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1. Executive Summary 

This report presents analyses of the probability of hydro-meteorological hazard occurrence, which 

were carried out within the RAIN project. Those probabilities and their projected changes1 during the 

21st century are an input to subsequent risk analyses which assist the identification of optimal 

adaptation measures. These data are available at the location specified in Appendix B. The spatial 

distributions of the probabilities in the present climate were mapped and projections of changes 

according to the RCP 4.5 and RCP 8.5 climate scenarios were developed. The investigations by the 

European Severe Storms Laboratory, the Freie Universität Berlin, the Finnish Meteorological Institute 

and Delft University of Technology focused on thunderstorm-related phenomena, windstorms and 

heavy precipitation, winter weather and forest fires, and coastal and river floods, respectively.  

The analyses are primarily based on datasets of observations, atmospheric reanalyses and regional 

climate models, although several other datasets were used for analyses of floods. The Modelled 

climate model data covered the European domain in the World Climate Research Program 

Coordinated Regional Downscaling Experiment (EURO-CORDEX). Information to infer hazard 

probability of occurrence was extracted from those datasets in several novel ways, for example by 

using Bayesian networks to infer the flood hazard risk.  

Besides establishing the present spatial distribution of probability, projections for the 21st century 

indicate that a number of changes are to be expected across Europe. First, the windstorm hazard 

may become more relevant across continental Europe, while a slight decrease is expected across the 

Mediterranean region and the North Atlantic Ocean. Extreme precipitation, of both short (3 hour) 

and medium (24 hours) time ranges are forecast to increase across most of Europe. The increase will 

be most pronounced in North-Western Europe, especially over Scandinavia and across the British 

Isles. The numbers of sub-daily, high-intensity events are predicted to increase at a higher rate than 

the number of long-duration events characterised by high accumulated rain amounts. 

In part resulting from the increased frequency of heavy rainfall, river floods will become more likely 

over large areas, especially the case of central Europe and the UK, unless mitigation efforts are 

taken. Throughout Europe, the regions at risk from 10-year, 30-year and 100-year return period 

floods will expand greatly. Germany, Hungary, Poland and France are expected to have the largest 

absolute increases in flood-prone areas. On the other hand, northern Europe will encounter a 

decrease in flood-prone areas. Lightning will become more common, in particular across northern 

and central Europe. Conditions supportive of severe thunderstorms with large hail, tornadoes and 

severe wind gusts become more likely as well, especially in south-central Europe.  

                                                           

 

1 These data, which constitute RAIN Deliverable 2.4, can be downloaded from 
http://data.3tu.nl/repository/collection:ab70dbf9-ac4f-40a7-9859-9552d38fdccd 
See Appendix B for more information. 

 

http://data.3tu.nl/repository/collection:ab70dbf9-ac4f-40a7-9859-9552d38fdccd
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Longer dry spells will cause conditions supportive of forest fires and wildfires to become much more 

frequent across Europe, in particular in the south and especially in the RCP 8.5 scenario. Heavy 

snowfall, blizzards and snow load should become less likely across much of Europe, with the 

exception of central and northern Fennoscandinavia and northern Russia, where increases are 

predicted for heavy snowfall and snow load. The occurrence of freezing rain is expected to undergo a 

northward shift, with slight decrease in probability in central Europe but intensification in 

Fennoscandinavia and Northern Russia. 
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2. Introduction 

2.1 Hazard Identification in the RAIN project 

This report presents the results of the analyses of hazard probability that were carried out within the 

w!Lb ǇǊƻƧŜŎǘΣ ƳƻǊŜ ǇǊŜŎƛǎŜƭȅ ƛǘǎ ²ƻǊƪ tŀŎƪŀƎŜ н ƻƴ άIŀȊŀǊŘ LŘŜƴǘƛŦƛŎŀǘƛƻƴέΦ ¢ƘŜǎŜ ǊŜǎǳƭǘǎ ŀǊŜ ŀƴ 

essential input to the risk analysis framework developed within RAIN, in particular because it will 

take into account the changing risk as a result of climate change. The risk analysis framework 

developed in RAIN Work Package 5 will use the probabilities as input variables, jointly with 

information on Critical Infrastructure vulnerability developed Work Packages 3 and 4. This 

ŦǊŀƳŜǿƻǊƪ ƛǎ ǎǳōǎŜǉǳŜƴǘƭȅ ŀǇǇƭƛŜŘ ƛƴ w!Lb ²ƻǊƪ tŀŎƪŀƎŜǎ с ŀƴŘ тΣ ǘƘŀǘ ǎǘǳŘȅ ά/ƻǎǘǎ ŀƴŘ .ŜƴŜŦƛǘǎέ 

ŀƴŘ ŘŜǾŜƭƻǇ άaƛǘƛƎŀǘƛƻƴ {ǘǊŀǘŜƎƛŜǎέΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ CǳǊǘƘŜǊ ŘŜǘŀƛƭǎ Ŏŀƴ ōŜ ŦƻǳƴŘ ƛƴ ǘƘŜ ǊŜǇƻǊǘǎ ŦǊƻƳ 

the respective Work packages.  

The quantitative results that are presented, discussed and interpreted in this report are available as 

gridded datasets as RAIN deliverable D2.4.  

The four research groups that have contributed to this report are the European Severe Storms 

Laboratory (ESSL), the Finnish Meteorological Institute (FMI), the Meteorological Institute of the 

Freie Universität Berlin (FU-Berlin), and Delft Technical University (TU-Delft). ESSL analysed the 

occurrence of thunderstorm-related hazards, FMI of winter weather phenomena and wildfires, FU-

Berlin of wind storms and heavy precipitation and TU-Delft of river and coastal flooding. 

The analyses of the present and future probability have been carried out for all twelve hazards 

ŘŜŦƛƴŜŘ ǘƻ ōŜ ǿƛǘƘƛƴ ǘƘŜ ǎŎƻǇŜ ƻŦ ǘƘŜ w!Lb ǇǊƻƧŜŎǘ ƛƴ ƛǘǎ ǇǊƻƧŜŎǘ ǊŜǇƻǊǘ 5нΦм ά[ƛǎǘ ƻŦ tŀǎǘ /ŀǎŜǎέΦ 

These include various meteorological hazards as well as the hydrological hazards (river and coastal 

floods). The analyses have been performed by applying newly developed methods to new data sets. 

For most hazards, pan-European probability maps such as those presented in this report have not 

been available before in any form (e.g. based on older underlying data). For others, maps available 

before were of a different nature and were developed using different methods. 

2.2 Climate scenarios 

2.2.1 Present climate 

The following common approach was followed. In order to evaluate the present climate, 

observations and reanalysis data from the period 1981-2010 were used, wherever this was possible 

and useful. For some phenomena, a different reference period was necessary due to a lack of data. 

For thunderstorm-related hazards such as hail and tornadoes, observational datasets are not 

sufficiently homogeneous to allow direct interpretation. For flood- and flood-protection related data, 

direct observations are scarcely available, if at all. The authors of this report have formulated 

recommendations regarding increasing dŀǘŀ ŀǾŀƛƭŀōƛƭƛǘȅ ƛƴ w!Lb ǊŜǇƻǊǘ 5нΦо άwŜǇƻǊǘ ƻƴ ƴŀǘƛƻƴŀƭ ŀƴŘ 

regional state-of-the-art risk monitoring and early-to-medium-ǊŀƴƎŜ ǿŀǊƴƛƴƎ ǎȅǎǘŜƳǎέΦ 

http://data.3tu.nl/repository/collection:ab70dbf9-ac4f-40a7-9859-9552d38fdccd
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2.2.2 Future Scenarios and reference period 

In order to assess trends during the 21st century, three time periods and the two emission scenarios 

RCP 4.5 and RCP 8.5 were considered. These two scenarios correspond to those adopted by the 

Intergovernmental Panel on Climate Change in its 5th fifth Assessment Report (AR5). They describe 

four possible climate futures, that differ only on how much greenhouse gases are emitted in the 

years to come. The four RCPs, RCP2.6, RCP 4.5, RCP6, and RCP 8.5, are named after a possible range 

of radiative forcing values in the year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and +8.5 

W/m2, respectively) (Weyant et al. 2009). The two selected RCPs are those for which regional climate 

model data was made available the RAIN researchers: The RCP 2.6 and RCP 6.0 scenarios were 

modelled too rarely for consideration in the RAIN work. 

2.2.3 Models and time period 

The analysis of the hazards involved the use of regional climate model simulations from the EURO-

CORDEX consortium (Jacob et al. 2014). These are described in more detail in Chapter 3. Using these 

models and several other sources, which are described in Chapter 3, methods have been developed 

to extract information on hazard occurrence and probability.  

For all but the hydrological hazards, it was feasible to address the uncertainty of the expected 

changes caused by differences between climate models, by using an ensemble. In order to compare 

future changes to the present or past climate, two future time periods, namely 2021 - 2050 and 2071 

ς 2100 were contrasted to simulations of the past period 1971-2000. Because of the different nature 

of the hazards and methods, the significance of the climate change signal was determined in a 

number different ways for different hazards.  

2.3 Structure of this report 

This report is structured as follows: In Chapter 3, the Data Sets used in the analyses are described. In 

Chapters 4 - 7 and 9 - 17, the results of the analyses of the individual hazards are presented. Each of 

these Chapters is divided into four sub-sections. First, a brief introduction to the hazard is provided. 

Second, a description of the analysis method is given. Last, the obtained hazards probability 

ŘƛǎǘǊƛōǳǘƛƻƴǎ ŀŎǊƻǎǎ 9ǳǊƻǇŜ ŀǊŜ ǇǊŜǎŜƴǘŜŘ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ŎƭƛƳŀǘŜ ŀƴŘ ƛƴ ŦǳǘǳǊŜ ŎƭƛƳŀǘŜ ǎŎŜƴŀǊƛƻΩǎ 

respectively. The Chapters on river floods and coastal floods additionally contain a brief summary. 

Chapter 8 presents the assessment of the severity thresholds developed for winter weather 

phenomena. ¢ƘŜ ǊŜǇƻǊǘΩǎ ƭŀǎǘ /ƘŀǇǘŜǊ 18, finally provides a summary of all the hazards. 
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3. Data sets 

3.1 Meteorological observations 

3.1.1 E-OBS 

The E-OBS dataset (Haylock et al. 2008) has been developed within the EU-funded ENSEMBLES 

project. It is a European land-only gridded data set of surface data, which has been produced 

through spatial interpolation of daily station data by a three-stage process using the Kriging 

interpolation method. The data set contains daily mean, maximum and minimum temperature, as 

well as precipitation sums and sea level pressure at a horizontal resolution of 0.25°. The station data 

used for the data set has been described by Klok and Klein (2009). The full period of records used for 

the interpolation is 1950ς2014, but the period 1961ς1990 has the highest station density (Hofstra et 

al. 2009). The data set is regularly updated. For this study, version 11.0 has been used. 

3.1.2 European Severe Weather Database (ESWD) 

Version 3 of the ESWD has been described by Dotzek et al. (2009). The database was initially 

developed as an implementation of a standardized, flexible data format for severe weather reports 

used for the verification of weather forecasts. Upon the founding of ESSL, ESWD development and 

management became a statutory purpose of the European Severe Storms Laboratory. The database 

contains information on the phenomena large hail, tornadoes (including waterspouts), heavy rain, 

and severe wind gusts, among others. ¢ƘŜ 9{²5 ŎƻǾŜǊǎ ǘƘŜ ²ƻǊƭŘ aŜǘŜƻǊƻƭƻƎƛŎŀƭ hǊƎŀƴƛȊŀǘƛƻƴΩǎ 

region VI, including Europe and the Middle East, as well as a few countries that are not part of region 

VI (almost) bordering the Mediterranean Sea. The dataset is relatively inhomogeneous in both space 

and time, so that its use in hazard modelling is by the finding of covariates in other, more 

homogeneous data sets (Groenemeijer and Kühne 2014). 

3.2 Reanalysis datasets 

3.2.1 ERA-Interim 

ERA-Interim reanalysis dataset (Dee et al. 2011, Simmons et al. 2006) uses 4D-variational analysis on 

a spectral grid with a triangular truncation of 255 waves (corresponding to approximately 80 km) and 

a hybrid vertical coordinate system with 60 levels; it produces four analyses per day (00, 06, 12 and 

18 UTC) and two 10-day forecasts per day, initialized from analyses at 00 and 12 UTC. The wind gust 

parameterization implemented in ERA-Interim incorporates friction, horizontal wind speed and its 

estimated standard deviation at the 10 m level as well as universal turbulence spectra to finally 

calculate the three-second wind gust values (ECMWF 2007). Fields from the atmospheric model are 

archived on the N128 reduced Gaussian grid with a spacing of about 0.7° (Berrisford et al. 2009).  

3.2.2 NCEP/NCAR reanalysis 

The NCEP/NCAR re-analysis dataset uses a data assimilation and model system identical to the global 

system implemented operationally at the NCEP on 11 January 1995, except that the horizontal 

resolution is T62, about 210 km (Kalnay et al. 1996). The analysis scheme is a three-dimensional 
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variational (3DVAR) scheme cast in spectral space denoted spatial spectral statistical interpolation 

(Kistler et al. 2001). The dataset covers a time period from 1948 until today. The data is available 

four times daily, daily and monthly. The data is provided by the NOAA/OAR/ESRL PSD, Boulder, 

Colorado, USA, from their Web site at http://www.esrl.noaa.gov/psd/. The data used for the analysis 

in this work is on a 1.875° Gaussian grid. 

3.2.3 JRA-55 

The Japan Meteorological Agency (JMA) provides their second global atmospheric reanalysis product 

named the Japanese 55-year Reanalysis (JRA-55), which starts in 1958, when the global radiosonde 

observing system was established, and continues until today (Ebita et al. 2011). The resolution of the 

atmospheric model is T319 (60km) and a 4DVAR data assimilation system was used. The data used 

for this analysis is on a 0.5625° Gaussian grid. 

3.3 EURO-CORDEX Regional climate model simulations 

Simulations from the international Coordinated Downscaling Experiment (CORDEX) on a 

standardized domain covering Europe (Fig. 3.1) are called EURO-CORDEX (Jacob et al. 2014). The 

CORDEX initiative is sponsored by the World Climate Research Program (WRCP) of the World 

Meteorological Organization. The aim of CORDEX is to develop regional climate change projections 

for all land regions world-wide. EURO-CORDEX simulations are carried out on two different spatial 

resolutions with grid spacing of 0.44° (~50 km) and 0.11° (~12.5 km), respectively, covering Europe, 

the Mediterranean Sea and adjacent regions. 

 

Fig. 3.1. EURO-CORDEX domain. From CORDEX web site: http://www.cordex.org. 

Many of the simulations carried out by several groups of researchers across Europe have been made 

available to support the RAIN work. Each of these groups used one particular regional climate model 

(RCM), forced by one or more global climate models (GCMs), which were in turn each forced by 

different emission pathways (Representative Concentration PathwaysΤ w/tΩǎ) or by a reanalysis data 

set. The model runs that were used in this report are given in Table 3-1 and Table 3-2.  

http://www.esrl.noaa.gov/psd/


D2.5 (Hydro-)meteorological hazard probability in Europe 
 

12 

 

Table 3-1. EUR-44 (0.44°) EuroCORDEX simulations used in RAIN analyses. For abbreviations, see Appendix A. 

Centre RCM GCM Member RCP Simulation used for: 

CCCma CanRCM4_r2 CanESM2 r1i1p1 4.5 8.5 W 

KNMI RACMO22E EC-EARTH r1i1p1 4.5 8.5 W T S FF 

HadGEM2-ES r1i1p1 4.5 8.5 W T S FF 

HIRHAM5 EC-EARTH r3i1p1 4.5 8.5 W 

SMHI RCA4 CanESM2 r1i1p1 4.5 8.5 W T S FF 

CNRM-CM5 r1i1p1 4.5 8.5 W T 

NorESM1-M r1i1p1 4.5 8.5 W T S FF 

EC-EARTH r12i1p1 4.5 8.5 W T  

HadGEM2-ES r1i1p1 4.5 8.5 W T 

MIROC5 r1i1p1 4.5 8.5 W T 

IPSL-CM5A-MR r1i1p1 4.5 8.5 W T S FF 

GFDL-ESM2M r1i1p1 4.5 8.5 W T 

MPI-ESM-LR r1i1p1 4.5 8.5 W T 

CSIRO-Mk-3-6-0 r1i1p1 4.5 8.5 W T 

MPI-CSC REMO2009 MPI-ESM-LR r1i1p1 4.5 8.5 W T S FF 

MPI-ESM-LR r2i1p1 4.5 8.5 W 

CCLM4-8-17 MPI-ESM-LR r1i1p1 4.5 8.5 W 

NUIM WRF341 EC-EARTH r1i1p1 8.5 T 

WEGC CCLM4 HadGEM2-ES r1i1p1 4.5 T 

Table 3-2. EUR-11 (0.11°) EuroCORDEX simulations used in RAIN analyses. For abbreviations, see Appendix A. 

Centre RCM GCM member RCP  

KNMI HIRHAM5 EC-EARTH r3i1p1 4.5 8.5 W Rd 
RACMO22E EC-EARTH r1i1p1 4.5 8.5 W Rd R3 

MPI-CSC CCLM4-8-17 CNRM-CM5 r1i1p1 4.5 8.5 W Rd 

EC-EARTH r12i1p1 4.5 8.5 W Rd RF 
HadGEM2-ES r1i1p1 4.5 8.5 W 

MPI-ESM-LR r1i1p1 4.5 8.5 W Rd 
REMO2009 MPI-ESM-LR r1i1p1 4.5 8.5 W 

SMHI RCA4 CNRM-CM5 r1i1p1 4.5 8.5 W Rd R3 
EC-EARTH r12i1p1 4.5 8.5 W Rd R3 CF 
IPSL-CM5A-MR r1i1p1 4.5 8.5 W Rd R3 
HadGEM2-ES r1i1p1 4.5 8.5 W Rd R3 

MPI-ESM-LR r1i1p1 4.5 8.5 W Rd R3 

 

Abbreviations of hazard analyses: 

W Windstorm hazard 

S Heavy snowfall, blizzards, crown snow load, and freezing rain 

FF Forest fires 

T Thunderstorms, hail, convective windgusts and tornadoes 

Rd Daily to multi-day precipitation 

R3 3-hourly precipitation 

CF, RF Coastal floods, River floods 
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3.4 Hydrological and geophysical datasets for river flood analyses 

3.4.1 River discharge observations 

Several datasets were compiled into a database of annual maxima and mean river discharges for use 

in the river flood hazard analysis (Chapter 7). Those sources are: 

¶ 1186 stations from the Global Runoff Data Centre (2015); 

¶ 82 stations from the Norwegian Water Resources and Energy Directorate (2015); 

¶ 284 stations from the Swedish Meteorological and Hydrological Institute (2015); 

¶ 239 Spanish stations from Centro de Estudios Hidrográficos (2012); 

¶ 50 Polish stations from Fal (2000). 

In total, 1841 stations from 37 countries containing 74,757 years of data (1950ς2005) were used. 

Most station-years are from France, Spain, Sweden (14% each), United Kingdom (12%), Germany 

(9%) and Norway (7%). 

3.4.2 River and Catchment Database 

Data on the river network and drainage basin for the river flood hazard analysis (Chapter 7) was 

derived from the Catchment Characterisation and Modelling (CCM) River and Catchment Database 

v2.1 (Vogt et al. 2007, de Jager and Vogt 2010). It covers the entire European continent and its 

vicinity (about 12m km2) and consists of vector layers with a 100 m horizontal resolution. The total 

number of primary catchments in this dataset is about 2,150,000. The source material were digital 

elevation models (used to calculate flow direction and accumulation) supplemented by land cover 

data and satellite imagery. 

3.4.3 Digital elevation models 

Elevation was obtained mostly from EU-DEM digital surface model. This dataset was produced for 

the European Environment Agency from satellite altimetry data ς Shuttle Radar Topography Mission 

(SRTM) and ASTER GDEM. It has a 25 m resolution and covers 39 countries (DHI GRAS 2014). The 

model uses vertical datum EVRS2000, geoid EGG08, and reference epoch 2000.0. For Eastern Europe 

and some other locations not covered by EU-DEM, SRTM data where used instead (Farr et al. 2007). 

This model has a 3 arc second resolution and has several versions available. The one used here was 

downloaded from Viewfinder Panoramas (2014). 

3.4.4 Land cover datasets 

The primary source for land cover was CORINE Land Cover (CLC), a pan-European dataset. It is 

produced by the European Environment Agency. CLC 2000 edition, version 17 (12/2013) in raster 

format was used here (European Environment Agency 2014). It has a resolution of 100 m and 

includes 44 land cover classes with a minimum mapping unit of 25 ha for 39 countries. The main 

source material of classification were Landsat 7 satellite images from years 1999-2001 (European 

Environment Agency 2007). The dataset does not cover some catchments in Eastern Europe, 

therefore the information had to be supplement by Global Land Cover 2000 dataset. This product 

has a 30 arc second resolution and includes 22 land cover classes. It was produced by the Joint 
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Research Centre using algorithmic processing of SPOT 4 satellite images (Joint Research Centre 

2015). 

3.4.5 Reference flood hazard maps 

For calibration and validation of river flood hazard maps, one pan-European and three local maps 

where used. A European map was prepared by Alfieri et al. (2014).  It covers a slightly smaller 

domain than the one used here and includes only rivers with catchments bigger than 500 km2. Only 

one scenario ς 100-year return period ς was used based on a rainfall-runoff model (using 1990ς2010 

meteorological data) and a two-dimensional hydraulic model for the flood zone. Local, high-

resolution maps used for validation are: 

¶ Flood map of Lower Austria state, prepared by the regional government and including 30-, 

100- and 300-year flood scenarios (Land Niederösterreich 2015); 

¶ Flood map of Saxony Länder, Germany, prepared by the regional government and including a 

100-year flood scenario (Sächsisches Landesamt für Umwelt, Landwirtschaft und Geologie 

2015); 

¶ Flood map of England, prepared by the Environment Agency and including 30-, 100- and 

1000-year flood scenarios (Environment Agency 2015). 

3.4.6 FLOPROS 

FLOPROS is a global flood protection standards database created at Vrije Universiteit Amsterdam 

ό{Ŏǳǎǎƻƭƛƴƛ Ŝǘ ŀƭΦ нлмрύΦ Lǘ ŎǳǊǊŜƴǘƭȅ Ŏƻƴǎƛǎǘǎ ƻŦ ǘƘǊŜŜ άƭŀȅŜǊǎέΦ CƛǊǎǘ ƛǎ ǘƘŜ ŘŜǎƛƎƴ ƭŀȅŜǊΣ ǿƘŜǊŜ 

information on protection standards of existing flood defences is collected. Then, the policy layer 

contains information on standards that should be in place in accordance with existing legislation. 

This information is then aggregated into subnational territorial units, with the design layer given 

priority over the policy layer, if both information is available. Missing information is supplemented 

by the modelled layer. A simple linear relationship between flood protection standards and flood 

risk, in four groups of countries divided by wealth, is used as a proxy for the actual protection. The 

FLOPROS map (Fig. 3.1) was adjusted to fit the study area, with some small gaps in the data filled 

using nearest neighbour interpolation. FLOPROS was used for both river and coastal analysis, though 

the database is generally based river flood protection data. For the purpose of creating maps in the 

flood protection scenario, it is assumed that the return periods defined in the protection standards 

correspond to river discharges and storm surge heights calculated for the historical scenario (1971ς

2000). 
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Fig. 3.2. Flood protection standards used in river and coastal flood maps (flood protection scenario). Based on FLOPROS 

database by Scussolini et al. (2015). 
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3.5 Hydrological and geophysical datasets for coastal flood analyses 

3.5.1 Bathymetry 

Bathymetry of basins around Europe was obtained from the European Marine Observation and Data 

Network (EMODnet 2016). This digital terrain model (DTM) has a very fine resolution of 1/8 arc 

minute (approx. 200 m). Its source material were bathymetric survey datasets, composite DTMs, 

with voids filled with a global GEBCO Digital Bathymetry dataset. 

3.5.2 Tide gauge observations 

Several sources of tide gauge records were used for calibration and validation. High-frequency 

quality-checked data include: 

¶ 21 stations from 12 countries from University of Hawaii Sea Level Center (UHSLC 2015); 

¶ 42 (mostly British) stations from the British Oceanographic Data Centre (BODC 2015); 

¶ 19 Swedish stations from SMHI (2016); 

¶ 8 Dutch stations from Rijkswaterstaat (2016).  

Most of the stations have long series of data covering the entire period of interest (1970ς2014). 

Additionally, high-frequency raw data from 66 Mediterranean stations (2008ς2014) obtained from 

the Joint Research Centre (JRC) through personal communication with Michalis Vousdoukas. Finally, 

5 Polish stations containing only information on annual maxima (1970ς2007) were used for 

validatƛƻƴ ό²ƛǏƴƛŜǿǎƪƛ ŀƴŘ ²ƻƭǎƪƛ нллфύΦ 

3.5.3 Tidal constituents 

Tidal constituents for the entire European coast were derived from TPXO8 model. This is the latest 

version of a global model originally developed by Egbert et al. (1994), which shown to be the most 

accurate available out of several existing tide models (Stammer et al. 2014). It provides nine tidal 

constituents in 1/30° resolution (K1, K2, M2, M4, N2, O1, P1, Q1, S2) and four in 1/6° resolution 

(MS4, MN4, MF, MM). The tidal solutions were derived using satellite altimetry data and hydraulic 

modelling, including local refinements in coastal and shallow areas (Egbert and Erofeeva 2002, 

2014). 

3.5.4 Mean sea level 

Baseline mean sea level was obtained from MDT_CNES-CLS13 dataset. It contains mean sea surface 

height above geoid during 1993ς2012. The dataset was obtained by combining several sources. 

Primarily, it shows the difference between sea level from satellite altimetry and the reference geoid 

EGM-DIR-R4 (based on GOCE and GRACE satellite gravimetry data). The results were corrected with 

in situ measurements and sea surface velocity data. The dataset has a global coverage and its spatial 

resolution is 0.25°. Methodology behind it was described by Rio et al. (2014) and is available from 

Aviso (2015). 
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3.5.5 Sea level rise 

Sea level rise caused by climate change and human activity has several constituents. They are:  

¶ hŎŜŀƴ ŎƛǊŎǳƭŀǘƛƻƴ όάŘȅƴŀƳƛŎέ ǘƻǇƻƎǊŀǇƘȅύΤ 

¶ Ocean water ǾƻƭǳƳŜ όάǎǘŜǊƛŎέ ŎƻƳǇƻƴŜƴǘΣ ǊŜŀŎǘƛƴƎ ǘƻ ŎƘŀƴƎŜǎ ƛƴ ƻŎŜŀƴ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ 

salinity); 

¶ Atmospheric loading (atmospheric circulation and moisture content); 

¶ Glacier and ice sheet mass balance; 

¶ Ice sheet dynamics (affecting e.g. ocean circulation); 

¶ Groundwater depletion (caused by withdrawal of water from underground storage). 

Steric and dynamic changes in sea level were obtained from CNRM-CM5 model (Voldoire et al. 

2013). It is one of the general circulation models under CMIP5 framework. This particular one was 

chosen because it includes European inner seas (unlike many other models) and has better accuracy 

for representing the dynamic topography compared to other models (Slangen et al. 2014). The 

horizontal resolution of the model is variable, but mostly ca. 0.5° over Europe. Atmospheric loading 

was omitted as it has negligible impact. The other factors (glacier, ice sheet and groundwater 

contributions) were obtained from estimates by Slangen et al. (2014) and Carson et al. (2016), 

provided for 1986ς2100 at 1° resolution. 1986ς2005 trend was extrapolated to 1971 in order to 

provide data for the historical scenario. It should be noted that dynamic, steric, glacier and ice sheet 

mass balance are available for both climate change scenarios used in the project (RCP 4.5 and RCP 

8.5). Meanwhile, contributions of ice sheet dynamics and groundwater depletion to sea level rise are 

assumed to be the same for both scenarios. 

3.5.6 Glacial isostatic adjustment  

The Glacial Isostatic Adjustment (GIA) rate is available from ICE-6G_C (VM5a) model by Peltier et al. 

(2015). This global dataset is provided in a 1° resolution and includes both the rate (mm/year) of 

vertical movement of the ground (radial displacement) and GIA effect on sea level. The dataset was 

produced by combining satellite altimetry and gravimetry data with GPS measurements of vertical 

motion of the crust. 

3.5.7 Digital elevation models 

Digital Elevation Models (DEM) used to delimitate coastal flood hazard zone is the same as for river 

hazards, but with corrections applied. In several countries there are large biases in the EU-DEM, even 

exceeding the range of extreme water levels. Using publicly available national DEMs from Poland, 

the Netherlands (REF) and the United Kingdom we found that in coastal floodplains (up to 3 m water 

level) the bias is almost identical to country averages presented in the validation report (DHI GRAS 

2014). For example, in the Polish coast the bias is -2.31 m (country average: -2.38 m). In the 

Netherlands the values are -0.96 and -0.85 m, respectively, and for the UK +0.70 in the floodplain 

and +0.72 m for the whole territory. Therefore, the elevation in the European DEM was increased or 

decreased by a country-specific value taken from the validation report. 
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4. Windstorms 

Nico Becker (Freie Universität Berlin) 

4.1 Introduction 

Extra-tropical cyclones are day to day phenomena in the European region. These low pressure 

systems develop within the mid-latitudes and draw their energy from the temperature gradient 

between the equator and the pole. Extra-tropical cyclones are generally associated with increased 

wind speeds, precipitation and cloudiness (Fig. 4.1). Certain conditions, like increased temperature 

gradients, humidity or upper level divergence, can lead to an intensification of extra-tropical 

cyclones. Such intense cyclones can cause windstorms with hurricane force wind speeds. Often these 

extreme wind speeds cause fatalities and damages. In fact, extreme windstorms are among the most 

destructive and costly extreme weather phenomena in the European region. In terms of insured 

losses, the damages caused by windstorms in Europe are among the largest compared to other 

natural disasters (MunichRe 2000, SwissRe 2000). This is also due to the large areas which can be 

affected by individual storms.  

In many cases critical infrastructure is affected by windstorms. The energy system and the rail and 

road network is affected, both by direct and indirect damages. Extreme wind speeds can directly 

damage or destroy structures like power pylons. Indirect damages are caused by falling trees, which 

can break power lines or block roads and railways.  

In general, insured losses caused by extreme wind speeds occur if the 98th percentile of the local 

wind speed distribution is exceeded (Klawa and Ulbrich 2003). However, building regulations of 

critical infrastructure are usually based on the 50-year return level of the local wind climate, which is 

higher than the 98th percentile. Thus, critical infrastructure is built to withstand wind speeds that 

occur on average once within 50 years, which is equal to an annual occurrence probability of 2%. In 

this work return levels of wind speeds are estimated for the recent climate and changes of 

occurrence probabilities are derived for future climate projections. 

 

Fig. 4.1. Satellite image of an extra-tropical cyclone. (from earthobservatory.nasa.gov) 
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4.2 Method 

In general, one can distinguish two basic approaches to study a meteorological phenomenon like 

windstorms. One way is to focus on a certain point in space and analyze the local windstorm climate 

based on the wind speed distribution. The other way is to identify and track individual windstorm 

events and follow their development in space and time. The aim of this work is to combine those 

two approaches in order to study windstorms and their occurrence frequencies, which are relevant 

for critical infrastructure. First, extreme value statistics are used to estimate the local occurrence 

probabilities and return levels of wind speeds relevant for critical infrastructure. Second, a tracking 

algorithm is used to associate exceedances of return levels to individual windstorm events. 

4.2.1  Extreme value statistics 

The estimation of return level is based on the Fisher-Tipper theorem, which states that the 

distribution of maxima of samples of random variables can only converge to one of three possible 

distributions, namely the Gumbel distribution, the Fréchet distribution, or the Weibull distribution 

(Coles et al. 2001). Those three distribution families can be combined to the generalized extreme 

value (GEV) distribution 

Ὂὼ Ὡὼὴ ρ ‚ ȟ Eq. 4-1 

wƘŜǊŜ ˃ ƛǎ called the location, ̀  the shape and ˅ the scale parameter.  

In practice, the maxima of the analyzed variables are often calculated for consecutive time periods of 

one year length. Estimates of extreme quantiles of the annual maximum distribution are then 

obtained by inverting the equation of Ὂὼ:  

ὼ
 ‘ ρ ÌÏÇρ ὴ ȟÆÏÒ ‚ π

 ‘ „ÌÏÇÌÏÇρ ὴ ȟ                       ÆÏÒ ‚ π
  Eq. 4-2 

where Ὂὼ ρ ὴ. ὼ ƛǎ ǳǎǳŀƭƭȅ ŎŀƭƭŜŘ ǘƘŜ άǊŜǘǳǊƴ ƭŜǾŜƭέΣ ǿƘƛŎƘ ƛǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ άǊŜǘǳǊƴ 

ǇŜǊƛƻŘέ ρ
ὴ. ὼ is expected to be exceeded on average every ρ

ὴ years. 

In this work, ὼ is equal to the maximum wind speeds that occurred in each individual winter half-

year (October-March) of the analyzed time periods. Thus, for example, the 50-year return level is 

expected to be exceeded on average once every 50 years. In other words, the probability that the 

maximum wind speed exceeds the 50-year return level in a particular winter is ὴ ρ
υπ πȢπς. 

The parameters ‘, „ and ‚ of the GEV distribution are estimated by using a log-likelihood approach. 

In the stationary case, ‘, „ and ‚ are assumed to be constant within the analyzed time period. The 

stationary approach is used to estimate GEV distributions for the present day climate from reanalysis 

data in section 4.3.  

In Section 4.4, present-day GEV distributions of wind speed maxima are compared to those in 

different future scenarios. Thus, we compare 30-years periods, one period in the present day climate 
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(ὖ), and one period in the future climate (ὖ). In a simple approach, one would estimate the GEV 

distributions for ὖ and ὖ separately, by using the stationary approach. However, the log-likelihood 

method allows to estimate the GEV distribution in a non-stationary setting, where one or more of 

the parameters can depend on time. In our case, we allow the form parameter ‘ to depend on time: 

ὼ ͯ ὋὉὠ‘ὸȟ„ȟ‚,   Eq. 4-3 

where 

‘ὸ   
‘ȟÆÏÒ ὸ ɴ ὖȟ
‘ȟÆÏÒ ὸ ɴ ὖȢ

  Eq. 4-4 

In other words, ‘ is assumed to be constant in the present day period and in the future period, 

however, the value of ‘ may be different in the two periods. The benefit of estimating the return 

period for both periods at the same time in a non-stationary approach is that twice the amount of 

data is available and the uncertainty of the estimation is reduced. Here, we only allow the form 

parameter to depend on the time period, because the shape and scale parameters are more difficult 

to estimate. 

Fig. 4.2 shows an example of such a non-stationary fit, derived from the daily maxima of the 10m 

wind speeds in the CORDEX model HIRHAM5 for a grid box close to Berlin. The blue line corresponds 

to the estimated GEV distribution in ὖ, based on the parameters ‘, „ and ‚, the red line 

corresponds to the estimated GEV distribution in ὖ, based on the parameters ‘, „ and ‚. The 

vertical blue line indicates a return period of 50 years. Thus, the corresponding return level of 18.1 

m/s (black line) has an occurrence probability of ὴ πȢπςπ in the recent climate. The vertical red 

line indicated the return period of these 18.1 m/s in in the future period ὖ, which is 32.1 years. 

Thus, the occurrence probability of the recent climate 50-year return level in the future climate is 

 

Fig. 4.2. Return level plot for 10m daily maximum 10m wind speeds for a grid point in the HIRHAM5 CORDEX 

simulations for the years 1970-2000 of the historical experiment (blue) and the year 2070-2100 in the RCP 8.5 

scenario (red). Return periods are in in years and return level in m/s.  
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ὴ πȢπσρ. We can conclude that the occurrence probability of the present day 50-year return level 

has increased by ɝὴ ὴ ὴ πȟπρρ. 

By following this approach, we can compute the change in occurrence probability for different 

present day return levels for each grid point of each CORDEX model using different future periods 

and different RCP scenarios.  

4.2.2 Tracking of windstorms 

Leckebusch et al (2008) introduced a windstorm tracking algorithm based on exceedances of the 

local 98th percentile. Areas of exceedance are identified usually in the 6-houly wind fields and 

tracked in time by using a nearest neighbor approach. Here we modify this approach in order to 

account only for extreme windstorm relevant for critical infrastructure. The windstorms are still 

identified and tracked based on exceedances of the 98th percentile, but only those windstorms are 

selected, which also exceed the 50-year return level at some point during their lifetime. Finally, we 

can compare the number of extreme windstorms in certain regions of interest in the different future 

scenarios. By following this approach, exceedances of the 50-year return levels can be assigned to 

certain events. Furthermore, simultaneous exceedances at neighboring grid points can be assigned 

to an individual windstorm, which would not be possible in a pure grid point based approach. 

4.3 Present climate 

In general, two different data sources exist to estimate the present day wind climate for the land 

area in the European region: wind observations from weather stations and reanalysis datasets. 

However, the availability of quality checked station data of wind measurements is not sufficient to 

produce two-dimensional fields covering the European region.  

 

Fig. 4.3. 5-year return level of the highest maximum wind gust in the winter half year for the period 1980-2000, derived 

from the stations available in the European Climate Assessment Dataset (http://www.ecad.eu/returnvalues/index.php) 

Fig. 4.3 shows, for example, the 5-year return level of the highest maximum wind gust in the winter 

half year for the period 1980-2000, derived from the stations available in the European Climate 

Assessment Dataset (http://www.ecad.eu/returnvalues/index.php). Most return levels lie between 

25 and 35 m/s. However, only a few of the European countries are covered by the measurements.  
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In contrast to direct measurements, a reanalysis is a gridded dataset which is produced by combining 

models and observation data using data assimilation techniques in order to create a best estimate of 

the atmospheric state. Since wind speed measurements are usually not assimilated into the 

reanalysis system, however, wind speeds in reanalyses depend on the model and the 

parameterizations used to derive the wind speeds. One has to distinguish between different types of 

wind speeds produced by the model. First, there are the wind speeds on the original model grid at 

certain horizontal grid boxes on a certain model level. These wind speeds can be interpreted as 

values representing the average conditions within the area of the grid box. Wind speeds are usually 

analyzed in 10m height, which generally does not correspond to a certain model level. Thus, the 

instantaneous wind speeds are interpolated from the model levels to 10m height and written into 

output files at certain time intervals (usually every 3 or 6 hours). Also daily maximum wind speeds 

may be available. However, this is not the case for all reanalysis datasets. Additionally, daily 

maximum wind gusts may be provided, which are computed by gust parameterization schemes, 

which can take into account other parameter like the surface roughness or the stability of the 

atmospheric stratification. The use of these different types of wind speed information in different 

data sources makes it difficult to compare the different datasets. 

Here, we used the 6-hourly wind speeds, which were available for three different reanalyses for the 

time period 1980-2010. Data from ERA-Interim, NCEP1 and JRA-55 went into the analysis. We 

estimated the 50-year return level for each reanalysis and calculated the mean and standard 

deviation of the three reanalyses (Fig. 4.4). The mean return level field shows large differences 

between land and ocean, with high values of up to 35 m/s in the North Atlantic and values of less 

than 22 m/s on land. The standard deviation between the different reanalyses gives indications 

about the uncertainty of the wind speeds in the reanalyses. The spatial structure of the standard 

deviations is very heterogeneous and no clear structure is evident. High values of 20% and more 

occur in for example in Italy and in Norway. Reasons for these differences between the reanalyses 

could be different measurements which went into the data assimilation process, or differences 

between the models used for the creation of the reanalyses. For example, if a different surface type 

of land cover was used in a certain area, this could also affect the 10m wind speeds. 

              

Fig. 4.4. (left) Mean and (right) standard deviation of the 50-year return levels derived from the instantaneous 6-hourly 

10m wind speeds from the ERA-Interim, NCEP1 and JRA-55 reanalysis. The mean return level is in m/s and the standard 

deviation is in %, relative to the mean. 
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4.4 Climate predictions 

To estimate the change of the occurrence probability of extreme wind speeds, we analysed a multi-

model ensemble of different EURO-CORDEX simulations (See Section 3.3 for details). The multi-

model ensemble consists of 29 different sets of simulations, each set containing an historical, an RCP 

4.5 and an RCP 8.5 experiment. The 29 sets of simulations contain simulations with different regional 

climate models using different global models as lateral boundary forcing, as well as different model 

resolutions. 17 ensemble members cover the EUR-44 domain with a horizontal resolution of 0.44°. 

12 ensemble members cover the EUR-11 domain, which is the same as EUR-44, but with a resolution 

of 0.11°. For each of the ensemble members, three different periods are analyzed: one in the 

historical run (1970-2000) and two in the future scenarios (2020-2050 and 2070-2100). While for the 

reanalysis data in the previous section only 6-hourly wind speeds were available, for the CORDEX 

simulations the variable with the best availability were daily maximum 10m wind speeds, which are 

subsequently used for the analysis. 

The non-stationary block maxima approach described in 4.2.1 is used to estimate the GEV 

distribution of the maximum wind speeds that occurred in each winter half year (Oct.-Mar.) of the 

historical and future periods in each of the ensemble members separately. For the historical period 

the 50-year return levels are derived from the GEV distributions for each ensemble member and the 

ensemble means and standard deviations are calculated for each grid box. Before calculating the 

ensemble statistics, the return levels of the EUR-11 simulations are interpolated to the EUR-44 grid 

to allow a direct comparison.  

The spatial structure of the ensemble mean 50-year return level in 1970-2000 agrees well with the 

50-year return level fields derived from the reanalysis datasets (Fig. 4.5 top left). The pattern 

correlation between the CORDEX and reanalysis ensemble mean fields amounts to 0.94 using the 

Spearman method. Maximum values of 35 m/s are reached over the North Atlantic, while the values 

on land vary between 10 and 20 m/s. The return levels in CORDEX are on average 1.5 m/s higher 

than in the reanalysis. The EURO-CORDEX return levels are higher, because here daily maximum 

winds are used, while in the reanalysis case only instantaneous 6-hourly wind speeds were available. 

The latter underestimate the extreme winds because of sampling errors.  
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Windstorms 
50-year return interval (0.02 exceedance probability) of wind speed 10 m above ground (m/s) 
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Fig. 4.5. 50-year return level of 10m wind speeds in present climate and the change of annual exceedance probability of 

the return level in different future scenarios and time periods. White (black) dots mark grid points, where the ensemble 

mean of the changes of probability is larger than one (two) ensemble standard deviations. Boxes mak regions for 

evaluation of tracking results (upper left). 
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The standard deviation between the 50-year return levels of the different EURO-CORDEX ensemble 

members (as a percentage relative to the ensemble mean) is lowest above the North Atlantic with 

less than 10% (Fig. 4.5, top right). Here the different models agree comparably well. On land the 

relative standard deviation is higher, mostly between 10 and 20%. Only in regions with complex 

topography like the Alps it increases up to 50%. Here the uncertainty of the models is highest.  

Per definition, the probability that the 50-year return levels calculated for the historical period 

(1970-2000) is exceeded in a particular year is 0.02. Fig. 4.5 shows how the probability that the 

present day 50-year return level is exceeded changes in the early period 2020-2050 (left) and the 

late period 2070-2100 (right) in the two scenarios RCP 4.5 (middle) and RCP 8.5 (bottom). The 

change in probability is calculated for each ensemble member separately by using the non-stationary 

approach described in section 4.2.1. Afterwards, ensemble mean and standard deviation of the 

probability change is calculated for each grid box. A black dot is drawn in a grid box, if the ensemble 

mean of the change in probability is significantly different from 0 on the 0.95 level, according to a t-

test.  

The amplitude of the changes in probability is smallest in the early period of RCP 4.5 and largest in 

the late period of RCP 8.5. This is in agreement with the prescribed greenhouse gas concentrations in 

the different scenarios, which are lowest in the beginning of RCP 4.5 and highest at the end of RCP 

8.5. In general, increasing probabilities are evident in the center of the domain, in particular Central 

and Eastern Europe. In the late period of RCP 8.5 the probability increases by 0.02 in southern 

Germany and parts of the Balkan region. That represents a doubling of the present day occurrence 

probability.  

Negative changes in probability occur mainly over the oceans, in particular in the North Atlantic and 

the Mediterranean region. In the Mediterranean, these changes are in large areas not significant in 

the early periods of the two RCP scenarios, but become significant in the late periods. 

The spatial pattern of the probability changes, which are observed for the 50-year return level, are 

found in a similar way also for other return level, e.g. the 5-year return level (not shown). Areas of 

positive changes are found within Europe and negative changes are found over the ocean. 

The multi-model ensemble which is analyzed here consists of simulations with two different 

horizontal resolutions (0.11° and 0.44°). Furthermore, the ensemble is dominated by simulations 

with the model RCA4. To find out if the specific combination of the ensemble members has a large 

effect on the results, sub-ensembles have been evaluated (not shown). If only EUR-11 simulations 

are compared to only EUR-44, the 50-year return level in the historical period is on average 1.2 m/s 

higher in the EUR-11 ensemble, which is due to the higher resolution. However, the spatial structure 

of the future changes remains similar to the full ensemble, with positive changes on the European 

continent and negative changes over the oceans. The amplitude of the changes is not as pronounced 

in the EUR-11 ensemble as in the EUR-44 ensemble. If all RCA4 simulations are removed from the full 

ensemble, the characteristics of spatial patterns do not change significantly. 

The results found in this study are in line with previously published work. Rockel and Woth (2007) 

find a positive change of the number of gusts of more than 8 Bft on the European continent in the 
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future climate in two RCMs. A similar but more heterogeneous pattern was found in the 95th 

percentile of the daily maximum wind speeds in another RCM by Leckebusch and Ulbrich (2004). 

Positive wind speed changes are explained by a southward shift of cyclone paths. Positive changes of 

the 90th percentile in Central Europe were also reported by Beniston et al. (2007). They could 

confirm findings from Zwiers and Kharin (1998), who suggested that these increases in wind speeds 

in Europe are related to a negative pressure anomaly over Northern Europe, which develops under 

higher CO2 concentrations. This pressure anomaly then leads to an increased pressure gradient and 

increasing wind speeds in Central Europe.  

 In this study we could confirm previous findings. However, in previous studies only single 

simulations or small ensembles were analyzed, which made it difficult to test the robustness of the 

climate change signals. In this study, the analysis of the extensive set of ensemble members was able 

to show that a large uncertainty lies in the climate change signals in most of continental Europe, 

since the standard deviation between the ensemble members are high compared to the signal. 

However, it should be noted that the applied method to test the significance by exceedance of the 

standard deviation is a rather restrictive criterion. If, for example, a one sample t-test is used to test 

for significant deviation of the ensemble mean from zero, also the increasing probabilities found on 

the European land areas are regarded as statistically significant.  

The tracking algorithm described in Section 4.2.2 is applied to the different EURO-CORDEX 

experiments and tracks of windstorms are identified in the historical and future scenarios, which 

exceed the 50-year return level of the historical time period. The number of windstorms that pass 

Central Europe                   Mediterranean 

 

Fig. 4.6. Relative changes of numbers of windstorms that exceed the local 50-year return level in the Central 

European box (left) and the Mediterranean box (right) in different scenarios and different time periods compared to 

the historical runs (1970-2000). The boxplots show the distribution of all 29 CORDEX ensemble members. The boxes 

are defined in Fig. 4.5 (upper left). 
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through two different regions is counted. The regions are marked in Fig. 4.5 (upper left). One region 

covers large parts of the European land area, where positive changes in occurrence frequency were 

detected. The other region covers the Mediterranean area, where negative changes were found.  

In the Central European box, the climate change signals do not point in a clear direction (Fig. 4.6 

left). In the early periods of both RCP scenarios the medians of the distributions are close to zero. 

The largest signal is evident in the late period of RCP 4.5. Here, the number of windstorms decreases 

by about 8 %. The signal in RCP 8.5 is only half as large.  

In the Mediterranean box, the percentual change of windstorm numbers is small in the early periods 

of both RCP scenarios (Fig. 4.6 right). The largest signal of -13 % is found in the late period of RCP 8.5. 

This is in line with the results from the return level occurrence probabilities, which decrease in this 

area. However, the negative windstorm changes in the Central Europe box are contradictory to the 

positive changes of return level occurrence probabilities in this area. The changes could be explained 

if there are many smaller windstorms in the historical period, which exceed the 50-year return level 

only at single grid points, but a lower number of windstorms in the later scenarios, which exceed the 

return level at many grid points. Thus, in the future periods, fewer storms would lead to a larger 

number of threshold exceedances. However, to study this effect, a more detailed analysis of the 

tracking results is required.  
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5. Heavy precipitation 

Katrin Nissen (Freie Universität Berlin) 

5.1 Introduction 

Heavy precipitation poses a major threat to critical infrastructure. Land-based transportation and 

emergency services are especially vulnerable to such events, as they can lead to the flooding of 

tunnels and can damage streets, railway lines and bridges (see e.g. Fig. 5.1). This makes it in turn 

difficult for emergency rescue services to reach people in need for help. The electricity and 

telecommunication networks are less often affected by heavy precipitation. At times, however, 

flooding of electric transformer stations causes power outages.  The nature of the precipitation 

events that can be of risk covers a wide range of scales both in space and time. Apart from the direct 

effect of local flooding, heavy precipitation can trigger secondary effects such as river floods, 

landslides and mudslides.   

 

Fig. 5.1. Online news report on a heavy precipitation event affecting the island of  Sardinia in Novemver 2013 (BBC 2013).  

5.2 Method 

Rainfall is highly variable in terms of spatial extent, duration and intensity. Both small-scale and 

large-scale events can impact infrastructure. In addition, both short-duration rain spells of high 

intensity and long lasting rainfall of moderate intensity, which can accumulate to damaging amounts 

of water, have to be considered. To take these characteristics of rainfall into account, an 
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identification tool for heavy precipitation which detects events of various duration and spatial extent 

is developed here. All events exceeding a predetermined critical threshold are identified.  

5.2.1 Critical threshold 

Two surveys have been performed for the project, aimed at determining the threshold at which 

damage to infrastructure elements may occur. 28 infrastructure providers from the fields of energy, 

telecommunication, land transport (streets and rail) and emergency rescue services have been 

interviewed as well as 18 national and private weather services (RAIN report D2.3). As expected, 

there is no universal critical value relevant for all types of infrastructure and all areas within Europe. 

For some providers, the amount of precipitation is more important and for others the intensity. The 

rainfall intensity of extreme precipitation events occurring at a given return interval increases with 

decreasing duration (

Fig. 5.2), while the accumulated amount increases with increasing duration. The thresholds 

mentioned in the questionnaires range between 20 mm/hour and 30 mm/hour for high intensity 

events and between 50 mm/day and 100 mm/day for events with high water accumulation. 

Fig. 5.2. Intensity (left) and amount (right) exceeded on average once every 10-years. Blue: Values determined from 

station data at Berlin with an hourly temporal resolution, Green:  Values determined from station data at Berlin with a 

daily temporal resolution, Red:  Values determined from the grid point in the observational E-OBS data set, that is 

closest to Berlin. 

It is important to note that the area mean values from gridded data sets, such as the ones analysed 

in the RAIN project, differ from the point values that affect an infrastructure element. Göber et al. 
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(2008), for example, show that the maximum precipitation value in mm/day at a point within a 40 

km x 40 km grid box can be almost twice as high as the grid-box mean value. An additional factor 

that reduces the recorded extreme precipitation amounts in the data sets is the temporal resolution 

of the data (usually daily resolution): The rainfall amount associated with a strong 24-hour event will 

probably not all fall within the same data aggregation period, but will contribute to the rain amount 

accumulated on two consecutive days. This effect is illustrated in 

Fig. 5.2Φ ¢ƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ōƭǳŜ ŀƴŘ ǘƘŜ ƎǊŜŜƴ ŎǳǊǾŜ ƛǎ ŘǳŜ ǘƘŜ Řŀǘŀ ǎŜǘΩǎ ŘƛŦŦŜǊŜƴǘ 

temporal resolutions, while the difference between the green and the red curve can be attributed to 

the gridding process. As a consequence, using the absolute thresholds suggested by the 

infrastructure providers for a gridded data set would lead to a severe underestimation of the 

number of detected events. Therefore, it was decided not to use a fixed value threshold for this 

study. Instead, this study will use local return values for a given return period as thresholds for 

extreme events (i.e. the amount of rain per time unit on average exceeded every n years). This 

approach is consistent with engineering practice and legislation. Drainage systems for components 

of critical infrastructure networks are usually designed to be able to cope with a certain amount of 

ǿŀǘŜǊ ǇŜǊ ǘƛƳŜ ǳƴƛǘΦ ¢Ƙƛǎ ŀƳƻǳƴǘΣ ǿƘƛŎƘ ƛǎ ŀƭǎƻ ŎŀƭƭŜŘ ǘƘŜ άŘŜǎƛƎƴ ǊŀƛƴŦŀƭƭέ, is specified in terms of 

local return values. The International Union for Railways, for example, recommends to use 10-year 

ǊŜǘǳǊƴ ǾŀƭǳŜǎΦ ¦ǎƛƴƎ ǘƘŜ άŘŜǎƛƎƴ ǊŀƛƴŦŀƭƭέ ŀǎ ŀ ǘƘǊŜǎƘƻƭŘ ŦƻǊ ǘƘŜ ŘŜǘŜŎǘƛƻƴ ƻŦ ǊŜƭŜǾŀƴǘ ǇǊŜŎƛǇƛǘŀǘƛƻƴ 

events seems reasonable, as one can assume that only precipitation which exceeds the drainage 

capacity can be harmful for the infrastructure component. The resulting thresholds are relative 

values which depend on the spatial resolution and on the climatology of the data set and are thus 

calculated separately for each data set.  

For this study, the 10-year return values have been used as a threshold for the detection of 

infrastructure threatening events as this threshold is consistent with legislation. In addition, for flat 

terrain stations over continental Europe, these values fit well to the thresholds the interviewed 

infrastructure providers found relevant (
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Fig. 5.2). 

The return values are estimated using the Peak Over Threshold (POT) method (e.g. Coles et al. 2001). 

To ensure consistency of the return values for events of different durations, intensity-duration-

frequency (IDF) curves are fitted to the resulting return values following the recommendations of the 

World Meteorological Organization (WMO, 2009). 

       a)                                                                               b) 

 

Fig. 5.3. Schematic illustration of the detection scheme; a) illustration of the areas used for event detection described in 

the text, b) illustration of event tracking, where the numbers denote consecutive time steps and the shaded areas 

correspond to the striped area in panel a.  

5.2.2 Detection of heavy precipitation events 

The detection algorithm developed for this study identifies heavy precipitation events of various 

durations and spatial extents in gridded data sets. The approach is based on a method that has 

originally been developed for the detection of windstorms (Leckebusch et al. 2008). The method was 

extended for the RAIN project to account for the special characteristics of heavy precipitation, in 

particular for the fact that rain accumulates over time. 



D2.5 (Hydro-)meteorological hazard probability in Europe 
 

32 

 

 

Fig. 5.4. Precipitation per day for the period August 9 2002 to August 13 2002 based on the E-OBS data set. Contour lines 

show precipitation amounts on that day. Color denotes grid boxes attributed to the detected event (exceedance of the 

local 10-year return levels). Units mm.  

In a first step the algorithm identifies all grid boxes in which the rainfall exceeds the critical threshold 

(i.e. 10-year return value). All identified grid boxes which are located within the same continuous 

area with considerable precipitation (>95th percentile) are considered as belonging to the same event 

and form a cluster. This is illustrated in Fig. 5.3a, where areas with precipitation exceeding the 

threshold are shown in red. As all red areas are located within the same area of substantial rain, 

outlined by the green ellipse, they are considered to belong to the same cluster. For each identified 

cluster an envelope is defined. The envelope (hatched area) is determined by the overlap of the area 

of the smallest possible circle including all exceedance areas (black outline) and the area where the 

rainfall amounts exceed the 95th percentile (green outline). The clusters are then tracked in time. 

The cluster at time step t+1 is considered as the next track element which exhibits the largest 

overlap to the area within the envelope (Fig. 5.3b). Each detected event can consist of several grid 

boxes and can last for several time steps.  

A precipitation severity index (PSI) is assigned to all events. It is calculated only from grid boxes and 

time steps where the threshold was exceeded and is defined as follows: 
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ὖὛὍВ В ȟ ὃz  , 

 
where T is the duration of the event, K is the number of affected grid boxes and Ak is the area of grid 

box k. Thus, the severity index takes the affected area and the amount of precipitation accumulated 

over the duration of the event into account. It is normalized by the long-term mean annual 

precipitation sum expected for the grid box. The severity index can be used to compare the strength 

of the identified events. The detection algorithm also stores additional information for each event, 

such as the date, location, affected area, duration and maximum precipitation. 

In order to distinguish between the two types of relevant events (high intensity events and events 

with high accumulated rain amounts), the detection algorithm is applied twice. For the detection of 

events with high accumulated rain amounts, thresholds for 3 different aggregation periods are 

considered (1, 2 and 3 days). Here, daily data is used, which is available for all model simulations. 

Events with high intensities are detected using 3-hourly values, which is the highest temporal 

resolution for which data for at least some of the model simulations is available.  

An example for a detected event is shown is Fig. 5.4. In August 2002 record-breaking rainfall 

amounts and intensities occurred in Central Europe. They resulted in a large-scale flooding event 

(e.g. Ulbrich et al. 2003). The heavy-precipitation event detection algorithm identifies the event as 

shown in Fig. 5.4. Displayed is the 5-day sequence between the 9th and the 13th of August 2002. 

Shading denotes areas were the 10-year return levels were exceeded. These areas and time steps 

are attributed to the event. The severity index PSI for this event is 50, which corresponds to the 99th 

percentile of the PSI for all detected events. 

5.3 Present climate 

From the choice of the thresholds used for detecting precipitation events in this study (see Section 

5.2), it follows that the annual probability of occurrence of an event with a specific duration is 0.1 

(i.e. once every 10 years) at each grid box. In this section, the spatial distribution of the return values 

associated with this probability threshold is shown. For precipitation accumulated over 1-3 days, 

which is relevant for events with high precipitation amounts, the return values for the present day 

climate were calculated from the E-OBS data set (see Section 3.1, Meteorological observations). As 

there is no purely observational data set available with sub-daily precipitation data, 3-hourly 10-year 

return values had to be calculated from reanalysis data (ERA-Interim) downscaled with the two 

regional models RACMO22E and RCA4.   
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Fig. 5.5. 10-year return level of daily precipitation (mm). Data from E-OBS data set for the period 1981-2010.  
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Fig. 5.6. 10-year return level of 3-hourly precipitation. Data from ERA-Interim for the period 1981-2010 downscaled by 

the two regional models RCA4 and RACMO22E. Shown is the ensemble mean of the two simulations. Units mm/3 hours.  

5.3.1 High accumulated precipitation amounts 

A map of the 10-year return level for 24-hour rainfall over Europe based on the gridded 

observational E-OBS data set is shown in Fig. 5.5. In general, return levels are higher over elevated 

regions, such as the Alps, as precipitation is often triggered by orographic lifting.  Especially high 

return levels are also present at the western Norwegian coast. The general flow as well as the 

passage of mid-latitude cyclones are mostly directed from west to east.  The western coasts of the 

continents and the western flanks of mountainous regions are therefore especially prone to 

precipitation, which is reflected in the return levels. In the Mediterranean region, cyclones coming 

from the sea can transport humid air masses. Here, the regions bordering on the coast show the 

highest return levels.  As stated before, the values in this gridded data set are lower than the 

extremes actually occurring at a site (e.g. 25% for Berlin, 
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Fig. 5.2). 10-year return values for precipitation accumulated over 48 and 72 hours are not shown 

here as they exhibit a similar spatial distribution only with somewhat higher return values.High 

precipitation intensities 

The distribution for sub-daily events with high intensities, which are often of convective nature, 

slightly differs from that for high precipitation amounts. The North-South gradient is more 

pronounced with higher values occurring at more southerly latitudes (Fig. 5.6). This is caused by the 

fact that convective precipitation is often thermodynamically induced, a process requiring relatively 

high surface temperatures.  The highest return values are found in the vicinity of the Mediterranean 

Sea. Orographic effects again play a role. Mountains and coastlines can induce orographic lifting and 

exhibit higher return values. 

5.4 Climate predictions 

The climate change signal was calculated from a multi-model ensemble of EURO-CORDEX simulations 

with a horizontal resolution of approximately 12 km (0.11°), so called EUR-11 simulations. 0.11° is 

the highest horizontal resolution available within the EURO-CORDEX framework and was chosen to 

minimize the effects the resolution has on the strength of the precipitation events (cf. Section 5.2). 

The ensemble includes a total number of 10 model combinations for which data at a daily temporal 

resolution were available (Rd in Table 3-2). These simulations were analysed to evaluate long-lasting 

precipitation events with high accumulated rain amounts. For the analysis of high-intensity, sub-daily 

events, 6 model combination were available, dominated by RCA4 as the regional component (R3 in 

Table 3-2.  

To investigate the climate change signal, the detection algorithm for heavy precipitation events was 

applied to all available climate change simulations. The number of events exceeding the thresholds 

was determined for each simulation at each grid box. Please note that the number of events may be 

different than the number of affected days, as an event may last for several days.  

The difference between the number of detected events occurring in the historical period and the 

number of events in an equally-long period of a scenario simulation was determined for the multi-

model ensemble. The result was tested both for statistical significance and for consistency between 

the model simulations. This was done in two steps. In the first step, each model was tested 

independently using a Monte-Carlo technique. The detected events were randomly redistributed 



D2.5 (Hydro-)meteorological hazard probability in Europe 
 

37 

 

between the two periods (historical and scenario) and the difference between the two periods was 

determined. This process was repeated 1000 times. If the observed difference between the two 

periods exceeded the randomly obtained difference in 90% of the cases, the change is significant at 

the 90%-level.  

According to IPCC recommendations (Mastrandrea et al. 2010) a hypothesis can be considered as 

άǾŜǊȅ ƭƛƪŜƭȅέ ŀǘ ŀ ǎǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ƭŜǾŜƭ ƻŦ фл҈Φ ¢ƘŜ ǘŜǎǘ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ƴŜƛƎƘōƻǳǊƛƴƎ ƎǊƻǳǇǎ ƻŦ 

9 grid boxes and the result was assigned to the central box. Including neighbouring boxes increases 

the sample size and rewards regions which show a consistent signal. The second step of the testing 

process is meant to ensure consistency between the model simulations. Only those grid boxes at 

which 90% of the simulations show a statistically significant signal of the same sign pass the test. 

Grid boxes passing both tests are marked by black dots in the following figures.  
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Multi -day precipitation 
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Projected 
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RCP 4.5: 

2021-2050
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RCP 8.5: 

2021-2050

 

2071-2100 

 
 

 

Fig. 5.7. Top row: 10-year return value for daily precipitation in the historical simulation (1971-2000).  48-hours and 72 

hours are not shown. Other panels: Change in the occurence probability for heavy precipitation events between the 

historical period and the scenario simulations. Ensemble mean detected using daily data.  
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5.4.1 Changes in high accumulated precipitation amounts 

Comparing the present-day 10-year 1-3 day return values of the observations (here only shown for 

24-hour accumulation; Fig. 5.5) with the modelled ones (Fig. 5.7, top row) reveals that the multi-

model ensemble captures the main features of the observed spatial distribution. As expected, the 

return values are higher for the data set with the higher horizontal resolution (i. e. the simulations). 

Some additional differences can be noted especially at the Mediterranean coastline, which exhibits 

proportionally too high return values in the simulations.  

The climate change simulations suggest that the number of heavy precipitation events with high 

accumulated rain amounts increases with increasing greenhouse gas concentrations (Fig. 5.7 middle 

and lower row). The highest increases can be found for Northern Scandinavia, Western Ireland and 

Western Scotland. By the end of the century and under RCP 8.5 conditions infrastructure elements in 

these regions may be affected by potentially damaging long-lasting precipitation events once every 

4-5 years, where they were affected only once every 10-years during the recent past. In Central 

Europe the frequency may increase to once every 5-7 years. The lowest increase was simulated for 

the Western Mediterranean region. 

a) British Isles

 

b) Scandinavia

 

c)  Iberian Peninsula 

 

d)  Central Europe 

 

Fig. 5.8. Seasonal cycle and size distribution of detected heavy precipitation events in 4 different regions. The ensemble 

mean for the historical simulation (grey) and the RCP 8.5 scenario simulation for the period 2071-2100 (yellow) are 

shown. Included are only events detected using daily rainfall data (with high precipitation amounts). The box plots show 

the median, 25th and 75th percentile and the whiskers span the range from the smallest to the largest event. 
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For the first half of the century the simulations predict a modest uniform increase for both emission 

scenarios, mostly staying below 1 event in 20 years (probability change of 50%). 

During the first half of the 21st century, only a few grid-boxes pass the strict 2-step test for statistical 

significance and consistency. The ensemble mean shows a steady increase in event numbers 

throughout Europe over time and with increasing emissions, suggesting a robust relationship 

between greenhouse gas concentrations and heavy precipitation events. This is reflected in the size 

of the area where the signal is statistical significant, which also increases with time and emission 

levels.  

The characteristics of heavy precipitation events, such as the seasonal cycle and the area affected by 

individual events, differ considerably for different European regions (Fig. 5.8). Over the Iberian 

Peninsula, the heaviest precipitation events occur during autumn. The climate change simulations 

suggest a slight increase in the number of heavy precipitation events during this season for 

increasing greenhouse gas concentrations, while the number of events during summer decreases.  

The area affected by events detected over the Iberian Peninsula is rather small compared to other 

European regions. Scandinavia, the British Isles and Central Europe exhibit a different seasonal cycle 

with the highest number of heavy precipitation events occurring during summer. 

The number of detected events increases under climate change conditions during all seasons. Over 

Britain and Ireland, the climate change signal indicates that in future periods the summer season 

maximum may start to extend well into autumn. For this region, the lowest increase is found for 

spring. 

The annual cycle of the climate change signal suggests that an increase of the sea surface 

temperatures (SSTs) in the North Atlantic may be responsible for the increase in the number of 

heavy precipitation events in this region. The ocean remains comparably warm well into the winter 

season leading to enhanced evaporation. This in turn increases the water supply available for 

precipitation. The effect decreases when the ocean is at its coldest at the end of the winter season. 

In addition, the simulations in this region suggest that the area affected by individual events may 

increase in the future. 

Central Europe shows an increase for the number of events for all seasons, which in terms of 

percentage change is highest during winter. This suggests an increase in winter temperatures under 

climate change conditions. The highest and most homogeneous percentage increase can be found 

for Scandinavia. The number of events almost doubles in all seasons.  

In terms of severity, the strongest events occur in the climate change simulations, even though the 

median of the PSI remains unchanged or even decreases in some regions (not shown). No 

pronounced changes in event duration could be detected anywhere within Europe (not shown). 

5.4.2 Changes in high (3 hourly) precipitation intensity  

The 3-hourly 10-day return values downscaled from reanalysis data (Fig. 5.6) and the present-day 

simulations (Fig. 5.9, top row) agree well with each other. It should, however, be noted that no   
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3-hourly precipitation 
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Fig. 5.9: As Fig. 5.7, but for events detected using 3-hourly data. Please note the different colour scale. 



D2.5 (Hydro-)meteorological hazard probability in Europe 
 

42 

 

a) British Isles

 

b) Scandinavia

 

c)  Iberian Peninsula 

 

d)  Central Europe 

 

Fig. 5.10: As Fig. 5.8, but for sub-daily high intensity events detected using the 3-hourly data . 

independent observational data set was available at this time resolution and the calculations were 

based on the output of the same two regional models. 

The increase in the number of detected events under climate change conditions is approximately 

two times larger for sub-daily events than for long-lasting events (Fig. 5.9).  Please note that the 

colour scales are different to those in Fig. 5.7. The regions showing the highest increase in high-

intensity events are similar to those detected for long-lasting events: Northern Scandinavia and the 

western coasts of the British Isles. Here, the occurrence probability for a high-intensity precipitation 

event increases in some grid boxes from once every 10 years by more than 300% to once every 2-3 

years. In the Western Mediterranean the increase is similar to the increase simulated for France and 

Germany (approximately 100%).   

The increase in the number of sub-daily convective events is pronounced for all regions and seasons, 

with the exception of the Western Mediterranean region during summer (Fig. 5.10). The simulations 

suggest that Central Europe will start to see high-intensity precipitation events during winter, which 

were almost non-existent during the historical period. This result is probably related to an increase in 

simulated winter surface temperatures. The results found in this study are in good agreement with 

other studies reported in the literature, which also suggest that increasing greenhouse gas 

concentrations will probably lead to an increase in extreme precipitation, which is associated with an 
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increase in air temperatures (e.g. IPCC 2007). Proportionately more precipitation is expected per 

precipitation event over most regions for future climate periods. This can be explained by the fact 

that with increasing surface temperatures, the moisture-holding capacity of the atmosphere 

increases. When sufficient moisture is available, precipitation extremes are expected to increase by 

6%ς7% °Cҍ1 according to the ClausiusςClapeyron relation.   
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6. Coastal floods 

Dominik Paprotny and Oswaldo Morales Nápoles (TU Delft) 

6.1 Introduction 

The main weather-related hazard in seaside areas is an increase of water levels caused by 

windstorms, which may result in breaching of coastal defences and flooding. Though storm surges 

rarely cause such an outcome, the consequences are often disastrous when they occur. Indeed, 

.ŀǊǊŜŘƻΩǎ (2007) list of large floods in Europe for 1950ς2005 includes only three coastal floods 

compared to 44 river and flash floods; yet, ranked by number of casualties, storm surges come first, 

third and sixth. The biggest was the 1953 North Sea flood, which caused over 2,000 casualties in the 

Netherlands and Belgium. That storm surge also resulted in 546 deaths in the United Kingdom, while 

the 1962 Hamburg flood killed 347 persons. The most recent large coastal flood occurred in 2010 in 

western France, with a death toll of 41 (Lumbroso and Vinet 2011).  

Changes in coastal flood hazard over time are due to many factors. Storm surges are influenced by 

air pressure as well as wind speeds and direction. Rising mean sea levels also increase storm surge 

heights. Vertical motion of the ground is another modifier, as is the erosion/accretion of the coast. 

Several studies have analyzed storm surges on European scale, but only two used hydrodynamic 

modelling to extract storm surge heights. Muis et al. (2015) presented a global hindcast of extreme 

water levels (including tides). Vousdoukas et al. (2016 ) made a comprehensive study for Europe, 

concentrating on climate change influence on extreme water levels. We are the first to present pan-

European flood hazard maps based on storm surge heights from a hydrodynamic study. 

 

Fig. 6.1. Coastal flood in Hamburg, Germany, December 2013. Source: Wikimedia Commons. 
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6.2 Method 

6.2.1 Storm surge model 

Assessing coastal flood hazards in Europe involved several steps. Firstly, storm surge heights under 

present and future climate were calculated using a two-dimensional (2D) hydrodynamic model. The 

results were analyzed using extreme value statistics in order to obtain return periods. Then, data on 

other factors influencing extreme water levels were collected (e. g. tides, sea level rise and glacial 

isostatic adjustment). Finally, flood hazards maps were generated using a άōŀǘƘǘǳō Ŧƛƭƭέ ƳŜǘƘƻŘΦ The 

data sets used for the analyses in this chapter are described more in detail in Section 3.5, 

Hydrological and geophysical datasets for coastal flood analyses. 

 

Fig. 6.2. Computational domain and tide gauge stations used for calibration and validation of the model. 

Simulations of storm surges were performed using Delft3D software by Deltares (2014a). The 

mathematical core is comprised of a 2D derivative of de Saint-Venant equations (variant known as 

ΨǎƘŀƭƭƻǿ ǿŀǘŜǊ ŜǉǳŀǘƛƻƴǎΩύΣ ǿƘƛŎƘ ǇǊƻǾƛŘŜ ŘŜǇǘƘ-averaged flows of water. The model was forced by 

EURO-CORDEX data provided by the Rossby Centre of the Swedish Meteorological and Hydrological 

Institute, i.e. meteorological variables were the driving force of the water levels in the hydrodynamic 

simulation. It is a simulation of the SMHI-RCA4 regional circulation model (realization t12i1p1), 

forced by the EC-EARTH general circulation model (see Section Data for details). The input consists of 

6-hour series of air pressure and wind speed (u- and v-component). The resolution of the climate 

data is 0.11° (about 12 km) and the same grid will be used for Delft3D, but the domain was made 
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slightly smaller for computational efficiency. Bathymetry representing the basins around Europe was 

interpolated from EMODnet (2016) high-resolution digital terrain model.  

Tides were not calculated in the Delft3D model, due to the relatively low accuracy of Delft3D for that 

purpose. The purpose of including tides in a storm surge simulation, as done in some studies (e.g. 

Muis et al. 2015) is modelling the influence of this factor on surge heights. However, we performed a 

statistical analysis modelling the dependency between tide amplitude and extreme surge heights 

with copulas. The tide-surge interaction was found to be negligible (no correlation) at almost all tide 

gauges.  Therefore, tides were obtained from an external dataset, similarly to an approach chosen by 

Vousdoukas et al. (2016). 

6.2.2 Calibration of storm surge model 

The model was first calibrated to tide gauge data for short time periods using ERA-Interim reanalysis 

data instead of EURO-CORDEX. Focus was put on an accurate representation of monthly maxima, 

though daily maxima and whole timeseries were also analyzed. The calibration runs encompassed 

years 1997ς2000 and 2011ς2014. A comparison was made with a total of 156 tide gauge stations 

(with different availability, see Fig. 6.2). Surge levels are modelled as values relative to long-term 

mean sea level (MSL). Therefore, sea level observations for each station were detrended and the 

long-term MSL was subtracted. Then, the skew surge was calculated, i.e. the difference between the 

predicted astronomical high tide and nearest observed high water (Batstone et al. 2013). The tidal 

predictions required for such a calculation were derived through harmonic analysis (using a script by 

Aslak Grinsted), orςif it led to better performanceςIHO predictions2Σ ƻǊ Ŧƛƴŀƭƭȅ Ww/Ωǎ ŎŀƭŎǳƭŀǘƛƻƴ ŦƻǊ 

the stations they provided. Finally, the Delft3D model was validated with a full run using ERA-Interim 

(1979ς2014) and EURO-CORDEX (1970ς2005) data.  

The calibration results are presented in Table 6-1Φ άtǊƛƳŀǊȅ ǎǘŀǘƛƻƴǎέ are all stations except the 66 

aŜŘƛǘŜǊǊŀƴŜŀƴ ǎǘŀǘƛƻƴǎ ǇǊƻǾƛŘŜŘ ōȅ ǘƘŜ Ww/ όά{ŜŎƻƴŘŀǊȅ ǎǘŀǘƛƻƴǎέ), which have much shorter data 

ǎŜǊƛŜǎΦ ά¢ƛƳŜǎŜǊƛŜǎέ ǊŜŦŜǊǎ ǘƻ ǘƘŜ Ŧǳƭƭ с-hour water levels from the model and corresponding skew 

surges from observations. According to Moriasi et al. (2007), satisfactory values of R2 and Nash-

Sutcliffe efficiency (NSE) are above 0.5, while RMSE-observations standard deviation ratio (RSR) 

should be lower than 0.7 (methodology of those measures is described in the aforementioned 

source). In this context, the results for the whole timeseries and daily maxima are all less than 

satisfying. However, monthly maxima which is the closest indicator to annual maxima we are 

interested in, show good correlation and little bias, except for the Mediterranean stations, where 

surge heights are very low; it is noticeable, the absolute error (RSME) is lower than in primary 

stations, but the relative error is higher (RSR). 

For full model runs (36 years), the results were transformed into return period by first extracting 

annual maxima of skew surge heights, and then fitted to a Gumbel distribution. This particular 

                                                           

 

2 Modelled tidal predictions from IHO (International Hydrographic Organization) were downloaded using Delft 
Dashboard modeling-support software (Deltares 2014b). 
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distribution was chosen because it indicated the highest performance in the Akaike Information 

Criterion goodness-of-fit  test (Mutua 1994). The same calculation was done for available 

observations from tide gauges. Results of the comparison are presented in Table 6-2. 

Table 6-1. Calibration results for the storm surge model. ¢ƘŜ ƳŜŀǎǳǊŜǎ ŀǊŜΥ tŜŀǊǎƻƴΩǎ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ŘŜǘŜǊƳƛƴŀǘƛƻƴ όw2) [-

1,1], Nash-Sutcliffe efficiency (NSE) [-қΣмϐ, root mean square error (RMSE) in meters and RMSE-observations standard 

deviation ratio (RSR) ώлΣқϐ. 

Run Series R2 NSE RMSE (m) RSR 

2011-2014 

primary stations 

Timeseries 0.53 0.42 0.15 0.78 

Daily maxima 0.60 0.50 0.15 0.74 

Monthly maxima 0.75 0.72 0.15 0.53 

2011-2014 

secondary stations 

Timeseries 0.23 -0.15 0.10 1.07 

Daily maxima 0.29 0.03 0.10 0.98 

Monthly maxima 0.43 0.29 0.10 0.86 

2011-2014 

all stations 

Timeseries 0.48 0.36 0.13 0.81 

Daily maxima 0.55 0.48 0.13 0.74 

Monthly maxima 0.77 0.77 0.13 0.48 

1979-2014 

all stations 

Timeseries 0.55 0.42 0.15 0.79 

Daily maxima 0.62 0.50 0.15 0.74 

Monthly maxima 0.77 0.73 0.15 0.53 

 

Table 6-2. Validation results for the storm surge model. 

Return 

period 

(years) 

ERA-Interim (1979ς2014) vs 

86 tide gauges 

EURO-CORDEX (1970ς2005) 

vs 65 tide gauges 

R2 NSE 
RMSE 

(m) 
RSR R2 NSE 

RMSE 

(m) 
RSR 

1000 0.87 0.76 0.33 0.52 0.86 0.83 0.26 0.40 

500 0.87 0.77 0.30 0.50 0.87 0.84 0.25 0.40 

300 0.87 0.78 0.27 0.48 0.87 0.84 0.23 0.40 

100 0.86 0.81 0.23 0.45 0.87 0.84 0.21 0.40 

50 0.86 0.82 0.20 0.43 0.87 0.83 0.20 0.41 

30 0.85 0.83 0.18 0.42 0.87 0.83 0.19 0.41 

10 0.84 0.83 0.15 0.41 0.86 0.81 0.18 0.44 

2 0.76 0.71 0.15 0.55 0.80 0.69 0.17 0.58 

 

Overall, the calculations gave very good results. The correlation is high, while the bias and relative 

errors are small. The performance changes little between return periods for the EURO-CORDEX 

simulation. It is also better than results reported by Muis et al. (2015). That study indicated R2 = 0.49 

for global simulation of annual maxima and R2 = 0.61 for Europe, while indicating very large bias (no 

exact value given, but from the graphical presentation of the results, NSE was likely less than 0). 

Performance is also similar to one reported for our river flood analysis. 
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Fig. 6.3. Extreme water levels along European coast, 100-year return period, historical scenario (1971-2000). 
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6.2.3 Computation of Extreme Water Levels (EWL) with particular return periods 

The next step was to derive for each scenario the extreme water levels (EWL) corresponding to 

different return periods. For each coastal segment the following formula was used: 

Ὁὡὒȟȟ ὛὟὙὋὉȟȟ ὝὍὈὉὓὛὒὛὒὙȟ ὋὍὃ    Eq. 6-1 

where: 

¶ p is the probability of occurrence (or, conversely, return period). 

¶ T is the time period (1971ς2000, 2021ς2050, 2071ς2100). 

¶ S is the climate model run scenario (historical for 1971ς2000, RCP 4.5 and RCP 8.5 for other 

periods). 

¶ SURGEp,T,S is the storm surge height at given probability of occurrence p, time period T and 

scenario S, as described above. 

¶ TIDE is the mean high tide, derived through calculating tide heights from 13 tidal 

constituents obtained from TPXO8 model. 

¶ MSL is the baseline mean sea level from MDT_CNES-CLS13 dataset. It is the difference 

between the actual mean topography of the ocean (1993ς2012) and the geoid. This factor is 

included because in elevation models the geoid is the άzeroέ level. 

¶ SLRT,S is the difference between mean sea level in time period T and scenario S compared to 

the baseline MSL. This factor includes several components and sources, as described in the 

ά5ŀǘŀ ǎŜǘǎέ ǎŜŎǘƛƻƴΦ 

¶ GIAT is the accumulated effect of glacial isostatic adjustment between time period T and year 

нллл όǘƘŜ ŜƭŜǾŀǘƛƻƴ ƳƻŘŜƭΩǎ ŜǇƻŎƘύΦ  

Coastal segments were derived from the CCM2 dataset. The total number of segments is 70,297 

(225,800 km). The coverage is almost identical to the river flood maps, with only a few sections left 

outςthose on Jan Mayen Island and along the White Sea. It should be noted that, since all datasets 

used in Eq. 6-1 are grids of different resolutions, information was assigned to each coastal segment 

from the nearest grid point of each dataset. The water levels for the historical scenario are visualised 

in Fig. 6.3. The highest extreme water levels are observed in the north-western part of Europe, due 

to both very high surges and large tide amplitude, while in the Mediterranean and Black seas they 

are many times smaller. 

6.2.4 DŜƴŜǊŀǘƛƻƴ ƻŦ ŦƭƻƻŘ ƳŀǇǎ ǳǎƛƴƎ ΨōŀǘƘǘǳō ŦƛƭƭΩ ƳŜǘƘƻŘ 

¢ƘŜ Ŧƛƴŀƭ ǎǘŜǇ ǿŀǎ ŎŀƭŎǳƭŀǘƛƴƎ ǘƘŜ ŦƭƻƻŘ ƳŀǇǎΦ ¢ƘŜ ΨōŀǘƘǘǳō ŦƛƭƭΩ ƳŜǘƘƻŘ ǿŀǎ ŀǇǇƭƛŜŘ ƘŜǊŜΦ Lǘ ƛǎ ŀ 

simple cut-off of a DEM at a certain elevation (as calculated from Eq. 6-1). However, only those areas 

hydrologically connected with the sea are considered flooded (Poulter and Halpin 2008). It is 

assumed that the water can move and flood neighbouring cells only in four directions (no movement 

in diagonal direction allowed). The DEM used here was corrected for bias in elevation, as described 

ƛƴ ǘƘŜ ά5ŀǘŀ ǎŜǘǎέ ǎŜŎǘƛƻƴΦ aŀǇǎ ǿŜǊŜ ŎǊŜŀǘŜŘ ŦƻǊ ŦƛǾŜ ǊŜǘǳǊƴ periods ς 1000, 300, 100, 30 and 10 

years. 
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6.3 Present climate 

Coastal flood hazards zones in the historical scenario are presented in two variants: without flood 

protection (Fig. 6.4) and with flood protection estimated from the FLOPROS database (Fig. 6.5). The 

area of the flood zones, broken down by country, is presented in Fig. 6.6.  

Commonly perceived as the country with the highest flood hazard, the Netherlands are indeed at top 

of the list when no flood protection is considered. However, almost no flood zones were identified 

once flood protection standards are taken into account. In this country, the coastal zone is mostly 

protected against surges with a 4000 or 10,000-year return period. In other countries, the difference 

between the two scenarios is very small for a 1000-year return period. In any case, inclusion of flood 

defences has large influence on the results. Without them, hazard zones in the domain equal to 

about 62,200 km2 already at 10-year return period. It increases to 68,000 km2 for 100-year flood and 

73,200 km2 for 1000-year flood.  

With flood defences, a 10-year flood is a hazard to only 700 km2 of surface area (mostly in Ukraine), 

increasing to 1,100 km2 for a 30-year flood. A further 24,800 km2 is located within the 100-year zone, 

mainly in Italy, France, Spain and Scandinavian countries. An additional 27,300 km2 is threatened by 

floods with a return period of 100ς300 years, mainly in the United Kingdom and Germany. 

As a proportion of country area, the Netherlands comes first, with 46.6% laying below 1000-year 

water level, followed by Belgium (6.5%) and Denmark (6.3%). 15 regions (NUTS 3 level) have more 

than 90% of their area in the flood zone, of which 12 are located in the Netherlands, and the other 3 

in Germany. In general, the flood zones concentrate around the North Sea, where the amplitude of 

extreme water levels is among the highest, while many low-lying areas occur. Other pockets of flood 

hazard mostly are river deltas, often featuring depressions: Po in Italy, Guadalquivir and Ebro in 

Spain, Vistula in Poland, Nemunas in Lithuania, as well as the Danube in Romania and Ukraine, to 

name a few. 26% of the 1000-year flood zone is within 1 km of the coastline and 35% within 2 km. 

The median distance from the coastline is slightly less than 5 km. 

Note on map usage:  Coastal and river flood risk maps presented in this report, as well as data available for download as 

a result of the project, were made using large-scale datasets and are intended for providing a European-wide overview of 

present and future probability of occurrence of floods. Therefore, extreme caution should be made when drawing local-

scale conclusions from the maps. Local factors can have substantial influence on the actual level of hazard, especially the 

ǇǊŜǎŜƴŎŜ ƻŦ ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŜǎ ǎǳŎƘ ŀǎ ŘŀƳǎ ƻǊ ŦƭƻƻŘ ŘŜŦŜƴŎŜǎΦ Lƴ ŎŀǎŜ ƻŦ ǘƘŜ ƭŀǘǘŜǊ όάǿƛǘƘ ŦƭƻƻŘ ǇǊƻǘŜŎǘƛƻƴέ ǎŎŜƴŀǊƛƻύ 

they represent either flood protection standard defined by law or design of the structure rather than its actual failure 

probability or, in most cases, only a rough estimate of the level of protection. 
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Fig. 6.4. Coastal flood hazard zones by return period, historical scenario (1971-2000), no flood protection. 
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Fig. 6.5. Coastal flood hazard zones by return period, historical scenario (1971-2000), with flood protection. 

  




































































































































































































































