoff.
In any case a preliminary study of the area should be made, given that the required density
depends on several factors, among which is the spatial correlation of precipitation fields.
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The second issue is the quality of discharge data, especially for high or extreme values.
Obviously, reproducing those "observed" values will be the aim of any model, whatever
its type. If these values are wrong or biased due to poor instrumental procedures or to
poor extrapolation of rating curves for example, the model will do its best to reproduce
those wrong values. In particular a problem is frequently found in the calibration and
updating of rating curves that may lead to extensive extra work involving hydrological
analyses in order to match hystorical with real-time level data.

Event-based vs continuous operation

There is no definite position to be maintained in the use of event-based versus continuous
models, since it depends very much on external constraints such as the wishes of the
demanding service or the context of available on-line data.

A continuous operational model offers the guarantee that the system is permanently ready
to respond to a sudden rain event, in that it does not require initialization. It is obvious
that in this case a real time data acquisition system is needed but in any event, this is an
essential pre-requisite for a real time flood forecasting system. Besides, in actual
operation, the model may not be run continuously in real time, since a long antecedent dry
period may be quickly reprocessed at the onstart of a new event, so long as the data has
continued to be collected in the interim, which is usually the case. Although such a model
requires continuous series, discontinuities often arise e.g. from breaks in the gauge,
maintenance periods etc., and therefore an automatic real time data reconstruction system
must be available. In the European Flood Forecasting Operational Real Time System
(EFFORTS) (E. Todini & Partners, 1992), the algorithm described in Section 4.3.2 is
implemented in order to automatically rebuild missing data.

On the other hand, event-based models may often provide the same level of performance
for wet periods only with a slightly simpler structure but at the cost of a very careful and
sensitive initialisation. Several ways will be explored to cope with this requirement,
later on. In the case of event based models, the only strong recommendation is to select
one of those for which initialisation can be reasonably controlled and understood (like in
TOPMODEL, where it relies only on pre-event baseflow, if there is some) and provide an
organization to ensure that the system and operators can be quickly brou ght on-line.
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The basin response function

Parabollic transfer functions, such as the ones in the ARNO model (Todini, 1996) can be
developed. In this case calibration must be performed based on physical grounds by
taking care of the speed and the attenuation of the flood waves produced by the runoff
over the hillslopes and in the channels.

Alternatively a transfer function identification approach for the routing of runoff can be
used. This method can be used, as long as the transfer function has been based on a
substantial sample of events of sufficient quality.

If one derives the function only from input output data, this may be substantiated first by
a qualitative screening of the "purest events” (single peaked, with short intense rainfalls).
However, a more complete screening of all major events, either long or multi-peaked,
requires the help of an objective method, as much independent of a priori model as
possible. Among existing identification techniques, the alternate iterative FDTF-
ERUHDIT method has proved objective and robust enough to be as much free as possible
of a priori assumptions (particularly on the loss function or water accounting part of the
process), and flexible enough to accommodate many options.

A strategy for running these analyses has been derived from experience, consisting in
three steps:

(a) First a rough-hewing of the transfer function, ordinate per ordinate, is made to
detect its general shape. This requires at least 12 to 15 flood events, preferably
more. The poorer the data, the more floods are needed. Instabilities in the transfer
function, like secondary peaks are often an index of poor data quality or a difficult
catchment.. Often, a recession analysis is useful to approximate the response length
and to decide if an extra filtering of the baseflow is required (which is only partially
performed by the FDTF-ERUHDIT method).

(b) Next, the invariance of the transfer function must be considered. The FDTE-
ERUHDIT tool can still be used in an exploratory mode, to test whether event
subsamples, stratified according to different criteria (e.g. rain intensities, initial
discharges, etc...) and gathering at least eight or ten events, do not show excessive
time-variance of their respective transfer function. These trials allow one to measure
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the degree of robustness in using a unique transfer function, or suggest a
parametrisation for making it time-variable (e.g. according to the discharge level).

(c) Finally, a refined average transfer is derived, sometimes smoothed by ARMAX
fitting (on discharges or discharges variations). Simultaneously, a set of excess
rainfall series is derived by deconvolution. The presence of instabilities (like
succession of high and low values) often reveals problems in the original data.
Otherwise, the deconvoluted excess rainfalls may serve as a hint for what a loss
model should produce, and may guide its choice.

Choice of a loss or production function

This choice should hopefully be based on extensive instrumentation and experimental
work at the basin scale. However, this is more often based on a priori assumptions or
model availability. This choice will also interact with our capacity to initialise or control
the internal state of the model.

If a predominantly Hortonian generation is assumed, where excess runoff is controlled by
infiltration capacity, this means that antecedent conditions must focus on topsoil wetness.
This variable is known to be highly spatially varying, and difficult to access at the basin
scale except through very rough indexes like the antecedent precipitation index. Models
like SCS, SACRAMENTO and SWATCH, are good representatives of this type of
model.

If, on the other hand, the development of contributing areas is a sustainable assumption,
excess runoff becomes mainly controlled by aquifer seepage. This means that antecedent
conditions rely on full soil wetness or near-surface aquifer storage. This variable is
known to correlate pretty well with recession flows, unless the latter are influenced or
disappear totally. Models employing this concept are essentially simplified aquifer
models; TOPMODEL, and eventually ARNO, are representative of this class.
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Calibration and initialisation

Whatever the model chosen, a large degree of pragmatism is required for calibration. The
parameters of the model should have, as far as possible, a physical meaning. Automatic
calibration should be avoided since most of the time it is unable to estimate sets of
physically meaningful parameters and to discriminate amon g convergent sub-basins.

Another problem will arise in real-time operation, even with a "good" model, namely its
initialisation at the start of a new event. As has already been discussed in the choice of the
production model , depending on the dominant processes, the critical initial state may be
the topsoil humidity or the upper aquifer level.

The first way explored here was the updating of this variable by Kalman filtering,
responding to the first reactions of the basin discharge to the starting event. This proved
very unstable and must be discarded. An error correction model, superimposed on the
loss model itself, does better, although it does not chan ge the potentially poor initialisation
used.

A better way is to run the model continuously, hoping that the model performs well
enough to be in the proper state at the onstart of the next event. This requires some extra
complexity, since the water accounting (involving processes such as actual
evapotranspiration or aquifer drainage) must be reproduced more precisely than in the
case of the model running on events only.

This does not mean that one can abandon a permanent checking of the model, which is
usually based on observed streamflows. Running continuously does guarantee fully a
proper state for the model. A potentially more economical way could consist of running
the model at larger time steps (e.g. daily) during those recession periods. This has been
explored in this project. It involves running the model in continuous-time on a daily basis,
extracting the values of state variables and initialising the model on the final shorter time
step (e.g. one hour) through these initial values. Prediction of initial states though model
operation on a daily basis is very accurate for models with a small number of parameters
(three to five) and state variables (two or three), such as the simplified TOPMODEL.
For other models with a larger number of parameters (more than ten) and state variables
(more than five) predictions are generally accurate for those states that are directly related



to the slow response of the basin. So, for such models (i.e., SACRAMENTO, TANK,
ARNO, etc.) one or two initial states need to be tuned or filtered during real-time
operation.

Calibration based on inappropriate data

Historical data records that are inappropriate (in the sense of being sparse) for model
identification is not an uncommon situation in the design phase or the first stages of
operation of a flood forecasting system. Small response times of small and medium-sized
basins (with areas up to several hundreds of km2) require small time steps (up to few
hours) while the bulk of the available data has been obtained through non-recording
devices as a series of daily observations. Continuous records are sparse and they have
often been obtained for some significant flood events for the needs of a flood study in the
area. The long series of daily data can be effectively used to identify the model selected on
a daily basis. The transfer function of the model can be directly identified based on multi-
event data set that can be extracted from the continuous-time records. With this transfer
function and a production function derived from the daily model, and a model can be
obtained (called derived model). Extensive computer experiments have shown that this
model is an acceptable alternative to a model identified on a set of appropriate data.

Lumped vs distributed: hints for semi-distribution

It has been seen in Chapter 3 that when rainfall falls over almost the whole catchment and
is spread in time and space, then the damping capacity of the basin due to integration is
sufficient to smooth the effects of this variability. If the dominant processes are interflow
and saturation excess overland flow, only a small part of the basin contributes directly,
while a large part of the water goes first into the topsoil which probably smooths its
spatio-temporal variability. In this rather common case, a lumped treatment performs as
well as a distributed one.
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However, it may happen that:

(a) rainfall is very localised, i.e. the wetted area is quite limited, it does not last for a
long period of time (compared with the response time), and covers only part of the
basin, (e.g. a particular tributary), and/or that

(b) rainfall displays little temporal variability, i.e. large intensities last long enough to
prevent the given subcatchment to recover, and the drainage network is too short to
dampen the effect from the isolated basin.

In both cases, the transfer function that controls the response is no longer that of the
complete catchment, but that of the tributary on which the rainfalls. This happened for
example in the catastrophic flood of Vaison la Romaine in France (22nd September
1992), when it was not the whole Ouveze catchment (580 km2) that was wetted, but three
downstream subcatchments close to the outlet totalling only 120 to 150 km2
(see Figure 4.3.16(a)). This lasted for three to four hours, while common rain events
move and stay hardly more than an hour and a half. In another catastrophe occurring in
the city of Nimes in 1988, a stationary cell remained for more than six hours with very
constant intensities of about 40 to 50 mm/h.

The lack of spatio-temporal spread in big rain events seems more hazardous than a large
variability. In such cases where only part of the basin is specifically hit by a long lasting
cell, the transfer to consider is that of the subbasin, especially when it runs off close to the
global outlet.

This leads to another remark concerning the network structure of the basin: When the
point of interest for a forecast is located immediately downstream of the confluence of two
main tributaries, then it is better to identify each tributary's transfer function separately
(which means two or more gauging stations). Roughly, it seems already worth
considering separately any tributary coming close to the outlet when its size exceeds 10%
of the total catchment. For example, on the Upper Loire River catchment (867 km2 - see
Figure 4.3.16 (b)) which threatens the city of Brives-Charensac, the Aubepin right bank
tributary (~170 km2) needs special attention.
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tributary (Aubépin) is potentially troublesome.

Figure 4.3.16 - Examples of basins where the global response may reduce to that of
a downstream tributary
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As a rule of thumb, if an hourly or half-hourly time step is used, a splitting into subbasins
down to 10 or 15% of the whole basin area when located in the vicinity of the outlet, or
50 km?2 as an order of magnitude, (provided rainfall can be properly estimated for each
subbasin) seems sufficient to avoid those particular cases when the overall basin transfer
function degenerates for a particular event into that of a single tributary. Figures 4.3.17(a)
and 4.3.17(b) show examples of basins used in this project where no splitting is required
(Réal Collobrier at Pont de Fer and Sieve at Fornacina). On the other hand two other
‘basins used in the project (Gardon d'Anduze or Paillon at Nice shown in Figure 4.3.18)
show a network structure likely to display those particular effects.

A recommended procedure could consist in running routinely at the larger scale of interest
(e.g. for a basin of 527 km2, to run a global model at 500 km2), but to keep ready a
model of any subbasin (e.g. a tributary of 63 km2 delivering its discharge close to the
outlet). Any time when there is doubt about a possibly concentrated and stationary
system, this secondary model could be run and compared with the whole-basin model. If
raingauge networks have a density not allowing one to track such situations, qualitative
radar imagery can easily suggest if it is worth (or not) decreasing the scale considered. So
a nested structure of basins, organised according to a hierarchy that considers only those
with a significant degree of potential hazard, can compete with a fully distributed, or a

fully split structure (i.e., where all the basins considered are at the same scale, e.g.
~40 km2, and then linked to each other).
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b) Paillon river (230 km?3), flowing through Nice
on the french Riviera

. ’
Medibeccance

Figure 4.3.18 - Typical examples of basins with network structure that would require
some splitting
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Rainfall scenarios for real-time operation

It has long been claimed that for medium sized, quickly responding streams, the
availability of rainfall information is critical for issuing forecasts with sufficient lead-
times. Until reliable QPFs produced by mesoscale-meteorological models become
routinely available, synthetically generated rainfall scenarios can increase the lead time by
some (precious) hours, as it has been shown here.

Until now, only single input scenarios have been tested. However they can already be
conditioned by the observed past, and also by the information available on the near future
(meteorological forecast, probabilistic QPFs).

No doubt, the more sophisticated rainfall models as described in Chapter 2 will soon
allow scenarios of spatial rainfall on more than one a priori fixed catchment. This
approach will allow a swift move from the present situation where no (or very crude)
future rainfall is entered in the hydrological models, to a hopeful future where excellent
QPFs (both in volume, timing and localisation), will become available.

Real-time updates of Flood Forecasts

There are three commonly used means of updating forecasts, usually embedded in a
Kalman Filter. They are described as follows:

- updating the state variables (which typically describe the amount of water stored in
various natural reservoirs);

- modifying the parameters of the rainfall-runoff model from observed and computed
flows;

- using a physically based rainfall-runoff model, which once calibrated is left alone to
compute current and future flows which are then corrected by the Kalman Filter
using the most recently observed values.
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The first two approaches pose non-linear estimation problems, usually dealt with by using
Extended Kalman Filters. In particular, the second approach (in which the non-linear
model parameters are modifed on a regular basis) may lead to numerical instability,
usually because many of the parameters are not observable.

The third method is unconditionally stable, being a linear smoothing of the output from a
non-linear model, which already has high precision and has been calibrated on sensible
physically based premises. The Kalman Filter then raises the precision of the estimates
from a (reasonable) 85% to a very useful 99% for one-step-ahead forecasts which slowly
decays to 90 to 95% accuracy twelve steps ahead.

Model intercomparison

The main conclusion that may be drawn from the intercomparison of the ARNO model
whith the TOPMODEL is that both models are expected to give results of the same
quality. The ARNO model appears slightly more complex to calibrate than TOPMODEL.
However, TOPMODEL may fail to correctly represent the unsaturated zone.
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5 FLOOD ROUTING: MODELLING AND FORECASTING

5.1 INTRODUCTION

A flood routing model is an essential component of a real time flood forecasting system; it
is a mathematical model able to predict the changing magnitude of a flood wave as it
propagates through a river system: propagation along the channels is influenced by the
downstream boundary condition, usually only locally, and mainly by the geometric
properties of the channels: the "macroscopic" geometry (measurable with a topographic
survey) and the "friction properties” (regularity, sinuosity, vegetation, bed forms, ...) which
are not directly measurable but can be deduced from measurements of the water flow
(levels and velocities) during past flooding periods.

For real-time operation, it is necessary to forecast water levels (sometimes also velocities or
discharges) at some points of interest along the channels at an appropriate time interval,
called "lead time". Forecasting is based on already available observations: water levels
(and rarely velocities or discharges) at the boundaries, at the points of interest, or at other
points along the channels. As flood wave celerity is usually of a few km/h, observations of
water levels or discharges at the boundaries up to a certain time is sufficient for forecasting
the evolution of the flood level at a point at the interior for a rather long leading time but
with gradually diminishing accuracy; if this is not sufficient, it becomes necessary to be
able to forecast discharges coming in from the catchments at the upstream boundaries, and
sometimes also the "exit" condition at the downstream boundaries.

Flood-routing models decribe the water motion in a more or less simplified form. The so
called "hydraulic” models operate with a spatio-temporal resolution (usually more than a
hundred of meters and seconds) too coarse for describing details about the velocity or
pressure distribution. As a consequence these models use not more than two spatial
horizontal coordinates and not more than three state variables: water level elevation and
two components of the horizontal mean velocity: this kind of hydraulic model is called
two-dimensional, or also "shallow water". A great simplification is obtained when only one
spatial coordinate along the channel and one horizontal mean velocity are retained: this
kind of model is called one-dimensional, or also "fluvial".
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Sometimes, when the inundated areas are crisscrossed by dikes, roads, etc. they are
represented as a set of interconnected cells, connected also with the main river. It is then
assumed that the water surface is nearly horizontal within a cell and that the discharge
exchanged by adjacent cells depends only on the water surface elevation in these cells. For
the main river itself a one-dimensional model is used; this kind of model is called "quasi
two-dimensional” or mixed 1/2 dimensional.

The theoretical foundation for all these models is.the set.of partial differential equations
expressing balances of volumes and momentum, considerin g as external forces gravity and
frictional effects (sometimes wind is accounted for). Due to mathematical complexities of
the differential equations, their analytical solution is possible only for theoretical cases, and
their numerical solution had to wait one century to become feasible, as a result of advances
in computing equipment and improved numerical techniques. Difficulties in their
application are still present no more for mathematical or computational reasons, but
because they require topographic and hyydrographic measurements for describing properties
of the channels and the overflow areas, which is a very expensive task for a natural river,
whose geometrical and frictional properties are highly variable in space and not constant in
time.

Moreover, even when a recent and reliable description.of the channels is available and a
"detailed" (two, quasi-two,one-dimensional) model using that description has been
calibrated, this model is often adopted only for building up simpler ones to be used in the
on-line forecasting procedure, as already pointed out by Cunge, Holly and Vervey (1980)
and shown in "River flow modeling and forecasting” edited by Kraijenhoff and Moll
(1986).

For these reasoné, various simplified wave propagation models continue to be developed;
these models have been categorized by Fread (1985) as:

(1) purely empirical spatio-temporal correlation of water levels or discharges;

(2)  linearization of the Saint Venant equations;

(3) hydrological, based on an approximate relation between flow and storage;

(4) hydraulic, based on a simplified version of the conservation of momentum equation.

As was pointed out in Cunge (1980): "The use of models based on simplified equations
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may lead to difficulties in practice, most often because of one of two factors: developments
in the river basin and the limited range of applicability of simplified methods". The first
reason is typical of "empirical” and "hydrological" models whose parameters are not clearly
related with the channel physical characteristics and are therefore estimated through a
statistical calibration; the second reason applies also to simplified "hydraulic" models,
which, in Cunge's opinion: "can describe the flood propagation along steep rivers
reasonably well, but cannot be used when the longitudinal free surface slope is small".

In the following, a fairly full development of the basic equations of motion for one and two
dimensional models is given, with particular derivations emphasizing the background to the
hydraulic models adopted in AFORISM. This is done, not because there are no other
models, but because the Parabolic and Backwater (PAB) model was adopted for 1-
Dimensional hydraulic modelling and the Integrated Finite Difference Scheme was adopted
to model the 2-Dimensional Hydraulic Flood-routing problems in this study.

5.2 ONE-DIMENSIONAL MODELS FOR REAL-TIME USE.

The model adopted for 1-Dimensional hydraulic modelling of flow in Rivers was PAB. The
back-ground and development of the model are described in the following section.

5.2.1 The PAB model for one dimensional Flow Routing

The equations that govern the one-dimensional propagation of a flood wave in a river
reach, known as De Saint Venant equations, in the absence of outflows or lateral inflows
distributed along the channel, may be written:

9Q, oA _

ox ot

§5+1[98(Q/A)+6(Q/A)]+J=0 (5:2.1)
ox glA ox ot

where:
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area of wetted section _
height of water surface in relation to a horizontal plane

A

Z

R hydraulic radius
X abscissa running along axis of water course

t time coordinate

J distributed loss, per unit of weight and unit of length, due to perimeter

resistance and expressible according to Manning as:
22
n
J= _QT
A’R?
n roughness coefficient according to Manning.

In most practical applications, for studying flood propagation in natural water courses, the
inertial terms are considerably lower than the friction loss terms and liquid profile slope
terms and are moreover of opposite sign. In reality this is not entirely true in some
particular problems where the- frictional loss slope is very small and of the same order as
the inertial terms, as happens for example in the case of estuaries under the influence of
tides however these exception are relatively rare in applications.

On the assumption that the inertial terms are negli gible, the equation system becomes:

2, A _
ox * ot

oz

A

ox (5.2.2)

and may be reduced in the form of a parabolic equation in the single depended variable,

flow:
RN _p9Q_~Q | |
ot ox* - ox (5.2.3)
where:
_Q
D=8 (5.2.4)



_Q _Z__A_a_R) DB
D_A(l+3BR 5z) B , (5.2.5)

where:
D: the diffusivity coefficient
C: the convectivity coefficient
B: the surface width

The equation (5.2.3) is a differential equation of the second order of the almost linear type.
From an analytical viewpoint it is simpler to consider the coefficients C and D as constant
so as to transform the equation (5.2.3) into a linear diffusive-convective equation, within a
At time interval, and to take account of their temporal variability by linearizing the equation

around a fresh profile of the water course at every time step.

The fact that the equation (5.2.3) is now of the linear type makes it possible to apply the
principle of superposition. Basically it is possible to identify the solution to the equation
(5.2.3) for an impulse and then to express every other solution by means of the convolution
integral. With regard to this problem, the boundary conditions set are:

D QO =8t t>0  {where d(t)is the Dirac delta function}
II) Qi) =0 X -> + o0 : (5.2.6)
I Qix,0) =0

Condition (I) indicates that the wave flowing into the reach under study is represented by a
Dirac delta function. Condition (II) states that the flow disturbance is eliminated moving
downstream at a sufficiently large distance. Condition (III) is consistent with the
assumption of linearity accepted and expresses the fact that the disturbance is superimposed
on the pre-existing outflow condition without interfering with it.

The solution to equation (5.2.3) on the basis of the boundary conditions (5.2.6), with C>0
and D>0 (Hayami, 1951), (Dooge, 1973), (Todini e Bossi, 1986) is:

(ax-Q1)
Ax e

UAx = WC 5.2.7)
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where Ax is the distance between the section considered and the section further upstream in
which a flow variation is found.

Therefore, for any variation in flow upstream, while the other boundary conditions
remaining unaltered, the solution to equation (5.2.3) is obtained through the convolution
integral:

QUx+4x;t) = [Qex,t=y) u(y) dy - (5.2.8)
o |

In practical applications equation (5.2.8) is used in discretized form. This means that the
integral is replaced with a summation, the function Q(x,t) is sampled at time interval At,
and finally u,, (t), which represents the impulse response of the system, is replaced by the

discretized form of the unit hydrograph for a square impulse of At duration, in other words
by the At duration pulse response function.

To calculate the latter we proceed as follows. Note, first of all, that the response in
continuous form to a rectangular pulse of At duration is:

F(t) - F(t - At)

s (5.29)
where:
FO = (kv =N{(-Z58) (- 220)
° (5.2.10)
where:

4+ 92

N(e)= 7_;_; [e7as

Therefore its discretized form is:

t+AL

U,0)=U, (tet+A)= —AIT IUM(y) dy = ZIT[IU(t +At) - TU(1)] (5.2.11)
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where:
1
IU(t) = IUAx (v)dy
0

is the (continuous) step-response function. It turns out that
- . 1 . . .
U, (i)= Zt—z[n:{(x +1)At} - 2IF{(i)At} +IF{(i - 1)At}] (52.12)

where

IF(1)= [F(y) dy = é—[(Ct - Ax) N(— Aj%:‘)+ (Cteax)eD N(_ Aj_z%gt):l

In conclusion equation (5.2.8) becomes, in discrete form:

Q(x +Ax,k) = iQ(x,k -i+1) U, (i)
i=l (5.2.13)

where r indicates the number of time intervals corresponding to the hydraulic system
memory.

As already stated, this equation is valid provided U a,(1) does not vary over time, or rather

that C and D remain unchanged over time. Should one wish to take account of their
variability at each time interval, the following U (i) successive responses will be obtained

for the different time intervals k and equation (5.2.13) becomes:

Q(x +4x,k)= ;Q(x, k-i+1)T,,, (i) (5.2.14)
In sum, to solve the non-linear problem of unsteady flow (i.e. to determine the functions
Q(x,t) and Z(x,1)), the basic idea of the PAB model is to associate with equation (5.2.14) a
constant flow profile (reconstructed for slowly changing flow from downstream to
upstream on the assumption of variable flow with x) around which equation (5.2.3) can be
linearized at each At so as to update the values of the coefficients C and D that will then be

considered constant during the next time interval.
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In more detail the PAB method procedure is as follows: -

1) to define, at time t=0, the value of the flow in all the cross sections used to
describe the geometry of the water course.

2) to calculate the downstream level, on the basis for example of the outflow scale,
and to reconstruct the constant flow profile with the variable flow with x.

3) To calculate the mean values of the estimated coefficients C and D in the
sections between the reference sections used for the flow propagation.

4) To propagate downstream the inflow upstream, based on the selected reference
sections. '

5) To increment by one time interval and repeat the procedure starting from
point 2. ’

It is worth noting that the PAB scheme, described here, has the advantage of separating
flow propagation from level propagation.

In fact this separation makes it possible to propagate the flow on a subgroup of cross
sections, known as reference sections, while the levels are calculated in all the geometric
description cross sections.

Finally, the flow at each time interval for all the geometric description sections is
calculated on the basis of the assumption of linear variation of the flow value in the
reference sections.

Steady flow backwater profile computation in PAB.

As described above, the PAB model calculation is based, at each time interval, on the
updating of the diffusivity and convectivity parameters obtained by calculating a backwater
profile with time constant, but spatially varied, flow.

Consider the dynamic equation of spatially gradualy varied flow, inferred by applying the
momentum theorem:
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where:

-2

o > O

C

X

BQ’)_ T

L P =t
ox (z‘ Y 2gA’) R - (5.2.15)

height of bottom of current section;

hydrostatic pressure on bottom of section;
specific weight of the water;

outflow rate;

wetted area;

relevance coefficient of momentum flow defined as:
J’ vidA

Q*/A
area dA;

where v is the velocity of the current that crosses the elementary

tangential force, in the opposite direction to the flow, bearing on the wetted
perimeter area C;

A/C: hydraulic radius;
wetted perimeter area;

current abscissa.

The term connected with the action of resistance to flow by friction may be expressed

(Manning):

T
R R (5.2.16)

One can also write:
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win
N |

R*AJ

Q= =KVI (5.2.17)

where K is the hydraulic conductance.

Therefore:
2
-2
K
And, given
p
y==
Y

where y is the depth of the current in relation to the bottom, we may write:

d BQ*)_ @
5;(% ty+ Eg_A?) =Tk (5.2.18)

The reconstruction of the constant flow profile in slow current conditions implies the
solution of the differential equation (5.2.18) on the basis of the perimeter conditions
represented by the function Q(x), the water level in the section furthest downstream and
knowledge of the geometric characteristics.

The integration of equation (5.2.18) in the case of a natural water course can only be
carried out numerically. It follows therefore that the constant flow model is adapted and
represented by the following equation:

Q; Q
zfz"')’z'*‘ﬂz'z?/:—z:Zn"'%"'Bl zg/;z"'J‘J(x)dx (5.2.19)
2 1 Xy

where the bases 1 and 2 indicate the downstream section and the upstream section
respectively.

The cross sections of a natural bed are generally relatively irregular; in particular they
present a marked distinction between incised bed and berm.
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In these conditions representing the current merely by the overall area and wetted perimeter
values, the mean velocity and a single roughness coefficient value, may lead to
insufficiently reliable results.

Hence in the case of currents that are essentially one-dimensional but not transversally
homogeneous, such as the currents under consideration, it is best to consider the generic
Cross section as a composite section.

Integration of the constant flow equation

When, for each cross section, one has a table containing the bottom height of the section
and also the values of A, K, B and Q., where Q. is the critical flow, for depth y values
scanned regularly (e.g. 20 cm.) from O to a maximum value related to the height of the top
of the banks.

- The quantity Q. has been included in the table in order to check that the solution sought is
actually in slow current (Q<Q,).

Considering again the equation (5.2.19), assume that the friction function J(x) is
expressible in linear form, namely:

't I +J,
J300ax = 1222 Ax (5.2.20)

where: Ax =x, —x,. And given:

z=2z,+y
we have:
Z +B .._..Q..g_—J SA_)(.-Z +B _Q_i_—J g
2 22gA§ 2 2 -4 lnglz 1 2 (5.2.21)

With reference to the generic integration step, the right-hand side of the equation (5.2.21) is
completely known, while on the left-hand side Z; is unknown, A, and J being expressible
as a function of Z,. :
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The search for Z; consists therefore in the search for zero in the function:

2
A
f(zz)=zz+ﬁz'23%— Jz"")’('

- ~F
gA? 2 !

(5.2.22)
where:

2
Ax
Fl =2z +Bl——2(g).jA2 +J1—2—
1

The search for zero in function (5.2.22) is performed using the bisection method, since
there are two z starting values between which the correct solution in slow current will
certainly be bounded. |

The first derives from the assumption that in the upstream section the flow Q; flows under
critical conditions; it follows that

assumes the lowest possible value in the field of slow currents while J; assumes the highest
possible value.

The following two cases are possible:

Ax
() F22F1+127
Ax

Case (a) indicates that there is no solution in sub-critical flow and that the solution is to be
found therefore as critical flow or as supercritical flow.

This situation (in a water course with the flow rate of a river) is found only locally or in
general for high flow rate values, while the mean outflow rate is of the subcritical type. It is
assumed that a local approximation can be made and suppose, in case (a), that the outflow
arises in critical conditions. |

5-12



In the second case, where a solution exists to equation (5.2.19) in sub-critical flow
conditions, the z, starting values for applying the bisection method are defined as follows:

2y =2y

where s = left, d=right

Ax
2,4 =F, +ch‘5‘

where Ja¢ and z; refer to the critical conditions in the upstream section.

Note that the solution z; in sub-critical flow will definitely be greater than zy; and certainly

less than Fy + chézi

The bisection method is thuS applied in the following way.

Beaing in mind that:

The first choice of z; is

1 _ 2yt 2y

zZ,= 5
if f(z;) <0 this gives:

z, =z,
if f(z3)> 0, this gives:

Z,y =2,

and accordingly on the second attempt, z2: is given by:

zz_zz."'zzd
2= n
2
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In general, this continues until f (z‘z) = () with a given precision.

In order to speed up the calculation procedure and thus reduce the programme execution
time, the following measures are taken.

First of all every attempt value y} = z, - z,,, which is almost certain not to be tabulated, is
approximated by means of the closest lower or higher y value, given in the table.

Hence interpolations for calculation of the geometric quantities are avoided.

The bisection method proceeds, as described above, until 235 and z4 correspond to two
successive y; values given in the table.

At this stage z; is obtained as:

flz,,
Zy =2, + (2 — 22‘)¥(—z—)(+272z_)
2s 24

Before concluding, further clarification is required with regard to the proposal:

J,+],
2

jJ(x) dx = Ax (5.2.23)

adopted for the numerical integration of equation (5.2.19).

By a simple development in Taylor series of the function J(x), truncated at the end of the
second order, and further integration between sections 1 and 2 over Ax distance, it is easy

to obtain:

J,+] 197, ,
Ah =2 3 2AX+]—'2-§X—2AX (5.2.24)

The second term in the second member of (5.2.24) is the integration error committed by
solving (5.2.19) with the assumption (5.2.23), an error which is obviously related to the
calculation rate, and which is added to the error due to the incomplete geometric
description of the bed between sections 1 and 2.

This error is the more marked the greater the curvature of the function J(x) in the reach
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considered; this is a situation found generally upstream of a section in which a critical or
near critical condition is encountered.

An approximate expression of this error is given by:

|2 3-S5, é}_s_
E=|J (1—F2)2 12 (5.2.25)

where Sg is the slope of the bed and F is the Froude number:

Q’B
gA®

Expression (5.2.25) may be calculated approximately in the downstream section 1 where
the hydraulic condition is known and provides an order of magnitude of the error
committed by making a spatial step along Ax starting from section 1.

Having assigned the maximum value of the error admitted, it is then possible to obtain the
order of magnitude of the corresponding maximum spatial step Axg,

Should Axg be less than x an intermediate calculation section must be introduced between

sections 1 and 2 whose geometric characteristics are obtained by interpolation of sections 1
and 2.

Once the intermediate section solution has been obtained, a fresh is made from this point
upstream, repeating the procedure using the method described above.

Calculation of the hydraulic parameters of a composite section

The calculation of the overall hydraulic parameters of a composite cross section must be
tackled by dividing the section under study into subsections, in which the parameters may
be considered sufficiently homogeneous, and then by appropriately averaging their values.

The cross section of a water course may be divided, for example, into several subsections,
each of which has a different roughness coefficient value. In this case, using for example
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the Manning formula, it is possible to calculate the mean velocity in each subsection and,
therefore, the flow corresponding to it.

B1 B2 B3 B4 BS | Bs | B7 |

p 3 IN PR Me ale
€ g

Al A7
A2. . A6

A3 Ad AS

The total flow is accordingly the sum of the flows corresponding to the various
subsections, while the mean velocity of the whole section is equal to the relation between
the total flow and the total area.

Making v, ...... » Vn the mean velocity in the n subsections; A, ..., Aq the area of the

subsections; K, ..., K_ the conductance coefficients of the subsections. Suppose that the

slope of the total loads line is the same for all the subsections.

Hence:

n 1 n
Q=VA=)Y vA =)k
i=l

i=l

Hence the conductance coefficient for the whole section is:

K=Yk,

i=l

The coefficient B of the total section is obtained, on the assumption of constant velocity in
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each subsection, by the relation:

n k!2
[vaa 23
TQ /A K

A

The coefficients C and D in equation (5.2.3) may be expressed as:

KZ

" 20QB
c=D9B_ QK
Bodx KBoz

where B is the surface width.

Finally, to calculate the critical flow for a certain water depth value, bearing in mind that
the distribution of velocity in the subsections is assumed to be uniform:

n A?
=25

i=l i

where Bi is the surface width of the i-th subsection.

5.3 OVERLAND FLOW: A TWO-DIMENSIONAL MODELLING APPROACH

5.3.1 Introduction

The aim of this section is to describe the equations governing two-dimensional overland
flow and, in particular, the numerical schemes used to resolve them.

The establishment of a plan and the definition of possible actions aimed to the
improvefnent of the hydraulic conditions of a given flood prone area, in order to mitigate
the risk and the effects of flooding, requires the knowledge of the hydraulic levels that
could be reached during extreme flood events. In view of its importance, many studies -
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which will be referred to later - have been devoted to this subject.

This section focuses primarily on the assumptions that have led to a class of simplified
models, the parabolic models, which seem quite adequate for the solution of most problems
encountered in practice.

The first furst of the section includes basic equations in the continuum, according to the
Eulerian theory, for the description of phenomena occui'ring in fluids. The aim of the
Eulerian approach is to determine the characteristics of flow (dependent variables) by
investigating fixed positions at each point in the space occupied by a fluid; thus velocity
and pressure, and - where relevant - density, are a funciton of the coordinates of the
investigation point and of time (independent variables). This concept is set against the other
theory, propounded by Lagrange, according to which the phenomena are studied by
analyzing the behaviour of a given fluid particle in its motion through space; i.e. the
coordinates of the particle (dependent variables) are defined as functions of given initial
values of time (independent variables).

The second part of the section of the paper is concerned with an examination of numerical
methodologies, and in particular the method of finite differences, the method of integrated
finite differences and the method of finite elements for solving the approximate model
referred to.

5.3.2. Basic equations of mass and momentum balance

The indefinite equations of mass and momentum balance, expressing respectively the
principle of the conservation of mass and the conditions of dynamic equilibrium at each
point in time for an incompressible fluid are, according to the classic literature
(Citrini D. and Noseda G. (1975) and Marchi E. and Rubatta A., (1981)) and others,
as follows:

Divv=0 (5.3.1)
2
%_‘t: = F_gradp+vv v
p ' (5.3.2)
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Equation (5.3.2) is commonly known as the NAVIER-STOKES equation. Applying the
rule of Eulerian derivation, equations (5.3.1) and (5.3.2), in terms of components, can be
written as:

Jdu . av . ow -0
dx " dy " dz (5.3.3)
au+u8u+vau+wau E lap+vV2
4 1-—— u
ot d x dy 0z pé_i (5.3.4)
av+ 8v+ av+ av . 18p+ V2
u \Y% w = I \Y \'%
It Ix Iy 9z Pa_y (5.3.5)
aw+uaw+ aW+waw F lap+vV2
v =F; - — w
at 9x 9y 9z pa-E (5.3.6)

where u,v,w and F;, F,, F; represent, respectively, the components of velocity and mass
force referred to the mass unit in directions x, y and z; p, v, p and t are respectively
pressure, kinematic viscosity, fluid density and time; the symbol V2 s the Laplace operator.
The indefinite equation of momentum balance (5.3.2), completed by the equation of
continuity of mass (5.3.1), by the equation of state (which for an incompressible fluid is p
=cost), by the relations between stresses and strains which, still under the assumption of an
incompressible fluid, make it possible to arrive at the equation of motion in the form
(5.3.2), and by the boundary and initial conditions typical of the specific process of motion
considered enables the determination of the characteristic elements of motion at each point
in time, providing a complete and detailed description.

This result, which is certainly the most complete solution of the dynamic problem, is
extremely difficult to achieve because of the many obstacles encountered in the integration
of the system of differential equations with partial derivatives on real world domains. On
the other hand it should also be noted that such a detailed description of the phenomena is
generally not required vis-a-vis the solution of many practical problems.
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Pariial differential equations of two-dimensional free surface flow

The basic partial differential equations on which this paper concentrates may be derived
from the equations (5.3.3) to (5.3.6) describing mass and momentum balance.

Integration of the equation (5.3.3) over the liquid height h of a generic cross section and
applying the Leibnitz rule, as in Pinder F.F. and Gray, W.G.(1977), Chen C. and
Chow V.T. (1971), Chow V.T.and Ben-Zvi-A.(1973), Lai C. (1986), Di Silvio G. (1978),
leads to:

dh AU . A(Vh) _
it Tox t ey <4 L (5.3.7)

where possible inflows and/or outflows (rainfall, infiltration, evaporation, etc...) were
considered and where U and V represent the mean velocities along the vertical depth in the
x and y direction respectively.

In the case of almost horizontal flows, the vertical component of velocity and acceleration

can be ignored, and under this assumption Lai, C. (1986) eq. (5.3.6) reduces to the form:

(5.3.8)

Integrating with respect to z and selecting the atmospheric pressure py over the water
surface as the integration constant, leads to:

p=pg(H-2)+p, (5.3.9)

where H is the water surface elevation. Then, using eq. (5.3.9) and assuming Po to be
everywhere constant, the following expressions can be found:

dp  dH
gx - PEgX (5.3.10a)
dp  dH
gy ~P&3y (5.3.10b)

Equations (5.3.4) and (5.3.5) can be integrated over the liquid height h, as with the equation
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of continuity of mass, and applying once more the Leibnitz rule, and taking into account
equations (5.3.10a) and (5.3.10b) with the further assumption F;=F,=0,the equations of
momentum balance become:

d(Uh) a(U%h) 3(UVh) dh
o1t Tox Y 7oy — tehgx = 8h(Se- Sp) + Dy (5.3.11)
d(Vh) 3(Vh) 3(UVh) dh

a3t T Tay T T ox +gh5_'y='gh(s°y"'sf’)+D’y-(5.3.12)

where Sq, and Sy, are the components of the bottom slope in the two directions x and y
respectively; Sg, and Sy, are the head loss components in the same directions; D), and D,
account for possible lateral inflows and/or outflows [3].

A detailed examination of the equations of mass (5.3.7) and of momentum balance (5.3.11)
and (5.3.12) are given, for example, in Abbott, M.B. (1979) Cunge, J.A. (1975), Abbott,
M.B. and Cunge, J.A. (1975), Daubert A. and Graffe, O. (1967).

Moreover the problem of numerical solution of these equations has been addressed by
many authors. An extensive study of the various methods is provided by Chintu Lai (1986),
Katopodes and Strelkoff (1978, 1979). The method of finite differences can be found in
Grubert's study (1976) and more recently in Fennegma and Chaudry (1989) The method of
_ integrated finite differences can be found in Narasiman and Witherspoon (1976),
Narasimhan et al. (1978), Pacciani (1987), Cald (1987). The method of finite elements can
be found not only in classic texts [41], [22] or in a general overview paper such as the one
by Ralph Ta-Shun Cheng (1978), but also in Fugazza and Gallati (1977), Katopodes
(1980), Katopodes (1984), Hossenipour and Amein (1984), Vansnick and Zech (1984)
and Akanbi and Katopodes (1988).

In the present paper, in order to provide a general overview of the problem while reducing
the complexity of the derivation, following the works undertaken by Xanthopoulc;s and
Koutitas (1976), and by T.V. Hromadka ii et al. (1985) and J.D. De Vries et al. (1986),
equations (5.3.7), (5.3.11) and (5.3.12) have been simplified; in particular, in the equations
of continuity of momentum per unit of weight (5.3.11) and (5.3.12) the dynamical terms
(i.e. the derivatives of momentum with respect to time), as well as the kinetic terms (i.e. the
derivatives of velocity with respect to x and y) can been neglected without a great loss of
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accuracy in the description of the two dimensional flow pattern. By ignoring, without loss
of generality, the terms D), and D, resulting from possible inflows and/or outflows, a
simplified form of the equation of momentum can be found in which the surface water
slope coincides with the friction slope. |

Furthermore, expressing the load losses according to Manning's formula, as indicated by
Xanthopoulos and Koutitas (1976) for two-dimensional problems, and by Akan and Yen
(1981) and Hromadka et al. (1986) for mono-dimensional problems, the following
equations are obtained:

2.2
oh _ o ™V
ox  “0x~ pa/3
(5.3.13)
2,2
a_}l _ g nyV
TS0y T a3
Iy h (5.3.14)

Obtaining from these latter two equations the velocity components U and V and replacing
them in the equation of mass balance (5.3.7), the following final expression is obtained:

9 g JH. 3 o OH _3H
-FARCE PRI TG TR Bl (5.3.15)
where:
h5/3 h5/3
n n
_ . oy
K _(aH)IIZ ’ y ‘(aH)l/z
ax dy (5.3.16)

with q representing external net flow exchanges (inflows-outflows)

In this paper the solution of eq. (5.3.15) or of the equivalent system (5.3.7), (5.3.13),
(5.3.14) are based upon the method of finite differences, the method of finite integrated
differences and the method of finite elements.
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The method of finite differences

Under this method, the domain is discretized in a finite number of points which form a
regular mesh grid in which the approximate value of the solution is determined, as shown
in the classic literature Abbott, M.B. 1979, Lapidus L., Pinder G.F. 1982. In the following
case, since the unknown h varies with the spatial coordinates x and y and with time t, the
scheme is the one shown in Figure 5.3.1 in which the spatial coordinates are indicated with
the symbol i for the x direction and symbol j for the y direction; time is counted with n
multiples at interval At.

Referring to the system (5.3.7), (5.3.13), (5.3.14), the equation of continuity (5.3.7), using a
general form of the finite temporal differences, integrated between the instant n.At and the
instant (n+1).At, takes the form:

b} - b vhy oy n
5, e(a(Uh) 2 (Vh) | o) +.(L€)(D(Uh) 3 (Vh) .)

+ +
At dx dy I X Jy (5.3.17)

with q accounting for external.inflows and/or outflows.

The method becomes explicit for €=0; in this case the unknown height h at interval (n+1)
At, can be expressed explicitly as a function of known quantities at time n At; nevertheless
the procedure requires that certain stability conditions be satisfied. On the other hand, if
€>0, the unknown height is defined implicitly; this method involves more complex
computations but it does offer the advantage of furnishing stable solutions (with 0.5<e<1).
Lastly, in the case of €=0.5 the centered implicit scheme (CRANK-NICOLSON) is

- obtained, in which the disadvantage of relatively complicated calculations is compensated -
by an enhanced degree of accuracy of the solution.

For the replacement of spatial partial derivatives with finite incremental relations, again
with reference to Figure 5.3.1, one of the following forms can be used.

In these latter expressions there is a truncation error connected with the substitution of the
tangent at point (i,j) with the chord; in eq. (5.3.18) this is centered around the point itself, in
eq. (5.3.19) it refers to the previous Ax interval and, lastly, in eq. (5.3.20) it refers to the
next interval. Similar expressions may be written for the other spatial coordinate y.



o 2 s (WU, U]
2AX ' ©.3.18)
d (Uh) = 1 [(Uh); .- (Uh),, ]
> x v 1-1,) (5.3.19)
ag(lih)' = L [(Uh)i+1.j" (Uh); ;]
— (5.3.20)

The values of the velocity components U;j and V; can be obtained, once more by applying
one of schemes (5.3.18), (5.3.19) and (5.3.20), from equations (5.3.13) and (5.3.14). As far
as the water free surface depth values h are concerned, the average values within the

interval can be assumed.

' y

t

—_— — — — (n+1)at

Figure 5.3.1 - The Finite Differences Mesh

The method of integrated finite differences

Eq. (5.3.15) is integrated over a surface element with an area S; and boundary H.
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[ d JdH d JdHY]- d
Si Si 5 (5.3.21)
Applying the theorem of divergence, the first term on the left part of eq. (5.3.21) is
transformed into a line integral. For the remaining two elements in the expression it is

assumed that g;and H; are the mean values assumed by the respective quantities over §;,

thus obtaining:

(L OH . OH d H;
("a_xl+ ya—yj) dL"'QiSi:Si'a_{ _
L (5.3.22)

The basic aim of integrated finite differences is to discretize the total domain of the flow in
subdomains or conveniently small "elements”, and to assess the mass balance in each
element as shown in eq. (5.3.22).

In physical terms, the line integral in eq. (5.3.22) represents the total flow through the
boundary of the element, whereas the second term, on the left hand side in eq. (5.3.22),
represents the external flow exchanges. Therefore the first element represents, globally, the
accumulation of mass within element S;. The term on the right hand side transforms, on
element S;, the accumulated quantity into a corresponding mean variation of the water

potential.

In order to illustrate the method, the whole domain is divided into polygonal cells
(Dirichlet tassellation, better known to hydrologists as Thiessen polygons
Sloan S.W. (1987), Bear J. (1979)), whose mean properties are associated with the nodal
point i inside the element (see Figure 5.3.2). To ensure the highest degree of precision, the
interfaces between the elements must be perpendicular to the lines joining the nodal points
and they must intersect such lines at their median point Bear J. (1979), Narasimhan T.N.,
Witherspoon P.A. (1976).

It is further assumed that the function H changes linearly among the nodal points and that
its point value coincides with the mean value. Therefore eq. (5.3.22) becomes:
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§  HnH; S IH,
: B -+ C D). = S

mor m G T i T ES TS Gy (5.3.23)
where:

d;m s the distance between the nodes i and m;

Kim is the inverse of the resistance along the line d; o

B;m is the breadth of the interface between the cell i and the cell m.

Figure 5.3.2 - The Integrated Finite Differences Mesh
Eq. (5.3.23) can be rewritten as:
: § dH,
o) Tim m~ Y i Vi i 9t (5.324)

where U; 1, = (K; i Bjm)/d; m, is the conductivity of the interface of separation between the
clements i and m and represents the quantity of fluid transferred for a unit potential
difference between the nodal points i and m Narasimhan T.N., Witherspoon P.A. (1976).



With regard to discretization over time, eq. (5.3.24) takes the following general form:

Z [e Ui + (1) Ul 1 ([e Hi*+ (1-9) HL J-[e H™ + (1) H]} +

m=1

t+At t+At

+[ € g - H})

, S,
+(1-9) g1 §; = — (H;
At (5.3.25)

With =0, e=1 and €=0.5, eq. (5.3.25) leads to previously cited schemes: exphc1t fully
implicit and centered (CRANK- NICOLSON).

The method of finite elements

According to this method, as abundantly described in the classic literature Zienkiewicz
0O.C. (1977), Dhatt G., Touzot G., (1985), Becker E.B., Carey G.F.,Oden J.T. (1986), the
domain of definition of the problem is divided into a certain number of subdomains or
elements; the intersection points of the division lines (mesh) are called nodes. At these
points the approximate value of the solution is determined; with this value, by means of
linear combinations, it is possible to obtain the value of the unknown function, again in
approximate form, at every point in the domain. Eq. (5.3.15) can be written in the form:

f@) = % (x, (H)gf;] + % (X, (H)y—] +q- %E 5326

and, defining with:

Humo-ZHm¢uw
i=1 (5.3.27)

an unknown approximation of the solution sought H(x,y,z), given N known base functions
<I>j(x,y), and the N unknown nodal values H;, then the application of the GALERKIN
method leads to the imposition of orthogonality condition between the residue f(H*) and

the N base functions:
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fH) ® dQ =0 i=12.,N

Q (5.3.28)

which can be written in full as:

9 « OH d P OH OH '
J{n [Kx“”w]* a—y[’(y(“)*a‘y‘]"q"ﬁ}“’i a2 =0

Q

i = 1’ 2’ secy N (5.3-29)

Figure 5.3.3 shows the general base function @;(x,y) for the i-th node and all the functions
taking the form v; .(x,y) which constitute it Becker E.B., Carey G.F.,Oden J.T. (1986). The
example in the figure refers to triangular linear elements which offer the advantage, over
quadrangular elements for example, of complete interpolating polynomials to the maximum
degree which increases the approximation of the method as described in Becker E.B.,
Carey G.F., Oden J.T. (1986) and Reddy J.N. (1986).

Resuming the procedure, first the formula of integration by parts (1t identity of GREEN) is
applied to eq. (5.3.29) in order to eliminate the second derivatives and, then, in view of the
non-linearity, the equation is resolved by using one of the iterative methods, such as
Newton-Raphson or others Huyakorn P.S., Pinder G.F. (1983). |
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Figure 5.3.3 - The Finite Elements Base Function representation
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54 COMBINED 1 AND 2 DIMENSIONAL FLOOD PLAIN MODELLING

The formulation described in Section 5.2 and 5.3 are pulled together in this section to make
a practical tool. The work was done by EPFL-IATE in conjunction with UNIBO-ICI, and
the material is substantially the contribution of Consuegra to the EPFL-IATE Report.

5.4.1 Introduction

The 1987 and 1993 flood damages in several European countries and North American
regions clearly demonstrate the need for an adequate flood mapping and damage
assessment methodology. Decision makers need flood risk maps to approve land
development schemes in flood prone areas. Because of evident economic and political
implications, flood maps should be as accurate as possible.

Marco (1992) provides an extensive review of flood risk mapping procedures. He indicates
that standards on flood risk mapping are only available in the United States of America
while European experience is quite divided by national or regional differences. He notes
that the European Community (EC) has not yet implcinentcd such standards. Flood risk
delineation requires adequate hydraulic models and suitable methods to assess flood
damages.

The following paragraphs describe the developments regarding the hydraulic flood plain
modelling and the construction of the required Digital Terrain Model (DTM) supporting the
flood delineation prbcedures. The impact assessment component of the project and the
Geographical Information System (GIS) framework to assess damages is described later in
this Section.

Several hydraulic models have been reported in the literature ranging from improved one
dimensional routing, accounting for compound channel effects (Abiba and Townsend,
1992), lateral spill and filling of storage cells (Labadie, 1992) to complex two dimensional
finite element models (Galland et al., 1991). Two dimensional diffusive approximations of
the Saint Venant equations solved with finite difference methods have also been proposed
(Reitano, 1992).
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Labadie (1992) states that the application of two dimensional models can be significantly
enhanced if river reaches (structures lines) and the flood plain domain are treated with the
same hydraulic equations. The best solution should be to keep the predominant one
dimensional component of channel flow and combine it with two dimensional propagation
in the flood plain. Labadie (1992) also indicates that the definition of storage cells and their
proper connection to the river cross-sections is not an easy task. Reitano (1992) stresses
that land modeling and loading of related data is very demanding and requires a specific
pre-processing support software allowing the generation of the cell grid. Adequate post-
processors are also needed to visualize the flood maps.

However, two dimensional models are seldom applied in common engineering practice
because reliable Digital Terrain Models (DTM) are rarely available. Flood maps are
generally based upon the extrapolation of water stages for a given design flow and
contouring the flood plain points lying below the calculated water surface elevation. In flat
flood plains (slope less than 0.1%) this approach generally overestimates the extent of
flooding. Traditional DTMs are in raster format and neglect the effects of obstacles to flow
circulation such as embankments or dikes. An adequate consideration of such break lines is
rarely found in the literature. A Triangular Irregular Network (TIN) based DTM appears to
be best suited for flood mapping in flat areas. It is well recognised that a TIN is the only
available method which explicitly accounts for such break lines.

5.4.2. Flood plain hydraulic modelling

Mapping of flood characteristics required the development of a specific hydraulic model.
The latter should simultaneously simulate one dimensional propagation in the main
channels and two dimensional flood routing in the flood plain. The connection between
channels and flood plains requires adequate hydraulic equations. As already mentioned, the
DTM supporting hydraulic computations should account for break lines.

In this study, debris flows, sediment transport and dike failures were not analysed. These
features are particularly important in mountainous regions. In flat areas the dike failure
problem remains. A literature survey indicated that dike failure is a very complex problem
(Zatta, 1993). Two important features have to be predicted. The first one relates to the
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location of the breach while the second concerns the failure mode. Consequently, it was
decided not to consider this problem in the initial development of the proposed hydraulic
model.

Basic equations

For both river flow and flood plain flow, the diffusive wave approximation of the full
Saint-Venant equations is used. In the flood plain, shallow wave theory is assumed to apply
while in the channel, flood routing is based on traditional cross-sections. The equations in
both cases are solved with an integrated time centred finite difference scheme (Giammarco
etal, 1994),

It can be assumed that the diffusive approximation of the Saint-Venant equations is
applicable to the flood plain since routing is essentially controlled by gravity and friction
forces. However, there is no general agreement with respect to channel flow. Henderson
(1966) considers inertia terms to be negligible in most cases, others like Ahn et al. (1993)
argue that such simplifications induces errors between 5 to 10% that could be easily
avoided. De Vries et al. (1979) indicate that inertia terms should not be neglected for the
analysis of tidal effects. For the purpose of this study, it was considered that flood waves in
flat valleys are relatively slow and state changes occur over long periods of time.
Therefore, the diffusive approximation was considered to be acceptable.

The two dimensional diffusive approximation of the Saint-Venant equations can be written

as follows:

Quh  Ph L IH _4=0 (5.4.1)

For an infinitesimal element, equation (5.4.1) can be written in terms of flows:

J
iQidx+—9—’-dy+21;idydx-qud)’=o

x  dy " 9 (5.4.2)
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where: H

water surface elevation at the control element (m)

u,v = velocities in the x and y directions (m/s)
h =  water depth in the control element (m)
q =  external inflows (m/s)

Qx = flow ratein the x direction (m3/s)

The motion equations can be written as follows:

oH

Sfi+=5-=0 (5.4.3)
JoH
S+, =0 (5.4.4)
where: Sfy = friction slope in the x direction

According to Manning’s formula and equations (5.4.3 and 5.4.4), the following expression
may be derived if the velocity components of u along y and v along x are neglected:

R213 oH R2'3 oH
==X v |Z 0 =2 pdx. |22 5.4.5
Q. n, N o 9, n, dy 643

where:  Ryy hydraulic radius in the x and y directions

Nx,y Manning’s roughness coefficient in the x and y directions

Qcy = flowratesin the x and y directions

Substituting (54.5) into (5.4.2) leads to a partial differential equation which is only a
function of H.

0 ., oH d ., oH oH
— K, — |dxdy +| — Ky— ldxdy + qdxdy = — dxd 54.6
(ax xax) y+(ay yay) Y+ qdxdy = —-dxdy (5.4.6)

where;
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Rx2/3h ~ R2/3h

K,=—3—
" BH (5.4.7)
*\ ox

Integrating equation (5.4.6) over a given domain S, leads to the following equation:

U(ax S A 5 ety [[ sy = [[ Ly (5.4.8)
S S

Equation (5.4.8) can be integrated over a sub domain Si‘of contour length Lj assuming that
q and H are average values over Sj. The first term on the left hand of (5.4.8) can be

transformed into a line integral resulting from an integration by parts and the application of
the Green’s theorem to eliminate the second derivatives of H.

§ K, oH x_)+K Q——; dL+q;S; =S; — oH (5.4.9)
L * ox Y Oy ot

The term in the line integral describes the components in the xy co-ordinate system of the
flow vector which is perpendicular to the contour 1imits (Lj) of the sub domain Sj. The line
integral may be interpreted as the sum of all flow exchanges along the contour of the sub
domain.

Consequently, equation (5.4.9) is a mass balance equation for the sub domain Sj since q;Sj
is equal to the net inflow and the right hand side term represents the corresponding change
in storage. If the entire domain is subdivided into polygonal cells using the Thiessen
method and assuming that the mean properties of each mesh can be represented by its nodal
point (i), it can be easily demonstrated that equation (5.4.9) can be written as follows:

- H, JH,
——+qS, =5, =
jg; d; ot (5.4.10)

where: M;j
dij

set of nodes connected to node (i)

distance between nodes (i) and (j)
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Si = polygon surface for node (i)

oo}
ol
]

interface length between nodes (i) and (j)

Kijj = is obtained from equation (5.4.7) when substituting the xy derivatives
of H by the slope of the water surface profile along the [i<3]] direction

which is perpendicular to the Thiessen polygon facet, the length of
which is Bjj.

Equation (5.4.10) can be solved with a time centred scheme where At is the selected time
step, Rm and hyy, are respectively the hydraulic radius and the water depth at the interface
between the polygons for nodes (i) and (j) and njj is the Manning’s roughness coefficient
along the (i) direction:

B R2/3h B my ¢ 1+ At
\ Jen, n; d,-j At
~ !
R2’h, B, S,
~(1-a)) 22 +iH,. +
i jeM;: M At (5.4.11)

S, |(1-a)gf +agi]

Equation (5.4.11) can be written in a (Nj*Nj) matrix form where Nj is the number of nodes.
The unknowns of the problem are Hj 1+4t,

Computing transmissivities and cell volumes

In the channel, control volumes are defined according to the location of cross sections
(Figure 5.4.1). For each channel cell, the surface Sj is calculated as a function of cross
section characteristics and the length of the control volume L; (Figure 5.4.2).
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Transmissivities between channel nodes are computed with the following equation:

1

- 23
T;= 77, Re An (5.4.12)
d;
where: Am = wetted surface at the interface cross section of the control

volumes for the channel nodes (i).and (j) [m2]. .

The flow (Q) between nodes (i) and (j) is equal to:
Q; =T;(H;-H,) (5.4.13)

The direction of flow is defined by the sign of the difference between Hj and H;j.
Transmissivities have to be computed at the interface cross-section between two channel
control volumes. A specific interpolator was developed to derive the main hydraulic
relations at each interface cross-section.

To compute Rm and Am in equation (5.4.12) it is necessary to assume a particular water
surface profile between the upstream and downstream channel nodes. At present a linear
profile is used. This hypothesis seems to be adequate since comparisons between the model

used and a full solution of the Saint-Venant equations provided very close results (Vitalini,
1993).

Hydraulic structures such as weirs, sills or bridges can be included in the channel
description (Vitalini, 1993). Nodes have to be defined upstream and downstream of the
structure (Figure 5.4.1). The transmissivity between these two nodes is then computed
using the proper hydraulic equations. The advantage of this approach is that the river DTM
relies exclusively on traditional cross sections and a standard definition of hydraulic
structures.

The flood plain domain is subdivided into polygonal cells (Figure 5.4.2). The domain
discretization method will be described in paragraph 3. For each control volume equation
(5.4.11) is also solved. The volume in each flood plain cell is simply given by the product
of the cell surface Si and the water surface elevation Hj. The transmissivities between flood
plain nodes are computed with equation (5.4.12) after substituting the average depth Ym
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for Ry at the interface and the product Ym.Bij for Am. For flood plain cells, a hyperbolic
profile is assumed between connected nodes. This assumption may be somewhat arbitrary
and should be investigated further. Recent improvements in this direction have already
been suggested by Giammarco and Todini (1994).

Lateral spill over a river embankment can be computed on the basis of a classical weir
equation accounting for submerged or unsubmerged conditions. Spilling from one
compartment to another can be treated.in a similar.manner (Vitalini, 1993).

Solving the mass balance equation

Equation (5.4.11) must be solved iteratively because of the link between Tij and the water
surface elevation (Hj). Figure 5.4.3 describes the method implemented to solve equations
(5.4.11,5.4.12 and 5.4.13).

At a given time (1), the water surface elevations of equation (5.4.1) are the initial conditions
of the problem. Iterations start with a forecast at time t+at of Hj, on the basis of which
transmissivity Tjj can be computed half a time step ahead. At the moment, the predicted
Hjt*At are assumed to be equal to the computed water surface elevations at time (t). The
matrix system obtained from Equation (5.4.11) can be solved for water surface elevations at
time t+At. Its solution is carried out by means of a modified iterative conjugate gradient
method (Todini, 1991).

The newly computed Hjt*4t define new transmissivities (Tjj in equation 12) and new flows
(Qij in equation 13) between all nodes. The latter are again used to solve equation (5.4.11)
for Hj. Iterations stop when the maximum differences between successively computed
values of Qjj are below a specified tolerance:

Qk+1 .
— (5.4.14)

where Qij(k"‘l) is the flow between two nodes at the current iteration (k+1) and Qij(k) is

max

- the flow between the same two nodes at the previous numerical iteration (k) (Figure 5.4.3).
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Figure 5.4.3. Iterative solution of equations (5.4.11, 5.4.12 and 5.4.13)

For each iteration, the solution of equation (5.4.11) computes the maximum value of the
absolute difference (Qij(k‘*' 1)-Qij(k) ) for all connected nodes. Iterations stop when this

difference is less than a user defined tolerance e.

The solution of equation (5.4.11) is stable. Di Giammarco and Todini (1994) have prooven
that water surface elevations and flows computed from equation (5.4.11) are equivalent to
those computed with more sophisticated approaches. However, the definition of stability
criteria to optimise the selection of computational time steps needs further investigation. To
reduce the number of iterations between t and t+At, two modifications have been
implemented. The first one relates to the forecasting of Hij!*4t while the second regards the

convergence criteria on flows.

Instead of using the values of Hi! as the first estimates for those corresponding to time t+aAt,
it was felt that a linear forecast based on the two previous values of Hj at times t-At and t
was a better solution as illustrated in Figure 5.4.4.
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Figure 5.4.4. Improvement of the forecast of Hj +At

It is evident that for the rising and recession limbs of the hydrograph, the proposed linear
forecast will be improved and consequently the number of iterations on Qjj will decrease.
However it is also obvious, that when the hydrograph will present inflection points (for
instance the peak), the linear forecast is worst than assuming that Hj'*At=H;!. Improving
the forecasts for the water surface elevations for the next time step is still an open question
that requires further investigations.

The convergence criteria in equation (5.4.14) ignores the order of magnitude of computed
flows. For high flow values it is not necessary to reach such degrees of accuracy. Another
convergence criteria was subsequently proposed. It can be written as follows:

Q'k'+1
maxll - =L < ¢

Qik' (5.4.15)

-For low flows 0.1 m3/s, equation (5.4.14) is used while equation (5.4.15) is preferred for
higher values. In the first case e ~10-6 while in the second a value around 10-3 is considered
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to be satisfactory. This improvement reduced significantly the number of iterations for all
the tested scenarios. Equation (5.4.15) prooved to be usefull for trouble shooting. Most
convergence problems appear at the beginning of lateral spills from river cells or through
break lines. In such cases Qij(k'*‘l):O and Qij(k) #0 and the value of the criteria tends to

infinity. Consequently, it is possible to locate connections where the algorithm may not
converge adequately.

Specific transmissivity equations

Vitalini (1993) implemented adequate expressions for equations (5.4.12) and (5.4.13)
applicable to most commonly found hydraulic structures such as weirs, sills, bridges, and
sluice gates. Only the weir flow will be further discussed in this paragraph. The remaining
cases are well documented (Vitalini, 1993; Sinniger and Hagger, 1989; Henderson, 1966).
Therefore they will not be developed in this Section.

Flow over river embankments or dikes or between nodes separated by roads (Figure 5.4.2)
can be written as follows (rectangular cross-section):

Q; =CL,\2g(H,-H,)** (5.4.16)

C{q is the weir loss coefficient, Ly, is the length of overflow, Hj is the warter surface
elevation at node i and Hg is the elevation of the river bank or that of the break line. For

submerged conditions it is necessary to account for the downstream water surface elvation
~ Hj. Consequently the following equation should be used:

Q; = CoL,28(H;~ H,(H; ~ H;)"”

(5.4.17)
G, = 3*2/—-3c,

The loss coefficient C2 is derived from the condition that flows computed with both

equations should be equal when:

(Hj=H)=3(H=H) (5.4.18)
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In equation (5.4.16) the loss coefficient must be considered as a calibration parameter. It
should be selected in order to limit the depth of water above the break line to a reasonnable
value. To allow for river bank overflows, river cross sections are extended vertically by 1
meter on the left and right side. The cross section characteristics in equation (5.4.12) are
computed accordingly.

For unsubmerged conditions (Hj-Hs)<2/3(Hj-Hg) while for submerged conditions (Hj-
Hg)>2/3(Hj-Hs). The.above.equations assume: tthat flows around river embankments or
over break lines are subcritical. They can not be applied for supercritical flow. Since the
program was developed for flood mapping in flat areas with relatively small depths and low
velocities, subcritical flow may be considered to be predominant. The model computes
Froude numbers for all links connected to the particular node where equations (5.4.16) and
(5.4.17) must be applied. A warning message is produced if supercritical conditions are
- found.

For irregular river cross sections through weirs, sills or abrupt drops, equations (5.4.16) and
(5.4.17) are no longer applicable. The general expression for critical flow and unsubmerged
conditions (Figure 5.4.5) can be written as follows:

H :
Q,;(H)= C1V28f0 L,(NH —h)dh (5.4.19)
Equation (5.4.19)‘can be expressed as an algebraic sum:
0,(H)=C, -;-JE > [(hear = B X Ly =Py + L[ =] (5.4.20)
k=1

For any water surface elevation H, equation (5.4.20) computes the critical flow Qij on the
basis of the width Lk of the wetted surface for a given intermediate depth hk. Vitalini
(1993) developed a pre-processor to derive the required geometrical characterisitics of an
irregular cross-section. For the entire range of H values, the computed flows with equation
(5.4.20) are stored in a separate table from which it is possible to interpolate according to
the solution of equation (5.4.11).

To account for submerged conditions, the coefficient Cy is corrected with the following
formula (Sinniger and Hager, 1989):
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H -H Y
C =C.l1-| L—= 4.
1 l\/ (Hi-Hs) (42D

Equation (5.4.21) applies when Hj is greater than Hg otherwise the value of Cj is not
corrected.

| vertical extension
|

-

water elevation H

| W

cross section ?
——1 h

k+1
AR

Distance

Water surface elevation Hi

-

Figure 5.4.5. Computation of critical flow for irregular cross-sections

- Further developments

The theoretical background described in this Section allows to implement a hydraulic
model for flood delineation. For the purpose of this study, it is considered that the control
volume solution of the two dimensional diffusive approximation of the Saint-Venant
equations provides sound results and that alternative resolution methods, like finite
elements, will not significantly improve the accuracy of the flood impact assessment
component of the project. However some theoretical improvements are still needed. They
can be summarised as follows:

- A stability criterion and a procedure to optimize the selection of the computational
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time step should be developed accountin g for the order of magnitude of the computed
transmissivities and the size of the polygonal meshes.

- The assumption of the water surface profile between connected nodes should be
analysed in more detail. Sound criteria should be derived to select the best profile
shape according to hydraulic conditions.

- Flow exchanges between two connected nodes should account for surrounding water
surface elevations. Giammarco and Todini (1994) already suggested some
improvements in this direction. Their approach incorporates some of the benefits of a
finite element resolution while keeping the simplicity of the control volume approach.

- Lateral spill from river cells to flood plain nodes should account for the gradient of
the hydraulic grade line. In its actual form, the proposed hydraulic model assumes
that the water depth is constant along the length of the embankment.

- The particular transmissivity equations for hydraulic structures need some refinement
and should reflect the state of the art of recently developed hydraulic models.

5.4.3. DTM construction and flood delineation

- As indicated in the previous paragraph, the solution of equation (5.4.11) requires that the
study area should be sub-divided into polygonal cells repi‘esenting the control volumes in
which the mass balance equation is solved at each time step. These polygonal cells can be
obtained from an adequate TIN with the Thiessen method. The TIN must account for break _
lines. The Thiessen polygons are compatible with the derivation of equation (5.4.11) as
illustrated in Giammarco and Todini (1994).

To ensure the highest accuracy, the polygon facets must be perpendicular to the lines
joining nodal points and must intersect those lines at their median point or close to it. To
avoid overlapping of polygonal cells, the triangles should have only acute angles. To meet
such conditions, conventional triangulation techniques are not well suited and a specific
method was developed.
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Defining super-elements

The first step is to define on the basis of traditional topographic maps, preferably at a scale
of 1/10000 or higher, large polygonal surfaces or “super-elements” delimited by structure
lines (rivers, channels, etc.) and/or break lines (roads, embankments, walls, etc.). The facets
of such super-elements must follow the boundaries of all structure and break lines as
closely as possible. Mandatory nodal points must be defined at each super-element vertex.
Supplementary nodal points can also be defined. Super-elements must be convex polygons.
Complex shapes should be broken down into more simple convex polygonal super-
elements. Figure 5.4.6 illustrates an example of a super-element lay out.

super element
boundaries

super element

flood plain
nodal point

river nodal
point
—_—
lowest cross
section point

[ d
third top point break line roa

over the break—
line

Figure 5.4.6. Layout of super-clements to derive the adequate TIN

The solution of equation (5.4.11) does not require the definition of Thiessen polygons at
break lines since the effects of such hydraulic structures are implicitly accounted for in the
computation of transmissivities between adjacent nodes. A similar situation applies to river

5-45



polygons since their surface is computed from cross-section characteristics and from the
control volume length (Figures 5.4.1 and 5.4.2).

Consequently, the proposed triangulation method is only applied within the boundaries of
the flood plain super-elements. Two adjacent super-elements have common vertices along
their boundary lines. If two super-elements are separated by a break line, they also have
counterpart vertices on either side of the obstacle. Along the axis of these two vertices, it is
necessary to define a third top-point over the break line (Figure 5.4.6). A similar situation
applies for super-elements separated by structure lines. In that case, the third point
corresponds to the lowest cross section point (Figure 5.4.6).

Triangulating within each super-element

Within each super-element, it is necessary to locate a central point. The latter should satisfy
the requirement that the segments connecting it to the super-element vertices form only
acute angles with the corresponding boundary lines. The method must first identify all the
obtuse angles of the super-element. Through the corresponding vertex, lines perpendicular
to the two adjacent boundaries are drawn. All the segments drawn between the vertex and
any point lying between the two perpendiculars will form acute angles with the
corresponding super-element boundary lines.

This procedure is systematically repeated for all the obtuse angles of the super-element.
The location of the central point lies in the region bounded by all perpendiculars.

- Figure 5.4.7 shows an illustrative example of how the proposed triangulation method may
be applied. Should this procedure fail to delineate a unique intersection region, it is
necessary to arbitrarily split the original super-element.

To increase the number of control volumes, original super-elements may be further broken
down. Modifications to original super-elements should not involve the definition of new
vertices. Otherwise, it is of course necessary to relocate the central point of the modified
super-elements. This procedure ensures that all triangle facets from the central point form
acute angles with the super-element boundaries. However, it can not satisfy the condition
that at the central point all angles are acute. This situation is illustrated in Figure 5.4.8.
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Figure 5.4.7. Location of the central point of the convex super-element
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Figure 5.4.8. Definition of new nodal points along the super-element boundaries to
ensure that all internal angles of the related triangles are acute
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The solution is to draw a perpendicular line to the oppoSite facet through the central point
in order to split the obtuse angle. This necessarily creates a new vertex in the current super-
element as well as in the adjacent one. In order to avoid obtuse an gles in the adjacent super-
element, its central point must lie on the extension of the newly created perpendicular as
well as within the already defined intersection region.

Particular cases

Figure 5.4.9 illustrates a particular example in which a break line presents only one
intersection point with the super-element boundaries. In such cases the super-element has to
be broken down into more convenient convex polygonal shapes. The method requires the
addition of two supplementary points (B and C) on either side of the break line. The latter
is then artificially extended by a length which is equal to the distance between the
supplementary points and the endpoint of the break line. Thus a new end point is created
(A) which may be used as a vertex to delineate a new super-¢lement, for which a central
point can be located using the above described technique. The original endpoint of the
break line cannot be used as a vertex. This procedure ensures that the Thiessen polygon
facets between the supplementary points (B and C) and the newly created endpoint (A) will
intersect the break line at its end points (O’ and O’). The extra surface is added to that of
the polygon for node (A) as shown in Figure 5.4.9.

Figure 5.4.10 shows another commonly found special situation where one break line
terminates when it intersects another. Normally, the triangulation method used requires the
definition of four nodes at a break line intersection. However, in this case this will lead to a
unnecessarily short distance between nodes on the side opposite from the terminating break

line.

Therefore, only three points are required, A and B, and C which lies on the axis of the
terminating break line on the side opposite from A and B. The triangulation method is then
applied as described above. The facets of the polygon for node C which are perpendicular
to the limiting break line are forced to line up with those of the polygons corresponding to
nodes A and B.
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Figure 5.4.9. Particular case where a break line presents only one intersection point with
the super-element boundary. Application of the triangulation method
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Figure 5.4.10. Particular case where a break line terminates when it intersects another.
Application of the triangulation method
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Generating the dim for hydraulic compwations -

According 1o the proposed trian gulation method, river cells and flood plain polygons will
be properly connected. The length of overflow corresponds to the sum of the half way
distances between node (i) and those located immediately upstream and downstream. For
the case of break lines, the boundaries of the adjacent flood plain cells will also coincide.
The length of this common interface is equivalent to that of the overflow width in the weir
equation applied between the two nodes located.on either side.of the break line.

In the near future, the proposed triangulation procedure will be implemented in a semi-
automatic algorithm including graphical capabilities for visual inspection of the polygonal
mesh and a user-friendly interface to create/modify nodal points and/or split super-
elements. The purpose of this development is to assist the engineer in creating several
polygonal mesh layouts and comparing the results of the hydraulic calculations. Input data
includes the preliminary delineation of super-elements and the locations in the Xy co-
ordinate system of the nodal points. Delineation of break lines and structure lines is also
required.

The generated polygonal mesh is plotted on a conventional topographic map. Nodal points
as well as points on the break lines and on the river cross sections are properly identified.
This map is finally used to gather all the elevation data. River cross-sections can be defined
with conventional topographic methods. The elevations of the flood plain nodal points and
break line points can be obtained with Global Positioning System (GPS) equipment using
the “Stop and Go” approach (Signer et al., 1993).

With adequate GPS equipment, it is possible to reach high levels of accuracy on the order
of a few centimetres for elevation data and of a few millimetres for xy co-ordinates. Since
the control volume approach used to derive equation (5.4.11) assumes that the ground
elevation of the nodal point is equivalent to that of all the points within the corresponding
polygonal grid, it suffices to take one sin gle point within the boundaries of the polygon.

Should the field survey identify new break lines or particular topographic features that were
not accounted for in the preliminary delineation of super-elements, supplementary nodal
points are located in the field. On that basis a new triangulation can be derived. Such an
iterative procedure is needed since the available topographic maps, on which the first
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super-element delineation is based, cannot include all topographic particularities of a given
study area.

Combining the information used to delineate super-elements with the river cross-section
data and the elevations of the flood plain nodal points, a pre-processor derives all the
geometric data required to solve equation (5.4.11). This pre-processor also derives input
files for the hydraulic model and sets the necessary tables in the GIS framework described
later in this Section. -

Flood delineation

Figure 5.4.11a shows an example of IDRISI output describing the spatial distribution of
water surface elevations for each polygon. For graphical purposes only, this map can be
further rasterised. The TIN derived with the proposed triangulation method is modified by
creating new smaller triangles whose apices join all the intersection points between
polygon sides and the facets of the original triangles as illustrated in Figure 5.4.11b. This
procedure is only applied to nodal points in the flood plain. These newly created points
belong to the polygon segments defining the interfaces between control volumes. It is
reminded that to compute transmissivities between nodes the average depth is calculated at
that particular location. The purpose of this minor modification is to obtain “smoothed”
- flood maps on the basis of computed water depths at the polygon nodes and at the control
volume interfaces.

According to the hydraulic model assumptions the ground elevation at the interface points
can be linearly interpolated from the altitudes of the upstream and downstream nodes. The
water depth at the interface point is directly derived from the assumed water surface profile
between these two nodes. A particular procedure was developed to rasterise the newly
created triangular network and generate a flood map similar to that shown in Figure
5.4.11c. Obviously, interpolations account for break lines. River pixels are characterised by
the elevation of the lowest point of the cross section representative of the control volume
and the computed water surface elevation.
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6. THE DECISION SUPPORT SYSTEM

6.1 INTRODUCTION

6.1.1 The Reno flooding problem and response

The purpose of the man-made portion of the River Reno is to convey water from the
mountains of the Apennine range off the land and to the sea as quickly and efficiently as
possible. Prior to human intervention, the river discharged its waters to the lowland
marshes. Uncontrolled floods off the mountains were dissipated in extensive marshlands.

Over many years, a man-made river has been constructed which takes the waters of the
upper Reno from Bologna to the coast, and which has been built up using earth levees.
There are two major concerns at present:

- The lower Reno is not capable of carrying all the water conveyed by the upper Reno in
times of extreme rainfall;
- The dykes cannot contain water without becoming weakened and eventually breaking.

An attempt to overcome this has been made by building the Canale Napoleone between the
Reno and the River Po, so that part of a major flood wave may be passed to the Po in time
of crisis. While this has dramatically improved the situation, times still occur when more
water is issued by the uppér Reno than can be carried by both the Canale Napoleone and
the lower Reno, producing flooding downstream of the point of intersection - there are
also times when the Po is also in a state of flood and unable to take any of the Reno flow.

The area downstream of the Canale contains industrial units and a sparse population, and
recent floods have caused fatalities. The river authorities now seek better ways of
operating the system.

An overall flood warning and control system has been defined to meet the needs of the
Reno stakeholders. The three groups of people participating in the system are:
meteorologists/hydrologists, operational managers and civil response managers.
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The communications links that will be required between these three groups have been
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The technological subsystem is run by meteorologists and hydrologists and consists of
rain gauges, river gauges, and meteorological forecasting systems, which together
provide data for hydrological and flood-forecasting models, and decision support tools.
These are, in turn, made available to the operations managers. The data, models and
decision support tools are interrogated by the operations managers to meet both their own
needs and other requests. Relying on this, the operations manager may issue warnings to
the civil defence manager. The civil defence manager interacts with the media, the police,
other officials and the public, both' directly’ and indirectly. *“This forms the social
subsystem of the overall total warning system.While AFORISM has not been charged
with investigating the social subsystem; the success of the technological system is
critically dependant on a clear view of the social subsystem and its needs. Consequently,
general lessons from the sociology of hazards must be borne in mind. '

6.1.2 Lessons from the Sociology of Hazards

The following lessons from the sociology of hazards are important for the design and
operational success of the technological subsystem of AFORISM. These are

- Warnings must be clear;

- Warnings must also specify what is the appropriate response;

- The source of the warnings must be credible;

- Warnings must be reinforced locally;

- The medium used in issuing the warnings must be suited to the circumstances of the
specific case;

- The type of appeal to the public must be tailored to the public audience.

The lessons which derive from this for an AFORISM decision support system are two-fold:

- Models, user-interfaces etc., must present clear, unambiguous predictions and courses
of action; ,

- Specific instructions for the appropriate response to be taken, must accompany all
warnings. '
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6.1.3 Outline Design of the Technological Subsystem

Outline data flow diagrams for meteorologists and hydrologists, operational managers and
civil response managers have been prepared. These diagrams show the capture, storage,
filing, processing, display and delivery of data to the relevant group of managers. They
provide the starting point for the detailed design/selection of the opcraﬁoﬁal computer
hardware, which is required for the eventual realisation of the decision support and
forecasting system. - An Expert-System is one part of a decision support.and forecasting
system and was the object of the UCC(Cork) contribution to AFORISM. ‘

6.1.4 Expert Systems
A standard expert system consists of a number of parts:

- aknowledge base (1) of rules and facts,

- stored in a working memory (2),

- accessible to an inference engine (3),

- controlling inferences drawn from the knowledge base, and to which

- 'a knowledge acquisition subsystem (4) may add knowledge from experts or the
system dchlopcr.

The basic structure of the expert system is completed with

a user interface (5), and
- an explanation subsystem (6).

The knowledge acquisition subsystem, the user interface, and the explanation subsystem,
all rely on the inference engine.

The limited objectives of the AFORISM project demanded that most attention be given to
the knowledge base and the user interface following an analysis of the requirements of the
management authority.



6.2 REQUIREMENTS ANALYSIS AND KNOWLEDGE BASE

The first step in constructing an expert system and its user interface in particular, is to
determine the requirements which may be placed on the system by Flood Managers. A
user requirements analysis has been carried out for two contrasting catchments both
subject to flooding, the Reno in Italy and the Lee in Ireland. The most important
difference between them is the presence of a relatively large hydro-electric reservoir in the
centre of the Lee ‘catchment and the-abserice of a simildr storage reservoir in the Reno
catchment. The importance attached to their requirements by the two groups of operations
managers and civil response managers, has been estimated on a rough scale from 0 to 10.
The results show that the relative importance of the requirements differ substantially
between the two catchments. Consequently, no general set of conclusions emerged which
is valid for all flood control situations.

However, two tentative conclusions may be suggested:

- large water authorities requiring short warning times, may have the highest need for a
formal decision support system, and in contrast,

- small authorities with a long warning time requirement, may have a low demand for a
formalised decision support system.

Priority points (out of 10) as perceived by membersof theRenoRegional Officeandrelated
Consorzio were

Ability to predict aggregation of flood waves below barrier
Ability to predict aggregation of flood waves above barrier
Ability to predict traffic access route (Consorzio)

Support for ecological aspects of decisions

QN OO \OI\O

Priority points (outof 10) as perceived by civil response managers in the Reno were

Integrated data bank of potential hazards

Data bank/risk maps for flooding

Support for response action i.e. list of contractors
. { Identification of response priorities e.g. the elderly

N~ d|co

The project has made important contributions to a decision support system which
addresses most of these requirements. The contributions are described in the remaining
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sections of chapter 6. Further work remains to be done. Providing all the means to satisfy -
these requirements was not the major objective of AFORISM.

6.2.1 A tentative Reno Knowledge Base

A knowledge base for the Reno would consist of all the sets of rules (and facts) which are
followed in its operation as a water resource. A set of rules has been established for the
issue of a pre-alert notice and the ‘operation of the Reno ‘Barrier.' These are presented
below, together with three further tentative sets consisting of:

- three ecological rules derived from the general ecology literature of northern Europe on
the possible effect of river flow variations on plants, invertebrates, fish and birds,

- aset of channel and bank maintenance rules for enhanced conservation derived from
the general ecology literature of northern Europe, and

- two legal rules applicable under Common Law.

6.2.2 The Reno Pre-alert and Barrier Rule Set.

Pre-alert rules:

IF level at Casalecchio

> or = 0.8 meters

THEN the flood service of the Reno Special Office is
activated.

IF level at Casalecchio
> or = 1.4 meters
THEN give Pre-Alert.

IF level at Casalecchio

> or = 1.00 meters

AND River high downstream
THEN give Pre-Alert.

IF aggregation of flood waves upstream,
even small waves

AND river high downstream

THEN give Pre-Alert

IF Pre-Alert given
THEN consider using Reno Barrier.




Rules for Barrier Operations:

IF Reno level at Barrier
> or = 22.00 meters
THEN Adjust Barrier to minimise aggregation risk.

IF level high upstream for many hours
THEN adjust the Barrier to
keep level even > 22.00 meters downstream.

IF level > 22.00 meters downstream
for many hours '
THEN consider possible overflow
though GALLO spillway.

IF want to use flow diversion

into NAPOLEON CANAL

THEN adjust the Barrier quickly
to provide an overflow level,
irrespective whether the level in the
downstream Reno is stabilised

at 22.00 meters or not.

6.2.3 Ecological Rules

Rule 1. Mitigate high flows as much as possible.

Rule 2. Ignore normal variations

Rule 3. Keep up a minimum base flow.

These rules are based on the general effect which normal and extreme variations in flow
have on the different numbers of species of riverine plants, invertebrates, fish and birds in

northern Europe.
"Flow Variations
Number Normal Extreme
of
: species _
Plants 1000s Positive effect |~ Very Negative effect
Invertebrates 1000s No effect Very Negative effect
Fish 10s No effect Very Negative effect
Birds 10s No effect Very Negative effect
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6.2.4 Channel & Bank Maintenance Rules for enhanced conservation:

Can, or should, the channels be left entirely untouched?

If YES:
consider
structural solutions
flood banks, : -
flood storage areas,. .
flood bypass channels, and
multi-stage channels.
consider
biological solution
tree planting to shade out plant
growth
If PARTIALLY:
consider
structural solutions
partial dredging,
conserving riffles and pools, and
meander conservation.
consider
biological solutions
- weed cutting and
dredging.
If NO:
consider
structural solutions
reinstating pools, riffles, and
shallow bays,
shallow water berms, groynes and
water deflectors,
low stone weirs.
consider
biological solution

establishing aquatic plants.
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Can, or should, the banks be left entirely untouched?

If YES:
consider
structural solutions
flood banks,
flood storage areas,
flood bypass channels, and the
off-site dumping of spoil
consider ..
biological solutions
fencing, and
the bank-top planting of alders
If PARTIALLY:
consider
structural solutions
multi-stage channels,
partial dredging,
meander conservation,
working from one bank,
vertical earth bank protection,
islands,
soil spreading,
spoil disposal in banks, and
spoil disposal and trees
consider
biological solutions

timing the mowing of bank vegetation,
patch cutting of bank vegetation,

working through scrub,

hedges,

marking trees to be treated,

working between and around trees,
coppicing trees and scrub,

retaining trees within flood banks,
minimal tree and scrub removal for otters,
marking and retaining holt trees for otters.




IfNO:

consider

structural solutions

consider

reinstate shallow water berms
and shallow bays,

stumps and logs,

spiling,

wire mesh and willow,
hurdles,

natural stone,

-gabions,» -

fabric and mesh revetment materials,
cellular concrete revetment materials
fish shelters,

artificial otter holts,

bat roosting boxes,

nesting banks for kingfisher and
sand martin.

biological solutions

reed planting for bank protection,
natural re-colonisation,

seed mixtures,

transplanting turf,

tree and scrub planting

6.2.5

Legal Rules

1. "The authority owes a duty of care to all persons, members of the

public and others, that may be effected by its actions."

2. "Provided the effect of the actions of the authority have a mitigating
effect on the severity of a natural hazard, then the authority can claim the

defence of inevitable accident."
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6.2.6 Further rules

A rule base with 20 rules has been defined, which is far below the power of current
computerised KBS (knowledge base/expert system) technology.

Rule Set Number Remarks
‘ of Riles ‘
Operations 10 Reno alert rules.
Ecology 2 Does not give rules for each species.
Maintenance 6 Relevant for day-to-day activities.
Legal 2 Does not include individual cases.

Further rules may be envisaged covering

- integrity of the dykes, .

- aggregation and propagation of flood waves,
- overtopping of banks, and the

- growth and decline of flooded areas,

all of which require extensive modelling and the collection of field data. Preliminary work
on the first three of these problems has been carried out at Newcastle and is reported in
sections 6.3 and 6.4. The Lausanne group has carried out extensive work on the growth
and decline of flooded areas and their socio-economic impacts. While the Lausanne
approach, reported in section 6.5, has been developed on a flood-prone area in the Basse
Broye region of Switzerland, it is clearly applicable to the Reno.

However, further work is required before the corresponding rule sets can be formulated
for routine use by the Reno managers.
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6.3 SYSTEM DESIGN - FLOOD CONTROL STRATEGIES

6.3.1 The "heuristic policy"

The river authorities currently employ a policy - hereafter referred to as the 'heuristic
policy’ - which, during the initial rise of a flood wave, allows the streamflow downstream
of the barrier to reach its maximum level, and thereafter proportions the flow between the
lower river and the canal in the same ratio as the ratio of the maximum lower river flow
and maximum canal flow. This situation is maintained until either the flow recedes to a
safe level or the system comes into saturation. In the latter case, both the lower river and
the canal are carrying as much water as possible, and any more water ensuing from the
upper part of the river will result in an unavoidable flood. The flow to the canal is reduced
significantly at this point as it will no longer be of any benefit to continue with attempts to
divert the flood water, and consequently the lower river goes over saturation and floods.

The operation of the policy just described is made on the basis of currently observed river
levels upstream of the canal. The policy makes no use of forecast streamflow information,
and hence no attempt to look ahead is made. No attempt is made either to conserve the
lower dykes or the canal in readiness for a big flood wave. Hence it is seen that a policy
which can make use of forecasted information, and which can look ahead to determine an
operating policy producing the best operation over at least the foreseeable future must be
able to perform better than the heuristic policy described.

6.3.2  Short- and long-term flood control strategies
It is clear that the requirements of a new operating policy are

- to use the barrier and flood canal - the Canale Napoleone - to pass as much water as
quickly as possible from the land to the sea, before dyke breakage and ensuing spillage
occurs,

- to perform this operation in a way that maintains the strength of the dykes, so that
when an extreme flood wave does eventually come and a flood becomes inevitable, the
dykes will still have strength in reserve to hold the water back as long as possible.
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Dynamic Programming is a mathematical technique for finding optimal control strategies
for dynamic systems. All current dynamic programming applications to hydraulic control
have been to systems containing a reservoir. The lack of this feature on the Reno means
that there is no buffering between the input to the control system and its output, so that
some of the stochasticity inherent in the input will also show itself in the output. Thus the
output is beyond direct control; human operators can only influence the transition
probabilities of the downstream flows, i.e. to make downwards transitions in the lower
streamflow state more probable by partly closing a barrier than they would otherwise have
been the case. Consequently, much of the literature is irrelevant to the Reno system.
However, many aspects of different schemes have been noted and included in the new
proposal developed at Newcastle.

The work at Newcastle has sought new theory for the control of the system for both the
short-term mechanical preservation of the dykes, and also for the long-term minimization
of the amount of flood damage in a situation when breakage of the dykes becomes
inevitable.

The two approaches are complimentary in that the former considers the short-term flow
~ forecast as input and seeks to minimise the exposure of the dykes to the water, whereas
the latter considers the operation of the river system over a period of many years, and
attempts to determine an operating policy that will minimize the amount of flood damage
over this period of time, when, at some stage, such damage must inevitably occur. In the
latter case the strength of the dykes is considered to be a function of the history of water
levels, whereas the former simply seeks to minimise the exposure in the short term.

The remainder of section 6.3 presents a brief introduction to dynamic programming
followed by an investigation of its use for the minimization of long-term flood damage.
Section 6.4 presents the causes and effects of water-damage to dykes and development of
methodology for short-term operations. '

6.3.3  Dynamic programming

Dynamic programming is essentially an efficient mathematical technique for searching
through a set of possible paths which a process may take through its state space, and
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finding that path which has an optimal characteristic. For example, the set of paths
between two points on the surface of a cone may be considered, and that which has the
shortest length found. It gives the same result as would be obtained using the calculus of
variations.

The necessary parts of a dynamic programming problem are:

- anobjective function - the cost or value of each path - which is to be optimised
over all feasible paths;

- arecursive equation describing the evolution of the objective function - how its
value at time t+] can be determined from the value at time t;

- boundary conditions - specification of the initial and final states of the system.

There are many variations on the above theme: for example, if the process has a random
element, then the path is sought which has the largest probability of meeting some
objective, or which has the largest expected return - so-called stochastic dynamic
programming; if, instead of enumerating all state transitions between time t and time t+],
all paths through the state space which are adjacent to some trial path over the entire
planning horizon are considered, then we are in the realm of differential dynamic

programming.

In this work a novel dynamic programming algorithm is developed to compute (a) the
expected path taken by a stochastic system, and (b) that set of controls on the system for
which the expected path based on those controls has an optimal value.

6.3.4 Minimization of long-term flood damage

The theory has produéed new working which derives the expected path taken by a river
system through its state space, rather than a most probable path. This may be
advantageous because it may represent a more natural assessment of the future course of
events, and deviations are likely to be less from this than from the most probable path.

While the above work has been done on purely theoretical grounds, much effort has also
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been spent in making the final result applicable in a general real-time situation, and in
particular has considered its implementation on the Reno river with all the benefits that
AFORISM brings to the problem, i.e. rainfall forecasts, streamflow forecasts, damage
assessment, etc. In particular, the complementary nature of the different forecasting
systems as regards temporal scale and lead-time has been used to full advantage by
designing a system which takes forecasts at different lead times and uses them in a
cascade of dynamic programming algorithms nested within one another.

However, unlike traditional approaches, the outer dynamic programming does not dictate
the boundary conditions of the nested programmes, rather backwards chaining is used so
that the inner programmes can select, or optimally match up to, the outer programmes.

Once the expected path taken by the river system is known, starting from the currently
observed state and based upon forecasted rainfall and river flow scenarios, then the
optimal operating policy can be derived, either the one which produces the lowest
maximum flood damage, or the lowest total flood damage over the entire planning
horizon. Again, this is achieved through the use of dynamic programming, and the steps
involved here are intertwined with those which produce the expected path above.

6.3.5 Simplifying assumptions

The dykes are assumed to break as soon as the water level integral over some previous
window of time exceeds a certain value, and are assumed to be overtopped when the
streamflow exceeds some threshold. The only control available on the system is a simple
determination of the proportion of upstream flow passed to the downstream part of the
river and the canal. This has been programmed in a form suitable for the input of control
policies derived from different sources, so that they can be compared in terms of total
amount of water actually spilled in a long simulation.

The simplifying assumption is made that the flow from the upstream part of the river is
divided between the canal and the lower part of the river in some ratio, and the level of the
river upstream is beyond the scope of human control. This does not actually do justice to
the intricacy of the control structures which are present on the Canale Napoleone, but has
been made to simplify the mathematics, making the analysis tractable.
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Damage to the dykes is considered a monotonic function of the integrated water level of
the river over some previous window of time. Thus minimising dyke damage amounts to
minimising the water level integral.

Also, in order to test any proposed control policy, a test-bed model river system is
required on which the policy can be imposed, and which approximates the current
operation of the Reno by the river authorities.

The test-bed model has an upstream and downstream river component, and where these
meet a canal is available to take excess water. Rather than model the carrying ability of the
canal separately, it is assumed to be a perfect vessel with dykes on either side, with the
same mechanical properties as those on the lower river.

6.3.6 Transition probabilities between stream-flow states

The dynamic programming algorithm requires knowledge of transition probabilities
between streamflow states. Since the records available for the case study catchment, the
Reno, are no longer than three years, a long-term streamflow model is required which will
describe the probability distribution, and ultimately the transition probability distribution,
of the streamflow states.

The model developed was designed to reproduce explicitly an average streamflow, a daily
cycle, a standard unit hydrograph, and an extreme runoff hydrograph, such as would be
observed in time of flood. The model has been used to generate ten millennia of data,
from which the transition probability matrices can be inferred.

6.3.7 Limitations and conclusions

While the theoretical basis of the model is believed to be correct, there is a serious
implementation difficulty which prevents its immediate use and forbids proper evaluation
of the consequences of the theory: the state variables used by the dynamic programming
algorithm are the streamflow and the water level integral over some previous window of
time in both the canal and the downstream river. The response of the river system to flood
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waves implies a time-scale of around 15 minutes. But compared to this, the memory
inherent in the dykes and the containing ability of the canal is very long, of the order of
1344 intervals, or two weeks. If these state variables are discretized, then it is found that
the maximum river flow is not enough to produce, in one time-step, a large enough
volume of water to cause a transition to occur in the water level integrals' states.

Thus the dynamic programming does not foresee any change in the strength of the dykes,
hence will never anticipate breakage. It is not possible to-resolve it simply by changing the
scales of measurement. Thus the problem remains unresolved, and it is therefore not
possible to make any recommendations as regards the operation of the Reno River system
at this stage, other than to stay with the heuristic policy currently adopted by the Reno
authorities. ’

Much discussion among the scientists on the AFORISM project has highlighted possible
routes for the continuation of the pursuit of the optimal operating policy, namely to
intertwine the considerations of the streamflow states and water level integral states in the
dynamic programming scheme, and to work in continuous time. Both these suggestions
merit further attention, but the goal of a truly optimal operating policy for the Reno system
will remain elusive until a substantial amount of further original development has taken
place.

‘Subsequent work should concentrate on the "heuristic operating policy"”. It should be
modified in small ways in search of improvements. This would lead to recommendations
about what the most significant (for better or for worse) modifications to the current
policies are, and may come up with a significantly improved, almost optimal policy.

6.4 SYSTEM DESIGN - DYKE FAILURE

6.4.1 Dyke failure modes

Traditional flood control systems consider the height of the levee as the principal measure
of flood protection. It has been observed by Wood (1977), however, that most flood
control systems do not fail by overtopping but by structural weakness of the levee or the
soil around it. The failure of levee systems has been divided into four common modes by
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Bogardi et al. (1977):

overtopping due to elevation of the water exceeding that of the levee,

structural failure of the levee resulting from embankment failure,

structural failure resulting from subsoil failure,

wind wave action causing scour of the levee. ... .

The system fails by the first occurrence of any one of the failure modes mentioned.
Bogardi (1968) and Bogardi and Szidarovszky (1975) found that the duration of the flood
above some critical discharge level affected levee resistance. It is possible to consider the
levee resistance as a function of soil properties and through detailed modelling of the soil
mechanics, a probability dcnsity function for the resistance could be found. Other
parameters such as construction method, type of facing, and so forth could be included in
the probability density function.

This study at Newcastle presents an objective function for the river/dyke system based on
the above. It is demonstrated by running simulation experiments, that this alternative
framework theoretically leads to a "better” flood protection policy, notwith standing the
conclusions drawn in Section 6.3.7 above.

“ Only overtopping and infiltration collapse are considered below.

6.4.2 Minimization of dyke damage

The trade-off which must be reconciled in deriving the optimal policy is that between (a)
passing the water off the land and to the sea as quickly as possible, and (b) holding the
water back as much as possible so as to conserve the strength of the dykes for as long as
possible.

The optimum policy is then the one which passes the most water to
the sea before the dykes break.
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The consequence of this would be two-fold:
- the frequency with which the dykes actually break would be reduced, and
- the amount of spillage after any breakage would be minimised.

It must be understood that when more water comes down from the upper Reno than can
be carried by the canal and the lower part of the river,a flood is unavoidable under any
operating policy. The policy described above, however, would ensure that the dykes
remain intact for as long as possible before the breach is finally made.

6.4.3 Flood simulation using PAB

A flood routing program - PAB (Todini and Bossi, 1986) based on the parabolic
approximation to the de Saint Venant partial differential equations for gradually varied
unsteady flow in open channels is available to AFORISM. The advantages of the PAB
procedure over alternative methods of unsteady flow simulation in an open channel are
well known. ’

In this section a modified version of PAB is used so that its output relevant to the flood
~ control operation of the Canale is available to the objective function which represents the
flood control policy.

6.4.4 The Objective Function

A literature survey of current optimization models for surface water management revealed
a shortage of methods that could be applied directly to rivers having no reservoirs. Where
earth levees are employed as the protective mechanism against flooding, the emphasis has
been on their elevation or on their structural resistance to the forces generated by the
probable‘maximum flood.

The objective function adopted here considers a levee resistance based on the concept of a
flood exposure index.
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The Reno system states relevant to the proposed optimal flood control policy are
- the inflow forecast at Panfilia,
- the current water surface levels from Casalecchio to Bastia,

- the current storage level in the Canale Napoleone, and

the proportion of diverted water eventually transferred to the river Po. - .

The cross-sectional configuration of streams and rivers in general are highly irregular. For
the computation of flood losses, the cross-section is assumed to have a simplified and
idealized geometry. The channel cross-sectional geometry and location of the levee are
considered symmetrical to the centre of the channel.

It is assumed that the hydraulic characteristics of the reach are the same on both sides of
the flood plain. If the capacity of the channel at a section is exceeded, overflow is
assumed to be as serious as if it occurred on either levee. The associated loss is evaluated
on the'basis that the water surface elevation exceeds the safe elevation. This loss is
accumulated over the flood forecast horizon T. ‘

The weighted volume of water spilt is accumulated over the entire length of the river. The
safe levee elevation need not be the maximum levee height. An allowance equal to a
constant clearance can be assumed and a lower level specified.

The presence of water with a pressure head adjacent to a porous embankment,
progressively increases the pore water pressure in the embankment medium due to
seepage, with a corresponding reduction in its effective shear strength. The volume of
water seeping into a porous medium is given by d'Arcy's relation.

'6.4.5  Simulating the Current Policy

A pre-alert is issued when the water depth at Casalecchio is greater than 1.0 m. Flow rates
exceeding 700 m3/s at Panfilia are diverted into the Canale Napoleone if flow levels in the
Po permit. The maximum rate of diversion is 500 m3/s. In the unlikely event that the
River Po is also in flood, then the maximum rate of diversion is reduced to 150 m3/s as
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flow is transferred to secondary canals in the system. The travel time of the flood wave
from Casalecchio to Panfilia is 12 hours. The pre-alert is simulated by the pre-emptying of
the Canale into the Po, which (on average) accepts the Reno flood 70% of the time.

6.4.6 Results and Discussion
Three schemes were devised and examined in detail in this study:

- A flood wave whose peak flow at Panfilia is less than 700 m3/s (the critical value) is
routed through the system and both the current and the proposed optimal policies are
applied. This is a calibration exercise as no water should be introduced into the Canale
with either policy;

- The same flood wave is routed through the system but the critical flow rate at Panfilia
is assumed to be 200 m3/s. The two policies are applied in turns;

- The flood wave which occurred in November 1990 and whose peak at Panfilia
exceeded 700 m3/s is routed through the system.

The outputs from the two modes of operation are compared on the basis of volume
diverted and the period of diversion:

- The existing method of operation results in a strict limitation on the downstream
discharge rate. The proposed policy is flexible, determining the downstream discharge
rate at every time interval after considering the current levels in all 202 cross-sections.

- It is observed that the actual volume transferred to the canal is lower when the
proposed policy is applied. This is considered beneficial because it uses the canal less
frequently. Incipient problems of bed erosion upstream is thought to be connected to
the frequency of use of the canal although the mechanism is not yet fully understood.

- The period of diversion is shorter with the proposed policy and starts earlier. The early
start permits lower levels downstream which later permit higher releases.

- The total system losses, as defined above, over the simulation period are lower with
the proposed policy. The new policy reduces the exposure of the dykes to the flood
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water in any discrete period and over the whole flood duration. This reduces their risk
of failure. '

- For the two flood waves considered, the canal approached full capacity but did not fill
up. In either case, only 70% of the volume diverted in every time step is eventually
transferred to the Po.

6.4.7 Conclusions

The results of the simulations show that the objective function which considers the
damage to the dykes as a function of the integrated water level of the river over some
interval of time theoretically, leads to a superior method of operation them the heuristic
rule however this observation is negated by the disappointing realisation that the chosen
objective function is inappropriate in the context of the Reno. Should the method become
feasiblen the application of this method in real time would require that flows for the
upstream site of Casalecchio and all the confluence points be made available continuously
to the real-time operator.

6.5 IMPACT ASSESSMENT MODELS

6.5.1  Methodology - GIS

- The following methodology developed by EPFL-IATE at Lausanne has been used for
flood impact assessment. The hydraulic model, which is a mixed one-and two-
dimensional model developed at UNIBO-ICI and extended at EPFL-IATE, transforms
flow forecasts into water surface elevations at any point in the study area. Flow
magnitudes, velocities, directions and durations of submersion can also be computed at
any location. On the basis of a DTM (Digital Terrain Model), the GIS (Geographical
Information System) derives maps showing the spatial distribution of these hydraulic
variables.

A pre-processing module extracts the parameter of interest for the particular damage
assessment procedure. Direct flood damages to built-up areas are evaluated on the basis of
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maximum instantaneous water depths. Indirect costs may also require the total duration of
flooding. The danger of building instability may be evaluated with maximum flow
velocities. Traffic disturbances require the location of road cut-offs where the depth of
water prevents normal circulation. Agricultural damages are essentially related to the
duration of submersion.

Combining the required flood map with land use information identifies the objects (plots,
buildings, road stems, etc.) affected by-flooding. Flood impacts on each object can be
evaluated on the basis of social, environmental and economic criteria. Any change in the
control strategy, such as source runoff control, implementation of a reservoir or
canalization, modifies the flow forecasts and leads to a new flood impact map. An
objective comparison of several flood control alternatives is therefore possible.

Various hydrologic and hydraulic models were used to compute flow forecasts and the
spread of flooding respectively. These are external to the GIS framework. The results of
the hydraulic calculations are imported into the database by means of adequate pre-
processing interfaces.

The study started with the development of three prototypes for traffic networks, built-up
areas and agriculture. The purpose of each prototype is to assess data requirements and
accuracy. For instance, damages to agricultural practice can be evaluated for each plot
individually or on the basis of homogeneous areas according to data availability. In the
first case, the detailed cadastral survey is required while in the second damage figures can
be worked out on the basis of representative areas where the same Crop rotations are
implemented. In Switzerland, the detailed location of each plot is available on a digital
format. In other countries this information may be rather difficult to gather and it is
preferable to start from the crop rotations which are easier to identify.

To ensure a large spectrum of applicability, it was decided that all prototypes should use
different levels of data aggregation. The same applies to built-up areas or traffic network.
In most countries detailed land occupation plans are seldom available. Field surveys and
areal photograph interpretation generally involve prohibitive costs. Therefore it is
preferable to work on the basis of land use plans to define average worth values for each
land use category. For the traffic network, it is important to answer questions such as:

- Should one consider one or more links between departure and arrival points within the
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road network? or

- Should one account for secondary and third class networks such as agricultural
tracks?, etc.

The prototypes were developed to answer questions of this type. They were initially
considered to be learning tools capable of increasing and improving experience and
knowledge of the problem.

The prototypes were also used to compare, evaluate and develop damage assessment
procedures on the basis of land use information and calculated hydraulic parameters.
Available flood damage statistics are usually established after a specific flood episode. The
relationship between hydraulic conditions and the amount of damages is a difficult task.
For instance the destruction of a building may have occurred because of high erosion
velocities at the basement level and/or unsustainable water depths. Agricultural damages
are related to the type of crop flooded and the growth state of the plant. The spatial
distribution of crops varies with time. Crop yield losses vary significantly from one
season to another. For these reasons, it is felt that the extrapolation of damage statistics at
aregional scale is questionable. On-site procedures are more suitable because they can be
calibrated on the basis of past experience and local constraints.

Different GIS software systems were also compared. A combination of GIS systems is
definitely required including a database system and both a raster and a vector oriented
support. To develop the prototypes, simple and easy to use software systems were
preferred; dBaselV for the database management system, IDRISI for the raster GIS and
MaplInfo for the vector support were finally selected. All these packages run on personal
computers under MSDos-Windows environments.

The prototypes were tested, modified and presented for illustrative purposes to concerned
agencies and experts in the Basse Broye river region in Switzerland. Each time, the
prototypes were improved to satisfy new requests or correct serious defects.

Once the acquired expertise and the knowledge about the problem were considered to be
satisfactory, a Conceptual Data Model (CDM) was designed (Joerin, 1993). This CDM
allowed one to organise the database and to manage the time evolution of the stored
information. The CDM is independent of software and hardware specifics. It must be
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regarded as the basis on which the system should be implemented in any GIS framework.
The prototypes were also developed using standard GIS operators in order to ensure
transportability to more sophisticated platforms. It is felt that any migration to a more
powerful system will probably increase the performance of the system. Most powerful
systems already include operators that had to be developed separately in the prototypes.
However, in most cases the prototypes use commonly available GIS operators that can be
found in practically every package available in the market.

A More Detailed Over view of the Flood Delineation and Impact Assessment Study

The remainder of Section 6.5 is extracted from the report by Joerin prepared as part of the
EPFL-IATE contribution. A flood map is of litle help to planners unless it is combined
with land use information. It is not possible to assess flood impacts exclusively on the
basis of flood delineation maps. A small extent flooding in an urban area may have larger
impacts than submersions in rural areas covering much larger zones. Since the spatial
distribution of crops varies from one growing season to another and the plant sensitivity
to submersions varies wiihin a single growing season, a static flood risk map will not
provide the necessary information to properly assess flood damages to agricultural
productivity. Similar considerations apply to road cut-off resulting from flooding because
the related impacts may vary significantly with traffic density which is a function of time.

For the purpose of flood impact assessment a detailed description of land use is
necessary. Such level of detail leads to large volumes of data space and time dependent.
Consequently the application of Geographical Information Systems (GIS) is probably the
best means to establish impact assessment maps. The spatial analysis tools included in a
GIS are certainly capable of providing improved estimates of flood impacts.

Flood impact assessment is a multi-criteria problem. Flood impacts must be considered on
an economic, social and environmental basis. Each one of this three components needs to
be evaluated separately. Moreover, flood impacts need to be derived for each and every
anthropogenic sector (traffic, agriculture, industrial areas, etc.). It is also noted that each
individual sector will not be sensitive to the same hydraulic variables. Consequently, the
assessment of flood impacts requires a large number of operations and important fluxes of
data. It is obvious that such operations can only be done efficiently within a Data Base
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Management System (DBMS) combined with a GIS to integrate the spatial component of
the problem.

GIS and decision making processes is a promising research field. Chevallier (1994)
proposed an integrated approach combining GIS capabilities and multi-criteria analysis
within a common computer platform. He suggests using the GIS to simulate system states
before and after any anthropogenic modification in a given territory. Several research
efforts have also been directed towards identifying the ideal location for human
infrastructures. Interesting studies related to land suitability evaluation can be found in
Pereira and Duckstein (1993) and Eastman et al. (1993). However, very few applications
of GIS technology to assess flood damages have been published. One important problem
is that flood damage assessment methods (including economic, social and environmental
impacts) are still approximate. Yevjevich (1992) indicates that only economic flood
damages to built-up areas have been given full attention. They generally rely upon
damage-stage curves resulting from post flood evaluations and various extrapolations
according to land use characteristics (commercial, residential, etc.).

The objective of this study is to assess the potential applications of GIS technology to
evaluate flood impacts in agricultural areas, built-up areas and traffic networks. This
chapter will describe for each case the flood damage assessment procedures and their
implementation within the selected GIS framework. The flood maps are established on the
basis of the devéloped hydraulic model presented in the previous chapter. Applications of
the GIS framework will also be illustrated by means of prototypes.

6.5.2 | Methodology and study area

Figure 6.1 illustrates the overall methodology for flood impact assessment. The hydraulic
model transforms flow forecasts into water surface elevations at any point in the study
area. Flow magnitudes, velocities, directions and durations of submersion can also be
computed at any location. On the basis of a DTM, the GIS derives maps showing the
spatial distribution of these hydraulic variables. A pre-processing module extracts the
parameter of interest for the particular damage assessment procedure. Direct flood
damages to built-up areas are evaluated on the basis of maximum instantaneous water
depths. Indirect costs may also require the total duration of flooding. The danger of
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building instability may be evaluated with maximum flow velocities. Traffic disturbances
require the location of road cut-offs where the depth of water prevents normal circulation.
Agricultural damages are essentially related to the duration of submersion.

Flow
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Figure 6.1 - Flood impact assessment methodological framework



Combining the required flood map with land use information identifies the objects (plots,
buildings, road stems, etc.) affected by flooding (flood effect map). Flood impacts on
each object can be evaluated on the basis of social, environmental and economic criteria.
Any change on the control strategy modifies the flow forecasts and leads to a new flood
impact map. In the framework of AFORISM, the proposed system should provide system
operators with an objective comparison between possible control strategies in real time.
From a planning point of view, the proposed methodology is still applicable and provides
the necessary information to assess flood control measures (source runoff control, river
reclamation, detention reservoirs, etc.). In this case, the proposed methodology should be
seen as a valuable tool for land use planning and risk delineation.

Figure 6.1 also shows that the hydrologic and hydraulic models used to compute
respectively flow forecasts and the spread of flooding are external to the GIS framework.
The results of the hydraulic calculations are imported into the database by means of
adequate pre-processing interfaces.

Development of prototypes

Figure 6.2 illustrates the approach to design the overall methodology shown in
- Figure 6.1. The study started with the development of three prototypes for flood impact
assessment on traffic networks, built-up areas and agriculture. The prototypes has been
developed with simple and easy to use softwares: dBaselV for the database management
system, IDRIST for the raster GIS and Maplnfo for the vector support. All these packages
run on personal computers under MsDos-Windows environments.

The development of prototypes is suggested by a large number of authors as a first step to
design an Information System (IS). Prototyping phases can be found in the “Information
Engineering” method proposed by Martin et al. (1988) and in the Modul-R approach
described by Gagnon (1993). Three distinct approaches to develop prototypes are
currently applied. These are the “Prototypage rapide”, the “Prototypage Evolutif”’ and the
“Double Prototypage™. In the first approach the prototype is developed in the analysis
phase before the system design and implementation. An iterative loop allows to evaluate
and enhance the prototypes. In the second method, the prototype development and
enhancement is achieved after the system design and directly leads to the implementation.



The third one is a combination of the first two. Burns et al. (1985) use two main criteria
to define the adequate prototyping approach: the complexity and the uncertainty of the
system to be designed.

The methodological framework of AFORISM is obviously complex and includes
sophisticated operations with the data. The uncertainty is also significant mainly because
the users of the AFORISM system are still to be determined and the functionalities of the
overall framework might change according to the design.stage. These considerations fully
justify the development of prototypes and allow the selection of the approach called
“propotypage rapide”. Consequently, the prototypes presented hereafter have been
developed with simple and user-friendly software. They allowed to design the
Conceptual Data Model (CDM).

This prototyping phase allowed to easily analyse the different components of the
AFORISM system with minimum efforts for data acquisition, for software manipulation
and programming developments. The prototypes were also considered to be learning tools
capable of increasing and improving our experience and knowledge of the problem.
Conscqixently, the required data accuracy, the procedures, the type of software and the
interfaces with the hydraulic model could be fully tested.

The prototypes were tested and demonstrated on a small portion of the Basse Broye river
flood plain (~3 km?) in Switzerland. The area is essentially drained by two rivers: the
 Petite-Glane and the Fossé Neuf. The first one has a capacity of around 30 to 40 m3/s
while the second is able to convey some 5 to 10 m3/s. Channel slopes are low, around
0.1%. Flood plain slopes are even lower. River banks are at higher elevation than the
‘surrounding land. Flooding occurs by lateral spilling from the main channels. There is no
evidence of dike failure problems.

Land use is essentially rural with relatively high profit margins. There are also a few
isolated built-up areas and a quite complex traffic network with a high density of rural
tracks for agricultural machinery. This extensive road network delineates low depression
compartments in which flooded water may remain stagnant or overflow. The flood
progresses by the sequential filling of juxtaposed compartments.
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The prototypes allow to assess data requirements and accuracy. For instance, damages to
agricultural practice can be evaluated for each plot individually or on the basis of
homogeneous areas according to data availability. In the first case, the detailed cadastral
survey is required while in the second damage figures can be worked out on the basis of
representa;ive areas where the same crop rotations are im_plemcnted. In Switzerland, the
detailed location of each plot is available on a digital format. In other countries this
information may be rather difficult to gather and it is preferable to start from the crop
rotations which are easier to identify.

To ensure a large spectrum of applicability, it was decided that all prototypes should use
different levels of data aggregation. The same applies to built-up areas or traffic network.
In most countries detailed land occupation plans are seldom available. Field surveys and
air photograph interpretation generally involve prohibitive costs. Therefore it is preferable
to work on the basis of 1and use plans to define average worth values for each land use
category.

Damage assessment procedures

The prototypes were also used to compare, evaluate and develop damage assessment
procedures on the basis of land use information and calculated hydraulic parameters.
Available flood damage statistics are usually established after a specific flood episode.
The relationship between hydraulic conditions and the amount of damages is also difficult
to establish. For instance the destruction of a building may have occurred because of high
erosion velocities at the basement level and/or unsustainable water depths.

Agricultural damages are related to the type of crop flooded and the growth state of the
plant. The spatial distribution of crops varies with time. Crop yield losses vary
significantly from one season to another. For these reasons, it is felt that the extrapolation
of damage statistics at a regional scale is questionable. On-site procedures are more
suitable because they can be calibrated on the basis of past experience and local
constraints.
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For the traffic network, it is important to answer questions such as: a) should we consider
one or various links between departure and arrival points within the road network? or b)
should we account for secondary and third class networks like the agricultural tracks?,
ctc.

Softwares

Different GIS softwares were also compared. A combination of GIS systems is definitely
required including a database system and both a raster and a vector oriented support. The
prototypes were developed using standard GIS operators in order to ensure
transportability to more sophisticated platforms. It is felt that any migration to a more
powerful system will probably increase the performance of the system. Most powerful
systems already include operators that had to be developed separately in the prototypes.
However, in most cases the prototypes use commonly available GIS operators that can be
found in practically every package available in the market.

Conceptual modeling

The prototypes were tested, modified and used as demonstrators for illustration purposes
to concerned agencies and experts. Each time, the prototypes were improved to satisfy
new requests or correct serious defects. Once the acquired expertise and knowledge about
the problem were considered to be satisfactory, a Conceptual Data Model (CDM) was
designed (Joerin, 1993). This CDM allowed to organise the database and to manage the
time evolution of the stored information. The CDM is independent of software and
hardware specificities. It must be regarded as the basis on which the system should be
implemented in any GIS framework.

6.5.3.  Interface with the hydraulic model

The used hydraulic model requires a particular discretization of the flooded area on the
basis of polygonal cells derived from a Triangular Irregular Network (TIN) accounting
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for structure lines and break lines. The present paragraph will briefly describe the
interfaces between the GIS framework and the hydraulic model to derive flood maps. All
GIS components, vector and raster, and the DBMS are required and interact between each ,
other by several exchanges of information.

Figure 6.3 illustrates the interface between the GIS framework and the hydraulic model.
The DBMS stores most of the input data fequired by the hydraulic model to route floods
through the main channels and over the flood plain.-These input parameters are stored in
various tables within the DBMS and can be graphically displayed with the cartographic
capabilities of a GIS. Moreover, modifications to subsets of input information in selected
spatial locations are also possible.

The most important tables are those including the basic description of each polygon
(“Polygons” table), the links between nodes (“Polygon links” table) and the water surface
elevations for each polygon (“Polygon flooded” table). The table “Polygons” includes a
polygon ID, the surface (S), the ground elevation (Zs) and the type indicating a flood
plain polygon or a channel polygon. For the latter, cross section co-ordinates must be
specified in the “X-Section” table. They are used by specific post-processors to derive the
essential hydraulic characteristics (stage-discharge-area relationships, cross-section
interpolations).

In the “Polygons™ table shown in Figure 6.3, type “1” refers to a cross section while type
“0” relates to a standard flood plain polygon. The table “Polygon links” stores all the
connections between polygons including the distance between nodes (L) and the width of
the interface (B). This table also contains the type of transmissivity equation to be used in
the hydraulic model “FH”. When FH=0 the shallow wave Manning equation must be
used while FH=3 indicates that a weir flow equation has to be applied between nodes *“2”
and “8”. The parameters required by specific hydraulic equations can be derived in most
cases from the information stored in the tables “Polygons” and “Polygon links”. The table
“Polygon flooded” includes the information necessary for flood mapping, specially the
water surface elevations computed by the hydraulic model at any time (t) and the depth of
flooding (D). Other hydraulic variables like flow or velocity can also be included in a table
similar to that describing the links between nodes. Specific post-processors for channel
nodes have been developed to produce graphical cross-sectional and longitudinal profiles
at desired locations.
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6.5.4 Flood Impacts and GIS Implementation

This paragraph describes for the three selected anthropogenic sectors: agriculture, built-up
areas and traffic conditions, the proposed damage assessment procedure and the related
implementation within the GIS framework. For the moment, damages are evaluated on an
economic basis except for traffic conditions where the assessment of flood impacts
required the development of a specific index.

6.5.4.1  Flood damages to agriculture

Flood damages to agriculture result from more or less prolonged submersion affecting the
normal growth rate of plants. According to the period of flooding and the duration of
submersion, the farmer may decide to accept either a partial, even complete damage or
seed a replacement crop if the season and/or the soil conditions allow for it. The duration
of submersion is defined as the time span between the beginning of flooding and the
drying out of the soil. Until then, the soil and the plants may be damaged by labour or
heavy machinery.

" Evaluation of damages

The proposed damage assessment procedure can be applied to a wide variety of

~agricultural schemes in humid temperate climates. However, yield losses and economic
figures result from on site inquiries involving local farmer associations in the Basse Broye
region (Consuegra, 1992). It was then possible to identify crop types, rotation
characteristics and to draw a map indicating the areas where similar crop rotations are
followed. Profit margins and yield losses could also be estimated from local sources of
information.
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Crop rotations and crop sensitivity

Figure 6.4a shows a typical crop rotation in the study area. The cycle covers a period of 6

years. At a given plot, winter wheat will be followed next year by sugar beet and by

winter wheat again two years later. Winter wheat is then followed by potatoes, winter

wheat again and finally corn for grain. The profit margins for each individual crop are

also shown. This crop rotation corresponds to average weather conditions and guarantees

adequate overall profit margins. The crop sensitivity changes during the growing season
from seeding to harvest periods. For each single type of crop, the total damages were

estimated on the basis of the duration of submersion and the period of the year. For

instance, Figure 6.4b shows the time evolution of total losses for winter wheat according

to the season and the duration of submersion without considering replacement options.

Damages have been assigned to the period where the flooding occurs even if the
consequences may appear later during the year (indirect costs). For durations between
5 and 15 days the crop sensitivity is higher at the beginning of the growing season and
decreases until harvest. From April to harvest, durations of submersion higher than 15
days lead to a total loss equivalent to the gross product. The latter includes profit margin,
seeding and soil treatment expenses, marginal fees as well as indirect costs, which vary
from one season to another.

Seeding delays and crop replacements

Flood damage computations must also account for eventual replacement crops which are
~ intended to minimise yield losses. Flooding in the study area does not occur, on average,
more than once a year. More frequent flooding would prevent economically feasible
agricultural practice. For this reason, the crop replacement policy shown in Figure 6.4¢c
can only be derived on the basis of one single flooding event per year. However, there are
no restrictions regarding the period of occurrence of submersions. Obviously, each crop
replacement is associated with a yield loss. The growth cycle of winter wheat in the study
area starts at the beginning of October (seeding) and finishes at the end of July (harvest).
If winter wheat seeding was done in normal conditions the crop will be sensitive to
submersions from the beginning of April until harvest (critical period in Figure 6.4c).

Submersion durations higher than 5 days between October and March will postpone
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sowing to the end of March or the beginning of April at the latest. Related yield losses are
equivalent to 30% of the profit margin plus the re-seeding expenses. During the critical
period, seeding of winter wheat can not be postponed and farmers in the study area have
to implement a replacement crop. During the first two weeks of April, submersion for a
duration between 5 and 15 days will ruin the winter wheat seeded in October and force
replacement with corn for grain sowed during the last two weeks of the same month.
During the second fortnight of April, submersion durations higher than 5 days will force
the replacement of the crop and the seeding of corn for silage in early May. During the
month of April, submersions no longer than 5 days will not generate substantial yield
losses. Figure 6.4c illustrates the remaining crop replacement options until the harvest
period. It is always necessary to compare the damages to the actual plant with those
involved with the crop replacement. Figure 6.4d shows that for winter wheat and
submersions between 5 and 15 days, the farmer will prefer to sustain losses instead of
sowing a forage crop. A different decision will be taken for submersions higher than 15
days.

GIS implementation

Figure 6.5 illustrates the overall set-up within the GIS framework of the flood impact

methodology. The procedure requires the flood map describing the duration of flooding
* foreach polygon and that showing the spatial distribution of individual crops. Both maps
are on a vector format. However a raster support can also be used. In the DBMS, the
following tables are also needed: a) the “Plot” table describing for each plot the current
crop in the field and b) the “Potential Losses™ table indicating the yield losses per hectare
for each crop type and for several submersion durations at the moment of flooding. The
“Potential Losses” table includes yield losses for both the replacement and the no
replacement options. The “Plot” table is updated at the beginning of each agricultural
season. For each plot, the crop type is determined according to rotation rules similar to
that shown in Figure 6.4a. The “Potential Losses” table is updated every 15 days to
follow the evolution of crop sensitivity to flooding.
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The procedure starts with a “polygon overlay” operation between the map showing the
durations of submersions for each control volume and that describing the spatial
distribution of plots and crop types. Each plot will be broken down into smaller polygons
covered by one single duration of submersion. For instance, figure 6.5 shows that plot
#1035 will be broken down into two polygons # 5425 and # 5426. Polygon # 5425
corresponds to the non flooded surface of plot # 1035 while polygon # 5426 relates to the
surface of that same plot which is submerged for 3 days. .. -

This splitting procedure leads to a new table “Flood-Plot” indicating the number of the
newly created polygons, the plot number to which it belongs, the corresponding
submersion duration and the area flooded. The “polygon overlay” operation can be done
on both the raster and the vector GIS. Since the available Maplnfo version does not have
this option, the prototype uses IDRISI for this purpose.

The computation of flood damages uses the “Flood-Plot” table as the main source of
information and is entirely achieved within the DBMS. For each newly created polygon
(# 5425 for instance) and on the basis of the plot identifier (ex: #1035) it is possible to
find the crop type on the field at the beginning of flooding in table “Plot”. On the basis of
the crop identifier, the duration of submersion and the surface flooded, damages can be
computed with the information included in table “Potential losses”.

Computations are done for both the replacement and the no crop replacement options. The
resulting economic damages are stored in the “Losses-New Polygons™ table (Figure 6.5).
To obtain the flood damages for each plot (#1035) it is necessary to cumulate economic
losses for all the corresponding sub-polygons (# 5425, 5426, etc.).

The results are stored in the “Plot-Losses” table for both the replacement and the no
replacement options. The cheapest alternative is selected. In case of replacement, it is
assumed that the entire plot surface will be seeded again with the new crop.
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Flood damages to all plots can be easily mapped with the vector GIS. Figure 6.6
illustrates a typical output from Maplnfo. The first map illustrates the spatial distribution
of plots and crop types. Polygonal lines indicate the limits of the plots while the colours
relate to a particular crop type. The flood map with the duration of submersions has been
overlaid. Dark blue indicates long duration of flooding while the lighter shades
correspond to shorter submersions.

The second map illustrates the spatial distribution of flood damages. The green parcels
present low damages, the blue ones moderate losses and the red ones sustain the largest
destructions. Interactive query information can be gathered directly from the second map
to visualise the calculated flood damages for each single plot.

6.5.4.2  Flood damages to built-up areas

Evaluation of damages

Economic damages to buildings are based upon standard stage-damage relations similar to
that shown in Figure 6.7. These relations only consider submersion effects and do not
account for nearby velocities or debris transport which may be an important cause of
destruction. The felationship between these hydraulic variables and the economical
damages are not easy to establish (Torterotot, 1994). However, if future studies derive
such kind of relations, it will be relatively easy to include them in the prototype described
hereafter. The flood damage computation is based on a evaluation of the depth of water
around each building (“Height of submersion”). If this value is higher than a critical
height, the building is completely destroyed. Losses are equal to the value of the structure
and that of the building content. If the water depth is less than the critical value, losses are
proportional to the value of the building content. The exponent “a” allows to parameterise
the stage-damage relation according to the building type. If a<1 small flood depths will be
strongly penalised while a>1 indicates that the expensive contents of the building are
located in the upper stories.
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Figure 6.6 Maplnfo outputs illustrating the duration of flooding for concerned polygons,
_ the plot and crop type spatial distribution on the resulting yield losses.
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Figure 6.7 - Typical stage-damage relation for built-up areas

- GIS implementation

For a given flood episode, the pre-processing routine in the DBMS identifies for each
node the maximum water depth during the entire flood event. This information is
transferred to the GIS to produce a map showing the spatial distribution of maximum
water surface elevations. Figure 6.8 illustrates the subsequent operations to assess flood
impacts on built-up areas.

The flood map mentioned above is first overlaid with that delineating the boundaries of
individual buildings (Building map) to identify all the constructions affected by flooding
(Buildings and Flood map in Figure 6.8). The GIS is then able to compute the average
depth over the surface covered by each single building. This information is stored in the
“Building and flood depths” table.
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In this example, the building #105 is partially flooded. According to the “Building” and
the “Type of building” tables, building #105 belongs to a commercial area and the
corresponding stage-damage relation can be approximated by a polynomial equation in
which the exponent “a” is equal to 0.5. Using the “Type of building” and the “Building
and flood depths” tables damages can be computed for each single building. These
damages are then transferred to the GIS to produce a map showing the spatial distribution
of economic losses. Cumulating individual damages leads to the global economic flood
impact on built-up areas.

Typical output maps produced by IDRISI are shown in figure 6.9. Figure 6.9a shows the
spatial variability of maximum depths for each polygon and indicates all the buildings
affected by flooding. Figure 6.9b illustrates the resulting damages expressed as a function
of the total value of each single concerned building.

6.5.4.3  Flood impact on traffic conditions

Traffic damages relate to flow interruptions and to reduced circulation speeds. In case of
road cut-off, the search for the fastest alternative path between two points is definitely an
important question for rescue services. For the purpose of AFORISM it is also required to
derive an overall index representing the spatial distribution of traffic density resulting
from road cut-off. These evaluations can be done on the basis of minimum travel times
between departure and arrival points in the road network (Dopt).

The road network is subdivided into a series of stems (Figure 6.10). A stem represents a
piece of road between to cross-roads. Each stem can be characterised by a travel time
according to traffic conditions and speed limits. The network analysis operators in the
GIS system allow to determine the fastest link between two connected points which are
typically considered to be major urban agglomerations (Figure 6.10).
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Figure 6.9 Typical IDRISI output maps showing the maximum water depths for all
polygons and the resulting flood damages to single buildings
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Figure 6.10 - Description of toad network in the GIS framework

The set of stems describing fastest links between two cities is called an axis (table “Stems
and axes” in Figure 6.10). Theses axes are also characterised by an average daily traffic
flow derived from regional development plans commonly available in Switzerland
(table “Axes” in figure 6.10). The proposed methodology assumes that travel times are
equal in both directions of circulation. The average flow per axis is equal to the sum of
‘those in each traffic direction.

In case of flooding, the system identifies the road sections where circulation is no longer
possible. Traffic cut-off occurs if the depth of submersion on the road is higher than a
given value and lasts longer than a pre-specified interval.

For selected departure and destination points, the system re-computes new travel times
and identifies the fastest links between connected cities. For each axis the impact of
flooding on traffic flow can be computed with the following formula:

~=(1- D{’"’)F.o (6.1)
Dino
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where Dino is the travel time in case of flooding, F is the average vehicle flow in normal
conditions and D the duration of flooding. N is computed for each axis. It represents the
number of vehicles that could not reach destination during the ﬂooding period. If N=0,
the axis is not concerned with flooding. The maximum value of N is equal to FD
indicating that the axis between the two concerned cities can not be used during the entire
flooding duration.

The overall impact of flooding is derived by cumulating the individual values of N for
each axis. The system will also compute the new spatial distribution of traffic density
resulting from flooding. This allows to identify overloaded stems and to suggest
alternative paths.

Figure 6.11a illustrates the database architecture to identify the major axis concerned with
traffic cut off due to flooding.

Two cities are connected by one single axis (the fastest one). The latter is described by the
attributes shown in table “axes”. The fastest travel time (Dopt) is determined within
IDRISI using the COST and PATHWAY functions. COST computes travel times from a
given origin to all destination points. PATHWAY identifies the fastest paths between
selected departure and arrival points. The stems corresponding to a given axis are stored
in table “Stems-axes”. If flooding prevents normal circulation through a given stem (table
“Flooded-stems” coming from IDRISI), dBaselV looks for all the concerned axes in table
“SStems-axes”. For each selected axis, the concerned cities can be found in table “Links-
Cities”. City and axes identifiers are stored in table “Concerned axes”.

For each disturbed axis, IDRISI calculates the new fastest travel times (Dino) in a similar
manner as that used to compute Dopt and stores the results in the table “New travel time”
shown in figure 6.11b. With query type operations, dBaselV finds in table “Axes” traffic
flow and Dopt for all concerned axes and calculates the effects on traffic flow (N)
according to equation (6.1). For each single axis, the corresponding value of N is stored
in the table “Impact on axis”. The new spatial distribution of traffic is computed by
cumulating for each single stem the vehicle flow of all axes passing through it. Figure
6.12 shows a typical output produced by IDRISI comparing traffic densities for both
normal and flooding conditions.
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Figure 6.11 Logical data model and procedures to assess flood impacts on traffic
conditions
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Figure 6.12 IDRISI outputs comparing traffic densities for normal and flooding
conditions
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6.5.5. Data Base Requirements

The GIS system required by the AFORISM framework presents a wide spectrum of
utilities. First, the system manages the data required by the hydraulic model. The Data
Base Management System (DBMS) must provide updated information describing the state
of the hydraulic network when a flood forecasting is issued. Moreover, the stored
information should be updated when modifications of land use occur or when new
hydraulic structures may be implemented. . ..

6.5.5.1  Dynamic Modeling

The dynamic component of the DBMS and that of the GIS framework is evident. A first
data flux occurs when the GIS provides the parameters required by the hydraulic model.
The results are then returned to the GIS to produce flood maps. Flood maps are
subsequently combined with land use information to derive flood effects and finélly flood
impacts. Such operations produce new types of information composed of spatially
variable numerical damage evaluations to be used in the decision making process. If we
consider that all these operations have to be done to evaluate several control strategies, it
is easy to realise that the management of such data fluxes is not an easy task. The main
dangers of such a dynamic data base are to corrupt the data base because of inadequate
updates, to loose data and/or to use the wron g information for a given type of operation.

To model the dynamic character of the database, we propose to use the static and dynamic
conceptual approach REMORA (Rolland et al. 1988). This method is based on three
concepts linked together with three relationships. Those concepts are “objects, “events”,
and “operations”. The relationships which link them are “an event activates an operation”,
“an operation modifies an object”, and “an object modification is noticed by an event”
(Figure 6.13). Using those three concepts, the database evolution can be modeled and
managed. The dynamic conceptual model illustrates for all events which updating
operation(s) have to be activated, and which object(s) will be modified. A simple example
is shown in Figure 6.14.
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These concepts have been implemented within AFORISM and the related implications can
be found in Joerin (1993). For illustration purposes, the dynamic component will be
described hereafter in conjunction with the evaluation of flood impacts to agricultural
practice.

have a
particular state
change

| OBJECTS

OPERATIONS - EVENTS

activate |
execution o

Figure 6.13 - Concepts used for dynamic modelling

SYMBOLS EXAMPLE

O :C-OBJECT |

—>: C-OPERATION W
C1

\/ : CEVENT om

C1: CONDITION @

Figure 6.14 - Symbols for dynamic modelling
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6.5.5.2  Integration of the Dynamic aspect in the Database

In the context of agricultural practice, time may be represented by the following hierarchy
of events (Figure 6.15). First, time is constituted by a sequence of crop seasons (Sc).
Each crop season begins with a winter season, during which farming is limited to field
work. Then, as spring approaches, the agricultural activity starts (A) and crops grow.
When a crop reaches the optimal state of growth, it is harvested (H). This period is
critical, because at that time crops have the greatest worth. Finally, after the harvest, new
crops are sowed and the spatial distribution of crops is again modified (S). Crop season
duration is not fixed. Indeed, it depends on the region’s climate and the specific
meteorological conditions of the period. In Switzerland, a crop season lasts for one year,
in warmer countries its duration can be just a few months. Moreover, the harvest period
might be delayed for a few weeks if meteorological conditions are not favourable.
Nevertheless, the proposed time structure is not modified by these fluctuations because
the sequence of events is always the same.

This illustrates the interest of a time reference system that is not based on exact time
positioning. It is worth noting that this time perception is well suited to a non gradual
evolution (with abrupt changes), but not to a phenomena presenting gradual changes like
crop sensitivity to flooding. Crop sensitivity is of interest during the agricultural activity
period (A). To follow this gradual behaviour, it is necessary to discretize the time
evolution of crop sensitivity and define each interval as a pseudo-event. This concept is
illustrated in Figure 6.16. This may not be the optimal solution since it is not always easy
to define events on the basis of a gradual evolution of a given phenomena. Using this
hierarchical time structure it becomes possible to clearly identify the most important
events, which will determine the evolution of the geographical database. Each of those
events correspond to a modification in the real world. Obviously the database needs to be
modified accordingly, this is achieved using updating operations.

Modifications resulting from operations are governed by rules. In this application, three
rules determine the database evolution. The first expresses the rotation process, the
second models the crop sensitivity evolution, while the last manages the replacements of
crops after a flood. Figure 6.17 represents the dynamic conceptual model which
“translates” these three rules of evolution. The first one describes the rotation process, the
second models the crop sensitivity evolution while the third one manages the replacement
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of crops after a flood. The latter indicates that when flooding occurs the modification of -
OBJ4 is noticed by EV3 and activates the execution of OP3 that updates OBJS introducing
the resulting flood damages in his attributes. EV3 also activates OP4 that updates OBJ1
introducing an eventual replacement crop. It is also noted that operation 2 (OP2) is
activated by a temporal event. The latter occurs regularly (in our case every two weeks)
independently of outside conditions as opposed to an external event such as a flood. In
this application the tempofal event is used to update the crop sensitivity data with a regular
time step. This example illustrates the potential of-the REMORA method to develop a
Conceptual Data Model for AFORISM. The REMORA approach has been adapted to
develop the static and dynamic CDM. The static CDM specifies the required information,
the data structuring and organisation to fully satisfy the wide variety of operations
required by the AFORISM system. The dynamic CDM describes the content and the
ordering of the required operations to update the Data Base and to extract the necessary
information when a flood forecast is issued.

@ winter @ 25251‘:?““‘1 @ harvest @ sow
® 5560
®O®E

Figure 6.15 - Time perception in agricultural practice
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Figure 6.16 - Time representation of crop sensitivity
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Rotation  Sensitivity Crop replacement

Legend:
Events Objects
OBJ1: Crop on parcel (in the field)
EV1: Sow OBJ2: Crop on parcel (planned)
EV2: Temporal event OBJ3: Sensitivity
EV3: Flood impact OBJ4: Flood impact
OBJ5: Parcel

Operations
OP1: Updates data on crop acéording to the rotation rule.
OP2: Updates crop sensitivity data.
OP3: Updates data on economic loss.

OP4: Updates data on crop in the field after the destruction of
the planned crop.

Figure 6.17 - Data dynamic model
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6.5.6 Summary of Impact Assessment Modelling
The main results of this Impact Assesment study can be summarised as follows:

- An overall framework to assess flood impacts combining GIS capabilities and a
suitable hydraulic model has been developed.

- Adequate procedures to evaluate flood impacts in agricultural areas, in built-up
zones and for traffic conditions have been developed. Damages for the first two-are
computed on an economic basis while the third one required the derivation of a
particular index.

- The prototypes described in this report fully demonstrate the usefulness and the
suitability of GIS to tackle flood impact assessment problems.

- A Conceptual Data Model has been derived for the purpose of AFORISM. It
describes data requirements and organisation within a DataBase Management
System (DBMS). A dynamic component was also included to account for the large
number of data exchanges between the hydraulic model and the GIS as well as
during the operations related to the damage assessment procedures.

The prototypes presented in this report provide a sound basis for impact assessment.
- However, some further developments are required:

- Implement the developed procedures and interfaces into more efficient softwares
and platforms. Apply the overall methodology to a real large scale flood delineation
study.

- Improve the damage assessment procedures including the social and environmental
components. )

- Explore the link with expert systems to ensure the applicability of the developed
methodology in real time flood forecasting problems.
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6.6 CONCLUSIONS

The results presented in this chapter provide the starting point for the detailed design of
the operational decision support and forecasting system for the the Reno.

AFORISM has produced a knowledge base with 20 rules, which is far below the power
of current computerised KBS (knowledge base/expert system) technology.

Further rules may be envisaged in the areas of

- aggregation and propagation of flood waves,
- overtopping of banks,

- growth and decline of flooded areas, and the
- integrity of the dykes,

While much has been achieved, further extensive computer modelling, optimization and
the collection of field data is required, before rule sets can be formulated for routine use
by the Reno managers. This work might be carried out in a follow-on phase of
AFORISM.

| Subsequent work should concentrate on the "heuristic operating policy". It should be
modified in small ways in search of improvements and tested on the PAB and GIS
simulators of Reno floods. This would lead to recommendations about what the most
significant (for better or for worse) modifications to the current policies are, and may
come up with a significantly improved policy.

Here, use should be made of the rainfall simulation model in conjunction with the ARNO
rainfall-runoff model to produce possible flooding scenarios

The GIS flood impact assessment models and procedures are ready for transfer to the
Reno, since it has been shown to be an effective toll for visualization of the problems
besetting flood-phone areas. This imprimation transfer methodology should be of
particular use to planners and decision-makers.
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7. THE RENO RIVER CASE STUDY

The following chapter describes the combined experiment on the Reno River catchment
which was conceived of with the purpose of aggregating the different components of
the AFORISM project.

The Reno river has a very long history of floods, going back in time to the age of the
Etruscans. Only recently was an integrated monitoring system implemented on the
catchment for the purpose of monitoring the river and trying to control the flood waves
travelling along the flat reaches in the plain.

After a brief geographical and historical overview of the river Reno, the chapter
continues with a description of the cascade of models implemented in collaboration
with the local Authorities, in particular with the Reno River Basin Authority and with
the Bologna branch of the Hydrographic and Marigraphic National Services.

The chapter concludes with a description of he first experiment on the use of a Limited
Area Atmospheric Model precipitation forecast as the input to a rainfall-runoff model in
order to extend the forecasting lead time, will be presented together with a discussion
on further research needed to improve the quality of quantitative flood forecasts.

7.1 DESCRIPTION OF THE RENO RIVER SYSTEM

Situated in Italy, the river Reno rises north of the Apennines and flows down to the Po
~ Valley, where it turns east and empties into the Adriatic sea north of the town of
Ravenna (see Figure7.1).

The river extends over a total length of 210 Km and has a basin of approximately
4017 Km?2,
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7.1.1 History of the development of the course of the river

The flow characteristics of the river Reno lie behind an enormous number of disastrous
events which, down the centuries, have altered the course of the river and the lowland
basin between the Via Emilia and the district of Ferrara. Indeed, it is worth
remembering that since ancient times the authorities designated to control the waters of
Ferrara always regarded the river Reno as an inveterate problem that was difficult, if
not impossible, to solve. A brief history of the river is therefore warranted..

Before the end of the first millennium, according to extant documents, the situation on
the Bologna-Ferrara lowland plain was relatively stable. At Ferrara the river Po divided
into two branches, the Volano that headed north, and the Primaro that flowed south.
Below the Primaro, on the right bank, lay a large marsh, known as the "Padusa”, into
which emptied the rivers and streams that ran down from the Apennines. One of these
was the Reno. In the Padusa, the waters deposited their solid particles and, thus
clarified, flowed into the Primaro and from there to the sea. The lowland plain between
the districts of Bologna and Ferrara was slowly filled and raised.

This state of balance was shattered by two major breaches of the Po at Ficarolo, first in
1152 and again in 1192. The Po opened up a new channel, called Po Grande and Po di
Venezia, with a wider, shorter and swifter course (because of the steeper slope) towards
the sea. The waters flowing into the branch that then split into the Volano and Primaro
greatly diminished and this in turn led to a drop in the marshy waters on the right bank
of the Primaro and the depletion of the Padusa. The Apennine water courses drew
nearer and nearer to the Primaro.

This led the Bologna City Authorities in the fifteenth and sixteenth centuries to embank
the rivers and direct them into the Primaro, thereby freeing vast areas from the waters.
The Santerno, Lamone, Senio, Sillaro, Quaderna, Gaiana and Savena suffered this fate
in 1460. They were followed by the Reno, which in 1522 was directed into the short
reach of the Po upstream of Ferrara that then split into the Primaro and Volano below
the town. This canalisation had dire consequences for Ferrara as the waters of the Reno-
silted up the Primaro Po.

The attempts made to excavate the channel, first by the Este family and later by the
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Papal Government (the Great Clementine Excavation) did not succeed in restoring the
lost balance. In fact, at the end of the sixteenth century, the Apennine rivers and streams
entering the Primaro escaped their channels and the marsh once again occupied the -
areas which had been given over to cultivation. The economic damage caused to the
district of Bologna was massive and, among other things, occasioned the interruption of
direct navigation between Bologna and Ferrara along the shipping canal or "Canale
Navile". '

What is more, the advantage accruing to Ferrara did not last long. In fact, early in the
seventeenth century the Papal Government, in exchange for recognition of its rights
over the city of Ferrara (taken from the Este family) by Venice, agreed to the cutting off
of the Po Grande at Porto Viro. With this, the Venetians shifted the principal mouth of
the Po further south so that its turbid waters, being conveyed to the Ferrara coast, would
not silt up the Lagoon (as they had previously done). This led to the raising of the coast
at Ferrara, impeded the outflow of the waters in the coastal lowlands, and compromised
the Major Ferrara Land Reclamation Project.

The water situation in the districts between Bologna and Ferrara was the subject of
heated debate between those in favour of directing the Reno into the Po Grande (As had
been done with the Panaro in 1622) and those who preferred to direct its waters along
the line of the lowlands on the right bank of the Primaro. However, very little was
actually done until 1749, when after yet another breach of the Reno, a new
rehabilitation project was drawn up for the Reno-Primaro area, entailing the
construction of the Cavo Benedettino or "Benedictine Channel” which was to convey
the clarified waters of the Poggio and Malalbergo valleys into the Primaro and receive
the waters of the canalised Savena and Idice. The disastrous breach of the Reno in 1750
(Panfilia) rapidly silted up the Channel which soon proved to be inadequate.

Finally, in 1767, permission was granted for work to begin on the Lecchi-Boncompagni
project, which entailed directing the Reno along the line known as "lowland to
lowland", from Panfilia to the sea, using the re-excavated Benedictine Channel and the
Primaro below the Traghetto. In the course of the works the Primaro was strengthened
with new banks, the T. Savena was fed into the Idice, immediately downstream of
S.Lazzaro, and major works were carried out to divert the Idice into the Marmorta
lowlands and the Correcchio into the Sillaro. Thus, at the end of the eighteenth century,




a good portion of the Bologna lowlands was freed of dead-water, albeit at the cost of a
massive public debt.

A short time later Napoleon's army entered Italy and threw the country's existing states
into confusion. Bologna became the capital of the Reno district, Ferrara capital of the
Po district, and both were subsumed under the Cispadane Republic, which later
returned to the Kingdom of Italy.

In the years following the establishment of the Napoleonic government in Bologna, the
Lecchi-Boncompagni reclamation project revealed grave shortcomings. The turbid
waters of the Reno raised the channel bottom and as a result the waters of the Bologna
lowlands could not be permanently accommodated within it. The lowlands started to
expand once again. For this reason, the government agreed to the idea to direct the
Reno into the Po Grande along a canal (ten miles long) which, beginning at Panfilia,
near S.Agostino, was to terminate in the Palantone (the outlet actually chosen was the
Panaro, at Bondeno, and from there to the Po Grande). Excavation work began in 1807
and proceeded with various ups and downs.

In 1813 the Idice was diverted at S. Martino in Argine and, from there, together with
the Quaderna, was directed into an embanked area east of Molinella that was called the
Idice and Quaderna Fill. A short time later, the work on the major channel was
interrupted at Bondeno due to the ruinous defeat of Napoleon Bonaparte and the fall of
his empire. Thereafter, for the whole of the nineteenth century, works on a smaller scale
were undertaken, some of them with the involvement of private parties.

The second half of the nineteenth century witnessed the development of hydraulic
machines for the mechanical lifting of water. These altered the plight of lowland areas
by ensuring the permanent drainage of water. Works which formerly had been
precarious, and therefore uneconomical, became cost effective thanks to the mechanical
raising of water. Moreover, the progress made in electrical technology with the
development of electric pumps that were far more efficient - and therefore less
expensive - than the steam and internal-combustion engine variety, paved the way for
mechanical reclamation projects in circumscribed areas (the most depressed).

The Napoleonic structure only became really operational in the second half of the
twentieth century. Today the main purpose of the canal (known as the "Napoleonic
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Channel") is irrigation, though it is used in some cases to divert part of the discharge of
the river Reno towards the Po during exceptional flood events.

Due to the fact that most of the river Reno, after it has crossed the city of Bologna, is
confined within dikes that are virtually suspended in relation to ground level, the Reno
does not receive water by gravity from the catchment basins in this area. The runoff in
this area is fed into the Reno by mechanical lifting.

7.1.2. Description of the upland basin

The upland basin of the river Reno covers an area of 1051 Km2 measured at the
Casalecchio outlet, of which some 178.5 Km?2 are situated in Tuscany; this part of the
basin reaches elevations of over 2000 metres in the Apennines (see Figure 7.2).

A series of tributaries characterises the upland reaches of the Reno basin. A sub-basin
may be identified for each of the larger tributaries, and each sub-basin has its own
tributaries.

The main tributaries on the left bank of the Reno are, from upstream to downstream: the
Maresca and Orsigna (in Tuscany), the Randaragna, Rio Maggiore, Silla, Marano,
Vergatello, Croara and Venola. The right bank tributaries are, again moving

" downstream: the Limentra di Sambuca, Limentra di Treppio, Camperolo and Setta,
their sub-tributaries being the Brasimone (left bank), the Gambellato, the Voglio and
the Sambro (right bank).

Situated in this part of the basin are several reservoirs serving a variety of purposes
(electrical power generation and drinking water supply). The system of reservoirs
comprises:

- the Molino del Pallone dam;

- the Pavana dam; |

- the Suviana dam;

- the Brasimone dam.

Figure 7.3 shows the system described, while the scheme in Figure 7.4 shows how the
reservoirs are connected to each other.
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Figure 7.4 - Plan of the reservoir system of the upper Reno
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