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Abstract. The convective heavy precipitation events, which occur primarily in the summer months, cannot be recorded 

representatively by ground-based precipitation stations due to their frequently small spatial extent, short life span and high 

rapidly changing intensity. The radar network of the German Weather Service, on the other hand, records area-wide, 10 

spatiotemporally highly resolved precipitation information that enables comprehensive identification of precipitation objects. 

In this study, a method for the identification, description and classification of convective precipitation objects considering a 

flood-relevant event extent is presented. Assuming an orographic independence of the events in the Central European low 

mountain range, the German State of Hesse is chosen as representative study area. Considering the spatial and temporal extent 

of the identified events, the most extreme expression is selected and independence is ensured. With the assignment of an 15 

authoritative duration for the intensive main rainfall phase, an extensive collection of heavy precipitation objects results. The 

results show a characteristic event length of 15 to 60 minutes; longer durations are underrepresented and exhibit 

inhomogeneous extreme value behavior. Statistically, the generated samples can be well represented and classified by the 

generalized extreme value distribution. The evaluation allows us to make a regional characterization of convective heavy 

precipitation.   20 
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1 Introduction 

When considering the development of heavy precipitation events, a distinction must be made between stratiform and 

convective precipitation events. With increasing duration of heavy rain events, we assume a decrease in precipitation intensity 

or intensity peaks. Due to the different change behavior from the precipitation type and depending on the prevailing duration 

stage, a differentiated consideration of the events should be made. Summer heavy rainfall events are largely represented by 25 

thermal-induced convective precipitation. Convective precipitation events show a high spatial and temporal variability. They 

are generally characterized by a small precipitation field (< 100 km²) with limited vertical extension and high and rapidly 

changing intensities.  

With continuing global warming, the question of the changing behavior of heavy precipitation in Germany respectively the 

temperate climate zone of Central Europe is becoming increasingly important, as reflected in the latest IPCC 30 

(Bednar-Friedl et al., 2022) and German KLIWA report (Müller et al., 2019). From a physical point of view, an increase in the 

depth of precipitation as well as intensification on a convective level can be expected due to the increased water vapor capacity 

of the atmosphere.  This effect is determined as the Clausius-Clapeyron (CC) relationship, which gives an increase in specific 

saturation moisture of about 7 % per degree of heating. In examining the temperature dependence of different forms of 

precipitation, Berg and Haerter (2013) found that stratiform events did not exhibit a pronounced temperature dependence and, 35 

conversely, convective events had an increase in intensity above the CC relationship. In this context Lenderink et al. (2017) 

find a twice CC relation (2CC – Super Clausius-Clapeyron) when examining the large-scale atmospheric condition in summer 

precipitation events in the Netherlands, which they interpret as a response of extreme precipitation to climate change. The 

analysis of the historical and future behavior of summer precipitation using convection-permitting models (CPM) shows an 

increase in hourly precipitation extremes with a constant number of convective cells (Knist et al., 2018; Purr et al., 2021). The 40 

change is strongest in the range of the most extreme events, resulting in an increase of larger intense precipitation cells.  

Considering these projections, an increased risk of heavy rainfall-initiated flash floods in smaller catchment areas is to be 

expected in the European low mountain ranges. In terms of flood prevention, it is necessary to identify potentially vulnerable 

areas and to simulate the consequences of extreme heavy rainfall events with the assistance of hydraulic rainfall-runoff models. 

For a long time, it was common in Germany to use station-based statistical model rainfall as input for such simulations. In 45 

some German states, the use of exceptional scenarios (Baden-Wuerttemberg) or historical radar-based events (Hesse) has 

become established in the field of heavy rainfall risk management in recent years. Especially for hourly and smaller 

precipitation extremes, the representation quality by ground-based precipitation stations is insufficient. Due to their small 

spatial extent and short-lived nature, convective events are not recorded by these stations, or only at specific points 

(Purr et al., 2018). This stationary recording is not representative for the track or the entire life span of a convective cell. At 50 

this point the necessity of area-wide, high-resolution radar precipitation data for the quantitative detection of convective events 

becomes apparent. It should be mentioned that the qualitative accuracy of the precipitation data results from the combination 
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of both data acquisition methods: punctual measurement and area-wide estimation. The result are nationwide calibrated radar 

products from the German Weather Service (DWD) – RADOLAN and RADKLIM.  

A statistical analysis based on hourly radar precipitation totals (RADKLIM-RW Version 2017.002) was performed as part of 55 

the RADKLIM project (Winterrath et al., 2017) for durations between 1 and 72 hours. For the individual grid cells of the DWD 

radar network (nationwide), partial series of the highest-rated precipitation events are formed. The calculation approach is 

derived from DWA worksheet 531 (Haberlandt et al., 2017) and used an exponential distribution to determine the quantiles. 

Winterrath et al. (2017) noted that for short duration stages and large recurrence interval T (> 20 a), the distribution of statistical 

precipitation was inhomogeneous and less related to relief. In this case, the strong inhomogeneity could be attributed to the 60 

short observation period and the single occurrence of local extreme events.  

The aim of this study is to develop a methodological approach for the identification, characterization and evaluation of short 

intense heavy precipitation events. In this approach, common procedures of precipitation statistics are taken up and adapted to 

the spatial and temporal characteristics of convective precipitation objects. As a necessary data basis, the climatologically 

processed 5-min precipitation data (RADKLIM-YW Version 2017.002) from the radar network of the DWD are used.  65 

2 Methodology 

2.1 Data processing  

The DWD provides the YW data in binary, netCDF and ascii raster format on their server service. For more efficient 

processing, the entire dataset was converted to GeoTIFF format within the framework of this study. In this way, the storage 

requirement can be reduced to 100 GB (unpacked) and the access speed can be increased many times over. For this purpose, 70 

the binary data were transformed into a matrix and assigned a precipitation value (between 0 and 4095) or no-data value 

according to the 13th-16th bit coding. In order to reduce the memory requirement, the decimal point representation is omitted 

- as with the input data - and a 16-bit integer format is selected. For the representation of the precipitation values in mm, the 

data must be multiplied by 0.01 during processing. In addition to the low storage requirements, the data are geo-referenced in 

GeoTIFF format and can be easily adapted to the study area and period. The data have a spatial resolution of 1 km² and are 75 

currently available for the period between 2001 and 2021 – they are updated every year. A detailed intercomparison of national 

radar products and station data from the DWD was implemented by Kreklow et al. (2019). 

For further processing of the radar precipitation data, the time series generated for the separate grid cells cover the entire 

observation period. The pilot study is carried out on the example of the German State of Hesse with an approx. area of 25000 

raster cells. The state has a double spatial coverage by the DWD radar network with the exception of two sub-areas in the 80 

south and north (Fig. 2a). The temporal continuity of the radar record is largely given. The exception is a sub-area in the north 

of Hesse, where a data gap occurred in the hydrological summer of 2014 due to a conversion of the Flechtdorf radar site.  
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2.2 Previous studies 

In the context of this pre-study, the suitability of the input data for the overall study objective is examined. This concerns on 

the one hand the mapping quality of the RADKLIM data for the detection of convective precipitation objects and on the other 85 

hand the representativeness and orographic independence of the selected study area. The location of the study area Hesse, is 

shown in Fig. 1 and is part of the Central European low mountain sill. The natural area extends from the Ardennes (Belgium) 

in the west to the Bohemian Massif (Czech Republic) in the east, covering a large part of Germany between the northern 

lowlands as well as the foothills of the Alps and the Black Forest in the south. Hesse forms a representative section in the 

center of this natural area. 90 

 

Figure 1: Location of Hesse in the Central European low mountain sill. Base map: EU-DEM v1.1 [CLMS]  

2.2.1 Event catalogue 

In addition to the statistical analysis of hourly radar precipitation totals, the DWD has compiled a heavy rainfall catalog based 

on the same data (Lengfeld et al., 2022). The Catalogue of Radar-based heavy Rainfall Events (CatRaRE) contains a collection 95 

of spatially and temporally independent precipitation objects of distinguished duration stages (1-72 h), which are statistically 

defined as heavy rains. An evaluation of the one-hour heavy rainfall objects shows a characteristic event extent of 9 (minimum) 

to approximately 100 grid cells when considering the 95% percentile. The determination of the statistical parameters of the 

data set resulted in a modal value of 9 and an arithmetic mean value of 25 grid cells. The values show the characteristic extent 

of short and spatially limited heavy precipitation events. For the selected data, the potential coverage of precipitation objects 100 
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by high-resolution ground-based precipitation stations was evaluated over the area of Hesse. For this purpose, a spatial 

intersection of station locations and precipitation fields was performed. In total, 82 stations of the DWD and 40 stations of the 

Hessian Agency for Nature Conservation, Environment and Geology (HLNUG) are available in Hesse. It is shown that only 

about 10 percent of the events could be recorded by the stations, neither the temporal coverage, the spatial distribution and the 

intensity focus nor possible station failures at the time of the event are taken into account.  105 

2.2.2 Orographic independence 

 

Figure 2: Count of independent convective events in Hesse between 2001 and 2021 (hydrological summer) for different durations 

(30, 45, 60 min) and different thresholds 8.5 mm/h (c) and 15.0 mm/h (d). Base maps (left): German radar network [DWD] (a), digital 

elevation model 5 [HVBG] (b).   110 

Topographically, the region is characterized in the south by the Rhine-Main plain and in the central and northern parts by the 

German low-mountain sill (Fig. 2b). Here the question arises what influence the orography has on the convection potential in 

Hesse. Kirshbaum et al. (2018) describe the various orography-related mechanisms to initiated convection. This shows that 

potentially convection occurs more frequently at higher altitude. 

(a) 

(b) 

(c) 

(d) 
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Figure 2c shows the number of independent convective events for the 30 min, 45 min and 60 min duration periods in the 115 

hydrologic summer half-year (May, June, July, August, September and October) between 2001 and 2021 at a threshold of 8.5 

mm/h - which was defined for convective cells in other publications (e. g. Brendel et al., 2014). It can be seen that for short 

events (≤ 45 min) there is a clear dependence on orography - the largest number of events is recorded in the area of the higher 

low mountain ranges. With increasing duration (≥ 60 min) the occurrence maxima become detached from the orography. The 

comparatively low values in northern Hesse are due to the conversion of the Flechtdorf radar. In this zone, there is only single 120 

radar coverage – compare Fig. 2a. The same analysis was performed in Fig. 2d with a threshold value of 15 mm/h, which is 

set for the identification of heavy precipitation events. The distribution of the occurrence rate over Hesse is more homogeneous 

and orographically decoupled. This supports the assumption that low mountain ranges initiate a higher number of convective 

events, but not necessarily a high intensity. Purr et al. (2018) explain this effect by the fact that the capping inversion at the 

upper edge of the boundary layer is more easily interrupted in the mountains than in the lowlands, so that instability can build 125 

up for a longer time in the lowlands before enhanced high-range convection is induced. Due to orography-related mechanisms, 

convective precipitation cells are often in the initial stage, which may imply lower intensity.  

2.3 Main approach 

Taking into account the results of previous evaluations (Sect. 2.2), the aim of this study is to optimize the methodology for the 

statistical evaluation of short intense heavy precipitation events. The method is adapted to the spatial and temporal 130 

characteristics of the sample of convective precipitation objects. The approach includes identification of independent 

convective precipitation objects, the formation of a spatiotemporally representative sample and the application of an 

appropriate distribution function to determine the quantiles of the extreme events. With the help of the spatial aggregation of 

the radar precipitation data, the disturbing influence of inhomogeneities – as described in the introduction – on the statistical 

analysis can be reduced. By averaging the single values over a defined cell cluster, the relation to the characteristic expansion 135 

of convective events is taken.   

2.3.1 Identification of extreme events 

To adapt the sample to the characteristics of convective precipitation events, several evaluation steps have to be performed. 

The evaluation is based on the generated time series of the single grid cells (Sect. 2.1). The analysis is performed according to 

the scheme in Fig. 3 and is divided into four automated processing steps. The first two process steps are applied to all grid 140 

cells, while steps three and four are scaled to the entire study area. 
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Figure 3: Evaluation scheme for the identification and characterization of spatiotemporally independent extreme events. Green: 

pre-processed input, grey: evaluation step and yellow: (interim) output. 

Step 1 – Partial series  145 

In the first step, the temporal aggregation of the precipitation data is carried out according to the procedure from DWA 

Worksheet 531 (Haberlandt et al., 2017). Rolling totals (partial sum) are formed for a specific set of precipitation durations d 

between 15 and 90 minutes with a 15-minute interval. The maxima are selected from the resulting aggregations (e.g., Table 1a) 

and independence is ensured by a precipitation-free interval of at least four hours between each local maximum. The number 

of temporal independent maxima per grid cell is limited to the 1000 highest values for the partial series. 150 

Step 2 – Spatial aggregation  

With spatial aggregation, a cross-cell intersection of precipitation events for each individual cell in the study area is performed 

in this step. For this purpose, the partial series of the target cell and its neighboring cells are merged and the identified local 

maxima are evaluated. According to the characteristic extent of convective precipitation events (Sect. 2.2.1), the first order 

neighbors (3 X 3 grid cells) and the second order neighbors (5 X 5 grid cells) are considered. In the evaluation process, the 155 

partial series are contrasted and those local maxima are filtered out which occur in a given time period both in the target cell 

and in all 8 or 24 neighboring cells. To ensure that they are the same precipitation event, the maximum temporal distance Δt 

between the neighboring maxima of the grid cells is set to the interval of the considered precipitation duration d. If both criteria 

are met, the mean value of the local maxima is calculated and included in the event series of the target cell. 

 160 
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Table 1: Evaluation scheme for the definition of extreme precipitation events of a single grid cell 580828 on the example of a first-

order neighbor aggregation and a specific duration of 45 minutes. 

 

Table 1 shows the evaluation scheme for the definition of extreme events of a single gride cell. As an example, the evaluation 

of a precipitation event of duration 45 minutes is performed for grid cell 580828 with RADKLIM coordinates y = 645 and 165 

x = 327. The first-order neighbors are considered. This method aims to derive from radar data a kind of area precipitation for 

specific event extents and to reduce the influence of extreme single values - potential outliers or false values - of a precipitation 

cluster. By averaging the neighboring local precipitation maxima (e.g., Table 1b), the most extreme expression of a cross-cell 

event is considered. Spatial smoothing of the input radar data is not performed here due to the temporal shift between local 

maxima of precipitation totals over the course of an event. The result is a temporally independent event series for each grid 170 

cell (e.g., Table 1c). 
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Step 3 – Characteristic duration and event clustering 

The generated data series of the single grid cells contain elements that represent the same event over different precipitation 

durations. In this step, one characteristic duration – 15, 30, 45, 60, 75 or 90 min – is assigned to each event. As a condition for 

the assignment, a relative change of at least 10 % from the initial value per 15 min and an absolute change of 5 mm per 15 min 175 

to the next higher duration is defined. The highest duration that fits this condition is considered decisive. This ensures a 

sufficient intensity of the extreme event with increasing duration. Table 2 shows the selection for a single event of the grid cell 

580828, the event is classified by a duration of 45 minutes. For each grid cell, a series of uniquely classified elements is 

generated. 

Table 2: Assignment of a characteristic duration to a single event in grid cell 580828. Selection thresholds is 10 % relative and 5 mm 180 
absolute change from the previous precipitation depth. The selected duration is bold.   

duration  [min] time stamp start depth [mm] absolut change [mm] relativ change [%] 

15 2003-05-31 12:40 43.6 - - 

30 2003-05-31 12:40 69.76 26.16 60.00 

45 2003-05-31 12:30 78.51 8.75 12.54 

60 2003-05-31 12:25 79.84 1.33 1.69 

75 2003-05-31 12:25 81.26 1.42 1.78 

90 2003-05-31 12:25 82.24 0.98 1.21 

 

Subsequently, the evaluation is scaled to the entire study area. All classified event series – over all specified durations – are 

merged and the elements grouped according to their date of occurrence. The date-grouped elements are plotted into the 

RADKLIM grid using their local coordinates (y, x); all surrounding cells are classified as NaN. The spatial relation of the 185 

gridded single elements is established by the formation of event clusters. The Clustering is done by a region labeling 

(connected-component), which splits the input raster into multiple numbered segments. The selected 8-way connectivity 

captures the square and diamond neighborhood of the cells. The spatiotemporally independent event clusters are defined by 

selecting key areas (segments) with an area of at least 9 grid cells. Smaller event zones are not considered.  

Step 4 – Event classification 190 

In the last evaluation step, the least favorable expression over the entire spatial and temporal extent is defined for each identified 

event cluster. For this purpose, the individual cluster elements are ranked according to their precipitation depth and intensity. 

The sum of both criteria ranks is formed and the highest ranked element is selected. It is not established that the largest depth 

of precipitation and often longer duration simultaneously defines the most extreme expression. The goal is not to identify and 

classify the entire event with pre and post rain, but the main intense period. The selected elements are again grouped according 195 

to their duration and stored as a data set for further processing. The precipitation objects are described in the resulting dataset 

by several attributes, such as timestamp, mean precipitation depth and intensity, grid id, coordinates (EPSG 25832), etc. 
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Representative sample 

In the previous chapters, the statistical robustness of the recording period and the number of spatially bounded convective 

heavy precipitation events have already been discussed. For further analysis of the identified extreme precipitation objects 200 

(resulting data set), a seasonal representative subset must be defined. A combination of two selection methods is used: peak 

over threshold (POT) and block-maxima (BM). Via a fixed threshold value (POT) per duration – shown in Table 3 – the events 

are checked and selected on their extremity. The values are oriented to the general warning criteria for heavy rainfall of the 

DWD and are assumed to be representative for the Central European low mountain ranges.  

Table 3: Precipitation intensity threshold per duration for the definition of extreme events. Oriented to the DWD's warning criteria 205 
for heavy precipitation. 

duration  [min] 15 30 45 60 75 90 

intensity [mm/h] 30 25 20 15 

 

For the BM method, a non-overlapping monthly interval in the hydrological summer season – May till October – is selected 

and the corresponding highest precipitation objects are separated. It is not guaranteed that for every year and every month an 

extreme event can be identified. In this approach, annual and seasonal variations in the observation period are consistently 210 

taken into account. The aim is to avoid that the influence of extreme years or months takes an over-representative part of the 

data collective. The resulting subsets (samples) over the entire area for each characteristic duration and spatial aggregation are 

subjected to statistical evaluation in the following. 

2.3.2 Precipitation statistics 

For the compilation of precipitation statistics, it is common practice in Germany to carry out the procedure on the basis of 215 

DWA Worksheet 531 (Haberlandt et al., 2017). The methodology is applied for example in KOSTRA-DWD-2020 (Junghänel 

et al., 2022) and RADKLIM (Winterrath et al., 2017). It recommends the use of the Gumbel distribution (type I extreme value 

distribution) for annual series and the exponential distribution for partial series. The two parameters of the distribution function 

are adjusted separately for each duration and then balanced over defined duration ranges. The method provides stable estimates, 

especially for short time series up to 30 years, but are less suitable for statistical modeling of very extreme events at the edge 220 

of the distribution because of their lack of flexibility. In the context of flash floods, elimination of statistical outliers for a better 

fit of the distribution function is not really useful because they have a high information content about the extreme behavior of 

convective precipitation. It should be also mentioned that the statistical evaluation in DWA worksheet 531 was developed for 

the design of urban drainage systems using observation time series of 60 years and longer.  

Fischer and Schumann (2018) developed an approach to extend the model to a three-parameter distribution function to better 225 

fit the statistics in the large precipitation event domain. The use of the generalized extreme value distribution (GEV) is 

recommended for an event duration less than 1 day (Bonnin et al., 2004), which is characterized by a variable shape parameter 
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ξ in addition to the location μ and scale parameter σ. The cumulative distribution function (CDF/ 𝐹(𝑥)) and the quantile 

function (𝐹−1(𝑝))of the GEV are represented for ξ ≠ 0 by Eq. 1 and 2: 

𝐹(𝑥) = ⅇ
−(1+ξ⋅(

𝑥−𝜇

𝜎
))
−
1
ξ

           (1) 230 

𝐹−1(𝑝) = 𝜇 −
𝜎

ξ
⋅ (1 − (− ln(𝑝))−ξ)         (2) 

with x = random variables (precipitation depth) and p = probability (of undercutting). The Gumbel distribution is a special 

case of the GEV with ξ = 0 an is represented by Eq. 3 and 4:  

𝐹(𝑥) = ⅇ−𝑒
−(

𝑥−𝜇
𝜎 )

           (3) 

𝐹−1(𝑝) = 𝜇 − 𝜎 ⋅ ln ⋅ (− ln(𝑝))          (4) 235 

In the study of Fischer and Schumann (2018), the approach is examined on the basis of long station time series. The GEV 

model used can achieve better results than the DWA model, especially for duration steps between 45 min and 24 hours. 

Both the DWA and GEV models are tested for estimating the annual extreme precipitation of the location-decoupled event 

series. In the first step, an estimate of the empirical recurrence intervals of the sample must be made. Based on this assignment, 

the parameters of the respective distribution function are then estimated in the next step. The plotting position formulas most 240 

commonly used in hydrology to show the empirical distribution are based on the general form given in Eq. 5 (Cunnane, 1978; 

Arnell et al. 1985): 

𝑝𝑖 =
𝑖−𝛽

𝑛+1−2𝛽
             (5) 

with n = sample size, i = rank (ascending) and β = fitting parameter for different distributions (varies from 0 to 0.5). In this 

study, the plotting position is chosen with the parameter β = 0.4 according to Cunnane (1978). The formula is used in the DWA 245 

model as well as for the GEV. The distribution parameters are estimated using the L-moment method recommended by 

Hosking (1990) or Bílková (2014). This provides robust results for small samples with statistical outliers (extreme values). 

The parameter estimation procedure is already described for flood statistics in DWA worksheet 552 (Blöschl et al., 2012) and 

put into context for the application of possible distribution functions.  

2.3.3 Goodness of fit 250 

The goodness of fit of the derived probability distribution is determined in this study both visually, by contrasting the CDF 

and the empirical distribution function (EDF) in a graph and by using appropriate non-parametric statistical tests for non-

normally distributed data. The latter have the advantage of allowing an objective evaluation of the results. The Kolmogorov-

Smirnov test (KS) and the Anderson-Darling test (AD) were chosen as traditional test statistics. In addition, a modified form 

of the Anderson-Darling test (MAD) is also used. The MAD test developed by Ahmad et al. (1988), proposes a differential 255 

calculation of goodness of fit for the upper and lower tails of a probability distribution. This makes the MAD particularly 

suitable for the application of the GEV model and for the observation of extreme values. Shin et al. (2012) have already applied 

and verified this method in a simulation experiment on precipitation data. To perform the test, the function values of the 
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empirical distribution 𝐹𝐸𝐷𝐹(𝑥𝑖) as well as the cumulative distribution 𝐹𝐶𝐷𝐹(𝑥𝑖) of all used models are needed in ascending 

order (i = 1, ..., n).    260 

The KS goodness-of-fit test (one-sample test) checks whether a random variable follows a defined probability distribution. 

The test is applied in this study as the first level of rejection and is calculated and evaluated according to the following scheme: 

𝐷𝑢,𝑖 = |𝐹𝐸𝐷𝐹(𝑥𝑖) − 𝐹𝐶𝐷𝐹(𝑥𝑖)|           (6) 

𝐷𝑙,𝑖 = |𝐹𝐸𝐷𝐹(𝑥𝑖−1) − 𝐹𝐶𝐷𝐹(𝑥𝑖)|           (7) 

𝐷𝑚𝑎𝑥 = max⁡(𝐷𝑢,𝑖 , 𝐷𝑙,𝑖)            (8) 265 

𝐷𝑐𝑟𝑖𝑡 =
√−0.5∙ln⁡(

𝛼

2
)

√𝑛
            (9) 

with 𝐷𝑢,𝑖/𝐷𝑙,𝑖 = upper/lower difference, 𝐷𝑚𝑎𝑥  = maximum difference, 𝐷𝑐𝑟𝑖𝑡  = critical value, i = rank (ascending). For the case 

𝐷𝑚𝑎𝑥 > 𝐷𝑐𝑟𝑖𝑡, the null hypothesis is rejected.  

The AD test applied in normal and modified form as the second and third rejection stages. The method is more sensitive to the 

distribution tails, moreover, in the modified form the upper distribution edge can be evaluated separately. The test statistic is 270 

defined as follows: 

𝐴𝑛
2 = −𝑛 −∑

2𝑖−1

𝑛
⋅ [ln(𝐹𝐶𝐷𝐹(𝑥𝑖)) + ln(1 − 𝐹𝐶𝐷𝐹(𝑥𝑛−𝑖+1))]

𝑛

𝑖=1
       (10) 

with  𝐴𝑛
2  = AD test statistic, n = sample size, 𝐹𝐶𝐷𝐹(𝑥𝑖) = CDF for specified distribution (ascending). For the modified variant 

(MAD), Ahmad et al. (1988) define the following computing equations: 

𝐴𝑛
2 = 𝐴𝑈𝑛

2 + 𝐴𝐿𝑛
2             (11) 275 

with 𝐴𝑈𝑛
2 = AD test statistic for upper Tail, 𝐴𝐿𝑛

2  = AD test statistic for lower Tail.      

𝐴𝑈𝑛
2 =

𝑛

2
− 2 ⋅∑ ln( 𝐹𝐶𝐷𝐹(𝑥𝑖))

𝑛

𝑖=1
−∑ (2 −

2𝑖−1

𝑛
) ⋅ ln(1 − 𝐹𝐶𝐷𝐹(𝑥𝑖))

𝑛

𝑖=1
      (12) 

𝐴𝐿𝑛
2 = −

3𝑛

2
+ 2 ⋅∑ ln(𝐹𝐶𝐷𝐹(𝑥𝑖))

𝑛

𝑖=1
−∑

2𝑖−1

𝑛
⋅ ln(𝐹𝐶𝐷𝐹(𝑥𝑖))

𝑛

𝑖=1
      (13) 

In the case of the AD test, the critical values depend on the selected significance level and the distribution function. For the 

considered significance level of 5 %, critical values of 𝐴𝑐𝑟𝑖𝑡
2 = 0.757 (Stephens, 1977) for the whole AD statistics and nearly 280 

constant critical value  𝐴𝑈𝑐𝑟𝑖𝑡
2  ≈ 0.278 (Ahmad et al., 1988; Shin et al., 2012) for the upper peak are reported in the literature. 

The same applies here: if 𝐴𝑛
2 > 𝐴𝑐𝑟𝑖𝑡

2 , the null hypothesis is rejected.   
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3 Data application and discussion of the results 

The application of the methodology is based on the example of the German state of Hesse, as described in Sect. 2.1. The 285 

evaluation is performed for the entire study area with a boundary buffer of 1 km for both the 9 and 25 grid cell aggregation. 

The selected extent of extreme events is not only characteristic for convective precipitation events, but also representative for 

the influence range of flash floods in low mountain ranges in Hesse. The relevant precipitation durations are defined as 15, 30, 

45, 60, 75 and 90 minutes. The results of the previous studies (Sect. 2.2) have shown that no sufficient number of extreme 

events can be identified for a duration greater than 90 minutes.  290 

 

Figure 4: Comparison of the highest 50 precipitation depths (9 grid cell aggregation) in the event series for the 15 to 90 minutes 

durations. 

The series of spatiotemporal independent extreme events (Perschke et al., 2023) resulting from the presented methodology 

(Sect. 2.3.1) are ordered by the absolute precipitation depth and plotted according to their rank. Figure 4 shows the first 50 295 

ranks of the respective duration for the 9-pixel aggregation – the 25-pixel aggregation shows almost identical patterns of 

progression. For the durations up to 45 minutes (Fig. 4, left), events with larger precipitation depths are determined with 

increasing duration. In the range of the first 10 ranks, larger steps between the individual values and statistical outliers can be 

observed. With increasing rank, a slightly decreasing linear course is established. The higher durations of 60 minutes or longer 

(Fig. 4, right) show no increase in the overall level compared to the previous levels. It shows a contrary behavior. With an 300 

increase in the duration, the depth of precipitation decreases in proportion. Compared to the shorter durations, the graphs show 

a larger gradient and a lower total level. This extreme value behavior of convective events is a result of the unequivocal 

assignment of a characteristic duration. It supports the assumption that the most extreme manifestations of convective events 

take place in the range of less than 60 minutes. The classification into a higher duration would lead to an underestimation of 

the extreme behavior when evaluating the absolute depth of precipitation. It also shows that a longer event duration does not 305 

necessarily lead to higher precipitation totals. 

Furthermore, the result of the event selection according to Sect. 2.3.1 provides information about the seasonal 

representativeness with respect to the study period and the precipitation intensity of the event series. Figure 5 shows the number 
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of independent events after applying the thresholds from table 

2 (lighter bars) and the number after forming monthly block 310 

maxima (darker bars). As expected, the number of resulting 

events decreases with larger aggregation area and increasing 

duration. This leads to falling below the recommended 

minimum sample sizes of 2 times the number of observation 

years (Haberlandt et al., 2017) for a duration 75- and 90-315 

minute – these are not considered in the further evaluation. 

The 60-minutes series is included in the further evaluation in 

spite of a low sample size and comparatively atypical 

behaviour. Despite the large data collectives of the durations 

smaller than 60 minutes – after applying POT method – there 320 

is no complete temporal coverage with 126 elements of the study period for any event series. It is necessary to check whether 

the event series are sufficiently representative in time and whether the interval of the block maxima is appropriate.  

3.1 Temporal and spatial coverage  

 

Figure 6: Monthly-differentiated temporal coverage of the observation period for the 15 to 60 minutes durations.  325 

The next step is to take a more differentiated look at the temporal coverage of the study period. Figure 6 shows the time plotted 

event series of durations from 15 to 60 minutes for the 9 and 25 grid cell aggregation. For the 15-minute events, nearly complete 

Figure 5: Selection of extreme events after using POT and BM 

method. 
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temporal coverage can be achieved for both extents. The 60-minute duration, conversely, exhibits a very scattered and patchy 

distribution, which can be attributed to the small sample size and the classification of the event duration. With increasing 

precipitation duration, the annual coverage decreases, especially in the late summer months of September and October. Robust 330 

coverage is noted for the peak summer months of June and July, as well as for the second half of May. Looking at the associated 

precipitation totals, there is no correlation of the maximum values with the month – excluding September and October – of 

occurrence. This evaluation shows that the most extreme convective events in Hesse occur from mid-May to late August. As 

a result, the sample can be assumed to be seasonally representative for the 45-minute and smaller durations. 

 335 

Figure 7: Spatial distribution and precipitation intensity of the selected extreme events for the 15 to 60 minutes durations. Base map: 

digital elevation model 5 [HVBG].   

In the following, the spatial representativeness of the event series with consideration of the precipitation totals is examined 

and evaluated. Figure 7 shows the distribution of events in the study area differentiated by duration and extent. For a better 

evaluation of the orographic relation, the digital elevation model of Hesse is used as base map. The classification of the mean 340 

precipitation intensities of the individual events is based on the quintiles of the respective data collective. The maps show a 
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balanced and hotspot-free distribution of precipitation extremes for all durations. Upper quintile events are found at all 

elevations, confirming the assumption of orographic independence (Sect. 2.2.2) in the study area. In the lowlands, as well as 

in the area around the higher low mountain ranges, high intensity events are recorded. When overlaying the events of all 

durations, a relatively homogeneous spatial distribution results for both extents. Since no classification of events by their real 345 

extents is deliberately made, some events are identified in both aggregation levels. In addition to the temporal, the spatial 

representativeness of the event series can be confirmed up to the 45-minute events. 

3.2 Application of the statistical models to the event series  

In the final part of the evaluation, the statistical models described in Sect. 2.3.2 are applied to the event series. Taking into 

account the previous evaluation of the samples, further consideration is limited to the 15-, 30- and 45-minute durations. 350 

Figure 8 shows the results of the extreme value analysis separated for both aggregation levels. In the diagrams the quantile 

functions for GEV and Gumbel distribution are compared, for reference the plotting position of the sample elements is also 

shown. For the shape parameter ξ of the GEV – which significantly determines the skewness of the distribution – values 

between 0.02 and 0.17 are estimated. For ξ > 0 the GEV exhibits a heavy-tail behaviour. With respect to the predicted 

development of the convective potential in Central Europe, neglecting the heavy-tailed behaviour would lead to an 355 

underestimation of the recurrence interval at the upper distribution boundary (Merz et al., 2022). The Gumbel or the 

exponential distribution, on the other hand, show an exponential asymptotic (light tailed) behaviour. For the 15-minute events, 

there is only a slight difference in the quantiles between the two models.  

 

Figure 8: Comparison of the GEV and Gumbel distributions in relation to the plotting position (PP) for the 15-, 30- and 45-minutes 360 
samples. 

For a more objective evaluation of the goodness of fit, selected statistical tests are performed as described in Sect. 2.3.3. The 

results of this evaluation can be found in Table 4, in all cases a significance level α of 5 % is used as decision criterion. Using 

the KS test, both the GEV and the Gumbel distribution can be accepted in all cases. The same result can be obtained for the 

AD test with the exception of the case D45_9_Gumbel – which has the highest value for ξ. The MAD test statistic shows a 365 
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higher rejection power on the side of the Gumbel distribution at a ξ value greater than 0.1, which is probably due to the heavy 

tail behaviour of the probability distribution. It can be stated that the GEV model has the better fitting performance when 

considering exceptional extreme events.    

 
Table 4: Results of goodness-of-fit tests for the probability distributions fitted to the sample. Significance level α = 0.05 (note: KS is 370 
Kolmogorov-Smirnov statistic, A² is Anderson-Darling statistic and AU² is Modified-Anderson Darling statistic for the upper tail) 

 GEV Gumbel 

α = 0.05 KS A² AU² KS A² AU² 

D15_9 Accept Accept Reject  Accept Accept Reject  

D30_9 Accept Accept Accept Accept Accept Accept 

D45_9 Accept Accept Accept Accept Reject  Reject  

D15_25 Accept Accept Accept Accept Accept Accept 

D30_25 Accept Accept Accept Accept Accept Reject  

D45_25 Accept Accept Accept Accept Accept Accept 

3.3 Restrictions and Uncertainties  

The presented method includes some strict assumptions that potentially limit its general application to other areas outside 

Central Europe. For the identification and classification of precipitation objects, fixed criteria - intensity threshold, rate of 

change of precipitation depth - are applied, which are assumed to be plausible for the considered sub-survey area over the 375 

whole area. A low orographic dependence in the observation area is widely assumed (cf. Sect. 2.2.2). It was not intended to 

conduct a spatial scaling analysis as part of this study yet. Thus, it remains to be seen whether comparable samples can be 

generated, especially for smaller sub-areas. The variability of the exceptional extreme events is crucial here. If too few 

exceptional or too many similar precipitation events are to be found in the upper ranks of the sample, the Gumbel model should 

be preferred. The applicability of the method as well as the plausibility and representativeness of the results can be guaranteed 380 

by the assumptions made and the scope defined. 

With regard to the uncertainties, the methodology of the radar precipitation estimation should be pointed out first. With the 

use of time-normalized reanalysis data, as also in Reder et.al (2022) or Lengfeld et al (2023), a uniform reprocessing of the 

precipitation reflectivities can be ensured and some uncertainty factors can be eliminated. Furthermore, reference should be 

made at this point to the observation period under consideration, from 2001 to 2021. In addition to the discussed limited 385 

statistical significance of the period, the faster increasing climatic changes should also be pointed out here. The resulting 

uncertainties in the analysis of extreme precipitation can hardly be captured. The supposedly short observation period has the 

potential to give more weight to these momentary changes in the probability of occurrence of extreme events. In this context, 

the considered GEV model reacts flexibly to the increasingly extreme individual events in the upper ranks, which allows for 

their consideration in the statistics (Fischer and Schumann, 2018).     390 
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4 Conclusion  

One big challenge in the analysis of heavy precipitation is the realistic identification and description as well as the statistical 

classification of convective extreme events. The specific characteristics of convective precipitation cells - small extent, short 

lifetime - require area-wide, spatial and temporally highly resolved precipitation data for representative coverage. From a 

climatological point of view, the german radar data used are only available for a short observation period (21 a). In local 395 

observation, this often leads to the fact that no sufficiently large sample of extreme events can be identified and also the 

combination with comparatively long time series of precipitation stations does not create a homogeneous data basis here. The 

low orographic dependence indicates that the strength of the events does not necessarily depend on the location of record, but 

rather on the state of the atmosphere respectively the precipitation cell. It is not decisive at which exact location the 

precipitation fell, but at which point in time the precipitation cell shows its most extreme form. The drift effects and 400 

sedimentation time of hydrometeors caused by the height of the radar detection are thus put into perspective. 

With this study, a new approach of regionalized analysis of convective heavy precipitation is pursued in order to describe the 

extreme value behaviour. The focus is on the event and object view with respect to the specific duration and characteristic 

extent of the events. With the spatial aggregation, the precipitation sum of the events is averaged in an area effective size (9 

and 25 km²) and thus scaled to a flash flood relevant catchment size of the low mountain ranges. This leads to a comprehensive 405 

catalog of locally decoupled, spatial and temporally independent events for the considered study area. In comparison to other 

methods (e. g. KOSTRA, RADKLIM), the events are categorized with respect to the course of the intensive main rainfall 

phase and assigned to an authoritative duration. It should be emphasized that the composition of the sample takes into account 

the temporal representativeness over the hydrological summer half-year. The results show a specific duration of 15 to 45 

minutes for convective heavy precipitation events. In comparison, events with a duration of 60 minutes and longer are 410 

underrepresented either do not show a consistent extreme value behaviour. For the statistical classification regarding the 

probability of occurrence of the most extreme events, the GEV model is suitable, especially for the 30- and 45-minute events. 

For the shorter events, the recommended Gumbel model also shows a good fit. As the duration increases, the upper ranks show 

more extreme events, which have a strong effect on the shape of the distribution. Here, it would be widely necessary to examine 

how the change of the study area affects the results. By changing the scale of the study to the entire Central European low 415 

mountain sill and smaller sub-areas, the methodology can be further tested for its applicability and comparability. In any case, 

the orographic independence of convective heavy precipitation beyond Hesse should be ensured. This new approach proves to 

be promising in the context of this study and promotes the gain of knowledge in the context of the characterization of 

convective heavy precipitation. Based on this, it is possible to develop a radar-based new heavy rainfall model for use in 

flooding simulations and as dimensioning precipitation for protective measures.    420 
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