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Regional wave model climate
projections for coastal impact
assessments under a
high greenhouse gas
emission scenario

Jian Su*, Jens Murawski , Jacob W. Nielsen
and Kristine S. Madsen

Danish Meteorological Institute, Copenhagen, Denmark
In the future, shifts in wind storms across the North and Baltic Seas are highly

unpredictable, challenging the projection of wave conditions for managing

coastal hazards. Moreover, regional sea level rise (SLR), with very large

uncertainty, complicates the situation for stakeholders seeking

recommendations for climate adaptation plans. The purpose of this study is

to examine the change of the storm surge and wind wave components of the

water level due to climate change in a low tidal range Køge Bay near the

entrance of the Baltic Sea. Under a high greenhouse gas emission scenario

RCP8.5, we employed a regional climate model (HIRHAM) forced wave model

(WAM) and focused on the wave model results during the “storm surge

conditions” (exceeding 20 years storm surge events) and “stormy conditions”

(exceeding 90th percentile of wave heights). We find that the change in both

wave height and period in the future is negligible under “stormy conditions”.

Nevertheless, under “storm surge conditions” when considering SLR, the

simulated wave height is projected to double in the near future (mid-

century) under RCP 8.5, and the wave period may also increase by about 1.5

seconds. This is because some high significant wave height events in the future

are associated with the storm surge events when considering SLR. The findings

suggest that the combined effects of mean sea level rise, storm surge and

waves are likely to increase the risk to a bay with geography and exposure

comparable to Køge Bay. As a result, the future plan for climate engineering

protection should place a premium on the additional wave energy protection

associated with storm surges.

KEYWORDS

climate change, Wave projection, Significant wave height, wave period, Sea state
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Introduction

As the mean sea level rises, high water level events along the

coasts will become more frequent and intense, causing more

damage. Water levels contain components that operate on a

variety of temporal and spatial scales, such as the effects of sea

level rise (SLR), tides, oceanic currents, storm surge, and locally

generated wind waves (Woodworth et al., 2019). However, these

components of sea level are highly variable on a regional and

interannual basis. Thus, the earlier global evaluations of the

dominant components are inapplicable to regional and local

issues, as they are often based on global climate models (GCMs)

with a relatively coarse spatial resolution (Muis et al., 2016;

Morim et al., 2019; Lobeto et al., 2021). Multiple components

frequently have a dominating role in a region, although this role

changes depending on the coastline morphology and sea state

features. As a result, projections of future coastal water levels and

flooding should identify which processes are of leading order,

and, where appropriate, local impact modeling is required to aid

in the development of local climate adaption strategies (see

review of those processes in Idier et al. (2019) and references

therein). Our study area, the southern regions of the

Copenhagen metropolitan area in Denmark, is vulnerable to

future climate change, particularly sea level rise, because

relatively small changes in the mean sea level would result in

large changes in the return time of storm surge flooding at a
Frontiers in Marine Science 02
given level (Ditlevsen et al., 2019; Su et al., 2021). According to a

specialized research in the region (Hallegatte et al., 2011a;

Hallegatte et al., 2011b; Jebens et al., 2016), sea level rise will

dramatically increase flood risks in Copenhagen in the absence

of adaptation (Figure 1), and the city has been designated as

flood prone under the EU flood regulation (European

Commission [EC], 2019). Furthermore, a number of studies

provide evidence for positive projected trends in extreme wave

events along the western European coast (Debernard and Røed,

2008; Grabemann and Weisse, 2008).

With respect to the future changes in wave climate and

extreme ocean wave events, it is often derived from wave climate

projections (Meucci et al., 2020; Lobeto et al., 2021; Morim et al.,

2021). Regional wave projections can be downscaled using

physical and atmospheric variable outputs from GCMs

dynamically (Dobrynin et al., 2012; Hemer et al., 2013; Casas-

Prat et al., 2018) or statistically (Perez et al., 2015; Cannaby et al.,

2016; Camus et al., 2017; Leach et al., 2021). The Coordinated

Ocean Wave Climate Project (COWCLIP) contributes to

integrating and assessing the robustness of wave climate

studies (Morim et al., 2018; Morim et al., 2019). Our research

location, Køge Bay, is situated in an area that is characterized as a

low wave energy environment due to the coastline’s orientation

with regard to dominant westerly winds and limited fetches. Due

to the bay’s shape, the shoreline is largely shielded from large

waves. The predominant direction of wave energy is southeast
FIGURE 1

Background shaded color: bathymetry (m) of the Inner Danish Waters. The study area is Køge Bay, located at the south of Copenhagen. The
closest PSMSL tide gauge station (Permanent Service for Mean Sea Level (PSMSL), 2020) is København (Copenhagen) station. Top symbols:
relative sea level rise trends (by change rate, mm y-1) of the PSMSL data set (Permanent Service for Mean Sea Level (PSMSL), 2020). For the
methods to calculate the relative sea level rise trends, please refer to https://www.psmsl.org/products/trends/methods.php; black dot is the
position of the wave buoy station DARSS.
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(Sistermans and Nieuwenhuis, 2004). Over the last century, a

barrier island system has formed (Figure 2, low-right panel). The

first barriers appeared in 1909, and they have gradually grown

since then. The beach park at Køge Bay (Køge Beach) was built

in 1977 as an extension of the natural barrier islands, and has an

8 km beach today. It is an environmentally friendly land

reclamation project (Figure 2), demonstrating how it is feasible

to cooperate with natural processes (sand deposition) to

construct a sturdy structure with minimum maintenance

requirements. Not only is the beach park a recreational zone,

but it also acts as a buffer zone against floods in the hinterland.

Based on prior well-designed interviews conducted as part of the

Copernicus Climatic Change Service (C3S) project, it is obvious

that climate projections for sea level rise, storm surge, and waves

are needed for local municipalities to design climate adaptation

plans (Madsen et al., 2019). Sea level rise and storm surge

climate projections were developed as part of the Danish

Climate Atlas project (Su et al., 2021). The purpose of this

work is to demonstrate the feasibility of using a reasonably

efficient and low-cost approach for regional wave model climate

projections. Therefore, we employ a dynamical projection

approach of regional wave climate using a regional wave

model-WAM in this study. This study also serves as the first
Frontiers in Marine Science 03
step towards insight into a more pressing problem that must be

investigated, namely whether wind-driven wave disasters are a

concern in the study area. In the context of climate change

impact, the concept of risk is a key aspect of concern

(IPCC, 2012).

Extreme wave events have severe consequences, such as

endangering the safety of coastal residents, causing damage to

coastal infrastructure, reshaping a coastline, and elevating coastal

sea levels through wave run-up. Nevertheless, the intensity of the

impact of extreme weather events is highly dependent on the degree

of vulnerability and exposure to these events (IPCC, 2012). Climate-

related hazards, exposure, and vulnerability combine interactively to

produce the risks associated with climate change consequences (Ara

Begum et al., 2022). In the climate community, “vulnerability” is

defined as the propensity of an individual or group to be harmed by

various risks, hazards, or stressors, whereas “exposure” is the

“external side of vulnerability” and refers to the negative impacts

of a hazard that have the potential to change the social conditions of

a system (Cardona et al., 2012). A study based on social

vulnerability models for Denmark showed that the municipalities

around Køge Bay expose moderate levels of vulnerability (Pappa,

2019), but extreme wave events are not taken into account.

Traditionally, in order to quantify the risk assessment, an
FIGURE 2

Map of the Køge Bay with a red rectangle box indicating the location of the Køge Bay Beach Park. The Beach Park in the bottom right panel
shows the barrier islands and the location of Køge harbor. The blue dot represents the grid point from which we extracted the wave model
results, and the red dot represents the grid point from which we retrieved the surge level data, since it is the closest grid point to the Køge
Harbor tidal gauge station. Base map and data from OpenStreetMap and OpenStreetMap Foundation under the Open Database License.
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analytical framework linking climate information to impact models

would be established, followed by the application of damage models

and decision-making tools (Hallegatte et al., 2011a; Halsnæs and

Kaspersen, 2018). Our study serves as a first step toward risk

assessment, i.e. developing a paradigm for wave climate information

using impact models. We focus on the extreme conditions in Køge

Bay, i.e. storm surge and wind wave components of the water level,

as well as their interactions with mean sea level rise. The bay is

located in the transition zone between theNorth and Baltic Seas and

has a small tidal range. The Baltic Sea is a semi-closed basin with a

tidal range of less than twenty centimeters (Medvedev et al., 2016).

Thus, sea level research is simplified compared to that in a

hypertidal estuary (Lyddon et al., 2018). Local wind waves often

play a significant part in rising sea levels and inundating the shore

during a catastrophic high sea level event. During a storm surge

event, the coupling impact of surge and wave would increase the

threat to coastal zones (Staneva et al., 2016; Marcos et al., 2019).

Additionally, the storm surge and wave contributions to a disaster

depend on the geography and coastline morphology (Wolf, 2009).
Methods

Atmospheric forcing from regional
climate model and weather forecast

The meteorological forcing was derived from a single regional

climate model, DMI-HIRHAM, developed at the Danish

Meteorological Institute (DMI, Christensen et al., 1998), which is

a part of CORDEX (Coordinated Regional Climate Downscaling

Experiment) ensemble in Europe (EURO-CORDEX, Jacob et al.,

2014). The regional model was downscaled from an EC-EARTH

r3i1p1 global climate model simulation. The spatial resolution of

this EURO-CORDEX ensemble member is 0.11 degree (EUR-11,

12.5 km). The ensemble approach aims at presenting a data set from

a multi-model multi-scenario ensemble of regional climate

simulations for impact research (Kotlarski et al., 2014). However,

a clear definition of the ensemble statistical method for extreme

wind speed has not reached a consensus. We show an example of

the ensemble annual maximum wind speed time series (16

members) at the Køge Bay (Figure 3). The ensemble annual

maximum wind speed (thick black line) is the median of the

multi-model results, which shows a very small variability

(standard deviation < 2 m/s). Such a small variable time-series is

not suitable for this study, which focuses on extreme winds. As a

result, we are employing a single member as a driving forcing in our

investigation. The variables of DMI-HIRHAM used to force the

WAM model are hourly 10 m wind (m/s) and mean sea level

pressure (hPa).

In Køge Bay, annual maximum wind speed in DMI-HIRHAM

was larger than in other RCMs (Figure 3). The coastal wind is rather

dynamic, since it is a result of a variety of factors such as differential

heating between land and sea, topography and morphology of the
Frontiers in Marine Science 04
coastline, and so on. Generally, the shoreline displays a sharp

discontinuity in surface roughness. Therefore, we preprocess the

forcing data to exclude wind over land.

Apart from the regional climate model, we use the

operational forecast suite DMI-HIRLAM (Sass et al., 2002) to

get an accurate portrayal of a severe weather event in 2017

(Table 1). HIRLAM (High Resolution Limited Area Model)

forecasting is a numerical weather prediction model created by

the worldwide HIRLAM consortium (Undén et al., 2002).

Throughout the research period, the DMI-HIRLAM model

system generated the atmospheric forcing employed in

practical storm surge and wave modeling at DMI.
Regional ocean circulation model

The climate ocean circulation simulations were conducted

using the operational model HBM (the HIROMB-BOOS

Model) at DMI. The use of operational models in climate

research enables the same degree of detail in climate

predictions as is possible with the operational setup used for

ocean forecasts, ensuring a well-tested and verified approach.

DMI runs the regional three-dimensional ocean model HBM

for the North and Baltic Seas in order to forecast the physical

state of the Danish and adjacent seas in the near future (Berg

and Poulsen, 2012; Fu et al., 2012). The model code version was

HBM-2.8, and the set-up used in the present study is the

DKSS2013 operational version launched at DMI in October

2013 (details on http://ocean.dmi.dk/models/hbm.uk.php).

The spatial resolution in Køge Bay is 0.5 nautical miles, and

the model grid point for validation is close to Køge Harbor

(Figure 2, red dot). The validation of HBM to the storm surge

events can be found in Andrée et al. (2021). The validation for

the storm surge forecast includes online validation and case

studies, and details can be found on http://ocean.dmi.dk/

validations/surges/index.uk.php.

Apart from meteorological forcing, hydrodynamic model

simulations need initial conditions, boundary conditions, and

runoff data. We used the operational forecasted state vector

valid on 1st July 2014 00z as the initial condition, and applied

a two-and-a-half-year spin-up period for each time slice. We

used boundary conditions derived from the EC-EARTH

global climate model findings. We utilized E-HYPE3 run-off

for the historical period and added trends from the literature

for the scenario simulations.
Regional ocean wave simulations and
wave buoy data

The DMI operational wave forecasting service DMI-WAM

makes use of the third generation spectral wave model WAM

Cycle version 4.5.4 (Günther et al., 1992; Komen et al., 1996)
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which is forced by DMI’s numerical weather prediction model

referred to in the above section. The details of the setup are

listed in Table 1, and also on http://ocean.dmi.dk/models/wam.

uk.php. Køge Bay is in the Inner Danish Waters nested model

domain (Table 1), and the spatial resolution is 1 km. We
Frontiers in Marine Science 05
extracted the wave model results at a model grid point close to

Køge Beach (Figure 2, blue dot). The closest wave buoy data

used for validating the wave model hindcast simulation is from

a permanent buoy station DARSS sill station, located outside

the Køge Bay at 54.7 ˚N, 12.7 ˚E (Figure 1, black dot). There is
TABLE 1 Regional wave model DMI-WAM setup and meteorological forcing used in this study.

Model domain North Atlantic North & Baltic Seas Inner Danish Water

Spatial resolution ~25 km ~5 km ~1 km

Number of directions 36 36 36

Number of frequencies 35 35 35

Longitude range 69W-30E 13W-30E 7E-16E

Latitude range 30N-78N 47N-66N 53N-60N

Met-forcing in hindcast simulation
(spatial resolution)

ECMWF
(9 km)

HIRLAM
(2.5 km)

HIRLAM
(2.5 km)

Met-forcing in projection simulations
(spatial resolution)

HIRHAM
(12.5 km)

HIRHAM
(12.5 km)

HIRHAM
(12.5 km)

Open boundary JONSWAP nested nested
The wave energy is discretized into 36 directions (10˚ resolution), and 35 frequencies ranging from 0.04177 Hz to 1.06417 Hz. That corresponds to wave periods of 0.94-23.94 seconds, and
wave lengths of 1.37-895 meters. The North Atlantic model uses the JONSWAP wind-sea spectrum as open boundary data. DMI-WAM is cold started at the beginning of the model
simulation periods, and the spin-up time is 10 days. The variables used to force the WAM model are hourly 10 m wind (m/s) and mean sea level pressure (hPa).
FIGURE 3

Time series of annual maximum wind speed at the Køge station for 130 years of simulations from multi-RCMs (16 members, including 5 RCMs,
REMO2009: 2; HIRHAM5: 2; RACMO22E: 3; RCA4: 5; CCLM4: 4 members) under RCP 8.5 scenario. The line colours indicate different RCMs,
while different line patterns refer to GCMs (downscale to RCMs). DMI-HIRHAM5 downscaled from EC-EARTH (used in this project) is the single
dashed thick yellow line. The two panels depict the same time series during two time slices of the projection simulations, i.e. 1976 - 2005 and
2041 - 2070.
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also online validation for the forecast periods between the

simulated wave height results and buoy measurements. Besides

the validation, a monthly report for a global comparative wave

model verification and a simple comparison between the model

and satellite wave data are shown on http://ocean.dmi.dk/

validations/waves/index.uk.php.

Regarding the time frame and IPCC scenarios of the wave-

related climate issues, we conducted interviews of the

municipalities, outlined in Madsen et al. (2019). We found

that time scales are determined by how the data is used for

climate preparation, i.e., risk assessments (ten to fifty years), or

long-term strategic planning (50-to-200 years). Clients are

interested in near-future data for wind wave disasters for risk

management. Therefore, the study of the near-future weather

extremes under the high greenhouse gas emission scenario

(RCP8.5 scenario) is more relevant than the examination of

low emission scenarios. For these reasons, we decided to

perform both HBM and WAM simulations for the historical

period and near-future periods under RCP8.5, respectively,

from 1976 to 2005 and 2041 to 2070.
Frontiers in Marine Science 06
Wave projections under “stormy
conditions” and “storm surge conditions”

“Stormy conditions” are defined as the significant wave

height (SWH) exceeding the 90th percentile of the distribution

(Figure 4). This “stormy condition” may be used to reflect the

winter wind conditions in Køge Bay. Wave heights below the

90th percentile are referred to as “normal conditions”.

“Storm surge conditions” are defined in this research as a

water surge level that exceeds the 20-year-return storm surge

level. The classification of high sea level events as a 20-year

return value is in accordance with the Danish Storm Council’s

standard. The storm surge statistics were calculated using the

peak over threshold (POT) and generalized Pareto distribution

(GPD) methods, following the suggestion of Arns et al. (2013).

The POT threshold for storm surge statistics is based on the

statistics from the Danish Coastal Authority (111 cm for Køge

Bay, Ditlevsen et al., 2019). We calculated the 20-year return

values for two simulated time periods. The median value of the

mean sea level increase for the period 2041-2070 under RCP8.5
FIGURE 4

Significant wave height (SWH) histograms for historical (blue) and mid-century (orange) periods under RCP8.5. The model output has a temporal
resolution of ten minutes. The lines denote the 90th percentile of the distribution. “Stormy conditions” are defined as those in which SWH
exceeds the 90th percentile.
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is 22 cm, which was simply added to the return values [see the

sea level rise calculation in Su et al. (2021)]. The wave climate

indicators show the changes in SWH and wave period in 2041 -

2070 compared to the reference period (1976 – 2005), taking

into consideration future sea level rise and wind pattern changes.
Results

The surge and wave model results and
validation of WAM

In practice, model outputs are commonly extracted or

interpolated to a particular location in order to validate them

against observed data. Consequently, model results should be

evaluated cautiously for various purposes. We chose the closest

model grid point to Køge Harbor, where the tidal gauge station is

located, for the surge model results (Figure 2). This is also

common practice for forecasting and warnings of storm surges.

The time series of the results from the storm surge forecast

model in Køge Bay revealed that storm surge events exceeding

1 m had occurred around 10 times in the last decade (Figure 5,

blue line). The highest recorded level was 1.57 m during the

January 2017 storm surge event, which we will discuss in depth

in the next section.

It is common to calculate an area mean of wave parameters

for a bay area when analyzing wave model results. However, we

extracted the results at one model grid point offshore Køge

Beach (see Figure 2 for the location). As noted in the

introduction, the region offshore Køge Beach is the most

exposed to waves in Køge Bay, and it is here that we should

make recommendations for a climate adaptation plan. The time

series of wave heights depicted in Figure 5 (yellow line)

demonstrates that high wave events (>2 m) are not always

associated with a large storm surge event. For example, the
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highest SWH from a wave forecast in recent decades was close to

3 m, which is during the Bodil windstorm in 2013 (Clemmensen

et al., 2016). Luckily, the Bodil windstorm did not result in a

storm surge event in Køge Bay.

The validation of SWH in DMI-WAM hindcast simulation

is shown in Table 2. We extracted the WAM results at the

DARSS wave buoy station (54.7 ˚N 12.7 ˚E, Figure 1), which is

the closed observation station to our study area. We provided

annual based error statistics for recent 10 years (2008-2017) in

the hindcast simulation period. The mean error statistics for 10

years are: mean error/bias (observation - model) is 0.03 m, root

mean square error (RMSE) is 0.26 m, scatter index (RMSE

divided by mean of the values) is 0.32, correlation coefficient is

0.9, annual peak event error (observation - model) is 0.47 m,

mean error of annual 10 maximum wave events is 0.19 m

(Table 2). In cases of peak values, the WAM underestimates

SWH, although it is acceptable in long simulations (Cherneva

et al., 2008). In general, model outputs and buoy-measured data

are in good agreement, which ensures the quality of simulations

by giving a good scatter index and correlation coefficients.
The sea state under normal and storm
surge conditions

On January 4-5, 2017, a storm surge hit the southern Baltic

Sea and Køge Bay. A period of persistent westerlies increased the

mean sea level of the semi-enclosed Baltic Sea by approximately

half a meter. This was followed by the passage of an extratropical

storm from west to east. A strong easterly wind has developed

across the central Baltic Sea, moving the Baltic water mass into

the west Baltic Sea, where Køge Bay is located. A number of

harbors experienced a storm surge that was classified as a 100-

year storm surge event, despite the fact that local wind

conditions were not extreme (She and Nielsen, 2019). At the
FIGURE 5

The time series of water level (blue) and significant wave height (yellow) from HBM and WAM model results forced by the weather forecast
model from 2006 to 2017. The model grid points to extract the water level are shown in Figure 2. The validation of the WAM model with the
wave buoy data refers to Table 2.
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Køge tide gauge station, the maximum water level was registered

at 1.57 m (Figure 6, red line), which is the highest level recorded

since the tidal gauge station was established in 1955. It was

estimated to be a 100-year event Ditlevsen et al., 2019) that

occurred during relatively calm circumstances, and has therefore

been named “the silent storm surge” (She and Nielsen, 2019).

The surge was well predicted in advance, and the coastal defense

was implemented to avert casualties and significant material

damage. Nonetheless, the event served as a wake-up call, as large

sections of the Køge Bay were on the verge of flooding, and it

could have been much worse if the wind had been stronger,

resulting in a larger local wind wave, or the average sea level had

been higher due to climate change. This has accelerated

Denmark’s climate adaption efforts.

Køge Bay is very well sheltered from large waves due to

limited fetches. Even though the wind was not as strong as it is

during the stormy days, the SWH remained over 0.6 m, with a
Frontiers in Marine Science 08
maximum of 0.8 m, for nearly a day (Figure 6, blue line). The

decreasing of the surge level, in particular, is relatively gradual,

which is characteristic of a storm surge in general. Throughout

the decreasing surge phase, the SWH is somewhat larger than

the average wind wave level during the flooding period. The

surge-wave coupling characteristics exacerbated the situation at

Køge Bay, and the authorities reported that they were

approaching their protection capacity.

The spatial distributions of the maximum and low surge

levels during the “silent storm surge” are shown on inside panels

of Figure 6. This depicts the “storm surge situation” and “normal

condition” described in Wave projections under “stormy

conditions” and “storm surge conditions”. First, wave heights in

Køge Bay and nearby bays remain much lower than in waters

outside the bays. Second, the offshore wave height in the western

Baltic Seas approaches more than 2 m at the peak of the surge

level (Figure 6, inside panel). As a consequence, the coastline
FIGURE 6

The line plot illustrates simulated water level (m, red solid line), observed water level (m, red dashed line) and simulated significant wave height
(SWH, m, blue line) near Køge Beach (black square in the shaded plot) during a storm surge event in 2017. Inside, two color-shaded panels
depict the spatial distribution of SWH at the storm surge’s peak period (dashed line) and at the calm condition (dotted line).
TABLE 2 The validation of significant wave height (SWH) in DMI-WAM hindcast simulation against the wave buoy observation at DARSS position
(54.7 ˚N 12.7 ˚E).

Standard error

Year 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 Total mean

Mean error (m) -0.01 -0.02 -0.01 0.09 -0.03 -0.12 0.11 0.12 0.08 0.08 0.03

R.M.S error (m) 0.24 0.22 0.3 0.26 0.24 0.34 0.25 0.28 0.25 0.26 0.26

Scatter index 0.31 0.29 0.28 0.35 0.29 0.36 0.35 0.36 0.35 0.3 0.32

Corr. coefficient 0.92 0.9 0.92 0.92 0.89 0.84 0.9 0.91 0.9 0.92 0.9

Peak error

Date (DD/MM) 22/03 09/11 10/01 09/12 09/10 28/10 27/05 14/11 26/12 13/09

SWH (m) 3.68 2.9 4.03 2.83 2.67 3.52 3.2 2.66 3.25 3.3

Error (m) -0.14 -0.44 0.14 1.25 -0.24 1.47 0.05 0.46 0.75 1.36 0.47

10 peaks mean error (m) 0.05 0.09 0.24 0.62 -0.04 -0.5 0.3 0.58 0.29 0.27 0.19
fron
We provided annual based error statistics for recent 10 years (2008-2017) in the hindcast simulation period. The error statistics include mean error/bias (observation - model), root mean
square error, scatter index, correlation coefficient, annual peak event error, and mean error of 10 maximum events.
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morphology of a bay is more vulnerable to surge flooding than to

waves. Third, the wave height in the bay is very modest under

normal conditions, suggesting that it will not be an extreme

event even with future mean sea level rise.
The projected future change of the
sea state

The time series of the wave model results at Køge Bay

(location in Figure 2) over the 2041-2070 period (near-future)

under RCP8.5 scenario is depicted in Figure 7. During both

historical and near-future 30-year time slices, the number of

storm surge events (exceeding 20-year event) is two. When SLR

(22 cm) under RCP8.5 is taken into account, the number of

storm surge events increases to seven. Intuitively, some high

SWH events are associated with storm surge events when

considering SLR. This indicates that some of the high wave

events in the present climate may reach a critical level and

become a problem in the future, when more of these events

might be associated with storm surges. In other words, storm

events with high SWH, and a similar magnitude of wind speed as

during the Bodil Storm, might become a concern in the future.

As a result, the wave height during “storm surge conditions”

increases from 0.75 m during the historical period to 1.63 m

during the near-future period (Figure 8).

The wave climate indicators measure the change in mean

SWH and in wave periods during stormy and storm surge

conditions and are shown in Figure 8. It was computed as

changes in wave height and wave periods from one single

ensemble forced model result (see Wave projections under

“stormy conditions” and “storm surge conditions”). During

stormy conditions, the change in wave height in the future is

negligible (Figure 8, second column). Nevertheless, during storm

surge conditions (exceeding 20 years return value), the simulated
Frontiers in Marine Science 09
wave height is projected to double in the near future (Figure 8,

third column), and the wave period may also increase by about

1.5 second (Figure 8). The results indicate a possible increased

coastal risk from the combined effects of storm surge and waves.

For municipalities, it is quite relevant to coastal planning.
Discussion

Uncertainty and spatial resolution

Uncertainty of the wave projection has numerous ways to

assess, including multi-models, multi-scenarios, and uncertainty

of SLR, etc. A multi-model ensemble is frequently necessary in

order to conduct a comprehensive risk assessment for a wave

model climate projection study. However, prior to the

estimation of the level of uncertainty, our study presents first

insight into a more pressing problem that must be investigated,

namely, whether or not increasing disastrous wind waves may be

a concern in our study region. From our model results, it is

evident that mean SLR and the associated uncertainty are the

most important threats to the coasts under RCP8.5 scenario

(Figure 8). Therefore, we contend that uncertainty of wind wave

height and period, based on a multi-model ensemble, is of

secondary importance in this region. The arguments listed

below also support our conclusions.

Firstly, the existing multi-model ensemble based on GCMs is

insufficient to systematically sample the uncertainty associated

with wave-climate projections (Hemer et al., 2013). While the

comparison of high wind events among EURO-CORDEX

members is essential in this work, the effects of extreme wind

on climate scenario simulations have not been thoroughly

addressed in prior ensemble studies (Kunz et al., 2010). Other

relevant parameters, such as the time averaged wind field and

mean sea level pressure, have been carefully investigated in a
FIGURE 7

During the future period under RCP8.5 scenario (2041 - 2070), the time series of the surge (blue) and wave height (yellow) are shown. The red
line represents the 20-year-event without consideration for sea level rise (SLR, 1.82 m), whereas the red dashed line represents the 20-year-
event with regard to SLR (1.6 m). Note that to keep the same line as present day, we need to lower the threshold under SLR conditions. Two
events are considered “storm surge conditions” in the absence of SLR, whereas seven events are included with SLR.
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number of papers (Kotlarski et al., 2014; Jacob et al., 2014; Tobin

et al., 2016; Moemken et al., 2018). We illustrate, using a time

series of annual maximum wind speed from Køge Bay, why

ensemble averages of the highest wind fields are inappropriate

for our investigation (Figure 3). It is worth noting that among all

RCMs, in Køge Bay HIRHAM annual maximum coastal winds

are the strongest, but this result cannot be generalized. We

analyzed several locations (not shown) and found HIRHAM

results lower than other RCMs. Following the analysis from

Kotlarski et al. (2014), we conclude that the wind results of DMI-

HIRHAM are within the ensemble spread. However, extreme

winds across Europe should be investigated further, particularly
Frontiers in Marine Science 10
in comparison to observed winds during catastrophic events.

Without a systematic assessment of the uncertainty of extreme

winds, the quantification of the uncertainty of the wave

projections remains unreliable.

Secondly, the uncertainty associated with multi-scenarios is

impractical for coastal risk management. The main use of

various climate scenarios is for mitigation measures, which is

not very relevant for wave climate projections. In particular, sea

state conditions in scenarios with low greenhouse gas emissions

are similar to present day values. In this paper, we focus on the

high greenhouse gas emission scenario, which offers a

foundation for risk management to be well-prepared for the
FIGURE 8

Wave height (left panel) and wave period (right panel) during RCP8.5 mid-century and historical period (1976 - 2005) under ”normal conditions”
(first column), ”stormy conditions” (second column) and ”storm surge conditions” (third column).
frontiersin.org

https://doi.org/10.3389/fmars.2022.910088
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Su et al. 10.3389/fmars.2022.910088
intensifying future weather extremes. Furthermore, the regional

wave model climate simulation is costly. It is reasonable to

question whether the benefits of uncertainty quantification

based on model ensembles outweigh the costs.

Another relevant concern of the wave disaster is the wave

run-up. Wave run-up is an important component of coastal

flooding and erosion processes, particularly under extreme

conditions when it is paired with high tides and storm surges

(Senechal et al., 2011). For the climate projection study, an

empirical formula for wave run-up may be utilized based on

probabilistic models for surge, wave and morphological

conditions. However, the complexity of wave run-up on

realistic cross-shore profiles precludes analytical solutions;

hence, simplified wave run-up formulae should rely on field

observations and laboratory experimentation (Didier et al., 2015;

Park and Cox, 2016). The complexity of the Køge Bay shoreline

is also the reason the municipalities near the Køge Bay stressed

that they require spatially high-resolution wave data sets that

cover the local coasts of their urban and sub-urban

municipalities at a spatial resolution of 100 meters to resolve

wave run-ups (Madsen et al., 2019). We argue that the risk

management for the disaster of the wave run-up is associated

with storm surge conditions, which is in line with our

suggestions in this paper, i.e. storm surges under SLR are the

most important threat to concern. Moreover, a very high

resolution wave model is beyond the capability of our

operational wave model in its present configuration. In other

words, warnings related to wave run-up and storm surges are

merged in the present day. Consequently, we believe that the

wave run-up study is more pertinent to understanding wave-

surge coupling processes using a high resolution coupled wave-

circulation model, such as the study in Staneva et al. (2016);

Ding et al. (2020). Then, the spatial resolution of the

meteorological forcing of RCMs, (12.5,km) is not suitable for

this study; hence, it falls beyond the scope of the wave

projection work.
Implications to climate risk management

Model results of extreme sea level and wave events aid

decision-making in the domain of coastal zone management,

planning, and defense. In Denmark, these choices are

determined at the municipal level, with cooperation from the

Danish Coastal Authority. Our research region, Køge Bay, serves

as a recreational area and port sector for the Copenhagen

metropolitan area, and has experienced tremendous expansion

in services, trade, transport, and logistics, among other

industries. Consequently, the vulnerability to extreme flooding

event has increased with the urbanization in recent years

(Sørensen, 2016). To quantify the risk assessment, a damage

model and decision-making tools would be required (Halsnæs

and Kaspersen, 2018), which is outside the scope of this study.
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Consequently, we only present the qualitative implications of

our model results for climate risk management.

Due to the fact that coastal climate change significantly

increases the danger of flooding from storm surges, adaptation

offers obvious advantages for municipalities, particularly when

long-term planning is considered (Zougmore et al., 2012). The

targeted coastal climate information derived from our data and

methods will assist municipalities in making future business

decisions by establishing a credible foundation for decision

making and prioritizing resources for coastal climate

adaptation. Our model experiment revealed that mean SLR is

the most important threat to the coasts under a high emission

scenario. In the future, the coastal hazards under SLR scenarios

should be considered for future spatial planning and urban

recreational development. We propose that the risk caused by

wind-generated waves is of secondary significance for long-term

coastal zone planning. The combined effects of mean SLR, storm

surge, and waves are anticipated to enhance the threat to Køge

Bay, and should thus be considered first.

The connection between climate data and decision-making

should be strengthened so that society can manage the risks and

possibilities associated with climate change. Effective

engagement between users and providers of climate services is

a crucial component of any climate service, according to Hewitt

et al. (2012); the added value of the Danish Climate Atlas

initiatives (Su et al., 2021) is precisely this. The research from

the Danish Climate Atlas reveals that a rise in mean sea level will

significantly increase the risk of flooding from storm surges in

the study region, with significant economic consequences. Our

wave model results were communicated during the subsequent

workshop on designing climate indicators for the wave

catastrophe. The municipalities recognized that this study is a

first step in the development of a paradigm for wave projections.
Conclusion

The aim of this research is to analyze the change in storm

surge and wind wave (surge-wave) components of the water level

caused by climate change in the low tidal range Køge Bay,

located near the Baltic Sea entrance. We utilized a regional

climate model driven wave model to study the wave climate

projections in the near future under RCP8.5 scenario. Under

“stormy” conditions, we find that wave height and period will

not change significantly in the future. It is possible that under

“storm surge conditions” when taking into account SLR, the

wave height may double and the wave period increase by around

1.5 seconds under RCP8.5. This is due to future storm surge

events being linked to high-significance wave height events when

sea level is rising. The results indicate that the flooding and

erosive threats to a bay with a similar coastline and exposure as

Køge Bay are expected to grow due to the combined effects of

mean SLR, storm surge, and wind waves. Storm surges are the
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major threats, but additional wave run-up protection should be

prioritized in the near future.

Additionally, our studies advocate that long-term urban

planning should include adaptation as a component of

initiatives to mitigate the consequences of climate change. For

example, one of Denmark’s greatest climate adaptation projects

is located south of Copenhagen, and involves the elevation and

expansion of dikes, as well as the development of additional

flood gates (Danish Nature Agency [DNA], 2013). This work

gives a first step toward developing a paradigm for climate wave

projections in the study region, i.e. wave information should be

considered only when combining storm surge and SLR.
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