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Fig. 4. Izohyetal map of one day rainfall distribution over the City of Gdansk between March 315 to April 1%, 2018, Rainfall
hyetograph and cumulative rainfall hyetograph measured at Lostowice (a)

Swietokrzyska 1 (Z1) and Wielkopolska (W3) as well
as the closing reservoir at Augustowska (Z4). Loca-
tions of all the stations are shown in Figure 1.

The calibration results we have obtained indicate
a high compliance with the observations both in terms
of the duration of the freshet and the ordinates of the
water table. In Figure 5, the graphs of the position of
the measured water status on the three reservoirs were
compared with the values calculated using the HEC-
HMS model for the current existing conditions, using
two methods of calculating the concentration time.
High compliance of the obtained results of water lev-
els in the reservoirs with the observed values indicates
that calculation of hydrological losses was correct in
the determination of effective precipitation. Further-
more, the calculated culmination time consistent with
the culmination recorded during the freshet confirms
the correct determination of concentration times in
sub-catchments.

In order to determine the degree of compliance of
the modelled results with the observations, a compar-
ative analysis was carried out, specifying the variance
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o2 and the standard deviation from the actual value of
o (Weglarczyk, 2010):

- (3)

g \ﬁ @)

The results of the calculations for the three reser-
voirs are presented in the Table, including the sum of
deviations from the calculated value of £Ax, the mean
deviation 'x , the maximum and the minimum devi-
ation 6y and 6x . ,as well as variance o* and stan-
dard deviation .

Based on the report presented in Table 1, it can
be easily observed that surface runoff calculations —
both using the SCS method and using the segment
method — underrepresent the surface runoff flow from
the sub-catchment. Better mapping was obtained for
the segment method, which allowed for a precise es-
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timation of the time of the culmination of the flow.
Modelling that accommodated the concentration time
computed according to the SCS methods resulted
in calculations that delayed the culmination time by
more than 2 hours in relation to the actual time (for
Swietokrzyska 1 reservoir). Despite these differenc-
es, the results obtained are close to the actual figures.
The mean standard deviation for the SCS method is
0.0268; and for the segment method, it is 0.0183. The
maximum deviations are 0.044 for the SCS method,
and 0.048 for the segment method.

Table 1. Statistical analysis of the measured and computed
water levels in the reservoirs of the Orunski Stream

Swietokrzyskal
reservoir

Augustowska
reservoir

Wielkopolska
reservoir

Lag time, according to equation no.:

2 (M @) (I @ (M

SAx 2297 -0.634 -2.115 -1248 —6.909 —6.464
TAY  3.649 3090 4153 3370 9.035 7.063
Ax, —-0.008 —0.002 —-0.007 —-0.004 —0.024 —0.022
Ax, 0012 0011 0014 0012 0031 0.024
Ax,, —0.042 —0.031 -0.044 —0.037 —0.136 —0.048
Ax,. 0024 0029 0022 0021 0037 0015
o 0.0003 0.0002 0.0004 0.002 0.0019 0.0008
G 00173 0.0128 0.0189 0.0139 0.0441 0.0282

Ax > 0 means overestimation of the values
Ax < 0 means underestimation of the values
Ax = 0 means correct estimation of the values

An interesting element of the Orufiski Stream sys-
tem is the diversion structure located downstream of
the Swietokrzyska 2 reservoir (Z2). Its task is to di-
vert some of the water from the Orunski Stream to the
Wielkopolska (W3) reservoir. Despite the fact that the
diversion structure has been operational in this loca-
tion for many years, the proportions of flow directed
to the reservoir and downstream have not been deter-
mined as yet. Using the monitoring data, the separa-
tion structure was calibrated, stating that the best cal-
culation results are obtained for the following division
of the flow: 80% to Wielkopolska reservoir, and the
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remaining 20% downstream. In the diagram of wa-
ter levels in the Wielkopolska reservoir, we can ob-
serve that in the initial phase of flooding, the inflow is
slightly underestimated, whereas the recorded peak is
slightly overestimated (2.5 cm). The cause for this can
lie in the fact that the outflow from the diversion struc-
ture downstream could have been blocked in the first
phase of the flood. After the arrival of a larger-volume
flow, perhaps the material blocking the outflow was
washed away, which caused the redirection of more
water down the stream. In the mathematical model,
the time-varying distribution of water in the separating
structure was not applied.

FLOW CALCULATIONS DURING THE 9 JULY 2001
FLOOD

The flood of July 2001 caused serious damage to urban
infrastructure due to a significant inflow of rainwater to
the Radunia Canal, exceeding its capacity. This resulted
in breaching the embankments of the canal in 4 places
and the flooding of urban areas located on the left bank,
which are mostly depressed below the surrounding
area. The volume of water flow in the Radunia channel
is not known due to the lack of measurement infrastruc-
ture. Some estimated calculations were made using the
geomorphological hydrogram method, however in this
case simplified river network and rainwater drainage di-
agrams were used (Kolerski, Kowalik, 2014).

Using the calibrated mathematical model of the
part of the Orunski Stream, an attempt was made to
determine the water flow in the closing section located
at the level of the dam of the Augustowska reservoir.
For this purpose, the surface areas and conditions of
use of the stream’s sub-catchments were modified so
that they would reflect the conditions of July 2001 as
accurately as possible. Additionally, all retention res-
ervoirs were removed from the model because they
were built after 2001. The input to the model was the
precipitation time distribution recorded during the
flood. Unfortunately, at that time, the observation net-
work was limited to the outposts of Port Pénocny and
Rembiechowo, as well as the station of the Gdansk
University of Technology, which means that the spa-
tial distribution of precipitation is largely an estimate.
The mathematical model thus developed generated the
value of the flow in the closing cross-section, reaching
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Fig. 6. Calculated discharge at Augustowska reservoir’s outlet cross section for July 2001 storm

the maximum of 45.6 m?- s7'. It should be emphasized
that the model did not cover the whole of the Orunski
Stream catchment, and therefore the inflow to the Ra-
dunia Canal could actually be even larger.

Next, a simulation was carried out in order to check
the operational effectiveness of the flood protection
system of the Potok Orunski in its current state, that
is, considering all retention reservoirs except the Z3
reservoir, which is at the design stage. By assigning
a distribution of rainfall identical to the situation in
2001, a significant reduction of the flood surge was
achieved. In the cross section of the Augustowska res-
ervoir, the maximum flow reached 18.8 m?®/s, which
constitutes a nearly 60% reduction in the flow com-
pared to the conditions prior to installing the retention
reservoir system. It is worth noting that the designated
maximum flow on the Augustowska reservoir’s spill-
way structure exceeds the assumed capacity of the
structure in question. This means that for the proper
functioning of the system, it is necessary to use an
emergency spillway on this structure, which shall pro-
tect it in the case of extreme situations.

CONCLUSIONS

The city of Gdansk is threatened by flash floods due to
its geographical location. There are many possibilities
to counteract the effects of these floods, above all, the
methods of reservoir retention, field retention, street
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retention, backyard retention, as well as urban green-
ery (Gajewski 2018). All the above technical measures
are used to increase the retention capacity of urban ar-
eas and they should be treated as equivalent and com-
plementary methods, whose strength lies in the sum
total of their collective impact.

Having said that, reservoir retention is the most
effective method of flood prevention. Due to the fact
that urban zones rarely have large free areas of land,
the developed reservoirs are often small. In the Potok
Orunski catchment, all the built reservoirs fall within
the category of the so-called “small-scale retention”,
because their volume does not exceed 5 million m3.
Despite the small capacity of flood storage, the reten-
tion reservoirs located in the city of Gdansk have re-
peatedly proven their extremely important contribution
to reducing the impact of the flood wave. The Gdansk
flood defence system is constantly being supplemented
with new solutions, among which we should mention
the new Z3 reservoir described in this article, as well
as the K1 and K2 reservoirs on the Kowalski Stream
along with the system of water transfer from this stream
to the Swigtokrzyska 2 reservoir (see: Z2 in Figure 1).
The calculations carried out in the operational condi-
tions of the entire flood protection system, taking into
account the prospective development of the catchment
in accordance with the spatial development plans, con-
firmed the safe conduct of rainwater with a probability
of exceedance of 1% and 0.5%. A prerequisite for en-
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suring the flood safety of the Potok Orunski catchment
is maintaining the surface retention capacity of areas
that have been and will be subjected to urbanization.
It is anticipated that such activities will only apply to
municipal investment projects and to high-density built
development, where the city will be able to require de-
signers to undertake all necessary rainwater manage-
ment measures as part of these ventures.

In order to confirm the thesis about the effective-
ness of the flood protection system on the Potok Oruns-
ki, a simulation of the July 2001 flood was carried out.
The implementation of the mathematical model to his-
torical conditions showed 45 m3/s flow in the closing
cross section. When considering the entire flood pro-
tection system, the catchment was able to retain much
more water from historical precipitation, whereas the
inflow to the Radunia Canal decreased by almost 60%.

In the paper, we indicate high importance of math-
ematical models that can support the decision-making
process when planning and designing a flood protec-
tion system. Additionally, thanks to the developed pre-
cipitation and water level monitoring system, we were
able to calibrate the model, which significantly val-
idated the obtained results of numerical simulations.
The high consistency of the actual observations with
the results computed from the mathematical model
indicates that the calculation formulas were adopted
correctly, both in terms of hydrological losses and the
time of concentration (lag time).
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MODELOWANIE MATEMATYCZNE SYSTEMU OCHRONY PRZECIWPOWODZIOWE) MIASTA
GDANSKA, NA PRZYKLADZIE ZLEWNI POTOKU ORUNSKIEGO

ABSTRAKT

Cel pracy

Celem pracy jest potwierdzenie efektywnosci pracy systemu zbiornikow retencyjnych na redukcjg fali wezbra-
niowej generowanej na obszarze malej w zlewni zurbanizowanej. Dodatkowo, w artykule zweryfikowano pro-
cedurg obliczeniowa dla modelu typu opad-odptyw, na podstawie danych uzyskanych z sytemu monitoringu.

Materiat i metody

W pracy zaimplementowano model matematyczny o parametrach skupionych na zlewni Potoku Orunskie-
go. Uwzgledniono transformacje fali wezbraniowej w korycie potoku wedlug metody fali kinematyczne;j.
Analizg podziatu zlewni przeprowadzono na podstawie map topograficznych i zdjec¢ satelitarnych. Do ustale-
nia wskaznikéw CN wykorzystano mapy glebowe, Plany Zagospodarowania Przestrzennego miasta Gdansk
i inne dostgpne materiaty. Na tej podstawie wyznaczono granice zlewni, podzielone na zlewnie czastkowe
o okres$lonych parametrach takich jak m.in.: powierzchnia, spadek, dlugo$¢ drogi sptywu, czas koncentracji,
mozliwosci retencyjne. Model zostal wykalibrowany na podstawie epizodu opadowego z kwietnia 2018 r.
wykorzystujac dane z monitoringu. Nastgpnie zaadoptowano wykalibrowany model do sytuacji historycznej
powodzi z roku 2001 r. przy zmienionym uzytkowaniu zlewni. Przeprowadzono réwniez analiz¢ reakcji
zlewni na sytuacje teoretyczne wystgpienia opadoéw o prawdopodobienstwie przewyzszenia 1 i 0,5% Sy-
mulacje wykonano dla deszczow o réznym czasie trwania: wybierajac jako opad miarodajny wariant naj-
niekorzystniejszy (wywotujacy najwigkszy hydrogram odplywu). W analizach uwzgledniono zaréwno stan
istniejacy zgodny ze stanem uzytkowania zlewni na rok 2001 i rok 2016 oraz planowane uzytkowanie terenu
zgodne z planami zagospodarowania przestrzennego miasta Gdanska.

Wyniki i wnioski

Implementacja modelu matematycznego do warunkow historycznych wykazata przeptyw w przekroju zamy-
kajacym model matematyczny na poziomie 45 m3/s. Po uwzglednieniu catego systemu ochrony przeciwpo-
wodziowej zlewnia byta w stanie retencjonowac znacznie wigcej wody z historycznego opadu, a doptyw do
kanatu Raduni zmniejszyt si¢ o niemal 60%.

Stowa kluczowe: modelowanie matematyczne, HEC-HMS, Potok Orunski
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