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Abstract

Drought exhibits a complex coupling response to regional meteorological factors, hydrolog-
ical characteristics, land cover, and large-scale teleconnection climate indices, while their
direct and indirect influences on multi-scale meteorological and hydrological droughts
remain insufficiently understood, particularly in karst basins. This study investigated
drought dynamics in China’s Yujiang River Basin using an integrated framework com-
bining run theory, drought propagation analysis, and the partial least squares—structural
equation model (PLS-SEM). We analyzed the 1-, 3-, 6-, and 12-month standardized precipi-
tation index (SPI) and standardized streamflow index (SSI) at four hydrological stations
during 1984-2014, together with meteorological factors, land cover indices, large-scale
climate indices, areal precipitation, and naturalized streamflow. The results show that
precipitation and streamflow exhibited slight declining tendencies with marked seasonal
variability, and that drought durations of all severity levels generally decreased with in-
creasing time scales. At the same time scale, SSI was more stable than SPI, and both indices
tended to become more stable as the time scale increased. SPI-3 and SSI-1 were identified
as the optimal time scales for monitoring meteorological and hydrological drought, respec-
tively, providing a practical basis for drought identification and early warning in karst
basins. Hydrological drought lagged meteorological drought by 1-3 months, indicating a
measurable propagation time that is valuable for improving drought preparedness and wa-
ter resources regulation. PLS-SEM further revealed that precipitation and streamflow were
the dominant direct drivers of drought development, while land cover exerted a persistent
negative effect, and climate-related factors mainly influenced drought indirectly. These
findings enhance the understanding of drought propagation and multi-factor coupling
mechanisms in karst basins and provide scientific support for regional drought monitoring
and water resources management.

Keywords: meteorological drought; hydrological drought; multi-scale response mechanism;
lag response time; influencing factors; Yujiang River Basin

1. Introduction

Drought is one of the most complex and widespread natural disasters globally [1],
with global warming exacerbating the complexity and randomness of extreme meteorologi-
cal and hydrological events. Meteorological drought is defined as a period of insufficient
precipitation, while hydrological drought is reflected through the depletion of streamflow
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or reservoir levels [2,3]. The standardized precipitation index (SPI) and the standardized
streamflow index (SSI) are ideal choices for distinguishing between meteorological and
hydrological drought types [4,5]. These two drought indices can reflect different stages of
drought to some extent [6]. Drought assessment is based on various drought indicators,
and different time scales can also affect drought evaluation [7], leading to uncertainty in
the results. Generally, meteorological drought develops and ends more rapidly, while
hydrological drought lags behind the occurrence of meteorological drought [8]. The propa-
gation time depends on local landscape characteristics; therefore, although the occurrence
mechanisms and evolution patterns of meteorological and hydrological drought differ,
there is a lagged connection and complex response relationship between the two [6].

The intensification of global warming poses significant challenges for the monitoring
and prediction of drought events within watersheds [9], and the issue of drought is expected
to become even more severe in the future [3]. Drought events are typically triggered by
extreme changes in natural climate conditions, leading to drastic fluctuations in regional
meteorological factors [5], which further affect land cover and the regional ecological
environment, altering hydrological characteristics and drought information [10]. Studies
have indicated that during the evolution of drought events, there is a close relationship
between drought and large-scale climate indices (e.g., atmospheric-oceanic circulation
indices), small-scale meteorological factors (e.g., air temperature, pressure, etc.), regional
precipitation, streamflow, and changes in land cover (e.g., vegetation cover, leaf area
index) [11-13]. Therefore, when assessing the impact of different factors on drought,
it is essential to quantify both the direct effects of multiple factors on drought and to
consider their indirect effects. Thus, conducting research on the influencing factors of
hydrometeorological drought and revealing their direct and indirect impact mechanisms is
exceptionally important.

Traditional empirical statistics and regional hydrological models struggle to accurately
quantify the direct and indirect complex relationships between latent variables such as large-
scale climate, regional meteorological and hydrological characteristics, vegetation dynamics,
and drought. These variables are often treated as independent of one another, but this
assumption deviates significantly from reality. Moreover, most studies are limited to drought
indices of the same type at different scales or different types at the same scale, with few
exploring the comprehensive impacts of climate, meteorological, hydrological characteristics,
and vegetation dynamics on various types and scales of drought simultaneously.

In recent years, the structural equation model (SEM) has been widely used to study
the relationships between independent and dependent variables, particularly demonstrating
unique advantages in research on different influence paths (direct and indirect effects) [14,15].
Compared with traditional statistical analysis methods, the partial least squares-SEM (PLS-
SEM) can quantitatively explore the effect of individual indicators on the overall outcome
and the interrelationships among individual indicators through methods such as multiple
regression, principal component analysis, path analysis, factor analysis, and covariance
analysis [16-19]. It enables an in-depth analysis of the complex response mechanisms of
multi-scale meteorological and hydrological droughts to multiple potential variables (such as
large-scale teleconnection climate indices, regional meteorological factors, areal precipitation,
naturalized streamflow, and dynamics of land cover) and is a useful method worth exploring.

Since 1961, the frequency of drought events in Southern China has been increasing
year by year, with both intensity and frequency continuing to rise [20]. This poses a serious
threat to agricultural production and ecosystems, resulting in significant losses for resi-
dents in terms of both livelihood and property. The Yujiang River Basin (YRB), located in
Southern China, is one of the largest contiguous karst regions in the world. Its unique karst
geographical environment significantly impacts the process of precipitation transforming
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into streamflow, increasing the complexity of drought causes in the region and making
ecosystems more vulnerable during drought events [21]. Therefore, the goals in this study
are: (i) to develop a PLS-SEM framework to investigate the complex response relationships
among multi-source influencing factors and multi-scale meteorological and hydrological
droughts, by linking observable variables to key latent processes including climate forcing,
meteorological conditions, land cover, precipitation, and streamflow (ii) to further quantify
the complex dependent causal relationships between meteorological and hydrological
droughts in the YRB across different time scales and confirms the varying impacts of differ-
ent types of factors on hydrological and meteorological droughts. The main innovations
and academic contributions of this study are reflected in the following three aspects: (i) This
study establishes a multi-scale, multi-variable, and multi-type drought analysis framework,
enabling the integrated investigation of meteorological and hydrological droughts and their
interactions under multiple driving factors. This approach moves beyond the traditional
assumption of independent variables and provides a more realistic representation of multi-
factor coupling mechanisms. (ii) This study integrates run theory, drought propagation
analysis, and PLS-SEM into a unified framework to systematically quantify the multi-factor
coupling mechanisms and scale-dependent responses of meteorological and hydrological
droughts. (iii) The unique karst environment in the YRB significantly affects the process of
precipitation converting to streamflow, increasing the complexity of drought causes in the
region. This paper summarizes the characteristics of drought variation and the temporal
and spatial distribution patterns in the YRB, providing a theoretical basis for reducing
regional drought risk. The findings can serve as a reference for the scientific management
of water resources in the YRB.

2. Materials and Methods
2.1. Study Area

The YRB (21°31'-24°38' N, 104°30'-110°16’ E) is the largest component of the Xijiang
River system in the Pearl River Basin of Southern China, featuring typical karst landforms.
The basin covers an area of 89,691.5 km?2, with the main river stretching 1152 km in
length. The terrain gradually descends from the northwest to the southeast, with an
average gradient of 0.314%.. The main river exhibits a medium-sized mountainous canyon
topography above the Baise Hydrological Station (Figure 1), while below the station, hilly
areas and vast basins are interspersed. The tributary of Pearl River is mostly karst erosion
plains; the area below Nanning Station is characterized by hilly plains.
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Figure 1. Locations of study area and hydrological and meteorological stations in the Yujiang River Basin.

The average annual air temperature in the YRB is 17 to 23 °C [22], with an aver-
age annual evaporation of 1693 mm [23]. The average relative humidity ranges from
71% to 80%, and the annual average sunshine duration is between 1282 and 2243 h [24],
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indicating a typical continental monsoon climate and maritime climate. Precipitation is
influenced by marine warm air masses and inland air masses, with an average annual
precipitation of 1080 to 2760 mm [25], primarily concentrated from June to September,
during which heavy rains often occur, mainly caused by typhoons and tropical depressions.
The annual average naturalized streamflow (Guigang Station) over 1984-2014 is 44.9 billion

m3

, with minimum and maximum values occurring in February and October, respectively.
The YRB features diverse vegetation ecosystems, including forests, grasslands, hills, and
wetlands [21]. The evolution of meteorological and hydrological factors directly affects
vegetation growth, and the dynamic changes in surface coverage exhibit a certain level of
resilience to drought disturbances.

The four hydrological stations on the YRB (Baise, Chongzuo, Nanning, and Guigang
Stations) are located in the upper left, upper right, midstream, and downstream areas of
the basin, respectively (as shown in Figure 1), making them highly representative. Each
hydrological station’s controlled watershed exhibits unique characteristics in terms of hy-
drological features, climatic conditions, and biodiversity (land cover). Therefore, this study
focuses on the controlled watersheds of these four hydrological stations, combined with
data from 24 regional meteorological stations (Figure 1), to reveal the response mechanisms
of regional hydrology and meteorological drought, which holds significant practical value.

2.2. Data

This study collected precipitation, streamflow, teleconnection climate factors (sunspot,
Ocean Nifio, Arctic Oscillation, and North Atlantic Oscillation), meteorological factors (air
temperature, evapotranspiration, sunshine duration, relative humidity, and atmospheric
pressure), and land cover indices (photosynthetic vegetation fractional cover and leaf area
index) from 24 meteorological stations and four typical hydrological stations (Baise, Nan-
ning, Chongzuo, and Guigang) in the YRB over a span of 30 years from 1984 to 2014. Data
of daily naturalized streamflow (m?/s) were provided by the Hydrological Information
Center of the Pearl River Water Resources Commission, Ministry of Water Resources of the
People’s Republic of China. The daily naturalized streamflow data used in this study were
obtained from the Hydrological Information Center of the Pearl River Water Resources
Commission, Ministry of Water Resources of China. These data were reconstructed using
the itemized summation method, which is a standardized approach widely adopted in
China for restoring naturalized streamflow in basins affected by human activities. Consid-
ering the karst geological characteristics and intensive agricultural activities in the Yujiang
River Basin, the reconstruction process conducted by the authority has incorporated multi-
ple correction components, including groundwater variation adjustments, estimation of
potential subsurface water exchange, lagged effects of irrigation return flow, and channel
transmission losses. These procedures aim to improve the representation of streamflow
under near-natural conditions. In principle, the itemized summation method restores
naturalized streamflow by correcting the observed streamflow for the effects of major
human activities, such as water withdrawal, reservoir regulation, and inter-basin water
transfer. Compared with observed streamflow, the reconstructed naturalized streamflow
generally exhibits reduced influence from human regulation and better reflects the natural
variability of runoff driven by climatic factors. In this study, the naturalized streamflow
data from the four hydrological stations (Baise, Chongzuo, Nanning, and Guigang) were di-
rectly used without any additional modification or recalibration, ensuring data consistency
and reproducibility of the analysis [26]. Daily station precipitation (mm), air temperature
(°C), sunshine duration (hours), relative humidity (%), and atmospheric pressure (hPa)
of each meteorological station were provided by the China Meteorological Administra-
tion https://data.cma.cn/ (accessed on 10 May 2024). The areal precipitation for each
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hydrological station was calculated within its corresponding upstream controlled catch-
ment rather than over the entire basin. Specifically, the precipitation associated with Baise
and Chongzuo stations was aggregated over their respective controlled sub-basins, while
the areal precipitation for Nanning and Guigang stations was derived from all relevant
upstream meteorological stations within their corresponding controlled catchments. The
Thiessen polygon method was used to assign area weights to station precipitation and
to estimate catchment-averaged precipitation for each controlled basin. In this way, the
precipitation input used in this study is spatially consistent with the hydrological response
represented by streamflow at each hydrological station (Figure 1). Evapotranspiration (mm)
and photosynthetic vegetation fractional cover (%) data were provided by the Institute
of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences
(www.geodata.cn (accessed on 1 May 2024)), while daily leaf area index data were pro-
vided by the National Earth System Science Data Center (www.glass.umd.edu (accessed on
5 May 2024)). The daily sunspot index was provided by the Royal Observatory of Belgium
(www.astro.oma.be (accessed on 12 May 2024)), and the Ocean Nifio index was published
as daily data by the National Oceanic and Atmospheric Administration (www.noaa.gov
(accessed on 5 May 2024)). The Arctic Oscillation and North Atlantic Oscillation data were
provided as monthly data by the National Climate Center (www.ncc-cma.net (accessed
on 1 Jule 2024)). All detailed information on the datasets is provided in Table 1. Before
PLS-SEM analysis, all variables were unified to a monthly time scale. Daily variables
were aggregated to monthly series according to their physical meaning: precipitation and
streamflow were converted to monthly totals, whereas air temperature, evapotranspiration,
sunshine duration, relative humidity, and atmospheric pressure were converted to monthly
averages. The sunspot index, Ocean Nifio index, photosynthetic vegetation fractional cover,
and leaf area index were also transformed into monthly series, while the Arctic Oscillation
and North Atlantic Oscillation were originally available at the monthly scale and were
used directly. After temporal aggregation, all variables were aligned over the same study
period and standardized before model analysis to ensure consistency and comparability
among variables.

Table 1. Data used in this study, data sources, and relevant characteristics.

Data Data Source Attribute
Sunspot Royal Observatory of Belgium
(www.astro.oma.be (accessed on 12 May 2024)) Daily
National Oceanic and Atmospheric
Ocean Nifo Administration (www.noaa.gov (accessed on
5 May 2024))
Arctic Oscillation, North Atlantic National Climate Center (www.ncc-cma.net Monthl
Oscillation (accessed on 1 Jule 2024)) y
Air temperature
Surlfsrﬁicr?:(tiaélrzlt-lion China Meteorological Administration Daily
Relative humidity (https://data.cma.cn/ (accessed on 10 May 2024))
Atmospheric pressure
Evapotranspiration Institute of Geographic Sciences and Natural Daily
Photosynthetic vegetation Resources Research, Chinese Academy of Sciences Dail
fractional cover (www.geodata.cn (accessed on 1 May 2024)) atly
Leaf area index National Earth System Science Data Center Dail
(www.glass.umd.edu (accessed on 5 May 2024)) y
Streamflow Hydrological Information Center of the Pearl Daily

River Water Resources Commission

2.3. Calculation of SPI and SSI

The value of SPI (SPI) is commonly used to monitor drought conditions and quan-
titatively represents the degree of precipitation deficiency over different periods. It is a
meteorological drought calculation index recommended by the World Meteorological Or-
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ganization. The value of SSI (SSI) essentially reflects the distribution frequency of changes
in water deficit. The calculations of the SPI and SSI drought indices are similar [27,28].

When the precipitation (or streamflow) “x” during a certain time period follows a
Gamma distribution (I'), its probability density function f(x) is given by:

flx) = b ptte (1)
I'(a)
where x represents the precipitation or streamflow during a specific time period; « and
are the shape and scale parameters, respectively, and x, «, and f are all greater than 0. The
parameters & and  can be calculated using the maximum likelihood method as shown in
Equations (2)—(4) [29]:

A=Inx) - 2?:1 lnE/lxl-) ()

B=(1+V1+44/3)/(44) 3)

N =

(4)

I =

where x; represents the i-th sample data of precipitation (or streamflow); X is the mean for a
specific time period; # is the length of the series, or the total number of samples; A is an
intermediate variable that simplifies the related calculations for parameter B.

The cumulative probability F(x) of precipitation (or streamflow) x over a certain time
scale is given by:

Fix) = [ o ®

The calculation formula for SPI or SSI obtained through normal standardization of
F(x) is:
t—(cat+c1)t+co
SPlorSSI=S
((dgt + dz)t +d)t+1.0

(6)

t = /—2In(F) )

where F represents the cumulative probability of precipitation or streamflow over a certain
period; S is a constant, usually related to the normal standardization process; t is the
transformed value of the cumulative probability F(x); when F < 0.5, S = —1; when F > 0.5,
S=1;cy=2515517, c; = 0.802853, c; = 0.010328, d1 = 1.432788, d, = 0.189269, d3 = 0.001308
are all empirical values [30].

The classification of drought levels for both SPI and SSI drought indices also shows
similarities. When SPI or SSI € [-1.0, —0.5), it is classified as mild drought; when SPI or
SSI € [-1.5, —1.0), it is classified as moderate drought; when SPI or SSI € [-2.0, —1.5), it
is classified as severe drought; when SPI or SSI € [-2.0, —0), it is classified as extreme
drought [31]. For convenience of explanation, this study adopts notations such as SPI-i or
SS51-i to represent the SPI or SSI at a time scale of i month(s), where SPI-1 indicates the SPI
at a time scale of 1 month.

2.4. Run Theory

The run theory is a time series analysis method that can extract occurrences of the
same type of event over time. Let the time seriesR; (t=1,2,3, ..., 4, ..., N) be truncated at
a given level Ry. A negative run occurs when R; is continuously less than or equal to R, for
a period of time; a positive run occurs when R; is continuously greater than Ry for a period
of time. Based on this, the run intensity and run strength for each segment are obtained
as follows:
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N
St =Y, ;Rt, Rt <Ry (8)
N
VR
= SRt R, g, 9)
Yoo Tt

where S; is the run intensity; I; is the run strength; T; is the run length, which indicates the
duration from the start to the end of a particular run; R; is the time series.

This study selects four critical points (Ry) of the SPI and SSI drought indices, namely
—0.50, —1.00, —1.50, and —2.00 [32], as the four truncation levels Ry, R, Ry, and R3. It
focuses on identifying the number of drought events, duration, intensity, and strength of
drought characteristics where the multi-scale meteorological and hydrological drought
index series R; is less than or equal to the four truncation levels Ry, and drought events
must last for two months or more, during the period from 1984 to 2014, a total of 30 years.
Figure 2 illustrates the process of identifying the run theory of the SPI at the three-month
(denoted as SPI-3) series at Chongzuo Station over a 36-month period (from January 2009
to January 2012).

3

2 = Severity of drought Intensity of drought
L (Cumulative value over the duration of the drought)  (Average value per month)

1 b=

SPI-3 at Chongzuo station
(=}

[ |_|_|—| Duration of drmlgli 1
i
-1 _|
[ | R, --Mild drought
_lﬁ\ —‘_LC R, --I\:Eraw drought
-2
Ra--Se®re drought
- R;--Extreme drought
-3 1 1 N 1 N 1 1 1 L 1 N
2009-01 2009-07 2010-01 2010-07 2011-01 2011-07 2012-01time

Figure 2. An example illustration of identifying drought process using the run theory for the SPI-3 at
Chongzuo Station over a 36-month period (from January 2009 to January 2012).

2.5. Partial Least Squares—Structural Equation Model (PLS-SEM)

This study employs PLS-SEM to investigate the causal relationships between dif-
ferent latent variables. The SEM model is divided into a structural model, as shown in
Equation (10), and a measurement model, as shown in Equation (11). The structural model
addresses the complex relationships among latent variables, while the measurement model
considers the relationship between each latent variable and its corresponding observable
variables [14]. The PLS-SEM model solves for the components of the measurement model
and then estimates the relevant path coefficients in the structural model [33]. Manifest
variables are directly observed variables used to construct latent variables, whereas la-
tent variables are those not directly observed in the model but inferred through multiple
manifest variables.

Since the naturalized streamflow is determined by calculating measured streamflow
using the method of itemized summation commonly widely adopted in China [26]. The
value of naturalized streamflow is a calculated value. Therefore, the naturalized stream-
flow is considered a latent variable. The area-averaged precipitation of the watershed is
also derived from the Thiessen polygon method applied to the point precipitation data
from various meteorological stations, and this areal precipitation is likewise regarded
as a latent variable. Consequently, this study considers seven types of latent variables
(large-scale teleconnection climate indices, meteorological factors, land cover, areal precipi-
tation, naturalized streamflow, meteorological drought, and hydrological drought). The
observable variables for large-scale teleconnection climate indices include sunspots, Ocean
Nifo, Arctic Oscillation, and North Atlantic Oscillation. The meteorological factors include
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air temperature, evapotranspiration, sunshine duration, relative humidity, and atmospheric
pressure. The land cover is represented by photosynthetic vegetation fractional cover and
leaf area index. The distributional changes in meteorological and hydrological droughts
are represented by the SPI and SSI indices, respectively. The measured streamflow and the
measured point precipitation from meteorological stations are no longer included as mani-
fest variables, meaning that the manifest variables considered in this study total eleven:
sunspot, Ocean Nifio, Arctic Oscillation, North Atlantic Oscillation, air temperature, evapo-
transpiration, sunshine duration, relative humidity, atmospheric pressure, photosynthetic
vegetation fractional cover, and leaf area index.
Structural model (indirect effects between variables):

&Gi=Y BiGi+{ (10)
i=1

where ¢; represents the endogenous latent variable (a latent variable influenced by other
variables in the model); ¢; denotes the exogenous latent variable (a latent variable not
influenced by other variables in the model); B;; is the path coefficient between the i-th
exogenous latent variable and the j-th endogenous latent variable, optimized through
PLS, indicating the degree (equivalent to the standardized regression coefficient) of the
response variable relative to the explanatory variable, which facilitates the examination
of the direction and strength of causal relationships [34]; {; represents the error in the
relationships within the model.
Measurement model (direct effects between variables):

Xjk = A]k‘:] + &k (11)

where Xji represents the manifest variable; ; is the latent variable; Aj indicates the correla-
tion coefficient between the manifest and latent variables estimated using the PLS method;
the error term ¢j; represents the measurement imprecision [14].

The PLS-SEM provides the path coefficients (8) and coefficient of determination (R?)
for all latent variables. The f reveals the strength and direction of the relationships between
latent variables, while the R? reflects the predictive accuracy of the model, with values
ranging from 0 to 1; a higher value indicates better explanatory power of the model. The
classification criteria for R? used in this study are: 0.10 (not significant fit), 0.25 (weak
fit), 0.50 (moderate fit), 0.75 (high fit), and 1 (very high fit). In this study, the PLS-SEM is
constructed using R language and the “PLSPM” package [35], where the measurement
and structural models optimized by the PLS method quantify the direct and indirect
effects between variables. The direct effect is the direct influence of one latent variable on
another, typically represented by the path coefficient (8). The indirect effect, on the other
hand, is the influence of one latent variable on another through one or more intermediary
variables, usually involving the cumulative effect of multiple path coefficients between
latent variables.

3. Results
3.1. Changing Characteristics of Precipitation and Streamflow in the YRB

Statistics from 24 meteorological stations and 4 hydrological stations in the YRB from
1984 to 2014 reveal that the annual average precipitation for the areas above the four
hydrological stations (Baise, Chongzuo, Nanning, and Guigang) is 983.08 mm, 1113.56 mm,
1052.32 mm, and 1072.87 mm, respectively. The annual average streamflow for these areas is
256.10 m3/s, 539.54 m3 /s, 1187.96 m3 /s, and 1444.91 m3/s, respectively. Both precipitation
and streamflow exhibit a negative slope, though the downward trend is not statistically
significant (p < 0.05) [Figure 3a,c].
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Figure 3. Annual and monthly variations of precipitation and streamflow in the Yujiang River Basin from 1984 to 2014. (a) Line chart and trend of annual

precipitation; (b) Scatter box plot of monthly precipitation; (¢) Line chart and trend of annual streamflow; (d) Scatter box plot of monthly streamflow. In (b,c), the

green horizontal lines represent the range of the 25th to 75th percentiles for the monthly precipitation and streamflow, while the red horizontal lines indicate the

long-term average for the monthly precipitation and streamflow.
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The maximum precipitation and streamflow values for all four areas occur in July,
with a notably uneven distribution throughout the year and significant disparities between
wet and dry periods. The variability of precipitation and streamflow is most pronounced
between June and September, showing substantial intra-annual variability and uneven dis-
tribution. Approximately 60% to 70% of the annual precipitation is concentrated primarily
from May to August, while streamflow peaks from June to September, with a slight delay
in timing relative to precipitation [Figure 3b,d].

3.2. Changing Characteristics of Meteorological and Hydrological Droughts in the YRB

The methods outlined in Section 3.1 were applied to derive the results presented in
Figure 4 and Table 2. As the time scale increases, the SPI values at Baise Station exhibit
a decreasing proportion of mild drought duration. In contrast, the pattern observed at
Chongzuo, Nanning, and Guigang Stations differs slightly, with the duration of extreme
drought decreasing as the time scale increases. Notably, except for the SPI-3 and SPI-6 at
Chongzuo Station and the SPI-12 at both Chongzuo and Nanning Stations, the other SPI
indicators exhibit an upward trend. Additionally, both drought indices (SPI and SSI) at
Baise and Guigang Stations show a reduction in extreme drought duration as the time scale
increases, while the duration of mild drought at Nanning Station gradually decreases with
the increasing time scale.
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Figure 4. Multi-scale SPI and SSI variation characteristics in the Yujiang River Basin. (a) Cumulative
plots of 4 multi-scale SPI changes; (b) Composition of drought duration proportions of the multi-scale
SPI series; (¢) Cumulative plots of 4 multi-scale SSI changes; (d) Composition of drought duration
proportions of the multi-scale SSI series.
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Table 2. Statistical distribution of drought time proportions for multi-scale SPI and SSI in the Yujiang
River Basin.

Station Meteorological Drought Type Hydrological Drought Type

Name Index Mild Moderate Severe Extreme Index Mild Moderate Severe Extreme

SPI-1 53 36 15 9 SSI-1 56 36 12 7

Bai SPI-3 50 40 14 10 SSI-3 57 38 15 8

aise SPI-6 47 36 12 12 SSI-6 58 31 21 6

SPI-12 41 43 15 9 SSI-12 89 31 14 4

SPI-1 51 36 13 13 SSI-1 68 43 10 0

Choneztio SPI-3 50 41 20 6 SSI-3 66 32 19 1

& SPI-6 64 34 15 5 SSI-6 49 46 17 0

SPI-12 76 48 12 0 SSI-12 57 58 7 0

SPI-1 48 29 18 11 SSI-1 76 46 10 0

Nannin SPI-3 51 34 23 5 SSI-3 62 36 18 1

&  spre 44 38 21 5 SSI-6 62 43 20 0

SPI-12 55 53 14 0 SSI-12 62 66 5 0

SPI-1 50 31 18 12 SSI-1 69 40 14 2

Guiean SPI-3 51 36 25 5 SSI-3 55 49 18 1

8ME  spLg 50 31 2 5 SSI-6 49 48 24 1

SPI-12 49 51 20 0 SSI-12 88 50 5 1

Note: The two columns of trends are not significant at the 0.05% confidence level.

The proportion of drought duration for the two drought indices at these four stations
reflects an overall pattern characterized by mild drought > moderate drought > severe drought
> extreme drought. Moreover, changes in SPI are more pronounced at the same scale compared
with SSI. As the time scale increases, both SPI and SSI values tend toward stabilization.

Using the run theory described in Section 3.2, the multi-scale SPI and SSI values for
the four sites were analyzed to determine the temporal and spatial distribution patterns of
meteorological and hydrological drought events (see Figure 5 and Table 3). For meteoro-
logical droughts, Baise Station exhibits the highest frequency of moderate drought events
across all four SPI scales. At Chongzuo Station, SPI-1 records the highest number of mild
and moderate drought events, each occurring 11 times. SPI-3 at this station is dominated by
moderate drought events, while SPI-6 shows the highest frequency of both mild and mod-
erate drought events, each occurring 9 times. SPI-12, however, records the most frequent
mild drought events at Chongzuo Station. At Nanning Station, SPI-12 records the highest
number of mild drought events, while moderate drought events are most common in
SPI-1, SPI-3, and SPI-6. Guigang Station records the highest number of mild and moderate
drought events in SPI-1, with 10 events each. Moderate drought events are most frequent in
SPI-3 and SPI-6 at this station, while SPI-12 also records a notable number of mild drought
events. The longest continuous meteorological drought events recorded at the four stations
are moderate droughts in SPI-12. The most severe drought intensities are observed at
different scales: SPI-12 for Baise Station, SPI-3 for Chongzuo Station, SPI-1 for Nanning
Station, and SPI-1 for Guigang Station. Extreme drought events are only recorded at Baise
Station in SPI-12, Chongzuo Station in SPI-3, Nanning Station in SPI-1, and Guigang
Station in SPI-1. No extreme drought events are observed at the other stations across the
analyzed SPI scales.
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Figure 5. Distribution patterns of multi-scale SPI and SSI drought events for the stations of (a) Baise,
(b) Chongzuo, (c) Nanning, and (d) Guigang in the Yujiang River Basin.

For hydrological drought, Baise Station records the highest number of moderate
drought events for SSI-1 and SSI-6, while SSI-3 has an equal number of mild and moderate
drought events (both 9 events), and SSI-12 is primarily characterized by mild drought
events. Similarly, Chongzuo Station shows the highest frequency of moderate drought
events in SSI-1, S51-6, and SSI-12, whereas SSI-3 is predominantly characterized by mild
drought events. At Nanning Station, there is a notable number of mild drought events for
SSI-1 and SSI-3, with a high frequency of moderate drought events for SSI-6 and SSI-12.
Similarly, Guigang Station experiences a relatively high frequency of mild drought events
in §S51-1 and SSI-12, with SSI-3 showing equal occurrences of mild and moderate drought
events (both 9 events), and SSI-6 recording a larger number of moderate drought events.
The longest duration of hydrological drought events at Baise Station is recorded for a
severe drought event in SSI-12, while the longest duration at the other three stations is
for moderate drought events in SSI-12. The drought intensity is most severe for Baise
Station’s SSI-1, Chongzuo and Guigang Stations” 551-6, and Nanning Station’s SSI-3. None
of the four stations records extreme-drought events across the four scales of hydrological
drought monitoring.

Overall, at the same timescale, the number of drought events detected by the SPI is
generally higher than that detected by the SSI, indicating greater sensitivity to meteoro-
logical drought. As the timescale increases, the number of drought events detected by
both SPI and SSI gradually decreases. Among the four stations, SPI-3 and SSI-1 record
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a relatively higher number of drought events, suggesting that the optimal timescales
for characterizing meteorological and hydrological drought in the YRB are 3 months
and 1 month, respectively. However, the average duration and intensity of drought
events do not exhibit a consistent pattern, with significant variability observed among
the stations.

Table 3. Statistical results of multi-scale SPI and SSI drought events in the Yujiang River Basin.

The Average The Average

Station I Drought Duration of Me‘an Drought Drought  Duration of Me;.m Drought
ndex Intensity of Index Intensity of
Name Events Drought Drought Type Events Drought Drought Type
(Month) & (Month) &
SPI-1 19 2.84 —1.20 Moderate  SSI-1 21 4.29 —1.10 Moderate
Baise SPI-3 23 3.83 —1.21 Moderate  SSI-3 19 5.95 —1.05 Moderate
SPI-6 19 5.00 -1.13 Moderate  SSI-6 17 6.71 —1.07 Moderate
SPI-12 10 10.70 —1.10 Moderate SSI-12 12 11.58 —0.84 Mild
SPI-1 24 2.92 —-1.03 Moderate  SSI-1 24 3.96 —1.00 Moderate
Nanning SPI-3 28 3.57 —-1.18 Moderate  SSI-3 20 5.65 —1.02 Moderate
SPI-6 19 5.63 —1.04 Moderate  SSI-6 16 6.69 —1.06 Moderate
SPI-12 13 10.69 -0.87 Mild SSI-12 7 16.43 —1.00 Moderate
SPI-1 22 3.09 -1.17 Moderate  SSI-1 24 446 —0.99 Mild
Chongzuo SPI-3 24 3.92 —-1.27 Moderate  SSI-3 21 5.19 —-1.03 Moderate
SPI-6 17 5.65 -1.18 Moderate  SSI-6 17 7.18 —1.00 Mild
SPI-12 13 8.92 —0.98 Mild SSI-12 11 12.09 —0.95 Mild
SPI-1 23 3.26 —-1.12 Moderate  SSI-1 21 5.24 —0.99 Mild
Guigang SPI-3 25 3.96 —1.23 Moderate  SSI-3 20 5.95 —1.01 Moderate
SPI-6 19 4.95 —-1.13 Moderate  SSI-6 17 7.00 —1.02 Moderate
SPI-12 13 9.15 —-0.93 Mild SSI-12 9 16.22 —-0.92 Mild

3.3. Correlation Between Meteorological and Hydrological Droughts at the Same Time Scale

The PLS-SEM can effectively measure the driving relationships between observable
variables and latent variables that cannot be directly observed. The output of this model
shows that the total effect between any two variables is composed of the sum of direct
effects and indirect effects, where direct effects are determined by the corresponding path
coefficients, and indirect ones involve intermediate variables. This study uses the PLS-SEM
to explore the correlation between hydrological and meteorological droughts at the same
time scale for four time scales (i.e., 1, 3, 6, and 12 months). The results are shown in Figure 6
and Table 4. In Figure 6, the ellipses represent latent variables; rectangles represent the
observable variables corresponding to the latent variables. The numbers on the arrows
between the latent variables and their observable variables indicate loadings, while the
numbers on the other arrows represent path coefficients, which also indicate causal relation-
ships. Solid arrows indicate positive correlations, while dashed arrows indicate negative
correlations. The arrows between latent variables represent causal relationships, indicating
that the former influences or predicts the latter. The arrows between latent variables and
their corresponding observable variables indicate measurement relationships, showing that
observable variables are indicators or manifestations of latent variables.

The R? values for SPI-1 and SSI-1 at four hydrological stations indicate moderate
predictive accuracy, with SSI-1 being slightly more accurate than SPI-1. The large-scale
teleconnection climate indices and meteorological factors exhibit weak positive indirect
correlations with both SPI-1 and SSI-1. Precipitation shows a strong positive direct effect
on SPI-1 and a weak negative direct effect on SSI-1, but a strong positive indirect effect
on both, resulting in an overall positive correlation. Streamflow has a weak direct effect
on SPI-1 but a strong direct effect on SSI-1. Land cover has a strong negative correlation
with both SPI-1 and SSI-1 (p < 0.05). Precipitation explains 75-80% of the variability in
SPI-1, while streamflow explains 80-97% of the variability in SSI-1. Thus, precipitation is
the dominant driver of SPI-1, while streamflow strongly influences SSI-1.
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Figure 6. Results of PLS-SEM for SPI and SSI at different scales of (a) 1 month, (b) 3 months, (c) 6 months,
and (d) 12 months in the Yujiang River Basin. The symbol “*” indicates explicit correlation (p < 0.05). SP:
Sunspot; Nifio: Ocean Nifio; AO: Arctic Oscillation; NAO: North Atlantic Oscillation; TEM: air temperature;
ET: evapotranspiration; SUN: sunshine duration; HR: relative humidity; hPa: atmospheric pressure; FPV:
photosynthetic vegetation fractional cover; LAL leaf area index.
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Table 4. PLS-SEM results of SPI and SSI at multiple scales (1, 3, 6 and 12) in Yujiang River Basin.

. Direct Indirect Total Direct Indirect Total Direct Indirect Total Direct Indirect Total
Latent Variables Hygtl‘:tlil:’ilml Impact Impact Impact Impact Impact Impact Impact Impact
SPI-1 SSI-1 SPI-3 SSI-3
Teleconnection N.A 0.05 0.05 N.A 0.06 006 N.A 0.05 005 NA 0.06 0.06
climate factors
Met‘;"“’log‘cal N.A 0.22 0.22 N.A —005  —005 NA 0.13 0.13 N.A 0.05 0.05
actors
Bai
Areal precipitation aise 0.68 007 075 —005 036 031 025 026 051 —0.18 0.45 0.27
Naturalized 0.11 NA 011 080 NA 080 041 NA 041 071 N.A 0.71
streamflow
Land cover —0.50 0.04 —046 —045 0.28 —017 —0.40 0.15 —025 —0.29 0.26 —0.03
Teleconnection N.A 001 001 NA 001 001 NA 001 001 NA 0.02 0.02
climate factors
Met‘;zcrf(}fsgmal N.A 0.19 0.19 N.A 0.07 007 NA 0.08 0.08 N.A 0.02 0.02
Chongzuo
Areal precipitation 0.78 0.02 08 —0.08 0.75 0.67 0.09 0.46 055  —0.32 073 041
Naturalized 0.03 N.A 0.03 0.93 N.A 0.93 057 N.A 0.57 0.90 N.A 0.90
streamflow
Land cover —051 0.01 —05 —055 0.33 —022 —043 02 —023 —038 0.32 —0.07
Teleconnection N.A 0.02 0.02 N.A 0.04 0.04 N.A 0.03 0.03 N.A 0.03 0.03
climate factors
Met?;’;f;fflcal N.A 0.20 020 NA 0.08 008 NA 0.09 009 NA 0.02 0.02
— Nanning
Areal precipitation 0.70 0.10 080  —0.05 0.67 0.62 0.11 045 056  —025 0.60 0.35
Naturalized 0.14 N.A 0.14 0.93 N.A 0.93 0.62 N.A 0.62 0.84 N.A 0.84
streamflow
Land cover —0.55 0.06 —049 —0.59 0.39 —020 —0.49 0.26 —023 04 0.35 —0.05
Teleconnection N.A 0.03 0.03 N.A 0.05 0.05 N.A 0.03 0.03 N.A 0.03 0.03
climate factors
Mef?:;f;fsgmal N.A 0.20 0.20 N.A 0.08 0.08 N.A 0.10 0.10 N.A 0.03 0.03
— Guigang
Areal precipitation 0.70 0.08 078  —0.10 0.63 0.53 0.13 0.38 051  —024 0.54 0.30
Naturalized 0.12 N.A 0.12 0.97 N.A 0.97 0.58 N.A 0.58 0.83 N.A 0.83
streamflow
Land cover —0.52 0.05 —047 —057 0.38 —019 —046 023 —023 —0.39 032 —0.07
Latent variables ~ ydrological SPI-6 SSI-6 SPL-12 SSI-12
station
Teleconnection N.A 0.05 0.05 N.A 0.05 0.05 N.A 0.04 0.04 N.A 0.04 0.04
climate factors
MEt?"ml"gical N.A 0.10 010 NA 0.02 002 NA 0.05 005 NA 0.01 0.01
actors
Bai
Areal precipitation aise 0.13 028 041 018 041 023 001 030 029 —0.15 0.32 017
Naturalized 043 N.A 043 0.64 N.A 0.64 0.46 N.A 0.46 0.49 N.A 0.49
streamflow
Land cover —033 0.15 —~018 —0.26 0.23 —0.03 —027 0.17 —010 —02 0.18 —0.02
Teleconnection N.A 0.00 000 NA 0 0 N.A 0.00 000 NA 0.00 0.00
climate factors
Met?;’g’s;’f“al N.A 0.06 0.06 N.A 0.01 0.01 N.A 0.03 0.03 N.A —0.01 —0.01
Chongzuo
Areal precipitation —0.02 047 045 030 0.65 035  —0.14 043 029 028 048 02
Naturalized 0.58 N.A 0.58 0.80 N.A 0.80 0.53 N.A 053 0.59 N.A 0.59
streamflow
Land cover —0.36 0.20 —016 —0.33 0.28 —0.05 —0.25 0.19 —006 —0.21 0.21 0.00
Teleconnection N.A 002 002 NA 002 002 NA 001 001 NA 0.01 0.01
climate factors
Met?;;f;‘r’sg“’al N.A 0.08 0.08 N.A 0.01 0.01 N.A 0.04 004 NA 0.00 0.00
Nanning
Areal precipitation 0.00 0.45 045  —025 0.55 030  —0.11 0.42 031 021 0.39 0.18
Naturalized 0.62 NA 062 075 NA 075 057 NA 057 053 N.A 0.53
streamflow
Land cover —0.40 0.26 —014 —034 0.32 —0.03 —0.30 0.24 —006 —0.22 0.22 0.00
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Table 4. Cont.
. Direct Indirect Total Direct Indirect Total Direct Indirect Total Direct Indirect Total
Latent Variables HYSI‘OIDgICﬂl Impact Impact Impact Impact Impact Impact Impact Impact
tation
SPI-1 SSI-1 SPI-3 SSI-3
Teleconnection N.A 0.02 002 NA 0.03 003 NA 0.02 002 NA 0.01 0.01
climate factors
Met‘;;’g’;;’f“al N.A 0.08 0.08 N.A 0.01 0.01 N.A 0.04 0.04 N.A 0.01 0.01
Guigang
Areal precipitation 0.03 0.36 039  —0.23 0.47 024  —0.09 0.36 027  —0.19 0.35 0.16
Naturalized 0.56 N.A 0.56 073 N.A 0.73 0.54 N.A 0.54 0.53 N.A 0.53
streamflow
Land cover ~0.38 0.22 —016 —0.34 0.28 —006 —0.29 0.21 —008 —0.23 0.20 —0.03

For SPI-3 and SSI-3, the R? values indicate weaker predictive accuracy compared
with SPI-1 and SSI-1. The influence of large-scale climate indices and meteorological
factors remains weak. Precipitation has a strong positive correlation with SPI-3 and a
weak negative direct effect on SSI-3, but a strong positive indirect effect. Streamflow has
a positive direct influence on both SPI-3 and SSI-3, with a stronger effect on SSI-3. Land
cover shows a negative direct and positive indirect influence on both, resulting in an overall
negative correlation.

The R? values for SPI-6 and SSI-6 indicate weak predictive accuracy. The effects of
large-scale climate indices and meteorological factors remain weak. Precipitation has a
weak positive direct effect on SPI-6 and a weak negative direct effect on SSI-6, but strong
positive indirect effects on both. Streamflow has a positive direct effect on both models,
with the strongest influence on SS5I-6. Land cover has a negative direct and positive indirect
effect on both, resulting in an overall negative correlation. The influence of variables
on SPI-6 ranks as: streamflow > precipitation > land cover > meteorological factors >
climate indices. For SSI-6, streamflow has the strongest influence, while climate indices
and meteorological factors have the least.

Finally, the R? values for SPI-12 and SSI-12 indicate weak predictive accuracy. The
effects of climate indices and meteorological factors are slight but positive. Precipitation
has a weak negative direct effect and a strong positive indirect effect on both SPI-12 and
5SI-12. Streamflow has a strong positive direct effect on both models. Land cover has a
strong negative direct effect and a weak positive indirect effect on both, resulting in an
overall negative correlation. Streamflow is the strongest driver of both SPI-12 and SSI-12,
while climate indices and meteorological factors have the least influence.

3.4. Lag Response Time Between Hydrological and Meteorological Droughts

The hydrological regulation and storage functions of a watershed’s underlying surface
and river channels explain why not all meteorological droughts develop into hydrological
droughts, and why hydrological droughts may not necessarily be triggered by meteoro-
logical droughts. The time required for drought propagation quantitatively reflects the
lagged response between meteorological and hydrological droughts. This study employs
Pearson correlation analysis to quantify the optimal correlation between meteorological and
hydrological droughts at four timescales in the YRB, thereby determining the lag response
time of droughts. The results reveal the strongest Pearson correlations between SSI-1 and
SPI-3, SSI-3 and SPI-6, SSI-6 and SPI-6, and SSI-12 and SPI-12 (Figure 7). Consequently, the
optimal response times for hydrological droughts relative to meteorological droughts at
the 1-, 3-, 6-, and 12-month scales are 2, 3, 1, and 1 months, respectively, indicating a lag of
1-3 months between hydrological and meteorological droughts in the YRB. The lag effect
of meteorological drought propagating to hydrological drought is strongest at Nanning
Station, followed by Chongzuo, Guigang, and Baise Stations.
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Figure 7. Lag results of multi-scale SPI and SSI in Yujiang River Basin. * indicates an explicit
correlation (p < 0.05).

4. Discussion
4.1. Distribution Patterns of Different Types of Multi-Scale Droughts in the YRB

The YRB is characterized by fragile karst topography and strong surface water reten-
tion capacity, which exacerbate the occurrence and propagation of drought phenomena
within the basin. Consequently, the spatial and temporal distribution of droughts in this
region exhibits a high degree of irregularity. Over the 30-year period from 1984 to 2014,
precipitation and streamflow at the four hydrological stations (Baise, Nanning, Chongzuo,
and Guigang) show a gradual downward trend [Figure 3a]. The annual distribution of
precipitation and streamflow is uneven, with intra-annual variability also being unstable
[Figure 3b,d]. Drought events at different time scales across the stations generally follow
the pattern of mild drought > moderate drought > severe drought > extreme drought. At
the same time scale, the trend of the SPI is more pronounced than that of the SSI. As the
time scale increases, the changes in both SPI and SSI become more gradual [Figure 4a,c].
Figure 4b,c reveal that the frequency of extreme drought events at the upstream Baise
station is relatively high, with more severe drought intensity, consistent with [20], who
concluded that “the frequency of hydrological droughts in the Xijiang River is continu-
ously increasing, with a trend of reduced drought severity from upstream to downstream.”
Similar findings were reported by [36].

The results of the multi-site and multi-scale SPI and SSI sequences analyzed us-
ing run theory (Figure 5) indicate that, at the same scale, the number of drought events
detected by SPI is greater than those detected by SSI. The event count, intensity, and dura-
tion of meteorological drought are significantly higher than those of hydrological drought
(Figure 5), aligning with the findings of [37], who demonstrates that meteorological drought
monitoring is more sensitive to water deficiency conditions than hydrological drought
monitoring. As the time scale increases, the number of drought events detected at the
four hydrological stations is highest for SPI-3, suggesting that the optimal scale for mon-
itoring meteorological drought is 3 months. Conversely, the SSI values at the four sites
decrease sequentially with increasing scale, indicating that the optimal scale for moni-
toring hydrological drought is 1 month (SSI-1). However, the intensity and duration of
droughts for SPI and SSI at different sites and scales do not exhibit a uniform pattern
(Figure 5 and Table 3). Due to the watershed’s regulating effects (hydrological regulation
and storage function), a quantitative analysis using Pearson correlation coefficients reveals
that the optimal response times of hydrological drought to meteorological drought at 1-, 3-,
6-, and 12-month scales are 2 months, 3 months, 1 month, and 1 month, respectively. This
indicates a lag of 1 to 3 months for hydrological drought compared with meteorological
drought in the YRB (Figure 7). Therefore, assessing the spatiotemporal dynamics of meteo-
rological and hydrological drought not only enhances our understanding of their changing
characteristics but also improves regional drought monitoring capabilities, thereby mitigat-
ing adverse impacts. These findings provide critical theoretical support for future drought
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prevention and mitigation strategies, ecological restoration projects, and the development
of ecological civilization.

4.2. Complex Coupling Response Mechanism of Hydrometeorological Droughts

Drought can be triggered by extreme phenomena in natural climate variability, which
are linked to interactions within the atmosphere and feedback mechanisms from ocean
and land surfaces [5]. Previous studies (e.g., [38—41]) have focused on the quantitative
analysis of individual driving factors affecting drought. However, these studies often
fail to distinguish between the direct and indirect impacts of large-scale teleconnection
climate indices, meteorological factors, land cover, areal precipitation, and naturalized
streamflow on drought. Additionally, they have overlooked the differences in how these
five categories of variables influence various types of drought at multiple scales in the
YRB. The PLS-SEM approach is a robust method for exploring and testing hypotheses
about system relationships [42]. By analyzing the structural model [Equation (10)] and
measurement model [Equation (11)] of PLS-SEM, it is possible to more intuitively and
accurately assess the direct and indirect effects of different latent variables on multi-scale
drought in the YRB.

The teleconnection of large-scale climate indices with other potential variables exhibits
a weak positive correlation (Figure 6). This is attributed to the intensity of solar activity,
which influences the hydrological cycle and, in turn, affects the occurrence of global climate
droughts and other extreme events [43]. The El Nifio phenomenon, Arctic Oscillation, and
North Atlantic Oscillation all impact the variability of marine climate within large-scale
regions [44], thereby producing lagged effects on regional meteorological and hydrolog-
ical characteristics. Furthermore, drought events are also influenced by teleconnection
atmospheric circulation [21,45,46]. Meteorological factors show a strong positive correla-
tion with areal precipitation and an even stronger positive correlation with naturalized
streamflow (Figure 6). Meteorological factors significantly influence surface land cover [47],
primarily because they can reduce the total energy transfer to the atmosphere [11], thereby
decreasing precipitation and increasing the risk of drought through soil-precipitation feed-
back mechanisms [48]. The strong positive correlation of meteorological factors with land
cover is consistent with the conclusion drawn by [10] that meteorological factors positively
influence vegetation coverage. Areal precipitation and naturalized streamflow exhibit a
strong positive correlation, while areal precipitation also shows a strong positive correlation
with meteorological drought (SPI) and primarily exhibits a strong positive correlation with
hydrological drought (SSI) (Figure 6). This phenomenon is closely related to the long-term
relationships between drought, precipitation, and streamflow [49]. Severe climate changes
may lead to anticyclonic conditions such as clear skies, increased surface radiation, and
rising air temperatures, which enhance regional potential evapotranspiration, altering
precipitation patterns and streamflow processes in watersheds [50], significantly impacting
local water resource management. Naturalized streamflow shows a strong positive corre-
lation with meteorological drought (SPI) and an even stronger positive correlation with
hydrological drought (5SI) (Figure 6). In long-term water-scarce environments, reductions
in precipitation can significantly amplify changes in streamflow, typically resulting in
a 2-3-fold decrease in streamflow due to reduced precipitation [51]. Therefore, during
drought periods, the magnitude of streamflow reduction tends to increase over time [52,53],
making its response to hydrological drought more sensitive.

This study conducts a comprehensive analysis of the complex driving mechanisms be-
hind multi-scale meteorological and hydrological droughts from five perspectives: telecon-
nection of large-scale climate indices, meteorological factors, land cover, areal precipitation,
and naturalized streamflow. The results reveal significant spatial differences in the response
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mechanisms of the SPI and SSI at the same scale; while at different scales, the response
mechanisms between SPI and SSI exhibit clear temporal and spatial variation patterns (as
shown in Figure 6 and Table 4). This indirectly supports the decisive role of precipitation in
regional wet and dry changes [45]. The relationship between precipitation and streamflow
is largely regulated by the interaction between soil moisture and the atmosphere [12]. Un-
der specific drought conditions, the relationship between precipitation and streamflow may
also change [54,55], making the impact of streamflow on meteorological and hydrological
droughts between regions more complex. Although the correlation of land cover with mete-
orological and hydrological droughts weakens as the time scale increases, at the same scale,
the impact of land cover on meteorological drought significantly strengthens (Figure 6 and
Table 4). This can be attributed to the distinctive ecohydrological processes of karst basins.
In the YRB, vegetation can intercept precipitation and enhance evapotranspiration, thereby
reducing the amount of water available for soil moisture recharge and runoff generation.
Meanwhile, the shallow soils, high permeability, and well-developed fractures of karst
terrains facilitate rapid infiltration and strengthen subsurface hydrological connectivity,
allowing vegetation to further regulate groundwater flow and subsurface runoff through
root-system effects. Therefore, the negative effect of land cover on drought indices reflects
not only vegetation water consumption, but also its role in redistributing precipitation and
modifying surface-subsurface hydrological pathways, which together constrain effective
water availability and amplify drought responses in the YRB [21,56,57].

Overall, the results provide insights into the multi-factor coupling mechanisms of
drought evolution in the Yujiang River Basin. It should be noted that the PLS-SEM frame-
work assumes linear relationships among variables, whereas drought responses may exhibit
nonlinear characteristics. Future studies could explore nonlinear approaches to further
improve the understanding of drought dynamics.

5. Conclusions

This study investigates the complex coupling response mechanisms of multi-scale
drought to teleconnection climate indices, meteorological factors, areal precipitation, nat-
uralized streamflow, and land cover in the YRB of Southern China over a 30-year period
(1984-2014). The findings reveal significant insights into the dynamics of meteorological
and hydrological droughts, offering valuable implications for drought management and
water resource planning. The main conclusions are as follows:

(i) The study demonstrates a gradual decline in precipitation and streamflow in the
YRB, accompanied by a decreasing frequency of drought events across all severity levels
(mild to extreme). SPI-3 (3-month scale) is identified as the optimal monitoring scale for
meteorological drought, while SSI-1 (1-month scale) is optimal for hydrological drought.
These findings provide a robust framework for selecting appropriate drought monitoring
scales in similar regions.

(ii) The study identifies a lag of 1 to 3 months between meteorological and hydrological
droughts in the YRB. This lag is attributed to the hydrological regulation and storage
functions of the watershed, which delay the propagation of drought conditions from
precipitation to streamflow. The strongest lag effect is observed at the Nanning station,
emphasizing the need for integrated approaches to drought management that account
for these temporal delays. Understanding this lag is critical for improving early warning
systems and ensuring timely responses to drought events.

(iii) The PLS-SEM results reveal a clear hierarchical driving mechanism of meteorologi-
cal and hydrological droughts. Precipitation and streamflow are identified as the dominant
direct drivers of SPI and SSI, respectively, while large-scale climate indices and meteorolog-
ical factors mainly exert indirect influences through their regulation of precipitation and
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streamflow. Land cover variables show a consistent negative effect on both drought indices,
indicating the important role of vegetation dynamics in modulating drought propagation
processes. Overall, these results highlight that drought evolution in the Yujiang River
Basin is governed by the combined effects of climatic forcing, hydrological response, and
underlying surface conditions, reflecting a complex multi-factor coupling mechanism.

In future work, higher-resolution precipitation datasets and alternative spatial aggre-
gation methods (e.g., interpolation-based approaches) could be incorporated to further
improve the representation of precipitation variability at the basin scale. In addition, the
influence of different precipitation processing methods on drought propagation deserves
further investigation. Moreover, integrating additional hydrological and human activity
factors may help to better understand the complex mechanisms governing the interaction
between meteorological and hydrological droughts.
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