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Abstract 
The low-latitude highlands (LLH) of China are subject to highly variable and 
complex climatic conditions, shaped by the combined influences of monsoonal 
systems and mid- to high-latitude forcing. These climatic complexities pose 
persistent challenges to local agricultural sustainability and ecological security, 
underscoring the need for in-depth investigations into drought dynamics in 
this region. To address this gap, a sliding‑window trend analysis was employed 
to examine long‑term drought trends, using the Standardised Precipitation 
Evapotranspiration Index (SPEI) derived from temperature and precipitation 
datasets spanning 1901-2020. Results demonstrate a consistent escalation in 
drought severity across all four seasons in China’s LLH, with summer and au-
tumn exhibiting more pronounced drying tendencies—autumn shows the 
strongest up-ward trend in drought intensity. Running trend analysis further 
confirms a marked intensification of drought conditions in the region since 
the 1990s. Spatially, drought has intensified in most parts of the LLH during 
summer and autumn, driven by the combined effects of reduced precipitation 
and simultaneous warming; conversely, the northeastern LLH has seen a mit-
igation in drying, mainly attributed to increased precipitation. A statistically 
significant warming trend in summer and autumn since the 1990s has also 
been observed in the LLH. 
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1. Introduction 

The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Re-
port on Climate Change noted that surface temperatures in China have risen by 
0.8˚C over the past century [1]. There were two main warming periods in the 20th 
century, with the most recent one occurring after the 1980s [2]. The continuous 
warming of the climate system will lead to more frequent and severe meteorolog-
ical disasters in China in the future [3] [4]. Global climate change will increase the 
frequency and intensity of extreme meteorological disasters in China, among which 
drought-related losses account for more than half of total losses from meteorolog-
ical disasters [5]. As a natural disaster with the longest time span and the widest 
distribution in China, drought is extremely harmful [6] [7]. It not only causes huge 
economic losses to people’s daily lives but also leads to problems such as reduced 
or complete failure of grain crop yields, production shutdowns due to reduced 
industrial water use, and land desertification [8]. 

The drought index is usually constructed from meteorological, hydrological, 
soil, and satellite remote sensing data [9]. It is designed to monitor drought by 
integrating climatic variables, such as precipitation, evapotranspiration, and tem-
perature [10]-[12]. It can represent the beginning and end of drought, as well as 
its duration, intensity, and spatial coverage [13]. Drought indices are usually clas-
sified into two categories based on the factors causing drought [14]. The first type 
of Index considers only a single influencing factor to characterize drought inten-
sity, such as the Standardized Precipitation Index (SPI) [15] [16]. In 1993, McKee 
proposed the SPI index while studying the drought in Colorado, USA. This index 
assumes that precipitation follows a statistical distribution, thereby overcoming 
the theoretical defect that precipitation must follow a normal distribution in the 
calculation of precipitation anomaly percentage [15]. As the SPI index focuses solely 
on precipitation and neglects the influence of other factors, especially evapotran-
spiration driven by rising temperatures, the SPI drought index can only explain 
the mechanism of partial drought [17]. Therefore, a multi-factor drought index was 
proposed that accounts for two or more factors that cause droughts. For example, 
the Standardized Precipitation Evapotranspiration Index (SPEI) proposed by Vi-
cente Serrano is now widely used internationally for monitoring and studying 
changes in drought [18]-[20]. The SPEI was constructed from the SPI index using 
the Thornthwaite method and accounting for potential evapotranspiration based 
on temperature [21] [22]. This index has a significantly better effect on drought 
monitoring than the SPI index [23]. Given the potential increase in evapotranspi-
ration due to global warming, SPEI is more suitable than SPI for monitoring 
drought [24]. 

As an important base for agricultural and sideline products and grain produc-
tion in our country, the low-latitude highlands (LLH) of China have a complex 
terrain, including the Qinghai-Xizang Plateau, the Yunnan-Guizhou Plateau, and 
the Hengduan Mountains [25] [26]. The low-latitude highlands of our country are 
influenced by the strong East Asian monsoon and by weather systems in the mid-
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dle and high latitudes, and climate change is complex [27]-[29]. Winter and spring 
are the dry seasons on low-latitude highlands, while summer and autumn are the 
wet seasons, with wet season precipitation accounting for 80% - 90% of the annual 
precipitation [30]. Studies show that the reduction in water vapor supply and the 
rise in temperature are the key factors leading to drought [31]-[34]. The insuffi-
cient supply of water vapor leads to less precipitation, causing drought in the low-
latitude highlands of our country [35]. In addition to the contribution of water 
vapor supply, the more intense and longer-lasting droughts observed in many re-
gions are closely related to the increase in ground temperature. At above-average 
temperatures, air humidity is less likely to reach saturation, resulting in reduced 
precipitation. At the same time, higher temperatures increase surface evaporation, 
leading to drought [36]-[38]. Evidence suggests that extreme drought events in 
low-latitude plateau regions are closely linked to high temperatures, as seen in the 
2009 autumn drought [39]. Against the backdrop of global warming, previous stud-
ies have found that drought on low-latitude highlands of China has intensified 
since 1982 [40]-[45]. The intensification of this drought trend may be due to rising 
temperatures. The calculation of trends depends on the selected time. Previous 
studies have mostly analyzed trends using data from after 1980. On the one hand, 
if the selected period is short, it may not reflect the changes in the drought trend 
[46]. On the other hand, if the sliding trend method is chosen to obtain a stable 
positive (negative) trend over a given period, the trend minimization calculation 
will be affected by the selected period [47]. Based on this, the paper will use drought 
data on a longer timescale to analyze the drought trend on low-latitude plateaus 
in China. Using the sliding trend analysis method, the stability of drought trends 
on low-latitude highlands and the effects of temperature and precipitation on 
drought were examined. 

2. Materials and Methods 
2.1. Materials 

This paper uses the Standardized Precipitation Evapotranspiration Index (SPEI) 
developed by Vicente-Serrano et al. [18] [19]. to examine drought trends on LLH. 
This index can be used to monitor and evaluate drought characteristics lasting for 
1 month or longer [48]. The data is sourced from the Spanish Drought Data Cen-
ter, with a spatial resolution of 0.5˚ × 0.5˚, and the selected data length is monthly 
from January 1901 to December 2020. The rainfall and surface temperature data 
are from the CRU dataset at the University of East Anglia, with a spatial resolution 
of 0.5˚ × 0.5˚, and the selected data length is monthly from January 1901 to De-
cember 2020. Previous studies have evaluated the SPEI [49] and the CRU dataset 
[50] using observational data from meteorological stations in China. The results 
show that both datasets accurately reflect drought conditions, temperature changes, 
and precipitation trends in China [51]. After verification, these data are highly cred-
ible in China due to their high spatiotemporal resolution and reliability, providing 
a solid foundation for further climate research. The Digital Elevation Model (DEM) 
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data are derived from 1:250,000 contour lines and 1 km high-precision elevation 
point data from the National Tibetan Plateau Data Center, including altitude, hill 
shade, slope, and aspect [52]. 

2.2. Methods 

LLH in China refers to the area south of 30˚N in East Asia with an average altitude 
of over 1000 meters per 0.5˚ grid cell. According to the research by Wang Lin et 
al., the study area is defined as 22˚N-28˚N and 97˚E-106˚E, covering the north-
west of Guangxi, Yunnan, the south of Sichuan, and the west of Guizhou [53]. To 
construct the regional mask at 0.5˚ resolution, the original DEM was resampled 
to 0.5˚ grids using bilinear interpolation. Grid cells with an elevation of 1000 m or 
lower were excluded. Regional mean SPEI series were then calculated using 
area‑weighted averaging, where the weight for each grid cell is the cosine of its 
latitude. Figure 1 shows the regional scope of LLH. This article will focus on the 
trends in drought during the wet season (summer and autumn) in this region. 

 

 
Figure 1. Topographic map of low-latitude highlands in China (unit: m). 

 
To smooth interannual variability while preserving decadal signals, a 20‑year 

moving window was used to calculate sliding trends. For each starting year i, data 
from year i to i + 19 were selected, and the linear trend was estimated using the 
least squares method. The window was shifted forward year by year, covering the 
period 1901-2020. Trend significance was assessed using the Mann-Kendall test 
[54]-[56], with Sen’s slope estimator applied to determine trend magnitudes. Se-
rial autocorrelation was examined using the autocorrelation function (ACF) prior 
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to trend testing. Significance levels were evaluated at 90% (p < 0.10), 95% (p < 
0.05), and 99% (p < 0.01). The reference period for SPEI calculation was the 1901-
2020 climatological average. 

3. Results 
3.1. Changes in the SPEI of LLH 

Figure 2 presents the SPEI time series for spring, summer, autumn, and winter in 
the LLH over the period 1901-2020. The results reveal considerable interannual 
variability across all four seasons, reflecting the complex fluctuations in dry-wet 
conditions in this region. To extract low-frequency variations within the SPEI 
time series, a nine-year low-pass filter was applied to each seasonal series. The 
filtered results show that summer SPEI exhibited a declining trend after 2000, 
while autumn SPEI began to decrease noticeably after the 1990s, indicating an 
accelerated drying process in these two seasons in recent decades. 

A long-term trend analysis of SPEI for the four seasons reveals a consistent 
downward trend across all seasons, suggesting a sustained strengthening of 
drought conditions throughout the year in the LLH region. The drying trend is 
particularly pronounced in summer and autumn, with SPEI decreasing by 0.183 
and 0.452 per 120 years, respectively, both of which are statistically significant at 
the 99% confidence level (p < 0.01). In contrast, spring and winter exhibit rela-
tively smaller decreasing magnitudes and weaker trend significance. These find-
ings indicate that the long-term drying trend is stronger in summer and autumn 
than in spring and winter. Comparing the long-term trends between summer and  

 

 
Figure 2. SPEI time series from 1901 to 2020: the blue line is the SPEI, the black line is the trend of SPEI, the orange line is the 9-
year low-pass-filtered time series. DJF is winter, MAM is spring, JJA is summer, and SON is autumn. 
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autumn further shows that autumn SPEI exhibits a faster decline rate and greater 
magnitude, reflecting a more pronounced drought intensification. Overall, the 
drying trend in the LLH region is not only prominent in summer but is especially 
severe in autumn. 

3.2. The Long-Term Trend of Drought in LLH 

To examine the spatial variability of climatic trends over the past century, Figure 
3 presents the spatial trend distribution of SPEI, precipitation, and near-surface 
temperature from 1901 to 2020. In summer, SPEI shows a weak upward trend 
only in the northeastern part of the LLH, while the central and northern parts 
show a weak downward trend, and the SPEI in the southern part shows a signifi-
cant downward trend (Figure 3(a)). The overall spatial distribution in summer is 
characterized by localized wetting in the northeast and widespread drying in other 
regions, especially the south. An analysis of the summer precipitation trend re-
veals a spatial pattern similar to that of SPEI (Figure 3(d)). The overall tempera-
ture shows an upward trend, with a significant increase in temperature in the 
western part of the region (Figure 3(g)). Figure 3(b) shows that the LLH exhibits 
a significant drought trend in autumn, concentrated in the western part; overall 
precipitation shows a downward trend, and compared with the west, the east 
shows a more significant downward trend (Figure 3(e)). On the contrary, the  

 

 
Figure 3. Long-term trends of SPEI over China low-latitude highlands from 1901 to 2020 
summer, autumn, wet season ((a)-(c), unit: year−1), Precipitation ((d)-(f), unit: mm/year−1), 
Ground air temperature ((g)-(i), unit: ˚C/year−1), black dots indicate that the linear trend 
passes the 90% significance MK test. 
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overall temperature shows an upward trend, and the westward trend is more signif-
icant than that in the east. Analysis of the distribution of autumn drought shows 
that decreases in precipitation and increases in temperature are conducive to drought 
formation (Figure 3(h)). The overall spatial distribution of drought in the LLH 
during the wet season is the same as in autumn, but the downward trend is weaker. 
Precipitation generally shows a downward trend, with a significant decline in the 
south. The spatial characteristics of temperature distribution are the same as those 
in summer and autumn. By comparing the distributions of drought trends in sum-
mer, autumn, and the wet season, precipitation in the northeastern LLH shows 
significant differences across seasons: an increasing trend in summer and decreas-
ing trends in autumn and the wet season. Correspondingly, SPEI shows a humid 
trend in the northeast in summer, and a widespread dry trend in autumn and the 
wet season. This highlights that reduced precipitation has consistently contrib-
uted to drought in this region. 

3.3. The Trend of Sliding Drought in LLH 

To reduce dependence on the choice of time intervals, a 20‑year sliding‑window 
linear trend analysis was applied to the SPEI series for summer, autumn, and the 
wet season in the low‑latitude highlands (LLH) over the period 1901-2020 (Figure 
4). The results show that since 1990, summer SPEI exhibited a persistent down-
ward trend, with particularly significant declines during 1994-1997. In contrast, 
autumn experienced an earlier onset of drying, entering an intensified drought 
phase as early as 1980, followed by a sustained significant negative trend from  

 

 
Figure 4. Based on the linear trend of the 20-year sliding window, the color deepening curve indicates that the linear trend passes 
the 90% significance MK test. The 1950 point on the graph indicates the slope of the linear trend in the SPEI data for the 1950-1970 
window. 
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1986 to 1994. The wet season exhibited a pattern similar to that of summer, with 
a stable downward trend beginning in 1990 and a marked significant decline dur-
ing 1994-1996. 

Taken together, these findings indicate that the LLH region entered a consistent 
drought‑formation phase around 1990, with downward trends in SPEI persisting 
through 2020. This suggests that drought conditions in the region remained stead-
ily intensifying over the period 1990-2020, reflecting a sustained and phase-char-
acteristic drying process. 

3.4. Drought Trend in LLH since 1990 

For examining the spatial patterns of drought trends in the LLH region since 
1990, Figure 5 displays the spatial distributions of trends in SPEI, precipitation, 
and 2‑meter surface air temperature from 1990 to 2020. In summer, the SPEI in 
the northeastern part of the LLH shows a weak upward trend, while other regions 
show a downward trend, with a significant decrease in the northwest (Figure 
5(a)). This indicates that in summer, the LLH presents a spatial distribution of 
wetness in the northeast and aridity in other regions. The trend of precipitation 
is broadly consistent in direction with that of SPEI but differs in magnitude and 
significance. Unlike SPEI, precipitation in the northeastern part of this region 
shows a significant increasing trend, while precipitation in the northwestern and  

 

 
Figure 5. Long-term trends of SPEI over China low-latitude highlands from 1990 to 2020 
summer, autumn, wet season ((a)-(c), unit: year−1), Precipitation ((d)-(f), unit: mm/year−1), 
Ground air temperature ((g)-(i), unit: ˚C/year−1), black dots indicate that the linear trend 
passes the 90% significance MK test. 
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southern parts shows a significant decreasing trend (Figure 5(d)). The overall 
temperature shows a significant upward trend (Figure 5(g)). In autumn, the SPEI 
in LLH shows an upward trend in the east and a significant downward trend in 
the west, presenting a spatial distribution of wet in the east and dry in the west; 
the spatial distribution of precipitation trends is the same as that of SPEI (Figure 
5(e)); the spatial distribution of temperature trends is the same as that in summer 
(Figure 5(h)). The overall spatial distribution of drought in LLH during the wet 
season is like that in autumn (Figure 5(c)), but the upward trend in precipitation 
in the northeast is stronger than in autumn (Figure 5(f)). The spatial distribution 
of temperature is like that in summer, both showing a significant warming trend 
(Figure 5(i)). By analysing the spatial distribution of droughts since 1990, precip-
itation in the northwestern and southern parts of the LLH has decreased signifi-
cantly, while temperature has risen significantly across the entire region. The SPEI 
in these areas shows a pronounced downward trend, indicating intensified drought, 
suggesting that both reduced precipitation and increased temperature have exac-
erbated drought formation. An analysis of drought trends in summer, autumn, 
and the wet season reveals that precipitation in the northwestern LLH decreases 
significantly in both summer and autumn, with a more pronounced reduction in 
summer. Correspondingly, SPEI shows a stronger downward trend in summer 
than in autumn, indicating that drought severity in the northwestern LLH is greater 
in summer. This confirms that reduced precipitation is a key driver of drought 
intensification. 

3.5. The Potential Processes of Drought in LLH 

Analysis of the 120‑year spatial pattern of drought trends (Figure 3) reveals that 
summer precipitation shows a weak increasing trend only in the northeastern 
LLH, while the northcentral part shows a weak decreasing trend, consistent with 
the SPEI pattern (Figure 3(a), Figure 3(d)). Precipitation in the northcentral LLH 
shows a weak decreasing trend in autumn and the wet season, consistent with the 
widespread drought trend across most of the region (Figure 3(b), Figure 3(c)). 
This indicates that reduced precipitation is a key driver of drought and is of great 
significance to its development. Reduced precipitation leads to soil moisture def-
icit, which weakens soil evaporation and plant transpiration, lowering atmos-
pheric moisture and further suppressing rainfall. This feedback loop creates in-
creasingly dry conditions and promotes drought development, with reduced rain-
fall as the dominant driver. 

Based on the 30‑year spatial distribution of drought trends (Figure 5), precipi-
tation in the northeastern LLH increases significantly in summer, autumn, and 
the wet season. The temperature in this region rises significantly in summer, au-
tumn, and the wet season, and the region shows a wetting trend, indicating that 
increased rainfall has helped alleviate drought. On the contrary, precipitation in 
the northwestern and southern parts of the LLH shows a significant decreasing 
trend in summer (Figure 5(d)), while temperature rises significantly across the 
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entire region (Figure 5(g)). Correspondingly, SPEI in these areas shows a pro-
nounced decreasing trend (Figure 5(a)), with intensifying drought. This indicates 
that the increase in near-surface air temperature has intensified drought in this 
region. It indicates that near-surface air temperature plays a positive role in drought 
formation and that higher near-surface air temperature can further increase drought 
frequency and severity. Against the backdrop of global warming, rising near-sur-
face air temperatures will intensify evaporation of soil moisture and plant transpi-
ration, leading to lower soil moisture content and triggering droughts. At the same 
time, high temperatures will reduce atmospheric humidity, making air moisture 
even scarcer. Taken together, these factors will exacerbate the intensity and fre-
quency of drought. Temperature has consistently played a key driving role in in-
tensifying short-term drought. 

4. Discussion 

The findings of this study provide a long-term observational basis for understand-
ing drought trends in the LLH region over the past 120 years, which helps advance 
research on regional climate change and drought evolution. Although the study 
focuses on the spatiotemporal patterns of drought trends, the identified charac-
teristics establish a foundation for further investigation of drought formation mech-
anisms. From a climate perspective, this work fills a research gap regarding long-
term drought variability in the LLH and supports comparative analyses of drought 
patterns across Southwest China. The results also improve understanding of long-
term drought behavior and provide a scientific reference for regional drought ad-
aptation planning. 

Compared with previous drought studies in the LLH and Southwest China, 
which have mostly relied on relatively short observational periods and conven-
tional static trend analysis, this study benefits from a continuous 120-year dataset 
and a sliding-trend method. The extended long-term series enables the detection 
of centennial-scale shifts and multidecadal drought variability that cannot be fully 
captured by shorter records. Meanwhile, the sliding-trend approach reveals tem-
poral changes in the direction and magnitude of drying and wetting tendencies, 
rather than only providing static trend results. These advantages allow a more 
comprehensive and dynamic understanding of drought evolution, thereby com-
plementing existing literature and enhancing the novelty of regional drought re-
search. 

5. Conclusions 

This study systematically analyzed the seasonal SPEI across LLH during the 120-
year period (1901-2020) to characterize long-term drought dynamics. The results 
demonstrate a consistent downward trend in SPEI values for all four seasons, in-
dicating a widespread intensification of drought conditions across the entire LLH 
region over the study period. Notably, the drying trends in summer and autumn 
are more pronounced than those in spring and winter, with the strongest upward 
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trend in drought severity observed in autumn—highlighting seasonal heterogene-
ities in regional drought evolution. 

To further capture the temporal variability of drought, a sliding trend analysis 
was applied to the summer, autumn, and wet-season SPEI series from 1901 to 
2020. This analysis revealed phased changes in drought patterns, with a particu-
larly robust and sustained intensification of drought in the LLH since the 1990s. 
This post-1990 drying acceleration underscores a recent shift in regional hydro-
climatic conditions, which may be linked to global climate change. 

Spatial patterns of drought trends over the 120-year study period further clarify 
the drivers of regional drought formation. In the northeastern LLH, precipitation 
shows a weak increasing trend in summer but decreases in autumn and the wet 
season. Correspondingly, drought severity in autumn and the wet season is sub-
stantially higher than in summer, indicating that reduced precipitation is closely 
associated with drought formation in these seasons and regions. This finding em-
phasizes the critical role of seasonal precipitation variability in regulating drought 
dynamics across the LLH. 

Focusing on the recent 30-year period (1990-2020), spatial analysis of drought 
trends reveals additional insights into the combined effects of temperature and 
precipitation. In the northwestern and southern LLH, summer precipitation has 
shown a significant decreasing trend, while regional temperatures have risen sig-
nificantly; even with decreasing rainfall, drought conditions in these sub-regions 
have intensified. This pattern suggests that rising temperatures appear to be linked 
to more severe drought by enhancing evapotranspiration, amplifying the drying 
tendency associated with reduced precipitation and highlighting the growing im-
portance of thermal conditions in shaping recent drought patterns in the LLH. 

Collectively, these findings improve our understanding of long-term and recent 
drought trends and their driving mechanisms across LLH. They provide a scien-
tific basis for projecting future hydroclimatic changes in this ecologically and ag-
riculturally vulnerable region and inform the development of targeted drought ad-
aptation and mitigation strategies under ongoing global warming. 

6. Study Limitations 

This study has certain limitations that need to be acknowledged. First, the research 
is mainly based on phenomenological description and data analysis and does not 
conduct in-depth exploration and analysis on the underlying thermodynamic and 
dynamic mechanisms of drought formation in the LLH region. The lack of in-
depth discussion of physical processes, such as atmospheric circulation anomalies 
and land-atmosphere interactions, limits a comprehensive understanding of the 
intrinsic drivers of regional drought evolution. Second, the study focuses only on 
the retrospective analysis of historical drought trends over the past 120 years and 
does not project future drought changes, making it difficult to provide direct long-
term and forward-looking decision-making support for regional drought preven-
tion and control. Third, the study only presents preliminary ideas on drought pre-
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vention and response measures and does not conduct quantitative evaluation or 
empirical verification of the effectiveness of specific measures, which limits the 
practical operability of the research results. Future research will focus on address-
ing these limitations, strengthening the exploration of drought formation mecha-
nisms, carrying out scenario-based drought projection research, and verifying the 
effectiveness of drought prevention measures through empirical research to im-
prove the depth and practical value of the research. 
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