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Fig. 2. 2D model of the Wroctaw City Centre Hydrosystem: bathymetry of the 2D model (upper part) and the calculated
water level for the 2010 flood (with the measured water levels) (source: own elaboration)
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the Odra River, 30 cases of breaches in embankment
were considered, with all of them being analysed us-
ing 2D models for a flood occurrence probability of
p = 1%. An example is illustrated in Figure 4. In the
conducted simulations, the time of outflow through
the breach was from 1 to 3 days, depending on the
shape of the flood wave and the topography of the ter-
rain. The simulations involved the removal of a part
of the embankment to its base (in the computational
bathymetry), and the creation of breaches 80—-100 m
wide (typical according to historical events) in select-
ed locations that have the greatest risk of flooding. It
is worth noting that the MIKE21 software gives the
possibility of using dynamic bathymetry, i.e. defin-
ing the change in bathymetry from state A to state B
according to linear interpolation within a given time.
Thanks to this tool, it is possible to better simulate the
outflow dynamics and the washout of the breach. This
procedure, however, significantly extends the comput-
er simulation time and size of output files.

Ice jam flood modelling

Another special type of application of 2D models con-
sists in simulations of flood risk due to ice jams that
can occur on the Odra River. The formation of ice jams
and their hydraulic capacity are complex, relatively
poorly understood phenomena, and there are not many
numerical tools to approach such a problem. The un-
dertaking of this issue resulted from the implementa-
tion of a feasibility study in 2015 for the modernization
of the regulating structures for the free-flowing Odra
River. The study is part of the World Bank project and
is currently in progress. The main assumption of the
project was to restore groynes that are over 100 years
old, and also to improve unfavorable navigation con-
ditions, including the ensuring of effective icebreaking
and the prevention of ice jams.

MIKE21 software does not offer a direct tool for
simulating ice jams. Therefore, an ice jam is simulat-
ed by inserting an impermeable barrier in a vulnera-
ble cross-section, and by using a “sink and source”

Fig. 4. Dam break simulation at Lany near Wroctaw city for a flood with exceedance probability p = 1% (source: own elab-

oration)
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tool. Therefore, a flow of 400 m?-s! is simulated
(yearly average flow is ca. 200 m? - s7!), with 25, 50
or 75 percent of it being let though the artificial bar-
rier using the “source” function. The remaining flow
is collected upstream, in turn causing the water level
to rise and backwater to reach the embankment crest.
Verifying a number of scenarios allows for the assess-
ment of the dynamics and scale of the ice jam hazard,
as well as the risk related to this phenomenon. Such
simulations can be combined with the analysis of a
dam’s break in order to obtain a complete picture of
the potential depth and extent of flooding. Figure 5
presents such simulations for the city of Gtogow. In
this case, the inundation zone beyond the embank-
ments on the right river bank is large (with a length
of more than ten kilometers),whereas downstream,
it reaches the backwater embankment of the tribu-
tary. This embankment causes a deep retention ba-
sin in the floodplain when the area is supplied with
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water for a sufficiently long time. Fortunately, most
of the city and its industrial zone are located on the
left river bank. Similar modelling was executed for
the cities of Nowa Sol and Stubice, with the obtained
results being used for a cost-benefit analysis of the
project IMGW, 2015).

Flood routing

Flood routing was applied for the subsequent sections
of the Odra River: the channelized sections, and the
free flowing river sections. The analyses were carried
out for historical flood waves of 2010 and 1997, and
also for hypothetical flood waves with a low probabil-
ity of occurrence (once every 500—1000 years). These
studies provided interesting and significant results,
which became the foundation for the verification of
the flood peak discharges and “gauge stage-discharge”
relationships, as well as the verification of the design
discharges (described in the following Sections).

Fig. 5. Modelling of flooding caused by ice jams near the city of Glogdéw (source: own elaboration)
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Verification of the flood peak discharges and
gauge stage-discharge relationships

Determining the gauge H-Q relationships (rating
curves), in the case of a lack of or limited hydrometric
data, can be uncertain or even speculative. Therefore,
on that basis alone, it may be impossible to determine
the maximum flood flows, which is a very important
task. 2D modelling is a tool that supports the recon-
struction of the passage of historical floods, and also
the verification of their data.

In the case of the Odra River, numerous extrapola-
tions of the rating curves for a number of water gauge
stations, as well as for uncontrolled cross-sections
(between water gauge stations), were verified and cor-
rected. In some cases, it was found that the results of
hydrometric measurements, which were carried out in
difficult conditions of high water, contained faults or
did not take into account the flow in the uncontrolled
part of the valley, e.g. the Krapkowice and Nowa Sol
sections. In these locations, during the flood in 2010,
a significant amount of water flowed over the mea-
surement section i.e. above the road embankment,

flows to higher water levels, and also improve exist-
ing databases (Banasiak, 2019b). Exemplary verifi-
cation results are given in Table 2. For all locations,
a sensitivity analysis was made to check the poten-
tial effect of a change in the main channel and flood-
plain roughness on the calculated rating curve. For
instance, for the Glogdéw cross-section, the calculated
peak discharge of the 1997 flood varied within the
limits of 2100 and 2450 m!3s™!. Here, the recorded
maximum discharge of the 2010 flood is very sup-
portive, for which the best fit was obtained in the case
of M = 38,4 m'3s™! for the main channel, and M =
20,4 m'3s7! for the grass flood plains (a 10 per cent
rise to the initial values). Hence the maximum 1997
flood discharge was estimated to 2300 m'3s™!, as pre-
sented in Figure 6.

Table 2. Peak discharges for the 1997 flood (m? - s7!) (sour-
ce: own elaboration)
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Verification of the design discharges
Recently, the Odra River has not only been the subject of
anti-flood measures, but also technical and spatial stud-
ies that aim to develop the Odra River Waterway. These
studies also verified the potential adaptation of the river
to the international navigable class, and included plans to
build subsequent barrages. Design discharges constitute
an important planning parameter. Their determination is
usually based on the statistical approximation and ex-
trapolation of various distributions of the probability of
discharges being exceeded. This is conducted in accor-
dance with the applicable hydrological methodologies.
The modelling efforts showed, however, that the sta-
tistical approach could be misleading when extrapolat-
ing a probability curve towards low probability ranges.
This is due to the fact that flood propagation drastically
changes under certain conditions, e.g. when crossing the
level of the embankment’s crest and when activating
additional storage areas. Therefore, the determination
of design discharges, to limit the uncertainty, should
involve genetic studies of the formation and propaga-
tion of a flood, and the modelling of extended areas of
a river. The sample results of such an approach and the
conducted calculations are given in Table 3. This table
presents a comparison of the design discharges obtained
using only the statistical approach (Pearson I1I, LN or
GEV distributions of the yearly peak flows), which is
the recommended method according to governing meth-
odology, complemented with statistical results obtained
using probability distributions suggested by the 2D
flood routing. In other words, 2D results clearly indicate
limits for the design discharge along the river under the
given conditions. On the freely flowing Odra River, the
differences between the results obtained using the two
approaches can be significant, and they increase with
a decrease in the probability of flooding (IMGW, 2021).

Table 3. Design discharges for probability p=0.2% (m? - s7)
(source: own elaboration)

Scinawa Glogow Né)g;/a Cigacice Potecko
Statistical 2801 2875 2820 2580 2780
approach
Statistical
approach 2760 2510 2533 2325 2494
supported by
the 2D model

www.acta.urk.edu.pl

CONCLUSIONS

Hydrodynamic numerical modelling has become an
inherent part of scientific and engineering practice. It
is an important factor that supports planning and de-
cision making in the water sector. In particular, 2D
modelling has become a more viable and efficient tool,
which has been demonstrated and illustrated with sev-
eral examples. The experience gained during the 2D
modelling of a nearly 600 km long section of the Odra
River, within the concept called ODRA2D, confirms
that such modelling helps to bring hydrological and
hydraulic products to a higher standard.

The implementation of this concept facilitated con-
ducting many important analyses, and it also provided
new answers to previously formulated questions, e.g.
how well the inhabited areas located along the Odra
River are protected against flooding. It also enabled
very important maximum discharges of historical
floods to be verified, as well as statistical assumptions
and estimates of discharges (with a low probability of
occurrence) along the river to be checked.

The ODRA2D concept is deployed in flood model-
ling context. Thus, subsequent efforts should focus on
in-channel processes, and use more flexible modelling
to better mimic complex flow patterns in groyne-reg-
ulated channel in different spacial scales. This could
further support water quality, sediment transport and in-
land navigation analyses. It is worth considering the use
and development of free or open source tools/platforms
that could be more easily disseminated to other users.

Updated hydrodynamic software and an increase
in the processing power of computers will contribute
to the even more effective use of 2D modelling in sub-
sequent flood, drought, and water quality management
planning not only in the case of the Odra River but for
many other rivers.
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ODRA2D - KASKADOWY MODEL 2D POWODZI NA ODRZE - OPRACOWANIE | ZASTOSOWANIA

ABSTRAKT
Cel pracy

Opracowanie nowych hydrodynamicznych narz¢dzi numerycznych do symulacji przeptywu w dolinie Odry
na potrzeby oceny ryzyka oraz zarzadzania zagrozeniem powodziowym.

Materiat i metody

Wykorzystanie programu MIKE21 do budowy modeli. Przetwarzanie i analiza geoprzestrzennych danych
topograficznych (ArcGis) w celu uzyskania danych wejsciowych i wyjsciowych do modelowania. Wszech-
stronne wykorzystanie danych teledetekcyjnych (cyfrowy model terenu i ortofotomapy) w potaczeniu z tra-

dycyjnymi zrodtami danych.

Wyniki i wnioski

Opracowano kaskadg¢ dwudziestu pieciu modeli MIKE21, ktdra objeta niemal 600-kilometrowy odcinek Odry.
Modele wykorzystano do przebadania wielu zagadnien, takich jak: ocena zagrozenia powodziowego w odnie-
sieniu do réznych scenariuszy, ocena powodzi na skutek zatorow lodowych i peknie¢ w watach, ocena efektyw-
nosci prac tagodzacych skutki powodzi w ztozonym systemie wodnym Wroctawia, weryfikacja historycznych
danych powodziowych i zaleznos$ci etapowo-wytadowczych, a takze weryfikacja zrzutow miarodajnych.

Stowa kluczowe: rzeka Odra, modelowanie hydrodynamiczne 2D, ocena zagrozenia powodziowego
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