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Abstract. The aim of the study is to analyze and discussand water resources, being among the main concerns in
possible climate change impacts on flood damages in GerEurope Eisenreich 2005 Lehner et al.2006 Hattermann
many. The study was initiated and supported by the Germart al, 20083 Arnell, 1999. The majority of studies inves-
insurance sector whereby the main goal was to identify gentigate impacts in terms of water supply and changes in sea-
eral climate-related trends in flood hazard and damages ansbnality, while less studies deal with impacts on extremes
to explore sensitivity of results to climate scenario uncer-(Dankers and Feyer2009 Kropp and SchellnhubeR01Q
tainty. The study makes use of climate scenarios regionalizetlenzel and Burger2002. This is partly so because cli-
for the main river basins in Germany. A hydrological model mate models are by their very nature constructed to simu-
(SWIM) that had been calibrated and validated for the mainlate mean changes in climate conditions, and precipitation is
river gauges, was applied to transform these scenarios intonly a secondary process in global climate models (GCMs)
discharge for more than 5000 river reaches. Extreme valu¢Wilby et al,, 1999. In order to produce climate information
distribution has been fitted to the time series of river dis- of adequate quality at the catchment scale, which is normally
charge to derive the flood frequency statistics. The hydro-much finer than the resolution of GCMs, it is necessary to
logical results for each river reach have been linked usingapply regional climate models (RCMs), dankers et al.
the flood statistics to related damage functions provided by(2009, Te Linde et al.(2011), Leander et al(2008, Varis
the German Insurance Association, considering damages oet al. (2004, andWood et al.(2004).
buildings and small enterprises. The result is that, under the Many studies point out that an increase in temperature
specific scenario conditions, a considerable increase in floowvill intensify the hydrological cycle and intense precipita-
related losses can be expected in Germany in future, warmetion will increase, andundzewicz and Schellnhub€004)
climate. conclude that this is a precondition favourable for the devel-
opment of hydro-climatic extremes and increase of flood haz-
ard. Indeed, intense precipitation has increased worldwide
and also in Germany, with higher increases in the western
1 Introduction part of GermanyHlattermann et al2012. Therefore, there

) ) is a growing need for information on climate-change impacts
The latest report of the Internatlona_l Panel on Climategp hydrological extremes and related damagésnichRe
Change IPCC 2013 concluded that “since 1950, changes 2005 Jonkman et al2008 Te Linde et al, 2011). Planning
have been observed throughout the climate system: the atm@n \water management refers to the time scale of decades,
sphere and ocean have warmed” and that “observed chang@gnce measures implemented now should already take into
are unusual or unprecedented on time scales of decades {@.count possible future climate-change impacts on hydrol-

millennia”. The climate change debate has triggered many,qy Becker and Griinewal@003 Hattermann et 312019).
studies of climate-change impacts on hydrological processes
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The insurance sector has an incentive and interest to quan- Global Climate Change
tify possible impacts of future climate change on weather ex- Model ECHAMS
tremes in general, and flood losses in particular, in order to 2° resolution

be able to adapt insurance offers and to develop new services
(GDV, 201Q Berz 2008 Leipprand et al.2008. This espe-

cially applies to the re-insurance companies, where damages
caused by hydro-climatic extremes can accumulate, result-

Regional Climate Change
Models CCLM and REMO

oA , A - 0.165° (CCLM) / 10 km (REMO) o
ing in huge financial lossedunichRe 2005. For example, S m
the financial losses caused by the Elbe and Danube floods in 1 ;3; ]
2002 in Germany were reported to exceed EUR 11.6 billion, River Basin Hydrology @ @
of which 1.8 billion were covered by insuranc&hjeken Model SWIM ﬁ_g
et al, 2005, and the losses caused by the Danube and Elbe 5
flood in June 2013 were estimated at approx. EUR 7 billion, l 2 ‘:l
of which also 1.8 billion were covered by insurance. Bear- Damage Functions @
ing in mind the uncertainty about climate-change impacts Model HQ-Kumul

on flood losses, the German Insurance Association (GDV) ) ) o
commissioned a study on possible climate-change impact igure 1. Model system and data and information flow applied in
on the German insurance industy@V, 2010. The aim of the study.

this study was to generate information on climate change in-

duced trends in storm eventd€ld et al, 2013 Donat et al.
2017 and flood damages. The main objectives of this latter
part were the following:

reviewed the single modelling steps and results on a reg-
ular basis (every 2—-3 months) and gave recommendations
for improvement which were considered by scientists (see

— to analyze climate-change impacts on flood hazard (freFig- 1). Intensive communication and trans-disciplinary ex-
quency, intensity, and seasonality of floods) in large change between scientists and insurers proved to be key for
river basins in Germany until 2100, finding meaningful solutions e.g., concerning linking of hy-

drological modelling and damage functions.

— to project climate change related flood damages consid- The next section briefly describes the overall modelling
ering the current value of assets, strategy, the models used and the information flow. A more

comprehensive description of the methodology used to pro-

duce damage reference information can be found in the An-
nex. The results of validation exercises and then scenario

— to identify information gaps and scientific challenges. projections, for hydrology and flood damages, are presented,

including a brief discussion of the propagation of climate

The. principal research question addressed if_1 this PaPEr 18hange uncertainty to flood losses. The study also contains
to estimate what flood damage would occur in individual a critical review of the methodology applied

river reaches of Germany under present conditions, should

the river discharge change according to projections for fu-

ture climate in two time horizons (2041-2070 and 2071-2 Material and methods

2100). This question was explicitly posed by stakeholders

of the project from the insurance sector, interested solely in2.1  River basins and related data

determining the pure climate-change impact on flood haz- o )

ard and related flood damages, thereby neglecting other norf2€rmany (area of 357021 Kinis divided geographically

stationarities (change in infrastructure, value of assets etc.)Nto0 the northern German lowlands, the central German up-

The present study, covering the whole of Germany, quanti_land, the southwestern Rhlne Valley, the Alpine foreland and

fies the sensitivity of flood damages to climate variability and the German Alps (see Figa). From the northwest to the

change only, and does not estimate the actual future floo§aSt and southeast, the maritime climate gradually changes

damages. In the latter case, also such factors as changes O & more continental climate. The country’s average an-

land use (e.g., riverine settlements), water management (e.g2u@l temperature is abow9°C, and the prevailing winds are

flood protection), and changes in the value of assets Wouky_vesterl_y. Pre(_:|p|tat|on occurs in all seasons, with substan-

have to be consideredy et al, 2005 Helms et al, 2002. tial regloqal d|ffergnces. In the northern German L_owlands,
A panel of experts from the science and insurance secannual rainfall varle_s.between less than 500 (contlr)ental) to

tors (comprising among others Munich RE, Deutsche Riick about 7OQ mm (maritime). The upland and mountainous ar-

Swiss Re, AllianzSE, Nirnberger Beteiligungsgesellschaft&aS receive from about 700 to more than 1500 mm of pre-

Provinzial Rheinland Versicherung AG and the German In-CiPitation per year, and high altitudes in the Alps more than

surance Association GDV) consulted the overall process ang900 mmyear ! (Statistisches Bundesa@008.

— to analyze and quantify the sensitivity of results to cli-
mate scenario uncertainty,
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Figure 2. (a) Topography of Germany ar(8) the five largest river basins including location of gauges for calibration and validation.

The German territory is comprised of five large river 2.2 The modelling strategy
basins (the Elbe, upper Danube, Rhine, Weser and Ems),

three medium-scale basins in the coastal area (Eider : . .
. The setting of the overall modelling strategy is the result of
Schlei/Trave and Warnow/Peene), and small parts of the ; . 90 :
. } a longer discussion process between scientists and insurers.
Oder and Meuse basins (see Fijp). Of the large river ) . . : . .
This section describes the information flow from climate sce-

basins, only the Ems and Weser basins lie entirely within thenarios to estimates of future flood damages, reflecting the

borders of Germany. The Rhine, upper Danube and Elbe arState-of-the-art scientific knowledge, as well as the informa-

international rivers and their drainage basins have large part . : .
. ion demands of the insurers, in terms of spatial and tem-
outside Germany. ; ) ; I .
poral resolution. The information flow within the modelling

AI_I spatial information appl_|ed in the study (the digital el framework used in this study (Fid) encompasses the re-
evation model (DEM), the soil, land use and water table con-_. . . . .
. ; : . .~ gional climate scenario data, the hydrological model which

tour maps) is stored in a grid format with 250 m resolution.

The DEM information originates from re-sampling of digi- transforms the scenario data into river discharge for individ-

tal elevation data of the STS-99 Shuttle Radar Topograph)ﬁg;g\égl ?I(ca)cottljolrc])ss’sigd the damage functions to calculate the
Mission (SRTM) (arvis et al.2008. )

Sub-basin boundaries were provided by the German Fed, Simulations from the ECHAMS global circulation model
eral Environmental Office (UBA), and for areas located out- (GCM), cf. Rockner et al(1999 2003 were chosen as large-

side Germany they were calculated using the DEM. scale climate drivers because analysis has shown that the

. model simulation results agree reasonably well with the ob-

The land use map was created using the European . .
ot . : served climate in the target area (Germany) for the reference

CORINE (COoRdination of INformation on the Environ- eriod 1961-2000

ment) land cover magllinger and Strohl1996. The orig- P )

inal 44 land use classes were reclassified into 15 class Different regional climate model (RCM) applications,
“Based on ECHAMb5-generated scenarios as drivers, are avail-
(Krysanova et a).2000.

Soil information was taken from the soil map of the Fed- able for Germany, using dynamic and statistical downscaling.

: . In this study, the available regional climate scenarios gener-
gral REpUb“C ofGerman_y (scale 1.000000)' The map dis ated by the physically based models (CCLM and REMO)
tinguishes between 72 different soil types. Each soil type has . : .

N X S ) were used for impact analysis. In total, seven transient runs
a so called “leading profile” with up to 8 different layers.

Alonaside the soil mao. ohvsical parameters for each la e‘rfrom 1961-2100 were applied, of which four were generated
9 P, PIy: b ' 1ay y CCLM (corresponding to IPCC SRES scenarios A1B and
such as saturated conductivity, texture classes, porosity, bul

density, humus and organic nitrogen content are provided 1 with two realizations each, cfoliweg et al, 200§ and
Y 9 9 P " three by REMO (IPCC SRES i.d\akicenovt and Swart
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200Q scenarios A1B, A2 and B1 with one realization each, pacts of climate change on water resources, such as evapo-
cf. Tomassini and JacoB009. transpiration, percolation, surface runoff, interflow, ground-
The climate scenarios were transformed into river flow andwater recharge, plant water uptake, vegetation dynamics and
flood frequency characteristics using the eco-hydrologicalriver routing Krysanova et aJ. 1998 Hattermann et al.
model SWIM Krysanova et a).1998, which had been val- 2005. A comprehensive description of the model can be
idated and applied for the target arddu@ng et al. 201Q found inKrysanova et al(1998 2000. The model has been
2013 Hattermann et al2011J). In this paper, it was used for already applied in different hydrological studies in Germany
investigation of 5473 river reaches of Germany. (Hattermann et al.2004 2006 2007, 2008h Krysanova
The last step of the work flow diagram was to transform et al, 2002 Huang et al. 2009 201Q 2013. Hattermann
the projected river flows into losses using damage functionst al. (2005 calibrated the model for the Elbe basin includ-
developed by the German Insurance Association for the zipng quantification of sensitivity and uncertainty, whidleiang

code areas in German@DV, 2009. et al. (2010 calibrated the model for all large river basins
in Germany in a climate impact study. Investigation of cli-
2.3 The regional climate models mate change impacts on floods using the results of differ-

ent RCMs as climate boundary condition was carried out by
REMO (Tomassini and Jacot2009 and CCLM B6hm Huang et al(2013 andHattermann et al(20117).
et al, 2006 are physically based regional climate models, SWIM uses a three-level scheme of spatial disaggregation
which calculate climate variables on a dense grid. REMOfrom basin to sub-basins and finally to hydrotopes (sets of
used a 10km grid for central Europe including Germany, elementary units in the sub-basin, with common geographi-
while CCLM used a 0.165(18 km) grid for entirety of Eu-  cal features like land use, soil type, and average water table
rope. Both models use results of the GCM ECHANRSEk- depth). Water fluxes, plant growth and nutrient dynamics are
ner et al, 2003 as boundary conditions and generate thecalculated for every hydrotope with a daily time step. The
main weather processes and variables for the region of intereutputs from the hydrotopes are aggregated at the sub-basin
est including temperature, cloud dynamics, and precipitatiorscale. The lateral fluxes are routed over the river network,
for each grid cell. Theoretically, physically based climate considering transmission losses.
models could be perfect tools to investigate regional climate The Turc—Ivanov DVWK, 1996 method is used to esti-
change as they consider the basic physical relationships ahate potential evapotranspiration. Soil evaporation and plant
climate dynamics. However, the physical nature of weathertranspiration are calculated as functions of the leaf area index
and climate processes is very complex. Even if the modelgLAl) using the approach dritchie(1972. Surface runoff is
are being improvedWood et al, 2004, cloud physics and determined using a modification of the soil conservation ser-
the development of precipitation are still difficult to repro- vice (SCS) curve number technique. Infiltration of water into
duce. The reason why a set of climate projections producedhe soil, percolation through the soil layers and groundwa-
by different regional climate models and driven by different ter recharge are modelled using a storage routing technique
global scenarios have been applied in this study, is in ordefArnold, 1990.
to reflect the inherent uncertainty of the climate projections. Lateral subsurface flow or interflow is calculated simulta-

The spatial distribution of intense precipitation is a pre- neously with percolation using a kinematic storage model.

requisite for interpretation of flood generation as often floodsiInterflow occurs in a given soil layer if the soil layer below
develop in the headwaters and different tributaries can conis fully saturated. Flow routing in the river network is cal-
tribute to floods in the main river. Despite the uncertainty in culated using the Muskingum flow routing methdda(id-
projections of intense precipitatioBeneviratne et a(2012 ment 1993. Slope, depth and width of river reaches are cal-
show that what used to be a 20-year return value of annuatulated using a digital elevation model of 100 m resolution.
maximum 24 h precipitation rates in late 20th century is pro-The equations for groundwater flow and groundwater table
jected to be exceeded more frequently in the future. A dailydepth were derived froBmedema and Rycrof1983.
precipitation sum that used to be reached (or exceeded), on In total, the model set-up for the task reported in this paper
average, every 20 years in the reference period is projected toonsists of 5473 sub-basins and 124 671 hydrotopes (thereof
become much more frequent in future. For the Central Euro-3766 sub-basins and 63 926 hydrotopes in Germany).
pean region it may re-occur every 9-14 years (depending on
time horizon considered and on SRES emissions scenarioR.5 The damage functiondr) and the flood loss model
A similar pattern can also be seen in the climate scenario re- HQ Kumul of the GDV
alizations used for this study.

There exist many different methodologies to derive flood
2.4 The hydrological model SWIM losses llerz and Thieken2009 Apel et al, 20093, typi-

cally in the suite: discharge (stage) — damage, or discharge
The ecohydrological model SWIM, used in this study, inte- — return period — damage, developed for a range of scales —
grates the relevant processes necessary to investigate the iftoem local to national or continental. However, the issue of
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establishing damage functions remains a difficult dvierz charge for post zip code of the area for present conditions.
et al. (2013 examined stage-damage functions linking the Below some threshold return period there is no damage (cf.
damage (relative or absolute) for private households in GerFig. 3). Figure3 illustrates how the concept of the damage
many to the inundation depth. Even if one typically ignores function is used. Such functions exist for the whole country,
many factors influencing flood damagderz et al.(2013 ordered by zip code numbers, but they are not in the pub-
considered hydrological and hydraulic aspects, early warndic domain, as they are of considerable commercial value.
ing and emergency measures undertaken, state of precautidiillems (2010 examined the relations between five-digit
of the household, building characteristics and socioeconomi@ost zip code numbers and individual river reaches in Ger-
status of the household. many.

Cammerer et al(2013 examined adaptability and trans-  The damage functions used in this study are an integral
ferability of stage-damage functions for the estimation of di- part of the flood loss model HQ KumuB(rghoff, 2008
rect flood damage to buildings. Despite the vast uncertaintiesGDV, 2009, a physical-probabilistic model for assessment
transferability is tacitly (and incorrectly) taken for granted of flood damages at residential houses and buildings of small
without further validation, mainly due to the lack of real dam- enterprises including interiors. Even if HQ Kumul is not in
age dataCammerer et a2013 found that flood-loss func-  public domain, it is available to members of the German In-
tions derived from related and similar regions estimate thesurance Association GDV, so that it is being used by insur-
observed damage quite well indeed, while careful thoughtsance companies in Germany in their daily work to estimate
are needed when transferring loss functions to other geopotential flood losses. The approach combines information
graphical regions. about historical flood events, flood frequency statistics, and

Meyer et al.(2013 undertook a review of cost assess- related damages, with a zoning system (ZURS GEO, see
ment approaches for natural hazards, including floods. Dif-www.zuers-public.dg indicating areas at risk for specific
ferent cost types were considered: direct tangible damageslood return periods under current climate and runoff con-
losses due to business interruption, indirect damages, intarditions.
gible effects, and costs of risk mitigatiodeyer et al (2013 The approach of the GDV determines possible flood dam-
showed that cost assessment is often incomplete and biasedge D ry considering inundation areas for flood with certain
direct costs receive principal attention, while intangible andreturn period and value of the goods (buildings and small en-
indirect effects are ignored. Cost assessment is bound witkerprises) located in the affected areas. The damage function
huge uncertainties due to insufficient or highly aggregatechas a form of a table of damages for each postcode area in
data sources, along with a lack of knowledge about the pro-Germany including zip code, flood return peridd and re-
cesses leading to damage. lated losses. In order to link these damage functions to the

Dumas et al(2013 examined methodology to investigate river network, a representative damage function has been as-
the causal chain from global climate change to local floodsigned to each river reach (Fig.bottom), accounting for the
losses in France, finding that a very large uncertainty ariseslistance of the neighbouring post code areas to the river and
from the climate downscaling technique. Accordingto- size of the area affected by the specific river reabfiléms,
mas et al(2013, there are doubts as to the feasibility of es- 2010.
timating future flood losses at local scale. The HQ Kumul approach is designed to indicate flood risk

A regional study devoted to the impact of climate changeareas under current conditions using observed discharge as
on flood damages on the pan-European scal&dygn etal.  input. Changes in runoff conditions and climate cannot be
(2008, arrived at averaged expected annual damages at theonsidered as no dynamic rainfall-runoff model is included.
EU and country level. It was assumed that the flood protec-This is why the damage information for the period 1961—
tion level depends on the country’s GDP (protection up to2000 derived from HQ Kumul and validated against data
100, 75, and 50-year flood for countries with GDP abovecollected by GDV can serve in this study only as a refer-
110 %; in the range from 55 to 110 %; and below 55 % of theence for comparison with the damage results generated by
average EU 27 GDP level, respectively). It was also assume&WIM (with observed climate data or RCM-generated cli-
that no adaptation to increasing flood levels and no growthmate input) for the same period. For a future scenario hori-
in exposed values was made. Under these assumptions, tlz®n, no observations of runoff exist and thus they are sim-
expected annual damage (of EUR 6.5 billion at present) waslilated by the SWIM model driven by RCM projections and
projected to nearly treble, to EUR 18 billion in 2071-2100 linked to the present damage functions of HQ Kumul to cal-
under SRES A2 scenario. Out of 25 EU countries with non-culate losses under climate change conditions, considering
zero flood damages in the control period, increase (up tahe current value of assets. For more information about HQ
80 %) is projected in 20 and decrease (even by 85 %) is proKumul, see the Appendix.
jected in five countries.

The damage functions used in the present paper have been
provided by the German Insurance Association (GDV). They
link potential flood damage with return period of river dis-

www.nat-hazards-earth-syst-sci.net/14/3151/2014/ Nat. Hazards Earth Syst. Sci., 14, 318169 2014
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Figure 3. From river discharge (top right) via extreme value statistics (top left) to flood damages (bottom).

2.6 Linking flood statistics to damage functions Pareto distribution (GPD)Joles et al.2001):
. . L . L~ ¢ C(x—u)
One of the most critical steps in deriving flood losses is Fy(x) >~ G(x;0,¢,u)=1—/1+ — (2)

to combine hydrological information with economic infor-

mation, via damage functions. GDV provided data on floodasymptotically for large with x —u > 0, 1+£%-4 > 0 and

losses for various spatial units and for various return peri-0 = o +¢(x —u), whereo and¢ denote scale and shape pa-

ods. The idea is therefore to make use of appropriate extremeameters. Summarizing, the GPD gives the probabhityf

value statistics and to derive a value of discharge corresponda random variable exceeding a high flow value given that it

ing to a particular recurrence intervalfor the reference pe- already exceeds a high threshaldn m3s~1, whereby the

riod 1961-2000, using the output of the hydrological modelvalue ofu has to be carefully determine@gles et al.2001).

driven by the RCM simulations. This will allow the analyst By setting the cumulative distribution function (cdf, EL).

to calculateT as input to the damage functidd ). equal to the probability of interest, and then solving for
When investigating extremes, events located in the tailsone gets the corresponding return level (flawn m®s—1.

of the distribution are in the focus of intere€ldles et al. ~ The resultingl’ year return level is defined as follows:

200). In the statistic_s of extre_me events,_one takes a_dvan- & (T -ny -Prx > u))¥ — 1)

tage of a theorem which describes the statistical behaviour of = u + ) (2)

extreme events (the so called extremal types theorem (ETT), ¢ )

c.f. Coles et al. 2001), asymptotically for large samples. with n,, the number of (flow).obse.rvatlons per year (on aver-

In other words: when generating many random distributionsad€ 3625 as we operate with daily data) andPe u) the

which are not necessarily normally distributed, the mean offumber of events larger than Equation g) can be further

this set is found to be approximately normally distributed. developed to get the return peri@din years of every return

When selecting the extreme values of the same sets of datéVelq:

they asymptotically approach one of three other types of dis- fau i1

tributions, which can be written in a single expression as, _ o )

a family of generalized extreme value (GEV) distributions. ny - Pr(x > u)

Either maximum values of discharge (e.g., annual maximump .7 Bias correction

AM) or peaks over a threshold (POT) can be analyzed. For

the POT approach, a threshald) is first determined, and Many studies (e.gRiani et al, 2010 Dankers et a).2009

events(x) above that threshold are fitted to the generalizedDankers and Feyer2009 Huang et al.2013 discuss how

®)
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to apply climate scenario data in impact studies and how to The procedure can be summarized as follows.

overcome the inherent inaccuracy (bias) of the simulated cli- , )

mate data. It is often stated that climate data simulated by 1- Simulate discharge for the reference (1961-2000) and
GCMs and RCMs have to be corrected before being applied ~ Scenario period (2001-2100) for each of the 3766 river
in impact studiesRiani et al, 2010. However, there are also sections with SWIM (driven by the respective RCM).
disadvantages of bias correction, e.g., inability to detect the ,
causes of the observed bias leading to errors in simulation.
Moreover, bias correction methodologies suggested in litera-
ture are not reliable when correcting precipitation extremes,

as these events by definition occur very rarely, hence the sta-
tistical support for any correction is low because of the very 3. CalculateT for the daily discharge in the scenario pe-
small sample size. Also, measurements of extreme events are  riod for each day and each river section using the cdf
often uncertain because of the low density of monitoring sta- with GPD parameters derived in the reference period.
tions and existence of large measurement errors. The projec- ) . .

tions of extreme events are more uncertain than projections 4= Calculate the river section specific damageg:) for

of mean conditions. Besides, a recent studyHmang et al. each day of the scenario period.

(2014 has shown that bias correction neither improves reli-thjs \ay it is assumed that every time when a runoff occurs
ability nor reduces uncertainty of flood projections. In addi- ;, 5 specific river reach having the discharge of e.g. the 50-

tion, applying the “best” possible bias correction method foryear fiood of the reference period it will cause the related
one variable will not give “perfect” results in terms of an- damages.

other variable and a bias will still occur. This bias will add to
the measurement and interpolation errors.

The damages in HQ Kumul are solely a function of return 3 Results and discussion
periodsT (of the reference period 1961-2000), while edch
can also be associated with a particular value of discharge 3.1 Validation of discharge and damage for the
The bias in dischargeg is caused by the bias in RCM climate reference period
input which differs from the observed climate. It is assumed
that the bias correction for the reference period is valid for fu-3-1-1  Hydrology
ture periods. In practice, one has to derive the discharge c
under RCM climate for a river reach and the reference perio
1961-2000 (Fig3 top left) and apply this function to a (sce-

Foa“:)i) r?tl)s gggrggi:mtiesggaseiz (t:r:\j ;iag]aier%ii;eacrhg'r?éscalcuIated using data from the period 1951-2000 and for the
prg 9 9. observed and simulated floods over a threshodd the 99th

to be done for each of the seven scenario realizations sepa- . . .
: ST . . percentile of daily flow. The examples were selected in such
rately. Doing so, the correction is implicitly applied to a time

; . ) . . .~ away that the basins represent the main regions in Germany.
series of dischargeg, i.e., correcting the discharge associ- ; ; :
) X . . Figure4 illustrates that the SWIM model is generally able
ated with return period§’ of the RCM discharge cdf’s in : L
) , .. toreproduce both the flow dynamics and the extremes in river
order to match the reference discharge cdf’s. A table giving, _ ) o . .
o ; . basins with quite different flow regimes, ranging from low-
damagedr) for specific values of return interval (Fig. 3 o ) .
) land areas under maritime and continental climate to sub-
bottom) is then used to calculate flood loss for all values of_| . :
: L ) alpine areas. The shape of the GPDs calculated with observed
¢ in future (2011-2100). This is done for every single eVentflood events agrees with the ones of the simulated GPDs
and each of the 3766 sub-basins modelled in Germany. 9

The bias correction in this paper refers to rectifying the (right part.of the figure). . . .
. O . : In a regional model set-up, the simulation generally gives
errors identified in the link between the discharge and the re- ) . . i
o ) . : a better reproduction of river discharge from entire large
turn period in the reference period. In this way, the bias cor-__". : .
T . ' basins and larger tributaries than from the smaller and very
rection is shifted to the end of the model chain. The advan- : .
small ones. For a better reproduction of the very small tribu-

Qaries and creeks, site-specific local data should be applied in

do corrections for every single modelling step (climate mod- Lo .
i ) : : the model set-up, especially if river flow is affected by human
elling, hydrological modelling, damage modelling). Never- . h o .
) : : . . regulation. This is normally not feasible in a regional model
theless, comparison with hydrological simulations based on "2 .~ .
. : c . application. However, the results in Huang et al. (2010, 2012)
observed climate as input is still useful to estimate the per-""! o
. o using the same model set-up as in this study show that SWIM
formance of the hydrological model for extreme conditions, . . ; .
: ) . is also generally able to simulate the behavior of smaller trib-
and comparison of simulated and observed climate for the

reference period is necessary to understand the inherent uH—ta”eS with satisfactory accuracy.

certainties in climate input variables.

Define scale and shape parameters of GPD by fitting
the return intervals of discharge above thresho{dere

the 99th percentile of daily discharge) for the reference
period and for each river section.

ﬁgigure4 (left) shows the observed and simulated daily river
discharge from 1981-1990 (for visualization purposes — only
10vyears). Figurd (right) displays the flood statistics (GPD)
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Figure 5. Extreme value statistics (GPD) with observed and simu-
lated climate as input for the hydrological model, for the rivers Ems,
Elbe, Danube and Main (for the location of the gauges seeZrig.
and for the period 1961-2000.

(see Fig.3 and EQ.3). Nevertheless, good agreement of the
results would render the outcome more trustworthy, as rated
by stakeholders.

g 3:1.2 Flood damages - reference period

The flood damages simulated by SWIM linked to the dam-

90. Right: extreme value functions (GPD) calculated for the periodage functions for the reference period 1961-2000 are com-

1951-2000.

pared against GDV loss records derived via HQ Kumul. The

first comparison is for specific river reaches where gauges

are located. Extreme value statistics were applied for the ob-

Figure5 shows the comparison of simulated flood statis- served and simulated runoff (GPD) with observed climate as

tics for the reference period 1961-2000 (the RCM time se-input and used to calculate the flood damages using3gq. (
ries starts in 1961) when calculated by SWIM (i) with ob- and the damage functions of the GDV. Figérehows a typ-
served climate as input and (ii) with climate input simulated ical example in terms of the annual flood damages for the
by CCLM and REMO (CCLM with two control runs, REMO Rhine River reach at Cologne in 1961-2000. Also shown is
with one). Using the simulated climate as a boundary condithe long-term average annual damage. Especially the second
tion for the hydrological model produces a bias when com-half of the period shows a very good agreement. An event
pared to the results simulated with the observed climate as inin 1970 is underestimated by SWIM and the timing of the
put. This bias for the reference period is sometimes strongedouble-peak January 1983 event is offset. However, the long-
(Elbe basin) and usually positive with CCLM climate as in- term average damages are very similar (see also Table
put, while negative with REMO climate as input. Most com-  Figure 7 shows the result for the whole of Germany as
parisons give results similar to those for the rivers Ems andsimulated by SWIM with the observed climate as input, and
Danube, while some show a strong overshooting or underas calculated by the hydro-statistical model of the GDV (HQ
shooting of the GPD with simulated climate as input, as inKumul) for the same period. The differences for the entire
the case of the rivers Elbe and Main. basins are in total higher than for the comparison of specific
Mathematically, this problem is taken into account by us- river reaches. One reason is that the heterogeneity of the re-
ing only the returninterval as a link to the damage function sults increases with the number of river basins, when dif-
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Figure 6. Average annual damages in thousand EUR in the ap_Figure 7. Average annual damages in the main five German river
proximately 25 km long river reach of the Rhine at Cologne calcu- basins as simulated by SWIM and given by the model of the GDV
lated using the river reach specific damage function with (i) SwiM- (HQ Kumul) in million EUR. Also included is the long-term linear
modelled discharge and (i) observed discharge at gauge Cologndrend.

The long-term mean is also displayed (see also Table

Table 1. Average long-term annual damages in the main GermanTable 2. Return period of a former 50-year flood (for the reference
river basins and aggregated for Germany (five large basins) as sinperiod 1961-2000) under scenario conditions, averaged for all river
ulated by SWIM and by HQ Kumul in million EUR. reaches in Germany.

Rhine Elbe Danube Weser Ems Germany RCM scenario period period period

HOKumul 170 92 = o 29 465 realization 2011-2040 2041-2070 2071-2100
SWIM 151 111 72 98 55 488 CCLM  A1B 1 57 44 19
CCLM  A1B_2 21 29 37
CCLM B1_1 37 31 65
ferences in individual basins contribute to the entire picture. (R:EnL/l'\é E;ll—Bz gg gg’ f?
The second reason is that Figshows the comparison of two REMO A2 a1 30 22
model results having different modelling concepts. The dam- rgmo B1 17 23 23

age functions (i.e., the return period — damage relation) used
in both models are the same, but the SWIM model applies
a physically based simulation of flood generation and HQ o . N
Kumul uses a statistical methodology. The loss eventin 19653-2 Projections for scenario conditions
for example, is significantly higher when using HQ Kumul _ -
(an overestimation is also found when comparing with the3-2:1 Flood hazard under scenario conditions
observed data). However, the long-term average of simulated ) ] N
flood damages via both models closely agree, being abo&enerally, flood hazard increases under scenario conditions
EUR 500 million per year (see Tab®. Figure7 also shows [N mMost of the seven scenario runs. TaBlsummarizes the .
that the linear trend for both models is comparable (meanindesuns for all scenario realizations and for three 30-year hor_l-
that there is already a climate induced trend in damage datay.ons 2011-2040, 2041-2070 and 2071-2100. The values in
Table 1 lists the flood losses for the period 1961-2000 dlcate.the future reccurrence_mterval of a dlscha_rge corre-
for the five largest river basins in Germany, as simulategSPonding to a 50-year flood (in the reference period 1961
by SWIM in combination with the damage functions and 2000) averaged for all river _reac.:hes'm Qermany. E>.<cept for
by HQ Kumul. Again, the values are in good agreement.the CCLM B1_1 run, aII_ reallzatlon_s indicate acor_15|derable
Only the smallest river basin, the Ems, shows larger diﬁer_de_zcrease of the return mteryal unjul the end of this century,
ences. On the whole, SWIM tends to slightly overestimateWith the REMO Alb scenario having such an event, on av-
the flood damages as compared to HQ Kumul, by approxi-rage, every 1.7 years in the last scenario period, and CCLM
mately 5% in total. It is worth mentioning that these results ALB_1 scenario —every 19 years.
were achieved without further bias correction, i.e., without VWhile Table2 gives values integrated for the three future

adjusting the damages simulated by combination of Swimhorizons and the whole of Germany, Figillustrates how
and damage functions. the 30-year flood calculated for a 30-year moving window

changes at gauge Neu Darchau on the Elbe and under REMO
climate scenario projections from 1981 to 2100 in compari-
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1£igure 9. Annual damages in Germany (five largest river basins) as
simulated by SWIM in million EUR. Top: scenario CCLM-A1B-1.
GBottom: scenario CCLM-A1B-2.

son to the 30-year peak discharge during the period 196
1990 (in red) by fitting the GDP for POT events. Shown is
also the 95 confidence level. Especially scenarios A1B an
B1 show a relatively strong flood increase until the end of
this century. The variability of changes in 30-year flood over events appearing already in the first scenario period (2011—
time also illustrates the non-steady nature of trends, undepp40). In the last scenario period (2071-2100), the A1B_1
strong inter-annual variability. Nevertheless, a discharge exrun has, on average, flood damages three times higher than in
ceeded, on average, once in 30years in the control perioghe reference period (1961-2000), while A1B_2 shows that
is projected to occur more frequently in the future (leading already in the first scenario period the annual damages nearly
subsequently more frequently to the respective damage).  doubled. The differences of two realizations of one scenario
(A1B) modeled by the same regional climate model (CCLM)
3.2.2 Flood damages under scenario conditions illustrate the possible heterogeneity of the results within one
scenario.
Following the increase in flood hazards described in the Figure10gives the change in flood losses as simulated by
previous section, scenario results illustrate that flood damsywm for the German part of the Rhine basin with CCLM
ages can increase strongly under climate change (considegnq REMO climate data (scenario A1B) as input. Both simu-
ing the current value of assets, exposure, and vulnerability)jations show a gradual increase in damages with REMO cli-
although inherent uncertainty induced by the climate projec-mate resulting in higher damages in total, as it also holds for
tions is large. Tabl® summarizes the damages for the differ- Germany (see Tabt®), where the third period of the REMO
ent cIim_ate models, scenarios,_realizations and scenario pex1B scenario has the highest annual damages of all scenar-
riods. Figure9 shows two possible trends for annual flood jos. The relative increase of damages under scenario condi-
damages until 2100 as calculated by SWIM linked to thejjons reported here is within the range of results published
damage functions with two realizations of the scenario AlB,by Te Linde et al(2011) for the same basin, but considering

simulated with the RCM CCLM as input. Both project an g5 |1and use changes, and publishedFbyen et al(2008
increase in flood damages. The first realization has a morgyr the European scale.

gradual increase, and the second one shows a few larger

Nat. Hazards Earth Syst. Sci., 14, 31513169 2014 www.nat-hazards-earth-syst-sci.net/14/3151/2014/



F. F. Hattermann et al.: Modeling flood damages under climate change 3161

Table 3. Average flood damages in Germany per year, for the reference period and scenario horizons (in million EUR).

Scenario/Realization 1961-2000 2011-2040 2041-2070 2071-2100

CCLM A1B-1 433 461 585 1301
CCLM A1B-2 492 1183 1052 725
CCLM B1-1 433 815 878 388
CCLM B1-2 492 668 1091 1276
REMO A1B 468 672 1003 1509
REMO A2 468 748 668 891
REMO B1 468 1436 929 860
Average 465 855 887 993
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S | Figure 11. Box plot of the average annual losses per year for all
_ 8 scenarios and time periods in million EUR per year.
I ]
£ - Figure 11 summarizes the results for all scenarios, real-
E.j, 3 ! izations and periods in the form of box plots, indicating the
5 A range of uncertainty.
s || l k/ Of interest are the possible reasons for the inherent uncer-
i /\/\MAM,, [\N\] \NJ\ tainty of trends. As shown in Tabl& losses increase under
I e e e e e scenario conditions, with the largest average losses occurring
1960 1975 1990 2005 2020 2035 2050 2065 2080 2095 for most realizations at the end of the scenario period (2071—
Year 2100). However, even the first scenario period gives a steep

Figure 10. Annual damages in the German part of the Rhine basinincrease in damages averaged over all scenarios and realiza-
as simulated by SWIM in million EUR. Top: scenario CCLM-A1B- tions, although individual scenarios (CCLN.I Al1B-1 and B1-
1 Bottom: scenario REMO-A1B. 2 and REMQ A1B) show a more m_oderate increase (Fiy.
The underlying reasons can be: (i) the global boundary con-
dition; the ECHAMD5 scenarios show a decrease in temper-
The results are summarized for the whole of Germany inature in the 1990s and a steep increase starting in the early
Table3. The total annual flood damages in Germany sum up21th century, and this pattern is reproduced by the regional
to nearly EUR 500 million per year for the reference period models for the study area (see F8), (ii) the non-linearity
1961-2000 and, on average, double (for REMO A1B evenof the damage functions, where small increases in flow (if
treble) until the end of the scenario period. high flows increase then peaks over threshold become more
common and their return intervals decrease) can result in
large increases in flood damages and (iii) the inherent uncer-
tainty of the climate processes as such, where only additional
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realizations could help in determination of robust ranges ofbutions are only shifted, but not necessarily different. Also,
damage trends, indicating outliers. the methodology was developed for regional or large scale
It has to be mentioned that the low variability of losses investigations, while planning of small-scale flood defenses
between different simulations in the reference period is thewould demand more detailed model set-ups, including hy-
result of the bias correction described in Figmaking the  draulic modelsApel et al, 2009a b).
outcome of different climate scenarios and calculated with Of interest is how much the bias correction affects the
different RCMs comparable with observed losses. modelled results. Figur&3 gives a comparison of annual
Figure12 finally shows four maps aggregating the results damages for the Rhine in the period 2010 to 2100, driven
of the seven scenario realizations for 3766 river reaches ilby REMO (left) and CCLM (right) climate (Scenario A1B).
Germany in terms of flood hazard (upper part) and relatedThe comparison indicates that the damages simulated un-
damages (lower part) for the periods 2011-2040 and 2041-der CCLM climate are much higher without bias correction,
2070. The trends in flood hazard are mostly positive for thewhile the simulations driven by REMO give a lower bias,
headwater areas in the mountainous parts of the basins araresult which is in line with the observation that the bias in
often along the main rivers, as for the upper parts of the Elbeprecipitation is larger in CCLM simulations.
and Danube rivers. The tributaries from the lowlands often Alternate approaches to bias correction can be envisaged,
show a decreasing trend, visible e.g., in the northern lowlandgor example using a model system combining hydrological
of the Elbe basin and in tributaries having their origin in the and hydraulic models (in space and time) for all 3766 river
Rhine Valley (southwest Germany). A second effect is thatsections in Germany and bias corrected climate input data
the western, windward or low parts of the mountains gener-and the same damage model. However, such a set-up would
ate relatively more floods and therefore also damages. Thee computationally much more demanding (especially the
reason for the latter effect is that under scenario conditionshydraulic model) and also the data need would rise signif-
more westerly wind situations occur, a pattern already dedcantly, whereby some of necessary additional data are not
tectable in the observed data for the last five decadesgw  available with the sufficient quality (e.g., cross-sections of
and Merz 2009 Hattermann et al2012. The trends in flood  all river reaches for the hydraulic model). In addition, the ac-
related damages generally show the same regional patterturacy of bias correction of the climate data and calibration
with increases in damages where also flood hazard increasesf the hydrological model would be very important as very
certain flood levels would have to be reproduced. When using
3.3 Critical discussion of the methodology applied the methodology described here most of these problems can
be avoided while giving robust and consistent results for the
The comparison of the simulated damages against the referiginal problem, to investigate the possible trends in flood
erence data presented in TalBlesshows that the methodol- hazard and damages in Germany considering climate trends
ogy described and applied here is a useful tool to meaneonly.
ingfully estimate flood damages, under strong uncertainty in
data input (e.g., climate) and in model parameters and struc-
ture. One conclusion is that the proposed methodology it

well suited for large-scale investigations. Nevertheless, als . : .
. ; ‘he study presents a modelling concept suitable for estimat-
the disadvantages of the methodology should be discussed: : ) )
ing large scale flood damages in future climate scenario con-

considered as driver for changes in flood related damages is.~ . . .
) X ; : itions, under the assumption of ceteris paribus (other factors
only climate, while other sources of uncertainty, which could . . .
unchanged). The central idea is to use extreme value statis-

possibly induce even higher uncertainty than climate projec-; . C . . X
. : tics to link hydrological information (on river discharge and
tions, e.g., changes in land use, water management and flog I . ;

: . Its frequency characteristics) and flood loss information. The
defenses as well as changes in flood protection standards an o . . .
) . . advantage of the specific approach is that no bias correction
in damage potential (value of assets) are not taken into ac;

count. The population exposed to floods (assuming c;onstar}cf)r the climate data are needed, hence the approach can be

) extended to other climate scenarios without the need to con-
hazard), for example, tends to grow, both in absolute terms . . . .
duct the very problematic and time-consuming bias correc-

(thousands of people peryear) and in percentage of total PORion of climate input data. Future discharges, corresponding

ulation Kundzewicz et al.2014). . : )
. ; g . to future climate, are compared with present return periods
Another important point which has to be checked in ad- . .
and with present damage functions.

vance when applying the methodology described in this
study is that the climate input should create a bias only, not
a completely different system behaviour, where the domi-
nating flood generating processes may change. This can be
tested by comparing the shape of the hydrographs and fre-
quency distributions (see for example FB). If a bias is
present, the shapes of the hydrographs and frequency distri-

Summary and conclusions
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CCLM + REMO ___ 1igh agreement | increase CCLM + REMO ___ 1igh agreement | increase
Tow agreement | increase Tow agreement | increase

2011-2040 low agreement | decrease 2041-2070 low agreemant | decrease

Flooding high agreement | decrease Flooding high agreement | decrease

Damages [%] Damages [%]

Mean - Mean
2011-2040 50-100  —— 150-200 2041-2070 50-100  —— 150-200

Figure 12. Maps of the changes in flood hazard (upper part) and related losses (lower part), averaged over all scenarios and realizations, for
the period 2011-2040 (left) and 2041-2070 (right). High agreement: at least six realizations show the same trend direction; low agreement:
at least four realizations show the same trend direction. The damages are shown as relative changes in percent compared with the referenc
period 1961-2000 (damages of the reference period equal 100 %).

The quantitative results of the study indicate that floodalso in line with the ones published Beyen et al(2008
losses are likely to increase significantly under climatefor the European scale and the oneJefinde et al(2011)
change in Germany. Almost all scenarios and realizations infor the Rhine basin, albeit applying different scenario data
vestigated show an increase of losses considering the curreand in the case ofe Linde et al.(201]) also considering
value of assets until the mid-21st century, whereby the uncertand use changes.
tainty is high. This is in accordance with the physically based
observation that the warming will also lead to an increase of
water-vapour content in the air and hence more intense rain
and flood events. The trend and range of future damages is
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In summary, the hypothesis that climate change will re-
sult in more hydrological extremes and higher damages is
generally supported by the model-based results presented
in this study, although additional investigations are neces-
sary to improve the robustness of the results and to reduce
the uncertainty, for example by increasing the set of climate
projections including additional combinations of GCMs and
RCMs, and/or by considering non-climatic factors, such as
w w w T w T T w T w changes in the value of assets or regional impacts of large

2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 scale flood protection measures. It is worth mentioning that
the total economic losses can be, depending on the region
o Aim and flood event, essentially higher than the damages on build-
ings and small enterprises considered in this studyMefer
etal, 2013.

Damages [million Euro]
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Figure 13. The annual flood damages simulated with and without
bias correction in the Rhine basin.

However, the trends in river discharge are not spatially ho-
mogenous and show a pattern where sub-basins located in
mountainous areas (and there especially the western ranges)
often generate increasing flood discharges, while lowland
tributaries often show a decrease of flood discharges.

Nat. Hazards Earth Syst. Sci., 14, 31513169 2014
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for various return periods were derived by means of local
extreme value analysis of annual flood discharge series for
a variety of locations and transferred to the river network.
Finally, for each synthetic HQ Kumul event and each

postal code, corresponding flood return periods as well as
inundation areas in settlements are derived by overlaying
ZURS inundation areas with postcode areas including data
on built-up areas and settlements. The resulting event matrix
represents the basis for further calculations of accumulated
losses and return periods.
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2.000 +—

1.500 +—

Number of losses

1.000 +—

0%-02% 02%- 05%1% 1%-15% 15%-2% 2%5% 5%7,5% 7,5%- 10%-20% 20%-30% 30%-50% >50%

A2 Actuarial evaluation
Loss severity (%)

Based on the hydrological processing of historical events
Figure Al. Comparison of simulated and observed number of (per ZIP code, return period, and related flooded settlement
losses classified by loss severity. area) comparisons were made with the loss records. Thereby
factors influencing the losses, corrected for deductibles, are
identified: value of the object (insured sum) and the return
period. Then, a log-normal distribution is fitted to the dam-
ages taking into account these factors. In result, a good agree-
ment of number of losses and loss severity is obtained, as
shown in Fig Al.

HQ Kumul is a stochastic generator to create event-related 0SS values for each historical event and for each postal
flood runoff along the 55000km of the so-called “ZURS” zone can be estimated using the hydrological information of

hydrological network of medium and large rivers in Germany the event matri?< and the actuarial datq adjusted for insured
(identified in the framework of the project ZURS). For the losses. Integration of all postal zones gives the expected loss

same river network, event-related inundation areas are deteRXPense per single flood event, and a loss distribution can

mined, forming the basis for river reach/zip code area spe—be created from all 10000 simulated events. It is assumed

cific damage functions (seeww.zuers-public.de that 10000 events represent a period of 4300 years — corre-
The classical way to identify sets of spatially distributed, sponding to the 100 events from 43 observed years described

event-related floods is to feed simulated or observed rainfal@POVe: Thus, accumulated losses for specific return periods
into a rainfall-runoff model and to translate the weather dataCa" be estimated for any stocks.

into related river runoff and floods. HQ Kumul pursued in Under assumption that all residential and smaller commer-
this context an alternative way in which observed river runoff €12l buildings have flood insurance, a German-wide maximal

at gauging stations is used directiyiflems, 2005 to gener- insurance sum of EUR 9.1 trillion is determined. Finally, sev-
ate flood runoff for the entire river network. To do this, firstly €8l tests have been carried out to check the plausibility of

multiple partial flood series for a larger number of gaug- the results. They have shown a consistent. image. For exam-
ing locations, spread all over Germany, are simulated. Thé!€: the results can be aggregated for region represented by

multiple partial series contain the 100 largest historical floodthe first number of the zip code and regional characteristics
events in Germany of the period 1961 to 2002. A common are visible. For example, the 6xxxx postcode area is located

high-dimensional, multivariate probability distribution that &/0ng the Rhine and Main rivers. It is heavily populated and
describes the marginal distributions of the individual seriesthus characterized by the high value of assets. The postcode
as well as the correlation structure between the series in sufd’®@ 2XXXx is characterized by lowlands of the rivers Elbe,
ficient quality is adjusted for this series. On the basis of theEMS and Weser. Here, the riverine land is protected by rela-
high-dimensional probability distribution, three sets of syn- iVely high levees so that significant damage occurs only with
thetic flood events (10 000 each), are generated by means fgher return periods.
gauge station-based Monte Carlo simulation. A specially de-
signed geo-statistical interpolation technology, backed with
hydrological information, transmitted the station-related re-
sults of the Monte-Carlo simulation to the Germany-wide
ZURS river network.

The ZURS inundation areas are the result of one-
dimensional, stationary hydraulic simulations along the
ZURS river network adjusted for available water manage-
ment data. The flood statistics (percentiles) used as input data

Appendix A: Short description of HQ Kumul and
actuarial evaluation

Al HQ Kumul
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