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Abstract

Drought events develop in both space and time and they are therefore best described
through summary joint spatio-temporal characteristics, like mean duration, mean af-
fected area and total magnitude. This paper addresses the issue of future projections
of such characteristics of drought events over France through three main research
questions: (1) are downscaled climate projections able to reproduce spatio-temporal
characteristics of meteorological and agricultural droughts in France over a present-
day period? (2) How such characteristics will evolve over the 21st century? (3) How to
use standardized drought indices to represent theoretical adaptation scenarios? These
questions are addressed using the Isba land surface model, downscaled climate pro-
jections from the ARPEGE General Circulation Model under three emissions scenarios,
as well as results from a previously performed 50-yr multilevel and multiscale drought
reanalysis over France. Spatio-temporal characteristics of meteorological and agricul-
tural drought events are computed using the Standardized Precipitation Index and the
Standardized Soil Wetness Index, respectively, and for time scales of 3 and 12 months.
Results first show that the distributions of joint spatio-temporal characteristics of ob-
served events are well reproduced by the downscaled hydroclimate projections over a
present-day period. All spatio-temporal characteristics of drought events are then found
to dramatically increase over the 21st century, with stronger changes for agricultural
droughts. Two theoretical adaptation scenarios are eventually built based on hypothe-
ses of adaptation to evolving climate and hydrological normals, either retrospective or
prospective, and by taking advantage of the statistical properties of the standardized
drought indices. The perceived spatio-temporal characteristics of drought events de-
rived from these theoretical adaptation scenarios show much reduced changes, but
they call for more realistic scenarios at both the catchment and national scale in order
to accurately assess the combined effect of local-scale adaptation and global-scale
mitigation.
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1 Introduction

Global climate projections for Europe under the A1B emissions scenario (Naki¢enovic¢
et al., 2000) suggest a drying of the southern part of the continent, with a large de-
crease in both precipitation and soil moisture between the end of the 20th century and
the end of the 21st century (Meehl et al., 2007b; Dai, 2011a). When looking at the
sub-continental scale and more specifically at France, it appears that if the decrease in
summer precipitation is shared by the majority of General Circulation Models (GCMs),
there is a large uncertainty in the evolution of winter precipitation over this country
(Christensen et al., 2007b). However, Wang (2005) found that a majority of GCMs pre-
dict a soil moisture decrease over the major part of France under the A1B greenhouse
gases emissions scenario all year round, but more pronounced in summer. Burke et al.
(2006) found a decrease in the Palmer Drought Severity Index (PDSI, Palmer, 1965)
for most of Europe, including France, from simulations with the Hadley Centre GCM
under the A2 emissions scenario. Sheffield and Wood (2008) also found a significant
increase in the frequency of long-term soil moisture deficits over this area based on
a multi-model and multi-scenario analysis. Using two multimodel ensembles, Burke
and Brown (2008) showed that Southern Europe (including France) should be subject
to an increase in moderate drought as a result of a doubling in CO, concentrations.
Regional climate projections performed over Europe confirmed this future drying
trend over France. Based on results from the PRUDENCE project (Christensen et al.,
2007a), Beniston et al. (2007) found an increase in the the annual maximum length
of dry spell for the French Mediterranean area for the 2080s under the A2 emissions
scenario, and Blenkinsop and Fowler (2007) found an increase in the frequency of long
droughts (defined as negative 6-month cumulative precipitation anomalies) over most
of Western Europe. Using multi-model regional projections under the A1B scenario
from the more recent ENSEMBLES project (van der Linden and Mitchell, 2009), Heinrich
and Gobiet (2011) found a significant decrease, between 1961-1990 and 2021-2050,
in the 3-month Standardized Precipitation Index (SPI3, McKee et al., 1993) in summer
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over a box covering most of France. They also found a similarly significant decrease for
both self-calibrated versions of the Palmer Z-Index and Palmer Drought Severity Index
(Palmer, 1965; Wells and Goddard, 2004) for all seasons except winter. The length,
magnitude and area of drought events identified with Palmer indices are all projected
to increase, together with the frequency of SPI3 and SPI12 events, still according to
Heinrich and Gobiet (2011).

At the scale of France, results from the IMFREX project (IMFREX, 2005; Planton
et al., 2008) showed a 50 % increase in the maximum number of consecutive dry days
in summer between the end of the 20th century and the end of the 21st century and
for the most part of the country, as simulated by two regional climate models under the
A2 emissions scenario. All the above mentioned studies strongly suggest a decrease
in water resource availability over France, but they lack some detailed information that
would help define adaptation strategies for France, in terms of spatial and temporal
resolution.

The CLIMSEC' project (Soubeyroux et al., 2011) looked at the evolution of spatio-
temporal characteristics of drought events in France by (1) forcing a high-resolution
land-surface scheme and a hydrogeological model with various downscaled climate
projections over France and (2) computing standardized drought indices based on pre-
cipitation, soil moisture and river flows (see Vidal et al., 2010b). Indeed, joint spatio-
temporal characteristics are particularly useful when trying to understand the develop-
ment of drought events and such analyses are being more and more performed, mainly
for the assessment of past events (Andreadis et al., 2005; Sheffield et al., 2009; Vidal
et al., 2010b; van Huijgevoort et al., 2011; Corzo Perez et al., 2011). Moreover, stan-
dardized drought indices like the SPI proved particularly adapted to joint spatial and
temporal analyses (Lloyd-Hughes, 2011).

This paper presents some results from the CLIMSEC project and addresses three
research questions:

Thttp://www.cnrm-game.fr/projet/climsec
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1. Are downscaled climate projections able to reproduce spatio-temporal character-
istics of meteorological and agricultural droughts in France over a present-day
period?

2. How such characteristics will evolve over the 21st century?

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

The first question is addressed by considering the spatio-temporal characteristics of
drought events from a previously performed reanalysis over a 50-yr period as a refer-
ence for past droughts in France (Vidal et al., 2010b). This drought reanalysis has been
performed at different levels of the hydrological cycle (precipitation and soil moisture,
considered here, but also river flows) and at different time scales (3 and 12 months
only are considered here) with standardized indices similar to the SPI. It has been built
thanks to the Safran high-resolution atmospheric reanalysis (Vidal et al., 2010a) which
was used to force the Isba Land Surface Model (LSM) (Noilhan and Mahfouf, 1996).
The drought reanalysis is compared here to a corresponding drought analysis derived
from a present-day control run of the ARPEGE GCM (Gibelin and Déqué, 2003), down-
scaled with a weather-type method (Boé et al., 2006), and used to force the Isba LSM.

The second question about the evolution of spatio-temporal drought characteristics
is studied through downscaled 21st century transient runs of the same ARPEGE GCM
under 3 different emissions scenarios which were also used to force the Isba land
surface scheme. The evolution of standardized indices allowed us to derive spatio-
temporal characteristics of drought events during the whole 21st century.

In order to address the third question, theoretical adaptation scenarios were con-
structed by taking advantage of properties of GCM-derived time series of standardized
indices. The effect of these adaptation scenarios on spatio-temporal drought charac-
teristics can thus be assessed and compared to the choice of the emissions scenarios.

Section 2 presents the Safran atmospheric reanalysis over France, the downscaled
climate projections and the Isba LSM. Section 3 describes the methods used for
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identifying and characterizing spatio-temporal drought events, and introduces the the-
oretical adaptation scenarios developed for this study. GCM-based drought character-
istics are validated against characteristics from the reanalysis over the present-day pe-
riod in Sect. 4, and their evolution throughout the 21st century is described in Sect. 5, as
conditioned by both emissions scenarios and theoretical adaptation scenarios. Results
are finally discussed in Sect. 6.

2 Data
2.1 The Safran atmospheric reanalysis

Safran is an atmospheric analysis system that computes vertical profiles of the at-
mosphere for climatically homogeneous zones, by combining large-scale fields and
ground observations through Optimal Interpolation. The algorithm, its validation and
its application over France are detailed by Quintana-Segui et al. (2008). Safran hourly
outputs of liquid and solid precipitation, air temperature, specific humidity, wind speed,
visible and infrared radiations are interpolated over France onto a 8-km regular grid
to provide atmospheric forcings for land surface schemes. Vidal et al. (2010a) have
applied and thoroughly validated Safran over the period 1958-2008. In particular, re-
analysed precipitation has been found of high quality over the whole period compared
to both dependent and independent observations. This 50-yr high-resolution atmo-
spheric reanalysis over France is thus used in the present study as a reference for
present-day precipitation data.

2.2 Downscaled climate projections

21st century simulations from the Météo-France ARPEGE GCM are used in the present
study. This variable resolution atmospheric model, fully described by Gibelin and
Déqué (2003), has a a stretched grid with a pole over the Western Mediterranean. This
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particular version (V4.6) has been recently used in the ENSEMBLES project (van der
Linden and Mitchell, 2009). Four simulations are considered in this study: (1) a control
run over the 1958—-2000 period, and (2) three 21st-century simulations starting on the
first of January 2000 and forced by three different greenhouse gas emissions scenar-
ios. Sea surface temperature forcings are taken from the CNRM-CM3 coupled model
(Salas-Mélia et al., 2005) used in the Coupled Model Intercomparison Project phase
3 (CMIP3, Meehl et al., 2007a). Radiative forcings (greenhouse gases and sulfate
aerosol concentrations) are based on observations till 2000, then on one of the three
emissions scenarios (B1, A1B and A2) taken from the Special Report on Emissions
Scenarios (SRES, Nakic¢enovic et al., 2000).

The ARPEGE simulations have been further statistically downscaled with a weather
type method initially developed by Boé et al. (2006) for the Seine basin and later ex-
tended to the whole of France (Boé, 2007; Boé et al., 2009). This downscaling method
has been compared to other statistical and dynamical methods in terms of hydrological
impacts over the Seine basin (Boé et al., 2007) as well as over French Mediterranean
basins (Quintana-Segui et al., 2010, 2011). Outputs from the statistical downscaling
method are gridded data with the same spatial and temporal resolution as the Safran
reanalysis, and for the same variables.

Pagé et al. (2008) give an overall assessment of climate changes derived from the
statistically downscaled projections used here, and France-averaged annual changes
in temperature and precipitation for the middle and end of the 21st century are re-
called, respectively in Tables 1 and 2. Table 1 shows a growing increase in temperature
throughout the 21st century, more pronounced for higher-range emissions scenarios.
Seasonal variations also indicate a larger warming in summer for the more distant time
slice (see Pagé et al., 2008). Similarly, Table 2 shows a drying trend over the 21st
century, once again more pronounced for higher-range emissions scenarios. These
statistically downscaled climate projections from ARPEGE V4.6 are currently being
disseminated to the French impact community through the DRIAS project (Lémond
et al., 2011).
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Outputs considered here for drought assessment are monthly gridded total precipi-
tation for the control run and each of the 3 climate projections.

2.3 The Isba land-surface model

The land surface scheme Isba computes water and energy budgets at the soil-
vegetation-atmosphere interface (Noilhan and Mahfouf, 1996). This scheme is used
in Météo-France numerical weather prediction and climate models. The configuration
of this highly modular scheme is the same as the one used by Habets et al. (2008) and
Vidal et al. (2010b) for long-term simulations over France. Isba is based on a three-
layer force-restore model and explicit multilayer snow model and it includes subgrid
runoff and drainage schemes. Soil and vegetation parameters are derived from the
Ecoclimap database (Masson et al., 2003). Safran, Isba and the Modcou hydrogeolog-
ical model constitute a hydrometeorological suite that is used for drought and low-flow
analysis, in reanalysis context or medium-range and seasonal forecasting (Soubeyroux
et al., 2010). The Isba output relevant for the present study is the Soil Wetness Index
(SWI) defined as:

Wiot — Wailt

SWI = (1)

Wic — Wit
where w,; is the volumetric water content of the simulated soil column, w;; the water
content at field capacity and w,,;; the water content at wilting point. Soil moisture prod-
ucts from Isba have been extensively validated against in situ measurements (Habets
et al., 1999; Paris Anguela et al., 2008; Albergel et al., 2008) as well as various satellite
products (Baghdadi et al., 2007; Ridiger et al., 2009).

Isba had been previously run with forcings from the 1958-2008 Safran reanalysis
in order to derive a 50-yr SWI reference dataset over the Safran 8-km grid (see Vidal
et al., 2010b). In this study, Isba has also been run over France with forcings from each
downscaled climate projection. Snowpack, soil temperature and soil moisture values
have been initialized using a 2-yr spin-up (first year repeated three times).
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Outputs used here are monthly gridded SWI values for the control run and each of
the 3 climate projections.

3 Methods
3.1 Drought characterization
3.1.1 Drought indices

A large number of drought indices have been developed over the last decades (see
Mishra and Singh, 2010, for a recent review) in order to characterize one of the three
main drought types (meteorological, agricultural and hydrological) as defined by Wil-
hite and Glantz (1985). The main meteorological drought index used in climate change
impact studies is the Standardized Precipitation Index (SPI, McKee et al., 1993), which
transforms distributions of cumulative precipitation over n months to a standard normal
distribution. It has been applied to various parts of the world, like India (Mishra and
Singh, 2009), Greece (Loukas et al., 2008), Korea (Kwak et al., 2011), USA (Wang
et al., 2011) or the UK (Vidal and Wade, 2009). For assessing impacts on agricul-
tural droughts, the most commonly used index is based on modelled soil moisture
percentiles, either directly from GCM runs at the global scale (Sheffield and Wood,
2008) or from off-line runs of land surface schemes at smaller scales (Wang et al.,
2009, 2011; Mishra et al., 2010).

As shown by Vidal et al. (2010b), characterizing drought events can lead to quite
different results depending on both the variable and the time scale considered for build-
ing standardized indices. The time scale corresponds to the duration over which the
total precipitation (in the case of SPI) is standardized. More and more studies take
advantage of the potential of SPI to work at different time scales (see for example
Dubrovsky et al., 2008; Vidal and Wade, 2009; Vasiliades et al., 2009; Mishra and
Singh, 2009; Heinrich and Gobiet, 2011), and we chose here to look at time scales of 3
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and 12 months for characterizing short and long droughts, respectively. We moreover
considered not only meteorological droughts through total precipitation and the SPI,
but also agricultural droughts through soil moisture and the Standardized Soil Wet-
ness Index (SSWI). This index is built through a standardisation method similar to the
one used for SPI, simply replacing total precipitation over n months by SWI values —
computed by the Isba land-surface model — averaged over n months.

For each climate projection, the standardization is performed with reference to the
control run climate in order to remove biases in GCM-derived control climate. The
reference period for standardisation is 1961-1990 (actually 1 August 1961 to 31 July
1991) in line with WMO (2007) recommandations. For reanalysis data, the standardis-
ation is performed with reference to the same period, which is different from Vidal et al.
(2010b) who used the whole 1958—-2008 reanalysis period. For both the SPI and the
SSWI, the standardisation procedure makes use of kernel density estimates, notably
in order to overcome issues of bimodal and bounded distributions of SWI (see Vidal
et al., 2010b, for computation details). Standardized indices are computed locally for
all 8462 grid cells over continental France.

To summarize, all 4 combinations of index and time scale (SPI3, SPI12, SSWIS,
SSWI12) have been computed for (1) the 1958—-2008 Safran-Isba reanalysis fields and
(2) each of the 3 climate projections, taken each as the combination of the common
control run and a future run in order to preserve the temporal continuity of events over
the year 2000.

3.1.2 Spatio-temporal drought identification and description

Many studies focused on changes in the probability of drought indices to be under
a given threshold at the local scale (Ghosh and Mujumdar, 2007; Dubrovsky et al.,
2008; Strzepek et al., 2010; Jung and Chang, 2012). Others attempted to assess
changes in statistics of local-scale drought event characteristics, like the number of
events (Hayhoe et al., 2007) or its combined effect with the average total magnitude of
these events (Vidal and Wade, 2009). In parallel, some studies looked at the the areal
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extent of drought as a spatial characteristics, but did not identify independent drought
events (Sheffield and Wood, 2008; Mishra et al., 2010).

Some recent works however attempted to examine the evolution of spatio-temporal
characteristics of drought events. Burke and Brown (2010) for example made use
of predefined UK regions over which spatio-temporal characteristics of events (area
in drought, duration and total magnitude) are computed from 12-month precipitation
deficits. Mishra and Singh (2009) built severity-area-frequency curves based on SPI
over a river basin in India. Still, in spite of existing spatio-temporal clustering algorithms
applied to historical droughts (Andreadis et al., 2005; Lloyd-Hughes, 2011; Corzo Perez
et al., 2011), no study looked at the evolution of such joint characteristics of individual
drought events derived from hydroclimate projections.

We here apply the clustering algorithm described by Vidal et al. (2010b) and previ-
ously applied over France for characterizing historical spatio-temporal meteorological
and agricultural drought events from SPI and SSWI fields. A drought event is consid-
ered as a sequence of spatially contiguous and temporally continuous areas where
the index is under a given threshold value. A threshold corresponding to a local 20 %
probability (~—0.84) has been chosen for identifying spatio-temporal drought events
following Andreadis et al. (2005), Sheffield et al. (2009) and Vidal et al. (2010b). Two
algorithm parameters for removing small clusters (less than 10 contiguous cells) and for
merging consecutive clusters (overlapping area larger than 100 cells) have been fixed
to values adopted by Vidal et al. (2010b). This algorithm has been applied to spatio-
temporal fields of SPI3, SPI112, SSWI3 and SSWI12 derived from (1) the 1958-2008
Safran-Isba reanalysis and (2) each of the 3 climate projections described above.

Following Vidal et al. (2010b), summary statistics for a drought event include its
mean duration, its mean area and its total magnitude. The mean duration of a spatio-
temporal event is defined as the mean duration of all cells across the country affected
by the drought at some time(s) during the event. The duration for each cell is taken
here as the number of months when the index is lower than the threshold (in possi-
bly separate periods). The mean area is defined as the mean drought-affected area
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during the event, and expressed as a percentage of the total area of France. The total
magnitude is computed here as the sum over space and time of the index values in
cells affected by the event, expressed in month by percent of France area. In addi-
tion to these summary statistics, the centroid of each spatio-temporal event has been
computed as the average centroid of clusters at each time step, weighted by the total
magnitude of each cluster.

All algorithms have been implemented in the R software environment (R Develop-
ment Core Team, 2011) and figures for this paper have been produced thanks to the
ggplot2 package developed by Wickham (2009).

3.2 Theoretical adaptation scenarios and perceived characteristics

The marked projected changes in climate summarized in Tables 1 and 2 will hopefully
lead to apply strategies for adapting the structure and the management of the vari-
ous existing anthropogenic hydrosystems. Examples of such systems are headwater
catchments with reservoirs for producing hydropower and/or sustaining low flows, or
lowland catchments with irrigated crops. Without adaptation, such hydrosystems might
not be able to fulfill their purposes, in terms of crop or hydropower production (see
Vidal and Hendrickx, 2010, for an example of changes in hydropower production).
Three theoretical adaptation scenarios have been derived here based on the projec-
tions of drought indices. These scenarios are local-scale scenarios, and their conse-
quences will here be studied at the national scale. The adaptation of an anthropogenic
hydrosystem may be performed in many different ways and affects different aspects of
the perception of a drought. The theoretical scenarios built here focus on the adap-
tation to the evolution of the median value of the variable of interest at the local scale
(precipitation or soil moisture), thus to the evolution of the median value of the corre-
sponding standardized drought index. In other words, according to these scenarios,
the hydrosystem will be able to adapt to changes in the “normal” conditions, but not
necessarily to changes in variability, seasonality or temporal patterns. Such theoretical
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scenarios thus stay in line with the definition of standardized indices which are based
on a departure from normals, but allow potential changes in such normals.

3.2.1 Adaptation scenarios

The first scenario, called no adaptation assumes that our perception of drought will not
change in the future, i.e. that a given departure from the present-day normals will be
perceived in the same way in the late 21st century than in the 1980s for example. The
drought index baseline, i.e. zero by construction over the reference period, is therefore
supposed to remain valid during the whole 21st century.

The two other scenarios assume that the anthropogenic hydrosystem under study
will be able to adapt to new conditions. This assumption will be discussed in detalil
in Sect. 6. If it holds, it should provide us with a perception of a given departure
from normals that will be lowered in the future thanks to the adaptation performed. In
terms of drought indices described in Sect. 3.1.1, it comes down to an evolution of
the drought index baseline. The two scenarios implemented here exemplify two differ-
ent strategies: adapt either (1) to past conditions, a strategy called here retrospective
adaptation or (2) to future conditions, called here prospective adaptation.

The retrospective adaptation scenario supposes that the hydrosystem is able to con-
stantly adapt to antecedent climatic normals. These normals are thus reconsidered at
each time step and the hydrosystem is adapted accordingly. In terms of drought in-
dices, it is implemented as follows: the drought index baseline is taken as the mean of
the preceding 30yr of the index, starting right after the reference period. For a given
date of the 21st century, this scenario is therefore theoretically independent from pro-
jections for the future (and associated uncertainties) as it relies only on antecedent and
thus experienced conditions. In the applications considered here, this scenario how-
ever relies on the assumption that the hydroclimate projections will be valid and then
considered as “experienced” until any date considered in the 21st century.

The prospective adaptation scenario supposes first that the future evolution of the
normals are perfectly known and perfectly represented by the hydroclimate projection
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considered. In terms of drought indices, the evolution of the drought index baseline is
represented by a smooth transient median value of the index time series. An approach
with smooth splines was chosen here in order to get the intended smoothness. The
theoretical constraint of a zero value over the whole 1961-1990 reference period was
approached by optimizing the degree of freedom of the spline to get a minimum devia-
tion from zero of the resulting spline curve over this period. This theoretical adaptation
scenario supposes a quickest reaction to climate changes, which could be advanta-
geous in the case of rapid changes.

3.2.2 Implementation

In both adaptation scenarios, the drought index baseline is simply added to the refer-
ence value of the drought threshold, (~-0.84, see Sect. 3.1.2), in order to generate
a time-varying drought threshold. This way, the adaptation scenarios only take account
changes in average conditions and not in potential evolutions in variability. Table 3
summarizes the different drought index baseline computations adopted for the different
theoretical adaptation scenarios. Figure 1 shows an example application of the three
scenarios for estimating short agricultural droughts over a given grid cell.

3.2.3 Implications for the evolution of drought characteristics

Figure 2 shows the temporal evolution of the drought index baseline averaged over
France according to each emission and adaptation scenarios and for all 4 combina-
tions of index and time scale. It shows a dramatic decrease of baseline values over
the 21st century, more pronounced for more “pessimistic” emission scenarios, and
more pronounced for the prospective adaptation scenario. This decrease is stronger
for SSWI than for SPI, and also stronger for longer time scales. This is simply the re-
sult of a relatively small decrease in precipitation mentioned in Table 2 and a marked
decrease in soil moisture resulting from an overall warming (see Table 1) and thus an
increase in evaporation demand. The extremely low values reached of the end of 21st
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century correspond to a large drop of median cumulative precipitation or averaged soil
moisture. These values correspond to probabilities as low as 15 % (for SSWI12 under
the retrospective adaptation scenario and A2 emissions scenario) in the distribution of
these variables over the 1961-1990 reference period. This suggests that the theoret-
ical scenarios built here may be very hardly accessible in practice and thus represent
an upper limit of adaptation efforts. This is further discussed in Sect. 6. It can also be
seen in Fig. 2 that, by construction of the prospective scenario, the optimisation of the
spline degree of freedom could not perfectly match the zero value over the reference
period.

The spatio-temporal clustering algorithm has been also run on all 3 climate pro-
jections with the retrospective and prospective adaptation scenarios in order to derive
spatio-temporal characteristics of drought events. Such characteristics cannot be inter-
preted as actual drought event characteristics as they are conditional on the adaptation
scenario considered and they do not imply modifications in physical natural processes
with respect to the no adaptation scenario. Therefore, in the remaining of the paper,
they are described as “perceived” characteristics: the drought event characteristics
would indeed be perceived as such by users of the anthropogenic hydrosystem if this
system could have been modified according to the adaptation scenario considered.

4 Validation on present-day climate

This section aims at validating simulations against reanalysis over the 1958—-2008 pe-
riod in terms of spatio-temporal drought characteristics. Section 4.1 first examines
the number of drought events identified in the reanalysis and in the simulations, and
Sect. 4.2 focuses on drought characteristics defined in Sect. 3.1.2. The whole period
covered by the reanalysis data has been chosen in order to have the longest possible
common period with simulations. This is particularly important as relatively few major
spatio-temporal events occurred in a 50-yr period. Consequently, in this section, sim-
ulation B1 (resp. A1B and A2) will refer to outputs derived from the ARPEGE control
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run for the 1958-2000 period together with outputs from the B1 (resp. A1B and A2)
ARPEGE run for the 2001-2008 period. The 3 simulations are considered this way
in order to have the longest possible common period with reanalysis data. The three
simulations will therefore present limited differences over this present-day period, and
these differences could only be interpreted as the consequences of internal variability,
as very little impact of the choice of the emissions scenario could be possibly found
during this short 8-yr period (see Hawkins and Sutton, 2011, for a larger-scale analysis
of the different sources of uncertainty).

4.1 Number of drought events

Figure 3 plots the number of drought events identified in the reanalysis and in all 3
simulations over the 1958—2008 period. Together with the total number of events (top)
is plotted the number of major events (bottom), defined as events with a mean duration
strictly higher than 1 month. Events during exactly 1 month — i.e., the time step of the
analysis — are indeed not developing in time and have to be considered separately.
Figure 3 shows that the total number of short (resp. long) meteorological droughts are
slightly overestimated (resp. slightly underestimated) in the modelled climate. Such
discrepancies may originate from spatial and/or temporal biases in either ARPEGE
large-scale simulations or the downscaling method used here (see Sect. 2.2). A good
agreement is reached for the number of both short and long agricultural droughts.
When looking at the number of major events, the overestimation of short meteorological
events is confirmed and this time it is accompanied with a similar overestimation of
short agricultural events. Some explanations to such features will be proposed below
when looking at drought event centroids. No bias can be found for long meteorological
and agricultural droughts.
In the remaining of the paper, only major drought events will be considered.
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4.2 Drought characteristics

This section aims at assessing how well the diversity of spatio-temporal droughts iden-
tified in the reanalysis are simulated over the present-day period. Figure 4 identifies
each observed or simulated drought event jointly through its duration, mean area and
total magnitude. It first reproduces features of observed events presented by Vidal et al.
(2010b) as white and colored full circles. When compared to the original figure (Vidal
et al., 2010b, Fig. 10, p. 472) where colors identify specific major events in a consistent
way with Fig. 4, some differences can be spotted. For example, the 1976 drought (in
red) appear here to affect a larger part of France for both indices and both time scales.
The 2003 drought (in orange) also appear here to last longer, at least when soil mois-
ture deficits are concerned. These differences exemplify the impact of the selected
reference period on spatio-temporal drought characteristics: 1961-1990 here, and the
whole period covered by the reanalysis (1958—2008) in Vidal et al. (2010b). Figure 4
also plots as grey shapes the events identified in present-day simulations. Squares are
saved for events with a maximum magnitude during the control run, i.e. before 2000.
Triangles and diamonds denote events occurring between 2000 and 2008, depending
on the choice of emission scenario. The scatter plot of observed events is generally
well replicated in simulations, with appropriate combinations of small and large events.
In particular, events similar to major observed ones like the 1976 SPI3 drought or the
2003 SSWI12 drought can be found in simulated climate. One interesting feature is that
the 3 longest (and with highest magnitude) simulated events for SSWI3 are found to
occur in the last years of the simulation, suggesting a downward trend in simulated soil
moisture, possibly driven by an underlying upward trend in temperature. This is con-
sistent with results from recent trend analyses in different versions of the PDSI (Dai,
2011a,b).

Figure 5 shows the centroid of observed (reanalysis) and simulated (control run + A2
emissions scenario) drought events over the 1958-2008 period. Results are very sim-
ilar for the two other emissions scenarios (not shown). Centroids of events with high
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total magnitude are by construction found close to the geometrical centre of France, but
many small events can be found in all different parts of the country, with for example
relatively large meteorological droughts restrained to the Mediterranean area or long
agricultural droughts around Brittany. The overall distribution of locations is generally
well replicated in the simulated sample of drought events, but specific differences can
be spotted. First the overestimation of SPI3 events noted in Fig. 3 can be attributed to
a higher number of events located preferentially in the northern half of France, where
much fewer events have been actually identified in the reanalysis. As expected, a simi-
lar feature is found for SSWI3 events. This could be linked to a bias in the latitude of the
simulated storm tracks in the ARPEGE runs used here. Moreover, such a bias should
be confined to a specific season as no bias appears for 12-month drought events. This
hypothesis has however still to be confirmed.

4.3 Comparison of present-day distributions

The 2-sample Kolmogorov-Smirnov test (Massey, 1951) is here used to check the
agreement between the observed (from the reanalysis) and simulated empirical dis-
tributions of each drought characteristics (duration, mean area, total magnitude x- and
y-location of the centroid) over the 1958-2008 period. Results show that the H, hypoth-
esis (the two samples come from the same distribution) cannot be rejected in any case,
i.e., for each drought type and for each drought characteristic. Figure 6 shows the p-
values for each test performed. It demonstrates that simulations are able to reproduce
statistics of spatio-temporal drought characteristics over the present-day period, with
significance levels on differences in distributions higher than 10 % for nearly all com-
binations. The only dubious case with small p-values concerns the centroid latitude
already discussed above, mainly for SPI3.

All above comments therefore give a relatively high confidence in the ability of
downscaled climate projections to simulate spatio-temporal characteristics of drought
events.
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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 century and the 21st century, conditional to the emissions
scenario and the adaptation scenario selected.

5.1 Evolution of drought characteristics

Figure 7 plots jointly the mean area, mean duration and total magnitude of simulated
short meteorological droughts over the 1958-2100 period, for all combination of emis-
sions and adaptation scenarios, following the approach used in Fig. 4. Note however
that the y-scale is here logarithmic to represent a larger range of durations. The whole
simulation period has been cut into 20-yr time slices in order to get an idea of the long-
term evolution of spatio-temporal characteristics. Colors in Fig. 7 identify the time slice
when each event reach its maximum magnitude. The first row corresponds to the no
adaptation scenario and thus represent events as they are projected to happen with
reference with present-day climate. The middle and bottom lines show the perceived
characteristics of drought events conditional to the retrospective and prospective adap-
tation scenario, respectively. The three columns show the influence of the emissions
scenario on drought characteristics. Figures 8—10 plot similar features for long meteo-
rological droughts, short and long agricultural droughts, respectively.

When looking at the first row in Fig. 7, it appears that drought characteristics under
the no adaptation assumption are projected to increase during the 21st century, with
duration and magnitude values not encountered before 2000. The most intense events
tend to appear in the last part of the 21st century, with events 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 the two adaptation scenarios lead to reduce
the perceived characteristics of the largest events. Only few events are for example
found to have a duration higher than 7 months, i.e. the duration of the longest event in
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the reanalysis (1976, see Fig. 4). The prospective adaptation scenario tends to give
events with a reduced magnitude compared to the retrospective adaptation scenario,
with small similar influences on duration and area.

Figure 8 shows a quite different picture for long meteorological 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 no adaptation scenario,
in particular under the A2 and A1B emissions scenarios. The order of magnitude en-
countered here (12-yr event affecting nearly 70 % of France) is far higher than in the
panel of events from the reanalysis, where the worst event (1989, see Fig. 4) lasted for
20 months and concerned less than 45 % of the country. When considering adaptation
scenarios, perceived drought characteristics are significantly lowered, even if some
events still show areas larger than 50 % and/or durations longer than 20 months. The
prospective adaptation scenario leads to somewhat more limited changes in all drought
characteristics.

Figure 9 plots the evolution of short agricultural drought characteristics. The overall
picture is very similar to long meteorological droughts, with events of even larger total
magnitude. It can also be noted that these scatter plots show a higher dispersion for
medium events compared to Fig. 8. Under the no adaptation scenario, only one event is
found during the last 2 decades of the 21st century in both the A2 and A1B scenarios.
This event covers the entire 20-yr period and concerns nearly 80 % of the country,
which means that agricultural drought is projected to become the norm in France at the
end of the 21st century. Under adaptation scenarios, the perceived mean duration of
events is generally contained below 24 months and their perceived mean area under
60 %, when the worst event from the reanalysis (1989, see Fig. 4) reached 16 months
and 62 %. However, one cannot exclude short events affecting more than 75 % of the
country, as the one identified under the B1 emissions scenario in the mid-century.

Figure 10 plots the evolution of long agricultural drought characteristics. The picture
depicted here under the no adaptation scenario is even more dramatic: the single
events culminating in the two last decades of the century actually start much earlier,
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before the 2050s under the A2 and A1B scenarios, and before the 2070s under the
B1 “optimistic” scenario. Other events larger than the two major ones identified in the
reanalysis (1989 and 2003, see Fig. 4) can also be spotted earlier under the A2 and
B1 emissions scenarios. Choosing the retrospective adaptation scenario enables to
keep the perceived mean duration of events under 4yr — which is already 1.5 times
longer than the 2003 drought — and the perceived mean area under 60 %, where the
1989 drought affected “only” half of the country. Under the prospective adaptation,
perceived drought characteristics are generally found to be within the range of events
identified in the reanalysis.

5.2 Statistical assessment of the effect of adaptation scenarios

The non-parametric Mann-Kendall test for trend (Mann, 1945) is applied here in order to
statistically assess the effect of adaptation scenarios on perceived drought character-
istics. This widely used test in historical trend assessments (see for example Renard
et al., 2008) is applied in this study to quantify the significativity of trends in spatio-
temporal drought characteristics (mean duration, mean area, total magnitude, centroid
x- and y-location) for each combination of emissions scenarios and adaptation scenar-
ios, over the whole simulation period (1958-2100). Figure 11 shows the significativity
level of the test through its p-value for all variables and scenarios considered.

First, no trend can be found for the centroid location of drought events. The ex-
ception is a trend significant only at the 10 % level for the latitude in short agricultural
droughts under the A2 emissions scenario and prospective adaptation scenario. This
trend is a southward trend (not shown), and as no corresponding trend appear in the
no adaptation scenario, it is hard to conclude on its origin.

Under the no adaptation scenario, significant (upward, as shown in Figs. 7—10)
trends can be found for all other characteristics of short drought events (both mete-
orological and agricultural). This is verified for all emissions scenarios, but with much
lower significance level for the A2 scenario. Some significant trends are additionally
found for long meteorological droughts (mean duration and mean magnitude under the
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A2 scenario) and for long agricultural droughts (mean duration under the B1 scenario).
The fact that fewer cases where significant trends are found for long droughts comes
from the reduced number of spatio-temporal events for standardized indices with higher
time scales.

When looking at adaptation scenarios, all these trends either disappear statistically
or have their significance level increased. One exception is a 10 % significance level
increase in the magnitude of long agricultural droughts under the B1 emissions sce-
nario and the prospective adaptation scenario. Advantages of choosing the prospective
adaptation scenario appear clearly only for the A2 emissions scenario, which leads to
the most rapid evolution over the 21st century.

6 Discussions
6.1 Uncertainties

This section aims at assessing the different sources of uncertainties in the modelling
suite that may impact the results summarized above, for the no adaptation scenario.

6.1.1 GCM and downscaling method

First, this particular paper did not consider neither a multi-GCMs nor a multi-
downscaling method approach, as recommended for providing some information about
the uncertainty in future climate projections (see, e.g., Vidal and Wade, 2009, for
a multi-GCMs approach). Indeed, this study focused on the mitigation and adaptation
effects on spatio-temporal characteristics of drought events, and results should obvi-
ously been taken as conditional on the choice of the GCM and downscaling method
made here. Such multi-model approaches have however been used elsewhere in the
CLIMSEC project and the impact of corresponding uncertainties on local-scale droughts
have been quantified (Kitova et al., 2011). On top of the transient multi-SRES experi-
ment used in the present study, two other experiments have been considered: (1) a time
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slice experiment (1961-2000 and 2046—2065) with 6 different GCMs under the A1B
scenario and downscaled with the weather types downscaling method used here, and
(2) a transient experiment with the ARPEGE GCM coupled with a model of the Mediter-
ranean Sea (Somot et al., 2008) under the A2 emissions scenario, downscaled again
with the same weather type method but also with a quantile-quantile approach (Déqué,
2007). Analysing the respective spread from all 3 experiments in the 2050s led to
rank first the uncertainty in GCMs, and outputs derived from the ARPEGE GCM under
the A1B scenario were found to be close to the multi-GCM average under the same
emissions scenario.

6.1.2 Land surface model configuration, vegetation and land use

If the uncertainties discussed above are equally valid for meteorological and agricul-
tural droughts, additional uncertainties can be mentioned for results associated with
soil moisture simulations.

A potentially significant source of uncertainty may be found in the configuration of
the land surface model. Indeed, simulated soil moisture has been shown to be highly
model-dependent (Koster et al., 2009). However, in reconstructing historical droughts
over the United States with 6 different LSMs, Wang et al. (2009) found that standard-
izing results leads to similar spatio-temporal patterns of soil moisture droughts. This
founding has been since confirmed by Fan et al. (2011) with LSMs at different reso-
lutions and run in different conditions (interactively or offline), even if differences can
be spotted in local intensities. Results obtained here should therefore not be highly
sensitive to the choice of a specific LSM for the present-day period. However, the situ-
ation may be quite different in the 21st century climate, as the LSM sensitivity to an in-
crease in temperature could encompass a large range. This has been clearly shown on
streamflow droughts by Williamson et al. (2011) with outputs from the WATCH project
(Harding et al., 2012). They used runs of 3 GCMs under A2 emissions scenario to
force 7 LSMs or Global Hydrological Models (GHMs), and then compute time series
of Regional Deficiency Index (RDI, see Hannaford et al., 2011) for different European
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regions. The RDI represents a proportion of a region in a drought condition, defined
here as runoff simulated values under the 10th percentile in the reference period. 21st
century trends for the “Western and Central France” region are found to be quite differ-
ent when driven by different GCMs, but also when considering different LSMs/GHMs,
which strongly suggest a potentially large uncertainty in LSM/GHM configuration. All
combinations nevertheless show a massive drying trend similar to the one commented
in the present paper, with a pronounced evolution in the second part of the 21st century.

The land surface simulations were performed here with static vegetation and land
use parameters, as in most of current off-line studies, with the notable exception of
some other innovative work done within the WATCH project (Harding et al., 2012).
Initiative are underway in France (1) to account for spontaneous response of vegetation
to climate variability (Lafont et al., 2010) and CO, changes (Queguiner et al., 2011)
using ISBA-A-gs, showing impact on soil moisture dynamics and (2) to model both
historical and future water demand and water management at the catchment scale,
through the recently completed IMAGINE2030 project” in the Garonne basin (Sauquet
et al., 2009, 2010; Vidal and Hendrickx, 2010) and the R2D2-2050 project3 in progress
in the Durance basin (Southern Alps) (Sauquet, 2011).

6.2 Adaptation and mitigation scenarios

Results presented in Sect. 5 are conditional on both the SRES emissions scenario and
the adaptation scenario, and this section discusses the implications of such a condi-
tioning as well as the possible interpretations of results.

2http://www.irstea.fr/Ia-recherche/unites-de-recherche/hhIy/hydrologie-des-bassins-
versants/projet-imagine2030

3https://r2d2-2050.cemagref.fr/
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6.2.1 Adaptation scenarios

The theoretical adaptation scenarios described in Sect. 3.2 have been constructed by
using properties of the standardized drought indices. Consequently, they do not reflect
in any case the actual capacity of anthropogenic hydrosystems at the scale of France to
actually follow these scenarios. The two adaptation scenarios are indeed “perfect”, in
different ways: the retrospective adaptation scenario suggests that one can adapt con-
tinuously over the 21st century. Indeed, the drought index baseline is updated each
month, which is far from being feasible for example for irrigated crops (annual or sea-
sonal time step) or forestry (decadal time step). Regarding the prospective adaptation
scenario, it assumes that the transient projection of the drought index mean value cor-
responds exactly to how the median water availability will evolve, which is a very strong
hypothesis. It has also to be noted that no seasonality of changes are taken into ac-
count into the theoretical adaptation scenarios, in spite of these specific changes being
a key driver for managing anthropogenic hydrosystems, from hydropower production
system to crop production. As mentioned above (see Sect. 3.2.3), they nevertheless
provide an information about the upper limit of adaptation efforts relative to present-day
median values of water availability. Additionally, both theoretical scenarios fail to pro-
vide a satisfying adaptation to changes in interannual variability, as shown in Figs. 7-10
through the occurrence of several events far longer than the longest observed ones. It
strongly suggests that adaptation efforts should not only concentrate on the evolution
of median values of water availability, but also on potential changes in its interannual
variability.

Different ways forward exist to derive realistic adaptation scenarios and many works
have been dedicated to this task, for example in the case of crop production systems
(see Olesen et al., 2011, for a recent review). Such adaptation efforts would require an
integrated approach (Falloon and Betts, 2010), which would follow harmonized policies
at the European level (Kampragou et al., 2011). Additionally, the regional to catchment-
scale specificities have to be taken into account, with different priorities emerging from
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the local existing or projected resources, for example in the Alps (Beniston et al., 2011)
or in the Mediterranean area (lglesias et al., 2011). Different initiatives are underway in
France to provide relevant adaptation strategies and assess the future balance of water
demand and water availability: the R2D2-2050 project applies an integrated multidisci-
plinary approach to accurately represent the Durance anthropogenic hydrosystem, tak-
ing into account main biophysical processes, water management policy and decision-
making aspects, and their interactions in time and space (Sauquet, 2011). Scenarios
for future water demand and water management will be developed in close collabo-
ration with local stakeholders (water agency, hydropower companies, water industry
companies, etc.). In parallel, the Explore2070 study is currently underway to provide
consistent and systematic national-scale adaptation strategies (de Lacaze, 2011).

6.2.2 Mitigation scenarios

First, the 3 SRES emissions scenarios may be seen as proxys for actual mitigation
scenarios. Even if no real mitigation scenario like the E1 scenario (Johns et al., 2011)
developed in the ENSEMBLES project (van der Linden and Mitchell, 2009) was consid-
ered here, the 3 SRES scenarios represent different storylines regarding future global
population growth, technological development, globalization, and societal values. The
B1 scenario describes a world steered towards globalized environmental stainability,
leading to a stabilisation of CO, concentration of 550 ppm at the end of the century (see
Meehl et al., 2007b, Fig. 10.26, p. 803). The A1B scenario corresponds to a globalized
world with rapid economic growth and a balanced use of fossil and non-fossil energy
sources leading to constantly growing CO, concentration up to more than 700 ppm in
2100. The A2 scenario describes a more heterogeneous world with a strong economic
focus, and leads to exponentially growing CO, concentrations reaching 850 ppm at the
end of the century.

Unsurprisingly, results from Sect. 5 show that emissions scenarios with lower green-
house gases concentration lead to the smaller changes, even if these changes are
already dramatic. It would be useful to actually compare the respective or combined
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effects of French adaptation and global mitigation scenarios on future drought charac-
teristics, as done recently at the European scale using the E1 emission scenario by
Warren et al. (2009).

7 Conclusions

This paper addresses the issue of spatio-temporal characteristics of future drought
events in France. More specifically, it focuses on three research questions: (1) Are
downscaled climate projections able to reproduce spatio-temporal characteristics of
meteorological and agricultural droughts in France over a present-day period? (2) How
such characteristics will evolve over the 21st century? and (3) How to use standardized
drought indices to represent theoretical adaptation scenarios?

The first question is addressed by studying droughts derived from a downscaled con-
trol run from the ARPEGE GCM. Results shown in Sect. 4 suggest that the diversity of
spatio-temporal characteristics identified in the reanalysis over France is fairly well re-
produced in a GCM-derived climate, in terms of combinations of duration, affected area
and total magnitude. These conclusions are furthermore valid for both meteorological
and agricultural droughts with time scales of both 3 and 12 months, computed using
standardized indices. Section 5 provides an answer to the second question, based on
21st century runs of ARPEGE under three emissions scenarios. All spatio-temporal
characteristics of drought events are expected to dramatically increase over the cen-
tury, with stronger changes for agricultural droughts. The third question is addressed
by building two theoretical adaptation scenarios based on hypotheses of adaptation to
evolving climate normals, either retrospective or prospective. These theoretical sce-
narios take advantage of the statistical properties of the standardized drought indices
to translate the corresponding hypotheses in terms of changes in spatio-temporal char-
acteristics of drought events.

The present study thus provides a proof of concept (1) for assessing spatio-temporal
characteristics of future drought events and (2) for deriving theoretical adaptation
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scenarios using properties of standardized drought indices like the SPI. In order to have
more robust information about the expected changes by providing corresponding es-
timates of uncertainty, this study could easily be extended to multimodel hydroclimate
projections, derived from different GCMs, different downscaling methods as well as dif-
ferent land surface models. Moreover, realistic adaptation scenario could be translated
into corresponding evolutions of local drought indices in order to derive projections of
spatio-temporal characteristics of drought events, for example at the scale of a specific
catchment or a water resource zone. Additionally, drought indices standardized rela-
tively to a model control run as used here would also provide relevant information in
a seasonal forecasting context, for example to have an insight on the spatio-temporal
development of an on-going drought. Such an application of standardized drought
indices will be tested in the near future based on on-going works on seasonal hydro-
logical forecasting (Céron et al., 2010; Soubeyroux et al., 2010; Singla et al., 2011).

Acknowledgements. This work was carried out within the CLIMSEC project (Impact of climate
change on drought and soil moisture in France, http://www.cnrm-game.fr/projet/climsec) funded
by Fondation MAIF and Météo-France.

INSU

Institut national des sciences de I'Univers

The publication of this article is financed by CNRS-INSU.

1646

Jadeq uoissnosiq | Jeded uoissnosiq | Jadedq uoissnosiqg | Jeded uoissnosiq

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

: “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.cnrm-game.fr/projet/climsec

10

15

20

25

30

References

Albergel, C., Ridiger, C., Pellarin, T., Calvet, J.-C., Fritz, N., Froissard, F., Suquia, D., Petitpa, A.,
Piguet, B., and Martin, E.: From near-surface to root-zone soil moisture using an exponential
filter: an assessment of the method based on in-situ observations and model simulations,
Hydrol. Earth Syst. Sci., 12, 1323-1337, doi:10.5194/hess-12-1323-2008, 2008. 1626

Andreadis, K. M., Clark, E. A., Wood, A. W., Hamlet, A. F., and Lettenmaier, D. P.: Twentieth-
century drought in the conterminous United States, J. Hydrometeorol., 6, 985-1001,
doi:10.1175/JHM450.1, 2005. 1622, 1629

Baghdadi, N., Aubert, M., Cerdan, O., Franchistéguy, L., Viel, C., Martin, E., Zribi, M., and
Desprats, J.-F.: Operational mapping of soil moisture using synthetic aperture radar data:
application to the Touch basin (France), Sensors, 7, 2458-2483, doi:10.3390/s7102458,
2007. 1626

Beniston, M., Stephenson, D. B., Christensen, O. B., Ferro, C. A. T., Frei, C., Goyette, S., Hal-
snaes, K., Holt, T., Jylha, K., Koffi, B., Palutikof, J., Schdll, R., Semmler, T., and Woth, K.
Future extreme events in European climate: an exploration of regional climate model projec-
tions, Climatic Change, 81, Supplement 1, 71-95, doi:10.1007/s10584-006-9226-z, 2007.
1621

Beniston, M., Stoffel, M., and Hill, M.: Impacts of climatic change on water and nat-
ural hazards in the Alps: can current water governance cope with future chal-
lenges? Examples from the European ACQWAproject, Environ. Sci. Policy, 14, 734-743,
doi:10.1016/j.envsci.2010.12.009, 2011. 1644

Blenkinsop, S. and Fowler, H. J.: Changes in European drought characteristics projected by the
PRUDENCE regional climate models, Int. J. Climatol., 27, 1595-1610, doi:10.1002/joc.1538,
2007. 1621

Boé, J.: Changement global et cycle hydrologique : Une étude de régionalisation sur la France,
Ph.d. thesis, Université Toulouse 3, available at: http://thesesups.ups-tlse.fr/227/, last ac-
cess: 2 February 2012, 2007. 1625

Boé, J., Terray, L., Habets, F., and Martin, E.: A simple statistical-dynamical downscal-
ing scheme based on weather types and conditional resampling, J. Geophys. Res., 111,
D23106, doi:10.1029/2005JD006889, 2006. 1623, 1625

Boé, J., Terray, L., Habets, F, and Martin, E.: Statistical and dynamical downscaling of
the Seine basin climate for hydro-meteorological studies, Int. J. Climatol., 27, 1643-1655,

1647

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

HESSD
9, 16191670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/hess-12-1323-2008
http://dx.doi.org/10.1175/JHM450.1
http://dx.doi.org/10.3390/s7102458
http://dx.doi.org/10.1007/s10584-006-9226-z
http://dx.doi.org/10.1016/j.envsci.2010.12.009
http://dx.doi.org/10.1002/joc.1538
http://thesesups.ups-tlse.fr/227/
http://dx.doi.org/10.1029/2005JD006889

10

15

20

25

30

doi:10.1002/joc.1602, 2007. 1625

Boé, J., Terray, L., Martin, E., and Habets, F.: Projected changes in components of the hydro-
logical cycle in French river basins during the 21st century, Water Resour. Res., 45, W08426,
doi:10.1029/2008WR007437, 2009. 1625

Burke, E. J. and Brown, S. J.: Evaluating uncertainties in the projection of future drought,
J. Hydrometeorol., 9, 292—-299, doi:10.1175/2007JHM929.1, 2008. 1621

Burke, E. J. and Brown, S. J.: Regional drought over the UK and changes in the future, J. Hy-
drol., 394, 471-485, doi:10.1016/j.jhydrol.2010.10.003, 2010. 1629

Burke, E. J., Brown, S. J., and Christidis, N.: Modeling the recent evolution of global drought
and projections for the twenty-first century with the Hadley Centre Climate Model, J. Hydrom-
eteorol., 7, 1113-1125, doi:10.1175/JHM544.1, 2006. 1621

Céron, J.-P.,, Tanguy, G., Franchistéguy, L., Martin, E., Regimbeau, F., and Vidal, J.-P.: Hydro-
logical seasonal forecast over France: feasibility and prospects, Atmos. Sci. Lett., 11, 78-82,
doi:10.1002/asl.256, 2010. 1646

Christensen, J. H., Carter, T. R., Rummukainen, M., and Amanatidis, G.: Evaluating the perfor-
mance and utility of regional climate models: the PRUDENCE project, Climatic Change, 81,
Supplement 1, 1-6, doi:10.1007/s10584-006-9211-6, 2007a. 1621

Christensen, J. H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held, I., Jones, R., Kolli, R. K.,
Kwon, W.-T., Laprise, R., Magana Rueda, V., Mearns, L., Menéndez, C. G., Raisanen, J.,
Rinke, A., Sarr, A., and Whetton, P.: Regional climate projections, in: Climate Change 2007:
The Physical Science Basis. Contribution of Working Group | to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change, edited by: Solomon, S., Qin, D.,
Manning, M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge
University Press, Cambridge, UK and New York, NY, USA, Chap. 11, 2007b. 1621

Corzo Perez, G. A., van Huijgevoort, M. H. J., VoB3, F, and van Lanen, H. A. J.: On the spatio-
temporal analysis of hydrological droughts from global hydrological models, Hydrol. Earth
Syst. Sci., 15, 2963-2978, doi:10.5194/hess-15-2963-2011, 2011. 1622, 1629

Dai, A.: Drought under global warming: a review, Wiley Interdisciplinary Reviews: Climate
Change, 2, 45-65, doi:10.1002/wcc.81, 2011a. 1621, 1635

Dai, A.: Characteristics and trends in various forms of the Palmer Drought Severity Index during
1900-2008, J. Geophys. Res., 116, D12115, doi:10.1029/2010JD015541, 2011b. 1635

Déqué, M.: Frequency of precipitation and temperature extremes over France in an anthro-
pogenic scenario: model results and statistical correction according to observed values,

1648

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1002/joc.1602
http://dx.doi.org/10.1029/2008WR007437
http://dx.doi.org/10.1175/2007JHM929.1
http://dx.doi.org/10.1016/j.jhydrol.2010.10.003
http://dx.doi.org/10.1175/JHM544.1
http://dx.doi.org/10.1002/asl.256
http://dx.doi.org/10.1007/s10584-006-9211-6
http://dx.doi.org/10.5194/hess-15-2963-2011
http://dx.doi.org/10.1002/wcc.81
http://dx.doi.org/10.1029/2010JD015541

10

15

20

25

30

Global Planet. Change, 57, 16-26, doi:10.1016/j.gloplacha.2006.11.030, 2007. 1641

Dubrovsky, M., Svoboda, M. D., Trnka, M., Hayes, M. J., Wilhite, D. A., Zalud, Z., and
Hlavinka, P.: Application of relative drought indices in assessing climate-change impacts
on drought conditions in Czechia, Theor. Appl. Climatol., 96, 155-171, doi:10.1007/s00704-
008-0020-x, 2008. 1627, 1628

Falloon, P. and Betts, R.: Climate impacts on European agriculture and water management in
the context of adaptation and mitigation — the importance of an integrated approach, Sci.
Total Environ., 408, 5667—-5687, doi:10.1016/j.scitotenv.2009.05.002, 2010. 1643

Fan, Y., Van den Dool, H. M., and Wu, W.: Verification and intercomparison of multimodel
simulated land surface hydrological datasets over the United States, J. Hydrometeorol., 12,
531-555, doi:10.1175/2011JHM1317.1, 2011. 1641

Ghosh, S. and Mujumdar, P. P: Nonparametric methods for modeling GCM and
scenario uncertainty in drought assessment, Water Resour. Res., 43, WOQ07405,
doi:10.1029/2006WR005351, 2007. 1628

Gibelin, A.-L. and Déqué, M.: Anthropogenic climate change over the Mediterranean re-
gion simulated by a global variable resolution model, Clim. Dynam., 20, 327-339,
doi:10.1007/s00382-002-0277-1, 2003. 1623, 1624

Habets, F., Noilhan, J., Golaz, C., Goutorbe, J.-P., Lacarrere, P., Leblois, E., Ledoux, E., Mar-
tin, E., Ottlé, C., and Vidal-Madjar, D.: The ISBA surface scheme in a macroscale hydrologi-
cal model applied to the Hapex-Mobilhy area — Part Il: Simulation of streamflows and annual
water budget, J. Hydrol., 217, 97-118, doi:10.1016/S0022-1694(99)00020-7, 1999. 1626

Habets, F., Boone, A., Champeaux, J.-L., Etchevers, P., Franchistéguy, L., Leblois, E.,
Ledoux, E., Le Moigne, P, Martin, E., Morel, S., Noilhan, J., Quintana Segui, P., Rousset-
Regimbeau, F., and Viennot, P.. The SAFRAN-ISBA-MODCOU hydrometeorological model
applied over France, J. Geophys. Res., 113, D06113, doi:10.1029/2007JD008548, 2008.
1626

Hannaford, J., Lloyd-Hughes, B. J., Keef, C., Parry, S., and Prudhomme, C. P.: Examining the
large-scale spatial coherence of European drought using regional indicators of rainfall and
streamflow deficit, Hydrol. Process., 25, 1146—1162, doi:10.1002/hyp.7725, 2011. 1641

Harding, R., Best, M., Blyth, E., Hagemann, S., Kabat, P, Tallaksen, L. M., Warnaars, T,
Wiberg, D., Weedon, G. P, van Lanen, H., Ludwig, F., and Haddeland, I.: Preface to the
Water and Global Change (WATCH) special collection: current knowledge of the terrestrial
Global Water Cycle, J. Hydrometeorol., 12, 1149-1156, doi:10.1175/JHM-D-11-024.1, 2012.

1649

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.gloplacha.2006.11.030
http://dx.doi.org/10.1007/s00704-008-0020-x
http://dx.doi.org/10.1007/s00704-008-0020-x
http://dx.doi.org/10.1007/s00704-008-0020-x
http://dx.doi.org/10.1016/j.scitotenv.2009.05.002
http://dx.doi.org/10.1175/2011JHM1317.1
http://dx.doi.org/10.1029/2006WR005351
http://dx.doi.org/10.1007/s00382-002-0277-1
http://dx.doi.org/10.1016/S0022-1694(99)00020-7
http://dx.doi.org/10.1029/2007JD008548
http://dx.doi.org/10.1002/hyp.7725
http://dx.doi.org/10.1175/JHM-D-11-024.1

10

15

20

25

30

1641, 1642

Hawkins, E. and Sutton, R.: The potential to narrow uncertainty in projections of regional pre-
cipitation change, Clim. Dynam., 37, 407—418, doi:10.1007/s00382-010-0810-6, 2011. 1634

Hayhoe, K., Wake, C. P, Huntington, T. G., Luo, L., Schwartz, M. D., Sheffield, J., Wood, E., An-
derson, B., Bradbury, J., DeGaetano, A., Troy, T. J., and Wolfe, D.: Past and future changes
in climate and hydrological indicators in the US Northeast, Clim. Dynam., 28, 381-407,
doi:10.1007/s00382-006-0187-8, 2007. 1628

Heinrich, G. and Gobiet, A.: The future of dry and wet spells in Europe: a comprehen-
sive study based on the ENSEMBLES regional climate models, Int. J. Climatol., in press,
doi:10.1002/joc.2421, 2011. 1621, 1622, 1627

van Huijgevoort, M. H. J., Hazenberg, P, van Lanen, H. A. J., Bertrand, N., Clark, D., Folwell, S.,
Gomes, S., Gosling, S., Hanasaki, N., Heinke, J., Koirala, S., Stacke, T., and Vof3, F.: Drought
at the global scale in the 2nd part of the 20th Century (1963—-2001), WATCH Technical re-
port 42, 2011. 1622

Iglesias, A., Garrote, L., Diz, A., Schlickenrieder, J., and Martin-Carrasco, F.: Re-thinking water
policy priorities in the Mediterranean region in view of climate change, Environ. Sci. Policy,
14, 744-757, doi:10.1016/j.envsci.2011.02.007, 2011. 1644

IMFREX: IMFREX — Impact des changements anthropiques sur la fréquence des phénomenes
extrémes de vent, de température et de précipitations (Impact of anthropogenic climate
change on the frequency of wind, temperature and precipitation extremes, in French), Tech.
rep., available at: http://imfrex.mediasfrance.org/web/documents/index, last access:2 Febru-
ary 2012, 2005. 1622

Johns, T. C., Royer, J.-F.,, Hoschel, 1., Huebener, H., Roeckner, E., Manzini, E., May, W.,
Dufresne, J.-L., Otter, O. H., van Vuuren, D. P., Salas y Melia, D., Giorgetta, M. A., Denvil, S.,
Yang, S., Fogli, P. G., Kérper, J., Tjiputra, J. F., Stehfest, E., and Hewitt, C. D.: Climate change
under aggressive mitigation: the ENSEMBLES multi-model experiment, Clim. Dynam., 37,
1975—-2003, doi:10.1007/s00382-011-1005-5, 2011. 1644

Jung, I. W. and Chang, H.: Climate change impacts on spatial patterns in drought risk in the
Willamette River Basin, Oregon, USA, Theor. Appl. Climatol., in press, doi:10.1007/s00704-
011-0531-8, 2012. 1628

Kampragou, E., Apostolaki, S., Manoli, E., Froebrich, J., and Assimacopoulos, D.: Towards the
harmonization of water-related policies for managing drought risks across the EU, Environ.
Sci. Policy, 14, 815-824, doi:10.1016/j.envsci.2011.04.001, 2011. 1643

1650

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1007/s00382-010-0810-6
http://dx.doi.org/10.1007/s00382-006-0187-8
http://dx.doi.org/10.1002/joc.2421
http://dx.doi.org/10.1016/j.envsci.2011.02.007
http://imfrex.mediasfrance.org/web/documents/index
http://dx.doi.org/10.1007/s00382-011-1005-5
http://dx.doi.org/10.1007/s00704-011-0531-8
http://dx.doi.org/10.1007/s00704-011-0531-8
http://dx.doi.org/10.1007/s00704-011-0531-8
http://dx.doi.org/10.1016/j.envsci.2011.04.001

10

15

20

25

30

Kitova, N., Vidal, J.-P., Soubeyroux, J.-M., Martin, E., and Pagé, C.: Meteorological, agricultural
and hydrological drought projections over France for the 21st century, Geophysical Research
Abstracts, 13, EGU2011-3199, 2011. 1640

Koster, R. D., Guo, Z., Dirmeyer, P. A, Yang, R., Mitchell, K., and Puma, M. J.:
On the nature of soil moisture in land surface models, J. Climate, 22, 4322-4335,
doi:10.1175/2009JCLI2832.1, 2009. 1641

Kwak, J. W., Kyoung, M. S., Kim, D. G., and Kim, H. S.: Impact of climate change on SPI and
SAD curve, in: World Environmental and Water Resources Congress 2011: Bearing Knowl-
edge for Sustainability — Proceedings of the 2011 World Environmental and Water Resources
Congress, edited by: Beighley, R. E. and Kilgore, M. W., ASCE, doi:10.1061/41173(414)132,
2011. 1627

de Lacaze, X.: Explore 2070 — adaptation strategies for water, in: Proceedings of the Fourth
meeting of the Task Force on Water and Climate, United Nations Economic Commission for
Europe, Geneva, Switzerland, 14 April 2011, 2011. 1644

Lafont, S., Zhao, Y., Calvet, J.-C., Peylin, P, Ciais, P., Maignan, F., and Weiss, M.: Modelling
LA, surface water and carbon fluxes at high-resolution over France: comparison of ISBA-A-
gs and ORCHIDEE, Biogeosciences, 9, 439-456, doi:10.5194/bg-9-439-2012, 2012. 1642

Lémond, J., Dandin, Ph., Planton, S., Vautard, R., Pagé, C., Déqué, M., Franchistéguy, L.,
Geindre, S., Kerdoncuff, M., Li, L., Moisselin, J. M., Noél, T., and Tourre, Y. M.: DRIAS: a step
toward Climate Services in France, Adv. Sci. Res., 6, 179—-186, doi:10.5194/asr-6-179-2011,
2011. 1625

van der Linden, P. and Mitchell, J. F. B.. ENSEMBLES: Climate Change and its Impacts: Sum-
mary of research and results from the ENSEMBLES project, Tech. rep., Met Office Hadley
Centre, Exeter, UK, 2009. 1621, 1625, 1644

Lloyd-Hughes, B.: A spatio-temporal structure-based approach to drought characterisation,
Int. J. Climatol., in press, doi:10.1002/joc.2280, 2011. 1622, 1629

Loukas, A., Vasiliades, L., and Tzabiras, J.: Climate change effects on drought severity, Adv.
Geosci., 17, 23-29, doi:10.5194/adgeo-17-23-2008, 2008. 1627

Mann, H. B.: Nonparametric tests against trend, Econometrica, 13, 245-259, 1945. 1639

Massey, F. J.: The Kolmogorov—Smirnov test for goodness of fit, J. Am. Stat. Assoc., 46, 68—78,
doi:10.2307/2280095, 1951. 1636

Masson, V., Champeaux, J.-L., Chauvin, F., Meriguet, C., and Lacaze, R.: A global database of
land surface parameters at 1-km resolution in meteorological and climate models, J. Climate,

1651

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/2009JCLI2832.1
http://dx.doi.org/10.1061/41173(414)132
http://dx.doi.org/10.5194/bg-9-439-2012
http://dx.doi.org/10.5194/asr-6-179-2011
http://dx.doi.org/10.1002/joc.2280
http://dx.doi.org/10.5194/adgeo-17-23-2008
http://dx.doi.org/10.2307/2280095

10

15

20

25

30

16, 1261-1282, doi:10.1175/1520-0442(2003)16(1261:AGDOLS)2.0.CO;2, 2003. 1626

McKee, T., Doesken, N., and Kleist, J.: The relationship of drought frequency and duration to
time scales, in: Preprints of the 8th Conference on Applied Climatology, Anaheim, California,
17—-22 January 1993, 179-184, 1993. 1621, 1627

Meehl, G. A., Covey, C., Delworth, T., Latif, M., McAvaney, B., Mitchell, J. F. B., Stouffer, R. J.,
and Taylor, K. E.: The WCRP CMIP3 multimodel dataset: a new era in climate change re-
search, B. Am. Meteorol. Soc., 88, 1383-1394, doi:10.1175/BAMS-88-9-1383, 2007a. 1625

Meehl, G. A., Stocker, T. F., Collins, W. D., Friedlingstein, P, Gaye, A. T., Gregory, J. M., Ki-
toh, A., Knutti, R., Murphy, J. M., Noda, A., Raper, S. C. B., Watterson, I. G., Weaver, A. J.,
and Zhao, Z.-C.: Global climate projections, in: Climate Change 2007: The Physical Science
Basis. Contribution of Working Group | to the Fourth Assessment Report of the Intergovern-
mental Panel on Climate Change, edited by: Solomon, S., Qin, D., Manning, M., Chen, Z.,
Marquis, M., Averyt, K. B., Tignor, M., and Miller, H. L., Cambridge University Press, Cam-
bridge, UK and New York, NY, USA, chap. 10, 747-845, 2007b. 1621, 1644

Mishra, A. K. and Singh, V. P.: Analysis of drought severity-area-frequency curves us-
ing a general circulation model and scenario uncertainty, J. Geophys. Res., 114,
doi:10.1029/2008JD010986, 2009. 1627, 1629

Mishra, A. K. and Singh, V. P.: A review of drought concepts, J. Hydrol., 391, 202-216,
doi:10.1016/j.jhydrol.2010.07.012, 2010. 1627

Mishra, V., Cherkauer, K. A., and Shukla, S.: Assessment of drought due to historic climate
variability and projected future climate change in the Midwestern United States, J. Hydrom-
eteorol., 11, 46-68, doi:10.1175/2009JHM1156.1, 2010. 1627, 1629

Nakic¢enovi¢, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, J., Gaffin, S., Gregory, K.,
Grubler, A., Jung, T. Y., Kram, T., La Rovere, E. L., Michaelis, L., Mori, S., Morita, T,
Pepper, W., Pitcher, H., Price, L., Riahi, K., Roehrl, A., Rogner, H.-H., Sankovski, A.,
Schlesinger, M., Shukla, P., Smith, S., Swart, R., van Rooijen, S., Victor, N., and Dadi, Z.:
Special Report on Emissions Scenarios, Cambridge University Press, Cambridge, UK, 2000.
1621, 1625

Noilhan, J. and Mahfouf, J.-F.: The ISBA land surface parameterisation scheme, Global Planet.
Change, 13, 145-159, doi:10.1016/0921-8181(95)00043-7, 1996. 1623, 1626

Olesen, J. E., Trnka, M., Kersebaum, K. C., Skjelvag, A. O., Seguin, B., Peltonen-Sainio, P,
Rossi, F., Kozyra, J., and Micale, F.: Impacts and adaptation of European crop production
systems to climate change, Eur. J. Agron., 34, 96—112, doi:10.1016/j.eja.2010.11.003, 2011.

1652

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/1520-0442(2003)16$delimiter "426830A $1261:AGDOLS$delimiter "526930B $2.0.CO;2
http://dx.doi.org/10.1175/BAMS-88-9-1383
http://dx.doi.org/10.1029/2008JD010986
http://dx.doi.org/10.1016/j.jhydrol.2010.07.012
http://dx.doi.org/10.1175/2009JHM1156.1
http://dx.doi.org/10.1016/0921-8181(95)00043-7
http://dx.doi.org/10.1016/j.eja.2010.11.003

10

15

20

25

30

1643

Pagé, C., Terray, L., and Boé, J.: Projections climatiques a échelle fine sur la France pour le
21eme siecle : les scénarii SCRATCHO08 (High-resolution climate projections over France for
the 21st century: SCRATCHO8 scenarios, in French), Technical note, Climate Modelling and
Global Change TR/CMGC/08/64, CERFACS, Toulouse, France, 2008. 1625, 1657

Palmer, W. C.: Meteorological Drought, Research paper 45, US Department of Commerce, US
Weather Bureau, Office of Climatology, Washington, DC, 1965. 1621, 1622

Paris Anguela, T., Zribi, M., Hasenauer, S., Habets, F., and Loumagne, C.: Analysis of surface
and root-zone soil moisture dynamics with ERS scatterometer and the hydrometeorological
model SAFRAN-ISBA-MODCOU at Grand Morin watershed (France), Hydrol. Earth Syst.
Sci., 12, 1415—-1424, doi:10.5194/hess-12-1415-2008, 2008. 1626

Planton, S., Déqué, M., Chauvin, F,, and Terray, L.: Expected impacts of climate change on
extreme climate events, C.R. Geosci., 340, 564-574, doi:10.1016/j.crte.2008.07.009, 2008.
1622

Queguiner, S., Martin, E., Lafont, S., Calvet, J.-C., Faroux, S., and Quintana-Segui, P.: Impact
of the use of a CO, responsive land surface model in simulating the effect of climate change
on the hydrology of French Mediterranean basins, Nat. Hazards Earth Syst. Sci., 11, 2803—
2816, doi:10.5194/nhess-11-2803-2011, 2011. 1642

Quintana-Segui, P, Le Moigne, P, Durand, Y., Martin, E., Habets, F., Baillon, M., Canel-
las, C., Franchistéguy, L., and Morel, S.: Analysis of near-surface atmospheric variables:
validation of the SAFRAN analysis over France, J. Appl. Meteorol. Clim., 47, 92-107,
doi:10.1175/2007JAMC1636.1, 2008. 1624

Quintana-Segui, P, Ribes, A., Martin, E., Habets, F., and Boé, J.: Comparison of three down-
scaling methods in simulating the impact of climate change on the hydrology of Mediter-
ranean basins, J. Hydrol., 383, 111-124, doi:10.1016/j.jhydrol.2009.09.050, 2010. 1625

Quintana-Segui, P., Habets, F., and Martin, E.: Comparison of past and future Mediterranean
high and low extremes of precipitation and river flow projected using different statistical
downscaling methods, Nat. Hazards Earth Syst. Sci., 11, 1411-1432, doi:10.5194/nhess-
11-1411-2011, 2011. 1625

R Development Core Team: R: a Language and Environment for Statistical Computing, R Foun-
dation for Statistical Computing, Vienna, Austria, http://www.R-project.org/, ISBN 3-900051-
07-0, 2011. 1630

Renard, B., Lang, M., Bois, P., Dupeyrat, A., Mestre, O., Niel, H., Sauquet, E., Prudhomme, C.,

1653

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/hess-12-1415-2008
http://dx.doi.org/10.1016/j.crte.2008.07.009
http://dx.doi.org/10.5194/nhess-11-2803-2011
http://dx.doi.org/10.1175/2007JAMC1636.1
http://dx.doi.org/10.1016/j.jhydrol.2009.09.050
http://dx.doi.org/10.5194/nhess-11-1411-2011
http://dx.doi.org/10.5194/nhess-11-1411-2011
http://dx.doi.org/10.5194/nhess-11-1411-2011
http://www.R-project.org/

10

15

20

25

30

Parey, S., Paquet, E., Neppel, L., and Gailhard, J.: Regional methods for trend detection:
assessing field significance and regional consistency, Water Resour. Res., 44, W08419,
doi:10.1029/2007WR006268, 2008. 1639

Rudiger, C., Calvet, J.-C., Gruhier, C., Holmes, T. R. H., De Jeu, R. A. M., and Wagner, W.:
An intercomparison of ERS-Scat and AMSR-E soil moisture observations with model sim-
ulations over France, J. Hydrometeorol., 10, 431-447, doi:10.1175/2008JHM997.1, 2009.
1626

Salas-Mélia, D., Chauvin, F., Déqué, M., Douville, H., Guérémy, J.-F., Marquet, P, Planton, S.,
Royer, J.-F., and Tyteca, S.: Description and validation fo the CNRM-CMS3 global coupled
model, Tech. rep., CNRM-GAME, Méetéo-France, Toulouse, France, 2005. 1625

Sauquet, E.: The R?D?-2050 project: risk, water resources and sustainable development within
the Durance River Basin in 2050, in: 5th HyMeX Workshop, PO5.12, HYdrological cycle
in Mediterranean EXperiment, Punta Prima, Sant Luis, Menorca, Spain, 17-19 May 2011,
Abstract number PO5.12, 2011. 1642, 1644

Sauquet, E., Dupeyrat, A., Perrin, C., Agosta, C., Hendrickx, F., and Vidal, J.-P.: Im-
pact of business-as-usual water management under climate change for the Garonne
catchment (France), IOP Conf. Ser., Earth Environ. Sci., 6, 292009, doi:10.1088/1755-
1307/6/29/292009, 2009. 1642

Sauquet, E., Dupeyrat, A., Hendrickx, F., Perrin, C., Samie, R., and Vidal, J.-P.: Imagine2030
— climat et aménagements de la Garonne: quelles incertitudes sur la ressource en Eau en
20307 (Climate and water management: uncertainties on water resources for the Garonne
river basin in 20307, in French), Final report, Cemagref, Cemagref, Lyon, 2010. 1642

Sheffield, J. and Wood, E. F.: Projected changes in drought occurrence under future global
warming from multi-model, multi-scenario, IPCC AR4 simulations, Clim. Dynam., 31, 79—
105, doi:10.1007/s00382-007-0340-z, 2008. 1621, 1627, 1629

Sheffield, J., Andreadis, K. M., Wood, E. F., and Lettenmaier, D. P.: Global and continental
drought in the second half of the 20th century: severity-area-duration analysis and temporal
variability of large-scale events, J. Climate, 22, 1962—-1981, doi:10.1175/2008JCLI2722.1,
2009. 1622, 1629

Singla, S., Céron, J.-P., Martin, E., Regimbeau, F., Déqué, M., Habets, F., and Vidal, J.-P.:
Predictability of soil moisture and river flows over France for the spring season, Hydrol. Earth
Syst. Sci., 16, 201-216, doi:10.5194/hess-16-201-2012, 2012. 1646

Somot, S., Sevault, F., Déqué, M., and Crépon, M.: 21st century climate change scenario

1654

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2007WR006268
http://dx.doi.org/10.1175/2008JHM997.1
http://dx.doi.org/10.1088/1755-1307/6/29/292009
http://dx.doi.org/10.1088/1755-1307/6/29/292009
http://dx.doi.org/10.1088/1755-1307/6/29/292009
http://dx.doi.org/10.1007/s00382-007-0340-z
http://dx.doi.org/10.1175/2008JCLI2722.1
http://dx.doi.org/10.5194/hess-16-201-2012

10

15

20

25

30

for the Mediterranean using a coupled atmosphere-ocean regional climate model, Global
Planet. Change, 63, 112—126, doi:10.1016/j.gloplacha.2007.10.003, 2008. 1641

Soubeyroux, J.-M., Vidal, J.-P., Baillon, M., Blanchard, M., Céron, J.-P.,, Franchistéguy, L.,
Regimbeau, F., Martin, E., and Vincendon, J.-C.: Characterizing and forecasting droughts
and low-flows in France with the Safran-Isba-Modcou hydrometeorological suite, La Houille
Blanche, 30-39, doi:10.1051/lhb/2010051, 2010. 1626, 1646

Soubeyroux, J.-M., Vidal, J.-P., Najac, J., Kitova, N., Blanchard, M., Dandin, P., Martin, E.,
Pagé, C., and Habets, F.: Projet ClimSec — impact du changement climatique en France sur
la sécheresse et I'eau du sol (ClimSec project — impact of climate change on drought and
soil moisture in France, in French), Rapport final, Météo-France, CNRM/GAME, Cemagref,
CERFACS and UMR Sisyphe, http://www.cnrm-game.fr/projet/climsec, last access: 2 Febru-
ary 2012, 2011. 1622

Strzepek, K., Yohe, G., Neumann, J., and Boehlert, B.: Characterizing changes in drought risk
for the United States from climate change, Environ. Res. Lett., 5, 044012, doi:10.1088/1748-
9326/5/4/044012, 2010. 1628

Vasiliades, L., Loukas, A., and Patsonas, G.: Evaluation of a statistical downscaling procedure
for the estimation of climate change impacts on droughts, Nat. Hazards Earth Syst. Sci., 9,
879-894, doi:10.5194/nhess-9-879-2009, 2009. 1627

Vidal, J.-P. and Hendrickx, F.: Impact of climate change on hydropower: Ariége, France, in:
Modelling the Impact of Climate Change on Water Resources, edited by: Fung, F., Lopez, A.,
and New, M., John Wiley & Sons, Ltd, Chichester, UK, Chap. 6.3, 148-161, 2010. 1630, 1642

Vidal, J.-P. and Wade, S. D.: A multimodel assessment of future climatological droughts in the
United Kingdom, Int. J. Climatol., 29, 20562071, doi:10.1002/joc.1843, 2009. 1627, 1628,
1640

Vidal, J.-P., Martin, E., Franchistéguy, L., Baillon, M., and Soubeyroux, J.-M.: A 50-year high-
resolution atmospheric reanalysis over France with the Safran system, Int. J. Climatol., 30,
1627-1644, doi:10.1002/joc.2003, 2010a. 1623, 1624

Vidal, J.-P., Martin, E., Franchistéguy, L., Habets, F., Soubeyroux, J.-M., Blanchard, M., and
Baillon, M.: Multilevel and multiscale drought reanalysis over France with the Safran-Isba-
Modcou hydrometeorological suite, Hydrol. Earth Syst. Sci., 14, 459-478, doi:10.5194/hess-
14-459-2010, 2010. 1622, 1623, 1626, 1627, 1628, 1629, 1635, 1663

Wang, A.,, Bohn, T. J.,, Mahanama, S. P.,, Koster, R. D., and Lettenmaier, D. P.: Multimodel
ensemble reconstruction of drought over the continental United States, J. Climate, 22, 2694—

1655

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.gloplacha.2007.10.003
http://dx.doi.org/10.1051/lhb/2010051
http://www.cnrm-game.fr/projet/climsec
http://dx.doi.org/10.1088/1748-9326/5/4/044012
http://dx.doi.org/10.1088/1748-9326/5/4/044012
http://dx.doi.org/10.1088/1748-9326/5/4/044012
http://dx.doi.org/10.5194/nhess-9-879-2009
http://dx.doi.org/10.1002/joc.1843
http://dx.doi.org/10.1002/joc.2003
http://dx.doi.org/10.5194/hess-14-459-2010
http://dx.doi.org/10.5194/hess-14-459-2010
http://dx.doi.org/10.5194/hess-14-459-2010

10

15

20

2712, doi:10.1175/2008JCL12586.1, 2009. 1627, 1641

Wang, D., Hejazi, M., Cai, X., and Valocchi, A. J.: Climate change impact on meteorological,
agricultural, and hydrological drought in Central lllinois, Water Resour. Res., 47, W09527,
doi:10.1029/2010WR009845, 2011. 1627

Wang, G.: Agricultural drought in a future climate: results from 15 global climate models partic-
ipating in the IPCC 4th assessment, Clim. Dynam., 25, 739-753, doi:10.1007/s00382-005-
0057-9, 2005. 1621

Warren, R., Yu, R., Osborn, T., and de la Nava Santos, S.: Future European drought regimes
under mitigated and un-mitigated climate change, IOP Conf. Ser., Earth Environ. Sci., 6,
292012, doi:10.1088/1755-1307/6/9/292012, 2009 1645

Wells, N. and Goddard, S.: A self-calibrating Palmer Drought Severity Index, J. Climate, 17,
2335-2351, doi:10.1175/1520-0442(2004)017(2335:ASPDSI)2.0.CO;2, 2004. 1622

Wickham, H.: ggplot2: elegant graphics for data analysis, Use R!, Springer, New York,
doi:10.1007/978-0-387-98141-3, 2009. 1630

Wilhite, D. A. and Glantz, M. H.: Understanding the drought phenomenon: the role of defini-
tions, Water Int., 10, 111-120, 1985. 1627

Williamson, J., Parry, S., Goodsell, G., Hannaford, J., and Prudhomme, C.: Large-scale hydro-
logical extremes in Europe: past and future simulations, WATCH Technical report 29, Centre
for Ecology & Hydrology, Wallingford, UK, 2011. 1641

WMO: The role of climate normals in a changing climate, World Climate Data and Monitoring
Programme report WCDMP-No. 61, WMO/TD No. 1377, World Meteorological Organization,
Geneva, Switzerland, 2007. 1628

1656

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

: “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1175/2008JCLI2586.1
http://dx.doi.org/10.1029/2010WR009845
http://dx.doi.org/10.1007/s00382-005-0057-9
http://dx.doi.org/10.1007/s00382-005-0057-9
http://dx.doi.org/10.1007/s00382-005-0057-9
http://dx.doi.org/10.1088/1755-1307/6/9/292012
http://dx.doi.org/10.1175/1520-0442(2004)017delimiter "426830A 2335:ASPDSIdelimiter "526930B 2.0.CO;2
http://dx.doi.org/10.1007/978-0-387-98141-3

Table 1. Difference in mean annual temperature (in °C) averaged over France of two future
time slices under all three scenarios with respect to 1961-1990 control run (adapted from Pagé
et al., 2008).

B1 AIB A2

2046-2065 +1.3 +2.1 +2.2
2081-2100 +1.8 +2.7 +3.6
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Table 2. As for Table 1, but for mean annual precipitation (in mm). 1961-1990 values are close

to 910 mm in the reanalysis dataset.

B1 A1B A2
20462065 -70 -90 -130
2081-2100 -130 -210 -230
1658

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

(&)
()



http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

HESSD
9, 1619-1670, 2012

Jaded uoissnosiq

Evolution of
. spatio-temporal
. drought
@ characteristics
(=
o J.-P. Vidal et al.
Table 3. Adaptation scenarios ?U
S
Scenario Drought index baseline g _
No adaptation zero — ! !
Retrospective adaptation rolling mean of previous 30 yr g
e i ~ ondsions  Referances
Prospective adaptation smooth spline optimized for minimal deviation 2
from zero over the reference period &
P : I
=
s [
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2
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No adaptation

Drought threshold
— No adaptation

SSWI3

— Retrospective adaptation

— Prospective adaptation

i 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 cor-
responding adaptation scenarios. Black filled areas correspond to local-scale drought events
reaching the 20 % threshold. The dashed lines show the drought index baseline evolutions
calculated for each adaptation scenario and described in Table 3. Coloured lines show the
corresponding drought state threshold (see text for details). The reference period is framed by
dashed vertical lines.
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2050 2080

Fig. 2. Evolution of drought index baseline averaged over France, according to each adaptation
scenario described in Table 3. Columns show the 2 different indices and rows show the 2
different time scales. The reference period is framed by dashed vertical lines.
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Fig. 3. Number of drought events identified over the 1958—2008 period, for reanalysis data and
all 3 simulations. Top: all events; Bottom: only major events (duration > 1 month).
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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 area of France) for all drought events identified
during the 1958-2008 period with SPI (left column) and SSWI (right column), with time scales
of 3months (top) and 12 months (bottom). Circles show events from SIM reanalysis whereas
grey symbols represent events from ARPEGE simulations. Squares represent events from the
ARPEGE 1958-2000 control run and downward and upward triangles and diamonds represent
events from one of the ARPEGE 2001-2008 simulation run under the 3 emissions scenarios.
Coloured circles identify the six major drought events from the reanalysis highlighted by Vidal
et al. (2010b, Fig. 10, p. 472).
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Fig. 5. Centroid of drought events identified over the 1958—2008 period, from the reanalysis
(right) and from the (CTRL + A2) ARPEGE run. Colors denote different classes of total magni-

tude. The different rows show all four drought indices.
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Fig. 6. Agreement between simulated and observed statistical distributions of drought char-
acteristics (mean area, mean duration, total magnitude, centroid x- and y-location) over the
1958-2008 period. The agreement is here given as the p-value of the 2-sample Kolmogorov-
Smirnov test between the observed distribution from the reanalysis and the corresponding dis-
tribution from a present-day simulation. Only “major events” are considered here (see Fig. 3).
Columns show the 2 different indices and rows show the 2 different time scales.
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Fig. 8. As for Fig. 7, but for long meteorological droughts, as defined by SPI12.
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Fig. 9. As for Fig. 7, but for short agricultural droughts, as defined by SSWI3.
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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 (lines).

1670

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnosiq

HESSD
9, 1619-1670, 2012

Evolution of
spatio-temporal
drought
characteristics

J.-P. Vidal et al.

(8
S

2


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/1619/2012/hessd-9-1619-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

