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Abstract. Storm surges represent a major threat to many low-lying coastal areas in the world. In the+—— { Formatiert: Block

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-

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

regions and/or coastal hazards.While—mest—places—ecan—cope-with-or-are—more—ortess—adapted-te
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1 Introduction

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

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

eombination—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
wind in producing the surge may vary substantially with tidal water levels (phase of the tide), and the
propagation of the tidal wave may-ia—turr, in turn, depend on surge levels (Horsburgh and Wilson;
2007).

The

_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, tFhe 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 sterm-surge-which represents one
of the most eesthy-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-ef-the-North Sea-and Baltic Sea coasts are examples of such+—— {Formatiert: Block

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 peeple-casualties (Gonnert and Buf; 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).

{ Formatiert: Block

- [Formatiert: Block




Since then, coastal defenses at the German coasts was-were improved significantly. Particularly ir-at+—— {Formatiert: Block

the North Sea_coast, higher storm surges than those reported in 1953 and 1962 were observed in
70 more recent years. For example, the-a storm surge in January 1976 caused higher water levels than in

1962 at many gauges alongt the German North Sea coast while: in December 2013+ therecent-past;

the extratropical storm Xaver in-2043-caused exceptionally high water levels along the entire-coastline
and within the estuaries ef-towerSaxeny-(Deutschlander et al.; 2013; Rucifiska; 2019)-ineluding-the

eitiesof Hamburgand-Bremen. However, cContrary to the devastating events efin 1953 and 1962,
75 fater—extremes—eaused no severe damages or casualties were reported due to signifieantly—the

reinforced impreved-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«—— [Formatiert: Block

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 PIiR; 2006) or possible future (e.g.
Gaslikova et al.; 2013) variability and change in general or link them to some driving mechanisms (e.g.
85  Woodworth et al.; 2007). Studies based on observations (Dangendorf et al.; 2014), as-wellas-en-taking
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

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

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 ebserved-increases in extreme Baltic Sea levels have been
95 observed so far (e.g. Richter et al. 2012; Meinke 1999; Mudersbach and Jensen 2008; Weisse et al.

20616)-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

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

correlations of Baltic Sea level variability with the large-scale atmospheric circulation are reported as
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well (Hiinicke 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;
Weisse et al. 2021). At some places, the figure may be modified substantially medified-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

Ferdeeision-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
information is reguestedrequired, and_-—evaluation and assessment the-eontextualization—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.; 201928). 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
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 eentextualizing-events

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

UnfertunatelyTypically, the—update—ef-such information becomes availableeeeurs—more—ortess
speradieally with some delay after a severe event or is provided inat regularspeeifie timre-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 prefessienat-regional

stakeholders ander the public discussion in general._Moreover, ongoing monitoring can detect

changes in long-term statistics at an early stage.

In the following, we present ar novel appreach-tool to map and monitor coastal hazards in a detection

and attribution framework and describe ea-how such information may be contextualized and can be

made publicly available in near--real-time. To start with, tFhe appreach-tool is iritiaty-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

{ Formatiert: Block
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approach-which in the following will be shortly referred to as sStorm sSurge mMonitor. In t¥his section - { Formatiert: Schriftart: Kursiv

\\ T . . .
also deseribes—the data_and; methods_used; together with the presently implemented anrd {Formatlem Schriftart: Kursiv

funetionalitiesfeatures are described. In sSection: 3, the long-term statisticsdevelopment-ef-sterm
surge-—activityat-the-German-coasts-isanalyzed are discussed that provide the background against

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

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

surge events.
2018/19-and-2049/20- The results are summarized and dBiscussedien and-summary-are-provided-in

sSection- 54.

2 The sStorm sSurge mMonitor

2.1 General cConcept

\

Formatiert: Schriftart: Kursiv

Information on sea level extremes is typically available and used in several different ways. For example;—— { Formatiert: Block

real-time data are used to monitor and-ferecast-extremes_sthatis-to be-support the preparedness
and te-protection of inhabitants, assets, and infrastructures inef coastal regions. Potential long-term
changes, which need to be assessed to adopt risk management procedures or coastal protection
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
engeing-long-term-changesisare therefore enly-possible only with considerable delay. Hew-ean-these

ce—ditferenisanrens e linfe e bon-batinledboralhor i nesren b Heae 2 To address this capissee,

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.

The concept was implemented and tested in a prototype web tool, which in the following is referred«—— {Formatiert: Block

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

Formatiert: Schriftart: Kursiv

Formatiert: Schriftart: Kursiv

(https://sturmflut-monitor.de) and an English (https://stormsurge-monitor.eu) version——the
following. The tool is based on and monitorsk —was—developedforseveral frequently considered
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https://sturmflut-monitor.de/
https://stormsurge-monitor.eu/

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

170  the climatological averages and tFheir long-term changes.-seasenatandsingle-eventassessmentsare

2.2 Tide gauge data

175 We used historic and real-time water level measurements from 10 tide gauges alongdata—from the+—— { Formatiert: Block

German North Sea-and Baltic Sea coasts_and their estuaries (Figure 1) to set up the mMonitor.-Based
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The data processing workflow is illustrated in Figure: 2. Twe-types—of-datahisterical-and—realtime;

185  were-used—The historical tide-gaugerecordsdata were used to derive long-term statistics_while the

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

available record length, temporal resolution, and source of the data vary (Table 1). Depending on thate
data—availabilityand-therecord-tength, we either used twice-daily high water level or hourly data.
Whiletheadvantage-ofusingWhen hourly data were available, is-the-ability-te-provide-information on



190 the duration and intensity of extreme events_could be derived.; On the other hand, the maxima of

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

records starting not later than the 1950s were selected.
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Figure 1. Locations of the tide gauges used in the monitor. (Credit: Leaflet | Maps © OpenStreetMap

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

Data Data Analysis Contextualization
Tide gauge records To detect the storm surge events To evaluate the current state

Type 1: . Defi i . . -

. ‘ _»] 2. Define the threshold of each station —>| Historical statistics
Historical data
b. Derive the water levels that exceed the l T
Type 2: corresponding threshold
ype < —] l—»| Evaluate the status of

Real-time data

the current season

c. Calculate the related parameters (e.g.

the maximum water levels and return In four aspects:
periods) 1) Height
2) Frequency
3) Duration
4) Intensity

Figure 2. Schematic diagram of the data processing workflow.

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

Tide gauge Period Temporal Data source
resolution



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

Helgoland 1953-2018 High water WSV, provided by BfG
Binnenhafen
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 1954-2019 High water WSV, provided by BfG
Weserwehr UW
Norderney 1901-2018 High water WSV, provided by BfG and the Coastal

Research Station€enter (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
Travemiinde 1950-2018 Hourly WSV, provided by BfG
Warnemiinde 1954-2018 Hourly WSV, provided by BfG

“- [Formatielt: Block

thereal-timedataareneeded—Real-time data for all tide gauges are Forthis-the-data-available every

minute and are  automatically fetched four times daily  from PEGELONLINE

205 (https://www-pegelonline.wsv.de)-were-used. They were-are subsequently autematicallyfetehedfour [Feldfunktion geindert

times-daitlyand-resampled to either te-high water levels or hourly values depending on and matching
the temporal resolution the-of avaitabavailableitity-ef historical data at each tide gauge. All tide gauges

measure

210  Fhe-observed-watertevel-from-tidegauges-—is—measured-relative to a land-based reference frame«— [Formatiert: Block

(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 Foreoastatlmanagement it is therelative

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

al;; 2013),: itn our analyses; the data are therefore intentionally not decomposed or detrended to

215 retain contributions from sea level rise or subsidence.
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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 recegnizeddetected. AceerdinghySubsequently, new plots are automatically

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

its long-term and seasonal contextualization. While theis—rear—real-time availability of such an
assessment represents the major purpose of the mMonitor, it has some limitations enthe—ether

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

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

potentiaty-then affect the detection and classification of an extreme. Also, other technical problems
eould-can occur_that ~leadirg to unusable values over extended periods-thateantastfor-hoursor
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,
#ow, or missing values—-er—ne—vatue—at-all, and the-a corresponding notification ef-the—incerrect
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 vatues

measurements whose absolute values of minutee increments exceededwere-higherthan 0.3 m (spikes)

or had and-values that were not within a reasonable range of {1-12 m}. When updated quality

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

change compared_to the initial near--te-the-rearreal-time assessment.

2.4 Detection of storm surge events

- { Formatiert: Block

To-identifyand-assess-the-severity-of storm-surgesthe firststepistoAn important step in detecting+—— {Formatiert: Block

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

For the German North and Baltic Sea coast, tFhere are twovarieus different methods defining-the
thresheld-ef sterm-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,

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

Hydrographie, BSH) uses uniform exceedance thresholds -and-inresearehe-gfrom-the DIN-4049({DIN

049 994) o ormtheFe
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publicwarning.-ef sterm-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

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 ef-in
which the maximum water level exceeds the mean water level (MW) by 1.00-125 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
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 ta-the-Meoniter-the-MThw-at-the-North-Seaand-the- MW
atthe Baltic Sea-tidegauges-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

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

samereference{Fable 2} Alseln the following, the period 1961-1990 is referred to as the reference

period in the analyses.

Table 2. tMist-ef-the-mean tidal high water levels (MThw) and the-mean water levels (MW) {in m

relative to the German reference level NHN_(Normalhdhennull}) 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 1.07m Kiel-Holtenau 0Om
Cuxhaven 1.46m Travemiinde 0.02 m
Hamburg St. Pauli 1.93m Warnemiinde Om
Bremen Weserwehr UW 247 m

Norderney 1.14m

10
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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«—— { Formatiert: Block

season from October to March (Jensen and Miiller-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-altanalysesand-statisties-were—computed-based-en-theseseasens—Each storm surge season is
denoted by the year in which the season ends-te-indicate-thelatest pessible-infermation. For instance,
the period from July 2018 to June 2019 is referred to as season 2018/19 and marked as 2019 in the
annuatkplots. 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

included.

11
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2.6 Structure-of-the-Monitor-and-mMain functionalitiesfeatures presently implemented

The mMonitor eensists-was implemented foref ten tide gauges so far. Six-Four of them are located at+—— { Formatiert: Block

the German North Sea coast, two of them in the Elbe and Weser estuaries, and four of them-a+e alongt
315  the German Baltic Sea coast_(Figure 1). The-map-{tFig—1}-of the Monitorisinteractive, se-usersean
aceess-the-infermationbyclicking-on—the-tide—gauges—For each tide gauge, aBn-the web page is
generated efa-particulartidegaugeusersean-viewproviding figures, texts, and interpretations that

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

developmenttrend. Recent storm surges are contextualized within the long-term development and
320  the ongoing storm surge season is compared to the reference period. ef-sterm-surge—activityand

ana-Heng-term-statisties—Depending on the availability of real-time—aned-historical data—availability,
different measures and statistics are availableeeessible for each tide gauge-viathe-navigatingitems.

325 Information on storm surge height and frequency is presented for all gauges, while information on
their duration and intensity is provided only for the gauges whereith historic hourly data_exist (e

Cuxhaven, Flensburg, Kiel, Travemiinde, and Warneminde). 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 <+~ | Formatiert: Uberschrift 3, Abstand Vor: 12 Pt,
Zeilenabstand: einfach
330 ¢[ Formatiert: Block
335

gev { Formatiert: Block

Cuxhavenare-diseussed-exemplariy{Figs—3-to-5}-tFwo impertant-height indicators addressing-the
340 height-ef extremesare-assessedis provided, the development of rarmely-the annual maximum water

12
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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 theaw ongoing season is unusual. For easy
visualization, the current season is highlighted in all the annual plots by the-a vertical red-dotted line.
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 surfaee-level (Normalhdhennull, NHN), while the right axis is labeled
nreferencetoabout the severity classification of storm surges (water level relative to MThw for the

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

(a) Maximum water level per season (July-June) (b) Return period of storm surge heights
Tide-gauge: Cuxhaven Tide-gauge: Cuxhaven Storm surges in the
season 2019720
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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

period) and correspondingits linear trend at Cuxhaven —Fhe-trend-(gray line) togetherisshown with
the 95 % confidence interval (light gray band). and-as-a-selid-tine-when-itissignificantat thelevel-of

QC 0, ha rao

2019/26-here}-(b) Return periods of storm surges events at Cuxhaven from the past (gray symbols)
and the ongoing season (colored symbols; —Fhe-events-ef the-eurrentseason-are-marked-by-colored
symbelsaccordingto-theirheightsand-therespectiveseverity-classifications-{green — minor; blue —

severe; red — very severe_events) together with the-—Fhe estimated distribution (dark gray curve) and

the corresponding

gray-band-shewsthe-95 % confidence band (area between the light gray curves) derived from past

annual maxima.interval ef-the-estimation—The events of the ongoing season and the top five severe
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historical events in the available period arerepresented-by-gray-open-circles-with-size-indicating
theirmagnitudesare listed on the right.

<

The second plot provides ar-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

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

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

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

historical -data for Cuxhaven together with its 95-% confidence interval (two light gray lines). derived
by-fitting-a-GEV-te-the-ebserved-annualmaxima—This fit is subsequently used to evaluate the return

period of the latest (ongoing) storm surges in near--real-time. When an event occurs, itwit-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-eurrent

severered—very-severe}. In the example season (Figure 3b), fwe-minerseveral 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
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

P

Similarly, two plots assessing the frequency of storm surges frem-atong-term-perspectiveahd-within
the-eurrentseasenare generated (Figure: 4).- FerTo visualize the long-term development, variability,

and changeperspeetive, 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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400 level is shown by a solid/dashed line{Fig—4a}. The severity of the events is marked with different colors

to shew-illustrate the number of events in the different severity classes in each season. Fhe-Again the
current season is alse-highlighted in red-as—nFig—3a. While still ongoing, it eeuld-can already and

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

(a) Number of storm surges per season (July-June) (b Number of storm surges within a season (July-June)
Tide-gauge: Cuxhaven Tide-gauge: Cuxhaven
12 12 12 12
17 10 10- 10
s
8- 8
® 8 r 8
€6 6
El €6 6
5
4 4z
4 4
24 2 /
ol o 2 = 2
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 o i o

I storm surge: 1.5-2.5 m above mean high water, MThw (1961-1990, 1.46 m, NHN) Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun

|1 Severe storm surge: 2.5-3.5 m above MThw [ Monthly number of storm surges in the season 2019/20
[ Very severe storm surge: >3.5 m above MThw Maximum monthly number of storm surges observed in 1961-1990
Range of 94% of all seasons in 1961-1990 (cumulative value)
“+ Cumulative number of storm surges in the season 2019/20

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.

410

2019/20-hereHs-highlighted-with-thered-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)withina-seasen{duly—tune} at Cuxhaven. For contextualization, also Bars+the
moenthly-rumberin-the-eurrentseasenisshown-asbluebars;aned-tthe historical monthly maximum

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

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

period 1961-1990 is-shewn-asare-gray-bars shown. Curves:-theecumulative-rumberof-eventsinthe

420

The second plot (Figure- 4b) was designed to illustrate the course of thean ongoing season. |t can be+—— { Formatiert: Block

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 interms-of-fregueney-and-annual cycle. For this, Fheanalysisis

hown-fora-sterm-surgeseasonfromJulyteotuneof the-fellowingyear-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, tFhe blue curve
shows the cumulative number of events from the beginning of the a—partiettar-current season until

the day of the website visit. [t can be compared to tFhe reference is-given by the 50th percentile

(orange curve) and the range betweenfrem the 3/ and-te the 97th percentiles (yellow shaded area)

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 tFhe 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 onesseasens. If the blue curve exceeds

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

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 beeause

es-are also important from the

perspective of coastal protection and risk assessment—management (e.g., Kodeih et al.; 2018).
Therefore, information on_-duratien-and-intensity-statisties—areboth measures was included in the
mMonitor, although they-it can only be provided for seme-those tide gauges where long-term hourly
data wereare available. In the following analyses, duration denotes the number of hours for which the
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 x hour.

Regarding storm surge duration-rpartieular, the seasonal sum is a key indicator for coastal erosion.«
OntheotherhandtoekingatsingleeventsRegarding intensity, the maximum intensity of storm surges
in a season is also critical for potential damages at-to coastal infrastructure.

|Fhus—n the monitor, the total duration and the maximum intensity of storm surges in each season

are both shown frem-within a long-term contextperspeetive (Figure 5s-5a-ane-5b). In both cases, tFhe

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 fromprovidedin Figuress-
5¢c, d-are-5¢; 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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470

obtained from the relative positions of the red dots, which indicate whether an event lasted longer or

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

(a) Sum of duration of storm surges in a season (July-June) (b) Intensity of the intensest storm surge in a season (July-June)
Tide-gauge: Cuxhaven Tide-gauge: Cuxhaven
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(c) Duration of storm surges in each month (July-June) (d) Intensity of storm surges in each month (July-June)
Tide-gauge: Cuxhaven Tide-gauge: Cuxhaven
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Box plot Box plot
lower hinge: 3rd percentile; middle: median; upper hinge: 97th percentile; lower hinge: 3rd percentile; middle: median; upper hinge: 97th percentile;
blue dot: maximum observation blue dot: maximum observation

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—Fhe-gray-barsrepresent-the-pastseasons together;

he with the linear trend

(black line) andis shewn-with-the 95-% confidence interval. and-as-a-selidine-whenitissignificantat
thelevelef95-%(c, d) Box plots foref 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). ir each-menth-atCuxhaven—Blueshows
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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 iIIustrated.S-[Gen-te*t—ueH-z-ing—LteaJ—t—ime—s%eFm _—

Kommentiert [WR1]: Shorten, maybe table with trends ‘
e.g.

surge-data-with-long-term-statistics

3.1 North Sea coast-{incl-Elbe-and- Weser)
3.1.1 bopztermad e cleprmentafstermonrsasHeight

Height <+ | Formatiert: Uberschrift 3, Einzug: Links: 0 cm,
Hangend: 1,27 cm

AnnuakThe annual maximum water level increased at all-selected-North-Sea tide gauges over the*”"”'{Formatiert- Block }

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 inereasement-increases are still discussed in the

literaturenetfully-explored; but areit likelyeeutd-be to be the result of the interplay between several

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

implementation of hyere-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).
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(a) Maximum water level per season (July-June) (b) Maximum water level per season (July-June)

Tide-gauge: Husum Tide-gauge: Hamburg St Pauli
6.5 7.0-
Zeo EH 3
555 2 2
845 23 83
Eao 2598 250%
235 @g 158%
330 1 52% i%
225 EH) )
20 20
1930 1940 1950 1960 1970 1980 1990 2000 2010 1950 1960 1970 1980 1990 2000 2010
Figure 6. AMaximum-waterlevelperseasensame-as Fig. 3a but for the tide-gauges Husum (a)
Husum-and {b)}-Hamburg St. Pauli_(b).
505 Although the trends are positive, the annual maximum water level strongly varies frem-between+—— {Formatiert: Block
seasons te-seasen-and from gauge to gauge. trgenerab-theannuatbmaximum-waterlevelsare lower
bxhaven—Heigolana,anaNeraerne Fibe—the s ore Bisher o HosussHamabss e Deesaen
7 g 7 7 g 7 &

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

‘510 of data availability. Among the analyzed North Sea tide-gauges, tFhe highest water level since the
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 ef-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 “ { Formatiert: Uberschrift 3
Annual storm surge frequency increased at all gauges (e.g. Figures: 4a, -ane-7). Except for Helgoland,«— { Formatiert: Block

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 humber of storm

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

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

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. Gonnert 2003) but

also partly an effect of the common threshold used to detect surges in the monitor (see section 2).4a
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(a) Number of storm surges per season (July-June) (b Number of storm surges per season (July-June)
Tide-gauge: Husum Tide-gauge: Hamburg St Pauli
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I Storm surge: 1.5-2.5 m above mean high water, MThw (1961-1990, 1.58 m, NHN) I Storm surge: 1.5-2.5 m above mean high water, MThw (1961-1990, 1.93 m, NHN)
. Severe storm surge: 2.5-3.5 m above MThw . Severe storm surge: 2.5-3.5 m above MThw
[ Very severe storm surge: >3.5 m above MThw [ Very severe storm surge: >3.5 m above MThw

535

Figure 7. Number-ofstorm-surges-perseason-same-aAs Fig. 4a but for the tide-gauges {a}-Husum (a)
and {b}-Hamburg St. Pauli_(b).

3.1.3 Duration and intensity “ { Formatiert: Uberschrift 3

540 Due to the limited availability of high temporal resolution data, the statistics for storm surge duration+—— { Formatiert: Block

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
545  from about 5-k hours to 12 hours, and the annual maximum intensity increased from about 1 meter x

hour m-h-to about 3 meter x 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 x m-hourh,

550  respectively.
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3.2 Baltic Sea coast

3.2.1 Height, ‘= 7¢ Formatiert: Uberschrift 3, Einzug: Links: 0 cm, ‘

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

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

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.

(a) Maximum water level per season (July-June) (b) Maximum water level per season (July-June)
Gauge: Flensburg Gauge: Warnemiinde
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Figure 8. As Fig. 3a but for the gauges Flensburg (a) and Warnemiinde (b).

Over the past seven decades, the annual maximum water level varies between about 0.7 mand 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

occurred on 13 November 1872 (Jensen and Miller-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

Miiller-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

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

Travemiinde 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

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 Warnemiinde, all gauges show a maximum of events observed in the season

1989/90 (e.g. Flensburg, Figure 9a). In Warnemiinde 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

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

“In { Formatiert: Uberschrift 3

{ Formatiert: Englisch (Vereinigte Staaten)

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

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 (Grawe et al. 2019; Lehmann et al.

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

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

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

the background of rising mean sea level.

(a) Number of storm surges per season (July-June)
Gauge: Flensburg
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(b) Number of storm surges per season (July-June)
Gauge: Warnemiinde
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I Medium storm surge: 1.25-1.50 m above MW

Severe storm surge: 1.50-2.00 m above MW
11 Very severe storm surge: >2.00 m above MW

[ storm surge: 1.00-1.25 m above mean water level, MW (1961-1990, O m, NHN)
I Medium storm surge: 1.25-1.50 m above MW

Severe storm surge: 1.50-2.00 m above MW
|1 Very severe storm surge: >2.00 m above MW

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

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
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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).

(a) Sum of duration of storm surges in a season (July-June) (b) Sum of duration of storm surges in a season (July-June)
Gauge: Flensburg Gauge: Warnemiinde
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(<) Intensity of the intensest storm surge in a season (July-June) (d) Intensity of the intensest storm surge in a season (July-June)
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610  Figure 10. Top: As Fig. 5a but for the gauges Flensburg (a) and Warnem{inde (b). Bottom: As Fig. 5b «+—— { Formatiert: Abstand Vor: 6 Pt.

but for the gauges Flensburg (c) and Warneminde (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«—— { Formatiert: Block

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

615 and/or seasons together with regional differences.

43.1.2 North Sea coastAssessmentof the two-seasons2018/19 and 2019/20 Da— { Formatiert: Uberschrift 2

4.1.1 Height

In season 2018/19, the annual maximum water levels at all gauges fell into the lowest category of+«— { Formatiert: Block

severity (1.5-2.5 m above MThw) (e.g. Figures 3a,: 6). This immediately implies that all events
620  observed in the season were minor (green marks in Figs. 118a, -ane-8b). Except for Husum, the highest
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—abeoutlyearfor HamburginFig—8b}. For Helgoland and
Norderney, this was also the only event ebserved-detected in thise season_using the thresholds

23



defined in section 2. It should be noted that the use of different thresholds (e.g. DIN 4049-3 1994) can

625 lead to different results. At other gauges, mMore events eceurred-were registeredat-ethergauges,

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

8b). On average, such mirerevents may occur several times a year abeuttwice—a—year—which-are
nermatforthesegauges+nand the season 2018/19 was not unusual in terms of storm surge height.

(a) Return period of storm surge heights (b) Return period of storm surge heights
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Figure 118. Return-period-ef storm-surgessameaAs 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«— {Formatiert: Block

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

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—abeout3.5—yearsforHusum—and—Hamburgin-Figures: 118c, -and-8d). Asthe

640




years—{Fig—6a}—In addition to this series of events, more minor events were ebserved-detected at
Husum, Cuxhaven, Hamburg, and Bremen. They are elassified-categorized as minor events with
estimated return periods shorter than one year, indicating that such minor events are common for

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

not unusual in terms of storm surge height.

4.1.2 Frequency ‘e {Formatiert: Uberschrift 3

In terms of storm surge frequency, these two seasons 2018/19 and 2019/20 differ are-significantly«—— {Formatiert: Block

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

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 ereight-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 deubled-twice as high at five eut-of the six tide+—— {Formatiert: Block
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-sterm-surge-frequeney-has-inereased-everthepast
560 e i o curee froauency_of this ceason_is_consistan i the lone tarm

665 A_look at the course of the season and the long-term average revealsthereference-shows, that the«—— {Formatiert: Block

first storm surges ususally occurs in November or December, and the majority mest-sterm-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, -are-9b). For some gauges

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

670 below the eerresponding97th percentiless. Moreover, the numbers of events in the individual months

were nowheret exceptional.
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(a) Number of storm surges within a season (July-June)
Tide-gauge: Husum

(b) Number of storm surges within a season (July-June)
Tide-gauge: Hamburg St Pauli
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Figure 129, Number-of storm-surges-within-a-season-July—tune}-same-aAs Fig. 4b but for the tide-
gauges {a,€}-Husum (a, c) and {b-¢}-Hamburg St. Pauli (b, d). {Ttop: season 2018/19; bottom: season
2019/20}.

675

In contrast, the season 2019/20 was substantially different. The season initially started late-initiaty,«—— {Formatiert: Block

and the storm surge frequenciesy wereas moderate and mostly below the long-term median. This
680  character substantially changed in February when the storm Sabine caused a reeere-large number of
events within a relatively short period (Figures- 129c, -ane-9d). For example_at Husum, nine events
(five of which were caused within only about two daysby-Sabine) were ebserved-registered in February

2020 -at-Husum-which exceedsed the maximum of seven events everthereferenceperioddetected

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

685 exeedsexceeds the nermat3-97% range_and the season eventually represented;thus;-itis an rather

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

690
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4.1.3 Duration and intensity “BE {Formatiert: Uberschrift 3

The two eenseeutive-storm surge seasons also differ in terms of their total duration and their«—— {Formatien: Block

maximum intensity. This is demonstrated exemplarily for Cuxhaven (Figure: 5). ta-seasen2018/19Here,
both measures were below-the-averagesofthereference-period,whilethey-weresignificantly higher
695 in the season 2019/20,- eEspecially forthe total duration.; leng-sterm-surge-hours{20-h)}-oceurredin

attributed to the unusuallya—arger large number of shorter events in thisa season_(see —As

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

{Figures 5¢, d); inthe case of season 2019/20, thisis due to thelatter. Regarding thelong-term-increase

700 o orm ga d on havan ha 9 d on—i—-seasen 019 0—correspnond o—th

705
710
715
In summary, for the German North Sea coastgauges, the storm season 2018/19_ —ecan—be+ { Formatiert: Block
consideredrepresents as-a rather typical storm surge season in all aspects. All detected eventsthe
storm-surges were relatively lowminerevents; 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
720  still far from the upper bound defined by the 97" long-term percentileef-the-rermal+ange. In contrast, { Formatiert: Hochgestellt

the sSeason 2019/20 was more active and unusual in some aspects. +-e-the-heightfrequency,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 areund-slightly below or even above the upper bound of the long-term
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725 distribution. While the surges were mostly moderate in heightrermal-range, t-and-at-some-gaugesit

was—exceptional-frombeth-menthlyand-seasonallyperspeetives—Fhe total duration of the storm
surges in-the-seasen-was also doubled compared to the reference period.
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735

(a) Maximum water level per season (July-June) (b) Maximum water level per season (July-June)
Gauge: Flensburg Gauge: Warnemiinde
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(a) Number of storm surges per season (July-June)
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(b) Number of storm surges per season (July-June)
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(a) Sum of duration of storm surges in a season (July-June) (b) Sum of duration of storm surges in a season (July-June)
Gauge: Flensburg Gauge: Warnemiinde
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3.2.2-Assessment-of the-two-seasons2018/19 and 2019/204.2 Baltic Sea coast -~ *{ Formatiert: Uberschrift 2

4.2.1 Height

810 Contrary to the North Sea where the two storm surge seasons 2018/19 and 2019/20 were rather+— *’{Formatien: Block

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 Warnemiinde (Figure 13). Assessing-the-maximum-watertevelsef-the

815 6-S€aSens; opveus-thatthemaximum-watertevels—otseason2018 9 are-higherthanhorma
both gauges, the highest storm surge inef the season 2018/19 occurred on 2 January 2019 and;-which
was-indueed was caused by the storm Zeetje (Perlet; 2019). The maximum water levels reached 1.67

820 m_and; 1.65 m_respectively +70-m—and-1-65-m-abeveMW-at Flensburg ;Kieb—Fravemindeand

Warnemiinde,respeetively. In both cases, the event represented Feraltgauges,these-waterlevelsare
chissifed—s—severe storm surges—rermse—matd—n—the—rebum—serod—plottesFenshbore and
Warnemindein-Figs—13a-and-13b}). In Warnemiinde its height was very close to the highest value of
1.71 m in the record and t¥he estimated return period of this-severethe event in January 2019 was

825 between abouteventis 50-60 years. At the other gauges, the frequency of such events is somewhat
larger and the return periods of the January 2019 event vary between at-Warreminde{Fig—13b}about

ane-10-20 years. Regarding height, the season 2019/20 was less active with events having return
periods well below 5 years (Figure 13).atthe-etherthreegaugest{e-gFlensburginFig13altnadditien

830
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(a) Return period of storm surge heights
Gauge: Flensburg
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Figure 13. As Fig. 3b but for the gauges Flensburg (a,
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(b) Return period of storm surge heights
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4.2.2 Frequency “ { Formatiert: Uberschrift 3

In contrast to the North Sea, both seasons in the Baltic Sea were relatively typical in terms of storm+—— { Formatiert: Block

surge frequency. This is again shown exemplarily for Travemiinde and Warnemdnde (Figure 14). While

itn seasen-2018/19; the storm surge frequency at aHl-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

Warnemiinde. 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

comparisons less robust.
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(a) Number of storm surges within a season (July-June)
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Figure 14. As Fig. 4b but for the gauges Flensburg (a, c) and Warnemiinde (b, d) for the seasons

2018/2019 (top) and 2019/2020 (bottom).Number-of storm-surges-within-a-seasonr-July—tune)at the
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4.2.3 Duration and intensity “ { Formatiert: Uberschrift 3

Contrary to the North Sea, thels season 2018/19 was more active than 2019/20 in terms of ~the-total«—— { Formatiert: Block

duration and intensity (
Flensburg-and-Warnemindein-Figures. 102a-anrd-32b). While for the North Sea, the season 2019/20

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

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-diseussed-r-Seet—3-1-2long-duration

900 Sldr e mms et a—e S A R A e R e L e A A S e e R=EA eason,pothtacto
(a) Duration of storm surges in each month (July-June) (b) Duration of storm surges in each month (July-June)
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(a) Duration of storm surges in each month (July-June)
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54 Discussion and summary

A new tool and approach forFe monitoring the petentialy-inereasing-storm surge hazards in the«—— { Formatiert: Block

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

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

published. a
and-the-ongeoing-storm-surge-seasen-to-a-histerical-prespective—Theis approach was implemented
into a prototype web tool (we-cated-the sStorm sSurge mMdonitor) and implemented exemplarily for

the German North Sea and Baltic Sea coasts. With the help of the mis-Monitor, storm surges-at-tide
gauges are instantaneeushy-detected in real-time and are in near-real-time set into a climatological
context.the long-term-context-of varying storm-surgeactivity-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 accessibleYnderstandable information to

the public, science, and stakeholders that aid in the evaluation of extremes, for example, is-previded

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. Mereever—measures to assess long-term

changes can also be inferred from the mMonitor—Nete that-re-attributionis-madesefarbutenhythe

ent—to-which-the-measures—are—within—previously-observed—range assessed. Because of the

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

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 Fhe-ebservedtong-term
caneuld in

changes a

principle originate from various factors, such as changes in storm activity, astronomical tide cycles, or
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 Histikehy-that the observed teng-term-echangeschanges in storm surge climate are largely
965 related to the local mean sea level rise (e.g. Weisse et al.; 2012; Woodworth et al.; 2011). Mereever;

tsheuld-be-noted-thattheRrising relative sea levels in the area, for the most part, are related is+et
neeessariy-fully-relatedto global mean sea level rise and climate change; but parthy-due-tealso contain
contributions from non-climatice factors_such as;e-g: land subsidence. As-tide-gauge-istand-based;

The latter may
970 result from indueed—by-natural phenomena (e.g. GIA) ane-or local anthropogenic activities (e.g.

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

Tamisiea and Mitrovica; 2011).

975  Atthe analyzed gauges at the German Baltic Sea coast, no trend-significant long-term change in storm+—— { Formatiert: Block

surge activity could be detectediy-differentfrom—zero-atthe 95%confidencetevet-hasbeenfound so
far. FAsfor the annual maximum water levels, this is in agreementeeerdanee with the e.g. the results

of Meinke (1999)_and the review in Weisse et al. (2021). Skght-butimilarly, non-tsignificant trends
have been found #a-for storm surge frequency-atFravemiindeand-Warneminde, also in agreement
980 with previous studies (e.g. Meirke—1999—Weidemann et al.; 2014).—Fhe—tetal-duration—and-the

985

lit is plausible that

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

995

38



1000

1005

1010

1015

1020

1025

Nowadays, web-based applications are frequently used tools to develop links between the results of«—— {Formatien: Block

scientific research and public demands. For sea level extremes, various such efforts do exist.
TheseSueh tools provide online access to the statistics of extreme water levels_or-aré 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

(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-previeus—applications,-our storm
surge monitor teetfocuses on the near--real-time evaluation and contextualization of extremes the

eurrentseason-and-itsevents-against the background of long-term variability and change_-with-the

intention-to provide an up-to-date and continuously available piece foref coastal climate services.

tFhe mMonitor and the statistics are freely available online. They are expected to be useful and«—— { Formatiert: Block

meaningful to the public. lare-in particular, the monitor was found to be useful to the media,since it { Formatiert: Englisch (Vereinigte Staaten)

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-whe-arecencernedaboutsterm-surges.
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1030  The monitor# is furtheralse relevant to the-multi-sector coastal stakeholders who demand suchthis

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

1035 transdisciplinary project EXTREMENESS (Weisse et al. 2019) in which physically plausible but yet

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).
1040  Mereever;The monitor i-caneuld further serve for educational purposes, for example, illustrating

changing storm surge activity at the German coasts. tast-butnetlteastFinally, it can also be useful to
researchers as auxiliary informationinthepresentations-eftheirseientificresulis, oraspre-knowledge
forfurthe supporting theirr research-especialiy-on-the-meostrecentextreme-events.

1045 — { Formatiert: Block
We argue that the tool #-has the potential to be developed into a larger suite of tools including, for
example, other regions or other coastal hazards such as-a-retweorkoftide gaugesthatecoverstheeoasts

11050 nae reato orm-surees-Ourattemp atrted ith-the orm-streeson-the-German-coa ahd

variables{eg sea level rise orand storm activity}and-can-bedevelopedfurthertoincludeatiribution.
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