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Abstract. In Europe, water management is moving from 1 Introduction
flood defence to a risk management approach, which takes

both.the. probability aqd the potential consequences Olover the last couple of decades Europe has witnessed
flooding into account. It is expected that climate change and, growth in the scale and frequency of extreme natural

socio-economic development willlead to an increase in floodyjigaqters. Storms and floods are the most frequent and costly
risk in the Rhine basin. To optimize spatial planning and o, me weather events occurring in Europe, representing
flood management measures, studies are needed that quantf4, of the overall natural catastrophic losses. For example,
future flood risks and estimate their uncertainties. In th'sflooding in the Elbe basin in 2002 caused approximately
paper, we estimated the current and future fluvial flood risk8 billion € of economic damage in Germany, Austria and the
in 2030 for the entire Rhine basin in a scenario study. The-,.q, Republic collectivelyGEA, 2007). Total damage of

change in value at risk is based on two land-use projection§he summer floods in 2007 in the UK amount to 4 billién
derived from a land-use model representing two different Environment Agency2007. In 2010, Poland suffered

socio-economic scenarios. Potential damage was calculat lom major floodings, of which the total damages are yet

by a damage model, ar'1d changes i'n flood prObab”i_tieSunknown. When focusing on the Rhine basin in North-West
were Qerlved from two climate scenarios and hyO|r0|OgIQaIEurope, flood events in 1993 and 1995 caused severe damage
modeling. We aggregated the results into seven sectionss 1 4 pillion€ and 2.6 billion€, respectively Enge| 1997

along the Rhine. It was found that the annual expectedGlaser and Stang003 Brakenridge and AnderspB008).
damage in the Rhine basin may increase by between 54%

and 230%, of which the major part~( three-quarters) The impact of flood events on societies and economies in
can be ac,counted for by climate change. The highesfhe Rhine basin is likely to increase further as a result of
current potential damage can be found in the Netherland&WC complementary trends. First of all, climate change is
(110 billion€), compared with the second (80 billi&) and expected to increase the frequency and magnitude of flood

third (62 billion€) highest values in two areas in Germany. P€aks in the Rhine basiiHpoijer et al, 2004 Pinter et al,
Results further show that the area with the highest fluvial2008. Annual maximum peak discharges are expected to

flood risk is located in the Lower Rhine in Nordrhein- INcrease by 3-19% in 2050 due to climate charigegdik,
Westfalen in Germany, and not in the Netherlands, as is 01‘ter'1'_993 Middelkoop et "?‘L 2007, V_elllnga et_al, 200). Te
perceived. This is mainly due to the higher flood protection-inde €t al.(2010 estimate an increase in the occurrence

standards in the Netherlands as compared to Germany. ~ ©f an extreme 1/1250 per year flood event in the Lower
Rhine delta by a factor of three to five in 2050. Secondly,

the economic impact of natural catastrophes is increasing
due to the growing number of people living in areas with a
high flood exposure level, as well as the increased economic

Correspondence toA. H. te Linde activity in these regions (e.gouwer et al. 2007 Pielke
m (aline.te.linde@ivm.vu.nl) Jr. et al, 2008. The International Commission for the
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Protection of the Rhine (ICPR) estimated an increase inpotential flood damage. (2) Furthermore, despite existing
potential damage in flood-prone areas in the Rhine basin ofesearch focusing on the (future) hydrology of the Rhine (e.g.
23% between 1995 and 200&PR, 20053. Kwadijk, 1993 Middelkoop et al. 2001 Bronstert et al.
These projected trends have led to an increased interest iR002 Shabalova et 12003, few estimates exist for changes
arisk-based approach in water management, addressing boih future trends of low probability events. For the latter
the probability and potential consequences of floodiigrg issue, climate impact simulations are required that allow for
et al, 2004 Buchele et a].2006 De Bruijn and Klijn, 2009 extreme value analysis techniquBs(f et al, 2009 Te Linde
Kreibich and Thieken2009 Wheater and Evans2009. etal, 2010.
Such an approach, for example, is currently stimulated by The goal of this paper is, therefore, to estimate current
the EU Flood Directive 2007/60/ECEY, 2007, obliging and future flood risk for the entire Rhine basin in a scenario
member states to create flood risk maps and basin-wide floodtudy. For this, we first assessed changes in flood probability
risk management plan®é Moel et al, 2009. at various locations along the Rhine using climate scenarios
Quite a lot of literature exists on how the discharge regimeand hydrological models. Second, we developed a land-
in the Rhine may alter due to climate change (&gadijk, use simulation model for the Rhine basin to generate future
1993 Middelkoop et al.2001; Menzel et al.2006 Te Linde  changes in land use. Third, these future land-use maps
et al, 2010. However, in terms of land-use change and were used to estimate potential flood damage in flood-prone
flood-damage potential only a few studies exist. The ICPRareas using a damage model. Finally, we multiplied flood
uses the Rhine Atlas approach to estimate aggregated floogrobabilities with flood damage to derive current and future
damage for the whole Rhine basI€PR 2001, 20058. The  flood risk for the Rhine basin.
Rhine Atlas damage evaluation has some flaws, though, for The remainder of this paper is organized as follows.
two reasons. Firstly, it has been recognized that the RhineSection2 describes the case study area. Sec3iprovides a
Atlas yields rather low damage potential values for different description of the data and research method we used. Results
land-use classes compared to other studies and probablre presented in Seet.after which we discuss these results
underestimates potential flood damaghiéken et al.2008 and provide conclusions in Seét.
De Moel and Aerts2010. Secondly, the Rhine Atlas
differentiates between only six different land-use classes; it
uses a single urban class, whereas differentiation betwee Case study area: the Rhine basin
urban classes for flood damage estimates is esseApal (
et al, 2009. The river Rhine originates in the Alps in Switzerland, forms
Research, however, on assessing current and future floopart of the boundary between France and Germany and
risk (addressing both flood probability and potential damage)continues flowing through Germany before it enters the
is still in its early stages and a basin-wide assessment oNetherlands at Lobith (Figla). The Rhine is one of
flood risk is lacking. For the Rhine delta in the Netherlandsthe most important industrial transport routes in the world
two studies are available that calculate current and futuréand connects one of the largest sea harbours, the port of
flood risks @erts et al, 2008 Bouwer et al. 2010. These Rotterdam, to the inland European markets and its large
authors use a method in which the results of flood depths anéhdustrial complexesJonkeren 2009. About 58 million
land-use information are combined within a flood damagepeople inhabit the river basin, of which 10.5 million live in
model. In this method projected land-use simulations usingflood-prone areass@PR, 2001). The average discharge at
a land-use model are combined with inundation informationLobith in the Lower Rhine is 2200#s~ and the maximum
to derive potential flood damages using stage-damage curveabserved discharge was 12 608sn! in 1926 Pinter et al,
(Merz et al, 2007). Flood risk (in terms of expected 2008.
annual damage) is assessed by multiplying the potential Water management has heavily influenced the characteris-
damage with the probability associated with the inundationtics of the Rhine. Prior to the 19th century, the Rhine was a
information. Climate change is taken into account by multi-channel braided river system upstream of Worms and
simulating future discharges and probabilities using climatemeandering from that point downstream. However in order
change scenarios as input for hydrological models (Beg. to reduce flooding, the Upper Rhine was canalized between
Linde et al, 2010. In addition to a current and future 1817 and 1890Rlackbourn 2006. Furthermore, to aid
perspectiveDe Moel et al (2010 also assessed the historical shipping, engineers further rectified and canalized the main
trends in the 20th century for flood damage in the central parbranch until 1955, causing additional acceleration of flood
of the Netherlands. wave propagation in the Rhinegmmersen et 312002.
In order to conduct an assessment for trends in flood risk The basin area is 185000 Rrand in particular the flood-
(in terms of flood probabilities and flood damage) for the prone areas in the basin are densely populated (FiY.
Rhine basin we need to address the following two researciHence, flood management has predominantly focused on
issues. (1) A land-use model for the Rhine basin does notnajor dike reinforcements along the Rhine over the last 20—
exist, and hence it is difficult to estimate future land use and30 years. Safety levels vary from 1/200 to 1/500 per year in
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Fig. 1. Maps of the Rhine basir(a) (estimated) safety levels aifld) land use in the reference situation. Fig(sgalso shows the potential
inundated area due to fluvial flooding from the Rhine.

Germany to 1/1250 and 1/2000 per year in the Netherlandspotential damage was calculated using a damage model (see
The design discharge that is associated with a safety levebect.3.3). Flood risk was calculated by multiplying potential
of 1/1250 per year (the discharge used when designindlood damage with the accompanying flood probability
flood defences) is estimated at 16 00dsn! (Ministry of for different sections along the Rhine. Current flood
Transport, Public Works and Water Managemet106a probabilities were estimated using research@yR (20058
Fig. 1a). Due to lower safety levels in Germany, floods andSilva and Van Velzef2008 (Fig. 1a). Changes in flood
may occur at upstream sections in Germany while the Dutctprobabilities were calculated using a hydrological model and
dike system will still prevent huge areas from inundation two climate change scenario$e( Linde et al, 2010 (see
downstream@Gudden 2004 Apel et al, 2006. Sect.3.9).
The flood damage calculations were performed at spatial
grids of 100x 100 m and aggregated into seven regions along
3 Data and method the Rhine (see regions A through G in Fig) and the entire
basin to calculate expected damage per year. The steps used
We followed the steps displayed in Fi@ to estimate In this method, as well as the data and future scenarios, are

expected flood damage per year (risk) for the referencelescribed in detail below.

situation and different future scenarios for the year 2030.

Economic value of land-use classes determines the potenti@d.1 Current and future land use

flood damage in case of a flooding event. Current land-

use information was based on CORINE land cover dataCurrent land use is based on the CORINE land cover map
(Bossard et al2000. Future changes in flood damage were for 2000 Bossard et al.2000 that has a resolution of
estimated using a land-use model, simulating future land us&¢00x 100 m. Future land-use projections from the EUruralis
for two different socio-economic scenarios (see Saci). project exist for the whole of the European Union for the
Through combining existing basin-wide flood inundation year 2030 Yerburg et al.2008. However, these projections
depth maps (see SecB.2) with land-use information, distinguish only a single urban land-use class and have a
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Fig. 2. Flowchart of the method used for estimating future
flood risk.

relatively low resolution of X 1 km, while it is important

to have an accurate representation of urban land use iﬁ

flood damage simulationsBéuwer et al. 2010. This
is illustrated by De Moel and Aerts(2010 who show

that urban land use contributes the largest share of floo
damage {£80%), and because maximum damages differ
substantially between different urban classes in their damag

model (from 0.3 million€ hectare?! for recreational areas
to 9.1 million€ hectare? for high density residential areas),

A. H. te Linde et al.: Future flood risk Rhine
3.1.1 Land Use Scanner

The Land Use Scanner simulates future land use and is based
on demand-supply interaction of land, whereby different
sectors compete for allocation of land within land suitability
and policy constraintsLpoonen and Koomen2008. The
model has previously been applied in a number of policy-
related research projects in European countiémgtendonk

et al, 2001, Hartje et al, 2005 Koomen et al. 2005
Dekkers and Koomern2007). It was recently applied in
studies on the long-term development of flood risk in the
Netherlands and the evaluation of the effectiveness of various
adaptation strategieMNP, 2007 Aerts et al, 2008 Bouwer

et al, 2010. The land-use model for the Rhine basin
operates on a spatial resolution of 26R50 m grid cells and
provides information on 13 different land-use classes, such as
infrastructure, nature, agricultural land and water, including
six different urban functions (Fid.b).

3.1.2 Scenarios and land-use claims

To be able to simulate future land-use patterns with the
Land Use Scanner, the expected increase or decrease of each
land-use class (called “claims”) has to be defined. These
claims were derived from the EUruralis projedtetburg

et al, 2008 Verburg and Overmar009. In this project
land-use projections and their underlying claims have been
developed for four socio-economic scenarios, in line with the
four scenarios in the Special Report on Emissions Scenarios
(SRES) byIPCC (2000. For the present study, two of
these projections and their land-use claims were selected:
the “Global Economy” (GE) and the “Regional Community”
(RC) scenarios which can be regarded as the upper and lower
boundaries of possible future urban land-use change.

The “Global Economy” scenario reflects a future with high
economic and population growth, international economic
integration as well as little environmental concern on behalf
f governments, resulting in a large increase in urban
and-use functions with no restrictions on urban sprawl.
The “Regional Communities” scenario, on the other hand,

(ﬁepresents a future with low economic and population

growth, a regional focus and strict environmental regulations
gnforced by governments, resulting in a substantially lower
Increase in urban areas and restrictions on urban sprawl.

We have used the NUTS3 level to derive land-use claims

differentiation within urban land use is desirable for flood @hd as a starting point for our downscaling. NUTS3

damage assessments.

corresponds to level 3 administrative units under the
Nomenclature of Territorial Units for Statistics in Europe for

To address this issue, we have set up a new andvhich socio-economic data is available. These are mainly
more detailed land-use model (the Land Use Scanner) toural districts and cities with more than 100 000 inhabitants.
downscale land-use projections from the EUruralis project,The land-use claims for the two future scenarios were derived
both spatially and thematically. The Land Use Scannerby assessing the decrease or increase of each land-use class
for the Rhine basin is based on the method described byetween the scenario projections and the baseline situation in
Hilferink and Rietveld(1999. 2000.
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Table 1. Suitability maps used for the “Land Use Scanner”.

Category Suitability map Extent Source

Physical properties  Peat bog, marsh, moor Basin CORINE
Slope Basin SRTM
Population density Basin LandScan

Policy maps Nature 2000 sites Basin DG Environment
Flood retention areas Germany ICPR/TU Dortmund
Flood zone (1/100 per year) Basin ICPR Rhine Atlas
Flood zone (extreme event) Basin ICPR Rhine Atlas

Relational maps Distance to metropolitan areas Basin ESRI
Distance to long-distance train stations  Basin TU Dortmund
Distance to passenger railway stations  Basin TU Dortmund
Distance to motorway exits Basin TU Dortmund
Distance to international airports Basin ESRI
Distance to road network Basin ESRI
Distance to major rivers Basin ESRI
Neighborhood statistics Basin Own analysis

3.1.3 Downscaling location (grid cell) of its attractiveness for the different

land-use types available, depending on its current land

We spatially scaled down the land-use change projectionsise, physical properties, operational policies and expected
from the NUTS3 polygons to 250 250 m, which is the relations to nearby land-use functionRitsema van Eck
required level of detail needed for the Land Use Scannerand Koomen2008. For example, a location (grid cell)
Furthermore, the single urban land-use class distinguishewith a steep slope (physical property) that is situated in a
in the EUruralis projections was distributed into five nature protection area (operational policy) and far away from
urban land-use classes; residential land use, commerciagxisting urban infrastructure (relation to nearby land use)
recreation, infrastructure and construction/mines. Using thds thus considered as highly unsuitable for the realization
CORINE 2000 land cover map the percentage of the fiveof a residential land-use claim. The suitability maps can
different urban land-use categories of total urban land uselso be used to further reflect the effect of socio-economic
was calculated for each NUTS3 region within the study areascenarios and thus the land-use change simulations by
Subsequently, the total change in urban land use was assessitegrating flood-risk specific information. For example,
by comparing the EUruralis projections for 2030 to the startthe regional communities scenario assumes a world with a
year, again at the NUTS3 regional level. The resulting regional focus and strict environmental regulations enforced
change in total urban land use was then distributed oveby governments. To reflect this, the 1/100 per year flood
the five urban land-use classes according to the previouslgone, which is mainly embanked river foreland, is given a
established divisions, taking into account the storylines forlow suitability value for further urbanization, a policy that
the two scenarios. has already been adopted in Germany. In contrast, the global

On top of differentiating the EUruralis urban land-use €conomy scenario assumes a world where governments have
class, an extra residential class representing high-densitjjttle environmental concern, resulting in a large increase
residential areas was defined using the LandScan populatioift urban land-use functions with no restrictions on urban
data basel(@andscan 2009. This was done because the sprawl. We, therefore, simulated land use according to this
CORINE 2000 land cover data makes very little distinction scenario without limitations as far as the 1/100 per year flood

between high and low urban density residential areas. zone is concerned. Moreover, the suitability of urban areas
close to a river course is increased in the global economy
3.1.4 Suitability maps scenario as it is assumed that more people would like to

live near the water and are willing to pay for this location.

The land-use claims provide information on the scale of NS development has also been observed in the past during
future land-use change but give no indication as to whergP€riods of economic growthGPR, 2005. An overview of
these claims might be realized. This allocation processhe suitability maps used for the Land Use Scanner for the

is carried out by the Land Use Scanner on the basis ofRhine basin s given in Table
suitability maps. These maps give a definition for every
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3.2 Inundation map 3.4 Climate change scenarios for changes in flood

probabilities
One of the inputs for the flood damage model is a map

displaying the water depth of a possible flooding event inFigurela shows current safety levels for seven regions along
the entire Rhine basin. Such a map was developed in 200dhe main Rhine branch. In the Netherlands, there is a legal
by the International Commission for the Protection of the standard for flood defence safety levels. In Germany, dike
Rhine (ICPR), known as the Rhine AtlatCPR 2007). heights are often legally defined and the related safety levels
This atlas contains a collection of maps that displays theare estimated and described IGPR (20058 andSilva and
potential flooded area in the Rhine basin at different floodingvan Velzen(2008. The differences in safety levels were
probabilities (1/10 per year, 1/100 per year, and “extreme”,used to distinguish the regions for which aggregated flood
without a probability estimate). damage and flood risk can be calculated. The seven regions
We used only the “extreme” situation to indicate the have different surface areas. The larger the surface area,
inundated area in the case of flooding, since safety levelshe larger the aggregated damage and risk will be, since we
along the Rhine are all higher than 1/100 per year (Ej. assume that at the given probabilities the entire region will
Based on the Rhine Atlas, we cannot predict how the floodflood. Nevertheless, we made no corrections in our results
extent will change in the future and therefore we havefor the different surface areas of the seven regions.
assumed that the inundated areas for the reference situation We assumed flooding occurs at probabilities correspond-
and in 2030 are the same. For the Netherlands, we have usedg to the safety levels in the reference situation. Hence,
flood risk maps made available by the Dutch government thatve did not simulate flood damage due to dike failures that
are based on multiple inundation model rukar{ den Berg  may occur at lower probabilities and furthermore assumed
etal, 2010. We have only included inundated areas that arethat dike heights will not change in the future. The current
prone to flooding by the river Rhine and not areas that argolicy in the Netherlands, however, foresees adaptation of

influenced by storm surges from the sea. the flood defences (i.e. dike heightening or lowering of the
flood plains) when flood probability increases in order to
3.3 Flood damage maintain current safety levels.

. 4Bm Te Linde et al.(2010. The first climate scenario
ggter) tfk? racetr_talln Iagc:—use catlegolagl e(ssfn:;r et a,I200t7).t d referred to from now on as Wp) represents an extreme
iven the spatial and temporal scale of the present Sy, ;e change scenario, basedv@am den Hurk et al(2006

W.h'Ch IOOk.S at the development Of_ flood risk on a basin- and describes the most extreme scenario out of four in terms
wide level in the future, we used a simple damage model for

. of winter precipitation and resulting floods along the Rhine
land use categories, the Damage ScanAert§ et al, 2008 . . - A
. ) X 2050 (Te Lindg 2007). This climat d
Bouwer et al, 201Q Klijn et al., 2007). This model is based n (Te Linds 9. This climate scenario corresponds

. . with a 2°C increase in global temperature in 2050 with
on two input parameters: water depth and land use. Potentla}l 9 P

. . espect to 1990 and changes in atmospheric circulation
damage is calculated by the model using so-called damag?esulting in drier summers and wetter winters.

functions that define for a land-use category the damage that The second climate scenario (further referred to as

can be expected when a respective inundation level occurs. ., " displ d i h ﬁ
The model applies damage functions for the 13 land-use RACMO) displays more moderate climate change & ects
nd follows the output of the RACMO2.1 regional climate

classes distinguished by the Land Use Scanner and reflects

. ; . . odel Lenderink et al.2003 Meijgaard et al.2008 Bakker
predominantly direct tang_|ble damage caused by physmaEnd Van den Hurk2009. This scenario corresponds with
contact between economic assets and flood water. Not

that direct intangible losses such as loss of life are notiane IPCC SRES-ALB scenario and projects more spatial

variation in m rological chan han the W nari
reflected by the model. However, the Damage Scanner alsaieito eteorological changes than the Wp scenario
implicitly comprises approximately 5% of indirect damages ) . . : L .
. . Both climate scenarios are available in time series
as a surcharge on direct damages. Indirect damages refe

r . . ;
. . . ; f r nd were resampl in im ri f
to a loss of turnover due to business interruption during a0 35years, and were resampled into time series o

flood event and can make up a substantial share of total ﬂooév (()a(r)g y:ual::zeofjedrillly 32;3' tngrei\?g trﬁsar:n zlri(ljo tIiT;Srﬁg(;ZS
damagesRebelGroup2007). d y y g

HBV (Bergstbm, 1976 and to simulate river discharges
and related flood peak probabilitiese( Linde et al. 2010).

By comparing current flood probabilities with future flood
probabilities, changes in flood-peak probability were derived
for the seven regions along the Rhine (see T&pld@e Linde

et al.(2010 evaluated changes in flood probabilities between
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Table 2. Climate change scenarios for increased flooding probabilities in 2030. Flooding probabilities (per year) for the reference situation
are estimated based on literature. The probabifijyificrease is displayed as a factbrestimate, based dilva and Van Velze2008 and
on the Evaluation of the Action Plan on Flood€PR, 20053).

Referencé RACMO Wp RACMO Wp

Region p p incr.

Alpine A 1/200 (0.0050) 1/139 (0.0072) 1/64 (0.0157) 14 3.1
Upper Rhine B 1/1000 (0.0010) 1/691 (0.0014) 1/261 (0.0038) 15 3.9
Upper Rhine C ~ 1/200 (0.0050) 1/160 (0.0062) 1/77 (0.0129) 1.3 2.6
Middle Rhine D 1/200 (0.0050) 1/159 (0.0063) 1/80 (0.0125) 1.3 25
Lower Rhine E 1/200 (0.0050) 1/134 (0.0075) 1/80 (0.0125) 15 25
Lower Rhine F 1/500 (0.0020) 1/327 (0.0031) 1/162 (0.0062) 15 3.1

1/1250 (0.0008)  1/673 (0.0015)  1/437 (0.0023)

1/2000 (0.0005)  1/1080 (0.0015) 1/702 (0.0023) 9 29

Delta G

Return period (year) Table 3. Surface percentages of different land use classes in the

< 10* 50 100 500 1250 flood prone area of the Rhine basin, for the reference situation in
2 2000, and the RC and GE scenarios in 2030. Percentages and Euros

> in Tables3 through?7 are rounded to two significant digits.
= 1.8

° Reference RC  GE RC GE

_g 16 Land use class Area (%) Change (%)

5 Residential High Density 3.7 43 5.4 16 45

'g 14 Residential Low Density 9.0 11 14 23 47

5 ' Commercial 3.7 4.3 5.2 18 42

E Infrastructure 1.0 1.1 11 14 13

s 1.2 Construction/mines 0.69 0.77 0.77 12 11

S V wp Recreation 1.7 20 22 14 28

= * RACMO Nature 9.4 19 1 110 21

3 1 + Reference Agriculture 23 19 20 -16 -15

> — GEVfits Cultivation 10 10 10 23 17

Pasture 37 36 40 —-2.7 59

2 4 6 8
Standardized Gumbel variate . .
. o ) . per year at Lobith increases by 16% for the Wp scenario and
Fig. 3. Extreme value distributions of annual maximum discharge by 13% for the RACMO scenario. The discharge currently

at Lobith, and Generalized Extreme Value (GEV) fits (lines) for : .
the reference situation, and the RACMO and Wp climate changeCorreSpondlng to the 1/1250 event (about 16 Oémﬁ) will

; . increase to 1/460 per year for the RACMO scenario and
for th 2050 (adapted fréenLinde et al.2010. X . "
scenarios for the year (adapted frberLinde et al.2010 1/265 per year for the Wp scenario, meaning the probability

increases by a factor of 2.7 to 4.7, respectivéllg (inde

1990 and 2050. Since the reference year in this study is 200t &, 2010. Similar projected changes in flood probabilities
and the scenario year 2030, we divided the projected change¥© available for several locations along the Rhine branch,
in flood probabilities byTe Linde etal(2010 by two inorder ~ Fépresenting the regions A through G in Fig.with different

to take the shorter timescale into account. safety levels. The projected increases in flood probabilities
for 2030 range from a factor of 1.3 to 3.8, depending on

4 Simulation results region and climate change scenario (Tad)le

4.1 Discharges and probabilities 4.2 Land-use change

Figure 3 shows an extreme value plot for annual maximum Table3 shows surface percentages of land-use classes in the
discharges at Lobith, for the year 1990 and two climateflood prone area of the Rhine, according to the CORINE
change scenarios for 2050. The results represent 1000-ye¢&and cover map. Agriculture, cultivation and pasture have
runs for the reference and each climate change scenario (Wihe largest combined share of 71% in the reference situation.
and RACMO). From the simulation results it can be derivedHigh and low density residential and commercial areas
that the discharge corresponding to a probability of 1/1250comprise 17% of the total basin area. The RC scenario for
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Fig. 4. Land use maps for the reference year 2000, and for 2030 under the RC and GE socio-economic scenarios. The image is zoomed or
the Lower Rhine near the border between Germany and the Netherlands, and shows only land use types in flood-prone areas.

2030 displays by far the largest increase in nature (110%)whole basin to be 300 billio€. This is substantially more
whereas residential and commercial areas each increase @han the ICPR estimate of 200 billig (ICPR, 2001). The
average by 19%. In the GE scenario, the residential andCPR damage estimates are, however, recognized to be rather
commercial areas each increase on average by 44%. Botlow compared to other methods and studies. Several land-use
scenarios project a decrease in agricultural area-{5%). types such as residential and commercial areas or agriculture
Cultivated area and pasture remain fairly stable in bothhave substantially lower maximum damage values compared
scenarios (less than 6% change). to the damage model applied in our study (for more details
These trends are also illustrated in Fgshowing output  ICPR 2001 Thieken et al.2008 De Moel and Aerts2010.
maps of the land-use simulations. The map shows alhis can be explained, amongst others, by the observation
clear increase in urbanized areas close to the river in théhat the results of the Damage Scanner also comprise a share
GE scenario, whereas the increase in nature is the mogif, on average, 5% indirect damages, which is not included
apparent change in the RC scenario. These results obviousif the Rhine Atlas estimates.
correspond to the scenario descriptions that were used in the The expected damage gradually increases downstream.

simulations (see Se@.1.4. The delta in the Netherlands (region G) is the largest and
most densely populated region, and has therefore the highest
4.3 Flood damage potential damage, both in the reference situation as well as

in the future projections of both socio-economic scenarios.
Table4 and Fig.5a display the expected damage aggregatedBetween the two scenarios, the RC scenario yields the lowest
for the seven regions along the Rhine. For the referencencrease in potential damage: 7.5% over the entire basin.
year (2000), we estimated the total potential damage for thén most regions potential damage changes little, with the
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Table 4. Expected damage for different regions in 2000 and 2030 (at 2000 pric#® €stimate of theCPR, 20053.

Reference ICPR ScenRC Scen GE Scen RC Scen GE

Region billion€ 2005 bilion€ billion€ Change (%) Change (%)

Alpine A 0.46 0.0 0.39 0.50 -0.18 8.2

Upper Rhine B 21 1.6 21 26 1.8 18

Upper Rhine C 58 11 62 73 5.9 20

Middle Rhine D 15 1.5 12 18 -23 15

Lower Rhine E 71 22 80 20 11 21

Lower Rhine F 25 170 30 37 18 34

Delta G 110 120 140 7.6 20

Total 300 200 320 380 7.5 21

*1995: 160
a)
N ©) N
Delta G A Delta G A
0—:—25 o mgilomelers —— 10§ilometers
Lower Rhine F Lower Rhine F
Lower Rhine E Lower Rhine E
Middle Rhine D Middle Rhine D
Upper Rhine C Upper Rhine C

2000 Potential damage 2000 Risk
Expected losses (€ billion) Upper Rhine B Annual expected losses (€ million/y) Upper Rhine B
[ lao4s [ la23
[los [ B2t
[sat [ F a0
l:l F 25 e R o7 Lo ST
I c 58 ) Alpine A e o Alpine A
e B c 200
G 109 I E 350

Fig. 5. Potential damagé) and flood risk(b), aggregated to seven regions along the Rhine.

exception of the Lower Rhine region (F) (+18%). In some Results of expected damage per land-use class for the
areas, such as the Middle Rhine, the RC scenario eveentire Rhine basin are presented in TableThe potential
projects a decrease in potential damage. The GE scenaridamage of residential and commercial areas in the Rhine
gives an overall larger increase in potential damage (21%)basin is 200 billior€, which comprises 63% of the total
Moreover, expected damage seems to increase substantiallamage, and is projected to increase to 260 bilio(RC)

in almost all regions, often by more than 15% and ranging upand 320 billion€ (GE) (Table5). Agriculture, cultivation
to 34%. and pasture comprise 93 billig damage (29% of the total

damage), which is projected to decrease to 61 bilEofiRC)
and 63 billion€ (GE).
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Table 5. Expected damage for different land use categories in 2000 and 2030 (at 2000 prices).

Reference RC GE Reference RC GE RC GE
Land use class billio® (%) Chng (%)
Residential H D 73 86 110 23 25 27 18 46
Residential L D 85 120 150 27 34 36 39 72
Commercial 42 53 66 13 16 17 28 59
Infrastructure 7.0 6.3 6.2 2.2 1.8 15 -11 -12
Constr/mines 25 29 29 0.8 09 0.7 19 17
Recreation 4.7 20 23 1.5 06 06 -57 -51
Nature 9.1 14 79 2.9 41 2.0 56 —13
Agriculture 31 15 16 10 45 4.0 —-49 47
Cultivation 32 30 30 10 88 75 -54 -6.1
Pasture 30 16 17 10 46 43 —-48 43
Table 6. Basin-wide annual expected damage (risk) in mill@per 3500 B Socio- economic + climate
year. The factor of change is displayed in brackets. The reference% 3000 -  mClimate
year is 2000 and the scenarios represent 2030. § = 2500 | Socio-economic
[
S i>’~ B Reference risk
Socio-economic scenario g § 2000 r
Reference RC GE % E 1500 L
Climate Reference 880 950 (7.5%) 1100 (27%) 2 000 | a
scenario RACMO 1300 (43%) 1400 (54%) 1600 (81%) <
Wp 2300 (160%) 2500 (180%) 2900 (230%) 500 | . . .

2000 RACMO-RC Wp-GE

4.4 Flood risk ) L .
Fig. 6. Basin-wide annual expected flood damage (risk) for 2030,

Figure5Sb shows estimates of expected annual flood damag&®mpared to the reference situation.
in the reference year (2000) for the seven regions along
the Rhine. In contrast with potential damage (F5g), the
highest flood risk estimates are not found in the Dutch Delta The contribution made by climate change is considerably
(G), but rather in the Lower Rhine (E) in the German statelarger than socio-economic change in both scenario com-
Nordrhein-Westfalen and in the Upper Rhine (C). This is thebinations. Due to climate change, basin-wide flood risk
result of the substantially higher flood protection levels in increases by 43-160%, whereas land-use change results in
the Delta region G, which obviously determines and lowersan increase of 6.5-27% (Tab&. In order to illustrate the
the flood-risk estimates to a large extent. This also impliesrelative increase of annual expected damage due to each of
that uncertainties of flood probabilities heavily affect the the driving forces, we displayed the basin-wide flood risk
reliability of (future) flood-risk estimates in this region. scenarios in a bar chart (Fig). The bar chart displays the
For the future risk projections, the RACMO climate contributions to change in annual expected damage, from (a)
scenario is combined with the RC socio-economic scenarigtlimate change only, (b) socio-economic change only, and (c)
and Wp with the GE scenario. The combination RACMO- the combination of both impacts. Climate change accounts
RC can be considered as the lower estimate and Wp-GE a®r ~three-quarters (6/8) of the increase, whereas socio-
the upper estimate in the risk simulations. Basin-wide result€¢conomic change only resultsirl/8 of the total increase in
are displayed in Tablé. The flood risk estimates of the annual expected damage. The combination of impacts adds
scenarios show a large variation. In the reference situationthe remaining~1/8 to both scenarios, respectively.
we estimate the basin-wide expected annual flood damage As this is the first assessment of basin-wide future flood
to be 880 million€ on average per year. The RACMO- risk, it is interesting to compare different sections along the
RC scenario projects the risk to increase to 1400 mikion Rhine and to evaluate if differences with regard to the drivers
per year, an increase of 54%. The Wp-GE scenarioof future flood risk can be observed. To assess differences
projects a much larger increase in flood risk, tripling it to between regions along the Rhine, Tafileshows annual
2900 million€per year (an increase of 230%). expected damage for seven regions. Bar charts similar to
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Table 7. Annual expected damage (risk) in millig@ per year for different regions in 2000 and 2030 (at 2000 prices).

Reference situation RACMO and RC Wp and GE

Region p bilion€  million€yr-1 p bilion€  million€yr-1 p billion€  million€yr-1
Alpine A 0.0050 0.46 2.3 0.0072 0.39 2.8 0.0157  0.50 7.9
Upper Rhine B 0.0010 21 21 0.0014 21 31 0.0038 26 98
Upper Rhine C  0.0050 58 290 0.0062 62 390 0.0129 73 940
Middle Rhine D 0.0050 15 77 0.0063 12 78 0.0125 18 220
Lower RhineE  0.0050 71 350 0.0075 80 590 0.0125 90 1100
Lower Rhine F  0.0020 25 49 0.0031 30 91 0.0062 37 230

0.00080 0.0015 0.0023
Delta G 000050 110 87 0.00003 120 180 o014 140 310
Total 300 880 320 1400 380 2900

Fig. 6 are shown in Fig7, but now disaggregated to seven (290 million€ per year), whereas the Dutch Delta region (G)
regions along the Rhine. The bar charts show large variationsnly reaches 87 millio#€ per year.
in base risk and flood risk projections between regions, and, Our research further projected that flood risk in the Rhine
like the basin-wide projections, the dominant contribution of basin will not be stationary and might considerably increase
climate change to increased flood risk. over a period of several decades. Expected annual damage
The Alpine area (A) and the Upper Rhine (B) display in the entire Rhine basin may increase by between 54%
hardly any annual expected damage at the vertical scaland 230%, due to socio-economic and climate change. The
they are presented (less than 100 milk@rmper year). Just results display large variations in current risk and flood-
as we have seen in Fidgb for the reference flood risk, risk projections between regions along the Rhine. The
projections for annual expected damage in 2030 are théncrease in flood risk can mainly be attributed to increasing
highest in the Upper Rhine (C) (up to 940 milli@€ per  probabilities of flood peaks due to climate change (43-160%,
year in the Wp-GE scenario, an increase of 220%) and thevhich is ~6/8 of the total risk increase), whereas socio-
Lower Rhine (E) (up to 1100 millio& per year, an increase economic change accounts for 7.5-27% increase, which is
of 210%). The Middle Rhine (D), the Lower Rhine up ~1/8 of the total risk increase. This is in contrast with
to the Netherlands (F), and the Dutch Delta (G) show riskthe findings of Bouwer et al.(2010, who found, for a
projections of between 220 and 310 milli@per yearinthe  Dutch polder, that the effects of socio-economic change and
Wp-GE scenario. climate change are similar in magnitude (climate change: 46-
For the different regions, the relative contribution of 201% increase; socio-economic change: 35-172% increase,
climate change to increased flood risk varies between 5/8 an@hich resulted in an estimated total increase of between
7/8, whereas socio-economic change results in zero to 2/8 086 and 719%). However, they used 2040 as scenario year,
the total increase in annual expected damage. while we addressed 2030. Alsddouwer et al.(2010
included projections for increasing capital value in their
socio-economic scenarios, in addition to projections for land-
5 Discussion and conclusions use change. This accounts for the major part of their estimate
of the contribution from socio-economic change to total flood
The aim of this paper was to estimate future flood risk inrisk. When wealth increase is not includedBouwer et al.
2030 for the entire Rhine basin. We took the year 2000 as §2010), the relative change in flood risk is much more similar
reference and used scenarios in a model simulation to assegsocio-economic change inflicts an increase of 3-44%). We
changes in flood probability due to climate change, and toomitted wealth increase projections for the Rhine basin due
assess changes in potential damage due to land-use changelack of reliable future projections for the entire basin.
The combined simulations provided different projections for  Our method provides a more comprehensive assessment
future flood risk. of basin-wide flood risk in the Rhine than was previously
It was found that, in absolute terms, potential flood possible as existing studies either assessed flood risk in the
damage is highest in the Dutch Delta region (G), namelyNetherlands or in upstream areas in Germahye{ et al,
110billion€, compared to 71billio€ of the second 2004 Klijn et al., 2007 Aerts et al, 2008 Bouwer et al,
highest value in the Lower Rhine region (E). Flood risk 2010. Furthermore, our method enables basin-wide scenario
(damage x probability) is, on the other hand, much projections for future land use and potential damage, by
higher in other regions, most notably in the Lower Rhine integrating a land-use model with a damage model at a high
region E (350 million€ per year) and the Upper Rhine C spatial resolution.
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Fig. 7. Annual expected flood damage, for the reference situation and projections for 2030, aggregated into seven regions along the Rhine.

We have shown that expected annual damage dependegality, there are no jumps in dike height or thus in safety
heavily on estimated flood-probabilities. Further work might levels along the Rhine between countries or Buritedtr, as
focus on acquiring actual safety levels along the Rhine inwe assumed here, but instead the shift is gradual. In addition,
more detail, by analyzing dike heights and water levels. Indue to dike failure processes such as piping, the actual
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flood-probability might be much higher than the probabilities framework of the Dutch National Research Programme Knowledge
of flood events dikes are designed to cope wittinjstry of for Climate gvww.knowledgeforclimate.ojgwhich is co-financed
Transport, Public Works and Water Manageme@io6h. by the Ministry of Housing, Spatial Planning and the Environment
On the other hand, due to over dimensioning of dikes,(VROM). Furthermgre, the project was fi.nanced by Deltares
flood probabilities can also be much lower than Currentlyand the Dutch Ministry of Transport, Public Works and Water
perceived.  Understanding this requires more researchanagement (V&W).
which is ongoing in detail in the Netherlandslifistry of Edited by: T. Glade
Transport, Public Works and Water Managem&ﬂOGt), Reviewed by: W. Piigner and another anonymous referee
but, to our knowledge, not on a large scale in Germany and
France.
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