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ABSTRACT

Urban flooding is a growing global challenge, driven primarily by climate change and rapid urban development, which place increasing

pressure on urban drainage networks. This study investigates the impacts of climate change and mitigation strategies in Innsbruck,

Austria. Future periods are represented by design rainfall events scaled using climate change factors derived from bias-corrected convec-

tion-permitting simulations, while mitigation strategies are modelled by reducing the impervious connected area by 10, 20, and 30%. The

results show climate change factors that indicate a strong intensification of short-duration, frequent rainfall and an increase by more than

31% in sewer surcharge and surface flooding under future conditions. Reducing the impervious connected area by 30% effectively counter-

acts the negative impacts of climate change in extreme events. However, the benefits of decoupling strategies are more pronounced for

moderate precipitation events than for extreme ones and vary from ,50 to .350 m3/ha surcharge reduction between districts. The analysis

highlights that a spatially heterogeneous strategy is more effective, as decoupling is more effective in districts with high hydraulic pressure.

These findings demonstrate a clear potential of decoupling measures to mitigate climate change impacts on urban drainage, but underscore

the need for strategic implementation to maximize effectiveness.
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HIGHLIGHTS

• Climate change intensifies pressure on the urban drainage network.

• Decoupling is more effective for moderate events than for extreme events.

• Reduction in surcharge volume per district area ranges from 50 to 350 m3/ha.

• 30% reduction of impervious area reduces surcharge and flooding and offsets climate change impacts in extreme events.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC 4.0), which permits copying, adaptation and

redistribution for non-commercial purposes, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc/4.0/).

© 2026 The Authors Water Science & Technology Vol 00 No 0, 1 doi: 10.2166/wst.2026.237

Downloaded from http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2026.237/1611370/wst2026237.pdf
by guest
on 12 March 2026

https://orcid.org/0009-0006-7218-2490
https://orcid.org/0000-0001-7253-6857
https://orcid.org/0000-0002-4001-1711
mailto:martina.hauser@uibk.ac.at
http://orcid.org/
http://orcid.org/0009-0006-7218-2490
http://orcid.org/0000-0001-7253-6857
http://orcid.org/0000-0002-4001-1711
http://creativecommons.org/licenses/by-nc/4.0/
https://crossmark.crossref.org/dialog/?doi=10.2166/wst.2026.237&domain=pdf&date_stamp=2026-02-27


GRAPHICAL ABSTRACT

1. INTRODUCTION

Urban drainage systems, originally designed to collect, transport, and treat stormwater and wastewater runoff, face increasing
challenges due to climate change and urban development. Further challenges, such as pipe and pump failures, blockages,
sediment accumulation, and long-term asset deterioration, may also cause urban flooding (Funke et al. 2025) but are not con-

sidered in this study. Rising temperatures increased the atmosphere’s water-holding capacity, resulting in more intense and
frequent extreme precipitation events. The accelerating global trends of climate change and urban development amplify
risks and expose vulnerabilities in urban infrastructure. The combined pressures lead to increased frequency and severity
of extreme events and resulting urban pluvial flooding (Kundzewicz et al. 2017; Almazroui et al. 2021; Hosseinzadehtalaei

et al. 2021).
Studies have shown increased overloading of sewer networks and surface flooding linked to more frequent extreme precipi-

tation events (Wartalska et al. 2025). Former studies indicated that urban flood volume in the case study Hohhot, northern

China, is projected to increase by 52% over 2020–2040 compared to the volume in 1971–2000 under the RCP8.5 scenario
(Zhou et al. 2018). Nie et al. (2009) even mention that water volume from flooded manholes will increase 2–4 times the
increase in precipitation in Veumdalen catchment in Fredrikstad, Norway. Long-term evaluation of precipitation records

in Austria has shown that hourly heavy rainfall events have increased by approximately 15% over the last four decades
(Haslinger et al. 2025), while average precipitation events exhibit strong seasonal and regional variability (APCC 2025). In
parallel, urbanization expands impervious surfaces and leads to increased impervious areas, thereby shifting the urban
water balance toward runoff-dominated regimes as infiltration is reduced, thereby increasing total stormwater volumes

(Kim et al. 2025). The combined effects of urbanization and climate change pose a pressing challenge (Miller & Hutchins
2017). These pressures overwhelm drainage capacity and cause pluvial flooding (Kleidorfer et al. 2009, 2014). Strategic
spatial planning plays a critical role in mitigating these impacts (Mikovits et al. 2017).

In response, cities are shifting from conventional grey infrastructure to blue-green infrastructure (BGI) that integrates eco-
logical processes into urban design (de Rijke et al. 2025). Traditional networks prioritize rapid conveyance out of the city
(Kim et al. 2016), but capacity expansion is costly, especially in dense urban areas, and can displace hydraulic load down-

stream (Arnbjerg-Nielsen et al. 2013). Therefore, decentralized BGI, such as green roofs, permeable pavements,
bioretention cells, and vegetated swales, offers a sustainable, resilient and multifunctional alternative (Ariyarathna et al.
2023). By promoting infiltration, evapotranspiration, and temporary storage near the source, BGI reduces peak flows and

volumes while delivering co-benefits for water and air quality, heat mitigation, biodiversity, and public health (Ariyarathna
et al. 2023). A key hydrological strategy is the decoupling of impervious areas, routing runoff to adjacent pervious zones
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or engineered BGI facilities for infiltration, treatment, or storage (Wang et al. 2019). The effectiveness of this decoupling

approach has been proven by several studies, showing that implementing decoupling strategies is effective (Khadka et al.
2020; Sagar Kumar & Umamahesh 2025) and can reduce peak runoff by up to 12% in modelling and field surveys
(Hwang et al. 2017).

Modelling tools are essential for analyzing the behavior of urban drainage systems and mitigation strategies. The Storm
Water Management Model (SWMM) is widely used for rainfall-runoff processes and sewer hydraulics (Rossman 2015),
but it cannot represent the spatial distribution of surface flooding (Abdelrahman et al. 2018). To simulate water depth and
flood extent of surcharge volume on the surface, 2D models are required. Two-dimensional solvers of the shallow water

equations provide detailed depths and extents but are computationally intensive for city-scale and multi-scenario studies. Cel-
lular automata (CA) approaches offer a computationally efficient alternative by discretizing surfaces and routing water
between neighboring cells based on elevation-driven transition rules (Ghimire et al. 2003). The parallelization of CA further

enhances the simulation speed, providing the possibility for multiple simulation runs. Coupling SWMM with a CA-based sur-
face model enables the representation of sewer-surface interaction at practical runtimes: runoff is generated in SWMM
subcatchments, and surcharge can exit at nodes to the surface, also surface flows can re-enter the system through inlets

when capacity is available. In this work, Dynamic CA-ffé (Gholami Korzani et al. 2026) is used as an addition to the
SWMM model to simulate surcharge redistribution on the surface at high resolution with fast computation. This coupled,
computationally efficient 1D/2D framework allows for testing multiple return periods and time horizons (past, near

future, far future) and to compare mitigation strategies efficiently at city-scale.
For cities such as Innsbruck, characterized by a pronounced climate change signal, ongoing urban densification within con-

strained topography, and a combined sewer system, a detailed, site-specific analysis of sewer and surface flooding impacts is
essential (Mikovits et al. 2017; Rosenzweig et al. 2018). The study aims to evaluate how climate change affects Innsbruck’s
sewer-system performance, such as surcharge volume and number of flooded nodes, as well as the resulting surface-flooding
consequences across multiple time horizons (past, near future, far future), and to what extent BGI strategies can mitigate
these consequences. Despite substantial work on climate and urbanization impacts, BGI benefits, and existing modelling

tools, a clear gap remains: city-scale assessments using advanced approaches and explicit tests of whether the projected cli-
mate signal and system response differ between 1D sewer models and coupled 1D/2D representations of surface flooding.
The novelty of the work lies in utilizing a fast, city-scale surface flood analysis that enables high-resolution mapping and

expansive scenario exploration, thereby supporting strategic adaptation planning by a systematic comparison of climate
change impacts and effectiveness of decoupling strategies in 1D (SWMM) versus coupled 1D/2D (Dynamic CA-ffé) represen-
tations. Thereby, the key advantage of Dynamic CA-ffé is the ability to give insights on flood extent and spatial patterns which
cannot be derived from the 1D SWMM alone.

1.1. Case study

The city of Innsbruck in Austria serves as a case study for this study. As an alpine city in the European Alps, Innsbruck is

facing amplified climate change combined with a growing city center. Therefore, Innsbruck is a case study that faces chal-
lenges similar to those faced by many other alpine cities worldwide. The European Alps are recognized as a hotspot for
climate change as they respond more rapidly and intensely to global warming than lower-lying areas (Fuchs et al. 2025).
Auer et al. (2007) showed that the average temperature in Austria has risen by approximately 2 °C since 1880, roughly
double the global average. Climate projections for the Austrian Alps indicate a further intensification of this trend with a sig-
nificant seasonal shift in precipitation (Laghari et al. 2012). Furthermore, they predict an increase in frequency and intensity

of extreme precipitation events across all seasons (Gobiet et al. 2014). A 1 °C increase in temperature is projected to raise the
precipitation intensity of short-term events by about 10% (APCC 2025), which is especially critical for the drainage network
and pluvial flooding.

The urban form of the city is mainly shaped by the location in a narrow alpine valley and the river Inn. The inner city is

already densely populated, and the city experiences a continuous pressure for urban growth and development as it is a major
local economic and cultural center. This ongoing development leads to an increase in impervious area, which affects the
stormwater runoff entering the drainage network. However, the city government also encourages a decoupling strategy,

meaning that residents need to treat stormwater on site using decentralized systems, i.e., infiltrating on their own property.
Based on the Austrian guideline (ÖWAV-RB45 2015), new properties, with a few exceptions, are not allowed to discharge
stormwater to the public drainage network. This approach has already enabled several hectares of impervious area to be
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disconnected from the sewer network, thereby making the system more sustainable. However, even if decoupling strategies

using BGI are beneficial for mitigating sewer surcharge and surface flooding, they may increase groundwater recharge (Wu &
Willems 2025), potentially causing basement seepage and embankment instability.

The urban drainage network in Innsbruck is mostly a combined sewer system. A combined sewer system is especially sen-

sible during intense precipitation, as stormwater and wastewater are transported in a single pipe. The network of Innsbruck
consists of approximately 258 km of pipe length and leads to the wastewater treatment plant (WWTP) in the eastern part of
the city (IKB 2024).

The case study area covers approximately 51.33 km2 and is divided into 173 districts (Figure 1).

2. METHODS

The coupled 1D/2D model Dynamic CA-ffé was used to evaluate different scenarios. The study focuses on assessing climate
change impacts and the effects of mitigation strategies on pluvial flooding. Additionally, district-level decoupling scenarios

were examined to identify the most vulnerable areas and those where mitigation would be most effective.

2.1. Climate change scenarios

Climate simulations were analyzed for three 30-year periods: 1971–2000 (past), 2031–2060 (near future), and 2071–2100 (far

future). We used a convection-permitting simulation (CPS; COSMO-CLM) driven by the CMIP5 global model MIROC5
under the high-emission scenario RCP8.5 (Rybka et al. 2022). This dataset was selected because it provides hourly output
at about 3 km resolution and continuous 30-year slices to support the analysis of short-duration precipitation extremes in

complex Alpine terrain.
At the time this study was conducted, the simulations were available only under RCP8.5. This pathway was used as a stress-

test of future pluvial flood hazard. Other emissions pathways could lead to different changes in precipitation extremes. This
scenario dependence is not quantified here due to a lack of equivalent convection-permitting model output with comparable

temporal coverage.
Model output was bias-corrected using observations from Innsbruck Airport (2000–2019) as the local reference. The bias-

correction parameters were set up using the HoKliSim-De evaluation run, an ERA5-driven CPS simulation for the same

period, and then applied consistently to the GCM-driven CPS time slices. Daily minimum and maximum temperatures
were corrected using Quantile Delta Mapping (QDM) to align the simulated and observed distributions while preserving
simulated changes across quantiles (Cannon et al. 2015). Hourly precipitation was corrected using a temperature-conditioned

Figure 1 | Case study Innsbruck, including the drainage network, the wastewater treatment plant, the districts, and the digital terrain model.
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quantile mapping approach to adjust intensity distributions while maintaining a physically consistent relationship between

temperature and extreme rainfall. The temperature dependence of extreme hourly precipitation (99.9th percentile) before
and after correction to check the physical consistency of extremes was also evaluated. Further diagnostic plots for the bias
correction (temperature scatter plots, precipitation distribution checks, annual totals, and the temperature scaling of extreme

precipitation) are provided in the Supplementary material, which accompanies this manuscript. The bias-corrected tempera-
ture indicates a mean end-of-century warming of 4.39 °C in Innsbruck (relative to 1971–2000) under RCP8.5, with a 5–95%
interannual range of 2.93–6.66 °C based on annual means. This magnitude is consistent with the Second Austrian Assessment
Report on Climate Change (AAR2), which reports Austria-wide late-century warming of around 4.9 °C under the highest

warming level and highlights systematically stronger warming in western Austria and the Alpine region (APCC 2025). The
spread reported in AAR2, particularly for summer temperature changes in the western region, reaches values of up to
about 8 °C, indicating substantial interannual variability around the mean signal.

Precipitation changes were evaluated in terms of extremes rather than means. Annual maxima were extracted from the
hourly bias-corrected precipitation for durations from 1 to 24 h and fitted with a Gumbel distribution using maximum like-
lihood estimation. Return levels were estimated for return periods of 1, 2, 3, 5, 10, 20, 25, 30, 50, 75, and 100 years. For each

duration and return period, climate-change factors were calculated as the ratio of future to historical return levels. These fac-
tors were then used to scale the regional intensity–duration–frequency (IDF) curves from the Austrian hydrological portal
(https://ehyd.gv.at/), ensuring consistency with national design standards, to generate future IDF relationships and to con-

struct Euler Type II design-storm hyetographs for the hydraulic simulations. The Euler II design storm can be used for
hydrodynamic modelling and stormwater drainage (Wartalska et al. 2020) and is recommended by the Austrian guideline
(ÖWAV-RB 11 2009). Design storms are also advantageous for comparing the impact of climate-change signals across differ-
ent return periods, as their temporal structure remains constant. In contrast, using observed rainfall events can complicate

interpretation, since differences in event structure may introduce hidden effects. However, as design storms are based on stan-
dardized hyetograph shapes, they represent a simplified description of real rainfall events, and the choice of the design storm
and the rainfall duration has a significant impact on the flood modelling results (Krvavica & Rubinic ́ 2020). Critical pluvial
floods are often associated with short, high-intensity bursts that should be captured by high-resolution rainfall data. In con-
trast, continuous 30-year simulations are computationally prohibitive at the city scale, especially with coupled 1D/2D
approaches.

This study used one convection-permitting model chain and one emissions pathway (RCP8.5). The derived change factors
are therefore conditional on this specific modelling chain and should be interpreted as a high-end stress test of drainage per-
formance rather than as a probabilistic prediction of future change. We did not quantify sensitivity to other GCMs, CPS
configurations, or alternative pathways (including CMIP6/SSP). In addition, while the change factors are derived from con-

vection-permitting simulations, the hydraulic model is forced with IDF-scaled design storms. These represent duration and
frequency statistics, but they do not represent event-to-event storm footprints, storm-cell placement, or sub-city spatial varia-
bility in rainfall.

2.2. Modelling approach

To analyze the effects of climate change and a decrease in impervious areas the Dynamic CA-ffé model was used. Dynamic

Ca-ffé was originally developed by Jamali et al. (2019) and further developed by Gholami Korzani et al. (2026). Hauser et al.
(2025) adapted the framework for bigger and alpine case studies by implementing the use of multiple rainfall data, land sur-
face classification-based runoff coefficients, and the integration of buildings. The model combines a one-dimensional (1D)

hydrodynamic sewer network model with a surface model based on cellular automata (CA). The 1D hydrodynamic model
is a SWMM (Rossman 2015), which is used to simulate runoff and overflow behaviour in sewer networks. It is detailed
and therefore more computationally intensive, but this allows for an also detailed analysis of individual sections or nodes.
The simulation can be event-based or based on design rainfall. The 1D hydrodynamic model of Innsbruck includes more

than 137,000 subcatchments, 6,400 nodes and 6,800 conduits and has been calibrated and validated by Herzog (2024)
using water level and discharge measurements.

The CA surface model is based on a digital terrain model that includes buildings and runoff coefficients with a resolution of

1� 1 m and elevations ranging from 560 up to 1,688 m.a.s.l. The software combines the 1D SWMMmodel with the CA-based
surface model and thereby allows the water to flow on the surface, enter the sewer network, escape the network, and also to
re-enter the system if sufficient capacity is available. It allows for different approaches to precipitation input, depending on
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whether the rain is applied to the 1D SWMM model or as rain on grid in the CA surface model. In the approach used in this

study, the rainfall is applied to the SWMM subcatchments, and the runoff simulation of SWMM is used to generate runoff that
discharges to defined outlets such as sewer network nodes. When surcharge occurs, the volumes escaping the sewer system at
specific nodes, as computed by SWMM, are transferred to the surface domain and redistributed using CA transition rules, as

explained by Gholami Korzani et al. (2026). The CA model replaces the conventional surface runoff routing by explicitly
simulating overland flow and flood inundation on a two-dimensional grid. The interaction between the sewer network and
the surface is implemented through a soft, interval-based coupling, allowing water to leave the sewer system during surcharge
conditions and to re-enter the network via inlets as surface water accumulates. The Dynamic CA-ffé model concept was vali-

dated by Gholami Korzani et al. (2026) for two Australian case studies by comparing the model results with 1D/2D
hydrodynamic modelling results of another software. As validation of city-scale 2D models is a general issue, as there are
hardly any measurements on the surface available, unfortunately, for the Innsbruck model, only simplified validation

based on fire brigade operations was possible, as there is no existing city-scale 2D model for comparison and no measurement
data of surface flooding available. As the flood volume originates from the sewer network, the main areas of interest are
Innsbruck’s flatter, urbanized valley floors. The results of the simulation focus on the flood areas on the surface, as well as

the sewer network simulation, primarily in the urbanized areas of the case study.
The Dynamic CA-ffé model of the city of Innsbruck was used to analyze different scenarios. Based on the results of the 1D

hydrodynamic simulation, the behavior of the network of the Innsbruck case study network was analyzed in terms of sewer

surcharge volume and the number of surcharging nodes. The coupled 1D/2D model was then used to analyze how the sur-
charged volume propagates to surface flooding.

2.3. Scenarios of mitigation strategies

These scenarios examine the impact of mitigation strategies on the urban drainage system. Decentralized blue–green infra-
structures (BGI), such as green roofs, permeable pavements, bioretention cells, and vegetated swales, promote infiltration,
evapotranspiration, and local storage, thereby reducing runoff peaks and volumes while delivering co-benefits for water

and air quality, heat mitigation, biodiversity, and public health (Ariyarathna et al. 2023). A key strategy is the disconnection
of impervious areas, routing runoff to pervious surfaces or engineered BGI systems for infiltration, treatment, and storage
(Wang et al. 2019).

To analyze these effects, a simplified approach was used to model the implementation of BGI and decentralized systems,
whereby the impervious roof and street areas connected to the drainage system were reduced. Meaning that, all connected
impervious street and roof areas in the SWMMmodel of the entire city of Innsbruck were reduced by rates of 10, 20 and 30%.
This range was selected to demonstrate the impact of mitigation strategies at different levels of implementation. In consul-

tation with the sewer network operator and based on previous investigations (Herzog 2024) of the connected areas, a
decoupling rate of 10–30% can be considered realistic. This method provides a rough estimation of the general effects of sur-
face decoupling strategies. This simplified method does not account for infiltration capacity and depression storage of BGI,

which would potentially also impact the flood situation. In reality, certain areas are more sealed than others, and the potential
for decoupling strategies varies based on settlement structure. In Innsbruck, for instance, the inner city is very densely popu-
lated and has a high proportion of sealed areas, whereas the surrounding areas are less densely populated and are also used

for agriculture. Therefore, the analysis of decoupling strategies was also applied at the district level. Specifically, impervious
street and roof areas within each district were reduced by up to 30%, and the resulting impacts on the citywide flooding situ-
ation were evaluated. This means that the uniform 30% reduction was first applied across the entire Innsbruck case study

area, and then implemented individually in each of the 173 districts, meaning that decoupling strategies were applied for
only one district per simulation run. This allows the identification of those districts where decoupling measures provide
the greatest overall benefit at the city scale.

2.4. Evaluation methods

The results of the climate change analysis are presented as climate change factors, which are then multiplied by the design
rainfall events. These events are then used as input data for the model, which analyzes the impact of climate change on the

drainage network and surface flooding by evaluating changes in surcharge volume, the number of surcharging nodes (.10 m3

surcharge), and the flooded area (.10 cm water depth). The threshold of 10 cm water depth refers to the maximum water
depth and was set based on the Municipal agency NRW (2016) to account for flooding that could potentially endanger
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buildings and people. To analyze the effects of mitigation strategies, a simplified approach involving a reduction in connected

impervious area is used to demonstrate the impact on pluvial flooding. The results focus on reductions in terms of surcharge
and flooding. Surcharge-related indicators, including surcharge volume and the number of surcharging nodes, are obtained
from the SWMM model, whereas flooded areas and their spatial distribution are derived from Dynamic CA-ffé. Additionally,

a district-based analysis evaluates districts in which decoupling measures are highly effective.

3. RESULTS AND DISCUSSION

3.1. Climate change projections

The convection-permitting simulations show a clear intensification of precipitation extremes over Innsbruck throughout the
twenty-first century. The changes are consistent across all durations and return periods, but their magnitudes vary with event

scale and rarity. For short-duration rainfall, the strongest relative increases are found for frequent events. Tables 1 and 2,
respectively, present the climate change factors for the near and far future across durations and return periods. Over the
1-hour period, climate change factors reach 1.51 in the near future (2031–2060) and 1.54 in the far future (2071–2100) for

the 1-year return period, corresponding to roughly a 50% increase relative to the historical baseline (1971–2000). The factors
gradually decrease with rarity, reaching 1.26 and 1.16 for the 100-year return period. This pattern means that moderate but
frequent convective rainfall becomes much more intense, while the rarest events still increase but less steeply in relative

terms. For longer durations, the pattern changes. The 6-hour events show nearly constant near-future factors around 1.18,
but far-future factors rise from 1.32 for short return periods to 1.43 for 100-year events. A similar signal is found for the
12-hour duration, increasing from roughly 1.30 to 1.40 in the far future, and for the 24-hour totals, which increase from
1.12–1.30 in the near future to 1.29–1.36 in the far future. This behavior indicates that frequent, short convective events

are expected to intensify early in the century, while rarer, longer-lasting extremes strengthen later. Overall, the projected
changes form an upward shift of the intensity-duration-frequency surface, implying stronger rainfall across scales.

The higher fractional increase for short, frequent events is consistent with the thermodynamic response of convective pre-

cipitation to warming. Warmer air holds more moisture, and convective updrafts can convert that moisture into precipitation
at rates exceeding the 7% K�1 Clausius–Clapeyron scaling when latent heat release accelerates vertical motion. Observational
and modelling evidence for such ‘super-CC’ behavior has been reported for hourly rainfall over Europe (Ban et al. 2015;
Lenderink et al. 2021). In contrast, the most extreme or long-duration events are increasingly controlled by large-scale
dynamics and moisture transport, which limit their relative intensification even as their absolute magnitude grows (Pfahl
et al. 2017; Dallan et al. 2024).

Table 1 | Climate change factors under RCP8.5 for the near future period (2031–2060) by duration and return period
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The Innsbruck projections are in line with other Alpine studies based on kilometre-scale models. Ban et al. (2015) and
Rybka et al. (2022) found that sub-daily extremes intensify more than daily totals despite little change in seasonal rainfall.
Estermann et al. (2025) showed that kilometer-scale ensembles capture stronger elevation-dependent increases, particularly

for short convective events. These projected increases are consistent with observations: Haslinger et al. (2025) reported a 15%
increase in hourly heavy rainfall intensity across Austria over the last four decades.

To place the selected CPS dataset in a broader context, five additional convection-permitting simulations available from

CORDEX-FPSCONV (10-year slices) (Supplementary material) were also compared. Across this small ensemble, warming
is consistent, and the selected CPS lies within the ensemble spread for temperature change and upper precipitation quantiles,
indicating it is not an outlier. This does not eliminate uncertainty in the magnitude of the derived change factors, but it sup-

ports using this CPS chain as a representative high-resolution case for Innsbruck.
The results presented here show that Innsbruck, like much of the Alpine region, is likely to face a future climate charac-

terized by stronger and more concentrated rainfall. Frequent short events will become more intense first, while long-
duration extremes will strengthen later in the century. Even if total rainfall does not increase substantially, more precipitation

will fall in shorter bursts, increasing runoff potential and elevating flood risk in the city’s dense and steep terrain.
The resulting climate change factors were used to construct the Euler Type II design storms (Figure 2) that force the hydrau-

lic simulations.

3.2. Climate change impacts

Analyzing the impact of climate change projections on the urban drainage network and flood situation reveals an obvious
upward trend in the risk of flooding in future periods. The number of surcharging nodes (.10 m3 surcharge) and the sur-
charge volume increase in the near and far future, especially for higher return periods. The absolute increase from the

past to the future is greater for higher return periods. For example, the n¼ 50 event increases by 4,516 m3 in the near
future and by a further 469 m3 in the far future. In contrast, smaller return periods show a smaller absolute difference between
the past and future periods. For n¼ 5, surcharge volume increases by 1,782 m3 in the near future and by a further 1,001 m3 in
the far future. However, the relative increase, expressed as a percentage, for smaller events (n¼ 5) increases by 47% in the

near future and 73% in the far future (compared to the past period), whereas higher events (n¼ 50) increase by only 41%
in the near future and 45% in the far future. In general, higher return periods show a greater absolute difference between
the past and near future, but only minor changes between the near and far future compared to smaller return periods.

This means that extreme events lead to an even greater absolute increase in surcharge in the future.
A similar pattern is found for surface flooding (Figure 3). The flooded area (water depth .10 cm) increases further in the

future and with higher return periods. Notably, higher return periods show a greater absolute increase from past to future

Table 2 | Climate change factors under RCP8.5 for the far future period (2071–2100) by duration and return period
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periods, but a smaller increase between the two future periods. Smaller events (n¼ 5) increase by 51% in the near future and
75% in the far future (compared to the past period), and higher events (n¼ 50) by 31% in the near future and 34% in the far

future. Although there is a logical connection between the two models, as the surcharge volume is spread by this modelling
approach, the flooded area also depends on the elevation model. This means that the impacts of climate change cannot be
transferred exactly from a change in sewer surcharge to a change in flooded area.

When analyzing the top 10 surcharging nodes (Figure 4), the top 10 nodes were very similar, but not the same, for all return

periods and for all three time periods. Starting from return period n¼ 2, the node with the highest surcharge volume is RV02
(long name: MU03010_RV02). This node is located in the middle of the sewer network and serves as a starting point with a
relatively shallow shaft. A map showing the location of the top flooded nodes is provided in the Supplementary material. Only

in the return period n¼ 1, there is no flooding for this node in the past period and the near future. Generally, only a few new
nodes are additionally flooded, and most nodes that are flooded in the past period are also flooded in future periods, with an
increase in surcharge volume per node. This means that nodes which are problematic in the past are even more problematic

Figure 3 | Flooded area in the past period, near and far future for return periods 1, 2, 5, 10, 30, 50, 75, 100, each with a duration of 180 min.

Figure 2 | Euler-II-Design-rainfall events for the past period, the near and the far future at different return periods.
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in future periods. Conversely, certain nodes only surcharge in one period, not the other two. This means that changes in pre-

cipitation intensity do not affect the drainage network uniformly. Instead, they can alter the internal load distribution, causing
surcharging to shift from previously critical nodes to other parts of the system. As a result, some nodes are relieved while new
flooded nodes emerge. This non-linear and spatially heterogeneous response demonstrates that the impacts of increasing rain-

fall intensity cannot be inferred from local precipitation observations alone, but require detailed hydraulic modelling to
identify where stresses will occur under changing conditions. Consequently, different rainfall temporal structures could
modify local flooding patterns, although the identified hotspots and relative sensitivities are primarily controlled by network

hydraulics and surface topography.
To analyze the changes in the flooded area, it was also necessary to identify whether hotspots change in future periods.

Figure 5 shows the change in flooded area between the past period and the near future, and between the near future and
the far future. Analyzing the change in flooded area (water depth .10 cm) between different time periods reveals that,

between the past period and the near future, 39.0 hectares are flooded in the past period and are also flooded in the near
future. A further 12.8 hectares are additionally flooded in the near future, while 0.47 hectares flooded in the past period
are not flooded due to the characteristics of the drainage network and the elevation model. A similar situation appears

when analyzing the change between the near and far future: 50.4 hectares are flooded in the near and far future, 2.6 hectares
are additionally flooded in the far future, and 1.5 hectares flooded in the near future are not flooded in the far future. This
indicates that 75% of the flooded area in the near future is also flooded in the past period, and 95% of the flooded area in

Figure 4 | Comparison of the top 10 surcharging nodes for return periods n¼ 1, 2, 5, 10, 30, 50, 75, 100 and 180 minutes duration for the
past period, near, and far future.
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the far future is also flooded in the near future. Additionally, the flooded area increases by 31% from the past period to the
near future, and by a further 2% from the near future to the far future. This indicates that the flooded area generally increases
in the future, but cells that are flooded in previous periods tend to remain flooded in the future periods as well. This means
that most hotspots will remain, but intensify in the future.

Visualization of flooded areas (.10 cm) in the past and future periods highlights that locations flooded in the past period
tend to be more at risk in the future. However, the results for the flooded area depend heavily on the chosen threshold of
10 cm and the elevation model, as most of the flooded area has a water depth less than 25 cm. If water accumulates in

depressions of the terrain model, there will be almost no change in the flooded area, even if there is more surcharging
from the node. Conversely, if the terrain is very flat, even small increases in surcharge volume can have a significant
impact on the flooded area. Figure 6 shows the flooded area (water depth .10 cm, n¼ 50) for the past period in pink and

the far future in green underneath. Additionally, the increase (yellow) and decrease (red) in the area of flooding hotspots
are highlighted by circles. The larger the circle, the greater the increase or decrease in flooded area from the corresponding
hotspot (connected flooded cells in this area). Once again, it transpires that most hotspots that were flooded in the past period

will also be flooded in the future, but to a greater extent.
A comparison of the two target values shows increased surcharge volume (derived from SWMM) and flooded area (derived

from Dynamic CA-ffé) compared to the 1971–2000 reference period. Figure 7 compares the three target values for return
periods of five and 50 years. For moderate events (a return period of five years, n¼ 5), the target values show an increase

of 35% in number of flooded nodes, 47% in surcharge volume and 51% in flooded area for the period 2031–2060, and
81% in number of flooded nodes, 73% in surcharge volume and 74% in flooded area for the period 2071–2100. By contrast,
the increase for extreme events (return period of 50 years, n¼ 50) is lower, at 37% in number of flooded nodes, 41% for sur-

charge volume and 31% for flooded area for the period 2031–2060, and 40% in number of flooded nodes, 45% for surcharge
volume and 34% for flooded area for the period 2071–2100. This means that moderate events are projected to intensify the
target values more strongly than extreme events. Nevertheless, all events will lead to a significant rise in surcharge and flood-

ing by the end of the century. The small differences between the three values indicate a strong relationship between surcharge
and flooding behaviour.

3.3. Mitigation strategy scenarios

The representation of mitigation strategies through a reduction in impervious area is a simplified approach to analyzing the
effect of BGI and decentralized systems. Figure 8 illustrates the impact of changes in impervious surface area on surcharge
volume and the number of nodes experiencing surcharging (.10 m3 surcharge) based on moderate (return period five years)

Figure 5 | Change in flooded area (in km2, water depth .10 cm) between the past period and the near future, and the near and far future.
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and extreme (return period 50 years) design events. Reducing impervious area by 10, 20, or 30% reduces both surcharge
volume and the number of flooded nodes. This finding aligns with previous studies that demonstrated the effectiveness of

BGI and mitigation strategies to reduce pluvial water discharge (Hussain et al. 2021; El Baida et al. 2025) and with the experi-
ence of the sewer operator who reported positive effects based on the decoupling strategies in the past years. The greater the
reduction percentage, the greater the decrease in both target values. A 30% decrease lowers the surcharge volume by approxi-

mately 40–46% (n¼ 5) and 33 to 36% (n¼ 50) compared to the baseline. Similarly, a 30% reduction lowers the number of
surcharging nodes by 28 to 33% (n¼ 5) and 19–24% (n¼ 50). This means that surface decoupling strategies are relatively
more effective for moderate events (n¼ 5) than for extreme events (n¼ 50). However, the increase for future periods is

Figure 7 | Surcharge volume and flooded area for the near and far future in comparison to the reference period 1971–2000 (return periods
five and 50 years, 180 min).

Figure 6 | Visualization of flooded area (n¼ 50) for the past period (pink) and far future (green), highlighting increase (yellow) and decrease
(red) of flooded area in size-indicating circles.

Water Science & Technology Vol 00 No 0, 12

Downloaded from http://iwaponline.com/wst/article-pdf/doi/10.2166/wst.2026.237/1611370/wst2026237.pdf
by guest
on 12 March 2026



still notable, proving that climate change will intensify surcharging and flooding, and will partly offset the effects of surface
decoupling measures.

A similar situation occurs when analyzing the flooded area. The flooded area decreases as impervious area decreases. This

is consistent with Moon et al. (2024), who demonstrated a reduction in flooded area and flood volume by integrating mitiga-
tion strategies. A 30% reduction in the connected impervious area leads to a 31.3% (n¼ 5) and 16.1% (n¼ 50) total reduction
in flood area in the period 1971–2000, a 27.8% (n¼ 5) and 12.9% (n¼ 50) reduction in the period 2031–2060, and a 23.5%

(n¼ 5) and 13.9% (n¼ 50) reduction in the period 2071–2100. Analyzing across return periods shows that decoupling strat-
egies reduce total flooded area more effectively for moderate events than for extreme events. This result is in line with many
previous studies, such as Liu et al. (2014), Eckart et al. (2017), Huang et al. (2020) and Mugume et al. (2024). This will

become even more important in the future, as the number of extreme pluvial flood events is set to increase (Kundzewicz
et al. 2017; Almazroui et al. 2021; Hosseinzadehtalaei et al. 2021).

Figure 9 compares the reduction in all three target values for a 30% decrease in impervious area for moderate (n¼ 5) and
extreme (n¼ 50) events. This comparison also allows one to identify differences between the 1D SWMM model and the

coupled Dynamic CA-ffé model. The figure shows that decoupling has a similar impact on flooded area (derived from
Dynamic CA-ffé), surcharge volume, and the number of surcharging nodes (both derived from SWMM). However, for
extreme events (n¼ 50), the reduction in flooded area is smaller than the reduction in the other two indicators. This indicates

that decoupling 30% of the impervious area leads to fewer surcharging nodes and surcharge volume, but especially in extreme
events, flooding hotspots mainly remain, with decreased water depth, resulting in less overall reduction in flooded area. The
impact on all target values is smaller for extreme events (n¼ 50) than for moderate events (n¼ 5). This indicates that decou-

pling strategies are most effective at reducing surcharge during moderate events. It should be noted that BGI eventually fails
to infiltrate or store stormwater any further, leading to increased runoff. This effect is not explicitly represented in this study
and would likely reduce the effectiveness of decoupling strategies, especially during extreme events.

Figure 8 | Impact of 10, 20, and 30% decrease of impervious area on surcharge volume and number of flooded nodes for return periods of
five and 50 years (duration 180 min) for the past period, the near and far future.
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Overall, a 30% reduction in impervious area during moderate events (n¼ 5) results in a flooded area of 124,293 m2 in the
near future and 152,110 m2 in the far future. For comparison, the original flooded area without any mitigation strategies is

144,544 m2, which is smaller than the far future scenario even when surface decoupling measures are applied. In extreme
events (n¼ 50), implementing the 30% impervious area reduction leads to a flooded area of 384,143 m2 in the near future
and 393,983 m2 in the far future. The original flooded area in this case is 394,893 m2, which is higher than the future scenarios

with mitigation. These results indicate that, with a 30% reduction in impervious area, the effects of climate change can be
partially compensated, as for extreme events (n¼ 50), both future decoupling scenarios result in less flooded area, and for
moderate events (n¼ 5), at least the near future decoupling scenario results in reduced flooded areas. This is also in line

with former studies that revealed that nature-based solutions (NbS) can develop the adaptive capacity to offset some climate
change impacts (Huang et al. 2020).

3.3.1. District analysis

To identify the districts that are most responsive to mitigation strategies, a 30% reduction in impervious area was applied to
each district individually. Accordingly, 30% of impervious areas were decoupled in each of the 173 districts. This results in

different absolute values for each district, as impervious areas vary between districts. In Innsbruck, for example, District 41
(in dark green, Figure 10) has the largest decoupled area because it has the greatest amount of impervious area. In general,
inner-city districts are more sealed and therefore have more impervious areas. The surrounding districts have smaller imper-

vious areas but are generally larger.
The quantitative and spatial effects of each reduction on the citywide flood situation were analyzed. Figure 10 shows the

spatial variability of the hydraulic response to a 30% reduction in impervious surfaces across all districts. The analysis

revealed significant differences between the various districts. There is significant heterogeneity across the entire city. Some
districts in the west (e.g., 361) and the inner city districts experience high reduction rates, whereas districts in the south
and east experience lower rates. The reduction in surcharge volume, normalized by the decoupled area per district, ranges
from less than 50 m3/ha to more than 350 m3/ha. However, comparison with decoupled area reveals no direct correlation

between area reduction and surcharge reduction per hectare. Districts with a high amount of decoupled area do not necess-
arily experience a high reduction in flooded area. This indicates that the effectiveness of decoupling strategies depends not
only on the amount of decoupled area, but also on drainage system characteristics and district location. Districts with a

high hydraulic load or lower system capacity tend to experience greater effects from such mitigation strategies than districts
with lower surcharge risk or higher system capacity. Central districts also exhibit significant variations due to complex net-
work interconnections and diverse connection conditions. This indicates that the effectiveness of surface decoupling

Figure 9 | Reduction (%) of the number of surcharging nodes, surcharge volume, and flooded area at 30% decrease in area for return periods
five and 50 years (duration 180 min) for the past period, near, and far future.
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measures depends on network characteristics such as topography and sewer capacity, meaning that the impact on the sur-
charge behavior across the city is not trivial and depends on the location of the district and the drainage network.
Furthermore, decoupling in one district may also affect neighboring and especially downstream districts. Therefore, while

the overall effect of 30% decoupling is positive, its impact is not uniformly distributed. This suggests that implementing
such mitigation strategies in certain districts could be more beneficial, leading to greater improvement in the overall surcharge
and flood situation than a uniform application would achieve. It has to be considered that the real potential of maximum

decoupled area is different in each district and depends also on various factors such as topography or available space, as
inner-city districts are already very sealed, whereas outer districts are more rural and provide much more pervious areas,
not connected to the drainage network and therefore not apparent in the model analysis.

Figure 10 demonstrates high spatial variability across the city. Therefore, it is essential to prioritize districts with the highest

reduction rates per decoupled area. A homogeneous decoupling strategy does not necessarily result in the best hydraulic
improvement, as the reduction depends on the characteristics of the network and the digital terrain model. Liang et al.
(2020) also mentioned that the efficiency of Low Impact Development (LID) controls can be improved by changing the

spatial distribution of the LID controls to reduce the connected impervious area, and Ferreira et al. (2022) reported that
NBS performance in flood protection is strongly linked to spatial allocations.

4. CONCLUSIONS

This study shows that climate change is expected to substantially intensify short- and long-duration precipitation extremes in
Innsbruck. The strongest increases occur for short, frequent events, while rare, long-lasting extremes continue to strengthen
toward the end of the century. As a result, future rainfall is projected to become more temporally concentrated and more

Figure 10 | Decoupled area per district with 30% decrease in impervious area, and a spatial graph and a bar plot of the reduction in sur-
charge volume per ha at 30% decoupling per district compared to decoupled area (m2). Figures including district label numbering are
provided in the Supplementary material.
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effective at generating runoff, even if total precipitation changes only slightly. These projected shifts in rainfall characteristics

provide the physical basis for the higher hydraulic loads found in the drainage simulations.
The hydrodynamic analysis revealed an obvious upward trend for the near and far future. All three target values (surcharge

volume, number of surcharging nodes (.10 m3 surcharge), and flooded area (.10 cm water depth)) showed a clear increase,

indicating additional pressure on the drainage network. Surcharge volume and flooded area increased by more than 31%
under future conditions in the analyzed scenarios. The spatial distribution of flooded areas on the surface showed that
future hotspots mostly remain where they were in the past, and they tend to intensify. The flooded area and surcharge
volume increase, while nodes that are already critical tend to remain critical, but experience higher surcharge volumes. Ana-

lyzing the top surcharging nodes also supports this conclusion. These findings align with prior work reporting increased
sewer overloading and surface flooding under intensified short-duration rainfall (e.g., Haslinger et al. 2025; Wartalska
et al. 2025). The coupled 1D/2D framework extends this literature by providing fast, high-resolution, city-scale surface

flood mapping, enabling broad scenario exploration and revealing consequence patterns that a 1D-only perspective would
partially miss.

Decentralized BGI, especially impervious area disconnection, reduces all target metrics, with stronger percentage gains for

moderate events than for the most extreme ones due to infiltration and storage limits at high intensities, consistent with earlier
findings (e.g., Hwang et al. 2017; Khadka et al. 2020; Ariyarathna et al. 2023). This study neglects the fact that BGI fails to
further infiltrate or store stormwater at a certain point, which would lead to a less positive impact in extreme events. Never-

theless, a general decrease in all three target values was notable. Comparing the three different target values revealed that for
extreme events (n¼ 50), decoupling exerts greater influence on surcharge volume and the number of surcharging nodes than
on total flooded area. Nevertheless, reduced surcharge lowers water depths in inundated zones, yielding meaningful but com-
paratively smaller reductions in flooded extent. Notably, 30% decoupling counteracts climate-driven increases in the near-

future scenarios for both moderate (n¼ 5) and extreme (n¼ 50) events, echoing the direction of benefits reported in prior
urban case studies (Huang et al. 2020), while adding city-wide, high-resolution surface consequence mapping as a novel
element.

A key addition in this work is a district-level perspective to identify the most effective districts for decoupling strategies. The
effectiveness and implementability of impervious surface disconnection depend on available space, topography, soil/infiltra-
tion capacity, groundwater, and existing utilities. This analysis reveals significant heterogeneity, indicating that the

effectiveness of reducing surcharge volume per decoupled area depends heavily on the drainage network’s characteristics
and surface elevations. However, identification is highly specific to each case as it is based on the characteristics of the
local drainage network, such as topography, roughness, losses, and interconnections.

Overall, pressure on Innsbruck’s urban drainage networks will increase in future climate change scenarios, but mitigation

strategies such as BGI, which reduce connected impervious areas, can meaningfully mitigate consequences if deployed stra-
tegically. The combination of climate-adjusted design storms and a fast, coupled 1D/2D workflow enables robust, city-scale
exploration of futures and interventions, supports comparison with prior findings, and links consequence reductions to dis-

trict-level feasibility to guide practical adaptation planning, even if estimation of sewer system performance is based on
standardized design hyetographs.

Future work could therefore focus on complementing the present design-storm-based approach with simulations using real

rainfall events and selected event series out of climate change projections to further assess the robustness of the findings
under more realistic temporal rainfall structures.
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