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Abstract

Droughts can have strong environmental and socio-economic impacts in the Mediterranean region, in
particular for countries relying on rain-fed agricultural production, but also in areas in which irrigation
plays an important role and in which natural vegetation has been modified or is subject to water stress.
The purpose of this review is to provide an assessment of the complexity of the drought phenomenon
in the Mediterranean region and present various perspectives on drought in the present and under
future climate change scenarios. The projections of various model experiments on future climate
change scenarios strongly agree on an increased frequency and severity of droughts in the
Mediterranean basin. Nevertheless, given the complexity of the phenomenon, with different types of
droughts and complex interrelated impacts, significant future uncertainties remain. For example,
uncertainties are stronger for hydrological droughts than meteorological droughts due to human
influences and water withdrawal. Significant drought impacts are expected in the future, in particular
for developing countries in the southern and eastern parts of the Mediterranean basin. To improve the
resilience and adaptive capacities of societies and environments face i with drought, we aim to provide
an overview of the key issues in research on climate change impacts un ‘roughts, with a specific focus
on the Mediterranean region, in order to: i) redefine more meanin sfur rought metrics tailored to the
Mediterranean context, ii) better take into account vegetatior a.” .ts feedback on droughts, iii)
improve the modelling and forecasting of drought events thriugh remote sensing and land surface
models, and iv) promote a more integrated vision of driugn. taking into account both water
availability and water use. This overview reflects the cr..nle.city of the problem and the need to
combine scientific research with adaptation solutions to dc *l w' th drought in the future.

1. Introduction

Droughts can be considered as Earth syster nnicnomena that cover a number of meteorological,
hydrological and biophysical processes wi.n s.cio-economic implications (Wilhite and Pulwarty,
2017). Drought generally originates as a n. «eorological phenomenon, in which periods of low
precipitation may produce water scarci.’ in various parts or the whole of the hydrological cycle
(McKee et al., 1993), which in turn aff~cts ~rops (Chaves et al., 2003) and various environmental
systems (Vicente-Serrano et al., 202Ca’. 1 nis ultimately cascades into diminished resources for
mankind. This canonical vision of d ucahe can be modulated by a number of other processes, such as
increased atmospheric evaporative Jemand (S. M. Vicente-Serrano et al., 2020a) and evaporation
(Teuling et al., 2013), which amp..fv the water deficit, or increased snowmelt, which compensates for
it. Biophysical processes can like vise be more or less affected by water deficits (McDowell et al.,
2008), and the vegetation resnise to droughts can also affect water availability through the
modulation of evapotransg raticn (Swann, 2018). Finally, humans have developed means to mitigate
the impact of drough.s truugh hydraulic infrastructures (Lorenzo-Lacruz et al., 2010), irrigation
(Pinilla, 2006), planting mo e adapted plant species or crop varieties, etc. Thus, droughts can be seen
as a process by which the continental water cycle is put into an extreme state and stresses all the other
dependent systems (Wilhite et al., 2007). This cascade of processes leading to droughts amplifies the
complexity thereof, which explains the great difficulty the scientific community has in quantifying
(Vicente-Serrano et al., 2013) and forecasting (Pozzi et al., 2013) droughts and predicting their
impacts. This complexity and uncertainty is exacerbated even further under future climate change
scenarios due to the complex underlying processes driving drought (Cook et al., 2018; Dai et al., 2018;
Scheff, 2019).

The largest Mediterranean climate region on Earth is found in the Mediterranean Basin, due to the
topographical features of the western subtropical regions of continents. The Mediterranean climate is
defined as a mid-latitude temperate climate with a dry summer season. Precipitation has a
marked annual cycle, with hardly any precipitation in summer, and also a spatial gradient, with
values decreasing toward the South (Lionello 2012). The high temporal variability of Mediterranean
climate at seasonal and inter-annual scales is due to the transitional situation between temperate, cold
mild-latitudes and the tropics, causing significant circulation changes between winter and summer, and
the association with several large-scale atmospheric oscillations/teleconnection patterns..
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Mediterranean droughts, in particular those occurring during the wet season, can have a strong impact
on water resources by lowering groundwater levels and water available in dams and reservoirs
(Lorenzo-Lacruz et al., 2017, 2013; Raymond et al., 2016). Low water availability can affect multiple
economic sectors, wild biodiversity, and agricultural production, in particular for countries relying
mostly on rain-fed agriculture such as the countries of North Africa or Middle-East (Turkes et al.,
2020; Schilling et al., 2020). Indeed, the reduction of soil moisture at key phenological stages of crop
growth can be detrimental (Pascoa et al., 2017; Pena-Gallardo et al., 2019); likewise, low groundwater
level and reservoir storage can also affect crop performance, as well as the survival of all agro-
ecosystems during the summer dry season (Guerrero-Baena and Gomez-Limoén, 2019). The past
changes in droughts in the mediterranean region are difficult to assess, due to limited records with
regards to the strong inter-annual variability of precipitation (Vicente-Serrano et al., 2020b). There is
much more consensus on the possible future evolution of droughts in the region, with both climatic
(Dubrovsky et al., 2014; Hertig and Tramblay, 2017; Turkes et al., 2020) and hydrological (Forzieri et
al., 2014) scenarios suggesting an increase in drought frequency and severity. Therefore, it is
necessary to identify the potential impacts of future droughts in ¢ der to develop better adaptation
strategies.

The entire society of the Mediterranean has over the millennia dewve!~wed techniques to harvest water
excess during winter to preserve it for the dry summers when ¢ nouch energy is available for plants to
grow (Mays, 2004). Generally, hydrological basins are stror'ly i..odified and affected by large water
regulation and water management is largely impacted by tF.. requent droughts that affect the basin. In
addition, vegetation coverage has been strongly affected L, che aging human pressure during centuries.
Both issues are real challenges posed to geophysical <ciei.~e. Climate change and its impact on
droughts will pose a systemic challenge to socicy. The Mediterranean basin now concentrates
approximately 500 million habitants in countries v.”th various levels of development with a stark
north/south contrast. Besides, it is one of the *~gi.1s with more tourists from affluent countries and
refugees from sub-Saharan and Middle East cou'itries, two additional external drivers that are putting
extra pressure on the limited agricultural an. water resources available. The distribution of water
resources in the Mediterranean is also ‘ery heterogeneous, causing numerous supranational and
international conflicts mostly in transbor'da * basins and regions with water transfers between basins
that may aggravate due to droughts or ch inyes in ecosystem service supply (Gleik, 2014; Schleussner
et al., 2016, Cramer et al., 2018). Inricc . uie Mediterranean region is considered one of the regions of
the globe with the highest socioeco,."mic exposure to droughts that is likely to be exacerbated in the
future (Gu et al., 2020). Drought c. " also pose a threat to human health, mainly as an indirect indicator
of the impacts of other extreme ~limatic events, such as atmospheric pollution and/or heatwaves
(Salvador et al., 2020). There .o competing interests for water resources in this densely populated
region: irrigation, humar wa’er reserve for seasonally dense touristic population, ecosystem
conservation, consumiay ‘Wa.r at the expense of the other services, among others. There is also a
strong pressure on surface water resources and drought is an additional stressing factor in aquatic
ecosystems. Drought also exacerbates aquifer overexploitation, which is a very significant issue in the
Mediterranean area (Leduc et al., 2017). The groundwater component is also crucial for an appropriate
mitigation of droughts due to the importance of aquifer status to satisfy water demands during
droughts (Carmona et al., 2017). There is a crucial need to deepen the understanding between
anthropogenic effects and the effects of climate change in monitoring land surfaces (vegetation,
humidity). This aspect is essential in a very anthropogenic Mediterranean context for a better
characterization of drought and its evolution.

There is a peculiarity of the Mediterranean water cycle with dry spells matching the highest
evaporative demand and hottest temperatures, which is leading to critical thresholds of leaf
temperature for plant functioning putting plants close to their physiological limit to resist drought in
many areas. The Mediterranean region is very unique from a biogeographical perspective, as it is at
the interface between temperate and dryland biomes, and contains many elements of the temperate
flora that reach the southern limit of their distribution there. This also makes the Mediterranean the
most fire prone of temperate ecosystems. Crop productions in dryland cultivations are already strongly
determined by the inter-annual variability of droughts in the region, in particular for Southern
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countries of the basin. The spatial variability of plant types and landscapes make regional generic
drought indices misleading at local scale. Many areas are at the interface between very different
functional types and land cover types, including forest, shrubland and, in some extreme cases, bare
ground with very sparse vegetation. Drought may be a major factor of alteration in the composition
and health of the ecosystems in the future. At the same time, the causes underlying current drought
impacts on vegetation dynamics are particularly difficult to unravel. Mediterranean vegetation has
been modified for millennia and recent changes in management and land-use, very different in the
North and South of the Mediterranean due to different socioeconomic contexts, make it difficult to
isolate climatic impacts and attribute current episodes of vegetation dieback (Doblas-Miranda et al.,
2015). Consequently, a main challenge on Mediterranean droughts is to understand its effect on plant
and ecosystem communities, the strategies of drought survival and their trade-off with productivity
across different species and its collateral effects on the vulnerability faced to other disturbances such
as wildfires or desertification processes. Droughts will put limits for vegetation development
especially in dry and semiarid areas, and management of these areas will increase in importance to
avoid declining processes and tree mortality. Climate change impicts will be a strong incentive to
adapt their management according to socio-economic contexts, and o rovide relevant physiological
traits to breed better adapted varieties of crop species.

The purpose of this review is to provide an exhaustive inventor / of (e current challenges in assessing
droughts and their impacts under climate change scenarict in uie Mediterranean region. Various
definitions of drought exist, most often classifying it as m..>ar logical, agricultural/environmental or
hydrological, depending on its impact (Mishra and Singi., 20:0; Wilhite et al., 2007). Consequently,
we use the same categories: the available climate scenari’,s 1.~ meteorological droughts are presented
in section 2.1, agricultural droughts in section 2.”. o id hydrological droughts in section 2.3. We
acknowledge that additional drought types could ‘e _onceived, for instance by considering the
propagation of drought impacts to the socio-~co,. 2mic system (e.g. reflecting the deficit in water
demand satisfaction (Guo et al., 2019; Liné< et 7i., 2018; Mehran et al., 2015; Bachmair et al., 2016;
Shi et al., 2018), but the literature available for nese integrated definitions is still scarce. In the second
part of this review, we provide a discussicn of current research issues to improve our understanding of
the various processes associated with ~rouchts and highlight future research needs. The need to
consider atmospheric evaporative demar: ih the assessment of drought severity is discussed in section
3.1, while section 3.2 examines the v.'neability and resilience of vegetation in the face of drought.
The research perspectives of monitc.ing drought through remote sensing are presented in section 3.3,
and the modelling of droughts .~ improve forecasting is presented in section 3.4. Finally, the
importance of linking together dru.'ant indices, models and impacts is discussed in section 3.5.

2. Current drought scer ario. for the Mediterranean
2.1 Meteorological droug! ts

Meteorological drought is a phenomenon associated with prolonged and abnormal moisture
deficiency. It is usually described by the magnitude and duration of precipitation deficit with respect to
the long-term climatology, often analyzed with statistical indicators like the Standardized Precipitation
Index (SPI) (McKee et al., 1993). The SPI is particularly useful for drought monitoring, enabling the
identification of different drought types and drought impacts on various systems. Besides
precipitation, atmospheric evaporative demand (AED), i.e. the demand of the atmosphere for water, is
included in several drought metrics like the Palmer Drought Severity Index (PDSI) (Guttman, 1998)
and the Standardized Precipitation Evaporation Index (SPEI) (Vicente-Serrano et al., 2010). Yet it
should be noted that each drought index may have some drawbacks. The SPI index, despite its
simplicity and wide use, does only account for water supply without AED that could affect the water
balance. The PDSI, and its self-calibrated version, show important problems of spatial comparability
among regions with different characteristics (Guttman et al., 1998). The SPEI, accounting for water
supply and AED, can be sensitive to the method to compute atmospheric evaporative demand
(Begueria et al., 2014). Droughts effects most often cannot be apprehended only by these
meteorological indices, their management also requires agricultural and hydrological indicators (Van
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Lanen et al., 2016; Bachmair et al., 2016). Meteorological drought indices are commonly employed in
the Mediterranean region when the severity and duration of a specific drought event needs to be
guantified and placed in a long-term perspective (Cindri¢ et al., 2010; Garcia-Herrera et al., 2019;
lonita et al., 2017; Sousa et al., 2011). Alternatively, dry spells defined as consecutive sequences of
dry days are generally used when it comes to drought risk assessment (Rivoire et al., 2019; Vicente-
Serrano and Begueria-Portugués, 2003). Regardless of the indicator used, it is of paramount
importance to account for the non-stationary nature of climate variables under future climate scenarios
(Mukherjee et al., 2018) and to consider the timescale of drought and its statistical properties (Vicente-
Serrano et al., 2019a) for improved drought assessments in the context of climatic change.

Large-scale climate variability over the Mediterranean Basin is strongly associated with circulation
patterns such as the Arctic Oscillation, the North Atlantic Oscillation, the East Atlantic Pattern and the
Scandinavian Pattern, which control moisture fluxes and determine the patterns of wet and dry
conditions over the Western and Eastern Mediterranean Basins (Lionello, 2012; Sahin et al., 2018).
Based on long-term precipitation observations, some studies sugg :st that anthropogenic emissions
have contributed to the increase in meteorological drought in the Meu'terranean (Gudmundsson and
Seneviratne, 2016; Hoerling et al., 2012). It must, however, be sures.=d that historical precipitation
trends are not statistically significant over the whole domain (R=v1..~~d et al., 2016; Vicente-Serrano
et al., 2020). Drought studies extending to before the industr al e a suggest drying trends over the
Mediterranean Basin that have reached extreme levels over -he \ust few decades (Cook et al., 2016;
Hanel et al., 2018; Markonis et al., 2018). Recent droughts ... the eastern Mediterranean after 1998 and
Syria in 2007-2011 (Kelley et al., 2015) were the larges: in itensity and duration over the last few
decades or even centuries. Based on long-term recons’iuc.’'ons and modeling approaches, drying
trends are attributed to increased anthropogenic forcini, (Marvel et al., 2019). Moreover, the increase
in drought severity in various countries of the Me ite'ranean basin suggested by multiple studies
(Caloiero et al., 2018; Fniguire et al., 2017; Ja~nb .t al., 2018; Markonis et al., 2018; Raymond et al.,
2019; Sousa et al., 2011; Spinoni et al., 20"./7; Turco et al., 2017a) is mostly related to the observed
increase in atmospheric evaporative demand ( . ‘cente-Serrano et al., 2014) since precipitation has not
changed substantially over the long ter.» (Hanel et al., 2018; Vicente-Serrano et al., 2020b), and
precipitation records since the middle of *he 29th century indicate several drought episodes equivalent
in severity and duration to those reco.d:d in the last few decades (Vicente-Serrano et al., 2020b).
Thus, under the dominant stationar -ac.pitation conditions, the most evident change would be the
increased severity of recent drought . /ents caused by higher atmospheric evaporative demand (Garcia-
Herrera et al., 2019), which wou'd explain the general drying assessment based on soil moisture
models and drought indices that 1..~lude this variable in calculations (Markonis et al., 2018; Marvel et
al., 2019). Studies based on the irapacts of drought on forests (Carnicer et al., 2011), pasture lands
(Vicente-Serrano et al., 20: 2) a)d water resources (Vicente-Serrano et al., 2014) support the increased
influence of the AED cn '*Ouy:it severity in the region.

Potential shifts in large-scale circulation under climate change will place substantial pressure on the
Mediterranean hydro-climate (Barcikowska et al., 2018; Wang et al., 2018). There is relatively high
agreement on a decrease in Mediterranean precipitation in future scenarios, which could be explained
by a gradual northward shift of the winter jet over the North Atlantic, leading to a northward transport
of air moisture away from the Mediterranean (Putnam and Broecker, 2017). The projected decline is
strongly related to the level of global warming and the induced changes in the regional circulation of
remote drivers (Zappa and Shepherd, 2017). In the case of weak circulation changes, the response is
unclear, especially for a lower level of global warming, while in a high-impact scenario with
amplification of regional circulation, the reduction in wintertime Mediterranean precipitation could
locally reach a rate up to 0.2 mm day K™ of global warming (Zappa and Shepherd, 2017). Simulations
from a high resolution GCM (Barcikowska et al., 2018) suggest precipitation changes of up to —50%
in some regions of Northwest Africa and up to —20% and —25% over the west coasts of the Balkan
Peninsula and Turkey, respectively, by the end of the 21st century. Polade et al. (2017) note a similar
drying pattern (12% average reduction, ranging from +1% to —38%) over the same period based on 30
CMIP5 GCMs. Consistent with this decline in precipitation, climate models project an increase in the
duration and intensity of droughts in the Mediterranean during the 21* century, based on different
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scenarios and metrics (Daliakopoulos et al., 2017; Dubrovsky et al., 2014; Ozturk et al., 2015; Ruffault
et al., 2014; Spinoni et al., 2018; Vrochidou et al., 2013). These projected changes in the duration of
meteorological droughts may affect large parts of the Mediterranean region (Deidda et al., 2013;
Lionello and Scarascia, 2018; Marcos et al., 2017; Raymond et al., 2019; Turkes et al., 2020) and
present a high signal-to-noise ratio under the RCP8.5 concentration pathway (Orlowsky and
Seneviratne, 2013; Prudhomme et al., 2014). According to the same scenario, a significant increase in
the frequency of Mediterranean droughts is projected even under the ambitious mitigation targets of
1.5°C and 2°C global warming, with droughts projected to occur 5 to 10 times more frequently
compared to the recent past (Naumann et al., 2018). For instance, Polade et al. (2015) used projections
of precipitation from 28 CMIP5 global climate models forced by RCP8.5 to study changes in dry day
frequency. They found an increase of up to 30 more dry days for the period 2060-2089 relative to
1960-1989 over the Mediterranean Basin. As a result, more than 80% of the projected annual
precipitation change in the Mediterranean region can be ascribed to increases in the occurrence of dry
days rather than to changes in precipitation intensity. Based on a set of higher resolution transient
climate simulations under the RCP8.5 scenario (Koutroulis, 2019; Kc utroulis et al., 2019; Wyser et al.,
2016), Mediterranean areas are expected to experience increases in ume under severe and extreme
drought (Figure 1). The magnitude of the changes is higher for (ony term (SP148) than short-term
(SP16) meteorological droughts and escalates with the level of glnh.! *».arming. These changes are not
projected to be homogeneous over the entire Mediterranean tasin, with the western half showing a
tendency towards more frequent severe droughts, with strci\ger agreement among ensemble model
members. However, most model experiments overesti”...*e *he observed precipitation decrease
(Knutson and Zeng, 2018). Considering changes aggrega.~d a. the country level, at 1.5°C above pre-
industrial levels, 30% of the land of Morocco is projected (0 1.27e an increase of approximately 10% to
20% in time under severe (long-term) drought, with a nulti-model agreement of over 80% (Table 1,
supplementary material). At 2°C of global warming th: drying signal (>10% in time under severe
(long-term) drought) is present for over 30% ~* Iv.~rocco, Portugal, Spain, Montenegro and Albania,
while at the high end of 4°C the drying si¢ ial i; more robust for the majority of the Mediterranean
countries. By the end of 21st century, the ex. nt of the current Euro-Mediterranean climate zone is
projected to shrink by 16% (157,000 km”) under RCP8.5, equivalent to half the size of Italy (Barredo
et al., 2018). The extent of the Mediterr~ne. arid zones is expected to increase more than twofold,
covering an area of almost 400,000 I.m.~. An increase in aridity over the northern Mediterranean
implies transitions from dry sub-hum.u 2nu humid to semi-arid, while over the southern Mediterranean
these transitions are towards dryer a1 and hyper-arid types (Koutroulis, 2019; Ozturk et al., 2018).
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Figure 1. Mediterranean areas project:d .~ experience increases in time under severe and extreme
drought (SPI<-1.5). Changes are shown {r short timescale (SPI6 — a, b, ¢) and long timescale (SP148
—d, e, f) droughts for specific lev-Is o, global warming (1.5 °C, 2 °C and 4 °C above preindustrial
levels) relative to the baseline priou (1981-2010). SPI calculations are based on a set of higher-
resolution transient climate simu'atic s under the RCP8.5 scenario (Wyser et al., 2016). SPI statistics
are calibrated on the referenc~ peiod (1981-2010) and used for the SPI calculations for the future
periods. Color saturation d:nc*es the agreement among ensemble members and color hues show the
magnitude of change.

Changes in droughts can 2,0 be caused by changes in rainfall characteristics in terms of seasonality,
dry spells and precipitation intensity. There are numerous studies on dry spells concerning the
Mediterranean region, particularly those covering datasets from the second half of the 20™ century
across individual countries, selected regions (e.g. Iberian Peninsula, different parts of the
Mediterranean) or the whole of Europe. There are generally two groups of studies dealing with dry
spells: i) those that model dry spells via theoretical probability distributions, providing spatial patterns
with different return levels (Rivoire et al., 2019; Serra et al., 2016; Tramblay and Hertig, 2018), and ii)
those in which observed and projected changes in dry spells are analyzed. In particular, the maximum
duration of dry spells (according to a 1 mm threshold) has been widely analyzed in the context of
climate change since it is part of the core set of indices of extremes (Lionello and Scarascia, 2018;
Raymond et al., 2019). With regard to observed climate change, in general, a drying trend has been
found in the Mediterranean region with a growing duration of dry spells, particularly in the cold
season (Zolina et al., 2013), 2013). Such positive trends occurred at the expense of wet periods, with
the lberian Peninsula experiencing the strongest shortening of wet periods. Regional simulation
experiments (Brogli et al., 2019) suggest that the causes of drying in the Mediterranean differ
depending on the season and are probably linked to the dominant seasonal precipitation formation



mechanisms: winter precipitation is predominantly caused by synoptic processes while locally formed
convective precipitation is more abundant in the summer. The relationship between dry spells during
winter and synoptic patterns has been examined by a number of studies (Raymond et al., 2016;
Tramblay and Hertig, 2018), revealing an association between these episodes and anticyclonic
blocking conditions 1000km to the northwest, which bring non-saturated cold air masses. Dry spells
are also associated with positive anomalies in the NAO and to a lesser extend in the MO. With regard
to future projections, over 90% of the CMIP5 models predict a notable drying of the Mediterranean,
most likely associated with a lengthening of dry spells (Polade et al., 2017). The area could experience
up to 30 more dry days per year by the end of the century (Polade et al., 2015). For the temperature
targets of 1.5°C and 2.0°C, the small size of the CMIP5 ensemble does not provide enough
information to quantify changes in weather extremes, due to a low signal-to-noise ratio. In response to
this, Sieck et al. (2020) used regional climate simulations driven by a large GCM ensemble to quantify
changes in the number of Consecutive Dry Days (CDD) for 1.5°C and 2.0°C of global warming. Their
results suggest statistically significant shifts towards more frequent, longer dry periods in the Iberian
Peninsula for both warming targets, while for the rest of the Euro-M :diterranean area, similar changes
are simulated for the 2.0°C global warming level. Comparable patterns e emerging from the regional
climate model simulations carried out under Euro-CORDEX anc Mc1-CORDEX (Raymond et al.,
2019). The results show an increase in the number of very lon? .’ spells, from + 3 to +31 events
(according to RCP4.5 and RCP8.5), with a parallel increase in 11ean duration and spatial extent for the
period 2066-2100 compared to the recent past (1971-200%\. Fuithermore, future drought changes
could be determined not only by the changing frequency o* .'*v Jays but also by precipitation intensity
on wet days. Several studies demonstrate that the fu:'re elationship between temperature and
precipitation intensity is close to Clausius-Clapeyron sca'.ng (Bao et al., 2017) at temperatures below
a regionally varying threshold that is determined by :e level of moisture deficit (Drobinski et al.,
2018). These changes in rainfall intensity (mm/h® ¢ tka sub-diurnal scale could potentially lead to
increased surface runoff and thus make rainfall ~ve, *s less efficient for water resources.

Although significant progress has been made n the scientific field of meteorological drought, the
impact of climate change on droughi requires further investigation because of the underlying
complexity of the relationship betwee~ .~ two. Several questions have yet to be studied. A
comprehensive analysis of the mechan.sris vehind the change in the duration of dry episodes should
also involve temperature regimes di.ii.a ury periods, which are particularly important for analyzing
the impacts of extremely long dry ne.ods (Zolina et al., 2013). Recent studies stress that direct climate
model outputs contradict the sian.'s ot increasing dryness simulated by offline impact models due to
incorrect assumptions under incre. sing atmospheric CO2 that do not account for changes in water use
efficiency (Betts et al., 2015 C-eve et al., 2019, 2017; Huang et al., 2015; Milly and Dunne, 2016;
Peters et al., 2018; Yang et al., .’018). Furthermore, the first results from the new generation of CMIP6
global climate models (£, "y et al., 2016) present higher equilibrium climate sensitivity with respect
to the CMIP5 range. Scienti sts will need to investigate the magnitude and trends of future drought in
response to this greater likelihood of reaching higher levels of global warming, while also taking into
account the potential changes triggered by abrupt and irreversible climate changes (Pascale et al.,
2016). Finally, it should be noted that model consensus on Mediterranean drying does not necessarily
imply more confidence since false confidence in robust projections could stem from common errors or
deficiencies in physics parameterizations (Pascale et al., 2016).

2.2 Agricultural droughts

Soil moisture is a fundamental variable, acting as a switch and integrator of various water fluxes
interlinked in the soil-vegetation-atmosphere system (Koster, 2004; Seneviratne et al., 2010; Teuling
et al., 2013) and regulating energy flows and biogeochemical cycles, and thus plays a key role in plant
growth. Along with topography, soil hydraulic characteristics and rainfall rate, the prevailing soil
moisture conditions control the proportion of rainfall that percolates, runs off, or evaporate from the
Earth's surface and drive many vegetation processes. Soil moisture also integrates precipitation and
evaporation over periods of days to weeks, thus introducing memory into the coupled soil-vegetation-
atmosphere system. This makes the water stored in the topmost, unsaturated surface layer of the Earth
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one of the most important water resources, supplying natural vegetation and non-irrigated crops with
the water they need.

Rain-fed agriculture is crucial for the economy in several Mediterranean countries, accounting for
more than 90% of cultivated areas in Algeria, Morocco and Tunisia (Schilling et al., 2020), 57% in
Turkey, 64% in Italy and 56% in Portugal (Jacobsen et al., 2012). As a result, long and/or intense
droughts during the rainy season can have serious consequences for crop production and agricultural
revenues. The lack of soil moisture is at the forefront of drought issues, as it affects crop growth and
yields, and is thus called agricultural drought (Ciais et al., 2005). Agricultural drought is caused by
the combination of a lack of precipitation (meteorological drought) with the AED. The socio-
economic impacts associated with agricultural drought can be severe, as they often accumulate slowly
and over a long time and may persist for years after the end of a meteorological drought (Vrochidou et
al., 2013). Since the 1960s, drought events have been one of the main drivers of crop failure in the
world (Cottrell et al., 2019), with a significant impact on the world economy and food security. The
projected increase in the frequency, intensity and extent of drought  vi'l likely exacerbate the pressure
on rain fed agricultural production in Mediterranean drylands and su<’n livelihood systems (Bird et
al., 2016; Bouras et al., 2020). More frequent drought, in particular during summer, threatens the
sustainability of multiple agroecosystems characterizing this recini,. *.groecosystems relying on rain
fed trees for example may suffer from increased mortality du: to \jas embolism. The availability of
water is one of the most important factors that determine p'ant y.owth. This is why the best-known
effect of water deficit on crops, worldwide and in the Mer..>fra2ean region, is the reduction of yield.
The magnitude of this reduction varies with species and ‘arie.y. For food legumes (lentils, chickpea
and fava beans), an experiment conducted in Syria showr J ti.0t yield reduction due to drought ranged
from 56 to 64% on average across three seasons (K-ur u and Oweis, 2012). Wheat and food legumes
are expected to be among the most affected by pro, «ct~d more frequent and severe drought events;
along with barley, they are the most dominan* <ot ~ies in Mediterranean cropping systems, playing a
major role in feeding people and livestock (’.arr/,u and Oweis, 2012). Water availability also depends
on soil storage. Larger negative impacts from . -ought are usually expected on light soils (with a high
proportion of sand) with lower water-t.o!ding capacities. The magnitude of drought-induced vyield
reduction also depends on the growth c*age. when droughts occur during key phenological stages,
irreversible damage or physiological di.o deis may occur (Pena-Gallardo et al., 2019; Vicente-Serrano
et al., 2013). For instance, water str:s. inuuces tiller losses during the early stages of cereal growth,
while a decline in carbon assimiletic™ and grain hampering could occur if drought coincides with the
reproductive and grain-filling stag.<. High temperatures (above 30°C) associated with drought are also
particularly harmful for yields ot o'l crops during the pollination phase. In addition to reducing yield,
the distribution of rainfall and .~e timing of dry spells create a high level of uncertainty for farmers
regarding if and when to scw st 2ds. Water deficit after sowing can not only lead to seed mortality and
thus loss of cropland a. e« anu crop failure, but farmers may even decide not to sow at all, since small-
scale farmers may wait for v ell-distributed rainfall events at the start of the season to seed.

Agricultural drought is affected by both climate change and human activity on land, but also direct
human influences on the hydrological cycle. For the Mediterranean region, studies indicate a historical
decrease in soil moisture, particularly in southeastern Europe, southwestern Europe and southern
France, as well as a substantial increase over western Turkey (Kurnik et al., 2015; Samaniego et al.,
2018; Sheffield and Wood, 2008). Similarly, Mariotti et al. (2015) indicate a progressive decrease in
total soil moisture in the Mediterranean region based on CMIP5 historical runs. Nonetheless, century-
long reconstruction of soil moisture should be interpreted with care in the absence of validation data.
Based on Samaniego et al. (2018), a global warming increase of 3 K instead of 1.5 K would lead to an
increase of 44% (x+ 24%) in soil-moisture drought area in the Mediterranean (i.e. regions enduring
severe droughts where SMI < 0.2), and consequently 42% more people would be affected by droughts
by the end of the century. The longest droughts in all of Europe are projected to occur in this region,
with durations exceeding 7 months/year (using the period 1971-2000 as a reference for the SMI
guantile estimation).

11



In order to derive a consistent multimodel ensemble for SMI, the simulated SM of every RCP-GCM-
LSM combination was transformed into SMI (Samaniego et al., 2013). The reference empirical SM
CDF for a given RCP-GCM-LSM combination was based on the period 1971-2000 (Samaniego et al.,
2018). Once the SMI for a given ensemble member is obtained, the drought duration is calculated by
tallying the number of months per year in which the SMI is less than the 20% quantile. This quantile
implies that the simulated SM in a given cell and simulation will be exceeded 80% of the time. The
ensemble mean drought duration is then estimated as the average of the 60-member ensemble. It must
be emphasized that the representation of land cover and land use is of crucial importance for these
kinds of climate projections. Future studies should also include gridded land cover and land use fields
representing socio-economic scenarios to be able to better represent land cover change and dynamic
vegetation (CO2 fertilization hypothesis) in land surface models. Unfortunately, at the time of this
study this information was not available. Figure 2 shows the evolution of the ensemble mean drought
duration in the Mediterranean region (months/year) based on the simulations of 4 LSMs (Noah-MP,
mHM, PCR-GLOBWAB, and VIC) and 5 bias-corrected GCMs (GFDL-ESM2M, HadGEM2-ES, IPSL-
CM5A-LR, MIROC-ESM-CHEM, and NorESM1-M) under thee RCPs (2.6, 6.0, 8.5). The
simulations on which this figure is based were reported in Samanieao ~t al. 2018, 2019. It should be
noted that the estimation of the SMI for the period 2001-2099 uses the Mistorical SM reference (i.e. no
adaptation of the CDF). This figure 2 clearly shows the magnitude _€ *1e changes from the beginning
to the end of the century for the Euro-Mediterranean region. U der the RCP2.5 scenario, the DD will
peak at mid-century and reach around 6 months per year at a tew locations in the Iberian Peninsula
and eastern Greece. Under RCP6.0, the ensemble DD will .c2ci. 6 to 7 months per year by the end of
century for large portions of both regions. Under RCP8.C th:, situation will be drastically different.
Large changes will be observed in the Iberian Peninsul~. by midcentury (around 6 to 7 months per
year). By the end of the century, the whole Mediter ai- zan will endure severe droughts for 8 or more
months of the year. This unprecedented increase ii. drr,ught duration highlights the severity of the
expected changes. With such results and giver ~u. ~ent technologies, it is hard to imagine how large-
scale agriculture and the supply of water t~, mi lions of people will be feasible. In a similar work,
Grillakis (2019) analyzed soil moisture simuic’‘ons for Europe from the JULES Land Surface model
driven by four GCMs under the RCP2.6 >nd RCP6 scenarios. The results indicated that exceptionally
low soil moisture would become substartian * more frequent in the Mediterranean region in 2100. A
key finding was that the unpreceder.ted urought events of the historical period, which had an
unforeseen spatial extent and duratic.i of up to 3 years, are expected to occur up to twice per decade in
the future, regardless of the degree o. mitigation.
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Figure 2: Multi-model ensemble mean drought durat: n ( nonths/year) obtained with historical
observations (E-OBS) during the period 1960-2014 anc w.th for RCP 2.6, 6.0, and 8.5 for three
periods: near future (2010-2030), mid-century (2022-2060) and end of century (2061-2090) for the
northwestern Mediterranean region.

2.3 Hydrological droughts

Hydrological drought refers to low flov 1 e .uds with a streamflow or groundwater level deficit under
“natural” conditions. Related indica’.< «Zen include the annual minimum of a streamflow average
taken over several consecutive davs. Assessing natural flow conditions in a specific location requires
removing the anthropogenic infl. nces (e.g. reservoir management, water transfers, abstractions for
various anthropogenic uses like ‘rrniyation and drinking water, etc.) from the observed streamflow
series. Naturalization thus reqyoires additional data on anthropogenic influences, which are usually
greater during the summer low -flow period, when water demand around the Mediterranean is at its
highest, notably for ir.gatic™. Strong collaboration with the social sciences is therefore needed to
improve our understanding :nd modelling of hydrological droughts in the Anthropocene (Kreibich et
al., 2019; Van Loon et al., £016).

Historical discharge records indicate an increased frequency of low flows in Southern Europe (Stahl et
al., 2010), in particular in France (Giuntoli et al., 2013), Spain (Coch and Mediero, 2016; Lorenzo-
Lacruz et al., 2013) and Turkey (Cigizoglu et al., 2005), and an overall decrease in water availability
over the Euro-Mediterranean domain (Gudmundsson et al., 2017). However, low-flow trends can be
influenced by multidecadal variabilities (Hannaford et al., 2013) such as the North Atlantic Oscillation
(NAO) and the Atlantic Multidecadal Oscillation (AMO) (Giuntoli et al., 2013). In addition, the
expansion of forests in headwaters and of irrigated lands in the lowlands mostly explains the decrease
in streamflow in the region (Teuling, 2018; Vicente-Serrano et al., 2019a). Thus, the increase in
hydrological droughts downstream of the main irrigation areas is greater than higher upstream
(Vicente-Serrano et al., 2017a, 2017b).

Marx et al. (2018) provided future scenarios with a combination of 3 hydrological models driven by 5

GCMs under RCP 2.6, 6.0 and 8.5, with low flows described as the percentile of daily streamflow
exceeded 90% of the time. They observed a decrease for Euro-Mediterranean areas (France, Spain,

13



Italy, the Balkans and Greece) ranging from 12% under +1.5 K warming to 35% under +3 K warming.
Similar results were obtained by Quintana-Segui et al. (2011) for French Mediterranean basins; using
different downscaling methods, they found a reduction of up to 20% in the annual monthly minimum
under the A2 scenario for the middle of the 21th century. Smiatek et al. (2014) observed that summer
low flows in the Jordan river basin could be reduced by between 15% and 25% towards the end of the
21st century. Using an ensemble of Euro-CORDEX simulations for +2° and +4° scenarios,
Papadimitriou et al. (2016) found that the intermittent flow regime of the Guadiana River (south of the
Iberian Peninsula) will intensify in these climate change simulations. Overall, most studies conducted
with hydrological models forced by climate models indicate an extension of the low-flow period
during summer (Forzieri et al., 2014; Prudhomme et al., 2014), accompanied by an increased
frequency of flow intermittency, in France (Lespinas et al., 2014), Italy (Fiseha et al., 2014; Piras et
al., 2014; Senatore et al., 2011), Spain (Majone et al., 2012), Portugal (Mourato et al., 2015), and
Morocco (Marchane et al., 2017; Tramblay et al., 2013). With regard to basins influenced by snow,
several studies report a general decrease in snow amounts and increasing snowmelt, implying a
changing contribution to river runoff that could impact the season: iity and magnitude of low flows
(Marchane et al., 2017). In their study on the Durance River in southern. France, which is regulated by
large reservoirs, Andrew and Sauquet (2017) found a decrease in .mean annual renewable water
resources, with a decrease in summer low flows, associated with a y->uter pressure on water demand,
using ENSEMBLES regional climate models with the A1B scearic up to the year 2050. Schneider et
al. (2013) applied the WaterGAP model and 3 GCMs under ~>ena:10 A2, with a time horizon of 2050,
to find an increase in discharge intermittency in the Medi*..vai.can basins of Southern Europe, likely
exacerbated since large amounts of water are already with.'vaw 1 for irrigation purposes. Grouillet et al.
(2015) used an integrated modelling framework that con<.de:> both hydrological processes and water
demand to study the Ebro (Spain) and Hérault (Fraic+ ) basins. They found that a future increase in
human activities (tourism, agriculture, etc.) and th2 ¢ nc:2quent increase in water demand may have a
greater impact on water availability than climau~ changes, even under RCP8.5. Over the whole
Mediterranean, water demand is already hic.a ard may increase greatly in the future, in particular in
North Africa, thus affecting water resources and subsequently low flows (Droogers et al., 2012;
Milano et al., 2013).

A few drought indices are focused or. rroundwater. Bloomfield and Marchant (2013) developed a
methodology based on the SPI apric~cii that uses the monthly groundwater level time series to
estimate a Standardized Groundwc.*ar level Index (SGI). Mendicino et al. (2008) introduced a
Groundwater Resource Index (Gr.", which is derived from a distributed water balance model. This
index is used in a multi-analysis «noroach for monitoring and forecasting drought conditions and has
been tested in the Mediterraneon region. For example, Lorenzo-Lacruz et al. (2017) showed high
correlation between aquife  lev. Is and the Standardized Precipitation Index on the island of Mallorca
(Spain). These grountw.*ar .driables will be affected by climate change in the future. Semi-arid
Mediterranean areas show ignificant reductions in future potential recharge. For example, a 12%
decrease in net aquifer recharge over continental Spain is estimated for the horizon 2045 under the
most pessimistic concentration pathway, RCP8.5 (Pulido-Velazquez et al., 2018a). The spatial
distribution of this decrease is quite heterogeneous, and the standard deviation of the annual mean
recharge will increase by 8% on average in the future. Nevertheless, although the probability is low, an
increase in rainfall variability, as expected under future scenarios, could increase recharge rates for a
given mean rainfall because the number of extreme events may increase. For some RCMs, the
simulations predict total recharge increases over the historical values, even though climate change
would produce a reduction in the mean rainfall and an increased mean temperature (Pulido-Velazquez
et al., 2015). However, the current generation of land-surface components in climate models does not
reproduce well groundwater recharge, and precipitation intensity is also strongly biased in climate
simulations. Overexploitation of groundwater is another important factor, with an even greater effect
of lowering groundwater levels than climate change in many Mediterranean areas (Leduc et al., 2017).
Reductions in groundwater recharge and levels, independently of the drivers, might produce
significant hydrological impacts, especially in systems with higher vulnerability such as the coastal
aquifers, in which salt-water intrusion could be exacerbated (Pulido-Velazquez et al., 2018). The
groundwater component is also crucial for an appropriate assessment of operational droughts, due to
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the fact that aquifer levels have a significant influence on the availability of water to satisfy demands
in Mediterranean areas (Carmona et al., 2017).

The assessment of the impact of climate change on river discharge and subsequently on low-flow
indicators requires a modelling chain linking climate models, downscaling and/or bias-correction
methods, and hydrological models. Mediterranean regions are a hot spot for changes in low flows
(Giuntoli et al., 2015), with a large increase in low flow days simulated from a multimodel ensemble
combining various GCMs and global hydrological models (GHMs). However, it has also been
demonstrated that over the Mediterranean region, the largest contribution to the total uncertainty is
related to the GHMs (Giuntoli et al., 2015). Similarly, Vidal et al. (2016) analyzed the uncertainties of
the hydro-modelling chain used to simulate low-flow changes in two snow-influenced catchments in
the French Southern Alps. They found a large influence of internal large-scale and small-scale climate
variability, and a large contribution to the total uncertainty of the hydrological modelling structure.
Lespinas et al. (2014) observed that for various types of Mediterranean basins, the hydrological
scenarios are sensitive to the choice of the potential evapotranspirat'on formulation in the conceptual
models that are still widely used for this type of climate change impad* assessment. Moreover, these
models do not include the possible feedback effects of land cove , o example the impact of forest
cover on long-term hydrological droughts.

3.0 Research perspectives
3.1 The need for drought indicators that include atmos,her .c evaporative demand

Projections based on precipitation indices sugges* o « increase in the frequency and severity of
droughts in the Mediterranean region at the end ¢ ." e *wventy-first century (Martin, 2018; Orlowsky
and Seneviratne, 2013). Other studies base” o, drought metrics that include the atmospheric
evaporative demand project a stronger increase .n dryness in the region than the precipitation-based
metrics (Dai et al., 2018; Naumann et al., 20. ¢ S. M. Vicente-Serrano et al., 2020a). The rationale
behind these findings is that the AED wo>uld increase water scarcity in various usable water sources
and in vegetation, although the authors <'qg.st that in the last few decades, increased AED does not
correspond to a reduction in water rescurce» and/or vegetation activity (Scheff, 2018), the role of the
AED is particularly relevant during r.rc 'ai periods given increased plant stress and direct evaporation
from surface water bodies (Vicentr-C~rrano et al., 2020).

At present, there is a scientific uchate on the use of drought metrics that include AED with future
climate projections (Scheff. 2029 2018; Zang et al., 2020). This is in part due to the fact that the
formulation of potential «vap transpiration in AED indices can have a strong influence on the
magnitude of changes n. Arvught indices, with a potential overestimation of the temperature effect
(Sheffield et al., 2012). This is also because there are large uncertainties regarding the combined effect
of AED, soil drought ana CO2 on vegetation responses to climate change. Such uncertainties are
primarily linked to runoff outputs from global climate model projections that suggest more limited
drought trends than offline drought indices that use AED calculations based on the meteorological
outputs of the GCMs (Greve et al., 2017; Milly and Dunne, 2016; Roderick et al., 2015). However, as
pointed out by Barella-Ortiz et al. (2013), offline computation of AED with climate model outputs can
be problematic since it neglects several factors, in particular the surface conditions. This issue could be
partly explained by the inclusion of CO2 effects in the GCMs (Lemordant et al., 2018; Roderick et al.,
2015; Swann, 2018). These effects would increase the water-use efficiency of vegetation, at least
partially compensating for the radiative effects of CO2 on air temperature and vapor pressure deficit
(VPD). This seems to agree with both paleoclimatic reconstructions (Scheff, 2018) and observations
globally (Yang et al., 2018).

In the Mediterranean region, streamflow variability is mostly governed by precipitation, the influence
of AED being much smaller (Vicente-Serrano et al., 2014; Vicente-Serrano et al., 2019b). Therefore,
the influence of AED on drought severity could be limited in comparison to that which is suggested by
meteorological drought indices like the Standardized Precipitation Evapotranspiration Index (SPEI)
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and the Palmer Drought Severity Index (PDSI) that consider AED. It is true that from a purely
hydrological point of view, these meteorological drought indices could overestimate the role of AED
in humid regions and periods characterized by high precipitation (Vicente-Serrano et al., 2019b).
Nevertheless, here we provide arguments to justify why in the Mediterranean region, drought severity
is expected to increase as a consequence of the rise in AED projected for the end of the twentieth-first
century by the GCMs (Scheff and Frierson, 2015; Vicente-Serrano et al., 2019b).

First, it should be noted that drought affects different systems, and consequently, there are different
drought types: hydrological, agricultural and environmental, all affected differently by AED. Here, we
establish a difference between the influence of AED on hydrology (streamflow and reservoir storages)
and on vegetation. From a hydrological point of view, and independently of the possible uncertainties
regarding the role of CO2 in future scenarios (Kolby Smith et al., 2016; Piao et al., 2007), the
Mediterranean region is characterized by strong modifications in natural vegetation in both the north
and south of the basin (Chebli et al., 2018; Garcia-Ruiz et al., 2011; Gerard et al., 2010; Sluiter and de
Jong, 2007) and the creation of large irrigated lands that consumc A large amount of water in the
summer (Garcia-Ruiz et al., 2011; Pinilla, 2006; Serra et al., 2014). in (e Mediterranean basin, water
is mainly generated in the headwaters of the mountain areas (Vivi oli :nd Weingartner, 2004). In the
north of the basin (i.e. Southern Europe), mountain areas haw. reen affected by an extensive
abandonment of traditional agriculture and livestock over tk=2 la:t century (Lasanta et al., 2017),
making the dominant land cover forest and shrubs (Garcia-P liz <. al., 2015), which consume a large
amount of water in comparison to the traditional crops ar. nas:ures (Garcia-Ruiz and Lana-Renault,
2011). Such a decrease in runoff for these areas coulu he mplified by the projected increase in
vegetation cover related to high CO2. However, in future tre, s, the increase in vegetation cover due
to high CO2 is highly uncertain and strongly depe.iu-. on model formulation (Keenan et al., 2011;
Mankin et al., 2019).

Given the current human pressure, this proc'.ss i, expected to continue in the future, with an increase
in the leaf area, the length of the vegetative pe.‘ods, and the altitudinal expansion of the forests, even
though precipitation shows a decrease in “iture projections, since Mediterranean mountains are humid
areas in which precipitation is not the m~*n constraint for vegetation activity and growth (Gazol et al.,
2017; Keenan et al., 2011; Vicente-Sz2rianu et al., 2015). Under these land-cover scenarios with
increased AED, water losses by plai.: tiunspiration would increase given the larger leaf area and
because CO2 fertilizing effects wnu.™ not entirely compensate for the effect of the projected increase
in temperature and VPD (Vicen.>-Serrano et al., 2019b), reducing the available “blue water” in
comparison to the “green water’” ‘sed by plants. Thus, recent studies have suggested that increased
leaf activity and the lengthenel v:getative periods would compensate for the possible hydrological
effects of the CO2 fertili’atio hypothesis (Frank et al., 2015). During periods characterized by
precipitation deficits, w.'=h we projected to increase in the Mediterranean (Hertig and Tramblay,
2017; Raymond et al., 201! ), the hydrological effects of the AED would be even more critical for
water generation since the percentage of “green water” would increase.

In addition to the greater implications for mountain headwaters, there are also hydrological
consequences in sub-humid and semi-arid Mediterranean areas. Although runoff generation is small in
these areas, there are large reservoirs to supply irrigated lands (Garcia-Ruiz et al., 2011; Lorenzo-
Lacruz et al., 2010; Moran-Tejeda et al., 2012). In these reservoirs, the increased AED projected in
future scenarios would noticeably increase direct water evaporation (Friedrich et al., 2018; Martinez-
Granados et al., 2011), reducing the available water for human uses, which is much more critical
during periods of precipitation deficits. In addition, irrigated lands are expected to increase water
demand given the traditional irrigation approaches, in which direct evaporation is very strong, and
crops would also evaporate more in response to the increased AED (Fader et al., 2016). The strong
alteration of river regimes and streamflow magnitude (Vicente-Serrano et al., 2017a) and the increase
in hydrological drought severity downstream of the main irrigation polygons (Vicente-Serrano et al.,
2017a, 2017b) paint a pessimistic picture under scenarios of AED increase. In the south of the
Mediterranean basin (North Africa), the effects of AED on hydrological drought severity are expected
to be different since vegetation coverage has strongly decreased and is expected to continue to do so in
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the future as a consequence of increased population pressure (e.g. in the Atlas mountains) (Aguilar et
al., 2016; Chebli et al., 2018). Under these conditions, the effects of an increased AED would be small
given the constrained plant transpiration, but the hydrological effects in the middle and lower parts of
river courses would be similar to those in the north of the basin due to the increased demand in the
irrigated lands (Fader et al., 2016).

From the agricultural and environmental points of view, there are significant uncertainties related to
the possible effects of CO2. A number of experimental studies have supported the hypothesis of CO2
fertilization affecting the water-use efficiency of vegetation (Drake et al., 1997; Dusenge et al., 2019),
including typically Mediterranean plant species (Andreu-Hayles et al., 2011; Osborne et al., 2000).
This suggests that plants would be more resistant to water deficits in future climate scenarios, but these
fertilizing effects of CO2 are not very clear during periods of precipitation deficits characterized by
low soil moisture (Pefiuelas et al., 2011). A number of experimental studies have suggested that due to
stomatal closure in response to low soil moisture, the effect of elevated CO2 would be negligible
under drought (Allen et al., 2015; Bachofen et al., 2018; Duan et al., 2915, 2014; Morgan et al., 2004;
Xu et al., 2016); given that precipitation deficits are projected to be n.~re frequent and severe in the
Mediterranean region, this could be a critical issue since an A=D Ariven purely by atmospheric
conditions would clearly increase plant stress and the severih ¢ ~avironmental and agricultural
droughts (Vicente-Serrano et al., 2019b).

The influence of the AED on plant stress is complex. Me~.:~ri.nean vegetation is not expected to be
negatively affected by increased AED during periods of i..7h ¢ ecipitation and sufficient soil moisture
(Vicente-Serrano et al., 2019b). However, during periods “.,f s. il moisture deficits, vegetation would be
further stressed by an increased AED. The negafive role of AED in vegetation stress has been
suggested by a number of studies on both humi? */ic:nte-Serrano et al., 2015) and water-limited
(Joffre and Rambal, 1993; Le6n-Sanchez et al = 2u26; Pumo et al., 2010) areas of the Mediterranean,
and long term observational analysis also su’.ges s an increased negative role of AED trends. Carnicer
et al. (2011) showed that defoliation rates in th. forests of northeast Spain have noticeably increased in
areas in which precipitation has not cha.aed but the AED has strongly increased over the last few
decades (Vicente-Serrano et al., 2014a). <im,'ar mechanisms have been suggested in arid steppe areas
of northeast Spain, which show a tearercy towards degradation (Vicente-Serrano et al., 2012).
Overall, the vegetation greening trer.u. that had been reported through 2010 are now being reversed,
and this effect seems partly related w increased atmospheric drought globally (Yuan et al., 2019).

Therefore, the use of drought n.>trics that use AED to define drought severity in future climate
scenarios seems to be hinh,,;” ;ecommendable. In this sense, the Standardized Precipitation
Evapotranspiration Index (Sk=l) (Begueria et al., 2014; Vicente-Serrano et al., 2010), the
Standardized Evapotransyirawun Deficit Index (SEDI) (Kim and Rhee, 2016; Vicente-Serrano et al.,
2018) and the Evaporative Demand Drought Index (EDDI) (Hobbins et al., 2016; McEvoy et al.,
2016) could account for the possible effect of the increased AED on hydrological, agricultural and
environmental drought conditions in the Mediterranean under future climate change scenarios. Each of
these indices could include the possible CO2 effects via the modified FAO-56 Penman-Monteith
equation by Yang et al. (2018). These indices would have clear applications in assessing agricultural
and environmental drought impacts, but also possible hydrological applications (e.g. hydrological
drought downstream of big reservoirs and irrigation polygons). Along with other possible metrics
based on modeling approaches, these indices can be useful for better understanding drought severity
and related drought impacts in the Mediterranean region under future climate change scenarios.
However, since vegetation plays a major role in water balance, its differential response to climate and
land-use change factors can greatly affect the projections based on AED indices alone. With this in
mind, AED indices should also be compared to functional indices that account for vegetation
processes.

3.2. Predicting the future of Mediterranean agro-ecosystems under intensifying drought
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By the year 2100, current anthropogenic climate change will likely alter ecosystems in the
Mediterranean in a way not seen for the past ten millennia and will lead to the substantial expansion of
drylands and deserts in much of southern Europe and northern Africa (Guiot and Cramer, 2016).
Beyond the urgent need for effective mitigation, we must understand vegetation vulnerability,
resilience and the capacity for adaptation to increasing drought intensities. In the Mediterranean basin,
land use as measured by the Global Drylands Assessment is dominated by agroecosystems: forests
(21%), grasslands or rangelands (26%), and crops (35%), including perennials like vineyards and fruit
trees, forage species and annual cereal crops. Under both the greater incidence of summer droughts,
which may become up to 40% more frequent by 2100 (Spinoni et al., 2018), and increasing
population, the amount of water available for agriculture is declining drastically. The research
priorities are therefore (1) to advance the understanding of the mechanisms involved in the response of
agroecosystems to longer and more intense drought, (2) to develop indicators that act as early warning
signals of the impact of drought on vegetation, and (3) to improve projections of future drought impact
on rain-fed agroecosystems in order to inform long-term adaptation strategies.

Given the diversity of agroecosystems in the Mediterranean, one curren. ~hallenge is to develop ‘agro-
ecological drought’ indices that are better linked with drought imp.octs. These indices should be
generic enough to assess the levels and impact of water stress A~ru 2 various agroecosystems and to
scale up the assessment of drought from any type of plant cor 'mur ity to the landscape level (Figure
3). This may be possible by accounting for (i) water k-lancc processes within the soil-plant-
atmosphere continuum, which allows the soil water ava’.."le to plants to be quantified, (ii) plant
functional responses to drought through key phenologica., mo' phological and physiological traits that
represent the diversity of short- and long-term plant rirought strategies, and iii) ecosystem-level
adjustments of plant density/species composition tc as curately partition surface runoff, transpiration
and evaporation (Tague et al., 2019).

The modelling of soil water available to pla.cs ¢ .n be improved through process-based water balance
models (Céceres et al., 2015; Mouillot et al., .~01; Rambal, 1984; Ruffault et al., 2013), but this will
require more knowledge of the interac..7ns between the various soil layers, the types of soil and
vegetation, and the contribution of grourdwe.*er to tree water uptake (Barbeta et al., 2015; Carriére et
al., 2020), in particular through plant 1ar.tn.y strategies (Cabon et al., 2018a, 2018b; Mouillot et al.,
2001). They should also account fo' .he cifects of fluctuating water consumption and runoff due to
leaf area dynamics (Céaceres et al., 215), species competition for water (Longepierre et al., 2014), and
species succession over time afte. disturbance or land cover change (Mouillot et al., 2002). Remote
sensing data should be incorpora*2a into monitoring and modelling efforts since it can be used to
monitor spatial and temporal o o~esses and benchmark or parameterize models that simulate the effect
of drought on forests, gras lanus or field crops, as described in section 3.3, and can thus constitute an
early warning signal L. Fuge and Zribi, 2019; Liu et al., 2019). Combined with process-based
vegetation models (McDow 2l et al., 2015) that include energy balance developed specifically for
complex agroecosystems, remote sensing data refines the simulation of water fluxes for the
heterogeneous land surface characterizing most Mediterranean agroecosystems.
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Figure 3: Developing agro-ecological drought indices. n.reving the prediction of drought impacts
entails better combining water balance models with tre iuontification of traits involved in plant
adaptive strategies under drought.

Coupling physiological knowledge of releve 1t tr.its with an estimation of water balance is the key to
translating generic estimates of soil water cutent into species-specific estimates of plant stress.
Generic process-based or species-specific models that include plant traits and ecoclimatic indicators
should be used to investigate crop a~.. na:ural vegetation productivity and sustainability under
different climatic scenarios (Caubel et 2"., 2015). Due to the multiplicity of traits that contribute to
drought resistance and drought sun v wne study of trait coordination (Rosas et al., 2019) and the
identification of general trade-offs (e.> production versus resilience) is very promising (Martin-StPaul
et al., 2017). For instance, dehvu.2tion avoidance is the main drought resistance (i.e. maintaining
production under moderate drougr strategy in major annual crops. The trade-offs between such traits
associated with maintaininc nreuction under moderate drought (dehydration avoidance) and traits
associated with survival ur der ¢ 2vere drought (dehydration tolerance and embolism tolerance) need to
be better identified for « ‘miue range of plant types (Volaire, 2018). This is the case for summer
dormancy (Volaire et al., 2'J16), which confers high dehydration tolerance and persistence on some
Mediterranean perennial grasses (Volaire and Norton, 2006) and putatively on other shrubland species
such as Periploca sp. and Witthania sp. Advances need to be made in the simulation of these traits and
strategies, the effects of vegetation structure on the soil water balance (Mouillot et al. 2001, Caceres et
al., 2015), hydraulic processes (Martin-StPaul et al., 2017; Sperry et al., 2016), and the direct impact
of droughts on the growth of organs (Guillemot et al., 2017; Lempereur et al., 2015; Zribi et al., 2016)
and the modification of their architecture (Chaubert-Pereira et al., 2009), including root foraging
(Cabon et al., 2018b). Models should explicitly account for regeneration dynamics in perennials
(Martinez-Vilalta and Lloret, 2016), which are affected by summer soil surface drought (Chamorro et
al., 2017), and winter drought for desiccation-sensitive seeds such as Quercus ilex acorns.

Plant traits and extreme events associated with tipping points that lead to significant plant mortality
and drastic changes in plant function should be identified (Martinez-Vilalta et al., 2019) and integrated
into monitoring efforts and refined predictive models. The factors triggering mortality under drought
have been relatively well explored in trees with regard to their hydraulic system (Choat et al., 2018),
but far less in herbaceous or shrubland species (Lens et al., 2016; Volaire, 2018). Long-term studies
showed that plant recovery capacity relies on the mobilization of carbon and nitrogen reserves,
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especially in perennial species (Norton et al., 2016), and is highly associated with former growth
patterns (Cailleret et al., 2017; Limousin et al., 2012). We must also consider nutrient limitations and
their interaction with plant hydraulic limitations (Gessler et al., 2017). To understand longer-term
impacts and vegetation-atmosphere feedback in a Mediterranean context, it is essential to account for
the interactions with pests, pathogens and fire at the landscape scale. Plant mortality processes interact
with biotic attacks, which should also be subject to further investigation (Anderegg et al., 2015), for
example in Aleppo pine forests, which are widely distributed throughout the Mediterranean and have
been recently affected by various types of diseases (Morcillo et al., 2019). Forest wildfires are
probably one of the most widespread disturbances in these ecosystems (Batllori et al., 2019; Moreira et
al., 2020; Pausas and Vallejo, 1999). The recovery of species and ecosystems after the combination of
fire disturbance and drought may lead to significant changes in ecosystem characteristics and their
ability to face new perturbations, with relevant effects on land degradation and desertification
processes (Batllori et al., 2017; Trumbore et al., 2015).

Although the current literature indicates a strong link between droug’ ts and fires (Gudmundsson et al.,
2014; Russo et al., 2017; Turco et al., 2017b), droughts alone are not s fficient to predict burned area
values across all regions (Turco et al., 2017a). A relatively shorc peiod of drought is presumably
needed to provide a sufficient amount of biomass for burning (fuel \c~7) in a wildfire. Recent findings
have confirmed the effects of live fuel moisture content on firc behvior, inviting further attention to
the prediction thereof (Pimont et al., 2019; Rossa and Ferranaes, 2018). The response of plants to
drought varies among species and biomes (Martin-StPaul 2 ', 2017; McDowell et al., 2015; Vicente-
Serrano et al., 2013), and when applying the widely u.~d Fire Weather Index (FWI) system, the
influence of drought on plants is implicitly assessed via rois: tre codes originally developed for dead
fuels. These moisture codes do not account for plant -s; acific responses, and the same is true for other
drought indices. So far, most approaches to predi.’«nr, fire hazard have been based on empirical
drought indices that are not adapted to multi-ne ies predictions (Ruffault et al., 2018) and rarely
account for fuel limitations - a crucial driv:r o the fire-weather relationship (Turco et al., 2017a).
Process-based modelling approaches coupling . ‘ater balance with plant traits at the global (Hantson et
al., 2016) or local level (Caceres et al., .215; Mouillot et al., 2002), as well as the global database of
seasonal plant moisture content (Globe-! =M ) (Yebra et al., 2019), should improve these fire hazard
indices by providing direct estimates o. fie Jguantity and moisture content. One of the possible direct
consequences of the trends towards w.nicr and drier conditions in the future is an increase of burnt
area due to forest fires (Dupuy et a. 2019). However, the quantitative evidence indicates that fires
have been decreasing over the las. few decades in the Mediterranean (Turco et al., 2017a), probably
due to increased fire-suppression «*forts (Moreno et al., 2014; Ruffault and Mouillot, 2015). Indeed, in
recent decades, fire manageme.* c.rategies have improved through new technologies and experience,
even though climate drivcrs would have probably led to an opposite trend (Batllori et al., 2013;
Fréjaville and Curt, Zo.7" rurco et al., 2014). Nevertheless, the increase in societal exposure to
wildfires in recent years (Bc wman et al., 2017), along with climate change effects, may overcome the
current fire prevention efrorts; as a result, more and different fire management approaches must be
considered to increase our resilience towards future Mediterranean forest fires (Turco et al., 2019).

Finally, it is crucial to take into account the socio-economic context driving past and current land use
and vegetation dynamics, in particular for forests (Doblas-Miranda et al., 2015) and
rangelands/grasslands, including old abandoned crop fields, which are strongly affected either by
overgrazing and soil degradation or undergrazing (shrub encroachment) in the southern and northern
areas of the Mediterranean basin, respectively (Vigan et al., 2017). The socio-economic context
influences management practices such as tree density in agroforestry (Cabon et al., 2018b; Fader et al.,
2015; Gavinet et al., 2019; Joffre et al., 1999; Vila-Cabrera et al., 2018) and the selection of species
with high water use efficiency and resistance to drought in agriculture (Latiri et al., 2010), which in
turn play a role in promoting drought resilience. In conclusion, we argue that unified agro-ecological
drought indices would provide policy makers and stakeholders with information needed to optimize
rain- and water-use efficiency and manage the trade-offs between various ecosystem services on
different spatial and temporal scales.
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3.3 Challenges in drought monitoring through Earth observation

The modelling of terrestrial variables can be improved through the dynamical integration of
observations. Remote sensing observations are particularly useful in this context because they are now
unrestrictedly available at a global scale, with high repetitivity. Many satellite-derived products
relevant to the hydrological and vegetation cycles are already available. They allow drought to be
analyzed through statistical anomalies with respect to the long-term mean (Bijaber et al., 2018; Jiao et
al., 2019; Le Page and Zribi, 2019; Mariano et al., 2018; Sanchez et al., 2018). The recurrent problem
in using EO for drought analysis is the short duration of individual sensor time series. Longer series
could allow better separation of anthropogenic effects from climatic effects (Garonna et al., 2016). In
this context however, various products try to increase the length of records by taking into account
measurements from different sensors and blending them together. The ESA Climate Change Initiative
(CCI) exploits over 40 years of archived and emerging satellite observations to develop long-term,
global data records that describe the evolution of key components of the Earth system. To monitor
changes across the oceans, atmosphere and land environment, Ess 2ntial Climate Variables (ECVs)
provide the empirical evidence needed to advance scientific understan.’ng of the climate and address
the impacts of a changing world. For example, the ESA CCI Soil NV oisu. 're algorithm generates a 40-yr
consistent worldwide product (1978-2019) by merging soil moistire *<rieval from active and passive
microwave-based products (Dorigo et al., 2017, Gruber et al., Z2)19) The capabilities of satellite Earth
observation have been steadily improving and cover multipl~ aspccts related to drought: precipitation
(TRMM, GPM-IMERG...), vegetation development (MCZ'S, SPOT, Sentinel...), vegetation stress
(Landsat, MODIS...), surface soil moisture (ASCAT, SMC'S, S MAP...), water level in lakes and rivers
(JASON, SWOT), groundwater storage (GRACE), and snu~ cover (MODIS, Sentinel). The raw
reflectance measurements are processed to obtain Fiur.hysical products such as the LAI (Leaf Area
Index) and fAPAR (fraction of Absorbed Photosyrth. icz.ily Active Radiation) of crop cover (Weiss et
al., 2004), surface characteristics like LST (! ~nu Surface Temperature), or soil characteristics like
SSM (Surface Soil Moisture). All land sur’ace variables cannot be observed from space but some
advanced products such as evapotranspiration, stimates can be obtained by using LST to solve the
surface energy budget with some simplify ng assumptions (Courault et al., 2005; Martens et al., 2017).
The decrease in precipitation gauges ~rou.d the world has also encouraged the generation of
precipitation products derived from EO, riainty relying on estimates from thermal infrared and passive
microwave sensors. For example, th= Cloudl Precipitation Measurement (GPM) mission has provided
a continuous global record since the :rear 2000 and will surely benefit from future passive microwave
missions (Skofronick-Jackson et ' . 2U17). In recent years, there has been an increasing use of low
resolution satellite surface data (. SMOS) to improve precipitation products, such as the SM2RAIN
product (Brocca et al., 2019) e development of high-resolution operational soil moisture products
could also be extremely Lsefu. in retrieving precise precipitation products in this complex context
(Caracciolo et al., 2015).

Besides the physically based variables, several vegetation indicators based on remote sensing have
been proposed. The well-known NDVI (Normalized Difference Vegetation Index), which uses red and
infrared reflectance, is an indicator of chlorophyll content in vegetation (Tucker, 1979), the NDWI
(Normalized Difference Water Index) uses the near-infrared and red bands to indicate the water
content in the surface layer of soil and vegetation (Gao, 1996), and plant stress is analyzed by the
difference between air temperature and surface temperature (Kustas and Anderson, 2009). The indices
for soil surface water content are generally derived from passive or active microwave measurements
(Kerr et al., 2016). With a lifetime of 20 years, the Moderate Resolution Imaging Spectrometer
(MODIS) on the satellites Terra (1999) and Aqua (2002) represents the most emblematic mission
related to drought studies (Justice and Townshend, 2002). MODIS offers 36 spectral bands ranging
from 0.4 to 14.4 mm with resolutions ranging from 250 meters to 1 kilometer. Anomaly indices using
remote sensing of biophysical parameters can be computed from a single product (Amri et al., 2012,
2011; Chakroun et al., 2015; Kogan, 1995) or from a combination of several products, like in the
Vegetation Drought Response Index (Brown et al., 2008) or the Drought Severity Index (Mu et al.,
2013). These indices have shown a strong potential to characterize droughts, for example the
beginning and end of a drought event. The combination of these indices provides us with a better
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understanding of the chronology of a drought event, in which a rainfall deficit in turn leads to soil
moisture deficit and lower water storage. Plant water stress can be identified in the early stages with
fluorescence (the future FLEX mission). A decrease in plant transpiration causes an increase in land
surface temperature, which will be captured with a high temporal resolution on future LST missions
(e.g. Indo-French mission TRISHNA and the ESA-LSTM. Finally, a prolonged deficit of water affects
the development of vegetation, which is visible through common optical Earth observations.

EO from remote platforms presents several challenges. The cost of platforms has long been a
constraint to EO, and thus a trade-off between spatial, temporal and spectral resolution was necessary.
This constraint has been diminished by the advent of satellite constellations (for example, the two
Sentinel-2 satellites allow a revisit time of 6 days at a resolution of 10 meters, with 13 spectral bands)
and nanosatellites (the CubeSats of private company Planet Labs can cover the entire planet with a
spatial resolution of 1 meter). New sensors are being developed with higher spectral, temporal and
spatial resolution to capture more precise signals (Schimel et al., 2019). Technical improvements in
sensors allow resolutions of less than one kilometer to be achieved with geostationary satellites (e.g.
the ABI sensor on the GOES-R platform, or the MTG FCI sensor, e.nected in 2022), thus greatly
improving the revisit time of NDVI-like observations at this resolt cior,. The launch of the Copernicus
constellations (in particular Sentinel-2), which allow acquisitirn .1 a high spatial and temporal
resolution, could enable a significant leap forward in the analy is o, agricultural drought. The SWOT
mission (Surface Water Ocean Topography), with an expecte{ lau:ich date of April 2022, will provide
global observation of the changing water level of rivers 2:..' la.'2s with a vertical accuracy of 10 cm
and a spatial resolution of 100 meters. Other experim.ntal satellite missions will add additional
observations for drought monitoring. For example, the BII\,* SS mission expected in 2022 will carry
a P-band SAR designed to determine the amoun* v~ biomass and carbon stored in forests. The
EarthCARE mission planned for 2022 will advance oiv understanding of the role that clouds and
aerosols play in reflecting incident solar radi~tio,> back into space and trapping infrared radiation
emitted from Earth's surface, while the Aeo! s s tellite launched in 2018 carries a Doppler wind lidar
to measure wind profiles around the globe. “-inally, sensor improvements can be combined with
techniques such as data fusion or spatial .'isaggregation, which improve the original spatial resolution.
With these recent operational multi-sene~r .nducts characterizing various parameters, we are surely
moving towards analyses based on mu.ti resulution indicators to better refine the specific contexts of
each region. Indeed, this type of date. v.*!l culow a much finer analysis of the effects of drought through
a precise evaluation of the anthreoexenic component. This means taking into account human-made
impacts, including the expansion . urban areas, land cover changes, the extension of irrigated areas,
and changes in agricultural pra.tices. EO can provide a good interpretation of these changes,
especially through the use m -lissification algorithms. Analyzing agricultural drought could be
performed at the plot scale wh.ch is more suited to the needs of managers and decision makers. This
data will also be very i.n. “re. .« in monitoring mountainous areas, in particular in terms of snow cover,
which is often highly fragn ented in semi-arid areas (the Atlas Mountains for example) and during
drought periods.

Earth observations (EO) are mostly focused on surface or near-surface properties and several key
surface variables for drought monitoring are not directly observable from space including the root-
zone soil moisture or evapotranspiration fluxes. Sensor data or products are thus used jointly with
dynamic land surface models (LSMs) through data assimilation technics. Data assimilation techniques
combines EOs and LSM allowin to spatially and temporally integrate the observed information into
LSMs in a consistent way (Reichle et al., 2007,Albergel et al., 2017). We refer to Land Data
Assimilation Systems (LDASs) as the framework where LSMs are driven by and/or ingest such
observations generating improved estimates of the land surface variables (LSVs) (Kumar et al., 2018).
Several LDASs now exist from point to global scale, amongst them are the Global Land Data
Assimilation System (GLDAS, Rodell et al., 2004), the Carbon Cycle Data Assimilation System
(CCDAS, Kaminski et al., 2002), the Coupled Land Vegetation LDAS (CLVLDAS, Sawada and
Koike, 2004, Sawada et al., 2015) and more recently the U.S. National Climate Assessment LDAS
(NCA-LDAS, Kumar et al., 2018) as well as LDAS-Monde (Albergel et al., 2017, Bonan et al., 2020)
to name a few. These LDASS either optimize process parameters (e.g., CCDAS), state variables (e.g.,
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GLDAS, NCA-LDAS, LDAS-Monde) or both (e.g., CLVLDAS). Assimilated Earth Observations
(EOs) generally include satellite retrieval of surface soil moisture, snow depth and snow cover,
vegetation, as well as terrestrial water storage. The recent advances in remote sensing observations
including improved spatial and temporal resolution (Copernicus constellation) and new water stress
detection technics such as sun induced fluorescence (e.g. Duveiller et al., 2020) will open new
perspectives for LDAS-based drought monitoring systems (e.g. Norton et al., 2019).

3.4 Improvements in land surface modelling in semi-arid Mediterranean regions

Land surface models (LSMs) were originally designed for implementation in numerical weather
prediction (NWP) models to provide interactive lower boundary conditions for atmospheric radiation
and turbulence schemes, and thus they compute the fluxes of heat, mass and momentum between the
land and the atmosphere on the required convective (turbulent) and radiative timescales (i.e. resolving
the diurnal cycle). In the past two decades, LSMs have evolved cons iderably to include more physical
and biological processes in order to meet the growing demands of .~th the research and the user
communities (van den Hurk et al., 2016). They increasingly incluc'e pr xcesses such as photosynthesis
and the associated carbon fluxes and vegetation phenolooy >izmass evolution, net primary
production, aerosol emissions, soil moisture prediction, ‘urfae runoff and exchanges with
groundwater and rivers, and snow pack dynamics. LSMs thus provide integrated simulations of
atmosphere-land interactions by closing the water and enery, huJgets.

These models have been especially developed to be cougled with atmospheric models, within
Numerical Weather Prediction (NWP) systems, r.giunal climate models and general circulation
models, in order to predict different variables (evepc ' -arspiration, soil moisture, leaf area index...) of
the Earth's surface. They can also be used off'ine, that is, not coupled to the atmosphere, typically
forced by a gridded database of meteorologiral v «riables (Habets et al., 2008). Offline applications are
appropriate for long-term monitoring of drouy: ts (Vidal et al., 2010). Furthermore, they can be used
with or without data assimilation of soil 1 »isture or vegetation properties (Albergel et al., 2018). As a
result, they are versatile tools that can be 2op:*ed in different contexts and at various spatial scales and
resolutions. Yet both the model inputs (p.ev.pitation and other climate variables, land use, soil types,
vegetation characteristics...) and the 1..naci structures can strongly affect the simulations (Quintana-
Segui et al., 2019). Since LSM par.meterization is typically applied at spatial resolutions that range
from 100 m to GCM grid reso. 'tions (upwards of 10° m), it treats unresolved scale-dependent
processes as a function of some arid-average state variable though a combination of conceptual
models, empirical relationshins, thsory, and fundamental mathematical laws. Generally speaking, the
research community has a funcamental knowledge of how to model certain surface processes using
very detailed approaches, hov.cver, such numerical modeling must strike a sometimes delicate balance
between computational usa¢ 2 or efficiency, the ability to accurately define input parameters, and the
complexity of the physical parameterization. LSMs have therefore been developed to include what are
deemed to be first-order processes (or even only those for which there are reasonable estimates of the
input parameters in order to avoid adding additional large uncertainties into the system). As our
understanding of processes, computational resources and the availability of observational or satellite
data sets increases, complexity and realism are added. In addition, methods for optimally combining
observations with LSMs are continuously improving.

LSMs are formulated in terms of the energy and mass balances extending from the surface (including
vegetation) downwards through the vegetation rooting depth in order to capture the processes most
pertinent to representing land-atmosphere exchanges. In terms of drought, some recent studies have
added improved physics to better model such conditions. For example, Garcia Gonzalez et al. (2012)
showed the improvements in LSM simulated soil moisture and evapotranspiration due to the
incorporation of water vapor transfer into an LSM for semi-arid sites. Ukkola et al. (2016) showed that
the accurate representation of vertical water fluxes, plant water stress and soil properties were of
paramount importance for representing droughts in particular. More LSMs intended for use in NWP
models are including explicit vegetation canopy processes; for example, Napoly et al. (2017) showed
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the improvements for a Mediterranean site in terms of surface fluxes (notably the Bowen ratio) and
radiative transfer. A very important recent development has been the explicit modelling of plant
hydraulics to improve the way these models simulate the impact of drought on gas exchange (Eller et
al., 2020). Some LSMs used within GCMs have even recently moved to using multi-layer vegetation
canopies (Naudts et al., 2015) in order to further improve the analysis of radiative transfer, represent
the turbulent fluxes explicitly rather than using an assumed within-canopy profile, and provide a more
consistent and realistic coupling between the vegetation and various different aspects of the carbon
cycle and plant dynamics (thus potentially improving the simulation of the impact of increased future
droughts on both vegetation and climate). But despite an ever-improving representation of the
aforementioned physical processes in LSMs, there are some issues related to their ability to represent
atmosphere-land interactions in semi-arid Mediterranean environments (Samaniego et al., 2017). For
example, LSMs have some difficulties in capturing the spatial heterogeneity of semi-arid
environments, and thus their performance can vary greatly from one site to another with similar
characteristics (Hogue et al., 2005). Quintana-Segui et al. (2019) showed that the timescales of
drought propagation, from precipitation to soil moisture, are hi tbly dependent on LSM model
structure. Barella-Ortiz and Quintana-Segui (2019) observed that drou2ht representation in RCMs is
better for precipitation than for soil moisture, showing that the lan‘i-su. face component presents more
uncertainties.

It is generally accepted that LSM soil moisture must be rec-aleu in order to be compared to in-situ
observations. For example, Quintana-Segui et al. (2019) us..' a cuantile-based index in order to obtain
a coherent multi-model estimate of soil moisture. Vidal e. ~l. (.010) and Samaniego et al. (2018) have
shown that this procedure helps to derive extremely cons:ste,.* drought indicators based on simulated
runoff or soil moisture. The reasons why LSMs may’ re oroduce soil moisture differently (Wang et al.,
2009) can be manifold. First, they define soil n.isture differently depending on their vertical
resolution, sub-grid assumptions and pedo-trar-fei functions, which results in different ranges of soil
moisture values. In addition, the LSMs car relv on different land cover or soil property maps (e.g.
USGS, ESA, ECOCLIMAP...). Global comp. ‘isons of these products derived from remote sensing
and/or local surveys and built on various ~lassification schemes and validation methodologies indicate
several inconsistencies between different nro.icts (Congalton et al., 2014; Dai et al., 2019). Therefore,
a better harmonization of these maps is n-cessary, as noted by Grekousis et al. (2015). The problem is
particularly complex in the Mediterr.s.2an region, where most natural areas belong to transitional land
cover classes of mixed vegetation 1. eea, Mediterranean vegetation types include forests, shrublands
and rangelands, and mosaic types f habitat are very common, forming complex patterns created by
variations in soil, topography. cli. ate, fire history and human activity over several millennia (Geri et
al., 2010). Consequently, the oe o transfer functions used to derive the LSM parameters can result in
highly contrasting situatior s (S:maniego et al., 2017) across different land cover maps, even without
considering land cover ci."nyc. that can occur on the timescale of climate simulations. Several studies
indicated the need to perfori 1 a sensitivity analysis of LSM parameters to identify those that it is most
important to calibrate for a given landscape (Cuntz et al., 2016; Demaria et al., 2007) and to upgrade
the representation of the physical processes in these models (Clark et al., 2017).

A significant source of the surface heterogeneity of the Mediterranean landscape in LSMs, which
modulates surface fluxes and state variables, is the inclusion of anthropogenic processes. For the land
surface outside urban zones, this includes reforestation and agricultural practices such as irrigation.
And obviously, the water needs for irrigation can be influenced by the intensity or longevity of
droughts. The inclusion of irrigation in an LSM is not straightforward, since irrigation is difficult to
detect and to quantify at the plot scale over large areas. There are essentially two aspects: mapping
irrigated areas, and representing the physical process and impacts of irrigation. Different approaches
have been proposed to map irrigated areas. One such approach, based on the compilation of national or
regional databases (Portmann et al., 2010), is increasingly being used by the LSM community.
However, data timestamping may vary between regions, and these products are only available at
relatively coarse spatial scales. LSMs are increasingly incorporating more realistic representations of
irrigation, for example explicitly modeling different methods such as sprinkler, gravity and drip
(Lawston et al., 2015). Therefore, including anthropogenic aspects such as irrigation in LSMs is of
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critical importance for accurate future projections of water resources and modifications to the global
water cycle (Harding et al., 2015). Some studies have suggested that an accurate representation of
irrigation can increase forecast skill using a coupled LSM-atmospheric model (Ozdogan et al., 2010).
However, Sorooshian et al. (2012) showed that the atmospheric response to irrigation depends to a
certain degree on the details of the irrigation scheme employed in the LSM. It is also likely that other
physical parameterizations in an atmospheric model would contribute to this response.

LSMs offer a physically-based estimate of drought in comparison to purely statistical methods, and
thus they can also offer insights into drought impacts on and interactions with various components of
the land-atmosphere system. Hao et al. (2017) give a comprehensive overview of different regional to
global scale drought monitoring systems and their methodologies, including those based on LSMs. For
example, Sheffield et al. (2012) present a system for monitoring past and present hydrological drought
using an ensemble of LSMs (in this way, model uncertainty can be estimated). In terms of agricultural
drought, Crow et al. (2012) found that there was not much added value in using LSMs over a simpler
index such as the APl (Antecedent Precipitation Index) in monitoring applications to predict the
impact of soil dryness on the future state of vegetation. However, tiie," did determine that there was
some added value for LSMs in terms of the simulated mean root zon. soil moisture, and for certain
periods of the growth season. Many studies have suggested that the ™ost promising way forward for
LSMs is to adopt data assimilation strategies in order to incorj orat. remote sensing products such as
soil moisture and LAI and thus provide improved soil moist' re aid vegetation states (Albergel et al.,
2018).

3.5 Linking indices, models and impacts to better adap.
3.5.1 Indices and impact databases

Standard indices describing drought, such as che 5Pl and SPEI, are most often defined separately from
impacts. For example, according to McKee ev 'l. (1993), a drought is arbitrarily considered "severe"
with SPI values below -2, whereas mu e relevant thresholds could be identified on the basis of
potential impacts on different sectors: ar~icu.:'1ral productivity, water demand satisfaction or reservoir
levels. Depending on the climatic zon.s aru types of agricultural crops, the sensitivity to a rainfall
deficit and high evapotranspiration r.ue= coudld vary greatly. Therefore, to produce robust scenarios for
droughts and in particular for their potential impact, there is a need to jointly analyze different drought
indicators and also include potenu.! vegetation changes that can modulate ET. The scientific literature
presents a large variety of indice. for assessing operational and/or socio-economic droughts (Guo et
al., 2019; Shi et al., 2018 b, rnalyzing different variables. The availability of drought impact
databases is of great impo tanc to the development of functions linking impacts to drought indices.
Wang et al. (2019) apynh. 7 1..«chine-learning techniques to examine potential links between multiple
drought indices (SPI, SPEI, Soil Moisture, NDVI) and impact data (financial, livestock, yield). They
found different patterns or correlation depending on the type of drought impact and the location (city
level), with SPEI6 showing the highest correlation for all types of impacts. Sutanto et al. (2019)
employed a detailed impact database to develop a methodology capable of forecasting drought impacts
several months in advance, using machine-learning techniques to examine relationships between
drought indices from hydro-meteorological forecasts and drought impacts.

To provide a pan-Mediterranean assessment of drought impacts, there is a need to develop country-
scale databases on the effects of droughts in multiple areas (agricultural production, forests, reservoir
levels, economic impacts...), similar to the databases currently being developed for flood impacts
(Vinet et al., 2019) and Globe-LFMC, which combines national-scale live fuel moisture content and
covers several Mediterranean countries (Yebra et al. 2019). As noted by Hayes et al. (2011), globally,
there is a lack of direct and indirect drought impact data. The European Drought Impact Inventory
(EDII) (Stahl et al., 2016) is one of the initiatives aiming to fill this gap, but improvements must still
be made with regard to Southern Europe (Blauhut et al., 2015), and it does not include countries on the
eastern and southern borders of the Mediterranean region. The impact of droughts on vegetation and
agricultural production can be assessed using remote sensing data (e.g. NDVI) as a proxy (Vicente-
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Serrano et al., 2013). Global or regional databases (Le Page and Zribi, 2019) can be used for this
purpose, but information on agricultural yields, hydropower production, water abstraction, and the
socio-economic impacts of droughts needs to be gathered from a variety of sub-national, national and
international agencies (Kreibich et al., 2019), a task that is not always straightforward, even for
neighboring countries, since this type of data may be accessible at different spatial and temporal
resolutions. For instance, the European Union created a standardized hierarchical geocode that refers
to country-specific administration units, the Nomenclature of Territorial Units for Statistics (NUTS).
Statistical data in Europe is most often referenced by these NUTS subdivisions, but spatially, they are
not comparable in size (Blauhut et al., 2015). NUTS administrative units have been increasingly used
to evaluate the potential impact of droughts on fires in Southern Europe (Turco et al., 2017, 2018). As
noted by Kreibich et al. (2019), due to the different mechanisms by which droughts can cause direct or
indirect damage in different sectors, the information needs to be filtered to correctly attribute drought
impacts. In addition to classical databases, there is an increasing use of the media coverage of extreme
events (e.g. with droughts in Catalonia (Llasat et al., 2009) and with floods and other
hydrometerological hazards in Portugal (Pereira et al., 2018)). Rec2ntly, a drought impact database
was created for the countries of the Danube river basin (including a re.' Mediterranean countries) for
the period 1981 to 2016 (Jakubinsky et al., 2019). The data 'vas »btained from select national
newspapers and periodicals in each country, and drought reporte v~ classified into five categories
based on the most affected sector (agriculture, forestry, soil < stein, wildfires and hydrology). This
type of approach could be useful in building retrospective ¢'tabases of drought impacts via the data
mining of online media archives. Despite the challenge. ~sscciated with the elaboration of such
impact-related databases, they would be useful in trans..tino future droughts scenarios in terms of
impacts tailored to national institutions and local manager enu. ~gencies.

3.5.2 The challenge of adaptation measures

The anticipated impacts of future droughts o'« ag' iculture encourage complementary irrigation in areas
where surface water is unavailable, increasing . e pressure on the already over-exploited groundwater
resources in the region. Likewise, recurrcnt droughts will also increase the use of ground water given
the already observed extension and inte=sinioation of irrigated tree crops in the Mediterranean area.
Multiple adaptation pathways should re investigated to counterbalance the negative effects of
droughts on food production. A shift 1. miwiting dates and a change in species or variety cultivated are
among the most commonly citea ~limate-change adaptation measures (Mijatovi¢ et al., 2013).
Temperature rise may reduce u.~ duration of crop cycles even more, which would call for a
reassessment of the choice of seed' varieties by farmers. At present, long-lifecycle wheat varieties are
not well suited to the semi-ariy Mediterranean region because the grain-filling phase coincides with
severe temperatures and w ater ‘tress periods occurring in late spring. In light of the shortening crop
cycle, longer duratioi, «™a Jrought-tolerant varieties could become increasingly rewarding in a
changing climate. In additio 1, the adoption of more water-efficient cropping systems can reduce water
losses from runoff and evaporation. The use of water harvesting, mulching and new tillage practices
could also contribute to meeting these challenges and help counterbalance the higher water demand of
crops caused by increasing drought in the future. Agroforestry, a traditional system that involves
integrating woody vegetation (trees or shrubs) into crop and/or animal production systems, dominates
Mediterranean landscapes (Salvati and Ferrara, 2015). Agroforestry offers multiple benefits, including
the control of soil erosion by reducing surface runoff, which could be particularly relevant for
vineyards and olive trees planted on the drought-prone, sloping land of the Mediterranean basin
(Duran Zuazo and Rodriguez Pleguezuelo, 2008). Agroforestry also has a positive effect on soil
fertility and biodiversity, but may not always promote woody biomass production as much as forestry
or pasture alone (Torralba et al., 2016). Therefore, adaptation to increased drought stress on
ecosystems and on the delivery of services should involve not just one solution, but a combination of
solutions.

A precipitation deficit does not necessarily affect vegetation or agricultural production: years with low

yield may be explained by multiple factors such as temperature, reservoir levels, type of culture, etc.,
but also depend on the presence of dam management, the agricultural water demand and existing water
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transfers (water trade). When management strategies are implemented, the impacts of droughts can be
strongly influenced by these adaptation measures (Pulido-Velazquez et al., 2011). Consequently, the
impacts of drought can be complicated to assess and quantify if the management prescriptions are
unknown. The early identification and application of drought-management measures is essential to
reducing the operational, socio-economic and environmental impacts (Estrela and Vargas, 2012). Over
the last few decades, a lot of effort has been devoted to improving drought forecasting, but due to the
complexity of this natural hazard (see above), predicting future droughts episodes remains
challenging. As a result, many new studies focus on drought risk assessment in water resources
systems (Haro et al., 2014). An assessment of operational and socio-economic droughts that takes into
account the management strategy put in place would require a dynamic modelling framework that
integrates real time climatic, hydrological and management models (Escriva-Bou et al., 2017; Pulido-
Velazquez et al.,, 2011; Van Loon et al., 2016). An integrated multidisciplinary quantitative
assessment, addressing not only the natural system, but also socio-economic and legal boundaries, is
required to develop suitable integrated management models to aid in the assessment and decision-
making processes (Van Lanen 2016; Escriba-Bou et al., 2017). W: ter allocation is one of the most
important management issues in the Mediterranean countries, where in.or-basin water transfer projects
have been the preferred approach (Carmona et al., 2017). The ieci.ion-making process for water
allocation needs measurable, comparable and reliable tools in ordar > ke able to make trade-offs when
facing conflicting issues (Burak and Margat, 2016). However funer efforts are needed to develop
more pertinent management models, in particular taking intc accuunt the prediction of meteorological
and hydrological droughts, in order to meet the requirer..~ts or inter-basin allocation. A decision
support system can be useful in the analysis of this issue ,”ed o0-Monzonis et al., 2016). In this sense,
accounting frameworks such as Water Accounting Plus (V/A- can provide valuable information since
they integrate local water availability and consumpac. information, as well as related local socio-
economic issues and priorities (Hunink et al., »."19,. Water accounting provides an essential
foundation for good water governance, which is \idely recognized as the major weakness in water
resource management in most developing cor.ntri :s.

Recent advances in seasonal weather [~recasting have provided valuable information for better
anticipating water- and climate-related ri~ks. =xamples of such advances on a regional scale include
the management of hydrological extrei s \rappenberger et al., 2015; van den Hurk et al., 2016), as
well as the European Forest Fire I'acmution System (EFFIS) (Di Giuseppe et al., 2016). Further
studies have highlighted the benefi.. of seasonal forecasts of water resources at the watershed level
(Grillakis et al., 2018; Marcos ev L., 2z017), although they also outline the need for greater forecast
skill and larger lead times. Changing hydro-climatological conditions in the near and distant future,
especially with regard to extrei, = 2vents such as droughts, pose major challenges to long-term water
planning and management En.uring a sufficient and cost-effective supply of water to households,
industries, and farmers reun oo robust assessments of previous practices and how they can be adapted
to future conditions. How ver, both historical and projected climate data is subject to major
uncertainties, often not permitting a conclusive analysis of commonly implemented or potential water
management strategies and adaptation actions. In addition, water planning requires estimates of future
water demand, under both stressed and average conditions. Similar to the projections of changing
natural conditions and water supply, estimates of anticipated sectoral water demands are highly
uncertain due to unclear future socio-economic development and technological advances.

Nonetheless, given recent efforts to account for human activity and interventions in drought and
aridity assessments (Van Loon et al., 2016), long-term water planning requires estimates of both future
water availability and water demand. Additionally, changes in the intensity, duration, and frequency of
droughts and in the mean hydro-climatological conditions need to be considered to address potential
future water scarcity. The Mediterranean region was shown to be especially vulnerable to anticipated
water scarcity (Greve et al., 2019; Schewe et al., 2014; Veldkamp et al., 2017). Parts of the
Mediterranean, especially southern Iberia, Italy, and the southern and eastern Mediterranean countries,
are already under severe water stress due to unsustainable usage of available water resources (e.g.
overexploitation of coastal aquifers, extraction of fossil water resources). Given both anticipated
climate change and socio-economic growth, water scarcity will continue to increase in the next
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decades. However, the uncertainties associated with these projections are vast, thus preventing robust
water planning. Large-scale interventions aimed at addressing increasing water stress (such as dams,
reservoirs and increased water trade and transfer) are both costly and irreversible, and pose major
challenges to water planning in this region due to the high uncertainty of the projections. To avoid
maladaptation, modular planning that accounts for potential additions and reversals needs to be
considered, especially when it includes options with a lower environmental impact (green
infrastructure). In addition, the current unsustainable approaches to distributing and allocating water
among users may require a total rethinking of water policies in order to drastically reduce water use by
humans and the implementation of transformational strategies for agricultural and industrial water
usage (Greve et al., 2015). Addressing increasing water scarcity further requires robust water
governance and institutional infrastructure, which is especially important in the context of differing
upstream and downstream water needs (Veldkamp et al., 2017).

4, Conclusions

There is a consensus on the increase in droughts over the past decades ond in future climate scenarios
for most parts of the Mediterranean basin. Recent studies h-we made substantial progress in
understanding drought in the Mediterranean and the effects of clim.*~ change, but further research is
needed because of the uncertainty that remains in regional clin ate r 'sponses, that could be tackled by
the recent advance in climate modelling taking advantage of -ncicased spatiotemporal resolutions and
a better quality of observations. Under the dominant stw...~nc’y precipitation conditions, the most
evident change is the increased severity of recent dro.aht events caused by higher atmospheric
evaporative demand (Garcia-Herrera et al., 2019), which *vou:1 explain the general drying assessment
based on soil moisture models and drought indices t".a «nclude this variable in calculations (Markonis
et al., 2018; Marvel et al., 2019). Studies based o~ v"= i'apacts of drought on forests (Carnicer et al.,
2011), pasture lands (Vicente-Serrano et al., 2", and water resources (Vicente-Serrano et al., 2014)
support the increased influence of the AED r.n drought severity in the region. Future climate scenarios
indicate that there will be a growing impact o. droughts on various economic sectors, particularly in
developing countries in the southern and >astern Mediterranean. This same climate signal of increased
drought frequency and severity transla*»s ~to soil moisture and hydrological droughts, but with
increasing complexity due to non-linea ' e¢ ctation responses and the influence of human activities in
the face of approaching hydrologicar druught. The uncertainties are manifold, stemming from the
modeling chain used to assess the n.>nact of climate change on low flows and the strong interactions
between water use and the baseflo.* component in rivers. Along with the increased urban development
across all Mediterranean countri.~ these findings call for the implementation of urgent mitigation
measures and for more integrate . pproaches to drought modelling and forecasting closer to the actual
socio-economic impacts ar d ac ors. The existence of uncertainties in the evaluation of future climate
change impacts shoulu 1.~ o an excuse for delay or inaction in the implementation of adaptation
measures, especially in the Mediterranean region, which has been identified as one of the most
vulnerable areas according to several socio-economic factors, and in particular in countries on its
southern and eastern shores (Milano et al., 2013, Schilling et al., 2020).

The Mediterranean region is confronted with demographic pressure and associated expansion of
urbanization, this situation calls for more water supply and consequently impose tremendous
constraint on the limited and fragile water resources of the Southern and Eastern countries, in
particular. These prevailing conditions expected to worsen in the face of climate change will have a
negative impact on the sectoral water distribution and use. This governance concern is very likely to
be further affected by transboundary water issues prevailing in the southern and eastern Mediterranean
countries, because the dilemma is to overcome the structural imbalance between increasing water
demand and degradation/decrease of water resources due to both natural and anthropogenic stress
while ensuring self-sufficiency in meeting agricultural, industrial and domestic water needs at national
scale. This is crucial for regional peace and welfare since 38% of available fresh water resources is
transboundary (Burak and Margat, 2016). This increases the importance of the rate of dependence with
regard to external resources which is high in certain countries varying between 97% and 43%
dependency ratio. Managing the structural drought inherent to most of the southern and eastern rim
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countries may provide an expertise that may help mitigate drought impacts. Future research needs to
be extended on the mediterranean region as a whole, more specifically, on selected representative
locations covering the mediterranean basin countries without exception. A great challenge is related to
the availability and the development of homogeneous datasets between the different mediterranean
regions that will require substantial efforts. Recent progresses in seasonal weather forecasting are
expected to provide reliable data on climate-related risks and consequent impacts on water resources.
This approach consolidated with water accounting efforts is expected to provide better foresight
related to water and climate related risks and formulate robust adaptation measures to increase
resilience in the water-scarce regions of the Mediterranean countries.

The standard approach to drought analysis relies on standardized drought indices, but recent research
calls for the development of generic agro-ecological drought indices that take into account the
atmospheric evaporative demand, which is expected to increase with temperature. This would require
a better estimate of vegetation evapotranspiration, which is likely to evolve under ongoing climate
change and direct human impacts. Better knowledge of vegetation d: namics is crucial to assessing the
resilience of the Mediterranean landscape in the face of changiny J*ought occurrence and better
evaluating the likelihood of widespread drought-induced forest mcrtany and its potential interactions
with wildfires and forest pests. These research challenges could he ~“Jressed by the development of
new remote sensing data products for high-resolution monitorir g ot *he mixed vegetation patterns that
are typical of the Mediterranean region. The monitoring ¢ new Vvariables, higher repetitivity and
longer time series could help to better constrain several co~..;an.nts of land surface models, which are
useful in monitoring droughts in an integrated manner. Ti.. ve i probably a need for a shift from index-
based analyses to impact-based studies in order to achievr a L>tter understanding of drought processes
related to socio-economic activities (Kreibich et al., ~u..9). Adaptation to the forthcoming changes is a
major challenge for the region and calls for an irtey atrd appraisal of droughts, including a realistic
representation of water available in soils, dro'~h. nropagation, feedback from vegetation cover, and
human influence during these events.

Acknowledgements

This review paper is the result of the crcugit workshop that took place in Montpellier in April 2019
with 42 participants to discuss the cu-reic state of our knowledge of Mediterranean droughts; the
workshop was organized by the IMF.ACTCC and HYMEX programs funded by INSU-MISTRALS.

SUPPLEMENTARY MATERI+ .

Table 1: Fraction of land area projected to experience increases in time under severe and extreme
drought (SPI<-1.5), fc/ .o werm (SPI6) and long-term (SP148) timescales, reported at the country
level. Values included in the table are constrained to a multi-model agreement of over 80% from a set
of higher-resolution transient climate simulations under the RCP8.5 scenario. Changes are calculated
for specific levels of global warming (1.5 °C, 2 °C and 4 °C above pre-industrial levels) relative to the
baseline period (1981-2010). Countries are shown in alphabetical order.

SP16 SP148
Global
warming 1.5°C 2°C 4°C 1.5°C 2°C
Change in
time under
severe & | 10% | 20% 10% | 20% 10% | 20% 20% 10% | 20%
extreme - - - - - - 10% - - - -
drought 20% | 30% [ >30% | 20% [ 30% | >30% | 20% | 30% | >30% | 20% | 30% | >30% | 20% | 30%
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(SPI<-1.5)

Albania 0% | 0% 0% | 0% | 0% 0% [ 36% | 0% 0% 0% | 0% 0% [ 36% | 0%
Algeria 0% | 0% 0% | 0% | 0% 0% | 16% | 0% 0% 2% | 0% 0% | 6% | 8%
Bosnia &

Herzegovina 0% | 0% 0% | 0% | 0% 0% [ 67% | 0% 0% 0% | 0% 0% | 0% | 0%
Bulgaria 0% | 0% 0% | 0% | 0% 0% | 58% [ 0% 0% 0% | 0% 0% ]| 0% | 0%
Croatia 0% | 0% 0% | 0% | 0% 0% | 7% | 0% 0% 0% | 0% 0% | 4% | 0%
Cyprus 0% | 0% 0% | 0% | 0% 0% | 0% | 0% 0% 0% | 0% 0% | 25% | 0%
Egypt 0% | 0% 0% | 0% | 0% 0%| 0%| O 0% 0% | 0% 0% | 0% | 0%
France 0% | 0% 0% | 0% | 0% 0% [ 46% | 0% 0% 0% | 0% 0% | 7% | 0%
Greece 0% | 0% 0% | 0% | 0% 0% 30%! (% 0% 0% | 0% 0% | 4% | 0%
Israel 0% | 0% 0% | 0% | 0% 0% | % | 0% 0% 0% | 0% 0% | 0% | 0%
Italy 0% | 0% 0% | 0% | 0% 0% ! 45" | 0% 0% 3% | 0% 0% | 10% | 6%
Jordan 0% | 0% 0% | 0% | 0% :"/r 0% | 0% 0% 0% | 0% 0% | 0% | 0%
Lebanon 0% | 0% 0% | 0% | 0% 0% | 0% | 0% 0% 0% | 0% 0% | 0% | 0%
Libya 0% | 0% 0% [ 0% 0'% 0%| 0% | 0% 0% 0% | 0% 0% | 1% | 0%
Montenegro 0% | 0% 0% | fve WK 0% [ 83% | 0% 0% 0% | 0% 0% |33% | 0%
Morocco 0% | 0% 0%« LA| 0% 0% [ 49% | 1% 0% | 31% | 4% 0% | 18% | 33%
North —r

Macedonia 0% | 0% Ov.! 0% | 0% 0% |91% | 0% 0% 0% | 0% 0% | 0% | 0%
Palestinian | N\

Territory 0% | v~ 0% | 0% | 0% 0% | 0% | 0% 0% 0% | 0% 0% | 0% | 0%
Portugal 0% | 0% 0% | 0% | 0% 0% | 48% | 0% 0% 3% | 0% 0% | 33% | 13%
Serbia 0% | 0% 0% | 0% | 0% 0% [ 37% | 0% 0% 0% | 0% 0% | 0% | 0%
Slovenia 0% | 0% 0% | 0% | 0% 0% | 0% | 0% 0% 0% | 0% 0% | 0% | 0%
Spain 0% | 0% 0% | 0% | 0% 0% [ 87% | 0% 0% 2% | 0% 0% | 21% | 22%
Syria 0% | 0% 0% | 0% | 0% 0% | 0% | 0% 0% 0% | 0% 0% | 0% | 0%
Tunisia 0% | 0% 0% | 0% | 0% 0% [ 35% | 0% 0% 0% | 0% 0% |21% | 0%
Turkey 0% | 0% 0% | 0% | 0% 0% | 9% | 0% 0% 0% | 0% 0% | 1% | 0%
References

30




Aguilar, F., Nemmaoui, A., Aguilar, M., Chourak, M., Zarhloule, Y., Garcia Lorca, A., 2016. A
Quantitative Assessment of Forest Cover Change in the Moulouya River Watershed
(Morocco) by the Integration of a Subpixel-Based and Object-Based Analysis of Landsat
Data. Forests 7, 23. https://doi.org/10.3390/f7010023

Albergel, C., Munier, S., Leroux, D.J., Dewaele, H., Fairbairn, D., Barbu, A.L., Gelati, E., Dorigo, W.,
Faroux, S., Meurey, C., Le Moigne, P., Decharme, B., Mahfouf, J.-F., Calvet, J.-C., 2017.
Sequential assimilation of satellite-derived vegetation and soil moisture products using
SURFEX v8.0: LDAS-Monde assessment over the Euro-Mediterranean area. Geosci. Model
Dev. 10, 3889-3912. https://doi.org/10.5194/gmd-10-3889-2017Albergel, C., Munier, S.,
Bocher, A., Bonan, B., Zheng, Y., Draper, C., Leroux, D., Calvet, J.-C., 2018. LDAS-Monde
Sequential Assimilation of Satellite Derived Observations Applied to the Contiguous US: An
ERA-5 Driven Reanalysis of the Land Surface Variables. Remote Sens. 10, 1627.
https://doi.org/10.3390/rs10101627

Allen, C.D., Breshears, D.D., McDowell, N.G., 2015. On underestim ition of global vulnerability to
tree mortality and forest die-off from hotter drought in the Anai. "oocene. Ecosphere 6, art129.
https://doi.org/10.1890/ES15-00203.1

Amri, R., Zribi, M., Lili-Chabaane, Z., Duchemin, B., Gruhier, C C:="pouni, A., 2011. Analysis of
Vegetation Behavior in a North African Semi-Arid Reg on, \Jsing SPOT-VEGETATION
NDVI Data. Remote Sens. 3, 2568-2590. https://doi." rg/15.3390/rs3122568

Amri, R., Zribi, M., Lili-Chabaane, Z., Wagner, W., Haser.."r, C., 2012, Analysis of C-Band
Scatterometer Moisture Estimations Derived Ove, ~ Se niarid Region. IEEE Trans. Geosci.
Remote Sens. 50, 2630-2638. https://doi.org/10.17.04%TGRS.2012.2186458

Anderegg, W.R.L., Hicke, J.A., Fisher, R.A., Allen, Z.1 ., Aukema, J., Bentz, B., Hood, S., Lichstein,
J.W., Macalady, A.K., McDowell, N., Pan Y Ruffa, K., Sala, A., Shaw, J.D., Stephenson,
N.L., Tague, C., Zeppel, M., 2015. Tre~ mctality from drought, insects, and their interactions
in a changing climate. New Phytol. 798, ',74—683. https://doi.org/10.1111/nph.13477

Andreu-Hayles, L., Planells, O., Gutiérrez, E., . tuntan, E., Helle, G., Anchukaitis, K.J., Schleser,
G.H., 2011. Long tree-ring chror2logies reveal 20th century increases in water-use efficiency
but no enhancement of tree grow*h a. five Iberian pine forests: IBERIAN PINE
PHYSIOLOGICAL AND GRCW T -1 CHANGES. Glob. Change Biol. 17, 2095-2112.
https://doi.org/10.1111/j.13€5-2450.2010.02373.

Andrew, J., Sauquet, E., 2017. Clim.*2 Change Impacts and Water Management Adaptation in Two
Mediterranean-Climate V. tersheds: Learning from the Durance and Sacramento Rivers.
Water 9, 126. https://doi.v./10.3390/w9020126

Bachmair, S., Stahl, K., Collins, ¥ | Hannaford, J., Acreman, M., Svoboda, M., Knutson, C., Smith,
K.H., Wall, N., Fu ‘hs, .., Crossman, N.D., Overton, I.C., 2016. Drought indicators revisited:
the need for a wi.'~r vunsideration of environment and society: Drought indicators revisited.
Wiley Interdiscip. k xv. Water 3, 516-536. https://doi.org/10.1002/wat2.1154

Bachofen, C., Moser, B., Hoch, G., Ghazoul, J., Wohlgemuth, T., 2018. No carbon “bet hedging” in
pine seedlings under prolonged summer drought and elevated CO . J. Ecol. 106, 31-46.
https://doi.org/10.1111/1365-2745.12822

Bao, J., Sherwood, S.C., Colin, M., Dixit, V., 2017. The Robust Relationship Between Extreme
Precipitation and Convective Organization in Idealized Numerical Modeling Simulations. J.
Adv. Model. Earth Syst. 9, 2291-2303. https://doi.org/10.1002/2017MS001125

Barbeta, A., Mejia-Chang, M., Ogaya, R., Voltas, J., Dawson, T.E., Pefiuelas, J., 2015. The combined
effects of a long-term experimental drought and an extreme drought on the use of plant-water
sources in a Mediterranean forest. Glob. Change Biol. 21, 1213-1225.
https://doi.org/10.1111/gch.12785

Barcikowska, M.J., Kapnick, S.B., Feser, F., 2018. Impact of large-scale circulation changes in the
North Atlantic sector on the current and future Mediterranean winter hydroclimate. Clim. Dyn.
50, 2039-2059. https://doi.org/10.1007/s00382-017-3735-5

Barella-Ortiz, A., Polcher, J., Tuzet, A., Laval, K., 2013. Potential evaporation estimation through an
unstressed surface-energy balance and its sensitivity to climate change. Hydrol. Earth Syst.
Sci. 17, 4625-4639. https://doi.org/10.5194/hess-17-4625-2013

31



Barella-Ortiz, A., Quintana-Segui, P., 2019. Evaluation of drought representation and propagation in
regional climate model simulations across Spain. Hydrol. Earth Syst. Sci. 23, 5111-5131.
https://doi.org/10.5194/hess-23-5111-2019

Barredo, J.1., Mauri, A., Caudullo, G., Dosio, A., 2018. Assessing Shifts of Mediterranean and Arid
Climates Under RCP4.5 and RCP8.5 Climate Projections in Europe. Pure Appl. Geophys.
175, 3955-3971. https://doi.org/10.1007/s00024-018-1853-6

Batllori, E., De Céceres, M., Brotons, L., Ackerly, D.D., Moritz, M.A., Lloret, F., 2019. Compound
fire-drought regimes promote ecosystem transitions in Mediterranean ecosystems. J. Ecol.
107, 1187-1198. https://doi.org/10.1111/1365-2745.13115

Batllori, E., De Céceres, M., Brotons, L., Ackerly, D.D., Moritz, M.A., Lloret, F., 2017. Cumulative
effects of fire and drought in Mediterranean ecosystems. Ecosphere 8, e01906.
https://doi.org/10.1002/ecs2.1906

Batllori, E., Parisien, M.-A., Krawchuk, M.A., Moritz, M.A., 2013. Climate change-induced shifts in
fire for Mediterranean ecosystems: Fire shifts in Mediterranean ecosystems. Glob. Ecol.
Biogeogr. 22, 1118-1129. https://doi.org/10.1111/geb.1206E

Begueria, S., Vicente-Serrano, S.M., Reig, F., Latorre, B., 2014. Stanua. ized precipitation
evapotranspiration index (SPEI) revisited: parameter fittinc, ev. notranspiration models, tools,
datasets and drought monitoring. Int. J. Climatol. 34, 3001773,
https://doi.org/10.1002/joc.3887

Betts, R.A., Golding, N., Gonzalez, P., Gornall, J., Kahana, F Kay, G., Mitchell, L., Wiltshire, A.,
2015. Climate and land use change impacts on gloF..! te: “estrial ecosystems and river flows in
the HadGEM2-ES Earth system model using the 1. ares 2ntative concentration pathways.
Biogeosciences 12, 1317-1338. https://doi.org/10 51y */bg-12-1317-2015

Bijaber, N., El Hadani, D., Saidi, M., Svoboda, M., Vva dlow, B., Hain, C., Poulsen, C., Yessef, M.,
Rochdi, A., 2018. Developing a Remotely Se: ser. Drought Monitoring Indicator for Morocco.
Geosciences 8, 55. https://doi.org/10.390, ;20sciences8020055

Bird, D.N., Benabdallah, S., Gouda, N., Hurmel F., Koeberl, J., La Jeunesse, I., Meyer, S.,
Prettenthaler, F., Soddu, A., Woess-Ga! asch, S., 2016. Modelling climate change impacts on
and adaptation strategies for agri. 'lture in Sardinia and Tunisia using AquaCrop and value-at-
risk. Sci. Total Environ. 543, 10" 2-.027. https://doi.org/10.1016/j.scitotenv.2015.07.035

Blauhut, V., Gudmundsson, L., Stahl, k., 20 .5. Towards pan-European drought risk maps:
guantifying the link betweer u, ~uynt indices and reported drought impacts. Environ. Res.
Lett. 10, 014008. https://dn1.org/10.1088/1748-9326/10/1/014008

Bloomfield, J.P., Marchant, B.P., .113. Analysis of groundwater drought building on the standardised
precipitation index aporoa-h. Hydrol. Earth Syst. Sci. 17, 4769-4787.
https://doi.org/10.5194,, 2¢;5-17-4769-2013

Bonan, B., Albergel, C., Zt eng, Y., Barbu, A.L., Fairbairn, D., Munier, S., Calvet, J.-C., 2020. An
ensemble squa.e .no. Tuter for the joint assimilation of surface soil moisture and leaf area
index within the Lar d Data Assimilation System LDAS-Monde: application over the Euro-
Mediterranean region. Hydrol. Earth Syst. Sci. 24, 325-347. https://doi.org/10.5194/hess-24-
325-2020

Bouras, E., Jarlan, L., Khabba, S., Er-Raki, S., Dezetter, A., Sghir, F., Tramblay, Y., 2019. Assessing
the impact of global climate changes on irrigated wheat yields and water requirements in a
semi-arid environment of Morocco. Sci. Rep. 9, 19142, https://doi.org/10.1038/s41598-019-
55251-2

Bowman, D.M.J.S., Williamson, G.J., Abatzoglou, J.T., Kolden, C.A., Cochrane, M.A., Smith,
A.M.S., 2017. Human exposure and sensitivity to globally extreme wildfire events. Nat. Ecol.
Evol. 1, 0058. https://doi.org/10.1038/s41559-016-0058

Brogli, R., Sgrland, S.L., Kroner, N., Schér, C., 2019. Causes of future Mediterranean precipitation
decline depend on the season. Environ. Res. Lett. 14, 114017. https://doi.org/10.1088/1748-
9326/ab4438

Brocca, L., Filippucci, P., Hahn, S., Ciabatta, L., Massari, C., Camici, S., Schiller, L., Bojkov, B.,
Wagner, W., 2019. SM2RAIN-ASCAT (2007-2018): global daily satellite rainfall data from
ASCAT soil moisture observations. Earth Syst. Sci. Data 11, 1583-1601.
https://doi.org/10.5194/essd-11-1583-2019

32



Brown, J.F., Wardlow, B.D., Tadesse, T., Hayes, M.J., Reed, B.C., 2008. The Vegetation Drought
Response Index (VegDRI): A New Integrated Approach for Monitoring Drought Stress in
Vegetation. GIScience Remote Sens. 45, 16-46. https://doi.org/10.2747/1548-1603.45.1.16

Burak, S., Margat, J., 2016. Water Management in the Mediterranean Region: Concepts and Policies.
Water Resour. Manag. 30, 5779-5797. https://doi.org/10.1007/s11269-016-1389-4

Cabon, A., Martinez-Vilalta, J., Martinez de Aragon, J., Poyatos, R., De Céceres, M., 2018a. Applying
the eco-hydrological equilibrium hypothesis to model root distribution in water-limited
forests: Modeling root distribution in water-limited forests. Ecohydrology 11, e2015.
https://doi.org/10.1002/ec0.2015

Cabon, A., Mouillot, F., Lempereur, M., Ourcival, J.-M., Simioni, G., Limousin, J.-M., 2018b.
Thinning increases tree growth by delaying drought-induced growth cessation in a
Mediterranean evergreen oak coppice. For. Ecol. Manag. 409, 333-342.
https://doi.org/10.1016/j.foreco.2017.11.030

Céceres, M.D., Martinez-Vilalta, J., Coll, L., Llorens, P., Casals, P., Poyatos, R., Pausas, J.G.,
Brotons, L., 2015. Coupling a water balance model with fore it inventory data to predict
drought stress: the role of forest structural changes vs. climate v.oanges. Agric. For. Meteorol.
213, 77-90. https://doi.org/10.1016/j.agrformet.2015.06.01 2

Cailleret, M., Jansen, S., Robert, E.M.R., Desoto, L., Aakala, T., An.>c, J.A., Beikircher, B., Bigler,
C., Bugmann, H., Caccianiga, M., Cada, V., Camarero, I.J., "herubini, P., Cochard, H.,
Coyea, M.R., Cufar, K., Das, A.J., Davi, H., Delzon, ‘., Lurman, M., Gea-Izquierdo, G.,
Gillner, S., Haavik, L.J., Hartmann, H., Heres, A., 7i.-tu.2, K.R., Janda, P., Kane, J.M.,
Kharuk, V.1., Kitzberger, T., Klein, T., Kramer, k. Le!.s, F., Levanic, T., Linares Calderon,
J.C., Lloret, F., Lobo-Do-Vale, R., Lombardi, F., _ép.~ Rodriguez, R., Mékinen, H., Mayr, S.,
Mészéros, I., Metsaranta, J.M., Minunno, F.. u» erhuber, W., Papadopoulos, A., Peltoniemi,
M., Petritan, A.M., Rohner, B., Sangiiesa-Pa. ~d-., G., Sarris, D., Smith, J.M., Stan, A.B.,
Sterck, F., Stojanovi¢, D.B., Suarez, M ' ., "voboda, M., Tognetti, R., Torres-Ruiz, J.M.,
Trotsiuk, V., Villalba, R., Vodde, F. We twood, A.R., Wyckoff, P.H., Zafirov, N., Martinez-
Vilalta, J., 2017. A synthesis of radial y awth patterns preceding tree mortality. Glob. Change
Biol. 23, 1675-1690. https://doi..~1/10.1111/gcb.13535

Caloiero, T., Veltri, S., Caloiero, P., Frus*=ci, ~., 2018. Drought Analysis in Europe and in the
Mediterranean Basin Using the S’anuardized Precipitation Index. Water 10, 1043.
https://doi.org/10.3390/w10( o093

Caracciolo, D., Francipane, A., Vini., F., Noto, L.V., Deidda, R., 2018. Performances of GPM satellite
precipitation over the two .major Mediterranean islands. Atmospheric Res. 213, 309-322.
https://doi.org/10.1016/j.a:Mosres.2018.06.010

Carmona, M., Méafiez Costa. M., 4 (dreu, J., Pulido-Velazquez, M., Haro-Monteagudo, D., Lopez-
Nicolas, A., Cremz des, R., 2017. Assessing the effectiveness of Multi-Sector Partnerships to
manage drougits. Ti.. case of the Jucar river basin. Earths Future 5, 750-770.
https://doi.org/10.1( )2/2017EF000545

Carnicer, J., Coll, M., Ninyerola, M., Pons, X., Sanchez, G., Penuelas, J., 2011. Widespread crown
condition decline, food web disruption, and amplified tree mortality with increased climate
change-type drought. Proc. Natl. Acad. Sci. 108, 1474-1478.
https://doi.org/10.1073/pnas.1010070108

Carriere, S.D., Martin-StPaul, N.K., Cakpo, C.B., Patris, N., Gillon, M., Chalikakis, K., Doussan, C.,
Olioso, A., Babic, M., Jouineau, A., Simioni, G., Davi, H., 2020. The role of deep vadose zone
water in tree transpiration during drought periods in karst settings — Insights from isotopic
tracing and leaf water potential. Sci. Total Environ. 699, 134332.
https://doi.org/10.1016/j.scitotenv.2019.134332

Caubel, J., Garcia de Cortazar-Atauri, I., Launay, M., de Noblet-Ducoudré, N., Huard, F., Bertuzzi, P.,
Graux, A.-1., 2015. Broadening the scope for ecoclimatic indicators to assess crop climate
suitability according to ecophysiological, technical and quality criteria. Agric. For. Meteorol.
207, 94-106. https://doi.org/10.1016/j.agrformet.2015.02.005

Chakroun, H., Mouillot, F., Hamdi, A., 2015. Regional Equivalent Water Thickness Modeling from
Remote Sensing across a Tree Cover/LAIl Gradient in Mediterranean Forests of Northern
Tunisia. Remote Sens. 7, 1937-1961. https://doi.org/10.3390/rs70201937

33



Chamorro, D., Luna, B., Ourcival, J.-M., Kavgaci, A., Sirca, C., Mouillot, F., Arianoutsou, M.,
Moreno, J.M., 2017. Germination sensitivity to water stress in four shrubby species across the
Mediterranean Basin. Plant Biol. 19, 23-31. https://doi.org/10.1111/plb.12450

Chaubert-Pereira, F., Caraglio, Y., Lavergne, C., Guédon, Y., 2009. Identifying ontogenetic,
environmental and individual components of forest tree growth. Ann. Bot. 104, 883-896.
https://doi.org/10.1093/aob/mcp189

Chaves, M.M., Maroco, J.P., Pereira, J.S., 2003. Understanding plant responses to drought — from
genes to the whole plant. Funct. Plant Biol. 30, 239. https://doi.org/10.1071/FP02076

Chebli, Y., Chentouf, M., Ozer, P., Hornick, J.-L., Cabaraux, J.-F., 2018. Forest and silvopastoral
cover changes and its drivers in northern Morocco. Appl. Geogr. 101, 23-35.
https://doi.org/10.1016/j.apge0q.2018.10.006

Choat, B., Brodribb, T.J., Brodersen, C.R., Duursma, R.A., Lopez, R., Medlyn, B.E., 2018. Triggers of
tree mortality under drought. Nature 558, 531-539. https://doi.org/10.1038/s41586-018-0240-
X

Ciais, Ph., Reichstein, M., Viovy, N., Granier, A., Ogée, J., Allard, VV . Aubinet, M., Buchmann, N.,
Bernhofer, Chr., Carrara, A., Chevallier, F., De Noblet, N., Frie.d, A.D., Friedlingstein, P.,
Griinwald, T., Heinesch, B., Keronen, P., Knohl, A., Krinn.r, & , Loustau, D., Manca, G.,
Matteucci, G., Miglietta, F., Ourcival, J.M., Papale, D., Piley>~:d, K., Rambal, S., Seufert, G.,
Soussana, J.F., Sanz, M.J., Schulze, E.D., Vesala, T., Vlent ni, R., 2005. Europe-wide
reduction in primary productivity caused by the heat ~nd u,uught in 2003. Nature 437, 529—
533. https://doi.org/10.1038/nature03972

Cigizoglu, H.K., Bayazit, M., On6z, B., 2005. Trends in ti.» M ximum, Mean, and Low Flows of
Turkish Rivers. J. Hydrometeorol. 6, 280-290. ht*ps:/,"0i.org/10.1175/JHM412.1

Cindri¢, K., Pasari¢, Z., Gaji¢-Capka, M., 2010. Spatiai and temporal analysis of dry spells in Croatia.
Theor. Appl. Climatol. 102, 171-184. http~:s,"0i urg/10.1007/s00704-010-0250-6

Clark, M.P., Bierkens, M.F.P., Samaniego, L., *Moc1s, R.A., Uijlenhoet, R., Bennett, K.E., Pauwels,
V.R.N., Cai, X., Wood, A.W., Peterc-Lid ard, C.D., 2017. The evolution of process-based
hydrologic models: historical challenge  and the collective quest for physical realism. Hydrol.
Earth Syst. Sci. 21, 3427-3440. i.*tos://do1.org/10.5194/hess-21-3427-2017

Coch, A., Mediero, L., 2016. Trends in I~*~ 1,2ws in Spain in the period 1949-2009. Hydrol. Sci. J. 61,
568-584. https://doi.org/10.10€23/J2,26667.2015.1081202

Congalton, R., Gu, J., Yadav, K., Thzi.abail, P., Ozdogan, M., 2014. Global Land Cover Mapping: A
Review and Uncertainty An.'vsis. Remote Sens. 6, 12070-12093.
https://doi.org/10.3390/rsu 212070

Cook, B.I., Anchukaitis, K.J., Touchan, R., Meko, D.M., Cook, E.R., 2016. Spatiotemporal drought
variability in the Medit.v=1ean over the last 900 years. J. Geophys. Res. Atmospheres 121,
2060-2074. https:/ doi.\. rg/10.1002/2015JD023929

Cook, B.1., Mankin, J.5., .\nu..Jkaitis, K.J., 2018. Climate Change and Drought: From Past to Future.
Curr. Clim. Change ep. 4, 164-179. https://doi.org/10.1007/s40641-018-0093-2

Cottrell, R.S., Nash, K.L., Halpern, B.S., Remenyi, T.A., Corney, S.P., Fleming, A., Fulton, E.A.,
Hornborg, S., Johne, A., Watson, R.A., Blanchard, J.L., 2019. Food production shocks across
land and sea. Nat. Sustain. 2, 130-137. https://doi.org/10.1038/s41893-018-0210-1

Courault, D., Seguin, B., Olioso, A., 2005. Review on estimation of evapotranspiration from remote
sensing data: From empirical to numerical modeling approaches. Irrig. Drain. Syst. 19, 223—
249. https://doi.org/10.1007/s10795-005-5186-0

Crow, W.T., Kumar, S.V., Bolten, J.D., 2012. On the utility of land surface models for agricultural
drought monitoring. Hydrol. Earth Syst. Sci. 16, 3451-3460. https://doi.org/10.5194/hess-16-
3451-2012

Cuntz, M., Mai, J., Samaniego, L., Clark, M., Wulfmeyer, V., Branch, O., Attinger, S., Thober, S.,
2016. The impact of standard and hard-coded parameters on the hydrologic fluxes in the
Noah-MP land surface model. J. Geophys. Res. Atmospheres 121, 10,676-10,700.
https://doi.org/10.1002/2016JD025097

Dai, A., Zhao, T., Chen, J., 2018. Climate Change and Drought: a Precipitation and Evaporation
Perspective. Curr. Clim. Change Rep. 4, 301-312. https://doi.org/10.1007/s40641-018-0101-6

34



Dai, Y., Shangguan, W., Wei, N., Xin, Q., Yuan, H., Zhang, S., Liu, S., Lu, X., Wang, D., Yan, F.,
2019. A review of the global soil property maps for Earth system models. SOIL 5, 137-158.
https://doi.org/10.5194/s0il-5-137-2019

Daliakopoulos, I.N., Panagea, 1.S., Tsanis, I.K., Grillakis, M.G., Koutroulis, A.G., Hessel, R., Mayor,
A.G., Ritsema, C.J., 2017. Yield Response of Mediterranean Rangelands under a Changing
Climate. Land Degrad. Dev. 28, 1962-1972. https://doi.org/10.1002/Idr.2717

Deidda, R., Marrocu, M., Caroletti, G., Pusceddu, G., Langousis, A., Lucarini, V., Puliga, M.,
Speranza, A., 2013. Regional climate models’ performance in representing precipitation and
temperature over selected Mediterranean areas. Hydrol. Earth Syst. Sci. 17, 5041-5059.
https://doi.org/10.5194/hess-17-5041-2013

Demaria, E.M., Nijssen, B., Wagener, T., 2007. Monte Carlo sensitivity analysis of land surface
parameters using the Variable Infiltration Capacity model. J. Geophys. Res. 112, D11113.
https://doi.org/10.1029/2006JD007534

Di Giuseppe, F., Pappenberger, F., Wetterhall, F., Krzeminski, B., Camia, A., Liberta, G., San Miguel,
J., 2016. The Potential Predictability of Fire Danger Providec hy Numerical Weather
Prediction. J. Appl. Meteorol. Climatol. 55, 2469-2491. https./;.'ni.org/10.1175/JAMC-D-15-
0297.1

Doblas-Miranda, E., Martinez-Vilalta, J., Lloret, F., Alvarez, A., Av.!~ A., Bonet, F.J., Brotons, L.,
Castro, J., Curiel Yuste, J., Diaz, M., Ferrandis, P., Gar ia-h Jrtado, E., Iriondo, J.M., Keenan,
T.F., Latron, J., Llusia, J., Loepfe, L., Mayol, M., Mc'é, ., Moya, D., Pefiuelas, J., Pons, X.,
Poyatos, R., Sardans, J., Sus, O., Vallejo, V.R., Va;,. 14, J., Retana, J., 2015. Reassessing
global change research priorities in mediterraneai, “erre strial ecosystems: how far have we
come and where do we go from here?: Global che ige =search in MTEs. Glob. Ecol.
Biogeogr. 24, 25-43. https://doi.org/10.1111 'ge.12224

Dorigo, W., Wagner, W., Albergel, C., Albrecht, F , Zalsumo, G., Brocca, L., Chung, D., Ertl, M.,
Forkel, M., Gruber, A., Haas, E., Hame* .9, Hirschi, M., Ikonen, J., de Jeu, R., Kidd, R.,
Lahoz, W., Liu, Y.Y., Miralles, D., ! ristf bauer, T., Nicolai-Shaw, N., Parinussa, R., Pratola,
C., Reimer, C., van der Schalie, R., Se.. viratne, S.l., Smolander, T., Lecomte, P., 2017. ESA
CCI Soil Moisture for improved arth system understanding: State-of-the art and future
directions. Remote Sens. Enviror 2ul 185-215. https://doi.org/10.1016/j.rse.2017.07.001

Drake, B.G., Gonzalez-Meler, M.A., Lcny, ».P., 1997. MORE EFFICIENT PLANTS: A Consequence
of Rising Atmospheric CO , ¢ ," ni.u. Rev. Plant Physiol. Plant Mol. Biol. 48, 609-639.
https://doi.org/10.1146/annu, ~v.arplant.48.1.609

Drobinski, P., Silva, N.D., Pantho. G., Bastin, S., Muller, C., Ahrens, B., Borga, M., Conte, D.,
Fosser, G., Giorgi, F., Gu.'er, I., Kotroni, V., Li, L., Morin, E., Onol, B., Quintana-Segui, P.,
Romera, R., Torma, ... ~.018. Scaling precipitation extremes with temperature in the
Mediterranean: pa: ¢ cln 1ate assessment and projection in anthropogenic scenarios. Clim. Dyn.
51, 1237-1257. 1.*tns., d0oi.org/10.1007/s00382-016-3083-x

Droogers, P., Immerzeel, W W., Terink, W., Hoogeveen, J., Bierkens, M.F.P., van Beek, L.P.H.,
Debele, B., 2012. water resources trends in Middle East and North Africa towards 2050.
Hydrol. Earth Syst. Sci. 16, 3101-3114. https://doi.org/10.5194/hess-16-3101-2012

Duan, H., Duursma, R.A., Huang, G., Smith, R.A., Choat, B., O’Grady, A.P., Tissue, D.T., 2014.
Elevated [CO , ] does not ameliorate the negative effects of elevated temperature on drought-
induced mortality in E ucalyptus radiata seedlings: Mortality under rising [CO , ] and
temperature. Plant Cell Environ. 37, 1598-1613. https://doi.org/10.1111/pce.12260

Duan, H., O’Grady, A.P., Duursma, R.A., Choat, B., Huang, G., Smith, R.A., Jiang, Y., Tissue, D.T.,
2015. Drought responses of two gymnosperm species with contrasting stomatal regulation
strategies under elevated [CO , ] and temperature. Tree Physiol. 35, 756-770.
https://doi.org/10.1093/treephys/tpv047

Dubrovsky, M., Hayes, M., Duce, P., Trnka, M., Svoboda, M., Zara, P., 2014. Multi-GCM projections
of future drought and climate variability indicators for the Mediterranean region. Reg.
Environ. Change 14, 1907-1919. https://doi.org/10.1007/s10113-013-0562-z

Dupuy, J., Fargeon, H., Martin, N., Pimont, F., Ruffault, J., Guijarro, M., Hernando, C., Madrigal, J.,
Fernandes, P., 2019. Climate Change Impact on Future Wildfire Danger and Activityin

35



Southern Europe: A Review (preprint). EARTH SCIENCES.
https://doi.org/10.20944/preprints201910.0200.v1

Duréan Zuazo, V.H., Rodriguez Pleguezuelo, C.R., 2008. Soil-erosion and runoff prevention by plant
covers. A review. Agron. Sustain. Dev. 28, 65-86. https://doi.org/10.1051/agro:2007062

Dusenge, M.E., Duarte, A.G., Way, D.A., 2019. Plant carbon metabolism and climate change:
elevated CO , and temperature impacts on photosynthesis, photorespiration and respiration.
New Phytol. 221, 32—49. https://doi.org/10.1111/nph.15283

Duveiller, G., Filipponi, F., Walther, S., Kohler, P., Frankenberg, C., Guanter, L., Cescatti, A., 2020.
A spatially downscaled sun-induced fluorescence global product for enhanced monitoring of
vegetation productivity. Earth Syst. Sci. Data 12, 1101-1116. https://doi.org/10.5194/essd-12-
1101-2020

Eller, C.B., Rowland, L., Mencuccini, M., Rosas, T., Williams, K., Harper, A., Medlyn, B.E., Wagner,
Y., Klein, T., Teodoro, G.S., Oliveira, R.S., Matos, I.S., Rosado, B.H.P., Fuchs, K.,
Wohlfahrt, G., Montagnani, L., Meir, P., Sitch, S., Cox, P.M., 2020. Stomatal optimization
based on xylem hydraulics (SOX) improves land surface mo ! simulation of vegetation
responses to climate. New Phytol. nph.16419. https://doi.org/1u."111/nph.16419

Escriva-Bou, A., Pulido-Velazquez, M., Pulido-Velazquez, D., 2017. Ec9onomic Value of Climate
Change Adaptation Strategies for Water Management in Sna.~’s Jucar Basin. J. Water Resour.
Plan. Manag. 143, 04017005. https://doi.org/10.1061/(# SCE)WR.1943-5452.0000735

Estrela, T., Vargas, E., 2012. Drought Management Plans in *'e Euiopean Union. The Case of Spain.
Water Resour. Manag. 26, 1537-1553. https://doi.r. 3/1v 1007/s11269-011-9971-2

Eyring, V., Bony, S., Meehl, G.A., Senior, C.A., Stevens, .>, S ouffer, R.J., Taylor, K.E., 2016.
Overview of the Coupled Model Intercomparison ro,~ct Phase 6 (CMIP6) experimental
design and organization. Geosci. Model Dev v 1937-1958. https://doi.org/10.5194/gmd-9-
1937-2016

Fader, M., Shi, S., von Bloh, W., Bondeau, A. “ra ~er, W., 2016. Mediterranean irrigation under
climate change: more efficient irriga’«on ieeded to compensate for increases in irrigation
water requirements. Hydrol. Earth Sys.. Sci. 20, 953-973. https://doi.org/10.5194/hess-20-
953-2016

Fader, M., von Bloh, W., Shi, S., Bonde?'* ~.. Cramer, W., 2015. Modelling Mediterranean agro-
ecosystems by including agricu.ti.ra: arees in the LPJImL model. Geosci. Model Dev. 8, 3545—
3561. https://doi.org/10.519/,yMu-48-3545-2015

Fiseha, B.M., Setegn, S.G., Melesce, A.M., Volpi, E., Fiori, A., 2014. Impact of Climate Change on
the Hydrology of Upper "1 ."er River Basin Using Bias Corrected Regional Climate Model.
Water Resour. Manag. 2b, 1327-1343. https://doi.org/10.1007/s11269-014-0546-X

Fniguire, F., Laftouhi, N.-E. Sa:"i, M.E., Zamrane, Z., EI Himer, H., Khalil, N., 2017. Spatial and
temporal analysis ¢ f the drought vulnerability and risks over eight decades in a semi-arid
region (Tensif. b in. ivlorocco). Theor. Appl. Climatol. 130, 321-330.
https://doi.org/10.1( 17/s00704-016-1873-z

Forzieri, G., Feyen, L., Rojas, R., Flérke, M., Wimmer, F., Bianchi, A., 2014. Ensemble projections of
future streamflow droughts in Europe. Hydrol. Earth Syst. Sci. 18, 85-108.
https://doi.org/10.5194/hess-18-85-2014

Frank, D.C., Poulter, B., Saurer, M., Esper, J., Huntingford, C., Helle, G., Treydte, K., Zimmermann,
N.E., Schleser, G.H., Ahlstrém, A., Ciais, P., Friedlingstein, P., Levis, S., Lomas, M., Sitch,
S., Viovy, N., Andreu-Hayles, L., Bednarz, Z., Berninger, F., Boettger, T., D‘Alessandro,
C.M., Daux, V., Filot, M., Grabner, M., Gutierrez, E., Haupt, M., Hilasvuori, E., Jungner, H.,
Kalela-Brundin, M., Krapiec, M., Leuenberger, M., Loader, N.J., Marah, H., Masson-
Delmotte, V., Pazdur, A., Pawelczyk, S., Pierre, M., Planells, O., Pukiene, R., Reynolds-
Henne, C.E., Rinne, K.T., Saracino, A., Sonninen, E., Stievenard, M., Switsur, V.R.,
Szczepanek, M., Szychowska-Krapiec, E., Todaro, L., Waterhouse, J.S., Weigl, M., 2015.
Water-use efficiency and transpiration across European forests during the Anthropocene. Nat.
Clim. Change 5, 579-583. https://doi.org/10.1038/nclimate2614

Fréjaville, T., Curt, T., 2017. Seasonal changes in the human alteration of fire regimes beyond the
climate forcing. Environ. Res. Lett. 12, 035006. https://doi.org/10.1088/1748-9326/aa5d23

36



Friedrich, K., Grossman, R.L., Huntington, J., Blanken, P.D., Lenters, J., Holman, K.D., Gochis, D.,
Livneh, B., Prairie, J., Skeie, E., Healey, N.C., Dahm, K., Pearson, C., Finnessey, T., Hook,
S.J., Kowalski, T., 2018. Reservoir Evaporation in the Western United States: Current
Science, Challenges, and Future Needs. Bull. Am. Meteorol. Soc. 99, 167-187.
https://doi.org/10.1175/BAMS-D-15-00224.1

Gao, B., 1996. NDWI—A normalized difference water index for remote sensing of vegetation liquid
water from space. Remote Sens. Environ. 58, 257-266. https://doi.org/10.1016/S0034-
4257(96)00067-3

Garcia Gonzalez, R., Verhoef, A., Luigi Vidale, P., Braud, 1., 2012. Incorporation of water vapor
transfer in the JULES land surface model: Implications for key soil variables and land surface
fluxes: WATER VAPOR TRANSFER USED IN JULES MODEL. Water Resour. Res. 48.
https://doi.org/10.1029/2011WR011811

Garcia-Herrera, R., Garrido-Perez, J.M., Barriopedro, D., Ordéfiez, C., Vicente-Serrano, S.M., Nieto,
R., Gimeno, L., Sori, R., Yiou, P., 2019. The European 2016/17 Drought. J. Clim. 32, 3169-
3187. https://doi.org/10.1175/JCLI-D-18-0331.1

Garcia-Ruiz, J.M., Lana-Renault, N., 2011. Hydrological and erosive cu.sequences of farmland
abandonment in Europe, with special reference to the Medi erra1ean region — A review. Agric.
Ecosyst. Environ. 140, 317-338. https://doi.org/10.1016/i ay2~ 2011.01.003

Garcia-Ruiz, J.M., L6pez-Moreno, J.1., Lasanta, T., Vicente-Seirano S.M., Gonzalez-Sampériz, P.,
Valero-Garcés, B.L., Sanjuan, Y., Begueria, S., Nade!-Roiero, E., Lana-Renault, N., Gomez-
Villar, A., 2015. Los efectos geoecoldgicos del car...’n y'obal en el Pirineo Central espafiol:
una revision a distintas escalas espaciales y tempu.ales Pirineos 170, e012.
https://doi.org/10.3989/Pirineos.2015.170005

Garcia-Ruiz, J.M., L6pez-Moreno, J.1., Vicente-Serrzai, S.M., Lasanta—Martinez, T., Begueria, S.,
2011. Mediterranean water resources in a ¢lc” al 2.hange scenario. Earth-Sci. Rev. 105, 121-
139. https://doi.org/10.1016/j.earscirev 20, 01.006

Garonna, |., de Jong, R., Schaepman, M.E., 7J16 Variability and evolution of global land surface
phenology over the past three decades | - 982-2012). Glob. Change Biol. 22, 1456-1468.
https://doi.org/10.1111/gch.1316C

Gavinet, J., Ourcival, J., Limousin, J., 2019, \*ainfall exclusion and thinning can alter the relationships
between forest functioning and drouynt. New Phytol. 223, 1267-1279.
https://doi.org/10.1111/nph.”.ol50

Gazol, A., Sangliesa-Barreda, G., %ionda, E., Camarero, J.J., 2017. Tracking the impact of drought on
functionally different woo.'v plants in a Mediterranean scrubland ecosystem. Plant Ecol. 218,
1009-1020. https://doi.ory'10.1007/s11258-017-0749-3

Gerard, F., Petit, S., Smith, G . "h~mson, A., Brown, N., Manchester, S., Wadsworth, R., Bugar, G.,
Halada, L., Bezék, P., £ oltiziar, M., De badts, E., Halabuk, A., Mojses, M., Petrovic, F.,
Gregor, M., Huzv'' <., Micher, C.A., Wachowicz, M., Huitu, H., Tuominen, S., Kéhler, R.,
Olschofsky, K., Zie: 3, H., Kolar, J., Sustera, J., Luque, S., Pino, J., Pons, X., Roda, F.,
Roscher, M., Feranec, J., 2010. Land cover change in Europe between 1950 and 2000
determined employing aerial photography. Prog. Phys. Geogr. Earth Environ. 34, 183-205.
https://doi.org/10.1177/0309133309360141

Geri, F., Amici, V., Rocchini, D., 2010. Human activity impact on the heterogeneity of a
Mediterranean landscape. Appl. Geogr. 30, 370-379.
https://doi.org/10.1016/j.apgeoq.2009.10.006

Gessler, A., Schaub, M., McDowell, N.G., 2017. The role of nutrients in drought-induced tree
mortality and recovery. New Phytol. 214, 513-520. https://doi.org/10.1111/nph.14340

Giuntoli, I., Renard, B., Vidal, J.-P., Bard, A., 2013. Low flows in France and their relationship to
large-scale climate indices. J. Hydrol. 482, 105-118.
https://doi.org/10.1016/j.jhydrol.2012.12.038

Giuntoli, 1., Vidal, J.-P., Prudhomme, C., Hannah, D.M., 2015. Future hydrological extremes: the
uncertainty from multiple global climate and global hydrological models. Earth Syst. Dyn. 6,
267-285. https://doi.org/10.5194/esd-6-267-2015

37



Grekousis, G., Mountrakis, G., Kavouras, M., 2015. An overview of 21 global and 43 regional land-
cover mapping products. Int. J. Remote Sens. 36, 5309-5335.
https://doi.org/10.1080/01431161.2015.1093195

Greve, P., Roderick, M.L., Seneviratne, S.I., 2017. Simulated changes in aridity from the last glacial
maximum to 4xCO ,. Environ. Res. Lett. 12, 114021. https://doi.org/10.1088/1748-
9326/aa89a3

Greve, P., Roderick, M.L., Ukkola, A.M., Wada, Y., 2019. The aridity Index under global warming.
Environ. Res. Lett. 14, 124006. https://doi.org/10.1088/1748-9326/ab5046

Grillakis, M., Koutroulis, A., Tsanis, I., 2018. Improving Seasonal Forecasts for Basin Scale
Hydrological Applications. Water 10, 1593. https://doi.org/10.3390/w10111593

Grillakis, M.G., 2019. Increase in severe and extreme soil moisture droughts for Europe under climate
change. Sci. Total Environ. 660, 1245-1255. https://doi.org/10.1016/j.scitotenv.2019.01.001

Grouillet, B., Fabre, J., Ruelland, D., Dezetter, A., 2015. Historical reconstruction and 2050
projections of water demand under anthropogenic and climate changes in two contrasted
Mediterranean catchments. J. Hydrol. 522, 684-696.
https://doi.org/10.1016/j.jhydrol.2015.01.029

Gruber, A., Scanlon, T., van der Schalie, R., Wagner, W., Dorigo, \ V., .119. Evolution of the ESA
CCI Soil Moisture climate data records and their underlyinq ~<,ging methodology. Earth
Syst. Sci. Data 11, 717-739. https://doi.org/10.5194/es< 1-11 717-2019

Gu, L., Chen, J., Yin, J., Sullivan, S.C., Wang, H.-M., Guo, £ Znhuig, L., Kim, J.-S., 2020. Projected
increases in magnitude and socioeconomic exposur. ~t'obal droughts in 1.5&amp;#160;and
2&amp;#8201;&amp;#176;C warmer climates. h, 1rol Earth Syst. Sci. 24, 451-472.
https://doi.org/10.5194/hess-24-451-2020

Gudmundsson, L., Rego, F.C., Rocha, M., Seneviratr.e, 5.1., 2014. Predicting above normal wildfire
activity in southern Europe as a function of . «ter,rological drought. Environ. Res. Lett. 9,
084008. https://doi.org/10.1088/1748-022¢,9/8/084008

Gudmundsson, L., Seneviratne, S.1., 2016. A ithr/,pogenic climate change affects meteorological
drought risk in Europe. Environ. Res. v tt. 11, 044005. https://doi.org/10.1088/1748-
9326/11/4/044005

Gudmundsson, L., Seneviratne, S.1., Zha~a, ,, 2017. Anthropogenic climate change detected in
European renewable freshwatei r..scurces. Nat. Clim. Change 7, 813-816.
https://doi.org/10.1038/nclir.a.234.6

Guerrero-Baena, M., Gomez-Limén, 1, 2019. Insuring Water Supply in Irrigated Agriculture: A
Proposal for Hydrologicar Drought Index-Based Insurance in Spain. Water 11, 686.
https://doi.org/10.3390/w." 040686

Guillemot, J., Francois, C., Hm\i"a, G., Dufréne, E., Martin-StPaul, N.K., Soudani, K., Marie, G.,
Ourcival, J.-M., D¢ Ipiei e, N., 2017. Environmental control of carbon allocation matters for
modelling forest c*ov.u1. New Phytol. 214, 180-193. https://doi.org/10.1111/nph.14320

Guiot, J., Cramer, W., 2016. Climate change: The 2015 Paris Agreement thresholds and
Mediterranean basin ecosystems. Science 354, 465-468.
https://doi.org/10.1126/science.aah5015

Guo, Y., Huang, S., Huang, Q., Wang, H., Fang, W., Yang, Y., Wang, L., 2019. Assessing
socioeconomic drought based on an improved Multivariate Standardized Reliability and
Resilience Index. J. Hydrol. 568, 904-918. https://doi.org/10.1016/j.jhydrol.2018.11.055

Guttman, N.B., 1998. Comparing the palmer drought index and the standardized precipitation index. J.
Am. Water Resour. Assoc. 34, 113-121. https://doi.org/10.1111/j.1752-1688.1998.th05964.x

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.,
Viennot, P., 2008. The SAFRAN-ISBA-MODCOU hydrometeorological model applied over
France. J. Geophys. Res. 113, D06113. https://doi.org/10.1029/2007JD008548

Hanel, M., Rakovec, O., Markonis, Y., Maca, P., Samaniego, L., Kysely, J., Kumar, R., 2018.
Revisiting the recent European droughts from a long-term perspective. Sci. Rep. 8, 9499.
https://doi.org/10.1038/s41598-018-27464-4

38



Hannaford, J., Buys, G., Stahl, K., Tallaksen, L.M., 2013. The influence of decadal-scale variability on
trends in long European streamflow records. Hydrol. Earth Syst. Sci. 17, 2717-2733.
https://doi.org/10.5194/hess-17-2717-2013

Hantson, S., Arneth, A., Harrison, S.P., Kelley, D.I., Prentice, I.C., Rabin, S.S., Archibald, S.,
Mouillot, F., Arnold, S.R., Artaxo, P., Bachelet, D., Ciais, P., Forrest, M., Friedlingstein, P.,
Hickler, T., Kaplan, J.O., Kloster, S., Knorr, W., Lasslop, G., Li, F., Mangeon, S., Melton,
J.R., Meyn, A, Sitch, S., Spessa, A., van der Werf, G.R., Voulgarakis, A., Yue, C., 2016. The
status and challenge of global fire modelling (preprint). Biogeochemistry: Land.
https://doi.org/10.5194/bg-2016-17

Hao, Z., Yuan, X., Xia, Y., Hao, F., Singh, V.P., 2017. An Overview of Drought Monitoring and
Prediction Systems at Regional and Global Scales. Bull. Am. Meteorol. Soc. 98, 1879-1896.
https://doi.org/10.1175/BAMS-D-15-00149.1

Harding, R., Polcher, J., Boone, A., Eck, H., Wheater, H., Nazemi, N., 2015. Anthropogenic
Influences on the Global Water Cycle - Challenges for the GEWEX Community. GEWEX
News 27, 6-8.

Haro, D., Solera, A., Paredes, J., Andreu, J., 2014. Methodology for Dro 'ght Risk Assessment in
Within-year Regulated Reservoir Systems. Application to t'ie L bigo River System (Spain).
Water Resour. Manag. 28, 3801-3814. https://doi.org/10 10C7/,11269-014-0710-3

Hayes, M., Svoboda, M., Wall, N., Widhalm, M., 2011. The Lii coln Declaration on Drought Indices:
Universal Meteorological Drought Index Recommen~ad. Sull. Am. Meteorol. Soc. 92, 485—
488. https://doi.org/10.1175/2010BAMS3103.1

Haylock, M.R., Hofstra, N., Klein Tank, A.M.G., Klok, E." . Jces, P.D., New, M., 2008. A European
daily high-resolution gridded data set of surface tr mpc-ature and precipitation for 1950—2006.
J. Geophys. Res. 113, D20119. https://doi.or"y 1 3.1029/2008JD010201

Hertig, E., Tramblay, Y., 2017. Regional downscaling of Mediterranean droughts under past and
future climatic conditions. Glob. Planet C,.~nge 151, 36-48.
https://doi.org/10.1016/j.gloplacha.2",16. .0.015

Hobbins, M.T., Wood, A., McEvoy, D.J., Hun. gton, J.L., Morton, C., Anderson, M., Hain, C., 2016.
The Evaporative Demand Droug:.* Index. Part I: Linking Drought Evolution to Variations in
Evaporative Demand. J. Hydrom~teo, nl. 17, 1745-1761. https://doi.org/10.1175/JHM-D-15-
01211

Hoerling, M., Eischeid, J., Perlwitz, 7., Quan, X., Zhang, T., Pegion, P., 2012. On the Increased
Frequency of Mediterranean “rought. J. Clim. 25, 2146-2161. https://doi.org/10.1175/JCLI-
D-11-00296.1

Hogue, T.S., Bastidas, L., Gupta, . ' . Sorooshian, S., Mitchell, K., Emmerich, W., 2005. Evaluation
and Transferability of u.~» Moah Land Surface Model in Semiarid Environments. J.
Hydrometeorol. 6, 38— 4. https://doi.org/10.1175/JHM-402.1

Huang, M., Piao, S., Sun, V., Ciais, P., Cheng, L., Mao, J., Poulter, B., Shi, X., Zeng, Z., Wang, Y.,
2015. Change in ten astrial ecosystem water-use efficiency over the last three decades. Glob.
Change Biol. 21, 2366-2378. https://doi.org/10.1111/9cb.12873

Hunink, J., Simons, G., Suarez-Almifana, S., Solera, A., Andreu, J., Giuliani, M., Zamberletti, P.,
Grillakis, M., Koutroulis, A., Tsanis, |., Schasfoort, F., Contreras, S., Ercin, E., Bastiaanssen,
W., 2019. A Simplified Water Accounting Procedure to Assess Climate Change Impact on
Water Resources for Agriculture across Different European River Basins. Water 11, 1976.
https://doi.org/10.3390/w11101976

lonita, M., Tallaksen, L.M., Kingston, D.G., Stagge, J.H., Laaha, G., Van Lanen, H.A.J., Scholz, P.,
Chelcea, S.M., Haslinger, K., 2017. The European 2015 drought from a climatological
perspective. Hydrol. Earth Syst. Sci. 21, 1397-1419. https://doi.org/10.5194/hess-21-1397-
2017

Jacob, D., Kotova, L., Teichmann, C., Sobolowski, S.P., Vautard, R., Donnelly, C., Koutroulis, A.G.,
Grillakis, M.G., Tsanis, I.K., Damm, A., Sakalli, A., van Vliet, M.T.H., 2018. Climate Impacts
in Europe Under +1.5°C Global Warming. Earths Future 6, 264—285.
https://doi.org/10.1002/2017EF000710

Jacobsen, S.-E., Jensen, C.R., Liu, F., 2012. Improving crop production in the arid Mediterranean
climate. Field Crops Res. 128, 34-47. https://doi.org/10.1016/j.fcr.2011.12.001

39



Jakubinsky, J., Blahova, M., BartoSova, L., Steinerova, K., Balek, J., Dizkova, P., Semeradova, D.,
Alexandru, D., Bardarska, G., Bokal, S., Borojevi¢, G., Bucur, A., Kalin, K.C., Barbu, A.C.,
Debre, B., Pordevi¢, M., Puri¢, 1., Mircea, B.F., Gataric, S., Gregori¢, G., Hasenauer, S.,
Ivanov, M., Kircsi, A., Labudova, L., Turna, M., Marinovi¢, 1., Markovi¢, M., Mateescu, E.,
Oblisar, G., Popescu, A., Srdevié, Z., Savic’—ﬁljivic’, T., Supié, D., Susnik, A., Pazin, N.,
Drljevic, M., Kuc, T., Mitrovic, L., Micev, S., Wagner, W., Eitzinger, J., Daneu, V., Blauhut,
V., Stahl, K., Trnka, M., 2019. Repository of Drought Event Impacts Across the Danube
Catchment Countries Between 1981 and 2016 Using Publicly Available Sources. Acta Univ.
Agric. Silvic. Mendel. Brun. 67, 925-938. https://doi.org/10.11118/actaun201967040925

Jiao, W., Tian, C., Chang, Q., Novick, K.A., Wang, L., 2019. A new multi-sensor integrated index for
drought monitoring. Agric. For. Meteorol. 268, 74-85.
https://doi.org/10.1016/j.agrformet.2019.01.008

Joffre, R., Rambal, S., 1993. How Tree Cover Influences the Water Balance of Mediterranean
Rangelands. Ecology 74, 570-582. https://doi.org/10.2307/1939317

Joffre, R., Rambal, S., Ratte, J.P., 1999. The dehesa system of southe ‘» Spain and Portugal as a natural
ecosystem mimic. Agrofor. Syst. 45, 57-79. https://doi.org/10..723/A:1006259402496

Justice, C., Townshend, J., 2002. Special issue on the moderate resr.futivn imaging spectroradiometer
(MODIS): a new generation of land surface monitoring. Pa1,.~*. Sens. Environ. 83, 1-2.
https://doi.org/10.1016/S0034-4257(02)00083-4

Kaminski, T., Knorr, W., Rayner, P.J., Heimann, M., 2002. A simu:dting atmospheric data into a
terrestrial biosphere model: A case study of the ser..nar zycle. Glob. Biogeochem. Cycles 16,
14-1-14-16. https://doi.org/10.1029/2001GB0014.3

Karrou, M., Oweis, T., 2012. Water and land productivities 01 *~heat and food legumes with deficit
supplemental irrigation in a Mediterranean e’«w» onment. Agric. Water Manag. 107, 94-103.
https://doi.org/10.1016/j.agwat.2012.01.01 4

Keenan, T., Maria Serra, J., Lloret, F., Ninyero!~ ! Sabate, S., 2011. Predicting the future of forests
in the Mediterranean under climate c’ianr e, with niche- and process-based models: CO2
matters!: PREDICTING THE FUTUKk. OF FORESTS UNDER CLIMATE CHANGE. Glob.
Change Biol. 17, 565-579. https.,'d0i.org/10.1111/j.1365-2486.2010.02254.x

Kelley, C.P., Mohtadi, S., Cane, M.A., S~2ge. R., Kushnir, Y., 2015. Climate change in the Fertile
Crescent and implications of th. rec-at Syrian drought. Proc. Natl. Acad. Sci. 112, 3241
3246. https://doi.org/10.1077 . "as.1421533112

Kerr, Y.H., Al-Yaari, A., Rodrigurz- ~ernandez, N., Parrens, M., Molero, B., Leroux, D., Bircher, S.,
Mahmoodi, A., Mialon, A.. Ricnaume, P., Delwart, S., Al Bitar, A., Pellarin, T., Bindlish, R.,
Jackson, T.J., Rudiger, C., \Waldteufel, P., Mecklenburg, S., Wigneron, J.-P., 2016. Overview
of SMOS performanre .~ t:rms of global soil moisture monitoring after six years in operation.
Remote Sens. Environ. .80, 40-63. https://doi.org/10.1016/j.rse.2016.02.042

Kim, D., Rhee, J., 2010.," aivught index based on actual evapotranspiration from the Bouchet
hypothesis. Geophy: . Res. Lett. 43, 10,277-10,285. https://doi.org/10.1002/2016GL070302

Knutson, T.R., Zeng, F., 2018. Model Assessment of Observed Precipitation Trends over Land
Regions: Detectable Human Influences and Possible Low Bias in Model Trends. J. Clim. 31,
4617-4637. https://doi.org/10.1175/JCLI-D-17-0672.1

Kogan, F.N., 1995. Application of vegetation index and brightness temperature for drought detection.
Adv. Space Res. 15, 91-100. https://doi.org/10.1016/0273-1177(95)00079-T

Kolby Smith, W., Reed, S.C., Cleveland, C.C., Ballantyne, A.P., Anderegg, W.R.L., Wieder, W.R.,
Liu, Y.Y., Running, S.W., 2016. Large divergence of satellite and Earth system model
estimates of global terrestrial CO2 fertilization. Nat. Clim. Change 6, 306-310.
https://doi.org/10.1038/nclimate2879

Koster, R.D., 2004. Regions of Strong Coupling Between Soil Moisture and Precipitation. Science
305, 1138-1140. https://doi.org/10.1126/science.1100217

Koutroulis, A.G., 2019. Dryland changes under different levels of global warming. Sci. Total Environ.
655, 482-511. https://doi.org/10.1016/j.scitotenv.2018.11.215

Koutroulis, A.G., Papadimitriou, L.V., Grillakis, M.G., Tsanis, I.K., Warren, R., Betts, R.A., 2019.
Global water availability under high-end climate change: A vulnerability based assessment.
Glob. Planet. Change 175, 52-63. https://doi.org/10.1016/j.gloplacha.2019.01.013

40



Kreibich, H., Blauhut, V., Aerts, J.C.J.H., Bouwer, L.M., Van Lanen, H.A.J., Mejia, A., Mens, M.,
Van Loon, A.F., 2019. How to improve attribution of changes in drought and flood impacts.
Hydrol. Sci. J. 64, 1-18. https://doi.org/10.1080/02626667.2018.1558367

Kumar, S.V., Jasinski, M., Mocko, D.M., Rodell, M., Borak, J., Li, B., Beaudoing, H.K., Peters-
Lidard, C.D., 2019. NCA-LDAS Land Analysis: Development and Performance of a
Multisensor, Multivariate Land Data Assimilation System for the National Climate
Assessment. J. Hydrometeorol. 20, 1571-1593. https://doi.org/10.1175/JHM-D-17-0125.1

Kurnik, B., Kajfez-Bogataj, L., Horion, S., 2015. An assessment of actual evapotranspiration and soil
water deficit in agricultural regions in Europe. Int. J. Climatol. 35, 2451-2471.
https://doi.org/10.1002/joc.4154

Kustas, W., Anderson, M., 2009. Advances in thermal infrared remote sensing for land surface
modeling. Agric. For. Meteorol. 149, 2071-2081.
https://doi.org/10.1016/j.agrformet.2009.05.016

Lasanta, T., Arnéez, J., Pascual, N., Ruiz-Flafo, P., Errea, M.P., Lana-Renault, N., 2017. Space—time
process and drivers of land abandonment in Europe. CATEN A 149, 810-823.
https://doi.org/10.1016/j.catena.2016.02.024

Latiri, K., Lhomme, J.P., Annabi, M., Setter, T.L., 2010. Wheat prcduc.’on in Tunisia: Progress, inter-
annual variability and relation to rainfall. Eur. J. Agron. ?3. 22 42,
https://doi.org/10.1016/j.eja.2010.02.004

Lawston, P.M., Santanello, J.A., Zaitchik, B.F., Rodell, M., 2'115. iinpact of Irrigation Methods on
Land Surface Model Spinup and Initialization of W= r 3recasts. J. Hydrometeorol. 16, 1135-
1154, https://doi.org/10.1175/JHM-D-14-0203.1

Le Page, M., Zribi, M., 2019. Analysis and Predictability ~.f L..rught In Northwest Africa Using
Optical and Microwave Satellite Remote Sersn g Products. Sci. Rep. 9, 1466.
https://doi.org/10.1038/s41598-018-37911 X

Leduc, C., Pulido-Bosch, A., Remini, B., 2017 An.~ropization of groundwater resources in the
Mediterranean region: processes anc cha'.enges. Hydrogeol. J. 25, 1529-1547.
https://doi.org/10.1007/s10040-017-157 ?-6

Lemordant, L., Gentine, P., Swann, A.S., ~ook, B.l., Scheff, J., 2018. Critical impact of vegetation
physiology on the continental hv~roicic cycle in response to increasing CO2. Proc. Natl.
Acad. Sci. 115, 4093-4098. htt,>s //cvi.org/10.1073/pnas.1720712115

Lempereur, M., Martin-StPaul, N.K., C~nicsin, C., Joffre, R., Ourcival, J.-M., Rocheteau, A., Rambal,
S., 2015. Growth duration is ~ better predictor of stem increment than carbon supply in a
Mediterranean oak forest. :mplications for assessing forest productivity under climate change.
New Phytol. 207, 579-54C htps://doi.org/10.1111/nph.13400

Lens, F., Picon-Cochard, C.. De:™us, C.E., Signarbieux, C., Buttler, A., Cochard, H., Jansen, S.,
Chauvin, T., Chacc n Duria, L., del Arco, M., Delzon, S., 2016. Herbaceous angiosperms are
not more vulneral'e « drought-induced embolism than angiosperm trees. Plant Physiol.
pp.00829.2016. http ;://doi.org/10.1104/pp.16.00829

Ledn-Sanchez, L., Nicolés, E., Nortes, P.A., Maestre, F.T., Querejeta, J.I., 2016. Photosynthesis and
growth reduction with warming are driven by nonstomatal limitations in a Mediterranean
semi-arid shrub. Ecol. Evol. 6, 2725-2738. https://doi.org/10.1002/ece3.2074

Lespinas, F., Ludwig, W., Heussner, S., 2014. Hydrological and climatic uncertainties associated with
modeling the impact of climate change on water resources of small Mediterranean coastal
rivers. J. Hydrol. 511, 403-422. https://doi.org/10.1016/j.jhydrol.2014.01.033

Limousin, J.-M., Rambal, S., Ourcival, J.-M., Rodriguez-Calcerrada, J., Pérez-Ramos, .M.,
Rodriguez-Cortina, R., Misson, L., Joffre, R., 2012. Morphological and phenological shoot
plasticity in a Mediterranean evergreen oak facing long-term increased drought. Oecologia
169, 565-577. https://doi.org/10.1007/s00442-011-2221-8

Linés, C., Iglesias, A., Garrote, L., Sotés, V., Werner, M., 2018. Do users benefit from additional
information in support of operational drought management decisions in the Ebro basin?
Hydrol. Earth Syst. Sci. 22, 5901-5917. https://doi.org/10.5194/hess-22-5901-2018

Lionello, P. (Ed.), 2012. The climate of the Mediterranean region: from the past to the future, 1st ed.
ed, Elsevier insights. Elsevier, London ; Waltham, MA.

41



Lionello, P., Scarascia, L., 2018. The relation between climate change in the Mediterranean region and
global warming. Reg. Environ. Change 18, 1481-1493. https://doi.org/10.1007/s10113-018-
1290-1

Liu, Y., Kumar, M., Katul, G.G., Porporato, A., 2019. Reduced resilience as an early warning signal of
forest mortality. Nat. Clim. Change 9, 880-885. https://doi.org/10.1038/s41558-019-0583-9

Llasat, M.C., Llasat-Botija, M., Barnolas, M., Lopez, L., Altava-Ortiz, V., 2009. An analysis of the
evolution of hydrometeorological extremes in newspapers: the case of Catalonia,
1982&amp;ndash;2006. Nat. Hazards Earth Syst. Sci. 9, 1201-1212.
https://doi.org/10.5194/nhess-9-1201-2009

Longepierre, D., Mouillot, F., Ouelhazi, B., Ourcival, J.M., Rocheteau, A., Degueldre, D., Rejeb,
M.N., 2014. True water constraint under a rainfall interception experiment in a Mediterranean
shrubland (Northern Tunisia): confronting discrete measurements with a plant—soil water
budget model. Plant Ecol. 215, 779-794. https://doi.org/10.1007/s11258-014-0349-4

Lorenzo-Lacruz, J., Garcia, C., Moran-Tejeda, E., 2017. Groundwater level responses to precipitation
variability in Mediterranean insular aquifers. J. Hydrol. 552, 316-531.
https://doi.org/10.1016/j.jhydrol.2017.07.011

Lorenzo-Lacruz, J., Moréan-Tejeda, E., Vicente-Serrano, S.M., Lopr z-Iv.oreno, J.1., 2013. Streamflow
droughts in the Iberian Peninsula between 1945 and 2005 si.~**al and temporal patterns.
Hydrol. Earth Syst. Sci. 17, 119-134. https://doi.org/10 519- /hess-17-119-2013

Lorenzo-Lacruz, J., Vicente-Serrano, S.M., Lopez-Moreno, J -, beyueria, S., Garcia-Ruiz, J.M.,
Cuadrat, J.M., 2010. The impact of droughts and w..~r 1,"-anagement on various hydrological
systems in the headwaters of the Tagus River (cei..al ¢ pain). J. Hydrol. 386, 13-26.
https://doi.org/10.1016/j.jhydrol.2010.01.001

Majone, B., Bovolo, C.1., Bellin, A., Blenkinsop, S., -u vler, H.J., 2012. Modeling the impacts of
future climate change on water resources far ™ e “sallego river basin (Spain). Water Resour.
Res. 48. https://doi.org/10.1029/2011WRL.1985

Mankin, J.S., Seager, R., Smerdon, J.E., Coc's, B i., Williams, A.P., 2019. Mid-latitude freshwater
availability reduced by projected vege.. <ion responses to climate change. Nat. Geosci. 12,
983-988. https://doi.org/10.1036,-41561-019-0480-x

Marchane, A., Tramblay, Y., Hanich, L. Rue:'and, D., Jarlan, L., 2017. Climate change impacts on
surface water resources in the F h'.raya catchment (High Atlas, Morocco). Hydrol. Sci. J. 62,
979-995. https://doi.org/10.”.uCu.626667.2017.1283042

Marcos, R., Llasat, M.C., Quintana-_~qui, P., Turco, M., 2017. Seasonal predictability of water
resources in a Mediterranc>n freshwater reservoir and assessment of its utility for end-users.
Sci. Total Environ. 575, b21-691. https://doi.org/10.1016/j.scitotenv.2016.09.080

Mariano, D.A., Santos, C.A.C. u~<, Wardlow, B.D., Anderson, M.C., Schiltmeyer, A.V., Tadesse, T.,
Svoboda, M.D., 2C L8. \'se of remote sensing indicators to assess effects of drought and
human-induceu 1. "0 ucgradation on ecosystem health in Northeastern Brazil. Remote Sens.
Environ. 213, 129-) 43. https://doi.org/10.1016/j.rse.2018.04.048

Mariotti, A., Pan, Y., Zeng, N., Alessandri, A., 2015. Long-term climate change in the Mediterranean
region in the midst of decadal variability. Clim. Dyn. 44, 1437-1456.
https://doi.org/10.1007/s00382-015-2487-3

Markonis, Y., Hanel, M., Méca, P., Kysely, J., Cook, E.R., 2018. Persistent multi-scale fluctuations
shift European hydroclimate to its millennial boundaries. Nat. Commun. 9, 1767.
https://doi.org/10.1038/s41467-018-04207-7

Martens, B., Miralles, D.G., Lievens, H., van der Schalie, R., de Jeu, R.A.M., Fernandez-Prieto, D.,
Beck, H.E., Dorigo, W.A., Verhoest, N.E.C., 2017. GLEAM v3: satellite-based land
evaporation and root-zone soil moisture. Geosci. Model Dev. 10, 1903-1925.
https://doi.org/10.5194/gmd-10-1903-2017

Martin, E.R., 2018. Future Projections of Global Pluvial and Drought Event Characteristics. Geophys.
Res. Lett. 45, 11,913-11,920. https://doi.org/10.1029/2018GL079807

Martinez-Granados, D., Maestre-Valero, J.F., Calatrava, J., Martinez-Alvarez, V., 2011. The
Economic Impact of Water Evaporation Losses from Water Reservoirs in the Segura Basin,
SE Spain. Water Resour. Manag. 25, 3153-3175. https://doi.org/10.1007/s11269-011-9850-x

42



Martinez-Vilalta, J., Anderegg, W.R.L., Sapes, G., Sala, A., 2019. Greater focus on water pools may
improve our ability to understand and anticipate drought-induced mortality in plants. New
Phytol. 223, 22-32. https://doi.org/10.1111/nph.15644

Martinez-Vilalta, J., Lloret, F., 2016. Drought-induced vegetation shifts in terrestrial ecosystems: The
key role of regeneration dynamics. Glob. Planet. Change 144, 94-108.
https://doi.org/10.1016/j.gloplacha.2016.07.009

Martin-StPaul, N., Delzon, S., Cochard, H., 2017. Plant resistance to drought depends on timely
stomatal closure. Ecol. Lett. 20, 1437-1447. https://doi.org/10.1111/ele.12851

Marvel, K., Cook, B.1., Bonfils, C.J.W., Durack, P.J., Smerdon, J.E., Williams, A.P., 2019. Twentieth-
century hydroclimate changes consistent with human influence. Nature 569, 59-65.
https://doi.org/10.1038/s41586-019-1149-8

Marx, A., Kumar, R., Thober, S., Rakovec, O., Wanders, N., Zink, M., Wood, E.F., Pan, M., Sheffield,
J., Samaniego, L., 2018. Climate change alters low flows in Europe under global warming of
1.5, 2, and 3 °C. Hydrol. Earth Syst. Sci. 22, 1017-1032. https://doi.org/10.5194/hess-22-
1017-2018

Mays, L.W., 2014. Use of cisterns during antiquity in the Mediterraneai. vegion for water resources
sustainability. Water Supply 14, 38-47. https://doi.org/10.2 L6b, ¥5.2013.171

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Cohh, ™ 'Kolb, T., Plaut, J., Sperry, J.,
West, A., Williams, D.G., Yepez, E.A., 2008. Mechanicms ¢ plant survival and mortality
during drought: why do some plants survive while ot*.ers succumb to drought? New Phytol.
178, 719-739. https://doi.org/10.1111/].1469-8137 Z2N5.92436.X

McDowell, N.G., Coops, N.C., Beck, P.S.A., Chambers, ..., (,angodagamage, C., Hicke, J.A.,
Huang, C., Kennedy, R., Krofcheck, D.J., Litvak, M., *Meddens, A.J.H., Muss, J., Negrén-
Juarez, R., Peng, C., Schwantes, A.M., Swerso., J.J., Vernon, L.J., Williams, A.P., Xu, C.,
Zhao, M., Running, S.W., Allen, C.D., 2025. “slral satellite monitoring of climate-induced
vegetation disturbances. Trends Plant S-i, .0, 114-123.
https://doi.org/10.1016/j.tplants.2017.10. )08

McEvoy, D.J., Huntington, J.L., Hobbins, M.1., Wood, A., Morton, C., Anderson, M., Hain, C., 2016.
The Evaporative Demand Droug:.* Index. Part 1I: CONUS-Wide Assessment against Common
Drought Indicators. J. Hydromet~aro, 17, 1763-1779. https://doi.org/10.1175/JHM-D-15-
0122.1

McKee, T.B., Doesken, N.J., Kleist, ., 1953. The Relationship of Drought Frequency and Duration to
Time Scales. Pap. Present b." Conf. Appl. Climatol. American Meteorological Society,
Anaheim, CA (1993).

Mehran, A., Mazdiyasni, O., Agh.'<ouchak, A., 2015. A hybrid framework for assessing
socioeconomic drounhy. ' iaking climate variability, local resilience, and demand. J. Geophys.
Res. Atmospheres (20, 7520-7533. https://doi.org/10.1002/2015JD023147

Mendicino, G., Senato.e, ., Jersace, P., 2008. A Groundwater Resource Index (GRI) for drought
monitoring and fore :asting in a mediterranean climate. J. Hydrol. 357, 282-302.
https://doi.org/10.1016/j.jhydrol.2008.05.005

Mijatovié, D., Van Oudenhoven, F., Eyzaguirre, P., Hodgkin, T., 2013. The role of agricultural
biodiversity in strengthening resilience to climate change: towards an analytical framework.
Int. J. Agric. Sustain. 11, 95-107. https://doi.org/10.1080/14735903.2012.691221

Milano, M., Ruelland, D., Fernandez, S., Dezetter, A., Fabre, J., Servat, E., Fritsch, J.-M., Ardoin-
Bardin, S., Thivet, G., 2013. Current state of Mediterranean water resources and future trends
under climatic and anthropogenic changes. Hydrol. Sci. J. 58, 498-518.
https://doi.org/10.1080/02626667.2013.774458

Milly, P.C.D., Dunne, K.A., 2016. Potential evapotranspiration and continental drying. Nat. Clim.
Change 6, 946-949. https://doi.org/10.1038/nclimate3046

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

Moréan-Tejeda, E., Lorenzo-Lacruz, J., Lépez-Moreno, J.1., Ceballos-Barbancho, A., Zabalza, J.,
Vicente-Serrano, S.M., 2012. Reservoir Management in the Duero Basin (Spain): Impact on
River Regimes and the Response to Environmental Change. Water Resour. Manag. 26, 2125—
2146. https://doi.org/10.1007/s11269-012-0004-6

43



Morcillo, L., Gallego, D., Gonzélez, E., Vilagrosa, A., 2019. Forest Decline Triggered by Phloem
Parasitism-Related Biotic Factors in Aleppo Pine (Pinus halepensis). Forests 10, 608.
https://doi.org/10.3390/f10080608

Moreira, F., Ascoli, D., Safford, H., Adams, M.A., Moreno, J.M., Pereira, J.M.C., Catry, F.X,,
Armesto, J., Bond, W., Gonzalez, M.E., Curt, T., Koutsias, N., McCaw, L., Price, O., Pausas,
J.G., Rigolot, E., Stephens, S., Tavsanoglu, C., Vallejo, V.R., Van Wilgen, B.W.,
Xanthopoulos, G., Fernandes, P.M., 2020. Wildfire management in Mediterranean-type
regions: paradigm change needed. Environ. Res. Lett. 15, 011001.
https://doi.org/10.1088/1748-9326/ab541e

Moreno, M.V., Conedera, M., Chuvieco, E., Pezzatti, G.B., 2014. Fire regime changes and major
driving forces in Spain from 1968 to 2010. Environ. Sci. Policy 37, 11-22.
https://doi.org/10.1016/j.envsci.2013.08.005

Morgan, J.A., Pataki, D.E., Kdrner, C., Clark, H., Del Grosso, S.J., Griinzweig, J.M., Knapp, A.K,,
Mosier, A.R., Newton, P.C.D., Niklaus, P.A., Nippert, J.B., Nowak, R.S., Parton, W.J., Polley,
H.W., Shaw, M.R., 2004. Water relations in grassland and d¢ sert ecosystems exposed to
elevated atmospheric CO2. Oecologia 140, 11-25. https://doi.0: 2/10.1007/s00442-004-1550-2

Mouillot, F., Rambal, S., Joffre, R., 2002. Simulating climate chanc e in acts on fire frequency and
vegetation dynamics in a Mediterranean-type ecosystem. 1L Change Biol. 8, 423-437.
https://doi.org/10.1046/j.1365-2486.2002.00494.x

Mouillot, F., Rambal, S., Lavorel, S., 2001. A generic proces~-bascu SImulator for meditERRanean
landscApes (SIERRA): design and validation exerr:.~s. ~or. Ecol. Manag. 147, 75-97.
https://doi.org/10.1016/S0378-1127(00)00432-1

Mourato, S., Moreira, M., Corte-Real, J., 2015. Water Recour.~s Impact Assessment Under Climate
Change Scenarios in Mediterranean Watersh :u:. Water Resour. Manag. 29, 2377-2391.
https://doi.org/10.1007/s11269-015-0947-F

Mu, Q., Zhao, M., Kimball, J.S., McDowell, N =., Punning, S.W., 2013. A Remotely Sensed Global
Terrestrial Drought Severity Index. F.ull. Am. Meteorol. Soc. 94, 83-98.
https://doi.org/10.1175/BAMS-D-11-u: °13.1

Mukherjee, S., Mishra, A., Trenberth, K._ 2018. Climate Change and Drought: a Perspective on
Drought Indices. Curr. Clim. Ch~nqge Rep. 4, 145-163. https://doi.org/10.1007/s40641-018-
0098-x

Napoly, A., Boone, A., Samuelsson, ., Guilvik, S., Martin, E., Seferian, R., Carrer, D., Decharme, B.,
Jarlan, L., 2017. The interac.’ons petween soil-biosphere—atmosphere (ISBA) land surface
model multi-energy balan.~ (MEB) option in SURFEXVv8 — Part 2: Introduction of a litter
formulation and model ev. 'uation for local-scale forest sites. Geosci. Model Dev. 10, 1621—
1644. https://doi.oro/106.514/gmd-10-1621-2017

Naudts, K., Ryder, J., McC rath, M.J., Otto, J., Chen, Y., Valade, A., Bellasen, V., Berhongaray, G.,
Bonisch, G., Can.niui, M., Ghattas, J., De Groote, T., Haverd, V., Kattge, J., MacBean, N.,
Maignan, F., Merila P., Penuelas, J., Peylin, P., Pinty, B., Pretzsch, H., Schulze, E.D., Solyga,
D., Vuichard, N., Yan, Y., Luyssaert, S., 2015. A vertically discretised canopy description for
ORCHIDEE (SVN r2290) and the modifications to the energy, water and carbon fluxes.
Geosci. Model Dev. 8, 2035-2065. https://doi.org/10.5194/gmd-8-2035-2015

Naumann, G., Alfieri, L., Wyser, K., Mentaschi, L., Betts, R.A., Carrao, H., Spinoni, J., Vogt, J.,
Feyen, L., 2018. Global Changes in Drought Conditions Under Different Levels of Warming.
Geophys. Res. Lett. 45, 3285-3296. https://doi.org/10.1002/2017GL076521

Norton, M.R., Malinowski, D.P., VVolaire, F., 2016. Plant drought survival under climate change and
strategies to improve perennial grasses. A review. Agron. Sustain. Dev. 36, 29.
https://doi.org/10.1007/s13593-016-0362-1

Norton, A.J., Rayner, P.J., Koffi, E.N., Scholze, M., Silver, J.D., Wang, Y.-P., 2019. Estimating global
gross primary productivity using chlorophyll fluorescence and a data assimilation system with
the BETHY-SCOPE model. Biogeosciences 16, 3069-3093. https://doi.org/10.5194/bg-16-
3069-2019

44



Orlowsky, B., Seneviratne, S.1., 2013. Elusive drought: uncertainty in observed trends and short- and
long-term CMIP5 projections. Hydrol. Earth Syst. Sci. 17, 1765-1781.
https://doi.org/10.5194/hess-17-1765-2013

Osborne, C.P., Mitchell, P.L., Sheehy, J.E., Woodward, F.I., 2000. Modelling the recent historical
impacts of atmospheric CO2 and climate change on Mediterranean vegetation. Glob. Change
Biol. 6, 445-458. https://doi.org/10.1046/j.1365-2486.2000.00336.x

Ozdogan, M., Rodell, M., Beaudoing, H.K., Toll, D.L., 2010. Simulating the Effects of Irrigation over
the United States in a Land Surface Model Based on Satellite-Derived Agricultural Data. J.
Hydrometeorol. 11, 171-184. https://doi.org/10.1175/2009JHM1116.1

Ozturk, T., Ceber, Z.P., Tiirkes, M., Kurnaz, M.L., 2015. Projections of climate change in the
Mediterranean Basin by using downscaled global climate model outputs: PROJECTIONS OF
CLIMATE CHANGE IN MEDITERRANEAN BY USING GLOBAL MODELS. Int. J.
Climatol. 35, 4276-4292. https://doi.org/10.1002/joc.4285

Ozturk, T., Turp, M.T., Tiirkes, M., Kurnaz, M.L., 2018. Future projections of temperature and
precipitation climatology for CORDEX-MENA domain usin t RegCM4.4. Atmospheric Res.
206, 87-107. https://doi.org/10.1016/j.atmosres.2018.02.009

Papadimitriou, L.V., Koutroulis, A.G., Grillakis, M.G., Tsanis, I.K 20.6. High-end climate change
impact on European runoff and low flows &ndash; exploring ¢ effects of forcing biases.
Hydrol. Earth Syst. Sci. 20, 1785-1808. https://doi.org/ 0.5.94/hess-20-1785-2016

Pappenberger, F., Cloke, H.L., Parker, D.J., Wetterhall, F., R*:haruson, D.S., Thielen, J., 2015. The
monetary benefit of early flood warnings in Europr. =nv:ron. Sci. Policy 51, 278-291.
https://doi.org/10.1016/j.envsci.2015.04.016

Pascale, S., Lucarini, V., Feng, X., Porporato, A., ul Hassrn, ¢ 2016. Projected changes of rainfall
seasonality and dry spells in a high greenhot’>e jas emissions scenario. Clim. Dyn. 46, 1331
1350. https://doi.org/10.1007/s00382-015-26 *3-4

Pascoa, P., Gouveia, C.M., Russo, A., Trigo, R M., ?017. The role of drought on wheat yield
interannual variability in the Iberian "“eni 1sula from 1929 to 2012. Int. J. Biometeorol. 61,
439-451. https://doi.org/10.1007/s004C -016-1224-x

Pausas, J.G., Vallejo, V.R., 1999. The ro.. of fire in European Mediterranean ecosystems, in:
Chuvieco, E. (Ed.), Remote Sen<ing  * Large Wildfires. Springer Berlin Heidelberg, Berlin,
Heidelberg, pp. 3-16. https://dci..sre/£0.1007/978-3-642-60164-4 2

Pedro-Monzonis, M., Jiménez-Ferné.i.>7, -, Solera, A., Jiménez-Gavilan, P., 2016. The use of
AQUATOOL DSS applied o the System of Environmental-Economic Accounting for Water
(SEEAW). J. Hydrol. 535, 1-14. https://doi.org/10.1016/j.jhydrol.2015.11.034

Pena-Gallardo, M., Vicente-Serra..n. 3.M., Dominguez-Castro, F., Begueria, S., 2019. The impact of
drought on the prodiietiit of two rainfed crops in Spain. Nat. Hazards Earth Syst. Sci. 19,
1215-1234. https:/ doi.. rg/10.5194/nhess-19-1215-2019

Pefiuelas, J., Canadell, J.C . Cyaya, R., 2011. Increased water-use efficiency during the 20th century
did not translate intc enhanced tree growth: Tree growth in the 20th century. Glob. Ecol.
Biogeogr. 20, 597-608. https://doi.org/10.1111/j.1466-8238.2010.00608.x

Pereira, S., AM,,R,,L.,R.,RM., T, J.L., Z., 2018. A centennial catalogue of hydro-
geomorphological events and their atmospheric forcing. Adv. Water Resour. 122, 98-112.
https://doi.org/10.1016/j.advwatres.2018.10.001

Peters, W., van der Velde, I.R., van Schaik, E., Miller, J.B., Ciais, P., Duarte, H.F., van der Laan-
Luijkx, 1.T., van der Molen, M.K., Scholze, M., Schaefer, K., Vidale, P.L., Verhoef, A,
Warlind, D., Zhu, D., Tans, P.P., Vaughn, B., White, J.W.C., 2018. Increased water-use
efficiency and reduced CO2 uptake by plants during droughts at a continental scale. Nat.
Geosci. 11, 744-748. https://doi.org/10.1038/s41561-018-0212-7

Piao, S., Friedlingstein, P., Ciais, P., de Noblet-Ducoudre, N., Labat, D., Zaehle, S., 2007. Changes in
climate and land use have a larger direct impact than rising CO2 on global river runoff trends.
Proc. Natl. Acad. Sci. 104, 15242-15247. https://doi.org/10.1073/pnas.0707213104

Pimont, F., Ruffault, J., Martin-StPaul, N.K., Dupuy, J.-L., 2019. Why is the effect of live fuel
moisture content on fire rate of spread underestimated in field experiments in shrublands? Int.
J. Wildland Fire 28, 127. https://doi.org/10.1071/WF18091

45



Pinilla, V., 2006. The Development of Irrigated Agriculture in Twentieth-Century Spain: A Case
Study of the Ebro Basin. Agric. Hist. Rev. 54, 122-141.

Piras, M., Mascaro, G., Deidda, R., Vivoni, E.R., 2014. Quantification of hydrologic impacts of
climate change in a Mediterranean basin in Sardinia, Italy, through high-resolution
simulations. Hydrol. Earth Syst. Sci. 18, 5201-5217. https://doi.org/10.5194/hess-18-5201-
2014

Polade, S.D., Gershunov, A., Cayan, D.R., Dettinger, M.D., Pierce, D.W., 2017. Precipitation in a
warming world: Assessing projected hydro-climate changes in California and other
Mediterranean climate regions. Sci. Rep. 7, 10783. https://doi.org/10.1038/s41598-017-11285-
y

Polade, S.D., Pierce, D.W., Cayan, D.R., Gershunov, A., Dettinger, M.D., 2015. The key role of dry
days in changing regional climate and precipitation regimes. Sci. Rep. 4, 4364.
https://doi.org/10.1038/srep04364

Portmann, F.T., Siebert, S., Doll, P., 2010. MIRCAZ2000-Global monthly irrigated and rainfed crop
areas around the year 2000: A new high-resolution data set frr agricultural and hydrological
modeling: MONTHLY IRRIGATED AND RAINFED CROF ~.REAS. Glob. Biogeochem.
Cycles 24, n/a-n/a. https://doi.org/10.1029/2008GB003435

Pozzi, W., Sheffield, J., Stefanski, R., Cripe, D., Pulwarty, R., Veat, 2\, Heim, R.R., Brewer, M.J.,
Svoboda, M., Westerhoff, R., van Dijk, A.l.J.M., Lloyd -Hug"es, B., Pappenberger, F.,
Werner, M., Dutra, E., Wetterhall, F., Wagner, W., S- hubei, S., Mo, K., Nicholson, M.,
Bettio, L., Nunez, L., van Beek, R., Bierkens, M., r.c <u.>calves, L.G.G., de Mattos, J.G.Z.,
Lawford, R., 2013. Toward Global Drought Early Var ing Capability: Expanding
International Cooperation for the Development of a F >mework for Monitoring and
Forecasting. Bull. Am. Meteorol. Soc. 94, 770-785. https://doi.org/10.1175/BAMS-D-11-
00176.1

Prudhomme, C., Giuntoli, I., Robinson, E.L., C'ark, D.B., Arnell, N.W., Dankers, R., Fekete, B.M.,
Franssen, W., Gerten, D., Gosling, $ N., 1agemann, S., Hannah, D.M., Kim, H., Masaki, Y.,
Satoh, Y., Stacke, T., Wada, Y., Wisse. D., 2014. Hydrological droughts in the 21st century,
hotspots and uncertainties from a ~lobal multimodel ensemble experiment. Proc. Natl. Acad.
Sci. 111, 3262—-3267. https://doi ~r0/.1.1073/pnas.1222473110

Pulido-Velazquez, D., Collados-Lara, £..-J., ~lcald, F.J., 2018a. Assessing impacts of future potential
climate change scenarios on ay 'iie: recharge in continental Spain. J. Hydrol. 567, 803—-819.
https://doi.org/10.1016/j.jry.*0l.2017.10.077

Pulido-Velazquez, D., Garcia-Aro.*egui, J.L., Molina, J.-L., Pulido-Velazquez, M., 2015. Assessment
of future groundwater rec..~rge in semi-arid regions under climate change scenarios (Serral-
Salinas aquifer, SE Sna,) Could increased rainfall variability increase the recharge rate?:
RECHARGE IN S -MI ARID REGIONS UNDER CLIMATE CHANGE SCENARIOS.
Hydrol. Process. 29, C23-844. https://doi.org/10.1002/hyp.10191

Pulido-Velazquez, D., Garrc i, L., Andreu, J., Martin-Carrasco, F.-J., Iglesias, A., 2011. A
methodology to diagnose the effect of climate change and to identify adaptive strategies to
reduce its impacts in conjunctive-use systems at basin scale. J. Hydrol. 405, 110-122.
https://doi.org/10.1016/j.jhydrol.2011.05.014

Pulido-Velazquez, D., Renau-Prufionosa, A., Llopis-Albert, C., Morell, 1., Collados-Lara, A.-J.,
Senent-Aparicio, J., Baena-Ruiz, L., 2018b. Integrated assessment of future potential global
change scenarios and their hydrological impacts in coastal aquifers — a new tool to analyse
management alternatives in the Plana Oropesa-Torreblanca aquifer. Hydrol. Earth Syst. Sci.
22, 3053-3074. https://doi.org/10.5194/hess-22-3053-2018

Pumo, D., Viola, F., Noto, L.V., 2010. Climate changes’ effects on vegetation water stress in
Mediterranean areas. Ecohydrology n/a-n/a. https://doi.org/10.1002/ec0.117

Putnam, A.E., Broecker, W.S., 2017. Human-induced changes in the distribution of rainfall. Sci. Adv.
3, €1600871. https://doi.org/10.1126/sciadv.1600871

Quintana-Segui, P., Barella-Ortiz, A., Regueiro-Sanfiz, S., Miguez-Macho, G., 2019. The Utility of
Land-Surface Model Simulations to Provide Drought Information in a Water Management
Context Using Global and Local Forcing Datasets. Water Resour. Manag.
https://doi.org/10.1007/s11269-018-2160-9

46



Quintana-Segui, P., Habets, F., Martin, E., 2011. 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.
https://doi.org/10.5194/nhess-11-1411-2011

Rambal, S., 1984. Water balance and pattern of root water uptake by a Quercus coccifera L. evergreen
srub. Oecologia 62, 18-25. https://doi.org/10.1007/BF00377367

Raymond, F., Ullmann, A., Camberlin, P., Drobinski, P., Smith, C.C., 2016. Extreme dry spell
detection and climatology over the Mediterranean Basin during the wet season. Geophys.
Res. Lett. 43, 7196-7204. https://doi.org/10.1002/2016GL069758

Raymond, F., Ullmann, A., Tramblay, Y., Drobinski, P., Camberlin, P., 2019. Evolution of
Mediterranean extreme dry spells during the wet season under climate change. Reg. Environ.
Change 19, 2339-2351. https://doi.org/10.1007/s10113-019-01526-3

Reichle, R.H., Koster, R.D., Liu, P., Mahanama, S.P.P., Njoku, E.G., Owe, M., 2007. Comparison and
assimilation of global soil moisture retrievals from the Advanced Microwave Scanning
Radiometer for the Earth Observing System (AMSR-E) and *ne Scanning Multichannel
Microwave Radiometer (SMMR). J. Geophys. Res. 112, D09.u?
https://doi.org/10.1029/2006JD008033

Rivoire, P., Tramblay, Y., Neppel, L., Hertig, E., Vicente-Serrann 5.*4., 2019. Impact of the dry-day
definition on Mediterranean extreme dry-spell analysis. Nat. Hazards Earth Syst. Sci. 19,
1629-1638. https://doi.org/10.5194/nhess-19-1629-219

Rodell, M., Houser, P.R., Jambor, U., Gottschalck, J., Mitc!..'l, 7., Meng, C.-J., Arsenault, K.,
Cosgrove, B., Radakovich, J., Bosilovich, M., Enun. J. <., Walker, J.P., Lohmann, D., Toll,
D., 2004. The Global Land Data Assimilation Sys’em. Bull. Am. Meteorol. Soc. 85, 381-394.
https://doi.org/10.1175/BAMS-85-3-381

Roderick, M.L., Greve, P., Farquhar, G.D., 2015. Cn *1e issessment of aridity with changes in
atmospheric CO2. Water Resour. Res. 51, 2150-5463.
https://doi.org/10.1002/2015WR017".31

Rosas, T., Mencuccini, M., Barba, J., Cochard, ., Saura-Mas, S., Martinez-Vilalta, J., 2019.
Adjustments and coordination of ~vdraulic, leaf and stem traits along a water availability
gradient. New Phytol. 223, 632—-216. "ttps://doi.org/10.1111/nph.15684

Rossa, C., Fernandes, P., 2018. Live Fu:l Muisture Content: The ‘Pea Under the Mattress’ of Fire
Spread Rate Modeling? Fire 1, 13. nttps://doi.org/10.3390/fire1030043

Ruffault, J., Martin-StPaul, N., Pimo.t. F., Dupuy, J.-L., 2018. How well do meteorological drought
indices predict live fuel mi isture content (LFMC)? An assessment for wildfire research and
operations in Mediterrane. " ecosystems. Agric. For. Meteorol. 262, 391-401.
https://doi.org/10.1016, ar,rformet.2018.07.031

Ruffault, J., Martin-StPaul N.k , Duffet, C., Goge, F., Mouillot, F., 2014. Projecting future drought in
Mediterranearn fu.2Sw. 0ias correction of climate models matters! Theor. Appl. Climatol. 117,
113-122. https://do1 org/10.1007/s00704-013-0992-z

Ruffault, J., Martin-StPaul, N.K., Rambal, S., Mouillot, F., 2013. Differential regional responses in
drought length, intensity and timing to recent climate changes in a Mediterranean forested
ecosystem. Clim. Change 117, 103-117. https://doi.org/10.1007/s10584-012-0559-5

Ruffault, J., Mouillot, F., 2015. How a new fire-suppression policy can abruptly reshape the fire-
weather relationship. Ecosphere 6, art199. https://doi.org/10.1890/ES15-00182.1

Russo, A., Gouveia, C.M., Pascoa, P., DaCamara, C.C., Sousa, P.M., Trigo, R.M., 2017. Assessing the
role of drought events on wildfires in the Iberian Peninsula. Agric. For. Meteorol. 237-238,
50-59. https://doi.org/10.1016/j.agrformet.2017.01.021

Sahin, S., Ivanov, M., Tiirkes, M., 2018. Control of dry and wet Januaries and winters in the
Mediterranean Basin by large-scale atmospheric moisture flux and its convergence. J. Hydrol.
566, 616-626. https://doi.org/10.1016/j.jhydrol.2018.09.038

Salvador, C., Nieto, R., Linares, C., Diaz, J., Gimeno, L., 2020. Short-term effects of drought on daily
mortality in Spain from 2000 to 2009. Environ. Res. 183, 109200.
https://doi.org/10.1016/j.envres.2020.109200

Salvati, L., Ferrara, A., 2015. Profiling agro-forest landscape types at the wildland—urban interface: an
exploratory analysis. Agrofor. Syst. 89, 291-303. https://doi.org/10.1007/s10457-014-9766-6

47



Samaniego, L., Kumar, R., Breuer, L., Chamorro, A., Flérke, M., Pechlivanidis, 1.G., Schéfer, D.,
Shah, H., Vetter, T., Wortmann, M., Zeng, X., 2017. Propagation of forcing and model
uncertainties on to hydrological drought characteristics in a multi-model century-long
experiment in large river basins. Clim. Change 141, 435-449. https://doi.org/10.1007/s10584-
016-1778-y

Samaniego, L., Kumar, R., Zink, M., 2013. Implications of Parameter Uncertainty on Soil Moisture
Drought Analysis in Germany. J. Hydrometeorol. 14, 47—68. https://doi.org/10.1175/JHM-D-
12-075.1

Samaniego, L., Thober, S., Kumar, R., Wanders, N., Rakovec, O., Pan, M., Zink, M., Sheffield, J.,
Wood, E.F., Marx, A., 2018. Anthropogenic warming exacerbates European soil moisture
droughts. Nat. Clim. Change 8, 421-426. https://doi.org/10.1038/s41558-018-0138-5

Sanchez, N., Gonzalez-Zamora, A., Martinez-Fernandez, J., Piles, M., Pablos, M., 2018. Integrated
remote sensing approach to global agricultural drought monitoring. Agric. For. Meteorol. 259,
141-153. https://doi.org/10.1016/j.agrformet.2018.04.022

Sawada, Y., Koike, T., 2014. Simultaneous estimation of both hydro’ »ical and ecological parameters
in an ecohydrological model by assimilating microwave signal. Yotimization of eco-
hydrological model. J. Geophys. Res. Atmospheres 119, 8239-857.
https://doi.org/10.1002/2014JD021536

Scheff, J., 2019. A unified wetting and drying theory. Nat. Clinm. Chenge 9, 9-10.
https://doi.org/10.1038/s41558-018-0372-x

Scheff, J., 2018. Drought Indices, Drought Impacts, CO2, 7.. W2arming: a Historical and Geologic
Perspective. Curr. Clim. Change Rep. 4, 202-206. 1ttp' ://doi.org/10.1007/s40641-018-0094-1

Scheff, J., Frierson, D.M.W., 2015. Terrestrial Aridity anc' Its 2esponse to Greenhouse Warming
across CMIP5 Climate Models. J. Clim. 28, Soc 3-5600. https://doi.org/10.1175/JCLI-D-14-
00480.1

Schewe, J., Heinke, J., Gerten, D., Haddeland, ' ~.mell, N.W., Clark, D.B., Dankers, R., Eisner, S.,
Fekete, B.M., Coldn-Gonzélez, F.J., 50s'ing, S.N., Kim, H., Liu, X., Masaki, Y., Portmann,
F.T., Satoh, Y., Stacke, T., Tang, Q., v.":da, Y., Wisser, D., Albrecht, T., Frieler, K., Piontek,
F., Warszawski, L., Kabat, P., 202 4. Multimodel assessment of water scarcity under climate
change. Proc. Natl. Acad. Sci. 11" 5215-3250. https://doi.org/10.1073/pnas.1222460110

Schilling, J., Hertig, E., Tramblay, Y., {chewnan, J., 2020. Climate change vulnerability, water
resources and social implica’.wu.>s 1 North Africa. Reg. Environ. Change 20, 15.
https://doi.org/10.1007/s1N1.?-020-01597-7

Schleussner, C.-F., Lissner, T.K., \“ischer, E.M., Wohland, J., Perrette, M., Golly, A., Rogelj, J.,
Childers, K., Schewe, J., i -ieier, K., Mengel, M., Hare, W., Schaeffer, M., 2016. Differential
climate impacts for non - elevant limits to global warming: the case of 1.5 &deg;C and 2
&deg;C. Earth Sys . Dy1. 7, 327-351. https://doi.org/10.5194/esd-7-327-2016

Schimel, D., Schneidei, r* D., SPL Carbon and Ecosystem Participants, 2019. Flux towers in the sky:
global ecology from space. New Phytol. 224, 570-584. https://doi.org/10.1111/nph.15934

Schneider, C., Laizé, C.L.KR., Acreman, M.C., Flérke, M., 2013. How will climate change modify river
flow regimes in Europe? Hydrol. Earth Syst. Sci. 17, 325-339. https://doi.org/10.5194/hess-
17-325-2013

Senatore, A., Mendicino, G., Smiatek, G., Kunstmann, H., 2011. Regional climate change projections
and hydrological impact analysis for a Mediterranean basin in Southern Italy. J. Hydrol. 399,
70-92. https://doi.org/10.1016/j.jhydrol.2010.12.035

Seneviratne, S.1., Corti, T., Davin, E.L., Hirschi, M., Jaeger, E.B., Lehner, I., Orlowsky, B., Teuling,
A.J., 2010. Investigating soil moisture—climate interactions in a changing climate: A review.
Earth-Sci. Rev. 99, 125-161. https://doi.org/10.1016/j.earscirev.2010.02.004

Serra, C., Lana, X., Burguefio, A., Martinez, M.D., 2016. Partial duration series distributions of the
European dry spell lengths for the second half of the twentieth century. Theor. Appl. Climatol.
123, 63-81. https://doi.org/10.1007/s00704-014-1337-2

Serra, P., Vera, A, Tulla, A.F., Salvati, L., 2014. Beyond urban—rural dichotomy: Exploring
socioeconomic and land-use processes of change in Spain (1991-2011). Appl. Geogr. 55, 71—
81. https://doi.org/10.1016/j.apgeog.2014.09.005

48



Sheffield, J., Wood, E.F., 2008. Global Trends and Variability in Soil Moisture and Drought
Characteristics, 1950—2000, from Observation-Driven Simulations of the Terrestrial
Hydrologic Cycle. J. Clim. 21, 432-458. https://doi.org/10.1175/2007JCLI11822.1

Sheffield, J., Wood, E.F., Roderick, M.L., 2012. Little change in global drought over the past 60 years.
Nature 491, 435-438. https://doi.org/10.1038/nature11575

Shi, H., Chen, J., Wang, K., Niu, J., 2018. A new method and a new index for identifying
socioeconomic drought events under climate change: A case study of the East River basin in
China. Sci. Total Environ. 616-617, 363-375. https://doi.org/10.1016/j.scitotenv.2017.10.321

Sieck, K., Nam, C., Bouwer, L.M., Rechid, D., Jacob, D., 2020. Weather extremes over Europe under
1.5&amp;#8201;&amp;#176;C and 2.0&amp;#8201;&amp;#176;C global warming from
HAPPI regional climate ensemble simulations (preprint). Earth system change: climate
scenarios. https://doi.org/10.5194/esd-2020-4

Skofronick-Jackson, G., Petersen, W.A., Berg, W., Kidd, C., Stocker, E.F., Kirschbaum, D.B., Kakar,
R., Braun, S.A., Huffman, G.J., Iguchi, T., Kirstetter, P.E., Kummerow, C., Meneghini, R.,
Oki, R., Olson, W.S., Takayabu, Y.N., Furukawa, K., Wilhei . T., 2017. The Global
Precipitation Measurement (GPM) Mission for Science and Sou:~ty. Bull. Am. Meteorol. Soc.
98, 1679-1695. https://doi.org/10.1175/BAMS-D-15-0030"..1

Sluiter, R., de Jong, S.M., 2007. Spatial patterns of Mediterranear la.>~ dbandonment and related land
cover transitions. Landsc. Ecol. 22, 559-576. https://do org:; 10.1007/s10980-006-9049-3

Smiatek, G., Kunstmann, H., Heckl, A., 2014. High-Resoluti~1 Ciwinate Change Impact Analysis on
Expected Future Water Availability in the Upper J~. Xan Zatchment and the Middle East. J.
Hydrometeorol. 15, 1517-1531. https://doi.org/10.117' /JHM-D-13-0153.1

Sorooshian, S., Li, J., Hsu, K., Gao, X., 2012. Influence of irn2ation schemes used in regional climate
models on evapotranspiration estimation: Resu .5 and comparative studies from California’s
Central Valley agricultural regions: INFLU'E. -CF. OF IRRIGATION IN RCM ON ET. J.
Geophys. Res. Atmospheres 117, n/a-r’~.1,*os://doi.org/10.1029/2011JD016978

Sousa, P.M., Trigo, R.M., Aizpurua, P., Niet,, R , Gimeno, L., Garcia-Herrera, R., 2011. Trends and
extremes of drought indices throughou. che 20th century in the Mediterranean. Nat. Hazards
Earth Syst. Sci. 11, 33-51. https.,."10i.org/10.5194/nhess-11-33-2011

Sperry, J.S., Wang, Y., Wolfe, B.T., Mar'-ay, N.S., Anderegg, W.R.L., McDowell, N.G., Pockman,
W.T., 2016. Pragmatic hydraul.z ‘neury predicts stomatal responses to climatic water deficits.
New Phytol. 212, 577-589. F.si/d0i.org/10.1111/nph.14059

Spinoni, J., Naumann, G., Vogt, J.\/., 2017. Pan-European seasonal trends and recent changes of
drought frequency and sev rity. Glob. Planet. Change 148, 113-130.
https://doi.org/10.1016/j.y:"01acha.2016.11.013

Spinoni, J., Vogt, J.V., Naumar,> 7., Barbosa, P., Dosio, A., 2018. Will drought events become more
frequent and sever: in t'urope?: Int. J. Climatol. 38, 1718-1736.
https://doi.org/Lu.10uZrjoc.5291

Stahl, K., Kohn, I, Blauhut, V., Urquijo, J., De Stefano, L., Acécio, V., Dias, S., Stagge, J.H.,
Tallaksen, L.M., Kampragou, E., Van Loon, A.F., Barker, L.J., Melsen, L.A., Bifulco, C.,
Musolino, D., de Carli, A., Massarutto, A., Assimacopoulos, D., Van Lanen, H.A.J., 2016.
Impacts of European drought events: insights from an international database of text-based
reports. Nat. Hazards Earth Syst. Sci. 16, 801-819. https://doi.org/10.5194/nhess-16-801-2016

Sutanto, S.J., van der Weert, M., Wanders, N., Blauhut, V., Van Lanen, H.A.J., 2019. Moving from
drought hazard to impact forecasts. Nat. Commun. 10, 4945. https://doi.org/10.1038/s41467-
019-12840-z

Swann, A.L.S., 2018. Plants and Drought in a Changing Climate. Curr. Clim. Change Rep. 4, 192—
201. https://doi.org/10.1007/s40641-018-0097-y

Tague, C.L., Moritz, M., Hanan, E., 2019. The changing water cycle: The eco-hydrologic impacts of
forest density reduction in Mediterranean (seasonally dry) regions. Wiley Interdiscip. Rev.
Water e1350. https://doi.org/10.1002/wat2.1350

Teuling, A.J., 2018. A hot future for European droughts. Nat. Clim. Change 8, 364—365.
https://doi.org/10.1038/s41558-018-0154-5

49



Teuling, A.J., Van Loon, A.F., Seneviratne, S.I., Lehner, I., Aubinet, M., Heinesch, B., Bernhofer, C.,
Grunwald, T., Prasse, H., Spank, U., 2013. Evapotranspiration amplifies European summer
drought. Geophys. Res. Lett. 40, 2071-2075. https://doi.org/10.1002/grl.50495

Torralba, M., Fagerholm, N., Burgess, P.J., Moreno, G., Plieninger, T., 2016. Do European
agroforestry systems enhance biodiversity and ecosystem services? A meta-analysis. Agric.
Ecosyst. Environ. 230, 150-161. https://doi.org/10.1016/j.agee.2016.06.002

Tramblay, Y., Hertig, E., 2018. Modelling extreme dry spells in the Mediterranean region in
connection with atmospheric circulation. Atmospheric Res. 202, 40-48.
https://doi.org/10.1016/j.atmosres.2017.11.015

Tramblay, Y., Ruelland, D., Somot, S., Bouaicha, R., Servat, E., 2013. High-resolution Med-
CORDEX regional climate model simulations for hydrological impact studies: a first
evaluation of the ALADIN-Climate model in Morocco. Hydrol. Earth Syst. Sci. 17, 3721—
3739. https://doi.org/10.5194/hess-17-3721-2013

Trumbore, S., Brando, P., Hartmann, H., 2015. Forest health and global change. Science 349, 814—
818. https://doi.org/10.1126/science.aac6759

Tucker, C.J., 1979. Red and photographic infrared linear combinations v >r monitoring vegetation.
Remote Sens. Environ. 8, 127-150. https://doi.org/10.1016 00 *-4257(79)90013-0

Turco, M., Llasat, M.-C., von Hardenberg, J., Provenzale, A., 2011. C'i;nate change impacts on
wildfires in a Mediterranean environment. Clim. Chang» 12:, 369-380.
https://doi.org/10.1007/s10584-014-1183-3

Turco, M., Marcos-Matamoros, R., Castro, X., Canyamerar, =, . lasat, M.C., 2019. Seasonal
prediction of climate-driven fire risk for decision-. ~aki ig and operational applications in a
Mediterranean region. Sci. Total Environ. 676, 577-527.
https://doi.org/10.1016/j.scitotenv.2019.04.2%0

Turco, M., Levin, N., Tessler, N., Saaroni, H., 2017a. Rev.ent changes and relations among drought,
vegetation and wildfires in the Eastern Mec terranean: The case of Israel. Glob. Planet.
Change 151, 28-35. https://doi.org/1 4.10 .6/j.gloplacha.2016.09.002

Turco, M., von Hardenberg, J., AghaKouchak, . «., Llasat, M.C., Provenzale, A., Trigo, R.M., 2017b.
On the key role of droughts in the dynamics of summer fires in Mediterranean Europe. Sci.
Rep. 7, 81. https://doi.org/10.102%/s42598-017-00116-9

Turkes, M., 2020. Climate and Drought ir. 1 urkey, in: Harmancioglu, N.B., Altinbilek, D. (Eds.),
Water Resources of Turkey. o ~ingyer International Publishing, Cham, pp. 85-125.
https://doi.org/10.1007/978-.-030-11729-0_4

Turkes, M., Turp, M.T., An, N., G.turk, T., Kurnaz, M.L., 2020. Impacts of Climate Change on
Precipitation Climatology ~nd Variability in Turkey, in: Harmancioglu, N.B., Altinbilek, D.
(Eds.), Water Resourre. of Turkey. Springer International Publishing, Cham, pp. 467-491.
https://doi.org/10.1007,178-3-030-11729-0_14

Ukkola, A.M., De Kauwe, M. 5., Pitman, A.J., Best, M.J., Abramowitz, G., Haverd, V., Decker, M.,
Haughton, N., 2016 Land surface models systematically overestimate the intensity, duration
and magnitude of seasonal-scale evaporative droughts. Environ. Res. Lett. 11, 104012.
https://doi.org/10.1088/1748-9326/11/10/104012

van den Hurk, B.J.J.M., Bouwer, L.M., Buontempo, C., Déscher, R., Ercin, E., Hananel, C., Hunink,
J.E., Kjellstrom, E., Klein, B., Manez, M., Pappenberger, F., Pouget, L., Ramos, M.-H., Ward,
P.J., Weerts, A.H., Wijngaard, J.B., 2016. Improving predictions and management of
hydrological extremes through climate services. Clim. Serv. 1, 6-11.

Van Lanen, H.A.J., Laaha, G., Kingston, D.G., Gauster, T., lonita, M., Vidal, J.-P., Vinas, R.,
Tallaksen, L.M., Stahl, K., Hannaford, J., Delus, C., Fendekova, M., Mediero, L.,
Prudhomme, C., Rets, E., Romanowicz, R.J., Gailliez, S., Wong, W.K., Adler, M.-J., Blauhut,
V., Caillouet, L., Chelcea, S., Frolova, N., Gudmundsson, L., Hanel, M., Haslinger, K.,
Kireeva, M., Osuch, M., Sauquet, E., Stagge, J.H., Van Loon, A.F., 2016. Hydrology needed
to manage droughts: the 2015 European case. Hydrol. Process. 30, 3097-3104.
https://doi.org/10.1002/hyp.10838

Van Loon, AF., Gleeson, T., Clark, J., Van Dijk, A.l.J.M., Stahl, K., Hannaford, J., Di Baldassarre,
G., Teuling, A.J., Tallaksen, L.M., Uijlenhoet, R., Hannah, D.M., Sheffield, J., Svoboda, M.,

50



Verbeiren, B., Wagener, T., Rangecroft, S., Wanders, N., Van Lanen, H.A.J., 2016. Drought
in the Anthropocene. Nat. Geosci. 9, 89-91. https://doi.org/10.1038/nge02646

Veldkamp, T.L.E., Wada, Y., Aerts, J.C.J.H., Déll, P., Gosling, S.N., Liu, J., Masaki, Y., Oki, T.,
Ostberg, S., Pokhrel, Y., Satoh, Y., Kim, H., Ward, P.J., 2017. Water scarcity hotspots travel
downstream due to human interventions in the 20th and 21st century. Nat. Commun. 8, 15697.
https://doi.org/10.1038/ncomms15697

Vicente-Serrano, S.M., Begueria-Portugués, S., 2003. Estimating extreme dry-spell risk in the middle
Ebro valley (northeastern Spain): a comparative analysis of partial duration series with a
general Pareto distribution and annual maxima series with a Gumbel distribution. Int. J.
Climatol. 23, 1103-1118. https://doi.org/10.1002/joc.934

Vicente-Serrano, S.M., Begueria, S., Lépez-Moreno, J.I., 2010. A Multiscalar Drought Index Sensitive
to Global Warming: The Standardized Precipitation Evapotranspiration Index. J. Clim. 23,
1696-1718. https://doi.org/10.1175/2009JCL12909.1

Vicente-Serrano, S.M., Zouber, A., Lasanta, T., Pueyo, Y., 2012. Dryness is accelerating degradation
of vulnerable shrublands in semiarid Mediterranean environr ents. Ecol. Monogr. 82, 407—
428. https://doi.org/10.1890/11-2164.1

Vicente-Serrano, S.M., Gouveia, C., Camarero, J.J., Begueria, S., Trigo, R., Lopez-Moreno, J.1.,
Azorin-Molina, C., Pasho, E., Lorenzo-Lacruz, J., Revueltn, * Moran-Tejeda, E., Sanchez-
Lorenzo, A., 2013. Response of vegetation to drought ti me-s sales across global land biomes.
Proc. Natl. Acad. Sci. 110, 52-57. https://doi.org/10."175,unas.1207068110

Vicente-Serrano, S.M., Lopez-Moreno, J.-1., Begueria, S., '_c-en-o-Lacruz, J., Sanchez-Lorenzo, A.,
Garcia-Ruiz, J.M., Azorin-Molina, C., Moran-Te).1a, } .., Revuelto, J., Trigo, R., Coelho, F.,
Espejo, F., 2014. Evidence of increasing drought - ave.ty caused by temperature rise in
southern Europe. Environ. Res. Lett. 9, 044071 https://doi.org/10.1088/1748-
9326/9/4/044001

Vicente-Serrano, S.M., Camarero, J.J., Zabalz~, 1., Cangliesa-Barreda, G., Lopez-Moreno, J.1., Tague,
C.L., 2015. Evapotranspiration defic’c co itrols net primary production and growth of silver fir:
Implications for Circum-Mediterranea. forests under forecasted warmer and drier conditions.
Agric. For. Meteorol. 206, 45-5«. https://doi.org/10.1016/j.agrformet.2015.02.017

Vicente-Serrano, S.M., Miralles, D.G., D~mi. quez-Castro, F., Azorin-Molina, C., El Kenawy, A.,
McVicar, T.R., Tomas-Burgueia. ., Begueria, S., Maneta, M., Pefia-Gallardo, M., 2018.
Global Assessment of the Stu'aruized Evapotranspiration Deficit Index (SEDI) for Drought
Analysis and Monitoring. 1. Jlim. 31, 5371-5393. https://doi.org/10.1175/JCLI-D-17-0775.1

Vicente-Serrano, S.M., Zabalza-M.rtinez, J., Borras, G., Lépez-Moreno, J.1., Pla, E., Pascual, D.,
Savé, R., Biel, C., Funes, . Azorin-Molina, C., Sanchez-Lorenzo, A., Martin-Hernandez, N.,
Pefia-Gallardo, M., Alo. <~ -Gonzélez, E., Tomas-Burguera, M., EI Kenawy, A., 2017a.
Extreme hydrologi :al e 'ents and the influence of reservoirs in a highly regulated river basin
of northeasterr. 5.an.. o. Hydrol. Reg. Stud. 12, 13-32.
https://doi.org/10.1( 16/j.ejrh.2017.01.004

Vicente-Serrano, S.M., Zanalza-Martinez, J., Borras, G., Lépez-Moreno, J.1., Pla, E., Pascual, D.,
Savé, R., Biel, C., Funes, I., Martin-Hernandez, N., Pefia-Gallardo, M., Begueria, S., Tomas-
Burguera, M., 2017b. Effect of reservoirs on streamflow and river regimes in a heavily
regulated river basin of Northeast Spain. CATENA 149, 727-741.
https://doi.org/10.1016/j.catena.2016.03.042

Vicente-Serrano, S.M., Dominguez-Castro, F., McVicar, T.R., Tomas-Burguera, M., Pefia-Gallardo,
M., Noguera, 1., Lopez-Moreno, J 1., Pefia, D., El Kenawy, A., 2019a. Global characterization
of hydrological and meteorological droughts under future climate change: The importance of
timescales, vegetation-CO , feedbacks and changes to distribution functions. Int. J. Climatol.
joc.6350. https://doi.org/10.1002/joc.6350

Vicente-Serrano, S.M., McVicar, T.R., Miralles, D.G., Yang, Y., Tomas-Burguera, M., 2019b.
Unraveling the influence of atmospheric evaporative demand on drought and its response to
climate change. WIREs Clim. Change. https://doi.org/10.1002/wcc.632

Vicente-Serrano, S.M., Quiring, S.M., Pefia-Gallardo, M., Yuan, S., Dominguez-Castro, F., 2020a. A
review of environmental droughts: Increased risk under global warming? Earth-Sci. Rev. 201,
102953. https://doi.org/10.1016/j.earscirev.2019.102953

51



Vicente-Serrano, S., Dominguez-Castro, F., Murphy, C., Hannaford, J., Reig, F., Pefia-Angulo, D.,
Tramblay, Y., Trigo, R., MacDonald, N., Luna, M., McCarthy, M., Schrier, G., Turco, M.,
Camuffo, D., Noguera, I., El Kenawy, A., Garcia-Herrera, R., Becherini, F., Valle, A., 2020b.
Long term variability and trends of droughts in Western Europe (1851-2018. Int. J. Climatol.
submitted.

Vidal, J.-P., Hingray, B., Magand, C., Sauquet, E., Ducharne, A., 2016. Hierarchy of climate and
hydrological uncertainties in transient low-flow projections. Hydrol. Earth Syst. Sci. 20,
3651-3672. https://doi.org/10.5194/hess-20-3651-2016

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

Vigan, A., Lasseur, J., Benoit, M., Mouillot, F., Eugéne, M., Mansard, L., Vigne, M., Lecomte, P.,
Dutilly, C., 2017. Evaluating livestock mobility as a strategy for climate change mitigation:
Combining models to address the specificities of pastoral sys ems. Agric. Ecosyst. Environ.
242, 89-101. https://doi.org/10.1016/j.agee.2017.03.020

Vila-Cabrera, A., Coll, L., Martinez-Vilalta, J., Retana, J., 2018. Fcrest nanagement for adaptation to
climate change in the Mediterranean basin: A synthesis of a\:4~nce. For. Ecol. Manag. 407,
16-22. https://doi.org/10.1016/j.foreco.2017.10.021

Vinet, Bigot, Petrucci, Papagiannaki, Llasat, Kotroni, Boissie* Accw0, Grimalt, Llasat-Botija, Pasqua,
Rossello, Kilig, Kahraman, Tramblay, 2019. Mapp_..; t.>0d-Related Mortality in the
Mediterranean Basin. Results from the MEFF v2.. DB Water 11, 2196.
https://doi.org/10.3390/w11102196

Viviroli, D., Weingartner, R., 2004. The hydrologica’ s» jnificance of mountains: from regional to
global scale. Hydrol. Earth Syst. Sci. 8, 107 (07,0. https://doi.org/10.5194/hess-8-1017-2004

Volaire, F., 2018. A unified framework of plant 2autive strategies to drought: Crossing scales and
disciplines. Glob. Change Biol. 24, 7429- 2933. https://doi.org/10.1111/gcb.14062

Volaire, F., Kallida, R., Malinowski, D.P., Noi. 'n, M.R., Barre, P., 2016. Fodder grass selection in the
Mediterranean : the role of sumn.. dormancy, in: In Book: ‘The Mediterranean Region under
Climate Change: A Scientific Ur-atc” Chapter: Fodder Grass Selection in the Mediterranean :
The Role of Summer Dormanc;.. Puwulisher: ALLENVI. IRD Editions Marseille, Pp.495-501.

Volaire, F., Norton, M., 2006. Sumirei Duimancy in Perennial Temperate Grasses. Ann. Bot. 98, 927—
933. https://doi.org/10.1095,29b/mcl195

Vrochidou, A.-E.K., Tsanis, 1.K., Crillakis, M.G., Koutroulis, A.G., 2013. The impact of climate
change on hydrometeoroic vical droughts at a basin scale. J. Hydrol. 476, 290-301.
https://doi.org/10.1016, ik ydrol.2012.10.046

Wang, A., Bohn, T.J., MaF 1nan a, S.P., Koster, R.D., Lettenmaier, D.P., 2009. Multimodel Ensemble
Reconstructior. . Divught over the Continental United States. J. Clim. 22, 2694-2712.
https://doi.org/10.11 75/2008JCL12586.1

Wang, X., Jiang, D., Lang, X., 2018. Climate Change of 4°C Global Warming above Pre-industrial
Levels. Adv. Atmospheric Sci. 35, 757-770. https://doi.org/10.1007/s00376-018-7160-4

Wang, Yaxu, Lv, J., Hannaford, J., Wang, Yicheng, Sun, H., Barker, L.J., Ma, M., Su, Z., Eastman,
M., 2019. Linking drought indices to impacts to support drought risk assessment in Liaoning
province, China (preprint). Risk Assessment, Mitigation and Adaptation Strategies,
Socioeconomic and Management Aspects. https://doi.org/10.5194/nhess-2019-310

Weiss, M., Baret, F., Smith, G.J., Jonckheere, 1., Coppin, P., 2004. Review of methods for in situ leaf
area index (LAI) determination. Agric. For. Meteorol. 121, 37-53.
https://doi.org/10.1016/j.agrformet.2003.08.001

Wilhite, D.A., Pulwarty, R.S., 2017. Drought and Water Crises: Integrating Science, Management, and
Policy, 2nd ed. CRC Press, Second edition. | Boca Raton : CRC Press, 2018. | Ist edition
published in 2005. https://doi.org/10.1201/b22009

Wilhite, D.A., Svoboda, M.D., Hayes, M.J., 2007. Understanding the complex impacts of drought: A
key to enhancing drought mitigation and preparedness. Water Resour. Manag. 21, 763-774.
https://doi.org/10.1007/s11269-006-9076-5

52



Wyser, P., Strandberg, G., Caesar, J., Gohar, L., 2016. Documentation of changes in climate
variability and extremes simulated by the HELIX AGCMs at the 3 SWLs and comparison in
equivalent SST/SIC low-resolution CMIP5.

Xu, Z., Jiang, Y., Jia, B., Zhou, G., 2016. Elevated-CO2 Response of Stomata and Its Dependence on
Environmental Factors. Front. Plant Sci. 7. https://doi.org/10.3389/fpls.2016.00657

Yang, Y., Zhang, S., McVicar, T.R., Beck, H.E., Zhang, Y., Liu, B., 2018. Disconnection Between
Trends of Atmospheric Drying and Continental Runoff. Water Resour. Res. 54, 4700-4713.
https://doi.org/10.1029/2018WR022593

Yebra, M., Scortechini, G., Badi, A., Beget, M.E., Boer, M.M., Bradstock, R., Chuvieco, E., Danson,
F.M., Dennison, P., Resco de Dios, V., Di Bella, C.M., Forsyth, G., Frost, P., Garcia, M.,
Hamdi, A., He, B., Jolly, M., Kraaij, T., Martin, M.P., Mouillot, F., Newnham, G., Nolan,
R.H., Pellizzaro, G., Qi, Y., Quan, X., Riafio, D., Roberts, D., Sow, M., Ustin, S., 2019.
Globe-LFMC, a global plant water status database for vegetation ecophysiology and wildfire
applications. Sci. Data 6, 155. https://doi.org/10.1038/s41597-019-0164-9

Yuan, W., Zheng, Y., Piao, S., Ciais, P., Lombardozzi, D., Wang, Y. Pyu, Y., Chen, G., Dong, W.,
Hu, Z., Jain, A.K., Jiang, C., Kato, E., Li, S., Lienert, S., Liu, ., Nabel, J.E.M.S., Qin, Z.,
Quine, T., Sitch, S., Smith, W.K., Wang, F., Wu, C., Xiao, Z., ."ang, S., 2019. Increased
atmospheric vapor pressure deficit reduces global vegetatini, ~vuwth. Sci. Adv. 5, eaax1396.
https://doi.org/10.1126/sciadv.aax1396

Zang, C.S., Buras, A., Esquivel-Muelbert, A., Jump, A.S., Rizling, A., Rammig, A., 2020.
Standardized drought indices in ecological researct.. *Mi,' one size does not fit all. Glob.
Change Biol. 26, 322—-324. https://doi.org/10.111. 'vcb 14809

Zappa, G., Shepherd, T.G., 2017. Storylines of Atmosphe’ic L rculation Change for European
Regional Climate Impact Assessment. J. Clir.i. 50, 6561-6577. https://doi.org/10.1175/JCLI-
D-16-0807.1

Zolina, O., Simmer, C., Belyaev, K., Gulev, S.¥ . rinltermann, P., 2013. Changes in the Duration of
European Wet and Dry Spells durinc the _ast 60 Years. J. Clim. 26, 2022-2047.
https://doi.org/10.1175/JCLI-D-11-00-"1.1

Zribi, L., Mouillot, F., Guibal, F., Rejeb, T . Rejeb, M., Gharbi, F., 2016. Deep Soil Conditions Make
Mediterranean Cork Oak Stem Gaw.™ Vulnerable to Autumnal Rainfall Decline in Tunisia.
Forests 7, 245. https://doi.org/1).53.,u/f7100245

53



Declaration of interests

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

(IThe authors declare the following financial interests/personal relationships which may be
considered as potential competing interests:

54



