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Résumé Le changement clinm
climatique et impose de reconsidérer les risques-¢
climatiques. En France, depuis les années 196(
changement climatique se traduit par une hausse abi
des températures autour des années 1987/1988
modi fications rapi des

susceptibles de modifier les risques agimatiques et
déentra " ner des per tessla
compréhension des effets régionalisés du change
climatique sur les risques agcbmatiques constitue
donc un enjeu majeur pour le monde agricole.
s®cheresse est Felimatiguesd quli
impacte fortement la production agricolet dées
performances des assurances climatiques sur récolte
travail de th se, frui
assureur et un laboratoire de recherche, se prc

do®t udi er C 0 mmesnproportiars lesl
modi fi cations deecténdla lisGua
s®cher esse, et ter me

climatique sur récolte. Le blé, le mais et la vigne sont
cultures i mportantes p ¢
étudiées plus particulierement dans ce travail.

Les données Safrdeba-Modcou produites par Météc

France permettent, | €
| 6®vol ution structurell
de | 6eau s u¥r202i. da ppse enicangte
la vuln®rabilit® des déle
de bil an hydrique Sim
do®valuer | es changemen
sur | es bassins de prod
d®finition dbéun seui l d
étudiées conduit au développementd u n i n

sécheresse. Les distributions statistiques de ce de
sont probabilisées avec un modeéle de Tweedie, dor
lieu a une caractérisation régionalisée des modificat
structurales du risque agolimatique sécheresse sui
aux réchauffems rapides observés en France.

Apres le réchauffement rapide de 1987/1988, la dem.
évaporative est en forte hausse, particulieremen
printemps et en été. Cela induit un assécher
progressif des réservoirs en eau du sol, faisant augm
la contrante hydrique sur le couvert végétal. La prise

compte de |l a vuln®rabil
gue par exemple pour I
hydrigue évolue en conséquence. Les périodes
d®passement du seui | entdoe
so0intensifient avec | e
selon les bassins de production considérés.

évolutions peuvent étre expliquées par une fi
augmentation de | 6®vapo
végétative, la modification des séquenséshes joue
également un role. La structure du risque a
climatique lié a la sécheresse en est affectée. Ce
traduit par une augmen’
|l 6occurrence des ®pi st
modifications déperehtdu bassin de prodtion étudié
et sbaccompagnent ddéun
extrémes.

Ces modifications du risque sécheresse suit
| 6®vol uti on rapi de de
stades sensibles desltares ce qui peut amener a d
pertes de rendememhportantes. Les performances
| 6assurance multirisque
l i ®es " | 6®vol ution de
développé dans ces travaux montre, dans cert:
conditions, une bonne
sinistralité dilisé par les assurances. |€®uvre des
perspectives pour étudier la volatilité des performar
de | 6assurance climat.i
n®anmoins doéaffiner et
pour certaines cultures telles que le blé, netneoh pas
déam®l i orations probant
sécheresse pourrait aider les assureurs a élaborer et

des strat ®gi es de pr
territorialis®es pertin
prenantes.




Title: The evolving agraclimatic risks related to changes in climate hazards in a warming context
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Abstract: Climate change modifies climatic hazar
and requires a recongidtion of agreclimatic risks. In
France, since the 1960s, climate change has resuli
an abrupt rise in surface air temperature aro
1987/1988. These rapid changes in climatic hazard:
likely to modify agreclimatic risks and lead to histori
crop losses. Understanding the regional effects
climate change on ag@imatic risks is therefore
major challenge for the agricultural sector. Drough
one of the agrelimatic risks that have a major impa
on crop production and climatic crop insaca. This
work, which results from a collaboration between
insurance company and a research laboral
investigates how and to what extent changes in clin
hazards affect drought risk, and ultimately
performance of climatic crop insurance. Sivazeeat,
maize and vineyards are the main crops in

company's portfolio, agrolimatic risk modifications
will be studied specifically for these crops of interes

The SafrarisbaModcou dataset, produced by Mété
France, allows to quantitructural changes in climati
hazard linked to water cycle on a regional scale ove
period 19592021. Taking crop vulnerability int
account by using a simplified water balance mc
provides an opportunity to assess changes in v
constraint for eeh production basin of the crops

interest. The definition of a water stress threshold
the crops studied enables to develop a drought in
The statistical distributions of the latter are probabili:
using a Tweedie model, resulting in a regioreli:
characterization of drought risk structural modificatic
after the rapid warming observed in France.

After the rapid warming of 1987/1988, evaporat
demand increases sharply, particularly in spring

summer. This leads to a progressive dryupgof soil

water reservoirs, increasing water stress on veget
cover. Taking into account the vulnerability of the cr¢
of interest shows that for winter bread wheat,

example, the water balance changes conseque
Periods when the water stress thoddhis exceeded ar
lengthened or intensified with warming, depending
the production basin considered. These trends ca
explained by a sharp increase in evapotranspiratior
the end of the growing season, changes in dry spells
play a role. Ths affects the structure of tlgrought

relatedagroclimatic risk, translating into an increase
the intensity and/athe occurrence of drought episode
These changes depend on the production basin stt
and are associated with an increase in extanmgghts.

The changes in drought risk, resulting from the re
evolution of climatic hazards, affect sensiticeop
stages and can lead to significant yield losses. 1
performance of climatic crop insurance is theref
closely linked to changes in thiype of risk. Giver
certain conditions, the drought index developed in
work shows a good correlation with the loss ratio u
by insurance companies. iBlopeis up new avenues fc
studying the volatility of climatic crop insuranc
performance. Howear, we need to refine an
consolidate thee results which do not show an
convincing improvement for certain crops such
wheat. The projection of these drought indices cc
help insurers to develop and experiment territoriali
prevention and adaptati strategies that are relevant
all stakeholders.
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Avantpropos
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une meilleure compréhension des risques pouvant impacter la performance de ces contrats MRC.
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1.1. Les risques agrdimatiques en Francecontexte, gestion et
enjeux

1.1.1.Un contexte agricole particulier @€ndzNE LIS R & sthgatiazrsles U

rendements
5SLJzia GNBAa RSOSYyyASa Sy 9dzaNRPLIS RS fQhdzSads fSa
une stagnation marqué¢Brisson et al., 201CFinger, 201pp [ S& LR Ay dia RQAY Tt SE)
identifiés au début des années 19@¥@eltonenSainio et al., 2009 Plusieurs aases sont mises en
évidence, notamment le ralentissement des améliorations génétiques, la mise en place de limitations
fSaratriAgSa t tQdziAtAal GA2Yy RS (HagkiNgetah, ZCLRIA v G NI y i
& Huybers, 2012Michel & Makowski, 2013

La France est trés affectée par cette stagnation des rendements, particulierement la culture du blé,

avec 70 a 80% des surfaces cultivées impadt@essi et al., 2013Ray et al., 201:2Schauberger et

al., 2018 (Figurel). Ce plafonnement des rendements du blé questionne la sécurité alimentaire, la

France étanf S LINBYA SNJ LINPRdzO(GSdzNJ RS f Q! yA2Y 9dzNRLISSYyVy!
LINE RdzOGA2Y | dzE | dzi NB & LI{AydsteRB2Lt Q! 9 Si | dz NBadGS R
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Figurel : Tendances et taux de croissance des rendements nationaux des cultures majoritaires
francaises pour le 20 et le 2™ siécle. (a) Tendances des rendements, pour les cultures
saisonniéres et les cultures saisonniereségées (190€2016). (c) Taux de croissance annuels relatifs
des rendements, pour les cultures saisonniéres et les cultures saisonniéres agrégéesZ096)
Source: Schauberger et al., 2018

Pour expliquer cette stagnation des rendements dans dgsp plusieurs facteurs sont identifies

potentiel physiologique atteint, changement des conditions climatiques, modification des politiques
agricoles et des subventions, modification des itinéraires techniques de culture, diminution des
investissements q@ur irriguer/fertiliser, ou encore augmentation des surfaces en agriculture
biologique(Schauberger et al., 201.8.a combinaison subtile de ces facteurs modulée dans le temps

6LI N SESYLX S I 3SO tQS@2tdziazy RSa O NKcgés8es Odzf G A
olaaAya RS LINPRdzOGA2Y O NBYR fQryrfeaS RSEAOINGS
AYGSNIINBGSNI OS LKSYy2Ys8yS RS adl3ylraazye /S LI T
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grande variabilité absolue de ces derni@awkins et al., 2003 avec pour 2016 une récolte de blé
ROQKADGSNI KA a2 NABeddSi6tly, O1BR S @ k & i NS diza B Sapilitélclimatigué RS € |
au cours de ces derniéres années est une piste avancée, mais non consolidée, pour expliquer la plus
grande variabilité des rendements, les pertes extrémes de récolte de 2016 sont clairement attribuées

a la conjonction de phénoménes clititaes sans précédent. En effet, des températures minimales et
YFEAYFfSa SEOSLIiA2yySttSYSyid sStS@gsSa Sy FAy RQld
de fortes pluies en mai et juin 2016 expliquent ces dommé#BesAri et al., 2018 Depuis plusieurs

années, la sécheresgmpacteaussifortement le rendement des céréales, avec en 2020 par exemple

un manque de précipitations en avril et en été ayant mené a une baisse des rendements des céréales

R Q K XAgr8ské] 202D Le méme phénoméne a été obsersé 2022 ol la sécheresse estivale a
entrainéune forte diminution des rendements des céréales de printerffjageste, 2022 Avec un

climat qui se réchauffe, la probdité que ces conditions se reproduisent augmente, signant ainsi une
modification du risque agrolimatique.

1.1.2.Les risques agrdimatiques

[ QF ANR Odzf G dzNB X 2 dzi NB f Splix dimatipdzSpiemiBrés, tatk deloHarge, 6 @2 f |
X0 2 Swment affetéelpar les risques naturels tels que le climat ou les malhdtisky et al., 2097

Dans un contexte de changement climatique gloked, risques agralimatiques sont en constante

évolution et ont des impacts croissants sur les rendements agricoles. Le risque de dégat associé a un
St Ot AYF(GAljdzZS Sad S NBadzZ G4+ RQdzy ONRBAASYSy.
spatiah & GA2Yy > RdzZNBSTX X0 SG OSttSa RS I @dz ySNI o,
SE LI & A (DhvEE/202DX 0

La vulnérabilité traduit la sensibilité de la plante aux facteurs climatiques limitants tels que le manque
de précipitation et les contraintes hydriques par exemple. ElleSdfpfR Sy i NB | dziNSa R
végétale étudiée, de la variété et de sa sensibiétdR S f QSELR &aAGA2y d [ S& O2yRA
influent aussi sur la vulnérabilité des espéces végétales, @tlfEsivant développer des mécanismes
RQI RI LI I GAAERYWS OAWSRaEAYU 0 2 dz R QI O O f(Banikl-etidl., (201@Bysu ét Y S O y A
al., 2016Pandey & Shukla, 208 51 ya fSa Ol a fS&a L) dza aAyYLX Saz fQ
en matérialisant la vulnérabié par un seuil unique et statique ayant un sens écophysiologique (par
SESYLX S dzy &Sdzif RS aidNBaa KeRNRIdzSOD [ | LINA & .
RQIFI OOt AYIF Ol GA2Y ySOSaaAidS RS FIFIANB GFNASN Reyly
variables climatiques et aux criteres culturaux (e.g. date de semis) et variétaux (e.g. résistance au stress
KERNRIjdzSE GAGSaaS RQIFOOEAYIF Gl GA2Yy0d tf dzAASdzNBE Y2
compte ces différents criteres, comme par exgen STICS (Simulateur mulTIdisciplinaire pour les
Cultures Standard)Brisson et al., 200® [ SdzNJ Y20Af A&l GA2y Sad AyRAA
O2YLINBY BB f 8248 NR®Sa LINROS&&adza SO2LKeaAzf23AldzS5a
LISNXYSGGS RQFff SN 2dzalj dzQF dz NBYRSYSy o alAaa 1 2d
YSOFyAayYySa Si fSa LkRaairof Sa 02 Ydasfigaiidndes afigtdadeR QS NNE
fl Y2RAFTAOFGAZ2Y RS fF @GINRARFOATAGS Ot AYIF(GAIldzS & dz
hydrique simplifié permet de se situer & un niveau de complexité intermédiaire. Ce type de modéle,
intégrant les caractérisA lj dzSa LK Sy 2f 23AljdzSa RS I OdzZ G§dz2NE Sid
LISNXY¥SG RQSOIfdzZSNI RS YIYASNE aAYLI S SiG LISNIAYSyGS
du risque agreclimatique.
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[ QFf S Ot AYIF GAIl dzS 2aaSdzNEZSSHAWAQKS |jRd2-dgf/li 2tdz fLAZAdZE LA SNIENER |
liés aux températures, aux précipitations, au vent, au rayonnement, etc. Les aléas climatiques, dont
fSa O02yasSljdsSy0Sa adzsNJ £ S& Odzf G§dz2NBa azyid 02dz@SNI S
Climdique (MRC) subventionnés, sont définis par le Fonds Européen Agricole p&ueledpement

Rural (FEADER) A YV A & (i § NBturikeé® deflaCBbudidxdin@élalimentaire, 2028t sont résumés

dans leTableaul ci-dessous.

Tableaul : Liste des aléas et des phénémy S& Of AYF (AljdzSa O2dz@SNIL A LI NJ
NEO2f (8 add GAWAALdzS /€ AYF{AIDdeé (2020vet Ministarelzded Sy i A 2 \
£ Q! ANAOdzA GdzNB SG RS 1) {2dz8SNI AYySGS FEAYSYdl ANB

Aléas climatiques

Température Exces de température, coup de chaletampératures basses, coup ¢
froid, gel

Précipitations { SOKSNXaasS: SEOsa RQSIdz LX dzA S
excessive, gréle, poids de la neige ou du givre

Vent Tempéte, tourbillon, vent de sable

Rayonnement Coup de soleilmanque de rayonnement solaire

5QF dziNBa FfSla LISd@Syid siGNB 02dz@SNIa LI N tSa Os
adzo @SyitArAz2yysaod Lt Sy Sad RS YsYS LRdzNJ f£Sa 02y iNd
climatiques listés dans Eableaul, par exemple les contratsgtéle» ou «gréle/tempéte».

t F NYA G2dza O0Sa FftSlha OfAYlIGAldzSaszx tF 3INsESE €S
principaux identifiés lors depassages des experts sinistres sur les parcelles sinistrées depuis la mise

Sy LXIOS RSa O2yiNI (@idsRe@talg 200ZNF y OS aw/ X Sy Hnanp

113 Sa RA&aLIRaAOGATE RQIFOO2YLI 3IySYSyd RS
du risque

En Franceal gestion des risques agricoles est historiquement une politique publique. La création du

Fonds National de Garanties des Calamités Agricoles (FNGCA) ecotS6ie la premiére forme

RQI 002 Y LJ 3 \astdes gxfloitatibnblagficles confrontées a des aléas naturels (climatiques,
sanitaires et environnementauxBoucher et al., 20)9Le développement de nouvelles assurances
RSOFIAG sONB FTF@2NRASY YI A& &S dz Bt Audébdt dedzhinégsOS I NE
HANnNnE &2dza f QA Y Baziisi@aux2(000 Redz polNdirkJipibltd ont engagé une
modernisation du dispositifar le transfert progressif du soutien a la gestion des risques et des crises

du FNGCA vers des assurances individuelles et une plus grande responsabilisation des agriculteurs.
Deux dispositifs ont alors été mis en plate f QI F&caNMyftiRiSqueClimatique surécolte,

aw/ 0 RSLJzA & Hnnp RQdzyS LI NILHXZ SG €S C2yRa RS adz
RSLJZA & HnAnmMo RQIFdzINBE LI NI 6AdSd OFftFYAGSEA |INARO
européens de la Politique Agricole Commun¢ ! / 0 @ 9y HAMc I dzgocldIe® RdzA i R
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RSTAYA dz YyADSIdz SdZNRBLISSY > R2yylyld fASdz £ dzy 02y
(Boucher et al., 2029

[ S4 Y2RIfAGSAE RS YAaS Sy dzuzdNB Rdz a2dziASy LJdzo f |
régulierement débattues et ajustées. Dans le contexte du changement climatique et de son impact de

plus en plus important sur les exploitations agricoles, lgigak de gestion des risques sur les récoltes

I LILJ NI nid  O2 YY $najéutddizypolit i dublBjye 2A8 tolt de 17 ans, le systénueax

dispositifs décrit précédemment (assurance MRC subventionnée et calamités agricoles) a montré ses
limites. LaNBLISGAGAZ2Y RS&a aiAyradNBa I LISasS adzNJ £ S O2|
I ANR Odzf G SdzNAR S adzNJ £ NBydl oAt Al SDi@dtighgdnérdle Rdz a S
de la performance économique et environnementale deskeditéd 3 S&4> aAyAaid8§NB RS f Q
Souveraineté Alimentaire, 20@2 [ I RAFFdzaA2y RS f QlF 8adzNF yOS NB«
O2yGNI NRIFYy(d S LINAY OATS de¥ ezflaiztidng énig@nddd Sulture® bt @@ dzNJ Y
vignesne sont pas assuréesplus de 80% des exploitations toutes cultures confonduéddnnées

Ay (iSNYySa Lt LefréQife deddlbihtBssaGivoles, fondé sur des procédotestivesde
NBO2yylAaalyOS Si RQSalGAYIFGA2Y RiSSEtpR2oeNeleddda > Sai
f QAVO2YLINBKSYaaAz2y LIRdzZNJ 8S&a 0SYSTFAOAFANBAD / SNI I A
cultures et viticulture notamment), rendant les filieres correspondantes trés vulnérables en cas
RQSPSsySYSyia Of rnsi il dppdidsait YiécesSaieNdePrepenser le dispositif

RQIFOO02YLI Ay SYSyld LRdz2NJ ' YSEA2NBNI f I NBEaAfASyOS
changement climatique.
[ f2A Rdz H YINBR HAHH LINBYdz 3dzS Ay adantgmyla y2 dzdS|

A2t ARFENRGS yFOGA2Yy IS Bai led agriculi#tulN Bt lled SsulRuirgifidnée)j dzS Sy
2022. Dans cette réforme, mise en place dés la campagne 2023, la tunevdes risques est divisée
en trois «étages» (Figure2).

Indemnisation pour les i/m“\] Indemnisation pour les ( A ]
Niveau de perte | agriculteurs assurés \—/ agriculteur non assurés \J
100%
r s
Indemnité
3e étage de solidarité
Pertes les plus Indemnité de solidarité nationale (Etat)
élevées nationale (Etat) 45 % en 2023
Seuil d'intervention publique : 920 % 40 % en 2024
<eun aintervention pubiigque .
- 2partrde3oousox | _—
2eétage e
Pertes d'intensité ,ag‘)
o
moyenne e
Seuil de déclenchement de 'assurance 6\)‘ o:x\g‘%
subventionnée : & partirde 20% | N G‘a
ot P‘#\c:.e‘*"
L;azg_ ’ Agriculteur assuré
Perifes e Ifa,rb e Reste a charge
intensité

0 % de perte *Les primes ou les cotisations de I'assurance sont subventionnées 3 hauteur de 70%

Figure2Y { OKSYIlI RUSyaSYoftS Rdz RA &L & SourseFDirdetoHn f QI & & o

générale de la performance économique et environnementale des entreprises, Ministere de

f Q! INRA Odzf GdzZNB SG RS € 1) {2dz@SNI AySGS ' tftAYSY(dl ANB
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[ 2NRjdzS € QFf S Of AYlF GAl dzS AéaBedzhoins dizZB6 deJend), s RS T
O2Hiia Rdz aAyAaidNB NBaildSyd t fI OKI (DEB&onR&érdeQ I NR O
RS f LISNF2NXIYyOS SO2y2YAljdzS Si SYy@ANRYyYySYSydl €S
Souveaineté Alimentaire, 2022 Lorsque les pertes représentent entre 20 et 50% du rendement
historique (pour les grandes cultures et la vigne notamment), les agriculteurs ayant souscrit un contrat
RQlFaadz2N» yOS NBO2f (iSy RiSyoyrSaySiar 2 yiKeNelage)SPod RedrhicditezNI O H
RQIFYLX SdzNJ SEOSLIiA2yySttS 0&dzZLISNASANBE t pmr:0s f¢
Sy LI OSo 9tfS FEAKHGIINBE&St Sy a DaNBES) &Ik MFfd@e®s LI 2 A G|
Sy F2yO0lGAz2y RS f | FRgaré2ddeinikeawymaknSal de subvankdh Gedaiisip& tzNJ 6
réglementation européenne est aussi appliqué, ake8a O2y NI & RQF a&ddz2N} yOS a
¢t2dza fSa GelLlSa RS LINRPRAOGAZ2Y LIR2dINNRYy(di o06SYySTAOASH
{2t ARFNRGS bliA2YIFES o0C{b0X RSa 3INIyYyRSa OdzZ (dzNB2
leYlF N} nOKIF3S 2dz SyO2NB f QK2 NI A Odzf (G dzNBE 2dz f QF LIA Odz

La mise en place de la réforme doit avant tout permettre le développement des contrats MRC en
FYSEAZ2NIYyG fQFNIAOdZ FdAz2y SydiNB €S LldzoftAd Si S
IQF 0O0s8& t f QlF &&adaNF yOS LldzNJ (2dza tSa SELX 2A0l yida
LI NJ f QAyadGldz2NF A2y Rdz aeaidsyYS RQAYy(dSNI 2O0dzi SdzNI d;
I ANR Odzf G SdzNBR X 1j dzQAf & & 2rAeS idemnisadtidndz@iBdrance dw ISN). L& S i
ONBIF GA2Y RQdzy Ll22f RS O2NBl &aadaNIyOS RSONIAG LIS
climatiques, notamment par la mise en commun des portefeuilles des assureurs et des données de
sinistres. Cette réformeJ2 NIIS RQA YL NI Fyia S&aLRANR L}R2dzNJ G2dzi S
O2yGSEGS RS &AAYAAGNIEAGS AYLRNIFYGS RS f QF &&dNT y

114 1 AaAYAAUGNIEAGS RS f QluichjduMdajguOS Y dzf
1141, [ &AddzZ GA2y R&Erafcdl 8adz2N)F yOS aw/ Sy

Depuis sa création en 2005, le ratio du colt des sinistres sur le montant des cotisations (aussi nommeées
primes) des contrats MRG ou ratio sinistre & primenoté S/P¢ et LISNXY S Gt yid RQSQI
LISNF2NXI yOS RSa oaaddhicuiiré GupdRaut a7 500z06layhéeS Sur 18 en France,

allant méme atdela de 100% toutes les années depuis 2016 en cuifiddération Francaise de

f Q! 44 dzN)(Fig®3. HANHO
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Figure 3 : Evolution annuelle du ratio S/P brut et cumulé depuis 2005 des contrats M&C%
Source CSRSN) iA2y CNIYyeel H&dS RS f Q! 3adz2Ny yOS O6HAHO

Depuis 2016, on constate qumis aléas climatiques majoritaires sont la cause des pertes constatées
danslescontrats MRC f QSE 08 a4 RQS| dzIFigured). BaSdotie@ssSaimmact &l S 3
L dza Sy LX dza AYLRNIFYyG RlEya fQS@2tdziaizy RSa 02F
déficitaires en précipitations entrainant de fortes contraintes hydriques sur les cultures.

EXCES D’EAU
+ GRELE
+ GEL
+ MANQUE DE SECHERESSE
RAYONNEMENT + EXCESD'EAU
+ GEL
) GEL
SECHERESSE +GRELE
+ GRELE + EXCES
+GEL | . D'EAU
+ COUPDE
CHALEUR

137 %

[
B

Figure4 : Bvolution annuele du ratio S/P des contrats MRC et aléas climatiques majoritairement
RSOf I NBAX LI NI 2NRNBE RQAYLEZNII yOSod pDonRéesinfeté&s y2y R
b f QSYUNBLINRASS CSR&E(RFA)2Y CNI yoel AaS RS Q! aaddz
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Les céréales et fourrages eslvignes, constituant les deux classes de cultures majoritaires dans les

parts des capitaux assurés et des cotisations, sont aussi celles qui ont un ratio S/P souvent plus élevé

que pour les autres classes de cultures depuis ZCIS RSN G A2y CNI y el A.&ES RS f ¢
moyenne de 2013 a 2022, les ratios S/P des contrats MRC grandes cultures et vignes sont
respectivement de 114% et 128%. Ainsi, ces deux types de cultures sont tvedllési par les

assureurs, notamment le blé, le mais et la vigne.

[ 4 LINRPofSYlFGAldzSa SELR&SSa LINBOSRSYYSyid az2yid RQ
I ANA Odzf G SdzNE® [ QSY I NBLINKRASST LI NIGSy Ll ANScoir&ts £/ L
aw/ X dzyS F2NIS aAyAaGNItAGST | SO dzy MohhdesDi RS
Ay G SNy Sa )HlLebldlsyiaisedalidid éolstituent les principales sources de capitaux assurés

et de cotisations pour Groupama, et sont donc des cultures tres surveillées.

1.1.4.2. Bude de cas : impact de la sécheresse sur le ratio Stiatkale Groupama

Dans le contebe décrit précédemment de forte sinistralité des contrats MRC, et de la place
prépondérante du blé, du mais et de la vigne dans les cultures assurées, il nous a paru intéressant en
LINEYASNB | LILINRPOKS RQSGdzRASNI f | trddripBng dunasde S O2 NN.
DNR dzLJ YI S f QAYRAOS RQKdAzZYARAUGS Rdz a2t o{2Af 2| ¢
de remplissage en eau des réservoirs du sol. Lorsque le SWI est égal a 1, les réservoirs en eau du sol
sont remplis, inversemenorsque celuii est égal a 0 les réservoirs en eau du sol sont vides.

Les montants des co(ts des sinistres dus aux exploitants assurés et des cotisations (ou primes) payées

LI NJ OSa RSNYASNE t fQSOKSffS RSLBNIDSYSKOS 6 &R 612 dA
RS&a o0lasSa RS R2yySSa RS fQSYiUNBLINAaASo [Sa&mn/RAOS R
IsbaModcou (SIM produite par Météo France, réanalyse de données observées au pas de temps
quotidien sur une grille de résoloti 8km (Soubeyroux et al., 20B S { FaNB3IS +t ¢
départementale] QF INB 3 A2y RS O0S& RSdzE Ol NAl 6t Sa |dz LI &
production majoritaire & & Odzt (i dzNEYE RMAWESNFE #dza LISNXSIG RQS dzR
SP2ftdziAz2zya | yydzStfSa Rdz NI GFigare5). kt S RS f QAYRAOS
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Figure5 : Bvolutions annuelles du ratio S/P dmaisdes contrats MRC de Groupama (en noir) et de
f QAVRAOS RQKdzY A & Ande® enRadglais, BWI) (én{raudej surzlds départements du
bassin de productiordes Pays de la Loi€harenteMaritime, DeuxSévres et Vendée

Le ratio S/P trés élevé de 2016 confirme le caractere exceptionnel de cette année, marquée par un
excésRQSF dz GNBA AYLRNIFYG |dz LINAYGSYLA &adzhi 3A RQSL
rayonnement pendant la saison végétativégures et Figures).[ QI y Yy SeSt égalenvedi marquée

par une forte sinistralité pour le mais, due la encore a un enchainement de conditions climatiques
RSTI @2NXof Sa G2dzi Id2At XA FREB @RAINI B A[ 02003 SO0 TS O
peut expliquer les variations de la sinistralité des contrats MRL. G KS2NASZ aAiA OQSil A
f QA VRAOS RQKAzZYARAGS Rdz a2f Sad Sy o lokdispoSibled f 2 NBE |j
pour le couvert végétal) le ratio S/P devrait augmenter et aggraver la sinistralité des contrats MRC, et
inversementLe SWI devrait donc étre anticorrélé au ratio $JB.sur le bassin de production des Pays

de la Loire, le SWI des contr&t®lRCmontre unelégérecorrél G A 2y LR aAaAGADBSE RQSYy OA
test de PearsorFjgure5)® 51 ya OSGGS NBIA2Y I I &aAydQBENT (RRYD F
pas bien expliquée par RS T A OA G R Qt8l udzdétni igf, aved [SSWA. 2

5lya fSa FdziNBa ol adaaiya RS LINRPRdAzOGA2Y 2dz LJ2 dzNJ f ¢
ROKdAzZYARAGS Rdz a2t SAanéxel Xnoeie2, Aniexed 8t Anfiexed)YllesNdhssa® 0

RS LINPRdzOGA2Y Rdz YIO&a RS I LXIFIAYyS RQ!falOS 2dz
anticorrélations légéres a modérées (respectivemé3 et-n dnm0 > O2y FANXN LI y i | dzS
dans le sol peut constituer un facteur explicatif de la sinistralité des contrats MRC. La culture du blé
(SYRNB RQKAGSNI RSO2 A f(ONISH I 350 Saylih R StaQ NB&ERIE (R & af 1€
f QAYVRAOS RQKdzY A R Aiiles linfttelz. & daficf S/PSilidiétdéns dedte ipavt cofnprend

G2dza fSa aAyArAaiaNBa RSOt NBa OKIIjdzS FyySSuell? dzNJ f
ayant mené a la déclaration du sinistBe plug f QAYRAOS RQKdzYARAGS Rdz a2f
est calculé en prenant en compte le couvert végétal complet de chaque point de grille de résolution

ylY O2dz0NI yi I CNISYy@SDOKA fj dzfQ DD $ BN dzBABRYEY il TRIP dR ¢z
risque sécheresse sur la sinistralité des contrats K#REssite donc une méthodologie plus spécifique,

qui reste a développer
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/] 80GS SidRS RS OFra NBYF2NDS tIRYSOASE2 0 &l RDbzy B
climatique et du risque agrolimatique liés a la sécheresse. Les résultats montrent que le ratio S/P

réagit aux variations du SWI. Ainsi, la caractérisation du risque sécheresse pour les 3 cultures

YI 22 NR G ANB ae bReSe nial &tya vihhe) leIN@ sorSévabufion est primordiale pour mieux
FYGAOALISNI £ Sa AYLI OGa &dz2NJ f1 AAYAAGNIEAGS RS f QF
fS NBaidS Rdz Y2YRSZ yQSad LI a SLI NBYSSH SN FAQD |diad
phénomeénes de précipitations extrém@pCC, 20291
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1.2. Le rechauffement climatique en France métropolitaine et les
O2YLRalyiSa Rdz OeO0fS RS fQSlI dz f

1.2.1.La(les) rupture(s) de stationnarité dans les températures

[ S& RSNYASNBAa RSOSyyASa Sy 9dz2NRPLIS RS fQhdzSad 2yi

GSYLISNI dzNBa Y2eSyySa RS f Ql ANE (Dady atlalh Podzvah 8 NS Y Sy

Oldenborgh et al., 2009 Ce réchauffement est plus rapide que ce qui était attendu suite a

f QL dzaAYSyGlFidAz2y RSa 3IFT Lt $PhifpSna et RLS20GFRUKNIBI ettal) 2 NR I A y

20090 / SGGS GSYRIFyOS t tQldaAYSyidlldiAz2y RS& GSYLISNI

régimesclimd A lj dzZS&8 RI'yad f QKSYAALIKSNBE b2NRX NBfASa bt RSz

(Hare & Mantua, 2000yasunaka & Hanawa, 20pZes changements de régimes climatiques peuvent

modulerlesigF £ Of AYIFGAljdzS £ f QSOKStfS NBIAZ2YIESd 9y 9

régime a été identifiée a la fin des années 1980, avec une forte augmentation des températures de

f QF A NJ %d¢ Lait dzRIBK; 20K eevallik, 201;1Reid et al., 2016

Plusieurs hypothéses sont avancées pour expliquer cette mdibficabrupte des températures.

[ QA Y Tt da&éginOn8antiqu®e pdurgait constituer un facteur clé des changements récents dans le

Of AYI'G RS fQ9dzNRLIS RS fQhdzSaidsz tSa GdSyRIFyOSa RS
coincidant avec le réchalfS Y Sy (i & dzoacéan Afldnfiq8e NorShittori &Dong, 20)2Les

G NRAFGA2ya YdZ GARSOSyyltSa RIya fSa (SYLISNI GdzNB3
Fy3atrAaaz {{¢0o !atlyidAaldzsS b2NR az2yid O2yydzsSa a2 dz
(Atlantic Multidecadal Oscillation en anglais, AM@),mode de variabilité climatique alternant des
LIKFasSa FNRBARSA Si OKIFdzZRSA &dzN) (Rght etlaNR®A LeNBS I A 2y
réchauffement rapide des SST alafindéma A § Of Sz R2y O I LKI&asS OKIF dzRS
LK &S LIRaAGAGBS LINEZT 2y 3S SNorRSAtlantQ Bstiltafioh énlanglaig NAO), G f | y
et peut étre considérée comme une réponse retardée a cette longue séquence de(JADbson et

al., 2013. Conjointement a cet effet tardif de la phase positive de la NAO sur le réchauffement rapide

RS tQ20Sly: RS y2YONBdzE | dziNBa FIFOGSdzNBE SELX A O
Q! GfFyGAljdzS b2 NRraR gOARP S[IFS ABRBYEaAFAREA SYAAaaArz2y:
GNRPLRALIKSENSE Si tSa OFNARIFIGA2ya RlIya fSa LISNRA2RS:
LINRYOALI £ Sa OFdzaSad RS& OKIFy3aSYSyda sikfsceBoatlyed SN S
al., 2012 Evan et al., 2009 Tous cedacteurs couplés au changement climatigggobal, peuvent

SELX AljdzSNJ £ QFdAYSY il GA2Y | 0NHz2II S RS& G SYLISNI i dzNE
9y CNIyOSs 02YYS Rliya S NBadsS RS fQ9dzNRLIS RS f
est plus importante que celle de la planéttiére sur le siécle derni¢Moisselin et al., 2002Ce signal

fort de réchauffement est porté par une augmentation significative a la fois des températures
MYAYFESaE S YFEAYIfSad 5S8SLzaa tSa +FyysSSa wmdoyn
considérablement, en accord avec les simulations des modeéles climatiques intégrant les émissions
anthropiquegTerray & Boé, 2033Sur le pays, la rupture abrupte est détectée dans les températures
moyennes annuellesbservées par les dians météorologiques de Météo France au niveau des

années 1987/1988[Brulebois et al., 20)5(Figure6). [ QS P2 f dziA2y RSa Y2eSyyS
reconstituées avedes statistiques bayésiennes souligne cette hausse abrupte des températures
minimales et maximales a la fin des années 18@Malysedes probabilités postérieures bayésiennes

35



¢ donnant une information sur la probabilité de rupture pour chaque année gelede ¢ montre
une forte probabilité de rupture dans la série temporelle des températures moyennes entre les années
1987 et 1988.

—— QObserved Tmax
Observed Tmin

== Bayesian post. Tmax

w Bayesian post. Tmin
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Figure6 : Analyses par un modéle de régressions linéaires et un modéle bayésien pour latétec

de ruptures dans les températures minimales et maximalasyennes annuelles(a) Températures
minimales et maximales observées, moyennes postérieures bayésiennes (en pointillés) et partitions
linéaires (en bleu et rouge). (b) Probabilités postérieuttesyésiennes et point de rupture structural

du modele de régression linéaire (ligne verticale). Sour&rulebois et al., (2016

Plus de 75% des stations enregistrent une rupture a cette période sur le territoire, menant a un
NEOKI dZFFSYSyid NI LIARS RQSYOSANRY wmc/ t fF F2A& RS
est trés affecté par ce réchauffement, avec +1,13°C et #C,pdur respectivement les températures

minimales et maximales entre les périodes 198B7 et 1988013. Apres ce réchauffement abrupt,

f QS@2tdziAz2zy RSA& GSYLISNI (dz2NBa Y2y GNB dzyS GSYyRIyOS
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liée aux conditionda NinaMeehl et al., 2010 / St RSt AYAGS RS LI NI Sid& R
NBEIAYSa OftAYIGAILdzZSa ljdzA RAFFSNBY U LINAYOALN f SYSyl

Depuis2014/2015, une nouvelle augmentation abrupte des températures est observée, suggérant une
nouvelle étape dans le processus de réchauffement en France. En 2010, une révision de la convention
établissant les teneurs en soufre maximales mondiales autorisées lg combustible a usage
maritime est entrée en vigueur. Elle introduit une réduction par paliers de ces teneurs depuis 2010,
pour atteindre 0,5% en 202(Mnternational Maritime Organization, 2008 9y LJ NI f fl&8 t S
jdzq t A0S RS f QFANE f I NBR dz€edeNetsyafraRBissarsScontriBuant 2 y a
f QF O0St SNY A2y RdzHé&nKeh ¢t AlS 208Koiitovas f 2020 Leicladgembnt de la
mer Baltique et de la mer du Nord en zones de controle des émissions (Emission Control Areas, ECA en
Fy3aftFAao RSLIHzZA & wHnampI | @é&pluss&Ries, goaphdriSatte iR OR A A 2 Y
normes mondiales, a pu contribuer a la hausse abrupte des températures détectée en France en
2014/2015.

Ql

R
RS

Le changement climatique est un processus complexe, qui ne peut se résumer a une succession de
ruptures dans les températures. Ces réchauffements rapides, conjonction de processus
atmosphériques dynamiques (persistance de phases positives de la NAO) et de processus radiatifs
(effets des aérosolgBooth et al., 2012Sutton & Dong, 20)2sont combinés a une tendance continue

b £ QldAYSyYyGridAz2zy RS& GSYLISNI (IeaCR2Z DaddIésINES S Rl Y
présentés cRSaadzaz f QSOKSttS (SYLRNBf G & mbyén dé ltestsNBIA 2y
statistiques robusteg dzy’ S NXzLJ( dzZNB | 6 NHzLJG S aiRa 2y@rulébSisiet afl, 2005JS NI { dzN
Celleci permet, sur le territoire métropolitain frangais, de délimiter deux régimes climatiques (voire

dzy GNRAAASYS t LINIGANI RS HamnkuampO RS f 2y 3dzSdzNE
changemeii Of AYF GAljdzS &dzNJ £ S& Y2RATFTAOFGA2ya RS f QI f
agro-climatique lié a la sécheresse.

1.2.2.Variabilité spatidemporelle des précipitations et des séguences séches

[ QS@2f dziA2y RS& LINBOA LI dlle des ®ryipratBes én Fradhcdzaveuhe/ (0 NI &
délimitation assez nette entre lsud et lenord du pays, marqués respectivement par une baisse et
une hausse des cumuls annuels moyens, toutefois non significé@veslin et al., 2016 Concernant
f S48 LIKSYy2Ys8ySa L) d@A2YSUiNAMIjdzSa SEGNFYSas At Sai
hausse des précipitaths intenses en France depuis 19S®ubeyroux et al., 20} t 2 dzNJ f QS E i N.
AYOSNEST tQroaSyoO0Sz 2dz £S RSTFAOAGET RS LXdaAS yS
' YYSSa w™mdp n(Zolindzétlalf 208 ENBAniBYidal et al. (201Restiment que toutes les
caractéristiques spatibemporelles des épisodes de sécheresse devraient augmenter de maniere
importante, notamment les séchesses agricoles. Les longues et trés longues séquences séches
dévoilent des tendances variables selon les saisons et les régions francaises éfRdigaend &
Ullmann, 202). En été, la majeure partie du territoire est impacté par une augmentation du nombre
RS 22dz2N& aS0az FAyaA 1jdzQdzyS FdzAYSyidlidAz2y RS tF R
trés bngues séquences séches.
[ QS@2f dziA2y RS& LINBOALAGFOA2yazr y20FYYSyd RS f ¢
LINAY OA LI dzE RS f QS@2ft dBRAAY t BE Oldzf NBABAGNIDE Y 8¢ Al
températures mise en évidence eraRce depuis les années 1960, la modification des phénoménes
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RS ASOKSNBAAS LXdZBA2YSGNRIdS FFFSOGS t8 O080fs R
(Raymond et al., 20)® | yS SGdzZRS RS fQS@2tdziAzy RSa f2y3a
YSUNRLREAGFAYS RS wmMdcn bt Fdz22d2NRQKdzA X S RSa AY
NBIFfAASS f2NAR Rdz aidl3S RS FTAY RQS jama@é&HaRA Yy ISY A
2023. Ele a notamment montré que la hausse de la fréquence et de la durée des longues séquences
séches (correspondant au percentile 80 des longueurs de séquences séches) au printemps sur les
oldaaAaya RS LINPRdzOGAZ2Y Rdz o0f S (hSugde NBnonibe el j@&NJ | S
a2dza tS aSdzf RS aiGNB’aada KeRNAI|jdzS Rdz 6ftS Sy Sas
printemps asséche en effet les réservoirs en eau du sol. Couplée a une hausse constante des
températures qui impacte la demande é2apNt G A 9S> OSGGS RAYAydziAz2y RSa
ameéne une hausse de la contrainte hydrique sur la culture en été.

123 S 0OeofS RS fQSldz AYLI OU0S

[ Qdzy S RSa LINRPoO6fSYIFGAI|dzSa YIa2SdzZNBad Rdz NBOKIF dzF FSYS
en eal pour les écosystémes naturels ou pour les activités humaines, particulierement pour

f QI 3 NXARazio ietdaNJROQ7Fitton et al., 2019 Les impacts du changement climatique sur le

cycle hydrologiquent été largement étudigédans le mondeet sont variés selon les régio(idandal

et al., 2021 Piao et al., 2010Tolentino et al., 2016 La hausse des températures altere les moyennes

SG SEGiUNX:YSa RSa LINBOALMAIGIGAZ2YyaX RS fQS@OI LRGN yalL
stationt NA S Rdz MahyCetab, 2REENEGREDE, beaucoup de régions montrent une baisse

RS4 RSoAGA RS&a O02dz2NB RQSIFdz Fdz LINAYy{(GSYLJd ivesi Sy S
en juin et juillet(Stahl etal., 20180 5SS (St a O2yaidl da &dz33s8NByd | dzS f
principales causes de variation des débits genyli f I LISNA 2RS @S3ASGF GABSDd [ ¢
RSa GSYLISNI GdzNBA& Fdz LINAYGSYLE 8G Sy SiS SyGNI nysé
ainsi les débit¢van Lanen & Tallaksen, 2004

[ S NBOKIFdZFFSYSyd FoNHzLIi RSGSOGS Sy 9dzNPLIS RS fQ
indirectement de nombeux écosystemes nature{Reid et al., 2016 Diverses conséquences de la

rupture climatiquea la findes années 198Qus les écosystémes terrestres et aquatiques ont été mises

en évidencgKangur et al., 2020Voolway etal., 200 / SLISY Rl y (i = R QdadbmipteS a | dz3
de températures sont susceptibles de survenir avec le changement climdfimsbruyéres et al.,

2020z | OOSt SNYya f YySOSaaAidsS RQatg Possilésidurt 1I8dzNS O
SO2aeaitisySa oA2LIKeaAldzSazr Sid L) dza ALISOATAIdzSYSy
En France, conjointement a la rupture détectée dans les températures minimales et maximales
observées, une baisse significative des débits est ems®vidence de janvier a juillet, avec la variation

la plus importante en juifBrulebois et al., 20)gFigure7).
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o | quarterly moving average 1988-09
O 1= - - median 1969-87
T |--- median 1988-09
0.25-0.75 percentiles 1969-87
0.25-0.75 percentiles 1988-09
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Jan Mar Mlay
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Figure7 : Moyenne mobile trimestrielle (traits pleins) et médiane (traits pointillés) des débits pour
les périodes 1969987 (bleu) et 1982009 (rouge), et variabilité correspondante avec les

percentiles 0,250,75 (aires colorées). Sote : Brulebois et al., (2016

La pluie montre également une baisse significative durant cette période, mais dans une moindre
mesure que les débits, et en ao(t et septembre, les débits et les précipitations ont des signes opposés.

Ces variations des débits suggérent uefiet mémoire du sobY f Sa Fy2YlFfASa RQKdz
négatives entrainent un asséchement des sols en été, aboutissant a des débits plus bas a la fin de la
saison(Boé & Habets, 20)® 51 y & OS i ( S nsBiiatirReStTlaireniest @entifideicotime

la cause principale des changements dans le cycle hydrologique. La tetdanéeQ | dzZ3 &y G G A 2
GSYLISNI GdzNBEa& &adzNJ f | CNl yOS O2yaitAaiddzS dzy FI O Sad:
(Labrousse et al., 2020Cependant, les processus en jeu restent flous.

9y L dzaz RQAYLI OGSN) f S& REapdTinaspirRiGhaPotdhficleABTRSoa > f |
Potential EvapoTranspiration, PET en anglasssi appelée demande évaporati{i2oorenbos &

Pruitt, 1977, modifie le pédot A Y G S AYLI OGS S3I fagon@nglies. £ S 0& C
[ BapoTranspiration Réelle (ETR, ou Actual EvapoTranspiration, AET en anglais), liée directement au
type de couvert végétal, au stade phénologique de ce dernier et au contenu en eauAllesoét al.,

1998), est elle aussi modifiée, de maniére variée selon les saisons et les régions. Ces modifications du

02 Ot S R &l inHuiaént aizs chahg@ments dans le bilan hydrique, impactant directement le

RSOSt2LIISYSyd SiG fI ONRBAaalyOS RSa Odz Gdz2NBa Sy
évenements de stress hydrigyki et al., 2009 Le bilan hydrique est un concept cléi dait le pont
entre variabilité climatique, production agricole et risques a6 A YI GG Alj dzSa | 8a20ASad

ces risques liés a la sécheresse dépend beaucoup de la vulnérabilité des cultures et du seuil de stress
hydrique(Parkash & i&gh, 2020.
Ce contexte plaide pour mieux appréhender comment le risque-elgramtique (sécheresse, coup de
OKF dzRZ O2YyiNI AyiSa KeRNAIdzZSa0 &S Y2RATAS I @SO f ¢
risque, combinée a des seuils admissibkst, a la base des zonages aglimatiques et des choix

39



stratégiques opérées depuis plusieurs décennies au niveau des exploitations agricoles (usage des sols,
choix des variétés, choix des équipements et/ou techniques culturgas)ot, 2013 La «mort » de

la stationnarité pour cdf dzA O2 Yy OS NY S (Mill§ et £.22008 Bssdrie, duxXXsHeltds de la
FrancegBrulebois et al., 20)®tR S { Q9 deNat(RSid 6k &., 20104 une augmentation abrupte

RSa GSYLISNI (GdzNBa&a RS sfatnées NISKS émeb aizNdide GaSvalidité delcetteF A Yy F
évaluation. Ces modalités de rdinéarité et de norstationnarité du changement climatique
réinterrogent donc les modes de variabilité du climat sous nos latitudes et, mécaniquement, les
modificatonsdd QF f S = RS fI @dzZ ySNIoAfAGS S Rdz NRX &l dzS
La forte variabilité du ratio S/P constatée pour les contrats IBEplus du taux de sinistralité élevé

¢ atteste de cet impact des modifications du climat suritgue agreclimatique. A la variabilité
YIGdz2NBt S Rdz Of AYIF G aS &adzLJSN1J2aS dzyS OFNARFOATAGS
RQSGAzZRASNI £ S&a STF¥FSha adzaNJ f QS@2ft dziA2y Rdz NR Al dzSo
modifA O GA2ya RS fQlfSl Ot AYFGALjdzS Sd €S OF N OG8N
OSLISYRIyld tQlylfteaSeo [ Sa R2yySSa YIyljdzsSy-s, Si f I
Sad ljdzSadAz2yylofS |ljdzr yi L terfo§edZNsd ddeaded dimaBobes btf Sai
FdadaNF yiASttSa £ y20iNB RAALRAAGAZ2YS | FAY RQARSY
RQSELX AljdzSNJ O02YYSyid t I @+ NRI oA f &liingiqud et ¥imé l&slj dzS NB
rendementsdd Odzf (1 dzZNBa Sd fI AAYyAaAaGNIEAGS RS f QF aadzNT y
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1.3. Objectifs de la these

[ QSO t dz- GA2y -ORdRYINAAIjdS> F AANRF YY Sy tAS Lt f QF £ S
préoccupation majeure du monde agricole, notamment des organismes proposadispesitifs de

gestion des risques. Dans un contexte de changement climatique global, se traduisant en France par
dzy S 1 dAYSyYy Gl dA2y FFoNHzLJiIS RSa GSYLISNI GdzNBa Si  dzy
RSOASY( f Qdzy RSa I fGH Al ONIA VA AW IpRESE leddinkey DVeAgs d2E R
peuvent en attester Depuis 2018, la récurrence de fortes sécheresses a une fréquence tres élevée
OHAMY S HAM®ME HAHANZE HANHHY HANHOUX R2YyG OSNIIFAYySa
mieuxR2 OdzY Sy G SNJ f QS @ 2-¢limzfique yes donzéqNdacedjddzSes risqlideBeuvent en
2dziNB YSOGGNB tSa SELX2A0lyGa Sy 3INFYRS RATFTTFAOML
du monde agricole(Petit et al., 2028 [ S& O2y iGN} & RQI &adz2Ny yOS NBO
exploitants agricoles de se protéger des aléas climatiques, constituent un levier important
RQIFRFLIGFGAZ2Y | d&EG YRRIFROFSREYRI WRES Of QF §adzNI y OS¢
plus en plus importante, remettant en question son modeéle. Les assureurs jouent un réle majeur dans

fl LINB@SyiGuAz2y SG fQFRIFILIGIFGAZ2Y Rdz Y2Y RS héndoNR O2 ¢t S
RS f QS @2t ddimatRyeet BuSisqtieyrdlidatique lisl dz Y I y1jdzS RQSIF dz 64 SOK
les bassins de production des cultures majoritaires du pays, leur permettrait de développer des outils
RQIFIRIFLIFGAZ2Y Si R®antsddiSation dedeyirs dligintszd es b3y aldF reahsks au
O2dzNE RS OS R200G2NY} (X az2dza O2y iGN} G /LCw9X asS aardi
des éléments de réponse a la problématique suivante

Comment et dans queleproportionslSa Y2RATAOF GA2y a Refles difextéfes | Of A
risquesagreOf A Yl GAljdzSa ftASa t I aSOKSNBXaasS 8y CNIyoOoS
5Fya OS GNIY@GFAfX y2dza y2dza LINRLRa2ya RS GNI AGSNI
résolutions infray F G A2yt Sa LISNIAYSy(dSa LI2dzNJ f S& GSNNARG2A!T
ddzNJ £ I OdzZ G§dzZNBE Rdz 6t S GSYRNBE RQKAOGSNE YsYS aA R
discussion de ce manuscrit. Les objectifs deectitése chercheront plus particulierement a
- vdzr YOATFASNI f QS@2ftdziAz2y RS fQFfSI Ot AYFGAIl dzS |
de 1987/1988
- Bvaluer les modifications subséquentes des contraintes hydriques sur les cultures cibles en
modeélisant leur bilan hydrique
- Caractériser les modifications du risque aglmatique lié a la sécheresse en prenant en
compte la vulnérabilité des cultures étudiées.

Les travaux permettant de répondre a ces objectifs sont présentés dans ce manuscritfeoug lde

GNRPA& OKIFLAGONBASE aQFNIAOdzZ yd O2YYS adaio

[ S OKIFLAGNBE wm SELRA&AS tS&a NBadZdGlFda RS fQSidzRS R
CNIyOS Sy mMohyTkmopyy adz2NJ fSa& SFNARIofSa fASSa | dz (
a32NIASE Rdz 0Afl Yy KeRNMIjdzS Ot AYIFGAljdzS &a2ydG SELX 2N
de la rupture.

[ S OKIFILIAGNBE H LIRNILS LJ dz& LI NIGAOdzZ ASNBYSyd adzNJ ¢
f I Odzf (0dz2NB Rdz aefag réch&iffeRenBabriof KeAb@af Nydrigudzhle la culture est
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Y2RStAAS S S0dzRAS LI2dzNJ OKIljdzS ol aaiAy RS LINRRdzO
hydrique est mise en évidence.

Le chapitre 3 propose une approche novatrice pour essaygr Ol NI OG SNA ASNJ t-QS @2 f dz
Ot AYF(OAljdzS £AS £ I aSOKSNB&aaS>s (G2dz22dzZNE & dzNJ f |
des événements de dépassement du seuil de stress hydrique de la culture (i.e. sa vulnérabilité) sont
modéh 8Sa adGrkdAadAljdzSYSyid RS LI NI SiG RQFdziNB RSa |
9y RA&OdzaaA2Y3>I fQS@2fdziAzy RSa 02y iNIcleyidiSad K& RN
la vignec suite au réchauffement abrupt de 1987/1988 éSNB A Sy 1SS [t Sy O0O2NB I f ¢

échelles nationale et infraationale en divisant lderritoire métropolitain frangaisen bassins de
production principaux pour chaque culture.

Une conclusion termine ce manuscrit, résumant les principaux adsudt identifiant les perspectives
envisageables a ces recherches.
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Methodologie genérale
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Figure8 : Diagramme synthétisant la méthodologie de la thése.
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[ RSYINDKS RSLX 28S8 RlIya {8 OFLRNB RS I (GKsas .
Figure 8. Les modifications structurelles du risque agfionatique lié a la sécheresse ont été

jdzt yGATFTASSE Sy Y2RStAalyd adrdAradAialjdzsSYSyid tSa R
dans les travaux. Cetuai est tiré de la modélisation du bilan hyglie couplée a celle de la croissance

RSa OdzZ GdzZNBa RQAYGSNsG RS I (Ks8asSz OS |jdzA LISNY
@SsaASGlrtSa O2yaARSNBSa RIya tQlylrfteasS Rdz NRAldsSo
la modélisation soii RS& R2yySSa OfAYIF(dAljdzSa NBlIylFfeasSa ¢t
9ffSa az2yid S3AFESYSyd SGdzZRASSa aidlGdAadAljdsSYSyd |1
I dz 080t S RS fQSkdzd [ I OF NI Ol Schdatiglelest BgfiséRstirilles Y2 RA T
oaaiAya RS LINBRdAzOGAZ2Y YIFI22NRAGFANBA RS OKIFljdzS Oc
Registre Parcellaire GraphigqRPGRS Hnanmdp Si f QSELISNIA&S RS f QSy i NE
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21.HIdzZRS REANQHAGHZSOE AS | dz Oé Of S

2.1.1. La base de données SafisbraModcou (SIM)
2.1.1.1. La chaine SIM

La base de données climaticuatilisée dans ce travail provient du modéle SaftsibaModcou (SIM)
développé par Météo Frano@iabets et al., 2008Soubeyroux et al., 20Ddci, on utlise la version

¢

(N>

SIM2 actualisée du modéle, décrite ddres Moigne et al(2020./ SGGS OKIFInyS RS NBI Y
résolution de 8kmKRigure9v O2YoAyS S &d2aG8YS RQDyfdnda& alS YSGS;

1993, le modele de surface Isk{floilhan & Planton, 199%t le modele hydrogéologique Modcou
(Ledoux et al., 1989

Figure9 : Carte des points de grille Safran couvrant la France métropolitaine.

[ S aeadsyYS RQlylFfeasS Rdz F2Nbel 3S | Y2aLIKSNAI dzS
verticale robuste des principaux parameétres météorologiq(®@srand et al., 1993 Le territoire
francais est divisé en plus de 600 zones climatiquement homogénes, prenant en compte explicitement
fS LINFYSOUNB FfGAGdzZRAYIE® /S Y2R8fS NBLRAS ¢t
météorologiqueRS aSiS2 CNIyOS Si tQlrylrfteasS RS Y2Rs§f Sa
Européen pour les Prévisions Météorologiques a Moyen Terme CEPMMT). Les termes de rayonnement
solaire infrarouge et visible sont estimés en utilisant un modéle de transfdratif. Un total dehuit

parameétres météorologiques sont analysés au pas de temps horaire sur plus de 9000 points de grille
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couvrant le territoire de France métropolitaingigure9) : la vitesse du vent & 10m, la température de
fQFANI £ HYZI fQKdzZYARAGS NBtIFIGAGS £ wHYZ I ySod# 2
précipitations solides et liquidgSoubeyroux et al., 200§ EapoTranspiration Potentielle (ETP) est
également calculée a partir des données de Safran pbagque maille en utilisant la formule de

Penmann Monteith(Allen et al., 1998/ St I LISNX¥ S RQ200GSYyANI s Ay F2N
uniforme sur tout le territoire, en temps réel et différé. La validation du module Safran confirme la
LISNIAYSYyOS RS ftQlylfteasS YSUS2NRt23A1dzSE LI NI A O
températures(QuintanaSegui et al., 2008&/idal et al., 201D

Le modele de surface Isldilisé dans SIM2 est multicouches (Isba diffusion) et résout explicitement

les loisde Fourier et Darcy dans tous le @bone et al., 20Q0@echarme et al., 20)1Les paramétres

de couvert végétal et de sol proviennent de la base de données Ecoclimap, qui couvre la France a une
résolution de 1kn{Masson et al., 2003En ce qui concerne le couvert végétal, Isba irgagr cycle
@SASUGlIGAT Y2&8Sy 00StdzAi RS tQlyySS wnnpo FFAY RS
LIKSy2ft23AS RSa LXFydSa adzNJ £ Sa SOKI y ABeghar®@ RNA |j dz
etal.,2016.5 ya S OFIRNB RS ftI OKInyS {LaX Laol OFf¢t Od
de 8km, tandis que le ruissellement de sudat le drainage de sotmaille sont estimés en utilisant
Topmodel(Beven & Kirkby, 1979

Les transferts hydrologiques sont simulés par le modéle hydrogéologiqgue Modcou en utilisant le

NHzA aaStf SYSyd RS & dzREdbuOS al. S188p Dadd\ Iy chairfe SINU ldidéigt st R QL A «
OF t Odzt'S |Fdz LI & RS (S Yun&eauidssin&ppasphkébtifues a8 pas de®esps2 t dzii /
quotidien. Dans cette étude, les sorties du modéle Modcou ne seront pas utilisées.

Lavalidationdé I OKlInyS {La Y2yGNB [jdzS S Y2RS§fS Sad LI}
Si R2YyyS dzyS o02yyS §@anbets ot lal 2083099RLE domPataisoh enRed&s | dz
débits observés et simulés en France présente une erreur de moinsde 4Q S OK St £ S | yy dzS ¢
de méme pour les flux évaporatifs. Le modele SIM est capable de représenter convenablement les
composantes locales principales du climat impactant le bilan hydriqgue et la dynamique de
ruissellement.

Le jeu de données de thaine SIM commence ad o0t 1958 et est mise a jour périodiquement

2dza lj dzQt | dz2 2 dZNR QK dzA ® 5 I*yjanvierO1959 N3l ZiiEckrble 2d21 estLJS NA 2
aSt SOUA2yySSed /St 2FFNB dzyS LINB T2y RS dzdtihgiies Y LI2 NB §
RS LI NI SiG RQIdziNBE Rdz NBOKIdZFFSYSyd | oNHzZLIi RSa ¢
LISNA2RSAa RQdzyS (GNByidlAYyS RQIyySSas RSEAYAQGF Yyl
climatique est également défini dans certaines partiesédravail aprés le nouveau réchauffement

abrupt de 2014/2015.

HOMOMPH D [ SA DFNRARFofSa Of AYFGAILdzZS&a Rdz Oe Of S
Dans ce travail, trois variables climatiques tirées du modéle Safran seront étudiées plus
particulierement: lestempératures minimales et maximales (Tmin et Tmax) & 2m et les précipitations
liquides (PRELIQ). Trois variables issues du modéle Isba seront aussi considérées, reliant le climat a la
gs3asal aaz2y Si VY BépoTadspifaton FR®BNtidle SEPHEAPOTranspiration Réelle
69¢wO S0 tQAYRAOS RQKAZYARAGS RSA a2ta o{2Af 21 (¢
guotidien sont agrégées au pas de temps mensuel, saisonnier ou annuel selon les problématiques
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étudiées. Elles sont utifsS & LJ2 dzNJ Ol f Odzf SNJI RAFFSNBy lGa GeLlSa RQ7
STFSia Rdz NBOKI dzFFSYSy{d Rdz OftAYIF (G &dz2NJ fS&a O2YLRA
KERNRARIjdzS RS& OdzZ GdzZNBa RQAYGSNE G

De toutes les variables reliées au &cl RS f QS| dzz LISYRFyd fF LISNA2RS 0
22dzS dzy NbtS YI2SdzNX» [ S& LINRPOS&dadzi RQSOIFLENFGAZY
OF NI Adaadza RS y2YOoONBdzaSa AydiSNI OlA2yadeSlgsieffiels f S &2
RS I KFdzadS RS& GSYLISNI GdzZNBa adz2NJ £ QS@2f dziA2y
OA2LIK@aAljdzSa fASa t fQS@I LI GNI yaBipblraaspigon LIS dzd S
t 20SyGASttS 0 %wanisatidriondir R STaRNRA @ d2l Ji aitNSBtaiSni(FosdSindf Q
Agriculture Organisation en anglais, FAO) comnfiel« lj dz YGAGS RQS@I LJ2 G NI y & LIA
extensive couverte de gazon vert de hauteur uniforme de 8 a 15cm, en croissance active, couvrant
uniformément le sol et ayant un apport en eau suffisanfDoorenbos & Pruitt, 1977Cete variable

Sai O2yaARSNBS 02YYS dzyS YSadaNB Of AYF (Al dzS NBLINB
affectée uniqguement par les paramétres climatigia#en et al., 1998

Le couvert végétal reproduit des configurations structurelles et fonctionnelles variées qui modulent
F2NISYSyi t I jdzZt yYGAGS RQSFdz ySOSaalANB L}Rdz2NJ O
[ @apoTranspiratiy al EAYlF S 69¢a0 Said RSTAYAS 02YYS QSO
spécifique sous des conditions environnementales et un remplissage en eau du sol offfrenuet

al., 1998.

Pour les plantes cultivées en champ, les pratiques agronomiques et les conditions environnementales
peuvent différer des conditions standards, amenant & EmapoTranspiration Réelle (ETR) qui peut

vaNA SNJ LI NP NA @R NB ¢cw $RG OFf OdzZ SS Sy dzliAfAalyid dz
coefficient cultural K¢Allen et al, 1998.

5rya fF OKInyS {Lax tQ9¢t Si fQ9¢w a2yl Y2RStAa
méthodes et des équations décrites daNsilhan & Planton (198%t Noilhan & Mahfouf (1996

I 2YYS RSONARG LINBOSRSYYSy(Gs L&oIl acistiguds dssouver Y LIG S
végétal disponibles dans la base de données Ecoclikagson et al., 2003Le modéle de surface est

forcé par le rayonnement solaire, les précipitations, la pression atmosphériquefil S Y LIS NI { dzZNB R &
f QKdzYARAGS SO I @AGSaasS Rdz gSyid RS {FFTNIyo®

9y L dza RS tQ9¢t Si tQ9¢ws RSdzE AYyRAOS& RSONA GBI
différence ETR ETRinforme sur la contrainte hydrique exercée sur le couvert vagéiorsqueette
différenceS& G LINRPOKS RS nsX fQSOFLRAONI yALANI GA2Y NBST
SYGANRYYSYSyiGlfSa NBStftSav &S NI LLINROKS RS tQSgl
de remplissage en eau du sol optimalesg couvert végétal est donc capable de répondre a la

REYI YRS SOILRNIGAGS S yAE O/ dRTEES SLday SR SEMRIZAYAISZER ¢
suggeére une hausse de la contrainte hydrique. La difficulté a répondre a la demande évaporative révele

dzy Yl yljdzS§ RQSlIdz RFya fS& NBASNW2ANBR Rdz a2t AYLN
et pouvant mener & de séveres conséquences. Le second indice calculé est le ratio ETR/ETP, qui
AYTF2NXS adz2NJ f QSFFAOIOAGS Rdz LINPOS&dadzai RQSOI L2 (G NI
fQSilld RS NBYLX Aaal 3S Sy &dedzpoRdie adadmandSévapardtivazad € |

[ QSGdzRS RS fQS@2fddiAzy RS 084 RSdba hayside©Sa LIS
GSYLISNI GdzNBa& adzNJ £ QS@2f dziA2y Rdz 080t S RS f QS dz f
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2.1.2. La déteatn des ruptures avec les statistiques bayésiennes

Le changement climatigue en France peut étre appréhendé de différentes manieres. La non
a0FdA2YyYEFENRARGS RS tQFfSt Ot AYF(OAljdzS LRdz@OIyaG | @2
SO2aeaisyYSades dRgeehceside la iugure de stationnarité dans les températures de
fQFANI Sy mMpyTtkmdhdyy Sad AyRAaALISyalrotSe [Sa STFSiha
RS fQSldz LISdz@Syid siGNB YSadzaNBa Sy ddé luptiredet geli RS a
comparaison de moyennes tirés des statistiqgues bayésiennes.

[ S4& ASNASa GSYLRNBtfSa RSa OFNARIFIOofSA RQAYISNBGX
mensuel, saisonnier (hiverDécembre, Janvier, Février (DJp)intemps: Mars, Avril, Mai (MAM)

été: Juin, Juillet, AoQt (JJAxutomne: Septembre, Octobre, Novembre (SON)) et annuel. Des tests
robustes tels que des techniques de détection de points de rupture et de comparaison de distribution

sont utilisés pour évaludr S& OKI y3aISYSyiGa RIFEIya fSa LINBOALAGEGAZ2
réelle avec le réchauffement abrupt des températures en France.

Dans un premier temps, une méthode bayésienne de détection de points de rupture avec un calcul de
moyennes postédures est appliquée aux séries temporelles de chaque variable en utilisant un
package R dédi@Barry & Hartigan, 1993Erdman & Emerson, 2008 Core Team, 20R1Cette
YSUK2RSY LISNIAYSYydGS LRdzNJ £t QlFlylfeaS RScsugdRSa S
des enregistrements de températwset de précipitations de stations météorologiquérulebois et

al., 2015. Sa capacité a simultanément détecter des points de rupture et calculer les moyennes
postérieures est utile pour identifier des éwments extrémes isolés, comme par exemple la
sécheresse extréme de 1976, par rapport aux tendances de long terme du changement climatique.

Ensuite, un test bayésien robuste de comparaison des moyennes est appliqué aux séries temporelles

de précipitationf A lj dZA RSaX RQ9¢t SiG RQ9¢w SO €S YsYS LI
pour comparer les moyennes des périodes avant et aprés les points de rupture qui auront été détectés

at QSidl LIS I(BNEchks, RGN GeStest des différences est basé sur la distribution des
probabilités postérieures bayésiennes, p&mi (i I Y i RQS @I f dzZSNJ aA € LINROI ¢
adzZFFAAlF YYSY(d StS@SS LRdzNJ siNBE AAIYATFAOFIGAGSD 9y
haute densité a 95% (High Density Interval en anglais, HDI) pour définir un intervalle de egnfianc

cette méthode bayésienne donne des informations sur la magnitude et la significativité de la différence
SYyiNB S48 RSdzE RAAGNROdziA2yad /S&a lylteasSa adl i
effectuées sur les plus de 9000 points dél@douvrant le territoire métropolitain francais.
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2.2. Modélisation et étude du bilan hydrique

2.2.1. Les bassins de production agricoles

' FAY RQSUGdZRASNI f QAYLI OG Rdz OKIFy3aSYSyid Of AYI GAl dzS
métroLl2 f AGFAY S&d RSEAYAGS Sy olaaiaya RS LINBRdAzOGA 2
02 dzOKS @SOU2NASEtS RS I IRyGhrédj eSt crpiséd i QGISR@dig S NI |
couche vectorielle du Registre Parcellaire Graphique (RPG) dél2@18 G A (1dzi bl GA2Yy Il f RS
Géographique et Forestiére, 2018our le bldl Sy R NB et R@iidod §&Mdtionndes points de

grille Safran pour lesquels la surface recouverte par des pardelless cultures eésupérieure a 10%

de la surface totale du point de grillEeigurel0). Pour la vigne, les points de grille dont la surface est
NBEO2dz@SNIIS RQlIdz Y2AYyaA w32 LI NJ RSaA LI NOSttSa RS ¢«
couverture de surface permettent de délimiter de maniere satisfaisagsepkincipaux bassins de

production des trois cultures étudiées sur le pays. Le seuil de 1% a été préféré pour la vigne par rapport

au seuil de 10% utilisé pour le blé et le mais car avec un seuil plus élevé, certains vignobles francais
emblématiques (Bod 2 Ay Sz ! £ &l OST / KFYLI IySs X0 yQF LI NI A&

FigureloY / I NI Sa Sa olaaiAya RS LINPRdz2OGAZ2Y YIF22NAGL
02t 2NBa Sy 2 0 ofSdz a2yid tSa LRAYyda RS 3IANR
MR LIFNJ RSa LI NOSt f Sa N adtife oais, I8spoirfsydeigrilkk Solo@fe8 G Sy R
SN az2yid OSdzE LIdzNJ f S&ljdzSt & f1 &adzNFIFOS Sad NBO2
le Registre Parcellaire Graphique (RPG) de 20d&itutt b GA 2y RS € QAYF2NXI (A
Forestiére, 201 Les contours rouges délimitent les bassins de production majoritaires pour chaque

culture.

Cette sélection de points de grille pour chaque culture permet de délimiter les bassins detfmoduc
majoritaires, correspondant aux bassins de production géographiques francais. Les limites de ces
bassins de production du blé, du mais et de la vigne ont été validées par les experts sinistres de
Groupama spécialisés dans les sinistres climatiquedl&02f 1Sz @Al £ QSft | 602 NI (A 2
guestionnaire Annexeb5). En plus de permettre aux experts sinistres sur récolte de valider le
découpage des bassiiS LINP RdzOG A2y X OS RSNYASNI I LISN¥YA&a RQ2
technique moyen de la région (irrigation, précocité des variétés utilisées, pratiques de réduction des
AYGNIyiaz RAFTFdzaA2Yy RS f QI 3NR Odifsirdeéevenements 2 3 A |j dz
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Ot AYF(OAljdzS& YIFNJdzryda RIEIya fQKAaAG2NRIdzZS RS fF N
affecté les rendementsdnnexes).

Pour le bléles bassins de production retenus sont les suivarits NordPasde-Calais, 2. Bassin

Parisien, 3. PoitoCharentes, 4. Centre, 5. Bourgogne/Rh@tpes, 6. Bassin Aquitain. Pour le malis,

les bassins de production sont ainsi nommds Bretagne, 2. Payte la Loire, 3. Bassin Aquitain, 4.
tftFAYS RQ!fal O0Ss p o savidné BsShasking dewkodugtiSrduéligiiés St €A Y LI2
suivants. 1. Champagne, 2. Vallée de la Loire, 3. Alsace, 4. Bourgogne, 5. Bordelais, 6. Région
méditerranéenne] QS 1 dzRS RS O0Sa RATFSNByGa o6lFladaaiya RS LINJ
f QAYLI OG RQdzy 3INIRASY(d RS Y2RAFAOIGA2y&a RS fQFfS
des cultures.

2.2.2. Les données agronomiques et pédologiques

Enfg dza RSa R2yysSSa OftAYIFGAldzSa tASSa Fdz 080t$S RS
bilan hydrique nécessite des données de réserve utile en eau du sol et des données
REapoTranspiration Maximale (ETM) prenant en compte la phénologie des cuéitudiées.

Classes de réserve utile en eau (mm)
<50
50 - 100
77 100 - 150
/ I 150 - 200
- 1l > 200

100 0 100

Figurell: Carte des classes de réserve utile en eau du sol pondérées et moyennées par point de
grille Safran. Les données brutes des classes de réserve utile en eau du sol sont tirées de la base de
R2 Yy S S tiatiReSCISS@ANR dzLIS Y Sy i R Q heysir edNdplsi (Frane), SO A F A ]
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[ 64 R2yySSa RS NBASNDS dziAftS a2yd NBOJZAISNBESaE f
(DNR dzZLISYSyYy i RQAYGSNE G &OA SyChagde mbdizSe dé dabke de3éserva 2 f &
utile est pondérée par sa surface dans chaque point de grille Safuanmyennée avec les autres

classes présentes dans le point de grifliggrell).

[ Q9¢as O2YYS SELX AljdzS LINBOSRSYY Slymétes|jGizONKS &0 32dgRS N
végétal spécifique peut évapotranspirer sous des conditions environnementales et un remplissage en

eau du sol optimaugAllenetal., 19980 9t £ S LJSdzi sGNB Ol f Odzf SS Sy ONZ
coefficient cultural quotidien, noté Kc, dépendant du stade phénologique de la culture.

Afin de déterminer la date de début de chaque stade phénologique pour chaale cultural, la
ONRPAA&lIYyOS SiG S RS@OSt2LIISYSYyd RS OKI IjdzS Odz G dzNB
GKs8asSs tS8a LINAYOALNl dzE NB&adz (I G& LINBaSyisa 02yO0S
culture, un modéle de croissance engdésjours simple (Growing Degree Days en anglais, GDD) est
développé sur le logiciel R, en utilisant les besoins en dggués moyens de la culture pour atteindre

chaque stade phénologigu&ate, 1995 Ce modéle GDD calcule, pahiaque année et chaque point

de la grille Safran, les degr@s?2 dzNB & dzNJ dzy S -aRIANSE RIzQAh €/ B 20¥Sad S
températures moyenneguotidiennesau-dessus de 0°C jour apres jour. La date de semis est fixée au

1°" novembre de chaque annéguis a chaque fois que le besoin en degoéss pourle stade
phénologique suivartst atteint, la date correspondante est retenue, et elle est définie comme la date

de début de ce stade. Lapefficient culturalKc correspondant au stade phénologiquernitifié est

ensuite attribué a chaque jour que dure ce stade phénologique. Lorsque la maturité de la plante est
FGOSAYGSs tF LXFyGS Sad O2yaiARSNBS 02YYS NBO2f GS
Ainsi, pour chaque point de grille &ai, le modéle GDD fournit une série temporelle de Kc de méme

f 2y 3dzSdzNJ ljdzS OStfS RS&a OFNARFofSa OfAYIFGAldzSSa € A S
ONRPA&SSaAa @SSO fS&a &aSNRSa RQO¢c¢t Rdz LRAYy& RS 3
RE@apoTranspiration Maximale (ETM) nécessaires a la modélisation du bilan hydrique du blé.

Quelques résultats concernant le mais sont aussi présentés en discussion de ce manuscrit. Pour cette
Odzt GdzNB> fSa RIFIGS&a RQI LILI dealcuit@e/sonRtBées@EmofdeSTIES | RS
(Brisson et al., 200Maury etal., 20280 ! yS O2ftf 1 62N} A2y I ABHOMwWSY I vy
RS fQLbw! 9 RQ! @AIAYy2Yy>S y2dz&a | LISNX¥Aa RQ200SYANI L
SYGNB mobpdp Si wnun £Sa& RIFIGSE RQIFILIWI NAGAZ2Y RS OK
RQdzy S RIFIGS RS &aSYhra TeataS $ontlétddiéasune ‘a@MXld cgcle courB I NA S i
(Meribel), une variété de cycle moyen (Furio), et une variété de cycle long (Cecilia). De méme que pour

le blé, les coefficients culturaux correspondants a chaque stade phénologique du mais sont ensuite
affectés a chaque date de début du stade phénologique, puis une interpolation linéaire permet
RQ20UGSYAN) RSa @I fSdNE RS YO [[d2GARASYyYySa &adzNJ 2
atteinte, la culture est récoltée et le Kc correspondant auns(0.2) est affecté aux jours restants.

Cette modélisation de la croissance et du développement utilisant le modeéle STICS via la collaboration

I SO f QdzyAGS ! ANR/EAY | FdzAaA SGS NBFfAASS LI dzNJ
le bilan hydrique pour cette culture avec une deuxiéme méthodologie. La comparaison entre le bilan
hydriqgue modélisé en utilisant le modéle de croissance GDD et celui modélisé en utilisant STICS pour

la culture du blé est présentée dans le troisieme chapitreaenanuscrit.
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2.2.3. Modélisation du bilan hydrique du blé et du mais

Pour les cultures du blé et du mais, un modele de bilan hydrique simplifié a deux réservoirs a été utilisé.

Ce modele propose un bon compromis entre une approche trop simplisteexgii sop éloignée de

la réalité, et trop sophistiquée, pour laquelle la paramétrisation du modéle serait trop lourde a mettre

en place au regard des objectifs poursuivis dans cette these. Le modéle permet, pour une culture
ROQAYUGSNB (G REE PNX DB SINIz2 SA RASYYSYSyld Sy dzliAfAaaly
la taille des réservoirs en eau utile du sol superficiel et profdadquart & Choisnel, 1993l est codé

en langage R. Ce type de modele de bilan hydrique ne prenant pas greclamésolution explicite
RQSljdzr iA2yad RS o0Afly SYSNHSGAIjdzZS RS &ddz2NFI OS> Af
comme décrit précédemment. Il montre de bonnes performances en comparaisiomindele de

bilan hydrique couplé de type Eartim modéle de bilan énergétique de surface et de bilan hydrique
(Choisnel, 1985 Le modé de bilan hydrique simplifié & deux réservoirs présente une estimation
LISNIAYSYdS RS fI NB3IdzZ I GA2Y RS f QSO LI2GNIF yaLA NI
de séquences séches et humides.

[ S Y2RS§8tS OFf OdzZA S f St &2 f NBEES NRARXSA NI RIS dg RRdz ya2 f
K2Y235ySo /S @2 {RiV Saridrafes le tamis &t ést ghl2uie Sinsi

YYQ®RO p Qo YTY

Yo Yo p Qooai o)

avec— 0 '07Y 0(2)

ol dW est la variation du contenu en eau du sol entre deux jours successifs NS a dzf G+ G R Qdzy
SYGNB 54 SyiNBESa ROEBd AaddABEa ROKE GAHDDB IO X DSD
drainageD. La limite inférieure d&(t)est 0, la lnite supérieure est la valeur de réserve utile RU. Cette

derniére est constante et dépend des caractéristiques pédologiques de chaque dame ce travalil,

une valeur de RU est attribuée a chaque point de gfligurell).

[ S @2 dz¥YS mReSthaz ed dééb@josnt le contenu en eau du sol en deux réserveirs
réservoir superficieR1F €t A YSY GS LI NJ £ S& LINBOALRKGLI G s2ansile £ Alj dzA |
réservoir profondR2> / SGGS RSO2YLRAAGAZ2Y LISNXSG RS: aSLI NBNJ

- OYYO'YE 2NAEIjdzS f QStdz SOF LR IONF YALANBS LINRERJASYI
- OYYO'YBiG Sad NBIdzZ SS f 2 NEIj dzS efle@ént odztotSl@rientJ2 G NI y &
du réservoir profond.

[ QdziAft A&l GA2y RS RSdzE NBaASNW2ANBE &aSLI NBa 2FFNB
f QSO LRGN YALANI GA2Y LI NJ NI LILI2 NI(Mahrd& P& 1081&y dz Sy ¢
permet de mieux prendre en compte la successiosélguences séches et humides et son impact sur

fl RAALRYAOATAGS Sy Sltdzz Sy LI NIGAOdzZ ASNI LISYRIE yi
simplifié, les dimensions du réservoir de surface sont fixées comme une fraction constante de la
réserveutile en eau. Le modeéle de bilan hydrique précédent, de type Earth, plus complexe, développé

par Choisnel (1985t utilisant des dimensions variables pour le réservoir de surface, a été utilisé

comme une référence pour valider la calibration des deux réservoirs du modéle de bilan hydrique
simplifié deJacquar & Choisnel (1995Dans le modéle Earth, le ratio ETR/ETM chute significativement

lorsque le ratio R(t)/RU descend-dessous de 60%Choisnel, 1985 Ces résultats aménent a fixer la
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partition des réservoirs superfici®let profond R2dans le modéle ddacquart & Choisnel (1994
respectivement 40% et 60% de la régeutile en eau du sol totale RU.

[ Sa @2ftdzyrSa RQStdz jd2iARASY&d RS& RSdzE NBASNW2A NI
fQ9¢wz RS& LINBOALMAGIGAR2YyA fAljdzARSAa SiG Rdz O02yidS
contributions des résenioNB & dzZLISNF A OA St S LINPF2YyR bt fQ9¢w &2
RS f Q9 @aquart@ZhoNdel, 19950ur plus de détails).

La version du modéle de bilan hydrique a deux réservoirs utitiaée ce travail pour calculer le bilan
hydrique quotidien nécessite pour chaque point de grille Safran les entrées suivantes

- Les précipitations liquides quotidiennes (PRELIQ)
- [ EapoTranspiration Maximale (ETM) quotidienne
- Laréserve utile en eau déservoir superficielRD) ;

- Laréserve utile en eau du réservoir profoRB(

Le bilan hydrique quotidien est modélisé de 1959 a 2@RP20 pour le mais)a premiére année étant
O2y&aARSNBS 02YYS fQAYAUGAITAAlF 2ANBIREIYFRSHIY 1A RS
Sy 02YLIiS RIya fQl yIf & aSankeS1859, NS Eskrivairs siorit cbnsilé2és 2 y & |
pleins.

Le bilan hydrique se définit comme la proportion de la réserve utile en eau du sol remplie avec de
f QS| dzdies fuSripdék 8oNtlutilisées pour calculer le bilan hydriqgue comme suit

YO& —0 YO Yoo Yo (3)

I SO w92 o6wStl GABS 9EGNIQOGAGES 21 GSNI Sy Fy3aflAad
hydrique,R1(t)et R2(t)respedi A 3SYSy G I ljdz2t yiAGS RQSFdz RIFIya fSa
wi £l OFLIOAGS G2G4FrtS RSA NBaAaSNW2ANR Sy Sl dz Rdz a
hydrique sur chaque point de grille, et en continu pour chague année de 126Q152020 pour le

maisip / QSaid t LI NGIANI RS OSa NBadzZ GFda 1jdzS f QAYLI O
Sy Stdz LR2dzNJ £ Sa Odzf §dzNBa RQAYGSNBG | SGS SiddzRASC

2.2.4. Modélisation du bilan hydrique de la vigne

La vigne étantune culture pdry y Sz f QSa A Yl A2y RS& SOKIy3aSa KeéeR
Si fQFriY23LKSENSE yS LISdzi aS FFHANB SO £S Y2Rs8¢t S
LINEOSRSYYSy(is R2y( {64 &AAYdd I GA2Yya &a2yiedol 4S84

fQFrdY24LKSENBE SiG dzy O2STFFAOASY UG Odz GdzNI f @ vdzA LI
O2dz@NB LI a O2YLX 8GSYSyid S a2t RS fF LI NOStfSod 5
composantes de laplante etdusol, pernety it RQSaGAYSNI I 02y RdzO0GF yOS R
du sol puis la transpiration de la vig(eiou et al., 1994 Mais aucun de ces modéles ne simule les
SFF¥FSia RS NBUNRBFOGAZ2Y RS f QFaasOKSYSyiigueRedz a2t 2
rendant inadaptés a la modélisation du bilan hydrique de la vigne en situation de stress hydrique.

Lebon et al. (2003ont proposé une modélisation du bilan hydrique basée sur la siroulate la

croissance de la vigne par un modele de croissance en dggnés Celleci intégre en outreles
FT2NX¥IfAAYSa RS Y2Rs8ftSa LISNYSiadlryd RS OFf Odz SN
transpiration du sol a partir du rayonnement absorbé pavilgne, car cette derniére constitue un
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couvert discontinu(Riou et al., 19941989. Dans ce modele de bilan hydrique, les variations de

f QSO LIRNI A2y RIRSP RS LINBdzA RS&E2 YIILIAIEINA A Sy 02 YL
F2NXYIFEAAYS ljdzA LINBYR Sy 02YLIIS S RSaa@Bsko8YSyYyd L
& Perrier, 1991

La modélisaton d@® A f 'y K@ RNAIjdzZSE @Al OSGGHS F LIINROKS RQdzy
résultats satisfaisants pour la vigne. La flexibilité du modele est suffisante pour étre appliquée a des
vignobles avec des structures de couvert et des densités de plantatiéredies(Lebon et al., 2003

[ S Y2R8fS LINBaSyidS dzyS o2yyS SadAyYlFidAaz2y RS f1I
¢CNF YALANIO6tS {2Af 21 G4SN Sy Fy3dtlArAas Cefsdlaa YIE IN
fin de la saison de croissance.

Dans les travaux présentés ici, le modele de bilan hydrique utilisé est adapébde et al. (2003 il

est couplé a un modéle de croissance de la vigne en d¢gmuéset & un modéle calculant la proportion

du rayonnement solaire incident intercepté par la vigiRéou et al., 1989 Il est codé en langage R

(Bois, 200Y. La chaine de modélisation, les entrées et sorties de chaque modéle sont présentées dans

la Figurel2. Les détails sur le fonctionnemetde chaque modéle sont présentés dans le rapport de

a0l 3S RS TAY RQS(dzRSa R QAeycAdAUbE20E RS al §f | dzo NB 2

| Hauteur et largeur maximales | | Date de débourrement | | Dates de début et de fin | Températures minimales
Porosité minimale de lavigne Date de floraison+ 15 jour: | de chute des feuilles et maximales
Modéle de croissance de la vigne en
degrés-jours (Riou et al., 1989)
Hauteur, largeur, Distance atitude et Albédo dusolnu Rayonnement
porosité de lavigne inter-rang | longitude | et du feuillage | global incident
Modele d'interception du rayonnement
sclaire (Riou et al.,, 1989)
[ | [ | [ | -
Coefficient | Typede | | Taux | | Réserve | Précipitations EvapoTranspiration Vitesse
| d'interception solaire k E sol | | denherbement | | utile | liquides Potentielle du vent
Modéle de bilan hydrique Légende
[Lebon et al., 2003) [ ] . . . .
L | - Données pédologiques et agronomiques
| ¢ * ‘ ¢ I:l :Données climatiques
""""""" - : Sorties des modéles
| Fraction d'eau du sol transpirable Conductance Transpiration Evaporation
par lavigne (FTSW) stomatique de lavigne du sol l:l - Modéles

Figurel2: Schéma de fonctionnement de la chaine de modélisation du bilan hydrique de la vigne.
5 QI L@NBng 2022.

Les données climatiques utilisées en entrée du modele de bilan hydrique de la vigne dans cette étude
sont les mémes que celles utilisées dans ladétisation du bilan hydriqgue du blé ou du mais,
provenant de la base de données Saffdidal et al., 201D Les données de réserve utile sont celles
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issues de la base de données GIESHIR dzLISYSYy & RQAYGSNB GO aOASVeSA FAI dzS
autres données pédologiques et les caractéristiques mmroques sont issues de la littérature et
RQSYUNBGASYya I SO f FAubryJRIRFFDBEs Zektrawiil |&stparamBi@s lieslauxT A £ A §
pratiques culturales sont définis pour la région viticole bourguignonne, les données étant soit
RAALRYAOE Sa LI2dzNJ £ S OSLI IS Rdz tAy20 b2ANHe&a2A0 3S
f QSidzRS SGFyld RQSGFf dzSNI £ QAYLI Ol RQdzy NBOKI dzF F¢
KERNRIjdzS RS fF OdzZ 6§dzZNE RQAYGSNE OG> fSa NBadz GF (¢
modélisation avec la méme paramétrisation que celle utilisée tastmge. Ainsi, la comparaison entre

tous les bassins de production viticoles de France pourra se faire toutes choses étant égales par
FAffSdNAEZ Sy NBIFNRFY(G dzyAljdzSYSyid f QAYLI O Rdz Of
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2.3.Bude du risque de sécheresse et modélisation statistique

2.3.1. Définition de la vulnérabilité des cultures

[ QS dzRS R delimafiqdelji@zSa ressb®e en eau nécessite la définition de la vulnérabilité

RS& OdzZ Gdz2NBa SidzRASSad /2YYS SELX AljdzS Sy Ay idNERRd:
Rdz Of AYIF(Z @Al RSa LIKaSojn2aMtoy s especes \Rgétalast linpdsgen2 dz R
compte de cette variabilité de la vulnérabilité peut se faire en utilisant des modeéles de cultures
élaborés tels que STI(Eisson et al., 2009Cependant, dans le cadre des travaux présentés ici, un
YABSlEdz RS O2YLX SEAGS AYGSNNYSRAFIANB || SiS OK2Aajl
simplifiés et robustes.apriseen comptede la phénologie des culturest Rud seuil de vulnérabilité

au stress hydrique fixpermet de définir la vulnérabilité de la cultyret de développeun indice de

stress hydrique similaire a ceux utilisés dans le domaine fore€Heanier et al., 1999 Cette

méthodoR 3A S LISNX¥SG RQSGFtdzZSNI RS YIFYASNB aiAyYwLi S Si
climatique en lien avec la ressource en eau suite au réchauffement abrupt des températures en France.

Lorsque le bilan hydrique I LJILJISt S T NJ O A 2 Rehiv® BxiradtiblS \WaieNREW éh 6 f S 6
Fy3atlrAao RFrya €S Y2R8tS dziAf AasS LI dzNJ FraStiooof S S
Transpirable Soil WateETSW en anglais) dans le modeéle utilisé pour la \glescend erdessous

RQdzy OS Naidulturg esticBraadiétée sous contrainte hydrique. Le seuil de REW pour lequel le
GFdzE RS ONRAaalyOS RSa FSdzaftfSa Si RQSOKIFIy3aSa R
varie selon plusieurs facteurs, tels que la demande évaporative, lbdisdn des racines, la texture,

ou encore la densité apparente du ¢8hdras & Milroy, 1996Dans leur étudeVleyer & Green (1980

2yi0 SadGAYS 1ljdzS t2NRBRIdzS pH t pTx RS fF w92 Sad dz
commence a déclinerd. (| dzE RQSOI LRGN} YyALIANF GA2Yy o6l Aaas s3al
totale reste dans le sqMeyer & Green, 1991Une autre expérimentation basée sur un systeme de
distribution de nutriments & base deulsstrat a estiméquef I f AYAGS RS f1 FNIF O0A?
pour le blé est de 39.7%lorikane et al., 2003Au vu de ces résultats, nous avons choisi de considérer

dans ce travailin seuil de stress hydrique fixé a 40% de la RU totale pour le btiesmous duquel la

culture est affectée par le stress hydrig@lacquart & Choisnel, 199%Ce seuil, nomm&EWagour

w92 ONRGAILdzS OONRGAOIT w92 eSuybilan fyarigue Huingas, g8 &sti 02 y &
comme le blé une culture annuelle.

f

Pour la vigne, la notion de stress hydrique est plus complexe a aborder. En effet, conjointement a la
température, le stress hydrique joue un réle majeur dans la composition des baidsnc des vins,

au niveau de la teneur en sucres, en acides, en composés phénoligues et anthdGglats, 200Y.

Les concentrations en acide malique et en anthocyanes respectivement décroissent et croissent avec

f Q| e#ation du déficit hydrique. La teneur en sucre des baies a tendance a croitre lorsque le déficit
KERNRARIjdzS Sad € S3ISNI LI NI NI LILRNIL t dzyS aAldzr GA2y
hydrique devient important cellei diminue(Ageorges & Terrier, 2014eeuweret al., 2009 Ojeda et

al., 2003. La gestion du déficit hydrique constitue donc un levier important de gestion de la qualité
RSa o0lASa S0 Rdz 9Ay® 55 y2YoNBdasa SidRSa aQl 00z
correspondants chacun anuoptimum pour atteindre la composition caractéristiquesdbaies

souhaité (Lebon et al., 20Q3.eeuwen et al., 200®jeda et al., 20020jeda & Saurin, 20)4Figure

13). Les valeurs de FTSW correspondant aux diffésentiés de stress hydrique sont résumées dans le
Tableaw?.
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Figure13Y S5AFTFSNBY(1Sa aidNIG§S3IASa RQhNdy@iedt viphoBlgenLJ2 & & A 0
fonction de la période végétative et du type de produit recherché : (A) modts concentrés, jus de

raisin, vins de table et jeunes vignobles en formation ; (B) vins blancs, vins rouges légers, fruités ; (C)

vins jeunes de qualité, &gjlibrés mais avec prédominance du fruit sur la structure, seuils limites

pour les vins blancs et (D) vins de qualité, concentrés, équilibrés et aptes pour le vieillissement.

5 Ql LOBEa& Saurin (2014

Tableau2Y { SdzAifta RS RSTAOAG KE@RNAIdzSS Sy F2yO0iAzy RS
Aubry (2022) Lebon et al. (2003)Leeuwen et al. (2009)Ojeda et al. (2002)Ojeda & Saurin (2014

Déficit hydriqgue Potentiel tige Potentiel Potentiel 115C FTSW (%)
(MPa) Feuille (MPa) Base (MPa)

Absence >-0.6 >-0.9 >-0.1 <-26 > 36

Léger ]-0.9,-0.6] ]-1.1,-0.9] ]-0.3,-0.1] [-26,-24.5]  ]21c¢ 36]

Modéré ]-1.1,-0.9] ]-1.3,-1.1] ]-0.5,-0.3] [-24.5,-23[ ]7¢21]

Fort ]-1.4,-1.1] ]-1.4,-1.3] ]-0.8,-0.5] [-23,-21.5] ]1¢7]

Trésfort H1.4 1.4 0.8 %-21.5 1%

Pour chacune des cultures traitées dans ce travail, le croisement des seuils de stress hydrique définis
ckrRSaadza 9SO tSa @I tSdz2NE RS o0AflYy KE@RNRIdzS jd2dA
hydrique sur chaque point de grille et pour chagannée. Pour le blé et le mais, un état unique de
a0NBada KEeRNARIdzS Sad RSTFAYA f2NERIjdzS tF FNIOlAzy
différents états de stress hydrique sont définis en fonction de la sévérité de la sécheresse. Dans tous
t85 OFas £8 RSLI 5a8YSyl Rdz 88dzAit RS a(NBaa AyRdz
peut impacter la croissance et le développement de la culture.
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2.3.2. Caractérisation du risqu modele de Tweedie

Le croisement de la vulnérabditdes cultures; définie par le seuil de stress hydriqgeet du bilan
KERNRIjdzS Y2RSft A&S LIS N¥iSitiquR kg @Blsdciz®ddd. Dabs chife atliddzS |+ 3 |
fQS@2tdziazy RSa OF NI Ol SNai.a. iréqliedes ét intBrnex esSedored YSy i a
au regard des augmentations abruptes de température mises en évidence en France.

Les événements de stress hydrique sont qualifiés par le dépassement des seuils deEiviabsfinis
LINBOSRSYYSy (i L3} dzNJ f S & chiagN®pairt deQrill, iésigtliBsitemBafefiey duS Nk ( ¢
bilan hydrigue REW sont donc utilisées pour calculer le déficit en eau du sol quotidien (Soil Water
Deficit en anglais, SWD) comme suit

TQVOM YOO .
m@zYY Yo romw ‘Yo& "V
' TAY RS LlRdz@2 AN 02 Y LI NBdihatique Ssdr 2lds diifférenty” bassids dblA a |j dzS
production, un indice, basé sur ces différences quotidiennes (en mm), est nécessaire pour quantifier
le stress hydrique subit par une culture surune périBd2y Yy SS® [ QAYRAOS R2AlG NBA«
Si fQAy(iSyaAidsS GRaer et él NIBIO andindideye sirega [gdrigud (en mm) est
LINR L2 AaSZ OdzydzZ yd €S RSTAOAG adyelleSCGedinditedzst dgagilé |j dz2 G .
ainsi:

Y '

‘Oi B "Yoo 'Q (5)
Pour chacune des trois périodes étudiées (32687, 19882014, 20152021) et chaque bassin de
LINE RdzOG A2y RSa Odzf GdzNBa RQAYGSNE G fSa KA&G2IANT Y
(en mm) sont tracés.
[ Sa @I f Sdz2NBE RQAYRANOUR ciBlé sort Ndhtndes, BV deB HédzS exacts
f 2NAIlj dzQ dzOdzy S@S5ySYSyid RS aiNBaa yQSE#0).AifsNEIA &GN
elles déploient une combinaison de distributions discréte et continue. Les histogrammes des indices
de stress hydrique annuel cumulé révéelent une inflation de zéros et des queues de distributions plus
ou moins épaisses. Ce type de distributions peut étre modélisé en utilisant des distributions de la
famille de Tweedi¢Dunn, 2004 Ces derniéres ont été utilisées pour modéliser avec succes la quantité
de précipitations aux pas de temps quotidien ou mensuel, incluant des observations dans lesquelles
f QroaSyO0S  2ignlest SreiisBé¢DaN®G ZDQLLIOR soht des distributions mixtes de type
Poisso®D | YYI X | @SSO tS y2YONB RQS@OsSySYSyilia RS LINBOALY
de Poisson et la quantité de précipitation modélisée en utilisant une distribution Gafhangensen,
1987 Tweedie, 198/
[ QdziAf A&k A2y RSa RAAGNAOdzIA2Y & RS ¢86SSRAS LI dzNJ
fournit une décomposition des évenamts de sécheresse en deux parametrésur occurrence et
f SdzZNJ AyiSyaAaidse /SGGS Y2RStAaldAz2y LISN¥YSG RQSOI
conséquence, de la structure du risque sécheresse suite aux réchauffements abrupts, et ce sur les
bassis de production frangais majoritaires des trois cultures étudiées.
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ChapitrelY L YLJI OGa RQdzy
abrupt des températures sur les

composantes climatiques principales du
OeO0f S RS fQSltdz f 2
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3.1. Partie 1 Avantpropos

{dzNJ £t S& RSNYASNBEA RSOSyyASazr fQ9dz2NRPLIS RS f QhdzSai
0SYLISNI GdzNBa Y2eé Sy ¢ faiticuiRiement Qi prilldmgSsyet ea datdifire Pl

rapide que ce qui était attendu suite a la haesles émissions anthropiques de gaz a effet de serre
(Philipona et al., 20Q9an Oldenborgh et al., 20D9Ce réchauffement se traduit depuis les années

1960 par un changement rapide de régime climatique, détecté a la fin des années 1980 etithpact

de nombreuses composantes des écosystemes nat(iRelil et al., 2016/ oolway et al., 201 La

a0 GA2YYINRGS Rdz O0e0ftS RS tQStdz Sad NBYAaS Sy Ol
RS LINB OA LI ( Inspikaftoyf &t deR deBitgilly g2 all,12008. En France, la hausse rapide des
GSYLISNY GdzNBa Sy mpytkmpyy AYLI OGS S3rtSySyid €S O
a juillet (Brulebois et al., 2035 En paralléle, depuis les années 1960, les cumuls annuels de
LINBOALIKGEGA2Y Y2Y(UNBYy(d LSdz RQS@2t dziA2y > &adzA3ISNIY
fl Y2RAFAOFIGA2Y Rdz Oe0f S RS {iS$d diRpdz/ G&OGHa S StYS§
haussedes températures peuvent impacter la ressource en eau, et mener a des situations de
sécheressé¢Teuling et al., 201)3

[ Q202SOGAT LINAYOALIf RS I (KS§aS-cligaliquyséch®ed f dzS N
f QAYLI OG RS OS NBOKIAZFFSYSyid | 0NYzLIi RSeundi SYLISNI
LINPOE SYFGAIdzZS ONMzOAI £ S3 ljdzQAf Sad ysOSaalANB RQ
analysé les changements dans le cycle hydrologique (i.e. débits, précipitations). Dans le cadre de

f QS dz2RS R ddimhtijuedjcdziSemenge®S f QF £ S+ Of AYIF GAljdzS SaG €I
¢cAf Sald ysOSaalANB RQAYy@SalGA3adzSNI LI dza LI NI A Odz A
hydrique (i.e. précipitations, évapotranspiration). Ce premier chapitre propose donc de quantifier

QS @2t dziA2y RS tQlIfSIF OftAYIFGAIdzS fAS | dz O080ftS RS
températures en 1987/198&t plus particulierement les composantes climatiques du bilan hydrique.

[ 20 SYSy Gz f1I B NAFOAETAGS RSa QesYprdeipitdtiohsi &a  LINA
f QS P LR (i Ndgpend donjainténmedtyiu climat, des caractéristiques du sol éadeuverture

végétale. Leurs modifications spafioS Y L2 NBf f Sa a2y i LINAaSa Sy O2YLIC
base de données climatiques réanalysées couvrant le territoire frangais métropolitain avec une grille

de résolution 8km, appelée SafrésbaModcou (SIMYHabets et al., 2008Soubeyroux et al., 2008

[ Sa& AaSNAXSa GSYLRNEff Sa BREHTranshBion PaeitielldBETP)y & A |j dz
REvapoTranspiration Réelle (ETR) sont extraites sur la période2D3a89 Cellesci offrent deux
LISNA2RSAE RS LINRPF2YyRSdzNJ SYLRNBtES aAYAflFANS Si L
RS MopyTkmMpyy LI2dzNJ SidadRARBSI NRAXYIB OOt Ry OKI ¢29 S & &I
Différents indices agr®@f A YIF G AljdzS&a az2yid S3FtSYSyd OFf OdzZ Saz
O2yGNI AYy(iS KeRNAIdzS adzAi S Fdz NBOKIFdzZFFSYSyidaod [ QS
composy 1 Sa Of AYIF(AljdzSa Rdz 0&d80ftS RS fQStdz Said |ljdz yi
/| S& RSNYASNAR LISNN¥SGGSYd RS RSGSOGSNI RS YIYyASNB 1
GSYLRNBtfSasx Si RS OF t OddesShangeniehty dnlfeJedzbyéhiies del & A 3
chaque période avant et aprés rupture, pour chacune des variables et chacun des indices étudiés.

Les résultats montrent que la hausse rapide des températures en France en 1987/1988 a impacté le

02 0t S RS Ik bl&lthydrighecratiquepartir des années 1990, la demande évaporative

¢ NB LINB & Sy i § SugnightdNde iman@re importante. Le printemps dévoile la hausse la plus
F2NIS RS €1 RSYFYRS S@FLR2NFGADBST LINE @etméntz v i dz
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évapotranspirée par le couvert végétal (ETR) et menant a un assechement progressif des réservoirs en
Stdz Rdz a2t ® 9y SiSx tF RSYFYRS S@ILRNIGABS O2yii
les réservoirs en eau du sol pour que le cativégétal y réponde. Le cumul annuel des précipitations

évolue peu sur la période étudiée, ne permettant pas un remplissage des réservoirs. La contrainte
KERNAIjdzS adzNJ £ S 02dz0SNI @s3asilt FdzAYSyidiS Sy Oz2y
[ QORGdzRSP2AtS RS& RAALINARGSaA aLI dAlrfSa REya fQS@2
f QSOKSttS |yydzStt Sz 2dzi ¢$al lesiréiNddXdl rdojeNds ethautey el A a
montagnec est impacté par une hausse de la contraintalhigue. Lesud-odzS & & S G ndrd®@8 E i Nk Y S
Rdz LI eax tfF tAOFNRAST I @FrttSS Rdz wksyS Si €1
principalement portées par la hausse de la demande évaporative. Les résultats montrent aussi une
nouvelle hauss rapide de la contrainte hydrique aux échelles annuelle, estivale et automnale aux
alentours des années 2014/2015. Calleest probablement due a une combinaison des effets de
fQsS@2tdziAz2zy RSa GSYLISNI GdzNBa Si Bofdes tedpd&abukesIA G | G A 2
gui se dessine a cette périoddansen et al., 202¥ontovas, 2020

Les modificatif & Rdz O@ 0t S RS f QSldz t20Ff &adzAGS | dz NBOKI d
une augmentation de la contrainte hydrique sur le couvert végétal. La diminution des ressources en

eau du sol peuvent mener a des situations de stress hydrique pourdsai@g, notamment pour les
cultures(Yang et al., 2021Zhou et al., 20200 [ QSEGSy&aA2y RS f I LISNA2RS |
KE@RNRAIjdzS8a Rdz LINR Y (@néIndise dn dxidéhSaoddns ce Rr&vail fcquvradi@ gaison
@S3ASHIGAPS RQdzyS YI22NA(GS RQS&LIBOSa @s3asalrisSa R
températures pourrait donc modifier les événements de stress hydrique sur les parcelles agricoles, et
affeOt SNJ £ SdzNJ LINPRdzOGA2y ® ! dz NBIFNR RS fQAydiSyaarrt
AYLI OGda LIRdZNNIASYd RSOSYAN LI dzd &ASPSNBA RQAOA f
connaissance de ced®@A X S RQdzyS I R indinte @déztyal., 20DIQNENRaiNAINR | £ S L
2011).

[ § OKIFy3aSySyid Of AYF Al dzS & Qe EchdNdieMes naluBIERRFafceE,S NB y (i S
ces travaux montrent que le réchauffement affecte la contrainte hydrique du couvert végétal,
principalement de maniére indirecte en augmentant la demande évaporative. Les mécanismes
RQS@2f dziA2y RS ftela unibausse ddziethanfe/évapdrative sodziultifactoriels,

et dépendent notamment du type de couvert végétal considéré, et de son stade de développement.

' TAY RQSQIfdzSNI RS YIYyASNBE L) dza RSGlFAff &B8edeSa STT
f QSF dz adzN) f QS @206z ¥2 ¥i A IRdiZS NIRIZA ¢jzNAS  Scadlibde, i dsNB & RQ
ySOSaalANB RS LINBYRNB Sy O2yaARSNIGA2Yy fSa O NI
risque pourra étre analysée de maniere régiosae, spécifiquement pour chaque espece végétale
considérée.

65



Article :

Laurent, L., Ullmann, A., & Castel, T., under review. How abrupt changes in
surface temperature impact the main climatic components of the local water
cycle over France®urnal of Hydrology.

66



3.2. Partie 2 How abrupt changes in surface temperature impact the
main climatic components of the local water cycle over France?
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Abstract

The significant increase in 2m air temperature experienced by Western Europe over the last few
decades has resulted in an abrupt warming in France, around 1987/1988. yEhis climatic shift
impacted hydrological cycle, particularly by reducing runoff in spring and summer. In this study, we try
to assess the consequences of this rapid warming on climatic components of local water cycle
(evapotranspiration, precipitativ). After the abrupt rise in air temperature, water demand increased
significantly on almost the entire French territory in spring, summer and autumn. Our results show
that, from March to May, the vegetation cover has been able to respond to this incbyadmawing

from the soil water reservoirs. But in summer, most of the territory is facing a significant rise in water
constraint (i.e. difference between potential and actual evapotranspiration), extending on the last
decade over autumn. In spring and suenmnthe increase in potential evapotranspiration is the main
driver of the intensification of water constraint. In the beginning of autumn, longer drysspsdl play

a major role in the lengthening of periods of water constraint. As the observed chamgémate
hazard linked to water cycle affect growth cycle of the majority of the vegetation covers and crops,
this could lead to a worsening of hydric stress events. The impacts of such an abrupt warming on the
local water cycle represent a major issoe hatural ecosystems as well as for agriculture.

Keywords

Local water cycle, abrupt warming, climate hazard, water constraint, water demand
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Introduction

Over the last few decades, Western Europe has seen an important increase in mean air surface
temperature, especially in spring and sumniBong et al., 201;Avan Oldenborgh et al., 20Q9This

rapid warming is faster than expected from anthropogenic greenhouse gases in(Pbdgmna et al.,

2009 Rudkstuhl et al., 2008 In addition to the warming trend, numerous natural regime shifts have
been detected over the Northern Hemisphere, related to changes in atmospheric circyldton &
Mantua, 2000 Yasunaka & Hanawa, 20D2lt is expected that these natural regime shifts may
modulate climate change signal at regional scale. A major abrupt shift has been identified in the late
1980s over western part of Europe, along with a sharp increasergdce temperaturgReid et al.,

2016). This abrupt warming is likely to impact directly or indirectly several biophysical ecosyBieichs

et al., 2001 Woolway et al., 2017

One of the main issue about global warming is the availability of water resources for natural or low
anthropized ecosystems and for human activities, especially for agric@fleamo et al., 20Q7Fitton

et al., 2019. The impact of climate change on hydrotadicycle has been widely studied all over the
world, and has various consequences depending on the rélylandal et al., 2021Middelkoop et al.,

20071, Piao et al., 2010Tolentino et al., 2016 Global warming is altering means and extremes of
precipitation, evapotranspiration and runoff, compromising tassumption of stationarity of the
water cycle(Milly et al., 2008 Over Europe, widespread areas show a decreasing trend in runoff in
spring and summer months, despite positive precipitafiatterns in June and Julgtahl et al., 2010

Such observations suggest that during vegetative period evapotranspiration is one of the main drivers
of runoff. The important increase of temperature in spring and summer results to higher potential
evapotranspiration, leading to higher actual evapotranspiration, which reduces streafufioviLanen

& Tallaksen, 2004

In France as in the rest of Western Eurogemean temperature shows higher increase than over the
entire planet during the period 1962000(Moisselin et al., 2002A strong warming signal is detected,
driven by a significant increase in both minimum and maximunptnature on every homogenized
series used in the study. Since 1980s, the warming trend intensifies strongly, consistent with climate
simulations including the anthropogenic forcifigerray & Boé, 2033Several hypotheses have been

put forward to explain this late increase in temperature over France. Atlantic Ocean influience i
suggested as one of the key drivers of these changes in climate in recent decades: the recent pattern
of anomalies in European climate coincided with substantial warming of the North Atlantic Ocean
(Sutton & Dong, 20)2Those multidecadal variations in North Atlantic sea surface temperatures (SST)
are known as theAtlantic Multidecadal Oscillation (AMO), a mode of observed climate variability
alternating warm and cool phases over large parts of Northern Hemisg{Keight et al., 2006 This

rapid warming in SSJwarm phase of AM@Q over North Atlantic Ocean followed a prolonged positive
phase of the North Atlatic Oscillation (NAO) and can be inferred to a delayed response to this long
NAO+ sequenc@. Robson et al., 201 Along with the late impact of NAO positive phase on the rapid
ocean warming, multiple other drivers of North Atlantic Multidecadal variability have been identified
(Terray, 2012 Aerosol emissions and periodswolcanic activity are particularly pointed out to be one

of the main cause of long term changes in sea surface temperdgitvan et al., 2009 Thus,
anthropogenic factors are very likely responsible for long term trends in Atlantic Ocean warming
(Booth et al., 2012Mann & Emanuel, 2006
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As a result of this warming tendency, an abrupt shift in meteorological regimes is observed over
Western Europe at the end of 198(e Laat & Crok, 201&eevallik, 201)1 The causes of the delay
between North Atlantic Ocean SST warming and this abrupt shift over Western Europe are still poorly
documented, as well as the sousxf such a rapid and strong warming. Several consequetcéhe

1980s climate regime shift on aquatic and terrestrial ecosystems have been still high(igategir et

al., 2020Q. As such pattern of rapid air temperature increase is likely to replicate in the context of
climate changgDesbruyeéres et al., 2021 |. Robson et al., 2012he issie of its possible impacts on
biophysical ecosystems and more especially on water balance elements is of primary concern.

Over France, this abrupt shift is detected in both maximum and minimum air temperature recorded
by Météo-France weather stations, beten 19691987 and 1982009 period¢Brulebois et al., 2095

Along with this abrupt warming, the latest study reveals a significant decrease in observed runoff from
January to July, with the most important variation occurring in June. Rainfall slgmificant decrease
during this period, but to a lesser extent than for runoff, and in August and September, runoff and
rainfall have opposite trends. Variations in runoff response suggest a "soil memory effect»: negative
soil moisture anomalies in spridgad to drier soils in summer, inducing lower runoff at the end of
summer(Boé & Habets, 20)4Here, evapotranspiration is clearly identified as the primary cafise

the hydrological cycle modification, but the process remains unclear. In Southern Fraagaing

trend is also identified as one of the main drivers of the evolution of surface water resources
(Labrousse et al., 2020

1987/1988 shift offers a strong opportunity to study how abru@rming affects amplitude as well as
spatial and temporal main climatic components of the local water cycle. This groundbreaking research
work focus on climatic water balance elements which are key points for all natural ecosystem and for
crops. What ighe amplitude of Potential EvapoTranspiration (PET) changes after 1987/1988 shift?
How does soil moisture follow to this change? What are the spatial and seasonal patterns of changes
in climatic water balance components?

Local water cycle is the result af subtle dynamic balance between incoming precipitation and
outgoing evaporation, runoff and percolation. Local -dayday variability of the two main water cycle
componentsg precipitation and evapotranspiratioq is jointly climate, soil and landse/lard-cover
dependent. Due to the forcing of climate warming, the assessment of its evolution is needed. This is
of primary importance to quantify impacts, design adaptation strategies and implement actions.
However, there is an ongoing question on how thewgibrsurface temperature shift detected over
France did or did not simultaneously impact precipitation and/or evapotranspiration. The large
precipitation interannual variability with more or less pronounced geographical pasteimders the

ability to asses how and where the local balance is affected.

To this aim we use an dp-date daily reanalysis surface climate data covering the entire French
territory with an 8kmresolution. Starting in the end of the 1950s, the dataset offers two periods of
similarand relevant time depth both sides of 1987/1988. In addition to climate data, it includes actual
evapotranspiration, offering the opportunity to study green wa(Ealkenmark & Rockstrém, 2006
which is a keycomponent of water resources availability reflecting the traafs among various
usages (crops, human and natural ecosystems).
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Material and methods

Study area and data

The initial dataset used for this study comes from the SafsaaModcou model developed by Meteo
France(Habets et al., 2008Soubeyroux et al2008). This 8knresolution reanalysis chain combines
the Safran meteorological analysis syst@rand et al., 20009 the Isba land surface mod@oilhan

& Planton, 1989and the Modcou hydrogeological modékedouxet al., 1989.

The analysis system of the atmospheric forcing, Safran, is based on a robust vertical interpolation
method for the main meteorological parameteiBurand et al., 1993 The French territory is divided

in more than 600 climatically homogeneous zones, taking explicitly into account the elevation
parameter. The model relies on both the observation network and the analysis of thesplraric
models (Arpége or CEPMMT), and solar radiation terms (visible and infrared) are estimated using a
radiative transfer model. A total of 8 meteorological parameters are analyzed at an hourly time scale
(10m wind speed, air temperature, 2m relativairhidity, cloudiness, visible and infrared solar
radiation, solid and liquid precipitation) on more than 9000 grid pofBtsubeyroux et al., 20Q08This

allows to have a continuous and uniform spatial information covering the entire French territory, in
real time and in delayed time. A validation of Safran module confirmed rtdevance of the
meteorological analysis, especially for the precipitation fields and the air temperg@uiiatanaSegui

etal., 2008 Vidal et al., 201

The land surface model Isba consists of 3 layers (superficial, root and deep (Bgers) et al., 1999
and includes surface runoff and drainage sche(hiebets et al., 1999Soil and vegetation parameters
comes from the Ecoclimap database at a resolution-kinlover FrancéMasson efal., 2003. In the
framework of the SIM chain, Isba computekr resolution surface energy balances while-sush
surface runoff and drainage are computed using Topm{ielen & Kirkby, 1979

Hydrological transfers are simulated by thgdnogeological model Modcou, using surface runoff and
infiltration data from IsbglLedoux etal., 199® Ly (GKS {La OKIAYZX NHzy27FF
time step, and the evolution of groundwater tables level at a daily time step. The restiiis part of

the SIM chain are not used in this study.

A validation of the whole SIM chain shows that the model is quite robust both in space and time, and
gives a good estimation of the water flux@idabets et al., 2008 The comparison between the
observed and simulated river fl@over France, associated with some hypotheses, depicts an error of
less than 4% at the annual scale. The same error is identified for the evaporation fluxes. SIM system is
able to represent well the main local climate components driving water balanceusadf dynamic.

The SIM chain dataset starts from the 1st of august 1958 and is updated periodically until present time.

In this work, 1952019 period is selected. Thisoffersa®® I NEQ (GAYS RSLIWKE Fff2g,

two climates based on 1987/88 shift in surface temperature warming. As a first approximation, the
different variables of interest for the two ~3@ars climate periods before and after the shift can be
considered as independently stationary.
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Agroclimatic indices

Three climate vaables among all SIM outputsmaximal temperature (Tmax), liquid precipitation
(PRELIQ) and potential evapotranspiration (PETare considered here, along with actual
evapotranspiration (AET) linking climate, water and vegetation characteristics. Thds&atiables

are aggregated to monthly, seasonal and annual scale and are used to compute several types of indices
providing information on how climate warming affects regime and cycle of the local water cycle
components.

Of all the variablegelated to the water cycle, during the vegetative period, evapotranspiration plays

a significant role. The process of soil evaporation and plant transpiration is complex to understand
because of various interactions between soil, biosphere and atmospherestudy the effect of
temperature rise on the evolution of vegetation water demand, several biophysical indices linked to
evapotranspiration can be computed. First, potential evapotranspiration (PET) is defined by the Food
and Agriculture OrganisationAP) asthe rate of evapotranspiration from an extensive surface of 8

to 15 cm tall, green grass cover of uniform height, actively growing, completely shading the ground
and not short of wated (Doorenbos & Pruitt, 19737 This variable is considered as a climatic
measurement, introduced to study the evaporative demand of the atmosplarly affected by
climatic parameterqAllen et al., 1998 Vegetation cover shows various structural and functional
configurations hat strongly modulate the amount of water required to fully compensate the
evapotranspiration loss. Maximal evapotranspiration (MET) is defined as the evapotranspiration from
a specific vegetation, under optimal water resources and environmental cond{dies et al., 1998

For cultivated crops in fields, the agronomic management and environmental conditions can differ
from standardconditions, leading to an actual evapotranspiration (AET) that may vary from MET. AET
is computed by using a water stress coefficient Ks in addition to the crop coefficiéAtiétcet al.,

1998). In the SIM chain, PET and AET are computed by the Isba land surface model using methods and
equations described iNoilhan & Planta (1989 and inNoilhan & Mahfouf (1996 Isba accounts for

the land use and land coveharacteristics that are implemented by the Ecoclimap database. The land
surface model is also driven by Safran incoming radiation, precipitation, atmospheric pressure, air
temperature and humidity, and wind speed at a reference level.

Along with PET andET, two indices depicting the evolution of the local water cycle are computed.
The difference between PET and AET informs on the hydric constraint on vegetation. Whe&xERET

is close to 0, evapotranspiration under actual environmental and climaticittomslis getting close to
potential evapotranspiration under optimal soil water content. The vegetation is able to respond to
climatic water demand, and do not suffer from water shortage. On the contrary, the increase of PET
AET suggests a hydric comstt increase. The difficulty to reach the amount of potential
evapotranspiration reveals a lack of water in soil reservoirs which impacts vegetation growth and may
lead to severe consequences up to its death. The second index computed is the A&TidRBhich
depicts the efficiency of the evapotranspiration process. The more this ratio is close to 1, the more the
water status of the soil is good, and the plant is able to respond to the climatic evaporative demand.
The study of the evolution of those twodices allows to assess the impact of climate warming on the
evolution of local water cycle and vegetation cover water constraint.
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Statistical analysis

Climate change over France can be apprehended in many ways. The assessment of a stationarity break
in surface air temperature in 1987/1988 is particularly interesting, as thegtationarity of climate
warming can have unexpected and severe impacts on ecosystems. Trying to estimate the
consequences of the 1987/1988 abrupt warming on climatic compondritxal water cycle by using
change point detection and mean comparison techniques occurs to be necessary.

The four daily series of the variables of interest are aggregated to monthly, seasonal (winter:
DecemberJanuaryFebruary (DJF); spring: MasélpritMay (MAM); summer: JurdulyAugust (JJA);
autumn: SeptembefctoberNovember (SON)) and annual time scale. Robust statistical tests such as
change point detection and distribution comparison techniques are used to assess the evolution in
precipitation, PE and AET due to temperature warming.

A Bayesian method allowing both the detection of change pajmis. shifts(Barry & Hartigan, 1993

¢ and the computation of the posterior meg&rdman & Emerson0B8) is applied to the climate time
series variables. This method is relevant for climate data s€Reggieri, 2018and has been
successfully applied to weather station recordsashperature and rainfalBrulebois et al., 20)5The
ability to jointly detect change points and compute posterior mean is useful to identify isolated
extreme events, as for instance 1976 severe drought conditions, from long term climate ¢rendge

Finally, to address differences in mean values for liquid precipitation, PET and AET before and after
1987/1988 temperature shift, a robust Bayesian test is g&dschke, 2013 This estimation is based

on the Bayesian posterior probability distribution, evaluating whether the probability of a difference

is highenough to matter. By using the values of the 95% Highest Density Interval (HDI) to define the
confidence interval, the Bayesian method provides information about the magnitude and significance
of the difference between two distributions. Statistical arsadyis conducted over the 9892 grid cells
covering the entire French metropolitan territory.

Results

Detection of shift in temporal evolution of variables linked to the local water cycle

Temporal analysis of inteannual evapotranspiration depicts a sifigant shift in annual PET amount

at the end of the 1980s, following the evolution of the annual mean of maximal temperdigare

14a). The mean of the PET amowntthe 19882019 period is around +100mm higher than the mean

of the PET amount on the 198987 period. The Safran analysis system computes PET using the
PenmanMonteith equation as defined by the FA@Ilen et al., 1998 PET is thus influenced by several
climatological variables, such as solar radiation, wind speed, vapor pressure and mostly air
temperature. Consequentlio the abrup increase in maximum air temperature in 1987/1988 over
France, the evaporative demand increases. AET also increases, but to a lesser extent than PET (+50mm
in average between the two periods). As a result, the difference between PET and AET is increasing
sharply at the end of the 1980s, from an average of 210mm before the shift up to an average of 260mm
after the shift. Such an evolution reveals that the vegetation cover and the soil are not able to respond
to the increase of the evaporative demand at thenual scale, suggesting the larger deficit of soil
water content over the second period. As precipitation remains quite stable during the studied period,
the results suggest that temperature increase is the main driver of the local evolution ofichvagér
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cycle elements. The lower soil water content expected on the ZHB® period consequently
increases hydric constraints.

The evolution of the local water cycle elements shows contrasted seasonal changes. In spring, AET
follows the evolution pattern oPET, both increasing in a similar way by approximately 30mm in
average between the two periods surrounding the shift at the end of the 198@sire14b). This
indicates that between March and May, soil water content is still sufficient for the soil and vegetation
cover to respond to the evaporative demand. From June to August, PET increases strongly after 1990,
from 320mm in average during the first period up to 36@rduring the second period-igurel4c).

This evaporative demand is yet not satisfied with AET remaining quite stable between 1959 and 2019.
As aresult, PEAET in@x is rising strongly after 1987/1988, from 110mm to 140mm. In summer over
the 19882019 period, the increase of this index reveals that soil water content becomes insufficient

to supply vegetation water requirements. In autuniigurel4d) and in winter (Supplementary Figure

1), no abrupt changes are detected in PET or AET at the end of the 1980s, water balance remains stable
during the studied periodnterestingly, recent decade in summer and autumn depicts an important
rise of the PET AET indice. Water constraint increases even more significantly since 2014/2015 in
those seasons, autumn being also impacted by soil water deficit caused by the intpeaianing of

air temperature and increase of water demand.

Taken together, these results suggest that the major shift in air temperature in 1987/1988 had a strong
influence on the evolution of the local water cycle variables. The increasing gap betweamd®BET

since the 1987/1988 suggests that water balance decreases on the second half of the studied period,
along with the increase of water demand and soil drying. Consequently, water constraint is increasing
rapidly at the end of the 1990s, both annsalale and seasonal scale, especially in summer and more
recently in autumn. Seasonal analysis also highlights the link between spring, summer and autumn
evolution of local water cycle. Even if the soil water content is still sufficient in spring foegie¢ation

cover to follow to the evaporative demand, the latter experienced a rapid significant increase.
Vegetation cover drew more heavily in soil water reservoirs, accelerating the summer increase in water
constraint. On the last decade, summer watemswaint increase extends over autumn with the
continuous rise of water demand. This is consistent with recent events of prolonged drought and dry
spells in September and October over France that had several impacts on natural eco$gstalrts

et al., 202QValo, 2022
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(a) Yearly evolution in metropolitan France (b) Spring evolution in metropolitan France
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Figurel4: (a) Yearly and (b, c, d) seasonal evolution of variables linked to water cycle between 1959
and 2019. PET: Potential EvapoTranspiration; AET: Actual EvapoTranspiration. Gray batha@i/
values; gray solid curves: Bayesian posterior mean values. Solid colored curves: Bayesian posterior
mean values; dashed colored curves: SIM chains values. Vertical dashed line indicate 1987.
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1987/1988 shift: a turning point

Regarding the previousesults, it is interesting to investigate the evolution of the local water cycle
variables before and after the 1987/1988 air temperature shifable 3, Table 4, Table5 and
Supplementary Table 1 summarize the number of Safran grid points recording a significant shift in
1987/1988 (according to Bayesian differences test) and the anomalies between the meEdts9of

1987 and 1988019 periods for each of the variables of interest linked to water cycle. Although there
are no abrupt changes in time series, PET and AET means both increased significantly on the second
period 19882019 compared to the first period $9-1987, yearly and seasonallyable3 andTable4).

At the annual scale, 98 of Safran grid points registered a shift in PET in 1987/1988, against only 76%
of grid points for AET. The shift in PET impacts a larger proportion of the French territory than the shift
in AET at the annual scale, highlighting the increase in evaper@éimand and in hydric constraints
after 1987/1988.

Table3: Percentage of grid points recording a significant shift in 1987/1988, anomai@&{, mm)
and 95% confidence interval of the difference in the mean (95% HDI) over ghtire french
metropolitan territory at annual and seasonal scales, for potential evapotranspiration (PET, mm). *
means significant difference according to Bayesian difference test.

Period Potential EvapoTranspiration (PET)

% of stations NPET (mm) 95%HDI
Year 98 +90.3* 89.8¢90.9
DJF 53 +5.73* 5.64¢5.81
MAM 98 +32.5* 32.4¢32.7
JJA 95 +38.5* 38.2¢ 38.8
SON 74 +13.6* 13.5¢ 13.8

Table4: Same as in Table 3 but for actual evapotranspiration (AET, mm).

Period Actual EvapoTranspiration (AET)

% of stations n ET (mm) 95% HDI
Year 76 +45.7* 45.4¢ 46.1
DJF 73 +8.29* 8.19¢ 8.40
MAM 95 +23.2* 23.0¢23.3
JJA 19 +7.69* 7.43¢ 7.96
SON 29 +5.35* 5.25¢5.46
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Table5: Same as iTable 3 but for liquid precipitation (PRELIQ, mm).

Period Liguid precipitation (PRELIQ)

% of stations nt w9 (mm)v 95% HDI
Year 9 +23.2* 22.0¢24.3
DJF 17 -3.07* -3.60¢ -2.56
MAM 0 +0.28 -0.12¢ 0.69
JJA 2 +3.53* 3.08¢3.99
SON 3 +10.4* 9.90¢10.9

PET and AET evolutions show a strong seasonality. Spring shows the highest percentage of stations
recording a significant shift in 1987/1988 for PET and AET, with respectively 98% and 95% of Safran
grid points Table3 andTable4). This season also records the strongest and most brutal increase in air
temperature, directly impacting the evolution of PET and @g&llebois et al., 20)5Summer displays

the largergap between PET and AET anomalies, rising from respectively 39mm and only&otef (
andTable4). However, precipitation slightly increase yearly and in summer and auburtime second

period, but always to a lesser extent than PEa&b{e5). Consequently, after the important rise of
evaporative demand in spring, soil water content drops quickly. Evaporative demand still rises in
summer, resulting in an aggravation of hydric constraints between June and August, extending into
autumn. Note ttat the general evolution of precipitation described in this table can hide important
geographical disparities.
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Figurel5: Daily mean cycles of variables linked to the water cycle. (a, b, c, d, e, f) Black solid curves:
mean cycle of SIM values from 1959 to 1987; red solid curves: mean cycle of SIM values from 1988
to 2019. (g, h) Black solid curves: mean cycle of SIM vdhaes 1959 to 1987; red solid curves: mean
cycle of SIM values from 1988 to 2014; purple solid curves: mean cycle of SIM values from 2015 to
2019. The solid curve shows the ensemble mean, the color shading extends to + 1 standard deviation
to show interanrual variability.

Detailed annual cycles for both periods paed postshift confirm the evolution of the variables linked

to the local water cycleRigurel5). Meanannual cycle of maximal temperatures is always higher after
the shift of 1987/1988 than before, especially from March to Augbigjurel5a). In contrast, mean
annualcycle of precipitation remains stable between the two perideigrel5h). Mean annual cycle

of PET is higher for the second period from February to October, iwiihéhe evolution of maximal
temperature cycleKigurelsc). The largest differences are observed from March to August, following
the most important increase in aiemperature. From March to June, AET mean annual cycle is also
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higher for the second period, confirming the ability of soil water content to respond to the rise of
evaporative demand at this time of the ye&idurel5d). Conversely, for summer months, AET remains
stable between the two periods and does not follow the evolution of PET, suggesting clearly the lack
of soil water content to meet the evaporative demand eTévolution of mean annual cycle of both
indices PETF AET and AET/PET confirms the modification of the local water cycle from June to
September after the 1987/1988 shiffigurel5e andFigurel5f). At this time of the year during the
second period, PETAET is more important than during the first period, while AET/PHEiwisr,
indicating more severe water constraints.

The increase between the end of June and -Qixtober of the mean PETAET for the 2012019

period compared to the mean for the 198814 period confirms the accentuation of water constraints

for the last decade Figurel5g andFigurel5h). At the same time of the year, AET/PET misdawer

for the 20152019 period than for the 1988014 period, the vegetation cover struggles to respond to
the important evaporative demand, soil water content declines faster in the last decade. These results
also corroborate the lengthening of thecirease in water constraint in autumn on the last decade, PET

¢ AET being higher over the 262819 period than over the 1988014 period and AET/PET being
lower over the 2018019 period than over the 1988014 period.

As for precipitation, the evolutionfahe variables linked to the local water cycle outlined in these
results may hide geographical disparities.

Geographical response of local water cycle variables to temperature shift

Anomalies between the means of the two periods qmad postshift compaed to the mean of the

first period depict spatial diversities in their evolution, for all the studied varialftegu(e 16 and
Supplementary Figure 2). PET is rigagrywhere after the shift in air temperature, confirming the
strong influence of the abrupt warming on the evolution of water demand (Supplementary Figure 2a).
Northeast of France (Vosges, Jura, Morvan mountains), Rhone valley, west of the Cote dfeur, ce
and southwest of France experienced the strongest increase in evaporative demand after the
1987/1988 shift, the mean of the 198819 period being around 30% above the mean of the 1959
1987 period. AET increases with the same order of magnitude idkges, the Jura, the Morvan and

the Massif Central (Supplementary Figure 2b). Liquid precipitation displays more contrasted
evolutions, south of 44/45°N depicting a downward trend in rainfall while north of this line showing a
rising trend Figurel6a). Some specific territorial features yet appear: north of France and Finistére
depict a significant rise of almost 20% whereas some grid points in the-senthal andsouth
western regions of the territory show a significant precipitation decrease of almost 20% for the second
period.
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Figurel6: Map of the anomalies of period 1988019 compared to period 1959987 for (a, ¢, €, Q)
liquid predpitation (mm) and (b, d, f, h) ratio AET/PET. (a, b) Year, (c, d) Spring, (e, f) Summer, (g, h)
Autumn.
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Consequently, means of the AET/PET index present contrasted territorial evollignee(6b). On

the southwest of France, the Cévennes, in Picardie and in Bamseandie, and along the
Mediterranean coast, evaporative demand PET experienced a more important increase than AET,
leadng to a decrease in AET/PET about 10% to 20% on the second period compared to th88[059
period. On those regions, evaporative demand increases considerably after the shift in air temperature
and soil dries up, intensifying vegetation water constraint.

Seasonal evolutions of PET and AET depict various geographical changes, affecting the evolution of the
local water cycle in different ways throughout the seasdfigyrel6 and Supplementary Figure 2). In
spring, southwest of France and Cbte d'Azur start to experience high water constrintee(6d),
affected by an increase ievaporative demand that vegetation could not keep up (Supplementary
Figure 2c and 2d) and no increase in precipitatligyrel6c). Water constraint extends on alrstoall

French territory in summer, particularly affecting north of Lorraine, Bassin Parisien, Normandie,
Poitou-Charentes, southwest of France, Rhone valley and Cote dRigurgl6f). AET/PET drops from

15 to 30% on those areas, following the increase of evaporative demand and the lack of soil water due
to temperature warming (Supplementary Figure 2e and 2f). In autumn, a large part of France is still
under higher wger constraints on the second period, southwest revealing the most important
decrease in AET/PEHidurel6h).

Most of the regions experiencing an increase in watemst@int after the 1987/1988 shift in air
temperature are large agricultural production areas. The abrupt warming, affecting the water cycle
over the entire French territory in various geographical and temporal ways, may have important
negative impacts oagriculture and other ecosystems.

Discussion and conclusion

Air temperature rise is one of the main drivers of hydrological response across the(ixoblgr et al.,

2010 Gebre & Ludwig, 201Khanal et al., 20211t affects ice and snow cover in mountainous regions
(Huss et al., 20z Marty et al., 2017, biodiversity(Malcolm et al., 2006and runoff(Gu et al., 202D

all over the world. At global scale, runoff has been shown to increase with the increase of temperature
(Labat et al., 2004 This assumption hides seasonal and geographical disparities, as for example in
France where runoff is expected to decrease significantly from January t@dullgbois et al., 2035

The present study aimed at depicting the evolution of climadenponents of the local water cycle
(precipitation, evapotranspiration) over metropolitan French territory in the context of an abrupt
warming.

Precipitation and evapotranspiration, commonly referred to as the water cycle, is enhanced by
temperature increae (Held & Soden, 20Q06Evapotranspiration is a key factor of runoff and drought
evolutions, contributing to soil drying, water constraints and hydric st(@sssi et al., 2016 euling

et al., 2013. Our results allow to better understand the role of evapospiration evolution, driven

by the abrupt increase in air temperature in 1987/1988, on the water cycle modification at local scale
in France. 1987/1988 temperature shift strongly affected local water cycle and soil water balance.
From the 1990s, water deamd rises rapidly, contributing to the drying of soils. Spring depicts the most
widespread shift in evaporative demand, leading to a discharge of soil water reservoirs. Water demand
increases further in summer up to the end of September, enhancing anddirtgthe drying of soils.
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Consequently, hydric constraint on vegetation increases both annually and seasonally after 1988,
summer and more recently autumn being particularly impacted.

Temporal evolution of the water cycle is associated with strong spditphrities. Water constraint
increases annually over almost all the French territory except mountainous regions (Alps, Massif
Central, Jura, Morvan, Vosges and Ardennes). Southwest and extreme northeast of France, Picardie,
Rhéne valley and Cote d'Azwepict the most important increase in water constraint. In those areas,

the abrupt shift in air temperature impacts water availability for vegetation, and may impact crop cycle
and, by extension, yieldZhou et al., 2020

The increase in water demand in spring is expected to worsen in the future, with tatope
warming. This is consistent with other findings on more limited areas in F(@he®uche et al., 20)0

This could lead to a faster draining of soil water reservoirs, leading to situations of hydric constraint on
vegetation earlier in the year. Our results also point out the lengthening of the period of water
constraint towards autumn, driven mainly by September. Along with the increase in water demand,
longer dry spells during this month could play a major role in the drying of(Raijsnond & Ullmann,
2021). Taken together, this study reveals a lengthening of the period where climatic hazard linked to
water cycle could lead to hydric stress on ecosystems after the rapiching of 1987/1988. This
intensification and lengthening of periods of water constraint is mainly driven by the increase in air
temperature and water demand, but also by a decrease in precipitation in late summer and beginning
of autumn.

As for other pas of the world, modifications of climate components of the local water cycle after the
important shift in air temperature over France could causes major damages on ecosySterd et

al., 2015 Higgins & Vellinga, 2004Changes in water availability and water cycle induced by air
temperature warming may directly and indirectly impact natural ecosystems and human activities,
especially agrictdre (Yang et al., 2021 The extension of the period with high hydric constraint from
spring to the beginning of autumn pointed out this work is covering the growing season of the
majority of vegetation covers and crops. Thus, the abrupt increase in air temperature is expected to
modify crop water stress events, such as winter bread wheat for exafbpleent et al., 2023 Along

with the intensification of global warming in the future, these impacts are expected to be more severe
by the end of the century, accelerating the need for adaptation of natural and anthropized ecosystems
(Boé et al., 200Quevauviller, 2011

This study also depicts a new rapid increase in water constraint over France around the 2014/2015
years. This mage due to combined effects of temperature and precipitation evolutions. In fact, the
entire French territory experienced a new rapid increase in air temperature during this period. The
stagnation, or slight decrease in some regions, of precipitagiomobably linked to the natural climate
variability ¢ exacerbates the effects of climate warming. The causes and consequences of this new
abrupt warming still need to be explored, as such event may happen again in the future.
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Supplementary Material

Winter evolution in metropolitan France
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Supplementary Figure 1: Winter evolution of variables linked to hydrological cycle between 1959
and 2019. PET: Potential EvapoTranspiration; AET: Actual EvapoTranspiration. Gray bars: SIM chains
values; gray solid curves: Bayesian posterior mean val&did colored curves: Bayesian posterior
mean values; dashed colored curves: SIM chains values. Vertical dashed line indicate 1987.
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Supplementary Table 1: Percentage of grid points recording a significant shift in 1987/1988,
anomalies AET/PET, mm) and 95% confidence interval of the difference in the mean (95% HDI)
over the entireFrenchmetropolitan territory at annual and seasonal scales, for the ratio AET/PET. *
means significant difference according to Bayesian difference test.

Periad Ratio AET/PET

% of stations ntockt 9¢ 95% HDI
Year 39 +0.666* 0.603¢ 0.728
DJF 64 +8.98* 8.85¢9.10
MAM 39 -1.06* -1.12¢ -0.996
JJA 42 -5.48* -5.58¢-5.38
SON 12 -0.592* -0.676¢ -0.506

84



aa

2

Supplementary Figure 2: Map of the anomaliespdriod 19882019 compared to period 19592987
for (a, c, e, g) PET (mm) and (b, d, f, h) AET (mm). (a, b) Year, (c, d) Spring, (e, f) Summer, (g, h)
Autumn.
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4.1. Partie 1 Avantpropos

La hausse abrupte des températures en France en 1987/1988 a entrainé une modification du cycle de
fQStdz t20lt® [Sa Sy iNBS ibapdDeiaratibiiREdd) ETR)réagisdsentl] dzA R S
a la hausse de la demande évaporative, de maniére variée selon les saisons et les territoires. La
contrainte hydrique sur le couvert végétal augmente en conséquence, principalement en été et au
RSoO0dzi RS dlONdziRYy S®FFSia RS fQS@2ftdziazy RS f QlFf
ressource en eau dépendent du type de couvert végétal considéré, de son stade de développement et

du taux de remplissage en eau du @dlen et al., 1998 Selon la saison pendant laquelle la contrainte

hydrique va se développer, les impacts sur la croissance et le développement des plantes vont
également warier (Teuling et al., 200® [ QS @2 f dzii A 2-¢limaRode sBicheiefsdz8épendd NP
fortement de la vulnérabilité de la culture considéréBarkash & Singh, 2020Plusieurs études
décortiquent les effets de différents scénarios du changement climatique sur le bilan hydrique des
cultures(Li et al, 2009 Wang et al., 2009 Mais ces impacts sont également variables selon la région
considérée.

[ S LINBYASNI OKFLIAGNBE RS OS YIYydzZAONRG y2dza | Y2yl
été modifié suite a la hausse rapide des températuBs dm py Tk Mpyy ® ! FAY RQSG dzRA
du risque agreclimatiquesubséquentes A f Said ySOSaal ANBE RS ONRAASNI C
b fF @dzZ ySNIOoAfAGS RSa OdzZ G§dzZNBa RQAY(ISNBG® / Sa
partenaire de la CIFRE et le laboratoire de recherche, sont le blé, le mais et la vigne. Le blé, constituant

la production la plus importante du pays, et dont les caractéristiques sont trés bien documentées dans

la littérature scientifique, a été choisi dansiceNJ @I A £ LJ2 dzNJ S (i dzR A SohdafiqQeS @ 2 f dzii
AaSOKSNB&aaSe® /S OKFLIAGNE LINRPLRAS R2yO RQSOI f dzSNJ €
NEIA2Y Il fSS &dzNJ £ Sa LINAYOALN dzE ol &daiaya RS LINERc
réchauffement rapide de 1987/1988.

Le bilan hydrigue est modélisé dans cette étude en utilisant un modéle simplifié a deux réservoirs,
permettant un bon compromis entre complexité du modeéle et robustesse des rés@latguart &

Choisnel, 1995Le calal du bilan hydrique nécessite en entrée du modéle, pour chaque point de grille

de France métropolitaine, les précipitations liquides quotidiennes, récupérées dans la base de données

SIM, et la capacité totale du réservoir en eau du sol, aussi appelée/RéHde (RU), calculée a partir

RSa @IfSd2NBE RS I 0FasS (RER RIFYSEE RGA f DINBT A3 GRS
(France), 20t [ | LIKSy2f 23AS RS fI Odzf §dzNBE SidzRASS Sad
Y2R8fS RS o0Afl Yy KeHhdpdTtaaSdon R&imdel (ETM): Celte darhidde el Q

Ol t Odzt SS BrgpoTeahsPiratior RoientidldTH avec un coefficient cultural, nommé Kc,
dépendant de la culture étudiée et de son stade phénologique. Dans ce travail, la croissance et le
développementdd f S GSYRNB RQKAGSNI a2y Y2RStAasSa- Sy dzia
22dzNB aAYLIE S [ FNFOGA2Y RQSIdz SEGNI OGAGES o6wSH
pourcentage de 0 a 1, est ensuite calculée avec les sorties du mod@lddel y K& RNA lj dzS® [ QS
cycle annuel moyen du bilan hydriqseite a laruptureS & Gy € @ 2aS LJ2 dzNJ RS S NI/
Y2RATAOIGA2y A RS tQFtSE Oft AYF(OAljdzS adzNJ £ NBaazc
changements dans le risqagro-climatique sécheresse est réalisée en appliquant un seuil de stress
hydrique fixec représentant la vulnérabilité delacultue@ F FAY RS RSUGUSNNXAYSNI f QS
de jours sous le seuil de stress hydrique suite au réchauffement abruptn@lgses sont réalisées sur
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chaque bassin de production majoritaire du blé, définis selon la proportion de la surface du point de
ANREES O2dz@SNIS LI NJ £ Odzt GdzNBX Sié @Ff ARSa LI NJ f

Les résultats montrent un asséchement déservoirs en eau du sol sur les parcelles de blé aprés la

hausse rapide des températures de 1987/1988. Le cycle annuel moyen du bilan hydrique est en baisse

sur la période 1982021 par rapport a la période 194®87 sur quasiment tous les bassins de
production francais. Le seuil de stress hydrique est dépassé soit plus longtemps soit plus intensément
selon la saison et la région étudiées. Le N@asdde-Calais et le Bassin Parisien sont particulierement

impactés par une hausse importante du nombre deNédu &2 dza S &SdzAf RS aidNBz
FyydzSt f ST LINA Y OA LIAtefersSison, la baridsdids B dendanhd éva@dpalive dur la
période 19882021 sur des sols déja asséchés au printeyfjait apparaitre des situations de stress
hydrique. Sur les bassins de production de Poitharentes, du Centre, de Bourgogne/Rhaipes

et Aquitain, le nombre de jours sous seuil de stress hydrigue augmente de maniere importante au
LINAYyGSYLIAZ YSOGFryd Sy S@ARSy Ongdridu€dodr fe Bl§; avecYuey & RS 2
F LI NAGA2Y RS& LINBYASNBR S@sySySyia RS aiaNBaa Ke
déja impacté par des événements de stress hydriguent la rupture mais la hausse de la demande
évaporative non contredlancée par une augmentation des cumuls de précipitation au printemps

induit une contrainte hydriquencoreplus forte aprés 1987/1988, contribuantuié asséchement du

sol etun dépassement du seuil de stress hydrique de la culplue prononcé

LesmodfF A OF GA2ya RS fQlFftSl OtAYIFGALdzS tAS I dz OeOfS
KeERNARIjdzS Rdz 6fS GSYRNB RQKAGSNY ! LINBEa S NBOKI dz
CNI} yOSz fI FTNBIdz2SyOS Si f QAngdsByyrisyue évBlueRt,3a maRi&eJ a4 & S'Y
variée selon les territoires considérés. Les modifications des sorties (i.e. évapotranspiration) et des
SYGUGNBSE O0ADPSDd LINBOALRKGIGAZ2YAY y20FYYSYyld fQloaSy(
grande partie Is évolutions du risque agrdimatique lié a la sécheres@i@aymond & Ullmann, 2021

[ QF t f 2y 3 Sivtényificatiéhilles 2vénemeRts de stress hydrique peuvent affecter de nouveaux

a0l RSa RS RSOSt2LI1IYSyd RS I Odzf G§dzZNB 2dz F 33INI @S
le rendement(Araus et al., 200Boyer, 198%p [ QI LILJ NAGA 2y RQdzy aiNBaa K&
de la tige ou le remplissage des grains par exemple estiftée comme un facteur important de

stagnation des rendements du blée Gouis et al., 2020

[ QI acedhhtigue sur récolte, dont les performances sont directement liées aux sinistres dus a
RSa fSlFa OtAYFOALdzSas Sad LI NIAOdzZ ABuskBstélyd aSy .
20190 ! @SO f I Kl dzaa$S FdzidzNB RSa GSYLISNY GdzZNBasx f Sa
Sl &aQA yDapy é &lF 208NiHal et al., 201R La caractérisation des modifications de la

structure du risque agralimatique avec le changement climatique constitue donc un enjajeur

pour les assureurs. Celté est complexe et dépend notamment de la région étudiée et de la culture
considérég([Ewert et al., 201p Dans le cadre deette these CIFREheollaboration avec Groupama,

f QS P2t dzii NH2O G RAIBE IRdA NR &aljdzS R2A4G sONB SiidzRASS LI dz
8( 64 o0LaaAya RS LINRRAOGA2Y RSEAYAGSA® [ 64 OKLYy
climatique sécheresse doivent étre quantifiés, afin de mieux congree leurs impacts sur la

sinistralité des contrats assurantiels.
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Abstract

Since 1980s over western Europe, warming trend intensifies strongly, consistent with climate
simulations including anthropogenic forcing. As a result of this warming tendency, a shift is detected
in France in maximum anmdinimum air temperature, delimiting two different climatic periods: 1§59

1987 and 19882021. Along with this abrupt warming, a trend towards stagnation of crop yields is
observed since the 1990s. Bread wheat yields are particularly affected. The impéiotaié hazard

and agraclimatic risk on the evolution of bread wheat yields is a major issue for agricultural sector,
including insurance companies. This work aims at analyzing how surface warming shift impacted water
balance over main French bread wheabduction basins. The SIM (SafiabaModcou) dataset with

an 8km spatial resolution grid of reanalyzed surface meteorological observations at daily time step
from 1959 to 2021 offers the opportunity to address the complexity of processes leadingrigesha

in local water cycle. Water balance is computed on main bread wheat production basins using a two
reservoirs model, SIM climate data and crop agronomic parameters as inputs. Our results suggest that
the abrupt shift in air temperature in France in 78988 had a strong influence on the water cycle
variables evolution. Along with the increase of water demand and soil drying, water balance is modified
on the postshift period, with various spatial patterns between main production basins. Harsher hydric
stress events alter the crop growth cycle. The evolution of climate hazard linked to water balance leads
to changes in agrgalimatic risk, identified as one of the main factors affecting the evolution of bread
wheat yields. Such conclusions suggest théh Wwoth mean and variability changes in water balance
state, probability to overcome risk threshold increases. This is of major concern for our partners and
may lead to adaptation processfrom managers.
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Introduction

Over the recent years, France has experienced severe yield losses due to adverse weather events
(Beillouin et al., 2020Ciais et al., 2005 Farmers, states and insurance companies were highly
impacted by the resulting economic losgBouvillé, 2019Gambarini, 2022 Along with the increase

in frequency of extremes weather events, yields stagnation of several crops has been observed over
western Europe since 199(Brisson et al., 201inger, 2010Schauberger et al., 201.8The turning

point is often identified in the beginning of the 199(eltonenSainio et al., 2009 Several driving
factors are identified such as lack of genetic improvement, changes in crop management, legislative
limitations on fertilizer use, and climate hazdtdiawkins et al., 2033.in & Huybers, 201 Michel &
Makowski, 2013

Bread wheat is particularly impesd by yields stagnation in Fran@rassini et al., 20)3the year of
inflection being observed in the middle of the 199Bsisson et al., 20)0This levelingff of bread

wheat harvest questions food security, as the country is the first producer of the European Union (EU)
in 2020, exporting half of its production to the other countries of the EU aedréist of the world
(Agreste, 2021 Confronted to the increasing world food requirements and limited potential new
farmland, this statement represents a major sociésalie(Spiertz & Ewert, 2009

Among all the causes identified, climate constitutes a-negligible factor of variation of wheat yield
trends(Wheeler et al., 2000 The impact of climate variability on yields trends and variability has been
widely studied, and differs according to the region and the crop stu(liedell et al., 20122008
Osborne & Wheeler, 20L3n some parts of Europe, the increase in temperature may have benefic
impacts, allowing for example an extension in the arable area in northern latifitigser, 2008 In

more temperate parts of Europe, such as France, climate change is unfavorable to cereals yields,
warming intensifying &at stress and droughl{Brisson et al., 2090

Western Europe experienced a rapid increase in air temperature over the last few decades, exceeding
the evolution simulated by model§van Oldenborgh et al., 2009Both minimal and maximal
temperatures showed an abrupt increase around 1987/1988 over FrgBcalebois et al., 20)%nd
Europe(de Laat & Crok, 201Reid et al., 2006 Spring and summer seasons are particularly impacted,
mean air temperature of the 1982013 period being 55°C higher than the mean of the 19611987
period (Brulebois et al., 20)5A substantial warming of North Atlantic Ocean through North Atlantic
Oscillation (NAO) variations aadiecrease in the use of aerosols coupled with global warming are the
mainidentified factors leading to this regional abrupt warm{yan et al., 2009.Robson et al., 2012
Sutton & Dong, 20%2Terray, 201D After this 1987/1988 warming shift, temperatures show a little
positive trend up to 2000, followed by a-salled 10 years hiatus period linked to La Nina conditions
(Meenhl et al., 201 This offers on both sides of 1987/1988 shift roughly two stationary periods that
mainly differ from their average surface temperature. Note that since 2012/ 2014, a strong surface
temperature increae is observed, suggesting a new step in climate warming process over France.

After 1987/1988,Brulebois etal. (2015 show modifications of the hydrological cycle, significant
decrease in runoff from January to July occurred in 1987/1988 for 40 French watershed, while no
changes in the annual amount of rainfallere detected. Such findings highlight the eolof
evapotranspiration as a major cause of the modification of the hydrological @mée Habets, 2034

The increase in potential evapotranspiration (PE®) climatic water demandDoorenbos & Pruitt,
1977) ¢ after the rise in air temperature also impacts the agronomic water cycle. During spring and
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summer season for example, the increase in evapotranspiration reduces soil water availability, leading
to drought situations(Teuling et al., 2013 Actual evapotranspiration (AET), directly linked to
vegetation cover type, phenological development stage soitlwater content(Allen et al., 1998 is
impacted in various ways regarding the seasons and the territories. Those modificdtiocal evater

cycle under temperature increase highlight changes in soil water balance, directly impacting crop
development and growth by increased frequency or intensity of water stress e(ldras al., 2009
Evolution of agreclimatic risks linked to dught highly depends on crop vulnerability and water stress
threshold(Parkash & Singh, 20205ome studies tried to understand the impact of climate change on
water balance of wheat fields under different future emissions scenarios ovewtilel (He et al.,

2018 Wang et al., 200p

The raid increase in air temperature in France in 1987/1988 had specific effects on the hydrological
cycle and evapotranspiration evolution. This offers a new opportunity to focus on water balance
response to warming, especially for winter wheat crop, as theerdaconstitutes one of the most
important production in the countryFood and Agridture Organization of the United Nations (FAO),
2022. The 1987/ 1988 abrupt change in observed minimum and maximum temperatures delimits
along 19592021 two periods of 29 and 34 years respectively. This partition is first statistical, based
on Bayesiarbreakpoints and differences tes{Brulebois et al., 20)5But it is also physical, as the
abrupt warming might be a result of the combination between dynamic atmospheric processes
(positive NAO phase persistence) and radiative processes (aeotmadsmicrophysical effectgBooth

et al., 2012 Sutton & Dong, 2012 The temporal depth of thewo delimited periods offers the
opportunity to assess robustly how climate change signal tremé. structural change; affected
winter wheat water balance.

This innovative work aims at depicting the trend evolution of water balance on winter bread wheat
fields in metropolitan France both sides of the abrupt warming of 1987/1988. Spatial and temporal
modifications of the agr@limatic risk linked to water stress are analyzed for the main production
basins of the country. Water balance results of hydrieriactions between soil, vegetation cover and
atmosphere. Dayo-day variability of the different componentsprecipitation, evapotranspiration,
runoff ¢ is jointly soil, laneuse/landcover and climate dependent. To study its evolution, we used a
simplified two-reservoirs water balance model forced with a dailyarelysis of surface climate data
covering the entire French territory with an 8 kmsolution and winter bread wheat characteristics.
Starting in the end of the 1950s, the climatic dataset affevo periods of similar and relevant time
depth both sides of 1987/1988.

Material and methods

Study area and datasets

The initial dataset used for this study comes from the Safsda Modcou (SIM) model developped
by Meteo Franc€Habets et al., 2008Soubeyroux et al., 20D8This 8krresolution reanalysis chain
combines the Safran meteorological analysis syqfeurand et al., 2009the Isba land surfacmodel
(Noilhan & Planton, 198%nd the Modcou hydrogeological modéekedoux et al., 1989

The analysis system of the atmospheric forcing, Safran, is based on a robust vertical interpolation
method for the main meteorological parameteBurand et al., 1998 The French territory is divided
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in more than 600 climatically homogeneous zones, taking explicitly into account the elevation
parameter. The model relies on both the observation network and the analysis of the atmospheric
models (Apége or ECMWF), and solar radiation terms (visible and infrared) are estimated using a
radiative transfer model. A total of 8 meteorological parameters are analysed at an hourly time scale
on more than 9000 grid pointéSoubeyroux et al., 20D8including liquid precipitation needed to
compute water balance. This allows tovesa continuous and uniform spatial information covering the
entire French territory, in real time and in delayed time. A validation of Safran module confirmed the
relevance of the meteorological analysis, especially for the precipitation fields and teengierature
(QuintanaSegui et al., 20Q8/idal et al., 201p Safran also computes Potential EvapoTranspiration
(PET) uag PenmarMonteith equation(Allen et al., 1998
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Figure 17: Map of the main winter bread wheat productio basins in metropolitan France.
Transparent grid is the SafralsbaModcou climate data grid (Météo France), orange points are the
points on which at least 10% of the surface is covered by winter bread wheat fields according to the
2019 Registre Parceli@ GraphiquelL Yy 8 G A Gdzi bl GA2y I f RS f QAYF2NN¥I (A
2019. Red contours represent main winter bread wheat production basins: 1. NBakde-Calais,
2. Parisian Basin, 3. PoiteCharentes, 4. Centre, 5. Bourgogne/RhéApes, 6. Aquitain Basin. The
background map comes from OpenStreet Map database.
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The SIM chain dataset starts from the 1st of august 1958 and is updated periodically until present time.
In this work, 19562021 peiod is selected. Thisoffersa-80S N&E Q GAYS RSLIIKZ Fff24.
two climates based on 1987/1988 shift in surface temperature warming. Water balance is modeled for
each grid point on the metropolitan territory using winter bread wheat chimastics.

Along with climatic variables, capacities of surface and deep soil water reservoirs are required for
water balance modeling. Each class of useful water reserve from GISSol database is weighted by its
surface for each SIM grid point and averageth the other classes of the grid poifGroupement
RQAYGSNE G &aO0Ais$yanck)F20lLdsas, 80N f Sa &2 f

The evolution of water balance indicators is assessed for each winter bread wheat main production
basins Figurel?7). Each SIM grid point containing at least 10% of their surface covered by winter bread
wheat fields using the 2019 Registre Parcellaire Graphique from the National French Geographical
surveyis selected. Main production basins are designed and approved by field insurance experts. The
impact of the abrupt warming is assessed for NBakde-Calais, Parisian Basin, Po#Gbarentes,
Centre, Bourgogne/Rhonlpes and Aquitain Basin regions.

Phenological modeling and maximal evapotranspiration

Along with climatic variables and soil water content characteristics, daily maximal evapotranspiration
(MET) must be computed to model water balance. The latter corresponds to the amount of water in
mm that a given crop can evapotranspirate under optimal soil water content and actual climatic
conditions(Allen et al., 1998 It correspong to potential evapotranspiration (PET) crossed with a daily
crop coefficient (Kc) depending on the phenological stage of the Eigprgls).
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Figurel8: Crop coefficient (Kc) function of cumulative degrélays needs for winter bread wheat.
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To determine the start date of each phenological stage, growth and development of crop of interest
must be modeled. A simple growing degréays (GDD) odel is developed on R, using growing
degreedays needs to reach one phenological stage fi@ate (199% (Figurel8). This GD model

compute, for each year, growing degeel € a 2y + n / ol aArazr adl NIAy3

November. Each time a growing degrd@ys need is achieved, the crop reaches the following
phenological stage. Once maturity is reached, the crdyauigested and we consider soils remain bare
up to the next sowing date.

Dates of phenological stages for each crop cycle are modeled from 1959 to 2021, then the
corresponding crop coefficient is assessed to each day. Kc series crossed with PET \edobgfit
point provide maximal evapotranspiration series, needed as input for water balance modeling.

Water balance modeling

Jacquart & Choisnel (1998eveloped a simplified twoeservoirs water balance model, computing
daily water balance on a given crop cover using liquid precipitation, maximal evapotranspiration (MET)
and size of soil surface and deejater reservoirs as inputs. Simplified water vala model does not
involve an explicit resolution of surface energy balance equation, and thus accepts maximal
evapotranspiration computed from potential evapotranspiration as input. This model displays good
performance when compared to the coupled modatth, a surface energy balance and water balance
model (Choisnel, 1985 It gives an accate estimation of the regulation of the actual
evapotranspiration (AET), especially during an alternation of dry and wet sequences.

The model computes a possible water storage by the soil water reservoir on a homogeneous soil
texture, called R(t) and vang with time. The inferior limit of R(t) is O, the superior limit is the useful
water reserve (RU). The latter is constant and depends on soil characteristics: in this work one RU value
is computed for each grid point (s&udy area and datasgt

R(t) water storage is managed by decomposing soil water content in two reservoirs: the surface
reservoir supplied by liquid precipitation and emptying in case of excess in the deep reservoir. This
allows to separate two different regulations of actual estxpnspiration (AET):

- 0 '0"Y D 'O"When the water is coming from the surface reservoir;
- 0'0"YD'O™and is regulated when the water is coming partly or totally from the deep
reservoir.

The use of two separate reservoirs gives an accurate representstibie dependence of evaporation

on soil water content near surfagdahrt & Pan, 1984 and allows to better account for dry and wet
sequences succession and their impact on water availability in particular during the spring and summer
seasonsln a simplified water balance model, surface reservoir dimension is fixed as a constant fraction
of the total useful water reserve. The previous and more complex water balance model Earth,
developed byChoisnel (198%and using a variable dimension for the surface reservoir, was used as a
reference to validate the simplifietivo-reservoirs water balance model. In the Earth model, the
AET/MET ratio drops significantly when the R(t)/RU ratio is going undef@tsisnel, 1985 Through

those findings, in thdacquart & Choisnel (199Water balance model, the partition of the top (RU1)
and deep water reservoirs (RU2) corresponds respectivelY% dnd 60% of the total useful water
reserve (RU).
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Daily soil water content in both reservoirs is computed iteratively in function of actual
evapotranspiration, liquid precipitation amount and soil water content at the end of the last day.
Contributions toactual evapotranspiration (AET) from surface and deep reservoirs are computed
separately as function of maximal evapotranspiration (MET) Jaequart & Choisnel, 198 more
detalils).

The version of the model used in this study tengute daily water balance needs as inputs for each
SIM grid point:

- daily liquid precipitation (PRELIQ);

- daily maximal evapotranspiration (MET);
- surface useful water reserve (RU1);

- deep useful water reserve (RU2).

Daily water balance is modeled from 19592021, the first year is considered as a spinof the
model and is removed from statistical analysis.

Water balance results analysis

Water balance is defined as the proportion of the capacity of soil water reserve filled with water.
Jacquart & Choisnel (199®model outputs are used to compute daily water balance as follow:
L YPQ Y
YOow Q————

Y'Y
with REWthe Relatie Extractable Water (REW in %)jand R2jrespectively thg day amount of
water in the surface and deep reservoirs dridthe total capacity of soil water reserve.

The daily REW mean cycle is then computed for each period before and after the abregs&in air
temperature (196Q1987 and 198&021), for each grid point. Spatial aggregation for each winter
bread wheat main production basinsigurel?) reveals tle evolution of mean REW daily mean cycle
with climate.

When REW is decreasing under a threshold, vegetation cover is considered being under hydric
constraint. The REW threshold for which the rate of leaf expansion and gas exchanges starts to diverge
from a reference value varies according to several factors, such as evaporative demand, root
distribution, soil texture and soil bulk densifadras & Milroy, 1996 Meyer & Green (19§(or
example estimated that when 52 to 57% of the REW is used, the winter wdadagriowth starts to
decrease. The rate of evapotranspiration is also declining when 20 or 30% of the total REW remains in
the solil profile of the experiment iMeyer & Green (19§1and theextension growth of winter wheat

is decreasing when REW is 33 to 34%. Another experiment on a sulsissd nutrient delivery
system designed for spaceflight applications estimated that the limit of extractable water for wheat is
39.7%(Norikane et al., 2003According to those findings, we consider in this work a fixed hydric stress
threshold at 40% of the total REW, under which winter wheat growth is affected by hydric stress
(Jacquat & Choisnel, 1995

Crossing daily water balance evolution with the hydric stress threshold highlights the evolution of
water stress. For each SIM grid points, we computed the mean annual number of days for which water
balance goes under 40%, for baiB60;1987 and 19882021 periods. The difference between the
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mean number of days under hydric stress after 1987/1988 compared to before 1987/1988 is
represented on France map for each grid point on which at least 10% of the area is covered by winter
breadwheat fields. This allows to study spatial evolution of hydric stress with warming.

Results

Water balance daily mean cycle modification

The pattern of REW shows as expected values close to 1 (i.e. field capacity) for the fall and winter
seasons, while iapring and summer values are decreasing. Note that a REW equal to 0 indicates a soil
water content at permanent wilting point.

The analysis of REW daily mean cycle points out spatial disparities in the pattern of evolution after the
abrupt warming Figurel9).

North of France production basins (zones 1 and 2) are strongly impacted by a decrease in REW during
the 19882021 period compared to the 1960987 periodespecially between March and August. In

the NordPasde-Calais production basin for example, minimum water filling of soils reservoirs occurs

in August (40%) in the 1960987 period. After the abrupt increase in air temperature, the rise in
evapotranspiraibn results in an important decrease in water balance, minimum water filling of soils
reservoirs occurring in the end of July with approximately 30%. After 1987/1988, REW daily mean cycle
crosses stress threshold, revealing the apparition of water stredsly and August. In NoRhsde-

Calais region and Parisian Basin, water stress events are thus longer and more intense on winter bread
wheat fields after 1987/1988 abrupt warming.

Poitou-Charentes, Centre and Bourgogne/Rhé&kpes regions (respectivelprzes 3, 4 and 5) display

same pattern of water balance evolution. During the 168887 period, REW daily mean cycle already
crosses stress threshold from June to August up to 20%, 20% and 30% of soil water reservoir filled at
the minimum for respectivelyane 3, zone 4 and zone 5. This intensity of water stress remains the
same on the second period for all the production basins. But for those three regions, REW daily mean
cycle goes under stress threshold earlier during the £2821 period compared to th&960;1987

period. Water stress events start around 15 days earlier on the three regions. For-Bbitoentes,

Centre and Bourgogne/Rhé#dpes regions, water stress events do not intensify after 1987/1988, but
get longer, especially start earlier.

Aquitain Basin (zone 6) shows another pattern of REW daily mean cycle evolutioq202&&ycle is

offset compared to 196€1987 period cycle, water balance going under and then upper stress
threshold earlier during the year on the 198821 period. Mean hydrictress event on this
production basin keeps its length and intensity during the t2821 period (minimum REW at 20%),

but is shifting by about 15 days compared to the 1@BIB7 period. Such changes in the evolution of
REW can be due to modifications of thieenological cycle of winter bread wheat crop. Degdeg's

needs are reached faster in this zone with the increase in air temperature. Water requirements
increase more quickly, leading to water stress events starting earlier in theg2088 period. Crop
maturity is also reached earlier, inducing earlier harvests and leading to water stress events ending
earlier after 1987/1988.
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Figure 19; Water balance daily mean cycle for each winter bread wheat main production zone.
Green: daily mean for 1961987 period; red: daily mean for 1982021 period. Blue line: stress
threshold.

The rapid increase in air temperature in 1987/1988 over France impacted winter bread wheat water
balance cycle through the increase in evapotrarsmn combined with quite stable liquid
precipitation. Spatial disparities are highlighted in the evolution of hydric stress events. Further
investigations are needed to understand how the 1987/ 1988 abrupt warming modified hydric
constraint on winter bred wheat fields over metropolitan French territory. Spatial analysis offers the
opportunity to study on a finer scale the evolution of water stress.
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Spatial disparities in the evolution of hydric stress

At the annual scale, almost the entire French temjtis impacted by an increase in the number of
days under hydric stress thresholBigure20). North and Northeast of France experience the most
important increase innumber of days during which wheat water balance is going under stress
threshold after the 1987/1988 abrupt warming, with between 20 and 40 more days under hydric stress
per year. This confirms that Nofehsde-Calais and Parisian Basin regions displayerhgdric stress
events on the 1988021 period that were very few along the 12d®87 period.

Seasonal scale analysis details this trend. In spring, southern production basins reveal the most
important increase in number of days under hydric stress. Adquesly pointed out, PoitoCharentes,

Centre and Aquitain Basin regions experience a shift in water stress events after 1987/1988, first day
of hydric constraint occurring earlier in the year. This leads to a rise in the number of days under hydric
stressduring spring season, between 10 and 20 days more under stress threshold.

In summer, considerable increase in number of days under hydric stress occurs in North and Northeast
parts of France. NorBasde-Calais and Parisian Basin production basins eneoumgdric stress
events on the 198&021 period that they did not have to deal with on the 186987 period or only
slightly. PoitouCharentes and Aquitain Basin regions show a slight decrease in the number of days
under hydric stress in summer, which comfs the advancement of crop maturity and the earlier
harvest, lowering vegetation cover water requirements and hydric constraint earlier in the year.

Main winter bread wheat production basins are differently impacted by the abrupt warming in air
temperature, temporally and spatially. Number of days under hydric stress incsessalmost the
entire French territory at the annual scale, revealing the increase in intensity and/or length of hydric
stress on the 1988021 period compared to the 1960987 perial.
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Figure20: Difference in the number of days under hydric stress threshold (40%) (£2881 period

¢ 196(;1987 period) for each SIM grid point containing at least 10% of its area covered with winter
bread wheat fields. (a) Anmal scale, (b) spring MarchApril-May (MAM), (c) summer Junéuly
August (JJA).
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Evolution of climatic variables linked to water cycle

To better understand the evolution of water cycle over France between the two studied periods, it is
interesting to study the evolution of climatic variables linked to water cycle after 1987/1%88e6
andTable7 depicts the differences between the mean of 188819 period compared to the mean of
19591987 period on each mairproduction basin for liquid precipitation and potential
evapotranspiration.

Table 6: Difference of 19882019 period compared to 1954987 period for potential
evapotranspiration (PET) at the annual and seasonal scale. * indicaleg the difference is
significant according to Bayesian differences test (95% HDI).

Production basin Year Winter (DJF) Spring Summer Autumn
(MAM) (JJA) (SON)
Zone 1 92.5* 5.7* 33.3* 40.4* 12.5*
Zone 2 93.7* 3.0* 29.8* 44 .4* 14.9*
Zone 3 97.0* 4.1* 33.0* 39.0% 20.6*
Zone 4 87.1* 3.2* 30.5* 42.1* 10.3*
Zone 5 101.0* 7.4* 36.8* 46.8* 11.7*
Zone 6 138.2* 13.2* 42.3* 53.9* 28.7*
Table7: Same as Table 6 but for liquid precipitation (PRELIQ).
Production basin Year Winter (DJF) Spring Summer Autumn
(MAM) (JJA) (SON)
Zone 1 80.4* 42.8* 15 18.6* 3.8*
Zone2 29.1* 17.2* -0.3 9.1* -4.4*
Zone3 2.8 -8.7* -7.3* 6.6* 2.1
Zone 4 33.9* -0.1 2.0 9.1* 14.5*
Zone 5 49.9* -2.3 11.0* 7.0* 29.0*
Zone 6 -25.7* -33.1* -1.1 -4 4% -0.4

Potential evapotranspiration is increasing significaintlgll zones anan all time scale studied after
1987/1988. Spring and summer, as expected, experience the most important difference between the
two studied periods, following the evolution of temperature. In spring, most important increases in
water demand are observed in NeRhsde-Calas, Aquitain Basin and Bourgogne/Rhéipes
production basins. Potential evapotranspiration summer increase is also very important in Parisian
Basin, Aquitain Basin and Bourgogne/Rh&tges. North and Southwest of France endure the most
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important rise inwater balance outputs with the abrupt 1987/1988 warming, explaining the
intensification and/or precocity of water stress events on those zones.

Cumulative liquid precipitatiodisplaysmore contrasted changes spatially and seasonally. In spring,
only Poibu-Charentes and Bourgogne/RhGAdpes regions show significant changes, respectively
downward and upward. Relative stability of water balance inputs, especially on northern production
basins, exacerbates water stress events precocity in spring. Sumnregezhare significantly positive

on every production basin except in Aquitain Basin, but less important than the changes in
evapotranspiration. The rise in water balance inputs cannot counteract the increase in water balance
outputs during this season. lutumn, cumulative liquid precipitation significantly increases in Centre
and Bourgogne/Rhdnélpes regions, on a more important way than evapotranspiration, contributing
to the soil water reservoirs filling. On northern production basins (zones 1 andr@lative liquid
precipitation changes cannot counteract the rise in evapotranspiration, lengthening water stress
events in autumn.

Discussion

In this innovative study, we try to assess robustly the impact of temperature warming driven by climate
change long term signal) over France on winter wheat water balance and hydric stress. The abrupt
warming in 1987/1988 provides two mean climatic states subperiods of sufficient temporal depth to

statistically determine the structural modifications of hydric stresd drought.

The abrupt increase in minimal and maximal air temperature over France in 1987/1988 caused
significant increase in evapotranspiration. Along with stable annual liquid precipitation amount, this
led to soil water content decrease. These regibimpacts of warming on climatic water balance
evolution are consistent with studies at other scal@haouche et al., 20J0As the evolution of
evapotranspiration depends on the vegetation cover water requirements, it is necessary to address
specifically the evolution of our crop of interest water balance. In this study, we show that after the
abrupt warming of 1987/1988, wiar bread wheat crop experiences a drying of soil water content on
almost all the main production basins. This induces an increase of the frequency and/or the intensity
of days where soil reservoirs water content goes under stress threshold of 40%. Adwrupt
warming modifies hydric stress events distributions, in various ways depending on the season and the
geographical zone. Over almost all production basins studied, hydric stress events after 1987/1988 are
starting earlier in the year, lengthening to midAugust. From June to August, the winter wheat grain
filling stage is highly sensitive to droughtf | @t 6 2 @t ). Bhiis, thef dight risk exposure is
increasing on those production basins. South West of France (zone 6) is the only production basin
expeliencing an offset of hydric stress event, starting and finishing earlier in the year after 1987/1988.
This is probably due to anticipated phenological stages and harvest. As spring temperatures show the
most important increase after the abrupt warmi(Bpulebois et al., 20105the anticipated phenological
stages could face similar evapotranspiration requirements as before 1987/1988. Risk exposure might
then be similar on both subperiods on this production basin. The offset in the crop cycle also induces
crop management constraints and vulnerability to other climatic hazards such as late cold spell or late
frost.

Precipitation and evapotranspiratioq i.e. inputs and outputs of water balanagevolutions are
identified as drivers of water cycle modificatis. We reveal that seasonal and spatial disparities in
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differences between 1988 and 2019 and 185987 period partly explain the evolution of REW and
water stress eventfaymond & Uliman(2021) also investigate intr&easonal precipitation evolution

on the 195@2019 period through dry spells episodes. Northeast, center and Southwest rofeFra
experience an increase in the number of dry days (liquid precipitatidh mm). Precipitation
distributions evolve since 1950 in North and Northeast of France, long and very long dry spells being
more frequent from spring to September. Summer atmospheirought extends into beginning of
autumn. Those findings are key factors to clarify precocity and worsening of water stress eRdsord
de-Calais and Parisian Basin zones. Winter season is less subject to dry spells, the number of dry days
mainly remails constant or decreases on the French territory. The more important amount of
precipitation counteracts losses due to spring, summer and autumn water stress events.

Drought events and heatvaves are linked by lamdtmosphere feedback processes, intensifyand
propagating each othefHartick et al., 2022Miralles et al., 2019Zhou et al., 2019 The aggravation

of drought conditions on the 1982021 period may have participated to the incsean frequency of
heatwaves over Europ@Poumadére et al., 200%char et al., 20Q4reuling, 2013 Heatwavesand
drought events have various effects on wheat yields anomalies in France depending on the region
(Zampieri et al., 2007 Higher temperatures lead to an increase in the atmospheric demand for water
and reduce crop wateuse efficiency. Extreme high temperatures, i.e. heat stress, andirect plant
damages by provoking perturbations in cellular structures and metabolic proc@idakamoto &
Hiyama, 1999 In this original work, we demonstrate that the structural changes in water cycle
following the abrupt warming over France in 1987/1988 affect drought over winter wheat production
basins. This would be interesting to study how extreme heates, throup negative land
atmosphere feedbacks, participated to those changes.

As hydric stress events are longer or more intense after 1987/1988, new phenological stages of the
crop could be affected. On northern production basins, hydric stress appears in sumitier tO8&

2021 period, altering grain forming and ripening, development stages that were rarely impacted on
the 196@;1987 periodArvalis Institut du Végétal, 202ZProduction basins of the southern half of the
country already encounter hydric stress events on the 3887 period, but these last start earlier in

the year on the 1988021 period. @ those production basins, the number of days under hydric stress
increase in spring after 1987/1988, and may affect bolting development si@gealis Institut du
Végétal, 202p

Many studies showed the impact of water deficit on crop growth and developf@rdaves & Oliveira,

2004 Verslues et al., 2006Drought is the main abiotic constraint on cereal crops, ultimately affecting
crop productivity(Araus et al., 200Boyer, 1982 This work reveals the impact of 1987/1988 abrupt
warming on the increase in drought risk over winter bread wheat fields in France, which is identified
as one of the causes of crop stagnation observed in tH#49This is confirmed ioe Gouis et al.
(2020, pointing out drought during stem eloagon and grain filling phenological stages as drivers of
wheat yields stagnation. As wheat is the main cultivated crop in France, covering almost 50% of
adzNF | OSa OdzZ 6AGF SR Ay OSNBFfa& AYy HaHnI (yKk2asS T2
(Agreste, 20211

The mean temperature is expected to rise by 2100, between 4 and 5°C at the global scale and more
than 5°C in France under the most pessimistic scerff#CC, 2091 This warming is likely to result in

further increases in evaporation and an intensification of the hydrological ¢ycietington, 200%
Douville et al(2013 demonstrated that anthropogenic radiative forcing impact latitudinal and decadal
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differentiation of recent evapotranspiration variationdt the European continental scale, climate
change could lead to the amplificatiari seasonal soil water index, even if precipitation simulations
are still uncertainPlanton et al., 2006 Over France, evapotranspiration is expected to decrease in
summer due to an important increase in meteorological and agricultural draigiyton et &, 2018§.

By 2100, intensity and spatial coverage of drought events are foreseen to increase dramatically, with
stronger changes for agricultural drougtft4dal et al., 201p

Observed modifications of drought risk due to the abrupt warming in 1987/1988 in France and their
impacts on crop growth and development combined with future expected evolution of drought risk
are of major conern for the agricultural sector. Economic losses due to drought episodes are
increasingly important and accelerate the need for better knowledge to limit damages and adapt
strategies (Charpentier et al., 2022Hagenlocher et al., 20)9 Agricultural insurance industry,
particularly vulnerable to adverse climatic events, is strongly affected by this crucial issue. Many
studies tried to investigate the link between agrlimatic risk evolution and the agricultural insurance
loss ratio(Fusco et al., 2038 Assessment of agidimatic risk for food production is complex and
depends on the geographical region studied, the crop characteristics and its growth and development
modeling(Ewert & al., 2015. In France, the link between agatimatic risk evolution and agricultural
insurance loss ratio is already studied by insurance companies, but needs to be detailed by crop of
interest and production basin.

Conclusion

This work aims at expling the impact of the abrupt increase in air temperature in 1987/1988 in France
on the evolution of water balance of winter bread wheat fields. On the 2881 period, winter bread

wheat main production basins all experience a decrease in water batkilyemean cycle compared

to 19601987 period. The latter exceeds stress threshold in various ways depending on the season and
the geographical area. No#elasde-Calais and Parisian production basins experience more longer and
more intense hydric stress emts after 1987/1988, particularly in summer. On Poitoarentes,
Centre, Bourgogne/Rhépglpes and Aquitain production basin, the number of days under hydric
stress increasesubstantially in spring, lengthening hydric stress episodes. Modificationgdrich
stress events distributions after 1987/1988 abrupt warming are expected to impact winter bread
wheat growth and development, and affect yields. The evolution of climatic hazard after 1987/1988
abrupt warming and associated agectimatic risk link talrought highlighted in this studgre of major
concern for the agricultural sector, including insurance industry. Drought risk modifications regarding
1987/1988 climatic shift are multifactorial, driven by both potential evapotranspiration and
precipitation evolution. The magnitude of changes in these elements may be exacerbate by natural
climate variability. Along with the mechanical increase in potential evapotranspiration, dry spells
evolution could have foster drought conditions over the country. Furtheestigations are needed to
support this. Since the 2014/2015 years a new abrupt warming seems to appear over France. As a
consequence, four of the five last years have experimented severe drought conditions. Such rapid
warming may happen again in thetféire, accelerating the need for disentangling the effects of
radiative forcing and natural variability to better understand their causes and impacts.
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Chapitre 3 : Le réchauffement
climatique. f QSOKSt f S |
FdzZAYSY (S f Q2 OOdzNNEBY
risque sécheresse pour le blé tendre
RQKA @S NI
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5.1. Partie 1 Avantpropos

[ Sa FfSka OfAYIGAldzSa az2yid fQdzyS RSa Ol dzaSa LINRY
France, notamment ceux du blé et du m@@eglar et al., 2020Le changement climatique modifie le

risque agreclimatique, pouvant mener a une baisse de la production alimen(&eeipp et al., 2020

[ S O0edfS RS tQStdz Said LI NIAOdz ASNBYSyid AYLI OGS |
RS f QS@I L2 (NI yaLA NI rdozey/al., 2020 B Fancd, MM Baddse Hoiuptaide y a
GSYLISNY §dzNB&a RSGSOGSS Sy mMohytkmopyy F S3IAFESYSy
(Brulebois et al., 20)5avec une hausse importante de la contrainte hydrique en été et au début de

f QLdzi2z2YySs YA&aS Sy SOARSYyOS RIya tS8S& (NI G dzE  LIN
RSdzEASYS OKIFLAGNB Y2y GiNB 1jdzS OSa lgnhydkiduaidudlg a RS
0§SYRNB RQKAGSNI [ OdzZ Gdz2NB adzoAld RSa SLIAEA2RSAa RS
bassin de production considéré et la saison étudiée. Le risquectigratique lié a la sécheresse sur le

blé est donc modifié sudta la hausse rapide des températures. La France étant le premier producteur

RS 0fS RS fQ!yAz2y 9dz2NBLISSYYS RS Lldzidimaliduedpasar dzNE |y
sur ses rendements est un enjeu @kood and Agriculture Organization of the United Nations (FAO),
2022. Celleci est également cruciale pour les assureursppsant des contratsMultiRisque
Climatigue MRQX R2y G €I LISNF2NXYIyOS SiG fF LISNBYYyA(S
LINE RdzOGA2Yy 3ANRO2tSd 5Fya I O2ydAydzAdS RSa (N
de cette section est donc dmaractériser les modifications structurales du risque agitmatique lié a

fl aSOKSNB&aasS adzNXetteSiK sARIPI zNE &S yRORABES NESE RS a dzf
se focalisentsuelo t S G SYRNB RQKA @SN

R
J ¢

La hausse rapide des tempérads de 1987/1988 en France délimite entre 1960 et 2014 deux périodes

RS NBaLISOUAGSYSY(d wy S w1 Fyas LISNN¥SGOGlFIYyd RQSOI
& 0 NHzO (i dzNEB f RS f QF f Sl -@imatigaé. URd] nin$relled foasde fraPidedNA & |j dzS
températures est mise en évidence sur le pays en 2014/2015. Méme si la derniére période délimitée

est plus courte (7 ans entre 2015 et 2021), les deux réchauffements rapides révélés sur le pays donnent

f Q2 LILI2 NI dzy A0S RQAY @S b AadunstiNg db kishue bgitenatiqui liéyadaS Y Sy (i &
AaSOKSNBaasS Si 6AA0 aA 0OSa OKIFy3aSYSyida az2yd aArYAf
compte de la vulnérabilité des cultures étudiées dans la modélisation du bilan hydrique, via la
modSt Aalt A2y RS I ONRA&AaAlIYyOS RS fI OdzZ G§dzZNBX LISN
parameétres du risque agrof A YIF GAljdzS tAS t fF ASOKSNB&aasS LJ2dzNJ
ROQKA @SN

Dans cet article, le risque sécheresse est évatuétilisant conjointement la modélisation au pas de
GSYLJA 1jdz20ARASY Rdz 0Af | y¢bdsNRAupedzBain® de modélBation S y R NE
comprenant un modeéle de croissance en deg@ss et un modele de bilan hydrique simplifié & deux

réservois (Jacquart & Choisnel, 19965 G € QI LILJX A Ol GA2Y R QdggousadGqdelh £ RS

la culture est considérée en situation de stress hydrique. Cela permet de développer un indice de stress
hydrique cumulé annuel, calculé pour chaque année eh®@0 et 2021 et chaque point de grille de

résolution 8km de la base de données climatiques réanalySafanisbaModcou(SIM (Soubeyroux

et al., 2008. La profondeur de la série temporelle disponible confére une robustesse statistique pour
analyser de maniére pertinente les changements structuraux du risque sécheresde 86li S R QI dz
de chacune des hausses abruptes de températures en France détectées en 1987/1988 et 2014/2015.

Les distributions des indices de stress hydriqgue annuel cumulé montrent des caractéristiques similaires
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a celles des distributions de la famitle TweedieY dzyS O2 YoAyl Ad2y RQSGOSYySYS)
pas stress) et continus (intensité du stress), avec une inflation de zéros, une forte asymétrie et des
gueues de distributions plus ou moins épais@egeedie, 198 Les indices de stress hydrique cumulé

' yydzSt az2yid R2yO Y2RStAaSa L}RdzNJ OKIljdzS ol aairay R
utilisant les distributions de Tweedie, ce quiyes i RQAYy @Sa i A 3IdzSNI £ Sa OKIFy3aAS
Si tQAY(dSyaAridsS RSa denasigreSeginilisadurir,2008 SOKSNBaas

Les résultats montrent que les modificaton RS  QF £ S Of AYI GAljdz2S 2y 4G | F71
les distributions du stress hydrique sur tous les bassins de production du blé. La modélisation avec
¢tsSSRAS NB@SES RSa OKIy3aSYySyida OFINRIFIoftSa RIEya f¢
hydrique, selon les périodes et les bassins de production étudiés. Apres 1987/1988 par exemple, le
olaaAy RS LINRPRdAZOGAZ2Y tIF NAR&AASY SELISNAYSYyGS dzyS Kl
événements de stress hydrique. Les bassins de productio NordPasde-Calais, du Centre, de
Bourgogne/Rhoné f 1LJISa S ! ljdAGFAY Y2y GaNByid ljdzryd + SdzE
dzy S o0l A&daS RS fQAydiSyairisS RSa S@sySySyiaa RS aidN
production du PoitotCharentes. Ces variations peuvent étre reliées aux évolutions de la demande
évaporative et de la contrainte hydriqgue mises en évidence dans les chapitres précédents, notamment
bt KFdzaaS AYLRNIFYydS RS fF RSYI yRScof@nteld2 NI (A ¢
KERNRARIjdzS Sy RSo6dzi RQlIFdzi2YYyS FFTLINBEA MdbDyTKkMpyy I | dz?
f SaljdzSttSa S a2t aQlaasokKS Si 26 I Odz (dz2NB LIS d:
hydrigue moyen augmente aprés chaqueubse abrupte de température sur tous les bassins de
production frangais. En moyenne sur tous les points de grille de tous les bassins de production
rassemblés, la période 1988n mn O2yyl nid dzyS Kl dzaaS Rdz y2Y0NB R!
par rapport ala période 196€1987, et la période 20182021 connait une intensification des
évenements de stress hydrique par rapport a la période 18&8B1. Les évenements de stress hydrique

extrémes sont aussi impactés prll dz3 Y S yids teapératyres. Laproporfp RQlF yy SSa 2 G f
de stress hydrique excéde le®@®percentile des indices de stress hydrique de tous les bassins de
production de la période 1960987 augmente de maniére importante a chaque période étudiée,
particulierement sur les bassins de pration du NordPasde-Calais, Parisien et du Poit@harentes,

gui sont les bassins de production principaux. Sur certains points de grille, apres les réchauffements

de 1987/1988 et 2014/2015, 40% des années dévoilent un indice de stress hydrique exteéme. L
KlIdzaaS RS fF RSYIYRS S@ILRNIG§A@GS SO tQltt2y3asSySy
ces zones peuvent expliquer ces modifications des événements de sécheresse eféymesnd &

Ulimann, 202).

[ QStE 02N GA2Yy RQdzy AYRAOS RS aGNXaa KeRNAIdzS Si
modifications structurelles et régionalisées du risque agimatique lié a la sécheresse sur la culture

Rdz 0t S G4SYRNB RQKA JS NI eBoé des dkgificités géofrapifgliazm&quee§ & Sy
y20FYYSYy(d FLINBA Hnanmnkunmp 2G fS&a SLMAaz2RSa RS ad
KlFIdziSa fFdAGdzRSad [ Sa NBadzZ GFda az2yid Sy I 002NR

f 02 00dzNNBIyaRSy iSya RS RSa aSOKSNBaasSa 9SO S NI

intensification des événements extrémrillakis, 2019Spinoni et al., 20)8De telles modifications
du risque sécheresse peuvent étre reliées a des pertes de rendement, notamment poultlees
telles que le blé et le ma(®aryanto et al., 201;8Hendrawan et al., 2092Les changements dans les
O2YLR &l yiSa Rdz 0820t $S RS ciLDSW db ESidicerBdarti® R A OSa |
pPNB O A LJIA (i dvapdirangpiradian (BRdrdized Precipitation Evapotranspiration Index en anglais,
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SPEI), ou encore les longues séquences sérhesvent étre directement reliés aux variations de
rendement de ces culture@Mohammed et al., 2022Raymond et al., 201&ampieri et al., 2017

[ QAYVRAOS RS adaiGNBaa KeRNAIdzS RS@St2LIJS REya OSidi
f QS @2t dzil A 2 y-ORMY INRAIj S & SOIRSNBE 44 S sbhidgkboiptim®last LINS y
OF N OGSNRaGAIdzSa LIKSy2f23AljdzSa RS&a OdzZ GdzZNB& RQA:
Jt26lfX 2G fSa aSOKSNX&aasSa I|aINrRO2tSa Sy CNIyO!
spatialement(Vidal et al., 201p il devient urgent de mieux comprendre le lien entre la production

agricole et le risque agrdf A YIF GAljdzS fAS | dz adNB&BARRIRNA Ij B8z & 6
hydrique sur le rendement des cultures dépend de la culture étudiée et de son stade de croissance
(Jamieson et al., 1996e Gaisetal.,202pp 5Fya S OF RNBE RS I O2ftftl 62N
Rdz t ASy SyGNB f QAYRAOS RS a liguibpies cfagudilfulp duiliceR S P St 2
cetle ratiosinistre aprime$/AR S a 02 y (i NI iMaltiRRqueCinatER@ Bour chaque

Odzf GdzNBE RQAYUSNBGZ LIRAZNNI AG LISNYSGGNBE RQSOI t dzSNJ
autre indicateur de la sécheresse qui ne serait pas spécifique a une culture donnée. Si la corrélation
entrelerato Y SO f QAYRAOS RS aiNBaa KeRNAIdzS &ALISOATA
NF LILI2 NG t € QdziAftA&alrGA2Y RQdzy | dziNE AYRAOIFGSdz2NE |
LISNR 2 RS Fdzll dzZNB  LJ2 dzNNJ A (LIS MiktGelldioNEsqui, 8t aivshds dzifer LING @ 2
la performance des contrats MRC dans leur capacité a couvrir ce risque futur. Les assureurs pourraient
FAYAA LINRPLIZASNI RSa YSada2NBa RS LINBGSyidAzy Si RQIFR
decutNB = I FAY RS €t AYAGSNI f Qduvdsited@émerRdz OKI yISYSy G Of
[ QF LILINE OKS ofi& A fUANEI S8 dARIEy LIS NI S G G I v Bausse Q& idddds dzS NI £ Q
températures sur le risqueécheressE Sa4 G RQA YL NI | F O8I ()3 NS ABR OIS BK AJi
regard du réchauffement climatique futur, qui pourrait se traduire en France par de nouvelles
FdAYSYyGFrGA2ya | oNHZII Sa RSa (SY LIS Nlimatipetets®prige QS U dzR S
en compte dans le développement deli NI 4§ SIASA RQI Bl LIRISG AP a 8108 Sldi & K
nécessaire a une approche assurantielle mutualiste et contribeigrai maintenir une production

alimentaire suffisante dans le pays.

Article:

% Agricultural Laurent, L., Ullmann, A., & Castel, Tpraparation. Regional climate warming
increase occurrence and intensity of winter wheat drought risk. Journal of
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Abstract

Over the 1962021 period, France experienced two rapid increases in 2m air temperature, in
1987/1988 and 2014/2015. Between 1960687 and 1988014 periods, this induced ggiificant
differences in the mean state of climatic components of the local water cycle. Evolving climate hazard
linked to water cycle led to water balance modifications, especially in winter bread wheat fields. This
work aims at analyzing resulting chasg@ agreclimatic risk linked to drought after each abrupt
warming. For each grid point of the SafristhaModcou (SIM) dataset and each year, daily values of
Relative Extractible Water (REW) under wheat stress threshold of 40% are cumulated, to gige a wa
stress index. The modeling of water stress index distributions using Tweedie family distributions allows
to disentangle modifications in frequency and intensity of drought events. These display various
changes depending on the wheat production basid &me period studied. Overall, the mean water
stress index is rising on every production basin, Needde-Calais and Parisian production basins
being particularly impacted by the 1987/1988 abrupt warming. Our results highlight that modifications
of climae hazard lead to harsher hydric stress events over main French wheat production basins. The
probability of extreme drought events is rising strongly in several production basins. Changes in agro
climatic risk linked to drought are one of the main fact@fecting crop growth cycle and
development. As the probability to overcome risk threshold increases, yields may be significantly
reduced, and economic losses could rise. This is of major concern for the agricultural sector, including
crop insurers, and drance the need for adaptation and prevention measures.

Keywords

Agro-climatic risk, drought, winter wheat, abrupt warming, water balance

113



Introduction

After a constant increase in cereal yields during the second half of the 20th century thanks t@ geneti
advances and the use of inputServois et al., 2008Europe experience a decline in tgi®wth trend
(Calderini & Slafer, 1998Several crops encounter a stagnation or even a decreasing trend in their
potential yields in some areas of the contind@rassini et al., 2013Bupit et al., 2010 In France,
growth of yields has stopped sinceetli990s for several crops, such as winter wheat, barley, oats or
durum wheat for exampléSchauberger et al., 201.8everal causes are identified to explain this yield
stagnation, such as changes in crop management practices or in legislation on fertilizers useyslowd
in genetic improvement and climate hazdfdiawkins et al., 2013.in & Huybers, 20}2

Wheat is particularly impacted by this yield stagnation, the inflection point appearing during the 1990s
for many departmentgBrisson et al., 2000As France is the first wheat producer of the European
Union in 2020, this deceleration of winter wheat harvest questions the food security of thimeon
(Agreste, 2021 With the increase in world food requirements, this statement represents a major
societal issugShiferaw et al., 2013

Climae hazard is one of the main causes of maize and wheat yields variation in fCaugtar et al.,
2020. With climate change, the ag@imatic risk is expected to be modified, leading to lower food
production(Gaupp et al.2020. In France, as in the entire Western Europe, over the 60 years, climate
change results in an abrupt increase in surface temperatures, occurring around the 1987/1988
(Brulebois et al., 201%le Laat & Crok, 20).3Both maximal and minimal temperatugare inpacted,

and spring and summer seasons show the highest differences between198Gland 1982013
periods with respectively 1.55°C and 1.31°C for maximal temperatures in Hindebois et al.,
2015. Several factors have been identified to expliis rapid increase in surface temperature over
Western EuropdJ. Robson et al., 201Zerray & Boé, @13). The substantial warming of the North
Atlantic Ocean due to North Atlantic Oscillation (NAO) variations and the decrease in the use of
aerosols coupled with global warming seem to have played a major role in this regional abrupt warming
(Booth et al., 2012Evan et al., 20Q9Sutton & Dong, 2072 After 1988, a slight positive trend in
temperatures up to 2000 is followed by a-§8ars hiatuslue to La Nina conditioriMeehl et al., 2011

This delimits both sides of 1987/1988 two stationary periods of approximately same temporal length,
differing from their mean temperature. Merrecently, a new strong surface temperature increase is
observed around 2014/2015 years, suggesting a new climate warming process over(Esamept et

al., under review

Such rapid warming in surface temperature impacts water cycle through maodifications in
evapotranspiratbn (Yao et al., 2020 In France, spring depicts a high increase in evapotranspiration,
following the abrupt warming of 1987/1988. But in summer, watenstraint is rising significantly,

with the emptying of soil water reservoirs. From spring to the beginning of autumn, the increase in
potential evapotranspiration and, in a second step, the lengthening of dry spells, play a major role in
the intensificgion of water constraintLaurent et al., under reviewThose modifications of climate
hazard linked to water cycle after the 1987/1988 climate shift is expected to affectctigratic risk,

as the risk is the combination of hazard and vulnerability. Vegetation cover is highly affected by
increased water costraint, leading to decline in forest growth or yield losses for exarfifieed et al.,

2015 Daryanto et al., 2016

In France, wheat water balance is strongly affected by the abrupt changes in climate hazard around
1987/1988, leading to harsher hydric stress events adtgthe crop growth cycl@aurent et al., 2023
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As France is the first wheat producer oktEuropean Union since several years, the assessment of
drought risk on wheat crops is a key isgfeod and Agriculture Organization of the United Nations
(FAO), 2022 The assessment of risk parameters and their evolution is crucial for theesmmiomic

world of agriculture, especially for insurers, policy makers and governn@ragos et al., 2023 The

rapid increase in surface air temperature in France in 1987/1988 delimits along2038@wo periods

of respectively 28 and 27 years. This allows to assess robustly how this structural change in climate
hazard affects agralimatic risk. In France, wheat production is spread over several main production
basins with different pedelimatic claracteristics. This offers the opportunity to investigate how agro
climatic regions are affected by climate warming. Furthermore, recent works suggest that a new
warming shift occurs around 2014/2015 over Fraficaurent et al., under revigwEven if it displays a
shorter perial of 7 years between 2015 and 2021, dividing the 19831 period into two superiods
(19882014 and 2012021), this new rapid warming is of interest to investigate (i) if drought risk
structure changes and (ii) if the changes are or not similar in spatéme.

This original study aims at estimating structural changes in drought risk over the main wheat pedo
climatic production basins in France. More specifically, drought is assessed from both daily
computation of water balance, for winter wheat crobasedon a simplified twereservoirs water
balance mode{Jacquart & Choisnel, 199%nd on the application of a threshold below which wheat

is considered under hydric stress. This led us to develop a winter wheat annual water stress index. The
index iscomputed for each year and for each 8km guaints of the reanalysis of surface climate data

that cover the six main French winter wheat crop basins. As the climatic dataset start from 1959, they
are relevant to statistically investigate structural chasigie the water stress index and consequently

in drought risk. To this aim, we introduce the use of the Tweedie distribution to model simultaneously
the occurrence and the intensity of drought evefiainn, 2004

Material and methods

Study area and datasets

The SafrasbaModcou (SIM) model, developed by Météo Frafidabets et al., 2008 oubeyroux et

al., 2008, consists in an 8kesolution reanalysis chain combining the Safran meteorological analysis
system(Durand et al., 2000 the Isba land surtae model(Noilhan & Planton, 198§%nd the Modcou
hydrogeological moddLedoux et al., 1989

All the climatic variables used in this work come from the Safran module. This analysis system of the
atmospheric forcing is based on robust vertical interpolation method of the main meteorological
parameters(Durand et al., 1993 Both the Météo Frare observation network and the outputs of
atmospheric models (Arpége or ECMWF) are used in the model, solar radiation terms are estimated
using radiative transfer model. 8 meteorological parameters are analyzed at an hourkgtémen

more than 9000 grigoints(Soubeyroux et al., 20p8ncluding liquid precipitation needed to compute
water balance. Safran offers a continuous and uniform spatial and temporal information covering the
entire French territory. The model also computes Potential EvapoTranspiration (PET) using-Penman
Monteith equation(Allen et al., 1998 Several studies account for the relevance of the meteorological
analysis, especially for the precigitan and air temperature field@QuintanaSegui et al., 20Q%/idal

et al., 2010.
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The SIM chain starts from the 1st ofgust 1958 and is updated periodically until present time. In this

A 2 4 oA ~

study, a6 SI NAQ GAYS RSLIIK LISNA2R Aa aStSOGSR FNRY ™
time step for each grid point of the French territory using winter bread wheat charatiteri This
allows to distinguish three climate regimes based on 1987/1988 and 2014/2015 rapid temperature

warmings.
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Figure21: Map of the main winter bread wheat production basins in metropolitan France and
associated usefulal water reserve. The area of each SIM grid point shown is covered by at least

10% wheat fields according to the 2019 survey of the Registre Parcellaire Graphique (Institut
brGA2y It RS fQAYTF2N¥IGAZ2Y DS23INI LKA 4 tdz8assgiof C2 NBE 4
useful water reserve (mm, see map legend). Red contours represent main winter bread wheat
production basins: 1. NordPasde-Calais, 2. Parisian Basin, 3. PoitGharentes, 4. Centre, 5.
Bourgogne/RhénéAlpes, 6. Aquitain Basin. The backgral map comes from OpenStreet Map

database.

The capacity of soil water reservoirs, required for water balance modeling, comes from the GISSol
databaseD NB dzZLISYSy i RQAY G SNk G & OA S;\diBag RO))RiTEe nieaizdd f Sa &
each class of useful water reserve is weighted by the surface of the class for each SIM gadgoint
averaged with the other classes of the grid pofig(re21).
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Table8: Agronomic, pedologic and climatic characteristics of the six winter wheat production basins
studied. Period 1. 1960987; period 2: 1982014; period 3: 2012021. PET: Potential
EvapoTranspiration, PRELIQ: liquid precipitation. Production basins 1,42,8 6 respectively Nokd
Pasde-Calais, Parisian, PoiteGharentes, Centre, Bourgogne/Rho#dpes and Aquitain production
basins. * indicates that the difference is significant according to Bayesian differences test (95%HDI).

Production basin 1 2 3 4 5 6
Mean percentage of SIM gric 25.9 24.2 18.2 19.3 14.9 15.8
point covered by winter wheat
fields
Useful water reserve (mm) 161 165 125 95 126 100
n LJS N. Year PET 99.3* 100* 103* 87.0* 95.6* 135*
G period 1 PRELIQ 80.9* 25.7* 3.80  37.1* b551* -12.8*
mm) Spring PET 36.8* 33.9* 36.1* 33.3* 38.2* 43.3*
PRELIQ -1.51 -4.02* -8.81* -1.87 9.47* 2.08
Summer PET 80.7* 82.3* 76.8* 72.9* 78.7* 94.1*
PRELIQ 19.7* 4.75* -1.98 12.0* 15.4* 3.63*
Autumn PET 52.1* 50.3* 58.1* 43.3* 47.9* 70.1*
PRELIQ -0.514 -11.3* -6.98* 16.2* 41.3* 12.1*
Winter PET 43.4* 38.2* 41.2* 38.6* 46.3* 57.4*
PRELIQ 55.2* 22.9* -5.05* 3.21 8.93* -22.0*
n LJS N. Year PET -17.8* -5.83* -10.3* 27.2* 70.8* 17.0*
?m‘::)”c’d 2 PRELIQ -15.4* 555+ 6.69% -39.0 -58.1% -7.44*
Spring PET -7.79* -9.13* -5.81* -3.93* 7.44* 0.604*
PRELIQ -5.94* 3.71* 6.25* 8.14* 6.47* -11.3*
Summer PET -10.1* -1.50 -6.77* 20.7* 55.8* 16.0*
PRELIQ -30.1* -19.3* 2.89* -30.9* -24.1* -21.1*
Autumn PET -11.8* -11.5* -6.65* 3.93* 21.2* 2.38*
PRELIQ -6.20* 5.08* -30.2* -19.6* -43.5* -36.0*
Winter PET -7.63* -11.1* -8.50* -4.98* 8.33* 0.182
PRELIQ 15.9* 31.4* 31.1* 33.5% 22.3* 24.5*

The analysis of water stress modifications is conductéuisnvork over each main winter bread wheat

production basin Figure21). The latter are defined by first selecting all the grid points on which at
least 10% of the sitace is covered by winter bread wheat fields according to the 2019 agricultural
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survey called Registre Parcellaire Graphique from the French Mapping A@estiyt National de

f QAY T2 NYI (Aud ¥t FOres@ NI0JIRherj main production basins are designed by
selecting groups of grid points in French agricultural basins, and approved by field insurance experts.
The impact of the abrupt warming on water stress index is thus assessed &ix thnain winter wheat
production area: NordPasde-Calais, Parisian Basin, PoiGharentes, Centre, Bourgogne/Rhéne
Alpes and Aquitain Basin regions. Each production basin is characterized by its climate, its useful water
reserve and its wheat coveringgble8).

Phenology and water balance modeling

The characteristics and phenology of the crop of interest are taken into account in the water balance
model through Maimal EvapoTranspiration (MET), corresponding to the amount of water a given crop
can evapotranspirate under optimal soil water content and actual climatic condiilfen et al.,

1998. MET can be computed by weighting the PET by the crop coefficient, named Kc, that depends on
the phenological stage of the crop, i.e., the development stage.

Start date of each phenological stage iseasgd for each SIM grid point by using a growing degree
days (GDD) model developed on R langu@g€ore Team, 20RIThe growing degredays needs to

reach each specific phenological stage of winter bread wheat crop comeGaim (199% Growing
degreedays are computed on a 0°C basis, starting at a sowing date on the 1st of November, from 1959
to 2021. When the growing degresays needs of a phenological stage is achieved, the start date of
this phenological stage is extracted, allowingassess a Kc to each day. Daily Kc values are used to
weight the PET to provide daily MET values for each grid point from 1959 to 2021. Daily MET is needed
as input for water balance modeling.

In this study, we used a simplified tweservoirs water bance model computing daily water balance

on a given crofdacquart & Choisnel, 1999 he model uses several input variables: liquid precipitation

and MET. The useful water reserve, also called RU, summarizes the soil water reservoir capacity i.e.,
the maximum extractable water in the soil, and is also needed as input to the model. Although this
model does not involve an explicit resolution of surface energy balance equation, it displays good
performance when compared to a model using a surface energybalequation, such as in the Earth
model for examplgChoisnel, 1985 The model compute numerically and iteratively, at daily time

step, the variation in soil water content as:

— 0 0"YO(1)

where dW is the change in soil water content between two successive d#ysh@alanced between
water input from liquid precipitationR), waer loss from evapotranspiratiorE{), and water loss as
drainage D).

The model assumes for each grid point that, on January 1st of 1959, their soil water storage on a
homogeneous soil texture, calldR(t) is full. The inferior limit foR(t)is 0 whensoil water reservoirs

are empty, the superior limit is the useful water reserve, cadl So, for a given day, available soil
water content is given by:

YYQO®RO p Qo YT

Yo YO p QaQai @)
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The RU value is fixed for each SIM gunt (see Study area and datasgtsR(t) water storage is
managed by decomposing soil water content in two reservoirs: the surface resdRidgi) cupplied

by ligud precipitation and emptying in case of water excess in the deep reseR2(t)( It gives an
accurate representation of the dependance of evaporation on soil water content near surface, and
allows to better account for the impact of dry and wet sequesisuccession on water availability,
especially during spring and summer seasons. In the Earth model, the Actual EvapoTranspiration
(AET)/MET ratio drops significantly when the R(t)/RU ratio is going under(@@étsnel, 1985
Through those findings, in the simplified tweservoirs water balance model used in this study, the
partition of thesurface (RU1) and deep (RU2) reservoirs corresponds respectively to 40% and 60% of
the total RU. For more details on the simplified tv&servoirs water balance model sdacquart &
Choisnel (1995 and for more details on the water lzalce modeling methodology of this study see
Laurent et al. (2023

Water kalance is computed continuously between 1959 and 2021. Note that 1959 is considered as
spirtup and is removed from statistical analysis.

Water balance analysis

Vegetation cover is considered under water stress when the proportion of the capacity ofasail w
reservoirs, or water balance, falls below a thresh(ifdanier et al., 1990 The threshold for which

plant growth and development starts to diverge from a reference value varies according to several
factors, such as evaporative demamdpt distribution and soil textur¢Sadras & Milroy, 1996 For
example, inlMeyer & Green (19§0the winter wheat leaf growth starts to decrease when 52 to 57%

of the RU is used. Wheat evapotranspiration declines when soil water reservoirs are 20 to 30% full,
and its growth slows down around 34% of the RU. Another substrate based experiment edtih@te

the limit of extractable water for wheat is 39.7%4orikane et al., 2003 Regarding previous findings,

this work considers a water stress threshold fixed at 40% of the totalfRidch point, under which
winter bread wheat growth is affected by water strédacquart & Choisnel, 1995

A useful index that accounts for variability in wastoring capacity is the relative extractable water
(REW, expressed here as:

YOO —O0CBYO Ypo Yo (3)

where R1(t)and R2(t)are respectively thé day amount of water in the surface and deep reservoirs.
The daily REW mean cycle is computed for each SIM grid point along thd®B9Spatial and
temporal aggregations foraezh winter bread wheat production basins are computed to analyze the
evolution of REW daily mean cycle with abrupt warmings.

From there we consider, as previously shown, that water stress is assumed to occur when REW drops
below 40% REWa.e., critical EW) of the maximum extractable watéRl(). Hence, daily Soil Water
Deficit SWD in mm) is computed against this threshold as:

A TQROMW YOn®

YOO ey Yo w0 Yoo
Based on those daily differences and to compare wheat production basins, an index quantifying the
water stress experienced by a crop during a specific period is required. Such index may summarize
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both duration and intensity of the water stress. Followi@ganier et al. (1999 we propose a water
stress index (Is) that cumulates daily soil water deficit (SWD) on an annualsisabemputed as:

‘Oi B Yo 'Q (5)
with water stress indexls) expressed in mnisis computed for each of the grid points covering the
six winter wheat production basins. From there, for one grid point and for a given year, two cases are

possible. First, no water stress is observed (i.e., Is = 0). Second, wi&at experiments water stress
(i.e., Is > 0) of a particular amount. This amount indicates drought.

In order to statistically assess drought risk, it is necessary to simultaneously account for (i) the
probability that a drought occurs and (ii) its ingty. The difficulty with drought risk modelling is that
water stress is continuous with exact zeros. One of the statistical models able to dive with a mixture
of discrete and continuous distributions is the Tweedie model. The latter was successful dingiode
precipitation(Dunn, 2003 or frost stresgCastel et al., 20)7which are also a mixture of discrete and
continuous processes.

Modeling drought risk with Tweedie distributions

Annual water stress index distributions may produce various forms of probabdlitgity functions,
revealing for instance an inflation of zeros and more or less thick tails. Pajasema distributions,
belonging to the class of Tweedie modglgrgensen, 198 Mweedie, 198)% offer unified framework

to model zereinflated asymmetric histgram with thicker or thinner tail. In this work, we applied such

a model to fit the histograms of water stress index derived from each of the period bounded by the
abrupt rises in surface temperature. Due to its mathematical properties, the parametehng ditted
distributions allow to infer the mean of occurrence and intensity of drought events. The evolution of
these two parameters with warming enables us to assess structural changes in drought risk.

Results

Water balance daily mean cycle modificasion

Water balance, or REW, daily mean cycle displays, as expected, values close to 1 for the fall and winter
seasons, when soil reservoirs are full (i.e., at field capacity), while spring and summer values are
decreasingKigure22). A value close to 0 indicates that soil reservoirs are empty, i.e., at permanent
wilting point.

In this part, only results merged for all the grid points of all the production basirdegieted Figure

22), to illustrate the methodology used to study water stress events. But the analysis of REW daily
mean cycle on each wheat production basin revephtial disparities in the pattern of evolution after

the abrupt warmings (Supplementary Figure 3).
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Figure22: Water balance daily mean cycle for all winter bread wheat production basins. Green: daily
mean for 196@1987 period;blue: daily mean for 1982014 period; red: daily mean for 2013021
period. Black dashed line: stress threshold. Gray, line and point fillings represent the annual
cumulative hydric stress index (mm).

Over all the winter wheat production basins, the apt warmings of 1987/1988 and 2014/2015
significantly affected water balance cyckdure22). Minimum water storage occurs in the end of
July/beginning of August otle 19631987 period, with an average of 30% of soil water reservoirs
filled, while during the 1988/2014 period, minimum water storage shifts by about a week with
approximately 25% of reservoirs filled. REW is going under stress threshold almost 20 aters so
during the 1988014 period than during the 1961987 period, and the water stress eveqt
materialized with gray, dots or bars filliggis finishing 5 days earlier. At the end of June, a strong
decrease in REW up to almost 30% occurs during the-2088 period but not for the 1960987
period. Clearly, climate warming affects more the emptying of the reservoir than its filing.

During 20182021 period, minimum REW occurs between the 15th and the 20th of July with almost
20% fill rate. Start date ohe hydric stress event is occurring a week later on the ZTAL period
compared to 1988014 period, but no clear shift in the end date of hydric stress event is detected.
This is a preliminary trend that is likely to evolve over the coming years asctofu of regional
warming conditions.

1987/1988 and 2014/2015 abrupt warmings show different effects on water balance in all the wheat
production basins, as in each of them independently (Supplementary FigufeB)e22 shows that

the first abrupt warming induced a shift in water stress events, becoming longer and more intense on
the 19882014 period than in the 1960987 period. Since the 2014/2015 abrupt warmithg, drought

trend led to more intense but slightly shorter water stress events.

To study more precisely changes in water stress events both sides of each rapid warming, the average
water stress index (represented by gray, dots and points fillingigare22) are computed for each
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SIM grid point and each year, analyzed through histograms and modeled with Tweedie distributions.
This allows us to identify changes in the occurrence and/or the iitien$ drought events on each
wheat production basin.

Water stress index evolution and drought risk modifications

The rate of cases (i.e. one gpdint and one year) with no water stress (y(x = 0) on the graph) falls
dramatically¢ divided by two ornthe 19882014 period compared to 1960987 periodg on all the

wheat grid points Figure23). This rate slightly increases on the 2@2(®1 period compared to the
19882014 period, but is still under the 194®87 value. This latter trend is to be confirmed in view of
the short number of years covereBigure23 displays a shift imon-zero water stress events, which

are intensifying with time. The proportion of low water stress index (> 500mm) is decreasing between
each studied period, whereas the mean value of the water stress index is increasing between the 1960
1987 period andhe 19882014 period and between the 198814 period and the 2018021 period.

This analysis over all the winter wheat production basins is applied over each production basin
independently, to study how water stress index evolves with abrupt warming dausageographic
zones Figure24).

0.0020 - — Period 1
yix = 0} = 0.0908 (raw data) / 0.0764 {twaadie) —— Period 2
yix = 0) = 0.0473 (raw data) / 0.0494 {tweedie) Period 3
0.0015 —
yix = 0) = 0.068 (raw data) / 0.0694 {tweedie)
=
C  0.0010 —
L
(]
0.0005 —
0.0000 — l

[ I | [ | |
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Classes (mm)

Figure23: Density histograms of annual water stress index (mm) for all winter bread wheat main
produdion basins and associated Tweedie distributions. Green bars: 19887 period; blue bars:
19882014 period; red bars: 2023021 period. The first class on the far left (zero water stress) is
represented by a thinner bar, the associated density value (eedieg y limits) is written in the
corresponding colored text.
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Figure24: Same a$igure23but for each winter bread wheat production basin.

The rate of cases with no water stress (y(x = 0) on the graph) is decreasing on tH20148&:riod
compared to the 196987 period for all the wheat main production basins except Pe@barentes
(Figure24). Between the 1982014 and 2012021 period, the evolution is more contrasted. Nord
Pasde-Calais, Parisian Basin and Centre production areas (n°1, 2 angldy @islight increase in the
proportion of nastress cases, whereas PoitQlarentes, Bourgogne/Rho#dpes and Aquitain Basin
production areas (n°3, 5 and 6) experience a decrease.

No-stress cases display various evolutions depending on the produciisin Eigure24). On almost

every production basin, the proportion of water stress events with low intensity (i.e., annual
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cumulative hydric stress index < 500mm)esmrasing with time. The mean value of water stress index
seems to shift towards higher values between 19887 and 1988014 periods for NordPasde-
Calais, Parisian Basin, Centre and Bourgogne/RA{res production basins (n°1, 2, 4 and 5), and
between19882014 and 2012021 periods for Centre and Aquitain Basin production areas (n°4 and
6).

As explained in the 2.4 sectioseg Modeling drought risk with Tweedie distributionIweedie
distributions closely match water stress index distributions, with the presence of ardétion and
more or less thick tailsF{gure 23 and Figure 24). Kolmogoro¥Smirnov tests show significant
similarities between the distributions of water stress index and fitted Tweedie distributions for the
three studied periods and for all the production basins, withrgdues above 0,5 (Supplementary Table
2). Kolmogoroysmirnov tests on each production basin independently reveal more contrasted
correlation results, but many production basins and studied periods dxsigmificant similarities
between the two distributions. Water stress index distributions modeling provides estimates of
occurrence and intensity of water stress events. This allows to study changes in the distribution
parameters both sides of each abruptarming on the main wheat production basins, and
consequently to assess drought risk changes. All those parameters are gatheredrabté®, with

the mean value of water stress index for each production basin and period.

The analysis on all the production basins reveals an increase in occurrence and intensity of wheat
drought risk after the rapid 1987/1988 warming., which conceals subtledegzending on the
subperiod of warming considered. A strong increase of water stress occurrence is depicted on the
19882014 period compared to the 1961087 period (around 25%), but a slight decrease in their
intensity (2%) Table9). Opposite trends are observed between the 12884 and the 2012021
periods, with 7% decrease in the occurrence but 14% increase in their intensity. Overall, winter wheat
production bagis experience an important rise in the mean water stress index of 23% and 6%
respectively for 1987/1988 and 2014/2015 abrupt warmings.

As for the histograms, distribution parameters of water stress events display geographical disparities
over the country(Table9). In the NordPasde-Calais and the Centre production basins, the events of
water stress are more than 50% more frequent on the 12884 period than on thet960-1987

period, but also respectively 8% and 33% less intense. In the BourgognefRIp&seand Aquitain
production basins, hydric stress events are respectively 20% and 30% more frequent, but also 4% and
19% less intense. On the contrary, in the Poi@harentes production basin, hydric stress events are

6% less frequent but 28% more intense. In the Parisian Basin, hydric stress events are both more
frequent (35%) and slightly more intense (less than 1%).

Between the 1988014 and the 2012015 periodsNord-Pasde-Calais, Parisian Basin and Centre
production basins experience a decrease in the frequency of hydric stress events but an increase in
their intensity. PoitoeCharentes and Aquitain production basins encounter an increase in occurrence
but a decrease in intensity of water stress events, and in the Bourgogne/RA&pes production basin

both occurrence and intensity are rising. These results on the second abrupt warming have to be taken
carefully as the temporal depth of the 20PB21 period isubstantially lower than the one of the two

first periods and is less than 20 years.
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Table9: Mean occurrence and intensity of water stress eveiscording to the fitted Tweedie distributions and mean water stress index (mm). Period 1:
1960-1987, period 2: 1982014, period 3: 2012021. Production basins 1, 2, 3, 4, 5, 6 respectively N@adgde-Calais, Parisian, PoiteCharentes, Centre,
BourgognéRhone-Alpes and Aquitain production basins.

Production Period 1 Period 2 Period 3
basin Number Mean intensity Mean Number Mean intensity Mean Number Mean intensity Mean
of events of an event cumulative of events of an event cumulative of events of an event cumulative
(mm/event) hydric  stress (mm/event) hydric  stress (mm/event) hydric  stress
index (mm) index (mm) index (mm)
All 2.57 645 1660 3.24 632 2050 3.01 722 2180
production
basins
1 1.64 686 1120 2.47 628 1550 2.18 880 1920
2.04 772 1580 2.76 777 2140 2.31 1057 2440

5.11 440 2250 4.78 563 2690 5.43 410 2220

2.37 476 1130 2.84 457 1300 3.09 529 1540

2
3
4 3.92 385 1510 6.13 257 1580 5.25 395 2080
5
6

3.59 462 1660 4.69 373 1750 5.74 301 1730




Consequently, for both abrupt warmings and every production basrcept PoitouCharentes and
Aquitain Basin on the 2014/2015 abrupt warmigghe mean value of the water stress index is
increasing significantly with time. The northernmost production ifmsexperience the highest
increases over the 1988014 period compared to the 1961087 period, with 38% and 36% for
respectively NorePasde-Calais and Parisian Basin. N@asde-Calais and Centre production basins
show the largest increase in the meaomulative hydric stress index over the 2eA®21 period
compared to the 1982014 period, with respectively 24% and 32%.

To summarize, modifications in winter wheat water balance cycle with abrupt warmings led to changes
in water stress events and drougfisk. Their occurrence and intensity increase after the 1987/1988
warming shift. However, the results show rbomogeneous changes during the 19881 period.
Indeed, drought risk evohgan various ways depending on the speriod (19882014 or 20182021)

and on the production basin studied. Overall, the mean value of the water stress index rises after the
rapid increase in surface air temperature on almost every French winter wheat main production basin.

Geographical pattern of extreme hydric stresek evolution

This last section investigate how each SIM grid point of the wheat production basins reacts to changes
in the extreme values of the water stress index, to assess spatial changes onegisumal scale. The

90" percentile of water stress @ex is determined for the 1960987 period and for all the winter
wheat SIM grid points using Tweedie R pack@aen & Smyth, 2005Figure25illustrates, for each

of the three studied periods, the proportion of year for which the water stress index overcomes the
90" percentile value described before.

On all the production basins except Centre, the rate of SIM grid points exceedingtpergentile is

rising on the 1988014 period compared to the 1961087 period Figure25a). On many of those SIM

grid points, the probability to overcome 9(ercenile is increasing strongly between period 1 and
period 2. Parisian and PoitgCharentes production basins experience the most important increase in
the probability to exceed 90percentile. On the 1960987 period, the grid points of those production
bashs had between 10 and 30% of chances to overcome extreme water stress events, whereas on the
19882014 period, some grid points overcome this threshold more than one year out of two.
Bourgogne/Rhond\Ipes and Aquitain production basins grid points almdstRly Qi Sy 02 dzy G S NJ ¢
water stress events on the 196€®87 period. On the 1988014 period, SIM grid points on those
production basins have between 10 and 20% of chances to overcofeedtentile of the water stress

index of the 196aL987 period.
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Figure25: Proportion of years exceeding the 9(ercentile of the water stress index of all the winter bread wheat production basins of the 19687
period. (a) Period 1: 1960987; (b) period 219882014; (c) period 3: 2013021.



Between the 19882014 and 2012021 periods, the probability to exceed™®percentile reveaimore
contrasted changes. PoiteQharentes and Aquitain production basins show a decrease in the number
of grid points overpssing the 9% percentile, in contrast to the other zones. Nelrsde-Calais and
Parisian production basins grid points almost all exceed the threshold at least one time out of ten on
the 20152021 period. On this period, almost half of the Parisian potidn grid points have more

than 20% of chances to overcome the"ggercentile. On several grid points of the Parisian, Peitou
Charentes and Centre production basin, the threshold is exceeded more than 4 times out of 10.

After the rapid warmings in surfe air temperature, French winter wheat production basins encounter
strong increase in water stress events intensity. Northern production basins and f&litmentes
production basin are particularly impacted by the 1987/1988 abrupt warming, with an i@uptort
increase in the probability to experience extreme water stress events. The other production basins
reveal more various changes. Along with changes in occurrence and intensity of mean value of the
water stress events, the abrupt surface temperature wengs induced more widespread and frequent
extreme drought over almost all winter wheat production basins.

Discussion

This groundbreaking study aims at characterizing changes in winter wheat water stress events and
drought risk parameters after an abruptarming using Tweedie distributions. Statistical distributions

of water stress index display patterns that Tweedie distributions can fit well. These distributions are a
combination of discrete (when no hydric stress) and continuous processes. 1987/19@%ugace

air temperature warming delimits over the 19@014 period two climate states subperiods of
sufficient and almost same temporal depth to statistically determine structural modifications of
drought risk (occurrence and intensity). In this worle &lso try to carry out an initial assessment of
the preliminary impact of 2014/2015 abrupt warming on winter wheat water stress, even if the
temporal depth of the 2012021 period is not long enough to robustly and fully evaluate significant
changes in dyught risk. However, it allows to show that drought risk evolutions over this last period
vary spatially.

The increase in water demand after the abrupt warmings in France led to modifications in climatic
water balance, with a significant increase in watlemand leading to soil water content decrease
(Chaouche et al., 201@Qaurent et al., 2023 Over winter bread wheat production basins, water
balance daily mean cycle reveals various changes. Depending on the production basin considered, the
period for which water balance is under the stress threshold is longer or shifts earlier in the year, or
the minimum REW daily mean cycle is lower on the-sbt period compared to the prshift period.

The rapid warming affects more the emptying of the reservoir than its filling, which can be due to the
fact that spring experiences a more important warming than autumn after 1987/{®&8ebois et al.,
2015). Over the entire country, 1987/1988 abrupt warming led to longer and slightly more intense
periods under water stress threshold, and 2014/2015 abrupt warming induced more intense and
slightly shorter periods of hydric stress.

Water balancenodeling results must be considered in relation to the modeling chain used in the study.
As explained in the 2.2 sectioseg Phenology and water balance modelingrop phenology is
modeled using a simple growing degreay model. When compared to REW coming from a modeling
chain using a more complex phenological model, STICS (Simulateur MulTdiseipbur les Cultures
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Standard,Brisson et al., 2009 REW appears to be overestimated between March and November
(Supplementary Figure 4). Tkizuld be due to the fact that the crop coefficient is reaching it maximum
value (Kc = 1,1) earlier in the year and for a longer period with the simple growing dkyree
phenological model compared to the STICS model (Supplementary Figures 5 and Byidéhefdhe
phenological model used in the water balance modeling chain is thus an important factor affecting the
assessment of changes in water balance and hydric stress events. This does not change the impact of
warming on drought risk, except in termm§amplitude of change.

The changes in climatic hazard linked to water balance result in changes htliagatic risks,
especially drought risk. In this study, we show that the water stress index distributions are significantly
modified on every wheat pruction basin after the abrupt warmings. Tweedie modeling reveals
changes in occurrence and intensity of water stress events that are not homogeneous with the
considered period and show also subtle regional modifications. Some wheat production basins
expelience an increase in occurrence but a decrease in intensity, others encounter opposite effects,
and the latter go through a rise in both occurrence and intensity of water stress. Ultimately, the water
stress index is increasing after both abrupt warmingsewery wheat production basin. Over all the
winter wheat production basins in average, 1987/1988 abrupt warming induced an increase in the
number of water stress events, and 2014/2015 warming led to more intense water stress. Each time,
the mean water siss index is rising strongly.

Extreme drought events are also impacted by the abrupt increase in surface air temperature over
France. The probability to overcome the"@ercentile of water stress index of all the wheat
production basins is increasingashly, especially on the No#asde-Calais, Parisian and Poitou
Charentes production basins, which are the main production areas. On some grid points of those zones
after 1987/1988 and 2014/2015 abrupt warmings, the probability to experience extreme wiabms

for wheat is exceeding 40%. Note that on some grid points of P@tmarentes and Aquitain
production basins, the probability to go through extreme drought events is decreasing on the 2015
2021 period compared to the 198814 period. This could xplained by the evolution of the annual
amount of liquid precipitation and mean length of dry spell in spring and summer (result not shown).
On those seasons, France is divided into two zones with a-maitysouth-east axis. East of this axis,

a lengtrening of dry spells is highlighted, whereas west of the axis, mean length of dry spells is
decreasing(Raymond& Ullmann, 202). This decrease could offset the effects of temperature
warming on drought risk evolution. Conversely, to the east of the naeht/south-east axis, Nord
Pasde-Calais, Parisian, Centre and Bourgogne/Rh8ipes production basins experice an increase

in PET and a lengthening of dry spells in spring and summer, leading to an increase in the probability
to overcome extreme water stress events after 2014/2015 abrupt warming.

Those results are in line with others studies at a larger apatitemporal scaleSpinoni et al. (2018

show that over western Europe, drought events intensity and occurrence evolve with climate change.
On the historical period, temperature warming leads to a moderate but almost genetalize in
drought occurrence and intensity at the annual scale in France/Benelux region, spring being
particularly impacted by a strong increase. Future scenarios of temperature warming point out a
critical increase in agricultural drought spat@mporalcharacteristics over Fran€®idal et al., 201p
Severe and extreme soil moisture drought occurrence and intensity are expecteabtedty increase

up to 2100 over France and Euroférillakis, 2019
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Several factors are involved in the impact of climatic shifts on wheat water balance and drought. At
the annual scale, Parisian and PoHBharentes production basins experience an important increase
in PET between 1960987 and 1988014 periods, but only a slight increase in liquid precipitation
(Table8). This important climatic water balance defigialso highlighted on a seasdrsxale in spring

and summer Table8) ¢ could explain the important rise in water stress index on those zohalsl€

9), and the increase in extreme drought events probabiRigre25). Aquitain Basin also undergo
through an important increase in PET after 1987/1988 abrupt warming but a decrease in liquid
precipitation Table8), but the impact on wheat water stress is less promoed Table9 and Figure

25). On this production basin, hydric stress eventat more intense or longer, but shifts earlier in the
year (Supplementary Figure 3). This could be explained by a shift in the crop growth cycle, the maturity
being reached earlier in the year. The strong increase in PET in spring betweeh98368nd 988

2014 periods could have foster the shift in water stress event towards sgraige8). The low useful
water reserve of the Aquitain Basin may explain dle¥elopment of water stress already during the
1960-1987 period. The strong increase in PET between -2888 and 2012021 periods on the
Centre and Bourgogne/Rhd#dpes production basins at the annual scale and in summer, and the
decrease in liquid prégitation (Table8) ¢ enhancing the decline in climatic water balancere
identified as possible causes of the strong increase of the mean value of the waterrstiesand in
extreme drought events probabilityrigure25).

Such changes in drought events parameters can be correlated with yields losses, as for example for
maizeand wheat that are particularly affected by drought events modificati@#syanto et al., 2016
Hendrawan et al., 2022Mlohammed et al., 2022 In Span for example, wheat yields are strongly
linked to dry spell§Raymond et al., 2038This study highlights the role of liquid precipitation in the
evolution of drought events. The absence of liquid precipitation combined with the increase in
evaporative @mand with temperature warming leads to increased drought risk. In Fratazapieri

et al. (2017 show spatial disparities in the correlation between the Standardized Precipitation
Evapotranspiration Index (SPEI) and wheat yields anomalies. Mediterranean regions asemsaiee

to drought while northern parts of the country result to be more sensitive to water excess. It would be
interesting to compare yield anomalies with the water hydric stress index computed in this work. Note
that the extreme drought event of 2003 iFrance and Europe dramatically affected primary
productivity, including crop yield€iais et al., 2005

Modifications of drought events characteiitst after the abrupt warmings affect different phenological
stages of the crop. More intense drought events in summer can alter grain forming and ripening, longer
water stress events can spill over spring and affect bolting development sftagedis Institut du
Végétal, 2022 Jamieson et al. (199%r example, demonstrated that wheat yield response to drought
was mostly associatedithi grain number, which is determined between June and July. Drought during
stem elongation is also a driver of wheat yield stagnaflam Gouis et al., 2020Thus, depending on
drought intensity and occurrence changes on each winter wheat production basin, different yields
components will be affected, leading to a decrease in wheat harvests.

In the context of climate change, the mean surface temperaturgeeted to increase continuously

up to more than 5°C by 2100 under the Radiative Concentration Pathway (RCP) 8.5 scenario in France
(IPCC, 2021 As a result, the hydrological cycle llwintensify, with further increase in
evapotranspirationDouville et al., 20L3Huntington, 200&% Over France, those changes are likely to
occur mostly in summegBoé et al., 2009Chauveau et al., 20).3n this season, evapotranspiration is
expected to decrease, leading to an important increase in meteorological and agricultural drought
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(Dayon et al., 2018 By 2100spatial coverage and intensity of agricultural drought events are foreseen
to drastically increasgVidal et al., 201p

Modifications of water stress intensity and occurrence after the abrupt warmings in France and their
impacts on wheat yields, together with future expected changes in drought events, highlight the need
for adaptation of the agricultural sector. Agricultural insuraimgustry, especially crop insurance, is
particularly vulnerable to adverse climatic events. Assessment of the impact of changesdliragtic

risk linked to drought on yields and, by extension, on economic losses, is of major concern for crop
insurers(Hagenlocher et al., 2019Some studies tried to link drought indices with economic cost, but
few of them have focused on crop insurance losses, especially in FGmgentier et al., 202Fusco

et al., 2018 Hagenlocher et al., 20)9The impacts of agrolimatic risks changes, especially drought
events modifications, and agricultural insurance loss ratio needs to be insestigmore closely in our
country, to better adapt the agricultural system to future challenges.

Conclusion

In this work, we explore how the winter bread wheat agtimatic risk linked to drought can be
modeled using Tweedie distributions, and how itsgmaeters evolve with abrupt surface temperature
warming. The studied period goes from 1960 to 2021, and is divided into threpesidunls according

to the two rapid warming signals detected over France: 1987/1988 and 2014/2015. Spatial and
temporal evolutons of drought riskare studied by computing a water stress index for each SIM grid
point and each year from 1960 to 2021. Histograms of water stress index for eaplesoth and each

main winter wheat production basin are the result of a mixture of amntius and discrete processes
(stress or no stress), showing an inflation of zeros values (no stress), and an asymmetry with more or
less thick tails. Tweedie distributions are able to capture the characteristics of discrete and continuous
compound processe and can be used to model water stress index distributions.

Tweedie modeling clearly reports and supports modifications in occurrence and intensity of drought
events on each winter bread wheat production basin with abrupt warmings. Changes in both
parameters depends on the production basin studied, and the periods compared. Overall, the mean
water stress index rises for all the studied zones. Occurrence and intensity of drought events increase
in average on all the winter wheat production basins. NBed-de-Calais, Parisian and Poitou
Charentes production basins experience the most important increase in water stress index after
1987/1988. Those production basins also experience a strong increase in extreme drought events
probability, several grid pointsf those zones having more than 4 chances out of 10 to experience
extreme water stress along the 198814 period, compared to 2 or 3 chances out of 10 during the
19601987 period. 2014/2015 rapid temperature increase also impacted drought risk -Pasde-

Calais, Centre and Bourgogne/Rhéxpes production basins show the most important rises in water
stress index and extreme drought events probability.

In this study, we demonstrate that climate hazard evolution at regional scale, through the rapicesurfa
temperature increase over France, induced modifications of winter bread wheat water balance,
leading to significant changes in water stress occurrence and intensity. Structural drought risk
evolution could affect crop growth and development, and ultigigtalter yields. Resulting economic
losses is of major concern for the agricultural sector, especially crop insurance industry. Such abrupt
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warming may happen again in the future over France, accelerating the need for a better knowledge of
the evolution d agroclimatic risk linked to drought and its impacts on yields and insurance losses.
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Supplementary Figure 3: Water balance daily mean cycle for each winter bread wheat main
production basin. Green: daily mean for 1960987 period; blue: daily mean for 1988014 period;

red: daily mean for 20182021 period. Black dashecdk: stress threshold. Gray, line and point filling
represent the annual cumulative hydric stress index (mrd@pnes 1, 2, 3, 4, 5, 6 respectively Nord
Pasde-Calais, Parisian, PoiteGharentes, Centre, Bourgogne/Rhé#dpes and Aquitain production

basins.
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Supplementary Table 2: Kolmogoredmirnov test pvalues for each period and each production
basin. Period 1: 1960987, period 2: 1982014, period 3: 2012021. Production basins 1, 2, 3, 4, 5,
6 respectively NorePasde-Calais, Parisian, PoiteGharenes, Centre, Bourgogne/Rhénalpes and
Aquitain production basins.

Production basin Period 1 Period 2 Period 3
All production basins 0.28 0.72 0.41
1 0.013 0.043 0.12
2 0.28 0.56 0.41
3 0.12 0.99 0.00078
4 0.0035 0.19 0.00078
5 0.0017 0.0017 0.0017
6 0.0069 0.0017 4.2x10’
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Supplementary Figure 4: Comparison of water balance daily mean cycle computed using growing
degreeday model for phenology modeling and water balance daily mean cycle computed using
STICS model for phenologyodeling. Green line: water balance daily mean cycle on the 19687
period; blue line: water balance daily mean cycle on the 198814 period; red line: water balance
daily mean cycle on the 2018021 period.
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Supplementary Figure 5: Crogoefficient daily mean cycle for all winter bread wheat production
basins. Green: daily mean for 1960987 period; blue: daily mean for 1988014 period; red: daily
mean for 20152021 period. Black dashed line: stress threshold. Gray, line and pointdillapresent

the annual cumulative hydric stress index (mm). Start date of each phenological stage is computed
using a simple growing degregay model.

Supplementary Figure 6: Same as Supplementary Figure 5 but start date of each phenological stage
is canputed using STICS crop modBrisson et al., 2000
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