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Abstract Estuarine areas are currently at risk of compound flooding, the frequency and intensity of which is
expected to increase with climate change. Even though efforts are made to adapt against single flood drivers
using hard protection, potential subsequent changes in flood risk due to compound flooding are often
overlooked in flood risk assessments. This is because risk assessments mostly focus on individual flood drivers
and do not account for changes in risk from adaptation measures. We address this question and use
hydrodynamic modeling to simulate compound flooding for two adaptation scenarios. We consider adaptation
in terms of storm surge barriers, in two locations along the Trave estuary, namely Schlutup and Trave, at
Liibeck, Germany. We assess the effectiveness of both storm surge barriers in reducing flooding by simulating
individual-driver, as well as low- and high-magnitude compound flood scenarios. We find that while during
low-magnitude compound flooding both barriers reduce the overall flood extent by 25%-86%, high-magnitude
compound flooding leads to an increase of up to 100%, depending on the location of the barrier. Our results
suggest that the river contribution is amplified by 52%—100% by the Schlutup Barrier. The Trave Barrier,
however, only amplifies flood extents in the high-magnitude compound flood scenarios. Our findings highlight
the need to consider compound flooding in adaptation planning to avoid defense failure and unexpected
increases in risk. However, as this study considers only two (low probability) extreme events, a more
comprehensive approach is necessary to fully understand the overall impact on risk.

Plain Language Summary Particularly in river mouth areas, flooding can be caused by different
types of drivers, for example, rainfall, river discharge, or coastal, which can occur simultaneously, leading to
extreme flooding. Those combined events are expected to become stronger and more frequent with climate
change. Current efforts to protect against flooding often focus on single causes of flooding and do not consider
how different types of flooding might interact. This oversight can lead to inadequate protection, where the
implementation of single measures can actually increase flood risk. We address this question and investigate
compound flooding in Liibeck, Germany, focusing on two storm surge barriers along the Trave estuary. We test
these barriers under different flooding scenarios, including individual and combined flooding events. We
demonstrate that during smaller combined floods, both barriers can reduce flooding. However, during larger
combined floods, flooding can strongly increase due to the implementation of a surge barrier, which can prevent
the river from discharging into the estuary, depending on where the barrier is actually located. Our findings
highlight the importance of considering all types of flooding when planning flood defenses in order to avoid
unexpected additional flooding and ensure effective protection.

1. Introduction

Whether of fluvial, pluvial, oceanic, or combined origin, floods pose a growing threat to low-lying coastal areas in
the 21st century, leading to immense damages to coastal infrastructure (EEA, 2023). Without adaptation, the
already high and rapidly growing population in low-lying coastal zones—over one-third of the world's population
lives within 100 km of the coast (Reimann et al., 2023)—will contribute to increased flooding exposure (Mac-
Manus et al., 2021; Reimann et al., 2023; Rentschler et al., 2023). With climate change, the frequency and in-
tensity of hazards affecting the coast is expected to increase globally (Intergovernmental Panel on Climate
Change (IPCC), 2022), though with regional and local differences. This spatial variability will result in hotspots
in the occurrence of extremes (Kirezci et al., 2020; Myhre et al., 2019; Tebaldi et al., 2021). According to
projections by Vousdoukas et al. (2018), the North and Baltic Seas will experience the highest increase in extreme
sea levels (ESL) within Europe, which will likely lead to enhanced flooding and subsequent damages over
northern Germany (Rutgersson et al., 2022).
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Adapting to ESL remains challenging for a number of reasons, including but not limited to economic barriers, the
many conflicting interests along the coast (Hinkel et al., 2018), and difficulties in implementing nature-based
solutions (Temmerman et al., 2023). As a result, many coastal areas that already experience flooding at a
frequent level are sparsely protected. One representative example is the German Baltic Sea coast, of which only
6% is protected by state embankments and 5% by regional dikes (MELUR, 2022; Sterr, 2008). The most recent
storm surge which occurred along the German Baltic Sea coast in October 2023 has emphasized this, as it caused
comparably high damages and several breaches of regional dikes which generally exhibit a lower protection level
than state embankments (MELUR, 2022; NDR, 2023).

To identify where adaptation measures are required, flood risk assessments are a first step and a useful tool to
delineate highly exposed areas (Kiesel et al., 2023). A common way to assess local-scale flooding is to simulate
flooding using hydrodynamic models (Hoffken et al., 2020; Kumbier, Carvalho, Vafeidis, & Woodroffe, 2018;
Kupfer et al., 2024; Lyddon et al., 2020; Orton et al., 2023) and to intersect resulting flood characteristics with
population or asset data to calculate damage (Hallegatte et al., 2011; Hauer et al., 2021). However, such as-
sessments mostly focus on flooding without potential protection strategies and thus neglect how adaptation
measures can change flood risk. Although adaptation is actually considered in broad-scale studies, albeit in a
stylized manner (e.g., by assuming defences in densely populated areas) potential and plausible adaptation re-
sponses are not commonly considered in local scale studies. Few recent studies performed at local scale have
explored the benefits and drawbacks of selected adaptation measures and assessed the respective changes in flood
characteristics. Such assessments often include stakeholder involvement in the selection of locally relevant
adaptation measures (Louisor et al., 2022; Schroder et al., 2022; Vollstedt et al., 2021). Vollstedt et al. (2021), for
example, have selected feasible adaptation measures for their location of interest, but excluded these selected
measures from hydrodynamic simulations. Schroder et al. (2022) use a hydrodynamic modeling study to find that
while certain adaptation measures protect areas of interest, they can exacerbate flooding elsewhere. This em-
phasizes the urgency to explore a range of adaptation options in a location-specific manner, due to the variety of
coastal morphology, distribution of infrastructure, settlements, or tourist facilities at the coast.

However, flooding is not always due to a single driver but can result from the interaction of multiple drivers of
pluvial, fluvial, or oceanic origin. This is commonly referred to as compound flooding (Zscheischler et al., 2018).
Compound events can strongly exacerbate flooding, even when neither of the drivers is extreme, compared to the
individual occurrence of flood drivers (Bilskie & Hagen, 2018; Kumbier, Carvalho, & Woodroffe, 2018; Kupfer
et al., 2022; Olbert et al., 2023). Regional climate projections suggest changes in precipitation patterns and river
discharge regimes, which in northern Germany will increase by up to 15%—20% per degree of global warming for
the period 2071-2100 (Aalbers et al., 2018; Rutgersson et al., 2022). In combination with a higher frequency of
ESL events, this can increase the risk of co-occurrence of flood drivers (Bevacqua et al., 2019).

The increasing likelihood of compound flood events and their potentially disastrous consequences highlight the
need to consider compound flooding, not only in flood risk assessments in order to gain a comprehensive un-
derstanding of flood risk (Kumbier, Carvalho, Vafeidis, & Woodroffe, 2018; Kupfer et al., 2022; Moftakhari
etal., 2019; Ward et al., 2011), but also in coastal protection management and planning (Eilander et al., 2023; van
den Hurk et al., 2023; Maymandi et al., 2022; Orton et al., 2023).

Changes in flood characteristics due to the implementation of adaptation measures, especially storm surge bar-
riers in estuaries, can become relevant when different flood drivers co-occur. However, few studies have assessed
the effectiveness of selected adaptation measures during compound flood conditions (Eilander et al., 2023; Torres
et al., 2015). Orton et al. (2023) identify research gaps regarding the effectiveness and drawbacks of storm surge
barriers and suggest that closing storm surge barriers can lead to an accumulation of rainfall or the river. They
stress that amongst other challenges this has to be considered in the planning phase of adaptation measures.
Moreover, Kumbier, Carvalho, Vafeidis, and Woodroffe (2018) have pointed out that the closure of an estuarine
inlet may lead to enhanced flooding, as it prevents high river discharge from flowing into the ocean. These
findings reveal that neglecting compound flooding in coastal flood risk assessments and adaptation planning can
result in adaptation failure, leading to the need for further exploration of the effectiveness of adaptation measures
against compound flood events. This becomes especially relevant in areas where the current probability of
compound flooding is low and where future changes in flood drivers due to climate change can cause unexpected
compound flood events. In such regions implemented adaptation measures can lead to levee effects and high
residual risk (Di Baldassarre et al., 2018). Locations along the German Baltic Sea coast provide a good example,
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as both the level of protection (Sterr, 2008) and the current probability of compound flooding are low, but future
projections show an increase in compound flood events of 30 days (250-500 days) for RCP2.6 (RCP8.5) between
2070 and 2099 (Heinrich et al., 2023).

Here we address this gap by incorporating a set of structural coastal adaptation measures in a compound flood
assessment, using hydrodynamic modeling for the city of Liibeck, located on the German Baltic Sea coast and the
Trave River. With the support of stakeholder knowledge, we investigate storm surge barriers as protection
measures and explore differences in flood extent under conditions with and without adaptation, and for different
flood driver scenarios. We account for one individual river discharge (Q), one individual storm surge (ESL) event,
and two compound flood events as flood driver scenarios. We select the 200-year storm surge event, as this return
period is used to determine flood protection heights in northern Germany. For Q we account for one historical
event and one synthetic high-magnitude event. With the choice of high-magnitude compound flood events we aim
to account for low-probability, high-impact scenarios, as these are often underrated in risk assessments and
decision-making (Merz et al., 2009; Schumann, 2017). With the use of such an event, we further account for
uncertainties of future climate change as the literature suggests increased precipitation for the Baltic Sea region
(Aalbers et al., 2018; Heinrich et al., 2023; Rutgersson et al., 2022) and with climate change induced SLR, ESL
events may become more frequent and thus more likely in the future (Rutgersson et al., 2022; Vousdoukas
et al., 2018). We quantify resulting differences in flood characteristics and discuss those in a location-specific
manner to demonstrate that adaptation options can change in effectiveness during compound flooding,
compared to coastal flood conditions. In this study, we do not aim to propose protection measures. We rather
demonstrate how the effectiveness of adaptation options can be explored and accounted for in a more compre-
hensive manner in flood risk assessments.

2. Study Area

The Hanseatic city of Liibeck, the second-largest city of Germany's northernmost state Schleswig-Holstein, is
located at the Liibeck Bight of the Baltic Sea. The area around Liibeck comprises many low-lying coastal areas.
Additionally, the city developed on the banks of the Trave River and an island surrounded by the river, connecting
the historic city center to the Baltic Sea. Since 1987 the entire historic city center has been part of UNESCO's
World Heritage and therefore holds high cultural and consequently touristic significance (Hansestadt
Liibeck, 2022; UNESCO WHC, 2022).

Liibeck's strategic location for trade and today's tourism makes the city susceptible to flooding from both the coast
and the River Trave.

Past flooding events have occurred as a result of severe storm surges (peak water levels (WLs) > 1.5 m above
mean sea level (MSL)), with the most recent events occurring in 2017, 2019, and October 2023 with peak WLs
ranging between 1.74 and 1.78 m (BSH, 2017, 2019, 2023). These events caused minor floods, affecting the
historic city center of Liibeck and Travemiinde. To date, no engineered coastal flood protection measures exist at
Liibeck or Travemiinde (Hofstede, 2008), which is generally representative of the protection situation at the Baltic
Sea coastline in Schleswig-Holstein (Sterr, 2008). Only dunes along the southern beach of Travemiinde protect
the Priwall and are thus the only coastal protection in this area. Under the rising pressure of SLR and associated
increased probability of storm surges, the city of Liibeck is currently discussing how to effectively adapt to future
SLR without compromising the UNESCO World Heritage status, which causes challenges in planning and
managing flood protection strategies.

Another source of flooding at Liibeck is flooding caused by the Trave River, although such events are relatively
rare. The Trave has its source 25 km north of the city of Liibeck, its total length, however, measures 70 km before
it reaches the city. The Trave's total length is 113 km (MUNL SH, 2004). The mean flood discharge at the gauge
station Liibeck Moisling is 8 m>/s, within the period 2004-2024 (HSI-SH, 2024). Even though river flooding at
Liibeck is rare, qualitative historical data describe three events in which the Trave River caused major flooding
(Bekanntmachungen Liibeck, 1966; Stadtarchiv Liibeck, 1926, 1929). Moreover, on the 4th of January 2024, the
gauging station Liibeck Moisling measured a peak discharge of ~75 m/s, making it the second-highest event ever
measured (LfU-SH, 2024). At the same time, strong easterly winds caused a storm surge, raising WLs up to
1.50 min the Trave (BSH, 2024), see also Figure S2 in Supporting Information S1. This led to inundations in parts
of Travemiinde and Liibeck's historical city center. Such compound flood events are generally considered un-
likely at Liibeck because heavy rainfall or long-lasting rainfall events and storm surges are caused by different
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Figure 1. Digital elevation model (DEM) showing the study area of greater Liibeck, at the same time being the model domain.
The minimum water depth of water bodies is —20 m, but depth values are not shown here for reasons of visualization. The
figure also highlights tide/river gauges and for this study most important locations.

pressure systems. For example, long-lasting rainfall events are generated by westerly winds, transporting
moisture from the North Atlantic toward Germany (Ibebuchi, 2022). Storm surges at Liibeck, on the other hand,
are commonly produced by strong north-easterly winds, generated by low-pressure systems above the North Sea,
moving eastwards and high-pressure systems over Scandinavia and Eastern Europe (BSH, 2024).

However, the last event and findings by Heinrich et al. (2023) along with projections of increasing precipitation
by Aalbers et al. (2018) and Rutgersson et al. (2022) suggest that compound flooding at Liibeck may become
more relevant in the near future.

3. Methods
3.1. Data and Hydrodynamic Model Description

We simulate compound flooding (CF) from coastal ESL and extreme river discharge (Q) in the area of the lower
Trave. This includes the historical city center of Liibeck, the surrounding built-up and industrial areas, as well as
Travemiinde and the Priwall (Figure 1). We use the fully integrated open-source hydrodynamic model Delft3D
(Lesser et al., 2004). Delft3D has been extensively used in coastal and compound flooding applications (Eilander
et al., 2023; Kumbier, Carvalho, Vafeidis, & Woodroffe, 2018; Luijendijk et al., 2017; Lyddon et al., 2019). We
perform the simulations on a 10 m x 10 m rectangular grid, covering a model domain of 305 km?, which includes
the area of the lower Trave from the river gauge station Liibeck Moisling to the entrance of the Trave in Trav-
emiinde, extending into the Baltic Sea. The model set-up has previously been fully calibrated and validated, as
described in Kupfer et al. (2024).

For our analysis, we force the model at two open boundaries: the Baltic Sea boundary, with hourly WL time
series; and the Trave boundary, with hourly Q. This data is prescribed in terms of ESL and Q hydrographs
generated for the compound flood analysis. For the ESL event, we employ the method of MacPherson et al. (2019)
to model ESL hydrographs at Travemiinde. This allows us to select a hydrograph with a specific return period,
which is not available in the observational record. Q observations from the river gauge Liibeck Moisling (LfU-
SH, 2024) are used for Q hydrographs. We provide a full event and scenario description in Section 3.2. For further
details on the data used, the model set-up, model calibration, and validation, see Kupfer et al. (2024).
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3.2. Selection and Generation of ESL and Q Events

Here, we investigate the effect of four different adaptation measures on flood characteristics during compound
flooding. This analysis first requires an understanding of the flood characteristics resulting from flood-driver-only
scenarios without adaptation. Therefore, we develop four different flood driver scenarios, accounting for ESL and
Q. Tides are included in the ESL hydrographs generated by MacPherson et al. (2019), but contribute very little to
the shape of each event due to the small tidal range present in the region (Feistel et al., 2008). We have excluded
the effect of waves in our analysis as they have relatively low energy in the Baltic Sea and significant wave
heights are on average less than 1 m during storm conditions (Bonaduce et al., 2019), due to the constriction of the
basin. Moreover, we disregard pluvial flooding, as the hydrodynamic model Delft3D cannot account for this flood
driver. Therefore, the four flood driver scenarios include two compound flood events with different magnitudes of
Q, one individual ESL event, and one individual Q event.

To develop compound flood scenarios, first, we analyze observed WL and Q time series of the Travemiinde and
Liibeck-Moisling gauges (see Figure 1) for co-occurring events. We do not estimate driver dependencies or joint-
probabilities between river discharge and storm surges, as the river discharge time series is relatively short
(22 years). Moreover, Heinrich et al. (2023) have shown no significant dependency at the Trave for today's
conditions. However, according to Harrison et al. (2021) and Serafin et al. (2019), the change in flood risk due to
compound flooding compared to risk from individual flood drivers does not only depend on the number of co-
occurring events but also on the characteristics of estuaries. The tide gauge in Travemiinde provides hourly
water level (WL) measurements, covering the period 01/11/1949-25/06/2024, by the time we received the data
from the water and shipment authorities of Schleswig-Holstein (WSA, 2022). The river gauge Liibeck Moisling
measures discharge every 5 min and covers the period of 02/09/2002 19:35 until 25/03/2024 16:00. To be
compatible with the hourly resolution of the WL data, we extracted the maximum Q occurring within each hour of
the full time-series.

We perform peaks-over-threshold (POT) analysis on both observational time series to identify extreme events
(Coles, 2001). For the analysis of ESL, we follow the methodology of MacPherson et al. (2019). First, the WL time
series is detrended using a 1-year moving average of mean higher high water (MHHW). This method of detrending
is preferred over the use of MSL as it accounts not only for long-term trends, but also seasonal trends (Arns
etal., 2013) which have been shown to lead to underestimations if ignored (Allamano et al., 2011). Next, a threshold
is set equal to the 97th percentile of peak water levels declustered using a period of 3 days, which ensures that the
peak events are independent. Those peak water levels which exceed this threshold are then sampled as ESL. For Q,
extremes were sampled using a threshold equal to the 95th percentile of peak Q events. This was chosen as it
provides a sufficiently large number of events for our analysis. As with the analysis of ESL, the Q observational
data was first detrended using a 1-year moving average of peak Q declustered with a period of 3 days.

From the sample of ESL and extreme Q events and during the period covered by both time series (02/09/2002-25/
03/2024), we detect 20 events that co-occur within a time window of 3 days (Couasnon et al., 2018). Among these
20 events, we find two events where one of the drivers (ESL, Q) has a critical magnitude that leads to considerable
flooding when occurring individually, while the other driver (Q, ESL) has a magnitude where we expect
negligible flooding. However, one event occurred in January 2024, where ESL peaked at 1.47 m, 3 hr before river
discharge reached a critical magnitude of 70 m?/s to cause flooding (Figure S2 in Supporting Information S1).
Therefore, we generate artificial compound flood scenarios using a synthetic ESL event, one Q event from the
discharge observations, and a second synthetic Q event.

For our storm surge scenario, we use an ESL event with a return period of 200 years, as this is used to define
design heights of coastal defenses in Schleswig-Holstein (MELUR, 2022). According to MELUR (2022), a 200-
year event corresponds to a peak WL of 2.55 m at Travemiinde. We obtain a full ESL hydrograph with the peak
WL of a 200-year event using the method developed by MacPherson et al. (2019), which generates synthetic but
physically plausible ESL hydrographs. The length of the event covers 114 hr. Storm surges can have a relatively
long duration in the Baltic Sea, as they are usually caused by seiches and the absence of tides prevents the storm
surge from receding due to the tidal cycle (Jensen & Miiller-Navarra, 2008). In the following, we refer to this
event as ESL,,. We use this event both for the two compound flood scenarios and for an individual ESL event.

We use two extreme Q events to account for the river's contribution to flooding. To obtain a full Q hydrograph, we
extract the highest recorded event from the river gauge at Liibeck Moisling (LfU-SH, 2024). This event occurred
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Figure 2. Hydrographs of the three events used as flood driver scenarios in the hydrodynamic model: ESL,, (upper panel),
Q, (light blue) and Qppy (dark blue), lower panel. The dashed line crosses the peaks of all events and expresses their co-
occurrence during the compound flood simulations.

in December 2014 with a peak discharge of 79.2 m%/s, lasting 6 days. After an analysis of extremes, we estimate
the return period of this event to be ~40 years. We refer to this event as Q,,. However, due to the limited
availability of river discharge data (less than 22 years), uncertainties at high return periods are large. Despite this,
the estimated return periods of Q serve as indicators of the relative Q-event strengths. To estimate return periods, a
Generalized Pareto (GP) distribution is fitted to the extreme Q-events sampled using the POT method described
above. To account for uncertainties of Q-events not included in the time series and for uncertainties of climate
change induced future river discharge events (Aalbers et al., 2018), we consider an event with a peak discharge of
200 m?¥/s. This corresponds to a return period of >10,000 years, though with large uncertainties due to the short
discharge record (see Figure S1 in Supporting Information S1). Therefore, we refer to this event as Qpgx for
“Plausible EXtreme.” To generate an artificial future extreme Q event, we normalize the hydrograph of the
previously extracted observed event and multiply the normalized hydrograph by 200 m>/s. When simulating this
event individually, we ensure that WLs from the Baltic Sea do not cause any additional flooding. Therefore, we
keep the WL time series during this event at a range of 0.1-0.3 m. To ensure that both Q events cover the same
length as ESL, (114 hr), we set the start- and endpoint of the Q events accordingly. We end the simulations at the
end of the ESL event, even though river discharge is still at a high magnitude. However, storm surge barriers are
usually reopened once ESL drop and recede, which prevents river discharge from accumulating any further.
Figure 2 shows all three events (ESL,, Q0. Qpgx)- For the hydrodynamic flood simulations, we assume that
during compound scenarios Q- and ESL-peaks occur at the same time. From those events, we come up with two
individual flood driver scenarios: ESL,q, and Qpgx. We simulate those events individually to demonstrate how
compound flooding and the implementation of barriers modify individual driver flood extents. The two com-
pound flood driver scenarios are: ESL,qq + Q0. ESL,o + Qpgx-

3.3. Development of Coastal Adaptation Scenarios

We developed coastal adaptation scenarios in close co-operation with the City of Liibeck, in the context of a DFG
(German Research Foundation) funded research project. Here, a comprehensive flood risk assessment was
performed, accounting for deep uncertainty in economic decision analysis (Kupfer et al., 2024; Volz et al., 2024).
In this context, we co-organized a stakeholder workshop together with the City of Liibeck in February 2022.
Participants were employees of Liibeck's city administration, municipal enterprises, and state enterprises that are
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involved in the city's water management and flood prevention. The workshop aimed to capture opinions of the
participants on three different topics: (a) Future development of the City of Liibeck and its townscape, (b) realistic
and unrealistic coastal adaptation options and strategies, and (c) the period of SLR that should be taken into
account for coastal risk management.

The discussion on adaptation options and strategies revealed that the participants considered barriers at narrow
parts of the Trave River with complementary dikes or dunes to be the most conceivable and therefore interesting
for investigation. We must note that this outcome does not imply that the stakeholders involved actually favor or
support the implementation of such measures. Taking into account these potential options discussed during the
stakeholder workshop, we developed three main adaptation options: (a) A storm surge barrier at the Trave entrance
(Trave) with complementary dikes, (b) a storm surge barrier located at the center of the model domain (Schlutup)
with complementary dikes, and (c) sea wall, or dike like protection structures along the Trave and built-up areas.

However, we did not consider the third option, as according to Volz et al. (2024) protection structures at Liibeck
exhibit the lowest efficiencies in terms of costs. Moreover, we do not anticipate any additional effect on the flood
extent during compound flooding with this measure. Nevertheless, we develop two additional adaptation sce-
narios, in which we remove the complementary dikes from each storm surge barrier. We do this to gain a more
comprehensive understanding of changing flood characteristics during compound flood conditions, as without
complementary dikes, flood waves from both flood drivers can flow around the barriers. This process has resulted
in four adaptation options, that we consider in this study:

a) A storm surge barrier at Schlutup, upstream (Figure 3a).

b) A storm surge barrier at Schlutup with complementary dikes along built-up and low-lying areas (Figure 3b).

¢) A storm surge barrier in Travemiinde at the Trave entrance, downstream (Figure 3c).

d) A storm surge barrier at the Trave entrance with complementary dikes, along the Baltic Sea shore of Trav-
emiinde and the Priwall (Figure 3d).

We refer to the adaptation measures as follows: (a) S (Schlutup Barrier) (b) SD (Schlutup Barrier with com-
plementary dikes) (c) T (Trave Barrier), and (d) TD (Trave Barrier with complementary dikes). To implement the
selected adaptation options in the hydrodynamic model, we increase the pixel height of the underlying digital
elevation model (DEM) to the desired adaptation height at the locations of the measures. We chose an adaptation
height of 4.70 m to ensure that neither of the flood drivers (ESL and Q) can overflow the protection structure (see
Figure S4 in Supporting Information S1). To ensure that the adaptation options are well represented in the DEM,
we manipulate the value of the DEM at each pixel that represents the location of the adaptation option. Therefore,
the adaptation options have a minimum width of one pixel (10 m). We assume that the barriers remain closed
throughout the entire duration of the simulations (length of the ESL event). As storm surges in the Baltic Sea have
a comparably long duration due to the negligible tidal signal (see Section 3.2), a closure throughout the entire
simulations is reasonable.

Last, we combine the individual ESL scenario (ESL,,) and the two compound flood scenarios (ESL,, + Qy0,
ESL,, + Qpgx), described in Section 3.2 with each adaptation measure. We exclude the individual Qpgx scenario
from the analysis with adaptation, as this scenario serves as a reference scenario for comparison. Additionally, we
aim to analyze the effect of coastal adaptation during compound flooding. In reality, these barriers would
therefore only be closed during storm surges, but not during river floods. This results in 16 scenarios, summarized
in Table 1. Since we only change the magnitude of Q in the compound flood scenarios, we name the compound
flood scenarios according to the Q magnitude (e.g., CF,,, CFpgx). We refer to the scenarios for which we exclude
adaptation (flood drivers only) as “No Adaptation” scenarios.

4. Results

To explore the effect of adaptation measures against storm surges and compound events, we simulate flooding for
each of the 16 developed scenarios, including the individual storm surge (ESL,.,) and high-magnitude river
scenario (Qpgx), Which serve as reference scenarios. We compare the flood extents of flood-driver-only scenarios
ESL,9, Qpgx> CF4, and CFppx (No Adaptation) with the flood extents resulting from the corresponding
adaptation scenario. Each flood extent we are depicting and analyzing here (Figures 4—6) is the maximum flood
extent, corresponding to the time step where the largest number of pixel, above the threshold 0 m is flooded.
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Figure 3. Selected coastal adaptation options in Schlutup (a, b) and Travemiinde (c, d). The overview shows where the
adaptation options are located in the area of greater Liibeck.

4.1. Individual- and Compound Flood Extents Without Adaptation

First, we analyze differences in flood extents resulting from the scenarios without adaptation, which represent
today's state of Liibeck. This analysis is fundamental for further understanding the effect of each adaptation
measure. Without adaptation and when flood drivers occur individually, we find that ESL,, is the primary flood
driver, while flooding caused by Q is minor. The bars in Figure 4a show flood extents resulting from these
scenarios (ESL,q, and Qpgx). While the individual Q event (Qpgx, green) only causes negligible flooding
(~1.8 km?) even at a very high stage, the individual storm surge (ESL,q, turquoise) causes a flood extent of
~10.7 km?, propagating upstream beyond the city center of Liibeck and reaching the upstream boundary of our
model domain. We show the individual ESL,,, flood extent in Supporting Information S1 (Figure S3a). Also
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Table 1 during compound flooding with low- and high-magnitude Q contributions

Scenario Description

Scenario name

Flood driver

Adaptation measure

ESLygo
ESL,,S
ESL,,SD
ESL,,T
ESL,,TD
CFy
CF,,S
CF,,SD
CF,,T
CF,,TD
QPEX
CFerx
CFppxS
CFpgxSD
CFpexT
CFppxTD

200-year ESL
200-year ESL
200-year ESL
200-year ESL
200-year ESL
200-year ESL + 40-year Q
200-year ESL + 40-year Q
200-year ESL + 40-year Q
200-year ESL + 40-year Q
200-year ESL + 40-year Q
extr. Q
200-year ESL + extr. Q
200-year ESL + extr. Q
200-year ESL + extr. Q
200-year ESL + extr. Q
200-year ESL + extr. Q

No Adaptation

S Schlutup Barrier

SD Schlutup Barrier + Dikes
T Trave Barrier

TD Trave Barrier + Dikes
No Adaptation

S Schlutup Barrier

SD Schlutup Barrier + Dikes
T Trave Barrier

TD Trave Barrier + Dikes
No Adaptation

No Adaptation

S Schlutup Barrier

SD Schlutup Barrier + Dikes
T Trave Barrier

TD Trave Barrier + Dikes

(CF,y, violet and CFpgyx, blue) the effect of Q is minor. In CF,, the flood
extent is only 0.1 km? larger and in CFpgyx only 0.2 km? is added to the flood
extent of ESL,,.

4.2. The Effect of the Schlutup Barrier Without and With
Complementary Dikes

Second, we analyze the effect of the Schlutup Barrier with and without
complementary dikes, which is located at the center of the model domain. To
visualize the spatial distribution of all CF flood extents and their differences,
which we quantify in Figure 4, we overlay flood extents in the form of flood
maps in Figure 5. We find that while the Schlutup Barrier effectively reduces
flood extents of ESL,, (see turquoise bar in Figures 4a and 4b and flood
maps in Figures S3b and S3c in Supporting Information S1) and CF,, it
increases flooding of CFppx. Considering high-magnitude Qpgx occurring
individually, however, demonstrates that the river contribution is exceeded by
the Schlutub Barrier in both CF scenarios, CF,, and CFpgx. Moreover, while
in ESL,, and CF,, the complementary dikes have no additional effect, they
amplify the flood in CFpgx even further.

The turquoise bars of Figure 4a (No Adaptation) and b (S) show a reduction of
the flood extent of ESL,,S by 5.5 km? (52.9%), compared to ESL,,. We can
observe a similar effect in the low-magnitude CF scenario (CF,,S), where the
Schiutup Barrier reduces the total flood extent by 2.1 km?* (24.9%), compared

to CF,, under No Adaptation. Figure 5a shows results of CF scenarios with the Schlutup Barrier compared to the
CF scenarios under No Adaptation. The map supports the results of Figure 4 but also highlights locations where
flood extents differ. The differences between CF,,S (violet) and CF,, (light blue) occur exclusively west (i.e.,
landwards) of the Schlutup Barrier. This reveals that a barrier at Schlutup prevents the flood wave produced by

ESL from entering the area behind the barrier.

In contrast to the results of the individual ESL,, and the low-magnitude CF scenario, the high-magnitude CF
scenario, CFppxS (Figure 4a, dark blue), leads to an increase of 2.9 km? (27%) in flood extent compared to CFpgx
(Figure 4a, mid blue). The dark blue extent in Figure Sa demonstrates that CFpgx exceeds the flood extent of all

16

- = -
o N S
T T

Flood extent (km2)
[e)

Q

PEX

ESLZOO C':40 CFF’EX

(2]
2]
o
—

D

Figure 4. Comparison of flood extents resulting from individual high-magnitude river flooding (Qpgx), individual ESL
(ESL,g), and compound flooding (CF,,, CFpgx) for each of the No Adaptation scenarios (a) and flood driver scenarios
together with explored coastal adaptation options (b).
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Figure 5. Flood extents resulting from scenarios with the Schlutup Barrier S and the Schlutup Barrier with complementary dikes SD. In panel (a) we show compound
flood extents with the barrier, CF,,S, and CFpg«S (in panel (b) with complementary dikes, CF,,SD and CFpgxSD) compared to No Adaptation compound flooding
(CF,/CFppx). We show No Adaptation compound flood extents (CF,/CFp) as one (light blue) since differences are not visible. In panel (c) we compare compound
flood extents with the Schlutup barrier CF,,S, CFpxS (in panel (d) with complementary dikes, CF,,SD, CFpexSD) with the river only scenario Qpgx (green). The order
of each legend corresponds to the order of the flood extents (top = smallest extent, bottom = largest extent). The smaller flood extents cover the areas flooded by the

larger flood extents.

scenarios, even of the high-magnitude scenario under No Adaptation (CFpgy, mid blue) exclusively west (i.e.,
landwards of the Schlutup Barrier).

Additionally, we compare flood extents of the two CF- and adaptation scenarios (CF,,S and CFpgxS) with the
flood extent of the individual Q scenario, Qpgx (Figure 5c). As shown previously in Figure 4, the contribution to
flooding of Qpgx is relatively small. Figure Sc shows that the Qpgx flood extent (green) only inundates areas
behind the barrier. In this area, the flood extents of CF,,S and CFppxS exceed that of Qpgx by 52% and 80%
respectively. As we have shown that the ESL contribution is blocked by the barrier, the larger flood extents of the
compound flood scenarios, in particular CF,,S, compared to Qpgx demonstrate an amplifying effect of the
Schlutup Barrier during compound flooding.

Further, we consider the Schlutup Barrier with complementary dikes, (SD in Figures 4b, 5b, and 5d). The flood
extents in Figure 4b—S compared to SD—and those shown in Figures 5a and 5c, compared to Figures 5b and 5d,
demonstrate that in the high-magnitude CF scenarios the complementary dikes have an additional effect. The
maximum flood extent of CFprySD is 2.3 km? (17.3%) larger than CFppxS. Thus, it is substantially larger
(5.3 km?) than the CF scenario without adaptation (CFpgyx).

4.3. The Effect of the Trave Barrier Without and With Complementary Dikes

Last, we analyze the effect of the Trave Barrier without and with the addition of complementary dikes on the flood
extents during compound flooding. Our results show that the Trave Barrier effectively reduces flood extents in all

KUPFER ET AL.

10 of 17

85U801 7 SUOWWIOD BAIER.D 3ol jdde 8Ly Aq peusenob a1e sejole O ‘8sn JO SaInJ 10} Akeiq 1 8UlUO AB]1A UO (SUORIPUOD-PUE-SLLBIALI0O"AB| 1M AeIq 1 [eul Uo//Sty) SUORIPUOD pue SLLB | 8y} 89S *[5202/50/S0] U0 A%eiqiauljuo A8|IMm IS BAIIN-SIY0RIM| Y-UeIS YD Aq 90TS00-43202/620T OT/I0p/L0d A8 |imAqjpuluo 'sqndnBe//sdny Wwoly papeoiumoa ‘2 ‘520z 'LLZv82se



V od |
AGU

ADVANCING

EARTH

AND SPACE SCIENCES

Earth's Future

10.1029/2024EF005106

53°58'30°N

10°3810°E  10°400'E  10°41'50'E  10°4340°E 10°45'30'E 10°47°20°E 10°49'10°E  10°S1'0°E  10°5250°E 10°54'40°E  10°56'30'E
1 1 1 1 1 1 1

10°38'10'E. 1O’AID‘0”E 10°41'50'E 10°4340°E m‘AsI‘ao"E 10°47°20'E 10’49l'10"E 10°51'0'E m<52|‘50"5 10’54l'40"E 10°56'30'E.
1 1 1 1 1 1

a) Trave Barrier (T) gy b) Trave Barrier with Dikes (TD) pi
. el z
= | ] CFuT S AT [] CF4uTD G =t | &
o < 1 9 ] H
27 I CFeexT \\l“ B cr.., D 't‘ e
[0 CFao/CFeex ' [ OF4o/CFeex : ‘ 2
L& Y SN |G
B ’ » o g 1 2 ) o =
A B A s
z { N, . v ¢ 2 a A, <« L5
31 g [ 2
4 z
£ ) i s
5 ‘ ‘ E
N i
A 4 .
z & ° ra
57 oFuaes g Lags g7 8
g |7 O 7 W
8 ’Q' lf
z
8 c) Trave Barrier (T) . d) Trave Barrier with Dikes (TD) /u
. | 3 cra o’ o [ cro™ " AP £
5 I Qeex g" B o \z" =
B CFeoT ) | Il cF:.TD \ 4 =
%- ! / \“ o J | 4 \;,‘ . A | B
P - AT, > P
T e - Ty ‘\ 3
g & A v ! ﬁiw A -2l -
27 [ > [ ¥
/ z
z | L2
8 g
N ;é“' E
H 6 ' s
g_ FoNe ] —— A > ‘"f,;‘,// “
4 Service Layer Credits: Esri, HERE, Garmin, (c) OpenStreetMap contributors, and the GIS user community | | B

T T T T T T T T T T ' !
10°38"10"E  10°40'0"E  10°41'S0"E 10°43'40°E 10°45'30'E 10°47°20"E 10°4910°E  10°S10°E  10°52'50°E 10°54'40"E  10°56'30°E

T T T  § T T T T T T T
10°38'10"E 10°400°E  10°41'S0"E 10°43'40°E 10°45'30°E 10°4720°E 10°4G10°E  10°510°E  10°52'50'E 10°54'40"E 10°56'30°E

Figure 6. Flood extents resulting from scenarios with the Trave Barrier T and the Trave Barrier with complementary dikes TD. In panels (a) and (b) we show compound
flood extents with the barrier, CF,(T and CFpg T, (CF4,TD and CFpgTD) compared to No Adaptation compound flooding (CF,y/CFpgy). We show No Adaptation
compound flood extents (CF,,/CFprx) as one (light blue) since differences are not visible. In panels (c) and (d) we compare compound flood extents with the Trave
Barrier CF,T, CFppx T (and complementary dikes, CF,,TD, CFppx TD) with the river only scenario Qpgx (green). The order of each legend corresponds to the order of
the flood extents (top = smallest extent, bottom = largest extent). The smaller flood extents cover the areas flooded by the larger flood extents.

scenarios, when ESL,, occurs individually and in all CF scenarios (Figure 4 and see also Figures S3d and S3e in
Supporting Information S1 for individual flood maps of ESL,,). A further reducing effect is achieved when
complementary dikes are used. In contrast to results of the Schlutup Barrier, individual Q flooding is reduced in
the low-magnitude CF scenario (CF4,T (TD)), but amplified in the high-magnitude CF scenario (CFpxT (TD)).

The groups of bars T and TD in Figure 4 show flood extent comparisons resulting from the scenarios with the
Trave Barrier (T) and Trave Barrier with complementary dikes (TD). Again, we support the results of Figure 4 by
spatial flood maps in Figure 6.

First, the flood extents of ESL,,,T and ESL,,,TD compared to ESL,,, No Adaptation (see Figure 4) demonstrate
the flood-reducing effect of the Trave barriers. Moreover, comparing the flood sizes of CF,, No Adaptation with
CF,oT (TD) we find a substantially smaller flood extent in CF,,T (TD) with differences of 8.5 km? (81.4%) and
9.1 km? (86.5%) respectively. Considering the coastward side of the Trave Barrier, the map of the CF,,T flood
extent (Figure 6a, violet) shows that ESL,, contributes by a large share to the flood extent in this adaptation
scenario. This is shown by the inundated low-lying coastal areas around the Trave Barrier. Those inundated
surfaces are disconnected from the Trave, by higher elevated areas. In the scenarios with the complementary
dikes, the dikes entirely prevent the ESL,, from entering the Trave and low-lying areas (Figure 6b, violet extent
in front of the adaptation measure), leading in total to a smaller inundated surface in this area, compared to CF,,T.

Considering the river contribution in the landward area behind the barrier, unlike the scenario CF,,S, with the
Schlutup Barrier, in both CF,,T and CF,,TD scenarios, the river contribution does not reach the Trave Barrier
(Figures 6¢ and 6d, violet extent). In both scenarios, the flood extent behind the Trave Barrier is even smaller than
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the individual Q flood (Qpgx), 96% in CF,,T and 60% in CF,,TD. Therefore, during low-magnitude CF, the
Trave Barrier has no amplifying effect, as the river flooding dissipates before reaching the barrier.

Last, the high-magnitude CF scenarios with the Trave Barrier (CFpgxT and CFppyTD, dark blue extents in
Figures 6b and 6d) produce smaller flood extents than CFpgx (No Adaptation, mid blue extent), with differences
of 4.24 km? (39.7%), and 4.9 km? (46.5%). Both scenarios, however, exceed the flood extent of the river-only
scenario (Qppx), by ~68% and cause major additional floods even far upstream. Therefore, with high-
magnitude river discharge, the Trave Barrier substantially amplifies the flood resulting from the river contri-
bution during compound flooding.

5. Discussion

In this study we use hydrodynamic modeling to quantify differences in flood extent by exploring a set of
adaptation measures—namely storm surge barriers combined with dikes—during compound flooding, and
flooding from storm surge and river discharge occurring individually. Since coastal flood risk assessments
typically do not account for (a) potential coastal adaptation and (b) compound flooding, uncertainties remain
regarding the effectiveness of adaptation measures in reducing flood extent (Louisor et al., 2022; Schroder
et al., 2022), but also regarding the extent to which potential adaptation options can alter or even exacerbate flood
characteristics during compound flooding (Kumbier, Carvalho, Vafeidis, & Woodroffe, 2018; Kumbier, Car-
valho, & Woodroffe, 2018).

The first outcome that is relevant for the following interpretation of our results is that storm surge is the major
flood driver at Liibeck, as it propagates both as individual flood driver (Figure S3 in Supporting Information S1)
and in combination with Q far inland. Preliminary tide gauge analyses (Figure S2 in Supporting Information S1)
have shown that during a compound event, ESL lead to a drop in Q upstream. However, once the storm surge
recedes, Q reaches its peak. Thus, the flood contribution of Q is comparably low. This finding is further supported
by general observations from stakeholders, who note that the Trave rarely causes flooding in Liibeck (Hansestadt
Liibeck, 2024).

The implementation of a Schlutup Barrier, with or without dikes, and low-magnitude CF (CF,,S and CF,,SD),
substantially reduces the total flood extent compared to CF,, under No Adaptation. On the one hand, this
reduction is achieved by the previously described full blocking of ESL by the Schlutup Barrier from entering the
Trave behind the barriers. On the other hand, the Q-contribution in CF,,S (SD) does not accumulate behind the
barrier to an extent that it exceeds CF,, without adaptation. Nevertheless, the comparison of the CF,,S (SD)
scenarios with the individual Qpgx scenario in the area landward of the barrier reveals an amplification of the Q-
contribution during compound flooding, by more than half that of Qpgx.

The high-magnitude compound flood scenarios have shown contradictory results. Here, both compound flood
extents under No Adaptation are exceeded by the scenarios with the Schlutup Barrier, just like the individual Qpgx
flood extent. Thus, the Q-contribution is strong enough to accumulate to an extent that exceeds the CFpgx extent
without adaptation. Moreover, while in the low-magnitude CF,,SD scenario, the complementary dikes have no
additional effect, in CFpgxSD additional dikes amplify the flood extent compared to CFpgxS. We can explain this
additional effect based on the flood maps shown in Figures 5 and 6 and Figure S3 in Supporting Information S1.
As the high-magnitude river discharge reaches the dikes, an even higher amount of water accumulates behind the
structures, resulting in strong backwater effects that enhance the flood. In the low-magnitude CF scenarios, the Q-
contribution does not reach the dikes, and the additional reinforcing effect does not occur. Figure S4 in Supporting
Information S1 further demonstrates that river discharge does not overflow or surround the Schlutup Barrier in
any of the scenarios CF,,S, CF,,SD, CFpgxS, and CFpexSD, as shown by the identical WL time series (Figure S4
in Supporting Information S1, lower panel) supporting the explanation that additional dikes lead to a stronger
accumulation in the worst-case CF scenario (Figure S4 in Supporting Information S1, upper panel).

From the interpretation of our results with the Schlutup Barrier, we derive two main findings. First, our results
show that the Schlutup Barrier not only changes compound flood extents, but amplifies them. Especially the
amplification of the low-magnitude river discharge contribution during compound flooding (CF,,S (SD)),
exceeding the flood extent caused by the individual high-magnitude river scenario (Qpgx) is a relevant finding. It
clearly demonstrates that neglecting compound flooding in coastal adaptation planning can lead to a considerable
underestimation of risk and to an unexpected amplification of residual risk or levee effects. According to Reimann
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et al. (2023) and Di Baldassarre et al. (2018) residual risk or levee effects can result from structural protection
measures, as they create a false sense of safety and attract migration into the flood plain. This, in turn, can increase
the exposure to flooding in protected areas in the event of failure. For the Schlutup Barrier, flood risk would be
underestimated if compound flooding were neglected when planning this adaptation measure.

Second, our results suggest a threshold of the Q-magnitude beyond which the Schlutup Barrier strongly amplifies
the flood extent, so that it exceeds compound flooding without adaptation. We derive this from the fact that flood
extents from low-magnitude compound flooding with adaptation scenarios do not exceed the low-magnitude
compound flood extent without adaptation, whereas the flood extents from high-magnitude compound flood-
ing with the Schlutup Barrier can nearly double high-magnitude compound flood extends without adaptation.
Such a threshold has two major implications for coastal management and supports the ongoing discussion about
the urgency to assess flood risk in a more comprehensive manner (Kupfer et al., 2024; Toimil et al., 2020; Ward
etal., 2011) to account for uncertainty. First, determining this threshold requires exploration of a large number of
compound flood events. Such a threshold may have large implications for coastal managers and decision makers
in terms of for example, evacuation planning or the decision on a discharge level at which a barrier should remain
open in the case of a forecasted flood event. Yet, identifying this threshold is beyond the scope of this study.

Moreover, the indication of a threshold beyond which the compound flood extent with a barrier is strongly
exacerbated supports the ongoing discussion to account for high-impact low-probability events in flood risk
assessments (Hinkel et al., 2015; Merz et al., 2009; Najafi et al., 2024; Schumann, 2017). Throughout our
analysis, we consider such extreme events, amongst which one event is exceptionally large. By choosing this
event, we aim to explore flooding under very extreme conditions while at the same time accounting for future
changes in precipitation and thus river discharge, as projected by Heinrich et al. (2023), Aalbers et al. (2018), and
Rutgersson et al. (2022), which can lead to higher magnitude and more frequent compound flood events (Bev-
acqua et al., 2019). Accounting for future changes in precipitation, but also SLR, is particularly relevant when it
comes to planning adaptation measures, as these should be designed for long-term protection (Haasnoot
et al., 2013). The increasing likelihood of a compound flood event to occur in Liibeck, in combination with our
results, further highlights the relevance of including compound flooding into the adaptation planning process for
estuaries where the current likelihood of compound flooding is low.

Beyond the Schlutup barrier, we also consider a second location for a storm surge barrier at the entrance of the
Trave, namely the Trave Barrier. In the scenarios with the Trave Barrier (with or without dikes), neither the low-
magnitude nor the high-magnitude CF scenarios exceed the flood extent of the compound flood scenarios under
No Adaptation. Additionally, the flood extents of both low-magnitude compound flood scenarios are smaller than
the extent caused by the high-magnitude individual Q-scenario. These results differ greatly from those of the
Schlutup Barrier and can be attributed to the fact that the Trave Barrier is located at the river mouth, that is, very
far downstream. This location allows the Q-contribution sufficient space to dissipate before reaching the barrier.
Also, the flood extents resulting from the high-magnitude compound flood scenarios with the Trave Barrier differ
greatly from the results with the Schlutup Barrier. Even though the high-magnitude Q-contribution does reach the
Trave Barrier, which blocks and amplifies the flood extent of the Q-contribution, this occurs to a much smaller
extent, compared to the results with the Schlutup Barrier. In the scenarios with the Trave Barrier, the high-
magnitude Q-contribution exceeds the flood extent of the individual Q-scenario but it remains smaller than the
high-magnitude CF extent without a barrier.

The effect of the Trave Barrier across almost all scenarios indicates that the Trave Barrier is the more effective
coastal adaptation solution in terms of reducing flood extent. Even though Volz et al. (2024) have estimated that
the Trave Barrier is more expensive than the Schlutup Barrier, they have also shown that, during individual storm
surge conditions, the Trave Barrier with complementary dikes is more efficient than the Schlutup Barrier. Thus,
from a perspective that focuses solely on protection, the city of Liibeck may opt for the downstream Trave Barrier.
However, without the consideration of compound flooding, the city of Liibeck may still opt for the Schlutup
Barrier for economic and logistical reasons. The study of Volz et al. (2024) does not account for the national and
international shipping traffic of high economic value that departs and arrives at a harbor in Travemiinde inside the
Trave River on a daily basis. In light of the long duration of storm surge events in the Baltic Sea, a closure of a
Trave Barrier may therefore imply large economic losses for the city of Liibeck. Moreover, between the harbor
and the location of the Schlutup Barrier the primary landuse type is agricultural land or forest and most of the
industrial areas, larger settlements, and, above all, the historic city center are located upstream of the Schlutup
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Barrier. Therefore, our findings have large implications for the planning process of structural protection mea-
sures, not only for Liibeck and the Trave Estuary. Communities along other estuaries may prefer such measures
further upstream due to for example, topographic conditions, land occupation or wide estuary entrances. SLR
poses another relevant aspect, when considering storm surge barriers as adaptation measure. As Orton
et al. (2023) point out, SLR will lead to higher frequencies of barrier closures and longer closure times of barriers,
which may have implications for the results of our study, as it increases the likelyhood of river discharge
accumulating behind closed barriers. Considering this, however, is beyond the scope of our study.

Moreover, our study contains three major limitations. First, given the short length of the observational Q-record,
we cannot estimate joint-probabilities and return periods for Q-events higher than the maximum observed events,
without producing large uncertainties (MacPherson et al., 2023; Pugh, 2004). Second, better understanding the
effect of storm surge barriers during compound flooding would require a more comprehensive analysis, such as
the consideration of a wider range of compound flood events, including estimates of their probabilities. A third
limitation is that we are only assessing changes in flood extent and do not analyze flood depths and exposure to
compound flooding. However, assessing exposure is beyond the scope of our study and should be accounted for in
future research.

Last, we must note that we are not aiming to suggest or recommend the analyzed coastal adaptation measures. The
decision for specific adaptation measures requires the consideration of many factors such as for example, port
operations, UNESCO World Heritage Sites, surrounding land use, ecological aspects, and estuarine or coastal
morphological characteristics. Moreover, other than structural protection measures there is a wide range of
alternative adaptation options, including nature-based solutions (NbS), or hybrid approaches of structural mea-
sures combined with NbS (Narayan et al., 2016; Schoonees et al., 2019). While structural protection measures can
have drawbacks (Bongarts Lebbe et al., 2021), NbS are often considered more sustainable than structural pro-
tection measures and are of high ecological value (Sutton-Grier et al., 2015).

6. Conclusions

Our results highlight that storm surge barriers can substantially amplify flood extent during compound flooding.
Even though river discharge is a minor flood driver at Liibeck, both barriers and complementary dikes lead to an
increase in river discharge induced flooding during low- and high-magnitude compound flooding. However, the
amount of amplification of the flood extent depends strongly on the magnitude of the flood driver, and the location
of the storm surge barrier. For the upstream barrier, the Schlutup Barrier, our results suggest the existence of a
threshold above which the flood extent is increased to an extent to exceed total compound flood extents. Defining
this threshold has implications for the barriers operating times and emergency planning, but requires further
analysis which is beyond the scope of this study.

These results demonstrate that neglecting compound flooding in coastal adaptation planning can lead to a
considerable underestimation of risk and an unexpected increase in residual risk. In light of climate change, this
becomes particularly relevant for efficient long-term adaptation planning. The current probability of compound
flooding with co-occurring storm surges and river discharge, where both drivers are at an extreme stage, is
relatively low at Liibeck. Yet, this probability may increase due to climate change. Hence, we conclude that
compound flooding should be accounted for when planning hard coastal protection measures, even in estuarine
areas with currently low compound flood probability. In such regions, there is little understanding of possible
compound flood impacts, which can even lead to an increase in levee effects in those areas protected by structural
measures. Further, the suggested threshold of the flood extent amplification emphasizes the need to account for
high-impact low-probability events in order to comprehensively assess flood risk.

The downstream Trave Barrier, shows an amplification of flood extents only during high-magnitude compound
flooding. This suggests that this barrier is the more efficient adaptation measure. We must note, however, that the
aim of our study is not to recommend a specific protection measure for the city of Liibeck, but rather to explore the
effect of measures on compound flooding. In this context we only consider two hard protection strategies;
nevertheless, there is a large variety of alternative adaptation options, that should be explored in terms of effi-
ciency in future research. Moreover, our analysis only explores two compound flood events and capturing the full
extent of possible consequences during compound flooding would require exploring a larger number of events,
the analysis of additional flood characteristics such as flood depths or flood timings, and, depending on the
location of the considered estuary other possible flood drivers being waves or heavy precipitation.
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