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Abstract. There is a wide variety of flood damage modelsin 1 Introduction
use internationally, differing substantially in their approaches

and economic estimates. Since these models are being used

more and more as a basis for investment and planning deci!00ding of river systems is the most frequent and costly nat-
sions on an increasingly large scale, there is a need to redudd@l hazard, affecting the majority of the world’s countries
the uncertainties involved and develop a harmonised Euro®N @ regular basis (UNISDR, 2011; IPCC, 2012). Over the
pean approach, in particular with respect to the EU FloogPast few decades the economic damage as a result of flood-
Risks Directive. In this paper we present a qualitative anding has increased in most regions. Several studies state that
quantitative assessment of seven flood damage models, yBlost of this increase can be attributed to a growth of popula-
ing two case studies of past flood events in Germany and théon and wealth in flood prone areas (Barredo, 2009; Bouwer
United Kingdom. The qualitative analysis shows that mod-€t al., 2010; Kreft, 2011; UNISDR, 2011; Barredo et al.,
elling approaches vary strongly, and that current methodolo2012). Studies of past flood events show that the majority of
gies for estimating infrastructural damage are not as well delosses arise in urban areas, due to impairment of structures,
veloped as methodologies for the estimation of damage t&OStS of business shut-down and failure of infrastructure (EA,
buildings. The quantitative results show that the model out-2010; ADB and The World Bank, 2010). Government agen-
comes are very sensitive to uncertainty in both vulnerability Ci€s, insurance companies and research institutions in many
(i.e. depth—damage functions) and exposure (i.e. asset vafountries develop and use flood damage models to assess the
ues), whereby the first has a larger effect than the latter. wéxpected economic flood impact. Estimates of potential ex-
conclude that care needs to be taken when using aggregatédite damage are used, for example, for land use planning,
land use data for flood risk assessment, and that it is essefl00d risk mapping and cost-benefit analysis of required in-
tial to adjust asset values to the regional economic situatioryestments in flood defences (e.g. Charnwood Borough Coun-
and property characteristics. We call for the development of &€il: 2003; Kind, 2011).

flexible but consistent European framework that applies best Flood damage can be divided into four types: direct tangi-
practice from existing models while providing room for in- ble (e.g. physical damage due to contact with water), indirect

cluding necessary regional adjustments. tangible (e.g. loss of production and income), direct intan-
gible (e.g. loss of life) and indirect intangible (e.g. trauma)

(e.g. Smith and Ward, 1998; Messner et al., 2007; Merz et
al., 2010; Bubeck and Kreibich, 2011). In this paper we will

only assess methodologies relating to the estimation of di-
rect tangible damage. The estimation of direct flood damage
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3734 B. Jongman et al.: Comparative flood damage model assessment

is a complex process involving a large number of hydro- First, it can be used to improve currently existing flood dam-
logic and socioeconomic factors. The structure, inputs andage models and their results. Second, it can assist in the de-
outputs of a specific damage model are defined not only byelopment of a consistent supra-national damage assessment
the available data, but also by the purpose of the model. Foapproach (te Linde et al., 2010; Bubeck et al., 2011). In the
example, while insurance companies model the estimated inEU Flood Risks Directive, consistency in assessment meth-
sured damages, government agencies and academics are geuds is already aimed at within individual river basins in the
erally interested in the accurate assessment of total economi€uropean Union (European Parliament, 2007). On a larger
losses. All damage models are by definition based on a descale, there is an increasing interest in a harmonised Europe-
gree of generalisation, but the level of detail varies signif- wide modelling approach (Lugeri et al., 2006; De Roo et al.,
icantly between them.In this paper we compare a range oR007; Barredo and De Roo, 2010). Such a consistent mod-
flood damage models in order to qualify and quantify the dif- elling approach could be valuable for the identification of ar-
ferences. eas of high potential risk; the support of European policy; and
In almost all models in use today, flood depth is treated aghe estimation of the expected costs of compensation mech-
the determining factor for expected damage, sometimes comanisms such as the EU Solidarity Fund (European Council,
plemented by other parameters like velocity, duration, water2002; Hochrainer et al., 2009). A first pan-European damage
contamination, precaution and warning time (Messner et al. model has been developed on the request of the European
2007; Merz et al., 2010; Green et al., 2011). Some recentlyCommission — Joint Research Centre (Huizinga, 2007), and
developed multi-parameter models are conceptual (Nicholass discussed in Sect. 4.
et al., 2001) or developed (and validated) for specific areas, Flood damage modelling methodologies have been eval-
e.g. for Japan (Zhai et al., 2005) or FLEMO for Germany uated in several comparison studies (e.g. Meyer and Mess-
(Kreibich et al., 2010). Thus, more research is needed omer, 2005; Messner et al., 2007; Merz et al., 2010; De Moel
their validation and transferability (e.g. in this study the Ger- and Aerts, 2011; Green et al., 2011). However, these stud-
man multi-parameter model FLEMO is included). ies either: (1) focus on a small selection of models; (2) are
However, the internationally accepted and most commonimited to qualitative assessment; or (3) only measure quan-
method for the estimation of direct flood damage is still the titative model outcomes relative to other models due to a lack
application of depth—damage functions (Smith, 1994; Kel-of available empirical damage data. In this paper we present
man and Spence, 2004; Meyer and Messner, 2005; Merz i first comprehensive qualitative and quantitative compari-
al., 2010; Green et al., 2011). Depth—damage functions represon of seven damage models.The objectives are to identify
sent relationships between flood depth and the resulting monstrengths and weaknesses in existing modelling approaches,
etary damage. For a given flood depth the function gives exspecify the uncertainties involved and use these findings to
pected losses to a specific property or land use type, either aassist the development of a harmonised European approach.
a percentage of a pre-defined asset value (relative functionje conducted the qualitative comparison by analysing the
or directly in financial terms (absolute function). properties of the models using a literature study, and com-
There is a large degree of uncertainty in the constructionparing them on a set of defined aspects. We carried out the
of the damage curves, the asset values connected to theg@antitative assessment by running all models on two case
curves and the larger methodological framework (Merz et al.,studies of past flood events, for which both spatial hydrolog-
2004; Hall et al., 2005; Meyer and Messner, 2005; Messneical and land use data as well as reported flood damage data
et al., 2007; Apel et al., 2008; Freni et al., 2010; Merz et al.,are available.
2010; De Moel and Aerts, 2011; Green et al., 2011; Ward et
al., 2011). Differences in the methodological framework of
flood damage models are for example apparent in the spa Case studies
tial scale (object- versus area-based), damage-function type
(absolute versus relative), damage classes, cost base (replacehe first case study for the quantitative comparison of dam-
ment cost versus depreciated cost) and the number of hydraage model outcomes is based on a 2002 flood event in Eilen-
logical characteristics included. Also, while some damageburg, Germany (Fig. 1). The second case study covers the
models are constructed using empirical damage data, othe®005 flooding in Carlisle, United Kingdom (Fig. 2). Both
are defined on expert judgement in combination with artifi- flood events have been analysed in detail in several previ-
cial inundation scenarios. ous studies outlined below, and the available data are used
De Moel and Aerts (2011) show that uncertainty in depth—in subsequent sections of this paper to estimate uncertainties
damage curves and corresponding asset values constitut@s/olved in flood damage modelling.
the most important factor in damage estimation, and has a
much stronger effect on the outcome than uncertainties ire.1 Eilenburg
hydrological and land use (“assets at stake”) inputs. The
assessment and reduction of these uncertainties by cros3he August 2002 flooding of the Mulde River in the Ger-
comparison of damage models is important on two levelsman municipality of Eilenburg, Saxony (Fig. 1), has been
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Fig. 2. Location and map of the case study area of Carlisle in the

Fig. 1. Location and map of the case study area of Eilenburg in thecOUnty of Cumbria, United Kingdom.
province of Saxony, Germany.

of £30000 €42 000) in England (Office for National Statis-

documented extensively and used as a case study in sevenits, 2012). The relative sectoral employment in Carlisle is
preceding flood risk studies (e.g. Apel et al., 2009; Kreibich generally in line with the national average, except for larger
et al., 2009; Kuhlicke, 2008; Meyer et al., 2009). During the proportions working in agriculture (3.1 % versus 1.5 %) and
flood event, water reached a depth of up to 5m in large partsnanufacturing (15.9 % versus 14.8 %), and a smaller fraction
of the city, forcing the evacuation of ca. 10 000 people. Anemployed in finance and property (10.4% versus 18.0 %)
estimated area of 9.2 million khwas inundated, consisting (Office for National Statistics, 2005). Similar to the Mulde
of approximately 3.4 million krhof built-up area and infras-  river in Germany, the Eden river basin has a history of flood
tructure, and 5.8 million kéhof agriculture and natural land events recorded as far back as the 1700s. Floods in recent
cover, resulting in total damage estimated&ft18 million  years have been recorded in 1963, 1968, 1979, 1980, 1984
(Sect. 2.2.3). and 2005.

The federal state of Saxony has a population of over
4 million people, with a GDP per capita of approximately
€21 000, compared t829 000 for Germany as a whole (Eu-
ropean Commission, 2012). Compared to the German ave
age, a relatively large part of the Saxon economy is base
on industry, construction and public services (SMWA, 2010).
Financial services and trade contribute less to the economy i
relative terms compared to the national average. Eilenburg i
located in the north-western district of Saxony, about 20 km
from the city of Leipzig, and has a population of 19 000. The
Eilenburg region has a history of flooding, with high water
events in the 20th century in 1926, 1932, 1954, 1958, 197
and 2002 (Pech et al., 2008).

r:f, Methodologies

%e qualitatively and quantitatively compared seven flood
ﬁiamage models developed for simulating direct flood dam-
ge: FLEMO (Germany), Damage Scanner (The Nether-
ands), Rhine Atlas (Rhine basin), the Flemish Model (Bel-
gium), Multi-Coloured Manual (United Kingdom), HAZUS-
MH (United States) and the JRC Model (European Com-
L{nission/HKV). We are aware that more damage models are
available, but we selected these specific ones because: (1) for
these models there is enough background information avail-
22 Carlisle able for consistent comparison; (2) they all use water depth
as the main determining parameter for direct damage esti-

Between 7 and 9 January 2005, 36 h of heavy rain causefhation; and (3) they were developed in economically simi-
a discharge with an estimated return period of 150yr in thelar regions as the case studies. Furthermore, all models in-
river Eden in the county of Cumbria (Day, 2005), leading to volved in this study are developed and applied by govern-
severe flooding along the length of the river. In the county ments and academic institutions rather than the insurance in-
capital, Carlisle (Fig. 2), 1844 properties were affected anagdustry, which ensures a degree of consistency in the purpose
three people lost their lives. The inundated area covered aff the models. We compared the models quantitatively on the
estimated 2.3 million ki of which 1 million kn? consisted ~ basis of two case studies described in Sect. 2.
of built-up area and infrastructure, and the rest of nature
and agriculture. Total losses are estimated at £383 million3-1 Qualitative assessment
(€535 milliont) (Sect. 2.2.3).

Cumbria has a total population of 496000, of which The framework used for the qualitative assessment of the
77000 live in Carlisle. The GDP per capita of Cumbria was damage models is presented in Fig. 3. We assessed all mod-

approximately £23 00032 000), compared to an average €ls on three main aspectxale, input datanddamage cal-
culation On the basis of preceding comparison studies (e.g.

1At exchange rate of January 2005. Meyer and Messner, 2005; Messner et al., 2007; Merz et al.,

www.nat-hazards-earth-syst-sci.net/12/3733/2012/ Nat. Hazards Earth Syst. Sci., 12, 37852 2012
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2010), we defined nine specific characteristics within these
three categories that were compared between models:

— Scale of applicationthe spatial scale of application for

Flood Damage Models

Damage calculation

which the model is developed, ranging from local to — oatins
supra-national;

Regional differentiationthe options for differentiation ) I e i = |
in parameters (such as maximum damage values) be-

tween areas of analysis;

Fig. 3. Schematic display of the framework for qualitative assess-
Units of analysisthe units used for damage estimation, ment of the damage models included in this study. The summarised
which can be the level of individual objects or aggre- results are listed in Table 3.
gated land use classes, or a combination of these;

Hydrological characteristicsthe inundation character- 3.2.1 Damage modelling

istics taken into account in damage assessment, such as

depth, duration, velocity and contamination; In order to calculate flood damages with the different dam-
age models, several inputs are needed for both case study ar-

Data methodthe method used in developing the dam- g5, First, we obtained inundation maps, which provide flood

age models, either using empirical data from past floodgepths for the inundation zones in Eilenburg and Carlisle

events or synthetic data from “what-if" analyses of a (sect. “Inundation maps”). Second, we constructed consis-

simulated potential flood; tent land use maps for both areas using freely available Euro-
— Land use classificatiorthe detail of the classification P&an datasets (Sect. “Land use maps”). Finally, we adjusted

system used to differentiate between various object o
land use types;

{the damage models to enable their application with these land
use maps (Sect. “Damage model modification”).

— Cost basethe type of values on which the maximum Inundation maps

damage per object or land use class is based. The val-
ues can be expressed as eitleglacement costse. the
estimated new value of the object or classdepreci-

Both case study areas have recently been subject to a signif-
icant flood event, inundating an estimated 1 to 3 milliorfkm

ated/repair costs.e. an estimate of the present-day cost IN Carlisle and Eilenburg respectively, and affecting thou-

of replacement or reparation. Replacement costs repr

esSands of properties. After the events, discharge patterns were

sent total expected monetary flows and are an estimateffconstructed using measuring gauges, on the basis of which
factor 2 higher than depreciated costs, which expres&/@rous inundation models with different complexity were

real economic loss (e.g. ICPR, 1998; Penning-Rowsel

jpuilt to simulate water depths and flow velocities (Fig. 4).

etal., 2010); ';_he gepth histograms for both study areas are presented in
ig. 5.

— Empirical validation the validation of the damage
model after development on the basis of reported flood
damage data;

— Damage functionsthe type of depth—damage function,
which can represent either thelative percentage loss
with respect to a pre-defined maximum damage value,
or theabsolutemonetary loss with depth.

The model description in Sect. 3 also includes information
on complementary aspects such as the methodologies with
respect to indirect effects, but these will not be discussed fur-
ther in the results section.

3.2 Quantitative assessment

We carried out a quantitative comparison and sensitivity
analysis of the various damage models using the flood events
in Carlise and Eilenburg described in Sect. 2. In the following
subsections, we describe the steps required in this process.

Nat. Hazards Earth Syst. Sci., 12, 3733752 2012

Eilenburg

Because of the large impact of the event, the hydrolog-
ical characteristics of the Eilenburg flooding have been
studied in detail. River discharges were measured at the
nearby gauging station of Golzern. In addition, maxi-
mum inundation depths were recorded at 380 observa-
tion points throughout the city (J. Schwarz et al., per-
sonal communication, 2005). On the basis of the dis-
charge, and a 25 25 m DEM, Apel et al. (2009) sim-
ulated the flooded area using four different inundation
models, which were calibrated using the node data of
observed flood depths. In the present study we use in-
undation depths from the 1-D/2-D model, which was
found by Apel et al. (2009) to be the most suited ap-
proach (Fig. 4).

www.nat-hazards-earth-syst-sci.net/12/3733/2012/
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Fig. 4. The case study areas of Eilenburg and Carlisle with the lan ) . . -
use and inundation data used in this study. The land use data corp_ercentage of grid cells (y-axis) inundated with a water depth within

sist of CORINE 2006 (EEA, 2009) and manually added main roads® specific 50 cm interval (x-axis).
from ESRI Europe Base Map (ESRI, 2009). The inundation areas
are derived from various modelling efforts that are further explained

in Sect. 2.2.1. Damage model modification

Carlisle We conducted a comparative damage assessment by applying
the various damage models to the study areas employing the

As IS th? case in Eilenburg, the flood that occurred " simulated flood inundation depths and CORINE 2006 land
Carlisle in 2005 has subsequently been the focus of SeViover data (Fig. 4). In order to compute direct damage for the
eral inundation simulations (e.g. Neal et al., 2009, 2012; 9- 4. P 9

Horrit et al., 2010; Fewtrell et al., 2011). In the present two available case studies in a consistent way, we adjusted
. . the seven models to be compatible with CORINE land cover
study, we use the results of a 2-D inertial wave model

(Bates et al., 2010) developed using the 2-D channefata' For most damage models the adjustment to CORINE

geometry from Horitt et al. (2010). The model is based ed to two main generalisations. First, the spatial resolution

L . of the land use input was set to the CORINE 108 00 m
on a deterministic approach, using gauged hydrographs

. . grid size. Second, the number of classes was decreased to
1‘O'DQ(F; fr:gvitiltc))zs at?écaensiirhfas(ﬁgmsgrﬁ@;?n; u;%g%tamatch the four selected CORINE classes containing urban,
Discharge data wefe availabiqe from four En\}i,ronmen.t commercial/industrial and infrastructural land cover.

. ; ; . For all models one original depth—damage curve and cor-
Agency gauging stations along the river. In addition, an . . )
responding maximum damage value was assigned to each

53;&03;:3% (aryrc()jfllxﬁreesc; i;ﬁ;g{igfi’,\lﬁzitr;? rk;oég;;tCORlNE land use class (Table 1). If more than one original

; for rougnn Vo 'model class could be applicable to a certain CORINE class,
T_he resultlng mundgtlon map COVers the larger Carhslewe chose the class that was considered to be most compa-
city area with a horizontal resolution of 5r5m and rable to the other models. For example, from the HAZUS

has a vertical root mean square error of 0.26 m with the . . e
) . _residential classification we selected the clfgse or more
checked water marks. Compared to the Eilenburg sim- . : -
) S ; . ; floors, no basemensince this corresponds best to building
ulation, the Carlisle inundation area is smaller (Fig. 4)

. L types assumed in the Damage Scanner, Multi-Coloured Man-
ZggtE:?Frizlag;/ely fewer cells with high-(2m) flood ual and Rhine Atlas models. Five out of seven damage mod-

els used in this study (FLEMO, Damage Scanner, Rhine At-
Land use maps las, Flemish Model, JRC Model) are developed for aggre-
gated land use data such as CORINE, which take into ac-
To ensure a consistent comparison between the two caseount that each of the land use classes containing built-up
study areas, we use CORINE 2006 (EEA, 2009) land covelarea also include a fair share of less damage-prone land cover
data, which is available in both areas. The resolution of theapart from buildings (e.g. gardens and public grounds in res-
land use data is 100 s 100 m. From the original CORINE idential areas). In contrast, HAZUS and the Multi-Coloured
data, we selected the classes “111 — Continuous urban fabManual are specifically designed for individual objects and
ric”, “112 — Discontinuous urban fabric”, “121 — Industrial thus cannot be applied directly to CORINE land use data.
or commercial units” and “122 — Road and rail networks Therefore, we analysed the average surface and density of
and associated land”, which are the areas containing residerpuildings in each of the case study areas and adjusted the
tial, commercial, industrial and infrastructural constructions. maximum damage values accordingly (Table 2). For Eilen-
Since we observed that CORINE does not classify any surburg, the building surface and density estimates were derived
face within the two case study areasiaBastructure and  from a detailed dataset covering all individual buildings in
associated landwe added the main roads manually to this the city (Apel et al., 2009). For Carlisle, we used km m
class using ESRI's Europe Base Map (ESRI, 2009) (Fig. 4).resolution MasterMap®land use data in combination with

www.nat-hazards-earth-syst-sci.net/12/3733/2012/ Nat. Hazards Earth Syst. Sci., 12, 37852 2012
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Table 1.Reclassification of the original categories of the damage models to the four CORINE land use classes applied in this study. Selection
of a specific damage category is done manually, whereby the median category is chosen in case of multiple possibilities.

CORINE classification

Original classification

CLC CLC Label FLEMO Damage Flemish HAZUS-MH Multi-Coloured  Rhine Atlas JRC Approach
Code Scanner method Manual
111 Continuous Mixed High density Residential Residential, Residential Residential Linked to CLC
urban fabric residential plus urban areas three or more homes average
average floors, no (indicative
commercial basement susceptibility)
112 Discontinuous Mixed Mixed Residential Residential, Residential Residential Linked to CLC
urban fabric residential plus urban-green three or more homes average,
average areas floors, no (indicative
commercial basement susceptibility)
121 Industrial or Average “Labour” Industrial Average light ~ Weighted mean Industrial (incl. Linked to CLC
commercial commercial (commercial industrial retail commercial)
units and industrial  plus industrial) (indicative
susceptibility)
122 Road and rail - Infrastructure Roads and rail - Estimated Traffic, Linked to CLC
networks and percent immobile

associated land

information on the total count of buildings. The new maxi-
mum damage values represent the expected damage to build-
ings within the respective CORINE land use classes.
The depth—damage functions (Fig. 6) give the percentage
loss (y-axis) to the maximum damage values as a function of
water depth (x-axis). As has been shown in previous studieg
(e.g. Barredo and De Roo, 2010), the models vary stronglyz ,
in terms of the shape of the applied functions and maximumsg
damage values.

g1
H

3.2.2 Empirical comparison

Damage as percentag

o

In this study we aim at comparing the damage models mu-
tually as well as with reported damage figures provided by
financial institutions. To facilitate this comparison, we anal-
ysed the empirical damage data available, and as far as pos§_i
ble linked the data to the four CORINE land use classes useq
to run the damage models.

0

.00

.80

.60

=)
i
o

.00

DSM
852

o
)

HAZUS
329

MCM
286

JRC DE
277

Maximum damage per square metre of continuous urban fabric (€)
FLEMO
268

e FLEMO
= DSM
Flemish
e——=HAZUS
s MICM
RA
== JRC DE
JRC UK

Inundation depth (metres)

ig. 6. Depth—damage functions and corresponding maximum dam-
ge figures for the CORINE land use class “continuous urban fab-
ric”. The functions of each damage model are based on a manual

selection of available damage classes, except for the JRC Model

Eilenburg

Sect. 3).

The direct economic damage of the 2002 flood in Eilenburg
was documented by Saxonian Relief Bank (SAB). According

which is designed to match CORINE land use data (Table 1;

to SAB data, an estimated 765 residential properties were afthe same in Eilenburg, we estimated infrastructure losses for

fected with a total damage &77.1 million. Damage to com-
mercial buildings totalled an estimat&B3.9 million (Apel
et al., 2009; Seifert et al., 2010a; SAB, personal commu-

nication, 2004). Infrastructure losses were not reported byCarlisle

SAB. However, the federal state of Saxony has published a

the case study area @109 million. Hence, total damage is
estimated a€£218 million.

report for the whole of Saxony, reporting damage to infras-The Association of British Insurers estimated the total in-
tructure of 1.4 times residential losses (Leitstelle Wiederauf-sured damage in Carlisle at £272 millio&%82 millior?).

bau, 2003). Infrastructure losses in Eilenburg resulted fromAlthough a more detailed breakdown of damage from this
a collapse of a railway bridge and severe damage to roadsvent is not available, we have made an estimate on the basis

amongst other things. Thus, assuming the Saxony-wide 1.4

ratio of infrastructure to residential losses is approximately

Nat. Hazards Earth Syst. Sci., 12, 3733752 2012

2at exchange rate of January 2005.

www.nat-hazards-earth-syst-sci.net/12/3733/2012/



B. Jongman et al.: Comparative flood damage model assessment 3739

Table 2. Conversion of original object-based maximum damage values of HAZUS and MCM (left) to area-based values (right), on the basis
of average building densities and surface areas for Eilenburg and Carlisle. Building densities and surface area estimates are derived from :
spatial dataset of individual buildings for Eilenburg and krhm resolution MasterMap®data for Carlisle, specifically for the areas in the
simulated inundation zones (Fig. 4).

Object-based Average Average Area-based
maximum damage building surface building density maximum damage
(€m2) area (n) #hal E€m?)
CLC Code HAZUS MCM Eilenburg  Carlisle Eilenburg  Carlisle HAZUS MCM

Eilenburg  Carlisle Eilenburg  Carlisle

111 823 714 - 100 - 40 - 329 - 286

112 823 714 105 120 15 25 130 247 113 214

121 1156 1290 114 135 10 15 132 234 147 261

of the detailed economic assessment after the wide-spreadl Flood damage models

flooding that occurred across England during the year 2007

(EA, 2010). The EA report outlines that: (1) 75 % of house- In this section we provide a brief description of the focus,
hold losses and 95 % of commercial and industrial damagelevelopment and characteristics of the different models in-
were insured; and (2) an average of 54 % of the total dam<luded in this study, as well as an explanation on the appli-
age was attributed to households, the other 32% to comeation of each model in the quantitative section of our study.
mercial and industrial properties and 14 % to infrastructure.The aim of this section is to identify key methodological dis-
Applying the relative losses per class found in this studysimilarities, rather than to provide an exhaustive description
to the available insured damage data for Carlisle, we estiof the approaches. For more detailed information, the reader
mated total direct damage at £228 millioB321 million), is referred to the publications cited.

£108 million (€151 million) and £46 million<€64 million)

to residential properties, commercial/industrial units and in-4.1 FLEMO

frastructure, respectively. Total direct damages amount to

£383 million (€535 million). Note that the estimated dam- The FLEMO model family has been developed at the Ger-
age to infrastructure in Carlisle is much lower relative to the man Research Centre for Geosciences, primarily for sci-
total damage than the figures estimated for Eilenburg. This igntific flood risk analyses from the local to national scale
mainly a result of high losses from a railway bridge and road(e.g. Apel et al., 2009; Vorogushyn et al., 2012). It contains

sections in the Eilenburg area. the rule-based multi-factorial Flood Loss Estimation MOdel
for the private sector (FLEMOps) for the estimation of di-
3.2.3 Sensitivity analysis rect tangible damage to residential buildings (Thieken et al.,

2008) and the rule-based multi-factorial Flood Loss Estima-
Finally, we conducted a sensitivity analysis to quantify the tion MOdel for the commercial sector (FLEMOcs) for the
effect of uncertainties associated with the modelling of flood estimation of direct tangible damage to buildings, equipment
damage. In the analysis we distinguished between two difand goods of companies (Kreibich et al., 2010; Seifert et al.,
ferent types of uncertaintiefunction uncertaintyandvalue 2010a).
Uncertainty The first is defined as SenSitiVity of the out- FLEMODS calculates the flood damage using five different
come to uncertainty in the shape of the depth-damage funcejasses of inundation depth, three individual building types,
tiOI’lS, while the latter relates to Uncertainty in maximum dam'two classes of bu||d|ng qua"ty, three classes of contamina-
age values. We calculated function uncertainty by combin+jon and three classes of private precaution (Thieken et al.,
ing fixed maximum damage estimates with all seven depth-2008). The FLEMOps model has been further developed for
damage functions. Following the same logic, we computedgifferent flood types (Kreibich and Thieken, 2008; Elmer et
value uncertainty by combining a fixed depth—damage func-|., 2010, Kreibich et al., 2011a), but these specific versions
tion with all seven maximum damage values and assessed thgyve not been used in this study. FLEMOcs has a similar
spread. Both types of uncertainty can be expressed in termstrycture, it calculates the flood damage using five classes
of the absolute and relative difference between the highesgf inundation depth, four different economic sectors, three
and lowest damage estimates. We refer to thesabaslute classes of company size in respect to the number of emp|0y_
value/function uncertaintgndrelative value/function uncer-  ees as well as three classes of contamination and three classes
tainty, respectively. of private precaution (Kreibich et al., 2010).

The models are based on empirical damage data from
the floods in 2002, 2005 and 2006 in the Elbe and Danube
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catchments in Germany (Thieken et al., 2007; Kreibich et The underlying estimates of the Damage Scanner are
al., 2007, 2011b). For local studies the models are applicamainly based on synthetic data, using “what-if analyses” es-
ble on the building level (micro-scale). For applications on timating the damage that would be expected in case of a cer-
the regional to national level (meso-scale) the models haveain flood situation. Maximum damage values are based on
been adapted using census, geo-marketing and land use databuilding values (buildings), replacement values (contents)
For the Germany-wide application, asset values of residenand market values (agriculture) (Briene et al., 2002). Indirect
tial buildings and companies have been calculated and dislosses are calculated as an additional 5% on top of the direct
aggregated on different land use classes (Kleist et al., 2008psses, and are consequently also subject to depth—-damage
Thieken et al., 2006; Seifert et al., 2010b; Kreibich et al., curves.
2010). The models have been intensively validated on the The application of the Damage Scanner in our case study
micro- as well as on the meso-scale using different data setareas was relatively straight-forward, since the land use clas-
of repair costs at the scale of single buildings and whole mu-sification of the Damage Scanner already corresponds well to
nicipalities (Thieken et al., 2008; Seifert et al., 2010a). the CORINE system. Similar to CORINE, the Damage Scan-
To enable an easy quantitative comparison with the othener recognises a high density and a medium density class for
damage models in this study, simplified adapted model verurban areas, plus an additional low density class for rural ar-
sions are used in this study: FLEMOps for estimating resi-eas which we did not use. Also, the Damage Scanner has a
dential damage and FLEMOcs to estimate commercial angingle land use class for “Labour”, including both commer-
industrial damage. The models have been reduced to theiial and industrial properties, and one class for infrastructure.
main determining parameter, i.e. water-depth, in only us-The asset and vulnerability estimates for the aggregated ur-
ing their depth—damage functions. For the model parameterban classes of the Damage Scanner assume a degree of non
residential building types and quality (FLEMOps) and eco- property land-occupation such as roads and open space.
nomic sectors and company size (FLEMOcs), average val-
ues per case study area have been used. Only the first modél3 Flemish model
stage of both models has been applied, which means that con-
tamination and precaution have not been taken into considA model for flood damage estimation developed for the
eration. Results of the application and validation of the full Flemish Environmental Agency in Belgium is described by
FLEMOps model in Eilenburg have been published by Apel Vanneuville et al. (2006). Similar to the Damage Scanner,

et al. (2009). the Flemish methodology is specifically designed for assess-
ments on a regional and national scale using aggregated land
4.2 Damage Scanner use data. The methodology has been applied for identifying

vulnerable areas (Vanderkrimpen et al., 2009) and calculat-

The standard method for the detailed estimation of ﬂOOding efficient flood defence investments (Giron et al., 2010).

damage in the Netherlands is the Damage and Victims Mod- The maximum damage values in the Flemish model are
ule (SSM) (Kok et al., 2005). The HIS-SSM model is used 56 on national averages of housing prices, surface areas

extensively by government agencies to estimate potential,q market values. Damage to residential content is assumed
flood damage on a regional or national scale and calculatg, pe 5094 of the structural losses. Furthermore, indirect

economically efficient investments in defences (Kind, 2011)..sts are included as a percentage on top of the direct dam-
The disadvantage of the HIS-SSM is that it requires highlyage’ ranging from 10 % for agriculture to 40 % for industry.
detailed data on individual buildings, industries and infras- “the Flemish model has been developed specifically for ag-
tructures. Since this information is not always available, thegregated land use data and, like the Damage Scanner, tailor-
Damage Scanner model (DSM) was developed (Klijn et al.,ing 15 CORINE for the use in our quantitative analysis was
2007). The Damage Scanner is based on the economic Vaf|atively simple. The Flemish model has a separate structure
ues and depth-damage curves of the HIS-SSM module, bul, 4 content class for residential areas, which we summed and
works with aggregated land use data instead of individualyocated to the CORINE urban fabric classes. There is only

u_mts. It is specifically des_,lg_ned for estimations at the re- .o infrastructure and one sindustry” (industry plus com-
gional scale and local variations are averaged out as muc erce) class

as possible. Maximum damage values for identical land use
classes are defined at the national scale and do notvary spg-4, HazUS-MH
tially. Also, velocity is not taken into account as an influ-

encing factor. The Damage Scanner has been used for the,o HAZUS Multi-Hazard  software (FEMA, 2009;

estimation of future flood risk under climate and land use gca\ythorn, 2006) is a tool for the estimation of the potential
changes in various regions of the Netherlands (e.g. Bouweg,nomic, financial and societal effects of natural hazards

et al.,, 2010; Aerts and Botzen, 2011; te Linde et al., 2011; ithin the United States. HAZUS-MH comprises water,

De Moel etal., 2011; Ward etal., 2011; Poussin etal., 2012)yinq and earthquake induced hazards. In this paper we only
discuss the Flood Model. The HAZUS-MH Flood Model

Nat. Hazards Earth Syst. Sci., 12, 37338752 2012 www.nat-hazards-earth-syst-sci.net/12/3733/2012/



B. Jongman et al.: Comparative flood damage model assessment 3741

has been applied in different settings, to spatially assesseflecting actual buildings and not the surrounding area, we
potential flood risk (e.g. FEMA Region IV, 2008) or plan adjusted the values by an estimated building surface area
actual emergency support for upcoming flood events (e.gper CORINE grid cell (Table 2). The resulting area-weighted
FEMA Region VII, 2008). The typical scales of application maximum damage estimates for the selected CORINE land
are city, county and state level. use classes are 61-88 % lower than the maximum damage
The development of HAZUS started in 1997 with an ex- estimates for individual objects, and should be more suited
ploratory study and continued to the publication of HAZUS- to reflect the reported damage patterns.
MH MR4 in 2009. Over several years, all inputs required for
flood damage estimation were collected and included in thet.5 Multi-Coloured Manual
software:
The Multi-Coloured Manual (MCM) and its predecessors
— building data on the census block level, including build- present the most advanced method for flood damage esti-
ing type, number of floors, presence of a basement angnation within Europe (e.g. Penning-Rowsell and Chatterton,
date of construction; 1977; Penning-Rowsell et al., 1992, 2010). The purpose of

— infrastructure and high-potential facilities (e.g. hospi- "€ MCM is explicitly defined as to support water manage-
tals, energy plants) data on an object level, with infor- ment policy and enable quantitative assessment of the effect

mation on construction costs for all infrastructural ob- of investment decisions (Pgnning-RowseII etal, 2010, p. 1).
jects: For these purposes, Penning-Rowsell et al. (2010) have de-

veloped a wide range of depth—damage relationships and ad-
— a large number of nationally applicable depth—damageditional methodologies for the estimation of the losses and
functions for buildings developed by the Federal Insur- benefits of flooding.
ance Agency on the basis of 20yr of empirical dam-  Contrary to most other damage models, the MCM assesses
age data, as well as separate functions developed by thisuilding losses usingbsolutedepth—damage curves, defin-
US Army Corps of Engineers (USACE) for specific re- ing potential damage in British Pounds with depth, rather
gions of the United States; than using relative curves and maximum damage values.
These relationships are developed for a wide variety of res-
idential, commercial and industrial buildings, using mostly
synthetic analysis and expert judgment. Within each dam-
age class, distinctive damage curves are available for differ-
— a separate module for the estimation of indirect costseNt levels of physical building susceptibility (low-indicative-
and larger economic effects of the flood event, with high) and the presence of a basement. Since the calculated
functions based on user-defined economic variableflamage is aimed at representing national economic losses, all

(e.g. size of the economy and unemployment figures). damage values are based on the pre-flood depreciated value
of the affected properties.

Users of the HAZUS software have to choose between Infrastructure losses are calculated in the MCM on the ba-
a basic “level 1" analysis using default input data, a “level sis of observed traffic volumes on the affected road trajec-
2" analysis using default data supplemented with regionallytory, the additional travel time and traffic cost per vehicle
specified information, or a “level 3” analysis that requires ex- type. There are no damage functions to estimate physical
tensive additional economic and engineering studies by thelamage to infrastructure. However, on the basis of empiri-
user. This choice pertains to both direct and indirect cost eseal data from the 2007 floods, direct infrastructure recovery
timations. Ding et al. (2008) have shown that level 2 analy-costs are estimated at 5.6 % of property losses for urban and
ses bring more reliable results than level 1 analyses. Furthert0.7 % for rural areas (J. Pardoe, personal communication,
more the user can define the intensity and timing of the flood 2011). We used these generic figures in the present study.
how much warning time the community has, and whether the The MCM describes the calculation of indirect flood dam-
losses should be calculated on the basis of replacement or dage as problematic (Penning-Rowsell et al., 2010, p. 38) and
preciated asset values. does not offer a generic methodology for such an assess-

The high level of detail of HAZUS implies that we have to ment.For the benefit of mutual comparison with the other
make several decisions when applying the model to our casenodels, we have converted the absolute functions of the
studies on the basis of aggregated land use data. First, out ®1CM to a relative system. In doing so we respected the max-
the different HAZUS object classes we selected one functionmum damage and proportional increase with depth, keeping
for each CORINE land use class, thereby picking the clasgthe model outcomes unchanged.
that was considered most consistent with the other models Similar to HAZUS, the MCM is an object-based model, of
(Table 1). We used maximum damage values based on rewhich the maximum damage per square metre estimates only
placement values, not depreciated values. Since HAZUS iseflect expected repair costs to buildings and not damage to
an object-based model with maximum damage values onlythe surrounding land. From the available MCM categories

— failure probabilities and damage functions for infras-
tructure, constructed on the basis of modelling, expert
opinion and historical data;
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we selected the classes that were considered to be most con-The JRC Model comprises differentiated depth—damage
sistent with the classification of the other damage modelsunctions and maximum damage values for all EU-27 coun-
and assigned them to the corresponding CORINE land uséries. Asset values are based on the CORINE land use
classes (Table 1). Again, we made a correction for the estidata and are classified into five damage classes: residential,
mated surface area and density of buildings in each of theeommercial, industrial, roads and agriculture.These damage
case study areas to generate an average maximum damagkasses are more specific than the original CORINE classes
per square metre value for each CORINE class in both casef continuous urban fabricdiscontinuous urban fabrjan-
studies (Table 2). As is the case for HAZUS, the CORINE- dustrial or commercial unitandroads and rail networks and
adjusted maximum damage values are 61-88 % lower thaassociated landsAn estimate is made of the relative break-

the original values. down of CORINE classes into the specific damage classes on
. the basis of the more detailed LUCAS photographic point-
4.6 Rhine Atlas database (European Commission, 2009). As a result, the

_ i ) flood depth in every grid cell is multiplied with a weighted
As a response to the 1995 floods in ths Rhine basin, an Acaverage of depth—-damage functions and maximum damage
tion Plan on Floods was agreed upon in 1998 to bundle all 55, Depth—damage functions of nine countries were ac-
knowledge and measures, and to identify flood risk perfor-,,ireq from existing studies and applied to the corresponding
mance targets within the Rhine area (ICPR, 1998). In ordelyjamage classes. Where national studies were not available,

to meet the performance targets in terms of risk reductionand,, yerage of all available functions for the specific class
flood awareness, the Rhine Atlas damage model (RAM) wagy a5 assigned. The average function is also applied when a

developed (ICPR, 2001). , o country-specific function has a maximum relative damage
The RAM has the least detailed classification system of¢a 401 of 0.6 or less,because in that case the maximum dam-
the models included in this study by recognising only five 4g6 4t even the highest water levels is reduced to such an ex-

land use classes, three of which are attributed to built-up aregent that the function is considered invalid (Huizinga, 2007,
The depth—damage functions and the corresponding maxip 2-19).

mum damage values were established on the basis of the em- Maximum damage values were collected from all EU
pirically based HOWAS flood damage database and expertq ntries for which this information could be found and dam-

judgement (ICPR, 2001). For the land use classes residentialge fnctions were known. Subsequently, an average of these

industrial and infrastructure, the RAM applies both a struc-\ 5,65 was calculated for each of the damage classes, which

ture and contsnts damage assessment. Since the RAM is dgz 1 pe applied to any EU-27 country or region, scaled to the

veloped to estimate direct economic co.sts, all damage valueg pp per capita. The administrative levels used were both

are calculgted on th.e basis of depreciated values. Throug@Ountry level and NUTS 2 level (800 000 to 3 million inhab-

a comparison with insurance data, the ICPR (2001) estijiants)” Hence, the JRC damage functions are uniform within

mates that the replacement values are approximately a facc'ountries, whereas the maximum damage values can vary

tor 2 higher than depreciated values. Indirect losses are no&mong regions within countries.

included in the RAM. o For the United Kingdom, Huizinga (2007) applied depth—
The relatively simple classification system of the RAM damage functions based on Penning-Rowsell et al. (2005)

makes it easy to apply the model to case studies usingnq van der Sande (2001). Maximum damage values for the
CORINE land use data. We assigned the maximum damage 4jisie region were calculated using the average GDP per

values and depth—damage curves for residential areas to bo pita in the county Cumbria. For Germany, depth—damage
continuous and discontinuous urban fabric in CORINE. As¢ nctions were chosen using a combinatio'n of data from

is the case with CORINE, the RAM contains a single class|cpr (2001), Apel et al. (2004), Meyer and Messner (2005),
for industrial/commercial areas as well as one class for in'BUcheIe etal. (2006), Lindenschmidt et al. (2006) and Mess-
frastructure. ner et al. (2007). Maximum damage values for Eilenburg
were based on GDP figures from the Leipzig region.

As a result of the averaging of maximum damage val-

In support of European policy on flood risk management, the!€S: the existing strong discrepancy that sometimes exists

European Commission’s Joint Research Centre — Institute foP€Ween maximum values across (adjacent) countries is re-
Environment and Sustainability (JRC-IES) has developed gluced. but so is the consistency in these values to a certain
pan-European damage model (Huizinga, 2007), which ha§Xtent. One reason for the reduction in consistency is that

been applied to estimate trends in European flood risk undefn® average maximum damage values are made up of both

climate change (Ciscar et al., 2011; Feyen et al., 2012). IfiéPreciated and replacement values. Also, some of the max-

this paper, we refer to this as the JRC Model. imum damage va]ues include a percentage addition for indi-
rect damage, while others do not. The JRC Model does not
include a separate calculation of indirect effects.

4.7 JRC Model
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Table 3. Qualitative properties of the damage models included in this study, relating to their calculation of losses to residential, commercial
and industrial units. A more extensive description of the models is provided in Sect. 4.

Damage Scale of ap- Regional Units of Hydrological Data Number Cost base EmpiricaFunction Reference
model plication differentia-  analysis characteris- method of  unit valida-
tion tics classes tion
FLEMO Local Local asset Surface Depth Con- Empirical 5-10 Replacementyes Relative Thieken et al. (2008)
Regional values area tamination values Kreibich et al. (2010)
National
Damage Regional No Surface Depth Synthetic 5-10 Replacemeritio Relative  Klijn et al. (2007)
Scanner National area values
Flemish Regional No Surface Depth Synthetic 5-10 Replacemerito Relative  Vanneuville et al. (2006)
Model National area values
HAZUS- Local Local asset Individual Depth Empirical- > 20 ReplacementYes Relative FEMA (2009)
MH Regional values objects Duration synthetic values
Surface Velocity Depreciated
area Debris values
Rate of rise (user's
Timing choice)
MCM Local No Individual Depth Synthetic > 20 Depreciated Limited Absolute Penning-Rowsell et
Regional objects values al. (2010)
Rhine Atlas  Local No Surface Depth Empirical- 10-20 Depreciated No Relative ICPR (1998)
Regional area synthetic values
JRC Model Regional  GDP- Surface Depth Empirical ~ 5-10 ReplacementNo Relative  Huizinga (2007)
National normalisationarea Synthetic values
European (Statistical) Depreciated
values
(averaged
values)
5 Results and discussion 5.1.2 Regional differentiation
5.1 Qualitative assessment Also, the models vary regarding the ability to apply spatial

o differentiation in their input parameters. The DSM, Flem-
In Sect. 4 we presented a broad description of the seven roogh, RAM and MCM models have average parameters de-
da_\mage models includegl in this study._A structured evalu<ined for each object or land use class, which are applied
ation of the methodologies on the basis of the parameterg, their entire area of application (Netherlands, Belgium, the
defined in the qualitative framework (Fig. 3) is presented iNn Rpine basin and the United Kingdom, respectively). FLEMO
Table 3. The results show that while all models are devel-c5)cylates damage using asset values differentiated on a mu-
oped arqund depth'—based flood damage assessment, there Af€ipality level, while applying the same depth—damage re-
strong differences in the approaches used. In this section WRitionships to all areas. The HAZUS model accesses an ex-
describe the main differences between the models that havg\nded US-wide database with asset values at the level of
an effect on the damage estimates, following the three aspectsyjects (e.g. important facilities, bridges) and census blocks
of the qualitative framework (Fig. 3). (e.g. residential areas), in combination with a set of standard
values for most object types. The same depth—-damage func-
tions are used nation-wide for the different types of objects.

An important division that can be recognised is between the) e JRC rgoo_le_l diﬁe_rerlltiateisbmaxc;mum damage vaI_ues don a
object-based HAZUS and MCM models on the one hand,NUTS 2 administrative level based on GDP per capita data,

which use a large number of object types and corresponding"d depth-damage functions on the country level based on
flood damage characteristics, and the more aggregated s vailable studies. It can be expected that models that do not

face area-based models on the other hand. The object-bas&f€ regional differentiation will overestimate flood damage
models have the advantage that they can control for varying! (€ Periphery, where values are low, and might underesti-
ate losses in areas where values are higher than average.

building density in areas that have the same CORINE lan
use class. Atthe same time, area-based models are used more

easily for rapid calculation over larger areas and can be ap—5'1'3 Input data
plied to scenario analysis (e.g. Klijn et al., 2007; Aerts et al.

2008; Aerts and Botzen, 2011).

5.1.1 Object versus area based models

' A further difference relates to the data upon which the mod-
els are based. FLEMO has a strong empirical foundation,
with reported damage data used both in the development and
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validation of the model. HAZUS and the Rhine Atlas are to ain Carlisle. Estimated infrastructural losses, on the other
limited extent based on empirical data. The other models arédand, are more than twice as high in Eilenburg.

almost purely synthetic, with maximum damage values and For Eilenburg, the model estimates that show the strongest
depth—damage curves developed using “what-if” analysis ofagreement with the reported damage are those from MCM
the effect of simulated flood characteristics on different landand JRC. If we exclude the infrastructure component, which
use classes. Models based on empirical data could be motis not covered in all models, FLEMO, HAZUS and RAM
accurate when applied to a similar case study, but, as withare all within 50 % error margins of the reported losses. The
synthetic models, the question remains whether data from &SM and Flemish models strongly overestimate residential
flood event in a certain location can be applied to anotheldosses in Eilenburg. In Carlisle, on the other hand, all models

region or country (Green et al., 2011). strongly underestimate total losses. HAZUS and JRC show
the strongest agreement both with and without the inclusion
5.1.4 Damage calculation of infrastructure. The HAZUS and JRC models are also the

only models that correctly simulate higher losses in Carlisle
Finally, we found that there is an important difference in than Eilenburg (Fig. 7). The RAM strongly underestimates
methods for the valuation of assets at risk. FLEMO, DSM damage in both areas, which is in line with findings from
and the Flemish model value assets at replacement costearlier comparison studies (e.g. De Moel and Aerts, 2011,
MCM and RAM are based on depreciated values; the JRubeck et al., 2011).
model is a mixture of both; and HAZUS allows the user to
choose which of the value types to use. Replacement valRelative distribution
ues are interesting from an insurance perspective, since they
provide information on the potential pay-outs involved. On Figure 7 shows the magnitude of the modelled damage as
the other hand, depreciated values are an estimated factor\ell as the relative distribution over the residential, commer-
lower than replacement values (e.g. ICPR, 1998) and give a@ial/industrial and infrastructure classes. Note that FLEMO,
better indication of the true economic costs associated wittHAZUS and MCM do not have depth—damage curves for in-
the (partial) loss of the asset (e.g. Penning-Rowsell et al.frastructure and thus do not include an estimate for this class.
2010). Given the big effect on the outcome, one should bdn both study areas, the reported residential damage is higher
aware of the type of valuation used in the model and choos¢han commercial and industrial flood losses. Figure 7 shows

a valuation based on the purpose of the analysis. that all models capture this.The same is not true for the esti-
mation of infrastructure losses, which make up a significant
5.2 Quantitative assessment share of the total damage in Eilenburg. Even with the com-
plementary infrastructure data added to CORINE, all damage
5.2.1 Damage estimates models that include this class strongly underestimate the cor-

responding losses in both case studies. This finding matches

Table 4 shows that the modelled inundation zone in thethe general consensus that estimation of direct residential and
Eilenburg study area is about three times as large as in theommercial building damage is the best developed part of
Carlisle area. Modelled flood depths vary strongly per loca-flood damage models, and is surrounded by less uncertainty
tion and land use class, with the average overall flood depththan the estimation of infrastructure losses (Meyer and Mess-
per grid cell being slightly higher in Eilenburg (1.83 m) than ner, 2005; Merz et al., 2010; Green et al., 2011). At the same
in Carlisle (1.54 m). Carlisle has more than twice as muchtime, itis important to note that the DSM, Flemish, RAM and
total urban fabricin the inundated area than Eilenburg, 5% JRC models all include a component of local infrastructure
of which is classified agontinuous urban fabrica class as part of the asset values in residential areas. In these cases
not present in the Eilenburg area (Fig. 4). At the same timethe infrastructure loss is represented in the damage estimates,
Eilenburg has about 50 % more inundated area classified asut not distinguishable as a separate class.
industrial and commercial unitsAlso, based on the vector
infrastructure data that we added manually to the originalObject versus area based
CORINE data, we find the area classifiedrdgsastructureto
be greater by approximately a factor four in Eilenburg thanOne reason why the reported damage is more than twice as
in Carlisle. high in Carlisle than in Eilenburg,whilst the area of the for-

The total estimated reported damage is approximatelymer is more than half that of the latter, is found in differ-
145% higher in Carlisle than in Eilenburg, in spite of the ent building densities between the two areas. While the total
fact that the inundated area is 220 % smaller. The reportedrea of urban fabric is a factor 3.7 times larger in Eilenburg
damage per square metre of the total inundated area is on a¢2.2 million kn?) than in Carlisle (0.6 million kr#), the re-
erage€64 in Eilenburg ane€497 in Carlisle, a difference of ported total number of affected properties (765 vs. 1844) is
a factor 7.8. The difference results from substantially highera factor 2.4 lower. The Carlisle case study does have about
losses from residential, commercial and industrial propertiess % of its urban surface classified@mtinuous urban fabric
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Table 4. Results of the model runs for Carlisle and Eilenburg, with the inundation details on the left and the modelled and reported damages
on the right. Further elaboration on the adjustment of damage model classes and reported damage data to the CORINE land use classes
provided in Sects. 3.2.1 and 3.2.2.

Eilenburg
Inundation Modelled damages
(€millions) ’ Reported
(€millions)
CLC CLC Inundated area Average FLEMO DSM Flemish HAZUS MCM RAM JRC
Code Label ()  depth (m)
111 Continuous urban fabric 0 0 0 0 0 0 0 0 0 77
112 Discontinuous urban fabric 2211425 1.71 130 252 494 128 174 67 165
121 Industrial or commercial units 529725 1.91 19 61 34 21 64 17 22 32
122 Road and rail networks and as- 667000 2.17 0 69 30 0 0 17 6 109
sociated land
Total 3408150 1.83 150 383 558 149 238 102 193 218
Carlisle
Inundation Modelled damages
(€millions) ’ Reported
(€millions)
CLC CLC Inundated area Average FLEMO DSM Flemish HAZUS MCM RAM JRC
Code Label ()  depth (m)
111 Continuous urban fabric 27675 1.6 2 8 7 19 5 1 14 321
112 Discontinuous urban fabric 572275 1.52 38 65 121 172 73 18 214
121 Industrial or commercial units 322950 1.79 12 39 19 25 66 11 71 151
122 Road and rail networks and as- 154925 1.09 0 11 4 0 0 3 0 64
sociated land
Total 1077825 1.54 52 123 152 216 144 34 299 535
FLEMO DSM Flemish HAZUS MCM RAM JRC Observed
3
Eilenburg § 5
¢ 2t
=wu
Carlisle S X

M Residential M Industry and commerce Infrastructure

Fig. 7. Magnitude of estimated damages computed by the different models, and the corresponding break-down into individual land use
classes. The corresponding numbers can be found in Table 4. Note that the simplified FLEMO, HAZUS and MCM models do not include
specific estimates for infrastructure losses.

rather thardiscontinuous urban fabriashereas this land use than Carlisle. Correspondingly, the density-adjusted version
class does not exist in Eilenburg, which is too little to explain of HAZUS does correctly simulate higher losses for Carlisle.
the difference. The estimated damage to residential propeffhe MCM still estimates damage in Eilenburg to be higher
ties is€77 million in Eilenburg an€€321 millionin Carlisle,  thanin Carlisle, but the difference is much smaller than with-

a factor 3.2 difference. Failing to correct for varying density out density correction. The JRC model also produces higher
within the same CORINE land use class irrevocably leadsestimates for Carlisle than Eilenburg, due to the fact that it
to higher damage estimates for the larger area of Eilenbur@ssigns a higher maximum damage value and a steeper curve
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to Cumbria than it does to Saxony (Fig. 6), which is unrelated 700 4

Eilenburg Carlisle
to the density argument. These results show that care needs
to be taken with aggregated land use data such as CORINE,"” | o RO
which do not always accurately display local heterogeneityZ ., | % DSM
in object density and typology. Whether an object-based ore Flemish
area-based approach is more suited depends both on the scij@o T XHAZUS
of the study area and the quality of the land use data. Veng m m XMCM
small-scale studies in which the damage estimates of indi% 7 » RAM
vidual properties strongly affect the outcome would benefitg 5o - X JRC
from an object-based approach. On larger scales the local irt: « = Observed
accuracies can be expected to average out to a certain extent!® N ¥ < %
For the case study of Eilenburg, Apel et al. (2009) show that | >
damage estimates on the basis of detailed aggregated land use anUCZfP;?:ty unllfr'tuimy u:ggrcg?n:y uncvearlt:?nty

data can be more accurate than object-based estimates. Our
results confirm that area based approaches can deliver acchig. 8. sensitivity of the model outcomes to changes in depth—

rate results compared to reported flood losses, although adtamage functions and maximum damage values, residential areas
justing for varying building density is advisable when work- (CLC 111 and 112). Function uncertainty is shown by keeping a

ing with CORINE land use data. constant maximum damage valu€100 for Eilenburg;€800 for
Carlisle) while using the various depth—-damage functions from all
Maximum damage values models. Value uncertainty is shown by keeping a constant depth—

damage function (FLEMO for Eilenburg, MCM for Carlisle) while
The factor 2.4 difference in the number of properties af- applying the various maximum damage values.
fected in Carlisle and Eilenburg, and related difference in
building density, cannot fully explain the factor 3.2 differ-
ence in reported damage to residential, commercial and ing 5 Sensitivity analysis
dustrial properties.This remaining difference could plausibly

result from the difference in asset values between the areagye conducted a sensitivity analysis to identify the effect of
for example in building and content values, which are showny, o applied depth—damage functions on the one hand, and the

to be directly related to GDP per capita and economic aCtiV'corresponding maximum damage values on the other. Fig-

ity (Green, 2010). We clearly observe that the JRC damaggye g shows the results for uncertainty in residential dam-
model,which specifies maximum damage values on the basigge \we visualisetiinction uncertaintpy keeping one fixed
of GDP per capita at NUTS 2 administrative level, best cap- aximum damage value while applying the different depth—

tures this variation. The FLEMO model applies maximum gamage functions. For both case study areas, we manually
damage values based on Eilenburg asset values, and accorgiose the “median” maximum damage value that resulted
ingly gives a very good estimate of Eilenburg damage butiy 5 gistribution of model outcomes around the reported
too low estimates in Carlisle where high.er maximum dam-¢qq damage in each case study (Fig. 8). The applied max-
age values seem to be more representative. imum damage values a100 for Eilenburg an€800 for
Also, it is important to note the effect of valuing assets cqpjigie. The large difference in “median” value results from

_at either depreciate_d or replacement costs. The RAM, v_vhicr}he discrepancy in average reported damage per square me-
is based on depreciated values, substantially underesnmat%%, which is a factor 7.8 higher in Carlisle than in Eilenburg

losses in both case studies. Multiplying its outcomes with a(see Sect. 5.2.1)alue uncertaintyjis shown by combining

factqr 2, Wh_iCh is estimated by ICPR (1998) to be the aP-fixed depth—damage functions with the different maximum
proximate difference between replacement and depreuategamage values. We applied the depth—damage functions de-

values, indeed gives a simulated damage that is much closgjg|gped for the respective countries — for Carlisle we used
to the reported losses in Eilenburg. In Carlisle, however,;,o McM and for Eilenburg the FLEMO functions.

the RAM would still give the lowest estimates, on par with  ¢jqre g shows that both function and value uncertainties
FLEMO, even after the factor 2 increase in maximum dam-paye 5 strong influence on the simulated results. Depending

age values. The MCM is also based on depreciated valuegy, the input functions and maximum damage values, mod-
but still overestimates residential and commercial/industriale"ed damage varies betwe@B5-€472 million in Eilen-

losses in Eilenburg. In Carlisle the MCM estimates are avelyrg, and€32-€612 million in Carlisle. The relative differ-

age compared to the other models, but low compared 10 1€z ce petween the highest and lowest estimates is a factor 7.4
ported damage. Thus, overall we cannot identify a clear patzor \a1ue uncertainty in both study areas. For function uncer-

tern between models using replacement or depreciated val,inyy the differences are a factor 3.7 in Eilenburg and 10.5 in
ues.

Carlisle. This is higher than the factor 2 for both function and
value uncertainty as found by De Moel and Aerts (2011).
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Table 5. Results for function uncertainty and value uncertainty for events, close attention has to be paid to all sections of the
Eilenburg and Carlisle. Function uncertainty is calculated by keep-depth—damage function.

ing a constant maximum damage value while using the various

depth—damage functions from all models. Value uncertainty is cal-y/g)e uncertainty

culated by keeping a constant depth—damage function while apply-

ing the various maximum damage values (Fig. 8). Absolute UNCeryia assessed value uncertainty using one constant depth—

tair_lty is calcqlated by subtractin_g th_e Iowe_st from th_e highest mOdeldamage function, and it therefore only shows disparity in
estimate, while relative uncertainty is obtained by dividing the low- R ’
est by the highest estimate. absolutevariation in damage model estlmaFes between.both
case study areas. In other words, changing the maximum
Function uncertainty Value uncertainty damage value while using the same curve affects the abso-
lute spread in model outcomes, but the relative difference

Absolute  Relative Absolute  Relative . . .
(€ millions) (€ millions) between the highest and lowest model estimates remains the
—— — a7 256 - same. This relative difference is a factor 7.4 in both Eilenburg
ilenburg . . . .
Carlisle 554 105 210 74 and Carlisle. In absolute terms, the value uncertainty results

show the opposite pattern to function uncertainty (Fig. 8; Ta-
ble 5). The larger inundated surface area in Eilenburg causes
a stronger effect of variation in model outcomes. In partic-

The reason for the difference is that their study only includeSUIar’ the greater amount of residential area (to which most

the Damage Scanner, Flemish and RAM, while our Compar_Qamage models assign the highest maximum value) results

: . : in a considerable spread. In addition, the number of grid
ison includes models that produce both lower and higher es ells inundated with a higher flood depth (exg2 m) is rel-

timates.For the same reason, our estimate for function uncef

tainty is slightly higher than the factor 4-8 found by De Moel atively Iflhrgter In Ellenbtérg than |n|CarI|sIe (Fig. 5), r\]NZ'Ch
et al. (2012), who computed this using Monte Carlo analysismean.S at maximum damage values are approacned more
of the input variables of the DSM. often in Eilenburg. The effect of the larger inundation depth

on damage estimates is amplified by the shape of the dam-
) ] age functions used for both case studies, FLEMO (Eilenburg)
Function uncertainty and MCM (Carlisle) (Fig. 6). The FLEMO residential depth—
damage curve approaches its maximum at around 1.5 minun-
The difference between the highest and lowest damage estdation. Hence, in combination with Fig. 5, we see that max-
mates (Table 5) shows that absolute function uncertainty ismum damage applies for approximately 90 % of the inun-
larger in Carlisle than in Eilenburg. Moreover, the relative dated area when applying FLEMO. The depth—damage curve
function uncertainty, calculated by dividing the highest es-of the MCM model only reaches its maximum at 3 m, which
timate by the lowest one for each case study, is also largemeans that maximum damage applies for only circa 35 % of
This indicates that the same maximum damage value leadthe inundated cells in Carlisle.
to a larger relative spread of modelled damage in Carlisle The results emphasise thalbsoluteuncertainty in asset
than in Eilenburg.The explanation can be found in the floodvalues propagates relative to the size of the inundated surface
depth histogram (Fig. 4) and the shape of the damage funcarea, assuming the difference between the maximum dam-
tions (Fig. 1). Figure 5 shows that about 10 % of the inun-age per square metre value assumed in the model and the
dated grid cells in the Carlisle study area are inundated witlreal maximum damage value is similar over space. Models
flood depths between 0 and 1 m, compared to only aroundpplying the same asset values to a number of economically
5% in Eilenburg. Figure 9 shows that the relative differ- distinct regions, even if this asset value is a good estimate on
ence between the highest and lowest depth—damage fun@average, may thus substantially over or underestimate abso-
tions is considerably larger in this depth range than in anylute flood losses. FLEMO, HAZUS and the JRC Model in-
other range. The relative difference declines with depth forcorporate regional differentiation of asset values in their ap-
inundation above 80 cm. Uncertainty in depth—-damage funcproach, while the DSM, Flemish Model, RAM and the MCM
tions thus leads to a larger relative spread of model outcomedo not.
in study areas with low inundation depths. Theoretically, a
flood event in which inundation is homogenously constant atComparison
around 0.5 m could result in a function uncertainty of a factor
40-50. Relative value uncertainty is dependent on the maximum
In terms of uncertainty assessment, this result implies thatlamage values chosen in the damage models and thus varies
propagation of uncertainty in different parts of the applied within those boundaries. In contrast, function uncertainty
relative depth—damage function varies on a case-to-case baepends on the frequency histogram of inundation depths
sis with differences in depth-frequency histograms. Hence, ifand could reach a factor 40-50. Thus, sensitivity of mod-
models are to be applicable to a wide range of potential flooctlled flood damage estimates to uncertainty in depth—damage
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60 1 use type, to prevent strong over or underestimation of flood
50 damage. Where possible, a sensitivity analysis of the effect
of using either aggregated or object-based land use data and
damage models can assist with getting a grip on the spatial
30 1 consistency of the land use data.

Also, we noticed that the original CORINE land use data
did not report anynfrastructure and associated larid either
of the two case study areas used in this study, while dam-
0 ; : : : : : age to infrastructure made up a significant share of reported

0 ! L dation dzpth (me"es)“ ° ® losses. We added roads and railways using an additional data

source. Spatial infrastructure databases are available with im-

Fig. 9. Relative differences between the highest and lowest relativeproving precision on an increasingly large scale (e.g. PBL,
depth—damage functions for depths between 0 and 6 m. For exan2011), and are already applied successfully in global land use
ple, for adepth of 0.5 m, the lowest value is 1.5 % of maximum dam-and accessibility studies (e.g. Verburg et al., 2011). However,
age (Rhine Atlas Model) and the highest value 66 % (JRC Model),our comparison results also show that even with the addi-
arelative difference of a factor 43. tional infrastructure information, current methodologies still
underestimate losses to this land use class, which is in line
with findings from earlier studies (e.g. Meyer and Messner,

functions is higher than to uncertainty in maximum damage ) ; .
values. This is in line with findings of De Moel et al. (2012), 2005; Merzet al., 2010). Since infrastructure losses can make
up a large share of total losses (e.g. Bubeck et al., 2011),

who carried out a sensitivity analysis on the basis of statisti-. N ) _
cal uncertainty bounds around the DSM. it should be a future research priority to identify the dam-

The strong effect of both types of uncertainty emphasiseage inflicting factors and establish methodologies for accu-

the spatial heterogeneity of exposure values and vulnerabilglfa:.te (':[Ia?ar?e isseSﬁmisné. IWS] also n_(z_te_tthaftdthe analysi n
ity on the basis of which the different flood damage mod- I'S;]ut y asd ef:hn imited Od € Sensé'vt' y otdamage mot—
els have been developed. The results concur with findings b s that use depth as main damage getermining parameter.

Green et al. (2011), who argue that exposure values are di- reibich et al. (2009) have shown that flow velocity can have

rectly related to GDP per capita. However, the results of thed strong impact on infrastructure damages, which contributes

JRC model, in which the difference in exposure values be_further to the uncertainty surrounding the damage assess-
tween Carlisle and Eilenburg is indeed based on a function Olm(la:nt.th tud hasi th df ;
GDP, show that only correcting for this factor does not lead. E[Jr: erm.ore,lour.stg y emp atS|se|s e_lr_1hee Ior respecf—
to a satisfactory result for each land use class. This stressdgd M€ regional variation In asset vailes. 1he relevance o

that there are other factors influencing local vulnerability andzp?tlglllzcﬂgiﬂrgntlat:jor} haﬁ. br? en ?hown by the :Ie_glgr)lallﬁvall-
exposure — such as predominant building style, household in= ated [mode’, which periorms very wellin Erlenburg
come, regulations, and flood insurance practice — which ma ut notin Carlisle. Also, the case study results show that the

cause discrepancies when applying damage models outsi gst ,Eurqpean model developed _fo_r the European Commls'-
of their region of development. sion’s Joint Resear(;h Centre (Huizinga, 2007) producgs esti-
mates that are relatively close to the reported damage in both
case studies. Both models apply regional differentiation of
6 Conclusions and recommendations asset values, either on the basis of GDP per capita data at
NUTS 2 administrative level (JRC Model) or reparation cost
In this paper we have compared seven flood damage model$ata at municipality level (FLEMO). GDP has been shown to
on their documented properties as well as their quantitativebe directly related to asset values (Green, 2010), but this re-
performance in two case studies. We observe significant diflationship can be distorted substantially in countries that are
ferences between the models that are clearly translated in thargely dependent on natural resources or those with large
model outcomes. The comparison provides valuable insightinternal income inequality (e.g. Jongman et al., 2012). Also,
for the development of a sophisticated pan-European damagenly correcting for GDP does not take into account other fac-
modelling framework. tors influencing exposure and vulnerability differences be-
First of all, care needs to be taken with the input land tween regions, such as building style, household income, reg-
use data on which to base the damage modelling.The redlations and insurance practice. We therefore propose that a
sults show that in the case of relatively small study areaspew European methodology differentiates maximum damage
local heterogeneity in the density of objects within the samevalues and vulnerability functions based on an informed se-
land use class can have a strong effect on the damage estection of such aspects.
mates. Thus, when using aggregated area-based data such asSimilar to previous findings by De Moel et al. (2012),
CORINE, adjustments should be made to account for vary-our sensitivity analysis shows that uncertainty in depth—
ing density of assets within areas classified as the same landamage curves can affect the resulting damage estimates

40

20

10 A

Relative difference highest/lowest curve
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more strongly than uncertainty in the applied maximum dam-Apel, H., Thieken, A. H., Merz, B., and Bschl, G.: Flood risk
age values.Because we applied a larger variety of damage assessment and associated uncertainty, Nat. Hazards Earth Syst.
models, our estimates of function uncertainty (factor 4-11) Sci., 4, 295-308d0i:10.5194/nhess-4-295-20Q2004.

are slightly higher than those found by De Moel et al. (fac- AP€l, H., Merz, B., and Thieken, A. H.: Quantification of uncer-
tor 4-8). The effect of uncertainty due to the shape of depth— tainties in flood risk assessments, Int. J. River Basin Manage., 6,
damage functions as well as the maximum damage values iiptfglzltfrloi(i)gje T Kreibich. H.. and Thicken. A. H.: Flood
shown to be dependent on thg |ngndat|0n depth pattern O.f the ris‘k arvlalyses-h’ow de,tailed do \;ve r’1eed to be?, I\iat. Hazards, 49,
flooded area. Since uncertainty in depth—damage functions 79-98, 2000.

has a large effect on the outcome, and given that the functiong redo, J. 1.: Normalised flood losses in Europe: 1970-2006, Nat.
describe local asset characteristics, we also propose differen- Hazards Earth Syst. Sci., 9, 97-104bi:10.5194/nhess-9-97-
tiation in this respect. The JRC Model currently does this on 2009 2009.

the basis of available national studies and by assigning amarredo, J. I. and De Roo, A.: Flood damage functions for EU mem-
average curve to countries for which no study is available. ber states. Flood risk mapping using Corine land cover datasets,
We propose a more advanced differentiation on the basis of CONHAZ Project Presentation, Ghent, 2010.

observable factors such as assumed building material, typdarredo, J. I, SairD., and Llasat, M. C.: Assessing trends in
quality and age, and the average value of content compared to insured losses _from floods in Spal_n 1971-2008, Nat. Hazards
structure value, in combination with artificial inundation sce-  Ca/th Syst. Sci., 12, 1723-172801:10.5194/nhess-12-1723-

; . . . .. 2012 2012.
narios, expert judgement and an improving empirical damage-Bates b D.. Horritt, M. S., and Fewtrell, T. J: A simple inertial
database. » P D, » M. S, , T

. . . . . . formulation of the shallow water equations for efficient two di-
Finally, it is worth noting the increasing attention to flood  yensjonal flood inundation modelling, J. Hydrol., 387, 33-45,

damage modelling methods that reach beyond the European oi:10.1016/.jhydrol.2010.03.022010.

level. Global scale flood risk assessments are, for examBouwer, L. M., Bubeck, P., and Aerts, J. C. J. H.: Changes in future

ple,included in recent reports of international organisations flood risk due to climate and development in a Dutch polder area,

such as the UNISDR (UNISDR, 2011) and IPCC (IPCC, Global Environ. Chang., 20, 463-471, 2010.

2012), and financing institutions like the World Bank (Jha et Briene, M., Koppert, S., Koopman, A., and Verkennis, A.: Fi-

al., 2012) and Munich Re (Munich Re, 2010). Even though nancile onderpouwing kengetallen hoogwaterschade, Nether-

data availability on a global scale is more limited than on lands Economic Institute (NEI), Rotterdam, the Netherlands,

the European level, the recommendations resulting from thi 17435, 2002.

study are also applicable to the development of a IobaIrooj3 ubeck, P. and Kreibich H.: Natural Hazards: direct
udy PP P 9 costs and losses due to the disruption of produc-
risk framework.

tion processes, ConHaz report D1.2, available at:
http://conhaz.org/project/cost-assessment-work-packages/
wp1-8-final-reports/ CONHAZREPORTWPQA pdf (last
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