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Abstract. Urban surface sealing limits infiltration and thus increases the formation of runoff during heavy rain events. Green
infrastructure (GI) measures can be used to reduce urban flood risk by promoting decentralized infiltration and water storage.
With a scenario-based modelling study, we investigate the impact of green infrastructure on urban runoff formation, flood water
depths and the resulting damage to buildings; comparing it with the impact of the conventional drainage system. The study
area is located in the city of Berlin, in a heavily sealed 3.3 km? urban catchment. Design rain storms with a duration of one
hour and totals between 15 and 100 mm are considered. The green infrastructure scenarios include different spatial extents and
combinations of bioretention systems, green roofs and pervious pavement. The Storm Water Management Model is used for the
urban runoff generation and the 2D-hydrodynamic module of TELEMAC for surface runoff concentration. Building damage
is modelled with the Flood Damage Estimation Tool, a recursive partitioning tool developed with survey data representative of
building damage caused by pluvial floods. Flood mitigation is investigated regarding absolute and relative reduction and also
space efficiency of the GI types. Relative flood mitigation reduces at all modelling steps with increasing rain totals. In contrast,
absolute runoff reduction increases with increasing rain totals while the area with maximum water level > 10 cm decreases the
most at the 49 mm event and building damage reduces most at 25-30 mm. Bioretention systems achieve the highest spatial

efficiency, however, green roofs and pervious pavements do not impede the former land use.

1 Introduction

Pluvial flooding is a ubiquitous risk in urban areas, as heavy surface sealing of urban environments inhibits infiltration and
leads to increased and accelerated runoff concentration (Fletcher et al., 2013). Different from fluvial (riverine) flooding, urban
pluvial flooding in this study refers to flood events in urban environments, mostly triggered by high-intensity convective rain
events of small spatial extent and short duration, which surpass the capacity of the urban drainage system (Paprotny et al.,
2021).

Negative pluvial flood impacts include damage to buildings, household goods and infrastructure, causing economic losses,

temporally affected mobility and threats to human safety, including physical and psychological health (Berghduser et al., 2021).
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Overloaded and damaged sewer systems are further consequences of pluvial flooding from which problems for the environment
and human health arise (Owolabi et al., 2022).

In many regions worldwide, an increase in frequency and intensity of heavy rain events has been observed and is expected
to continue as a consequence of climate change (Caretta et al., 2022). As pluvial floods are triggered by heavy rain events, this
also increases the hazard of pluvial floods.

The increase of heavy rain events can also be observed in Germany (Biirger et al., 2019, 2021). According to the heavy
rainfall portal of the German Working Group on Water Issues of the Federal States and the Federal Government (LAWA
Starkregenportal; LAWA, 2025), there were 13 events with return periods of 50 to over 100 years with the event maximum in
Berlin in the period from 2002-2021. The longest of these events was the event of 2017-06-28 with a duration of 48 hours.
With an area of 43 058 km? it had also clearly the largest spatial extent and with a rain total of 187.1 mm the highest event total.
The remaining events had durations of 16 hours, with rain totals ranging from 44—109 mm and spatial extents of 15-514 km?.
The longest return period was attributed to the event of 2006-08-25 with a duration of 2 hours, rain total of 109 mm and a
spatial extent of 44 km?. Pluvial flood damages of residential buildings in Berlin during the same period (2002-2021) summed
up to 174 million €, with 148 per 1000 residential buildings being affected (GDV, 2023).

Regarding water quality, also smaller rain events matter. The city centre of Berlin has a combined sewer system that conveys
wastewater and stormwater together, which is very common in old European cities (Owolabi et al., 2022). When the capacity
of the combined sewer system is overloaded due to heavy rainfall, combined sewer overflow (CSO) occurs. This means the
release of untreated wastewater to the surface water bodies, deteriorating water quality (Owolabi et al., 2022; Weyrauch et al.,
2010). Riechel et al. (2016) found that CSO happens about 30—-40 times per year in Berlin, causing turbidity and low contents
of dissolved oxygen in the river Spree. In the very sensitive areas of the city centre, rain events with more than 4.7 mm can
already cause CSO (Riechel, 2009). Thus, pluvial flood mitigation measures should be effective across a wide range of rain
intensities, covering extreme events, but also events of lower return periods.

Beginning in the 1980s, more holistic, multidisciplinary approaches to urban stormwater management have been developed,
including several aspects beyond flood mitigation, such as recreation and aesthetics, water quality, stormwater as a resource and
microclimate (Fletcher et al., 2015). Since then, several concepts were established in different regions, with different focuses
but similar intentions. In this study, we use the term green infrastructure (GI) to refer to decentralized measures, with the aim
of approaching the urban water cycle to a more natural state by increasing water retention, infiltration and evapotranspiration,
which results in reduced surface runoff.

Riechel et al. (2020) showed that GI is an effective tool for CSO reduction. They investigated the impact of ambitious yet
realistic GI scenarios in a study area located in Alt-Schoneberg, Berlin, that is with 70 % of impervious area heavily sealed.
For an average rainfall year, the GI scenarios reduced total runoff by 28 %—39 % and peak runoff by 31 %—-48 %. CSO volume
even decreased by 45 %—58 %.

Neumann et al. (2024) estimated urban flood mitigation of various types, dimensions and implementation degrees of GI in

a heavily sealed catchment in Berlin. Intensive green roofs and retention roofs turned out to provide very similar impact and
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outperformed all other GI scenarios, resulting in a flood volume reduction of 33.5 % for the extreme rain event of 100 mm
within 1 hour. CSO volume even decreased by 95 % for the same event.

Also in the centre of Berlin, Tiigel et al. (2025) assessed the impact of retention roofs to mitigate urban flooding under
current and future climate conditions. For the strongest rain event of 106.7 mm within 1 hour, the retention roofs reduced flood
volume by 35 % and decreased CSO significantly but much less then reported by Neumann et al. (2024).

Both studies assessed the potential of GI for pluvial flood mitigation, however, the use of different measures of flood volume
reduction complicates the comparison. While Tiigel et al. (2025) used the sum of maximum water depth of all grid cells,
Neumann et al. (2024) used only those cells with maximum water depth > 10 cm.

Despite the high costs caused by building damage from pluvial flooding, the above-mentioned studies did not include build-
ing damage. In order to address this research gap, we set up a multi-scenario analysis framework that integrates hydrological,
hydrodynamic and building damage models to investigate the contribution of GI for pluvial flood mitigation in a heavily sealed
catchment in the centre of Berlin, which is struggling with CSO.

In order to encourage reproduction and transfer to other study areas, this study is based on open source software (different
from Neumann et al., 2024) and publicly available data (different from Tiigel et al., 2025). Our aim is not to present a fully
calibrated flood model chain, but rather a framework for assessing GI effectivity.

Our specific research questions are:

1. How much runoff retention can GI provide, compared to the conventional sewer system and the base scenario without

any stormwater management?
2. How does the runoff retention propagate to flood water depth and building damage?

3. How do absolute and relative reduction of runoff, maximum water depth and building damage vary depending on the

rain and retention scenarios?

In section 2, we will give an overview of the workflow and data, the study area, the rain and retention scenarios and the
employed models and flood mitigation indices. In section 3, we will present the flood impact of the different rain and retention
scenarios, considering different indices. In section 4, we will discuss the feasibility of the assessed retention scenarios, the
benefit of space efficiency and compare our results to retention scenarios found in the literature. In section 5 we emphasize the

outcome of our study for research and urban flood management.

2 Materials and methods

2.1 Workflow and data

The workflow of this study (Figure 1) is based on three different models, which are executed consecutively: Storm Water Man-
agement Model (SWMM; EPA, 2023) is used for the hydrologic modelling, TELEMAC-2D (EDF, 2022) for hydrodynamics
and Flood Damage Estimation Tool (FlooDEsT; Samprogna Mohor et al., 2025) for the building damage estimation.
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Figure 1. Work ow of data for model setup, scenario input and output through the model chain and derived variables.

These models require different input data. For the rst two models, a land use map (vector shape le; ALKIS, 2024) and a
digital elevation model (DEM, 1 1 m; ATKIS, 2024) were used. SWMM additionally needs a soil map (2280 m; ORNL
DAAC, 2024). The training data for the model FIooDEST result from household surveys on building damage caused by past
pluvial ood events. In its application, FlooDEST uses building information from cadastral data (OpenStreetMap contributors,
2024) as input. Additionally, missing building information is imputed from the existing survey data distributions.

For details on preprocessing of the input data, see section 2.4.

To start the model chain, a combination of a speci ¢ synthetic rain event and retention scenario is de ned. This serves as
input for SWMM, which then produces a runoff hydrograph for each subcatchment, located at the subcatchment centroids.
This, in turn, is the scenario input for TELEMAC-2D, which spatially simulates maximum water depth and maximum ow
velocity. These are used by FlooDEST to model the damage class of each building.

2.2 Study area

The study area (Figure 2) is located in Berlin, i.e. in the district Friedrichshain-Kreuzberg/Mitte. With an area of & &km

a small, very at (heights in DEM ranging from 32—-45m a.s.l.) and highly sealed catchment, struggling with combined sewer
over ows. The study area is de ned by the sewage system subcatchment and is bounded by the river Spree in the northeast an
by the canal Landwehrkanal in the south and east. 30 % of the catchment is covered by buildings, 25 % with roads and 9.2 %

with parks, playgrounds and sports elds.
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Figure 2. Study area location in Friedrichshain/Kreuzberg, Berlin: (a) Berlin in Germany; (b) location of the study area in Berlin; (c) land

cover (© OpenStreetMap contributors, 2025, distribution under ODbL license); (d) typical street in the study area.

The climate in Berlin is classi ed according to the Képpen-Geiger classi cation as warm temperate with precipitation
throughout the year and warm summers (Kottek et al., 2006). The mean annual precipitation (MAP) is 577.7 mm and monthly
means range from 28.5 mm in April to 77.5 mm in July. The mean annual temperature is 10.4 °C, with monthly means ranging
from 1.3 °C in January to 20.0 °C in July (DWD, 2023, weather station Berlin Mitte, reference period 1991-2020).



