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Coastal flood maps covering the whole European continent have become available
in recent years. However, their ability to complement or replace high-resolution
local flood maps was not investigated so far. In this paper we compare
pan-European estimates of extreme sea levels and coastal flood extents at given
return periods with observations and high-resolution reference maps. The analysis
is done for two pan-European assessments and one global study. We find that
whereas the models have good accuracy in estimating storm surge heights, large
disparities exist between the large-scale flood maps and four local maps of flood
extents from England, the Netherlands, Poland, and France. Moreover, the accu-
racy of the underlying digital elevation model and assumptions about flood protec-
tion existing in a given area influence significantly the results. In addition, the first
pan-European projection of temporal trends in the size of flood zones is presented,
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1 | INTRODUCTION

Continental or global assessments of flood hazard have
become commonplace in recent years. Yet, large-scale ana-
lyses of coastal inundation hazard are less well developed
than those dealing with riverine events. Many studies on
river floods have been conducted even on a global scale,
using a large variety of methods, as presented in detail by
Bierkens et al. (2015). The latest publications on this topic
have also routinely validated the accuracy of large-scale
flood maps by comparing them with high-resolution,
locally-produced maps (e.g., Alfieri et al., 2014, Sampson
et al., 2015, Paprotny, Morales-Napoles, & Jonkman, 2017).
By contrast, only a handful large-scale storm surge or coastal
flood studies are available (e.g., Forzieri et al., 2016; Hinkel
et al., 2014; Mokrech, Kebede, Nicholls, Wimmer, & Feyen,
2015; Vousdoukas, Voukouvalas, Mentaschi, et al., 2016),
and none has so far used local flood hazard maps for valida-
tion. At the same time, there is growing concern in Europe

with and without assuming flood protection levels.

climate change, coastal inundation, EURO-CORDEX, flood hazard, return
periods, sea level rise, storm surges

that changes in storm patterns and sea level rise may lead to
a significant increase in the level hazard, even more than in
case of river floods (Church et al., 2013; Forzieri et al.,
2016). Therefore, large-scale assessments of coastal flood
hazard taking into account climate change will be needed,
while more effort is needed to assure their informativeness
and accuracy.

The first attempt at creating an overarching collection
on coastal hazard information was made by Vafeidis
et al. (2008), who devised the Dynamic Interactive Vulnera-
bility Assessment (DIVA) database. However, though it
contains extreme water levels with given return periods for
12,000 coastal segments around the world, the estimates
were not derived through hydrodynamic modelling. In addi-
tion, the only validation of flood maps was done by compar-
ing the number of people at risk of 1-in-1,000-year flood
with some national studies (Hinkel et al., 2014). DIVA data-
base has been more recently supplemented by the Coastal
Fluvial Flood (CFFlood) database (Mokrech et al., 2015) for
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European countries. Yet, no validation was presented apart
from stating that the flood zones delimited in that study were
consistent with a national floodplain map for the
United Kingdom. Only with the work of Muis, Verlaan,
Winsemius, Aerts, and Ward (2015, 2016) has a global data-
set of storm surges, extreme sea levels and coastal floods
become available (hereafter, “GTSR model”). Still, only the
results of a reanalysis (1979-2014) have been published so
far. Also, no validation of the global coastal flood map was

presented.
On the European scale, Vousdoukas, Voukouvalas,
Mentaschi, et al. (2016), Vousdoukas, Voukouvalas,

Annunziato, Giardino, and Feyen (2016), Vousdoukas,
Mentaschi, Voukouvalas, Verlaan, and Feyen (2017)
provided storm surge and extreme sea levels for both
present and future climate, as well as coastal flood extent
estimates for the present climate (hereafter, “JRC model”).
In Vousdoukas, Voukouvalas, Mentaschi, et al. (2016) a
comparative analysis of four methodologies of calculating
coastal flood extents was presented, together with a juxtapo-
sition of the pan-European maps with the actual inundation
limit observed during Xynthia storm in France in 2010.
Still, climate change projections were not yet published for
coastal floods; even though a multi-hazard assessment for
Europe by JRC (Forzieri et al., 2016) did include future
projections of coastal floods, they were made only by tak-
ing into account global sea level rise. Pan-European coastal
flood modelling was also done within “Risk analysis of
infrastructure networks in response to extreme weather”
(RAIN) project (hereafter, “TUD model”) and presented in
Groenemeijer et al. (2016) and Paprotny, Morales-Napoles,
and Nikulin (2016), but only validation of storm surge esti-
mates was carried out, and not of flood extents. The main
advantage of that study was the first attempt to make future
projections of extreme water levels and coastal flood
extents, including factors such as changes in storminess,
regional sea level rise and glacial isostatic adjustment.

In light of the above, there is clearly a need for a more
systematic analysis of the accuracy of large-scale flood maps
in context of their potential applications to flood risk man-
agement, as well as climate change mitigation and adapta-
tion. The objectives of this paper are therefore twofold.
Firstly, to extend storm surge modelling work presented in
Paprotny et al. (2016) into coastal inundation delimitation,
both for present and future climate. Secondly, to analyse the
accuracy of pan-European modelling work,
(a) estimation of extreme sea levels (surges together with
tides) at given return periods and (b) calculation of coastal
flood extents, using different methodologies. To complete
this work, results of TUD, JRC, and GTSR models will be
compared with measurements made at several dozen tide
gauges, and with local flood maps made in four high-
resolution assessments of coastal flood risk from England,
France, the Netherlands, and Poland.

namely
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2 | MATERIALS AND METHODS

2.1 | Boundary conditions

In this study, for the purpose of calculating coastal flood
extents, the boundary conditions are extreme water levels
with given return periods. Extreme water levels (EWLs)
were derived in the TUD study as described in Paprotny
et al. (2016) and Groenemeijer et al. (2016), and also in the
JRC study as shown by Vousdoukas, Voukouvalas,
Mentaschi, et al. (2016) and Vousdoukas, Voukouvalas,
Annunziato, et al. (2016). Briefly, in TUD’s analysis the
EWL (E, 7, s) was defined as follows:

Ep,T,S:Rp,T,S+D+M+LT,S+GT (1)

where:

e p is the probability of occurrence (or, conversely, return
period);

e T is the
2071-2100);

e S is the climate model run scenario (historical for
1971-2000, RCP4.5 and RCP8.5 for other periods);

® R, 7 is the storm surge height (relative to local mean
sea level) with a given probability of occurrence p, time
period 7, and scenario S;

e D is the mean high tide height;

e M is the baseline mean sea level, that is, the difference
between the actual mean topography of the ocean
(1993-2012) and the geoid;

e L7y is the difference between mean sea level in time
period T and scenario S compared to the baseline MSL.
This factor includes several components;

e Gy is the accumulated effect of glacial isostatic adjust-
ment between time period 7 and year 2000 (the elevation
model's epoch).

time period (1971-2000, 2021-2050,

The JRC’s analysis of coastal flood extents was done
only for a historical reanalysis, therefore the EWL equation
is simpler, but also adds another component, that is, wave
setup:

E,=(R+02xW), +H )

where R is the storm surge height, W is the significant wave
height and H is the maximum high tide height.

In both studies the hydrodynamic model Delft3D was
used to derive storm surge heights; their setups are sum-
marised in Table 1 (Deltares, 2014). The two studies used the
same climate reanalysis ERA-Interim Dee et al., 2011 for val-
idation, though differed in the grid's resolution and output's
timestep. In the TUD analysis, the hindcast and projections
were made utilising climate data generated within the EURO-
CORDEX activities at the Rossby Centre of the Swedish
Meteorological and Hydrological Institute (Strandberg et al.,
2014) specifically for RAIN project. Also, both studies have
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for TUD, Vousdoukas, Voukouvalas, Mentaschi, et al. (2016) and Vousdoukas, Voukouvalas, Annunziato, et al. (2016) for JRC and Muis et al. (2016) for

GTSR model
Aspect TUD analysis JRC analysis GTSR model
Hydrodynamic model Delft3D, version 6.01.01.2856 Delft3D, version 6.01.07.4018 Delft3D

Processes simulated

Grid

Spatial resolution

Atmospheric forcing

Climate scenarios
Time range
Output timestep

Tide gauge data used for
calibration or validation

Calibration

Wind/pressure-driven ocean circulation

Regular 0.11° (rotated relative to the
geographical grid)

~12.5 km

ERA-Interim, 6 hourly, 0.75°
(calibration and validation);
EURO-CORDEX, SMHI-RCA4
driven by EC-EARTH (r12ilp1),
6 hourly, 0.11° (validation and
scenarios)

Reanalysis, historical, RCP4.5, RCP8.5
1971-2000, 2021-2050, 2071-2,100
6 hourly

161 stations with various data length

Based on model runs for 1997-2000

Wind/pressure-driven ocean circulation

Regular 0.2° (40°W—47°E; 26-73°N)

Varies depending on location

ERA-Interim, 6-hourly, 0.75°

Reanalysis
1979-2014
3 hourly

110 stations with various data length

No calibration

‘Wind/pressure-driven ocean circulation

Irregular, global

Varies depending on location

ERA-Interim, 6 hourly, 0.75°

Reanalysis
1979-2014
10 minute

27 stations in Europe, more globally

No calibration

and 2011-2014 with ERA-Interim,
wind drag and bed roughness
coefficients adjusted

ERA-Interim (1979-2014) and
EURO-CORDEX (1970-2005)
model runs

Validation

Return periods of storm surges Calculated using annual maxima and

Gumbel distribution

Tides Not included in the hydrodynamic

simulation; mean high tide calculated
from TPXO8 model’s tidal
constituents

Inundation modelling Static, without/with flood defences

chosen a different approach to extreme value analysis. It can
be noted from Equation (2) that in the JRC study surge and
wave time series were merged before undertaking an extreme
value analysis. Wave's contribution to EWLs was estimated
by taking 20% of offshore significant wave height directly
from the ERA-Interim reanalysis dataset. To validate the
results, storm surge heights with given return periods were
also calculated from measurements done at tide gauges from
around Europe (see section 3.1).

Tides were not included in the hydrodynamic model, but
rather added from external datasets. The assumption is that
tides and surges are independent, hence mean high tide was
chosen for estimating extreme water levels, as it constitutes
the expectation of tide height in a given tidal cycle. The
assumption of independence was analysed in Paprotny
et al. (2016), where it was observed that tide-surge interac-
tion at most gauge stations is negligible. Tidal constituents
for the calculation were obtained from TPXO8 model
(Egbert, Bennett, & Foreman, 1994). The JRC study utilised
the same dataset, but opted to use the maximum high tide
instead. A further difference between the two studies is in
the extreme value analysis. TUD has chosen to use annual

ERA-Interim run, 1979-2014

Non-stationary extreme value statistical

Not included in the hydrodynamic

Static/semi-dynamic/dynamic, with

ERA-Interim run, 1979-2014

Calculated using annual maxima and

analysis with peak-over-threshold Gumbel distribution (with tides)

and Generalised Pareto distribution
(with/without waves)

Included in the hydrodynamic model

simulation; maximum tide based on (based on FES2012 model)

TPXO8 model’s tidal constituents

Static, without flood defences
flood defences

maxima of storm surges fitted to Gumbel distribution. The
selection of Gumbel was dictated by a comparison of fit
between several distributions and the observations using
Akaike Information Criterion. Meanwhile, JRC used non-
stationary extreme value statistical analysis from Mentaschi
et al. (2016), combined with a design hydrograph. Finally,
three additional components of extreme water levels (MSL,
SLR, GIA) were obtained for TUD's model by combining
several external databases. Briefly, MSL is from
MDT_CNES-CLS13 dataset (Aviso, 2015), SLR is combi-
nation of CNRM-CMS5 model Voldoire et al., 2013 and
regional SLR estimates by Slangen et al. (2014), and GIA is
from ICE-6G_C (VMb5a) model (Peltier, Argus, &
Drummond, 2015). For more details we refer to Paprotny
et al. (2016).

In addition, the global GTSR model from Muis
et al. (2016) was used in the analysis, for which information
is provided in Table 1. The main differences with respect to
the European studies is that tides were included in the hydro-
dynamic computation and that the model uses an irregular
grid. Extreme value analysis was carried out by analysis the
combined surge and tide timeseries.
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2.2 | Coastal flood extents

After the boundary conditions were obtained, they were
applied to calculate flood extents. All model results analysed
here used the same method, even if with a different setup.
Static inundation approach, also known as “bathtub fill,” is
the simplest applicable method (Poulter & Halpin, 2008). In
this approach, it is assumed that all land laying below the
extreme water level is flooded, as long as it is hydraulically
connected with the sea.

TUD's study was carried out in two variants: with or with-
out correction of elevation in the underlying digital elevation
model (DEM). The model used here is EU-DEM, which has a
resolution of 1 arcsec, but for the flood analysis it was
resampled and projected to a 100 m resolution. Though the
dataset is comprehensive and consistent, accuracy issues have
been reported (DHI GRAS, 2014). It is shown that the aver-
age error of the model is —0.56 m and root-mean-squared
error of 2.9 m, while displaying significant diversity between
countries. It was therefore decided to analyse floods not only
on the original dataset, but also on a corrected one. The cor-
rection was based on an assumption that in the coastal zones
the bias of the model is the same as averaged over the whole
country, as indicated in the EU-DEM validation report.

To test this assumption, three nationally-produced DEMs
were collected for:

e The Netherlands—Actueel Hoogtebestand Nederland
(AHN, 2017);

e Poland—NMT 100 (CODGIK, 2017);

e United Kingdom—OS Terrain 50 DTM (2013) (Data.
gov.uk).

The first two datasets have a resolution of 100 m, while
the last one—50 m. All datasets were resampled to fit into the
grid of EU-DEM, and the Polish dataset was modified by
adding 18 cm (Augath & Ihde, 2002) in order to move it the
from national vertical datum (Kronsztadt) to EVRF-2000,
which was used in EU-DEM. The comparison between the
national and European DEMs was made for the coastal zone
extending up to +3 m above mean sea level. In the Polish
coast the bias of EU-DEM was found to be equal to —2.31 m,
very close to country average of —2.38 m reported by DHI
GRAS. In the Netherlands the values were —0.96 and
—0.85 m, respectively, and in the UK +0.70 in the coast
and + 0.72 m for the whole territory. Due to the very close
alignment of those figures, EU-DEM was corrected using
country-specific values from the validation report.

Coastal flood extent estimates in the TUD analysis were
done using a delimitation of the coast from CCM2 river and
catchment database (De Jager & Vogt, 2010). For each coastal
segment in CCM2, their nearest neighbourhood landward was
calculated. Then, the nearest grid cell for each dataset repre-
senting a component of extreme water levels (Equation (1))
was assigned, so that the EWL could be calculated separately

PAPROTNY ET AL.

at each segment. It is important to note that existence of
coastal defences was not taken into account at this stage.
Instead, maps were post-processed by removing flood zones
where extreme water levels were below estimated protection
standards. Those estimates were taken from two databases.
Firstly, FLOPROS database (Scussolini et al., 2016) shows
nominal protection levels in terms of return periods, which
were assumed equal to EWLs in the historical scenario at a
given coastal segments. The standards are either design levels
of actual defences, or legal requirements for flood protection
in a given area, or estimates based on expected annual dam-
ages. Secondly, a revised version of coastal protection levels
from Vousdoukas, Voukouvalas, Mentaschi, et al. (2016) was
used, where they are given as heights above mean sea level,
linking return periods with EWLs including tides. This data-
base was constructed by considering all available information
on flood extents and number of people affected known from
past events and local studies. High-resolution population grid
from JRC was combined with modelled flood zones to esti-
mate affected population so that most probable protection
standards for all return periods could be found.

The JRC study included approximately 11,000 segments
of equal length (25 km), with the nearest neighbourhood
extending 100 km landward. The elevation model used in
the analysis was derived from CCM2, and is mostly based
on Shuttle Radar Topography Mission (STRM) elevation
model (Rabus, Eineder, Roth, & Bamler, 2003). An impor-
tant difference from the TUD approach was a modification
the DEM using estimates coastal protection levels. The ele-
vation in all DEM cells found on the coastline and having
elevation lower than one of the protection levels. Those
levels were estimated using high-resolution DEMs, informa-
tion on flood protection standards, personal communication
with national authorities etc. The JRC results analysed here
are a revised version of those presented in Vousdoukas,
Voukouvalas, Mentaschi, et al. (2016). Finally, the GTSR
model used static inundation method on the original STRM
DEM, with no coastal protection included.

2.3 | Validation of coastal flood maps

The validation of pan-European maps was done by compari-
son with four “reference” maps: two from official national
flood studies, one from published research and one represent-
ing actual observed flood extent during an extreme event.

The map with the largest spatial extent is for England.
“Risk of Flooding from Rivers and Sea” map (April 2015
version) was produced during 2005-2013 by the Environ-
ment Agency (2015). It utilised local-scale modelling and
takes into account the height, type and condition of the flood
defences. Therefore, the actual reliability of the defences,
not only the nominal protection level is included in the prob-
ability of flooding. The flood maps were validated locally
using experts' assessments and have a resolution of 50 m.
The map was prepared in four scenarios, for return periods
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below 30 years, 30-100 years, 100-1,000 years, and above
1,000 years. In addition, a map of areas benefiting from
flood protection against riverine events with a return period
100 years and coastal events with a return period of
200 years. Both river and coastal floods are represented in
the same maps for different return periods, therefore for the
comparison only those flood extent patches were selected
that were connected to the coast, but no further than 25 km.
This choice might have included some influence of rivers in
the delimitation of flood zones; however there was no
other possibility of disentangling the riverine and coastal
phenomena from the map.

The other official study is “The National Flood Risk
Analysis for the Netherlands” (Jongejan & Maaskant, 2015;
Vergouwe, 2015), also known by the abbreviation VNK. In
this dataset, the probability of failure of each dike section is
provided together with a corresponding flood zone. Nine dif-
ferent failure mechanisms are considered, including four for
dikes (overflow/overtopping, piping, instability, erosion),
four for hydraulic structures (overflow/overtopping, seepage,
structural failure, failure to close) and one for dunes (ero-
sion). The inundation calculation was done using 1D or 2D
dynamic models, depending on location, taking into account
the development of breaches in dikes. Flood zones of
400 dike sections were combined into a single map, and the
probability of flooding was added up when flood zones of
different dike sections overlapped. It was therefore assumed
that failure of each dike section would be mutually exclusive
with failure of any other section. In this way, flood maps for
30-, 100-, 300-, 1,000-year return period could be extracted
at 100 m resolution. Here, we use maps for 36 “dike rings”
(Van der Most & Wehrung, 2005), numbered consecutively
from 1 to 35 and ring 13b) solely or predominantly protect
against high sea levels out of 58 dike rings covered by the
VNK study.

The third dataset was obtained from a study on coastal
floods and sea level rise in Poland (Paprotny & Terefenko,
2017). In contrast to the previous two datasets it used only
the static “bathtub” method, however it utilised a detailed
1 m-resolution DEM from lidar scanning. The study ana-
lysed effects of floods for every 5 cm increase in water level,
and the maps for specific return periods were obtained by
assigning flood zones to one of eight tide gauges in the coast
for which extreme value analysis could be done. The map
was obtained for all five scenarios considered in the
pan-European TUD map. Validation presented in Paprotny
and Terefenko (2017) shows that number of the exposed
population in main cities calculated in their study is very
similar to the one indicated in the official flood maps.

Last but not least, one case study of an actual storm
surge was used for validation. On February 27-28, 2010, an
extra-tropical cyclone “Xynthia” caused a devastating flood
in Vendée and Charente-Maritime departments of France,
with a death toll of 41 (Lumbroso & Vinet, 2011). The total
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flooded area was 413 km?. Analysis of tide gauge data from
La Pallice harbour in La Rochelle, which was located in the
very centre of the event, shown that the water levels had a
return period of more than 100 years (Pineau-Guillou et al.,
2012). Observed flood extent was digitised from maps pre-
sented by Breilh, Chaumillon, Bertin, and Gravelle (2013).

All maps were projected and resampled to fit the same
grid as the pan-European maps. For more detailed analysis,
all flood maps were split into regions utilising Eurostat’s
(2015) “Nomenclature of territorial units for Statistics”
(NUTS), 2013 version. The maps divided by regions are pre-
sented in Figure 1.

The pan-European maps were evaluated with two mea-
sures, originally used for flood map validation by Bates and
De Roo (2000), and later by many studies, for example,
Alfieri et al. (2014) or Vousdoukas, Voukouvalas, Men-
taschi, et al. (2016). Test for “correctness” (or, “hit rate” I..,,)
indicates what percentage of the reference map is recreated
in the pan-European map (Equation 3). However, this test
does not penalise overestimation, therefore another measure
for “fit” (or, “critical success index” I;) is applied
(Equation 4). They are calculated as follows:

Apy NA
Loy = —2M_ R o 100 3)
Agrym
Agpy NAry
Ly = EMUER 100 4
= A U 4)

where Apgy, is the area indicated as flooded in the
pan-European/global map and Ag,, is the area indicated as
flooded in the reference map. From the two measures the
“false alarm ratio” can also be inferred:

Lor
Ifalse: i_l (5)
I

3 | RESULTS

3.1 | Validation of modelled extreme water levels

Extreme water levels with a return period of 100 years
obtained from TUD, JRC, and GTSR models are compared
with observations in Figure 2. Data from 79 or 84 gauges,
depending on time series availability, were used for the anal-
ysis and their positions are shown in Figure 3. Results of all
three studies indicate similar performance for the historical
reanalysis (1979-2014 with ERA-Interim climate model).
The TUD model has the highest correlation (R2 = 0.94), but
also the highest bias as indicated by the lower value of
Nash-Sutcliffe efficiency (Insg = 0.80). It is visible that the
using mean high tide instead combining surges and tide in
the hydrodynamic model underestimates EWLs compared to
EWLs obtained by applying extreme value analysis to water
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extreme value analysis with Generalised Pareto distribution for storm surges, with maximum tide added afterwards, for 79 stations. All simulations are
1979-2014 runs with ERA-Interim climate reanalysis. GTSR model results taken from Muis et al. (2016)
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Left: comparison of 100 year extreme water levels calculated from water level time series from simulations with TUD model using EURO-

CORDEX (1970-2005) model run, and observations at 63 gauges. Right: the same comparison, but with relative error shown for each tide gauge individually

levels from tide gauges. In case of the JRC model, EWLs
(without waves) are slightly overestimated compared to tide
gauge observations transformed with the same procedure.
For reference, in Figure 3 the JRC-calculated EWLs with
and without waves are shown. For most gauges, inclusion of
waves adds approximately 1 m to the flood scenarios.

Flood scenarios for the TUD analysis were obtained
from RCA4 model under EURO-CORDEX framework. The
results are validated in Figure 3. Number of gauges (63) with
adequately complete records for 1970-2005 was smaller
than for 1979-2014. In effect, though the correlation is

higher and the bias the lower relative to the simulation using
ERA-Interim, the comparison in Figure 3 excludes most sta-
tions with very large tidal amplitudes. The tidal component
is the same for analyses done with both climate models,
therefore using EURO-CORDEX gave higher storm surge
estimates than the ERA-Interim runs. Spatially, the distribu-
tion of error is very uneven: errors are low in the Baltic and
North seas, and significantly higher for the coasts exposed
directly to the Atlantic Ocean. No stations with long series
could found for the Mediterranean or Black seas. Also, some
variability can be observed for analysing different return
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TABLE 3  Validation results for the pan-European and global maps with a 100-year return period, by countries and regions. 100-year flood zone area is taken

from the reference maps. The indicators for correctness (/) and fit (Ig,) are in %. For location of the regions, see Figure 1

TUD (corrected DEM) TUD (uncorrected DEM) JRC GTSR

NUTS Name 100-year flood zone (km?) cor fit cor fit cor fit cor fit
UKC North East 73.7 23 21 15 14 35 25 12 12
UKD North West 426.3 36 26 26 20 54 30 25 18
UKE Yorkshire and the Humber 660.5 74 42 63 41 34 25 74 41
UKF East Midlands 944.8 92 41 79 38 96 42 93 41
UKH East of England 826.4 81 23 78 23 70 29 71 21
UKI London 0.3 0 0 0 0 0 0 0 0
UKJ South East 530.8 75 40 72 41 61 30 52 29
UKK South West 700.7 33 25 14 12 29 23 45 33
UK United Kingdom 4,163.5 68 32 58 30 60 31 64 30
PL424 Miasto Szczecin 119.2 83 79 91 80 53 46 87 71
PL426 Koszalinski 149.4 65 56 87 49 64 45 70 54
PL428 Szczecinski 556.1 72 66 87 65 55 50 75 63
PL621 Elblaski 355.5 93 86 99 86 75 68 97 87
PL633 Trojmiejski 459 63 50 91 55 22 17 79 54
PL634 Gdanski 670.5 83 79 98 76 39 35 96 76
PL636 Stupski 207.5 54 54 68 53 0 0 0 0
PL638 Starogardzki 80.3 87 72 99 27 39 30 99 31
PL Poland 2,184.4 77 72 91 66 47 42 79 63
NL11 Groningen 0.0
NLI12 Friesland 0.0
NL13 Drenthe 0.1 100 0 100 0 0 0 100 0
NL21 Opverijssel 122.1 99 19 99 19 0 0 100 19
NL22 Gelderland 0.5 78 1 88 1 0 0 100 1
NL23 Flevoland 0.0
NL31 Utrecht 30.5 87 5 94 5 0 0 96 6
NL32 Noord-Holland 114.9 100 5 100 5 0 0 100 5
NL33 Zuid-Holland 3279 99 13 100 13 0 0 100 13
NL34 Zeeland 30.2 99 2 99 2 0 0 99 2
NLA41 Noord-Brabant 0.0
NL Netherlands 626.4 99 4 99 4 0 0 100 4
FR515 Vendée 85.0 96 18 97 16 99 13 98 15
FR532 Charente-Maritime 328.2 72 39 85 40 47 29 88 39
FR France 413.2 77 30 88 30 58 20 90 29

Total 7,387.4 74 20 73 20 51 31 73 19

periods: the higher the return period, the lower the correla-
tion and higher the bias: R*>=0.94 and Iysg = 0.89 for
10-year EWL compared to R* = 0.89 and Iysg = 0.83 for
1,000-year EWL. This relatively minor decrease in accuracy
for higher return periods can be largely attributed to the
increasing uncertainty of the EWLs at a given return period.

3.2 | Validation of coastal flood maps

The results of the comparison between the TUD map with
reference maps in 5 scenarios (10, 30, 100, 300, and
1,000 years return period) are shown in Table 2 and all
large-scale maps are validated for the 100-year event in
Table 3. A snapshot of the comparison for the Humber river
estuary on the eastern coast of England is presented in

Figure 4. National flood maps for England indicate more
than 4,000 km? at risk of a 1 in 100 years flood, the largest
area of the four high-resolution studies. For that return
period, 68% of the flood zone is recreated in the TUD
pan-European map (I.,,), however the “fit” (I;) is rather
low, at 32%. In effect, for each km? correctly predicted
another km? is falsely indicated as being at risk of flood
(111% false alarm ratio /). Considering areas that are nor-
mally protected by flood defences against a 1 in 200 years
event, the results for the pan-European map improve
slightly. It improves further for the 1,000-year event, but is
very poor for a 30-year event. This is caused by the effect of
flood defences, which are not included in the TUD map:
most areas are protected against flood with a high
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FIGURE 4 An example of the differences between the pan-European map from this study and the local reference map, for the Humber river estuary in

England, both for the 100-year flood scenario (Environment Agency 2016)

probability of occurrence, but few are large enough to pre-
vent a millennial flood. The same effect could be observed
for the Dutch and Polish maps. In case of the former, the
performance is very low for all return periods due to high
level of flood protection in the Netherlands. In Poland,
where the flood protection has lower standards (mostly
below 100 years return period), the maps were prepared with
the same methodology. Hence, the difference in flood zone
delimitation compared to the pan-European map is caused
primarily by the use a more detailed DEM. At the same time,
there is noticeable influence of DEM correction on the
results. This effect is lower in England, were the EU-DEM
is less biased, and unnoticeable in the Netherlands, where
flood zones are mostly depressions.

The performance of the GTSR model is, on average,
similar to TUD analysis (for 100-year return period;
Table 3). It also uses static inundation technique, with no
flood protection is assumed, and only the EWLs and the
underlying DEM are slightly different. However, at regional
level disparities are sometimes significant, like for South
East and South West of England. The bias in the global
DEM over Poland reduces the accuracy of flood zone delim-
itation, similarly when the uncorrected EU-DEM is applied
in the TUD analysis. Again, the whole low-lying territory of
the Netherlands is indicated as flooded, and the extent of the
Xynthia storm surge is substantially overestimated.

The JRC model included estimated flood protection
levels in the calculation, generating smaller flood extents

than the other two assessments. In general this leads to sub-
stantially lower overestimation: only 65% false alarm ratio
(Ira1se) for all study area together, compared to almost 300%
for remaining models. However, this is with the expense of
missing many flood zones indicated in the local maps. Only
for England the I.,, and I, measures are similar. In the case
of the Netherlands, the no flood hazard in the 100-year sce-
nario is indicated, as nominal protection standards are much
higher.

3.3 | European coastal flood extents under present and
future climate

Results of the coastal flood extent analysis using corrected
DEM for present and future climate are visualised in
Figure 5 for the 100-year event. For the sake of clarity, the
flood extents were aggregated in 50 km blocks from the
original 100-m resolution maps. Those scenarios exclude
flood protection; influence of such structures on the results
is discussed in the next section. The maps are also indicative
for regional distribution and future trends in flood extents
with other return periods. In total, the static method with the
corrected DEM indicated 68,000 km? at risk of flooding
within the domain (100-year return period), which included
all European coasts except for parts of Russian and
Ukrainian coasts. That is approximately 1.2% of the
corresponding inland area of the domain. The flood zones
concentrate around the North Sea, where EWLs are among
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FIGURE 5 Flood extents under present and future climate (TUD method with corrected DEM, no flood protection). See section 2.1 for explanation of

assumptions and climate models used in this assessment

the highest, and many low-lying areas occur. Other pockets
of flood hazard are mostly located at river deltas, which
often feature depressions, for example, in Italy (Po),
Spain (Guadalquivir, Ebro), Poland (Vistula), Lithuania
(Nemunas), Romania (Danube).

Future coastal flood hazard was projected taking into
account three factors, namely changing meteorological con-
ditions, rising mean sea levels (SLR) and effects of glacial
isostatic adjustment (GIA). On average, 100-year surges
would decrease slightly in future (2-9 cm) according to pro-
jections based on RCA4 climate model, and GIA will also
contribute negatively to EWLs (8—15 cm). In effect, by mid-
century, mean EWLs would decline, only become bigger in

the subsequent decades due to SLR, which would contribute
30-45 cm compared to the historical scenario. However, the
trends will be very uneven around Europe, as complex coast-
lines of Finland, Norway, UK or Greece skew the average
figures. In effect, also for the 2021-2050 an increase of the
potential flood zones is expected, albeit very small, of about
0.4-0.6%, depending on emission scenario. For 2071-2100,
the growth will amount to 3-8%. In the north of Europe,
mostly reductions in flood hazard are projected for the near-
term due to lower surge heights, while in the long-term only
parts of Sweden and Finland around the Gulf of Bothnia will
see a decrease in hazard as consequence of intense GIA. By
contrast, in the Mediterranean GIA is negligible and surge
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are mostly below 1 m, hence sea level rise will be the pre-
dominant factor causing an increase of EWLs in the entire
region.

The size of the flood zones and their changes in the
future are highly dependent on the assumed flood protection
standards, as can be ascertained from Figure 6. Without con-
sidering them, most of the study area is already marked as
inundated by a 10 year surge; relatively little is added for
higher return periods or future time points. When adding
protection standards from FLOPROS database, the flood
zones become much smaller: only 1,000 km? is within the
30 year flood zone, and 21,000 km? in the 100 year zone.
Under climate change projections, the 30 year zone would
expand even up to 40,000 kmz, and 100 year to 48,000 km?>.
1,000 year zone would decline by about 1% around mid-cen-
tury, but increase by 12-17% by end of century. Using JRC's
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FIGURE 7
assuming uniform sea level rise and using different assumptions of flood

100-year coastal flood zone area in Europe (EU plus Norway)

protection

using different assumptions of flood
protection (from FLOPROS database by
Scussolini et al., 2016 and JRC). Only
results for EU countries and Norway were
included in this graph

estimates of protection levels the inundation extents become
2,800 km* (10 year) 12,600 km?
(1,000-year). In general, such reworked maps give a more
complicated picture, with 100 year zone decreasing by
2021-2050 before increasing again above 1971-2000 levels
by 2071-2100. However, the 1,000 year would then be
expected to expand by 48-67% by 2071-2100. Influence of
the different flood protection assumptions is also visible in
Figure 7, where only the effect of an uniform SLR is added
to EWLs under historical scenario. The flooded area is the

even smaller: to

smallest when JRC's estimates are used, but also increase
more steeply than when FLOPROS or no flood defences at
all are used.

4 | DISCUSSION

The analysis has shown that the results are very sensitive to
different flood protection assumptions, especially in context
of future projections. However, because information on
dimensions and conditions of natural (dunes, cliffs, beaches)
or artificial (sea walls, dikes) coastlines is only obtainable by
detailed local studies; it is therefore not possible to have
complete information on the European scale. This informa-
tion also changes relatively dynamically, compared to the
climate or socio-economic situation, let alone underlying
properties of the terrain: the coast erodes or builds-up by
accumulation, flood defences deteriorate over time or are
renovated and new ones are being constructed. Also, using
nominal protection levels, for which some information could
be found for selected countries or localities, also has pitfalls.
For instance, the Netherlands have high protection standards,
ranging from 1 in 1,250 to 1 in 10,000 years in coastal
dike rings (Vergouwe, 2015). When considering only over-
topping of the dikes, indeed only 3 out of 400 dike sections
in the study area have a probability of failure higher than
1 in 1,000 years. However, when considering other failure
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With (estimated) flood defences

Country TUD* TUD GTSR TUD (p. s. from FLOPROS) TUD (p. s. from JRC) JRC (p. s. from JRC)
Belgium 1904 1,772 2,251 868 0 0
Bulgaria 66 63 0 63 0 38
Croatia 166 23 95 0 12 104
Cyprus 39 57 21 57 0 3
Denmark 3,034 2,386 2,412 2,378 140 2,654
Estonia 83 465 20 465 465 49
Finland 1,734 1,401 871 1,401 1,369 566
France 5,293 4,155 4,943 3,139 0 4,202
Germany 13,372 11,363 12,668 14 1,207 8,465
Greece 818 600 780 600 2 921
Ireland 481 444 136 2 0 622
Italy 5,502 4,580 5,281 4,576 0 4,584
Latvia 436 111 74 111 111 77
Lithuania 501 237 493 237 237 497
Malta 4 3 0 3 0 0
Netherlands 17,839 16,816 18,006 0 0 0
Norway 1,587 1,648 1871 1,637 0 1,460
Poland 2,854 1861 2,313 1 1861 1,319
Portugal 414 536 83 533 0 541
Romania 3,296 163 0 163 0 2037
Slovenia 8 7 0 0 7 11
Spain 1,138 1,514 304 1,502 1 368
Sweden 914 1,154 760 1,154 1,003 443
United Kingdom 6,929 8,337 7,185 102 24 8,068
Europe 68,413 59,695 61,167 19,007 6,440 37,029

p. s., protection standards; * with uncorrected DEM.

mechanisms, 48 dikes segments are above this threshold
according to the VNK study. Further, the different segments
are not independent of each other. Hence, the probability of
flooding in a given area is higher when failure of more than
one segment can inundate it. In effect, the area of the 1-in-
1,000 years floodplain for the Netherlands is 3,837 kmz, or
more than a fifth of the area of dike rings included in the

study.
More factors influence the performance of the large-scale
maps. As  Vousdoukas, Voukouvalas, Mentaschi,

et al. (2016) and Ramirez, Lichter, Coulthard, and Skinner
(2016) have shown, the area with hazard is overestimated by
the static method to a varying degree depending on the type
of coast. Low-lying vicinities of estuaries and deltas are par-
ticularly prone to errors compared with steeper coasts. Part
of the inaccuracy might stem from neglecting influence of
river discharge in all large-scale assessments, but is included
in English and Dutch flood hazard maps.

The construction of boundary conditions for flood
modelling also influences the results: incorporation, or not,
of waves into the model changed the flooded area estimate
significantly. Comparing flooded area by country (Table 4)
shows that even with the static method and no flood

defences, the models can yield very different results,
depending on the forcing EWLs and underlying DEM. This
is especially noticeable for countries around the Baltic Sea,
Romania or Spain. Similarly, transposing the protection
standards between models is not fully feasible. The estimates
by JRC were based on EWLs including waves, therefore
applying them to TUD model results in a very large drop in
flood estimates. Only in the Baltic Sea, where waves are less
significant, the protection standards are lower than the
100-year EWLs without waves. There is also large change in
flood area when switching between JRC and FLOPROS
databases of flood protection standards. This is because the
two datasets were made using different assumptions and
sources: FLOPROS was mostly focused on river flood pro-
tection, while the JRC study was dedicated to coastal floods
only. Also, FLOPROS relied on available information nomi-
nal standards, while JRC’s estimates were made taking into
account recorded flood damages and experts' judgments.
Future changes in flood hazard contain many uncer-
tainties. Small-scale effects such as ground subsidence or
coastal erosion/accumulation were not taken into account
due to lack of pan-European information, but could be
locally significant. SLR could also have effects on tides and
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tide-surge interaction (Idier, Paris, Le Cozannet, Boulahya, &
Dumas, 2017). GIA is a very slow process, and the rate of
vertical motion of the crust changes very little over time,
though the resolution of available data is low (Peltier et al.,
2015). Meanwhile, sea level rise is a combination of several
climate-related factors, which are understood and quantified
to a varying degree (Carson et al., 2016; Slangen et al.,
2014). Last but not least, there is uncertainty related with
climate data, as the accuracy of storm surge estimates are
dependent on the quality of air pressure and wind speed/
direction data. As can be noticed from Figures 5 and 6 and
the text, the difference between RCP 4.5 and RCP 8.5
scenarios is sometimes very large, to the point that opposite
trends are indicated. The projections used were generated by
only one regional climate model - RCA4 driven by one
global model EC-EARTH, which could give different results
than other regional-global model combinations or general
circulation models used by Vousdoukas, Voukouvalas,
Annunziato, et al. (2016) and Vousdoukas et al. (2017).

5 | CONCLUSIONS AND
RECOMMENDATIONS

In this study we compared three large-scale assessments of
coastal flood hazard with observations and local flood maps.
The analysis has shown that hydrodynamic models com-
bined with pan-European or global datasets have good accu-
racy in estimating extreme water levels, with R? in the range
of 0.9, and NSE around 0.8 (which indicates little bias com-
pared to observations). At the same time, the analysis indi-
cated that taking into consideration non-linear interactions
between tides and storm surge into the modelling, results in
a lower bias compared with extreme values obtained from
observations.

The study also investigated accuracy in the
pan-European EU-DEM elevation model in the context of its
impact on flood modelling. We found the vertical errors in
the coastal floodplains of three countries analysed (United
Kingdom, the Netherlands, Poland) were not negligible. In
the case of Poland, the average error of —2.3 m in the coastal
zone causes significant difference between inundation limits
derived without and with correction of the DEM. Similar
disparity in results was found for several other countries,
mainly along the Baltic Sea (Table 4). It is therefore recom-
mended to analyse the accuracy of DEMs underlying the
flood analysis before calculating coastal flood extents.

Further, the three large-scale models were juxtaposed
with four case studies in Europe, where the 100-year flood
hazard zone covers more than 7,000 km?. Performance of
the static method in all models was not satisfactory. For
England, the accuracy of flood zone delimitation was similar
in all variants, and was lower than in river flood maps over
the same territory analysed separately by TUD and JRC. For
Poland the performance was better, as the flood maps for
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that country come from research which also used static inun-
dation, albeit utilising a high-resolution DEM. For the
Netherlands, either the whole low-lying area of the country
was indicated as at risk of inundation or not at all, due to the
difficulty of recreating the “dike rings” system in large-scale
models. All models largely overestimated flood zones
recorded during Xynthia storm surge in France. This area
includes extensive low-lying areas and during the actual
event they could not have been flooded because of the short
duration of the phenomena, while the static method indicates
the whole area as being at risk of flooding.

Finally, projections of future changes in flood zones
from the TUD assessment were presented (and are publicly
available, see Paprotny & Morales-Néapoles, 2016). Depend-
ing on time period and climate change scenario, different
factors are the main contributors to future trends: storm pat-
terns, mean sea level rise or glacial isostatic adjustment.
However, it was shown that the results are highly influenced
by the flood protection levels that were assumed. Both exter-
nal databases of flood protection levels used different
sources and methods, yielding widely disparate results in
terms of future flood extents. As noted above, relying on
protection standards can lead to underestimation of hazard
due to neglecting dike reliability. More research is therefore
needed to establish an intermediate solution which would
give estimates aligned with local-scale information and
expert knowledge. Overall, continental analyses are useful
because they are homogenous and allow drawing conclu-
sions on larger scales. However, at this level of development
they cannot replace local assessments when high accuracy is
the priority.
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