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Abstract. The analysis of flood exposure at a national scale
for the French insurance market must combine the generation
of a probabilistic event set of all possible (but which have
not yet occurred) flood situations with hazard and damage
modeling. In this study, hazard and damage models are cal-
ibrated on a 1995–2010 historical event set, both for hazard
results (river flow, flooded areas) and loss estimations. Thus,
uncertainties in the deterministic estimation of a single event
loss are known before simulating a probabilistic event set.
To take into account at least 90 % of the insured flood losses,
the probabilistic event set must combine the river overflow
(small and large catchments) with the surface runoff, due to
heavy rainfall, on the slopes of the watershed. Indeed, in-
ternal studies of the CCR (Caisse Centrale de Reassurance)
claim database have shown that approximately 45 % of the
insured flood losses are located inside the floodplains and
45 % outside. Another 10 % is due to sea surge floods and
groundwater rise. In this approach, two independent proba-
bilistic methods are combined to create a single flood loss
distribution: a generation of fictive river flows based on the
historical records of the river gauge network and a generation
of fictive rain fields on small catchments, calibrated on the
1958–2010 Météo-France rain database SAFRAN. All the
events in the probabilistic event sets are simulated with the
deterministic model. This hazard and damage distribution is
used to simulate the flood losses at the national scale for an
insurance company (Macif) and to generate flood areas as-
sociated with hazard return periods. The flood maps concern
river overflow and surface water runoff. Validation of these
maps is conducted by comparison with the address located
claim data on a small catchment (downstream Argens).

1 Introduction

Natural disasters in the world cause significant economic
losses, estimated in 2011 at USD 380 billion. Almost a third
(USD 113 billion) was covered by insurance (Swiss Re,
2012). The financial losses covered by the insurance market,
due to weather-related catastrophes, were estimated in 2011
at USD 60 billion, which represent 50 % of total insurance
losses.

Global damages due to climatic disasters have increased
dramatically in recent years. In the case of floods, this can
be partly explained by an increase of the exposed values
in the flood-prone areas (due to growth of population and
wealth); an increase of vulnerability due to the growth of in-
dustrial dependency to networks (transport, electricity, tele-
phone, etc.); and the cost of protection and a possible influ-
ence of global climate change on the frequency of extreme
flood events (Bates et al., 2008).

In terms of insurance losses, the following major histor-
ical flood events have been estimated by Swiss Re (2014):
Hurricane Sandy-related sea surge floods in the US in
2012 (USD 35 billion), Thailand in 2011 (USD 16.2 bil-
lion), Germany/Czech Republic in 2013 (USD 4.1 billion)
and 2002 (USD 3.1 billion), UK in 2007 (USD 2.9 bil-
lion), Switzerland in 2005 (USD 2.6 billion), and Australia
in 2011 (USD 2.4 billion). In January 2013, flooding in
Brazil, Turkey, South Africa, China, Indonesia and Aus-
tralia were estimated at several hundred million dollars (Aon
Benfield, 2013).
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In France, the insurance losses for the major flood
events of the last 20 years, estimated by Caisse Cen-
trale de Reassurance (CCR) are the Rhône floods in De-
cember 2003 (EUR 950 million), the Xynthia storm sea
surge in February 2010 (EUR 770 million), the Gard flash
floods in September 2002 (EUR 680 million), and the Ar-
gens flash flood in June 2010 (EUR 430 million). The ex-
posure to floods has several causes, and five types of floods
have been defined: slow river overflow on large watersheds
(e.g., downstream Seine River in 1910); groundwater floods
(e.g., Somme River in 2001); flash floods (e.g., Argens over-
flow in June 2010); surface water runoff floods (e.g., Mar-
seille floods in September 2000) and sea surges (e.g., Xynthia
in 2010).

In France, according to law 82-600, 13 July 1982, a natural
disaster (Nat Cat) is defined as damage caused by the abnor-
mal intensity of a natural agent when the usual measures to
be taken to prevent this damage were not able to prevent its
occurrence or could not be taken. All compensations for nat-
ural disasters have to satisfy two conditions: a natural disas-
ter must be recognized by an inter-ministerial decree and the
property affected must be covered by a “property damage”
insurance policy (www.legifrance.gouv.fr, 1982). Perils cov-
ered by the scheme are not explicitly named in the law, but
the most recurrent are flood, ground movements (including
subsidence since 1990), avalanches and, since 2000, cyclonic
winds in the overseas departments and territories. Earth-
quakes are considered as a major exposure (in the southeast
of France and in the Antilles) but no major event has occurred
since 1982. The hazard threshold above which a natural dis-
aster is recognized is not laid out in the official decrees. How-
ever, concerning the hydrological flood disasters, legal prece-
dents have converged to a 10 year return period for river flow
or a 10 year return period for 1 h to 72 h rain. Thus, in France,
the abnormal intensity threshold can be considered relatively
low compared, for example, with the application in France
of the 2007 European Flood Directive. In this directive, 10
to 30-year return period floods are considered frequent and
high probability.

CCR is a reinsurance company owned by the French state.
Its main aim is to offer state-guaranteed coverage to insur-
ance companies for extraordinary risks. Among these risks,
natural disasters as defined in the Nat Cat scheme represent
the major part of the reinsurance premium and losses.

In 2010, the Nat Cat premium for the French insur-
ance market represented EUR 1351 million or 10 % of the
global damage insurance premium in France. In the last
20 years, floods and drought together have represented 95 %
of the total losses for natural disasters in France, with 58 %
(EUR 11.6 billion) for floods and 37 % for drought. The av-
erage annual loss for floods is EUR 509 million in this pe-
riod. The 3 most expensive years for flood damages were
2010 (EUR 1.4 billion), 2003 (EUR 1.2 billion), and 2002
(EUR 1 billion). Those losses were characterized by large
interannual variability.

Since 2003, CCR has developed a flood model,
ARTEMIS, to estimate insurance losses due to flood just a
few days after an event has occurred. This model constitutes
the so-called “deterministic” approach. It is used for the com-
munication of insurance loss estimates to the French gov-
ernment and to insurance companies (a simplified descrip-
tion can be find in Moncoulon and Quantin, 2013). It is ex-
tremely difficult to predict both when and where hydrologi-
cal disasters will occur and to estimate their potential impact.
Although great progress has been made in short-term mete-
orological and hydrological forecasting, large uncertainties
remain with respect to monthly or yearly predictions. Nev-
ertheless, in 2010, within the framework of the European
Flood Directive, a new objective was assigned to CCR by
the French Ministry of Finance: to estimate the financial ex-
posure to floods for CCR, for the insurance market and for
the French state.

In the same context, flood hazard maps have been gen-
erated by the French Ministry of Environment: the high-
est known floods (flood-prone areas) and the modeled EPRI
(Evaluation Préliminaire du Risque Inondation – Prelimi-
nary evaluation of the flood risk) following the recommen-
dations of the “Handbook on good practices on flood map-
ping in Europe” (EXCIMAP, 2007). In parallel, probabilis-
tic flood models with damage estimation are developed by
reinsurance brokers and modeling companies. The major-
ity of these models only take into account river overflow,
with some of them partially taking into account non-riverine
floods. In other European countries, flood hazard mapping
methodologies have recently been developed, e.g., in the UK
(Bradbrook et al., 2005), in Germany (Falter et al., 2013) or
in the Czech Republic (Dráb anďRíha, 2010).

To estimate the flood exposure, the authors have built a
probabilistic model, homogeneous over the entire country
(not including overseas territories), which combines river
overflow and surface water runoff. For this purpose, the
ARTEMIS flood model is used to simulate the hazard and
damages for each single event of a probabilistic event set.
The event set originality is to combine a stochastic distribu-
tion of river discharges on large catchments with a stochastic
distribution of spatialized rain fields on small catchments.

This paper is organized as follows: the first section de-
scribes the ARTEMIS flood model; the second section de-
tails the build of these two probabilistic flood event sets and
their combination to generate a global flood event set. In the
third section the results are analyzed and discussed: the in-
surance loss estimates on a private insurance portfolio and
the exceedance probability maps. Finally, the limits of this
method are presented.

2 Deterministic model ARTEMIS

As explained in the introduction of this paper, the develop-
ment of the ARTEMIS deterministic model follows a specific
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goal: to estimate the Nat Cat insurance losses due to recent
flood events. The model must be operational for every flood
type (flash flood, fluvial floods, ponding, urban floods and in
the coastal floods) everywhere in France.

For more than 10 years, CCR has collected insurance port-
folio data in the context of trade relations with its clients.
These data represent, for 2013, 328 million risks and 1.8 mil-
lion claims. The 1995–2010 period is the richest in terms of
representativity of risks and claims. Depending on the year,
up to 70 % of risks and 50 % of claims for the French insur-
ance market are gathered in the database. All risks and claims
are then geolocalized, according to their address, with the
following results: 52 % of the risks are located at street num-
ber precision (at the exact localization of the address of the
risk on the map); 24 % at street center precision (at the cen-
troid of the street); 23 % at the commune level (at the centroid
of the commune); and 1 % unlocated.

The flood damage assessment can be performed on dif-
ferent spatial scales (Merz et al., 2010; Messner et al.,
2007): macroscale (for example department or region),
mesoscale (homogeneous land use or commune level) or
microscale (building, infrastructure). The main purpose of
the model is to estimate the losses at the flood event scale
(macroscale) or, at best, at the commune level (mesoscale).

The estimation of damages at the scale of a single insur-
ance policy (micro scale) would require detailed information
on the risk characteristics. According to Merz et al. (2010),
information such as business sector, building type, build-
ing material, precaution, external response (emergency), and
early warning are required at this scale. None of them, ex-
cept for the business sector, are available in our policy and
claim database. Furthermore, this microscale approach must
also be combined with a detailed hydrological model.

Merz et al. (2010) has proposed a classification of im-
pact parameters influencing flood damages. These parame-
ters are flood depth, flood duration, flow velocity, contami-
nation, debris, frequency and timing (day/night or holidays).
In our model, flood depth and flow velocity are considered
as the two main parameters. Others are neglected: the first
reason is the difficulty to estimate them with a hydrological
model (contamination, debris), the second reason is the lack
of data to calibrate damage functions with a statistical ap-
proach (flood duration, frequency or timing). Furthermore,
this information is never included in the claim insurance
database. In addition, as it would be unrealistic to design a
detailed topographic and hydrographic database in this large-
scale approach, the authors have made the choice to develop
a simplified hydrological model.

Using the CCR insurance database, the authors have com-
bined insurance claim data and observed river flood zones to
calculate the proportion of claims inside and outside. This
study has been conducted on six major events. It appears that
the ratio of insurance losses that are located inside a river
flood zone varies and depends on the flood type. For slow-
onset floods (like the Odet in Quimper in December 2000 or

Meurthe and Moselle 2006), the majority of flood claims are
located inside the floodplain (more than 75 %). On the con-
trary, for flash floods (Gard, September 2002), rapid-onset
floods or heavy rainfall storms (Marseille September 2000
or Paris, July 2001) more than half of the claims are gen-
erally located outside the river flood areas. A majority of
claims seems to result from surface runoff on urbanized areas
(Moncoulon, 2014).

In order to estimate the insurance losses due to flood
events, ARTEMIS must combine the estimation of damages
inside the flooded areas located along a river as well as out-
side. Given the objectives, the hydrological model has been
designed to estimate hazard on both hillslopes and inundated
areas along the main streams.

The components of the deterministic flood model are

– a hydrological model presenting three components:
a rainfall–runoff limited to hillslopes, a propagation
model for main streams and an inundation model for
floodplains. This model produces a spatial distribution
of surface runoff velocity for hillslopes and water level
for river banks;

– the vulnerability model, which is mainly represented by
the insurance database and aims to describe localiza-
tion and characterization of the elementary units of the
model that are constituted by insurance policies;

– the damage model, which combines the outputs of the
hydrological model and the vulnerability data on the ba-
sis of statistical distributions.

The two following sections will describe these components.

2.1 Flood hazard model

2.1.1 General description of the model

The flood model is a rainfall–runoff model distributed
on a 50 m grid, coupled with a river discharge model
(Fig. 1). The rainfall–runoff model is composed of a pro-
duction function and a transfer function; the former has
been developed using a classical approach, which can be
found in several well-known models: GR3H (Edijatno et
al., 1999), MERCEDES (Bouvier and Delclaux, 1996),
ISBA-TOPMODEL (Bouilloud et al., 2009) and MARINE
(Estupina-Borrell, 2009). Each grid cell is schematically de-
scribed as a succession of vertical reservoirs. ARTEMIS is
a double reservoir model: surface and soil water. The soil
reservoir is fed at each time step with the infiltration from the
surface. It is emptied by hypodermic transfer and groundwa-
ter percolation. It also can be emptied by evapotranspiration.
The surface reservoir is fed with rainfall and upstream grid
inputs. It is emptied by surface runoff and infiltration.
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Figure 1. Runoff–rainfall and river routing processes for the dis-
tributed hazard model used for the deterministic and probabilistic
approaches.

The horizontal flows are modeled with two transfer func-
tions (one for surface water and one for hypodermic water).
This approach is consistent with the MERCEDES interactive
grid approach (Bouvier and Delclaux, 1996). At each time
step, the production and transfer functions are computed for
every grid cell. The specificity of ARTEMIS takes into ac-
count the amount of water entering each grid cell from the
upstream cells. This amount of water is thus added to the ef-
ficient rain and is available for the production function.

The objective is to calculate a realistic amount of water
on the soil surface in order to estimate the maximum haz-
ard value for the insurance policies located on the different
modeling grid cells.

The digital elevation model (DEM) is merged with a river
database to create river grid cells. The rainfall–runoff model
calculates the amount of water entering the river network via
surface and hypodermic flows on river grid cells. This ap-
proach is similar to the ISBA-MODCOU method (Gomez,
2009; Habets et al., 2010). Then, a very simple 1-D routing
model, based on kinematic wave equations with constant ve-
locity, is applied. This choice has been made to simplify the
calculation time for extra-large events (some extreme events
have a spatial extent which can exceed a quarter of the French
territory – for example the Rhône River floods in 2003).

2.1.2 Flood event definition

A flood event for CCR is the occurrence of significant flood
damages to the insurance market (exceeding an arbitrary
threshold of EUR 10 million) due to heavy rainfall or river
overflow. The flood event is defined by a geographical lo-
cation corresponding to a rectangular area characterized by
bottom-left and upper-right coordinates. The event duration
is determined by two characteristic time limits: 24 h before
the first significant rainfall recorded by Météo-France and

24 h after the last significant rain. The 24 h before the sig-
nificant rains are included to initiate and stabilize state vari-
ables (soil surface content and soil reservoir content). The
24 h after the significant rains are included to take partially
into account the decrease of river flow and the propagation
downstream. Thus, each event has a minimum duration of
48 h. The average duration is 72 h.

An historical event set has been built. It contains all the
majors events that occurred in the 1995–2010 period for
French metropolitan territory. Each new flood event is added
to the event set a few days after its occurrence. Two years
after the event, CCR collects a sample of claims that are used
for the calibration of the damage model.

2.1.3 Rainfall interpolation

The rainfall and evapotranspiration data used in this simu-
lation are provided by Météo-France rain gauges (Table 1).
Both values are interpolated on the grid using a Kriging
method (Krige, 1951; Arnaud and Lavabre, 2010). For each
cell of the grid, the efficient rainr is calculated as following:

r = p− etpr = p − etp, (1)

wherep is the hourly rainfall (mm) and etp is the hourly
potential evapotranspiration (mm). The etp is considered as
a constant value during the day and the daily value will be
divided by 24 to estimate the hourly etp.

Vegetation interception and depression storage during the
rain event are neglected. In the probabilistic approach, this
section of the model is bypassed and spatialized rain fields
are used as an input for the rainfall–runoff model.

2.1.4 Rainfall–runoff

The rainfall–runoff model is a water balance that estimates
the water level in the surface reservoir, noted ash (m) and the
soil reservoir contentθ (mm) at each time stept for the entire
flood event duration. In a simplified approach for large-scale
simulations, the surface water balance can be estimated for
small time steps and small surface units as follows:

δh

δt
= r−i+qin−qout(−riv)

δh

δt
= r−i+qin−qout(−riv), (2)

whereh is the quantity of surface water (mm),t is the time,
r is the efficient rain (mm h−1), i is the infiltration flow
(mm h−1), qin is the runoff flow of surface water from ad-
jacent cells (mm h−1) andqout is the runoff flow of surface
water to adjacent cells (mm h−1). The water flow to the river
network riv is only taken into account for identified river
cells.

The soil wetnessθ is estimated by Eq. (4):

δθ

δt
= i − l + uin − uout

δθ

δt
= i − l + uinuout, (3)
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whereθ (mm) is the soil wetness at timet , i is the infiltra-
tion flow (mm h−1), l is the leaching flow from the soil reser-
voir to the underground water (mm h−1), uin is the ground-
water drainage from adjacent cells (mm h−1) anduout is the
groundwater drainage to adjacent cells (mm h−1).

The water velocity is calculated on each cell using
the Manning equation (Manning, 1891). Each square grid
(50× 50 m grid size DEM) is considered with a constant and
homogeneous slope, a constant and homogeneous water level
and land cover.

v = K.h
2
3
t

√
pt , (4)

whereK is the Manning rugosity coefficient (m1/3 s−1), ht

is the quantity of surface water (m) at timet , andpt is the
square root of the sum of the square of the eight slope gradi-
ents (m m−1). K is determined based on the land cover. The
water velocity is used to compute, for every time step, the
proportion of surface water volume leaving a grid cell and
reaching the adjacent cells.

Two types of cells are defined on the DEM grid: non-river
cells and river cells. A cell is identified as a river cell if a
stream segment crosses it. All water amounts entering a river
cell by surface and hypodermic flows are added to the river
flow model.

The soil reservoir has a volumetric water limit of 200 mm.
This maximum soil wetness is constant for the entire grid.
Infiltration flow from the soil surface to the soil reservoir is
derived at each time step from the Green and Ampt equations
(Green and Ampt, 1911):

i = Ic +
K2b

θt

, (5)

wherei is the infiltration flow – the volume of water entering
a unit of soil surface per unit of time (mm h−1), Ic is the
asymptotic steady infiltration flow reached whent becomes
large (mm h−1), b is the infiltration decrease (mm2 h−1) and
θt is the soil wetness expressed in mm.

The infiltration flow is mainly dependent on the amount
of water available on the soil surface and on the soil wet-
ness. The infiltration decrease parameter has been modified
on each grid cell using a parameterK2, with value ranges
from 0 to 1 depending on the land cover. This parameterK2
is used to limit the infiltration in urban areas in order to maxi-
mize surface runoff. The results show that the model satisfac-
torily estimates the preferential flows, which could explain
some claims outside the floodplains (see results Sect. 4.2)

At each time step, the following equation is proposed to
estimate the groundwater drainage:

u = max(0.1,K3,
√

θt ), (6)

whereu is the groundwater drainage (u = 0.1 mm h−1) for
unsaturated soils andK3 is a parameter of the model: the hor-
izontal drainage for a saturated soil),θt is the soil wetness at

time t (as a ratio of the maximum volumetric water content).
The groundwater drainage is then distributed in eight direc-
tions depending on the slope. ParameterK3 is simplified to
a unique value for all soil types. The improvement of this
parameter is a work in progress.

The leaching to the underground water is a lost volume
for the system. This amount of water is determined by the
volume of water exceeding the soil reservoir capacity, after
groundwater horizontal drainage. This amount of water is di-
vided between exfiltration to soil surface and leaching.

2.1.5 Hydrological river routing

A very simple 1-D hydrological river routing method is used
to determine river flow, water level and overflow areas in the
floodplain (Fig. 1). The river is considered as a succession of
river segments which are individually homogeneous in terms
of section shape, width and slope.

The transfer is computed in these segments on the basis
of the kinematic wave model, which is a simplification of
the Barré de Saint-Venant equations. For this large-scale ap-
plication, the river flow celerity is considered to be constant
during the flood event. Its calibration has been implemented
for each region on the basis of flood hydrograms.

At each segment, the propagation model is fed by the out-
puts of the rainfall–runoff model on the corresponding river
cell at each time step. This simplified river routing model
permits great optimization of the calculation time and allows
for the simulation of a dense hydrographic network at a very
large scale.

The river discharge at timet is compared with a threshold
defined for each section by the 10-year return period flow or a
threshold that characterizes the efficiency of the flood protec-
tion structures for that section. The flood protection structure
database used for this study has been developed by CCR and
is not exhaustive. The flood protection overflow is taken into
account when the information exists but the breach risk is not
modeled in details.

The volume of water exceeding the threshold for a river
segment is propagated on the DEM in eight directions using
the Manning equation – same as for rainfall–runoff model
(see Sect. 2.1.4). The K-Manning values are estimated from
land use (Corine land cover). As mentioned by Bradbook et
al. (2005), the lack of precision in the elevation grid will in-
duce approximations in the expansion of the flood, which
will have higher impacts than the uncertainties in river flow
estimations.

2.1.6 Hazard model parameters

ARTEMIS hazard model has five parameters to adjust: the
infiltration function requires three parameters (Ic,b andK2),
the hypodermic transfer function requires one parameter
(maximum water speedK3) and the last parameter is mod-
eling time-step duration (e.g., 120s). Kriging parameterL is
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calibrated automatically during rainfall interpolation at each
time step. The Manning coefficientK and parameterK2 have
constant values depending on the land use. These two param-
eters are not calibrated.

Model calibration is conducive to optimizing river flow
prediction and statistical damage law adjustments. First, the
hazard model calibration based on river flow estimations is
conduced. Second, the statistical damage law adjustments are
conduced.

2.2 Vulnerability and damages modeling

The damage model is used to estimate the cost of flood events
based on information on hazard and vulnerability. Hazard in-
formation will indicate flood intensity and vulnerability in-
formation will provide flood sensitivity information per in-
sured risk. Without any information on the hazard intensity
at the insurance policy scale, the only data available to cali-
brate the damage function are produced by the hazard model.

As we explained in the general description above, the dam-
age model is composed of statistical regressions built by an-
alyzing correlations between modeled hazard outputs and
claim data on a selection of historical events. A given ver-
sion of the damage functions is thus linked to a given version
of the hazard model. Specific damage functions are built for
river overflow (characterized by water level inside the flood
zone) and for non-riverine floods (characterized by maxi-
mum water velocity on each grid cell outside the flood zone).

The classification of elements at risk in the vulnerability
model is the following: private household, house tenants, flat
holders and flat tenants (for residential risks), professional,
industrial and agricultural risks. Professional and industrial
risks are separated by their insured values, whereby profes-
sional is a mostly commercial risk.

The vulnerability data used in the damage model are

– insured values

– risk location

– floor

– building type (concrete, brick, masonry)

– industrial activity (i.e., line of business).

The hazard model output data used in the damage model are

– water depth for river overflow (m) for risks located in
the river flood zone

– water velocity for surface runoff (m3 s−1) for other
risks.

These values do not represent measurable physical quanti-
ties, but the order of magnitude of input data used to calibrate
the damage model and to map the exposure.

Two important statistical distributions are calibrated in the
damage model:

– the claim frequency, depending on the hazard intensity
at the risk address

– the destruction rate, applied to the insured value, in case
of claim occurrence.

The first distribution (claim frequency) is calibrated by fitting
a logit model to the empirical hazard intensity/occurrence of
claim (0 or 1) on the calibration events. The logit model equa-
tion is as follows:

logit(p) = ln(
p

1− p
). (7)

The logistic regression model is thus:

ln(
p

1− p
) = a0 + a1x1 + . . . + aixi, (8)

with p a value between 0 and 1. In this model,i = 1 anda0
anda1 are the parameters to be calibrated.x1 is the hazard
intensity.

The second distribution (destruction rates) is a square root
function calibrated with the historic claim database. This cal-
ibration is studied separately for every risk type (residential,
commercial, industrial and agricultural). The input parameter
for this distribution is the hazard intensity.

The event set for calibration is selected among the 1995–
2010 events. An event becomes a calibration event when both
the representativeness of the claim database and the qual-
ity of the hazard simulation (based on the river flow model
scores) are adequate for modeling. The event set used for the
calibration of the model used in the paper is the following:
Aude November 1999, Marseille September 2000; Nice De-
cember 2000; Brittany December 2000 and January 2001;
Gard September 2002 and 2005; Rhône December 2003 and
November 2008; Meurthe et Moselle October 2006 and Saint
Tropez October 2009.

The cost of flood is calculated for the insurance market or
for an insurance company by estimating the claim frequency
and the damage ratio for each risk. This calibration step pro-
vides reasons to be confident in the simplified approach.

The damage model is a deterministic model except at the
end of the whole process: a bootstrap method is applied to
the commune level losses (compared to the historical losses)
to determine a confidence interval based on the differences
between simulations and claim extrapolations. After calibra-
tion, the model is used to simulate the whole historical event
set (more than 100 events). The error between simulation and
claim extrapolation (which is our reference) is then calcu-
lated to validate the calibration process. Each time a new ver-
sion of the model is created, the whole event set is simulated
to validate the version.

The error simulation, the so-called second-level uncer-
tainty, is also simulated for each event in the probabilistic (or
Monte Carlo) simulations. The comparison between the his-
torical losses and the simulated losses for a selection of flood
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Table 1.Sources and description of the main input data for the hazard and damage models (deterministic and probabilistic models).

Input data Source Description

Digital elevation model (DEM) IGN BD Alti DEM with 1 m resolution on a 50× 50 m grid covering the
French metropolitan territory

River database IGN BD Carthage 2012 Selection of 65 000 km of river out of 315 000 km

Measured rainfall data Météo-France Publithèque Rain gauge stations

Evapotranspiration Météo-France Publithèque Penman model applied by Météo-France on rain gauge stations

Modeled rainfall data Météo-France SAFRAN
database

51 years of hourly and daily precipitation on a 8× 8 km grid

Hydrological data SCHAPI – Ministry of
Environment

Historical water level measurements on Banque Hydro river
gauges

River protections against flood CCR Determination of flood threshold by comparing Nat Cat decrees
per commune with historical river flows

Policies and risks locations, in-
sured values and lines of business

CCR insurance database The database content is estimated as 70 % of market share for
2011 portfolio

Natural disaster claims CCR insurance database The database content is estimated as 50 % of market share for
2011 portfolio

Natural disaster recognition per
commune

CCR Nat Cat database Exhaustive database since 1982 for all Nat Cat decrees

Destruction rate curves CCR Calibrated on CCR claim database and hazard model outputs

events is shown in Table 6. The distribution of damages for a
single event, based on the uncertainties in the simulation of
the calibration event set, is shown in Table 7 for an historical
event.

3 Generation of a probabilistic flood event set

To achieve our goal, which consists in estimating the ex-
posure of the French insurance market to floods, we need
to associate a return period to any amount of annual dam-
ages. The occurrence exceedance probability (OEP) curve –
i.e., the annual probability to exceed, for a single event, a
given amount of damages (Lloyd’s market association, 2013)
– is not consistent with our objectives: most of the insur-
ance and reinsurance contracts are indeed annuals. Analysis
of financial exposure for the insurance market must be based
on annual damages. The aggregated exceedance probability
(AEP) curve – i.e., the annual probability to exceed a total
annual loss – has to be calculated.

A flood event is characterized by a single spatial and tem-
poral intensity distribution. It is almost impossible to esti-
mate the global return period of a single event and the same
amount of annual damages can be caused by an infinite num-
ber of combinations of single events.

To estimate the probability distribution of annual damages,
our idea is to use a Monte Carlo approach by simulating
a large number of single flood events with the determinis-

tic model and aggregate their losses at the annual timescale.
Because our historical event set may not be representative
enough, we have to build a fictive event set. Fictive events
must be realistic and have to be consistent with historical
events statistic behavior.

First, fictive river flows are generated on a selection of flow
stations from a river database (Quantin, 2011; Moncoulon
and Quantin, 2013; Moncoulon, 2014). This generator is cal-
ibrated on historical river discharge records in the Ministry of
Environment database (Banque Hydro, 2006). This approach
is called the F1 model. The second method uses the fictive
rainfall generator SAMPO-TBM (Leblois and Creutin, 2013)
calibrated on the Météo-France SAFRAN rainfall database
(Durand et al., 1993) to create annual series of hourly rain-
fall and simulate the flood events associated. This approach
is called the F2 model. Both event sets are then combined to
create a single library of flood events and create hazard maps
and annual damage distribution.

3.1 Description of the stochastic event sets

The methodology chosen in this approach is to combine two
independent event sets generated by two independent contin-
uous simulations of hazard values: maximum monthly river
flow for F1 and cumulated 72h rainfall for F2. The use of
continuous hazard generation allows us to skip the calcula-
tion of a single event frequency.
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An event set composed of 18 057 flood events has been
generated with the F1 model for 1000 years of fictive river
flows. These events are located on the entire French territory
on the seven major river catchments. The number of events
per major catchment is 3125 for Seine-Normandy, 4810
for Rhône-Mediterranean-Corsica, 2786 for Adour-Garonne,
3149 for Loire, 1233 for Brittany, 1540 for Rhine-Meuse and
1414 for Artois Picardy.

Due to the selection of all river flow occurrences exceeding
a return period threshold, the number of events is directly de-
pendent on the number of gauge stations in each catchment.
With this approach, 18 flood events per year occur on at least
1 river gauge on the French territory. These events have a
minimum return period of 10 years (the selected threshold
for the study) and can be considered as Nat Cat events. In
our approach, the different river flows generated on different
flow gauges occur during the same month but not necessar-
ily at the same time. The river flow values are propagated
upstream and downstream until another gauge station with a
generated value is present on a segment.

On the other hand, an event set composed of 8240 events
has been generated by the F2 spatialized rainfall generator
for 150 simulated years independently on the 96 CRESTA
zones over the French metropolitan territory. In France, a
CRESTA zone is a department. The average number of
events per year for the F2 distribution is 0.66 per CRESTA.
For the entire French territory, 55 F2 model events occur ev-
ery year (8240 out of 150 years). With this method, indepen-
dent event sets per CRESTA are created.

Based on these 150 years of fictive rain fields, the copula
method gives us 5000 years of correlated 72 h rainfalls in
the 96 CRESTA zones. The number of years for spatial and
temporal simulations must be higher than in single CRESTA
zones to generate all the probabilistic combinations at the
entire territory scale.

For the two methods (F1 and F2), the hazard and damages
are simulated with the deterministic model for each single
event. Each single event in the probabilistic event is associ-
ated with a distribution of damages, according to the deter-
ministic model distribution of uncertainties.

All the losses simulated for the events that occur during the
same year are summed up to calculate the annual losses. For
each year, within the F1 method, the losses of the 12 months
and the 7 major catchments are added. For F2, the losses of
the 3-day events in the 96 catchments are added to compute
the annual losses. We built two independent distributions of
annual losses for flood. The F1 only considers river overflow
and the F2 is a combination of small catchment river over-
flow and surface runoff due to heavy rainfall. The original-
ity of this method lies in the combination of both distribu-
tions considering independent years (F1 years and F2 years)
to build a global flood loss distribution.

This method is applied on the calculation of annual flood
losses for the insurance companies or for the whole insurance

market. For this paper, we have chosen to calculate the flood
losses for Macif insurance.

3.2 F1 model: the generation of fictive river flow

The general principle is to generate years of monthly fictive
river flows, in order to detect river overflows for the consti-
tution of a library of multiple single events.

Different types of river flow are available in the Banque
Hydro: average daily values or maximum values per month.
The maximum values per month are chosen to avoid the un-
derestimation of extreme values due to the average daily data.
Statistical distributions are fitted separately for each piece of
gauge data. The minimum period of records necessary to be
considered is set to 30 years. Therefore, a sample of 802 sta-
tions out of 2200 was selected.

The distribution of flow data for a single station is not
homogeneous: e.g., river flows in January are strongly dif-
ferent from river flows in August. Furthermore, river flows
for 2 successive months are not necessarily independent: a
monthly maximum value can occur the last day of month 1
and the first day of month 2. To work on independent and
homogeneous data, a set of 9624 variables are defined: 802
stations for 12 months. For each variable, we fit a probabil-
ity distribution with a maximum-likelihood method among
the following: gamma, log-normal, generalized extreme val-
ues (GEV) and Weibull. We retain the one that minimizes the
BIC (Bayesian information criteria) on the one hand, and that
passes goodness-of-fit tests on the other, such as Chi 2 test or
the Anderson–Darling test.

The dependence between the 9624 variables is represented
by a Gaussian copula (Nelsen, 1999; Quantin, 2011). Sklar’s
theorem (Sklar, 1959) on copulas allows us to model a mul-
tivariate distribution in two separate parts: the individual be-
havior of each marginal with empirical or fitted distributions
and the dependence between marginal with a copula. There
are several common families of copulas such as Gaussian
or Archimedean. A Gaussian copula has a single parame-
ter: the correlation matrix of the variables. Based on this
method, 1000 years of maximum monthly river flows are
generated. For each year, 9624 values are generated: 12 max-
imum monthly river flows for each station.

The intensity of our flood events is not only based on the
return period of the river flow but also on the occurrence
of many overflows over a large territory. When we generate
1000 years of river flow, the probability to generate a high
return period flow on a single station is low. But we will sim-
ulate extreme events, in terms of insurance losses, due to the
number of rivers integrated in the simulation and the repre-
sentation of spatial dependency based on the copula.

In our approach, we do not verify the consistency of the
hydrological values when we simulate the flood: the river
flow, for example, at a station C, downstream of a tributary
station B and the upstream station A, will not necessarily ver-
ify C = A + B. This choice has to be made to preserve the
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consistency of the statistical values on each river segment.
The river flow values generated on a gauge station will be
propagated with a constant value on the river segments until
another value generated on another gauge is present (Fig. 6).

This library of stochastic river discharges is used to create
fictive flood events: an overflow event is created when at least
one value of flow for one station is above the 10-year return
period value. This 10-year threshold has been chosen to be
consistent with the Nat Cat recognition ratio applied in the
Nat Cat scheme.

As described in the Banque Hydro, the French metropoli-
tan territory is divided in seven catchment areas: Ar-
tois Picardy, Brittany, Adour-Garonne, Loire, Rhine-Meuse,
Rhône-Mediterranean-Corsica and Seine-Normandy.

With this method, 1000 years of continuous fictive flows
are generated. From these simulated flows, 18 057 events are
created. Each event is simulated with the river routing model,
which will be forced by the simulated river discharges. The
rainfall–runoff model is bypassed in this method. This sim-
plified deterministic model is used to calculate the impacts
of each event in terms of hazard and damages. For each
event in the event set, the damage uncertainties are estimated
based on the error distribution calibrated and validated on
the 1995–2010 historical event set. This probabilistic distri-
bution is called F1. The flood events are all dependently gen-
erated with the Gaussian copula. Thus, both OEP and AEP
curves are built from the flood damage and annual aggregated
damages.

3.3 F2 model: the generation of stochastic rain fields

3.3.1 Input data

We use an extract of the Météo-France database SAFRAN
(reanalysis of atmospheric surface fields): an 8 km resolution
over France for the period 1958–2010 for daily and hourly
rainfall (Durand et al., 1993). This database was generated by
the Météo-France SAFRAN-ISBA-MODCOU analysis sys-
tem. These data are homogeneous over the period and over
the entire territory. In 2011, 184 million pieces of data of
daily rainfall and 4416 billion pieces of data of hourly rain-
fall were recorded in the SAFRAN database and used for the
calibration of the method.

A local rainfall climate is considered as a succession in
time of several rainfall types, including the dry weather type
(i.e., no local rainfall). Homogeneous areas have been de-
fined: for methodological simplification reasons, CRESTA
zones (French departments) are used. At every point of a
given small catchment, for a given time, only one rainfall
type can occur.

Each rainfall type is considered as a random process de-
fined by three parameters: the average (µ) and the standard
deviation (σ) of non-null rainfall and the average spatial rate
(τ) of non-null rainfall coverage (i.e., the number of non-

null rainfall SAFRAN grid cells out of the total number of
SAFRAN grid cells for the small catchment).

3.3.2 Long-term rain sequences simulation
(6 h time steps)

To build rainfall types we use a purpose-oriented typing of
observed rainfall data. The sequences of hourly precipita-
tion are summed to 6-hour cumulative values characterized
by the average and the standard deviation of non-null rainfall
and the average spatial rate of non-null rainfall coverage (see
above).

These descriptors are organized by a Kohonen self-
organizing-map (Kohonen, 1995) to build several types and
allocate individual time steps to one of these types. For this
study, 25 types of wet weather and 1 type of dry weather
have been defined. One set of parameters is derived for each
rainfall type. The qualitative sequence of rainfall types is de-
scribed by sequencing algorithms. The sequence of rain types
in time are analyzed and simulated by using the transition
probability matrix from one type to the others.

In the first step, the SAFRAN rain fields are selected
in CRESTA zones and analyzed with the Kohonen self-
organizing map to create 25 types of wet weather and 1 type
of dry weather. Then the transition probability matrix is ap-
plied to simulate long-term rain sequences. These rain se-
quences are characterized, in a CRESTA zone, by a single
rain type on the whole surface. The sequences are 6-hour
sums of precipitation homogenous for the entire zone. These
6-hour cumulative rainfalls are compared at each time step
with a threshold (e.g., the 2-year return period 72-hour rain).
When the sum of precipitation exceeds the threshold, a Nat
Cat event is identified and created.

3.3.3 Combination of CRESTA zones

Precipitation is generated in CRESTA zones. In order to get
precipitation for the entire French territory, we use a Gaus-
sian copula to analyze the dependence between zones. In our
study, we want a 72-hour sliding cumulative sum of precip-
itation for each zone. In our study, the 96 French depart-
ments (CRESTA zones) are considered as small catchments.
A statistical analysis allows us to assume that the 72-hour
cumulative rain fields are temporally independent for each
small catchment. We generate daily rainfalls and compute
the cumulative sum for every 3 days. To preserve the sea-
sonal pattern, a year of precipitation is simulated and broken
down into four parts corresponding to the four quarters of
the year. We obtain, for each year, 122 sliding amounts of
precipitation that preserve the observed correlation between
watersheds.

The simulated damages at the CRESTA scale are aggre-
gated both annually and spatially with the result of the 72-
hour copula matrix for the 96 zones. With this method, we
build OEP and AEP curves at the whole national scale.
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A national-scale event is then defined as the total amount
of damages occurring during a 72-hour period over all the
CRESTA zones exceeding a threshold.

3.3.4 Spatialized rain generator (1 h time steps)

The non-zero precipitation field is derived from a Gaussian
field. The indicator field (1 for rain and 0 for dry weather) is
obtained by thresholding an independently simulated Gaus-
sian field. The spatio-temporal Gaussian fields are generated
by the turning band methods (TBM). This method gener-
ates non-conditional stochastic simulations in three dimen-
sions (two in space and one in time) from a large number
of one-dimensional simulations called “band” (Matheron,
1973). The homogeneous spatio-temporal simulator is de-
scribed with more details in Leblois and Creutin (2013). This
simulator has been used to prove the importance of rainfall
spatial distribution for the design and sizing of flood control
structures (Poulard and Leblois, 2008).

As it is calibrated on SAFRAN data, the spatialized rain
generator will simulate 6-hour rain fields based on the 6-hour
SAFRAN. Then, the 6-hour cumulated rainfall is combined
with the indicator field (6 values of no rain (0) or rain (1)) to
transform the 6-hour into 1-hour precipitation.

Then, the spatialized hourly rain fields are used as the ef-
ficient rain in the rainfall–runoff model. It means that the
evapotranspiration (etp) is neglected during the 72-hour flood
events. Each event in the library is simulated with the com-
plete deterministic flood model to calculate its impact in
terms of hazard and damages (Fig. 6). The initial soil mois-
ture content is dependent on the month of occurrence and
is calibrated on the Météo-France soil moisture data. With
this method, we build OEP curves at the CRESTA scale for
150 years of simulated rain fields.

3.4 Combination of F1 and F2 for exceedance
probability mapping

3.4.1 Annual losses distribution

The first and second approaches allow us to build two dis-
tributions of flood frequency. The probability of occurrence
of each event is not calculated but every event is con-
sidered as unique in the distribution. These two distribu-
tions are not independent: small gauged river overflow may
have been simulated with both methods. The F1 distribution
presents the highest values for extreme river overflow events
(e.g., Seine overflow in Paris, Rhône and Saône in Lyon,
Garonne in Toulouse or Bordeaux). Nevertheless, for small
river overflow, the F1 approach underestimates the insurance
losses: the surface water runoff damages will not be taken
into account. For both reasons, F1 and F2 distributions must
be combined to build a complete flood distribution.

Our objective, in this study, is to combine both distribu-
tions with the following principle: F2 distributions are con-

cerned with mainly small-sized event damage (including sur-
face runoff and small river overflow), while F1 is a large-
sized event damage distribution (without surface runoff). F2
will bring the small return period losses, whereas F1 will
contribute mostly to the distribution tail.

We propose the following combination method: F1 is the
annual loss distribution for the large catchment river overflow
approach (1000 years). F2 is the annual loss distribution for
the small catchment surface runoff approach (1000 years).S

is a given threshold. The annual probabilityPA>S to exceed
this threshold is estimated for the F1 distribution by

PA>S =
nA>S

nA
, (9)

wherenAn andnA>S are respectively the total number of F1
years and the number of F1 years with a loss exceeding the
threshold. We define a thresholdT , which is the maximum
annual loss of the F2 distribution. We build an event setF (of
nC years) combining the entire F2 distribution and the selec-
tion of nA>T most extreme years of F1. If nA>SnA>T is very
small compared to the numbernB of F2 years, the annual
probability to exceed the thresholdT for the combination of
F1 and F2 (Eq. 16) will not be significantly different than
Eq. (9)

PC>T
∼= PA>T =

nC>T

nB + nA>T

. (10)

3.4.2 Hazard maps

To build the probabilistic hazard maps, we generate flood
maps for each event: river overflow maps for F1 events and
both river overflow and surface runoff for F2 events. Then,
we use the annual distribution of F1 and F2 events in the
event set to generate probabilistic hazard maps. According
to the events occurring for each stochastic year in the event
set, the hazard maps are overlayed to construct a probabilis-
tic hazard map indicating, at each point of the territory, the
return period of a given hazard intensity. These maps corre-
spond to the flood extent map according to the de Moel et al.
(2009) classification. The map shown on Fig. 2 is built for the
following intensities: non-null water level for river overflow
and the water velocity for non-riverine floods. The return pe-
riod R indicated on the map is calculated as an exceedance
probability:

R =
N

n
, (11)

where on each grid cell,n is the number of years with hazard
intensity above the threshold andN is the total number of
years in the simulation.
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Figure 2. Probabilistic flood map and official flood-prone areas on
the downstream floodplain of the Argens River near Fréjus, Saint-
Raphaël and Roquebrune. This exceedance probability map com-
bines the Argens overflow area with the surface runoff at different
return periods.

4 Results and discussion

4.1 Damage simulations for the Macif insurance
portfolio

Macif, a French insurance mutual company has joined the
CCR flood modeling project by providing high quality data
of risks and claims. The Macif portfolio is distributed homo-
geneously on the French territory. The non-motor Nat Cat
premium for Macif was EUR 54.8 million in 2011, which
represents a market share of 4.6 % in France. As described
in Table 2, the Macif non-motor portfolio is composed of in-
dividual risks (93.8 %) and professional risks (6.2 %). The
amount of losses per risk category is almost the same for
flood as for all perils (floods included), which with floods
only represents 39.6 % of the Nat Cat losses over this period.

In this study, we focus on the individual risk category.
Regarding these risks, a statistical approach is more robust
than on professional or industrial risks for two reasons: the

homogeneity of the insured portfolio and the high number
of records in the claim database. The flood claim database
analysis shows that the individual risks represent 54.1 % of
the total flood losses. The ratio of industrial and commercial
damages increases with the event loss amount.

The geocoding quality is described in Table 3. A majority
of risks is successfully geocoded at the street number pre-
cision (61.8 % of the individual risk premium) or at street
center precision (24.7 %). Only 13.5 % of the individual risk
portfolio is not precisely located (commune level precision).

The historical flood losses for the period 1996–2011
are estimated by Macif and described in Table 4. The
present value of all annual losses was calculated by apply-
ing (1) the monetary inflation and (2) the increase in the
market share of the Macif portfolio. The average annual loss
is EUR 21.4 million, and the 1-in-10-years loss is estimated
at EUR 54.7 million. Many flood events occurred during this
period: e.g., the Rhône overflow in 2003, the Argens floods
in 2010 and 2011, and the Gard in 2002. But in terms of
damages, extreme flood events on the most exposed territo-
ries have not yet occurred. All historical losses for the Macif
include professional risks. These annual losses must thus not
be compared with the results of the probabilistic approach.

The results of the simulation of the Macif portfolio for the
combination of F1 and F2 are described in Table 5. The prob-
abilistic flood modeling results (Table 5) are higher than the
historical flood losses, especially as the model was applied
strictly to individual risks.

The probabilistic average annual loss is strongly influ-
enced by the extreme years in the distribution tail. For exam-
ple, the 1000-year return period event has a simulated loss of
EUR 583.3 million for the individual risks in the Macif port-
folio, which is very high.

The extreme years are constituted by the occurrence of
major floods in several major catchments with high levels of
exposed values. Indeed, the F1 model simulates major river
overflow in the most important cities: e.g., the Seine in Paris,
the Rhône and Saône in Lyon, the Garonne in Toulouse and
Bordeaux. The F2 model simulates high losses for territories
strongly exposed to heavy rainfall and surface water runoff,
especially in the urbanized areas. The “cevenol type” events
in the southeast of France are typically concerned with this
approach, which is adapted to small catchments and heavy
rainfall in short timescales.

This result is a first application of our probabilistic method
to estimate the financial exposure for an insurance portfolio.
According to these first results, a single analysis of histor-
ical events may underestimate the risk, with a short period
of records. A long sequence of fictive years has to be pro-
duced to take into account the combination of major events
in several catchments during the same year.

www.nat-hazards-earth-syst-sci.net/14/2469/2014/ Nat. Hazards Earth Syst. Sci., 14, 2469–2485, 2014



2480 D. Moncoulon et al.: Analysis of the French insurance market exposure to floods

Table 2. Composition of the Macif insurance portfolio and comparison with the global insurance market portfolio, for individual risks, in
terms of Nat Cat premium.

Portfolio Macif Market Diff. (%)

Nat Cat Nat Cat
Nature of individual risks premium (EUR) % premium (EUR) %

Owners of individual houses 21 898 147 42.6 345 859 040 55 −12.4
Tenants of individual houses 3 387 674 6.6 44 738 035 7.2 −0.6
Owners of flats 10 579 481 20.6 64 471 531 10.3 10.3
Tenants of flats 11 153 206 21.7 120 340 637 19.28 2.42
Others 4 362 115 8.5 48 635 606 7.7 0.8
Total individual 51 380 626 100 624 044 849 100

Table 3. Geocoding quality of the Macif individual risk portfolio
2011.

Geocoding results for Total % of global
individual risks premium (EUR) portfolio

Address 31 737 933 61.8
Street center 12 682 551 24.7
Town center 6 951 406 13.5
Fail 8738 0

Table 4.Macif historical flood losses for the period 1996–2011.

Annual flood
Flood losses losses (EUR 2011)

Mean EUR 21.4 million
10 years return period EUR 54.7 million
Maximum EUR 61.5 million

4.2 Exceedance probability maps

4.2.1 The Argens downstream floodplain

The map on Fig. 2 represents the downstream Argens wa-
tershed, near the cities of Roquebrune-sur-Argens, Saint-
Raphaël and Fréjus. This region has been chosen for its
strong exposure to flash flood events: two major events oc-
curred in recent years. In June 2010 and in November 2011,
the flash floods of the Argens River and its tributaries re-
spectively account for EUR 550 and 250 million in insurance
losses (CCR estimates in 2013). On the map in Fig. 2, the
official flood-prone area (the highest known floods) is over-
layed with the exceedance probability maps generated by
the probabilistic flood model. The flood areas on the map
are the Argens and tributaries floodplains (Reyran, Grande
Garonne).

In the aggregate, the probabilistic river overflow fits with
the official flood-prone areas, especially for short return peri-
ods (< 50 years). Nevertheless, the modeled flood zone cov-
ers a larger territory. On paper, the modeled flood zones could

Table 5.Description of the F1 and F2 model results: per event and
annual loss distributions (EUR million) for individual risks for the
Macif portfolio.

Losses Per event Annual

Distribution F1 F2 Combined F1&
parameters model model F2 models

Mean 7.4 0.5 29.9
90th percentile 19.1 1.3 60.8
99.9th percentile 258.5 34.7 583.3

cover a larger expanse than the highest known floods. But,
between two high return periods, e.g., 100 and 150 years,
there are only small differences between the levels of water
(centimeter scale). The modeled flood zone should remain
close to the highest known flood zone. Important differences
are probably due to modeling uncertainties. The differences
can be explained by uncertainties in the generated water level
or in the elevation model (1 m elevation resolution).

The map of Fig. 2 reveals the important geographical ex-
posure to the surface water runoff, for territories outside the
Argens floodplain. For example, Saint-Raphaël, Boulouris-
sur-mer, Saint-Aigulf, Les Issambres and the northeast of
Fréjus.

To validate the model results, the historical flood claims,
geocoded at the “street number” precision, have been over-
layed with the official flood-prone areas (Fig. 3) and the prob-
abilistic flood map (Fig. 4).

Figure 3 shows that many claims are located outside the
floodplains. A large majority of flood claims in this region
is concentrated in the urban centers, outside the flood zone.
These claims account for 46 % of the total losses for this
region. They represent 87 % by loss count. The first con-
clusion is that the most expensive claims are located in the
floodplains, since 13 % of the data count for more than half
the total losses. The river overflow inside the floodplains,
in this region, explains only the half of global flood losses.
Our assumption is that surface runoff in the urbanized areas
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Table 6.Deterministic model results in a selection of historical flood event sets. These model results are compared with the CCR estimations
for the event losses (EUR million). These estimations are based on the extrapolation of insurance claims.

Losses Simulated Historical

Historical events Inf. Sup. Best Estimate

Southeast September 2009 48.4 66.4 53.6
Center-east November 2008 94.3 171.3 125.6
Rhône Alps storms September 2008 45.3 85.0 41.8
Southwest storms May 2007 4.1 11.4 19.4
Meurthe and Moselle October 2010 25.6 59.7 51.5
Gard September 2005 120.1 277.6 83.8
Arles and Rhône December 2003 422.4 964.9 834.4
Gard September 2002 297.2 600.5 609.1
Var June 2010 138.5 610.1 462.7
Var June 2011 387.8 448.3 266.6

Table 7. Loss distribution for a historical event (southeast in
September 2009) simulated with the deterministic model for the in-
surance market (in EUR million). The error distribution is calibrated
on a selection of the 1995–2010 event set by comparing modeled
losses with real claims.

Modeled loss 10th 30th 70th 90th
distribution perc. perc. perc. perc.

Historical event
40.6 48.4 66.4 93.6

Southeast September 2009

has generated these claims located outside the Argens major
riverbed. Indeed, in the Nat Cat scheme, the insurance ex-
pert has to verify if the claims are due to water rising from
the ground (considered as natural disaster) or coming down
from the roof (not considered as a natural disaster). We as-
sume here that all flood claims are natural disaster claims.
The results of the probabilistic model seem to confirm this
theory.

This confirms the importance of modeling the surface wa-
ter runoff in a comprehensive flood model. On the map of
Fig. 4, when combining river overflow with surface wa-
ter runoff, a significantly higher ratio of claims (81 %) and
losses (96 %) are located inside the flood areas. The remain-
ing claims located outside the modeled flood areas can be
explained by uncertainties in DEM data coupled with uncer-
tainties in the hazard model, which are a subject for more
investigations. For example, the model does not take into ac-
count the sewer network and the risk of sewer overflow inside
the urban areas. Furthermore, the model does not take into
account the street network and its effect on the water veloc-
ity. The use of a more precise DEM for elevation resolution
(< 1 m) and spatial resolution (< 50 m) should also enhance
the simulation results. In the short term, a 5m DEM will
be used in the urbanized areas for rainfall–runoff and flood
propagation computing. Some claims are also generated by

Figure 3. Official flood-prone areas (highest known water level)
map overlayed with street number precision geocoded market claim
data. Focus on the downstream floodplain of the Argens River near
Fréjus, Saint-Raphaël and Roquebrune.
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Figure 4. Exceedance probability map overlayed with street num-
ber precision geocoded market claim data. Focus on the down-
stream floodplain of the Argens River near Fréjus, Saint-Raphaël
and Roquebrune.

other perils, such as sea surge, and cannot be explained by
river overflow and surface water runoff.

4.2.2 Metropolitan France probabilistic flood map

Figure 5 presents the results of the exceedance probability
mapping for the whole French metropolitan territory with a
focus on Île-de-France. At the French territory scale, 74 %
of the flood claims are located inside the modeled areas,
whereas only 29 % are inside the official flood-prone areas
(Atlas des Zones Inondables). Among the claims located in-
side the modeled areas, 29 % are located inside the flood-
plains and 45 % in the surface runoff hazard areas.

Counting the flood claims inside the flood areas is neces-
sary but not sufficient for the validation of the flood model. If
an urbanized area, located inside the flood zones, has never
been concerned by any flood claim, either the possible flood
has not yet occurred, or the flood zone is a model error.

The ratio of the number of claims to the number of in-
surance policies inside and outside the flood areas has been

Figure 5.Exceedance probability map for the French territory com-
bining the river overflow and the surface water runoff. This map is
overlayed with the build-up and activity areas. A focus on Île-de-
France overlayed with a 25 m DEM is displayed.

Figure 6. Hydrological method to simulate river flow. Comparison
between F1 and F2 model on a fictive small river catchment.

computed. This ratio is the so-called “claim frequency”. It
is calculated at the level of the whole French metropolitan
territory. The model is validated if the claim frequency is op-
timized inside the flood zones and minimized outside. Inside
the flood zone, we expect the modeled claim frequency to be
close to the historical claim frequency, which is usually be-
tween 1 and 10 % depending on the hazard intensity. Outside
the flood zone, the claim frequency must be close to zero.

To validate the modeled flood zones, we need to verify if
the claim frequency is significantly higher inside the modeled
areas than outside. For this purpose, we calculate a specific
ratio, the validation criterionk, with the following method:

k =

S
P

in
S
P

out
, (12)

with S the number of claim data andP the number of risks
inside (in) and outside (out) the hazard areas. The validation
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criteria k is thus a claim frequency ratio. We can calculate
k for every hazard map type: official, modeled or real event
maps.

The criterionk value for flood-prone areas (AZI) is esti-
mated at 3.1. In the model results,k has a value of 3.2. Our
model identifies more claims than the official flood-prone ar-
eas, but with a similar precision. We can conclude that map-
ping both river overflow and surface runoff is mandatory to
identify a majority of claims. The increase of precision in our
modeling approach is still an important issue for our works.

The probabilistic flood map shown on Fig. 5 is the first
flood map in France at a national scale, with a homogeneous
method combining two perils: surface water runoff and river
overflow. The areas exposed to floods represent 52 374 km2,
i.e., 9.8 % of the French metropolitan territory. River over-
flow areas and surface water runoff respectively account for
6.1 and 3.7 % of the metropolitan territory. The part of the
territory exposed to< 50 years,< 100 and> 100 years return
period flood is respectively 4.6, 5.4 and 9.8 %. The surface-
water-runoff-exposed areas represent 30 to 40 % of the mod-
eled flood areas, depending on the return period.

Due to the large-scale approach for the generation of our
probabilistic map, it must be used for large-scale exposure
studies. The best scale to use it on is the insurance portfo-
lio. In the mid-term, the improvements of the methodology
will allow us to improve the map and study the exposure at a
smaller scale (commune for example).

5 Conclusion, limits and perspectives

The objective of this paper is to estimate the financial expo-
sure to floods for the French insurance market. Two steps are
identified to achieve this goal: first, to develop and validate
a deterministic model, ARTEMIS, for the flood damage es-
timation on a single event. Second, to link this deterministic
model to a probabilistic flood event set.

ARTEMIS combines a flood hazard and a damage estima-
tion model. It aims to account for the two perils representing
the major part of the flood losses in France: river overflow
and surface water runoff due to heavy rainfall, particularly in
the southern regions.

The modeling scale for the hazard and the damages has to
be consistent (Apel et al., 2009). Given our objectives which
concern the entire French territory, the hazard model is sim-
plified. Thus, the damage model, even if based on an individ-
ual risk database, follows a large number statistical method.
This approach is more consistent on individual risks than on
professional risks, which are too heterogeneous.

This ARTEMIS model combines many uncertainties: in
the hazard model, in the vulnerability and in the damage
model. The uncertainties are calculated at the end of the
whole process: error between real loss value and model esti-
mates to determine the deterministic model precision.

For the hazard model part, major sources of uncertainties
are due to the simplified river routing model for the esti-
mation of river discharge and DEM precision for the esti-
mation of the flooded area. The enhancement of this model
part is one of the main perspective for the short term. The
use of a variable velocity model could significantly improve
the river discharge calculation. More simply, the calibration
of the stream flow celerity on every river from the hydro-
graphic network will have a significant impact on the results
(the celerity is calibrated at the event scale).

The lack of knowledge on river characteristics (precise
width, flow gauges network) and flood protections will gen-
erate many modeling errors. But the large-scale modeling
does not allow, by definition, a high precision for topo-
graphic and hydrographic description. Nevertheless, the haz-
ard model is validated by comparison with the historical river
flow (Banque Hydro) or with available satellite images of the
flooded area, for the historical event set. Whilst not shown in
this paper, these results constitute the main calibration of the
deterministic hydrological modeling.

The uncertainties in the vulnerability and damage models
come from the lack of precision in the address location of
the insurance policies and risks, the estimation of the insured
values for the different types of risks (individual, commer-
cial, agricultural) can be an important source of uncertainties
if not present in the insurance database. Furthermore, in the
claim database, the lack of major industrial claim data makes
it difficult to calibrate a damage model for these risks, and
thus the statistical approach on the industrial risks reaches its
limits.

The probabilistic flood event set combines a river flow
database with a rain field database to simulate the flood
events. The results of this probabilistic flood model are stud-
ied based on the Macif portfolio, a French insurance com-
pany and specifically on the individual risk types. The av-
erage and extreme annual flood losses are calculated. High
differences appear between model estimation and historical
observations. Indeed, the flood event set takes into account
extreme events and the distribution tail will have significant
impact on the mean annual loss. These results are the first
application of our modeling system. Due to many uncertain-
ties explained above, an significant amount of work is still in
progress to strengthen results. We can list the main perspec-
tives which are in the mid-term (1 or 2 years):

– the enhancement of the river routing model: using the
kinematic wave with variable velocity or calibrate the
constant velocity for each stream

– the use of historical data to optimize the distribution
on the historical water discharges for the probabilistic
event set F1 (Hosking and Wallis, 1986; Payrastre et al.,
2011)
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– the simulation of fictive rain fields at a large scale to al-
lows for rainfall–runoff simulations of major catchment
floods.

In spite of these limitations and the prospects of improve-
ment in the methodology, we present in this paper our multi-
peril exceedance probability flood map for the entire French
territory, combining river overflow and surface water runoff
with a homogeneous approach. This map is not available at
small scale since it is only designed for large-scale studies.
The flood exposure map is a CCR internal tool for exposure
quantification and should not be used as an official flood map
since it is an intermediary result of our model.
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