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A B S T R A C T   

Droughts will occur more extensively and frequently worldwide, where the increase in drought-sensitive area 
will further threaten the stability of global ecosystems. However, the distribution and changes of the drought- 
sensitive area remain unclear. Here we found the distribution and changes of the drought-sensitive area, 
humid type partition, and arid type partition of the propagation of meteorological drought to agricultural 
drought during the last 40 years via drought propagation analysis. We show that, globally, drought-sensitive area 
have increased significantly by 120 × 104 km2, an area equivalent to The Republic of South Africa (122 × 104 

km2), while the humid type partition has decreased significantly by 384 × 104 km2 which is larger than that of 
India (329 × 104 km2). It indicates that the risk of drought is increasing significantly globally. Asia and South 
America are facing the most critical situation among the continents. Notably, the increase of drought-sensitive 
area and the loss of humid type partition were concentrated in their transition areas, and 6.44 % of humid 
type partition are changing into drought-sensitive area globally. In these transformation areas, the largest area is 
forested and agricultural land, which will seriously threaten the stability of the global ecosystem and food 
security.   

1. Introduction 

Drought severely affects energy production, food, water, and a range 
of socio-economic activities (Mishra and Singh, 2010; Mondal et al., 
2023). Numerous studies have shown that, in the background of global 
warming, droughts are becoming more frequent, prolonged, and severe 
(Yin et al., 2023; Zhou et al., 2023). 

Droughts usually start with insufficient rainfall (meteorological 
drought) and propagate through the hydrological cycle over a period of 
time to affect soil moisture (agricultural drought) and then runoff, 
groundwater aquifers, and water reservoirs (hydrological drought) 
(Zhang et al., 2022a; Van Loon et al., 2013). Human communities and 
food security are threatened by severe agricultural droughts (Mishra and 
Singh, 2010; Zhang et al., 2021a, 2021b; Yang et al., 2020). More 
notably, under CMIP6 future projections emission scenarios, agricul
tural droughts are at serious risk in different regions of the globe (Jiang 
and Zhou. 2023; Zhang et al., 2023; Yang et al., 2023; Bouabdelli et al., 
2022; Lu et al., 2019). 

The drought-sensitive area is a crucial region deserving considerable 

attention. Current drought sensitivity studies have focused on evalu
ating the sensitivity of ecosystems or species to drought in a certain 
region to determine the extent to which drought affects ecosystems and 
carbon cycling processes, such as vegetation (Jiang and Zhou. 2023; Sun 
et al., 2023), forests (Zhang et al., 2022b; Anderegg et al., 2020; Hoff
mann et al., 2018; Scherrer et al., 2011), grasslands (Knapp et al., 2015), 
maize (Lobell et al., 2014), and so on. The study of ecosystem sensitivity 
to drought is necessary for ecosystem stabilization. Spatial information 
is important for the diagnosis of drought-related phenomena, and 
ecologists must study spatial patterns to enrich their understanding of 
the spatial processes occurring in the environment (Lin et al., 2011). 
Many scholars have made efforts to locate drought-sensitive area, for 
example, by constructing a system of indicators related to ecosystem 
functions to assess ecosystems and thus classify drought-sensitive areas 
(Li et al., 2022; Yan et al., 2016). Or, the Geographic Information System 
(GIS) and Remote Sensing (RS) techniques are used to classify drought- 
sensitive areas (Lin et al., 2011), and so on. At the same time, scientists 
have demonstrated that different regions have different sensitivities to 
the occurrence of droughts; For example, the risk of extreme events and 
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aridification is greater in arid and semi-arid regions (Fu et al., 2008; 
Zhao et al., 2020). Especially in semi-arid regions, which are particularly 
sensitive to climate change (Huang et al., 2017; Poulter et al., 2014). 
However, the current positioning of drought-sensitive area is vague and 
inconsistent. At a time when drylands are in danger of expanding and 
droughts are occurring more rapidly faster, it is urgent to locate drought- 
sensitive areas on a global scale. 

Ultimately, global vegetation and ecosystem services are highly 
dependent on soil moisture availability (Li et al., 2022). In the context of 
global change, the sensitivity of vegetation to soil moisture is generally 
increasing (Li et al., 2022; Gampe et al., 2021; Reichstein et al., 2013). 
Therefore, studying the sensitivity of soil moisture (agricultural 
drought) is important for both global ecosystem stability and food se
curity. Using the concept of drought propagation to explore sensitive 
areas is an approach that can be tried. The propagation process of the 
same degree of meteorological drought events is different in various 
parts of the world and can lead to different agricultural drought events 
(Apurv et al., 2017). Identifying potential hotspots where agricultural 
drought is highly sensitive to meteorological drought (where agricul
tural drought is particularly sensitive to changes in meteorological 
drought) is crucial in aiding decision-makers to develop optimal stra
tegies for drought prevention and response, and for controlling the 
expansion of drought areas in sensitive areas. At the global scale, 
exploring the spatial distribution and trends of drought-sensitive area 
remains a large gap. 

Currently, there have been significant milestones in drought propa
gation research. Most researchers study the propagation process of 
meteorological drought to other drought types from the perspective of 
drought propagation time. This includes analyses of drought propaga
tion time in various global regions (Mo et al., 2011; Huang et al., 2015; 
Zhang et al., 2021b; Xu et al., 2021), enhancements to the calculation 
method of drought propagation time (Li et al., 2022a; Zhou et al., 
2021b) and explore the influencing factors affecting drought propaga
tion time (Zhang et al., 2022c). However, there are obvious gaps. Firstly, 
the intensity and duration of agricultural droughts directly affect the 
stability of ecosystems compared to when meteorological droughts 
affect agricultural droughts. Therefore, it is crucial to shift the focus 
from solely the propagation time to also include the intensity and 
duration of agricultural drought events resulting from meteorological 
drought events. Secondly, most of the current studies have focused on 
regional or watershed scales and lack comparisons between different 
physical geographies on a global scale. An integrated exploration of 
drought propagation processes in terms of the drought characteristics of 
the drought itself should be given attention. Drought intensity and 
duration are indicators of drought severity. Based on the drought 
propagation index, the globe can be divided into partitions where the 
propagation of meteorological drought to agricultural drought is of 
equal intensity and duration (drought-sensitive area) and partitions 
where it is not (Zhou et al., 2019; Li et al., 2022b). A feasible method and 
attempt are provided to solve the above hypothesis. Applying this on a 
global scale and exploring the temporal and spatial variations of 
drought-sensitive areas can offer new insights into clarifying the drought 
propagation process. 

Here, we calculate the global spatial distribution of drought parti
tions from 1981 to 2020 and simulate the year-to-year changes of 
drought partitions using the random forest algorithm. Then analyze the 
temporal and spatial trends and impact mechanisms of drought parti
tions, especially drought-sensitive area, to provide crucial insights for 
clarifying the causes of drought occurrence and development. 

2. Material and methods 

2.1. Data 

2.1.1. Climate data 
The meteorological datasets (precipitation, temperature, total 

evapotranspiration, and potential evapotranspiration) used in this 
research were derived from ERA5-Land Reanalysis data provided by the 
European Centre for Medium-Range Weather Forecasts (ECMWF). We 
used the period of 1981 to 2020 at a monthly temporal resolution and a 
spatial resolution of 0.1◦. The data are publicly available and widely 
used (Zhou et al., 2021a, 2021b; Pelosi et al., 2020). 

2.1.2. Soil moisture data 
In this research, we focused on the analysis of topsoil drought. Data 

were obtained using volumetric soil water (0–––7 cm) data from ERA5- 
Land. We used the period of 1981 to 2020 at a monthly temporal reso
lution and a spatial resolution of 0.1◦. The agricultural drought index is 
calculated using soil moisture data. The data are publicly available. 

2.1.3. DEM data 
The DEM data use the Multiple Error Removal Improved Terrain 

Mapping (MERIT DEM) dataset, which has a spatial range between 90 N 
and 60 S and a spatial resolution of 3 sec. We have resampled the spatial 
resolution to 0.1 degrees to achieve a spatial match. The data are pub
licly available. 

2.1.4. Land cover data 
The NDVI data we used the Global GIMMS NDVI3g v1, which was 

published by the NOAA Global Inventory Monitoring and Modeling 
System (GIMMS) in a period from 1981 to 2015 (Pinzon et al., 2014; 
Tucker et al., 2005). This data are publicly available. 

ESA CCI Global Land Cover product was used in this study. The time 
scale is 1992–2015 and the spatial resolution is 300 m. The land cover 
classification of this dataset using the UN-LCCS was defined to meet a 
variety of models and practical applications. To achieve a spatial match 
we unified the resolution of all influencing factors to 0.1 degree. This 
data is publicly available (Defourny et al., 2017). 

2.2. Methods 

2.2.1. Drought index 
We used the Standardized Precipitation Index (SPI) (Mckee et al., 

1993) for meteorological drought and the Standardized Soil Moisture 
Index (SSMI) (Sheffield et al., 2004) for agricultural drought. The SSMI 
can be defined similar to the commonly used SPI that has been used in a 
wide variety of studies, which uses the normal quantile transformation 
to standardize the index (specifically to make the drought index 
spatiotemporally comparable) (Zhu et al., 2021). The difference be
tween the two is that SPI takes precipitation as its parameter input while 
SSMI takes soil moisture as its parameter input. SSMI and SPI have 
multiple timescales, with each representing various drought and flood 
conditions. 

The drought propagation index is a variable that quantifies the 
process of propagation of drought features (Li et al., 2022b). The 
improved Drought Duration Propagation Index (DDP) and Drought In
tensity Propagation Index (DIP) were selected to represent the propa
gation of drought duration and drought intensity, respectively, during 
the propagation of meteorological drought to agricultural drought. 

The formulae are: 

DDP =
SDSSMI1− Ln

MDSPIn− Ln
(MD ∕= 0) (1)  

DIP =
SISSMI1− Ln

MISPIn− Ln
(MI ∕= 0) (2) 

where n represents the dry-wet meteorological to dry-wet agricul
tural propagation time. In this study, the Pearson correlation coefficient 
(PCC) was chosen to ascertain the propagation time (PT) from meteo
rological drought to agricultural drought. The SPI accumulation period 
(n) corresponding to the maximum Pearson correlation coefficient was 
used as the PT of meteorological drought to agricultural drought. 
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MISPIn− Ln and SISSMI1− Ln are the mean values of the drought se
quences corresponding to SPI and SSMI, respectively, and MDSPIn− Ln and 
SDSSMI1− Ln are the total drought duration of the drought sequences 
corresponding to SPI and SSMI, respectively. For detailed calculations, 
please refer to the reference (Li et al., 2022b). The grading of the 
drought propagation index is shown in Table 1: 

2.2.2. Drought partition 
By combining the DIP and DDP classifications, the global drought 

partition (DP) can be classified into nine regions. The specific division is 
shown in Table 2. We focus on exploring the three key drought parti
tions, Drought-sensitive area (per-per type drought propagation parti
tion, P-P V), Arid type partition (arid type drought propagation 
partition, Arid I), and Humid type partition (humid type drought 
propagation partition, Humid IX). The partitioning standards are spec
ified as shown in Table 2: 

In the humid type partition, where the meteorological drought in
tensity is weaker than agricultural drought intensity (DIP > 1.1) and 
meteorological drought duration is higher than agricultural drought 
duration (DDP < 0.9), In this region, the duration of agricultural 
drought is shorter than that of meteorological drought, but the intensity 
and destructiveness of agricultural drought is high. In the arid type 
partition, where the meteorological drought intensity is greater than the 
agricultural drought intensity (DIP < 0.9) and the meteorological 
drought duration is short compared to the agricultural drought duration 
(DDP > 1.1), In this region, the intensity of the agricultural drought is 
low but the frequency of occurrence is high. In the drought-sensitive 
area, where the propagation of meteorological drought to agricultural 
drought is equivalent, and the duration and intensity of meteorological 
drought are close to those of agricultural drought. In this region, agri
cultural drought is sensitive to the response to meteorological drought. 
Except for these three drought partitions, other drought partitions are 
smaller in area and are not of concern for the time being. 

We calculated the turning year of area change for each drought 
partition in each continent from 1981 to 2020. If the frequency of 
occurrence of a drought partition before the turning year in the grid 
point of that continent is less than 50 %, and the frequency of occurrence 
of that partition after the turning year is greater than 50 %, the grid 
point is defined as the increased area of this partition. Conversely, it 
defines the grid point as the lost area of this partition. A grid point is 
defined as a holding area for this partition if it occurs more than 50 % of 
the time in both the period before and after the turning year. When the 
trend of area change of a drought partition in a continent is not signif
icant (P > 0.05), the turning year of global drought partition is used. 

2.2.3. Mann-Kendall (M− K) trend test and turning year diagnosis 
The Mann-Kendall (M− K) trend test is a non-parametric method 

recommended by the World Meteorological Organization for analyzing 
trends in time series. In this paper, P < 0.05 indicates that the series has 
a significant increasing or decreasing trend at the 0.05 confidence level, 
and P < 0.01 indicates that the series has a significant increasing or 
decreasing trend at the 0.01 confidence level (Güçlü et al., 2020; Kisi 
et al., 2014; Gocic et al., 2013). 

The Cumulative Offset Verification (COV) method was utilized to 
diagnose the turning year. The COV method is a nonlinear statistical 
method to visually determine the trend of discrete data points from a 
curve. From the fluctuation of the curve, we can determine the turning 
year (Zhang et al., 2015; Weber et al., 2004). 

2.2.4. Random forests 
Random Forests (RF) is the most representative algorithm in the 

Bagimng integration method, which as published by Breiman in, 2001, 
is an algorithm based on classification trees. It raises prediction accuracy 
by combining numerous classification trees to create a “forest” without 
significantly increasing computational power (Li et al., 2013). The 
method exhibits a high tolerance for unusual values and noise, is not 
easily overfitted, and has a broad range of applications across multiple 
fields (Lu et al., 2012; Zhang et al., 2022d). 

The simulation inference process of the RF model is as follows: 
firstly, given a training set F (Yi, Xi) with N samples, Yi represents the 
simulation’s target variable and Xi is the feature variable with p di
mensions, a training model is derived, followed by adjustment of the 
model parameters, and finally the simulation set is brought into the 
optimized model and simulated. 

F(Yi,Xi), i = 1, ...,N (3)  

Xi = X1
i ,X

2
i ,X3

i , ...,X
p
i (4) 

In this paper, the target variable Yi in the training set is the value of 
the global drought partitions from 1981 to 2020 calculated using the 
drought propagation index. Because a lower number of classifications 
leads to more accurate simulated results, the drought partitions are 
consolidated into one type except for arid type partition, drought- 
sensitive area, and humid type partition. The chosen characteristic 
variables include precipitation, soil moisture, temperature, total 
evapotranspiration, potential evaporation, land use, NDVI, and DEM. 
For land use and land cover, the selected type corresponds to the one 
with the highest frequency at each grid point. The simulation dataset 
comprises yearly data for precipitation, soil moisture, temperature, total 
evaporation, and potential evaporation across 1.3 million global grid 
points from 1981 to 2020, and NDVI, land use and land cover, and DEM 
are consistent with the training set. Simulations using the optimized 
model yielded year-by-year drought partitions globally. 

3. Results 

3.1. Global drought partition from meteorological drought to agricultural 
drought propagation 

We have used the Drought Duration Propagation Index (DDP) 
(Fig. 1a) and the Drought Intensity Propagation Index (DIP) (Fig. 1b) to 
classify the global drought partition (Fig. 1c). We focus on three key 
drought partitions: Humid type partition, Drought-sensitive area, and 
Arid type partition. Among these, the drought-sensitive area is the most 
widely distributed, covering 38 % of the globe (Fig. 1c, region V), in 
which the land–atmosphere interaction is strong (Dirmeyer, 2011; Gao, 
2018; Hua et al., 2013; Wei et al., 2008) and further plays a role in 
regulating thermal conditions and influencing precipitation (Bellucci 
et al., 2015; Seneviratne et al., 2010), and where meteorological 
droughts have a direct impact on agricultural droughts, while agricul
tural droughts also greatly influence meteorological droughts. 

Within the remaining drought partitions, agricultural drought is 
insensitive to variations in meteorological drought, and variations in the 
duration and intensity of meteorological drought have no significant 
impact on agricultural drought. Among these, the humid type partition 
covers 29 % of the global area (Fig. 1c, region I). In this region, water is 

Table 1 
The grading of the drought propagation index.  

DDP or DIP Index range 

(0,0.9) Weak (w) 
[0.9,1.1) Peer-to-peer (p-p) 
(1.1, +∞) Strong (s)  

Table 2 
Division of drought partition.  

DDP 
DIP 

Strong Peer-to-peer Weak 

Weak Arid I IV VII 
Peer-to-peer II P-P V VIII 
Strong III VI Humid IX  
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sufficient and evaporation is determined by energy. The soil retains 
significant moisture and has a buffering effect against the onset of 
meteorological drought, which does not lead to a rapid decrease in soil 
moisture (Dirmeyer et al., 2006; Gao, 2018; Muñoz-Sabater 
et al., 2021). The roots of plants are well-developed, and they are more 
resilient to the change of dry-wet surface soil (Huang et al., 2015; Zhou 
et al., 2021a). The occurrence of meteorological drought does not 
necessarily trigger agricultural drought, but when meteorological 
drought leads to agricultural drought, the intensity of the agricultural 
drought is severe and the impact is significant. 

The arid type partition covers 8 % of the global area (Fig. 1c, region 
IX). In this region, the geographical location of the region determines 
that water conditions are very tight, evaporation is determined by water 
(Gao, 2018; Liu et al., 2010; Zhang et al., 2001), soils may even be sandy 
(Gao, 2018), small amounts of precipitation are not sufficient to alle
viate or affect agricultural drought (Wang, 2014), agricultural drought 
is insensitive to changes in meteorological drought. Apart from these 
three drought partitions, other drought partitions are smaller in area and 
are currently not a concern. 

Spatially, the drought partitions in the middle and low-latitude re
gions are more consistent with the climatic regions. The drought- 
sensitive area is mainly located in semiarid and dry subhumid climate 
areas, with major land use types being woodland (38 %), grassland (29 
%), and agricultural areas (24 %). The humid type partition is mainly 
located in the humid climate region, with major land use types being 
woodland (54 %) and agricultural area (23 %). The arid type partition is 
mainly located in the arid climate region, with major land use types 
being grassland (61 %) and bare land (23.5 %). In the higher latitudes, 
drought-sensitive area and humid type partition are dominant. 

3.2. Global drought-sensitive area are expanding 

We simulated the annual spatial distribution of drought partitions 
worldwide from 1981 to 2020 by using the random forest classification 
algorithm. We found that the area of the drought-sensitive area 
increased significantly (P < 0.05), the turning year was 2002. The 
average area of the drought-sensitive area from 2003 to 2020 increased 
by about 120 × 104 km2 compared to 1981–2002 (Fig. 2), which is 
equivalent to the size of The Republic of South Africa (122 × 104 km2), 
and the increase accounted for 3 % of the actual area of the drought- 
sensitive area. The area of the humid type partition had a significant 
tendency to decrease (P < 0.05), with the turning year was 2001. The 
average area before and after the turning year decreased by about 384 ×
104 km2 (Fig. 2), which is larger than that of India (329 × 104 km2), and 
the reduced area accounted for 11.5 % of the humid type partition. The 
trend in the arid type partition was not significant (Fig. 2). The area 
sensitive to agricultural drought triggered by meteorological drought is 
expected to gradually increase, which will seriously threaten the sta
bility of global ecosystems and food security. 

The trends in the area and the year of mutation vary for each drought 
partition on every continent (Table 3). Specifically, only in Asia and 
South America, the area of the humid type partition disappear signifi
cantly, and the area of the drought-sensitive area increases significantly, 
indicating these continents are facing the most severe situation, and the 
entire continent’s ecosystem is becoming progressively more sensitive. 
Among these, the humid type partition in South America experienced 
the largest loss of area, totaling 154 × 104 km2, accounting for 20.7 % of 
the actual humid type partition area of the continent, Simultaneously, 
the drought-sensitive area saw the largest percentage increase of 10.7 %. 
Although the area of the humid type partition Asia decreases more and 
the proportion of this area is the smallest (7 %), the drought-sensitive 
area increases the most, reaching 67 × 104 km2. The area of both the 

Fig. 1. a. Propagation of meteorological drought duration to agricultural drought for the years 1981 to 2020; b. Propagation of meteorological drought intensity to 
agricultural drought for the years 1981 to 2020; c. Spatial distribution of global drought partitions from 1981 to 2020 (I: Humid type drought propagation partition 
(Humid type partition); V: Per-per type drought propagation partition (Drought-sensitive area); IX: Arid type drought propagation partition (Arid type partition)). 
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humid type partition and the drought-sensitive area in Oceania 
decreased significantly, with the maximum percentage reduction per
centage observed in the drought-sensitive area at 19.7 %. 

Africa and North America showed a significant decreasing trend in 
the area of the humid type partition, but the trend in the area of the 
drought-sensitive area was not significant. The largest percentage of 
areas with reduced humid type partition in Africa was 22.6 %. None of 
the area trends of the European drought partitions were significant. In 
summary, South America’s situation has become even more serious, 
with the entire continent’s ecosystems becoming progressively more 
sensitive. 

3.3. Global drought-sensitive area increase from humid type partition 

For better and more accurate early warning of droughts, we further 
analyzed the spatial locations of the area increased, lost, and holding 
areas of humid type partition and drought-sensitive areas in each 
continent (Fig. 3a). The increased areas of drought-sensitive area are 
primarily concentrated in the areas of its transition with the humid type 
partition, and the decreased areas of drought-sensitive area are pri
marily concentrated in the areas of its transition with the arid type 
partition. There is an interconversion of the area of the three key 
drought partitions, and the ecosystems in these transformed areas are 
facing more serious challenges. Among them, 56 % of the loss area of the 
humid type partition was transformed into a drought-sensitive area, and 
22.9 % of the increased area of the arid type partition was transformed 
from a drought-sensitive area. From this, we can see that the world is 
facing a situation where the humid areas become sensitive and the 
sensible areas become arid. 

The transformed areas from humid type partition to drought- 
sensitive area is the largest, while according to the current develop
ment trend, the area will further expand. We should focus on trans
formed areas to prepare for possible future changes. Typical areas of 
these transformed areas are distributed on all continents (Fig. 3). For 
example, in the Central Siberian Plateau in Asia, the main land use types 
are coniferous forests (44 %) and steppes (11.6 %). The region of agri
cultural land (63 %) in the Volyn-Podilsk Upland in the territory of 

Ukraine and the Paris Basin in the western part of the Western European 
Plain in Europe. Broadleaf forests (66 %) in the southern, western, and 
northern ring-margin areas of the Congo Basin in Africa. Broadleaf 
forests (50.1 %) and scrub areas (14.3 %) in the Great Divide of Oceania. 
The southern edge of the Amazon Plain-Paraguay Basin-La Plata Plain- 
Pampas region of South America, where the main land use types are 
evergreen deciduous forest (34 %), agricultural land (15.6 %) and scrub 
(11.3 %). In North America, lichens and mosses (25.5 %) in the area 
north of 60◦N, grasslands (10 %), and agricultural lands (7.6 %) in the 
range 30-40◦N 99-93◦W in the Great Plains. The largest proportion of 
transformation areas worldwide is forest (47 %), followed by agricul
tural land (18.5 %), which will seriously threaten global ecosystem 
stability and food security. 

4. Discussion 

The main impact mechanisms are different for each drought partition 
(Fig. 4). As previously stated, evapotranspiration is limited by moisture 
conditions in the arid type partition and by energy in the humid type 
partition. Only in drought-sensitive areas does soil moisture play a role 
in regulating thermal conditions and influencing precipitation due to 
land–atmosphere interactions (Bellucci et al., 2015; Seneviratne et al., 
2010). Drought-sensitive regions are primarily focused in areas of 
transition of dry-wet climatic conditions and are areas where land
–atmosphere interaction is particularly strong (Wei et al., 2008; Hua 
et al., 2013; Gao, 2018; Dirmeyer, 2011). Soil moisture has a controlling 
effect on evapotranspiration, which influences surface energy distribu
tion (Bellucci et al., 2015; Seneviratne et al., 2010). In drought-sensitive 
areas, the value of precipitation lies between potential and actual 
evapotranspiration, where a portion of the precipitation affects soil 
moisture. In this region, meteorological drought has a direct and sig
nificant impact on agricultural drought through land–atmosphere in
teractions. In addition, ecosystems in drought-sensitive areas have a 
degree of vulnerability. Among the continents, Europe has the largest 
proportion of drought-sensitive area (62 %), showing that agricultural 
drought is highly sensitive to the occurrence of meteorological droughts 
across the continent. This explains the particularly strong soil water 

Fig. 2. Trends in the area of key drought partitions at global and continental scales from 1981 to 2020 (Red color indicates a significant change trend). (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 3 
Characteristics of changes in each drought partition for each continent.  

Continent Key drought partitions Trend P-value Turning year Area changes (×104 km2) Proportion of the area of the drought partition (%) 

Asia Humid Downward P < 0.05 2006 − 100  − 7.19 
Sensible areas Upward P < 0.05 2006 +74  4.84 

South America Humid Downward P < 0.01 2002 − 154  − 20.75 
Sensible areas Upward P < 0.01 2002 57  10.69 

Europe Humid Downward P > 0.05 2001 − 30  − 11.44 
Sensible areas Upward P > 0.05 2002 26  4.42 

North America Humid Downward P < 0.01 1997 − 67  − 10.64 
Sensible areas Downward P > 0.05 2002 3  0.3 

Africa Humid Downward P < 0.01 2000 − 63  − 22.6 
Sensible areas Downward P > 0.05 2002 − 2  − 0.34 

Oceania Humid Downward P < 0.05 1992 − 8  − 15.31 
Sensible areas Downward P < 0.01 2001 − 22  − 19.68  
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deficit and more severe drought in Europe compared to other regions in 
a global warming context (Rousi et al., 2022; Vogel et al., 2017; Miralles 
et al., 2014; Seneviratne et al., 2010). 

The major driver of the rapid loss of the global humid type partition 
and the significant increase in the area of the drought-sensitive area is 
climate change (Fig. 4b). Climate changing signals include higher tem
peratures, increased evaporation losses, reduced snowfall and snow 
cover, as well as heightened soil moisture deficits and runoff (Cook et al., 
2018). At the same time, global climate change further exacerbates 
land–atmosphere feedbacks, directly or indirectly increasing the 

frequency of drought events. (Dirmeye, 2013; Alizadeh, 2020). 
Other factors influence the process of drought propagation by 

affecting the local climate. The highest trend of transformation from 
humid type partition to drought-sensitive area in South America may be 
due to the massive deforestation of tropical forests (Kaplan et al., 2011; 
Pongratz et al., 2008; Ramankutty et al., 1999). Since the 2000 s, the 
consequences of heavy rainforest deforestation have gradually emerged, 
most notably in the form of changes in surface biophysical properties (Li 
et al., 2015; Davin et al., 2010; Bonan et al., 2008), leading to regional 
warming and drying (Smith et al., 2023; Lawrence et al., 2015; Costa 

Fig. 3. Spatial variation characteristics of global humid type partition and drought-sensitive area before and after turning year (a. Spatial divisions of area 
increased, lost, and holding before and after turning year in the humid type partition; b. Spatial divisions of the area increased, lost, and holding before and after 
turning year in the drought-sensitive area; c. The area of increase and decrease of the humid type partition before and after the turning year in each continent (AF: 
Africa, NA: North America, AS: Asia, SA: South America, EU: Europe, OA: Oceania); d. The area of increase and decrease of drought-sensitive area before and after the 
turning year in each continent.); e. Area of transition of the lost area in different drought partitions to other drought partitions (unit:104 km2, H: Humid type 
partition, S: Drought-sensitive area, A: Arid type partition). 
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et al., 2000; Zhang et al., 1996). Deforestation of tropical rainforests 
responds differently on each continent. Many studies using climate 
models generally conclude that Amazonian logging has the greatest 
impact on climate change of any continent (Li et al., 2022c; Kooperman 
et al., 2018; Mahmood et al., 2014). This explains the significant 
decrease in the area of humid type partition, the significant increase in 
the area of drought-sensitive area in South America, and the rapid rate of 
change. It also explains the non-significant increase in the area of 
drought-sensitive area in the Congo Basin in Africa, despite the signifi
cant loss in Humid type partition. 

Finally, this study provides a preliminary breakdown of the spatial 
and temporal variability and attribution of the global drought-sensitive 
area, which offers new ideas for studying the drought propagation 
process. However, the main consideration was the impact of climate 
variability on the distribution of drought, and other influencing factors 
can be added in the future research process, such as taking into account 
the impact of human activities on the partitioning of droughts. 

5. Conclusions 

The increase in the drought-sensitive area will seriously threaten the 
stability of global ecosystems. This study uses the drought propagation 
method to explore the distribution and variation of drought propagation 
from global meteorological drought to agricultural drought 
propagation. 

The results show that the drought-sensitive area is the most widely 
distributed globally and agricultural drought in this area is more sen
sitive to meteorological drought. Drought partitions in the middle and 
low-latitude regions show a high degree of consistency with climatic 
regions, and the drought-sensitive area is mainly focused in semi-arid 
and dry sub-humid climates. Over the past 40 years, globally, there 
has been an increase of 120 × 104 km2 in the area of drought-sensitive 
area (equivalent to the area of The Republic of South Africa) and the 
area of the humid type partition (humid type drought propagation 
partition) has decreased by 384 × 104 km2 (an area larger than India). 
Among the continents, Asia and South America are facing the most 
critical situation, the area of humid type partition shows a significant 
decreasing trend, and the area of drought-sensitive area shows a sig
nificant increasing trend. It is noteworthy that 58 % of the area of the 
drought-sensitive area increase is transformed from the humid type 
partition. 

With global climate change, the world faces the risk of gradually 

becoming progressively more sensitive and arid, and previously stable 
soil moisture may become sensitive to meteorological drought. Soils in 
areas that were previously sensitive to meteorological drought may 
become progressively degraded, with irreversible consequences. Mean
while, in the transformation area, the food-producing area accounts for a 
relatively large area, which will seriously threaten global food security. 
The development of the drought-sensitive area should be the focus of 
future research. 
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