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 A B S T R A C T

Urban planners and engineers rely on historical climate data to plan and design flood protection infrastructure 
that should withstand extreme flooding events with 1% annual exceedance probability (the 100-year flood). 
Here, we examine how hourly precipitation extremes are expected to change as temperatures rise and how 
this will affect urban flooding. The changes to short-duration rainfall extremes, often insufficiently considered 
in practice, are addressed utilizing a new temperature conditional extreme precipitation scaling approach 
and a novel regional climate convection-permitting model ensemble for +2 ◦C and +3 ◦C global warming 
scenarios. Based on hydrodynamic modeling, we estimate how future precipitation extremes translate into 
flood risks in two pre-alpine communes in Germany. Ignoring the impacts of climate change may lead to 
severe underestimations of flood risks. The +3 ◦C global warming scenario translates into an increase of 60% 
of affected buildings by the highest flood risk category (water level of 1 m and above). The increase in flow 
intensities will be greater in the commune characterized by steeper terrain. The results suggest that recently 
planned or implemented infrastructure projects may not be adequately equipped to cope with the anticipated 
effects of climate change in the coming decades.
1. Introduction

Recently, Europe experienced several natural disasters that dramat-
ically damaged national economies and insurance companies (Kron 
et al., 2019). Amongst others, severe convective thunderstorms, which 
typically occur during the summer and autumn seasons on local spatial 
scales, associated with strong winds, hail, lightning, and high-intensity 
precipitation, trigger many pluvial (flash) floods, which are particularly 
hazardous in inhabited (urban) areas since they generate high runoff 
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volumes that exceed the capacity of drainage systems (Samela et al., 
2020). For example, in May and June 2016, Baden-Wuerttemberg 
and Bavaria, in southern Germany, witnessed severe flooding due to 
numerous heavy convective storms, with precipitation intensities that 
exceeded 100 mm within a few hours; e.g., the Braunsbach flood 
event (Baden-Wuerttemberg) was initiated by approximately 130 mm 
that fell within 2 h (Bronstert et al., 2018). These events added to 
damages of 2.2 billion US$ (Kron et al., 2019; Piper et al., 2016). 
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Another extreme short-term convective precipitation event occurred 
on the evening of July 24–25th, 2020, in Zagreb, Croatia. A severe 
thunderstorm resulted in one of the most significant flash floods in 
Croatia’s recorded history. During this event, an episode of intense 
rainfall delivered locally over 70 mm of precipitation within two hours, 
corresponding to a return period higher than 100 years. The excessive 
runoff from the surrounding mountain terrain overwhelmed Zagreb’s 
sewer system, leading to severe urban flooding (Nimac et al., 2022). 
Similarly, on August 2nd, 2014, a severe thunderstorm hit a summer 
festival in the Italian Prealps. Over 200 mm of rainfall fell in about two 
hours, leading to a flash flood that killed four people and injured many 
more (Borga et al., 2019).

Such convective extreme precipitation events are expected to be-
come more intense with continued global warming due to the increase 
in the atmospheric water vapor holding capacity described by the 
Clausius-Clapeyron (C–C) equation, which states that the atmospheric 
saturation vapor pressure, which quantifies the capacity of the atmo-
sphere to hold moisture before saturation, increases by approximately 
7% ◦C−1 (Trenberth et al., 2003; Ludwig et al., 2023). At the sub-daily 
scale, precipitation maxima may even increase at rates higher than C–C 
due to temperature-induced changes in local dynamics, referred to as 
Super C–C scaling (Guerreiro et al., 2018; Fowler et al., 2021a; Da Silva 
and Haerter, 2023).

Several studies have confirmed trends of extreme precipitation 
events over short durations (minute to hourly scales) based on ob-
servations, some of them approximately following C–C scaling rates 
across various regions in Europe (Bürger and Bronstert, 2014; Dallan 
et al., 2022; Persiano et al., 2020). Since urban catchment flooding 
is primarily driven by precipitation, it is anticipated to worsen with 
rising temperatures (Sharma et al., 2018; Peleg et al., 2022). This 
trend highlights the growing climate non-stationarity, emphasizing 
the urgent need to update the design parameters for precipitation 
extremes (design storms) – particularly Intensity-Duration-Frequency 
(IDF) curves (Hosseinzadehtalaei et al., 2020). Such updates are es-
sential to enhance urban infrastructure resilience and improve the 
accuracy of flood risk assessments (Masson-Delmotte et al., 2021). For 
example, in the city of Zurich (Switzerland), Peleg et al. (2024) recently 
derived inundation maps based on future design storms using the 
Temperature-dependent Non-Asymptotic statistical model for eXtreme 
return levels (TENAX) model (Marra et al., 2024), statistics from the 
Euro-CORDEX multi-model ensemble, and the CAFlood hydrodynamic 
model.

On regional scales (e.g., Europe), systematic design storm updates 
are very difficult to achieve due to restrictions in the availability of pre-
cipitation data. Long-term observation networks on sub-daily scales are 
usually too sparsely distributed to ‘‘observe’’ small spatial and temporal 
scales of flash floods (Amponsah et al., 2018; Lengfeld et al., 2020). 
Radar-based precipitation estimates and observations alone, however, 
might be inadequate to reflect potentially evolving dynamics and in-
creasing variability in extreme weather patterns in the future climate 
(Milly et al., 2008). Regional Climate Model (RCM) simulations, and, 
in particular, very high-resolution (i.e., at kilometer- and sub-hourly 
spatiotemporal scales) climate simulations using convection-permitting 
models (CPMs), may provide a suitable alternative to simulate changing 
extreme weather patterns in the future (Prein et al., 2017). Compared to 
using RCM output from the EURO-CORDEX project (Hosseinzadehtalaei 
et al., 2018), CPMs allow us to explicitly resolve the deep convec-
tion processes, represent local storm dynamics more realistically, and 
are thus expected to represent the magnitude of short duration (sub-
daily) precipitation extremes more skillfully than non-CPM simulations 
(Berthou et al., 2020; Fosser et al., 2024). Due to their very high 
computational demands, CPMs are currently restricted to both shorter 
simulation periods and relatively small domains (Clark et al., 2016), 
and if their output is applied to derive IDF values based on classical 
extreme value theory, large uncertainties can arise (Poschlod, 2021; 
Dallan et al., 2024a).
2 
Hazard assessments are also conducted on a country-wide scale. In 
Germany, for example, stationary IDF values are provided by the ag-
gregated rainfall hazard dataset (KOSTRA-DWD). This dataset is widely 
recognized in engineering practice as a standard for assessing extreme 
events, particularly in applications such as urban drainage planning 
and flood risk modeling (Hundhausen et al., 2024). KOSTRA-DWD is 
derived from interpolated station data, which results in relatively low 
spatial resolution and, consequently, smoothed patterns of precipitation 
extremes. In contrast, the radar-based high-resolution precipitation cli-
matology (RADKLIM) product offers very fine spatial resolution (1 km), 
but despite adjustments using in-situ observations, RADKLIM tends 
to underestimate extreme precipitation intensities when compared to 
direct ground-based observations (Pöschmann et al., 2021; Lengfeld 
and Marra, 2024). Additionally, CPM simulations from the KLIWA 
project (‘Climate Change and Consequences for Water Management’, 
www.kliwa.de) are available, but they are limited in domain size to 
southern Germany (Hundhausen et al., 2023, 2024).

Existing precipitation records are unlikely to provide accurate esti-
mates of the magnitude and frequency of short-duration precipitation 
extremes under climate change. These are usually limited by (i) suf-
ficiently dense and sub-daily precipitation data (Hundhausen et al., 
2024; Dallan et al., 2022; Prein et al., 2017; Sun et al., 2021; Hund-
hausen et al., 2024; Poschlod, 2021); and (ii) statistical methods that 
allow us to extrapolate extreme precipitation return levels under lim-
ited data availability and non-stationary conditions (Laux et al., 2023; 
Dallan et al., 2024a). Moreover, process-based hydraulic projections 
for pluvial floods in urban catchments based on realistic precipitation 
design levels under future climate conditions are missing today in most 
countries worldwide.

Here, we overcome these limitations through the utilization of 
kilometer-scale hourly precipitation (RADKLIM) and high-resolution 
daily temperature (gridded hydrometeorological data, HYRAS) data, 
and the implementation of a novel CPM ensemble for the whole of 
Germany. To assess changes in hourly precipitation extremes, we apply 
the TENAX model. This new approach integrates daily temperature 
as a covariate, aligning with observed scaling rates, which makes it 
a suitable candidate for risk assessment under non-stationary climate 
conditions. By adhering to this physically consistent approach, we 
project the impact of future climate conditions on pluvial flood risk 
at the commune level through high-resolution and process-based hy-
drodynamic modeling (Ochoa-Rodriguez et al., 2015; Westra et al., 
2014).

We hypothesize that the future intensification of precipitation ex-
tremes will result in higher inundation levels, severely affecting Ger-
many’s infrastructure compared to today. As a German-wide assessment 
of inundation levels is not feasible with a computationally demanding 
and detailed modeling approach, we selected two typical communes 
in southern Germany. This study illuminates the potential impacts 
of different warming scenarios in two German municipalities. The 
provided hourly precipitation design values can be used to assess local-
ized climate risks in urban catchments across Germany. Moreover, the 
methodological approach may serve as a blueprint for other countries 
and regions across Europe with similar climate change signals and data 
infrastructures.

2. Study region & Methods

The study focuses on Germany, where non-stationary, kilometer-
scale extreme hourly precipitation values are derived. Hydrodynamic 
modeling is conducted in the Oberland region of southern Bavaria — 
an area recognized as a hot spot for extreme convective precipita-
tion events (Laux et al., 2023). As a result, the derived precipitation 
design values rank among the highest in the country, making this 
region particularly suitable for investigating the impacts of climate 
change on pluvial flood risk. The hydrodynamic simulations are car-
ried out in two municipalities: Garmisch-Partenkirchen and Weilheim. 

http://www.kliwa.de
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Fig. 1. Digital Elevation Model (DEM) for Germany. The locations of the two munici-
palities for the hydrodynamic modeling, i.e., Weilheim and Garmisch-Partenkirchen, in 
southern Germany are highlighted.

Garmisch-Partenkirchen, located in the alpine region, features complex 
topography. The elevation ranges between 671 and 1984 m a.s.l. 
altitude, which necessitates high-resolution modeling to resolve surface 
flow paths. In contrast, Weilheim lies in the alpine foreland, with less 
steep terrain but different hydrological and infrastructural characteris-
tics. Here, the elevation ranges between 544 and 667 m a.s.l. altitude. 
Fig.  1 illustrates the location and topography of both municipalities 
within Germany. Due to distinct differences in elevation, land use, and 
sewer system configuration, each site requires a tailored hydrodynamic 
modeling approach (see Section 2.2.1).

The methodology comprises a climate hydrodynamic modeling 
chain (CHMC), as illustrated in Fig.  2. Following are the four main steps 
as well as methodological details:

1. Apply the TENAX model (Section 2.1) with the RADKLIM (Sec-
tion 2.3.1) and the spatially refined HYRAS (Section 2.3.2) data 
(i.e., RADKLIM grid) to derive stationary hourly precipitation 
intensities at a 100-year return level.

2. Repeat step 1, using the climate change signals (𝛥𝑇 , 𝜎𝑓𝑢𝑡𝑢𝑟𝑒∕𝜎𝑝𝑎𝑠𝑡, 
𝑛𝑓𝑢𝑡𝑢𝑟𝑒∕𝑛𝑝𝑎𝑠𝑡) from the NUKLEUS CPM ensemble (Section 2.4) to 
estimate non-stationary return levels of precipitation extremes.

3. Assess the difference of non-stationary future precipitation re-
turn levels 𝑃 𝐹𝑢𝑡𝑢𝑟𝑒,𝑁𝑆

𝑅𝐿  (i.e., precipitation return levels obtained 
from TENAX for the future 𝑃 𝑇𝐸𝑁𝐴𝑋,𝑓

𝑅𝐿  minus present TENAX 
return levels 𝑃 𝑇𝐸𝑁𝐴𝑋,𝑝

𝑅𝐿 ) and impress them onto the present sta-
tionary KOSTRA-DWD return levels 𝑃𝐾𝑂𝑆𝑇𝑅𝐴,𝑝

𝑅𝐿  to correct for sys-
tematic magnitude deviations (referred to as RL bias correction) 
between ground observations and radar data: 
𝑃 𝐹𝑢𝑡𝑢𝑟𝑒,𝑁𝑆
𝑅𝐿 = 𝑃𝐾𝑂𝑆𝑇𝑅𝐴,𝑝

𝑅𝐿 + (𝑃 𝑇𝐸𝑁𝐴𝑋,𝑓
𝑅𝐿 − 𝑃 𝑇𝐸𝑁𝐴𝑋,𝑝

𝑅𝐿 ). (1)

4. Perform hydrodynamic modeling and derive flood risks in the 
two selected municipalities based on stationary (𝑃𝐾𝑂𝑆𝑇𝑅𝐴,𝑝

𝑅𝐿 ) and 
non-stationary (𝑃 𝐹𝑢𝑡𝑢𝑟𝑒,𝑁𝑆 ) return levels (Section 2.2.1).
𝑅𝐿

3 
2.1. Computing hourly extreme precipitation return levels

The TENAX (TEmperature-dependent Non-Asymptotic statistical
model for eXtreme return levels) model (Marra et al., 2024) is a 
framework to compute extreme precipitation return levels for present 
and future climates by incorporating temperature as a covariate in a 
physically consistent manner; i.e., by preserving the observed ther-
modynamic link between air temperature and short-duration extreme 
precipitation intensities (Fowler et al., 2021b). Essentially, the concept 
is to distinguish extreme precipitation from the occurrence of precip-
itation events at a particular temperature. In contrast to the classical 
extreme value theory, the model is based on non-asymptotic statistics, 
which means that extremes are samples from independent realizations 
of the process of interest, known as ‘‘ordinary events’’. In this way, the 
stochastic sampling of both temperature and precipitation severity, in-
herent in natural processes, is preserved. These approaches were shown 
to provide estimates of extreme return levels as high as 100 years with 
largely reduced uncertainty compared to traditional methods (Zorzetto 
et al., 2016; Marra et al., 2019). For example, Dallan et al. (2024a) 
showed that estimates from 10 years of CPM simulations based on 
the SMEV method are comparable to traditional GEV estimates used 
with (i) three values in each year together with (ii) a prior distribution 
to limit the estimation uncertainty of the shape parameter. TENAX 
requires minimal input data: (i) observed time series of precipitation (at 
the same temporal resolution as that required to estimate precipitation 
return levels) and temperature (𝑇𝑝, with a daily temporal resolution at 
least) representing the present climate; (ii) information from climate 
models on the change in mean and standard deviation of temperature 
during wet days (𝛥𝑇 = 𝑇𝑓 − 𝑇𝑝 and 

𝜎𝑓
𝜎𝑝
, respectively); and (iii) details 

of the change in the total annual number of precipitation events ( 𝑛𝑓𝑛𝑝 ).
TENAX is composed of three components: (i) a ‘‘magnitude com-

ponent’’ — a non-stationary statistical model for the cumulative dis-
tribution function of the magnitude of precipitation events, in which 
temperature is included as a covariate; (ii) a ‘‘temperature component’’ 
— a probability density function of temperatures during precipitation 
events; and (iii) a ‘‘return level estimation component’’. The TENAX 
model hinges on the assumption that temperature is the covariate that 
describes most of the variability in extreme precipitation at the scale 
of interest and that the dependence of extreme precipitation on this 
covariate (i.e., the magnitude model below) is invariant in time. The 
model components are briefly summarized below; for more details 
regarding the conceptualization and parameterization of the model, 
physical robustness, sensitivity, and validation tests, please refer to 
Marra et al. (2024).

2.1.1. Magnitude component
Precipitation magnitudes 𝑥 for a duration 𝑡𝐷 of interest are defined 

as the maximum intensities at the duration 𝑡𝐷 observed during indepen-
dent precipitation events (for more information on their identification 
refer to Marra et al. (2020)). Precipitation magnitudes (𝑥) are modeled 
using the Weibull distribution, in which scale and shape parameters 
depend explicitly on near-surface air temperature (𝑇 ): 

𝑊 (𝑥; 𝑇 ) = 1 − e
−
[

𝑥
𝜆0 ⋅e𝑎𝑇

]𝜅0+𝑏𝑇

, (2)

where 𝜆0 and 𝑎 describe the exponential dependence of the scale param-
eter on temperature similar to the one used in extreme precipitation-
temperature scaling relations, and 𝜅0 and 𝑏 describe the linear depen-
dence (if exists) of the shape parameter on temperature.

2.1.2. Temperature component
The temperature during wet days is defined as the average temper-

ature during the 24 h preceding the peak intensity of the precipitation 
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Fig. 2. Schematic overview illustrating the four main methodological steps (Section 2). Steps 1–3 comprise how to derive the new non-stationary precipitation statistics for 
Germany, and step 4 is the application of these data for 2 municipalities in the pre-alpine Bavarian region (southern Germany).
event. It is modeled using a Generalized Gaussian distribution with a 
shape parameter equal to 4. Its probability density function is: 

𝑔(𝑇 ) = 2
𝜎 ⋅ 𝛤 (1∕4)

⋅ exp

[

−
(

𝑇 − 𝜇
𝜎

)4
]

, (3)

where 𝜇 is the location and 𝜎 is the scale parameters. For additional 
details about this choice and the possible physical reasoning behind it, 
refer to Marra et al. (2024).

2.1.3. Return level estimation component
Ordinary statistics show that when the marginal CDF 𝐹 (𝑥) describ-

ing all the independent realizations of the process of interest is known, 
the CDF 𝐺(𝑥) of annual maxima emerging from a finite number 𝑛 of 
independent events per year sampled from 𝐹 (𝑥) can be written as: 
𝐺(𝑥) = 𝐹 (𝑥)𝑛. (4)

Having determined the magnitude 𝑊 (𝑥; 𝑇 ) and the temperature 
𝑔(𝑇 ) components, 𝑇𝑖 can be stochastically generated with 𝑖 = 1,… , 𝑁
sampled from 𝑔(𝑇 ) to produce a Monte Carlo representation of 𝐹 (𝑥). It 
is then possible to estimate the distribution of annual maxima using the 
Simplified Metastatistical Extreme Value (SMEV) formulation (Marra 
et al., 2019): 

𝐺TENAX(𝑥) =
(

∫
𝑊 (𝑥; 𝑇 ) ⋅ 𝑔(𝑇 )𝑑𝑇

)𝑛
≃

(

1
𝑁

𝑁
∑

𝑖=1
𝑊 (𝑥; 𝑇𝑖)

)𝑛

, (5)

where  is the domain of the temperature model, 𝑁 is the number 
of stochastically generated events, and 𝑛 is the average number of 
independent events in a year. Precipitation return levels can then be 
computed by the inversion of Eq. (5).

2.2. Flood risk assessment

2.2.1. Hydrodynamic modeling
Hydrodynamic modeling was performed in two municipalities using 

two different model approaches. For Weilheim, the rainwater drainage 
system plays an important role during heavy precipitation events. 
There, streams originating from the outlying regions are transported 
to the urban sewer system, where they interact with the drainage of 
residential areas. To accurately model the flow processes and feedback 
of the surface and the rainwater drainage system, the 2D surface 
model HydroAS (Hydrotec, 2023) is bi-directionally coupled with the 
1D sewer network model Hystem-Extran (more information following 
4 
https://itwh.de/en/). This framework allows for the parallel calcu-
lation of all relevant flow processes on and under the surface and, 
therefore, for realistic flood risk mapping. In Garmisch-Partenkirchen, 
the storm water drainage system is fragmented and not part of a larger 
network. Instead, there are several single pipes connecting sealed areas 
such as parking lots to the nearest river. These pipes can be modeled 
directly in the hydrodynamic model using so-called 1D culvert bound-
ary conditions, which connect two points of the computational mesh 
over a larger distance. In this case, this method reduces the modeling 
effort significantly compared to the full coupling of the 2D surface 
model with a 1D storm water model while achieving the same accuracy. 
Here, the H_SIM-2D model is applied, allowing for higher resolution at 
feasible simulation times. Due to the size of the catchment area relevant 
for pluvial flooding, the model domains cover a region of 60 km2 for 
Garmisch-Partenkirchen and 30 km2 for Weilheim, respectively. Data 
about sewer networks are provided by the local Municipal Building 
Authorities.

Both hydrodynamic 2D models are based on shallow-water equa-
tions and use an irregular mesh of triangles and quadrilaterals for 
flexible terrain adaptation. They assume hydrostatic pressure and in-
tegrate the Reynolds-averaged Navier–Stokes equations (Pironneau, 
1988; Tan, 1992). The hourly precipitation rate is applied as a design 
storm with a center-weighted distribution according to DVWK (1999), 
using three different rain intensities, with the middle intensity being 
the highest. At each node of the computational mesh, an individual 
effective precipitation amount is defined and calculated with the SCS 
Curve Number Loss Model (USDA National Resources Conservation 
Service, 2004). This method considers the impact of land use, soil 
properties, soil moisture, and rain intensity on the infiltration rate. Both 
models use a newly developed depth-dependent roughness approach for 
shallow surface runoff (Feldmann et al., 2023).

2.2.2. Hazard and risk assessment
Following the simplified method for hazard and risk assessment 

(LfU, 2017), the results of hazard identification are supported by identi-
fying objects (e.g., buildings) affected by or at risk of pluvial flooding. 
This is a robust method when detailed data on each building is not 
available. The susceptibility to flooding is determined by intersecting 
the objects with the identified flood areas (from hazard identification of 
Section 2.2.1). The objects are marked according to their susceptibility 
to flooding, as classified in Table  1, based on a simulated extreme 
hourly precipitation event of a 100-year return period. This procedure 

https://itwh.de/en/
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Table 1
Flood risk categories following (LfU-Bayern, 2022).
 Category Flood risk Water level [cm] 
 0 No risk 0  
 1 Low 5–10  
 2 Moderate 10–50  
 3 High 50–100  
 4 Very high >100  

is done for current climate conditions (KOSTRA-DWD) and two chang-
ing climate scenarios applying the NUKLEUS +2 ◦C and +3 ◦C CPM 
ensemble mean. Relative changes [in %] between current and future 
climate conditions are calculated.

2.3. Observed data

2.3.1. Precipitation
Hourly gridded precipitation data for the period 2001–2020 for 

Germany were obtained from the radar-based high-resolution precip-
itation climatology product (RADKLIM, Version 2017.002) of the Ger-
man Weather Service (DWD) (Winterrath et al., 2018). The hourly 
precipitation sums (‘‘RW product’’) result from the radar-based pre-
cipitation estimation (RADOLAN) that are adjusted with precipitation 
measurements by gauges. The data are available on a 1 km × 1 
km grid in a polar stereographic projection. The data set is quality-
controlled, including climatological correction methods of clutter- and 
signal reduction with height and distance caused by different effects 
like overshooting, attenuation, and increase of the measurement vol-
ume and spokes. The data set is freely available and will be extended 
annually.

Gridded data of hourly precipitation return periods (design precip-
itation) over Germany were obtained from the KOSTRA-DWD product 
(Version 2020 Junghänel et al., 2017). This data is considered state-
of-the-art in engineering for sizing water management infrastructure 
such as sewer networks, pumping stations, and retention basins. They 
are commonly employed for designing urban drainage and infiltration 
systems. KOSTRA-DWD is utilized as the stationary (present-climate) 
precipitation return level estimate 𝑃𝐾𝑂𝑆𝑇𝑅𝐴,𝑝

𝑅𝐿 .

2.3.2. Temperature
Daily gridded (5 km × 5 km) temperature data 𝑇𝑝 spanning the pe-

riod 2001–2020 were derived from the HYRAS-DE-TAS (Version v5.0) 
product. These observational datasets (HYRAS) are compiled from 
measurements collected within Germany and its neighboring countries, 
utilizing approximately 1300 stations for interpolation. More technical 
information can be found in Razafimaharo et al. (2020).

2.4. Climate model data

The project NUKLEUS (German acronym for Useable Local Climate 
Information for Germany) generated an ensemble from regional (high-
resolution) downscaling of three Global Circulation Models (GCMs), 
obtained from the CMIP6 ensemble — namely EC-Earth3-Veg, MPI-
ESM-HR, and MIROC6 (Table  3). To ensure a representative selection of 
global climate models (GCMs) for downscaling, the project relied on the 
EURO-CORDEX GCM selection framework (Sobolowski et al., 2023), 
which identified six CMIP6 GCMs as particularly suitable for regional 
climate modeling over Europe. This selection was based on model 
performance metrics and the ability to capture the plausible range of 
climate sensitivity. From this set, three GCMs were chosen to span the 
low (MIROC6), medium (MPI-ESM-HR), and high (EC-Earth3-Veg) ends 
of climate sensitivity. This subset was selected by the NUKLEUS project 
team to ensure that the ensemble captures a broad range of potential 
future climate responses consistent with the CMIP6 framework. To 
retain the large-scale consistency with the driving GCMs and to ensure 
5 
Table 2
Mean annual 2 m air temperature bias (◦C) of the NUKLEUS CPMs used in this study 
for the period 1961–1990.
 CPM Oberland region Germany 
 CCLM EC-Earth3-Veg +0.29 ◦C +0.32 ◦C 
 CCLM MIROC6 +0.25 ◦C –0.07 ◦C  
 ICON-CLM EC-Earth3-Veg +0.39 ◦C +0.11 ◦C 
 ICON-CLM MPI-ESM-HR +0.50 ◦C +0.24 ◦C 

numerical stability (Warner, 2011), the downscaling is performed using 
two nesting steps: First, to the EURO-CORDEX domain with a resolution 
of 12.5 km and then further down to 3 km in a convection-permitting 
mode for a domain covering Germany and its surroundings (Fig.  4). 
The simulations for the coarse-scale European domain were performed 
transiently, using the historical experiments from 1951–2014, followed 
by the ssp370 scenario (2015–2099). For all experiments, the first GCM 
realization (r1i1p1f1) was applied. The 3 km and 1h-resolution CPM 
simulations span time slices of 30 years, with a historical period from 
1961–1990 and two scenario periods covering the Global Warming 
Levels (GWL) +2 ◦C and +3 ◦C compared to pre-industrial conditions 
(Table  3). In this study, the GWL approach is followed as it focuses 
on the level of warming, which is more relevant for the assessment 
of the impact of climate change and user applications, for example, 
extreme precipitation and heat stress, than the specific path to that 
warming. This reduces uncertainty in climate projections and provides 
comparable results across different emission scenarios, supporting bet-
ter policy framing and adaptation measures. The +2 ◦C and +3 ◦C GWLs 
are considered reasonable because they align with the key temperature 
thresholds set by the Paris Agreement and current climate projections. 
The +2 ◦C scenario represents a moderate warming level for near-term 
adaptation, while the +3 ◦C scenario reflects a stronger warming with 
longer-term impacts, both of which are relevant for designing effective 
climate adaptation measures. The recent occurrence of 12 consecutive 
months with global mean surface temperatures at or above 1.5 ◦C above 
preindustrial levels suggests that the world may have already crossed 
the long-term 1.5 ◦C warming threshold set by the Paris Agreement 
earlier than expected (Cannon, 2025), and it is expected that current 
policies will lead to an approximate warming of 3 ◦C until the end of 
the century (United Nations Environment Programme, 2024).

The GWLs were calculated following Teichmann et al. (2018). As 
we apply the period 1961–1990 in our analysis as a reference rather 
than a preindustrial time slice, it must be considered that the historical 
reference period has a GWL of +0.42 ◦C (compared to preindustrial 
time). Here, data from four NUKLEUS GCM-RCM model combinations 
(Table  3) are used, based on two RCMs: first, the ICON-CLM (Van Pham 
et al., 2021) in version 2.6.5-rc is grounded on the icosahedral model-
ing framework ICON (Zängl et al., 2015). CCLM (COSMO-CLM, Sørland 
et al. (2021)) is applied in its final version COSMO6. For both RCMs, 
the parameterization for deep convection is switched off at the 3 km 
resolution, providing CPM ensembles for the whole of Germany. Since 
air temperature is used directly as a covariate in the TENAX model, we 
validated the annual mean temperature bias of the CPM simulations 
with respect to station observations. Table  2 summarizes the spatially 
averaged biases for the Bavarian Oberland region and Germany.

In the Bavarian Oberland region, where the TENAX model is ap-
plied, biases range between +0.25 ◦C (CCLM-MIROC6) and +0.50 ◦C 
(ICON-CLM MPI-ESM-HR). These values are slightly higher than the 
national averages but still lie within acceptable bounds for regional 
climate applications.

The seasonal cycle of monthly mean temperature and precipitation 
biases in the Oberland region is shown in Figure S1(a), demonstrating 
that the CPM ensemble captures temperature well throughout the 
year. Monthly biases remain within ±1K for most months, in which 
convective events prevail. Although not used for the non-stationary 
TENAX model, the precipitation bias is shown in Figure S1(b). Biases 
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Fig. 3. Hourly precipitation values for a 100-year level [mm] using RADKLIM and HYRAS data (a) at Garmisch-Partenkirchen (Fig.  1) based on the TENAX model, the SMEV 
model, and KOSTRA-DWD (Version 2020). (b) TENAX hourly precipitation values for a 100-year level [mm] for the whole of Germany. (c) shows the corresponding precipitation 
extremes based on the KOSTRA-DWD [mm] as a reference. (d) shows the deviations [mm] between the TENAX and KOSTRA-DWD.
Table 3
The NUKLEUS CPM ensemble, driven by CMIP6 simulations applied as initial and 
boundary conditions. For each GCM, the r1i1p1f1 realization was used for the historical 
and ssp370 scenario. The period to achieve Global Warming Levels (GWL) of +2 ◦C 
and +3 ◦C using the ssp370 scenario is shown for each GCM.
 GCM Reference RCMs GWL +2 ◦C GWL +3 ◦C 
 (historical) period period  
 (ssp370)  
 EC-Earth3-Veg EC-Earth-

Consortium (2019a)
ICON-  

 CLM  
 EC-Earth-

Consortium (2019b)
CCLM 2024–2053 2047–2076  

 MPI-ESM-HR Jungclaus et al. 
(2019)

ICON-  

 CLM  
 Schupfner et al. 

(2019)
2037–2066 2066–2095  

 MIROC6 Tatebe and 
Watanabe (2018)

CCLM  

 Shiogama et al. 
(2019)

2038–2067 2070–2099  

in the Oberland region tend to be higher than in Germany (Figure S2). 
Moreover, we analyzed the representation of extreme precipitation by 
comparing the IDF curves of the 100-year return level for the four CPM 
simulations with KOSTRA-DWD, exemplarily shown for Weilheim (Fig-
ure S3). The CPMs are shown to most often lie within the uncertainty 
range of the KOSTRA-DWD data, indicating that sub-daily extreme 
precipitation events can be well represented in the CPM ensemble.

Due to different projections and spatial resolutions, observed and 
modeled data are regridded onto a regular lon/lat grid of 0.01◦ (approx. 
1 km) by applying the nearest neighbor interpolation. Since the primary 
goal is to preserve extreme values accurately, the nearest neighbor 
interpolation is used. To assess the impact of different interpolation 
6 
(regridding) strategies within the hydrometeorological modeling chain, 
we compared three well-established approaches (i.e., bilinear, bicubic, 
distance-weighted) against the nearest neighbor method using the 99th 
percentile of precipitation extremes at station Garmisch-Partenkirchen 
under the +3 ◦C GWL scenario (EC-Earth3-Veg – CCLM). The dif-
ferences between the methods remained below 1%, indicating that 
regridding contributes only marginally to the overall uncertainty of the 
hydrodynamic modeling.

3. Results

3.1. Extreme precipitation values under current climate conditions

The TENAX-derived return levels of hourly precipitation values 
based on RADKLIM and HYRAS for Garmisch-Partenkirchen are shown 
in Fig.  3a. It can be demonstrated that TENAX provides a good fit to 
the RADKLIM data and closely follows benchmark stationary models, 
such as the SMEV (see method Section 2.1), and the empirical annual 
maxima. It, however, deviates in magnitude due to the fundamentally 
different measurement principle between radar-based precipitation es-
timation and ground-based observations, as also found by Lengfeld 
and Marra (2024). We evaluated the goodness of the TENAX model in 
representing extreme precipitation intensities under changing climate 
conditions by checking the scaling rates (Figure S4). It is demonstrated 
that the TENAX-derived precipitation-temperature scaling rates are in 
close correspondence to the observed scaling rates and that the values 
are within expected ranges and higher than the C–C scaling rates. As 
can be expected for short-term convective events, the spatial patterns 
do not distinctly align with the topographic conditions of Germany 
(Lengfeld et al., 2019).

For the whole of Germany, there is an NW-SE gradient of increasing 
precipitation extremes for the TENEAX model (Fig.  3b) and the corre-
sponding precipitation extremes of the state-of-the-art KOSTRA-DWD 
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Fig. 4. NUKLEUS +2 ◦C CPM ensemble mean of (a) mean air temperature increase [◦C] compared to the reference period 1961–1990 with a GWL of +0.42 ◦C, (c) change (factor) 
of the standard deviation of air temperature [-], and (e) change (factor) of the occurrence of precipitation events. NUKLEUS +3 ◦C GWL CPM ensemble shown in (b), (d), and (f).
product (Fig.  3c). The TENAX-derived hourly precipitation extremes are 
notably more heterogeneous than those derived from KOSTRA-DWD, as 
the latter are interpolated from stations while TENAX is here applied 
to weather radar data, from which they inherit some spatial noise 
(e.g., see Lengfeld and Marra, 2024), though local spatial clustering of 
high precipitation values corresponds well between the two methods. 
From visual inspection, heavy precipitation events are less influenced 
by orography compared to KOSTRA-DWD (see Fig.  1 as a reference). 
Fig.  3d depicts the deviation in the magnitude between TENAX and 
KOSTRA-DWD. TENAX, on spatial average for the 100-year return 
level, is approximately 15.4 mm h−1 lower compared to KOSTRA-DWD 
(with a standard deviation of 0.8 mm h−1). This deviation needs con-
sideration to model extreme precipitation values under a non-stationary 
climate, i.e., future climate conditions.

3.2. Extreme precipitation values under future climate conditions

To derive the expected climate signal for the future, the NUKLEUS 
CPM ensemble (see Section 2.4) is analyzed for two scenarios, following 
a +2 ◦C and a +3 ◦C global warming levels (GWL) compared to the 
7 
preindustrial conditions. Fig.  4 illustrates the NUKLEUS CPM ensemble 
mean of mean air temperature increase, the change (factor) of the 
standard deviation of air temperature, and the change (factor) of the 
average annual number of precipitation events under both scenarios, 
compared to the historical reference period (1961–1990). The historical 
reference period has a GWL of 0.42 ◦C compared to preindustrial times. 
Since the regional mean air temperature increases across the entire 
domain are approximately +1.75 ◦C for the +2 ◦C and +2.9 ◦C for the 
+3 ◦C GWL scenario (Fig.  4a,b), the regional air temperature signals 
are therefore slightly higher than the averaged global air temperature 
signals. For both scenarios, the change factors of the standard deviation 
of the mean air temperature follow a north-south gradient, with a 
higher change factor (>1) in the north and values around 1 and higher 
in the south. Topographic effects are visible, as the Alpine regions at 
the southern border of the domain reach the highest change factors 
(up to 1.1). This effect is more pronounced for the +3 ◦C scenario, 
whereas the patterns correspond well between the scenarios (Fig.  4c,d). 
The air temperature variability within the ensemble, expressed as the 
coefficient of variation, is comparatively higher for the +2 ◦C compared 
to the +3 ◦C scenario (Figure S5). This indicates a relatively higher 
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Fig. 5. Adjusted non-stationary hourly extreme precipitation intensities [mm] for a 100-year return level under the GLW +2 ◦C (a) and +3 ◦C (b) scenarios. Differences in 
precipitation intensities compared to the KOSTRA-DWD (i.e., stationary assessment) for the +2 ◦C (c) and the +3 ◦C (d) GLW scenario.
inter-model ensemble uncertainty for the lower warming rate. In terms 
of change in the occurrence of precipitation events (Fig.  4e,f), there is a 
west-east gradient towards increasing events in the eastern parts of Ger-
many, and comparatively fewer events are expected under the +3 ◦C 
scenario in western Germany. Exploring the impact of these changes on 
extreme precipitation return levels using the TENAX model, a higher 
impact can be expected from the temperature change compared to 
the change in precipitation occurrence, as visible in the sensitivity 
experiments conducted for Garmisch-Partenkirchen (Figure S6).

The newly non-stationary hourly extreme precipitation intensities 
for a 100-year event are illustrated in Fig.  5 for both scenarios. They are 
derived using the TENAX model based on the NUKLEUS CPM ensemble 
statistics and KOSTRA-DWD to adjust the magnitude (see Eq. (1) in 
Section 2). Overall, in both scenarios, the patterns of the stationary 
KOSTRA-DWD approach are reproduced but provide moderately more 
spatial details (Fig.  5a,b). Local increases up to 20 mm h−1 compared 
to the historical intensities of KOSTRA-DWD can be found (Fig.  5c,d). 
The spatial average of the increase amounts to approximately 2.1 mm 
h−1 (standard deviation of 0.18) and 3.7 mm h−1 (standard deviation of 
0.35) under the GLW +2 ◦C and the GLW +3 ◦C scenario, respectively. 
Local differences up to 20 mm h−1 can be observed under the GLW 
+3 ◦C scenario, particularly in Baden-Wuerttemberg and Bavaria, in 
southern Germany, where our two study cases are located.

3.3. Impacts of climate change on local flood risk

We conducted 3 hydrodynamic simulations, one based on the ex-
treme precipitation intensities of KOSTRA-DWD, one for the +2 ◦C, 
and another for the +3 ◦C GWL scenarios. The simulations were ap-
plied for the two municipalities Garmisch-Partenkirchen and Weilheim, 
in slightly different model settings (see Section 2.2.1). The resulting 
differences in inundation levels emerging from the two GWL scenar-
ios relative to the stationary KOSTRA-DWD input are calculated and 
8 
illustrated in Figs.  6 and 7 for Garmisch-Partenkirchen and Weilheim, 
respectively.

Identifying buildings at risk of pluvial flooding, we finally derive 
the summary statistics of relative changes for both municipalities (Fig. 
8). The different classes refer to flood risk categories that correspond 
to water level ranges (Table  1).

For Garmisch-Partenkirchen (Fig.  8a), the number of buildings is 
decreasing for the no-risk category (up to −7.1% and −9.2% for the 
+2 ◦C and the +3 ◦C GWL scenarios, respectively), and increasing 
considerably for the high-, and very high-risk categories, in the latter 
case, up to +19.9% and +24.6% for the +2 ◦C GWL and the +3 ◦C 
GWL scenario, respectively. While the pattern of changes is similar for 
both future scenarios for Garmisch-Partenkirchen, this is not the case 
for Weilheim (Fig.  8b), where both GWL scenarios deviate remarkably. 
The relative changes in the number of affected buildings are increasing 
exceptionally for the +3 ◦C GWL scenario (up to +40.6% and +60.0% 
for the high- and the very high-risk category), the changes are highest 
for category 3 (high-risk, up to +20.8%) and is as small as +10.0% in 
the very high-risk category for the +2 ◦C GWL scenario.

Figs.  9 and 10 show the flow intensity, which is the product of flow 
velocity and water depth, driven by the different precipitation scenarios 
compared to KOSTRA-DWD 2020. In Garmisch-Partenkirchen, the flow 
intensities are relatively high because of the high elevation gradients 
(steep terrain). In contrast, Weilheim experiences high flow velocities 
only along watercourses; the rest of the terrain is mostly flat. As a 
result, water tends to accumulate in low-lying areas and depressions, 
which can still pose a threat to buildings. This explains why there is 
little to no increase in flow intensities in Weilheim under the +2 ◦C 
GWL scenario.

4. Discussion

To build future climate-proof water systems and reduce the risk 
of critical infrastructure, short-duration extreme precipitation design 
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Fig. 6. Inundation areas, illustrated as water depth [m] in Garmisch-Partenkirchen calculated with the hydrodynamic model, driven by different precipitation scenarios, KOSTRA-
DWD Version 2020 (a), GWL +2 ◦C (b) and GWL +3 ◦C (b). Figures b and c illustrate the water level differences [m] to the KOSTRA-DWD simulation (a). Furthermore, the 
individual flood risk of buildings is depicted. The Figure shows only a subset of the model domain.
storms must be updated (Hosseinzadehtalaei et al., 2020). Our research 
has therefore delved into the assessment of future hourly precipitation 
extremes based on the new statistical model TENAX (Marra et al., 
2024) and high-resolution observational and RCM data for the whole 
of Germany (i.e., RADKLIM, HYRAS, and NUKLEUS CPM). We de-
rived hourly precipitation extremes for Germany for +2 ◦C and +3 ◦C 
GWL scenarios and assessed the corresponding hydrodynamical impact 
for two representative communes in the Bavarian Oberland region 
(southern Germany).

The correspondence between the modeled and observed extreme 
precipitation patterns (Fig.  3) underscores the utility of RADKLIM 
data in capturing the spatial distribution of precipitation extremes. 
However, our comparison with KOSTRA-DWD data also revealed no-
table differences. While the greater scatter using RADKLIM is plausible 
due to its higher actual resolution (compared to the spatially interpo-
lated KOSTRA-DWD product), significant deviations in the magnitude 
highlight challenges in relying solely on the RADKLIM and HYRAS 
products for the estimation of extreme precipitation events (Pöschmann 
et al., 2021). Deviations from the KOSTRA-DWD-derived precipitation 
extremes are due to the fundamental differences in the measurement 
principle of radar estimations (direct point measurement of stations 
versus indirect estimates from a large atmospheric volume of radar) as 
well as the limited length of the radar precipitation estimates (20 years 
only) (Ochoa-Rodriguez et al., 2015; Lengfeld et al., 2020). For this 
purpose, a magnitude adjustment (‘‘bias’’ correction on return level 
basis) of the kilometer-scale TENAX simulations based on RADKLIM 
9 
has been performed (Fig.  5), which reflects both the magnitude of the 
KOSTRA-DWD product as well as the impact of climate change. While 
complex bias correction methods on the raw precipitation values may 
introduce additional uncertainties (Laux et al., 2021), the applied delta 
approach may suffice given the relatively short observational period 
(Shrestha et al., 2017; Dang et al., 2017). As expected, (convective) 
precipitation extremes of short durations do not show strong relations 
with topography (Ban et al., 2015) as represented in KOSTRA-DWD, 
and are rather uniformly distributed over Germany (Winterrath et al., 
2019). The obtained scaling rates for 1-h extremes are in agreement 
with observed scaling rates across Europe (Bürger and Bronstert, 2014; 
Marra et al., 2024; Dallan et al., 2022; Persiano et al., 2020), further 
supporting the potential of RADKLIM and HYRAS as a surrogate dataset 
for applications with scarce observation station data or regional-scale 
assessments of extreme precipitation events across Germany.

For risk assessment of future extreme events, high-resolution CPM 
ensemble simulations from a CPM ensemble are used as input for the 
TENAX model. By using the new NUKLEUS CPM ensemble, it could 
be demonstrated that changes in the ensemble mean vary remarkably 
amongst the 2 ◦C and the 3 ◦C GWL scenarios (Fig.  4). Based on 
the NUKLEUS CPM ensemble statistics, future hourly extreme precip-
itation intensities are derived in unprecedentedly high spatial detail. 
The resulting difference in the hourly extreme precipitation intensities 
between the present and future climates can vary locally up to 15% 
across Germany. Dallan et al. (2024b) found an average increase of 
30% in the 100-year return level over the Greater Alpine-Mediterranean 
region for the end of the century using the SMEV approach.
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Fig. 7. Inundation areas, illustrated as water depth [m] in Weilheim calculated with the hydrodynamic model, driven by different precipitation scenarios, KOSTRA-DWD (a), GWL 
+2 ◦C (b), and GWL +3 ◦C (c). Figures b and c illustrate the water level differences [m] to the KOSTRA-DWD simulation (a). Furthermore, the individual flood risk of buildings 
is depicted. The Figure shows only a subset of the model domain.
Fig. 8. Relative changes in flood risk under +2 ◦C and +3 ◦C GWL scenarios for Garmisch-Partenkirchen (a) and Weilheim (b), both located in the pre-alpine region of Bavaria 
(southern Germany), compared to the stationary hydraulic assessment based on KOSTRA-DWD. Flood risk categories are explained in Table  1.
We analyzed the impact of the expected climate change by con-
ducting high-resolution and computationally demanding hydrodynamic 
flood modeling (Figs.  6 and 7) at the commune level in a hot spot 
region, characterized by enhanced hourly precipitation extremes and 
climate sensitivity, i.e., prevailing high precipitation extreme values 
and high differences between the +2 ◦C and +3 ◦C GWL scenarios. 
While higher risks up to 60% for the highest risk classes are found 
between the historical and the future climate conditions (see Fig.  8), 
10 
differences up to 50% between the two different GWL scenarios can be 
observed for Weilheim (highest risk class).

In this study, the uncertainties stem from different sources, such 
as the climate modeling, the model parameters of the TENAX and 
the hydrodynamic models, and the different observational datasets 
applied (see Section 2 for details on each component of the CHMC). 
While high uncertainties can be expected particularly for short-duration 
extreme events and long return periods (Hosseinzadehtalaei et al., 
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Fig. 9. Flow intensity differences [m2∕s] in Garmisch-Partenkirchen calculated with the hydrodynamic model, driven by different precipitation scenarios, KOSTRA-DWD Version 
2020 (a), GWL +2 ◦C (b) and GWL +3 ◦C (b). Figures b and c illustrate the flow intensity differences [m] to the KOSTRA-DWD simulation (a). The Figure shows only a subset 
of the model domain.
2018, 2020), as it is the focus of this study, the quantification of the 
overall uncertainties, including the uncertainties contributed from each 
source is virtually impossible due to the complexity of the CHMC and 
the computational demands of the single components. For example, 
the computational demands for the German-wide assessment of hourly 
precipitation extremes restricted the application of the TENAX model 
to the NUKLEUS CPM ensemble mean statistics of the +2 ◦C and the 
+3 ◦C scenario. This prohibits a dedicated uncertainty quantification 
of the climate input. However, it is well-recognized that high uncer-
tainty results from the climate boundary conditions (Jeantet et al., 
2023). Due to the applied GWL approach of the GCM/RCM ensemble, 
the uncertainty stemming from different emission trajectories could 
be partly reduced (Evin et al., 2024). Within the TENAX model, an 
uncertainty estimation of extreme precipitation values has been con-
ducted for selected grid cells based on bootstrap sampling, however, 
a German-wide assessment has been omitted due to computational 
reasons. Demanding hydrodynamic model simulations at the end of 
the CHMC would prevent us from assessing the propagation of these 
uncertainties to the hydrodynamic risk assessment.

Despite significant uncertainties in the CHMC, a consistent Euro-
pean study remains highly desirable (Hosseinzadehtalaei et al., 2020). 
The application of the TENAX model helps mitigate the challenges 
posed by short time series and offers a robust framework for deriving 
projections of future IDF values based on temperature shifts (Marra 
et al., 2024). However, the progress is currently hindered by the 
limited availability of dense, sub-daily precipitation data, both from 
observations and CPM simulations (Hundhausen et al., 2024; Dallan 
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et al., 2022; Prein et al., 2017; Sun et al., 2021; Hundhausen et al., 
2024; Poschlod, 2021).

Unlike city-scale future design storm values, such as the ones pre-
sented by Peleg et al. (2024), this study derives 1-h precipitation design 
levels for a 100-year return period under two future climate scenarios 
for the whole of Germany for the first time (available under Laux 
(2024)), encouraging further process-based hydraulic projections for 
pluvial flooding in German urban catchments.

Due to the current data limitations for the whole of Europe, the 
presented CHMC may serve as a blueprint for a county-wide assessment 
of future design storm values with similar data infrastructures (radar 
data, observations, and CPM simulations).

5. Conclusion

We hypothesize that future short-duration extreme rainfall events 
may lead to higher inundation levels compared to the events currently 
used as a standard in engineering. Assessing future hourly precipitation 
extremes using the TENAX model and high-resolution observational 
and CPM data for the whole of Germany (i.e., RADKLIM, HYRAS, and 
NUKLEUS), we derived future hourly precipitation extremes for +2 ◦C 
and +3 ◦C GWL scenarios. Hydrodynamic simulations for two German 
municipalities reveal that with climate change, our current approaches 
significantly underestimate flood risk. Similar impacts are likely in 
other regions, particularly in southern Germany, where the highest 
increases in 1-h precipitation extremes are expected. These findings 
suggest that critical infrastructure designed with the standard approach 
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Fig. 10. Flow intensity differences [m2∕s] in Weilheim calculated with the hydrodynamic model, driven by different precipitation scenarios, KOSTRA-DWD Version 2020 (a), GWL 
+2 ◦C (b) and GWL +3 ◦C (b). Figures b and c illustrate the flow intensity differences [m] to the KOSTRA-DWD simulation (a). The Figure shows only a subset of the model 
domain.
might be ill-prepared for flooding in a +2 ◦C or +3 ◦C warmer world. To 
support climate-resilient adaptation, we provide high-resolution future 
hourly precipitation extremes with a 100-year return level (Laux, 2024) 
to scientists, engineers, and water managers. The presented CHMC 
framework may serve as a blueprint for other countries with similar 
data infrastructures.
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r/%3Fproduct%3Dceu-3%26project%3Dnukleus. KOSTRA (Grids of re-
turn periods of heavy precipitation (design precipitation) over Germany 
(KOSTRA-DWD, Version 2020)), HYRAS-DE-TAS (Version v5.0), and 
RADKLIM (Version 2017.002) data can be obtained from the Climate 
Data Center (CDC) at https://opendata.dwd.de/climate_environment/
CDC/. The newly generated non-stationary precipitation extreme val-
ues are provided at the World Data Center for Climate (WDCC) at 
DKRZ, under https://www.wdc-climate.de/ui/entry?acronym=PrecEx
tr100yr, doi:10.26050/WDCC/PrecExtr100yr. The TENAX model is 
available at https://doi.org/10.5281/zenodo.8332232, and the SMEV 
model is available at https://doi.org/10.5281/zenodo.3971557.
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