atmosphere

A

Article

Negative Storm Surges in the Elbe Estuary—Large-Scale
Meteorological Conditions and Future Climate Change

Corinna Jensen !, Tara Mahavadi 2, Nils H. Schade !, Ingo Hache ?

check for
updates

Citation: Jensen, C.; Mahavadi, T.;
Schade, N.H.; Hache, I.; Kruschke, T.
Negative Storm Surges in the Elbe
Estuary—Large-Scale Meteorological
Conditions and Future Climate
Change. Atmosphere 2022, 13, 1634.
https://doi.org/10.3390/
atmos13101634

Academic Editor: Alfredo Rocha

Received: 13 June 2022
Accepted: 21 September 2022
Published: 7 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Tim Kruschke 1'*

Federal Maritime and Hydrographic Agency (BSH), 20359 Hamburg, Germany
Federal Waterways Engineering and Research Institute (BAW), 22559 Hamburg, Germany
*  Correspondence: tim.kruschke@bsh.de; Tel.: +49-40-3190-3210

2

Abstract: Negative storm surges in the Elbe estuary can affect shipping as well as shoreline in-
frastructure. The significant reduction of water level caused by strong offshore winds can lead to
extreme low water events, which endanger waterfront structures. The current study analyses the
large-scale meteorological conditions inducing such situations and possible future changes due to
climate change. The analysis is based on tide gauge data from Cuxhaven, atmospheric reanalysis
data and an objective weather classification approach. It is found that south-easterly wind directions
in combination with strong gales favour extreme low water events at Cuxhaven. Furthermore, the
analysis of a single model large ensemble of climate projections shows a significant decrease in the
frequency of such conditions for the far future (2071-2100). Regarding future global mean sea level
rise the simulation results of a sensitivity study indicate that water levels during such extreme events
approximately follow the development of the mean sea level rise. Therefore, our study suggests that
both meteorological conditions and mean sea levels in a warmer future climate will be less favourable
for the occurrence of extreme low water events in the Elbe estuary.

Keywords: negative storm tides; negative storm surges; weather types; circulation patterns; climate
change; Elbe estuary; North Sea; sea level rise; transport; extreme low water events

1. Introduction

Strong offshore winds can lead to a significant reduction in the water level in the
tidally dominated German Bight and adjacent estuaries. Events like these may severely
restrict transportation along the waterways and could therefore lead to economic loss.
Extremely lowered water levels can also endanger the stability of waterfront structures
along the shoreline due to pressure imbalance [1]. The port of Hamburg is a very important
transit point and the third biggest port in Europe (after Rotterdam and Antwerp) where
128.7 million tons of seaborne cargoes were loaded or discharged in 2021 [2]. It is situated
approx. 107 km inland in the Elbe estuary, which is significantly affected by tides with an
average tidal range of 3.82 m measured at St. Pauli (close to the harbour) [3].

Besides this tidal variability, the occurrence of strong surface-near winds—depending
on wind direction—significantly alters water levels in the Elbe estuary. Generally speaking,
if wind direction roughly matches (opposes) the stream direction of the Elbe river out of the
estuary, water levels are reduced (increased) relative to what would be expected from the
tidal influence only. The phenomenon of wind-induced reduction of water levels during
tidal low water can be referred to as storm ebb (German: “Sturmebbe”), sea level blowout [4],
or negative storm surge [5]. For this study, we will use the term extreme low water (hereafter
“ELW") to address tidal low water levels (LWs) that are additionally influenced by offshore
winds and hence significantly below mean low water (mLW). This is to distinguish from the
solely wind-driven part of the water level reduction apart from tidal level, and which we
call “negative storm surge” (NSS) in this manuscript.

Besides the term also the definition of what is considered an NSS or an ELW varies
in the literature. In a number of studies, a threshold-based approach is used where every
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water level reduction below a certain threshold is considered an NSS (e.g., [6-8]). Most
of these studies either consider an official threshold given by respective authorities or
apply a threshold mirroring the commonly used threshold for positive storm surges at the
respective gauge. Another approach is to analyse the distribution of the excess, i.e., the
detrendet non-tidal residuals of the water levels ([9,10]). Other studies created an index
(SSI) describing the mean of the three lowest independent NSS minima per-year, along the
considered periods, e.g., [11].

The most important parameters that affect an ELW are local winds, remote winds
(large-scale atmospheric circulation), astronomic tides, bathymetry of the area, currents,
and waves [12]. The individual impact of these variables varies for different locations.
Gurumurthy et al. [4] for example showed that the local winds affect the NSS potential
further up an estuary whereas at more open locations, such as the NY Harbour [4] or the
Port of Buenos Aires [7], remote winds play a more important role. In more enclosed
basins, such as the Mediterranean [11] or Baltic Sea [9], an NSS is often triggered by a
preceding positive storm surge (due to the effects of seiches) and generally lasts shorter
than its positive counterpart. This is because the (sub-)basins fill up during the positive
storm tide and induce a rapid drop in water level once the onshore wind forcing vanishes.

Local topographic conditions can also have an influence on the occurrence of NSSs.
It might determine whether the surge is triggered by fast-moving strong storms, as it is
the case for the port of Buenos Aires [7], the Baltic [9] and the North-East US coast [13], or
rather by long-lasting and stationary atmospheric pressure systems which would be the
case in Alaska [8] or the southern North Sea coast of the Netherlands [9].

To our knowledge, possible future changes in NSSs have been very rarely analysed in
scientific literature. Conte et al. [11] found that the effect of climate change in this respect is
small for the Mediterranean Sea.

In the presence of ongoing global warming, the related global sea-level rise (SLR)
is of particular relevance for phenomena such as NSSs and resulting ELWs. The most
comprehensive overview on projections of future global mean SLR is given in the IPCC 6th
Assessment Report (AR6) [14]. For the majority of coastal regions, the median of future
regional mean SLR lies within +20 cm of the median of the projected global mean SLR until
2100 [13]. Projections for individual tide gauge locations can be accessed via an interactive
tool hosted by NASA [14-16]. At the gauge Cuxhaven (located in the mouth of the Elbe
estuary), the projected SLR for year 2050 relative to the reference period 1995-2014 is in
the range between 0.25 and 0.29 m for the median of all SSP-scenarios [14-16]. However,
for the year 2100 the projected SLR is strongly differing across socio-economic pathways
(SSPs) and associated emission scenarios, with a median and 66% confidence interval of
(i) 0.51(0.32— 0.74) m for SSP1-2.6, (ii) 0.64 (0.46-0.88) m for SSP2-4.5, (iii) 0.73 (0.52-1.00) m
for SSP3-7.0, and (iv) 0.85 (0.61-1.16) m for SSP5-8.5 [14-16]. The median of the projections
of regional mean SLR at Cuxhaven is up to 8 cm higher than the median of global mean
SLR [14-16].

As future SLR will influence water level and therefore ELW in the Elbe estuary, the
range and development of projected SLR needs to be considered in our investigation.
To assess SLR impacts in estuaries, advanced hydrodynamic numerical models are used
as a common tool which can consider various driving forces and their interaction. In a
review of [17] several hydrodynamic numerical studies on the effect of SLR on estuarine
parameters and processes are summarised. For the Elbe estuary, the impact of SLR on storm
tides [18] and mean tidal parameters [19] was investigated. However, to our knowledge,
the impact of SLR on ELWs in the Elbe estuary has not yet been studied.

Future changes in atmospheric circulation have already been analysed in a number
of studies: In the recent past, a shift to more zonal rather than meridional flow over most
parts of Northern and Central Europe has been observed [20]. This has been found to
be continuing throughout different future scenarios [21]. Following this shift, there is an
increase in westerly flows which can be seen in the global climate model (GCM) [22,23] as
well as in higher resolution regional climate model (RCM) simulations [23,24]. This increase
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in westerlies goes along with a decrease in easterly flows, especially in winter [21,25,26].
Future changes in storminess on the other hand are still subject to great uncertainties.

There is a considerable number of studies focusing on positive storm surges in the
North Sea area [27,28]. NSSs on the other hand are more common at the German Baltic
Sea coast (e.g., [5]). To our knowledge, there are no preceding investigations on NSSs in
the Elbe estuary, despite its high relevance for transport due to the connection to the Port
of Hamburg.

This study aims at addressing this gap by analysing the large-scale meteorological
conditions inducing past NSSs in the Elbe estuary and assessing how far the frequency
of these meteorological conditions may change in a potential future climate. The water
levels along the Elbe estuary are strongly influenced on the one hand by SLR and river
runoff into that region and on the other hand by the large-scale atmospheric circulation
and the associated wind field. It is obvious that under continued global warming, SLR will
become a non-negligible factor in the context of NSS and resulting ELWs. We address this
issue by additionally including a sensitivity study based on a hydrodynamic-numerical
simulation to investigate the influence of possible SLR scenarios on ELW caused by a
particular NSS event.

The following data and methods used in this paper are described in Section 2. Section 3
presents an analysis of past extreme low waters as well as a statistical analysis of the
mean meteorological conditions before ELWSs, and shows first results for possible future
developments derived from an ensemble of global climate model simulations. It also
contains the results of the hydrodynamic sensitivity study. These results are followed by a
discussion (Section 4) and conclusions (Section 5).

2. Data and Methods
2.1. Data
2.1.1. Observational Data from Gauge Stations

As a fundamental data set for this investigation, we use observations of the low
water (LW) at the gauges Cuxhaven and St. Pauli for the period 1950-2019 which are
provided and checked for plausibility by the German Federal Waterways and Shipping
Administration (WSV) [29]. Based on the data at Cuxhaven, we develop a definition of
ELW (see Section 2.2.1). The points in time of LW levels matching our definition of an ELW
form the basis for the meteorological analyses. This data set is also used to analyse and
visualize the long-term development of the median and minimum LW of each year at the
two gauges Cuxhaven and St Pauli.

2.1.2. Atmospheric Reanalysis Data

For the analysis of past meteorological conditions related to the identified ELWs,
we use the ERAS5 reanalysis which is the most recent reanalysis dataset produced by the
European Centre for Medium-Range Weather Forecasts [30,31]. As such, it is one of the
most modern and advanced global reanalyses, using the global weather forecasting system
IFS. The ERAS data are available on a high-resolution grid with a spacing of 0.25° and
in hourly resolution for the period from 1979 to the present and are updated at regular
intervals. To additionally cover the period before 1978 we included the ERA5 backward
extension [32]. The only variable considered here is the sea level pressure (SLP) which is
an instantaneous output, processed as follows for this investigation: (1) for daily mean
values, an average is calculated of the hourly values from QUTC to 23UTC; (2) for a better
representation of the weather conditions leading up to the event, a 24-h mean is calculated
as an average over the 24 h directly before the event, including the hour of the event itself.

In a comparison of several reanalyses with observational SLP data over the North
Sea area [33] it was shown that the ERA reanalyses (ERA40, ERA-Interim) performed best,
except for mixed sea/land grid points. Since to our knowledge there are no consistent ob-
servational data sets for both land and sea, we assume that the ERA reanalyses give the best
representation in our research area, especially since the higher spatial resolution compared



Atmosphere 2022, 13, 1634

4 0f 21

to NCEP and 20CR is likely to minimise the interference of mixed sea/land grid points. Fur-
ther, ERA5 shows similar results regarding the occurrence of atmospheric circulation types
as ERA40 and ERA-Interim (not shown). Differences (statistically insignificant) between
both, the NCEP and ERA groups, can be seen for A and NW circulation, but are negligible
for our investigations since negative storm surges occur almost exclusively during easterly
situations. Therefore, the use of ERA5 for our investigations seems highly appropriate.

2.1.3. Climate Model Simulations

In order to analyse the potential future change of meteorological conditions favourable
for ELWs in the Elbe estuary, we make use of the large ensemble produced by the Swedish
Meteorological and Hydrological Institute (SMHI-LENS; [34]), employing the atmosphere-
ocean general circulation model EC-Earth3 ([35]). EC-Earth3 includes a model component
for the global atmosphere that is based on ECMWF’s IFS (cy36r4) as well as NEMO3.6 and
LIM3 for the ocean and sea-ice, respectively. EC-Earth3 features a spectral resolution of
TL255 (approx. 80 km grid spacing) and 91 levels in the vertical for the atmosphere and
the tripolar ORCA1-grid with a nominal resolution of 1°—with mesh refinement along the
Equator—and 75 levels for the ocean and sea-ice components.

SMHI-LENS comprises 50 simulations for each, the historical period 1970-2014 and
different scenarios covering the period 2015-2100. Details about the initialisation and
ensemble generation can be found in [34]. All simulations of a given experiment are
subject to identical external forcings—such as greenhouse gases and aerosols—following
the protocol for the historical-experiment of the Coupled Model Intercomparison Project in
its sixth phase (CMIP6) [36] and ScenarioMIP [37], respectively. For the analyses presented
in this study, we examined the four Tierl-scenarios of ScenarioMIP that is SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5. These span a wide range of socio-economic narratives and
greenhouse gas concentration pathways for the remainder of the 21st century. The large
number of simulations available for SMHI-LENS make it an excellent tool to derive robust
estimates of climate change signals projected by this model. While every single simulation
is subject to natural variability superimposed on potential climate change signals, the joint
analysis of the whole ensemble enables us to “average out” the internal fluctuations of the
individual runs.

Our analyses were based on daily mean sea-level pressure fields taken from
these simulations.

2.2. Methods
2.2.1. Definition Negative Storm Tide

In contrast to wind-induced extreme high water levels, i.e., (positive) storm tides, there
is no consistent definition for wind-induced extreme low water levels. We decided to define
a threshold in this respect that yields a similar frequency of events as for the (positive)
storm tides. For the German North Sea coast, (positive) storm tides are defined as water
levels 1.5 m above the mean high water (mHW) [38]. Based on data from Gerber et al. [39],
246 storm tides were recorded at the gauge Cuxhaven in the period 1949-2012, which
corresponds to an average of about 4 storm tides per year. With an average of 706 tides per
year this threshold translates into the 99.45th percentile of all high waters (HWs). For the
definition of ELWs, we accordingly chose the 0.55th Percentile of all low waters (LWs) at
Cuxhaven which corresponds to approx. 2.5 m below the mean low water (mLW).

It should be emphasized here that these events are not necessarily independent of
each other. A large-scale synoptic weather situation may lead to a succession of several
LWs that meet the criterion of an ELW given here. Such a series of ELWs is referred to as a
“chain of ELWs” in the remainder of this manuscript.

2.2.2. Classification of Large-Scale Atmospheric Circulation

A coherent description of the large-scale atmospheric circulation is possible using
defined circulation patterns or weather types (e.g., [40]). At the German Federal Maritime
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and Hydrographic Agency (BSH), the automatic classification method developed by Jenk-
inson and Collison [41] to objectify the “Lamb Weather Types” (hereafter LWTs) is used
operationally and as part of the analysis of the state of the North Sea region (e.g., [42]).
This classification method is also used for this study. It uses daily means of the SLP fields
at 16 grid points in the extended North Sea region (see Figure 1a) to calculate the vector
components of the geostrophic wind—the wind that blows parallel to the isobars—and
the vorticity. The geostrophic wind is a good approximation of the large-scale wind con-
ditions in the free atmosphere. The LWTs are derived from the relationships between
the geostrophic wind components and the vorticity. While the classification procedure
originally allowed for 27 different weather types, a classification procedure reduced to
6 characteristic weather types is used here to assure more reliable and robust statistics by
reclassifying the hybrid weather types which appear only 5-6 times a year, and by evenly
distributing the rather undistinctive types into rotational and directional types [42,43].
These six characteristic weather types are anticyclonic (A), cyclonic (C), north-east (NE),
north-west (NW), south-east (SE), south-west (SW).

Denmark

(b)

Netherlands PuDEny

Depthinm
0 km 100 km
=11. =7=8§ =1.5 1 4 7.5911.5 15 18 23 28 30 A

Figure 1. (a) Grid points (red dots) used to perform the LWT classification based on SLP data and
domain of hydrodynamic modelling (blue rectangle); (b) Domain of the hydrodynamic-numerical
model with depth information (m above mean sea level); the Elbe estuary is highlighted as red
rectangle and the stations Cuxhaven and St. Pauli are marked with an orange and magenta star,
respectively. The map in the background is provided by [44].

2.2.3. Gale Strength

Another variable that is relevant for ELWs is the gale strength. A gale index G*, which
is representative for the North Sea region as a whole, is calculated, based on an elliptical
relationship between a wind index and a vorticity index [details of the calculation available
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from [42]. As part of the classification, the gale index is then classified as NUL (“No Gale”),
G (“Gale”), SG (“Severe Gale”) and VSG (“Very Severe Gale”) if it exceeds the 90th, 98th
and 99.73rd percentile of the climatological G* distribution based on a reference period of
1971-2000 [43].

2.2.4. Effective Wind

A combination of large scale wind direction (as implicitly marked by the LWT) and
the gale strength can be derived by defining an effective wind. The effective wind is the wind
component (or the part of the wind vector) that has the strongest effect on the water level
at a specific location. In the case of the NSSs considered here, this is the wind direction
driving the water out of the Elbe estuary resulting in an ELW.

In order to identify the wind direction for the effective wind at Cuxhaven, a composite
analysis for the 24 h before the respective 271 ELWs was conducted by averaging the
respective geostrophic wind components (see also Figure A1). This procedure yields the
effective wind direction as 142° (south-easterly wind). Now the daily geostrophic wind
vectors for the entire period were projected onto the wind direction of 142° to the absolute
effective wind, hereafter referred to as “v_eff”, comprising both wind direction and strength
into a scalar metric for simple further analysis. We would like to emphasize that the
effective wind calculated here is specific to ELWs at Cuxhaven. This approach has already
been used in several studies related to (positive) storm tides (see, e.g., [45,46]).

2.2.5. Hydrodynamic-Numerical Simulation

In order to investigate how ELWs in the Elbe estuary will be influenced by future
SLR, the extreme ELW chain-event from 2018 is simulated in combination with several SLR
scenarios using a hydrodynamic-numerical model.

For this study, the three-dimensional hydrodynamic numerical model UnTRIM2 [47]
is used, which solves the three-dimensional shallow water equations on an orthogonal
unstructured grid. By using the subgrid technology described by [47] the model bathymetry
can be discretized with a much finer resolution than the computational grid, which allows
a better description of wetting and drying on the large intertidal areas in the German
Wadden Sea. The effect of wind forcing is implemented in the model according to [48].
The generation of wind waves is not included in the model. We assume, that the effect
of wind waves on the water level during NSS (wave-setup and wave-setdown) can be
neglected because of the offshore directed wind and wave propagation and due to the
limited fetch length and wind speed over the Elbe estuary. The model domain covers
the German Bight from the island Terschelling in the Netherlands to Hvide Sande in
Denmark including the German estuaries Elbe, Weser and Ems with their main tributaries
(see Figure 1b). The topography data of the year 2016 implemented into the model was
generated in the EasyGSH-DB project [49]. The most recent measurements additionally
taken into account in the Elbe estuary are from 2019, taken by the Federal Waterways and
Shipping Administration (WSV).

The ELW chain-event 2018 is simulated using surface wind speed (10 m height) and
surface pressure of COSMO-REAG®6 [50] data as meteorological forcing over the model do-
main. The data is generated and made available by the Hans Ertel Center of the University
of Bonn in cooperation with the German Weather Service (DWD) [51]. Since a comparison
of reanalysis data with observational data at Helgoland and Cuxhaven shows that wind
speeds are underestimated during the storm we performed a simple bias correction by
increasing the reanalysis wind speeds by 10% for the simulation. An underestimation of
wind speed in the reanalysis data, especially in the mouth of the Elbe estuary, is most likely
caused by the resolution, which is 6 km in our study area. For COSMO-EU (resolution
of 7 km) [52] calculated correction factors for the Elbe estuary in the range of 1.1 to 1.5.
An evaluation of the performance of COSMO-REA6 wind speed data over the North Sea
can be found in [53]. The discharge into the Elbe estuary required for the hydrodynamic-
numerical simulation of the ELW event 2018, is derived from measured discharge data
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at the gauge Neu Darchau [29]. A constant salinity of 33 PSU at the seaward boundary
and 0.4 PSU for the upstream inflow is assumed. The water level at the seaward boundary
of the model is derived from the Dutch Continental Shelf Model DCSMv6FM, which is a
further development of DCSMv6 [54,55]. Five SLR scenarios of 10, 30, 50, 80 and 110 cm
are simulated by adding the respective SLR at the open seaward boundary of the German
Bight model. These scenarios approx. cover the range of SLR projections given by the
IPCC ([14-16]).

A comparison of simulation results and measurements of water level during the
ELWs 2018 at Cuxhaven, St. Pauli and other gauges in the Elbe estuary is displayed in
Figure A2 in the Appendix A: The comparison shows that the tidal cycle is well reproduced
by the model with respect to height and phase. The lowest LW is slightly lower in the
simulation compared to measurement data in the mouth of the estuary and slightly higher
further upstream. These differences could be caused due to the resolution of the model
and the forcing data as well as the parametrization of certain processes. As [56] use a very
similar model set up, additional information about the model and its performance can be
found there. Rasquin et al. [56] demonstrate the importance of a high model resolution of
coastal topography in hydrodynamic numerical simulations regarding the changes of tidal
dynamics due to SLR scenarios. The mentioned model similarity implies that our applied
model resolution is sufficient to simulate these scenarios.

3. Results
3.1. Past Development of Low Water Levels

The development of LW in the past is displayed for the two stations Cuxhaven und St.
Pauli. Cuxhaven is located in the mouth of the estuary, while St. Pauli is located further
upstream close to the Hamburg harbour (see Figure 1b). The data of observed LWs was
used to calculate and visualize the minimum and median values of each year for the period
1950-2019 (see Figure 2). At St. Pauli, a strong decrease of median and minimum of LW
levels can be seen over the displayed period. For the period between 1963 and 2019, the
length of three nodal tide periods, a significant decreasing trend of —1.01 & 0.62 (p < 0.01)
and —1.45 + 0.18 cm/a (p < 0.001) can be detected for minimum and median at St. Pauli,
respectively. In contrary, a weaker but significant increasing trend of +0.77 £ 0.59 (p = 0.011)
and +0.21 £ 0.09 (p < 0.001) cm/a for minimum and median is detected at Cuxhaven (see
Figure 2) for this period. Possible reasons for this observed development are discussed
in Section 4.1.

-50 -
M minimum Cuxhaven e median Cuxhaven
-100 S5 minimum St.Pauli ® median St.Pauli
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Figure 2. Minimum and median of tidal low water (LW) observations for each year between 1950
and 2019 at Cuxhaven (mouth of the estuary) and St. Pauli (Hamburg harbour) relative to NHN.



Atmosphere 2022, 13, 1634

8 of 21

The lowest LW ever measured at Cuxhaven was found in 1987, for St. Pauli it was
in 2018. The two corresponding values in Figure 2 are marked by red circles. The latter
is analysed in more depth below (Section 3.2) and subject of a sensitivity study shown in
Section 3.5.2.

3.2. Case Study 2018

In March 2018, an ELW chain event occurred in Cuxhaven. Figure 3 shows a period of
high wind velocity (>15m/s) and a wind direction of 70-90 degrees, measured by Hamburg
Port Authority (HPA) [29] in Scharhérn—a small Island located in the mouth of the Elbe
and close to Cuxhaven—and a concurrent drop of the water level at Cuxhaven measured
by WSA (Waterways and Shipping Agency) Elbe-North Sea [29]. The five consecutive LW
levels, which can be categorized as ELWs according to our definition are marked by red
circles, the lowest ELW of this period is marked by a star. The same LW at St. Pauli occurred
to be 55 cm lower than in Cuxhaven and led to the lowest LW ever measured at St. Pauli.

- N

inm

Water level
1

inm/s

Wind velocity

Ino
8
e
o

|

270.0

180.0

90.

Wind direction

13.03.2018  14.03.2018 15032018 1603.2018  17.03.2018 _ 18.032018  19.03.2018 200320186  21.03.2018
00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00 00:00:00
Figure 3. Observed water level relative to NHN at Cuxhaven and wind velocity and direction in 10 m
height at Scharhorn between 13 March and 21 March 2018. The five consecutive LW levels, which can
be categorized as ELWs according to our definition are marked by red circles, the lowest ELW of this
period is marked by a red star.

Figure 4 shows the synoptic situation leading to this ELW. On 14 March 2018, a high
pressure zone extends from Scandinavia to Southern Germany, complemented by lows in
the east and west resembling an anticyclonic (A) LWT over the North Sea. On 15 March,
the LWT changes to South-East (SE) and a trough of low pressure enters the North Sea
area while the high-pressure system is pushed towards Scandinavia. As a result, the
German Bight is directly impacted by flow from the Southeast, from 15 March to 17 March
reaching gale strength (SE/G) on all of these days. From 19 March onwards this situation
changes again in favour of an anticyclonic LWT over the North Sea and significantly
weakened winds.

This case study serves as a prototype for the kind of weather type evolution that is
favourable for producing ELWs in the Elbe estuary. It fits the common understanding
that a strong south-easterly flow over the North Sea essentially means offshore winds
over the German Bight which is to be associated with a certain risk of producing
an ELW.
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Figure 4. Sea level pressure fields for 14 March to 19 March 2018 with the respective LAMB weather
types and gale indices derived from daily averages of ERA5 sea level pressure; the grid points used
for the LWT classification (see also Figure 1a) are also marked again.

3.3. Timeseries of Extreme Low Water Events at Cuxhaven

Based on the definition given in Section 2.2.1, we identified 271 ELWs for Cuxhaven
and the period 1950-2019 (see Figure 5). The number of ELWs as depicted in Figure 5 is
characterized by high interannual variability; there is no statistically significant trend in
the observation period.
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Figure 5. Distribution of the number of ELWs per year (stars; mean value as dashed line) at the tide
gauge Cuxhaven for the time period from 1950 to 2019.

Figure 6 shows the monthly distribution of the 271 ELWs. All 271 ELWs occurred
between October and April, most of them in January, February and March. This is in line
with expectations as winter and early spring are usually marked with higher synoptic
variability in the atmosphere which is a pronounced succession of comparably stronger
high and low pressure systems.
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Negative storm surges in Cuxhaven (271 events)
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Figure 6. Monthly distribution of all 271 ELWs at the tide gauge Cuxhaven from 1950-2019.

3.4. Mean Conditions before Negative Storm Tides

In the following, we analyse the climatology of the 271 ELWs that have been recorded
between 1950 and 2019 at Cuxhaven. The aim is to identify typical situations, initiating the
onset and/or prevailing during ELW events.

3.4.1. Pressure Field before Negative Storm Tide

A first overview regarding the meteorological conditions right before the 271 ELWs
is provided by the SLP composite anomaly: Figure 7 shows the mean anomaly of the
mean pressure fields 24 h before all 271 events, based on the climatology of 1971-2000.
This composite is marked by a dipolar pattern separated along the north-west to south-
east axis, with a positive pressure anomaly over Scandinavia and a negative pressure
anomaly over the north Atlantic and the Iberian Peninsula. This pattern is very similar
to the pattern for anomalies for all days classified as LWT SE (independent of the
occurrence of an ELW; see Figure 8) but shows stronger anomalies. It also matches
the situation seen in the case study of 2018 (see Section 3.2) and corresponds well
with the effective wind direction of 142° (see Section 2.2.4) that was derived for ELWs
at Cuxhaven.
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Figure 7. Mean sea level pressure anomaly field during a 24-h period before the respective 271 ELWs
derived from 1950-2019 ERAS reanalysis data, compared to the climatology of 1971-2000.



Atmosphere 2022, 13, 1634

11 of 21

10°wW 0° 10°E 20° E

20
65° N 65° N
60° N | 60°N |[10 =
=
55° N 55°N [f0 =
£
50° N 50°N || _15<
45° N |- 45° N
-20

10° W 0° 10°E 20° E

Figure 8. See Figure 7, but for days with SE weather type derived from 1950-2019 ERA5 reanalysis.

3.4.2. Weather Types

Figure 9 shows the relative frequencies of the LWT (Section 2.2.2) calculated from daily
ERAS5 SLP data over the entire period (1950-2019) independent of the occurrence of ELWs
(left), as well as for the 24 h before the ELW (right).

Cuxhaven (271 events below 0.55th percentile)

Climatology 24h before negative storm surge
14.2%

25.6 %
6.6 % 1.8 %
0.7 %
6.6 %
86.3 % 4.4 %

19.7 %
23.4%

10.5 %

Figure 9. Left: Mean distribution of LWTs determined from daily means of ERA5 sea-level pressure
for the entire period from 1950 to 2019. Right: Mean distribution of LWTs 24 h before ELW at
Cuxhaven (Tnw below 0.55th percentile of all Tnw) between 1950 and 2019.

While a south-east weather type (SE) occurs climatologically with a probability of
10.5%, it occurs with a probability of 86.3% directly before an ELW. Therefore, an SE LWT is
8 times more likely at the onset of such an event. This difference is statistically highly signif-
icant (p < 0.001; tested via 10,000-fold bootstrapping). For the other LWTs, this probability
decreases proportionally: LWTs with northerly winds (NW, NE) are hardly found (0 and
0.7 %, respectively) preceding ELWs. This finding confirms our geoscientific expectation
since south-easterly winds can be regarded as offshore for the area around Cuxhaven.

3.4.3. Gale Strength

Similar to Figure 9, Figure 10 shows the distributions of gale strength derived from the
LAMB weather classification based on daily ERA5 data over the entire period 1950-2019
(left), as well as for the 24 h before the ELW (right).



Atmosphere 2022, 13, 1634

12 of 21

Cuxhaven (271 events below 0.55th percentile)

Climatology 24h before negative storm surge
43.5 %

48.7 %

Figure 10. Left: Mean distribution of gale classes determined from daily means of ERA5 sea-level
pressure for the entire period from 1950 to 2019. Right: Mean distribution of gale classes 24 h before
ELW at Cuxhaven (LW below 0.55th percentile of all LW) between 1950 and 2019.

While a storm (G, SG and VSG) occurs on average with a probability of about 9%, it
occurs with a probability of about 56.5% during the 24 h before an ELW. This significant
difference (p < 0.001 tested via 10,000-fold bootstrapping) confirms the expectation that
comparatively high wind speeds on a larger spatial scale are necessary to produce ELWs.

3.4.4. Effective Wind

Figure 11 shows the empirical probability distribution function of the effective wind
(Section 2.2.4.) as a climatology of the daily mean for the entire period 1950-2019 and for
the 24 h before ELWs. A clear distinction between the two distributions is obvious. Before
ELWs, the effective wind was always positive and in more than 90% of all cases higher than
10 m/s which in turn approx. matches the 95th percentile of the climatological distribution.
The mean of the ELW-sample is 15.6 m/s, while the climatological probability distribution
of the effective wind spreads from about —30 m/s to 20 m/s with a mean value of approx.
—2 m/s. The difference between these two mean values is statistically significant with
p < 0.001 (based on 10,000-fold bootstrapping).

Effective wind at 142°
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Figure 11. Distribution of the effective wind at 142° for the whole time period 19502019 (climatology,
blue) and for the 24 h before the respective 271 ELWs (orange).
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3.5. Future Scenarios
3.5.1. Future Development of Meteorological Conditions

Results from the previous sections show that both, wind direction (from Southeast)
and wind speed are important to trigger ELWs. The question arises of whether these
conditions might change in the future. We tackle this question by analysing the frequency
of SE weather types, gale classes, as well as effective wind in four climate scenarios based
on SMHI-LENS.

Figure 12a shows the distribution of the occurrence of the derived LWT “SE” per year
for ERAS and the 50-member SMHI-LENS ensemble for the historical period (1971-2000)
and the far future (2071-2100) in SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively. In
these plots, two medians are significantly different (p < 0.05) if their confidence intervals
(triangular markers) do not overlap. Therefore, it can be concluded that SMHI-LENS
historical is consistent with ERA5 regarding the median frequency for the LWT “SE”.
With climate change according to SMHI-LENS, the frequency of LWT SE systematically
shifts towards lower values, with SSP5-8.5 being significantly (p < 0.05) lower than the
historical equivalent.
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Figure 12. Boxplot of the occurrence of (a) the Lamb Weather Type (LWT) “SE”, (b) Gales, and
(c) effective wind speeds > 95th percentile for ERA5 (light grey) and the 50-member SMHI-LENS
ensemble (black) for the historical period (1971-2000) and respective runs for each the SSP-Scenarios
1-2.6 (blue), 2-4.5 (orange), 3-7.0 (light red), and 5-8.5 (dark red) for the far future (2071-2100).
Boxplots display the median (black dot), the interquartile range (25-27th Percentile, box), the extremes,
i.e., approximately +2.7 sigma and 99.3 coverage, of the distribution (whiskers), and outliers (circles).
Notches, depicted as triangles around the median, correspond to q2 — 1.57 (q3 — q1)/sqrt (n) and
q2 + 1.57 (g3 — q1)/sqrt (n), where g2 is the median (50th percentile), q1 and g3 are the 25th and 75th
percentiles, respectively, and n is the number of observations.

Figure 12b shows the distribution of the occurrence of gales (G, SG, and VSG) per
year for ERA5 and SMHI-LENS again for the historical period (1971-2000) and the far
future (2071-2100). A significant decrease for all scenarios is apparent, while the inter-
scenario differences are considerably smaller. While the “drop” in gales might seem strong,
investigations of near future time-slices (2015-2044 /2041-2070) reveal smaller decreases.
In fact, the decrease already emerges towards the end of the historical period (1985-2014;
not shown).

Figure 12c finally shows the distribution of the occurrence of effective winds being
above the 95th percentile of the climatological probability distribution function of the
historical period. In ERAS5, this 95th percentile approximately matches the value of 10 m/s
and we have seen in Figure 11 that the majority of ELWs were subject to effective winds
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beyond this threshold. Hence, we consider such extreme effective winds a reasonable
proxy for the risk of ELWs, not taking into account any actual tide phases of course. The
result is very much in line with what has been shown for the SE LWT as well as the gale
strength already. SMHI-LENS shows a systematic shift towards less frequent situations with
extreme effective winds under climate change. The stronger the climate change scenario,
the lower the frequency of extreme effective winds, SSP2-4.5, SSP3-7.0, and SSP5-8.5 being
significantly different from the historical experiment regarding the median frequency.

3.5.2. Influence of Future SLR on Negative Storm Tide Water Levels

The focus of this study lies on the meteorological conditions associated with ELW.
However, SLR will become a non-negligible factor in this respect under continued global
warming. Therefore, we include a sensitivity study based on the ELW event in March 2018
(marked by a star in Figure 3) and hydrodynamic modelling of different SLR scenarios for
this particular event. The results are shown in Figure 13. It indicates, to which amount the
lowest LW would rise at Cuxhaven and St. Pauli solely due to SLR. This is displayed as the
relative increase, i.e., the rise of ELW due to SLR, scaled by SLR. That means, e.g., for the
leftmost data point in Figure 13, that the 2018 event is subject to an SLR of 0.1 m would
yield an approx. 0.09 m higher water level in St. Pauli. The relative increase is slightly
higher in Cuxhaven than in St. Pauli. At both locations and for all simulated scenarios the
increase lies between 88 and 98% of SLR.
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Figure 13. Simulation results: Increase of the lowest ELW in March 2018 relative to several sea level
rise scenarios between 10 and 110 cm at Cuxhaven and St. Pauli.

4. Discussion
4.1. Development of Past LWs in the Elbe Estuary

Observations of LWs in the Elbe estuary since 1963 show a strongly decreasing trend
for the median LW levels at St. Pauli and a slightly increasing trend for Cuxhaven. The
minimum LW of each year, which is most likely strongly influenced by wind, shows
a related decreasing and increasing trend for the two stations. The increase of LWs at
Cuxhaven is very likely to be mainly caused by past sea level rise. According to [14]
global mean SLR between 1971 and 2018 was in a likely range of 1.55 and 3.12 mm/a. For
Cuxhaven, a regional mean SLR of 3.6 &= 0.8 mm/a between 1971 and 2008 was calculated
by [57]. At St. Pauli the observed LW is still influenced by varying discharge into the
estuary. The decreasing trend of LWs at St. Pauli can be caused by the anthropogenic
changes in the estuary geometry [58], as well as morphological changes and low discharge
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volumes [59]. These changes seem to have outweighed the effect of sea level rise at St. Pauli
in the past.

4.2. Favouring Meteorological Conditions

Our results show, that there is a strong connection between the general direction of
the atmospheric circulation and a potential for an ELW. Some studies already showed that
the remote winds play an important role in more exposed locations [4,7]. Analysis based
on an objective weather classification scheme showed that the SE weather type and an
effective wind direction of 142° both mark situations where the wind is blowing offshore,
literally pushing the water out of the Elbe estuary. Most (>85%) of the ELWs coincide with
a SE weather type which is a frequency that is significantly higher than expected from
climatology (10.5%; p < 0.001). In addition, the wind magnitude, in our case represented by
distinct gale classes, was considered. Over half (>55%) of the events were preceded by a
wind field classified as a storm for the North Sea area, again significantly more frequent
than expected from climatology (9.1%, p < 0.001). The effective wind is combining the
direction and the strength of the flow and with >90% of the events with prevailing effective
wind above 10 m/s. This is a strongly favouring condition for ELWs in the Elbe estuary.

The small p-values found for these differences from climatology indicate that the
statistical likelihood of the findings resulting from chance is very low. However, the specific
numbers are of course subject to a few uncertainties. These are mainly based on the dataset
used and the employed weather type classification scheme. Usage of other pressure data
and/or a different classification scheme will yield slightly differing numbers. To our
knowledge, there is no previous research done on ELWs in the German bight and the Elbe
estuary. However, the results confirm what would be expected for the location of the Elbe
estuary: Considering the overall geographic situation and coastline of the German Bight
as well as the well-known fact that north-westerly winds are associated with (positive)
storm tides on the German North Sea coast (see, e.g., [45]) it was expected that a contrasting
south-easterly wind would lead to ELWs.

The meteorological analysis in this study is solely based on large-scale conditions
that are derived from SLP data. Further analysis of gridded wind fields or direct wind
measurements before and during ELWs could possibly extend the knowledge of the effect
of local wind on these extreme water levels.

4.3. Possible Future Changes in Favouring Meteorological Conditions

For the investigation of possible future changes, SMHI-LENS—a large ensemble of the
GCM EC-Earth3—was used. While the exploitation of this large ensemble of 50 members
significantly reduces the uncertainty of climate change signal estimates, the problem of
model uncertainty prevails. The results presented here show a clear signal that conditions
leading to ELWs will become significantly less frequent, especially when considering
scenarios of strong global warming. However, similar investigations with different GCMs
may yield differing outcomes. A profound multi-model analysis would yield a more robust
assessment in this respect.

4.4. Effect of Future Sea Level Rise on ELWs

To estimate the effect of future SLR on ELWs, the ELW chain event from March 2018
was simulated with a hydrodynamic-numerical model, applying different SLR scenarios. A
comparison shows that the observed water level during the ELW chain event 2018 is well
reproduced by the model. The results show an increase of the lowest LW at Cuxhaven and
St. Pauli between 88 and 98% relative to the SLR scenarios of 10, 30, 50, 80 and 110 cm.
The weaker increase of ELW at St. Pauli compared to Cuxhaven results from the stronger
increase of tidal range due to SLR at St. Pauli. A detailed study on the influence of SLR
on tidal amplification in the Elbe estuary is currently in process. To our knowledge, there
are no previous studies on the influence of SLR on ELWs in the Elbe estuary. However,
studies on the effect of SLR on mean tides [19] and (positive) storm surges [18] in the
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Elbe estuary revealed a similarly strong influence of SLR on the water levels along the
estuary including the station St. Pauli, as we observed for the ELW 2018. NSS and resulting
ELWs occur as a result of the interaction between astronomical tide and meteorological
conditions and are therefore individual in their characteristics. Nevertheless, it can be
assumed, that the possible influence of future SLR on other ELW events in the Elbe estuary
is in the same order of magnitude, as the essential interactions of involved driving forces
remain the same. It should be noted, that all simulation results were derived with reference
topography in the Elbe estuary from the year 2019. The effect of possible future changes
of estuary topography are therefore not included in the displayed results. As discussed
for the development of LW observations in the Elbe estuary, topographic changes strongly
influenced LWs at St. Pauli in the past. It can be assumed, that tidal flats in the Wadden
Sea will grow to a certain amount with sea level rise, as they did in the past [60], because
coastal topography and tidal dynamics strive towards a morphodynamic equilibrium [61].
However, future morphologic changes in the context of climate change and accelerated SLR,
as well as anthropogenic measures in the Elbe estuary are difficult to estimate. Therefore,
reliable predictions of future topography in the Elbe estuary are not available based on
today’s knowledge and further investigation in this regard is needed.

5. Conclusions and Outlook

This article investigated the impact of large-scale meteorological conditions as well as
changing sea levels on ELWs in the Elbe estuary.

Different parameters were considered in the 24 h preceding an ELW at the gauge in
Cuxhaven in order to analyse which atmospheric conditions (weather type, storminess
and effective wind) prevail before such an extreme event. The investigations show that the
SE weather type is represented 8 times more frequently before an ELW than it would be
expected climatologically. Effective wind speeds (wind direction of 142°) with more than
10 m/s occur 17 times more frequently than expected from climatology.

Furthermore, possible future changes in these parameters were analysed using a
single-model large ensemble of the GCM simulations with 4 different future scenarios. All
three previously considered parameters show a significant decrease in the frequency of
conditions favourable for ELWs for the far future (2071-2100), especially in the highest
emission scenario SSP5-8.5.

In addition to changing atmospheric conditions, future ELWs in the Elbe estuary will
be influenced by SLR: Projections for future SLR are varying for the different SSP-scenarios
within a range of 51 and 85 cm for the median at Cuxhaven for the year 2100 relative to
the reference period 1995-2014 [14-16]. Our simulation results indicate, how different SLR
scenarios would increase the lowest ELW in March 2018. At the locations Cuxhaven and St.
Pauli the increase lies between 88 and 98% of the simulated SLR scenarios of 10, 30, 50, 80
and 110 cm. It can be assumed, that the possible influence of future SLR on ELW events in
the Elbe estuary is in the same order of magnitude as determined for the ELW 2018. SLR
will therefore lead to less extreme and fewer ELWs in the future.

Therefore, our study suggests that both SLR and meteorological conditions in a warmer
future climate will be less favourable for the occurrence of ELWs in the Elbe estuary, but—
if they occur—can be associated with significant negative effects on shipping transport
towards the Port of Hamburg as well as certain waterfront structures.

These results for potential future changes should and will be reviewed based on
the extended analysis of a multi-model ensemble in order to account for the existing
model uncertainty. Nevertheless, the prospect of a potential decrease in ELWs due to
both—Iless favourable meteorological conditions and SLR—raises the question whether
(positive) storm tides in contrast might increase in strength or frequency in the future.
Even though this topic is much better covered by existing studies, further investigations
in this respect based on the most recent generation of climate models and future
scenarios are desired.
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Figure A1. Distribution of the U and V components of the geostrophic wind from the LWT classifica-
tion for daily means (black) and for the 24-h mean before an ELW (red). Marked also is whether a
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