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Abstract

Drought is a complex phenomenon that develops across space and time. This study aimed to
investigate extreme agricultural droughts in France, treating them as contiguous spatiotempo-
ral events, and to assess their future evolution under climate change. While the mean state
of the climate is expected to change, extreme dry periods are also projected to become more
frequent. Consequently, drought-related damages are anticipated to increase in France by 2050.
In this context, a set of high-resolution hydro-climatological simulations over France, gener-
ated during the EXPLORE2 project, was used to characterize extreme agricultural droughts
both historically and under the Representative Concentration Pathway (RCP) 8.5 scenario of
greenhouse gas emissions. A methodology was developed to detect and quantify these droughts
as three-dimensional events. The simulations were found to reproduce extreme agricultural
droughts in France comparable to those identified in the SAFRAN reanalysis. Analysis of
the evolution of these extreme drought events under the RCP 8.5 scenario indicated a likely
increase in their frequency and intensity. However, no significant change was observed in the
median for the duration and the affected surface area of these extreme events. The most ex-
treme droughts within each simulation exhibited the greatest changes. The attribution of these
droughts to meteorological factors — precipitation and potential evapotranspiration (PET) —
was also examined. Precipitation was identified as the primary meteorological factor driving
extreme agricultural droughts in France, a trend that is expected to persist in the future under
climate change. Additionally, a lag of two to three months was observed between an extreme
precipitation deficit and the onset of an extreme agricultural drought. PET’s contribution to
extreme agricultural droughts is projected to increase with climate change.
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1. Introduction

Droughts are destructive natural hazards, with far-reaching consequences for biodiversity, eco-
nomic activities, food production, and infrastructure on a global scale. An example is the
ongoing mega-drought in Chile, which has persisted since 2010. Chile, with its Mediterranean
climate and concentrated rainfall during the winter months, has a history of experiencing
droughts. These droughts are driven by the El Nino Southern Oscillation (ENSO), a natural
climate phenomenon. The current drought in Chile results from an interplay between natural
variability including the warming of the subtropical southwest Pacific, and anthropogenic forc-
ing, such as the increasing trend in the Southern Annular Mode due to rising greenhouse gas
emissions. This situation has been further aggravated by water management practices, which
have contributed to a prolonged socio-environmental crisis (Aldunce et al., 2017; Garreaud
et al., 2017, 2020).

Human societies have historically developed strategies to adapt to climate variability. This
has involved modifying agricultural practices, water management, and infrastructure to meet
anticipated conditions. However, the low probability but high-impact nature of extreme events
such as prolonged droughts represents a significant challenge. Such circumstances highlight the
interdependence between climate and human society. As emphasized by the Intergovernmental
Panel on Climate Change (IPCC) in its Sixth Assessment Report, extreme events have the
potential to disrupt “key infrastructure and services, such as energy supply and transmission,
communications, food and water supply, and transport systems in and between urban and
peri-urban areas.” In addition to the immediate consequences, droughts have long-term effects
on ecosystems. For example, repeated drought events have caused the Amazon rainforest to
shift from being a carbon sink to a net carbon source during these events due to extensive tree
mortality (IPCC, 2023D).

Droughts can be defined in several ways, which reflect the complex and multifaceted nature
of this phenomenon (Wilhite and Glantz, 1985). Three primary types of droughts are distin-
guished, depending on the place of the moisture deficit in the hydrological cycle: meteorological
droughts, agricultural droughts, and hydrological droughts (IPCC, 2023a).

Meteorological droughts are characterized by an unusually low precipitation level (Wilhite
and Glantz, 1985). The moisture content of the atmosphere drives this type of drought. The
assessment of meteorological droughts is mainly based on two variables: total and net pre-
cipitation. Net precipitation is a function of both the total amount of precipitation and the
atmospheric demand for water vapor, which is influenced by factors such as temperature and
wind speed. More precisely, net precipitation is calculated as the total precipitation minus
potential evapotranspiration (PET). PET is a metric representing the atmosphere’s capacity
to store water vapor (Raza et al., 2022). It is an estimate of the maximum possible evapotran-
spiration, which is the combined process of water transpiration by plants and evaporation from
all surface water bodies.

The term “agricultural drought” is used to describe a situation in which there is a deficit in
soil moisture (Wilhite and Glantz, 1985). This study focuses on this particular phenomenon.
The direct consequences of agricultural drought include stress or death of vegetation, which
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can lead to biodiversity loss and a reduction in agricultural yields. It can also result in changes
to soil properties, such as shrinkage and swelling in clay soils.

Hydrological droughts are defined as a deficiency in the levels of water present within natural
reservoirs, including rivers, lakes, and groundwater (Wilhite and Glantz, 1985). Hydrological
droughts can result in a reduction of river flow, lower water levels in surface water bodies,
and diminished groundwater reserves. These droughts have significant implications for society,
affecting sectors such as industry, energy production, and domestic water use.

Each type of drought impacts different economic sectors and parts of society (Wilhite and
Glantz, 1985). These phenomena interact with human society through water management and
land use. Droughts can also be studied as dynamic events with constant feedback between the
environment and humans, defined as anthropogenic drought (AghaKouchak et al., 2021). In
this study, the analysis is focused on agricultural droughts.

In metropolitan France, the effects of drought are already being observed. From 1982 to 2022,
Antoni and Joassard, 2024 evaluated the annual average compensation for drought-related
damages to €611 million. Droughts increase the probability of wildfires in forested regions
(Barbero et al., 2019; Littell et al., 2016). Gourdier and Plat, 2018 explained that droughts also
induce soil shrinkage and swelling, which can compromise the structural integrity of buildings,
roads, and bridges. Moreover, the agricultural sector is significantly affected by droughts, which
result in reduced crop yields and have necessitated €875 million in compensation between 2010
and 2020 alone (Tramblay et al., 2024).

Climate change introduces nonstationarity in the climate system, which in turn affects ther-
modynamic processes. These processes are pivotal in the development of droughts, and thus
climate change may impact droughts (Seneviratne et al., 2021). The increase in the frequency
of droughts due to climate change has already been observed in several drought-prone regions
of the world (Clarke et al., 2022; Cook et al., 2018).

In recent years, the observed trends in drought characteristics in France have been contingent
upon the specific variable employed as a drought indicator. Observed trends in France for flows
remain correlated with climate variability, rather than climate change. Giuntoli et al., 2013
identified a geographic dichotomy in the trends of hydrological droughts across France. While
no significant trends in low river flows were observed in the northern regions, a decrease in low
flows was evident in the southern regions, including the Mediterranean coast, the Pyrenees, and
the Alps. These changes are strongly correlated with large-scale climate variability phenomena,
such as the North Atlantic Oscillation (NAO) and the Atlantic Multidecadal Oscillation (AMO)
(Boé and Habets, 2014; Giuntoli et al., 2013). The use of precipitation data as the primary
indicator revealed that France did not experience any significant trends in drought evolution
during the twentieth century, as demonstrated by Lloyd-Hughes and Saunders, 2002.

Projections of climate change in France indicate that not only will average conditions become
drier, but also that the frequency, intensity, and duration of extreme dry periods are likely to
increase under climate change throughout the 21st century (Najac et al., 2010; Tramblay et al.,
2024; Vidal et al., 2012). Roudier et al., 2016 investigated the potential impact of a projected
global temperature rise of +2°C on droughts in Europe. Southern Europe including France
would be vulnerable to the effects of such warming, with a marked increase (above 5%) in both
the frequency and duration of hydrological drought events. France is expected to experience
divergent precipitation trends across its regions. Northern France may observe an increase
in precipitation, while southern France is likely to face a decrease (Marson et al., 2024; E.
Sauquet et al.; 2022). This north-south gradient in precipitation changes is expected to be
reflected in the hydrological responses, with southern regions becoming increasingly prone to
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drought conditions. E. Sauquet et al., 2022 also showed that summer river flows across all
French catchments are expected to decline.

From 2021 to 2024, the EXPLORE2 project was conducted in France to examine potential
future scenarios for water resources and the hydrological cycle in the context of climate change
(Marson et al., 2024). To this end, a high-resolution hydro-climate simulation ensemble over
France was created based on the EURO-CORDEX ensemble (Jacob et al., 2014). The use of
an ensemble of models to assess future changes allows for the consideration of the inherent
uncertainties associated with modeling (Evin et al., 2024D).

As indicated in the report dedicated to extremes (Tramblay et al., 2024), an increase in
the frequency of meteorological droughts is expected, particularly in the southern regions of
France, with the summer season being the most affected. By the end of the century, there
will be an increase of between 30 and 40 percent. It is projected that agricultural droughts
will experience even more pronounced increases in frequency. In particular, a drought of the
magnitude observed in 2022 is estimated to occur twice as often as in 2022 by the end of the
century. Furthermore, the spatial extent of agricultural droughts is anticipated to expand, with
an affected area three times larger than the current extent by the end of the 21st century. The
frequency of these events is also expected to increase significantly by the end of the century. This
trend is likely to be most pronounced during the winter months, driven by rising temperatures
that exacerbate water stress in agricultural systems. Here, we focus on the most extreme
droughts, to better understand the potential for record-shattering events.

The rarity and singularity of extreme events may render traditional methods of analysis
and communication of results less effective, given the inherent variabilities and uncertainties
between simulations. To address this challenge, an alternative approach is to utilize event-
based storylines, which provide a tangible representation of plausible events (Shepherd, 2016;
Sillmann et al., 2021). The methodology developed in this study provides a foundation for future
analyses involving event-based storylines, offering a framework for isolating and examining
specific drought events in detail. The approach focuses on the dissection of individual extreme
events to understand them.

To study extreme drought events, we chose to extract droughts as spatiotemporal events.
Lloyd-Hughes, 2012 argued that to accurately capture the spatio-temporal characteristics of
droughts and their evolution, a three-dimensional approach must be employed, with two di-
mensions representing space and one representing time. By employing conventional method-
ologies to describe these phenomena and thereby projecting them onto a lower-order spatial
and temporal space, the inherent spatio-temporal information is lost. This approach has been
effectively applied in the study of other extreme events, such as heat waves (Luo et al., 2024;
Vogel et al., 2020). For instance, such an approach allowed for the study of the direction of heat
wave displacement (Luo et al., 2024) and the propagation of droughts within the hydrological
cycle (Vidal, Martin, Franchistéguy, Habets, et al., 2010). Vidal, Martin, Franchistéguy, Ha-
bets, et al., 2010; Vidal et al., 2012 employed the analysis of three-dimensional drought events,
thereby enabling the definition of specific metrics, including the mean duration of a drought
event and the magnitude of the event.

The objective of this study is to analyze the most extreme drought events and their charac-
teristics to determine the plausibility of extreme droughts at the end of the century. This report
is primarily concerned with extreme drought events, which are considered to be continuous in
both space and time. Additionally, it will explore the propagation of meteorological droughts
into extreme agricultural droughts.
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The main objective of this thesis is to examine the evolution of extreme soil drought events in
France in the context of climate change. This research will establish a coherent framework for
the analysis of extreme events, from their causes to their impacts. This study will examine how
the most extreme soil droughts in France may evolve under changing climate conditions, with
a focus on the attribution of precipitation and PET to these drought changes. By addressing
these research questions, this study aims to contribute to a more comprehensive understanding
of the evolution of soil droughts in France and provide insights into how climate change may
influence their frequency, intensity, and impacts.

The thesis is organized as follows. The initial chapter describes the data sources and methods
employed in the study. The second chapter presents the results of the analysis, which are then
interpreted and discussed in the third chapter. In conclusion, the fourth chapter presents a
summary of the key insights and perspectives derived from the thesis.



2. Materials and Methods

This chapter outlines the methodology employed in this study, focusing on the data sources and
methods used to assess the evolution of soil droughts in metropolitan France under changing
climate conditions. As mentioned in the introduction, this study concentrates on metropolitan
France, and the methodology presented here can also be adapted to analyze other regions.

2.1. Data

First of all, this analysis is based on data: what are they? The data used in this analysis
come from the EXPLORE2 project, which provides two main types of data: reanalysis and
simulations. In both cases, data covers the same 8km x 8km grid over Metropolitan France as
illustrated in Figure 2.1.
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2.1.1. Reanalysis Data

Reanalysis in climate science refers to the method of reconstructing past weather and climate
conditions using a combination of historical observations and climate models. Reanalysis prod-
ucts offer a consistent and comprehensive dataset that can fill gaps where observational data
are lacking. They permit the examination of long-term climate trends; however, they may be
susceptible to biases and uncertainties, particularly in regions with limited observational data
or for variables that are not directly measured.

The reanalysis data used in this project is from the SAFRAN system (Systeme d’Analyse
Fournissant des Renseignements Atmosphériques a la Neige), a high-resolution atmospheric
reanalysis developed by Météo-France. SAFRAN provides daily meteorological data on the
grid shown in Figure 2.1, with records extending back to 1958 (Vidal, Martin, Franchistéguy,
Baillon, and Soubeyroux, 2010). This system integrates data from numerical weather prediction
models and surface observations from various networks, including both manual and automatic
weather stations, to produce detailed datasets of key atmospheric variables such as temperature,
precipitation, humidity, wind speed, and solar radiation (Vernay et al., 2022). SAFRAN'’s
approach of dividing the analysis domain into climatologically homogeneous zones enhances its
ability to represent local weather patterns, particularly in mountainous regions. The resulting
dataset is widely used for climate monitoring, hydrological modeling, and research applications
across France (Vidal, Martin, Franchistéguy, Baillon, and Soubeyroux, 2010). Hydrological
data, such as soil moisture, are obtained by forcing the ORCHIDEE land-surface model (Krinner
et al., 2005) with the atmospheric data from the SAFRAN reanalysis, which has been validated
as a reliable source for historical data (Habets et al., 2008).

2.1.2. Simulation Data

The second type of data consists of simulations spanning from 1950 to 2100, which are generated
through a series of modeling steps referred to as modeling chains. These simulations facilitate
comprehension of prospective climate conditions under diverse greenhouse gas (GHG) emission
scenarios.

The input data for these simulations are GHG concentration scenarios known as Representa-
tive Concentration Pathways (RCPs) (van Vuuren et al., 2011). For this study, the focus is on
RCP8.5, a scenario of high GHG emissions leading to an increase in radiative forcing of +8.5
W /m? by 2100. This scenario serves to explore potential future droughts under severe climate
change conditions if no strong enough environmental policies are implemented.

From these GHG emission scenarios, Global Climate Models (GCMs) have then been used
to simulate the climate evolution globally. These models, which couple atmospheric, land, and
oceanic processes, operate on a coarse grid of approximately 100 x 100 km. The Coupled Model
Intercomparison Project (CMIP) aimed to create a global dataset of climate simulations over
the 21st century with several GCMs (Taylor et al., 2012).

For regional studies, the CORDEX ensembles downscaled dynamically GCM’s simulations
on a higher resolution grid forcing Regional Climate Models (RCMs) over the region of interest
(Giorgi and Jr, 2015). Simulations of the fifth phase of CMIP have been downscaled over Europe
to 12 km x 12 km grid within the EURO-CORDEX ensemble. It couples different GCMs and
RCMs, allowing for an evaluation of the uncertainties and specificities of each couple (Vautard
et al., 2021).

Then, in the EXPLORE2 dataset, a Bias Correction method (BC) was applied to simulations
of the EURO-CORDEX ensemble (Robin et al., 2023). This process aims to align the statistics
of the simulated atmospheric variables with those of the reanalysis. It also ensures that the
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corrected atmospheric data are on the same 8 x 8 km grid as SAFRAN. Robin et al., 2023
compared three BC methods for climate variables and showed close results in terms of warming
with 0.5°C of maximum differences in summer. They also showed that global projections,
through the fifth and sixth phases of CMIP, simulate warmer summers and dryer winters than
the corrected data. Yet, only the ADAMONT method (Verfaillie et al., 2017) using SAFRAN
data from 1980 to 2011 as a reference is available for hydrological simulation. Therefore, this
study uses only data corrected in bias with ADAMONT. In this analysis, precipitations and
PET are computed at this step. More details about PET’s calculation are provided in Appendix
C.

The final step in the modeling chain involves forcing a Land Surface Model (LSM) with the
corrected atmospheric data to obtain hydrological variables, particularly the soil wetness index.
The EXPLORE2 project used nine LSMs and assessed their differences (E. Sauquet et al., 2023).
The analysis focuses on the ORCHIDEE model outputs (Krinner et al., 2005).

In this study, soil moisture is quantified using the Soil Wetness Index (SWI) (Dirmeyer et al.,
1999), defined as:

Wiot — Wailt

SWI = (2.1)

Wre — Wil

where w;,; is the volumetric water content of a soil column, w,;; is the water content at the
wilting point (the minimum water content before vegetation can no longer extract it), and wy,
is the water content at field capacity (the maximum amount of water the soil can hold before
excess water begins to drain away as runoff).

This index incorporates characteristics of both the soil and the vegetation, as well as the
quantity of water present, making it particularly useful for assessing agricultural drought.

For this study, 17 of the 19 simulations were retained, with two excluded due to their tem-
perature and precipitation projections falling outside the confidence intervals defined by the
CMIP6 ensemble Marson et al., 2024. Detailed information about the models used to create
this ensemble is provided in Appendix A.

In terms of temporal resolution, the data are averaged monthly to facilitate the analysis of
drought patterns, which require a longer-term perspective.

To address the uncertainties inherent in climate projections, four simulations have been
identified as particularly relevant in the context of the EXPLORE2 project (Marson et al.,
2024). These simulations are dynamic storylines representing plausible climate scenarios in
France under climate change. The objective of such storylines is to represent the variability
of a simulation ensemble and the uncertainties in a comprehensible manner (Shepherd, 2019;
Shepherd et al., 2018). In this report, if not specified, storylines refer to dynamic storylines, not
event-based storylines. These storylines encompass different potential climate futures, providing
a comprehensive view of possible scenarios:

o Green Storyline: Characterized by marked warming (+4.8°C on average for France at
the end of the century) and increased precipitation. This scenario explores the impact of
a wetter climate with higher temperatures.

o Orange Storyline: Marked by strong warming (+4.6°C) and drying, particularly in
summer. This scenario highlights the potential for more severe drought conditions.

» Yellow Storyline: Features relatively little future change (43.7°C), serving as a baseline
to compare against more extreme scenarios.
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« Purple Storyline: Characterized by strong warming (4+5°C) and pronounced seasonal
precipitation contrasts. This scenario examines the impact of variable precipitation pat-
terns combined with higher temperatures.

Analyzing drought events within these storylines can provide a better understanding of the
range of potential future drought conditions. More details on the models behind these storylines
are provided in Appendix B.

2.2. How to Assess Moisture Deficit?

The objective is to detect droughts within the data extracted from the EXPLORE2 dataset.
As previously discussed in Chapter 1, a drought is defined as a localised deficit in moisture com-
pared to a reference period. In their review, Zargar et al., 2011 assessed six major indices for
their suitability for assessing droughts. Some combined variables, such as the Palmer Drought
Severity Index, which computes four terms in the water balance equation (Palmer, 1965). In
regard to the assessment of droughts on specific variables, Zargar et al., 2011 outlines three
methodologies: percent of normal, deciles, and standardized indices. The initial two methods
are insufficiently robust (Zargar et al., 2011); however, this shortcoming is overcome by stan-
dardized indices that normalize the data before assessing surpluses or deficiencies (McKee et al.,
1993). These indices have been widely adopted in research (Zargar et al., 2011) and are used in
our methodology. One of the advantages of such indices is that they facilitate the comparison of
values across different geographical locations and thus different climates (McKee et al., 1993).

2.2.1. Basis of Standardized Indices: Standardized Precipitation Index
Calculation

Initially, standardized indices have been introduced for precipitations by McKee et al., 1993.
They developed the Standardized Precipitation Index (SPI) to assess meteorological droughts
using monthly precipitation time series.

The SPI is constructed through a probabilistic transformation process, where the probability
density function of precipitation data is converted into a normal distribution. This transforma-
tion allows the SPI to express the deviation of monthly precipitation from the long-term mean
(reference period) in terms of standard deviations. This standardization facilitates the compar-
ison of drought severity across different regions, independent of local climatic and vegetative
characteristics.

The first step in constructing the SPI is to establish the reference period, which is critical for
fitting the normal distribution. McKee et al., 1993 recommended a minimum reference period
of 30 years, which is sufficient to capture long-term climatic trends and reduce the influence of
short-term variability. However, Laimighofer and Laaha, 2022 pointed out that a 30-year period
might not adequately represent extreme precipitation events, potentially introducing biases. For
a more robust analysis, a reference period of 50 years is often employed, as recommended in
Guttman, 1999; Vidal, Martin, Franchistéguy, Habets, et al., 2010. In this study, a 50-year
reference period starting in 1971 was selected. This starting date was chosen to ensure that all
simulations had the same reference period, regardless of the date on which they began.

Once the reference period has been established, the subsequent step is to preprocess the
monthly precipitation data. The monthly data are aggregated over specific timescales, resulting
in the cumulative precipitation over the previous n months for each month, where n is typically
one of the following values: 1, 3, 6, or 12 (McKee et al., 1993). These aggregation times
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facilitate the identification of various precipitation patterns (McKee et al., 1993; Zargar et al.,
2011). McKee et al., 1993 posited that each aggregation period represents a typical timescale for
precipitation to affect different water sources. Zargar et al., 2011 interpreted these aggregations
as depicted in Table 2.1. Vidal, Martin, Franchistéguy, Habets, et al., 2010 recommended the
use of several time scales to comprehensively characterize droughts, given that different socio-
economic sectors would be impacted over different time scales. In this analysis, we have chosen
to focus on short- and long-term precipitation patterns to identify droughts, using the one-
month and twelve-month time scales.

Timescale | Interpretation

1 month | Short-term conditions affecting mainly crops during the growing sea-
son.
3 months | Short- and Medium-term conditions, representing a seasonal estima-
tion of precipitation.
6 months | Medium-term trends in precipitation.
12 months | Long-term precipitation patterns, possibly affecting streamflow and
water reservoir levels.

Table 2.1 — Interpretation of the aggregating timescale for SPI from Zargar et al., 2011.

This analysis aims to evaluate the deficiency of precipitation relative to the location and the
climatology over a reference period. The relative deficit of precipitation in November shall be
compared to that in July. Subsequently, as previously done by Vidal, Martin, Franchistéguy,
Habets, et al., 2010; Vidal et al., 2012, the seasonal cycle is removed. This is achieved by
calculating the mean precipitation for each month over the reference period and subtracting it
from the data.

Once the data are preprocessed, they are fitted to a probability density function. McKee et al.,
1993 originally proposed fitting a gamma distribution to the precipitation time series, as it was
found to best represent the data. This choice has been validated by subsequent studies, such
as Lloyd-Hughes and Saunders, 2002, who confirmed that the gamma distribution effectively
represents precipitation patterns across much of Europe. However, the gamma distribution
may not always be the most appropriate choice, depending on local climatic conditions and
the spatial scale of the data. Studies by Laimighofer and Laaha, 2022; Lloyd-Hughes and
Saunders, 2002; Pieper et al., 2020; Vidal, Martin, Franchistéguy, Habets, et al., 2010 have
explored alternative parametric distributions, such as the Pearson Type III or the exponentiated
Weibull distribution, which may offer better fits in certain contexts. Additionally, Naveau et al.,
2016 proposed more complex parametric distributions designed to capture a broader range of
precipitation behavior, including extreme events. Nonparametric approaches such as Gaussian
kernel density estimation have also been used, as in Vidal, Martin, Franchistéguy, Habets, et al.,
2010, providing flexibility in situations where parametric models are inadequate. After testing
the normality of the standardized indices, the nonparametric distributions are used to represent
the input variables in this analysis.

After fitting the probability density function to the data, the distribution is transformed into
a normal distribution. The SPI value for a given month is then determined by finding the
value at which the cumulative probability of the normal distribution matches the cumulative
probability of the fitted precipitation distribution. This method ensures that the driest 5% of
months, for instance, can be directly compared across different locations, regardless of local

climatic conditions. The relation between the return period and the SPI’s value is shown in
2.2.
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SPI value | Probability to happen | Return period
< -0.84 20% 1:5
< -1.28 10% 1:10
< -1.64 5% 1:20
< -2.33 1% 1:100
< -3.09 0.1% 1:1000

Table 2.2 — Correspondance between the SPI value and the return period.

2.2.2. Extending Standardized Indices to Evapotranspiration and Soil
Wetness

This process of standardization can be adapted to different variables, depending on the focus
of the analysis.

Given the importance of evapotranspiration in drought dynamics, Vicente-Serrano et al., 2010
introduced the Standardized Precipitation-Evapotranspiration Index (SPEI). The SPEI uses net
precipitation — calculated as precipitation minus PET — as its core variable, allowing for the
assessment of drought conditions that consider both the supply (precipitation) and demand
(atmospheric conditions) of water. This index is particularly useful for understanding how
increasing temperatures and atmospheric changes, driven by climate change, can exacerbate
drought conditions.

In this study, we aim to isolate the impact of PET on drought events, independent of precipita-
tion effects. Thus, we introduce the Standardized Potential Evapotranspiration Index (SPETI),
which applies the standardization process to the PET variable. This index provides insight into
the atmospheric drivers of droughts, such as temperature and wind, and their contribution to
humidity deficits.

Another relevant index for this analysis is the Standardized Soil Wetness Index (SSWI), as
used in Vidal, Martin, Franchistéguy, Habets, et al., 2010. The SSWI is derived from the
Soil Wetness Index (SWI), which was previously defined using the formula [2.1]. It measures
anomalies in soil moisture content, directly reflecting agricultural drought conditions. By stan-
dardizing soil moisture data, the SSWI enables the comparison of soil moisture deficits across
different regions and periods, offering a tool for assessing the severity and spatial extent of
agricultural droughts.

The standardized indices used in this analysis are the Standardized Soil Wetness Index
(SSWI), the Standardized Precipitation Index (SPI), and the Standardized Potential Evapotran-
spiration Index (SPETI). These standardized indices are built on two timescales: one-month
and twelve-month aggregation time. To refer to an index built with one of these timescales, the
timescale is written at the end of the index (e.g. SSWI1 and SSWI12). Each of these indices
serves a specific purpose in our analysis:

« Standardized Soil Wetness Index (SSWI): This index is used to identify and assess
agricultural droughts by reflecting soil moisture anomalies. Drought detection, as devel-
oped below, is then performed on SSWI1 and SSWI12. Droughts detected in the first

case are referred to as SSWI1 droughts, and those detected in the second case are referred
to as SSWI12 droughts.

» Standardized Precipitation Index (SPI): The SPI is used to study the impact of
precipitation on agricultural droughts.
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« Standardized Potential Evapotranspiration Index (SPETI): The SPETTI is used
to study the impact of PET on agricultural droughts.

2.3. From Moisture Deficit to Drought Event

Now that we have seen how drought can be quantified, drought events must be detected and
characterized in both space and time. As mentioned in the introduction, this analysis aims to
study droughts as contiguous events across spatial and temporal scales.

Traditional methods of drought analysis are limited when dealing with spatio-temporal events,
as discussed by Lloyd-Hughes, 2012. Techniques designed to extract recurrent spatial patterns
assume temporal invariance, while those focused on temporal patterns are usually restricted to
specific spatial domains. Furthermore, atmospheric space-time methods like extended empirical
orthogonal functions often fail to reliably detect irregularly occurring features (Lloyd-Hughes,
2012). Therefore, a different approach is required to overcome these limitations in drought
analysis. #+# Initial Algorithm for Event Detection

The existing literature offers insights into techniques for analyzing drought events (Andreadis
et al., 2005; Lloyd-Hughes, 2012; Tramblay et al., 2024; Vidal, Martin, Franchistéguy, Habets,
et al., 2010; Vidal et al., 2012). These studies employ a common algorithm, with incremental
improvements over time, culminating in the work by Lloyd-Hughes, 2012, which is specifically
designed for spatiotemporal drought event detection.

The core of this algorithm involves creating clusters of contiguous points experiencing drought
at each timestep and then linking these clusters across time if a sufficient number of points
remain consistent between consecutive timesteps. Three key characteristics are critical for this
algorithm:

1. Threshold for Drought Intensity: The threshold below which a drought is considered
to occur at a given point.

2. Minimum Cluster Size: The minimum number of contiguous points required to form
a cluster at each timestep, which helps define the spatial extent of a drought.

3. Temporal Continuity: The minimum number of identical points required between con-
secutive clusters over time to define a continuous drought event, which addresses the
temporal aspect of drought displacement.

2.3.1. Connected Components in Three Dimensions

Updating the previous algorithm, Zscheischler et al., 2013 proposed an improved method that
can be applied to analyzing various extreme events, not just droughts. This method, known as
the connected components approach, has been applied in studies of heatwaves (Luo et al., 2024;
Vogel et al., 2020) and gross primary production anomalies (Zscheischler et al., 2014).

The connected components algorithm detects spatio-temporal events by treating data as a
collection of time series — one for each spatial location — where each value indicates whether an
event is occurring. These data points are conceptualized as small cubes in a three-dimensional
space, with two dimensions representing space and the third dimension representing time. The
algorithm groups neighboring points (cubes) that are experiencing the event, where two cubes
are considered neighbors if they share at least one vertex. Once these groups are identified,
they can be filtered to retain only those events that meet a minimum size or duration criterion.
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Figure 2.2 — Illustration of the Connected Components in 3 Dimensions (CC3D) algorithm used
for heatwaves (Luo et al., 2024). The algorithm identifies spatiotemporally contiguous points facing
an extreme event, with connectivity of 26 along the three dimensions: latitude x longitude x time.
(a) shows two distinct events, represented by the red and orange colors, respectively, once CC3D
algorithm has processed data in both spatial and temporal dimensions. (b) depicts a heatwave event
over China identified by the CC3D algorithm between May 31 and June 17, 1997.

An illustration of the process can be found in Figure 2.2, copied from Luo et al., 2024. The
illustration on the left panel depicts how the CC3D algorithm processes data in both spatial
and temporal domains. Each colored cube is a dry gridpoint at a specific time step. Cubes are
aggregated into an event if they are connected by either a face, an edge, or a vertex, otherwise
known as connectivity 26. As illustrated in the figure, two events are identified: the red and
the orange ones. The right panel depicts a heatwave that China experienced in 1997, which
has been detected using the CC3D algorithm.

Zscheischler et al.; 2013 underscored that the success of this method depends on how the data
is pre-processed. The initial step is standardization, which ensures that data can be compared
across space and time. Depending on the objective of the analysis, the seasonal cycle and the
trend can be removed from the data. In this analysis, the impact of climate change is examined,
and thus, the trend is retained. Otherwise, the standardization and removal of the seasonal
cycle are conducted through the calculation of the SSWI, as detailed in section 2.2.

2.3.2. Data Preprocessing

This section outlines the three principal treatments that are applied once the SSWI has been
computed. This study focuses on the analysis of the most extreme drought conditions. Subse-
quently, the five percent of droughts with the lowest SSWI values are identified, retaining only
those points where the index is less than or equal to -1.64 (see Table 2.2).

To ensure temporal consistency and prevent the formation of spurious connections between
drought events, a filter is applied to the time dimension. Points experiencing drought for just
one month are kept only if their intensity is twice the threshold defining a drought (i.e., only
if SSWI -3.28). This strict criterion guarantees that brief, isolated anomalies do not result in
the erroneous identification of drought events. In the absence of such a filter, the Connected
Components in 3 Dimensions (CC3D) algorithm may incorrectly establish links between distinct
events due to the presence of occasional, isolated instances of drought.

A spatial filter is applied to ensure the contiguity of drought events. At each time step, only
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contiguous drought areas of 10 points or more are retained. This corresponds to a minimum
area of 640 km?, ensuring that only significant, spatially coherent drought events are considered.
This criterion, similar to that used by Vidal, Martin, Franchistéguy, Habets, et al., 2010,
excludes small, scattered drought patches that are less relevant for large-scale agricultural
drought analysis.

In summary, the principal preprocessing steps employed in the analysis of the data are as
follows:

1. Selection of Severe Droughts (SSWI): The analysis focuses on the most severe 5%
of drought conditions, as defined by the SPI -1.64 threshold.

2. Time Consistency Filter (SSWI): Only those short-term drought points that exhibit
a markedly elevated intensity (SSWI -3.28) are retained.

3. Space Consistency Filter (SSWI): This ensures that drought events must cover a
minimum of 640 kms in a contiguous area to be considered spatially coherent.

The implementation of these preprocessing steps ensures that the subsequent analysis is
centered on the most significant drought events, thereby establishing a robust foundation for
the use of the CC3D algorithm. The application of the final two filters ensures that the
algorithm proposed by Zscheischler et al.; 2013 does not result in the grouping of multiple
drought events into a single one. This discrepancy with the approach presented in this article
can be attributed to the spatial scale of the data, with the aforementioned article using data
at approximately 50 km x 50 km, whereas in our case, the data are on an 8 km x 8 km grid.

The thresholds employed in these preprocessing steps are heuristic as they have been set by
examining the events resulting from the CC3D algorithm with regard to their shape, space,
and time evolutions. As outlined in Wilhite, 2016, the thresholds used to define droughts
are arbitrary as they are not directly correlated with specific socioeconomic impacts. These
thresholds could be adapted according to the requirements of different stakeholders.

2.3.3. Postprocessing of Detected Events

Postprocessing steps are applied to refine the drought events detected by the CC3D algorithm.
If the surface area of a detected event drops below 10% of the total studied area over any given
time step, the event is split. This criterion prevents the over-aggregation of unrelated drought
occurrences, ensuring that the identified events represent significant, contiguous drought periods
rather than isolated or sporadic conditions. Then, events that persist for less than three months
are discarded.

2.4. Analyzing Drought Events

Once the drought events have been identified and refined, they are characterized using several
metrics to provide a detailed understanding of their properties. To assess the evolution of the
extreme drought characteristics, the simulation period is divided into two phases: the past (up
to 2025) and the future (from 2025 onwards). This temporal division facilitates a comparative
analysis of drought characteristics and trends over time, allowing for an evaluation of how
drought conditions may evolve with climate change.
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2.4.1. Describing Drought Events

Once the drought events have been identified and refined, they are characterized using several
metrics to provide a detailed understanding of their properties. Zargar et al., 2011 provided a
comprehensive summary of commonly used metrics for characterizing drought. These metrics
are designed to describe three main characteristics: duration, spatial extent, and intensity. To
ensure the robustness of the characteristics assessment to extreme values, the median values
are used rather than the average values. The metrics used in this analysis are listed in Table
2.3.

Characteristic Metric Interpretation

Spatial Extent Median Surface Median of the affected area at each time
step, expressed in percentage of the total
area. This metric quantifies the typical
surface area affected by the drought over
its duration.

Duration Total Duration Time from the start to the end of the
drought event. This metric captures the
overall length of the drought, indicating
how long it persists.

Duration Median Duration Median of the times that each spatial
point in the event spends under drought
conditions. This metric provides insight
into the consistency of drought condi-
tions across the affected area.

Intensity Cumulative Intensity Sum of SSWI values over the event’s du-
ration in all the points affected by the
drought. This metric aggregates the to-
tal drought intensity, combining both the
extent (in space and time) and the sever-
ity of the drought.

Intensity Median Intensity Median SSWI value for the event. This
metric reflects the overall severity of the
drought, with lower values indicating
more intense drought conditions.

Table 2.3 — Metrics used to describe drought events and their interpretations.

2.4.2. Attribution of Agricultural Droughts to Meteorological Factors

The main natural drivers of droughts are the lack of precipitation and the evapotranspiration.
This analysis focuses on examining the roles of precipitation and PET in extreme agricultural
droughts.

The method for attribution used in this analysis comes from Zscheischler et al., 2013. Zscheis-
chler et al., 2014 applied it defining the events with gross primary production (GPP) anomalies,
and exploring how different factors, such as temperature and precipitation, influenced these
anomalies. The analysis of the lag time of these impacts — that is, the temporality of such
events and the processes leading to droughts — allows us to understand how far in advance or
how long after an event these factors have an effect.
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Zscheischler et al., 2013 offers a framework for such analysis. Once events are defined in
space and time, the median values of contributing factors within the event are calculated.
These median values are then compared with median values of the same factors at different
time lags, simulating the occurrence of the event ¢ timesteps before or after. From this analysis,
a time series of median values, one value per lag, is generated, and a p-value can be calculated
to determine whether the contribution of a factor at a specific time lag is statistically extreme.
For extremely low values, the p-value is defined as:

value __ # {medt < medto|t S N}
Diow = #{t c N}

where # corresponds to the number of values in the set defined between the brackets. For
high values, the p-value is calculated as:

(2.2)

phaties =1 — piaie (23)
This approach allows for an analysis of the timing and significance of factors contributing to
drought events, providing a framework for understanding their dynamics.

The SPI is employed to assess the impact of precipitation on extreme agricultural droughts,
whereas the SPETT permits the evaluation of the influence of PET. These indices facilitate
the analysis of the impact of precipitation and PET, along with their variations, on extreme
agricultural droughts. Additionally, the time lag between an extreme precipitation deficit or
PET value and the onset of an extreme agricultural drought is examined. To determine the
significance of observed changes in drought characteristics, statistical testing is conducted using
p-values defined above (Equations 2.2 and 2.3). These tests are applied to droughts from both
past and future periods.



3. Results

3.1. Models Validation

To validate the simulations in accurately reproducing severe droughts, as experienced in the
past, we compare the outputs of the simulations with reanalysis data. Specifically, we consider
all drought events that started during the reanalysis period, i.e., before 2021. The primary
objective is to determine whether the characteristics of simulated droughts are consistent with
those observed historically. To achieve a robust yet comprehensive comparison, we conduct the
following analyses:

e Drought Frequency: To assess the number of droughts.
o« Median Drought Surface: To evaluate the spatial extent of the droughts.
e Median Drought Duration: To analyze the duration of droughts.

e« Median Drought Intensity: To compare the severity of extreme droughts.

3.1.1. Frequency

The first step is to evaluate whether the simulations accurately reproduce the frequency of
droughts observed in historical reanalysis data. With the inherently chaotic nature of weather
systems, a statistical approach is necessary to compare the number of droughts in the model
outputs with those in the reanalysis.

The simulations and the reanalysis data cover different periods, not starting the same year,
leading to different dataset length. To compare compare simulations and reanalysis, the number
of detected droughts is standardized by the duration of each dataset, up to the final date of the
reanalysis period. This normalization is referred to as drought density, defined as the number
of droughts per month.

Number of droughts

Drought density =
g 4 Number of timesteps

As a reference, 11 drought events were detected in the reanalysis data using SSWI1 as an
indicator for agricultural droughts, and 9 events using SSWI12.

Initially, we calculate the ratio of drought densities between the simulations and the reanal-
ysis. A ratio close to 1 indicates that a simulation effectively reproduces the frequency of
droughts observed in the reanalysis. This ratio provides a clear and intuitive measure of model
performance. As illustrated in the histogram, Figure 3.1, produced using this approach, the
simulations tend to underestimate the number of drought events during the historical period.
For both indices used to detect drought events, only one simulation produces slightly more
droughts than the reanalysis. However, given the low number of events, a refined approach is
necessary.
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Figure 3.1 — Number of simulations per ratio of their drought densities (number of droughts per
month) to the reanalysis drought density. If the ratio is less than 1, the simulation produces fewer
droughts than the reanalysis, and vice versa.

To determine whether the differences between the simulations and the reanalysis are statisti-
cally significant, we employ a Z-test for proportions. This test assesses whether the proportion
of droughts in each simulation differs significantly from that observed in the reanalysis, account-
ing for the size of each dataset. The Z-test is chosen for its simplicity and reliability, making
it suitable for comparing proportions across different datasets. Notably, no simulation shows a
statistically significant difference from the reanalysis according to this test.

For a more intuitive representation, we also calculate a confidence interval for the drought
density observed in the reanalysis data. This interval, depicted as a black error bar in Figure 3.2,
provides a range within which the true drought density is expected to fall with a certain level of
confidence (99% in our case). This aims to account for the inherent chaos in the weather system.
It is important to note that the higher the confidence level, the larger the confidence interval.
The confidence interval has been computed using the Clopper—Pearson method (Clopper and
Pearson, 1934). By comparing the drought densities from the simulations against this interval,
we can evaluate whether the models’ outputs are consistent with expectations based on the
reanalysis.

In Figure 3.2, the drought density for each simulation is represented by a vertical bar. The
four storylines highlighted throughout this report are color-coded according to their definitions,
as detailed in the methodology section. The reanalysis’s drought density is marked by a cross.
As highlighted earlier, the vast majority of the simulations yield fewer drought events than the
reanalysis. However, considering the chaotic nature of weather systems and the duration of
each simulation, all these simulations produce plausible drought densities, as their values fall
within the confidence interval.

3.1.2. Surface

Another characteristic to validate is the spatial extent of the droughts. To characterize this, we
use the median of the affected area over time for each drought event, as explained in Section ?77.
We begin by computing descriptive statistics to compare the simulations with the reanalysis
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Figure 3.2 — Confidence interval for reanalysis drought density and simulation drought densities.
The reanalysis drought density is marked by a cross and its 99% confidence interval by the black error
bar.

data.

Next, the distributions of these surface areas are examined. As depicted in Figure 3.3, for
SSWI1 droughts, the reanalysis (shown in black) falls within the envelope of all simulations.
This indicates that some simulations reproduce wider droughts, while others yield narrower
droughts. A closer inspection of the descriptive statistics reveals that the maximum spatial
extent of the majority of simulations exceeds that observed in the reanalysis. Generally, simu-
lations tend to produce droughts with a slightly larger surface area compared to the reanalysis.
This discrepancy becomes more pronounced when considering SSWI12 droughts. In this case,
all simulations exhibit broader droughts than those observed in the reanalysis. However, it is
important to note that these observations are based on a relatively small number of events.
While these insights are valuable, they cannot alone be used to invalidate the simulations for
this type of study.
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Figure 3.3 — Cumulative distribution of median drought surface area for (a) SSWI1 and (b) SSWI12
droughts. The reanalysis is shown in black.

To further refine the comparison, we employ a statistical test. The Mann-Whitney U test
is selected for comparing drought characteristics between models outputs and reanalysis data
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due to its suitability for small sample sizes and its non-parametric nature. Unlike parametric
tests, the Mann-Whitney U test does not assume normality and is robust against non-normal
distributions. This test compares the ranks of the values between two independent groups,
assessing whether the central tendencies of drought characteristics differ significantly, even
with a limited number of events.

The results corroborate our earlier observations from the graphical analysis. For SSWI1
droughts, no simulation shows a significant difference from the reanalysis in terms of spatial
extent at a 10% confidence level. However, when considering SSWI12 droughts, four simulations
display a significant difference from the reanalysis at the same confidence level. Notably, two of
these four simulations correspond to storylines highlighted throughout this report: the purple
and the green storylines.

3.1.3. Duration

The same analysis is applied to drought duration. To characterize this, we use the median of
the durations across the spatial extent for each event.
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Figure 3.4 — Comparison of drought duration between simulations and reanalysis data. (a) Violin
plot for the minimum, 25th percentile, median, 75th percentile, and maximum values of drought
duration for each simulation. The reanalysis values are shown as circles. Cumulative distribution of
median drought duration for (b) SSWI1 and (¢) SSWI12 droughts. The reanalysis is shown in black.
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We start with computing descriptive statistics and plotting the cumulative distributions. The
layout of Figure 3.4 mirrors that used for the surface analysis. We observe that for both SSWI1
and SSWI12 indices, the simulations generally produce longer drought durations compared
to the reanalysis. While the reanalysis data remains within the ensemble generated by the
simulations, it is on the lower end of the spectrum. A closer examination of the descriptive
statistics reveals that this discrepancy is most pronounced for the most extreme events, as
illustrated in Figure 3.4a. In this figure, points represent percentiles of the reanalysis, while
the colored areas indicate the percentiles of the simulations, with each simulation marked
by a horizontal line within this area. For instance, for droughts detected using SSWI1, the
discrepancies between the simulations and the reanalysis are minimal up to the third quartile;
the third quartile for the reanalysis is 3.5 months, while the simulations range between 3 and 6
months (with only three simulations exceeding 5 months). The divergence becomes particularly
marked for the longest droughts (maximum values).

As with the surface analysis, the Mann-Whitney U test is employed to identify any significant
discrepancies between the simulations and the reanalysis. For drought duration, two simula-
tions show significant differences from the reanalysis for SSWI1 droughts, and two for SSWI12
droughts. In both cases, the yellow storyline exhibits a deviation from the reanalysis. This
deviation is also visible in the previous graphics, where the yellow storyline shows a distribution
skewed toward longer droughts.

3.1.4. Intensity

The final characteristic to validate is the severity of the droughts. As done previously with
other characteristics, we compute descriptive statistics and present cumulative distributions in
Figure 3.5. The comparison reveals that the reanalysis and simulations produce drought events
of similar intensities, which is coherent with the construction of standardized indices.
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Figure 3.5 — Cumulative distribution of median drought intensity for (a) SSWI1 and (b) SSWI12
droughts. The reanalysis is shown in black.

This observation is confirmed by the Mann-Whitney U test, which indicates no significant
differences between the reanalysis and the simulations in terms of drought intensity.

3.2. Evolution of Droughts

Having established that the ensemble of simulations sufficiently reproduces extreme droughts
from the past, we now examine how these extreme droughts evolve over time within these
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simulations. The simulation periods are divided into two segments: before and after 2025,
referred to as the past and future periods, respectively.

3.2.1. Statistical Changes

As a first step, we examine the overall changes in the characteristics of extreme droughts
between the past and future periods. The number of extreme droughts per period is limited
(around 10), which could introduce biases, even when using robust statistical methods.

The first question to address is how the frequency of extreme drought events changes over
time. To do this, we calculate the drought densities, as defined in Section 3.1.1, for each
simulation during the past and future periods. The ratio of drought density between the future
and past periods for each simulation is then computed, represented in Figure 3.6. This ratio
is straightforward to interpret: it represents how many times more frequent extreme droughts
will be in the future compared to the past, with the ratio r indicating this change.

For both indices used in drought detection, the majority of simulations indicate an increase
in drought frequency, with some showing up to a fourfold increase. The three storylines that
show the most changes in precipitation and temperature simulate extreme drought events that
are two to three times more frequent in the future than in the past. Of the 17 simulations, only
four for SSWI1 droughts and six for SSWI12 droughts predict a reduction in the frequency of
these events, with the yellow storyline being one of these projections.

As discussed in Section 7?7, storylines are designed to represent the variability of climate
change within the simulation ensemble using a limited number of simulations for easier inter-
pretation. Here, we observe that the only storyline showing a decrease in drought density
corresponds to a simulation with lower temperature increase and no precipitation change. In
contrast, in the other three cases, where there are changes in temperature above +4.5°C, drought
frequency increases in the future, suggesting that regardless of precipitation pattern changes,
droughts are likely to become more frequent due to warming. For SSWI1 droughts, the highest
frequency increase is seen in the simulation representing a drying climate, the orange storyline.

We then analyze the evolution of several drought characteristics: duration, surface, and in-
tensity. Due to the limited number of events, for each index, we examine the evolution of
the minimum, the 25th percentile (P25), the median, the 75th percentile (P75), and the maxi-
mum. We compute the ratio between the future and past values aforementioned to analyze the
changes in the characteristics distributions. Furthermore, a Mann-Whitney U test is employed
to identify central tendencies.

For the drought surface area, the Mann-Whitney U test identifies 4 (for SSWI1) and 3 (for
SSWI12) simulations out of 17 where the median change is significant. The ratios of the 5
percentiles analyzed are shown in Figure 3.7a, with the four storylines highlighted by their
specific colors. This figure shows that up to the median, simulations generally present a ratio
close to 1, indicating no noticeable change in drought surface area. However, when focusing on
the largest droughts, there is a wider dispersion of ratios among the simulations. For SSWI1
droughts, simulations generally do not show a significant change in surface area for the largest
droughts, with a slight tendency towards smaller droughts. In contrast, the simulations for
SSWI12 droughts demonstrate divergent trends for the most severe droughts. One simulation,
the orange storyline, predicts a future maximum drought surface area that is approximately
twice the size of the largest observed in the past, encompassing 58% of the territory. Another
simulation, the green storyline, suggests that droughts may reach a maximum surface area that
is only half the size of the largest observed in the past, or 40% of the territory. The most
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Figure 3.6 — Ratio of drought density (number of droughts per month) between the future and
past periods for each simulation. Each simulation is marked with a vertical line and storylines are
highlighted with colored lines. The z-axis is displayed on a logarithmic scale for clarity, as a ratio of
0.5 implies that extreme droughts will be half as frequent in the future.

significant changes in drought surface area occur in the most extreme cases in both instances.

When analyzing the evolution of drought duration, similar outcomes are observed from the
Mann-Whitney U test: only two (for SSWI1) and five (for SSWI12) simulations out of 17 show
a significant change at a 20% confidence level for the median drought duration between the past
and future. However, a closer look at the distribution of drought durations reveals that the
most substantial changes occur for the longest droughts. The majority of simulations predict
longer droughts in the future up to nine times for the orange storyline that reaches a drought
with a median duration of 109 months, as illustrated in Figure 3.7b for SSWI1 and SSWI12
droughts. Three simulations, including the yellow storyline, predict shorter maximum SSWI1
drought.

Finally, the intensity of past and future droughts is examined. Unlike surface area and
duration, 9 (for SSWI1) and 8 (for SSWI12) simulations out of 17 exhibit a significant change
in drought intensity according to the Mann-Whitney U test. Figure 3.7c presents these results,
similar to the graphics used for duration and surface characteristics. In contrast to the other
characteristics, drought intensity is represented as a negative value, meaning that the most
severe droughts have the lowest values. The ratios are generally close to 1, indicating small
changes; however, 9 (for SSWI1) and 10 (for SSWI12) simulations agree on an intensification
of droughts for all quantiles (ratio greater than 1). As with the other characteristics, this ratio
is more pronounced for the most intense droughts.

This analysis indicates that the frequency and intensity of droughts are likely to increase
with climate change. For duration and surface area, the changes are not statistically significant
with the small sample sizes representing extreme droughts in each period within the simulations.
However, for all three characteristics, the more extreme the drought, the more significant the
change. We will now explore the changes in the most extreme droughts observed in the past
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Figure 3.7 — Ratio of drought characteristics, (a) for the surface area, (b) for the duration, and (c)
for the intensity, between the future and past periods for each simulation. The contour represents the
distribution of these ratios. Storylines are highlighted with colored arrows.

and future across all simulations.

3.2.2. Focus on the Most Extreme Events in the Past and the Future

In this subsection, we focus on the changes observed in the most extreme droughts. We define
the most extreme droughts based on their cumulative intensity, which corresponds to the mini-
mum value since intensity is negative. By definition, cumulative intensity integrates the surface
area, duration, and intensity of the drought, providing a comprehensive measure of its severity.

For each simulation, the most extreme droughts in both the past and future periods are
identified. These droughts are plotted on a timeline below (Figure 3.8), for both SSWI1 and
SSWI12 droughts.

One of the first observations is that, in most simulations, the most extreme droughts tend to
start around the same dates for both SSWI1 and SSWI12 droughts. Additionally, in the future
period, the most severe droughts are concentrated in the latter half of the 21st century, though
they are not exclusively at the very end, as seen in the yellow storyline.

Characteristics of Extreme Droughts

To better understand the nature of these droughts, Figure 3.9 illustrates the distribution of their
characteristics—surface area, duration, and intensity—for both the past and future periods
across all simulations. These figures reveal the relative importance of each characteristic in
defining the most extreme droughts.

Firstly, the surface area of these droughts appears not to be a decisive factor, varying signifi-
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Figure 3.8 — Timeline of the most extreme SSWI1 (above the timeline) and SSWI12 (under the
timeline) droughts in the past and future periods for each simulation. The most extreme droughts
are defined based on their cumulative intensity. Arrows indicate the start date of the most extreme
droughts. Green and purple storylines are overlaid.

cantly from 10% to 70% depending on the simulation. The distribution of surface area does not
change markedly between past and future droughts, with some simulations predicting larger
future droughts while others predict smaller ones, effectively balancing each other out.

In contrast, the duration of these droughts increases for all simulations except 6 for SSWI1
and 3 for SSWI12 between past and future periods. One simulation, the orange storyline,
projects a 15-year drought detected with both SSWI1 and SSWI12 indices towards the end of
the 21st century. Apart from the yellow storyline, the other three storylines exhibit a significant
increase in the duration of the most extreme droughts.

Similarly, the intensity of these droughts increases in all the simulations except 6 for SSWI1
and 3 for SSWI12. There is a shift in the distribution towards more extreme values, with
median intensity reaching up to -3.4 — a level indicating an exceptionally severe drought, with
a probability of occurrence of just 0.03% in the reference period.

Detailed Analysis of Storylines

Focusing on the four storylines, we analyze the evolution of their worst droughts using the ratio
of four metrics between the most extreme future and past droughts. The first metric is the
total cumulative intensity, which determines the severity of the worst droughts. This metric
helps us understand how much more severe the selected drought is in the future compared to
the past. This overall change is then decomposed into the evolution of three characteristics
— median duration, surface area, and intensity — to identify which aspects of these extreme
droughts evolve the most. The changes observed in SSWI1 and SSWI12 droughts are similar
as shown in Figure 3.10, so only the SSWI1 droughts are detailed here.

The three storylines that exhibit the most significant changes in temperature and precipita-
tion due to anthropogenic greenhouse gas emissions — the orange, purple, and green storylines
— predict a worsening of the most extreme droughts. In these future scenarios, extreme droughts
are projected to be twice (green and purple storylines) to twenty times (orange storyline) more
severe than those in the past. These storylines forecast different changes in precipitation but
share a common prediction of strong warming, with average temperature increases of 4.6°C to
5°C over mainland France. The orange storyline, in particular, simulates a drier and warmer
future, which sets the stage for severe droughts, as reflected in the projections.

For the orange storyline, the future’s most extreme drought is slightly more intense, twice
as wide, and ten times longer than the most extreme drought in the past. This highlights that
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Figure 3.9 — Distribution of the characteristics of the most extreme droughts in the past and future
periods for each simulation, (a) for the surface area, (b) for the duration, and (¢) for the intensity.
The most extreme droughts are defined based on their cumulative intensity.

duration is the key characteristic driving the worsening of future droughts. While the affected
area tends to decrease slightly and median intensity remains relatively constant, the purple and
green storylines also predict much longer extreme droughts than those experienced in the past.

Conversely, the yellow storyline presents an alternative scenario. This storyline shows less
changes compared to the ensemble, leading to a lower level of warming (+3.7°C on average over
mainland France) and a slightly wetter climate with a 6% increase in annual precipitation. This
scenario results in a future extreme drought that is 2.5 times less severe than the worst drought
experienced in the past. In this scenario, the future’s most extreme drought is shorter, lasting
only one year compared to the three years of the past extreme drought, with no significant
changes in the other two characteristics.

3.3. Attribution of Agricultural Droughts to Meteorological
Factor

From a meteorological point of view, agricultural droughts are driven by two main factors:
precipitation and potential evapotranspiration. For a better understanding of these droughts’
evolution, we explore the impact precipitation and PET on the evolution of extreme droughts.
The methodology described in Section 2.4.2 is used to calculate p-values, with a 10% confidence
level to determine if a factor is considered as extreme.

There may be a delay between an extreme precipitation deficit or a high PET and the onset
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Figure 3.10 — Ratio of the most extreme drought characteristics between the future and past periods
for each storyline for (a) SSWII and (b) SSWI12 droughts. The most extreme droughts are defined
based on their cumulative intensity.

of an agricultural drought. To account for this, we test lags ranging from 0 to 12 months before
the drought event, resulting in 12 different p-values. Once computed, the number of drought
events with significant levels of each factor is assessed and normalized by the total number of
extreme events detected in each simulation and period.

3.3.1. Precipitation’s Role in Extreme Droughts
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Figure 3.11 — Proportion of extreme agricultural droughts associated with significant precipitation
deficits for different lags and indices used for drought detection. The vertical lines represent each
simulation. (a) Past period. (b) Future period.

Figures 3.11 depict the proportion of extreme agricultural droughts (y-axis) associated with
significant precipitation deficiencies across all simulations (each marked by a vertical line).
These distributions are shown for lags from 0 to 12 months and for SSWI1 and SSWI12 droughts.

A notable finding is that the delay between precipitation deficit and soil drought remains
consistent between past and future periods. 50% to 100% of SSWII1 droughts occur 2 to
3 months after an extreme precipitation deficit, depending on the simulation. For SSWI12
droughts, the lag is longer, with extreme droughts often following a 1 to 9-month period of low
precipitation. This discrepancy is likely due to the 12-month aggregation window for SSWI12,
which captures the annual precipitation cycle’s impact on soil wetness. It suggests that for
SSWI12, a sustained 9-month period of precipitation deficit often precedes extreme droughts.
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This period tends to shorten for future droughts, suggesting that other factors, such as PET,
might be playing a more significant role in driving droughts under future climate conditions.

The overall contribution of precipitation to soil drought remains consistent between past
and future periods, although slightly more droughts are correlated with extreme precipitation
deficits in the future for SSWI1. For SSWI12, the change is reversed, with slightly fewer
future droughts associated with precipitation deficits. This stability implies that precipitation
will continue to be a major contributor to agricultural droughts, with most extreme droughts
following a period of significantly low precipitation.

When examining the four storylines, the green, yellow, and purple ones exhibit a strong cor-
relation between soil droughts and extreme precipitation deficits, with most droughts following
such deficits. However, the orange storyline shows a significant reduction in this correlation for
future droughts, likely due to its simulation of a drier and warmer future climate. This suggests
that in such a scenario, other factors could be more influential in triggering droughts.

Last, the shape of the curves suggests that precipitation deficiencies accumulate over several
months—at least 6 months for SSWI1 and up to 12 months for SSWI12—before resulting in
an extreme drought.

3.3.2. PET’s Role in Extreme Droughts
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Figure 3.12 — Proportion of extreme agricultural droughts associated with significant PET values
for different lags and indices used for drought detection. The vertical lines represent each simulation.
(a) Past period. (b) Future period.

Similar to precipitation, Figure 3.12 illustrate the contribution of PET to past and future
extreme agricultural droughts.

PET becomes significantly more extreme in future droughts. The increase of temperatures
in all the simulations lead to higher PET values in the future. However, the variability of PET
means that extreme droughts may not necessarily follow extreme PET values. Furthermore, not
all simulations have the same increase in PET. Despite this variability, nearly all simulations
show that future droughts are increasingly influenced by PET, contributing to the changes
observed in drought characteristics.

The interval between the occurrence of high PET and the onset of drought varies between
three and five months, as illustrated in Figure 3.12. This delay highlights the time frame within
which the effects of elevated PET are manifested as soil moisture deficits.

It should be noted that an exception is made for SSWI12 droughts in the orange storyline.
In this scenario, the variability of PET is low in comparison to its trend, indicating that PET
values are generally higher in the future. The values reached by PET prior to a drought are
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then surpassed by those during and after this drought. This lower variability could explain why
PET’s role in droughts is less pronounced in this specific storyline with the method used.



4. Discussion and Conclusion

The validation process has demonstrated that the simulations are capable of replicating extreme
droughts that are comparable to those observed in the past, with minor deviations. Firstly, the
frequency of extreme droughts appears to be lower in almost all simulations in comparison to
the reanalysis data for this period. Moreover, the simulations tend to generate extreme droughts
that are larger and longer than those documented in the reanalysis, but these differencies are not
statistically significant. It is, however, noteworthy that three of the four storylines exhibit one
characteristic that differs significantly from that observed in the reanalysis. In particular, the
purple and green storylines result in significantly larger extreme droughts than the reanalysis,
but solely for SSWI12 droughts. The yellow storyline demonstrates a proclivity for longer
droughts than the reanalysis, particularly for SSWI1 and SSWI12 droughts.

The analysis of extreme drought evolution has revealed that identifying a significant change
in extreme drought characteristics is challenging due to the limited number of events that have
been detected. The frequency and intensity of these droughts will likely increase in response to
continued greenhouse gas emissions. In examining the most extreme droughts, the characteristic
that demonstrates the most significant change is the duration. In both analyses, the storyline
with the lowest projected warming over metropolitan France represents the opposite trend,
whereby the characteristics of past extreme droughts are maintained or even reduced.

A notable lag of two to three months has been observed between the occurrence of precipi-
tation deficits and the onset of soil moisture deficits. Long-term droughts are also affected by
extended periods of low annual precipitation. While climate change does not significantly alter
precipitation’s contribution to agricultural droughts, it does increase the contribution of poten-
tial evapotranspiration (PET). PET levels rise in all simulations, though the rate of increase
varies. This suggests that future agricultural droughts will be more heavily influenced by PET,
with the evolution of drought characteristics, as detailed in the previous sections, likely driven
by these increasing PET levels.

Inherent uncertainties and limitations are present in the data and methods that were em-
ployed for this analysis. As outlined in Section 2.1.2, each stage of the modeling process is
associated with uncertainties (Evin et al., 2024a). The use of an ensemble of simulations al-
lows for the assessment of these uncertainties. The various potential futures associated with
the emission scenarios result in disparate evolutions for droughts in France. Tramblay et al.,
2024 showed that the RCP 8.5 scenario exhibited the most significant alterations in drought
characteristics.

Global climate models (GCMs) and regional climate models (RCMs) do not all model the
same processes, which leads to different responses to emission scenarios. The EURO-CORDEX
ensemble has been assessed in Vautard et al., 2021, and the authors concluded that the main
variables were represented in a manner close to observations. However, they also detected
several systematic biases in the GCM-RCM couples. On average, the simulations were found
to be colder, wetter, and windier than observations. Some presented strong biases on one of
these characteristics.

Bias correction methods are statistical techniques employed to align model outputs with
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observed data. Some researchers have expressed reservations about their use. These methods
are unable to correct significant errors inherent to the model, thus the limits of their efficacy
must be known for well-informed results (Maraun et al., 2017). In the EXPLORE2 project,
three bias correction methods have been tested, with the results indicating a high degree of
similarity in the outputs produced by the various methods (Robin et al., 2023). Evin et al.,
2024a demonstrated that the impact of bias correction methods on the simulations within the
EXPLORE2 ensemble is comparatively minimal in comparison to that of the GCMs, RCMs,
and LSMs.

In E. Sauquet et al., 2023, the LSMs employed in the EXPLORE2 project were evaluated,
and their uncertainties were outlined in Evin et al., 2024a. E. Sauquet et al., 2023 conducted a
validation of all the LSMs using historical data. Evin et al., 2024a observed that ORCHIDEE
projected a greater number of changes in comparison to the other models. However, Evin et al.,
2024a also elucidated that CO5 exerts an influence on vegetation by limiting transpiration and
stimulating growth. This impact is solely incorporated into the ORCHIDEE model, despite
the inherent uncertainty in its representation (Evin et al., 2024a). They demonstrated that the
elevated flows simulated with ORCHIDEE can be attributed to this effect. The potential link
between extreme drought and CO, levels could also be investigated in light of this impact on
vegetation.

The ORCHIDEE simulations used in this analysis do not incorporate changes in human
behavior, including those related to water management, such as irrigation and land-use changes.
These two behaviors exert an influence on the availability of water resources, and the feedback
loops must be subjected to further investigation (Van Loon, Gleeson, et al., 2016; Van Loon,
Stahl, et al., 2016).

Furthermore, limitations are imposed by the definition and detection of droughts employed
in this analysis. As it has been stated on numerous occasions within this document, there is
no universal definition of a drought, and this definition impacts the analysis. Moreover, the
thresholds employed to identify episodes of drought are heuristic and thus require adaptation
and discussion in accordance with the specific circumstances. A study on the sensitivity of the
results to the choice of thresholds could be conducted to assess the robustness of the results.

The focus on the most extreme droughts resulted in median projections for the future that
were less pronounced than those observed in Vidal et al., 2012. It would be instructive to focus
on specific events, which would facilitate dialogue with stakeholders. As outlined in Chapter
1, an event-based storyline approach can facilitate a more profound comprehension of these
phenomena (Shepherd, 2016, 2019). Furthermore, the construction of such storylines allows for
the examination of anthropogenic influences, including the modeling of irrigation and land use
change. This is already a feature of the ORCHIDEE model (de Rosnay et al., 2003; d’Orgeval
and Polcher, 2008; Guimberteau et al., 2012; Piao et al., 2007).

The analysis could be extended to encompass hydrological droughts. The use of the Stan-
dardized Runoff Index (SRI) could be employed to assess the impact of climate change on
hydrological droughts. This index is based on the same principles as the SSWI, but it is
calculated using runoff data.
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A. EXPLORE2 Models
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Figure A.1 — The RCM-GCM couples used in the EXPLORE2 simulations are indicated by green
shading. The couples with red shading were excluded from the EXPLORE2 ensemble (Marson et al.,

2024).
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Figure B.1 — Projected relative changes in France for (a) winter and (b) summer temperatures (y
axis) and precipitation (z axis) of the EXPLORE2 simulations and the four storylines. The simula-
tions are compared with the 5% and 95% quantiles (Q5 and Q95) of the CMIP6 ensemble, which is
represented by the plain lines, and CMIP6 constrained by temperature observations according to the
method of Ribes et al., 2022, which is represented by the dashed lines (Marson et al., 2024).




B. EXPLORE? Storylines 39

Marson et al., 2024 described the four storylines as follow.

The green storyline indicated that the temperature in France reached 4.8°C above the cli-
matology, exhibiting pronounced seasonal contrasts. The temperature in winter was recorded
at +3.8°C, while in summer it reached +6.1°C. The mean precipitation level increased by six
percent. This upward trend can be attributed to a notable increase in winter precipitation
(+26%), particularly evident in the northern half of the country. This increase was not offset
by a moderate and insignificant decrease in summer precipitation (-13%). Additionally, changes
in maximum precipitation have been observed to increase (+25%). In response to warming,
reference evapotranspiration has increased (+31%) and has exceeded the rise in precipitation,
resulting in a decrease in the water balance (approximately -160%).

The yellow storyline indicated that the observed warming of +3.7°C did not exceed the
+4°C threshold across France, with moderate seasonal contrasts. The winter temperature was
+3.2°C, while the summer temperature was +4.2°C. The mean precipitation level increased by
six percent. This upward trend can be attributed to a notable increase in precipitation during
the winter season (+18%) in the northern half of the country, which was not counterbalanced by
a moderate reduction in summer precipitation (-10%). This latter reduction was not significant
in the large north-eastern quarter. The greatest changes in precipitation are occurring in the
northern half of the country, with an increase of 16%. In response to warming, reference
evapotranspiration has increased by 28%, which outweighs the rise in precipitation. This has
resulted in a decrease in the water balance of approximately 150%.

The orange storyline exhibited a warming trend of +4.6°C across France, with pronounced
seasonal contrasts. During the winter period, the temperature increase was relatively modest
(4+3.7°C), while in the summer, it reached +6.4°C, demonstrating a notable intensification. The
mean precipitation level exhibited a decline of 9%. This downward trend can be attributed to a
pronounced drying-up during the summer months (40%), particularly evident in the southern
half of the country. This was not compensated for by the moderate increase in precipitation
during the winter (+12%), which was insignificant outside the north-eastern quarter. The
observed changes in maximum precipitation are relatively minor, with an increase of 12%.
However, in response to warming, there has been a notable rise in reference evapotranspiration,
reaching 43%. When coupled with the decline in precipitation, this has resulted in a significant
reduction in the water balance, with a deficit of nearly 400%.

The purple storyline indicated that temperatures in France reached 5°C above the seasonal
norm, exhibiting pronounced seasonal contrasts. The mean temperature in winter was +4.2°C,
while in summer it was +6.5°C. The mean precipitation level exhibited a decline of approx-
imately 8%. This trend conceals pronounced seasonal contrasts, with a notable drying out
during the summer months (-45%), particularly evident in the southern regions, which out-
weighs the increase in precipitation during the winter (+21%), predominantly affecting the
northern half of the country. The observed changes in maximum precipitation are insignificant
in the southernmost regions, with an increase of only 26%. In response to warming, there has
been a notable increase in reference evapotranspiration (+26%). When considered alongside the
decline in precipitation, this results in a significant reduction in the water balance, estimated
to be approximately -230%.



C. Potential Evapotranspiration

Potential evapotranspiration (PET) is defined as the maximum amount of water that could
be evaporated and transpired. It represents the atmospheric demand for moisture and can be
calculated using a variety of formulae. The one employed in this analysis is a combination of
the Penman-Monteith equation and the Hargreaves formula.

The Penman-Monteith equation is a widely used model for estimating PET, combining phys-
ical principles of energy balance and mass transfer. This method considered factors such as
net radiation, temperature, wind speed, and humidity, providing a comprehensive approach to
PET estimation. The equation is as follows:

PET = 0408A(Rn - G) + 7T3_02073u2(es - ea)
A+ v(1 4 0.34us)

(C.1)

Where:

A is the slope of the saturation vapor pressure curve (kPa/°C),

R, is the net radiation at the crop surface (MJ/m?/day),

G is the soil heat flux density (MJ/m?/day),

7 is the psychrometric constant (kPa/°C),

T is the mean daily air temperature (°C),

us is the wind speed at 2 meters height (m/s),

es is the saturation vapor pressure (kPa),

e, is the actual vapor pressure (kPa).

This equation is widely adopted due to its physical basis. The first part of the equation
describes the process of evaporation, while the second part describes the process of convection.
However, this equation requires a significant number of meteorological data inputs (Allen, 2000).

In contrast, the Hargreaves formula provided a simpler approach to estimating PET. The
formula was given as:

PET = 0.0023(Thaz — Tnin)*” (Tmean + 17.8) R, (C.2)
Where:
o Trae and T, are the maximum and minimum temperatures (°C),
o Theanis the mean temperature (°C),

e R, is the extraterrestrial radiation (MJ/m?/day).
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Although the Hargreaves formula is less precise than the Penman-Monteith equation, it is
appreciated for its simplicity and minimal data requirements, which make it a practical choice
for use in diverse environmental conditions (Hargreaves and Samani, 1985).

In the Hargreaves Formula, the solar radiation is estimated from the air temperature. In the
EXPLORE2 project, the net radiation from the Hargreaves Formula, noted REargreaves iy ysed
in the Penman-Monteith equation, which yields the formula of Equation C.3.

PET — 0.408A(Rfferoreaves — @) 4 v 7228 us(es — €q) (C.3)
A + (1 + 0.34uy) '
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