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Abstract

This paper presents an appraisal of the temporalugon of flood vulnerability of two
French cities, Besancon and Moissac, which wegelgrimpacted by floods in January 1910
and March 1930, respectively. Both flood eventsifggamong the most significant events
recorded in France during the™6entury, in terms of certain parameters such asntensity
and severity of the flood and spatial extensiontref damage. An analysis of historical
sources allows the mapping of land use and ocaupatithin the areas affected by the two
floods, both in past and present contexts, progi@n insight of the complexity of flood risk

evolution at a local scale.

1 Introduction

Directive 2007/60/EC on the assessment and manaenhdlood risks draws up a new
framework for the promotion of historical informati. It aims to reduce and manage the risks
that floods pose to human health, the environmaritural heritage and economic activity.
The Directive requires Member States to first camy a preliminary assessment by 2011 to
identify the river basins and then the associatekt@al areas which are at risk of flooding.
For such zones, subsequent steps would involveinigaup flood risk maps by 2013 and
establishing flood risk management plans focusegrexention, protection and preparedness
by 2015. The Directive applies to inland watersvadl as all coastal waters across the whole
territory of the EU. In France, a national Histali®atabasehttp://bdhi.fr), based on the
inventory of major floods, was produced in 2011hmtthe framework of the EU Flood
Directive (Lang and Coeur, 2014;Lang et al., 2042) was made available to the public in
2015. It contains a description of 176 “remarkalfledd events from 1770 to 2011.
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A key issue of the Flood Directive is the accurassessment of flood risk. A commonly
accepted definition of flood risk is the combinatiof a flood hazard and the vulnerability of
the assets that are exposed (de Bruijn, K.M., 2@anze, 2006; Cardona et al., 2012).
Following this definition, the French Governmenstaiguished two main steps for flood risk
assessment. A first step consists of mapping thengal flood extent to evaluate the number
of infrastructure assets exposed. Starting from dlaita, a second step consists of determining
the exposure and vulnerability of the asset. F@s furpose, some indicators have been
adopted, according to the potential impacts on murhaalth, economic activity, the
environment and cultural heritage within the patdnfiood extent. To mention just a few,
these indicators include the number of inhabitaaffected, the number of single-storey
buildings, the number of employed persons, the rmimbnuclear power stations, the area of
remarkable built heritage, etc. Following this aygwh, flood risk assessment leads to a
contrasted overview of the actual flood risk. Thesults indicate a strong and unequal
exposure of assets over the French territory, aislersome concerns in a context of
increasing flood damage (SwissRe, 2015) and gldiehge.

The term “vulnerability” has long been a subjectdebate in the scientific literature, being
covered by several definitions (Birkmann, 2006; Wéiset al, 1994). A commonly used
definition of vulnerability is the likelihood of thelements at risk to produce damage. Based
on that definition, assessing the vulnerability @sdevolution can be broken down into two
main steps: firstly, assessing the exposure byndisthe elements at risk and secondly,
assessing the susceptibility of the elements kt(kterz et al., 2007). To carry out these two

steps, we identify a series of indicators adapte@fretrospective analysis.

On the one hand, the exposure analysis is suppbytepiantifying the number of buildings
and inhabitants at risk. On the other hand, tiseegptibility analysis is based on identifying
the building use type, providing some keys for ustéading the kind of damage to be
expected during floods (Barroca et al., 2006). &@mple, some building types are especially
likely to trigger major damage (industrial or conmial activities) or cause disturbances for
society (e.g. public infrastructures such as hatpibr schools), thus requiring special

attention from risk managers (Merz et al., 2007).

Many authors have already highlighted the imporaat historical data as a tool for risk
assessment (Glade al, 2001; Brazdilet al, 2006; Coeur and Lang, 2008; Kjeldsamnal,
2014). A general survey of flood mapping techniqguegurope by de Moel et al. (2009)
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provides evidence that flood maps are availablalmmost all countries, based on historical
floods or design-basis floods. As an example, B&inji2004), Tropeano and Turconi (2004)
or Luino et al. (2012) reported past flood extents in relatiorptesent-day land use, which

allows the development of prospective analysesoofifrisk.

Assessing flood impacts and understanding the\pdserability of a territory is an essential
step towards a long-term mitigation strategy (Clmamgt al, 2000). Firstly, it allows a better
understanding of the circumstances that lead tgastkr. Secondly, it helps to shed light on
the actual state of vulnerability within a terrigorThis vulnerability (especially visible
through the exposure of assets) should be sedreasgult of a complex historical evolution,

partly related to the occurrence of damaging fleeents in the past (Barregaal, 2006).

To take account of a potential increase in flos#t,rthe Flood Directive assessment has to be
considered in terms of a long time scale. The eidis developed during the preliminary

phase are in fact closely correlated with the preday situation and raise some questions
about the past situation of vulnerability. How de wassess the vulnerability and exposure
situations for past flood events based on uncewach sparse historical sources? Can we
validate an increase in the exposure and vulnénaloit stakeholders based on a temporal
analysis of past disasters? Are these disastdrgedivant and easily integrated into risk

management policies as indicated in the Flood firet¢ext?

To address these issues, the present study sete bighlight the importance of historical

information by applying a multidisciplinary and npapg approach (Daniere, 2014). Our
study is based on the set of 176 major floods an€e, which offers an opportunity to explore
the vulnerability associated with past flood eveit& apply this methodology to two case
studies selected for their “remarkability”: the dary 1910 flood event (generalized over all
the North-East of France) and the March 1930 flewdnt (concentrated on the Tarn River
valley). We focus our analysis on two cities, B&samand Moissac, which were largely
affected by the floods of 1910 and 1930, respelgtivafter a brief presentation of the two

flood events (section 2), we present the methododbdgramework used for mapping the

vulnerability (section 3). This approach is appliexd the two case studies (section 4),
illustrating the past and present vulnerabilityaitons in the two cities. Finally, some key
points are given (section 5) concerning the impumaof historical information for assessing
vulnerability changes during the 2@entury.
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2 Case studies

2.1 Selection of two remarkable flood events

During the inventory work carried out for the FloDdrective in 2011, we selected a total of
176 major floods in France since 1770 (see LamjG@oeur, 2014) based on the following
considerations: diversity of flood types, strongpfll hazard or spatial extent, important socio-
economic impacts, in addition to reference evarged in planning documents (flood
mapping area) or last significant flood in livingemory. Using a multidisciplinary
methodology, we established an evaluation grid dasethree main features (Boudeual,
2015): 1/ flood intensity (score between 3.5 to 4djording to several criteria (return period
of maximum peak discharge; duration of submersdyke breaches or log jams); 2/ flood
severity(score between 3 to 12), with two maingatbrs: flood damage (number of fatalities,
economic loss) and social, media or political inipaaf the event (establishing a new risk
policy, calling for international solidarity to fadhe crisis, etc.); 3/ spatial extent of damage
(score between 2 to 8). This grid allowed us tkrdre 176 major floods (Boudou, 2015).
Then, a second level of selection led us to foaugshe nine events shown in Fig. 1 (Jan.
1910, March 1930, Oct. 1940, Dec. 1947 / Jan. 1948, 1959, Jan. 1980, Nov. 1999 and
Dec. 2000/ April 2001). These flood events coverdl d&lood typologies
(oceanic/snowmelt/Mediterranean floods, storm surggclones, dam breaching) and are
considered as some of the most remarkable in agooedwith the evaluation grid. Laegal.

(2012) presented the main characteristics of thesmeevents (except for the 1947-48 flood).

In this study, we investigate the two oldest seléavents, which took place in January 1910
and March 1930, focusing on the urban situatioBesancon and Moissac (Fig. 2). The aim
Is to focus on two cities that have been signifilafiooded in the past and to understand how
their vulnerability to flooding has changed up he tpresent day. A detailed inventory of

documentary sources on these two events can bd fouhe online materidl.

2.2 The January 1910 flood event in Besangon (Doub s River catchment)

The flood of January 1910 ranks fifth among théo®ds selected as remarkable according to
the evaluation grid (Fig. 1). This flood event igstly known for being the most significant

flood affecting the city of Paris, with a returnrjpel of about one hundred years for several

! Auxiliary material is available in the html. doixX
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rivers of the Seine basin. After a very wet endhe year 1909 (450 mm of rainfall in 3
months), the Seine basin received a large amoundinfand snow in January 1910 (about
300 mm in the upper part, 110 mm in the central @ad 280 mm in the downstream part).
The water level at Paris-Austerlitz was 8.66 m, skeond highest historical level after the
flood of February 1658 (8.80 m) (Champion, 185848&oubet, 1997). There were a
relatively small number of direct fatalities (7 t/es) plus 9 indirect deaths (several cavity
collapses), but the impact within the Paris regmas extremely high, with 150 000 persons
affected and economic losses of about 400 milliofd grancs (1.5 billion euros, 2015)
(Picard, 1910). Despite the fact that a large phrtorthern France was also affected, most of
the attention of society and recollections of thiseent have been focused on Paris. To
demonstrate the remarkability of this event, ndy dor the Seine catchment area but also for
more rural regions, we concentrate our study orDibebs basin where the flood of January
1910 remains one of the most significant historftmdds, with the highest water level being
recorded in the city oBesancon (see fig. 3, e.d = 245.55 m at “Poterne, Place la
Revolution”). While the flood event across the $elrasin was characterized by a clustering
of several oceanic rainfall events, the flood evienthe Doubs basin was triggered by an
episode of heavy rainfall from 18 to 21 Januaryileen 150 and 250 mm), plus the presence
of extensive snow cover after a wet winter whiakd to significant snow melting. A large
part of the old city of Besancon was flooded, whilge damage. Many shops, houses and
their basements were inundated, causing importaseb of furniture. The streets were also
particularly badly affected due to the high flowlaaty. In total, the cost of the flooding at
Besancon is estimated at around 2 million francREBL Franche-Comtéet al, 2010),

representing 7.7 million euros in present-day money

According to several documentary sources (Alla@ilQ Ministere de I'Ecologie, 2011), it
appears that the hydro-meteorological conditionghefevent (peak discharge at Besancon of
about 1750 ris, with a return period of about 100 years; cahinarea of 4379 kfjcannot
explain why the flood level was so high throughting old city. Such exceptional water levels
in the city centre were the consequence of enargyek at the bridges of the town. These
energy losses were larger than usual (cf. Fign 8omparison with the 1882 and 1896 flood
events) due to a log jam (about 35 00%), mesulting from the inundation of a paper factary
few kilometres upstream of Besancgon, contributirgniicantly to a raising of the water

level.
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Archive sources (especially administrative repgmteduced by the Chief Engineer of the
Ponts-et-Chaussées, Serial S, Doubs departmeatées) also reveal some major failures of
flood warning during the event. Surprised both lhy arrival and the intensity of the flood,
the local authorities did not succeed in settingtemporary protective structures at the
different open city gates (“postern gates”), whititectly contributed to the inundation of the
city (Fig. 4)

2.3 The March 1930 flood in Moissac (Tarn River cat chment)

At the end of February 1930, an intense Mediteaanainfall event occurred in the South-
West of France, with hot and moist air from the Mmdanean Sea penetrating deep into the
Massif Central highlands. From 25 February to 4 diaa large area was affected by heavy
rainfall (e.g. more than 200 mm over 6000%atring 4 days), with a maximum of 694 mm
in 7 days at Saint-Gervais-sur-Mare (spring of @b river). The very serious adverse
consequences of this rainfall event can be explaimeat least two factors. From October
1929 to February 1930, high rainfall totals wersefed (e.g. 1 177 mm at Lodeve, 840 mm
at Florac), thus favouring a strong reaction of Hasins which were already saturated.
Moreover, a warming in temperature associated witbnse rainfall was causing a large

amount of snow melting (20 to 100 cm) above 600 m.

Due to its intensity and unusual date of occurrgiatehe end of a wet winter) the rainfall
event triggered an exceptional flood event (Pat@80). The following flood hazard intensity
can be judged exceptional for the downstream phath® Tarn catchment (800038 at
Moissac, 15 400 kfm mean annual discharge 230/s), with a return period of about 250-
300 years (Dreal Midi-Pyrénées, 2014). Between &1id) 230 fatalities were recorded during
this Tarn River flood (resp. Bichambis, 1930 arai@ou, 2015), which represents one of the
most destructive flood events ever recorded in ¢gaand surely the most significant during
the 20" century. The economic loss for the entire surdinmregion was estimated at around
1 billion francs, which corresponds to 570 milli@uros 2015 (Journal Officiel de la
République Francaise, 1930).

One of the striking features of the disaster cafobad in the concentration of damage in the
town of Moissac (120 deaths out of a total of 2 Rgconstructing and mapping the flood
chronology using historical sources provides ushw# better understanding of the
circumstances of the disaster (Fig. 5). On 3 M&@B0, the flood arrived in the town. Before
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18:30 the Tarn River was already overflowing themm@annel, on both the south and north
banks. Fortunately, the town centre was protectethize main dykes and the railway line
embankment. From 18:30 to 23:00, the water leve @nd the flood extent covered the area
between the main dikes at the eastern part ofotlva.tAround 23:00, at the time of maximum
discharge (estimated at around 800&sin three breaches suddenly appeared along the
railway embankment. These breaches led to a sudd#ourst of the dykes and final

inundation of the town.

According to the locations of fatalities and thedback of information on the disaster, the
explanation of the high death toll is twofold. Biysthe rapid influx of water into the city due
to the flash flood and dyke failures induced a ssepeffect on the inhabitants of Moissac.
Secondly, the collapse of more than 600 housesr@lated to the typical kind of housing in
this region, being built of raw bricks especiallyinerable to flooding and sustained contact

with water.

3 Methodology for monitoring changes in flood vulne rability

3.1 Relevance of historical events in the present  context?

One of the main requirements of the Flood Direcisv/t identify areas with a potential high
level of flood risk, based on historical floods tth&vould have significant adverse
consequences if they occurred again. As the coesegs are dependent on the flood hazard
as well as the personal, social and economic akgetied in the flood risk zones, one of the
main concerns is to assess the changes in locaéraldility of city centres as a function of
time. In both case studies, the main casualtiesoarmtonomic losses within the catchment
were located in a single municipal area. But somgravating factors are time dependent,
such as woody debris upstream of bridges at Besamtgdyke failures to the east of Moissac.
Other aggravating factors are related to sociatemability, such as failures of flood warning

at Besancon or vulnerable building materials atddac.

To obtain a better understanding of the local desaprocess, our study aims to monitor
changes in flood vulnerability, comparing the pastl present situations. Several questions
have to be addressed. Is it possible to assessctgrthe changes in vulnerability over time

according to the available sources? Does the mgpuyitand use provide enough information
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to identify indicators of vulnerability? Can we &slish scenarios concerning the impact of a

future flood based on a historical flood?

After a preliminary analysis that involves geo-refecing historical information in the
present-day context, we then consider the mapditand use and estimating the numbers of

the population at risk, while comparing the past #re present situations.

3.2 Dynamic mapping to locate historical informatio n

A preliminary step of this study consists of camg/iout dynamic mapping with a spatial
display of the previously collected historical infaation. The historical corpus made up of
various document formats and sources is included BIS by locating the information

available. However, some place names have changed the date of the flood event, thus
requiring supplementary treatment of the data.

The dynamic consultation of historical informatia® not only of interest for correctly

locating the various sources of information on dloaulnerability, but can also be used to
develop risk awareness and risk culture on an edgaoarritory. As an example, the high-
water mark inventory developed for the Seine rivatchment Www.reperesdecrues-

seine.fr/carte.phpprovides dynamic mapping which is easily undemdédle and interactive

for the general public, in contrast to the mapsiltesy from hydraulic or hydromorphogenic
modelling (de Moekt al, 2009).

3.3 Evolution of land use

In this section, we address the exposure and stisitigp to flood risk (Fig. 6) using
simplified descriptors which remain consistent vilib level of data availability and accuracy
of historical information (Barnikel and Becht, 20@rnikel, 2004).

Firstly, the exposure analysis is based on thegdg®wim the population living per building and
provides information about the evolution of buifi-areas. Secondly, susceptibility analysis
based on land-use classification provides relevafdrmation to evaluate the nature of
buildings affected during flooding. Historical imfoation is required which at least describes
the land cover on different dates. For exampleéphisal maps and aerial photos often depict

the built-up territory for a specific year.
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To perform a spatial analysis of historical mapss necessary to integrate them into a GIS.
Three steps are executed: scanning, georefereatidgdigitization supported by a spatial
reference system (Fig. 6a) (Rumsey and William9220 evin et al, 2010). A set of
historical maps and aerial photographs producedth®y French National Institute of
Geographic and Forest Information (IGN) are usedgjpict the extent of built-up areas at the
scale of a block of houses. A total of 7 topographiaps (from 1911 to 1988) are used for
Besancon and 26 aerial photographs for Moissam(t®47 to 1983). Aerial photographs are
favoured in the case of Moissac because of thenweagent representation of the town on
topographic maps, which is split between four miapes. These raster data are then imported
and georeferenced. A spatial database (BD TOPQJupenl by the IGN, describing the
present French territory and its infrastructuresysed to select control points and evaluate
distortions during the digitizing step. During tHest step, information from topographic
maps is vectorized into a unique “historical laydn’this way, each object is given a spatial
reality (via the GIS representation) and a tempugeality (by associating a temporal field to
indicate its existence for a specific year). Consadly, the “historical layer” allows us to
obtain “temporal snapshots” (Langran and Chrisd@88, Gregory and Healey, 2007) of the

urban fabric: the space is discretized based amrrdtion available at the time of the event.

Subsequently, the description of “historical layebjects provides information on the nature
of building exposure. A land-use classificatiordiawn up based on a nomenclature adapted

from the Urban Atlas of the European Environmenergy http://www.eea.europa.eu/data-

and-maps/data/urban-atjagccording to historical information constraifisg. 6b). A first

geomatic processing step is performed to dis@¢hie residential buildings on a 0.25 hectare
grid. A density criterion is applied in each griellcbased on the percentage contribution to
the building footprint, leading to a distinctiontiveen dense and sparse areas. To enhance the
classification, a second processing step is cawigdusing a proximity criterion for each
building based on the number of buildings within 280-m radius (continuous and
discontinuous buildings). Local information is tha&aded related to the location and nature of
non-residential constructions. BD TOPO data arel isalescribe the current situation, and a
point-in-time layer is built with our “historicalocpus” information for earlier historical

periods.
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3.4 Census of the exposed population within the fl ~ ood extent

General information is provided by the evolution pbpulation at the scale of the
municipality. Figure 7 presents the data derivesnfiseveral population censuses during the
20" century. It shows than the number of inhabitards rown by about + 100 % at
Besancon (from 57 978 to 116 914, between 19112&@) and + 60 % at Moissac (from
7 814 to 12 354, between 1911 and 2006). As onty gfathe built-up area was affected by
floods, especially in the case of Besancon, itesessary to cross two layers of information:
the number of inhabitants per small block and thetial extent of the historical flood (1910

or 1930 floods at Besancon and Moissac, respegjivel

Human exposure is taken into account by census @samation of the resident population.
The aim here is to distribute the raw demograplaia dhroughout the blocks of houses by
following its evolution at different scales (Wai al, 2008). The maps so produced can shed

light on the evolution of human exposure within #énea affected by the flood.

To assess the current population living within ttheod extent, we make use of two

demographic data sets produced by the French Natinstitute for Statistics and Economic

Studies (INSEE), applying formula (1) to redisttibuhe population data at the scale of
blocks of houses. The first dataset is definechtimunicipal scale with IRIS data (Infra-

urban statistical area). The second dataset iddb@sean estimation of the fiscal population
within a 200 x 200 m grid. These datasets areibliged at the scale of residential blocks of
houses, based on a volumetric method (Lwin and jauma, 2009), in proportion to the

building footprint area multiplied by the verticaénsity, using the building height provided
by BD TOPO:

building height X building floor area

Developed area = (1)

average storey height

Historical information, in the form of a census @w demographic data, is required to
estimate (Ekamper, 2010) the numbers of the papul&xposed at the time of the disaster.
General census reports are available for every dAranunicipality (sometimes online),
generally compiled every 5 years up until 1946,hwsbme exceptions. These documents
contain nominative information about the municipalpulation, grouped by building and
street, at different dates. The comparison betvpesh and present exposed population within
the flood extent should take account of possibbnges of census methodology over time.

10
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4 Change of vulnerability based on two case studies

We now consider the changes of vulnerability in tive case studies, from past to present,

using historical sources and current information.

4.1 Changes in vulnerability of Besancon with respe  ct to the January 1910
flood

Figure 8 displays the land use within the areactéfd by the 1910 flood in Besangon, based
on the situations in 1911 and 2013 (resp. datéw@tensuses). No significant change can be
seen in terms of vulnerability, according to thatsg extent of the built-up area. Since the
centre of Besancon is located within a meandehefoubs River, with no opportunity for

spatial expansion or urban densification, there e no increase of exposure, apart from
the hospital area. Although the city has experidracgpatial expansion towards the north, on

the right bank, this area is located outside ouirgpat a larger scale.

According to the land use classification, we cartensignificant changes in the various
activities. There has been a fall in military enyphent, in favour of an increase in
administrative and public facilities. While militatareas have decreased by 74% between
1911 and 2013, administrative areas have grown factr of 12. A reduction of human
exposure is noticeable between 1911 (the censusclesest to the 1910 flood) and 2013,
with a 24% decrease in the city-centre population.

The demographic evolution is represented on Figt 93he scale of a block of houses,
reflecting the decrease in household size (dedtinbe number of inhabitants per building)

and a decline in residential function (reductionndfabited buildings within the city centre).

4.2 Changes in vulnerability of Moissac with respec  t to the March 1930 flood

The flood risk mapping of Moissac yields an oppositagnosis, with a major increase of
vulnerability within the area affected by the 1986od (Fig. 10). Built-up areas have
expanded by 122% between 1930 and 2013. Such Ispatension is explained by new
residential development (mainly housing estates) eronomic buildings east of the city
centre and by a progressive densification of tive-density area on the south bank flood

plain.

11
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Despite a new distribution of the population (Tadly the human exposure has not
significantly changed. The reduction of populataensity in the city centre is compensated
by a spatial expansion (Fig. 11). The human exgokas mainly increased on the east side of
the city centre, especially in the area locatedvbenh the two levees. It should be noted that
no general census report is available for Moissathe 1930s. Therefore, the population
exposed to flood risk in 1930 was estimated frorava demographic data set, obtained from
an internet database containing a historical pdjmnmacensus at the municipality scale
(http://cassini.ehess.Jriwhich was then distributed according to the woddbased method.

4.3 Appraisal of the temporal evolution of flood ri sk

These two case studies shed light on the compleXiffood-risk evolution. At the nation-
wide scale, it is clearly acknowledged that theease of flood damage over the last few
decades is induced by a general increase in flabterability (Kron, 2002, Luine@t al. 2012,
Kundzewiczet al, 2014, Smithet al, 2014). At a local scale, where topographic, 3caa

economic contexts are crucial, it is necessanat@®la more detailed analysis.

In Besancon, there has been no extension of trenwatea within the old city since 1910, but
significant land-use changes have led to a decraflaeod vulnerability as some previously

residential areas are now used as administrativiglilbgs buildings.. The frequency of

flooding has changed in the historical centre, thu¢he establishment of safety measures,
especially with the construction of mitigation sftwres such as cofferdams to close the
postern-gates. Some uncertainties remain for daterghthe flooded area in the case of an
event comparable to the 1910 reference flood, sipp®site effects come into play. The log
jams at the bridges are not expected to be repdatecdditional hydraulic losses have been
introduced by new hydraulic structures since 1Ndwadays, the reference flood selected in

the regulatory documents is a simulated flood latigen the January 1910 flood.

In Moissac, the changes in vulnerability show aenoontrasted pattern. As in various other
French regions, the built-up areas have grown atiglpextent since 1930, characterized by an
important development of housing estates. Onecatipoint is the development of one-storey
buildings, leading to a higher human vulnerabititye to the lack of a refuge floor. On the
other hand, building quality has improved. Durimg t1930 flood, the house collapses in
Moissac and the consequent fatalities were closdited to the construction materials used.
To increase the resistance of the structures, natermals and building technigques were used

12
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during the reconstruction stage. Another positihange is related to the improvement of
safety measures, due to progress in flood-warniagistbn making as well as regards
emergency population evacuation schemes implemdytede civil protection services. The

1930 flood in Moissac, with a return period estieshiat around 250 years, is nowadays
considered as the reference flood hazard for tb& bood risk management strategy as well
as for planning and development documents. Thigdey appears to remain vulnerable,

especially to risks of dyke failure.

5 Conclusion and perspectives

This study presents a case study on the urban raldiiey of two French cities that were
largely impacted by floods occurring in January @@hd March 1930. This approach gives
an insight into the complexity of flood risk evatut, while also taking local characteristics
into account. Mapping historical sources can previéliable information on the flood
vulnerability in the past, but this requires someliminary work. A first step is necessary to
locate and geo-reference the historical informatathin the present geographical reference
system. Qualitative information (images, techniogports, national and local newspaper
articles, paintings, marble plaques, etc. ...) cannberpreted as a complement to historical
maps on land use. An assessment of the populatiaskavithin spatial units can be inferred
from technical documents with nominative lists adrgpns as well from old censuses.
Historical information on past floods can therefdre useful when building scenarios on
future possible floods, providing a reliable refere of what might be possible in terms of
water depth, flow velocity and flood extent. Addital work is needed to account for possible
changes both in vulnerability and flood hazard aber past several decades (from historical
floods to the present day) and for future decagesspective studies). It is also important to
bear in mind the uncertainties associated withohistl data and to use relevant scales when

mapping vulnerability indicators.

As usual, the temporal analysis of flood risk etiolu at a local scale implies a good
knowledge of the general context of the socio-ecdnaevelopment of territories, as well as
changes in the recollecticand perceptiomf risk. According to data availability, this study
focuses on only a small component of vulnerabildpwever, to carry out a comprehensive
flood vulnerability analysis, other indicators shibbe taken into account. After the Xynthia
storm surges in 2010 (41 fatalities due to fload$tance), Vineet al. (2012) showed that

the age of the population is a key component o#llowlnerability. It is clear that the
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insurance system may benefit from similar analggesrban flood vulnerability over the last

few decades.

This study addresses the issue of flood vulnetgpihich is an important component of the
flood risk. In parallel, research on flood hazasdliso necessary to simulate past floods in a
present-day context, taking into account modifmagi of the river (morphological changes

and river engineering) and new settlements onltwel fplain.

6 Author contribution

M. Boudou established the evaluation grid usedtha selection of “remarkable” flood
events. He collected data on the two historicabdkand produced thematic maps on flood
hazard. B. Daniére carried out dynamic mappingtate historical information and thematic

maps on flood vulnerability. M. Lang supervised thafting of the paper.
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Tables

Table 1. Exposed population in 1930 and 2013 fohdimoded area (cf. Fig. 11) in Moissac

Flooded area (Fig. 11) 1930 2013
(1) 4089 1160
2 1044 2880
(3) 2267 2000
Total 7400 6040
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Figure captions

Figure 1. Location map of the nine most remark&pénch flood events selected in this study
and table showing their related remarkability ssqi&oudou, 2015)

Figure 2: Location of the case studies: (left) Doldasin and Besancon; (right) Tarn basin

and Moissac

Figure 3. Longitudinal profile of the Doubs Riveitln the old city of Besancon and inter-
comparison of floods (sources: Ville de Besanco8ervice de la voirie et des eaux :
Profil en long des crues du Doubs du 21 janvier@928 décembre 1882 et 10 mars
1896, 10 mars 1910Bibliotheque et archives municipales de Besangarje 0).
Locations of Republique and Battant bridges arevshon Fig. 4

Figure 4: Old Besancon city centre with characteriwater inlets during the flood event on
17 to 21 February 1910

Figure 5. Flood chronology and location of fataktiduring the flood event in Moissac on 3
March 1930
Figure 6. Evolution of vulnerability: (a) exposufb) susceptibility (building use type)

Figure 7. Evolution of the number of inhabitantgidg the 28' century at Besancon and
Moissac. Source: EHESS-Cassini before 1962, INS&f 1968

Figure 8. Land use types and soil occupation witha area affected by the 1910 flood in
Besancon: a/ in 1911; b/ in 2013

Figure 9. Estimated number of inhabitants per lngjdvithin the area affected by the 1910
flood in Besancon: (a) in 1911; (b) in 2013. Sortarks of houses are depicted only on
one of the maps, because of land-use changes. ééatential blocks of houses are not
taken into account here

Figure 10. Land use types and soil occupation withe area affected by the 1930 flood in
Moissac: (a) in 1930; (b) in 2013

Figure 11. Estimated number of inhabitants perdmgj within the area affected by the 1930
flood in Moissac: (a) in 1930; (b) in 2013
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Figure 4: Old Besancgon city centre with charactieriwater inlets during the flood event on

17 to 21 February 1910
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