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In July 2021, a cut-off low-pressure system brought extreme rainfall to Western Europe, leading to
flooding that caused loss of life and infrastructure damage. Here, we use ensemble boosting to
investigate alternative storylines of the event, given the observed dynamical situation. Using a fully
coupled free-running climate model, we identify atmospheric flow analogues of the 2021 event in an
initial-condition large ensemble. These analogues are re-initialised with slightly perturbed
atmospheric initial conditions to generate physically plausible alternative storylines. The storylines are
used to investigate how a potentially worse event could have unfolded given the same large-scale
dynamics. We identify rainfall events with longer persistence and larger extent, yet the observed event
appears to be towards the upper end of what is plausible in the current climate. Such storylines can be
used to prepare for possible future events, helping society to imagine dangerous, but plausible,

scenarios.

In July 2021, an extreme rainfall event impacted parts of Germany, Belgium,
the Netherlands, and Luxembourg'. Very high river levels were observed in
the Meuse and Rhine catchments’. Impacts on society were large—with over
40,000 people affected. The flooding caused at least 220 deaths, mostly in the
Ahr catchment, Germany”. Infrastructure damage included hospitals, roads,
bridges, and utility networks, with an estimated total damage of EUR 46
billion'.

The extreme rainfall of July 2021 was linked to a persistent cut-off
low-pressure system. Rainfall was greatest on July 14th, with daily totals
of up to 150 mm recorded in parts of western Germany' (Figs.
la and S1)—twice the climatological mean for the entire month of July
(~70 mm). The event was among the heaviest precipitation events in
Germany in the past 70 years, with records broken at several observa-
tional stations’. Due to the stalling of the cut-off low, the rain persisted
for several days, which increased ground impacts. Some of the highest
rainfall totals hit the densely populated Rhine Valley region, including
the cities of Cologne and Bonn. Intense rainfall over different timescales
has differing impacts. In this event, intense sub-daily rainfall upstream
led to flash floods, which ultimately caused more fatalities. Further
downstream, the response is slower; steady rainfall over several days
leads to impacts in the larger cities. Rainfall accumulation over different

timescales, sub-daily to multiday, is important for different types of
flooding.

According to official records and common memory, the event was
‘unprecedented’ for the region with daily accumulated rainfall and river
levels higher than seen in recent years. However, there is evidence of similar
events in the past, before official records and beyond the span of human
memory (i.e. alifetime)®. Many of those impacted had no prior experience of
severe flooding events and did not make any or sufficient preparations’
Human perception of risk is often biased by past experience’, leading to
preparedness levels below what is required for the most extreme—once in a
lifetime—climate events. Planning policy and disaster risk preparedness
both require clear information on the risks from heavy rainfall and flooding.
Motivating society to think about scenarios beyond what has been experi-
enced will allow better preparation and mitigation, potentially reducing the
impacts of future extreme events™'’.

Thinking back, we often imagine what we could have done differently;
thus, the outcome would have been better. In this study, we did not ask
ourselves what we could have done differently, but instead we ask whether
the rainfall event itself that caused these devastating floods could have been
even worse? We know that the dynamical atmospheric situation is plausible
as it did actually occur, but could small changes in its evolution have led to
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Fig. 1 | The meteorological situations of the observed and reference events.

a Total 24-h accumulated rainfall from E-OBS and daily mean 500 hPa geopo-
tential height from ERA5™, over western Europe on 14th July 2021, the day of peak
rainfall from the event. Contour lines show the 500 hPa geopotential height (m),

shading shows the daily rainfall totals (mm), regions with <1 mm in white. b As in
(a) for the reference event used to create the boosted ensemble, taken from CESM2
large ensemble of the current climate. The box indicates the rainfall region we
assess.

greater impacts? We only consider what could have happened, given the
dynamical situation. This conditioning leads to the use of the term ‘worse’
case—rather than worst—as under different dynamical conditions greater
rainfall extremes may be able to occur. Often, when investigating unpre-
cedented extreme climate events, magnitude is the primary measure
investigated and other characteristics of the event are overlooked'. Instead,
we investigate three different characteristics related to the extreme rainfall
event: given the specific dynamical situation, on a daily timescale could the
event have (1) been more persistent, (2) covered a larger area, and (3)
impacted a different region? Investigating these different scenarios can
better our understanding of possible worse scenarios within the dynamical
constraints and hence, increase our knowledge of the characteristics of
extreme precipitation events that society should be prepared for.

As we have seen, limited imagination of extreme rainfall scenarios can
prevent us from preparing for them. Forecasts and warnings alone may not
be enough to prevent impacts'’. Society may not understand the danger if a
forecast suggests rainfall beyond what has previously occurred. People who
were affected by the floods in July 2021, may now be able to imagine this
kind of severe event and therefore may be able to prepare better in the future.
However, it is rather unlikely that the event will happen with the exact same
rainfall characteristics as those of July 2021. Therefore, it is important to
understand which other scenarios could have taken place to feed our ima-
gination with further possible scenarios. This is especially important for
people who were not (severely) affected in July 2021, but actually could have
been if the dynamical situation had turned out slightly differently. It is
important because these people might think in the future ‘that time it did not
impact us, so why would it this time?’ since they may assume that they
already experienced the worst possible event and, hence, may not be able to
visualise flooding beyond that of past events.

Climate models can be used to create storylines of rainfall events,
allowing possible more impactful events to be investigated”™">. We use
ensemble boosting to produce alternative storylines of the July 2021 rainfall
event—feasible alternative pathways within the current climate. This
method has previously been applied to heatwaves, identifying storylines of
record-shattering heat in regions yet to experience such'®’ to create
storylines of multi-year droughts'®. We use daily accumulated rainfall to
assess the event. This is a useful measure of flood potential and is used to
issue initial warnings. In the July 2021 case, forecasts of daily accumulated
rainfall led to the initial warnings issued, first to the Rhine and later the
Meuse catchment"’. Later, higher-resolution information allowed warnings
of greater spatial and temporal precision.

When investigating extreme rainfall, the measure most often
assessed is how much rain occurs over a given region within a given time
frame. For example, ref. 2 carried out an attribution study for the July
2021 event assessing daily rainfall over defined ‘tiles’ of approximately
140 x 140 km. To calculate the return period of the event in model

simulations, ref. 20 also used daily rainfall over a single region defined
from the event. Initialised hindcast ensembles have been used to quantify
the risk of extreme rainfall totals in other regions in the current
climate’. As well as rainfall magnitude alone, event duration is an
important aspect of understanding risk. While the drivers of the dan-
gerous flash floods that affected the upstream valleys in these floods can
be captured by extreme daily totals, prolonged rainfall, particularly when
this falls on already wet ground can lead to severe flood impacts across
the whole river catchment and in particular downstream in the lowland
floodplains, which is often where larger population centres reside and
most societal and economic damage can occur™*. Spatial coverage and
the coincidence of the rainfall with catchment boundaries is also highly
relevant for understanding the flood genesis™. The impact of rainfall will
differ if rain occurs in one catchment or is spread over multiple catch-
ments, leading to the need for different emergency response plans.

Climate change has increased the intensity and frequency of summer
rainfall extremes, and this is projected to continue’* . With global warm-
ing, the atmosphere can hold more moisture, and this leads to increased
extreme rainfall globally. Regional rainfall is also influenced by local
dynamical changes, resulting in spatial variability in rainfall trends. Over
Europe, there is observational evidence of increased magnitude and inten-
sity of extreme rainfall since the 1950s”. Climate projections suggest the
most intense rainfall events observed in Europe in the current climate are
projected to almost double in frequency for each 1°C of further global
warming”’. Understanding the range of plausible extreme precipitation in
the current climate is essential to enable society, policymakers, and insurers
to prepare for the full range of events that could occur.

Results

In the boosted ensemble, we can identify storylines of more extreme rainfall,
based on large-scale characteristics (Fig. 1). We assess the boosted ensemble
to identify accumulated daily rainfall over the region impacted. We assessed
the model’s capability to simulate events with similar extreme accumulated
daily rainfall within the impacted region and found that the model is capable
of simulating such extreme rainfall (Fig. S2). We assess the full distribution
of JJA daily rainfall (Fig. S2a, b) showing the model is capable of simulating
more extreme events than found in either reanalysis (ERA5) or observa-
tional (E-OBS™) datasets—as may be expected with a large ensemble
sampling further into the extreme tails. We also assess the return period of
the annual maximum values (Fig. S2¢, d) again showing good agreement
between the model, reanalysis, and observational datasets. At the model
resolution, the observed event had maximum gridpoint rainfall of 97.4 mm/
day, but the greatest local rainfall in the boosted ensemble is 84.0 mm/day
(Fig. 2a). Gridpoint level rainfall is >60 mm in a day (DWD alert level 1)*.
We do find simulations with (slightly) greater regional daily rainfall than
observed (Fig. 2b). The observed event had 37.0 mm/day areal average
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Fig. 2 | Does the boosted ensemble show extreme (a)
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rainfall over the whole region; the boosted ensemble shows simulations with
up to 39.0 mm/day.

The boosted ensemble is initialised 7-20 days before the reference
event, but not all the lead times show the extreme rainfall over Western
Europe identified in the reference event. At shorter lead times, the rainfall is
more consistent across the ensemble as there is less time for the ensemble
members to diverge dynamically. Shorter lead times are likely to have
greater similarity with each other, and greater similarity with the reference
event, thus worse cases are less likely. In the longer lead times, many events
show little rain—the dynamics have diverged from the observed event, so we
no longer capture extreme rainfall within the ensemble. There is a spread in
the precipitation patterns within the ensemble, and to a lesser extent in the
dynamical patterns (Fig. S3). This illustrates that the ensemble can capture
alternative plausible storylines of daily rainfall from the same initialisation
state. To investigate the storylines of worse scenarios, we use only the 6 lead
times with simulations showing gridpoint level rainfall >60 mm in a day,
7-12 days—providing 300 simulations of the event (Fig. 2). The range of
useful lead times is event dependent.

Longer persistence
Although it has been shown that a majority of the rainfall leading to flooding
in the observed event occurred within the 24 h of 14th ]uly‘, rainfall persisted
over several days due to the stalling of the cut-off low. Further downstream,
where the river is bigger, it will react more slowly to rainfall—and persistent
rainfall over several days may lead to larger impacts. For the observed event,
much of the impacts, and particularly loss of life, occurred in the upper parts
of the catchment where runoff response is more rapid, and ideally we would
assess shorter duration rainfall, but this is unavailable for the model
ensemble we use. Downstream the catchment, longer rainfall persistence
could be more impactful, and this aligns with the locations of larger cities.
Rainfall accumulations over a specific time period will lead to a specific
impacts in a specific catchment™*’—thus we assess a range of thresholds.
We assess the persistence of rainfall in the boosted ensemble over the
four time periods over which DWD issues rainfall warnings™. We identify
the greatest 1-, 2-, 3-, and 4-day accumulated rainfall within the event
region. The boosted ensemble shows no 1-day rainfall accumulations as
extreme as was observed (Figs. 1a and 2a), though many members do reach
warning levels. For 2-day rainfall accumulation, the boosted ensemble
extremes are closer to the observed, but still not as great (Figs. 3b and S4).
The apparent lack of more extreme modelled events at both 1- and 2-day
scales may be due to the use of daily resolution data. Greater 24- or 48-h

events that span multiple calendar days will not be included. For both 3- and
4-day rainfall accumulations, the boosted ensemble shows simulations with
more extreme rainfall (Fig. 3¢, d). For 4-day rainfall accumulation, the
observed event did not reach alert levels, 1 member of the boosted ensemble
is above the 150 mm in 4-day threshold, and 2 other simulations show
greater rainfall than observed (Fig. S4).

Although single-day rainfall accumulation is not as extreme as
observed, the boosted ensemble shows worse scenarios for multi-day rainfall
accumulation. These storylines—149 mm in 3 days and 158 mm in 4 days—
could lead to different flood impacts than occurred. Imagining the con-
sequences of such storylines is important to reduce possible impacts should
such an event actually occur. Continuous heavy rainfall over multiple days
can increase flood extents in the lower reaches of large rivers, such as the
Rhine”. In regions where weirs and other artificial measures have been
engineered, persistent rainfall can be particularly impactful in adjusting the
rate of flood propagation; this can increase flood extents upstream as the
water is slowed leading to larger flood extents™.

Larger rainfall extent

Next, we investigate the plausible spatial extent of the rainfall—could the
rainfall have been spread over a larger area, potentially increasing the
impacts? If rain is spread within the same catchment, it could potentially
lead to higher total run-off. Rain spread over multiple catchments—though
less in each individual catchment—may cause more impacts as coordination
of emergency response may be harder as equipment is stretched over a larger
region. Spatial extent of European floods has been shown to increase over
the past 70 years—in part due to larger spatial extent of rainfall”’. We assess
only the current climate; if the observed trends continue, it is possible that
greater extents than we find would occur.

We take two accumulated daily rainfall thresholds, 40 and 60 mm, we
count the number of gridboxes over each threshold on the event day. The
model grid is 1.25 x 0.9°, approximately 140 x 60 km at 50°N. The spatial
resolution prevents assessment of catchment-level rainfall, which would
allow us to better determine where impacts would occur, but we can assess
differences in spatial extent more generally. In the observed event, 7 grid-
boxes show rainfall over 40 mm in a day, and 4 gridboxes with over 60 mm
in a day. As was the case for persistence, the majority of simulations show a
less extreme event in terms of spatial extent. Many simulations do not show
any gridboxes above the threshold (Fig. 4a, c). Although few model simu-
lations show a greater spatial scale than the observed event—but there are 4
events with 7 and 8 gridboxes of daily accumulated rainfall >40 mm,
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Fig. 3 | Could the event have persisted longer? a) 1 day b) 2 day
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corresponding to an area of 60,000-70,000 km’. We show that gridbox
maximum daily rainfall generally increases with the scale of the event—so
events covering a larger area are likely to also be more intense locally, at least
on the spatial and temporal scale of the model (Fig. 4b, d).

The storylines with the largest spatial extent cover a region greater than
the area of Belgium. An event of this magnitude would require coordination
between nations. The European Emergency Coordination centre has
struggled with previous events, including the 2021 observed event, as the
sharing of pumps between countries is not feasible when both countries are
flooding simultaneously”. Later, we discuss the impacts of a storyline with
both a larger extent and a shifted location.

Different locations

The observed event of July 2021 impacted a densely populated area of the
Rhine valley, including the cities of Dusseldorf and Bonn. Had the rainfall
been shifted, it could have impacted less populated regions, or the densely

populated regions of the Netherlands to the north west or Paris to the south
west. Past extreme rainfall events in Germany have occurred over cities—for
example, in June 2017 rainfall was more intense than the July 2021 event hit
Berlin®. Despite extensive flooding, including to the Berlin metro system, the
June 2017 event led to no fatalities and much lower insured losses than July
2021".

Other studies have considered the impacts of the rainfall occurring
in neighbouring locations**. The method we use allows us to investigate
if such imagined events are plausible scenarios, given the dynamical
constraints. An attribution study of the event pooled tiles over a larger
region than impacted by the event to allow more robust calculation of
return levels to be calculated”. The larger region was chosen for testing
statistical similarity of extreme rainfall characteristics—not dynamical
similarity. The range of extreme rainfall locations in the boosted
ensemble could better guide regions over which such pooling is dyna-
mically suitable.
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Fig. 5 | Could the event have impacted a different region? a The longitudinal position of the maximum rainfall plotted against the total daily rainfall. b As in (a), but showing
latitudinal position. ¢ Map of the maximum rainfall locations, scaled by the amount of rainfall, with the observed rainfall from E-OBS shaded.

We show that in the boosted ensemble events with the greatest rainfall
totals are constrained to a relatively small region, centred on 50°N, 7°E (Fig.
5). Assessing the proportion of simulations with rainfall above specified
thresholds also shows that the most intense rainfall in the boosted ensemble
occurs in the same region (Fig. S6). This will be partly due to the enforced
dynamical constraints, as all boosted ensemble members are initiated from
the same reference event. The observed event is towards the northern limits
of the plausible region suggested by the boosted ensemble. The plausible
region is centred on the German state of Rheinland Pfalz, close to France and
Luxembourg. No events in the boosted ensemble occur further to the north
west than the observed event, suggesting that—given the dynamical con-
straints—the event may not be plausible over the Netherlands. There are
events that are centred further south west including the Paris region, but
these events show smaller rainfall totals.

Given the dynamical conditions, the observed event corresponded with
the most densely populated region plausible. Rheinland Pfalz, where the
ensemble events are centred, is less populated than where the observed event
was centred, but impacts could still be large depending on whether that
region has systems in place to prepare them for such an event. Impacts will
depend on how prepared a region is—in July 2021, Luxembourg had rela-
tively large impacts due to the lack of an integrated warning system®. The
model does not represent the complexity of the orography, which could
affect both the rainfall location and accumulated rainfall totals*. Orography
has been shown to be important for the observed event—with the highest
rainfall intensities found in the Eifel mountain range, where multiple rivers
originate'. Further research investigating whether the same dynamical
conditions are equally probable in another location would be valuable.
Likewise, it would be valuable to repeat the experiment with a convection-
permitting model that accounts for the complexity of the orography and
further resolves the convection.

The alternative storylines are not chosen to simply have greater
rainfall, but changes to characteristics that would require different pre-
paration and emergency responses to reduce impact on society. Assessing
each characteristic in turn allows us to think about the possible con-
sequences of such a rainfall storyline—but we can identify storylines that
incorporate multiple changes. Some examples of the daily rainfall
accumulation from the wettest days of both the observed event and
model events are shown in Fig. 6. Some rainfall storylines look similar to
the observed event (Fig. 6e), others show changes in location and/or

spatial extent. Figure 6d shows a rainfall storyline where the extent is
larger, and coincides with the French mountainous region of the Vosges
—another region with topography susceptible to flashy floods. Such an
event would require clear communication and understanding of the risks
in the flashy upstream region, and then an understanding of which
catchments will get the most run-off, to reduce downstream impacts. We
also show a storyline with greater daily accumulated rainfall over Lux-
embourg (Fig. 6¢). This region struggled with flood warning systems
during the July 2021 event"; this study suggests that policymakers need
to consider the impacts of even greater rainfall.

Discussion

We present plausible storylines for alternative extreme rainfall events
similar to that observed in Western Europe in July 2021, conditioned on the
dynamical situation observed. We use climate model simulations to show
storylines with larger rainfall extents, longer persistence, and different
locations (Fig. 6). We find the observed event is towards the upper limit of
the storylines suggested by the model ensemble in terms of spatial extent and
persistence. Despite this, the climate model simulations include many events
that could cause disastrous surface impacts. We find that events that are
more intense locally tend to also show a greater spatial extent. Society may
not be prepared for such events, as they have not occurred in the historical
record. Similar events may have happened in the past but have gone
unrecorded or been forgotten, or it may be that they have never happened,
and our changing climate has only now made them a plausible possibility.
The model events follow the real-life dynamical situation that occurred in
July 2021, giving us confidence that they are plausible events that we need to
be prepared for.

In 2021, the German early warning system failed in various ways". This
resulted in many citizens not receiving any warnings until the water arrived
at their doorstep. This was especially noticed in the worst-affected areas. In
this regard, the lack of understanding, imagination and belief played a role in
the dissemination of warnings through the top-down warning chain. This
lack was further identified at the individual level when warnings were
received’. In particular, the lack of understanding refers to the translation of
received warnings into potential flooding extents and impacts, the imagi-
nation of what this would look like in reality, and the cognitive processes that
make us believe something or the bias that prevents us from believing
something to happen (wishful thinking). Hence, using these storylines can
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Fig. 6 | Plausible alternative storylines. a The observed event, with E-OBS rainfall data, and b-f five examples of possible alternative storylines found in the boosted
ensemble. River basins are outlined in black, national borders in grey, and key cities in red/orange.

help to address this, and building on a real-life case can support the impact of
communication campaigns or workshops.

Being able to understand the impact of forecasted events, to imagine
these, and actually believe that they can happen is of high importance for
disaster preparedness. It triggers action, both in a long-term (from now
onwards) and short-term perspective (when a warning is received). In this
context, individual preparedness includes both physical preparedness, such
as moving valuables upstairs, and psychological preparedness. Hence, if
storylines can help us to imagine, we can not only physically but also
psychologically prepare ourselves for future events. Psychological pre-
paredness is foremost important for us to be able to cope with disastrous and
shocking events and recover from them.

The developed physical storylines in this study are not only of interest
to climate scientists but also need to be communicated to disaster risk
management practitioners, decision-makers as well as to the public. We can
use these storylines to communicate, not only the plausibility of these events,
but also their danger. Further development of such storylines using high-
resolution models will enable society to consider what actions need to be
taken to better prepare in terms of, for example, planning, insurance, dis-
aster risk management, and societal wellbeing®. Bridging the knowledge
gained from the storylines to the imagination of people, different commu-
nication tools can be applied, ranging from storytelling, participatory
workshops, serious games, virtual reality visualisations and more*. One
example of storytelling is The Weather Channel’s FloodFX technology”,
which can help us imagine how an extreme weather event would impact us
personally and how to physically and mentally prepare and adapt, reducing
impacts. The worse cases we identify can be used to produce storylines of
plausible events on a local scale, to encourage visualisation of the knock-on
effects of such rainfall totals enabling the reduction of impacts should it
actually occur.

There are alternative methods for creating rainfall storylines, such as
relocating an observed event™ or the use of artificial intelligence (AI). The
advantage of using a climate model is that we obtain physically plausible
events. Simply moving an event geographically, or multiplying the accu-
mulated rainfall totals, does not tell us anything about whether the event is

dynamically possible. AI-generated extreme events may not follow the rules
of physics, and may be limited by training data, which cannot include
record-shattering future events®. Storylines could also be taken from an
ensemble weather forecast. Such ensembles are generated every day, pro-
viding a range of physically plausible possibilities for the future weather. For
this event, the extreme rainfall was predictable from a 3-day lead time”, thus
impactful storylines show less variation than the boosted ensemble—where
we assess lead times up to 12 days.

Previous use of ensemble boosting has selected events based on tem-
perature or rainfall maxima, we select based on large-scale dynamics. We
find that not all simulated events with high similarity in the 500 hPa geo-
potential height show extreme rainfall—but some do. In principle, the
dynamical analogue conditions could be more narrowly defined to also
ensure consistency in the moisture convergence or the vertical structure. We
specifically aimed at using a simple definition for which it is not a given that
the model would show any rainfall events from dynamical conditioning
alone. One limitation is the coarse resolution of the model, which does not
represent the complex topography and does not resolve the convective
processes potentially embedded in the large-scale weather system. The
impacts of the observed event were driven by sub-daily extreme rainfall,
which we cannot assess with only a daily temporal resolution. Convection-
permitting models are computationally very expensive, and the currently
available simulations are not yet long enough to specifically probe the tail of
the rainfall distribution in pre-selected regions. Furthermore, we find that a
global model can represent key characteristics of such an event. It is pro-
mising that the model generates comparable rainfall amounts under similar
dynamical conditions. For this particular event, it has been shown by
observational studies that the large-scale rainfall, rather than convective,
plays the greater role'. Other extreme rainfall events with a greater pro-
portion of convective rainfall would likely be harder for a boosted ensemble
to reproduce. It would be valuable to repeat these experiments with other
global models and to extend the method to use regional convective per-
mitting models. However, it may be challenging to ensure that the most
extreme boosted boundary conditions yield the most extreme local pre-
cipitation. We see this study as a first step towards looking at a wider range of
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research questions assessing plausible worse cases—which would require
sub-daily rainfall and the floods themselves.

We are limited by ensemble size; simply by increasing the size of the
ensemble, we would likely capture more extreme events. For example, some
ensemble members are close to the 2-day rainfall total of the observed event,
and a larger ensemble could sample further into the extreme tails and
perhaps include a more extreme simulation in terms of 2-day rainfall.
Likewise, selecting analogues based on the dynamical conditions prior to the
observed event could also lead to more extreme members. Further work
could investigate the distribution of the boosted ensemble, compared to the
observations, to assess whether extremes appear constrained by
ensemble size.

The boosted ensemble used in this study could be used to investigate
other research questions. For example, what causes some of the simulations
to show a good representation of the rainfall of an observed event, when
some show very little rainfall over that region? All simulations start from
very similar initial states, so when and why do the rainfall patterns diverge?
The reference event cannot be a perfect analogue of the observed event—
identifying reference events with deliberate choice in the difference could
help understand event development. For example, the reference event we
select has a smaller cut-off low and more anticyclonically tilted large-scale
flow. If we were to compare with an ensemble from a reference event with,
for example, less large-scale tilting, we may find systematic shifts in per-
sistence. Perhaps ensemble boosting can aid attribution studies by helping to
understand more about the causes of specific observed events. Further work
exploring the differences between the wet and dry ensemble members is
planned. Boosted ensembles could also help understand more about the
causes of specific observed events, or whether specific dynamical situations
depend upon antecedent conditions.

It is important to remember that flooding is much more than just
rainfall, yet we only present storylines in terms of the rain, merely spec-
ulating about its impacts. The severity of the floods will depend on many
variables, such as antecedent conditions, local level rainfall (beyond the
resolution of the model), and land use. Flood generation varies greatly
depending on the soil moisture levels, river conditions, and dam manage-
ment state. The impacts, particularly the storyline of flood events, will
depend on many more factors than the rainfall alone, and the exposure and
vulnerability of communities are also important considerations. We can
think through how flooding may play out in the rainfall storylines presented,
but only by downscaling the rainfall to use as inputs for flood models—with
a range of initial states—can we quantify the plausible impacts. Such a
framework enables us to assess different climate counterfactuals but also
different adaptation counterfactuals.

Society must prepare for future extreme rainfall events, but to do so
we need to understand and imagine the possible characteristics of such
events—not solely the rainfall magnitude. Using ensemble boosting, we
have shown that, conditioned to dynamics similar to the observed event,
we were perhaps unlucky in July 2021. The event was towards the upper
range of rainfall persistence and spatial coverage that we find plausible,
and impacted one of the more populated regions. We do find storylines
that could result in greater accumulation in different regions, and we can
use these to imagine some of the storylines we need to prepare for. But it
is important to note that we do not assess the full range of possible
extreme rainfall events over Western Europe, and only assess in the
current climate. Different dynamical conditions could lead to more
extreme rainfall events over western Europe, and as the climate warms we
should expect extreme rainfall, and the flood disasters that follow, to
occur more frequently. It is therefore essential that we can imagine and
prepare for this more extreme future.

Methods

Data

We use the fifth-generation ECMWF atmospheric reanalysis of the global
climate (ERA5) as a proxy for observations for 500 hPa geopotential
height™. This reanalysis provides spatially complete gridded climate data by

combining observational records with forecasting models, data assimilation
systems filling gaps where direct observations are unavailable or unreliable.
ERAS5 is comparable to the observational dataset E-OBS™ for the total 24-h
accumulated rainfall of this event (Fig. S1). We use E-OBS for rainfall data
given its dense station coverage in the study area, and the known limited
ability of ERAS5 to capture rainfall extremes™. To identify analogues of the
event in the climate model, a single date is required. The event date is chosen
as the day with the greatest rainfall over the region—July 14th, 2021". We use
daily (24-h) accumulated rainfall from E-OBS and ERA5 daily mean
500 hPa geopotential height fields.

Generating the boosted ensemble

We use the Community Earth System Model Version 2 (CESM2)”—
starting with a 30-member CESM2 initial condition large ensemble for the
current climate, 2005-2035, with historical forcings for 2005-2014 and
SSP3-7.0 for 2015-2035"". The spatial resolution of the model is 1.25° x 0.9°,
using linear regression, and the observational data is regridded to the model
grid. We assess the model’s ability to simulate the observed event, to ensure
events with similar daily accumulated rainfall over the impacted region are
possible in the model (Fig. S2). Return curves for ERA5 and E-OBS are
calculated by ranking the annual maximum daily maximum rainfall, both
over the study area and the maximum gridpoint within it (Fig. S2¢, d). The
model data is resampled to the length of the observations 10,000 times, and
the 2.5-97.5% range of these is shown.

To generate the boosted ensemble, first we search for a ‘reference event’
from which to create the ensemble. In the CESM2 large ensemble we
identify events with similar dynamical situations over Western Europe to
that in ERA5 for this event; these are our atmospheric flow analogues™ .
We calculate analogues using pointwise Euclidean Distance between the
500 hPa geopotential height of the event day in ERA5 and each individual
summer (JJA) day in the CESM2 large ensemble. Two nested domains are
used—a larger domain: 30-70°N, 30°W to 30°E and a smaller domain:
42-62°N, 20°W to 10°E. Over the full ensemble, we identify the 30 closest
analogues for each domain, these have a spatial correlation with the
observed event of 0.78-0.90 for the larger domain and 0.89-0.96 for the
smaller domain. We retain model days that feature in the 30 closest ana-
logues of both, resulting in 7 model days with the closest dynamical patterns
over the larger region and more locally. We assess the daily accumulated
rainfall field of these seven most similar model days to identify the day with
rainfall most like the observed event. This is used as the reference event (Figs.
1 and S5).

The reference event is used to create the boosted ensemble by re-
initialising the model between 7 and 20 days before the reference event—
referred to as the lead time. Bit-by-bit reproducibility on the high-
performance computing environment ensures that an extreme event, which
is part of an existing long simulation, can be exactly reproduced and that
perturbed ensembles can be produced for the corresponding events with
different lead times. At the time of the initialisation, the specific humidity g is
randomly perturbed at each gridpoint by a factor of the order of 107" to
generate 50 ensemble members for each lead time'”. The boosted ensemble
is output with a spatial resolution of 1.25 x 0.9° (approximately 140 x 60 km
at 50°N) and daily temporal resolution.

Assessing storylines

The boosted ensemble provides physically plausible storylines. These are
not necessarily the worst possibilities as they are constrained to the large-
scale atmospheric conditions we impose—those similar to the observed
event. There may be different dynamical set-ups that could cause even
greater rainfall totals. We use the boosted ensemble to assess three spe-
cific worse scenario criteria relating to the extreme rainfall as outlined in
the introduction—could the event have (1) persisted longer, (2) had a
larger spatial extent, or (3) impacted a different region. For this purpose,
we investigate the rainfall totals over the event region, defined as
48-52°N, 4-9°E (shown in Fig. 1). We assess the daily accumulated
rainfall areal mean and the daily accumulated maximum gridbox rainfall
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Table 1 | German Weather Service (DWD) rainfall warning
levels®

Rainfall duration  Alertlevel1 Alertlevel2 Alertlevel3 Alertlevel 4
Daily >60 mm >70 mm >80 mm >90 mm
2-day >80 mm >100 mm >120 mm >140 mm
3-day >100 mm >150 mm >200 mm >250 mm
4-day >150 mm >200 mm >250 mm >300 mm

for the boosted ensemble. We compare to the observed event, using the
regridded reanalysis. We identify which lead times have rainfall >60 mm
in a day in at least one gridpoint and ensemble member and choose only
these lead times to investigate further. This level corresponds to the
German Weather Service (DWD) 24 h alert level 1 (Table 1°°). We assess
three specific alternative storylines:

1. Longer persistence: To assess rainfall persistence, we calculate the
maximum accumulated rainfall for 1-, 2-, 3-, and 4-day periods, over
the model gridpoints in the event region. We compare these to the
observed event, regridding E-OBS data to the model grid. We assess if
the boosted ensemble shows more extreme rainfall over multiple days
than was observed. We compare the values to the DWD alert levels for
rainfall over 24-96 h, shown in Table 1.

2. Larger rainfall extent: To investigate the size of the region impacted we
count the number of gridboxes in the observed event in E-OBS and the
boosted ensemble with daily accumulated rainfall above two thresh-
olds: 40 and 60 mm. We also assess the relationship between maximum
gridpoint daily accumulated rainfall totals and extent.

3. Different Location: To identify whether other regions could have been
impacted, we identify the gridpoint of the greatest accumulated daily
rainfall in each simulation and assess the geographic spread.

Data availability

ERA5 data is available from the European Centre for Medium-Range
Weather Forecasts (ECMWF), Copernicus Climate Change Service (C3S) at
Climate Data Store (CDS; https:/cds.climate.copernicus.eu/). We
acknowledge the E-OBS dataset from the Copernicus Climate Change
Service (C3S, https://surfobs.climate.copernicus.eu) and the data providers
in the ECA&D project (https://www.ecad.eu).

Code availability

The code used to generate the figures in this paper and the Supple-
mentary Materials is available from github and zenodo: https://github.
com/vikki-thompson/LimburgBoosting and https://doi.org/10.5281/
zenodo.15494701. All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials.
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