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Abstract 8 

This paper presents an diachronic appraisal of the temporal evolution of flood vulnerability of 9 

two French cities, Besançon and Moissac, which werehave been largely impacted by two past 10 

floods in January 1910 and March 1930, respectively. Both flood events figured among the 11 

most significant events recorded in France during the XXth 20th century, as a function in 12 

terms of certain parameters such as the intensity and severity of the flood and spatial 13 

extension of the damage. An analysis of historical sources allows the mapping of land use and 14 

occupation within the flood areas affected byextent of the two historical floods, both in past 15 

and present contexts, providing. It gives an insight of the complexity of flood risk evolution, 16 

at a local scale. 17 

 18 

1 Introduction 19 

Directive 2007/60/EC on the assessment and management of flood risks draws up a new 20 

framework for the promotion of historical information. It aims to reduce and to manage the 21 

risks that floods pose to human health, the environment, cultural heritage and economic 22 

activity. The Directive requires Member States to first first carry out a preliminary assessment 23 

by 2011 to identify the the river basins and then the associated coastal areas which are at risk 24 

of flooding. For such zones, the following subsequent steps would consist ininvolve drawing 25 

up flood risk maps by 2013 and establishing flood risk management plans focused on 26 

prevention, protection and preparedness by 2015. The Directive applies to inland waters as 27 

well as all coastal waters across the whole territory of the EU. In France, a national Historical 28 

Database on floods (http://bdhi.fr/), has been opened to the public in 2015, based on the 29 

inventory of major floods, in France producedwas produced in 2011 within the framework of 30 
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the EU Flood Directive (Lang and Coeur, 2014;Lang et al., 2012) and was made available to 1 

the public in 2015. It contains a description of 176 “remarkable” flood events from 1770 to 2 

2011. 3 

A key issue of the Flood Directive is the to accurately assessment of the flood risk. A 4 

commonly accepted definition of flood risk is the combination between of a flood hazard and 5 

the vulnerability of the assets that are exposed ( de Bruijn, K.M., 2005; Schanze, 2006; 6 

Cardona et al., 2012). In suit withFollowing this definition, the French Government 7 

distinguished two main steps for flood risk assessment. A first step consistsed ofin mapping 8 

the potential flood extent to in order to evaluate the number of infrastructure assets exposed. 9 

Starting from this data, a second step consists of determininged in censing the asset exposure 10 

and vulnerability of the asset. For this purpose, some indicators haved been adopted, 11 

according to the potential impacts on human health, economic activity, the environment and 12 

cultural heritage within the potential flood extent. To mention just name a few, they are for 13 

instancethese indicators include the number of inhabitants affectedpopulation  exposed, the 14 

number of single-one storey buildings, the number of employed personsments, the number of 15 

nuclear power stations, the area of remarkable built heritage, etc. Following this approach, the 16 

flood risk assessment drew upleads to a contrasted overview of the actual flood risk. The 17 

results indicate a strong and unequal assets exposure of assets over the French territory, and 18 

raise some concerns in a context of increasing flood damages (SwissRe, 2015) and global 19 

change.  20 

The term “vulnerability” has long been a subject of debate in the scientific literature, being 21 

covered by several definitions (Birkmann, 2006; Wisner et al., 1994). A commonly used 22 

definition of vulnerability is the likelihood of the elements at risk to produce damage. Based 23 

on that definition, assessing the vulnerability and its evolution can be broken down into two 24 

main steps: firstly, assessing the exposure by listing the elements at risk and secondly, 25 

assessing the susceptibility of the elements at risk (Merz et al., 2007). To carry out these two 26 

steps, we identify a series of indicators adapted for a retrospective analysis.  27 

On the one hand, the exposure analysis is supported by quantifying the number of buildings 28 

and inhabitants at risk. On the  other hand, the susceptibility analysis is based on identifying 29 

the building use type, providing some keys for understanding the kind of damage to be 30 

expected during floods (Barroca et al., 2006). For example, some building types are especially 31 

likely to trigger major damage (industrial or commercial activities) or cause disturbances for 32 
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society (e.g. public infrastructures such as hospitals or schools), thus requiring special 1 

attention from risk managers (Merz et al., 2007).  2 

Many authors have already highlighted the importance of historical data as a tool for risk 3 

assessment (Glade et al., 2001; Brazdil et al., 2006; Coeur and Lang, 2008; Kjeldsen et al., 4 

2014). A general survey of flood mapping techniques in Europe by de Moel et al. (2009) 5 

provides evidence that flood maps are available in almost all countries, based on historical 6 

floods or design-basis floods. As an example, Barnikel (2004), Tropeano and Turconi (2004) 7 

or Luino et al. (2012) reported past flood extents in relation to present-day land use, which 8 

allows the development of prospective analyses of flood risk. 9 

Assessing flood impacts and understanding the past vulnerability of a territory is an essential 10 

step towards a long- term mitigation strategy (Changnon et al., 2000). Firstly, it allows a 11 

better understanding of the circumstances that leadd to a disaster. And sSecondly, it helps to 12 

shed the light on the actualactual state of the vulnerability within a territory. This 13 

vulnerability (especially visible through the exposure of the assets) has toshould be seen as 14 

the result of a complex historical evolution, partly related to the occurrence of past damaging 15 

flood events in the past (Barrera et al., 2006). 16 

In order tTo take account ofconsider a potential increase inof flood risk, the Flood Directive 17 

assessment has to be considered in terms of aat a long timearge temporal scale. The indicators 18 

developed during the preliminary phase are in fact closely correlated withto the present-19 

dayactual situation and raise some questions about the past situation of vulnerability. How do 20 

we assess the vulnerability and exposure situations during for past flood events based onwith 21 

uncertain and sparse historical sources? Can we confirm validate an increase in theof 22 

exposure and vulnerability of stakeholders ’s exposure and vulnerability based on a temporal 23 

analysis of past disasters? Are these disasters still relevant and easily integrated into risk 24 

management policies as indicated in the Flood Directive text?  25 

To addresscarry out these issues, the present study this paper proposes to sets out to highlight 26 

the interest importance of historical information through by applying a 27 

transdisciplinarymultidisciplinary and mapping approach (Danière, 2014). OurThe study is 28 

based on the set of 176 major French floods in France, which offers an opportunity to explore 29 

the vulnerability associated with past flood events vulnerability. We applyied thise 30 

methodology toon two case studies selected for their “remarkability”: the January 1910 flood 31 

event (generalized overto all the North-East of France) and the March 1930 flood event 32 
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(concentratedfocused on the Tarn River valley). We focused the our analysis on two cities, 1 

Besançon and Moissac, which were each one largely affected by the floods of 1910 and 1930, 2 

respectivelyone of these two events. After a brief presentation of the two flood events (section 3 

2), we present the methodological framework used for mapping the the vulnerability (section 4 

3). It This approach ishas been applied toon the two case studies (section 4), illustrating the 5 

past and present vulnerability situations in the two cities. Finally, some key pointss are given 6 

(section 5) about concerning the interest importance of historical information for assessing 7 

vulnerability changes during the XX th 20th century.  8 

 9 

2 Case studies 10 

2.1 Selection of two remarkable flood events 11 

During the inventory work carried out for the Flood Directive in 2011, we selected a total of 12 

176 major floods in France since 1770  (see Lang and Coeur, 2014) based on the following 13 

considerations: diversity of flood types, strong flood hazard or spatial extent, important socio-14 

economic impacts, in  addition to reference events used in planning documents (flood 15 

mapping area) or last significant flood in living memory. Using a 16 

ransdisciplinarymultidisciplinary methodology, we established an evaluation grid based on 17 

three main features was established (Boudou et al., 2015): 1/ flood intensity (score between 18 

3.5 to 14) according to several criteria (return period of the maximum peak discharge; 19 

duration of submersion; dyike breaches or log jams); 2/ flood severity(score between 3 to 12), 20 

with two main indicators,: flood damages (number of fatalities, economic loss) and social, 21 

media or political impacts of the event (establishing a new risk policy, calling for 22 

international solidarity to face the crisis, etc….); 3/ spatial extentsion of damages (score 23 

between 2 to 8). This grid allowed usIt allowed to rank the 176 major floods (Boudou, 2015). 24 

Then, a second level of selection  ledselection led us to focus on the nine9  events showned in 25 

Fig. 1 (Jan. 1910, March 1930, Oct. 1940, Dec. 1947 / Jan. 1948, Dec. 1959, Jan. 1980, Nov. 26 

1999 and, Dec. 2000 / April 2001). These flood events cover all flood typologies 27 

(oceanic/snowmelt/Mediterranean floods, marine storm submersionsurges, cyclones, dam 28 

breachingeaking) and are considered as some of the most remarkable in accordance with the 29 

evaluation grid. Lang et al. (2012) presented the main characteristics of these nine events 30 

(except for the 1947-48 flood). 31 
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In this study,paper we will investigate the two oldest selected events, respectively which took 1 

place in January 1910 and March 1930, focusing on the urban situation in BesanconBesançon 2 

and Moissac (Fig. 2). The aim is to focus on two cities thatwhich have been significantly 3 

flooded in the past and to understand how their vulnerability to flooding has changed until 4 

nowup to the present day. A detailed inventory of documentary sources on these two events 5 

can be found in the online material.1 6 

2.2  The January 1910 flood event in BesanconBesançon  (Doubs River 7 

catchment) 8 

,The flood of January 1910 ranks fifth  amongfifth among the 9 floods selected as remarkable 9 

according to the evaluation grid (Fig. 1). This flood event is mostly known for being the most 10 

significant flood that affectinged the city of Paris, with a return period of about one hundred 11 

years for several rivers of the Seine basin. After a very wet end to the year 1909 (450 mm of 12 

rainfall in 3 months), the Seine basin received a large amount of rain and snow in January 13 

1910 (about 300 mm in the upper part, 110 mm in the central part and 280 mm in the 14 

downstream part). The water level at Paris-Austerlitz was 8.66 m, the second highest 15 

historical level after the flood of February 1658 (8.80 m) (Champion, 1858-1864; Goubet, 16 

1997). There were a relatively small number of direct fatalities (7 deaths) plus 9 indirect 17 

deaths (several cavity collapses), but the impact within the Paris region was extremely high, 18 

with 150 000 persons affected people and economic losses of about 400 million gold francs-or 19 

(1.5 billion euros, 2015) (Picard, 1910). Despite the fact that a large part of the Nnorthern 20 

Franceench territory was also affected, most of the attention of society and  recollectionsthe 21 

memory of this event have been focused on Paris. In order tTo demonstrate the remarkability 22 

of this event, not only for the Seine catchment area but also for more rural regions, we then 23 

decided to focus concentrate our study on the Doubs basin where the flood of January 1910 24 

remains one of the most significant historical floods, with and the highest water level being 25 

recorded in the city of Besançon (see fig. 3, e.g. Z = 245.55 m at “Poterne, Place la 26 

Revolution”). While As the flood event acrosson the Seine basin wasis characterized by a 27 

clustering of several oceanic rainfall events, the flood event inon the Doubs basin was 28 

triggered by an episode of a heavy rainfall event from the 18 to 21st of January (between 150 29 

and 250 mm), plus the presence of aextensive large snow cover after a wet winter which  led 30 

                                                 
1 Auxiliary material is available in the html. doi:XXX 
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to to a significant snow melting. A large part of the old city of BesanconBesançon was 1 

flooded, with huge damages. Many shops, houses and their basements were inundated, 2 

causing important losses of furniture. The streets of the town were also particularly badly 3 

affectedsuffered due to the high flow velocity. In total, the cost of the flooding at Besançon is 4 

estimated at around 2 million francs (DREAL Franche-Comté et al., 2010), actually 5 

representing 7.7 million euros 2015in present-day money. 6 

According to several documentary sources (Allard, 1910; Ministère de l'Ecologie, 2011), it 7 

appears that the hydro-meteorological conditions of the event (peak discharge at Besançon of 8 

about 1750 m3/s, with a return period of about 100 years; catchment area of 4379 km2) cannot 9 

explain why the flood level was so high throughout the old city. Such exceptional water levels 10 

in the city centre wereis the consequence of energy losses atalong the bridges of the town. 11 

These energy losses were larger than usual (cf. Fig. 3, in comparison with the 1882 and 1896 12 

flood events) due to a jam log jam (about 35 000 m3), resulting from the submersion 13 

inundation of a paper factory a few kilometres upstream ofto BesanconBesançon, contributing 14 

significantly to a the raisinge of the water level.  15 

Archive sources (especially administrative reports produced by the Chief Engineer of the 16 

Ponts-et-Chaussées, Serial S, Doubs departmental archives) also revealed some major failures 17 

of the flood warning during the event. Surprised both by the flood arrival and theits intensity 18 

of the flood, the local authorities did not succeed into establish setting up temporary 19 

protectiveng structures at the different opened city gates (“postern gates”), which and directly 20 

contributed to the inundationsubmersion of the city (Fig. 4) 21 

2.3 The March 1930 flood in Moissac (Tarn River cat chment) 22 

At the end of February 1930, an intense large Mediterranean rainfall event occurred in the 23 

South-West of France, with hot and moist air from the Mediterranean Sea penetrating deep 24 

into the Massif Central highlands. From 25 February to 4 March, a large area was affected by 25 

heavy rainfall (e.g. more than 200 mm over 6000 km2 during 4 days), with a maximum of 694 26 

mm in 7 days at Saint-Gervais-sur-Mare (spring of the Orb river). The very serious adverse 27 

consequences of this rainfall event can be explained by at least two factors. From October 28 

1929 to February 1930, high rainfall totals were observed (e.g. 1 177 mm at Lodève, 840 mm 29 

at Florac), thus favouring a strong reaction of the basins which were already saturated. 30 
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Moreover, a warming in temperature associated with intense rainfall was causing a large 1 

amount of snow melting (20 to 100 cm) above 600 m. 2 

Due to its intensity and its unusual date of occurrence date (at the end of a wet winter) the 3 

rainfall event triggered to an exceptional flood event (Pardé, 1930). The following flood 4 

hazard intensity can be judged exceptional for the downstream part of the Tarn catchment 5 

(8000 m3/s at Moissac, 15 400 km2; mean annual discharge 230 m3/s), with a return period of 6 

about 250-300 years (Dreal Midi-Pyrénées, 2014). Between 210 and 230 fatalities were 7 

recorded during thise Tarn River flood event (resp. Bichambis, 1930 and Boudou, 2015), 8 

leading towhich represents one of the most destructiveamaging flood events ever recorded in 9 

France and surely the most significant duringfor the XXth 20th th century. The economic loss 10 

for the entire surrounding all-region around was estimated atis estimating around 1 billion 11 

francs, which represents corresponds to 570 million euros 2015 (Journal Officiel de la 12 

République Française, 1930). 13 

One of the striking featuresissues of the disaster can be found in the concentration of the 14 

damages in the town city of Moissac (120 deaths out offor a total of 210). Reconstructing and 15 

mapping the flood chronology using historical sources provides us withenhances a better 16 

understanding of the circumstances of the disaster (Fig. 5). OnThe  3 rd of March 1930, the 17 

flood arrived in the town. Before 18:30 the Tarn River was already overflowing the main 18 

channel, both on both the south left and northright bankssides. Fortunately, the towncity 19 

centre was protected by three main dyikes and the embankment of the railway line 20 

embankment. From 18:30 to 23:00, the water level roseaised and the flood extent covered the 21 

area between the main dikes at the eastern part of the towncity. Around 23:00, at the time of 22 

maximum discharge value (estimated at around 8000 m3/s), three breaches suddenly appeared 23 

along the embankment railway embankment. These breaches  ledbreaches led to a sudden 24 

outburst of the dyikes and to the final submersion inundation of the towncity.  25 

According to the death locations of fatalities and the disaster feedback of information on the 26 

disasters, the explanation of the high number of fatalitiesdeath toll is twofold. Firstly, the 27 

rapid influx of water intowithin the city due to the flash flood and dyike failures induced a 28 

surprise effect onfor the inhabitants of Moissac. Secondly, the collapse of more than 600 29 

houses wasis related to the typical kind of housing inof this region, being made built of with 30 

raw bricks especially vulnerable to flooding and sustaineddurable contact with water. 31 

 32 
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3 Methodology for monitoring changes in flood vulne rability 1 

3.1   Relevance of historical events in the present  context? 2 

One of the main requirements of the Flood Directive is to identify areas with a potential high 3 

level of flood risk, based on historical floods that would have significant adverse 4 

consequences if they occurred again. As the consequences are both dependent oning on the 5 

flood hazard as well asand the personal, social and economic assets located in the flood risk 6 

zones, one of the main concerns is to assess the changes inevolution over time of  local 7 

vulnerability of city centres as a function of time. InFor both case studies, the main casualties 8 

and/or economic losses within the catchment were located in one a single municipal areacity. 9 

But some aggravating factors arewere time dependeants, such as woody debris upstream of 10 

bridges at Besançon or dyike failures toat the east of Moissac. Other aggravating factors 11 

arewere related to social vulnerability, such as failures oofn flood warning at Besançon or 12 

vulnerable building materials at Moissac. 13 

In orderTo obtain a to better understandunderstanding of the local disaster process, our study 14 

we aims to will monitor changes in flood vulnerability, comparing the past and the present 15 

situations. Several questions have to be addressed. Is it possible to assesscorrectly depict 16 

correctly the changes in the vulnerability over time according to the available sources? Does 17 

thea mapping of land use provide enough information to identify indicators of vulnerability? 18 

Can we establish some scenarios concerning about the impact of a future flood based on a 19 

historical flood? 20 

After a preliminary analysis that involvesby geo-referencing historical information in the 21 

present-day context, we then will consider the mapping of land use and the 22 

countingestimating of the numbers of the population at risk, while comparing from the past 23 

and the to present situations. 24 

3.2 A dDynamic mapping to locate historical information 25 

A preliminary step of this studywork consists ofed in the implementcarrying outation of a 26 

dynamic mapping with a spatial display of the historical information formerly previously 27 

collected historical information. The historical corpus made up of various document formats 28 

and sources iswas included in a GIS by locating the information available. However, Ssome 29 
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place names have however changed since the date of the flood event date , which requiredthus 1 

requiring  supplementary worktreatment of the data. 2 

The Such dynamic consultation of historical information is not only offor interest for to 3 

correctly locatinge the various sources of information on flood vulnerability, but. It can also 4 

be used to develop risk awareness and risk culture on an exposed territory. As an example, the 5 

high-water mark inventory developed forin the Seine river catchment (www.reperesdecrues-6 

seine.fr/carte.php) provides a dynamic mapping which is easily understandable and interactive 7 

for the general public, in contrastcontrary to the maps resulting from hydraulic or 8 

hydromorphogenic modelling (de Moel et al., 2009).  9 

3.3  Evolution of land use 10 

We willIn this section, we address the exposure and  susceptibilityand susceptibility to flood 11 

risk (Fig. 6) using simplified descriptors which remain consistent with the level of data 12 

availability and accuracy of historical information (Barnikel and Becht, 2003, Barnikel, 13 

2004). 14 

Firstly, the exposure analysis is based on the evolution of thechanges in the population living 15 

per building and provides information about the evolution of for built-up areas evolution. 16 

Secondly, susceptibility analysis based on land-use classification provides relevant 17 

information to evaluate the nature of buildings affected during the flooding. Use of 18 

hHistorical information is required which at least describesing the land cover on different 19 

dates is required. For example, historical maps and aerial photos often depict the built-up 20 

territory for a specific year. 21 

In order tTo perform a spatial analysis of historical maps, it is necessary to integrate themtheir 22 

integration into a GIS was required. Three steps arewere executed: scanning, georeferencing 23 

and digittalizationing supported by a spatial reference systemd geometry (Fig. 6a) (Rumsey 24 

and Williams, 2002, Levin et al., 2010). A set of historical maps and aerial photographs 25 

produced by the French National Institute of Geographic and Forest Information (IGN) are  26 

was used to depict the extent of built-up areasurban extension  at the scale of a block of 27 

houses scale. A total of 7 topographic maps (from 1911 to 1988) are used for Besançon and 28 

26 aerial photographs for Moissac (from 1947 to 1983). Aerial photographs are favoured in 29 

the case of Moissac because of the inconvenient representation of the town on topographic 30 

maps, which is split between four map plates. These raster data are thenwere imported and 31 



 10

georeferenced. A spatial database (BD TOPO) produced bycoming from  the IGN, describing 1 

the present French territory and its infrastructures, iswas used to select control points and to 2 

evaluate distortions during the digitizing step. During this last step, information from 3 

topographic maps iswas vectorized into a unique “historical layer”. In this way, each object is 4 

givengets a spatial reality (via the GIS representation) and a temporal reality (by associating a 5 

temporal field to indicate its existence for a specific year). Consequently, the “historical 6 

layer” makes it possibleallows us to depict someobtain “temporal snapshots” (Langran and 7 

Chrisman, 1988, Gregory and Healey, 2007) of the urban fabric: the space is discretized based 8 

on available information  atavailable at the time of  eventthe event period. 9 

Subsequently, the description of “historical layer” objects provides information on the 10 

naturekind of building exposure. A land-use classification iswas drawn upachieved based on a 11 

nomenclature adapted from thean Urban Atlas of the European Environment Agency 12 

(http://www.eea.europa.eu/data-and-maps/data/urban-atlas), according to historical 13 

information constraints (Fig. 6b). A first geomatic processing step is performed was run to 14 

discretize the residential buildings on a 0.25 hectare grid. In each mesh, aA density criterion 15 

iswas applied in each grid cell, based on the percentage contribution to the art of buildings 16 

footprint, leading to a partition distinction between dense and sparse areas. In order tTo 17 

enhance the classification, a second processing step is carried outwas then run, using a 18 

proximity criterion for each building, based onby the number of buildings within a 200- 19 

meters radius (continuous and discontinuous buildings). Local information is then added 20 

related to the location and the natures of non-residential constructions were added. BD TOPO 21 

data arewere used to describe the current situationtime, and a point-in-timeunctual layer iswas 22 

built with our “historical corpus” information for ancient timeearlier historical periods.  23 

3.4  Census of the exposed population within the fl ood extent 24 

General information is provided by the evolution of population at the scale of the 25 

municipality. Figure 7 presents the data derived from several population censuses during the 26 

20th century. It shows than the number of inhabitants has grown by about + 100 % at 27 

Besançon (from 57 978 to 116 914, between 1911 and 2010) and + 60 % at Moissac (from 28 

7 814 to 12 354, between 1911 and 2006). As only part of the built-up area was affected by 29 

floods, especially in the case of Besançon, it is necessary to cross two layers of information: 30 

the number of inhabitants per small block and the spatial extent of the historical flood (1910 31 

or 1930 floods at Besançon and Moissac, respectively). 32 
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Human exposure  is taken into account ed for, by census or an estimation of the resident 1 

population. The aim here is was to disperse distribute thea raw demographic data throughout 2 

the blocks of houses by following its evolution at different scales (Wu et al., 2008). The 3 

mMaps so produced canould shed the light on the evolution of human exposure within the 4 

area affected by the flood extent. 5 

To assess the current population living population within the flood extent, we applied a 6 

formula to redistribute at block of house scale make use of two demographic data sets 7 

produced by the French National Institute for Statistics and Economic Studies (INSEE) 8 

demographic data sets, applying formula (1) to redistribute the population data at the scale of 9 

blocks of houses. . The first datasetone is defined at infra-municipal scale withwith IRIS data 10 

use (Infra-urban statistical area). The second datasetone is based on an estimation of the fiscal 11 

population withestimation in a 200 x 200 m grid. These datasets arewere distributed through 12 

at the scale of residential blocks of houses, based on a volumetrictric method (Lwin and 13 

Murayama, 2009), in proportion to theof building footprint area multiplied bytimes the 14 

vertical density, according tousing the building height provided by BD TOPO:  15 

Developped	area = 	
building	height	×	building	floor	area

average	storey	height
  (1) 16 

Historical information, in the form ofas an old a census or a raw demographic data, iswas 17 

required to census or to estimate (Ekamper, 2010) the numbers of the population exposed 18 

population at the time of the disaster. General census reports are available for every French 19 

municipality (sometimes online), generally compiled every 5 years up until 1946, with some 20 

exceptions. These documents contain  nominative information about the municipal population 21 

in nominative list, gathered grouped by building and street, aton different dates. The 22 

comparison between past and present exposed population within the flood extent should take 23 

account of the possible changesevolutions of census methodology over time. 24 

 25 

4 Change of vulnerability based on two case studies  26 

We will now consider the changes of vulnerability inon the two case studies, from past to 27 

present, using historical sources and current information. 28 
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4.1 Changes in vulnerability of Besan çcon vulnerability with respect to to  the 1 

January 1910 flood 2 

Figure 8 displays the land use within the area affected by the 1910 flood extent in Besançon, 3 

based on the situations in 1911 and 2013 contexts (resp. dates of two censuses). No 4 

significant change can be seen in terms ofon vulnerability, according to the spatial extent of 5 

the  built-up area. Since the centre ofAs BesanconBesançon downtown is located within a 6 

meander of the Doubs River, with no opportunity forof spatial expansion or urban 7 

densification, there has beenwas no increase of exposure, apart fromor the hospital area. 8 

AlthoughDespite the city has experienced a spatial expansion towards thein nNorth, on the 9 

right bank, this areait is located outside our zoning at a larger scale. 10 

According to the land use classification, we can noteice significant changes within the various 11 

activities. There has beenwas a fall in military functionemployment, in favour of an increase 12 

inof the administrative and public facilitiesfunction. While the military areas have decreased 13 

byof 74% between 1911 and 2013, the administrative areas have were multipliedgrown by a 14 

factor of 12. A reduction of human exposure is noticeable between 1910 1911 (the census 15 

year closest to the 1910 flood) and 2013, with a 24% decrease in the city-centreof the 16 

downtown population. 17 

The demographic evolution is represented on Fig. 9 at the scale of a block of houses scale, 18 

reflecting the household decrease in household size (reduction decline in the number of 19 

inhabitants per building) and asome decline inremoval of residential function (reduction of 20 

inhabited buildings within the city centredowntown). 21 

4.2 Changes in vulnerability of Current Moissac with respect vulnerability to 22 

the March 1930 flood 23 

The flood risk mapping of Moissac cartography givesyields an opposite diagnosistic, with an 24 

important major increase of vulnerability within the area affected by the 1930 flood extent 25 

(Fig. 10). Builtd-up surface areas have expanded by 122% between 1930 and 2013. Such 26 

spatial extension is explained by new residential development (mainly housing estates) and 27 

economic buildings on the Eeast of the downtown city centre and by a progressive 28 

densification ofn the low- density area on the southleft bank flood plain. 29 

Despite a new distribution of the population (Table 1), the human exposure did has notnot 30 

change significantly changed. The reduction of of the downtown population density in the city 31 
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centre is compensated by a spatial expansion (Fig. 11). The human exposure has mainly 1 

increased on the downtown east side of the city centreside, especially in the area located 2 

between the two levees. It should be noted that no general census report iswas available for 3 

Moissac in the 1930s. Therefore, the  1930 exposed population exposed to flood risk in 1930 4 

was therefore estimated through from a raw rough demographic data set, obtainedprovided 5 

from an internet database holding containing a historical population census at thea 6 

municipality scale (http://cassini.ehess.fr/), which wasand then distributed according topersed 7 

based on the volume-basedtric method. 8 

4.3 An appraisal of the temporal evolution of flood risk 9 

These two case studies shed the light on the complexity of flood- risk evolution. At the a large 10 

scale of a countrynation-wide scale, it is clearly acknowledgeddmitted that the increase of 11 

flood damages during over the last few decades is induced by a general increase ining of flood 12 

vulnerability (Kron, 2002, Luino et al. 2012, Kundzewicz et al., 2014, Smith et al., 2014). At 13 

a local scale, where topographic, social and economic contexts are crucial, it is necessary to 14 

have a more detailedn in-depth analysis. 15 

In Besançon, there has been no extension of the urban area within the old city since 1910, but 16 

significant land-use changes have led to a decrease of flood vulnerability as some previously 17 

residential areas are now used as administrative buildings buildingsflood risk vulnerability 18 

decreased since 1910, but with significant land-use changes.. Submersion The frequency of 19 

flooding has changed in the historical centre, due to the establishment of safety measures 20 

establishment, especially with the construction of mitigation structures such as cofferdams to 21 

close the postern-gates. Some uncertainties remain forto determiningrepresent the flooded 22 

area in the case of an 1910 event floodcomparable to the 1910 reference flood, sinceas 23 

opposite effects come into play. The log jams at the bridges are not expected to be repeated, 24 

but additional hydraulic losses have been introduced by new hydraulic structures since 1910. 25 

Nowadays, the reference flood selected in the regulatory documents is a simulated flood 26 

larger than the January 1910 flood.  27 

In Moissac, the trajectory of thechanges in vulnerability showfollows a more contrasted 28 

patternevolution. As in various other French regions, the built-up areas city experienced have 29 

growna growth in spatial extentsion since 1930, characterized by an important development 30 

of housing estates development. One critical point is the development of one-storey buildings, 31 
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leading to a higher human and structural vulnerability due to the lack of a refuge floor. At 1 

theOn the other hand opposite, building quality has improved. During the 1930 flood, the 2 

house collapses in Moissac and the consequentrrelated fatalities were closely related to the 3 

construction materials used for its construction. In order tTo indecrease weakness the 4 

resistance ofin the structures, new materials and architecture building techniquescs were then 5 

used during the reconstruction stageep. Another positive evolution change is related to the 6 

improvement of safety measures, due to progress in both flood- warning decision -making as 7 

well asand regards emergency population evacuation schemes implemented by the civil 8 

protection services. Today, tThe 1930 flood in Moissac, with ahich return period is estimated 9 

at around 250 years, is nowadays considered as the reference flood hazard both for the local 10 

flood risk management strategy as well asnd for planning and development  documents. This 11 

territory would appears to remain vulnerable, especially to risks of dyike failure risks. 12 

5 Conclusion and perspectives 13 

This studypaper presentsed a case study on the urban vulnerability of two French cities which 14 

havethat were been largely impacted by twopast floods occurringed in January 1910 and 15 

March 1930. This approachIt gives an insight intoof the complexity of flood risk evolution, 16 

while also taking with local characteristics into account. Mapping historical sources can 17 

provide reliable information on the past flood vulnerability in the past, but this requires given 18 

some preliminary work. A first step is necessary to correctly locate and geo-reference the 19 

historical information within the present geographical reference system. Qualitative 20 

information (imagespictures, technical reports, national and local newspaper articles, 21 

paintings, marble plaques, etc. historicalaccounts…) can be interpreted as ato complement 22 

some to historical maps on land use. AnThe assessment of the population at risk within spatial 23 

units can be deducted inferred from technical documents with nominative lists of persons as 24 

well from old censuses. Historical information on past floods can therefore be useful when 25 

building scenarios on the future possible floods, providing a reliable reference of what might 26 

be possible in terms of water depth, flow velocity and flood extent. Additional work is needed 27 

to account for possible changes both in vulnerability and flood hazard over the past several 28 

decades (from historical floods to the present day) and for future decades (prospective 29 

studies).  It is also important to bearkeep in mind the uncertainties associated uncertainties 30 

withon historical data and to use relevant scales when mapping vulnerability indicators. 31 



 15

As usual, thea diachronic appraisaltemporal analysis of flood risk evolution at a local scale 1 

implies a good knowledge of the general context of the socio-economic development of 2 

territories, as well as evolutions changes in the of risk memoryrecollection and perception of 3 

risk. According to the data availability, this studypaper focusesd onon only a small part 4 

component of vulnerability. However, In order tto complete carry out a comprehensivetotal 5 

flood vulnerability analysis, some other indicators should however be taken into account. 6 

After the Xynthia storm surges in 2010 (41 fatalities due to floods in France), Vinet et al. 7 

(2012) showed for instance that the age of the population age is a key component of local 8 

vulnerability. It is clear that the insurance system may benefit from similar analyses on urban 9 

flood vulnerability over the last few decades. 10 

This paper study addresses the issue offocused on flood vulnerability, which that is an 11 

important componentpart of the flood risk. In Pparallel, research work is however also 12 

necessary on flood hazard is also necessary, in order to simulate past floods in a present-day  13 

context, taking into account modifications of the river (morphological changes and river 14 

engineering) and new settlements on the flood plain. 15 

 16 

6 Author contribution 17 

M. Boudou established the evaluation grid used for the selection of “remarkable” flood 18 

events. He collected data on the two historical floods and produced thematic maps on flood 19 

hazard. B. Danière carried out dynamic mapping to locate historical information and thematic 20 

maps on flood vulnerability. M. Lang did the supervisedion of the drafting writing of the 21 

paper. 22 
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Tables 1 

Table 1. Exposed population in 1930 and 2013 for each submersion flooded areazone (cf. Fig. 2 

11) in Moissac 3 

 4 

Flooded area (Fig. 11) 1930 2013 

(1) 4089 1160 

(2) 1044 2880 

(3) 2267 2000 

Total 7400 6040 

 5 

 6 
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Figure captions 1 

Figure 1. Location map of the nine9 most remarkable French flooding events selected in this 2 

study and table showingof their related remarkability scores related (Boudou, 2015) 3 

Figure 2: Location of the case studies: (left) Doubs basin and Besançon city; (right) Tarn 4 

basin and Moissac city  5 

Figure 3. Longitudinal profile of the Doubs River within the old city of Besançon and flood 6 

inter-comparison of floods (sources: Ville de Besançon – Service de la voirie et des 7 

eaux : Profil en long des crues du Doubs du 21 janvier 1910, 28 décembre 1882 et 10 8 

mars 1896, 10 mars 1910, Bibliothèque et archives municipales de Besançon, série 0). 9 

Locations of Republique and Battant bridges are shown on Fig. 4 10 

Figure 4: Old Besançcon city centre with characteristic water inlets during the flood event on 11 

17 to 21 February 1910 flood event 12 

Figure 5. Flood chronology and location of fatalities during the 3 March 1930 flood event in 13 

the city of Moissac on 3 March 1930 14 

Figure 6. Evolution of vulnerability: (a) exposure; (b) susceptibility (building use type) 15 

Figure 7. Evolution of the number of inhabitants during the 20th century at Besançon and 16 

Moissac. Source: EHESS-Cassini before 1962, INSEE from 1968 17 

Figure 8. Land use types and soil occupation within the area affected by the 1910 flood extent 18 

in BesanconBesançon: a/ in 1911; b/ in 2013 19 

Figure 9. Estimated number of inhabitants per building within the area affected by the within 20 

1910 flood extent area in BesanconBesançon: (a) in 19101911; (b) in 2013. Some blocks 21 

of houses are depicted only on one of the mapsin only one map, because of land-use 22 

changes. Non-residential blocks of houses are not taken into account here 23 

Figure 10. Land use types and soil occupation within the area affected by the within the 1930 24 

flood extent in Moissac: (a) in 1930; (b) in 2013 25 

Figure 11. Estimated number of inhabitants per building within the area affected by the within 26 

1930 flood extent area in Moissac: (a) in 1930; (b) in 2013 27 
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 3 

Figure 1. Location map of the nine most remarkable French flood events selected in this study 4 

and table showing their related remarkability scores (Boudou, 2015) 5 
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 1 

 2 

Figure 2: Location of the case studies: (left) Doubs basin and Besançon; (right) Tarn basin 3 

and Moissac  4 

 (left) Doubs basin and Besançon city; (right) Tarn basin and Moissac city 5 
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 3 

Figure 3. Longitudinal profile of the Doubs River within the old city of Besançon and inter-4 

comparison of floods (sources: Ville de Besançon – Service de la voirie et des eaux : 5 

Profil en long des crues du Doubs du 21 janvier 1910, 28 décembre 1882 et 10 mars 6 

1896, 10 mars 1910, Bibliothèque et archives municipales de Besançon, série 0). 7 

Locations of Republique and Battant bridges are shown on Fig. 4 8 
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Figure 4: Old Besançon city centre with characteristic water inlets during the flood event on 4 

17 to 21 February 1910 5 
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Figure 5. Flood chronology and location of fatalities during the flood event in Moissac on 3 4 

March 1930 5 
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Figure 6. Evolution of vulnerability: (a) exposure; (b) susceptibility (building use type) 4 
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 1 

Figure 7. Evolution of the number of inhabitants during the 20th century in Besançon and 2 

Moissac. Source: EHESS-Cassini before 1962, INSEE from 1968 3 
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 4 

Figure 8. Land use use types and soil occupation within the 1910 flood extent inin Besançcon: 5 

a/ in 1911; b/ in 2013 6 
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 3 

Figure 9. Estimated number of inhabitants per building within the area affected by the 1910 4 

flood in Besançon: (a) in 1910; (b) in 2013. Some blocks of houses are depicted on only 5 

one of the maps, because of land-use changes. Non-residential blocks of houses are not 6 

taken into account here 7 
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 1 

Figure 10. Land use types and soil occupation within the area affected by the 1930 flood in 2 

Moissac: (a) in 1930; (b) in 2013 3 
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Figure 11. Estimated number of inhabitants per building within the area affected by the 1930 3 

flood extent area in Moissac: (a) in 1930; (b) in 2013 4 
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