COUPLED 1D SEWER —2D HYDRODYNAMIC NUMERICAL SIMULATIONS
OF PLUVIAL AND FLUVIAL FLOODS ON SMALLER WATERCOURSES IN
URBAN CATCHMENT AREAS TO SUPPORT FLOOD RISK MANAGEMENT
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ABSTRACT

Urban areas are often characterized by smaller watercourses whose catchment areas are largely located in the immediate vicinity. Docu-
mentation of past events show that observed floods do not match the flooded areas from a purely fluvial hazard perspective. Floods along
such watercourses only occur as a result of small-scale to regional heavy rainfall events. The flooding patterns are therefore a combination
of pluvial and fluvial runoff processes. Urban areas usually have extensive sewer systems. These enable the "unnoticed" discharge of parts
of the pluvial runoff into areas that are not necessarily connected to the immediate flooding situation. Surprising waterlogging can occur
there due to backwater from the sewer system. Therefore, a suitable solution to address this issue is to adopt 2D numerical analysis coupled
with a 1D sewer network calculation. Although the simulation results are subject to certain uncertainties, they form a valuable basis for

flood risk management.

INTRODUCTION

In recent years, there has been an increase in damage in residential areas caused by the overflowing of smaller watercourses and extensive
flooding away from existing watercourses. Examples include the events on 24.05.2014 in Vienna and on 31.07.2021 in Graz. These events
were all triggered by intense local or regional heavy rainfall events. The flooding caused by such - often convective - precipitation events
does not require a watercourse to spread. They can therefore occur at any point in the catchment area with little or no warning time. This
massively restricts the possibilities for intervention activities during the event. The field of prevention is therefore all the more important, for
example by taking property protection measures, by adapting the use of building floors, but also by improving precipitation forecasts. To

that end, hazard and risk analyses must be performed for the development of disaster response and emergency plans.

In recent decades, hazard analyses along watercourses have mainly been carried out as part of discharge studies and hazard zone planning,
with the sole fluvial approach being defined as the state of the art (BML, 2022). In the course of such fluvial considerations, specific flows
for different return periods are added to the watercourse at defined points in the upper reaches; in some cases, the inflows of individual
larger tributaries are also taken into account. The potential flooded areas for these hydrologic scenarios are then calculated along the entire

flow section. After an expert review the hazard zones are identified.

This type of exclusive fluvial observation (without implementing pluvial runoff processes) provides quite plausible results in middle and
lower reaches of watercourses. If the project area is located in the middle and/or lower reaches of a river, flood discharges can occur as a
result of heavy rain in the catchment area above without it raining in the project area itself. In the upper reaches of watercourses, however,
fluvial floods mainly occur as a result of local rainfall events. The diffuse surface runoft resulting from precipitation then flows laterally
towards the watercourse, while there is only little fluvial inflow from upstream of the respective project area. If the project area is located
within a headwater catchment, there is no fluvial inflow from upstream at all. The river flood is formed here exclusively via diffuse, lateral,
superficial inflows to the watercourse. The heavy rainfall events from 2014 in Vienna and 2021 in Graz and the results of their numerical re-
calculation using 2D simulations support these statements. In such cases, the purely fluvial approach reaches its limits in terms of its inform-

ative value. In such settings, the combination of pluvial and fluvial flood discharges appears to be the relevant - because realistic - scenario.

The heavy rainfall events from 2014 in Vienna and 2021 in Graz also show that, especially in urban areas, parts of the urban areas are often
flooded after heavy rainfall that are not directly related to surface runoff from the slopes or flooding from the watercourses. This waterlog-
ging is caused by backwater from the sewer system, which transports parts of the surface runoff unnoticed - because it is underground - to

other parts of the city.

Nowadays, several available software programs allow the simulation and visualization of surface runoff linked to heavy rainfall events,
even in urban areas. With a digital twin of the respective study area that is as realistic as possible, both the runoff formation and the runoff
dynamics in rivers, on the surface of the terrain and in the sewer system are reproduced in the best possible way. However, numerical hy-

drodynamic simulations as a consequence of pluvial events still have many open challenges.
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In this work, the added value of a combined consideration of fluvial and pluvial flood events and the coupling of 2D hydraulics to determine
flooding on the ground surface with 1D channel hydraulics especially in urban areas, is demonstrated by showing results of case studies

in Vienna and Graz.

METHODS
The formation of runoff on the ground surface as a result of heavy rainfall is influenced by numerous physical parameters. A distinction can
be made between static (fixed) and dynamic (variable) parameters.

The static parameters include

. the topography

. the slope inclination

. the surface condition (e.g. land use, roughness)
. drainage structures

The first three parameters are incorporated directly into the numerical runoff model on the basis of data available across the entire area.
They represent the basic parameters of the digital twin. The runoff control on the surface plays a central role, especially in the case of flood-
ing outside of watercourses. In urban areas, there are numerous runoff-diverting objects such as base walls and sidewalk edges. Wherever
it is possible in the numerical model these should be implemented in the 2D model in order to obtain modelling results that are as realistic

as possible.

The primary dynamic parameters that have a major influence on runoff formation as a result of heavy precipitation are

. interception

. infiltration

. pre-wetting

. channel coupling; inflows and backwater effects

In order to obtain the most reliable results possible from numerical runoff modelling, it is essential to carry out sensitivity analyses by vari-

ance of the dynamic input parameters in order to develop a realistic parameter setting.

The more of these parameters can be represented in a numerical 2D runoff model, the more detailed they can be taken into account and

the better their variance can be investigated and limited, the more reliable the results of the numerical simulation will be.

The 3D terrain models, which form the basis of numerical 2D runoff models, nowadays typically are based on high-resolution airborne laser
scanning data (LIDAR-data). Depending on the numerical, hydrodynamic simulation software used, the LIDAR data may need to be thinned
out in order to obtain an editable 3D calculation mesh. The LIDAR-data is available almost everywhere in Central Europe, but the actuality
varies depending on the time of the last aerial survey. By default, the data is provided in a resolution of 1x1m. For some areas the terrain
models are also available in finer resolutions of up to 10x10cm. The finer the grid size, the more accurately hydraulically relevant small
structures are mapped by the LIDAR-data. The required grid size depends primarily on the presence of structure of the project area. In rural
catchment areas with a large proportion of forests and green spaces, even grids with a resolution of 2x2 m are often sufficient to map the
course of surface runoff with sufficient accuracy. Settlement areas and urban areas, on the other hand, are characterized by the numerous
occurrence of runoff-relevant structures such as buildings, sidewalks, base walls or culverts in a confined space. For technical reasons, many
of these structures cannot be captured (with sufficient accuracy) even with high-precision LIDAR data. This applies in particular to narrow,
high elements such as walls. These can either be surveyed on site and tracked manually or - if available - taken into account semi-automat-

ically on the basis of corresponding base data.

The numerical simulations of pluvial and fluvial floods in the presented case studies in Vienna and Graz were carried out using the software

Visdom (https://www.vrvis.at/visdom).

Visdom uses a grid-based 3D terrain model, based on LIDAR-data (the grid cell size was 50cm in Vienna, 1m in Graz) and solves the 2D
shallow water equations numerically. In both project areas there was a bidirectional connection with the existing sewer network. Water
can therefore enter the sewer network from the surface and back up out of it. In both project areas, the simulation was carried out with
and without the sewer network in order to check the influence on the simulation result. The 3D terrain models were each improved with
available survey data. Walls and terrain edges were subsequently added semi-automatically. Figure 1 shows a section of the project area in
Vienna with the result of the recalculation of the heavy rain on 24.05.2014. In addition to the illustration of the flooding, Figure 1 also shows
the subsequently implemented walls (orange structures) as well as the filled sewer network (shafts and pipes) including its flow direction
(green arrows). To ensure the continuity of relevant flow paths, culverts and bridges were implemented in the 3D terrain model. The surface

properties were mapped using the land use type. This is used to determine the roughness of the model surface, as well as to determine the
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infiltration and interception rates, which represent essential input parameters for the heavy rain simulation.

Figure 1: Excerpt from the numerical 2D modelling of a heavy rainfall event with Visdom, taking into account the sewer network (light blue pipes and green arrows for flow direction),

buildings and walls (orange elements)

RESULTS AND DISCUSSION

The heavy rain simulations in the pilot area in Vienna were carried out with different grid resolutions of the 3D terrain model in order to
investigate the effects on flood dynamics. It was shown that the flow paths in this urban area can be reproduced more realistically at a
higher grid resolution compared to the observations of the previous event of 24.05.2014. A further sensitivity analysis concerned the effect
of manually added walls on the runoff. The results show that, without taking into account the subsequently implemented structures, some
areas are flooded, but in reality they are protected from flooding. In this specific project area, this often affects the gardens of single-family
houses, which often are surrounded by garden walls. These act like barriers, which are usually only 30cm to 40cm high, but are in many
cases sufficient to protect the areas behind them from being flooded. This results in significant changes in the surface flow of water in many
places. When comparing the simulation results of the scenarios with and without sewer system it was shown, that the flood areas largely
differ only slightly from one another, as the surface runoff usually significantly exceeds the capacity of the sewer system. However, simula-
tion with a sewer network reveals additional waterlogging in remote areas where the sewer backwater leads to flooding. The comparison
of the results of the fluvial and pluvial simulation in the Vienna project area show the strengths and weaknesses of the respective approach.
In Figure 2, the flooding areas from the pluvial event (purple areas) completely include those from the fluvial simulation with comparable
return period (blue areas). The flooding pattern from the pluvial simulation matches the situation of the observed heavy rainfall event on
24.05.2014 much better (see Figure 3). The red ellipse in figure 2 shows the location of the picture in figure 3. In small catchment areas, in
which the river flooding is only or largely fed by local precipitation, a combined consideration of pluvial and fluvial simulations appears to
be essential in order to obtain realistic simulation results.
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Figure 2: Water depths in flooding areas due to pluvial flooding (heavy rainfall with 30 year return interval with a duration of 60 minutes (purple areas) in Vienna NulSdorf and representation

of fluvial floods (blue areas)
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Figure 3: Flooding situation in Vienna NuBdorf during the heavy rainfall event of 24.05.2014 at the confluence of the Schreiberbach in Vienna Nudorf with the sewer system.

In the Interreg project RAINMAN, pilot areas in the city of Graz were investigated. The results show that a coupling of the numerical 2D
simulation on the ground surface with a 1D sewer network simulation in urban project areas is essential for certain system configurations
or sub-areas, because it depicts the transport of collected water in settlement zones that are not directly at risk from surface runoff. Figure 4
shows an example of the critical sewer manholes in the study area in the city of Graz. The 2D simulation of a 30-year heavy rain event with
bidirectional coupling of the sewer network shows backflow effects from the sewer system. This effect seems to be even greater in urban
areas compared to rural areas. One explanation for this may be the higher density and greater capacity of the existing sewer networks. This
means that a larger proportion of runoff can be transported to areas that are not directly affected. In the pilot area in Graz, the 3D terrain
model was also manually reworked and details were added. This includes flood retention basins, breaklines and linear flood protection

measures. This results in a significant improvement in the flooding pattern.
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Figure 4: Visualization of sewer backwater in the Stufenbach catchment area - identification of critical manholes and indication of the backwater volume (coloured circles) based on a 30-year

precipitation event in May 2013; Source: Schwingshand! A. et. al
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CONCLUSIONS

Regardless of whether a separate or combined analysis of fluvial and pluvial scenarios was carried out and regardless of whether and how
a possible existing channel system was taken into account, the main key factor determining the quality of the results and performance of
any numerical runoff model is, in addition to the quality of the input data the degree of manual post-processing. The more detailed the data
basis or the more effort in post-processing, the closer the digital twin created corresponds to the natural conditions and the more reliable the
simulation results are. Subsequent surveys and post-processing lead to a significant increase in effort and costs, but also lead to a significant

increase in the quality of the final results.

Modern numerical simulation software offer extensive simulation and visualization options. The purpose of the application and the availabil-
ity of highly accurate input data determine the necessary and possible level of detail of the digital twin and the modelling results. Depending
on the issue at hand, clear 2D plan views, 3D views and 3D animations can be produced for different target groups. On the one hand the
results can be used for the purpose of information and awareness-raising and as a basis for self-provision by affected residents and home-
owners, and on the other hand as a basis as planning basis by authorities. In all cases, the inherent uncertainties in the numerical runoff
simulation of heavy precipitation must be clearly stated and taken into account accordingly. Certain uncertainties can also be observed in the
simulation of fluvial processes. Nevertheless, their results are used as a basis for many planning and decision-making processes. (Heidrich
R., Waser J., 2023)

Despite the inherent uncertainties, the results of numerical simulations form an excellent database for analysing hazard processes and risk
situations from pluvial events. The results are a valuable basis for flood risk management. If the hazard processes indicate this, at least in
headwater catchment areas, the combined pluvial and fluvial considerations should form the basis of hazard analyses to identify hazard

zones.
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