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HYDRAULIC MODELING OF FREE SURFACE
FLOWS FOR THE PURPOSES OF FLOOD
HAZARD MAPPING



INnfroduction

According to CEA data the flood induced damage costc in
the time period 1986 — 2006 exceed 100 B. €

Directive 2007/60/EC on the assessment and management of
flood risks

o Flood risk management plans (FRMPs)

o First cycle —2016 - 2021

o Second cycle — 2022 - 2027

« Preliminary flood risk assessment (PFRA) + Areas of Potentially
Significant Flood Risk (APSFR)

* Flood hazard and flood risk mapping (FHRM)

« Development of Flood risk management plan (FRMP) with
Programme of Measures (POM)



INnfroduction

« Following the 2014 floods, the Serbian Government
approved a National Disaster Risk Management
Program to develop a long-term risk management
system, including the generation of flood risk

iInformation.

« Republic of Serbia is aligning its water legislation
with the EU

o the EU Floods Directive is almost fully fransposed into the

Water Law in Serbia



In’rroduchon

« /5 Areqs of Potentially
Significant Flood Risk

(APSFR)
o 16% of the territory
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1. Flood hazard anad
flood risk mapping

FLO

OD HAZARD FLOOD RISK

| Observed Data

Simulated / Calculated Data

Historical
Floods

Land-use

Meteo Observed
Data Discharge

Hydrological Regionalization
Model of Parameters

N
pant

Hydraulic Rating
Model Curves

l Water ™ /"
Level
Other /
—

Historical
Flood
Map

Information

A
28

Digital
Elevation Model

Flood
Extent
Map

Stage-Damage Curves
19

0.8

&
3

0.6

e
o
3

04

Intensity
(e.g.water depth)

Flood
Danger
Map

0.2

Damage Factor

1/50 1100  1/500

Exceedance
Probability

0

Water Depth

S S I S Sppo e S—

(de Moel, van Alphen and Aerts 2009)




1. Flood hazard and
flood risk mapping

« ].1 Assessment and mapping of flood hazard
o Estimation of flood discharges with characteristic
probabilities of exceedance

o Estimation of flood water levels for the characteristic

discharges

o Estimation of flood extents and flood depths for the

obtained water levels



1. Flood hazard and
flood risk mapping

« [.2 Map types

o Flood extent maps
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1. Flood hazard and
flood risk mapping

1.2 Map types

o Flood danger maps
& I Bucoka 3annaxa
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1. Flood hazard and
flood risk mapping

« [.2 Map types
o Flood risk maps

« Qualitative risk map
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1. Flood hazard anad
flood risk mapping

« [.2 Map types
o Flood risk maps

« Quantitative risk map

100 000 - 500 000 €/ha
<100.000 €/ha




1. Flood hazard anad
flood risk mapping

o Mandatory maps according Directive 2007/60/EC

* Flood extent maps for probabilities of exceedance
0.1% and 1%, and if/where needed - 5%

» Quantitative risk maps, which show the number of
potentially affected citizens, type of affected
economic activity, affected protected areas and

potential contamination sources

o The member states are encouraged to prepare additional

flow depth and flow velocity maps



1. Flood hazard and flood risk mapping

« Responsible institutions:
o Governments
o Transboundary Basin Directorates

o Insurance companies



1. Flood hazard and flood risk mapping

« Measures for flood risk reduction:

o Extremely reach European experience
o Bulgarian experience, resp. Serbian experience
o Classification of measures

« Non-structural measures for sustainable prevention,
protection and mitigation of the negative impact of

floods

» Structural measures for flood protection



1. Flood hazard and flood risk mapping

« Measures for flood risk reduction:
o Catalogue of measures
« According to aspects
« According type
« According extent

« According impact type on the flood risk components



2. Numerical
hydraulic modeling
2.1 Numerical methods for solving the differential
equations of fluid movement

o 2.1.1 Temporal discretization
o 2.1.2 Spatial discretization

2.2 Numerical problems. Analysis of the numerical
schemes

2.3 Comparison of spatial discretization methods



2. Numerical
hydraulic modeling

2.4 Brief description of the hydraulic models
o 3.4.1 One —dimensional (1D)
o 3.4.2 Two —dimensional (2D)
o 3.4.1 Three — dimensional (3D)
o 3.4.1 Conceptudl

2.5 Specifics of modeling of furbulent flows

2.6 Choice of appropriate model

2.7 Needed input data

2.8 Calibration, sensitivity analysis and validation
2.9 Impact of different factors on model accuracy



2. Numerical
hydraulic modeling

« 2.1 Numerical methods for solving the differential
equations of fluid movement

b % o [IUCKPETHU TOUKM



2. Numerical

hydraulic modeling
« 2.1 Numerical methods for solving the differential
equations of fluid movement
o 2.1.1 Temporal discretization

« 2.1.1.1 Explicit one-step methods
Explicit Euler method
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2. Numerical
hydraulic modeling

« 2.1 Numerical methods for solving the differential
equations of fluid movement
o 2.1.1 Temporal discretization
« 2.1.1.1 Explicit one-step methods
Runge - Kutta methods

F(t)
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2. Numerical
hydraulic modeling

« 2.1 Numerical methods for solving the differential
equations of fluid movement
o 2.1.1 Temporal discretization
« 2.1.1.2 Explicit multi-step methods
Leap - Frog method

[
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2. Numerical
hydraulic modeling

« 2.1 Numerical methods for solving the differential
equations of fluid movement
o 2.1.1 Temporal discretization
« 2.1.1.3 Implicit one-step methods
Implicit Euler method
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2. Numerical
hydraulic modeling

« 2.1 Numerical methods for solving the differential
equations of fluid movement

o 2.

1.1 Temporal discretization
« 2.1.1.3 Implicit one-step methods
Crank - Nicolson method
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2. Numerical
hydraulic modeling

« 2.1 Numerical methods for solving the differential
equations of fluid movement
o 2.1.1 Temporal discretization
o 2.1.1.3 Implicit multi-step methods
Euler - Cauchy method




2. Numerical
hydraulic modeling
« 2.1 Numerical methods for solving the differential
equations of fluid movement

o 2.1.1 Temporal discretization
o 2.1.2 Spatial discretization



2. Numerical
hydraulic modeling
« 2.1.2 Spatial discretization
o Finite difference method

o Finite volume method
o Finite element method



2. Numerical
hydraulic modeling

« 2.1.2 Spatial discretization
o Finite difference method

* The solution of the differential equation is in discrete

form
 Discretization in grid:
o In one-dimensional case — arranged along an axis
o In one-dimensional case — usually in orthogonal grid
* Very fast calculations

* |t is not suitable for areas with complex geometry



2. Numerical
hydraulic modeling

« 2.1.2 Spatial discretization
o Finite volume method

« The differential equations are not approximated directly,
but infegrated in control volumes, built around the

discrete points
e .. conservative discretization”

 Huge advantage over FDM if iregular element mesh or

curvilinear coordinates should be used

« Structured and unstructured meshes — very flexible



2. Numerical
hydraulic modeling

« 2.1.2 Spatial discretization
o Finite element method

* |[n confrast to previous methods, instead of solution in the
neighboring points, an approximation function which
approximates all the unknown values in the whole

domain is looked for
« Discretization with finite element meshes

o Most common — irregular triangles or quadrangels



2. Numerical
hydraulic modeling

« 2.1.2 Spatial discretization
o Finite element method

» The differential equations are replaced with their integral

(weak) form
« Usually the solution is performed using the method of

weighted residuals

Foix,t) = > F ()N (]

+ Galerkin Method



2. Numerical
hydraulic modeling

« 2.2 Numerical problems. Analysis of the numerical
schemes
o Consistency
o Stability
o Convergence



2. Numerical
hydraulic modeling

« 2.2 Numerical problems. Analysis of the numerical
schemes

o Consistency

* Ifg(t, At) = 0 when At — 0, then the chosen numerical
method is consistent

|t can be used as a mechanism for error evaluation and
evaluation of the impact of time step size on the
precision of a chosen discretization method

« The consistency is one of the most important necessary
but not sufficient conditions for convergence and
stability of the finite numerical schemes



2. Numerical
hydraulic modeling

« 2.2 Numerical problems. Analysis of the numerical
schemes
o Stability

« the difference between the calculated and the precise
solution of the differential equation to be limited when
n— x for given Ax

« Courant, Friedrich u Lewy condition :

o HEOOBXOAUMOTO YCAOBME AQ ObAE €AHA SBHA
AMPEHYHO CXEMA, PELLIABALLLA NAPAOOANYHM
NPOBAEMU, CTADMAHQ, TPIOBA 3A BCAKA TOYKA OT
MPEXATA 30HATA HA 3ABUCUMOCT HO
ANDEPEHYHATA CXEMA AQ CbABPXKA 30HATA HA
30BUCUMMOCT HAO YOCTHOTO AMCDEPEHLIMAAHO
YPOBHEHME

* AHOAM3 HO YCTOMYMBOCTTA No Von Neumann (MAU
Fourier)



2. Numerical
hydraulic modeling

« 2.2 Numerical problems. Analysis of the numerical
schemes
o Convergence

« A scheme is convergent if the difference between the
calculated and exact solution disappears when the cell
size decreases

im [E7|=0
a0, Af—

 Lax theorem:

o The stabillity is a necessary and sufficient condition
for convergence of consistent linear approximation
in finite differences for correctly set linear initial
condition problem



2. Numerical
hydraulic modeling

« 2.3 Comparison of spatial discretization methods

Kputepun 3a MeTopn Ha kpanHuTe MeToa Ha KpauHuTe MeToa Ha KpanHUTe

cpaBHeHue pPa3sfiku obemun eJiIeMeHTU

DopMa; B KOATO ce Wi [7Te oI N ET [BE] WHTterpanHa popma  Cnaba uHTerpanHa

M3BbLpLIBAT dopma Ha YacTHUTE dopma
M34YncneHunaTa andepeHumnanHm
ypaBHEHUS
3aBMCUMOCT Ha KonkoTo no-B1ucok e 3a0bmkUTENHO Upes n3nonssaHeTo
pewweHneTo oT peabT Ha 3anasBaHe Ha Ha mMeToda Ha
n34yucnuTenHara npousBogHaTa Ha macarTa, npeTterneHnTe
cdopma TbpceHaTta KONMYeCcTBOTO ocTaTbum
Benn4ynHa, TosikoBa ABWXEHNe n npecMsaTaHeTo ce
NO-TOYHO € eHeprmaTa N3BbPLLBA BLPXY
peLLEHNETO . BUCOKA TOYHOCT u,gnaTa n3cnegsaHa
—> BWUCOKaA TOYHOCT 5 R G
anarciipane, = MO-TOYEeH Npu
He3aBMUCUMO OT
hopmaTa Ha €HO 1 CbLLO
) o =a. N34YNCNNTESTHO
k enski 2012, Oert&T1595, OWAV 20606 4
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2. Numerical
hydraulic modeling

« 2.3 Comparison of spatial discretization methods
o It can’t be specified which of the three methods has

advantage over the other two or is the most appropriate

o Each method has different advantages and
disadvantages. Knowing them is essential for choice of the

most appropriate one for each particular problem



2. Numerical
hydraulic modeling

« 2.3 Comparison of spatial discretization methods

o FDM - appropriate for tasks with relative simple geometry,
where a precise solution is achieved with minimal
computational fime

o FVM and FEM

are suitable for complex
geometries, but the domain
should be properly discretized
in order to minimize the
computational error

MeTog Ha KpalHUTE enemMeHTU

MeTog Ha KpaiHuTe 06emMu

MeTtog Ha KpalHuTe
pasnunku

bBKaBOCT

. Teutiney (Oertel 1995)



2. Numerical
hydraulic modeling

« 2.4 Brief description of the hydraulic models

o Conceptual models — a concept is applied, which
represents a natural process, i.e. linear reservoir

o Stochastic models — based on simulation of natural
processes with statistical methods



2. Numerical
hydraulic modeling

« 2.4 Brief description of the hydraulic models
o One —dimensional (1D) hydraulic models
o Two —dimensional (2D) hydraulic models
o Three —dimensional (3D) hydraulic models
o Conceptual hydraulic models



2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o One - dimensional hydraulic models
« St. Venant equations

fQ 2@ &h o
+H +Qm——gm||,—|__|=[]
& &l e &x T
5 h . Q- 0
a &

« Considers the flow in only one spatial direction and
represents the water level as a broken line along the

flow
« The geometry is

represented as a sequence of cross

sections with their geometric properties



2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o One-dimensional hydraulic models




2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o One-dimensional hydraulic models

« Usually the flow velocity is obtained as a constant value
for the whole cross section

« The most available models function under the condition
for gradually varied flow

« They can simulate the flow through different hydraulic
structures — inline structures (weirs), lateral structures,
gates, bridges, culverts etc.



2. Numerical
hydraulic modeling

« 2.4 Brief description of the hydraulic models
o One-dimensional hydraulic models
o Advantages

Simple, can be easily automated, reasonably priced;

Appropriate for river topographies which are mainly
one-dimensional;

Used at large river systems;
Short computational times (1D:2D 1:100 up to 1:500);
Appropriate for long river reaches or channels.

Convenient for flow modeling through hydraulic
stfructures.



2. Numerical
hydraulic modeling

« 2.4 Brief description of the hydraulic models
o One-dimensional hydraulic models
o Disadvantages
« Can be used only if the flowpath is known in advance;

 Inability to represent some flow specifics — horizontal or
vertical flow velocity distribution in the cross section,
secondary flows in curves or bends, resp. sloped water
surface in cross sectional direction;



2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o Two-dimensional hydraulic models
« Depth-averaged Reynolds’ equations
Zh . E-|'hU:| . E-[h"u"} _

0
a & 2y
é(hU) é(huuy é&Wy @é(hT,) é&(hT,) cZ T,
L4 L4 g L+ . '—Qh——i
ét &x &y &x & X p
e(hv) , e(huv) a(W) _ e(hT,) . e(hT,,) gh & _ B
ét &x &y X &y & p

« More complex spatial discretization compared to cross
section discretization used by 1D models



2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o Two-dimensional hydraulic models
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2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o Two-dimensional hydraulic models
o Advantages

Very effective if sufficient high quality input data is available;

Velocity components in two plane direction; water level and
water depth at each point of the computational mesh;

Good representation of the changes in flow parameters in
Cross section;

Suitable for river sections with irregular distribution of flow
parameters;

Suitable for complex geometries;

Huge potential for visualization and presentation of the
obtained results.



2. Numerical
hydraulic modeling

« 2.4 Brief description of the hydraulic models
o Two-dimensional hydraulic models
o Disadvantages

Long computational times (1D:2D 1:100 up to 1:500);
Precise DTM (Digital Terrain Model) is needed;

Detailed data for the vegetation and the spatial variaton of
roughness coefficient is needed,;

Inability to represent some flow specifics — vertical velocity
distribution.

Expensive — highly qualified and educated professionals are
required.



2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models
o Three-dimensional hydraulic models

« Consider the flow in all three spatial dimensions — study
of local problems with high complexity and limited
spatial extent




2. Numerical
hydraulic modeling

« 2.4 Brief description of the hydraulic models
o Three-dimensional hydraulic models
- Advantages:

o Still the only option for solving complex three-
dimensional problems.

 Disadvantages:

o Don't bring additional value when solving two-
dimensional problems, at the expense of huge
computational resource



2. Numerical
hydraulic modeling

» 2.4 Brief description of the hydraulic models

o Conceptual hydraulic models

« Don't have practical application in the hydraulic
modeling, but are widely used in the hydrological

modeling

« They use simplified representation of the flow through
some simple process, which corresponds to the studied
phenomenon — linear reservoir

- Advantages:
o Fast and stable
- Disadvantages:
o Inability to obtain water levels

o The influence of changes in the system can be
reflected very difficult



2. Numerical
hydraulic modeling

« 2.5 Specifics of modeling of turbulent flows

o ,Linear scales”
e The ratio between macroscale and microscale is
proportional to Re /s

« For flows with Re=10%, in order to take into account the
effect of the small vertices 103 control volumes for each
spatial direction are needed

« Eddy viscosity coefficient

« Additional equations are needed in order to close the
systems

o k— & model
o k—a Model
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2. Numerical

hydraulic modeling
« 2.6 Choice of appropriate model

Crnemuamuct A

Mozen B Moagen A

—p

KommiexcHOCT Ha MOJena



2. Numerical
hydraulic modeling

« 2.6 Choice of appropriate model

o Comparison of needed resource for development of 2D model
compared to the needed resource for development of 1D model
(Environment Agency - DEFRA 2009)

CvbupaHe Ha gaHHu MNo-manbk
Cb3paBaHe Ha mogena Mo-manbk
CnpaBsiHe ¢ npobnemu BbB BXOAHUTE AaHHU Mo-manbk
KannbpupaHe Ha mogena Mo-ronsm
BanugupaHe Ha mogena CbnocrtaBum
HacTponkn 3a nyckaHe Ha cumynaums CbnocTtasum
M3BbpLuBaHe Ha cumyrnaums Mo-ronsam
[oknagBaHe Ha pe3yntaTtu Mo-manbk
O6yyeHune Ha nepcoHana Mo-ronam
[ [
CnpaBsiHe ¢ Nnpobnemun Ha copTyepa CobnoctaBum




2. Numerical
hydraulic modeling

« 2.6 Choice of appropriate model

o No universal rules for choice of most appropriate hydraulic
model

o Detailed knowledge of the specifics of the problem and
detailed knowledge about the instruments for its solving
are needed

o Complete clarity about the way a model operates and
about it specifics

o Only this way the choice of appropriate instrument can be
solid and adequate!



2. Numerical
hydraulic modeling

« 2.7 Needed input data

o Hydrological data
o Terrain data
» Raster
* Vector
 Interpolation method
o Roughness coefficient data
o Otherimportant data
* l.e. sediment data



2. Numerical
hydraulic modeling

« 2.8 Calibration, sensitivity analysis and validation
o Calibration
» trial —error” method
» reverse modelling
o Sensitivity analysis
o Validation



2. Numerical
hydraulic modeling

« 2.9 Impact of different factors on model accuracy
2.9.1 HETOYHOCTHN B MOAEAQ

o 2.9.2 HETOYHOCTM BbB BXOAHUTE AQHHMU



2. Numerical
hydraulic modeling

« 2.9 Impact of different factors on model accuracy
2.9.1 Inaccuracies in the model

* Impact of the roughness coefficient

« Impact of the spatial and temporal discreditation
o at 1D models
o at 2D models



2. Numerical
hydraulic modeling

o 2.9 BAMAHME HA PA3AMYHM JOAKTOPM BbPXY TOYHOCTTA
HAO MOAEAUNTE
« 2.9.2 Inaccuracies in the data

* Impact of the tfopographic data and the resolution of
DTM

» Impact of the roughness coefficient




Mizia flood study




Mizia flood study




Mizia flood study

* The whole city was flooded in
August 2014

 The reasons were unclear
« Damse

* 2 broken dams

* Discharge?



Mizia flood study

» Hydrological + Hydraulic model study

« Lack of calibration data for both models
» Hydrological model

« Rainfall - Runoff model

« HEC - HMS



Mizia flood study

EyTaHf

Buitgey Kpue"’”ﬁ'apa E
- Coq;poHu
EpuALM ﬁ A L’*M
\\ Xa

Muxanigeo UBO i

ey %

leueet-BENM.6pog =L ap’c‘_ﬁ repaH

ol Jreig

"_\_,_\,_;—/'/——'_‘q
iBpHaEA

ﬂg\pa

- BEana; Cnatuha
Tpu K‘n;’ruqu =
4

- TEMUETE
Fabape i1Ciave
1J

N
Llalgo;j*} u, s

Kaﬁ“H;_ﬁ

Haknon [%]
[ 0003140684 - 1887370385

1887379336 - 4343025914
[ 484e25015.- 834726358
[ 5.34m26350 - 12,11610376
[ 21161077 - 16 42203607
16,42203508 - 22,3482813
[ 2234482814 20 4013685
[ 04013686 - 40.91803818

- 491803819 - 62 64326477



Mizia flood study

Land cover
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Mizia flood study

Rainfall data:

o™ * 8 measurement
poINts
« 3 points iside the

watershed




w{v\izio flood study

Rainfall data:

e 8 measurement

DOINTS

« 3 points iside the

watershed

» Thiessen polygons




Mizia flood study

Hydrological model:
e 23 watersheds

| month simulation

period




Mizia flood study
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Mizia flood study —

Hydraulic model

 Main task:

o To use the available calibration data (water level
marks) and to check if they can be reached with
the obtained in the hydrological model
hydrographs.

o Hydraulic models, involving all 4 output points of
the rainfall — runoff model.



Mizia flood study —

Hydraulic model

Methodology of the study
o tTwo hydraulic models
* 1D -HEC-RAS v.4.1
« 2D-SRH-2D
o The whole reach was modelled with 1D model

o Additional 2D models were developed for the
urban areas



Mizia flood study —
Hydraulic model

Additional analysis of the Terrain models
« 2 Digital Terrain Models

o by aerial orthophotogrammetry
o by combining of precise geodetic survey of the river bed
with digitized topographic maps (1:5000)

« Main task:

o To analyze the results of the hydraulic model and to assess
If these two fast and cheap methods for DTM generation
can be used in praxis



flood study -
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Mizia flood study —
Hydraulic model

« Short description of digital terrain models

o Aerialimagery




Mizia flood study —
Hydraulic model

« Short description of digital terrain models

o Aerialimagery
« DSM with resolution
0.917 x0.917 m




Mizia flood study —
Hydraulic model

« Short description of digital terrain models

o Detailed geodetic survey + digitized tfopomaps
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Mizia flood study —
draulic model




Mizia flood study —
Hydraulic model

Comparison between both DTMs
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4. N3CcAEABAOHE BAUSIHMETO HA TOYHOCTTA HA
MOAEAQ HO TEPEHA NP MOAEAMPAHE HA
BUCOKQ BbAHAO C PA3AMYHM MATEMATMHECKM
MOAEAU

 Building of the hydraulic models
o 1D hydraulic model
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Mizia flood study —

Hydraulic model

Building of the hydraulic models
o 2D hydraulic model
« only in the urban areas
« only with DTM, obtained with survey data + topomaps
« Variable size flexible mesh
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Mizia flood study —
Conclusions

» The calculated hydrograph is realistic
o The calculated flood is very close to the observed

« The maximum discharge is approx. 380 m3/s
(vs. 1000 m3/s — officially reported)

* The volume of the flood wave is approx.
60 Mio. m?

(The volume of all reservoirs in the watershed is
approx. 250 000 m3)



