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A B S T R A C T   

Notable dryland expansion from changes in global aridity has been documented in previous studies, particularly 
with the increase in global mean temperature. Here, we examined the changes in the aridity of the western 
region of Africa over the past four decades. Using the aridity index (P/PET) as an indicator, the Climate Research 
Unit (CRU TS) data was used to identify drying and wetting areas of the region. The result showed that intense 
warming of 0.018 ◦C per year has occurred which was more evident in the last two decades. The warming in the 
past two decades caused a significant increase in PET. The first two decades were the driest compared to the last 
decades, particularly the first decade which also had major drought occurrences across the region. The aridity 
index increased by 0.86 (x10− 3) per year within the past four decades, with the greatest change at the semi-arid 
zone. Result showed that precipitation exerts dominant control on aridity changes in the region despite a sig-
nificant increase in PET. This was evident in the expansion of the wet areas between 2000 and 2019 compared to 
the 1979–1998 period.   

1. Introduction 

The environment we live in is experiencing several changes due to 
natural and human-induced factors. Changes in climate due to increased 
levels of atmospheric CO2, which lead to warming of the earth’s climate, 
is an issue of concern in our world today. The warming of the earth has 
been accompanied by changes in precipitation (Adler et al., 2017; 
Nguyen et al., 2018) which has also impacted the hydrological extremes 
such as droughts and flooding (IPCC et al., 2014). These changes affect 
the environment with threat to water resources planning and manage-
ment (Singh et al., 2014). 

Defined using the aridity index as areas where the precipitation to 
potential evapotranspiration ratio is less than 0.65, drylands are regions 
characterized with low annual precipitation and high potential evapo-
transpiration (Mortimore, 2009). Drylands cover about 46.2% of the 
global terrestrial areas (Mirzabaev et al., 2019), with one-third of the 
global population (Mortimore, 2009). With the increase in global tem-
perature and changes in precipitation patterns, changes in aridity have 
been observed, with some areas getting drier and others getting wetter 

(Asadi Zarch et al., 2015; Huang et al., 2016). Global aridity increased as 
a decreasing trend in aridity index was observed between 1948 and 
2005 and about 66% of the globe land area became drier (Huang et al., 
2016). Dai (2011) also documented an increase in global aridity since 
the 1970s, attributing it to the drying over several regions of the globe. 
Studies also indicate that continuous warming in the 21st century will 
lead to increase in potential evapotranspiration, which exceeding pre-
cipitation will cause increased drying (Dai, 2011; Sherwood and Fu, 
2014; Asadi et al., 2017). 

Drylands have also expanded and the expansion is projected to 
continue in the current century (Feng and Fu, 2013). The expansion of 
drylands is regarded as one of the effects of global warming (Feng and 
Fu, 2013; Huang et al., 2016). Although drylands have generally become 
drier, the aridity pattern has shown varying spatial changes (Li et al., 
2019; Daramola and Xu, 2022). Li et al. (2019) reported distinct spatial 
heterogeneity in the changes in aridity and drying and wetting areas 
indicating varying responses to climate change. For example, the regions 
of Northern Africa, East Asia, Eastern Australia, and the Southern part of 
Europe have become drier since the late 1940s, while some other regions 
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like the western part of Australia, North America, and South America 
have become wetter (Feng and Fu, 2013). Ahmed et al. (2019) showed a 
greater percentage of the Pakistan region, a predominantly dry region, 
has become wetter as the aridity trend decreased. An expansion of the 
arid lands in Iran was reported by Pour et al. (2020) due to increasing 
aridity. Over China, some studies have also reported aridity changes and 
the effect in the region (Liu et al., 2013; Li et al., 2017). These studies 
revealed the controlling factor of precipitation and temperature on the 
aridity changes, with one effect dominant over the other. 

Aridity changes with rising temperatures, and a fast-expanding 
global population, particularly in drylands, intensifies associated risks, 
including land degradation and desertification (Huang et al., 2016) with 
implications on the sustainability in the regions. Close to 20% of dry-
lands are reported to have experienced severe land degradation, which 
is also expected to increase with changes in climate and population 
growth (Reynolds et al., 2007). Of particular emphasis is the dry areas in 
the developing countries, which account for close to 90% of the global 
dryland population (UN, 2011). Increasing aridity in these countries has 
far-reaching impacts, as it could lead to a number of issues, like 
increased food insecurity, poverty, migration, conflicts, and political 
instability (Prâvâlie et al., 2019). 

West Africa is a region composed of several developing countries and 
is vulnerable to changes in climate as a result of high climate variability 
coupled with inadequate economic and institutional coping capacity 
(Quenum et al., 2019). Over west Africa, a number of studies have 
examined climate variability and dryness-related issues from observa-
tion and future projections (Diasso and Abiodun, 2017; Diedhiou et al., 
2018; Quenum et al., 2019; Nouaceur and Murarescu, 2020). These 
studies focused on droughts occurrences and dry/wet spells across the 
region, and no particular emphasis has been made on the changes in 
aridity and expansion or shrinking of the dry/wet zones. Assessing these 
changes is crucial for understanding the shifting nature of the regional 
aridity with changes in climate. Expansion of dry areas in the region may 
increase the population vulnerable to water shortage and land degra-
dation with agricultural and economic implications. 

In this study, we examined the changes in aridity over the western 
region of Africa over the past four decades. Also, we assessed the recent 
changes in the regional climate in terms of precipitation and tempera-
ture variation. We evaluated the contribution of the climatic factors to 
the changes in aridity with a particular focus on the enhanced warming 
years. This study provides an assessment of the recent changes in the 
dry/wet conditions over the west African region, which has implications 
on the sustainability of life in the region. 

2. Materials and methods 

2.1. Study area 

The western region of Africa is the focus area for this study, located 

at latitude 0◦N – 20◦N and longitude 17◦W – 20◦E (Fig. 1). West Africa 
comprises 16 countries with a total area of close to 6 million square Km 
and a population of over 381 million people, making up one-quarter of 
Africa and close to 5.16% of the global population (Jalloh et al., 2013). 
The region has complex geometry with high elevation areas in the 
eastern part and a few areas in the western part, which influence the 
region’s climate. 

2.2. Data 

We used the gridded data from the Climate Research Unit (CRU TS) 
for this study. This consists of global monthly time series data derived 
from a worldwide network of ground observation stations and has a 
spatial resolution of 0.5◦ (Harris et al., 2020). It is an extensively used 
dataset for climate studies at global and regional levels. The variables 
temperature, precipitation, and potential evapotranspiration were ob-
tained from the recent version (CRU TS v. 4.05) over a period of 
forty-one years between 1979 and 2019. Land cover data was obtained 
from the Moderate Resolution Imaging Spectroradiometer (MODIS). 

2.3. Aridity index classification 

To assess the dry-wet conditions, we used the Aridity Index (AI). AI is 
the ratio of precipitation and potential evapotranspiration (P/PET), 
which characterizes the available rainfall in relation to the atmospheric 
evaporative demand (Feng and Fu, 2013). The precipitation and PET 
data from CRU TS were used to obtain the aridity index and classified 
into the hyper-arid, arid, semi-arid, dry subhumid, and humid zones 
following the AI classification (Table 1). 

2.4. Contribution of factors to AI change 

The contributions of both precipitation and PET were estimated 
using the following equation following Feng and Fu (2013); 

ΔAI=
ΔP
PET

−
P(ΔPET)

PET2 +
P(ΔPET)2

PET3 (1)  

Where ΔAI represents the change in P/PET, the contribution of pre-
cipitation to P/PET is the first term on the right-hand side (ACP) and the 
other two represent the contribution of PET (ACPET). 

2.5. Trend analysis 

The significance of monotonic trend can be determined using several 
non-parametric methods, including the Mann Kendall test (Mann, 1945; 
Kendall, 1975), Spearman’s rho test (Spearman, 1904; Lehmann, 1975; 
Sneyers, 1990), Onyutha test (Onyutha, 2020), and Sen’s Innovative 
Trend method (Şen, 2012). The main advantage of the non-parametric 
methods is that they are not affected by the assumption of normality 
of the data as required by the parametric approach. Each of the 
non-parametric methods has its advantages and disadvantages. Here, we 
chose the Mann-Kendall test, a non-parametric test, for brevity and 
robustness. The Mann kendall trend test has been extensively used over 
West Africa for detecting trends in hydrological and climatic time series, 
such as precipitation and evapotranspiration (Akinsanola et al., 2018; 
Ndehedehe et al., 2018; Adeyeri and Ishola, 2021). For the variables, the 

Fig. 1. Map of West Africa showing the elevation (m).  

Table 1 
AI classification and area coverage for each zone.  

Classification Zone Area (104 Km2) Percentage (%) 

0–0.05 Hyper-arid 2.01 16 
0.05–0.2 Arid 2.65 21 
0.2–0.5 Semi-arid 2.13 17 
0.5–0.65 Dry SubHumid 0.81 6 
>0.65 Humid 5.05 40  
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Mann Kendall trend was calculated using the following equations; 

Statistic, S=
∑n− 1

i=1

∑n

j=i+1
sign

(
xj − xi

)

(2)  

where, 

sign
(
xj − xi

)
=

⎧
⎨

⎩

− 1, if
(
xj − xi

)
< 0

0, if
(
xj − xi

)
= 0

1, if
(
xj − xi

)
> 0

(3) 

The Statistic,S is asymptotically normally distributed which under 
the null hypothesis is as follows; 

E(S)= 0 (4)  

Var(S)=
n(n − 1)(2n + 5) −

∑a
b=1tb(b − 1)(2b + 5)

18
(5)  

n represents the number of data points, xj and xi are the values for each 
year in the times series i and j, a represents the total number of tied 
groups, tb is the number of ties with b. 

Statistic,Z=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

S − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ , if S > 0

0, if S = 0
S + 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ , if S < 0

(6) 

This tests for significance in the trend, which is indicated by the 
positive and negative values when compared against the critical values 
(Z1− α)

Sen’s slope (Theil, 1950; Sen, 1968) was used to determine the extent 
of change in the trends; 

Sen′ s Slope, β=median
(

xj − xi

j − i

)

, i < j (7)  

3. Results 

3.1. Distribution of AI and temperature trend across AI 

The annual mean aridity index and precipitation over West Africa is 
shown in Fig. 2. The spatial distribution reveals a latitudinal gradient of 
wet-dry conditions over the region. Precipitation and AI decrease with 

latitude as the wetter areas are predominant over the southern region 
and drier areas towards the Northern part. The southern part of the 
region is bordered by the Atlantic Ocean, which influences the monsoon 
and rainfall distribution of the region. The precipitation distribution, 
which plays a key role in the aridity condition, is largely controlled by 
the seasonal movement of the Inter-Tropical Discontinuity (ITD) 
(Nicholson, 2013). The latitudinal variation and resident time of the ITD 
over an area primarily account for the precipitation activity over the 
area (Nicholson, 2013). For example, the southern part experiences a 
bimodal pattern of rainfall while the northern part experiences a 
unimodal pattern with more precipitation in the south than in the north. 

No vegetation characterizes the drier areas, while the wetter areas in 
the south are marked by the savanna and forests, as revealed by the land 
cover distribution (Fig. 2c). Following the classification of AI, the West 
Africa region is mostly dominated by the humid zone (Table 1), which 
has an area coverage of 5.05 × 104 Km2, representing 40% of the region. 
Hyper-arid represents 16%, arid 21%, semi-arid 17%, and dry subhumid 
6% coverage for the dryland zones. 

As expected with the recent warming in global climate attributable to 
increased atmospheric CO2 concentrations and other natural forcings 
(IPCC, 2013), the region has also experienced significant warming 
within the past four decades (Fig. 3). Over the past four decades, the 
region has warmed by 0.018 

◦

C/year. Relative to the base period, the 
recent years from 2001, have warmed more than the previous years. We 
examined the change in temperature across the aridity zones and 
observed a greater temperature increase at the drier areas which 
decreased along the aridity gradient. Classifying the AI to different 
zones, the temperature increased by 0.019 

◦

C/year at hyper-arid and 
arid zones, 0.018 

◦

C/year at the semi-arid and dry subhumid zones, and 
0.017 

◦

C/year at the humid zone. 

3.2. Aridity index anomaly and trend 

The decadal anomaly of AI is shown in Fig. 4. Relative to the base 
period, the first decade was the driest compared to the other decades 
with notable dryness along the western parts. The dry condition changed 
in the second decade with above average conditions in previously dry 
areas. However, below average (dry) conditions persisted in some parts 
along the southwestern area. In the third decade, most areas experienced 
an increase in wet conditions. In the fourth decade, this was also a 
similar condition, with increased wet conditions observed across large 
areas except along the southern region. Splitting the decadal anomaly by 

Fig. 2. Mean annual distribution of (a) AI, (b) precipitation (mm) (c) potential evapotranspiration (mm) and (d) land cover distribution of across West Africa.  
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zones, decreased aridity (dry condition) was dominant in decade 1, with 
most dryness occurring at the dry subhumid (− 0.029) and semi-arid 
(− 0.028) zones. The dry subhumid experienced the most wetness in 
the second decade (0.013), while the other zones except semi-arid 
experienced decreased aridity. All the zones experienced increased 
aridity at the third and fourth decade, with the most wetness observed at 
the semi-arid in the fourth decade. For the whole region, AI anomaly was 
− 0.017, 0.0006, 0.014 and 0.013 at the first, second, third, and fourth 
decades. Continuous wetness was observed at the hyper-arid, arid, and 
semi-arid zones from the first to the fourth decade. 

The changes in AI and the contributions of precipitation and PET are 
shown in Fig. 5. Attributing the changes in AI to the contribution of 

precipitation and PET, the decrease in precipitation and PET contributed 
to the decrease in AI in the first two decades. Although PET decreased, 
the decrease in precipitation had a more dominating effect on the 
change in AI, which caused AI to decrease. In the last two decades 
characterized by enhanced warming, PET increased, contributing to the 
decrease in AI. However, due to the increase in precipitation, AI 
increased. The changes in precipitation dominated and contributed 
more to the changes in the AI than changes in PET at both periods. 

Fig. 6 shows the spatial trend of AI, precipitation, and potential 
evapotranspiration (PET) across West Africa for the entire period. The 
result reveals an extensive increase in aridity index, indicating wetter 
conditions across the region. Significant increase in aridity occurred 

Fig. 3. (a) Temperature anomaly over West Africa from 1979 to 2019 using the base period 1981–2010. The Dash line represents the trend line; the solid yellow line 
represents the 5-year moving average, (b) Temperature trend across aridity index. 

Fig. 4. Decadal anomaly of aridity index (a) 1989–1988, P1 (b) 1989–1998, P2 (c) 1999–2008, P3 (d) 2009–2019, P4 and (e) across the zones.  
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mostly between 10◦N and 18◦N, which falls within the arid to dry sub-
humid zones. Although large-scale increase in aridity index occurred, 
some parts experienced dry conditions, such as the southeastern part of 
Nigeria. The change in AI across the zones showed the most increase at 
the semi-arid (0.0017). At the hyper-arid, AI increased by 0.00014, 
0.00083 at the arid, 0.0015 at the dry subhumid, and 0.00014 at the 
humid zone. The spatial trend of precipitation reveals a similar pattern 

with that of aridity, as precipitation increased over most parts of the 
region. Precipitation increased significantly predominantly across the 
region except in the southern parts. The change in precipitation was 
0.35 mm/year at the hyper-arid, 1.93 mm/year at the arid, 3.6 mm/year 
at the semi-arid, 2.9 mm/year at the dry subhumid and 1.63 mm/year at 
the humid zone. For PET, the spatial trend showed increased PET across 
most parts of the region, with the most increase towards the north-
eastern and western parts of the region. Across the zones, PET increased 
the most at the hyper-arid (1.29 mm/year). The change in PET was 0.9 
mm/year at the arid, 0.73 mm/year at the semi-arid, 0.64 mm/year at 
the dry subhumid, and 0.35 at the humid zone. 

3.3. Variation in the areal coverage for each zone 

The interannual variation of the area coverage for each zone is 
shown in Fig. 7. It is shown that the area coverage of the zones has 
changed within the past four decades. The humid zone increased by 
0.007 × 104 Km2 per year within this period, indicating an increase in 
the wet regions and a decrease in the dryland areas. Semi-arid and dry 
subhumid zones increased by 0.0067 × 104 Km2 and 0.0024 × 104 Km2 

per year, while the hyper-arid and arid zones decreased by − 0.0099 ×
104 Km2 and -0.0017 × 104 Km2 per year. In general, the dryland areas 
of the region experienced a decrease in the area coverage of − 0.0062 ×
104 Km2 per year. Taking two periods and comparing the change in area 
coverage (Table 2), it was observed that hyper-arid and arid zones 
decreased by − 0.28 × 104 Km2 and -0.02 × 104 Km2, representing a 12% 

Fig. 5. Changes in AI and the contributions of precipitation and PET at two 
different periods. S1 represents 1979–1998, S2 represents 2000–2019. 

Fig. 6. Trend of (a) AI, (b) precipitation (c) PET across West Africa and the different zones between 1979 and 2019.  
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and 1% decrease respectively between the 1979–1998 and 2000–2019. 
Semi-arid, dry subhumid and humid zones increased by 0.19 × 104 Km2, 
0.06 × 104 Km2 and 0.12 × 104 Km2, representing a 9%, 7% and 2% 
increase in the area coverage respectively. The most change occurred at 
the hyper-arid with a change from 2.26 × 104 Km2 to 1.98 × 104 Km2. 

4. Discussion 

Previous studies across different regions have reported changes in 
the regional aridity, such as the intensified aridity observed in the Volta 
River basin (Oguntunde et al., 2006), Togo (Koffi and Komla, 2015) and 
Rwanda (Muhire and Ahmed, 2016). Here, we assessed the changes in 
dry-wet conditions over the western part of Africa over forty-one years 
between 1979 and 2019 and the areal changes associated with the 
dry-wet conditions. We used the aridity index (AI) as an indicator and 
classified the region into zones based on the AI classification. Based on 
the region’s climatology, the dryland areas cover approximately 60% of 
the entire region, with the arid zone as the largest area of the dryland. 
The results showed that the region’s aridity exhibits a zonal gradient, 
which follows the precipitation distribution. The southern region ex-
periences more annual rainfall, decreasing northward, revealing a 
gradient from wet to dry zones. 

The temperature change was assessed, and the result shows that 
more warming has occurred in the recent few years than in the previous. 
The region has experienced significant warming, which also showed a 
decrease along the aridity gradient as the drier areas have warmed more 
than the wet areas. Across the global aridity zones, Huang et al. (2016) 
showed that warming in more significant in drylands than in humid 
areas which if it continues, may have significant implications on the 
expansion of drylands and carbon cycle. The dry areas are characterized 
by low soil moisture content, and intense warming may further aggra-
vate the dry conditions through soil-atmosphere feedback (Huang et al., 
2017). This may also impact the dust propagation, particularly around 
the Sahel, with direct and indirect implications on the regional climate 
(Camara et al., 2010; Marcella and Eltahir, 2014; N’Datchoh et al., 
2018). 

Relative to the climatological mean of 1981–2010, the decadal 
anomaly of the aridity index revealed an increase in the wetness over the 

west Africa region. The first decade was the driest period as most of the 
region experienced below-average conditions and was also a period with 
several drought occurrences across the region (Giannini et al., 2008; 
Kasei et al., 2009; Dai, 2011). Below average rainfalls caused severe 
dryness with several people affected and economic implications (Masih 
et al., 2014). Apart from the human-induced factors, these dry episodes 
have been linked to the ocean dynamics of Sea Surface Temperature and 
El Nino-Southern Oscillation (ENSO) (Masih et al., 2014; Ayugi et al., 
2022). Ocean dynamics have been observed to influence the climate of 
drylands through large scale atmospheric circulation (Guan et al., 
2019). Onyutha (2018) showed this by identifying the impact of the 
Atlantic Ocean Sea surface temperature variation on the precipitation 
variability in the West African region. The interaction and dynamics of 
the ocean play a crucial role in the rainfall variability over the region 
(Nicholson, 2000; Rodríguez-Fonseca et al., 2015). For instance, the dry 
periods in the first decade have been attributed to the Indian Ocean SSTs 
due to the El Nino event in 1982/1983 (Bader and Latif, 2011). From the 
second decade, the region has experienced more wetness, which is 
linked to the precipitation recovery after the dry periods of the first 
decade (Sylla et al., 2016; Dike et al., 2020). 

According to the temperature anomaly with more enhanced warm-
ing since the 2000s, we split the years into two periods, a period before 
the enhanced warming and that during the more recent warming to 
examine the contribution of precipitation and PET to changes in AI. 
Precipitation has dominant control over the changes in aridity across the 
region. Although the recent years are characterized with more signifi-
cant warming which leads to enhanced PET (Huang et al., 2016), the 
effect of PET was dominated by the changes in precipitation. The in-
crease in PET did not weaken the effect of precipitation. This suggests 
that precipitation exerts dominant control on the dry-wet condition even 
with elevated warming effect on PET over the west Africa region. This 
was also revealed in the spatial trend across the region for the whole 
study period. PET increased mostly across the entire region which leads 
to decrease in AI (Feng and Fu, 2013); however, precipitation increased 
more over most parts which caused an increasing trend in AI. The in-
crease in AI led to an expansion of the wetter zones as there was an 
increase in the area extent of the wetter areas. This led to the shrinking 
of the drier zones like the hyper-arid and arid zones as parts of these 
zones became wetter. 

The recent results show increased wetness in a warming climate; 
however, with the continuous warming of the earth’s climate, height-
ened levels of PET are expected under climate projection which may be 
greater than precipitation change (Sherwood and Fu, 2014). Increased 
PET may therefore dominate the effect of precipitation on the dry-wet 
condition. This may cause a reversal of the wetness over the region 
and lead to more drying and an expansion of the dry areas. This may also 
lead to an increase in associated dry conditions such as droughts and 
heatwaves, which will have severe implications on the region’s popu-
lation, especially with the expected increase in population (Mehboob 
et al., 2020). The expansion of dry areas due to strengthening aridity 
may have socio-economic and environmental impacts, which calls for 
more attention to effective land management practices (Onyutha, 2021). 
As a result of the dependency of several sectors on climate, such as 
agriculture, drying conditions will significantly affect the region 
(Oguntunde et al., 2020). The expansion of dry areas may also 
contribute to local/regional conflicts by affecting moisture availability 
and cattle feed. Vegetation is tightly coupled to moisture availability 
(Huber et al., 2011). Expanding dry areas may affect livestock feed and 
cause the migration of pastoralists from the dry areas to more vegetated 
areas, which may contribute to conflicts between the locals and the 
migrating pastoralists (Ajaero et al., 2015; Olaniyan, 2015). 

5. Conclusion 

Here in this study, we examined the aridity changes over the west 
Africa region in the past four decades characterized by elevated 

Fig. 7. Temporal variation of the area extent of aridity index zones.  

Table 2 
Changes in area coverage for each zone at two different periods.   

Hyper-arid Arid Semi- 
arid 

DSH Humid 

1979–1998 2.26 2.66 2.06 0.87 5.06 
2000–2019 1.98 2.65 2.26 0.93 5.18 
Difference 

(%) 
− 0.28 
(− 12%) 

− 0.02 
(− 1%) 

0.19 
(9%) 

0.06 
(7%) 

0.12 
(2%)  
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warming. We showed that the aridity change in the region is largely 
controlled by precipitation. Unlike the weakening effect of increased 
potential evapotranspiration (PET) on global dryland aridity changes in 
recent decades (Pan et al., 2021), precipitation dominates the aridity 
changes in west Africa. This indicates regional changes within the 
context of global aridity changes. It shows why it is important to 
continuously monitor aridity changes at the regional level, especially 
with the expected changes in global climate extremes (Stocker et al., 
2013). At what point will elevated warming through enhanced PET 
weaken the effect of precipitation over the region? If global warming 
crosses the 2 ◦C or 3 ◦C mark, how vulnerable will the region be to 
aridity changes? These are questions that still need to be answered. 
Therefore, future projection of aridity changes over the region in a 
warming climate is critical to building coping and mitigation strategies 
for the vulnerable areas to achieve sustainability of life on land. 

It is important to note that the data used in this study is a gridded 
dataset, which may include some bias, especially over the data-limited 
areas like the hyper-arid regions. This bias in the data may affect the 
derived aridity index estimations. It is therefore suggested that more 
datasets could be used for a more robust assessment for further studies 
on regional aridity conditions. Here, we presented the regional assess-
ment of the regional aridity changes over West Africa, a study that has 
not received much attention. We, therefore, call for more attention to 
focus on the dry-wet conditions associated with the recent enhanced 
warming using more robust datasets. 
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Weltz, M., 2019. Desertification. In: Shukla, P.R., Skea, J., Calvo Buendia, E., 
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