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Abstract: Drought, characterized by frequent occurrences, an extended duration, and a wide range
of destruction, has become one of the natural disasters posing a significant threat to both socioeco-
nomic progress and agricultural livelihoods. Large-scale geographical environments often exhibit
obvious spatial heterogeneity, leading to significant spatial differences in drought’s development and
outcomes. However, traditional drought monitoring models have not taken into account the impact
of regional spatial heterogeneity on drought, resulting in evaluation results that do not match the
actual situation. In response to the above-mentioned issues, this study proposes the establishment
of ecological-geographic zoning to adapt to the spatially stratified heterogeneous characteristics of
large-scale drought monitoring. First, based on the principles of ecological and geographical zoning,
an appropriate index system was selected to carry out ecological and geographical zoning for Yunnan
Province. Second, based on the zoning results and using data from NASA’s Moderate Resolution
Imaging Spectroradiometer (MODIS) and the Tropical Rainfall Measuring Mission (TRMM) 3B43, the
vegetation condition index (VCI), the temperature condition index (TCI), the precipitation condition
index (TRCI), and three topographic factors including the digital elevation model (DEM), slope
(SLOPE), and aspect (ASPECT) were selected as model parameters. Multiple linear regression models
were then used to establish integrated drought monitoring frameworks at different eco—geographical
zoning scales. Finally, the standardized precipitation evapotranspiration index (SPEI) was used to
evaluate the monitoring effects of the model, and the spatiotemporal variation patterns and character-
istics of winter and spring droughts in Yunnan Province from 2008-2019 were further analyzed. The
results show that (1) compared to the traditional non-zonal models, the drought monitoring model
constructed based on ecological-geographic zoning has a higher correlation and greater accuracy
with the SPEI and (2) Yunnan Province experiences periodic and seasonal drought patterns, with
spring being the peak period of drought occurrence and moderate drought and light drought being
the main types of drought in Yunnan Province. Therefore, we believe that ecological-geographic
zoning can better adapt to geographical spatial heterogeneity characteristics, and the zonal drought
monitoring model constructed can more effectively identify the actual occurrence of drought in large
regions. This research finding can provide reference for the formulation of drought response policies
in large-scale regions.

Keywords: ecological-geographic zoning; comprehensive drought monitoring model; MODIS;
TRMM 3B43; Yunnan Province

1. Introduction

The World Meteorological Organization characterizes drought as a prolonged and
abnormal shortage of precipitation with complex formation mechanisms. Its main charac-
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teristics are frequent recurrence, an extended duration, and a wide range of hazards [1,2].
Drought, a prevalent and devastating meteorological calamity in China, not only affects
national food security, but also places severe constraints on the long-term growth of both
social economy and the natural ecosystem [3]. Against the current backdrop of global
warming and increasingly scarce water resources, the acceleration of the hydrological
circulation has exacerbated the frequency of extreme weather events, notably droughts,
and their intensity is showing a significant increasing trend. This poses formidable hurdles
for the enduring progress of both the ecological environment and social economy [4,5].
According to statistics, about 61% of the total losses caused by natural hazards are at-
tributed to meteorological disasters, while drought losses account for 55% of losses caused
by meteorological disasters [6]. Therefore, accurately understanding the spatiotemporal
changes and causes of drought is beneficial for improving regional drought prevention
and resistance capabilities, reducing disaster losses, ensuring regional food security, and
promoting sustainable development of economy and ecology.

Choosing different drought indices for quantification based on different drought
monitoring purposes is an important way to monitor drought [7,8]. Currently, drought
monitoring indices in widespread use are categorized into three distinct groups according
to the quantity of variables they incorporate: single-variable indices, simple multivariable
indices, and complex multivariable indices combined with complicated calculations [9].
Single-variable indices refer to the use of only one characteristic to characterize drought,
such as the Vegetation Condition Index (VCI) [10], the Temperature Condition Index
(TCI) [11], and the Standardized Precipitation Index (SPI) [12,13]. Although such indices
are simple and easy to implement, they only consider a single factor to describe the complex
mechanisms of drought formation from multiple perspectives, and are insufficient to fully
describe the drought situation [14]. Simple multivariable indices use two or more variables
to create simple difference, ratio, and combination indices for drought monitoring, such as
the Temperature Vegetation Dryness Index (TVDI) [15] and the Vegetation Supply Water
Index (VSWI) [16]. However, due to the specificity of selected variables, these indices
have obvious regional applicability and practicality, and may not be suitable for all areas.
Multi-variable indices, also known as complex composite indices, use multiple data fu-
sion and complex calculations to construct comprehensive drought indices. For example,
Hao [17] introduced the Multi-Scalar Drought Index (MSDI) for the continental United
States, leveraging precipitation and soil moisture data as its foundation; Yu [18] compre-
hensively considered variables encompassing precipitation, temperature, and vegetation to
construct the Comprehensive Drought Index (CDI) for the Beijing-Tianjin-Hebei region; in
addition, there are other indices such as the Palmer Drought Severity Index (PDSI) [19] and
the Vegetation Drought Response Index (VegDRI) [20]. These indices, by comprehensively
considering multiple drought impact factors, effectively improve the applicability and
effectiveness of monitoring. However, in macro-scale drought monitoring, drought indices
often exhibit different drought processes and results depending on the region (i.e., spatial
heterogeneity effects of drought indices). Therefore, how to reflect the spatial heterogeneity
characteristics of drought is an important issue for establishing drought monitoring models
using drought indices.

Recently, many scholars have conducted extensive research on drought monitoring
at different spatial scales, generally falling into two main categories. The first category
involves establishing drought monitoring models based on administrative jurisdictions,
where the idea is to assess drought conditions by dividing the area into existing adminis-
trative regions. For example, Amani et al. [21] evaluated drought conditions in Australia
using the temperature-vegetation—soil moisture drought index (TVMDI). Liu et al. [22]
assessed the drought characteristics under different time scales in Shandong Province using
a composite drought index. However, administrative jurisdictions are divided based on
the needs of socio-economic development and often exhibit a significant degree of natural
environmental homogeneity between regions. As a result, they cannot objectively reflect the
differences in drought processes between regions, leading to suboptimal performance in the
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evaluation of such drought monitoring models. The second category involves establishing
drought monitoring models based on geographic divisions, where the idea is to assess
drought conditions using specific geographic units as the basis for partitioning. Among
these, watersheds are the most widely used geographic units by scholars. For example,
Mousavi et al. [23] analyzed historical drought conditions in the South Saskatchewan River
Basin in Canada at different time scales using the Standardized Precipitation Index (SPI)
and the Standardized Precipitation Evapotranspiration Index (SPEI) on a watershed zoning
basis. Similarly, Tan et al. [24] evaluated the reliability of the Tropical Rainfall Measuring
Mission (TRMM) in drought monitoring in the Kelantan River basin in Malaysia. These
methods are more accurate in revealing the spatiotemporal characteristics of drought than
administrative divisions. However, geographic zoning based on watersheds typically only
considers the influence of hydrological response elements such as topography while ne-
glecting the role of natural factors like meteorology and vegetation, which have significant
impacts on drought formation [25,26]. It is evident that establishing a more reasonable geo-
graphic zoning to adapt to the spatial heterogeneity of drought processes is an important
issue that needs to be addressed in large-scale drought monitoring. Ecological-geographic
zoning incorporates comprehensive information such as meteorology, topography, and
land cover types, enabling a more accurate reflection of the regional differences in the
formation of drought processes. Consequently, it can better adapt to the spatial heterogene-
ity of drought in large-scale regions. Therefore, how to comprehensively consider both
natural geographic and socio-economic factors, perform ecological-geographic zoning, and
establish spatially adaptive zonal drought monitoring models are key factors in improving
the effectiveness of drought monitoring in large-scale regions.

In conclusion, this study intends to use Yunnan Province as the research area and
establish zonal drought monitoring models through the comprehensive consideration of
natural geography and socio-economic factors. This aims to enhance the models’ capability
to adapt to the spatial heterogeneity of drought indices, consequently improving the overall
effectiveness of drought monitoring. Firstly, by combining remote sensing data such as the
MODIS and TRMM with meteorological data, and incorporating factors like temperature,
precipitation, vegetation, as well as terrain features like elevation, slope, and aspect, we
will construct comprehensive drought monitoring models for different geographical zones.
Next, we will employ a combination of qualitative and quantitative methods to assess
the monitoring performance of the constructed drought models. Finally, leveraging our
validated drought monitoring models, we will evaluate the incidence of drought events in
Yunnan Province spanning the years 2008 to 2019 to assess the applicability and practicality
of the models. The specific research process is shown in Figure 1.
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Figure 1. Overall research flowchart.

2. Materials and Methods
2.1. Study Area

Yunnan Province, depicted in Figure 2, sits at the southwestern frontier of China,
between 21°08'-29°15" N and 97°31'-106°11" E. It includes 8 prefecture-level cities and
8 autonomous prefectures and boasts a vast territory of roughly 394,100 square kilometers.
It borders Guizhou Province and the Guangxi Zhuang Autonomous Region to the east,
Sichuan Province to the north, the Tibet Autonomous Region to the northwest, and shares
international borders with Myanmar to the west, and Laos and Vietnam to the south.
This province falls within the subtropical highland monsoon zone, characterized by a
pronounced three-dimensional climate profile. The average temperature in summer is
19-22 °C, and in winter it is above 6-8 °C, with an annual temperature difference generally
between 10 and 15 °C. Precipitation is distributed extremely unevenly by season and region,
being more abundant in the western and southern parts compared to the east and north.
Notably, the dry season, spanning November to April of the subsequent year, contributes
merely 15% of the annual precipitation, and the wet and dry seasons are distinct. The terrain
presents a trend of high in the north and low in the south, with three rivers converging,
and high mountains and deep valleys alternating. The mountainous and plateau areas
account for 94% of the total area, with a relative elevation difference of more than 6000 m.
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Additionally, karst landforms are widely developed in the area, causing frequent droughts,
which seriously affect the ecological environment and social and economic development of
the region.
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Figure 2. Study area.

2.2. Data Descriptions and Preprocessing
2.2.1. Remote Sensing Data

The present study primarily utilizes vegetation data, land surface temperature data,
elevation data, and precipitation data as the primary sources of remote sensing data.
Specifically, the vegetation data used are the MODIS 13A3 monthly NDVI data, offering
a spatial resolution of 1 km, and the land surface temperature data used are the MODIS
11A2 8-day composite LST data with a spatial resolution of 1 km. Both of these datasets
are sourced from the NASA website (https://ladsweb.modaps.eosdis.nasa.gov (accessed
on 8 July 2021)). The DEM data used here are the SRTM_DEM dataset, which is sourced
from the Geo Space Cloud (http:/ /www.gscloud.cn (accessed on 23 July 2021)), featuring
a spatial resolution of 90 m. To facilitate the extraction of pertinent slope and aspect
information, this dataset has undergone a process of mosaicking, projection, and resampling
to a uniform spatial resolution of 1 km.

TRMM (Tropical Rainfall Measuring Mission) is the world’s first space-borne rainfall
radar for precipitation monitoring. The research relies on the TRMM 3B43 data product as
its source of precipitation information, accessible through the NASA website (https://disc.
gsfc.nasa.gov (accessed on 19 July 2021)), featuring a spatial resolution of 0.25 degrees. The
data are downscaled to unify its spatial resolution to 1 km.

2.2.2. Meteorological Data

This research utilizes meteorological records consisting of daily rainfall and average
temperature data from 125 weather stations in Yunnan Province and its surrounding areas
from 2008 to 2019. The data are obtained from the China Meteorological Data Network
(http://data.cma.cn (accessed on 5 July 2021)). In the process of data production, the
observation data are repeatedly quality-checked and controlled to ensure data consistency


https://ladsweb.modaps.eosdis.nasa.gov
http://www.gscloud.cn
https://disc.gsfc.nasa.gov
https://disc.gsfc.nasa.gov
http://data.cma.cn

Water 2024, 16, 2500

6 of 23

and accuracy. The data are organized and calculated to obtain monthly precipitation
and average temperature data for each station across the 2008-2019 period, which are
employed for the computation of the Meteorological Drought Composite Index (MCI) and
Standardized Precipitation Evapotranspiration Index (SPEI).

2.2.3. Social and Economic Data

The social and economic data involved in this paper include population density data,
GDP data, etc. The population density and GDP data are from the Chinese Academy of
Sciences Resource and Environment Science Data Center platform (http://www.resdc.cn
(accessed on 15 December 2022)), and the spatial resolution and coordinate system are
consistent with other data.

2.3. Methods
2.3.1. Construction of Ecological-Geographic Zoning Index System

Before carrying out ecological-geographic zoning, it is essential to make a reasonable
selection of the zoning criteria, which serves as a crucial basis for defining the zoning
boundaries. Eco—geographical zoning evolved from natural zoning and reflects the spa-
tial patterns of environmental factors and biological elements in a comprehensive way,
revealing regional ecological characteristics and internal differences. Therefore, its indicator
system has inherited and been developed on the basis of the original system. Climate,
terrain, vegetation, and other natural factors are the basic elements of ecological and geo-
graphical zoning, which can best reflect the regional differentiation of ecological factors [27].
In addition, as the ecological environment is the material foundation for human survival
and has been more or less affected by human activities, it is imperative to give thought
to the role and status of human activities when conducting ecological-geographical zon-
ing [28,29]. Factors such as population, economic activities, and land use should also be
included in the zoning system. At the same time, when selecting indicators, objectivity,
scientificity, and practicality should be considered. Based on this, indicator screening and
optimization are also needed to ensure the rationality and scientificity of zoning standards.
Therefore, based on the previous research and comprehensive consideration of the factors
affecting aridity, this study selected nine indicators of climate, terrain, land cover, and
socio-economy to divide the ecological-geographic regions of Yunnan Province. The details
are shown in Table 1.

Table 1. Eco—geographic zoning index system of Yunnan Province.

Main Factors

Zoning Indicators Indicator Description Data Sources

Annual precipitation

China Meteorological Data

Climate Annual average temperature Characterize the regional hydrothermal conditions. Network (http://cdc.cma gov.cn)
DEM
Topography Slope Characterize the regional landform environment. Geo Space Cloud
Aspect (http:/ /www.gscloud.cn)
Land cover LandNuS%’;ypes Characterize the regional vegetation conditions. Chinese Academy (?f Sciences
Resource and Environment
Social and Population density Characterizing the influence exerted by social and Science Data Center platform
economic GDP economic development on the ecological environment. (http:/ /www.resdc.cn)

The 9 indicators were used to perform zoning statistics for 129 county-level adminis-
trative regions in Yunnan Province. The county-level spatial distribution maps for each
indicator were obtained. In this case, the land use type data mainly selected the vegetation
cover type with the largest proportion of the area as the dominant type for the region, and
the remaining data were calculated using the mean value.

2.3.2. Eco-Geographic Zoning Based on Dual-Constrained Spatial Clustering Algorithm

With the rise of the geospatial revolution and the advancement of computer tech-
nology, more and more ecological-geographic studies have incorporated mathematical
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methods. Among them, cluster analysis is a commonly used method for data mining
and classification, which can analyze the degree of similarity between multiple factors to
study the differences between different regions [30]. This method can be used to classify
and partition ecological systems, biological population distributions, and geographic phe-
nomena, and is an important tool for quantitative research on geographic issues. It has
been widely used in the field of geography, with clustering analysis being one of the most
common data mining and classification methods. Common clustering analysis methods
include hierarchical clustering, dynamic clustering, and fuzzy clustering [31]. However,
traditional clustering algorithms usually ignore the distribution characteristics of spatial
objects in non-spatial domains when dealing with spatial objects, and simply classify spa-
tial objects into compact clusters distributed in spatial regions. This processing method
may classify objects with similar attributes but relatively distant spatial distances into the
same area, which often cannot reflect the comprehensive characteristics of geographical
phenomena well. Moreover, the geographical regions partitioned are often not in line with
the actual situation [32,33]. To address this issue, this paper draws inspiration from the
dual-constrained spatial clustering algorithm proposed by Ke Xinli [34,35] for partitioning
geographic zones. This algorithm simultaneously considers both spatial locations and
attribute similarity values. On this basis, spatial data are introduced to further constrain
the number of clustering clusters, accurately reflecting the comprehensive characteristics of
regional geographical phenomena, making the partitioned regions more in line with the
actual situation, and obtaining more accurate and reliable zoning results.

The distance definition for the dual-constrained spatial clustering algorithm is as follows:

Dij:wp\/(xi—xj)z—k(yi ) +wa\/2wk+( )2 1)

wpy t+wy =1 (2)
Z Wy = 1 (3)
k=1

where Dj; represents the generalized Euclidean distance metric between point i and point
J; xi, Yi, and xj, y; denote their respective spatial coordinates. The variables zj and zj
correspond to the k-th attribute values of point i and point j, with m being the total number
of attributes across the point set. w, and w, signify the relative significance of spatial
distance and non-spatial attribute similarity in computing this generalized distance. wy
quantifies the importance of each individual attribute within the spatial dataset. The
strategy for determining the weight values is as follows: a range of weight values is
prescribed, and the model’s simulation accuracy is subsequently evaluated under each
configuration. The optimal weight values are those at which the model accuracy reaches
its peak.

2.3.3. Construction of an Integrated Drought Monitoring Model Based on
Eco-Geographic Zoning

Regional drought disasters are brought about by the combined effects of numerous
causative factors. These factors involve not only precipitation, vegetation conditions,
and the soil moisture status but also types of land utilization, topographic features, and
more. It is a comprehensive and complex geographical evolutionary process. Given the
significant differences in precipitation, vegetation, and drought conditions in different
seasons in Yunnan Province, this study mainly monitors the drought conditions in winter
and spring because the drought season spans November to April of the subsequent year.
The Vegetation Condition Index (VCI), the Temperature Condition Index (TCI), and the
Rainfall Condition Index (TRCI) are mainly used as independent variables in the model,
and three terrain factors including the Digital Elevation Model (DEM), Slope (SLOPE),
and Aspect (ASPECT) are introduced simultaneously. Meteorological Drought Composite
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Index (MCI) is used as a dependent variable. Using the commonly used seasonal division
method in meteorology, March to May is the spring season, and December to February of
the previous year is the winter season. Utilizing a multivariate linear regression method, we
construct seasonal comprehensive drought monitoring for different ecological-geographic
zones and calculate their Comprehensive Drought Index (CDI). Finally, we perform a
comparative analysis of the monitoring performance of the models and apply them.

The formulas for calculating each factor are as follows (Table 2):

Table 2. Calculation formulas for each factor.

Drought Index Formula Indicator Description Notes
VCI Vel = (NDVL,-NDVI i)
NDVImax —NDVIpyin NDVI;, LST;, TRMM,; represent the NDVI, land surface temperature, indi
P p The above indices
(LSTmaxLST,) and precipitation values fqr the ith quarter of a certain year, “max” and correlation
TCI TCI = (Lﬂiw’) and “min” refer to the maximum and minimum values of the NDVI, coefficients are
max” = min land surface temperature, and precipitation for the ith quarter within calculated with
TRCI TRCI = _ (TRMM; ~TRMMpyin) the study period. reference to the
(TRMMumax—TRMMpin ) latest revision of
SPIWgy is the standardized weighted precipitation index in the past 60 Y the .
days; M3 is the relative humidity index over the past 30 days; SPIy Meteorological
MCI

MCI = Ka x ( ax SPIWg) +b x Ml ) and SPI;5) respectively signify the standardized precipitation indices ~ Drought Grade”

+¢ X SPlog +d x SPhso for the past 90 and 150 days; 4, b, ¢, and d stand for weight coefficients; [36].

Ka is utilized as the seasonal adjustment factor.

The Normalized Vegetation Index (NDVI) can reflect vegetation health, and if drought
occurs, it will result in low NDVI values, affecting the growth status of vegetation. However,
the NDVI alone fails to directly quantify drought’s impact on vegetation. Therefore, we
employ the vegetation condition index (VCI) to standardize NDVI values on a pixel-by-pixel
basis, enabling a portrayal of vegetation’s developmental stages across varying timeframes.
The surface temperature data lack direct applicability in drought monitoring. Drawing
inspiration from the vegetation condition index concept, we introduce the temperature
condition index (TCI), a remotely sensed thermal stress metric that serves to assess and
quantify the temperature composition of drought [37]. Precipitation holds an important
position within the intricate climate system; it balances energy flows and, being integral to
the atmospheric water cycle, contributes significantly to shaping the global climate [38].
Despite downscaling, the precipitation data from TRMM accurately capture the spatial
and temporal characteristics of rainfall within the research area. Leveraging this accuracy,
we introduce the precipitation condition index (TRCI) as a tool to characterize drought
conditions. At different elevations, slopes, and aspects, there will be certain differences in
precipitation, temperature, and so on. Consequently, drought conditions vary accordingly
in different topographic regions [39,40]. Here, the slope data are re-encoded, converting
it from a categorical variable to a continuous variable, subsequently being normalized to
mitigate the effects of varying scales.

2.3.4. Model Effectiveness Evaluation

To assess the capability of the model in monitoring drought conditions, this study
employed the SPEI calculated from meteorological station observation data to confirm
the Comprehensive Drought Index (CDI) estimated by the model based on the previous
research. The SPEI is a drought indicator that spans multiple time scales and is calculated
using two key climate factors: precipitation and evapotranspiration [41,42]. It can not only
sensitively reflect the evaporation changes caused by temperature fluctuations but also
characterize the severity of drought across varying temporal horizons, and has gained
extensive usage in drought monitoring [43]. SPEI values exhibit different physical signif-
icance across varying timescales. For instance, the SPEI calculated over a shorter period
can effectively reflect the changes in relative soil moisture within that short period of time,
and the SPEI value at a three-month scale can reflect the seasonal changes in drought [44].
Therefore, this study used the SPEI-3 index at a three-month scale to further verify the
drought monitoring model in different ecological and geographical zones. Similarly, the
Comprehensive Drought Index (CDI) values for the corresponding station locations from
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2008 to 2019 in the model were extracted, and subsequently, both a correlation analysis
and an error assessment were undertaken in comparison with the SPEI-3. The correlation
coefficient (R) and Root Mean Square Error (RMSE) between the two were calculated. R can
quantify the strength and direction of the linear relationship between variables, while the
RMSE can accurately assess the prediction accuracy of the model. These two indices have
been widely used in measuring data relationships and model prediction errors [45,46]. A
larger R and a smaller RMSE indicate better model performance. By improving or reducing
these indices, we can explore the evaluation effects of different models before and after
ecological-geographic zoning.

3. Results and Analysis
3.1. Eco—-Geographic Division of Yunnan Province

This study uses Geodal.16 software to calculate spatial weight matrix, select K-Means
clustering method, and couple spatial data with attribute data to perform ecological-geographic
division of Yunnan Province at the county and township level. The division results are shown
in Figure 3.

I Il I v
180 270 v VI vl [l v
[ ] Administrative boundary

0 45 90

Figure 3. Eco-geographical zoning map of Yunnan Province.

From Figure 3, one observes that the 16 prefectures and cities in Yunnan Province are
mainly divided into eight regions. Zone I is located in the east, mainly including Qujing
City, Kunming City, and the eastern part of Chuxiong Prefecture. It is the main part of the
Dianzhong Urban Agglomeration and an important commercial and transportation hub.
Zone II mainly includes Dali Prefecture, the southern part of Lijiang City, the western part
of Chuxiong Prefecture, and a few areas in the northern part of Pu’er City. The topography
in this area is dominated by plateaus and mountains, and the terrain is undulating. Zone III
is located in the middle of Yunnan Province, mainly including Yuxi City, the southeastern
part of Chuxiong Prefecture, the northeastern part of Pu’er City, and the western part
of Honghe Prefecture. The terrain in this area is complex, with mountains, hills, and
basins distributed vertically and horizontally. The water system is developed, with the
main rivers being the Yuanjiang River, Lancang River, and Honghe River. Water resources
are abundant, and the basin area is extensive. Zone IV is located in the west of Yunnan
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Province, mainly including Dehong Prefecture, Baoshan City, and most of the central and
northern parts of Lincang City. This area is characterized by high mountains, hills, and
valleys, with significant changes in altitude. Rainfall is concentrated in the summer, and
the winters are relatively dry. Zone V is located in the southeast of Yunnan Province,
mainly including Wenshan Prefecture and the southeastern part of Honghe Prefecture. The
topography in this area is mainly mountains, with a humid and rainy summer and a dry
and less rainy winter. The annual average temperature is around 18 °C. Zone VI is located
in the southwest of Yunnan Province, mainly including Xishuangbanna Prefecture, Pu’er
City, and a few areas in the southern part of Lincang City. The topography in this area
is mainly mountainous, hilly, and valley regions, with complex terrain and dense water
network. The climate is a tropical monsoon climate, warm and humid, with abundant
rainfall and a rainy season lasting for several months. The annual average temperature
is around 20 °C, and the relative humidity is relatively high. Zone VII is located in the
northeast of Yunnan Province, only including Zhaotong City. This region lies deep within
the Wumeng Mountain area at the junction of Yunnan, Guizhou, and Sichuan provinces.
Characterized by a southwest-high, northeast-low terrain, with main topographic types
including mountains, hills, and basins and an average altitude of 1685 m. Zone VIII mainly
includes Diqing Prefecture, Nujiang Prefecture, the northern part of Lijiang City, and a
few areas in the northern part of Dali Prefecture. The region lies in the northwestern part
of Yunnan, at the junction of Yunnan, Tibet, and Sichuan provinces, boasting the highest
elevation within the province’s boundaries. The highest peak is Meili Snow Mountain with
an altitude of 6740 m, and the lowest point is the Nujiang River Valley with an altitude
of 738 m. The relative height difference exceeds 5000 m, and high mountain gorges are
everywhere. The deepest gorge in the world, the Nujiang Grand Canyon is located here.

3.2. Verification of Comprehensive Drought Monitoring Model

The CDI values of the corresponding station locations in different ecological and
geographical regions in the model from 2008 to 2019 were extracted for correlation and
error analysis with the SPEI-3, exploring the evaluation effect of different models before
and after ecological and geographical zoning. The outcomes of this analysis are presented
in Figure 4 and Table 3.

Table 3. Comparison of the evaluation performance between the zonal and non-zonal drought
monitoring models.

Partitioned Model
Model Type Unpartitioned Model
I II 111 v v VI VII VIII
R 0.548 0.669 0.701 0.747 0.749 0.743 0.828 0.490 0.534
RMSE 0.85 0.777 0.727 0.696 0.654 0.703 0.581 0.885 0.822
R Raise % 22.08 27.92 36.31 36.68 35.58 51.09 —10.58 —2.55
RMSE Reduction % 8.59 14.47 18.12 23.06 17.29 31.65 —4.12 -3.76

From Figure 4 and Table 3, it can be observed that the correlation tests for all zones
have passed the significance level test with p < 0.01. The drought monitoring results for
Zone I to Zone VI show a strong correlation with the SPEI, with correlation coefficients
(R) ranging between 0.65 and 0.85. These values are higher than the drought monitoring
index for the non-zoned case, with the maximum value reaching 0.828 for Zone VI. In
terms of percentage change, the improvement in R and the reduction in the RMSE are
significant. Simultaneously, the RMSE for these zones ranges from 0.5 to 0.8, all of which
are lower than the root mean square error (RMSE) for the non-zoned case. This indicates
that by dividing Yunnan Province into different ecological-geographic zones, the accuracy
and reliability of the drought monitoring model can be effectively improved. However,
the comprehensive drought monitoring results for Zone VII and Zone VIII show weaker
correlations, with the SPEI being 0.49 and 0.534, respectively. Both R and the RMSE
changes are negative. The analysis suggests that the complex topography and significant
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elevation differences in Zone VII and Zone VIII, combined with a complex local climate
and fewer meteorological stations, may contribute to the constructed drought monitoring
model not adequately representing the regional drought conditions, thereby affecting the
model’s monitoring effectiveness in that specific area. In summary, compared to the non-
zoned drought assessment outcomes, the drought monitoring model constructed based on
ecological-geographic zoning is suitable for drought monitoring in most regions of Yunnan
Province and achieves better evaluation results.
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Figure 4. Comparison of drought monitoring accuracy in Yunnan Province before and after zoning.



12 of 23

3.3. Model Application: Spatial and Temporal Evolution and Analysis of Drought in Different

Years in Yunnan Province

Water 2024, 16, 2500

= 0
>93¢
LS o
5220 g
o) O © N +
= .- — o) —
- W 0.9 B
2 o<c g
2o g=
= O | = Q Ty
9] O 16 16 16 m 16
= o D= . %, % %, 5
< S o 90 %0 4 15 {&5% {&5% 185%
— 5.2 O 1 < 1628 1628 1028 1o
[ = 2 ="aq 0 0, 94 X
g T2TEE =2 =2 1% %
5o 59 0 BbE %%, %%, %%, 1<%
] P c o {95/ {95/ {95/ 1927
— o © = 9, & 28 8
o N O O pgp 1%.%, 1%%, 1%%, 1%,
Q 2 ° ] 1e%% 124 1e%% 1s
m LT 3§ % 2% o5 “
“— —_ UV » © 1%5%, 1554, 1%5%, 1%
c L PV 0 o O .h&&% .u&.v@ .hs&% 1%
S & O Z Z, Z, 7
9] T8 8 60 15%,8 15%,8 1528 14
= o) = 2% %% %% 4,9
& g9z 3 12 12 o2 1
= £9 85 9%, 12y 12y 1%
A g8 d=Y e e e ie
S5 ~ 1088 1o%,8 X 1e
= H g [ ] 2%, 50 ey ¢
m — g .«\nvAs .\\..»«4& .«\nv&w 1¢,
2 o & oo U m .\vaoo,‘o .\&.&Q% .\&voo‘% 14
o = .5 0B X X ‘ot “
o) ®n g < 1o, 1o, 1o, leg,
93] = o] %, 2, 7% 2, 7% Z,
=] ¥ 3*ET 107 1024 1024 14
< c ey 1628 1628 122 18
g v Y ¢ - 25 2% 26
= S c n O {65, {65, 16, 1¢,
Z+ 2 o< 162 162 S ]
- B 60 K LK K %,
SRSy m < 162 162 162 14
) o] %% 0, %, % ()
L g= = . . . 2% . . %Yy . . 2Y A .
m B L%o L m N - o v % & - o 5 3 % & - o T § % « - o 5 u
= =) (]
..m .ﬂm ..M m o m xapul Jybnoip aaisusyaidwo) xapul Jybnoip aaisusyaidwod xapul Jybnoip aaisusyaidwod xapul Jybnoup aaisusyaidwo)
® £gTE g
[ ]
e gf288 -~ L, E e - |
= 8.0 = @ {e, {e, {e, {e,
A £ 2 2 o 162, 162, 162, 1e
ey o 8§5 ¢ % % % K
O & v *+ .4 .%\Q@\ .%&QQ\ .%&QQ\ 1%,
ng © 5T A 12 12 {2 1<
28 v SRR, <y 1<%y, <y, 2
L® wEEZTTY {9 {98 198 14
g= w3 § 3 S 9 195 19%% 195 1%
[ |3} = ‘2 2 Q
9] - o= ®© 5 ,«v..v.\ .«v..v.\ .«vnv« 1%
T @ o 9 [CIE 50 (N (N 9,8
am Q.2 g Y 9.5 «vw@ 1%5% 1%5%, 1%,
E2 2T o i 1828 A a2 14
©.S g [ei=1 W g 1529 22,9 229 3,
hp.l [3) o= n \Q\ .\Q\ .\Qs 174,
Q .g 124 1624 1624 le
Us o5 5 2,0 2,00 2,00 7
B EEERE Xy E 12 168 {2 i
e EEsl s - -
N 2 2 1o%, 1
2% ¢SSge= 1%, 1%, %y -
(<o) O U N.F ®n 14,7 1%,2% 1%, 1%,
158 188 128 14
%% %% %%
1%, 1%, 1%, %, 1%,
%S %S o2 9
2 \s@@ 1 \s«v 1 \eo\ 1%,
S A A 1q,
(2N %, 2.8
1% 1% 1% 192
A A o8 1%
18%Y 1828 1628 le
% %% X %
g g i n«.wa L i i n«.wa i i i n«% i B g %
o~ = o e o ) o~ - o - o ® o~ = o - o ) o~ 5= o < o
xapul Jybnoip aaisusyaidwo) xapul Jybnoip aaisusyaidwod xapul Jybnoip aaisusyaidwod xapul Jybnoip aaisusyaidwo)

I Drought

Figure 5. CDI values variation in winter and spring seasons from 2008 to 2019 for each ecological—-

geographic regions.

] Wet & Dry Balance

In the graph, blue represents wet events (0.5 < CDI), orange represents dry-wet
balance (—0.5 < CDI < 0.5), and red represents drought events (CDI < —0.5). The graph

reveals the presence of drought, varying in severity, across all eight regions during the

- Moist

Zone I showed a clear seasonal consecutive drought phenomenon in terms of CDI values.

winter and spring periods spanning 2008 to 2019. For example, before the winter of 2013,
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After the winter of 2013, the drought situation was greatly alleviated, and it remained in a
wet or dry—-wet balance state until the springs of 2018 and 2019 when drought occurred
again. Zone II had similar overall drought characteristics to Zone I and showed large-scale
drought events before the winter of 2013, followed by spring drought and winter dry-wet
balance. Zone III had similar drought characteristics to Zones I and II before the winter of
2014, with negative CDI values indicating severe drought. However, it was mostly in a wet
state afterwards, with no drought occurring except in the spring of 2019. Zones IV, V, and
VI alternated between drought and dry-wet balance from 2008 to 2014, but there were no
significant droughts after 2014, and some seasons showed wet conditions. Zones VII and
VIII alternated between wet, dry—wet balance, and drought throughout the entire study
period without any clear seasonal boundaries. Overall, Zones I, II, and III experienced
more severe droughts during the entire study period, lasting for 10 quarters with a drought
frequency of about 45%. Zone V had significantly less severe droughts, with a drought
frequency of only 20%.

3.3.2. Spatial Variation Characteristics of Drought in Different Ecological and
Geographical Regions

Using the CDI calculated from the above model for each ecological and geographical
region, and based on the drought classification in Table 4, the drought distribution maps for
the winter and spring seasons in different ecological and geographical regions of Yunnan
Province were obtained (Figures 6 and 7).

Table 4. Classification of drought levels.

Drought Index

Extreme Drought Severe Drought Moderate Drought Light Drought No Drought

CDI

CDI< -2 —2<CDI<—-15 —-15<CDI< -1 1<CDI< —-0.5 —0.5<CDI

From Figure 6, it can be seen that in the spring of 2008, the drought was mainly
concentrated in Lincang City of Zone IV, Diging Prefecture and the northern part of Lijiang
City of Zone VIII, mostly in a mild drought state. However, the drought intensified in the
winter of 2008, and varying degrees of drought occurred in the entire Yunnan Province
except for Zone VII. In the spring of 2009, the central region of Yunnan Province was the
primary focus of the drought, with Zone II having the largest coverage of drought, and
severe drought mainly occurred in the southeastern part of Wenshan Prefecture of Zone
V and the central part of Honghe Prefecture. In the winter of 2009, the drought spread
throughout Yunnan Province, with a wider coverage and increased severity level. The most
severe drought occurred in the central part of Yunnan Province. The drought situation
remained severe in the spring of 2010, with severe droughts occurring in the northern part
of Lijiang City and the northern part of Honghe Prefecture. In the winter of 2010, the overall
drought situation decreased, but some areas still had severe droughts, mainly distributed in
Dali Prefecture, Chuxiong Prefecture, Baoshan City, the western part of Honghe Prefecture,
and some parts of Wenshan Prefecture in the east. In the spring of 2011, except for Zone
I where a large area of mild drought occurred, there were no severe drought situations
in other areas. In the winter of 2011, the drought spread to the northwest and northeast
regions of Yunnan Province, with some areas experiencing moderate drought. Zone III and
Zone V had a smaller area affected by drought, and the severity was relatively mild. In the
spring of 2012, the drought was mainly concentrated in Zone II, Zone III, Zone IV, and Zone
V, with a wide distribution and serious severity. However, the winter drought covered the
surrounding areas to the central and northwestern parts of Yunnan Province, with Zone II
being the most severe and the drought coverage being large. In the spring of 2013, except
for the alleviation of the drought severity in Zone VIII, the severity of drought in other
areas increased, especially in Zone I, Zone II, and Zone III, where severe drought and a
small amount of extreme drought occurred. The drought coverage in Zone IV expanded,
and the drought in some areas of Zone VI reached the extreme drought level. In the winter
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of 2013, although there were still some areas affected by drought, most of the regions did
not have a significant drought occurrence.

Spring 2009

Winter 2010

&0

Cjﬂ\)j\jpring 2011 :
A

Winter 2013

"

'
0 30 60 120 180km ﬂ«i
[ Extreme drought [__]Severe drought [ | Moderate drought [ Mild drought [___|No drought

Figure 6. CDI value changes of different ecological and geographical zones during winter and spring
seasons from 2008 to 2013.
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Figure 7. CDI value changes of different ecological and geographical zones during winter and spring

seasons from 2014 to 2019.

From Figure 7, it can be seen that in the spring of 2014, severe drought occurred in
most areas of western to central Yunnan Province. The areas with the most severe drought
were located in Zones II, 111, IV, VI, and VIII. The winter of 2014 had the lightest drought
conditions, with the exception of a small area in Zone VII, where drought occurred. The
scope of the spring 2015 drought was smaller, with no drought in Zones I, III, and VI, while
drought in Zones II, V, and VIII was distributed along higher altitude mountain ranges.
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The severity of the winter 2015 drought also decreased, with no significant drought in all
areas except for Zones II, III, and VIIL In the spring of 2016, drought was concentrated
in the central part of Yunnan Province, where Zone I had a mild drought, Zone Il had a
mixture of moderate and mild droughts in the northeast, and a few areas in the northern
part of Dali Prefecture experienced severe drought; Zone III had similar drought severity
to Zone II, while Zone VIII had drought in the northern part of Lijiang City and the eastern
part of Diging Prefecture. The distribution of drought in the winter of 2016 was basically
the same as the previous winter, mainly occurring in a few areas of Zones II, III, and
VIIL In the spring of 2017, there was mild to moderate drought in the eastern part of
Yunnan Province, with concentrated drought in the border areas of Honghe Prefecture and
Wenshan Prefecture in the south. In the winter of 2017, the drought shifted to the western
part of Yunnan Province, mainly mild drought. In the spring of 2018, drought conditions
worsened, with moderate to severe drought occurring in most areas, with Zones II and
IV experiencing more severe drought. The winter of 2018 saw relief from the drought. In
the spring of 2019, drought spread rapidly, with light drought covering the entire region
and moderate drought concentrated in Zones I and II. Serious severe and extreme drought
occurred in the northern part of Chuxiong Prefecture and Dali Prefecture in Zone II, and the
northern part of Lijiang City in Zone VIII, which seriously affected the social and economic
development of the region.

To sum up, the spatiotemporal characteristics of drought in Yunnan Province from
2008 to 2019 are basically consistent. Spring is the high incidence period of drought, and it
is extremely prone to consecutive droughts in winter and spring. Most areas of drought
in spring are alleviated, and moderate drought and mild drought are the main types of
droughts in Yunnan Province. Zones I, II, I1I, and IV, located in the central and northwest
parts of Yunnan Province, are extremely prone to drought, and the severity and duration
of drought are long-lasting. Overall, since the winter of 2014, the occurrence of drought
during the winter and spring seasons from 2015 to 2019 has been less than that from 2008
to 2014, with the drought-prone area significantly reduced, and mild drought being the
main type of drought.

3.3.3. Analysis of Drought Areas in Different Ecological and Geographical Regions

For the purpose of further exploring the extent of the impact of drought in different
ecological and geographical regions from 2008 to 2019, the CDI value was calculated based
on raster calculations, and based on the CDI, the proportion of drought areas at different
levels in different ecological and geographical regions was calculated. The results are
shown in Figure 8.

In Zone I, the severity of drought was relatively light in the springs of 2008-2009, with
no drought area accounting for over 60% of the total area. However, in the winter of 2009,
spring of 2010, and winter of 2012, the proportion of moderate or severe drought areas
exceeded 70%, and there was also a large area of mild drought from the spring of 2011 to
spring of 2012. From the winter of 2013 to winter of 2017, the severity of drought eased
significantly, and there were almost no large-scale moderate or severe droughts. In the
spring of 2018, the proportion of moderate or severe drought areas reached 30%, and in the
spring of 2019, it even reached 90%. In Zone II, the severity of drought was generally more
serious from 2008 to 2019, and there were frequent occurrences of consecutive droughts in
multiple seasons. From the spring of 2009 to spring of 2014, the proportion of drought areas
was the highest, with almost 100% of the area experiencing mild drought or worse in some
quarters, and there were even severe or exceptional droughts, with proportions ranging
from 30% to 60%. The severity of drought has eased somewhat since 2014. Drought in Zone
III can be divided into three stages. The first stage was from the winter of 2008 to spring of
2010, during which the proportion of mild drought or worse reached 70% in the winter of
2008. The second stage was from the spring of 2012 to spring of 2014, during which almost
100% of the area experienced drought in the spring and winter of 2012, and the proportion
of drought areas was also close to 80% in the springs of 2013 and 2014. Different levels of
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drought occurred in the winter and springs of 2012 and 2014. The third stage was from
the spring of 2016 to spring of 2019, during which the severity of drought was less than
the previous two stages, with almost no drought except for a few mild or moderate cases.
Drought in Zone IV can be divided into two stages based on the winter of 2014. In the first
stage, from the spring of 2008 to spring of 2014, there were obvious seasonal consecutive
drought and aggregation drought events. In the second stage, from the winter of 2014 to
spring of 2017, the severity of drought was relatively light, with the proportion of drought
areas being around 10% in quarters experiencing drought. However, in the spring of 2018,
the drought worsened, with almost 100% of the area experiencing drought, and in the
spring of 2019, the proportion of mild or worse drought areas also exceeded 60%.

[IExtreme drought [_| Severe drought [_]Moderate drought [_]Mild drought [__]No drought
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Figure 8. Proportions of different levels of drought area in different ecological-geographic regions.
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Compared with the above four regions, the drought situation in Zone V was relatively
mild. The period of most severe drought occurred from the winter of 2008 to the spring
of 2010, during which the proportion of drought area reached 100%, and the drought
covered the entire region, with the severe drought area accounting for more than 50%. In
the spring of 2010, the drought-affected area was around 80%, with severe, moderate, and
mild drought each accounting for about 20% of the area, and the severity of the drought
cannot be underestimated. In addition, there was also a large area affected by drought in
the spring of 2012, with more than 90% affected, mainly mild and moderate drought. The
drought situation in Zone VI mainly occurred from the winter of 2008 to the spring of 2014,
with mainly mild and moderate drought, where in the winter of 2008, the drought-affected
area exceeded 95%, while the drought-affected area in the winters of 2009, 2012, and spring
of 2014 was between 60% and 80%, and the drought situation was equally severe. Drought
was relatively mild in other seasons, with drought-affected areas all below 50%, and even
less than 10% in the spring of 2011. The drought situation in Zone VII was relatively
mild overall, with only the drought-affected area in 2009 exceeding 50%, and the drought-
affected area in other parts of the region was below 40% and even less than 10% in some
seasons, indicating a relatively small impact of drought. Zone VIII experienced varying
degrees of drought in most seasons during the study period, with the drought levels mainly
being mild and moderate. The moderate drought area in the winters of 2008, 2012, and
2018 each accounted for more than 50% of the area, while the mild, moderate, severe, and
extreme drought areas were relatively evenly distributed in the spring of 2010, winter of
2011, and spring of 2014, indicating a relatively severe drought situation. Apart from the
above-mentioned period, the drought situation in other seasons was relatively mild.

Overall, during the entire study period, the regions with severe drought conditions
were mainly in Zones I, II, I1I, and IV, while Zone VII had the lightest drought conditions.
Most regions were prone to seasonal droughts, and the cycles were relatively long. Mild
drought was the main type of drought in all zones, occurring frequently and covering a
large area. Moderate drought was the second most common type of drought.

3.3.4. Analysis of Drought Frequency in Different Eco-Geographic Regions

Based on the quarterly time series of drought grades from 2008 to 2019 for 125 meteo-
rological stations in Yunnan Province, the frequency of different drought grades in winter
and spring seasons at each station was calculated. The results are shown in Tables 5 and 6.

Table 5. Drought frequency by severity level in different ecological and geographic regions during

spring (%).

I II III 1Y A% VI VII VIII
Extreme drought 0.00 0.00 0.00 0.56 0.00 0.00 0.83 0.00
Severe drought 243 5.16 4.17 5.56 1.28 1.92 1.67 1.67
Moderate drought 32.64 25.79 26.85 15.56 8.33 25.64 5.83 5.00
Light drought 23.26 33.33 29.17 15.56 42.95 18.59 21.67 25.83
No drought 41.67 35.71 39.81 62.78 47.44 53.85 70.00 67.50

Table 6. Drought frequency by severity level in different ecological and geographic regions during

winter (%).

I 11 111 v A\ VI VII VIII
Extreme drought 0.00 0.00 0.00 0.00 0.00 0.7 0.00 0.00
Severe drought 0.42 5.19 0.51 242 10.49 9.09 1.82 091
Moderate drought 19.17 12.55 10.10 14.55 7.69 9.09 2.73 6.36
Light drought 9.17 9.09 18.69 10.30 5.59 13.29 5.45 14.55
No drought 71.25 73.16 70.71 72.73 76.22 67.83 80.91 78.18
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From Table 5, it can be seen that in the spring season, the drought in Yunnan Province
is mainly moderate and mild. Among the regions where drought occurred, Zone VII stands
out as having the most frequent occurrence of extreme drought, at 0.83%; Zone IV stands
out as having the most frequent occurrence of severe drought, at 5.16%; Zone I stands out
as having the most frequent occurrence of moderate drought, reaching 32.64%; Zone V
stands out as having the most frequent occurrence of light drought, reaching 42.95%, far
higher than other regions. Zones IV and VII have relatively light drought levels, with no
drought frequency above 60% throughout the spring season.

From Table 6, it can be seen that in winter, the severity of drought in Yunnan Province
is significantly reduced compared to spring, and the frequency of moderate and severe
droughts is significantly reduced. Among the regions afflicted by drought, Zone VI records
the highest frequency of extreme drought, accounting for 0.7%. Meanwhile, Zone V
experiences the most frequent occurrence of severe drought, at 10.49%. For moderate
drought, Zone I tops the list with a frequency of 19.17%, while Zone III suffers the highest
rate of light drought, reaching 18.69%. Throughout the winter season, all regions experience
drought-free conditions for over 65% of the time.

In summary, the drought situation in Yunnan province has obvious seasonality, with
the main types being moderate and mild drought. Notably, the frequency of drought
occurrences in spring, markedly surpassing that of winter. Furthermore, notable disparities
exist in the intensity of drought across different ecological and geographical landscapes.
This conclusion is consistent with the above analysis of the spatial and temporal variations
of drought across regions and the changes in drought-affected areas.

4. Discussion

In the process of conducting comprehensive drought remote sensing monitoring in
large-scale regions, the spatial heterogeneity of the land surface often affects the effec-
tiveness and accuracy of regional drought assessment. Regional division can effectively
mitigate the impact of climate and ecological spatial heterogeneity on a large scale. How-
ever, in the choice of zoning methods, most of the existing ecological-geographic zoning
approaches predominantly use a top-down deductive approach to partition regions from
high to low [47,48]. This is a relatively simple and feasible method, which only requires
spatial data overlay of various indicators to obtain the initial partitioning results. Then, the
partitioning results can be appropriately adjusted based on expert experience and knowl-
edge to obtain the final partitioning results. However, such methods have a relatively high
degree of subjectivity, and there are significant differences between different approaches.
Moreover, although combining ecological and socio-economic factors can improve the
targeting of different regional partitioning, this process did not consider the spatiotemporal
differences in the data, which affects the stability of regional information extraction [49].
The partitioning method based on dual-constraint spatial clustering proposed in this study
considers both spatial position and attribute similarity. On this basis, spatial vector data are
introduced to further constrain the number of partitions, not only focusing on the spatial
distance between spatial objects but also paying more attention to the attribute distance
between them. This makes the partitioned regions more consistent with the actual situation
and can obtain more accurate and reliable partitioning results [50]. In addition, it is worth
noting that due to the limitations of partition size and quantity, only a small number of
meteorological stations are included in Zone VII and Zone VIII, which may be the main
reason for the poor monitoring effect in this region.

In this study, we introduced an approach for constructing a comprehensive drought
monitoring model based on ecological and geographical zoning. The findings of our re-
search indicate that the comprehensive drought surveillance indicator, which incorporates
topographic factors, may be a reliable index based on ecological and geographical zon-
ing. Previous research has shown that conventional remote sensing metrics, including
the TCI and the VCI, are only dependent on elements like rainfall and vegetation cover.
Consequently, the effectiveness of numerous remote sensing indicators is constrained
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across diverse geographical regions [51]. For example, in their study, Nichol et al. [52]
found that a single precipitation-vegetation aridity index has different characteristics un-
der different land use types in the drought-prone area of central Yunnan Province, China.
Zhang et al. [53] observed that remote sensing drought indices performed well in the
central region of Texas but poorly in the western and northeastern parts of the state. In
comparison, the drought monitoring model proposed in this study, which is based on
ecological-geographic zoning and incorporates topographical factors, exhibits better per-
formance in different climatic regions of Yunnan Province. Compared with the study
of Yu et al. [54] on Yunnan Province, the drought monitoring effect has been improved,
effectively enhancing the accuracy of drought monitoring models in large-scale and com-
plex topographical regions by mitigating spatial heterogeneity. Furthermore, this not only
enriches the theoretical framework of drought monitoring but also provides new practical
guidance for drought monitoring in large-scale and complex topographical regions.

However, there are also some limitations that may affect the performance of this index,
with the most notable concern being how to determine the weights of the distance and attribute
variables when using the dual-constrained clustering algorithm for ecological-geographic
zoning. The weights represent how we assess the influence of these two different variables on
the zoning results, so different weightings can lead to different partitions. It is evident that
assigning weights to variables is a critical factor influencing zoning results, and finding the
right weighting to align the zoning results more closely with reality is an area that requires
further research and effort.

5. Conclusions

Effectively monitoring the occurrence and development of drought is a prerequisite
for conducting scientific drought prevention and mitigation. One of the key challenges
in current research is how to construct drought models suitable for regional drought
monitoring while considering the impact of spatial heterogeneity in drought. To address
this issue, this study introduced an approach for establishing drought monitoring models
that adapt to spatial heterogeneity using ecological-geographic zoning. Taking Yunnan
Province as an example, we first applied the dual-constrained spatial clustering method to
perform ecological-geographic zoning. Subsequently, we constructed a large-scale drought
monitoring model based on zoning and evaluated the model’s monitoring performance
using the SPEI Finally, we conducted further analysis of the spatiotemporal variations and
characteristics of drought during the winter and spring seasons in Yunnan Province from
2008 to 2019. The research results indicate the following: (1) Ecological-geographic zoning
is effective in distinguishing the differences in drought processes at a large-scale regional
level. Zonal drought monitoring models outperform conventional non-zonal models in
terms of assessment effectiveness. (2) Our zonal drought monitoring model performs
well in assessing historical drought occurrences in Yunnan Province, and its assessment
results align well with the observed spatiotemporal differentiation patterns. These findings
demonstrate that our study offers a new modeling approach and application method
for drought monitoring in complex large-scale geographic environments. However, the
determination of distance and attribute variable weights in ecological-geographic zoning
remains a key focus for future research.
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