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Climate change will not only cause significant sea level rise but is likely to also change the large-scale atmospheric circulation. Here, we analyse atmospheric conditions that caused storm surges at the German North and Baltic Sea coasts. Possible future changes thereof are examined using a multi-model CMIP6 ensemble of global climate simulations under different emission scenarios. Observed storm surges are analyzed from peak water level observations at the gauge stations Koserow, Warnemünde, Kiel-Holtenau, and Flensburg along the German Baltic Sea coast, and at Cuxhaven located in the North Sea. For the classification of the meteorological conditions on the respective day of a storm surge we use two atmospheric reanalyses. We employ a simple weather type classification approach, based on daily mean sea-level pressure fields as input. This approach can be applied easily to global or regional climate model simulations which makes it an effective tool for climate change investigations. For each of the gauge stations, a proxy for storm surge favorable atmospheric conditions–the effective wind–is derived. Westerly and cyclonic weather types are the atmospheric drivers of observed storm surges at Cuxhaven. The most favorable weather types at the stations Koserow and Warnemünde are north-east and cyclonic, adding anticyclonic for Kiel-Holtenau and Flensburg. Towards the end of the 21st century, the CMIP6 ensemble projects a significant increase in the frequency of westerly effective winds for Cuxhaven under the scenarios SSP3-7.0 and SSP5-8.5. In contrast, a significant decrease of easterly effective winds is projected for all four locations at the Baltic Sea coast. These findings are a result of the tendency towards strengthened westerly stream and a north-western shift of the storm tracks in climate projections over these regions that is also described by other investigations. Our results indicate that the increasing risk for extreme water levels associated with the virtually certain sea-level rise is additionally fueled by more frequent weather patterns favoring storm surges at the German North Sea coast, while changes of the large-scale circulation may dampen the increase of storm surge risk associated with sea-level rise at the German Baltic Sea coast to some degree.
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1 INTRODUCTION
Storm surges cause a significant rise in coastal water levels that can have significant socio-economic consequences and–in extreme cases–may even result in fatalities. Furthermore, these extreme water levels (EWLs), in combination with strong winds and long-lasting precipitation events, can severely impact on- and offshore transport system and its infrastructure (e.g., Buthe et al., 2015; Kew et al., 2013; Schade, 2017). Disruptions to transport and traffic chains may lead to delays, re-routing, and thus secondary financial consequences and maybe even additional human losses not only at the direct coastline but also far inland.
In this study, we investigate the large-scale atmospheric conditions associated with storm surges along the German North and Baltic Seas coastlines, as well as their projected changes under future climate scenarios. The goal is to support the assessment of potential implications on off- and onshore transport systems. To characterize the large scale circulation, we employ a weather type classification method originally developed by Lamb (1950) which is used operationally at the German Federal Maritime and Hydrographic Agency (BSH). This method is applied to atmospheric reanalyses for the recent past (1971–2000) and climate model projections for the far future (2071–2100).
Our study builds on previous research examining the representation and potential changes in atmospheric circulation and wind speeds over Central Europe. Herrera-Lormendez et al. (2022) for example, show that the weather type classification method by Jenkinson and Collison (1977) applied over Germany reproduced the occurrence of the observed circulation patterns, as well as the interannual variability and its climatological frequencies. Several climate change studies show a poleward shift of the storm tracks over Europe in a warming climate with an increase in westerly conditions (Barnes and Polvani, 2013; Bengtsson et al., 2006; Harvey et al., 2020; Mbengue and Schneider, 2013; Priestley et al., 2020; Wu et al., 2011). These tendencies are visible in global climate models (GCMs; e.g., Donat et al., 2010) as well as in high resolution regional models (RCMs; e.g., Plavcová and Kyselý, 2013). The increase in westerly conditions is accompanied by a profound decrease of easterly conditions during the winter months. Both signals are robust in both the global (Demuzere et al., 2009; Stryhal and Huth, 2019) and the regional (Riediger and Gratzki, 2014) simulations. Furthermore, an increase in westerly conditions would lead to an increase in the occurrence of resulting storm surges at the German North Sea coast while a decrease in easterly conditions would lead to a decrease of resulting storm surges at the German Baltic Sea coast due to their exposure to the respective direction.
However, comparisons of historical storm surges with climate projections based on RCP (Representative Concentration Pathways) scenarios of a small regional ensemble in the North Sea area did not show significant changes in extreme wind speeds until 2,100 (Bott et al., 2020). At most, a slightly positive trend could be seen in the south-eastern North Sea, as well as a small increase in the occurrence of westerly winds. These trends were always within the yearly and decadal variability of the respective models and, therefore, not robust. Other studies employed a different method and identified single low-pressure systems and their paths. In a recent investigation Meyer and Gaslikova (2024) used an atmospheric reanalysis driven tide surge model to simulate water levels during severe storm tides - a storm tide consists of the normal astronomical tide plus the storm surge caused by the atmospherical conditions - over the last 120 years in the German Bight.
Europe lies at the “Exit” of the North Atlantic storm tracks, where, climatologically, there is a local maximum in the passage of intensified low-pressure systems. Many climate models project a future increase in both the frequency and the intensity of storms affecting the British Island, the North Sea and northern Central Europe (Donat et al., 2010; Zappa and Shepherd, 2017). However, it is apparent that different models yield varying and sometimes even contradictory results. This uncertainty leads to the necessity to conduct climate change analyses on the basis of an ensemble of models of sufficient size and quality, as done within the sixth assessment report of the Intergovernmental Panel on Climate Change (IPCC; Intergovernmental Panel on Climate Change (IPCC), 2022).
Investigations of the latest CMIP6 model generation have shown notable improvements over previous generations, not only in terms of higher model resolution but also in the representation of model physics. They can reproduce the northern hemispherical storm tracks better and show smaller deviations compared to reanalyses (Harvey et al., 2020; Priestley et al., 2020). A recent study also shows the usability of the Hess and Brezowsky “Großwetterlagen” (Hess and Brezowsky, 1952) using a deep learning ensemble for automatic classification of weather types for an ensemble of 31 CMIP6 climate model simulations. Heinrich et al. (2024) found a robust increase in the frequency of the atmospheric pattern Cyclonic Westerly towards the end of the 21st century during the winter months among all models and scenarios. This pattern is associated with compound flooding events, caused by a combination of strong (but not necessarily extreme) or long-lasting precipitation, on-shore winds, and high water levels at the European Coasts.
Our study complements the research by Jensen et al. (2022) investigating the opposing extreme, the so called “negative storm surges”: The large ensemble produced by the Swedish Meteorological and Hydrological Institute (SMHI-LENS; Wyser et al., 2021), employing the atmosphere-ocean general circulation model EC-Earth3 (Döscher et al., 2022) was used to robustly isolate the climate change signal from the background of internal variability by comprising 50 simulations for each, the historical period 1970–2014 and different scenarios covering the period 2015–2100. In our study we use an ensemble of different runs from different CMIP6 models to improve the robustness of possible climate change signals regarding storm surges. Further, this approach has two distinct advantages: (i) the substantial model uncertainty of climate change signals related to extra-tropical cyclones and associated wind storms demands for large multi-model ensembles to allow for a robust assessment of any potential climate change signal in this respect; (ii) despite not being perfect, global climate models with given resolution are arguably better in representing the sea level pressure pattern of extra-tropical cyclones than all types of meso-scale wind fields associated with the frontal systems of the storms. Hence, our rather simple approach should be less affected by existing model deficiencies than any analysis of the model wind speeds themselves (see e.g., Krieger and Weisse, 2025). In addition, some recent studies have already shown that the CMIP6 models outperform the older model generations in the representation of the atmospheric circulation over Europe based on the same objective classification method we use in this study (e.g., Brands, 2022; Fernandez-Granja et al., 2021).
In the following we first introduce the data and methods used in this study (Section 2). We assign observed storm peak water levels at four stations in the Baltic Sea and one in the North Sea to weather types derived from ERA5 and NCEP sea level pressure data and identify atmospheric situations favouring storm surges at the respective tide gauges. Then, we investigate possible future changes of these situations using a CMIP 6 GCM ensemble (Section 3). Finally, we discuss our findings (Section 4).
2 DATA AND METHODS
2.1 Data
2.1.1 Observational water level data from gauge stations
We use observations of the storm peak water levels at the gauges in Flensburg, Kiel-Holtenau, Warnemünde, and Koserow located at the German Baltic Sea Coast, as well as in Cuxhaven in the German Bight of the North Sea (see Figure 1) for the period 1951–2022. Water levels for Cuxhaven have been downloaded from the Portal Zentrales Datenmanagement (ZDM) Küstendaten of the German Federal Waterways and Shipping Administration (WSV, last access 25 June 2022)1. Water levels for the Baltic Sea stations have been provided by the BSH (personal communication, Ines Perlet-Markus and Jürgen Holfort).
[image: Map of Northern Germany and surrounding regions showing locations with colored symbols: blue circle for Cuxhaven, yellow triangle for Flensburg, red diamond for Kiel-Holtenau, orange star for Warnemünde, and maroon square for Koserow.]FIGURE 1 | Locations of the investigated gauge stations at the German North- and Baltic Sea coast.2.1.2 Atmospheric reanalysis data
For the analysis of past meteorological conditions associated with the observed storm surges, we use both the NCEP/NCAR R1 and the ERA5 reanalyses sea level pressure (SLP) data.
The National Centers for Environmental Prediction (NCEP) and the National Center for Atmospheric Research (NCAR) produced the Reanalysis 1 (Kalnay et al., 1996) in close cooperation. The central module is identical to the operational system then used at the NCEP, but with a spectral T62 horizontal resolution, i.e., about 210 km grid spacing and 28 vertical levels. The reanalysis was initially completed in 1996, but continued through an identical Climate Data Assimilation System (CDAS) to ensure consistency with the earlier decades.
ERA5 is one of the most recent reanalysis datasets produced by the European Centre for Medium-Range Weather Forecasts (ECMWF, Hersbach et al., 2020). As such, it is one of the most modern and advanced global reanalyses, using the Integrated Forecasting System (IFS) jointly developed and maintained by ECMWF and Météo-France. The ERA5 data are available on a high-resolution grid with a spacing of 0.25° and in hourly resolution for the period from 1979 to the present and are updated at regular intervals. To additionally cover the period before 1978 we included the ERA5 backward extension (Bell et al., 2021). For this investigation we calculated daily means of the hourly SLP values from 0UTC to 23UTC. The daily SLP means are used to calculate daily weather type classifications, Gale strengths and effective winds.
2.1.3 Climate model simulations
In order to analyse the potential future change of meteorological conditions favorable for storm surges at the German coasts, we make use of an ensemble of global climate models. All simulations of a given experiment are subject to identical external forcings, such as greenhouse gases and aero-sols, following the protocol for the historical experiment of the Coupled Model Intercomparison Project in its sixth phase (CMIP6) (Eyring et al., 2016), and ScenarioMIP (O’Neill et al., 2016), respectively. For the analyses presented in this study, we examined the four Tier1-scenarios of ScenarioMIP that is SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5. The SSP (Shared Socioeconomic Pathways) scenarios span a wide range of socio-economic narratives and greenhouse gas concentration pathways for the remainder of the 21st century (Riahi et al., 2017).
The large number of simulations available for CMIP6 makes it an excellent tool to derive robust estimates of climate change signals projected by these models. Our analyses were based on daily mean SLP fields taken from these simulations. In order to be able to compare our results with a different method that has recently been successfully tested for past storm surges at Cuxhaven (Schaffer et al., 2024), we use only models with a high temporal resolution for the wind components in our ensemble. Altogether, our ensemble consists of seven different GCMs and in total 23 model runs (Table 1).
TABLE 1 | Global climate models (GCMs) used for this investigation, including the resolution of the model components for the atmosphere und the ocean, references, scenarios and the respective runs.	GCM	Resolution	References	Scenario	Run
	CMCC-CM2-SR5	Atmosphere: CAM5.3 (1 deg lat/lon)	Cherchi et al. (2018)	historical, ssp126, ssp245, ssp370, ssp585	r1i1p1f1
	Ocean: NEMO3.6 (1–0.33 deg lat/lon)
	CNRM-CM6-1-HR	Atmosphere: Arpege 6.3 (0.5 deg lat/lon)	Voldoire et al. (2019)	historical, ssp126, ssp245, ssp370, ssp585	r1i1p1f2
	Ocean: NEMO3.6 (0.25 deg lat/lon)
	EC-Earth3	Atmosphere: IFS cy36r4 (80 km lat/lon)	Döscher et al. (2022)	historical, ssp126, ssp245, ssp370, ssp585	r1i1p1f1
	Ocean: NEMO3.6 (1–0.33 deg lat/lon)
	IPSL-CM6A-LR	Atmosphere: LMDZ NPv6 (1 deg lat/lon)	Boucher et al. (2020)	historical, ssp126, ssp245, ssp370, ssp585	r1-r4i1p1f1 r6i1p1f1 r14i1p1f1
	Ocean: NEMO-OPA (1 deg lat/lon)
	MIROC6	Atmosphere: CCSR AGCM (150 km lat/lon)	Tatebe et al. (2019)	historical, ssp126, ssp245, ssp370, ssp585	r1i1p1f1 r2i1p1f1 r3i1p1f1
	Ocean: COCO4.9 (1 deg lat/lon)
	MPI-ESM1-2-LR	Atmosphere: ECHAM6.3 (200 km lat/lon)	Mauritsen et al. (2019)	historical, ssp126, ssp245, ssp370, ssp585	r1-r10i1p1f1
	Ocean: MPIOM1.63 (1.5 deg lat/lon)
	MRI-ESM2-0	Atmosphere: MRI-AGCM3.5 (120 km lat/lon)	Yukimoto et al. (2019)	historical, ssp126, ssp245, ssp370, ssp585	r1i1p1f1
	Ocean: MRI.COM4.4 (0.5–0.3 deg lat/lon)


2.2 Methods
2.2.1 Defining storm surges
For the German North Sea coast, storm surges are defined as EWLs exceeding 1.5 m above the mean high water (Bundesamt für Seeschifffahrt, 2025). 272 storm tides and respective peak water levels were recorded at the gauge Cuxhaven in the period 1951–2022, which corresponds to an average of about four storm tides per year. It should be emphasized here that these events are not necessarily independent of each other. A large-scale synoptic weather situation may lead to a succession of several high waters that meet the criterion of a storm surge given here. In the following, we detect and treat each storm tide as a separate event ignoring their possible dependence.
For the German Baltic Sea coast, storm surges are defined as EWLs exceeding 1 m above the mean water level (MWL). 184 storm tides were recorded at the gauge Flensburg, 161 at the gauge Kiel-Holtenau, 103 at the gauge Warnemünde, and 105 at the gauge Koserow.
2.2.2 Classification of the large-scale atmospheric circulation
A coherent description of the large-scale atmospheric circulation is possible using defined circulation patterns or weather types (e.g., Lamb, 1950). At BSH, the automatic classification method developed by Jenkinson and Collison (Jenkinson and Collison, 1977) to objectify the “Lamb Weather Types” (hereafter LWTs) is used operationally as part of the analysis of the state of the North Sea region (Löwe, 2005), and, since 2020, for the Baltic Sea region as well. This classification method is also applied in this study. It is solely based on daily means of the SLP fields at 16 grid points px (with x=1…16) in the extended North or Baltic Seas region (see Figure 2) to calculate the vector components (u*,v*) of the geostrophic wind (V*) and the vorticity (ζ*) as described by Löwe (2005), appendix A, GL. A5 - A7 & GL. A13/14), where
V*hPa=u*2+v*2 
with
u*hPa=12 p12+p13−12p4+p5
v*hPa=1cos⁡φ014 p5+2p9+p13−14p4+2p8+p12
[image: Weather maps depicting isobars over the North Sea and Baltic Sea regions dated October 20, 2023. The left panel shows the North Sea with labeled points and atmospheric pressure values from 988 to 1024 hPa. The right panel displays the Baltic Sea with similar features, indicating atmospheric conditions.]FIGURE 2 | Pressure fields for Oktober 20th, 2023 (storm Babet, UK Met Office) with LWT and Gale Index (red letters) from daily mean of NCEP/NCAR1 sea level pressure in [hPa](blue isolines) over the (A) North and (B) Baltic Seas. Also indicated are the 16 grid points (pink numbered) used to calculate LWTs, Gale index, and the effective geostrophic wind (not pictured here).And
ζ*hPa=ζu*+ζv*
with
ζu*hPa=sin⁡φ0sin⁡φ0+Δφ/212p15+p16−p8+p9−sin⁡φ0sinφ0−Δφ/212p8+p9−p1+p2
ζv*hPa=12⁡cos2⁡φ014p6+2p10+p14−p5+2p9+p13−14p4+2p8+p12−p3+2p7+p11
where φ0 is the latitude of the respective central point of the respective grid (55°N, 5°E for the North Sea; 60°N, 20°E for the Baltic Sea), and Δφ is 10°. The Baltic Sea grid has been shifted 5° north- and 15° eastwards from the North Sea grid to accommodate for the Coriolis frequency, i.e., to ensure that gales are identified at an identical geostrophic wind and vorticity scale in either region.
The geostrophic wind is a good approximation of the large-scale wind conditions in the free atmosphere. The LWTs are derived from the relationships between the geostrophic wind components and the vorticity. While the classification procedure originally allowed for 27 different weather types, a condensed version is used here that identifies six characteristic weather types in order to assure more reliable and robust statistics. This is achieved by reclassifying the hybrid weather types which appear only five to six times a year, and by evenly distributing the rather undistinctive types into two rotational and four directional types (Löwe, 2009; Löwe et al., 2013). These six characteristic weather types are anticyclonic (A), cyclonic (C), north-east (NE), north-west (NW), south-east (SE), and south-west (SW). Although technically only valid at its respective central points, the results are representative of the North- and Baltic Seas.
LWT A is an anticyclone centered over the area with its core at or near the central point and is characterized by mainly dry conditions and light winds, warm in the summer season and cold in winter due to the influence of the continental land masses. LWT C in contrast is a cyclone or depression centered over the area, usually wet with variable wind conditions, mild temperatures in autumn and winter and colder temperatures in spring and summer, oftentimes accompanied by gales or thunderstorms.
The directional LWTs (NE, SE, SW, NW) are defined due to the quadrant, i.e., the directional boundaries of a four-point compass (0°, 90°, 180°, 270°). The classification criteria are summarized in Table 2. LWT SW is characterized by low pressure systems traveling the Atlantic eastwards with mild temperatures, rainfall and frequent gales during the winter months and cool conditions in summer. LWT NW is accompanied by cooler conditions than SW but shows similar overall conditions with low-pressure systems traveling eastwards from Island into the North Sea with greatest intensity over the Baltic or Scandinavia and gale strength winds (Lamb, 1950). Westerly winds would also push water masses onshore the German North Sea Coast and offshore the coast of Schleswig-Holstein, where Kiel and Flensburg are located. LWT NE brings cold arctic air to the area, resulting e.g., in severe frost in winter and water pushed onshore the German Baltic Sea Coast. LWT SE is the main driver for negative storm surges in the German Bight of the North Sea and is characterized by a positive pressure anomaly over Scandinavia and a negative pressure anomaly over the north Atlantic and the Iberian Peninsula (Jensen et al., 2022).
TABLE 2 | Reduced LAMB Weather Type classification criteria based on geostrophic wind (V*), vorticity (ζ*) and geostrophic wind direction (vdir).	condition	flow	LWT
	| ζ* | ≤ V* 2	directional	NW (if vdir >270)
NE (if vdir >0 and vdir ≤90)
SE (if vdir >90 and vdir ≤180)
SW (if vdir >180 and vdir ≤270)
	| ζ* | > V*2	rotational	C (if ζ* ≥ 0)
A (if ζ* < 0)


2.2.3 Gale strength
Another variable that is relevant for storm surges and provided by the LWT classification is the gale strength. A gale index G* is calculated, based on an elliptical relationship between geostrophic wind (V*) and vorticity (ζ*) (Löwe, 2005, appendix A3, GL. A16):
G*=V*2+ζ*24
As part of the classification, the gale index is then classified as G (“Gale”), SG (“Severe Gale”) and VSG (“Very Severe Gale”) if it exceeds the 90th, 98th and 99.73rd percentile of the climatological G* distribution based on a reference period of 1971–2000 (Löwe, 2009; Löwe et al., 2013). All values below the 90th percentile are associated with NUL (“No Gale”). Both, daily LWTs and gale strengths data for the North and Baltic Seas from 1948 till 2024 are referenced via the World Data Center for Climate (WDCC), hosted and maintained by the German Climate Computing Center (DKRZ) in Hamburg, Germany (see Loewe, 2022; Loewe and Schade, 2024).
In the specific case depicted in Figure 2, a severe storm surge (storm “Babet”, UK Met Office) was observed on 20 October 2023, along the German and Danish Baltic Sea coast, caused by easterly winds (LWT = A, Gale = G), as well as a negative storm surge (e.g., Jensen et al., 2022) at the North Sea Coast (LWT = SE, Severe Gale = SG). This event was described in several publications (e.g., Groll et al., 2024; Kiesel et al., 2024) and led to substantial damages like dyke breaks and flooding in several cities, e.g., Flensburg and Schleswig at the Baltic Sea coast of Schleswig-Holstein, Germany.
2.2.4 Effective wind
The combination of large-scale wind direction, as indicated by the LWT, and gale strength can be captured by the effective wind. The effective wind is defined as the wind component (or the part of the wind vector) that has the strongest effect on the water level at a specific location. In the cases examined here, this is the wind direction driving the water directly to the gauge station resulting in a storm surge.
In order to identify the wind direction for the effective wind at each station, the respective mean geostrophic wind direction has been calculated by averaging the geostrophic wind components at the respective calendar days of the observed storm surges. In case the peak water levels occurred before 6 a.m., the geostrophic wind components of the previous day were used in order to link the delayed response of the water body to the influence of the wind conditions. Then, the daily geostrophic wind vectors for the entire study period were projected onto the wind direction to calculate the absolute effective wind (v_eff), combining both wind direction and strength into a scalar metric for simplified analysis. Note that the effective wind calculated here is specific to storm surges at the respective gauge stations and the observational time period. This approach has been employed in several studies on storm surges - or their opposite, “negative storm surges” - (e.g., Ganske et al., 2018; Jensen et al., 2022; Koziar et al., 2006) and it has been proven to be effective.
3 RESULTS
The data catalogues of observed peak water levels (see Section 2.1.1) allow a statistical analysis of the common atmospheric conditions at the time of storm surges. The Lamb classification method is employed as described in Section 2.2 to investigate the LWTs, gale indices and effective winds at the respective calendar days of observed storm surges. To account for the influence of the wind conditions on the respective events, all peak water levels occurring before 6 a.m. are linked to the atmospheric conditions the previous day.
3.1 North sea (gauge cuxhaven)
3.1.1 Observed storm surge events
Figure 3A shows the distribution of LWT occurrences at Cuxhaven in the German Bight, calculated from daily NCEP/NCAR R1 SLP data for the entire period (1951–2022), while Figure 3B shows the distribution of LWT occurrences specifically for observed storm surges. The two distributions differ noticeably. During storm surges, the occurrence of LTW NW is threefold higher than in the climatological mean, 61% in total. 14.9% of observed storm surges are associated with LWT SW, and the remaining 24.1% with LWT C, which indicates that the center of the storm is located directly over the central North Sea. Easterly LWTs (SE, NE) are completely missing during storm surges, as well as the LWT A, which could be expected, since westerly winds (especially NW) are needed to push water masses in the direction of the German Bight. Furthermore, the sequence of LWTs SW, C and NW is connected with low pressure systems in this region.
[image: Two pie charts compare LWTs in Cuxhaven. Chart A shows climatology with A: 27.9%, SW: 22.7%, NW: 17.8%, C: 14.7%, SE: 10.2%, NE: 6.7%. Chart B shows storm surges with NW: 61%, C: 24.1%, SW: 14.9%.]FIGURE 3 | Mean distribution of LWTs determined from daily means of NCEP/NCAR R1 sea level pressure (SLP) for the entire period from 1951 to 2022 (A) and during observed storm surges at the gauge Cuxhaven between 1951 and 2022 (B) Adapted from Schade et al. (2023), Figure 4-1.Similarly, to Figures 3, 4 shows the distribution of the gale index (G*) derived from the LWT classification. While the probability that a storm (indices G, SG and VSG) occurs is about 9% for all peak water levels, this probability rises to about 84.4% during observed storm surges. The remaining 15.6% show G*-values below the 90th percentile, which were therefore classified as no storm. This is the case for 44 storm surge events from the catalogue. In some of those 44 cases, a storm was detected the day before, or the EWL was caused by a combination of untimely tidal high waters and westerly winds not reaching gale strength. In fact, all those 44 EWL cases show persistent westerly conditions in the days and even weeks before the peak high water, and/or high effective geostrophic wind speeds. Therefore, it proves necessary to analyze the directional component together with its strength. Also, at least part of the 44 EWLs classified with “no gale” could be explained by the presence of external surges (Böhme et al., 2023).
[image: Two pie charts comparing G* climatology and storm surges in Cuxhaven. Chart A shows NUL 91%, G 7.2%, SG 1.4%, and VSG 0.4%. Chart B displays G 38%, SG 37.2%, NUL 15.6%, and VSG 9.2%.]FIGURE 4 | Mean distribution of the gale index (G*) determined from daily means of NCEP/NCAR R1 sea level pressure (SLP) for the entire period from 1951 to 2022 (A) and during observed storm surges at the gauge Cuxhaven between 1951 and 2022 (B). Adapted from Schade et al. (2023), Figure 4-2.For Cuxhaven, the effective wind direction is 295° (Müller-Navarra and Giese, 1999). Figure 5 shows the empirical probability distribution function of the effective wind (Section 2.2.2) as a climatology for the entire period 1951–2022 and during storm surges in [m/s] using the equations from Löwe (2005); appendix A1, GL. A3/A4). The two distributions are clearly different. During storm surges, the effective wind is always positive and mostly higher than 13 m/s which in turn approx. Matches the 95th percentile of the climatological distribution that is close to the modal value of 14 m/s. The climatological probability distribution of the effective wind spreads from about −23 m/s to 31 m/s with a mean value of approx. 2.4 m/s, indicating a predominant westerly circulation over the North Sea. It is noticeable that a number of storm surges can be observed at v_eff values clearly below the extremes of the climatological distribution. This is in sync with below extreme gale values during observed storm surges and shows that the combined effect of a tidal high-water situation and not extreme westerly winds can lead to extreme peak water levels as well. Further, external surges can contribute to the generation of extreme events under non-extreme wind conditions. Nevertheless, the analysis indicates that v_eff can be used as a proxy to indicate storm surge favorable atmospheric conditions and the 95th percentile of the climatological v_eff distribution can serve as a threshold to identify these situations in climate model simulations.
[image: Histogram showing normalized frequency of effective geostrophic wind velocity at 295 degrees. Blue bars represent climatology data, and orange bars represent data during storm surges. A red line indicates the ninety-fifth percentile at 13.33 meters per second.]FIGURE 5 | Normalized effective wind (v_eff) distribution determined from daily means of NCEP/NCAR R1 sea level pressure (SLP) and projected onto 295° for the entire period from 1951 to 2022 (blue), and during observed storm surges (orange) at the gauge Cuxhaven between 1951 and 2022. The red line marks the 95th percentile of the climatological distribution. Adapted from Schade et al. (2023), Figure 4-3.3.1.2 Climate change signals using a CMIP6 ensemble
The results from the previous sections demonstrate that both, wind direction and wind speed play a crucial role in triggering storm surges. The question arises whether these conditions might change in the future. In the following we analyze the frequency of westerly LWTs (SW, NW), including LWT C, gale classes, as well as v_eff in four SSP climate scenarios based on the CMIP6 ensemble (Section 2.1.3).
Figure 6A shows the occurrence of the sum of the derived LWTs NW, C, and SW per year for NCEP/NCAR R1, ERA5 and the 23-member CMIP6 ensemble for the historical period (1971–2000) and the far future (2071–2,100) in SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively. In these plots, two median values are significantly different (p < 0.05) if their confidence intervals (marked by the center of the triangular markers) do not overlap. It can be concluded that the median occurrences of NW, C and SW LWTs in CMIP6 historical is consistent with those in ERA5, while the occurrences of those LWTs calculated from NCEP is lower.
[image: Box plots illustrating the annual occurrence of Lamb Weather Types (LWT), gales, and effective wind speed (v_eff) at the 95th percentile in Cuxhaven. Panel A shows LWT occurrences, Panel B depicts gale occurrences, and Panel C illustrates occurrences of v_eff greater than or equal to the 95th percentile. The legend includes data sets: NCEP (1971-2000), ERA5 (1971-2000), CMIP6-Ens (1971-2000), and CMIP6-Ens scenarios for 2071-2100 (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5), each represented by different colors.]FIGURE 6 | Boxplot of the occurrence of (A) the Lamb Weather Types (LWTs) SW, C, and NW, (B) Gales, and (C) effective geostrophic winds ≥95th percentile at the gauge Cuxhaven (North Sea) for NCEP/NCAR R1 (dark grey), ERA5 (light grey) and the CMIP6 ensemble (black) for the historical period (1971–2000) as well as the respective runs for each the SSP-Scenarios 1–2.6 (blue), 2–4.5 (orange), 3–7.0 (light red), and 5–8.5 (dark red) for the far future (2071–2,100). Boxplots display the median (black dot), the interquartile range (25–27th Percentile, box), the extremes, i.e., approximately ±2.7 sigma and 99.3 coverage, of the distribution (whiskers), and outliers (circles). Notches, depicted as triangles around the median, correspond to q2 - 1.57 (q3 - q1)/sqrt (n) and q2 + 1.57 (q3 - q1)/sqrt (n), where q2 is the median (50th percentile), q1 and q3 are the 25th and 75th percentiles, respectively, and n is the number of observations. Adapted from Schade et al. (2023), Figure 5-1.The frequency of relevant LWTs hardly changes with the projected climate change according to the CMIP6 data. In the supplements (Supplementary Figure S1) we show the changes in the frequency for all six LWTs. Here we find that LWT C will occur significantly less in a changing climate. The drop is more pronounced in the higher emission scenario. In contrast, both westerly LWTs (NW,SW) show significant increases. This is arguably due to the projected poleward shift of the storm tracks and the cores of the single storm systems, resulting in a more directly westerly driven circulation and therefore a higher probability in the occurrence of v_eff above the 95th percentile (see Figure 6C).
Figure 6B shows the distribution of the occurrence of gales (G, SG, and VSG) during LWTs SW, C, and NW per year for the historical period and the far future. A significant decrease for the SSP1-2.6 scenario is apparent, while the higher scenarios reach historical levels, but with an extended range regarding the extremes.
Figure 6C shows the distribution of the occurrence of effective winds being above the 95th percentile of the climatological probability distribution function of the historical period. For NCEP, this 95th percentile approximately matches the value of 13 m/s, and we have seen in Figure 5 that the majority of storm surges were caused by effective winds beyond this threshold. Hence, we consider such extreme effective winds a reasonable proxy for the risk of storm surges, without including the actual tide phases (or sea level rise for that matter). CMIP6 shows a shift towards more frequent situations with extreme effective winds under the SSP3-7.0, and SSP5-8.5 scenarios. These scenarios have a significantly higher median than in the historical scenario (see also Supplementary Figure S2). This shift can be explained with the significant increase of westerly LWTs, even though the mean frequency of gales during relevant LWT-situations does not change.
3.2 Baltic Sea
3.2.1 Observed storm surge events
Figure 7 shows the frequency distribution of LWTs for observed storm surges at the Baltic Sea gauge stations in Flensburg (A), Kiel-Holtenau (B), Warnemünde (C), and Koserow (D) between 1951 and 2022. Obviously, the situation in the Baltic Sea is completely different from the North Sea. First of all, the storm surge favorable atmospheric conditions are dominated by easterly winds, especially for the more exposed stations at Koserow and Warnemünde (see Figure 1). But even at those stations, storm surges are recorded when the wind comes from westerly directions, i.e., blowing offshore instead of onshore. This is most pronounced for Kiel-Holtenau and Flensburg.
[image: Four pie charts depict LWTs during storm surges in different locations: Flensburg, Kiel-Holtenau, Warnemünde, and Koserow. Each chart shows percentages for weather types: NE, C, A, NW, SE, SW. NE and C are prominent in all, with varying values. NE is largest in Kiel-Holtenau and Koserow, while A and C are significant in Flensburg and Warnemünde. NW, SE, and SW have smaller slices.]FIGURE 7 | Mean distribution of LWTs determined from daily means of NCEP/NCAR R1 sea level pressure (SLP) during observed storm surges at the gauges Flensburg (A) Kiel-Holtenau (B) Warnemünde (C) and Koserow (D) between 1951 and 2022.Nevertheless, to obtain a v_eff direction to describe the direct atmospheric trigger for the Baltic Sea gauge stations, the mean v_eff has been derived from the distribution during observed storm surges, exemplary shown as wind roses for four Baltic Sea stations (Figure 8). For Koserow (D), the mean v_eff direction is 34°. Compared to the other Baltic Sea stations, the wind rose is narrower around the mean v_eff direction due to its more exposed location, but still shows some westerly winds during storm surge events. Kiel-Holtenau (B), and Flensburg (A), especially, show a wide spread in directions from north-west to south-east, yet, most directions are north-easterly during storm surges. Therefore, the mean v_eff direction seems mostly feasible to assess the direct atmospheric circulation influence and changes thereof in future scenarios.
[image: Four wind rose plots depict geostrophic wind distribution during storm surges. Plots show data from Flensburg, Kiel-Holtenau, Warnemünde, and Koserow. Wind speeds range from 0 to 40 meters per second, color-coded from blue (lowest) to red (highest). The radial percentage indicates frequency, with longer bars showing more frequent wind directions and speeds. North, East, South, and West directions are labeled on each plot.]FIGURE 8 | Wind roses from output of LWTs determined from daily means of NCEP/NCAR R1 sea level pressure (SLP) during observed storm surges at gauge stations (A) Flensburg, (B) Kiel-Holtenau, (C) Warnemünde, and (D) Koserow between 1951 and 2022.Figure 9 shows the empirical probability distribution function of the effective wind speeds for the entire period 1951–2022 and during storm surges for the Baltic Sea stations. As in Cuxhaven, a clear distinction between the two distributions is obvious, but here these differences are not as pronounced. The main difference, however, is that a number of storm surges can be observed at negative v_eff values. This shows again that the atmospheric component is not the sole driver of these extreme peak water level events which becomes even more obvious at the stations Kiel-Holtenau (B) and Flensburg (A) where the 95th percentile is not including the modal value of the geostrophic effective wind speed.
[image: Four histograms comparing effective geostrophic wind velocities in meters per second from different directions (45°, 46°, 44°, 34°). Each graph shows climatology in blue and during storm surges in orange. Vertical pink and red lines represent the ninetieth and ninety-fifth percentiles, respectively. The graphs illustrate varying distributions and percentile thresholds: p90 values range from 5.31 to 5.75 m/s, and p95 values range from 7.55 to 8.03 m/s.]FIGURE 9 | Normalized effective wind (v_eff) distributions determined from daily means of NCEP/NCAR R1 sea level pressure (SLP) for the entire period from 1951 to 2022 (blue), and during observed storm surges (orange) at the gauges (A) Flensburg, (B) Kiel-Holtenau, (C) Warnemünde, and (D) Koserow between 1951 and 2022. The red lines mark the 95th percentiles of the climatological distributions, the dashed magenta lines the 90th percentiles.However, the analysis indicates that the 95th percentile of the climatological v_eff distribution can serve as threshold to identify storm surge favorable atmospheric conditions in climate model simulations as well. It has to be pointed out here that the 90th percentile could be used instead, especially for the stations Kiel-Holtenau (B) and Flensburg (A), since the modal value of the distribution for actual storm surge events would be included then as well. For consistency reasons, we display the results for the 95th percentile here, but the results using the 90th percentile are included in the supplements. While the total values change of course, the tendencies of the climate change projections do not differ from those using the 95th percentile. We will present the results for Koserow in the following, since the exposed location of the station makes it the best exemplary study case based on the previous results. The results for the other stations will be discussed, but the respective figures are placed in the supplements.
3.2.2 Climate change signals using the CMIP6 ensemble
Figure 10A shows the distribution of the occurrence of the relevant LWTs NE and C per year for NCEP/NCAR R1, ERA5 and the 23-member CMIP6 ensemble for Koserow for the historical period (1971–2000) and the far future (2071–2,100) in SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively. As for Cuxhaven, the CMIP6 historical ensemble is consistent with ERA5 values regarding the median frequency for the relevant LWTs. The frequency of relevant LWTs hardly changes in the future regardless of the scenario. The same holds true for the other stations (see supplements). Easterly LWTs that favor storm surge conditions in the Baltic occur much less frequent than the corresponding westerly LWTs in Cuxhaven. It should be mentioned that southerly LWTs (SE, SW) are not well represented with the CMIP6 ensemble compared to both reanalyses (Supplementary Figure S3): While SW is significantly underestimated, SE is significantly overestimated. Yet, both LWTs are seldomly associated with storm surges in the Baltic Sea (see Figure 7).
[image: Three box plots show the annual occurrences of weather events in Koserow. Panel A displays Lamb Weather Types (LWT) NE,C, ranging from about 100 to 250 events per year. Panel B shows gales (NE,C) occurrences, between 0 and 80 events per year. Panel C indicates occurrences of effective wind speed (v_eff) at or above the ninety-fifth percentile, from 0 to 60 events per year. Colored bars represent different data sets including historical and future projections under different SSP scenarios, detailed in the legend.]FIGURE 10 | Boxplot of the occurrence of (A) the Lamb Weather Types (LWTs) NE, and C, (B) Gales, and (C) effective geostrophic winds ≥95th percentile at the gauge Koserow (Baltic Sea) for NCEP/NCAR R1 (dark grey), ERA5 (light grey) and the CMIP6 ensemble (black) for the historical period (1971–2000) as well as the respective runs for each the SSP-Scenarios 1–2.6 (blue), 2–4.5 (orange), 3–7.0 (light red), and 5–8.5 (dark red) for the far future (2071–2,100). Boxplots display the median (black dot), the interquartile range (25–27th Percentile, box), the extremes, i.e., approximately ±2.7 sigma and 99.3 coverage, of the distribution (whiskers), and outliers (circles). Notches, depicted as triangles around the median, correspond to q2 - 1.57 (q3 - q1)/sqrt (n) and q2 + 1.57 (q3 - q1)/sqrt (n), where q2 is the median (50th percentile), q1 and q3 are the 25th and 75th percentiles, respectively, and n is the number of observations.Figure 10B shows the distribution of the occurrence of gales (G, SG, and VSG) during LWTs NE, and C per year for the historical period and the far future. A significant decrease for all the SSP scenarios is apparent, while not as strong for the scenario SSP3-7.0 (see Supplementary Figure S4 for a depiction of changes in the medians and confidence intervals only). An overall decrease can be seen for all scenarios at all the Baltic Seas stations (see Supplementary Figures S5-S7). Compared to gales from westerly directions in the North Sea, easterly gales in the Baltic Sea in general are considerably less frequent as well.
Figure 10C shows the distribution of the occurrence of effective winds being above the 95th percentile of the climatological probability distribution function of the historical period. The CMIP6 data shows a shift towards significant less frequent situations with extreme effective winds under the SSP3-7.0, and SSP5-8.5 scenarios regarding the median frequency. This cannot be explained with the changes of the relevant LWTs NE and C (see Supplementary Figure S3): While there is a decrease of LWT NE for the scenarios SSP3-7.0 and SSP5-8.5, an increase of LWT C for the respective scenarios and SSP2-4.5 can be seen. It is therefore likely explained by the decrease in easterly gales as mentioned above.
Using the 90th percentile of the climatological v_eff distribution as threshold, the results do not change except of course for the overall mean values increasing and, likewise, the amount of decrease in the far future (see Supplementary Figures S8-S11), i.e., the situations with extreme effective winds decrease even more. But one could argue that “extremes” described with values above the 90th percentile of a distribution are not considered statistically extreme values anymore.
4 DISCUSSION
Our investigations of LWTs over the North Sea show that westerly and cyclonic LWTs are the atmospheric drivers at days with observed storm surges at Cuxhaven. For the Baltic Sea region, storm surges can occur with each weather type. Yet, favorable LWTs at the stations Koserow and Warnemünde are NE and C with the addition of A for Kiel and Flensburg.
Towards the end of the 21st century (2071–2,100), the multi-model ensemble projects a significant increase in the frequency of atmospheric conditions favouring storm surges, i.e., westerly effective geostrophic winds, in the direction of Cuxhaven under the scenarios SSP3-7.0 and SSP5-8.5. In contrast, a significant decrease of easterly effective geostrophic winds can be seen in the direction of all four locations at the Baltic Sea coast. These results are in accordance with the projected increased flow from westerly directions and a north-western shift of the storm tracks in climate projections over the North and Baltic Seas region described by other investigations (e.g., Donat et al., 2010; Heinrich et al., 2024; Plavcová and Kyselý, 2013).
Further, our study supports similar investigations that a direct atmospheric trigger is not the sole contributor for the development of EWLs in the German Baltic Sea, and that other factors like the pre-filling due to westerly winds, pushing water masses from the North Sea through the Skagerrak (the strait running between the Jutland peninsula of Denmark, the east coast of Norway, and the west coast of Sweden) or the seiche-effect have to be considered. Groll et al. (2024) for example, showed that two out of the recent three mayor Baltic Sea storm surges were caused by a combination of wind-induced water level and prefilling rather than by extremes in direct atmospheric effects alone. In addition, Lorenz et al. (2024) found that from the three main influences for EWLs (storm surges, seiches, and pre-filling), storm surges dominate the western parts of the Baltic Sea while in the Central and Northern Baltic Sea pre-filling is the main influence (see e.g., their Figure 3). We therefore conclude that EWLs at more exposed stations at the German Baltic Sea coast like Koserow - that are more receptive to a direct wind influence - can be described using our approach while it still works reasonably well for the stations Warnemünde, Kiel-Holtenau and Flensburg.
In the North Sea area, LWTs have been tested as part of the European Cooperation in Science and Technology (COST) Action 733 “Harmonisation and Applications of Weather Type Classifications for European regions” (Philipp et al., 2010), and have proven useful in climate studies (e.g., Fealy and Mills, 2018; Jensen et al., 2022). Recent studies by Krieger and Weisse (2025) using a similar approach namely, calculating geostrophic wind speeds from a triangle of SLP grid points located over the German Bight derived from a slightly enhanced CMIP6 ensemble support our findings of increased (north) westerly winds and a decrease in easterly winds. They also found increases in the very high percentiles (above the 99th), i.e., effective wind speeds above 30 m/s (their Figures 9, 10) in the German Bight. They concluded that the likelihood of very severe storms may increase significantly in a warming climate despite an overall reduction of storm activity. This was also found by Priestley et al., 2020 and is in line with projected storm track changes described by Harvey et al. (2020).
To conclude, we want to highlight that our method can be applied easily to global as well as regional climate model simulations which makes it an effective tool for climate change investigations of the atmospheric conditions that may trigger EWLs. We argue and show that the (large) majority of storm surges are associated with the respective atmospheric circulation patterns. Analysis of the frequency of these weather types therefore yields results that are valuable with respect to potential changes in storm surge risk. Furthermore, a robust assessment of potential climate change signals requires the analysis of multi-model ensembles. These are still only available from GCMs which unfortunately provide only limited output. Therefore, any methods based solely on GCMs without having sub daily information is of particular interest for the community. Further, an advantage of this method is the independence of geostrophic wind speeds on surface wind parametrizations which may differ between models and introduce biases in the analysis of absolute surface or near-surface wind speeds and derived trends (see Krieger and Weisse, 2025). More in depth analyses on storm tracks, however, require a different approach (e.g., Schaffer et al., 2024; Schaffer et al., 2023).
It should be noted here as well that the virtually certain climate change signal of the sea level rise has to be added when assessing the full risk of EWLs along the coastlines in the future. Also, compound events with more than one contributor to add to the EWLs have to be considered. In these cases, the single contributors do not have to be extreme per se, but the combination of two or more contributors may lead to a resulting EWL. This holds especially true for the Baltic Sea, where pre-filling, seiches, sea level rise, and direct atmospheric triggers have to be considered.
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