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Abstract. Storm surges represent a major threat to many low-lying coastal areas in the world. In the 10 

aftermath of an extreme event often discussions develop, in which the extent to which the event was 

unusual and the potential contribution of climate change in shaping the event are debated. Commonly 

analyzes that allow for such assessments are not available right away but are only provided with often 

considerable time delay. To address this gap, a new tool was developed and applied to storm surges 

along the German North and Baltic Sea coasts. The tool integrates real-time measurements with long-15 

term statistics to put ongoing extremes or the course of a storm surge season into a climatological 

perspective in near-real-time. The approach and the concept of the tool are described and discussed. 

To illustrate the capabilities, exemplarily several cases from the storm surge seasons 2018/2019 and 

2019/2020 are discussed. It is concluded, that the tool provides support in near-real-time assessment 

and evaluation of storm surge extremes. It is further argued, that the concept is transferable to other 20 

regions and/or coastal hazards.While most places can cope with or are more or less adapted to 

present-day risks, future risks may increase from factors such as sea level rise, subsidence, or changes 

in storm activity. This may require further or alternative adaptation and strategies. For most places, 

both forecasts and real-time observations are available. However, analyses of long-term changes or 

recent severe extremes that are important for decision-making are usually only available sporadically 25 

or with substantial delay. In this paper, we propose to contextualize real-time data with long-term 

statistics to make such information publicly available in near real-time. We implement and 

demonstrate the concept of a ”storm surge monitor” for tide gauges along the German North Sea and 

Baltic Sea coasts. It provides automated near real-time assessments of the course and severity of the 

ongoing storm surge season and its single events. The assessment is provided in terms of storm surge 30 

height, frequency, duration, and intensity. It is proposed that such near real-time assessments provide 

added value to the public and decision-making. It is further suggested that the concept is transferable 

to other coastal regions threatened by storm surges. 
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1 Introduction 

For many low-lying coastal areas, storm surges represent a substantial threat. While many of the 35 

affected places can typically cope with or are more or less well-adapted to present-day risks, future 

risks may increase from, for example, mean sea level rise, subsidence, or changes in storm activity (e.g. 

von Storch et al. 2015; Wahl et al. 2017). This may, in the future, require additional protection or 

alternative adaptation strategies.  

Storm surges and the hHigh water levels at the coast associated with them are typically caused by the 40 

combination and interactioninterplay of different factors. These include, for example, the high 

astronomical tides, the effects of strong winds pushing the water towards the coast (wind or storm 

surge), or seasonal, interannual, and long-term mean sea level changes. Depending on the region, 

nonlinear interaction among the different factors occurs and may substantially contribute to the 

extremes and enhance the risks (Arns et al., 2017). For example, in shallow water, the efficiency of the 45 

wind in producing the surge may vary substantially with tidal water levels (phase of the tide), and the 

propagation of the tidal wave may in turn, in turn, depend on surge levels (Horsburgh and Wilson, 

2007).  

The 

 50 

 eExtreme sea levels that resultresulting from such processes pose a major risk to many of the low-

lying coastal areas worldwide that are at least seasonally affected by storms (von Storch et al. 2015). 

So far, tThe most deadly and devastating storm surges were caused by tropical cyclones. Examples 

comprise the storm surges generated by the 1970 Bhola Cyclone in Bangladesh that caused 

approximately 300,000 casualties or by the 2005 Hurricane Katrina storm surge which represents one 55 

of the most costly expensive natural disasters in U.S. history (Needham et al., 2015).  

Extratropical storm surges, although less severe, still bear a substantial threat (e.g. Weisse et al. 2009; 

Weisse et al. 2012).  

 

In the mid-latitudes, the German parts of the North Sea and Baltic Sea coasts are examples of such 60 

regions and are highly susceptible to the impacts of extreme sea levels. For instance, in 1953 and 1962 

two major disasters occurred at the North Sea coast. Both flooded several thousand hectares of land 

and killed caused several hundred or thousands of people casualties (Gönnert and Buß, 2009; Hall, 

2013). In 1872, the Danish and the German Baltic Sea coasts were devastated by an extreme storm 

surge, which still represents the highest on record in many areas (Feuchter et al., 2013). 65 
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Since then, coastal defenses at the German coasts was were improved significantly. Particularly in at 

the North Sea coast, higher storm surges than those reported in 1953 and 1962 were observed in 

more recent years. For example, the a storm surge in January 1976 caused higher water levels than in 70 

1962 at many gauges alongt the German North Sea coast while. in December 2013In the recent past, 

the extratropical storm Xaver in 2013 caused exceptionally high water levels along the entire coastline 

and within the estuaries of Lower Saxony (Deutschländer et al., 2013; Rucińska, 2019), including the 

cities of Hamburg and Bremen. However, cContrary to the devastating events of in 1953 and 1962, 

later extremes caused no severe damages or casualties were reported due to significantly the 75 

reinforced improved coastal protection. Due to the latter, public perception of vulnerability and risk 

has decreased in recent years (Ratter and Kruse, 2010). Nevertheless, the risk still exists, and it may 

further increase in the expected course of anthropogenic climate change (e.g. Gaslikova et al., 2013; 

Wahl, 2017; Weisse et al., 2014). 

 80 

For the German North Sea coast, there is a considerable number of studies analyzing either variability 

and/or long-term changes in extreme sea levels (e.g. Dangendorf et al., 2014). Such studies focus on 

either the description of past and present (e.g. Weisse and Plüß, 2006) or possible future (e.g. 

Gaslikova et al., 2013) variability and change in general or link them to some driving mechanisms (e.g. 

Woodworth et al., 2007). Studies based on observations (Dangendorf et al., 2014), as well as on taking 85 

modeling approaches (e.g. Vousdoukas et al., 2016; Woth et al., 2006), or statisticals approaches (e.g. 

Butler et al., 2007) do exist. The main conclusion from the majority of these such studies is that 

extreme sea levels along the German North Sea coast have increased over the past about 100 years. 

Primarily, this is suggested to be thea consequence of the rising mean sea level. Changes in the wind 

climate (e.g. Krieger et al. 2021) produced some interannual and decadal variability but no noticeable 90 

trend (e.g. Weisse et al., 2012). Changes in the tidal regime may also have contributed to some extent 

(e.g. Hollebrandse, 2005).  

For the Baltic Sea, several numerous studies carried out similar analyses. Based on gauge records, 

most authors concluded that no significant observed increases in extreme Baltic Sea levels have been 

observed so far (e.g. Richter et al. 2012; Meinke 1999; Mudersbach and Jensen 2008; Weisse et al. 95 

2021). are mainly due to corresponding increases in the mean sea level of about 10–15 cm within the 

last century (Marcos and Woodworth, 2018; Meinke, 1999; Ribeiro et al., 2014; Weisse and Meinke, 

2016). Some of the northernmost gauges, however, deviate from that picture due to decreasing 

relative mean sea levels caused by Glacial Isostatic Adjustment (GIA) of the Earth’s crust and changes 

in atmospheric wind patterns (Barbosa, 2008; Ribeiro et al., 2014; Weisse et al. 2021). Strong 100 

correlations of Baltic Sea level variability with the large-scale atmospheric circulation are reported as 
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well (Hünicke and Zorita, 2006; Karabil, 2017; Karabil et al., 2017). For the future, however, present 

studies indicate a further increase in extreme sea levels mainly in response to a further rising mean 

sea level, while storm-related contributions exhibit considerable uncertainty with the upper bound 

suggesting an increase of up to a few decimeters (e.g. Vousdoukas et al., 2017; Weisse et al., 2012; 105 

Weisse et al. 2021). At some places, the figure may be modified substantially modified by vertical land 

motions such as subsidence or uplift (e.g. Ribeiro et al., 2014; Richter et al., 2012). 

Because of the existing risk and the expected future developments 

For decision-making, information on long-term changes in storm surge activity is of utmost importance 

for decision making (e.g. Kodeih, 2019; Kodeih, et al., 2018; Weisse et al., 2015). Mostly, detailed local 110 

information is requestedrequired, and  evaluation and assessment the contextualization of the 

ongoing storm surge activity in the context of long-term variability and climate change is are 

increasingly requestedasked for (e.g. Meinke, 2017; Weisse et al., 201920). This includes, for example, 

questions on physically plausible upper limits (Weisse et al. 2019), on probabilities for co-occurrences 

of storm surges and other hazards (e.g. river floods in estuaries), or, often in the immediate aftermath 115 

of an event, on the extent to which this event was “normal” or can be attributed to anthropogenic 

influences such as climate change. The latter requires evaluating and assessing contextualizing events 

in near-real-time within a detection and attribution framework. This comprises both, the assessment 

of; that is, to first provide information on how usual or unusual an event has been (detection) and the 

second to attributione of causes to unusualunusable cases (attribution) (e.g. Hegerl, 2010). 120 

UnfortunatelyTypically, the update of such information becomes availableoccurs more or less 

sporadically with some delay after a severe event or is provided inat regularspecific time reports 

published in intervals in the order of years. From our experiences in collaborating with decision-

makers and other stakeholders, we suggest that near- real-time availability of such localized 

information and its contextualization may provide substantial added value to professional regional 125 

stakeholders andor the public discussion in general. Moreover, ongoing monitoring can detect 

changes in long-term statistics at an early stage. 

 

 

In the following, we present an novel approach tool to map and monitor coastal hazards in a detection 130 

and attribution framework and describe on how such information may be contextualized and can be 

made publicly available in near- real-time. To start with, tThe approach tool is initially developed for 

storm surges along the German North and Baltic Sea coasts and it initially focuses on detection only. 

We propose that the approach can be easily transferred to other regions and extended to other 

variables and/or attribution. In sSection. 2, the tool and its concept are described we introduce the 135 

Formatiert: Block



5 
 

approach, which in the following will be shortly referred to as sStorm sSurge mMonitor. In tThis section 

also describes the data and, methods used, together with the presently implemented and 

functionalitiesfeatures are described. In sSection. 3, the long-term statisticsdevelopment of storm 

surge activity at the German coasts is analyzed are discussed that provide the background against 

which ongoing events and seasons are assessed. Additionally, in section 4 cases from two recent 140 

seasons are discussed to illustrate the use of the tool for the evaluation and contextualization of storm 

surge events.Moreover, it exemplarily provides a retrospective analysis of the storm surge seasons 

2018/19 and 2019/20. The results are summarized and dDiscussedion and summary are provided in 

sSection. 54. 

2 The sStorm sSurge mMonitor 145 

2.1 General cConcept 

Information on sea level extremes is typically available and used in several different ways. For example, 

real-time data are used to monitor and forecast extremes ; that is, to be support the preparedness 

and to protection of inhabitants, assets, and infrastructures inof coastal regions. Potential long-term 

changes, which need to be assessed to adopt risk management procedures or coastal protection 150 

measures, are typically not assessed in real-time, but become available only at fixed time intervals 

(typically several years) or in the aftermath of an exceptionally extreme case when specific analyseis 

haves been carried out. Assessment and evaluation of extremes aiding the public and scientific debate 

regarding the extent to which such eventsthey were unusual and if they may serve as examples of 

ongoing long-term changes isare therefore only possible only with considerable delay. How can these 155 

two different sources of information be linked together in near real-time? To address this gapissue, 

we propose a concept in which real-time measurements are putting into context with observed long-

term conditions; that is, their statistics such as mean conditions, variability, expected extremes, or 

long-term changes, in near-real-time. By minimizing delays between the occurrence of extremes and 

their climatological assessment, we propose to add value to the ongoing public and scientific debates. 160 

monitoring and assessing ongoing storm surge seasons and their single events.  

 

 

The concept was implemented and tested in a prototype web tool, which in the following is referred 

to as sStorm sSurge mMonitor (or shortly as the mMonitor) and which is available in both, a German 165 

(https://sturmflut-monitor.de) and an English (https://stormsurge-monitor.eu) version in the 

following. The tool is based on and monitorsIt  was developed for several frequently considered 
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measures parameters describing the storm surge climate such as the height, frequency, duration, or 

intensity of extreme events. Both, single events and entire storm surge seasons are evaluated against 

the climatological averages and tTheir long-term changes., seasonal and single event assessments are 170 

provided. The Monitor is available in both English (www.stormsurge-monitor.eu) and German 

(www.sturmflut-monitor.de). 

 

2.2 Tide gauge data 

We used historic and real-time water level measurements from 10 tide gauges alongdata from the 175 

German North Sea and Baltic Sea coasts and their estuaries (Figure 1) to set up the mMonitor. Based 

on the availability of historical and real-time data, in total 10 tide gauges along the German North and 

Baltic Sea coasts were selected (Fig. 1). 

  

 180 
Figure 1. Location of the tide gauges. (Credit: Leaflet | Maps © OpenStreetMap contributors. 

Distributed under a Creative Commons BY-SA License) 

 

The data processing workflow is illustrated in Figure. 2. Two types of data, historical and real-time, 

were used. The historical tide gauge recordsdata were used to derive long-term statistics while the 185 

real-time data were used to describe and measure the ongoing events. For the historic data, tThe 

available record length, temporal resolution, and source of the data vary (Table 1). Depending on thate 

data availability and the record length, we either used twice-daily high water level or hourly data. 

While the advantage of usingWhen hourly data were available, is the ability to provide information on 

Formatiert: Block



7 
 

the duration and intensity of extreme events could be derived., On the other hand, the maxima of 190 

extremes may be underestimated due to the sampling frequency. Only tide-gauges with available 

records starting not later than the 1950s were selected.  

 

Figure 1. Locations of the tide gauges used in the monitor. (Credit: Leaflet | Maps © OpenStreetMap 

contributors. Distributed under a Creative Commons BY-SA License.) 195 

 

 
Figure 2. Schematic diagram of the data processing workflow. 

 

Table 1. Summary of the tide gauge records used to calculate the long-term statistics. 200 

Tide gauge Period Temporal 
resolution 

Data source 
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Husum 1936–2018 High water German Federal Waterways and 
Shipping Administration (WSV), 
provided by the German Federal 
Institute of Hydrology (BfG) 

Helgoland 
Binnenhafen 

1953–2018 High water WSV, provided by BfG 

Cuxhaven 1901–2018 High water WSV, provided by BfG 

1919–2018 Hourly University of Hawaii Sea Level Center 
(UHSLC) (Caldwell et al., 2015) 

Hamburg St. Pauli 1951–2019 High water WSV, provided by BfG 

Bremen 
Weserwehr UW 

1954–2019 High water WSV, provided by BfG 

Norderney 1901–2018 High water WSV, provided by BfG and the Coastal 
Research StationCenter (FSK) of the 
Lower Saxony State Agency for Water, 
Coastal and Nature Conservation 
(NLWKN) 

Flensburg 1955–2019 Hourly WSV, provided by BfG 

Kiel-Holtenau 1955–2019 Hourly WSV, provided by BfG 

Travemünde 1950–2018 Hourly WSV, provided by BfG 

Warnemünde 1954–2018 Hourly WSV, provided by BfG 

 

To assess the characteristics of the ongoing storm surge season and the severity of the latest events, 

the real-time data are needed. Real-time data for all tide gauges are For this, the data available every 

minute and are automatically fetched four times daily from PEGELONLINE 

(https://www.pegelonline.wsv.de) were used. They were are subsequently automatically fetched four 205 

times daily and resampled to either to high water levels or hourly values depending on and matching 

the temporal resolution the of availabavailableility of historical data at each tide gauge. All tide gauges 

measure  

 

The observed water level from tide gauges is measured relative to a land-based reference frame 210 

(relative sea level) and the data contains contributions from atmospheric and oceanic dynamics as 

well as from solid Earth processes (Stammer et al., 2013). As For coastal management, it is the relative 

sea level that is important for coastal management and protection (Rovere et al., 2016; Stammer et 

al., 2013),. iIn our analyses, the data are therefore intentionally not decomposed or detrended to 

retain contributions from sea level rise or subsidence. 215 
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2.3 Near real-time information deliverydata processing and information provision 

To ensure fast near-real-time information provisiondelivery, the mMonitor is automatically updated 

four times a dailyy (at 1:30, 7:30, 13:30, and 19:30 CET). When  the water level within the last fetched 

period at any gauge exceeds a given gauge-specific threshold, a new storm surge event at this 

particular gauge is recognizeddetected. AccordinglySubsequently, new plots are automatically 220 

generated to provide the latest information about and a near-real-time assessment of the event and 

its long-term and seasonal contextualization. While theis near real-time availability of such an 

assessment represents the major purpose of the mMonitor, it has some limitations on the other 

handcaused by potentially undetected errors in the real-time data. Since the real-time data are 

normally raw data from measurements, it is possible and unavoidable that, for example, due to 225 

instrument failures during a storm no or only erroneousurnes data are accessible, which could 

potentially then affect the detection and classification of an extreme. Also, other technical problems 

could can occur that , leading to unusable values over extended periods that can last for hours or 

months. For example, the tide gauge at Norderney experienced a technical problem from May to 

September 2018. The measurements during that period are were initially invalid with randomly high, 230 

/low, or missing values or no value at all, and the a corresponding notification of the incorrect 

measurements was posted on the PEGELONLINE website. To deal with such erroneous data in near-

real real-time, a quick quality control algorithm was implemented that marks and removes values 

measurements whose absolute values of minutee increments exceededwere higher than 0.3 m (spikes) 

or had and values that were not within a reasonable range of (1–12 m). When updated quality 235 

controlled data become available, new plots are produced and figures and assessments may thus 

change compared to the initial near- to the near real-time assessment.  

2.4 Detection of storm surge events 

To identify and assess the severity of storm surges, the first step is toAn important step in detecting 

and assessing storm surges is the defindefinition ofe corresponding the thresholds for the extremes. 240 

For the German North and Baltic Sea coast, tThere are twovarious different methods defining the 

threshold of storm surgeused in practice. The DIN 4049-3 defines a storm surge as an event in which 

regionally defined thresholds are exceeded. These thresholds are defined such that an event with a 

specific severity can be expected on average once for a given period, e.g. the once in a 20-year event 

(DIN 4049-3 1994). For their forecasts and to issue public storm surge warnings, on the other hand, 245 

the German Federal Maritime and Hydrographic Agency (Bundesamt für Seeschifffahrt und 

Hydrographie, BSH) uses uniform exceedance thresholds  and in research, e.g. from the DIN 4049 (DIN 

4049-3, 1994) or from the Federal Maritime and Hydrographic Agency of Germany (Bundesamt für 
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Seeschifffahrt und Hydrographie, BSH) (Gönnert, 2003). The definition from the DIN 4049 is based on 

the statistical probability of occurrence, while the one from BSH for larger regions (Gönnert 2003)is 250 

relatively simple to understand and more related to the public, as the BSH is responsible to issue a 

public warning. of storm surges. While each method has advantages and disadvantagesTherefore, the 

definition thresholds from the BSH wereas used in this study as they are used in public warnings. 

Accordingly, fFor the German North Sea coast, a storm surge event is detected when the water level 

exceeds the local mean tidal high water level (MThw, Table 2) by at least 1.5 m. The event is 255 

subsequently further classified as a severe or very severe event when its maximum water level 

exceeds the MThw by at least 2.5 m or 3.5 m. Because of the different atmospheric and oceanographic 

conditions, storm surges at the German Baltic Sea coast are divided into four classes. Events of in 

which the maximum water level exceeds the mean water level (MW) by 1.00–1.25 m are referred to 

as storm surge events. Events with water levels of 1.25–1.50 m above MW or 1.50–2.00 m above MW 260 

are referred to as medium or severe events. Cases in which the maximum water level is higher than 

2.00 m above MW are referred to as very severe events. While for routine practices, MTHws and MWs 

are regularly updated, we used fixed values In the Monitor, the MThw at the North Sea and the MW 

at the Baltic Sea tide gauges were calculated over the the standard common reference period 1961–

1990 (Table 2) so that events at all gauges can be compared, changes over a longer period can be 265 

monitored, and results are presented relative to a fixed reference. defined by the World 

Meteorological Organization (WMO) so that all events (past and present) at each gauge refer to the 

same reference (Table 2). AlsoIn the following, the period 1961–1990 is referred to as the reference 

period in the analyses. 

 270 

Table 2. LMist of the mean tidal high water levels (MThw) and the mean water levels (MW) (in m 

relative to the German reference level NHN (Normalhöhennull)) of the reference period 1961–1990 

for the tide gauges along the North Sea and Baltic Sea coasts. 

North Sea Baltic Sea 

Tide gauges MThw Gauges MW 

Husum 1.58 m Flensburg -0.02 m 

Helgoland Binnenhafen 1.07 m Kiel-Holtenau 0 m 

Cuxhaven 1.46 m Travemünde 0.02 m 

Hamburg St. Pauli 1.93 m Warnemünde 0 m 

Bremen Weserwehr UW 2.47 m  

Norderney 1.14 m 
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 275 

2.5 Definition of storm surge seasons and statistical analyses 

At the German North Sea and Baltic Sea coasts, storm surge activity is most pronounced in the winter 

season from October to March (Jensen and Müller-Navarra, 2008). In the mMonitor, the period from 

July to June of the following year was therefore used to define and characterize a storm surge season., 

and all analyses and statistics were computed based on these seasons. Each storm surge season is 280 

denoted by the year in which the season ends to indicate the latest possible information. For instance, 

the period from July 2018 to June 2019 is referred to as season 2018/19 and marked as 2019 in the 

annual plots. The course of a storm surge season and the monthly distributions are also derived and 

shown from July to June of the following year. When the ongoing season ends, new long-term statistics 

are automatically computed, in which the statistics of the terminated concluded season will be 285 

included.  

 

The steps of data processing are shown by the second column entitled Data Analysis in Fig. 2. The 

first step is to derive the threshold of each gauge. Then, storm surge events are detected when 

water levels exceed the corresponding threshold. It is possible to have multiple threshold 290 

exceedances or pauses during one event. For this, we use a de-cluster interval of four hours to 

separate one event from another. To estimate the probabilities of storm surges, we apply the 

generalized extreme value (GEV) distribution to the annual maximum values (Hennemuth et al., 

2013). The parameters of the distribution (location, scale, and shape) are derived by using the 

maximum-likelihood estimation (MLE). A wide range of the commonly used statistical distributions 295 

and methods exists for extreme value studies, such as the Gumbel distribution together with block 

(annual) maxima method, or the Generalized Pareto distribution (GPD) together with a peak over 

threshold approach (e.g. Muis et al., 2016; Wahl et al., 2017). All these methods have their own 

merits and can provide good estimations of extreme values. Thus, the selection among the methods 

is often a trade-off and largely depends on the purpose of the study. As one type of the GEV, the 300 

Gumbel distribution has only two parameters (location and scale) and is often used in global-scale 

research, while a known limitation is that it could underestimate or overestimate the high end of 

extreme values (Buchanan et al., 2017; Wahl et al., 2017). In this regard, the GEV and GPD are more 

flexible shaped to better represent the extreme values. Both distributions are considered to have 

stable and reliable performance for tide gauges along the German coast, while the GPD is suggested 305 

when the dataset is short (Arns et al., 2013). Studies have compared various sampling methods in 

detail, varying the block maxima method with r-largest sampling and the peak over threshold 
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method with different threshold selection (Arns et al., 2013; Wahl et al., 2017). The annual maxima 

method is used in this analysis because it is robust to temporal and spatial variations as well as 

suitable for the region. The annual maximum is defined as the maximum water level that occurs in 310 

an annual period, which is a storm surge season in this analysis.  

2.6 Structure of the Monitor and mMain functionalitiesfeatures presently implemented 

The mMonitor consists was implemented forof ten tide gauges so far. Six Four of them are located at 

the German North Sea coast, two of them in the Elbe and Weser estuaries, and four of them are alongt 

the German Baltic Sea coast (Figure 1). The map (Fig. 1) of the Monitor is interactive, so users can 315 

access the information by clicking on the tide gauges. For each tide gauge, aOn the web page is 

generated of a particular tide gauge, users can viewproviding figures, texts, and interpretations that 

illustratinge (a) the average conditions during the reference period and (b) their long-term 

development trend. Recent storm surges are contextualized within the long-term development and 

the ongoing storm surge season is compared to the reference period. of storm surge activity and 320 

Underneath each figure, we provide a brief caption and an example interpretation to assist users in 

reading the figures.the characteristics of the current season in comparison to the historical seasons 

and long-term statistics. Depending on the availability of real-time and historical data availability, 

different measures and statistics are availableccessible for each tide gauge via the navigating items. 

Information on storm surge height and frequency is presented for all gauges, while information on 325 

their duration and intensity is provided only for the gauges whereith historic hourly data exist (, i.e., 

Cuxhaven, Flensburg, Kiel, Travemünde, and Warnemünde). To illustrate the main features of the 

monitor, the figures of the season 2019/20 at the tide gauge Cuxhaven are discussed exemplarily. 

2.6.1 Storm surge height 

For each measure, two figures are displayed: the first one shows the time development of that 330 

measure over the past few decades, and the second one allows an assessment on whether or not the 

current storm surge season can be considered unusual when compared to the long-term statistics of 

the past seasons. Underneath each figure, we provide a brief caption and an example interpretation 

to assist users in reading the figures. These elements complement each other to reveal a 

comprehensive description and contextualization of the ongoing storm surge season and recent 335 

events.  

Information on  

To illustrate the main functionalities of the Monitor, the figures of season 2019/20 at the tide gauge 

Cuxhaven are discussed exemplarily (Figs. 3 to 5). tTwo important height indicators addressing the 

height of extremes are assessedis provided, the development of namely the annual maximum water 340 
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level over time and the return period of extremes (Figure. 3). Specifically, the maximum water level of 

the current season (red dot) is compared with the variations of the annual maxima of the previous 

seasons (black curve) (Figure. 3a). The plot allows for a quick visualization of the observed long-term 

changes and the extent to which the highest water level in thean ongoing season is unusual. For easy 

visualization, the current season is highlighted in all the annual plots by the a vertical red-dotted line. 345 

The gray line provides an estimate of the linear trend with the gray shaded area representing the 95 % 

confidence interval. The trend line is shown in solid when the estimated trend is significantly different 

from zero at the level of 95 % and dashed otherwise. The scale on the left axis is labeled as water level 

relative to the German reference surface level (Normalhöhennull, NHN), while the right axis is labeled 

in reference toabout the severity classification of storm surges (water level relative to MThw for the 350 

North Sea coast or relative to MW for the Baltic Sea coast).  

 

 

Figure 3. (a) Maximum water level per storm surge season (past seasons – black; ongoing season – 

red) in m (left ordinate: relative to NHN; right ordinate: relative to the MThw of the reference 355 

period) and correspondingits linear trend at Cuxhaven . The trend (gray line) togetheris shown with 

the 95 % confidence interval (light gray band). and as a solid line when it is significant at the level of 

95 %. The red dot denotes the maximum water level observed in the current season (season 

2019/20 here). (b) Return periods of storm surges events at Cuxhaven from the past (gray symbols) 

and the ongoing season (colored symbols; . The events of the current season are marked by colored 360 

symbols according to their heights and the respective severity classifications (green – minor; blue – 

severe; red – very severe events) together with the. The estimated distribution (dark gray curve) and 

the corresponding of the annual maxima (gray points) over the previous seasons was derived using 

the generalized extreme value (GEV) distribution and the maximum-likelihood estimation (MLE). The 

gray band shows the 95 % confidence band (area between the light gray curves) derived from past 365 

annual maxima. interval of the estimation. The events of the ongoing season and the top five severe 
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historical events in the available period are represented by gray open circles with size indicating 

their magnitudesare listed on the right. 

 

 370 

The second plot provides an estimates of the return periods of the storm surges that haves occurred 

in the current ongoing season (Figure. 3b). Return periods are widely used to estimate the likelihood 

and severity of extreme events (e.g., Haigh et al., 2015; Wahl et al., 2017). To estimate the return 

period of storm surges, we fitted a generalized extreme value (GEV) distribution to the annual 

maximum values (Hennemuth et al. 2013). Here annual maxima refer to the block maxima within the 375 

historic storm surge seasons. The parameters of the distribution (location, scale, and shape) were 

derived by using the maximum-likelihood estimation (MLE).  

For example, if an event is referred to as a one in a hundred years event, this means that such an event 

has a 1:100 (1 %) chance of happening in any given year, no matter when the last similar event has 

happened. Figure 3b displays the extreme value distribution (dark gray curve) estimated from the 380 

historical  data for Cuxhaven together with its 95 % confidence interval (two light gray lines). derived 

by fitting a GEV to the observed annual maxima. This fit is subsequently used to evaluate the return 

period of the latest (ongoing) storm surges in near- real-time. When an event occurs, it will a colored 

symbol whose color denotes its severity (green – minor; blue – severe; red – very severe) is added. 

Additionally, an entry be placed on the top of the list of current events is generated (right)the current 385 

season list and marked by a colored symbol whose color denotes its severity (green – minor; blue – 

severe; red – very severe). In the example season (Figure 3b), two minorseveral smaller events with 

return periods of less than five years and a larger event with a return period between about 5-10 years 

can be identified (Fig. 3b). To further put the recent events into perspective, a list of the five severest 

historical events during the available period (seasons 1901–2019 here) is given underneath below the 390 

list of events of the current season. These are represented by gray open circles with different sizes 

indicating their magnitudes.  

2.6.2 Storm surge frequency 

 

 395 

Similarly, two plots assessing the frequency of storm surges from a long-term perspective and within 

the current seasonare generated (Figure. 4).  For To visualize the long-term development, variability, 

and changeperspective, the number of storm surges per season over time is shown together with its 

trend (Figure 4a). Generally, in all plots, a trend that is/is not different from zero at the 95% confidence 
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level is shown by a solid/dashed line (Fig. 4a). The severity of the events is marked with different colors 400 

to show illustrate the number of events in the different severity classes in each season. The Again the 

current season is also highlighted in red as in Fig. 3a. While still ongoing, it could can already and 

preliminarily be put into context with previous seasons, long-term variability, and change.  

 

405 
Figure 4. (a) Number of storm surges per season (colored bars; green – minor; blue – severe; red – 

very severe) and correspondingits linear trend (gray line) together with the 95% confidence band 

(gray shaded) at Cuxhaven. The color of the bars denotes the degree of severity (green – minor; blue 

– severe; red – very severe). The trend (gray line) is shown with the 95 % confidence interval (light 

gray band) and as a solid line when it is significant at the level of 95 %. The current season (season 410 

2019/20 here) is highlighted with the red-dotted line. (b) Development of the ongoing storm surge 

season illustrated by the nNumber of storm surges per month (blue) and their sum since the onset of 

the season (blue line)within a season (July–June) at Cuxhaven. For contextualization, also Bars: the 

monthly number in the current season is shown as blue bars, and tthe historical monthly maximum 

number of events (gray bars) and the 50th percentile (orange curve) and the range between the 3rd 415 

and 97th percentiles (yellow shaded area) from the cumulative number of events in the reference 

period 1961–1990 is shown asare gray bars shown. Curves: the cumulative number of events in the 

current season is shown as a blue curve, in comparison with the 50th percentile (orange curve) and 

the range of the 3rd and 97th percentiles (yellow shaded area) over the reference period. 

 420 

The second plot (Figure. 4b) was designed to illustrate the course of thean ongoing season. It can be 

used to assess, fFor example, if the onset of a storm surge season wasis very early or late, if there 

wasis an unusual number of events within a particular month, or if the whole season is unusually active 

or inactive compared to the average in terms of frequency and annual cycle. For this, The analysis is 

shown for a storm surge season from July to June of the following year. tThe number of events in each 425 

month of the current season (blue bars) can beis compared with the maximum number of events in 
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the corresponding month over the reference period (1961–1990, gray bars). Further, tThe blue curve 

shows the cumulative number of events from the beginning of the a particular current season until 

the day of the website visit. It can be compared to tThe reference is given by the 50th percentile 

(orange curve) and the range betweenfrom the 3rd and to the 97th percentiles (yellow shaded area) 430 

of the reference period. For example, when the blue curve remains below the orange one, this 

indicates that fewer events than usual were observed so far. If tThe blue curve is above the orange 

line but still within the yellow shaded area, this suggests that the frequency of such a season is still 

within a normal range but already belongs to the more active onesseasons. If the blue curve exceeds 

the yellow shaded area, indications for an exceptionally active season do exist.  435 

2.6.3 Storm surge duration and intensity 

 

In addition to storm surge height and frequency, duration and intensity are widely used measures to 

describe the characteristics of storm surges (Cid et al., 2016; Zhang et al., 2000) that because 

height/frequency and duration/intensity of events do not necessarily share a similar variability even 440 

though they are related to some extent. Moreover, these two measures are also important from the 

perspective of coastal protection and risk assessment management (e.g., Kodeih et al., 2018). 

Therefore, information on  duration and intensity statistics areboth measures was included in the 

mMonitor, although they it can only be provided for some those tide gauges where long-term hourly 

data wereare available. In the following analyses, duration denotes the number of hours for which the 445 

water level exceeds the given storm surge threshold, while intensity refers to the area between the 

water level measurements and the storm surge threshold and has units of meter × hour.  

 

Regarding storm surge duration, in particular, the seasonal sum is a key indicator for coastal erosion. 

On the other hand, looking at single eventsRegarding intensity, the maximum intensity of storm surges 450 

in a season is also critical for potential damages at to coastal infrastructure.  

IThus, n the monitor, the total duration and the maximum intensity of storm surges in each season 

are both shown from within a long-term contextperspective (Figure 5s. 5a and 5b). In both cases, tThe 

current season is highlighted with an orange bar to be easily separable from the previous seasons 

(gray bars). Assessment of the single events within a season can be derivedis fromprovided in Figuress. 455 

5c, d and 5d, in which the events of the current seasonsevents (red dots) are shown relative to the 

monthly distributions derived from historical data. The historical reference (blue) is illustrated in the 

form of a box plot bounded by the 3rd and 97th percentiles. The median is given by the solid horizontal 

blue line, and the historical maximum in each month is denoted by the blue dot. Assessment can be 
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obtained from the relative positions of the red dots, which indicate whether an event lasted longer or 460 

was more intense in comparision to the monthly statistics of the reference period. 

 

 

Figure 5. (a, b) Total duration and maximum intensity of storm surges per season at Cuxhaven for 

past (gray bars) and the ongoing (orange bar) s. The gray bars represent the past seasons together, 465 

while the orange bar denotes the current season (season 2019/20 here). The with the linear trend 

(black line) andis shown with the 95 % confidence interval. and as a solid line when it is significant at 

the level of 95 %. (c, d) Box plots forof monthlythe duration and the intensity of storm surges in the 

reference period (blue box: 3rd to 97th percentile; blue line: median; blue point: maximum) 

together with the events of the ongoing season (orange). in each month at Cuxhaven. Blue shows 470 

the statistics (the 3rd, 50th, 97th percentiles, and the maximum) of the events in each month of the 

reference period 1961–1990, while the red dots signify the events of the current season. 
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3 Long-term changes 

In this section, the capabilities of the monitor in supporting assessments of 

long-term changes are briefly illustrated.3 Contextualizing real-time storm 475 

surge data with long-term statistics 

In this section, we demonstrate the capabilities of the Monitor by analyzing the long-term 

development over the available periods and the two recently concluded storm surge seasons, namely 

the seasons 2018/19 and 2019/20. Comparing the seasons, both in time and spatially as well as putting 

them into context with the historical distributions and changes, several inferences can be made. First, 480 

the anomalies and systematic changes in storm surge activity at each gauge can be inferred, which 

also reflects local differences among the tide gauges. Second, the consistency between the observed 

anomalies and the long-term trend is evaluated in order to distinguish between randomly active 

seasons and active seasons that exemplarily fit into the long-term development. Third, differences 

between the North Sea and Baltic Sea coasts can be inferred, which reflect the different key processes 485 

and their settings contributing to the storm surges.  

3.1 North Sea coast (incl. Elbe and Weser) 

3.1.1 Long-term development of storm surgesHeight  

Height 

Annual The annual maximum water level increased at all selected North Sea tide gauges over the 490 

available periods (e.g. Figuress. 3a,  and 6). Except for Helgoland, the trends are significantly different 

from zero at the 95 % confidence level. The mean increase of the annual maximum water level since 

1950 is about 20–40 cm at the coastal gauges and about 60–1080 cm at the estuarine gauges Bremen 

and Hamburg and Bremen. The reasons for the increasement increases are still discussed in the 

literaturenot fully explored, but areit likelycould be to be the result of the interplay between several 495 

factors, such as mean sea level rise, variability in the wind climate, astronomical tide cycles, and the 

implementation of hydro hydro-engineering measures with different contributions at the coast and in 

the estuaries (e.g. von Storch and Woth 2008; von Storch et al. 2008; Hein et al. 2021; Jensen et al. 

2021). 

 500 
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Figure 6. AMaximum water level per season same as Fig. 3a but for the tide-gauges Husum (a) 

Husum and (b) Hamburg St. Pauli (b). 

 

Although the trends are positive, the annual maximum water level strongly varies from between 505 

seasons to season and from gauge to gauge. In general, the annual maximum water levels are lower 

at Cuxhaven, Helgoland, and Norderney, while they are higher at Husum, Hamburg, and Bremen. 

Among the gauges, either the storm surge of February 1962 (Helgoland, Bremen, and Norderney) or 

the storm surge of January 1976 (Husum, Cuxhaven, and Hamburg) is the highest since the beginning 

of data availability. Among the analyzed North Sea tide-gauges, tThe highest water level since the 510 

1950s occurred on 3 January 1976 at Hamburg St. Pauli with about 4.5 m above MThw. In the last 

decade, the a storm surge of in December 2013 represents the highest event. At some gauges 

(Cuxhaven, Hamburg, Bremen, and Norderney), it is among the five highest events over the available 

periods. 

 515 

3.1.2 Frequency 

Annual storm surge frequency increased at all gauges (e.g. Figures. 4a,  and 7). Except for Helgoland, 

the trends are significantly different from zero at the 95 % confidence level. In the 1950s, about 1–3 

storm surges usually occurred in a season. Over the past few decades, the annual number of storm 

surges has increased by about one at Helgoland and Norderney, and it has nearly doubled at Husum 520 

and Cuxhaven. At the estuarine gauges, storm surge frequency has increased even more strongly. On 

average, there are about five times as many storm surges per season nowadays as there were in the 

1950s. In addition to the positive trends, the number of events also varies from season to season and 

from gauge to gauge. In general, there are fewer events at Helgoland, Cuxhaven, and Norderney, while 

events occur more frequently at Husum, Hamburg, and Bremen. This may be due to differences in the 525 

specific configuration of the coastline and bathymetry relative to the prevailing wind direction during 

storm surges that make a location more or less susceptible to storm surges (e.g. Gönnert 2003) but 

also partly an effect of the common threshold used to detect surges in the monitor (see section 2). In 
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the 1950s, about 1–3 storm surges usually occurred in a season. Over the past few decades, the annual 

number of storm surges has increased by about one at Helgoland and Norderney, and it has nearly 530 

doubled at Husum and Cuxhaven. At the estuarine gauges, storm surge frequency has increased even 

more strongly. On average, there are about five times as many storm surges per season nowadays 

than there were in the 1950s.  

 

 535 

Figure 7. Number of storm surges per season same aAs Fig. 4a but for the tide-gauges (a) Husum (a) 

and (b) Hamburg St. Pauli (b). 

 

3.1.3 Duration and intensity 

Due to the limited availability of high temporal resolution data, the statistics for storm surge duration 540 

and intensity can only be evaluated for Cuxhaven. As introduced in sSection. 2.6.3, the total duration 

of all events in a season and the intensity of the most intense event in a season are evaluated (Figures. 

5a,  and 5b). For both measures, upward trends significantly different from zero could be inferred. 

Specifically, both measures have about doubled since the 1920s. The annual total duration increased 

from about 5 h hours to 12 hours, and the annual maximum intensity increased from about 1 meter × 545 

hour m·h to about 3 meter × m·hour. This is likely caused by an increase in mean sea level that raised 

the baseline upon which wind-induced fluctuations act rather than a change in storm climate (e.g. 

Weisse et al. 2012; Weisse and Meinke 2016). Averaged over the reference period, the mean values 

of the total duration and the maximum intensity were about 10 hours and 2 meter × m·hourh, 

respectively.  550 
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3.2 Baltic Sea coast 

3.2.1 Height 

At the German Baltic Sea coast, the annual maximum water levels show strong variability over the 

available period. Linear trends within this period vary in their signs from gauge to gauge and because 555 

of the strong interannual variability, none of the trends is significantly different from zero at the 95% 

confidence level (Figure 8). This is consistent with the results based on annual data, which cover a 

longer period (e.g. Meinke, 1999). Although no significant changes in the extremes could be detected, 

the mean sea level has increased along the German Baltic Sea coast (e.g., Weisse and Meinke 2016; 

Weisse et al. 2021) and is expected to rise further in the future (e.g., Grinsted 2015; Hieronymus and 560 

Kalén 2021). Therefore, it is likely that the annual maximum water levels may increase in the future 

as well. Thus, ongoing monitoring is important, although no significant trends in the annual maxima 

water level could be detected so far. 

 

 565 

Figure 8. As Fig. 3a but for the gauges Flensburg (a) and Warnemünde (b).  

 

Over the past seven decades, the annual maximum water level varies between about 0.7 m and 2.0 m 

above MW at the analyzed gauges. The average maximum water level is around 1.2 m above MW. The 

data in the monitor do not include the highest storm surge at the German Baltic Sea coast that 570 

occurred on 13 November 1872 (Jensen and Müller-Navarra 2008; Rosenhagen and Bork 2009; von 

Storch et al. 2015; Weisse and Meinke 2016) and for which only limited reliable measurements are 

available. According to these, the maximum water level was about 3.3 m above MW (e.g. Jensen and 

Müller-Navarra 2008) along the southwestern coast of the Baltic Sea. This is much higher than any 

extreme event that occurred later in this region. Since the 1950s, none of the water levels at the 575 

analyzed Baltic Sea gauges exceeded 2 m above MW (Figure 8). However, this value was nearly hit in 

Travemünde on 4 January 1954 when the water level reached a value of 1.97 m above MW and in Kiel 

on 4 November 1995 when the water level reached a maximum of 1.96 m above MW (not shown).  
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3.2.2 Frequency 580 

The storm surge frequency at the analyzed Baltic Sea gauges shows pronounced interannual and 

decadal variability. Over the available periods since the 1950s, the frequency varies between zero and 

nine events. Except for Warnemünde, all gauges show a maximum of events observed in the season 

1989/90 (e.g. Flensburg, Figure 9a). In Warnemünde the highest number of events in a season was 

five and was observed in 2001/02 (Figure 9b). Trends in storm surge frequency are not significant at 585 

all gauges (e.g. Figure 9). As mean sea level increased over the period (e.g. Weisse et al. 2021), in-

significant trends in the extremes may be due to the large inter-annual variability in the extremes that 

hamper detection in relatively short records. Overall, that the storm climate over the area does not 

show significant trends (e.g. Weisse et al. 2021). This result is consistent with other studies analyzing 

different periods (e.g. 1883–1997 in Meinke 1999 and 1948–2011 in Weidemann et al. 2014) and in 590 

which the effects of mean sea level rise have been excluded. Moreover, the wind climate over the 

Baltic Sea shows large inter-decadal variability: For the last six decades, an increase in the number of 

days with westerly components has been detected during winter (Gräwe et al. 2019; Lehmann et al. 

2011), while days with easterly winds have decreased (Gräwe et al. 2019). Since storm surges in the 

southwestern Baltic Sea are mainly connected with strong easterly winds, this variability in wind 595 

climate could further contribute to the in-significant trends in storm surge activity since 1950, against 

the background of rising mean sea level.  

 

 

Figure 9. As Fig. 4a but for the gauges Flensburg (a) and Warnemünde (b).  600 

 

3.2.3 Duration and intensity 

Information on duration and intensity can be derived at all selected Baltic Sea gauges since hourly 

data are available. The total duration and the maximum intensity of storm surges per season show 

strong variabilities. Trends at all gauges vary around zero and are not statistically different from zero 605 
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at the 95% confidence level (Figure 10). This is consistent with the findings from other studies that 

analyzed data from model hindcasts over different periods (e.g., Weidemann et al. 2014).  

 

 

Figure 10. Top: As Fig. 5a but for the gauges Flensburg (a) and Warnemünde (b). Bottom: As Fig. 5b 610 

but for the gauges Flensburg (c) and Warnemünde (d).  

4 Evaluation of recent storm surge seasons 

In this section, cases from two recent storm surge seasons (2018/19 and 2019/20) are exemplarily 

discussed to illustrate the capabilities of the monitor in aiding the identification of unusual events 

and/or seasons together with regional differences. 615 

43.1.2 North Sea coastAssessment of the two seasons 2018/19 and 2019/20 

4.1.1 Height 

In season 2018/19, the annual maximum water levels at all gauges fell into the lowest category of 

severity (1.5–2.5 m above MThw) (e.g. Figures 3a,. 6). This immediately implies that all events 

observed in the season were minor (green marks in Figs. 118a,  and 8b). Except for Husum, the highest 620 

event in the season occurred on 8 January 2019, and its return period varies between about 1 and 3 

years depending on the tide gauge (e.g. about 1 year for Hamburg in Fig. 8b). For Helgoland and 

Norderney, this was also the only event observed detected in thise season using the thresholds 
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defined in section 2. It should be noted that the use of different thresholds (e.g. DIN 4049-3 1994) can 

lead to different results. At other gauges, mMore events occurred were registeredat other gauges, 625 

but they only slightly exceeded the lowest thresholds (e.g. Husum and Hamburg in Figures. 118a,  and 

8b). On average, such minor events may occur several times a year about twice a year, which are 

normal for these gauges inand the season 2018/19 was not unusual in terms of storm surge height.  

 

 630 

Figure 118. Return period of storm surges same aAs Fig. 3b but for the tide-gauges Husum (a, c) 

Husum and  (b, d) Hamburg St. Pauli (b, d). (Ttop: season 2018/19; bbottom: season 2019/20). 

 

Compared to season 2018/19, higher annual maximum water levels were observed in the following 

season 2019/20 (Figures 3a,. 6). During 10–12 February 2020, the storm Sabine (Haeseler et al., 2020) 635 

induced a series of consecutive storm surges. The highest water levels of the season were observed 

during these days. The estimated return period of the highest event varies from 3 to 8 years at 

different gauges (e.g. about 3.5 years for Husum and Hamburg in Figures. 118c,  and 8d). As the 

maximum water level has increased over the past decades, the highest water levels of the season are 

consistent with this long-term development. At Helgoland and Husum, the maximum storm surge 640 

height may serve as an example of this development since it corresponds to the average of the past 
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years (Fig. 6a). In addition to this series of events, more minor events were observed detected at 

Husum, Cuxhaven, Hamburg, and Bremen. They are classified categorized as minor events with 

estimated return periods shorter than one year, indicating that such minor events are common for 

these gauges. While somewhat more active than the previous season, again the season 2019/20 was 645 

not unusual in terms of storm surge height. 

 

4.1.2 Frequency 

In terms of storm surge frequency, these two seasons 2018/19 and 2019/20 differ are significantly 

different from each other. In season 2018/19, storm surge frequency is around the average frequency 650 

of the reference period. A total of one or two events was observed at Cuxhaven (Figure 4a), Helgoland, 

Cuxhaven, and Norderney (not shownFig. 4a), whereas six or eight events were observed at Husum 

(Figure 12a) and eight events at, Hamburg (Figure 12b), and Bremen (not shownFig. 7).  

 

 655 

In season 2019/20, the number of events was at least doubled twice as high at five out of the six tide 

gauges. Especially, the number of 13 events at Husum is remarkable and exceeds the 3-97 percentile 

of the reference period (Figure 9c). The season ranks among the top three in terms ofhighest storm 

surge frequencies at this gauge (Figure. 7a). As the storm surge frequency has increased over the past 

decades, the higher storm surge frequency of this season is consistent with the long-term 660 

development. However, even compared to the mean annual frequency of the recent years, the 

number of storm surges in this season was much higher. 

 

 

A look at the course of the season and the long-term average reveals the reference shows, that the 665 

first storm surges ususally occurs in November or December, and the majority most storm surges 

occur between November and February (Figure. 129). The course of the season 2018/19 broadly 

followed this development along the long-term median (Figuress. 129a,  and 9b). For some gauges 

where frequencies eventually exceeded the long-term median, but the values remained wellare still 

below the corresponding 97th percentiless. Moreover, the numbers of events in the individual months 670 

were nowheret exceptional.  
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Figure 129. Number of storm surges within a season (July–June) same aAs Fig. 4b but for the tide-

gauges (a, c) Husum (a, c) and (b, d) Hamburg St. Pauli (b, d). (Ttop: season 2018/19; bottom: season 675 

2019/20). 

 

In contrast, the season 2019/20 was substantially different. The season initially started late initially, 

and the storm surge frequenciesy wereas moderate and mostly below the long-term median. This 

character substantially changed in February when the storm Sabine caused a record large number of 680 

events within a relatively short period (Figures. 129c,  and 9d). For example at Husum, nine events 

(five of which were caused within only about two daysby Sabine) were observed registered in February 

2020  at Husum, which exceedsed the maximum of seven events over the reference perioddetected 

so far in February (Figure. 9ca). Consequently, the cumulated number of events in the season 

exeedsexceeds the normal 3-97% range and the season eventually represented; thus, it is an rather 685 

unusual season in terms of storm surge frequency although their height was mostly moderate.for 

Husum. Interestingly, this series of events occurred shortly after the conclusion of the project 

EXTREMENESS, which considered such a series as an unlikely event with potentially large 

consequences (Schaper et al., 2020; Weisse et al., 2020).  

 690 
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4.1.3 Duration and intensity 

The two consecutive storm surge seasons also differ in terms of their total duration and their 

maximum intensity. This is demonstrated exemplarily for Cuxhaven (Figure. 5). In season 2018/19Here, 

both measures were below the averages of the reference period, while they were significantly higher 

in the season 2019/20,. eEspecially for the total duration., long storm surge hours (20 h) occurred in 695 

season 2019/20, which could be attributed to a few long lasting events and/orIn this case, this can be 

attributed to the unusuallya larger large number of shorter events in thisa season (see . As 

discussioned above) while the individual events were neither exceptionally intense nor long-lasting 

(Figures 5c, d), in the case of season 2019/20, this is due to the latter. Regarding the long-term increase 

of storm surge duration at Cuxhaven, the total duration in season 2019/20 corresponds to this 700 

development; however, it is much higher than the average of recent years (Fig. 5a). The maximum 

intensity of the events in the season is 2.7 m·hour (Fig. 5b). This corresponds to the increased 

maximum intensity of the recent years and is thus exemplary for the long-term development of storm 

surge intensity at Cuxhaven. 

 705 

 

In season 2018/19, the two minor events in January and in March at Cuxhaven lasted for about three 

hours and one hour, respectively. The duration and intensity of both events were around the 

corresponding median (figures not shown here). In season 2019/20, the duration and intensity of the 

events were also within the normal monthly range (Figs. 5c and 5d). Though more events were 710 

observed, only a few in February and the one in March are slightly above the corresponding median. 

The rest of the events are shorter or less intense than about 50 % of the events observed in the 

corresponding month over the reference period. In general, the storm surges at Cuxhaven were not 

exceptionally long or intense throughout both seasons. 

 715 

In summary, for the German North Sea coastgauges, the storm season 2018/19  can be 

consideredrepresents as a rather typical storm surge season in all aspects. All detected eventsthe 

storm surges were relatively lowminor events, and their return periods wereare mostly shorter than 

one year. Although the number of events at some gauges wasis slightly above the average level, it is 

still far from the upper bound defined by the 97th long-term percentileof the normal range. In contrast, 720 

the sSeason 2019/20 was more active and unusual in some aspects. , i.e., the height, frequency, and 

total duration of the events. It was characterized by a slow onset, which was more than compensated 

by an unusual series of events in February. In consequence, the total number of events at the end of 

the season wais only around slightly below or even above the upper bound of the long-term 
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distribution. While the surges were mostly moderate in heightnormal range, t and at some gauges it 725 

was exceptional from both monthly and seasonally perspectives. The total duration of the storm 

surges in the season was also doubled compared to the reference period. 

3.2 Baltic Sea coast 

3.2.1 Long-term development of storm surges 

Height 730 

At the German Baltic Sea coast, the annual maximum water levels show strong variability over the 

available period. Linear trends within this period vary in their signs from gauge to gauge, and none of 

them are significantly different from zero at the 95 % confidence level (Fig. 10). This is consistent with 

the results based on annual data, which cover a longer period (e.g. Meinke, 1999). Since sea level has 

risen at the German Baltic sea coast (Weisse and Meinke, 2016) and is expected to rise further in the 735 

future (Grinsted, 2015), it cannot be excluded that the annual maximum water levels may increase in 

the future as well. Thus, an ongoing monitoring is important, although no significant trend in annual 

maximum water level has been found so far. 

 

 740 

Figure 10. Maximum water level per season and its linear trend at the gauges (a) Flensburg and (b) 

Warnemünde. The trend (gray line) is shown with the 95 % confidence interval (light gray band) and 

as a doted line when it is not significant at the level of 95 %. The red dot denotes the maximum 

water level observed in the current season (season 2019/20 here).  

 745 

Over the past seven decades, the annual maximum water level varies between 0.7 m and 2.0 m above 

MW at the analyzed gauges. The average maximum water level is around 1.2 m above MW. The 

highest storm surge at the German Baltic Sea coast since the beginning of the measurements took 

place on 13 November 1872 (Jensen and Müller-Navarra, 2008; Rosenhagen and Bork, 2009; von 

Storch et al., 2015; Weisse and Meinke, 2016). The maximum water level was about 3.3 m above MW 750 

on the southwestern coast of the Baltic Sea, which is much higher than any extreme event occurred 
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later on in this region. It was a very rare event, which, however, could occur any time again. Since the 

1950s, none of the water levels at the analyzed Baltic Sea gauges exceeded 2 m above MW (Fig. 10). 

However, 2 m above MW was almost reached on 4 January 1954 at Travemünde with a maximum 

water level of 1.97 m above MW and on 4 November 1995 at Kiel with a maximum water level of 1.96 755 

m above MW. The latter event is among the five highest events at all analyzed Baltic Sea gauges since 

the 1950s, and it has been the highest event of Flensburg and Kiel since then. At Warnemünde and 

Travemünde, the highest event in that period has occurred on 4 January 1954.  

 

Frequency 760 

The storm surge frequency at the analyzed Baltic Sea gauges shows pronounced interannual and 

decadal variability. Over the available periods since the 1950s, the frequency varies between zero and 

five events per season at Warnemünde, and between zero and nine events per season at other gauges 

(e.g. Flensburg and Warnemünde in Fig. 11). On average, there were normally about one event per 

season at Warnemünde and about two to three at Flensburg, Kiel and Travemünde. At Travemünde 765 

and Warnemünde, the storm surge frequency shows a slight but not significant increase over the 

available periods. This result is consistent with other studies, which analyzed other periods, e.g. 1883–

1997 (Meinke, 1999) and 1948–2011 (Weidemann et al., 2014). However, contrary to the Monitor, 

the impact of sea level rise has been excluded in those studies. At all analyzed gauges, the number of 

medium storm surges in the last three decades (1991–2020) is lower than in the reference period 770 

(1961–1990). In the period of 1991–2020, five severe storm surges occured (in 1995, 2002, 2006, 2017 

and 2019). Compared to the reference period, the number of severe storm surges has decreased at 

Kiel. However, it has not changed at Flensburg (Fig. 11a) and Travemünde and notably increased at 

Warnemünde (Fig. 11b).  

 775 

 

Figure 11. Number of storm surges per season and its linear trend at the gauges (a) Flensburg and 

(b) Warnemünde. The color of the bars denotes the degree of severity (green – minor; blue – 
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medium; orange – severe; red – very severe). The trend (gray line) is shown with the 95 % 

confidence interval (light gray band) and as a doted line when it is not significant at the level of 95 %. 780 

The current season (season 2019/20 here) is highlighted with the red-dotted line.  

 

Duration and intensity 

Information on duration and intensity can be derived at all selected Baltic Sea gauges, since hourly 

data are available. The total duatarion and the maximum intensity of storm surges per season show 785 

strong variabilities and slightly negative trends, which are not statisticaly different from zero on a 95% 

confidence level (Fig. 12). In other studies, the absolute or maximum duration of single storm surges 

above a certain threshold or within a certain range of different thresholds were analyzed (e.g. 

Weidemann et al., 2014). These studies show a slight but not significant increase in storm surge 

duration. 790 

 

 

Figure 12. Total duration of storm surges per season (top) and the intensity of the intensest storm 

surge per season (bottom) at the gauges (a, c) Flensburg and (b, d) Warnemünde. The gray bars 

represent the past seasons, while the orange bar denotes the current season (season 2019/20 here). 795 

The trend (black line) is shown with the 95 % confidence interval and as a doted line when it is not 

significant at the level of 95 %.  

 

The average of the total duration per season is about 20–30 h at Flensburg, Kiel and Travemünde 

and about 10 h at Warnemünde. The highest total duration per season at Flensburg, Kiel and 800 
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Travemünde occured in season 1978/79, reaching 120–130 h. At Warnemünde, there was no such 

season with extraordinary long duration of storm surges. Instead, the highest total duration per 

season lasted 30–35 h, and all these seasons occurred before 1990. The average intensity of the 

most intense event is about 2–4 m·h. At Flensburg, Kiel and Travemünde, the most intense event 

during the analyzed period occurred in season 1978/79 with about 20–30 m·h. At Warnemünde, it 805 

occurred in season 1995/96 with the intensity of about 10 m·h.  

 

3.2.2 Assessment of the two seasons 2018/19 and 2019/204.2 Baltic Sea coast 

4.2.1 Height 

Contrary to the North Sea where the two storm surge seasons 2018/19 and 2019/20 were rather 810 

similar in height but differed in frequencies, both seasons differed in height in the Baltic Sea with the 

first season being the stronger one. This illustrates that in both areas different meteorological 

conditions are required to generate storm surges. The differences between both seasons are sown 

exemplarily for Flensburg and Warnemünde (Figure 13). Assessing the maximum water levels of the 

two seasons, it is obvious that the maximum water levels of season 2018/19 are higher than normal 815 

at all analyzed Baltic Sea gauges, whereas the maximum water levels of season 2019/20 are close to 

the averages (e.g. Flensburg and Warnemünde in Fig. 10). Specifically, as shown in Figs. 13a and 13b,At 

both gauges, the highest storm surge inof the season 2018/19 occurred on 2 January 2019 and, which 

was induced was caused by the storm Zeetje (Perlet, 2019). The maximum water levels reached 1.67 

m and, 1.65 m respectively , 1.70 m, and 1.65 m above MW at Flensburg , Kiel, Travemünde, and 820 

Warnemünde, respectively. In both cases, the event represented For all gauges, these water levels are 

classified as severe storm surges (orange mark) in the return period plot (e.g. Flensburg and 

Warnemünde in Figs. 13a and 13b). In Warnemünde its height was very close to the highest value of 

1.71 m in the record and tThe estimated return period of this severethe event in January 2019 was 

between aboutevent is 50–60 years. At the other gauges, the frequency of such events is somewhat 825 

larger and the return periods of the January 2019 event vary between at Warnemünde (Fig. 13b) about 

and 10–20 years. Regarding height, the season 2019/20 was less active with events having return 

periods well below 5 years (Figure 13).at the other three gauges (e.g. Flensburg in Fig. 13a). In addition 

to this severe event, there were other minor events in this season (green marks). The estimated return 

periods of these minor events are about 0.5–2 years, which are normal at these gauges.  830 
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Figure 13. As Fig. 3b but for the gauges Flensburg (a, c) and Warnemünde (b, d) for the seasons 

2018/2019 (top) and 2019/2020 (bottom).Return period of storm surges at the gauges (a, c) 

Flensburg and (b, d) Warnemünde. The events of the “current” season (top: season 2018/19; 835 

bottom: season 2019/20) are marked by colored symbols according to their heights and the 

respective four severity classifications (green – minor; blue – medium; orange – severe; red – very 

severe). The estimated distribution (dark gray curve) of the annual maxima (gray points) over the 

previous seasons was derived using the generalized extreme value (GEV) distribution and the 

maximum-likelihood estimation (MLE). The gray band shows the 95 % confidence interval of the 840 

estimation. The top five severe historical events in the available period are represented by gray open 

circles with size indicating their magnitudes. 

 

In season 2019/20, the maximum water levels of most gauges fall into the second category of 

severity (1.25–1.50 m above MW) (e.g. Flensburg Fig. 13c), while the maximum water level at 845 

Warnemünde is in the lowest category (1.00–1.25 m above MW) (Fig. 13d). This highest event of the 

season occurred on 29 March 2020 at all gauges. It is classified as a medium storm surge (blue 

marks) at Flensburg, Kiel, and Travemünde with an estimated return period of 3–4 years. At 

Warnemünde, it is denoted as a minor storm surge (green mark) with an estimated return period of 

2 years. Note that the highest storm surge of the previous season on 2 January 2019 is now on the 850 

historical lists of the five highest events at Flensburg and Warnemünde, as the historical lists have 

been updated automatically when season 2019/20 began (Figs. 13c and 13d).  
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4.2.2 Frequency 

In contrast to the North Sea, both seasons in the Baltic Sea were relatively typical in terms of storm 855 

surge frequency. This is again shown exemplarily for Travemünde and Warnemünde (Figure 14). While 

iIn season 2018/19, the storm surge frequency at all analyzedboth gauges are was slightly above the 

average of the reference period, in 2019/20 it was below average in Flensburg and above average in 

Warnemünde. In all cases, values fell within usual ranges, except for the maximum number of surges 

observed in October 2018 in Flensburg. Note, however, that total numbers are small which makes 860 

comparisons less robust.  but within the normal range. Taking Flensburg as an example, there were 

three minor events (green marks) and one severe event (orange mark in Fig. 11) among the four events 

in the season. With these four events, the storm surge frequency is above the average frequency but 

still in the normal range (Fig. 14a, blue line above orange line but within the yellow area).  

 865 

In season 2019/20, only one event occurred at Flensburg and Kiel, which lables the season less active 

in comparison to the median over the reference period (e.g. Flensburg in Fig. 14c, blue line below 

orange line). At Travemünde and Warnemünde, two events were observed, which is equal to the 

median for Travemünde and above the median of one event for Warnemünde (e.g. Warnemünde in 

Fig. 14d, blue line above the orange line). This reveals that the same storm surge season can be less 870 

active (Flensburg and Kiel), normal (Travemünde) or more active (Warnemünde) at the German Baltic 

Sea coast, depending on the location of the respective gauge. 
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Figure 14. As Fig. 4b but for the gauges Flensburg (a, c) and Warnemünde (b, d) for the seasons 875 

2018/2019 (top) and 2019/2020 (bottom).Number of storm surges within a season (July–June) at the 

gauges (a, c) Flensburg and (b, d) Warnemünde. Bars: the monthly number in the “current” season 

(top: season 2018/19; bottom: season 2019/20) is shown as blue bars, and the historical monthly 

maximum in the reference period 1961–1990 is shown as gray bars. Curves: the cumulative number 

of events in the current season is shown as a blue curve, in comparison with the 50th percentile 880 

(orange curve) and the range of the 3rd and 97th percentiles (yellow shaded are) over the reference 

period. 

 

As the orange line in Fig. 14 indicates, the first storm surge of a season normaly occurs in November 

at Flensburg and in January at Warnemünde. The two events in October 2018 at Flensburg indicate a 885 

relatively early start of season 2018/19, whereas it was a rather late start in the following season, 

when the first and only event at Flensburg occurred in March (Figs. 14a and 14c). At Warnemünde, 

however, it was rather normal for both seasons, with the first event in January and February (Figs. 

14b and 14d).  

 890 
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4.2.3 Duration and intensity  

Contrary to the North Sea, theIn season 2018/19 was more active than 2019/20 in terms of , the total 

duration and intensity (of storm surges is almost double the average over the reference period (e.g. 

Flensburg and Warnemünde in Figures. 102a and 12b). While for the North Sea, the season 2019/20 

was outstanding in terms of duration due to a series of moderate events, for the Baltic Sea the season 895 

2018/19 stands out in terms of intensity caused by a major event in January 2019 (Figure 15). In 

Flensburg also the duration and intensity of the event on 29 October 2918 were exceptionally high 

(Figure 15a, c). Again this illustrates that different atmospheric conditions are required to trigger 

storm surges along the German North and Baltic Sea coasts. As discussed in Sect. 3.1.2, long duration 

could be caused by a few long lasting events and/or many shorter events. In this season, both factors 900 

contribute to the long duration. As described above, the storm surge frequency of this season is higher 

than normal. Moreover, several events lasted longer than the monthly average of the reference period 

(Figs. 15a and 15b, red dot above the median). The storm surges in October and January also show 

higher intensity than the monthly average of the reference period (Figs. 15c and 15d).  

 905 

 

Figure 15. Top: As Fig. 5c but for the gauges Flensburg (a) and Warnemünde (b). Bottom: As Fig. 5d 

but for the gauges Flensburg (c) and Warnemünde (d).Box plot of the duration (top) and the 

intensity (bottom) of storm surges in each month for season 2018/19 at the gauges (a, c) Flensburg 

and (b, d) Warnemünde. Blue shows the statistics (the 3rd, 50th, 97th percentiles, and the 910 
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maximum) of the events in each month of the reference period 1961–1990, while the red dots 

signify the events of the current season. 

 

In particular, duration and intensity of the severe event on 2 January 2019 are between the 

corresponding median and the 97th percentile of the January events over the reference period at all 915 

gauges, except for the intensity at Warnemünde. As shown in Figs. 15b and 15d, although the 

duration of the event is not exceptionally long, the intensity was as high as the 97th percentile, as 

intensity reveals combined information of height and duration. For the event on 29 October 2018, 

which mainly affected the western gauges, the duration and intensity exceed the maximum values of 

all October events at Flensburg in the reference period (Figs. 15a and 15c). 920 

 

In season 2019/20, the total duration and the maximum intensity of storm surges are mostly below 

the long-term average (Fig.12), and the duration and intensity of the events are low in general (Fig. 

16). At Flensburg, the duration and intensity of the event in March 2020 are higher than the medians 

of the March events in the reference period, while the values are higher than the maxima at 925 

Warnemünde (Fig. 16). Note that storm surges in March are common for Flensburg, but much rare 

for Warnemünde, indicating the local differences among gauges. 

 

 

Figure 16. Same as Fig. 15 but for season 2019/20.  930 
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In summary, for the Baltic Sea gauges, season 2018/19 could be described as an active season in all 

aspects, though it is still within the normal ranges derived over the reference period. This is 

particularly due to the severe event on 2 January 2019, which is among the severest historical events 

since the 1950s. In contrast, season 2019/20 has fewer storm surges with lower heights and shorter 935 

duration, which is an example of a normal storm surge season for the Baltic Sea coast.  

54 Discussion and summary 

A new tool and approach forTo monitoring the potentially increasing storm surge hazards in the 

context of long-term variability and climate change were proposed. They aim at providing near-real-

time information for evaluation and contextualization of ongoing extremes and at bridging the gap 940 

between the availability of real-time data and the considerable time delay before assessments are 

published. and to assess changes in near real-time, we propose an approach that puts recent extremes 

and the ongoing storm surge season into a historical prespective. Theis approach was implemented 

into a prototype web tool (we called the sStorm sSurge mMonitor) and implemented exemplarily for 

the German North Sea and Baltic Sea coasts. With the help of the mis Monitor, storm surges at tide 945 

gauges are instantaneously detected in real-time and are in near-real-time set into a climatological 

context.the long-term context of varying storm surge activity. This way, not only an assessment of the 

current storm surge season orand ongoing events is achieved but also the development over the past 

seasons is documented. The tool aims at providing easily accessibleUnderstandable information to 

the public, science, and stakeholders that aid in the evaluation of extremes, for example, is provided 950 

to users to assess in near-real-time if and to what extent an event or a season is unusual compared to 

the statistics of the extreme events in the past decades. Moreover, measures to assess long-term 

changes can also be inferred from the mMonitor. Note that no attribution is made so far, but only the 

extent to which the measures are within previously observed ranges is assessed. Because of the 

existing risk and the expected future developments, such information can be highly relevant for 955 

decision making (e.g. Kodeih 2019; Kodeih et al., 2018; Weisse et al. 2015) or within the public debate.  

 

The monitor also documents long-term changes in storm surge climate. Such The observed long-term 

changes at the German North Sea coast (e.g. the annual maximum water level in Fig. 3a) canould in 

principle originate from various factors, such as changes in storm activity, astronomical tide cycles, or 960 

sea level rise. Locally, water works may also play a role. To date, there is no clear evidence suggesting 

a significant long-term change of storm activity in the German coastalthis regions (Feser et al., 2015; 
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Krieger et al., 2020; Krueger et al., 2019; Stendel et al., 2016; Weisse et al., 2012). For the North Sea 

gauges, likely,It is likely that the observed long-term changeschanges in storm surge climate are largely 

related to the local mean sea level rise (e.g. Weisse et al., 2012; Woodworth et al., 2011). Moreover, 965 

it should be noted that the Rrising relative sea levels in the area, for the most part, are related is not 

necessarily fully related to global mean sea level rise and climate change, but partly due toalso contain 

contributions from non-climatice factors such as, e.g. land subsidence. As tide gauge is land-based, 

the observed water level contains the contribution from crustal motions, which may beThe latter may 

result from induced by natural phenomena (e.g. GIA) and or local anthropogenic activities (e.g. 970 

groundwater extraction, dredging, waterworks, etc.) (e.g., Rovere et al., 2016; Stammer et al., 2013; 

Tamisiea and Mitrovica, 2011). 

 

 

At the analyzed gauges at the German Baltic Sea coast, no trend significant long-term change in storm 975 

surge activity could be detectedly different from zero at the 95% confidence level has been found so 

far. FAs for the annual maximum water levels, this is in agreementccordance with the e.g. the results 

of Meinke (1999) and the review in Weisse et al. (2021). Slight butimilarly, non-t significant trends 

have been found in for storm surge frequency at Travemünde and Warnemünde, also in agreement 

with previous studies (e.g. Meinke, 1999; Weidemann et al., 2014). The total duration and the 980 

maximum storm surge intensity show slight decreases, which are not significantly different from zero 

at the 95% confidence level. Beside these findings related to long-term trends, further monitoring is 

necessary.  

Although severe storm surges are rare events and their number has mostly not changed, they have 

mayor impact to coastal communities. In case of damages, the Monitor helps to distinguisch different 985 

sources: if damages occur while the storm surge is within the normal range, it may indicate deficiencies 

of actual coastal protection; if damages occur because the storm surge was unusually high or intense, 

this indicates that coastal regions are not adequately prepared, even though the occurance of very 

unusal events is plausible as the storm surge of November 1872 shows. Moreover, Iit is plausible that 

storm surge height, frequency, duration, and intensity may change in the future, as sea level continues 990 

to rise alongt the German North and Baltic Sea coasts (e.g., Grinsted, 2015; Weisse and Meinke, 2016; 

Hieronymus and Kalén 2021; Weisse et al. 2021). Thus, continuous monitoring of the storm surge 

climate in a climatological context may foster early detection and attribution and support adaptation 

and the public debate. n seasonal anomalies contextualized in the long-term development of storm 

surge characteristics is very important. After each storm surge season, the long-term trends are 995 

automtacally recalculated and tested if they are significantly different from zero at the 95% confidence 
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level. This helps to contextualize local long-term statistics with future sea level scenarios and thus may 

serve as a scientific basis for regional adaptation strategies of coastal ptrotection measures.  

 

Discussing these two recent and subsequent seasons, it can be inferred that severity and activity vary 1000 

across regions. A season can be normal or less active to one coastal region but more active or even 

unusual to another. This is due to the different regional meteorological conditions that are responsible 

for generating the storm surges. For example, season 2018/19 was largely typical for the North Sea 

coast, while it was relatively active for the Baltic Sea coast mainly because of one severe event. Vice 

versa the following season 2019/20 was more active at the North Sea coast mostly because of a series 1005 

of events in February, which did not cause corresponding events in the Baltic Sea due to the wind 

direction and the track of the storm systems. Furthermore, water levels at different tide gauges also 

react differently, which depends largely on the local wind conditions and the shape of the coastline 

(Jensen and Müller-Navarra, 2008). 

 1010 

Nowadays, web-based applications are frequently used tools to develop links between the results of 

scientific research and public demands. For sea level extremes, various such efforts do exist. 

TheseSuch tools provide online access to the statistics of extreme water levels or and document the 

severity and consequences of historical flooding. Examples are the Extreme Water Levels site from 

NOAA (https://tidesandcurrents.noaa.gov/est/), or the SurgeWatch site for the UK coast 1015 

(https://www.surgewatch.org/, ) (Haigh et al., 2015). Building We built upon experiences from 

developing such tools, but contrary to existing ones and adding to previous applications, our storm 

surge monitor tool focuses on the near- real-time evaluation and contextualization of extremes the 

current season and its events against the background of long-term variability and change  with the 

intention to provide an up-to-date and continuously available piece forof coastal climate services. 1020 

Looking back in time helps to improve the understanding of the past and to better evaluate the state 

of the present. Monitoring the present enables us to update the statistics and to detect the changes 

at the earliest possible stage. Both,  

 

tThe mMonitor and the statistics are freely available online. They are expected to be useful and 1025 

meaningful to the public. Iand in particular, the monitor was found to be useful to the media, since it 

fits their needs to focus on actual threats and to contextualize them within a scientific frame. After 

the implementation of the monitor, numerous interview requests were served and background 

information was provided based on the monitor who are concerned about storm surges.  
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The monitorIt is furtheralso relevant to the multi-sector coastal stakeholders who demand suchthis 1030 

information for coastal flood risk management and planning. For example, presently a discussion is 

ongoing with users asking for an extension including also thresholds following the definitions given in 

the DIN 4049-3 (DIN4049-3 1994). Further and interestingly, the series of storm surges that made the 

season 2019/20 outstanding along the North Sea coast, occurred shortly after the conclusion of the 

transdisciplinary project EXTREMENESS (Weisse et al. 2019) in which physically plausible but yet 1035 

unobserved extremes and their potential impacts were discussed and modeled. One type of such 

potentially high-impact events identified by stakeholders was a series of storm surges that, even when 

only of moderate heights, may provide challenges for coastal protection (Schaper et al. 2019; Weisse 

et al. 2019).  

Moreover,The monitor it canould further serve for educational purposes, for example, illustrating 1040 

changing storm surge activity at the German coasts. Last but not leastFinally, it can also be useful to 

researchers as auxiliary information in the presentations of their scientific results, or as pre-knowledge 

for furthe supporting theirr research especially on the most recent extreme events. 

 

The up-to-date information in collecting and analyzing storm surges is currently in need at local to 1045 

regional scales for coastal climate service. This work has demonstrated a way to make real-time data 

more meaningful and accessible to the public as well as a way to deliver more up-to-date information. 

We argue that the tool It has the potential to be developed into a larger suite of tools including, for 

example, other regions or other coastal hazards such as a network of tide gauges that covers the coasts 

under threat of storm surges. Our attempts started with the storm surges on the German coasts and 1050 

focused on event detection and description. We propose that the concept can also be used to other 

variables (e.g. sea level rise orand storm activity), and can be developed further to include attribution. 

Author contributions 

RW and IM initiated the idea of the storm monitorweb tool and designed it. XL processed the data, 

performed the analyseis, and programmed the web tool. All authors equally contributed to the 1055 

preparation of the manuscript. The revised version including the suggestions from the reviewers was 

prepared by RW and IM. 

Competing interests 

The authors declare that they have no conflict of interest. 

Formatiert: Block

Formatiert: Block



41 
 

Acknowledgment 1060 

The map in Figure. 1 is generated by Leaflet | © OpenStreetMap contributors. This work is financially 

supported by the European Union (EU grant agreement no. 690462) and a contribution to the project 

“European advances on CLImate Services for Coasts and SEAs” (ECLISEA) funded through the ERA4CS 

framework (European Research Area for Climate Services). 

References 1065 

Arns, A., Dangendorf , S., Jensen, J., Talke, S., Bender, J., and Pattiaratchi, C.: Sea-level rise induced 
amplification of coastal protection design heights, Scientific Reports, 7, 40171, doi: 
10.1038/srep40171, 2017. 

Arns, A., Wahl, T., Haigh, I. D., Jensen, J., and Pattiaratchi, C.: Estimating extreme water level 
probabilities: A comparison of the direct methods and recommendations for best practise, Coastal 1070 
Engineering, 81, 51–66, doi: 10.1016/j.coastaleng.2013.07.003, 2013. 

Barbosa, S. M.: Quantile trends in Baltic sea level, Geophys Res Lett, 35, doi: 10.1029/2008gl035182, 
2008. 

Buchanan, M. K., Oppenheimer, M., and Kopp, R. E.: Amplification of flood frequencies with local sea 
level rise and emerging flood regimes, Environmental Research Letters, 12, doi: 10.1088/1748-1075 
9326/aa6cb3, 2017. 

Butler, A., Heffernan, J. E., Tawn, J. A., and Flather, R. A.: Trend estimation in extremes of synthetic 
North Sea surges, Journal of the Royal Statistical Society: Series C (Applied Statistics), 56, 395–414, 
doi: 10.1111/j.1467-9876.2007.00583.x, 2007. 

Caldwell, P. C., Merrifield, M. A., and Thompson, P. R.: Sea level measured by tide gauges from global 1080 
oceans — the Joint Archive for Sea Level holdings (NCEI Accession 0019568), Version 5.5, NOAA 
National Centers for Environmental Information, Dataset, doi: 10.7289/V5V40S7W, 2015. 

Cid, A., Menendez, M., Castanedo, S., Abascal, A. J., Mendez, F. J., and Medina, R.: Long-term 
changes in the frequency, intensity and duration of extreme storm surge events in southern Europe, 
Clim Dynam, 46, 1503–1516, doi: 10.1007/s00382-015-2659-1, 2016. 1085 

Dangendorf, S., Müller-Navarra, S., Jensen, J., Schenk, F., Wahl, T., and Weisse, R.: North Sea 
storminess from a novel storm surge record since AD 1843, Journal of Climate, 27, 3582–3595, doi: 
10.1175/jcli-d-13-00427.1, 2014. 

Deutschländer, T., Friedrich, K., Haeseler, S., and Lefebvre, C.: Severe storm XAVER across northern 
Europe from 5 to 7 December 2013, Deutscher Wetterdienst, 1090 
https://www.dwd.de/EN/ourservices/specialevents/storms/20131230_XAVER_europe_en.pdf?__bl
ob=publicationFile&v=20131234, 2013. 

DIN 4049-3: Hydrolo-gie. Teil 3: Begriffe zur quantitativen Hydrologie 135DVWK (Deutscher Verband 
für Wasserwirtschaft und Kulturbau) (1999): Statistische Analyse von Hochwasserabflüssen. DVWK 
215 / 1999, Verlag Paul Parey, Hamburg, 1994. 1095 

Feser, F., Barcikowska, M., Krueger, O., Schenk, F., Weisse, R., and Xia, L.: Storminess over the North 
Atlantic and northwestern Europe — A review, Quarterly Journal of the Royal Meteorological 
Society, 141, 350–382, doi: 10.1002/qj.2364, 2015. 

Formatiert: Block



42 
 

Feuchter, D., Jörg, C., Rosenhagen, G., Auchmann, R., Martius, O., and Brönnimann, S.: The 1872 
Baltic Sea storm surge. In: Weather extremes during the past 140 years, Brönnimann, S. and O. 1100 
Martius (Ed.), Geographica Bernensia G89, doi: 10.4480/GB2013.G89.10, 2013. 

Gaslikova, L., Grabemann, I., and Groll, N.: Changes in North Sea storm surge conditions for four 
transient future climate realizations, Natural Hazards, 66, 1501–1518, doi: 10.1007/s11069-012-
0279-1, 2013. 

Gönnert, G.: Sturmfluten und Windstau in der Deutschen Bucht. Charakter, Veränderungen und 1105 
Maximalwerte im 20. Jahrhundert. Die Küste, 67, 185–365, 2003. 

Gönnert, G. and Buß, T.: Sturmfluten zur Bemessung von Hochwasserschutzanlagen, Landesbetrieb 
StrassenStraßen, Brücken und Gewässer 2/2009, ISSN 1867–7959, 2009. 

Gräwe, U., Klingbeil, K., Kelln, J., and Dangendorf, S.: Decomposing Mean Sea Level Rise in a Semi-
Enclosed Basin, the Baltic Sea, Journal of Climate, 32, 3089–3108, doi:10.1175/JCLI-D-18-0174.1, 1110 
2019. 

Grinsted, A.: Projected Change—Sea Level. In: Second Assessment of Climate Change for the Baltic 
Sea Basin, The BACC II Author Team (Ed.), Springer, Cham, doi: 10.1007/978-3-319-16006-1_14, 
2015. 

Haeseler, S., Bissolli, P., Dassler, J., Zins, V., and Kreis, A.: Orkantief Sabine löst am 09./10. Februar 1115 
2020 eine schwere Sturmlage über Europa aus, DWD, 
https://www.dwd.de/DE/leistungen/besondereereignisse/stuerme/20200213_orkantief_sabine_eur
opa.pdf;jsessionid=20200212C20200211CD20200246C8140411859E8140411150B8140411233F8140
411823CD.live8140431082?__blob=publicationFile&v=8140411852, 2020  

Haigh, I. D., Wadey, M. P., Gallop, S. L., Loehr, H., Nicholls, R. J., Horsburgh, K., Brown, J. M., and 1120 
Bradshaw, E.: A user-friendly database of coastal flooding in the United Kingdom from 1915–2014, 
Sci Data, 2, doi: 10.1038/sdata.2015.21, 2015. 

Hall, A.: The North Sea Flood of 1953, Environment & Society Portal, Arcadia, no. 5. Rachel Carson 
Center for Environment and Society, doi: 10.5282/rcc/5181, 2013. doi: 10.5282/rcc/5181, 2013. 

Hegerl, G. C., O. Hoegh-Guldberg, G. Casassa, M.P. Hoerling, R.S. Kovats, C. Parmesan, D.W. Pierce, 1125 
P.A. Stott: Good Practice Guidance Paper on Detection and Attribution Related to Anthropogenic 
Climate Change. In: Meeting Report of the Intergovernmental Panel on Climate Change Expert 
Meeting on Detection and Attribution of Anthropogenic Climate Change, Stocker, T.F., C.B. Field, D. 
Qin, V. Barros, G.-K. Plattner, M. Tignor, P.M. Midgley, and K.L. Ebi (Ed.), IPCC Working Group I 
Technical Support Unit, University of Bern, Bern, Switzerland., 2010. 1130 

Hein, S.S.V., Sohrt, V., Nehlsen, E., Strotmann, T., Fröhle, P.: Tidal Oscillation and Resonance in Semi-
Closed Estuaries—Empirical Analyses from the Elbe Estuary, North Sea, Water, 2021(13), 848, doi: 
10.3390/w13060848, 2021 

Hennemuth, B., Bender, S., Bülow, K., Dreier, N., Keup-Thiel, E., Krüger, O., Mudersbach, C., 
Radermacher, C., Schoetter, R.: Statistical methods for the analysis of simulated and observed 1135 
climate data, applied in projects and institutions dealing with climate change impact and adaptation. 
CSC Rep. 13, Climate Service Center, Germany, 2013. 

Hieronymus, M. and Kalén, O.: Sea-level rise projections for Sweden based on the new IPCC special 
report: The ocean and cryosphere in a changing climate, Ambio, 49, 1587–1600, doi: 
10.1007/s13280-019-01313-8, 2020.  1140 

Hollebrandse, F. A. P.: Temporal development of the tidal range in the southern North Sea, master, 
MS thesis, Delft Univ. of Technol., Delft, The Netherlands, http://resolver.tudelft.nl/uuid:d0e5cb29-
1c09-4de3-a1e6-0b17a9cb43ec, 2005. 

Formatiert: Englisch (Vereinigte Staaten)

Formatiert: Englisch (Vereinigte Staaten)

Formatiert: Englisch (Vereinigte Staaten)



43 
 

Horsburgh, K. J. and Wilson, C.: Tide-surge interaction and its role in the distribution of surge 
residuals in the North Sea, Journal of Geophysical Research: Oceans, 112, doi: 1145 
10.1029/2006jc004033, 2007. 

Hünicke, B. and Zorita, E.: Influence of temperature and precipitation on decadal Baltic Sea level 
variations in the 20th century, Tellus A, 58, 141–153, doi: 10.1111/j.1600-0870.2006.00157.x, 2006. 

Jensen, J. and Müller-Navarra, S. H.: Storm surges on the German coast, Die Küste, 74, 92–124, 2008. 

Jensen, J., Ebener, A., Jänicke, L., Arns, A., Hubert, K., Wurpts, A., Berkenbrink, C., Weisse, R., Yi, X., 1150 
Meyer, E.: Untersuchungen zur Entwicklung der Tidedynamik an der deutschen Nordseeküste 
(ALADYN), Die Küste, 89 (Online First), doi: 10.18171/1.089105, 2021. 

Karabil, S.: Influence of Atmospheric Circulation on the Baltic Sea Level Rise under the RCP8.5 
Scenario over the 21st Century, Climate, 5, doi: 10.3390/cli5030071, 2017. 

Karabil, S., Zorita, E., and Hünicke, B.: Mechanisms of variability in decadal sea-level trends in the 1155 
Baltic Sea over the 20th century, Earth Syst Dynam, 8, 1031–1046, doi: 10.5194/esd-8-1031-2017, 
2017. 

Kodeih, S., Le Cozannet, G., Maspataud, A., Meyssignac, B., Maisongrande, P., Aguirre-Ayerbe, I., 
Emmanouil, G., Vlachogianni, M.: Catalogue of potential coastal climate indicators for a pan-
European coastal climate service web tool, Deliverable 1.B, Work Package 1, Project ECLISEA, 1160 
https://www.ecliseaproject.eu/wp-content/uploads/2019/08/d1.b_report_stakeholder-
needs_final_20180629.pdfhttp://www.ecliseaproject.eu/wp-
content/uploads/2019/2008/d2011d_report_final.pdf, 2019. 

Kodeih, S., et al.,: Climate information needs from multi-sector stakeholders, Deliverable 1.B, Work 
Package 1, Project ECLISEA, http://www.ecliseaproject.eu/wp-1165 
content/uploads/2019/2008/d2011.b_report_stakeholder-needs_final_20180629.pdf, 2018. 

Krieger, D., Krueger, O., Feser, F., Weisse, R., Tinz, B., and von Storch, H.: German Bight storm 
activity, 1897–2018, International Journal of Climatology, 41, E2159-E2177, doi: 10.1002/joc.6837, 
2020. 

Krueger, O., Feser, F., and Weisse, R.: Northeast Atlantic storm activity and its uncertainty from the 1170 
late nineteenth to the twenty-first century, Journal of Climate, 32, 1919–1931, doi: 10.1175/jcli-d-
18-0505.1, 2019. 

Lehmann, A.; Getzlaff, K.; Harlaß, J.: Detailed assessment of climate variability in the Baltic Sea area 
for the period 1958 to 2009. In: Clim. Res. 46 (2), S. 185–196. DOI: 10.3354/cr00876, 2011. 

Marcos, M. and Woodworth, P. L.: Changes in extreme sea levels. In: CLIVAR exchanges: Sea level 1175 
rise, J. Church (Ed.), University Corporation for Atmospheric Research (UCAR), 2018. 

Meinke, I.: Stakeholder-based evaluation categories for regional climate services – a case study at 
the German Baltic Sea coast, Adv. Sci. Res., 14, 279-291, doi: 10.5194/asr-14-279-2017, 2017. 

Meinke, I.: Sturmfluten in der südwestlichen Ostsee – dargestellt am Beispiel des Pegels 
Warnemünde, Marburger Geographische Schriften, 134, 1–23, 1999. 1180 

Mudersbach C., Jensen J.: Statistische Extremwertanalyse von Wasserständen an der Deutschen 
Ostseeküste. In: Abschlussbericht 1.4 KFKI-VERBUNDPROJEKT Modellgestützte Untersuchungen zu 
extremen Sturmflutereignissen an der Deutschen Ostseeküste (MUSTOK), doi: 
10.2314/GBV:609714708, 2008. 

Muis, S., Verlaan, M., Winsemius, H. C., Aerts, J. C. J. H., and Ward, P. J.: A global reanalysis of storm 1185 
surges and extreme sea levels, Nature Communications, 7, doi: 10.1038/ncomms11969, 2016. 

Formatiert: Deutsch (Deutschland)

Formatiert: Deutsch (Deutschland)

Formatiert: Deutsch (Deutschland)

Formatiert: Deutsch (Deutschland)

https://doi.org/10.2314/GBV:609714708
https://doi.org/10.2314/GBV:609714708


44 
 

Needham, H. F., Keim, B. D., and Sathiaraj, D.: A review of tropical cyclone-generated storm surges: 
Global data sources, observations, and impacts, Reviews of Geophysics, 53, 545–591, doi: 
10.1002/2014rg000477, 2015. 

Perlet, I.: Ostsee-Sturmflut am 02.01.2019, Berichte zu Ostsee-Sturmfluten und -Hochwassern, BSH, 1190 
https://www.bsh.de/DE/THEMEN/Wasserstand_und_Gezeiten/Sturmfluten/_Anlagen/Downloads/O
stsee_Sturmflut_20190102.pdf?__blob=publicationFile&v=20190105, 2019. 

Ratter, B. M. W. and Kruse, N.: Klimawandel und Wahrnehmung – Risiko und Risikobewusstsein in 
Hamburg. In: Klimawandel und Klimawirkung, Böhner, J. & B. M. W. Ratter (Hg.), Hamburg 2010 
(Hamburger Symposium Geographie, Band 2), 2010. 1195 

Ribeiro, A., Barbosa, S. M., Scotto, M. G., and Donner, R. V.: Changes in extreme sea-levels in the 
Baltic Sea, Tellus A: Dynamic Meteorology and Oceanography, 66, 20921, doi: 
10.3402/tellusa.v66.20921, 2014. 

Richter, A., Groh, A., and Dietrich, R.: Geodetic observation of sea-level change and crustal 
deformation in the Baltic Sea region, Phys Chem Earth, 53–54, 43–53, doi: 1200 
10.1016/j.pce.2011.04.011, 2012. 

Rosenhagen, G. and Bork, I.: Rekonstruktion der Sturmwetterlage vom 13. November 1872, Die 
Küste, 75, 51–70, 2009. 

Rovere, A., Stocchi, P., and Vacchi, M.: Eustatic and relative sea level changes, Current Climate 
Change Reports, 2, 221–231, doi: 10.1007/s40641-016-0045-7, 2016. 1205 

Rucińska, D.: Describing Storm Xaver in disaster terms, International Journal of Disaster Risk 
Reduction, 34, 147–153, doi: 10.1016/j.ijdrr.2018.11.012, 2019. 

Schaper, J., Ulm, M., Arns, A., Jensen, J., Ratter, B., and Weisse, R.: Transdisziplinäres 
Risikomanagement im Umgang mitextremen Nordsee-Sturmfluten – Vom Modell zur Wissenschafts-
Praxis-Kooperation, Die Küste, 87, doi: 10.18171/1.087112, 201920. 1210 

Stammer, D., Cazenave, A., Ponte, R. M., and Tamisiea, M. E.: Causes for contemporary regional sea 
level changes, Annual Review of Marine Science, 5, 21–46, doi: 10.1146/annurev-marine-121211-
172406, 2013. 

Stendel, M., van den Besselaar, E., Hannachi, A., Kent, E. C., Lefebvre, C., Schenk, F., van der Schrier, 
G., and Woollings, T.: Recent change — Atmosphere. In: North Sea region climate change 1215 
assessment, F., Q. M. C. (Ed.), pp. 55–84, 2016. 

Tamisiea, M. E. and Mitrovica, J. X.: The moving boundaries of sea level change: understanding the 
origins of geographic variability, Oceanography, 24, 24–39, doi: 10.5670/oceanog.2011.25, 2011. 

von Storch, H., Woth, K.: Storm surges: perspectives and options, Sustain Sci 3, 33–43, doi: 
10.1007/s11625-008-0044-2, 2008. 1220 

von Storch, H., Gönnert, G., Meine, M.: Storm surges - An option for Hamburg, Germany, to mitigate 
expected future aggravation of risk, Environmental Science & Policy, 11(8), doi: 
10.1016/j.envsci.2008.08.003, 2008. 

von Storch, H., Jiang, W., and Furmanczyk, K. K.: Storm surge case studies. In: Coastal and Marine 
Hazards, Risks, and Disasters, J. F., S., Ellis, J. T., & Sherman, D. J. (Ed.), Elsevier, Boston, doi: 1225 
10.1016/B978-0-12-396483-0.00007-8, 2015. 

Vousdoukas, M. I., Mentaschi, L., Voukouvalas, E., Verlaan, M., and Feyen, L.: Extreme sea levels on 
the rise along Europe's coasts, Earths Future, 5, 304–323, doi: 10.1002/2016ef000505, 2017. 

Formatiert: Englisch (Vereinigte Staaten)

Formatiert: Englisch (Vereinigte Staaten)

https://doi.org/10.1007/s11625-008-0044-2
https://doi.org/10.1007/s11625-008-0044-2
https://doi.org/10.1016/j.envsci.2008.08.003
https://doi.org/10.1016/j.envsci.2008.08.003


45 
 

Vousdoukas, M. I., Voukouvalas, E., Annunziato, A., Giardino, A., and Feyen, L.: Projections of 
extreme storm surge levels along Europe, Clim Dynam, 47, 3171–3190, doi: 10.1007/s00382-016-1230 
3019-5, 2016. 

Wahl, T.: Sea-level rise and storm surges, relationship status: complicated!, Environmental Research 
Letters, 12, 111001, doi: 10.1088/1748-9326/aa8eba, 2017. 

Wahl, T., Haigh, I. D., Nicholls, R. J., Arns, A., Dangendorf, S., Hinkel, J., and Slangen, A. B. A.: 
Understanding extreme sea levels for broad-scale coastal impact and adaptation analysis, Nature 1235 
Communications, 8, 16075, doi: 10.1038/ncomms16075, 2017. 

Weidemann, H.: Klimatologie der Ostseewasserstände: Eine Rekonstruktion von 1949–2011, 
Dissertation Universität Hamburg, 2014. 

Weisse, R., von Storch, H.: Marine Climate and Climate Change. Berlin, Heidelberg: Springer Berlin 
Heidelberg, 2010. 1240 

Weisse, R., Bellafiore, D., Menéndez, M., Méndez, F., Nicholls, R. J., Umgiesser, G., and Willems, P.: 
Changing extreme sea levels along European coasts, Coastal Engineering, 87, 4–14, doi: 
10.1016/j.coastaleng.2013.10.017, 2014. 

Weisse, R., Bisling, P., Gaslikova, L., Geyer, B., Groll, N., Hortamani, M., Matthias, V., Maneke, M., 
Meinke, I., Meyer, E. M., Schwichtenberg, F., Stempinski, F., Wiese, F., and Wöckner-Kluwe, K.: 1245 
Climate services for marine applications in Europe, Earth Perspectives, 2, 3, doi: 10.1186/s40322-
015-0029-0, 2015. 

Weisse, R., Grabemann, I., Gaslikova, L., Meyer, E., Tinz, B., Fery, N., Möller, T., Rudolph, E., 
Brodhagen, T., Arns, A., Jensen, J., Ulm, M., Ratter, B., and Schaper, J.: Extreme Nordseesturmfluten 
und mögliche Auswirkungen: Das EXTREMENESS Projekt, Die Küste, 87, doi: 10.18171/1.087110, 1250 
201920. 

Weisse, R. and Meinke, I.: Meeresspiegelanstieg, Gezeiten, Sturmfluten und Seegang. In: 
Klimawandel in Deutschland: Entwicklung, Folgen, Risiken und Perspektiven., G. Brasseur, D. J., S. 
Schuck-Zöller (Hrsg.) (Ed.), ISBN: 978-3-662-50396-6., 2016. 

Weisse, R. and Plüβ, A.: Storm-related sea level variations along the North Sea coast as simulated by 1255 
a high-resolution model 1958–2002, Ocean Dynamics, 56, 16–25, doi: 10.1007/s10236-005-0037-y, 
2006. 

Weisse, R., von Storch, H., Niemeyer, H. D., and Knaack, H.: Changing North Sea storm surge climate: 
An increasing hazard?, Ocean Coast Manage, 68, 58–68, doi: 10.1016/j.ocecoaman.2011.09.005, 
2012. 1260 

Weisse, R., Dailidienė, I., Hünicke, B., Kahma, K., Madsen, K., Omstedt, A., Parnell, K., Schöne, T., 
Soomere, T., Zhang, W., Zorita, E.: Sea level dynamics and coastal erosion in the Baltic Sea region. 
Earth Syst. Dynam. 12 (3), 871–898, doi: 10.5194/esd-12-871-2021, 2021. 

Woodworth, P. L., Flather, R. A., Williams, J. A., Wakelin, S. L., and Jevrejeva, S.: The dependence of 
UK extreme sea levels and storm surges on the North Atlantic Oscillation, Cont Shelf Res, 27, 935–1265 
946, doi: 10.1016/j.csr.2006.12.007, 2007. 

Woodworth, P. L., Menendez, M., and Gehrels, W. R.: Evidence for Century-Timescale Acceleration 
in Mean Sea Levels and for Recent Changes in Extreme Sea Levels, Surv Geophys, 32, 603–618, doi: 
10.1007/s10712-011-9112-8, 2011. 

Woth, K., Weisse, R., and von Storch, H.: Climate change and North Sea storm surge extremes: an 1270 
ensemble study of storm surge extremes expected in a changed climate projected by four different 
regional climate models, Ocean Dynamics, 56, 3–15, doi: 10.1007/s10236-005-0024-3, 2006. 

Formatiert: Englisch (Vereinigte Staaten)

Formatiert: Englisch (Vereinigte Staaten)



46 
 

Zhang, K. Q., Douglas, B. C., and Leatherman, S. P.: Twentieth-century storm activity along the US 
east coast, Journal of Climate, 13, 1748–1761, doi: 10.1175/1520-
0442(2000)013<1748:Tcsaat>2.0.Co;2, 2000. 1275 


	1 Introduction
	2 The sStorm sSurge mMonitor
	2.1 General cConcept
	2.2 Tide gauge data
	2.3 Near real-time information deliverydata processing and information provision
	2.4 Detection of storm surge events
	2.5 Definition of storm surge seasons and statistical analyses
	2.6 Structure of the Monitor and mMain functionalitiesfeatures presently implemented
	2.6.1 Storm surge height
	2.6.2 Storm surge frequency
	2.6.3 Storm surge duration and intensity


	3 Long-term changes
	In this section, the capabilities of the monitor in supporting assessments of long-term changes are briefly illustrated.3 Contextualizing  real-time storm surge data with long-term statistics
	3.1 North Sea coast (incl. Elbe and Weser)
	3.1.1 Long-term development of storm surgesHeight
	Height
	3.1.2 Frequency
	3.1.3 Duration and intensity

	3.2 Baltic Sea coast
	3.2.1 Height
	3.2.2 Frequency
	3.2.3 Duration and intensity


	4 Evaluation of recent storm surge seasons
	43.1.2 North Sea coastAssessment of the two seasons 2018/19 and 2019/20
	4.1.1 Height
	4.1.2 Frequency
	4.1.3 Duration and intensity

	3.2 Baltic Sea coast
	3.2.1 Long-term development of storm surges

	3.2.2 Assessment of the two seasons 2018/19 and 2019/204.2 Baltic Sea coast
	4.2.1 Height
	4.2.2 Frequency
	4.2.3 Duration and intensity


	54 Discussion and summary
	Author contributions
	Competing interests
	Acknowledgment
	References

