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Abstract. In October 2023, the Baltic Sea coasts of Germany
and Denmark experienced a severe storm surge, predom-
inantly impacting the German state of Schleswig-Holstein
and parts of southern Denmark. The surge led to exten-
sive flooding in cities like Flensburg and Schleswig, caus-
ing the breaching of at least six (regional) dikes and causing
over EUR 200 million in damages in Schleswig-Holstein. By
chance, the peak water levels of this storm surge aligned well
with those of recent hydrodynamic flood modelling studies of
the region. This rare coincidence offers crucial insights for
our understanding of flooding impacts, flood management,
and modelling. By comparing those studies to the real-world
example using extensive media reports, we aim to extract key
insights and identify gaps to be tackled in order to improve
flood risk modelling in the Baltic Sea region and beyond.

1 Introduction

The Baltic Sea is a semi-enclosed, microtidal marginal sea
in the eastern North Atlantic, which is under pressure from
a multitude of anthropogenic disturbances and natural haz-
ards (Rutgersson et al., 2022; Reusch et al., 2018). On 20-
21 October, an exceptional storm surge inundated parts of
the German and Danish Baltic Sea coasts, demonstrating
why both states are projected to experience the largest ab-
solute coastal flood damage in Europe over the course of
the 21st century (Rutgersson et al., 2022; Vousdoukas et al.,
2020). Most affected during the October 2023 surge were

the German federal state of Schleswig-Holstein and south-
ern Denmark. This surge highlighted the extent of dam-
age that can occur from events within anticipated coastal
protection design parameters, as it led to extensive flood-
ing in major cities such as Flensburg, Schleswig, and Eck-
ernforde (all of which are located in the German federal
state of Schleswig-Holstein; Fig. 1), breaching a minimum
of six (regional) dikes (NDR, 2023c, d; SHZ, 2023; Nord-
kurier, 2023) and causing preliminary damages of approxi-
mately EUR 200 million in Schleswig-Holstein alone (NDR,
2023e).

The October 2023 surge, which was extensively covered
in the media and similar in magnitude to recent studies from
the same region (Hoffken et al., 2020; Kiesel et al., 2023b;
Kupfer et al., 2024), poses a unique opportunity to compare
flood modelling studies with a real event and thereby reflect
on flood modelling capabilities and existing gaps. This en-
ables deriving critical insights that may assist in developing
modelling strategies for the Baltic Sea coast and beyond.

Characterisation of the event

The storm of 20 October 2023, driven by strong easterly
winds, persisted for 2d and reached peak wind speeds of
102kmh~!. The primary cause of this event was the air pres-
sure difference between a high-pressure system over Scan-
dinavia (1030 hPa) and a low-pressure system over England
(975 hPa), resulting in a strong and sustained easterly wind
field across the entire Baltic Sea (Bundesamt fiir Seeschiff-
fahrt und Hydrographie, 2023). Strong easterly winds, as ex-
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Figure 1. Map with locations of tide gauge stations from Table 1. The colours depict the difference in peak water levels between the observed
October 2023 storm surge and the modelled 200-year return water levels from Kiesel et al. (2023b). Red colours indicate that extrapolated
200-year return water levels were lower than the observed peaks of the October 2023 surge, and blue colours show that the latter was lower

than the constructed 200-year events.

perienced during the October surge, constitute the primary
cause of storm surges along the German Baltic Sea coast. Un-
der such conditions, the German federal state of Schleswig-
Holstein (SH) is exposed to a longer fetch length, explaining
why extreme sea levels are typically higher than in the state
of Mecklenburg—Western Pomerania (MP) (Griwe and Bur-
chard, 2012; Kiesel et al., 2023b).

Days before the October 2023 surge, water levels in the
Bay of Kiel and Bay of Liibeck were already 20-50cm
above mean sea level, which is referred to as “precondi-
tioning” (Bundesamt fiir Seeschifffahrt und Hydrographie,
2023). Preconditioning describes elevated water levels within
the Baltic Sea before the onset of a storm, which is an im-
portant factor in the development of extreme water levels
(Weisse et al., 2021).

Across the German Baltic Sea coast, the October 2023
surge caused the highest peak water levels in Flensburg (Ta-
ble 1, Fig. 1). In this city, only the storm surge of 13 Novem-
ber 1872 was higher than the October 2023 flood, making
this recent surge the second-highest on record in the past
150 years (Bundesamt fiir Seeschifffahrt und Hydrographie,
2023). In Flensburg, water levels remained over 1.0 m above
mean sea level for 53 h and over 2.0 m for 9 h. At several tide
gauges, the October 2023 storm surge was roughly equiva-
lent to a 200-year event, as calculated from a hindcast of a
hydrodynamic model of the western Baltic Sea covering the
years 1961-2018 (Kiesel et al., 2023b; please see Table 1).
We note, however, that extrapolating extreme sea levels be-
yond the length of tide gauge records is sensitive to the length
of the data included. For instance, MacPherson et al. (2023)
could show that extreme sea levels extrapolated using the
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limited time series of available tide gauge records along the
German Baltic Sea coast can be underestimated.

Although peak water levels during the October 2023 storm
surge were mostly below the design water level for state
dikes along many coastal sections (200-year event 4 wave
overflow + buffer for sea level rise) (Ministerium fiir En-
ergiewende, Landwirtschaft, Umwelt, Natur und Digital-
isierung des Landes Schleswig-Holstein, 2022), the event
caused widespread and costly damage, including dike fail-
ures and flooding. Dike failures, however, were only ob-
served along regional dikes. In contrast to state dikes, re-
gional dikes are the responsibility of water and soil associ-
ations and are built according to variable and generally lower
design heights (Hofstede, 2024). The total length of regional
dikes in Schleswig-Holstein is 40.1 km — half of which did
not experience damage from the storm surge, while about a
third sustained moderate (5.3 km) and severe (6.7 km) dam-
age (Oelerich, 2024).

In the aftermath of the event, the first estimates of damages
in the federal state of Schleswig-Holstein alone sum approx-
imately EUR 200 million, of which around EUR 40 million
are associated with coastal protection and EUR 140 million
with touristic and municipal infrastructure (NDR, 2023e).
Examples include a dike breach and the drowning of
livestock near Damp, Schleswig-Holstein. The total dam-
age costs in this area were estimated at EUR 10 million
(SHZ, 2023). Wieck am Darf3 (located in the federal state
of Mecklenburg—Western Pomerania) experienced two dike
breaches on a total length of 30 m, posing a flood threat
to 75 houses (Nordkurier, 2023). The Baltic Sea channel
called the Schlei and adjacent open coasts were particu-
larly impacted. In this region, three regional dikes breached
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Table 1. Observed peak water levels during the October 2023 surge at 21 selected tide gauges along the German Baltic Sea coast. Obser-
vational data were taken from EMODnet (2020). The return water levels of a 200-year storm surge were taken from Kiesel et al. (2023b).
In their study, the authors used a hindcast simulation of a western Baltic Sea hydrodynamic model between the years 1961 and 2018 to
extrapolate the extreme sea levels. An asterisk next to the tide gauge location denotes that the observed water level of the October 2023 surge
ranges within the error margin of a 200-year event as calculated by Kiesel et al. (2023b). Note that the modelled 200-year return surges are
detrended for sea level rise. Values written in italic letters indicate that tide gauge data were used for extreme value extrapolation instead of
the hydrodynamic model. Note that the tide gauges of Kappeln and Schleswig stopped working a while before the peak of the October 2023
surge reached their locations. NHN stands for Normalhdhennull (NHN, German reference datum).

No. Station Date Time Observed water level ~ 200-year return water

(CET) relative to NHN (cm) level (cm)
1 Althagen™® 21 Oct 2023  12:42:00 100 110+ 36
2 Barhoft* 20 Oct 2023  21:38:00 143 153+ 12
3 Eckernforde™ 20 Oct 2023  21:10:00 215 205 +28
4 Flensburg* 20 Oct 2023  22:40:00 227 203 +29
5 Greifswalder Oie* 20 Oct 2023  18:53:00 148 168 23
6 Heiligenhafen™ 20 Oct 2023  23:07:00 172 190 £ 35
7 Kappeln* 20 Oct 2023  13:00:00 163 151423
8 Kiel-Holtenau™* 20 Oct 2023  21:33:00 195 203 +29
9 Koserow 20 Oct 2023  19:05:00 108 156 +£26
10 Langballigau™® 20 Oct 2023  22:16:00 221 199 + 28
11 Kalkgrund Leuchtturm® 20 Oct 2023~ 22:57:00 208 196 +27
12 Neustadt™ 20 Oct 2023  18:38:00 180 199 +33
13 Rostock™ 20 Oct 2023  22:15:00 150 175+ 31
14 Sassnitz 20 Oct 2023  22:04:00 114 144 +13
15 Schleimiinde™ 20 Oct 2023  21:32:00 208 198 +26
16 Schleswig 20 Oct 2023  07:35:00 176 148421
17 Stralsund* 20 Oct 2023  19:28:00 151 158 +21
18 Timmendorf* 20 Oct 2023  18:50:00 161 194 4+ 38
19 Ueckermiinde™* 20 Oct 2023  17:44:00 92 111+30
20 Warnemiinde™* 20 Oct 2023  22:37:00 148 174 £ 32
21 Wismar* 20 Oct 2023  22:20:00 158 197 £40

in Arnis, Maasholm, and south of the harbour of Olpenitz
(NDR, 2023c). In Arnis, temporary repairs were carried out
with over 30000 sandbags, with full repairs forthcoming
(Kieler Nachrichten, 2023). Schleimiinde and the Lotsenin-
sel, both located on a large barrier spit system that marks
the Schlei’s inlet, experienced significant damage to coastal
protection infrastructure, elevating the risk of further damage
(NDR, 2023b). Another dike breach happened north of Fal-
shoft (Geltinger Birk, Flensburg Fjord, Schleswig-Holstein),
where the dike collapsed on a length of approximately 600 m,
which led to extensive flooding. Due to years of embank-
ment, vast parts of the area behind the breached dike are be-
low sea level. It therefore took a week to pump the water out
of the area, and damages of EUR 3—5 million contributed to
the overall financial toll (NDR, 2023f).

The October 2023 storm surge has also demonstrated the
effectiveness of natural buffer zones between the dikes and
the sea. During that surge, dikes that were located further in-
land behind natural buffers such as beach ridges were not
damaged, while strong damage was observed along dikes
that are located directly behind the beach (Hofstede, 2024).
The potential effectiveness of a natural buffer zone is further

https://doi.org/10.5194/nhess-24-3841-2024

demonstrated by the example of the dike breach at Geltinger
Birk, located in the east of Flensburg Fjord. Even though
the dike breach was approximately 600 m wide, this fail-
ure did not lead to damaged buildings, as the area behind
the breached dike is part of a large-scale wetland and la-
goon restoration scheme. In 2013, a controlled rewetting of
the area was initiated by raising water levels by 2.5 m on an
area of about 1000 ha. At the same time, a new ring dike
was constructed, now providing effective coastal protection
for the adjacent village of Falshoft — also during the nearby
dike breach of the October 2023 surge (Schernewski et al.,
2018). The availability of potential areas for implementing
such buffer zones along the German Baltic Sea coast through
managed realignment and their potential to mitigate the im-
pacts of storm surges have recently been demonstrated by
Kiesel et al. (2023a), The experiences from the October 2023
surge and the demonstrated potential and effectiveness of
large-scale buffer zones along the German Baltic Sea coast
for mitigating coastal flooding strongly support the case for
moving (and/or constructing) flood barriers further inland
wherever possible.

Nat. Hazards Earth Syst. Sci., 24, 3841-3849, 2024
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2 Flood modelling gaps highlighted by the October
2023 surge

2.1 Emphasising hydrograph variability and spatial
dependencies in coastal flood modelling

Current methodologies for assessing coastal flooding along
the German Baltic Sea coast typically employ a location-
specific design surge with a uniform return period across
different regions, as exemplified by Kiesel et al. (2023a, b).
Such location-specific design surges are furthermore used to
determine the design height of coastal protection measures
(e.g. the 200-year event as used for state dikes along the
German Baltic Sea coast), which ensures a common pro-
tection standard for all people across a region. Therefore,
using a regionally uniform return period to assess the im-
pacts or effectiveness of dikes on current and future coastal
flooding and exposure of populations constitutes a mean-
ingful approach. However, the latter approach neglects the
unique spatial characteristics and dependencies of extreme
events, often referred to as spatial footprint or spatial depen-
dence (Enriquez et al., 2020; Li et al., 2023), which basi-
cally describes the fact that such extremes are unlikely to
happen simultaneously across the entire region. The signif-
icance of spatial dependence was evident during the October
2023 surge along the German Baltic Sea coast. This event,
driven by strong easterly winds, which have a longer fetch
length for the German federal state of Schleswig-Holstein
than for Mecklenburg—Western Pomerania, resulted in vary-
ing impacts across the region. Schleswig-Holstein experi-
enced peak water levels surpassing the simulated 200-year
return levels, unlike Mecklenburg—Western Pomerania. This
disparity, illustrated in Fig. 1, underscores the necessity of
considering spatial dependence for accurate regional and par-
ticularly transnational risk assessments and damage estima-
tions, particularly in the light of disaster management mea-
sures and compensation funds (Jongman et al., 2014).

Further comparisons with the analyses of Kiesel
et al. (2023b) showed that while the peak of the 200-year
return water levels by chance broadly matched the October
2023 surge, discrepancies existed in the temporal evolution
of the synthetic surges compared to the real-world exam-
ple (Fig. 2, Table 1). Excluding the influences of short sur-
face waves, storm tide hydrographs are a function of mean
sea level, astronomical tide, and storm surge (Pugh 1996;
Lewis et al., 2011). Tides can be excluded as a cause for
the observed differences in hydrographs since the Baltic Sea
is characterised by a microtidal regime. In addition, short
surface waves were not considered in Kiesel et al. (2023b).
Differences in mean sea level might have affected the hy-
drographs only in terms of peak water levels, considering
that the simulated 200-year design surges were detrended for
sea level rise. Consequently, the differences in the shapes of
the hydrographs can only originate from differences in storm
surge characteristics.
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Figure 2. Comparison of hydrographs of the observed October
2023 surge (red) and the constructed 200-year return level events
of Kiesel et al. (2023b) (black) for some of the stations listed in Ta-
ble 1. Note that the constructed hydrographs do not consider mean
sea level offsets.

The constructed design hydrographs were derived from a
coastal ocean model covering the western Baltic Sea, using
hindcast model runs (1961-2018) for each location depicted
in Fig. 1. Only surges with peak water levels higher than 1 m
above mean sea level were taken into account. Ultimately, the
remaining surges were averaged in their temporal evolution
(Kiesel et al., 2023Db).

While the constructed surge hydrographs of Kiesel
et al. (2023b) align well with the October 2023 observations
within protected lagoons of Mecklenburg—Western Pomera-
nia (Fig. 2j, k, m, n, and o), locations at the open coast show
differences in the onset of the event. The rise of water levels
during the actual storm surge of October 2023 was mostly
slower than the modelled events (Fig. 2a—i). This reveals an
underestimation of surge duration in the constructed hydro-
graphs on the open coast. Recent studies for the Baltic Sea
cities of Liibeck and Eckernforde have demonstrated that
longer surge durations with identical peak water levels can
result in larger flooding extents, with variances of up to 60 %
(Hoffken et al., 2020; Kupfer et al., 2024). These studies sug-
gest that a comparison of flood extents between the October
2023 surge and the synthetic 200-year events from Kiesel
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et al. (2023b) would likely reveal an underestimation in the
model simulations. This has implications for coastal man-
agement, as stakeholders with a very low tolerance to uncer-
tainty may require high-end sea level rise scenarios (Hinkel
et al., 2019); thus they are likely in need of knowledge re-
garding high-end flood risk estimates in order to prepare for
the worst case. Therefore, it is crucial to assess the sensi-
tivity of flooding extents to hydrograph shapes and surge
durations, as results can be highly case-specific. Given the
computational demands of more nuanced probabilistic as-
sessments (e.g. Kupfer et al., 2024) and the practical limi-
tations of available resources, a focus on surge shapes as-
sociated with longer (upper percentile) durations can offer a
pragmatic solution for the analysis of coastal flooding caused
by rare and impactful events.

2.2 Neglected factors: dike breaches and
morphodynamic responses in flooding extent and
depth estimations

The October 2023 surge has highlighted critical gaps in cur-
rent broad-scale flood modelling, particularly regarding dike
breaches and morphodynamic responses of the shoreline. In
flood risk research, fragility curves are used to assess the
probability of dike (or dune) failure as a consequence of a
specific hydraulic loading (Vorogushyn et al., 2009). How-
ever, site-specific fragility curves depend on detailed infor-
mation about flood defence structure and foundation proper-
ties (Simm et al., 2009). In addition, using two-dimensional
hydrodynamic models, which are currently the state of the art
in flood risk assessments, can be impractical when multiple
breach and loading scenarios are simulated on large spatial
scales. Among other reasons, the latter is due to high com-
putational costs (Simm et al., 2009). This reasoning might
partly explain why the wider implementation of fragility
curves as a probabilistic framework for studying the impacts
of dike failure in broad-scale hydrodynamic flood modelling
studies is currently limited. However, in most cases, the pri-
mary reason is the absence or inconsistency of geospatial
data on coastal protection infrastructure (Hinkel et al., 2021;
Vousdoukas et al., 2018b).

Beyond that, the October 2023 surge underscores that even
when data on coastal protection infrastructure are available,
neglecting the potential for dike breaches can lead to un-
derestimations of flooding extent and associated damage.
The above becomes evident when comparing the regional
modelling output of Kiesel et al. (2023b) with the October
2023 surge. While Kiesel et al. (2023b) included the loca-
tion and height of natural and anthropogenic coastal pro-
tection structures, only one of the six dikes that reportedly
breached during the October 2023 surge (Wieck auf dem
Darf3, Mecklenburg— Western Pomerania) was simulated to
overflow during the constructed 200-year event. This over-
looks the possibility of dikes breaching even before water
levels reach the crest height (Bomers et al., 2019). Several
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dike breaches during the October 2023 surge demonstrate
how this can lead to underestimations in flooding extent and
associated damage (see Sect. 1.1).

The observed dike breaches that could not be accounted
for in Kiesel et al. (2023b) demonstrate that current flood
modelling needs to strengthen efforts to incorporate the pos-
sibility of dike failure in broad-scale assessments. This un-
resolved knowledge gap has to do with missing data on
the location, design height, building material and current
condition of dikes, and the limited process understanding
due to the highly stochastic nature of breaching, which
would require high-resolution hydromorphodynamic mod-
elling (Hinkel et al., 2021; Vousdoukas et al., 2018a). Ways
forward ultimately depend on the availability of dike-specific
data. For instance, ductile dike behaviour can result in lim-
ited water volumes flowing through established breaches,
which is dependent on building material (den Heijer and
Kok, 2023). Once such data are available, existing probabilis-
tic approaches (e.g. dike fragility curves) can be expanded,
such as the one introduced by Vorogushyn et al. (2010)
that uses hydraulic loads and dike resistance to assess dike
fragility. Without making use of high-resolution and thus
computationally expensive online-coupled hydromorphody-
namic models, locations along the coast could be identified
where dike breaches are most likely to happen. Once a site-
specific critical hydraulic load is reached, the model could
be rerun assuming a breach at that specific location. Cer-
tainly, rerunning broad-scale models is ultimately dependent
on computational resources, which is particularly true once
uncertainty bounds for dike fragility are included.

Additionally, neglecting the morphodynamic response of
natural flood barriers like dunes and beach ridges to extreme
water levels and waves can lead to underestimations in flood-
ing extent and damage (Toimil et al., 2023). Along the Ger-
man Baltic Sea coast, beaches and dunes are widely acknowl-
edged for their coastal protection function, which is why they
are maintained by means of sand nourishment (Tiede et al.,
2023). Sand nourishment aims to stabilise the shoreline po-
sition and maintain dune width and height, reducing the risk
of collapse during an extreme event (Claudino-Sales et al.,
2008). However, sand nourishment is a costly endeavour. For
instance, of the annual EUR 15.5 million that Mecklenburg—
Western Pomerania has spent between 1990 and 2008 on
coastal protection measures, 45.6 % was spent on nourish-
ment (Staatliches Amt fiir Umwelt und Natur Rostock, 2021;
Tiede et al., 2023). More frequent and more intense storm
surges may increase the rhythm of such nourishment (Vous-
doukas et al., 2017). Along the Baltic Sea coast of the
German federal state of Mecklenburg—Western Pomerania,
beach nourishment is currently taking place every 5-10 years
(Tiede et al., 2023). In Ahrenshoop (Mecklenburg—Western
Pomerania), a major nourishment took place in 2021, but the
October 2023 surge washed away parts of the beach, leaving
the adjacent dunes exposed to further erosion (NDR, 2023g).
In Schonberg (Schleswig-Holstein), where the October 2023
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3846

storm eroded 30000 m?> of sand, the need for new nourish-
ment may produce costs of up to EUR 1.5 million (NDR,
2023a). Thus, neglecting morphodynamic processes such as
shoreline erosion when simulating coastal flooding and asso-
ciated damage can lead to underestimated damage costs. Fur-
thermore, the reduced width of beaches and dunes increases
the risk of dune collapse during subsequent storm surges,
even if the second storm surge is not of the same magnitude
as the first.

2.3 Secondary-event dynamics and their unexplored
potential for amplified damage (cascading events)

The study of consecutive events is part of the multi-hazard
research domain and one of four categories describing the
interrelations of multi-hazards (Claassen et al., 2023). Con-
secutive events are a critical yet often under-researched do-
main. They can cause more extensive damage than would
be the case if they had occurred in isolation, making this a
high-priority research area in the field of natural hazards (De
Ruiter et al., 2020). This highlights the importance of incor-
porating the potential impacts of successive flooding events
into assessments. Such modelling studies, which consider a
sequence of flood events along with the potential failure of
coastal protection infrastructure, are vital for understanding
the cumulative effects of these incidents.

Erosion and dike breaches triggered by the October 2023
storm surge, for example, significantly increase the risk of
the affected coastal areas receiving subsequent flooding from
consecutive events. For instance, the regular beach nourish-
ment in Ahrenshoop (Mecklenburg—Western Pomerania) has
maintained shoreline and dune stability over the past few
decades (Tiede et al., 2023), effectively providing a buffer
against storm surges and erosion. However, parts of this
buffer were washed away during the October 2023 surge
(NDR, 2023g), leaving the coast exposed to the potential im-
pacts of a consecutive event. Similar problems may arise at
locations where dikes have been breached and cannot im-
mediately be repaired (Wieck auf dem Darf3, Geltinger Birk,
Arnis) or where dikes are considerably damaged, thus deliv-
ering reduced coastal protection. The latter is exemplified by
heavily damaged dikes in the aftermath of the October 2023
surge in eastern Schleswig-Holstein (NDR, 2023c).

In summary, the October 2023 event has left parts of the
German Baltic Sea coast with substantially reduced natural
and human-made coastal protection. This reduction exposes
large areas to the impacts of consecutive surges, even those
of lower magnitude. This and the fact that only those dikes
got severely damaged that were located close enough to the
shoreline (Hofstede 2024) may provide a strong argument for
maintaining natural buffer zones between the sea and the de-
veloped land. Such buffer zones can benefit both ecosystems
and humans. Since only approximately a third of the Ger-
man Baltic Sea coast is protected by dikes, the planning of
new constructions and coastal protection infrastructure that
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may become necessary in the future (Kiesel et al., 2023a, b)
should take the idea of buffer zones into account.

3 Towards an updated coastal flood research agenda

From the coincidence of recent studies on a regional scale
and the occurrence of an extreme surge of similar magnitude,
we derive insights and knowledge gaps in current coastal
flood modelling. The October 2023 surge along the south-
western Baltic Sea coast has caused severe damage despite
being within the design parameters of the state’s coastal pro-
tection measures. Parts of the experienced damage can be
explained by missing protection measures in locations where
they cannot be implemented, for instance due to lack of
space. Among other causes, the latter is a consequence of
the microtidal environment of the Baltic Sea, explaining why
many settlements, as well as infrastructure, are located very
close to the mean water line (Vafeidis et al., 2020). Such lo-
cations include densely populated and harbour areas, such as
the cities of Eckernforde, Schleswig, and Flensburg.

The October 2023 surge has also revealed a set of pro-
cesses still underrepresented in scientific studies. These cur-
rently widely disregarded processes clarify existing knowl-
edge gaps that need to be addressed by the scientific com-
munity, as they may lead to substantial underestimations in
flooding extent, depth, and damage. These processes include
(1) the importance of hydrograph variability, which affects
surge duration and flooding extent (see Fig. 2); (2) the incor-
poration of spatial dependencies when regional flood damage
and risk are quantified (see Fig. 1); (3) morphodynamic feed-
back mechanisms such as the potential for dike breaches (or
damage done to the dike without breaching); and (4) con-
secutive events, where prior events can weaken coastal pro-
tection infrastructure, potentially leading to considerably in-
creased flood damage of secondary events even if these are
of lower magnitude.

Data availability. The water level time series depicted in
Fig. 2 and the extrapolated 200-year return water levels
from Table 1 can be accessed via Kiesel et al. (2023c,
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