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A B S T R A C T

This contribution presents the high-resolution Pan-European storm surge (SSL) dataset, ANYEU-SSL, produced
with the SCHISM circulation model. The dataset covers 40 years (1979–2018) of SSL data along the European
coastline with 3-hour temporal resolution and has been extensively validated for the period spanning from 1979
to 2016, considering the whole time series, as well as for the extreme SSL values. Validation against tidal gauge
data shows an average RMSE of 0.10 m, and RMSE below 0.12 m in 75% of the tidal gauges. Comparisons with
satellite altimetry data show average RMSE of 0.07 m. SSL trends are estimated as an example of a potential
application case of the dataset. The results indicate an overall latitudinal gradient in the trend of the extreme
storm surge magnitude for the period 1979–2016. SSLs appear to increase in areas with latitudes> 50 °N and to
decrease in the lower latitudes. Additionally, a seasonal variation of the extreme SSL, particularly strong in the
northern areas, has been observed. The dataset is publicly available and aspires to provide the scientific com-
munity with an important data source for the study of storm surge phenomena and consequential impacts, either
on large or local scales.

1. Introduction

Coastal inundation is considered one of the most damaging natural
disasters, causing casualties and significant economic losses (Hinkel
et al., 2014). Particularly, storm surge is a major coastal flooding driver
(Resio and Westerink, 2008). Surges constitute a temporary increase in
sea level that persists for several hours and cannot only cause coastal
inundation, but also increase the wave driven hazard, i.e. erosion (Shaw
et al., 2016; Smith et al., 2010) and coastal protection failure
(Hatzikyriakou and Lin, 2017; Oumeraci, 1994). Moreover, sea levels
have been rising and will continue to do so (Bamber et al., 2019;
Jevrejeva et al., 2016), which along with changes in wind and pressure
systems (Elsner et al., 2008; Hemer et al., 2013; Vousdoukas et al.,
2018a, 2018b; Vousdoukas et al., 2017; Wahl et al., 2017) will increase
future coastal risks (Hinkel et al., 2014; Vousdoukas et al., 2018a,
2018b). Given that weather patterns vary at time scales ranging from
hours to decades, having high quality time series which span several
decades is essential for most studies concerning the dynamics of ex-
treme sea levels (Haigh et al., 2016). In addition it is very important for
policy making and the design of adaptation policies especially in view
of climate change.

Extreme value analysis and temporal-spatial variability of extreme
sea levels were traditionally based on tidal gauge data (Haigh et al.,

2016; Menéndez and Woodworth, 2010; Tsimplis and Blackman, 1997).
However, in situ measurements come with limitations in terms of
spatial and temporal coverage. Measurement networks are spatially
sparse and tidal gauges are usually moored in sheltered locations, such
as estuaries or harbours, where the conditions and complex bathymetry
often make them not representative for the wider area. In addition, in
situ measurements often include errors, irregular sampling and data
gaps (Cid et al., 2014), and the latter often coincide with the extreme
events that matter. Alternative sea level data sources, such as altimetry
satellite measurements, are free of spatial limitations; however, they are
characterized by low temporal resolution. In addition, the uncertainty
associated with satellite-based measurements increases in coastal zones
where the satellite footprint includes both land and ocean (Cipollini
et al., 2017).

With respect to the above-mentioned limitations of other data
sources, numerical models have become established as a valid alter-
native (Bertin et al., 2013; Camus et al., 2013; Chawla and Spindler,
2013; Menendez et al., 2014; Muis et al., 2016), showing clear ad-
vantages in terms of temporal and spatial resolution and providing
adequate temporal coverage to resolve also long term variations. Ty-
pically, numerical models are validated against in situ measurements
for the period when there is overlap, and following they are used to fill
data gaps and extend the dataset spatially or temporally. In addition,
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reanalysis data can be analysed using similar techniques to the case of
observational record and there are several examples of storm surge
analyses; e.g. on the long term variations and trends in storm surges
(Cid et al., 2015), projections of extreme storm surges (Paprotny et al.,
2016; Vousdoukas et al., 2017), storm surge variation associated to
climate changes (Butler et al., 2007; Calafat et al., 2014), and flood
exposure (Muis et al., 2017). Table 1 gives examples of previous
hindcast which also resulted in public datasets. As indicated in table the
spatial and temporal coverage, as well as spatial resolution of previous
efforts is quite variable and there is an absence of high-resolution da-
tasets (i.e. < 25 km) covering the Pan-European area. Some high re-
solution storm surge hindcasts are available e.g. one based on numer-
ical modelling for the Iberian Peninsula (Fortunato et al., 2016) and one
from statistically reanalysis for the North Sea (Dangendorf et al., 2014).
Moreover, there are several studies assessing the effect of climate
change scenarios on future storm surges along different European areas:
the Mediterranean Sea (Androulidakis et al., 2015; Conte and Lionello,
2013), Southern Europe (Marcos et al., 2011), North Sea (Woth et al.,
2006), Baltic Sea (Meier, 2006). However, aggregating or comparing at
continental scale is impeded by the fact that all studies include a re-
analysis spanning along a different baseline period, highlighting once
more the need for a Pan-European storm surge reanalysis.

The present work aims at assessing SSL variability along European
coasts and its trends based on the ANYEU-SSL, a high-resolution
hindcast of the meteorological (wind and pressure driven) water level
component; hereafter non-tidal residual (NTR) refers to the whole time
series, whereas the storm surge level (SSL) corresponds to the upper tail
distribution (> 95th percentile) of the non-tidal residual. The ANYEU
SSL is a Pan-European hindcast; it was generated using a cross-scale
ocean circulation model covering the area between longitudes 25 W to
42E and latitudes 25 N to 76 N (see: thick black line in Fig. 1). ANYEU-
SSL is a long-term storm surge dataset, spanning from 1979 to 2018,
while its variable spatial resolution ranges from ~70 km up to 10 km,
and its temporal resolution is 3-hours. This study is organised as fol-
lows. Section 2 is mainly devoted to presenting the model setup and
validation, as well as other methodological aspects. Section 3 presents
results from the validation as well as the analysis of spatial and tem-
poral storm surge dynamics. Finally, concluding remarks are sum-
marised in Section 4.

2. Methods

2.1. Model setup

Surge generation and propagation has been simulated using the
SCHISM model (Semi-implicit Cross-scale Hydroscience Integrated
System Model), which is based upon the original SELFE code v3.1dc
(Zhang and Baptista, 2008), albeit with many enhancements and up-
grades, including an extension to a large-scale eddying regime and a
seamless cross-scale capability from creek to ocean (Zhang et al., 2016).

The model solves the full Navier-Stokes equations for an unstructured
mesh with triangular elements and varying resolution ranging from
~70 km on the far coast of Greenland to 10 km in European shallow
coastal areas. The SCHISM model is used in its 2D barotropic mode and
was forced by the meteorological fields (10 m wind speed and sea level
pressure) based on ERA-Interim re-analysis from the European Centre
for Medium-range Weather Forecast (ECMWF), with 0.75° × 0.75°
horizontal resolution and 6 h temporal resolution. The wind surface
stress was computed using a bulk formula with the drag coefficient
calculated according to Pond and Pickard (2013). The bed shear stress
was computed using the Manning approach, assuming a value of 0.02
for the Manning friction coefficient. A viscosity filter with a diffusion-
number-like dimensionless constant of 0.025 is used to suppress inertial
spurious modes (grid-scale noises) (Zhang et al., 2016).

The bathymetry dataset was obtained from the European Marine
Observation and Data Network (EMODnet) in angular coordinates at a
resolution of 1/8 arc-minute (0.0021° of latitude and longitude)
(http://www.emodnet.eu/bathymetry) and were interpolated onto the
computational grid.

The model simulations were conducted separately for each year.
Each run covered 13 months using the first month as spin-up time. A
detailed description of the model setup can be found in Fernández-
Montblanc et al. (2019).

2.2. Assessment of hindcast performance

2.2.1. Validation against tide gauge data
The model was validated against water level time series available

from two databases: the JRC Tidal Gauge Database (http:// webcritech.
jrc.ec.europa.eu/SeaLevelsDb), and the EMODnet web site database
(http://www.emodnet-physics.eu/Map/). The validation period
spanned from 01/02/1979 to 31/12/2016.

The tidal gauge sea level measurements were pre-processed to re-
move errors and irregular sampling periods. The time series were de-
trended on a yearly basis to remove long-term mean sea level varia-
bility. Afterwards, a tidal harmonic analysis was performed using the t-
tide package (Pawlowicz et al., 2002), separating the astronomical tide
and the non-tidal residual (ηRE) components. Although ηRE includes the
atmospheric contribution and the non-linear tidal-surge (Haigh et al.,
2016), it was compared with the SSL registered in the nearest model’s
mesh node.

The model skill of the hindcast to reproduce the measured SSL was
evaluated using the root mean square error (RMSE) (Eq. (1)), relative
root mean squared error (%RMSE) (Eq. (2)) and Pearson correlation
coefficient (r) (Eq. (3)).
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Table 1
Examples of hydrodynamic hindcasts of publicly available meteorological residual datasets.

Reference Time range Domain Atmospheric forcing Ocean model Ocean model resolution

Sebastião et al. (2008) (HIPOCAS) 1958–2001 North Eastern Atlantic REMO (0.5 × 0.5) HAMSO 10′ × 15′
Cid et al. (2014) GOS 1.1 and GOS 2.1 1948–2009

1989–2009
Southern Europe SeaWindI 30 km

SeaWindII 15 km
ROMS 1/8 × 1/8

Ratsimandresy et al. (2008) 1958–2001 Mediterranean Sea REMO (0.5 × 0.5) HAMSO 10′ × 15′
Hamon et al. (2016) 1979–2013 Mediterranean sea ALDERA 12 km NEMO 6–7.5 km
Jordà et al. (2012) VANI2-ERA 1950–2008 Mediterranean Sea

North eastern Atlantic
ARPERA (40–50 km) HAMSO 10′ × 15′

https://www.bodc.ac.uk/resources/inventories/edmed/
report/755/‘

1955 onwards NW European continental shelf
North east Atlantic

DNMI (75 km) 35 km

Weidemann (2015) coastDat-2_TRIM-NP-2d-Baltic 1958–2011 Baltic Sea NP V2.1 12.8–6.4–3.2–1.6 km
Weidemann (2015) coastDat-2 TRIM-NP-2d 1948–2015 North Sea and Northeast

Atlantic
NP V2.1
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where n is a number of measurements in the time series at a given
location, ηo is the observed storm surge, ηp is the predicted storm surge.

The accuracy of the model to reproduce extreme storm surge events
was evaluated only for the tide gauge stations with time series records
covering at least 10 years, where measured and modelled extreme SSL
were compared. In those stations, an extreme value analysis was carried
out based on a Peak-Over Threshold (POT) approach (Mentaschi et al.,
2016). The extremes were selected considering the 95th percentile as
threshold, which ranges from 0.05 to 0.86 m, and a 3-day time window
to separate independent events. Extreme event exceedance was mod-
elled according to the Generalized Pareto Distribution (GPD). The BIAS
between the hindcasted extreme SSL and extreme SSL measured by tidal
gauges was calculated for 1 (BIAS RP1) and 10 (BIAS RP10) year return
levels.

2.2.2. Validation against satellite altimetry data
Additional validation against a satellite altimetry dataset took place

as (i) it allowed to assess areas where tide gauge databases show lim-
itations in spatial and temporal coverage, e.g. along the Eastern
Mediterranean or the Black Sea; (ii) it allowed to validate the model in
open ocean areas not covered by tidal gauges. The used altimeter da-
taset was the GLOBAL OCEAN ALONG-TRACK L3 SEA SURFACE
HEIGHTS REPROCESSED from CMEMS (Copernicus Marine
Environment Monitoring Service) (http://marine.copernicus.eu). This
product was processed by the DUACS multimission altimeter data
processing system (http://duacs.cls.fr) to even out all available alti-
meter missions (Topex-Poseidon; Topex-Poseidon (interleaved orbit);
Jason-1; Jason-1 (interleaved orbit); Jason-1 (geodetic orbit); OSTM/
Jason-2; OSTM/Jason-2 (interleaved); Jason-3; Sentinel-3A; ERS-1;
ERS-2; Envisat; Envisat (extended phase); Geosat Follow On; Cryosat;
SARAL/AltiKa; SARAL-DP/ALtiKa; HY-2A; HY-2A (geodetic orbit)). The
spatial resolution is 14 km and the temporal resolution varies from 10
to 35 days depending on the satellite. The resultant Sea Level Anomaly
(SLA) includes different corrections in order to reduce instrumental

miscalculations as well as environmental, state, and geophysical errors
(geoid, ocean tide, inverse barometer and high frequency wind and
pressure effects). In the derived SLA, the inverse barometer and high-
frequency wind signal of the atmospheric forcing was removed through
the so-called Dynamic Atmospheric Correction (DAC) produced by CLS
using the Mog2D model from Legos distributed by Aviso+, with sup-
port from CNES (https://www.aviso.altimetry.fr/). The DAC was ren-
dered as a linear addition to the SLA in order to include all atmospheric
forcing contributions to the sea level variation (SLADAC).

Afterwards, SLADAC was compared with the SSL hindcast. To that
end, the computational domain was gridded into 1° × 1° latitude and
longitude cells. The time series of the along track SLADAC was con-
structed for each 1° × 1° cell and modelled data were interpolated in
time and space to match the altimeter dataset. Skill scores identical to
one used fot tide gauge comparison (RMSE, %RMSE and r) were used in
the case of the altimeter observation dataset. For the extreme SSL as-
sessment, the comparison was performed using the same skill scores
calculated for the upper tail distribution (> 95th). The validation period
for the altimeter observations was expanded from 1992 to 2016, a
period also covered by most of the tide gauge record (Fig. 1b).

2.3. Application example: Trends in extreme SSL

In order to demonstrate the utility of the present dataset, the
ANYEU-SSL was used to evaluate spatial variability of the extreme
storm surge trends at Pan-European scale. The trends in extreme SSL
along the European coastline were calculated for the period of the
hindcast dataset validated with tidal gauges and altimetry measure-
ments, from 1979 to 2016. A non-stationary extreme value analysis was
carried out, consisting of the transformation of a non-stationary time
series into a stationary one, where extreme value analysis theory can be
applied and reverse the transforming result into a non –stationary ex-
treme value distribution (Mentaschi et al., 2016). The transformed-
stationary methodology was applied with a time window of 6 years,
considering a 3-day time window as an independent event to estimate a
non-stationary GPD, see Mentaschi et al. (2016) for further details. The
SSL trends were expressed as the result of the linear regression fitting of
the extreme SSL corresponding to the return period (Tr) for Tr = 10 and
Tr = 100. The locations where the trend's statistical significance was
lower than 99.5% (p-value > 0.05) were discarded. Following the
same methodology, seasonal variability of extreme storm surge trends

Fig. 1. (a) Map of Europe showing the model computational domain (thick black line), the 10 different regions chosen for analysing the model results (thin
continuous black lines), and the location of tide gauge stations (the colour scale indicates the temporal coverage of the data as a percentage of the validation period
from 1979 to 2016). (b). Time line coverage of the various tide gauge data during the validation period. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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have been tested by repeating the analysis for winter (spanning from
December to February), spring (from March to May), summer (from
June to August) and autumn (from September to November).

3. Results and discussion

3.1. Validation against tidal gauges

The tide gauge database used for the ANYEU-SSL validation con-
tains 258 stations. After an initial filtering of the tide gauge records, a
total of 252 stations were used for the hindcast dataset validation. The
spatial and temporal coverage of the tide gauge database is shown in
Fig. 1. Overall, the Pan-European coastline is uniformly covered and
well represented by the tide gauges (Fig. 1a). The Baltic and North Seas
show a high density of tide gauge stations, while the coverage is lower
along the Black Sea and East Mediterranean. Temporal coverage is
higher in the Baltic, North Sea and N-North Atlantic (70–100% of the
1979–2016 period) than in the southern part of the computational
domain (< 50%) (Fig. 1a). However, most of the tidal gauge station
measurements are available after 2007 (Fig. 1b), a period characterized
by substantial marine storm activity, implying sufficient amount of
validation data (Bertin et al., 2012; Haigh et al., 2016; Spencer et al.,
2015).

Fig. 2 shows examples of the time series comparison for the different
ocean regions. The set of examples illustrates areas characterised by a
wide range of extreme SSL; see, for example, the maximum SSL of 1.5 m
measured in Ijmuiden (Fig. 2c) in the North Sea and 0.3 m measured in
Ibiza, in the Central Mediterranean (Fig. 2f). Minor discrepancies >
0.05–0.1 m can be observed in most of the time series for the NTR. The
Eastern Mediterranean, represented by the Alexandria station (Fig. 2g),
shows the poorest performance. The differences in the extreme SSL
between measurements and hindcast dataset ranges from 0.10 to 0.25
in most of the computational domain. The dissimilarities relative to the
observed maximum are lower in the areas with a higher extreme SSL
(Fig. 2a-d). Overall, the hindcast shows satisfactory skill both in terms
of NTR amplitude and timing, but an underestimation of the extremes
SSL.

Fig. 3 illustrates the hindcast’s capacity to reproduce the probability
distribution functions of the observed NTR at different oceanographic
regions, using q-q plots. Bearing in mind that the selected stations were
mostly different from those shown in Fig. 2, the hindcast in these sta-
tions, shows good agreement with the observed data too, either in terms
of NTR magnitude (RMSE < 0.1 m) or timing (r around ~ 0.8). In
general, the hindcast reproduces the distribution of observed data
(NTR) with some exceptions for the tails. The lower tails are not so
important in terms of coastal risk, but they are well reproduced, with
the exception of an overestimation observed mainly in the southern
seas of Europe (Black Sea, Central and Eastern Mediterranean; see
Fig. 3k-m). Regarding the upper tail (SSL), the model performs well in
most stations, with the exception of the S-North Atlantic (Gijon and
Sines, Fig. 3g and Fig. 3h, respectively), West Mediterranean (Mahon,
Fig. 3c), East Mediterranean (Alexandria, Fig. 3i) and Black Sea
(Mangalia, Fig. 3m). Overall, the model performance is considered sa-
tisfactory, and the underestimation observed at certain locations can be
justified by the model’s and atmospheric forcing resolution.

Fig. 4 shows scatter plots of different model skill scores (RMSE, %
RMSE and r) after comparison against tide gauge data. Overall, the
hindcast shows a good skill with RMSE ranging from 0.04 to 0.24 m
(Fig. 4a, Table 2). RMSE values below 0.12 m are observed in 80% of
the tide gauge stations, while RMSE values above 0.17 m are found in
5.6% of the model domain (Fig. 4b). The average RMSE along all
considered European regions is below 0.11 m, with the exception of the
North Sea and the Baltic Sea, where the average RMSE values are
around 0.12 m and 0.14 m, respectively. The %RMSE varies from 1% to
30% (Fig. 4c, Table 2), however %RMSE < 12.5 is observed in most of
the tide gauges (69%) (Fig. 4d). On the contrary, %RMSE > 15% is

recorded only in 11% of the considered tidal gauges; with the highest
values found mainly the Mediterranean Sea, following opposite patterns
to the RMSE trends.

Pearson coefficients r also indicate a satisfactory model’s skill to
reproduce temporal correlations, with values 0.6<= r <= 0.9
(Fig. 4e, Table 2) along all European regions. The correlation coefficient
exceeds 0.7 in more than 72% of the analysed tide gauges, whereas only
7% of the tide gauge stations show values of r < 0.5. Overall, r > 0.7
can be observed in the whole domain, with the exception of the Canary
Islands, the Central and Western Mediterranean and the Black Sea.

The validation of the upper tail values (SSL) (Fig. A1) shows values
of RMSE ranging from 0.05 to 0.5 m; however, for> 87% of the tidal
gauges RMSE lies between 0.05 and 0.2. The higher values
(RMSE = 0.2–0.3 m) were observed in the North Sea, according to the
higher extremes measured in that area. The %RMSE ranges from 5 to
20% in more than 72% of the analysed stations. Higher values (> 30%)
were observed in the Central Mediterranean and southern North-
Atlantic border. Regarding the timing of the SSL, correlation coeffi-
cients vary between 0.5 and 0.7 in more than 50% of the tidal station.
Lower r values were observed in the central Mediterranean and
southern S-North Atlantic.

Validation focussing on the extreme SSL values showed an overall
satisfactory performance (Fig. 5a–e), especially along the North and
Baltic Sea where SSLs tend to be higher. Discrepancies are higher for
the higher return period events (Fig. 5f). There is a general trend to
underestimate extreme SSLs for Tr > 10 years, reaching discrepancies
values of 0.2–0.3 m at some stations. This trend is especially relevant
along the southern part of the computational domain, but it can be also
observed at some locations in Northern Europe (Fig. 5a, Fig. 5f). Larger
deviations are also observed along the Southern Atlantic border
(Fig. 5g), and the Central and Eastern Mediterranean (Fig. 5j–k);
however, the magnitude of the extreme SSL is significantly lower.

Fig. 6 shows the absolute error of modelled extreme SSL validation
against tidal gauge data. In most stations the hindcast satisfactorily
reproduces the extreme SSL; although, a general underestimation pat-
tern is identified in both the 1 year return period (BIAS RP1) (Fig. 6a)
and the 10 year return period (BIAS RP1) (Fig. 6c). The average ab-
solute values of BIAS RP1 and BIAS RP10 are below 0.13 and 0.20 m,
respectively, along most European regions (Table 3), while absolute
errors range from −0.1 m to 0.1 m in 37% and 28.6% for RP1 (Fig. 6b)
and RP10 (Fig. 6d), respectively. A larger BIAS (from −0.2 to 0.1) is
detected in 36.1% of the tide gauges for RP1 and 28.6% for RP10. The
largest underestimation (BIAS RP1 and BIAS RP10 < 0.2 m) is ob-
served along the Northern Adriatic, the North Sea, and the Bay of
Biscay. On the contrary, the hindcast overestimates the RP1 and RP10
in the English Channel and the Central Mediterranean.

3.2. Validation against satellite altimetry measurements

The SSL from satellite altimetry (SLADAC) allows validating the
ANYEU-SSL dataset throughout the whole computational domain, also
compensating for spatial limitations of the tide gauge database. Fig. 7
depicts the scatter plots and q-q plots for the 1° × 1° cell closest to the
tide gauge station presented in Fig. 3. The hindcast shows a good per-
formance in most of the locations, as well as better skill scores in
magnitude (RMSE) or timing (r) with respect to the tide gauge valida-
tion (Fig. 3) for the NTR validation. A narrow distribution of the scatter
points around the perfect fit line (ηo = ηp) can also be observed.
However, at specific locations (see Fig. 7d or Fig. 7f) the calculated
RMSE increases by 3–4 cm with respect to the RMSE computed from the
tide gauge record. Considering the upper and lower tail distribution, the
q-q plot shows a poorer performance than the tide gauge validation.
The non-alignment of the lower and higher percentiles with the perfect
fit line indicate that the hindcast underestimates the upper tail and
overestimates the lower tail values, even if the lowest frequency sa-
tellite data are likely to have missed certain extreme events.
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The results show good agreement between the hindcast and the
altimetry satellite NTR in the whole domain as demonstrated by the
high skill scores (RMSE, and r). RMSE below 0.10 m is observed in the

whole domain, with the exception of the southern coast of the North
Sea and the Baltic Sea (Fig. 8a and Table 4) (RMSE ~ 0.15 m). The
RMSE along the Mediterranean Sea is around 0.07 m and RMSE

Fig. 2. Examples of comparisons of time series of simulated (red dashed line) and measured non-tidal residual (solid blue line) at seven tidal gauge stations
representative of the different oceanographic areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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values>= 0.05 m are characteristic of the southern S-North Atlantic,
Iberian peninsula, Bay of Biscay and northern N-North Atlantic.
RMSE < 0.07 m is observed in 70% of the 1° × 1° cells evaluated
(Fig. 8b). Overall, %RMSE values fluctuate around 10–12% in at least
50% of the domain (Fig. 8c, Fig. 8d), with the %RMSE > 12% located
in semi-enclosed basins (Baltic Sea, Mediterranean Sea and Black Sea).
Regarding the time factor, values of 0.7 > r > 1 indicate the sa-
tisfactory performance of the hindcast (Fig. 8e, Fig. 8f). Values of
r > 0.8 are present in over 50% of the whole domain. The spatial
pattern of r is similar to the one of %RMSE variation, with lower

accuracy (r = 0.6) observed in semi-enclosed basins (Black Sea and
Baltic Sea).

Overall, in terms of RMSE and r, the validation against satellite
altimetry observations shows better performance than against tidal
gauge measurements. However, the top %RMSE values are higher for
the altimetry data validation. To notice that satellites have lower
sampling frequency compared to ground stations, being constrained to
the overpass interval and, consequentially, may not have captured some
rare extreme events. The latter implies that the number of measure-
ments of the altimetry data is lower than the one of tidal gauges,

Fig. 3. Examples of scatter plots comparing measured and simulated non-tidal residual at different tidal gauge locations. The colours represent the point density
increasing as they transition from blue to red. The black dots represent the quantile-quantile plot (q-q plot) while the red line indicates a perfect fit between observed
and hindcast datasets. The inset map shows the locations of tide gauge stations. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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resulting in a higher %RMSE. Moreover, the ocean model omits pro-
cesses contributing to sea surface height, like the steric ocean height
driven by the thermo-steric and the halo-steric components that dom-
inate the annual timescales in the Atlantic and Mediterranean Sea (Laiz
et al., 2013). The steric height cycle has annual development/time
scales and is well captured by satellite observation and further research
is required to evaluate its contribution to extreme water levels.

Additionally, the current study conducted a validation of extreme
SSL, via satellite observations, accounting only for the upper tail dis-
tribution (> 95th percentile). The results of the key statistic indexes
(RMSE, %RMSE and correlation coefficient-r) are shown in Fig. 9 and
Table 5. As expected, the upper tail RMSE (0.07 < RMSE < 0.40 m)
is higher than the one obtained considering the whole time series
(Fig. 9a). However, the hindcast shows a good representation of the

Fig. 4. Hindcast validation against tide gauge data. (a, c, e) Map scatter plots represent the RMSE, %RMSE and r; histograms (b, d, f) represent RMSE, %RMSE and r
for all tidal gauges, where the vertical axis shows the count and the text labels above the bars the percentage of all tidal gauges belonging to the specific bin. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Statistics of hindcast performance against non-tidal residual (NRT) measurements by tide gauge. Values are averaged along the defined ten European regions.

RMSE (m) %RMSE (%) r

Region N Sta. Mean Std Min Max Mean Std Min Max Mean Std Min Max

Black Sea 1 0.06 0.06 0.06 0.06 9 0 9 9 0.6 0.0 0.6 0.6
East Med. 1 0.06 0.06 0.06 0.06 17 0 17 17 0.6 0.0 0.6 0.6
Central Med. 31 0.07 0.01 0.05 0.10 17 7 8 30 0.6 0.1 0.4 0.8
West Med. 25 0.06 0.06 0.05 0.08 13 3 8 26 0.7 0.1 0.5 0.8
S-North Atlantic 24 0.07 0.06 0.04 0.10 13 5 7 28 0.6 0.2 0.2 0.8
Bay of Biscay 16 0.10 0.09 0.07 0.16 10 2 6 14 0.7 0.1 0.6 0.8
N-North Atlantic 52 0.11 0.10 0.08 0.20 8 3 1 17 0.8 0.1 0.5 0.9
North Sea 30 0.14 0.12 0.09 0.24 8 3 1 15 0.8 0.0 0.7 0.9
Baltic Sea 59 0.12 0.12 0.10 0.16 11 2 7 19 0.8 0.1 0.3 0.9
Norwegian Sea 10 0.11 0.10 0.10 0.12 12 3 7 16 0.8 0.0 0.7 0.8
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extreme surge levels (RMSE < 0.12 m) along 73% of the study area
(Fig. 9b). Higher RMSE values are detected along the Baltic Sea
(> 0.2 m), the southern coast of the North Sea and the west coast of
England (0.15–0.25 m). In those areas the error is mainly due to the
under/overestimation of the upper/lower tail as indicates in Fig. 7. The
%RMSE values are below 20% in almost 60% of the study area (Fig. 9c-
d). %RMSE is higher in the Baltic Sea, Black Sea and East Mediterra-
nean. The model also seems to satisfactorily reproduce the timing of
extreme SSLs (r > 0.5) in 62% of the area, although r values are
smaller compared to those calculated for the whole time series (espe-
cially in the Black Sea and East Mediterranean) (Fig. 9e–f).

3.3. Limitations

The main limitation of the ANYEU-SSL hindcast is the general ten-
dency to underestimate the extreme storm surge levels. The above can
have implications for potential applications related to hazard and risk
assessments, especially in areas where BIAS RP10 exceeds 0.2 m. In
those areas, the direct use of the dataset could result in an under-
estimation of the hazard, although it could be minimized by statistical
correction using available time series of NTR, either from altimetry or
tide gauges. The trend of underestimation is justified by (i) the fact that
a continental model cannot resolve highly complex bathymetry features
in shallow areas (Zijl et al., 2015) found at some parts of Europe; (ii) the

resolution of the atmospheric forcing also acts as a bottleneck in model
skill, reducing the algorithm performance, especially in semi-enclosed
basins (Fernández-Montblanc et al., 2019).

These constrains are exacerbated by the 2D approach used in our
continental model. Two-dimensional models combine stability, com-
putational efficiency, with reasonable accuracy, and therefore are the
most common choice for storm surge prediction applications at large
scale. However, 3D models can better reproduce the water level dy-
namics because they require less parameterization to reproduce all of
the 3-D physical processes of water circulations (Lapetina and Sheng,
2015). Most of the above processes (sediment transport, coastal cur-
rents, wave-current boundary layers, vertical stratification, vertical
varying wave induced circulation, wave induced forces, wave en-
hancement of bottom stress) take place nearshore and since they are
related to wave processes, they require wave-coupling at a fine spatial
resolution (in the order of tens of meters) (Bertin et al., 2015). These
requirements could lead to very computational expensive setups which
can be prohibitive for applications at a continental scale.

Sediment size and/or bed forms control bed roughness, thus tur-
bulence and shear stress, both important factors for modelling of ocean
circulation. In the absence of such information we assume a constant
Manning coefficient, a choice which can affect the accuracy of the
model. However, this is an inevitable assumption and alternatives like
bottom friction enhancement using a varying Manning coefficient are

Fig. 5. Examples of extreme SSL validation results at selected tidal stations. The horizontal axis expresses the return period while the vertical axis shows the
corresponding SSL. Dots represent the observed (blue) and modelled (red) extreme events, lines represent their GPD fitted probability distribution and the polygons
the 5–95% confidence interval areas. The inset map shows the locations of the tide gauge stations. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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not granted to improve the model performance, as they cannot mimic
all the complex physical processes (Lapetina and Sheng, 2015).

In summary, the performance of ANYEU-SSL comes with limitations
related to the continental scale of the model. With the constantly in-
creasing available computational power these inherent limitations can
be gradually overcome using more complex modelling approaches (3D,
waves, etc), following the examples of higher resolution regional
models (Bertin et al., 2012; Lapetina and Sheng, 2015; Staneva et al.,
2016; Wuxi et al., 2018). However, ANYEU-SSL does not aim to com-
pete with such regional models, but aspires to provide a currently
missing, long term hindcast dataset. Such a dataset can be particularly
useful along areas where such information is not available, or can serve
as boundary condition for regional-local models.

3.4. Trends in extreme SSLs along the European coastline

As a potential application of the ANYEU-SSL dataset we analyse the
long-term trends along the European coastline, focussing on the yearly
10-year (Fig. 10a) and 100-year return level (Fig. 10b), for the period
1979–2016, expressed in mm per year (Fig. 10). The results indicate a

latitudinal gradient, with a moderate increase (< 5 mm/year) in ex-
treme SSL observed in the southern area (< 50°N), and a decrease
(> -5 mm/year) in the northern area (Fig. 10a-b). The N-North Atlantic
area is the only high-latitude area where extreme SSLs appear to grow
(>5 mm/year), while the Azores and northern Azov Sea are the only
southern areas where SSLs seem to be decreasing (< -5 mm/year).
There is a drop of the extreme SSL in the German Bight and central area
of the Norwegian Sea (10–15 mm/year for the 10-year return level and
5–10 mm/year for the 100-year return level). A notable reduction in
extreme SSL (-10–20 mm/year) is found in the gulfs of Bothnia, Finland
and Riga (Baltic Sea). On the contrary, extreme SSLs tend to increase
(5–10 mm/year) in specific parts of the Central Mediterranean (eastern
coast of Sardinia, Sicily, Northern Adriatic Sea) as well as along the
eastern coast of the Black Sea.

The computed trends can locally differ from those calculated in
previous studies. For example, Soomere and Pindsoo (2016) observed in
the Baltic Sea opposite trends, with an increase in surge maxima for the
period 1961–2004. Weisse et al. (2012) noticed no clear trends along
the North Sea. On the contrary, in the southern area Cid et al. (2015)
generally computed similar trends to the present ones, reporting storm

Fig. 6. Hindcast validation against tide gauges. Map of scatter plots of the absolute error of the 1-year (RP1) (a) and 10-year event (RP10) (b). Warm (cold) colours
indicate that the hindcast overestimates (underestimates) extreme SSLs. (b, d) RP1, RP10 histograms for all tide gauges with the vertical axis showing the count and
the text labels above the bars indicating the percentage of all tidal gauges belonging to the specific bin. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 3
Statistics of the hindcast skill to reproduce extreme storm surge levels, validated against tidal gauges. Values are averaged along the defined ten European regions.

BIAS RP1 (m) BIAS RP10 (m)

Region N Sta. Mean Std Min Max Mean Std Min Max

Black Sea – – – – – – – – –
East Med. 2 0.10 0.03 −0.12 −0.08 0.11 0.03 −0.14 −0.09
Central Med. 30 0.12 0.16 −0.43 0.15 0.17 0.25 −0.68 0.11
West Med. 25 0.12 0.06 −0.33 −0.06 0.15 0.10 −0.50 −0.01
S-North Atlantic 18 0.15 0.10 −0.33 −0.01 0.28 0.19 −0.71 −0.05
Bay of Biscay 14 0.23 0.12 −0.43 −0.03 0.32 0.22 −0.73 −0.05
N-North Atlantic 46 0.17 0.17 −0.65 0.23 0.33 0.31 −1.24 0.13
North Sea 25 0.19 0.22 −0.85 0.21 0.41 0.35 −1.45 0.08
Baltic Sea 60 0.13 0.07 −0.32 0.01 0.17 0.14 −0.56 0.10
Norwegian Sea 4 0.07 0.02 −0.09 −0.06 0.16 0.02 −0.17 −0.13
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surges increasing by 0–3 mm/year for the 1948–2013 period. Similarly,
Makris et al. (2018) found a significantly increasing trend of annual
storm surge extremes in the Mediterranean and Black Sea coastal zones
for the 1979–2015 period. These major differences with respect to
previous studies can be largely attributed to differences in the simula-
tion period that was used by the previous authors (Calafat and Gomis,
2009; Cid et al., 2015). Indeed, extreme SSL shows considerable var-
iation over time scales of decades and longer periods (Feng et al., 2018;
Weisse et al., 2012) because of the changes in atmospheric circulation
patterns. The public availability of a SSL dataset as ANYEU-SSL could

contribute to a better understanding of such dynamics. Likewise, the
availability of different data sources can reduce the uncertainty of ex-
treme SSL trends through cross-referencing among different databases.

The seasonal variability of the 100-year return level values is shown
in Fig. 11. Overall, the seasonal spatial patterns follow the annual one
(Fig. 10), although there are more coastal areas with no statistically
significant seasonal trends. Likewise, depending on the season, opposite
trends are observed in specific areas. In winter (Fig. 11a) a remarkable
intensification of extreme SSL (10–15 mm/year) is recorded in Scotland
and in the Bay of Liverpool (N-North Sea), while the opposite is

Fig. 7. Examples of scatter plots comparing altimetry measurements with simulated non-tidal residuals (NRT). The colours represent the point density, increasing as
they transition from blue to red. The black dots represent the quantile-quantile plot (q-q plot) and the red line indicates the perfect fit between observed and hindcast
dataset. The insert map shows the locations of tide gauges closest to the evaluated 1° × 1° cell. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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observed on the west coast of the Iberian Peninsula. In spring opposite
trends are observed (Fig. 11b): the extreme SSL increases on the west
coast of German Bight (North Sea) (10–15 mm/year) and in the Gulf of
Bothnia (5–10 mm/year). In addition, the general positive trend ob-
served in the Withe Sea (Fig. 10) is reversed towards a decreasing

extreme SSL (0–5 mm/year). In summer (Fig. 11c) an upward trend
(2 mm/year) is observed in the Azores, while the Canary Islands and the
west coast of northern Africa show negative trends. Finally an increase
(5–10 mm/year) in autumn values is observed along the southern coast
of the Baltic Sea and the Gulf of Bothnia (Fig. 11d).

Fig. 8. Hindcast validation against satellite altimetry data. (a, c, e) Map scatter plots of RMSE, %RMSE and r; warm colours indicate higher performance; (b, d, f)
RMSE, %RMSE and r histograms for all tidal gauges with the vertical axis showing the count and the text labels above the bars the percentage of all validation cells
(1° × 1°) belonging to the specific bin. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Statistics expressing the hindcast performance after comparison with the altimetry-observed non-tidal residual (NTR) along the defined ten European regions. N. Sta.
indicates the number of 1° × 1°cells considered.

RMSE (m) %RMSE (%) r

Region N. Sta. Mean Std Min Max Mean Std Min Max Mean Std Min Max

Black Sea 63 0.07 0.01 0.06 0.10 25 5 11 42 0.6 0.1 0.3 0.8
East Med. 103 0.07 0.01 0.05 0.10 20 4 12 29 0.7 0.1 0.6 0.8
Central Med. 134 0.06 0.01 0.05 0.09 18 4 6 32 0.7 0.1 0.5 0.8
West Med. 73 0.07 0.01 0.05 0.10 18 4 10 35 0.7 0.1 0.6 0.8
S-North Atlantic 367 0.05 0.01 0.03 0.10 14 3 8 28 0.7 0.1 0.5 0.9
Bay of Biscay 58 0.05 0.02 0.04 0.16 10 3 5 23 0.9 0.1 0.6 0.9
N-North Atlantic 479 0.06 0.02 0.04 0.26 10 3 6 30 0.9 0.1 0.4 1.0
North Sea 112 0.10 0.04 0.05 0.24 11 3 6 22 0.8 0.1 0.7 0.9
Baltic Sea 81 0.15 0.02 0.08 0.18 18 4 11 27 0.7 0.1 0.5 0.9
Norwegian Sea 147 0.08 0.02 0.05 0.21 12 3 7 27 0.9 0.1 0.5 0.9
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Seasonal trends of extreme storm surge are significant, since they
can increase the likelihood of compound risk related to flooding and
erosion. For instance, such variation in seasonal trends could increase
the probability of a conjunction of an extreme storm surge and a
flooding caused by river discharge or high precipitation (Bevacqua
et al., 2019; Paprotny et al., 2018). In this regard, the present dataset

provides continuous and high temporal and spatial resolution sources to
aid this kind of research.

4. Conclusions

This contribution presents a high-resolution Pan-European storm

Fig. 9. Extreme SSL hindcast validation against satellite altimetry datasets (95th percentile). (a, c, e) Maps of scatter plots of RMSE, %RMSE and r; warm colours
indicate higher performance; (b, d, f) RMSE, %RMSE and r histograms for all tidal gauges; the vertical axis shows the count and the text labels above the bars show
the percentage of all validation cells (1° × 1°) belonging in the specific bin. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 5
Statistics of the extreme SSL validation (95th percentile) against altimetry data, along the defined ten European regions. N. Sta indicates the number of 1° × 1°cells
considered.

RMSE (m) %RMSE (%) r

Region N. Sta. Mean Std Min Max Mean Std Min Max Mean Std Min Max

Black Sea 52 0.14 0.02 0.11 0.24 43 6 25 53 0.1 0.1 −0.2 0.5
East Med. 89 0.13 0.02 0.08 0.21 36 5 25 48 0.2 0.1 −0.1 0.4
Central Med. 116 0.12 0.02 0.07 0.16 31 7 11 44 0.3 0.1 0.0 0.7
West Med. 62 0.12 0.03 0.07 0.18 30 7 16 45 0.4 0.1 0.1 0.6
S-North Atlantic 363 0.08 0.02 0.05 0.20 23 7 10 42 0.5 0.1 0.0 0.8
Bay of Biscay 53 0.07 0.02 0.05 0.18 13 4 7 30 0.7 0.1 0.5 0.8
N-North Atlantic 449 0.08 0.04 0.04 0.26 13 4 7 36 0.6 0.1 0.3 0.8
North Sea 103 0.16 0.07 0.07 0.40 16 3 9 24 0.6 0.1 0.5 0.8
Baltic Sea 59 0.28 0.04 0.14 0.36 34 8 18 51 0.5 0.1 0.2 0.8
Norwegian Sea 132 0.12 0.03 0.07 0.20 18 3 10 26 0.6 0.1 0.4 0.7
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surge dataset, ANYEU-SSL, produced with the SCHISM circulation
model. The dataset covers 40 years (1979–2018) of SSL data along the
European coastline with a 3-hour temporal resolution.

The ANYEU-SSL dataset has been extensively validated for the
period 1992–2016, considering the whole time series, as well as only
extreme SSL values. In shallow water the hindcast results were eval-
uated against sea level measurements from 252 tide gauges distributed
along the whole European coastline. At the open sea, ANYEU-SSL was
compared with SSL measurements obtained via satellite altimetry
covering the entire modelling domain. The results indicate a satisfac-
tory skill to reproduce the NTR and extreme SSLs along the European
coastline, in terms of both timing and magnitude. When validating
against tide gauges, the whole hindcast (NTR) shows a mean RMSE of
0.10 m for Europe, while 50% and 75% of the tidal stations show RMSE
of 0.7 m and 0.12 m, respectively. The RMSE is below 0.07 m in 75% of
the area evaluated using satellite altimetry. A relative decrease in the
hindcast performance is observed in the case of extreme SSL validation.
Considering only the extremes, the validation against tide gauges shows
that the model tends to underestimate extreme SSLs, with RMSE for the
1 and 10-year events being −0.13 and −0.23. The comparison of ex-
treme SSLs with satellite altimetry measurements in the open ocean
shows an average RMSE of 0.10 m, whereas the 25th and 75th percen-
tiles of RMSE ranges from 0.06 to 0.12 m. Overall, the hindcast shows a
trend to underestimate extreme SSLs. The above implies that, being a
continental scale dataset, ANYEU SSL should be used with caution,
especially at local scale; e.g. for detailed coastal hazard and risk as-
sessments. In those cases the underestimated extreme SSLs can result in
lower estimates of risk. However, this is a known weakness of large-
scale models, the main advantage of which is that they resolve the
spatio-temporal SSL dynamics in a homogenized framework.

ANYEU-SSL provides uniform information on a Pan-European scale,
and as an application example, we did an analysis of the spatial and
temporal variability of extreme storm surge trends. Results show an
overall latitudinal gradient in the trend of the extreme storm surge
magnitude for the studied period (1979–2016), increasing in lati-
tude > 50° N and diminishing the extreme SSL magnitude in lati-
tude < 50°. Additionally, a strong seasonal variation of extreme SSLs
was observed in the northern areas.

Fig. 10. Trends of extreme storm surge levels along the European coastline for
the period 1979–2016. (a) Is the linear trend of the annual mean 10-year and
(b) is the 100-year return level value. Warm (cold) colours indicate an increase
(decrease) in the magnitude of the extreme storm surge level (only values with
p < 0.05 are shown in the figure). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 11. Seasonal trends of the yearly 100-year return level along the European coastline for the period 1979–2016. (a) Winter (from December to February DJF). (b)
Spring (from March to May). (c) Summer (from June to August). (d) Autumn (from September to November); warm colours indicate increases in the magnitude of the
extreme storm surge level (only values with p < 0.05 shown in the figure). (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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