CHAPTER 4
USE OF HYDRODYNAMIC MATHEMATICAL  MODELS FOR FLOOD MANAGEMENT

4.1
INTRODUCTION

(Note: parts of introduction PP-1/PP-2/PP-3 to be repeated if PP-4 becomes stand-alone document)
The main objective of this Position Paper is to describe the use of hydrodynamic mathematical models of the deterministic type for carrying out flood management. This, as such, implies that other types of mathematical models used in flood management are only briefly discussed or merely mentioned in passing.

Also the mathematical equations, particulars of the modeling process, treatment of input data, schematizations and simplifications, are not the (main) subject of this PP.

The intention is rather to define the purpose and effectiveness of certain mathematical models for understanding the flooding phenomenon, for studying and testing flood control measures and, finally, for calculating various flood parameters.

It will also be shown where and why these models are utilized.

A flood event is a hydrological event of great complexity. The hydrological parameters of a flood (like form, magnitude, celerity, volume, duration) reflect the stochastic behavior of precipitation, interception, infiltration, evapotranspiration, soil moisture, overland and ground flows and river channel hydraulics.

Models not only help in understanding this flood phenomenon. They also are essential for flood risk assessment of the current situation and for assessment of suggested changes. By using models one makes an attempt to replace trial and error based solutions as practiced in the past.

The modeling tool aims to provide the best concept for assessing and, subsequently, reducing the vulnerability of rural and, high value, urban flood prone areas as well as industrial zones.

4.2 Definitions

Below, a few definitions are given to assist those readers, who are new to the field of flood management. For a more elaborate list of words and expressions used in connection with floods and flooding reference is made to the MTD
), Chapter XVIII, Flood Control. Most of that Chapter has also been presented as a Glossary in Appendix B of the Manual NSAFM
).  

Black box simulation models, or Mathematical models: models in which the physical processes of the system (‘box’) are not considered but where the simulation is obtained by a set of mathematical equations (mathematical models) or by a graphical relation obtained from records (like the method of the unit hydrograph) (MTD – 1028).

Celerity: speed of propagation of gravity waves or surges over the water surface in an open channel (MTD – 3988).

Design flood: (1) the maximum flood that any structure can safely pass; (2) the flood adopted to control the design of a structure; (3) the flood against which a given area is to be protected. 

Depending on the nature of the structure a flow (discharge), flood volume, or other flood parameter can signify the magnitude of the design flood (MTD – 9165).

Floodplain, Flood Land:  (1) the portion of the landscape inundated by a flood. The extent of the floodplain is often defined by a particular frequency flood: the 100-year floodplain is the area inundated by a flood with an average return period between events of 100 years, or an annual probability of occurrence of 0.01. (2) The flood-prone areas adjacent to a river channel, over which flood waters habitually and temporarily spill when river flows exceed the bank-full capacity of the river channel. In flatter areas, the floodplain serves as a substantial reservoir, storing excess run-off and attenuating the flood peak. Additionally, floodplains can also provide substantial discharge capacity, depending on ground slopes and shapes, and upon the depth of inundation. The formal designation of the floodplain can be a difficult task, involving the definition of appropriate flood volumes, levels, and return period. Generally a 100-year return period flood level is accepted as defining the limit of a flood plain (MTD – 9131).

Flood map, flood risk map, floodplain map: (1) a map that depicts the extent of former floods or the anticipated extent of any particular magnitude of flood; (2) the identification and representation of flood risk areas on a map; (3) topographic maps of river flood plain areas which identify the estimated water levels associated with a series of floods typically of 10-20-50- and 100-year return period (MTD – 9193).

Flood prone area: area which will be flooded periodically and for which no flood protection measures have been taken (MTD – 9136).

Hydraulic model, or hydrodynamic model: a flow-routing model for rivers and channels in which the unsteady fluid flow is simulated by means of the Saint-Venant equations, while certain terms in the momentum equation may have been neglected; the model may be one-, two- or three-dimensional.

Hydrological models: a simplified representation of a hydrological system leading to an acceptable simulation of the physical and other processes in hydrology (MTD – 1022).

Multilinear models: they describe nonlinear systems by means of two or more different linear models operating in parallel.

Rainfall – runoff models: any type of model simulating runoff processes as a function of rainfall and evaporation (MTD – 1023).

4.3 Purpose of Mathematical Models in Flood management

4.3.1 Overview

Within the context of flood management mathematical models are used for many purposes, such as:

· simulation of the flood wave in a river and its flood plain;

· a better understanding of the flooding phenomenon;

· check of the effect of a certain flood protection measure on extent of flooding and damages;

· calculation of flood damages;

· preparation of flood risk maps for zoning purposes;

· analysis of the effect of infrastructural and urban developments, as well as changes in land use, on the floods;

· determination of the design flood as a function of the desired level of protection (see PP-3) in combination with the implementation of a range of selected flood protection measures;

· flood forecasting and warning;

· education, to increase communication and public awareness.

Below, these purposes are elaborated upon and, subsequently, in some cases an example of the application of a mathematical model for such purpose in a certain flood prone area is presented in Section 4.6.

4.3.2 Simulation of a flood wave in a river and its flood plain

The aim is to simulate the characteristics of a flood wave, such as shape, length, celerity, attenuation, peak water level(s) and max.discharge, when it travels downstream through a river channel or across a flood plain.

In order to do this a 1-D or 2-D hydrodynamic model is required to obtain the best simulation of river flow under unsteady flow conditions.

In most cases a 1-D model serves the purpose well and 2-D models are only used if rivers are wide with a gradual transition from river channel into adjacent flood plain. Moreover, in the latter case, the topographic and bathymetric data, as well as information on land use, must be very detailed.

These hydrodynamic models, preferably, have to be calibrated on the basis of a set of data originating from a historic flood. This flood will have a certain magnitude and it stands to reason that extrapolation (by introducing, for instance, the much larger design flood) may lead to significant inaccuracies in the simulation.

4.3.3 
Understanding the flooding phenomenon

As stated above, a good understanding of a complex flooding event (i.e. the flooding of a floodplain and/or flood prone area) can only be achieved by means of 1-D or 2-D hydrodynamic models. These models, in general, have to simulate the movement of a relatively thin layer of water (say 1 to 4 meters thick) over a vast, nearly flat area (say 1 000 to 10 000 km2).

The reason that this flooding phenomenon is unusually difficult to understand and to predict in detail is its  4-D character in a large, nearly inaccessible (i.e. during flooding) environment in which at any point the direction and velocity of the current as well as the water level will vary as a function of location (x, y), ground level (z) and time (t).

In fact, the flood wave (in a much attenuated form) moves through the plain in the course of a few days or weeks and even a well equipped flood authority is only able to make observations (water level, direction and speed of current) of such an event in a few isolated spots. 

Also here, a set of detailed data (topography, land use, road and railway embankments blocking the flow) concerning the area proper and data of a historic flooding event (water depths at various locations as a function of time and place, volume of bank overspill into the flood plain, aerial photographs made during the flood, in- and outflow points, etc) is indispensable to simulate such floodings.

An example of early simulation (1972) of flooding by means of a hydrodynamic model is that of the Rharb plain (Morocco), which, in the past, was regularly inundated by the floods in the Sebou-Ouerrha system (Section 4.6.3). 

4.3.4 Use of the simulations made of floods and flooding

On the basis of the simulations (as described above) made of flood waves in rivers and flooding (of flood plains and other flood prone areas) one can now use the calibrated models for calculating, analyzing or preparing:

· proposed flood protection measures;

· flood damages;

· flood risk maps for zoning purposes;

· effects of changes in the natural environment (actual, planned or expected): infrastructural and urban development, land use;

· determination of design flood;

· flood forecasting and warning.

A few comments are made in this respect.

As river behavior can be predicted as a consequence of flood control structures (like dams, weirs, embankments, retention reservoirs) and other works (deepening, widening of river channels, bend cutting) models can be used to assist in designing such flood control measures.

Bridges may cause substantial changes in a river's hydraulic status, and it is therefor important to be able to project, prior to construction, the river's response to such works, to ascertain under what circumstances and how frequently backwater levels will rise and whether or not they will endanger the stability of the bridge itself.

The relationship between flood parameters and damages is the subject of PP-2. Also in that context mathematical models are extensively used. In Section 4.6.2 an example is given of such modeling in South Africa. 

No less important is the support provided by mathematical modeling to solve problems of territorial organisation. Among others, it enables engineers to delimit the flood zones (resulting in so-called inundation or flood risk maps) for different rates of flow, information that is indispensable to be able to establish zoning regulations intended to prevent catastrophe‑related damage. A good example is the preparation of flood risk maps as at present being done in the United Kingdom (Section 4.6.4).

The determination of the design flood, as a function of the desired level of protection, while taking into account man-made and natural changes of the flood prone environment, reflects probably the most important use of mathematical models in the study of river behaviour at different rates of flow. 

Table 4.1 shows the analysis made for the establishment of the design floods (return periods 250 and 1250 years, depending on location) for calculating design water levels for flood embankments along the river Meuse in the Netherlands.

Table 4.1        Re‑calculated representative discharges (m3/s) for various return periods at Borgharen (river Meuse), Netherlands
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Last but not least flood prediction and alarm networks are highly useful for the safety of people and much of their property. The availability of a model that can suggest the basic data to be gathered for flood prediction is very useful in the design of such networks. 

As far as the operation of a network already installed is concerned, the model provides for the prediction of flooding phenomena in real time on the basis of data readings obtained at flood control centres. In this respect reference is made to Section 4.6.6 in which the importance is demonstrated of a model to be used in the Rhine valley (border area of Germany and Netherlands) for prediction of inundations in case of a dike breach in Germany.

4.4 Types of Models

4.4.1 General

The use of models for flood protection and flood forecasting has become widespread in the last 20 years. Many models are available from research institutes, software vendors and individuals. In 1990 the models were categorized in WMO publication No. 740 (Becker and Serban, 1990), to which reference is made. The WMO guidelines divide the models into stochastic and deterministic. For evaluating man-made consequences, stochastic models are clearly less attractive for description of flow processes on the surface and below the surface.

Stochastic-Probabilistic models and Stochastic Time Series Generation models cannot reflect changes effected within the time frame of the investigation by human beings on elements that have some impact on processes that are considered time independent.

Deterministic models are usually based on physical properties of elements that represent or influence the process under investigation.

One should always bear in mind that, in order to describe the ”real world” with the use of modeling tools, the user has to simplify the number of factors and processes being involved and the interrelations between them, taking into account only the most important. It is clear that it is very tempting, but also very dangerous, to oversimplify the system by applying a simple modeling tool which will make the problem more tractable. One of the typical mistakes of oversimplified solution is to ignore time dependency of the event and use ”more friendly looking” steady flow approach only.

The dividing line between realism and oversimplification is important, when attempting to quantify the level of flooding hazards.
The basin or catchment has its own more or less effective drainage system (overland flow, stream flow, inter-flow, groundwater flow). The run-off process and the flood occurrence are defined by the physical properties of the surface and subsurface of the basin. The flood itself is generated as a consequence of intensive melting of snow or an intensive local rain event, or an intensive regional rain event. An unsteady approach to the study of the rainfall run-off process on a regional or local scale is unavoidable. A steady approach can be used for structure design and for the impact of changes that have no time dependent effect.

Space dependency is closely related to the process under description. By using one-dimensional and two-dimensional unsteady hydrodynamic models one aims at a proper representation of variables and parameters in space in order to quantify the current situation from a hydrodynamic point of view. One-dimensional representation is cheapest and is easily accessible, but in some applications it can be rather approximate. Since some parameters are not regularly measured and analysed, it is tricky to base the model set-up on them. The cost of the data tends to reduce the enthusiasm of modelers for the regular application of 2-D and 3-D hydrodynamic models.

Types of deterministic models used in flood management include:

· Hydrological (e.g. rainfall – runoff) modeling which is extensively used to estimate design flood hydrographs. It is also used for real-time forecasting of floods and as an input to hydrodynamic models;

· hydraulic (i.e. hydrodynamic) models, which are extensively used to route floods through rivers and reservoirs, along floodplains and flooded areas; they also calculate locally the water surface levels and current velocities of floods of different return periods. They are also used to estimate the effects of proposed floodplain modifications such as construction or removal of levee banks, filling of part of the floodplain etc (as explained above);

· simulation (conceptual or black box) models that link certain selected flood parameters (obtained from the aforesaid hydraulic models) with extent of flooding (area), flood damage (and also flood benefit when the environmental advantages of floods are being considered).

4.4.2 Rainfall-runoff modeling

Semi-distributed and lumped hydrological unsteady models are used for rainfall run-off processes on rural basins, where no man-made regulation takes place during flood generation and the rural basin has a predictable output. These models can be used in areas with purer data availability and, above all, where human activities are of minor importance. Some of the parameters of lumped models that are based on physical properties may be changed as a consequence of human activities, though the accuracy of such forecasts of the behavior of the basin after introduced changes is lower by an order in comparison with hydrodynamic models. Lumped models need to be calibrated and verified carefully. The models are less demanding on input data, but they need more calibration and verification data. Lumped models provide output only in pre-specified cross sections, where calibration data (i.e. water levels, current velocities, discharges, all as a function of time) are also available.

Distributed models usually reflect the variability of the parameters throughout the basin. The values of state variables and parameters are evaluated with the help of GIS tools (by application of grid analyses). Each square of the rectangular grid of the model has a value based on a grid analysis procedure.  

Distributed models are used when:

· hydrological and climatological parameters vary considerably in the basin,

· topological and topographical characteristics of the basin vary considerably,

· human activity has a local impact in the basin area,

· subsurface processes play a major role in retention and fast/slow run-off components.

4.4.3 Hydraulic (hydrodynamic) modelling

Deterministic hydrodynamic models fit very well with stream and reservoir modeling, and also more and more with overland flow. They are very important for evaluating the impact of human activity close to the river system, or on drainage. Hydrodynamic models are useful for comparing flood wave propagation under different basin conditions. The comparisons are evaluated on key characteristics (such as Q- discharge, H- water levels, D- depths, V- velocities Sq- sediment transport rate). 

Deepening and/or widening of the channel, bend cutting, widening or constriction of the lateral floodplain(s), introduction of storage (retention) areas are introduced by means of cross-section changes, roughness changes and diversions. The overall effect of the changes will be seen clearly in the comparative study (comparing the key characteristics of the current situation and the expected changes). Hydrodynamic models require calibration and verification.  The models provide sets of results in various computational nodes (structures and/or cross sections).

Initially, modeling may be one‑dimensional. The former assumes that at any point on the river the current is perpendicular to the cross section of the channel. As long as the water does not overflow the flood plain, such models represent reality reasonably well, but this is not the case any longer when the water spills over the banks of the river channel. However, in certain instances internal flow conditions can be entered that make it possible to represent the flooding phenomenon with a one‑dimensional model
). Such is the case if the plain is assimilated to a reservoir in a specific location, with hydraulic outflanking conditions (???) connecting it to the river.

One‑dimensional models are generally based on Saint‑Venant equations, on second order partial derivatives. Their use calls for mathematical processes which, while thoroughly understood today, involve some complexity. For this reason the equations are sometimes simplified by eliminating terms considered to be of little consequence, a procedure which unquestionably introduces errors and leads to discrepancies between observed and model data.

When the river flows over on to the plain, the flow of the water on the flooded zone is no longer parallel to the river channel, so that one‑dimensional models cannot be reliably used. Rather, two‑dimensional models are called for, which take account of both components of the current: parallel and perpendicular to the channel.

While conservation of the continuity and theorem of moment equations, the basis for the Saint‑Venant equations, should continue to hold in two‑dimensional models, their application to modelling entails much greater difficulty. For this reason the so-called cell system is generally used whereby the area under study ‑ i.e., the river and its banks ‑ is broken down into cells connected hydraulically to one another by weir‑, culvert‑ or river flow‑type conditions or any combination of the three. The water level is considered to be the same over the entire cell surface, although it naturally differs between cells.

The result is a system of equations in which the unknowns are the cell levels.

Regardless of the type of model used (one‑ or two‑dimensional), sight should not be lost of the fact that no natural phenomenon can be understood and represented without some sort of abstraction, i.e. by substituting a simpler structure for the actual structure of the phenomenon, and this is a source of substantial error in modelling. Moreover, there are problems to be expected in the mathematical solution of equations, often containing necessary simplifications, which introduces further errors, while, finally,  also the accuracy of the parameters entered, being something modelers are unable to assess, causes errors.

The most conflictive parameter in this regard is generally the roughness, despite the many excellent books on hydraulics providing very detailed data for different categories of terrain. In spite of this it is easy to err in the choice of the values adopted, so that on occasion attempts are made to obtain figures from observations from the river itself. Even then, however, the problem persists with all its consequences, since the roughness coefficient of the flooded bank is not the same as the coefficient for the channel itself and, worse still, may change as the water level rises, becoming itself a variable depending on flood data values entered into the model (see Box 4-A). 

Another disruptive factor is the erosion/sedimentation process that takes place in all rivers, but which is more intense during flooding. As, early on in the flooding process, the rate of flow rises, also the erosive capacity increases, causing scour. As the discharge subsequently subsides, sedimentation occurs. All of this affects the roughness coefficient and, obviously, the cross section, and may modify results to a debatable extent. Models may, then, also be classified on the grounds of whether or not they accommodate erosion/sedimentation and sediment transport.

To avoid making model building and use ‑ which is complex per se ‑ overly complicated, fixed bed models are generally used.

BOX 4-A:
RIVER STUDIES REQUIRED IN RELATION TO HYDRODYNAMIC MODELING

The lateral floodplains, which are several times as wide as the main river channel , nevertheless do usually not convey more than 10 – 30 % of the total flood discharge. This is attributed to the higher hydraulic roughness of the floodplain vegetation, though other obstacles, irregular changes in width, summer dikes, etc. contribute to increasing resistance to flow in the floodplain as well. 

Knowledge about the correct hydraulic roughness of both river channel and lateral floodplain(s) is essential to arrive at reliable representative waterlevels, the related current velocities and flow distributions. This requires a relationship between roughness and roughness elements which can be extrapolated. 

A distinction is made between the roughness of the river channel and that of the floodplains.

In river channels the morphology will play a dominant role in the value found for the roughness while in flood plains the vegatation will have that function.

Additional studies are also considered necessary on the shear created along the channel – floodplain interface, which generates strong turbulence, eddy separation, thus energy transfer and losses. Field surveys and theoretical considerations support the existence of transverse slopes in the river. These generate transversal currents that increase the hydraulic resistance. Difference in the mean and flood flow current lines have a similar effect. Whereas the mean water current line oscillates largely between the channel banks, the flood flow current line depends greatly on the horizontal alignment of the flood embankments. This means that the water mass traveling down the main river channel repeatedly crosses the flow in the floodplain, thereby enhancing the losses.

As far as hydraulic regimes are concerned, models might be initially classified depending on whether thy use permanent or transitional regimes. The purposes normally pursued in modeling generally call for transitional regime models, which are indispensable in studies of sudden flooding, e.g. as a consequence of dam failure (see also Section 4.6.1). 

Simplified, permanent regime models are used to deduce the roughness coefficient of a stretch of river from real data, where the discharge rating curve is known from readings taken at different times during the permanent regime.

The conclusion to be drawn from all the above is that model use involves a wide variety of problems and therefore that the accuracy of the results depends on many different factors.

Models should, in any event, be run by specialised personnel.

Nonetheless, there is one highly recommendable rule: the error for the water levels obtained should not be greater than about 0.50 meters.

4.4.4 Simulation models

Simulation (conceptual or black box) models, as outlined above, link one or more selected flood parameters derived from a series of floods or flood flows (like the parameters described in PP-1) to other fields of interest (like the inundated area or flood damages). However, simulation models enable also the effects of different storage operating policies to be compared, and have been used for complex systems of inter-related storages and rivers where operating objectives include water supply, flood protection, hydro-electric power generation, environmental objectives and so on.

By simulating the selected parameters of a great number of floods (and/or more in general: flood flows) one may be able to obtain exceedance curves on water availability for various purposes and to define more efficient reservoir operating rules.

4.5 Data: requirements and problems

4.5.1 General

Data availability in the basin is the most crucial limitation on wider application of mathematical models, since the behavior of the basin under conditions of flooding reflects all changes within the past period of time in the basin. The existence of a monitoring network in the basin can provide very important evidence of the extent to which the response function of the basin to rainfall has changed within the time period. The trends of the time series of the investigated variables may provide the evidence of the impact of certain changes in the basin, but the measured data are more important for model calibration and verification. Calibrated models can often serve better for comparing the behavior of the basin, because the user can load the model with any loading conditions. The user is not dependent only on historically recorded events.

Discharge rating curves at a gauging station provide some of the most important data converters for flood evaluation. Rating curves are often derived by a very primitive methodology, and the converter then might give completely wrong data for flood evaluation. The upper part of the rating curve is in many cases ”only extrapolated” by the good judgement of an engineer. For this reason, the application of 1D or 2D hydrodynamic models in order to derive the complete rating curve of any complicated cross section under unsteady flow conditions is recommended. Ingeduldova et al (1999) present a detailed study of the area of the gauging station at Týniště nad Orlicí on the Orlice River The study serves for evaluation of the existing rating curve, and precedes a proposal for river and flood plain improvement in order to obtain a rating curve that is more accurate and that will be suitable even under high flooding conditions. 

(the text of Puncochar et al refers to a figure but this was not found on the  floppy) 
It is difficult to precisely define the input data needed for the model, in general terms. The wide variety of models and the different purposes to which they are put render it extremely difficulty to lay down general rules that will be valid for all situations

In any event, with regard to the first thought that may come to mind, i.e. that of  ‘the more input data the better’, sight should not be lost of the wisdom in the phrase "garbage in, garbage out". Modelers are often well advised to require that all input information is representative and reliable, even if it means using fewer data items.

Moreover, efforts should be made to ensure that the data used in models are proportionate. lt can be considered absurd, in a model intended to study a 100‑kilometre stretch of river, to enter cross sections for 20‑m intervals when intervals at distances of 1,000 m would be sufficient and provide the same level of accuracy.

In fact, the most important question to be addressed when defining the number and quality of data to be entered in a model is the purpose pursued. The study of flooding in a specific dyke‑protected area in the event of dam failure and a general review of flooding caused by rain over a wide area concern different  concepts asking for a different approach. The former calls for a large quantity of precise and focused data (especially as human lifes are at stake). Moreover, in the event of dam failure, precise topographic information, even outside the main channel, and soil characteristics are much more necessary than data on earlier floodings. By contrast, in the survey of flooding over a broad area, data of historic floodings are essential.

4.5.2 Rainfal-runoff models

These conceptual models (lumped models) attempt to describe the hydrological cycle with all the relevant processes. The rainfall over the catchment (and also snow cover, if applicable) is divided between evaporation and run-off, which may be further divided into a fast run-off component, medium-speed inter-flow, and infiltration, which replenishes the ground water storage and generating base-flow. The lumped, conceptual rainfall-runoff model simulates processes on the basis of catchment rainfall, air temperature, and potential evaporation. The model applies separate storage for snow cover, surface water, root zone and ground water during simulation of the hydrological process. The required data for a lumped model are as follows:

· basic descriptive data,

· basic characteristics of the catchment,

· boundary conditions,

· daily – hourly rainfall data,

· daily average temperature of air in altitude zones,

· daily or decade potential evaporation data,

· relevant information at the downstream boundary (lower end of the model set-up) nodes in the form of time series of the variable (such as Q = Q(t)),

· time series for calibration and verification,

· time series of relevant variables at the boundaries of the model. 

A lumped or conceptual model may provide good results, but the model needs longer time series for calibration. A continuous period of one-year data with a time step from one day to 3 hours needs to be available for calibration, and there needs to be another separate period of full data for verification purposes.

The simulation itself is quite fast, but it provides just the output values at the closing cross section of the catchment. The output of lumped models can also provide the upper boundary for the hydrodynamic model, and it can also provide the discharge from an ungauged catchment for the intermediate reaches.

Frequently observed problems with data acquisition and analyses for lumped, conceptual unsteady models are:

· rainfall gauging stations have only daily totals, and there are not enough of them covering the catchment;

· potential evaporation data series are rarely available, so formulas based on temperature and other related parameters have to be used instead  having a lower accuracy;

· the accuracy of the discharge rating curve in the closing cross section and the data series from this cross section vary considerably;

· calibration data from inside the area of interest have a different level of accuracy, and often contain substantial errors.

4.5.3 Hydraulic (hydrodynamic) models

4.5.3.1 General Discussion

The data required in this kind of modelling can be broken down into two different groups: topographic and hydraulic.

Topographic data, in turn, can be subdivided conceptually into two types: qualitative and quantitative. The former refer to river description and identification, including tributaries, existence of flood embankments, roads or railway overpasses, upland areas, lowlands and flood zones and so on. All this information serves to gain an understanding of the river and as a base for defining the level of detail of the quantitative topographic data.

Quantitative topographic data refer to longitudinal sections of the river through its banks and dykes and cross sections of the channel and outline of the flood zone. Such information can be taken from a general map or obtained by independent topographic surveys. Longitudinal sections should preferably be referred to both the lines limiting normal water levels and the flood zone. These data should be obtained not only for the main river, but for all its tributaries in the area surveyed.

Cross sections are generally taken at more or less equal intervals, except as required to include special points or areas that should be defined. The average separation depends on the accuracy pursued and the slope of the valley. Flood zone cross sections are generally set at from l‑ to 10‑km intervals and the sections limiting the part of the channel subject to normal overflow at from 200​ to 5 000‑m intervals.

The combination of longitudinal and cross sections does not suffice, however, for studies involving two‑dimensional models, in which the terrain is divided, for the intents and purposes of calculation, into cells that are hydraulically interrelated by means of weir‑, culvert‑ or river‑type simulations. These cells do not actually exist: rather, the phenomenon has to be simulated on a map, which must be of a scale suitable for the definition required. Generally speaking, the contour lines should be separated by around 1 m to compute water levels to an accuracy in the order of 50 cm. This entails (depending on gradients in the area) using maps of a scale of around 1 in 10 000
) 

Experience shows, however, that maps on a small scale, if supplemented with topographie surveys at specific points, can be successfully used for these models.

The height/volume curve for the water covering the plain, a fundamental variable in model simulation, is deduced from the above data.

One essential item in this regard is detailed sketches of the works affecting current flow, such as bridges, weirs, culverts and so on, to define their hydraulic characteristics and include the way they operate in the model.

Hydrological data may be of one of two kinds: on the one hand, what are generally termed boundary condition data and on the other discharge and depth data in the stretch modelled, generally used to indirectly obtain roughness coefficients and calibrate the model.

Contour information on depths and discharge is needed to run the model and should include data on tributaries as well.

The roughness coefficient can be obtained if discharge rating curves can be had for all possible points along the main channel
). In certain countries it may be necessary to conduct special topographic surveys to refer the various stations to a common origin. Moreover, the existence of erosion or sedimentation in the sections studied since the time the discharge rating curves were obtained must be verified for any river to obviate possible errors.

Hydraulic data are very important to calibrate the model. What the model designer ideally needs is a series of figures on the main channel water depths during the entire flooding process, at points that are close enough to deduce the celerity of the flood wave, together with certain discharge readings in a number of reaches (see for instance Section 4.6.3). By contrast, long historic series on maximum rates of flow are of no use to model calibration, since what the modeller needs is detailed information on what happened during a specific flood. A long historic series of water depths or rates of flow is of unquestionable statistical value, but such data are of little use in this type of modelling.

Since main channel flow rates and current velocities, generally, differ substantially from the respective flood plain figures, the modeller also needs to have data from frequent observations of discharge and current direction that define the flooding process.

4.5.3.2 Specific requirements and related problems

A hydraulic (hydrodynamic) model model for simulation of unsteady flow requires data in the following categories for model set-up: 

· basic descriptive data

· cross sections of the river reach (representing the area between the cross sections);  data obtained from surveying or through ultrasound methods;  data including a hydraulic roughness description of the river bed and river banks; description of obstacles, and other specifics (RS sensing methods cannot yet provide these data);

· structures on the river channel (weirs, dams, culverts, bridges), with descriptions and operating characteristics;

· flood plain data in a form of cross-sections or DMT (structures in the flood plain such as roads, railways, dikes, buildings, fences, a description of the flood plain – cross sections in the flood plain for flood plain channels);

· a river network description in co-ordinates;

· land use maps;

· general mapping with relevant information;

· background mapping

· boundary conditions

· relevant information in the downstream boundary (lower end, or ends, of the model set-up) nodes in the form of time series of the variables (such as H = H(t));

· information about the upstream boundary (upper ends of the model set-up) nodes in the form of time series of a variable (such as Q = Q(t))

· time series for calibration and verification

· series of relevant variables at the boundaries of the model;

· all possible information about variables inside the model (water levels, discharges, velocities at various locations), the data should cover the period of calibration period as consistently as possible.

The data described above are often available, but their accuracy and consistency can be problematic. 

Frequently observed problems with data acquisition and analyses for hydrodynamic models are:

· data at the cross sections were surveyed for some different purpose, and they may vary in accuracy and age, and some of the data may never have been validated;

· maps are inadequate for building the model, because frequently their altitude and space accuracy is not sufficient;

· rating curves at the gauging stations are not accurate in the upper regime of flow due to simple extrapolation;

· hydraulic structures and river improvements were not executed in accordance with the design specification and construction drawings, which are however available in the files and considered to show the ‘as-built’ situation;

· even very advanced RS aerial photography methodology can produce errors;

· data on sediment transport phenomena are lacking;

· in-flows from side valleys (tributaries) and inter-flow are not recorded at all;

· data collection and measurement will increase the cost of the project and will delay the calibration, testing and release of the model;

· ad-hoc calibration data from inside the area concerned may have a different level of accuracy than backbone monitoring stations, and may contain considerable errors.

Weiman and Mein (1999, see contrib. Ballard for full title) divided error sources into five groups:

· limited availability of basic data;

· simplistic assumptions in methodology;

· simplified model representation of catchment;

· inadequate design data for model parameters;

· insufficient expertise of modeller.

Despite these difficulties, the high level of uncertainty is a reality, and reflects the complex interaction of many factors involved in producing a flood. In a risk-based flood management approach, Weiman and Mein claim that a moderate degree of uncertainty is unlikely to have serious consequences if the adopted standard of design is reasonably close to the optimum protection in an economic sense. However when the cost curves have steep segments (at threshold levels) decisions may be more sensitive to errors in the assessed flood risk or flood magnitude.

4.6 Case Histories

In order to illustrate the importance of hydrodynamic mathematical modeling in flood management a number of case histories is presented below.

4.6.1
Spain: Calibration of dam break wave

In most cases calibration of a model for extreme flows is a problem because historic series data normally available refer to a smaller range of rates of flow than desired. This means that models can only be calibrated for the lower rates and ultimately their use is nearly always an extrapolation.

There are instances, however, in which this is fortunately not the case. One example is the floods in Júcar, Spain, studied with the Gisplana two‑dimensional cell model by the Centre of Hydrographic Studies in Madrid.

This model was built and used to study the effects of the Tous Dam failure in 1982, which not only caused enormous damage to farmland, communications and infrastructures but also ‑ and much more tragically ‑ cost human lives. The maximum discharge calculated using the model was 12 000 m3/s; the model was calibrated against data measured in certain areas during flooding, mainly concerning (a) maximum water levels reached and, occasionally, the time involved, (b) levels observed over time, (c) maximum discharge calculated in certain special sections.

The model was used again in the study of another flood in 1987, this time due to extreme weather conditions. The maximum rate of flow during this flood was calculated to be 5 200 m3/s, much lower than on the preceding occasion. Since the model could be used to study the 1987 event, it afforded an excellent occasion to fine‑tune some of the parameters used in the first calibration. The model was found to have operated satisfactorily and to be usable to study the rates of flow in various braided channels of the outflanked river. The correlation between measured data and model results was satisfactory. This model can be used, then, for floods with rates of flow of up to 12,000 m3/s with different output hydraulics etc. and to forecast possible flood zones in each case etc. 

(note: frequency of discharge of 12 000 m3/s under natural circumstances to be added)
(Source: contribution prepared by Prof. Jose Liria Montañés for WG-CAFM).

4.6.2 South Africa: Flood damage assessment by means of models

Two flood damage assessment/simulation models were developed during recent research in South Africa.  FLODSIM was developed for irrigation areas and TEWA for urban areas.  The purposes of these models are to simulate ex-ante flood damages for different possible flood occurrences in different floodplains, to determine the mean annual damage (MAD) and to determine the benefits of different flood damage control measures.  These models are necessary to give execution to the new flood disaster management policy of South Africa.  A core aspect of the new policy is the continuous management of disasters, namely pro-actively as well as in the reactive and post disaster phases.  The methodological framework summarised in Figure 4.1 indicates the application of these flood damage decision support aids in a continuous disaster Management process.  Model descriptions are presented in accordance with the framework of Figure 4.1  

As a prerequisite for the pro-active disaster phase it is envisaged that various data bases and simulation models, will be installed at provincial and local government level.  Data bases, such as contour lines, spot-heights, land use patterns, infrastructure, hydrological and hydraulic data as well as economic data need to be acquired and stored in GIS format.  These data bases are to be integrated with two simulation models, FLODSIM and TEWA. Below, FLODSIM
) is described in some detail.
A typical flood damage simulation process (FLODSIM), based on GIS, is portrayed diagrammatically in Figure 4.2.  As a starting point, various data bases have to be developed. After creating these data bases, the integration and modeling process starts (see Commencement in diagram).  The dotted lines in Figure 4.2 indicate that a specific data base must be selected from a data bank, while the black solid lines indicate various inputs to FLODSIM.  A digital terrain model (DTM) is essential for FLODSIM, and can be created in several ways.

After an appropriate DTM has been constructed, loss functions are selected from the data bank to determine the damage caused by floods.  Loss functions for vineyards, rotational crops, lucerne and sugar cane, as well as infrastructure, such as roads, bridges and railways are available.

The next step is to develop a topographical data base, which consists of land-use patterns, contour lines, spot heights, location and height of levees as well as the location and height of buildings in the area of investigation.  The land-use pattern can be determined by using an in situ or a remote sensing approach.  The in situ approach refers to a survey where researchers are in physical contact with the area of investigation.  In contrast to this, the remote sensing approach refers to surveys where sensors are not in physical contact with the data.  In this case data can be acquired by means of various sensors that can be mounted on aeroplanes or satellites.  Contour lines and spot heights are essential data to create DTMs.  

In order to use FLODSIM for effective flood planning in flood-prone areas in South Africa, it is essential that both flood simulation models and GIS techniques are used.  To achieve this, appropriate interfaces between MIKE 11 and FLODSIM had to be developed.  Therefore a unique module was added to FLODSIM in such a way that it became possible to obtain hydraulic data from MIKE 11, with reference to specific scenarios, that were drawn up with FLODSIM

After developing a topographical database, the economic data base is selected.  The economic data base consists of enterprise budgets, multipliers (regional and national), shadow prices and employment rates.  Information from enterprise budgets is used to calculate the total direct flood damage.  With the total direct flood damage known, it is possible to calculate the secondary impacts of floods through the use of suitable multipliers.  

When the data base has been specified in FLODSIM, it is possible to generate several scenarios by manipulating the topographical, hydrological, hydraulic and economic data.  Flood damage can then be calculated for a specific scenario from a local, regional and national point of view.  Scenarios can also be shown visually on the screen or on maps.  Maps are essential for flood plain planning, and the depth and duration of inundation as well as flood lines and flood areas are indicated. 
Structural and non-structural flood control measures can only be evaluated adequately within a Cost-Benefit Analysis (CBA) framework if the MAD is known
).  Traditionally, flood damage modeling is calculated only for structural and non-structural control measures.  This gave rise to the escalation of flood damage and the non-optimal utilisation of flood plains.  Additional aspects also have to be considered, so that local authorities in particular can be in the position to formulate sustainable flood management plans.  For this purpose, a holistic approach to integrated catchment management, as described in WRC Report no. 690/1/99, is necessary. 

(Source: contribution prepared by Prof. M.F. Viljoen for WG-CAFM).

4.6.3 Morocco: Early (1972) modeling of the flooding of the Rharb plain

Modeling in this case facilitated the understanding of the complex flooding phenomenon, the evaluation of the effect of various flood control measures and the calculation of agricultural damages.

The mathematical model, which has been used for the study of the propagation of floods in the Oued Sebou and flooding of the Rharb Plain, included the Oued Sebou from its mouth at Mehdia to the gauging station at Azib es Soltane (a distance of about 305 km), and the Oued Ouerrha from its confluence with the Sebou to the gauging station at M'Jara (a distance of about 102 km). In addition, the floodable zones in the plain were inserted into the model.

The schematization of the rivers and the plain is given in Figure 4.3. For the rivers the lengths of the branches are of the order of 5 to 10 km. The tributaries of the Sebou and the Ouerrha were characterized by the external discharges, introduced at the nearest nodes. It was possible to simulate.the flooding by introducing a number of side weirs at the main points of overspill, with the sills on a level with the crests of the river banks.
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Figure 4.1:   Continuous flood disaster management system 


The floodable area of the plain is divided into a number of nodes. The hatched regions are never flooded. For this schematization the topography of the plain played an important role. If this is possible, the boundaries between the nodes are selected along the dykes or natural elevations of the land, such that it is possible to define chains of nodes which form the water courses
). Naturally, it is possible, that there will be a lateral exchange of discharges between the "chains". The connections between the nodes are formed by the branches.

As "outputs," the model gave the water levels and discharges at a large number of locations in the plain and along the river.

The model was established in phases. In each phase the model was calibrated by means of available data.​

The first phase consisted of the establishment of a model of the channels of the rivers Sebou and Ouerrha between the mouth of the Sebou at Mehdia and the gauging stations of Azib es Soltane on the Sebou and M'Jara on the Ouerrha.

The calibration of the schematization of the river was particularly necessary to check the choice of the cross-sections which are representative for the different sections of the river. In addition, the variation in the bottom roughness of the river between the mouth and the limits of the model upstream of the confluence was not known. It was therefore desirable to test the operation of the model by observations, and preferably in a situation where there is no, or practically no, overspill in order to obtain an accurate picture of just the river itself.

For this calibration it was possible to use measurements taken of a flood wave over the period from 20th to 25th January 1971 . The maximum discharges downstream of the confluence being  of the order of 1600 m3/s, it meant that practically no overspilling took place.

For various calculations, by varying the parameters used, the calculated and measured water levels were compared with one another.

After the calibration of the first phase had given a satisfactory result, the river model was extended by adding to it the points of overspill (Fig. 4.4).

The limited model (phase 2) supplied the water levels and the discharges in a large number of sections of the Ouerrha and the Sebou upstream of Sidi Allal Tazi, together with the overspill discharges and overspill volumes for different points of overspill.

Finally, in the third phase, the model was made complete by adding the whole plain and the points of overspill downstream of Sidi Allal Tazi. In this model, the water may be drained from the plain not only through the mouth of the Sebou, but also at Moulay Bou Selham via the Nador Canal on then northern side of the Rharb Plain.

With the models of phases 2 and 3, four past floods, of an increasing order of magnitude (namely those of March 1965, April 1971, January 1963 and January 1970) were simulated.

The calculations were made for a constant sea level, equal to zero NGM (Moroccan` general dattun level). The effect of the tide was examined separately for part of the 1970 flood.

In general, there is justification for remarking that the effect of the simplifications due to the necessary schematization was much smaller than the uncertainty in the data.

The reliability of the maximum water levels, calculated with the mathematical. model, was largely determined by the accuracy with which the lowest levels of the banks at the location of the points of overspill could be determined. Although, with respect to this, the exact data were not known, it is expected that for the situation with inundation of the plain, the differences between the maximum water levels in the river, which really occur and those calculated with the mathematical model were not greater than about 0.3 m.

During the calculations with the model of the plain, the areas flooded were determined as a function of time for a large number of subdivisions of the plain (called hydraulic divisions). On the basis of the agricultural study, it was possible to calculate for these subdivisions the agricultural damage as a function of the duration of f looding. With the aid of these data and durations of flooding calculated for these subdivisions, the agricultural damage to annual crops could be estimated for each of the four floods. The calculations were made for the present situation and for three future agricultural situations, those of 1976, 1987 and 1999.

By using correlations it was possible to establish, on the basis of the results of the modeling of the four historic floods, exceedance curves, incorporating all known historic floods (39 no.), for the (remaining) volumes of bank overspill for a large number of different flood protection schemes. 

Subsequently, it was possible to calculate benefits and costs for all these schemes (as demonstrated in PP-2).

(Source: Flood Control Study Rharb, Morocco, Final Report Mission 2, February 1975, NEDECO, The Hague)









4.6.4 Flood Risk Mapping in England and Wales

4.6.4.1
Background

It is self evident that flood risk must be known and quantified if it is to be managed effectively. One method of depicting risk that is used extensively is flood risk mapping, but the approach used and the detail involved in production both vary widely. In the past, the most common technique employed was simply to map the extent of actual flood events. Where major flood events have been well recorded, this provides powerful evidence of flood risk, however, in many instances this approach has limited utility as records were often of variable quality and the return period of the event was frequently open to interpretation.

Flood risk mapping serves two primary purposes ‑ to inform both land use planning decisions and operational activities, such as flood warning. The need for land for development has been a feature of human society since time immemorial. In Europe, that need is as great today as ever it was. The attraction of level land close to rivers has left an inheritance of many flood plains occupied by houses and businesses at risk from flooding.

The plurality of purpose represents one of the principal challenges for those producing flood risk maps. On the one hand, planners want a definitive line on the ground in order to decide confidently whether or not a development should proceed where potential flood risk is an issue. On the other hand, hydrologists are acutely aware that absolute precision is probably impossible to achieve and that high levels of accuracy involve considerable expenditure. Those issuing flood warnings are concerned with identifying the impact of flooding more widely, not solely to those already affected, but also the extent of disruption to transport and utility services.

Another difficulty is that good data sets are hard to come by except on a few rivers and it is rare for a comprehensive record to go back for much more than 100 years. Accurate records exceeding 40 years are relatively uncommon in the UK. It follows that the characteristics of extreme results, those with a statistical return period of 100 years or more or a chance of 1 % in any one year, must rely on synthetic data. To be reasonably confident of these data, and the flood models using them, some real event records are essential for calibration purposes. A further potential obstacle is the need for accurate terrestrial surveys, including property thresholds, if the effect of flood levels is to be predicted with certainty.

4.6.4.2
The present position

In the UK in 1993, the Environment Agency initiated a structured approach to flood "risk" mapping in response to a government circular aimed at discouraging development in flood risk areas. The emphasis was on developed, urban areas or those known to be under development pressure. It was recognised that the standard of the ground survey and flood modelling needed to be sufficiently robust to support the refusal of planning applications by planning authorities on the grounds of flood risk. 

Inevitably, the detail involved made this a relatively slow process as the whole of England and Wales needed to be covered. Events intervened at Easter 1998 when there was significant flooding in many parts of the country. The outcome was the decision to produce flood risk maps using a coarser methodology for early issue to local planning authorities. Subsequently, these indicative flood maps, which show the outline of a 1 in 100 year fluvial flood, irrespective of the presence or otherwise of defences, were made available to the public. In 2000, they became accessible on the Internet and this was very much appreciated by the general public. Since then, work has been ongoing to refine these maps by eliminating anomalies through reference to records and the personal knowledge of experienced staff.

4.6.4.3 The way ahead

In view of a recently issued Planning and Policy Guidance Note 25 there will be pressure both from town planning authorities and developers for greater confi​dence in the 1 to 100 year flood outline and in the protective capability of defences, where these are present. An acceptable methodology is required also, to generate the envelope for a 1 to 1000 year return period event.

At present, all river valleys in England and Wales are covered by flood risk maps to a consistent standard and which are available to the general population. In addition, many areas subject to development pressures are provided with more detailed maps based on more thorough flood modelling. This, however, is not the end of the matter. A programme of continual refinement is in place, coupled with the delivery of maps indicating the extent of an extreme event. A more detailed picture of the risk needs to be developed by calculating and depicting water depths and identifying flow routes and flow velocities across the flood plain. Associated with this, more detailed information is needed about the communities at risk, for instance, the existence of basements and bungalows, buildings housing vulnerable social groups or the presence of ethnic groupings for whom English is a second language.

(Note: maps to be added later)
(Source: “Flood risk mapping in England and Wales”, by Peter Borrows in ERWG Letter no. 12, 2001)

4.6.5 Two-dimensinal modeling of a flooding event in a riverine  polder area in The Netherlands

(to be inserted at a later date)
4.6.6 Modeling as a tool for evacuation and disaster relief (border area Germany – Netherlands)

(to be inserted in June 2002)

4.7 Methodology

Within the context of the study of flood protection schemes mathematical modelling figures as follows in the overall methodology:

· data collection and verification:

· definition of output the model should have,

· programme of requirements for the model, 

· know-how about the hydraulics of the river system to be modelled,

· topographic and bathymetric data translated into DTM (digital terrain model),

· limits of conveyance paths and border lines between conveyance and storage areas (preferably determined by using locally a 2-D model);

· schematisation of the basin and model set-up proposal;

· calibration and verification of the model on the basis of the existing situation;

· conceptual proposal of feasible structural flood protection/control schemes;

· evaluation of the impacts of the proposed concepts taking into account economic considerations and by using the model where possible and practical;

· decision on the best possible combination of structural flood protection measures as verified in the model (including the features of the combined measures) by using the design flood or discharge.

4.8 Conclusions and Recommendations

In this PP a genral description is given of the use of hydrodynamic modeling in flood management. Suggestions are made regarding the application of deterministic models with physically based parameters primarily for regional and/or global flood event analysis.

It is clear that simulation tools and mathematical models are not the objectives but the vehicles of a modern concept of flood protection strategies. The simulations are excellent supporters of decision makers.  Only deterministic models may enable a complex evaluation of cost benefit analyses of particular proposals for flood protection measures based on the (locally) accepted principles in the flood protection strategy. 

It is possible to check the effect of the proposed changes on the existing situation directly through simulation and to compare the resulting values of selected parameters and the impact of such measures from different angels of views. 

4.9 References

(to be completed at a later date)

Fig. 4.3
Scheme of nodes and branches in the mathematical model of the rivers Sebou and Ouerrha and the Rharb plain (Morocco)
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Figure 4.2:	A Typical FLODSIM-simulation





Fig. 4.4	Scheme of the Sebou – Ouerrha river system with the pricipal points of overspill into the Rharb plain and kilometrage (Morocco)








� )	MTD stands for Multilingual Technical Dictionary (ICID, Delhi, revised edition, 1996)


� )	Manual on Non-structural Approaches to Flood Management (ICID, Delhi, 1999)


� ) or by a series of one-dimensional models operating in parallel.


� ) This comment refers to more or less hilly terrain. In a flat, poldered riverine area, as for instance found in The Netherlands, one uses levels having an accuracy of  plus or minus 0.10 m  and a 1 in 5000 topographical map.


� ) see also Box 4-A


�) A detailed description of FLODSIM is given in WRC Report no 690/1/99


�) Ideally CBA should form part of a more comprehensive Multiple Criteria Decision Analysis (MCDA) framework to enhance the practical applicability of the analysis.


� )In fact one may speak here over  multi-linear models as defined in Section 4.2
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