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Summary

The Baltic Sea storm surge of 20 October 2023 was one of the highest observed on the
east coast of Schleswig-Holstein. The storm of 13 November 1872 is still the highest rec-
orded one in the western Baltic Sea in the last two centuries. In Flensburg, a water level of
3.31 m during the November 1872 event and 2.27 m in October 2023 were observed. Both
storm events occurred in autumn and are characterised by a similar atmospheric weather
situation with a stationary high pressure area over Scandinavia and a low pressure area over
Central Europe. This led to a strong pressure gradient over the western Baltic Sea and
resulted in strong eastetly winds with up to 30 m/s at Lighthouse Kiel and particularly high
wind surges, which in both cases challenged the coastal protection at the east coast of
Schleswig-Holstein.
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Zusammenfassung

Die Ostseesturmflut vom 20. Oktober 2023 war eine der hichsten, die an der Ostkiiste Schleswig-Hol-
steins beobachtet wurde. Der Sturm vom 13. November 1872 ist nach wie vor die hichste beobachtete
Sturmflut in der westlichen Ostsee in den letzten wei Jabrbunderten. In Flensburg wurde i November
1872 ein Wasserstand von 3.31 m gemessen und im Oktober 2023 wurden 2.27 m maximaler W asser-
stand gemessen. Beide Sturmereignisse ereigneten sich im Herbst und sind durch eine dbnliche atmosphiri-
sche Wetterlage mit einem stationdren Hochdruckgebiet jiber S kandinavien und einem Tiefdruckgebiet iiber
Mitteleuropa gekenngeichnet. Diese Situationen erzeugten einen starken Luftdruckgradienten, welcher 3u
starkem Ostwind mit bis zu 30 m/s am Leuchtturm Kiel sowie iiber der westlichen Ostsee it hobem
Windstau fiibrten, die den Kiistenschutz i Osten Schleswig-Holsteins herausforderten.

Schlagwdorter
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1 Introduction

In this paper, we analyse and compare the most recent prominent storm surge event in the
western Baltic Sea, which occurred on 20 October 2023, with one of the most extreme
storm surge events since the beginning of the records in the region, the storm of 13 No-
vember 1872. Both events were considered as at least severe storm surges (BSH 2023) with
disastrous damage at the east coast of Schleswig-Holstein and in Denmark as well as in
Sweden (Kiesel et al. 2024). The main focus is on the comparison of atmospheric condi-
tions as the key driver for these events in search for commonalities and differences in the
underlying processes but also the resulting water levels are discussed.

The storm of 1872 remains in the collective memory in the region as a disastrous event,
and even 150 years later, the knowledge of flooded regions and the resulted damage, e.g.
labelled by flood marks in Denmark and Germany (Hallin et al. 2021) is present. The severe
storm surge 1872 has already been intensively investigated (Rosenhagen and Bork 2009,
KFKI 2022). In particular, the works of Baensch (1875) and Colding (1881) were seminal,
because they collected, sorted and categorised the data on a holistic way for the first time
and shortly after the event. In contrast to the recent event of 2023, where numerous ob-
servational data of water levels as well as atmospheric parameters like wind vectors or sea-
level pressure are available, the data for the event 1872 were scarce. Very few records of
observed water levels from the gauges were accessible and additionally their consistency
suffered from the changing gauge reference system over the time (Baerens et al. 2003).
Thus, several estimates of maxima water levels for the 1872 event exist in the literature as
summarized by Mudersbach and Jensen (2009), showing the peak water level, for example
in Flensburg (Table 1 and Figure 1), reaching between 3.08 m and 3.31 m. Despite some
uncertainties it can be stated that the peak water levels reached during the 1872 event re-
main unrivalled for the entire south-western Baltic coast and represent an important bench-
mark for the coastal safety management (MELUR 2022).

During the storm surge on 20 October 2023, the second highest water level in the ob-
servation since 1872 was registered with 2.27 m above mean water level (MW) in Flensburg
and 2.15 m in Eckernférde (Table 1 and Figure 1). In the southern parts of the German
Baltic Sea the water levels in October 2023 were not as high compared to water levels from
previous storm surge events, placing the 2023 surge events within the highest 11 observed
events for Travemunde and Warnemiinde. Before October 2023, the storm surge event of
31 December 1904 was the second highest in the records, especially in the western Baltic
Sea, with peak water levels of 2.23 m in Flensburg and 2.12 m in Eckernférde above mean
water level (DGJ 2005, DGJ 2022, WSV 2023). This event is often not included in the long-
term analysis of water level extremes in the Baltic Sea and in the return value estimates (e.g.
Kiesel et al. 2023, Groll et al. 2024) because the year 1904 is beyond the established atmos-
pheric and consequently hydrodynamic reanalysis period and currently available atmos-
pheric data are too scarce to enable the realistic reconstruction of the event. Therefore, we
consider it is important to include this event in the discussion of storm surge extremes. It
also had more prominent impact in the south-western Baltic Sea, with peak water levels
reaching 2.63 m in Travemiinde and 1.90 m above mean water level (MW) in Warnemiinde
(Table 1).
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Table 1: Observed peak water levels for the storm surge events 13 November 1872, 20 October
2023 and selected highest surge events at the German Baltic Sea coast. Modelled peak water levels
for the 2023 event. The data are presented in their original and were not corrected to the change
of the gauge reference level from MW to the base height level (Normalhéhennull (NHN),
Deutsche Haupthohennetz (DHHN2016) or Normaal Amsterdams Peil (NAP), for more details
on the reference differences see Mudersbach and Jensen (2009) and Bork et al. (2022).

Event 13.11.1872 [13.11.1872 |13.11.1872  |31.12.1904  |20.10.2023 20.10.2023

Baensch  |Baerens  |Mudersbach |DG]J, 2005 & | WSV, 2023 Model
Data source | 1875 1998 and Jensen Stigge (1994)

2009

[mMW] |[mMW] |[m NN 2006] [m DHNN2016] | [m NAP]
Flensburg 3.31 3.08 3.27 2.23 2.27 2.1
Schleimiinde 3.44 3.21 - 2.11 2.07 1.9
Eckernforde - 3.15 3.40 2.12 2.15 1.9
Kicl-Holtenau | 3.17 2.97 3.30 2.25 1.95 1.83
Travemiinde 3.32 3.30 3.15 2.63 1.79 1.62
Wismar - 2.84 2.97 2.28 1.57 1.61
Warnemiinde - 2.45 2.70 1.90 1.50 1.53
Greifswald 2.64 2.66 2.79 2.39 1.51 1.38
Event 04.01.1954 |15.02.1979 |13.01.1987 |03.11.1995 |01.11.2006 |04.01.2017 |02.01.2019

DHNN2016 = m NAP

Flensburg 1.81 1.81 - 1.81 1.72 1.79 1.68
Schleimiinde 1.6 1.81 - 1.82 1.65 1.64 1.6
Eckernforde 1.75 1.84 - 1.98 1.67 1.7 1.64
Kiel-Holtenau 1.8 1.93 1.72 1.97 1.75 1.69 1.67
Travemiinde 1.99 1.78 1.75 1.81 1.7 1.71 1.73
Wismar 2.07 1.62 1.72 2.01 1.81 1.82 1.90
Warnemiinde 1.74 1.31 1.44 1.62 1.64 1.62 1.69
Greifswald 1.87 - 1.46 1.82 1.45 1.68 1.70

The storm surge event of 20 October 2023 has been described and investigated in recent
reports and publications (BSH 2023, Kiesel et al. 2024 and Groll et al. 2024). Kiesel et al.
(2024) offered a description of the storm surge event and a comprehensive discussion on
the storm impact at the coast, looking at different aspects of the related flood risks based
on the observational data. In particular, the variability and the shape of hydrographs was
mentioned as an important factor influencing the duration of the flood wave and the extent
of the flooding. They emphasized the localized effect of this particular storm, with strong
easterly winds leading to much higher water levels in the western part of the Baltic Sea and
moderate increases in the south-western part. The authors debated the simultaneous
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exposure and questioned the necessity to consider spatial dependency for large-scale risk
assessments.
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Figure 1: Map of the investigated locations in the Baltic Sea.

Groll et al. (2024) put the event of 20 October 2023 in the context of other recent storm
surge extreme events in the region, namely the storms from 04—05 January 2017 and 02
January 2019, as well as more generally in a climate perspective of the past 65 years. They
used reanalysis data and calculated water levels for the period from 1958 until 2023 looking
at the different components contributing to the total extreme water level. In particular, they
estimated the impact of prefilling on the water levels during the events. Prefilling is an
increased amount of water in the Baltic Sea happening on the timescales of days to weeks
due to an additional inflow from the North Sea associated with the persistent westetly
winds (Lehmann and Post 2015). A strong prefilling could alter the total water level by
several decimetres, if it occurred before the storm surge event. For the 2023 event both
studies concluded that the prefilling prior to the storm was present, and this condition
contributed about 25 cm (20-50 cm) to the peak water levels. Contrarily, for the storm
1872 Bork et al. (2022) concluded that there was no impact of prefiling of the Baltic Sea
on the water level at the German Baltic Sea coast.

In the following, we compare and discuss the atmospheric situations during the 1872
and 2023 events in chapter 2. In chapter 3, we compare water level observations for the
selected storm events for the south-western Baltic Sea and discuss differences in spatial
pattern of the surge distribution based on the water level simulations. We conclude with a
discussion of atmospheric patterns associated with the storm surge extremes and how the
considered two events fit into the multi-decadal statistics.
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2 Atmospheric situations in 1872 and 2023

The atmospheric situation for the 1872 storm event was already reconstructed and de-
scribed in detail by several authors e.g. Baensch (1875), Colding (1881), Rosenhagen and
Bork (2009), Bork et al. (2022). Rosenhagen and Bork (2009) used the pressure and
temperature data from 230 weather stations to reconstruct the weather situation within two
weeks prior to the storm surge event. Thus, their weather charts are based on a higher
density of weather station data than older ones or any current reanalysis products. For the
sake of completeness, we summarize the development of the storm here. During 12 and
13 November 1872, a stationary/blocking high pressure system (with maximum sea level
pressure of 1047 hPa) was located over middle Scandinavia and a low pressure system over
the Lusatia (with minimum sea level pressure of 990 hPa). A strong pressure gradient over
the western Baltic Sea caused extreme wind speed over the Baltic Sea (Rosenhagen and
Bork 2009, Figure 2a). The relative position of the high- and low pressure (high-over-low)
systems resulted in strong winds from easterly and north-easterly directions, with wind
speeds neatr Liibeck (close to Travemtnde) estimated between 21 m/s and 28 m/s for at
least 24 hours on the 12 and 13 November 1872 (originally Baensch 1875). The peak wind
speeds reached 30-35 m/s on 13 November (Rosenhagen and Bork 2009). In the recon-
struction by Colding (1881) the low pressure system was located more to the south-east
over Vienna, Austria, this resulted in a somewhat smaller pressure gradient than estimated
by Rosenhagen and Bork (2009). Still, Colding (1881) suggested in agreement with the pa-
per by Baensch (1875), that the strong pressure gradient and the resulting high wind speed
generated high wind surge in the Baltic Sea, leading to extremely high water level in the
western Baltic Sea. This is supported by the recent study of Bork et al (2022), where the
strong winds were named as the main reason for the observed water levels, while other
effects like the Baltic Sea prefilling, seiches, etc. were minimal.

(a) 13 November 1872; 06:00 (b) 20 October 2023; 18:00
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Figure 2: (a) Pressure chart for 13 November 1872 06:00 and tracks of high (red) and low (blue)
for 12 November, 06:00 till 13 November 1872, 08:00 period based on the data from Rosenhagen
and Bork, 2009. Black diamonds mark midnight. (b) for 19 — 20 October 2023 based on coastDat3
reanalysis.
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During the event of October 2023, a high pressure area moved from Svalbard to Scandi-
navia, became stationary and intensified (~1030 hPa). A low pressure area (~975 hPa)
moved from south-western Ireland to southern England and became stationary as well
(Figure 2b). Thus, it developed a high-over-low weather pattern, similar to the 1872 event.
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A strong pressure gradient built up over northern Germany and resulted in high wind speed
(> 20 m/s), reaching the speed of 28 m/s (BSH 2023 and Kiesel et al. 2024) with an eastetly
wind direction (DWD 2023, Figure 3) at least two days before the water level peak at the
east coast of Schleswig-Holstein. Although the wind speed was high during the storm, it
was not unprecedented during the past seven decades of historical data (Groll et al. 2024)
and it is rather a combination of high wind speed and prolonged easterly direction that was
extraordinary.

Wind speed and direction at Kiel Lighthouse 2023
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Figure 3: Observed wind speed and direction (10 min) from Kiel Lighthouse for 15-20 October
2023. In the evening of 20 October 2023, the anemometer was broken.

Summarizing, in both situations, 1872 and 2023, very strong pressure gradients developed
over the western Baltic Sea. In comparison, the maximum wind speeds were higher during
the storm in 1872 storm (up to 35 m/s in 1872 vs. 29 m/s in 2023), although the categorical
nature of observations in 1872 as a source of uncertainty must be kept in mind. The dura-
tion of strong winds is comparable, with wind speeds tising from over 10 m/s to the max-
imum within 2 days. The wind directions remain stable in both cases, with easterly-north-
easterly winds in 1872 and easterly winds in 2023.

3 Water level records and simulations

Different studies provided slightly varying results for the observed water levels during the
1872 event. Figure 4 and Table 1 summarize the observations estimated by Baensch (1875),
Baerens (1998), Mudersbach and Jensen (2009) for different locations along the German
Baltic Sea coast. The dataset is complemented with the recent peak water level observations
of the 2023 event (WSV 2023). The water levels observed during the storm event of De-
cember 1904 (DG]J 2005, Stigge 1994), as an event resulted in second highest recorded
water levels after 1872 in parts of the region but usually omitted from the assessments due
to the lack of consistent data, are included. To put the records of 1872 and 2023 events in
a historical context, peak water level observations for several storm events, which are within
the top five recorded events since 1950 for the considered locations, are also included.
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Comparing to 1872, the 2023 storm resulted in lower peak surge by 1 m in Flensburg,
by 1.36 m in Travemiinde and by 1.28 m in Greifswald, using Mudersbach and Jensen
(2009) estimations. Comparing to the 1904 event, the surge magnitudes were similar at the
north-western part of the German coast (Flensburg and Eckernforde) during 2023, farther
to the south the water levels decreased, building up the discrepancy up to 0.88 m
(Greifswald). This underlines the localised nature of the 2023 event, whose impact focussed
on the western German Baltic Sea coastline, because of the prevailing eastern wind direc-
tion during the storm (Figure 3) in contrast to the other two major events. When compared
to other high surge events, for the western area (Flensburg, Eckernférde) the events 2023
and 1904 remain unprecedented since 1950, with the next surge events of 1995 and 1979
showing about 0.45 m lower peak water levels. For the south-western part (Bay of Meck-
lenburg) the event of 2023 was unremarkable, as was mentioned before, but the 1904 re-
mained the second highest surge event since 1872. Some later rivalling storms (e.g. 1954,
1995, 2019) resulted in more than 0.6 m (Travemiinde) and more than 0.2 m (Wismar)
lower peak water levels. It has to be mentioned, that most of the shown highest events
affected the entire south-western Baltic Sea coast except for the events on 13 January 1987
and 15 February 1979 as well as 2023 and 1872 events. The later had a considerable impact
in the Bay of Mecklenburg though, still the drop in the surge heights from west to east of
the region was about 0.5 m. When the atmospheric situation is considered, both 1979 and
1987 events showed a hint to the high-over-low sea level pressure pattern and north-east-
etly to easterly winds (not shown) somewhat similar to the 2023 and 1872, whereas during
other events (e.g. 1995 or 2019) the prevailing northerly winds were observed (e.g. Groll et
al 2024).

Observed and modelled water level at the Baltic Sea coast
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Figure 4: Peak water levels observed during selected major surge events and modelled for 2023 at
the German Baltic Sea coast, from north to south and west to east. See also Figure 1 for the
location.

To look more consistently at the spatial extent and distribution of the surge related to the
2023 storm, a hydrodynamic water level simulation with the model TRIM-NP (Casulli and
Cattani 1994, Kapitza 2008) was used. The hydrodynamic model has already been used to
investigate e.g. storm surge events and prefilling processes in the Baltic Sea (Groll et al.
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2024, Weisse and Weidemann 2017). The simulation starts on 1 October 2023 to include
possible pre-conditions before the storm and ends on 30 October 2023. The atmospheric
forcing was used from the Cosmo-CLM simulation (Geyer 2014, Petrik et al. 2021). It is
available in hourly temporal resolution and with a spatial resolution of 0.165°. Cosmo-CLM
has been used for various atmospheric investigations and is well tested for hydrodynamic
applications(e.g. Groll et al. 2024).

In Figure 5b the maximum simulated water level at each grid points during the event
2023 is shown. Consistent with the observations (Figure 4), highest water levels are simu-
lated at the east coast of Schleswig-Holstein and southern Denmark with more than 1.75 m
and locally over 2 m at the coast. The predominantly easterly winds provided perfect con-
ditions for building up surge in the Bay of Kiel (Figure 1) with the water being pushed to
the northern east coast of Schleswig-Holstein. In line with that, the Bay of Mecklenburg
shows lower water levels than the Bay of Kiel with observed peak water levels of 1.79 m
for Travemiinde and 1.95 m for Kiel (Table 1). Additionally, to the local wind effect, a
prefilling prior to the event contributed about 0.25 m (0.2 m—0.5 m) to the total water level
(BSH 2023, Groll et al. 2024).

(a) 13 November 1872; 14.00 (b} Maximum water level [m] of 20 Oct. 2023
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Figure 5: a) Simulation of water level for 13 November 1872, 2pm, converted to Rheinish feet
from Bork et al. 2022, Figure (5a); (b) maximum water level during 20-21 October 2023 calculated
by TRIM-NP and COSMO-CLM.

For the 1872 event, the results of the water level simulation by Bork et al. (2022) show
similar spatial pattern (Figure 5a), although here the simultaneous water level distribution
on 13.11.1872 14:00 instead of the peak water levels during the storm is presented. From
the reconstruction by Bork et al. (2022) the maximum water levels were estimated by
3.45 m at Flensburg and 3.49 m at Travemiinde. In this case, the highest water levels were
simulated for the whole east coast of Schleswig-Holstein including the western part of
Mecklenburg-Western Pomerania, which agrees with the available observations (Figure 4).
Bork et al. (2022) argued that for this event no considerable prefilling was registered and
the surge heights occurred mainly due to the regional wind conditions.

4 Conclusion

In this paper we examine and compare two exceptional storm surge events in the western
Baltic Sea, one leading to water levels unprecedented and not exceeded in the last 150 years
(13 November 1872), another very recent and resulting in the second highest observed
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water levels in Flensburg (20 October 2023). Both severe storm surges occurred in autumn
and were induced by similar atmospheric situations. Easterly to north-easterly winds pet-
sistent during 36 to 48 hours over the Baltic Sea and reaching 30-35 m/s (for 1872) and
29 m/s (for 2023) lead to very extreme increase of water levels in the western part of the
Baltic Sea. Both events resulted in the highest surges in the Bay of Kiel with peak water
levels about 3.27-3.4 m during 1872 and 1.95-2.27 m during the 2023 event. Both events
showed gradually lower water levels further to the east along the German coast, although
for the 1872 event the peak water levels in the Bay of Mecklenburg were still remarkably
high with 2.7-3.15 m. Although such atmospheric conditions and spatial surge height dis-
tributions are not unique, they are still quite rare in the historical data sets and mostly oc-
curred in winter (e.g. 15 February 1979 or 13 January 1987).

We argue that the storm events of 1872 and 2023 had similar large-scale atmospheric
situation leading to high-impact surge events in the western Baltic Sea. Both surge events
were caused by strong easterly winds. These were induced by a particular atmospheric sit-
uation over Europe, known as a high-over-low situation. This refers to a weather situation
in which a relatively stable high pressure system is located over Scandinavia and a low pres-
sure system is located to the south (central to western Europe). Variations in the exact
location of the high and low pressure systems, as well as the overall pressure gradient,
trigger the exact wind field (speed and direction). This causes different water levels at dif-
ferent locations along the Baltic Sea coast. The 1872 event still shows the almost perfect
storm conditions for extreme water levels along the western Baltic Sea. The 2023 event,
however, shows that even less perfect high-over-low situations can lead to dramatic water
levels along the western Baltic Sea. This indicates that high-over-low situations are a po-
tential threat for high water levels along the western Baltic Sea coast, especially for the
stretch from Travemiinde to Flensburg and the surrounding coasts, in Denmark and Swe-
den. This could be considered for the coastal warning system in this area. The results also
show that for the coasts east of Travemiinde, extreme water levels are less influenced by
high-over-low situations. They are more likely to be influenced by winds with more not-
therly components.

The unprecedented nature of historical storm surges occurred prior to the established
reanalysis period (i.e. before 1948) suggests the need in the modelling efforts going further
back in time, for example in the extension of high-resolution atmospheric and hydrody-
namic reanalysis for 100—150 years back. This would allow to obtain the consistent surge
statistics which encounter the major historic events. Thus, it would make estimates of e.g.
return values, one of the relevant parameters for the coastal protection planning, more
realistic than those based on the presently widely used data from the past 60-70 years (e.g.
Kiesel et al. 2023).

Further investigations are needed for blocking high pressure situations over Sweden
with a simultaneous low pressure area nearby (high-over-low situation) and resulting strong
pressure gradients over the western Baltic Sea. This investigation is necessary for future
coastal protection assessments, e.g. for design of water level and the duration of stability
of the protection.
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5 Data

WSV 2023: Wasserstral3en- und Schifffahrtsverwaltung des Bundes, bereitgestellt durch die
Bundesanstalt fir Gewasserkunde (BfG). Dies gilt fir Erst-, Zweit- und jedwede Nachnut-
zung.

DWD 2023: Deutscher Wetterdienst: “Based on data from Deutscher Wetterdienst, grid-
ded data reproduced graphically”
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