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Résumé
Le retrait-gonflement des argiles (RGA), aussi appelé sécheresse géotechnique, est un phéno-
mène naturel de rétractation des sols riches en minéraux argileux gonflants lors de périodes
de sécheresse. Le bâti peut être affecté si le dessèchement se propage en profondeur dans
le sol sous les fondations provoquant la fissuration des façades. En France, les dégâts sont
couverts par les assureurs dans le cadre du régime d’indemnisation des catastrophes natu-
relles (CatNat). Il s’agit du deuxième risque le plus coûteux après les inondations, avec des
dommages estimés à plus de 20,8 milliards d’euros depuis 1989. Les coûts sont particuliè-
rement élevés depuis 2017, avec un nouveau record en 2022 estimé à plus de 3 milliards
d’euros d’après la Caisse Centrale de Réassurance (CCR). Bien que ce phénomène ait été
décrit localement, il reste imprévisible à de grandes échelles spatiales, en partie à cause de
l’hétérogénéité inhérente aux dépôts argileux. La thèse vise à améliorer la caractérisation des
facteurs d’occurrence du RGA et à quantifier statistiquement le nombre global de sinistres.
Il ne s’agit pas ici de déterminer un risque de sinistre pour chaque maison. Différents types
de données sont comparés : des simulations de l’humidité du sol (Météo-France), des données
géologiques et des acquisitions faites sur un site instrumenté dans le Loiret (BRGM), et une
base de données de sinistres (CCR). Le travail est abordé sous l’angle du facteur déclenchant
principal : la sécheresse. Un indicateur sur-mesure est développé, la magnitude annuelle de
sécheresse (YDMI), basée sur l’humidité du sol simulée par le modèle de surface terrestre
ISBA. Le YDMI intègre les fortes anomalies négatives d’humidité du sol sur une année. Ses
caractéristiques (définition de la sécheresse, profondeur de la couche de sol et méthode de
calcul) ont été ajustées par comparaison avec un échantillon de données de sinistres. L’ob-
jectif de cet indicateur est d’identifier les conditions de sécheresse susceptibles d’induire du
retrait. Une comparaison des humidités du sol simulées par ISBA et des YDMI associés avec
des données du site instrumenté a permis de caractériser les incertitudes liées à l’échelle ma-
croscopique du modèle. Des YDMI sont ensuite calculés de façon spatialisée sur la France,
d’abord pour une période historique allant de 2000 à 2022, puis pour une période future allant
jusqu’à 2065. Pour cela, ISBA est forcé successivement par la réanalyse SAFRAN, et par les
champs atmosphériques simulés par plusieurs modèles de climat sous les scénarios RCP 4.5 et
8.5. L’analyse historique identifie des événements extrêmes qui ont frappé la France en 2003,
2018, 2019, 2020 et particulièrement en 2022. D’autre part, les YDMI projetés montrent que
la fréquence et l’intensité médianes des sécheresses favorisant le RGA sont amenées à aug-
menter dans le futur, surtout dans le scénario le plus pessimiste RCP8.5. Le dernier volet de
la thèse met en interaction le YDMI et trois composantes géologiques de susceptibilité des
sols au RGA identifiées par le BRGM, qui sont des critères qualifiant leur minéralogie, litho-
logie et propriétés géotechniques. Un des enjeux pour les assureurs est de prédire le nombre
de sinistres causés par une année de sécheresse. C’est pourquoi le YDMI par années et les
critères géologiques ont été croisés avec des données assurantielles pour entraîner un modèle
ensembliste d’apprentissage random forest. Les résultats soulignent le pouvoir prédictif su-
périeur des YDMI et du critère minéralogique pour prédire le nombre de sinistres global.
Ces travaux constituent une avancée vers une meilleure compréhension du phénomène RGA
et ouvrent des perspectives pour la prédiction opérationnelle de la sinistralité assurantielle.
La modélisation pourrait être améliorée avec des données d’aléa plus fines et une meilleure
caractérisation de la vulnérabilité des bâtiments.





Abstract

Clay shrinkage is the retraction movements of soils rich in expansive minerals during dry
periods. Buildings can be affected if the desiccation extends in depth into the ground be-
low the foundations, causing cracks to appear in facades. In France, this damage, known as
clay shrinkage-induced subsidence, is covered by insurers in the framework of the national
compensation scheme for natural disasters (NatCat regime). It is the second most costly
risk after floods, with damages estimated at more than 20.8 billion euros since 1989. Costs
have been particularly high since 2017, with a new record set in 2022 for which damages
were estimated at more than 3 billion euros, according to the Caisse Centrale de Réassurance
(CCR). Although this phenomenon has been described locally, it remains unpredictable at
large spatial scales, in part due to the inherent heterogeneity of clayey soils. The aim of
this PhD work is to improve the characterization of clay shrinkage occurrence factors and to
statistically quantify the global number of insurance claims. The aim here is not to determine
a risk of damage for each house. Different types of data are compared: soil moisture simu-
lations (Météo-France), geological data and acquisitions made at an instrumented site in the
Loiret French department (BRGM), and insurance claims (CCR). To address the problem,
we focus first on the main driver of clay shrinkage: drought. A custom drought index, the
year drought magnitude index (YDMI), is developed based on soil moisture simulated by the
ISBA land surface model. The YDMI integrates strong negative soil moisture anomalies over
one year. Its characteristics (drought definition, soil layer depth and calculation method)
were adjusted by comparison with a sample of insurance claims data. The purpose of such an
index is to identify drought conditions that are likely to trigger clay shrinkage. A comparison
of soil moisture simulated by ISBA and associated YDMI with data from the instrumented
site enabled us to characterize the uncertainties associated with the macroscopic scale of the
model. The YDMI is calculated for the whole country, first for a historical period 2000-2022,
and then for a future period until 2065. For this purpose, ISBA is successively forced by
the SAFRAN reanalysis, and by atmospheric fields simulated by several downscaled climate
models under RCP scenarios 4.5 and 8.5. The historical assessment identifies extreme events
that hit France in 2003, 2018, 2019, 2020 and particularly 2022. On the other hand, the
projected magnitudes show that the median frequency and intensity of droughts favoring
clay shrinkage are bound to increase in the future, especially under the most pessimistic sce-
nario RCP8.5. The last part of the thesis brings YDMI into interaction with three geological
components of soil susceptibility to shrinkage identified by BRGM, which are criteria qual-
ifying mineralogy, lithology and geotechnical properties. One of the challenges for insurers
is to predict the number of claims caused by a drought episode. For this reason, YDMI per
year and geological criteria were cross-tabulated with insurance data to train a random for-
est supervised learning ensemble model. The results underline the superior predictive power
of YDMI and of the mineralogy criterion. This work therefore represents a step towards a
better understanding of the clay shrink-swell phenomenon, and opens up new prospects for
the operational prediction of the global number of insurance claims. The modeling could be
improved with finer hazard data and better characterization of building vulnerability.
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Introduction Générale

La Terre se distingue dans le Système Solaire par la quantité d’eau importante à sa surface,
ce qui lui vaut le surnom de « Planète Bleue ». Elle y est présente sous les trois états solide,
liquide et gazeux, au sein de différents réservoirs formant l’hydrosphère. Le volume le plus
important (96,5%) se trouve à l’état liquide et salé dans les océans. L’eau douce, vitale pour
les besoins de l’humanité, ne représente que 2,5% de l’eau sur Terre, ce qui correspond à 35
millions de km³. La majorité (68,7%) de cette eau douce est à l’état solide dans les glaciers et
neiges permanentes. Un tiers (30,15%) se trouve dans le sol, dont 0,05% sous forme d’humidité
dans la zone non saturée située entre la surface et les nappes souterraines [Gleick et al., 1993].

Les différents réservoirs d’eau interagissent les uns avec les autres tandis que l’eau circule
des continents aux océans et inversement sous l’effet de la gravité et de l’énergie solaire. On
appelle cela le cycle de l’eau. Il est étroitement lié au bilan énergétique de la Terre. Les flux
entre les réservoirs du cycle de l’eau varient au fil du temps. Une partie de cette variabilité
s’explique par des phénomènes climatiques de grande échelle, tels que l’Oscillation Nord-
Atlantique (NAO) [Rodó et al., 1997]. Il est désormais établi que le changement climatique
influence le cycle de l’eau, car l’augmentation de la concentration de gaz à effet de serre
modifie le bilan énergétique de la Terre [IPCC, 2023]. Une augmentation ou une diminution
des flux entre les réservoirs peut entraîner des événements extrêmes du type inondations ou
sécheresses, respectivement [Oki et al., 2004].

L’Organisation Météorologique Mondiale (OMM) définit une sécheresse comme une période
sèche prolongée dans le cycle climatique naturel, qui peut survenir n’importe où dans le
monde. Il s’agit d’une définition opérationnelle parmi d’autres, car à ce jour, il n’existe pas de
critère universel sur la question. D’après Dracup et al. [1980], c’est en raison de la complexité
du phénomène. En effet, une sécheresse peut concerner différentes étapes du cycle de l’eau, des
précipitations aux débits de rivière, à des échelles de temps différentes. Cette complexité est
exacerbée par la nécessité de définir des seuils par rapport aux normales. Le point commun
à toutes les définitions est que la sécheresse exprime un manque d’eau par rapport à un
besoin. Selon Wilhite and Glantz [1985], quatre types de sécheresse peuvent être distingués :
(i) sécheresse météorologique, définie par rapport au régime de précipitations, (ii) sécheresse
hydrologique, définie par rapport aux niveaux des lacs et des rivières, (iii) sécheresse agricole,
définie par rapport à l’eau dans le sol et particulièrement ses impacts sur la végétation,
et (iv) sécheresse socio-économique, définie par rapport aux effets du manque d’eau sur les
activités humaines. Mishra and Singh [2010] ajoutent à cette liste (v) la sécheresse des eaux
souterraines, aux dynamiques très lentes. Ces définitions, associées à des niveaux différents
du cycle de l’eau, ne sont pas indépendantes, les réservoirs étant connectés [Changnon, 1987,
Farahmand et al., 2021].

Ce que l’on nomme sécheresse agricole caractérise un déficit d’eau par rapport aux normales
dans la zone non saturée du sol. Les impacts d’une sécheresse agricole peuvent être multiples,
notamment car c’est dans ce réservoir que les plantes prélèvent de l’eau par le biais de
leurs racines, sans laquelle elles flétrissent. La baisse de la productivité végétale et donc du
rendement agricole sont les impacts les plus évidents de l’assèchement des sols superficiels. On
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recense également des impacts sur le climat, car la végétation contribue à l’évapotranspiration
globale [Seneviratne et al., 2010] et intervient dans le cycle du carbone [Ciais et al., 2005]. Les
sécheresses agricoles augmentent également le risque de feux de forêt en asséchant la biomasse
combustible. Il existe un dernier impact, moins connu mais d’une importance majeure : le
phénomène de retrait-gonflement des argiles.

Le phénomène de retrait-gonflement des argiles désigne les variations de volume des sols riches
en minéraux argileux gonflants sous l’effet de fluctuations d’humidité du sol. En particulier,
le sol se rétracte en période de sécheresse agricole, ce qui cause un affaissement susceptible
d’endommager les constructions, sous des climats à dominante humide. Des dégâts liés à ce
phénomène ont été recensés et font l’objet de recherches scientifiques dans le monde entier,
notamment au Royaume-Uni [MacQueen et al., 2023], aux États-Unis [Mostafiz et al., 2021],
au Kenya [Kariuki and Woldai, 2004], en Italie [Meisina et al., 2006], ou encore à Chypre
[Tzampoglou et al., 2022]. Les assureurs qualifient ce risque de « sécheresse géotechnique ».

En France, la sécheresse géotechnique occasionne des dégâts considérables. La Caisse Centrale
de Réassurance (CCR) a estimé la sinistralité cumulée entre 1989 et 2023 à 23,9 milliards
d’euros . Ils soulignent que le coût moyen annuel est particulièrement élevé depuis 2017. L’an-
née 2022, marquée par une forte sécheresse, a accusé une sinistralité exceptionnelle estimée
entre 3 et 3,5 milliards d’euros [CCR, 2023a]. L’indemnisation des dégâts liés à la sécheresse
géotechnique est assurée dans le cadre d’un dispositif d’État appelé Régime d’indemnisation
des catastrophes naturelles, ou régime CatNat. Plusieurs études comme Gourdier and Plat
[2018] ou CCR [2023b] ont montré qu’une hausse des coûts liés à ce phénomène était atten-
due sous l’effet du changement climatique, en raison de l’assèchement du territoire combiné
à l’augmentation du nombre de biens exposés.

Malgré ses impacts considérables, le phénomène de retrait-gonflement des argiles reste mal
compris. Il est complexe par sa nature multifactorielle : l’amplitude du déplacement du sol
autour d’un bâtiment dépend de sa nature, des conditions hydrologiques et de son environ-
nement immédiat. Tous ces éléments présentent un niveau de variabilité spatiale élevé, ce
qui complique les études à échelles régionales et nationales, pourtant nécessaires à la gestion
du risque. De plus, il n’existe à ce jour aucune métrique de sécheresse qui soit adaptée de
manière spécifique au suivi du phénomène de retrait-gonflement des argiles.

Il apparaît nécessaire de développer les connaissances sur le retrait-gonflement des argiles
afin de mieux gérer ce risque, dont les impacts, déjà considérables, sont amenés à s’aggraver
à l’avenir. En réponse à ces enjeux opérationels, cette thèse vise à mieux comprendre le
phénomène et ses conséquences. Nous nous intéresserons à la fois au facteur déclencheur et
aux facteurs de prédisposition. L’approche scientifique et le plan de thèse correspondant sont
présentés en figure 1.

Le chapitre 1 donne des éléments de contexte sur le phénomène de retrait-gonflement des
argiles et ses impacts. En plus du cadre scientifique, nous détaillerons la structure institu-
tionnelle propre à la France pour son indemnisation.

Le chapitre 2 présente les données et outils de natures différentes qui serviront de base aux
résultats. Ces données rassemblent des simulations d’humidité des sols, des cartes d’aléa liées
aux natures de sols, des mesures provenant d’un site instrumenté et des données assurantielles.
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Figure 1 : Travail réalisé au cours de la thèse

Le chapitre 3 détaille les étapes de développement d’un indice de sécheresse, le Yearly Drought
Magnitude Index (YDMI), qui vise à quantifier le facteur déclenchant du phénomène RGA.
Le YDMI est basé sur les simulations d’humidité des sols et a été calibré par comparaison à
un échantillon des données assurantielles.

Le chapitre 4 développe une comparaison effectuée entre simulations d’humidité, YDMI as-
sociés et données du site instrumenté. Cette analyse permet de caractériser les incertitudes
inhérentes à la modélisation.

Le chapitre 5 présente les YDMI obtenus sur la France pour une période historique de 2000
à 2022, à partir d’une réanalyse atmosphérique, et pour une période future de 2006 à 2065, à
partir de projections climatiques. La rétrospective permet de caractériser les évènements pas-
sés tandis que les projections montrent comment les déclencheurs sont susceptibles d’évoluer
sous l’effet du changement climatique.

Le chapitre 6 décrit des expériences combinant YDMI et cartes d’aléa RGA pour prédire la
sinistralité par le biais d’un modèle d’apprentissage automatique. Les résultats permettent
d’évaluer la valeur ajoutée des travaux dans une perspective de prévision assurantielle.





General Introduction

The Earth stands out in the Solar System for the large quantity of water on its surface,
earning it the nickname “Blue Planet”. Water is present in three states: solid, liquid and
gaseous, in the various reservoirs that make up the hydrosphere. The largest volume (96.5%)
is found in oceans in a liquid and salty state. Freshwater, vital for human needs, represents
only 2.5% of the Earth’s water, or 35 million km³. The majority (68.7%) of this freshwater is
in solid form in glaciers and permanent snow. A third (30.15%) is in the soil, with 0.05% in
the form of moisture in the unsaturated zone between the surface and the groundwater table
[Gleick et al., 1993].

The various water reservoirs interact with each other as water flows from the continents to
the oceans and back again, driven by gravity and solar energy. This is known as the water
cycle. It is closely linked to the Earth’s energy balance. Flows between water cycle reservoirs
vary over time. Part of this variability is explained by large-scale climatic phenomena, such
as the North Atlantic Oscillation (NAO) [Rodó et al., 1997]. It has now been established that
climate change influences the water cycle, as rising greenhouse gas concentrations modify the
Earth’s energy balance [IPCC, 2023]. An increase or decrease in flows between reservoirs can
lead to extreme events such as floods or droughts, respectively [Oki et al., 2004].

The World Meteorological Organization (WMO) defines a drought as a prolonged dry period
in the natural climatic cycle, which can occur anywhere in the world. This is just one
operational definition, as to date there is no universal criterion. According to Dracup et al.
[1980], this is due to the complexity of the phenomenon. Indeed, a drought can affect different
stages of the water cycle, from precipitation to river flow, at different timescales. This
complexity is exacerbated by the need to define thresholds in relation to normals. What
all definitions have in common is that drought expresses a lack of water in relation to a
need. According to Wilhite and Glantz [1985], four types of drought can be distinguished:
(i) meteorological drought, defined in relation to precipitation patterns, (ii) hydrological
drought, defined in relation to lake and river levels, (iii) agricultural drought, defined in
relation to water in the soil and particularly its impact on vegetation, and (iv) socio-economic
drought, defined in relation to the effects of water scarcity on human activities. Mishra and
Singh [2010] add to this list (v) groundwater drought, with its very slow dynamics. These
definitions, associated with different levels of the water cycle, are not independent, reservoirs
being connected [Changnon, 1987, Farahmand et al., 2021].

What we call agricultural drought characterizes a deficit of water compared with normal
levels in the unsaturated zone of the soil. The impact of an agricultural drought can be
diverse, in part because it is from this reservoir that plants draw water through their roots,
without which they wither. The most obvious impact of surface soil drying is a drop in plant
productivity and, consequently, agricultural yields. There are also impacts on the climate,
as vegetation contributes to global evapotranspiration [Seneviratne et al., 2010] and plays a
part in the carbon cycle [Ciais et al., 2005]. Agricultural drought also increases the risk of
forest fires by drying out biomass. A final, lesser-known impact of major importance is the
phenomenon of clay shrink-swell.
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The phenomenon of clay shrink-swell refers to variations in the volume of soils rich in expan-
sive clay minerals due to fluctuations in soil moisture. In particular, the soil shrinks during
periods of agricultural drought, causing subsidence that can damage buildings in predom-
inantly humid climates. Damage linked to this phenomenon has been recorded and is the
subject of scientific research worldwide, including in the UK [MacQueen et al., 2023], the
USA [Mostafiz et al., 2021], Kenya [Kariuki and Woldai, 2004], Italy [Meisina et al., 2006],
and Cyprus [Tzampoglou et al., 2022]. Insurers refer to this risk as “geotechnical drought”.

In France, geotechnical drought is causing considerable damage. The Caisse Centrale de
Réassurance (CCR) has estimated the cumulative loss between 1989 and 2023 at 23.9 billion
euros. They point out that the average annual cost has been particularly high since 2017.
The year 2022, marked by severe drought, had damage estimated at between 3 and 3.5 billion
euros. Compensation for damage caused by geotechnical drought is provided in the framework
of a government scheme known as Régime d’indemnisation des catastrophes naturelles, or
NatCat regime. A number of studies, such as Gourdier and Plat [2018] or CCR [2023b], have
shown that the costs associated with this phenomenon are expected to rise as a result of
climate change, due to the drying-up of the soil combined with an increase in the number of
houses exposed.

Despite its considerable impact, the phenomenon of clay shrink-swell remains poorly under-
stood. It is complex because of its multi-factorial nature: the amplitude of soil movement
around a building depends on its nature, hydrological conditions and the immediate envi-
ronment. All these elements present a high level of spatial variability, which complicates
studies on regional and national scales, which are nonetheless necessary for risk manage-
ment. In addition, there is currently no drought metric specifically adapted to monitoring
the phenomenon of clay shrink-swell.

It appears necessary to develop knowledge of clay shrink-swell in order to better manage this
risk, whose already considerable impacts are set to worsen in the future. In response to these
operational challenges, this thesis aims at gaining a better understanding of the phenomenon
and its consequences. We will look at both the triggering factor and the predisposing factors.
The scientific approach and corresponding thesis plan are presented in Figure 2.

In chapter 1, we will first provide background information on the phenomenon of clay shrink-
age and swelling and its consequences. In addition to the scientific context, the institutional
situation specific to France will be presented.

In chapter 2, we will present the different types of data and tools on which the work will be
based. These include soil moisture simulations, expansive soil hazard maps, measurements
from an instrumented site and insurance data.

In chapter 3, we will describe the development of a drought index, called Yearly Drought
Magnitude Index (YDMI), to quantify the triggering factor for clay shrinkage. It is based
on the soil moisture simulations and has been calibrated by comparison with a sample of
insurance data.

In chapter 4, we develop a comparison between the soil moisture simulations, derived YDMI
and data from the instrumented site. This analysis allows to characterize the uncertainties
inherent to modeling.
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Figure 2: Work done during the thesis

In chapter 5, we will present the YDMI obtained all over France for a historical period using an
atmospheric reanalysis, and for a future period using climate models. The retrospective will
enable to identify past trends while the projections will show how the triggering conditions
are likely to evolve under the influence of climate change.

In chapter 6, we will describe an experiment combining YDMI and expansive soil hazard
maps to predict claims using a machine learning model. The results will allow us to assess
the added value of the work from an insurance forecasting perspective.
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1.1 Introduction

Clay shrinkage and swelling result from interactions between soils and the atmosphere. It can
damage buildings, depending on their characteristics. The multi-factor nature of this phe-
nomenon will be detailed in section 1.2 to give an exhaustive overview of the issue. Knowing
these elements, different methods exist for identifying soils subject to the phenomenon, track-
ing its evolution over time, and model it. We will detail some of these in section 1.3, which
is useful as field data will be processed later on in the thesis. Then, since clay shrinkage
and swelling is a climate-driven phenomenon, it is likely to be affected by global warming.
We will give a review of the state of the art on the topic in section 1.4 as this aspect will
be addressed in the thesis. Finally, the institutional context by which natural disasters are
compensated in France is described in section 1.5. Knowing how this system works brings
elements for understanding results better.

1.2 A multi-factor phenomenon

Clay shrink-swell occurs when soils with a structure that allows volume variations are ex-
posed to specific environmental conditions. The factors of occurrence can be divided into
two categories: predisposing factors, changing little over time, and triggering factors, which
condition the onset of the phenomenon. In a specific context, the volume variations can
damage buildings, causing cracks of varying depth to appear on walls.

1.2.1 Predisposing factor

1.2.1.1 Expansive soils

Swelling clay minerals

Clay minerals, which belong to the phyllosilicate ("layered silicate") group, are composed
of layers formed by rows of tetrahedra of silicon atoms and octahedra of aluminum, iron or
magnesium atoms. They are the finest particles found in soils, with a size in the micrometer
range. There is a considerable diversity of clay minerals due to the possible variations in
layer composition and arrangement. Three groups have been defined according to the nature
of the layers (shown on Figure 1.1):

• 1:1 clays, where the layers consist of a row of tetrahedra joined to a row of octahedra.
Kaolinite belongs to this family.

• 2:1 clays, where the layers consist of a row of octahedra intercalated between two rows of
tetrahedra. Smectites, including montmorillonite, or illite, belong to this family. Only
2:1 layers carry a negative electrical charge: the neutrality of the mineral is ensured
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by the presence of cations (e.g. sodium or calcium ions for smectites) in the interlayer
space.

• 2:1:1 clays, alternating 2:1 layers and rows of octahedra. Chlorite belongs to this family.

Figure 1.1: Structure of different clay minerals and consequences on the
swelling potential. Figure from Soil Observation Institute [2024].

Because of this layered structure, clay minerals have a large surface area, called the specific
surface area, and therefore an important water-holding capacity. It is especially high for
smectite minerals which absorb water not only on their outer surface but also between layers,
since the interlayer space is large and the interactions weak enough [Earle, 2021]. Water
adsorption causes swelling of the mineral: its volume can double or even triple [Tessier et al.,
2006, Olive et al., 1989]. The affinity to water molecules also depends on electrical charge
and therefore on the nature of interlayer cations: for instance, sodium montmorillonite swells
more than calcium montmorillonite [Nowamooz, 2007].

Within natural soils

Natural soils consist of a skeleton made of various particles (clay minerals, sand, silt and
organic matter) and voids forming the porosity, filled either by water or air. Only clay
minerals and organic matters are concerned by volume changes [Seidel et al., 2023] occurring
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as in Figure 1.2. Volume variations occur in all three dimensions. The overall swelling
capacity of the soil is positively correlated with the proportion of expansive elements.

Figure 1.2: Schematic representation of the
process of drying and air entry in sandy soils
and clay soils. Figure from Bronswijk [1989].

If the expansive clayey layers are discontin-
uous, volume variations will not be as pro-
nounced, as they are damped by inter-layers.
The presence of a surface load can also limit
expansion by countering swelling pressures.
Third, cementation (with, for example, car-
bonates, silica, or iron oxide) limits swelling
potential due to both the rigid structure
formed by the cement and the reduced poros-
ity [Olive et al., 1989, Vincent et al., 2009].

1.2.1.2 Location of expansive soils

The geographical distribution of expansive
soils is not random, but is a consequence of
their formation process and transport mode.

Geological formation of clay minerals

Clay minerals are formed by the hydroly-
sis (alteration by water) of silicate minerals,
which are widely distributed, being the ma-
jor constituents of 90% of the rocks that make up the Earth’s crust [Klein et al., 2002]. This
hydrolysis can occur either at the surface or at depth. The type of mineral formed depends
on the initial silicate, the pressure and temperature conditions, and the chemistry of the
alteration fluid. For example, smectite and kaolinite are formed under surface conditions,
and deep burial is required to transform them into chlorite [Earle, 2021]. It is a slow pro-
cess, dependent on climatic conditions, occurring on the time scales of tens of thousands to
hundreds of thousands of years [Price et al., 2005].

Transport and sedimentation

Because of their small size, clay particles are easily transported. They settle in calm condi-
tions, when their weight prevails over the current in the balance of forces (e.g. in a lake or
puddle). The agglomeration of clay minerals in the presence of salt water, called flocculation,
accelerates this process. Given the transport dynamics of clay minerals, topography should
be considered when mapping expansive soils [Tessier et al., 2006].

Distribution in soils

The vertical distribution of clay minerals within the soil column is affected by leaching, a
process by which fine particles are carried by rainwater from the surface (eluviation) to the
deeper layers (illuviation). It is favored by a weak structure and a high connected porosity
[JRC, 2024].
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1.2.1.3 Modifying the expansive potential

Research is aimed at modifying soil characteristics, including expansive properties, for engi-
neering application. For example, Stoltz et al. [2012] has shown that lime treatment reduces
the swelling potential of the soil by modifying its microstructure. However, it is not effective
in reducing the amplitude of shrinkage. Also, such treatment has not proven to be stable
over time, based on a long-term analysis of an embankment [Chabrat et al., 2023].

1.2.2 Triggering factor

1.2.2.1 Drought

Exceptional variations in soil volume can be caused by either shrinkage or swelling, depending
on the usual moisture content. Western Europe is characterized by a climate that is wet all
year to dry only in summer [Kottek et al., 2006], which means that soils are in a hydrated
state and swollen most of the time. In this region the triggering element being dry conditions
[Cojean, 2007, Meisina et al., 2006]. Reports of building damage occurring in the summer
and fall [Vincent et al., 2009, Fernandes et al., 2015] support this assertion.

At which depth ?

Several studies based on instrumented sites have investigated the depth to which the soil dries
every year. Fernandes et al. [2015] found significant variations up to 3 meters, favored by
the presence of local sandy drains at their study site in southwestern France. Using roadside
suction measurements, Ighil Ameur [2023] observed that the dry front reached 1 m in 2020
and 3 m in the exceptionally hot and dry 2022 in central France. The presence of a stable
water table limits the vertical extent of drying, as shown by Welch et al. [2024] based on a 4
meter deep water table in their study site in Texas.

1.2.2.2 Unsaturated soil hydraulics

As previously stated in section 1.2.1.1, soils are composed of particles of varying shapes and
sizes, as well as voids in which water or air can circulate. The water can be in two states:
bound water, which is strongly attached to the surface of the grains by capillary forces, and
free water, which is out of their range of attraction [De Marsily, 1986].

Soil moisture and matric potential

The force that binds the water to the grains is a negative pressure referred to as suction, or
matric potential (abbreviated h or ψ). It is positive when given as suction and negative when
expressed as potential. The drier the soil, the stronger the force, which means that matric
potential varies with soil moisture (abbreviated θ). The relationship between the two is
non-linear, and is referred to as the Soil Water Characteristic Curve (SWCC). The intensity
of suction is also positively correlated with the specific surface area, which is particularly
important for clay minerals, hence the SWCC varies with soil texture.

Equations for the Soil Water Characteristic Curve have been published in several works.
Campbell [1974] proposed a power law equation, specified in Equation 1.1. On the other hand,
Van Genuchten [1980] defined a more complex equation, developed in Equation 1.2. Both
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equations are commonly used. The parameters θsat and ψsat refer to values of soil moisture
and matric potential at saturation, respectively, θres is the residual water content in the dry
soil, while α is the inverse of the air entry potential and n is the pore-size distribution index.
The hydraulic parameters θsat, ψsat, θres and shape parameters b, α and n are dependent on
the soil texture. Values have been empirically derived for the different soil classes defined by
the United States Department of Agriculture (USDA) (see Figure A.1). They are given in
Table A.1.

ψ = ψsat

(
θ

θsat

)−b

(1.1)

θ − θres
θsat − θres

= (1 + (α|ψ|)n)−m, with m = 1− 1

n
(1.2)

The SWCC for both equations and for different soil texture classes is represented in Fig-
ure 1.3a. The suction values associated with notable moisture states are indicated as well:
-3 m for the field capacity (Wfc), the state of maximum water retention after gravitational
flow, and -150 m for the permanent wilting point (Wwilt), the limit below which plant roots
are no longer able to absorb water. Both of these states are associated with higher moisture
contents for clay than for sand, due to the greater capillary forces exerted by particles.

(a) SWCC for (1) Campbell [1974] and (2) Van Genuchten [1980]
equations

(b) SWCC for a wetting
and drying path

Figure 1.3: Soil Water Characteristic Curve (SWCC) considering (a) different
equations and soil textures and (b) wetting and drying paths. Subfigure (b) is

from Tuller [2005].

It is interesting to note that the SWCC depends on the direction of the water content varia-
tion, as shown by the hysteresis on Figure 1.3b. The difference is attributed to the presence
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of air bubbles that remain trapped when a dry soil is wetting, modifying the contact surface
between grains and water. It is possible to move from the wetting curve to the drying curve
by waiting long enough for the bubbles to disappear. Between these two curves exist countless
possibilities for intermediate cycles.

Hydraulic conductivity

The hydraulic conductivity (abbreviated K) of a soil is defined as its capacity to let a fluid
pass through under the influence of a pressure gradient. K decreases with increasing matric
potential (h or ψ) and therefore decreasing moisture content. This phenomenon can be
attributed to the filling of pores by air: under these conditions water circulates mainly by
vapor diffusion, which is much slower than liquid flow.

As for the SWCC, the relation between hydraulic conductivity K and soil water content θ is
non-linear and changes with soil texture. Campbell [1974] and Van Genuchten [1980] have
also defined equations for theK(θ) curve. They are detailed in Equation 1.3 and Equation 1.4,
respectively.

K = Ksat

(
θ

θsat

)2b+3

(1.3)

K = Ksat

(
θ − θres
θsat − θres

) 1
2

(
1−

(
1−

(
θ − θres
θsat − θres

) 1
m

)m)2

, with m = 1− 1

n
(1.4)

The parameters θsat, θres, b and n are derived from the soil texture as explicited in Table A.1.
The evolution of hydraulic conductivity as a function of soil water content for both equations
and different soil textures is represented on Figure 1.4.

Figure 1.4: Evolution of hydraulic conductivity K as a function of soil water
content θ from (A) the Campbell [1974] and (B) the Van Genuchten [1980]

equations, and different soil textures.
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As explained above, hydraulic conductivity decreases with moisture content. Also, sandy soil
has a higher conductivity than clay soil.

Kinetics

Water circulation in soils is a very slow process [De Marsily, 1986] exacerbated by the low
permeability of clay soils. For this reason, soils that theoretically have a high expansive
potential may not shrink or swell much in the field [Olive et al., 1989].

1.2.2.3 The effect of vegetation

The presence of vegetation favors shrinkage...

Figure 1.5: Effect of trees on vertical soil movement
investigated by the BRE: variations of the level at different

depths, in open ground and near trees. Figure from
Hawkins [2013] based on Freeman et al. [1992]. The vertical

axis is in mm.

Plants have a significant sur-
face area in contact with
the atmosphere through their
leaves, resulting in increased
evaporation called transpira-
tion. They compensate for
the deficit by pumping water
through their root network, in-
creasing soil drying, and there-
fore shrinkage if the soil has
expansive properties.

This effect is particularly pro-
nounced for trees, which dry
the soil to a greater depth
than shorter vegetation types:
the desiccation can reach a
maximum of 6 m for certain
tree species, versus 1.5 m for
grass [Vincent et al., 2009].
This was measured on the field
in the 1990s by the British
Building Research Establish-
ment (BRE), as shown on Fig-
ure 1.5 [Hawkins, 2013, Free-
man et al., 1992].

Water flow is conditioned by
species-specific characteristics
related to leaves (phenology,
leaf area) and roots (depth,
spatial distribution and ex-
traction capacity), as well as
the woody character of stems
[Tessier et al., 2006]. Drying is
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more intense for broad-leaved trees such as oaks, poplars, willows, or elms, with high moisture
demand, than for conifers [Page, 1998].

Roots of isolated trees can extend laterally beyond the area circumscribed by the canopy,
when in forests it is limited by competition [Ravina, 1983]. Because clayey layers have a
greater water retention capacity, they are favorable to the development of roots [Tessier
et al., 2006]. Conversely, soil structure elements such as texture heterogeneities can influence
root network development [Vincent et al., 2009].

... and its removal causes swelling

When the soil permeability is very low, winter precipitation is not always sufficient to recharge
the subsurface, which over time can result in permanently dry soil around plant roots. When
this vegetation is removed, swelling occurs. Cases of building damage caused by swelling have
been identified in France and the UK in this context [Page, 1998, Driscoll, 1983], although it
is much less common than damage caused by shrinkage.

1.2.2.4 Anthropogenic factors

In addition to the presence of vegetation, certain anthropogenic factors can affect the water
content around a building, causing differential soil movement. For example, localized swelling
can be caused by garden irrigation or leaks in the water or sewer system, and shrinkage can
be caused by the proximity of heating systems or fireplaces [Olive et al., 1989].

1.2.3 Shrinkage-induced cracking feedback

Shrinkage of expansive soils causes 3-dimensional cracking, illustrated in Figure 1.6. The
formation of a superficial network of cracks increases the permeability of the soil, allowing
the drying and thus the shrinkage to extend even deeper [Ravina, 1983]. In fact, with cracking,
exchange surfaces greatly expand as evaporation no longer occurs only on the surface of the
soil, but also on the crack walls [Song and Cui, 2020]. Cracks can reach depths between 1 m
and 1.5 m [Hawkins, 2013]. They close after the summer, as the soil rehydrates and swells
annually, and reopen later at each drought episode.

Figure 1.6: Dessication cracks formed in the summer at the north-east border of
the city of Toulouse (Photo by Bertrand Bonan, 22 August 2022)
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The leaching of clay minerals in soils (mentioned in section 1.2.1.2) is exacerbated by cracking
in the context of successive wet and dry seasons.

As explained by Page [1998], when shrinkage cracks open next to a building and contribute to
its damage, they tend not to close completely afterwards due to the shifting of the foundation
and the accumulation of debris in the crack.

1.2.4 Displacement

The amplitude of displacement caused by soil shrinkage and swelling has been quantified in
several studies, all of them based on field measurements.

A first experiment carried out by Cooling and Ward [1948] in Great Britain measured the
displacement of plates installed at different depths during a single summer. A subsidence of
27 mm was noted for the most superficial plate located at a depth of 30 cm. Also in Great
Britain, Freeman et al. [1992] measured a surface displacement of 4 cm without trees and up
to 10 cm in the presence of trees. In both cases, details of the instrumentation are unknown.
In southwestern France, Fernandes et al. [2015] measured millimeter-scale displacement cycles
(between 1 and 3 mm) at their study site, using devices called extensometers, that measure
relative displacement to a reference point in depth. Finally, Welch et al. [2024] measured
subsidence in the order of 10 to 20 cm consecutively to drought, at their study site in Texas.
The instrumentation captured displacement based on GPS technology.

The disparity calls for attention to the measurement technique, some of which will be detailed
in section 1.3.2.2.

1.2.4.1 Cumulative effect

Some of the studies cited above describe an irreversible pattern in soil volume variations.
Fernandes et al. [2015] notice a cumulative shrinkage of their soil of several millimeters after
a few drought-rewetting cycles, which they attribute to insufficient winter recharge. Welch
et al. [2024], who make the same observation (see Figure 1.7), estimate that 10% of the
shrinkage is irreversible. According to them, this inelastic deformation differs from natural
compaction by its discontinuous and abrupt nature, and its timing in the wake of drought
episodes.
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Figure 1.7: Cumulative soil shrinkage after several drought-rewetting cycles.
Figure from Welch et al. [2024].

1.2.5 Damage to buildings

Clay shrinkage or swelling can damage buildings when differential displacement occurs be-
neath foundations. The damage is either referred to as clay shrinkage induced subsidence or
clay swelling induced heave, based on which movement is at its source.

This situation is caused by differences in soil moisture content under the building, for example
between a central part protected from evaporation, and the periphery dried out by vegetation
roots. The resulting mechanical stress on the structure is absorbed as far as possible by
its elastic deformation, up to the point of brittle fracture. Beyond this point, cracks of
varying depth appear, ranging from simple cosmetic defects to structural failure [Page, 1998].
Figure 1.8 shows examples of building damage documented by the BRGM, and Figure 1.9
shows the simplified underlying mechanism.

Theoretically, the opening of cracks on a building provides information on the cause of the
damage: a large opening at the top combined with a small opening at the foot of the building
indicates subsidence, and vice versa for heave.

Detached houses are the type of building the most affected by this phenomenon due to their
shallow foundations (less than 1 meter deep). In 2019, there were 19,230,227 detached houses
in mainland France, 54.2% of which were located in areas affected by clay shrink-swell [MTES,
2021].
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Figure 1.8: Two examples of building damage caused by clay shrinkage or
swelling (photos of BRGM)

Figure 1.9: Building damage mechanism associated with shallow foundations in
shrinkable clay. Figure from Page [1998].

The type of urban area also seems to play a role in the occurrence of damage: Corti et al.
[2011] found that the urban centers are not affected by the phenomenon, while rural areas
are twice as susceptible as discontinuous urban areas, based on insurance records. This could
be due to the dominant type of building in these areas.

1.3 How to investigate clay shrinkage and swelling ?

In this chapter, we will present different approaches developed to study the phenomenon of
clay shrinkage and swelling. First, some techniques for identifying expansive soils will be
detailed in section 1.3.1. Then, we will comment on methods for tracking the phenomenon
over time in situ in section 1.3.2. Thirdly, in section 1.3.3, we will present several modeling
approaches that can be applied to help understanding clay shrinkage induced subsidence
better.
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1.3.1 Identification methods

Several methods, either done in the laboratory or on the field, have been developed to charac-
terize the swelling potential of soils samples. These can directly characterize the mineralogy
of the soil (section 1.3.1.1 and section 1.3.1.2), or indirectly quantify its mechanical (geotech-
nical) properties (section 1.3.1.3).

1.3.1.1 X-Ray Diffraction (XRD)

The XRD method consists in characterizing the crystalline structure of a mineral by analyzing
the angle and intensity of the X-rays it diffracts. It can be used to determine the composition
of a mixture of minerals within a small sample. Applied to the context of clay shrinkage
and swelling, this technique enables to quantify the proportion of expansive clay minerals in
a soil, to assess its overall expansive potential. However, it remains a punctual and costly
method, difficult to apply on large spatial scales [Ducasse, 2019].

1.3.1.2 Towards remote identification

It has been shown by Grandjean et al. [2019] that the mineralogy of a soil can also be de-
termined by spectroscopy, i.e. a technique based on the interaction of light with matter.
Hyperspectral imaging is based on this principle. This technique has already been imple-
mented on airborne sensors or onboard satellites (e.g. the ENMAP satellite). Although not
yet operational, there are prospects for using remote sensing to characterize soils sensitive to
clay shrink-swell at large spatial scales.

1.3.1.3 Geotechnical analyses

Several laboratory methods have been developed in geotechnical engineering to assess the
potential of a soil to shrink and swell, resulting in specific metrics. Such investigations are
frequently conducted in the context of construction works.

Methylene Blue Adsorption (MBA)

The MBA estimates the absorption surface of clay minerals. The test involves counting the
amount of methylene blue dropped onto the surface of a soil sample until saturation occurs.
Because swelling occurs due to water fixation on the surface of clay minerals, the MBA is
positively correlated with the swelling potential [Çokça, 2002]. The experimental protocol is
specified in the French NF EN 933-9 AFNOR standard (2022).

Plasticity Index (PI)

Atterberg limits are water content values that characterize phase transitions of fine-grained
soils. When a soil goes from a liquid state to a plastic state, its water content falls below
the Liquid Limit (LL). From a plastic state, it changes to a solid state below the Plastic
Limit (PL). Finally, shrinkage stops below the Shrinkage Limit (SL). The Plasticity Index
(PI), obtained by subtracting LL and PL, represents the extent of the plastic domain, and
therefore indicates the ability of the soil to retain water. It is positively correlated with the
expansive potential. The LL can be determined by two standardized experimental methods:
either by counting the number of blows required to settle a soil sample in a cup (Casagrande
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method), or by measuring the depth of penetration of a metal cone into the soil under its
own weight. The PL is determined experimentally by shaping the soil in a fine cylinder and
determining the water content at which it cracks. All these methods are described in detail
by Öser [2020]. The experimental protocol is specified in the French NF EN ISO 17892-12
AFNOR standard (2018).

Swelling Index (Cs)

The swelling potential of the soil can also be estimated using the oedometer test. It consists of
measuring the volume changes of a soil sample under mechanical stress, in drained conditions,
and through load-discharge cycles. The resulting Swelling Index (Cs) quantifies the ability
to return to the initial volume state after a first loading-unloading cycle. The test protocol
is specified in the French XP P94-091 AFNOR standard (1995).

Shrink-swell modulus (Ew)

Soil shrinkage occurs in two stages. First, drying brings the soil particles closer together
while the soil remains saturated. The volume shrinks significantly during this stage. Once all
the soil particles are brought together, the interstitial water evaporates, without a significant
change in volume. The slope of the first phase on a water content/deformation plane is
called the Shrink-swell modulus (Ew) [Briaud et al., 2003]. It is determined experimentally
by measuring the shrinkage of a standardized soil sample left to dry in the open air. The test
protocol is specified in the French XP P94-060-2 AFNOR standard (1997).

1.3.2 Observation methods

Clay shrinkage and swelling can be tracked directly or indirectly, either by monitoring the
vertical displacement of the soil or by monitoring soil moisture variations. In both cases,
local and remote sensing techniques can be used. Each technique has its own advantages and
disadvantages, which are discussed below. Soil moisture monitoring techniques are discussed
in detail in section 1.3.2.1, and displacement tracking techniques in section 1.3.2.2.

1.3.2.1 Indirect observation through soil moisture

Soil moisture variations are the main driver of clay shrinkage and swelling. Therefore, tracking
them allows to trace back to the phenomenon indirectly.

In situ with soil moisture probes

The water content of soils can be estimated in situ using probes that can rely on different
technologies. Frequency Domain Reflectometry (FDR), Time Domain Reflectometry (TDR),
or capacitive probes are most commonly used in instrumented sites. These three types of
sensors estimate the volumetric water content of the soil through its electromagnetic property
of permittivity, and all require prior calibration with respect to the soil texture. These probes
have the advantage of measuring a reliable signal that is accurate over time, but remains very
local.

There are operational soil moisture measurement networks based on such probes. For ex-
ample, the Soil Moisture Observing System - Meteorological Automatic Network Integrated
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Application called SMOSMANIA [Calvet et al., 2007], operated by Météo-France since 2007,
comprises 20 stations distributed across southwestern France measuring soil moisture quasi-
continuously down to a depth of 30 cm.

Figure 1.10: FDR probes
(Tethaprobes) installed at depths of
5 cm, 10 cm, 20 cm and 30 cm in
the SMOSMANIA Montaut site.
Picture from the supplement of

Calvet et al. [2016].

Figure 1.10 shows an example of how FDR probes
are set up into the ground, in the Montaut site of the
SMOSMANIA network. The pit is backfilled after the
installation of the sensors.

Satellite data

Some satellites acquire data that can be processed
into soil moisture products. This is the case of the
SMOS (Soil Moisture and Ocean Salinity) satellite,
and the Metop and Sentinel constellations, all three
of which have been operated by the European Spatial
Agency (ESA) since the 2010s, using sensors based on
different technologies (2D interferometric radiometer,
ASCAT scatterometer and synthetic aperture radar
(SAR), respectively). The final products have spa-
tial resolutions on the order of one to ten kilometers
and are representative of the first few centimeters of
soil. Measurements are taken at intervals of several
days, depending on the satellite’s orbit. These prod-
ucts have the advantage of large spatial coverage, but
represent a part of the soil that is too superficial to
describe the phenomenon under study.

1.3.2.2 Direct observation through displacement

The most direct way to monitor clay shrinkage and swelling is to track surface displacement.
These observational methods only consider vertical displacements, although volume variations
occur in all three dimensions.

Relative displacement with extensometers

Some experimental devices have been developed to track surface level variations locally. Ex-
tensometers, which belong to this family of instruments, measure over time the distance
between a sensor at the surface and a supposedly stationary anchor point at depth. This is
equivalent to tracking thickness variations, and captures shrinkage and swelling phenomena.
The concept of extensometers is illustrated in Figure 1.11. This system is implemented by
Fernandes et al. [2015], for instance.

The advantages of extensometers are their reliability (better than millimeter accuracy) and
their fine temporal precision. However, they are complex to implement, as the installation
requires drilling, and reflect very local information. It is important to note that extensometers
measure the displacement of the surface relative to the anchor point, which might differ from
absolute displacement.
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Figure 1.11: Concept of extensometer. Example of the instrumentation
deployed on a BRGM site in the municipality of Chaingy, Loiret. Figure

modified from Gourdier [2018].

Absolute displacement with GPS technology

There is a variant to the system cited above, which also uses an installation on-site, but re-
turns absolute displacements. It is described in Welch et al. [2024], and involves embedding
GPS sensors in the ground through boreholes, and tracking their position over time to infer
displacement. As stated in section 1.2.4, this method results in different displacement values
because it measures absolute rather than relative displacement. Despite this difference, both
types of instruments are capable of detecting annual shrinkage and swelling episodes. Since
the phenomenon only concerns the surface soils, as they are the only ones affected by mete-
orological variations, relative displacement seems more relevant than absolute displacement.

Satellite data

Recently, research effort was focused towards satellite-derived vertical displacement products.
These include the European Ground Motion Service (EGMS) [Crosetto et al., 2021], devel-
oped under the European Union’s Copernicus program. The EGMS, operational since 2018,
provides vertical and horizontal displacement data over Europe, acquired by Sentinel satel-
lites using InSAR (Interferometric Synthetic Aperture Radar) technology. A major advantage
of these data is their high temporal (6 days) and spatial (1,000 points per square kilometer)
resolution, the latter resulting from the use of widespread urban elements (buildings, poles...)
as reflectors (Permanent Scatterers).

Such data can be used to analyze clay shrinkage and swelling cycles, as Burnol et al. [2021]
has done and shown it captured trends. However, the interpretation of these data is not
trivial. This arises from the fact that the vertical displacement caused by shrinkage and
swelling is non-linear (seasonal periodicity), of small amplitude, and spatially heterogeneous,
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as clayey soils are. A contrasting response is also expected from different types reflectors- tall
buildings and poles have deep foundations, and are therefore not affected by this superficial
phenomenon [Tzampoglou et al., 2022]. For all of these reasons, the signal corresponding
to clay shrinkage and swelling may be difficult to separate from other phenomena such as
subsidence induced by water pumping [Meisina et al., 2006].

Although remotely sensed vertical displacement data have interesting potential, they were
not used in this work because of the difficulties cited above and the short temporal overlap
with our data.

1.3.3 Modeling

Finally, clay shrinkage and swelling can be studied using models that help provide a deeper
understanding of the phenomenon. We will describe three types of models, developed by
different communities, that can be useful for this research topic. Land surface models, which
are used in particular by the climate science community, will be introduced in section 1.3.3.1.
Then we will mention geotechnical models used by the soil mechanics community in sec-
tion 1.3.3.2. Finally, we will describe catastrophe models used by the insurance industry in
section 1.3.3.3.

1.3.3.1 Land Surface Models

General information

A Land Surface Model (LSM) is used to understand and predict how the land interacts
with the atmosphere. It relies on numerically implemented physical equations to reproduce
processes such as how water moves in the soil and back into the atmosphere, or how solar
energy is absorbed or reflected by the land surface. LSMs are typically defined at global
to continental scales, with resolutions on the order of 1 to 10 kilometers. Such models are
very complex because of the interdependence of several processes (in particular, the water,
energy, and carbon cycles are coupled at the surface). LSMs are used for both research and
operational purposes, such as weather forecasting, climate change, land use studies or water
resource management. Compared to the previous generation of models, LSMs include the
possibility to simulate (i) soil heat and water diffusion, (ii) photosynthesis and interactive
vegetation, (iii) carbon fluxes and carbon storage.

Well-known examples of LSMs include Noah [Ek et al., 2003], used operationally in the United
States by the National Centers for Environmental Predictions (NCEP), the Community Land
Model (CLM) [Oleson et al., 2013], developed by the American National Center for Atmo-
spheric Research (NCAR) for climate research, or the Joint UK Land Environment Simulator
(JULES) [Best et al., 2011] developed by the UK Met Office for weather forecasting, climate
modeling and hydrological studies.

Application to clay shrinkage and swelling

LSMs simulate soil moisture, the main driver of clay shrinkage and swelling, and can therefore
be used to study this issue. They are more simplistic and less spatially precise than field data,
but cover large areas, allowing generalization to regional or national scales.
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The ISBA Land Surface Model

Météo-France has developed its own LSM, Interactions Sol-Biosphère-Atmosphère (ISBA)
[Noilhan and Planton, 1989, Noilhan and Mahfouf, 1996], for both operational and research
use. Its horizontal resolution is of 8 km, covering France with 8925 grid cells, but it can be
applied worldwide if the atmospheric forcing is available. ISBA includes separate soil and
vegetation schemes, with the possibility of differentiating land cover.

Soil moisture simulated by ISBA will be used in the thesis, therefore the model is described
in detail in section 2.1. ISBA was extensively validated, in particular by comparing ISBA-
derived soil water contents with field soil moisture data, either collected by Frequency Domain
Reflectometry soil moisture probes [Decharme et al., 2011] or lysimeters [Sobaga et al., 2023].

1.3.3.2 Geotechnical models

Other types of models are specifically oriented at simulating soil volume changes due to
shrinkage and swelling from the hydric state. The review by Adem and Vanapalli [2015]
identifies three types of such models, which differ in their input variables and the governing
equations. First, consolidation theory based methods are physical approaches that consider
the soil as either an elastic or elastoplastic material, and use matric suction as a state variable.
The other two types of methods consist of more empirical approaches, and are based on either
water content or suction. However, these types of models require precise knowledge of the
geotechnical properties of the soil, and can therefore only be implemented at a very local
scale.

1.3.3.3 Catastrophe models

Finally, the purpose of the last type of model, catastrophe models, is to predict losses resulting
from disasters. There are specific models for each peril, including models for subsidence. Such
models are particularly useful to the insurance industry because they provide insight into the
risk, which helps them plan their activities on the long term. These models are applied at
large spatial scales, often over the insurer’s portfolio, and are based on statistical approaches.
In particular, historical loss data is used in the calibration phase [Langreney et al., 2023].
Many of these models are developed as part of the internal activities of insurance companies,
in which case not much information is known about them. However, we have identified several
published papers that present such models, which we will describe below.

Corti et al. [2009] developed a model using monthly precipitation and temperature as proxies
for climate conditions to simulate annual subsidence losses for France between 1989 and
2002 by calibrating vulnerability curves. The method has been refined in Corti et al. [2011].
According to them, they manage to estimate damages correctly, but difficulties remain, as
they struggle to characterize the 2003 drought event accurately and they identify disparities
between French departments.

A similar but more advanced approach was used by Charpentier et al. [2022] to estimate the
number of claims and total damages for France between 2001 and 2018. They used as climatic
predictors standardized indicators of monthly precipitation, temperatures and soil moisture.
Different models are tested, including regression and ensemble models. In conclusion, they
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manage to assess the severity of a given year, but lack precision, which is explained by the
heterogeneity of the data and the lack of information on local characteristics.

1.4 The impact of climate change

Increasing atmospheric CO2 concentrations are already causing significant global climate
changes [Lashof and Ahuja, 1990, Solomon et al., 2009, Hansen et al., 2013]. The phenomenon
of clay shrinkage and swelling is expected to be affected as it is climate-driven. Various studies
provide insight into this point, covering its different aspects. These studies can be based on
the analysis of historical data, climate projections, or both.

1.4.1 Climate change scenarios

Projections are based on climate change scenarios, whose diversity enables to consider a range
of possible futures. Over the years, there have been several generations of climate change
scenarios, with different approaches.

Special Report on Emissions Scenarios (SRES) [Nakićenović and IPCC, 2000] based future
climatic evolutions on different assumptions about economic growth, population growth, and
technological development, without considering specific climate policies.

They have been replaced in climate impact studies by the concept of Representative Con-
centration Pathway (RCP) [Moss et al., 2010, Van Vuuren et al., 2011], which consists of
trajectories for the evolution of global greenhouse gas concentrations up to 2100. Four RCP
scenarios were initially defined: RCP 2.6, RCP 4.5, RCP 6 and RCP 8.5, named according
to the level of radiative forcing. Radiative forcing, expressed in W.m−2, represents changes
in the Earth’s energy balance. Higher values correspond to higher greenhouse gas concentra-
tions, and thus higher temperatures and more pronounced climate change effects. RCPs have
been widely used in climate modeling since the IPCC AR5 report [IPCC, 2014]. They have
been supplemented by three additional pathways (RCP 1.9, RCP 3.4 and RCP 7) following
the IPCC AR6 report [IPCC, 2023].

Shared Socio-economic Pathways (SSPs) have also been defined as an alternative to RCPs.
They consist in deriving greenhouse gas emissions from projected socio-economic changes
including climate policies.

1.4.2 Consequences for clay shrinkage and swelling

1.4.2.1 Meteorological conditions

In Europe, changes in precipitation and temperature patterns are expected. This can already
be seen by comparing past and present data. Gudmundsson and Seneviratne [2015] found
an increase in precipitation in northern Europe, while southern Europe is becoming drier.
Manning et al. [2019] identified an increase in the frequency of hot and dry events in recent
years compared to the second half of the 20th century, as a result of rising temperatures.

The same diagnosis is made based on climate projections. For example, Spinoni et al. [2018]
note an increase in the frequency and intensity of meteorological droughts over Europe under
RCP 4.5 and especially under RCP 8.5, based on EURO-CORDEX simulations [Jacob et al.,
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2014, 2020]. Although located in the transition zone between the wet north and the dry
south, France is expected to be affected by the increase in the frequency of summer droughts.

1.4.2.2 Soil moisture trends

The impact of climate change on soil moisture trends has been specifically investigated by
several works resorting to LSMs. The frequency of extreme soil moisture drought events is
expected to increase in Europe [Samaniego et al., 2018], in line with the precipitation and
temperature evolutions mentioned in the preceding section. Studies carried out at the scale
of France agree on an increase in drying trends for soil moisture [Vidal et al., 2012, Dayon
et al., 2018, Soubeyroux et al., 2023]. The largest impacts are expected for the most severe
scenarios.

Merk et al. [2021] have already identified decreasing soil moisture levels at depth over the
past two decades, based on lysimeter field measurements in Germany.

These soil moisture trends are expected to propagate to suctions. Assadollahi and Nowamooz
[2020] projected future suction, under RCP 2.6, 4.5, and 8.5, for a study site in southwestern
France, modeling local soil-vegetation-atmosphere interactions. They found that suction near
trees would become more important in the long term for all scenarios.

1.4.2.3 Clay shrinkage hazard

While the studies mentioned above relate to the projected evolution of the climatic conditions
that trigger clay shrinkage, others focus on the hazard in itself.

Several of these have been carried out for the UK. In particular, Harrison et al. [2012] first
identify characteristics of triggering climatic conditions by comparing precipitation and tem-
perature data from several weather stations with an insurance claims dataset, then apply their
identification method to projected conditions under different emission scenarios and finally
merge the results with a soil susceptibility map. On the other hand, Pritchard et al. [2015]
assess future drought conditions by subtracting precipitation and evapotranspiration outputs
from a stochastic weather generator under SRES A1B, equivalent to RCP 6 and combine the
resulting variable with a soil susceptibility map. Both studies agree on a worsening of the
hazard in southern England.

To our knowledge, no such study has ever been done for France.

1.4.2.4 Subsidence damage

A final type of work aims to quantify future damage to buildings due to subsidence under
climate change. Technical reports are more common in this category than scientific articles.

Many of such reports focusing on France have been published recently due to the recurring
droughts of the past years. These include Gourdier and Plat [2018], France Assureurs [2021],
Covéa and RiskWeatherTech [2022] and most recently CCR [2023b]. To develop this last
example, the study involved generating 400 years of climate conditions under RCP 4.5 and
RCP 8.5 and inputting them into a catastrophe model to estimate subsidence damage under
a future climate. This type of study requires making assumptions about changes in exposed
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buildings and in the institutional framework, and on inflation. As a result, they quantify an
increase in average annual losses of 59% under RCP 4.5 and 190% under RCP 8.5, by 2050.

1.5 Institutional context

France has a specific framework for claim compensation. Developing the way it works is
useful since the work exploits insurance claim data.

1.5.1 The NatCat regime

In France, clay shrinkage-induced subsidence is compensated by insurers through a scheme
called the Régime d’indemnisation des catastrophes naturelles, or NatCat regime. Created in
1982, it is based on a principle of national solidarity: a part of the compensation that victims
of natural disasters receive indirectly originates from a fund financed by a share of the car
and home insurance premiums of all policyholders. This fund is managed by the Caisse
Centrale de Réassurance (CCR). Perils covered by this regime include flooding, phenomena
related to the action of the sea, earthquakes, avalanches, and land movements including clay
shrink-swell (referred to as drought), since 1989.

Compensation is subject to the issuance of a peril-specific decree, that recognizes the state
of natural disaster for a municipality for a specified period of time. The procedure is that
the mayor of the municipality submits a request, which is examined by a special government
committee. Requests and related decisions are available, grouped by decree, on the CCR
website (https://catastrophes-naturelles.ccr.fr/les-arretes). If the application is
accepted and results in a decree, the residents of the municipality can apply to their insurer
for compensation, which may result in a claim.

In the specific case of clay shrinkage-induced subsidence, the decision of the committee rests
on two technical criteria: a geotechnical criterion and a meteorological criterion. The geotech-
nical criterion, implemented in 1989, requires the municipality to have at least 3% of its sur-
face mapped as expansive clay, based on the Bureau de Recherches Géologiques et Minières
(BRGM) maps. The meteorological criterion, developed by Météo-France, aims to character-
ize exceptional soil moisture drought events. Its definition changed successively over time as
detailed in section 1.5.1.1.

Figure 1.12 plots statistics on accepted requests relative to clay shrinkage-induced subsidence
between 1989 and 2022. The frequency of recognition is especially high in the Center-West,
South-West and South-East of the country. The detail of accepted and refused requests for
each year is available in Figure A.2.

https://catastrophes-naturelles.ccr.fr/les-arretes


30 Chapter 1. Scientific and institutional context

(a) Number of accepted requests by
municipality

(b) Average number of accepted requests per
municipality by department

Figure 1.12: Statistics on accepted NatCat requests relative to drought between
1989 and 2022, (a) by municipality and (b) by department. The data is from

https://catastrophes-naturelles.ccr.fr/les-arretes.

1.5.1.1 Evolution of the meteorological criterion

The meteorological criterion aiming to identify exceptional drought events has evolved suc-
cessively over time. The first criterion, introduced in 2000 was a "winter" criterion that
estimated the water deficit in the period preceding the drought event. It was revised, in
2003, 2011, and 2018 to include summer, spring and fall water deficit periods, respectively.
Initially, these criteria were based on a "double-reservoir water balance", which required data
from Météo-France instrumented stations. The main drawback was the insufficient number
of stations. For this reason, it was replaced in 2009 by the "SWI uniforme" modeled by the
ISBA LSM, detailed in section 2.1.4. [De Solère, 2007, Salagnac, 2007, Vincent et al., 2009].

The current method for calculating the meteorological criterion is detailed in the legal docu-
ment République Française [2019], and the upcoming changes are mentioned in République
Française [2024].

1.5.2 Prevention techniques

In this context, risk prevention efforts are made to limit the damage caused by clay shrinkage
and swelling. The Géorisques website [MTES, 2024] informs the general public about the
phenomenon and makes recommendations.

Operational techniques to prevent clay shrinkage induced subsidence damage consist of either
neutralizing the triggering factor or strengthening the building. The first type of technique
involves removing or pruning trees around houses, or protecting the outline of the house with
paving to limit evaporation. The second type of technique consists, for example, of stiffening
the structure with chain links.

https://catastrophes-naturelles.ccr.fr/les-arretes
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This chapter presents the main tools and datasets used in this work: the ISBA Land Surface
Model (section 2.1), the ATHENA insurance databases (section 2.2), clay shrinkage hazard
maps (section 2.3), and measurements from an instrumented site (section 2.4). We will also
give details on the programming environment used to obtain the results in section 2.5, in
particular the Python modules.

ISBA simulations will be used to explore past and future drought conditions, insurance data
will be used as observations to guide experiments, hazard maps will provide complementary
information to understand the phenomenon, and data from the instrumented site will be used
for a case study of the accuracy of ISBA at the local scale.

2.1 ISBA Land Surface Model

Interactions Sol-Biosphère-Atmosphère (ISBA) [Noilhan and Planton, 1989, Noilhan and
Mahfouf, 1996] is the Land Surface Model (LSM) developed by Météo-France. Such tools es-
timate water and energy budgets at the surface by modeling the physical processes occurring
between the atmosphere, soil and vegetation (e.g. precipitation interception, evapotranspira-
tion, runoff, and infiltration). Figure 2.1 summarizes the concept of ISBA, and specifies its
different components, that will be described below in section 2.1.1 and section 2.1.2. ISBA is
integrated into the SURFEX modeling platform [Masson et al., 2013] where it simulates the
water and energy fluxes of natural surfaces (nature tile).

Figure 2.1: Components of the ISBA Land Surface Model. The acronyms refer
to model options that will be described below.
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ISBA covers mainland France on a 8 km resolution grid, totaling 8925 grid cells. Atmospheric
forcing, such as radiation, air temperature, wind speed or air humidity is required to drive
the model. Outputs, that include fluxes and state variables of the system (e.g. sensible and
latent heat fluxes, soil liquid water content...) will be described in section 2.1.3.

Current operational uses of ISBA by Météo-France will be detailed in section 2.1.4.

2.1.1 Soil

2.1.1.1 Physical representations

A summary of the different ISBA soil schemes useful to this work and their associated refer-
ences is presented in Table 2.1.

Table 2.1: ISBA soil schemes

Abbreviation Soil scheme References Number
of layers

ISBA-3L Force-Restore Noilhan and Planton [1989]
Boone et al. [1999] 3

ISBA-DIF Diffusion Boone et al. [2000]
Decharme et al. [2011] maximum 14

ISBA-3L is based on the force-restore approach [Bhumralkar, 1975, Blackadar, 1976], which
theorizes that the evolution of the surface temperature is driven (force) by energy exchanges
with the atmosphere (i.e., net radiation, latent and sensible heat fluxes), but equilibrates
at slower time scales with a deeper soil temperature (restore). This scheme is applied in
ISBA by dividing the soil into two conceptual layers, a surface layer and a deeper layer. The
representation is extended to water transfers [Deardorff, 1978]: in this case, the restore term
depends on the contrast between surface and root zone soil moisture with a correction for
gravitational effects. Three layers are considered, surface, root zone and below the root zone
for a better representation of dry periods.

ISBA-DIF adopts on the other hand a diffusive approach, which requires a larger number
of layers. It rests on both a finite-element approach of the mixed form of the Richards
equation for water transfers in unsaturated soils [Richards, 1931], and a 1-D explicit Fourier
law resolution for thermal processes [Fourier, 1822, Le Roy, 1897]. The mixed-form of the
Richards equation, explicited in Equation 2.1, is derived from Darcy’s law [Darcy, 1856],
considering the law of mass conservation. This equation is commonly used to model water
transfer in the vadose zone.

∂θ

∂t
=

∂

∂z

[
K(θ)

∂ψ

∂z

]
+
∂K

∂z
(2.1)

The default number of layers of ISBA-DIF is 14 with depths of 0.01, 0.04, 0.1, 0.2, 0.4,
0.6, 0.8, 1, 1.5, 2, 3, 5, 8, and 12 meters. The number of layers is adjustable by the user.
The thinness of the most superficial layers is designed to minimize errors associated to the
important surface gradients due to the diurnal cycle. In practice, the layers considered for
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hydrological simulation are those intersected by roots, which can extend to a depth of 2
meters in the case of trees.

2.1.1.2 Parameters

Physical parameters required for modeling, such as the matric potential at saturation ψsat

or the saturated hydraulic conductivity Ksat for soil moisture representation in ISBA-DIF,
are derived from the soil texture using empirical pedotransfer functions from Clapp and
Hornberger [1978] by Noilhan and Lacarrère [1995].

Soil texture refers to particle size, the categories clay, silt and sand being defined by diameters
inferior to 2 µm, 50 µm and 2 mm, respectively. The texture information is provided by
the Harmonized World Soil Database (HWSD) [Nachtergaele et al., 2012], at the kilometer
resolution and constant in depth. It is averaged to match the ISBA 8-km grid, as plotted on
Figure 2.2.

Figure 2.2: ISBA texture parameters

2.1.2 Vegetation

The role of vegetation in LSMs is crucial as it is the main contributor to total land evapotran-
spiration on the global scale [Seneviratne et al., 2010]. Several schemes were implemented in
ISBA to replicate plant influence on surface exchanges.

2.1.2.1 Model options

ISBA-A-gs [Calvet et al., 1998] consists of an implementation of a CO2-dependent plant
stomatal conductance scheme in ISBA. It is based on a simple growth submodel. Calvet et al.
[2012] have shown that ISBA-A-gs reproduces the inter-annual variability of above-ground
biomass for grassland very well by comparison with agricultural statistics.

With the AST option, the Leaf Area Index (LAI), which quantifies the leaf surface available
for exchanges with the atmosphere, is prescribed, for instance from satellite data. AST also
implements a more detailed representation of hydric stress on photosynthesis, with drought-
tolerant of drought-avoidant strategies, for both herbaceous plants [Calvet, 2000] and trees
[Calvet et al., 2004].
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With the NIT option, phenology is driven by the photosynthesis simulated in AST: the
LAI is not prescribed anymore but simulated from leaf biomass considering the leaf nitrogen
concentration [Calvet and Soussana, 2001]. This means that with this scheme, plants are
sensitive to environmental conditions, for example they wither consequently to a drought.
The output LAI has been validated at global [Gibelin et al., 2006], continental [Szczypta
et al., 2014] and regional [Brut et al., 2009] scales.

2.1.2.2 Patches

To consider surface heterogeneity within an 8 km × 8 km grid cell, ISBA runs separately
for 12 land cover types called patches. The water budget is simulated separately for each
patch. A description of the 12 patches is available in Table 2.2, and their spatial repartition
in Figure 2.3. The geographic distribution of patches and vegetation parameters are derived
from the ECOCLIMAP-II database at a kilometer resolution [Faroux et al., 2013].

Of the 12 patches, only 8 are widespread over the country: bare soil (patch 1), rocks (patch
2), broadleaf trees (patch 4), coniferous trees (patch 5), C3 crops (patch 7), C4 crops (patch
8), C3 grassland (patch 10) and parks and gardens (patch 11).

Patches have a major impact on soil hydrology because they allow modeling the absence or
presence of different types of vegetation. Some patches model trees (patches 4, 5), while others
model herbaceous vegetation (patches 7, 8, 9, 10 and 11). Within trees, deciduous broadleaf
(patch 4) and coniferous trees (patch 5) develop different water management strategies. For
example, conifers limit transpiration through their needle leaves, which have a small surface
area in contact with the atmosphere. Among the herbaceous plants, C3 (patch 7 and 10) and
C4 plants (patch 8) are distinguished, the latter presenting a variation in the photosynthetic
process, more adapted to tropical areas.

In ISBA-DIF, the vertical extent of patches depends on the rooting system of the corre-
sponding vegetation: only tree types (broadleaf and coniferous) reach two meters deep. The
separate runs are aggregated by averaging the output variables weighting each patch by its
respective fraction in the grid cell.

Table 2.2: ISBA patches and properties

Number Patch Comment Max depth in DIF
1 Bare soil 1 m
2 Rocks Representation of urban areas 20 cm
3 Permanent ice and snow Only in the Alpine area 20 cm
4 Deciduous broadleaf trees Oak, elm... 2 m
5 Coniferous trees Pine, spruce... 2 m
6 Evergreen broadleaf trees Tropical vegetation
7 C3

1 crops Wheat, rapeseed... 1 m
8 C4

1 crops Maize... 1 m
9 Irrigated (C4) crops Mainly in the South-West 1 m
10 C3 grassland Meadows, pastures... 1.5 m
11 C4 grassland Tropical vegetation
12 wetlands, parks, gardens... 2 m

1C3 and C4 correspond to different photosynthetic biochemical pathways.
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(a) Bare soil (1) (b) Rocks (2) (c) Ice and snow (3)

(d) Broadleaf trees (4) (e) Coniferous trees (5) (f) Evergreen trees (6)

(g) C3 crops (7) (h) C4 crops (8) (i) Irrigated C4 crops (9)

(j) C3 grassland (10) (k) C4 grassland (11) (l) Parks and gardens (12)

Figure 2.3: Distribution of patches in ISBA grid cells
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2.1.3 ISBA Outputs

During the modeling process, the state of the atmosphere-soil-vegetation system is represented
by a set of descriptive variables that are ultimately returned as output. They consist of state
variables and fluxes relative to:

• the surface energy budget: radiation, sensible and latent heat fluxes, evaporation
and transpiration fluxes, surface albedo...

• the vegetation activity: Leaf Area Index (LAI), biomass, gross primary production,
respiration...

• the different surface water reservoirs: soil liquid and solid water content, canopy
interception reservoir, snow fraction covering the ground, and outgoing water flows
such as drainage and runoff.

2.1.3.1 Volumetric water content to soil wetness index

Since this thesis focuses on clay shrinkage-induced subsidence, the most useful output is the
Soil Liquid Water Content (WG). It is expressed in volumetric terms (volume of water per
volume of soil), and is calculated separately for the different layers in DIF. Because grain size
affects both porosity and capillary forces, WG is highly correlated with soil texture. This
can be seen on Figure 2.4 (1) and (2).

Figure 2.4: Normalization of (2) Soil Liquid Water Content (WG) relative to
(1) texture through the (3) Soil Wetness Index (SWI). Example of the

16/08/2022 at 10h, for the deciduous broadleaf tree patch.

This effect is eliminated in ISBA by calculating a SWI (Figure 2.4 (3)). It consists of soil mois-
ture normalized between wilting point (Wwilt) and field capacity (Wfc) as in Equation 2.2.
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SWI =
W −Wwilt

Wfc −Wwilt
(2.2)

The wilting point and field capacity are the soil moisture values associated to the matric
potentials of -3 m and -150 m, that are associated to the states of unability of plant roots to
absorb ground moisture and maximal retention after gravitational flow, respectively. This is
detailed in section 1.2.2.2.

In ISBA-DIF, Wfc and Wwilt are derived from the Campbell [1974] equation of the SWCC.
Since the SWCC changes with soil texture, multivariate regression was applied to parameters
obtained for different soil classes, leading to the equations Equation 2.3 and Equation 2.4,
currently in use for obtaining ISBA-DIF parameters. The variables Xclay and Xsand are the
fractions of clay and sand.

Wwilt = 37.1342× 0.01×X0.5
clay (2.3)

Wfc = 0.2298915119− (0.4062575773 ∗Xsand) + (0.0874218705 ∗Xclay)+

0.2942558675 ∗X1/3
sand + 0.0413771051 ∗X1/3

clay

(2.4)

2.1.4 Operational applications of ISBA

2.1.4.1 The SIM2 hydrometeorological chain

ISBA is used operationally by Météo-France for the management of water resources within
the SAFRAN-ISBA-MODCOU (SIM) chain. It consists in its coupling with the SAFRAN
meteorological analysis [Quintana-Seguí et al., 2008, Vidal et al., 2010] and with the MOD-
COU hydrogeological model, through the SURFEX modeling plateform. The latest version
of SIM, called SIM2, is based on SURFEX version 8.0 [Le Moigne et al., 2020], with the
ISBA options DIF and A-gs AST for soil and vegetation, aggregated by patch.

2.1.4.2 SWI Uniforme

Another operational product based on ISBA exists for the purpose of providing expertise to
the committee that decides whether French towns should be recognized in a state of natural
disaster following a drought event, within the framework of the NatCat regime section 1.5.1.
This tool, called SIM Uniforme, is based on a version of ISBA in SURFEX version 8.0
with the 3L soil scheme, the A-gs AST vegetation option and a uniform configuration: C3

grassland patch everywhere and a soil texture consisting in 58% clay and 12% sand. The
purpose of the uniform configuration is to provide an objective assessment of soil moisture
throughout France to ensure equal treatment for all claimants. Since the only useful output
of this simulation is the SWI, averaged over the entire depth, it is called SWI uniforme. It
is available at: https://donneespubliques.meteofrance.fr/?fond=produit&id_produit=
301&id_rubrique=40 (last access 4 June 2024). The NatCat decision process rests on a SWI
uniforme-based criterion, whose evolutions are detailed in section 1.5.1.1.

https://donneespubliques.meteofrance.fr/?fond=produit&id_produit=301&id_rubrique=40
https://donneespubliques.meteofrance.fr/?fond=produit&id_produit=301&id_rubrique=40
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2.1.5 Uses of ISBA simulations

ISBA will later be used as basis of a drought index fitted to clay shrinkage induced subsidence.
We developed a methodology relying on insurance claim data. The AST and NIT vegetation
schemes will first be compared, to assess if modeling an interactive vegetation is useful in
this study case. Then, the investigation will be done by patch, in contrast to the aggregated
version. Thirdly, we will compare results to the operational ISBA versions. The best ISBA
version will be used for computing the drought index over France over a historical period and
in the future.

2.2 ATHENA insurance databases

The insurance data used throughout this work as a proxy for clay shrinkage-induced subsi-
dence comes from the CCR ATHENA insurance databases.

Through its reinsurance activity, Caisse Centrale de Réassurance (CCR) has insight into the
portfolios of its clients, called cedants, which represent 98% of insurance companies situated
in France. ATHENA is the name of the CCR database that stores this information in two
tables: a first table for insurance policies (contracts) and a second table for insurance claims.
The two tables are linked by a common identification field. The first claims go back to 1989,
and 2020 is the latest year for which we have a sufficiently complete dataset (it takes a long
time to track claims given the way the system works). Therefore, we limited ourselves to the
period 1989-2020 to analyze both claim and policy data.

The policy database contains annual information on insured properties and some of their
characteristics. For example, some of these characteristics are the type of building (house,
apartment), its insured value, or its use (professional or private). We count 176,419,070
entries considering only contracts taken out by house owners, with a spatial precision at the
address, between 1989 and 2020. This number is much higher than the 19,230,227 houses
counted for France by INSEE in 2017 [MTES, 2021]. This is because instances corresponding
to insurance policies are duplicated by year in the ATHENA database.

On the other hand, the claims database stores claims compensated by insurers, for all the
perils covered by the NatCat regime (section 1.5.1). It has 367,342 entries corresponding to
claims resulting from clay shrinkage-induced subsidence. This number drops to 120,387 if
only claims with a spatial precision at the address are considered.

Removing duplicates by year, we number 15,581,225 policies at unique locations in the
database, between 2000 and 2022. They are distributed among the French departments
as in Figure 2.5. Policies are distributed among departments in the same way than houses
are (see Figure A.3), based on the 2017 INSEE census cited above. This shows that the policy
database is overall representative of the French housing market. On the other hand, claims
have a different spatial distribution: most of the damage occurred in the southern half of the
country (departments of Haute-Garonne, Gers, Tarn, Bouches-du-Rhône, Gironde, Dordogne
and Puy-de-Dôme).
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Figure 2.5: Number of policies (houses, address precision) at unique locations
(duplicates by year were deleted) and all clay shrinkage induced subsidence

claims, by department, between 2000 and 2020. The number of claims does not
match the one cited above because of missing department identifiers.

2.2.1 Database completeness

Both policy and claim databases are subject to uncertainty because insurers sometimes submit
incomplete information. Data may be underrepresented due to missing policies or claims, or
overrepresented due to duplicates. To quantify this uncertainty, a completeness coefficient is
calculated internally at CCR for each year and cedant. It is obtained by comparing individual
policy and claim records with the total insured value of damages provided by cedant for each
year. A score of 1 indicate a perfect match. If the completeness coefficient is inferior to 1,
the data is underrepresented, and conversely, if superior to 1, the data overrepresented.

Applying a condition on completeness filters the data considerably: with a threshold of
10% (coefficient between 0.9 and 1.1), common in the insurance industry, only 14.7% of the
176,419,070 policies and 20.6% of the 120,387 claims with a precision at the address are kept.
The distribution of policies and claims by year, after filtering for completeness (10% threshold
for both policies and claims) and conserving only address data, is shown on Figure 2.6.

In addition to the difference in the order of magnitude of the number of policies and claims,
we note that both are increasing over time. There is no data for 2017 (gray bar on Figure 2.6),
which is explained by the lack of completeness of the data. The years 2016, 2019 and 2011
have a very high number of policies. In particular, 2018 stands out for its high number of
claims relative to policies.

2.2.2 Uses of the insurance data

Data issued from the ATHENA database will be used twice in this work, with different
processings. First, the yearly number of claims, aggregated by town without making any
filtering on exhaustivity, will be used as a proxy for subsidence when developing the ISBA-
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Figure 2.6: Number of policies and claims by year after filtering on completeness
(10% threshold), spatial precision (address) and dropping duplicates

based drought index. Then, an extraction of policies merged with an extraction of claims,
both filtered on exhaustivity, will form the body of a dataset that will be used to estimate
to predictive capacity of the drought index combined with susceptibility maps in the last
chapter.

2.3 Clay-shrinkage hazard maps

In its role as National Geological Survey, the BRGM has published several maps relative to
expansive soils in France. They are useful to this work, as they describe the predisposing
factor for clay shrinkage.

• Susceptibility, i.e. the potential of the soil to shrink and swell, is determined from
three geological criteria: lithology, geotechnical properties and mineralogy.

• Combining it with insurance damage data enabled to obtain the exposure to clay
shrink-swell map currently in operational use.

Clayey geological units were first identified from geological maps at 1:50,000 scale (approxi-
mate area of 20 km × 30 km and 100 m precision), and their expansive potential was assessed
based on the three geological criteria cited above. The analysis was made department by de-
partment. All 96 metropolitan French departments were covered by the BRGM mapping
program between 1998 and 2011. Reports for each department are listed in section A.4.

Each of the geological criteria is in classes expressing increasing susceptibility, that can take
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3 to 4 different values. The spatial extents of classes, expressed as percentages of the area
of France, are plotted in Figure 2.7. According to these maps, 61% of the area of France is
covered by clayey geological units. Missing data for one of the criteria is compensated by
the others when determining susceptibility or exposure. The susceptibility classes are scaled
down in comparison to the three separate criteria because the calculation involves rounding
down the sum of the latter.

Figure 2.7: Spatial extent of classes for each expansive soil characteristic

2.3.1 Contributions to susceptibility

Once clayey units were identified from geological maps, three criteria were identified as rel-
evant for assessing their potential to shrink and swell: how abundant the clayey zones are,
and their structure (lithology), the unit’s geotechnical properties, and its clay mineral content
(mineralogy).

Although these three criteria were estimated independently, they are correlated. A chi-square
test of independence allows us to reject the hypothesis of independent scores with a very high
level of confidence (p-value « 0.001).

2.3.1.1 Lithology class

The lithology criterion, relative to the thickness and continuity of clayey geological units, is
mapped over France in Figure 2.8, and its classes are described in Table 2.3. The character-
ization is based on both the geological maps at 1:50,000 scale and expert field knowledge.

Table 2.3: Description of lithology classes

Class Description of unit

1 Non-clayey, with clay lenses
2 Non-dominant clay term
3 Mostly clayey, with non-clay layers or thickness < 3m
4 Mainly clay or marl, continuous, thickness > 3m

Data is missing for two departments: Gers (32) and Deux-Sèvres (79). They were among the
first to be studied (reports were respectively published in 2001 and 1998), which could point
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to the fact that the methodology was not yet perfected.

Figure 2.8: Lithology criterion over France. Classes are defined in Table 2.3.

2.3.1.2 Geotechnical class

The geotechnical criterion, describing the soil’s mechanical behavior, is mapped over France in
Figure 2.9. The characterization is based on results of geotechnical tests, either the Plasticity
Index (PI) from the Atterberg limits test, the Methylene Blue Adsorption (MBA) coefficient,
the Shrink-swell modulus (Ew) factor or the Swelling Index (Cs) from oedometric testing,
obtained in the framework of construction projects. The correspondence between classes and
range of values is specified in Table 2.4.
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Figure 2.9: Geotechnical criterion over France. Classes are defined in Table 2.4.

Table 2.4: Description of geotechnical classes

Class PI MBA Ew [%] Cs

1 <15 <2.5 <40 <0.025
2 15-30 2.5-6 40-65 0.025-0.035
3 30-40 6-8 65-75 0.035-0.055
4 >40 >8 >75 >0.055

2.3.1.3 Mineralogy class

The mineralogy criterion, relative to the nature of soil minerals, is represented over France
in Figure 2.10. The characterization is based on X-Ray Diffraction (XRD) analyses, yielding
percents of expansive clay minerals, carried out during the map production phase and after-
wards backed up by literature. Correspondence between classes and percentages is given in
Table 2.5.
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Figure 2.10: Mineralogy criterion over France. Classes are defined in Table 2.5.

Table 2.5: Description of mineralogy classes

Class Average percent of expansive minerals

1 <25%
2 25-50%
3 50-80%
4 >80%

2.3.2 Susceptibility to clay shrink-swell

Susceptibility results from the average of the three criteria explained above, according to the
rule shown in Table 2.6. The susceptibility of French soils is plotted in Figure 2.11. Class 1 of
susceptibility is overrepresented compared to the other criteria because their sum is rounded
down.
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Figure 2.11: Susceptibility to clay shrink-swell over France. Classes are defined
in Table 2.6.

Table 2.6: Estimation of susceptibility from the average of the 3 criteria

Class Average of the 3 criteria

1 ≤ 2
2 >2, ≤3
3 >3

2.3.3 Exposure to clay shrink-swell

For operational use, the susceptibility has been corrected with insurance claims data, resulting
in the clay shrink-swell exposure map shown in Figure 2.12.
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Figure 2.12: Exposure to clay shrink-swell for France. Classes are defined in
Table 2.7.

Table 2.7: Definition of damage frequency classes

Class Number of claims per km² of constructed area

1 < 2
2 2-10
3 > 10

The claims that were used for the exposure map are from the SILECC (Base de Données des
Sinistres Indemnisés, Liés aux Evénements Cat-nat et Climatiques) database of the Mission
Risques Naturels (MRN), an association of insurance companies. The database was formed
by contributions of insurers and updated until 2017. The data allowed the calculation of a
damage frequency per built area for each geological unit, from which classes were derived
based on Table 2.7. Damage frequency classes were finally merged with double-weighted
susceptibility classes, based on expert judgment.
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2.3.4 Limitations

2.3.4.1 Superficial mapping

As expansive soil maps are based on geological maps, only outcropping units are characterized.
Clay shrink-swell still can occur outside of exposure zones, if caused by clayey layers deep
enough not to be identified, but shallow enough to be impacted by surface hydrological
variations.

2.3.4.2 Lack of consistency between departments

The main limitation of the BRGM expansive soil maps is their lack of consistency, as they
were achieved independently, department by department.

For example, the j4-5W geological unit called Woëvre clay, which overlaps 5 different de-
partments in northeastern France, received different scores for each susceptibility criterion
(3 and 4 for lithology, 2 and 3 for geotechnical properties, and 1, 2 and 3 for mineralogy).
Although facies variations are expected at such large spatial scales, they should not follow
administrative boundaries.

2.3.4.3 Scarcity of geotechnical and mineralogy data

Moreover, as geotechnical and mineralogical data are very limited, scores are sometimes based
on a very small number of measurements (the mineralogy rating is often based on a single
analysis by department). Individual criteria should therefore be interpreted with caution as
the initial volume of data does not appear in the final score.

2.3.5 Uses of expansive soil maps

The three individual criteria for susceptibility, i.e. mineralogy, geotechnical properties and
lithology, will be combined in the final chapter with the ISBA-based drought index in decision
trees to assess their predictive capacity for insurance claims. Susceptibility and exposure are
not included, as the former is redundant of the three criteria, and the latter already based
on insurance data. The outlined limitations will not be compensated: they need to be borne
in mind when drawing conclusions.

2.4 Instrumented site in Chaingy, Loiret (45)

The BRGM instrumented a house plot in Chaingy, in the Loiret department (45), France,
with the purpose of better understanding how clay shrinkage occurs at a local scale.

The test site, described in Figure 2.13 and Figure 2.14, comprises a weather station, 10 FDR
Thetaprobe soil moisture probes at a depth of 120 cm, and 2 extensometers.
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Figure 2.13: Context and disposition of the BRGM Chaingy instrumented site:
(a) country scale, (b) regional scale, and (c) local scale

Figure 2.14: Photograph of the Chaingy instrumented site

The weather station records rainfall and air temperature. However, the rainfall record is not
suitable for analysis due to numerous measurement interruptions. Indeed, all rainfall values
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need to be summed for aggregating at a coarser time resolution, as opposed to soil moisture
or displacement that can be averaged. The FDR probes measure volumetric water content,
defined as the volume of water per volume of soil, through the soil’s dielectric permittivity
(see section 1.3.2.1). They all were calibrated in the same way, using a transfer function
linking soil properties and water content supplied by the manufacturer. The probe precision
is equal to 0.1m3.m−3. Extensometers, detailed in section 1.3.2.2, estimate superficial vertical
volume variations by measuring the distance between a plate buried at a depth of 30 cm and
a 3-meter-deep anchor point in the bedrock. Their precision is better than 0.1 mm. The
temporal resolution of the data obtained from the various instruments is 30 minutes.

The site is gently sloped from north-west to south-east, and is bordered on two sides by
a hedge. Core samples represented on Figure 2.15, taken at locations SC1 and SC2 (see
Figure 2.13 (C)), reveal the presence of 3 distinct layers: a backfilled topsoil (0-40 cm), a clay
layer, either sandy as in SC1 or very plastic as in SC2 (40-180 cm), and a weathered limestone
bedrock (below 180 cm). Given the agricultural context of the Chaingy municipality, this
surface layer can be identified as former farmland reworked by ploughing. The geotechnical
properties of the sandy clay were estimated from two auger samples taken at locations Tar1
and Tar2: the Plasticity Index (PI) ranges between 32 and 34, and the Methylene Blue
Adsorption (MBA) ranges between 4.9 and 7.6. Furthermore, two oedometric tests were
conducted on the sandy and plastic clays from SC1 and SC2 yielding Swelling Index (Cs)
measurements of 0.001 and 0.039. These results collectively indicate a geotechnical class
3 characterization based on the BRGM criteria detailed in Table 2.4. More details on the
instrumentation and the site context is available in Gourdier [2018].

(a) SC1

(b) SC2

Figure 2.15: Core samples made on the Chaingy instrumented site

The soil moisture probes have been operational since the end of 2015, one year prior to the
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extensometers. Figure 2.16 presents the raw data acquired by all sensors. A considerable
amount of data is missing in 2016 due to power issues.

Figure 2.16: Volumetric soil moisture and displacement acquired on the
Chaingy site

2.4.1 Soil moisture

All soil moisture sensors exhibit comparable patterns of annual periodicity, with a gradual
decline from late spring to fall, and an abrupt rehydration occurring around the end of the
calendar year. However, we observe different amplitudes: for example, W3 ranges from
0.15 to 0.55 m³/m³, while W5 ranges from 0.25 to 0.45 m³/m³. These differences can be
attributed either to sensor calibration and thus local texture variations, or to local water
content differences, which can be further amplified by the formation of desiccation cracks.
Re-hydration is almost always synchronous for the ten probes. The temporal lag between
the return of wet conditions in fall and the actual date of rehydration can be explained by
both the important depth of the sensors (120 cm) and the low permeability of clayey soil.
Although the distance from the hedge increases with the number of the probe, its effect on
the soil moisture variations is not discernible.

2.4.2 Displacement

The signal of the two extensometers is drastically different. Ext2 is centered around 0 and has
an annual periodicity with a constant amplitude range of 10 mm. In contrast, Ext1 gradually
subsides and loses amplitude after 2018. The high-frequency peaks that appear in the Ext2
signal beginning in 2019 are a measurement artifact.

The fluctuations in Ext2 are indicative of soil swelling and shrinkage: they are positively
correlated with soil moisture variations, although we note a difference. Swelling and shrinkage
occur with the same kinetics, when soil desiccation is much slower than rehydration.

The subsiding signal recorded by Ext1 could result from irreversible shrinkage (also referred
to as inelastic subsidence by Welch et al. [2024]), provided that the measuring system is
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fully operational (in particular, that the anchor point is really stationary). However, one
point challenges this hypothesis of irreversible shrinkage. Inelastic subsidence is anticipated
to represent 10% of the shrinkage. Here, it is not the case as nearly all the volume decrease
is permanent. We cannot identify any other natural soil-related phenomenon that would
explain the observed subsidence.

2.4.3 Interdependence

The soil moisture signal recorded by the 10 sensors should be interpreted with caution for
metrological reasons. Probes using FDR technology provide information on the volumetric
water content, which is the ratio of the volume of water to the volume of the soil. However,
when the soil swells or shrinks (as it is the case on our site), its volume changes. Consequently,
in such conditions the volumetric moisture can vary for a constant gravimetric soil moisture
value.

2.4.4 Uses of the Chaingy data

Data from the Chaingy site will provide a basis for comparison with ISBA. In particular, it is
crucial to estimate uncertainties in soil moisture variations linked to the macroscopic scale of
the model. This will be done by assessing variability observed at parcel level. This analysis
will be done in chapter 4.

2.5 Programming environment

Since this thesis is essentially based on numerical modeling, we provide here details on the
Python programming environment.

To manipulate large amounts of data, we used the packages Pandas [McKinney, 2010], and in
particular Geopandas [Jordahl et al., 2020] for spatial data and Xarray [Hoyer and Hamman,
2017] for multidimensional data. Most of the figures were generated using the Matplotlib
[Hunter, 2007] and Seaborn [Waskom, 2021] packages. Finally, the machine learning models
used in chapter 6 were implemented using the Scikit-learn [Pedregosa et al., 2011] package.
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3.1 Introduction

The aim of this chapter is the development of a drought index to quantify the triggering
conditions for clay shrinkage-induced subsidence.

The index is based on ISBA soil moisture simulations, that offer the advantages of flexible
options (for testing different configurations) and of a wide spatial coverage (which will enable
to make assessments at the national scale later on).

The evaluation criteria consists of a sample of subsidence claims aggregated at the town scale
per year, from 2000 to 2018, from the ATHENA databases of CCR. The data is from 26
towns located in 5 different French departments (Haute-Garonne, Bouches-du-Rhône, Loiret,
Moselle and Puy-de-Dôme), all of them highly concerned by the phenomenon. It is split
in a validation set (20 towns, 4 in each department) and a calibration set (6 towns around
Haute-Garonne). We normalize the number of claims by dividing them by the number of
houses of each town in medium to high exposure zones, available from MTES [2021].

The methodology devised for this purpose consists in two main steps. First, annual drought
characteristics are determined from daily (averaged from hourly) soil moisture simulations
using different aggregation methods (number of days, minimum and integral below a soil
moisture threshold value). Then, the resulting variable is statistically compared to the ag-
gregated insurance claims by computing a Kendall tau (non-parametric) association metric.
Soil moisture percentiles 1 to 50 are tested as drought threshold values. The statistical test
is done separately for each department, merging the data of the 4 towns (76 values).
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Several ISBA options (vegetation scheme, patch, soil layer depth) and index configurations
(computation method, threshold value) were assessed in this manner, best correlations leading
to maximal Kendall tau. The resulting index is called the Yearly Drought Magnitude Index
(YDMI). In particular, results of the comparison of the ISBA A-gs options AST (prescribed
LAI) and NIT (interactive LAI) were published in the Copernicus scientific journal Natural
Hazards and Earth System Sciences [Barthelemy et al., 2024a]. They will be presented and
commented in section 3.2. In addition to these results, an assessment separating patches and
a comparison to operational ISBA versions will be presented in section 3.3 and section 3.4,
respectively.

3.2 Comparison of AST and NIT ISBA schemes [Barthelemy
et al., 2024a]

3.2.1 Summary

The methodology described above is applied to ISBA A-gs AST and NIT simulations with
the aggregated patch configuration, testing different index computation methods. Although
ISBA can extend from the surface to two meters deep, we only considered layers 5 to 8 (from
40 cm to 1 m) that are defined for the same patches, to have a vertical continuity. We have
focused on the mid-depth layers rather than the most superficial ones, as the latter give
mediocre results because they are too much influenced by short-term weather fluctuations.
We obtained the following results, with a best configuration leading to an average Kendall
tau of 0.42 (associated to p-values ≤ 0.001):

• The optimal drought threshold is equal to lowest soil moisture percentiles (1st to 5th):
it implies that intense, summer drought events are the triggers for clay shrinkage.

• The best aggregation method consists in summing for each year soil moisture anomalies
below the threshold. This metric combines both duration and severity characteristics
of the drought event hence its highest performance.

• The deeper the layer, the higher the Kendall tau. We explain this by the fact that deeper
layers are more isolated from the surface than superficial ones, and are consequently
less influenced by weather fluctuations, reflecting only long term trends.

• Finally, correlation metrics are significantly improved with the NIT vegetation option
rather than AST. It confirms that a detailed representation of plant metabolism is
crucial to drought forecasting resorting to LSMs.

The resulting YDMI identified significant droughts in 2003 and 2018 for our sample of towns.
These years were indeed associated to important numbers of claims. We comment on a bias
in the insurance claims. As claims require the publication of a NatCat decree in order to be
compensated, we identify situations in which the absence od the latter could explain incon-
sistencies between YDMI and damage. Local information that might influence both vertical
displacement and building resistance, such as its characteristics or trees in their vicinity, is
neglected through our wide study scale, which represents a major source of uncertainty.

3.2.2 Article
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Abstract. Clay shrinkage, which consists of a reduction in
the volume of clay soils during dry periods, can affect build-
ings and cause subsidence damage. In France, losses due to
subsidence are estimated at more than EUR 16 billion for
the period 1989–2021 (CCR, 2021) and are expected to in-
crease under the effect of climate warming. This work aims
to improve the current understanding of the conditions trig-
gering subsidence by proposing an innovative drought in-
dex. We use a daily soil wetness index (SWI) to develop a
new annual drought index that can be related to subsidence
damage. The SWI is derived from simulations of soil mois-
ture profiles from the interactions between soil–biosphere–
atmosphere (ISBA) land surface model developed by Météo-
France. The ability of the drought index to correlate with
insurance claim data is assessed by calculating the Kendall
rank correlation over 20 municipalities in France. The in-
surance data, aggregated by year and municipality, are pro-
vided by the Caisse Centrale de Réassurance (CCR). A to-
tal of 1200 configurations of the drought index are consid-
ered. They are generated by combining different calculation
methods, ISBA simulation settings, soil model layers, and
drought percentile thresholds. The analysis includes a com-
parison with the independent claim data of six additional mu-
nicipalities and with a record of official “CatNat” (the French
national natural disaster compensation scheme) decrees, use-
ful for the analysis. The best results are obtained for drought
magnitudes based on SWI values of the 0.8-to-1.0 m deep

soil layer, an ISBA simulation with interactive leaf area in-
dex (LAI), and consideration of low drought SWI percentile
thresholds. Comparison with claim data shows that drought
magnitude is able to identify subsidence events while being
spatially consistent. This drought magnitude index provides
more insight into subsidence triggers while benefiting from
advanced land surface modeling schemes (interactive LAI,
multilayer soil). This work paves the way for more reliable
damage estimates.

1 Introduction

Clay shrink–swell is the change in volume of clayey soils
in response to changes in soil moisture. This phenomenon is
related to the high affinity of certain clay minerals commonly
found in soils for water molecules.

These minerals, structured in aggregates, swell and shrink
under wet and dry conditions, respectively (Bronswijk,
1989). In temperate European regions such as in France, soils
are in a hydrated state for most of the year, which means
that exceptional movements occur during droughts (Cojean,
2007). On the other hand, surface soil moisture variations re-
sult from soil–atmosphere interactions. Precipitation brings
in water, only some of which infiltrates into the soil, while
evaporation causes water loss. Vegetation affects both water
inputs, by intercepting precipitation and preventing some of
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it from reaching the soil surface, and water outputs, through
root water uptake and transpiration (Tessier et al., 2007).

Shrinking ground movements caused by droughts can af-
fect buildings through their foundations, causing what is
known as subsidence damage (Doornkamp, 1993). The dam-
age is physically caused by the inability of a building to ac-
commodate a relative displacement of its various parts, lead-
ing to structural failure. This relative displacement observed
during droughts is caused by the different behavior of ex-
posed shrinking and sheltered soils. The latter are immobile
due to their constant moisture content. Local factors that in-
crease spatial differences in soil moisture, such as the pres-
ence of vegetation, significant exposure to solar radiation, or
a deficient domestic drainage system, are known to exacer-
bate subsidence (Page, 1998).

In France, subsidence losses were reported after the 1976
summer drought. A few years later, hundreds of thousands
of houses were affected by the 1989 drought, which led to
the inclusion of this peril in the French national natural dis-
aster compensation scheme (CatNat) (Salagnac, 2007). To-
day, subsidence is still covered under the CatNat regime,
where it is the second most costly peril after floods. Between
1989 and 2021, losses amounted to more than EUR 16 bil-
lion (CCR, 2021). Historically, the southwest of France has
been the most exposed to subsidence. However, a significant
number of events have been reported in the northeast since
2016 (CCR, 2022), showing a geographical expansion of the
importance of subsidence in France. Since then, the cost of
subsidence costs has averaged EUR 1 billion per year and
even exceeded EUR 2 billion in 2022, which was marked by
an exceptional drought (Toreti et al., 2022).

Several studies on subsidence damage (e.g., Crilly, 2001)
have shown that single-family houses are the most vulner-
able type of building because they tend to have shallow
foundations. In 2019, approximately 19 million single-family
houses were identified in France, more than half of which
are located in zones with a medium to high exposure to
clay shrinkage (MTES, 2021a). In addition, research led
by Météo-France, the French meteorological service, within
the CLIMSEC project (https://www.umr-cnrm.fr/spip.php?
article605, last access: 11 March 2024) on the impact of cli-
mate change on soil water resources provided insight into
climate-change-induced drought trends for the country (Vi-
dal et al., 2010, 2012). It was shown that the duration and
spatial extent of drought events affecting soils are bound to
increase as a result of rising air temperatures and changes in
the precipitation regime.

In this context, both policymakers and the insurance in-
dustry need more accurate predictions of subsidence losses.
Research is needed to develop a better understanding of this
phenomenon and of its financial consequences.

Subsidence depends on predisposing factors, such as the
type of clayey soil or land use, and on triggering factors. The
first studies to investigate the dependence of clay-shrinkage-
induced subsidence on climate (Harrison et al., 2012; Corti

et al., 2009, 2011) confirmed the ability of drought to trigger
subsidence. These analyses were based on precipitation and
air temperature data and recommended the use of land sur-
face models (LSMs) as they provide more detailed informa-
tion on droughts. In the wake of these findings, several works
focusing on subsidence in France have used the soil wet-
ness index (SWI) outputs of the interactions between soil–
biosphere–atmosphere (ISBA) land surface model (LSM;
Noilhan and Planton, 1989; Noilhan and Mahfouf, 1996)
developed by Météo-France, in a simplified configuration
(monthly averages, homogeneous vegetation and soil). This
product, called “SWI uniforme”, is also used for drought
monitoring in the CatNat regime. However, the criterion
based on this SWI uniforme product for the promulgation of
decrees has changed several times, making it impossible to
link the history of decrees to quantitative drought characteris-
tics. Using SWI uniforme, a number of studies have assessed
the impact of climate change on subsidence costs (Gourdier
and Plat, 2018; CCR and Météo-France, 2018; Covéa and
RiskWeatherTech, 2022). All of these papers concluded that
subsidence-related costs would increase, but no consensus
was reached on the magnitude of the increase. Other stud-
ies attempted to improve the predictive power of subsidence
damage models using advanced machine learning techniques
(Heranval et al., 2022; Ecoto and Chambaz, 2022; Charpen-
tier et al., 2022).

Motivated by the above context, a new drought index is
proposed in this study, which is adapted to clay-shrinkage-
induced subsidence damage. The novelty of the present work
lies in the analysis of simulations using a version of the ISBA
LSM with an extended vegetation representation. The index
is based on soil moisture simulations from a version of ISBA
capable of simulating the details of the soil moisture profile
together with an interactive vegetation leaf area index (LAI)
and is adjusted by comparison with insurance data. The ob-
jective is to determine (1) which soil layers should be con-
sidered for subsidence damage prediction and (2) the extent
to which interactive LAI is needed.

In Sect. 2, all data sets and the methodology for computing
the drought index are presented. In Sect. 3, we detail the ob-
tained optimal drought index and its relationship to the sub-
sidence damage data. Comparison with an independent data
set and with a data set of CatNat decrees is included. All of
these results are discussed in Sect. 4 before concluding in
Sect. 5.

2 Data and methods

The objective of this work is to create a new soil drought in-
dex that is adapted to induced subsidence losses. We here
describe how the indices are computed from “LAI_clim”
and “LAI_model” soil moisture simulations and how they
are evaluated through a pairwise ranking with the insurance
damage data. A comparison with independent data is in-
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cluded in the analysis. The methodology is summarized as
a flowchart in Fig. 1.

2.1 Soil moisture simulations

Soil moisture is simulated by ISBA within version 8.1 of
the SURFEX (Surface Externalisée) modeling platform de-
veloped by Météo-France for numerical weather prediction
and climate modeling (Masson et al., 2013; Le Moigne et
al., 2020). ISBA calculates surface water and energy bud-
gets in response to an atmospheric forcing. Soil moisture
at a given time results from the balance between water in-
flows, from precipitation, and outflows, through runoff, in-
filtration, and evaporation. ISBA covers the entire French
metropolitan area, on an 8 km meshed grid. It is used op-
erationally for monitoring water resources in the SAFRAN-
ISBA-MODCOU (SIM) hydrological suite (Habets et al.,
2008), together with a meteorological analysis and a hydro-
geological model. ISBA is used here “offline”; i.e., there is no
feedback from the surface to the atmosphere. The SAFRAN
reanalysis (Durand et al., 1993; Quintana-Seguí et al., 2008)
is used as the atmospheric forcing.

A multilayer version of ISBA, ISBA-DIF (Boone et al.,
2000; Decharme et al., 2011), with a diffusive scheme is
used. The approach is to divide the soil column into layers
whose respective thicknesses increase with depth to better
represent hydrological processes, since important water and
temperature gradients at the surface require a finer mesh. The
number of layers considered is proportional to the rooting
depth of the vegetation, reaching a maximum of 10 layers
(adding up to 2 m depth) in the case of trees. It is important to
analyze layers at different depths because moisture variations
depend on both the distance to the surface and the vegetation
roots.

As explained in Decharme et al. (2011), soil water-holding
capacity and soil hydraulic parameters such as porosity, ma-
tric potential at saturation, and saturated hydraulic conduc-
tivity are related to soil texture in the model through empir-
ical pedotransfer functions. The latter are described in Noil-
han and Lacarrère (1995) and derived from Clapp and Horn-
berger (1978). In ISBA, texture is considered to be homoge-
neous throughout the whole soil column for each grid point.
This texture is represented by clay, sand, and silt contents
derived at the kilometer resolution from the Harmonized
World Soil Database (HWSD) version 1.2 (Nachtergaele et
al., 2012). Because soil texture is averaged within a model
grid cell, this approach provides a large-scale representation
but is not representative of what may be found on a house lot.
Inferring the hydromechanical behavior of clayey soils from
this information alone would be problematic. This is not the
purpose of the drought index developed in this study.

To account for spatial variability within a grid cell, ISBA
first runs separately for 12 generic plant functional types
called patches (bare soil, rock, permanent snow, deciduous
broadleaf trees, evergreen broadleaf trees, coniferous trees,

C3 crops, C4 crops, irrigated C4 crops, grassland, tropical
grassland, and wetlands). The runs are then aggregated by
averaging the output variables, weighting each patch by its
respective fraction in the grid cell. The maximum soil depth
of a patch depends on the rooting depth of the correspond-
ing vegetation type and varies from patch to patch. The geo-
graphic distribution of the patches as well as the land surface
parameters is obtained from the ECOCLIMAP-II database
at kilometer resolution (Faroux et al., 2013). The present
work focuses on layers simulated for all patches, as we aim
to assess differences induced only by depth. These condi-
tions were met for four soil layers: 0.2–0.4, 0.4–0.6, 0.6–0.8,
and 0.8–1.0 m, soil layers 5, 6, 7, and 8, respectively. Ac-
cordingly, we based our analysis on these four model lay-
ers. In this study, we are limited to a maximum depth of 1 m
due to the patch continuity requirement. One of the direct
consequences of climate warming is the spread of deep soil
desiccation under severe and recurrent drought conditions.
This can reach soil layers deeper than 1 m depending on the
close environment configuration. Knowing that the ampli-
tude of soil moisture variations decreases with depth (Rav-
ina, 1983), a drought that reaches deep soil layers will in-
tensively dry out shallow layers. Theoretically, such an event
can be detected with surface layer information alone. How-
ever, it should be noted that drying occurs with a time lag
that increases with depth. In this analysis, we have verified
that even for the deepest model layers, the drought observed
in a given year never overlaps with the following year, which
would distort the index calculations. This assumption may
be questioned under future climatic conditions, considering
that the frequency and intensity of droughts in France will
increase.

Because vegetation plays an important role in near-surface
soil moisture variations, the ISBA model includes a repre-
sentation of photosynthesis using a CO2-responsive stomatal
conductance scheme, ISBA-A-gs (Calvet et al., 1998). This
scheme has been improved over time to account for specific
plant responses to drought (Calvet, 2000; Calvet et al., 2004).

In the operational SIM product (SURFEX v8.0), the leaf
area index (LAI), which quantifies the leaf surface available
for exchange with the atmosphere, is prescribed from ancil-
lary data. For each grid point, the LAI changes every 10 d,
and the cycle is repeated every year, based on a climatol-
ogy established from SPOT-VGT satellite data for the period
from 1999 to 2005. A first simulation with this configuration
is tested in this study and is called LAI_clim.

In the ISBA-A-gs configuration, the LAI is not prescribed
but simulated from the modeled leaf biomass, taking into
account the mass-based leaf nitrogen concentration (Calvet
and Soussana, 2001). Phenology is driven by photosynthesis.
Since the modeled photosynthesis depends on soil moisture,
leaf temperature, solar radiation, and air humidity, all envi-
ronmental conditions can affect the simulated LAI. Based on
this concept, the LAI is updated daily. The modeled LAI has
been validated at global (Gibelin et al., 2006), continental
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Figure 1. Flowchart of the methodology deployed in this study with focus on the three main steps.

(Szczypta et al., 2014), and regional (Brut et al., 2009) scales.
In this work, a second simulation is tested with this configu-
ration, which we call LAI_model.

Each simulation provides hourly volumetric soil moisture
data for four 0.2 m thick soil layers from 0.2 to 1.0 m depth.
Since we are focusing on longer-term droughts, the diurnal
periodicity of the data is not required, and the hourly soil
moisture values are averaged to daily values. In order to con-
sider a single definition of drought, independent of the fact
that water-holding capacity varies with soil texture, we con-
vert volumetric soil moisture to soil wetness indices (SWIs).
While volumetric soil moisture is expressed in m3 m−3, SWI
is unitless. SWI is derived by rescaling volumetric soil mois-
ture between wilting point wwilt and field capacity wfc as il-
lustrated in Fig. S1 (see the Supplement). These two quanti-
ties are derived from the model soil texture through soil pe-
dotransfer functions (Boone et al., 1999; Decharme et al.,
2013). We refer to the SWI of layers 5, 6, 7, and 8 as SWI5,
SWI6, SWI7, and SWI8, respectively.

2.2 Natural disaster (CatNat) decree database

In France, financial losses to insured property following a
natural catastrophe may be covered by a national compen-
sation scheme, the “régime d’indemnisation des catastro-
phes naturelles” (CatNat regime). Compensation under this
scheme is, with a few exceptions, subject to the official
recognition of the state of natural disaster through the publi-
cation of a decree, an “arrêté de reconnaissance de l’état de
catastrophe naturelle” (CatNat decree), for a given year and
municipality. Details of each CatNat decree (accepted and re-
jected requests) are available as individual files on the CCR

website (https://catastrophes-naturelles.ccr.fr/les-arretes, last
access: 11 March 2024). For this analysis, we retrieved and
merged these data. This information is relevant for our re-
search because subsidence damage has only been compen-
sated by this scheme since 1989.

Since 2000, the publication of a CatNat decree has
been conditional on meeting a geotechnical criterion and
a meteorological criterion. The geotechnical condition re-
quires the municipality to have at least 3 % of its sur-
face mapped as shrinkable clay, based on the Bureau de
Recherches Géologiques et Minières (French Geological
Survey, BRGM) exposure to clay shrink–swell map. The me-
teorological condition aims to identify exceptional periods
of drought. Its current version requires the 3-month average
of SWI uniforme to be the lowest or second lowest of a 50-
year reference associated with the same month. This criterion
has evolved several times since the creation of the system as
the phenomenon has been studied. The condition established
in 2000 is a “winter” criterion, based on the rainfall of the
winter preceding the drought event. Later, the timing of the
successive drought events of 2003, 2011 and 2018 led to the
creation of “summer”, “spring”, and “fall” criteria that were
added to the existing criterion.

2.3 Normalized insurance data

The insurance data used in this study are provided by the
Caisse Centrale de Réassurance (CCR), the French public
reinsurance company that manages a large database of its
clients’ contributions. It consists of the number of subsidence
claims aggregated per year and per municipality, from 2000
to 2018. By “municipality”, we mean a commune, the small-
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est administrative unit in France. Subsidence claims corre-
spond to accepted “legitimate claims”, after a national recog-
nition step of CatNat requests. The representativeness of the
data varies over the years and the municipalities considered,
depending on the proportion sent by insurers. Total and av-
erage annual costs were also provided by CCR, but we fo-
cused on the number of claims, which gave more satisfac-
tory results. The data are aggregated at the municipal level
for confidentiality reasons. In addition, this is an official and
frequently used zoning classification, so there are a lot of ad-
ditional data available.

For normalization purposes, the large number of subsi-
dence claims is divided by the number of single-family
houses in the municipality located in areas prone to sub-
sidence. This information comes from a data set devel-
oped by the French Ministry of Ecological Transition
(MTES/CGDD/SDES) (MTES, 2021b). It provides the num-
ber of houses per municipality in different exposure classes
(no exposure, low, and medium to high). The zoning is based
on a map of exposure to clay shrink–swell developed by
the BRGM (BRGM, 2024), coupling a national susceptibil-
ity map (based on geotechnical data and 1 : 50000 geolog-
ical maps) and insurance statistics. We call the new vari-
able obtained after normalization the “normalized number of
claims”.

In this study, we use data from 26 municipalities, the lo-
cations of which are shown in Fig. 2. Although the spatial
resolution of the insurance data leads us to an analysis at the
municipal level, we generalize the results by repeating the
process for areas exposed to different climates. The study is
limited to a selection of municipalities with a significant his-
tory of clay shrink–swell losses, since only the dependence
on climate is studied (see Sect. 3).

To investigate the influence of this national recognition
stage on the end-of-chain insurance data, we also used the
history of accepted and refused national recognition requests
for the towns forming our sample. These data were obtained
by merging individual decree files downloaded from the CCR
website (https://catastrophes-naturelles.ccr.fr/les-arretes, last
access: 11 March 2024).

2.4 Drought indices

Providing a universal and quantitative definition of drought is
challenging because drought can affect different levels of the
hydrological cycle: precipitation, soil moisture, and stream-
flow (Dracup et al., 1980). Numerous indices characterizing
different types of drought are available in the literature. For
example, the Standardized Precipitation Index (SPI) (McKee
et al., 1993) quantifies meteorological droughts by fitting ac-
cumulated precipitation at different timescales to a given dis-
tribution. The same methodology has already been adapted
for agricultural droughts, where calculations are based on
the SWI, creating a standardized soil wetness index (SSWI)
(Vidal et al., 2010). As Charpentier et al. (2022) recall from

the conclusions of Soubeyroux et al. (2012), the SPI and the
SSWI provide complementary information: for example, the
2003 drought over France, which was caused more by a heat-
wave than a lack of precipitation, is only detected by the
SSWI.

Given the nature of the clay shrink–swell phenomenon, we
focus here on droughts affecting soil moisture by analyzing
the SWI outputs of the ISBA model. LSMs are capable of
accounting for the atmospheric forcing, soil and vegetation
characteristics, and initial conditions. They are reliable tools
for studying soil moisture variations.

Subsidence damage affects several regions located
throughout France and is therefore subject to different cli-
mates (see Fig. 2 for a climatic zoning of the country). We
consider the tipping point for subsidence not as an absolute
value of soil moisture but rather as a measure of the deviation
from the mean. This definition is consistent with the physical
mechanism of subsidence damage, which is related to a dif-
ference in soil moisture content relative to its average value
(Sect. 1).

In this study, we define droughts as periods in which the
value of the daily SWI is below a threshold value. The lat-
ter corresponds to a certain percentile of the empirical SWI
distribution calculated over a given ISBA grid point. Based
on in situ observations in the United States and Canada, Ford
et al. (2016) showed that the record length required to ob-
tain stable daily soil moisture distributions ranges from 3
to 15 years. Assuming that these results are applicable to
France, our study period of 19 years is sufficient to obtain
reliable SWI percentiles. The use of percentiles also avoids
the need to standardize SWI values, as the shape of their dis-
tributions is quite variable depending on the local climate
(D’Odorico et al., 2000; Vidal et al., 2010). In this study
we deliberately make no assumption about the triggering
drought frequency and therefore consider thresholds ranging
from the first percentile to the median.

Once drought periods have been identified using the daily
SWI percentile criterion, several options are considered to
quantify the drought events. For this purpose, the character-
istics of drought events are described in Vidal et al. (2010):
severity, duration, and magnitude. We apply this concept to
our definition of drought:

– Severity is the maximum deviation of the SWI from the
threshold.

– Duration is the number of days below the threshold.

– Magnitude is the sum of the daily SWI deficit values
(equivalent to an integral) below the threshold.

All three indices are considered. Given the temporal resolu-
tion of the insurance data, we assume only one major drought
event per year, as we are working on an annual scale. There-
fore, a single index value is calculated each year.

For each municipality, the three indices are computed for
two model configurations (LAI_clim and LAI_model), four
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Figure 2. Location of the 26 study municipalities, along with a climate (Joly et al., 2010) and clay shrink–swell exposure map (BRGM,
2024). The black markers depict the municipalities used for calibrating the indices, and the white ones are used for validation. Bold lines
indicate the five French departments (13, 31, 45, 57, 63) in which are located the calibration subsets (Bouches-du-Rhône, Haute-Garonne,
Loiret, Moselle, Puy-de-Dôme).

model soil layers 5 to 8, and 50 SWI percentile values (from
1 to 50). This corresponds to 1200 configurations.

It should be noted that although the conversion from vol-
umetric soil moisture to SWI is useful for unifying the in-
formation on a national scale (Fig. S1), it does not affect the
magnitude calculations. In fact, the calculations are based on
thresholds defined by percentiles of daily soil moisture, the
distribution of which is unchanged by the linear transforma-
tion that is the conversion to SWI.

2.5 Pairwise ranking of years

To assess the ability of the drought indices to represent sub-
sidence damage for a given year, we compute the Kendall
rank correlation coefficient (Wilks, 2006) between the two
variables, over the entire study period. The Kendall rank cor-
relation test compares the respective ranks of paired data by
counting concordant and discordant pairs. It produces a coef-
ficient ranging from 0 to 1, the Kendall τ , and a p value (the
null hypothesis being that the variables are not correlated).
This test has the advantage of being nonparametric and ro-
bust to extreme values.

To maximize the number of observations used to compute
the Kendall τ , we merge data from multiple municipalities to
form regional subsets. An association is performed to pair the
municipal insurance data with the soil moisture available on
the ISBA grid. We compare the soil and vegetation character-
istics of all the ISBA cells that are less than 2.5 km from the
municipality boundary, ultimately selecting the cell with the

highest grass and clay content (most representative of a dam-
aged building environment) as the most representative cell.
We choose to base the selection on soil and vegetation rather
than distance because we believe that outside of mountainous
areas, the atmospheric forcing does not change drastically for
two neighboring cells.

For each regional subset, the Kendall τ is computed for all
the 1200 possible drought index configurations. The high-
est Kendall τ values are used to identify optimal configu-
rations. Correlation calculations are performed sequentially
for regional subsets and are combined by calculating a mean
Kendall τ .

2.6 Validation

The best drought index configuration is then applied to in-
dependent data to verify that we avoid overfitting. For this
purpose, the drought index is computed for all the munici-
palities not used in the calibration (forming a validation set)
and is confronted with the corresponding normalized number
of claims. For further analysis, the optimal drought indices
of both calibration and validation sets are sorted into classes
and the distributions of the normalized damage counts are
compared. Four drought index classes are defined from the
calibration set: a first class that includes all zero values (no
drought) and three other classes that divide the rest of the
population into equal groups. The class delineation is applied
to the validation set.
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Finally, both the drought index and the normalized insur-
ance data are compared to the set of historical CatNat de-
crees.

For each subset, we assess the ability of the optimal
drought index to predict claims by counting contingencies
and deriving scores (Wilks, 2006). First, we transform quan-
titative optimal drought magnitudes and normalized claim
counts into Boolean occurrences of predictions and observa-
tions, respectively. The correspondences for each subset are
reported in a contingency table. We refer to the four metrics
in the contingency table as true positives, true negatives, false
positives, and false negatives (TP, TN, FP, and FN, respec-
tively). The performance of the index in identifying damage
patterns is then evaluated for each set by calculating scores.
From the variety of scores available in the literature, we se-
lected the proportion correct (PC), bias (B), false-alarm ra-
tio (FAR), probability of detection (POD), and probability of
false detection (POFD). Each of these metrics is described in
detail in Table 1.

2.7 Study area

The calibration set consists of five subsets of four munici-
palities distributed throughout France, in different climatic
settings (continental, modified oceanic, Mediterranean, and
southwest basin, based on the typology proposed by Joly et
al., 2010). The validation set merges six municipalities in the
southwest basin climate setting, from the same classification.
We choose municipalities corresponding to different urban
contexts (dense urban to rural) to have a representative sam-
ple as Corti et al. (2011) showed that urban centers are not
susceptible to subsidence, while discontinuous urban areas
are half as vulnerable as rural areas.

The locations of each set, as well as the climate (Joly et
al., 2010) and exposure to clay shrink–swell maps (BRGM,
2024), are detailed in Fig. 2. Each calibration subset is
referred to as the corresponding French department (ad-
ministrative subdivision): Bouches-du-Rhône (13), Haute-
Garonne (31), Loiret (45), Moselle (57), and Puy-de-Dôme
(63).

3 Results

3.1 Assessment of the drought index configurations

For the calibration set consisting of the five regional sub-
sets, the 1200 drought index configurations are evaluated by
measuring the Kendall rank correlation with the normalized
number of claims. Figure 3 shows the Kendall τ coefficients
averaged over the calibration subsets and by 5th-percentile
threshold groups for each drought index type, simulation
configuration, and model soil layer. Each group, of equal
size, consists of 25 values (5 calibration subsets× 5 thresh-
olds). The maximum p value obtained per group is plotted in
the Supplement (Fig. S2).

Figure 3 shows that the average Kendall τ calculated over
the groups ranges between 0.13 and 0.42. Similarly, the max-
imum p value observed per group ranges between 0.0001 and
1. For both LAI_model and LAI_clim simulations, and espe-
cially for the duration index, the results tend to get worse as
the thresholds get higher. We also note that the performance
of the severity index decreases significantly for the most su-
perficial 0.2–0.4 m model soil layer. The most stable index is
the magnitude index. For extreme thresholds (1st to 5th per-
centiles), there is little difference between the three indices,
and the average Kendall τ increases with the depth of the
soil layer. Finally, the highest correlation coefficients are ob-
tained with the LAI_model simulation, extreme thresholds,
and layers below 0.6 m (model soil layers 7 and 8). We also
observe with the LAI_model configuration that the p value
of each group is always below 0.001 for model soil layer 8
(0.8–1.0 m); cf. Fig. S2 in the Supplement.

3.2 Optimal drought index

We define an optimal drought index from the LAI_model
simulation, the SWI of the deepest model soil layer (layer 8,
from 0.8 to 1.0 m), and averaged magnitudes computed with
thresholds corresponding to the 1st to 5th percentiles. This
index is hereafter referred to as the optimal drought magni-
tude.

Figure 4 plots the average optimal drought magnitude of
the five calibration subsets against the corresponding average
normalized number of claims over the entire study period.
The error bars indicate the amplitude of the values (mini-
mum and maximum of the variable in the subset). The same
data are also presented as a scatterplot in the Supplement
(Fig. S3).

The CatNat decrees issued over the period are also shown
in Fig. 4, as gray bars whose shading changes with the num-
ber of decrees per year and subset. Over the whole period, we
count 20, 25, 6, 12, and 16 decrees promulgated for subsets
13, 31, 45, 57, and 63, respectively.

From Fig. 4, we can see that the optimal drought index
identifies 2003 and 2018 as the most important drought years
for almost all subsets. This pattern appears in the normalized
number of claims with some gaps. Discrepancies are also
identified for years with zero drought magnitude when claims
were reported, with the example of 2005 for Department 13.
Some local drought events are detected by both magnitude
and insurance data, such as 2011 for Department 31. The
amplitude of the magnitudes indicates that when a drought
is detected, every municipality in the calibration subset is
affected. This means that the index is spatially consistent.
Overall, there is a good correspondence between zero mag-
nitudes and the absence of damage. Furthermore, we find a
very strong association between normalized damage counts
and CatNat decrees.

The number of rejected claims is also shown in Fig. 4. Sit-
uations in the calibration and validation sets can be identified
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Table 1. Scores for assessing the performance of the optimal drought magnitude, based on the fractions of true positives, true negatives, false
positives, and false negatives (TP, TN, FP, and FN, respectively).

Name Equation Optimal value Definition

Proportion correct PC
= (TP+TN) / (TP+TN+FP+FN)

1 Ability to predict correctly (accuracy)

Bias B

= (TP+FP) / (TP+FN)
1 (unbiased) Tendency to see more (>1) or fewer

(<1) predictions than observations

False-alarm ratio FAR
=FP / (TP+FP)

0 Fraction of predictions that turn out to
be wrong

Probability of
detection

POD
=TP / (TP+FN)

1 Fraction of occurrences of the event for
which there was a prediction

Probability of false
detection

POFD
=FP / (FP+TN)

0 Fraction of wrong predictions when the
event did not occur

Figure 3. Average Kendall τ per group, computing the rank correlation between drought index and normalized number of claims, for all
calibration subsets, separating index type (duration, magnitude, severity), model simulation (LAI_clim, LAI_model), model layer (SWI5 to
SWI8, i.e., 0.2–0.4 to 0.8–1.0 m), and threshold value range (from 1st to 50th percentiles in groups of five).

where rejected claims could be the source of inconsistencies
between the drought index and claims. In particular, all the
inconsistencies noted between index and claims (positive in-
dex and no claims) observed in 2003 and 2018 can be ex-
plained by this factor (three inconsistencies in 2003 and one
in 2018).

The predicted counts and scores calculated for all subsets
are shown in Table 2. For all calibration subsets, the PC and
POD are above 0.5 and the FAR and POFD are below 0.5

(except for the high FAR of 0.57 for zone 57). On the other
hand, the obtained bias ranges between 0.64 and 1.75, with
the subset having the smaller bias (closest to 1) being subset
45 (B = 1.18). The scores are averaged when the calibration
subsets are merged, compensating for differences.

3.3 Validation

For the six municipalities of the validation set, we compute
optimal drought magnitudes (LAI_model, layer 8, average
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Figure 4. Optimal drought magnitude (a) and normalized number of claims (b) averaged by calibration subset and numbers of towns per
subset (c) with accepted (A) or denied (D) CatNat requests. The error bars indicate the amplitude of values.

Table 2. Table of contingencies (TP, TN, FP, FN) and scores (PC, B, FAR, POD, POFD) for calibration and validation subsets. The highest
and lowest values are in bold and in italics, respectively.

Subset Number TP (%) TN (%) FP (%) FN (%) PC B FAR POD POFD

Calibration 13 76 34 33 8 25 0.67 0.71 0.19 0.58 0.19
31 76 40 14 9 37 0.54 0.64 0.19 0.52 0.39
45 76 21 58 13 8 0.79 1.18 0.38 0.73 0.19
57 76 20 47 26 7 0.67 1.75 0.57 0.75 0.36
63 76 27 38 13 22 0.64 0.81 0.33 0.54 0.26

All 380 28 38 14 20 0.66 0.88 0.33 0.59 0.27

Validation All 114 29 28 16 27 0.57 0.80 0.35 0.52 0.36

of the 1st to 5th percentiles). The Kendall rank correlation
between the optimal drought magnitude and the normalized
number of claims yields a τ value of 0.23 and a p value of
less than 0.001, indicating a statistically significant correla-
tion. Figure 5 plots the average optimal drought magnitude
and the normalized number of claims for this set over the 19-
year study period. CatNat decrees are shown as gray bars in
the background of the second graph. These results are also
presented in a scatterplot in the Supplement (Fig. S4).

In Fig. 5, we see that the magnitude index is able to iden-
tify droughts in more than half of the municipalities for the
years 2003, 2009, 2011, 2012, 2014, 2016, and 2018. How-
ever, not all of these years correspond to years with signif-
icant damage (2002, 2003, 2011, 2012, 2016, 2017), and
some years even remain undetected. As with the calibration
set, we observe a very strong correspondence between nor-
malized damage numbers and CatNat decrees. The scores

obtained for the validation set, displayed in Table 2, are quite
similar to the ones obtained for the merged calibration sub-
sets.

Then, the optimal magnitudes of calibration and validation
sets are sorted into four classes. Statistics describing the nor-
malized number of claims per magnitude class for both sets
are available in Table 3. Figure 6 shows the distribution of
the same variable per class, separating the two sets.

From Table 3 and Fig. 6, we can see that the entire popula-
tion is evenly distributed among the classes for the two sets,
except for classes 2 and 3 of the validation set, which contain
more and fewer elements than class 1, respectively. For the
calibration set, the value of the damage quartiles increases
with the magnitude class, indicating a positive association.
The same is observed for the validation set for the lower and
middle quartiles. We observe that the distributions of the nor-
malized number of claims are similar for both sets in classes
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Figure 5. Optimal drought magnitude (a) and normalized number of claims and CatNat decrees (b) for the six municipalities of the validation
set.

Table 3. Statistical distribution of normalized number of claims (in %) by magnitude class of calibration and validation sets. Class limits,
numbers of observations, and quartiles (Q) are indicated.

Magnitude class Range Calibration Validation

Number Q 25 % Q 50 % Q 75 % Number Q 25 % Q 50 % Q 75 %

0 0 220 (58 %) 0.0 0.0 0.0 63 (55 %) 0.0 0.0 0.1
1 (0, 0.03] 54 (14 %) 0.0 0.0 0.1 18 (16 %) 0.0 0.1 1.0
2 (0.03, 0.26] 53 (14 %) 0.0 0.1 0.7 23 (20 %) 0.0 0.2 0.9
3 (0.26, 2.81] 53 (14 %) 0.1 1.0 3.8 10 (9 %) 0.0 0.5 0.6

0 and 2. Class 1 of the validation set is characterized by a
high upper quartile and class 3 by a low one, in contrast to
the wide range noted in class 3 for the calibration set.

4 Discussion

In the previous section, we presented an optimal drought in-
dex that we calibrated over five regional subsets and com-
pared to independent data. The findings are discussed in the
following section, along with perspectives.

4.1 How does the drought magnitude compare to
existing drought indices?

This paper presents a new drought index, the yearly drought
magnitude, which quantifies the yearly summed dry anomaly
of an LSM-derived daily SWI. The reason for choosing a
drought index based on LSM output is based on the nature
of the phenomenon under study. As mentioned above, clay

shrinkage is a physical response of soils to drying. Therefore,
the most relevant way to monitor it is to focus on soil mois-
ture variations. Meteorological variables alone are not able
to provide a sufficient description of the hydric state of soils
due to the multiple interactions between atmosphere, soil,
and vegetation at the surface, hence the difference between
the SPI and SSWI noted by Soubeyroux et al. (2012) and
Charpentier et al. (2022). As illustrated by the indices listed
by WMO and GWP (2016), the only way to assess soil mois-
ture evolution is to weight contributions from simple water
balance models to more complex LSMs.

Although both are based on an ISBA-modeled SWI, our
approach has a major difference from the one developed by
Vidal et al. (2010). In the latter, the magnitude index is calcu-
lated from an SSWI consisting of a monthly SWI standard-
ized at different timescales by fitting to a given distribution
over the period 1958–2008. This method was not applica-
ble to our work because the insurance data lead us to focus
on the years 2000–2018, a period which is too short for a
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Figure 6. Distributions of the normalized number of claims per magnitude class, separating the calibration and validation sets.

proper distributional analysis of the monthly SWI. However,
the standardization step is still included in the index calcula-
tion, since the thresholds are based on SWI percentiles.

4.2 Why is an interactive LAI needed?

The evaluation of 1200 possible index configurations showed
the best performance of the magnitudes computed from the
LAI_model simulation, model soil layer 8 (0.8–1.0 m), and
extreme drought thresholds (1st to 5th percentiles).

The only difference between LAI_model and LAI_clim
simulations is that the LAI varies over time in response to
water and energy budgets for LAI_model, while the LAI
cycle is the same each year, based on a climatology for
LAI_clim. The interannual variability in the LAI depends on
meteorological conditions and the effect of soil water deficit
on photosynthesis and plant growth. At the same time, the
simulated soil moisture depends on the amount of water ex-
tracted from the soil by plant transpiration, and thus the tem-
poral evolution of soil moisture is linked to the LAI vari-
able. The interactive leaf area index scheme of LAI_model is
an improvement over the fixed pattern of LAI_clim because
it includes vegetation feedback in response to soil drought.
Drought conditions limit plant growth, LAI values, plant
transpiration, and root water extraction from the soil. Fig-
ure 7 shows time series of the LAI, SWI5 (0.2–0.4 m), and
SWI8 (0.8–1.0 m). Time series are shown for LAI_clim and
LAI_model simulations at a single ISBA grid point located
in the calibration subset corresponding to Department 31. It
can be observed that larger LAI values in a simulation tend
to trigger smaller SWI8 values at the end of the summer and
during fall. For example, the lower soil moisture content of
LAI_clim in 2003 with respect to LAI_model corresponds

to higher LAI values during the warm season. This effect is
much more visible for SWI8 than for SWI5. As explained
by Ravina (1983), the hydraulic conductivity of the topsoil
layer decreases with drying to the point where moisture in the
deeper layers can remain practically unchanged. Soil mois-
ture variations in deep layers are therefore more dependent
on water uptake by roots than on diffusion processes. This
explains the large impact of vegetation transpiration and the
stronger correlation with the LAI.

Figure 3 shows that all annual drought indices correlate
better with the number of insurance claims for deep soil lay-
ers. The best score values are obtained for SWI8. Figure 7
shows that the main difference between the two SWI vari-
ables is the presence of a high-frequency component in the
SWI5 time series. The proximity of this most superficial
layer to the surface, where meteorological exchanges take
place, explains these short-term fluctuations, which conse-
quently fade with depth. In other words, the SWI of a deep
soil layer, which indirectly filters out high-frequency varia-
tions, reflects longer-term soil moisture trends compared to
surface soil moisture. This explains the better correlation of
the SWI8-based drought indices with damage data, consider-
ing that subsidence is a long-term, gradual phenomenon. For
all simulations, layers, and index types, better results are ob-
served for low thresholds. Consequently, a daily SWI below
the 5th percentile of the empirical distribution is relevant for
the definition of drought when monitoring subsidence.

4.3 Is the optimal drought magnitude a reliable proxy
for subsidence damage?

Figure 3 shows that magnitude is a more robust drought index
for representing subsidence damage than duration and sever-
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Figure 7. Time series of the LAI and SWI5 and SWI8 (corresponding to soil layers 0.2–0.4 and 0.8–1.0 m, respectively), differentiating
between simulations of LAI_clim and LAI_model, for a single ISBA grid point located in the calibration subset attached to Department 31.

ity. In particular, a deterioration in the performance of the
duration and severity indices is observed for increasing per-
centile drought thresholds and decreasing soil layer depths.
The duration index loses much information for large per-
centile drought thresholds, hence the lower correlation val-
ues. As with severity, this index is inherently sensitive to ex-
treme values, which is not well suited to the frequent soil
moisture variations in near-surface layers that are not repre-
sentative of long-term trends (as seen in Fig. 7). Neverthe-
less, we note very similar Kendall τ values for the three in-
dices at percentile drought thresholds of less than the 15th
percentile. Finally, magnitude is chosen as the best index be-
cause it combines both duration and severity, compensating
for their respective drawbacks. Also, as shown in Fig. 4, mag-
nitudes are spatially consistent: similar drought trends are ob-
served for points within the same regional calibration subset.
The average Kendall τ of 0.42 between magnitudes and the
standardized number of claims for the calibration set shows
a strong positive association, with a high statistical signifi-
cance (p value≤ 0.001).

The optimal magnitude index identifies significant drought
events in 2003 and 2018 for more than half of the study areas
(see Fig. 4). These two years experienced notable summer
drought events, which have been widely documented in the
literature (see for example Buras et al., 2020). The index has
the advantages of identifying not only the occurrence of such
droughts but also their absence and of being spatially consis-
tent.

Nevertheless, we observe discrepancies: drought years
with no damage recorded and, conversely, damage recorded

in the absence of drought. The functioning of the French
CatNat system offers possible explanations for both situa-
tions. As explained above, the coverage of subsidence dam-
age by this system requires the publication of a decree for a
given year and municipality, the issuance of which is condi-
tional upon meeting geotechnical and meteorological crite-
ria. The meteorological criterion is currently calculated on a
seasonal basis and requires a frequency threshold to be ex-
ceeded. Losses are only documented in years with decrees,
hence their strong co-occurrence noted in Figs. 4 and 5. The
absence of decrees provides an explanation for the incon-
sistencies between positive magnitudes and zero damage. A
drought event can occur without leading to a decree if the
seasonal criteria are not met. On the other hand, it is possible
to have low drought magnitudes and a CatNat decree in the
same year. Low threshold magnitudes quantify the driest mo-
ments of the year (summer to fall droughts), while a single
season only needs to be drier than usual to satisfy the Cat-
Nat meteorological criterion. For such years, the presence of
claims can be explained by delays in reporting, as it is diffi-
cult for both homeowners and insurers to accurately time the
occurrence of subsidence damage. This would explain why,
for certain years and municipalities, claims are reported with-
out significant magnitudes. The link to the CatNat regime is
not the only factor explaining the inconsistencies between
magnitudes and claims: several sources of uncertainty have
not been considered in this study. These are discussed in the
next section.

The analysis of the scores provides more insight, subset-
wise. The high PC (>0.5) obtained for all zones shows that
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the index makes a majority of correct predictions, despite
the limitations mentioned above. The same conclusions can
be drawn from the POD (>0.5): more than half of the loss
events were detected for each subset. On the other hand,
the important range of bias variation was unexpected: using
thresholds defined from a given SWI frequency, the occur-
rence of subsidence damage is either under-predicted (subset
31) or over-predicted (subset 57). We can link this finding to
the record of CatNat decrees: for the same number of years
and cities, 25 decrees were issued for subset 31 and 12 for
subset 57. Over-prediction is more likely for a small number
of observations, and vice versa. This is not the only expla-
nation, as the less biased subset (45, B = 1.18) is associated
with the smallest number of decrees (6). Finally, the FAR and
POFD characterize the tendency of the index to make false
predictions. For all subsets, the POFD is below 0.4: fewer
than 4 out of 10 predictions turn out to be wrong in the ab-
sence of subsidence claims. The FAR is also below 0.4, ex-
cept for in subset 57: fewer than 4 positive claim predictions
out of 10 turn out to be wrong. In both cases, a minority
of predictions are wrong. The high FAR obtained for sub-
set 57 (0.57) is related to the high bias (1.75) noted above.
The scores computed over the entire calibration data set com-
pensate for the differences between the subsets; these results,
which are more robust, were expected, given the largest num-
ber of conditions.

The validation step also provides useful information to an-
alyze how the optimal magnitude index fits the subsidence
hazard. The lower Kendall τ of 0.23 indicates a weaker as-
sociation of the index with subsidence damage compared to
the calibration set while maintaining high statistical signifi-
cance (p value less than 0.001). Once again, we can explain
the disparities between drought magnitude and damage by
the absence of CatNat decrees and the delays in reporting.
Nevertheless, the magnitude index manages to identify most
of the years with significant damage. The results obtained for
the validation set from the contingency table are quite sim-
ilar to, if not slightly less effective than, those obtained for
the entire calibration set. The satisfactory performance of the
index computed from unseen data proves that we success-
fully avoid overfitting, i.e., the over-adaptation of the model
to specific patterns of a given data set, in our case the cali-
bration set. In addition, the magnitude classification reveals
underlying trends in both the calibration and the validation
sets (Fig. 6). The similar distributions of both sets across
classes indicate that the validation set, although smaller, is
representative. However, these distributions are uneven, with
the first class, corresponding to no damage, containing more
than half of the magnitudes (Table 3). This is not surprising,
since we are focusing on extreme and thus rare events. This
is problematic for the validation set, as there are only a lim-
ited number of data left to divide into classes. For example,
the last class in the validation set contains 9 % of the mag-
nitudes, or 10 values, which is too small for a proper analy-
sis. While the data in the validation set are representative of

the proportion of null events, they are insufficient to provide
reliable damage distributions associated with positive mag-
nitudes. This provides an explanation for the incoherent de-
creasing upper-quartile observation from magnitude class 1
to magnitude class 3 in Table 3. The zoning between classes
can be refined using a larger data set. While the magnitude
drought index is able to identify the occurrence of drought
events relevant for subsidence damage monitoring, the index
alone is not able to provide accurate quantitative damage es-
timates at this stage. The validation step could be improved
using a larger data set.

4.4 What are the sources of uncertainty?

The non-linearity of the relationship between optimal
drought magnitudes and losses can be explained by several
sources of uncertainty. Subsidence losses are the result of a
combination of factors, not all of which have been considered
at the same level of detail in this paper.

4.4.1 Representativeness of the insurance database

The number of subsidence claims used in this paper is a sam-
ple from a database compiled by CCR from insurance com-
pany submissions. It is important to keep in mind that the
representativeness of these data varies across years and cities,
depending on what was submitted. This is truer the smaller
the city (see the number of single-family houses with moder-
ate to high exposure to clay shrinkage per city in the Supple-
ment).

4.4.2 Circularity

As already explained, knowledge of the history of the Cat-
Nat decrees issued is crucial for the interpretation of a sub-
sidence damage record. However, the meteorological crite-
rion that determines the issuance of these decrees is based
on the ISBA model, just like the magnitude index we devel-
oped, although in a different configuration. Therefore, there
is an indirect link between the two variables we are corre-
lating, which induces a certain circularity in the approach.
This weakness is recognized, but no valuable alternative can
be considered: insurance claims are the only available evi-
dence of subsidence, and LSMs are the tools that currently
provide the most consistent estimates of soil moisture at the
national scale. Nevertheless, we can consider the dependency
between magnitudes and claims low, since the meteorologi-
cal criterion of the CatNat decree is based on a version of
the ISBA model (SWI uniforme) that is very different from
the one used in this study and that has been modified sev-
eral times. A possible alternative to insurance claims as a
proxy for subsidence is the direct use of remotely sensed
ground motion. In particular, satellite-borne interferometric
synthetic aperture radar (InSAR) data can be used to in-
fer vertical motion after appropriate processing, as done by
Burnol et al. (2021). For example, the European Ground Mo-
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tion Service (EGMS; Crosetto et al., 2021) has provided ver-
tical displacements over Europe with high spatial and tem-
poral resolution, based on the Copernicus Sentinel-1 satel-
lites, since 2018. The main advantage of this technique is its
large spatial coverage. However, the interpretation of such
data is not trivial. In the case of clay shrink–swell, the vertical
displacements are non-linear (seasonal periodicity), of small
amplitude (a few to tens of millimeters), and spatially hetero-
geneous due both to the natural irregularity of clay soils and
to the contrasting responses of reflectors (less movement is
expected for tall buildings on pile foundations, as explained
by Tzampoglou et al., 2022). It can therefore be challeng-
ing to separate a signature expansive soil signal from other
phenomena such as subsidence induced by water pumping
(Meisina et al., 2006). We recognize the potential of these
data, but the EGMS data set was not available at the time of
the study. In addition, it begins in 2018, which barely over-
laps with our study period, which spans 2000 to 2018.

4.4.3 Differences in temporal and spatial resolution

Uncertainty is also introduced by the different temporal and
spatial resolution of the two main data sets compared in this
study, i.e., soil moisture and the number of claims.

The annual temporal resolution of this study is forced by
the insurance claim data set, while the soil moisture simula-
tions are more precise (daily). The coarse resolution of the
first data set is explained by the difficulty for insurers of pre-
cisely dating the occurrence of subsidence damage due to the
slow nature of the phenomenon. For this reason, this work
could not be carried out at a finer temporal scale. However,
there is an advantage to using daily instead of annual soil
moisture data: the SWI distribution is expected to be more
robust over a 19-year period due to the large number of ob-
servations. This is particularly important in the context of a
changing climate. The hypothesis of a stable daily soil mois-
ture distribution remains a source of uncertainty inherent to
this work.

The two data sets also present a difference in spatial res-
olution: the number of claims is available at the municipal
scale, while soil moisture is modeled at an 8 km× 8 km scale.
These two grids are of the same order of magnitude. The
overlap allows them to be paired using a criterion other than
distance alone.

4.4.4 Cumulative effect of subsidence

After a particularly hot summer, the soil under perennial
plants is likely to be so dry that a single wet season may
not be able to compensate for the water deficit. This leads
to a cumulative effect of droughts and thus soil movement
(Page, 1998). For simplicity, the drought index described in
this study is calculated from the SWI of a single year only.
The cumulative effect is therefore neglected and is a source
of uncertainty. The good agreement obtained here between

drought magnitudes and normalized claims indicates that the
conditions of a single year are a satisfactory enough predictor
of subsidence occurrence. Taking into account the cumula-
tive effect would improve the agreement with the numbers of
claims. This step could be implemented in a damage model
by, for example, weighting magnitudes by their history.

4.4.5 Zoning of clay shrink–swell exposure

Clay shrinkage depends on triggering factors, such as
drought, and predisposing factors, the most important of
which are the presence of clay, its nature, and its ability to
shrink and swell. In order to minimize the influence of these
factors, we focused our analysis on the housing stock located
in moderate- to high-hazard zones of municipalities with a
significant history of subsidence damage. The blending of
moderate- and high-exposure zones in the housing data set
is an initial source of uncertainty, as the same drought is ex-
pected to trigger different responses in soils of different sus-
ceptibility. Despite the selection of the housing data set, the
uncertainty arising from the exposure to clay shrink–swell
exposure map itself must be considered. The exposure map,
made at a regional scale of 1 : 50000, does not integrate very
local clayey soil occurrences. The latter are frequent in rela-
tion to clay formation and depositional geological processes
(BRGM, 2024). The lack of precision of the clay maps here
affects the number of houses in different hazard zones used
in the normalization step. The associated uncertainty is trans-
ferred to the value of the normalized number of claims. At
this stage, we are not trying to make precise damage predic-
tions but rather only identify drought years. Therefore, this
source of uncertainty is not the most dominant. Moreover,
this study does not take into account the intensity of the de-
formation induced by the shrink–swell mechanism, which is
a significant component explaining the deformations of the
structures induced by variations in water content.

4.4.6 Local factors

Local factors other than the sporadic presence of swelling
clay play a significant role in the subsidence phenomenon:

– The presence of vegetation (especially deciduous trees)
around the building is critical, as roots are known to lo-
cally intensify soil drying during droughts (Freeman et
al., 1992; Hawkins, 2013; Page, 1998).

– The characteristics of the building itself (e.g., building
type, number of floors, presence of a basement) deter-
mine its vulnerability to subsidence damage. This is
important in understanding the causes of a subsidence
claim (Page, 1998).

– Various elements of the building environment, such as
its orientation, the slope of the land, or the presence
of pavement, can limit or enhance soil moisture vari-
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ations and thus seasonal ground movements (Cooling
and Ward, 1948; Page, 1998).

None of these factors were considered in this work because
this information was not available for integrated municipal-
scale data. The specific effect of trees on soil moisture fluc-
tuations could be investigated by modifying the ISBA model
configuration. For all the other local factors, evaluation of
their influence on subsidence is only possible through local
analysis using instrumented sites.

4.5 What are the possible applications for this work, in
and outside of France?

The main result of this research is a new index, the yearly
drought magnitude, specifically adapted to the problem of
clay-shrinkage-induced subsidence. It is computed from the
SWI output of the ISBA LSM and is calibrated and validated
with insurance data. As shown above, this index is relevant
for the identification of subsidence-induced drought events.
It faces several limitations due to the various sources of un-
certainty.

The research was carried out on a sample of 20 cities, but
the index can be calculated for the whole country. A first pos-
sible application is the use of the magnitude of drought itself
to monitor conditions likely to cause subsidence over time, as
is currently done by French institutions. Another possible ap-
plication, this time for the insurance industry, would be to use
the index as an improved predictor in subsidence loss mod-
els, such as the one developed by Charpentier et al. (2022).

As several regions worldwide face similar clay-shrinkage-
induced subsidence problems (see for example MacQueen et
al., 2023, and Mostafiz et al., 2021, for the UK and the USA,
respectively), the methodology can be adapted to other coun-
tries. The SURFEX modeling platform, in which ISBA is
implemented, can be applied anywhere, provided that high-
resolution atmospheric forcing is available.

5 Conclusion

In this paper, we propose a new annual drought index, the op-
timal drought magnitude, tailored to the subsidence hazard.
Our work can be summarized as follows.

– The proposed optimal drought magnitude is the mean of
five annual integrals of daily soil wetness index (SWI)
values under several thresholds (1st to 5th percentiles of
the empirical SWI distribution). It is based on the eighth
model layer (depth of 0.8 to 1.0 m) of the ISBA land sur-
face model in a configuration that allows interactive LAI
simulation. In this configuration, the average Kendall τ
between the drought index and the normalized number
of claims is equal to 0.42 with a high statistical signif-
icance (p value≤ 0.001). The validation step indicates
that we avoid overfitting.

– The optimal drought magnitude identifies events that are
likely to generate subsidence claims. It is spatially con-
sistent. Differences with subsidence damage claims can
be explained by the way claims are collected and by the
lack of information on local conditions.

– The optimal drought magnitude benefits from recent ad-
vances in land surface modeling (multilayer, interac-
tive LAI). It could be used as a predictor in subsidence
loss models to provide more accurate cost estimates. As
this index is based on ISBA simulations, future subsi-
dence damage risks could be assessed by forcing ISBA
through downscaled climate model simulations.

Future developments will focus on reducing uncertainties by
working at finer spatial scales and by investigating the spe-
cific effects of different vegetation types.

Code availability. The analysis was carried out with Python
codes that can be made available upon request. SURFEX can
be downloaded freely at http://www.umr-cnrm.fr/surfex/data/
OPEN-SURFEX/open_surfex_v8_1_20210914.tar.gz (CNRM,
2016). It is provided under a CECILL-C license (French equivalent
to the LGPL license).

Data availability. The data presented in the figures are avail-
able online at https://doi.org/10.6084/m9.figshare.23559507
(Barthelemy, 2023). Geographic distribution of ex-
posed single-family houses can be downloaded freely at
https://www.statistiques.developpement-durable.gouv.fr/nouveau-
zonage-dexposition-au-retrait-gonflement-des-argiles-plus-de-104-
millions-de-maisons (MTES, 2021b).
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3.3 Comparison of ISBA patches

After obtaining these initial results, the experiment was repeated on the ISBA A-gs NIT
simulation separately for each patch. We restricted ourselves to the patches corresponding
to bare soil (1), rocks (2), deciduous broadleaf trees (4), C3 crops (7), C4 crops (8) and
C3 grassland (10) as they are the only ones existing throughout the whole country (see
Figure 2.3), and therefore are potentially viable for operational use. The resulting average
Kendall tau between YDMI and claims is plotted in Figure 3.1.

Figure 3.1: Average Kendall tau obtained between number of claims and YDMI
for the different ISBA patches

A highest average Kendall tau of 0.42 is obtained when the YDMI is based on the deciduous
broadleaf tree patch, deepest layers and lowest threshold values. Figure 3.2 provides an
example of LAI and SWI variations for the 8th model layer for each patch, to improve our
understanding of correlation results. The rocks patch is absent from the comparison as it
does not exist at such depths.

The first plot shows that the LAI has an annual periodicity, with a maximum reached in
summer. These variations are due to the vegetation cycle. For example, in the case of trees,
LAI decreases and increases reflect to the senescence and onset of leaves at the beginning
and end of winter. Decreases in midsummer (observed for instance in 2005 for all patches)
correspond to vegetation wilting. Slight variations in the pattern can be observed depending
on the patch: for example, C3 crops (patch 7) reach their peak earlier in the year than
other types, and wilt more often in the summer heat. The year 2003, notable for its drought
[Salagnac, 2007], stands out as wilting affects all patches and is not followed by regrowth.
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Figure 3.2: LAI (top) and SWI (bottom) of layer 8 (80 cm to 1 m) for different
patches, between 2000 and 2006, for the ISBA point located at lon=1.49,

lat=43.64 (Haute-Garonne). Patches 1, 4, 7, 8 and 10 correspond to bare soil,
deciduous broadleaf trees, C3 crops, C4 crops and C3 grassland, respectively.

The second plot separates herbaceous vegetation (crops and grassland) from bare soil (Patch
1) and trees (Patch 4) as the formers often reach lower moisture contents in the summer.
This is explained by the increased evaporative effect of vegetation: it is less pronounced for
trees, which are show a better adaptation to drought through their protection mechanisms.
C3 crops are particularly affected by drought, due to their early LAI peaks: the wilting point
(SWI = 0) conditions prevail for a long time each year, hence the differences in YDMI and
thus in Kendall tau.

The surroundings of a suburban, detached house frequently consist of a garden, with a short
cut lawn and trees. Trees in the vicinity of the building often coincide with damage occurrence
(see section 1.2.2.3), which can explain why they obtained the highest correlation score.

3.4 Comparison of operational ISBA versions

The two optimal configurations obtained previously (aggregated and by patch) were even-
tually compared, applying the same method, to the operational products SIM2 and SWI
uniforme. The characteristics of these two ISBA simulations are reminded in Table 3.1.
SIM2 and SWI uniforme are based on the moisture content averaged over all layers. The
SIM2 outputs by layers correspond to the AST simulations of Barthelemy et al. [2024a].

Resulting average Kendall tau are presented in Figure 3.3. We conserved the same colorbar
range than previous figures for consistency.
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Table 3.1: Characteristics of ISBA operational simulations

Name Soil scheme Layers Texture Vegetation Scheme Vegetation

SWI
Uniforme 3L 3 58% clay

12% sand A-gs AST C3 grassland

SIM2 DIF 10 HWSD A-gs AST Aggregated by patch

Figure 3.3: Average Kendall tau obtained between number of claims and YDMI
for different ISBA versions

The Kendall tau is lower than those obtained previously for the NIT vegetation scheme,
aggregated or for the tree patch, which was equal to 0.42. For comparable threshold values,
SWI uniforme obtains the lowest scores, which can be attributed to the simplistic 3L soil
scheme. This result clearly demonstrates that there is a difference between operational soil
moisture products and those developed in research. Updates to the ISBA version could have
the potential to enhance the reliability of operational applications.

3.5 Optimal index configuration

While similar results are obtained, basing an optimal index on patches rather than aggre-
gated simulations is more suitable for the clay shrinkage-induced subsidence problem, which
primarily affects detached houses in a suburban context. Furthermore, basing the optimal
YDMI on layer 8 is more consistent with previous results than basing it on layer 10. As
shown in Figure B.1, the difference between YDMI based on layer 8 and layer 10 is rather
small.

We define an optimal YDMI, based on the deciduous broadleaf tree patch (patch 4),
the ISBA layer 8 (between 80 cm and 1 m), and drought threshold value between the 1st

and 3rd percentiles of daily soil moisture.

3.6 Conclusion

In summary, the YDMI allows quantification of the conditions that trigger clay shrinkage on
an annual basis. The methodology is based on statistical comparison with insurance claims
data and was proved robust.
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The best results (Kendall tau of 0.42 with high statistical significance) are obtained when
the YDMI is based on the 8th model layer of ISBA (depth between 80 and 100 cm), the
deciduous broadleaf tree patch, and a drought definition corresponding to a daily SWI below
the 1st to 5th distribution percentiles. Deep model layers such as this one are less influenced
by meteorological variability than shallow ones and therefore allow focus on long-term trends,
in agreement with the low kinetics of clay shrinkage. The tree patch is adapted as vegeta-
tion growing near houses has been shown to be an aggravating factor. Finally, the drought
definition shows that the most intense soil moisture conditions encountered in a year are the
most relevant for understanding subsidence induced by clay shrinkage.

In addition, we have shown that an interactive representation of vegetation in ISBA signifi-
cantly improves the results. Also, the research version of ISBA gives better results than the
operational versions, which can be explained by its more advanced options.

In the following chapter 4, ISBA simulations and associated YDMI will be compared with
data from the instrumented site of BRGM in the Chaingy municipality. Gaining insight into
how ISBA compares to field data will make it possible to assess the uncertainties inherent to
modeling.
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4.1 Introduction

The work presented in chapter 3 consisted in extracting the most relevant drought informa-
tion from ISBA soil moisture simulations for understanding the occurrence of clay shrinkage
induced subsidence damage. It has led to the creation of the YDMI.

In the continuity of these results, this chapter explores uncertainties linked to ISBA by
comparing the optimal simulations by patch (simulation V8.1_DIF_NIT_P10) and derived
YDMI to the data acquired on the Chaingy instrumented site (presented in section 2.4). In
particular, differences induced by the contrasting spatial scales will be investigated.

4.2 Compared data

As detailed in section 2.4, the instrumented site in the Chaingy municipality includes 10
Frequency Domain Reflectometry (FDR) soil moisture probes. We identify 7 ISBA grid cells,
of resolution 8 km × 8 km, (shown in Figure 2.13 (B)) whose centroids are less than 8 km
away from the instrumented site. These grid cells are used for comparison. Only the years
2017 to 2022 are included, due to the large amount of missing data in 2016.

Soil Texture

The soil texture of the sandy clay layer at the Chaingy site based on the geotechnical inves-
tigations is compared with that of the 7 ISBA cells in Figure 4.1. The Chaingy sandy clay is
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classified as a sandy clay loam. A single ISBA grid cell belongs to the same category, while
the rest ranges from sandy loam to clay loam.

Figure 4.1: Soil texture of the Chaingy sandy clay (brown diamond) and the 7
ISBA grid cells located less than 8 km away from the site (colored circles)

Vegetation

The Chaingy site is covered by a lawn (Figure 2.14). As the 7 ISBA cells include the six
main patches defined over France, we will consider the C3 grassland patch (number 10) for
comparison.

Depth

The soil moisture probes of the Chaingy site are planted 120 cm deep. They will be compared
to the ISBA layer 9, extending from 100 to 150 cm.

4.3 Soil moisture variations

Soil moisture values of both the Chaingy site and the ISBA V8.1_DIF_NIT_P10 simulation
were averaged by day, their initial time steps being 30 minutes and 1 hour, respectively.

As absolute soil moisture content values are texture-dependent, they require a normalization
in order to be compared. To do so, we rescaled volumetric water contentW between minimum
and maximum (Equation 4.1), as done by Etchevers et al. [2022] for similar purposes. The
resulting variable is called Wnorm.

Wnorm =
W −Wmin

Wmax −Wmin
(4.1)
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Wnorm variations between 2017 and 2022 on the Chaingy site and for the 7 ISBA grid cells
are plotted in Figure 4.2. Their comparison provides valuable insight.

Figure 4.2: Wnorm for the Chaingy site (top) and the 7 ISBA simulations (C3

grassland, 100 to 150 cm) (bottom) from 2017 to 2022

First, we note a greater dispersion between curves associated to the Chaingy site than be-
tween neighboring ISBA grid cells, despite the fact that the Chaingy probes are separated
by no more than 10 meters, whereas the grid cells are separated by 10 kilometers or more.
This observation indicates that in reality, volumetric soil moisture exhibits a considerable
variability at the local scale, which is not accounted for by ISBA. This discrepancy cannot be
attributed to heterogeneous soil textures, as the curves were normalized beforehand. Also,
soil rehydration measured at the Chaingy site always occurs at the same time for all probes
except in 2017 and 2019. This can be attributed to local heterogeneities varying over time,
for example the opening of shrinkage cracks that facilitate water flows.

The difference in drying and rehydration kinetics measured on the Chaingy site was raised
previously in section 2.4. We also report differences between model and observation: drying
is more gradual and rehydration more abrupt with a greater time lag on the field than
in the model. These differences could be explained by the definition of the soil hydraulic
properties in ISBA. They are approximated solely on the basis of texture (see section 2.1.1.2)
and considered homogeneous along the vertical. This representation is not adapted to the
Chaingy site, as the core samples revealed the presence of two different layers (backfilled
topsoil and clay) above 120 cm. In line with this point, Sobaga et al. [2023] have shown that
accounting for the vertical heterogeneity of the soil profile increased the agreement with their
field lysimeter data.

Despite the differences enumerated above, the normalized soil moisture curves of the Chaingy
site and ISBA grid cells exhibit analogous variations, and are consistent towards interannual
trends. For example, both observation and simulation indicate that the spring of 2017 was
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drier than that of 2018. The average Pearson correlation coefficient between the two is 0.74
is, with a root mean square error (RMSE) of 0.22 and a bias of -0.06 (slight tendency of ISBA
to underestimate normalized soil moistures).

4.4 Yearly Drought Magnitude Index

The comparison of Chaingy and ISBA-modeled soil moisture was further refined by computing
a Yearly Drought Magnitude Index. The normalization step has no impact on magnitude
calculations, as drought periods are identified in relation to distribution quantiles and not
soil moisture values.

4.4.1 Calendar year shift

As previously noted, the rehydration of soil at depth following a summer drought occurs later
at the Chaingy site than in ISBA simulations. We attributed this difference to the modeling
choice of vertically homogeneous soil hydraulic parameters in ISBA, which does not align
with the stratification observed in reality.

The fact that the consequences of a drought can sometimes extend beyond the end of the
calendar year, as was the case in 2016, highlights the need for an adaptation of the YDMI com-
putation method. To quantify the drought episode in its entirety, calculations are conducted
with a shift of 100 days in the calendar year. This new index is referred to as the 100-day
shifted YDMI. The YDMI and the 100-day shifted YDMI, derived from ISBA simulations,
are identical.

4.4.2 Comparison

The resulting 100-day shifted YDMI between 2017 and 2022 for the Chaingy site and ISBA
simulations, along with the history of NatCat requests, are plotted in Figure 4.3.

The discrepancy between the YDMIs derived from the Chaingy probes and the ISBA sim-
ulation is immediately apparent. The probe data indicate that the two most significant
drought years were 2018 and 2017, in contrast to 2022 and 2018 for the simulations. While
the two graphs present different information, they both show consistency between probes or
grid cells. This element demonstrates the robustness of the YDMI calculation method. The
higher YDMI values obtained for the Chaingy site than for the ISBA simulation recall that
the observed inter-annual variability is greater than that which was modeled.

The quasi-null YDMI for 2022 on the Chaingy site was an unexpected outcome, given the
notable drought that has affected Europe this year [Toreti et al., 2022]. It is unclear whether
this disparity is due to a local effect or an overestimation of soil moisture deficits by the ISBA
model.

A review of the history of NatCat recognition requests (section 1.5.1) provides valuable in-
sights to clarify this point. It is not relevant to focus solely on the town of Chaingy, as it
submitted requests on an annual basis between 2017 and 2022. A more useful approach is
be to count the number of requests issued by all the towns in the vicinity of Chaingy. This
is illustrated in Figure 4.3 (C), which includes 19 towns within a 10 km radius. The data
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indicates that there was a peak in recognition requests in both 2018 and 2022. If the requests
were accepted in 2018 and not in 2022, it is because the recognition criteria based on the
SWI uniform were met in the former case and not in the latter. Similar trends are observed
when changing the radius to 20 km, indicating that this is not a mere sampling effect.

Figure 4.3: 100-day shifted YDMI for (a) the Chaingy site, (b) the 7 ISBA
simulations (C3 grassland, 100 to 150 cm), and (c) NatCat recognition requests

for the 19 towns situated in a radius of 10 km around Chaingy, 2017-2022

The significant number of requests in 2018 suggests that the sample of towns experienced
exceptional drought conditions that year. It is likely that this situation is underestimated by
ISBA due to its coarse spatial scale. However, the data also indicates that 2022 was a year of
extreme conditions, in line with the ISBA-derived YDMI. The only plausible explanation for
the null YDMI at the Chaingy site this year is that the data is affected by very local factors.

4.5 Displacement

The analysis of displacements measured at the Chaingy site allows us to proceed with further
analysis.

As previously described in section 2.4, the two extensometers, Ext1 and Ext2, are associated
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with very different signals. Ext2 displays annual cycles of shrinkage and swelling, whereas
Ext1 is subject to subsidence, the cause of which is currently unknown. It is more relevant to
focus on the Ext2 acquired signal, given that its cyclical variations are similar to soil mois-
ture’s. The average Pearson correlation coefficient between displacement and soil moisture
is 0.72. This relatively low value is partly due to the temporal lag between rehydration and
swelling, because we are comparing measurements made at 120 cm and integrated over the
entire depth. The displacement measured by Ext2 is recalled in Figure 4.4. For clarity, it has
been centered by subtracting the mean, and smoothed by taking the median over a rolling
window of 20 days.

Figure 4.4: Centered displacement acquired by Ext2, raw and smoothed by
taking the median over a rolling window of 20 days

Ext2 indicates that there was a significant shrinkage episode in 2020 that is not associated
with drought, based on soil moisture probe-derived YDMI. One plausible explanation for
this discrepancy could be that shrinkage leads to a decrease of the soil’s volume, which in
turn results in an increase of volumetric water content for a constant amount of water. This
would indicate that soil moisture probes overestimate water content when the soil shrinks,
as observed in 2020.

We have made a calculation to test this hypothesis. The shrinkage measured at the instru-
mented site is of the order of 0.2% of the soil thickness (shrinkage of about 5 mm for a
thickness of 270 cm). Transposing this order of magnitude, we assume that a 1 m³ cube
would shrink by 2 mm. Such a decrease in volume is equivalent to multiplying the initial
water content by 1.002 in the volumetric soil moisture equation. Since the water content
measured by probes is between 0.15 and 0.55 m3.m−3, the variation is always inferior to
the probe’s precision of 0.1 m3.m−3. The shrinkage moisture range being from 0.15 to 0.35
m3.m−3, in the best case scenario the soil would have to shrink by 23 cm for the difference to
be noticeable, which is far from the order of magnitude of the measured displacement. This
demonstration shows that it is not possible to attribute the discrepancy between absence of
drought and shrinkage to the probe’s measurement of volumetric soil moisture.

However, all of the points made in this section cannot be generalized because they are based
on a single measuring instrument.
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It would have been interesting to compare the signal measured by each of the extensometers
with a simulation of displacement based on soil moisture, made by models as described in
section 1.3.3.2. However, this was not possible because such models require precise charac-
terization of the soil, and the shallowest layer of our site was not geotechnically investigated.

4.6 Conclusion

In summary, ISBA provides reliable estimates of soil moisture. However, there are certain
aspects of the simulation that do not fully match reality. The coarse resolution of 8 km results
in an averaged signal, with no estimation of the variability within a grid cell. Data from the
Chaingy instrumented site have shown that this variability can be important, even at a very
local scale. It may be beneficial to implement a representation of soil volume variations in
ISBA to more accurately characterize this variability. In particular, shrinkage can have a
significant impact on moisture variations through the formation of desiccation cracks.

The objective of the following chapter 5, in the continuity of the approach, is to propose a
retrospective and projections of clay shrinkage triggering conditions, for France, resorting to
YDMIs.
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5.1 Introduction

Previously, chapter 3 presented the stages of development of a drought index adapted to clay-
shrinkage induced subsidence, called the Yearly Drought Magnitude Index (YDMI).
The uncertainties arising from the fact that it is based on modeling at a coarse spatial scale
were assessed in chapter 4, through a comparison with in situ data obtained at the Chaingy
site instrumented by BRGM. As a reminder, the YDMI was developed based on a sample of
claims from 25 highly exposed French towns, located in 5 different geographical areas of the
country. Various configurations of ISBA and of the index were tested. We defined an optimal
YDMI configuration, based on the vegetation patch modeling deciduous broadleaf trees
(patch 4), the 8th soil model layer (at a depth between 80 and 100 cm) and considering as
drought thresholds the 1st to 5th daily SWI distribution percentiles.

As the method has already been presented and discussed, this chapter focuses on the calcula-
tion of YDMI for the entire country (with the optimal configuration). The index is computed
for a historical period (2000-2022), forcing ISBA with the SAFRAN atmospheric reanalysis,
and for a future period (2006-2065) forcing ISBA with the outputs of an ensemble of climate
models under the scenarios RCP 4.5 and 8.5. This work provides a retrospective on past clay
shrinkage triggering conditions, and gives insight on how they should evolve in the future.

The resulting historical and projected YDMI are the main topic of an article submitted to the
Copernicus scientific journal Hydrology and Earth System Sciences [Barthelemy et al., 2024b],
which is currently under review. The article will be summarized in section 5.2. In addition
to these results, we will explore two points related to the coarse temporal and spatial scales
of the YDMI. First, we will examine the temporality of past drought events in section 5.3.
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Second, we will propose a statistical method to refine the spatial resolution of the YDMI in
section 5.4.

5.2 Historical and projected YDMI [Barthelemy et al., 2024b]

5.2.1 Summary

The article submitted to Hydrology and Earth System Sciences focuses on YDMI calculations
for France, both retrospective and projected.

YDMI were computed in their optimal configuration (deciduous broadleaf tree patch, 8th

model layer, and threshold value between the 1st and the 5th daily SWI distribution per-
centiles), for a historical period and for a future period. For the historical simulation, cover-
ing the years 2000 to 2022, ISBA was forced by the SAFRAN meteorological analysis. For
the projected simulation, between 2006 and 2065, ISBA was forced by an ensemble of six
different couples of a Global Climate Model (GCM) and a Regional Climate Model (RCM),
under greenhouse gas emission scenarios RCP 4.5 and 8.5. The six GCM-RCM pairs were
previously selected in the framework of the EXPLORE-2 project [OFB, 2024] on the basis
of several criteria. These criteria, detailed in Robin et al. [2023], were availability for sev-
eral RCPs, realistic behavior over Europe, absence of known errors, consistency of physical
processes between GCM and RCM, and conservation of the dispersion modeled by EURO-
CORDEX. In addition, the CO2 feedback on vegetation is disabled in the projected ISBA
simulations, in order to reduce uncertainties, in contrast to the historical simulation.

In both ISBA simulations, mountainous areas defined by a mean grid cell elevation superior
to 1100 m were filtered out. We found that winter freezing of soil water at depth, which
occurs above this altitude, biases the YDMI calculations. In addition, it is not relevant to
model soil moisture in a mountainous context, because deep soils are only found in valleys
whose elevation is lower than the mean grid cell elevation, making the modeling inaccurate.

The historical analysis highlights the years 2003, 2018, 2019, 2020 and 2022 in which signif-
icant widespread droughts occurred, based on the YDMI. The 2022 event was particularly
intense. This assessment is consistent with the annual reports of the European Drought Ob-
servatory (EDO) [Micale et al., 2015, Masante et al., 2018, 2019, Barbosa et al., 2020, Toreti
et al., 2022]. The projected YDMIs show an upward trend in the future, considering all
models together. It is more pronounced for RCP 8.5 than for RCP 4.5. For several models,
this increasing trend was characterized with high statistical significance by the Mann-Kendall
trend test. Spatialization of the trends identifies southwestern and northeastern France as
future hotspots.

A key point of the study is a discrepancy that there is between the historical and projected
YDMI. Extreme years of the former, in particular 2022, are not modeled by the latter.
Apart from the differences in vegetation modeling in ISBA, this can also be explained by
the difficulty of climate models to represent extreme temperatures in Western Europe, as
described by Vautard et al. [2023].

5.2.2 Article
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Abstract. Clay shrinkage is the retraction of clayey soils under dry conditions, caused by the loss of adsorbed water molecules 

from clay minerals. This phenomenon called clay-shrinkage induced subsidence can cause permanent damage to buildings if 

the drying extends below the foundations. In France, soils with these characteristics are widespread, affecting 48 % of the 

mainland territory (MTES, 2021), resulting in damage amounting to 20.8 billion euros since 1989 (CCR, 2023b). The causes 

of clay shrinkage are not yet fully understood, particularly at large spatial scales that are critical for land management. In a 15 

previous study (Barthelemy et al., 2023), a drought index designed specifically for clay shrinkage was created. It is a yearly 

index called the year drought magnitude. This index measures the daily soil moisture anomaly over the course of a year, based 

on the Interactions between Soil, Biosphere, and Atmosphere (ISBA) land surface model of Météo-France. Its properties have 

been fine-tuned by comparing it to a sample of insurance data. As a continuation of this work, our aim is to analyze past and 

future soil moisture drought events that may cause subsidence by calculating yearly drought magnitudes for France. Prior to 20 

this, we refined the ISBA configuration by focusing solely on tree vegetation types. Historical and projected simulations were 

conducted with the main difference being the meteorological forcing provided to ISBA. The historical simulation covered the 

years 2000-2022 and used the SAFRAN atmospheric reanalysis, while the projected simulation covered the years 2006-2065 

and used an ensemble of climate models under Representative Concentration Pathway (RCP) 4.5 and RCP 8.5. The historical 

simulation revealed significant soil moisture droughts in France in 2003, 2018, 2019, 2020, and 2022. In 2022, there were 25 

notably high index values throughout the country. The projected simulation indicated that drought conditions are expected to 

worsen in the future, particularly under RCP 8.5 compared to RCP 4.5. The scenarios diverged significantly after 2046, and 

both the north and south of the country were equally affected. Differences between historical and projected year drought 

magnitudes were observed: projections are more pessimistic on average and more optimistic regarding extreme events. This 

discrepancy can be explained either by differences in climate forcing or by differences in the vegetation response of the land 30 

surface scheme. 
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1 Introduction 

 Soil moisture refers to the water stored in the unsaturated zone of the soil. Despite representing only 0.05% of total freshwater 

(Gleick et al. 1993), this reservoir plays a crucial role in climate-determining physical processes by interacting with adjacent 

land surface components. It is linked to the atmosphere in terms of both water and energy balance (Seneviratne et al., 2010). 35 

Water is exchanged through precipitation (positive fluxes) and evapotranspiration (negative fluxes). However, not all 

precipitation infiltrates into the soil. Some is intercepted by vegetation and evaporates before reaching the ground, while some 

runs off into surface reservoirs such as rivers and lakes. Evapotranspiration, which is the sum of bare soil evaporation, 

interception, and plant transpiration, requires a significant amount of energy to go from liquid to vapor phase and therefore 

has a significant impact on the energy balance. Vegetation should not be overlooked as it contributes the most to total land 40 

evapotranspiration on the global scale (Seneviratne et al., 2010). After entering the soil, some water moves to groundwater 

reservoirs through gravity (drainage). The soil retains moisture through capillary forces exerted by its granular structure. The 

water-holding capacity of the soil and the intensity of the forces depend on the characteristics of the pore network and the 

texture of the soil. Additionally, soil moisture distribution and evolution are heterogeneous within the soil volume. This 

distribution is influenced by local soil texture variations, as well as distance from the surface and the presence of vegetation 45 

roots. 

In situ observations of soil moisture are scarce. Modeling soil moisture evolution over time is challenging due to the complexity 

of the system. Therefore, it is recommended to use land surface models (LSMs) instead of simpler alternatives (Berg and 

Sheffield, 2018).  Soil moisture modeling is crucial for water resource management and weather forecasting because it affects 

water and energy balances (Dirmeyer et al., 2021). Soil moisture can affect the carbon cycle, as seen in Europe during the 50 

summer of 2003 when vegetation suffered from extreme drought and became a carbon source (Ciais et al., 2005). Soil moisture 

variability can also impact human activities that depend on it. Episodes of low moisture, also known as agricultural droughts, 

can have catastrophic consequences for agriculture and forestry when they occur over extended periods of time (Moravec et 

al., 2021). 

Dry soils can cause shrinkage due to soil particles losing their adsorbed water molecules. This volume change is specific to 55 

clay minerals such as smectite, vermiculite, montmorillonite, which are formed by weathering and found in surface deposits 

that are inherently heterogeneous. Soil shrinkage can cause irreversible damage to buildings when differencial displacements 

occur between dry clay soil and the soil  beneath the foundation, resulting in cracks in walls as evidence of deformation. This 

phenomenon is known as clay shrinkage induced subsidence. It is a global issue, as described by Barthelemy et al. (2023), and 

has been extensively studied (Meisina et al., 2006; Vincent et al., 2009; Soubeyroux et al., 2011; Hawkins, 2013; Gourdier 60 

and Plat, 2018; Mostafiz et al., 2021; Tzampoglou et al., 2022). In France, this phenomenon affects 48% of the territory to a 

moderate or strong degree (MTES, 2021). The “CatNat” (NatCat) scheme is a system under which the French state 

compensates for damages caused by natural disasters, including droughts that cause clay shrinkage. According to CCR 
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(2023b), this hazard costed 2.9 billion euros in compensations for 2022, while a total of 20.8 billion euros has been spent since 

1989. The cost of damages has reached an unprecedented level since 2017. 65 

Increasing atmospheric CO2 concentrations are already causing significant climate changes globally (Lashof and Ahuja, 1990; 

Solomon et al., 2009; Hansen et al., 2013). An analysis of past conditions in Europe indicates changes in both precipitation 

and temperature patterns. Northern Europe is experiencing more precipitation, while southern Europe is becoming drier 

(Gudmundsson and Seneviratne, 2015). An increase in temperature has led to more dry and hot events in recent years compared 

to the second half of the 20th century (Manning et al., 2019). Climate projections also suggest drier meteorological conditions 70 

in Europe in the future (Spinoni et al., 2018). Some studies specifically examine changes in soil moisture trends. According to 

Samaniego et al. (2018), extreme agricultural drought events are expected to become more frequent, in line with precipitation 

and temperature projections. Despite its location between the wet north and the dry south, France is projected to experience 

drying trends in terms of both climatic conditions (Spinoni et al., 2018) and soil moisture (Vidal et al., 2012; Dayon et al., 

2018; Soubeyroux et al., 2023). The most severe scenarios are expected to have larger impacts (Dayon et al., 2018). 75 

Several estimates of the impact of climate change on the costs associated with subsidence due to clay shrinkage have been 

made for France (Gourdier and Plat (2018), Covéa and RiskWeatherTech (2022), and CCR (2023a)). These estimates are based 

on damage models, which are statistical models used operationally by the insurance industry to estimate losses following a 

disaster. In cases of subsidence due to clay shrinkage, inputs such as precipitation, temperature, and soil moisture may serve 

as proxies for weather conditions. Inputs such as clay content may serve as proxies for soil properties. All estimates agree that 80 

costs increase as desiccation increases in response to climate warming. The accuracy of these predictions depends on the 

quality of the inputs. 

Clay shrinkage is a significant phenomenon that remains poorly understood at large spatial scales due to the complex soil 

moisture dynamics and the heterogeneity of clayey soils. Research is currently underway to better understand the drivers of 

clay shrinkage in order to assist public authorities and the insurance industry. In a previous study (Barthelemy et al., 2023), a 85 

yearly drought magnitude index (YDMI) was developed specifically for this hazard, based on soil moisture simulations from 

the Interactions between Soil, Biosphere, and Atmosphere (ISBA) land surface model. The YDMI quantifies daily soil 

moisture anomalies summed over a year based on a soil layer at a depth of 0.80 to 1 m. Its characteristics were adjusted by 

comparison with a sample of insurance claims data. 

The objective of this study is to present a retrospective analysis of droughts in France since 2000 and to provide insight into 90 

climate warming-induced trends through YDMI. The YDMI is first computed for a historical period (2000-2022) by forcing 

ISBA with the SAFRAN atmospheric reanalysis. YDMI trends through 2065 in response to global warming are then assessed 

by forcing ISBA with the outputs of six different climate models under RCP 4.5 and RCP 8.5. 

Section 2 presents the data used in this study, including the ISBA land surface model and historical and projected forcing, as 

well as the methods employed for index calculation and result analysis. The results are presented and described in Section 3, 95 

followed by a discussion and comparison with other works in Section 4. Finally, conclusions are drawn in Section 5. 
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2 Data and methods 

This section describes the various surface simulations used and the concept of drought magnitude. The present analysis is 

summarized as a flowchart in Fig. 1. 

2.1 The ISBA land surface model 100 

In this study, soil moisture is simulated by ISBA within version 8.1 of the SURFEX (SURFace Externalisée) modeling platform 

for numerical weather prediction and climate modeling (Masson et al., 2013; Le Moigne et al., 2020). The  ISBA model 

calculates surface water and energy budgets in response to an atmospheric forcing. Soil moisture at a specific time is 

determined by the balance between water inflows from precipitation and outflows through runoff, infiltration, and 

evapotranspiration (Noilhan and Planton, 1986; Noilhan and Mahfouf, 1996). The ISBA model covers the entire French 105 

metropolitan area on an 8 km grid, totaling 8925 grid points. The SAFRAN-ISBA-MODCOU (SIM) hydrological suite (Habets 

et al., 2008) is used operationally to monitor water resources, along with a meteorological analysis and a hydrogeological 

model. In this case, ISBA is used offline, meaning there is no feedback from the surface to the atmosphere. SAFRAN is a 

mesoscale analysis of near-surface atmospheric variables, including air temperature, air humidity, wind speed, solid and liquid 

precipitation, and incident solar and infrared radiation fields. It combines surface observations and atmospheric model 110 

simulations (Quintana-Seguí et al., 2008; Vidal et al., 2010). 

In this study, we employ a multilayer version of ISBA, ISBA-DIF (Boone et al., 2000; Decharme et al., 2011), which uses a 

diffusive scheme. The soil column is divided into layers, with increasing thicknesses at greater depths, to better represent 

hydrological processes and the plant root water uptake. This is necessary due to significant water and temperature gradients at 

the surface, which require a finer mesh. The number of layers considered is proportional to the rooting depth of the vegetation, 115 

with a maximum of 10 layers (adding up to 2m depth) for trees. The definition of multiple layers at different depths is relevant 

because moisture variations depend on both the distance to the surface and the plant root density. 

The ISBA model takes into account the influence of soil texture on moisture variations, as described by Decharme et al. (2011), 

using empirical pedotransfer functions. These functions establish a connection between parameters such as porosity, matric 

potential at saturation, and saturated hydraulic conductivity with sand and clay fractions. Specifically, the relationships derived 120 

from Clapp and Hornberger (1978) by Noilhan and Lacarrère (1995) are used. In this study, soil texture is (1) represented by 

the clay, sand, and silt contents derived from the Harmonized World Soil Database (HWSD) version 1.2 (Nachtergaele et al., 

2012) at a kilometer resolution, and (2) assumed to be uniform throughout the soil column at each grid point.  

To account for variability in land cover within a grid cell, ISBA runs separately for 12 patches. These patches include bare 

soil, rock, permanent snow, and 9 generic plant functional types: deciduous broadleaf trees, evergreen broadleaf trees, 125 

coniferous trees, C3 crops, C4 crops, irrigated C4 crops, grassland, tropical grassland, and wetlands (C3 and C4 corresponding 

to different photosynthetic pathways). The separate runs can be aggregated by averaging the output variables and weighting 

each patch by its respective fraction in the grid cell. The depth of soil in a patch is determined by the rooting depth of the 
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corresponding vegetation type and may vary from patch to patch. The geographic distribution of the patches and land surface 

parameters are derived from the ECOCLIMAP-II database at kilometer resolution (Faroux et al., 2013). 130 

The ISBA model includes a representation of photosynthesis using a CO2-responsive stomatal conductance scheme, ISBA-A-

gs (Calvet et al., 1998), because vegetation plays a critical role in near-surface soil moisture variations. This scheme has been 

improved over time to account for specific plant responses to drought (Calvet, 2000; Calvet et al., 2004). For each plant 

functional type, the ISBA-A-gs configuration simulates Leaf Area Index (LAI) from modeled leaf biomass, considering the 

mass-based leaf nitrogen concentration (Calvet and Soussana, 2001). Phenology is driven by photosynthesis, which is affected 135 

by soil moisture, leaf temperature, solar radiation, and air humidity. Therefore, all environmental conditions can influence the 

simulated LAI. The LAI is updated daily. The simulated LAI has been validated at global (Gibelin et al., 2006), continental 

(Szczypta et al., 2014), and regional (Brut et al., 2009) scales. 

2.2 Historical and projected simulations 

For this study, two different runs of ISBA were conducted, differing mainly in atmospheric forcing: (1) historical simulation, 140 

(2) projected simulation.  

The historical simulation used the SAFRAN reanalysis to force ISBA with atmospheric data from 2000-2022. The atmospheric 

variables are available hourly on a regular 8 km grid. In this article, we refer to SAFRAN as a reference for the past climate. 

The projected simulation experiment was conducted by forcing ISBA with projected atmospheric forcing developed in the 

framework of the EXPLORE-2 project (Explore2 - des futurs de l’eau, 2024). The dataset was generated in several steps. 145 

Projected greenhouse gas (GHG) concentrations were fed into a selection of global climate models (GCMs) which were 

coupled to regional climate models (RCMs) through dynamical downscaling, yielding atmospheric variables over a future 

period. The data were corrected for bias by comparing it with the SAFRAN historical reference reanalysis, using the 

ADAMONT method (Verfaillie et al., 2017). The GHG trajectories selected were Representative Concentration Pathways 

(RCPs) 2.6, 4.5, and 8.5 (Moss et al., 2010), and the RCM selection was based on the EURO-CORDEX works (Jacob et al., 150 

2014, 2020; Kotlarski et al., 2014). These simulations cover the period from 2006 to 2100. For this study, we have chosen to 

use RCP4.5 and RCP8.5 scenarios applied to a set of 6 GCM-RCM combinations (detailed in Table 1), which we will refer to 

as models. This amounts to a total of 12 simulations, providing a range of estimates. In Explore2, GCM-RCM selection is 

based on several criteria: availability for several RCPs, realistic behavior over Europe, absence of known errors, consistency 

of physical processes between GCM and RCM, and conservation of the dispersion modeled by EURO-CORDEX (Robin et 155 

al., 2023). As we deal with rising atmospheric concentrations of CO2, it is important to consider the conflicting effects of CO2 

on vegetation growth. On one hand, increased CO2 content stimulates photosynthetic activity by increasing the availability of 

its main substrate, resulting in increased leaf area and plant transpiration. On the other hand, an increase in CO2 also causes 

stomata closure, reducing leaf conductance to atmospheric gases and limiting transpiration. Climate change has been shown 

to have a significant impact on vegetation, as demonstrated by Laanaia et al. (2016) who predicted earlier leaf onset and peak 160 

LAI in the future. To reduce uncertainties, we disabled the effect of CO2 on vegetation in ISBA for the projected simulation 
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experiment. We only considered data up to 2065, even though the projected forcing was available up to 2100, in order to limit 

uncertainties.  For this experiment, we conducted 12 ISBA runs spanning from 2006 to 2065, divided into three time horizons: 

near future (2006-2025), future (2026-2045), and distant future (2046-2065).  

Both experiments provide hourly volumetric soil moisture data for all patches and layers. Volumetric soil moisture is defined 165 

as the water content of the soil, expressed in units of volume of water per unit of volume of soil (m3m-3). Given our focus on 

long-term drought events, the data's hourly periodicity is unnecessary. Therefore, we can average the hourly soil moisture 

values to obtain daily values. Local factors such as the presence of trees around the buildings can play a significant role in the 

subsidence phenomenon during droughts (Freeman et al., 1992; Hawkins, 2013; Page, 1998). The impact of the local land 

cover variability can be reduced by selecting a single vegetation patch. To conduct a nationwide analysis, we require a patch 170 

that exists throughout the entire territory. This limits our options to bare soil, rocks, deciduous broadleaf trees, C3 crops, C4 

crops, and grassland patches. The patch selection was made by comparing YDMI simulations to insurance subsidence claims 

using the method developed by Barthelemy et al. (2023), which resulted in choosing the deciduous broadleaf trees patch. The 

analysis also revealed the highest correlations for deep model layers, leading us to focus on the moisture variations of the 

model soil layer 8 (at a depth between 0.8 and 1.0 m), as described in Barthelemy et al. (2023). More information on the 175 

methodology and results can be found in the Supplement (see Fig. S1).  

Therefore, this work will analyze ISBA outputs for the single deciduous broadleaf trees patch configuration, specifically for 

the 8th model soil layer located at a depth between 0.8 m and 1.0 m. For the present analysis, we have chosen to exclude 

mountainous areas. The reliability of ISBA simulations in mountainous areas may be lower due to the coarse spatial resolution. 

Weather conditions can change rapidly in rugged terrain, such as from one valley to another. Additionally, there is a major 180 

drawback to applying our method in a mountainous context. The YDMI is calculated from the liquid water content of the soil, 

which decreases in winter as soil temperatures fall below the freezing level. Liquid soil moisture distributions are biased by 

this phenomenon, which also affects the index computations. In mainland France, at a depth between 0.8 and 1.0 m, this 

phenomenon is only present in mountainous areas. These areas are identified by considering a threshold of 1100 m for the grid 

cell average altitude. We selected this value after analyzing ISBA soil ice patterns. A total of 567 grid cells (6.4%) meeting 185 

this condition were filtered out of the 8925 grid points. 

2.3 The YDMI 

The YDMI is used to characterize drought patterns based on soil moisture variations (Barthelemy et al., 2023). This index 

calculates the average integral of daily soil moisture in a year under threshold values ranging from the first to the fifth 

percentiles of the empirical distribution. Although originally designed to characterize clay shrinkage triggering conditions, it 190 

can be used more generally to identify long-term drought trends in soils. No fitting to a known statistical law is necessary and 

this avoids making assumptions about the distribution of soil moisture and its stability under a fluctuating climate. 

The two sets of YDMI values are referred to as historical and projected magnitudes. The drought threshold values for the 

projected simulations are determined by the percentiles of the daily soil moisture distribution for the near future time horizon 
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of 2006-2025 only. The percentiles that define the thresholds are computed separately for each simulation (1 historical and 12 195 

projected simulations), ensuring that droughts that occur with equal frequency are identified, even if the models are biased 

(Fig. S2). The statement that the longer the period, the more robust the distribution is not applicable in this context due to the 

hypothesis of a stable soil moisture distribution being irrelevant in the context of climate change. Additionally, basing the 

reference on the first 20 years allows for the identification of emerging trends during this period. Assuming a fixed definition 

of drought based on past values implies no adaptation and unchanged vulnerability of assets to drought conditions. This 200 

assumption is relevant in the context of clay shrinkage-induced subsidence, which mainly affects already-built homes. 

The YDMI result is classified into four classes ranging from no drought (class 0) to extreme drought conditions (class 3). The 

methodology proposed by Barthelemy et al. (2023) for defining the classes involves sorting all positive YDMI values into 

three groups of equal size to form classes 1, 2, and 3 of increasing YDMI values, while all null values are assigned to class 0. 

The zoning of the classes is defined based on the historical YDMI set to ensure consistency between the two experiments. 205 

2.4 Statistical analysis 

The analysis focuses on the YDMI values obtained from historical and projected experiments. In section 3.1, we describe the 

spatial patterns of historical YDMI by commenting on individual maps for each year. Subsequently, we investigate differences 

in historical and projected YDMI in section 3.2. First, we provide a preliminary assessment by comparing their distributions, 

while separating them by RCP scenario, model, and time horizon. To investigate trends for each model and scenario, we 210 

performed a non-parametric Mann-Kendall test (Wilks, 2011). The null hypothesis associated with this test is the absence of 

trend, and the resulting p-value indicates the probability of obtaining such an outcome if the null hypothesis were correct. 

These results provide insight into the statistical significance of patterns in our data. After conducting this model-wise 

assessment, we compare in each point the third quartile (75th percentile) of YDMI between historical and projected sets, 

separated by RCP and time horizon. This provides spatialized and robust information on future drought trends. Finally, we 215 

assess trends in drought spatial extent by comparing the distribution of model grid cells in each YDMI class annually for each 

set, RCP scenario, and time horizon. Due to the expected opposite precipitation trends in northern (wetting) and southern 

(drying) Europe with global warming (Spinoni et al., 2018), we conducted an analysis at the national scale and for the two 

French regions, Grand Est and Occitanie, located in the North and South of the country, respectively. 

2.5 NatCat regime 220 

The national natural disaster compensation scheme in France is called “CatNat” (NatCat). It covers major natural disasters, 

including subsidence caused by clay shrinkage. Homeowners can only be compensated if their municipality is recognized as 

being in a state of natural disaster with respect to a specific hazard. Municipalities are the smallest French administrative units 

(there were 34,955 municipalities as of 01/01/2022). This recognition is done through the publication of an official decree for 

a given year. The criteria for recognition are based on exceptional events, with a return period of more than 10 years, that cause 225 

claims to be selected.. On of these criteria relies on ISBA simulations based on a simplified version of the model (Barthelemy 
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et al., 2023). The CCR website has the details of each decree, including the municipalities that have made the demand and the 

final decision. These details are available online (https://catastrophes-naturelles.ccr.fr/les-arretes). This paper compares 

historical YDMI with NatCat recognition requests. The latter are used as a proxy for drought-induced clay shrinkage. 

3 Results 230 

3.1 Historical drought magnitudes 

Figure 2 shows the YDMI values for the years 2000 to 2022, computed from the ISBA historical simulation. Similar maps, 

which plot YDMI classes and dominant drought months, are available as Figs. S3 and S4 in the Supplement. The years 2003, 

2018, 2019, 2020, and 2022 stand out for their high YDMI values. The 2022 drought event is the most remarkable of the 23-

year series, both in terms of its geographic extent and intensity. The southwest region was the most affected. The year 2003 235 

ranked second in terms of impact, affecting the northeast to southwest zones of the country and Brittany. In contrast, the events 

of 2018 and 2020 were more localized, mainly affecting the central to northeastern regions and, in 2020, the Rhône corridor. 

In 2019, a central to southwestern area was affected, except for the Cévennes. In addition to these large, widespread droughts, 

there were also several more localized events, such as the one in Brittany in 2006 or the one in the southeast and Corsica in 

2017. This historical analysis allows us to identify 2003, 2018, 2019, 2020, and 2022 as significant drought years and provides 240 

a reference for assessing future droughts. 

3.2 Projected drought magnitudes 

Figure 3 presents the projected distributions of YDMI for different RCP scenarios, models, and time horizons. The gray box 

encompasses all models. The distribution of historical YDMI is represented by the yellow box labeled 2000-2022. Table 2 

provides the values of the third quartile (percentile 75). For the first time horizon (2006-2025) and both RCPs, there are 245 

minimal differences between models and historical YDMI values. The results show a divergence with increasing time horizons. 

Although the distributions vary considerably for each model, the combination of all models indicates an upward trend over 

time. This effect is more pronounced for RCP8.5 than for RCP4.5. Specifically, the third quartile of YDMI is multiplied by 2 

(0.2 to 0.40) for RCP4.5 and by 3 (0.21 to 0.62) for RCP8.5 from the near future to the distant future, considering all models 

together. 250 

Figure 4 displays the trends in YDMI identified by the Mann-Kendall test for each of the 12 projected simulations processed 

separately. The different models present contrasting results for both RCPs. Although some punctual decreasing trends are 

identified, more in RCP 4.5 than in RCP 8.5, patterns of increasing YDMI dominate with higher confidence levels. This is 

particularly true for the EC-RCA4 and EC-RACM models in RCP 4.5, and models EC_RCA4, MPI_CCLM, and MPI_REMO 

in RCP 8.5. For RCP4.5, most models identify an increase in the southwestern region of the country, although the affected 255 

ISBA grid points rarely overlap between models. For RCP8.5, four out of six models identify a more widespread increase in 
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the same area, with half of them having higher levels of confidence. In three of the models, the increase extends as far as the 

northeast, and for MPI-CCLM, it is maximal in the west. 

Figure 5 displays the third quartile (75th percentile) of YDMI in each grid cell, combining all models and separating time 

horizons and RCP. Focusing on the third quartile allows for a more robust analysis of trends in the highest YDMI values of 260 

the dataset compared to the maximum. The historical subplot indicates that the southwest and center of France have been the 

most affected by high YDMI, as observed on the individual maps. There is an observed trend of increasing YDMI over time, 

as seen across all models. Projections for both scenarios are similar up to 2045, but diverge in the final time horizon of 2046-

2065, with RCP8.5 showing a more significant increase. The two scenarios agree on an increase, but on different scales, in 

southwestern France bordering the Pyrenees, and in eastern France from the Jura to the Vosges. Although we did not anticipate 265 

any differences between the YDMI projected for the historical period (2000-2022) and the near-future period (2006-2025), we 

did observe higher YDMI values in the former. 

Figure 6 displays the YDMI class fractional area for each YDMI class, separated by time horizon and RCP scenario, for France, 

and for the Grand Est and Occitanie regions. It is observed that the proportion of drought-free years tends to decrease with 

time for both scenarios for France, with the average percentage of grid cells per year in class 0 decreasing from 60% for 2000-270 

2022 to 40% for 2046-2065 RCP8.5. Compared to class 0, the percentage of cells with nonzero YDMI values (classes 1, 2, 

and 3) increases, particularly for RCP 8.5. Class 3 is the only category defined solely by a lower bound criterion, and therefore 

it concentrates extreme events, resulting in a high number of outliers. The section 3.1 identifies five notable drought years for 

the period 2000-2022, which stand out as class 3 outliers: 2022 (with 90% of France in class 3), 2003 (60%), 2020 (50%), 

2018 (35%), and 2019 (20%). It is worth noting that the historical year 2022 remains unmatched in terms of drought, all models 275 

and scenarios considered. The projected class 3 outliers are biased downward compared to the other historical class 3 outlier 

years (2003, 2020, 2018, 2019). In addition to the observed inconsistency, there are significant differences in the distributions 

of historical and near-future YDMI values. This finding was unexpected, given the large time overlap (2000-2022 vs. 2006-

2025). A higher proportion of null YDMI and lower proportion of nonzero YDMI were found for the historical experiment 

compared to the projected experiment, which is related to the outlier difference mentioned above. Similar conclusions can be 280 

drawn for the Grand Est region (Fig. 6b) and Occitanie (Fig. 6c). During the historical period, Grand Est experienced fewer 

droughts than Occitanie. However, both regions are projected to experience a drying pattern. This indicates that the differences 

between historical and projected YDMI are greater for Grand Est than for Occitanie. 

4 Discussion 

The objective of this work is to describe drought trends in France, both in the past and future periods. In the previous section, 285 

we presented a retrospective analysis of droughts in France between 2000 and 2022, by calculating YDMI using ISBA and the 

SAFRAN reanalysis. Five years stand out in order of importance: 2022, 2003, 2020, 2018, and 2019. We then analyzed future 

YDMI trends until 2065 under RCP 4.5 and RCP 8.5. All models indicate that drought characteristics will worsen in the future, 
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particularly under RCP 8.5. We discovered unexpected differences between historical and near-future YDMI values. In this 

section, we will discuss these findings in relation to other studies. 290 

4.1 Is historical YDMI consistent with external sources of information? 

To evaluate the significance of the YDMI in monitoring clay shrinkage-induced subsidence, we compare the retrospective 

index with the history of issued NatCat recognition requests. Figure 7 compares the distribution of YDMI in France for each 

year, sorted into four classes, with the number of NatCat requests issued. It is important to note that drought is not the only 

factor causing clay shrinkage, as the presence of clay mineral is necessary. Therefore, we do not anticipate a perfect correlation 295 

between the index and the requests. However, it is the most significant factor that changes over time, making year-to-year 

comparisons relevant. It is important to note that the comparison is made using the total number of requests, not just the 

accepted ones that led to a decree, as one of the recognition criteria is based on ISBA. As explained in the previous section 

and illustrated in Fig. 7a and Fig. 7b, the YDMI identifies 2022, 2003, 2020, 2018, and 2019 as significant drought years in 

order of importance. Figure 7c shows that the highest number of requests are concentrated in these years. Specifically, in 2003 300 

and 2022, there were more than 7500 requests, which is over 20% of all French municipalities. However, it is important to 

note that there is a bias in the NatCat dataset as the number of requests issued each year increases with time. For instance, 

there were no requests in only two years: 2000 and 2001. Similar drought conditions occurred later in the record (2002, 2004, 

2007, 2008, 2014, 2021), but this time they were associated with requests. This phenomenon is widely recognized in the 

insurance industry. Although the conditions remain the same, the number of requests increases over time due to two reasons: 305 

(1) an increase in awareness of the issue and (2) some municipalities repeat the process each year after their initial request is 

denied. 

The European Drought Observatory (EDO) is a service provided by the Joint Research Center (JRC) of the European 

Commission. Since 2011, it has been reporting on significant drought events in Europe. Each report provides detailed 

information on the characteristics of the drought event at different levels, including temperature, precipitation, soil moisture, 310 

and vegetation. The assessment of soil moisture is based on simulations performed by the JRC hydrological model LISFLOOD. 

To ensure objectivity, we compared our YDMI retrospective with independent reports. Météo-France also conducts similar 

studies, but they are based on ISBA simulations. For the period 2011-2022, we collected five reports on the years 2015, 2018, 

2019, 2020, and 2022. The 2015 report by Micale et al. (2015) indicates that France, particularly its eastern region, experienced 

a significant soil moisture deficit during the summer, surpassing that of 2003. In 2018, France experienced a drought that 315 

began in September in the northeast and spread to the rest of the country by the end of the month (Masante et al., 2018). The 

2019 report by Masante et al. (2019) describes an event that mainly affected central France. In 2020, the drought episode 

centered on France throughout the summer, with the northern half of the country being the most affected (Barbosa et al., 2020). 

The 2022 report by Toreti et al. (2022) describes significant soil moisture anomalies throughout the country, which is consistent 

with our findings. All these works highlight the same drought years, except for 2015. The location of the event also matches, 320 
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such as central France in 2020 or the entire country in 2022. However, YDMI values in 2015 do not correspond to the EDO 

report. The event may have gone undetected due to the drought not propagating in depth this year. 

4.2 How can differences between historical and projected YDMI be explained? 

Section 3.2 describes the differences between historical and 2006-2025 projected YDMI. These differences were unexpected, 

because of the time overlap and the weak divergence of CO2 concentrations in the projected near future. The projected 325 

simulations are more pessimistic in the median and more optimistic at the extremes than the historical simulations. The gap in 

the data may be attributed to differences in climate forcing between reanalysis and climate models, specifically in temperature 

or precipitation fields. This explanation is plausible, as a recent study by Vautard et al. (2023) demonstrated that CMIP6 

climate models had difficulty simulating temperature extremes in Western Europe. Underestimation of high temperatures 

results in underestimation of drought, as high temperatures drive evaporative fluxes. The reason for the difference may also 330 

be found deeper in the modeling process, specifically in the land surface model. The only variation between the simulations is 

the CO2 feedback on vegetation, which is enabled for the historical simulation and disabled for the projected simulation. This 

could lead to a dissimilar vegetation response for the same CO2 levels. Berg and Sheffield (2018) suggest that failing to account 

for the impact of CO2 on plant water use could result in a significant bias in soil moisture fluctuations. Although we previously 

identified two opposing effects of CO2 on plant transpiration (Sect. 2.2), reduced stomatal conductance may dominate, resulting 335 

in limited transpiration and thus limited soil desiccation. 

4.3 What are the sources of uncertainty? 

The study's findings are the result of a lengthy modeling process. It is important to interpret them with care, considering the 

uncertainties associated with each step. These uncertainties are listed below. 

4.3.1 Atmospheric forcing errors 340 

The SAFRAN reanalysis utilized as the historical forcing combines observations and model data. Consequently, it may be 

subject to observational and meteorological model bias, as well as bias due to the coarse grid resolution. Similar limitations 

can be listed for the projected forcing. It is important to note the individual biases of each GCM and RCM. Theoretically, these 

biases tend to cancel each other out when using an ensemble of simulations. The ensemble we use has only 6 members. Adding 

more members, such as GCMs and RCMs, as well as multiple realizations of the same GCMs and RCMs to explore internal 345 

variability, would increase the robustness and reliability of the results. The weighting of each model contribution to the 

ensemble mean could also be considered (Ribes et al., 2021; Ribes et al., 2022). Model-to-model comparisons (as described 

in section 3.2) have identified trends of varying statistical significance. The climate modeling framework adopted here involves 

feeding the same CO2 evolution into a set of models and assessing their response over time. However, it is not stated that all 

models warm at the same rate. Other approaches exist that take this element into account. For instance, Samaniego et al. (2018) 350 

analyze drought as a function of warming instead of time. This choice enhances model consistency and reduces uncertainty. 
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4.3.2 Model shortcomings 

There are several sources of uncertainty associated with ISBA. The coarse model resolution of 8 km × 8 km is the first 

limitation, as clay shrinkage occurs on a local scale. ISBA provides an averaged meteorological forcing to a grid cell, resulting 

in model outputs that are correct on average but do not cover the range of possible values found within a real 64 km² square. 355 

The patch concept addresses the sub-grid land cover variability by generating as many outputs as there are vegetation types, 

and a single vegetation patch is used in this study. While vegetation type is a relevant factor contributing to heterogeneity, it 

is not the only one. At the grid cell scale, there may be several vegetation species of the same type, as well as different soil 

textures in various vertical combinations. To improve the approach, simulations could be repeated for a wider range of soil 

and vegetation parameters to better reflect reality. Changes in soil hydromechanical parameters with depth could also be 360 

implemented. Several databases such as SoilGrids (ISRIC, 2020) already provide such information of vertical texture 

variations. A disadvantage of ISBA is that its hydromechanical soil parameters remain stationary and do not change with time. 

However, the literature has shown that pore structure is affected by both drying-wetting and freeze-thaw cycles (Zhao et al., 

2021). This oversimplification misrepresents the actual water content. Additionally, the lack of CO2 feedback in the projected 

experiment, mentioned in the previous subsection, contributes to uncertainty. Although ISBA has been validated with in situ 365 

data (Decharme et al., 2011), it relies on simplifying assumptions that introduce bias. These assumptions are specific to each 

model and result from choices made during the design phase. To compensate for individual biases, it would be appropriate to 

base drought assessments on simulations from multiple land surface models, as done by Samaniego et al. (2018). 

4.3.3 The lack of representativeness of the drought index 

Finally, uncertainty arises from the method used to calculate the drought index. YDMI is an annual index, chosen to give it an 370 

operational focus, particularly towards the insurance industry, which mostly operates on a calendar year scale. This approach 

is consistent with soil moisture variations, as soil moisture periodically decreases each year during the summer season. 

However, this choice sacrifices our ability to identify and characterize multi-year drought events, which are expected to become 

more frequent with global warming (Hari et al., 2020). We define drought as occurring when the daily soil moisture value falls 

within the lowest 1 to 5% relative to a given period. In contrast to the historical experiment, the drought threshold for the 375 

projected experiment is defined over the first 20 years (2006-2025). Implicitly, this means that a drought event will always 

have the same impact, whether it occurs in 2006 or 2065. Regarding clay shrinkage, this hypothesis is realistic because most 

exposed assets already exist and are at risk. However, it is a particularly pessimistic view that completely ignores the impact 

of prevention. Preventive measures have recently been implemented to establish rules for the construction of new buildings 

(LégiFrance, 2018). In the meantime, research initiatives are being undertaken to prevent subsidence damage using various 380 

strategies. For instance, some aim to limit shrinkage by injecting resin (Al-Atroush et al., 2021), while others propose 

maintaining soil hydration during drought events (Ighil Ameur, 2021). 
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4.4 What are the limitations and possible applications of this work? 

One limitation of this analysis is that mountainous areas were removed, which resulted in spatial gaps where clay shrinkage-

induced subsidence may occur in limited locations. To address this, soil moisture calculations could be based on total water 385 

content instead of just liquid water content, which would allow these areas to be considered. However, the coarse resolution 

of ISBA is still a problem when dealing with rugged terrain and local biophysical processes.  

In spite of these limitations, calculating YDMI can help characterize the conditions that cause clay shrinkage and add to our 

understanding of the phenomenon. This information is critical for policymakers and the insurance industry to better anticipate 

and manage the consequences of extreme drought events. The projected assessment is particularly relevant in the context of 390 

global warming. However, YDMI alone cannot be used for this purpose. For a complete assessment, triggering factors must 

be combined with the soil predisposing factor. The predisposing factor is the soil's ability to shrink, which is called 

susceptibility. Previous studies have provided an analysis of the susceptibility to the shrinkage-swell phenomenon (e.g. Olive 

et al., 1989), based on the combination of several predisposing factors, such as: proportion of clay material, heterogeneity of 

the layers, proportion of minerals susceptible to swelling, swelling-shrinkage intensity of the clay, layer thickness, and 395 

preferential water paths. Future improvements will involve combining the current drought index with BRGM's regional 

susceptibility maps. However, there are several challenges to overcome, particularly the spatial heterogeneity of clay deposits 

at large scales (Georisques, 2019).  

5 Conclusion 

This paper analyzes past and future drought events in France from 2000 to 2065 that are likely to cause clay shrinkage, using 400 

an adapted index. The YDMI index is based on soil moisture simulations from the ISBA land surface model, which is 

successively forced by an atmospheric reanalysis and an ensemble of six climate models. The index characteristics were 

adjusted in a previous study (Barthelemy et al., 2023) by comparison with insurance data. The results are as follows: 

 Significant soil moisture drought events occurred in France in 2003, 2018, 2019, 2020, and 2022. In 2022, high index 

values were observed throughout the country. 405 

 Drought characteristics are expected to worsen in the future, particularly under RCP8.5. The scenarios diverge 

significantly after 2046, and both the north and south of the country will be affected. 

 Unexpected differences were found between historical and projected indices (projections are more pessimistic on 

average and more optimistic regarding extreme events). These differences may be due to either the climate forcing or 

the vegetation response of the land surface scheme. 410 

Finally, YDMI quantifies drought on an annual scale for deciduous broadleaf tree vegetation, making it applicable in 

agricultural or forest management contexts beyond this specific example. This methodology can be applied to other countries, 

as clay shrinkage-induced subsidence is not unique to France. The SURFEX modeling platform that supports ISBA is 

applicable anywhere, provided that high-resolution atmospheric forcing is available. 
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Table 1: Six GCM-RCM atmospheric model combinations selected as forcing for the projected YDMI derived from the simulations 740 
of the ISBA land surface model. 

GCM-RCM atmospheric model combinations GCM RCM 

CNRM-ALAD CNRM-CM5 ALADIN63 

CNRM-RACM CNRM-CM5 RACMO22E 

EC-RACM EC-EARTH RACMO22E 

EC-RCA4 EC-EARTH RCA4 

MPI-CCLM MPI-ESM CCLM4-8-17 

MPI-REMO MPI-ESM REMO2009 

 

 

 

 745 

Table 2: Third quartile (75th percentile) of historical and projected YDMI statistical distribution for RCP 4.5 and RCP8.5, 
separating time horizons and atmospheric models. YDMI values larger or equal to 0.4 are in bold. 

Atmospheric forcing 2000-2022 2006-2025 2026-2045 2046-2065 

SAFRAN (historical) 0.18 
   

RCP 4.5 Pooled data from the 6 models 
 

0.20 0.29 0.40 

CNRM_ALAD 
 

0.24 0.62 0.27 

CNRM_RACM 
 

0.24 0.77 0.33 

EC_RAC4 
 

0.15 0.04 0.75 

EC_RACM 
 

0.15 0.03 0.76 

MPI_CCLM 
 

0.23 0.32 0.29 

MPI_REMO 
 

0.20 0.33 0.19 

RCP 8.5 Pooled data from the 6 models 
 

0.21 0.28 0.62 

CNRM_ALAD 
 

0.22 0.16 0.22 

CNRM_RACM 
 

0.25 0.05 0.25 

EC_RAC4 
 

0.15 0.16 0.70 

EC_RACM 
 

0.19 0.15 0.40 

MPI_CCLM 
 

0.24 0.91 1.61 

MPI_REMO 
 

0.22 0.59 0.99 
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 750 

Figure 1: Flowchart of the methodology deployed in this study with focus on vegetation patch selection and historical vs. 

projected analyses. 
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 755 

Figure 2: Year drought magnitudes for years 2000 to 2022, computed over France in each grid cell from the ISBA historical 

simulation. Areas with gray hatching correspond to filtered mountain areas (average altitude > 1100 meters). In the bottom-

right subfigure the following areas are indicated by numbers, from 1 to 9: Brittany (“1”), Grand Est (“2”, also see Fig. 6), 

Vosges (“3”), Jura (“4”), Rhône corridor (“5”), Cévennes (“6”), Occitanie (“7”, also see Fig. 6), Pyrénées (“8”), and Corsica 

(“9”). 760 
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Figure 3: Projected YDMI distributions for (a) RCP 4.5 and (b) RCP8.5, separating time horizons and models. The grey box 

corresponds to the distribution of all models combined. The distribution of historical magnitudes is plotted as well (yellow 765 

box) for comparison. Box edges and center correspond to 25%, 75% and 50% percentiles. Whiskers extend to 1.5 times the 

interquartile range, equal to the difference between 75% and 25% percentiles. Outliers are not displayed. 
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 770 

Figure 4: Results of the Mann-Kendall trend test applied to YDMI values from the 12 projected simulations, over the period 

2006-2065. The ascending trends are marked with red color, while the descending trends are marked with blue color. The 

darker, the higher (smaller) the statistical significance (p-value). The two rows correspond to the two RCPs, and the six 

columns to the six models. Areas with gray hatching correspond to filtered mountain areas (average altitude > 1100 meters). 

 775 

 

 

 

 

Figure 5: Third quartile (75th percentile) of YDMI, separating time horizon and RCP. Areas with gray hatching correspond 780 

to filtered mountain areas (average altitude > 1100 meters).  
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Figure 6: YDMI class fractional area expressed as % of model grid cells, separating time horizon and RCP scenario, for (a) 785 

France, (b) Grand Est region, (c) Occitanie region. Whiskers extend either to the maximum or to 1.5 * the interquartile range, 

equal to the difference between 75% and 25% percentiles, if inferior to the maximum. Means and outliers are shown as red 

features and black diamonds, respectively 
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 790 

 

Figure 7: Year by year (a) statistical distribution of YDMI values, (b) fraction of YDMI classes (from 0 to 3), and (c) number 

of NatCat recognition requests, for France from 2000 to 2022. In (a), box edges and center correspond to 25%, 75% and 50% 

percentiles. Whiskers extend to 1.5 times the interquartile range, equal to the difference between 75% and 25% percentiles. 

Outliers are not displayed. 795 
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5.3 Drought temporality

A weakness of the YDMI is its coarse annual time scale, which prevents more detailed analysis
of drought patterns. To explore this aspect, we assess the dominant drought month of each
year between 2000 and 2022. This is done by counting the number of days below a drought
threshold in each month, and keeping the month with the highest number. We consider the
same thresholds than for computing optimal YDMI, which are the 1st to the 5th daily SWI
distribution percentiles, and average over them. The results are shown in Figure 5.1. It is
important to note that this figure only describes the timing of the drought, not its intensity.
For a complete assessment, it should be read in conjunction with the YDMI maps.

Figure 5.1: Dominant drought month (with the highest number of days below
the 1st to the 5th daily SWI distribution percentiles) for each year, from 2000 to

2022

We find that almost all the droughts identified by the optimal YDMI occur mainly in late
summer to early fall, from August to October.

We focus first on the year 2015, whose drought was not exceptional according to the YDMI,
but was described as significant by the European Drought Observatory. The report [Micale
et al., 2015] mentions a significant water deficit in the summer in eastern France. Positive
YDMI were indeed observed in this area. Based the dominant drought month, the event
peaked in August. It is likely that dry conditions did indeed occur in 2015, but did not last
long enough to settle in depth.

Focusing on the 5 most significant years based on the YDMI (2003, 2018, 2019, 2020 and
2022), the 2018 event stands out in particular for its late timing, reaching its peak in October
across France. This is in agreement with Masante et al. [2018]. In 2022, the drought lasted
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until fall only in the southwest, where it was the most intense.

The development of the YDMI (chapter 3) demonstrated that moisture variations of deep
layers are relevant for monitoring clay shrinkage-induced subsidence. There is a time lag
between these variations and surface weather conditions, as observed at the Chaingy site
(section 2.4.1). The droughts that reach deep layers integrate summer dry conditions with
a time lag, which is why they are at their peak in late summer to early fall, just before the
rehydration phase. This is what these maps show. This is consistent with the timing of clay
shrinkage-induced damage, described in section 1.2.2.

5.4 Resampling YDMI

A second limitation of YDMIs is their coarse spatial resolution of 8 km, which can result
in abrupt and therefore unrealistic transitions between two adjacent grid cells. This issue,
directly linked to ISBA, is problematic in an operational context, as two neighboring munic-
ipalities can receive contrasting drought assessments.

To address this issue, we resample YDMI using bilinear interpolation. This technique consists
in generating values at a finer spatial scale by performing a double linear interpolation on
the x and y axes. We tested output resolutions of 4 km, 2 km, and 1 km. Figure 5.2 shows
the results of the YDMI resampling for the Haute-Garonne department and the year 2016
(ISBA layer 8, and deciduous broadleaf tree patch).

Figure 5.2: Testing different resolutions (4km, 2 km and 1 km) for resampling
optimal YDMI with bilinear interpolation, year 2016 and Haute-Garonne.
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The drought pattern at the initial 8 km resolution presents high contrasts between adjacent
grid cells from the northwest to the southeast of the area. Resampling by interpolation blurs
this pattern and smooths transitions, but results below 4 km become unrealistic because they
replicate the 8 km grid pattern.

Therefore, we refine the YDMI to 4 km. The resampled YDMI is then sorted into classes
based on the 8 km class boundaries. As a reminder, YDMI classes have been defined as
follows: null YDMI are in class 0, and boundaries between classes 1, 2 and 3 are obtained
by separating positive YDMI in three equal groups. Figure 5.3 shows 2016 YDMI over the
country, before and after resampling, continuously and by class.

Figure 5.3: 2016 YDMI, before (left) and after (right) resampling to 4 km,
continuous (top) and by classes (bottom). The YDMI are based the ISBA layer

8 and the deciduous broadleaf tree patch.

Consistent with what we observed for Haute-Garonne, resampling smooths the spatial pattern
of drought, resulting in more gradual transitions between model grid cells. The changes are
more pronounced for the YDMI in classes. In the southwest particularly, jumps of more than
one class for adjacent cells are less frequent after resampling. However, the disadvantage of
this method is that the influence of neighbors on the value of a cell dilutes the signal: for
example, class 3 values in the southern Vosges are reduced to class 2 after resampling.

YDMI after resampling to 4 km for the years 2000 to 2022 are available in Figure B.2,
continuous and by class. The linear interpolation technique used is based only on the four
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pixels surrounding the value to be resampled. This is both a disadvantage, as the entire
pattern is not considered when generating values, and an advantage, as only a small amount
of data is lost around coastlines and filtered out in mountainous areas. It should be noted,
however, that while this method is convenient for smoothing drought estimates, it is only
statistical and has no physical basis: it does not take into account local geographic features
that may affect soil water content, such as elevation, soil texture, and so on.

As the next chapter focuses on combining YDMI with hazard maps at a finer scale in order
to better understand claim occurrence, we will examine whether increasing the resolution
through bilinear interpolation has a positive impact.

5.5 Conclusion

In this chapter, we obtained optimal YDMI for a historical period and a future period under
two distinct RCP scenarios. The historical analysis highlights the years 2003, 2018, 2019, 2020
and especially 2022 for their intense drought events. This identification is corroborated by
external information such as European Drought Observatory reports. An additional study
shows that droughts identified by the optimal YDMI last until fall. On the other hand,
the projected analysis shows that the intensity and frequency of droughts likely to induce
subsidence are bound to increase in the future. The trends are more marked for RCP 8.5 than
for RCP 4.5. Nevertheless, these results are affected by a significant source of uncertainty: a
mismatch is observed between past and projected YDMI, as projected YDMIs are unable to
reproduce extreme events on the scale of 2022.

Historical YDMI will be used in the following chapter 6 as a proxy for clay shrinkage triggering
conditions. They will be combined with hazard maps which quantify the susceptibility factor,
with the goal of improving damage characterization. The predictive potential of YDMI
interpolated at 4-km will be compared to that of YDMI at ISBA native resolution of 8-km.
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6.1 Introduction

The previous chapters of this thesis have resulted in a new drought metric, the Yearly Drought
Magnitude Index (YDMI), which provides an annual estimate of the intensity of the triggering
factor for clay shrinkage. It represents a step forward on the issue, but is not sufficient by
itself to fully characterize the hazard: it is the effect of drought on expansive soils that induces
damaging volume variations.

The susceptibility of French soils to shrinkage and swelling was assessed by BRGM resulting in
several maps described in detail in section 2.3. Combining the YDMI with such maps should
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improve the characterization of the clay shrinkage hazard. However, it remains unclear how
to proceed and what is the importance of each factor.

This chapter presents a machine-learning-based approach using a random forest model to
predict subsidence claim occurrence from both the YDMI quantifying the triggering factor
and the expansive soil maps representing the susceptibility factor. In particular, annual
numbers of claims will be forecast from the model and commented, as this information is
crucial to the insurance business. The model will be calibrated and validated using insurance
claim and policy data issued from the ATHENA databases (section 2.2).

6.2 Methodology

In order to predict the occurrence of claims from soil and drought characteristics, these data
first need to be merged in a single dataset. We refer to this dataset as the policies dataset.
The successive steps to prepare this dataset are detailed in section 6.2.1. Its characteristics
will be investigated in section 6.2.2. Then, the random forest model used for prediction will
be detailed in section 6.2.3.

6.2.1 Preparation of the policies dataset

The different steps for preparing the policies dataset are summarized through the flowchart
of Figure 6.1. They are commented below.

Policy extraction

The starting point is an extraction from the ATHENA insurance policy database. We query
only policies associated with owners of houses, with a spatial precision at the address. Such a
filtering is applied, because (i) houses are the most vulnerable type of building to subsidence,
(ii) although both owners and tenants of a building are insured, claims are only associated
with the owner’s policy, and (iii) a precise location is required for a meaningful match with
the expansive soil maps (which have a 100 meter accuracy). Each line corresponds to a policy
for a specific year.

Merging with claims

The table of policies is then merged with another table containing information of clay shrink-
age induced subsidence damage at the address, issued from the ATHENA claims database.
A binary is associated with each policy, taking the value 1 if a claim was reported during the
year and 0 otherwise. Duplicates are then deleted, and a filter on completeness is applied
(with a 10% threshold on policy and claims- see section 2.2.1). As a reminder, completeness
quantifies the extent to which the individual policy and claim data submitted by insurers
is representative, in comparison to the figures they provide. Filtering on completeness is
important for obtaining unbiased claim frequencies.

NatCat filter

Building damage caused by clay shrinkage is only compensated under the NatCat system,
which requires that the town be recognized for the given year (section 1.5.1). If this condition
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Figure 6.1: Preparation of the policies dataset

is not met, there is no compensation. To overcome this bias, our table is merged with all
NatCat recognition requests, and only policies associated with accepted requests are retained.
The filtering deletes data for 2001, a year associated to very few NatCat recognitions as shown
in Figure 7 of Barthelemy et al. [2024b]. After this step, the table numbers 1,921,768 rows.

Spatial association with geological criteria

A first spatial join is done with the three geological criteria related to lithology, geotechnical
properties and mineralogy, mapped by BRGM. Only these three criteria are selected, as
exposure depends on historical claims and on susceptibility, which is calculated from the three
criteria. Map precision is accounted for by applying a 100 m buffer zone to the polygons of
geological units, and in case of overlapping the maximum value of the criterion is retained.

Spatial association with magnitudes

A second spatial join is done with drought magnitudes, continuous and in classes, (at the
native 8 km resolution and re-sampled to 4 km- see section 5.4). Policies prior to 2000 are
deleted as magnitudes cover the period from 2000 to 2022. This shifts the number of rows to
1,708,793.

Finally, missing values are removed, changing the number of rows from 1,708,793 to 1,550,848.
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These missing values correspond to policies located on geological units that have not been
characterized for either mineralogy, geotechnical properties, or lithology.

The policies dataset created by these successive steps therefore has 1,550,848 rows and 8
columns of data (3 geological criteria, 4 drought criteria, and a boolean for the occurrence of
claims). The aim of this chapter being to use hazard criteria to better understand damage
occurrence, the geological criteria and the YDMI will be used as predictors, and claims as
the target variable. The modeling will be done on a policy-by-policy basis, as subsidence is
a very localized risk [Charpentier et al., 2022].

6.2.2 Description of the policies dataset

6.2.2.1 Distribution among years

The distribution of the policies and claims of the policies dataset among years after the
successive filtering steps is given in Figure 6.2. We notice differences for policies compared to
the whole ATHENA database (in Figure 2.6), which is explained by the filtering on accepted
NatCat requests - see the number of requests issued per year in Figure 7 of Barthelemy et al.
[2024b]. There is no data for the years 2001 and 2017, and the policies are mainly concentrated
over five years: 2011, 2016, 2018, 2019 and 2020, with more than 100,000 policies in each.
On the other hand, the distribution of claims is similar to that of ATHENA.

Figure 6.2: Distribution of the (a) policies and (b) claims of the policies dataset
among years. The grey bars indicate years with no data.

In total, we count 13,267 damaged policies (0.86%) and 1,537,581 (99.14%) non-damaged
policies. The target variable is therefore very imbalanced towards the absence of claims.



6.2. Methodology 123

6.2.2.2 Spatial distribution

2000-2020

The spatial distribution of policies and claims of the policies dataset is shown in Figure 6.3.

(a) Distribution of policies and claims

(b) Policies by department

(c) Claims by department

Figure 6.3: Spatial distribution of (a) policies and claims, and (b-c) aggregation

Figure 6.3a shows that both policies and claims are concentrated around metropolitan areas:
Toulouse, Marseille, Bordeaux, Clermont-Ferrand, Paris and Tours notably stand out.

Figure 6.4: Average number of accepted
NatCat requests per town by department

2000-2020

The distribution of policies by department, in
Figure 6.3b, differs from that in the ATHENA
database (in Figure 2.5). In the policies dataset,
the policies are mainly located in the south from
Haute-Garonne to Bouches-du-Rhône, Gironde,
Puy-de-Dôme and in the center-west of the coun-
try. In contrast, the distribution of ATHENA
policies is similar to that of houses, with a large
number of policies in the north and west of
France. The distribution of claims is similar
whether we consider all the data or only the poli-
cies dataset.

We explain this discrepancy concerning only poli-
cies by the filtering on accepted NatCat requests.
Figure 6.4 shows the average number of accepted
requests per town by department between 2000
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and 2020. It is higher in the southern departments and in the center-west of the country.

The distribution of policies in the policies dataset results from the total number of policies and
the accepted decrees. For example, towns in the Nord department may have an important
number of houses but they are poorly represented in the calibration dataset because they
have not been much recognized within the NatCat system. Conversely, the Tarn-et-Garonne
department has a comparatively small number of houses, but stands out in the calibration
table because of the large number of accepted requests. The claims are not affected by this
filtering step because their existence is already conditioned by an accepted request.

The filtering step based on accepted NatCat requests was implemented to avoid a bias result-
ing from the fact that claims can only be compensated following a recognition. However, it
introduces an issue: the representation of spatial areas is not proportional to the number of
houses they contain. For example, the northern departments are under-represented despite
their significant number of houses.

Focus on years 2011, 2016, 2018, 2019 and 2020

As the distribution of policies between years is heterogeneous, we analyze the 5 years with
the most data: 2011, 2016, 2018, 2019 and 2020. The spatial distribution of policies and
claims of these five years is represented on Figure 6.5.

(a) 2011 (b) 2016 (c) 2018

(d) 2019 (e) 2020

Figure 6.5: Distribution of the policies dataset for the most represented years.
Purple markers indicate policies, and red markers indicate claims.

Policies and claims of each of these years present a different spatial distribution, which results
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from the NatCat recognition step (see Figure A.2). The insurance policies of years 2011, 2016,
and 2018 to 2020 are mainly located in the west, south and north-east of France, respectively.
Sorting the years by increasing claim frequency, the year 2020 comes first with a frequency
of 0.11%, followed by 2011, 2016, 2019 and finally 2018 with a claim frequency of 1.18%.

These maps demonstrate that our data show spatial heterogeneity in addition to temporal
heterogeneity. Focusing on a single year is not relevant, as for each of them the data are
concentrated in a specific region of France.

6.2.2.3 Distribution of policies in geological and drought classes

Each one of the geological criteria can take a value from 0 to 4, expressing increasing expansive
potential. The correspondence between soil characteristics and criterion value is detailed in
section 2.3. Class zoning has been also defined for YDMI (section 3.2). Class 0 designates
null YDMI, and limits between classes 1, 2, and 3 have been determined by splitting positive
YDMI into three equal groups.

Global distribution

The 1,550,848 policies of the policies dataset are distributed among classes for the different
geological and drought criteria as in Table 6.1.

Table 6.1: Distribution of policies among classes of
geological criteria and drought index

Fraction of policies among classes

Geological criteria 0 1 2 3 4 Total

Lithology 0.070 0.142 0.358 0.291 0.139 1
Mineralogy 0.070 0.209 0.332 0.286 0.102 1

Geotechnical 0.070 0.067 0.511 0.302 0.050 1

Drought index 0 1 2 3 Total

8-km YDMI 0.279 0.160 0.286 0.275 1
4-km YDMI 0.223 0.185 0.311 0.281 1

The purpose of this table is to assess whether each class of each criterion concentrates a
sufficient number of policies to draw conclusions from later on. This is especially important
since our dataset is very unbalanced in favor of the absence of claims (average ratio of less
than 1 claim per 100 policies). Classes of all criteria are well represented in the dataset as
each of them concentrates 5% or more of all policies.

The fraction of policies outside clayey areas (geological class 0) are identical because the
three criteria are based on the same contours. The distribution of policies within geotech-
nical classes differs from that of the mineralogy and lithology criteria, suggesting that the
information provided by this criterion is less redundant. For the 8-km YDMI and the 4-km
YDMI, the distribution of policies among the classes is homogeneous with the exception of
class 1, which is less represented.
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Annual distribution

We also analyze the annual distribution of policies across classes of geological criteria and
drought index. They are plotted in Figure 6.6.

(a) Lithology (b) Mineralogy (c) Geotechnical

(d) 8-km YDMI (e) 4-km YDMI

Figure 6.6: Annual distribution of policies by geological criteria and YDMI
class. The colorbar shows the fraction of policies in each class, with the sum of

each line equal to 1. The last line shows fractions for the entire dataset.
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This analysis is crucial for understanding results better, since we will be making annual
predictions.

The annual distributions of policies within classes of geological criteria are similar to those
for the entire dataset. Only a few years differ. For example, in 2015, the vast majority of
policies were in lithology class 2, mineralogy class 1, and geotechnical class 3. The slight
differences between years are explained by the varying locations of the policies induced by
the filtering step on the NatCat decrees.

On the other hand, the annual distributions of policies within YDMI classes are more het-
erogeneous, which was expected since it is a dynamic predictor and not a static one like the
previous. The results are very similar for the 8 km and 4 km YDMI, as they are highly
correlated. The years 2000, 2002, 2004, 2008, 2013, 2014 and 2015 stand out for their high
fractions of policies associated with null YDMI, indicating the absence of a major drought
event during these years. In contrast, notable drought events occurred in 2003, 2005, 2009,
2018, 2019, and 2020 based on the fraction of policies in superior YDMI classes.

6.2.2.4 Claim frequency in geological and drought classes

The claim frequency per class for the different geological and drought criteria, estimated by
dividing the number of claims by the number of policies, is given in Table 6.2.

Table 6.2: Claim frequency per classes of geological
criteria and drought index

Claim frequency per class [%]

Geological criteria 0 1 2 3 4

Lithology 0.37 0.55 0.72 1.07 1.32
Mineralogy 0.37 0.49 0.80 1.17 1.22

Geotechnical 0.37 0.50 0.80 1.08 1.21

Drought index 0 1 2 3

8-km YDMI 0.64 0.86 0.95 0.97
4-km YDMI 0.55 0.93 0.92 0.98

Damage frequencies are positively correlated with classes. This effect is more pronounced for
geological criteria than for YDMI. They exhibit maximum variation ranges of 0.37 to 1.32
and 0.55 to 0.98, respectively. This was expected and shows that claims are more frequent
in higher geological and YDMI classes, hence the relevance of the approach.

However, we did not expect positive claim frequencies to be associated with class 0 of geo-
logical criteria or with null YDMI. Indeed, no damage is expected outside of clayey areas, or
in the absence of a drought. The number of claims is 402 for class 0 of geological criteria,
and 2792 and 1886 for 8-km YDMI and 4-km YDMI, respectively. We can explain claims
occurring outside of clayey areas by the scale of the hazard maps: their precision being of
100 m, very local clayey zones may be unidentified. This point will not be explored further
in this study, although it deserves to be. On the other hand, claims associated to null YDMI
will be investigated in section 6.4.1.1.
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6.2.3 Classification model for claim prediction

The goal of the chapter is to use the information conveyed by the soil and drought char-
acteristics to forecast damaged policies. This is actually a classification problem that relies
on both discrete and continuous predictors, called features in this context. Since the target
variable (claim occurrence) is known, it can be used to train the model using a supervised
learning approach.

Classifier

We consider a random forest model. This type of model, widely used for classification, has the
advantages of (i) being robust due to its ensemble nature, (ii) requiring no assumption about
the distribution of the data, and (iii) handling correlated features. The three geological
criteria and the 8-km and 4-km YDMI variables are chosen as features, and the binary
damage variable is chosen as the target. The concept of the random forest model is explained
section 6.2.3.1.

Probabilistic predictions

Given the characteristics of our dataset, i.e. many policies, most of them undamaged, it is
more appropriate to obtain probabilities of belonging to a class rather than binary predictions.
The number of claims is obtained by summing the probabilities.

In fact, any model that makes binary predictions, given such data, would predict only no
claims and still have a majority of successful predictions. There are strategies to correct for
this behavior by focusing predictions on the minority class (e.g., oversampling, undersampling,
or even choosing weights), but they would result in a drastic overprediction of claims, which
is equally problematic.

To illustrate this point, consider a sample of 1000 policies with identical drought and soil
conditions, only one of which is damaged. A binary prediction could result in either 0 or
1000 claims, when summing probabilities of 0.001 would allow the correct number to be
obtained.

Experiments

Probabilistic predictions will be made for each policy and summed to give the number of
claims per year. The quality of the predictions will be evaluated using performance metrics,
which will be described in section 6.2.3.2. The metric related to features will be presented
in section 6.2.3.3. Several experiments will be done, iterating on features. They will be
described in section 6.2.3.4.

6.2.3.1 Random forest model

Random forests, introduced by Breiman [2001], is a supervised ensemble machine learning
technique based on decision trees that can be applied to both classification and regression
problems.
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Decision tree

A decision tree functions similarly to expert judgment, making a decision based on a su-
perposition of conditions. It works by iteratively splitting an initial dataset into groups to
separate the different instances of the target variable. The groups of data in the tree are
called nodes. The initial data is called the root node, and the final groups are called leaf
nodes. At each split, the parent node is separated into two child nodes based on a condition
applied to a feature. If a node contains only one instance of the target variable, it is called
pure. Otherwise, the node is impure. Once the tree is built, it assigns to any combination of
features a probability of being in a class equal to the fraction of samples of the same class in
the corresponding leaf. This probability can be converted into a binary prediction.

Impurity criterion

A decision tree is not generated randomly. The condition on which the split is based is
obtained by optimizing a specific criterion. The criterion can either be a measure of the
probability of misclassifying a sample (Gini) or of the disorder (entropy) within the resulting
nodes. The predictive capacity of a feature is based on its importance, which is calculated as
the normalized total reduction of either the Gini or entropy criterion brought by the feature.

Random forest

Random forests consist in a bagging (bootstrap aggregation) technique applied to decision
trees. Samples are generated by bootstrapping (i.e., random sampling with replacement) from
a dataset, and a decision tree is constructed for each sample. For a classification problem,
the model’s output is the mean predicted class probability, or the majority vote of all trees
in the case of a binary prediction. Random forests belong to ensemble methods, based on the
concept of the wisdom of crowds, which posits that the average prediction of numerous weak
learners is more reliable than that of a single expert. Each tree is a relatively weak learner,
as it is trained on a subset of the data. The aggregation of all trees is supposed to be robust
enough to prevent over-fitting.

Example

To illustrate the approach, we’ve built a decision tree of limited depth in Figure 6.7 from a
sample of the data, that we will explain below.

The tree is constructed from a random sample of 10,000 policies from the the policies table,
considering only the mineralogy class and YDMI as features. The two classes labeled as 0 and
1 correspond to no claims and claims. Out of the 10,000 policies, 9913 are undamaged and
87 are damaged. We select here the entropy impurity criterion. The algorithm chooses itself
optimal conditions at each split as to minimize final leaf impurity based on this criterion.

The first split separates policies based on their YDMI score: null YDMI on the left, and
positive YDMI on the right. This condition "purifies" the left group as its entropy is equal
to 0.04 in contrast to the initial entropy of 0.07. The second split divides the two groups
into four groups based on a mineralogy criterion. For null YDMI (left node), a condition
of mineralogy = 0 is applied, resulting in the separation of 224 undamaged policies. This
node is pure, as indicated by the entropy of 0. In contrast, the other nodes still have positive



130 Chapter 6. Merging drought index and susceptibility

Figure 6.7: Example of decision tree created from a random draw of 10,000
policies from the policies dataset

entropies. In this simplified example, we have set the maximum depth of the tree to two
splits.

The probability of a policy to be damaged is equal to the proportion of damaged policies
in the corresponding leaf node. In this specific example, a policy associated with a YDMI
of 1 and a mineralogy score of 3 has a probability of 0.013 to be damaged. Although we
have limited the maximum depth of the tree here to 2, the more splits there are, the more
possibilities there are for different predictions. In this example, the feature importance of the
mineralogy criterion and the YDMI are 0.42 and 0.58, respectively, quantifying the superior
ability of YDMI-based conditions to separate policies.

6.2.3.2 Performance metrics

By summing the probabilities predicted by the model, it is possible to obtain numbers of
claims per year. The quality of the predictions is measured using two different metrics. First,
the accuracy of individual predicted probabilities is assessed using the ROC AUC metric.
Then, the annual predictions are assessed by calculating the root mean square error (RMSE)
between actual and forecast claims. These metrics are described in detail in this section.

Evaluating binary classifiers

There are only 4 possible prediction outcomes for a binary classification model: true positive
(TP), true negative (TN), false positive (FP) and false negative (FN). They are summarized
in a confusion matrix, the concept of which is shown in Table 6.3. Usually, scores are derived
from the confusion matrix. This is not done here because we are deriving probabilities and
not binary predictions from the models. However, it is still possible to compute scores from
probabilities using ROC analysis.
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ROC analysis

The Receiver Operating Characteristic (ROC) curve [Fawcett, 2006] evaluates the perfor-
mance of binary classifiers by testing different class assignment thresholds from probabilities.
A curve is created by plotting two scores obtained by varying the class assignment threshold.
These two scores are the true positive rate (TPR), which corresponds to the proportion of
correctly identified true positives, and the false positive rate (FPR), which is equal to the
number of false positives divided by the actual number of negatives. Examples of ROC curves
are given on figure 6.8. The closer the classifier is to the point (0,1), the better its perfor-
mance. On the contrary, if it coincides with the diagonal, this means that it is equivalent
to a random classifier. The ROC curve can be summarized by the area under curve (AUC)
metric. The AUC of a perfect classifier is 1.0, while that of a random classifier is 0.5.

Table 6.3: Confusion
matrix

Observed
Yes No
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Figure 6.8: ROC curve examples

Root mean square error

The RMSE is an error metric used in machine learning to assess how well predictions match
actual data. It will be used to evaluate the forecast number of claims. The RMSE consists of
the square root of the average of squared errors between model and observations, as detailed in
Equation 6.1. The lower the RMSE, the better the prediction, with a minimum of 0 obtained
for a perfect match between observation and forecast. No distinction is made between positive
and negative errors. The main advantage of RMSE over other metrics is that it has the same
unit as the measured variable, making it easy to interpret.

RMSE =

√√√√√ n∑
i=1

(ŷi − yi)2

n

yi : actual values, ŷi : predicted values

n : number of observations

(6.1)
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6.2.3.3 Feature importance

While the metrics presented above describe the predictive capacity of the models, the feature
importance relates to the weight of each feature. It is determined during the training phase.
The feature importance is specific to the random forest model, and is equal to the total
normalized impurity reduction brought by features, i.e. their ability to separate instances of
the target variable within trees.

6.2.3.4 Experiments and validation strategy

Experiments

We run different experiments, iterating over the features to assess their respective contribu-
tions to the forecast. A first experiment is performed with all (5) features, then with the
geological criteria only (3 features). For each of these experiments, we select the entropy cri-
terion for building the random forest. The Gini has the advantage of being faster to compute,
but is not well suited to data with highly unbalanced classes.

Repeated Stratified K-Fold validation

We use a Repeated Stratified K-Fold validation strategy. The k-fold approach consists in
dividing the dataset into k equal parts: the model is iteratively calibrated on k-1 parts and
validated on the remaining part. We use 5 folds, which means that 80% of the data is used
for training and 20% for validation. Since the target variable is highly unbalanced, we choose
a stratification strategy: the k-folds are built by preserving the initial proportions of the
target variable. This validation method enables to model to be trained and then validated
on homogeneous data, which is an optimal context. It however does not correspond to the
operational situation in which the model has to predict damage for an unseen year whose
features probably differ from that of the entire dataset.

6.3 Results

A random forest model was iteratively trained and validated on the policies dataset using
the stratified 5-fold approach, with geological features only (3-feature case) and with both
geological criteria and YDMI as features (5-feature case). We present in this section the
resulting performance and feature scores. Annual numbers of claims and claim frequencies
will also be commented.

ROC AUC score

We obtain ROC AUC scores equal to 0.657 and 0.626 in the 5-feature and 3-feature cases,
respectively. Scores vary little from fold to fold. These scores indicate that including the
YDMI is a relevant feature for characterizing policies. The model performs better than a
random classifier, but that there is still room for improvement when it comes to identifying
whether or not a policy is damaged.

Feature importances

The random forest feature importances are indicated in Table 6.4.
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Table 6.4: Average random forest feature importances over the 5 folds. Best
features of each group are indicated in bold.

Number of
features

Geological criteria Drought indices

Lithology Mineralogy Geotechnical 8-km YDMI 4-km YDMI

5 0.037 0.044 0.032 0.381 0.507
3 0.361 0.445 0.194

Feature importance scores reveal a significantly higher predictive capacity for climate factors
than soil susceptibility factors. This recalls the conclusions of Corti et al. [2009], which iden-
tified a strong influence of meteorological forcing on the inter-annual variability of subsidence
damage. As a reminder, the sum of feature importances is normalized to 1, which explains
the different orders of magnitude in the 3-feature and in the 5-feature experiments. The
ranking of geological features is unchanged without the YDMI. Of the two types of features,
the method yields the highest scores for the mineralogy criterion, and for the 4-km YDMI.

Annual numbers of claims

Summing the probabilities of policies to be damaged for each year gives the annual number
of claims in Figure 6.9. The number of claims are lower than that of the entire policies
dataset (in Figure 6.2), because it corresponds here to the iterative 20% of the data used for
validation in the 5-fold approach.

Figure 6.9: Number of claims per year, actual and predicted by the random
forest, for 20% of the data. The error bars show dispersion for the 5 folds. The

grey bars indicate years with no policies.

First, the error bars show that actual claims are distributed across years similarly to the
initial claims in each iteration. They also show that there is little variability between the
folds for the predictions. This indicates that the methodology is robust.

Consistent with the high importance of the YDMI, we find that its use as a feature has
a significant impact on the annual number of claims. For example, using the YDMI for
prediction leads to a 33% increase in the predicted number of claims in 2019 (600 to 800
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claims), which is in line with the actual number. Visually, a better fit is obtained with
observations in the 5-feature case than in the 3-feature case. RMSE values, of 17 in the
former and 103 in the latter, are corroborate this interpretation.

However, a counterintuitive element is the large inter-annual variability in the number of
claims predicted solely on the basis of geological features, which have been shown to vary
little from year to year (see Figure 6.6). In fact, this variability is due to the heterogeneous
distribution of policies between years (in Figure 6.2).

Annual claim frequency

To erase this effect, we analyze claim frequencies which are equal to the number of claims
divided by the number of policies, plotted in Figure 6.10. This is equivalent to a normaliza-
tion.

Figure 6.10: Annual claim frequencies, actual and predicted by the random
forest, for 20% of the data. The error bars show dispersion for the 5 folds. The

grey bars indicate years with no policies.

We notice that the claim frequency is similar every year in the 3-feature case, fluctuating
around 0.15%. The small variability is attributed to the annual distribution of policies in the
classes: for example, the maximum frequency of 0.20% in 2007 is explained by the fact that
in this year a higher proportion of policies are located on soils with expansive properties (as
seen in Figure 6.6). Therefore, the inter-annual variability in the number of claims in the
3-feature experiment is indeed due to the heterogeneous distribution of policies by year.

On the other hand, the inter-annual variation in claim frequency in the 5-feature experiment
is of the same order of magnitude as the actual claim frequencies. Comparing the effect of
YDMI on claim frequencies with the annual distribution of policies in YDMI classes reveals
different situations:

• For several years (2004, 2006, 2007, 2008, 2011, 2018, and 2019), the effect of YDMI
on claim frequency is physically consistent, and improves the agreement with actual
claims. For example, in 2004, almost all policies were associated with zero YDMI.
Using it as a feature reduced the claim frequency, narrowing the gap with the actual
claims. Conversely, in 2018, the significant proportion of policies in higher YDMI classes
led to an increase in the claim frequency, bringing it closer to the actual data.
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• In some cases (2000, 2002), the effect of YDMI on the number of claims is consistent but
degrades the agreement with observations. For instance, in 2000, there was no drought
based on YDMI, which led to a decrease of the claim frequency, when the actual claim
frequency was surprisingly higher.

• In a final case (2003, 2005, 2009 and 2020), the effect of the YDMI improves the agree-
ment with damage frequencies, but is physically inconsistent. For example, in 2020, the
YDMI reduced the frequency of claims even though it was a record year for drought.
These four years have in common that notable droughts based on the YDMI are asso-
ciated with lower than average claim frequencies. This suggests that this inconsistency
is a sign of overfitting: the model is learning and replicating a counterintuitive pattern
that exists in the data.

6.4 Discussion

In summary, our random forest model trained on YDMIs and geological criteria correctly
predicts the annual number of claims, although it performs only slightly better than a random
classifier on a policy-by-policy basis. We show that YDMIs contribute significantly to model
predictions and improve the match with actual claims. However, inconsistencies emerge as
the model replicates counter-intuitive patterns inherent to the data. This suggests that this
model, while promising, is not yet ready for operational use.

In this section, we will discuss the causes of the low values of the ROC AUC score, which
shows the difficulty of predicting whether an insurance policy is damaged or not based solely
on soil and drought characteristics.

6.4.1 How can we explain the low ROC AUC score ?

Apart from the weaknesses of the YDMI, such as the fact that it does not take into account the
recurrence of drought events, two points help to explain the low ROC AUC score. These are
the catch-up effect of the NatCat system and the lack of information on local characteristics
of insurance policies.

6.4.1.1 Catch-up effect of the NatCat regime

An unexpected element was noted earlier in the chapter: a significant number of claims is
associated to null YDMIs. The 1886 claims associated to null 4-km YDMI will be analyzed
to find out what lies behind. These claims are spatially distributed as shown in Figure 6.11.

We observe that 6 years account for almost 90% of the claims associated to null magnitudes:
2000, 2002, 2011, 2015, 2016 and 2018. In particular, 26% of all false negatives occur in
2011. We will investigate this year in particular: Figure 6.12 shows the history of YDMI and
NatCat recognition requests from 2009 to 2011.

In 2011, 91% (451 out of 497) of false negatives were concentrated in the western area of the
country, distributed among 249 towns. While western France exhibited null YDMI in 2011,
this was not the case in 2009. Also, in 2009 and 2010, 136 and 93 Natcat recognition requests
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were submitted by the 249 towns, respectively, with 28% and 14% of these requests being
accepted. All 249 towns were recognized in 2011, resulting in the reported claims.

Figure 6.11: Spatial distribution of claims
associated to null 4km-YDMI

The high YDMI in 2009 associated to the
low Natcat request acceptance rate indicates
that some of the false negatives reported in
2011 may have been caused by the climatic
conditions of 2009. For this to happen, the
meteorological criterion leading to recogni-
tion of the municipalities would have been
met in 2011 but not in 2009. This criterion
does not account for the same drought char-
acteristics than the YDMI. The delay would
then be explained by the meteorological cri-
terion of the NatCat regime.

However, this only partly explains the high
number of false negatives in 2011: only
166 towns have submitted a request in 2009
or 2010, which remains inferior to the 249
towns of 2011. In addition to this effect,
it is likely that the YDMI does not accu-
rately reflect the full geographic extent of
areas experiencing significant drought con-
ditions. In line with this point, 2011 is de-
scribed as a year with a particularly dry
spring, in the southwest to west of the coun-
try [CCR, 2022], while the YDMI only identifies something in the southwest. It’s possible
that the YDMI does not identify the drought in 2011 because it did not extend to the depth
of 1 m, being a spring event. It is relevant to wonder if water content variations in shal-
lower layers should be considered, provided they are smoothed out to eliminate short-term
variations.

Based on this demonstration, we identify a temporal bias probably due to the NatCat recog-
nition criterion, which questions the temporal accuracy of the damages indexed by the CCR
databases. It contributes to explain why both models struggle to make correct predictions
at the policy scale. This is also in line with the slow kinetics of the phenomenon, whereby
cracks in buildings are often not noticed immediately by homeowners, resulting in a delay in
their reporting.

6.4.1.2 Insufficient predictors

The obtained values of the ROC AUC metric show the difficulty of the model in predicting
whether an insurance policy is damaged or not based solely on its soil and drought charac-
teristics. This is not surprising given our data set.

Analyses at the sub-municipal level have shown that during drought events, only a very small
proportion of buildings within the same geographical area were damaged. For example, in
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Figure 6.12: YDMI in classes (top) and NatCat requests (bottom) for 2009-2011

2016 in the town of Saint-Orens-de-Gameville, on the outskirts of Toulouse, we counted only
6 claims for 112 houses in the same housing block, when all of them were exposed to the same
favorable conditions (drought combined to a high susceptibility based on mineralogy). In this
situation and without additional information, a classification model can either identify all the
houses as undamaged or damaged. In both cases the prediction is inadequate. This shows,
without questioning their relevance, that our predictors are not sufficient to fully understand
the occurrence of damage.

In fact, local characteristics concerning the building or its close environment, such as its age,
foundation depth, or the presence of trees, are of significant importance (see section 1.2).
Such information is not yet widely available for France.

6.4.2 What next steps could improve results ?

Without knowledge of local characteristics, damage prediction cannot be improved by any
model. The approach we have developed is promising, although significant improvements are
to be expected with the addition of more local data.

In the meantime, it would be useful to carry out local analyses to understand which local
factors are relevant. This is the logical continuation of this work, as the research done so far
has resulted in an optimal drought index (the 4-km resampled YDMI) and has identified an
optimal susceptibility criterion (mineralogy).

The neighborhood scale seems to be a good compromise, because it allows to study a large
number of houses, under soil and drought conditions that vary little, and individual building
characteristics could be easily retrieved, for example using high-resolution satellite imagery.
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These characteristics could then be used to understand why some buildings are affected and
others are not. The approach could be applied across multiple departments, to identify
regional trends.

6.5 Conclusion

In summary, this work using a random forest classification model shows us that it is possible
to estimate the annual number of claims from soil and drought characteristics. However, chal-
lenges remain because (i) inconsistencies arise from model learning due to counter-intuitive
aspects of the data, and (ii) the model has not proven to be able to accurately determine
whether an insurance policy will be damaged or not. We explain this second point by the
temporal catch-up effect of the NatCat system and the lack of information on local charac-
teristics.

The random forest model emphasizes the superior predictive capacity if YDMI, and especially
the 4-km YDMI in comparison to geological criteria. Of the latter, the mineralogy criterion
performs best. It is important to recall the weakness of the mineralogy criterion, which is
based on a small number of XRD values.

To provide perspectives, we suggest repeating the approach, adding predictors that describe
local characteristics. Since this is currently not possible due to lack of data, it would be
interesting to find out which factors are the most important based on local neighborhood-
level analyses.
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The natural phenomenon of clay shrinkage and swelling is a major problem in France, due
to the damage it causes. In addition, its impact is set to worsen as a result of climate
change. However, the phenomenon remains poorly understood, partly due to its complex,
multi-factorial nature. The chapter 1 gives an overview of the state of the art.

The aim of this thesis is to improve the understanding and modeling of clay shrinkage and
swelling and of its impacts, including statistically quantifying the overall number of claims.
The goal is not to determine the risk of loss for each house. The perspective is to improve the
tools currently used by public authorities to manage this risk. The work carried out during
the thesis has led to a number of conclusions, which are detailed below. They are based on
soil moisture simulations using Météo-France’s ISBA model, on insurance data supplied by
the CCR, on measurements from a site instrumented by BRGM in the commune of Chaingy
(45), and on clay shrink-swell hazard maps relating to soil properties also established by
BRGM. Each of these tools is detailed in chapter 2.

Summary of results

As a first step, we developed a method for creating a drought index based on the ISBA model
that best matches a history of insurance claims. This index is called Yearly Drought Mag-
nitude Index (YDMI). The method is based on Kendall’s tau statistical test of association.
Applied to a sample of 20 municipalities located in various geographical areas, better results
are obtained when the YDMI is based on a deep layer of the model, considering deciduous
tree vegetation and a strict definition of drought. Each of these elements has a scientific
justification. We note a considerable improvement in scores with an interactive representa-
tion of vegetation, which is not yet operationally deployed. All these results are detailed in
chapter 3.

A comparison was then made between ISBA simulations and measurements of soil moisture
content and vertical displacement from the Chaingy instrumented site. It shows that while
ISBA provides reliable trends, the model neglects the variability of soil moisture within an 8
km grid, which can in fact be considerable. The analysis is presented in chapter 4.

Next, the YDMI index is evaluated for France, for a historical period and a future period,
enabling us to analyze past droughts, and to refine the characterization of trends to come
under the effect of climate change. The years 2003, 2018, 2019, 2020 and 2022 stand out
for their remarkable summer droughts. The projected analysis shows that the frequency and
intensity of events will increase in the future, more so under the RCP 8.5 scenario than under
the RCP 4.5 scenario. These results must be qualified, however, by the fact that past and
projected YDMIs do not match. In particular, the year 2022 is unequaled by all the projected
YDMIs. These results are developed in chapter 5.

Finally, soil characteristics derived from hazard maps and YDMI were spatially merged to
train a random forest machine learning model to predict the occurrence of claims. Three
geological criteria are compared: a lithological criterion, a mineralogical criterion and a
geotechnical criterion. The model provides a good estimate of the annual number of claims.
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Nevertheless, (i) the prediction is not always consistent with the YDMI indices and (ii) the
predictors are insufficient to reliably estimate the damage occurrence for a given insurance
policy. However, the 4-km YDMI and the mineralogical geological criterion stand out for
their better predictive ability. This experiment is the subject of chapter 6.

Perspectives

This thesis work contributes to improving the characterization of the clay shrink-swell phe-
nomenon. The methods developed could prove useful for understanding its other effects, as
the phenomenon affects not only houses, but also roads and railways, for example. However,
these results remain exploratory, and are not yet mature enough to be applied operationally.
In addition, significant approximations have been made, and there are still major scientific
hurdles to be overcome in this area.

Local factors

As indicated throughout this work, our approach neglects local factors that are nonetheless
crucial to understanding the clay shrink-swell phenomenon. These include the presence of
trees near a building, or the nature of the building itself. However, to our knowledge, there
is no freely accessible database containing all this information for France. As a first step, it
would be useful to prioritize these various local factors by carrying out a study of a small
area, which could be characterized using high-resolution satellite data.

Cumulative effect of droughts

Another approximation made in this work concerns the cumulative effect of droughts. The
YDMI index only takes into account the soil moisture of a single year. However, it has been
proven that repeated droughts have an impact on soils, which become irreversibly deformed,
and on buildings, which become more fragile with each cycle. This needs to be taken into
account in order to better characterize the phenomenon, for example through an additional
drought index.

Improving the temporal and spatial resolution of YDMI

Although YDMI is calculated on a yearly basis, it is entirely possible to estimate it on a finer
temporal scale, since it is obtained by summing daily data. Calculating it on an operational
day-by-day basis would enable to monitor drought conditions in real time, and thus be more
reactive to the clay shrink-swell phenomenon. It is also possible to improve the spatial
resolution of YDMI in a physical way, by using finer-scale climate forcings in ISBA, such as
those from the AROME model [Seity et al., 2011], which have a resolution of 1.3 km. This
has already been done in Rojas-Munoz et al. [2023], for example.

Imprecise soil mapping

The hazard maps used in the thesis to estimate the predisposition factor have certain weak-
nesses. In particular, their resolution is too low to identify very local clay layers, their
superficial nature does not take into account the presence of clay at depth, and in some
cases, the number of measurements on which they are based is very small. These maps could



Conclusion and Perspectives 141

be improved to overcome these drawbacks by merging with other data, such as the texture
maps produced by INRAE [Roman Dobarco et al., 2022] or geophysical acquisitions. For this
point, as for the previous one, it is not necessarily relevant to focus on the whole country,
but rather on the areas most at risk, such as suburban areas.

Uncertainty about the effects of climate change on soils

Under current climatic conditions, our results showed that a YDMI based on a soil layer
between 80 cm and 1 m deep could satisfactorily account for the number of claims. However,
this result could be called into question by climate change, as the depth of the drying front
is linked to the intensity of drought. To better anticipate future changes, these aspects could
be monitored, using instrumented sites, for example.

EGMS data potential

As mentioned in chapter 1, high-precision satellite displacement data are now available. In
particular, the European Ground Motion Service (EGMS) [Crosetto et al., 2021] offers data
across Europe since 2018. These data were not exploited in this thesis, as their temporal
depth is short, and under these conditions the signal is difficult to interpret. Nevertheless,
they offer considerable potential for analyzing the clay shrink-swell phenomenon.





Conclusion et Perspectives

Le phénomène naturel de retrait-gonflement des argiles représente un problème majeur en
France en raison du montant des dégâts qu’il engendre. De plus, ses impacts devraient s’ampli-
fier sous l’effet du changement climatique. Cependant, c’est un phénomène qui reste méconnu,
ce que l’on explique en partie par sa nature multifactorielle complexe. Le chapitre 1 donne
un aperçu de l’état de l’art.

Cette thèse a pour objectif d’améliorer la compréhension et la modélisation du retrait-
gonflement des argiles, ainsi que de ses impacts, et à quantifier statistiquement le nombre
global de sinistres. Il ne s’agit pas ici de déterminer un risque de sinistre pour chaque mai-
son. Elle s’inscrit dans la perspective opérationnelle d’apporter des pistes d’amélioration aux
outils actuellement utilisés par les pouvoirs publics pour gérer ce risque. Les travaux accom-
plis au cours des trois ans ont permis de conclure sur certains points que nous détaillerons
ci-dessous. Ils reposent sur des simulations d’humidité du sol réalisées à l’aide du modèle
ISBA de Météo-France, sur des données assurantielles fournies par la CCR, sur des mesures
provenant d’un site instrumenté par le BRGM dans la commune de Chaingy (45), et sur des
cartes d’aléa RGA relatives aux propriétés des sols également établies par le BRGM. Chacun
de ces outils est détaillé dans le chapitre 2.

Résumé des résultats

Dans un premier temps, nous avons développé une méthode pour créer un indice de sécheresse
basé sur le modèle ISBA qui concorde au mieux avec un historique de sinistralité. Cet indice
s’appelle le Yearly Drought Magnitude Index (YDMI). La méthode repose sur le test statis-
tique d’association du tau de Kendall. Appliquée à un échantillon de 20 communes situées
dans des zones géographiques variées, de meilleurs résultats sont obtenus lorsque le YDMI est
basé sur une couche profonde du modèle, en considérant une végétation d’arbres feuillus et
une définition stricte de la sécheresse. Chacun de ces éléments a une justification scientifique.
Nous remarquons une amélioration considérable des scores avec une représentation interac-
tive de la végétation, laquelle n’est pas encore déployée opérationnellement. L’ensemble de
ces résultats est détaillé dans le chapitre 3.

Une comparaison a ensuite été établie entre les simulations réalisées avec ISBA et des mesures
de teneur en eau des sols et de déplacement vertical provenant du site instrumenté de Chaingy.
Elle montre que si ISBA restitue des tendances fiables, le modèle néglige la variabilité de
l’humidité du sol au sein d’une maille de 8 km, qui peut en réalité s’avérer considérable.
L’analyse est présentée dans le chapitre 4.

Ensuite, l’indice YDMI est évalué pour la France, pour une période historique et une période
future, ce qui permet de dresser un bilan des sécheresses passées, et d’affiner la caractérisation
des tendances à venir sous l’effet du changement climatique. Les années 2003, 2018, 2019, 2020
et 2022 se démarquent par leurs sécheresses estivales remarquables. L’analyse projetée montre
quant à elle que la fréquence et l’intensité des événements augmenteraient dans le futur,
davantage sous le scénario RCP 8.5 que sous le scénario RCP 4.5. Ces résultats sont néanmoins
à nuancer par le fait que les YDMI passés et projetés ne concordent pas. Notamment, l’année
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2022 est inégalée par l’ensemble des YDMI projetés. Ces résultats sont développés dans le
chapitre 5.

Enfin, les caractéristiques de sol issues des cartes d’aléa et YDMI ont été croisés spatialement
afin d’entraîner un modèle d’apprentissage automatique de type random forest, pour prédire
la survenue de sinistres. Trois critères géologiques sont comparés : un critère lithologique, un
critère minéralogique et un critère géotechnique. Le modèle permettent d’estimer de manière
correcte le nombre annuel de sinistres. Néanmoins, (i) la prédiction n’est pas toujours cohé-
rente avec les indices YDMI et (ii) les prédicteurs sont insuffisants pour estimer de manière
fiable la sinistralité pour une police d’assurance donnée. Le YDMI à 4 km et le critère miné-
ralogique se démarquent cependant par leur meilleure capacité prédictive. Cette expérience
fait l’objet du chapitre 6.

Perspectives

Ces travaux de thèse contribuent à améliorer la caractérisation du phénomène de retrait-
gonflement des argiles. Les méthodes mises au point pourraient s’avérer utiles pour com-
prendre d’autres effets du RGA, le phénomène n’affectant pas uniquement les maisons mais
aussi les routes ou les voies ferrées par exemple. Cependant, ces résultats restent explora-
toires, et ne sont pas encore matures pour être appliqués opérationnellement. De plus, des
approximations importantes ont été faites et il reste encore des verrous scientifiques majeurs
à lever sur la thématique.

Facteurs locaux

Comme indiqué tout au long des travaux, notre approche néglige les facteurs locaux qui sont
pourtant primordiaux pour comprendre le phénomène RGA. Parmi ceux-ci, on peut citer la
présence d’arbres à proximité d’un bâtiment ou la nature même de ce bâtiment. Cependant,
il n’existe pas, à notre connaissance, de base de données librement accessible contenant ces
informations de manière exhaustive sur la France. Il serait pertinent, dans un premier temps,
de hiérarchiser ces différents facteurs locaux en faisant une étude sur une zone réduite, qui
pourrait être caractérisée à l’aide de données satellitaires haute résolution.

Effet cumulatif des sécheresses

Une autre approximation faite dans ces travaux concerne l’effet cumulatif des sécheresses.
En effet, l’indice YDMI intègre uniquement l’humidité du sol d’une seule année. Or, il a été
prouvé par ailleurs que les sécheresses à répétition ont des conséquences sur les sols, qui se
déforment de manière irréversible, et sur les bâtiments, qui sont fragilisés à chaque cycle. Il
serait nécessaire d’en tenir compte afin de mieux caractériser le phénomène, par exemple par
le biais d’un indice de sécheresse complémentaire.

Amélioration de la résolution temporelle et spatiale du YDMI

Si dans ces travaux le YDMI est calculé par années, il est tout à fait possible de l’estimer à
une échelle temporelle plus fine, puisque celui-ci est obtenu en sommant des données jour-
nalières. Le calculer au jour le jour opérationnellement permettrait notamment de suivre les
conditions de sécheresse en temps réel, et ainsi d’être plus réactif face au phénomène RGA.
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Il est également possible d’améliorer la résolution spatiale du YDMI de manière physique,
en utilisant dans ISBA des forçages climatiques à une échelle plus fine, comme par exemple
ceux issus du modèle AROME [Seity et al., 2011] qui ont une résolution de 1,3 km. Ceci a
déjà été fait dans Rojas-Munoz et al. [2023], par exemple.

Caractéristiques de sol imprécises

Les cartes d’aléa utilisées dans la thèse pour estimer le facteur de prédisposition présentent
certaines faiblesses. On peut citer notamment leur résolution trop faible pour identifier des
couches argileuses très locales, leur caractère superficiel, qui ne tient pas compte de la présence
d’argile en profondeur et dans certains cas le nombre réduit de mesures sur lesquelles elles
reposent. Ces cartes pourraient être améliorées afin de pallier ces inconvénients par croisement
avec d’autres données, par exemple les cartes de texture réalisées par INRAE [Roman Dobarco
et al., 2022] ou des acquisitions géophysiques. Pour ce point, comme pour le point précédent,
il n’est pas forcément pertinent de se focaliser sur l’ensemble du pays, mais plutôt sur les
zones les plus à risques telles que les zones périurbaines.

Incertitude sur les effets du changement climatique sur les sols

Dans les conditions climatiques actuelles, nos résultats ont montré qu’un YDMI basé sur
une couche de sol située entre 80 cm et 1 m de profondeur permettait de rendre compte du
nombre de sinistres de manière satisfaisante. Cependant, ce résultat pourrait être remis en
question par le changement climatique, la profondeur du front de dessèchement étant liée
à l’intensité de la sécheresse. Pour une meilleure anticipation des changements à venir, ces
aspects pourraient être surveillés, par le biais de sites instrumentés, par exemple.

Potentiel des données EGMS

Comme indiqué dans le chapitre 1, il existe désormais des données satellitaires de déplacement
des sols à haute précision spatiale. L’European Ground Motion Service (EGMS) [Crosetto
et al., 2021] propose notamment des données depuis 2018 sur toute l’Europe. Ces données
n’ont pas été exploitées dans cette thèse car leur profondeur temporelle est courte, et dans
ces conditions le signal est difficile à interpréter. Elles présentent néanmoins un potentiel
considérable pour l’analyse du phénomène RGA.
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Appendix A

Additional elements

A.1 SWCC characteristics derived from soil texture

Figure A.1: Soil texture triangle, showing the 12 main textural classes as
defined by the USDA
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Table A.1: Parameter values for the Campbell [1974] and the Van Genuchten
[1980] SWCC and conductivity functions for different soil texture. Table

compiled by Bonan [2019], with data from Clapp and Hornberger [1978] and
Carsel and Parrish [1988].

Campbell (1974) Van Genuchten (1980)

soil type θsat
ψsat

(cm)
b

Ksat

(cm.h−1)
θsat θres

α

(cm−1)
n

Ksat

(cm.h−1)

sand 0.395 -12.1 4.05 63.36 0.43 0.045 0.145 2.68 29.7
loamy sand 0.41 -9 4.38 56.28 0.41 0.057 0.124 2.28 14.59
sandy loam 0.435 -21.8 4.9 12.48 0.41 0.065 0.075 1.89 4.42
silt loam 0.485 -78.6 5.3 2.59 0.45 0.067 0.02 1.41 0.45

loam 0.451 -47.8 5.39 2.5 0.43 0.078 0.036 1.56 1.04
sandy clay loam 0.42 -29.9 7.12 2.27 0.39 0.1 0.059 1.48 1.31
silty clay loam 0.477 -35.6 7.75 0.61 0.43 0.089 0.01 1.23 0.07

clay loam 0.476 -63 8.52 0.88 0.41 0.095 0.019 1.31 0.26
sandy clay 0.426 -15.3 10.4 0.78 0.38 0.1 0.027 1.23 0.12
silty clay 0.492 -49 10.4 0.37 0.36 0.07 0.005 1.09 0.02

clay 0.482 -40.5 11.4 0.46 0.38 0.068 0.008 1.09 0.2
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A.2 Detail of NatCat requests between 1989 and 2022

Figure A.2: Accepted and refused NatCat requests per year between 1989 and
2022 (last update 27/05/2024)
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A.3 Number of houses in France

Figure A.3: Number of houses by department in France, INSEE

A.4 BRGM expansive soil mapping reports

Department Year Report number and link

Ain (01) 2009 RP-57699-FR
Aisne (02) 2009 RP-57155-FR
Allier (03) 2011 RP-52769-FR
Alpes-de-Haute-Provence (04) 2006 RP-54213-FR
Hautes-Alpes (05) 2010 RP-58667-FR
Alpes-Maritimes (06) 2010 RP-57979-FR
Ardèche (07) 2009 RP-57688-FR
Ardennes (08) 2010 RP-59147-FR
Ariège (09) 2009 RP-59147-FR
Aube (10) 2008 RP-56710-FR
Aude (11) 2007 RP-55419-FR
Aveyron (12) 2009 RP-57409-FR

Bouches-du-Rhône (13)
2004 RP-53237-FR
2007 RP-55403-FR

Calvados (14) 2008 RP-56219-FR
Cantal (15) 2010 RP-58889-FR
Charente (16) 2007 RP-55432-FR

http://infoterre.brgm.fr/rapports/RP-57699-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57155-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52769-FR.pdf
http://infoterre.brgm.fr/rapports/RP-54213-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58667-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57979-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57688-FR.pdf
http://infoterre.brgm.fr/rapports/RP-59147-FR.pdf
http://infoterre.brgm.fr/rapports/RP-59147-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56710-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55419-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57409-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53237-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55403-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56219-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58889-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55432-FR.pdf


A.4. BRGM expansive soil mapping reports 153

Table A.2 continued from previous page

Department Year Report number and link

Charente-Maritime (17) 2003 RP-52408-FR
Cher (18) 2004 RP-52682-FR
Corrèze (19) 2010 RP-57879-FR
Corse-du-sud (2A) 2010 RP-59012-FR
Haute-Corse (2B) 2010 RP-59013-FR
Côte-d’Or (21) 2007 RP-55427-FR
Côtes-d’Armor (22) 2010 RP-58917-FR
Creuse (23) 2010 RP-59210-FR
Dordogne (24) 2002 RP-51266-FR
Doubs (25) 2009 RP-57338-FR
Drôme (26) 2008 RP-56648-FR
Eure (27) 2008 RP-56485-FR
Eure-et-Loir (28) 2003 RP-52519-FR
Finistère (29) 2010 RP-58916-FR
Gard (30) 2007 RP-55420-FR
Haute-Garonne (31) 2002 RP-51894-FR
Gers (32) 2001 RP-51251-FR
Gironde (33) 2004 RP-53382-FR
Hérault (34) 2005 RP-54236-FR
Ille-et-Vilaine (35) 2010 RP-58120-FR
Indre (36) 2002 RP-51879-FR
Indre-et-Loire (37) 2005 RP-53351-FR
Isère (38) 2009 RP-57472-FR
Jura (39) 2009 RP-57419-FR
Landes (40) 2008 RP-56583-FR
Loir-et-Cher (41) 2004 RP-52950-FR
Loire (42) 2009 RP-57391-FR
Haute-Loire (43) 2010 RP-58946-FR
Loire-Atlantique (44) 2009 RP-56818-FR
Loiret (45) 2004 RP-53316-FR
Lot (46) 2006 RP-55122-FR

Lot-et-Garonne (47)
2002 RP-51752-FR
2013 RP-61485-FR

Lozère (48) 2010 RP-57711-FR
Maine-et-Loire (49) 2005 RP-53753-FR
Manche (50) 2010 RP-58168-FR
Marne (51) 2008 RP-56828-FR
Haute-Marne (52) 2007 RP-55957-FR
Mayenne (53) 2010 RP-58896-FR
Meurthe-et-Moselle (54) 2006 RP-54860-FR
Meuse (55) 2008 RP-56295-FR
Morbihan (56) 2010 RP-58041-FR
Moselle (57) 2008 RP-56535-FR

http://infoterre.brgm.fr/rapports/RP-52408-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52682-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57879-FR.pdf
http://infoterre.brgm.fr/rapports/RP-59012-FR.pdf
http://infoterre.brgm.fr/rapports/RP-59013-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55427-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58917-FR.pdf
http://infoterre.brgm.fr/rapports/RP-59210-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51266-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57338-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56648-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56485-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52519-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58916-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55420-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51894-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51251-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53382-FR.pdf
http://infoterre.brgm.fr/rapports/RP-54236-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58120-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51879-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53351-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57472-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57419-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56583-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52950-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57391-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58946-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56818-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53316-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55122-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51752-FR.pdf
http://infoterre.brgm.fr/rapports/RP-61485-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57711-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53753-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58168-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56828-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55957-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58896-FR.pdf
http://infoterre.brgm.fr/rapports/RP-54860-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56295-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58041-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56535-FR.pdf
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Table A.2 continued from previous page

Department Year Report number and link

Nièvre (58) 2007 RP-54897-FR
Nord (59) 2003 RP-52107-FR
Oise (60) 2009 RP-57154-FR
Orne (61) 2008 RP-56594-FR
Pas-de-Calais (62) 2006 RP-53817-FR
Puy-de-Dôme (63) 2010 RP-59125-FR
Pyrénées-Atlantiques (64) 2008 RP-56566-FR
Hautes-Pyrénées (65) 2007 RP-55228-FR
Pyrénées-Orientales (66) 2010 RP-58054-FR
Bas-Rhin (67) 2009 RP-57373-FR
Haut-Rhin (68) 2009 RP-57374-FR
Rhône (69) 2008 RP-56842-FR
Haute-Saône (70) 2009 RP-57196-FR
Saône-et-Loire (71) 2008 RP-56635-FR
Sarthe (72) 2007 RP-55777-FR
Savoie (73) 2009 RP-57560-FR
Haute-Savoie (74) 2009 RP-57559-FR
Seine-Maritime (76) 2009 RP-57440-FR
Seine-et-Marne (77) 2006 RP-53212-FR
Yvelines (78) 2005 RP-53074-FR
Deux-Sèvres (79) 1998 RP-39957-FR
Somme (80) 2010 RP-58580-FR
Tarn (81) 2005 RP-53531-FR
Tarn-et-Garonne (82) 2002 RP-51893-FR
Var (83) 2007 RP-55471-FR

Vaucluse (84)
2004 RP-53187-FR
2007 RP-55468-FR

Vendée (85) 2010 RP-57994-FR
Vienne (86) 2002 RP-51264-FR
Haute-Vienne (87) 2010 RP-58290-FR
Vosges (88) 2009 RP-57115-FR

Yonne (89)
2006 RP-54100-FR
2007 RP-55546-FR

Territoire de Belfort (90) 2010 RP-57743-FR

Essonne (91)
2000 RP-50376-FR
2007 RP-55526-FR

Hauts-de-seine (92) 2007 RP-53867-FR

Seine-Saint-Denis (93)
2001 RP-51198-FR
2007 RP-55527-FR

Val-de-Marne (94)
2003 RP-52224-FR
2007 RP-55525-FR

Val-d’Oise (95) 2004 RP-52598-FR

http://infoterre.brgm.fr/rapports/RP-54897-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52107-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57154-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56594-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53817-FR.pdf
http://infoterre.brgm.fr/rapports/RP-59125-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56566-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55228-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58054-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57373-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57374-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56842-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57196-FR.pdf
http://infoterre.brgm.fr/rapports/RP-56635-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55777-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57560-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57559-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57440-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53212-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53074-FR.pdf
http://infoterre.brgm.fr/rapports/RP-39957-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58580-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53531-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51893-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55471-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53187-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55468-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57994-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51264-FR.pdf
http://infoterre.brgm.fr/rapports/RP-58290-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57115-FR.pdf
http://infoterre.brgm.fr/rapports/RP-54100-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55546-FR.pdf
http://infoterre.brgm.fr/rapports/RP-57743-FR.pdf
http://infoterre.brgm.fr/rapports/RP-50376-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55526-FR.pdf
http://infoterre.brgm.fr/rapports/RP-53867-FR.pdf
http://infoterre.brgm.fr/rapports/RP-51198-FR.pdf
http://infoterre.brgm.fr/rapports/ RP-55527-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52224-FR.pdf
http://infoterre.brgm.fr/rapports/RP-55525-FR.pdf
http://infoterre.brgm.fr/rapports/RP-52598-FR.pdf


Appendix B

Additional results

B.1 YDMI and claims for layers 8 and 10

Figure B.1: YDMI obtained for patch 4 and (A) layer 8 or (B) layer 10,
compared to the (C) normalized number of claims. Sample of 20 towns located

in departments 13, 31, 45, 57, 63.
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B.2 YDMI resampling to 4 km, 2000-2022

(a)

(b)

Figure B.2: YDMI after resampling to 4 km, (1) continuous and (2) by class
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Titre : Compréhension et modélisa�on mul�-échelle du phénomène de retrait-gonflement des argiles
Mots clés : Sécheresse, Argiles, Risques
Résumé : Le retrait-gonflement des argiles (RGA), aussi appelé sécheresse géotechnique, est un phénomène naturel de rétracta�on des sols
riches en minéraux argileux gonflants lors de périodes de sécheresse. Le bâ� peut être affecté si le dessèchement se propage en profondeur
dans le sol sous les fonda�ons provoquant la fissura�on des façades. En France, les dégâts sont couverts par les assureurs dans le cadre du
régime d’indemnisa�on des catastrophes naturelles (CatNat). Il s'agit du deuxième risque le plus coûteux après les inonda�ons, avec des
dommages es�més à plus de 20,8 milliards d'euros depuis 1989. Les coûts sont par�culièrement élevés depuis 2017, avec un nouveau record
en 2022 es�mé à plus de 3 milliards d'euros d’après la Caisse Centrale de Réassurance (CCR). Bien que ce phénomène ait été décrit localement, il
reste imprévisible à de grandes échelles spa�ales, en par�e à cause de l'hétérogénéité inhérente aux dépôts argileux. La thèse vise à améliorer la
caractérisa�on des facteurs d'occurrence du RGA et à quan�fier sta�s�quement le nombre global de sinistres. Il ne s’agit pas ici de déterminer
un risque de sinistre pour chaque maison. Différents types de données sont comparés : des simula�ons de l'humidité du sol (Météo-France),
des données géologiques et des acquisi�ons faites sur un site instrumenté dans le Loiret (BRGM), et une base de données de sinistres (CCR). Le
travail est abordé sous l’angle du facteur déclenchant principal : la sécheresse. Un indicateur sur-mesure est développé, la magnitude annuelle
de sécheresse (YDMI), basée sur l'humidité du sol simulée par le modèle de surface terrestre ISBA. Le YDMI intègre les fortes anomalies
néga�ves d'humidité du sol sur une année. Ses caractéris�ques (défini�on de la sécheresse, profondeur de la couche de sol et méthode de
calcul) ont été ajustées par comparaison avec un échan�llon de données de sinistres. L'objec�f de cet indicateur est d'iden�fier les condi�ons de
sécheresse suscep�bles d’induire du retrait. Une comparaison des humidités du sol simulées par ISBA et des YDMI associés avec des données du
site instrumenté a permis de caractériser les incer�tudes liées à l’échelle macroscopique du modèle. Des YDMI sont ensuite calculés de façon
spa�alisée sur la France, d'abord pour une période historique allant de 2000 à 2022, puis pour une période future allant jusqu'à 2065. Pour
cela, ISBA est forcé successivement par la réanalyse SAFRAN, et par les champs atmosphériques simulés par plusieurs modèles de climat sous les
scénarios RCP 4.5 et 8.5. L'analyse historique iden�fie des événements extrêmes qui ont frappé la France en 2003, 2018, 2019, 2020 et
par�culièrement en 2022. D'autre part, les YDMI projetés montrent que la fréquence et l’intensité médianes des sécheresses favorisant le RGA
sont amenées à augmenter dans le futur, surtout dans le scénario le plus pessimiste RCP8.5. Le dernier volet de la thèse met en interac�on le
YDMI et trois composantes géologiques de suscep�bilité des sols au RGA iden�fiées par le BRGM, qui sont des critères qualifiant leur
minéralogie, lithologie et propriétés géotechniques. Un des enjeux pour les assureurs est de prédire le nombre de sinistres causés par une année
de sécheresse. C’est pourquoi le YDMI par années et les critères géologiques ont été croisés avec des données assuran�elles pour entraîner un
modèle ensembliste d’appren�ssage random forest. Les résultats soulignent le pouvoir prédic�f supérieur des YDMI et du critère minéralogique
pour prédire le nombre de sinistres global. Ces travaux cons�tuent une avancée vers une meilleure compréhension du phénomène RGA et
ouvrent des perspec�ves pour la prédic�on opéra�onnelle de la sinistralité assuran�elle. La modélisa�on pourrait être améliorée avec des
données d’aléa plus fines et une meilleure caractérisa�on de la vulnérabilité des bâ�ments.

Title: Understanding and mul�-scale modelling of clay shrinkage-swelling
Key words: Drought, Clay, Risks
Abstract: Clay shrinkage is the retrac�on movements of soils rich in expansive minerals during dry periods. Buildings can be affected if the
desicca�on extends in depth into the ground below the founda�ons, causing cracks to appear in facades. In France, this damage, known as clay
shrinkage-induced subsidence, is covered by insurers in the framework of the na�onal compensa�on scheme for natural disasters (NatCat
regime). It is the second most costly risk a�er floods, with damages es�mated at more than €20.8 billion since 1989. Costs have been
par�cularly high since 2017, with a new record set in 2022 for which damages were es�mated at more than €3 billion, according to the Caisse
Centrale de Réassurance (CCR). Although this phenomenon has been described locally, it remains unpredictable at large spa�al scales, in part
due to the inherent heterogeneity of clayey soils. The aim of this PhD work is to improve the characteriza�on of clay shrinkage occurrence
factors and to sta�s�cally quan�fy the global number of insurance claims. The aim here is not to determine a risk of damage for each house.
Different types of data are compared: soil moisture simula�ons (Météo-France), geological data and acquisi�ons made at an instrumented site
in the Loiret French department (BRGM), and insurance claims (CCR). To address the problem, we focus first on the main driver of clay
shrinkage: drought. A custom drought index, the year drought magnitude index (YDMI), is developed based on soil moisture simulated by the
ISBA land surface model. The YDMI integrates strong nega�ve soil moisture anomalies over one year. Its characteris�cs (drought defini�on, soil
layer depth and calcula�on method) were adjusted by comparison with a sample of insurance claims data. The purpose of such an index is to
iden�fy drought condi�ons that are likely to trigger clay shrinkage. A comparison of soil moisture simulated by ISBA and associated YDMI with
data from the instrumented site enabled us to characterize the uncertain�es associated with the macroscopic scale of the model. The YDMI is
calculated for the whole country, first for a historical period 2000-2022, and then for a future period un�l 2065. For this purpose, ISBA is
successively forced by the SAFRAN reanalysis, and by atmospheric fields simulated by several downscaled climate models under RCP scenarios
4.5 and 8.5. The historical assessment iden�fies extreme events that hit France in 2003, 2018, 2019, 2020 and par�cularly 2022. On the other
hand, the projected magnitudes show that the median frequency and intensity of droughts favoring clay shrinkage are bound to increase in the
future, especially under the most pessimis�c scenario RCP8.5. The last part of the thesis brings YDMI into interac�on with three geological
components of soil suscep�bility to shrinkage iden�fied by BRGM, which are criteria qualifying mineralogy, lithology and geotechnical
proper�es. One of the challenges for insurers is to predict the number of claims caused by a drought episode. For this reason, YDMI per year
and geological criteria were cross-tabulated with insurance data to train a random forest supervised learning ensemble model. The results
underline the superior predic�ve power of YDMI and of the mineralogy criterion. This work therefore represents a step towards a be�er
understanding of the clay shrink-swell phenomenon, and opens up new prospects for the opera�onal predic�on of the global number of
insurance claims. The modeling could be improved with finer hazard data and be�er characteriza�on of building vulnerability.
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