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Future changes of coastal
extremes from the regional
wave-ocean coupled model
system for the Northern
European continental shelf
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!nstitute of Coastal Research, Helmholtz-Zentrum Hereon, Geesthacht, Germany, 2University of
Hamburg, Hamburg, Germany, *Institute of Oceanography, University of Hamburg, Hamburg, Germany

Extreme storm surges are among the most severe coastal hazards threatening
low-lying areas along the Northwest European shelf and the Baltic Sea, while
marine heatwaves represent oceanic temperature extremes affecting both
open-ocean and coastal environments. These events result from complex
interactions between hydrological and meteorological processes and are
projected to intensify in several regions under climate change. However,
major challenges remain in developing a comprehensive understanding of
future coastal extremes and their associated risks. To address this gap, we
employed a regional wave-ocean coupled model to dynamically downscale a
transient regionalized REMO-MPIOM coupled model under the Representative
Concentration Pathway (RCP) 8.5 scenario. Three representative ensemble
members from the REMO-MPIOM simulations were selected to investigate
the role of internal variability in projected extremes. Model performance was
evaluated against tide-gauge observations and satellite-derived sea surface
temperatures for the North Sea and Baltic Sea. We then assessed projected
changes in extreme coastal events by comparing the future period (2070-2099)
with the historical period (1970-1999), including the role of internal variability
imposed by the parent model's boundary conditions. The peaks-over-threshold
(POT) method was applied to characterize both hazards. The results show
that the coupled model reproduces key features of historical coastal extremes
across both basins. Projected patterns indicate fewer but more intense storm
surges along the North Sea coast, whereas marine heatwaves will occur more
frequently but last for shorter periods throughout much of the North Sea. Our
findings also emphasize the substantial role of internal variability in shaping
future coastal extremes, underscoring the need to account for this uncertainty
when interpreting regional climate projections. The insights gained from this
study offer valuable guidance for enhancing coastal hazard preparedness,
protecting infrastructure, and planning for long-term adaptation in vulnerable
maritime regions.

KEYWORDS

internal variability, marine heatwaves, Northwest European continental shelf, regional
future changes, storm surges

01 frontiersin.org


https://www.frontiersin.org/journals/climate
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://www.frontiersin.org/journals/climate#editorial-board
https://doi.org/10.3389/fclim.2026.1782346
http://crossmark.crossref.org/dialog/?doi=10.3389/fclim.2026.1782346&domain=pdf&date_stamp=2026-05-29
mailto:thi.nguyen@hereon.de
https://doi.org/10.3389/fclim.2026.1782346
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fclim.2026.1782346/full
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Nguyen et al.

1 Introduction

Extreme coastal hazards pose significant risks to the Northwest
European continental shelf (NWS) and the Baltic Sea (BAS). These
regions are exposed to extreme sea levels, storm surges, intense
wind waves, and marine heatwaves (MHWSs). These events occur
individually or as compound events and may cause flooding,
erosion, ecological degradation, infrastructure damage, and loss
of life (Wolf, 2009). While storm surges directly threaten low-
lying and highly exposed coastal regions, including residential
areas, transportation infrastructure, ports, industrial facilities,
and coastal-protection structures, MHWSs primarily affect marine
ecosystems, fisheries, and coastal environments. The increasing
frequency and intensity of these events under climate change raise
concerns about the long-term safety, socio-economic stability, and
resilience of coastal communities. Therefore, understanding the
mechanisms and future development of these hazards is essential
for planning adaptation and risk reduction measures.

Extreme sea level is one of the primary causes of coastal
flooding, resulting from the combined effects of storm
surges, tides, and, in some cases, waves and river discharge
(Woodworth et al., 2007; Vousdoukas et al., 2016; Wahl, 2017;
Bernier et al., 2024). Their magnitude is strongly influenced by
mean sea level rise (Vitousek et al., 2017; Rasmussen et al., 2018;
Vousdoukas et al., 2018b; Frederikse et al., 2020; Kirezci et al.,
2020; Tebaldietal., 2021) as well as by changes in storminess
driven by large-scale atmospheric circulation (Morim etal,
2019; Seneviratne etal., 2021). Since these components arise
from distinct physical mechanisms and are typically analyzed
independently, distinguishing them is essential when assessing
extreme sea level events. Notably, several studies have shown
that mean sea level rise is the dominant driver of future extreme
sea levels, while storm surge changes are secondary and spatially
heterogeneous (Arns etal., 2015; Wahl, 2017; Vousdoukas et al.,
2018b).

In coastal hazard research, storm surge (SS) is defined as the
meteorologically driven increase in sea level above the predicted
astronomical tide, caused primarily by wind stress and atmospheric
pressure anomalies (Wahl, 2017; Bernier et al., 2024). It does not
include tidal contributions, wave setup, or runup. In the present
work, we refer to SS as the modeled water level after removing the
mean value and tidal signal. In the North Sea, storm surges are
influenced by local wind forcing, remote surges propagating from
the North Atlantic (Timmerman, 1975; Gonnert and Sossidi, 2011;
Bernier et al., 2024), storm characteristics (Arns et al., 2015), and
tidal phase (Gonnert and Sossidi, 2011). By contrast, storm surges
in the Baltic Sea reflect wind-induced restricted outflow through the
Danish Straits (Wisniewski and Wolski, 2011), as well as local wind
conditions and storm characteristics (Leppédranta and Myrberg,
2009; Meier et al., 2022). Moreover, projections of storm surges
remain uncertain. Some studies report significant increases in
surge heights along the continental coasts (Woth etal., 2006;
Vousdoukas et al., 2016), while others emphasize the dominant
but spatially varying role of mean sea level rise (Lowe et al., 2009;
Arns et al., 2015; Wahl, 2017; Vousdoukas et al., 2018b).

Coasts are at risk of storm surges, which can cause coastal
water levels to exceed a critical threshold. This, in turn, can trigger
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severe coastal flooding, endanger human lives, and cause damage
to infrastructure and property in coastal regions. In our region of
interest, storm surges are more frequent on the coast in autumn
and winter (October to March) and are driven by strong winds and
low mean sea-level pressure (MSLP). In contrast, MHWSs are more
common in summer under weak winds and high MSLP. These
extreme temperature events are caused by periods of abnormally
high sea-surface temperatures (Hobday etal., 2016) and have
intensified substantially worldwide, having significant ecological
and socio-economic impacts (Cavole et al., 2016; Hobday et al.,
2016; Oliver et al., 2021, 2019, 2018; Smale et al., 2019). MHWs
alter the water-column structure, its mixing, and nutrient fluxes
(Holbrook et al., 2019; Sen Gupta et al., 2020; Chen et al., 2022),
and are projected to increase in frequency with continued
warming, as reported in the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC, 2021). The
development and persistence of MHW in European shelf regions
is influenced by changes in stratification, atmospheric forcing, and
ocean circulation.

Although storm surges and MHWs are driven by distinct
physical mechanisms, both hazards are closely linked to
regional atmospheric variability, large-scale climate forcing,
and long-term warming trends. Assessing these extremes
consistently within the same regional modeling system is
scientifically valuable, yet still uncommon. Our aim is not
to imply a direct physical coupling between extreme storm
surges and marine heatwaves. Instead, we examine two major
coastal hazards projected to intensify in the North Sea,
Baltic Sea, and adjacent North Atlantic under climate change
(Frolicher et al., 2018; Vousdoukas et al., 2018b). Despite their
seasonal differences, these hazards can overlap in time and pose
significant risks to coastal communities, impacting infrastructure,
ecosystems, and beach safety. Joint assessments provide a more
comprehensive view of future coastal risks (Hinkel et al., 2014;
Oliver et al., 2019). They illuminate how different types of
extremes may overlap, interact, or occur in close succession, as
emphasized in recent multi-hazard coastal assessments (IPCC,
2022).

Many studies have examined extreme storm surges and marine
heatwaves separately, but far less attention has been given to
their potential co-occurrence in the Northern European region.
However, the likelihood of combined impacts is increasing,
as future projections indicate increases in both the intensity
and frequency of MHWSs and extreme sea levels (Muis etal,
2020; Seneviratne et al., 2021). These, in turn, are linked to
continued population growth and urbanization in coastal
zones (Barragdn and De Andrés, 2015; Neumann etal., 2015).
Zhou and Wang (2024) have highlighted the widespread presence
of concurrent extremes. They found that over 87% of global
coastlines experienced concurrent extreme sea levels and MHWs,
with an average increase of 3.72 concurrent days between 1998 and
2017 relative to 1979-1998. Up to 38 days per year are projected
under high-emission scenarios for the period 2025-2049. Such
compound events may arise under weakened geopotential height
patterns and low MSLP, which can enhance both sea level and
warm SST anomalies. Therefore, improving our understanding of
these co-occurring extremes is crucial for integrated coastal risk
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assessments, adaptation strategies, and early warning systems in
vulnerable regions.
To realistically capture regional ocean-atmosphere
interactions, high-resolution regional models and a dynamical
(2016)

emphasized that regional changes in sea level and temperature are

downscaling approach are essential. Schrum etal.
shaped by thermohaline processes, water-mass redistribution, and
the combined influence of global boundary forcing and regional
atmospheric variability. Fully coupled wave-ocean models, such as
the Geesthacht COAst model SysTem (GCOAST: WAM-NEMO),
explicitly incorporate wave-induced processes that have been
shown to improve simulations of sea surface height, sea surface
temperature, and currents in the North Sea and the Baltic Sea
(Alari et al., 2016; Staneva et al., 2017; Bonaduce et al., 2020, 2024;
Nguyen et al., 2024, 2025). Wind waves play a fundamental role in
regulating momentum, heat, and energy exchanges at the air-sea
interface, thereby influencing the dynamics of coastal extremes.
The inclusion of sea-state-dependent momentum and energy
fluxes, Stokes—Coriolis forcing, and wave-induced mixing is key to
improving model performance. Collectively, these factors modify
upper-ocean stratification and circulation, directly affecting both
storm surge behavior and marine heatwave development. In
the present study, the wave model is used to provide physically
consistent surface forcing within the coupling framework, although
the wave model outputs themselves are not analyzed. Previous
applications of the WAM-NEMO coupled modeling system
have demonstrated its good performance in simulating waves,
producing significant wave heights that closely match observations
and showing high correlations in both the North Sea (Staneva et al.,
2017) and the Baltic Sea (Alari et al., 2016). However, these earlier
studies focused on limited subregions and did not comprehensively
evaluate storm surges or significant wave heights across the entire
domain. To address this limitation, we have conducted a thorough
comparison of modeled hindcast simulation and observed
significant wave heights, sea surface heights, and storm surges
using buoy and tide gauge measurements distributed throughout
the North Sea and Baltic Sea. This expanded validation provides
direct observational support for the model’s performance and
strengthens confidence in its suitability for the analyses presented
in this study. Consequently, employing a wave-ocean coupled
system ensures that key air-sea feedback is consistently represented,
providing a robust physical basis for examining extreme storm
surges and marine heatwaves within the same modeling system.
This integration is particularly relevant because storm surges are
primarily driven by wind stress, atmospheric pressure gradients,
and coastal geometry, whereas marine heatwaves are governed by
air-sea heat fluxes, vertical mixing, and ocean circulation.

Despite these advances, a key scientific challenge remains:
the understanding of the role of internal variability (IV). While
IV arises from varying lateral open boundary conditions,
the variability of storm surges and MHWSs arises from
IV and differences in atmospheric forcing. IV can lead to
substantial differences in modeling regional extremes, even under
identical forcing (Hawkins and Sutton, 2009; Deser et al., 2020;
Ho-Hagemann et al., 2020; Wiese et al., 2020). To the best of our
knowledge, the influence of IV on storm surge hazards and MHWs
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across the Northwest European shelf has not yet been systematically
investigated using a coupled wave-ocean modeling framework.

The scientific novelty of this study is therefore twofold. First,
we provide a consistent assessment of extreme storm surges
and marine heatwaves using the same high-resolution coupled
wave—ocean model, allowing a physically coherent interpretation
of projected changes across two major coastal hazards that
are often studied separately. Second, we explicitly quantify the
influence of internal variability on projected changes, based
on three selected members of the REMO-MPIOM regionalized
climate ensemble (Mayer etal., 2022). This approach provides
new insight into how much of the future changes in coastal
extremes may arise from internal variability rather than externally
forced trends.

In this work, we use the GCOAST wave-ocean coupled model
WAM-NEMO to dynamically downscale REMO-MPIOM results
for a historical period (1970-1999) and a future period (2070-
2099) under the RCP8.5 scenario. We validate modeled storm surge
levels using tide-gauge observations and simulated SST using the
Copernicus Marine Environment Monitoring Service (CMEMS)
reanalysis. We evaluate historical extreme events and assess
projected changes in both storm surge and MHW characteristics.
We further estimate the relative contribution of internal variability
to these projections.

The paper is structured as follows. Section 2 describes the model
configuration, downscaling framework, and methods. Section 3
presents the evaluation and future projections. Section 4 discusses
implications and conclusions.

2 Materials and methods

2.1 The numerical modeling framework

2.1.1 The WAM—-NEMO coupled model

The downscaling simulation was performed using the
GCOAST coupled modeling framework, a regionally wave-ocean
system that integrates the Nucleus for European Modeling of
the Ocean model NEMO (Madec, 2016), with the spectral wave
model WAM (Komen et al., 1994; Warszawski et al., 2014). WAM
is a third-generation spectral wave model in which the wave
transport equation was solved explicitly without assumptions
about the shape of the wave spectrum. A detailed model
description can be found in Alari et al. (2016) and Staneva et al.
(2017).

The ocean model NEMO has been developed to solve the
three-dimensional primitive equations under the hydrostatic and
Boussinesq approximations on an Arakawa C horizontal grid
and hybrid s-z* vertical levels. The model was designed for the
domain covering the Baltic Sea, the Danish Strait, the North Sea
and has a large extension in the North Atlantic (Figure 1a), with
approximately 3.6km horizontal resolution and 50 hybrid s-z*
vertical levels. The bathymetry was based on the topography of the
1-min global General Bathymetric Chart of the Oceans (GEBCO
2020; http://www.gebco.net).
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FIGURE 1

(a) Bathymetry and model domain. The open ocean boundaries are shown as pink lines (land is shaded in gray). The river run-off points are indicated
by green dots; (b) The six sub-domains used in analysis: the Southeastern North Sea coast (SEC: blue), North Sea (NOS: blue+red), the Baltic Sea
(BAS: dark green), the Norwegian Trench (NWT: orange), part of the North Atlantic (NAT: light green), and left of the Northwestern European shelf Sea
(LNWS: purple); (c) Locations of the tide-gauge stations, shown as pink diamonds. See Table 1 for a summary of all abbreviations used.

The wave model WAM was coupled to the NEMO model,
taking into account different wave-induced processes (WIPs)
including Stokes-Coriolis forcing (Wuetal., 2019b), sea-state
dependent momentum and energy fluxes and wave-induced
mixing, as documented in Alarietal. (2016) for the Baltic Sea,
Stanevaetal. (2017) for the North Sea, and Bonaduce et al.
(2020) for this study region. Both models run on the same
structured computational grid and bathymetry, with a horizontal
resolution of approximately 3.6km. The two-way coupling of
WAM and NEMO models was implemented using the OASIS3
Model Coupling Toolkit (OASIS3-MCT, Craig and Banner, 1994;
Valcke, 2013), which allows numerical simulation to exchange
synchronized information representing different Earth system
components (Sterletal., 2012; Wahleetal., 2017; Varlasetal,
2018). In the WAM-NEMO coupled model, the surface stress,
Stokes drift, significant wave height, mean wave period, and
wave-induced turbulent energy flux fields are calculated by
the wave model WAM and passed to the hydrodynamic
model NEMO. WAM receives the sea surface current and
water level (i.e., sea surface elevation) from NEMO. The
running time steps of WAM and NEMO are 60s and 90s,
respectively. The coupling time step is 600s. A schematic of
model configuration, and the exchanged variables is shown in
Figure 2.
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2.1.2 Atmospheric forcing and lateral open
boundary conditions

In this study, the forcing fields for the GCOAST WAM-NEMO
coupled model were obtained from the REMO-MPIOM climate
model simulation (Sein et al., 2016), which comprises the regional
atmospheric model REMO (Jacob, 2001) and the global ocean
model MPIOM (Jungclaus etal,, 2013). The REMO-MPIOM
outputs were dynamically downscaled to the regional WAM-
NEMO coupled model for two 30-year time-slices representing
historical condition and RCP8.5 scenario. Wind forcing for
the WAM model was taken from REMO 10-m wind fields at a
spatial resolution of 0.25°. Atmospheric forcing for the NEMO
model comes also from the REMO model results, including 10 m
meridional and zonal wind components, air temperature at 2m
height, short wave and longwave radiation, mean sea level pressure,
humidity, snow fall, evaporation and precipitation. Initial and
open boundary conditions of temperature, salinity, velocities,
and sea level for NEMO were taken from the MPIOM model
outputs. The global MPIOM ocean model provides dynamic
and steric sea-level changes associated with large-scale ocean
processes (Jungclaus et al., 2013), which are included in the
boundary and initial conditions. However, it does not account
for local vertical land motion or other site-specific contributors
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TABLE 1 Summary of abbreviations used in the study.

Abbreviation Full term

SST sea surface temperature

RCP Representative concentration pathway

POT Peaks-over-threshold

NwWS Northwest European continental shelf

LNWS (purple) Left of the Northwest European continental shelf

NAT (light green) Part of North Atlantic

SEC (blue) Southeastern North Sea coast

NOS (red + blue) North Sea

BAS (dark green) Baltic Sea

NWT (orange) Norwegian Trench

UK The United Kingdom

MHW Marine heatwave

IPCC Intergovernmental Panel on Climate Change

v Internal climate variability

GCOAST Geesthacht COAst model SysTem

WAM The wave model

NEMO Nucleus for European Modeling of the ocean model

GEBCO General Bathymetric chart of the oceans

REMO Regional atmospheric model

MPIOM Max Plank-Institute Ocean Model

MPI-ESM Max Plank-Institute Earth System Modeling

CMEMS The Copernicus Marine Environment Monitoring
Service

AR5 Fifth Assessment Report

RMSE The root-mean-squared errors

CRMSE The centered root-mean-squared errors

cv Coefficient of variation

BIAS Mean bias

NCV Normalized coefficient of variation

SI Scatter index

HH Hanna and Heinold index

SKILL Skill score

CORR Correlation coefficient

GEV Generalized-extreme-value

SSH Sea surface height

Hs Significant wave height

FREQ Frequency

INT Intensity

DUR Duration

MAG Magnitude

ESS Extreme storm surges

RE/RD Relative difference

RE; Point-by-point relative difference

PROJ Future period 2070-2099

HIST Historical period 1970-1999

FDR False discovery rate

SNR Signal-to-noise ratio

MSLP Mean sea level pressure

UHSLC The University of Hawaii Sea Level Center

Frontiersin Climate

10.3389/fclim.2026.1782346

to relative sea level rise (Churchetal, 2013; Slangenetal,
2014; Woppelmann and Marcos, 2016). Tidal elevation at the
open boundaries was added using harmonic constituents from
TPXOv8 database (Egbert and Erofeeva, 2002). The river runoff
was prescribed using freshwater discharge fields from the
global hydrological discharge model (Hagemann and Gates,
2001), as implemented within the REMO-MPIOM coupled
modeling system.

These forcing data from the REMO-MPIOM model offer a
significant advantage for high-resolution climate simulations over
Central and North Europe, with a 5-12km oceanic horizontal
resolution and an approximately 24km atmospheric resolution
(Mayer etal., 2022). Further details of the REMO-MPIOM
climate model system can be found in Seinetal. (2016) and
Mathis and Mikolajewicz (2020).

The regionalized REMO-MPIOM climate model simulations
were conducted to dynamically downscale a 30-member global
climate model ensemble derived from the low-resolution Max
Planck-Institute Earth System Model MPI-ESM1.1-LR, which has
horizontal resolutions of 1.9° in the atmosphere and 1.5° in the
ocean (Giorgetta et al., 2013). The ensemble members, labeled M1
to M30, simulated the period from 1950 to 2099. Each member was
initialized with different states taken from the same model system
during 1950-1959 (Mayer et al., 2022). The transient simulations
span two phases: (1) a historical period from 1950 to 2005, driven
by historical atmospheric pCO2; and (2) a scenario period from
2006 to 2099, following the RCP 8.5 scenario. Riahi et al. (2022)
noted that RCP 8.5 represents a high-emissions scenario useful for
exploring the high-end risks of climate change; however, it should
not be considered as a typical “business-as-usual” projection. While
it is not the most likely projection under current policy trends,
it remains an important criterion for evaluating the worst-case
climate impacts. Defined in the IPCC Fifth Assessment Report
(ARS5), RCP8.5 corresponds to a radiative forcing value of 8.5 W/m?
in 2100 relative to pre-industrial values (IPCC, 2013; Bowyer et al.,
2014).

2.1.3 Experimental design

Three high-
resolution regional coupled model WAM-NEMO configuration
(Bonaduce et al., 2020; Nguyen et al., 2024, 2025). Each simulation
was performed for two 30-year time slices representing past
(1970-1999) and future climate conditions (2070-2099). The
regional ensemble simulations were forced at the open ocean

experiments were conducted using the

boundaries and in the atmosphere by three representative
ensemble members of REMO-MPIOM climate model ensemble.
The three experiments are described as follows:

e EXPhig representing high open boundary sea level variability
(forced with REMO-MPIOM member M208).

e EXPmed representing median open boundary sea level
variability (forced with REMO-MPIOM member M221).

o EXPlow representing low open boundary sea level variability
(forced with REMO-MPIOM member M213).
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represented.

Schematic diagram of the regional coupled wave and ocean models. Parameter values exchanged between the wave and ocean models are also

These three REMO-MPIOM ensemble members were selected
from the original 30 members of the regionalized transient climate
model ensemble based on percentile-based sea level variability
at the lateral open boundaries. The ensemble size was reduced
from 30 to 3 due to computational constraints associated with the
high-resolution coupled simulations. To ensure that the reduced
ensemble still represents the spread of internal variability, we
applied a percentile-based selection method based on sea level
variability at the open boundaries. The selected members represent
high, medium, and low variability conditions within the original
ensemble. We first computed the spatially averaged sea level
variability along the open boundary grid cells and identified the
95th (high), 50th (medium), and 5th (low) percentiles. Each
percentile was calculated independently for two 30-year periods
mentioned above. For each percentile, we calculated the root
mean squared errors (RMSE) between each of the 30 ensemble
members and the percentile target. The three members with
the smallest RMSE relative to the respective percentile were
chosen: M208, M221 and M213, representing high, medium, and
low variability, respectively. These members were intentionally
selected to represent the upper, median, and lower bounds of
internal variability within the full large ensemble. This approach
preserves the essential spread of internal variability while keeping
the computationally intensive coupled simulation feasible. These
procedures follow the approach described by Pein et al. (2023), and
the selection of representative members is illustrated in Figure Al.

The model’s ability to simulate storm surges and MHWs was
assessed through comparison with tide-gauge records, and satellite-
derived SST, respectively.
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2.2 Analysis method for coastal extremes
2.2.1 Extreme storm surges (ESS)

The simulated storm surges were derived from the hourly sea
surface height (SSH) fields by first removing the mean SSH and
then filtering out the tidal signal. The resulting storm surges were
analyzed for the Northwest European continental shelf and the
Baltic Sea. Extreme storm surges were assessed using two well-
known approaches: the block-maxima method and the peaks-over-
threshold (POT) method.

For the block-maxima approach, yearly maximum storm surges
were extracted from fixed-length annual blocks, and a Generalized-
extreme-value (GEV) distribution was fitted to the cumulative
distribution of these maxima (Coles, 2001). The fitted GEV
distribution was used to estimate return periods.

The POT method was applied to identify storm surge hazards
for each 30-year period using a quantile-based threshold. For each
grid cell and ensemble member, we first computed the annual
95th-percentile storm surge values and then averaged them over
the corresponding 30-year period to define the threshold. Extreme
events were subsequently identified as surge heights exceeding
this threshold. Individual events were separated using a 72-h de-
clustering window (Marcos et al., 2011; Serafin and Ruggiero, 2014;
Vousdoukas et al., 2016, 2018b).

The selected events are characterized by four indices: the
occurrence rate per year (frequency, FREQ [events/year]), the
peak surge height (magnitude, MAG [m]), the peak height above
threshold (intensity, INT [m]), and the duration of the event (DUR
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[hours]). The detection of extreme storm surges (ESS) is illustrated
in Appendix A6, Figure A7.

The analysis focused on comparing future and historical runs
to investigate the projected changes in ESS events. These were
assessed by computing the mean ESS differences over 30-year
period between the historical (1970-1999) and future (2070-2099)
simulations. From the three-member ensemble, the 95th-percentile
of storm surge signals, their associated characteristics, and the
ensemble mean were calculated. The ensemble means for the two
30-year periods were then used to estimate projected changes
relative to the historical simulations. The projected signal was
evaluated using the relative differences (RD) between the future and
historical periods, defined as follows:

PROJ — HIST
RD = 100% x —————— (1)
HIST

PROJ and HIST refer to future and historical runs, respectively.

Positive (negative) RD values indicate an increase (a decrease) in

future period relative to the past. To assess whether the mean

values from the future and historical simulations differ significantly

at each grid point for the 95th-percentile of SS, we first applied

the student’s t-test (Scheer, 1986; Fan etal., 2013) at the 95%

confidence level. We then adjusted the resulting p-values using

the false discovery rate (FDR) method (Benjamini and Hochberg,

1995; Wilks, 2016) to control false positive rates. The difference

is considered statistically significant when the adjusted p-value is

<0.05. Further details can be found in Appendix B in Pham et al.
(2026).

2.2.2 Marine heatwaves

Marine Heatwaves (MHWSs) were identified following the
widely used framework of Hobday et al. (2016), as illustrated in
Appendix A6, Figure A8. In this approach, an MHW event is
defined as a period of anomalously warm water lasting at least
five consecutive days, during which the sea surface temperature
(SST) exceeds the 90th-percentile threshold for that day of
year. Climatological studies generally use at least a 30-year long
baseline. Accordingly, we calculated the daily climatology and
their corresponding thresholds for each grid cell using daily SST
derived from 6-hourly model outputs for the three experiments
over the historical (1970-1999) and the future (2070-2099) periods.
When two consecutive MHW events occur with less than 2 days
between them, they are merged into a single MHW. Using seasonal
variability thresholds and a 30-year baseline enables MHWSs to be
detected throughout the year rather than solely during the warm
seasons. This contrasts with fixed-threshold approaches, which
tend to identify events only during the warm season and may
underestimate MHW activity in cooler months (Frolicher et al.,
2018).

MHW events are characterized by their duration (DUR [days]:
the total number of consecutive days measured from the start
and end dates of the event), the total MHW days ([days): the
total number of MHW days in each year], frequency [FREQ
(events/year): the number of extreme events occurring each year],
and the maximum intensity (INT [°C]: the highest SST anomalies
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during each MHW event). These MHW characteristics were
explored using the Python Marine Heatwaves module (https://
github.com/ecjoliver/marineHeatWaves).

To assess the future changes in MHWSs, we calculated the
relative difference (RD; see Equation 1) between future and
past periods.

2.2.3 Internal variability

The influence of internal variability on the simulation of
regional extremes will be investigated in Section 3 using the three
selected members mentioned above. Our aim was to estimate the
influence of IV transmitted through the open boundary conditions
on the simulation of storm surges and MHWs of the regional
coupled model. In this study, the regional coupled model WAM-
NEMO responds to the variability imposed by the different large-
scale atmospheric forcings and oceanic states provided by the
selected REMO-MPIOM members. To quantify the role of the IV
in shaping the regional extreme events, we evaluated the inter-
member spread between the three experiments. Following the
methods used in regional climate modeling (Alexandru et al., 2007;
Lucas-Picher et al., 2008; Ho-Hagemann et al., 2020; Wiese et al.,
2020), we applied the standard deviation across ensemble members
as a measure of the IV:

T

N
1 1 _ 2
or =72 | o7 2 (7 ) @

t=1 n=1

with x being frequency, duration and intensity of extreme
events from ensemble member n, X; is the ensemble mean at time t,
T = 30 years, and N = 3 is the number of selected members.

This metric reflects how sensitive the regional coupled model
is to the variability in the lateral open boundary conditions,
thereby providing an estimate of the contribution of IV to
regional extremes.

2.2.4 Signal-to-noise ratio (SNR)

We assess the role of internal variability relative to projected
changes using the signal-to-noise ratio (Hawkins and Sutton, 2009;
Faghih and Brissette, 2023) defined as:

_ |PROJ — HIST]
OPROJ—HIST

SNR 3)
where PROJ and HIST refer to the mean values in the future
and historical 30-year time slices, respectively.
To quantify the noise component in the signal-to-noise ratio,
we define oproj—pist as the standard deviation of the differences
between the projected and historical annual values:

oproj—HIST = SD(Xproy — XHIsT) (4)

where Xproy and Xpsy denote the annual values of
the interested variables in the future and historical periods,
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respectively. It is not as simple as the difference between oproy
and opgst. This metric reflects the variability of extremes across
different periods, rather than the difference in standard deviation
for each period. Using the standard deviation of the difference series
allows us to capture both changes in variability and the influence of
internal climate variability on the projected changes. This provides
a more robust estimate of the noise against which the projected
signal is evaluated.

The SNR quantifies the relative importance of internal climate
variability compared with the projected change signal. Values of
SNR < 1 indicate IV dominates over the forced signal. As SNR
increases, the relative magnitude of IV decreases, and vice versa.
SNR > 1 indicates that the forced signal is stronger than IV.

2.3 Data
2.3.1 Tide gauge data

Hourly sea level observations from tide gauges located in
the North Sea and Baltic Sea for the period 1970-1999 were
obtained from the Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu/). The dataset comprises five
stations in the North Sea and twenty stations in the Baltic Seas, as
indicated in Figure lc. Additional sea level records were sourced
from the University of Hawaii Sea Level Center (UHSLC) database
(Caldwell et al., 2001). We downloaded four tide gauge records
from https://uhslc.soest.hawaii.edu/data/, specifically for Newlyn,
Cuxhaven, Tregde, and Lerwick. After we removed the mean
sea level, tidal signals were computed from each time series
using UTide (2014), the Python implementation of the Unified
Tidal Analysis and Prediction (Codiga, 2011). Then, the surge
component of the sea level signal can be taken as the remainder
after removing the tidal signal.

First, we evaluated the model performance in reproducing ESS
based on the comparison of simulated and measured monthly
maximum storm surges. This has been done by estimating
four metrics: the coefficient of variation (CV), the normalized
standard deviation (NSTD), the centered root-mean-square errors
(CRMSE), and the mean bias (BIAS or Bias). These metrics are
necessary for assessing how well the model reproduces the observed
mean state (e.g, CRMSE and BIAS) and variability (CV and
NSTD). Here, the observation is considered as a reference. The best
match between observation and simulation is indicated when the
NSTD is close to 1, and the CV of simulations is close to that of the
observations, while BIAS and CRMSE are close to 0. The detailed
information can be found in Appendix A2.

Previously, we used monthly maxima because they provide
a larger sample size and capture the seasonal variability of
storm surges, making them suitable for assessing general model
skills (e.g., bias and variability). In contrast, annual maxima
represent only the single most extreme event each year and
are therefore more appropriate for extreme value analysis (such
as return period estimation), but they offer limited statistical
robustness for evaluating overall model performance. For this
reason, we selected monthly maximum values to quantify model
skill, while annual maxima are used to analyze extreme storm
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TABLE 2 RMSE between simulations and observation and then averaged over three
experiments.

Stations RMSE (annual maxima)

1. Newlyn 0.150
2. Roscoff 0.247
3. Cherbourg 0.152
4. Dieppe 0.137
5. Boulogne 0.226
6. Dunkerque 0.272
7. Cuxhaven 0.603
8. Tregde 0.186
9. Lerwick 0.150

surge behavior. An example of Cuxhaven station is included in
the study.

In order to evaluate the model’s performance in reproducing
observed extreme values more accurately, we applied a simple
bias correction to the annual maximum storm surges. This step
does not aim to generate corrected values for future projections.
Instead, it identifies the magnitude and structure of systematic
errors in simulations. By comparing the uncorrected and bias-
corrected series, we can assess whether the model’s deviations from
observations are primarily due to systematic biases or limitations
in representing the variability and distribution of extremes. This
approach provides essential context for interpreting the BIAS
and CRMSE metrics and evaluating the model’s performance
in the present day. As the corrected values are not used in
future projections, the analysis does not rely on the stationarity
assumption typically associated with bias correction. The corrected
values for different stations in the North Sea are shown in Table 2.
These values were computed as the root-mean-squared errors
(RMSE [m]) between the simulations and observations of the
annual maximum sea level and then averaged over the three
experiments. For example, the corrected surge levels at Cuxhaven
were obtained by adding the corresponding correction values to the
annual simulated surge levels.

2.3.2 SST satellite-derived database

We compared the modeled SST from the three historical
experiments with satellite-derived Level 4 SST fields from CMEMS
for the overlapping period from 1982 to 1999. This CMEMS
product, recently published SST dataset by Bashiri et al. (2025),
provides high-resolution, optimally interpolated SST fields for the
North Sea and Baltic Sea. This dataset offers valuable observational
data for evaluating SST and related extreme events in our study
region. Incorporating this dataset enhances the assessment of
model performance, particularly for extreme SSTs such as MHWs,
in areas where reanalysis products are limited or unavailable.

The CMEMS satellite-derived SST  dataset
years (1982-2023) and is
observations from the Copernicus Marine Service (product
1D: SST_BAL_SST_L4 REP_OBSERVATIONS_010_016)

spans 42

based on reprocessed SST
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(Hoyer and She, 2007; Hoyer and Karagali, 2016; Embury et al,,
2024). This multisensory Level4 product is derived from infrared
satellite measurements and provides daily SST fields at a high
spatial resolution of 0.02° x 0.02° (approximately 2 km). Further
details are available in Bashiri et al. (2025). We used this dataset to
evaluate the simulated SST across the study region.

The reprocessed SST measured fields were interpolated onto
GCOAST grid, which has a spatial resolution of approximately
3.6 km. We evaluated model performance by computing the NSTD,
BIAS, RD and NCV of the simulated SST with respect to the
satellite-derived SST for the period 1982-1999 (see Appendix A2
for details on the calculation procedures).

3 Results
3.1 Model validation

In this study, the model’s performance was first evaluated
through a hindcast simulation, using the same configuration that
was applied in the main experiments. A dedicated validation
against observations is provided in Appendix A3. The evaluation
reveals that the model configuration successfully reproduces the key
characteristics of significant wave heights (Hs), sea surface heights
(SSH), and storm surges. The results in Appendix A3 demonstrate
good agreement between the simulations and the observations, with
low bias, relative difference (RE), root-mean-square error (RMSE),
scatter index (SI), the Hanna and Heinold index (HH), as well
as high skill score (SKILL), and correlation coefficient (CORR)
(Mentaschi etal., 2013; Willmottetal.,, 2012). These metrics
indicate that the model provides a robust representation of present-
day conditions, although some limitations remain in capturing
extreme variability, strengthening confidence in its suitability for
long-term simulations of the coupled modeling framework.

3.1.1 Storm surges

In this section, the modeled historical storm surges were
validated against measured surge levels derived from tide-gauge
records for both the North and Baltic Seas. Our objective was to
assess how effectively the regional coupled model reproduces the
magnitude and variability of historical storm surge extremes. To
this end, we first compared the monthly maximum storm surge of
simulations with those derived from the tidal gauge stations. The
locations of all stations are shown in Figure 1c.

Figure 3 shows the maximum modeled storm surge levels and
four evaluation metrics, compared with tide-gauge measurements
in the North Sea (left panels) and the Baltic Sea (right panels),
for the period 1970-1999. The mean of the monthly maximum
surges (MAX) reveals pronounced extreme surge levels along the
southeastern North Sea coast, while substantially lower maxima
occur throughout the Baltic Sea. The coefficient of variation
(CV) ranges from approximately 20% to 45%, increasing toward
the northern stations. The CV of simulations generally agrees
with observations, but the largest deviation occurs at Cuxhaven.
Differences among the experiments in the North Sea are small
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except at Dieppe and Dunkerque. In the Baltic Sea, however, all
experiments systematically underestimate variability at stations,
where CV values are much higher, ranging from 40 to 80%,
particularly at the northern stations.

The normalized standard deviation (NSTD) ranges from 0.54
to 1.34 across the North Sea stations. Stations 1-5 show moderate
overestimation (NSTD > 1), while stations 6-9 drop to around
0.8, indicating that the model underestimates the spread. A similar
behavior is found in the Baltic Sea, where NSTD values consistently
fall below 1. The centered root-mean-squared errors (CRMSE)
range from 20 to 70 cm, with exceptional high values at Cuxhaven
and peak errors at the northern Baltic Sea stations (numbers 18-
20). These results suggest that the model captures the general
shape of storm surge variability reasonably well but performs less
effectively in regions with complex coastlines and bathymetry (e.g.,
the southeastern North Sea) or in areas influenced by sea-ice cover
(northern Baltic basin).

Biases fall within approximately —16 to +8cm. Overall, the
evaluation of monthly maximum storm surges indicates that the
model reproduces mean surge levels reasonably well, as reflected
by the generally low biases across most stations. However, all
experiments systematically underestimate variability, as shown by
consistently low CV and NSTD values relative to observations.
This suggests that the model does not fully capture the magnitude
of extreme storm surges, particularly in the Baltic Sea, where
surge dynamics are strongly wind-driven and sensitive to basin
geometry. Despite this limitation, CRMSE values remain moderate,
indicating that the temporal evolution and relative differences are
reasonably well represented. Moreover, differences among the three
experiments are relatively small, though EXPmed tends to perform
slightly better, with slightly lower CRMSE and bias values compared
to EXPhigh and EXPlow. In summary, the model captures mean
surge conditions well, but challenges remain in representing the full
range and intensity of storm surge variability, especially in regions
with narrow inlets, complex topography, or strong wind-setup.

At Cuxhaven, the model reproduces the mean monthly
maximum surges reasonably well with relatively small bias (8-9 cm)
across all experiments. However, it substantially underestimates
variability: the CV amounts to 44% in observed data but 22-24%
in the simulated data. This means that models capture only about
half of CV compared to observation. This is fully consistent with
NSTD of a range 0.55-0.6, indicating the modeled STD is 40-45%
lower relative to observations. Despite the small bias, the CRMSE
of about 68 cm for all runs indicates a large spread to the mean
values, pointing to the mismatches in peak or timing of monthly
maxima. Differences between experiments are small but systematic.
Overall, Cuxhaven shows a realistic mean state of storm surges
but is pronounced underrepresentation of variability of monthly
maxima. Cuxhaven is located at the Elbe estuary mouth, a highly
dynamic transition zone where storm surges are strongly influenced
by several physical processes that are not fully resolved in our
regional model configuration (Weisse and Pliif, 2006; Arns et al.,
2015). These include the complex estuarine and neighboring
Wadden Sea bathymetry, strong tidal amplification, nonlinear
tide-surge interactions, and the funnel shaped geometry of the
German Bight, all of which can significantly modify surge heights
(Weisse and Plif, 2006; Horsburgh and Wilson, 2007; Miiller et al.,
2012; Arns et al., 2015).
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FIGURE 3
Coefficient of variation CV[%] (a, b), normalized standard deviation NSTD (c, d), centered root-mean-squared errors CRMSE [cm] (e, f), mean bias
BIAS [cm] (g, h), and the mean of the monthly maximum storm surges MAX [m] (i, j). Results compare simulations with observations at nine stations in
the North Sea (left) and twenty stations in the Baltic Sea (right). Different colors represent the three experiments: EXPhig (red), EXPmed (green),
EXPlow (blue), while observations (OBS) are shown by the black dashed line.

Figure 4 shows the return levels of annual maximum storm
surges at the Cuxhaven tide-gauge station for return periods
ranging from 1.1 to 30 years. All three experiments (EXPhig,
EXPmed, and EXPlow) capture the main statistical behavior
of extreme surges. However, the simulations (solid lines)
systematically underestimate the observed return levels, with the
discrepancy increasing for longer return periods. This is a common
feature of regional surge modeling, where unresolved coastal
processes and insufficiently resolved nearshore bathymetry tend
to suppress extremes (Weisse and Plif, 2006; Arns et al., 2015).
The discrepancies between the experiments reflect the uncertainty
imposed by the selected member forcings, which becomes more
pronounced at longer return periods. The results also demonstrate
that the monthly maxima and GEV-based methods are highly
sensitive to single rare events, particularly when the sample sizes
are small. Applying the bias correction (dashed lines) substantially
improves the agreement with observed data by shifting the modeled
return levels upwards closer to the observed curve. The results
are consistent across return periods; EXPhig is always higher than
EXPmed. EXPlow exhibits a rapid increase. Its return levels lie
lowest with a return period of less than 2.5 years, falling between the
return levels of EXPhig and EXPmed for return periods between
2.5 and 6 years. The highest return levels correspond to a return
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period of more than 6 years. EXPmed generally aligns closest to the
observed data after correction. This correction effectively reduces
the systematic offset while preserving the shape of the distribution,
resulting in more realistic estimates of high-impact, low-frequency
surge events. Although some underestimations remain at the
longest return periods, the improvement is substantial. The 95%
confidence intervals show that the bias-corrected experiments
fall within or near the observational uncertainty range for most
return periods.

3.1.2 Sea surface temperature

Figure 5 shows four SST skill metrics evaluated against the
satellite-derived CMEMS dataset (Bashiri et al.,, 2025) for the
EXPhig, EXPmed and EXPlow experiments, averaged over the
entire 30-year historical period. The bias fields (as in panels a—c)
reveal minor discrepancies across the domain, including a relatively
warm bias along parts of the North Sea coast, a relatively cold bias
in the Norwegian Trench, and weak, spatially mixed biases in the
Baltic Sea. There are minimal differences among these experiments,
indicating that model reproduces the mean SST well and that its
performance is not sensitive to the choice of representative forcing
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FIGURE 4
Return levels of annual maximum storm surges for return periods
ranging from 1.1 to 30 years at the Cuxhaven tide gauge station. The
red, green, blue, and black solid lines show the simulated surge
return levels for the three experimental and the observational data,
while the corresponding dashed lines represent the bias-corrected
values. Black dots represent the observed annual maxima. The
shaded gray area denotes the 95% confidence interval of the
observations, and the colored vertical lines indicate the
corresponding 95% confidence intervals for each experiment at
several return periods.

member. Relative differences (RD in panels d-f) mainly fluctuate
within £10-20%, with more substantial value observed in the
southern North Sea and parts of the Baltic Sea, a phenomenon
attributable to the impact of complex coastlines and bathymetry.
Both the normalized coefficient of variation (NCV in panels g-i)
and normalized standard deviation (NSTD in panels j-1) show that
the model reasonably well captures the spatial distribution of SST
variability, with values close to 1 across much of the North Sea.
However, larger values in the Baltic Sea and Norwegian Trench
suggest an overestimation of variability in these more enclosed
basins. Crucially, the consistent spatial distribution across all the
experiments demonstrates that model performance is mostly not
affected by the selected members. Overall, the model skills show a
good agreement between simulated and observed SST. The model
performs reliably across the region, with the strongest skill in the
open North Sea and slightly reduced performance in more complex,
semi-enclosed basins, such as the Baltic Sea.

To assess whether the model captures thermal conditions
relevant to generating extreme temperature events, we extended
the SST evaluation to include SST anomaly variability and 90th-
percentile statistics, in addition to CV, NSTD, CRMSE, and
BIAS. SST anomalies were computed by removing the monthly
climatology, and their standard deviation and 90th-percentile were
compared with satellite observations for the period from 1982 to
1999. As summarized in Appendix A5, Figure A6, the observed
fields show strong spatial heterogeneity, with the highest values in
the German Bight and Baltic Sea. All experiments reproduce key
aspects of SST variability and warm anomaly behavior, although
they underestimate variability in regions with the strongest
observed anomalies. The results support the suitability of the
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coupled model for representing thermal conditions associated with
extreme temperature events.

3.2 Projected changes for coastal extremes

To assess how climate change may influence future coastal
hazards across the Northwest European shelf and the Baltic Sea,
we compared the future period (2070-2099) with the historical
baseline (1970-1999) using the same high-resolution regional
model setup. The evaluation focuses on changes in frequency,
intensity, and duration of ESS and MHW. The differences reflect
the combined effect of changes in atmospheric forcing, ocean
conditions, and internal variability.

3.2.1 Extreme storm surges

Historical 95th—percentile storm surge levels, ESS frequency,
intensity and duration display a coherent spatial pattern across
the northwestern European continental shelf and the Baltic Sea.
Figure 6 presents the spatial distribution of the 95th-percentile
threshold (a) and the ESS frequency (c), intensity (e), and duration
(g) for the historical period and their relative differences (RD; b,
d, f, h) to future runs. Only the mean values across the three
experiments are shown, as EXPhig, EXPmed, and EXPlow exhibit
similar spatial patterns. Areas without hatching indicate the regions
where future and historical means differ significantly at the 95%
confidence level, based on a student’s t-test combined with the FDR
method (p-value < 0.05).

As shown in the left column of Figure 6, the greatest values
occur along the North Sea and much of the UK coastal areas, with
their maxima in the English Channel. This confirms that these areas
are particularly prone to extreme storm surge activity, as found in
previous studies (Vousdoukas et al., 2016). In contrast, ESS in BAS
is generally less frequent and less intense, although their durations
are comparable to those in NOS. NOS is directly exposed to North
Atlantic storm tracks and therefore experiences more frequent
and often more severe surges, sometimes multiple times within
a single season. BAS is semi-enclosed and therefore not exposed
to open-ocean storms. Long-term analyses confirm a lower surge
frequency (Wolski and Wisniewski, 2021). Nevertheless, persistent
wind patterns can push water into narrow sub-basins, such as the
Gulf of Finland or the western Baltic Sea, producing exceptional
high surges (Groll et al., 2025).

The 95" -percentile threshold (Figure 6b) shows that RDs are
generally small, fluctuating within a range of +6.3%. However,
noticeable increases in RDs appear in the offshore North Atlantic,
Norwegian Sea and along the NWT, while negative values
occur along the southern boundary, the Celtic Sea and the
English Channel. Projected changes in ESS characteristics vary
regionally substantially depending on the metric used. Overall, RDs
increase in intensity by up to 20% in regions above 50°N, while
decreases remain below 10%. The strongest increases occur in the
southeastern North Sea, the northern UK and the southern Gulf of
Bothnia, even though the projected changes in 95th-percentile are
not statistically significant.
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A closer examination of regional patterns reveals that ESS
projections for the Irish Sea indicate less frequent but more
intense and longer-lasting events. This behavior is consistent with
projected changes in storm-track dynamics over the North Atlantic
(Chaigneau et al., 2024), increased persistence of high-energy wave
and surge conditions, and the basin’s semi-enclosed geometry,
which enhances event duration. A similar pattern emerges in
the NWS, where the highest surge levels coincide with the most
frequent ESS events in the historical period. Future projections
indicate a reduction in ESS frequency but an increase in surge
intensity, particularly along the German Bight coast. This region
is strongly influenced by westerly wind regimes (Gaslikova et al.,
2013) and pronounced interannual variability (Dangendorf et al.,
2014), although earlier studies reported no significant long-term
change in storm surge (Lowe et al., 2009). Comparable behavior
is evident along the northern UK coast. In contrast, there are
some small areas in the southwest UK and the southeast Baltic
Sea exhibiting declining 95th-percentile surge levels but increasing
surge intensity. This reflects the fact that different parts of the
extreme distribution respond to different physical drivers. ESS
events using the 95th-percentile represent moderate extremes.
These events can decline when typical storm tracks, prevailing
wind directions, or seasonal storm characteristics become less
favorable for generating frequent surges (e.g., Woollings et al.,
2012). Conversely, the most intense and rare events depend on the
combined local effects of wind, atmospheric pressure, and coastline
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geometry, and these can intensify even when moderate events
weaken (Arns et al., 2013; Vousdoukas et al., 2018a).

Figure 7 presents the temporal evolution of ESS frequency,
magnitude, and duration, averaged for six sub-areas defined in
Figure 1b, over the 30-year period from 1970 to 1999. The
time series reveals substantial interannual variability across all
three metrics, with some regions exhibiting more pronounced
fluctuations than others. All regions show weaker relationships
among these metrics, underscoring notable spatial heterogeneity
in storm surge dynamics. Overall, ESS activity exhibits marked
temporal and regional variability, with the largest surge heights
and highest occurrence rates of extreme events concentrated along
the German Bight coast. Historical storm surges in the Baltic Sea
are generally less frequent and less intense but tend to persist for
longer durations.

The spatial distribution of internal variability (Figure 8, left
column) and signal-to-noise ratios (SNR; right column) for
extreme storm surge characteristics reveals a clear regional inverse
relationship between the Northwest European continental shelf
(NWS) and the Baltic Sea. The NWS exhibits substantially higher
IV in frequency and intensity. This high variability is most
pronounced in the Irish Sea, southern and central North Sea,
including German Bight and adjacent coastal regions, where
exposure to North Atlantic storm tracks drives strong year-to-year
fluctuations. In contrast, the Baltic Sea exhibits exceptionally high
IV in ESS duration and comparatively high IV along the northern
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Spatial distribution of (a) the 95th—percentile, (c) frequency FREQ [events/year], (e) intensity INT [cm], and (g) duration DUR [hours] of ESS during the
historical period. Panels (b, d, f, h) show the corresponding relative differences between the future projection (2070-2099) and the historical period
(1970-1999). The hatched area in panels (b, d, f, h) indicates regions where the differences are statistically insignificant (p > 0.05).
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Gulf of Bothnia and the eastern coastal Baltic Sea. These patterns
indicate that internal climate processes exert strong control on ESS
behavior, especially in closed basins and near coastal areas. The
corresponding SNR quantifies the magnitude of projected changes
relative to IV. The projected changes are relatively insignificant
in comparison to the IV, ranging from 0 to 1, indicating that
the IV exerts a dominant influence in shaping ESS characteristics.
The largest SNR values occur for intensity in the offshore outer
Northern NOS, indicating a comparable impact of forced signal and
IV in these regions. ESS frequency shows SNR values up to 0.4 in the
Baltic Sea and the southwestern UK. These findings demonstrate
that projected changes in ESS characteristics are generally smaller
than the magnitude of internal variability itself, highlighting the
dominant role of IV for the whole domain, making projected
changes less certain.
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3.2.2 Extreme marine heatwaves

In this section, projected changes in MHWs are assessed by
comparing future MHW characteristics with those of the historical
period. The analysis focuses on the key MHW metrics: frequency,
intensity, duration, and annual total MHW days across the North
Sea and Baltic Sea. This provides a comprehensive view of how
MHW behavior may change under future climate conditions.
Figure 9 illustrates the historical distribution of these characteristics
and their relative differences to the future.

Historical MHWSs occurred relatively rarely in the southern
North Sea, particularly the Southern Bight and along eastern
English coast, where only about 1-1.5 events per year were
recorded. Despite their low frequency, these events tended to
persist for long periods, often exceeding 16 days. Such prolonged
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FIGURE 7

Frequency FREQ [events/year], mean magnitude MAG [cm] and mean duration DUR [hours] of storm surge events for each year, spatially averaged
over the subregions defined in Figure 1b. Results are shown for the 30-year period from 1970 to 1999. Different colors represent individual
subregions.
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FIGURE 8
Spatial distribution of historical internal variability [IV; panels (a, ¢, )] and signal-to-noise ratio [SNR; panels (b, c, f)] of extreme storm surges, shown
for (a, b) frequency; (c, d) intensity; and (e, f) duration.
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(2070-2099) and the historical period (1970-1999).

Projected changes in MHW characteristics: (a, b) frequency, (c, d) total MHW days, (e, f) duration, and (g, h) intensity. Left-hand panels show mean
values across the three experiments averaged over 1970-1999, while right-hand panels show relative differences between the future period
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durations are consistent with the physical characteristics of these
shallow and seasonally stratified regions, where warm anomalies
are sustained by strong local heat retention and weak vertical
mixing (Frolicher et al., 2018). In contrast, the NWT experienced
more frequent but shorter MHW events, reflecting the influence of
deeper waters, stronger currents, and more efficient heat exchange
with the open ocean (Williams-Kerslake et al., 2025). By the end of
the 21 century, the southern North Sea is projected to experience
more frequent but shorter and less intense MHW, resulting in only
modest changes in annual total MHW days (Frolicher et al., 2018).
In the Baltic Sea, historical MHWs generally occurred more often,
but projected changes in annual total MHW days vary substantially
between sub-basins, with increases in the north and decrease in
the south. These results highlight the strong influence of regional
circulation, stratification patterns and basin-scale heat dynamics on
future MHW responses (Travkin et al., 2024; Bashiri et al., 2025).
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Figure 10 presents the evolution of MHW characteristics for
both the historical (1970-1999) and the future periods (2070-
2099). The values represent the spatial mean over the subregions
defined in Figure 1b. During the historical period, MHW activity
generally remains low, but all regions exhibit pronounced
interannual variability in frequency, duration, intensity, and total
MHW days. Notable peaks occur around 1980, 1991, and 1997,
affecting most regions, but with varying magnitudes. Total MHW
days (panel g) show a similar pattern, indicating years when events
were both more frequent and longer lasting. MHW duration varies
substantially between regions (panel e), with some subregions
experiencing particularly longer-lasting events, consistent with the
above-mentioned peaks. In contrast, MHW intensity (panel c)
shows a gradual upward trend over the three decades, suggesting
a climate warming trend. Regional differences are evident: the
NAT region generally exhibits lower MHW intensities, whereas
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FIGURE 10
Evolution of marine heatwave (MHW) characteristics (yearly means over the three experiments) for the past and the future periods: (a, b) frequency,
(c, d) intensity, (e, f) duration, and (g, h) total MHW days. Values show spatial averages across the subregions shown in Figure 1b

the Northwest European continental shelf (including NOS, SEC, 4 Discussions
LNWS, and NWT) shows more pronounced fluctuations in all . . .
metrics except intensity. In the future period, the time series reveals 4.1 Interpretation of projected cha ngesin
a temporary reduction in MHW frequency and total heatwave days ~ €Xtreme storm surges
before values rise again later in the century. The results indicate that
a future MHW activity for the first half of the scenario projection Projected changes in extreme storm surges show pronounced
will be lower in the last part of the historical period. A clear upward  spatial variability across the Northwest European continental shelf
shift across all metrics consistent with climate warming trends.  and the Baltic Sea. Along several parts of the North Sea coast,
However, projected changes vary regionally, affecting different  including the German Bight and sections of the UK coastline,
metrics. The frequency and intensity of MHWSs increase more  our simulations indicate a decrease in the frequency of extreme
strongly in the southern domain, while northern areas show a  storm surge events but an increase in their intensity. This pattern
pronounced increase in total MHW days toward the end of the is physically plausible, reflecting changes in the distribution and
century. This reflects the transition from a cooler, more ice-  characteristics of meteorological forcing rather than uniform shifts
affected environment in the past to a predominantly open-ocean  in storm occurrence. This behavior is also consistent with projected
environment in the future. changes in storm track behavior and storm intensity under future
The internal variability (IV) and the signal-to-noise ratios  climate scenarios (Schade et al., 2025). Although mean sea level rise
(SNR) of the four MHW metrics are presented in Figure 11 as  does not substantially modify storm surge dynamics, it elevates
averages over a 30-year period (1970-1999). The Baltic Sea exhibits  the local mean sea level, thereby increasing the total water level
consistently high IV across all metrics, indicating substantial  associated with the most intense surge events. This trend has been
internal variability in this region. The strongest IV associated with ~ documented across European coastlines, where sea level rise is
total-MHW days and duration appears in the English Channel, identified as the dominant driver of increases in extreme sea levels
while the NWT exhibits comparatively low IV for these two  (Calafat et al., 2022).
metrics. Overall, the spatial patterns of the ensemble-mean MHW Extreme storm surges in this region are typically driven with
characteristics and their SNR are consistent across the three  persistent and intense wind forcing, strong pressure gradients, and
ensemble simulations, reflecting dominant influences of IV over the  specific storm track configurations that favor long fetch conditions
projected changes in MHW characteristics. (Timmerman, 1975; Woodworth et al., 2007; Gonnert and Sossidi,
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Spatial distribution of historical internal variability [IV; panels (a, c, e, g)] and signal-to-noise ratio [SNR; panels (b, d, f, h)] for MHWs: (a, b) frequency;

(c, d) intensity; (e, f) duration, and (g, h) total MHW days
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2011). Even modest changes in the upper tail of wind speed or
pressure gradient distributions can disproportionately affect the
highest surge levels, while exerting a weaker influence on the
total number of exceedance events. Future climate projections
indicate a poleward and eastward shift of North Atlantic storm
tracks (Woollings et al., 2012; Zappaetal., 2013; Harvey etal,
2020; IPCC, 2021). As a result, fewer low-pressure cyclones follow
the classical southwest-northeast trajectory that typically drives
strong southwesterly winds into the North Sea, leading to a
reduction in the frequency of storm surges (Pinto et al., 2007, 2009).
At the same time, extratropical cyclones are projected to intensify,
with lower central pressure and stronger wind speed (Ulbrich et al.,
2009; Zappa et al., 2013; Priestley and Catto, 2022). These changes
enhance the upper tail of the wind speed and pressure gradient

Frontiersin Climate

distributions, increasing the likelihood of producing the most
extreme surges even if the total number of events declines.
Moreover, nonlinear interactions between wind forcing, shallow-
water dynamics, coastal bathymetry, and tide-surge coupling can
amplify peak surge heights without a corresponding increase in
event frequency (Arns et al., 2015; Vousdoukas et al., 2016). Similar
behavior has been identified in earlier regional climate projections,
where changes in storm characteristics and internal variability
were found to modify the intensity of rare events more strongly
than their occurrence rate (Woth et al., 2006; Gaslikova et al., 2013;
Dangendorf et al., 2014). Collectively, these findings suggest that
future storm surge risks along parts of the North Sea coast may
increasingly be characterized by fewer but more severe events,
particularly in regions such as the German Bight, where coastal
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geometry and shallow-water effects enhance sensitivity to extreme
wind forcing.

Storm surges in the Baltic Sea are strongly influenced by the
geometry of the semi-enclosed basins, local wind forcing, and weak
tidal effects. The Baltic Sea is not affected by the storm surges
entering from the North Atlantic, because it is only connected to
the North Sea through the narrow Danish Straits. Furthermore,
extreme sea levels in the region primarily result from local
wind setup, storm direction, and the spatial distribution of wind
fields. These factors have a significant impact on the magnitude
and spatial pattern of surge events (Lepparanta and Myrberg,
2009; Madsen et al., 2019; Meier et al., 2022). These studies have
demonstrated that strong, persistent westerly or southwesterly
winds can push large volumes of water into the Baltic Sea. This
results in pronounced sea level gradients and produces extreme
surges, particularly in the Gulf of Finland, the Gulf of Riga, and the
Bothnian Sea. In addition, basin-scale oscillations and seiches can
further amplify sea-level responses to local storms. These oscillation
modes, which are caused by the Baltic Sea’s geometry and its limited
exchange with the North Sea, can resonate with storm forcing
to enhance surge levels under specific meteorological conditions
(Wolski et al., 2014; Meier et al., 2022). Projected changes in large-
scale atmospheric circulation, including shifts in the North Atlantic
Oscillation (NAO), will continue to affect extreme storm surges in
the Baltic Sea (Meier et al., 2004; Rutgersson et al., 2022). Studies by
Hiinicke and Zorita (2008); Meier et al. (2022) have suggested that
intense wind events may become more episodic. However, climate
models do not show a consistent increase in storm frequency. This
could lead to higher risks of extreme storm surge events, even
without a systematic increase in overall storminess, meaning that
the Baltic Sea may experience intense storm surge events, driven by
short-term atmospheric variability rather than long-term increases
in storm activity. Future extreme sea levels in this region are
profoundly affected by the mean sea level rise, specifically during
the storm events (Kapsi et al.,, 2023; Dieterich and Radtke, 2024;
Groll et al., 2025). Extreme sea levels will increase substantially, and
extreme storm surges are projected to become more frequent, even
if the magnitude of storm surges may not increase significantly in
the future.

It is important to emphasize that our analysis focuses on
storm surge residuals derived from sea surface height after
removal of mean sea level and tidal signals. Consequently, the
projected changes describe the meteorologically driven component
of extreme sea levels rather than total extreme water levels. From
a coastal flooding perspective, changes in total extreme sea level
depend on the combined effects of storm surge residuals, tides,
wave-related contributions, and mean sea level rise. Even where
the frequency of storm surge residual exceedances decreases, the
frequency of total water level exceedances is expected to increase
under rising mean sea level (Vitousek etal., 2017; Wahl, 2017;
Vousdoukas et al., 2018b; Frederikse et al., 2020; Tebaldi et al.,
2021). The projected changes in storm surge residuals should
therefore be interpreted as one component of future coastal
flood hazards.

The GEV-based return level estimates of annual maximum
storm surges for the historical period (1970-1999) and the future
period (2070-2099) across the three experiments are shown in
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Appendix A4, Figure A5. The projected return level curve (dashed
lines) in EXPmed lies above the historical curve (solid line),
indicating a general increase in extreme storm surges across most
return periods. This upward shift becomes more pronounced at
longer return periods, reflecting a stronger intensification of rare,
high-impact events under future climate conditions. The EXPhigh
and EXPlow experiments exhibit more complex behavior. EXPhig
shows a slight decrease in return levels for the return period from
2.2 to 20 years, while exhibiting increases for both shorter and
longer return periods. In EXPlow, shorter return periods show a
clear increase in future return levels; however, the return levels
associated with longer return periods are noticeably lower than
the historical estimates. This pattern implies that under EXPlow
forcing, moderate extremes may become more frequent, while
the most severe events may not intensify, or may even weaken,
relative to the historical baseline. The 95% confidence intervals,
shown as colored vertical lines, widen with increasing return period
due to the rarity of extreme events, yet the separation between
historical and future estimates remains evident in EXPmed. The
results demonstrate that projected changes in extreme storm
surges depend strongly on the choice of atmospheric forcing.
EXPmed indicates substantial increases across the full range of
return periods, while EXPhigh and EXPlow reveal more nuanced
responses, highlighting the influence of internal variability on
future surge projections. Despite these uncertainties, the general
increase in return levels across several experiments suggests
that high-impact, low-frequency surge events may become more
likely in the future. These findings underscore the importance of
considering both mean sea level rise and changes in the upper-tail
behavior of storm surge distributions when assessing future coastal
risk, as relying solely on mean changes would underestimate the
potential severity of extreme events.

4.2 Projected changes in extreme marine
heatwaves

The simulations indicate a substantial increase in the frequency
of extreme marine heatwaves across large parts of the study region
toward the end of the 21 century. This behavior is consistent
with global and regional assessments that report more frequent
marine heatwaves under continued ocean warming (Hobday et al.,
2016; Frolicher et al., 2018; Oliver et al., 2018, 2019, 2021; IPCC,
2021). The spatial patterns show regional contrasts, with some areas
experiencing more frequent but shorter events, while others show
increases in both frequency and cumulative duration.

Such contrasts are consistent with the physical characteristics of
shelf seas. Changes in stratification, vertical mixing, and circulation
pathways can modulate the persistence of sea surface temperature
anomalies, particularly in regions with strong seasonal stratification
or limited ventilation, such as parts of the North Sea and the
Baltic Sea (Holbrook et al., 2019; Sen Gupta et al., 2020; Chen et al.,
2022; Chen and Staneva, 2024). The projected increase in the
total number of marine heatwave days in several subregions
implies longer cumulative exposure of marine ecosystems and
coastal sectors to thermal stress, with potential consequences
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for biogeochemical cycling, oxygen conditions, and ecosystem
functioning (Cavole et al., 2016; Smale et al., 2019).

A notable feature is the temporary reduction in MHW activity
at the beginning of the future period compared with the end of the
historical period. This behavior is not caused by colder atmospheric
or ocean boundary conditions, nor by the model restart. The wave-
ocean coupled model was forced using two 30-year time slices
extracted from the transient climate simulation. This means that
both the historical and future periods begin from fully dynamic,
initially consistent ocean-atmosphere states. As a result, the future
simulation does not start from a colder state. Instead, the temporary
decline in MHW activity in the early future reflects the dominant
influence of IV within the coupled system rather than a forcing or
initialization, particularly multi-year fluctuations in upper-ocean
heat content, stratification, and circulation superimposed on the
warming trends. Moreover, in this study, the percentile used to
detect MHWs is calculated based on their periods. However,
using this approach may filter out the potential changes in storm
tracks, wind regimes, cloud cover, and sea-ice evolution, thereby
limiting the model’s ability to capture emergent future drivers of
MHWs. Therefore, the temporary decline in early future MHW
activity should be interpreted as a manifestation of internal ocean
variability superimposed on the overall warming trends, rather than
as a robust signal of reduced future MHW risks.

4.3 Role of internal variability in projected
coastal extremes

Internal variability emerges as a dominant source of uncertainty
in the projected changes of both extreme storm surges and
extreme marine heatwaves. The inter-member spread among the
simulations indicates that internal variability can be comparable
to, or even exceed, the mean projected changes in several
regions. This finding is consistent with previous studies showing
that internal variability can strongly modulate regional climate
signals and delay or obscure the emergence of externally
forced trends (Alexandru etal., 2007; Lucas-Picher et al., 2008;
Hawkins and Sutton, 2009; Deser et al., 2012).

For storm surges, the importance of internal variability aligns
with evidence of pronounced decadal and multi-decadal variability
in North Sea storminess and surge conditions (Gaslikova et al.,
2013; Dangendorfetal., 2014; Schrum etal.,, 2016). For marine
heatwaves, internal variability reflects the sensitivity of surface
temperature extremes to fluctuations in atmospheric forcing, ocean
circulation, and background stratification (Holbrook et al., 2019;
Sen Gupta et al,, 2020; Oliver etal., 2021). These results imply
that projections based on single realizations may not adequately
represent the range of plausible future outcomes at regional scales,
particularly for extremes that depend on the tail of the distribution.

4.4 Co-occurrence of extreme storm
surges and marine heatwaves

Improving our understanding of co-occurring extremes is
crucial for advancing integrated coastal risk assessments, as well
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as for developing effective adaptation strategies and early warning
systems in vulnerable regions. While this study does not provide
full compound events analysis, we demonstrate the potential
for temporal overlap between ESS and MHWs using examples
identified in the simulations. An illustrative case study of the
Lerwick station in the northern North Sea shows how simultaneous
extremes can occur locally. To assess whether this behavior is
spatially consistent, we additionally examined modeled time series
from several stations across the Northwest European continental
shelf, including Roscoff and Newlyn. These sites span a range
of hydrographic settings and exposure conditions, enabling us to
evaluate whether co-occurrence patterns are unique to a single
location or emerge more broadly across the region.

Using the methodological framework described earlier, years in
which both ESS and MHWSs occurred concurrently were identified
across the 30-year period from 1970 to 1999. Figure 12 illustrates
representative examples of such overlaps in different years and
locations (see Table 3). These events can occur in different seasons.
During these periods, elevated water levels driven by prevailing
west-southwesterly winds coincide with winter MHWs, which are
influenced by warm air advection and the mixing of deeper, warmer
waters. These overlaps are noteworthy because many marine
species, including cold-water corals and kelp forests, are highly
sensitive to extreme temperatures. The combination of storm-
driven flooding and thermal stress could endanger ecological and
socio-economic systems.

Although Figure 12 only shows representative years for
visualization, all statistical assessments use the full 30-year dataset.
This approach ensures that the results reflect long-term variability
rather than short-term anomalies. Across the entire dataset, co-
occurring events are relatively rare. A quantitative assessment
indicates that co-occurrence events represent only a small fraction
of the total record, confirming that these compound extremes
are relatively rare but potentially impactful. These events can
be explained using the same conditions that generate strong
storm surges, such as prolonged wind forcing and persistent
pressure gradients, which may contribute to the development or
persistence of warm ocean anomalies. However, the strength of
this relationship varies both regionally and interannually. This
indicates that co-occurrence is not governed by a single mechanism.
Instead, the interplay between atmospheric circulation, ocean
stratification, and seasonal conditions is important. While this
analysis provides first insights into potential compound extremes,
the limited number of co-occurrence events indicates the necessity
of further investigation. Broader spatial coverage and longer
records are required.

While ESS and MHWs often peak in different seasons, the
simulations suggest that they can overlap, particularly during
transitional periods. Severe sea surface temperatures associated
with long-term warming can persist into autumn and winter, while
storm surge events continue to occur under strong wind forcing
and low mean sea level pressure (Wahle et al., 2017). Even limited
temporal overlaps can intensify impacts, such as storm-driven
flooding and infrastructure stress coincide with thermal stress on
marine ecosystems.

Recent global analyses indicate that concurrent extreme
sea levels and marine heatwaves are already widespread
and are projected to increase under high-emission scenarios
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TABLE 3 Years with ESS and MHW co-occurrences at various stations across the Northwest European shelf.

st 73 74 76 77 79 80 82 83 8 88 90 91 92 94 95 96 97 98 99

1 X X X X X X X X X X
2 X X X X X X
3 X X X X X X
4 X X X X X X
5 X X X X X X X X
6 X X X X X X X X
7 X X X X X X X X
8 X X X X X X X X X X
9 X X X X X X X X

The first column lists the station numbers (corresponding to the locations shown in Figure 1b), and the subsequent columns indicate the years in which ESS-MHW co-occurrences were detected
(e.g, 77 = 1977; 99 = 1999).

(Zhou and Wang, 2024). The simulated examples of co-occurrence ~ waves exert a crucial impact on both oceanic and atmospheric
in the Northwest European shelf suggest that such compound  components of Earth system models. Fully coupled wave-
events may represent an additional and growing source of coastal ~ ocean-atmosphere modeling frameworks (Warner etal., 2010;
risk, particularly for sensitive ecosystems and densely populated =~ Wu etal.,, 2019a; Grayek et al., 2023) enable these interactions to
coastal regions (Glynn and D’Croz, 1990; Wernberg et al., 2016).  be represented consistently across multiple hazards avoiding the
A systematic quantification of compound-event probabilities  inconsistencies that may arise when separate modeling systems are
and joint drivers would further strengthen integrated coastal  used for different extremes.
risk assessments. A major limitation of this study is that it is based on the
Finally, while this study focuses on ESS-MHW co-occurrence,  same model, the same forcing scenario, and only three ensemble
we acknowledge that this is only one of several possible compound  members, which considerably increases uncertainty represented
hazards affecting coastal regions. Other combinations, such as  for both marine heatwaves and extreme storm surges. When only
storm surges with heavy rainfall or MHW s with oxygen depletion,  one emissions scenario is used, the analysis is limited to a single
may produce more severe or widespread consequences. Our aim  greenhouse gas trajectory and therefore does not capture the
here is not to compare the relative severity of different compound  broader range of plausible future forcing conditions, even though
events, but to demonstrate that ESS and MHW overlaps do occur  the selected scenario profoundly affects the projected marine
within the coupled modeling framework and therefore representan  ecosystem response and climate-driven hazards (Payne et al., 2016).
additional hazard worth considering. A comprehensive assessment ~ Furthermore, the use of a single model statistically constrains
of interactions among hydrological extremes, biogeochemical the robustness of the results, as different models vary in their
stressors, and physical hazards would require dedicated analyses  representation of key processes such as atmospheric circulation,
and remains an important direction for future research. storm track behavior, and coastal dynamics. These differences
can lead to substantial inter-member spread in projections of
marine extremes (Denamiel and Vilibi¢, 2023; Muis et al., 2023).
In addition, the use of only three ensemble members provides a
4.5 Limitations and outlook partial sampling of internal variability. It represents a limitation as
natural fluctuations in the atmosphere-ocean system significantly
In the present work, the wave model is used to provide  modulates both MHW occurrence and storm surge intensity
physically consistent surface forcing within the coupled wave-  on interannual to decadal time scales. Consequently, some of
ocean modeling framework, but wave outputs are not analyzed  the projected changes may reflect ensemble-specific noise rather
or interpreted. Nevertheless, the coupled model provides a  than the forced climate signal. Future work would benefit
robust physical basis for examining extreme storm surges and  from incorporating multiple emissions scenarios, a multi-model
extreme marine heatwaves within the same modeling system. ensemble, and larger ensemble sizes to fully characterize scenario
This integration is particularly relevant because storm surges are  uncertainty, model uncertainty, and internal variability. This
primarily driven by wind stress, atmospheric pressure gradients, =~ would provide a more comprehensive and robust assessment of
and coastal geometry, whereas marine heatwaves are governed by  future extremes.
air-sea heat fluxes, vertical mixing, and ocean circulation. Previous Further limitations should be considered when interpreting the
studies have intensively focused on wave-induced processes  results. The horizontal resolution of the regional ocean model,
affecting ocean dynamics, while neglecting their influence on the  while high for climate applications, may still be insufficient to
atmosphere, particularly how surface waves modify sea surface  fully resolve estuarine dynamics and shallow nearshore processes
roughness and affect the ocean-atmosphere boundary layers (e.g.,  that influence local surge levels. In addition, the modeling chain
Wahle etal., 2017; Wiese etal., 2020). Wind-generated surface does not include a fully coupled atmosphere-wave feedback.
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Previous studies have shown that wave-atmosphere coupling
can modify near-surface winds and improve the representation
of extreme wind and wave conditions, thereby affecting storm
surge forcing and associated uncertainty (Wahleetal., 2017;
Wiese et al., 2020). Our present results therefore likely represent
a conservative estimate of uncertainty regarding the wind-
driven extremes.

The annual mean of the 95th-percentile is a statistically
robust and internally consistent metric for comparing high storm
surge conditions across ensemble members and time periods.
It captures the upper tail of the storm surge distribution
and provides sufficient data points to ensure stable statistics.
This is essential for quantifying IV and ensemble spread
(Alexandru et al., 2007; Lucas-Picher et al., 2008). However, this
metric does not fully capture the most extreme events in
the tail of distribution. Higher percentile thresholds (e.g., the
99th percentile) would better represent the most severe surge
events but become statistically unreliable for small sample
sizes (Coles, 2001; Katzetal, 2002). Moreover, using only
three representative ensemble members introduces uncertainty
in estimating internal variability, particularly for extreme events.
Our selection was constrained by computational resources and
may therefore lead to either an over- or underestimation of
internal variability. These limitations should be considered when
interpreting the results, particularly in the context of coastal
risk assessments.

Next, translating storm surge residual changes into actionable
flood-risk information requires integration with mean sea level rise
and additional contributors to total water level, including wave
setup and river discharge, which are known to play an important
role in low-lying estuarine environments (Wolf, 2009; Wahl, 2017;
Vousdoukas et al., 2018b).

A key limitation of the method is its reduced reliability in
regions and time periods affected by sea ice, such as the Bothnian
Sea and the Gulf of Finland in the Baltic Sea (Eriksson et al.,
2025). While ESS can still occur when the sea is partially or
fully ice-covered. The ice strongly modifies surge dynamics by
damping waves, reducing wind stress transfer, and isolating the
ocean surface from atmospheric forcing. Consequently, both the
simulation of water levels and the detection of ESS and MHWs
become unreliable during ice-covered periods (Leppéranta, 2011;
Merkouriadi and Leppdranta, 2014; Soomere and Pindsoo, 2016).
For this reason, the method should be applied with consideration
of ice-affected seasons, and additional treatments are required
to prevent the detection of false extreme events. This limitation
is particularly relevant in the Baltic Sea, where sea ice cover
influences winter conditions and modulates storm surge dynamics
(Soomere and Pindsoo, 2016). Projected decreases in ice extent
and duration (Hoglund et al., 2017), together with the continued
occurrence of partially ice-covered periods (Meier etal., 2004),
will continue to influence the accuracy of the detection method
under future climate conditions. As long-term warming alters
the timing and characteristics of ice formation and melting,
careful consideration of ice-ocean interactions will remain
crucial. Incorporating ice-ocean interactions more explicitly, for
example, through coupled ice-ocean modeling or by applying
alternative metrics during ice-covered periods, would strengthen
the robustness of the analysis in these regions.
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5 Conclusion

This study assessed future changes in two major coastal hazards,
extreme storm surges and extreme marine heatwaves, over the
Northwest European shelf and the Baltic Sea using the high-
resolution GCOAST wave-ocean coupled model (WAM-NEMO)
driven by dynamically downscaled REMO-MPIOM boundary
conditions under the RCP8.5 scenario. Three representative
members were selected to quantify the role of internal variability
in shaping projected changes from a historical period (1970-1999)
to a future period (2070-2099).

The historical evaluation shows that the coupled model
reproduces key features of storm surge residual variability
compared with the observed tide-gauges data and captures the
main spatial patterns of SST when compared with satellite-derived
products provided by CMEMS, supporting its use for analyzing
regional extremes. The projections indicate spatially heterogeneous
responses of coastal extremes. For storm surge residual extremes,
results suggest a tendency toward reduced event frequency but
increased event intensity along parts of the North Sea coast,
including the German Bight, while other regions exhibit different
combinations of changes. For MHWs, the simulations show an
increase in frequency across much of the domain. There are
regional differences in persistence and cumulative heat exposure,
including areas where both frequency and the number of annual
MHW days increase toward the end of the century.

A central outcome of this study is that internal variability
substantially modulates projected changes in both ESS and MHW
characteristics. In several regions, the inter-member spread, and
the I'V-related changes are larger than the projected mean change,
indicating that regional hazard evolution cannot be described
reliably from a single realization. This emphasizes the need for
ensemble-based approaches and for careful communication of
uncertainty in regional projections of extremes.

The storm surge results presented here describe changes in
surge residual extremes (meteorological surge component). For
coastal flood risk assessment, these changes must be interpreted
together with mean sea level rise, tides, and wave-related
contributions to the total water level. Future work should therefore
integrate mean sea level rise and additional coastal processes,
expand ensemble sampling, and develop compound-event metrics
to better support coastal risk management and adaptation planning
in the Northern European shelf seas.
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