Author comments to review 1.

We would like to thank the reviewer for taking the time to review our manuscript and for the
valuable comments and suggestions to improve our manuscript. We respond to the comments by
referring to the page and line numbers in the original manuscript.

titte: Enhancement means an increase or improvement in quality, value, or extent. | do
not think that this is meant here. Simply increase might be more appropriate.

We agree and changed “enhancement” to “amplification”
p 2, 1 29 higher water levels - higher than what?

The sentence is changed:

“Mainly due to these measures more recent storms, e.g. 1976 or 2013, caused no severe
damages although water levels higher than those of 1962 have been observed at various coastal
sections ...”

p 2, |1 39-41 Please reformulate. | do not understand.
The second part of the paragraph is reformulated.

“This information is usually assessed and provided in form of high percentiles or return values
obtained from frequency distribution estimates. There is a spectrum of methods used to construct
such estimates (e.g. Debernard and Rged (2008), Arns et al. (2015b), Santamaria-Aguilar et al.
(2017) for dynamical modeling approach, Wahl et al. (2011) for stochastic modelling 40 approach
or Dangendorf et al. (2013) for processing of tide gauge observations). In the present study we are
interested in the spatial and temporal evolution of particular very severe storm tide events in
coastal areas and estuaries and, thus, diverge from statistical approach. So far, more detailed
information and assessment of particular events that are extremely severe and rare are
uncommon. Potential sources of such events comprise historical data as well as modelled data for
past, present and future.”

p 4,1118-120 Are these CORDEX simulations? If so, please mention. | helps the
reader to recognize these simulations.

The used simulations were partially from CORDEX, we added more description in the text.

Chapter 2 is rearranged and reformulated according to the suggestions of reviewer 2. The
description of the area under investigation (2.1) is followed by the description of the “North Sea”
(2.2) and the "German Bight” (2.3) models used in our investigation and by the description of the
data set (2.4). Finally, the selection of events and amplification experiments is specified (2.5).
Chapters 2.4 and 2.5 are reformulated.

p 5, 1151 wind speed maximum - where is the maximum taken? Does it matter, by the
way? As far as | understand, you shift the astronomical tide with respect to the
whole storm, don’t you?

You are right, we shift the whole fields and the exact wind maximum is unimportant. But we use the
wind maximum near Borkum (added in the text) as a reference because it roughly coincides with
water level maximum and helps us to identify the time frame where we are looking for the new
water level maximum.

p 5, | 141 chain of events - this criterion should be explained in more detail. What
does it mean? The maximum number of storms in a week? The longest storm?
Successive storms from different directions?



Chain of events is explained in more detail in section 2.5 (former section 2.3), see above.

p 6, bottom For model performance the reader is referred to earlier publications. Fine,
but for most readers one or two general sentences about the model quality would
remove the necessity to look up those papers.

A sentence is added.
“The model has been validated against tide gauge observations at the German coasts.”

p 7,1207-208 the height of the gates was increased from 7 to 8 m in nature to 9 m.
— | am confused about the height of the gates. Has the height of the real gates
already been increased from 7 to 8 m? Or did you increase them twice in the
model?

In reality some gates have the height 7 m and some are 8 m. They all were set to 9 m in the model
simulation. The sentence is modified to clarify this.

”.... the height of the gates were increased from 7 m (2 gates) respectively 8 m (5 gates) in nature
to 9 m in the model.”

p 8, |1 221 original simulated events — you mean the simulations without shift of lag between
tides and storm?

yes
p 8, 1 226 Please specify the EC event — how does it look like?
Chain of events is explained in more detail in section 2.5 (former section 2.3), see above.

p 8, 1246 15 cm, but previously you mentioned water levels of 3.93 m and 4.88 m, the
difference of which is 95 cm. It's a bit confusing. Just reformulate the sentence,
and it will become much clearer why the increase is only 15 cm.

The sentences are reformulated to clarify the differences.

“Due to the diurnal inequality, peak 1 of the corresponding astronomical tide is about 20 cm higher
than peak 2. Due to the 5 h shifting, peak 1 of the tide coincides with stronger wind velocities,
whereas peak 2 coincides with weaker wind velocites. Thus, by only shifting the astronomical tide
against the wind field, an amplification of the maximum high water in the event EH of 15 cm (from
original 4.73m to 4.88 m) is obtained.”

p 9, 1158 by only a few centimeters
p 9, 1164-266 | do not understand what is meant here

The text is reformulated.

“...by only a few centimeters. In the original event EL the highest high water already coincides with
an astronomical spring tide about 7 cm lower than the highest one. Thus, both applied procedures
lead to relative changes of the three highest water level peaks, however not to a substantial
absolute increase of the maximum water level during EL. Furthermore, the length of EL shows
nearly no changes. Possible amplification was also tested for the entire EC event including EL. The
storm tides following EL experience an increase of some single high waters up to 20 to 30 cm
together with a decrease of other high waters for some ensemble members. Thus, there was no
general amplification regarding the intensity (see chapter 2.5) of the event chain EL/EC. Therefore,
the amplification procedures for EL/EC were discarded.”

p 11, Il 330 rises ! Raises



changed
p 12,1372 it’s the insert in Figure 7 that you have to look at
The sentence is changed accordingly.

“This effect can be observed e.g. in Figure 7 looking at the water level of the event EH_a (red line)
and in the insert of Figure 7 showing the difference between the water levels for operated and
open storm surge barrier.”

p 13, 1411-413 hard to follow, please reformulate
The sentence and the following text are reformulated.

“These events originate from the first half of the emission scenario period of two different climate
realizations. Gaslikova et al. (2013) showed that the annual maximum water levels of these climate
realizations displayed strong multi-decadal variability but no significant long-term trends from 1961
to 2100. Thus, the found highest water levels exceeding the water levels measured since the
beginning of the 20th century at Borkum (Figure 3) could be possible already under present-day
conditions as no sea level rise is included in the original climate realizations.”

p 14, 1 446 last word: there ! Their
changed

p 24, Figs. 7 and 8 the dashed lines (0 m, 1200 m3/s, and 1 m, 1200 m3/s) are not
visible. Probably, they are covered by the respective solid lines. If so, please
mention in the caption.

We add a sentence that the dashed and solid lines are similar.
“As the impact of Q on the water levels at Emden is small, the dashed red and green curves nearly
match the solid red and green curves.”



Author comments to review 2.

We would like to thank the reviewer for taking the time to review our manuscript and for the
valuable comments and suggestions to improve our manuscript. We respond to the comments by
referring to the page and line numbers in the original manuscript.

Although this study is interesting and relevant, | agree with the first reviewer that the manuscript
should be proof-red by a native speaker and many commas are missing (I listed some in the minor
comments below). In addition, how some sentences are structured and some terminology used
makes the reading difficult. Specifically, | recommend to state first what it was done, and then give
the reasons why it was done in that way, instead of the opposite order. The paper is long and it
addresses several different scenarios and analyses (climate changes scenarios, changes in the
tidal phase...), so the use of generic terms in some cases (e.g. L218 “data set”) makes difficult the
reading because it is not clear to which simulation/data set the authors are referring to. In addition,
| would use “event” instead “ensemble member” e.g. L239, L247.

We went again though the text clarifying when possible and addressing the specific comments of
the reviewers. The “data set” definition was explained in the Line 164 or it was explicitly stated in
the text when some other data were meant. We think it is important to keep the “ensemble
member” term, although we agree that the usage of this term is unconventional in this context. We
want to underline the deference between an “event” — a particular atmospheric situation and
corresponding surge, which is unique for a given atmospheric situation and an “ensemble member”
— a particular constellation of tidal component and surge component and there are many of them
for a given atmospheric situation.

In the introduction and discussion, | am also missing more references of other studies using a
similar approach than in this paper as well as other studies made for the German Bight region. For
example, Arns et al. (2015) analyzed the non-linear effects of different SLR scenarios on the peaks
of storm tides at the German Bight and Santamaria-Aguilar et al. (2017) assessed the effects of
these scenarios on the storm surge hydrographs. In addition, Wahl et al. (2011) developed a
statistical approach for generating a large number of storm surge events.

Thank you for pointing out the necessity of additional references also including other methods of
analysis. There was a considerable amount of studies during the past decades investigating storm
tides in the German Bight, so we wanted to limit references only to the relevant methodology. Now
the introduction is partly reformulated and more references are added.

“This information is usually assessed and provided in form of high percentiles or return values
obtained from frequency distribution estimates. There is a spectrum of methods used to construct
such estimates (e.g.Debernard and Rged (2008), Arns et al. (2015b), Santamaria-Aguilar et al.
(2017) for dynamical modeling approach, Wahl et al. (2011) for stochastic modeling approach or
Dangendorf et al. (2013) for processing of tide gauge observations). In the present study we are
interested in the40 spatial and temporal evolution of particular very severe storm tide events in
coastal areas and estuaries and, thus, diverge from statistical approach. So far, more detailed
information and assessment of particular events that are extremely severe and rare are
uncommon. Potential sources of such events comprise historical data as well as modelled data for
past, present and future.”

| find the section of data, methods and experiments difficult to read and follow due to the large
number of datasets, models and simulations made/used. However, the summary and discussion is
well structured and clear. | recommend to rephrase first sentence of section 2.2 and to re-structure
the section ordering the different data sets e.g. Start with the hydrodynamic model used, hindcast
forcing, and climate change scenarios and models. (However, it is very clear in the diagram of
Figure 2). In some cases, the reading would be easier if the type/variables is specified e.g. “multi-
decadal hindcast” or “climate realizations”, which can refer to atmospheric forcing or water levels. It



would also be interesting to know the length of the hindcast and climate scenarios period i.e.
specify the years.

Chapter 2 is rearranged and reformulated according to the suggestions. The description of the
area under investigation (2.1) is followed by the description of the “North Sea” (2.2) and the
“German Bight” (2.3) models used in our investigation and by the description of the data set (2.4).
Finally, the selection of events and amplification experiments is specified (2.5).

Chapters 2.4 and 2.5 are reformulated.

Minor comments:

Title: | suggest to change “very severe” for extreme, which is the term commonly used

in the literature and actually, it is also used in the manuscript e.g. L138 (Here and along

the manuscript). In addition, enhancement can also be changed to “amplification”,

which is the term used more often along the manuscript.

“enhancement” is changed to “amplification” and “very severe” to "extreme”

L1. Change “essential” for major

changed

L25. Environmental threat-> Natural hazard/threat

changed to “natural hazard”

L27.Inflicted heavy losses-> caused large damages

changed

L29-30. Rephrase. The use of commas is not correct in this sentence.

The sentence is changed

“Mainly due to these measures more recent storms, e.g. 1976 or 2013, caused no severe
damages although water levels higher than those of 1962 have been observed at various coastal
sections ...”

L30. Risk of what?

“of flooding” is inserted

L31. Remove associated with anthropogenic climate change.

changed

L32. Storm surge-> If storm tides is the term used, please be consistent along the
manuscript.

All “storm surge” terms are changed into “storm tide”.

L32-33. Link this sentence with the previous one. In addition, references can be added
as e.g. Arns et al. 2015

The text is reformulated and the reference Arns et al. 2015 is added.

“In modern times, two major storm tide disasters that caused large damages at the North Sea
coasts occurred in the years 1953 and 1962. Since then coastal defenses have been significantly



improved throughout the coastline. Mainly due to these measures more recent storms, e.g. 1976 or
2013, caused no severe damages although water levels higher than those of 1962 have been
observed at various coastal sections (NLWKNa(2010), NLWKNb(2007)). Nevertheless,
risk of flooding is still present and may increase due to expected climate change. Thus, the
rise of the mean sea level may lead not only to an increase in the height of the storm tides
and longer duration of water levels exceeding certain thresholds (e.g. Idier et al. (2019)
and references therein) but also to shorter arrival times of the storm tide at the coast and
in the estuaries (e.g. Arns et al. (2015a)). These effects, among others, may aggravate
risks related to storm tides and may have consequences for coastal protection e.g. for the
dike heights or the warning times, but also for such issues as the drainage of low-lying
coastal areas.”

L61. : : :forcing, a possible amplification can occur or possible amplifications
L63-64. Add comma after variations and considered.

L65. Comma after study.

Commas are inserted.

L68. The climate realizations used, comprising CMIP3 and CMIP5 scenarios, reflect
only.....and local bathymetric changes or changes in the local bathymetry.
L75. Comma after set. Remove distinct

changed

L76. Simulations of what?

“Water level” is inserted.

L79. Comma after surges

L82. Comma after estuary.

L84. Comma after Emden

L94. Comma after Bight

Commas are inserted.

L99. The Ems estuary is situated in the southern German Bight, at the border....
(Remove North Sea because the location of the German Bight was already specified).

changed

L136. Rephrase. For instance, “The methodology used to investigate the potential
amplification of the storm tide events comprises four steps”

changed

L141. Itis not clear here how an event is defined, which is explained in L212-215.
These lines should be moved to this section as they are part of the methods and not of
the results.

Chapter 2 is rearranged and reformulated according to the suggestions. Events are explained
more precisely and these lines are now at the beginning of chapter 2.5 “Selection of events and
amplification experiments”, see above.

L152. If the SLR is not included in the simulations of climate scenarios of the North
Sea model, why the largest spring tide of each climate scenario is used and why it
would change between them? Are the climate scenarios for different periods? How is



the tide extracted from the simulated water levels?
The procedure description is reformulated.

” For ensemble two, the highest astronomical spring tide found in the tidal simulations for the
period 1948-2100 was used instead of the original tide and the astronomical tides were shifted
again hourly.”

L153. Comma after two.

inserted

L154-155. Rephrase this sentence.

This sentence is reformulated. See Chapter 2.5 above.

L166. Remove “To the North Sea” and add “ocean” boundary of the German Bight
model.

Changed according to the suggestions.

L204. Comma after conservation.
L217. Comma after 3.

L219. Remove comma.

L238. Comma after EH.

All changed.
L243-245. Divide the sentence in two and add commas.
changed

L251. Comma after EH.
L252. Change “except’-> “with exception of”
L254. Comma after water and members.

All changed.

L258. How much was the increase? These lines are too vague: “few centimeters”, “not
a substantial increase”, “nearly no changes”......

L262. Rephrase. Single high waters?

The text is changed and values are added.

“In case of the longest event EL (included in EC Figure 4), both amplification procedures - shifting
of the astronomical tide against the wind and replacement of the original astronomical tide with the
highest spring tide together with shifting - result in an increase of the highest high water by only a
few centimeters. In the original event EL the highest high water already coincides with an
astronomical spring tide about 7 cm lower than the highest one. Thus, both applied procedures
lead to relative changes of the three highest water level peaks, however not to a substantial
absolute increase of the maximum water level during EL. Furthermore, the length of EL shows
nearly no changes. Possible amplification was also tested for the entire EC event including EL. The
storm tides following EL experience an increase of some single high waters up to 20 to 30 cm
together with a decrease of other high waters for some ensemble members. Thus, there was no
general amplification regarding the intensity (see chapter 2.5) of the event chain EL/EC. Therefore,
the amplification procedures for EL/EC were discarded.”



L264-266. Move to section 2.5.

The text is slightly changed, but we think it is useful at this place to clarify again which events are
transferred to be simulated with the German Bight model.

L278-279. There is no need of explaining again where Elbe mouth and Amrum are
located.

The phrase is removed.

L285. Change differing to different.
L285. Comma after Amrum.

changed

L287. Rephrase: “The olive curves of both Elbe mouth and Amrum correspond to the
same simulation, which incorporates both the largest spring tide and the phase shift of
the tide”.

The sentence is changed

“The olive curves of both Elbe Mouth and Amrum correspond to the same ensemble member,
which incorporates both the largest spring tide and a phase shift of the tide.”

L289-291. Use duration above MHW instead of time period
L299. Comma after amplification.
L300. Comma after the parenthesis. Is EH_a instead of EH?

All changed.

Figures 7 & 8. Dashed lines cannot be clearly differentiated. | also recommend to add
a line showing the MHW level in figure 8 as the changes of the duration above this level
are discussed.

A line showing MHW is include in Figure 8 and a sentence concerning the similarity of the dashed
and the solid lines is added.

L318. Was a simulation with a SLR of 0.5m also performed? This was not mentioned
before.

It was mentioned on L165

L325. The highest

Figures 9, 10 & 11. Font size of legends, axes and labels is too small.
L326. Add parenthesis (HW).

L330. Rises-> raises

L338. Comma after addition. Is decreasing-> decreases.

All changed

L350-357. | do not understand these lines and why are in this section. Rephrase them
and move them to the discussion. (Or simply remove them, because it is repeated in
lines 435-438)

We added the reason for the analysis to clarify the aim of the investigation.
Here, we address the point, that a chain of events is not only important with respect to coastal
protection but also for the drainage of the low lying hinterlands. We explain, which water level in



one sewer exemplarily is important for draining and we use this threshold in table 2. We think this
text is useful here. In the discussion it is only mentioned that EC would hinder natural drainage.

“During storm tides not only questions concerning coastal protection are important, but the draining
of the protected areas during storm tides must be ensured, too. In the lowlands close to the mouth
of the Ems draining of urban (e.g. Emden) and agricultural areas (e.g. Knock) is of major interest.
The aim of the sewer at Knock is to drain the low lying hinterland (with a ground level of about
NHN + 0 m) and keep the inland water level at Knock lower than NHN - 1.40 m (KLEVER (2018)).
At Knock the mean low water MLW is NHN - 1.58 m so that draining without pumping is only
possible for a short time even during mean tides. Caused by long lasting high water levels during
storm tides draining is even more restricted. For the chain of storm tides EC (Figure 8) even
without amplification pumping is needed nearly during the whole period of 176 hours (Table 2). The
water must be pumped against a water level in the Ems higher than MHW for about 90 hours. This
period will increase by about 40 hours in case of a sea level rise of 100 cm.”

L380. Increases o causes an increase of.
L382. Highest-> High or an increase of the highest
L412. There-> They are from

All changed

L413. Clarify this line. The absence of considerable increase of storm surges correspond
to the magnitude or frequency? Because this study is focused only on 3 types

of events, but it does not include any analysis of changes in the trends/ variability of
storm surges.

That is correct, we do not investigate long-term trends in this study, however, the used met-ocean
data sets were analyzed earlier. The text is changed accordingly.

“These events originate from the first half of the emission scenario period of two different climate
realizations. Gaslikova et al. (2013) showed that the annual maximum water levels of these climate
realizations displayed strong multi-decadal variability but no significant long-term trends from 1961
to 2100. Thus, the found highest water levels exceeding the water levels measured since the
beginning of the 20" century at Borkum (Figure 3) could be possible already under present-day
conditions as no sea level rise is included in the original realizations.”

L433. Rephrase.

The sentence is changed:

“Against the background of climate change and the need to develop future coastal protection
strategies it is not only important to know the possible height of an extreme event but also its
duration.”

L460. Particular

changed



List of relevant changes.
The title is changed.

Introduction is partly reformulated and additional literature references are included.

Section2:

Section title is changed.

The sequence of subsections is changed (2.4 became 2.2, 2.5 became 2.3, 2.2 became 2.4
and 2.3 became 2.5).

The new subsections 2.4 and 2.5 are considerably reformulated.

Sections 3 and 4 are slightly reformulated.

References:
New references are added: Arns et al. 2015a, Arns et al. 2015b, Geyer 2014, Idier et al.
2019, Santamaria-Aguilar et al. 2017.

Figures and Tables:

Fig. 8 — MHW is added for the reference

Fig. 10 — figure is modified and results for the longitudinal profile with SLR=50 cm are added
Fig. 9, Fig. 10, Fig. 11 — legends are enlarged
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Abstract. Storm tides are an-essential-a major hazard for the German North Sea coasts. For coastal protection and economic
activities, planning information on probability and magnitude of extreme storm tides and their possible future changes is
important. This study focuses on the most extreme events and examines whether they could have become more severe under
slightly different conditions still remaining within the physical plausibility.

In the face of limited amount of observational data on very severe events, an extensive set of model data is used to extract
most extreme storm tide events for locations in the German Bight, in particular Borkum and the Ems estuary. The data set
includes water levels and respective atmospheric conditions from a hindcast and future climate realizations without sea level
rise describing today’s and possible future conditions.

A number of very severe events with water levels exceeding those measured near Borkum since 1906 has been identified in
the data set. A possible further amplification of the highest events is investigated by simulating these events for the North Sea
with different phase lags between the astronomical tide given at the open model boundaries and the wind forcing. It was found
that superposition of spring tide conditions, different timing of the astronomical high water and atmospheric conditions during
the highest storm event would cause an enhancement of the highest water level up to about 50 cm.

The amplified-water levels of the two highest events from the data set are used to analyse the effects in the Ems estuary
using a high-resolution model of the German Bight. Additionally, the influence of an extreme river runoff and of sea level

rise is studied. The extreme river runoff of 1200 m3s—1!

increases the highest water levels by several decimeters in the narrow
upstream part of the Ems estuary. This effect diminishes downstream. The sea level rise increases the water level in the
downstream part of the Ems estuary by the amount applied at the model boundary to the North Sea. In the upstream part, its
influence on the water level decreases.

This study may serve as a first step towards an impact assessment for severe storm tides and their-towards implications for

coastal areas-and-activitieszone management in times of climate change.



25

30

35

40

45

50

55

1 Introduction

The North Sea (Figure 1) lying at temperate latitudes (51N to 62N) is exposed to the impact of storms mainly occurring
from September to April. Storm tides accompanied by severe winds represent a major environmental-threat-natural hazard for
low-lying coastal areas.

In the-modern times, two major storm tide disasters that inflieted-heavytosses-caused large damages at the North Sea coasts
occurred in the years 1953 and 1962. Since then coastal defenses have been significantly improved throughout the coastline.
Mainly due to these measures more recent storms, e.g. 1976 or 2013, caused no severe damages -altheugh-higher-waterlevels
although water levels higher than those of 1962 have been observed leealty-at various coastal sections (e.g. NLWKNa (2010),
NLWKND (2007)). Nevertheless, risk of flooding is still present and may increase due to expected climate change. 1n-the-eonrse

s-Thus, the rise of the mean sea level may lead
not only to an increase in the height of the storm tides and longer duration of water levels exceeding certain thresholds (e.g.
Idier et al. (2019) and references therein) but also to shorter arrival times of the storm tide at the coast and in the estuaries (e.g.
Arns et al, (2015a)). These effects, among others, may aggravate risks related to storm tides and may have consequences for

coastal protection e.g. for the dike heights or the warning times, but also for such issues as the drainage of low-lying coastal
areas.

Coastal protection and adaptation measures usually are a long-term effort. Information about the probabilities of very severe
storm tides and their possible changes in the future are needed for planning and design of coastal defenses and protection,
for risk assessment and for the assessment on whether or not planned adaptation measures are adequate or robust for a given
location. This information is mesthy-assessed-usually assessed and provided in form of high percentiles or return values ob-
tained from frequency distributions-orreturn—value-estimatesdistribution estimates. There is a spectrum of methods used to
construct such estimates (e.g. Debernard and Rged (2008), Pangenderf-et-al+(2013)-Wolfet-al+2048)-Arns et al. (2015b),
Santamaria-Aguilar et al. (2017) for dynamical modeling approach, Wahl et al. (2011) for stochastic modeling approach or
Dangendorf et al. (2013) for processing of tide gauge observations). In the present study we are interested in the spatial and

temporal evolution of particular very severe storm tide events in coastal areas and estuaries and, thus, diverge from statistical
approach. So far, more detailed information and assessment of particular events that are extremely severe and rare are uncom-

mon. Potential sources of such events comprise ebservations-and-historieal-data—-historical data as well as modelled data for

past, present and futurea

The present study aims at identifying and assessing individual extreme events that are highly unlikely but that are still

physically possible and plausible and may have extreme consequences. To identify the-extreme storm tide events, we initially

search through an extensive set of modeled-modelled met-ocean data, which increases the chances to detect the unprecedented
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events with respect of usage of only historical data. Further, we explore the potential of such events to become even more severe

under physically plausible assumptionsvah

hvoothetioalf 5 , tions—.

There are several key processes determining water level increase during a storm and their modification may lead to enhance-

ment of identified extreme events. Among others, variations in the atmospheric conditions leading to changes of storm track
and/or intensity over sea may entail alterations in the storm tides near the coast. In particular, in the project MUSE Jensen et al.
(2006) took a dynamic ensemble approach. They analyzed the extent to which enhaneement-amplification of observed storm
tides could be caused by various atmospheric developments of observed storms. The atmospheric variations in this case were
represented by different timing of initial conditions used for the atmospheric forecast and corresponding ensemble simulations.
Another study held within the project XtremRisK (Gonnert et al. (2013), Oumeraci et al. (2015)) developed a more combina-
torial approach merging estimates of various storm tide components such as surge, external surge, tides and their non-linear
interactions derived from observation. Both studies were mainly focused on the Elbe estuary and resulted in constructing and
investigating events exceeding the observed ones.

Without changing the atmospheric forcing possible amplification-amplifications can occur due to different configurations of
existing atmospheric situations and astronomical tide. In particular, altered timing of atmospheric storm relative to the tidal
phase may lead to variations in maximum water level. In addition to semidiurnal tidal variations, the longer fluctuations of the
tidal components can be considered, reflecting the situation where particular atmospheric storm may coincide with spring tide
instead of neap tide. In the present study, we pursue this strategy to investigate the potential for very severe storm tides to be
enhaneedamplified.

Whereas Jensen et al. (2006) looked at particular observed storms and the amplification of their peak water levels, the current
study deals with a large set of met-ocean hindcast and climate realizations to detect extraordinary storm events, focusing on
both storm tide height and duration. The used-climate-realizations-incorporating-climate realizations used, comprising CMIP3
and CMIPS scenarios, reflect only the changes in the atmospheric conditions and do not include mean sea level rise and local
bathymetry-bathymetric changes. A variety of future climate realizations underlines large uncertainties regarding possible
future changes in storm climate for the region of interest (e.g. Feser et al. (2015), Ganske et al. (2016)). Hereafter-we-We
assume that extremes from the used simulationsrepresent-also-plausible-events-climate realizations represent plausible events
also for the present climate conditions as storm statistics in these simulations show no or minor significant changes towards
2100 in combination with very strong inter-decadal variability for wind speed and surge levels (e.g. Gaslikova et al. (2013)).

From this data-set-met-ocean data set, the most extreme storm tide events were selected for three distinetparts of the German
Bight - East Frisian and North Frisian coasts and Elbe mouth (Figure 1). A set of dynamical large-scale water level simulations
was produced to examine whether the identified storm tides could have become more extreme under different constellations of
peak winds and tides. Hereby, a regional hydrodynamic model, which covers the North Sea and parts of the North East Atlantic
to ensure the incorporation of external surges, was used.

To investigate local effects of such extremely severe events near the coast and specifically in the estuaries, the Ems estuary

was chosen for further experiments and analyses. The estuary represent-represents one of the main German estuaries. In
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addition to dykes-dikes along the North Sea coast and the whole estuary, the upper Ems estuary is protected by a storm surge
barrier. Operating the barrier influences the water levels both upstream and downstream of the barrier (Rego et al. (2011),
BAW (2007)). Such effects under extreme storm tide contidions are of additional interest. Moreover,—the-townEmdenThe
town Emden, as an example for a typical harbor town with importance for marine trade, was chosen as a focus point within
the estuary. To adequately transfer the acquired extreme storm tides to the coasts and assess their impact within an estuary, a
more detailed hydrodynamic model for the German Bight including the German estuaries has been used (Figure 1). Additional
factors, which may lead to the amplification of water levels at the coast and which are more relevant at local scales and shallow

water (effects of varying river discharge and possible future sea level rise) were considered and incorporated in the sensitivity

study here.

2 BDataArea under investigation, methods-data, models and experiments
2.1 Hydrographic properties

The south-eastern and north-western coasts of the German Bight (Figure 1) are mainly endangered by storm winds from
westerly to northwesterly and by southwesterly to westerly directions, respectively. The tidal wave propagates anti-clockwise
from the East-Frisian to the North-Frisian coast. Due to the funnel-shaped German Bight, the mean tidal range increases from
about 2.4 m near Borkum near the outer border of the Ems estuary to about 3 m in the outer Elbe estuary and decreases to
about 2.6 m near Amrum (e.g. DGJa (2014)). In outer parts of the estuaries of Ems, Weser and Elbe the mean tidal range can
exceed 3 m (e.g. Niemeyer and Kaiser (1999)). Thus, a specific storm in the southern North Sea has different influences on the
water levels at the different coastal strips and in the estuaries.

The Ems estuary is situated in the German Bight in-the-southernNorth-Sea-at the border between the Netherlands and
Germany (Figure 1). Coming from the wide mouth of the estuary near the island of Borkum it is narrowing towards Knock,
but again widening into the Dollart bay south of Emden. Upstream of the Dollart the narrow and shallower part of the Ems
estuary begins. The influence of the tide can be observed until Herbrum. At the mouth of the Ems near Borkum the tide is
characterised by mean tidal high water MHW-(MHW) NHN + 1,15 m and mean tidal low water MEW-(MLW) NHN - 1,31 m
(DGJa (2014), NHN (Normalhohennull) presents the German standard elevation zero-)). In the center of the estuary at Emden
the mean tidal range increases to 3,28 m with mean-tidal-high-water- MHW = NHN + 1,48 m and mean-tidalHow-water- MLW
= NHN - 1,80 m (DGJb (2018)). The mean freshwater discharge into the Ems estuary is 80 m3s—!, the highest discharge
observed is 1200 m3s~—! (February 1946) (DGJb (2018)). Large freshwater discharges occur frequently in the months from
January to April (Krebs and Weilbeer (2008)).

2.2 Pataset’”’North Sea’” model for the large-scale simulations

For-the-detection-and-ranking-of extreme-storm-tides;-a-All water level simulations for the North Sea were performed with the
hydrodynamic model TRIM-NP. The model TRIM-NP (Nested and Parallized, Kapitza and Eppel (2000), Pitsch et al. (2017
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is based on the model TRIM (Tidal Residual Intertidal Mudfiat) developed by Casulli and Cattani (1994)) and was used in 2D
mode. The model domain covers the North Sea and adjacent parts of the Northeast Atlantic (Figure 1) to allow the generation
of realistic external surges. The model solves the Reynolds-averaged Navier Stokes equations on a regular Arakawa-C grid
with Cartesian coordinates and is used in the present study with a resolution of 12.8 km x 12.8 km without further nesting. The
model time step was 4 minutes and the output was stored every 20 minutes. Drying and wetting of near-shore points is enabled.
The water level simulations were driven by the 10 m height wind and mean sea level pressure fields from the atmospheric
data mentioned above and by astronomical tides from the FES atlas (Lyard et al. (2006)) at the lateral open boundaries. The
wind influence is parameterized using an approach from Smith and Banke (Smith and Banke (1975)). While this approach is
based on wind speed measurements between 3 and 21 ms™* which are exceeded during storm surges, previous studies have
shown that this approach is suitable for the North Sea and applicable for storm surges (Jensen et al. (2006)). The model has
been validated against tide gauge observations at the German coasts. For a detailed description of the original water level
simulations and model performance see Gaslikova et al. (2013) and Weisse et al. (2014).

2.3 ”’German Bight’ model for the fine-grid simulations

For the high-resolution modelling of the German Bight and the attached estuaries of the rivers Ems, Weser and Elbe (Figure 1)
the hydrodynamic numerical model UnTRIM? (Casulli (2008)) is used.

UnTRIM? is a 3D finite difference / finite volume numerical model. It solves the shallow water equations and the transport
equation of salt on an unstructured orthogonal grid (Casulli and Walters (2000)). The use of the subgrid technology described
by Casulli (2008) allows discretizing the model bathymetry with a much finer resolution than the computational grid. In areas
like the German Wadden Sea with its large tidal flats, this allows describing dry and wet areas in greater detail as well as
better representation of the water volume. Thus, the bathymetry can be captured in detail while the computations can still
be performed on a relatively coarse grid. As a result, large time steps can be used and the computational costs are kept low.
The algorithm also_guarantees conservation of mass and water depths greater than zero regardless of time step size and is
unconditionally stable.

The German Bight model is forced by wind, river runoff, salinity and water level. For these simulations, the same wind
fields as in step 2 are used. In UnTRIM?, the wind parameterization is similar to that in TRIM-NP. River runoff is applied at
the upstream end of the estuaries. For the Ems, a constant runoff of 80 m’s ”" (average for 1942:1915 DGJb (2018)) is applied.
Water level and salinity are applied at the open boundary towards the North Sea (Figure 1). Water levels were derived from
the North Sea simulations with TRIM-NP (see step 2). A constant salinity of 33 psu is used which is a common value for that
region of the North Sea (BSH (2016)).

The storm surge barrier (Figure 1) is included in the subgrid topography of the model and can be operated at run time.
Based on the balance between coastal protection and nature conservation, the barrier should protect the estuary against storm
tides higher than NHN + 3.70 m. The barrier is closed when water levels at the barrier are exceeding NHN + 3.50m and it is
reopened when water levels upstream and downstream of the barrier are equal. In order to ensure the protective function of the
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storm surge barrier in case of a sea level rise of 100 cm, the height of the gates is increased from 7 m (2 gates) respectively 8 m
5 gates) in nature (NLWKND (2007)) to 9 m in the model.

2.4 Data set

A set of numerical simulations has—beer—tsed-for which atmospheric as well as marine data exist-and-for-which-the-water

levels—were-are available is required for the detection and ranking of extreme storm tides and subsequent modifications.
Furthermore, a desired homogeneity and comparability of resulting water level fields suggests that the local water level data
should be simulated with the same hydrodynamic model —Fhis-setinctudesfor the North Sea. However, the global and regional
atmospheric conditions may and should vary in their origins to ensure diversity of possible storm and storm tide events. Thus,
the set of underlying atmospheric conditions comprises a multi-decadal hindcast (Weisse-et-al+(2044)-Weisse-et-al(2015))
Geyer (2014)) for the period 1948-2016 based on downscaled NCEP-NCAR global reanalysesreanalysis (Kalnay et al. (1996))

and six multi-deeadal-downscaled climate change realizationsup-te-2+00-with-respeetive-control-simulations—The-atmospherie
simulations-inchudefourrealizations-of-the-. In details, the global climate realizations include four CMIP3 emisston-seenarios

members for the SRES AIB and Bl and-iwe-rea ons—of-the- CMIP5-emissionseenario-RCPS-5—(for_emission-scenatios
see-scenarios (e.g. Nakicenovic and Swart (2000), Houghton et al. (2001)and-Stecker-et-al(2613);for-) covering the period
2001-2100 and corresponding present-day conditions for 1960-2000. Other realizations include two CMIPS simutations-see

for the periods 2006-2100 or 2071-2100 and corresponding present-day conditions for 1971-2005 or 1971-2000. The climate
simulations were obtained with different global models (ECHAMS5-MPIOM (e.g. Rockner et al. (2003), Marsland et al. (2003)),

EC-EARTH as part of EURO-CORDEX (e.g. Hazeleger and Coauthors (2010)) ;--and CMCC (Scoccimarro et al. (2011)) )
starting-at-using different initial conditions. The global atmospheric simutationsrealizations from these simulations as well as
the hindcast were downscaled with different regional circulation models (different versions of CCLM (e.g. Rockel et al. (2008),
Hollweg et al. (2008))), RCA4 (e.g. Samuelsson et al. (2011)) }-before-they-providing regional atmospheric climate realizations
hydrodynamic model TRIM-NP (Kapitza-and-Eppel(2000); Pitsch-et-al(2047))-to-caleutate-“North Sea” model) and to obtain
water levels in the North Sea and the Northeast Atlantic (e.g. Gaslikova et al. (2013), Weisse et al. (2014), Weisse et al. (2015)).
entire data and model flow see also Figure 2.

The climate realizations do not include any rise in mean sea level. Water level changes are due to changes in the atmospheric
forcing only. Furthermore, possible changes in bathymetry within the course of the time are neglected in the hindcast as well

as in the climate realizations.

2.5 Selection of events and enhaneement-amplification experiments

Different classifications of storm tides exist using e.g. water levels above a reference height or the probability of water levels.
Here, the classification of the Bundesamt fiir Seeschifffahrt und Hydrographie (Federal Maritime and Hydrographic Agenc
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Navarra et al. (2003)) is used: A storm tide is an event with water levels exceeding mean tidal high water at least b

1.5 m, a severe and a very severe storm tide denote events exceeding MHW by 2.5 m and 3.5 m, respectively.
The analysis of extreme storm tides is mainly focused on the East-Frisian coast in particular on Borkum and the Ems estuary.

see Miiller-

However, the impact of storms in the North Sea varies along the coasts depending on the wind direction and the resulting wind
set up. Therefore, from the data set, time series of heurly—water levels were extracted for a location seaward of the island
of Borkum (in the following mentioned-labeled as "Borkum™) and two other locations in the German Bight (Figure 1): one
location in the outer Elbe estuary (mentiored-labeled as "Elbe Mouth”) and one location seaward of the North-Frisian island
of Amrum (mentioned-labeled as ”Amrum”).

Figure 2 describes the workflow for the simulation of the original water levels included in the data set and for the construction
of the amplified water levels. A potential amplification due to tidal variations is tested for selected events at Borkum, whereas
Elbe Mouth and Amrum are used to compare the effects at Borkum with those at other coasts of the German Bight. A-The

methodology used to investigate the potential amplification of the selected events-inthe Nerth-Sea-as-well-asnearerto-theeoast

he-German-Bight-and-the Ems-estaary-is-investigated-in-the-foHowing-by-storm tide events comprises four steps.

In step 1, extreme storm events are selected from the corresponding time series using three criteria:

- height of water levels,

- duration of water levels eountinnously-exeeeding-continuously exceeding NHN+1.15 m (MHW at Borkum, DGJa (2014))
and-

- chainef-events-series of storm tides with high water levels exceeding MHW + 1.5 m within one week —

Water levels are considered with respect to NHN. The seleeted-storm tide events for Borkum are ranked with respect to their

water levels and their durations. For the further analysis of a possible amplification, the highestevent-the-longestevent-and
the-event with the highest high water was defined as "EH". The event with the maximum duration was defined as "EL". The

39 ) (X

strongest event chain from the selected events werechosen—In-thefoellowingthese-events-are-mentioned-as“EH".—EE"-and

“EC”respeetively-was defined as "EC", where "strongest" describes the combination of the maximum number of storm tides

within a week and the maximum intensity. The intensity is given by the area between the water level curve and a threshold.
In step 2, possible amplification of the selected extreme events due to different combinations between wind field and astro-

nomical tide was tested. Maximum water levels may be increased by variations of relative propagation and arrival time of tidal
high water and atmospheric storm. They may also become higher if the specific storm occurs around spring tides rather than
around neap tides.

Thus, ensembles of large-scale North Sea water level simulations for each selected event were generated. For ensemble one,
the astronomical tide given at the open model boundaries was shifted hourly within +/-6 h around the wind speed maximum near
Borkum. For ensemble two, the highest astronomical spring tide found in the respeetive-climaterealization-tidal simulations
for the period 1948-2100 was used instead of the original tide and the astronomical tides were shifted again hourly. For each
member of ensemble one and two, water level time series were extracted for the three locations;-in-these-ecases-with-a-time
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resolution-of 20-minutes. The time series for Borkum-were-analysed-with-respeette-were analysed and members were selected
focusing on the strongest amplification —Furthermore;the-effects-of the-amplification-proceduresfe -were

for Borkum affected the water levels at Elbe Mouth and Amrum.

Respective data from the ensemble members with the highest amplified water levels near Borkum (in the following identified
by ”_a”) for each event were used for further fine-grid simulations of the German Bight and the Ems estuary in steps 3 and 4.

In step 3, high resolution water level simulations for the German Bight and the attached estuaries for the ensemble member
with the highest amplified water levels near Borkum for the selected events derived from step 2 were performed.

In step 4, the events from step 3 were further amplified by applying an increased river runoff to examine the impact of runoff
variations and a sea level rise to place the results in the context of future climate change. For these amplification simulations
the highest observed river runoff for the Ems of 1200 m3s~—! (1946, DGJb (2018)) was assumed. This extreme river runoff was
measured in February 1946, i.e. in a season where storm tides are probable. Furthermore, simulations with two sea level rise
scenarios of 50 cm and of 100 cm were investigated. These values cover the likely range of median values for the global sea
level rise as well as the bandwidth of the local sea level rise for the North Sea until 2100 as reported by Stocker et al. (2013).
The sea level rise was applied at the open boundary of the German Bight model to-the-Nerth-Sea-by shifting the boundary
values for water level by the selected amount of sea level rise.

In order to investigate the impact of the storm surge barrier in the Ems on water levels, the storm tides are-were simulated

with open and with operated barrier in steps 3 and 4.
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3 Results

3.1 Extreme storm tides at the coasts of the German Bight

3.1.1 Selected extreme storm tides for Borkum
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Following the procedure described in the previous chapter, events were selected for Borkum and ranked with respect to their
water levels and their durations. In Figure 3, time series for the five highest storm tides extracted from the data set are compared
with the highest observed storm tides for Borkum showing that the data set includes storm tides higher than observed during
the past 110 years. The events observed in 2006 and 2013 denote the second and third highest storm tides (DGJa (2014)) ;
measured at the tide gauge since the beginning of the 20th century. The highest observed storm tide with 4.06 m occurred in
1906 (NLWKNa (2010)). The five eriginal-simulated events are about 40 to 65 cm higher than the event observed in 1906.

The highest event (EH, Figure 4 top and red curve in Figure 3) with a maximum high water of 4.73 m describes a very severe
storm tide and was found in one of the B1 climate realizations (February 2030, for detailed description of the realizations see
Gaslikova et al. (2013)). This event has also a comparably long lasting time period with water levels higher than the long-term
MHW of 1.15 m (DGJa (2014)).

The chosen chain of storm tides (EC, Figure 4 bottom) was found in one of the A1B climate realizations (November 2030).
The longest event (EL) with water levels exceeding MHW for 45 h is included as first event in the chain of storms. Furthermore,
the highest high water of 4.66 m in EL just reaches the water level for a very severe storm tide and presents the second highest
event extracted from the data set (orange curve in Figure 3). EL/EC includes in total seven storm high waters within less than
eight days.

The effective wind is used here as a relevant representative of the local wind activity. It is the projection of the horizontal
wind vector on that direction which is most effective in producing surges at the coast (see e.g. Ganske et al. (2018)). During
EH and EL/EC the single events follow the effective wind variations shown exemplarily for Borkum (dashed black curves in
Figure 4). According to the classification of general weather situations causing severe storm surges along the German coasts
(e.g. Kruhl (1978)) the storm tracks causing events EH and EL (not shown here) belong to the ”North-West Type” (for areas of
tracks of the different categories see Figure 3 in Gerber et al. (2016)) .

3.1.2 Amplification analysis for selected extreme storm tides for Borkum

In the original event EH, the maximum high water coincides with the maximum of the effective wind and the maximum surge
occurs about four hours before the astronomical high water. Figure 5 displays the original event EH and the ensemble member
with the highest high water obtained from the experiments with shifting wind and astronomical tide hourly against each other.
In this case, a 5h shifting leads to the highest water levels. The event EH consists of two high waters (peak 1 and peak 2)
classified as at least severe storm tides. After the amplification the hi -higher peak 2 becomes smaller whereas the lower
peak 1 originally reaching 3.93 m now comes up to 4.88 m. Due to the diurnal inequalitythe-astronomical-tide-underlyingpeak

.peak 1 of the corresponding astronomical tide is about 20 cm higher than that-underlying-peak2-and-due-peak 2. Due to the
5h shiftingit-, peak 1 of the tide coincides with stronger wind velocities, whereas the-astronomical-tide-of-peak 2 coincides

with weaker wind velocites. Thus, by only shifting the astronomical tide against the wind field, an amplification of the highest
maximum high water in the event EH of 15 cm (from original 4.73 m to 4.88 m) is obtained.
Figure 6 shows the ensemble member with the highest high water from the simulation experiments with replacement of the

original astronomical tide by the largest spring tide together with hourly shifting between astronomical tide and wind field. The
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high water of the replaced astronomical spring tide is about 40 cm higher than the astronomical high water of peak 2 in event
EH. This amplification procedure results in a high water of 5.23 m presenting an amplification of 50 cm.

For the original event EH, the time period with water levels greater than MHW is about 33 h corresponding to approximately
three tidal cycles. Due to the amplification procedures this time period varies up to +/- 1h exeept-with the exception of two
ensemble members, for which it is prolonged up to about four tidal cycles. For these two members, which show no amplification
concerning the highest high water, the low water before peak 1 and the low water after peak 2 do not fall below MHW. For all
other members, either the low water before peak 1 or the low water after peak 2 falls below MHW.

In case of the eventchain(EC)-including-the-tongestevent(EL-longest event EL (included in EC Figure 4), both amplifica-
tion procedures - shifting of the astronomical tide against the wind and replacement of the original astronomical tide with the
highest spring tide together with shifting - resultsresult in an increase of the highest high water by only a few centimeters. In
the original event EL the highest high water already coincides with an astronomical spring tide enty-few-eentimeters-about 7 cm
lower than the highest one. Thus, both applied procedures lead to relative changes of the three highest water level peaks, how-
ever not to a substantial absolute increase of the highest-maximum water level during EL. Furthermore, the length of EL shows
nearly no changes. Possible amplification was tested-for-El:—for-the-twofolowing-smaler-eventsinEC-there-are-ensemble
of some single high waters up to 20 to 30 cm —together with a decrease of other high waters for some ensemble members.
Thus, there was no_general amplification regarding the intensity (see chapter 2.5) of the event chain EI/EC. Therefore, the

amplification procedures for EL/EC were discarded.
For the subsequent fine-grid simulations and further analysis of effects in the Ems estuary, the eriginat-water levels of the

original event EL/EC waterlevels-are-usedare used, whereas for event EH the amplified water levels due to the spring tide

replacement together with tide shifting are used, in the following mentioned as EH_a (Figure 6, red curve).
3.1.3 Comparison of amplified extreme storm tides at different coastal strips

EH and EL/EC (Figure 4) are analyzed for Borkum for possible amplification. Although these highest events are selected and
ranked for Borkum, they cause severe storms at the other coasts of the German Bight represented here by Elbe Mouth and
Amrum. In particular, EH and EL/EC give the second and third highest events at Elbe Mouth and the third and fourth highest
events at Amrum in the data set. From Figure 4 it can be seen that the specific ranking of the single high waters during each
event differs between the locations, but the duration of the events is comparable. The high water occurs about 1.3h and 2h
later at Elbe Mouth and Amrum, respectively, compared to Borkum.

The effects of the amplification procedures adjusted for Borkum are exemplarily compared to those at Elbe Mouth and
Amrum for event EH (Figure 6). In general, the water level changes caused by the amplification procedures for Borkum are
similar at the other two locations. In case of the 5 h shift of the astronomical tide, peak 1 increases for Elbe Mouth and Amrum
as well. In case of the replacement of the original astronomical tide with the spring tide and hourly shifting, peak 1 shows no or

only small changes whereas peak 2 increases. Nevertheless, for lecationElbe- Mouth-in-the-outer Elbe-estuary-and-for-Amrom
at-the North-Fristan-eoast-the-the locations Elbe Mouth and Amrum the relative impact of the two procedures differs from that
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for Borkum. At Elbe Mouth both procedures cause similar maximum high waters of 5.35m (+ 49 cm) and 5.23 m (+ 37 cm),
respectively, during the event, whereas at Amrum the 5 h shifting results in the highest high water of 5.25 m (+ 56 cm) as there
the original peak 1 is higher than peak 2.

The particular amplification mechanisms were adjusted to maximize water levels at Borkum. Thus, other time lags might
lead to higher water levels at Elbe Mouth and Amrum. This is demonstrated by the olive curves in Figure 6 which show the
highest amplified water levels for these two locations for differing-different ensemble members. For Amrum, the blue and olive
curves reach the same highest high waters, but for the olive curve the amplification is based on peak 2. For Elbe Mouth the olive
curve provides an amplification of 72 cm. The olive curves beth-for-of both Elbe Mouth and Amrum eriginate-for-correspond
to the same ensemble memberwhich-incorporates-replacement-by-the-spring tide-together-with-tideshifting, which incorporates

As-for Borkumalse-Similar to Borkum, Elbe Mouth and Amrum show some changes in the time-period-with-waterlevels
exeeeding-duration of water levels above MHW. For Elbe Mouth, this time period is reduced by about one tidal cycle for a
few members mainly with replaced spring tide. For Amrum, this time period is prolonged up to about one tidal cycle for a few

ensemble members.
3.2 Extreme storm tides in the Ems Estuary
3.2.1 Impact of Q and SLR on water levels at Emden

Based on the fine-grid simulations of the German Bight, the impact of additional amplifications on the selected extreme events
EH_a and EL/LC is investigated for the Ems estuary. Here, additional amplification refers to a sea level rise (SLR) and to an
increase in river runoff (Q) of the Ems.

Time series of the water levels at Emden in the Ems estuary are shown in Figure 7 for event EH_a and in Figure 8 for event
EL/EC with operated storm surge barrier for a simulation without additional amplification and for simulations with increased Q
and applied SLR. EH_a reaches peak water levels of 6.61 m at Emden without additional amplification which is 5.13 m higher
than the long-term mean tidal high water level MHW of 1.48 m (DGJb (2018)) and leads to the classification of EH_a as a very
severe storm surge-tide which is in agreement with its classification at Borkum. EL/EC reaches peak water levels of 5.96 m at
Emden which also classifies the event as a very severe storm surgetide. Both events reach water levels that exceed the highest
observed water level of 5.17 m at Emden (1906, DGJb (2018)).

Changing the river runoff from 80 m3s~! to 1200 m3s~! increases the tidal high and low waters at Emden only by a few
centimeters (see Figures 7 and 8, red and dashed grey lines). This effect is even weaker for the storm tides (see events with
open storm surge barrier in Table 1). In the wide and deep estuarine part near Emden the tidal volume strongly exceeds the river
runoff so that the impact of river runoff on water levels is small. As the tidal volume is increased during the storm surgetide,
the impact of river runoff is even smaller during this period.

At Emden, applying a SLR to the events leads to an increase in tidal high water, tidal low water and the highest water level

during storm tide in the range of the applied SLR (Figures 7 and 8 and Table 1). This behaviour can be seen in both EH_a and
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EL/EC. The observed influence of river runoff and sea level rise agrees with the behaviour analyzed in a sensitivity study by
Rudolph (2014).

Increasing the river runoff results at Emden in nearly no change in the occurence time of the highest water during storm
surge-tide (see events with open storm surge barrier in Table 1). The increased water depth caused by a sea level rise increases
the propagation velocity of the tidal wave entering the Ems estuary which causes the tidal high water to occur earlier by 10 to
20 minutes at Emden (Table 1) for the events investigated.

For the event EH_a the time period with water levels greater than MHW is about 33 h similar to the time period at Borkum.
Due to an increase in runoff to 1200 m®s~! or to a sea level rise of 0.5 m this time period shows only small changes less than an
hour. But for a sea level rise of 1 m this time period is prolonged by one tidal cycle up to about 45 h (Figure 7). For event EL the
time period with water levels continuously greater-higher than MHW is about 2 tidal cycles. This differs from the conditions at
Borkum where four consecutive tidal cycles are continously above MHW. In the Ems estuary the tidal range is greater than at
Borkum with lower low waters and higher high waters. Thus, the time periods around the two low waters following the highest
high water are below MHW for about 2 to 3 hours. In case of a sea level rise of 1 m the event EL is prolonged by two tidal

cycles as the mentioned two low waters become higher than MHW (Figure 8).
3.2.2 TImpact of Q and SLR on the highest water levels along the Ems estuary

To investigate the influence of Q and SLR along the Ems estuary, the highest water levels HW-during EH_a and EL at each
location along the longitudinal profile are analyzed for simulations with an open storm surge barrier. Closing the barrier
separates the estuary into two parts and alters the effects of Q and SLR.

Figure 9 shows the impact of an increase of Q from 80 m®s™! to 1200 m3s~! on HW-highest water levels for both EH_a
(black lines) and EL/EC (red lines). For both events, the increased river runoff risesraises the highest water levels by several
decimeters in the narrow and shallow upper part of the Ems estuary upstream of the Dollart(bight-in-the Ems-estaary-south
of Emden;—Figure—). The influence of Q on the highest water levels decreases towards Dukegat where the Ems becomes
deeper and wider and disappears towards the mouth of the estuary. As mentioned before, Emden is located in an area of the
Ems estuary where the influence of the river runoff on the highest water levels is in the range of some centimeters (see also
Figures 7 and 8§ and Table 1).

Upstream of Papenburg the influence of the bathymetry on the highest water levels during storm surge can be observed
clearly marked by a sudden decrease in HW-highest water levels in case of low discharge. In the area of Papenburg the estuary
is very narrow, the dike line is close to the estuary, whereas the upper part of the estuary is characterized by wide foreshore areas
that are flooded only during events of high discharge or storm surgestides. In addition, the depth of the estuary is-deereasing
decreases significantly upstream of Papenburg, as seagoing ships are not using this part of the Ems estuary.

The described bottleneck close to Papenburg prevents the water during storm surge-tide to enter the upstream area undis-
turbed, which results in lower water levels in this area. For events with high river runoff the wide foreshore areas upstream of
Papenburg are already flooded before the storm surge-tide depending on the amount runoff and the height of the tide before the

storm tide.
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Inereasing-the SERfrom-0-to-+Applying a SLR of 50 m-cm or 100 cm while the river runoff remains unchanged at 80 m3s~!
leads to a longitudinally varying increase of the highest water levels along the whole estuary for both EH_a and EL/EC
(Figure 10 top). The difference in maximum water levels between a simulation with SLR and a simulation without SLR
(Figure 10 bottom) shows for both EH_a and EL/EC that the maximum water levels downstream of Leerort are increased by
the amount of the applied SLR with small deviations in the range of a few centimeters. The impact of the SLR on maximum
water levels decreases between Leerort and Papenburg. The rate of decrease depends on the magnitude of the applied SLR. For
a SLR of 0.5m and 1 m maximum water levels drop by about 20 %. Upstream of Papenburg, the impact of the SLR changes
depending on the event (Figure 10).

During storm tides not only guestions concerning coastal protection are important, but the draining of the protected areas
during storm tides must be ensured, too. In the lowlands close to the mouth of the Ems draining of urban (e.g. Emden) and
agricultural areas (e.g. Knock) is of major interest. The aim of the sewer at Knock is to drain the low lying hinterland (with
a ground level of about NHN + 0 m) and keep the inland water level at Knock lower than NHN - 1.40 m (KLEVER (2018)).
At Knock the mean low water MLW is NHN - 1.58 m so that draining without pumping is only possible for a short time even

during mean tides. Caused by long lasting high water levels during storm tides draining is

even more restricted.
For the chain of storm tides EC (see-Figure 8) even without amplification pumping is needed nearly during the whole period
of 176 hours (see-Table 2). The water must be pumped against a water level in the Ems higher than MHW for about 90 hours.

This period will increase by about 40 hours in case of a sea level rise of 100 cm.
3.2.3 Influence of the storm surge barrier in the Ems estuary

For the investigation of the impact of SLR and runoff along the Ems estuary as shown above, the storm surge barrier in the
Ems is considered to be open. When operated, the storm surge barrier in the Ems has a significant influence on highest water
levels both upstream and downstream (Figure 11). The barrier is closed at a defined water level of NHN + 3,50 m and reopened
when the water levels on both sides of the barrier are equal.

In the protected area upstream of the barrier the water levels are no longer influenced by the storm surge-tide coming from
the North Sea. Only the amount of river runoff that flows into the protected area in the period the barrier is closed contributes
to the highest water level.

Downstream of the barrier, highest water levels increase compared to a simulation with an open barrier (black curves in
Figures 9 and 11, see also time series at Emden in Figures 7 and 8, red and dashed black curves). This is due to two main
reasons: Firstly, the sudden stopping of the impulse of the tidal wave at closure leads to a positive surge downstream of the
barrier and a negative surge upstream of the barrier. The positive surge induces a self-oscillation in the Dollart basin in which
the period of oscillation is depending on the geometry and the actual water depth of the Dollart basin. The created surge will
be weaker when current velocities are lower and can be avoided when closing the barrier at slack water time.

This effect can be observed e.g. in Figure 7 looking at the water level of the event EH_a (red line) and in the insert of Figure 7
showing the difference between the water levels for operated and open storm surge barrier. The storm surge barrier is closed at
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a defined water level (NHN + 3,50 m) and not at a defined time in the tidal phase. For the first storm tide the storm surge barrier
is closed during flood current. The induced surge and the subsequent oscillation causes an unsteady rise of the water level. For
the second storm tide the water level of 3,50 m is reached during slack water time. As the storm surge barrier is closed during
a period of nearly no current velocity, no surge is induced and a steady rise of the water level is observed. This behaviour was
investigated in detail in BAW (2007).

The second process increasing the highest water levels is the shortening of the estuary that takes place when the barrier is
closed. This reduces the stretch where dissipation of the tidal wave can occur and leads to the reflection of a more energetic
wave and thus-inereaseresults in an increase of the highest water levels. This behaviour has been investigated in other studies
and is also described in BAW (2007). The amount of the increase in highest water levels has been studied in e.g. Rego et al.
(2011).

Summarizing, a closed storm surge barrier will always lead to increased highest water levels downstream of the barrier but
the magnitude of the increase depends on the current velocity conditions present at closure. In case of the analysed events, at
Emden this increase ranges between 19 and 25 cm (Table 1). In general, the highest water levels are reached close to the storm
surge barrier, they decrease towards the river mouth. Closing the barrier keeps the storm tide out of the area upstream. Only
the river runoff fills the protected area during the period when the barrier is closed. Consequently, closing the barrier during a
storm tide leads to significantly lower highest water levels upstream of the barrier (Figure 11).

Applying a SLR and an increased Q to events with operated storm surge barrier leads to increased highest water levels
downstream of the barrier due to the SLR and increased highest water levels upstream of the barrier due to the runoff coming
from upstream (see-Figure 11). This holds true for all events and respective simulations. Figure 11 demonstrates how the water
level upstream depends on the length of period with closed barrier. For a SLR of 1 m and a runoff of 1200 m3s~!, the water
levels during event EH_a are considerably higher than those for event EL although for the reference cases (no SLR, mean
runoff) the water levels are similar. For event EH_a the barrier has to be closed for the first storm tide (see-Figure 7) and
could only be reopened after the second storm tide due to the considerably elevated water levels around low tide. This leads
to a continuous closure period of 17 h. For event EL the water levels allow to close and open the barrier for each storm tide
separately (see-Figure 8) leading to a closure period of 7h 5 min. Combining these different closure periods with the extreme
runoff results in lower water levels for EL than for EH_a upstream of the barrier. In case of mean runoff and no sea level rise
the length of the closure period is not influencing the highest water level during the storm tide upstream of the barrier. It shows
that the protected area upstream of the barrier is big enough to store even the extreme discharge of 1200 m3s~?! for all closure
periods investigated. For all events and amplifications the highest water levels upstream of the operated barrier remain lower
than those reached in case of the open barrier (see-Figure 10 and Figure 11).

The highest water levels at Emden for the simulations without further amplification and an operated storm surge barrier are
6.61 m for EH_a and 5.96 m for EL/EC (Table 1). Applying amplified conditions (Q=1200m3s~! and SLR=1 m) leads to an
increase of highest water levels to 7.65 m for EH_a and 7.01 m for EL/EC (Figures 7 and 8). The highest measured water level
at Emden is 5.17 m (DGJb (2018)). Thus, the extreme events EH_a and EL/EC identified and elaborated in this study exceed

this water level even without the application of further amplification threugh-by river runoff and sea level rise.
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4 Summary and discussion

This study aims to find extreme storm tides in the North Sea and Ems estuary that are physically possible but have not been
observed yet. Numerical simulation data for the North Sea from both hindcast and climate realizations have been searched

to detect extreme storm tides, i.e. storms causing either very high water levels (event EH) or water levels exceeding mean

tidal high water for a longer time-duration (event EL) or where multiple storm tides occur within one week (event EC). Beth
extreme-events(EC-contains EL)-selected-aceording-to-these-eriteria-These events originate from the elimate-realizations-and
therefrom-thefirst half of the emission scenario period ;¢ iffi alizations is ines 5

s-of two different climate

realizations. Gaslikova et al. (2013) showed that the annual maximum water levels of these climate realizations displayed
strong multi-decadal variability but no significant long-term trends from 1961 to 2100. Thus, the found highest water levels
exceeding the water levels measured since the beginning of the 20th century at Borkum (Figure 3) could be possible already
under present-day conditions as no sea level rise is included in the original climate realizations.

Using numerical simulations for the North Sea, the selected events were amplified by shifting the astronomical tide against
the wind field for optimization of their interaction and by inserting the highest spring tide from the data set. By these ampli-
fication procedures based only on the co-timing of the atmospheric storm and the tidal phase, the water level at Borkum is
increased by about 50 cm and a maximum water level of 5.23 m is reached for the event EH_a, thus, exceeding the highest
measured event in 1906 by more than 1 m (see dashed red line in Figure 3). Moreover, the enhancement mechanisms proposed
in this study except sea level rise are realistic under the present day conditions and thus a storm tide like the amplified EH_a
event could occur nowadays.

Using a high-resolution model for the German Bight and the Ems estuary, the extreme events EH_a and EL/EC were further
studied in the context of an extreme river runoff of 1200 m®s~! and increased mean sea level by 0.5 m and 1 m. The river runoff
has the largest impact on highest water levels upstream of Herbrum in the narrow part of the Ems where it leads to an increase
of about 1 m. The impact decreases downstream as the Ems becomes wider and deeper and disappears completely downstream
of Dukegat. The amplified conditions in-the Neorth-Sea-due to sea level rise increase the water levels in the estuary from the
mouth up to the area of Papenburg by approximately the applied amount of sea level rise. Upstream of Papenburg, the river
runoff dominates and the influence of sea level rise on highest water levels decreases. Both the sea level rise and the increase
in river runoff lead to an increase in water levels and to a longer duration of higher water levels along the Ems estuary. In
addition, a sea level rise results in an earlier occurrence of the highest water level during storm surge in the central part of the
estuary in the order of 10 to 20 minutes (Table 1).

Against the background of climate change -and the need to develop future coastal protection strategiesand-usage-of-the
hinterlands-, it is not only important to know the possible height of an extreme event but also its duration. Moreover, the event
EC shows that several high storm tides within a week could be possible. The low-lying land protected by dykes-dikes in this

area is drained both using the gradient in the water level towards the Ems and with pumps. A prolongation of the duration of
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higher water levels in the Ems will hinder the natural drainage. The infrastructure in terms of more powerful pumps must be
improved because the water has to be pumped for a longer period against higher water levels in the Ems estuary.
In the Ems estuary at Emden, the highest water level for the event EH_a is 6.61 m with operated storm surge barrier and

without further enhaneementamplification. In case of a runoff of 1200 m?

s~! and a sea level rise of 1 m it reaches 7.65 m. These
water levels exceed the highest water level observed in the event in 1906 by about 1.4 m and 2.4 m, respectively. Nevertheless,
the simulated highest water levels as-tisted—in—(Table 1) do not reach today’s dyke-dike height at Emden of NHN + 7,60 m
except for two cases which include a future sea level rise of 1 m. The upper part of the Ems estuary is protected by the storm
surge barrier even against extreme events with amplified discharge or sea level rise.

The obtained amplified water levels for event EH_a of 5.23 m at Borkum and of 6.61 m at Emden are in a similar order of
magnitude as the maximum water levels of 4.99 m and 6.09 m, respectively, reported by Jensen et al. (2006) (see there-therein
Table 10 for an ensemble member of 1976) as an estimate of an extreme event with low probability of occurrence. There, the
investigation was focused on the Elbe estuary. Possibly, other ensemble members than reported might result in higher water
levels for Borkum and Emden. Still the comparability of extreme water levels estimated by different procedures and based on
different original data sets supports the plausibility of the results. Moreover, there is a potential for further enhaneed-amplified
realistic storm tide events to emerge when both methods, namely varations in atmospheric conditions as done by Jensen et al.
(2006) and interplay with different tidal phases as done in the present study, are combined.

Depending on track, intensity and velocity, each storm affects the German coastal stripes differently. For the East-Frisian
coast storm winds from northern directions lead to higher storm tides whereas for the North-Frisian coast storm winds from
western directions have more impact. Thus, the ranking of extreme storm tide events elaborated in this study differs in detail
for the different coastal stripes of the German Bight. As this work focuses on the East-Frisian coast with the Ems estuary, the
amplification procedures were adjusted specifically for Borkum. However, the methods for the identification and amplification
of storm tides used here eould-can be transferred to other coasts and estuaries.

So far, a fixed bathymetry was assumed for all simulations. However, the heterogeneous bathymetry of the German Bight, in
particar-particular the Wadden Sea and the estuaries, has been subject to changes due to natural processes and anthropogenic
influences which will proceed in the future. Consideration of changing bathymetry would give an insight on the effect of
morphodynamic states on extreme storm tides.

In the present study the effects of a coincidence of a severe storm tide and extreme runoff were assessed to give an upper limit
of water levels. So far, an independent probability of occurrence of extremes was assumed. Consideration of joint probabilities
or consideration of them as a compound event might narrow down the range of possible water level extremes.

Events like event EC with a series of storm tides within a week might require special arrangementss-arrangements for the
management of the-impaetof-the-storm-tidetheir impact. Not only the drainage of the hinterland must be sufficient, but also
manpower to watch and operate coastal protection measures must be avaiable in adequate numbers. The drainage situation
may become worse in case of the coincidence of a storm event with heavy rain. The results of this study may contribute to the
development of a flexible adaptation route to the impacts of climate change in coastal areas considering the interests of e.g.

coastal protection, draining of the hinterlandand-, navigation in the waterway Ems or nature protection.
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Figure 1. Model domains for the North Sea and German Bight models with distributions of water depths and zooms into the German Bight

and the Ems estuary, respectively. The black line in the zoom for the Ems estuary denotes the longitudinal profile for which the highest high
waters were extracted.
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Figure 2. Scheme of the chain of models and simulations for the selected events and their amplification.
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Figure 3. Time series of heurly—water levels over 36 h for Borkum. The two black curves display observations (Data source: "German
Federal Waterways and Shipping Administration (WSV)", communicated by the German Federal Institute of Hydrology (BfG)) and the
coloured curves represent the five highest simulated storm tides (nearest seaward grid point to Borkum) from the data set. The red and the
orange curves denote the two highest events (EH and EL) used for amplification tests, the dashed red curve displays the amplified event

EH_a (see chapter 3.1.2).
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Figure 4. Time series of simulated hourly-water levels for three locations along the German Bight coast together with effective wind velocities
for Borkum (dashed black) for the "highest” event (EH, top) and the “event chain” (EC, bottom) over 14 days. The first event in the event

chain represents the ’longest” event (EL).
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Figure 5. Highest event (EH): Time series of the original (solid black line) and amplified water levels (solid blue line) for Borkum together

with tide-only time series (dashed black and blue lines), the amplification is due to 5-hourly shifting of the tide. The dashed green curve
presents the effective wind (scaled from -10 to 30 ms’l)V.
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Figure 6. Highest event (EH): Time series of the original (black lines) and amplified water levels due to 5-hourly shifting of the tide (blue
lines) and due to replacement of the original tide by the highest spring tide together with shifting of the tide (red lines) for three locations

along the German Bight coast. The olive curves show water levels with the strongest amplification for Elbe Mouth and Amrum.
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Figure 7. Highest event (EH_a): Time series of the amplified water levels for the location Emden in the Ems estuary. The two solid and two

dashed curves display the water levels for Q equal 80m®s~* and 1200m>®s™* and a SLR of Om and 1 m, respectively, and operated storm
surge barrier. As the impact of

on the water levels at Emden is small, the dashed red and green curves nearly match the solid red and green

curves. The dashed black curve shows water levels for an open storm surge barrier (0SSB), for Q=80 m>s~! and no SLR. The insert shows

the differences between the water levels for operated (red curve) and open storm surge barrier (dashed black curve) over 24 h.
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Figure 8. Longest event/event chain (EL/EC): Times series of the amplified water levels as in Figure 7.
MHW.

The dotted horizontal line represents
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Figure 9. Highest water tevel-levels along a longitudinal profile in the Ems estuary during EH_a (black lines) and EL/EC (red lines) for

Q=80m?>s™! (solid lines) and Q=1200m>s~! (dashed lines) for an open storm surge barrier without SLR.
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Figure 10. top: Highest water level-levels along a longitudinal profile in the Ems estuary during EH_a (black lines) and EL (red lines) for
SLR=0 cm (solid lines), SLR=50 cm (dotted lines) and SLR=100 cm (dashed lines) for an open storm surge barrier and Q=80 m>s~*. bottom:
Differences in the highest water levels between simulations with and without SLR along the Ems estuary during EH_a (black lines) and EL

(red lines) for Q=80m3s~* (dashed lines for SLR=100 cm, solid lines for SLR=50 cm). The storm surge barrier is open.
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Figure 11. Highest water fevel-levels along a longitudinal profile in the Ems estuary for an operated storm surge barrier without further
amplification (Q=80m?®s™", SLR=0cm; solid lines) and a simulation with enhaneed-amplified conditions (Q=1200m®s~", SLR=100cm;
dashed lines) for EH_a (black lines) and EL (red lines).
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Table 1. Highest water levels and occurence times of highest water levels at Emden are given for simulations with varying river runoff Q,
sea level rise SLR and modes of operation for the storm surge barrier. The occurence time of the highest water level is given relative to the

Ems-kilometer 107 (Hubertgat).

event Q SLR  barrier highest occurence
water level time
[m*s™]  [em] [m] [min]
EH_a 80 0 open 6.36 89
EH_a 1200 0 open 6.43 88
EH_a 80 100 open 7.37 82
EH_a 1200 100 open 7.42 79
EH_a 80 0  operated 6.61 80
EH_a 1200 0  operated 6.65 74
EH_a 80 100  operated 7.61 70
EH_a 1200 100  operated 7.65 69
EL/EC 80 0 open 5.71 79
EL/EC 1200 0 open 5.78 77
EL/EC 80 100 open 6.75 62
EL/EC 1200 100 open 6.82 61
EL/EC 80 0  operated 5.96 73
EL/EC 1200 0  operated 6.01 71
EL/EC 80 100  operated 6.96 45
EL/EC 1200 100  operated 7.01 45
13.03.1906*  +67%167 - no 5.18 % -
01.11.2006** ~ 32%£32 - operated 5.17 % -
* DGIb-(2018)
#%& personal communication WSA Meppen (2019)
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Table 2. Duration of water levels higher than a selected #mit-threshold (here NHN - 1.40 m) and MHW (at Knock MHW = NHN + 1.39
m, at Emden MHW = 1.48 m) for the event EC with varying river runoff Q, sea level rise SLR and operated storm surge barrier. The period

investigated covers 176 hours.

Knock Emden
event >-140m >MHW >-140m > MHW
hours hours hours
EC.Q0080.SLR000 172 88 172 86
EC.Q1200.SLR000 176 91 176 91
EC.Q0080.SLR100 172 129 173 127
EC.Q1200.SLR100 176 131 176 130
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