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Rapid attribution of heavy rainfall events
leading to the severe flooding
iIn Western Europe during July 2021

Contributors

Frank Kreienkamfy Sjoukje Y. Philify Jordis S. TradowsRky, Sarah F. Kew Philip Lorenz, Julie

Arrighi”®® Alexandre Belleflamm& Thomas Bettmarf) Steven Caluwaerfs!®, Steven C. Chafy

Andrew Ciavarell®, Lesley De CruZ, Hylke de Vrie5 Norbert Demutt, Andrew Ferroné’, Erich

M. Fischef, Hayley J. Fowléef, Klaus Goergelt, Dorothy HeinricH, Yvonne Henrich§ Geert
Lenderink, Frank Kaspat®, Enno Nilso®®, Friederike E L Ottd!, Francesco Ragon&®® Sonia |.
Seneviratng Roop K. Singh Amalie Skalevag, Piet Termohi&’, Lisa Thalheimét, Maarten van
Aalst'®?L Joris Van den Bergh, Hans Van de Vyv& Stéphane Vannitséi Geert Jan van
OldenborgR? Bert Van SchaeybroeékRobert Vautart) Demi Vong Niko Wanderg

1 - Deutscher Wetterdienst (DWD), Regionales Klimaburo Potsdam, Potsdam, GeBmadtyyal Neherlands
Meteorological Institute (KNMI), De Bilt, The Netherlands: Atmospheric, Oceanic and Planetary Physics,
University of Oxford, UK#4 - Bodeker Scientific, Alexandra, New Zealabd; Institut Pierre Simon Laplace,
CNRS, Paris, Frances - Institute for Atmospheric and Climate Science, Department of Environmental Systems
Science, ETH Zurich, Zurich, Switzerland;- Red Cross Red Crescent Climate Centre, The Hague, the
Netherlands;8 - Faculty of Geelinformation Science and Earth Observation (IT@niversity of Twente,
Enschede, the Netherland3;- Global Disaster Preparedness Center, American Red Cross, Washington DC,
USA; 10 - Deutscher Wetterdienst, Nationale Klimalberwachung, Offenbach, Germidny; School of
Geography and the Environmentidersity of Oxford, UK]12 - Department of Physical Geography, Faculty of
Geosciences, Utrecht University, the Netherlant3;- Royal Meteorological Institute of Belgium, Brussels,
Belgium; 14 - Newcastle University, NewcasiponTyne, UK; 15 - Federal Institute of Hydrology (BfG),
Koblenz, Germanyl6 - Institute of Bieand Geosciences (IB@, Agrosphere), Research Centre Jilich, Jilich,
Germany;17 - Administration of Technical Agricultural Services, Luxembourg, Luxembda8rgiederal State
Office br the Environment, Rhineland Palatinate, Germah9;- University of Ghent, Ghent, BelgiurgQ -
Université Catholique de Louvain, LouvdaNeuve, Belgiun21 - International Research Institute for Climate
and Society, Columbia University, New York, U32: Met Office, UK



' ’ world weather attribution

Main findings

0 The severe flooding was caused by very heavy rainfall over a perie@ dags, wet
conditions already before the event doechl hydrological factors. While river discharge
and water levels are the physical components most directly linked to the impacts of the
event, we focus our assessment on the main meteorological driver, the heavy rainfall
event. This is due to the fatiat some hydrological monitoring systems were destroyed
during the flood and data of sufficiently high quality and quantity is not currently
available.

The observed rainfall amounts in the Ahr/Erft and the Belgian part of the Meuse

catchment broke histarally observed rainfall records by large margins. In regions of

that sizethe robust estimation of return values and the detection and attribution of trends

is challengingand thus pushes the limits of what current methods of extreme event
attribution aredesigned for.

Therefore we broadened the analysis by assessing the influence of climate change on

similar types of events that could occur anywhere in Western Europe in a large region

between the north of the Alps and the Netherlands. We found thatcartieat climate,

for a given location within this larger region, we can on average expect one such event

every 400 years. That also means we expect such events to occur more frequently than

once in 400 years within the larger Western European region.

0 Climate change increased the intensity of the maximugaylrainfall event in the
summer season in this large region by about@% compared to a global climate 1.2 °C
cooler than today. The increase is similar for thag event.

0 The likelihood of sule an event to occur today compared to a 1.2 °C cooler climate has
increased by a factor between 1.2 and 9 for tdaylevent in the large region. The
increase is again similar for thed2y event.

0 These numbers are based on an assessment including tbasrragional climate

models and very high resolution climate models that directly simulate convection. The

changes in intensity and likelihood are larger in the observhised assessment

compared to all models.

O«

O«

0 Inaclimate 2 °C warmer than in prdumstrial times models suggest that the intensity of
a l-day event would increase by a further-6% and the likelihood by a factor of 1.2
1.4. The increase is again similar for thd&/ event.

0 The July 2021 floods resulted in extreme impacts includirey two hundred deaths.

Given the rarity of the event it is clear this is a very extreme event that is reasonably
likely to cause negative impacts. However, especially given events like this will occur
more frequently in the future, examining how vulneiiggbdnd exposure can be reduced
becomes critical to reducing future impacts.
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1 Introduction

The 6th Intergovernmental Panel on Climate Change (IPCC) assessment report (IPCC, 2021) states that
extreme precipitation, pluvial and fluvial floods have beerepled to increase in Western and Central
Europe and will increase with high confidence in case global warming reaches 2 °C, expected to occur
by mid-century in case greenhouse gas emissions reduction do not take place quickly. However,
attribution of spedic local extreme precipitation events to climate change remains difficult due to the
high yearto-year or decad&-decade variability of extreme precipitation. Furthermore, the limited
availability of finelyresolved climate model simulations and lgegn observations provides
challenges to attribution studies of locahle events.

Extreme rainfall occurred in Germany, Belgium, Luxembourg and neighbouring countries during the
period 12 to 15 July 2021, leading to severe flooding particularly in NdnitheRVestphalia and
RhinelandPalatinate in Germany and along the river Meuse and some of its tributaries in Belgium and

the Netherlands. The flooding resulted in at least 184 fatalities in Getrmady38 in Belgiurhand
considerable damage to infrastture, including houses, roads, communication, motorways and railway

lines as well as bridges. A variety of livelihoods were severely disrupted by the flood event, including

local businesses in the affected regions and wine growers that make up the éatkberAhr Valley

region (Tafel and Szolnoki, 2020). Road closures left some places inaccessible for days, cutting off
some villages from evacuation routes and other forms of emergency response. The most affected areas
are around the rivers Ahr and Eaft well as the Vesdre in the basin of the Meuse. An estimate by the
German I nsurance Association (GDV) describes the
alone while damage in Bel gi WnThe devastatiptinipacts of¢hd t o e >
July 2021 extreme precipitation event that struck Germany and Benelux provides an impetus to carry

out an event attribution analysis to investigate the role of anthropogenic climate change in the extreme
rainfall event. This analysis folles the standard structure of WWA event attribution analysis (van
Oldenborgh, et al. 2021) by defining the event, describing data and models used, assessing trends,
attributing the event, synthesis of the results which are put in the context of vulneeataligxposure.

1.1 Meteorological Situation

The extreme precipitation occurred in connection with the slomdying lowpressure system
"Bernd'®. As reported by DWD (Junghénel et al., 2021), Metebland RMP, the meteorological
situation during th&2 to 15 July period was mainly characterised by afflbw pressure system over
Central Europe (Figure 1), supplying very moist air to the wider region, see Figure 2. In conjunction
with the low pressure system slowly approaching from France towanasa@y, the troposphere was
increasingly unstably stratified. Surface air over the Mediterranean and Northern Europe was very

1 EM-Dat, 10.08.2021, https://public.emdat.be/data (retrieved 10 August 2021)

2 Crisiscenter Belgium, 19.09.2021.

3 The naming of the low and high pressure systems here follows the German naming convention. Information on
this can be found under http://www.mettarlin.de/adopt-vortex/ .

4 MeteoLux, 19.07.2021, https://www.meteolux.lu/de/aktuelles/ruckigidkdenergiebigerdauerregeivom-
14-und-15juli-2021/?lang=fr

SRMI, 16.07.2021 , https://www.meteo.be/nl/info/nieuwsoverzicht/eiffers-en-duidingbij-de-hevige
neerslagvan14-en15juli (Dutch) and https://www.meteo.be/fr/infos/actualitefpeelon-saitsurles-pluies
exceptionnellesles14-et-15-juillet-2021 (French)
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war m, feeding the atmospherebs water hol ding ¢
Central Europe from the Mediterr@an in a rotating movement around the low pressure system
"Bernd". Forced uplift (orographic and dynamic) and slight damming effects in the western low
mountain ranges (Ardennes, Sauerland, Westerwald and Eifel) then led to recurrent or persistent heavy
rain, first regionally and later over large areas. This initially led to localised overflow of small
watercourses and flash floods. As the precipitation continued, mesinamh and larger rivers such as

(in Germany) the Ahr, Emscher, Erft, Kyll, Lippe, PrlRuhr, Rur, Sieg and Wupper also overflowed

their banks. This resulted in an extensive flood situation from the Eifel (RhinBelatnate) through

the Rhineland and the Ruhr region to southern Westphalia (North-RFésgphalia). In Belgium, the

worst floods occurred in the Ardennes along the Vesdre and Ourthe rivers and then downstream along
the Meuse. In the days after 15 July, the high pressure system "Dana" pushed the low pressure system
"Bernd" towards soutleastern Europe. This again led to furtheavy rainfall events in Germany
(Eastern Erzgebirge and Lausitz, as well as in the Berchtesgadener Land, 17 July 2021).
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Figure 1: Analysis of the meteorologlcal situation on 14 July 2021 0 UTC. The rlghts for the
illustration are held by Berliner Wetterkarte e.V. (https://berinetterkarte.de/)
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Figure 2: Meteorological situation during the event. Contour lines show the 500 hPa geopotential
averaged over the 115 July 2021 period (in #0n? s?). Colors show the vertical integral of
the convergence of moisture flux, averaged over th&512uly 2021 perid (in kg m? day?).
Data from the ERAS reanalysis. The data show a nearly stationaoffdatv over central
Europe, associated with moisture convergence over the region and divergence over the
Mediterranean region and the Atlantic ocean south 40° N.

In addition to the amount of precipitation, the antecedent soil moisture content is also relevant in the
context of flooding. The three weeks before the flood event were marked by recurring precipitation
events throughout a broader Western Europe regidndimg both affected regions in Germany and
Belgium (overall moderately wet conditions over the Belgian Meuse basin in the month before). The
soils were therefore already near saturation in some parts of the area affected by heavy rainfall
associated wit low-pressure system "Bernd" (see Figure 2 in Junghanel et al., 2021). While in
RhinelandPalatinate and in South Westphalia the soils could hardly absorb any additional water
regionally (in some cases they had less than 10 mm free soil water storage)lstin the soutivest

of North RhineWestphalia were still capable of absorbing water to a certain extent (over 75 mm free
soil water storage).
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1.2 Hydrological analysis

This section provides background on the hydrological setting of the affeetas and attempts to
provide first estimates of the hydrological extremes associated with the extreme hydrometeorological
conditions and thereby also linking the ficstler drivers (rainfall) with their effects (flooding). Special
focus is put on the Meuggauge Eijsden, middle Meuse) and the Ahr (gauge Altenahr, lower Ahr).
Due to limited highquality data availability and decreased reliability as well as complexity of
hydrological drivers, a full hydrological attribution study is considered not possibités point for the
hydrological time series.

1.2.1 Hydrological characteristics of the affected areas

The affected catchments selected for this study (see metadata Table 1 and Figure 5) are located in the
Ardennes and the Eifel mountains in the nawistern part of the Central European low mountain
range. This region is geologically characterised by paleozoic siliciclastic sedimentary rocks, regionally
also limestones, locally interbedded with paleogene and neogene volcanic rocks. Relatively shallow
sdls have often developed on these siliceous rocks. They have a low water capacity also due to their
high skeletal content. Topographically, it is an elevated plain (mostly 200 to 500 m) surmounted by
individual mountain ranges (up to 700 m), into whichrthier network has cut deeply during an ongoing
phase of tectonic uplift, often in the form ofshaped notch valleys. The valleys are locally very narrow

with steep slopes leading to funii&ke effects in the event of floods.

These hydrogeological, pelbgical, and topographical characteristics-poadition the area to be

prone to an overall high and rapid hydrological responsiveness. In combination with the extreme hydro
meteorological situation in July 2021, characterized by high soil saturatiols,ldee saturated
conductivity and high and sustained precipitation intensities over a widespread area set the scene for
the extreme and destructive hydrological event.

It should be noted that the winter is the usual flood season, i.e. the time ofitest lsignual discharge,

in the region, when relatively high precipitation, low evapotranspiration, possibly in combination with
snowmelt, cause high discharges. Nevertheless, many large floods caused by heavy rainfall have
occurred in past summers, e.g. 482888, 1910, 2016 in the Ahr region (Roggenkamp & Herget,
2014).

In addition to many common features of the catchments, there are also differentiating characteristics
that have a modifying effect on the flood. At the level of the various catchmentigitroma to the

location relative to the precipitation area and regional hydrological, topographical and pedological
details, different land cover (arable and grassland use, degree of forestation, viticulture) and water
management measures (dams, floodhté&ia) should be mentioned. At the level of the individual rivers,

the respective valley crosections, river construction, building development near the river and effects
during the event itself (backwater, surges) cause large differences in thedodaidl

Figure 3 shows hydrographs of selected gauging stations during the event period. The catchments of
the Vesdre, Ahr, and Kyll responded particularly fast. At all gauging statiorexpgtng water level

maxima (red lines in Figure 3) were signifidly overtopped, including the station Eijsden at the
relatively large basin of the Meuse. For Belgium (Meuse catchment) out of the 118 stations where
discharge is measured, the discharge exceeded the threshold corresponding to the 25 year return period
in more than half of the locations, and the threshold corresponding to the 100 year return period was
exceeded in 29 locations. Additionally, preliminary reporting indicates that, out of the 262 Walloon
communities, 197 received excessive rainfall.
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Rapid attribution of heavy rainfall events in Western Europe July 2021

Table 1gives some general statistics and data sources for the stations. Locations can be found in Figure

4,
400 Chaudfontaine 5200 Eijsden 500 Bliesheim
- VESDRE 1 MEUSE 1 ERFT
5000 — — — — — —/~ >~ — 400
300 4 | i
£ 7] £ 4800 — E 300
© 200 — © - S
z i = 4600 — = 200
100 4400 — 100
0 4200 0
12 13 14 15 16 17 18 13 14 15 16 17 18 12 13 14 15 16 17 18
Date Date Date
600 7
Altenahr 500 Densborn 00 o Primzurlay
7 KyLL 600 — PRUM
400 500 7
£ £ 400 —
° S
= = 300 —
200 200 -
100 —
0 0 0
12 13 14 15 16 17 18 12 13 14 15 16 17 18 12 13 14 15 16 17 18
Date Date Date

Figure 3: Water levels between 12 and 18 July 2021 at selected gauging stations. Red hatched line
shows the highest observed water levels accordingedyly 2021 hydrological statistics
(except for Eijsden/NL showing a "extreme" scenario). Plot: Federal Institute of Hydrology

(BfG). Sources: Table 1.

Figure 4: Map of the catchments and locations of gauging stations.
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