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The coupled effect of

climate change and LUCC on
meteorological drought in a karst
drainage basin, Southwest China

Zhonghua He?*?, Xiaolin Gu3, Maogiang Wang? & Mingjin Xu?

With global warming and the acceleration of the water cycle, the frequency and severity of droughts
have progressively increased. Although Southwest China is located inland, the combined effects of
global climate change, regional climate anomalies, and human activities have led to a diversified

set of driving mechanisms for meteorological droughts. Based on monthly global and regional
meteorological factors (10 global factors and 8 regional factors) and land use/land cover data from
1948 to 2023, this study employs classical correlation analysis, wavelet analysis, and Bayesian
principles to explore the temporal and spatial evolution characteristics of meteorological droughts in
Southwest China, as well as their driving mechanisms. The results show that: (1) between 1948 and
2023, meteorological droughts in Southwest China exhibited a north-south (annual average, spring,
and winter) or east-west decreasing trend (autumn) and alternating east-west intensity in summer. The
drought frequency ranged from 0.35 to 0.39, generally showing a decreasing trend from southwest

to northeast. (2) Global atmospheric circulation significantly influences meteorological droughts

in Southwest China, especially during El Nifio years, when global atmospheric circulation factors

such as Nino 3.4 and SOI have a more prominent impact on drought, particularly in the summer and
autumn. In contrast, during La Niiia years, drought intensity and frequency are more pronounced in
spring and autumn. Regional climate factors, particularly temperature and evapotranspiration, also
have a significant effect on drought across different seasons, especially in winter and spring, when
higher temperatures and evapotranspiration exacerbate droughts, and precipitation has a relatively
weaker effect. (3) Land use changes significantly affect meteorological droughts in Southwest China,
with a driving probability ranging from 0.39 to 0.42. Under different climate conditions, the driving
probabilities of land use changes are ranked as follows: El Nifio years (0.32-0.52) > Normal years (0.31-
0.51)>La Nifa years (0.27-0.50). In particular, land use changes such as the expansion of built-up areas
and the reduction of farmland could intensify the frequency and severity of meteorological droughts

in drought-prone areas. Additionally, the reduction of green spaces or forests may also exacerbate
droughts, especially during the urbanization process. Notably, during El Nifio years, the driving effect
of various landforms on drought shows different skewed distributions. Therefore, this study clarifies,
to some extent, the evolution and mechanisms of meteorological droughts in Southwest China and
provides technical guidance and theoretical support for drought prevention and disaster relief efforts in
the Karst region.

Keywords Drought mechanisms, Global climate change, Regional/local climate anomalies, Human
activities, Southwest China.

Drought is a major natural disaster that can have severe direct and indirect impacts on agriculture, ecological and
environmental health, energy-related sectors, and the economy"2. Over the past century, global climate change
trends have become increasingly evident, leading to a gradual intensification of the frequency and severity of
droughts worldwide. For instance, the economic losses caused by global droughts were estimated to be around
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$17.33 billion from 1980 to 2009, increasing to $25 billion between 2008 and 2017, far exceeding the losses caused
by other natural disasters®*. Particularly in the southwestern region of China, the severe lack of precipitation
during 2009-2010 resulted in economic losses exceeding $3.5 billion, underscoring the urgent need for research
on drought evolution in this region®. This study focuses on the mechanisms driving meteorological droughts
in the karst regions of Southwest China, aiming to provide technical support for regional drought relief efforts.

Drought is typically classified into four types: meteorological drought, agricultural drought, hydrological
drought, and socio-economic drought®. As the starting point of the drought chain, meteorological drought is
mainly triggered by prolonged rainfall deficits, abnormally high temperatures, and decreased evapotranspiration
in watersheds”®. This type of drought can further influence the occurrence of agricultural and hydrological
droughts, thereby impacting regional ecological and economic systems®!?. Therefore, an in-depth exploration of
the mechanisms underlying meteorological drought is crucial for comprehensively understanding the occurrence
and development of droughts. Water vapor in the atmosphere is a critical indicator of meteorological drought,
primarily sourced from atmospheric circulation water vapor transport and regional evapotranspiration!!"12.
Investigating the impact of large-scale ocean-atmosphere patterns on regional rainfall is essential for drought
monitoring and early warning, facilitating a better understanding of drought propagation mechanisms*>.

Previous studies have shown that China’s rainfall is influenced by various large-scale ocean-atmosphere
patterns, including the El Nifo-Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), the
Indian Ocean Dipole (I0D), and the Atlantic Multidecadal Oscillation (AMO)'. These patterns not only
significantly affect the intensity and distribution of seasonal rainfall in China but also play an important role
in the occurrence of extreme drought events'>!'S. However, most current research primarily focuses on the
correlation between individual remote factors and drought, lacking comprehensive analyses of the coupling
effects of multiple remote variables and human activities'”. Additionally, most studies emphasize the overall
region, with limited research on the unique karst basins of Southwest China, where distinct geomorphological
features may result in significantly different mechanisms of meteorological drought formation compared to
other areas. The karst landscape, characterized by its unique geological formations, uneven rainfall distribution,
and complex groundwater systems, presents a particularly sensitive environment for drought dynamics'®!. In
particular, the spatial heterogeneity in precipitation and the reliance on underground water systems in karst
regions exacerbate the vulnerability to drought. This study aims to fill the research gap on the mechanisms of
meteorological drought in the karst regions of Southwest China and provide scientific support and technical
guidance for drought relief efforts in the region.

On the other hand, human activities, such as land use/land cover change (LULCC), play an increasingly
important role in the evolution of meteorological drought?’. Globally, over one-third of the Earth’s surface/
natural land has been altered by human activities, and LULCC can influence regional climate change through
various geophysical processes?!. For example, urbanization has intensified the expansion of impervious surfaces,
reducing groundwater recharge and increasing regional drought risks?2. In rural areas, agricultural expansion
and deforestation contribute to soil degradation, which reduces the natural moisture retention capacity of
the land, further exacerbating drought conditions?. Particularly in karst regions, land use changes—such as
agricultural encroachment and land reclamation—can significantly alter the hydrological cycle, intensifying the
frequency and severity of drought events*. However, there is limited research on the specific impact of LULCC
on meteorological drought in the karst regions of Southwest China, which is a key focus of this study.

In terms of quantitative indices for describing meteorological drought, the main ones currently include
the Palmer Drought Severity Index (PDSI), the Standardized Precipitation Index (SPI), and the Standardized
Precipitation Evapotranspiration Index (SPEI)*>?%. Among these, the SPEI is particularly suitable for drought
monitoring and analysis in the context of global warming, as it accounts for multi-scale characteristics and
the effects of temperature changes?”*8. For instance, multi-temporal SPEI can more accurately describe the
variations of meteorological drought at different time scales, providing a more precise basis for studying regional
drought evolution?*. Additionally, wavelet coherence (WTC) analysis is an effective method for exploring
the mechanisms of drought propagation, as it can identify relationships between droughts across different
time scales®!. However, relying solely on WTC or classical correlation analysis may not fully quantify the
multi-temporal scale relationships between meteorological drought and other drought types, necessitating a
combination of multiple methods for comprehensive analysis™*2.

In summary, the objectives of this study include: (1) identifying the intensity, frequency, recurrence periods,
and oscillation cycles of meteorological drought in Southwest China from 1948 to 2023; (2) analyzing the impact
of human activities on the intensity and frequency of meteorological drought, with a particular focus on the role
of LULCG; and (3) exploring the effects of LULCC on the drivers of meteorological drought in Southwest China
in the context of global climate change and regional climate anomalies. This study aims to fill the research gap
on the mechanisms of meteorological drought in the karst regions of Southwest China and to provide scientific
support and technical guidance for drought relief efforts in the region.

Research area

The study area is located in the typical karst distribution region of Southwest China, including parts of Guizhou,
Yunnan, and Guangxi, with a total area of 352,526 km?. It encompasses 51 hydrological control basin sections,
spanning a geographic range of 101°55'55”E to 110°55'45"E longitude and 22°42'57"N to 29°13’11"N latitude.
Among these, Guizhou accounts for 37.97%, southeastern Yunnan for 25.36%, and northwestern and northern
Guangxi for 36.67%. The study area has an average elevation of 848 m and features a climate transitioning
between the northern subtropical humid zone and the southern subtropical semi-humid zone. The climatic
characteristics include an annual average rainfall ranging from 600 to 1700 mm, temperature range of 10-23 °C
(with a dew point of 12.05 °C), evaporation rates between 300 and 900 mm, annual average solar radiation
intensity of 4831 MJ/m” (approximately 1341.95 h), atmospheric pressure of 864.05 hPa, and wind speed of
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2.45 m/s. Despite abundant precipitation, its temporal and spatial distribution is uneven, providing a basis
for meteorological drought research. The region is divided by the Wumeng Mountain-Miaoling range, with
the northern part belonging to the Yangtze River basin and the southern part to the Pearl River basin. The
topography and basin divisions play a crucial role in the interaction between karst landforms and meteorological
drought. The primary land use types within the study area include forestland (60.2%), cultivated land (20.7%),
grassland (16.1%), construction land (2%), and water bodies (0.98%). These land use characteristics significantly
influence the regional hydrological processes and responses to climate change.

Research data and methods

Research data

Meteorological data

The regional meteorological data used in this study were primarily sourced from the Global Land Data
Assimilation Systems (GLDAS, https://ldas.gsfc.nasa.gov/), which provided data at spatial resolutions of 0.25°
x 0.25° and 0.1° x 0.1°. Specifically, monthly data from 1948 to 2023, including rainfall, temperature/dew
point, potential evapotranspiration/relative humidity, pressure/wind speed, and solar radiation/duration, were
obtained using these two resolution datasets. To validate the accuracy of these regional meteorological data, 51
hydrological/rainfall stations were selected from the China Meteorological Data Service Centre (http://data.c
ma.cn/site/index.html) (including 21 stations in Guizhou Province, 19 in Guangxi Province, and 11 in Yunnan
Province). Comparative analyses and corrections were performed for specific periods of regional data to ensure
their accuracy (Fig. 1).
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Fig. 1. Spatial distribution map of hydrometeorological stations in the research areas. Map was created with
ArcGIS version 10.3 (https://www.arcgis.com/).
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Level | Range Type

1 SPEI>-0.5 No drought/normal
2 —-1<SPEI<-0.5 | Mild drought

3 —-1.5<SPEI<-1 | Moderate drought
4 —2<SPEI<-1.5 | Severe drought

5 SPEI<-2 Extreme drought

Table 1. Drought level based on the SPEI.

Global meteorological data were mainly sourced from the Physical Sciences Laboratory (https://psl.noaa.gov
/data/climateindices/list/), including monthly Nino 3.4, SOI, AMO, AO, MDI, MEI, NAO, NPI, PDO, and PNA
data, with a time span also covering 1948-2023. All data were processed using the WGS84 coordinate system to
ensure consistency and universality.

Land use data

The land use data were sourced from multiple authoritative platforms, including the Resource and Environment
Science and Data Center, China (http://www.resdc.cn), the National Earth System Science Data Center (http:/
/www.geodata.cn), as well as other land use data-sharing platforms (such as http://www.nesdc.org.cn/; https://
glovis.usgs.gov/; https://livingatlas.arcgis.com/landcoverexplorer/). Referring to the “National Remote Sensing
Monitoring Land Use/Cover Classification System,” the land use types in Southwest China were refined into six
categories: cultivated land (Cul_L), woodland (Woo_L), grassland (Gra_L), water body (Wat_L), construction
land (Con_L) and unused land. The spatial resolution of the land use data is 30 m, and all data were processed
using the WGS84 coordinate system for uniform analysis. The accuracy of the data was validated through
comparison with field surveys and historical data correlations to ensure the reliability of the analysis results.

Elevation and hydrographic data

The elevation and hydrographic feature data of the watershed were automatically extracted using ArcGIS 10.3
from a 30-meter resolution Digital Elevation Model (DEM, http://www.gscloud.cn/). This extraction was further
analyzed and corrected using a comprehensive hydrogeological map to ensure the accuracy of the hydrographic
network and watershed boundaries.

Research methods

SPEI calculation

The Standardized Precipitation Evapotranspiration Index (SPEI) is a widely used drought index. In this study,
monthly temperature and precipitation data were used as input to calculate the difference between monthly
precipitation and potential evapotranspiration, followed by standard normal processing to obtain the SPEI The
specific steps of this method were as follows>*3*;

Establishing the water surplus and deficit accumulation time series Based on different time scales, such as an-
nual, seasonal, or monthly, a corresponding water surplus and deficit accumulation time series was established:

Win = Z (P, — Ey) (1
i=1

In this formula, k represents the time scale (year/season/month), and n represents a specific year/season/month.
P, and E, are the precipitation and potential evapotranspiration (units: mm) of the i year/season/month,
respectively.

Probability distribution fitting To better describe the water surplus and deficit sequence, this study compared

the fitting effects of distribution models such as Log-logistic, Pearson-III, Lognormal, and Generalized Extreme
Value on the time series. The results indicate that the Log-logistic distribution provides the best fit. Its probability

density function is:
_Blz—7\! z—7v\?
o= 2(55) e (5] @

Where a, p and y are the scale, shape, and location parameters, respectively, obtained through the linear moment
method.

Normalization of cumulative probability ~The fitted cumulative probability is normalized to obtain the SPEI
value.
When the cumulative probability P<0.5, the following formula is used for conversion:

Z = co + c1In(P) + 2 In*(P) (3)
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When P> 0.5, convert to 1 — P and use the same formula for calculation:

7z =— [co+cl In(1—P)+co ln2(1—P)] (4)
Where ¢,=2.515517, ¢, =0.802853, ¢,=0.010328.

Classification of drought levels According to the SPEI values, drought levels are classified into 5 categories
(Table 1), with the specific classification criteria as follows:

Bayes principle
To explore the mechanism by which different land use types drive meteorological drought under the coupled
effects of global climate change and regional/local climate anomaly scenarios (C,), the probability of LULCCs
driving drought in this study was calculated based on the Bayes principle, and the formula is below (for example,
LaNifa year):

The probability of cultivated land driving drought under extreme anomaly scenario (C, =1.5):

P(Y <—05]1.4< X <15)

_ Fxy (1.5,—0.5) — Fxy (1.4,—0.5) (5)
- Fx (1.5) — Fx(1.4)

The probability of cultivated land driving drought under severe anomaly scenario (C, =1.4):

P(Y <—-05]13<X<14)
_ Fxy (1.4,-0.5) — Fxy (1.3,-0.5) (6)
N Fx (1.4) — Fx(1.3)

The probability of cultivated land driving drought under moderate anomaly scenario (C, =1.3):

P(Y <—05[1.2< X <1.3)
_ Fxy (1.3,-0.5) — Fxy (1.2, -0.5) 7)
- Fx (1.3) — Fx(1.2)

The probability of cultivated land driving drought under mild anomaly scenario (C, =1.2):

P(Y <-05]11< X <1.2)
_ Fxy (1.2,-0.5) — Fxy (1.1,—0.5) (8)
N Fx (1.2) — Fx(1.1)

The probability of cultivated land driving drought under no anomaly scenario (C, =1.1):

P(Y <-05|X <1.1)
_ Fxy (1.1,-0.5) )
T Fx (L1

where X,Y are the regional/local climate anomaly and the meteorological drought index (SPEI) respectively; the
process for calculating the probability of drought driven by other land use types was same as above, and that for
normal/El Nifio year was the same as above.

Analysis of drought mechanisms

To uncover the mechanisms of meteorological drought, this study employed one indicator, three periods, five
scenarios, and six driving factors to explore the coupling relationship between global and local climate changes
and human activities (Fig. 2). First, the study calculated the 3-month moving average based on the Nino 3.4
index to construct the Oceanic Nifio Index (ONI) (Fig. 11c). Subsequently, the period from 1948 to 2023 was
divided into three periods based on a continuous five-month ONI'”: Period 1: La Nifia years (ONI < -0.5 °C,
Fig. 13a), Period 2: Normal years (-0.5 °C<ONI<0.5 °C, Fig. 13b), and Period 3: El Nifo years (ONI=0.5 °C,
Fig. 130).

Next, eight factors of local climate were used to calculate the coefficient of variation (Cv), and the geometric
mean was derived to reflect the spatial distribution characteristics of local climate changes (anomalies) in
Southwest China from 1948 to 2023 (Fig. 13). The natural breaks method was applied to classify these changes
into five scenarios®>: Normal scenario (C,=1.1), Mild Anomaly scenario (C, = 1.2), Moderate Anomaly scenario
(C, = 1.3), Severe Anomaly scenario (C, = 1.4), and Extreme Anomaly scenario (C, = 1.5) (Fig. 13).

Finally, the study examined the driving effects of six land cover types on meteorological drought (SPEI)
under five different scenarios. Due to the small proportion of unused land, it was excluded from the discussion.
For a detailed methodological workflow, refer to Technical Flowchart 2.
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Fig. 2. The technical flowchart of this study.

Results and analysis

Climate change characteristics in Southwest China

As shown in Fig. 3, the spatial distribution of climate change in Southwest China during the period 1948-2023
was very regular. In particular, rainfall showed a decreasing trend in the annual average and spring/winter
season, and a north-south decline in summer and autumn. The highest rainfall occurred in summer, and the
lowest in winter, with an average annual rainfall of 601.65-1701.06 mm. The spatial distribution of temperature
was similar to that of rainfall, with a decreasing trend from southeast to northwest in summer and autumn, and a
north-south decline in the other seasons. The temperature difference among the four seasons was relatively small
(11-12°C), with an average annual temperature of 10.47-22.37°C. The spatial distribution of evapotranspiration
was relatively complex compared to rainfall and temperature, with an overall trend of strong-weak alternation
in winter and summer and a north-south decrease in the annual average and in spring and autumn. The trend
in the evaporation was in the order annual average > summer > spring > autumn > winter. The climate variability
in Southwest China over annual and seasonal scales during the period 1948-2023 was also very regular (Fig. 4).
Overall, the coefficient of variation (CV) of rainfall over the annual and seasonal scales was the highest, followed
by evapotranspiration, and that of temperature was the smallest (Fig. 4a-e). The C, of temperature remained
basically unchanged especially in summer (Fig. 4c), and was slightly higher than evaporation in winter (Fig. 4e).
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Fig. 3. The Spatial distribution of rainfall(R), temperature (T), and evaporation (E) (annual and seasonal
scales) .Map was created with ArcGIS version 10.3 (https://www.arcgis.com/).
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Fig. 4. The Coefficient of variation (C,) of rainfall(R), temperature (T), and evaporation (E) (annual and
seasonal scales) in 1948-2023. (Microsoft office Excel 2003, https://xiazai.zol.com.cn/detail/43/428458.shtml).
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Fig. 5. The area proportion and transfer of land-use types in different periods. Map was created with origin
version 2022 (https://www.originlab.com/).

The monthly climate anomaly index could be divided into three periods (Fig. 8a), namely, an increasing/
strengthening period in the January to April months, a sudden change/peak period in the May to September
months, and a declining/weakening period. Among them, the climate anomaly index in the sudden change/peak
period was in the order rainfall > evaporation > temperature, while the other two periods showed the opposite
trend.

Characteristics of land use/land cover change in Southwest China

Overall, between 1948 and 2023, woodland accounted for the largest proportion of land use area in Southwest
China (68.6%; 2020s), followed by cultivated land (26.7%; 1980s), with water bodies being the smallest (0.5%;
1970-1990 s) (Fig. 5a). In terms of interannual changes in land categories, the areas of cultivated land and
grassland showed a decreasing trend (-46.17 km?/10a, 2010-2020 s; —56.39 km?*/10a, 1970-1980 s), while
the areas of other land categories showed an increasing trend. Among these, construction land grew the
fastest (393.11 km?/10a, 2010-2020 s), while water bodies grew the slowest (0.07 km?/10a, 1970-1980 s).
Interannual land type transitions were primarily characterized by the conversion of woodland to cultivated land
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Fig. 6. The spatial distribution of drought intensity (I)/frequency (F) and Hurst index (H) in annual and
seasonal scales. Map was created with ArcGIS version 10.3 (https://www.arcgis.com/).

(39,330.9 km?/10a, 1970-1980 s), followed by the conversion of cultivated land to woodland (33,213.6 km®/10a,
1970-1980 s), with the smallest transition being from water bodies to construction land (0.45 km?/10a, 1980-
1990 s). The ranking of transition volumes is as follows: woodland (68.2% in 2010-2020 s) > cultivated land
(26.2% in 1980-1990 s) > grassland (14.1% in 1970-1980 s) > construction land (5.6% in 2010-2020 s) > water
body (1% in 2010-2020 s) (Fig. 5b-f).

Meteorological drought characteristics in Southwest China

Characteristics of meteorological drought intensity

The trends in the annual and seasonal meteorological drought in Southwest China from 1948 to 2023 mainly
presented a decreasing pattern in the north-south (annual average and spring/winter) or east-west direction
(autumn) and a strong-weak alternation in the east-west direction (summer) (Fig. 6), which is consistent with
the spatial distribution of temperature and evapotranspiration. According to the drought level standards®,
moderate, severe and extreme meteorological droughts occurred in Southwest China; particularly in autumn, the
area proportion of moderate drought was 100%, and it was greater than 90% in the other seasons. The drought
recurrence period was the longest for extreme drought, with 113.5 months in spring and 76.95 months in the
annual average, and was the shortest for moderate drought, with 32.59 months in summer and 20.88 months
in winter (Fig. 8b). Compared with the yearly and seasonal trends, meteorological drought at the monthly scale
increased yearly. Especially after 1995, the drought level was mainly moderate or greater over 1-12 months
(Fig. 7a). Severe drought was observed from January to June in 1950, 1955, 1960, and 1970 and 1980, and
extreme drought was mainly observed in 1955 (Fig. 7a). The drought recurrence period at that monthly scale was
in the order of extreme drought (68.07 months in Jun —55.09 months in Sep) > severe drought (29.18 months in
Nov —19.41 months in May) > moderate drought (11.58 months in May - 8.57 months in Nov) (Fig. 8c).

Characteristics of meteorological drought frequency

The meteorological drought frequency at the annual and seasonal scales in Southwest China from 1948 to 2023
was 0.35-0.39, with an overall decreasing trend in the south—north direction (Fig. 6). Moderate drought showed
a relatively high frequency of 0.195 in autumn, the severe drought frequency was 0.12 in winter, and the extreme
drought frequency was 0.05 on an annual scale and in spring. This occurred mainly because global warming
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Fig. 7. The time series of drought intensity/frequency changes (monthly scale) (a,b), correlation coefficient (R)
between global/local climate factors and SPEI (annual, seasonal, and monthly scales) (c,d). Map was created
with Origin version 2022 (https://www.originlab.com/).
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Fig. 8. The local climate anomalies and drought recurrence periods (annual, seasonal, and monthly scales).
Map was created with Origin version 2022 (https://www.originlab.com/).

may led to an increase in rainfall intensity and a decline in frequency in China®. An overall increasing trend
was found in drought frequency in the 10-year moving mean value. The growth rate in the drought frequency
was the highest (0.0298/10a) for the annual average, followed by that in summer and autumn (0.0227/10a,
0.027/10a), and was the slowest in spring and winter (0.0058/10a, 0.014/10a). The growth rate in the drought
frequency at different levels was in the order of extreme drought (0.0233/10a in annual average)>moderate
drought (0.0123/10a in summer) >severe drought (0.0085/10a in autumn). The drought frequency distribution
on the monthly scale was relatively complex (Fig. 7b), with the highest from June to November in 2000 and 2009,
followed by that from January to September in 1952 and 1980, and a relatively low from May to October in 1990
and August to December in 1979 (Fig. 7b). Figure 6 shows that the Hurst index of the SPEI in Southwest China
was less than 0.5, indicating that it had a negative correlation with meteorological drought and showed sudden
oscillations in 1948-2023, and the smaller the Hurst index was, the stronger the SPEI oscillation. The minimum
Hurst index indicated that the SPEI oscillation was the strongest in autumn (0.12), with an east-west weakening
trend, and was the exact opposite in summer, with an east-west strengthening pattern. The oscillation in the
annual average SPEI gradually increased from northwest to southeast and showed an alternating north-south
distribution in summer (Fig. 6).

Meteorological drought mechanism in a karst drainage basin in Southwest China
The mechanism by which climate change drives meteorological drought in Southwest China
The impact of global climate change on meteorological drought To investigate the driving mechanisms of
global climate change on meteorological drought (SPEI) in Southwest China, this study calculated the Spearman
correlation coefficients (R) between atmospheric circulation factors (a total of 10) and SPEI at annual, seasonal,
and monthly scales (Fig. 7c). The results show that Nino 3.4, SOI, and MEI have the highest annual mean corre-
lation coeflicients with SPEL, which are 0.234, -0.242, and 0.24, respectively, and all pass the significance test (Sig.
< 0.05). The influence of NAO and MDI on meteorological drought (SPEI) is most significant in the summer
and autumn seasons (0.281, -0.286; Sig. < 0.05), while it is not significant in spring and winter (Sig. > 0.05). The
impacts of Nino 3.4 in April (0.25), MDI in October (-0.386), and AMO (—0.24) and NAO (0.275) in September
on meteorological drought also pass the significance test (Sig. < 0.05 or Sig. < 0.01).

To further reveal the driving mechanisms of global climate change on drought, this study selected atmospheric
circulation factors that pass the significance test for wavelet analysis with SPEI (Fig. 9a-q). The analysis results
indicate the following:

(1) SPEI exhibits three significant oscillation cycles at annual and summer-autumn scales, all of which pass the
95% red noise test. On an annual scale, the main cycles of SPEI are 2.9-3.6 M (1954-1958), 2.6-3.4 M (1996-
2000), and 15-36 M (1978-2002); in summer, the cycles are 3-3.9 M (1964-1972), 2.7-3.3 M (1995-1996),
and 6.7-8.3 M (2002-2007); in autumn, the cycles are 2.9-7.3 M (1979-1997), 5.3-6.8 M (1964-1970), and
2-2.6 M (1961-1963). These results indicate that SPEI has significant characteristics of periodic variations
in the frequency domain at annual and summer-autumn scales. Additionally, the annual mean SOI, sum-
mer NAO, and autumn MDI also exhibit similar periodic variation characteristics (Fig. 9j, 1, o).

(2) In the high-frequency range (2.6-7.8 M), the resonance between MDI and SPEI in autumn is the most
significant, especially during the period from 1963 to 1997 (Fig. 9p), with a negative or near-negative cor-
relation observed between 1988 and 1999 (3-4.8 M) (Fig. 9q). However, in the low-frequency range (11.7-
25.5 M, 1948-1978), the negative correlation between the two is significant but discontinuous (Fig. 9q).
This suggests that MDI’s impact on meteorological drought in autumn has a certain lag effect. In contrast,
the high-frequency resonance cycles between NAO and SPEI in summer are relatively weaker, but a strong
near-positive correlation was observed during 1948-1957, 2004-2010, and 2020-2023 (Fig. 9m, n), indi-
cating that NAO is a major driving factor for meteorological drought in summer. The high/low-frequency
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Fig. 9. The wavelet analysis between global atmospheric circulation factors and SPEI (annual, seasonal, and
monthly scales). Map was created with Matlab version 2014b (http://matlab.huizo.cn/).

range correlations between SOI and SPEI at the annual scale have six resonance cycles, passing the 95% red
noise test (Fig. 9k), with significant near-negative correlations in the high-frequency range (e.g., 2-3.1 M
during 1948-1951 and 3.2-6.1 M during 2015-2023) (Fig. 91). This suggests that SOI's impact on meteoro-
logical drought at the annual scale also has a lag effect.

(3) At the monthly scale, SPEI exhibits three significant oscillation cycles in April, September, and October
(Fig. 9a, d, g), with NAO showing a weaker oscillation cycle in September (1986-1994, 2.38-3.214 M)
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(Fig. 9d). Nino 3.4 shows differences in positive and negative phases in April (e.g., positive phase of 3.1-
4.3 M during 1969-1975, negative phase of 3.8-6.8 M during 1981-2003) (Fig. 9b), with particularly sig-
nificant lag and persistence effects on meteorological drought during 1996-2000 and 2015-2023 (Fig. 9¢).
Overall, Nino 3.4, NAO, and MDI exhibit complex characteristics of lag and persistence in their impact on
meteorological drought in specific months.

To better reflect the impact of global climate change on drought-driving mechanisms, this study conducted
principal component analysis (PCA) on 10 atmospheric circulation factors, extracting principal components
with eigenvalues greater than 1 to analyze their comprehensive impact (R) on meteorological drought (SPEI)
(Fig. 10a-e). The results indicate that the influence of annual and seasonal atmospheric circulation principal
components on meteorological drought is as follows: PC1>PC2>PC3>PC4, showing differences in positive
and negative effects (Fig. 10a-e), with annual mean PCI and summer PC2 having correlation coeflicients of 0.25,
respectively (Fig. 10a, d). The impact of monthly-scale principal component factors (PCs) on meteorological
drought is more significant, with positive influences in January and December, while the other months show
alternating positive and negative effects. In April, PC4, and in May, PC2, have the greatest positive influence
(0.24), and in September, PC4 has the greatest negative influence (-0.36) (Fig. 11a).

The impact of regional climate change on meteorological drought Compared to global atmospheric circula-
tion, regional climate change has a more significant impact on meteorological drought in Southwest China, and

this impact is mainly characterized by a negative correlation (Fig. 7d). Overall, regional evapotranspiration has
the most significant influence on meteorological drought, particularly in July and November (-0.303, -0.346;
Sig.<0.01) as well as in January, March, and the autumn season (Sig.<0.05). This indicates that once meteorologi-
cal drought occurs, the replenishment of moisture in the air mainly comes from the region’s evapotranspiration.
That is, the stronger the evapotranspiration, the greater the region’s ability to regulate drought, resulting in a
milder drought®” (Fig. 7d).

The next most significant factors are temperature and wind speed. Temperature has a significant positive
effect on meteorological drought in January, August, and the autumn season (Sig.<0.05), while wind speed shows
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a significant impact in April (Sig.<0.05) and on an annual average basis (Sig.<0.01) (Fig. 7d). This suggests that
higher temperatures increase the saturation temperature of the atmosphere, making it more difficult for water
vapor to condense into droplets, which exacerbates drought®®*. Additionally, higher wind speeds can accelerate
the loss of water vapor molecules in the air, leading to a decrease in relative humidity, thereby worsening
meteorological drought.

An increase in air pressure can also suppress evapotranspiration, leading to a reduction in moisture and
intensifying drought?’, especially in October, where air pressure is significantly negatively correlated with SPEI
(R=-0.298, Sig.<0.01). Thus, during drought periods, the impact of precipitation on SPEI is relatively weak,
mainly because moisture replenishment relies on evapotranspiration. This result is similar to the findings of
Ghamghami (2019)*!, who found that temperature played a more significant role than precipitation in the study
of drought characteristics in Iran from 1988 to 2017, suggesting that SPEI is suitable for calculating drought
in Iran. This could be the result of global warming causing changes in regional precipitation and potential
evapotranspiration, leading to the intensification of drought*>*3.

Similarly, to explore the driving role of regional (local) climate change on drought, this study conducted
a principal component analysis (PCA) on eight local climate factors, extracting principal components with
eigenvalues greater than 1 to explore their correlation (R) with meteorological drought (SPEI) (Fig. 10f-j). The
results show that, compared to global atmospheric circulation, regional climate composite factors (principal
components) have a relatively weaker impact on meteorological drought, mainly showing a negative correlation
(Fig. 10f-j). This may be due to the strong correlation between regional climate factors, which weakens the
influence of principal components on drought. Although principal components have some positive impact on
drought during the autumn and winter seasons, they did not pass the 0.05 significance test (Fig. 10i, j). However,
the root mean square error (RMSE) and standard deviation are both greater than or equal to 1 (except in
autumn), indicating that the principal components still contain substantial original climate information and can
reasonably explain the mechanisms of meteorological drought. On a monthly scale, the principal components
show significant variations in their positive and negative impacts on meteorological drought, with negative
impacts in February, September, and October, a positive impact in November, and alternating positive and
negative impacts in other months (Fig. 11b).

The mechanism by which land cover change drives meteorological drought

As previously mentioned, meteorological drought is primarily caused by a prolonged reduction in rainfall
or rainfall amounts falling below a certain threshold, leading to a decrease in atmospheric water vapor and
consequently resulting in water resource shortages within a watershed***>. Under conditions of insufficient
rainfall, the evapotranspiration from a watershed becomes a crucial source of replenishment for atmospheric
water vapor. Human activities significantly influence the evapotranspiration rates under different land use types
through the reconstruction or degradation of surface or underground resources?®*, resulting in a significant
negative correlation between land use types and meteorological drought (Fig. 12a).

Figure 12a shows that the correlation (R) between land use types and the Standardized Precipitation-
Evapotranspiration Index (SPEI) in Southwest China gradually weakens from the southeast to the northwest.
The proportion of areas with a significant negative correlation in the southeastern region reaches 33.14%, while
the northwestern, central, and parts of the southwestern regions exhibit a positive correlation (0.13%). Overall,
the average probability of land use types driving meteorological drought ranges from 0.39 to 0.42 (Fig. 12b),
with construction land showing a relatively concentrated driving effect on drought (0.38-0.42), while grasslands
exhibit a more dispersed driving effect (0.37-0.45). The variance in drought-driving effects is smaller for
cultivated land and construction land, whereas grasslands show larger variance. Cultivated land and water bodies
have a positively skewed distribution in their drought-driving effects, while grasslands and construction land
display a negatively skewed distribution, and woodland is approximately normally distributed. The probability
of land use types driving extreme drought is relatively low (0.01) and follows a normal distribution (except for
water bodies, which show a positive skew of 0.17), while the probability of driving moderate drought is relatively
higher (0.15-0.17), concentrated within the range of 0.14-0.185 (Fig. 12b). The driving effect of cultivated land
on severe drought is relatively strong and dispersed (0.025-0.155), while other land use types have a weaker and
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Fig. 12. The driven of land-use types to drought. Map was created with ArcGIS version 10.3(https://www.arcgi
s.com/) and origin version 2022 (https://www.originlab.com/).
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more concentrated effect on severe drought (Fig. 12b). This may be because construction land primarily consists
of artificially hardened surfaces with concentrated spatial distribution, which accelerates surface runoff after
rainfall and reduces the infiltration rate, thereby weakening regional evapotranspiration®3%.

In contrast, grasslands and woodlands are mostly natural surfaces with more widespread spatial distribution,
which helps promote surface runoff and increase rainfall infiltration rates. However, due to their ecological
water needs, grasslands and woodlands also consume a certain amount of soil moisture and atmospheric water
vapor, thereby influencing watershed evapotranspiration®’. Compared to construction land, cultivated land has
a relatively smaller impact on regional evapotranspiration due to its nature of anthropogenic disturbance and
relatively concentrated distribution. Water bodies, on the other hand, account for the smallest proportion of
area, and thus their ability to regulate meteorological drought is relatively weak®".

The coupled mechanism by which atmospheric circulation and land use/land cover drive meteorological drought
As analyzed in Sect "Analysis of drought mechanisms" (Fig. 2), Fig. 13 provides a comprehensive overview of
the driving effects of global climate change, local climate anomalies, and land use on meteorological drought
in Southwest China. The probability of drought occurrence from high to low is as follows: El Nifo year (0.32-
0.52) > Normal year (0.31-0.51) >La Nifia year (0.27-0.5), indicating that when sea surface temperatures rise
(fall), the sea-air exchange/circulation intensity increases (decreases), and the regulatory capacity of atmospheric
circulation on meteorological drought in Southwest China correspondingly strengthens (weakens)®2. During La
Nifa years, extreme local climate anomalies (C, = 1.5) have the most substantial driving effect on meteorological
drought (0.33-0.5), followed by normal climate (C, = 1.1) and mild anomalies (C, = 1.2) (0.275-0.445), whereas
moderate anomalies (C, = 1.3) and severe anomalies (C, = 1.4) have the smallest driving effects (0.33-0.39)
(Fig. 13a).

In normal years, extreme local climate anomalies exhibit the strongest driving effect on meteorological
drought (0.51), followed by normal climate and severe anomalies (0.41-0.48), with mild and moderate anomalies
having the weakest driving effects (0.32-0.43) (Fig. 13b). During El Nifio years, normal and severe anomalies
(0.32-0.52) have a higher driving effect on meteorological drought than extreme anomalies (0.4-0.5), while mild
and moderate anomalies show relatively lower driving effects (0.36-0.48) (Fig. 13¢c). These results indicate that
under global atmospheric circulation conditions, regional climate anomalies can significantly promote or inhibit
meteorological drought in Southwest China®*%,

Regarding the coupled impacts, during La Nifa years, cultivated land and grassland have the most substantial
driving effects on meteorological drought under normal and mild anomalies (0.33-0.445), especially grassland
under extreme anomaly conditions, reaching a driving effect of 0.5; under moderate and severe anomalies, the
drought driving effects across different land types are roughly equal (0.33-0.39), while woodland stands out
in terms of its driving effect on drought under normal and mild anomalies. In normal years, woodland shows
the strongest drought driving effect under extreme anomaly conditions (0.51), followed by cultivated land and
grassland under normal conditions, as well as woodland and grassland under severe anomaly conditions (0.43-
0.485). In contrast, water bodies exhibit the weakest driving effect under mild anomalies (0.325-0.43). During
El Nifio years, grassland shows the strongest driving effect on drought under normal conditions (0.44-0.52),
followed by grassland under extreme anomaly conditions (0.4-0.5), while water bodies have the weakest driving
effect under normal conditions (0.32-0.44). These results indicate that under the dual influences of global
climate change and local climate anomalies, the impact of human activities on meteorological drought cannot
be ignored. Specifically, grassland and woodland have the most substantial regulatory effects on meteorological
drought, followed by cultivated land, whereas construction land and water bodies have relatively weaker
regulatory capacities due to their smaller distribution areas®>>°.

Simultaneously, during La Nifia years, woodland and grassland exhibit the greatest variance in drought driving
under normal and mild anomalies, while under moderate and severe anomalies, the drought driving variance
across land types is roughly equal and more concentrated. Under extreme anomalies, the drought driving effects
of cultivated land, woodland, grassland, and water bodies show a normal distribution; in normal years, grassland
has the largest drought driving variance under mild anomalies with a positive skew, while cultivated land and
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grassland have the smallest variance under severe anomalies with a negative skew, and woodland approaches a
normal distribution under extreme anomalies. Similarly, during El Nifio years, the variance in drought driving
across land types varies complexly, showing positive and negative skewed distributions. This result demonstrates
the differential impact of human activities on rainfall storage, thereby significantly influencing the regulation
capacity of meteorological drought>”.

Discussion

Background and driving factors of meteorological drought

Although Southwest China is located inland, it is greatly influenced by the Southwest and Southeast
monsoons®°!, This region experiences abundant rainfall, with annual precipitation ranging between 601.65 and
1701.06 mm, resulting in relatively mild meteorological drought conditions (mainly moderate drought) (Fig. 6).
However, meteorological drought is not caused by a single factor but is the result of multiple interacting factors.
Persistent low rainfall, abnormal temperature increases, and sharp decreases in basin evaporation are critical
causes of meteorological drought”#45. Atmospheric water vapor is a key indicator of meteorological drought®?,
primarily derived from atmospheric water vapor transport and regional (basin) evapotranspiration®!2.
Therefore, exploring the regulatory effects of global atmospheric circulation (10 factors) and regional (local)
climate anomalies (8 factors) on meteorological drought is scientifically sound and reasonable. It also helps to
deepen the understanding of the complex mechanisms of meteorological drought60%3.

Regulation of meteorological drought by global atmospheric circulation

This study deepens the understanding of how global atmospheric circulation regulates meteorological drought
in Southwest China, revealing significant spatial patterns on annual and seasonal scales between 1948 and 2023:
a decreasing trend from north to south on an annual, spring, and winter basis, a decreasing trend from east to
west in autumn, and alternating patterns of strength from east to west in summer. Drought frequency ranges
from 0.35 to 0.39, generally showing a spatial pattern that decreases from the southwest to the northeast (Fig. 5).
These results indicate that global atmospheric circulation plays a significant role in regulating the spatial and
temporal distribution of meteorological drought in Southwest China®-%’. For instance, in September and during
summer, the North Atlantic Oscillation (NAO) is a major driver of meteorological drought, with persistence
observed over 8.5-9 M (1982-1991) and 12.4-14.4 M (1980-1995), and a lag effect noted over 3.7-5.3 M (2002-
2011). Additionally, the Southern Oscillation Index (SOI) exhibits a lag effect on meteorological drought on an
annual scale, while the Mode Dipole Index (MDI) demonstrates a pronounced lag effect on the SPEI in October
and autumn. Nino 3.4 shows both lag and persistence effects in April (Fig. 9a-c). Compared to previous studies,
this research, through long-term time series analysis, for the first time reveals the multi-scale impact patterns of
ENSO and NAO in the southern Karst basin, enriching the existing studies on meteorological drought regulatory
mechanisms.

Impact of regional climate anomalies on meteorological drought

Drought often indicates long-term rainfall deficiency in a basin (region), making local climate anomalies a key
trigger of meteorological drought, particularly factors like local evapotranspiration, temperature, wind speed,
and atmospheric pressure®”¢%. This study finds that regional (local) climate anomalies primarily have a negative
correlation with meteorological drought (Fig. 7d), closely related to the role of local evapotranspiration as a
source of atmospheric water vapor. Local temperature/dew point directly affects the water vapor capacity of the
atmosphere, while wind speed/pressure modulates the atmospheric water-holding capacity®®. Unlike previous
studies, this research clarifies the negative feedback mechanism of regional climate anomalies on meteorological
drought in the unique ecological system of the Karst basin through multi-factor analysis, providing new scientific
evidence for understanding the regional characteristics of meteorological drought. Therefore, focusing solely on
global atmospheric circulation or local climate anomalies is incomplete; a systematic study that combines both
is needed”®7!,

Impact and regulation of human activities on meteorological drought

Human activities significantly influence the water storage capacity of basins (regions) through interference
with surface and underground environments, altering the occurrence patterns of meteorological drought by
suppressing evapotranspiration’?74, The study results indicate a significant negative correlation between
human activities and meteorological drought (SPEI) in southeastern China, with the negatively correlated area
accounting for 33.14%, while some regions (northwest, central, and southwest) show a positive correlation
(0.13%) (Fig. 12a). These results further demonstrate that human activities have a significant regulatory effect on
local climate anomalies and meteorological drought through their impact on surface hydrological cycles. Thus,
exploring the influence of human activities on meteorological drought from the perspective of global climate
change, combined with regional (local) climate anomalies, has important scientific significance.

Variations in drought drivers across different years and land use types

The formation of meteorological drought results from the combined action of various factors, with significant
differences in the contribution of each factor to drought drivers>”*~77. This study shows that, in different
climatic years, the probability of global climate change driving drought varies significantly: El Nifio years (0.32-
0.52) >Normal years (0.31-0.51) > La Nifa years (0.27-0.5) (Fig. 13). During La Nifia and normal years, extreme
local climate anomalies (C, = 1.5) have the greatest driving effect on meteorological drought (0.33-0.51), while
in El Nifio years, the driving effect of normal and strong anomalies is higher than that of extreme anomalies
(Fig. 13a-c). These results indicate that under different global atmospheric circulation backgrounds, local climate
anomalies play a significant role in meteorological drought in Southwest China’”78. This study, for the first time,
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reveals the differences in drought drivers under various climate backgrounds for specific land use types (e.g.,
grassland, woodland), providing a more detailed perspective for studying meteorological drought.

Limitations and future perspectives

Due to data limitations, this study only uses monthly meteorological data (with spatial resolutions of 0.1° and
0.25°) to calculate the Standardized Precipitation Evapotranspiration Index (SPEI), which somewhat limits the
spatial and temporal accuracy of the results. Future studies will consider higher spatial and temporal resolution
meteorological data (e.g., hourly, daily, 0.01° resolution) and select multiple meteorological drought indices
(e.g., PDSI, SPI, SPEI) for comparative analysis, aiming to enhance the representativeness and generality of the
research results. This will more comprehensively reveal the mechanisms of meteorological drought in Southwest
China.

Conclusion

To reveal the mechanisms driving meteorological drought in Southwest China, this study calculated
the Standardized Precipitation Evapotranspiration Index (SPEI) and the Hurst index based on monthly
meteorological data, and explored the influence of global (regional) climate change coupled with human
activities on meteorological drought using Bayesian principles. The following three conclusions were drawn:

(1) Between 1948 and 2023, the annual and seasonal meteorological drought in Southwest China mainly ex-
hibited a spatial distribution trend characterized by a north-south gradient (annual average, spring, and
winter) or an east-west decrease (autumn). In summer, the distribution showed alternating east-west varia-
tions in intensity. This spatial pattern closely aligns with the spatial characteristics of temperature and evap-
oration. Among the drought recurrence periods, extreme drought had the longest duration (113.5 months
in spring to 76.95 months annually), while moderate drought had the shortest duration (32.59 months
in summer to 20.88 months in winter). On a monthly scale, there was a significant increase in drought
after 1995, especially in the frequency of moderate and above-moderate droughts. This result indicates that
drought in Southwest China has intensified over the years, with climate change driving more frequent and
prolonged drought events.

(2) Global atmospheric circulation significantly influences meteorological drought in Southwest China. Fac-
tors such as Nino 3.4, SOI, AMO, MDI, MEI, and NAO exhibit persistence and lagged effects on drought
across different frequency domains. For example, SOI has a more pronounced impact on annual and sum-
mer-autumn scales, while NAO plays a stronger role during summer (Sig. < 0.05). Compared to global
atmospheric circulation, regional climate change exerts a stronger regulatory effect on meteorological
drought, particularly through evapotranspiration, which has a negative impact on drought during July and
November (Sig. < 0.01), and January and March (Sig. < 0.05). This highlights the importance of evapotran-
spiration in supplying atmospheric moisture during drought periods; higher evapotranspiration is associat-
ed with lower drought intensity. Temperature and wind speed, on the other hand, have a positive effect on
meteorological drought, especially temperature in January and August, and wind speed in April (Sig. < 0.05)
and annually (Sig. < 0.01). Therefore, drought management should emphasize the regulation of regional
evapotranspiration and temperature to mitigate the impacts of meteorological drought.

(3) Land use change has shown a significant negative correlation with meteorological drought in Southwest
China, with a driving probability of 0.39-0.42. During different climate anomaly years, the coupled effect of
land use and climate change on meteorological drought varies significantly: during El Nifio years, land use
types have the highest driving effect on drought (0.32-0.52), while La Nifa years show a higher influence
of localized climate anomalies on drought regulation (0.33-0.5). Among different land types, the impact of
construction land on drought is more concentrated (0.38-0.42), while the influence of grasslands is more
dispersed (0.37-0.45). During La Nifa years, grasslands have a driving effect of up to 0.5 under extreme
anomaly conditions, while in normal years, woodlands exert a stronger driving effect under extreme condi-
tions (0.51). These findings indicate that human activities, through changes in land cover types, significantly
affect regional evapotranspiration and water vapor cycles, playing a role in either promoting or mitigating
meteorological drought.

Based on the findings of this study; it is recommended that future drought prevention and control efforts adjust
land use strategies in response to different climate conditions (such as El1 Nifio and La Nifa years), optimizing the
layout of grasslands, woodlands, and construction land to enhance regional capacity to regulate meteorological
drought. Additionally, management should focus on addressing the risk of drought intensification due to
regional temperature increases, by increasing vegetation cover or improving irrigation methods, to enhance the
region’s resilience to the adverse effects of climate change.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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