RAIN¢ Risk Analysis of Infrastructure Networks in Response to Extreme Weather
Project Referencé08166
FP7SE0131 Impact of extreme weather on critical infrastructure

Project Duration1 May 2014 30 April 2017

RAIN

PROJECT

Security Sensitivity Committee Deliverable Evaluation

Deliverable Reference D25

Deliverable Name Present and future probability of meteorological an
hydrological hazards iEurope

Contributing Partners ESSL/FMI/FWBerlin/TU-Delft

Date of Submission May 2016

The evaluation is:
1 The content is not related to general project management
1 The content is not related to general outcomes as dissemination and communication
1 The content imot related to critical infrastructure vulnerability or sensitivity

Diagram path 12-3. Therefor the evaluation is Public

Decision of Evaluation Public Confidential
Restricted

Evaluator Name P.L. Prak, MSSM

Evaluator Signature Signed27 May 2016

Date of Evaluation 201605-19

Date:04/04/2016 .

Dissemination level(PU, PP, RE, CO)J Do

CKAA LINP2SOG KIFa NBOSAGSR Tdzy RAy3d TNRY NS dzNR2 LISty |
Programme for research, technological development and demonstration under grarithis project is funded by

agreement nac608166 the European Union



‘ RAIN D2.5 (Hydrgmeteorological haard probability in Europe

PROJECT

RAIN

PROJECT

Presentand future probability of
meteorologicaland hydrologicahazards

In Europe
Authors

Pieter Groenemeije(ESSL) Nico Becker (FiBerlin)
Andrea Vajda (FMI) Katrin Nissen (FiBerlin)
llari Lehtonen (FMI) Uwe Ulbrich (FU Berlin)

Matti Kamaéarainen (FMI) Oswaldo Morales Mdpoles (TUDelft)

Ari Venalainen (FMI) Dominik Paprotny (TtDelft)
Hilppa Gregow (FMI) ¢c2YtO tg6A1 69/

*Correspondence author:

Pieter Groenemeijer Europea Severe Storms Laboratory e.V.
c/o DLRInstitute for Atmospheric PhysicaMinchner Str. 2082234 Wessling, Germany,
pieter.groenemeijer@essl.org+49 151 59031839



mailto:pieter.groenemeijer@essl.org

RAIN

‘\ PROJECT

D2.5 (Hydremeteorological haard probability in Europe

DOCUMENT HISTORY

Index

Date

Author(s)

Main modifications

0.0

28 April 2016

Pieter Groenemeijer (ESSlAndrea
Vajda (FMI), llari Lehtonen (FMI)
Matti Kamarainen (FMI), Ari
Venalainen (FMI), Hilppa Gregow
(FMI), Nico Becker (FUBerlin),

Katrin Nissen (FBerlin), Uwe
Ulbrich (FU Berlin), Oswaldo Morale]
Né&poles (TUDelft), Dominik
Paprotny (TUDelft), Tom8 g P}
(ESSL)

First draft for review by c@uthors

1.0

18 May 2016

fi

Second draft for projedhternal review

2.0

07 June2016

n

Versionafter the project internal reviewg be
submitted to th&€€ommission

Document Name:

Work Package:

Task:

Deliverable:

Report on the present severe weatitebability distribution

2
23and 2.4

25

Deliverable scheduled date 30 April 2016

Responsible Partner:

ESSL




‘ RA IN D2.5 (Hydremeteorological haard probability in Europe

PROJECT

Table of Contents

1. EXECULIVE SUMIMAIY ....ciiiiiiiiiiiiie ettt e ettt e e e ettt e e e e e e e e e e e s s e e e e e e e e s annnnnreeeeas 5
P2 1o o [F Lot i o] o NPT PU PP PUPPR 7
3. DALA SELS.....eiiiiiiii it e e 10
L1 0o 1S3 (] 0 1 TP P PP RPPPRRP 18
5. HEAVY PreCIPITALION......eiiiiiiiiiiie it ee ettt e e e e e e e e e e e e r e e e e e e annrnee s 28
6.  CoaStal flOOUS......eeiiiiiiiiei e B
A {1 YZ=] g (oo To L= PP P PP PPPRPPPPI 62
8. Assessment of impact indicatdicr winter phenomena...............ccoociiciiiiiiiniiiiniieeree e 83
9. HeaVy SNOWIALL.......ccoi e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s s e s e e 86
10.  BliZZArds (SNOW STOMTIS) .. ..uueiiieeiiiiiieteeeesseitir e e e e e e s sibbs e e e e e s st r e e e e s s annrrreaeeeeannnrnnees 92
11, CroWn SNOW l080........ouiiiiiiiiee it e e s e e e e e e eeae s 97
I e T A T I =] o PP P PP PPRPP PP 104
L3, WIS ettt 112
14, Large Nall......ooo o e e e e ——— 119
15, CONVECHIVE WINASIOMMIS. .. ..eiiiiiiiii ettt abee e 129
G o] 1 0 T= T (o1 PP P PP PPPPP PP 137
17.  Lightning (tNUNEISTIONMS) ...ttt re e 142
18, SUIMIMAIY ittt e e e e et e e ettt et e e e e e eeeaaaaeaseeaesaa s s e e a e nnnne 148
RETEIBINCES. ...ttt e et e et e e e e e e e 153
Appendix A: ADDIeVvIiationS..........uueeieiiieieeee e 164
Appendix B: Access to RAIN data repOSItArY.......uuuereeiiiiiiiiieeiieeeieeeeee e 165



‘ RA IN D2.5 (Hydremeteorological haard probability in Europe

PROJECT

1. ExecutiveSummary

Thisreport presents analyses tfie probability of hydro-meteorological hazard occurrencevhich

were carriedout within the RAIN project. Thoggobabilities and their projected chandeduring the

21% century are an input to subsequent risk analysesich assist the identification of optimal
adaptationmeasures.These data are available at the location specified in Appendbh®.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 devdlbpddvestigations by the
European Severe Storms Laboratory, the Freie UnitéieBerlin, the Finnish Metaological Institute

and Delft University of Technology focused on thunderstoelated phenomena, windstorms and
heavy precipitation, winter weatheand 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 flbbe84odelled

climate model datacovered the European domain in the World Climate Research Program
Coordinated Regional Downscaling Experiment (EORBDEX). formation to infer hazard
probability of occurrence was extracted from those datasets in several novel feayesxample by

using Bayesian networks to infer the flood hazard.risk

Besides establishing the present spatial distribution of probabilitgjections for the 21 century
indicate that a number of changese to be expectedcross Europe. First, the madstorm hazard

may become moreelevantacross continental Europe, while a slight decrease is expected across the
Mediterranean region and the North Atlantic Ocean. Extreme precipitatbbioth short (3 hour)

and medium (24 hours) time ranges are forddasincrease acrossiostof Europe.The increasavill

be mostpronounced in NortiVestern Europe, especially over Scandinavia atrdssthe British

Isles The numbers of sulaily, highintensity eventsare predictedto increase at a higher rate than

the number of longduration 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 casfecentral Europe and the UKinles mitigation efforts are
taken Throughout Europe, the regions at risk from-yigar, 30year and 106/ear return period
floods will expand greatly. Germany, Hungary, Poland and France are expected to havedsie larg
absolute increases in flogorone areas. On the other hand, northern Europe will encounter a
decreasein flood-prone areasLightning will become more common, in particular across northern
and central EuropeConditions supportive of severe thunderstorms with large hail, tornadoes and
severe wid gusts become more likely as welspeciallyin south-central Europe.

1 These data, which constitute RAIN Deliverable 2.4, can be downloaded from
http://data.3tu.nl/repository/collection:ab70dbf9c4f40a7-98599552d38fdccd
See Appedix B for more information.
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Longer dry spellsvill causeconditions supportive of forest fires and wildfiressbecome muchmore
frequent acrossEurope, in particular in the south and especially in the RCPBd&bario.Heavy
snowfall, blizzards and snow loahould 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 occureenf freezing rain is expected to undergo a

northward shift, with slight decrease in probability in central Europe but intensification in
Fennoscandinaviand Northern Russia.
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2. Introduction

2.1 Hazard Identificationn the RAIN project

This reportpresentsthe results of the analyses of hazard probability tharewcarried out within the

w! Lb LINR2SOGzX Y2NB LINBOAaSte Ada 22N] tIO1F3IS H
essential input to the risk analysis framework developed within RAIN, rircglar because it will

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

developed in RAIN Work Package 5 will use the probabilities as input variables, jointly with
information on Critical Infrastructure vunability developed Work Packages 3 and 4. This

TN YSG62N] A& adzoaSldsSyidte FLILIXASR Ay w!Lb 22NJ]
YR RS@St2L) agaAdAdalraArAzy {GNIGS3IASa¢eds NBaLISOGADSH
the respecive Work packages.

The quantitative resultthat are presented, discussed and interpreted in this report are available as
gridded datasets aBAIN deliverabl®24.

The four research groups that have contributed to this report are Hugopean Severe Storms
Laboratory (ESSL), thénnish Meteorological Institut¢FMI) the Meteorological Institute of the
Freie Universitat Berlin (FBerlin), and Delft Technicalniversity (TWDelft). ESSL analysed the
occurrence of thunderstormanelated hazards, FMI of winter weather phenomena and wildfires, FU
Berlin of wind storms and heavy prpitation and TUDelft of river and coastal flooding.

The analyses of the present affidture probability have been carried out for all twelve hazards
RSTAYSR (2 0SS gAGKAY (GKS &a02LS 2F (GKS w!Lb LINE:
These include various meteorological hazaadswell aghe hydrological hazardgiver andcoastal

floods). Theanalyses have been dermed by applying newly developeadethodsto new data sets.

For most hazards,gm-European probaitity mapssuch as those presented this report have not

been availablédefore in any form(e.g.based on oldeunderlying data) For others, mapavailable

beforewere of a different naturendwere 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 ad reanalysis data from the period 1B2010 were used, wherever this was possible

and usefulFor some phenomena, a different reference period was necessary due to a lack of data

For thunderstormrelated hazards suchsahail and tornadoespbservational datasets are not

sufficiently homogeneous to allow direct interpretatidror flood and floodprotection related data,

direct observations are scarcely available, if at @Blie authors of this report have formulated
recommendations regarding increasing d I I @+ Af F oAt AG@ Ay w!Lb NBLRNI
regional stateof-the-art risk monitoring and earfjo-mediumNJ y3S g1 Ny Ay 3 adadSvyasé
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2.2.2 Future Scenarios and reference period

In order to assess trends during the*2dentury, three time periodsrad the two emission scenarios
RCP 4.%mnd RCP 8.avere considered. These two scenarios correspond to those adopted by the
Intergovernmental Panel on Climate Change in fitdifith Assessment Report (AR5). They describe
four possible climate futures, thatiffer only on how much greenhouse gases are emitted in the
years to come. The four RCPs, RCHXXR 4.5RCP6, anRCP 8.5are named after a possible range

of radiative forcing values in the year 2100 relative to-jprdustrial values (+2.6, +4.5, #6and +8.5
W/m?2, respectively Weyant et al2009. The two selected RCPs are those for which regional climate
model data was made available tliRAINresearchers 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
CORDERonsortium (Jacob et a2014). Theseare described in more detail in Chapt&rUsing these
models and several other sources, which are described in Ch3pteethods 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, hame2f 22050 and 2071

¢ 2100 were contrasted to simulatioms the past period 197-P000.Because of the different nature

of the hazardsand 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 Chaf@ethe Data Sets used in the analyses are described. In
Chaptersd - 7 and9 - 17, the results of the analyses of the individual hazards are preseB&chof
theseChaptes is dividedinto four subsections. First, a brief introduction to the hazard is provided.
Second, a description of the analysis thwa is given. Last, the obtained hazards probability
RAAGNAROdziA2ya | ONRP&aa 9dzZNRPLIS | NBX LINBaAaSYyiSR F2NJ
respectively. The Chapters on river floods and coastal floods additionally contain a brief summa
Chapter 8 presents the assessment of the severity thresholds developed for winter weather
phenomena¢ K S NI LJ2 NI Q8 findllypéovided arslimndang @ilthe hazards
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3. Data sets

3.1 Meteorological observations

3.1.1 EOBS

The EOBS dataset (Haylock et al. 2008) has been developed within tHanded ENSEMBLES
project. It is a European larmmhly gridded data set ofurface data, which has been produced
through spatial interpolation of daily statiodata by a threestage process using thKriging
interpolation method. The data set contains daily mean, maximum and minimum tempeyasire

well as precipitation sums argka 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 19562014, but the period 19611990 has the highest statiodensity (Hofstra et

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

3.1.2 European Severe Weather Databa@&SWD)

Version 3 of the ESWD has been described by DatteMd. (2009). The database was initially
developed a animplementation of a standardized, flexible data fornfat severe weather reports

used for theverification of weather forecastsJpon thefounding of ESSL, ESWD development and
managementecame a statutory purpose tiie European Severe Storrhaboratory Thedatabase
containsinformation onthe phenomena large hail, toadoes (including waterspoutdf)eavy rain,

and severe wind gusts, among othetsK S 9{ 25 O2@SNA GKS 22NIR aSi{S?2
region VljncludingEurope and the Mid@! East, as well as a few countries the¢ not part of region

VI (almat) bordering the MediterraneaBea.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 da sets (Groenemeijer and Kiih2e14).

3.2 Reanalysis datasets

3.2.1 ERAInterim

ERAInterim reanalysis datasgiDee et al. 2011Simmons et al. 2006) uses #Briational analysis on

a spectral grid with a triangular truncation of 255 waves (correspanth 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 1@ay forecasts per day, initialized from analyses at 00 and 12 UTC. The wind gust
parameterizationimplemented in ERAnterim 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 threesecond wind gust values (ECMWEF 2007). Fields from the atmosphedel 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/NCARaealysis dataset usesdata assimilatiorand modelsystemidentical to the global
system implemented opetenally at the NCEP on 11 January 1995, except that the horizontal
resoluton is T62, about 210 km (Kalnay et al. 1996). The analysis scheme is -ditheesional

10
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variational (3DVAR) scheme cast in spectral space denoted spatial spectral statistipalatita
(Kistler et al. 2001). The dataset covers a time period from 1948 until today. The data is available
four times daily, daily and monthly. Thiata is provided by the NOAA/OAR/ESRL PSD, Boulder,
Colorado, USA, from their Web siteldtp://www.esrl.noaa.gov/psd/ The data used for the analgs

in this work is on a 1.875%a@ssian grid.

3.2.3 JRA55

The Japan Meteorological Agency (JMA) provides their second global atmospheric reanalysis product
named the Japanese 5fear Reanalysis (J/A), 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 agsimitystem was used. The data used

for this analysis is on a 0.5625° Gaussian grid.

3.3 EURGCORDERegional climate model simulations

Simulations from the international Coordinated Downscaling Experiment (CORDEX) on a
standardized domain covering Euroffeig.3.1) are called EURCORDEXJacob et al. 2014)The
CORDEX initiative is sponsored by the World Climate Research Program (WRCP) of the World
Meteorological Orgaization. The aim of CORDEX is to develop regional climate change projections
for all land regions worldvide. EURGORDEX simulations are carried out on two different spatial
resolutionswith grid spacingf 0.44° (~50 km) and 0.11° (~12.5 km&spectivéy, covering Europe,

the Mediterranean Sea and adjacent regions.

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

Manyof the simulations carried out by several grougfsresearchergacross Europe have been made
availableto support the RAIN worlEach of these groupgsedone particular regional climate model
(RCM)forced byone or moreglobal climate models (GCMs), which wardéurn each forced by
different emissiorpathways Representative Concentration Pathways w)/otbyadreanalysis data
set. The model runshat wereused inthis reportaregiven inTable 31 and Table3-2.

11
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Table3-1. EUR44 (0.44°) EuroCORDEX simulations used in RAIN analyseabbreviations, see Appendix A.

Centre | RCM GCM Member RCP Simulation used for:

CCCma | CanRCM4_rg CanESM2 rlilpl 4585 W

KNMI RACMO22E | EGEARTH rlilpl 4585 |WTSFF
HadGEMZES rlilpl 4585 |WTSFF

HIRHAM5 ECEARTH r3ilpl 4585 |W

SMHI RCA4 CanESM2 rlilpl 4585 |WTSFF
CNRMCM5 rlilpl 4585 |WT
NorESMiIM rlilpl 4585 |WTSFF
ECEARTH ri2ilpl 4585 |WT
HadGEMZES rlilpl 4585 |WT
MIROC5 rlilpl 4585 |WT
IPSECM5AMR rlilpl 4585 |WTSFF
GFDIESM2M rlilpl 4585 |WT
MPLESMLR rlilpl 4585 |WT
CSIRMk-3-6-0 | rlilpl 4585 |WT

MPFCSC| REMO2009 | MPFESMLR rlilpl 4585 |WTSFF
MPLFESMLR r2ilpl 4585 |W

CCLM&-17 | MPFESMLR rlilpl 4585 | W
NUIM WRF341 ECEARTH rlilpl 8.5 T
WEGC | CCLM4 HadGEMZES rlilpl 4.5 T

Table3-2. EUR11 (0.11°) EuroCORDEX simulations used in RAIN analfyseabbreviations, see Appendix A.

Centre | RCM GCM member RCP
KNMI HIRHAM5 ECEARTH r3ilpl 4585 | WRd
RACMO22E | EGEARTH rlilpl 4585 | WRdR3
MPFCSC| CCLM&-17 CNRMCM5 rlilpl 4585 | WRd
EGEARTH ri2ilpl 4585 | WRdARF
HadGEMZES rlilpl 4585 | W
MPEFESMLR rlilpl 4585 | WRd
REMO2009 MPEFESMLR rlilpl 4585 | W
SMHI RCA4 CNRMCM5 rlilpl 4585 | WRdR3
EGEARTH r12ilpl 4585 | WRAR3E
IPSECM5AMR rlilpl 4585 | WRd R3
HadGEMZES rlilpl 4585 | WRdR3
MPEFESMLR rlilpl 4585 | WRdR3
Abbreviations of hazard analyses:
w Windstorm hazard
S Heavy snowfall, blizzargdsrown snow load, and freezimgin
FF Forest fires
T Thunderstorrs, hail, convective windgusand tornadees

Rd Dailyto multi-day precipitation
R3 3-hourly precipitation
CF RF (oastalfloods, Rver floods
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3.4 Hydrological and geophysical datasdts river flood analyses

3.4.1 River discharg®bservations

Several datasets were compilénto a database of annual maxima and mean river dischafgease
in the river flood hazard analysis (ChapigrThosesources 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 fro@entro de Estudios Hidrogréficos (2012);

50 Polish stations from Fal (2000).

= =4 -4 —a A

In total, 1841 stations from 37 countries containing 74,757 years of data (2988) were used.
Most stationyears are from France, Spain, Sweden (14% each), United Kingdom Ge&%any
(9%) and Norway (7%).

3.4.2 River and Catchment Database

Data on the river network and drainage basin foe river flood hazard analysis (Chap@®rwas
derived fromthe Catchment Characterisation and Modelling (C&ier 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 krf) and consists of vector layers withl@0 m horizontal resolution.HE 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 imaayy.

3.4.3 Digital elevation models

Elevation was obtained mostly from EEM digital surface model. This dataset was produced for

the European Environment Agency from satellite altimetry dag&huttle Radar Topography Mission
(SRTM) and ASTER GDEM. It hasra Bsolution and covers 39 countries (DHI GRAS 2014). The
model uses vertical datum EVRS2000, geoid EGGO08, and reference epoch 2000.0. For Eastern Europe
and some other locations not covered by-BEHM, SRTM data where used instead (Farr et al. 2007).
Thismodel 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 sourcdor land coverwas CORINE Land Cover (CLC), eéEprapean 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 foold@ries. The main
source material of classification were Landsat 7 satellite images from years20029(European
Environment Agency 2007). The dataset does not cover some catchments in Eastern Europe,
therefore the information had to be supplement byoBal Land Cover 2000 dataset. This product

has a 30 arc second resolution and includes 22 land cover classes. It was produced by the Joint

13
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Research Centre using algorithmic processing of SPOT 4 satellite images (Joint Research Centre
2015).

3.4.5 Reference flod hazard maps

For calibration and validation of river flood hazard maps, onepammpean and three local maps
where used. A European map was prepared by Alfieri et al. (20143ovérsa slightly smaller
domain than the one used here and includes omkgns with catchments bigger than 500 kn®nly
one scenaria@ 100-year return period; was used based on a rainfalinoff model (using 199¢2010
meteorological data) and a twdimensional hydraulic model for the flood zone. Local, high
resolution maps usd for validation are:

1 Flood map of Lower Austria state, prepared by the regional government and including 30
100 and 300year flood scenarios (Land Niederésterreich 2015);

1 Flood map of Saxony Lander, Germany, prepared by the regional government ladihipa
100year flood scenario (Séchsisches Landesamt fir Umwelt, Landwirtschaft und Geologie
2015);

1 Flood map of England, prepared by the Environment Agency and including (&P and
1000year flood scenarios (Environment Agency 2015).

3.4.6 FLOPROS

FLOPRORB a global flood protection standards database created at Vrije Universiteit Amsterdam
6{Odzaaz2tAyA SG Ff® wanmpO® LG OdzNNBydate O2yairai
information on protection standards of existing flood defencesokected. 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 policylayer, 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 forcthal grotection. The
FLOPROS mdpig.3.1) was adjusted to fit the study area, with some small gaps in the data filled
using nearest neighbour interpolation. FLOPR@S used foboth 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 scenarig (1971
2000).

14
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Fig.3.2. Flood protection standards used in river and coastal flood maps (flood protection scenaB@ayed 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)[his 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-frefigiency
quality-checkel data include

1 21 stations from 12 countries from University of Hawaii Sea Level Center (UHSLC 2015);
1 42 (mostly British) stations from the Briti€'ceanographic Data Centre (BODC 2015);
1 19 Swedish stations from SMHI (2016);

9 8 Dutch stations from Rijkswaterstaat (2016).

Most of the stations have long series of data covering the entire period of interest ¢2019).
Additionally, highrequency rawdata from 66 Mediterranean stations (20€i814) obtained from

the Joint Research Centre (JRC) through personal communication with Michalis Vousdoukas. Finally,
5 Polish stations containing only information on annual maxima ((20@/) were used for
validah 2y 02 AT YASgalA FYR 22ftalA HANDOD

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
accumte 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 usingllgataltimetry 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_GNE33 dataset. It contains mean sea surface
height above geoid during 1963012. The dataset was obtained by combining several sources.
Primarily, it shows the difference between sea level from satelliienatry and the reference geoid
EGMDIRR4 (based on GOCE and GRACE satellite gravimetry data). The results were corrected with
in situmeasurements and sea surface velocity data. The dataset has a global coverage and its spatial
resolution is 0.25°. Metbdology behind it was described by Rio et al. (2014) and is available from
Aviso (2015).
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3.5.5 Sea levelrise

Sea level rise caused by climate change and human activity has sewestituents They are:

1 hOSItyYy OANDdz | GA2Yy O6daReylYAOE (2LRIANFLIKEBOT
 Ocean watei@2 f dz¥YS 0 G a0 SNARO¢ O2YLRYySyds NBFOGAYS3
salinity);

Atmospheric loading (atmospheric circulation and moisture content);

Glacier and ice sheet mass balance;

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

Groundwater @pletion (caused by withdrawal of water from underground storage).

= =4 —a A

Steric and dynamic changes in sea level were obtained from GD¥RB/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’ @®er 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 19862100 at 1° reolution. 19862005 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 pR@#Rt4 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 GlacialsbstaticAdjustment (GIA) rate is available from @& CQ(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 saték altimetry and gravimetry data with GPS measurements of vertical
motion of the crust.

3.5.7 Digital elevation models

Digital Elevation ModelDEM used to delimitate coastal flood hazard zone is the same as for river
hazards, but with corrections appliedh. $everal countries there are large biases in theCHHM, 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 8m wat
level) the bias is almost identical to country averages presented in the validation report (DHI GRAS
2014). For example, in the Polish coast the bias2i81 m (country average2.38 m). In the
Netherlands the values ar®.96 and-0.85 m, respectivgl 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 aountry-specific value takerrdm the validation report.
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4. Windstorms

Nico Becke(Freie Universitat &lin)
4.1 Introduction

Extratropical cyclones are day to day phenomena in the European region. These low pressure
systems develop within the mildtitudes and draw their energy from the temperature gradient
between the equator and the pole. Exttpical cyxlones are generally associated with increased
wind speeds, precipitation and cloudine$3g.4.1). Certain conditions, like increased temperature
gradients, humidi or upper level divergence, can lead to an intensification of extgical
cyclones. Such intense cyclones can cause windstorms with hurricane force wind speeds. Often these
extreme wind speeds cause fatalities and damages. In fact, extreme windstogrammang the most
destructive and costly extreme weather phenomena in the European regiioterms of insured
losses the damages caused by windstorms in Europe are among the largest compared to other
natural disasters (MunichRe 2000, SwissRe 2000).isThiso due to the large areaghich can be
affected by individual storms.

In many casesritical infrastructureis affected by windstormsThe energy system and the rail and
road network is affected, both by direct and indirect damages. Extreme winddspesn 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 thee8@entile of the local

wind speed distribution is exceeded (Klawa and Ulbrich 2003). However, building regulations of
critical infrastructure are usually based on theysar return level of the local wind climate, which is
higher than the 98 percentie. 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 andgelsaof
occurrence probabilities are derived for future climate projections.

‘i‘ﬁ' :ﬁﬁ‘;, \

\
IeSleirie)

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

In general, one can distinguish tviasic 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 statistiag aised 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.

42.1 Extreme value stastics

The estimation of return level is based on the Fishigper theorem, which states thathé
distribution of maxima of samples of random variables can only converggeone of threepossible
distributions, namelythe Gumbel distribution, the Fréchetigribution, or the Weibull distribution
(Coleset al. 2001) Those three distribution families can be combined to the generalized extreme
value (GEV) distribution

O Qon p, — h  Eqs41

wK S NXBcalkedthe Bcation * 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 distribatierthen
obtained by inverting the equation 6D :

‘- p 1Tgen  hALOTM
s . . s Eq.4-2
L, HIChge o h AEl,OT
where'O® p . A& dzadzZfte OFftftSR GKS aNBlOdz2NYy SOSft ¢
LIS NJP 2, Roéis expected to be exceeded on average evegyyears.

In this work,wis equal to the maximum wind speeds that occurred in each individual winter half
year (Ocbber-March) of the analyzed time periods. Thus, for example, thge#i 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-$6ar return level in a particular nter isf) P o TBLG

The parameters, ,, and, of the GEV distribution are estimated by using alikglihood approach.

In the stationary casé,, , and, are assumed to be constant within the analyzed time period. The
stationary approach is used &stimate GEV distributions for the present day climate from reanalysis
data in sectiort.3.

In Section4.4, presentday GEV distributions of wind speed maxima are compared to those in
different future scenarios. Thus, we compare\atars periods, one period in the present day climate
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(0 ), andone period in the future climated(). In a simple approach, one would estimate the GEV
distributions ford and0 separately, by using the stationary approach. However, thdikedjhood
method allows to estimate the GEV distribution in a stationary setting, where one or more of
the parameters can depend on time. In our case, we allow the form pararhétedepend on time:

wx "00m ohh , Eq.4-3

where
‘ “ hEO® 0 h coas
“ hAEO® 0 8 o+

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 periodsThe benefit of estimating the return
period for both periods at the same time in a netationary 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 otthe time period, because the shape and scale parameters are more difficult
to estimate.

Fig.4.2 shows an example of such a netationary fit, derived from the daily maxima of the 10m
wind speeds in the CORDEX mddiEtHAMSor a grid box close to Berlin. The blue line corresponds
to the estimated GEV distribution i , based on theparameters‘ , , and,, the red line
correspondsto the estimated GEV distribution i , 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 probabilitynof 18t ¢ im the recent climate. The vertical red

line indicated the return period of these 18rd/s in in the future periodd , which is 32.1 years.
Thus, the occurrence probability of the recent climateyg@r return level in the future climate is

Return Level Plot

Return Level
14
|

12
|

10

Return Period

Fig.4.2. Return level plot for 10m daily maximum 10m wind speeds for a grid point in the HIRHAM5 CORDEX
simulationsfor the years 1972000 of the historical experiment (blue) and the year 262000 in the RCP 8.5
scenario (red). Return periods are in in years and return level in m/s.
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n 18t o.We can conclude that the occurrence probability of the present dayedd return level
hasincreasedbgfl 1, n T p.p

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 98" percentile. Areas of exceedance are identified usually in tHewy wind fields and
tracked in time by using a nearest neightapproach. 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 th& pércentile, but only those windstorms are
selectal, which also exceed the Bfar 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 thge80return 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 generaltwo 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 measunésnis not sufficient to
produce twadimensional fields covering the European region.

Maximum value of daily maximum wind gust |
5 yrreturn values based on 1981-2000 WINTER-HALF{ONDJFM) \

.
mis
* 52
s 49-52
- s 46-49
LI 43 - 46
40 — 43
37 —40
L 34 - 37
o..o 3 3134
28 - 31
® 25-28
® <25

ECA&D, 24-02-2016 L)

e e e — —
0 400 J00 1200 1600 2000 2400 ZG00 3200 3600 4000 km

Fig.4.3. 5-year return level of the highest maximum wind gust in the winter half year for the period 12800, 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-ear return levebf the highest maximum wind gust in the winter

half year for the period 1982000, derived from the stations available in the European Climate

Assessment Dataseht{p://www.ecad.eu/returnvalues/index.php Most return levels lie between

25 and 35 m/s. Haever, 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 ordeedteca 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 hasstinguish 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 #haverage 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 heightvattén 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 a@mputed 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 maleit difficult to compare the different datasets.

Here, weused the 6hourly wind speeds, which were available for three different reanalyses for the
time period 19862010. Data from ERMKterim, NCEP1 and JBB went into the analysis. We
estimated the 5@year return level for each reanalysis and calculated the mean and standard
deviation of the three reanalyse@-ig. 4.4). The mean return level field shows large diffeces
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 reanakysThe 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 reasurements 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 wiadsspe

50

40

Fig.4.4. (left) Mean and (right) standard deviation of the 5¢ear return levels derived from the instantaneoust@urly
10m wind speeds from the ERlAterim, NCEP1 and JR& reanalysisThe 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 EURGDRDEX simulatis See SectiorB.3 for details). The mult
model ensemble consists of 29 different sets of simulations, each set containing an histork&@Pan
4.5and anRCP & experiment. The 29 sets of simulations contain simulations with different regional
climate models using different global models as lateral boundary forcing, assadiliferent model
resolutions 17 ensemble members cover the E&Rdomain with a horiantal resolution of 0.44°.

12 ensemble members cover the EURdomain, which is the same as EUR but with a resolution

of 0.11°. For each of the ensemble members, three different periods are analyzed: one in the
historical run (197€000) and two in th future scenarios (2022050 and 2072100). While for the
reanalysis data in the previous section onidurly 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 nonstationary block maxima approach described 4r2.1 is used to estimate the GEV
distribution of the maximum wind speeds that occurred in each winter half year-{@at) of the
historical and future periods in each of the ensemble members separately. For the historical period
the 50year return levels aréderived 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 EURsimulations are interpolated to the R44 grid

to allow a direct comparison.

The spatial structure of the ensemble meamygtar return level in 197000 agrees well with the
50-year return level fields derived from the reanalysis datag@tg). 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 reaabver the North Atlantic, while the vads

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 EURORDEX return levels are higher, because here daily maximum
winds are used, while in the reanalysis case only instantanedwwsiBy wind speeds were available.

The latter underestimate the extreme winds because of sampling errors.
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Windstorms
50year return interval(0.02exceedance probabilitypf wind speed 10 m above groun@n/s)
Reference ensemble mean ensemble standard deviation
Period e 35 50
1971-2000: 30 40
25 30
20 20
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Predicted
Changes
RCP 4.5:
RCP 8.5:
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Fig.4.5. 50-year returnlevel 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 isriger 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 §@ar return levels of the different EURGDRDEX ensemble
members (as a percentage relative to the emble mean) is lowest above the North Atlantic with
less than 10%Hg.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 Als it increases up to 50%. Here the uncertainty of the models is highest.

Per definition, the probability that the 5@ear return levels calculated for the historical period
(19702000) is exceeded in a particular year is 0Big. 4.5 shows how the probability that the
present day 56/ear return level is exceeded changes in the early period 2080 (left) and the

late period 207100 (right) in the two scenarioBCP 4.5(middle) andRCP 8.%bottom). The
change in probability is calculated for each ensemble member separately by using tstationary
approach described in sectioh2.1 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 @&, according to at

test.

The amplitude of the changes in probabilissmallest in the early period ®CP 4.&and largest in

the late period oRCP 8.5This is in agreement with the prescribed greenhouse gas concentrations in
the different scenarios, which are lowest in the beginnindR&P 4.%nd highest at the end dRCP

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

and Eastern Europe. In the late period RCP 8.8he 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 iprobability 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 latéhperiods.

The spatial pattern of the probability changes, which are observed for thge&0return level, are
found in a similar way also for other return level, e.g. thgear return level (not shown). Areas of
positive changes are found within Epemand negative dnges are found over the ocean.

The multimodel 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 RCA4To find out if the specific combination of the ensemble members has a large
effect on the results, suknsembles have been evaluated (not shown). If only-EURimulations

are compared to only EUR4, the 50year return level in the historical periodas average 1.2 m/s
higher in the EUR1 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 ovéetoceans. The amplitude of the changes is not as pronounced
in the EURL1 ensemble as in the EWR ensemble. If all RCA4 simulations are removed from the full
ensemble, the characteristics of spatial pattemio not change significantly.

The results foud 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 waadfdn the 9%
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 90" percentile in Central Europe were alseported byBenistonet al. (2007). They could
confirm findings fronZwiers and Kharin (1998)ho suggested that these increases in wind speeds

in Europe are related to a negative pressure anomaly over Northern Europe, which develops under
higher CO2 aacentrations. 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,pievious studies only single
simulations or small ensembles were analyzed, which made it difficult to test the robustness of the
climate change signalk this study, the analysis of the extensive set of ensemble members was able
to show that a large urestainty lies in the climate change signals in most of continental Europe,
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Fig.4.6. Relative changes afumbers of windstorms that exceed the local 5@ar return level in the Central
European box (left) and the Mediterranean box (right) in different scenarios and different time periods comparec
the historical runs (197€2000). The boxplots show the disbution of all 29 CORDEX ensemble members. The box
are defined inFig.4.5 (upper left).

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 exceedéarice
standard deviation is a rather restrictive criterion. If, for example, a one sanipht ts used to test

for significant deviation of the ensemble mean from zero, also the increasing probabilities found on
the European land areas are regardedstaistically significant.

The tracking algorithm described ifection 4.2.2 is applied to the different EUROORDEX
experiments and tracks of windstorms are itiied in the historical and future scenarios, which
exceed the 5§ear return level of the historical time period. The number of windstorms that pass
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through two different regions is counted. The regions are markdeigm.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 negeli@ages were found.

In the Central European bpthe climate change signals do not point in a clear direcf{ig.4.6
left). In the early periods of both RCP saéms the medians of the distributions are close to zero.
The largest signal is evident in the late periodR@P 4.5Here the number of windstorms decreases
by about 8 %. The signalRCP 8.% only half as large.

In the Mediterranean bopthe percenual change of windstorm numbers is small in the early periods

of both RCP scenari@Big.4.6 right). The largest signal ef3 % is found in the late period BICP &.

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 prokigbsg in this area. The changes could be explained

if there are many smaller windstorms in the historical period, which exceed the&0return level

only at single grighoints, but a lower number of windstorms in the later scenarios, which exceed the
return level at many grid points. Thus, in the future periofdsver storms would lead to a larger
number of threshold exceedances. However, to study this effeahore detailed analysis of the
tracking resultssrequired.
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5. Heavy precipitation
Katrin Nisen (Freie Universitat Berl)n
5.1 Introduction

Heavy precipitation poses a major threat to critical infrastructure. Haasbd transportation and
emergency services are especially vulnerable to such events, as they can lead to the flooding of
tunnels and can damage streets, railwiayes and bridges é& 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 ardess 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 fidine¢he

effect of local flooding, heavy precipitation can trigger aadary effects such as river floods,
landslides and mudslides

EB O Signin News  Sport  Weather  iPlayer

NEWS eurore / L

Home RUYGHGM UK England N.lIreland Scotland Wales Business Politics Health Education Scil

Africa Asia Europe Latin America | Middle East US & Canada

19 November 2013 Last updated at 21:41 l] D B

Sardinia hit by deadly Cyclone Cleopatra
and floods

The BBC's Matthew Price surveys some of the damage‘c‘e;used by Cyclone
Cleopatra

At least 18 people, including four children, have been killed in
flooding on the Italian island of Sardinia after a cyclone and heavy
rain.

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-scadédl and
largescale events cammpact infrastructure. In addition, both showuration rain spells of high
intensity and long lasting rainfall of moderate intensity, which can accumulate to damaging amounts
of water, have to be consideredlo take these characteristics of rainfall into accouah
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identification tool for heavy precipitatiowhich detectsevents of various duration and spatial extent
is developed hereAll events exceeding a predetermined critical threshold are identified.

5.2.1 (Qitical threshold

Two surveys have been performddr 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 servi€esIN report D2.3)As expected,
there is no universal critical value relevant for all types of infrastructure and all areas within Europe.
For some providerghe amount of precipitation is merimportant and for others the intensityhe

rainfall intensity of extreme precipitation eventsccurring at a given return intervacreases with
decreasing duration (

Berlin Berlin

data set
Gridded daily
- Station daily
= Station hourly

intensity [mm/hr]
rain amount [mm]

duration [hrs] ) duration [hrs]

Fig. 5.2), while the accumulated amount increases witincreasingduration. 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 watenmulation.

Berlin Berlin

data set
Gridded daily

- Station daily

- Station hourly

intensity [mm/hr]
rain amount [mm]

duration [hrs] ‘ duration [hrs]
Fig.5.2. Intensity (left) and amount (right) exceeded on average once everyy#@rs. Blue: Values determined from
station data at Berlin with an hourly temporal resolution, Green: Values deténed from station data at Berlin with a
daily temporal resolution, Red: Values determined from the grid point in the observationr@HES data set, that is
closest to Berlin.

It is important to note that the area mean values from gridded data,sish as the onesnalysel
in the RAIN projectdiffer from the point values that affect an infrastructure element. Gober 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 boxam be alnost twice as high as the grlibx 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 resolutianijhe rainfall amount associated with a strong-2dur event will
probably not all fall within the same data aggregation perimat will contribute to the rain amount
accumulated on two consecutive days. This effect is illustrated in

Berlin Berlin

data set
Gridded daily

- Station daily
Station hourly

intensity [mm/hr]
rain amount [mm]

N\

duration [hrs] duration [hrs]
Fig.520 ¢ KS RAFFSNBYyOS o6SiG6SSy (GKS o6fdzS IyR GKS =
temporal resolutions, while the difference between the green and the red curve can be attributed to
the gridding process. As a consequenassing the absolute thresholds suggested by the
infrastructure providersfor a gridded data setvould lead to a severe underestimation of the
number of detected events. Therefqré was decided not to use a fixed value threshold for this
study. Instead, thistady will use local return values for a given return period as thresholds for
extreme events (i.e. the amount of rain per time unit amerageexceeded every n years). This
approach is consistent with engineering practice and legislation. Drainage systeammponents
of critical infrastructure networks are usually designed to be able to cope with a certain amount of
g GSNIJ LISNI GAYS dzyAlGd ¢KAA | Y2 dzy,isSpedidirdémsiosr | f & 2
local return valuesThe InternationdUnion for Railways, for example, recommends to use/edy
NBGdzNYy @FftdSad !'aay3ad GKS aRSaA3IYy NIAYTFEEEE & |
events seems reasonahlas 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 sedrarious
calculated separately for each data set.

For this study the 10-year return valueshave been usedis a threshold for the detection of
infrastructure threatening events ahis thresholdis consistent with legislation. In addition, for flat
terrain stations over continental Européhese values fit well to the thrémlds the interviewed

infrastructure providers found relevant (
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Berlin Berlin

data set

« Gridded daily
- Station daily
= Station hourly

intensity [mm/hr]

rain amount [mm]

duration [hrs] N duration [hrs]

Fig.5.2).

The return values are estimated using the Peak Over Threshold (POT) method (e.gt &1d2€€1).

To ensure consistency of the return values for events of different durations, inteshsiftion
frequency (IDF) curves are fitted to the resulting return values following the recommendations of the
World MeteorologicaDrganizatio(\WMOQO, 2009).

a) b)

95t percentile
of precipitation
exceeded in this area

[~ return level
exceeded in
these areas

A

smallest
possible circle
including areas
affected by red
event

event with-maximum
roverlap-to-striped—
rareais-chosen-as——
rmexttrack efementat—
time step t+1

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 stripedarea inpanel a

5.2.2 Detection of heavy precipitation events

The detection algorithmdeveloped for this studydentifies heavy precipitation events of various
durations and spatial extentm gridded data setsThe approach is based on a method that has
originallybeendeveloped 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 br the fact that rain accumulates over time.
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August 11, 2002

Augual 13, 2002

H@i@oj

ib E o £ B (1] M B0 E 100 L]

Fig.5.4. Precipitation per day for the period August 9 2002 to August 13 2002 based on4D8E& data set. Contour lines
show precipitation amounts on that day. @or denotes grid boxes attributed to the detected event (exceedance of the
local 10year return levels). Units mm.

In a first step the algorithm identifies all grid boxes in which the rainfall exceeds the critical threshold
(i.e. 10year return value) All identified grid boxes which are located within the same continuous
area with considerable precipitation (*9%ercentile) are considered as belonging to the same event
and form a cluster. This is illustrated kig. 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 considetedelongto the same cluster. For each identified
cluster anenvelope 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 enlape ig.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 calculatddoamnigrid boxes and
time steps where the threshold was exceeded and is defined as follows:

32



‘ RA IN D2.5 (Hydremeteorological haard probability in Europe

PROJECT

0"YoB B ——"—z9

where T is the duration of the event, K is the number of affected grid boxesaandh& area 6grid

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 {@mmmn mean annual
precipitation sum expected for the grid box. The sevdritiex 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 é&two types of relevant events (high intensity events and events
with high accumulated rain amountghe detection algorithm is applied twice. For the detection of
events with high accumulated rain amountkresholds for 3 differentaggregation periodsare
considered 1, 2 and3 day3. Here, daily data is used, which is available for all model simulations.
Events with high intensities are detected usindnd@irly values, which is the highest temporal
resolution for which datdor at least some of the modaimulations isvailable.

An example for a detected event is shownFg. 5.4. In August 2002 recordreaking rainfall
amounts and intensities occurred in CentElrope. They resulted in a largeale flooding event
(e.g. Ulbrich et al. 2003). The hegwgcipitation event detection algorithm identifies the event as
shown inFig.5.4. Displayed is thé-day sequence between the"%nd the 18 of August 2002.
Shading denotes areas were the-€ar return levels were exceeded. These areas and time steps
are attributed to the event. The severity index PSI for this event is/bi@h corresponds to the 99
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 ¢segySection
5.2), it follows that theannualprobability of occurrence of an event with a specific duration is 0.1
(i.e. once every 10 yeara) each grid boxin this sectionthe spatial distribution of th return values
associated with this probability threshold is showsor precipitation accumulated over3 days
which is relevant for events with high precipitation amounts, the return values for the present day
climate were calculated fromhe EOBS dat set (see Sectio®.1, Meteorological observations As
there is no purelpbservational data set available with sdhily precipitation data, ®ourly 1Gyear
return values had to be calculated from reanalysis data {BRAmM) downscaled with the two
regional models RACMO22E and RCA4.
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Fig.5.5. 10-year return level of daily precipitatio{mm). Data from EOBS data set for the period 1982010.
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Fig.5.6. 10-year return level of 3hourly precipitation. Data from ERAnterim for the period 19812010 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 Highaccumulatedprecipitation anounts

A map of the 16ear return level for 24our rainfall over Europe based on the gridded
observational EDBS data set is shown kig.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 omid-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 Mediterraneagion, 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 de 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 spatidistribution only with somewhat higher return valuelgh
precipitationintensities

The distributionfor sub-daily events with high intensitigswhich are often of convective nature,
slightly differs from that for high precipitation amountShe NorthSouh gradient is more
pronounced with higher values occurring at more southerly latitu@ég.5.6). This is caused by the
fact that convective precipitation isften thermodynamically induceca processequiring relatively

high surface temperatures. The highest return values are found in the vicinity of the Mediterranean
Sea.Orographic effectagainplay a role. Mountains and coastlines can induce orographic lidtnaly
exhibit higher return values.

5.4 Climate predictions

The climate change signal was calculated from a rudiilel ensemble of EURCORDEX simulations
with a horizontal resolution of approximately 12 km (0.11°), so called HUstmulations. 0.11° is
the highest horizontal resolution available within the EURORDEX framework and was chosen to
minimize the effect the resolution has on the strength of the precipitation evefafs Section 5.2).
The ensemble includestatal number of 10 model combinations for which data at a daily temporal
resolutionwere available(Rd in Table-2). These simulations were analysed to evaldateylasting
precipitation events withhigh accumulated rain amount&or the analysis of Higntensity, sub-daily
events 6 model combination were available, dominated by RCAth@segional componentR3 in
Table 32.

To investigate the climate change signal, the detection algorithm for heavy precipitation events was
applied to all availablelimate 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 equallgng period of a scenario simulation was determined for the multi
model ensemble. The result was tested both for statisticaliSagmce and for consistency between

the model simulations. This was done in two steps. In the first step, each model was tested
independently using a Mont€arlo technique. The detected events were randomly redistributed
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between the two periods (historitand 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 recommendatiomdaétrandreaet al. 2010) a hypothesis can be considered as
GOSNE fA1Stee 4G  adlraArAadAaort aixayAaAFaoryOoS tSo¢
9 grid boxes and the result was assigitiedhe 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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Fig.5.7. Top row: 1Qyear return value fordaily precipitation inthe historical simulation (197422000). 48-hours and 72
hours are not shownOther panels: Change in theccurence 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 highccumulatedprecipitation amounts

Comparing the presentay 10year 1-3 dayreturn vdues of the observationshére only shown for
24-hour accumulationfFig.5.5) with the mocklled ones Fig.5.7, top row) reveals that the muki
model ensemble captures the main features of the observed spatial distribution. As expected, the
return values are higher for the data set with the higherikontal 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 numifeheavy precipitation events with high
accumulated rain amounts increases with increasing greesé@as concentration§ig.5.7 middle

and lower row). The highegtcreases can be found for Northern Scandinavia, Western Ireland and
Western Scotland. By the end of the century and urR€P 8.8onditions infrastructure elements in
these regions may be affected by potentially damaging dasting precipitation eventsnce every

4-5 years, where they were affected only once everyy&@rs during the recent past. In Central
Europe the frequency may increase to once evef/years. The lowest increase was simulated for
the Western Mediterranean region.

a) British Isles b) Scandinavia
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i 1e+02- “J 1e+02-
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c) Iberian Peninsula d) Central Europe
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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 theCP 8.5cenario simulation for the period 2072100 (yellow) are

shown. Included are onlgvents detected using daily rainfall data (with high precipitation amounts). The box plots show
the median, 2% and 73" 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 simulationsegdict a modest uniform increader both emission
scenarios, mostly staying below 1 event in 20 years (probability change of 50%).

During the first half of the Z1century, only a few grithoxes pass the strict-2ep test for statistical
significance ath 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 reflettiecsine

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 considably for different European regions-if). 5.8). Over the Iberian
Peninsulathe 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 dwrimgier 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 pergitation 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 starto 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 incneabe 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 acds 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 seasort$) imhierms 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 desiiin 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 beeat#¢d anywhere within Europe (not shown).

5.4.2 Changes in higkB hourly)precipitation intensity

The 3hourly 10day return values downscaled from reanalysis d&tig.56.6) and the presentiay
simulations Fig.5.9, top row) agree well with each other. It should, however noted that no

40



‘ RAIN D2.5 (Hydrgmeteorological haard probability in Europe

PROJECT

3-hourly precipitation

10-year return value of 2hourly precipitation
ensemble mean ensemble standard deviation

Reference
Period

—_
(=]

1971-2000

- N W A~ O N o ©

Predicted
changes

RCP 435

205

2021-

RCP 85

-100% 0 100% 200% 300%

Fig.5.9: AsFig.5.7, but for events detected using-Bourly data. Please note the different colour scale.
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Fig.5.10: AsFig.5.8, but for subdaily high intensity events detected using thef®urly data .

independent observational data set was available at this time resolution and the calculations were
based on the oyiut of the same two regional models.

The increase in the number of detected events under climate change conditions is approximately
two times larger for sulgaily events than for londasting eventsKig.5.9). Please note that the
colour scales are different to those iig.5.7. The regions showing the highest increase in -high
intensity events are similar to those detected for ldiagting events: Northern Scandinavia and the
western coasts of the British Isles. Here, the occurrence probability for art@gsity precipitation

event increases in some grid boxes from once el€ryears by more than 300% to once evety 2
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 sdlaily convective events pronounced forll regions and seasons,
with the exception of the Western Mediterranean region during sumnkég.5.10). The simulations
suggest that Central Europe will start teeshighintensity precipitation events during winter, which
were almost norexistent during the historical period. This result is probably related to an increase in
simulated winter surface temperature$he results found in this study are in good agreemaith

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 200mpdttionately more precipitationis expectedper
precipitation event over most regiorfsr future climate periodsThis can be explained by the fact
that with increasing surface temperatures, the moisturdolding capacity of the atosphere

increases. Wen suffcient moisture is available, precipitation extremes are expecteth¢oease by
6% 7% °€ according to theClausiugClapeyron relation
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6. Coastal floods
Dominik Paprtny and Oswaldo Moralesddoles(TU Delf}
6.1 Introduction

The main weatherelated hazard in seaside areas ian increaseof water levels caused by
windstorms, which may result in breaching of coastal defences and flooding. Though storm surges
rarely cause suckn outcome, the consequences are often disastrous when they occur. Indeed,

I NNRR@QI&t of large floods in Europe for 193005 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, whigkedaover 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 aaath 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. Vertal motion of the ground is another modifier, as is the erosion/accretion of the coast.

Severalstudies have analy2d storm surges on European scaleut only two used hydrodynamic
modelling to extract storm surge heights. Muis et al. (2015) presentedlmighindcast of extreme
water levels (including tides). Vousdoukas et al. 20) made a comprehensive study for Europe,
concentrating on climate change influence on extreme water leVesare the first to present pan
Europearflood hazard mapbased orstorm 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 Eunopelved several steps. Firstly, storm surge heights under

present and futureclimatewere calculated using a twdimensional (2D) hydrodynamic model. The

results were analyzedsing extreme value statisti@is 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 aging | (0 K dzo et £ ¢ Y Si
data sets used for the analyses in this chapter described more in detail irBection 3.5,

Hydrological and geophysical datasets for coastal flood analyses

0 300 600 900
[ e— ]

@  Calibration/validation stations (primary set) Coastline included in the study

®  Additional calibration stations (secondary set) Computational domain

©  Additional validation stations (annual maxima)

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

Simulations of storm surges were performed using BBIf software by Deltares (20&y The
mathematical core is comprised of a 2D derivative of de S&emant equations (variant known as
WaAKFEt26 61 GSNI Sl dzl (-&vergggdflows of avEtdTOKmodaN@Zfaréed by R S LIG K
EURGCORDEX data provitldy 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 theSMHIRCA4 regional circulation modgkalization t12i1pl)

forced by theEGEARTH general circulation mo@&te Section Data for detail§)he input consists of

6-hour series of air pressure and wind speed gnd vcomponent). The resolution of the climate

data is 0.11° (about 12 km) andet same grid will be used for Delft3Byt the domain was made
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slightly smaller for computational efficiendgathymetry represerihgthe basins around Europe was
interpolated from EMODnNeg2016)highresolution digital terrain model.

Tides were not caldated in theDelft3Dmodel, due tothe 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 keiglowever, we performed a
statistical analysis modelling the dependency between tide amplitude and extreme surge heights
with copulas. The tidsurge interaction was found to be negligible (no correlation) at almost all tide
gauges.Therefore, tides war obtained from an external datasetimilarly to an approachthosen by
Vousdoukas et al. (2016

6.2.2 Calibration of storm surge model

The model was first calibrated tide gauge datdor short time periods using ERAterim reanalysis

data instead of EUROCRDEX. Focus was put an accurate representation of monthly maxima,
though daily maxima and whole timeseries were also analyzed. The calibration runs encompassed
years 1992000 and 20142014.A omparison was made with a total of 156 tide gauge stations
(with different availability seeFig.6.2). Surge levels are modelled as values relative to-teng

mean sea level (MSL). Therefore, sea level observations for staton were detrended and the
longterm 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. 20&3{jdal
predictions required fosucha calculation were derived through harmonic analysis (using a script by
Aslak Grinsted), aif it led to better performancelHO predicton®& 2 NJ FAY |l ff & Ww/ Qa
the stations they provided. Finally, the Delft3D model was validated withl aun using ERMterim
(197%2014) and EURCORDEX (1972005) data.

The alibration results are presented ifiable6-1® &t NJA Y | éNie allsstatlons ex@eptithe 66
aSRAUGSNNI ySIy adrkdAirzya LINE g% RBidh haveémuchiSiortewata 6 a { S
ASNRASad ac¢AYSaS NIbEuawaterNG ffonEhe incdlel dnd SorreSpaeidihg skew
surges from observationsAccading to Moriasi et al. (2007), satisfactory values éfaRd Nash
Sutcliffe efficiency(NSE) are above 0.5, whiRMSEobservations standard deviation ratigRSR)
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 khediterranean 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 @dnip first extracting
annual maxima of skew surge heights, and then fittedatGumbel distribution. Thigparticular

2 Modelled tidal predictions from IHO (International Hydrographic Organization) were downloaded using Delft
Dashboard modelingupport software (Deltares 2014b).
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Criterion goodnessof-fit test (Mutua 1994). The same calculation was done for available
observations from tide gauges. Results of the comparison are presenieabie6-2.

Table6-1. Calibration results for the storm surge moddl. K S Y S| &dzNBa I NBY
1,1], NashSutcliffe efficiency (NSHE) ~ Mm@t mean square error (RMSE) in meters and RM®Eervations standard

deviation ratio (RSRjn Z K 6

t SI NE2YyPa

Run Series R NSE |RMSE (m RSR
Timeseries 0.53 0.42 0.15 0.78
2011-2014 - -
. . Daily maxima 0.60 0.50 0.15 0.74
primary stations :
Monthly maxima 0.75 0.72 0.15 0.53
20112014 Timeseries 0.23 -0.15 0.10 1.07
. Daily maxima 0.29 0.03 0.10 0.98
secondary stations 8
Monthly maxima 0.43 0.29 0.10 0.86
20112014 Timeseries 0.48 0.36 0.13 0.81
. Daily maxima 0.55 0.48 0.13 0.74
all stations -
Monthly maxima 0.77 0.77 0.13 0.48
Timeseries 0.55 0.42 0.15 0.79
19792014 - -
. Daily maxima 0.62 0.50 0.15 0.74
all stations -
Monthly maxima 0.77 0.73 0.15 0.53

Table6-2. Validation results fothe storm surge model.

Returm ERAInterim (197%2014) vs| EURGCORDE& 970;2005)
period 86 tide gauges vs 65 tide gauges
(years) | R | NSE RMSE RSR| R | NSE RMSE RSR
(m) (m)
1000 0.877 0.76 0.33 0.527 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 0.877 0.78§ 0.27 0.48 0.87 0.84 0.23 0.40
100 0.8 0.81 0.23 0.45 0.87 0.84 0.21] 0.40
50 0.8 0.82 0.20 0.43 0.87 0.83 0.20 0.41
30 0.85 0.83 0.18 0.420 0.87, 0.83 0.19 0.41
10 0.84 0.83 0.15 0.41 0.86 0.81 0.1 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 resultse orrelation is high, whileghe bias and relative
errors are small. The performance changes little between return pevifmd the EURGCORDEX
simulation. It is also better than results reported by Muis et al. (2015). That study indicated.#0

02S8SFFAO

for global simulation of annual mama and R= 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, 3@ar return period, historical scenario (1972000).
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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 I1€E&14) correspondingto
different return periods. For each coastal segment the following formula was used:

Owigr  YYYQD YOO YD "YO Y "O00 Eq61
where:

1 pis the probability of occurrence (or, conversely, return period).

I Tis the time period (19742000, 2022050, 207%2100).

1 Sis the climate model run scenario (historical for 1§2000,RCP 4.and R® 8.5for other
periods).

1 SURGkEis the storm surge height at given probability of occurrepcéime periodT and
scenarioS as described above

i TIDEis the mean high tide, derived through calculating tide heigfittm 13 tidal
constituentsobtained fromTPXO8 model.

T MSLis the baseline mean sea level from MDT_CGNES13 dataset. It is the difference
between the actual mean topography of the ocean (1&8RL2) and the geoid. This factor is
included because in elevation models the geoid is ¢erce level.

1 SLRsis the difference between mean sea level in time peflaahd scenaridcscompared to
the baseline MSL. This factor includes several components and sources, as described in the
as5FalF aSiaég aSoOitraAzyo

1 GlAisthe accumulated effect of gléal isostatic adjustment between time peridtand year
Hann O0GKS StS@lIiAz2y Y2RStQa SLROKOO®

Coastal segments were derived fratme CCM2 dataset. e total number of segments is 70,297
(225,800 km). The coverage is almost identical to the river flood mdgsonly a few sections left
outcthose on Jan Mayelslandand along the White Sea. It should be noted ttsimce all datasets
used inEq.6-1 are grids of different resolutions, information was assigned to each coastal segment
from the nearest grid point of each datas@he water levels for the histimal scenario are visualised

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

to both very high surges and large tide amplitude, while in the iMednean and Black seas they
are many times smaller.

624 DSYSNI A2y 2F Ft22R YILA dz@Ay3 Wol (KdGdzo FALL

¢CKS FAYIt aidSLI gra OFtOdZ FdGAy3d GKS Fi22R Y|l LaA®
simple cutoff of a DEM at a certain elevations(aalculated fronicq.6-1). However, only those areas
hydrologically connected with the sea are considered flooded (Poulter and Halpin 2008). It is
assimed 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

Ay GKS a5l aGF aStaé aSOGA 2 ypariodsd 100D, 3605106 30@MRL0 § SR F
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 ig.6.4) and with flood protection estimated from the FLOPROS datallages). The
area of the flood zonesroken down by country, is presentedFiy.6.6.

Commonly perceived as the country with the highest flood hazard, the Netherlands are indeed at top
of the list wken 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 10,8@ar return period. In ther countries, the difference
between the two scenarios is very small for a 1.9@@r 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 krhalready atl0-year return period. It increases to 68,000 kfor 100-year flood and
73,200 knd for 1000year flood.

With flood defencesa 10-year flood is a hazard to only 700 kof surface aregmostly in Ukraine),
increasing to 1,100 kffor a 30year flood. Afurther 24,800 kriis located within the 10§ear zone,
mainly in Italy, France, Spain and Scandinavian countries. An additional 27 ,3B0tkreatened by
floods with a return period of 16800 years, mainly ithe United Kingdom and Germany.

As a propation of country area, the Netherlands comes first, with 46.6% laying below-{€a0

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 thleddands, 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-liging areas occur. Other pockets of flood
hazard mostly are river deltagften 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 108@ar flood zone is within 1 km of the coastline and 35% withikm?2

The median distance from the coastline is slightly less than 5 km.

Note on map usage Coastal and river floodsk mapspresented in this report, as well as data available for download|as
a result of the project, were made using largeale datasetand are intended for providing a Europeatide 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 influetree atual level of hazard, especially the
LINBESyOS 2F Ke&RNIdzZ AO adNHzOGdzNBa adzOK a REYa 2N Ff22R R
they represent either flood protection standard defined by law or design of the strucather 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 periddstorical scenario (197-2000), noflood protection
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Fig.6.5. Coastal flood hazard zones by return periddstorical scenario (197-2000), with flood protection.
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