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Abstract: When estimating the reach of the fl ood zones, a mathematical model that describes 
the fl ood wave propagation, as well as the digital elevation models can be used. In this study, 
a two step approach has been applied. In the fi rst step, in order to fi nd the most relevant 
fl ooding areas, a one dimensional hydraulic model HEC-RAS has been used, which assumes 
steady state fl ow conditions and a discharge of Qp1% = 7210 m3/s and Q p 0.1%= 9960 m3/s. 
The segment of the Vistula Valley analysed is 47.05 km long. In the second step, a smaller 
area has been analysed using the 2D hydraulic model of shallow water fl ow which is based on 
the Roe scheme of fi nite volume method. 
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INTRODUCTION

Large cities have historically been dis-
proportionately well protected against fl oods, 
which has been a refl ection of their power. 
Urban fl ood disasters were signifi cantly re-
duced because of the establishment of low 
dikes at the beginning of the nineteenth cen-
tury, but urban areas grew and their infra-
structure became more consolidated during 
the twentieth century. There is a tendency for 
low density suburbs to spread near European 
cities, including onto fl oodplains. Another 
factor is the shift in the location of industries, 
with many export oriented companies look-
ing for a location downstream of fl oodplains, 
especially along navigable waterways, like, 

for example, London, Roterdam, the Hague 
and Le Havre. Furthermore, old river cities 
are experiencing changes when it comes to 
fl ood hazard potential as a result of redevel-
opment projects that focus on making water-
front areas more attractive. Some good ex-
amples of these include London, Manchester, 
Berlin, Hamburg, Warsaw, where neglected 
and outdated buildings have been replaced 
by new up-market apartments, cultural fa-
cilities, university and government offi ces 
(Mitchell 2003). Low value investments are 
replaced by those of higher value, located in 
fl ood hazard zones.

In Poland the creation of fl ood hazard 
maps was required by Article 82 of the Water 
Act that came into force from 18 July 2001. 
It calls for the creation of fl ood hazard maps 
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for both areas that are unprotected and those 
that are protected by dikes further down the 
major rivers. Flood maps (referred to as fl ood 
risk maps) are created  for planning purposes 
or for the needs of insurance companies. In 
practice, the Polish water authorities respon-
sible for fl ood protection in the upper parts of 
the Oder and Vistula Rivers have delineated 
two types of fl ood zones (Drożdżal 2006). 
First is a direct risk zone which corresponds 
with the riparian area, and it also covers those 
places where fl ood protective dikes are not 
high enough to contain the fl ood. The second 
type is zones of potential risk where if the 
fl ood dikes were to be breached, this would 
lead to the inundation of the protected fl ood-
plain area. The information about potential 
fl ooding must contain data like:

• the time of the fl ood wave arrival at 
some characteristic points of the inun-
dated area,

• extreme water depth, and velocity in the 
fl ooded area,

• the duration and range of the fl ooding.
Within those direct risk fl ood areas that are 

most vulnerable, construction of permanent 
buildings is forbidden. In zones of potential 
fl ooding it is assumed that during inundation 
water fl ows with a slower velocity and is not 
as deep, which is why construction is allowed 
in this zone, under certain conditions.

The magnitude of a fl ood is usually ex-
pressed in terms of the probability or of the 
return period. For example, in the upper 
reaches of the Vistula River the fl ood maps 
for unprotected areas are made for discharg-
es with a probability of p=50%, 20%, 10%, 
5%, 3.33%, 1%, 0.2%; and for dike protect-
ed areas of p=1%, 0.2% (Grela et al. 2006). 
With the spatial data that is available today, 
the visualization of the fl ood reach is usually 
made on the digital elevation models and 
maps of ortophotomaps. The elevation of 
fl ood waters is obtained from water stage ob-
servations or mathematical models of fl ood 
wave propagation. Polish legislation does not 
specify the mathematical models or numeri-
cal tools needed to simulate the fl ood wave 
propagation for fl ood hazard mapping. How-
ever, some suggestions can be found in the 

Polish literature (Nachlik et al. 2000; Rad-
czuk et al. 2001). Software that can be used 
for this purpose shows that the complexity of 
the mathematical models vary from the one 
dimensional Bernoulli steady fl ow equation 
and the Saint-Venant unsteady fl ow equa-
tions (for example in HEC-RAS and MIKE 
11 computation systems) to the two dimen-
sional depth averaged Navier-Stokes in un-
steady shallow water fl ow equations (MIKE 
21, NCCHE2D, WOLF). 

 

STUDY SITE DESCRIPTION

The creation of the Vistula Valley near 
Warsaw was a consequence of the fl uvial 
processes taking place during the Quater-
nary at the fi nal stages of the last glacia-
tion and the Holocene. The width of low-
est over-fl ood terrace varies from between 
some 6 km in the area of the Praga district, 
to just several dozen meters on the left bank 
in the area of the Old Town. The beginning 
of the river training works in the Vistula 
River channel dates back to the catastrophic 
fl ood of July 1884 and the beginning of the 
construction of the water uptake for the city 
water supply system. In the years 1893-1910 
the river training work was conducted along 
both banks of the river. It was assumed that 
the width of the regulation route of the river 
was 340 m. Then, in the years 1923-1931, 
further regulation work was carried out, 
with the purpose of protecting the shores 
and the dikes that had recently been built 
in 1924.

Immediately after World War II the river 
channel of the Vistula in Warsaw became 
a dumping ground for debris. This caused the 
high-discharge cross sections in some areas 
to be reduced by 50% in comparison with the 
middle Vistula, forming the so-called War-
saw “corset” along the segment of 507-517 
km. A little further upstream of the Śląsko-
Dąbrowski Bridge the channel of the Vistula 
becomes narrower to approximately 350 m. 
Such a signifi cant narrowing of the channel 
in the entire middle and lower course of the 
river is unique. 
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As a result of the training works, in the 
years 1921-1953 the channel bottom ordi-
nate decreased on average by 15 cm per an-
num, and in the following years 1953-1959 
it decreased as much as 9 cm per annum 
(Bogdanowicz et al. 2000). The narrowing 
of the high discharge channel caused an in-
crease in the range of the water stages, and 
an increase in the water fl ow velocity and its 
eroding force.

According to the designs of the Central 
Water Management Bureau, from the 1960s 
onwards the fl ood defences were designed 
to protect the city against a fl ood that has 
a frequency of once every thousand years 
(Qp  0.1%) with the protection dikes set at 
a distance of 400-600 m. Outside of Warsaw, 
upstream and downstream, the protection 
dikes are set at a distance of 1000-1700 m 
and shield agricultural areas against the in-
undation caused by a fl ood of Qp 1%.

The mean annual discharge of the Vistula 
at the profi le of the Warsaw Haven in the 
years 1951-1995 was 561 m3/s. The largest 
fl ood in the 19th century occurred in 1813, 
when the lowest parts of the town were inun-
dated, as well as the suburban areas between 
Wilanów and Kazuń. The highest discharge 
measured during the March 1924 fl ood was 
5860 m3/s. The Qp 1% discharge, is 7210 
m3/s, which is an estimate taken from the 
data covering the period 1921-1997 (Wierz-
bicki 2001). Fal and Dąbrowski (2001) es-
tablished, on the basis of the 200 year series 
of maximum water levels and the archival 
discharge curve, that the Qp 0.1% discharge 
is equal to 9,960 m3/s.

METHOD

Recently there have been a number of 
studies on the fl ooding of urban areas (Hański 
et al. 2006; Mark et al. 2004; Dewals et al. 
2002; Haider et al. 2003; Chen et al. 2005; 
Sole and Zuccaro 2005). The common practice 
has been the application of one hydrodynamic 
model, which results in the form of water sur-
face elevations, which are then compared with 
the digital elevation model (DEM). 

In our study, the two step approach has 
been applied. For practical reasons (the time of 
computation) in the fi rst step, in order to fi nd 
the most relevant fl ooding areas, a one dimen-
sional hydraulic model HEC-RAS (US Army 
Corps of Engineers Hydrologic Engineering 
Center) has been used. In the study, the calcu-
lation was made by assuming the existence of 
steady state fl ow conditions and a discharge 
of Qp 1%= 7,210 m3/s and Qp 0.1%= 9,960 
m3/s; energy losses were evaluated by a fric-
tion equation (Manning’s). The segment of the 
Vistula Valley that was analysed encompasses 
the stretch from the vicinity of Józefów down 
to Ławice Kiełpińskie, which has a length of 
47.05 km (i.e. between 494.76 and 541.81 
km of the river course). DEM data has been 
compiled from various sources, including 
echo sounder measurements carried out from 
24 to 30 September 1998 on the reach of the 
Vistula River between 490.760 and 541.800 
km, photogrametric derived elevation data of 
the fl oodplain area provided by the District 
Geodesic and Cartographic Department, and 
data for the area behind the dikes provided 
by the Offi ce of the Surveyor of the Mazow-
ieckie Voivodship. The elevation data were 
merged into one fi le containing around 0.77 
million points, and a raster digital model of 
relief (DEM) with a resolution of 20x20 m 
was interpolated with a procedure of inverse 
distances. The Manning roughness coeffi cient 
values were estimated on the basis of land use 
maps and air photographs for the area between 
the dikes. The following values of the rough-
ness coeffi cient were adopted: the channel of 
the Vistula River, 0.03; meadows, 0.04; sin-
gle trees, 0.045; arable land, 0.05; orchards, 
0.055; forests, 0.12; osiers and bushes, 0.15; 
roads and boulevards, 0.02. These values of 
the roughness coeffi cients have been found in 
a previous study (Soczyńska et al. 2002), and 
verifi ed during model calibration, in order to 
match up the water table ordinates obtained 
from HEC-RAS calculations to fi eld measure-
ments from 1998 (Wierzbicki 2001). 

Flood zone ranges for the discharge Qp 1% 
and Qp 0.1% have been obtained by imposing 
the water table models on the DEM using the 
map algebra function of ILWIS 3.3 software 
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(Gutry-Korycka et al. 2006). In present condi-
tions, the elevations of fl ood protection dikes 
are suffi cient to convey the Qp 1% discharge. 
Were the Qp 0.1% discharge to occur the dikes 
would not guarantee the protection of an im-
portant part of the city. From that analysis, 
three fl ood risk areas have been selected that 
represent the districts of Łomianki, Saska 
Kępa and Wilanów (Fig. 1).

In the second stage, a smaller area has 
been analyzed using the 2D hydraulic model 
developed by Szydłowski (2001). It is a mod-
el of shallow water fl ow solved using the Roe 
scheme of the fi nite volume method. The nu-
merical algorithm was prepared and tested in 
order to simulate the fl ood wave propagation 
that results from dam break events in natural 
river valleys (Szydłowski 2003) and which 
are then adapted to allow them to fl ow in ur-
ban areas (Szydłowski 2005).

There is always some level of uncertainty 
in potential fl ood modelling when it comes 
to the selection of dikes’ breach points. We 
have taken into consideration river channel 
morphology, the orientation of the current 
and the dikes, and the pattern of fl ood related 
forms on the fl oodplain behind the dikes.

To represent the relief in the vicinity of 
the dike breach a triangular irregular compu-
tational mesh has been used, which allows 
local densifi cation in the area of special in-
terest. Additional data for calculation include 
the dike crest elevation, and the elevation of 
the water level in the channel at a given fl ood 
magnitude. It has been assumed that the dike 
breach has a width of 100 m and a depth that 
is immediately equal to the height of the 
dike. This simplifi cation is justifi ed when 
one bears in mind the dimension of the whole 
area represented in the model.

There is another problem that is related to 
the representation of single buildings in the 
model. The computational mesh is coarse, so 
these objects cannot be represented as islands 
around which water fl ows while they are not 
inundated. If we try to include the elevations 
of the buildings to the DEM and use it as in-
put data for the hydrodynamic model, then 
we encounter the problem of local, extremely 
steep bed gradients, which leads to numeri-

cal instability in the computation. Due to this 
limitation it has been decided to represent the 
larger blocks of buildings by the assignment 
of a proper Manning roughness coeffi cient. 

RESULTS

Our fi rst results obtained from the 1D mod-
el, which shows the range of the potential fl ood 
zone, are different from previous studies that 
have been undertaken by Jacewicz (2000), and 
are better fi tted to the fl oodplain morphology. 
The accuracy of our calculations is enhanced 
mainly because of the more realistic represen-
tation of the river channel morphology and the 
fl oodplain relief. Then, if we compare the fl ood 
range obtained from the 2D model, it is evi-
dent that the one dimensional approach based 
on water level extrapolation does not take into 
consideration the principle of mass conserva-
tion. Areas that have local depressions, like ox-
bows and paleochannels, store water and this 
results in a smaller area of inundation.

The results for the segment of the chan-
nel between 514 and 515.5 km on the right-
hand bank indicate a threat to the Zoological 
Garden, which is protected by a dike whose 
height is inadequate. Likewise, Praga Haven 
and its hinterland are not properly protected 
against the Qp 1% water. Entry to the port 
ought to be closed off by a fl ood gate, if more 
intense construction activity in this area is to 
be undertaken. Were the Qp 0.1% discharge to 
occur, the dikes would not ensure protection 
of an important part of the city, especially on 
the right bank, which covers the segments of 
512.5-521 km and 523-535 km; and on the 
left bank, the segments of 525-533.5 km. The 
area down-stream of 526 km is a non-urban 
area, and so the potential fl ood losses are 
lower than in the case of more clearly defi ned 
urban areas. The greatest concern is caused 
by the situation on the left bank segment be-
tween 511 and 514 km, which is not protected 
by the dikes at all, while the elevation of the 
artifi cially raised fl ood terrace does not se-
cure the safe passage of the Qp 0.1% waters. 
At the same time, this area is attractive for 
potential investment projects within Powiśle 
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district, including extensions to the Univer-
sity of Warsaw’s campus. A similar situation 
exists along the segment between 517 and 
521 km, where in an area directly adjacent 
to the river, the Olympic Centre was estab-
lished and further developments are planned. 
Beyond that there is a very sensitive area, the 
510-511 km fragment of the left bank, where 
the fl ood dikes end, and the entry to the area 
behind the dikes is protected by the fl ood 
gate at the Czerniaków Head. Other stretches 
of the river, where there is a risk that the Qp 
0.1% waters might overfl ow the dikes, are 
the 517-521 km segment on the left bank and 
512-523 km segment on the right bank.

The 2D model for the selected three areas 
has been run for a fl ood Qp 1%, and the results 
of the model in time steps of 15, 30 minutes, 
1, 3, 6, 12 hours, have been stored in fi les. The 
parameters that have been stored include wa-
ter level elevation, magnitude and the veloc-
ity vector. The results of the model have been 
represented in a tabular form, and have been 
converted into a cartographic representation 
in the ILWIS 3.3 program. This form of the 
data is used for visualization and the calcula-
tion of statistics that represent the inundated 
area of the potential fl ood Qp 1% (Fig. 2 a-c).

The information about the inundation 
of separate buildings has been obtained by 

Figure 1. Flood zone of Qp 1% probability in Warsaw obtained from the DEM and HEC-RAS models; 
selected potential fl ood zones of Łomianki (1), Saska Kępa (2) and Wilanów (3).
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Figure 2a. Range of potential fl ooding due to a dike breach by Qp 1% at Łomianki after 12 h., colours 
represent depth of inundation, line shows range of inundation obtained from 1D model.

Figure 2b. Range of potential fl ooding due to dike breach by Qp 1% at Saska Kępa after 12 h., colours 
represent depth of inundation, line shows range of inundation obtained from 1D model.
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crossing the map of land cover with fl ood in-
undation depth after 12h. The accuracy of the 
buildings’ geometry corresponds to the new-
est edition of topographic maps of Warsaw 
in the scale 1:10,000 and map datum 1992. 
This approach allows us to calculate the pos-
sible fi nancial losses of a given potential 
fl ood by the application of the initial value of 
the buildings and depth damage curves. That 
approach is used in the USA by the Federal 
Insurance Administration (FIA) as “credibil-
ity weighted” depth-damage curves, as well 
as selected curves developed for various dis-
tricts by the U.S. Army Corps of Engineers 
(USACE). It has been found that the most 
frequent depth of inundation in buildings 
on the studied areas in Warsaw is within the 
range of 0.5-1 m (Fig. 3). 

Aggregated areas of inundated build-
ings as a result of a potential fl ood can be 

used together with the typical damage values 
worked out by Chojnacki (2000) for Polish 
conditions. Damage values for 5 different 
classes of settlement intensity have been es-
timated using actual fl ood damage costs after 
the 1997 fl ood in the Oder catchment. 

CONCLUSIONS

Potential fl ood zone maps are very impor-
tant when it comes to planning the concentra-
tion and the redistribution of a population with-
in the process of growing urbanization. The 
two-dimensional hydraulic model of fl ooding 
is the best solution for analysing the spatial pat-
tern of risk and the cost of fl ooding. The model 
shows the depth and duration of inundation, as 
well as the velocities and direction of the water 
fl ow. These parameters, when combined with 

Figure 2c. Range of potential fl ooding due to dike breach by Qp 1% at Wilanów after 12 h., colours 
represent depth of inundation, line shows range of inundation obtained from 1D model.
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the information on the height of buildings and 
their value, can give an approximation of fl ood 
costs in various different scenarios. 

The most important information which 
has been obtained from the 2D model is the 
time that elapses from the dike breach and the 
moment at which a given point is inundated. 
The spatial distribution of this delay obtained 
from the 2D hydrodynamic model can be 
transformed into a cartographic representa-
tion, and as a propagation map can be used for 
the defi ning the risk in the fl ood zone.
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