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A B S T R A C T   

One of the possible consequences of projected global warming is the progressive enlargement of drylands. This 
study investigates to what extent population and land-use (forests, pastures, and croplands) are likely to be in 
areas turning arid in the 21st century. The first part of the study focuses on the climatological enlargement of arid 
areas at global, macro-regional, and high-resolution (0.44◦) scales. To do so we analysed a large ensemble of 
CORDEX climate simulations, combined three indicators (FAO-UNEP aridity index, Köppen-Geiger climate 
classification, and Holdridge life zones), and quantified the areas turning from climatologically not arid into 
climatologically arid (and vice-versa) from recent past (1981–2010) to four projected global warming levels 
(GWLs) from 1.5◦C to 4◦C. In the second part, we used population and land-use projections to analyze their 
exposure to progressive shifts to drier or wetter climate. Both types of projections follow five socio-economic 
scenarios (SSPs from SSP1 to SSP5). We present results for the viable combinations between SSPs and GWLs. 
Depending on GWL, the projected drying patterns show regional differences but, overall, the negative conse-
quences of climate change are clear. Already at 1.5◦C warming, approximately 2 million km2 (1.4% of global 
land) are likely to become arid; at 2◦C this area corresponds to 2.6 million km2 (2.7%), at 3◦C to 5.2 million km2 

(3.5%), and at 4◦C to 6.8 million km2 (4.5%), an area that can be ranked the seventh largest country in the 
World. Such drying is particular strong over South America and southern Europe. In the worst-case scenario 
(SSP3, regional rivalry, at 4◦C), approximately 500 million people will live in areas shifting towards arid climate. 
Forest areas are likely to be more affected in South America, pastures in Africa, and croplands in the Northern 
Hemisphere. For land-use, the worst-case scenarios are SSP3 and SSP5 (fossil-fuel based future): at GWL 4◦C, 
about 0.5 million km2 of forests and 1.2 million km2 of both pastures and croplands are likely to be in areas 
shifting to arid climate.   

1. Introduction 

One of the possible consequences of climate change, projected to 
accelerate in the next decades (Pachauri et al., 2014), is the progressive 
enlargement of drylands (Feng and Zhang, 2015). Investigating such 
enlargement can be challenging, as drylands are complex and evolving 
systems with no universal definition (Reed et al., 2013). Arid and semi- 
arid areas are sensitive to climate variability (IPCC, 2018) and highly 
vulnerable to extreme events such as droughts (Maliva and Missimer, 
2012; Greve et al., 2014; Spinoni et al., 2020) and heatwaves (Fu and 
Feng, 2014), and are prone to fast environmental and land degradation 

due to limited natural water resources (Dregne, 2002; Glantz, 2019). 
Such progressive degradation, forced by either natural causes (Geist and 
Lambin, 2004) or human mismanagement (Mainguet, 2002), can have 
the potential to challenge the resilience of natural ecosystems, lead to 
irreversible shifts in their states (D’Odorico et al., 2013; Seidl et al., 
2016), and even to irreversible desertification in the worst cases (Rey-
nolds et al., 2007; Veron et al., 2006). 

Desertification is a complex phenomenon with manifold causes, its 
onset is very difficult to anticipate, and its development unpredictable 
and hard to control (Thomas, 1997; Grainger, 2015; Geist, 2017). Other 
than by unsustainable land management practices (Imeson, 2012), 

* Corresponding author at.: European Commission, Joint Research Centre, Via Enrico Fermi 2749, I-21027 Ispra, (VA), Italy. 
E-mail addresses: jonathan.spinoni@ec.europa.eu (J. Spinoni), paulo.barbosa@ec.europa.eu (P. Barbosa), michael.cherlet@ec.europa.eu (M. Cherlet), giovanni. 

forzieri@ec.europa.eu (G. Forzieri), niall.mccormick@ec.europa.eu (N. McCormick), gustavo.naumann@ec.europa.eu (G. Naumann), juergen.vogt@ec.europa.eu 
(J.V. Vogt), alessandro.dosio@ec.europa.eu (A. Dosio).  

Contents lists available at ScienceDirect 

Global and Planetary Change 

journal homepage: www.elsevier.com/locate/gloplacha 

https://doi.org/10.1016/j.gloplacha.2021.103597 
Received 22 February 2021; Received in revised form 29 July 2021; Accepted 30 July 2021   

mailto:jonathan.spinoni@ec.europa.eu
mailto:paulo.barbosa@ec.europa.eu
mailto:michael.cherlet@ec.europa.eu
mailto:giovanni.forzieri@ec.europa.eu
mailto:giovanni.forzieri@ec.europa.eu
mailto:niall.mccormick@ec.europa.eu
mailto:gustavo.naumann@ec.europa.eu
mailto:juergen.vogt@ec.europa.eu
mailto:alessandro.dosio@ec.europa.eu
www.sciencedirect.com/science/journal/09218181
https://www.elsevier.com/locate/gloplacha
https://doi.org/10.1016/j.gloplacha.2021.103597
https://doi.org/10.1016/j.gloplacha.2021.103597
https://doi.org/10.1016/j.gloplacha.2021.103597
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2021.103597&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Global and Planetary Change 205 (2021) 103597

2

desertification can be accelerated by climate change towards hotter and 
drier conditions (Sivakumar, 2007; Verstraete et al., 2009), as observed 
in the last decades over arid and semi-arid areas in sub-Saharan Africa 
(Hein and De Ridder, 2006; D’Odorico et al., 2019). Desertification can 
have devastating impacts on natural resources, from grasslands to 
shrubs and forests (Von Hardenberg et al., 2001) and a wide variety of 
land resources (Reich et al., 2001), driving biological processes that can 
change life cycles (Schlesinger et al., 1990). To combat desertification 
and limit its impacts, the United Nations’ Sustainable Development 
Goals (UN-SDG) set the specific Goal 15 with the aim of a sustainable use 
of terrestrial ecosystems (UN General Assembly, 2015). 

At global scale, a few studies reported recent enlargement of total 
arid areas (Feng and Fu, 2013; Spinoni et al., 2015; Cherlet et al., 2018), 
but opposite greening trends occurred in some areas, especially (but not 
only) at tropical and sub-tropical latitudes (Fensholt et al., 2012; Zhu 
et al., 2016; He et al., 2019; Piao et al., 2020). Other studies investigated 
past drying and wetting trends at different spatial scales over all conti-
nents, identifying the desertification hotspots of the last decades: 
southern Europe (Colantoni et al., 2015; Moral et al., 2016), the Middle- 
East (Elagib and Abdu, 1997; Kafle and Bruins, 2009), Central Asia 
(Tabari and Aghajanloo, 2013), China (Wu et al., 2005; Huo et al., 
2013), central-eastern Africa (Muhire and Ahmed, 2016), south-western 
United States (Finkel et al., 2016), southern South America (Adamo and 
Crews-Meyer, 2006; Nickl et al., 2020), and Australia (Fujioka and 
Chappell, 2010; Hughes, 2011). 

While the overall knowledge of past aridity trends is solid, the un-
derstanding of future aridity patterns is still incomplete. Most of the 
published studies on aridity projections make use – as those on past 
evolution – of the Food and Agriculture Organization - United Nations 
Environment Program’s Aridity Index (FAO-UNEP AI; Allen et al., 
1998), based on the annual ratio between accumulated precipitation 
and potential evapo-transpiration (PET). However, this method alone 
can be inappropriate, given that climate models tend to overestimate 
trends in PET, particularly under extreme climate scenarios (Cook et al., 
2014; Milly and Dunne, 2016; Greve et al., 2019). The mentioned 
studies on aridity projections usually make use of Global Climate Models 
(GCMs) at medium-low spatial resolution and generally agree on a 
future expansion of global drylands (Sherwood and Fu, 2014; Roderick 
et al., 2015; Berg et al., 2016; Fu et al., 2016), also because arid and 
semi-arid areas are likely to face a steep warming in the 21st century due 
to land-atmosphere coupling feedback processes (Feng and Fu, 2013; 
Huang et al., 2016). 

Focusing on the climatological aspects of aridity, and in order to 
make a step forward from current state-of-art of future aridity pro-
jections, we constructed – for the first time to our knowledge – global 
projections of arid areas based on RCMs at high resolution (0.44◦). To do 
that, we used a large ensemble of Regional Climate Models (RCMs) from 
the datasets of the Coordinated Regional Climate Downscaling Experi-
ment (CORDEX; Giorgi et al., 2009). Following the approach of the third 
edition of World Atlas of Desertification (Cherlet et al., 2018), we 
complemented the FAO-UNEP AI with two other indicators, to provide 
more robust estimations of arid areas: the Köppen-Geiger climate clas-
sification (KG; Köppen, 1936; Geiger, 1954), which provides a more 
refined climate classification than AI (Peel et al., 2007), and the Hol-
dridge Life Zones (HDG; Holdridge and Tosi, 1967), which can be used 
to incorporate more explicitly ecosystem processes (Lugo et al., 1999). 

The main goal of this study therefore consists in estimating to what 
extent population and selected land-use classes will be exposed to pro-
gressive shifts of arid areas at specific Global Warming Levels (GWLs, 
from 1.5◦C to 4◦C) and Shared Socioeconomic Pathways (SSPs), which 
are scenarios of projected socioeconomic global changes for the 21st 

century and beyond (O’Neill et al., 2014; Riahi et al., 2017; Van Vuuren 
et al., 2017a; O’Neill et al., 2017). 

Scientific studies on human and ecosystems exposure to climato-
logical drying trends towards possible desertification are not new, but 
they are very rare at global scale. The 3rd edition of WAD reported that 

population growth and changes in our consumption patterns put un-
precedented pressure on global natural resources, analyzing how land 
and soil degradation, being also linked with deforestation, could lead to 
displacement of population, reduction in crop yields, and limitations of 
farmland production (Cherlet et al., 2018). 

Other macro-scale studies focused on population in drylands (Safriel, 
2009) or in expanding drylands changing with projected warming at 
global scale (Koutroulis, 2019). Similar studies are focused on the in-
terconnections between drying climate and population at more specific 
country and regional scales, e.g. for China (Wang et al., 2013), the 
Mediterranean region (Mendizabal and Puigdefabregas, 2003), or sub- 
Saharan Africa (Ware, 2019). Studies have also investigated whether 
drying and desertification processes drive migratory flows (Leighton, 
2006; Kniveton et al., 2012). Other works have focused on agricultural 
lands (Sivakumar et al., 2005; El-Beltagy and Madkour, 2012), forests 
(Ryan et al., 2008; Zhang et al., 2013), croplands (Powell et al., 2004; 
Berg et al., 2013), and pastures (Neely et al., 2009; Mu et al., 2013) 
being part of arid areas subjected to further enlargement (or reduction) 
driven by climate change (Hansen et al., 2001; Moore and Ghahramani, 
2013; Bestelmeyer et al., 2015). 

The paper is structured into five parts: after this introduction, Section 
2 presents data and indicators used to define arid areas and the meth-
odology to link climatological drying with exposure layers. Section 3 
presents maps and tables showing the evolution of arid areas in the 21st 

century and the projected exposure of population and land-use to drying 
patterns, with a special focus on the SSP5. Section 4 discusses the drivers 
of drying and compare our findings with those obtained with land sur-
face indicators. Section 5 summarizes the most relevant findings and 
hints at further developments. 

2. Data and methods 

2.1. Climate data 

The GCMs model the interactions between climate system compo-
nents (atmosphere, land surface, ocean, and sea ice) and are used to 
simulate their evolution for the 21st century and beyond (Semenov and 
Stratonovitch, 2010). Besides the uncertainties to predict long-term 
climate processes (Knutti and Sedláček, 2013), one of the major limi-
tations of GCMs is the spatial resolution (Taylor et al., 2012). Such 
limitation can be overcome by using the RCMs, which include smaller- 
scale features (Rummukainen, 2010), and consequently lead to 
improved climate projections (Feser et al., 2011; Kendon et al., 2017; 
Sørland et al., 2018). 

For these reasons, we selected the high-resolution CORDEX simula-
tions for this study. The CORDEX simulations are based on RCMs used to 
dynamically downscale GCMs (Pielke Sr and Wilby, 2012) from the 
Coupled Model Intercomparison Project 5 (CMIP5; Taylor et al., 2012), 
and provide projections with high detail and accurate representation of 
local-scale physical processes (Giorgi et al., 2009). They have been 
applied and evaluated over multi-scale (Legasa et al., 2020; Spinoni 
et al., 2020) and individual domains, showing the added value with 
respect to using only the GCMs (Martynov et al., 2013; Dell’Aquila et al., 
2018; Solman and Blázquez, 2019; Evans et al., 2020). Other publica-
tions can be found at: www.cordex.org. 

From the CORDEX datasets, we obtained monthly time series of 
precipitation (P), minimum (TN) and maximum temperature (TX) over 
1981–2100. We used all possible GCM-RCM combinations over the 
fourteen CORDEX regional domains and we selected precipitation and 
temperature values for two Representative Concentration Pathways 
(RCP), namely RCP4.5 (Thomson et al., 2011) and RCP8.5 (Riahi et al., 
2011). In a future following the moderate emissions scenario (RCP4.5), 
the highest GWL is 2◦C, while higher GWLs (3◦C, 4◦C, and 5◦C over 
sparse regions; Van Vuuren et al., 2011) can be reached under the as-
sumptions of the more extreme RCP8.5. We excluded other RCPs (e.g., 
RCP2.6) because only a few simulations – and for a few CORDEX 
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domains only – were available at the time we gathered data for this 
study. 

Supplementary Table A1 (capital letter A refers to supplementary 
figures and tables) shows the GCM-RCM combinations used in this 
study, resulting in an unprecedented number (Fig. A1), ranging from a 
minimum of 16 (over Antarctica) to a maximum of 145 (over Middle- 
East). The simulations have been re-gridded over a common 0.44◦ grid 
(circa 50 km x 50 km) with no remarkable discontinuities at bordering 
regions between CORDEX domains (exception being the Urals region, 
see also Spinoni et al., 2020). 

Observed precipitation and temperature data were obtained from the 
latest version of the Deutscher Wetterdienst’s Global Precipitation 
Climatology Centre (GPCC; Schneider et al., 2018) and the University of 
East Anglia’s Climate Research Unit (CRU; Harris et al., 2020). These 
datasets have been used to derive arid areas and the climatological shift 
to arid climate over past decades in the 3rd edition of WAD (Cherlet 
et al., 2018) and therefore represent a reliable source to validate results 
obtained with CORDEX simulations over 1981–2010. 

2.2. Indicators to delineate arid areas 

As anticipated in Section 1, in this study arid areas are defined by 
means of three indicators. The reason behind this choice is to comple-
ment an indicator specifically designed to focus on drylands (AI) with 
two additional indicators including climate-based (KG) and vegetation- 
based (HDG) definitions of aridity, though they all use meteorological 
data as input. A similar multi-indicator approach was applied by Spinoni 
et al. (2015) to quantify global arid areas for the period 1951–2010. 

AI is based on the annual ratio between total precipitation (P) and 
PET and is characterized by four main classes (Arid, Normal, Humid, and 
Cold) and eight sub-classes (Cherlet et al., 2018). In this study, we focus 
on the main class Arid with its four sub-classes (Desert, Hyper-arid, Arid, 
and Semi-arid), that correspond to annual P/PET ≤0.5 on average. For 
AI (and HDG), PET was calculated with the Hargreaves-Samani’s 
equation (Hargreaves and Samani, 1985). 

The second indicator, KG, requires 30-year averaged monthly and 
seasonal precipitation and temperatures to form a set of fourteen con-
ditions and divides climate into to five main classes (Tropical, Arid, 
Temperate, Boreal, and Polar) and thirty sub-classes or more, depending 
on peculiar choices on very cold climates (Belda et al., 2014). Here, we 
selected the main class Arid, with its four subclasses (Cold and Hot 
Desert, Cold and Hot Steppe), that correspond to an annual total pre-
cipitation (in mm) smaller than twenty times the sum of annual average 
temperature plus a constant value of 0, 14 or 28, which depends on the 
seasonal distribution of precipitation (Kottek et al., 2006). 

The KG classification is arguably the most widespread climate clas-
sification applied at global scale for past (Kottek et al., 2006; Peel et al., 
2007) and future climate classification (Rubel and Kottek, 2010; Beck 
et al., 2018). It has also been used at regional scales over most regions of 
the World (Crosbie et al., 2012; Alvares et al., 2013; Chan et al., 2016; 
Engelbrecht and Engelbrecht, 2016; Rubel et al., 2017), and to define 
climate zones linked with biomes and ecosystems (Rohli et al., 2015). 

HDG is based on a pyramidal classification scheme from 30-year 
averaged quantities: precipitation, the ratio PET/P, and bio- 
temperature, which is based on monthly temperature and thresholds 
(0◦C and 30◦C) assumed to represent the lower and upper limits of plant 
growth (Holdridge and Tosi, 1967). However, we set the upper 
threshold to 35◦C because, in view of progressive global warming, plants 
may adapt, especially in tropical zones (Holdridge and Grenke, 1971; 
Jump and Penuelas, 2005; Colwell et al., 2008), whereas the lower 
threshold is unchanged as for plants it is more difficult to adapt to cold 
climates (Körner and Larcher, 1988). The number of classes in the HDG 
system ranges between thirty-one and thirty-six, due to a variable 
number of subdivisions for cold climate (Szelepcsényi et al., 2014). In 
this study, to delineate arid areas using HDG, we selected the sub-classes 
desert, desert scrub, thorn woodland, thorn steppe, and very dry forest 

(see the naming scheme in Lugo et al. (1999). Such classes are charac-
terized by annual PET to precipitation ratio larger than 2, annual pre-
cipitation below 1000 mm, and bio-temperature higher than 3◦C. 

The HDG method is commonly applied to classify zones according to 
mixed vegetation and climate features, as in Lugo et al. (1999), Chen 
et al. (2003), Ze-meng and Tian-xiang (2005), Szelepcsényi et al. (2018), 
Tatli and Dalfes (2016), Derguy et al. (2019). 

Since the choice of the underlying climate classification indicator can 
play a prominent role in the delineation of climatologically arid areas, 
we opted for the combined use of the three indicators. Firstly, for each 
point of the common global grid we separately computed the three in-
dicators, using each simulation available for the corresponding point, 
keeping in mind that a variable number of GCM-RCM simulations 
(Table A1) is available for each grid point (Fig. A1). Secondly, and yet 
separately for the three indicators, we assigned to the grid point the 
predominant climate class, which is the class detected by the largest 
number of simulations over that particular point. Thirdly, we considered 
the point to be “arid” if it falls in the arid class for at least two of the 
mentioned indicators and “not arid” if it falls in the arid class for one (or 
none) indicator only. 

We specifically focus on shifts of climatologically arid areas, i.e. on 
areas that are climatologically arid in recent past (RP, 1981–2010) and 
are projected to shift to a climatologically not-arid class in the future (at 
a specific GWL) and, oppositely, on areas that are climatologically arid 
in 1981–2010 and are projected to shift to climatologically not-arid at a 
specific GWL. From now on, when we refer to arid areas we omit 
climatologically. 

To obtain the changes in arid areas between RP and GWLs (from 
1.5◦C to 4◦C), we followed the approach described in Dosio and Fischer 
(2018). Let us choose GWL1.5◦C as example, which represents a global 
average temperature increase of 1.5◦C from pre-industrial period. Be-
tween 1881–1910 (representing the pre-industrial era in this study; 
Hawkins et al., 2017) and 1981–2010, the average global temperature 
increased by 0.96◦C, according to the NASA Goddard’s Global Surface 
Temperature Analysis dataset (GISTEMPv4; Hansen et al., 2010). Thus, 
to reach GWL1.5◦C, we had to find the 30-year period (in the future) 
with additional 0.54◦C difference from 1981–2010, using the ensemble 
median of the combinations of GCMs and RCPs. Such 30-year interval 
therefore refers to GWL1.5◦C and an identical procedure, respectively 
focusing at additional 1.04◦C, 2.04◦C, and 3.04◦C from 1981–2010, is 
applied to obtain the 30-year intervals referring to GWL2◦C, GWL3◦C, 
and GWL4◦C. 

2.3. Population and land-use data and exposure to climatological shifts 

Population projections are derived from the NASA-SEDAC dataset, 
which includes data for the period 2000–2100, selecting for this study 
total population, without distinguishing between rural and urban pop-
ulation. They are provided at high spatial resolution (0.125◦), they are 
qualitatively and quantitatively consistent with the SSPs (Jones and 
O’Neill, 2020), and have been recently applied to other studies dealing 
with population exposure to future climate change (Batibeniz et al., 
2020). We assumed that the base year (2000) represents 1981–2010, 
and, from the NASA-SEDAC dataset, we selected data five SSPs (SSP1 to 
SSP5; O’Neill et al., 2017). 

Each SSP describes a socioeconomic development based on a special 
narrative, leading to different population and land-use evolution in the 
21st century. The SSP1 (“green growth”; Van Vuuren et al., 2017b), 
describes a development with sustainable consumption of resources and 
energy. The SSP2 (“middle of the road”; Fricko et al., 2017) foresees 
socioeconomic future in line with historical trends, global moderate 
population growth (but larger than SSP1) with a leveling in the second 
half of the century, and slow decline of resources. The SSP3 (“regional 
rivalry”, Fujimori et al., 2017) is based on policies oriented to national 
laws on food security, energy, and resources, with a high environmental 
risks and high population increase in industrialized and developing 
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countries. The SSP4 (“deepening inequality”; Calvin et al., 2017) com-
bines increasing inequalities within countries with large investments in 
both carbon-intensive and low-carbon energy sources, with population 
growth similar to SSP2. The SSP5 (“fossil-fueled development"; Kriegler 
et al., 2017) represents the least sustainable scenario, together with the 
SSP3, with fast growth of the global economy, strong globalization, 
uncontrolled exploitation of fossil-fuel resources, and limited attention 
to environmental impacts. 

In this study, land-use projections are derived from the Land-Use 
Harmonization2 (LUH2) datasets. The LUH2 project produces a 
harmonized ensemble of land-use scenarios connecting the historical 
reconstructions and the future projections of land-use (Hurtt et al., 
2020) and its data have been recently applied to climate change studies 
(Krause et al., 2019; Yu et al., 2019). To ensure consistency with pop-
ulation projections, we selected LUH2 annual data for SSPs from SSP1 to 
SSP5, from 1981 to 2100, and at 0.25◦ resolution data 

We focused on three main classes: croplands, pastures, and forested 
areas. The cropland fraction of each grid cell is the sum of five different 
crop functional types: C3 plants (annuals, perennials), C4 plants (an-
nuals, perennials), and C3 nitrogen fixers plants; see Pearcy and Ehler-
inger (1984) for details on C3 and C4 plants. Dealing with pastures, only 
managed pastures are included in the analyses. Forested areas result 
from the sum of forested primary (never impacted by human activities) 
and secondary (recovering by human disturbance) vegetation. More 
details on the LUH2 classes in Hurtt et al. (2020) and at: https://luh. 
umd.edu/. 

LUH2 is a land-use product and focuses at the human use of the land, 
so the differentiation between forested and non-forested vegetation acts 
like a first-order land cover classification (Ma et al., 2020), but it is not 
free from uncertainties. However, known uncertainties in land cover 
projections (Alexander et al., 2017) are generally as large as those for 
land-use (Dendoncker et al., 2008; Prestele et al., 2016), in particular for 
forests (Bradley et al., 2017). 

We calculated the number of people and the percentage of land area 
(for the three land-use classes) exposed to a significant decrease in 
average annual total precipitation between 1981–2010 and 30-year 
periods corresponding to the four GWLs. In this study, a change of a 
variable (or class) between two 30-year periods is defined as significant 
if at least two-thirds climate simulations used for that grid point project 
concordant sign for such change. Then, we computed the number of 
people and the land-use surface within arid areas in 1981–2010 and at 
the four GWLs. Finally, we derived the number of people and the land- 
use extent in areas that are arid at selected GWLs and were not arid in 
1981–2010. We performed the analyses at different aggregation scales: 
global, continental, macro-regional (Fig. A2), and grid-point (0.44◦). 

3. Results 

3.1. Hotspot areas facing future climatological drying trend 

Before investigating the future extent of arid areas, we performed a 
double validation exercise. Firstly, we compared arid areas over 
1981–2010, obtained with observational datasets (GPCC and CRU) and 
climate simulations (CORDEX ensemble): all indicators show no 
disagreement between models and observations except over South 
America (especially Argentina), AI and HDG also over the central United 
States, but no other clear discrepancies are found (Fig. A3). Secondly, we 
analyzed if CORDEX results agree on the delineation of arid areas ac-
cording to all indicators, and we found very limited inter-model differ-
ences, visible in the central United States, the Sahel, central India, and 
Mongolia, and especially using AI (Fig. A3). 

Analysis of single indicators shows comparable results in absolute 
values both at global and continental scales (Fig. A4–A5–A6), with a 
progressive increase of arid areas with increasing GWLs. The only 
exception is North America where – despite all subregions showing a 
projected large and significant temperature increase (Table A2) – the 

projected precipitation increase causes the extent of arid areas to 
decrease according to AI (Table A3). Though at regional scale the dif-
ferences can be substantial, the extent of arid areas calculated with KG is 
generally smaller, in both Hemispheres, than that with AI or HDG. 

When the three indicators are combined (Table 1 and Fig. 1), we 
found that arid areas are projected to increase at global scale and replace 
1.1% of other climate zones at GWL 1.5◦C (increase of 1.6 million km2), 
1.4% at GWL 2◦C (2.1 million km2), 3% at GWL 3◦C (4.6 million km2), 
and 3.8% at GWL 4◦C (5.6 million km2). This is due to a global consistent 
increase of areas shifting from not arid in 1981–2010 to arid in the 
future (6.78 million km2, the 4.6%, at GWL 4◦C), with the largest values 
in South America (2.14 million km2 at 4◦C) and Asia (1.83 million km2 

at 4◦C). Conversely, the global extent of areas shifting from arid in 
1981–2010 to not arid in the future is much smaller (1.15 million km2, 
the 0.8%, at GWL 4◦C), with largest values for Africa (0.45 million km2 

at 4◦C) and Asia (0.38 million km2 at 4◦C). 
Fig. 1 shows that most of arid and semi-arid zones in the World will 

enlarge with increasing GWLs and the shift from not arid to arid is larger, 
in absolute values, over the Northern Hemisphere, though in percentage 
values it is larger over the Southern Hemisphere (excluding at GWL 
1.5◦C). The areas shifting towards arid climate are: the Mojave and 
Sonoran deserts (North America), north-eastern Brazil, northern Bolivia, 
the Atacama desert (Chile), Patagonian steppe (Argentina), the Medi-
terranean region, the Namib and Kalahari deserts (southern Africa), the 
steppe in Russia, Kazakhstan, and Mongolia, the Thar desert (India), 
south-eastern China, and semi-arid central Australia both westwards 
and eastwards. Oppositely, a retreat of arid areas is projected for the 
Mid-West U.S. already at GWL 2◦C, southern Tchad, and Hebei and 
Beijing provinces (China) at GWL 3◦C, and central-southern India at 
GWL 4◦C. Mixed patterns are projected for the central U.S. and the 
Sahel, where inter-model variability is the highest (see, Dosio et al., 
2020). 

Table 1 shows that the progressive enlargement of arid areas is likely 
to occur in all continents, but in few macro-regions the fraction of arid 
areas likely to retreat is larger than the fraction experiencing the 
opposite process (Fig. 2): this occurs from 1.5◦C warming in central- 
eastern Africa, from 2◦C warming in central Africa, and from 4◦C 
warming in western Africa and southern Asia. In absolute values 
(Table A4), the hotspots with the largest areas shifting towards arid 
climate are Amazonia, the Mediterranean region, north-western and 
eastern Asia, all with more than 0.5 million km2 at GWL 4◦C. Other 
macro-regions showing large values (>0.25 million km2 at GWL 3◦C) are 
central North America, south-western and south-eastern South America, 
north-eastern Brazil, and south-western and south-eastern Africa. 

3.2. Population exposed to a drying climate and enlargement of arid areas 

According to our analyses, temperature is projected to increase in 
every macro-region but the sign of future change in mean precipitation 
is uncertain is some regions (see also Dosio et al., 2019; Dosio et al., 
2020), though precipitation is overall projected to slightly increase at 
global scale (Table A2). At global scale, the SSP3 represents the worst- 
case scenario (excluding North America and Oceania) for the popula-
tion exposed to significant precipitation decrease, with approximately 
1.7 billion people at GWL 4◦C (Fig. A7). This occurs also because the 
SSP3 projects the largest population increase in the 21st century. In 
percentage (Table A5), population exposed to significant drying is about 
7% at GWL 1.5◦C and GWL 2◦C (with any SSP) and above 10% at GWLs 
3◦C and 4◦C, with maximum exposure at GWL 4◦C with SSP3 (13.9%). 
Europe is the continent showing the largest exposure (>35% already at 
GWL 2◦C with any SSP). 

Temperature increase, mixed precipitation tendencies, and global 
population increase, lead to overall increase of population in arid areas 
with any SSP-GWL combination. Globally, the population living in arid 
areas is projected to increase from approximately 1.4 billion in 
1981–2010 to values above 2.5 billion (SSP2, SSP3, and SSP4 from GWL 
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2◦C towards higher warming) and to peak at 4.4 billion with SSP3 at 
GWL 4◦C (Fig. 3). The largest values correspond to SSP3 for most con-
tinents, exceeding 1.5 billion in Africa and 2 billion in Asia at GWL 4◦C. 
However, in percentage (Table A5), the largest global values correspond 
to SSP4 (38.0% at GWL 3◦C, starting from 24.6% in 1981–2010) and, at 
continental scale, to Europe (54.1% at GWL 4◦C with SSP3). On the 
other hand, the population living in arid areas never exceeds 20% (with 
any SSP-GWL combination) in North America, there exceeding 100 
million only with SSP5 at GWL 4◦C. 

The global population projected to face a shift towards arid climate 
(Fig. 4) never exceeds 130 million people at GWLs 1.5◦C and 2◦C with 
any SSP, but it notably increases at GWL 3◦C, reaching approximately 
330 million with SSP3, 270 million with SSP4, and 250 million with 
SSP5, and peaking at 500 million at GWL 4◦C with SSP3 (around 330 
million with SSP5). Most of these people are located in Asia and Africa 
where more than 100 million people are projected to face shifts towards 
arid climate under SSP3 from 3◦C, with SSP4 from 3◦C for Africa, and 
with SSP5 from 4◦C for Asia. In percentage (Table S5), the continents 
with largest values are South America and Europe at both low and high 
GWLs and Central America at high GWLs (>10% with any SSP able to 
reach GWL 3◦C). 

With more sustainable SSPs (SSP1 and SSP2), the global population 

living in areas where arid areas are projected to retreat is very small, also 
because with these SSPs, few areas show projected increase in precipi-
tation large enough to cause a shift towards wetter climate classes. With 
SSP4 the total number is about 130 million at GWL 3◦C, and about 420 
and 240 million at GWL 4◦C respectively for SSP3 and SSP5 (Fig. 4). At 
global scale, population in areas facing a retreat of arid areas almost 
balances the population living in areas likely to turn arid at GWL 4◦C, 
peaking at 3.4% of total population with SSP3 at GWL 4◦C (Table A5) 
and being even larger in Asia (up to 4.7% with both SSP3 and SSP5 at 
GWL 4◦C). 

Focusing at the highest GWL for each SSP (Table 2), a few macro- 
regions stand out with more than 50 million people exposed to future 
shifts towards arid climate: the Mediterranean region (SSP3 and SSP5), 
south-eastern Africa (SSP3 and SSP4), eastern Asia (SSP3 and SSP5), and 
southern Asia (SSP3). In some regions, the population in areas turning 
from arid in 1981–2010 to not-arid in the future is larger than the 
population in areas experiencing the opposite pattern: north-western 
North America (SSP3, SSP4, and SSP5), western Africa (SSP3 and 
SSP5), central-eastern Africa (all SSPs), central Africa (SSP2), central 
Asia (SSP3 and SSP5), Tibetan Plateau (SSP3, SSP4, and SSP5), eastern 
Asia (SSP1 and SSP4), and southern Asia (all SSPs but SSP1). 

Table 1 
Left: Areas (106 km2 and %) climatologically arid in 1981–2010 (RP) and at GWLs. Centre: areas likely to turn from not arid (RP) to arid at GWLs. Right: areas likely to 
shift from arid (RP) to not arid at GWLs. See Fig. A2 for continents.    

Arid Not Arid to Arid Arid to not Arid 

Area Region RP 1.5◦ 2◦ 3◦ 4◦ 1.5◦ 2◦ 3◦ 4◦ 1.5◦ 2◦ 3◦ 4◦

106 km2 

N_AM 2.80 3.05 2.93 3.20 3.22 0.29 0.27 0.55 0.52 0.05 0.14 0.15 0.11 
C_AM 0.82 0.91 0.92 1.08 1.02 0.11 0.12 0.27 0.23 0.01 0.02 0.00 0.03 
S_AM 3.64 3.90 4.00 4.94 5.62 0.40 0.52 1.40 2.14 0.14 0.16 0.10 0.16 
EUR 2.59 2.77 2.87 3.22 3.40 0.20 0.30 0.63 0.81 0.02 0.02 0.00 0.00 
AFR 18.28 18.45 18.50 18.78 18.75 0.28 0.38 0.77 0.92 0.12 0.17 0.27 0.45 
ASIA 14.56 15.07 15.31 15.70 16.00 0.56 0.84 1.26 1.83 0.05 0.09 0.12 0.38 
OCE 6.21 6.40 6.47 6.55 6.52 0.19 0.26 0.34 0.32 0.00 0.01 0.00 0.01 
WORLD 48.91 50.55 51.01 53.46 54.54 2.02 2.70 5.21 6.78 0.39 0.59 0.66 1.15 

% 

N_AM 12.69 13.78 13.28 14.48 14.56 1.31 1.23 2.47 2.37 0.22 0.64 0.68 0.50 
C_AM 27.80 30.96 31.36 36.64 34.69 3.63 4.11 8.99 7.91 0.47 0.55 0.16 1.03 
S_AM 19.70 21.09 21.68 26.72 30.42 2.15 2.84 7.58 11.58 0.75 0.86 0.57 0.85 
EUR 25.21 26.96 27.95 31.33 33.07 1.90 2.89 6.12 7.86 0.15 0.15 0.00 0.00 
AFR 61.40 61.96 62.11 63.07 62.97 0.95 1.28 2.59 3.10 0.39 0.56 0.92 1.52 
ASIA 30.75 31.83 32.34 33.15 33.80 1.19 1.77 2.67 3.86 0.11 0.18 0.26 0.81 
OCE 70.00 72.10 72.87 73.74 73.49 2.13 2.95 3.79 3.62 0.02 0.08 0.05 0.13 
WORLD 32.96 34.06 34.37 36.02 36.75 1.36 1.82 3.51 4.57 0.26 0.40 0.45 0.77  

Fig. 1. Areas turning from not arid in 1981–2010 to arid at GWLs and from arid in 1981–2010 to not arid at GWLs.  
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3.3. Land-use exposed to drying climate and enlargement of arid areas 

Fig. 5 shows that, in the recent past, relevant extents of croplands 
were already in arid areas, in particular in the Northern Hemisphere. 
This is no surprise as many types of crops grow in semi-arid and arid 
areas (Creswell and Martin, 1998; Turner, 2004). However, in North 
America, Europe, Asia, and Oceania, the extent of croplands in arid areas 
show small changes between recent past and future GWLs (under any 
SSP). Instead, we found a remarkable increase of croplands in arid areas 
in Africa, especially with increasing warming under SSP3, with more 
than 3 million km2 of African croplands (the 56%) likely to be in arid 
areas at GWL 4◦C. 

Globally, the largest extent of croplands in arid areas refers to SSP3, 
while this is likely to occur with both SSP3 and SSP4 for pastures, mostly 
in Africa, where sustainable grazing in arid grasslands is a key resource 
in many areas (Oba et al., 2000) and where (as in general in Southern 
Hemisphere), pastures and croplands are projected to notably enlarge 
with SSP3 and SSP4. For forests, this is likely to occur with SSP3 and 
SSP5, with the largest exposure in South America (>1 million km2 

already at GWL 3◦C), where massive exploitation of resources in forested 
areas is not limited to Amazonia (Kirby et al., 2006; Costa and Pires, 
2010), but also occurs in southern arid regions (Hoyos et al., 2013). 

Croplands, pastures, and forested areas are likely to face a significant 
decrease in annual total precipitation with increasing GWLs, in partic-
ular from 3◦C warming. With SSP3, at GWL 4◦C, such a condition is 
projected for approximately 16% of global croplands, 14% of pastures, 
and 5% of forested areas (Table A6), respectively corresponding to 3.2 
million km2 of croplands, 1.2 million km2 of pastures, and 1.7 million 
km2 of forests (Fig. A8). Croplands are the most exposed class with any 
SSP in Europe and Oceania, whereas forests are the most exposed class in 
South America and Asia. In Northern and Central America and in Africa 
the role of the SSP is of highest importance. 

Croplands show a progressively larger exposure to shifts to arid cli-
mates in all continents but North and Central America. This is the case 
also for pastures (excluding also Oceania) but with smaller absolute 
values. Forested areas, instead, show not negligible fractions exposed to 
enlargement of arid areas only in Asia and South America: however, in 
the latter continent such extent is above 0.5 million km2 with any SSP 
from 3◦C warming, representing the maximum exposure for a single 
class in a single continent (Fig. 6). Globally, the exposure to shifts 

towards arid climates is small for forested areas at low GWLs (<0.5% 
with any SSP at 2◦C warming), while croplands and pastures, excluding 
SSP1, respectively show values above 2% and 3% at GWL 2◦C 
(Table A6). The worst-case scenario, in percentage, is SSP5 for croplands 
(6.7% at GWL 4◦C) and pastures (6.8% at GWL 4◦C), and SSP3 for forests 
(3.6◦C at GWL 4◦C). 

On the other hand, the shift from arid (in the past) to not-arid is likely 
to affect less than 0.3% of forests with any SSP-GWL combination 
(Table A6), and larger values for croplands and pastures, namely, up to 
1.7% for pastures with SSP3 and SSP5 (at GWL 4◦C) and 2.7% for 
croplands with SSP5 (at GWL 4◦C). At global scale, no land-use class 
analyzed in this study shows an exposure to decreasingly arid conditions 
larger than an exposure to increasingly arid conditions. However, at 
continental scale there are few exceptions (Fig. 6), though in all cases the 
differences are very small: croplands in North America and Africa at 
GWL 2◦C with SSP2, SSP3, and SSP4, pastures in Africa at GWL 2◦C with 
SSP2, SSP3, and SSP4, and forests in South America at GWL 1.5◦ (but not 
at higher GWLs) with any SSP. 

Regarding the selected land-use classes, at the highest GWL under 
SSP3, SSP4, or SSP5, the shift to arid climates is likely to involve an 
extent at least twice as large as with either SSP1 or SSP2 in all continents 
excluding Oceania for pastures, in Africa for croplands, and in South 
America for forests (Table 3). Moreover, the gap between the best-case 
and the worst-case scenarios can be very large: globally, the extent of 
pastures within areas that are likely to turn arid with SSP5 is four times 
larger than that with SSP1, that of croplands is three times larger (SSP5 
versus SSP1), and that of forested areas twelve times larger with SSP3 
than with SSP1. 

3.4. A special focus on the SSP5 

To investigate on a specific future, we selected the combination be-
tween RCP8.5 and SSP5, because, according to the specifics of the last 
generation of scenarios, the SSP5 is closely connected with RCP8.5 
(O’Neill et al., 2014) and more than half of the simulations used in this 
study are based on RCP8.5. Moreover, the RCP8.5 is the worst-case 
scenario for climate hazards (Diffenbaugh and Giorgi, 2012) and we 
assume that this will help to better visualize the most severe conse-
quences of climate change. 

In a World following RCP8.5-SSP5, the continuous temperature 

Fig. 2. Areas (106 km2) turning from not arid in 1981–2010 to arid at four GWLs (yellow to dark red) and from arid in 1981–2010 to not-arid at four GWLs (light blue 
to purple). Values for macro-regions, continents, and global land follow different scales (see vertical axis of first panel for each type). See Fig. A2 for macro-regions 
and continents. 
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increase and drying patterns (Fig. 7) are lead drivers of the progressive 
exposure to shifts towards arid climates. Even under stringent mitigation 
measures (global warming limited to 1.5◦C), more than 50% of popu-
lation will be exposed to significant precipitation decrease in south- 
western South America and the Mediterranean area, while this is 
likely to occur in central America and the Caribbean only at GWL 3◦C, 
and in south-western Africa, northern and southern Australia at GWL 
4◦C. Consequently, in south-western South America more than 10% of 
population will live in areas likely to shift into arid areas already at 
1.5◦C warming, and the same conditions are likely to occur at GWL 3◦C 
in central America, Amazonia, the Mediterranean region, south-eastern 
Africa, and north-western Asia, and at GWL 4◦C in southern South 
America, south-western Africa, and north-eastern Africa (Fig. 8). 

Oppositely, there are regions where less than 1% of people will be 
exposed to significant precipitation decrease even at high GWLs: regions 
at high latitudes in the Northern Hemisphere or at tropical latitudes in 
Africa and Asia. In some of these regions, i.e. north-western North 

America and central-eastern Africa (at GWL 3◦C) and southern Asia (at 
GWL 4◦C), more than 5% of the population is likely to live in areas 
shifting towards less arid climates (Fig. 8). In absolute values, the largest 
number of people experiencing this condition refers to southern Asia at 
GWL 4◦C (around 140 million people; Table A7). 

Regarding land-use, under the RCP8.5-SSP5 combination, the sig-
nificant drying is projected to involve large fractions of pastures only at 
3◦C warming (especially Mexico and subtropical Africa). Forests will be 
subjected to significant drying in Chile, south-eastern China, and over 
the Pyrenees in Europe already at 1.5◦C warming but, starting from GWL 
3◦C, wider areas will be involved, including central America, the Eu-
ropean Alps, and Congo river basin. Regarding croplands, the Mediter-
ranean region and southern Australia show progressive enlargement of 
areas exposed to significant drying with increasing GWL, and croplands 
will be exposed to such drying from 3◦C warming also over parts of 
Mexico and southern Africa. 

In most continents, croplands or pastures or both are likely to face 

Fig. 3. Population (vertical axis: 106 people) living in arid areas in 1981–2010 (RP) and at GWLs from 1.5◦C to 4◦C. Values follow different scales for 
most continents. 
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shift towards arid climates for more than 10% of their extent, while for 
forests this is likely to occur only in Amazonia (from GWL 3◦C) with a 
maximum extent of 0.8 million km2 of forests exposed at GWL 4◦C 
(Table S8). More in detail (Fig. 9), 10% exposure is reached for pastures 
at GWL 1.5◦C in north-western Asia, at 2◦C in the Mediterranean region, 
at 3◦C in south-western North America, south-western South America, 
Amazonia, south-western Africa, and western Asia, and at 4◦C in central- 
northern North America, central America, and north-eastern Asia. 10% 
exposure is first reached for croplands in north-western Asia (GWL 
1.5◦C), then in southern Australia (2◦C), then in central America, 
Amazonia, Mediterranean region, south-western Africa (3◦C), and lastly 
in North-eastern Brazil, south-Eastern Africa, north-eastern and western 

Asia (4◦C). 
Small (for croplands) or very small (for pastures and forests) frac-

tions of land-use are projected to be in areas where the arid areas are 
likely to retreat: at the highest GWL, around 0.5 million km2 of crop-
lands at global scale and around just 0.1 million km2 of pastures and 
forests (Table A8). The 10% exposure to retreat of arid areas retreat is 
never reached in any macro-region, while the 5% is instead reached for 
croplands at GWL 2◦C in central North America and central-eastern 
Africa, for pastures at GWL 4◦C in central and central-eastern Africa, 
and southern Asia, and for forests at GWL 4◦C in central-eastern Africa 
(Fig. 9). Such 5% is not reached anymore at GWL 4◦C in central North 
America, despite progressive wetting, because of the projected reduction 

Fig. 4. Population (vertical axis: 106 people) in areas projected to turn from not arid in 1981–2010 into arid at four GWLs (red borders) and from arid in 1981–2010 
to not arid at four GWLs (blue borders). For a better visualization of small values, we limited vertical axis to -200⸱106 and 200⸱106, but Asia shows larger negative 
values with SSP3-GWL4 (-296⸱106). 
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of croplands in North America at high GWLs under SSP5. 
Our results show that, similarly to SSP3 and SSP4, for SSP5 there are 

large differences between limited (GWLs 1.5◦C and 2◦C), medium (3◦C), 
and large (4◦C) population and land-use exposure to shifts towards arid 
climates. These findings highlight the importance of implementing 
policies to limit the global warming to sustainable values (Meinshausen 
et al., 2009; Rogelj et al., 2016). Under the SSP5, some regions stand out 
as hotspots, with more than 10% of population and of at least one of the 
analyzed land-use classes exposed: south-western South America 
already at GWL 1.5◦C, central America, Amazonia, the Mediterranean 
region, and north-western Asia at GWL 3◦C, and southwestern and 
south-eastern Africa, and north-eastern Asia only at GWL 4◦C. Amongst 
these regions, one furtherly stands out, that is Amazonia, with more than 
10% of population, croplands, pastures, and forests exposed to clima-
tological shift to arid climates at GWLs 3◦C and 4◦C. 

4. Discussion 

According to the CORDEX simulations used in this study, future 
climate change implies a worldwide continuous temperature increase 
and spatially heterogeneous tendencies for precipitation (Table A2). 
Where total precipitation is likely to significantly decrease, the com-
bined effect of drying and warming could lead to climate feedbacks, 
resulting in a shift towards semi-arid or arid conditions. Such shift is 
likely to be accelerated over areas that already suffered warming and 
drying in the recent past, as south-western South America, north-eastern 
Brazil, the Mediterranean region, mid-latitudes Asiatic steppe, southern 
South Africa, and southern Australia (Greve et al., 2014; Spinoni et al., 
2015; Zarch et al., 2015). 

According to our analyses, climate change is likely to put in danger of 
becoming arid (Table 1) a global total of 2.0 million km2 of land at GWL 
1.5◦C, 2.7 million km2 at GWL 2◦C, 5.2 million km2 at GWL 3◦C, and 6.8 
million km2 at GWL 4◦C. The continents with the largest areas in such 
conditions are Asia at low GWLs and South America at high GWLs, in 
particular eastern Amazonia (as reported by Marengo et al., 2012), a 
situation that can possibly be accelerated by feedbacks induced by 
deforestation (Paiva et al., 2020; Stabile et al., 2020). 

Oppositely, the total area prone to retreat of arid climate ranges from 
0.4 million km2 at GWL 1.5◦C to 1.2 million km2 at GWL 4◦C, in any case 
less than 0.8% of the global land. The two continents with the largest 
area prone to climate shifts from arid to not-arid are South America at 
GWL 1.5◦C and Africa at high GWLs, in particular the Sahel region. Our 
findings seem to extend the recent debated Sahel greening into 21st 

century (Giannini et al., 2008; Dardel et al., 2014). CO2 fertilization was 
reported to be the primary driver of recent greening and increased 
vegetation productivity over the tropics (Zhu et al., 2016; Lian et al., 
2021), so it is likely that the projected high CO2 emissions at high GWLs, 
together with increasing precipitation, could sustain the greening over 
central Africa. 

No continent is likely to see a positive net balance between areas 
shifting from arid in the past to not arid in the future and vice-versa and 
the global extent of arid areas is projected to increase from 33.0% in 
1981–2010 to 36.8% at GWL 4◦C. This does not exclude future global 
greening, because our methodology does not focus at (further) greening 
over areas not classified as arid in 1981–2010. The ensemble CORDEX 
simulations used in this study projects a slight overall tendency to global 
wetting (Spinoni et al., 2021) and this – together with progressive in-
crease of CO2 and despite the warming – could lead to (further) 

Table 2 
Left columns: population (106 people) living in arid areas in 1981–2010 (RP) and at highest GWL for each SSP. Central and right columns: population projected to live 
in areas which turned from not arid in 1981–2010 to arid at highest GWL for each SSP and in areas which turned from arid in 1981–2010 to not arid at highest GWL for 
each SSP. See Fig. A2 for macro-regions.  

POP (106) Arid Not Arid to Arid Arid to not Arid 

SSP  SSP1 SSP2 SSP3 SSP4 SSP5 SSP1 SSP2 SSP3 SSP4 SSP5 SSP1 SSP2 SSP3 SSP4 SSP5 

REGION RP 1.5◦ 2◦ 4◦ 3◦ 4◦ 1.5◦ 2◦ 4◦ 3◦ 4◦ 1.5◦ 2◦ 4◦ 3◦ 4◦

A_N_G_E 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NWN 3.1 4.0 4.7 2.0 3.0 5.3 0.1 0.1 0.1 0.1 0.2 0.0 0.0 1.0 1.5 2.6 
SWN 39.0 47.9 57.7 46.7 54.5 86.9 1.0 0.9 1.6 1.4 4.0 0.0 0.1 0.1 0.0 0.2 
CNA 3.9 5.4 5.7 7.5 9.6 18.0 1.0 1.1 4.3 5.5 10.5 0.2 0.7 0.3 0.7 0.8 
CAM 23.2 31.0 37.6 95.1 48.9 43.1 3.8 4.4 43.4 23.9 20.3 0.6 0.5 2.3 0.1 1.1 
CAR 0.5 0.8 0.9 1.6 0.8 0.6 0.1 0.2 0.3 0.1 0.1 0.0 0.0 0.0 0.0 0.0 
NWS 17.3 24.2 28.5 43.3 22.7 21.0 2.0 2.1 4.6 2.9 2.0 0.1 0.5 1.9 0.5 0.8 
SAM 0.5 0.6 1.0 2.0 1.2 0.6 0.1 0.4 0.7 0.4 0.2 0.2 0.2 0.3 0.2 0.1 
SSA 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
SWS 3.8 10.9 12.8 20.4 9.7 12.9 6.5 7.4 13.2 5.7 8.9 0.0 0.0 0.0 0.0 0.0 
SES 10.7 12.0 13.4 29.2 10.6 15.3 2.8 3.2 14.3 3.1 7.5 0.0 0.2 0.5 0.3 0.3 
AMZ 11.8 16.0 20.7 41.6 20.2 23.9 0.5 1.1 11.5 3.6 6.5 1.3 1.8 1.1 0.1 0.6 
NEB 8.0 7.6 8.6 13.2 5.9 8.3 0.5 0.8 4.8 1.0 3.0 0.5 0.5 1.4 0.3 0.9 
N_CEU 12.3 14.6 16.7 17.8 13.7 25.1 3.0 6.2 9.9 5.9 13.2 0.3 0.6 0.0 0.0 0.0 
MED 170.9 240.4 304.7 478.6 286.6 314.8 14.1 23.9 75.1 39.0 60.6 0.6 0.1 0.0 0.0 0.0 
SAH 41.5 50.1 68.2 94.1 75.5 67.7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
WAF 65.5 118.9 226.1 554.8 494.8 213.6 6.6 5.7 21.6 17.0 8.5 2.0 4.2 30.6 11.4 14.0 
NEAF 57.8 98.1 159.0 290.3 275.5 136.2 3.1 6.2 10.9 16.0 5.7 0.3 0.3 5.6 1.3 2.7 
CEAF 46.7 69.2 116.0 236.5 211.0 99.0 0.2 1.2 21.2 3.8 8.7 7.1 14.8 63.4 38.0 26.5 
SWAF 8.5 12.0 17.0 32.1 25.5 20.5 0.3 0.8 9.6 6.8 4.7 0.3 0.0 0.0 0.0 0.0 
SEAF 28.5 41.6 57.9 155.5 121.0 71.7 7.0 9.2 65.7 51.9 32.8 0.3 0.6 1.0 1.5 0.4 
CAF 18.0 31.5 52.4 108.4 108.9 60.5 1.0 0.7 18.2 25.2 16.1 0.3 1.1 10.8 6.5 5.7 
NEA 1.8 2.1 2.3 3.8 1.9 3.1 0.2 0.5 1.7 0.5 1.4 0.0 0.0 0.0 0.0 0.0 
NWA 6.0 7.9 12.4 20.0 12.0 14.8 1.7 5.7 11.8 7.1 9.0 0.0 0.0 0.0 0.0 0.0 
WAS 135.8 194.9 272.6 473.1 386.4 249.4 2.8 3.8 12.3 9.3 7.2 1.1 0.1 0.0 0.0 0.0 
CAS 148.2 211.4 312.4 598.2 499.2 241.8 0.4 2.0 6.2 4.2 2.1 0.4 0.4 6.4 0.3 2.8 
TIB 40.7 49.4 55.9 67.3 38.5 41.5 0.1 0.1 0.6 0.1 0.4 0.1 0.1 5.2 0.8 2.3 
EAS 76.5 84.8 83.5 106.8 43.2 88.4 10.4 14.4 76.1 11.6 62.8 11.8 11.5 35.6 11.9 31.7 
SAS 392.9 540.2 692.6 894.2 622.6 463.3 20.9 20.9 56.3 22.8 28.0 17.5 27.9 247.8 52.2 140.7 
SEA 5.6 6.7 6.6 9.2 5.3 6.0 0.7 0.9 3.2 1.3 2.0 0.6 0.9 1.5 0.4 1.0 
NAU 0.3 0.4 0.5 0.3 0.5 0.9 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.0 0.0 0.0 
SAU 2.3 3.3 4.7 3.1 5.0 8.5 0.1 0.4 0.3 0.5 0.9 0.1 0.1 0.0 0.0 0.0 
WORLD 1381.8 1937.9 2653.1 4446.8 3414.2 2362.8 91.3 124.3 499.4 270.9 327.5 45.6 67.5 416.8 128.1 235.1  
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greening, for example over boreal forests at northern latitudes (Piao 
et al., 2020). 

The amount of population likely of being in areas projected to turn 
arid decisively depends on the development road that the World will 
take and, though global population is projected to be larger in 2100 than 
in the recent past with all SSPs, such an increase follows a very different 
curve depending on the SSP (Samir and Lutz, 2017). At continental 
scale, the inter-SSP differences play a key role: the largest increase 
would occur with SSP3 in Central and South America, Africa, and Asia, 
and with SSP5 in North America, Europe, and Oceania. Also land-use 
projections critically depend on the SSP (Popp et al., 2017), with 
typical local features, as for example forests in Brazil, with a projected 
increase with SSP4, decrease with SSP1, SSP3, and SSP5, and mixed 
patterns with SSP2 (Hurtt et al., 2020). 

Combining climate and socio-economic projections, we found that in 
a World following green growth (SSP1) or middle-of-the-road (SSP2) 
scenarios, thus trying to follow the recommendations of the United 

Nations’ Agenda 2030 (UN General Assembly, 2015), small fractions of 
population and land-use will be in areas shifting from not-arid to arid 
(Figs. 3–6). If, therefore, actions able to limit the temperature increase to 
2◦C warming (versus pre-industrial era) are taken, the advance of arid 
areas will be very limited and so the impacts on people and resources. 
Otherwise, with SSP3 and SSP5, but also with SSP4, the human and 
land-use capitals will be highly exposed to the effects of progressive 
drying and climate shift into arid conditions. With SSP3 and SSP5, by the 
end of 21st century an area of approximately 0.5 million km2 for pastures 
and of 1.2 million km2 for croplands and forests (each) will face concrete 
possibility of being in areas turned arid (Table 3 and Fig. 6). Further-
more, with SSP3 at GWL 4◦C, around 500 million people will be in areas 
that shifted from not arid in recent past to arid and up to 4.5 billion 
people will be in arid areas (Table 3 and Figs. 3–4), which can also have 
effect on migratory fluxes (McLeman, 2014). 

On the positive side, due to a wetting tendency over some regions 
with a 4◦C warming, approximately 420 million people will be located 

Fig. 5. As in Fig. 3, but for forests, pastures, and croplands (106 km2).  
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in areas turned from arid in recent past into not arid with SSP3, and 240 
million with SSP5, mostly over tropical latitudes in Africa and Asia 
(Table 3 and Fig. 4). Instead, the only land-use class that would partly 
benefit from warming-wetting tendency is croplands (Table 3 and 
Fig. 6), with approximately 0.5 million km2 with SSP3 and SSP5 (at GWL 
4◦C) in areas where arid areas are likely to retreat in 21st century, in 
particular in Asia and Africa. Consequently, good policies could plan 
extending croplands in sustainable areas with positive impacts (Zabel 
et al., 2019). 

The results shown in this study rely on aridity indices fully driven by 
atmospheric variables, so they can only describe the development of 
drylands from a climatological perspective and the effect of land-
–atmosphere coupling is only partially represented in our assessment. 
Atmospheric aridity is different from eco-hydrological aridity: the 
former, mainly driven by global warming (via increased temperature, 
vapor pressure deficit, and atmospheric demand of water), does not 
necessarily propagate to exacerbate the runoff and to force soil moisture 

deficit (Lian et al., 2021). As climate indicators do not account for 
components of the vegetation cycle as CO2 fertilization and land- 
atmosphere feedbacks important for vegetation physiology (Berg and 
McColl, 2021), we compared our results to those by other surface-based 
indicators (soil moisture, runoff, and Leaf Area Index) to investigate 
possible overestimations of drylands. 

Dealing with soil moisture, our results agree with those reported by 
Cheng et al. (2017) and Joo et al. (2020): future hotspots of drying are 
the Mediterranean Region, north-eastern and southwestern South 
America, southern Africa, southwestern and eastern U.S., and Australia. 
Moreover, as we showed in Section 3, Joo et al. (2020) reported that soil 
moisture depletion in such hotspots is projected to increase with 
increasing GWL. 

Instead, our projections show increasing aridity at mid-latitudes in 
Asia and those based on total soil moisture show wetting tendency at 
mid-latitudes in Northern Hemisphere (Berg et al., 2017). This depends 
on the inaccurate estimation of the total soil water availability by 

Fig. 6. As in Fig. 4 but for forests, pastures, and croplands (106 km2).  
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Table 3 
As in Table 2 but for pastures, croplands, and forests (106 km2).  

Land-Use  Arid Not Arid to Arid Arid to Not Arid 

(106 km2) SSP  SSP1 SSP2 SSP3 SSP4 SSP5 SSP1 SSP2 SSP3 SSP4 SSP5 SSP1 SSP2 SSP3 SSP4 SSP5 

CLASS REG RP 1.5◦C 2◦C 4◦C 3◦C 4◦C 1.5◦C 2◦C 4◦C 3◦C 4◦C 1.5◦C 2◦C 4◦C 3◦C 4◦C  

N_AM 0.02 0.03 0.03 0.05 0.04 0.05 0.01 0.01 0.03 0.02 0.03 0.00 0.00 0.00 0.00 0.00  
C_AM 0.03 0.04 0.05 0.05 0.06 0.05 0.01 0.01 0.02 0.03 0.02 0.00 0.00 0.00 0.00 0.00  
S_AM 0.23 0.23 0.23 0.27 0.25 0.26 0.02 0.02 0.07 0.04 0.06 0.01 0.01 0.02 0.01 0.02 

Pastures EUR 0.10 0.12 0.13 0.18 0.15 0.20 0.02 0.03 0.09 0.07 0.10 0.00 0.00 0.00 0.00 0.00  
AFR 0.60 0.64 0.72 0.94 1.06 0.51 0.03 0.03 0.12 0.12 0.09 0.02 0.04 0.11 0.09 0.09  
ASIA 0.20 0.22 0.26 0.33 0.34 0.35 0.04 0.08 0.17 0.14 0.19 0.00 0.01 0.02 0.01 0.02  
OCE 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
WORLD 1.20 1.29 1.43 1.83 1.90 1.42 0.12 0.18 0.49 0.42 0.50 0.04 0.06 0.15 0.12 0.13  
N_AM 0.48 0.46 0.41 0.44 0.58 0.47 0.07 0.06 0.10 0.13 0.11 0.03 0.07 0.04 0.08 0.05  
C_AM 0.09 0.09 0.09 0.09 0.13 0.09 0.01 0.01 0.02 0.04 0.02 0.00 0.00 0.00 0.00 0.00  
S_AM 0.28 0.50 0.51 0.66 0.47 0.65 0.04 0.05 0.13 0.07 0.16 0.01 0.01 0.03 0.01 0.02 

Croplands EUR 0.58 0.58 0.71 0.86 0.79 0.71 0.06 0.11 0.24 0.20 0.25 0.01 0.01 0.00 0.00 0.00  
AFR 0.89 1.47 1.66 3.47 1.73 1.75 0.04 0.05 0.24 0.11 0.14 0.02 0.04 0.13 0.06 0.13  
ASIA 1.87 2.09 2.06 2.28 2.27 2.13 0.15 0.24 0.37 0.34 0.47 0.02 0.04 0.27 0.07 0.28  
OCE 0.24 0.27 0.34 0.31 0.44 0.28 0.03 0.05 0.06 0.09 0.06 0.00 0.00 0.00 0.00 0.00  
WORLD 4.43 5.46 5.77 8.12 6.40 6.08 0.40 0.57 1.16 0.99 1.21 0.10 0.18 0.47 0.22 0.48  
N_AM 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00  
C_AM 0.01 0.01 0.01 0.02 0.02 0.02 0.00 0.00 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00  
S_AM 0.64 0.61 0.63 1.34 1.19 1.36 0.04 0.06 0.78 0.55 0.79 0.06 0.06 0.05 0.03 0.06 

Forests EUR 0.01 0.01 0.01 0.03 0.02 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00  
AFR 0.07 0.05 0.05 0.02 0.01 0.04 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01  
ASIA 0.25 0.31 0.36 0.65 0.44 0.59 0.05 0.10 0.39 0.17 0.34 0.00 0.02 0.01 0.01 0.01  
OCE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
WORLD 0.98 1.00 1.08 2.06 1.69 2.05 0.10 0.17 1.21 0.75 1.17 0.07 0.09 0.07 0.04 0.08  

Fig. 7. Population and land-use classes progressively exposed to significant precipitation decrease from 1981–2010 to four GWLs under SSP5 scenario. In grey, areas 
(populated or covered by the corresponding land-use class) not affected by significant precipitation decrease. 

Fig. 8. Macro-regional percentage (%) of population in areas projected to turn from not arid in 1981–2010 into arid at GWLs (red borders) and from arid in 
1981–2010 to not arid at GWLs (blue borders), according to SSP5. Vertical axis for south-western South America (SWS) is different than all other regions. See Fig. A2 
for macro-regions. 
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climate indicators, which instead tend to show projections of aridity in 
line (though they show overall larger values) with those of surface soil 
moisture (Berg et al., 2017). 

We highlight that current and past generations of Earth System 
Models show high uncertainty in dry areas either trying to estimate soil 
moisture when compared to observations (Berg and Sheffield, 2018) and 
in soil moisture projections, with smaller uncertainties in wet regions 
(Cheng et al., 2017). In drylands, soil moisture feedbacks could help 
regulating evapotranspiration and atmospheric moisture, possibly 
reducing the decrease in soil water content, but the robust modeling of 
this process is difficult because of the high inter-model variability (Zhou 
et al., 2021). 

Dealing with runoff indicators, the global drying trends projected by 
climate models and reported in scientific literature seem in contradic-
tion with runoff projections, which show future increase at global scale 
(Milly and Dunne, 2016; Greve et al., 2019). Climate models do not 
incorporate the increased water use by vegetation with high CO2 con-
centration, thus they potentially overestimate drying compared to 
runoff simulations, despite the latter show high variability and 
remarkable uncertainties (Lehner et al., 2019). However, though at 
global scale our projections show increasing arid areas, the results of our 
study overall agree with runoff projections reported by Yang et al. 
(2019), which indicate the Mediterranean region, eastern China, sparse 
areas in South America and in the United States, and sub-Saharan Africa 
as the areas likely to face the most severe drying in the 21st century. 

Dealing with eco-hydrological indexes, our projections of aridity do 
not agree with a recent study based on an ensemble of Dynamic Global 
Vegetation Models (DGVMs), which reported no future expansion of 
global drylands (Berg and McColl, 2021). Such divergence likely reflects 
different index sensitivities to hydro-climate change and responses to 
the physiological effect on vegetation of increasing atmospheric CO2. 

DGVMs include vegetation properties as key prognostic variables 
and their interactions with surface biophysics, hydrology and biogeo-
chemistry are represented through equations of varying complexity 
(Piao et al., 2013). Land surface processes, such as changes in vegetation 
and land-atmosphere interactions, can have an important role in 
modulating further water-stress conditions and DGVMs can therefore 
explicitly reproduce key features of terrestrial water cycle and are un-
doubtedly valuable tools to explore land-atmosphere interactions and 
their effect of aridity. DGVMs include the effects of increasing CO2, 
which leads to increase in efficiency of plant water use and can reduce 
ecohydrological aridity because of increase in biomass and reduction of 
water limitations (Berg and McColl, 2021). DGVMs include vegetation 
indicators as LAI (Fang et al., 2019), which allows evaluating interan-
nual variations in vegetation, which may exert a strong control on 
climate, particularly during extreme events such as meteorological 
droughts and heatwaves (Forzieri et al., 2020). Such vegetation- 
mediated processes could become even more relevant in view of the 
projected increase LAI across most of the globe (Mahowald et al., 2016). 

However, DGVMs have shown limitations in reproducing the inter-
play between vegetation and climate due to an incomplete under-
standing and model representation of some biophysical processes 
(Duveiller et al., 2018; Forzieri et al., 2018). Recently, a comparison of 
DGVM simulations and satellite retrievals suggests that DGVMs tend to 
overestimate the sensitivity to CO2 and underestimate the biophysical 
response of ecosystems to changes in water availability (Forzieri et al., 
2020). In addition, LAI is subject to the high variability of ESM models 
(Mahowald et al., 2016) and may overestimate future vegetation trends 
and underestimate drying (Berg and McColl, 2021). Consequently, re-
sults based on eco-hydrological indexes derived from DGVMs, though 
they can more comprehensively represent the underlying physical pro-
cesses, can – on the other hand – potentially underestimate the future 
development of drylands. 

The emerging contrasting patterns in future scenarios of global 
drylands areas emphasize the need of further studies to reconcile these 
findings and derive conclusive statements about the role of land-
–atmosphere coupling in affecting the development of future arid and 
semi-arid areas. Drylands are complex system and are likely to respond 
non-linearly to future evolution of climate, also due to the interactions 
between ecosystems, hydrological cycle, and human activities as well as 
enhanced future risks to droughts and heatwaves (Lian et al., 2021). 

Additionally, drylands are the largest source of interannual vari-
ability in global carbon sink and play a key role in future variability of 
vegetation productivity at global scale (Yao et al., 2020). Consequently, 
a better understanding of the evolution of drylands can help reducing 
the large uncertainties (Schlund et al., 2020) in the projected increase of 
gross and net primary production forced by both warming and 
increasing CO2 (Anav et al., 2015; Campbell et al., 2017; Cai and 
Prentice, 2020). 

5. Conclusions 

In this study, we started from the methodology described in Spinoni 
et al. (2015) and applied in the 3rd edition of WAD (Cherlet et al., 2018), 
to delineate future changes in arid areas, this time using a combination 
of three – instead of two – indicators. The use of the FAO-UNEP aridity 
index, the Köppen-Geiger climate classification, and the Holdridge life 
zones, allowed detecting the areas likely to becoming arid, with general 
agreement with those reported by Fu and Feng (2014), Roderick et al. 
(2015), Zarch et al. (2015), and Lin et al. (2018), with small-scale dif-
ferences in particular over North America (specifically Mexico) due to a 
refined delineation thanks to RCMs. 

Our results show that the most important hotpots are: the bordering 
areas between the United States and Mexico (reported also by Seager 
et al., 2007), north-eastern Brazil (see Marengo and Bernasconi, 2015), 
southern Argentina (see Fernandez et al., 2019), the Mediterranean re-
gion (see Gao and Giorgi, 2008), western and southern African drylands 
(see Platts et al., 2015, and Sylla et al., 2016), central Asia (see 

Fig. 9. As in Fig. 8 but for forests, pastures, and croplands.  
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Lioubimtseva and Henebry, 2009, and Poonia and Rao, 2013), sparse 
areas in China (see Chan et al., 2016, and Wang et al., 2017), and semi- 
arid areas in Australia (see Greve and Seneviratne, 2015). 

Overall, around 1.8% of global lands will turn into arid areas if 
warming is limited to 2◦C; instead, at GWL4◦C, around 4.6% of lands 
will shift from not arid to arid. This results in increasing fractions of 
population and land-use likely to be within arid areas, with crucially 
dependency on the type of socio-economic development: for sustainable 
scenarios (SSP1 and SSP2), in the 21st century less than 130 million 
people will face a concrete possibility to live in areas that shifted to arid 
climates; for more severe scenarios (SSP3, SSP4, and SSP5), more than 
270 million people will face such possibility (0.5 billion with SSP3), in 
particular in Africa and Asia. With respect to population in arid areas, 
our results for the special combination RCP8.5-SSP5 overall agree with 
those reported by Koutroulis (2019), based on one climate model only, 
with very similar spatial patterns and slightly larger differences at high 
GWLs. 

At continental scale, such a shift towards arid climates is projected to 
affect large forested areas in South America, pastures mostly in Europe, 
Asia, and Africa, and large croplands especially in the Northern Hemi-
sphere. Regarding forests, our findings agree with literature for Asia (Liu 
et al., 2013; Zhang et al., 2013) and represent a novelty for South 
America. About croplands, our results confirm that, in a warming future, 
those in semi-arid areas will be almost everywhere in danger (Sivakumar 
et al., 2005; Dimes et al., 2008; Jacobsen et al., 2012). At the time of 
writing and based on our knowledge, no studies on future global expo-
sure of pastures to the drying climate are available as comparison. 

The use of three indicators to delineate the future arid areas is one of 
the highlights of this study. As the arbitrary choice of such indicators 
and the harmonization of their thresholds can be regarded as a draw-
back, adding other indicators is an option that should be evaluated with 
care. Economic and population growth can suffer from water scarcity, so 
the use of climate indicators to delineate arid lands can be effective in a 
rapidly changing future (Lian et al., 2021), but there is large room for 
improvements. The investigation of future population and land-use 
classes exposed to drying should aim at including both atmospheric 
and ecohydrological aridity, by means of indicators accounting for soil 
moisture, runoff, vegetation status and productivity, CO2 effect on land 
surface, and so on (Berg and McColl, 2021). 

The results shown in this paper will be part of the European Com-
mission’s Global Drought Observatory (GDO; see https://edo.jrc.ec.eur 
opa.eu/gdo/). Stakeholders, land managers, and governments could 
use them when implementing policies and conservation measures to 
mitigate progressive land degradation (Stringer et al., 2007; Fleskens 
and Stringer, 2014), hence preventing desertification, cope with it, or 
adapt to its consequences (Bisaro et al., 2014; Chasek et al., 2015). In 
particular, our results could be used to help achieving Goal 13 (Climate 
Action) and Goal 15 (Life on land) of the United Nations’ Sustainabile 
Development Goals, with the latter aiming at combating desertification, 
halting and reversing land degradation and biodiversity loss, by pro-
moting sustainable use and management of terrestrial ecosystems (UN 
General Assembly, 2015; see also: https://sdgs.un.org/goals). 

According to our results, limiting the global warming below the 2◦C 
threshold could limit the advance of arid areas but, in order to combat 
desertification, politicians and scientists have to take action at many 
levels (Bauer and Stringer, 2009; Huang et al., 2020), from local in-
terventions to avoid the excessive exploitation of land resources 
(Schwilch et al., 2009; Cowie et al., 2018) to structured transnational 
monitoring and assessment of land degradation (Vogt et al., 2011). 
However, if no effective actions will be implemented, an uncontrolled 
drying of semi-arid and arid areas could dramatically impact croplands 
and pastures and cause food crisis or famine (Smith et al., 2020) and lead 
to poverty (Way, 2016), in particular in less developed countries (Sachs, 
2007; Tschakert, 2007; Johnson et al., 2016), and eventually force mass 
migration (Leighton, 2006; Rechkemmer, 2009; Bettini and Andersson, 
2014). 

Data availability 

The input CORDEX climate data can be found at one of the Earth 
System Grid Federation’s (ESGF) websites, e.g.: https://esg-dn1.nsc.liu. 
se/projects/esgf-liu/. The observed climate data can be found at the 
DWD’s website (https://www.dwd.de/EN/ourservices/gpcc/gpcc.html; 
GPCC) and at the University of East Anglia’s website (https://sites.uea. 
ac.uk/cru/data/; CRU). 

The projected population data can be found at NASA-SEDAC’s 
website: https://sedac.ciesin.columbia.edu/data/set/popdynamics-1- 
8th-pop-base-year-projection-ssp-2000-2100-rev01/data-download). 
The projected land-use data can be found at the LUH2’s website: 
https://luh.umd.edu/. 

The population and land-use future exposure to meteorological 
droughts under five SSPs will be included in the European Commission’s 
Global Drought Observatory (https://edo.jrc.ec.europa.eu/gdo 
/php/index.php?id=2001). 
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2013. Köppen’s climate classification map for Brazil. Meteorol. Z. 22 (6), 711–728. 

Anav, A., Friedlingstein, P., Beer, C., Ciais, P., Harper, A., Jones, C., Zhao, M., 2015. 
Spatiotemporal patterns of terrestrial gross primary production: A review. Rev. 
Geophys. 53 (3), 785–818. 

Batibeniz, F., Ashfaq, M., Diffenbaugh, N.S., Key, K., Evans, K.J., Turuncoglu, U.U., 
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Berg, A., de Noblet-Ducoudré, N., Sultan, B., Lengaigne, M., Guimberteau, M., 2013. 
Projections of climate change impacts on potential C4 crop productivity over tropical 
regions. Agric. For. Meteorol. 170, 89–102. 

Berg, A., Findell, K., Lintner, B., Giannini, A., Seneviratne, S.I., Van Den Hurk, B., 
Cheruy, F., 2016. Land–atmosphere feedbacks amplify aridity increase over land 
under global warming. Nat. Clim. Chang. 6 (9), 869–874. 

Berg, A., Sheffield, J., Milly, P.C., 2017. Divergent surface and total soil moisture 
projections under global warming. Geophys. Res. Lett. 44 (1), 236–244. 

Bestelmeyer, B.T., Okin, G.S., Duniway, M.C., Archer, S.R., Sayre, N.F., Williamson, J.C., 
Herrick, J.E., 2015. Desertification, land use, and the transformation of global 
drylands. Front. Ecol. Environ. 13 (1), 28–36. 

J. Spinoni et al.                                                                                                                                                                                                                                  

https://edo.jrc.ec.europa.eu/gdo/
https://edo.jrc.ec.europa.eu/gdo/
https://sdgs.un.org/goals
https://esg-dn1.nsc.liu.se/projects/esgf-liu/
https://esg-dn1.nsc.liu.se/projects/esgf-liu/
https://www.dwd.de/EN/ourservices/gpcc/gpcc.html;
https://sites.uea.ac.uk/cru/data/;
https://sites.uea.ac.uk/cru/data/;
https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-8th-pop-base-year-projection-ssp-2000-2100-rev01/data-download
https://sedac.ciesin.columbia.edu/data/set/popdynamics-1-8th-pop-base-year-projection-ssp-2000-2100-rev01/data-download
https://luh.umd.edu/
https://edo.jrc.ec.europa.eu/gdo/php/index.php?id=2001
https://edo.jrc.ec.europa.eu/gdo/php/index.php?id=2001
https://doi.org/10.1016/j.gloplacha.2021.103597
https://doi.org/10.1016/j.gloplacha.2021.103597
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0005
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0005
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0015
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0015
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0015
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0020
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0020
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0020
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0025
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0025
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0030
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0030
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0030
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0035
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0035
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0035
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0040
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0040
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0045
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0050
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0050
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0055
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0055
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0060
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0060
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0060
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0065
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0065
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0065
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0070
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0070
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0070
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0075
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0075
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0080
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0080
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0080


Global and Planetary Change 205 (2021) 103597

15

Bettini, G., Andersson, E., 2014. Sand waves and human tides: exploring environmental 
myths on desertification and climate-induced migration. J. Environ. Dev. 23 (1), 
160–185. 

Bisaro, A., Kirk, M., Zdruli, P., Zimmermann, W., 2014. Global drivers setting 
desertification research priorities: insights from a stakeholder consultation forum. 
Land Degrad. Dev. 25 (1), 5–16. 

Bradley, A.V., Rosa, I.M., Brandão, A., Crema, S., Dobler, C., Moulds, S., Ewers, R.M., 
2017. An ensemble of spatially explicit land-cover model projections: prospects and 
challenges to retrospectively evaluate deforestation policy. Model. Earth Syst. 
Environ. 3 (4), 1215–1228. 

Cai, W., Prentice, I.C., 2020. Recent trends in gross primary production and their drivers: 
analysis and modelling at flux-site and global scales. Environ. Res. Lett. 15 (12), 
124050. 

Calvin, K., Bond-Lamberty, B., Clarke, L., Edmonds, J., Eom, J., Hartin, C., McJeon, H., 
2017. The SSP4: a world of deepening inequality. Glob. Environ. Chang. 42, 
284–292. 

Campbell, J.E., Berry, J.A., Seibt, U., Smith, S.J., Montzka, S.A., Launois, T., Laine, M., 
2017. Large historical growth in global terrestrial gross primary production. Nature 
544 (7648), 84–87. 

Chan, D., Wu, Q., Jiang, G., Dai, X., 2016. Projected shifts in Köppen climate zones over 
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Knutti, R., Sedláček, J., 2013. Robustness and uncertainties in the new CMIP5 climate 
model projections. Nat. Clim. Chang. 3 (4), 369–373. 
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(9-10), 1829–1848. 

Martynov, A., Laprise, R., Sushama, L., Winger, K., Šeparović, L., Dugas, B., 2013. 
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projected climate change in the Carpathian Region using the Holdridge life zone 
system. Theor. Appl. Climatol. 131 (1-2), 593–610. 

Tabari, H., Aghajanloo, M.B., 2013. Temporal pattern of aridity index in Iran with 
considering precipitation and evapotranspiration trends. Int. J. Climatol. 33 (2), 
396–409. 

Tatli, H., Dalfes, H.N., 2016. Defining Holdridge’s life zones over Turkey. Int. J. Climatol. 
36 (11), 3864–3872. 

Taylor, K.E., Stouffer, R.J., Meehl, G.A., 2012. An overview of CMIP5 and the experiment 
design. Bull. Am. Meteorol. Soc. 93 (4), 485–498. 

Thomas, D.S., 1997. Science and the desertification debate. J. Arid Environ. 37 (4), 
599–608. 

Thomson, A.M., Calvin, K.V., Smith, S.J., Kyle, G.P., Volke, A., Patel, P., Edmonds, J.A., 
2011. RCP4. 5: a pathway for stabilization of radiative forcing by 2100. Clim. Chang. 
109 (1-2), 77. 

Tschakert, P., 2007. Views from the vulnerable: understanding climatic and other 
stressors in the Sahel. Glob. Environ. Chang. 17 (3-4), 381–396. 

Turner, N.C., 2004. Agronomic options for improving rainfall-use efficiency of crops in 
dryland farming systems. J. Exp. Bot. 55 (407), 2413–2425. 

UN General Assembly, 2015. Transforming our World: The 2030 Agenda for Sustainable 
Development. Rep- No. A/RES/70/1. Report Available at UN-SDG website. https 
://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-devel 
opment-17981. Last accessed on 2 May 2021.  

Van Vuuren, D.P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., 
Masui, T., 2011. The representative concentration pathways: an overview. Clim. 
Chang. 109 (1-2), 5. 

Van Vuuren, D.P., Riahi, K., Calvin, K., Dellink, R., Emmerling, J., Fujimori, S., 
O’Neill, B., 2017a. The Shared Socio-economic Pathways: Trajectories for Human 
Development and Global Environmental Change. 

J. Spinoni et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0715
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0715
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0715
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0715
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0720
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0720
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0720
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0730
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0730
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0735
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0735
https://doi.org/10.1111/gcb.12187
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0745
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0745
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0745
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0750
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0750
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0755
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0755
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0760
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0760
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0765
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0765
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0765
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0770
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0770
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0775
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0775
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0775
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0775
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0780
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0780
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0780
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0785
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0785
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0785
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0785
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0790
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0790
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0795
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0795
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0795
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0800
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0800
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0800
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0805
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0805
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0805
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0805
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0810
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0810
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0815
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0815
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0815
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0820
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0820
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0825
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0825
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0825
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0830
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0830
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0830
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0835
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0835
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0840
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0840
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0840
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0840
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0840
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0845
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0845
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0850
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0850
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0855
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0855
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0855
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0860
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0860
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0860
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0865
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0865
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0865
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0870
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0870
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0870
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0870
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0875
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0875
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0875
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0880
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0880
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0880
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0885
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0885
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0885
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0890
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0890
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0895
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0900
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0900
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0905
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0905
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0905
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0910
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0910
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0910
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0910
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0915
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0915
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0915
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0920
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0920
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0925
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0925
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0925
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0930
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0930
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0930
https://doi.org/10.1002/joc.7302
https://doi.org/10.1002/joc.7302
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0940
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0940
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0940
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0945
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0945
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0945
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0950
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0950
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0950
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0955
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0955
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0955
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0960
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0960
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0960
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0965
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0965
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0965
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0970
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0970
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0975
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0975
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0980
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0980
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0985
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0985
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0985
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0990
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0990
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0995
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf0995
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
https://sdgs.un.org/publications/transforming-our-world-2030-agenda-sustainable-development-17981
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf1010
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf1010
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf1010
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf1015
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf1015
http://refhub.elsevier.com/S0921-8181(21)00182-X/rf1015


Global and Planetary Change 205 (2021) 103597

18

Van Vuuren, D.P., Stehfest, E., Gernaat, D.E., Doelman, J.C., Van den Berg, M., 
Harmsen, M., Girod, B., 2017b. Energy, land-use and greenhouse gas emissions 
trajectories under a green growth paradigm. Glob. Environ. Chang. 42, 237–250. 

Veron, S.R., Paruelo, J.M., Oesterheld, M., 2006. Assessing desertification. J. Arid 
Environ. 66 (4), 751–763. 

Verstraete, M.M., Scholes, R.J., Smith, M.S., 2009. Climate and desertification: looking at 
an old problem through new lenses. Front. Ecol. Environ. 7 (8), 421–428. 

Vogt, J.V., Safriel, U., Von Maltitz, G., Sokona, Y., Zougmore, R., Bastin, G., Hill, J., 
2011. Monitoring and assessment of land degradation and desertification: towards 
new conceptual and integrated approaches. Land Degrad. Dev. 22 (2), 150–165. 

Von Hardenberg, J., Meron, E., Shachak, M., Zarmi, Y., 2001. Diversity of vegetation 
patterns and desertification. Phys. Rev. Lett. 87 (19), 198101. 

Wang, F., Pan, X., Wang, D., Shen, C., Lu, Q., 2013. Combating desertification in China: 
past, present and future. Land Use Policy 31, 311–313. 

Wang, Y., Zhou, B., Qin, D., Wu, J., Gao, R., Song, L., 2017. Changes in mean and 
extreme temperature and precipitation over the arid region of northwestern China: 
observation and projection. Adv. Atmos. Sci. 34 (3), 289–305. 

Ware, H., 2019. Desertification and population: sub-saharan Africa. In: Desertification. 
CRC Press, Taylor & Francis, Boca Ratòn, USA, pp. 165–202. 
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