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Abstract. Drought events develop in both space and timeretrospective or prospective. The perceived spatio-temporal
and they are therefore best described through summargharacteristics of drought events derived from these theoret-
joint spatio-temporal characteristics, such as mean duratiorical adaptation scenarios show much reduced changes, but
mean affected area and total magnitude. This paper adthey call for more realistic scenarios at both the catchment
dresses the issue of future projections of such characterisand national scale in order to accurately assess the combined
tics of drought events over France through three main re-effect of local-scale adaptation and global-scale mitigation.
search questions: (1) Are downscaled climate projections
able to simulate spatio-temporal characteristics of meteoro-

logical and agricultural droughts in France over a present-

day period? (2) How such characteristics will evolve over thel Introduction

21st century? (3) How to use standardized drought indices

to represent theoretical adaptation scenarios? These queSlobal climate projections for Europe under the A1B green-
tions are addressed using the Isba land surface model, dowfouse gases emissions scenah@kicenovt et al, 2000
scaled climate projections from the ARPEGE General Circu-suggest a drying of the southern part of the continent, with
lation Model under three emissions scenarios, as well as red large decrease in both precipitation and soil moisture be-
sults from a previously performed 50-yr multilevel and mul- tween the end of the 20th century and the end of the 21st
tiscale drought reanalysis over France. Spatio-temporal chacentury Meehl et al. 2007h Dai, 20113. When looking
acteristics of meteorological and agricultural drought eventsat the sub-continental scale and more specifically at France,
are computed using the Standardized Precipitation Index andl appears that while the decrease in summer precipitation
the Standardized Soil Wetness Index, respectively, and foiS shared by the majority of general circulation models
time scales of 3 and 12 months. Results first show that thd GCMs), there is a large uncertainty in the evolution of win-
distributions of joint spatio-temporal characteristics of ob- ter precipitation over this countrgfristensen et g20071.
served events are well simulated by the downscaled hydroHowever,Wang (2009 found that a majority of GCMs pre-
climate projections over a present-day period. All spatio-dict & soil moisture decrease over the major part of France
temporal characteristics of drought events are then found té/nder the A1B emissions scenario all year round, but more
dramatically increase over the 21st century, with strongeronounced in summeBurke et al.(2006 found a decrease
changes for agricultural droughts. Two theoretical adaptatiorin the Palmer Drought Severity Index (PD®almer 1965
scenarios are eventually built based on hypotheses of adapor most of Europe, including France, from simulations with

tation to evolving climate and hydrological normals, either the Hadley Centre GCM under the A2 emissions scenario.
Sheffield and Wood2008 also found a significant increase
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2936 J.-P. Vidal et al.: Evolution of spatio-temporal drought characteristics

in the frequency of long-term soil moisture deficits over this indices like the SPI proved particularly adapted to joint spa-
area based on a multi-model and multi-scenario analysis. Ustial and temporal analyseklfyd-Hughes2012.

ing two multimodel ensemble®Burke and Brown(2008 This paper presents some results from theiMSEC
showed that Southern Europe (including France) should beroject and addresses three research questions:

subject to an increase in moderate drought as a result of
a doubling in CQ concentrations.

Regional climate projections performed over Europe con-
firmed this future drying trend over France. Based on re-
sults from the RUDENCEproject Christensen et gl20073,
Beniston et al(2007) found an increase in the annual maxi- 2. How such characteristics will evolve over the 21st
mum length of dry spells for the French Mediterranean area  century?
for the 2080s under the A2 emissions scenario, Bledkin-
sop and Fowle(2007) found an increase in the frequency
of long droughts (defined as negative 6-month cumulative
precipitation anomalies) over most of Western Europe. Us- The first question is addressed by considering the spatio-
ing multi-model regional projections under the A1B scenario temporal characteristics of drought events from a previously
from the more recent ESEMBLES project ¢an der Lin-  performed reanalysis over a 50-yr period as a reference for
den and Mitche|l2009, Heinrich and Gobief2012 found  Past droughts in Franc&/i@al et al, 20108. This drought
a significant decrease, between 1961-1990 and 2021—2050ganalysis has been performed at different levels of the hy-
in the 3-month Standardized Precipitation Index (S®8; drological cycle (precipitation and soil moisture, considered
Kee et aL 1993 in summer over a region Covering most here, but also river ﬂOWS) and at different time scales (Only
of France. They also found a similarly significant decrease3 and 12 months are considered here) with standardized
for both self-calibrated versions of the Palmer Z-Index andindices similar to the SPI. It has been built thanks to the
Palmer Drought Severity IndexP&lmer 1965 Wells and ~ Safran high-resolution atmospheric reanalyssigl et al,
Goddard 20049 for all seasons except winter. The |ength, 20103 which was used to force the Isba Land Surface Model
magnitude and area of drought events identified with PalmefLSM) (Noilhan and Mahfouf1996. The drought reanaly-
indices are all projected to increase, together with the fre-Sis is compared here to a corresponding drought analysis de-
quency of SPI13 and SPI12 events, still accordingléinrich ~ rived from a present-day control run of the ARPEGE GCM

1. Are downscaled climate projections able to simulate
spatio-temporal characteristics of meteorological and
agricultural droughts in France over a present-day
period?

3. How to use standardized drought indices to represent
theoretical adaptation scenarios?

and Gobie(2012). (Gibelin and Beque, 2003, downscaled with a weather-type
At the scale of France, results from therrex project ~ Method Boé et al, 2006), and used to force the Isba LSM.
(IMFREX, 2005 Planton et al.2008 showed a 50 % in- The second question about the evolution of spatio-

crease in the maximum number of consecutive dry days irfemporal drought characteristics is studied through
summer between the end of the 20th century and the end gfownscaled 21st century transient runs of the same
the 21st century, and for the most part of the country as simuARPEGE GCM under 3 different emissions scenarios,
lated by two regional climate models under the A2 emissionswhich were also used to force the Isba land surface scheme.
scenario. All the above mentioned studies Strong|y Sugges_{he evolution of standardized indices allowed us to derive
adecrease in water resource availability over France, but the§patio-temporal characteristics of drought events during the
lack some detailed information that would help define adap-Whole 21st century.
tation strategies for France, in terms of spatial and temporal [n order to address the third question, theoretical adap-
resolution. tation scenarios were constructed from GCM-derived time
The Q.im SEC! project Goubeyroux et al2011) looked ~ series of standardized indices. The effect of these adapta-
at the evolution of spatio-temporal characteristics of droughttion scenarios on spatio-temporal drought characteristics can
events in France by (1) forcing a high-resolution land-surfacethus be assessed and compared to the choice of the emissions
scheme and a hydrogeological model with various down-Scenarios.
scaled climate projections over France and (2) computing Section2 presents the Safran atmospheric reanalysis over
standardized drought indices based on precipitation, soiffance, the downscaled climate projections and the Isba
moisture and river flows (se¥idal et al, 20108. Joint LSM. Section3 describes the methods used for identifying
spatio-temporal characteristics are particularly useful wher@nd characterizing spatio-temporal drought events, and in-
trying to understand the development of drought events androduces the theoretical adaptation scenarios developed for
such ana]yses are being performed more often, main|y for théhiS StUdy. GCM-based drought characteristics are validated
assessment of past events@readis et a).2005 Sheffield ~ against characteristics from the reanalysis over the present-
et al, 2009 Vidal et al, 2010 van Huijgevoort et a).2011; day period in Sect, and their evolution throughout the 21st
Corzo Perez et al2011). Moreover, standardized drought century is described in Se@, as conditioned by both emis-
sions scenarios and theoretical adaptation scenarios. Results

Ihttp:/mvww.cnrm-game.fr/projet/climsec are finally discussed in Seé.
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Table 1. Difference in mean annual temperature {i0) averaged  Table 2. The same as Tablg, but for mean annual precipitation
over France of two future time slices under three emissions scenardin mm). 1961-1990 values are close to 910 mm in the reanalysis
ios with respect to the 1961-1990 control run (adapted fRae dataset.

et al, 2008.
B1 AlB A2
Bl AlB A2 2046-2065 70 —90 —130
20462065 +1.3 +2.1 422 2081-2100 —-130 -210 -230
2081-2100 +1.8 +2.7 +3.6
The ARPEGE simulations have been further statistically
2 Data downscaled with a weather type method initially developed
_ _ by Boé et al.(2009 for the Seine basin and later extended
2.1 The Safran atmospheric reanalysis to the whole of FranceBoé, 2007 Boé et al, 2009. This

) ) ) downscaling method has been compared to other statistical
Safran is an atmospheric analysis system that computes vegy, g dynamical methods in terms of hydrological impacts
tical profiles of the atmosphere for climatically homoge- , er the Seine basilBpe et al, 2007) as well as over French
neous zones, by combining large-scale fields and ground obyegiterranean basingintana-Seguet al, 201Q 2011).
servations through Optimal Interpolation. The algorithm, its Outputs from the statistical downscaling method are grid-

validation and its application over France are detailed byqeq gata with the same spatial and temporal resolution as the
Quintana-Sedtet al.(2008. Safran hourly outputs of liquid  gafran reanalysis, and for the same variables.

and solid precipitation, air temperature, specific humidity, pag et al.(2008 give an overall assessment of climate
wind speed, visible and infrared radiations are interpolated:hanges derived from the statistically downscaled projections
from 605 climatically homogenous zones over France ontoseq here, and France-averaged annual changes in temper-
a 8-km regular grid (8602 cells) to provide atmospheric forc- 5¢re and precipitation for the middle and end of the 21st
ings for land surface schemeddal et al. (20103 have ap-  cenpury are recalled, respectively in Tableand2. Table1

plied and thoroughly validated Safran over the period 1958—ghqys a growing increase in temperature throughout the 21st

2008. In part_icular, reanalysed preci_pitation has been fOU”Q:entury, more pronounced for higher-range emissions sce-
of high quality over the whole period compared to both oo™ Seasonal variations also indicate a larger warming

dependent and independent observations. This 50-yr highy, summer for the more distant time slice (dag et al,
resolution atmospheric reanalysis over France is thus used iQOO& Similarly, Table2 shows a drying trend through the

the present study as a reference for present-day precipitatiop ¢ century, once again more pronounced for higher-range

data. emissions scenarios. These statistically downscaled climate
projections from ARPEGE V4.6 are currently being dissem-
inated to the French impact community through the DRIAS

21st century simulations from the dio-France ARPEGE ~ Project £émond et a].2011).

GCM are used in the present study. This variable resolution OUtPuts considered here for drought assessment are
atmospheric model, fully described Iyibelin and Bque monthly gndde_d total pr(_e0|p|tat|on for the control run and
(2003, has a stretched grid with a pole over the Western€ach of the 3 climate projections.

Mediterranean with a 50 km resolution over France. This par—2 3 The Isba land surface model
ticular version (V4.6) has been recently used in the ENSEM-""

BLES project ¢an der Linden and Mitchell2009. Four The land surface scheme Isba computes water and energy

simulations are conside_red in this study: (1) a control mnbudgets at the soil-vegetation-atmosphere interficiifan
over the 1958-2000 period, and (2) three 21st-century SIMand Mahfouf 1996. This scheme is used in &€o-France

ulations starting on the first of January 2000 and forced by, erical weather prediction and climate models. The con-

three different greenhouse gas emissions scenarios. Sea Slﬁl’guration of this highly modular scheme is the same as the

face Itemperatlljre rorcli\z?s are }aken from th? Crll\lRM'CM3one used byHabets et al(2008 andVidal et al. (20108 for
coupled model $alas-Mlia et al, 2003 used in the Cou- long-term simulations over France, with a 8-km resolution

pled Model Intercomparison Project phase 3 (CMIM&ehl ¢ o 20 vegetation parameters. Isba is based on a three-

et al, 20073. Radiative forcings (greenhouse gases and suly, o force-restore model and explicit multilayer snow model
fate aerosol concentrations) are based on observations tlgnd it includes subgrid runoff and drainage schemes. Soil

2000, then on one of the thre_e emissions scepar.ios (BL AlBng vegetation parameters are derived from the Ecoclimap
and A2) taken from the Special Report on Emissions Scenaraatabasel\(lasson et al.2003. Safran, Isba and the Mod-

ios (SRESNakicenovt et al, 2000. cou hydrogeological model constitute a hydrometeorologi-
cal suite that is used for drought and low-flow analysis, in

2.2 Downscaled climate projections
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reanalysis context or medium-range and seasonal forecasstandardized indices. The time scale corresponds to the du-
ing (Soubeyroux et al.2010. The Isba output relevant for ration over which the total precipitation (in the case of SPI)
the present study is the Soil Wetness Index (SWI) defined ads standardized. More and more climate change impact stud-
ies take advantage of the potential of SPI to work at different
Sw| = YLtot — Wwilt (1) time scales (see for exampRubrovsky et al. 200§ Vidal
Wie — Wwilt and Wade 2009 Vasiliades et a).2009 Mishra and Singh
2009 Heinrich and Gobhie2012, and we chose here to look
soil column the water content at field capacity and at time scales of 3 and 12 months for characterizing short
» Wie pacity and long droughts, respectively. Moreover, we considered not

wwilt the water content at wilting point. Soil moisture prod- . S
. . -~ 7. _only meteorological droughts through total precipitation an
ucts from Isba have been extensively validated against ino Y Meteoroiogica droughts through total precipitation and

. . the SPI, but also agricultural droughts through soil moisture
situ measurement$i@bets et a).1999 Paris Anguela et al. . . o
2008 Albergel et al, 2008 as well as various satellite prod- and the Standardized Soil Wetness Index (SSWI). This in

ucts Baghdadi et al 2007 Rudiger et al, 2009. dex is built through a standardisation method similar to the

) . . one used for SPI, simply replacing total precipitation aver
Isba had been previously run with forcings from the 1958— - i
2008 Safran reanalysis in order to derive a 50-yr SWI ref months by SW values — computed by the Isba land-surface

) X "model — averaged overmonths. It allows to assess changes
erence dataset over the Safran 8-km grid (gekal et al, 9 9

20108. In this study, Isba has also been run over France withIn droughts as a consequence not only of changes in pre-

forcinas from each downscaled climate proiection SnOW_cipitation like the SPI but also changes on other variables
ack gsoiltem erature and soil moisture va?ue]s have.been inj- among them temperature — through the computation of
pack, emp . X i water and energy budgets at the soil-vegetation-atmosphere
tialised using a 2-yr spin-up (first year repeated three tlmes)intencace

Outputs used here are monthly gridded SW1 values for the For each climate projection, the standardisation is per-

control run and each of the 3 climate projections. formed with reference to the control run climate in order to
remove biases in GCM-derived control climate. The refer-

wherewyet is the volumetric water content of the simulated

3 Methods ence period for standardisation is 1961-1990 (actually 1 Au-
gust 1961 to 31 July 1991) in line withMO (2007 recom-

3.1 Drought characterisation mandations. For reanalysis data, the standardisation is per-
formed with reference to the same period, which is different

3.1.1 Drought indices from Vidal et al. (20108 who used the whole 1958-2008

reanalysis period. For both the SPI and the SSWI, the stan-
A large number of drought indices have been developed ovedardisation procedure makes use of kernel density estimates,
the last decades (sééishra and Singh201(Q for arecentre-  notably in order to overcome issues of bimodal and bounded
view) in order to characterize one of the three main droughtdistributions of SWI (se&/idal et al, 2010k for computa-
types (meteorological, agricultural and hydrological) as de-tion details). Standardized indices are computed locally for
fined byWilhite and Glantz1985. However, only some of all 8462 grid cells over continental France.
them have been used in a climate change context. The main To summarize, all 4 combinations of index and time scale
meteorological drought index used in climate change impac{SPI3, SPI12, SSWI3, SSWI12) have been computed for
studies is the Standardized Precipitation Index (8eKee (1) the 1958-2008 Safran-Isba reanalysis fields and (2) each
et al, 1993, which transforms distributions of cumulative of the 3 climate projections, taken each as the combination of
precipitation ovem months to a standard normal distribu- the common control run and a future run in order to preserve
tion. It has been recently promoted by the World Meteoro-the temporal continuity of events over the year 2000.
logical Organization as the reference index for meteorolog-
ical droughts KHayes et al.2011), and it has been applied 3.1.2 Spatio-temporal drought identification and
to various parts of the world, like Indidishra and Singh description
2009, Greece l(oukas et al. 2008, Korea Kwak et al,
2011, the USA Wang et al. 2017 or the UK (vidal and Many climate change impact studies focused on changes
Wade 2009. For assessing climate change impacts on agri-in the probability of drought indices to be under a given
cultural droughts, the most commonly used index is based onthreshold at the local scal&shiosh and Mujumdar2007,
modelled soil moisture percentiles, either directly from GCM Dubrovsky et al. 2008 Strzepek et al.201Q0 Jung and
runs at the global scal&heffield and Wood2008 or from Chang 2012. Others attempted to assess changes in statis-
off-line runs of land surface schemes at smaller scaMsnf  tics of local-scale drought event characteristics, like the num-
et al, 2009 2011, Mishra et al, 2010. ber of events layhoe et aJ.2007%) or its combined effect

As shown byVidal et al. (2010, characterizing drought with the average total magnitude of these evektdd] and

events can lead to quite different results depending on bottWade 2009. In parallel, some studies looked at the areal
the variable and the time scale considered for buildingextent of drought as a spatial characteristic, but did not
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identify independent drought eventSheffield and Wood 3.2 Theoretical adaptation scenarios and perceived
2008 Mishra et al, 2010. characteristics
Some recent work however attempted to examine the evo-

lution of spatio-temporal characteristics of drought events.The marked projected changes in climate summarized in Ta-
Burke and Brown(2010 for example made use of prede- a1 and2 will hopefully lead to apply strategies for adapt-
fined UK regions over which spatlo_-temporal character_lstlcsing the structure and the management of the various exist-
of events (area in drought, duration and total magnitude}q anthropogenic hydrosystems. Examples of such systems
are computed from 12-month precipitation deficishra 3¢ headwater catchments with reservoirs for producing hy-
and Singh(2009 built severity-area-frequency curves based yrqnower and/or sustaining low flows, or lowland catchments
on SPI over a river basin in India. Still, in spite of exist- \yith jrrigated crops. Without adaptation, such hydrosystems
ing spatio-temporal clustering algorithms applied to histor- might not be able to fulfill their purposes, in terms of crop
ical droughts Andreadis et a).2003 Lloyd-Hughes 2012 hydropower production (seédal and Hendrickx201Q
Corzo Perez et al201]), no study looked at the evolution o 5y example of changes in hydropower production under
of such joint characteristics of individual drought events de-y;siness-as-usual management).
rived from hydroclimate projections. _ Three theoretical adaptation scenarios have been derived

Here we apply the clustering algorithm described/mal  here based on the projections of drought indices. These sce-
etal.(2010h and previously applied over France for charac- harips are local-scale scenarios, and their consequences will
terizing historical spatio-temporal meteorological and agri- here be studied at the national scale. The adaptation of an
cuItura] drought events from SPI and SSWI figlds. A drc_’ughtanthropogenic hydrosystem may be performed in many dif-
event is considered as a sequence of spatially contiguougyrent ways and affects different aspects of the perception
and temporally continuous areas where the index is undegs 4 grought. The theoretical scenarios built here focus on
a given threshold value. A threshold corresponding t0 a lo-he adaptation to the evolution of the median value of the
cal 20 % probability £ —0.84) has been chosen for iden- \riaple of interest at the local scale (precipitation or soil
tifying spatio-temporal drought events followirndreadis  isture), thus to the evolution of the median value of the
et al.(ZOOQ, Sheffield et al(2009 and_\ﬂdal etal.(20108. corresponding standardized drought index. In other words,
Two algorithm parameters for removing small clusters (Iess;ccording to these scenarios, the hydrosystem will be able to
than 10 contiguous cells) and for merging consecutive Cl_us'adapt to changes in the “normal” conditions, but not neces-
ters (overlapping area larger than 100 cells) have been fixedgyily to changes in variability, seasonality or temporal pat-
to values adopted byidal et al. (20100. This algorithm /g Thus, such theoretical scenarios stay in line with the
has been applied to spatio-temporal fields of SPI3, SPI12gefinition of standardized indices which are based on a de-
SSWI3 and SSWI12 derived from (1) the 19582008 Safranartyre from normals, but allow potential changes in such
Isba reanalysis and (2) each of the 3 climate projections depqrmals.
scribed above.

Following Vidal et al. (20108, summary statistics for ) ]
a drought event include its mean duration, its mean area ang-2-1 Adaptation scenarios
its total magnitude. Thenean duratiorof a spatio-temporal
event is defined as the mean duration of all cells across th&he first scenario, calledo adaptatiorassumes that our per-
country affected by the drought at some time(s) during theception of drought will not change in the future, i.e. that
event. The duration for each cell is taken here as the numa given departure from the present-day normals will be per-
ber of months when the index is lower than the threshold (inceived in the same way in the late 21st century than in the
possibly separate periods). Theean areas defined as the 1980s for example. Thérought index baseling.e. zero by
mean drought-affected area during the event, and expressembnstruction over the reference period, is therefore supposed
as a percentage of the total area of France. toked mag-  to remain valid during the whole 21st century.
nitudeis computed here as the sum over space and time of The two other scenarios assume that the anthropogenic hy-
the index values in cells affected by the event, expressed imrosystem under study will be able to adapt to new condi-
month by percent of France’s area. In addition to these sumtions. This assumption will be discussed in detail in Séct.
mary statistics, theentroid of each spatio-temporal event If the assumption holds, it should provide us with a percep-
has been computed as the average centroid of clusters at eatibn of a given departure from normals that will be lowered
time step, weighted by the total magnitude of each cluster. in the future thanks to the adaptation performed. In terms of

All algorithms have been implemented in the R software drought indices described in Se8tl.], it comes down to an
environment R Development Core Tear011) and figures  evolution of the drought index baseline. The two scenarios
for this paper have been produced thanks to the ggplot2 packmplemented here exemplify two different strategies: adapt
age developed bwickham(2009. either (1) topast conditions, a strategy called heretro-

spectiveadaptation or (2) tduture conditions, called here
prospectiveadaptation.

www.hydrol-earth-syst-sci.net/16/2935/2012/ Hydrol. Earth Syst. Sci., 16, 293855 2012
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No adaptation \

Retrospective adaptation

14! ! Drought threshold
g o — No adaptation
g — Retrospective adaptation

— Prospective adaptation

Prospective adaptation

I i i i i i
1960 1980 2000 2020 2040 2060 2080 2100

Fig. 1. Evolution of SSWI3 for a grid cell near Toulouse under the A1B scenario, and corresponding adaptation scenarios. Black filled areas
correspond to local-scale drought events reaching the 20 % threshold. The dashed lines show the drought index baseline evolutions calculate
for each adaptation scenario and described in Tab@oloured lines show the corresponding drought state threshold (see text for details).
The reference period is framed by dashed vertical lines.

Theretrospective adaptatioscenario assumes that the hy- 1961-1990 reference period was approached by optimizing
drosystem is able to constantly adapt to antecedent climatithe degree of freedom of the spline to get a minimum devia-
normals. These normals are thus reconsidered at each tinten from zero of the resulting spline curve over this period.
step and the hydrosystem is adapted accordingly. In termJhis theoretical adaptation scenario assumes a quickest reac-
of drought indices, it is implemented as follows: the droughttion to changes in climate, which could be advantageous in
index baseline is taken as the mean of the preceding 30 yr athe case of rapid changes.
the index, starting right after the reference period. For a given
date of the 21st century, this scenario is therefore theoreti3.2.2 Implementation
cally independent from projections for the future (and asso- i , i
ciated uncertainties) as it relies only on antecedent and thu Poth actual adaptation scenarios, the drought index base-
experienced conditions. In the applications considered herdiN€ iS simply added to the reference value of the drought
this scenario however relies on the assumption that the hythr_eSh‘)'d' ¢ —0.84, see SecB.1.3, in order to generate
droclimate projections will be valid and then considered as® time-varying drought threshold. This way, the adaptation
“experienced” until any date considered in the 21st century. SCenarios only take account of changes in average condi-

The prospective adaptatioscenario assumes first that the ONS and not in potential evolutions in variability. Tak3e
future evolution of the normals are perfectly known and per-Summarizes the different drought index baseline computa-
fectly represented by the hydroclimate projection considered!ions adopted for the different theoretical adaptation scenar-
In terms of drought indices, the evolution of the drought in- 10S- Figurel shows an example application of the three sce-

dex baseline is represented by a smooth transient mediaﬂ"’}rios for estimating short agricultural droughts over a given

value of the index time series. An approach with smooth9rid cell
splines was chosen here in order to get the intended smooth-
ness. The theoretical constraint of a zero value over the whole

Hydrol. Earth Syst. Sci., 16, 29352955 2012 www.hydrol-earth-syst-sci.net/16/2935/2012/
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SPI i SSwiI

Emissions
scenario

.- Bl
- - AlB
— A2

Adaptation
scenario

Baseline index value

— Retrospective
— Prospective

I : I : I I I I : I : I I I
1960 1990 2020 2050 2080 1960 1990 2020 2050 2080

Fig. 2. Evolution of drought index baseline averaged over France, according to each adaptation scenario describedl iDolabias show
the 2 different indices and rows show the 2 different time scales. The reference period is framed by dashed vertical lines.

Table 3. Adaptation scenarios. these variables over the 1961-1990 reference period. This
suggests that the theoretical scenarios constructed here may
Scenario Drought index baseline be hardly accessible in practice and thus represent an up-

per limit of adaptation efforts. This is further discussed in
Sect.6. It can also be seen in Fig.that, by construction of
the prospective adaptatioacenario, the optimisation of the
Prospective adaptation  smooth spline optimised for spline degree of freedom could not perfectly match the zero
minimal deviation from zero value over the reference period.
over the reference period The spatio-temporal clustering algorithm has been also
run on all 3 climate projections with the retrospective and
prospective adaptation scenarios in order to derive spatio-
3.2.3 Implications for the evolution of drought temporal characteristics of drought events. Such character-
characteristics istics cannot be interpreted as actual drought event charac-
teristics as they are conditional on the adaptation scenario
Figure2 shows the temporal evolution of the drought index ¢onsidered and they do not imply modifications in physical
baseline averaged over France according to each emissigiytural processes with respect to tiieadaptationscenario.
and adaptation scenarios and for all 4 combinations of indexrherefore, in the remainder of the paper, they are described
and time scale. It shows a dramatic decrease of baseline vahsperceivectharacteristics: the drought event characteristics
ues over the 21st century, more pronounced for more “pesyould indeed be perceived as such by users of the anthro-

simistic” emission scenarios, and more pronounced for thgyogenic hydrosystem if this system could have been modified
prospective adaptatioscenario. This decrease is stronger for according to the adaptation scenario considered.

SSWI than for SPI, and also stronger for longer time scales.

This is simply the result of a relatively small decrease in pre-

Cipitation mentioned in Tabl@ and a marked decrease in 4 Validation on present-day climate

soil moisture resulting from an overall warming (see Tdlb)le

and thus an increase in evaporation demand. The extremelyhis section aims at validating simulations against reanaly-
low values reached at the end of 21st century correspond tsis over the 1958-2008 period in terms of spatio-temporal
a large drop of median cumulative precipitation or averageddrought characteristics. Sectidnl first examines the num-
soil moisture. These values correspond to probabilities as lovber of drought events identified in the reanalysis and in the
as 15 % (for SSWI112 under thietrospective adaptatiosce-  simulations, and Sec#.2 focuses on drought characteris-
nario and the A2 emissions scenario) in the distribution oftics defined in SecB.1.2 The whole period covered by the

No adaptation zero
Retrospective adaptation  running mean of previous 30 yr
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reanalysis data has been chosen in order to have the longest All events

possible common period with simulations. This is partic- B

ularly important, as relatively few major spatio-temporal §
events occurred in a 50-yr period. Consequently, in this sec-  2°% 7 % 2
tion, simulation B1 (resp. A1B and A2) will refer to outputs 2000 -
derived from the ARPEGE control run for the 1958-2000
period together with outputs from the B1 (resp. A1B and
A2) ARPEGE run for the 2001-2008 period. The three sim- 1000 -
ulations will therefore present limited differences over this
present-day period, and these differences could only be in-
terpreted as the consequences of internal variability, as very%, 0
little impact of the choice of the emissions scenario could 3
be possibly found during this short 8-yr period ($t@vkins
and Sutton2011, for a larger-scale analysis of the different

1500

500 -

events

Major events only

100 - Simulation type
f O Reanalysis

Number of dro

sources of uncertainty). 80 - v BL
& AlB
A A2
4.1 Number of drought events 60 -
Figure3 plots the number of drought events identified in the 0
reanalysis and in all 3 simulations over the 1958—2008 pe- 20 -
riod. Together with the number of all events (top panel), the
number ofmajor events (bottom panel) is plotted, defined 0- ‘ ‘ ‘ ‘
as events with a mean duration strictly higher than 1 month. SPI3 SPI12 SSWI3 SSWI12

Events during exactly 1 month —i.e. the time step of the anal-_ o
ysis — are indeed not developing in time and have to be Conf_lg. 3.Number of_drought events |cz_lent|f|§d over the 1958-2008 pe-
sidered separately. FiguBshows that the total number of riod, for reanz.aly3|s datg and all 3 S|muI§tlons. Top panel: all events;

. . bottom panel: only major events (duratisnl month).
short (resp. long) meteorological droughts are slightly over-
estimated (resp. slightly underestimated) in the modelled cli-
mate. Such discrepancies may originate from spatial and/or
temporal biases in either ARPEGE large-scale simulationgart of France for both indices and both time scales. The
or the downscaling method used here (see 2e2t. A good 2003 drought (in orange) also appears here to last longer, at
agreement is reached for the number of both short and londpast when soil moisture deficits are concerned. These differ-
agricultural droughts. When looking at the number of ma- ences exemplify the impact of the selected reference period
jor events, the overestimation of short meteorological eventon spatio-temporal drought characteristics: 1961-1990 here,
is confirmed and this time it is accompanied with a similar and the whole period covered by the reanalysis (1958-2008)
overestimation of short agricultural events. Some explanain Vidal et al.(2010h). Figure4 also plots as grey shapes the
tions to such features will be proposed below when lookingevents identified in present-day simulations. Squares identify
at drought event centroids. No bias can be found for longevents with a maximum magnitude during the control run,

meteorological and agricultural droughts. i.e. before 2000. Triangles and diamonds denote events oc-
In the remainder of the paper, ontyajor drought events  curring between 2000 and 2008, depending on the choice of
will be considered. emission scenario. The scatter plot of observed events is gen-
erally well replicated in simulations, with appropriate com-
4.2 Drought characteristics binations of small and large events. In particular, events sim-

ilar to major observed ones like the 1976 SPI3 drought or the
This section aims at assessing how well the diversity 0f2003 SSWI12 drought can be found in simulated climate.
spatio-temporal droughts identified in the reanalysis are simOne interesting feature is that the 3 longest (and with highest
ulated over the present-day period. Figdraentifies each  magnitude) simulated events for SSWI3 are found to occur in
observed or simulated drought event jointly through its mearthe last years of the simulation, suggesting a downward trend
duration, mean area and total magnitude. It first reproduce simulated soil moisture, possibly driven by an underlying
features of observed events presenteioal et al.(2010b upward trend in temperature. This is consistent with results
as white and coloured full circles. When compared to thefrom recent trend analyses in different versions of the PDSI
original figure {idal et al, 20100 Fig. 10, p. 472) where (Dai, 20114b).
colours identify specific major events in a consistent way Figure 5 shows the centroid of observed (reanalysis)
with Fig. 4, some differences can be seen. For exampleand simulated (control run + A2 emissions scenario) drought
the 1976 drought (in red) appears here to affect a largeevents over the 1958-2008 period. Results are very similar

Hydrol. Earth Syst. Sci., 16, 29352955 2012 www.hydrol-earth-syst-sci.net/16/2935/2012/
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Fig. 4. Relation between mean area (in percent area of France), mean duration (in months) and total magnitude (in months by percent aree
of France) for all drought events identified during the 1958-2008 period with SPI (left column) and SSWI (right column), with time scales

of 3 months (top panels) and 12 months (bottom panels). Circles show events from the reanalysis, whereas grey symbols represent event
from downscaled ARPEGE simulations. Squares represent events from the downscaled ARPEGE 1958-2000 control run, and downward anc
upward triangles and diamonds represent events from one of the downscaled ARPEGE 2001-2008 simulation runs under the 3 emission:
scenarios. Coloured circles identify the six major drought events from the reanalysis highlightiethbst al.(2010hQ Fig. 10, p. 472).

for the two other emissions scenarios (not shown). Cen4.3 Comparison of present-day distributions

troids of events with high total magnitude are by construc-

tion found close to the geometrical centre of France, butThe 2-sample Kolmogorov-Smirnov tedtigssey 1951) is
many small events can be found in all different parts of theused here to check the agreement between the observed
country, with for example, relatively large meteorological (from the reanalysis) and simulated empirical distributions
droughts restrained to the Mediterranean area or long agriof each drought characteristics (duration, mean area, total
cultural droughts around Brittany. The overall distribution of magnitudex- andy-location of the centroid) over the 1958—
locations is generally well replicated in the simulated sam-2008 period. Results show that tit& hypothesis (the two

ple of drought events, but specific differences can be seerSamples come from the same distribution) cannot be rejected
First the overestimation of SPI3 events noted in Bigan  in any case, i.e. for each drought type and for each drought
be attributed to a higher number of events located preferencharacteristic. Figuré shows the p-values for each test per-
t|a||y in the northern half of France, where much fewer eventsformed. It demonstrates that simulations correctly recreate
have been actually identified in the reanalysis. As expectedthe statistics of spatio-temporal drought characteristics over
a similar feature is found for SSWI3 events. This could bethe present-day period, with p-values higher than 0.1 for
linked to a bias in the latitude of the simulated storm tracksnearly all combinations. The only dubious case with small
in the ARPEGE runs used here. Moreover, such a bias Shou|Q-Va|UeS relates to the centroid latitude already discussed
be confined to a specific season as no bias appears for 12bove, mainly for SPI3.

month drought events. This hypothesis has however still to

be confirmed.
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5 Projections in future climate

This section presents results of the evolution of simulated
drought event characteristics during the end of the 20th cen-
tury and the 21st century, conditional to the emissions sce-
nario and the adaptation scenario selected.

5.1 Evolution of drought characteristics

Figure7? jointly plots the mean area, mean duration and total
magnitude of simulated short meteorological droughts over
the 1958-2100 period, for all combinations of emissions and
adaptation scenarios, following the approach already used in
Fig. 4. Note, however, that here the y-scale is logarithmic
to represent a larger range of durations. The whole simula-
tion period has been cut into 20-yr time slices in order to get
an idea of the long-term evolution of spatio-temporal char-
acteristics. Colours in Fig7 identify the time slice when
each event reaches its maximum magnitude. The first row
corresponds to theo adaptationscenario and thus repre-
sent events as they are projected to happen with reference
to present-day climate. The middle and bottom lines show
the perceiveccharacteristics of drought events conditional to
theretrospectiveandprospectiveadaptation scenario, respec-
tively. The three columns show the influence of the emissions
scenario on drought characteristics. Figuges0 plot similar
features for long meteorological droughts and short and long
agricultural droughts, respectively.

When looking at the first row in Figz, it appears that
drought characteristics under the adaptationassumption
are projected to increase during the 21st century, with dura-
tion and magnitude values not encountered before 2000. The
most intense events tend to appear in the last part of the 21st
century, combining a mean duration of 20 months and a mean
area of nearly 70 % of the country in both the A2 and A1B
emissions scenario. The evolution appears to be more limited
for the B1 emissions scenario. Considering one of the two
adaptation scenarios leads to reduce the perceived character-
istics of the largest events. Only few events are, for example,
found to have a duration higher than 7 months, i.e. the dura-
tion of the longest event in the reanalysis (1976, seedjig.
Theprospective adaptatioscenario tends to give events with

Fig. 5. Centroid of drought events identified over the 1958-2008 5 reduced magnitude compared to thospective adapta-
period, from the reanalysis (right panels) and from the (CTRL + A2) ;o scenario, with small similar influences on duration and
downscaled ARPEGE run. Colours denote different classes of tota(LJlrea

magnitude. The different rows show all four drought indices.

Figure 8 shows a quite different picture for long meteo-
rological droughts. Due to the longer time scale, events are
far scarcer, and a few very large, long and intense events
are found in the last decades of the 21st century under the

~ All above comments therefore give a relatively high con- ng adaptatiorscenario, in particular under the A2 and A1B
fidence in the ability of downscaled climate projections to emissions scenarios. The order of magnitude encountered
simulate spatio-temporal characteristics of drought events. pere (12-yr event affecting nearly 70% of France) is far

Hydrol. Earth Syst. Sci., 16, 29352955 2012

higher than in the panel of events from the reanalysis, where
the worst event (1989, see Fig). lasted for 20 months and
concerned less than 45 % of the country. When considering
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Fig. 6. Agreement between simulated and observed statistical distributions of drought characteristics (mean area, mean duration, total mag-
nitude, centroidc- and y-location) over the 1958—2008 period. The agreement here is given as the p-value of the 2-sample Kolmogorov-
Smirnov test between the observed distribution from the reanalysis and the corresponding distribution from a present-day simulation
(CTRL+A2, A1B or B1) . Only “major events” are considered here (see BigColumns show the 2 different indices and rows show
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droughts, as defined by SPI3. Three emissions scenarios are considered along the columns, and three adaptation scenarios are considel
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Fig. 8. As for Fig. 7, but for long meteorological droughts, as defined by SP112.

adaptation scenarios, perceived drought characteristics are Figure10 plots the evolution of long agricultural drought
significantly lowered, even if some events still show areascharacteristics. The picture depicted here undenthadap-
larger than 50 % and/or durations longer than 20 months. Theation scenario is even more dramatic: the single events cul-
prospective adaptatioscenario leads to somewhat more lim- minating in the last two decades of the century actually start
ited changes in all drought characteristics. much earlier, before the 2050s under the A2 and A1B sce-
Figure9 plots the evolution of short agricultural drought narios, and before the 2070s under the B1 “optimistic” sce-
characteristics. The overall picture is very similar to long me-nario. Other events larger than the two major ones identi-
teorological droughts, with events of even larger total mag-fied in the reanalysis (1989 and 2003, see Bjgcan also
nitude. It can also be noted that these scatter plots showe spotted earlier under the A2 and B1 emissions scenar-
a higher dispersion for medium events compared to &ig. i0s. Choosing theetrospective adaptatioscenario enables
Under theno adaptationscenario, only one event is found to keep the perceived mean duration of events under 4yr —
during the last 2 decades of the 21st century in both the A2which is already 1.5 times longer than the 2003 drought —and
and A1B scenarios. This event covers the entire 20-yr pethe perceived mean area under 60 %, where the 1989 drought
riod and concerns nearly 80 % of the country, which meansaffected “only” half of the country. Under thprospective
that agricultural drought is projected to become the normadaptation perceived drought characteristics are generally
in France at the end of the 21st century. Under adaptatiorfiound to be within the range of events identified in the re-
scenarios, the perceived mean duration of events is genegnalysis.
ally contained below 24 months and their perceived mean
area under 60 %, when the worst event from the reanalysig >  gtatistical assessment of the effect of adaptation
(1989, see Figd) reached 16 months and 62 %. However, comparison of present-day distributions scenarios
one cannot exclude short events affecting more than 75 % of
the country, as the one identified under the B1 emissions sc

T . €the non-parametric Mann-Kendall test for trenddagn
nario in the mid-century.

1945 is applied here in order to statistically assess the effect
of adaptation scenarios on perceived drought characteristics.
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Fig. 9. As for Fig. 7, but for short agricultural droughts, as defined by SSWI3.

This widely used test in historical trend assessments (sesignificant trends are found for long droughts comes from the
for exampleRenard et a).2009 is applied in this study to reduced number of spatio-temporal events for standardized
quantify the significance of trends in spatio-temporal droughtindices with higher time scales.

characteristics (mean duration, mean area, total magnitude, When looking at adaptation scenarios, all these trends ei-
centroidx- and y-location) for each combination of emis- ther disappear statistically or have their p-value increased.
sions scenarios and adaptation scenarios, over the whole sinDne exception is an increase in the magnitude of long
ulation period (1958—2100). Figutd shows the p-values for agricultural droughts under the B1 emissions scenario and
the test for all variables and scenarios considered. the prospective adaptatioscenario with a p-value higher

First, no trend can be found for the centroid location of than 0.05. The difference in reduction of trend significance
drought events. The exception is a trend significant only atbetween the two adaptation scenarios appears only — for du-
the 10 % level for the latitude in short agricultural droughts ration of short meteorological events and magnitude of short
under the A2 emissions scenario and finespective adap- agricultural events — when looking at the A2 emissions sce-
tation scenario. This trend is a southward trend (not shown),nario, which leads to the most rapid climate evolution over
and as no corresponding trend appears imih@daptation  the 21st century.
scenario, it is hard to conclude on its origin.

Under theno adaptationscenario, significant (upward, as
shown in Figs.7-10) trends can be found for all other char-
acteristics of short drought events (both meteorological and6 1 Uncertainties
agricultural). This is true for all emissions scenarios, but ~

with much lower p-values for the A2 scenario. SOome Sig-Thjs section aims at assessing the different sources of un-

nificant trends are additionally found for long meteorologi- certainties in the modelling suite that may impact the results
cal droughts (mean duration and mean magnitude under thg,;\marized above. for the adaptatiorscenario.

A2 scenario) and for long agricultural droughts (mean dura-
tion under the B1 scenario). The fact that fewer cases where

6 Discussions
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Fig. 10.As for Fig. 7, but for long agricultural droughts, as defined by SSWI12.
6.1.1 GCM and downscaling method spread from all 3 experiments in the 2050s led to rank first

the uncertainty in GCMs. Moreover, outputs derived from the

First, this particular paper considered neither a muIti—GCMsARPEGE GCM gnder the A1B scenario were found _to _be
nor a multi-downscaling method approach, as recommende&los’e tp the multi-GCM average under the same emissions
for providing some information about the uncertainty in fu- scenario.

ture climate projections (see, e\dal and Wade2009 for

a multi-GCMs approach). Indeed, this study focused on theB.1.2 Land surface model configuration, vegetation and
mitigation and adaptation effects on spatio-temporal charac- land use

teristics of drought events, and results should obviously been

taken as conditional on the choice of the GCM and down-If the uncertainties discussed above are equally valid for me-
scaling method made here. Such multi-model approacheteorological and agricultural droughts, additional uncertain-
have however been used elsewhere in thewSEC project  ties can be mentioned for results associated with soil mois-
and the impact of corresponding uncertainties on local-ture simulations.

scale droughts have been quantifiédtgva et al, 2011). A potentially significant source of uncertainty may be
On top of the transient multi-SRES experiment used in thefound in the configuration of the land surface model (LSM).
present study, two other experiments have been consideredhdeed, simulated soil moisture has been shown to be highly
(1) atime slice experiment (1961-2000 and 2046—2065) withmodel-dependentpster et al. 2009. However, in recon-

6 different GCMs under the A1B scenario and downscaledstructing historical droughts over the United States with
with the weather types downscaling method used here, ané different LSMs,Wang et al.(2009 found that standard-
(2) a transient experiment with the ARPEGE GCM cou- izing results lead to similar spatio-temporal patterns of soil
pled with a model of the Mediterranean S&oiknot et al. moisture droughts. This result has been since confirmed by
2008 under the A2 emissions scenario, downscaled agairFan et al(2011) with LSMs at different resolutions and run
with the same weather type method but also with a quantilein different conditions (interactively or offline), even if dif-
quantile approachéqle, 2007). Analysing the respective ferences can be spotted in local intensities. Results obtained
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Fig. 11. Significance of the Mann-Kendall trend test (represented with the test p-value) on all combinations of drought indices and spatio-
temporal characteristics, for the 3 emissions scenarios (columns) and for the 3 adaptation scenarios (rows).

here should therefore not be highly sensitive to the choicevariability (Lafont et al, 2010 and CQ changesQueguiner

of a specific LSM for the present-day period. However, theet al, 2011) using a vegetation-interactive version of the
situation may be quite different in the 21st century climate,Isba LSM and (2) to model both historical and future wa-
as the LSM sensitivity to an increase in temperature couldter demand and water management at the catchment scale,
encompass a large range. This has been clearly shown ahrough the recently completedtAGINE2030 project in
streamflow droughts bWilliamson et al.(2011) with out- the Garonne basinSauquet et al.2009 201Q Vidal and

puts from the WATCH projectHarding et al. 2012. 21st  Hendrickx 2010 and the R2D2-2050 projetin progress
century trends in the Regional Deficiency Index (RDI, seein the Durance basin (Southern Alp§auquet2017).

Hannaford et a).2011) for “Western and Central France”

region are found to be quite different when driven by dif- 6.2 Adaptation and mitigation scenarios

ferent GCMs, but also when considering different land sur-

face models/global hydrological models. It therefore strongly Results presented in Sebtare conditional on both the emis-
suggests a potentially large uncertainty in LSM/GHM con- Sions scenario and the adaptation scenario considered, and
figuration. All combinations nevertheless show a massivethis section discusses the implications of such a conditioning
drying trend similar to the one commented in the present pa2s Well as the possible interpretations of results.

per, with a pronounced evolution in the second part of the
21st century.

The land surface simulations were performed here WlthThe theoretical adaptation scenarios described in Se2t.

static vegetation and land use parameters, as in most cuh— . X .
. : . ) ave been constructed from time series of standardized
rent off-line studies, with the notable exception of some other

innovative work done within the WATCH projecHerding Zhttp://www.irstea.fr/la-recherche/unites-de-recherche/hhly/
et al, 2012. Initiatives are underway in France (1) to ac- hydrologie-des-bassins-versants/projet-imagine2030
count for spontaneous responses of vegetation to climate S3nttps://r2d2-2050.cemagref.fr/

6.2.1 Adaptation scenarios
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drought indices. Consequently, they do not reflect in any6.2.2 Mitigation scenarios
case the actual capacity of anthropogenic hydrosystems at
the scale of France to actually follow these scenarios. TheFirst, the three emissions scenarios taken from the Special
two adaptation scenarios are indeed “perfect” in differentReport on Emissions Scenarios (SRE&kicenovE et al,
ways: theretrospective adaptatioscenario suggests that one 2000 may be seen as proxies for actual mitigation scenar-
can adapt continuously over the 21st century. Indeed, thdos. Even if no real mitigation scenario like the E1 scenario
drought index baseline is updated each month, which is fafJohns et a).2011) developed in the ESEMBLES project
from being feasible, for example for irrigated crops (annual(van der Linden and Mitchel2009 was considered here,
or seasonal time step) or forestry (decadal time step). Regardhe 3 SRES scenarios represent different storylines regard-
ing the prospective adaptatioscenario, it assumes that the ing future global population growth, technological develop-
transient projection of the drought index mean value corre-ment, globalisation, and societal values. The Bl scenario
sponds exactly to how the median water availability will ac- describes a world steered towards globalised environmental
tually evolve, which is a very strong hypothesis. It has also tostainability, leading to a stabilisation of G@oncentration of
be noted that no seasonality of changes are taken into accouhb0 ppm at the end of the century (ddeehl et al, 2007h
in the theoretical adaptation scenarios, in spite of these spéFig. 10.26, p. 803). The A1B scenario corresponds to a glob-
cific changes being a key driver for managing anthropogeniclised world with rapid economic growth and a balanced
hydrosystems, from hydropower production system to cropuse of fossil and non-fossil energy sources leading to con-
production. As mentioned above (see S8&.3, they nev-  stantly growing CQ concentration up to more than 700 ppm
ertheless provide information about the upper limit of adap-in 2100. The A2 scenario describes a more heterogeneous
tation efforts relative to present-day median values of wa-world with a strong economic focus, and leads to exponen-
ter availability. Additionally, both theoretical scenarios fail tially growing CG concentrations reaching 850 ppm at the
to provide a satisfying adaptation to changes in interannuaénd of the century.
variability, as shown in Figs/—10through the occurrence of Unsurprisingly, results from Sech. show that emissions
several events far longer than the longest observed ones. $icenarios with lower greenhouse gas concentrations lead to
strongly suggests that adaptation efforts should not only conthe smaller changes, even if these changes are already dra-
centrate on the evolution of median values of water availabil-matic. It would be useful to actually compare the respective
ity, but also on potential changes in its interannual variability. or combined effects of local adaptation scenarios and global
Different ways forward exist to derive realistic adaptation mitigation scenarios on future drought characteristics. The
scenarios and many works have been dedicated to this taskffects of mitigation scenarios on droughts at the European
for example in the case of crop production systems Glee  scale recently studied byarren et al(2012 could for ex-
sen et al.2011, for a recent review). Such adaptation efforts ample be combined with effects of local- or catchment-scale
would require an integrated approadrafloon and Betts  French adaptation scenarios.
2010, which would follow harmonized policies at the Eu-
ropean level Kampragou et al.2011). Additionally, the re-
gional to catchment-scale specificities have to be taken intoy  Conclusions
account, with different priorities emerging from the local ex-
isting or projected resources, for example in the ABsr(is-  This paper addresses the issue of spatio-temporal charac-
ton et al, 2019 or in the Mediterranean arelylesias et al.  teristics of future drought events in France. More specifi-
2011). Different initiatives are underway in France to provide cally, it focuses on three research questions: (1) Are down-
relevant adaptation strategies and assess the future balancesufaled climate projections able to simulate spatio-temporal
water demand and water availability: the R2D2-2050 projectcharacteristics of meteorological and agricultural droughts in
for example applies an integrated multidisciplinary approachFrance over a present-day period? (2) How such characteris-
to accurately represent the Durance anthropogenic hydrosydics will evolve over the 21st century? and (3) How to use
tem, taking into account main biophysical processes, watestandardized drought indices to represent theoretical adapta-
management policy and decision-making aspects, and thetion scenarios?
interactions in time and spac&guquet2011). Scenarios The first question is addressed by studying droughts
for future water demand and water management will be dederived from a downscaled control run from the
veloped in close collaboration with local stakeholders (wa-ARPEGE GCM. Results shown in Seect. suggest that
ter agency, hydropower companies, water industry compathe diversity of spatio-temporal characteristics identified
nies, etc.). In parallel, the Explore2070 study is currently un-in the reanalysis over France is fairly well simulated in
derway to provide consistent and systematic national-scalea GCM-derived climate, in terms of combinations of dura-
adaptation strategiedd¢ Lacazg2011). tion, affected area and total magnitude. These conclusions
are furthermore valid for both meteorological and agricul-
tural droughts with time scales of both 3 and 12 months,
computed using standardized indices. Seclqmovides an
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