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 A B S T R A C T

Extreme precipitation on short, sub-hourly time scales has the potential to trigger flash floods, is a particular 
threat to urban areas, and is expected to increase with climate change. However, little is known about sub-
hourly precipitation extremes in convection-permitting climate models (CPMs). We investigate sub-hourly 
precipitation in the KIT-KLIWA ensemble — a CPM climate ensemble driven by 3 CMIP5 GCMs coupled 
to the regional climate model COSMO-CLM. The domain is centred over Germany with a grid resolution of 
0.025 ◦ (2.8 km). In an event-based analysis, we compare extreme precipitation down to 5-min resolution for 
a historical simulation (1971–2000) with the dense radar and raingauge observation network in Germany. 
We find that 5-min CPM precipitation data adequately reproduces the frequency distribution from radar 
measurements. To improve the understanding of the precipitation bias in CPM simulations we propose an 
event-based analysis, that reveals a tendency for the CPM to overestimate the occurrence of longer events, and 
for a simulation bias in the representation of heavy and short, likely convective, precipitation events. The CPM 
historical simulations mostly reproduce the event precipitation sum for events leading to 1h and 6h annual 
maxima. Maximum 5-min peak intensities of these extreme precipitation events agree with spatially-aggregated 
radar data but are well below intensity maxima observed in station data. A dominant (very) front-loaded shape 
for precipitation events leading to 1h annual maxima is reproduced by the CPM ensemble. The demonstration 
that CPMs effectively capture the key features of rainstorm profiles, opens up opportunities for climate change 
studies and their application in hydrological modelling.
1. Introduction

The intensification of extreme precipitation in a warming climate 
in Europe is projected to be largest for events of short duration (e.g., 
Rajczak and Schär, 2017; Helsen et al., 2020; Ban et al., 2015; Hund-
hausen et al., 2024). This prospect is a major concern because such 
events have the potential to trigger flash floods (Archer and Fowler, 
2018). Their short response time, rapid water level rise and high peak 
depths lead to a high mortality (Archer and Fowler, 2018) and cause 
significant damage, especially in urbanized areas (Darwish et al., 2018). 
Besides the rainfall depth, the impacts of such extreme events are 
influenced by their temporal profile, including the timing of the peak 
and the peak intensity (Hettiarachchi et al., 2018; Lambourne and 
Stephenson, 1987; Müller et al., 2017; Ng et al., 2020; Zhu et al., 2018), 
which often occur on sub-hourly time scales.

In hydrological modelling for engineering applications, a single 
centred design rainfall profile, such as the Chicago Design Storm — is 
commonly used to drive an impact model to estimate a design flow (Vil-
lalobos Herrera et al., 2023a). Design rainfall profiles are typically 
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based on ranked analytical approaches using long observational time 
series. However, a recent observational analysis in the UK suggests 
that real storms have a number of different temporal profiles — front-
loaded, centred and back-loaded, whose frequency depends on storm 
duration (Villalobos Herrera et al., 2023a). Currently, it is assumed 
the same design profile(s), based on past observations, can be used in 
a warming climate. However, there are indications that the temporal 
profile is changing with climate conditions. For example, based on 
observations in Australia, storms have become more peaked (Wasko 
and Sharma, 2015) and more front-loaded (Visser et al., 2023) in 
the last decades. This poses a significant challenge for design flow 
estimation, which will be essential for successful climate adaptation. 
Accurately representing sub-hourly time scales precipitation character-
istics, including the temporal profiles of extreme precipitation events, 
in climate models is crucial for providing adjustments to storm profiles 
for climate adaptation and for increasing the confidence in predicted 
climate change signals.
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The new generation of climate model simulations at the convection-
permitting (CP) scale, with a grid spacing of ≤ 4 km that permits 
the explicit resolution of deep convection, has been shown to im-
prove the representation of precipitation. These improvements com-
prise especially the intensities and frequencies of extreme precipita-
tion, the diurnal cycle and orographically-enhanced extreme precipi-
tation (Kendon et al., 2012; Hohenegger et al., 2008; Sato et al., 2009; 
Prein et al., 2013; Ban et al., 2014, 2021). However, previous CPM 
studies analysing extreme precipitation have often been limited to daily 
or, less frequently, hourly model output, and little is known about 
sub-hourly extremes (Meredith et al., 2020).

Therefore, here we investigate sub-hourly precipitation in the KIT-
KLIWA ensemble — a CP climate ensemble driven by four CMIP5 GCMs 
coupled to the regional climate model COSMO-CLM (Hundhausen et al., 
2023). The domain is centred over Germany, with a grid resolution of 
0.025 ◦ (2.8 km). For three ensemble members, we compare extreme 
precipitation of a temporal resolution down to 5-min during the his-
torical simulations (1971–2000) with the dense observation network 
over Germany, representing the most comprehensive, and the only 
multi-model, study of sub-hourly precipitation in convection-permitting 
climate ensemble to date. While common analytical approaches remove 
the natural temporal correlation structure of precipitation events, we 
use an event-based approach to improve our understanding of the pre-
cipitation bias in CPM simulations and examine the representation of 
(sub-hourly) characteristics of rainstorms in CPM historical simulations.

The study addresses three research questions:

• How well are 5-min precipitation frequencies represented in a 
CPM simulation compared to observations?

• Can an event-based rainfall analysis improve our understanding 
of the precipitation biases in CPM simulations?

• What are the characteristics of extreme events and how are they 
represented in CPM simulations?

The paper is structured as follows: Section 2 provides a description of 
the data and methods used. Section 3 presents the results corresponding 
to the three research questions and additionally details the event-based 
analysis of precipitation event in 3.2. The discussion and conclusions 
are provided in Section 4.

2. Data and methods

2.1. The convection-permitting climate model ensemble

In the convection-permitting climate model (CPM) simulations of 
the KIT-KLIWA ensemble (Hundhausen et al., 2023) the following four 
CMIP5 GCMs were downscaled (realization in brackets): EC-EARTH 
(r12i1p1), HadGEM2-ES (r1i1p1), MPI-ESM-LR (r1i1p1), and CNRM-
CM5 (r1i1p1). This downscaling was performed using the regional 
climate model COSMO5.0-CLM9 (Consortium for Small-scale Modelling 
Climate Limited-area Modelling; CCLM; Rockel et al. (2008)) and for 
three nesting steps. The first nest over Europe has a grid resolution 
of 0.44 ◦ (approximately 50 km), the intermediate nest over central 
Europe has a 0.0625 ◦ resolution (approximately 7 km), and the inner-
most nest covers central and southern Germany, as well as the Alpine 
area, with a 0.025 ◦ resolution (approximately 2.8 km). Convection is 
parametrized using the Tiedtke scheme (Tiedtke, 1989) for the first two 
nests, and for the innermost domain, this parametrization is applied 
only to shallow convection. Details regarding the nesting can be found 
in Hundhausen et al. (2023). The model results for the convection-
permitting domain are hence referred to as the driving GCM with a 
-C appended.

The CPM simulation domain consists of 322 by 328 grid points. To 
mitigate boundary effects, the analysis domain excludes 48 grid points 
from each boundary. In addition, the southern boundary of the analysis 
domain was chosen so that it excludes the Alps, thereby avoiding 
2 
Fig. 1. Simulation domain and data coverage of the measurements. Yellow shading 
shows the theoretical coverage of the 17 radars. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)

regions with very complex orography, and the western boundary was 
aligned with German territory (Fig.  1). The analysis is limited to the 
German part of the domain to match the available observational data 
coverage. Previous studies, such as those by Brisson et al. (2015), 
support the chosen width of the truncated boundary zone as sufficient 
for spatial spinup. Furthermore, the nesting ratio of 2.5 is quite small, 
which further reduces the risk that convective cells do not have suffi-
cient time to develop before they arrive at within the analysis domain. 
However, small domain sizes cannot ensure that influences from the 
coarser parent domain on the CPM simulation are excluded, especially 
for weather patterns with strong synoptic forcing (e.g. Prein et al., 
2013). The climatological output fields for temperature and precipi-
tation were evaluated for boundary effects, and the selected sponge 
area effectively minimized these effects, with no anomalies detected 
within the evaluation domain. Previously, successful CCLM simulations 
in the study region with a similar setup were performed on even smaller 
domains (Fosser et al., 2015; Hackenbruch et al., 2016). The added 
value of the 2.8 km resolution compared to the 7 km resolution in the 
KIT-KLIWA ensemble was assessed for temperature (Hundhausen et al., 
2023) and precipitation (Hundhausen et al., 2024).

Each simulation is transient from 1971–2100 using the RCP8.5 
emission scenario. Sub-hourly, 5-min, precipitation is available for 
three ensemble members EC-EARTH-C, HadGEM2-ES-C, and MPI-ESM-
LR-C for the historical period, 1971–2000. In the projection period, 
5-min data is transiently available to 2100 for MPI-ESM-LR-C and for 
selected time slices for EC-EARTH-C and HadGEM2-ES-C. The analysis 
within this paper is limited to the historical period in EC-EARTH-C, 
HadGEM2-ES-C, and MPI-ESM-LR-C.

2.2. Sub-hourly observation data

Two 5-min datasets are used as a observational reference for the 
historical simulation (Table  1). The first is an in-situ precipitation 
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Table 1
Data coverage of the two observation datasets with 5-min resolution over Germany.
 Data Resolution Period Missing data  
 Stations 725 stations first stations since 1995, data 

until 2022
16 years of data coverage in average, 8.6% 
missing data for operating stations

 

 Radar 1 km×1 km raster 2003–2022 1.3%  
dataset provided by the German weather service, Deutscher Wetterdi-
enst (DWD). In Germany, precipitation stations with 5-min resolution 
have been operated since 1995; today there are 1008 5-min stations, 
from which 725 stations are located in the model domain (Fig.  1). The 
quality control of the measurements is carried out by the DWD and 
only quality-controlled data and years with >80% data completeness 
are used. The average available data length for the 725 stations used 
is 16 years. Secondly, we use the radar dataset, Radolan, provided 
by the DWD on a grid with a resolution of 1 km × 1 km (Bartels 
et al., 2004). Radolan provides 5-min resolution precipitation over 
Germany from 2000, and is a composite of 17 radars today (Fig.  1). 
The correction of the radar data and the transformation of the raw 
data into precipitation is performed by the DWD (Bartels et al., 2004). 
Due to the sparse data coverage in the first years of operation, the 
present study only analyses data for the 20 years from 2003 to 2022. 
For this analysis, the radar data are interpolated conservatively to the 
model grid at 0.025 ◦ (2.8 km) resolution. The interpolated data are 
hereafter referred to as the ‘‘radar model grid’’. As in the simulations, 
the interpolated radar data are analysed only over Germany to match 
the station measurements and to avoid sparse data coverage outside 
of Germany. For gridded radar data the maximum missing data per 
year and grid cell was restricted to 5%. In addition, radar data are 
analysed at the original resolution of 1 km × 1 km as nearest neighbours 
(grid cell) to the station locations and only for the years available at 
the respective station, to allow a direct comparison between the two 
datasets (notation ‘‘radar station grid’’).

2.3. Event-based analysis method

In an event-based analysis, a rain event is defined as a series of rain-
fall recordings separated from the next event by a sufficiently long rain-
free period, which is referred to as the storm inter-arrival time. To avoid 
an arbitrary definition, this minimum rain-free period is estimated 
based on the consideration that the onset of independent rainstorms fol-
lows a Poisson process, meaning that the occurrence of one event does 
not affect the probability another event will occur. Intervals between 
the events are by theory distributed exponentially (Restrepo-Posada 
and Eagleson, 1982). Following Villalobos Herrera et al. (2023a), the 
minimum inter-arrival time was determined iteratively until rainstorm 
arrival times were exponentially distributed. Radar and CPM simulation 
grids were evaluated on a sparse matrix of every 50th grid point 
only due to computational resources. The sub-sample is assumed to 
be representative of the full grid. To ensure comparability of the 
different datasets, a constant inter-arrival time was then chosen across 
all datasets. The average radar value on the model grid of 7.5 h was 
chosen, as a compromise to best represent all datasets (see detailed 
results for the estimation of the inter-arrival time in Section 3.2).

To avoid including very long rainfall events with a large dry frac-
tion, a two-step approach was implemented for event selection. In 
the first step, small, isolated peaks (below 1mm) were set to zero. 
Therefore, an ‘‘almost-dry-window’’ with a duration of 7.5 h is applied 
as a running filter to the time series. Thus, all windows with less than 
1mm precipitation in 7.5 h are set to zero, and, to ensure to not cut 
off the tail or front of a rainfall event, the condition was imposed that 
precipitation has to be zero directly adjacent to the main event (for 
gridded data, the threshold for no rain was set to <0.01mm, as very 
small values of precipitation occur in the time series) and ≤0.05mm in 
the 1h before/after an event to be considered as almost-dry-window. 
In the second step, event selection is performed on the filtered time 
3 
series. Events are identified as precipitation recordings separated by an 
inter-arrival time of 7.5 h in the filtered time series. Step two is based 
on the code by Pichler (2024). The two-step procedure is illustrated in 
Supplementary Fig. S1. As shown in Fig.  2, for the 2016 flood event 
in southern Germany in the Braunsbach catchment (e.g., Piper et al., 
2016), the almost-dry-window removes individual peaks before and 
after the event and reduces the rainfall event to a reasonable length.

In a third step, four event characteristics are calculated as shown 
in the example (Fig.  2). Event duration refers to the time from the 
first to last 5-min rainfall recorded during the event. The event sum 
describes the total rainfall summed over the entire duration of the 
event. The maximum peak intensity of an event is described as the 
maximum 5-min rainfall recorded. The temporal profile or shape of an 
event is parametrized by the D50 value, which is the percentage of the 
event’s duration at which 50% of the cumulative precipitation sum of 
the event is reached (from Visser et al., 2023). Events with a small D50 
describe a front-loaded event, while events with a large D50 describe 
a back-loaded event. We further refer to events with a D50≤20% 
as very front-loaded, 20%<D50≤40% as front-loaded, 40%<D50≤60% 
as centred, 60%<D50≤80% as back-loaded, and D50>80% as very 
back-loaded.

In order to assess the features of extreme events, the characteri-
zation of rainfall events is restricted to events that generate annual 
maxima (AM) of 1h and 6h duration. These AM-containing events are 
selected for each grid point (for CPM simulations and interpolated radar 
data) or station location (station measurement and radar) as the rainfall 
events that contain the annual maximum.

3. Results

3.1. Sub-hourly precipitation frequency

The frequency distributions of the precipitation datasets are anal-
ysed from the precipitation sum over a running window of the 4 
different durations of 5min, 15min, 1h and 6h. The distributions 
shown are composite over all stations or grid points. The analysis shows 
high occurrence of low intensity rainfall and a decreasing occurrence 
with increasing intensity (Fig.  3a–d). Comparing the two observational 
datasets, there is good agreement between the station and radar obser-
vations for low to moderate rainfall intensities (Fig.  3a–b). The radar 
data shows a lower frequency of high and extreme intensities compared 
to the station measurements for all aggregations. This is particularly 
the case for short aggregations. In general, this difference can be 
attributed to the different characteristics of the datasets: while stations 
provide point measurements, the radar output is a gridded dataset 
and thus representative for an, albeit limited, area. As expected for a 
short temporal resolution, local high-intensity rainfall bursts, captured 
by local, point-like measurements, provide higher extreme values, in 
contrast to the larger spatial aggregations of rainfall provided by radar 
products.

In general, the CPM ensemble members reproduce the shape of the 
observed rainfall frequency curves and there is close agreement of the 
frequency distributions within the ensemble members (Fig.  3a–d). A 
systematic bias in the overestimation of low intensities compared to 
observations is apparent across all temporal resolutions from 5min to 
6h. For the extremes, the model bias differs dependent on the temporal 
aggregation. Extreme values in the 5-min simulations mainly agree with 
the results of the radar measurement, while using a temporal resolution 
of 6h, there is an overestimation of extreme intensities compared to the 
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Fig. 2. Example event analysis for the DWD station Kupferzell-Rechbach during the flood event in the Braunsbach catchment in 2016. The detected rainfall event extends over 
the yellow box. Grey precipitation records are filtered out by the almost dry window. The event characteristics of event duration, peak intensity, event precipitation, and D50 are 
shown in the schematic. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 3. Normalized frequency distribution for observational datasets and CPM simulation outputs over all grid points/stations in the evaluation domain for 5-min (a), 15-min (b), 
1-h (c), and 6-h (d) durations. Panel (e) shows the dry fraction in the respective datasets and durations. Samples with <0.05mm within the aggregation period are defined as dry.
observations. Therefore, extreme precipitation intensities in the CPM 
simulations seem to increase in comparison to the observations for 
increasing temporal aggregation.

The percentage dry fraction is highest at the shortest temporal 
resolution of 5-min and decreases with increasing duration (Fig.  3e). 
Comparing the two observational datasets, the radar data show slightly 
higher dry fraction compared to the station data. This difference ap-
pears less pronounced at higher temporal resolutions. The coarser 
resolution radar dataset on the model grid (2.8 km × 2.8 km) shows 
a slightly lower dry fraction than the radar data on the station grid 
(1 km × 1 km). The differences result from both, the different spatial 
resolutions and the smaller number of locations sampled in the radar 
4 
station grid. The CPM simulations show a systematically lower dry frac-
tion compared to observations, with wet bias increasing with increasing 
temporal aggregation. MPI-ESM-LR-C shows the lowest dry fraction in 
the ensemble, which is consistent with the higher precipitation totals 
simulated in MPI-ESM-LR-C (cf. following Table  2).

Our analysis of precipitation frequencies in the CPM ensemble 
compared to observations indicates that the sub-hourly 5-min CPM 
outputs adequately reproduce the observed precipitation frequency 
distribution over Germany. Compared to the observations, modelled 
extreme intensities appear to increase with longer duration. This leads 
to an overestimation of extreme precipitation at low temporal reso-
lutions. Our findings imply that the CPM precipitation bias depends 
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Fig. 4. Spatial distribution of the inter-arrival time in (a) station and (b) radar datasets. (c) shows the distribution of inter-arrival time over the German part of the domain for 
the observed datasets and the CPM simulations.
on the aggregation duration; this points towards a systematic bias in 
the temporal representation of rainfall events in the CP time series. 
We conclude therefore, that it is crucial to retain the natural temporal 
correlation structure of the precipitation sequence to evaluate the 
precipitation bias in CP simulations; thus, not using a typical ranked 
analytical approach. We propose to use an event-based analysis to 
help to improve the understanding of precipitation biases in CPM 
simulations.

3.2. Event-based analysis

Inter-arrival time. The minimum inter-arrival time over the study area 
shows a spatial pattern related to the altitude or the mean annual 
precipitation, which correlates with the former (Fig.  4a-b). The higher 
the altitude (or the higher the mean annual precipitation), the shorter 
the detected inter-arrival time. This observed spatial pattern is repro-
duced by the CPM ensemble members (Supplementary Information Fig. 
S2 and Fig. S3). The inter-arrival time in the station data is typically 
between 6.3 h to 6.9 h (25th and 75th percentile). The inter-arrival 
time for the radar dataset is significantly higher, from 7.2 h (7.0 h) to 
7.9 h (7.9 h) (25th and 75th percentile for radar on model grid and for 
station grid in brackets) and shows lower overall variance. The spatial 
resolution of the radar data seems to have little effect on the result. 
The observations of inter-arrival time over Germany agree well with the 
results of Villalobos Herrera et al. (2023b) for south-west Britain, where 
they found an inter-arrival time predominantly between 6 and 9h. 
CPM ensemble members EC-EARTH-C and particularly HadGEM2-ES-C 
tend to show higher inter-arrival times than the observations (Fig.  4c). 
MPI-ESM-LR-C has the shortest inter-arrival time in the CPM ensemble 
and therefore the best agreement with the observations. To enable 
comparability of the event-based analysis for the 6 datasets, a constant 
inter-arrival time was chosen for the analysis across all datasets. The 
average radar inter-arrival time of 7.5 h was chosen as a compromise 
to best represent all datasets.
Event distribution. An average of 800mm precipitation per year accu-
mulates in the station measurement data, of which 592mm (74%) falls 
in events with a total of at least 5mm of precipitation (Table  2). These 
rain events of at least 5mm are hereafter referred to as significant 
events, thus excluding rain falling in the form of light showers or drizzle 
which contain only small amounts of precipitation that are presumably 
of little importance for the immediate hydrological response. Such sig-
nificant precipitation occurs on average 43 times per year in the station 
measurements. The total annual precipitation is underestimated in the 
radar dataset compared to the in-situ measurements. The proportion of 
rain coming from significant events is also slightly lower (70%), with 
a similar range of 39 to 40 significant events per year (Table  2).

All CPM simulations overestimate total precipitation, which is a 
known bias for CPM (e.g., Prein et al., 2015). Depending on the 
forcing data, this overestimation varies strongly, with particularly high 
overestimation for MPI-ESM-LR-C (Table  2). The proportion of rain 
from significant events is from 76 to 80%, thus slightly higher in the 
5 
CPMs than for observations. The EC-EARTH and MPI-ESM-LR driven 
runs show more significant events than observed. With 43 signifi-
cant events per year, HadGEM2-ES-C is in agreement with the station 
measurements.

Significant events have most often relatively low intensities and 
their frequency decreases with event precipitation sum (Fig.  5). Sig-
nificant event duration peaks at 6–9h for the station measurements. 
Short-duration significant events are mainly associated with small event 
precipitation sums and their frequency decreases with event precip-
itation sum (Fig.  5). The distribution patterns of event precipitation 
sum and event duration are largely in agreement between the radar 
and station observations. The CPM simulations tend to have longer 
event durations than observations. Fig.  6 shows that the occurrence 
of short events is consistently underestimated in the CPM ensemble. 
The underestimation is strongest for short events with low precipitation 
totals. The occurrence of longer events however is overestimated by the 
CPMs.

Our results provide evidence that the precipitation bias in the 
ensemble CPM simulations is attributable to two factors. First, the 
occurrence of significant events seems to be overestimated in the CPM 
ensemble members that show strong total precipitation overestimates. 
Second, the event-based analysis reveals an underestimation of the 
proportion of short and small precipitation events, but a tendency to 
overestimate the occurrence of longer events. This finding suggests 
that the CPM ensemble members analysed here have deficiencies in 
reproducing significant short precipitation events, which are likely to 
contain significant convection.

3.3. Temporal profile characteristics of extreme events

The following section on the analysis of extreme events includes 
all events detected above that lead to an AM of either 1h or 6h 
duration at the respective station or grid point. Almost all of these 1h 
(Fig.  7a) and 6h (Fig.  7b) AM occur in the summer half-year (April 
to September). The peak of the observed AM occurrence is in June 
and July. The CPM simulations reproduce this seasonal pattern well, 
except for the ensemble member driven by HadGEM2-ES. We expect 
that due to a significantly too dry July in HadGEM2-ES-C compared to 
the observations, the probability of AM-generating rainfall in July is 
too low. The strong seasonality implies that the AM-generating events 
of interest analysed below are a sub-sample of events in the annual 
cycle, and the following characterization of AM extremes describes 
predominantly summer events.

The event duration of AM-generating rainfall extremes reaches from 
sub-hourly event duration to multi-day events (Fig.  7c,d). Comparing 
the two sets of observations for events leading to hourly AM, it is 
apparent that the larger the areal coverage of the measurement – 
from station data, a point measurement, to the radar on station grid 
(1 km × 1 km) to the radar on model grid (2.8 km × 2.8 km) – the lower 
the proportion of very short and short events (Fig.  7c). The same is seen 
for short events leading to 6h AM (Fig.  7d).
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Table 2
Annual mean precipitation for the different datasets over the model domain and overview of statistics for the event-based analysis. 
 Data Precipitation Precipitation from number of  
 in mm events >5mm in mm events >5mm 
 Stations 800 592 43  
 Radolan station grid 721 507 39  
 Radolan model grid 721 506 40  
 EC-EARTH-C 914 709 48  
 HadGEM2-ES-C 816 624 43  
 MPI-ESM-LR-C 1143 915 59  
Fig. 5. The distribution of annual mean event frequency regarding event duration and event precipitation sum averaged over the station measurements is shown. The marginal 
distribution on the 𝑥-axis shows the respective frequency distribution for station, radar and the CPM ensemble members over the event duration, the marginal distribution on the 
𝑦-axis shows the distribution over the event precipitation sum.
Fig. 6. The difference in event occurrence in the CPM simulations from the observed station distribution is shown in the first row for (a) EC-EARTH-C, (b) HadGEM2-ES-C, (c) 
MPI-ESM-LR-C. In the second row, the normalized differences in percentage points are shown for (d) EC-EARTH-C, (e) HadGEM2-ES-C, (f) MPI-ESM-LR-C. For the normalization, 
the mean annual event occurrence is scaled to 100% and the differences are displayed in percentage points. The respective comparison of station and radar observations in provided 
in the supporting information Fig. S4.
6 
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Fig. 7. The density distribution of AM-generating events over the year in the study area for 1h-AM-generating events (a) and 6h-AM-generating events (b) is shown. The distribution 
of the duration, divided into five sub-categories, of 1h-AM-generating (c) and 6h-AM-generating (d) events is shown on the bottom.
While the event durations in HadGEM2-ES-C are in good agree-
ment with the station measurements for 1h and 6h AM-generating 
events, the CPM ensemble members MPI-ESM-LR-C and EC-EARTH-C 
underestimate the proportion of short events and overestimating the 
proportion of long events for 1h AM-generating events compared to the 
observations. Since the CPM simulations produce average rainfall over 
a 2.8 × 2.8 km grid, the hypothesis is that they may under-represent 
the occurrence of short convective events or their intensities. We find 
that for 6h AM-generating events, the proportion of short events is well 
represented in MPI-ESM-LR-C and EC-EARTH-C, but the occurrence 
of medium-length events is underestimated, and very long events are 
overestimated.

In order to ensure comparability between statistics, we divide ex-
treme events into three sub-groups: short events (1 h to 3h), medium-
length events (3 h to 12h) and long events (12 h to 24h). These 
categories cover the majority of events. The small proportion of very 
short (<1h) and very long (>24h) extreme events are not considered 
due to lower data availability and hence large variance. We analyse 
event precipitation sum, peak intensity and D50 for the three duration 
categories (short, medium, long) based on the visualization of the 
characteristics of hourly (Fig.  8) and 6h AM-generating events (Fig. 
9).

Event precipitation sum. The event precipitation sum in the station 
data for 1h AM-generating events (and 6h AM-generating events in 
brackets) typically ranges from 17.1 to 29.4mm (23.3 to 36.7mm) 
for short events, from 22.2 to 38.0mm (24.8 to 39.9mm) for medium 
events, and from 29.0 to 42.9mm (32.0 to 52.0mm) for long events 
(inter-quartile range). Two relationships are apparent; the longer the 
event, generally the larger the event precipitation sum, and that events 
generating 6h AM have generally more rain than 1h AM-generating 
events. Both of these are reproduced by the radar observational datasets 
as well as by the CPM simulations (Figs.  8a–c and 9a–c). In general, 
the radar data shows lower event precipitation sums compared to 
the station measurements, especially for short and medium events, 
with a similar result, on the model grid (2.8 km × 2.8 km) and the 
station grid (1 km × 1 km). Only for short events generating hourly AM 
there is a visible difference between the two radar resolutions, with 
a higher event sum on the 1 km grid (Fig.  8a). The underestimation 
of event precipitation sums in the radar data compared to the station 
measurements is in accordance with an overall dry bias in the radar 
dataset (see Table  2).

There is generally good agreement within the CPM ensemble mem-
bers. For 6h AM-generating events, the event precipitation sum in 
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MPI-ESM-LR-C is slightly higher than in EC-EARTH-C and HadGEM2-
ES-C, which is in accordance with higher total annual precipitation 
in the MPI-ESM-LR driven simulation (see Table  2, Figs.  8a–c and 
9a–c). The CPM simulations’ event precipitation sum for short events 
and hourly AM is in good agreement with the station observations. 
The CPM simulations tend to overestimate the event precipitation sum 
slightly for medium events, and this overestimation is even stronger 
for long events. For 6h AM-generating events there is a slightly more 
pronounced overestimation by the CPMs.

Peak intensity. A comparison of peak intensity in the different ob-
servational datasets shows a strong dependence on the measurement 
footprint (Figs.  8d–f and 9d–f). The 5-min peak intensity is lowest 
for the radar on model grid (2.8 km × 2.8 km), followed by the radar 
on station grid (1 km × 1 km) and highest values are in the station 
observations. The 95th percentile of 1h (6 h) AM-generating events 
recorded by the station gauges is 12.8mm (14.0mm) for short events, 
12.5mm (12.0mm) for medium events, 11.1mm (9.2mm) for long 
events. In addition to the effects of areal reduction, it is expected that 
the general underestimation of precipitation in the radar data compared 
to station data contributes to the bias in peak intensity.

The 5-min peak intensity distributions in the CPM simulations show 
good agreement within ensemble members. Although the 5-min peak 
intensities in CPM simulations are below the station measurements, 
they agree well with the 1 km × 1 km radar data, especially for the 
1h AM-generating events (Figs.  8d–f and 9d–f). Therefore, the CPM 
simulations of 5min peak intensity are within the range of the two 
observational datasets.

D50. In the station data, the dominant fraction of 1h AM-generating 
events is front-loaded (Fig.  8g–i). For 1h AM-generating events, the 
longer the event, the more pronounced the peak at the very front-
loaded end of the distribution. For 6h AM-generating events, the D50 
distribution for short events shows a similar distribution to the 1h 
AM-generating events of mainly (very) front-loaded events (Fig.  9g–
i). However, in the station measurements the proportion of (very) 
front-loaded events becomes smaller with increasing event duration of 
6h AM-generating events. The smallest fraction are very back-loaded 
events.

Comparing D50 in station and radar data, radar tends to show 
higher D50 and a lower fraction especially of very front-loaded events, 
with the largest differences found for short events. The D50 for radar 
on the station grid is generally within the distribution of the station and 
radar on the model grid for both 1h and 6h AM-generating events. We 
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Fig. 8. Event precipitation sum (first row), maximum 5-min intensity (second row), and D50 (third row) for 1h AM-generating events of different duration categories of short 
(first column), medium (second column) and long events (third column).
therefore attribute the bias, at least in part, to differences in the spatial 
footprint of the measurement.

A dominant (very) front-loaded fraction of events is reproduced by 
the CPM ensemble members with low ensemble spread. For short 1h 
and 6h AM-generating events, the CPM projections agree well with 
the radar on the model grid. For medium events, the CPM simulations 
appear to be in best agreement with the radar on the station grid, and 
are thus well within the range of radar and station observations (Figs. 
8g–i and 9g–i). For long events, the ensemble spread is slightly higher 
and the agreement with both station and radar data, with a relatively 
similar distribution for long events, is good.

In summary, most 1h and 6h AM-generating events in southern 
Germany occur in summer. With an event duration typically ranging 
from 1 to 24h, the AM-generating events are generally longer than 
the AM duration of 1h. For 6h AMs event durations shorter or longer 
than 6h are common. Event precipitation sum in CPM simulations of 
AM-generating events is generally in good agreement with station mea-
surements, but tends to be overestimated, especially for long events, 
which is consistent with the overestimation of precipitation totals in 
the CPM simulations. The maximum 5-min peak intensity in CPM 
simulations is in agreement with the radar data, but compared to 
station measurements the observed extreme intensities are not reached. 
A dominant (very) front-loaded fraction of events is reproduced by the 
CPM historical simulations and the probability distributions of D50 are 
mostly within the range of the station and radar observations.

4. Discussion and conclusions

In the presented study we investigate sub-hourly precipitation in a 
CPM climate ensemble for Germany and compare extreme precipitation 
down to 5-min resolution for the historical simulations (1971–2000) 
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with the dense radar and raingauge observation network in Germany. 
A method for detection and characterization of precipitation event 
profiles was developed to improve the understanding of the precipi-
tation bias in CPM simulations and in particular characterize extreme 
precipitation event leading to 1h and 6h annual maxima. We can draw 
three main findings:

1. 5-min CPM precipitation data adequately reproduces the ob-
served precipitation frequency distribution, with an underesti-
mation of the most extreme intensities compared to the station 
observations but in agreement with the radar data. However, 
for longer temporal aggregation (6 h) there is an overestimation 
of the most extreme intensities, revealing a mismatch of the 
precipitation temporal correlation structure.

2. The event-based analysis reveals an underestimation of the pro-
portion of short and small precipitation events by the CPM, 
but a tendency to overestimate the occurrence of longer events. 
This implies that the CPM has deficiencies in reproducing likely 
convective, short precipitation events.

3. Events leading to 1h and 6h annual maxima in southern Ger-
many mostly occur in summer and usually have an event dura-
tion between 1 and 24h. CPM simulations generally reproduce 
event precipitation sums of those extremes of short and medium 
duration but tends to overestimate event precipitation sums for 
long events. Maximum peak intensity simulated by CPMs is in 
agreement with spatially aggregated radar data but well below 
intensity maxima in station data. A dominant (very) front-loaded 
fraction of extreme precipitation events leading to 1h AM is 
reproduced by the CPM ensemble.
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Fig. 9. Event precipitation sum (first row), maximum 5-min intensity (second row), and D50 (third row) for 6h AM-generating events of different duration categories of short 
(first column), medium (second column) and long events (third column).
By investigating 5-min precipitation in a 30-year CPM simulation en-
semble, we take a step towards closing the knowledge gap on sub-
hourly CPM precipitation, an area where previous studies have been 
limited. Chan et al. (2016) derived climate change signals of sub-hourly 
precipitation from CPM projections, however no evaluation could be 
made due to lack of adequate observational data. The first evalua-
tions of a sub-hourly CPM simulation compared to station observations 
were made with a decade-long COSMO-CLM simulation over Switzer-
land Vergara-Temprado et al. (2021), and a 22-year simulation over 
Barcelona (Meredith et al., 2020) that found adequate representation 
of precipitation on sub-hourly resolution and indications of a similar 
error in sub-hourly precipitation as for hourly resolution precipitation. 
With our study, we for the first time extended the analysis to a multi-
GCM ensemble of CPM simulations and with a comparison with radar 
data in addition to station measurements. In the analysis of the 30-year 
historical period, we found that sub-hourly precipitation intensities are 
reasonably represented by the CPM simulations on a 0.025 ◦ (2.8 km) 
grid. The limitation of observations at high temporal resolution and the 
large observational range faced in the study constrains the validation 
of CPMs at high temporal resolution and, as emphasized by Chan et al. 
(2016), stresses the need for more quality-controlled high resolution 
observational data products.

We find a dependence of the bias for the extremes on the temporal 
resolution of the CPM simulation data, in agreement with Meredith 
et al. (2020). This bias leads to an overestimation of extreme precipita-
tion intensities at low temporal resolutions. Based on this dependence 
of the precipitation bias on resolution, we conclude that it is crucial 
to preserve the natural temporal correlation structure of the precipi-
tation sequence in the evaluation of the precipitation bias. Therefore, 
we propose an event-based analysis to improve the understanding of 
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the precipitation bias in CPM simulations instead of typical ranked 
analytical approaches.

Event-based approaches have been applied previously on sub-hourly 
observational data, e.g. by Villalobos Herrera et al. (2023b), Visser 
et al. (2023), Wasko and Sharma (2015). For CPM data, the approach 
has been applied e.g. in Kendon et al. (2012), Fosser et al. (2015), 
Müller et al. (2023). However, these studies were limited to hourly 
data. The application of event-based analysis to multi-decade CPM 5-
min outputs showed an underestimation of the proportion of short and 
small precipitation events by the CPMs, but a tendency to overestimate 
the occurrence of longer events. The overestimation of event duration is 
likely caused by low-intensity precipitation in the model, which aggre-
gates precipitation episodes into excessively long events (Fosser et al., 
2015). Moreover, the analysis indicates that the CPMs are deficient 
in reproducing strong and short, probably convective, precipitation 
events, in agreement with Kendon et al. (2012). The attribution of pre-
cipitation biases to events shows the potential for model development. 
In our application we were able to attribute errors to the forcing data, 
hence, for model development CPM simulations driven by reanalysis 
should be pursued.

Rainfall profiles of extreme events are of particular interest because 
of their importance for a range of practical applications. For engi-
neering applications, such as urban drainage design, stress testing of 
infrastructure, and risk management, it is common to rely on design 
rainfall profiles, which are artificial profiles produced, often based on 
observations. Updating these profiles is clearly needed for resilient 
planning that considers future extreme events, given climate change 
and its potential changes on extreme precipitation. Realistic modelling 
of such extremes has been limited in the past by inadequate spatial 
resolution of climate models. Deep convection processes and related 
extremes in coarser climate simulations using parametrized convection 
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were found to be, in general too spatially diffuse, too persistent in 
time and showing too low intensity maxima of extremes (Kendon et al., 
2012).

Our study shows that the characteristics of extreme precipitation 
events are well represented in a convection-permitting simulation. In 
particular, for AM-generating storms, the features of event precipitation 
sum, maximum peak intensity, and event shape are mostly within the 
observational range. Overall, the analysis of rainfall profile features 
shows that CPMs are able to represent the decisive features embedded 
in the design rainfall profiles, thus providing confidence in sub-hourly 
CPM simulations for future projections. This study is thus an important 
step towards the applicability of CPMs as a tool for studying future sub-
hourly extreme precipitation, and paves the way for the application of 
CPMs for hydrological modelling in a warmer world.
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