EVALUATION OF RADAR-BASED HEAVY RAINFALL HAZARD
IN GERMANY FOR ASSESSING THE IMPACT OF EXTREME
PRECIPITATION EVENTS
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ABSTRACT

For more than two decades, weather radar data have provided important high-resolution information on areal precipitation distribution in
Germany. The German Weather Service (DWD) has developed multiple products to support heavy rainfall hazard monitoring. The event
catalogue CatRaReE lists all short- and long-term precipitation events since 2001, derived from the radar-based precipitation climatology RAD-
KLIM and sets the basis for spatial statistical analyses of extreme precipitation events. Moreover, its operational version based on RADOLAN
data allows identifying a real-time rainfall-related hazards. In our study we present a comprehensive analysis of all classified heavy precip-
itation events that occurred between 2001 and 2022 on the area of Germany. We introduce a preliminary method for the heavy rainfall risk

mapping following the IPCC definition and demonstrate its use for assessing the impact of operationally detected events.

INTRODUCTION

Heavy rainfall with its dynamic and sometimes unpredictable character can provoke numerous hazards, like flash floods, landslides and
soil erosion, causing damages and huge economic costs, as well as a direct threat to human life. The intensity of extreme rainfall events in
Central Europe is expected to increase in a warming climate, even though climate projections also indicate more common dry episodes and
declining mean soil moisture (IPCC 2023). The mechanism is explained by the Clausius-Clapeyron equation on saturation vapour pressure,
according to which a temperature increase of 1 K allows an atmospheric air mass to hold approximately 7 % more water vapour and, in
consequence, to increase its potential for heavy precipitation. Thus, it is of great importance not only to develop best possible nowcasting
methods and long-term forecasting models, but also to look more closely at the structure and detailed characteristics of past extreme events.
The investigation of historic losses and risk factors can help to estimate the potential impact each event may provoke and provide commu-
nities with information on areas at risk.

Heavy precipitation events, especially convective storms, often occur on a very local scale and are therefore hard to detect by traditional
ombrometer networks (Lengfeld et al. 2020). Additionally, the meteorological and hydrological impacts scale with both the areal extension
and the intensity of rainfall events. Radar-based areal precipitation monitoring is therefore necessary to study and characterize heavy rainfall
events.

With this objective, the German Weather Service (DWD) has developed the Catalogue of Radar-based heavy Rainfall Events (CatRaRE; Leng-
feld et al. 2021, https://www.dwd.de/catrare) that lists all extreme precipitation events in Germany since 2001. The Catalogue is freely avail-
able via DWD’s Open Data Portal in both a tabular and geospatial format. In addition, a user friendly online WebGIS-Dashboard ( https://
arcg.is/IHDgHS5) was developed to visualize the data and communicate our results to a broader audience. The CatRaRE is based on the
radar-based precipitation climatology for the area of Germany, called RADKLIM (Winterrath et al. 2017 and 2018, www.dwd.de/radklim). For
the current cases of heavy rainfall, quasi real-time monitoring of extreme rainfall events, called ExRain is performed, based on operational
hourly RADOLAN data (Winterrath et al. 2012). Both RADOLAN and RADKLIM are gauge-adjusted radar datasets in high temporal (5 min.
and 1h) and spatial resolution (1 km). The annually updated RADKLIM incorporates additional stations and various correction methods,
providing a high-quality, quantitative input for the CatRaRE and other analysis of the precipitation since 2001.

The aim of this study is to evaluate an overall heavy rainfall hazard for the area of Germany based on radar data. We make also an attempt
to assess the potential impact of operationally detected events. An additional goal of this work is to introduce the radar-based products to

the natural disaster community.

METHODS
In our study we are following the IPCC definition of risk (Reisinger et al. 2020) and consider its three main determinants: hazard, exposure
and vulnerability. We distinguish between a “general risk” arising from an overall climatic hazard and the “current risk”, estimated for oper-

ationally detected events. Figure 1 shows the whole process which led us to the final “general” and “current” risk map.
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Fig 1: From a heavy rainfall hazard analysis to the risk assessment - an overview.

To determine the heavy rainfall hazard we used the heavy precipitation events catalogue exceeding DWD warning level 3 for severe weather
(so called CatRaRE-W3). To detect the CatRaRE events, hourly radar data of about 1 km spatial resolution (RADKLIM for past events and
RADOLAN for the current ones) are used and an object-oriented analysis is performed to classify spatially and timely independent rainfall
events. Events of 11 different durations between 1 and 72 hours (1, 2, 3, 4, 6, 9, 12, 18, 24, 48, and 72 hours) are investigated and statistically
analysed. Each event is characterized by time and location, a duration and areal extent. Moreover, various precipitation attributes are calcu-
lated: e.g. maximum and mean precipitation intensities, return period, heavy precipitation index - SRI (in german: Starkregenindex, Schmitt
et al. 2018) and extremity according to the concept of the Weather Extremity Index (WEID) by Miiller and Kaspar (2014). A comprehensive
description of the catalogue and all parameters can be found in Lengfeld et al. (2021).

For the “general” heavy rainfall hazard the number of past 2001-2022 CatRaRE-W3 events pro pixel was calculated, depending on their du-
ration. To obtain a “current” hazard we computed the SRI for each pixel of events detected in the operational ExRain monitoring. The SRI
had been chosen, as it translates location-dependent return period values and reclassify them according to the potential hazard into classes
from 1 to 12, allowing for a quick assessment of the severity of the event.

In order to determine areas potentially exposed to heavy rainfall hazard, both the general and current one, we chose to identify all sealed
areas (buildings, streets, airports etc.) located in the terrain sinks. To achieve this, high-resolution (10m) imperviousness degree raster data
and topographic position index (TPD), derived from a digital elevation model (10, 25 and 50m spatial resolution data were tested depending

on the size of analysed study area) are combined through a bivariate classification into the ‘GeoRisk’ dataset. Figure 2 illustrates the concept.
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Fig 2: GeoRisk — the concept for a classification of areas potentially exposed to heavy rainfall risk.

According to the risk definition, also the potential vulnerability should be estimated on the basis of socioeconomic factors and past losses
e.g. from insurance data and analogous CatRaRE events. As a result, exceptionally vulnerable areas are e.g. additionally highlighted with a
flag in the final risk map. This element has not been yet fully incorporated in our work and is still under development.

Details on the involved datasets for each of the risk elements are given in the Table 1.
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for a calculation of the Topographic Position Index (TPI), various spatial resolution tested:

10, 25 and 50 m, as well as diverse radii of neighbourhood-circle (100 to 2000 m)

Potential damage value - monetary assets per area unit (BEAM - Basic European Assets Map
for Germany, Copernicus EMS, 2020)
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Social factors (e.g. age, household size) from Zensus 2011 (© Statistisches Bundesamt 2015)
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Tab 1. Data and variables used in the heavy rainfall risk analysis.

RESULTS AND DISCUSSION

The CatRaRE-W3 catalogue allows Germany-wide statistical analyses on spatial and temporal distributions of heavy rainfall events that
exceeded DWD warning level 3 for severe weather, including event-specific attributes like duration and area. Figure 3 shows the annual
number and accumulated area of all heavy precipitation events of duration between 1 and 72 hours in Germany since 2001. Both attributes
show large annual variations. In 2002 — the year with the huge flooding of the Elbe river — the maximum area was observed, while in 2018
the highest number of events was identified, although 2018 is known for the extreme precipitation deficit during summer. The event count
is dominated by small convective events with short durations of 1 to 6 hours, while the main share in the total area belongs to events of
longer durations (24 — 72h). Event count as well as total area show a slightly increasing trend over the past 22 years. It will be interesting to

monitor the further development and its connection to climate change.
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Fig 3: Annual number (top) and accumulated area (bottom) of heavy precipitation events in Germany that exceeded DWD warning level 3 for severe weather, divided into three duration
ranges: 1 to 6 hours, 9 to 18 hours and 24 to 72 hours, over the years 2001 to 2022 in Germany. Based on: Cat-RaRE_W3_Eta_v2023.01.

The heavy rainfall hazard in Germany is presented through a spatial distribution of the events in Figure 4. It shows a dependence on orog-

raphy for duration levels of 9 hours and more. In the case of short-duration events of up to 6 hours, however, an increased number can only

be seen in the Alps; the rest of the country is equally affected by heavy rain events.
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Fig 4: Spatial distribution of 2001 — 2022 heavy precipitation events in Germany that exceeded DWD warning level 3 for severe weather, divided into three duration ranges: 1 to 6 hours, 9
to 18 hours and 24 to 72 hours. Based on: Cat-RaRE_W3_Eta_v2023.01.

The presented map of heavy rainfall events occurrence has served us as a basis for the overall hazard evaluation in the analysis of “general
risk” for the country area.

An example of the preliminary ‘current risk’ mapping in form of a case study for an 1h — heavy rainfall event from 26 August 2022 is illus-
trated by Fig. 5
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Fig 5: Preliminary risk map for an operationally detected extreme rainfall event - an example.

CONCLUSIONS

We present a preliminary method for a heavy rainfall risk assessment, for both a general risk and a current risk resulting from real-time
events. The geospatial character of the CatRaRE dataset allows for an enrichment with e.g. socioeconomic and geophysical variables, build-
ing the substantial basis for a risk analysis. In addition, combining meteorological and non-meteorological characteristics of each event with
available data on corresponding insurance losses, fire-brigade operations or crowdsourcing reports may serve for an impact quantification
and/or validation. Through these steps, we obtained a rich basis that could also be used operationally as a lookup table when estimating
a possible impact of current or forecasted events that show similar characteristics (= “analogues events”). There is also still a wide range of
variables (like on antecedent precipitation and soil moisture), which could be potentially used as additional hazard predictors.

The presented method could be implemented for assessing the potential risk of predicted precipitation events from nowcasting or forecast
models and serve as a basis for a delivery of impact-oriented warnings against heavy rainfall. Extended studies are still needed to validate
this approach and to develop methods for the consistent extreme value statistics, which can link climatological data with those from pre-
dictions. A big challenge remains also building a reliable vulnerability function, which could be dynamically applied in the ad hoc impact

analysis.
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