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Abstract. Extreme precipitation is a weather phenomenon with tremendous damaging potential for property and human life. As

the intensity and frequency of such events is projected to increase in a warming climate, there is an urgent need to advance the

existing knowledge on extreme precipitation processes, statistics and impacts across scales. To this end, a working group within

the German-based
:::::::::::::
Germany-based project ClimXtreme, has been established to carry out multidisciplinary analyses of high-

impact events. In this work, we provide a comprehensive assessment of a selected case,
::
the

:::
29

::::
June

::::
2017

::::::
Heavy

:::::::::::
Precipitation5

:::::
Event

:::::
(HPE)

:
affecting the Berlin metropolitan region (Germany)on 29 June 2017, from the meteorological, impacts and climate

perspectives, additionally estimating the contribution of climate change to its extremeness
::::::::
including

::::::
climate

::::::
change

:::::::::
attribution.

Our analysis shows
::::::
showed

:
that this event occurred under the influence of a mid-tropospheric trough over western Europe and

two short-wave surface lows over Britain and Poland
::::::::
(Rasmund

:::
and

::::::::
Rasmund

:::
II), inducing relevant low-level wind convergence

along the German-Polish border. Several thousand
:::
Over

::::::
11000 convective cells were triggeredin the early morning of ,

:::::::
starting10

::::
early

:::::::
morning

:
29 June, displacing northwards slowly under the influence of a weak tropospheric flow (10 m s−1 at 500 hPa). A
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very moist and warm southwesterly flow was present south of the cyclone over Poland, in the presence of moderate Convective

Available Potential Energy (CAPE). We identified the soil in the Alpine-Slovenian region as the major moisture source for

this case (63 % of identified sources). Maximum precipitation amounted to
:::
The

::::::::::::::
quasi-stationary

:::::::
situation

::::
led

::
to

:::::
totals

:::
up

::
to 196 mm d−1, causing the

::::::
making

:::
this

:::::
event

:::
the

:::::
29th

::::
most

::::::
severe

:::
in

:::
the

:::::::::
1951-2021

:::::::::::
climatology,

::::::
ranked

:::
by

::::::
means

::
of

::
a15

:::::::::::::::
precipitation-based

::::::
index.

:::::::::
Regarding

:::::::
impacts,

::
it
:::::::
incurred

:::
the

:
largest insured losses due to a heavy precipitation event in the

period 2002 to 2017 (C60 Mill.) over the area. A )
::
in
::::

the
::::::
greater

:::::
Berlin

:::::
area.

:::
We

:::::::
provide

::::::
further

::::::
insights

:::
on

:::::
flood

::::::::
attributes

::::::::::
(inundation,

:::::
depth,

::::::::
duration)

:::::
based

:::
on

:
a
::::::
unique household-level survey revealed that the inundationduration was 4 to 12 times

larger than other surveyed events in Germany in 2005, 2010 and 2014. The climate analysis showed return periods of over

:::::
survey

::::
data

::::
set.

:::
The

::::::
major

:::::::
moisture

::::::
source

:::
for

::::
this

:::::
event

:::
was

::::
the

::::::::::::::
Alpine-Slovenian

::::::
region

:::::
(63 %

:::
of

::::::::
identified

:::::::
sources)

::::
due20

::
to

::::::::
recycling

::
of

:::::::::::
precipitation

::::::
falling

::::
over

:::
that

::::::
region

::
1
:::
day

:::::::
earlier.

::::::::::::
Implementing

::::
three

::::::::
different

::::::::::
Generalized

:::::::
Extreme

::::::
Value

:::::
(GEV)

:::::::
models,

:::
we

:::::::::
quantified

:::
the

::::::
return

::::::
periods

:::
for

::::
this

::::
case

::
to
:::

be
:::::
above

:
100 years for daily aggregated precipitation, and

up to 100 years and 10 years for 8 h and 1 h aggregations, respectively. The event was the 29th most extreme event in the

1951-2021 climatology in terms of severity and the second with respect to the number of convective cells triggered from 2001

to 2020 over Germany. The conditional attribution demonstrated that warming since the pre-industrial era caused a small, but25

significant increase of 4 % in total precipitation and 10 % for extreme intensities. The aerosol sensitivity experiments showed

that increased anthropogenic aerosols induce larger cloud cover and probability of extreme precipitation (> 150 mm d−1). Our

analysis allowed relating
::::::::
possibility

::::
that

:::
not

:::
just

::::::::::::::::::::
greenhouse-gas-induced

:::::::::
warming,

:::
but

:::
also

:::::::::::::
anthropogenic

:::::::
aerosols

:::::::
affected

::
the

::::::::
intensity

::
of

:::::::::::
precipitation

::
is

::::::::::
investigated

:::::::
through

::::::
aerosol

:::::::::
sensitivity

::::::::::
experiments.

::::
Our

:::::::::::::::
multi-disciplinary

::::::::
approach

:::::::
allowed

::
us

::
to

:::::
relate interconnected aspects of extreme precipitation. For instance, the link between the unique meteorological conditions30

of this case and its climate extremeness
::::
very

::::
large

:::::
return

::::::
periods, or the extent to which this

:
it
:
is attributable to already-observed

anthropogenic climate change.

1 Introduction

According to the World Economic Forum Global Risks Perception Survey (Forum, 2020), extreme weather is the number

one risk by likelihood and among
:::
one

::
of
:

the top four risks by impact. One of the most impactful weather types is extreme35

precipitation, which yearly causes local ecosystems and urban areas to suffer important damages and casualties. The probability

of occurrence and magnitude of this extreme weather is projected to increase in northern and central Europe in a warming

climate, as assessed by the 6th Assessment Report of the Intergovernmental Panel on Climate Change (Douville et al., 2021).

The interaction of processes across scales hampers our comprehension and prediction of Heavy Precipitation Events (HPEs).

Extreme precipitation will occur only under favourable synoptic-scale conditions (Brieber and Hoy, 2018) with sufficient40

moisture transport (Davolio et al., 2020; Caldas-Alvarez et al., 2021), and atmospheric instability (Khodayar et al., 2021),

fostered by propitious phases of climate modes (Ehmele et al., 2020). This complexity is further amplified if the impacts of

heavy precipitation are to be addressed. In addition to the intensity of the hazard, the impact of an event depends on the exposure

and vulnerability of the affected area (Alfieri et al., 2015). This is why multidisciplinary, forensic analysis is a powerful means
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to deal with the complex interactions underlying an HPE and its impacts. Forensic analysis consists of addressing different45

aspects of heavy precipitation jointly, so that the interconnections between findings from different disciplines
:::::::
different

:::::::
findings

can be identified. For instance, Bronstert et al. (2018) investigated the Braunsbach flood in 2016, a flash flood event in a

sparsely observed area, analysing the damages in the built-up area as well as its geomorphological impacts. Kunz et al. (2013)

analysed Hurricane Sandy in 2012, combining an in-depth assessment of its impacts with the usage of information from

social networks for event reconstruction. Gochis et al. (2015) and Milrad et al. (2015) presented detailed post-event analyses50

using measurements, operational data products and application of models especially suited for widespread events in well-

observed areas for the Colorado and Alberta floods (2013), respectively. Finally, other studies (e.g., Eden et al., 2016) have

complemented forensic studies with climate change attribution experiments.

The favourable synoptic conditions for HPE development in central Europe have been assessed in previous literature. Werner

and Gerstengarbe (2010), using weather pattern classification, concluded that summer HPEs over Central Europe are often55

caused by three synoptic situations, a Trough over Central Europe (Tr), low pressure over Central Europe (TM) and a Trough

over West Europe (TrW), see also Wulfmeyer et al. (2011). Brieber and Hoy (2018) found the highest probabilities for heavy

precipitation events in central Germany when a TrW pattern is present, favouring the development of small-scale disturbances

:::::::::
large-scale

::::::
systems

:
such as Vb-like cyclones or heat lows and prefrontal convergence zones. Depending on the location of the

small-scale disturbances, warm and moist air masses are transported from southern Europe towards Germany. When tempera-60

tures are already very high, the resulting increased CAPE leads to localized extreme precipitation (Bronstert et al., 2018).

A full understanding of the meteorological drivers and (small-scale) physical processes of extreme precipitation is often

restricted by insufficient
:::
can

::::::
benefit

::::
from

:
high-resolution observations (Wulfmeyer et al., 2008, 2020)

:::
and

:::::
model

::::::::::
simulations.

Numerical models offer a robust tool to simulate extreme precipitation events with fine-scale spatio-temporal detail. Further-

more, numerical models can also be used to create climate time series long enough to capture multi-decadal variability and65

numerous extreme events (Ehmele et al., 2020; Pichelli et al., 2021). Over the last decade, increased computing power has seen

the growing use of kilometre-scale "storm-resolving" or convection-permitting models (CPMs; Berg et al., 2012; Barthlott and

Hoose, 2015; Schwitalla et al., 2020; Stevens et al., 2020; Lucas-Picher et al., 2021), in which spatial resolution is sufficiently

high (� x < 3 km) to explicitly simulate deep convection. CPMs have thus shown added value for the simulation of sub-daily

extreme precipitation intensities, their spatial extent and duration, as well as their diurnal cycles (Kendon et al., 2012; Warrach-70

Sagi et al., 2013; Fosser et al., 2014; Stevens et al., 2020; Meredith et al., 2021). This added value offers important utility for

climate-change attribution studies since CPMs give a better representation of convective extremes and are thus more reliable

for detecting their climate-change response (Prein et al., 2013, 2015; Ban et al., 2021).

The impacts of extreme precipitation and the resulting pluvial flooding on society can include the loss of life, physical

damage to assets such as buildings or infrastructure, as well as intangible consequences such as health impacts or traffic75

disruptions (Merz et al., 2010; Rözer et al., 2016). The impacts depend on the hazard intensity, the exposed assets and their

vulnerability (Kron, 2005). The hazard level itself is a function of meteorological factors, e.g. precipitation intensity or affected

area. The exposure and vulnerability depend on aspects such as the inundation depth, the topography, the degree of sealing of
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surfaces, or the sewer system capacity (Kron, 2005; Smith et al., 2015).Hence,whethera�ood causesdamagedependsnotonly

on thedevelopmentof ameteorologicalsituation,butalsoon thenumberandtypesof exposedassetsandtheir vulnerability.80

To analyse the associated impacts, not only meteorological data is crucial, but also targeted information collected during

or after an event, e.g. damage to buildings and contents. Such data can be collected, for example, through surveys of affected

households or through assessments by loss surveyors during insurance claim validation (Spekkers et al., 2014, 2017; Van

Ootegem et al., 2015, 2018; Rözer et al., 2019). However, when analysing damage records, it is important to consider that

results depend on how the affected society understands, records, and remembers those impacts (Kuhlicke et al., 2020). The85

case under study here, the 29 June 2017event
::::
HPE in the metropolitan Berlin area (Germany), has been investigated before

based on survey data of affected households in Berlin-Brandenburg. Berghäuser et al. (2021) and Dillenardt et al. (2021)

addressed the tangible and intangible consequences of extreme precipitation and associated pluvial �ooding for households

for this event, respectively, but a focused analysis comparing its impacts to those of similar HPEs in the climatology is still

lacking.90

From the climate perspective, information on how the frequency of HPEs has changed in the recent climate is demanded by

interested stakeholders. This can be provided through estimation of probabilities of exceedance or return periods for speci�c

events. Generalized Extreme Value (GEV) models can be �tted to a climate observational precipitation dataset to derive this

information (Wilks, 2006). Previous studies have provided estimations of return periods for similar events, �nding extreme

values of over 200 years for the Seine river �ooding (France) in 2016 (Philip et al., 2018), the Braunsbach �ooding (southern95

Germany) in 2016 (Piper et al., 2016) and the three-week �ooding in Germany in 2018 (Mohr et al., 2020). The �ooding in

July 2021 in the Ahr, Erft and Meuse rivers, was analysed by Kreienkamp et al. (2021), who found that an event of similar

meteorological characteristics can be expected in the present climate in Central Europe once every 400 years.

Also at the climate scale, extreme event attribution has proven useful to estimate how the severity and/or likelihood of an

event has been affected by anthropogenic in�uences (Allen, 2003; Stott et al., 2004; Otto, 2017). Anthropogenic in�uence100

typically refers to climate change, but could also include, e.g., land-use changes (Sebastian et al., 2019) or changes in atmo-

spheric pollutants (Liu et al., 2020). To this end there are two mainly-used approaches. The �rst approach is probabilistic event

attribution, which consists of simulating how the dynamics of the climate system evolve under climate change. It can therefore

be used to detect signi�cant changes in the severity and frequency of extreme events. This technique, however, is applicable

to model data with a relatively coarse resolution and is, therefore, best suited for attribution studies of large-scale events. The105

second approach is conditional event attribution (Trenberth et al., 2015), which evaluates to what extent observed climate

change may have impacted the magnitude of an event. The attribution is thus conditional on the presence of a given dynamical

situation, and implies that thermodynamic changes due to climate change have been demonstrated. However, a limitation of

this approach is that changes in the probability of the event's underlying dynamical situation cannot be determined.

The research presented here has been carried out in the framework of the Germany-based project Climate change and110

eXtreme events (ClimXtreme1), which brings together governmental and research institutions in the �elds of atmospheric

physics, statistics, impact studies and computing.ClimXtreme dealswith the in�uence of climate changeon atmospheric

1
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extremes.To facilitatereproducibilityandcooperationbetweenprojectmembers,ClimXtremeuses
:::
This

:::::::::
framework

:::::::::
facilitates

::
the

:::::::::::::::
multi-disciplinary

::::::::
approach

::
of

:::
this

::::::
study,

:::::
where

::
in

:::::::
addition

::
to

:::
the

::::
usual

:::::::::::::
communication

::::
and

::::::::::
collaboration

:::::
tools,

:
the ClimX-

treme Central Evaluation System (XCES), ascienti�c softwareinfrastructure(Kadow et al., 2021)thatallows
:::::::::::::::::
(Kadow et al., 2021)115

:::
has

::::::
allowed

:
centralized consultation and analysis of all the data within the project.

The aim of this study is to provide a comprehensive assessment of the 29 June 2017 HPE in the area of Berlin (Ger-

many) from the meteorological, impacts and climateperspective,additionallyestimatingthe contributionof climatechange

to its extremeness
::::::::::
perspectives,

::::::::
including

:::::::
climate

::::::
change

:::::::::
attribution. The paper is structured as follows: inSection

::::
Sect.??

:
2

:
we present thedatasetsand methodsusedfor analysis.In Section 4 we describeour resultsfrom the multidisciplinary120

analyses. Finally, in
:::::::::::
observational

:::
and

:::::::::
modelling

:::::::
datasets

:::::
used,

::
in

::::::
Sect. 3,

:::
the

:::::::::
particular

:::::::::
techniques

:::
and

::::::::::::
methodologies

:::::
used

::
are

::::::::::
introduced.

:
Section

:
4

:::::
shows

:::
the

:::::
main

:::::::
analyses

::::
and

::::::::
outcome

::
of

:::
our

:::::
work

::::
and

::
in

::::
Sect. 5 weintroduceour conclusions,

�ndings
::::::
present

:::
our

::::::::::
conclusions and outlook.

2 Dataand methods
:::
sets

2.1 Atmospheric observationsand reanalyses
:::::::::::
Observations125

Our analysisis basedon precipitation,lighting andsurveyobservations.Whereobservationswerenot available,we utilize

climatereanalyses.

2.1.1 Precipitation

REGionalisierte NIEederschlaege (REGNIE)

REGNIE is a gridded data set of 24-hour totals (from 06 UTC to 06 UTC) based on approximately 2,000 rain gauges distributed130

across Germany. A post-processing is applied to station data for regridding to a 1� 1 km2 mesh taking into account elevation,

exposure and climatology, avoiding smoothing observed precipitation extremes (Rauthe et al., 2013; Hu and Franzke, 2020).

The data are provided by the GermanWeatherService(
::::::::::::
Meteorological

:::::::
Service

:::::::::
(Deutscher

:::::::::::
Wetterdienst,

:
DWD) from 1951

for all of Germany (for the former West Germany, the daily values are available since 1931). The long-term availability of

REGNIE is its main advantage for climate studies.135

a)Spatialextentof theuseddatasetsREGNIE,RADKLIM, COSMO-REA6,WRF-1.5km,ICON-625mandCOSMO-CLM-2.8.

b) Close-upview of Berlin andsurroundings,aswell astheDWD stationsusedfor validation(crosses),thelocationof surveyed

eventsfrom Table 1(red dots) and the Berlin-Tempelhofstationanalysedin Figure 11(blue dot), Basemap:Global Land

One-kilometerBaseElevation(GLOBE) (Hastings et al., 1999).

140

RADar KLIMatologie (RADKLIM)

RADKLIM is a precipitation climate data set derived from the C-band radar network (17 radar sites) operated by DWD.

The data set comprises two products; the gauge-adjusted one-hour precipitation sum (RW) and the quasi gauge-adjusted �ve-
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minute precipitation rate (YW), with1� 1 km2 resolution. The data are post-processed using the Radar-Online-Aneichung

(RADOLAN) method, correcting existing artifacts by adjusting precipitation sums from the radar with precipitation measure-145

ments from rain gauge stations (Bartels et al., 2004). Due to the dense spatial and temporal resolution, RADKLIM detects

short-term, convective extreme intensities frequently missed by station data (Lengfeld et al., 2020; Winterrath et al., 2017).It

is availablebetween2001and2020.

:::::::::
Deutscher

:::::::::::
Wetterdienst

:::::::
(DWD)

:::::::
stations150

:::::
Daily

::::::::::
precipitation

::::::::::::
measurements

:::::
from

::
the

:::::
DWD

:::::::::::
high-density

:::::::
network

::::
were

::::
used

::
as

:::::::::
reference.

:::
The

::::
data

:::
are

::::::
quality

:::::::::
controlled,

:::
but

:
a

:::::::::
continuous

::::::::::::::
homogenization

::
is

:::
not

:::::::
applied.

::::::
Hence,

:::
the

::::
data

:::::
could

:::
be

::::::
subject

::
to

::::::
partial

::::::::::::::
inhomogeneities,

:::::
such

::
as

::::::
station

:::::::::
relocations

::
or

:::::::
changes

::
in

:::
the

:::::::::::::
instrumentation

:::::::::::::::::
(Kaspar et al., 2013)

:
.
::::
The

:::::
DWD

:::::::::::
high-density

:::::::
network

:::
has

:
a
:::::
high

:::::::
accuracy

::::
and

::::::::
resolution

::::::::::::::::::
(Kaspar et al., 2013)

:::
and

::::::::
therefore

:::
we

:::::
select

::
it

:::
for

:::::::::
validation.

:::::::::::
Nonetheless,

::::
this

::::::
dataset

:::
is

::::
used

:::
for

:::::::
deriving

::::
the

:::::::
REGNIE

:::::::
gridded

:::::::
product

:::
and

:::
for

::::::::
adjusting

::::::::::
RADKLIM

:::::
which

::::::
makes

::::
these

::::
data

::::
sets

:::::::::
dependent.

:::
We

:::::::
concede

::::
this

::::::::::
dependency155

::
to

::::
pro�t

:::::
from

:::
the

:::
best

::::
rain

::::::
gauges

:::::::
product

:::::::
available

::
in

:::
the

::::::
region.

:

:::::::::
EUropean

:::::::::::
Cooperation

:::
for

:::::::::
LIghtning

:::::::::
Detection

:::::::::
(EUCLID)

:::
The

::::::::
lightning

::::::
activity

::
in

::::
and

::::::
around

:::::
Berlin

::
is

::::::::::
investigated

::::
with

::::
data

:::::
from

:::
the

:::::::::::
ground-based

::::::::::::
low-frequency

::::::::
lightning

::::::::
detection

::::::
system

:::::::::
EUropean

::::::::::
Cooperation

:::
for

:::::::::
LIghtning

:::::::::
Detection

:::::::::
(EUCLID)

::::::::
network,

::::::
which

::::::
covers

:::
the

::::::
whole

::::::::
European

:::::::::
continent160

::::::::::::::::::::::::::::::::::::::::::::::::
(Drüe et al., 2007; Schulz et al., 2016; Poelman et al., 2016)

:
.

:::::::::::::
Cloud-to-ground

::::::
strokes

:::
are

::::
used

::
to

::::::::
illustrate

::
the

::::::::
temporal

:::::::::::
development

::
of

:::::::::
convective

::::::
activity

:::::
during

:::
the

:::::::
extreme

:::::
event,

::::::
similar

::
to

:::::::::::::::::::
Piper and Kunz (2017)

:::
and

::::::::::::::::::
Wilhelm et al. (2021).

::::
The

:::::
spatial

:::::::::
resolution

::
of

:::::::
EUCLID

::::
has

::::
been

::::::::
improved

::
to

::::
less

::::
than

::::
90 m

::
in

:::
the

::::
year

::::
2016

::::
due

::
to

::::::::
algorithm

:::::::::::
optimizations

:::::::::::::::::
(Schulz et al., 2016)

:
.

CAtalogue of Radar-based heavy Rainfall-Events (CatRaRE)165

The RADKLIM data set at1 h and1� 1 km2 km resolution (RW) was used as the basis to derive an HPE catalogue for Germany

(CatRaRE) for the period 2001 to 2020. Here we use Version 2017.002 (Lengfeld et al., 2021a, b), including precipitation sums

with 11 different accumulation periods (1, 2, 3, 4, 6, 9, 12, 18, 24, 48 and 72 hours). For each duration and time step, extreme

events are detected based on the DWD Warning Level (WL) 3 for severe weather, or if they have a return period of 5 years.

The duration in hours, the affected area in km2, the location (county and community), the maximum and mean precipitation170

amount in mm as well as affected residents in the event area and further meta information is included.

2.1.1 Lightning data

Thelightning activity in andaroundBerlin is investigatedwith datafrom theground-basedlow-frequencylightning detection

systemoperatedby Siemensaspartof theEUropeanCooperationfor LIghtning Detection(EUCLID) network,which covers

thewholeEuropeancontinent(Drüe et al., 2007; Schulz et al., 2016; Poelman et al., 2016). Cloud-to-groundstrokesareused175

to illustratethe temporaldevelopmentof convectiveactivity during the extremeevent,similar to Piper and Kunz (2017)and

6



Figure 1.
::
a)

:::::
Spatial

:::::
extent

::
of

:::
the

::::
used

:::
data

:::
sets

::::::::
REGNIE,

:::::::::
RADKLIM,

::::::::::::
COSMO-REA6,

::::::::::
WRF-1.5km,

::::::::::
ICON-625m

:::
and

:::::::::::::::
COSMO-CLM-2.8.

:
b)

:::::::
Close-up

::::
view

::
of

:::::
Berlin

:::
and

::::::::::
surroundings,

::
as

::::
well

::
as

::
the

:::::
DWD

::::::
stations

::::
used

::
for

::::::::
validation

:::::::
(crosses),

:::
the

::::::
location

::
of

:::::::
surveyed

:::::
events

::::
from

:::::
Table 1

::::
(red

::::
dots)

:::
and

::
the

::::::::::::::
Berlin-Tempelhof

:::::
station

:::::::
analysed

::
in

:::::::
Figure 11

::::
(blue

::::
dot),

::::::::
Basemap:

:::::
Global

::::
Land

:::::::::::
One-kilometer

::::
Base

::::::::
Elevation

:::::::
(GLOBE)

:::::::::::::::::
(Hastings et al., 1999).

Wilhelm et al. (2021). Thespatialresolutionof EUCLID hasbeenimprovedto lessthan90 min theyear2016dueto algorithm

optimizations(Schulz et al., 2016).

2.1.1 Reanalyses

2.2
:::::::::
Reanalyses180

ERA5

ERA5 data are used to identify and track the low pressure systems, �nd moisture sources and force numerical simulations. This

is the �fth generation of the European Center for Medium-Range Weather Forecasts' (ECMWF) atmospheric reanalysis of the

global climate (Hersbach et al., 2020). It has a spatial resolution of31� 31km2 and is available from 1950 to present at hourly

resolution. ERA5 is based on the Integrated Forecasting System (IFS) and uses a 4D-Var assimilation scheme, assimilating185

different observation types. ERA5 has demonstrated a good performance in representing heavy precipitation (Keller and Wahl,

2021).

7



2.3 Validation of precipitation data sets

To ensureconsistencyof our results,we providea quantitativevalidationof the usedprecipitationproductsandof ERA5.190

REGNIE,RADKLIM andERA5 arecomparedpointwise(by selectingthenearestneighbourgrid cell) to observationsmade

at53DWD stations,locatedin thearea(Fig. 1b).Additionally, theregionalreanalysisCOnsortiumfor Small-ScaleMOdeling

- Reanalysis6 km (
:::::::::::::
COSMO-REA6

COSMO-REA6) is compared(Bollmeyer et al., 2015)to provide a referencefor ERA5 with anotherreanalysisproduct .

COSMO-REA6was developedby the
::
is

:
a

:::::::
regional

:::::::::
reanalysis

:::::::
product

:::
for

:::
the

:::::::::
European

:::::::::
CORDEX

:::::::
domain,

:::::::::
developed

:::
by195

University of Bonn and theDWD within theHans-Ertel-Centre for Weather Research(Simmer et al., 2016). It hasabout6 � 6

km 2
:
a
::
6

:
x
::
6

:::
km horizontal resolution andaccumulatedprecipitationis providedhourly (Bollmeyer et al., 2015).

Daily precipitationmeasurementsfromtheDWD high-densitynetworkwereusedasreference.Thedataarequalitycontrolled,

but a continuoushomogenizationis not applied.Hence,thedatacouldbesubjectto partial inhomogeneities,suchasstation

relocationsor changesin the instrumentation(Kaspar et al., 2013). TheDWD high-densitynetworkhasa high accuracyand200

resolution(Kaspar et al., 2013)and thereforewe selectit for validation. Nonetheless,this datasetis usedfor deriving the

REGNIEgriddedproductandfor adjustingRADKLIM which makesthesedatasetsdependent.We concedethis dependency

to pro�t from thebestraingaugesproductavailablein theregion.

In the validation,different scoresarecomputedbasedon daily precipitationsumsover the years2001to 2018,which is

the longestperiodfor which all datasetsareavailable.We computeabsolutefrequencies(Fig. 2.a),theSymmetricExtremal205

DependencyIndex (SEDI; Fig. 2.b) and the frequencybias (Fig. 2.c). The absolutefrequenciesshow the numberof days

with a speci�c amountof precipitationfor eachdataset.TheSEDI estimatesthedependencybetweenaneventin thegiven

datasetandthereferenceobservations(Ferro and Stephenson, 2011). Finally, the frequencybiasdescribestheratio between

thenumberof eventsin thedatasetsandthereferenceobservations(Hogan et al., 2009). Theevaluationsaremadefor three

precipitationintervalsbasedon the WLs usedoperationallyby the DWD, namelyWL2 (> 30 mm), WL3 (> 50 mm) and210

WL4 (> 80mm).Theobserved29Juneeventfalls into theWL4 category.

Evaluationof daily precipitationestimatesfrom REGNIE,RADKLIM, ERA5 andCOSMO-REA6comparedwith DWD

stationobservations(seeFig. 1.b).The selectedperiod is 2001to 2018,usingthe nearestneighbourgrid cells to the DWD

stations.(a) Histogramshowingthe absoluteoccurrencesof precipitationwithin WLs 2, 3 and4, (b) SymmetricExtremal

DependencyIndex(SEDI)and(c) frequencybias.Positive(negative)frequencybiasindicatesanoverestimation(underestimation)215

of events,theblackhorizontalline representstheoptimumvalue.

REGNIE�ts besttheobservationsfor absolutefrequency(37eventsin REGNIE,34 in theDWD stationsatWL4), followed

by RADKLIM (24eventsin WL4) andERA5(Fig.2.a).Thelatteronly has12events(WL4), whichis probablydueto its coarse

resolutionandtheinability to explicitly resolvestructuressmallerthan25� 25 km2. This impactof modelresolutionis further

evidencedby theperformanceof thesecondreanalysis
:
is

::::::::
available

::::
from

:::
Jan

:::::
1995

::
to

::::
Aug

:::::
2019.

:
It

::
is

:::::
based

:::
on

:::
the

:::::::::::
NWP-system220

:::::::
COSMO

:::
and

::::
uses

::
a

:::::::
nudging

::::::
scheme

:::
for

::::
data

:::::::::::
assimilation.

:::::::::::
Subgrid-scale

:::::::::
convection

::
is

::::::::::::
parameterized

::::
with

:::
the

::::::
Tiedtke

:::::::
scheme

:::::::::::::
(Tiedtke, 1989)

:::
and

::::::::::
precipitation

:::::
from

:::::::::::::
meteorological

::::::
stations

:::
or

::::
radar

::
is

:::
not

::::::::::
assimilated

::::::::::::::::::::
(Bollmeyer et al., 2015).

:
COSMO-
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REA6 with 36 eventsin WL4. Despiteboth reanalysesusingdeepconvectionparameterizations,COSMO-REA6is ableto

representlargerprecipitationintensitiesandhencemoreHPEs.RegardingSEDI, REGNIEagaincomparesbestwith station

observations,alsofollowed by RADKLIM (Fig. 2b). In contrast,the coarserreanalysisproductsshowlower, but acceptable225

values,especiallyfor WL4. Finally, for frequencybias,REGNIEshowsnodeviations,RADKLIM hasanegativebias,i.e. less

eventsdetected,andERA5 performspoorly for all WLs.
:::
has

:::::
shown

::::
low

::::::
biases

::
for

::::::::
extreme

::::::::::
precipitation

:::::::::
compared

::
to

:::::
other

::::::::
reanalysis

:::::::
products

::::::::::::::::::::
(Keller and Wahl, 2021)

:
.

WeconcludethatREGNIEandRADKLIM arewell suitedfor process-basedandstatisticalanalysesof extremeprecipitation

at the meteorologicaland climate scalesand that ERA5 performedbadly in the comparisonagainstthe DWD stations.230

However,thegoodresultsof ERA5 in SEDI for extremeevents(WL4; Fig. 2.b) andtheaccuracyshownby previousstudies

for large-scaleprecipitationand relevantatmosphericvariables(Martens et al., 2020; Hersbach et al., 2020; Yu et al., 2021)

renderthisproductsuitablefor theapplicationsof thisstudy.HereweuseERA5to assessthelarge-scaleconditionsof moisture

transport(Fig. 9).

2.3
:::::::::
Convection

::::::::::
Permitting

::::::
Models235

2.4 Simulations

WeuseCPM simulationswhenobservationsarenonexistentor lowly resolved,aswell asfor sensitivityexperiments.

2.3.1 Convection-permitting Weather Researchand Forecasting(WRF) simulation for process-understanding

:::::::
Weather

:::::::::
Research

:::
and

:::::::::::
Forecasting

::::::
(WRF)

WRF model version 4.2.1 (Skamarock et al., 2021) at a convection permitting resolution of 1.5 km with 100 vertical levels is240

used. The model domain covers central Europe (Fig. 1a) and the simulation was initialized with the operational ECMWF analy-

sis at 00 UTC on 29 June 2017 (12 hours before the event). Lateral boundary conditions were provided every 6 hours. Thesetup

::::
setup

:
of the physical parametrizations is similar to Schwitalla et al. (2021) except that 1) the Mellor–Yamada–Nakanishi–Niino

(MYNN) planetary boundary layer parametrization (Nakanishi and Niino, 2006, 2009; Olson et al., 2019) is applied, and 2)

the microphysics scheme of Thompson and Eidhammer (2014)(TE2014)is used. Land cover maps have been updated using245

the high-resolution European Space Agency Climate Change Initiative (ESA CCI) data set (ESA, 2017). In addition, the green

vegetation fraction and leaf area index (LAI) have been adjusted for 2017 by means of the Copernicus Global Land Service

portfolio 1 km resolution data sets (https://land.copernicus.eu/global/). Finally, high-resolution soil texture data from Poggio

et al. (2021) (https://soilgrids.org) were used.

250

2.3.1 Convection-permitting COSMO-CLM simulations for conditional attribution

::::::::::
Consortium

:::
for

::::::
Small

:::::
Scale

:::::::::
Modelling

::
in

::::::::
CLimate

:::::
Mode

:::::::::::::::
(COSMO-CLM)
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For theconditionalclimate-changeattributionexperiment(Sect.??), high-resolutionensembles(17 members)of theevent

underpresentandpre-industrialconditionsaresimulatedwith theCOSMOmodelin CLimateMode(COSMO-CLM; Rockel et al., 2008)

. For thepresentclimate,ERA5 reanalysis(Hersbach et al., 2020)is dynamicallydownscaledto 0.11°for 17 membersovera255

pan-Europedomain(Fig. S4)usingthedomain-shiftensembletechnique(e.g. Rezacova et al., 2009; Noyelle et al., 2019). All

membersarethenfurther dynamicallydownscaledto a
::::::::::::
COSMO-CLM

::::::
version

:::::::::
5.0_clm16

::
is

::::
run

::
at

:
a
:
convection-permitting

::::::::
resolution

::
of

:
0.025°resolutionovera �xed

:
.

:::
The

::::::
model

:::
has 461� 421� 50sub-domain.To createthepre-industrialensemble,

thewarmingsignalsincethepre-industrialperiod,heretakenas1850-1859versus2007 - 2016(overthe
::::::::
gridpoints

:::::::::::::
(lat/lon/height),

:
a

::::::
model

:::
top

::
at

::::
22.7

:::
km

::::
and

:
a
:::::::::
relaxation

::::
zone

:::
of

::
50

::::
km.

:::::::
Hourly

:::::
lateral

::::::::
boundary

:::::::::
conditions

:::::::
include

:::::
cloud

::::
ice,

:::::
cloud

:::::
water260

:::
and

:::::
cloud

:::::::
graupel,

::::
and

:::
are

::::::::
provided

::
by

::::::::::::
ERA5-forced 0.11°domain),is �rst computedfrom a subsetof 17 CoupledModel

IntercomparisonProjectPhase6
:::::::::
simulations

:
(CMIP6) models(O'Neill et al., 2016). The warmingsignal (Fig. 12a) is then

subtractedfrom the ERA5 initial andboundaryconditionsof the 0.11°simulations(surfacetemperaturesaremodi�ed based

on the warming signal at the lowest model level). A similar procedureis repeatedfor soil temperature.The atmospheric

moisturecontentis adjustedbasedon theassumptionthat relativehumidity remainsconstant.Pressureat theCOSMO-CLM265

height-levelsisadjustedbynumericallyintegratingthehydrostaticbalanceequationdownwardsfromthemodeltop(Kröner, 2016)

. The 0.11°and0.025°simulationsare initialized on 28 Juneat 12:00and23:00 UTC,respectively,giving suf�cient spin-up

andadjustmenttime prior to the analysisperiodof 07:00to 22:00 UTCthe following day (chosenbasedon the analysisin

Fig. S5).Theattributionanalysisconsistsof comparingtheprecipitationbetweenthe0.025°ensembleswith thepre-industrial

ensembleasthe referencestate.COSMO-CLM modelsettingsareasdescribedin Meredith et al. (2021). Furtherdetailsof270

the simulationsandthe CMIP6 modelscanbe found in the supplementarymaterial
::::::
Section

::::
3.6).

:::::
Deep

::::::::::
convection

::
is

::::::
treated

::::::::
explicitly

:::
and

:::::::
shallow

:::::::::
convection

::
is

:::::::::::
parametrized

:::::
with

:
a

::::::::
modi�ed

:::::::
Tiedtke

::::::
scheme

:::::::::::::
(Tiedtke, 1989)

:
.

::
A

:::
full

::::::::::
description

::
of

:::
all

:::::
model

:::::::
physics

::
is

:::::
found

:::
in

:::::::::::::::::
Baldauf et al. (2011).

2.3.1 Sub-kilometre ICON simulations for aerosolsensitivity experiments

Simulationswith the ICOsahedralNon-hydrostatic(ICON) atmosphericmodelwereconductedto examinethepossiblerole275

of anthropogenicaerosolsin theanalysedevent.ThemodeldomaincoveredcentralEurope(Fig. 1),for whichone-waynested

simulationsat resolutionsof 625 mand1.25 km,respectively,areproducedwith 90verticallevels.Themodelsetupotherwise

follows Costa-Surós et al. (2020). Thesimulationwas

::::::::::
Icosahedral

:::::::::::::::
Nopn-hydrostatic

::::::
Model

:::::::
(ICON)

:::
The

::::::
ICON

::::::::::
simulations

::::::
follow

:::::::::::::::::::::
Costa-Surós et al. (2020)

:::
and

::::
were

:
initialized with the operational ECMWF analysis (IFS280

data) at 00 UTC on 29 June 2017 and lateral boundary conditions are provided every 6 h. For analysis, the daytime period

between 06:00 and 20:00 UTC is chosen.In orderto assesstheroleof cloud-activeaerosolsin the2017event,two simulations

arecarriedout with two different imposedconcentrationsof cloud condensationnuclei, i. e. onewith low concentrations,

correspondingto currentconditions(CLN), andonewith elevatedaerosolconcentrations(POL), correspondingapproximately

thepeakaerosolconcentrationsoverCentralEuropeobservedin themid-1980s.285
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3
:::::::
Methods

:::
Our

:::::::
forensic

:::::
study

:::::::
analysis,

::::::::
statistical

::::
and

:::::::::::
computational

::::::::
methods

::
of

:::::::::::::
meteorological,

::::::
climate

:::
and

::::::
impact

::::::
studies

::
to

:::::::
provide

:::
the

:::
full

::::::
picture

::
on

:::
the

:::::
case.

::
In

::::
these

::::::::
methods

:::
are

:::::::::
introduced

:::
and

::::::
details

:::
can

:::
be

:::::
found

::
in

:::
the

:::::::::
referenced

::::::::
literature.

3.1
:::
The

:::::::::::
Precipitation

::::::::
Severity

:::::
Index

:::::
(PSI)

:::
We

:::
use

:::
the

:::::::::::
Precipitation

:::::::
Severity

:::::
Index

:::::
(PSI;

::::::::::::::::::::::
Caldas-Alvarez et al., 2022

:
)

::
to

:::::
detect

:::::::
extreme

:::::::::::
precipitation

:::::
events

:::::::::
according

::
to290

::::
three

:::::::
different

::::
but

:::::::::::::
complementary

::::::::::::
characteristics

::
of

:::::
heavy

::::::::::::
precipitation:

:::::::
intensity,

::::::
spatial

::::::
extent

:::
and

::::::::::
persistence.

::::
The

::::
PSI

::
in

::
its

::::::
current

::::
form

::
is

:::
an

:::::::::
adaptation

::
of

:::
the

:::::
Storm

:::::::
Severity

:::::
Index

:::::
(SSI;

::::::::::::::::::::::::::::::::::
Leckebusch et al., 2008; Pinto et al., 2012)

::::
and

::
is

:
a

:::::::
unitless

::::
index

::::
that

::::::::
indicates

:::
the

::::::
degree

:::
of

::::
daily

:::::::::::
precipitation

:::::::
severity

:::::
with

::::::
respect

::
to

::
a

::::::::::::
predetermined

:::::::::::::
climatological

::::::::
threshold

:::
(in

:::
our

::::
case

:::
the

::::
80th

::::::::::
percentile).

:::::
Large

::::
PSI

::::::
values

::::::::
represent

::::
high

::::::::
intensity,

::::::::::::
geographically

::::::::
extensive

::::
and

:::::::::
temporally

:::::::::
persistent

::::::::::
precipitation

::::::
events.

:
295

3.2
::::::::::
Lagrangian

:::::::::
convective

:::
cell

::::::::
tracking

:::
We

:::::::
perform

:::::::::
Lagrangian

:::::::::
convective

:::
cell

::::::::
tracking

::
for

:::
the

:::::
years

::::
2001

:::
to

::::
2020

:::
for

:
a
::::::
region

::
of

:::
200

::
x

:::
200

:::
km

::::::::
centered

::::
over

::::::
Berlin.

:::::
Pixels

::
of

::::
YW

::::::::::
RADKLIM

::::
radar

::::
data

:::::::::
exceeding

:
a

::::::::
threshold

::
of

::::
8.12

:::::
mm/h

:::::
were

::::::::
identi�ed

::
as

:::::::::
convective

::::
cells

:::::::::::::::
(Purr et al., 2021)

:
.

:::
The

:::::::::::
displacement

::
of

:::
the

::::
cell

:
is

::::::::
projected

::::::::
applying

:::
the

:::
700

::::
hPa

::::
wind

::
of

::::::
ERA5.

::
If

::
in

:::
the

::::::::::
consecutive

:::::::
timestep

:
a
:::::::::
convective

::::
cell

:::
has

::::
been

:::::
found

:::
in

:::
the

::::
area

::::::
de�ned

:::
by

:
a

::::::
search

:::::
radius

:::::::
around

:::
the

::::::::
projected

:::::::
position,

::::
both

:::::
cells

:::
are

:::::::
assigned

::
to

:::
the

:::::
same

::::
cell300

::::
track.

::
If

:::::::
multiple

:::::
cells

:::
are

:::::
found

:::::
within

:::
the

::::::
search

::::::
radius,

:::
the

:::
cell

::::
with

:::
the

::::::::
minimum

:::::::
distance

::
is

::::::::
assigned

::
to

:::
the

:::
cell

:::::
track.

:

3.3
::::::::::
Lagrangian

::::::::
moisture

:::::::::
backward

::::::::::
trajectories

:::
We

:::::::
calculate

::::::::::
Lagrangian

::::::::
backward

:::::::::
trajectories

::::::::
following

:::::::::::::::::::
Sodemann et al. (2008)

:
,

:::::
based

::
on

:::::
ERA5

:::::::::
reanalysis

:::
data

:::::::::::::::::::
(Hersbach et al., 2020)

:
,

::
in

:
a
:::::::::::::

mid-European
:::::
region

:::::::
around

:::
the

:::::
center

:::
of

:::::::::
maximum

::::::::::
precipitation

::::
(red

::::
box

::
in

:::::::
Fig. 9).

:::
We

::::
start

::::
the

:::::::::
trajectories

:::::
from

::::
1000

::::
hPa

::
to

:::
200

::::
hPa

::
in

::::
steps

:::
of

::
50

::::
hPa

:::
for

:::::
every

::::
hour

::
of

:::::::::::
29 June 2017,

:::::
with

:
a

:::::::::
horizontal

:::
grid

:::::::
spacing

:::
80

:::
km

:::
and

:::::
going

:::::
back305

:::
240

::
h

::
in

:::::
time.

:::::
From

:::
all

::::::::::
trajectories,

:::
we

:::::::
selected

:::::
those

:::
that

:::::
have

::
a

::::::
relative

::::::::
humidity

::
of

:::
at

::::
least

:::::
80 %

::
in

:::
the

:::::
target

::::
box

::::
and

::
for

::::::
which

:::
the

::::::
speci�c

::::::::
humidity

::::::::
decreases

::::::
during

:::
the

:::
last

::::
time

::::
step

::::::::::::
(precipitation)

:::::::::::::::::::::::::::::::::::
(Sodemann et al., 2008; Grams et al., 2014)

:
.

:::::
Along

::::
each

:::::::
selected

::::::::
trajectory,

::::::::
moisture

::::::
uptake

:::
has

::::
been

::::::::
computed

:::::
based

::
on

::::::
hourly

:::::::
speci�c

:::::::
humidity

::::::::
increases

::
in

:::
the

::::::::
planetary

::::::::
boundary

::::
layer

:::::::::
associated

::::
with

::::::::::::::::
evapotranspiration

::::
from

::::
the

:::::::
surface.

:::
The

:::::::::
boundary

::::
layer

::::::
height

::
is

::::::::
available

::
as

::
a

:::::::::
diagnostic

:::::
model

:::::::
variable

::
in

:::
the

::::::
ERA5

::::
data

::
set

::::
and,

:::::
again

:::::::::
following

:::::::::::::::::::
Sodemann et al. (2008),

::
is

:::::::::
multiplied

:::
by

:
a

:::::
factor

:::
of

:::
1.5

::
to

:::::::
account310

::
for

::::::::
potential

:::::::::::
uncertainties

::
in

:::
this

:::::::::
diagnostic

:::::::
estimate.

::::::
These

::::::
uptakes

:::::
have

::::
been

::::::::
weighted

::::::::
according

::
to

::::
their

:::::::::::
contribution

::
to

:::
the

::::::::::
precipitation

::::::::
(moisture

:::::
loss)

::
at

:::
the

:::::
target

:::::::
location,

::::::
taking

::::
into

::::::
account

::::
that

::::::
earlier

:::::::
moisture

::::::
uptake

::::
may

:::::::::
contribute

:::
less

::::
due

::
to

::::::::::
precipitation

::::
loss

::
on

::::
their

::::
way

::
to

:::
the

:::::
target

::::::
region.

:
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3.4 Impacts and losses
::::::::::
Household

::::::
surveys

:::
for

:::::::
impact

:::::::::
evaluation

To assess the overall losses caused by the
::
29

::::
June

:
2017event,wereviewed

::::
HPE,

:::
we

:::::
review

:
reports from the German Insurance315

Association (GDV), which published loss estimates for severe extreme precipitation events in Germany in the period 2002-

2019 (GDV, 2018, 2020, 2021), and other technical reports (Hydrotec et al., 2008). At the household level, weused
:::
use

losses, �ood-duration and �ood-depth data derived from household surveys in Berlin and Brandenburg (Dillenardt et al.,

2021). We furthermoreused
::
use

:
survey data from private households in Hersbruck (affected in 2005), Lohmar (affected in

2005), Osnabrueck (affected in 2010) (Rözer et al., 2016) and Muenster (affected in 2014) (Spekkers et al., 2017). In the320

surveys, affected households were asked, inter alia, when they were last affected by heavy rain and what impact they suffered.

The results of the surveys are based on the responses of those households and are thus subjective.

3.5
::::::::::
Generalized Extremevalue

:::::
Value

::::::
(GEV)

:
statistics

Extremevaluetheoryis usedto analyseor statisticallymodelextremevaluesof a dataset.A probabilitydistributionfunction

is �tted to a sampleof extremeevents.This allowsa probabilityof exceedancep for a giventhresholdR, e.g.a rainfall total,325

to becomputedandexpressedasa returnperiodtRP usingtRP = 1=p. For example,a probabilityof exceedancep= 0.01for

annualdatacanbeinterpretedasonaverage1 eventin 100 years.

In orderto estimatethesevaluesreliably,atrade-offhasbeenmadein thepastbetweenthesimplicity of amethod,thereturn

periodsizeandthecomputationaleffort (Svensson and Jones, 2010). In hydrometeorology,blockmaximausingtheGEV have

beenwidely adoptedto estimatereturnperiods(Wilks, 2006; Svensson and Jones, 2010). Often the specialcase, the type I330

distribution , alsoknown as the Gumbeldistribution (ExtremeValue Type
:::
The

::::::::
standard

:::::
GEV

:::::::::
distribution

:::::::
applied

::
to

::::::
heavy

::::::::::
precipitation

::
in

::::
this

::::
work

::
is

:::::
given

::
by

:::::::::::
Coles (2001)

:
:

G(R) = exp

 

�
�

1 + �
�

R � �
�

�� � 1=�
!

,

:::::::::::::::::::::::::::::::::::

(1)

:::::
where

::
�

:::::::
denotes

:::
the

:::::::
location

::::::::::
parameter,

::
�

:::
the

:::::
scale

:::::::
(� > 0)

::::
and

:
�
::::

the
:::::
shape

:::::::::
parameter.

:::
A

::::::
special

::::
case

:::
of

:::
the

::::::::
standard

:::::::::
distribution

::::
(Eq.1) , hasbeenused(e.g. Grieser et al., 2007; Svensson and Jones, 2010; Van den Besselaar et al., 2013; Maity, 2018; Piper et al., 2016)335

::
1)

:
is

:::
the

:::::
Type

:
I

::
or

::::::
Gumbel

::::::::::
distribution

::::::::::::::
(Gumbel, 1958)

:::::::
obtained

:
in

:::
the

::::
limit

::::::
� ! 0

::::
used

::
as

::::
well

::
in

:::::::
previous

:::::
works

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Grieser et al., 2007; Svensson and Jones, 2010; Van den Besselaar et al., 2013; Maity, 2018; Piper et al., 2016)

:
:

F (R) = exp
�

� exp
�

� � R
�

��
:

:::::::::::::::::::::::::::

(2)

::::
This

:::::::::::
simpli�cation

::::::
allows

:::::::::
estimation

::
of

:::
the

:::
two

::::
free

:::::
GEV

:::::::::
parameters

::
�

:::
and

::
�

::
by

::::::
means

::
of

:::
the

:::::::
Method

::
of

::::::::
Moments,

::::::
which

::
is

:::
less

:::::::::::::
computationally

::::::::
intensive

:::
and

:::
has

::::
been

::::::
proven

::::::
useful

:
in

:::
the

::::
past

:::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g. Svensson and Jones, 2010; DWA, 2012; Piper et al., 2016)340

. Characteristic of the Gumbel distribution is an exponential decay of the probability density function, meaning that only two

free parameters of the GEV-�t have to be estimated. However, the Gumbel is not a heavy-tailed distribution and is characterised

by constant skewness and kurtosis.
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The
::
We

:::
�t block maxima seriesare

:
to

::::
Eqs.

::
1

:::
and

::
2 obtained by splitting the sample into non-overlapping intervals of the

same size and then taking the maximum value of each interval. Previous studies have demonstrated that the annual block345

maxima approach is suitable for mid-latitude precipitation series (Kharin and Zwiers, 2000; Rust, 2009).TheGEV distribution

is givenby Coles (2001):

G(R) = exp

 

�
�

1 + �
�

R � �
�

�� � 1=�
!

,

where� denotesthelocationparameter,� thescale(� > 0) and� theshapeparameter.In thelimit � ! 0, weobtainthespecial

caseGumbeldistribution(Gumbel, 1958):350

F (R) = exp
�

� exp
�

� � R
�

��
:

This simpli�cation allowsestimationof thetwo freeGEV parameters� and� by meansof theMethodof Moments,which is

lesscomputationallyintensiveandhasbeenprovenusefulin thepast(e.g. Svensson and Jones, 2010; DWA, 2012; Piper et al., 2016)

. ReturnvaluesRVRP (quantiles)andtheassociatedreturnperiodstRP , or directlytheprobabilityof exceedancesp, arerelated

to theGEV distributionastRP = 1=(1 � G(RVRP )) (Coles, 2001). Thus,once� and� areestimatedfrom thedata,thereturn355

periodscanbedirectlyderivedfrom theextremevaluemodelswith Equations 1and 2.

Additionally, we
:::
We

:
specify the uncertainty of the models by using 95 % con�dence intervals obtained from 1000-fold

bootstrapping (re-sampling with replacement) from the maxima series of the original data set (Efron and Tibshirani, 1993),

following the ordinary non-parametric bootstrap percentile method of Mélèse et al. (2018). From these 1000 samples the 2.5 %

and 97.5 % quantiles of the wanted property (either return periods or return values) indicate their con�dence boundaries.360

A
::
We

::::::
further

:::::::::
implement

::
a

:::::::::::::::
duration-dependent

::::::::
(d-GEV)

:::::
model

::::
with

::
7

:::::::::
parameters,

::::::
which

:::::
covers

::::::::
different

:::::::
durations

::
to

:::::::
achieve

:
a

:
more ef�cient usage of observationscould improve the estimationof return periods.This can be achievedby including

precipitationmaximaof differentaccumulationdurationsd. This
:
.

::::
This way, information about short time scales (minutes to

hours),for whichobservationalrecordsaretypically short,can be derived, to a certain extent, from information of longer time

scales (hours to days)by usingtheduration-dependencybetweentime scales.Equation 1is adaptedto beduration-dependent365

(d-GEV) with 7 parameters,which coversthe full rangeof durationsconsidered.
:
. Duration-dependency is incorporated into

the GEV in order to reduce assumptions about the underlying distribution and have a free shape parameter� in the GEV (Coles,

2001). Another reason for using the GEV instead of one of their special cases, is that Gumbel, as well as the other two GEV

special cases Fréchet and Weibull, require large data sets to ful�l the limiting theorem for large block sizes (Papalexiou and

Koutsoyiannis, 2013). The d-GEV includes all three types and is a good choice if block size does not reach the asymptotic370

regime required for Gumbel. A duration-dependent GEV (d-GEV) as suggested by Koutsoyiannis et al. (1998) and re�ned by
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Fauer et al. (2021) is introduced by varying the characteristic parameters of the GEV:

Gd(R;d) = exp

 

�
�

1 + �
�

R � � (d)
� (d)

�� � 1=�
!

, (3)

� (d) = � 0(d+ � ) � ( � + � 2 ) + � ,

� (d) = ~� (� 0(d+ � ) � � + � ) ,375

� = const. ,

where~� is the re-scaled location parameter,� 0 is the scale offset,� is the duration offset,� 1 and� 2 are duration exponents and

� is the intensity offset. Parameters were estimated with Maximum Likelihood Estimation (MLE), a �exible and ef�cient pa-

rameter estimation method which is known to provide asymptotically unbiased and smallest-possible variant estimates (Coles,

2001; Davison and Huser, 2015). However, MLE is more computationally expensive than the method of moments. Jurado380

et al. (2020) justi�ed the use of the MLE for duration-dependent extreme precipitation studies as the explicit consideration of

the dependence between durations in a model leads to only marginal differences in estimation. Thed-GEV has been recently

applied successfully by Ulrich et al. (2020).

3.6
::::::::::
Conditional

:::::
event

:::::::::
attribution

:::::
with

:::::
CPM

:::
For

:::
the

::::::::::
conditional

:::::::::::::
climate-change

:::::::::
attribution

::::::::::
experiment

::::::::
(Section

::::
4.4),

:::::::::::::
high-resolution

:::::::::
ensembles

::::
(17

:::::::::
members)

::
of

::::
the385

::::
event

:::::
under

:::::::
present

:::
and

::::::::::::
pre-industrial

::::::::
conditions

:::
are

:::::::::
simulated

::::
with

:::
the

:::::::::::::
COSMO-CLM

:::::::::::::::::
(Rockel et al., 2008).

:::
For

:::
the

:::::::
present

::::::
climate,

::::::
ERA5

:::::::::
reanalysis

::::::::::::::::::::
(Hersbach et al., 2020)

:
is

:::::::::::
dynamically

::::::::::
downscaled

::
to

::::
0.11

:
°

::
for

:::
17

::::::::
members

:::::
(Fig.

:::
S3)

:::::
using

::::
the

::::::::::
domain-shift

::::::::
ensemble

:::::::::
technique

:::::::::::::::::::::::::::::::::::::::
(e.g. Rezacova et al., 2009; Noyelle et al., 2019).

:::
All

::::::::
members

:::
are

::::
then

::::::
further

:::::::::::
dynamically

:::::::::
downscaled

::
to

::
a

::::::::::::::::::
convection-permitting

:::::
0.025

:
°

::::::::
resolution

::::
over

:
a
:::::::::::::::::
geographically-�xed

::::::::::
sub-domain

::::
(see

::::::
Section

::::::
2.3.1).

::
To

::::::
create

::
the

::::::::::::
pre-industrial

:::::::::
ensemble,

:::
the

:::::::
warming

::::::
signal

:::::
since

:::
the

:::::::::::
pre-industrial

::::::
period,

::::
here

:::::
taken

:::
as

:::::::::
1850-1859

::::::
versus

::::::::::
2007 - 2016390

::::
(over

:::
the

:::::
0.11°

:::::::
domain),

::
is

::::
�rst

:::::::::
computed

::::
from

::
a

::::::
subset

::
of

:::
17

:::::::
Coupled

::::::
Model

::::::::::::::
Intercomparison

:::::::
Project

:::::
Phase

::
6

::::::::
(CMIP6)

::::::
models

:::::::::::::::::
(O'Neill et al., 2016)

:
.

:::
The

::::::::
warming

:::::
signal

::::
(Fig.

::::
12a)

::
is

::::
then

:::::::::
subtracted

::::
from

:::
the

:::::
ERA5

::::::
initial

:::
and

::::::::
boundary

:::::::::
conditions

::
of

:::
the

::::
0.11°

:::::::::
simulations

:::::::
(surface

:::::::::::
temperatures

:::
are

::::::::
modi�ed

:::::
based

::
on

:::
the

::::::::
warming

:::::
signal

::
at

:::
the

::::::
lowest

:::::
model

::::::
level).

::
A

::::::
similar

::::::::
procedure

::
is

:::::::
repeated

:::
for

:::
soil

:::::::::::
temperature.

::::
The

::::::::::
atmospheric

:::::::
moisture

:::::::
content

::
is

:::::::
adjusted

:::::
based

::
on

:::
the

::::::::::
assumption

:::
that

:::::::
relative

:::::::
humidity

:::::::
remains

::::::::
constant.

:::::::
Pressure

::
at

:::
the

:::::::::::::
COSMO-CLM

::::::::::
height-levels

::
is

::::::::
adjusted

::
by

::::::::::
numerically

:::::::::
integrating

:::
the

::::::::::
hydrostatic395

::::::
balance

::::::::
equation

:::::::::
downwards

:::::
from

:::
the

:::::
model

:::
top

:::::::::::::
(Kröner, 2016).

::::
The

::::
0.11

:
°

:::
and

:::::
0.025

:
°

:::::::::
simulations

:::
are

::::::::
initialized

:::
on

:::
28

::::
June

:
at

::::::
12:00

:::
and

::::::::::
23:00 UTC,

:::::::::::
respectively,

::::::
giving

::::::::
suf�cient

::::::
spin-up

::::
and

:::::::::
adjustment

::::
time

:::::
prior

::
to

:::
the

:::::::
analysis

::::::
period

::
of

::::::
07:00

::
to

:::::::::
22:00 UTC

:::
the

::::::::
following

::::
day

:::::::
(chosen

:::::
based

:::
on

:::
the

:::::::
analysis

::
in

::::
Fig.

::::
S4).

::::
The

:::::::::
attribution

:::::::
analysis

:::::::
consists

::
of

::::::::::
comparing

:::
the

::::::::::
precipitation

::::::::
between

:::
the

:::::
0.025

:
°

::::::::
ensembles

::::
with

:::
the

::::::::::::
pre-industrial

::::::::
ensemble

:::
as

:::
the

::::::::
reference

:::::
state.

:::::::::::::
COSMO-CLM

::::::
model

::::::
settings

:::
are

::
as

:::::::::
described

::
in

::::::::::::::::::
Meredith et al. (2021)

:
.

::::::
Further

::::::
details

::
of

:::
the

::::::::::
simulations

:::
and

::::
the

::::::
CMIP6

::::::
models

::::
can

::
be

::::::
found

::
in400

::
the

:::::::::::::
supplementary

:::::::
material.

:

3.7
::::::
Aerosol

:::::::::
sensitivity

:::::::::::
experiments
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::::::::::
Simulations

::::
with

:::
the

::::::::::
ICOsahedral

::::::::::::::
Non-hydrostatic

:::::::
(ICON)

::::::::::
atmospheric

::::::
model

::::
were

:::::::::
conducted

::
to

::::::::
examine

:::
the

:::::::
possible

::::
role

::
of

::::::::::::
anthropogenic

:::::::
aerosols

::
in

:::
the

:::::::
analysed

:::::
event.

::::
The

:::::
model

:::::::
domain

:::::::
covered

::::::
central

::::::
Europe

:::::::
(Fig. 1),

::
for

::::::
which

:::::::
one-way

::::::
nested

:::::::::
simulations

::
at

::::::::::
resolutions

::
of

::::::
625 m

:::
and

::::::::
1.25 km,

:::::::::::
respectively,

:::
are

::::::::
produced

::::
with

:::
90

:::::::
vertical

:::::
levels.

:::::
Two

:::::::::
hectometer

::::::
ICON405

:::::::::
simulations

::
at

::::
are

::::::
carried

:::
out

:::::
with

::::
two

:::::::
different

::::::::
imposed

::::::::::::
concentrations

:::
of

:::::
cloud

:::::::::::
condensation

:::::::
nuclei,

:::
i.e.

::::
one

::::
with

::::
low

::::::::::::
concentrations,

::::::::::::
corresponding

::
to

::::::
current

:::::::::
conditions

::::::
(CLN),

:::
and

::::
one

::::
with

:::::::
elevated

::::::
aerosol

::::::::::::
concentrations

::::::
(POL),

::::::::::::
corresponding

::::::::::::
approximately

::
to

:::
the

::::
peak

::::::
aerosol

::::::::::::
concentrations

::::
over

:::::::
Central

::::::
Europe

::::::::
observed

::
in

:::
the

:::::::::
mid-1980s.

:

4 Results

4.1 Meteorological situation410

:::::::
Provided

:::
our

:::::::::::::::
multi-disciplinary

::::::::
approach,

:::
we

::::
need

::
to

::::::
verify

:::
that

::::
there

:::
are

:::
no

::::::::::::
inconsistencies

::::::
among

:::
the

:::::::
different

:::::::
datasets

:::::
used.

::
To

::::::
reduce

::::
this

:::::::::
uncertainty

:::
we

:::::
need

::
to

::::::
ensure

::::
that

::
all

:::
of

:::::
them

::::::::
represent

:
a

::::::
similar

:::::::::::
climatology

::
of

::::::
heavy

::::::::::
precipitation

:::
in

:::
the

::::::
region.

::
To

:::
this

::::
end,

:::
we

:::::::
provide

:
a

::::::::::
quantitative

::::::::
validation

::
of

:::
the

::::::::
products

::::::::
REGNIE,

::::::::::
RADKLIM,

::::::
ERA5,

::::
and

:::::::::::::
COSMO-REA6

:::
for

::
the

::::::
period

::::::::::
2001-2018.

:::
We

:::::::
compare

:::::
these

::::::
datasets

:::::::::
pointwise

:::
(by

:::::::
selecting

:::
the

::::::
nearest

:::::::::
neighbour

:::
grid

::::
cell)

::
to

:::::::::::
observations

:::::
made

:
at

:::
53

:::::
DWD

:::::::
stations

:::::
(Sect.

:::::
2.1.1;

::::::
Fig. 1).

::::::::::::::
COSMO-REA6

:
is

::::::::
included

::
in

:::
this

::::::::::
comparison

::
to

:::::::
provide

:
a
::::::::
reference

:::
for

::::::
ERA5

::::
with415

::::::
another

:::::::::
reanalysis

:::::::
product.

:::
We

::::::::
compute

:::::::
absolute

::::::::::
frequencies,

::
as

:::
the

:::::::
number

::
of

:::::
days

::::
with

:
a
:::::::
speci�c

:::::::
amount

::
of

:::::::::::
precipitation

::
for

::::
each

::::
data

::::
set;

::
the

::::::::::
Symmetric

:::::::
External

::::::::::
Dependency

:::::
Index

:::::::
(SEDI),

:::::::::
estimating

:::
the

::::::::::
dependency

:::::::
between

::
an

:::::
event

::
in

:::
the

:::::
given

:::
data

:::
set

::::
and

::
the

::::::::
reference

:::::::::::
observations

::::::::::::::::::::::::
(Ferro and Stephenson, 2011)

:
;
:::
and

:::
the

:::::::::
frequency

::::
bias

::
as

:::
the

::::
ratio

:::::::
between

:::
the

:::::::
number

::
of

:::::
events

::
in

:::
the

::::
data

::::
sets

:::
and

:::
the

::::::::
reference

:::::::::::
observations

::::::::::::::::
(Hogan et al., 2009)

:
.

:::
The

::::::::::
evaluations

:::
are

:::::
made

:::
for

::::
three

:::::::::::
precipitation

:::::::
intervals

:::::
based

:::
on

:::
the

:::::::
warning

:::::
levels

::::
used

:::::::::::
operationally

:::
by

:::
the

::::::
DWD,

::::::
namely

:::::
WL2

:::::
(> 30

:::::
mm),

:::::
WL3

:::::
(> 50

:::::
mm)

:::
and

:::::
WL4420

:::::
(> 80

:::::
mm).

:::
The

:::
29

::::
June

::::
2017

:::::
HPE

::::
falls

:::
into

:::
the

:::::
WL4

::::::::
category.

::::::::
REGNIE,

::::::::::
RADKLIM

:::
and

::::::::::::::
COSMO-REA6

:::::::
perform

:::::
well,

::
in

:::::::::::
representing

:::
the

::::::::::
climatology

::
of

:::::::
extreme

:::::::::::
precipitation

::::::
(WL4

::::::::
category).

::
In

:::::::::
particular,

::::::::
REGNIE

:::
�ts

:::
best

:::
the

::::::
DWD

::::::
station

::::::::::
observations

:::
for

:::::::
absolute

:::::::::
frequency

:::
(37

::::::
events

::
in

::::::::
REGNIE,

:::
34

::
in

::
the

::::::
DWD

::::::
stations

::
at

::::::
WL4),

:::::::
followed

:::
by

:::::::::
RADKLIM

::::
(24

:::::
events

::
in

::::::
WL4).

:::::
ERA5

::::::::
(Fig.2.a)

::::
only

:::
has

::
12

::::::
events

::::::
(WL4).

:::::::::
Regarding

::::
SEDI

:::::
(Fig.

::::
2.b),

::::::::
REGNIE

:::::
again

::::::::
compares

::::
best

::::
with

::::::
station

::::::::::::
observations,

::::
also

:::::::
followed

:::
by

::::::::::
RADKLIM

::::
(Fig.

::::
2b)

::
in

:::::::
contrast425

::
to

:::
the

::::::
coarser

::::::::
resolution

:::::::::
reanalysis

:::::::
products

::::::
which

::::
show

:::::
lower

:::::
SEDI

::::::
values.

::::::::
However

::::
their

:::::::::::
performance

::
is

:::::
better

:::
for

:::::::
extreme

::::::::::
precipitation

:::::::
(WL4).

::::::
Finally,

:::
for

::::::::
frequency

::::
bias,

::::::::
REGNIE

::::::
shows

::
no

:::::::::
deviations,

::::::::::
RADKLIM

:::
has

::
a

:::::::
negative

:::
but

:::::::::
acceptable

::::
bias,

::
i.e.

::::
less

:::::
events

::::::::
detected,

::::
and

:::::
ERA5

::::::::
performs

:::::
poorly

:::
for

:::
all

:::::
WLs.

::
To

::::::::::
summarize,

:::
we

::::
�nd

:
a

:::::
good

:::::::::
agreement

::
of

::::::::
REGNIE

:::
and

::::::::::
RADKLIM

::::
with

:::
the

::::::
DWD

::::::
station

::::::::::
observations

::::::
which

::::
gives

:::
us

:::::::::
con�dence

:::
that

:::::
their

:::::::::::
representation

:::
of

:::::
HPEs

::::
will

::
be

:::::::::
consistent.

::::::
ERA5,

::::::::
however

::::::
showed

::
a

:::
bad

:::::::::::
performance

:::
for

:::::::
absolute

::::
and430

::::::::
frequency

::::
bias

:::
and

:::
the

::::::::
moderate

:::::::::::
precipitation

::::::::::
catoegories

:::::
(WL2

::::
and

:::::
WL3)

:::
for

:::::
SEDI.

::::
The

:::::::::::
performance

::
of

::::::
ERA5

:::
was

::::::
worse

:::
than

:::
the

:::::
other

:::::::::
reanalysis

:::::::
product,

::::::::::::::
COSMO-REA6,

:::::::
possibly

:::
due

::
to

::::
their

:::::::::
difference

::
in

::::::
model

:::::::::
resolution.

:::
For

:::
this

::::::
reason

::::::
ERA5

:::
will

:::
not

:::
be

::::
used

:::::::
hereafter

::
to

:::::
study

:::::
heavy

:::::::::::
precipitation

:::::
�elds.

:::
Its

:::
use

::::
will

::
be

::::::::
restricted

::
to

:::::
other

::::::
relevant

:::::::::
large-scale

:::::::::::
atmospheric

::::
�elds

::::
such

:::
as

:::::
water

::::::
vapour

::::
(Fig.

:::
9).
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Figure 2.
::::::::
Evaluation

::
of

::::
daily

::::::::::
precipitation

:::::::
estimates

::::
from

::::::::
REGNIE,

:::::::::
RADKLIM,

:::::
ERA5

:::
and

::::::::::::
COSMO-REA6

::::::::
compared

::::
with

::::
DWD

::::::
station

:::::::::
observations

::::
(see

:::::::
Fig. 1.b).

:::
The

::::::
selected

::::::
period

:
is

:::::
2001

::
to

::::
2018

:::::::::
(concurrent

:::::
period

::
of

::::
data

:::::::::
availability),

:::::
using

:::
the

:::::
nearest

::::::::
neighbour

::::
grid

:::
cells

::
to

:::
the

:::::
DWD

::::::
stations.

::
(a)

::::::::
Histogram

:::::::
showing

:::
the

::::::
absolute

:::::::::
occurrences

::
of

::::::::::
precipitation

:::::
within

::::
WLs

::
2,

:
3

:::
and

::
4,

::
(b)

:::::::::
Symmetric

:::::::
Extremal

:::::::::
Dependency

::::
Index

::::::
(SEDI)

:::
and

::
(c)

::::::::
frequency

::::
bias.

::::::
Positive

:::::::
(negative)

::::::::
frequency

:::
bias

:::::::
indicates

::
an

:::::::::::
overestimation

:::::::::::::
(underestimation)

::
of

::::::
events,

::
the

:::::
black

:::::::
horizontal

:::
line

::::::::
represents

:::
the

:::::::
optimum

:::::
value.

4.1
::::
Event

::::::::
analysis

:::
and

:::::::
climate

:::::::
context435

The 29 June 2017
::::
HPE occurred under the in�uence of an upper-level troughover westernEurope

::::::::
extending

::::::::
between

:::
the

::::::
Iberian

::::::::
Peninsula

::::
and

::::::
Poland

:
(TrW pattern), presentbetween 28 June and 01 July, with .

::::::
During

::::
this

::::::
period,

:
several short-

wave surface lowsdeveloping
::::::::
developed

:
on the northern side of the trough (Fig.??).At 12 UTC (29 June), the coreof the

low-pressurewaslocatedbetweenFranceandtheBritish Islesshowingrelativetopographyvaluesof 550dambetween1000

hPaand500hPa(Fig. ??). Closeto theground,theinteractionbetweentwo
:::
3.a)

:::::::
inducing

:::::::::
favourable

:::::::::
conditions

:::
for

:::::::::
convective440

:::::::::::
development.

::::
Two

:
small-wave surface lows caused most of the precipitation collected over Berlin during 29 June. The �rst

system, named Rasmund, remained quasi-stationary east of the British Isles between 28 June and 01 July, reaching values of

the Pressure at the Mean Sea Level (PMSL) of 994 hPa (Fig.??). This systemoriginatedfrom two convergingsurfacelows

comingfrom theAtlantic OceanandFrance,respectively.
:::
3.a).

:
The second surface low, Rasmund II, originated in the nightof

::::
from

::
28

::
to

:
29 June over central Europe (Czech Republic), displaced towards northern Poland over the course of 6 h, and showed445

PMSL of 990 hPa along the German-Polish border at 12 UTC(29 June).Thecycloniccirculationsof bothsurfacelows caused

convergenceof coldairmassesfromtheAtlanticwith thewarmandwetairmassesfromsouthernEurope(Gebauer et al., 2017)

.
:
.

Figure??providesfurtherinsightsinto theevolutionof theeventbasedontheoperationalECMWFanalysis.The mesoscale

circulation associated with the mid-tropospheric low Rasmund II
:::
over

::::::::
northern

::::::
Poland

:
(550 dam; Fig.??a) showsa westerly450
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(a) (b)

Figure 3. MeanSeaLevel
::
a)

:::
500

:::
hPa

:::::::::
geopotential

:::::
height

:::::
(dam;

:::::
colour)

:::
and

::::
wind

:::::
speed

::
(m

::::
s� 1)

::::::
together

::::
with

:::
sea

:::
level

:
pressure (PMSL

::
hPa;

contours) andrelativetopographybetween1000
:
b)

::::
850 hPaand500 hPain dam

:::::::
equivalent

:::::::
potential

:::::::::
temperature

:
(colour shading

::
� e)

:::
and

::::
wind

::::
speed

:
on 29 June, 2017 12 UTC from the ECMWF analysis.

:::
The

::::
black

:::
dot

::::::
denotes

::
the

:::
city

::
of

::::::
Berlin.

(a) (b)

Figure 4.
:::::::::
Time-height

::::
cross

::::::
section

::
of

::
(a)

:::::
water

:::::
vapour

::::::
mixing

:::
ratio

::
(g

:::::
kg� 1)

:::
and

:::
(b)

:::
rain

::::
water

::::::
mixing

::::
ratio

::
(g

:::::
kg� 1)

:
at

::::
grid

::::
point

:::
13.2

:::
°E

:::
and

::::
52.85

:::
°N

:::::
(close

::
to

::
the

::::::::
maximum

:::::
heavy

::::::::::
precipitation

:::::::
location,

:::
near

:::::
black

:::
dot

::
in

:::
Fig.

::
3)

::::::::
simulated

::
by

:::
the

::::
WRF

::::::
model.

:::
The

::::::::
displayed

:::::
period

:
is

::::::
00 UTC

::::
until

::::::::
23:45 UTC

:::
on

:::::
29 June

:::::
2017.

::::::
Arrows

:::::
denote

::
the

::::::::
horizontal

::::
wind

:::::
speed

::
(m

::::
s� 1 ,

::
see

:::::
lower

::::
right

::
of

::
the

::::
plots

:::
for

:
a

:::::
length

:::::::
indicating

::::::::
25 m s� 1)

:::
and

:::::::
direction

:
at

:::
the

:::::::
different

:::::::
altitudes.

::::::
Altitude

::
is

::::
above

::::::
ground

::::
level

:::::
(AGL).

�ow aroundGermanyturning into a southerlydirectionover PolandandeasternGermanywith wind speedsof 10 m s� 1 at

500 hPa(black arrows;Fig. ??a). Weakwinds of lessthan5 m s� 1 alsooccurat 850 hPa(Fig. ??b).
:::
3a)

:::::::
brought

:
a
::::::

warm

:::
and

:::::
moist

:::::::
cyclonic

::::::
in�ow,

::::::
crucial

:::
for

:::
the

:::::::::::
development

:::
of

:::::
heavy

:::::::::::
precipitation

::::
over

::::::
Berlin. The Equivalent Potential Temper-

ature (� e) at 850 hPa (Fig.??b) shows
::
3b)

:::::::
showed

:
values up to 305 Kbetweenthe MediterraneanandcentralEurope,

::::
from
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::
the

:::::::::::::
Mediterranean

:
up to Poland andthe Berlinmetropolitanarea.This is

:::::
Berlin,

:
indicative of a high moisture availability455

and optimal conditions for associated stationary deep-moist convection.During daytime(not shown), the stronglow-level

mid-dayconvergencetogetherwith integratedwatervapourvaluesof morethan40 mm led to extremeprecipitationin the

area.Thestronglow-level convergencewasfosteredby thecountercirculationsof RasmundandRasmundII. The low-level

wind convergence,crucialfor dynamictriggering,tookplaceunderthepresenceof moderateMixed-LayerCAPE(ML-CAPE)

of
:::::::::
Convective

::::::::
Available

::::::::
Potential

::::::
Energy

::::::::::
(ML-CAPE)

::
at

:::
the

::::
site

:::
was

:::::::::
moderate,

::
of approx. 250 J kg� 1 andno

:::
with

:
Convective460

Inhibition (CIN) . This was
:::
was

::
to

:::::
zero,

::
as

:
shown by theradio soundingdeployedin Lindenberg, nearBerlin,

:::::::::
Lindenberg

:::::
station

::::::
(black

:::
dot

::
in

::
3)

:
at 06 UTC 29 June2017(seeFig. S2)

:::::
2017.

:::
The

::::::::
triggering

::::::::::
mechanism

:::
was

::
a

::::::::
low-level

::::::::::
convergence

:::
line

:::::::
fostered

:::
by

::
the

:::::::
counter

::::::::::
circulations

::
of

::::::::
Rasmund

:::
and

::::::::
Rasmund

::
II

:::
over

:::::::
eastern

::::::::
Germany

:::
(Fig.

:::
3),

::::::::::::::::::
(Gebauer et al., 2017).

::::
The

:::::::::::
encountering

::::::::::
circulations

:::
also

::::::::
imposed

:
a

:::::
weak

::::::::
southerly

::::
�ow

::::
atop

::::
with

::::::::
10 m s� 1

::
at

::::::
500 hPa

::::
(not

:::::::
shown)

:::
and

:::
less

::::
than

::
5

::
m

:::
s� 1

::
at

:::::::
850 hPa

::::::
(black

::::::
arrows

::
in

:::
Fig.

::::
3b).

::::
The

::::
weak

:::::::::::::::
mid-tropospheric465

::::
�ow

:::
was

::::::::::
responsible

:::
for

::
the

:::::
slow

:::::::::::
displacement

::
of

:::
the

:::::::::
convective

:::::::
systems.

:

a) 500hPageopotentialheight(dam;colour)andwind speed(m s� 1) togetherwith sealevel pressure(hPa;contours)and

b) 850hPaequivalentpotentialtemperature(� e) andwind speedon 29 June,201706 UTCfrom theECMWF analysis.The

blackdotdenotesthecity of Berlin.

Thediurnaldevelopmentof low-levelmoisturewasadditionallyinvestigatedby meansof ahigh-resolutionWRFsimulation470

:::::
Values

:::
of

::::::::::
Precipitable

:::::
Water

:::::::
Vapour

::::::
(PWV)

:::
up

::
to

::::::
40 mm

::::
were

:::::::::
measured

::
at

:::
the

::::::::::
Lindenberg

::::::
station,

::::
near

::::::
Berlin

::::
(Fig.

::::
S1)

::
at

:::::::::
11:30 UTC,

::::
and

:
it
::
is

::::::::
probable

:::
that

:::::
water

::::::
vapour

:::::::
mixing

:::::
ratios

::
of

:::::
more

::::
than

:::
6.5

:
g

:::::
kg� 1

::::
were

:::::::
present

::
at

::::
2500

::
m

::::::
above

::::::
ground

::::
level

::::
over

:::::
Berlin

::
3

:
h
:::::
prior

::
to

:::::::::::
precipitation

::::::::
initiation.

::::
This

::::
was

:::::
shown

:::
by

:::::
WRF

::::::
1.5 km

::::::::::
simulations (Sect. 2.3.1). Fig. 4 shows

thetime-heightcross-sectionof watervapourmixing ratio (a)andrain watermixing ratio (b), for a
:::::::
covering

:::
the

::::::
greater

::::::
Berlin

:::
area

:::::
(Fig.

::
1).

::::
For

:
a
:::::::
selected

:
grid point located northwest ofthecity of Berlin (black dot in Fig.??), wherethe largestsevere475

precipitationoccurred.TheWRFmodelsimulateshigh
:::
3.a)

:::::
WRF

::::::::
simulates water vapour mixing ratios of more than 13 g kg� 1

in the lowest 100 m above ground between 10 UTC and 19 UTC together with a strong low- to mid-level jet evolving after

13 UTC (Fig. 4a). This low-level jet is probably induced by the temperature gradient between the colder and drier air masses

in southwest Germany and the warm and moist air masses over northeastern Germany (Fig.??a, Fig. S1).Thesefactorsled

to a strongerpressuregradientandthushigherwind speeds.Theprecipitablewatercontentover theperiodof interestvaries480

between40 mmand44 mm,which is in accordancewith thevaluesderivedfrom theLindenbergsounding(Fig. S2).The
:::
3b).

:::
The

:
simulated rain water mixing ratiosarevery high,exceeding

:::::::
exceeded

:
3.5 g kg� 1 (Fig. 4b), potentially indicating a warm-

rain type precipitation event (e.g. Song and Sohn, 2018) which is associated with a strong downdraft of� 5 m s� 1 (Fig.S3of

thesupplementarymaterial
::
S2).

Time-heightcrosssectionof (a) watervapourmixing ratio (g kg� 1) and(b) rain watermixing ratio (g kg� 1) at grid point485

13.2°E and52.85°N (closeto themaximumheavyprecipitationlocation,nearblackdot in Fig. ??) simulatedby theWRF

model.Thedisplayedperiodis 00 UTCuntil 23:45 UTCon 29 June2017.Arrows denotethehorizontalwind speed(m s� 1,

seelower right of theplots for a lengthindicating25 m s� 1) anddirectionat thedifferentaltitudes.Altitude is aboveground

level (AGL).
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4.2 Lagrangian moisture sourceanalysis490

To analysethe origin of the atmosphericmoisturethat led to the largeprecipitationamountsduring the event,we calculate

Lagrangianbackwardtrajectoriesfollowing Sodemann et al. (2008). We calculatetrajectoriesbasedon ERA5 reanalysisdata

(Hersbach et al., 2020), in amid-Europeanregionaroundthecenterof maximumprecipitation(redbox in Fig. 9).Westartthe

trajectoriesfrom 1000hPato 200hPain stepsof 50 hPafor everyhourof 29 June 2017,with a horizontalgrid spacing80 km

andgoingback240h in time.Fromall trajectories,weselectedthosethathavearelativehumidityof at least80 %in thetarget495

boxandfor whichthespeci�c humiditydecreasesduringthelasttimestep(precipitation)(Sodemann et al., 2008; Grams et al., 2014)

. Along eachselectedtrajectory(4,080out of 15,074in total), moistureuptakehasbeencomputedbasedon hourly speci�c

humidity increasesin the planetaryboundarylayer associatedwith evapotranspirationfrom the surface.The boundarylayer

height is availableas a diagnosticmodel variable in the ERA5 data set and, again following Sodemann et al. (2008), is

multipliedby afactorof 1.5to accountfor potentialuncertaintiesin thisdiagnosticestimate.Theseuptakeshavebeenweighted500

accordingto theircontributionto theprecipitation(moistureloss)atthetargetlocation,takinginto accountthatearliermoisture

uptakemaycontributelessdueto precipitationlosson their way to thetargetregion.With this approach,about49.8 %of the

precipitatingmoisturefor thedayof 29 Junecanbetracedbackto its moisturesource.

4.2 Observedlightning activity and accumulatedprecipitation

To betterunderstandthe temporalevolution of the convectivedevelopment,the spatialdistribution of lightning strikes in505

northeasternGermanyis presented(Fig. 4.2a).The combinationof low-level wind convergenceassociatedwith the surface

lows andthe warm andmoist air massestransportedinto the region(Fig.??) favouredthunderstorm
:::::::::::
Thunderstorm

:
activity

in the border region between northeastern Germany and Poland. Already
:::
was

::::::
already

::::::
active in the morninghoursstarting at

5 UTC, an initial
::::::
shaping

:::
up

:
a
:
convective line moving westward from Poland towards the city of Berlinproduced,

:::::::::
producing

::
the

:
�rst cloud-to-ground lightningalongtheborder(Fig. 4.2a). The system strengthened and hit Berlin mainly between 9 and510

10 UTC. Afterwards, the system weakened and moved only slightly further west due to weak upper-level �ow.It
:::
The

:::::::::
convective

:::
line

:
remained relatively stationary over the greater Berlin area and west of it until noon (Fig. 4.2a). Upstream of the system,

a second thunderstorm line followed, crossing the border between Poland and Germany between 14 and 15 UTC. In the late

afternoon, the direction of the convective cells changed and they were transported northwardwith theweakupper-level�ow.

In theeveningof 29 June2017,
:::::::
affecting Mecklenburg-WesternPomeraniawasparticularlyaffected,aswell as

::
and

:
the Baltic515

Sea
::::
after

:::::::
18 UTC.

(a) Cloud-to-groundstrokesfrom theEUCLID dataset,colour-codedaccordingto the time of occurrencefrom 5 UTC on

29 June2017to 0 UTC on thefollowing dayand(b) 24-hourprecipitationtotals(mm) duringthestudyperiod(29 June2017

06 UTCto 30 June201706 UTC)from REGNIE.

Dueto a
:::
Due

:::
to

::
the

:
weak upper-level �ow (Fig.??

:
3a), the thunderstorms were associated with low propagation speeds lead-520

ing to high local rain rates. Figure 4.2b shows daily precipitation totals with values up to 200 mm. The convectively enhanced

precipitationtotalsfell mainly in the course of 12 hours in the German states of Brandenburg (BB), Berlin (BE), and south-
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ern Mecklenburg-Western Pommerania (MV). Very high values above 100 mm were recorded in and northwest of the city of

Berlin as well as in an area between Ludwigslust (MV) and Perleberg (BB). For example, Berlin-Tegel (BE) recorded 24-hour

precipitation of 196.9 mm, while Zeesen (BB) registered 149.9 mm (Fig. 4.2b and TableS1
::
S1)

:
in the supplementary material).525

In many places, more precipitation was measured within 24 hours than the climatological mean for the whole month of June

(Wandel, 2017).In thefollowing, weassesstheimpactthatthisextremeatmosphericsituationhadoninfrastructureandprivate

households.

4.2 Impacts during the 29June2017case

Theextremeprecipitationeventon
::::::
unusual

::::::::::
precipitation

:::::
totals

:::::
made

:::
the

:
29

::::
June

::::
2017

:::::
HPE

:::
one

::
of

:::
the

:::::
most

:::::::
extreme

:::::
event

::
in530

::
the

::::::::::
climatology

:::
of

:::
the

::::::
greater

:::::
Berlin

::::
area.

::::::
Based

::
on

:::
the

::::
PSI

::::::
method

:::::
(Sect.

::::
3.1;

:::::::::::::::::::::::::::::::::::::
Caldas-Alvarez et al., 2021; Piper et al., 2016

:
),

::
the

:::
29

::::
June

::::
2017

:::::
event

::::::
around

::::::
Berlin

:::
was

:::
the

::::
29th

::::
most

::::::
severe

::::
event

::
in

:::
the

:::::::::
1951-2021

::::::
period

::::
(Fig.

:::
6).

::::
This

:::::
event

::::::
showed

:
a
::::
PSI

::::
value

::::::
(1.71),

::::
well

:::::
above

:::
the

::::::::::::
99th-percentile

::
of

:::
the

::::::::::
climatology

:::::::::
indicating

::
an

:::::::
extreme

:::::
event.

:::
The

::::
PSI

::::::::
quanti�es

:::
the

::::::
severity

::
of

:::
an

::::
event

::::::::::
considering

:::::::::
grid-point

::::::::::
precipitation

::::::::
intensity,

::::::
surface

:::
of

:::::::
affected

:::
area

::::
and

::::::::::
persistence.

:::
The

:::::::::::
29 June 2017

:::::
HPE

::::::
showed

::
a

:::
PSI

:::::
value

:::
2.3 and30

::
1.8

:::::
times

:::::
larger

::::
than

:::
the

:::
29 June

::::
2005

:::::
event

::
in

::::::::
Hersbruch

::::
and

::::::
Lohmar

:::::
(Tab.

::
1;

::::::
number

::
2

::
in

:::::
Fig. 6)

::::
and

:::
the535

::::::
29 July

::::
2014

:::::
event

::
in

::::::::
Muenster

:::
and

::::::
Greven

:::::
(Tab.

::
1;

::::::
number

::
6

::
in

::::::
Fig. 6),

::::::::::
respectively.

::::
The

:::::::::
26 August

::::
2010

:::::
event

::
in

::::::::::
Osnabrueck

::::
(Tab.

::
1;

:::::::
number

:
5

::
in

::::::
Fig. 6)

::
is

:::
the

::::
only

:::::
event

::
of

::::
those

::::::::
assessed

::
in

:::
the

::::::::
household

:::::::
surveys

::::
with

:
a
::::::
similar

:::::::::::::
meteorological

:::::::
severity

:::
and

:
a
:::::::
similar

:::::
extent

::
of

::::
the

:::::::
damages

:::::
(C90

:::::
Mill.)

:::::::
caused.

:::::::::
Compared

::
to

:::::
other

::::::
events,

:::
the

:::::
2002

:::::
event

::
in

::::::
Saxony

::::::::
(number

::
1

::
in

:::::
Fig. 6)

:::::::
showed

:::
the

::::
most

::::::
similar

:::::::::::::
meteorological

:::::::
severity.

::::
The

::::
Ahr

:::::::
�ooding

::
in

:::::::::
July-2021

:::::::
(number

::
9

::
in

:::::
Fig. 6)

::::
had

:
a
::::
PSI

:::::
value

:::
2.1

::::
lower

::::
than

:::
the

:::::::
29 June 2017heavilyimpactedthemetropolitanareaBerlin-Brandenburg(� 4.5

:::
HPE

::::
due

::
to

:::
the

::::::
weaker

::::
grid540

::::
point

::::::::
intensity

::::
(131Mio. inhabitants). In total, theeventcausedC60

:::
mm

::::::::
compared

::
to

:::::
196.9Mio. in insuredpropertyloss(in

2019prices)
::::
mm)

::::
and,

:::::::::
especially,

::
to

:::
the

::::
lack

::
of

::::::::::
observations

::::
over

:::::::
affected

:::::
areas

::
in

:::::::
Belgium

::::
and

:::
the

::::::::::
Netherlands

::
in

::::::::
REGNIE.

:

:::
The

:::::::::
convective

::::::
activity

::::
and

::::::
number

::
of

::::
cells

::::::::
triggered

::::
were

::::
also

:::::::::
top-ranked

::::::::
compared

::
to

:::::
other

::::::::
historical

:::::
cases.

::::::::::::
Implementing

:
a

:::::::::
lagrangian

:::
cell

::::::::
tracking

::::::::
algorithm

:::::
(Sect.

::::
3.2)

:::::
using

:::::
5 min,

:::::
1 km

:::::
radar

::::
data

::::
(YW

:::::::::::
RADKLIM),

:::
for

:::
the

::::::
period

::::
2001

:::
to

:::::
2020,

::
we

::::::
found

::::
that

:::
the

::::
only

:::::
event

::::
with

:::::
more

:::::
cells

::::::::
triggered

::::
than

:::
the

:::::::::::
29 June 2017

:::::
HPE

::::
was

:::
the

:::::::
Saxony

:::::::::::::
12 August 2002

:::::
event545

::::::::::::::::::
(Kreibich et al., 2007).

::::
Also

::::::::::
outstanding

::::
with

:::::
regard

::
to

:::
the

:::::::
number

::
of

:::::::::
convective

::::
cells

:::::::
triggered

:::::
were

::
the

::::::
events

::
on

:::::::::::
21 June 2007,

mostof whichoccurredin Berlin
::::::::::
22 July 2007 andBrandenburg(GDV, 2018). Thismakesit the

:::::
12 July

:::::
2018,

::::::
where

:::::::
�ooding

:::
was

::::::::
reported

:::
for

:::::::
northern

::::::::
Bavaria,

::::
west

::::
and

:::::::::
south-west

:::::::::
Germany

:::
and

:::::::
Berlin,

::::::::::
respectively

:::::::::::::::::::::
(e.g., Kaiser et al., 2021)

:
.

::::
The

:::::
former

::::
two

::::::
events

:::::::
showed

::
a

:::::
strong

:::::::::::::
meteorological

::::::::
severity,

::::
with

::
a

:::
PSI

:::
in

:::
the

:::::::::::::
99th-percentile

::
of

:::
the

:::::::::::
climatology

:::
and

::::
the

::::
latter

:::::::
showed

:
a
::::::::
moderate

:::::::
severity

::::
with

::
a

:::
PSI

:::::
close

::
to

::::
0.6.

:::::
Figure

::
7

::::
also

:::::
shows

:::
the

:::::::
inverse

::::::::::
relationship

:::::::
between

:::
the

:::::
length

:::
of550

::
the

::::::
tracks

:::
and

::::
their

:::::::
number,

::::
i.e.,

:::
the

:::::
larger

:::
the

::::::
number

:::
of

::::
cells

::::::::
triggered,

:::
the

::::::
shorter

::::
their

:::::
mean

::::::
length.

:::::::
Impacts

::::
and

::::::::
monetary

::::::
losses

::::::
Insured

:::::
losses

:::
in

:::
the

::::::::::::::::
Berlin-Brandenburg

::::
area

:::::::::
amounted

::
to

::::::::
C60 Mio.

::::::::::::
(GDV, 2018)

::::::
making

:::
the

:::
29

::::
June

:::::
2017

::::
HPE

:::
the

:
most

damaging extremeprecipitationevent in Berlin andtheOberhaveldistrict,Brandenburg,
::::::::::
Brandenburg

:
in the period 2002-2017555

, for which insurance data provide coverage. Insurance data of the GDVshow
::::::
showed that 1.8 % of the buildings in Berlin
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incurred damages during the event, with an average loss ofC6,830. The Oberhavel district was more heavily affected, with

5.3 % of the buildings damaged and an average loss ofC10,550 (GDV, 2021). In Berlin, the long-lasting rainfall overloaded the

sewer system, resulting in widespread inundation that caused disruption of traf�c (i.e., blocked roads), �ooded basements and

underground stations, as well as intangible consequences including restrictions in daily routine and mental discomfort (GDV,560

2018; Berghäuser et al., 2021). The high number of rainfall-related missions on these two days forced the Berlin �re brigade

to declare an `exceptional weather situation status' (Kox and Lüder, 2021). The small municipality of Leegebruch (� 6,800

inhabitants, located 40 km north of Berlin in the Oberhavel district) was even more severely affected due to its location in

a topographical depression and a typically high groundwater table. The resulting inundation cut off the settlement from its

surroundings, affected 40 % of the municipality, and persisted for several weeks (GDV, 2018).565

Table 1. Pluvial �ooding events where surveys were conducted at affected households. Five events were surveyed at seven locations. The

start and end dates, the affected area, the maximum daily precipitation, and the affected population are obtained from the CatRaRe database

(Sec.??
:
2), based on RADKLIM precipitation data. The overall losses within the municipality (*) are from GDV (2020) and refer to insured

losses, while loss values with a (**) are from Hydrotec et al. (2008) and refer to total losses (non-insured and insured losses). Losses are

referred to constant 2019 prices. Note that Hersbruck was hit by two events in close succession, which are listed separately.

City Date Start Date End Aff. Area Max. Prec. Population Losses Surveys

yyyy-mm-dd yyyy-mm-dd km2 mm 103 people Mio.C

Berlin 2017-06-29 10:50 2017-06-30 10:50 31,661.4 161.9 6,529
60 (*)

28

Leegebruch 2017-06-29 10:50 2017-06-30 10:50 88

Muenster 2014-07-28 13:50 2014-07-28 22:50
1,117.3 175.8 594 330 (*)

447

Greven 2014-07-28 13:50 2014-07-28 22:50 63

Osnabrueck 2010-08-26 04:50 2010-08-27 04:50 13,426.9 163.9 4,975 90 (*) 100

Hersbruck 2005-06-29 05:50 2005-06-29 07:50
53.6

42.8 20 4 (**) 111

Hersbruck 2005-06-29 20:50 2005-06-29 22:50 39.8 19

Lohmar 2005-06-29 00:50 2005-06-30 00:50 2,669.7 100.9 2,571 3.5 (**) 62

Table 1 compares the meteorological severity, the impacts and the number of surveyed households between theBerlin-Leegebruch-2017

::
29

::::
June

:::::
2017

::::
HPE

::
in

::::::
Berlin

::::
and

::::::::::
Leegebruch event and the events in Muenster and Greven (impactedin 2014), Osnabrueck

(impactedin 2010) and Hersbruck and Lohmar (bothimpactedin 2005). The meteorological indicators(derivedfrom CatRaRe)

show that the Berlin-Leegebruch-2017 event was characterised by its large spatial extent(31,661km2) and long rainfall du-

ration(approx.24 hours).
:
. As shown in Sect.??

:::
4.1, the long rainfall duration was caused by the slow propagation of the570

convective system given the weak mid-tropospheric winds. The maximum accumulated precipitation in Berlin, shownin

:
(Table 1, )

:
somewhat differs from the REGNIE observations (Fig. 4.2b) since the values of CatRaRe are based on the RAD-

KLIM RW 1-hour product that uses a different gridding method and data source.Theothereventsaffectedconsiderablysmaller

areasand,in thecaseof Muenster-Greven-2014andHersbruck-2005,persistedfor ashorterperiod.Themaximumprecipitation

depthin Berlin-Leegebruch-2017wasexceededby theeventsin Muenster-Greven-2014andOsnabrueck-2010.Theaggregated575
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eventloss in Berlin-Leegebruch-2017was lower than the lossescausedby the extremerainfalls in Muenster-Greven-2014

and Osnabrueck-2010,althoughthe Berlin-Leegebruch-2017event affectedthe largestnumberof people.The eventsin

Hersbruck-2005andLohmar-2005exhibitedlessintenserainfall andsubstantiallysmallerlosses.

Figure 8 allows for a more detailed view of the impacts and related mechanisms by looking at the
::::::::::
distributions

::
of

:
sur-

veyed �ood indicators and monetary losses at a household level. The�gure panelsshowthe distributionsof the inundation580

depthin the basement,the inundationdurationandthe building lossesthat werereportedby privatehouseholdsaffectedby

therespectivepluvial �ood events.Thehighestbasementinundationdepthsoccurredin Muenster-2014andHersbruck-2005.

In Leegebruch-2017and Berlin-2017,
:::::
results

::::::
reveal

:::
that

:
basements were inundated less severely

:
in

:::::::::::::::
Leegebruch-2017

::::
and

::::::::::
Berlin-2017 than in the other events.The

::::::
Further,

:::
the inundation durations in Berlin-2017(medianof 72hours)and Leegebruch-

2017 (median:92 hours)exceed the inundation durations of the other eventsconsiderably,which do not exceed24 hours585

(Fig. 8b; notethe log-scale)..
:
Monetary losses to buildings were particularly large in Leegebruch-2017, Muenster-2014 and

Osnabrueck-2010, where approximately 75 % of the surveyed households reported a loss ofC1000
::::::
C1,000

:
and more. In

addition,building lossexceededC9,999in morethan25 %of thecasesandthelargestlosscategoryis relativelyabundant.In

Leegebruch-2017
:
, almost half of the surveyed households suffered building loss in the largest two categories (� C10,000).

In summary,theBerlin-Brandenburg-2017wasvery extremewith respectto precipitationand�ood duration,largespatial590

extentandextraordinarymonetarylosses.Thejoint evaluationof theCatRaREandsurveydatarevealsnouniform
:::::::::
Altogether,

:
a

::::
clear

:
relationship between precipitation indices (intensity, duration, extent) and resulting losses across the group of study

cases. In contrast
::::
could

:::
not

:::
be

:::::
found.

:::::::
Instead, �ood characteristics at the affected buildings (inundation depth and duration)

can explain much (although not all) of the incurred losses. Ultimately, �ooding in urban areas is a complex process that depends

not only on the meteorological nature of an event but also on the local characteristics of the terrain de�ned by topography, land595

use, sewer system capacity and operability,
:

and hydro-geology, as well as on socioeconomic conditions such as settlement

structure, building codes and private risk-mitigation.

4.2
::::::::::
Lagrangian

::::::::
moisture

::::::::::
trajectories

4.3 Probability of exceedanceand severity

In this sectionwe quantify thereturnperiodsandseverityfor this event.
:
A

::::::::::
suf�ciently

:::::
moist

::::::::::
environment

::
is

::::::
needed

:::
for

:::::
deep600

::::
moist

::::::::::
convection

::
to

::::::
develop

:::::::::::::::::::::::::::::
(Markowski and Richardson, 2010)

:
.
::::::
Section

:::
4.1

:::::::
showed

::::
how

:
a
::::
very

:::::
moist

::::::::::
atmosphere

::::
with

:::
up

::
to

:::::
40 mm

:::
of

::::::::::
Precipitable

:::::
Water

::::::
Vapour

:::::::::::::
preconditioned

:::
the

:::::::
initiation

::
of

::::::::::
convection

::
in

:::
the

::::::
greater

:::::
Berlin

::::
area.

:::::
Now

:::
the

:::::::
question

::
is

:::::
where

:::
did

:::
the

:::::::::::
precipitating

:::::::
moisture

:::::::::
originate.

::
To

::::
this

:::
end

:::
we

:::
use

::::::::::
Lagrangian

::::::::
backward

::::::::::
trajectories

:::::
based

:::
on

:::::
hourly

:::::::
ERA-5

:::
data

:::::
(Sect.

:::::
4.2).

4.2.1 Probability of exceedance(return periods)605

WeestimatereturnperiodsusingtheGumbeldistribution(Eq. 2)
:::
We

:::::
found

:::
that

::::
land

::::::
masses

::::
were

:::
the

:::::
main

::::::
sources

::
of

::::::::
moisture

::::::
uptake.

:::
Out

:::
of

:::
the

::::::
selected

:::
15,theGEV distribution(Eq

:::
074

:::::::::
trajectories

::::::::
ful�lling

:::
the

:::::::
selection

:::::::
criteria,

::::::
82.9 %

:::::::::
originated

::::
over

22



:::
land

::::::
areas,

:::::::
whereas

:::::
only

::::::
17.1 %

::
of

::::
the

::::::::::
precipitating

::::::::
moisture

::::::::::
evaporated

::::
over

:::
the

::::::::::
ocean.With

::::
this

:::::::
method,

:::::
about

:::::::
49.8 %

::
of

:::
the

:::::::::::
precipitating

::::::::
moisture

:::
for

:::
the

::::
day

::
of

:::
29

:::::
June

:::::
could

:::
be

::::::
traced

::::
back

:::
to

::
its

::::::::
moisture

:::::::
source.

::::
The

::::::
eastern

:::::::::
European

:::::
region

:::::::
(around

:::::
10� E

::
to

:::::
32� E

::::
and

:::::
37� N

::
to

::::::
60� N)

::::
was

:::
by

:::
far

:::
the

:::::
main

::::::
source

::
of

::::::::
moisture

::::::
uptake

::::::::
(63.0 %).

::::::::::::
Additionally,610

::
the

::::::::
moisture

::::::
uptake

:::
in

:::
this

::::::
region

::::
was

::::::::
relatively

::::::
evenly

::::::::::
distributed,

:::::::
ranging

:::::
from

::::::
Poland

::::
(east

:::
of

:::
the

:::::::::::
precipitation

::::::
event)

::::::
towards

:::::::
Croatia

:::
and

:::::
Italy,

::::
with

:
a
:::::::::
maximum

:::::::
moisture

::::::
uptake

:::
of

::::
about

::::
4.6

:::
mm

:::
per

::::::
single

:::
grid

:::::
point

::::
(Fig.1)appliedto spatially

averageddata and a duration-dependentGEV (Eq.
:::
9).

:::::
Other,

::::
but

::::
less

:::::::::
important,

::::
land

::::::::
moisture

:::::::
sources

::::
were

::::
the

:::::::
western

::::::::
European

:::::
region

:::::::
(around

::::::
12� W

::
to

:::::
10� E

::::
and

:::::
37� N

::
to

:::::::
60� N),

::::
with

:
a
:::::::::::

contribution
::
of

:::::
13.93; seeSect.

::
%,

::::
and

:::
the

::::::::
northern

::::::
African

::::::
region

:::::::
(around

:::::
20� W

::
to

:::::
32� E

::::
and

:::::
20� N

::
to

::::::
37� N),

:::::
with

:
a

::::::::::
contribution

:::
of

:::
5.9??)

::
%.

::::
The

::::::
oceanic

::::::::
moisture

:::::::
sources615

::::
were

::::::::
primarily

:::
the

::::::::::::
Mediterranean

::::
Sea

::::::::
(11.9 %)

:::
and

:::::::
Atlantic

::::::
Ocean

:::::::
(4.6 %),

:::
but

:::::
these

::::::
played

::
a

:::::
minor

::::
role

::::::::
compared

:::
to

:::
the

:::::::
moisture

::::::
uptake

::::
over

::::
land.

::
A

::::::::
similarly

:::::::::
important

:::
role

::
of

::::::::
moisture

::::::::
recycling

::::
from

::::
land

:::::::
sources

:::
has

:::::
been

:::::
found

:::::::::
previously

:::
for

::
an

:::::::
extreme

:::::::::::
precipitation

::::
event

:::
in

::::::
eastern

::::::
Europe

::
in

:::::
May

::::
2010

::::::::::::::::::::
(Winschall et al., 2014)

:::
and

:::
for

:::
the

::::::
central

::::::::
European

::::::
�oods

::
in

::::
June

::::
2013

:::::::::::::::::::::::::::::::::::
(Grams et al., 2014; Kelemen et al., 2016).

::
In

::::
the

::::
case

::
of

:::
the

:::
29

::::
June

:::::
2017

::::
HPE

::::::
studied

:::::
here,

::::::::
moisture

::::::::
recycling

:::::
likely

::::::::
happened

::
on

::::::::
relatively

:::::
short

::::
time

::::::
scales

::
of

:::
1-2

:::::
days,

::
as

::::
June

:::::
2017

::::
was

::::::::
generally

:::
dry,

::::
but

::::::::::
northeastern

:::::
Italy,

::::::::
Slovenia,620

::::::
Austria

:::
and

:::::::::::
southeastern

::::::
Poland

::::
were

:::::::
affected

:::
by

:::::::::
convective

:::::::::::
precipitation

::
on

:::::::
28 June.

::::
The

:::::::::
moistening

::
of

:::
the

::::
soil

:::
due

::
to

:::::
prior

::::::::::
precipitation

::
is

::::
thus

:::::::::::
hypothesised

::
to

::
be

:::
an

::::::::
important

:::::::::::
precondition

:::
for

:::
the

:::::
Berlin

:::::
event.While eachapproachhasbene�ts and

shortcomings(e.g. availabledataset,computingtime ), theyall showthattheeventanalysedwasa rareevent.

The

4.3
::::
GEV

::::::
models

::::
and

::::::
return

:::::::
periods625

:::
We

::::::
provide

:::
an

::::::::
estimation

:::
on

::::
how

:::
rare

:::
the

:::
29

::::
June

:::::
2017

::::
HPE

:::
was

::::::::::
calculating

::::::::::
probabilities

::
of

::::::::::
exceedance

::
p

:::
and

:::::
return

:::::::
periods

:::
tRP :::::

�tting
:::::::::::
observations

::
of

:::::::
extreme

::::::::::
precipitation

::
to

:::::
GEV

::::::
models

:::::::::
(Sect. 3.5).

::::::
Return

:::::
values

::::::
RVRP :::::::::

(quantiles)
:::
and

:::
the

:::::::::
associated

:::::
return

::::::
periods

::::
tRP ,

::
or

:::::::
directly

:::
the

:::::::::
probability

::
of

::::::::::
exceedances

::
p,

:::
are

::::::
related

::
to

::
the

:::::
GEV

:::::::::
distribution

::
as

::::::::::::::::::::::
tRP = 1=(1 � G(RVRP ))

:::::::::::
(Coles, 2001).

::::
For

::::::::
example,

:
a

:::::::::
probability

:::
of

:::::::::
exceedance

::::::::
p= 0.01

:::
for

::::::
annual

:::
data

::::
can

::
be

::::::::::
interpreted

::
as

::
on

:::::::
average

::
1

:::::
event

::
in

::::::::
100 years

:::
rare

:::
an

::::
event

:::
has

:::::
been.

::::
This

::::::::::
information

::
is

::::
also

::::
used

::
by

::::::::::
reinsurance

:::::::::
companies

::::
and

::::::::::
hydrological

:::::::
studies.630

:::
We

::::
start

::
by

:::::::::::
estimatating

:::::
return

:::::::
periods

:::::
using

:::
the Gumbel distribution (Eq. 2)is usedto estimateexceedanceprobabilities

andassociatedreturnperiodsper grid-point (1� 1 km2) for 24-hour precipitation totals in Germany based on a 70 year time

series (REGNIE; Fig. 10). The results show return periods of more than 200 years between Ludwigslust (MV), Perleberg (BB)

and Berlin; covering a total area of 8.729 km2. Past work has shown how estimated return periods that are much longer than

the observational record exhibit large uncertainty (Makkonen, 2006; Grieser et al., 2007). This is why we truncate all return635

periods above 200 years (Fig. 10), acknowledging that the 70 year observational record might be too short to provide accurate

values for such long return periods.

The second approach, consisting of �tting a GEV distribution to spatial averages of different size also showed very large

return periods, however decreasing with increasing size of the considered areas. The rationale behind this analysis is that return

periods at individual grid points may not best-characterise the event and its associated impacts since an event with a very640

long return period at a given site can have a small spatial extent.Sucha situationwill leadto less�ooding thananeventwith
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similar precipitationintensitieswhich is spatiallylarger.Suchspatial averaging of observations is also required for validation

of simulated return periods in climate models and assessment of the model biases (see e.g. Philip et al., 2020).

For this approach we �t a
:::::::
standard

:
GEV distribution (Eq. 1) and estimate return periods of the yearly block maxima of

REGNIE precipitation data from 1951 to 2020, spatially averaged over three boxes of different size (brown, grey, and pink645

boxes in Fig. 10 and TableS2
::
S2 in the supplementary material). The results show that the return period of the event decreases

with increasing box size. At the �nest analysed scale (340km2; pink polygon
::
in

:::
Fig.

:::
10), the extreme event has a return period

of over 420 years, which decreases to 75 years for the largest area (11,100km2; brown polygon) dueto theregionalscaleof

thisextremeevent
::
in

::::
Fig.

:::
10). Compared to other historical events, theprecipitationof

::
29

:
June 2017

::::
HPE

:
was the most extreme

observedeventin the time series when considering the smallest analysed region, however, an event with a larger spatially-650

averaged precipitation sum and thus a larger return period was detected on 8 August 1978 in the two larger areas (grey and

brown boxes). In the supplementary material, the return period of the
::
29

::::
June 2017event

::::
HPE is compared to the July 2021

heavy rainfall event impacting Western Europe.

One useful approach to reduce uncertainty in the estimation of return periods from temporally short observational records is

using different accumulation durations between 1 hour and 3 days (Eq. 3), however at the expense of more demanding comput-655

ing power. Thed-GEV model (Eq. 3) is applied to grid point intensity from RADKLIM RW (2001 – 2020; Fig. 11a). For this

dataset, the estimatedd-GEV shape parameter� has a median value of 0.24. Accumulations (durationd) of one day showed

very high return periods (> 800 years) for seven grid points in north-western Berlin. Over this area, most grid points showed

return periods between 50 and 200 years. The small grid box size of 1 km� 1 km could explain the very high return periods

in cases of statistical outliers. On shorter time scales of 8 hours and 1 hour, north-western Berlin shows lower return periods,660

between 10 and 100 years for the two former temporal aggregations and between 2 and 10 for the latter (Fig. 11.a). The short

time range of historical RADKLIM data (20 years), however, limits the reliability of these spatially resolved return period

estimates.

To overcome the short time span of the RADKLIM dataset, we implement a duration-dependent GEV model (Eq. 3) on

DWD ground station data at Berlin-Tempelhof (Fig. 1). The return levels (quantiles) for any exceedance probability and time665

scale (durationd) are presented in Intensity-Duration-Frequency (IDF) curves (Fig. 11). This station was chosen because data

records are longer than the RADKLIM data. 10-minute aggregations span 1995 to 2020 and daily aggregations cover the period

1948 to 2020. The longer time series lead to shorter and—due to the reduced uncertainty—potentially more plausible return

periods. The analysis shows return periods of 100 years for durations above than 10 hours, 114 years for daily aggregations.

However, con�dence intervals in the IDF curves also remain large (Fig. 11b).670

All used approaches highlight that the analysed event was rare, with return periods longer than 100 years in the Berlin area.

The ef�cient use of information from the observation data (accumulation periods from 10 minutes to 3 days) lead to more

plausible return period estimation from thed-GEV model, compared to Gumbel using daily accumulations. However, long

data records with high measurement frequency and enough computing resources are not always available, in which case a

non-duration-dependent model using daily data could be a better choice. Finally, including a climate change signal into the675
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d-GEV estimation (Ganguli and Coulibaly, 2017) could improve the results, since the assumption of a non-changing climate

leads to over-estimated return periods for events that become more likely with climate change.

4.3.1 Severity

In additionto the estimationof returnperiods,we assesshow extremethe 29 June 2017eventwasin termsof severity.We

usethePrecipitationSeverityIndex(PSI;Caldas-Alvarez et al., 2022) to detectextremeprecipitationeventsaccordingto three680

different but complementarycharacteristicsof heavyprecipitation:intensity, spatialextentand persistence.The PSI in its

currentform is an adaptationof the StormSeverityIndex (SSI; Leckebusch et al., 2008; Pinto et al., 2012) andis a unitless

index that indicatesthe degreeof daily precipitationseveritywith respectto a predeterminedclimatological threshold(in

our casethe 80th percentile).LargePSI valuesrepresenthigh intensity,geographicallyextensiveandtemporallypersistent

precipitationevents.685

Temporalevolution of the PSI (blue bars).The resultsare basedon REGNIE daily precipitationobservationsbetween

January1951andSeptember2021.The 99-percentileand90-percentileof daily PSI valuesare representedby the dashed

bluehorizontallines.Numberedcircleshighlight nineeventsanalysedin Table 1or in Fig. 7aswell asotherhistoricalevents.

Theseare(1) theSaxony�oodings on the12 August2002;(2) the29 June2005event,affectingHersbruchandLohmar;(3)

the21 June 2007andthe(4) 22 July 2007eventsaffectingGermanyin its totality; (5) the26 August2010eventin Osnabrueck;690

(6) the29 July2014eventin MuensterandGreven;(7) the29 June2017event(red); (8) the12 July 2018causing�ooding in

Berlin; and(9) theAhr �ooding on14 July2021.

Figure6 showsthetemporalevolutionof daily PSIvaluesbetweenJanuary 1951andSeptember 2021from daily REGNIE

observations.The PSI valuesof 9 historicaleventsfrom Tab. 1andFig. 7 areshown.The PSI analysisshowsthat, in terms

of meteorologicalseverity,the 29 June2017eventaroundBerlin was the 29th mostsevereeventin the 1951-2021period,695

well abovethe99th -percentileof theclimatology(Fig6). Theseverityof the29 June2017casewasfound to be2.3 and1.8

timeslarger thanthe 29 June2005eventin HersbruchandLohmar(Tab.1; number2 in Fig. 6) andthe 29 July2014event

in MuensterandGreven(Tab.1; number6 in Tab. 1),respectively.The26 August2010eventin Osnabrueck(Tab.1; number

5 in Fig. 6) is the only eventof thoseassessedin the householdsurveyswith a similar meteorologicalseverityanda similar

extentof thecauseddamages(C90 Mio.; Tab. 1).Comparedto otherevents,the2002eventin Saxonycausinglarge�ooding700

(number1 in Fig. 6)showedthemostsimilar meteorologicalseverity.TheAhr �ooding in July-2021(number7 in Fig. 6)had

aPSIvalue2.1lower thanthe29 June2017eventdueto theweakergrid point intensity(131 mmcomparedto 196.9 mm)and,

especially,to thelackobservationsoveraffectedareasin BelgiumandtheNetherlandsin REGNIE.

To further classify the severityof the 29 June 2017in the climatology we implementa simple cell tracking algorithm,

originally developedfor isolatedconvection(Steinacker et al., 2000; Purr et al., 2021)on5 min,1 kmradar(YW RADKLIM),705

for theperiod2001to 2020overGermany.

Figure7 showsa scatterplot of eventsin thatperiodwherethenumberof detectedtracksis comparedto their meanlength.

Eventsaredivided into two groups,dependingon whethera prevailingwind directionandcyclonic circulationwaspresent

(red)or not (blue).Theonly eventwith morecells triggeredthan29 June 2017is the12 August 2002event,which causedthe

25



historical �oods in Saxony(Kreibich et al., 2007). Also outstandingwith regardto the numberof convectivecells triggered710

weretheeventson 21 June 2007,22 July 2007and12 July2018,where�ooding wasreportedfor northernBavaria,westand

south-westGermanyandBerlin, respectively(e.g., Kaiser et al., 2021). Theformertwo eventsshowedastrongmeteorological

severity,with aPSIin the99th-percentileof theclimatologyandthelattershowedamoderateseveritywith aPSIcloseto 0.6.

Figure7 alsoshowsthe inverserelationshipbetweenthe lengthof the tracksandtheir number,i.e., the largerthenumberof

cellstriggered,theshortertheirmeanlength.Moreover,Fig. 7 showsthata largenumberof extremeeventsin the2001to 2020715

periodbelongto theXXCCW weathertype(Bissolli and Dittmann, 2001).

Cell trackcharacteristics(meanlengthandnumberof tracks)for the researchareaBerlin andsurroundingsfor daysfrom

2001to 2020.Colour coding identi�es if dayshavebeenclassi�ed asweathertype `no prevailingwind direction,cyclonic

circulation in 950 and 500 hPaand above-averagehumidity contentof the troposphere- XXCCW' or anothertype (not

XXCCW). Arrows indicatedayswith �ooding eventsin Germany.720

4.4 Extreme
::::::::::
Conditional

:
event attribution

A full understanding of an observed extreme event requires addressing the question of how the event relates to anthropogenic

in�uences. This is particularly important with respect to climate-change communication with stakeholders and the general

public. The �eld of extremeeventattribution seeksto addresssuchquestionsby examiningwhether,and to what extent,

anthropogenicin�uencesmayhaveaffectedtheseverityand/orfrequencyof aspeci�c extreme.725

4.4.1 Conditional eventattribution

For conditional attribution, the modelling approach involves simulating an event under present-climate conditions and then re-

peating the simulation with modi�ed boundary conditions. This modi�cation consists of subtracting the vertical thermodynami-

cal climate-change signal (Lackmann, 2015; Pall et al., 2017) and is, thus, particularly amenable to high-resolution (convection-

permitting) regional-model experiments, which have many advantages for modelling extreme precipitation (Meredith et al.,730

2020, 2021; Stevens et al., 2020). The modelling approach is, in essence, an adaptation of the surrogate global-warming

method (Schär et al., 1996; Hibino et al., 2018; Kröner et al., 2017). The results presented here are based on the model simu-

lations described in Section 3.6. Analysis
:
,

:::::
where

:::
the

:::::::
analysis

:
is performed over an area of 81,520 km2 centred on the event

location.
::::
(Fig.

::::
S3). Model evaluation and technical details are found in the Supplementary Material.

(a) Vertical warmingsignaland(b) responseof eventprecipitationto warmingsignal.Thewarmingis basedon a subsetof735

17 CMIP6 models.Thex-axis in (b) showsprecipitationbinswhich aredelineatedby quantilesof theprecipitationintensity

distribution;the changesin areaandvolumerepresentthe changesassociatedwith precipitationin thesebins.Basedon the

Wilcoxan-Mann-Whitneytest,thetotal changesgivenwithin (b) areall statisticallysigni�cant with at leastp < 0:02. Shading

denotesthe95 %con�denceintervalsbasedon1,000bootstrapresamples.

The thermodynamical climate-change signal is vertically heterogeneous, with stronger warming in the mid and upper tropo-740

sphere (Fig. 12a). Based on a mean tropospheric (1,000 – 300 hPa) temperature of� 269 K and warming of 1.36 K, this implies
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an increase in saturation vapour pressure of� 10.5 % (Bolton, 1980), which exceeds the
::
7.5

::
%

:
increase in precipitable water

we �nd (7.5 %,(time average; not shown).
:::::
which

:::
we

:::
�nd

::::
over

:::
our

:::::::::::::::
eastern-Germany

:::::::
analysis

:::::
region

:::::
(Fig.

:::
S3).

:

In our present-climate simulations, we �nd a low, though statistically signi�cant (p < 0:02), increase in total precipitation

volume of 4 %. This can be better understood by analysing both changes in the precipitation distribution and physical character-745

istics of the convective system (Fig. 12b). Changes in total precipitation volume associated with a given quantile of precipitation

intensity increase as the quantiles become higher. Indeed, at the lowest intensity quantiles, the associated precipitation volumes

are found to decrease, which partly offsets the volume increases associated with the higher intensity quantiles (Fig. 12b). By

breaking the total precipitation volume into its area and depth components, it can be seen that the change in precipitation in-

tensity shows a signal very similar to that of the total precipitation volume. The spatial extent of the precipitation, meanwhile,750

decreases (-2 %) in the warmer climate, in line with the results of Wasko et al. (2016) and Armon et al. (2022). It is thus clear

that it is not changes in the spatial extent of the system, but rather higher local intensities which drive the increase in total

precipitation volume. The intensities increase for, approximately, the upper half of the precipitation distribution, peaking at a

10.4 % increase for the highest quantiles. This increase exceeds the increase in precipitable water (see above), implying that

local moisture convergence was an important factor for the most extreme intensities.755

It is worth noting that, based on the average tropospheric warming signal (see above), the intensi�cation of the highest

quantiles corresponds (almost exactly) to what would be expected from the Clausius-Clapeyron relation. Had the precipitation-

temperature scaling been computed using the lower troposphere or the 2-m temperature instead, a super Clausius-Clapeyron

increase would have been found. Currently, it is still a matter of debate as to which temperature is most appropriate to use when

computing the scaling rate (Drobinski et al., 2016; Formayer and Fritz, 2017). It is plausible that the total precipitation would760

not have shown an attributable change but that the most intense quantiles would have. This insight is also of relevance for

impact studies: the effect of climate change was found to be dependent on the spatial scale of interest. We conclude by stating

that climate change since the pre-industrial era served to increase the magnitude and, in particular, the highest precipitation

intensities of the event.

4.4.1 Roleof Aerosols765

4.5
::::::::
Sensitivity

:::
to

::::::
aerosol

:::::::
loading

:::::::
Another

::::::::
in�uence

::
of

::::::::::::
anthropogenic

:::::::::
activities,

::::::::
transport,

::::::::
industry,

::::
etc.

::
on

::::::
heavy

:::::::::::
precipitation

::
is

:::
via

:::::::::::
cloud-active

::::::::
aerosols.

:::::::
Aerosols

::::
may

:::::
affect

::::
deep

:::::::::
convection

::
in

:::::::
various

::::
ways

:::::::::::::::::::::::::::::::::
(Rosenfeld et al., 2014; Fan et al., 2015)

:::
and

::::
thus

::::
exert

:::
an

::::::::::::
anthropogenic

:::::
effect

::::::
beyond

:::
the

::::::
impact

::
of

::::::
global

::::::::
warming.

:::
For

::::::::
instance,

::
an

::::::::
increased

::::::
aerosol

:::::::
number

:::::::
reduces

::::::
droplet

:::
size

:::
by

:::::::::
increasing

:::
the

:::::::::::
condensation

::::::
nucleae

::::
and

::
the

:::::::
droplet

:::::::::::
concentration

::::::
leading

::
to

:::::::::
enhanced

::::::::::
precipitation

:::::::::::::::
(Guo et al., 2022).

:
770

The

:::
We

::::
study

:::
the

:
role of cloud-activeaerosolwithin the

::::::
aerosols

::::::
within

:::
the

::
29

::::
June

:
2017eventwasexaminedusingsimulations

::::
HPE

::::::
through

:::::::::
sensitivity

::::::::::
experiments

:
with the ICON modelshownin Fig. 13 (seeSect.??

:
at

::::
625

::
m

::::::::
resolution

:
,
:::::::::
comparing

::::
two

:::::::
scenarios

:::::
(Sect.

:::
3.7). The

:::
�rst

:::
one

:::
has

::::::
factual

::::::::::::
concentrations

::::::::::::
representative

::
of

:::
the

::
29

::::
June

:::::
2017

::::
HPE,

::::::
which

::
is

:
a

::::::::::::
comparatively

27



::::
clean

:::::::
situation

:::::::
(CLN).

:::
The

::::::
second

::::
one,

:::
has

::::::
aerosol

::::::::::::
concentrations

::::::::::::
representative

::
of

:::
the

::::::::::
peak-aerosol

:::::::::
conditions

::
in

:::
the

:::::::::
mid-1980s,775

::
or

:::::::
polluted

:::::::
scenario

:::::::
(POL).

::::
The

:
simulated distribution of precipitation is compared with RADKLIM for the period from

06 UTC 29 June 2017 to 06 UTC 30 June 2017 (Fig. 13). In order to assess the importance of aerosols for this extreme event, two

simulationsareperformedwith differentaerosolnumberconcentrations.The�rst onehasfactualconcentrationsrepresentative

of the2017event,which is a comparativelycleansituation(CLN). Thesecondone,hasaerosolconcentrationsrepresentative

of thepeak-aerosolconditionsin themid-1980s,or pollutedscenario(POL).The
:
.780

:::
The

:
results show that POL simulates anincreasein

::::::::
increased cloud number and cloud mass due to theincreased

:::::
larger

aerosol loading (not shown). This is particularlyseenin the heavyprecipitation
:::
with

::::
the

::::::::::::
corresponding

:::::
heavy

:::::::::::
precipitation

:::::::
increase.

::::
This

::
is

::::::::
especially

::
so

:::
for

:
intensities exceeding 150 mm d� 1 (Fig. 13c).Thesewouldhavebeenhigherby

::
We

:::::::::
quanti�ed

:::
this

:::::::
increase

::
in

::::::::::
probability

::
to

::
be

::
of

:
70 % in the high-aerosol conditionsasin the 1980s(

::::::::
compared

::
to

:::
the

::::::
factual

::::
case

::::::
(CLN)

:::::
during

:::
the

:::
29

::::
June

::::
2017

:::::
HPE.

::
In

::::
POL

:
4.3 % of grid pointsexceed

:::::::
exceeded

:
150 mm 24 d� 1 in the high-aerosol case compared785

to 2.3 % in the low-aerosol simulation).
:::::
(CLN).

:

5 Conclusions and outlook

HPEs
:::::::::::::::
Multi-disciplinary

:::::::
analyses

:::
are

::
a

::::::::
powerful

::::::
means

::
to

::::
gain

::::
full

::::::::::::
understanding

::
of

::::::
heavy

::::::::::
precipitation

::::::
events

:
with high

impactaregainingattentionin thescienti�c communityandthegeneralpublic.Eventssuch as theoneassessedhere,affecting

the Berlin metropolitanareain June2017,or the Ahr event in westernGermanyin July
:::
Ahr

:::::::
�ooding

::::::
events

::
in

::::::::
northern790

::::::
Europe

::
in 2021(Kreienkamp et al., 2021)areevidenceof thetremendousdamagingpotentialof thisatmosphericphenomenon.

Multidisciplinarystudies,combiningexpertisefrom differentresearch�elds areapowerfulmeansto providenovelinformation

about interconnectedaspectsof extremeprecipitation.Here we usedthe synergyof the project ClimXtreme to combine

different methodsfor
::::::::::::::::::::::::::::::::::::
(Kreienkamp et al., 2021; Mohr et al., 2022).

:::
In

::::
this

::::
work

::::
we

:::::::::::
implemented

::::::::
analytical

::::::::
methods

:::::
from

::::::
impact,

:::::::::::::
meteorological,

::::
and

::::::
climate

::::::::
sciences

:::::
using

:::::::::
state-of-art

::::::::::::
observational

:::
and

:::::::::
modelling

::::
data

::::
sets

::
to

:::::::
provide a compre-795

hensive assessment ofa selectedcasestudy,the 29 June 2017 HPE in the metropolitan area of Berlin (Germany), from the

meteorological,impactsandclimateperspectives,additionallyestimatingthecontributionof climatechangeto its extremeness.

Themainconclusionsof thestudyare:
:
.

The
:::
The

::
29

::::
June

:::::
2017 event occurred under the in�uence of a mid-tropospheric trough over western Europe (TrW pattern),

with two principal short-wave surface lows located east of the British Isles (Rasmund) and over western Poland (Rasmund II)800

between 29 and 30 June. Rasmund II induced a southwesterly �ow bringingmoistandwarm
:::::
warm

:::
and

:::::
moist

:
air (� 850

e = 306 K,

IWV = 42 mm), accompanied by moderate ML-CAPE over the Berlin area(250Jkg� 1). Low-level wind convergence along the

German-Polish bordertriggeredseveralthousandconvectivecells
::::::
initiated

::::::::::
convection,

:::::::
inducing

:::::
more

::::
than

::::::
11000

:::::::::
convective

::::
cells

:::
and

::::::::
lightning,

:
starting 5 UTC (29 June)thatdisplaced

::::::::
displacing

::::::::::
northwards slowly due to the weak tropospheric horizon-

tal winds (10 m s� 1 at 500 hPa).LagrangianbackwardtrajectoriesdeterminedthatthecontinentalregionbetweenPolandand805

northernItaly wasthemajormoisturesourcefeedingthesystemswith uptakesupto 4.6mm.Lightningactivity wasespecially

activeover this areabetween05 UTC and19 UTC (29 June),displacingtowardsthe (northern)Baltic Seaby 23 UTC.Total
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extreme precipitation amountedlocally to 196 mm in 24 h, especially impacting the Berlin area and the southern limit of the

Mecklenburg-Western Pomerania state.

The analysisof the impactsshowedthat the
:
A

:::::::
climate

:::::
index,

:::::
based

:::
on

:::::::::::
precipitation

::::::::
intensity,

::::::::
coverage,

::::
and

::::::::::
persistence,810

:::::::
classi�ed

::::
this

:::::
event

::
as

:::
the

:
29June2017casewasthecostliesteventbetween2002and2017in thegreaterBerlin area,with

C60Mill.
::
th

:::::
most

:::::
severe

:::
on

:::::
record

:::::
since

::::
1951

::
in

:::::::::
Germany.

::::
Total

:
insured losses in properties

::::::::
amounted

::
to

::::
C60

:::::
Mill. due to widespread inundation, traf�c disruptions and basement

�ooding.
:::
This

:::::
made

::::
the

::::::
29 June

:::::
2017

:::::
HPE

:::
the

:::::::
costliest

:::::
event

:::::::
between

:::::
2002

::::
and

::::
2017

:::
in

:::
the

::::::
greater

::::::
Berlin

::::
area.

:
A set of

unique surveys estimating the losses at the household level allowed us to compare the 2017 HPE in Berlin and Brandenburg815

with previous historical cases in Hersbruck and Lohmar in 2005, Osnabrueck in 2010 and Muenster in 2014. The 2017 HPE

stands out in terms of median inundation duration, which was up to 100 h,
:
; 4 to 12 times longer than the other surveyed events.

While surveyed �ood attributes (inundation depth and duration) can be linked to household losses, it is dif�cult to establish a

link between these attributes and the meteorological characteristics of the event. This is because the impact at the household

level is not only caused by the meteorological characteristics, but also by the conditions on the ground.820

In additionto theimpactsperspective,wecategorizedtheeventasextremein termsof frequencyof occurrenceandseverity

comparedto theclimatology.Basedon three
:::::::::
Lagrangian

::::::::
backward

:::::::::
trajectories

::::::::::
determined

::::
that

::::
land

::::::
masses,

:::::::
instead

::
of

:::::
water

:::::
bodies

:::::
were

::
the

:::::
main

::::::
sources

::
of

::::::::::
atmospheric

::::::::
moisture

::::::
feeding

:::
the

:::::::
systems,

::::::::::
accounting

::
for

::::::
82.9 %

::
of

:::
the

::::::::
identi�ed

:::::::::::
precipitating

:::::::
moisture.

:::
In

::::::::
particular,

:::
the

:::::::::
continental

::::::
region

:::::::
between

::::::::
southern

::::::
Poland

:::
and

:::::::
northern

::::
Italy

::::
was

:::
the

:::::
major

:::::::
moisture

:::::::
source,

::::
with

::::::
uptakes

:::
up

::
to

:::
4.6

::::
mm

::
in

::::
240

::
h.

::
It

::
is

::::::::::
hypotesised

:::
that

::::
this

::::::::
moisture

:::
was

::::::::
recycled

::::
from

:::
an

::::::
earlier

:::::
event,

:::::::::
impacting

::::::::
Slovenia,825

::::::
Austria

:::
and

::::::
Poland

:::
on

:::
the

::
28

:::::
June.

:::::
Three

:::::::
different

:
approaches using Generalized Extreme Value

:::::
(GEV)

:
models (Gumbel, standard,

:
and duration-dependent),

thiseventshowedreturnperiodslargerthan
::::::::
quanti�ed

:::
the

:::::
return

::::::
period

::
of

:::
this

:::::
event

::
to

::
be

::::
over 100 years for daily precipitation

observations,betweenthegreaterBerlin areaandthesouthernlimit of Mecklenburg-WestPommerania
:::::::::::
aggregations. For higher

temporal resolution observationsof this event, the return periods were reduced to
:::::::
intervals

::::::::
between 10to

:::
and

:
100 yearsand830

::
for

::::::
8-hour

::::::::::::
aggregations,

:::
and

::::::::
between 1to

:::
and

:
10 years foraggregationsof 8 and1 hours,respectively

:::::
1-hour

:::::::::::
aggregations.

For spatial averages over an area of
:::
the

::::
scale

:::
of

:::
the

:::::
event

::
(11,100km2

:
), return periods were of 75 years.Furthermore,

a precipitation-basedindex (PSI) classi�ed the 29
:::::
While

:::::
these

:::::::::
techniques

::::::::
provided

:
a
:::::

good
:::::::::
estimation

:::
of

:::
the

:::::::::
probability

:::
of

:::::::::
exceedence

::::
and

:::::
return

::::::
periods

:::
of

::::
such

::::::
events,

:::
our

:::::::
analysis

::::::::::
highlighted

:::
the

::::
large

::::::::::
uncertainty

::
of

::::::::
obtaining

:::::
large

:::::
return

:::::::
periods

::
(> June2017caseasthe29th mostsevereeventin the1951

:::
100

:::::
years)

:::::
from

:::::::::
temporally

:::::
'short'

::::::::
databases

:::
(< – 2021climatology.835

Thiseventwasfurtheridenti�ed asextremeby Lagrangiancell tracking,classifyingthe29 June2017caseasthesecondevent

in theperiod2001 – 2020in termsof numberof cellstriggered,only behindthehistorical2002�ooding in Saxony.
::
70

:::::
years

::
in

:::
our

:::::
case).

::
To

:::::::::
overcome

:::
this

:::::::
problem,

:::
we

:::::::::
suggested

::::
using

::::::
station

::::
data,

::::::
which

::
is

::::::
usually

:::::::
available

:::
for

::::::
longer

:::::::
periods,

:
at

::::::::
different

:::::::
temporal

:::::::::
resolutions

::::
with

::
a

::::::::::::::::
duration-dependent

:::::
GEV

::::::
model.

:::::::
Thereby

:::
we

::::
were

::::
able

::
to

:::::::
increase

:::
the

::::::
sample

::::
size

:::
and

::::::
shrink

:::
the

:::::::::
con�dence

::::::::
intervals.

:::::
Other

:::::::::
interesting

:::::::::
approaches

:::
to

::
be

:::::
tested

:::
in

::::::
further

:::::::
research

::::
are,

:::::::::
considering

::::
the

::::::
climate

::::::
change

::::::
signal840

::
for

:::::::
d-GEV

::::::::
estimation

:::::::::::::::::::::::::
(Ganguli and Coulibaly, 2017)

:
,

::
or

:::::
using

:::::
spatial

::::::
models

:::::::::::::::::::::::::::::::::::::
(Ulrich et al., 2020; Berghäuser et al., 2021)

:::
that

:::::::
combine

::::::::::
information

::::
from

::::::
several

:::::::
stations

::::
into

:::
one

:::::
model

:::::
using

::::::
spatial

:::::::::
covariates.
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The attribution experiments for this case study showed that the thermodynamic climate change signal since the pre-industrial

era caused a small, but signi�cant increase in heavy precipitation for this event. While total precipitation increased by 4 %, the

heaviest precipitation rates showed an intensi�cation of over 10 %. Moreover,aerosolsensitivityexperimentsshowedlarger845

cloud massandincreasedprobability of extremeprecipitationrates(>
:
in

::::::::
addition

::
to

:::
the

:::::::::::::::
thermodynamical

:::::
effect

::
of

:::::::
climate

::::::
change,

::::::::::::
anthropogenic

:::::::
aerosol

::::::::
emissions

:::::
could

:::::::
increase

:::
the

::::::::::
probability

::
of

:::::
heavy

:::::::::::
precipitation

:::::
rates

::::
over 150 mm d� 1 ), in a

pollutedscenariocomparedto the factualsituation
::
for

::::
this

::::
event

:::
as

:::::
shown

:::
by

::::::::::
hectometer

::::
scale

::::::
model

::::::::
sensitivity

:::::::::::
experiments

::::
with

:::::::
different

::::::
aerosol

:::::::
loadings.

The combined use of impacts, meteorological and climate methods allowed us to relate diverse aspects of heavy precipitation.850

We found, for the 29 June 2017event
::::
HPE, that large amounts of moisture from continental evaporative sources added to

the slow motion of the convective systems to cause one of the most extreme events to date. Furthermore, we related the

meteorological extremeness to the impacts for this case, provided the event's large return periods and severity and the reported

losses of up to (C60 Mill.). This relationship, however, should not be understood trivially, since precipitation severity is a

necessary but not suf�cient condition for high precipitation damages. For the 29 June 2017 event, the state of the ground855

conditions, i.e. blocking of the sewer system in Berlin and Leegebruch was determinant in inducing the high costs. Finally, the

climate attribution experiments demonstrated that a part of the severity of one of the most extreme events of the last 70 years

in Germany was attributable to the already-observed changes in the thermodynamical environmental conditions.

Notwithstanding the advantages of multidisciplinary studies, they can suffer from methodological and data inconsistencies,

e. g. whendatasetsshowrelevantbiases.
:::
An

::::::::
example

::
of

::::
this,

::
is

:::
the

::::
use

::
of

:::::::
different

:::::::::
numerical

:::::::
models.

:::
We

:::::::
decided

::
to

::::
use860

:::::::
different

::::::
models

::
to

:::::
pro�t

::::
from

:::
the

:::::::::
techniques

::::
best

::::::
known

::
to

:::
the

:::::::
different

:::::::
working

:::::::
groups.

::::::::
Moreover,

:::
we

:::
are

::::::::
con�dent

::::
that

:::
our

:::::
results

:::
are

:::::
model

:::::::::::
independent

::::
since

:::
all

::::::
models

::::::
showed

::
a

::::::
similar

::::::::
dynamical

::::::::
evolution

::
of

:::
the

:::::
event. Whereas discrepancies in the

methodscannotbeeasilyovercome,
::
are

::
to

::
a

::::
large

:::::
extent

::::::::::
unavoidable

:
as they are intrinsic to the synergistic approach used in this

study, the validation of observations provides a powerful means to reduce uncertainty regarding data biases. Our validation of

precipitation data sets in Section 2 showed a high degree of agreement and accuracy between the different products, providing865

con�dence in the conclusions drawn. Among the used products, the accuracy was especially high for REGNIE, followed by

RADKLIM.

Also worthyof discussionaretheadvancementsmadefor thecalculationof returnperiodsand�tting of GEV models.While

thesetechniquesprovidea goodestimationof how anomalousanHPEis, our analysisalsohighlightsthelargeuncertaintyof

estimatingvery large return periods(> 100 years)from temporallyshort databases(< 70 yearsin our case).To overcome870

this problem,we usedstation data,which is usually availablefor longer periods,at different temporalresolutionswith

a duration-dependentGEV model.Therebywe were able to increasethe samplesize and shrink the con�dence intervals.

Otherinterestingapproachessuggestedby previousstudiesare:consideringtheclimatechangesignalfor d-GEV estimation

(Ganguli and Coulibaly, 2017), or usingspatialmodels(Ulrich et al., 2020; Berghäuser et al., 2021)thatcombineinformation

from severalstationsinto onemodelby usingspatialcovariatesto estimateGEV parameters.875
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Finally, the multidisciplinary collaboration has created powerful connections that will be exploited in up-coming research.

For instance, the authors of this paper will form an expert task force in the framework of ClimXtreme to assess future precipi-

tation events of high interest for the media and the general public, such as the Ahr event in 2021, shortly after their occurrence.

Code availability. The WRF model source code can be obtained from https://github.com/wrf-model/WRF/archive/refs/tags/v4.2.1.tar.gz.

The COSMO-CLM model is accessible to members of the Climate Limited-area Modeling Community, and access is granted upon request.880

Parts of the model documentation are freely available at https://doi.org/10.1127/0941-2948/2008/0309 (Rockel et al., 2008)

Data availability. REGNIE, RADKLIM, German precipitation station and CatRaRe data from the DWD used in this paper are freely avail-

able for research under the Open Data Portal (DWD, n.d.-a). Lightning EUCLID data are not freely available but can be requested from the

Blitz-Informationsdienst von Siemens (https://new.siemens.com/de/de/produkte/services/blids.html). ERA5 data are available via the Coper-

nicus Climate Change Service (C3S; https://climate.copernicus.eu/; last access: 01 January 2022)(Hersbach et al., 2018). ECMWF analysis885

data can be obtained from https://apps.ecmwf.int/archive-catalogue/?type=an&class=od&stream=oper&expver=1 (last access: 24 August

2021) (ECMWF, 2021). The user's af�liation needs to belong to an ECMWF member state. The WRF model simulation data can be made

available by TS upon request. The COSMO-CLM simulations have been deposited in an open-access repository at the World Data Centre for

Climate (WDCC) under the permanent link https://cera-www.dkrz.de/WDCC/ui/cerasearch/entry?acronym=DKRZ_LTA_1152_ds000301.

The survey data of the Lohmar (2005), Hersbruck (2005) and Osnabrück (2010) events are available via the German �ood loss database890

HOWAS21 at https://doi.org/10.1594/GFZ.SDDB.HOWAS21 (German Research Centre for Geosciences GFZ, 2022). The data of the Mün-
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Chan, S., Christensen, O. B., Dobler, A., de Vries, H., Goergen, K., Kendon, E. J., Keuler, K., Lenderink, G., Lorenz, T., Mishra, A. N.,

Panitz, H.-J., Schär, C., Soares, P. M. M., Truhetz, H., and Vergara-Temprado, J.: The �rst multi-model ensemble of regional climate

simulations at kilometer-scale resolution part 2: historical and future simulations of precipitation, Climate Dynamics, 56, 3581–3602,1175

https://doi.org/10.1007/s00382-021-05657-4, 2021.

Pinto, J. G., Karremann, M. K., Born, K., Della-Marta, P. M., and Klawa, M.: Loss potentials associated with European windstorms under

future climate conditions, Clim. Res., 54, 1–20, https://doi.org/10.3354/cr01111, 2012.

Piper, D. and Kunz, M.: Spatiotemporal variability of lightning activity in Europe and the relation to the North Atlantic Oscillation telecon-

nection pattern, Nat. Hazards Earth Syst. Sci., 17, 1319–1336, https://doi.org/10.5194/nhess-17-1319-2017, 2017.1180

Piper, D., Kunz, M., Ehmele, F., Mohr, S., Mühr, B., Kron, A., and Daniell, J.: Exceptional sequence of severe thunderstorms and re-

lated �ash �oods in May and June 2016 in Germany. Part I: Meteorological background, Nat. Hazards Earth Syst. Sci., 16, 2835–2850,

https://doi.org/10.5194/nhess-16-2835-2016, 2016.

Poelman, D. R., Schulz, W., Diendorfer, G., and Bernardi, M.: The European lightning location system EUCLID – Part 2: Observations, Nat.

Hazards Earth Syst. Sci., 16, 607–616, https://doi.org/10.5194/nhess-16-607-2016, 2016.1185

Poggio, L., de Sousa, L. M., Batjes, N. H., Heuvelink, G. B. M., Kempen, B., Ribeiro, E., and Rossiter, D.: SoilGrids 2.0: producing soil

information for the globe with quanti�ed spatial uncertainty, Soil, 7, 217–240, https://doi.org/10.5194/soil-7-217-2021, 2021.

Prein, A., Gobiet, A., Suklitsch, M., Truhetz, H., Awan, N., Keuler, K., and Georgievski, G.: Added value of convection permitting seasonal

simulations, Clim Dyn, 41, 2655–2677, https://doi.org/10.1007/s00382-013-1744-6, 2013.

39



Prein, A. F., Langhans, W., Fosser, G., Ferrone, A., Ban, N., Goergen, K., Keller, M., Tölle, M., Gutjahr, O., Feser, F., Brisson, E., Kollet,1190

S., Schmidli, J., van Lipzig, N. P. M., and Leung, R.: A review on regional convection-permitting climate modeling: Demonstrations,

prospects, and challenges, Reviews of Geophysics, 53, 323–361, https://doi.org/10.1002/2014RG000475, 2015.

Purr, C., Brisson, E., and Ahrens, B.: Convective rain cell characteristics and scaling in climate projections for Germany, Int. J. Climatol.,

41, 3174–3185, https://doi.org/10.1002/joc.7012, 2021.

Rauthe, M., Steiner, H., Riediger, U., A., M., and Gratzki, A.: A Central European precipitation climatology -– Part I: Generation and1195

validation of a high-resolution gridded daily data set (HYRAS), Meteorol. Z., 22, 235–256, https://doi.org/10.1127/0941-2948/2013/0436,

2013.

Rezacova, D., Zacharov, P., and Sokol, Z.: Uncertainty in the area-related QPF for heavy convective precipitation, Atmos. Res., 93, 238–246,

https://doi.org/10.1016/j.atmosres.2008.12.005, 2009.

Rockel, B., Will, A., and Hense, A.: The regional climate model COSMO-CLM (CCLM), Meteorol. Z., 17, 347–348,1200

https://doi.org/10.1127/0941-2948/2008/0309, 2008.

Rosenfeld, D., Andreae, M. O., Asmi, A., Chin, M., de Leeuw, G., Donovan, D. P., Kahn, R., Kinne, S., Kivekäs, N., Kulmala, M., Lau,

W., Schmidt, S., Suni, T., Wagner, T., Wild, M., and Quaas, J.: Global observations of aerosol-cloud-precipitation-climate interactions,

Reviews Geophys., 52, 750–808, https://doi.org/10.1002/2013RG000441, 2014.

Rözer, V., Müller, M., Bubeck, P., Kienzler, S., Thieken, A., Pech, I., Schröter, K., Buchholz, O., and Kreibich, H.: Coping with pluvial �oods1205

by private households, Water, 8, 304, https://doi.org/10.3390/W8070304, 2016.

Rözer, V., Kreibich, H., Schröter, K., Müller, M., Sairam, N., Doss-Gollin, J., Lall, U., and Merz, B.: Probabilistic Models Signi�cantly Re-

duce Uncertainty in Hurricane Harvey Pluvial Flood Loss Estimates, Earth's Future, 7, 384–394, https://doi.org/10.1029/2018EF001074,

2019.

Rust, H. W.: The effect of long-range dependence on modelling extremes with the generalised extreme value distribution, Eur. Phys. J. Spec.1210

Top., 174, 91–97, https://doi.org/10.1140/epjst/e2009-01092-8, 2009.

Schär, C., Frei, C., Lüthi, D., and Davies, H. C.: Surrogate climate-change scenarios for regional climate models, Geophys. Res. Lett., 23,

669–672, https://doi.org/10.1029/96GL00265, 1996.

Schulz, W., Diendorfer, G., Pedeboy, S., and Poelman, D. R.: The European lightning location system EUCLID – Part 1: Performance

analysis and validation, Nat. Hazards Earth Syst. Sci., 16, 595–605, https://doi.org/10.5194/nhess-16-595-2016, 2016.1215

Schwitalla, T., Warrach-Sagi, K., Wulfmeyer, V., and Resch, M.: Near-global-scale high-resolution seasonal simulations with WRF-Noah-MP

v.3.8.1, Geosci. Model Dev., 13, 1959–1974, https://doi.org/10.5194/gmd-13-1959-2020, 2020.

Schwitalla, T., Bauer, H.-S., Warrach-Sagi, K., Bönisch, T., and Wulfmeyer, V.: Turbulence-permitting air pollution simulation for the

Stuttgart metropolitan area, Atmos. Chem. Phys., 21, 4575–4597, https://doi.org/10.5194/acp-21-4575-2021, 2021.

Sebastian, A., Gori, A., Blessing, R. B., van der Wiel, K., and Bass, B.: Disentangling the impacts of human and environmental change on1220

catchment response during Hurricane Harvey, Environ. Res. Lett., 14, 124 023, https://doi.org/10.1088/1748-9326/ab5234, 2019.

Simmer, C., Adrian, G., Jones, S., Wirth, V., Göber, M., Hohenegger, C., Janjic´ , T., Keller, J., Ohlwein, C., Seifert, A., Trömel, S., Ul-

brich, T., Wapler, K., Weissmann, M., Keller, J., Masbou, M., Meilinger, S., Riß, N., Schomburg, A., Vormann, A., and Weingärtner,

C.: HErZ: The German Hans-Ertel Centre for Weather Research, Bulletin of the American Meteorological Society, 97, 1057–1068,

https://doi.org/10.1175/bams-d-13-00227.1, 2016.1225

40



Skamarock, W. C., Klemp, J. B., Dudhia, J., Gill, D., Liu, Z., Berner, J., Wang, W., Duda, M. G., Powers, J. G., Barker, D., and

Huang, X.-Y.: A Description of the Advanced Research WRF Version 4, NCAR Technical Note TN-556+STR, NCAR, Boulder/CO.,

https://doi.org/10.5065/1dfh-6p97, https://opensky.ucar.edu/islandora/object/opensky:2898, 2021.

Smith, B. K., Smith, J. A., Baeck, M. L., and Miller, A. J.: Exploring storage and runoff generation processes for urban �ooding through a

physically based watershed model, Water Resources Research, 51, 1552–1569, https://doi.org/10.1002/2014WR016085, 2015.1230

Sodemann, H., Schwierz, C., and Wernli, H.: Interannual variability of Greenland winter precipitation sources: Lagrangian moisture diag-

nostic and North Atlantic Oscillation in�uence, J. Geophys. Res. Atmos., 113, https://doi.org/10.1029/2007JD008503, 2008.

Song, H. and Sohn, B.: An Evaluation of WRF Microphysics Schemes for Simulating the Warm-Type Heavy Rain over the Korean Peninsula,

Asia-Paci�c J. Atmos. Sci., 54, 225–236, https://doi.org/10.1007/s13143-018-0006-2, 2018.

Spekkers, M., Rözer, V., Thieken, A., Ten Veldhuis, M. C., and Kreibich, H.: A comparative survey of the impacts of extreme rainfall in two1235

international case studies, Nat. Hazards Earth Syst. Sci., 17, 1337–1355, https://doi.org/10.5194/nhess-17-1337-2017, 2017.

Spekkers, M. H., Kok, M., Clemens, F. H., and Ten Veldhuis, J. A.: Decision-tree analysis of factors in�uencing rainfall-related building

structure and content damage, Natural Hazards and Earth System Sciences, 14, 2531–2547, https://doi.org/10.5194/nhess-14-2531-2014,

2014.

Steinacker, R., Dorninger, M., Wölfelmaier, F., and Krennert, T.: Automatic tracking of convective cells and cell complexes from lightning1240

and radar data, Meteorol. Atmos. Phys., 72, 101–110, https://doi.org/10.1007/s007030050009, 2000.

Stevens, B., Acquistapace, C., Hansen, A., Heinze, R., Klinger, C., Klocke, D., Schubotz, W., Windmiller, J., Adamidis, P., Arka, I., Barlakas,

V., Biercamp, J., Brueck, M., Brune, S., Buehler, S., Burkhardt, U., Cioni, G., Costa-Surós, M., Crewell, S., Crueger, T., Deneke, H.,

Friederichs, P., Cintia Carbajal H., Hohenegger, C., Jacob, M., Jakub, F., Kalthoff, N., Köhler, M., Thirza W. van L., Li, P., Löhnert, U.,

Macke, A., Madenach, N., Mayer, B., Nam, C., Naumann, A. K., Peters, K., Poll, S., Quaas, J., Röber, N., Rochetin, N., Rybka, H., Scheck,1245

L., Schemann, V., Schnitt, S., Seifert, A., Senf, F., Shapkalijevski, M., Simmer, C., Singh, S., Sourdeval, O., Spickermann, D., Strandgren,

J., Tessiot, O., Vercauteren, N., Vial, J., Voigt, A., and Zängl, G.: Large-eddy and storm resolving models for climate prediction - the

added value for clouds and precipitation, J. Meteorol. Soc. Japan, 98, https://doi.org/10.2151/jmsj. 2020-021, 2020.

Stott, P. A., Stone, D. A., and Allen, M. R.: Human contribution to the European heatwave of 2003, Nature, 432, 610–614,

https://doi.org/10.1038/nature03089, 2004.1250

Svensson, C. and Jones, D. A.: Review of rainfall frequency estimation methods, J. Flood Risk Manag., 3, 296–313,

https://doi.org/10.1111/j.1753-318X.2010.01079.x, 2010.

Thompson, G. and Eidhammer, T.: A Study of Aerosol Impacts on Clouds and Precipitation Development in a Large Winter Cyclone, Journal

of the Atmospheric Sciences, 71, 3636 – 3658, https://doi.org/10.1175/JAS-D-13-0305.1, 2014.

Tiedtke, M.: A comprehensive mass �ux scheme for cumulus parameterization in large-scale models, Mon. Weather Rev., 117, 1779–1800,1255

1989.

Trenberth, K. E., Fasullo, J. T., and Shepherd, T. G.: Attribution of climate extreme events, Nat. Clim. Change, 5, 725–730,

https://doi.org/10.1038/nclimate2657, 2015.

Ulrich, J., Jurado, O. E., Peter, M., Scheibel, M., and Rust, H. W.: Estimating IDF curves consistently over durations with spatial covariates,

Water, 12, 3119, https://doi.org/10.3390/w12113119, 2020.1260

Van den Besselaar, E. J. M., Klein Tank, A. M. G., and Buishand, T. A.: Trends in European precipitation extremes over 1951–2010, Int. J.

Climatol., 33, 2682–2689, https://doi.org/10.1002/joc.3619, 2013.

41



Van Ootegem, L., Verhofstadt, E., Van Herck, K., and Creten, T.: Multivariate pluvial �ood damage models, Environmental Impact Assess-

ment Review, 54, 91–100, https://doi.org/10.1016/j.eiar.2015.05.005, 2015.

Van Ootegem, L., Van Herck, K., Creten, T., Verhofstadt, E., Foresti, L., Goudenhoofdt, E., Reyniers, M., Delobbe, L., Murla Tuyls, D., and1265

Willems, P.: Exploring the potential of multivariate depth-damage and rainfall-damage models, Journal of Flood Risk Management, 11,

S916–S929, https://doi.org/10.1111/jfr3.12284, 2018.

Wandel, J.: Starkregen, Deutschland, 29.06.2017, Wettergefahren-Frühwarnung, Center for Disaster Management and Risk Reduction Tech-

nology, Karlsruhe, Germany. Available from: http://www.wettergefahren-fruehwarnung.de/Ereignis/20170630_e.html (Accessed 13 Au-

gust 2021), 2017.1270

Warrach-Sagi, K., Schwitalla, T., Wulfmeyer, V., and Bauer, H.-S.: Evaluation of a climate simulation in Europe based on the WRF–NOAH

model system: precipitation in Germany, Clim. Dyn., https://doi.org/10.1007/s00382-013-1727-7, 2013.

Wasko, C., Sharma, A., and Westra, S.: Reduced spatial extent of extreme storms at higher temperatures, Geophys. Res. Lett., 43, 4026–4032,

https://doi.org/10.1002/2016GL068509, 2016.

Werner, P. and Gerstengarbe, F.-W.: Catalog of the general weather situations of Europe, Potsdam Institute for Climate Impact Research1275

(PIK) , https://www.pik-potsdam.de/en/output/publications/pikreports/.�les/pr119.pdf, [online; accessed 10 Nov 2021], 2010.

Wilhelm, J., Mohr, S., Punge, H. J., Mühr, B., Schmidberger, M., Daniell, J. E., Bedka, K. M., and Kunz, M.: Severe thunderstorms with

large hail across Germany in June 2019, Weather, 76, 228–237, https://doi.org/10.1002/wea.3886, 2021.

Wilks, D. S.: Statistical methods in the atmospheric sciences: An introduction – Second Edition, Academie Press, Elsevier, Burlington, USA,

2006.1280

Winschall, A., Pfahl, S., Sodemann, H., and Wernli, H.: Comparison of Eulerian and Lagrangian moisture source diagnostics – The �ood

event in eastern Europe in May 2010, Atmos. Chem. Phys., 14, 6605–6619, https://doi.org/10.5194/acp-14-6605-2014, 2014.

Winterrath, T., Brendel, C., Hafer, M., Junghänel, T., Klameth, A., Walawender, E., Weigl, E., and Becker, A.: Erstellung einer radargestützten

Niederschlagsklimatologie. Berichte des Deutschen Wetterdienstes, Tech. rep., Offenbach am Main, 2017.

Winterrath, T., Brendel, C., Hafer, M., Junghänel, T., Klameth, A., Lengfeld, K., Walawender, E., Weigl, E., and Becker,1285

A.: RADKLIM Version 2017.002: Reprocessed quasi gauge-adjusted radar data, 5-minute precipitation sums (YW),

https://doi.org/10.5676/DWD/RADKLIM_YW_V2017.002, 2018.

Wulfmeyer, V., Behrendt, A., Bauer, H.-S., Kottmeier, C., Corsmeier, U., Blyth, A., Craig, G., Schumann, U., Hagen, M., Crewell, C., Di

Girolamo, P., Flamant, C., Miller, M., Montani, A., Mobbs, S., Richard, E., Rotach, M., Arpagaus, M., Russchenberg, H., Schlüssel, P.,

König, M., V., G., Steinacker, R., Dorninger, M., Turner, D., Weckwerth, T., A., H., and Simmer, C.: The Convective and Orographically-1290

induced Precipitation Study: A Research and Development Project of the World Weather Research Program for improving quantitative

precipitation forecasting in low-mountain region., B. Am. Meteorol. Soc., 89, 1469 – 1506, https://doi.org/10.1175/1520-0477-89.10.1469,

2008.

Wulfmeyer, V., Behrendt, A., Kottmeier, C., Corsmeier, U., Barthlott, C., Craig, G. C., Hagen, M., Althausen, D., Aoshima, F., Arpagaus,

M., Bauer, H.-S., Bennett, L., Blyth, A., Brandau, C., Champollion, C., Crewell, S., Dick, G., Di Girolamo, P., Dorninger, M., Dufournet,1295

Y., Eigenmann, R., Engelmann, R., Flamant, C., Foken, T., Gorgas, T., Grzeschik, M., Handwerker, J., Hauck, C., Höller, H., Junker-

mann, W., Kalthoff, N., Kiemle, C., Klink, S., König, M., Krauss, L., Long, C. N., Madonna, F., Mobbs, S., Neininger, B., Pal, S.,

Peters, G., Pigeon, G., Richard, E., Rotach, M. W., Russchenberg, H., Schwitalla, T., Smith, V., Steinacker, R., Trentmann, J., Turner,

D. D., van Baelen, J., Vogt, S., Volkert, H., Weckwerth, T., Wernli, H., Wieser, A., and Wirth, M.: The Convective and Orographically-

42



induced Precipitation Study (COPS): the scienti�c strategy, the �eld phase, and research highlights, Q. J. R. Meteorol. Soc., 137, 3–30,1300

https://doi.org/https://doi.org/10.1002/qj.752, 2011.

Wulfmeyer, V., Späth, F., Behrendt, A., Jach, L., Warrach-Sagi, K., Ek, M., Turner, D. D.and Senff, C., Ferguson, C. R., Santanello, J.,

Lee, T. R., Buban, M., and Verhoef, A.: The GEWEX Land-Atmosphere Feedback Observatory (GLAFO), GEWEX Quarterly, 30, 6–11,

https://www.gewex.org/gewex-content/�les_mf/1583952472Feb2020.pdf, 2020.

Yu, C., Li, Z., and Blewitt, G.: Global Comparisons of ERA5 and the Operational HRES Tropospheric Delay and Water Vapor Products With1305

GPS and MODIS, Earth and Space Science, 8, https://doi.org/10.1029/2020ea001417, 2021.

43



For thisevent,landmassesarethemainsourcesof moistureuptakewith a total contributionof 82.9
::::
study

:::::
period

:::
(29%, whereasonly

17.1
::::
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::::
2017

::
06% of theprecipitatingmoistureevaporatedovertheocean(of theidenti�ed 49.8

:::
UTC

::
to

:::
30% precipitatingmoisture;Fig.

9). TheeasternEuropeanregion(around10� E to 32� E and37� N to 60� N) is by far themainsourceof moistureuptake(63.0 %).

Additionally, themoistureuptakein this regionis relativelyevenlydistributed,rangingfrom Poland(eastof theprecipitationevent)towards

CroatiaandItaly, with amaximummoistureuptakeof about4.6mm persinglegrid point.Other,but lessimportant,landmoisturesources

arethewesternEuropeanregion(around12� W to 10� E and37� N to 60� N), with acontributionof 13.9 %,andthenorthernAfrican region

(around20� W to 32� E and20� N to 37� N), with acontributionof 5.9 %.Theoceanicmoisturesourcesareprimarily theMediterraneanSea

(11.9 %)andAtlantic Ocean(4.6 %),but theseplayaminor rolecomparedto themoistureuptakeoverland.A similarly importantroleof

moisturerecyclingfrom landsourceshasbeenfoundpreviouslyfor anextremeprecipitationeventin easternEuropein May 2010

(Winschall et al., 2014)andfor thecentralEuropean�oods in June2013(Grams et al., 2014; Kelemen et al., 2016). In thecaseof the
:::
June

2017eventstudiedhere,moisturerecyclinglikely happenedon relativelyshorttimescalesof 1-2days,asJune2017wasgenerallydry, but

northeasternItaly, Slovenia,AustriaandsoutheasternPolandwereaffectedby convectiveprecipitationon28
::
06June.Themoisteningof the

soil dueto prior precipitationis thushypothesisedto beanimportantpreconditionfor theBerlin event.
::::
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::::
from

:::::::
REGNIE

:
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For this event,land massesarethe main sourcesof moistureuptakewith a total contributionof 82.9
::::
study

::::::
period

:::
(29%,

whereasonly 17.1
:::
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:::::
2017

::
06% of theprecipitatingmoistureevaporatedovertheocean(of theidenti�ed 49.8

::::
UTC

::
to

:::
30%

precipitatingmoisture;Fig. 9). The easternEuropeanregion (around10� E to 32� E and37� N to 60� N) is by far the main

sourceof moistureuptake(63.0 %).Additionally, the moistureuptakein this regionis relatively evenlydistributed,ranging

from Poland(eastof the precipitationevent)towardsCroatiaandItaly, with a maximummoistureuptakeof about4.6 mm

per single grid point. Other,but less important,land moisturesourcesare the westernEuropeanregion (around12� W to

10� E and37� N to 60� N), with a contributionof 13.9 %,andthenorthernAfrican region(around20� W to 32� E and20� N to

37� N), with a contributionof 5.9 %.Theoceanicmoisturesourcesareprimarily theMediterraneanSea(11.9 %)andAtlantic

Ocean(4.6 %),but theseplay a minor role comparedto themoistureuptakeover land.A similarly importantrole of moisture

recycling from land sourceshasbeenfound previouslyfor an extremeprecipitationeventin easternEuropein May 2010

(Winschall et al., 2014)andfor thecentralEuropean�oods in June2013(Grams et al., 2014; Kelemen et al., 2016). In thecase

of the
::::
June 2017eventstudiedhere,moisturerecyclinglikely happenedonrelativelyshorttimescalesof 1-2days,asJune2017

wasgenerallydry, but northeasternItaly, Slovenia,AustriaandsoutheasternPolandwereaffectedby convectiveprecipitation
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06June.Themoisteningof thesoil dueto prior precipitationis thushypothesisedto beanimportantpreconditionfor the
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Figure 5. Moisture uptakewithin
::
(a)

:::::::::::::
Cloud-to-ground

::::::
strokes

::::
from

:
the planetaryboundarylayer, calculatedby Lagrangianbackward

trajectoriesusing ERA5 reanalysis
:::::::
EUCLID

:
data. Hourly initialised trajectories

::
set,

::::::::::
colour-coded

::::::::
according

::
to

:::
the

::::
time

::
of

:::::::::
occurrence

:::
from

::::::
5 UTC on 29June 2017(

:
to 0 UTCto 23 UTC)at

::
on theregionof heavyprecipitation

:::::::
following

::::
day

:::
and (redbox

:
b) from 1000hPato

200hPain stepsof 50hPaand80km horizontaldistances,goingback240h in time,areusedto computemoistureuptakebasedonhumidity

changes,if theyareassociatedwith
::::::
24-hour precipitationin

::::
totals

:::::
(mm)

:::::
during thetargetregion.

For this event,land massesare the main sourcesof moistureuptakewith a total contributionof 82.9
::::
study

:::::
period

:::
(29%, whereasonly

17.1
:::
June

:::::
2017

::
06% of the precipitatingmoistureevaporatedover the ocean(of the identi�ed 49.8

:::
UTC

::
to

:::
30% precipitatingmoisture;

Fig. 9). The easternEuropeanregion (around10� E to 32� E and37� N to 60� N) is by far the main sourceof moistureuptake(63.0 %).

Additionally, themoistureuptakein this regionis relativelyevenlydistributed,rangingfrom Poland(eastof theprecipitationevent)towards

CroatiaandItaly, with a maximummoistureuptakeof about4.6mm persinglegrid point.Other,but lessimportant,landmoisturesources

arethewesternEuropeanregion(around12� W to 10� E and37� N to 60� N), with a contributionof 13.9 %,andthenorthernAfrican region

(around20� W to 32� E and20� N to 37� N), with a contributionof 5.9 %.The oceanicmoisturesourcesareprimarily the Mediterranean

Sea(11.9 %)andAtlantic Ocean(4.6 %),but theseplay a minor role comparedto the moistureuptakeover land. A similarly important

role of moisturerecyclingfrom landsourceshasbeenfoundpreviouslyfor anextremeprecipitationeventin easternEuropein May 2010

(Winschall et al., 2014)andfor thecentralEuropean�oods in June2013(Grams et al., 2014; Kelemen et al., 2016). In thecaseof the
::::
June

2017eventstudiedhere,moisturerecyclinglikely happenedon relativelyshorttime scalesof 1-2 days,asJune2017wasgenerallydry, but

northeasternItaly, Slovenia,AustriaandsoutheasternPolandwereaffectedby convectiveprecipitationon 28
:
06June.Themoisteningof the

soil dueto prior precipitationis thushypothesisedto beanimportantpreconditionfor theBerlin event.
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Figure 6.
:::::::
Temporal

:::::::
evolution

::
of

:::
the

:::
PSI

::::
(blue

::::
bars).

:::
The

:::::
results

:::
are

::::
based

:::
on

:::::::
REGNIE

:::
daily

::::::::::
precipitation

:::::::::
observations

:::::::
between

::::::
January

::::
1951

:::
and

::::::::
September

::::
2021.

:::
The

::::::::::
99-percentile

:::
and

::::::::::
90-percentile

::
of

::::
daily

:::
PSI

:::::
values

:::
are

:::::::::
represented

::
by

:::
the

:::::
dashed

::::
blue

:::::::
horizontal

:::::
lines.

::::::::
Numbered

:::::
circles

:::::::
highlight

:::
nine

::::::
events

:::::::
analysed

::
in

:::::
Table 1

::
or

::
in

:::::
Fig. 7

::
as

::::
well

::
as

::::
other

:::::::
historical

::::::
events.

:::::
These

:::
are

::
(1)

:::
the

::::::
Saxony

::::::::
�oodings

::
on

:::
the

:::::::
12 August

:::::
2002;

::
(2)

:::
the

::::::
29 June

::::
2005

:::::
event,

:::::::
affecting

:::::::
Hersbruch

::::
and

::::::
Lohmar;

:::
(3)

::
the

::::::::::
21 June 2007

:::
and

:::
the

::
(4)

::::::::::
22 July 2007

:::::
events

:::::::
affecting

:::::::
Germany

:
in

:::
its

::::::
totality;

::
(5)

:::
the

:::::::
26 August

::::
2010

:::::
event

:
in

::::::::::
Osnabrueck;

::
(6)

:::
the

:::::
29 July

::::
2014

:::::
event

::
in

:::::::
Muenster

:::
and

::::::
Greven;

::
(7)

:::
the

::::::
29 June

::::
2017

:::
HPE

:::::
(red);

::
(8)

:::
the

:::::::::
12 July 2018

::::::
causing

:::::::
�ooding

::
in

:::::
Berlin;

:::
and

:::
(9)

::
the

::::
Ahr

::::::
�ooding

::
on

::::::
14 July

::::
2021.

Figure 7.
:::
Cell

::::
track

:::::::::::
characteristics

:::::
(mean

:::::
length

:::
and

::::::
number

::
of

:::::
tracks)

:::
for

:::
the

::::::
research

::::
area

:::::
Berlin

:::
and

::::::::::
surroundings

:::
for

::::
days

::::
from

::::
2001

:
to

:::::
2020.

:::::
Colour

::::::
coding

:::::::
identi�es

:
if
::::
days

::::
have

::::
been

:::::::
classi�ed

::
as

::::::
weather

::::
type

:::̀
no

:::::::
prevailing

:::::
wind

:::::::
direction,

::::::
cyclonic

:::::::::
circulation

:
in

::::
950

:::
and

:::
500

:::
hPa

:::
and

:::::::::::
above-average

:::::::
humidity

::::::
content

::
of

:::
the

:::::::::
troposphere

:
-

:::::::
XXCCW'

:::
or

:::::
another

::::
type

:
-
:::
not

:::::::
XXCCW

::::::::::::::::::::::
(Bissolli and Dittmann, 2001)

:
.

:::::
Arrows

:::::::
indicate

:::
days

::::
with

::::::
�ooding

:::::
events

::
in

::::::::
Germany.
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