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Abstract. Europe frequently experiences by a wide range of extreme events and natural hazards, including heatwaves, extreme
precipitation, droughts, cold spells, windstorms, and storm surges. Many of these events do not occur as single extreme events,
but rather show a multivariate character, known as compound events. We investigate the interactions between extreme weather
events, their characteristics, changes in intensity, frequency, as well as uncertainties in the past, present and future. We also

explore their impacts on various socio-economic sectors in Germany and Central Europe. This contribution highlights several
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case studies with special focus on 2018, a year marked by an exceptional sequence of compound events across large parts of
Europe, resulting in severe impacts on human lives, ecosystems, and infrastructure. We provide new insights into the drivers
of spatially and temporally compound events, such as heat and drought and heavy precipitation combined with extreme winds,
and their adverse effects on ecosystems and society, using large-scale atmospheric patterns. We also examine the interannual
influence of droughts on surface water, and the impact of water scarcity and heatwaves on agriculture and forests. we assess
projected changes in compound events at different current and future global surface temperature levels, demonstrating the need
for improved quantification of future extreme events to support adaptation planning. Finally, we address research gaps and
future directions, stressing the importance of defining composite events primarily in terms of their impacts prior to their

statistical characterisation.

1 Introduction

Extreme temperatures, strong extratropical low pressure systems and their associated extreme winds and heavy precipitation
events can have devastating socio-economic impacts. Moreover, the combination of otherwise regular climate and weather
phenomena can unfold their effects beyond the individual events (Ridder et al., 2020) and have devastating consequences and
impacts (Ridder et al., 2022; Bevacqua et. al., 2017, 2021, 2023 and references therein). Thus, human and natural systems that
are usually able to handle the impacts of single extreme events are challenged by the co-occurrence of two or more extremes
(compound events, CE) which severely increase the risk of loss and damage (Toreti et al., 2019a). Events with additive and
multiplicative effects are of utmost importance and can result from mutually reinforcing cycles/positive feedback between
individual events. Interrelated events, e.g., through land surface-atmosphere interactions or atmospheric moisture conditions,
modify extreme events (Wang et al., 2022). The effects may develop also through atmospheric dynamics that connect features
such as the 2010 Russian heatwave and the flood in Pakistan (Barriopedro et al., 2011; Lau et al., 2012; Zscheischler et al.,
2018) or through induced responses at distant areas of significant impact to the global system (Vogel et al., 2019).

The Intergovernmental Panel on Climate Change (IPCC; Seneviratne et al., 2012) defines CEs as 1) two or more extreme
events occurring simultaneously or successively, 2) a combination of extreme events with underlying conditions that amplify
the impact of the events, or 3) a combination of events that are not themselves extremes but lead to an extreme event or impact
when combined. This definition is embedded within the IPCC risk framework under the umbrella of a combination of multiple
drivers and/or hazards that contribute to societal or environmental risks. Also embedded in this framework is the understanding
that response to an imminent risk can, in its own right, serve to reduce or to increase future risks. CEs often lead to
disproportionate impacts on people and ecosystems (Seneviratne et al., 2012; Leonard et al., 2014; Caldeira et al., 2015; Bastos
etal., 2021). To quantify the probability of CEs in today’s and future climate is of great importance specifically for adaptation
planning for various sectors including agriculture, fisheries, river transport, energy supply, tourism, etc. (Zscheischler and

Fischer, 2020). Recently, Zscheischler et al. (2020) extended the definition and classified CEs into 1) preconditioned events,
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where a weather-driven or climate-driven precondition aggravates the impacts of a climatic impact-driver; 2) multivariate
events, where multiple drivers and/or climatic impact-drivers lead to an impact; 3) temporally compounding events, where a
succession of hazards leads to an impact; and 4) spatially compounding events, where hazards in multiple connected locations
cause an aggregated impact. Drivers include processes, variables, and phenomena in the climate and weather domain that may
span over multiple spatial and temporal scales (Zscheischler et al., 2020). Current research on weather and climate impacts,
risks and damages often underestimates the influence of CEs (Ridder et al., 2021). It is therefore essential to adapt research
strategies and tools, such as models, to integrate compound weather and climate events, enabling a more accurate assessment
of uncertainties, impacts and risks. Further, anthropogenic climate change is expected to influence the frequency and intensity
of CEs, and thus future planning for such changes requires reliable climate models, which can represent these hazards, their
underlying drivers as well as their combinations. Despite this importance, studies evaluating climate model representation of
CEs are still rare (Aalbers et al., 2013; Bevacqua et al., 2023; Manning et al., 2023). Further, the impact of climate change to
dynamic changes in the atmosphere and consequently to the location and magnitude of extreme events and its compounds is
less well understood and thus characterised as low confidence by the IPCC (IPCC, 2021). This holds true also for CEs, which
are naturally even more complex due to their multivariate character, also in terms of the complexity of the atmospheric
circulation state. For instance, the COVID-19 pandemic has brought dynamics of compound hazards and risk-response
feedback to the forefront of hydrometeorological hazard response and preparedness (Simpson et al., 2021; Zaitchik et al.,
2022). Compound hazards are rare, and those for instance that involve a disease such as COVID-19 have no recent precedent.
The more complex CEs become, the clearer are the limitations of the conventional statistical approaches to risk assessment
(Zaichik et al., 2022).

The development of integrated research on CEs is the objective of the European COST Action DAMOCLES
(http://www.damocles.compoundevents.org) that bundled research efforts in this field, and towards which several of the
authors actively contribute. One of the main knowledge gaps identified concerns how the compound character of events is
changing in a warming world and will continue to change during future decades. The question on how and why extreme

weather events affecting specifically Germany and Central Europe may change in a warming climate is the major topic of the

climXtreme project (https:/climxtreme.net/), in the frame of which this work has been conducted, aiming to analyze and
understand the dynamics of extreme climate events, their impacts, and potential future trends in a changing climate. To analyse
hot and dry compounds, a variety of research questions and approaches are explored: at the global scale, the precursors of
spatially and temporally CEs are analysed using large-scale atmospheric patterns and jet stream states. At the European scale,
the detection and identification of events and the spatial representation of key climate variables in relation to heatwaves are
investigated. Focusing on Germany, the interannual influence of droughts on surface water is analysed and the impact of water
scarcity and heatwaves on agriculture and forests is studied. Further, the CEs including precipitation and/or wind as a hazard
are analysed focusing on a series of windstorms and convective storms with adverse impacts on ecosystems and society.

All case studies presented in this paper are selected from the calendar year 2018, which is of particular interest given the

prolonged and persistent dry and hot conditions across large parts of Europe as well as featured storms Eleanor and David
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(coined Burglind and Friederike in Germany and hereafter) in January 2018 and several weeks of thunderstorm activity in May
and June. 2018 was also characterized by strong wind gusts that co-occurred with heavy snowfall during the windstorm
Friederike (Vautard et al., 2019), a relatively dry spring with exceptionally high temperatures followed by an extremely dry
summer with very warm mean temperatures over large areas of Europe (Munich Re, 2019; Zscheischler and Fischer, 2020).
Total precipitation in central Europe was at the lowest percentiles relative to the 19762005 distribution; Germany experienced
a reduction of precipitation of ~53% in July and of ~46% in August compared to the period 1981-2010 (Deutscher
Wetterdienst, 2018). The summer in Germany was characterised by the most extreme combination of high temperatures, as
one of the warmest years on record (Kaspar et al., 2023) and low precipitation since 1881 (Zscheischler and Fischer, 2020).
The combination of the individual events caused tremendous adverse and detrimental impacts in larger areas of western Europe
with a peak over Germany and on a variety of sectors ranging from agriculture and society (Manning et al., 2018; Toreti et al.,
2019b; Zscheischler and Fischer, 2020; Conradt et al., 2023; Shyrokaya et al., 2024), forests (Bastos et al., 2020; Buras et al.,
2020; de Brito et al., 2020; Senf and Seidl, 2021), fires (Munich Re 2019; Bastos et al., 2020), ecology (Bastos et al., 2021),
soil and surface water (Liu et al., 2020; Brakkee et al., 2022; Hartick et al., 2021), marine environment (Kaiser et al., 2023),
traffic disruption, power outages, property damage by e.g. falling trees, fatalities (Vautard et al., 2019) as well as human health
(Matzarakis et al., 2020; Conradt et al., 2023). The exceptional heatwave of 2018 also caused many nuclear power plants to
shut down because the rivers could not provide sufficient cooling capacity for the reactors (Vogel et al., 2019). In addition,
Blauhut et al. (2022) surveyed stakeholders across Europe regarding their perceptions of the 2018-2019 drought and drought
risk management in their respective countries. Germany was identified as being aware of drought risks but among the least
prepared, lacking a formal management plan.

We study this exceptional year and the series of extremes and CEs in a sequence of the large scale, their detection and spatial
representation as well as the long term impacts on soil moisture both at the continental scale and the consequent agriculture
and forestry impacts at the national scale. The paper first outlines the data and methodologies used for analysing the selected
CEs in 2018, followed by a detailed analysis of each case study. These case studies are categorized into temperature-

precipitation and precipitation-wind CE storylines, along with an evaluation of their impacts in Germany.

2 Data and Methods

Different methodological approaches have been used, tailored to the different types of CEs, ranging from better understanding
of the selected event drivers to sectoral impact assessments. This section summarizes these approaches and provides a basis
for the study and analysis of the selected case studies separated in temperature-precipitation and precipitation-wind CEs. The
temperature-precipitation storyline includes analysis on drivers of the hot summer of 2018, detection of extreme events and
spatial patterns, assessment of the impact of the 2018 European drought on soil moisture and groundwater as well as sectoral
impacts on agriculture and forestry. The storyline is complemented with an assessment of model simulations to realistically

represent conditions as those of 2018 in Germany. The precipitation-wind storyline comprises the analysis of intense low
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pressure systems in winter 2018, their life cycle and triggering role for compound precipitation and wind events, as well as
severe convective storms during the 2018 warm season. Considering the nature of the various case studies and events during
the warm season of 2018, and given the focus on compound events in this study, we aim to define the characteristics of the
events analysed and their interrelationships. Additionally, a range of relative thresholds, such as the 90th, 95th, and 98th
percentiles, appropriate for each variable and elaborated impact are used to define extremes, and we will provide explanations

for their application.

2.1 Drivers of the hot summer of 2018

To better understand the drivers of the hot summer of 2018, Rousi et al. (2022) identified jet states in the zonal mean zonal
wind over the Eurasian sector at different pressure levels for the summer months in ERA5 data (Hersbach et al., 2020) using
Self-Organizing Maps (SOMs, see Kohonen, 2013; Rousi et al., 2015). A comparative approach with different cluster numbers,
clustering algorithms and initializations of SOMs led to a robust cluster of double jet states. Increased persistence of those jet
states was connected to heatwave events (defined as a period of at least 3 consecutive days of daily maximum temperature
threshold exceedance > 90th percentile, following Fischer and Schir (2010) and a spatial extent over 40.000 km? within a 4°

x 4° spatial sliding window, similar to Stefanon et al. (2012) across western Europe (Rousi et al., 2022).

2.2 Detection of spatial patterns of extreme events

The analysis of the large-scale temperature and precipitation deficit patterns and their expression during the 2018 heatwave at
the European scale is based on the cross-Tail Pairwise Dependence Matrix (cross-TPDM) and Extreme Pattern Index (EPI)
proposed by Szemkus and Friederichs (2024). Typical spatial patterns of common extremes are derived by singular value
decomposition of the cross-TPDM. The cross-TPDM is a measurement of extremal dependence, rooted in extreme value theory
and has comparable statistical properties to the cross-covariance matrix (Szemkus and Friederichs, 2024; Cooley an Thibaud,
2019). The singular vectors of cross-TPDM represent pairs of spatial patterns in which extremes in two variables are likely to
occur simultaneously. Consequently, the expansion coefficients provide a time series for each singular vector that summarise
the occurrence of extreme events within the respective pattern. The first 10 left and right expansion coefficients are then
summarised in the EPI that is high when individual patterns or a linear combination of leading patterns are particularly strongly
pronounced. This pattern-based analysis thus provides a robust measurement for the heatwave and drought intensity over
Europe. Before calculating the cross-TPDM and EPI, the ERAS daily 2m temperature and precipitation deficits for the summer
months (June-August) of 2018 are standardised and the annual cycle is removed. Precipitation deficits are calculated as the

inverse of the 90-day accumulated precipitation.
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2.3 Surface water storage of the dry summer of 2018

To analyse the drought characteristics of the summer of 2018, an ensemble of simulations for the hydrological year 2018/19
is used (Hartick et al., 2021). The hydrological year 2018/2019 was initialised with land surface and subsurface conditions
from the end of the hydrological year 2018 and simulated using different atmospheric boundary conditions. The proposed
approach investigates the impact of hydrologic initialization, and soil and groundwater memory on water storage anomalies
against the background of atmospheric variability and uncertainty on an interannual time scale. The varying atmospheric initial
conditions were derived from the ERA-Interim data for each individual year between 1996 and 2018 and resulted in 22
realisations as the number of individual years within that period. Thus, the ensemble of realisations of the hydrological year
2018/2019 accounts for a large part of the atmospheric uncertainty. The analysis was performed for 20 European river basins.
The 2018 drought was defined as the driest 10% of the total water storage anomalies (S) occurring in 2018 within the
climatological time series. Surface water availability for the 2018/2019 hydrological year was represented by surface water
storage (Su), categorised into dry, Sug4, and wet, Suw, anomalies. To ensure that an increased probability of S,q4 in the
hydrological year 2018/2019 was outside of regular climate variability, we compared the S, 4 probability distribution of the
described hydrological year 2018/2019 ensemble (Case A) with the probability distribution of S, 4 within the climatological
time series (Case B), see also the corresponding section below. Two beta distributions were generated, one for each case, by
applying a prior with no information. We sampled each beta distribution 10,000 times and calculated the probability of Case
A > Case B to determine the confidence that the probability of a S, 4 after a drought is greater than the climatological variability.
In addition, we obtained the uncertainty of the confidence intervals by bootstrapping 1000 times over the climatological time
series. The methodology provides a probabilistic insight into the impact of a groundwater drought on future surface water

resources on an interannual time scale.

2.4 Soil moisture of the dry summer of 2018

In addition to the dry surface water anomaly in Central Europe, soils showed moisture deficits (Liu et al., 2020; Bastos et al.,
2020; Rousi et al., 2023; Conradt et al., 2023). This likely caused low groundwater levels (Brauns et al., 2020; Conradt et al.,
2023), as infiltration of precipitation water is considered to be the most important groundwater source in Central Europe
(Brakkee et al., 2022). ERAS soil moisture was evaluated for the four soil layers over the period 2018-2020 and compared
against the climatology averaged over 1991-2020 in order to assess the strength of the soil moisture deficit and its persistence
during the consecutive drought years 2018-2020. For this analysis, time series of daily means as well as centred 92-day running
means were computed for all land points of the study area 4°-16° E and 45°-55° N, covering Germany and adjacent regions.
The evaluation of soil moisture in the lowest soil layer also gives an indication of the groundwater reservoir as it interacts with

the aquifer in the modelling system (Cerlini et al., 2021).



198

199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216

217

218
219
220
221
222
223
224
225
226
227
228
229

2.5 Agricultural and hydrological drought of the year 2018

Lack of sufficient soil moisture, resulting from shortage of precipitation and excess evapotranspiration leads to agricultural
drought. Lack of run-off and surface water result in hydrological drought (streamflow deficits) (Seneviratne et al., 2021). To
estimate the severity of agricultural and hydrological droughts across Europe during summer 2018, we employed the nitrogen
version of the vegetation, crop, and hydrology model LPJmL (Schaphoff, et al., 2018; von Bloh et al., 2018; Lutz et al., 2019;
Herzfeld et al., 2021). The analysis is based on 69 years (1951-2019) obtained from model simulations driven with daily
temperature, precipitation, and radiation data from the GSWP-W5ES5 dataset (Kim, 2017; Cucchi et al., 2020; Lange et al.,
2022) at 0.5 arc-degree resolution. To assess agricultural drought, the evapotranspiration deficit calculated as the ratio of actual
evapotranspiration to potential evapotranspiration (ET/PET ratio) over the growing season of maize in each year is determined
and a generalised beta distribution (a three-parameter probability distribution for variables in a bounded interval) is fitted to
the 69 annual values in each grid cell. An ET/PET ratio of less than 1 indicates water deficit or water stress. For the assessment
of the hydrological drought, the average river discharge (Dis) during the summer months (June, July, and August) of each year
is determined and a generalized gamma distribution (a three-parameter probability distribution for non-negative variables) is
fitted to the 69 annual values in each grid cell. Using the fitted distributions, the return period of the conditions in 2018 is
determined. To support comparability with other drought indices such as the Standardized Precipitation Evapotranspiration
Index (SPEI), the drought severity is also calculated, which is the probability (inverse of return period) of a given year
expressed as its distance from the mean (in number of standard deviations) in a standard normal distribution (McKee et al.,
1993; Vincente-Serrano et al., 2010). For example, a return period of 44 years is equivalent to the 2.28th percentile, which is

-2 standard deviations away from the mean and would be assigned a drought severity of -2.

2.6 Impact on the agricultural production of 2018

In comparison with the past three decades, the year 2018 was identified as a year with severe winter wheat yield losses
estimated using a compilation of LOESS (locally estimated scatterplot smoothing; to take into account improvement of
agricultural practises (Zampieri et al., 2017)) detrended and gap-filled yield data at county level aggregated from a variety of
sources including the Regionaldatenbank Deutschland (Statistische Amter des Bundes und der Linder, 2021) and the Statistical
Offices of the federal states of Germany (EllsdBer and Xoplaki 2022abc; EllséBer and Xoplaki, 2024). The resulting annual
gridded yield data was evaluated using the Standardized Yield Anomaly Index (SYAI) that expresses yield anomalies in terms
of standard deviation from a 30-year time series. The analysis is based on the Heat Magnitude Index (HMD) (Zampieri et al.,
2017), the drought index SPEI (Vicente-Serrano et al., 2010) and the Combined Stress Index (CSI) (Zampieri et al., 2017) that
accounts for stress compounds of heat and drought through a (ride-regression based) superimposition of HMD and SPEI, using
the temperature and precipitation series from E-OBS (Cornes et al., 2018). In order to derive crop relevant results, all indices
were evaluated for the most vulnerable stages of phenological crop development according to the specific region using the

German Weather Service (DWD) phenological data set (Kaspar et al., 2015). A spatially explicit linear regression between
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yield anomaly and stress indices was computed for time series covering the past three decades and the coefficient of
determination (R?) was calculated to express the proportion of yield anomaly that can be explained by heat, drought or

compound stress.

2.7 Loss and damage of compound vs. non-compound wind extreme events of the winter 2018

The precipitation-wind storyline starts with a description of the synoptic situation during the winter season 2018. The cyclone
track analysis in this section is based on the cyclone tracking methodology of Murray and Simmonds (1991) and Pinto et al.
(2005) applied to ERAS data (Hersbach et al., 2020).

Loss and damage in this section is defined according to the UN Framework Convention on Climate Change (UNFCCC) as the
harm caused by anthropogenic (human-generated) climate change (UNFCCC, 2021; OECD, 2021 and references therein). For
the quantitative assessment of the impact of CEs in terms of loss and damage, a compound wind and precipitation extreme is
defined when both variables exceed their local 98th percentile (Martius et al., 2016). For winter events, these percentiles are
calculated using data from the December to February season. Co-occurrence is defined when wind gusts and precipitation both
exceed their respective 98th percentile at a specific grid box, with precipitation exceedance occurring on the same day, the day
before, or the day after, within a 50 km radius around the grid box centre.

The daily loss data for residential buildings accumulated over Germany provided by the German Insurance Association (GDV)
are categorised by days on which a CE occurred and days on which it did not. This results in two separate loss distributions

for compound and non-compound events.

2.8 Concurrent heavy rain and storm extremes — estimation of probability of event occurrence

The estimation of the probability of occurrence of compound heavy rain and wind is carried out on precipitation and wind time
series from DWD weather stations. Multivariate distributions in the form of copulas are used to determine the probability of
occurrence of combined events. Copulas make it possible to model the dependency structure of the variables under
consideration independently of their marginal distributions (e.g. Manning et al., 2024 and references therein). This allows for
the use of any distribution function for the marginal distributions.

We carried out fitting tests for both the marginal distributions and the copulas. However, Archimedean copulas are generally
preferred when dealing with hydrological parameters (Bender, 2015; Jane et al., 2020). In this particular case, the Frank copula
(Frank, 1979) was chosen as the most appropriate option. The Frank copula is a one-parametric copula in which the copula
parameter thetfa can be determined from the correlation between random variables. The approach treats the extremes of the
two variables (rain and wind) separately. The annual maximum values (AMAX) are extracted from the time series and tested
for statistically significant trends using the Mann-Kendall test at a 5% significance level. Stationary methods of extreme value
statistics are applied, requiring the assumption of independence and identical distribution of all time series. Consequently,
series with significant trends are homogenised using linear regression. The distribution parameters of the strong wind and

precipitation data sets are then determined using maximum likelihood. In addition, the correlation between heavy rain and

8
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storm is calculated using the Kendall rank correlation. For each AMAX wind value, the concurrent precipitation value is
selected and vice versa. To ensure the independence of precipitation events, wet episodes are separated by a dry period of at
least as long as the accumulation period. Due to this restriction, not all AMAX wind events can be paired with a precipitation
episode, even when precipitation is present, e.g., for longer precipitation durations (>1day) and considering a +2-day window,
no AMAX wind and precipitation episode pairs exist. Subsequently, these pairs of values are applied to adjust the marginal

distributions and copulas, thereby determining the combined probabilities of occurrence.

2.9 Rockfall events

Rockfall is an impact that can be triggered by extreme precipitation (e.g., Nissen et al., 2022). Favourable preconditions, such
as previous freeze-thaw cycles and enhanced sub-surface moisture, increase the susceptibility for such events. A logistic
regression model, describing the probability of rockfall in the Central European low mountain ranges as a function of
meteorological (pre-) conditions, was fitted using the Rupp and Damm (2020) database of rockfall events. To find the optimal
statistical model, a large number of models including different atmospheric predictors and interaction terms between the
predictors were compared. The best model was selected based on the logarithmic skill score determined during cross validation.
The best-performing model includes across-site percentile of a fissure water proxy D (precipitation minus potential evaporation
determined for the last 5 days), the local percentile of daily precipitation and the binary information if a freeze-thaw cycle has
occurred within the last 9 days. It also considers the interaction between daily precipitation and D. By including several
meteorological parameters the statistical model describes the multivariate compounding nature of rockfall initialization. By
taking preconditions into account the preconditioned compounding component is addressed. Using the statistical model, a
probability for a rockfall event can be determined for each day from the meteorological conditions of the previous 9 days and

the day itself. Details of the statistical model can be found in Nissen et al. (2022).

2.10 Convective cluster events of the summer 2018

Convective cluster events (CCEs) are spatially connected areas of intense lightning activity that occur simultaneously in the
same geographic region. CCEs can be detected using the Spatial-Temporal Density-Based Spatial Clustering of Applications
with Noise (ST-DBSCAN) algorithm (Ester et al., 1996; Birant and Kut, 2007). The data used are cloud-to-ground lightning
strokes from the European Cooperation for Lightning Detection (EUCLID) network (Schultz et. al., 2016). ST-DBSCAN is
further developed and specifically adapted for the detection of spatio-temporal clustering of lightning strokes (Augenstein et
al., 2023). The algorithm identifies arbitrarily shaped clusters in a set of given points, which in this case are spatio-temporally
close lightning strokes. For the identification of CCEs, thresholds from sensitivity studies have been used, i.e., if at least 40
lightning strokes occur within 20 minutes and 50 km, single lightning strikes are marked belonging to a CCE. These thresholds

have proven to be an “optimal” balance to distinguish between lightning clusters and noise.
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2.11 Occurrence of extreme compound events from recent to near-term future climate conditions

The estimation of the projected changes in the frequency of CEs from recent to near-term future climate conditions is based
on the 30-member CMIP6 MPI-GE (Olonscheck et al., 2023). The historical and SSP5-8.5 (Riahi et al., 2017) simulations for
the periods 1975-2025 and 2025-2075 are used, representing climate conditions that for the CMIP6 MPI-GE range from about
1 to 3 °C increase in global mean surface temperature since pre-industrial times (Olonscheck et al., 2023). The projections
cover Germany and more specifically the region defined by the 4°-16° E and 45°-55° N latitude-longitude domain. The
compound heat and drought years are defined by the cumulative precipitation from May to October and the mean daily
maximum temperature from June to August, spatially averaged over Germany. Extreme compound hot and dry years exceed
the 20-year return levels for both precipitation deficit and maximum temperature individually, defined as the 5th and 95th
percentiles, respectively, for the period 1975-2025. The compound precipitation-wind years are defined on the winter
(December to February) daily mean precipitation and daily maximum surface wind. The selection of events is based on the
exceedance of the 98th percentile for wind and precipitation during the period from 1975 to 2025. For each grid cell, wind and
precipitation events are identified when they exceed this threshold on the same day, while for precipitation alone, the
exceedance can occur either on the same day or the day after. The cumulative effect for the whole season is the sum of all
daily occurrences over all winter days and each grid cell. Extreme compound wind and precipitation years exceed the 20-year

return levels for precipitation and wind individually, defined as the 95th percentile of each variable for the period 1975-2025.

2.12 Representation of moisture availability of 2018 in model simulations

The performance of model simulations in realistically representing drought conditions like those of 2018 and the 2018-2020
three-year drought cluster of events is assessed based on the estimated trend of the warm season (March to August) moisture
availability in Germany. Drought conditions are described with the SPEI index (Vicente-Serrano et al., 2010) for observations,
using ERAS data (Hersbach et al., 2020) for the period 1979-2019, and for bilinearly interpolated (regular 0.5° lon-lat grid)
and extended to 2021 ensemble simulations of CMIP5 (Taylor et al., 2012; Aalbers et al., 2023) global circulation models and
of EURO-CORDEX 0.11° (Giorgi et al., 2009) regional multi-model ensemble for the historical (1950-2005) and the near-to-
mid-term future (2006-2070) periods under RCP8.5. The linear trend of the 3-year running mean for the March to August
intervals is calculated over the periods 1975-2021 for the simulations (1979-2019 for ERAS) and 2022-2070 in order to account
for the transition from dimming to brightening regime in the 1970s (Wild, 2009, 2016).
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3 Compound events in the year 2018
3.1 Temperature-precipitation compound events during 2018

The exceptionally hot and dry conditions in 2018 extended over larger areas including central and northern Europe and were
associated with impacts on various economic sectors (e.g. Toreti et al., 2019a; Zscheischler and Fischer, 2020; Bastos et al.,
2023; Conradt et al., 2023; Shyrokaya et al., 2024).

3.1.1 Drivers of the hot summer of 2018

The 2018 heatwave was a spatially CE featuring concurrent heatwaves in Scandinavia and central Europe (Spensberger et al.,
2020; Rousi et al., 2023). Prior to the 2018 heatwave, a striped high-pressure system formed over northern Europe in late June,
during a combination of the positive phase of the North Atlantic Oscillation and the Rossby Wave 7 pattern (Drouard et al.,
2019; Kornhuber et al., 2019). Figure 1 presents the jet stream state during the 2018 summer and the heatwave day frequency
for each grid point over the Eurasian sector. During the intense European summer heatwave, a large blocking system at 500
hPa, and a double jet stream configuration is visible in the 250 hPa zonal wind field (Kornhuber et al., 2019; 2020; Rousi et
al., 2023, see Methods section 2.1). Heatwave hot spots over Europe coincide with areas of weak winds between the polar and
subtropical jets. Such large-scale atmospheric conditions are conducive to the occurrence of extreme events over Europe, in
particular to heatwaves near the centre of the blocking system (see Kautz et al., 2022 for a review). In particular, the hot
summer of 2003 (western/central Europe, Luterbacher et al., 2004; Fink et al., 2004; Fischer et al., 2007; Garcia-Herrera et
al., 2010) and 2010 (heatwave over western Russia, Barriopedro et al., 2011; Di Capua et al., 2021; Rousi et al., 2022) were

characterised by similar large-scale conditions.

80— = 80 =
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Figure 1: Jet stream state (contour lines) and heatwave days in summer 2018 (shading). Left: zonal wind at 250 hPa (black contours
from 5 m/s to 30 m/s every 5 m/s); Right: zonal wind anomalies at 250 hPa (anomalies based on 1979-2020 July climatology and
plotted with contours from -16 m/s to 16 m/s every 4 m/s, negative anomalies are shown in purple contours and positive in orange)
for the period 4-25 July 2018, the longest period of consecutive double jet states. All fields stem from ERAS reanalysis data (Hersbach
et al., 2020).
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3.1.2 Detection of spatial patterns of extreme events

During the summer 2018, large-scale temperature (T2m) and precipitation deficit (PD) patterns characterize the exceptional
conditions. Figure 2 shows the analysis of typical pattern of common extremes and their expression during the 2018 heatwaves
at the European scale based on cross-TPDM and EPI (see Methods section 2.2). In July-August 2018 the pronounced heatwave

I*P preceding the heatwave for several days. This heatwave is considered the most prominent

is accompanied by extreme EP
event in the period under consideration (see also Liu et al., 2020). The negative eigenvector anomalies of the second mode
(Fig. 2a,b bottom left) mostly cover the regions identified as heatwave spots in Figure 1. Thus, the anomalies in the second
mode expansion coefficients (Fig. 2a,b bottom right) indicate the beginning of the heatwave, which initially affected northern
Europe (i.c., Finland, Norway, and northwestern Russia). From mid of June onwards, there were extremes in PD, particularly
in Central Europe, as indicated by the third mode of the expansion coefficient (Fig. 2¢,d bottom right). By the end of July

2018, the heatwave extended to Central Europe as evidenced from the abrupt change of sign in the third mode expansion

coefficient (Fig. 2¢,d bottom right).

Jun Jul Ailg Sep

Expansion Coefficients

0- a) W
=100~
-200-
-300-
100- b) i Cf
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Figure 2: Top: Extreme Pattern Index (EPI) for T2m surface temperature (EPI™™, red) and precipitation deficit (EPI’, orange)
for northern Hemisphere 2018 summer months. Values exceeding the 80th percentile are considered to identify extreme events in
PD and T2m from EPI and are highlighted in red/orange, respectively; Bottom left: second (a, b) and third (c, d) singular vectors
(CVs) associated with large-scale temperature (blue/red) and precipitation deficit (green/orange) pattern; Bottom right: second (a,
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b) and third (c, d) expansion coefficient for northern hemisphere 2018 summer months. Positive values are plotted in red/orange
and negative values in blue/green.

3.1.3 Surface water storage of the dry summer of 2018

The high temperature in 2018 was mainly due to increases in the amount of net surface radiation caused by the clear skies
associated with reduced precipitation (Liu et al.,, 2020). Germany experienced a strong increase of net radiation of
approximately +31%. Liu et al. (2020) report that land cover played a critical role in determining the occurrence and strength
of soil moisture-temperature coupling, i.e. cropland/grassland depletes soil moisture more readily than forests, thereby
triggering a more rapid release of sensible fluxes a major feature observed during the 2018 heatwave. During the 2018
heatwave, because of different soil moisture conditions, latent flux in Germany decreased by 12% and sensible flux
significantly increased by 122% (Liu et al. 2020). Further, Bastos et al. (2020) used 11 vegetation models and showed that
spring conditions promoted increased vegetation growth, which, in turn, contributed to fast soil moisture depletion, amplifying
the summer drought. Figure 3 presents the groundwater memory in the summer 2019 of the ensuing hydrological year
2018/2019 for each of the 20 European river basins on the following year’s summer surface water storage (S,).The ensemble
simulations indicate that following the 2018 drought the conditional probability that the autumn of the hydrological year
2018/2019 (August to November 2018) is anomalously dry p(Suq) is 95.5% with a 100 + 0.0% confidence with respect to the
climatological variability. In the following seasons, p(Su4) and the associated confidence decrease due to the increasing
influence of the uncertainty in the atmospheric conditions. Specifically, for winter p(Syq) is 81.8% with a confidence of 99.5
+ 0.3%, for spring (March to May 2019) 63.6% with a confidence of 80.2 + 6.0% and for summer (June to August 2019) of
the hydrological year 2019/2020 p(Su,q) is 68.2% with a confidence of 90.1 + 3.7% with respect to the climatological variability.
Without considering the groundwater storage memory effect, a probability of a dry surface water anomaly p(S,.q4) of ~ 50%
would be expected due to the atmospheric uncertainty accounted for in the ensemble of realisations at the interannual time
scale. Taking drought as a precondition for S, on this scale, the analysis shows that even one year later a p(Sy,q) of 68% is still
well above 50% at a confidence level of 90 + 4%. Thus, statistically, groundwater storage takes longer than a year to fully
recover from a drought influencing surface water storage, independent of the ambient atmospheric conditions (Lorenz et al.,
2010; Orth and Seneviratne, 2012; Song et al., 2019). Recent evidence points to the fact that the impact of global warming on
soil moisture drought severity in west-central Europe such as the case in 2018 is increased. The drought risk is strongly
enhanced by the drought intensification and increase in frequency, yielding shorter recovery time between events for nature

and society (Aalbers et al., 2023).

13



388

389
390
391

392

393
394
395
396
397
398
399
400
401
402
403
404
405
406

30°W 30°W
B 50°E

50°N | 50°N

20°w 20°W ,

40°N 40°N “Aaoe

10°W 10°E 20°E 30°E
wet surface neutral dry surface wet surface neutral dry surface
water anomalies water anomalies water anomalies water anomalies

Figure 3: Averaged impact of the yearlong 2018 drought on the following year’s summer (June to August 2019) surface water storage
(Su) anomaly per river basin (see Methods section 2.3). A: Su anomaly in 2018 for each river basin in quartiles; B: Sy anomaly in the
summer (June to August 2019) after 2018 initial conditions and (ensemble) mean of 22 atmospheric conditions.

3.1.4 Soil moisture of the dry summer of 2018

To address sectoral impacts (e.g. Conradt et al., 2023), we focus on the effects of the 2018 drought on agriculture and forestry
in Germany. For this purpose, the temporal evolution of soil moisture deficits at different depths from the ERAS dataset and
agricultural data from German national institutes such as the Statistisches Bundesamt (Destatis) are analysed. Focusing on the
temporal evolution of soil moisture, a deficit developed during the spring and early summer of 2018 (Rousi et al., 2023), which
also reached the lowest soil layer with a temporal delay of about three months, as shown in Fig. 4. The dryness in 2018 was
more intense than the usual soil moisture variability in the period 1991-2020, as shown by the soil moisture dropping below
the range of +1 standard deviation of the 1991-2020 mean soil moisture (shaded area). While the moisture in the three upper
soil layers mostly recovered during the following winter 2018/2019, the moisture did not percolate down to the lowest soil
layer, which remained in a dry anomaly. The recurrent drying of the upper layers in spring and summer 2019 inhibited
considerable infiltration, so that the moisture deficit of the lower soil layer persisted until winter 2019/20, when the relatively
wet climatic conditions allowed a recharge of the lower soil layer moisture reservoir (Brakkee et al., 2022) and thus probably
also of the groundwater (e.g., Brauns et al., 2020). Hence, the lack of soil moisture reached the entire soil column and thus the
entire root zone of the vegetation during the summers of 2018 and 2019, placing the vegetation under soil moisture stress

(Tijdeman and Menzel, 2021).
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Figure 4: ERAS soil moisture in four different layers from surface (0 - 7 cm) to a depth of 2.89 m (100 - 289 cm) with two intermediate
layers 7 - 28 cm and 28 - 100 cm depth. The red dashed line denotes the daily mean and the solid red line denotes the 92-day running
mean in 2018-2020. The annual cycle of soil moisture with a daily resolution (dashed blue line) and the average running mean (solid
blueline) are also shown. The grey shading indicates a range of +1 standard deviation of soil moisture over the period 1991-2020

indicating the normal year-to-year variability of the soil moisture.

3.1.5 Agricultural and hydrological drought of the year 2018

The anomalous soil moisture conditions are reflected in an anomalous  low ET/PET ratio over the summer months (June,
July, August), indicating a severe agricultural drought (Fig. 5, left). In almost the entire northern part of Germany, the
agricultural drought index exceeds -2.5, which is equivalent to a return period of more than 160 years, an estimate associated
with uncertainties. However, the agricultural drought is not limited to northern Germany but comprises large parts of central,
northern, and northeastern Europe. The low soil moisture conditions also lead to a hydrological drought (low river flow) over
the summer months (Fig. 5, right). However, the severity and spatial pattern of hydrological drought differs from the pattern
of agricultural drought because propagation from soil moisture drought to hydrological drought takes time and typically leads
to a lagged occurrence (Van Loon and Van Lanen, 2012) and a longer persistence (see section 3.1.3 on Surface water storage).
Another reason is that hydrological drought can spread along the river network affecting regions unaffected by low soil
moisture (e.g., along the Danube river in eastern Europe). Nevertheless, in many parts of Germany and northern Europe,

agricultural and hydrological drought coincided in the summer of 2018 (Blauhut et al., 2022), affecting the possibility to
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irrigate as a means to alleviate the agricultural drought. This provides an example of how co-occurring impacts (droughts) can
amplify each other to cause even greater secondary impacts (agricultural yields, see section 3.1.6 on Impact on the agricultural

production) in a similar way as co-occurring meteorological conditions trigger CEs.

Agricultural drought Hydrological drought

Return period in years
4300 740 160 44 15 6.3 2

-3.5 -3 -2.5 -2 -1.5 -1 0 1 1.5 2 2.5 3 3.5
Drought index

Figure 5: Drought severity and return period of agricultural and hydrological drought during summer 2018. Note that drought
severity (as expressed by the drought index) and return period are closely related (see Methods section 2.5).

3.1.6 Impact on the agricultural production of 2018

In Germany, the hot and dry spring and summer of 2018 had an unprecedented impact on crop yields. Extremely low crop
yields (Toreti et al., 2019a; Bellouin et al., 2020; Conradt et al., 2023 for northeastern Germany) led to large insurance claims
over agricultural losses and financial support requests by farmers from governments in Germany (EUR 340 million), Sweden
(EUR 116 million) and Poland (EUR 116 million) (D'Agostino, 2018; Munich Re 2019). Winter wheat yields were more than
10% below the 30-year average and 13% below the previous three years. In some counties, yields were more than 40% lower
than in previous years. Regionally, winter wheat was particularly hard hit in eastern and northeastern Germany, with an average
loss of 22% compared to the last three decades. The HMD index and the SPEI indicate a severe heatwave and drought
respectively, which was most pronounced in central and northeastern Germany. Figure 6 shows the explained variance of yield

anomalies and the stress indices HMD, SPEI and CSI (see Methods section 2.6) revealing a strong connection between these
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components. However, not all regions experienced such severe yield losses; winter wheat yield in southwest Germany was
hardly affected, with losses of only 1.2% compared to the last three-decade average. A hydrological see-saw with rather wet
conditions in southern Europe and the resulting yield increases characterise the unique combination of climatic anomalies in

Europe in 2018 (Toreti et al., 2019a). Winter wheat productivity was even positively affected in some regions.
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Figure 6: Coefficient of determination of Standardized Yield Anomaly Index (SYAI) and stress indices Heat Magnitude Day (HMD),
Standardized Precipitation Evapotranspiration Index (SPEI) and Combined Stress Index (CSI) demonstrate the impact of heat,
drought and compound stress over the last three decades on winter wheat in Germany.

3.1.7 Impact on the forests in 2018

The drought of 2018 was likely the largest source for severe forest disturbance in Europe for more than 170 years (Senf and
Seidl, 2021), especially in central and northern Europe (Buras et al., 2020). Consequently, in the summer of 2018, about 11%
of the central European forest area experienced early wilting (Brun et al., 2020), resulting in a large reduction in greenness
(Schuldt et al., 2020; the three aforementioned studies are based on NDVI data). The 2018 drought continued into 2019, making
the consecutive European droughts of 2018 and 2019 unprecedented in the last 250 years (Hari et al., 2020). The low soil
moisture content in 2018 and an increased water-vapour pressure deficit in the following two years were the main drivers for
the forest disturbances of about 4.74 x 106 ha in Central Europe (Senf and Seidl, 2021). The likely cause for these forest
damages was that trees under drought and heat stress experience carbon starvation (Bastos et al., 2020) and have risk for
embolism, which causes failures in water transport (Allen et al., 2015; Schuldt et al., 2016). The drought and heatwave in that
period facilitated outbreaks of bark beetle, enhancing the damage levels to forests. As such, insect outbreaks in Central Europe
had a 2-3-fold increase in annual losses between 2017 and 2018 (Hlasny et al., 2019) and extraordinary mortality and damage

occurred during 2018 in Sweden due to rapid beetle population growth (Ohrn et al., 2021). Although wildfires have decreased
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on a global scale recently, Central Europe is likely to face larger and more frequent forest fires (Feurdean et al. 2020, Milanovic
et al. 2020; Carnicer et al., 2022), which can have severe environmental, economic and social consequences (Lidskog et al.

2019).

3.2 Precipitation-wind compound events during 2018

In this section, CEs that involve heavy precipitation and strong winds are described. Examples include two January windstorms

(Friederike and Burglind) and several weeks of convective activity in May and June of 2018.

3.2.1 Loss and damage of compound vs. non-compound wind extreme events of the winter 2018

On January 16, windstorm Friederike formed as a low-pressure system near Newfoundland. Within the next two days,
Friederike intensified and quickly travelled across the Atlantic (Fig. 7), losing its closed structure at 1800 UTC on 17 January.
Friederike re-intensified over the British Isles on 18 January while crossing the jet streak towards the northern jet exit region,
a behaviour favourable for intense windstorm development (e.g., Pinto et al., 2009). The storm moved eastward over the North
Sea, Germany and Poland, and weakened after 19 January over eastern Europe (Fig. 7a). Analysing the compound character
of Friederike around peak intensity using the hourly ERAS reanalysis data (Fig. 7b,c), the typical near-surface wind and
precipitation structure of intense extratropical cyclones is found (e.g., Dacre et al., 2012). Strong 10 m wind gusts (maximum
values of 34 m/s relative to the Earth’s surface) were present behind and to the right of the eastward moving cyclone centre.
Heavy precipitation occurred at both the warm front to the northeast of the centre, wrapping around as the cyclone approached
its mature stage, and along the east-southwest stretching cold front (Fig. S1a). During the 12 h period when Friederike passed
through Germany from 0600 UTC to 1800 UTC on 18 January, the persistently active warm front left a widespread footprint
near the northern edge of the cyclone centre (Fig. 7b) with ERAS accumulated precipitation exceeding 17 mm. Meanwhile,
the cold front contributed to a high precipitation rate (> 4 mm/h based on ERAS5) along a narrow west-east oriented band across
northern France and southern Germany (Fig. 7¢). The co-occurrence of strong winds and heavy snowfall gave to this storm
the risk and damage characteristics of a CE (Fig. 7b,c). The highest damages were reported in Ireland, Great Britain, northern
France, Belgium, the Netherlands, Germany, Czech Republic and Poland, where gust measurements suggested wind speeds of
the order of 100 — 150 km/h. At higher altitudes the observed wind gusts reached 173 km/h at the Snézka in Czech Republic
and 203 km/h at Brocken in Germany (Haeseler et al., 2018). Wind and snowfall associated with Friederike caused further
traffic disruption, power outages, property damage including falling trees, and several deaths. Friederike was the strongest
storm affecting central Germany since windstorm Kyrill in 2007.

Another CE affecting Germany in the same month was the windstorm Burglind, which formed on the 2nd January 2018. The
depression intensified rapidly as it moved eastwards towards the British Isles (Fig. 7a). It reached a peak intensity of 968.9
hPa at 0600 UTC on 3 January 2018 over the North Sea, followed by a weakening over the Baltic Sea. The long active cold
front affected a large area of western Europe (Fig. S1b). Heavy precipitation with daily values > 30mm led to rapid snowmelt

and massive flooding in many regions. Around the time of the peak cyclone intensity, widespread areas were simultaneously

18



497 affected by high precipitation intensities (> 4 mm/h) and high wind gust (~100km/h) (Fig. S1c,d). Further detailed information
498  on Burglind can be found in Eisenstein et al. (2022, see their section 5). Compared to storm Friederike, the compound features

499 of Burgling were more strongly shaped by orography.
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501 Figure 7: (a) Cyclone tracks of windstorms Friederike (black) and Burglind (blue) in January 2018. Big circles show locations at
502 0000 UTC on the day as indicated, with the central pressure noted below. Red circles indicate their lifetime peak intensity based on
503 the minimum pressure. (b) Mean sea level pressure (thick contours; increasing from 960 hPa with 5 hPa intervals) at 1200 UTC on
504 18 January 2018 (location of Friederike shown by the star) and maximum precipitation intensity (shaded) during the period 6 h
505 before and after (locations shown by black circles). (¢) Same as b, but for the wind gust at 10 m height (shaded). All fields are derived
506 from the ERAS reanalysis (Hersbach et al., 2018).
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Although the co-occurrence of extreme wind and precipitation is discussed in previous studies for specific events (e.g. Fink et
al., 2009 for storm Kyrill) or globally (Martius et al., 2016; Messmer and Simmonds, 2021), there are no studies so far
quantitatively evaluating the effect in terms of loss damage. To distinguish between single extreme wind speed events and
compound extreme wind speed and precipitation events, we follow the definition of Martius et al. (2016), where both variables
are considered simultaneously (see the Methods section 2.7). The loss damage distribution for compound and non-compound
events determined from loss data of the GDV is depicted in Fig. 8. For Friederike, there are three days where a co-occurrence
of wind and precipitation extremes can be identified over Germany, i.e. 17, 18, and 19 January 2018. The loss ratio for these
three days is marked with blue dots in the right column of Fig. 8. The GDV Naturgefahrenreport (2019) reports 900 Million €

loss damage for Germany with respect to Friederike. To this date, it was the most damaging winter storm of the last ten years.
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Figure 8: Loss ratio of residential buildings [per thousand] accumulated over Germany for winter events from 1997-2016. Each dot
represents one day. Left (non cooc events) bar shows all days which cannot be linked to co-occurrence (cooc) of both extreme wind
and precipitation, i.e. single extreme events. Middle bar (cooc events) shows all days which can be linked to co-occurrence of extreme
wind and precipitation. Right bar shows the three days for the co-occurrence during windstorm Friederike. The loss ratio is defined
by loss normalized with the local sum of insured values.
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3.2.2 Concurrent heavy rain and storm extremes — estimation of probability of event occurrence

In a detailed analysis of the probability of co-occurrence of extremes, based on copulas (see Methods section 2.8), the annual
maximum values of hourly precipitation and wind speed data at the station Miinster/Osnabriick Airport of DWD that are
available since 1996 were analysed. The records show an increase in the intensity and frequency of the variables but lack a
statistically significant trend. The occurrence probabilities for concurrent precipitation and wind extreme events are shown by
the black isolines in Fig. 9. The grey dots are pseudo-observations (artificial precipitation and wind combinations generated
using the copula function), while the black, red and green dots mark the observed CEs at the station for each year and the green
dot represents Friederike. The distribution of the dots illustrates that - depending on the precipitation duration — wind or
precipitation, individually, may not be extreme. A counterexample is the year 2020 windstorm Sabine (red dot; internationally
known as Ciara) for which the simultaneous wind and hourly precipitation values both correspond to the respective annual
maximum event of that year. The location of the dots relative to the isolines define the return period of the event, where the
return period of windstorm Friederike at the station Miinster/Osnabriick exceeded 5 years and the one of windstorm Sabine

100 years.
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Figure 9: Multivariate analyses for the temporal compound event heavy precipitation and strong wind determined with Copula
functions: quantile isolines (lines of equal probabilities), observed event combinations (black dots) and the pseudo-observations (grey
dots). Green dot represents storm Friederike (2018) and red dot storm Sabine (2020).
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3.2.3 Rockfall events

Another hazard with CE triggers observed in connection with Friederike was a rockfall event. Although wind is normally not
considered as one of the triggering factors (D’Amato et al., 2016), such events may also occur as the consequence of the
precipitation associated with the windstorm. It is well known that heavy precipitation can initiate landslides and rockfall events
(e.g. Nissen et. al., 2022). Slope susceptibility is influenced by pore water/fissure water preconditions, rendering them events
with multivariate and temporally compounding triggers. With respect to rockfall, another potentially triggering factor are
freeze-thaw cycles prior to the event. In terms of reported hill slope failures, storm Burglind was more effective than storm
Friederike. For storm Friederike, only one rockfall event is registered in the landslide database for Germany. The event
occurred near Gottingen in Lower Saxony. Figure 10 shows the relationship between the predictors (across-site percentile of
a fissure water proxy D -precipitation minus potential evaporation determined for the last 5 days-, the local percentile of daily
precipitation and the binary information if a freeze-thaw cycle occurred within the last 9 days) and the rockfall probability
expressed as percentage change with respect to the climatological probability. The red dot indicates the conditions on the 18th
January 2018 in the area of the event associated with Friederike. The soil at the location was still wet after storm Burglind at
the beginning of month and the fissure water (proxy D) at its 83rd percentile. The daily precipitation on the day of the event
was 4.5 mm (REGNIE data, Rauthe et al., 2013), which corresponds to the 77th percentile for the given location, assuming
immediate melting of the reported snow due to the above freezing air temperature at the event location. The probability of a
rockfall event was further increased by pre-event thawing conditions. The logistic regression model suggests that the
probability of rockfall on that day was increased by almost 250% (3.5 times more likely) compared to the long-term

climatology.
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Figure 10: Rockfall probability expressed as percentage change with respect to the climatological probability (isolines) as a function
of moisture preconditions (D), daily precipitation and preceding freeze-thaw cycles. The red dot marks the conditions in the vicinity
of Gottingen (Lower Saxony) on 18th January 2018.

3.2.4 Convective cluster events of the summer 2018

The spatially as well as temporally compounding nature of severe convective storms (SCSs) can be demonstrated on the
example of a three-week series of SCSs in western and central Europe from 22 May to 12 June 2018 leading to the unusual
high temporal accumulation of CCEs lasting several days (Fig. 11). During this period, an exceptional persistence of reduced
stability combined with sufficient moist air masses caused high thunderstorm activity daily in France, Belgium, Netherlands,
Luxembourg, Germany, Switzerland, and/or Austria, associated with precipitation accumulations of up to 80 mm/h within 1
hour and several flash floods (Mohr et al., 2020). The temporal compounding nature of the serial clustering of SCSs over
several days to weeks over the same geographic region may increase the probability of flooding and damage. Figure 11b shows
a large amount of identified CCEs, especially those with large spatial extent (> 5000 km2), during a three-week period over
western and central Europe indicating high thunderstorm activity whose accumulation was unusual (Piper et al., 2016; Mohr
et al., 2020). The repeating occurrence is caused by persistent synoptic conditions that favour thunderstorm development over
several days to weeks. The presence of atmospheric blocking has been found to be highly conducive to such prolonged
thunderstorm episodes, which typically occur on its western and /or eastern flanks (Piper et al., 2016; Mohr et al., 2020; Kautz

et al., 2022). Based on statistical analyses, Mohr et al. (2019) found that a block over Scandinavia or over the Baltic Sea
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579 favoured the occurrence of thunderstorms in western and central Europe along the western flank of the blocking system due
580  to of southwesterly advection of warm, moist, and unstable air masses. It is expected that low-frequency modes of climate
581 variability like North Atlantic Oscillation (NAO) or East Atlantic Pattern (EA) could also have an impact on clustered

582  thunderstorm activity over several days (Piper et al., 2019), as these patterns are connected with atmospheric blocking.
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584 Figure 11: (a) Lightning strokes on the 28 May 2018 in western and central Germany. Each colour represents a convective cluster
585 event (CCE) resulting from the ST-DBSCAN method (see Methods section); black dots represent lightning strokes identified as
586 noise. (b) Daily number of CCEs between the thunderstorm episode from 22 May to 12 June 2018. The colours represent CCEs of
587 different sizes. Note: clusters that overlap are separated in time.
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4 Compound events under climate change

In this paper, we have analysed in detail several extreme events that have affected Europe within the calendar year of 2018,
starting with the windstorm series in January, followed by a period of heavy thunderstorms in May/June and extended heatwave
in July and August which affected various parts of Europe, and the associated drought effects extended well into the autumn
season. Our analysis clearly revealed the multivariate and complex characteristics of the events, and thus they can undoubtedly
be classified as CEs. The analysis of compound variables was used as a tool to investigate the impacts of man-made climate
change. For the two overarching compound types collected in this contribution (hot and dry; wet and windy) we now analyse
possible changes of their frequency of occurrence under future climate conditions. Recent studies have provided evidence that
regionally extreme hot and dry conditions such as the summer 2018 are expected to become more frequent in the future (e.g.,
Toreti et al. 2019a; Zscheischler and Fischer, 2020; Aalbers et al., 2023; van der Wiel et al., 2021; Bevacqua et al., 2023).
Figure 12 shows a comparison of the occurrence of CEs under recent (1975-2025) climate conditions, with a global mean
surface temperature of 1 °C above pre-industrial levels, and under future (2025-2075) conditions of 3 °C above pre-industrial
levels, based on the 30-member CMIP6 MPI-GE under SSP5-8.5 (see Methods section 2.11). For drought and heat events, our
analysis reveals a clear increase in both the frequency and intensity of extreme compound heat and drought years (Fig. 12,
left). Over the past 50 years, extreme compound heat-drought events have occurred with a probability of 1.5%, or about 1-2
times per century. Over the next 50 years, such extreme CEs are projected to become almost 10 times more frequent, occurring

more than once every 10 years, and reaching much higher temperatures and precipitation deficits.
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Figure 12: Changes of temperature-precipitation (heat-drought, left) and precipitation-wind (wet-windy, right) compound years
occurrence in terms of frequency and intensity, at 1 °C (1975-2025) and 3 °C (2025-2075) above the pre-industrial levels based on
the 30-member CMIP6 MPI-GE under SSP5-8.5 (Olonscheck et al., 2023) over Germany.
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The likelihood of winters with extreme compound precipitation-strong wind events does not change significantly with global
warming in the CMIP6 MPI-GE projections (Fig. 12, right). Such wet and windy winters, where both precipitation and wind
are extreme, are projected to occur about once every 50 years. However, although the number of projected events remains
roughly the same, the intensity of the actual wind and precipitation levels reached during the most extreme compound wet-
windy events increases substantially in the near future. .

A factor that strongly modulates the occurrence of extremes in Europe is the soil moisture availability, as decreasing soil
moisture availability initiates a suite of processes feeding back into an intensification of both heat waves and droughts (Miralles
et al., 2019). Figure 13 presents a comparison between the observed (ERAS), simulated (extended historical) and projected
(RCPS8.5) drought conditions via the SPEI moisture availability index (see Methods section 2.12). For the historical period
1979-2019, the reanalysis shows trends in the 3-year running mean SPEI, with a clear drying tendency in central and southern
Germany during the warm season, with lower values elsewhere in Germany (Fig. 13a). Part of this trend may be related to the
multi-year drought of 2018-2020 at the end of the time series. The CMIP5 multi-model ensemble under observed (extended
historical) greenhouse gas concentrations (Fig. 13b) fails however at depicting the trends for the past decades, while Euro-
CORDEX (Fig. 13c) simulates an increased water availability across Germany. The future projections following the RCP8.5
scenario are roughly consistent between CMIP5 (Fig. 13d) and EURO-CORDEX (Fig. 13e). Both ensembles predict a
considerable trend towards more impactful multi-year drought conditions under RCP8.5. Differences between the various
sources of data may be related to specific characteristics and settings of the climate models, such as the treatment of
anthropogenic aerosols, the inherited uncertainty and bias of climate models to replicate the precipitation variability at the
regional and local scale, the differences of the convective precipitation during the warm part of the year (Dyrrdal et al., 2017),
but also the use of multi-model ensembles that may mask the individual model skill (Ridder et al., 2022). These examples
demonstrate the need for further model development to improve their ability to accurately reproduce observed CEs and their
characteristics, thus reducing the uncertainty of future projections and contributing to improved prevention, risk management

and future preparedness.
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Figure 13: Decadal trends, 1975-2021 and 2022-2077, of the 3-yr running mean Standardised Precipitation Evapotranspiration Index
for (a) ERAS, (b) historical CMIPS multi-model ensemble extended by Aalbers et al. (2023), (¢) EURO-CORDEX multi-model
ensemble, (d) RCP8.5 CMIP5 multi-model ensemble, and (¢) RCP8.5 EURO-CORDEX multi-model ensemble. Significant model
ensemble grid points are shaded dark brown and dark green. Units in standard deviation for spring and summer.

5 Conclusions — Lessons learned and future steps

Compound climate events had severe impacts across Europe in 2018, as combinations of extreme weather events unfolded
simultaneously or in succession, resulting in extensive socio-economic, environmental, and infrastructural damage. The study
highlights two primary types of CEs: hot-dry and wet-windy, each amplifying the effects of individual weather extremes. A
variety of statistical approaches and datasets have been explored and implemented, spanning different types of events and
disciplines.

The summer of 2018 was marked by prolonged heatwaves and drought conditions across Europe, driven largely by persistent
large-scale atmospheric blocking. Soil moisture declined sharply from spring through summer, imposing widespread stress on
agriculture, forests, and water resources. These conditions led to significant agricultural losses, particularly in winter wheat
yields, and imposed severe stress on European forests, resulting in large-scale forest fires and insect outbreaks.

The winter of 2018 saw a sequence of intense storms, including Friederike and Burglind, which brought strong winds and
heavy precipitation, causing widespread flooding, property damage, and economic losses in multiple countries. The
combination of sustained high winds and heavy precipitation further increased the risk of landslides and rockfalls, particularly
in regions with saturated and thawing soils.

Projections indicate that, under progressing climate change, hot-dry events will increase in frequency and severity, while wet-

windy events may retain similar frequencies but with greater intensity. Current adaptation and risk management strategies may
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be insufficient, as they often focus on single-event risks and may underestimate the compound hazards posed by concurrent
extremes.

This study encourages further research on compound events to improve predictive capabilities and inform adaptation strategies.
Integrated climate models that better represent the complex interactions of multiple extremes are crucial. Next steps involve
validating the physical relationships between predictors and CEs to identify the underlying mechanisms that drive or modify
these events, which could lead to more accurate analyses and predictions of CEs. Furthermore, given the complexity of CEs
and their direct impacts, a redefinition of events based primarily on their relevant impacts, rather than purely statistical
characteristics, is necessary to effectively assess and manage these risks.

These findings underscore the need for comprehensive climate adaptation approaches that address the interconnected nature

of compound events, ensuring more effective preparedness for the compounded risks of future climate extremes.
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