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 A B S T R A C T

Design storms are widely used in hydraulic engineering to represent extreme precipitation and assess flood 
risk. Commonly used block-method design storms, such as Euler Type II, assign a single return period across all 
temporal scales of an event, neglecting dependencies in rainfall intensity across durations. This simplification 
may lead to unrealistic event representations. Here, we compare flood hazard from a traditional Euler Type 
II storm with storms generated using the multivariate REALISTIC framework, which accounts for joint return 
periods across durations. Using Zurich as a case study, we simulate 3-hour 100-year events and evaluate the 
resulting flood hazard with a hydrodynamic model. Results show that flood hazard is highly sensitive to the 
underlying intensity-duration profile. The block-method storm produces substantially higher flood depths and 
intensities than events whose profiles are consistent with observed joint return periods, which often result in 
limited flooding. These findings suggest that traditional design storms provide an incomplete estimation of 
flood hazard and highlight the need for multivariate approaches to support more robust risk assessments.
Main

1.1. Traditional block-method design storms: an oversimplified representa-
tion of extreme precipitation events?

The design of hydraulic structures requires representative precipi-
tation scenarios, so-called design storms, to estimate the likelihood of 
flood hazard and the risk associated with the structure’s failure. Design 
storms are usually described by a small set of event statistics, such 
as event duration and return period associated with total precipita-
tion volume. These statistics are usually fixed by national engineering 
guidelines. Design storms provide a simple yet attractive tool for risk 
assessment as they translate complex information into a single precip-
itation event. However, the return period assigned to a precipitation 
event depends on the aggregation duration (or window size) used to 
characterize it (Willems, 2000). A bivariate frequency analysis where a 
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single return period-duration pair is considered can therefore provide 
an incomplete assessment of the probability of occurrence of a flood 
event and an inappropriate estimation of the risk.

Block-methods are widely used to construct design storms. They 
adopt the return period of the total precipitation volume (i.e., the 
return period associated with the precipitation aggregating moving 
window size equal to the event’s duration) for all sizes of aggregating 
moving window within the event (e.g., Peleg et al., 2024). This method 
thereby ignores dependencies between precipitation intensity across 
different aggregating window sizes. Additionally, the return period 
of the complete rainfall profile does not directly follow from the 
return periods of its individual characteristics (Section 1.3). A related 
approach is used in the SCS/NRCS design storms, which prescribe a 
standardized 24-hour temporal pattern for a given precipitation volume 
(NRCS, 2021). Although the two approaches differ in how the temporal 
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T. Cache et al. Journal of Hydrology X 31 (2026) 100231 
rainfall profile is constructed, they share the underlying concept of con-
centrating rainfall volumes associated with a given return period within 
a single event. The main limitation of traditional design storms thus 
arises primarily from assumptions about intra-event joint probabilities, 
with additional effects from time series construction artifacts. Some 
studies have addressed this main shortcoming through multivariate 
analysis (Grimaldi and Serinaldi, 2006; Vandenberghe et al., 2010). 
More recently, Cache et al. (2025) have presented a stochastic design 
storm generator that accounts for the joint return period across multiple 
aggregating moving window sizes. While Cache et al. (2025) have 
studied the differences in precipitation properties, the hydraulic im-
plications of the novel multivariate design storms remain unexplored. 
Considering the complex non-linear response of runoff to precipitation, 
it is crucial to assess whether differences in the joint return period of 
these storms translate into differences in simulated runoff response and 
flood hazard.

Here, we compare flood hazard for storms from traditional block-
methods and for storms generated in a multivariate framework. For 
the block-method case, we adopt the Euler Type II design storm that is 
widely used in European guidelines. For the multivariate design storms, 
we use the stochastic generator REALISTIC from Cache (2025). We 
use the weighted cellular automata 2D model WCADv2 implemented 
in CADDIES-caflood (Guidolin et al., 2016) to simulate the runoff and 
the related flood hazard maps. This inundation model uses simple and 
parallelized transition rules for water transfer throughout the compu-
tation domain, allowing for fast flood modeling, and is broadly used 
for urban surface water flood modeling (Liu et al., 2018; Wang et al., 
2019; Webber et al., 2018).

We choose Zurich as a case study and set the storm duration and 
total precipitation return period to respectively 3 h and 100-year, which 
corresponds to a total precipitation volume of 64.3 mm (Fig.  1). In the 
case of the Euler Type II design storm, the event is constrained in its 
precipitation duration and return period for all sizes of aggregating win-
dows. In the case of the REALISTIC design storms, only the precipitation 
duration and the return period of the maximum size of the aggregating 
window are constrained (Fig.  1). This gives an infinite possibility of 
intensity-duration (ID) profiles. We simulate 100,000 profiles using the 
REALISTIC design storm model and then select three events from the 
simulation set with differing ID profiles (see the selection methodology 
in Section 2.3), representative of the range of possible profiles; (i) a 
lower contour profile with minimum return periods on aggregating 
window sizes smaller than the maximum size, (ii) the prevailing profile 
(i.e. a profile representative of the most probable 3 h 100-year event), 
and (iii) an upper contour profile with maximum return periods on 
aggregating window sizes smaller than the maximum size (Fig.  1). We 
also select one observed ID profile. We use these profiles as forcing for 
the CADDIES-caflood hydrodynamic model (Section 2.4) to analyze the 
differences in flood hazard.

1.2. Alternative design storms and their flood hazard implications

The flood hazard varies greatly depending on the ID profile of the 
3-h 100-year events (Fig.  2, 3 and S2). Fig.  2 shows the maximum 
flood depth, maximum flood intensity (defined as the product of flood 
depth and velocity), and the flood hazard category affecting buildings 
(based on the maximum flood depth at each building) for Euler Type 
II and the prevailing REALISTIC design storm. Fig.  3 shows the relative 
differences in hazardous areas (defined as the maximum between flood 
depth and flood intensity) and in hazard levels affecting buildings 
between the traditional block-method (Euler Type II) event and the 
selection of events from the REALISTIC design storm model.

Flood depth is commonly used to estimate building damage and 
economic losses (Huizinga et al., 2017). While several areas of the city 
center are flooded under the Euler Type II event, almost no flooding 
occurs under the prevailing REALISTIC design storm (Fig.  2) for the 
same hazard (i.e., return period) level. Consequently, almost a third 
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(31.8%) of the buildings are exposed to floodwater (i.e., depths above 
0.1 m) in the former event, and this proportion falls to 1.7% in the 
latter event (Fig.  3). Hazard levels affecting flood-exposed buildings 
also vary considerably, with 4.4% of exposed buildings experiencing 
’very high’ hazard levels (i.e., flood depths above 2 m) under Euler 
Type II, whereas none do under the prevailing REALISTIC profile (Fig. 
2). In terms of estimated economic losses due to damage to buildings, 
the Euler Type II event leads to damage costs of 373 M CHF (Fig. S3). 
Damages from the prevailing REALISTIC design storm are estimated at 
only 16.8 M CHF, representing a 95.5% reduction in losses compared 
to the Euler Type II design storm (Fig. S3).

Flood intensity is relevant for assessing risks to people and vehicles, 
as the shear force of flowing water strongly affects their stability in 
floodwaters (Evans et al., 2024). Flood intensity maps show a similar 
pattern to the flood depth maps, with several areas of the city cen-
ter experiencing hazardous flood intensities under the Euler Type II 
scenario, whereas such conditions are nearly absent for the prevailing 
REALISTIC design storm (Fig.  2). In fact, one fifth (20.1%) of the city 
center reaches hazardous intensity levels in the Euler Type II case, 
while almost the entire area remains below hazardous thresholds in the 
prevailing REALISTIC profile.

Overall, the difference in flood hazard is particularly noticeable 
between Euler Type II and the prevailing REALISTIC profile, with 
a reduction in hazardous areas reaching 100% and a reduction in 
buildings exposed to floodwater reaching 100% for all categories except 
for the ’low hazard’ category, where the reduction is equal to 92%. 
Similar trends are observed when comparing the traditional block-
method design storm with other REALISTIC profiles (Fig.  3). Namely, 
the differences with the lower contour profile are almost identical to the 
ones from the prevailing profile, except that the reductions in buildings 
exposed to floodwater reach 100% for all categories. Consequently, 
this event is associated with no economic losses due to damage to 
buildings. The observed event has slightly lower, yet still substantial, 
differences in flood hazard and estimated flood risk. This translates 
to 60.8% of the buildings identified as exposed under the Euler Type 
II case remaining exposed under the observed event, and to a 68.7% 
reduction in economic losses. The former reduction is primarily driven 
by a decrease in the number of buildings in the ‘medium’ to ’very 
high’ hazard categories. Differences are more pronounced for hazardous 
areas, with only 2.6% of the city center experiencing hazardous flood 
intensities, corresponding to an 86.8% reduction relative to the Euler 
Type II case. Lastly, although the upper contour most closely resembles 
the traditional block-method design storm and exhibits the highest 
peak intensity among simulated REALISTIC events, it does not reach 
the hazard level of the Euler Type II design storm. Hazardous areas, 
exposed buildings, and associated economic losses are reduced by 
34.6%, 13.6%, and 18.4%, respectively. These differences are even 
larger for the ’very high’ hazard category, with reductions of 76.6% 
in hazardous areas and 68.4% in exposed buildings.

1.3. Concluding remarks: flood risk overestimation by traditional design 
storms

All REALISTIC precipitation profiles and the observed profile used 
in the hydrodynamic simulations produce lower flood hazard than the 
Euler Type II event, even for the upper contour profile. Although all se-
lected events share the same return period on the critical duration and 
are constructed using a consistent hyetograph methodology, they result 
in different flood depths and flood velocities. Consequently, all selected 
REALISTIC profiles and the observed profile exhibit lower flood risk, 
measured as the economic impact on buildings, than the Euler Type II 
event. These results demonstrate that traditional and commonly used 
block-method design storms provide an incomplete assessment of flood 
hazard and, consequently, an inappropriate estimation of flood risk.

Other characteristics of precipitation events may further influence 
flood hazard, such as the spatial distribution of rainfall (Baer et al., 
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Fig. 1. Intensity-duration profiles (left) and precipitation time series (right) of the 100-year Euler Type II design storm, events simulated using the REALISTIC 
storm model, and an observed ID profile. The transparent blue lines in the left figure show possible realizations of the REALISTIC storm model, with a sample 
size of 100.
Fig. 2. Flood depth maps (left), flood intensity maps (center), and buildings exposed to flood hazard (right) in Zurich for (a) the 100-year Euler Type II design 
storm (top) and (b) the 100-year REALISTIC prevailing ID profile (bottom). The black line shows the contour of the study area.
2026; Müller and Haberlandt, 2018; Ochoa-Rodriguez et al., 2015; 
Peleg et al., 2017) or the shape of the hyetograph (Pritsis et al., 
2024, Appendix S1) and are not considered in our analysis. In fact, 
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the temporal structure of all precipitation events follows Euler Type 
II design storm construction guidelines (i.e., for converting ID profiles 
into hyetographs), which remains a simplification. Additionally, the 
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Fig. 3. Relative difference in hazard levels for buildings (left) and hazardous areas (right) between the 100-year Euler Type II design storm and the four events 
simulated using the REALISTIC storm model. The hazard categories for hazardous areas are defined based on the flood intensity, while those for buildings are 
defined solely based on the flood depth.
use of return period assumes that the observations are independent 
and identically distributed (Serinaldi, 2015), which may not hold in 
the multivariate frequency framework. While the total precipitation 
volume may correspond to a 100-year return period, its occurrence 
together with the temporal structure imposed by the block-method, 
implying the joint occurrence of multiple 100-year intensities within 
a single event, does not itself have a 100-year probability. Similar ob-
servations hold for the storms simulated in the multivariate REALISTIC 
framework. Lastly, the estimation of hazard and risk, measured as re-
placement costs of damaged buildings, comprises multiple assumptions 
(see Section 1.3). The estimations are thus indicative only and should 
not be interpreted as actual hazard maps and economic losses for these 
events, but rather as a basis for comparative analysis.

A further assumption underlying traditional design storms is the 
equality between the design hyetograph return period and runoff return 
period. This is closely linked to the construction of block-method design 
storms, imposing the same return period across a range of durations. 
While this can be motivated by the rationale of accounting for the range 
of response times (NRCS, 2021), it neglects the complex non-linear 
response of runoff. Furthermore, given that the unique joint return 
period is not physically realistic (Cache et al., 2025), the resulting 
‘worst-case’ scenario should not be interpreted as a true worst-case 
event, but rather as a statistically unlikely combination of extremes 
that cannot realistically occur as a single event. Additionally, pursuing 
the objective of a ’worst-case’ scenario might be undesirable in certain 
situations, such as insurance premium estimation or trust in early 
warnings, for example. While previous studies have argued that the 
equality relation is not generally valid (Pilgrim and Cordery, 1975; 
Rogger et al., 2012; Viglione et al., 2009), the aim of this study is not 
to resolve the broader challenge of deterministic mapping from storm 
to flood-frequency estimates, but rather to investigate how the use of a 
design storm with realistic dependence between intra-event joint return 
periods can alter the resulting runoff and hydraulic response relative to 
a traditional design-storm approach.

Our analysis highlights the role of intra-event variability and the 
limitations of the univariate (or bivariate) framework adopted for the 
construction of traditional design storms. In particular, we demonstrate 
the effect of joint return periods within precipitation events on the flood 
hazard component of flood risk assessments. As a result, the probability 
associated with the full temporal structure of traditional design storms 
is not consistent with their nominal return period. Accounting for the 
joint return periods of precipitation is essential for more robust flood 
risk assessments.
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Although our simulations were conducted for Zurich and for a 3-
h 100-year event, the main conclusion is likely transferable beyond 
this specific case. Because the limitations of the Euler Type II approach 
stem from its simplified representation of intra-event rainfall structure, 
rather than from local climate alone, we expect similar implications 
for flood hazard assessment in other catchments and cities, and across 
other relevant event durations and return periods. Although we specif-
ically evaluated the Euler Type II design storm, the underlying issue 
is not unique to this method and likely applies to block-based design-
storm approaches more generally, wherever a single return period is 
imposed across temporal scales within an event. Furthermore, con-
sidering the varying flood hazards obtained for the different events, 
the results emphasize the need to incorporate multiple design storm 
scenarios for robust risk assessment.

Stochastic uncertainty is a major source of uncertainty in flood 
modeling (Chen et al., 2025; Nathan, 2025). While explicitly account-
ing for it is critical for characterizing the full range of possible flood 
responses, it is not typically part of current engineering practice and 
requires a large number of simulations. Here, we consider an approach 
that remains comparable in scale to current engineering practice. The 
REALISTIC model can, however, be used to account for this uncertainty 
through ensemble simulations, but such an analysis is beyond the scope 
of the present study. Furthermore, while the present study proposes 
a method for identifying a prevalent storm, the question of which 
storm, or set of storms, is most representative remains open and is 
likely to depend on the applications and the aspects of uncertainty 
that need to be represented. Although the prevalent storm may be 
interpreted as the ‘most probable’ event here, the minimum–maximum 
envelope (represented by the lower and upper contours) may also 
provide important information by capturing the range of plausible flood 
responses, from best- to worst-case scenarios.

Methods

2.1. Data

We used the city of Zurich (Switzerland) as a case study. 10-minute 
precipitation data were obtained from MeteoSwiss for the stations of 
Zurich Affoltern, Fluntern, and Kloten over the period 1981–2022, 
and processed as described in Cache et al. (2025). The elevation 
data were extracted from the swissALTI3D product from swisstopo, at 
2 m resolution, and the building footprints were extracted from the 
swissBUILIDNGS3D 2.0 product. The area for hydrodynamic modeling 
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was determined after delimitation of the catchments influencing pluvial 
flooding in the city of Zurich (Fig. S1), and we restricted the area for 
analysis of the results at the municipal district-level of Kreis 1.

2.2. The REALISTIC design storm model

The REALISTIC design storm model was used to simulate events that 
reproduce the joint return periods of observed precipitation in Zurich. 
Here, we provide a brief description of the model and refer the reader 
to Cache et al. (2025) for a full description.

First, the REALISTIC design storm model extracts the maximum 
precipitation volumes aggregated over moving windows of different 
sizes for each recorded precipitation event. Moving window sizes are 
user-defined and were here set to 10 min, 30 min, 1 h, and 3 h for our 
case study, as those are commonly used to analyze and characterize 
convective precipitation events (e.g. Villalobos Herrera et al., 2024). 
The duration of the design events is set to 3 h, as this is a typical 
duration of a design storm for urban areas.

The multivariate relationship between precipitation volumes over 
the 10-min to 3-h durations is then modeled using a copula. Let 𝐗 =
{𝑋𝑑}, where 𝑑 ∈ {10, 30, 60, 180} represents the vector of precipitation 
volumes corresponding to durations 𝑑. According to Sklar’s theorem 
(Sklar, 1959), the multivariate distribution 𝐹 (𝐗) can be decomposed 
into marginal distributions 𝐹𝑑 and a copula 𝐶 describing their de-
pendence. After transforming the variables to uniform margins 𝑢𝑑 =
𝐹𝑑 (𝑋𝑑 ), by ranking the precipitation volumes and normalizing the 
ranks, the joint distribution is written as: 
𝐹 (𝑥10, 𝑥30, 𝑥60, 𝑥180) = 𝐶(𝑢10, 𝑢30, 𝑢60, 𝑢180), (1)

with 
𝐶(𝑢10, 𝑢30, 𝑢60, 𝑢180) = 𝐹 {𝐹−1

10 (𝑢10),… , 𝐹−1
180(𝑢180)}. (2)

Using the chain rule, the joint density can be written as: 

𝑓 (𝑥𝑑1 ,… , 𝑥𝑑𝑛 ) = 𝑐𝑑1 ,…,𝑑𝑛{𝐹𝑑1 (𝑥𝑑1 ),… , 𝐹𝑑𝑛 (𝑥𝑑𝑛 )}
𝑛
∏

𝑖=1
𝑓𝑑𝑖 (𝑥𝑑𝑖 ), (3)

and can also be factorized into conditional densities.
The model adopts a canonical vine (C-vine) copula (Bedford and 

Cooke, 2002), where the joint density is expressed as a product of 
marginal densities and successive pair-copulas. The ordering of vari-
ables is determined from the dependence strength, so that the variables’ 
position in the vine is ranked from strongest to weakest dependence.

The copula is estimated using non-parametric estimators of the 
pair-copula and inverse marginal cumulative distribution functions. 
Sampling from the copula follows the algorithm of Aas et al. (2009), 
where dependent uniform variables are generated through successive 
application of the pair-copula, which are then converted to precip-
itation volumes using the inverse marginal distributions. The same 
framework allows conditional sampling by fixing a return period at a 
given duration. The corresponding uniform variable is obtained from 
the marginal distribution, and the remaining variables are simulated 
conditionally using the vine structure. Similar to random sampling, the 
uniform variables are then converted to precipitation volumes using the 
inverse marginal distributions.

To enforce physical consistency, sampled volumes 𝑋̃𝑑 are corrected 
using the following relation: 

𝑋̃′
𝑑𝑖 =

{

𝑋̃𝑑𝑖 , if 𝑑𝑖 = 10

max{𝑋̃′
𝑑𝑖−1 , 𝑋̃𝑑𝑖}, if 𝑑𝑖 > 10

(4)

where 𝑖 ∈ {1, 2, 3, 4} and (𝑑1, 𝑑2, 𝑑3, 𝑑4) = (10, 30, 60, 180).
These precipitation volumes over the selected aggregation window 

size constitute the ID profiles of the simulated events.
The model can then generate hyetographs based on the ID profiles, 

either using a cascade model or following Euler Type II design storm 
construction guidelines. The second option is adopted here, to isolate 
the impact of ID profiles, without accounting for the variability in 
hyetograph shape, and to align with local guidelines (VSA, 2023).
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2.3. Simulated precipitation events

Using the Euler Type II guidelines and the REALISTIC design storm 
model described above, we generated events with a 100-year return 
period on the 3 h duration. The former is commonly adopted for flood 
risk assessment (e.g., Kipfer et al., 2018). Intensity-duration-frequency 
(IDF) relationships of precipitation in Zurich were computed using the 
TENAX model (Marra et al., 2024), as described in Cache et al. (2025), 
leading to a 3-h 100-y precipitation volume of 64.3 mm (Fig.  1).

The Euler Type II design storm is commonly used in several Eu-
ropean countries for engineering practices. It is constructed by first 
identifying the entire ID profile corresponding to a certain return 
period, here set to 100-year. Second, the precipitation intensities are 
split into 10-min resolution, sorted from largest to smallest value, and 
flipped at the first one-third of the sorted data (DWA-A 118, 2006).

The REALISTIC design storms are generated using conditional sam-
pling from the vine copula, with the constraint of a 100-y precipitation 
volume on the 3-h duration. In order to select representative profiles, 
we first generated 100,000 samples. We then select (i) a lower contour, 
(ii) a prevailing profile, and (iii) an upper contour. The lower and 
upper contours are defined by selecting ID profiles that minimize 
and maximize precipitation volumes over durations shorter than 3 h, 
giving greater weight to the minimization, respectively maximization, 
of precipitation volumes over shorter durations. The selection process 
of the prevailing profile is slightly more complex. First, we define 
tolerance window sizes for each duration. These windows are computed 
relative to the precipitation volumes across durations, using a tolerance 
of 5 years around the 100-year ID profile. In practice, the window size 
at each duration is defined as the difference in precipitation volumes 
between the 105-year and the 95-year ID profiles. This results in 
non-symmetrical tolerance windows, since the difference between the 
100-year and 105-year profiles is smaller than that between the 100-
year and 95-year profiles. Next, for each generated ID profile, we define 
its tolerance window by adding and subtracting these differences from 
the corresponding precipitation volumes. We then count how many 
generated profiles fall within the tolerance windows at all durations. 
Finally, the prevailing profile is defined as the profile with the highest 
count. It is worth noting that, when applying this procedure to the Euler 
Type II design storm and comparing with the 100,000 generated sam-
ples, none of the generated samples fall within its tolerance windows 
across all durations. Furthermore, as the intensity-duration profiles are 
randomly generated, the representative profiles selected could change 
with a different set of simulations.

We also extracted an observed event whose precipitation volume 
at the 3-h duration is as close as possible to the 100-year value, 
i.e., 64.3 mm. The event that best meets this criterion is shown by the 
orange line in Fig.  1, with a 3-hour precipitation volume of 65.5 mm.

After generating the REALISTIC design storms and selecting the ob-
served event ID profiles, we computed their hyetographs by following 
the Euler Type II construction guidelines described above.

2.4. Hydrodynamic simulations

We used these profiles as forcing of the cellular automata model 
WCADv2, implemented in CADDIES-caflood (Guidolin et al., 2016), 
assuming dry antecedent conditions, and saved the flood depth and 
flood velocity maps every 3 min of simulation time. In Switzerland, 
urban drainage is normally designed for a 5- to 10-y event (Kipfer et al., 
2018; VSA, 2023). We therefore adopted a 33.6 mm h−1 infiltration 
rate in WCADv2, which corresponds to the 10-y 1-h precipitation 
volume in Zurich (see Fig.  1). This is a simplified method to account 
for the urban drainage network. As such, the flood modeling results 
should be interpreted as indicative rather than as detailed flood hazard 
assessments for the city of Zurich.
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Table 1
Hazard categories following guidelines from SIA (2020).
 Hazard category Flood depth ℎ [m] Flood intensity 𝑣 ⋅ ℎ [m2 s−1] 
 None ℎ < 0.1 𝑣 ⋅ ℎ < 0.1  
 Low 0.1 ≤ ℎ ≤ 0.5 0.1 ≤ 𝑣 ⋅ ℎ ≤ 0.5  
 Medium 0.5 ≤ ℎ ≤ 1 0.5 ≤ 𝑣 ⋅ ℎ ≤ 1  
 High 1 ≤ ℎ ≤ 2 1 ≤ 𝑣 ⋅ ℎ ≤ 2  
 Very high ℎ ≥ 2 𝑣 ⋅ ℎ ≥ 2  

2.5. Hazard categories

After simulating the flood maps, we analyzed flood depth, flood 
intensities, and flood hazard categories (Figs.  2 and 3). We adopted 
the definition of flood intensity from the Swiss construction standards 
(SIA, 2020), i.e., the product of flood depth ℎ and flood velocity 𝑣, and 
adapted their hazard categories. In fact, we used the thresholds from 
SIA (2020) but added the distinction between ‘high’ and ’very high’ 
hazard (Table  1).

We used these thresholds to compute the hazard categories to 
which buildings are exposed. To do so, we first extracted the buildings’ 
footprint geometries from swissBUILDINGS3D. We then spatially joined 
the flood depth raster and building geometries. The hazard category 
to which each building is exposed was finally defined by extracting 
the maximum flood depth touching the building, and following the 
thresholds in Table  1.

We also computed hazard categories across the study area to iden-
tify hazardous zones, which are important for assessing flood risk to 
people and vehicles. To do this, we first excluded building footprints 
and the river from the analysis area. We then classified flood depth and 
flood intensity based on the thresholds in Table  1. Finally, we defined 
the flood hazard map as the maximum hazard category derived from 
either flood depth or flood intensity.

2.6. Economic losses

Finally, we calculated the impact of each event as the economic 
losses due to damage to buildings. This requires three components: 
hazard, exposure, and vulnerability. The flood depth maps constitute 
the hazard component, and exposure was measured as the replacement 
costs of the buildings. These costs were calculated for each building as 
its footprint area multiplied by a unit repair cost, assumed to be 4000 
CHF m−2 for Zurich (UBS, 2024). For the vulnerability component, we 
used the impact function developed by the Joint Research Center for 
residential buildings in Europe (see Fig. S3a, Huizinga et al., 2017). By 
linking the maximum water depth each building is exposed to with the 
corresponding damage ratio, we estimated the economic losses for each 
building (e.g., Fig. S3).
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Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.hydroa.2026.100231.

Data availability

Precipitation data were obtained from MeteoSwiss: https://www
.meteoswiss.admin.ch/services-and-publications/applications/measure
ment-values.html. The elevation data from the swissALTI3D product 
are available at: https://www.swisstopo.admin.ch/en/height-model-s
wissalti3d, and the building footprints are extracted from the swiss-
BUILIDNGS3D 2.0 product, which can be accessed from: https://www
.swisstopo.admin.ch/en/landscape-model-swissbuildings3d-2-0.
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