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The world’s coastal areas are increasingly at risk of coastal flooding due to sea-level

rise (SLR). We present a novel global dataset of extreme sea levels, the Coastal Dataset

for the Evaluation of Climate Impact (CoDEC), which can be used to accurately map

the impact of climate change on coastal regions around the world. The third generation

Global Tide and Surge Model (GTSM), with a coastal resolution of 2.5 km (1.25 km in

Europe), was used to simulate extreme sea levels for the ERA5 climate reanalysis from

1979 to 2017, as well as for future climate scenarios from 2040 to 2100. The validation

against observed sea levels demonstrated a good performance, and the annual maxima

had a mean bias (MB) of -0.04 m, which is 50% lower than the MB of the previous GTSR

dataset. By the end of the century (2071–2100), it is projected that the 1 in 10-year

water levels will have increased 0.34 m on average for RCP4.5, while some locations

may experience increases of up to 0.5 m. The change in return levels is largely driven

by SLR, although at some locations changes in storms surges and interaction with tides

amplify the impact of SLR with changes up to 0.2 m. By presenting an application of

the CoDEC dataset to the city of Copenhagen, we demonstrate how climate impact

indicators derived from simulation can contribute to an understanding of climate impact

on a local scale. Moreover, the CoDEC output locations are designed to be used as

boundary conditions for regional models, and we envisage that they will be used for

dynamic downscaling.

Keywords: climate change, global model, extreme sea levels, sea-level rise, coastal flooding

INTRODUCTION

The world’s coastal areas are increasingly at risk of coastal flooding due to sea-level rise (SLR). By
2100, global mean sea-levels are projected to be 30–60 cm higher than today, even with a sharp
reduction of greenhouse gas emissions (Church et al., 2013; Oppenheimer et al., 2019). In regions
with little sea level variability, even an SLR of 10 cm could double the flooding frequency (Vitousek
et al., 2017). Without mitigation and adaptation, the expected economic annual losses due to
flooding may come close to 10% of the global gross domestic product (Hinkel et al., 2014). Raising
flood defenses is therefore critical in densely populated and economically important coastal areas,
and is cost effective for 13% of the global coastline (Lincke and Hinkel, 2018). The stabilization of
global temperatures to 1.5◦C, as agreed upon in the Paris Agreement, will lead to a strong reduction
of the economic impact of SLR (Nicholls et al., 2018).
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Accurate high-resolution projections of extreme sea levels
and coastal flooding can support decision makers in identifying
which regions will face the strongest increases in flood risk, and
in prioritizing mitigation and adaptation efforts (Ward et al.,
2015). Recent years have seen rapid progress in the application
of hydrodynamic models for large-scale risk assessments (Wahl,
2017; Bouwer, 2018). With its spatially varying grid resolution,
the Global Tide and Surge Model (GTSM) has sufficient
resolution in coastal areas at relatively low computational costs
(Verlaan et al., 2015), and as such has been leading in global
hydrodynamic modeling. In recent years, GTSMv2.0 has been
used to simulate extreme sea levels worldwide, with applications
in operational forecasting (Verlaan et al., 2015), multi-decadal
hindcasting (Muis et al., 2016), and projecting changes for future
climate scenarios (Vousdoukas et al., 2018b).

The performance of the global simulations of extreme sea
levels is controlled by the accuracy of the meteorological forcing,
as well as by the hydrodynamic model. The previous generation
of global climate models and climate reanalysis datasets typically
had a resolution higher than 0.75◦ (approximately 79 km).
While data with such a resolution performs reasonably for extra-
tropical storms (Dullaart et al., 2019), it strongly underestimates
the intensity of tropical cyclones (Schenkel and Hart, 2012)
and associated storm surges (Bloemendaal et al., 2017; Muis
et al., 2019). In 2019, the European Centre for Medium-
Range Weather Forecasts (ECWMF) released the ERA5 climate
reanalysis dataset. With a resolution of 0.25◦ (approximately
31 km), ERA5 is much better at representing the strong
intensities of tropical cyclones (Belmonte Rivas and Stoffelen,
2019). Moreover, GTSMv2.0’s accuracy for global tidal modeling
was insufficient, and previous large-scale studies used separate
models to simulate tides, surges, and changes in mean sea level
(MSL; Hinkel et al., 2014; Muis et al., 2016; Vitousek et al., 2017;
Vousdoukas et al., 2017, 2018a; Brown et al., 2018; Jevrejeva
et al., 2018). The individual sea level components were linearly
superimposed, which means non-linear interaction effects are
ignored. Tide-surge interaction is important in shallow seas with
a large tidal range (Horsburgh and Wilson, 2007; de Lima Rego
and Li, 2010; Mawdsley et al., 2015), and tides can significantly
change in response to SLR (Pickering et al., 2012, 2017; Wilmes
et al., 2017). It has been shown that climate change and SLR
could lead to changes in non-linear interactions (Arns et al.,
2017). The next generation Global Tide and SurgeModel Version
3.0 (GTSMv3.0) was recently developed. Comparison against
observations indicates that GTSMv3.0 has a tidal performance
comparable to other global tidal models (Stammer et al., 2014).
Hence, GTSMv3.0 can now be used to dynamically simulate tides,
storm surges, and changes in MSL, including interaction effects.
Moreover, GTSMv3.0 has an unprecedented high resolution
along the coast, with a grid size of 2.5 km globally (and 1.25 km in
Europe). This is expected to further increase themodel’s accuracy,
especially in areas with a complex geometry.

We use these developments in order to present a novel global
dataset of extreme sea levels, namely, the Coastal Dataset for
the Evaluation of Climate Impact (CoDEC). The CoDEC dataset
consists of extreme sea levels (MSL, tides, and storm surges),
and covers both the historical climate for the period 1979–2017

and future climates for different scenarios for the period 2040–
2100. In this paper, we evaluate the performance of the dataset
for the historical periods and analyze the changes in extreme sea
levels for the future climate scenarios. Finally, we discuss how the
CoDEC dataset can enhance the understanding of climate impact
on the local scale.

DATA AND METHODS

Global Tide and Surge Model Version 3.0
The GTSMv3.0 is a depth-averaged hydrodynamic model with
global coverage that dynamically simulates tides and storm
surges. GTSMv3.0 uses the unstructured Delft3D Flexible Mesh
software (Kernkamp et al., 2011) and, as such, employs an
efficient distribution of resolution. The model has no open
boundaries, and tides are induced by including tide generating
forces using a set of 60 frequencies. Surges are caused by
gradients in the surface pressure of the atmosphere and the
transfer of momentum from the wind to the water. We use the
relation of Charnock (1955), with a drag coefficient of 0.0041,
to estimate the wind stress at the ocean surface. A combination
of different datasets is used for the bathymetry: EMODnet at
250 m resolution in Europe (Consortium EMODnet Bathymetry,
2018) and General Bathymetric Chart of the Ocean with a 30
arc seconds resolution for the rest of the globe (GEBCO, 2014).
The bathymetry under the permanent ice shelves in Antarctica is
represented by Bedmap2 (Fretwell et al., 2013).

In comparison to GTSMv2.0, which was used in previous
studies (Muis et al., 2016; Vousdoukas et al., 2018b; Bloemendaal
et al., 2019), the resolution of GTSMv3.0 is increased from 5 km
along the coast (50 km in the deep ocean) to 2.5 km along the
coast (25 km in the deep ocean). The coastal resolution was
further increased to 1.25 km for Europe. The improved resolution
increased the total number of grid cells from 2.0 to 5.0 million. In
addition to the improved resolution, the model performance for
tides was improved by the implementation of additional physical
processes. This included the implementation of self-attraction
and loading, and the improved parameterization of internal tides
(Irazoqui Apecechea et al., 2017). To enable the dissipation of
barotropic energy through the generation of internal tides, the
grid resolution is further refined in areas in deep ocean that have
a steep topography.

Simulations, Scenarios, and Forcing Data
Climate Reanalysis and Future Climate Scenarios

Table 1 provides an overview of the simulations and scenarios,
including the acronyms used to refer to the different scenarios.
For the simulation of extreme sea levels for the historical
period (1979–2017), GTSMv3.0 is forced with 10 m wind
speed and atmospheric pressure from the ERA5 climate
reanalysis of ECMWF Copernicus Climate Change Service
[C3S], 2017. ERA5 is the successor of the ERA-Interim climate
reanalysis and has hourly fields with a spatial resolution of
0.25◦

× 0.25◦ (∼31 km). For the projections of extreme sea
levels for climate change scenarios for the future period (2040–
2100), we use meteorological fields from EC-Earth simulations
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TABLE 1 | Overview of the different CoDEC simulations, including the epochs and scenarios simulated.

Simulation Type Period Meteorological forcing SLR scenarios

CoDEC-ERA5 Climate reanalysis 1979–2017 ERA5 –

CoDEC-HIST Baseline climate scenario 1976–2005 EC-Earth CMIP5, DMI-HIRHAM5 for Europe –

CoDEC-RCP8.5 Future climate scenario 2041–2070 EC-Earth CMIP5, DMI-HIRHAM5 for Europe IPCC-AR5 ensemble mean RCP8.5

CoDEC-RCP4.5 Future climate scenario 2071–2100 EC-Earth CMIP5, DMI-HIRHAM5 for Europe IPCC-AR5 ensemble mean RCP4.5

developed within the Climate Model Intercomparion Phase
5 (CMIP5) initiative (Taylor et al., 2012). The EC-Earth
dataset has three hourly fields with a spatial resolution of
1.125◦

× 1.125◦ (∼125 km). For Europe, we use the downscaled
projections developed within the World Climate Research
Program Coordinated Regional Downscaling Experiment
(EURO-CORDEX) initiative (Jacob et al., 2014). We use the
DMI-HIRHAM5 regional climate simulations (Christensen et al.,
2007), which were nested in the global EC-Earth simulations.
The DMI-HIRHAM5 dataset had three hourly fields, with a
spatial resolution of 0.11◦

× 0.11◦ (∼12.5 km).
For the future period, we appy two climate change scenarios,

namely, Representative Concentration Pathways (R) 4.5 and 8.5,
corresponding to a radiative forcing of 4.5 and 8.5 W/m2 by the
year 2100, respectively (Moss et al., 2010). The RCP8.5 pathway
was developed in order to explore an unlikely high-risk future.
While global carbon emissions have been tracking just above
RCP8.5 (Peters et al., 2013), it is argued that recent climate
policies, such as the Paris Agreement, have caused the RCP8.5
pathway to become increasingly implausible for the end of this
century (Hausfather and Peters, 2020). Given computational
constrains and the user requirements of the CoDEC project, it
was decided to select the RCPs that we considered most plausible.
Therefore, RCP8.5 is considered for the mid-century (i.e., 2041–
2070), while RCP4.5 is considered for the end of the century (i.e.,
2071–2100). In order to obtain a baseline simulation that would
enable us to compute changes, we also simulate the historical
period 1976–2005, using the same climate models.

For each scenario, we apply SLR projections that corresponded
to the same RCPs. We use the mean ensemble from IPCC AR5
(Church et al., 2013), which is based on the CMIP5 models
and distributed by the Integrated Climate Data Center of the
University of Hamburg. The yearly SLR fields are referenced
to the mean level over the period 1986–2005, with a spatial
resolution of 1◦

× 1◦.
The vertical reference of GTSMv3.0 is MSL. To make the

definition of MSL consistent with the vertical reference used in
the SLR fields, the mean sea-level pressure field (MSLP) over
1986–2005 is removed. The MSLP calculation is based on the
ERA-Interim because ERA5 was not available at the time.

Simulations and Data Processing

Weproduce time series of the total water levels, surge levels, tides,
and MSLs for each simulation. In order to be able to decompose
the total water levels into the different sea level components,
we run a tide-only simulation for each scenario. For the future
climate scenarios, the tide-only simulation also includes SLR.
Subsequently, the time series of surge level are computed by

subtracting the tides from the total water level. The total number
of simulated years is 230 years. Each year is simulated separately,
using a spin-up time of 15 days. All the simulations are run on the
Deltares computing cluster. Using a parallel setup with 4 cores,
each 1-year simulation took 21 days to complete.

The time series are stored at a 10-min temporal resolution
for 44,734 output locations. It is unfeasible to save the time
series at all 5 million grid cells, as this would have generated
huge amounts of data. In previous studies with GTSM (Muis
et al., 2016, 2018), the output locations were based on the DIVA
coastal segmentation, which included 16,611 locations (Vafeidis
et al., 2008). For the CoDEC project, we develop a new set of
output locations (Figure 1) based on the following procedure.
First, we smooth the Natural Earth 1:10 m coastline at 5 km by
applying a buffer and subsequently an inverse buffer in ArcGIS.
This removes any estuaries and bays with an inlet less than 5 km
wide. Second, we apply equidistant sampling along the coastline
to generate points at every 50 km along the smoothed coastline.
We use 10 km for Europe due to the higher resolution there.
In addition, we add the locations of the tide gauge stations. In
addition to the approximately 18,000 coastal output locations,
we also include the output locations in the ocean that could be
used as boundary conditions for regional hydrodynamic models.
The output resolution is based on a regular grid that increases
from the deep ocean toward the coast, that is, from 5.0 to 2.5 to
1.0◦ for, respectively, further than 500 km away from land, from
100 to 500 km from land, and closer than 100 km from land.
The resolution is 1.0◦, 0.5◦, and 0.25◦, respectively, for Europe.
Output locations in high-latitude regions are excluded because
the model performance is expected to be insufficient. This is
because GTSM does not include sea ice physics and because the
bathymetry in the Arctic areas is generally poor.

Post-processing and Extreme Value
Statistics
All the output is stored in NetCDF4 file format. The processing
and analysis is done with Python 3.0 using the xarray package
(Hoyer and Hamman, 2017), which allows for label-based
analysis of multi-dimensional arrays and supports parallel
computations on datasets that do not fit into memory. In
addition, we use the Climate Data Operators (CDOs) to compute
the annual maxima (Schulzweida, 2019).

To obtain extreme sea levels for the various return periods,
we fit a Gumbel distribution to the annual maxima using the
maximum-likelihoodmethod.We are aware of its limitations (see
section “Future Research Directions”), but the annual maxima
method is computationally less demanding than the peaks-
over-threshold method. Moreover, the application of the annual

Frontiers in Marine Science | www.frontiersin.org 3 April 2020 | Volume 7 | Article 263

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Muis et al. Global Dataset of Extreme Sea Levels

FIGURE 1 | Overview of the output locations used for the CoDEC dataset, including the coastal locations, tide gauge stations, and gridded points.

TABLE 2 | Overview of the main differences between the CoDEC-ERA5 dataset and the previous GTSR dataset.

Dataset Hydrodynamic model Meteorological forcing Period Vertical datum

GTSR • Surge levels are simulated using GTSMv2.0 with a coastal

resolution of 5 km

• Tides are simulated using Finite Element Solution

(FES2012) with a resolution of 1/16◦

• Total water levels are computed by superimposing surges

and tides

ERA-Interim, 3 hourly fields with a

spatial resolution of 0.75◦
× 0.75◦

1979–2014 MSL as defined by the GEBCO

bathymetry

CoDEC-ERA5 • Total water levels, composed of tides and surge levels,

are simulated using GTSMv3.0 with a coastal resolution

.5 km (1.25 km in Europe)

• Dynamic interactions between tides, surges, and mean

sea level are included

ERA5, hourly fields with a spatial

resolution of 0.25◦
× 0.25◦

1979–2017 MSL as defined by the bathymetry

but corrected for MSLP and

computed as the average sea level

over 1986–2005 based on

ERA-Interim

maxima method allows for easy comparison with the previous
Global Tide and Surge Reanalysis (GTSR) dataset (see section
“Evaluation of the CoDEC Dataset”). While this study focuses on
the annual maxima and return periods, the CoDEC dataset also
includes several other indicators, such as tidal water levels and
annual percentiles for total water levels and surge levels.

Evaluation of the CoDEC Dataset
To validate CoDEC-ERA5, we compare the modeled sea levels
with observed sea levels from the tide gauge stations in the Global
Extreme Sea Level Analysis (GESLA) dataset (Woodworth et al.,
2016). The GESLA dataset has an hourly resolution, but we use
annual maxima obtained from Wahl et al. (2017). The water
levels are referenced to the present-day MSL by removing the
annual average sea level for each year, and subsequently also by
subtracting the mean over the last 19 years from the (de-trended)
time series. This dataset contains 591 tide gauge stations. Over the
period 1979–2005, 327 stations have more than 20 years of data
and 476 stations have more than 10 years of data. In a similar
way to the modeled sea levels, we fit a Gumbel distribution to the
annual maxima in order to estimate return periods. We use the

tide gauge stations with more than 10 years of data and only used
overlapping years.

The accuracy of the CoDEC-ERA5 sea levels is evaluated using
various indicators, including Pearson’s correlation coefficient r,
the root-mean-squared error (RMSE), the mean absolute error
(MAE) in meters, and the mean absolute percentage error
(MAPE) in percentages. The modeled and observed 1 in 10-year
water levels (RP10) are validated using the mean bias (MB) in
meters, the MAE in meters, and the MAPE in percentages. We
show the average values across all the tide gauge stations, together
with the standard deviations (SDs).

In addition to evaluating against observed sea levels, we
also evaluated CoDEC-ERA5 against the previous GTSR dataset
(Muis et al., 2016). CoDEC-ERA5 is the successor of GTSR and is
based on the next generation climate and hydrodynamic models.
Table 2 summarizes the main improvements.

CoDEC-HIST is validated by comparing the 1 in 10-year water
levels against both the observations andCoDEC-ERA5.While the
performance of CoDEC-HIST in comparison to the observations
is influenced by the model performance of the GTSMv3.0, the
comparison of CoDEC-HIST against CODEC-ERA5 exposes any
bias between the baseline climate simulation and the observed
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historical climate. A good performance provides confidence that
the model setup can be used to assess changes in water levels
under future climate scenarios.

RESULTS AND DISCUSSION

Evaluation of CoDEC-ERA5 on the Basis
of Annual Maxima
The comparison between the observed annual maxima from
GESLA and the modeled annual maxima from CoDEC-ERA5
indicates that the average value for Pearson’s r was 0.54 (SD 0.28)
across all the tide gauge stations, while the MB was -0.04 m (SD
0.32 m) (Table 3). The absolute bias is smaller than 0.2 m for
75% of the tide gauge stations. The MAPE indicates a relative
error of 14.0% (SD 13.4%) across all the tide gauge stations.
As the relatively high SDs indicate, the model performance
varies spatially. Figures 2A,B show that CoDEC-ERA5 generally
performs best in mid-latitude regions, such as northwestern
Europe, southern Africa, and southern Australia. Along the
coasts of islands in the Pacific Ocean, the Mediterranean Sea,
and Indonesia, the correlation coefficients are generally lower
than 0.5. At the same time, the absolute biases are also less than
0.1m. This indicates a low variability in extremes in some regions,
which may be due to few storms and a small tidal range, which
make it difficult to capture the variability correctly. Moreover,
in some regions steric processes, which are not included in the
GTSM, may add to the sea level variability (Muis et al., 2018).

There is a clear improvement when comparing the
performance of CoDEC-ERA5 against GTSR (see Figures 2B,D).
The correlation coefficients increase for 90% of the tide gauge
stations (yellow to green dots in Figure 2E), while the absolute
biases reduce for 95% of the tide gauge stations (yellow to green
dots in Figure 2F). With an MB of -0.04 m for CoDEC-ERA5
and -0.08 m for GTSR, the errors across all the tide gauge
stations are reduced by 50% (Table 3). At the same time, there
are also regions where the model performance worsens. It
appears that biases increase in regions with a high tidal range,
such as the North Sea, northern Australia, and the northwest
of the United States and Canada, which could indicate that
GTSM is outperformed by the FES2012 model that was used to
develop the GTSR dataset. There was no clear spatial pattern

TABLE 3 | Model performance of the annual maxima (Amax) of the CoDEC-ERA5

dataset and the GTSR dataset.

Amax CoDEC-ERA5 GTSR

Pearson’s ρ 0.54 SD 0.28 0.46 SD 0.25

RMSE (m) 0.26 SD 0.73 0.30 SD 0.73

MB (m) –0.04 SD 0.32 –0.08 SD 0.32

MAE (m) 0.21 SD 0.26 0.23 SD 0.25

MAPE (%) 14.0 SD 13.4 17.3 SD 16.4

The modeled Amax were compared against the observed Amax of the GESLA

dataset (n = 485). The model performance was assessed in terms of Pearson’s

correlation coefficient, mean bias (MB), mean absolute error (MAE), and the mean

absolute percentage error (MAPE).

for the correlation coefficients, although they appear to mainly
decrease in tropical regions. Figure 3 presents scatter density
plots for the modeled and observed annual maxima for all the
GESLA tide gauge stations combined. For water levels larger
than 6 m, CoDEC-ERA5 tends to overestimate the water levels,
while GTSR shows an underestimation. This is probably caused
by the higher resolution of the meteorological forcing, which
resolves extreme storms better. Overall, the comparison of
the performance of CoDEC-ERA5 and GTSR demonstrates
a significant improvement due to model development and
improved forcing.

Evaluation of CoDEC-ERA5 on the Basis
of Return Periods
Figure 4A maps the 1 in 10-year water levels. When averaged
across all the tide gauge stations, the modeled 1 in 10-year water
levels for CoDEC-ERA5 are underestimated by -0.10 m (SD is
0.32), while the MAPE was 12.1% (SD 12.8) (Table 4). Overall,
the absolute biases were lower than 0.3 m for 75% of the tide
gauge stations. The relative errors were within -30% and + 15%
for 75% of the tide gauge stations. Due to the poor global coverage
of the tide gauge stations, it is difficult to identify a spatial pattern
in the model performance (Figure 4B). But in general, there
is a slight overestimation along the European coastline and an
underestimation elsewhere. The difference inmodel performance
in Europe could be linked to the fact that the GTSM resolution
is more refined there, as well as the use of high-resolution
bathymetry. In some regions, such as northern Australia and the
northeastern United States, the biases are relatively large. These
regions typically experience large sea level extremes due to a large
tidal range and the occurrence of tropical cyclones.

There is a clear improvement in performance of the 1 in 10-
year water levels from CoDEC-ERA5 to GTSR. Table 4 indicates
that the average MAE drops by 25%, from 0.25 m for GTSR to
0.19 m for CoDEC-ERA5, while the MAPE is reduced by 29%.
For CoDEC-ERA5, 60% of the tide gauge stations have an MAE
smaller than 0.2 m for CoDEC-ERA5, in comparison to 40% for
GTSR. Figure 4C indicates that the largest changes between the
two datasets are up to 1 m. This is rather high, and could be
partly caused by the correction of the vertical datum by theMSLP,
which has a magnitude up to 0.2 m. Moreover, the use of another
tidal model could explain the large differences. In general, the 1
in 10-year water levels for CoDEC-ERA5 are higher than those
for GTSR (blue points in Figure 4C). This could be linked to the
higher resolution of CoDEC-ERA5 (i.e., model resolution as well
as the resolution of the meteorological forcing), which leads to an
improved accuracy of the most extreme water levels. However,
there are also regions where the 1 in 10-year water levels in GTSR
are higher those in CoDEC-ERA5 (red points in Figure 4C).
For 66% of the tide gauge stations, the MAE was reduced when
comparing CoDEC-ERA5 against GTSR (Figure 4D).

To illustrate the performance of the individual locations,
Figure 5 shows the ranked annual maxima and the fitted Gumbel
distributions for four selected tide gauge stations. It shows a
general good fit of the Gumbel distribution to the annualmaxima.
The plots also illustrate that for some locations, such as Aberdeen,

Frontiers in Marine Science | www.frontiersin.org 5 April 2020 | Volume 7 | Article 263

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


Muis et al. Global Dataset of Extreme Sea Levels

FIGURE 2 | Model performance of the modeled annual maxima evaluated against observed annual maxima from the GESLA dataset. We show Pearson’s correlation

coefficient of the annual maxima for (A) CoDEC-ERA5 and (C) GTSR, as well as (E) the relative changes in correlation coefficients between the two datasets. In

addition, we show the mean bias over the annual maxima for (B) CoDEC-ERA5 and (D) GTSR, as well as (F) the relative changes in the mean bias between the two

datasets.

the difference in performance between GTSR and CoDEC-ERA5
is negligible, while for other locations, such as Brisbane, the
improvement in model performance is relatively large.

Evaluation of CoDEC-HIST to Assess
Spatial Bias of the Climate Model
Before analyzing how extreme sea levels may change under future
climate change scenarios, we evaluate how the performance of

CoDEC-HIST return periods. The validation of the 1 in 10-year
water levels shows an MB of -0.13 m, a mean MAE of 0.30 m,
and a MAPE of 17.5% across all the tide gauge stations (Table 4).
Mapping the bias of the 1 in 10-year water levels shows that
they are generally overestimated in Europe and underestimated
elsewhere (Figure 6A). The poor global coverage of the tide gauge
stations makes it difficult to assess such a spatial bias. However,
comparison of the 1 in 10-year water levels against those derived
from the CoDEC-ERA5 simulations confirms the spatial bias
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FIGURE 3 | Scatter density plots of the modeled and observed annual maxima (Amax) for the GESLA dataset for (A) the CoDEC-ERA5 dataset, and (B) the GTSR

dataset. The data for all the tide gauge stations were combined. The red dotted line indicates the perfect fit line.

TABLE 4 | Model performance of the 1 in 10-year water levels (RP10) of the

CoDEC-ERA, GTSR, and CoDEC-HIST dataset.

RP10 CoDEC-ERA5 GTSR CoDEC-HIST

MB (m) –0.10 SD 0.32 –0.14 SD 0.32 –0.13 SD 0.41

MAE (m) 0.19 SD 0.26 0.25 SD 0.25 0.30 SD 0.31

MAPE (%) 12.1 SD 12.8 17.4 SD 15.1 17.5 SD 15.1

The modelled RP10 values are compared against the observed RP10 values of

the GESLA dataset (n = 485). The model performance is assessed in terms

of the mean bias (MB), mean absolute error (MAE), and the mean absolute

percentage error (MAPE).

(Figure 6A). While the bias compared to tide gauge stations is
affected by the performance of GTSM, the bias between CoDEC-
HIST and CoDEC-ERA5 is only affected by the difference in
meteorological forcing. The bias between CoDEC-HIST and
CoDEC-ERA5 is generally less than 0.2 m. Regions that are prone
to tropical cyclones, such as Mozambique and the east coast of
the United States, show a larger than average difference (>0.3 m).
This appears to be an effect of the higher spatial resolution of the
ERA5 forcing over the CMIP5 forcing (i.e., 0.5◦

× 0.5◦, 3 hourly
vs. 0.25◦

× 0.25◦, hourly). In general, the 1 in 10-year water levels
from CoDEC-HIST are lower than those from CoDEC-ERA5
(red points in Figure 6B). Some regions, including Europe (the
Baltic Sea, the North Sea, and the Mediterranean Sea) and Alaska
(Bering Sea), the 1 in 10-year water levels are higher in CoDEC-
HIST (blue points in Figure 6B). The overestimation in Europe
could be linked to the downscaling of EC-EARTH by the regional
climate model DMI-HIRHAM that we applied for forcing for
Europe. This regional model has a higher resolution than ERA5,
and wind speeds will generally increase with a higher model
resolution (Pryor et al., 2012). Moreover, the surface extreme
wind fields in HIRHAM (25 and 50 km resolutions, downscaled
from the reanalysis data) were evaluated by Donat et al. (2010),
who concluded that HIRHAM simulated higher wind speed than

the ERA-40 reanalysis data. The HIRHAM simulations (12 km
resolution) used in this project have the same tendency (Yan et al.,
2019). In general, the CMIP5 simulations are capable of capturing
the spatial variability of the annual maximum wind speeds, while
the historical temporal trends in annual maximum wind speeds
are not well represented (Kumar et al., 2015). Since our focus
is primarily on the average statistics over the entire period, this
should not affect performance.

The overall performance of CoDEC-HIST is lower than
the performance of CoDEC-ERA5. CoDEC-HIST tends to
overestimate extreme sea levels in Europe. However, the
differences in performance are rather small, and we conclude
that CoDEC-HIST is sufficiently accurate to support large-
scale assessments when used as baseline and for comparison
against simulations for future climate scenarios with the same
climate model.

Changes in 1 in 10-Year Water Levels in
Response to Climate Change
Figure 7 maps the change in the 1 in 10-year water levels
for the mid-century on the basis of CoDEC-RCP8.5 for the
mid-century (2041–2070) and on the basis for CoDEC-RCP4.5
(2070–2100) for the end of the century, using CoDEC-HIST
as a baseline. The average change across all output locations is
0.25 m (SD 0.15) and 0.34 m (SD 0.23) for CoDEC-RCP8.5 and
CoDEC-RCP4.5, respectively. These relatively high SDs indicate
a strong spatial heterogeneity. The most remarkable are the sea-
level changes along the coastlines of the Baltic Sea and Hudson
Bay, which experience sea-level fall rather than SLR due to the
glacio-isostatic adjustment of land. When removing SLR, the
average change across all output locations becomes negligible
for both CoDEC-RCP8.5 and CoDEC-RCP4.5. It shows the
change in 1 in 10-year water levels is largely driven by SLR.
There are a few outliers that show large changes (the red dots
in Figures 7C,D), which are probably due to spurious output
when a grid cell falls dry (SLR may change when that occurs),
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FIGURE 4 | Modeled water levels with (A) 1 in 10-year return periods (RP10) for (A) the CoDEC-ERA5 dataset, as well as (B) the bias of the 1 in 10-year water levels

compared against observations from the GESLA dataset, (C) difference between the 1 in 10-year water levels derived from the CoDEC-ERA5 dataset and the GTSR

dataset, and (D) Improvement in absolute bias of CoDEC-ERA5.

leading to large changes in comparison to the baseline. For both
RCPs, only 5% of the output locations show a change larger
than 0.1 m when the SLR signal is removed. Figures 7C,D

show some spatial coherency regarding the projected change
in the 1 in 10-year water levels. However, Figure 8 indicates
that aggregation of the changes at continental scales does not
indicate significant changes in climate extremes. Europe shows
the largest spread in changes (both negative and positive). For
example, there are places along the Atlantic coasts of Spain,
France, and Great Britain where the CoDEC projections indicate
an increase in 1 in 10-year water levels of up to 0.2 m,
in addition to SLR. This requires further analysis, but could
possibly be linked to the northwardmovement of tropical cyclone
tracks in the Atlantic (Haarsma et al., 2013). By contrast, the
CoDEC projections indicate a decrease of the 1 in 10-year water
levels near Denmark. It should be noted that changes in water
level without SLR include both a change in storm surges and
interaction effects in response to SLR. The tidal propagation
and tide–surge interaction may respond to changes in water
depth due to SLR (Arns et al., 2017; Haigh et al., 2019). This

can also lead to changes in extreme sea levels, in addition to
climatic changes.

On a global scale, our findings are largely in agreement
with Vousdoukas et al. (2018b), who also concluded that
changes in extreme sea levels are mainly driven by SLR. In
contrast to our findings, they reported a very weak increasing
trend for the projected global average of changes in storm
surge in combination with wind-waves. While Vousdoukas
et al. (2018b) did not differentiate between the contribution
of wind-waves and storm surges to the water level change,
wind-waves are probably more sensitive to climatic changes
than storm surges. Similarly to our findings, Vousdoukas et al.
(2018b) found strong spatial heterogeneity regarding the sign
of water levels changes (increase vs. decrease) that tend to
cancel each other when averaged over larger areas. When
comparing our results to regional studies, the water level
changes that exclude SLR appear to differ between studies.
Like Colberg et al. (2019), who investigated extreme sea levels
around Australia, we found an increase of near Tasmania
and a decrease for most of the southern coastline, but our
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FIGURE 5 | Plots showing the Gumbel extreme value distribution fitted to the modeled and observed annual maxima at selected stations. The selected stations are

(A) Aberdeen (UK), (B) New York, United States, (C) Brisbane, Australia, (D) San Fransisco, United States, (E) Zanzibar, Tanzania, and (F) Tokyo, Japan. The black

line indicates the observed maxima, whereas GTSR, CoDEC-ERA5, and CoDEC-HIST are plotted as a blue, red, and green line, respectively. We also plot the

empirical probabilities of the annual maxima (dots) based on the Weibull plotting positions.

FIGURE 6 | Model performance of 1 in 10-year water levels for the CoDEC-HIST simulation shows as (A) the bias of the 1 in 10-year water levels compared against

observations from the GESLA dataset and (B) the difference between the 1 in 10-year return periods derived from CoDEC-HIST and CoDEC-ERA5.
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FIGURE 7 | Changes in the 1 in 10-year water levels (RP10) for (A) mid-century (2041–2070 with SLR of 2055) based on CoDEC-RCP8.5 compared to

CoDEC-HIST and for (B) the end of the century (2071–2100 with SLR of 2085) based on CoDEC-RCP4.5 compared to CoDEC-HIST. We also show the change

when SLR is not taken into account (C,D). Note the different color scales.

results for the rest of the coastline are in contrast to theirs.
Also in Europe there are many places where our results differ
from Vousdoukas et al. (2016). The potential reasons for
the discrepancies between different studies are wide-ranging.
They could be due to the different climate models used,
which show different climate signals. At the local scale, the
differences could also be due to interaction effects, which are
explicitly included in the CoDEC simulations (see section “Future
Research Directions”).

USE OF THE DATA FOR ASSESSING
CLIMATE IMPACT AT LOCAL SCALE

As part of the project, the usability of the CoDEC dataset
to assess climate impact for specific sectors was showcased
by five use cases covering different parts of the European
coastline. They considered a variety of coastal sectors and
issues, such as flooding due to severe storm surge and wave

overtopping, industrial sectors such as offshore wind, harbors,
and ports, as well as coastal erosion and dune safety. One
of these five use cases was on flood risk in Copenhagen,
Denmark. Copenhagen is located on a connecting strait between
the North Sea and the Baltic Sea in Northern Europe.
While the strait is relatively sheltered during average weather
conditions, the city has experienced storm surges. The historical
city center is centered on the harbor, and the urban and
industrial areas are located on the shoreline and include
important infrastructure. The risk of flooding from the sea,
especially due to storm surges, threatens economic assets, and
this risk is projected to greatly increase with climate change
(Hallegatte et al., 2011).

Therefore, climate adaptation is a focus point for the
municipalities in the area, and a solid knowledge basis regarding
coastal climate change is key to proper adaptation planning.
European and global climate information services, such as the
C3S portal, provide input for local use cases and national
information regarding future climate change at the municipality
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FIGURE 8 | Changes in the 1 in 10-year water levels (RP10) for different geographical regions, which are indicated in panel G. The regions shown are (A) Australia,

(B) South America, (C) Asia, (D) Europe, (E) Africa, and (F) North America. We show the changes for the mid-century (2041–2070 with SLR of 2055) based on

CoDEC-RCP8.5 compared to CoDEC-HIST (blue bars) and for the end of the century (2071–2100 with SLR of 2085) based on CoDEC-RCP4.5 compared to

CoDEC-HIST (red bars). The gray bars indicate the global average. The box plots extend from the lower to upper quartile values of the data, with a line at the

median. The whiskers indicate the 5th–95th percentiles.
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TABLE 5 | Climate change indicators for the Copenhagen use case for the RCP8.5 mid-century (2041–2070) and RCP 4.5 end-century (2071–2100) periods relative to

the present day (1977–2005).

Indicator Unit Present day RCP8.5 mid century RCP4.5 end century

Mean sea level Meters change 0.22 0.26

Storm surge height (1 in 10-year event) Percent change 19% 17%

Gate index (average no. of potential Critical level 130 cm Count 1 4 5

closures per year) Critical level 150 cm Count 0.2 1 1

Critical level 170 cm Count 0.1 0.4 0.4

Wave height (sea state) Average Percent change –2% Not available

Storm surge conditions Percent change 117% Not available

Ocean current speed Average Percent change –1% –1%

Storm surge conditions Percent change –9% 6%

Storm surge conditions are defined as the water level exceeding the 1 in 20-years return value.

level. Information has recently been collected into a Danish
“Climate Atlas”1, which contains information on temperature,
precipitation, sea level, and storm surges.

To determine the needs for coastal climate change
information, representatives of the expert technical staff of
five municipalities in the Copenhagen area, together with the
Danish Coastal Authority, were interviewed (Madsen et al.,
2019). These experts identified information on changes in
sea level, storm surges, and wave conditions as key needs.
The idea of a “gate index” emerged during the interviews,
which would provide information on the necessary number of
closures of a potential new storm surge gate. Five indicators
were formulated on the basis of the interviews (Table 5).
The indicators were computed by downscaling the CoDEC
simulations of MSL, together with regional simulations of waves
and ocean current variability, using the WAM Cycle 4.5 wave
model and the HBM-DKSS2013 3D ocean model, both of which
are nested to have an approximately 1 km resolution in the
study area (Günther et al., 1992; Berg and Poulsen, 2012). Wave
simulations for the case study were only performed for the
RCP8.5 scenario (Table 5).

Table 5 provides an overview of the results for the indicators.
For MSL changes, the simulations show comparable values for
the two RCPs. This indicates that, if the RCP8.5 scenario is
followed, the study area will experience approximately the same
sea level rise in the mid-century as it will for RCP4.5 at the end
of the century. It should be noted that under RCP8.5, there is a
continued acceleration of SLR, which will cause greater sea-level
changes toward the end of the century and beyond. The changes
in storm surge heights reflect the sea-level changes and indicate a
risk of changes in the wind causing additional contributions to
storm surges. However, further studies are needed, as changes
in extreme wind in this region are rather uncertain. The gate
index largely depends on the critical sea level to determine where
the gate will be closed. Both RCPs show an increased number
of closures with future SLR. Closures of potential gates will
be required four to five times more frequently with a sea-level
change in the range of 20–30 cm. The indicators on sea level and
storm surge have been further detailed and derived for all the
coastal stretches of Denmark in the Danish Climate Atlas.

1www.klimaatlas.dk

CONCLUSION

Aiming to contribute to the accurate global mapping of the
impact of climate change on coastal regions, we have presented
a novel global dataset of extreme sea levels, the CoDEC. This
dataset is based on the next generation GTSMv3.0, which has
a coastal resolution of 2.5 km (1.25 km in Europe). We have
provided extreme sea levels for the period 1979–2017 that are
based on the ERA5 climate reanalysis (CoDEC-ERA5), together
with future climate projections from 2040 to 2100 (CoDEC-
RCP4.5 and RCP8.5) and a baseline simulation (CoDEC-HIST).

The validation of CoDEC-ERA5 against observed sea levels
demonstrates a good performance. The annual maxima have a
global MB of -0.04 m, which is 50% lower than the MB of the
previous GTSR dataset. The validation of CoDEC-HIST shows a
spatial bias, with higher sea levels in Europe and Alaska and lower
sea levels elsewhere, but the overall performance is comparable,

although slightly worse than CoDEC-ERA5. The average change
in 1 in 10-year water levels across all the output locations
was 0.25 and 0.34 m for CoDEC-RCP8.5 and CoDEC-RCP4.5,
respectively. This change was largely driven by SLR, although

at certain locations the change in water level was amplified by
changes in climatic extremes, or by changes in the interaction
effects in response to SLR.

The CoDEC dataset can be used for climate impact studies.
CoDEC-ERA5 could, for example, be used to assess present-day
flood damage, and to investigate the different aspects of coastal

flooding, including climate variability and trends, or the cultural
heritage and global infrastructure that is threatened by flooding
(e.g., Muis et al., 2018; Reimann et al., 2018; Koks et al., 2019).
The future projections can be used to assess how coastal flooding

may change in response to climate change. In addition to the

large-scale analysis of extreme sea levels, we have demonstrated
how the CoDEC dataset can contribute to the understanding of
climate impact on the local scale by presenting a use case for the

city of Copenhagen. In comparison to the previous GTSR dataset,

a promising innovation is that, in addition to the coastal points,

the CoDEC dataset includes output on a regular grid in the
ocean. We envisage that this way the CoDEC dataset can provide
boundary conditions for regional models, which will facilitate
dynamic downscaling from the global scale to the local scale.
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FUTURE RESEARCH DIRECTIONS

In addition to the use of the CoDEC dataset for climate
impact studies, there are various directions for future research.
For example, it would be interesting to extend the evaluation
of the model’s performance. This could be done by also
including a comparison with previous studies, both in Europe
and worldwide (Cid et al., 2014; Vousdoukas et al., 2016;
Paprotny and Terefenko, 2017; Fernández-Montblanc et al.,
2019). Moreover, satellite altimetry could be used to evaluate
the model’s performance in areas where tide gauge data are
unavailable (Cid et al., 2014). We have presented a first analysis
of the sea-level changes in the CoDEC dataset based on the
1 in 10-year water levels, but this could be explored further.
Decomposing the total water level to tides and storm surges
would allow further investigation of the mechanisms driving
the sea-level changes, and whether the interaction effects are
important to include in large-scale assessments. Moreover, future
research could quantify how the sea-level changes affect return
periods (Vitousek et al., 2017; Frederikse et al., 2020). This
could include an estimation of the uncertainty in the return
periods due to fitting the extreme value distribution. In addition,
recent studies have shown that fitting a Gumbel distribution to
the annual maxima may lead to an overestimation of extreme
sea levels, especially with lower probabilities (Buchanan et al.,
2017; Wahl et al., 2017). Furthermore, the application of non-
stationary approaches has several advantages in comparison to
the stationary approaches used in this study (e.g., Menéndez
and Woodworth, 2010; Mentaschi et al., 2016), which is
worth exploring. A limitation of the current approach is that
the return levels in regions prone to tropical cyclones may
be underestimated. Tropical cyclones are relatively rare and
generally affect a small stretch of coast. As a result, the
length of the simulations is insufficient to estimate the return
periods of the most extreme events. Studies have therefore
relied on statistical methods to extend the historical period
of several decades to thousands of years and to generate
databases with synthetic tropical cyclones (Emanuel et al.,
2006). Until now, studies that analyzed extreme sea levels
based on synthetic tropical cyclones have been carried out
on the continental to regional scale (Lin et al., 2012; Haigh
et al., 2013; Marsooli et al., 2019). In the future, however,
we aim to force GTSMv3.0 with a global dataset comprised
of synthetic tropical cyclone tracks (Bloemendaal et al., 2020)
and to develop reliable probabilities of storm surge generated
by tropical cyclones. Users of the CoDEC dataset should be
aware that the future projections are based on one climate
model of the CMIP5 multi-model ensemble and on the
CMIP5 ensemble MSL change. Previous studies have shown
that future projections of extreme sea levels can have wide
uncertainties, with a large spread between model ensemble
members (Vousdoukas et al., 2018b; Colberg et al., 2019).
The discrepancies between future projections from different
studies highlight these uncertainties, and we cannot estimate
the full uncertainties related to the future projections on the
basis of one climate model. We have used a physically based
approach to model the tides, surges, and changes in MSL, thereby

dynamically including any interactions between them. Such a
dynamic approach comes with large computational costs, and
it was not feasible to run more than one model from the
CMIP5 multi-model ensemble within the scope of the present
study. However, having now developed the entire modeling
framework, we see opportunities for addressing this limitation in
the future.
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