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Abstract

Drought-flood abrupt alternation (DFAA) events have emerged as a critical type of com-
pound climate extreme under ongoing climate change, posing increasing risks to water
resources and ecosystems in Southwest China. This study investigated the spatiotemporal
evolution of DFAA events during the historical period (1995-2024) and the future period
(2025-2064), as well as their relationships with evapotranspiration. Daily precipitation
was simulated using a CMIP6 multi-model ensemble mean (MME) combined with Delta
downscaling, while station observations were used to identify DFAA events and evapo-
transpiration. Model performance was evaluated using Taylor diagrams and simulation
relative bias. The results showed that the downscaled MME substantially improved the
simulation of precipitation, evapotranspiration, and cumulative DFAA event occurrences,
with relative bias in most regions controlled within £3%. Compared with the historical
period, both drought-to-flood (DTF) and flood-to-drought (FTD) events showed overall in-
creases during 2025-2064. Specifically, under the four SSP scenarios, DTF events increased
by 165, 133, 180, and 140 occurrences, respectively, while FTD events increased by 130, 147,
114, and 79 occurrences, respectively. The regional mean trends of DTF events during the
near-term period were —0.21, 0.16, —0.45, and 1.24 times-5a~1, whereas the corresponding
trends of FTD events were 1.82, 1.17, 0.05, and —1.03 times-5a—! under the four scenar-
ios. Spatial analyses revealed pronounced regional heterogeneity, with enhanced signals
mainly concentrated in eastern Sichuan, Chongqing, and parts of Guizhou. Lagged correla-
tion analyses further indicated significant monthly lag effects between DFAA events and
evapotranspiration during the flood season; DTF events generally showed positive correla-
tions with subsequent evapotranspiration, whereas FID events exhibited predominantly
negative correlations. Overall, this study clarifies the future spatiotemporal evolution of
DFAA events in Southwest China and highlights the important role of land—atmosphere
hydrothermal processes in regulating compound drought—flood extremes.

Keywords: drought-flood abrupt alternation; CMIP6 model; delta downscaling; spatiotemporal
variability; evapotranspiration; compound extreme events; Southwest China
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1. Introduction

Under the combined influence of climate change and intensified human activities,
extreme hydrometeorological events, such as droughts and floods, have increased signifi-
cantly in both frequency and intensity worldwide, presenting growing risks to ecosystems,
agricultural production, and socio-economic systems [1]. In recent years, there has been
a surge in research on compound climate events, which arise from the interaction or se-
quential occurrence of multiple climatic drivers or hazards. The Intergovernmental Panel
on Climate Change (IPCC) first introduced the concept of compound events in its Special
Report during the Fifth Assessment Report, marking an important milestone in climate
risk research [2]. Unlike single-hazard events, compound events tend to produce amplified
impacts and more complex disaster chains, leading to substantially higher overall risk
levels [3,4].

Among various types of compound events, Drought-flood abrupt alternation (DFAA)
events represent a particularly destructive form. These events are characterized by a
rapid transition from drought to flood or from flood to drought within a short period in
the same region [5]. Such abrupt hydrological shifts can severely disrupt water resource
management, agricultural systems, and disaster mitigation strategies. Recent catastrophic
events, including the prolonged drought followed by extreme rainfall in Sao Paulo State
during 2013-2014 and the pronounced DTF transition in northern China during the summer
of 2023, underscore the significant socio-economic consequences of DFAA events. These
events highlight the urgent need for better understanding of their mechanisms and future
evolution under climate change.

Early research on DFAA events primarily focused on the development of quantitative
indices to characterize abrupt drought—flood transitions. Long-cycle and short-cycle DFAA
indices were proposed to describe such events at monthly or seasonal time scales. Later
studies incorporated soil moisture and standardized indicators to address the limitations
of precipitation-threshold-based methods [6]. With the increasing availability of high-
resolution daily datasets, recent studies have extended DFAA event identification to daily
scales using indices such as the dry—wet abrupt alternation index, revealing pronounced
seasonal variability and regional heterogeneity in DFAA events [7-9]. Furthermore, ad-
vancements in machine learning and hybrid modeling frameworks have improved the
identification and prediction capabilities of DFAA events at finer spatial and temporal
resolutions [10].

The Coupled Model Intercomparison Project Phase 6 (CMIP6) offers a comprehen-
sive framework for assessing future climate change and associated extreme events under
various socioeconomic pathways. CMIP6-based studies have been widely applied to inves-
tigate droughts, floods, heat extremes, and compound events [11-14]. However, previous
research has shown that climate models that perform well in simulating single extremes
may not necessarily reproduce compound events with comparable accuracy, underscor-
ing the necessity of model evaluation and ensemble approaches before application [15].
Although recent CMIP6-based studies suggest potential intensification of DFAA events
in several major river basins of China, comprehensive regional-scale assessments remain
limited [14,16].

Evapotranspiration plays a critical role in regulating soil moisture availability, agricultural
drought, and ecosystem resilience, as it is a fundamental component of land-atmosphere
water and energy exchanges. It not only governs surface water depletion but also influences
atmospheric humidity and the energy balance, indirectly affecting precipitation patterns.
DFAA events are inherently linked to evapotranspiration through drought-induced soil
moisture depletion and post-flood water redistribution. Despite increasing recognition of
the role of evapotranspiration in extreme hydroclimatic events, the coupling between DFAA
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events and evapotranspiration—particularly at monthly time scales within a compound-event
framework—remains insufficiently explored [17].

Southwest China is characterized by highly complex topography and climate condi-
tions, influenced by the Tibetan Plateau and multiple monsoon systems, which lead to
significant hydroclimatic variability and a high sensitivity to DFAA events. While previ-
ous studies have documented the spatial and temporal characteristics of DFAA events in
this region, integrated studies combining CMIP6-based future projections, multi-model
ensemble approaches, and evapotranspiration responses are still scarce [18-20]. To fill this
gap, this study aims to: (1) evaluate the applicability of a CMIP6 multi-model ensemble
approach for simulating DFAA events in Southwest China; (2) assess the spatiotemporal
evolution of DFAA events under four Shared Socioeconomic Pathway (SSP) scenarios
(SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5) during 2025-2064; and (3) examine the monthly
relationships between DFAA event frequency and evapotranspiration. By integrating
future climate projections with an analysis of evapotranspiration-DFAA relationships,
this study provides new insights into the behavior of compound drought—flood events
in Southwest China. In particular, the study highlights the regional characteristics of
DFAA events in a complex terrain and monsoon-influenced environment, evaluates their
potential future evolution under multiple climate scenarios, and explores their statistical
associations with evapotranspiration. These aspects help to better reveal the hydroclimatic
dynamics of compound extremes in Southwest China under climate change. The results
are expected to provide scientific insights into future compound drought—flood risks and
improve understanding of land-atmosphere interactions under climate change.

2. Materials and Methods
2.1. Study Areas

The study area of Southwest China includes Yunnan Province, Sichuan Province,
Guizhou Province, Chongqging Municipality, and the Guangxi Zhuang Autonomous Re-
gion, spanning from 20°54’ to 34°19’ N and from 97°21' to 112°04’ E. This region is char-
acterized by highly complex topography, serving as a transitional zone where plateaus,
mountains, and basins intersect, with elevations ranging from approximately —20 m to
5260 m above sea level. The combined dynamic and thermodynamic influences of the
Tibetan Plateau, along with multiple monsoon circulation systems, create a climate that
exhibits pronounced spatial heterogeneity and temporal variability. The complex moun-
tainous terrain leads to distinct vertical climate gradients [21]. Due to the influence of the
monsoon system, the regional distribution of heat and moisture is highly uneven, resulting
in a sharp contrast between the dry and wet seasons, which is often accompanied by
frequent meteorological disasters. The mean annual precipitation in the region ranges from
800 to 2000 mm, while the mean annual temperature varies between 14 and 22 °C [22].
Precipitation is primarily concentrated during the flood season from May to September,
driven mainly by the Bay of Bengal monsoon and the western Pacific subtropical high, mak-
ing the region particularly susceptible to DFAA events. Figure 1 shows the geographical
location of the study area, the digital elevation model (DEM), and the spatial distribution
of meteorological stations.

2.2. Data Sources

Daily precipitation and evapotranspiration data from 124 meteorological stations
across Southwest China for the period 1995-2024 were obtained from the China Surface
Climate Daily Dataset (V3.0), provided by the National Meteorological Science Data Center
(https:/ /data.cma.cn). For all selected stations, the proportion of missing observations was
less than 7%. Missing values were filled using the long-term daily climatological mean
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corresponding to each calendar day. All datasets underwent stringent quality control and
homogenization procedures to ensure their accuracy and reliability. Based on previous
evaluations of CMIP6 model performance over Southwest China conducted by our research
group [22-26], five CMIP6 global climate models with relatively good regional applicability
and complete daily precipitation outputs were selected (Table 1). Model data were sourced
from the Earth System Grid Federation (“https:/ /esgf-node.llnl.gov/search/cmip6/ (ac-
cessed on 25 March 2025)”), including simulations for the historical baseline period
(1995-2014) and two future periods, the near-term period (2025-2044) and the long-term
period (2045-2064), under four SSP scenarios (SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5).
These scenarios represent low-, medium-, high-, and very high-emission pathways under
different socioeconomic development trajectories and are widely utilized in climate change
impact assessments [27]. To ensure spatial consistency between observational data and
model outputs, the station-based precipitation and evapotranspiration observations from
the 124 meteorological stations were first interpolated onto a uniform grid of 0.25° x 0.25°.
Subsequently, all CMIP6 precipitation and evapotranspiration data were interpolated to
the same spatial resolution using bilinear interpolation.
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Figure 1. Geographical location (a), DEM and spatial distribution of meteorological stations (b) in
Southwest China. In panel (a), yellow indicates China, and red indicates Southwest China.

Table 1. Basic information of the five selected CMIP6 climate models.

Number

Model Name Institution and Country

Spatial Resolution
(Grid Points, Lon x Lat)

Gk N -

BCC-CSM2-MR Beijing Climate Center, China 320 x 160
EC-Earth3-Veg European Community Earth, Europe 512 x 256

MRI-ESM2-0 Meteorological Research Institute, Japan 320 x 160
NorESM2-MM NorESM Climate modeling Consortium, Norway 288 x 192
IPSL-CM6A-LR Institute Pierre Simon Laplace, France 144 x 143

2.3. Methods
2.3.1. Identification of Drought-Flood Abrupt Alternation Events

DFAA events in Southwest China were identified using the daily-scale drought-flood
abrupt alternation index (DSDFAAI) proposed by Shan et al. [7]. The index is defined as:

DSDFAAI = al~[SPAvetore #SPAaterl) (K 4 (SPA ygter — SPAbefore)- (| SPAbetore| + [SPAater|)) 1)
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i=1 i

(2)

where DSDFAAI denotes the daily drought-flood abrupt alternation index; SPApefore and
SPA fter represent the standardized precipitation anomalies (SPAs) before and after the
transition, respectively; SAPI; and SAPIj denote the standardized antecedent precipitation
index (SAPI) anomalies for the i-th day of the subsequent period and the final day of the
preceding period, respectively; n is the length of the subsequent period; a(~SPAbefore+SPAater|)
is a weighting coefficient; and K represents the cumulative slope of daily SAPI; relative to
SAPIy during the later period.

Given the distinct temporal dynamics of drought and flood processes, the dura-
tions of the drought and flood periods are treated separately. Previous studies have
demonstrated that the influence of antecedent precipitation on drought or flood occur-
rence follows an exponential decay, with precipitation from 44 days prior contributing
less than 0.1% to the current conditions [28]. Consequently, the drought period was
set to 44 days. In contrast, flooding events are typically brief and sudden; assigning
an overly long duration to the flood period may neutralize the drought—flood alterna-
tion. Considering the climatic characteristics of Southwest China and practical consid-
erations, the flood period was set to 10 days. The degrees of “abruptness” and “alter-
nation” in DFAA events were quantified using specific parameters Ka(~SPAbetore +SPAafier )
and a(~[SPAvetore+SPAufier|) (SPA .~ — SPAbefore) -(|SPApefore| + |SPAufier|), respectively. The
typical range for the parameter a is between 0.8 and 3.0 [8], and based on a review of
relevant literature and the specific conditions in Southwest China, this study adopted
a =1.0. A DFAA event was identified when the absolute value of the DSDFAAI was greater
than or equal to 10 [20]. For consecutive days meeting this criterion, the day corresponding
to the maximum absolute DSDFAAI was defined as the event occurrence date.

To improve the reliability of event identification, a verification procedure based on
the daily Standardized Precipitation Evapotranspiration Index (SPEI) was applied. After
preliminary identification using DSDFAAI, events were retained only when the SPEI during
the drought phase was <—0.5 and the SPEI during the flood phase was >0.5.

2.3.2. Evaluation of CMIP6 Model Performance

The performance of CMIP6 precipitation and evapotranspiration simulations was
evaluated using Taylor diagrams and the relative bias metric (SRB). Taylor diagrams
provide a concise statistical summary of the agreement between simulated and observed
datasets by comparing the standard deviation (RD), correlation coefficient (CC), and root
mean square error (RMSE) [29]. An RSD value close to 1 indicates that the variability
between simulations and observations is similar; a CC value close to 1 reflects strong linear
agreement; and a smaller RMSE indicates higher simulation accuracy [30].

The SRB metric was used to assess the long-term mean bias between simulated and
observed precipitation fields. An SRB value near zero indicates good agreement between
the climatological means of simulations and observations [31]. The formulations for SD,
CC, RMSE, and SRB are as follows:

SD —\/ % Yoo (xi— %) 3)

£ (% — %) (y; — 7)
CC = 4)
VIR (50— )2 T (v — 9)°
RMSE =¢ D BN (T ) 5)
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SRB =2 —Y %100% ©6)

where x and y denote simulated and observed datasets, respectively; x; and y; represent the
i-th samples; X and ¥ are the corresponding means; and n is the sample size.

2.3.3. Delta Downscaling Analysis

Climate model simulations often contain systematic biases that should be corrected
before being applied at the regional scale. Following previous studies [32], a Delta down-
scaling method was employed to bias-correct CMIP6 precipitation outputs. This approach
establishes a statistical relationship between modeled and observed climatological means
during the baseline period and applies this relationship to future simulations, thereby
reducing systematic bias. The Delta-corrected precipitation series is expressed as:

pma

P, =P
a OXPmb

(7)

where P, is the bias-corrected precipitation series, Py, is the modeled precipitation series,
P, is the multi-year mean modeled precipitation during the baseline period, and P,
is the multi-year mean observed precipitation during the same period (mm) [33]. The
bias-corrected datasets were then used to identify and project future DFAA events.

2.3.4. Morlet Wavelet Analysis

Wavelet analysis was applied to investigate the periodic characteristics and temporal
evolution of DFAA events under different future scenarios. Unlike traditional spectral
analysis methods, wavelet analysis allows for the simultaneous examination of both time
and frequency (scale) domains, making it particularly suited for non-stationary climate
time series. The Morlet wavelet consists of a sinusoidal carrier modulated by a Gaussian
envelope, and its continuous wavelet transform yields complex coefficients.

The modulus of the wavelet coefficients reflects the signal’s amplitude or energy
intensity at specific time-frequency locations, while the phase information describes the
temporal evolution of oscillatory behavior. This method facilitates the identification of
dominant periodicities and their temporal variability in DFAA event series [34].

2.3.5. Correlation Analysis Between Evapotranspiration and DFAA Events

To quantify the statistical linkage between land surface hydrothermal processes (evap-
otranspiration) and compound hydroclimatic extremes, this study calculated the Pearson
correlation coefficients between monthly evapotranspiration and the occurrence frequency
of DFAA events, accompanied by statistical significance testing. The Pearson correlation
coefficient is widely used to measure the degree of linear association between two variables
that follow normal or approximately normal distributions. The calculation of the CC is
presented in Equation (4), where x; represents the monthly cumulative occurrences of
DFAA events, y; denotes the corresponding evapotranspiration values, X and ¥ represent
the sample means of the two variables, and n is the sample size. To evaluate the statistical
significance of the correlation coefficients, a two-tailed Student’s t-test was applied, with
significance levels defined at p < 0.05, p < 0.01, and p < 0.001.

Furthermore, considering that the interaction between evapotranspiration and DFAA
events may involve delayed responses in land—-atmosphere processes, lead—lag correlation
analyses were conducted by shifting the evapotranspiration series forward or backward by
one month relative to the DFAA event series. This analysis was used to examine whether
evapotranspiration anomalies may exert antecedent influences on the occurrence of DFAA
events or represent lagged responses following the transitions.
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3. Results
3.1. Evaluation of CMIP6 Model Performance and Delta Downscaling During the Baseline Period

The simulation performance of CMIP6 models over Southwest China during the
baseline period (1995-2014) was initially assessed using Taylor diagrams, followed by an
evaluation of the effectiveness of Delta downscaling in reducing biases in the simulated
cumulative occurrences of DFAA events. Figure 2 presents the Taylor diagrams comparing
observed and simulated annual mean precipitation and evapotranspiration based on five
individual CMIP6 models and their equally weighted multi-model ensemble mean (MME).
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Figure 2. Taylor diagrams of mean annual precipitation and mean annual evapotranspiration
simulated by CMIP6 models over Southwest China during the baseline period (1995-2014). (a) Mean
annual precipitation; (b) Mean annual evapotranspiration.

For mean annual precipitation (Figure 2a), the individual models exhibited consider-
able dispersion in both SD and CC, with CC values ranging from 0.10 to 0.40 and RMSE val-
ues between 1.15 and 1.71 mm. In contrast, the MME showed the lowest RMSE (1.15 mm),
an SD closer to observations (0.31 mm), and a relatively higher CC (0.32), indicating that
ensemble averaging effectively reduced random errors and enhanced the robustness of
precipitation simulations. For mean annual evapotranspiration (Figure 2b), overall simu-
lation performance was notably better than that for precipitation. The CCs of individual
models ranged from 0.40 to 0.70, and the MME again outperformed all single models, with
an RMSE of 0.93 mm, an SD of 0.75 mm, and a CC of 0.62. These results suggest that the
MME captured both the magnitude and variability of evapotranspiration more reliably
than individual CMIP6 models.

Overall, Figure 2 demonstrates that the MME provided the most consistent and stable
simulations of both precipitation and evapotranspiration over Southwest China during the
baseline period. Based on the superior performance of the MME, Delta downscaling was
applied to the baseline-period MME precipitation data to further improve the simulation of
DFAA events. Figure 3 presents the spatial distribution of the SRB between the simulated
and observed annual mean cumulative occurrences of DFAA events, both before and after
applying Delta downscaling.
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Figure 3. Spatial distribution of the SRB between simulated and observed annual mean cumula-
tive occurrences of DFAA events in Southwest China during the baseline period before and after
Delta downscaling based on the MME (DTF denotes drought-to-flood events, FTD denotes flood-
to-drought events, and SRB denotes simulation relative bias). (a) DTF_MME; (b) Delta_ DTF_MME;
(c) FTD_MME; (d) Delta_ FTD_MME.

Prior to downscaling (Figure 3a,c), both DTF and FTD events exhibited predominantly
negative SRB values across Southwest China, indicating a systematic underestimation of
event frequencies by the raw MME simulations. For DTF events, pronounced negative
biases were particularly evident in the southern Sichuan Basin, eastern Yunnan, and parts
of Guangxi. After applying Delta downscaling (Figure 3b), the spatial pattern of SRB for
DTF events became noticeably more homogeneous, with most regions showing SRB values
near zero, and large negative biases were substantially reduced.

A similar improvement was observed for FTD events. Before downscaling (Figure 3c),
SRB values were relatively uniform but remained predominantly negative, reflecting an
overall underestimation of FTD transitions. Following Delta downscaling (Figure 3d), the
magnitude of SRB was significantly reduced across most of the study area, with deviations
generally constrained within +2%. However, localized positive biases appeared in parts
of southeastern Guangxi. This indicates that while Delta downscaling effectively reduced
regional-scale systematic bias, it also enhanced the representation of local spatial variability.

In summary, the combined evidence from Figures 2 and 3 demonstrated that the CMIP6
MME significantly outperformed individual models in simulating baseline precipitation
and evapotranspiration. Additionally, Delta downscaling further enhanced the reliability
of simulated DFAA event frequencies by substantially reducing systematic spatial biases.
These results established a solid foundation for subsequent analyses of future DFAA events.
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3.2. Temporal Variations in DFAA Events

Based on the Delta-downscaled MME precipitation data, DFAA events in Southwest
China during the period 1995-2064 were identified using the DSDFAAI. The temporal
variations analyzed in this section represent the cumulative occurrences of DFAA events
aggregated over the entire study region. Temporal variations in the annual cumulative
occurrences of DFAA events were analyzed for the historical period (1995-2024) as well as
for the future near-term (2025-2044) and long-term (2045-2064) periods under four different
scenarios (Figure 4), along with their corresponding trends (Figure 5).
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Figure 4. Temporal variations in cumulative occurrences of DFAA events in Southwest China during
different periods from 1995 to 2064. (a) DTF events; (b) FTD events.
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Figure 5. Trends in cumulative occurrences of DFAA events in Southwest China under different
scenarios during 2025-2064. (a) DTF events; (b) FTD events.

As shown in Figures 4 and 5, the mean annual cumulative occurrence of DTF events
during the historical period was 1013. Under the four future scenarios, the cumulative
occurrences of DTF events during 2025-2064 varied from 636 (in 2052 under SSP1-2.6) to
1823 (in 2031 under SSP3-7.0). The annual mean cumulative occurrences of DTF events
over 2025-2064 were 1178 under SSP1-2.6, 1146 under SSP2-4.5, 1193 under SSP3-7.0, and
1153 under SSP5-8.5, representing increases of 165, 133, 180, and 140 events, respectively,
compared with the historical period. Trend analysis indicated that the cumulative oc-
currences of DTF events exhibited increasing trends under SSP2-4.5 and SSP5-8.5, while
decreasing trends were observed under SSP1-2.6 and SSP3-7.0 during the future 40-year pe-
riod. During the historical period, the annual mean cumulative occurrences of FTD events
were 131. For the period 2025-2064, the cumulative occurrences of FID events under the
four scenarios ranged from 45 (in 2050 under SSP3-7.0) to 678 (in 2053 under SSP2-4.5).
The corresponding annual mean cumulative occurrences were 261 under SSP1-2.6,
278 under SSP2-4.5, 245 under SSP3-7.0, and 210 under SSP5-8.5, which were higher
than the historical period by 130, 147, 114, and 79 events, respectively. The trend analysis
further revealed that the annual mean cumulative occurrences of FTD events increased
under all four scenarios over the future 40-year period.
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3.3. Periodicity Analysis of DFAA Events

The Morlet wavelet transform was applied to the cumulative annual occurrences of
DFAA events in Southwest China during the period 2025-2064 under different scenarios.
For DTF events, the real part of the wavelet coefficients (Figure 6) and the corresponding
wavelet variance (Figure 7) were analyzed, while for FTD events, the real part of the wavelet
coefficients (Figure 8) and the wavelet variance (Figure 9) were examined. The real part of
the wavelet coefficients was used to characterize the relative intensity of DFAA events, with
positive (negative) values indicating above-average (below-average) occurrences, while the
dominant periods were identified based on the peaks in the wavelet variance spectra.
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Figure 6. Real part of the Morlet wavelet coefficients for annual cumulative occurrences of DTF events
under different scenarios during the future near-term and long-term periods in Southwest China.
(al) Near-term SSP1-2.6; (a2) Near-term SSP2-4.5; (a3) Near-term SSP3-7.0; (a4) Near-term SSP5-8.5;
(b1) Long-term SSP1-2.6; (b2) Long-term SSP2-4.5; (b3) Long-term SSP3-7.0; (b4) Long-term SSP5-8.5.
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Figure 7. Wavelet variance of annual cumulative occurrences of DTF events under different scenarios
during the future near-term and long-term periods in Southwest China. (al) Near-term SSP1-2.6;
(a2) Near-term SSP2-4.5; (a3) Near-term SSP3-7.0; (a4) Near-term SSP5-8.5; (b1) Long-term SSP1-2.6;
(b2) Long-term SSP2-4.5; (b3) Long-term SSP3-7.0; (b4) Long-term SSP5-8.5.
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Figure 8. Real part of the Morlet wavelet coefficients for annual cumulative occurrences of
FTD events under different scenarios during the future near-term and long-term periods in
Southwest China. (al) Near-term SSP1-2.6; (a2) Near-term SSP2-4.5; (a3) Near-term SSP3-7.0;
(a4) Near-term SSP5-8.5; (b1) Long-term SSP1-2.6; (b2) Long-term SSP2-4.5; (b3) Long-term SSP3-7.0;
(b4) Long-term SSP5-8.5.
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Figure 9. Wavelet variance of annual cumulative occurrences of FTD events under different scenarios
during the future near-term and long-term periods in Southwest China. (al) Near-term SSP1-2.6;
(a2) Near-term SSP2-4.5; (a3) Near-term SSP3-7.0; (a4) Near-term SSP5-8.5; (b1) Long-term SSP1-2.6;
(b2) Long-term SSP2-4.5; (b3) Long-term SSP3-7.0; (b4) Long-term SSP5-8.5.

3.3.1. DTF Events

For future near-term DTF events, distinct scale-dependent characteristics were identified
across the four scenarios (Figure 6). Under SSP1-2.6, the cumulative annual occurrences of
DTF events exhibited weak and irregular oscillations at scales shorter than 3 years. In contrast,
pronounced and well-defined oscillations occurred at the 3—7-year scale, corresponding to
approximately 5.5 alternating cycles from high to low occurrences. At scales longer than
7 years, oscillations weakened, with about 2.5 cycles characterized by transitions from low to
high occurrences. Under SSP2-4.5, oscillations at scales shorter than 4 years were relatively
weak, whereas pronounced variability was observed at the 4-6-year scale, corresponding to
about 4.0 alternating cycles from low to high occurrences. At the 6-10-year scale, approxi-
mately 3.0 low-to-high alternating cycles were evident. Under SSP3-7.0, no clear periodicity
was detected at scales shorter than 3 years. Variability intensified at the 3-5-year scale, with
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approximately 6.0 low-to-high alternating cycles, while strong oscillations persisted at scales
longer than 5 years, characterized by about 2.5 alternating cycles. Under SSP5-8.5, no evident
periodic structure was observed at scales shorter than 2 years. Strong oscillations emerged at
the 2—6-year scale, corresponding to approximately 7.0 low-to-high alternating cycles, and
persisted at scales longer than 6 years, with about 2.0 alternating cycles.

For future long-term DTF events, the scale-dependent variability also differed among
scenarios. Under SSP1-2.6, oscillations were weak at scales shorter than 2 years, while
clearer periodic behavior appeared at the 2—4-year scale, with approximately 6.0 low-to-
high alternating cycles. At scales longer than 4 years, oscillations intensified, with about
3.0 alternating cycles. Notably, the contour lines indicating increased occurrences did
not close by 2064, suggesting that the increasing tendency may continue beyond this
period. Under SSP2-4.5, pronounced oscillations were observed at the 2-6-year scale, with
approximately 5.0 alternating cycles from high to low occurrences. At scales longer than
6 years, about 2.5 high-to-low alternating cycles were evident, and the non-closure of the
increasing-occurrence contours by 2064 indicated that the upward tendency may persist
beyond the study period. Under SSP3-7.0, no distinct periodicity was identified at scales
shorter than 2 years. Strong oscillations occurred at the 2—6-year scale, corresponding
to approximately 7.5 high-to-low alternating cycles. At scales longer than 6 years, the
oscillation intensity slightly weakened, with about 3.0 alternating cycles. The non-closure of
decreasing-occurrence contours by 2064 suggested a potential continuation of the declining
tendency. Under SSP5-8.5, oscillations were weak at scales shorter than 3 years, while strong
variability appeared at the 3-7-year scale, with approximately 4.0 high-to-low alternating
cycles. At scales longer than 7 years, oscillations remained pronounced, characterized by
about 2.0 low-to-high alternating cycles.

The wavelet variance spectra (Figure 7) further revealed the dominant periodicities of
DTF events. For the future near-term period, the primary periods were 4 years (SSP1-2.6),
6 years (SSP2-4.5), 4 years (S5P3-7.0), and 3 years (SSP5-8.5), ranging between 3 and 6 years.
For the future long-term period, the primary periods were 2 years (SS5P1-2.6), 4 years
(S5P2-4.5), 3 years (SSP3-7.0), and 5 years (S5P5-8.5), ranging between 2 and 5 years.

3.3.2. FTD Events

For the future near-term period, Figure 8 illustrates the wavelet characteristics of the
cumulative annual occurrences of FTD events under different scenarios. Under SSP1-2.6,
strong oscillations without clear regularity were observed at scales shorter than 2 years.
More coherent periodic behavior emerged at the 2—4-year scale, corresponding to approxi-
mately 6.0 alternating cycles from low to high occurrences. At the 4-7-year scale, oscillations
remained strong, with about 4.0 low-to-high alternating cycles, while at scales longer than
7 years, approximately 2.0 low-to-high alternating cycles were identified. Under SSP2-4.5,
pronounced oscillations occurred at scales shorter than 5 years, with about 6.0 low-to-high
alternating cycles. Strong variability persisted at the 5-10-year scale, corresponding to
approximately 3.0 low-to-high alternating cycles. Under SSP3-7.0, no distinct periodicity
was detected at scales shorter than 3 years. At the 3-6-year scale, oscillations intensi-
fied, with approximately 4.5 low-to-high alternating cycles, while strong oscillations at
scales longer than 6 years corresponded to about 2.5 low-to-high alternating cycles. Under
SSP5-8.5, strong oscillations were observed at scales shorter than 4 years, with approx-
imately 5.5 low-to-high alternating cycles. At the 4-10-year scale, oscillations remained
pronounced, characterized by about 3.0 high-to-low alternating cycles.

For the future long-term period, the scale-dependent characteristics of FTD events
also varied across scenarios. Under SSP1-2.6, oscillations were weak and irregular at
scales shorter than 2 years, while strong and coherent oscillations emerged at the 2-5-year
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scale, corresponding to approximately 5.0 low-to-high alternating cycles. At the 5-10-year
scale, oscillations weakened slightly, with about 3.0 low-to-high alternating cycles. Under
SSP2-4.5, no clear periodic structure was identified at scales shorter than 2 years. Strong
oscillations appeared at the 2-5-year scale, characterized by approximately 5.5 high-to-low
alternating cycles, while at scales longer than 5 years, about 2.5 high-to-low alternating
cycles were evident. Under SSP3-7.0, oscillations were weak at scales shorter than 2 years.
Strong periodic behavior was observed at the 2—4-year scale, with approximately 6.0 low-
to-high alternating cycles, and persisted at the 4-8-year scale with about 4.0 low-to-high
alternating cycles. At scales longer than 8 years, oscillations weakened, corresponding
to approximately 2.5 high-to-low alternating cycles. Notably, the contour lines indicating
increased occurrences did not close by 2064, suggesting that the increasing tendency
may persist beyond the study period. Under SSP5-8.5, oscillations were weak at scales
shorter than 3 years, while pronounced variability emerged at the 3-7-year scale, with
approximately 4.5 high-to-low alternating cycles. At scales longer than 7 years, oscillations
weakened, characterized by about 2.0 low-to-high alternating cycles. The non-closure of the
increasing-occurrence contours by 2064 indicated a possible continuation of the increasing
tendency beyond this period.

The wavelet variance spectra (Figure 9) further revealed the dominant periodicities of
FTD events. For the future near-term period, the primary periods were 5 years (SSP1-2.6),
7 years (SSP2-4.5), 4 years (SSP3-7.0), and 8 years (SSP5-8.5), spanning a range of 4 to
8 years. For the future long-term period, the corresponding primary periods were 4 years
(SSP1-2.6), 3 years (SSP2-4.5), 9 years (SSP3-7.0), and 5 years (SSP5-8.5), spanning a broader
range of 3 to 9 years. Overall, the variability in the dominant periods of FTD events across
scenarios was larger than that of DTF events.

3.4. Spatial Variation in DFAA Events

Figures 10 and 11 illustrate the spatial distributions of changes in the multi-year
cumulative occurrences of DTF and FTD events relative to the baseline period across
Southwest China under different scenarios during the future near-term and long-term
periods, respectively.
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Figure 10. Spatial distribution of changes in the multi-year cumulative occurrences of DTF
events relative to the baseline period during the future near-term and long-term periods under different
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scenarios in Southwest China. (al) Near-term SSP1-2.6; (a2) Near-term SSP2-4.5; (a3) Near-term
SSP3-7.0; (a4) Near-term SSP5-8.5; (b1) Long-term SSP1-2.6; (b2) Long-term SSP2-4.5; (b3) Long-term
SSP3-7.0; (b4) Long-term SSP5-8.5.
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Figure 11. Spatial distribution of changes in the multi-year cumulative occurrences of FTD events
relative to the baseline period during the future near-term and long-term periods under different
scenarios in Southwest China. (al) Near-term SSP1-2.6; (a2) Near-term SSP2-4.5; (a3) Near-term
SSP3-7.0; (a4) Near-term SSP5-8.5; (b1) Long-term SSP1-2.6; (b2) Long-term SSP2-4.5; (b3) Long-term
SSP3-7.0; (b4) Long-term SSP5-8.5.

As shown in Figure 10, the spatial patterns of DTF event changes exhibited a high
degree of consistency between the future near-term and long-term periods under all sce-
narios. The changes in DTF events displayed a pronounced central enhancement pattern
surrounded by relatively lower changes, with positive and negative anomalies interwoven
across the study area, indicating strong spatial heterogeneity. This spatial configuration
remained generally stable across the four scenarios and both future periods. From the
regional mean perspective, the average changes in the cumulative occurrences of DTF
events were predominantly positive under all scenarios, suggesting an overall increasing
tendency that was consistent with the temporal trends described in Section 3.2. Specifically,
under the SSP1-2.6 scenario, the mean changes during the future near-term and long-term
periods were 3.64 and 4.15 times, respectively. Under SSP2-4.5, the corresponding values
were 3.82 and 4.20 times; under SSP3-7.0, they were 4.12 and 3.89 times; and under SSP5-8.5,
they were 3.71 and 3.66 times. These results indicated that although the magnitude of DTF
event changes varied among emission scenarios and between periods, the overall regional-
scale tendency remained relatively stable. Inter-scenario comparison further revealed that
DTF event changes were sensitive to temporal scale. During the future near-term period,
the largest magnitude of change occurred under SSP3-7.0, while the smallest change was
observed under SSP1-2.6. In contrast, during the future long-term period, SSP2-4.5 showed
the largest change, whereas SSP5-8.5 exhibited relatively smaller variations. Despite the
overall increasing tendency indicated by the regional mean values, the spatial distribu-
tion of DTF event changes remained highly uneven. Areas with increasing DTF events
were mainly concentrated in eastern Sichuan, northern Yunnan, western Chongqing, and
parts of Guizhou, whereas decreasing regions were primarily located in western Sichuan,
western Yunnan, and parts of Guangxi. This spatial pattern might be associated with the
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combined influence of complex regional topography, moisture transport pathways, and
land—-atmosphere interactions across Southwest China.

As shown in Figure 11, similar to the DTF events, the spatial patterns of changes in the
multi-year cumulative occurrences of FTD events relative to the baseline period exhibited
strong consistency between the future near-term and long-term periods under different
scenarios. The spatial distribution of FTD event changes was characterized by patchy
mosaics of positive and negative anomalies, indicating pronounced regional variability.
This spatial configuration remained relatively stable across all scenarios and future periods.
From the regional mean perspective, FTD events showed a significant overall increase under
all emission scenarios and during both future periods. Specifically, under the SSP1-2.6,
SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, the mean changes in the cumulative occurrences
of FTD events during the future near-term and long-term periods were 7.10 and 5.77 times,
6.83 and 5.61 times, 7.72 and 6.91 times, and 7.69 and 6.78 times, respectively. Inter-scenario
comparison indicated that the magnitude of FTD event changes was sensitive to emission
forcing. In both future periods, the largest increase occurred under the SSP3-7.0 scenario,
whereas relatively smaller changes were observed under SSP2-4.5. Although the regional
mean values suggested an overall increasing tendency, the spatial distribution of FTD event
changes still exhibited pronounced heterogeneity. Areas with increasing FTD events were
mainly concentrated in Sichuan Province, Chongqing Municipality, and northern Guizhou,
whereas decreasing regions were primarily located along the border between Guizhou
and Guangxi and in parts of eastern Guangxi. This spatial pattern might be associated
with the combined influence of regional topography, atmospheric circulation, and moisture
transport processes across Southwest China.

Figures 12 and 13 present the spatial trends of DTF and FTD events in Southwest
China under different emission scenarios during the future near-term and long-term
periods, respectively.
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Figure 12. Spatial trends in the multi-year cumulative occurrences of DTF events during the future
near-term and long-term periods under different scenarios in Southwest China. (al) Near-term
SSP1-2.6; (a2) Near-term SSP2-4.5; (a3) Near-term SSP3-7.0; (a4) Near-term SSP5-8.5; (b1) Long-term
SSP1-2.6; (b2) Long-term SSP2-4.5; (b3) Long-term SSP3-7.0; (b4) Long-term SSP5-8.5.
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Figure 13. Spatial trends in the multi-year cumulative occurrences of FTD events during the future
near-term and long-term periods under different scenarios in Southwest China. (al) Near-term
SSP1-2.6; (a2) Near-term SSP2-4.5; (a3) Near-term SSP3-7.0; (a4) Near-term SSP5-8.5; (b1) Long-term
SSP1-2.6; (b2) Long-term SSP2-4.5; (b3) Long-term SSP3-7.0; (b4) Long-term SSP5-8.5.

As shown in Figure 12, the spatial trends of DTF events exhibited a pronounced
scenario-dependent characteristic. Under the same scenario, the spatial patterns remained
generally consistent between the future near-term and long-term periods, while marked
differences were evident in both the direction and magnitude of trends among different
scenarios. During the future near-term period, the spatial trends of DTF events showed
clear divergence across emission scenarios. Under the SSP1-2.6 and SSP3-7.0 scenarios, most
regions of Southwest China experienced decreasing trends in the cumulative occurrences
of DTF events per 5-year interval, while increasing trends prevailed under SSP2-4.5 and
SSP5-8.5. The corresponding regional mean trend values were —0.21, 0.16, —0.45, and
1.24 times-5a~! for SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5, respectively, indicating
substantial inter-scenario differences in trend direction at the regional scale. Spatially, areas
exhibiting increasing trends in DTF events were primarily located in eastern Sichuan and
northern Guizhou under SSP1-2.6, Chongging and most of Guangxi under SSP2-4.5, central-
western Sichuan and northern Yunnan under SSP3-7.0, and across most of Southwest China
under SSP5-8.5. In contrast, decreasing trends were observed in southern Sichuan and
central-eastern Yunnan (SSP1-2.6), central Sichuan and central-eastern Yunnan (SSP2-4.5),
southern Guizhou and southern Guangxi (55P3-7.0), and limited areas of Southwest China
under SSP5-8.5.

During the future long-term period, the spatial trend patterns of DTF events gen-
erally maintained the same scenario-based grouping observed in the near-term period.
Decreasing trends continued to dominate under SSP1-2.6 and SSP3-7.0, while increasing
trends remained prevalent under SSP2-4.5 and SSP5-8.5. The corresponding regional mean
trend values were —0.05, 0.23, —0.10, and 1.41 times-5a~!, respectively, suggesting that the
increasing tendency of DTF events was further intensified under high-emission scenarios
in the long term, while trend magnitudes weakened under low- and some intermediate-
emission scenarios. In terms of spatial distribution, regions with increasing trends during
the future long-term period were mainly located in most parts of Yunnan and Guizhou
(S5P1-2.6), Guizhou and eastern Sichuan (SSP2-4.5), Chongqing and northern Yunnan
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(SSP3-7.0), and most regions of Southwest China (SSP5-8.5). Conversely, areas with de-
creasing trends were primarily distributed across most of Sichuan and eastern Yunnan
(SSP1-2.6), northwestern and southeastern Yunnan (SSP2-4.5), northwestern Sichuan and
eastern Yunnan (SSP3-7.0), and limited regions in Southwest China under SSP5-8.5.

As illustrated in Figure 13, the spatial trend characteristics of FTD events differed
notably from those of DTF events and exhibited more pronounced regional structural
heterogeneity rather than clear scenario-based grouping. While the spatial configura-
tions of FTD event trends under each scenario were broadly similar between the future
near-term and long-term periods, the intensity of trends varied markedly across regions.
During the future near-term period, FTD event trends were generally weak and insignif-
icant across western Southwest China under all scenarios, while the eastern part of the
region displayed a clear southeast-to-northeast increasing gradient. The regional mean
trend values under SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 were 1.82, 1.17, 0.05, and
—1.03 times-5a~!, respectively. Among these, SSP1-2.6 exhibited the strongest increasing
trend, whereas SSP5-8.5 showed the weakest trend, indicating that the magnitude of FTD
event trends during the near-term period generally weakened with increasing radiative
forcing. Spatially, areas of increasing trends during the future near-term period were
primarily concentrated in eastern Sichuan, Chongging, most parts of Guizhou, and north-
western Guangxi under SSP1-2.6 and SSP2-4.5; in south-central Chongqing and northern
Guangxi under SSP3-7.0; and in northwestern Guizhou and south-central Sichuan under
SSP5-8.5. Decreasing trends were observed primarily in northeastern Chongqing (SSP1-2.6),
western and eastern Guangxi (SSP2-4.5), northern Chongging, northeastern Guizhou, and
southern Guangxi (SSP3-7.0), as well as eastern Southwest China under SSP5-8.5, while
trends in other regions remained generally close to zero.

During the future long-term period, the overall spatial structure of FTD event trends
remained similar to the near-term period, characterized by weak changes in the western
regions and pronounced trend signals in the eastern and particularly the northeastern parts
of Southwest China. The regional mean trend values under SSP1-2.6, SSP2-4.5, SSP3-7.0,
and SSP5-8.5 were —0.12, 0.37, —1.25, and 0.93 times-5a 1, respectively. Further analysis
revealed that the regions exhibiting the largest trend magnitudes under all scenarios were
consistently located in eastern Sichuan and most parts of Chongging, corresponding to
the northeastern part of Southwest China. The mean trend values in this region were
2.13,2.25, —3.72, and 2.68 times-5a~! for the four scenarios, respectively, indicating a high
sensitivity of FTD event trends to emission scenarios in this area. Accordingly, increasing
trend areas during the future long-term period were mainly distributed in eastern Sichuan,
northern Chongging, and northern Guangxi (SSP1-2.6); most of Chongqing, central—-eastern
Guizhou, and northern Guangxi (SSP2-4.5); most parts of Guangxi (SSP3-7.0); and eastern
Sichuan, northern Chonggqing, and most of Guizhou (S5P5-8.5). In contrast, decreasing
trend regions were primarily located in southern Chongqing, most of Guizhou, and south-
ern Guangxi (S5P1-2.6); southern Guangxi and northeastern Sichuan (SSP2-4.5); eastern
Sichuan, Chongging, and most of Guizhou (SSP3-7.0); and southeastern Chongqing and
northeastern Guangxi (SSP5-8.5), with trends in other regions remaining close to zero.

3.5. Correlation Analysis Between DFAA Events and Evapotranspiration

Based on monthly observational data from 124 meteorological stations during the
historical period (1995-2024) and the flood season (May—September), Table 2 presents the
Pearson correlation coefficients between the monthly cumulative occurrences of DFAA
events and evapotranspiration in Southwest China, aiming to quantify the statistical linkage
between DFAA events and land surface hydrothermal processes. Overall, DFAA events did
not exhibit a clear synchronous relationship with evapotranspiration; instead, significant
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lagged correlations were observed at the monthly scale, indicating that the interaction
between evapotranspiration and DFAA events may involve delayed responses. Moreover,
notable differences in both correlation direction and statistical significance were identified
among different types of DFAA events.

Table 2. Pearson correlation coefficients between monthly cumulative DFAA event occurrences and
evapotranspiration during the flood season of the historical period (1995-2024).

Evzlj)lt&rl:n]i‘[’:ier:tsion April May June July August  September October
DTF events (May) —0.03 0.03 0.06
DTF events (June) —-0.09 0.07 0.13*
DTF events (July) —0.23* 0.17* 0.27
DTF events (August) —0.09 0.35 ** 0.39 *
DTF events (September) —0.14 0.13 0.21
FTD events (May) 0.04 —0.11 —0.23*
FTD events (June) 0.07 —0.03 —0.31*
FTID events (July) 0.22* —0.06 —0.38 ***
FTD events (August) 0.18 —0.09 —-0.22*
FTD events (September) 0.11 —-0.12 —0.19

Note: Asterisks denote statistical significance based on the ¢-test: * p < 0.05; ** p < 0.01; *** p < 0.001.

For DTF events, the correlation results indicated the coexistence of antecedent sup-
pressing effects and subsequent enhancing effects with respect to evapotranspiration.
Specifically, a significant positive correlation was identified between DTF events in August
and evapotranspiration in September (CC = 0.39, p < 0.05), suggesting that soil moisture
replenishment induced by abrupt heavy rainfall following drought conditions may provide
sufficient water supply to enhance evapotranspiration in the subsequent month. This find-
ing reflected a lagged response of land surface evapotranspiration to post-drought wetting
conditions associated with DTF transitions. Conversely, a significant negative correlation
was observed between DTF events in July and evapotranspiration in June (CC = —0.23,
p < 0.05), implying that enhanced evapotranspiration during the preceding month may
accelerate soil moisture depletion and thereby suppress the abrupt transition from drought
to flood conditions. This negative relationship suggested that evapotranspiration processes,
mediated by vegetation cover, soil water-holding capacity, and surface energy partitioning,
may partially regulate the background conditions under which DTF transitions occur.

In comparison to DTF events, the correlations between FTD events and evapotran-
spiration exhibited more distinct stage-dependent characteristics in both direction and
significance. The results showed a significant positive correlation between FID events in
July and evapotranspiration in June (CC = 0.22, p < 0.05), indicating that elevated evapo-
transpiration during the antecedent period may intensify soil moisture depletion, thereby
facilitating a rapid transition from flood to drought conditions following flood cessation.
This positive relationship highlighted the amplifying role of evapotranspiration in post-
flood soil water loss. In contrast, a highly significant negative correlation was detected
between FTD events in July and evapotranspiration in August (CC = —0.38, p < 0.001),
suggesting that after the completion of FTD transitions, actual evapotranspiration is sub-
stantially constrained by insufficient soil moisture availability, even under meteorological
conditions favorable for evaporation. This negative correlation reflected the pronounced
water stress state of the land surface system following FTD events and underscored the
dominant control of soil moisture on evapotranspiration processes.

Overall, the correlations between DFAA events and evapotranspiration exhibited
pronounced monthly lag effects and strong event-type dependency. DTF events tended to
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exert an enhancing influence on evapotranspiration following their occurrence, whereas
FTD events displayed bidirectional regulatory effects on evapotranspiration before and
after the transition. These results indicated that evapotranspiration served not only as
a critical hydrothermal background condition for the occurrence of DFAA events but
also as an important response variable reflecting post-event adjustments in land surface
moisture status.

Figure 14 illustrates the spatial distribution of Pearson correlation coefficients between
the monthly cumulative occurrences of DFAA events and evapotranspiration in Southwest
China during the flood season (May—September) of the historical period (1995-2024), with
the strongest lagged correlation month for each event type considered. Overall, pronounced
spatial heterogeneity was evident across different months and event types, reflecting a
spatial pattern jointly modulated by topography and land surface conditions.
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Figure 14. Spatial distribution of CCs between monthly cumulative DFAA event occurrences and
evapotranspiration for the most strongly associated month during the flood season in the historical
period. Panels (al-a5) represent DTF events, including (al) May, (a2) June, (a3) July, (a4) August,
and (a5) September. Panels (b1-b5) represent FTD events, including (b1) May, (b2) June, (b3) July,
(b4) August, and (b5) September.

For DTF events, the correlations with evapotranspiration during the most strongly
associated months were predominantly positive, with the spatial distribution of these posi-
tive correlations exhibiting clear regional clustering. High positive correlation coefficients
were primarily concentrated in the Sichuan Basin and its eastern margins, the Chongqing
region, and northern Guizhou. These regions showed relatively stable positive correlations
throughout the flood season, particularly from June to August. Characterized by basin
and low-hill terrain, relatively dense vegetation, and deep soils with strong water-holding
capacity, these areas were able to maintain elevated evapotranspiration levels following
abrupt heavy rainfall after drought conditions. As a result, DTF events in these regions
exhibited significant positive correlations with subsequent evapotranspiration at the statis-
tical level. In contrast, weaker correlations between DTF events and evapotranspiration
were observed in western Yunnan, the western Sichuan Plateau, and parts of the southern
Yunnan—Guizhou Plateau, where local correlations were close to zero or even weakly nega-
tive. These areas are marked by complex terrain, high elevations, and relatively shallow
soils, making them prone to rapid loss of precipitation-induced soil moisture through
runoff or percolation. Consequently, evapotranspiration responses to sudden increases in
precipitation were constrained, resulting in less pronounced positive correlation signals.
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In comparison to DTF events, the spatial correlation patterns between FTD events and
evapotranspiration were dominated by negative correlations, showing a strong seasonal
dependence. During the period from July to September, regions with high negative corre-
lations between FTD events and subsequent evapotranspiration were primarily located
across central and southern Yunnan, the southwestern mountainous areas of Sichuan, and
the southern margins of the Yunnan-Guizhou Plateau. These regions exhibited coherent
negative correlation patches across multiple flood-season months, suggesting a consistent
suppression of evapotranspiration following FTD events. From a physical perspective,
these areas are characterized by rugged terrain, steep slopes, sparse vegetation cover,
and limited soil water retention capacity. After flood conditions subside, soil moisture
is quickly depleted through runoff and evaporation. Additionally, during the late flood
season, these regions are often influenced by subtropical high-pressure systems, leading
to hot and dry conditions with enhanced atmospheric evaporative demand. However,
constrained by insufficient soil moisture availability, actual evapotranspiration is markedly
reduced, leading to statistically significant negative correlations between FTD events and
evapotranspiration. Conversely, in the Sichuan Basin, Chongqing, and northern Guizhou,
the correlations between FTD events and evapotranspiration are generally weak, with some
areas exhibiting near-zero or weakly positive correlations. This suggests that in regions
with relatively favorable moisture conditions, the suppressive effect of FTD transitions on
evapotranspiration is less pronounced.

Overall, the spatial correlations between monthly cumulative DFAA event occurrences
and evapotranspiration during the historical flood season revealed clear regional differ-
entiation across Southwest China. Positive correlations associated with DTF events were
mainly concentrated in basin and low-hill regions with relatively flat terrain and strong soil
water retention capacity, while negative correlations related to FID events were predomi-
nantly found in plateau and mountainous regions characterized by complex topography,
weak soil water retention, and a high susceptibility to rapid moisture depletion. These
contrasting spatial patterns underscore the region-dependent responses of land surface
hydrothermal processes to different types of DFAA events.

4. Discussion

This study assessed the simulation performance of five individual CMIP6 models and
their MME in simulating mean annual precipitation and mean annual evapotranspiration
over Southwest China. Additionally, Delta downscaling was applied to improve the
reliability of future projections of DFAA events. The results demonstrated that the MME
outperformed individual models in simulating historical precipitation, evapotranspiration,
and DFAA events, confirming the advantages of the MME in reducing systematic biases
and internal variability inherent in single models.

However, it is important to acknowledge the inherent uncertainties within CMIP6 pro-
jections. Variations in physical process representations, parameterization schemes, spatial
resolution, and data assimilation methods across models can influence the simulation of
DFAA events. Although the MME significantly reduced random errors, it assumed equal
model credibility, which may, to some extent, mask valuable information contained in
higher-performing models [35]. Future research could enhance regional prediction accu-
racy by adopting weighted ensemble methods based on model performance metrics or
integrating machine learning-based bias correction techniques.

Delta downscaling substantially reduced systematic biases in simulated DFAA event
occurrences and improved the spatial consistency with observed data. While differences in
downscaling methods may introduce some variation in results, the alignment of this
study’s conclusions with those of previous research suggested that bias correction is
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an essential step in studying regional compound extreme events [18,36]. Future work
could further constrain uncertainties by applying a range of downscaling methods and
evaluation metrics.

The findings indicated that the annual cumulative occurrences of both DTF and FTD
events in Southwest China would increase substantially during 2025-2064 compared to the
historical period, pointing to an overall rise in DFAA risks. DTF events displayed clear
scenario-dependent trends, while FTD events showed a more consistent increase across all
scenarios, highlighting the greater sensitivity of FTD transitions to future climate variability.

No significant temporal differences were observed between the future near-term and
long-term periods, indicating that the evolution of DFAA events was not solely linearly
enhanced over time but was more strongly influenced by emission scenarios. This result
was consistent with previous studies by Liu et al. [18] and Qiu et al. [37], which also
emphasized the critical role of emission pathways in determining the future evolution of
compound extreme events at the regional scale. Spatial analysis revealed considerable
regional heterogeneity in DFAA event changes and trends across Southwest China. DTF
events showed a pronounced west-east contrast, while FTD events exhibited more complex
regional structural features, especially in eastern Sichuan and Chongqing. These spatial
patterns remained relatively stable across scenarios and periods, underscoring the long-
term control of topography and surface conditions on DFAA event evolution.

The observed spatial heterogeneity can be attributed to the combined effects of to-
pography, vegetation cover, and soil water retention capacity. Regions with relatively flat
terrain and deeper soils, such as the Sichuan Basin, are more likely to maintain higher soil
moisture levels following DTF transitions, while plateau and mountainous areas are more
prone to rapid moisture depletion after flooding, thus favoring FID transitions. These
findings are consistent with those of Sun et al. [19], who highlighted the role of land surface
conditions in regulating compound hydrological extremes.

The wavelet analysis further revealed that the variability of compound drought-flood
events was not governed by a single characteristic timescale, but rather arose from the
superposition of multiple scale bands, exhibiting clear regional differences across South-
west China. In addition to the expected annual cycle, pronounced interannual variability
(typically within the 2-7-year band) was identified in the wavelet power spectra. This
suggested that a portion of the variance in these compound events might be organized at
frequencies comparable to large-scale ocean—atmosphere climate modes. While it should be
noted that wavelet power itself does not imply direct causal attribution, this scale decom-
position offered a valuable framework for linking the temporal organization of compound
drought—flood events with potentially predictable components of climate variability.

Furthermore, the wavelet perspective helped explain why analyses relying solely
on precipitation variability might overlook crucial processes driving drought-flood tran-
sitions. Land surface processes can accumulate and retain hydrological anomalies on
weekly to monthly timescales, thereby embedding a form of “memory” into the climate
system. Evapotranspiration plays a pivotal role in integrating this memory by coupling
soil moisture availability with atmospheric evaporative demand. Consequently, the re-
peated co-variability between evapotranspiration and compound drought-flood events at
specific temporal scales provided indirect evidence that land-atmosphere feedbacks likely
contributed to sustaining drought anomalies and modulating the region’s susceptibility
to subsequent intense wet events. This interpretation aligned well with the conceptual
frameworks proposed in previous studies, which emphasize the synergistic influence
of large-scale circulation triggers and land surface preconditioning in shaping abrupt
drought—flood transitions [6].
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Evapotranspiration was confirmed as a key variable linking land surface processes
and DFAA events in this study. Correlation analysis revealed significant monthly lag effects
and strong event-type dependence: DTF events were generally positively correlated with
subsequent evapotranspiration, reflecting enhanced soil moisture availability following
DTF transitions, whereas FTD events were predominantly negatively correlated with
subsequent evapotranspiration, especially in plateau and mountainous regions, indicating
strong soil moisture constraints after flooding cessation.

The spatial consistency between DFAA event changes, trend patterns, and evapotran-
spiration correlations underscored the crucial role of land—-atmosphere coupling processes
in modulating compound drought-flood extremes. The response of evapotranspiration to
DFAA events varied considerably across different terrain and surface conditions, reflecting
the region-dependent nature of land-atmosphere interactions. This study provided a sys-
tematic understanding of the future DFAA risks in Southwest China, emphasizing the dual
role of evapotranspiration in regulating these events. The findings offer critical scientific
support for water resource management, disaster early warning, and climate adaptation
strategies in the region.

Nevertheless, some limitations remained. This study primarily relied on statistical
analysis and precipitation-driven event identification, without explicitly modeling the
physical processes of atmospheric circulation, soil moisture dynamics, and vegetation re-
sponses. Future work should incorporate high-resolution land surface models and dynamic
vegetation schemes to better elucidate the physical mechanisms linking evapotranspiration
and DFAA events while also considering the impacts of human activities, such as irrigation
and land-use changes.

5. Conclusions

This study systematically explored the spatiotemporal evolution of DFAA events in
Southwest China during the historical period (1995-2024) and future period (2025-2064),
along with their relationships with evapotranspiration, through the integration of a CMIP6
MMIE, Delta downscaling, and station-based observational data. The main conclusions are
as follows:

(1) The evaluation results for the baseline period demonstrated that the CMIP6 MME
outperformed individual models in simulating mean annual precipitation and evap-
otranspiration over Southwest China. The MME showed lower RMSE, more realis-
tic variability, and higher correlation with observations, confirming its superiority
in simulating regional hydroclimatic variables. After applying Delta downscaling,
systematic biases in the simulated cumulative occurrences of DFAA events were
significantly reduced, and spatial consistency between simulations and observations
was markedly improved. These results confirm the reliability of the downscaled MME
for analyzing DFAA events in Southwest China.

(2) Temporal analyses indicated that both DTF and FTD events exhibited increased
annual cumulative occurrences during 2025-2064 relative to the historical period.
However, their temporal evolution varied across scenarios. DTF events displayed
clear scenario-dependent trends, with increasing cumulative occurrences under SSP2-
4.5 and SSP5-8.5 and decreasing trends under SSP1-2.6 and SSP3-7.0. In contrast, FTD
events demonstrated a more consistent increase across all scenarios, suggesting a
higher sensitivity of FTD transitions to future climate variability.

(3) Wavelet analysis revealed distinct multi-scale periodic characteristics of DFAA events
under different emission scenarios. The dominant periods for DTF events were
concentrated in the 2—6-year range, while those for FTD events spanned a broader
3-9-year range. The variability of dominant periods was generally higher for FTD
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events than for DTF events, indicating more complex temporal dynamics in FTD
transitions. Differences between the future near-term and long-term periods further
suggested that emission forcing affected not only the cumulative occurrences but also
the temporal organization of DFAA events.

(4) Spatial analyses revealed pronounced regional heterogeneity in both the changes and
trends of DFAA event cumulative occurrences across Southwest China. The changes
in DTF events generally exhibited a central enhancement pattern with interwoven
positive and negative anomalies, while FTD event changes showed patchy mosaics
of positive and negative anomalies, indicating strong spatial variability. In terms
of trends, DTF events displayed clear scenario-dependent characteristics, whereas
FTD events exhibited stronger regional structural heterogeneity, with relatively weak
changes in western Southwest China but more pronounced trend signals in the eastern
and northeastern regions, particularly in eastern Sichuan and Chongging. Overall,
these spatial patterns remained broadly consistent between the near-term and long-
term periods.

(5) Correlation analyses based on historical station observations showed that DFAA
events were significantly associated with evapotranspiration through clear monthly
lag effects and strong event-type dependence. DTF events were generally pos-
itively correlated with subsequent evapotranspiration, reflecting enhanced land
surface moisture conditions following abrupt DTF transitions. In contrast, FTD
events were predominantly negatively correlated with subsequent evapotranspira-
tion, especially in plateau and mountainous regions, indicating strong soil mois-
ture constraints after the cessation of flooding. The spatial consistency between
DFAA event changes, trend patterns, and evapotranspiration correlations emphasized
the critical role of land surface hydrothermal processes in modulating compound
drought—flood extremes.

Overall, this study systematically revealed the spatiotemporal evolution of DFAA
events in Southwest China during the past and future periods and clarified their coupling
relationships with evapotranspiration. These findings enhance the understanding of com-
pound extreme events in regions with complex terrain and provide valuable scientific
insights for regional water resource management, agricultural adaptation, and climate risk
mitigation under future climate change.
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