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Extreme flood intensification in 
the Pearl River Basin in the future 
under 1.5◦ C, 2.0◦ C, and higher 
global warming levels 

Wei Qi*, Ruiting Huang*, Yanpeng Cai and Qian Tan 

Guangdong Basic Research Center of Excellence for Ecological Security and Green Development, 
Institute of Environmental and Ecological Engineering, Guangdong University of Technology, 
Guangzhou, China 

The Pearl River Basin (PRB) is a vital economic hub in China, and sustains 
agriculture, industry, and regional water security for over 80 million people. 
While prior research has focused narrowly on flood frequency, flood impacts, 
or localized risk reduction, comprehensive assessments of extreme floods under 
critical global warming thresholds (1.5◦ C, 2.0◦ C and beyond) remain unexplored 
in PRB. Employing the WEB-DHM-SG model driven by ISIMIP3b bias-adjusted 
climate projections, this study analyzed extreme flood changes throughout the 
Pearl River Basin under incremental global warming levels from 1.5◦ C to 4.5◦ 

C (0.5◦ C intervals) for SSP126, SSP370, and SSP585 scenarios. Results show 
that, relative to the historical baseline (1985–2014), extreme floods across the 
PRB increase by 44–50% during the near future (2036–2065) and 57–68% in 
the far future (2071–2100), with the most pronounced escalations under higher 
emissions (SSP585). Sub-basin analyses reveal spatial heterogeneity in the timing 
and degree of increase. For example, at Boluo Station (Dongjiang sub-basin), 
extreme floods exhibit a biphasic response, declining initially then rising sharply 
by the far future. At Gaoyao Station (Xijiang sub-basin), extreme floods show 
a near-monotonic increase, with a slight reduction under SSP585. In contrast, 
at Shijiao Station (Beijiang sub-basin), extreme floods display a consistent 
upward trend across all scenarios. Furthermore, each 0.5◦ C increment of 
global warming significantly amplifies discharge, especially at Xijiang (largest 
absolute increase) and Dongjiang (highest relative increase, 7% per 0.5◦ C). 
These differential responses highlight the critical need for tailored adaptation 
measures, particularly infrastructure enhancements in the more sensitive Xijiang 
and Dongjiang sub-basins. 

KEYWORDS 
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1 Introduction 

The Pearl River Basin constitutes one of China’s most critical hydrological systems, 
underpinning regional water resource management and socioeconomic development (Qiu 
et al., 2022; Wu et al., 2024). Although extreme flood events were historically rare in the 
basin, the region has recently experienced severe events, including the May 2022 floods— 
the most severe since 1924—and the severe April 2024 floods. The increasing frequency and 
intensity of such disasters, driven by climate change, necessitate an urgent comprehensive 
assessment of extreme floods, particularly under key projected warming thresholds (1.5◦ 

C, 2.0◦ C, and higher global warming levels). 
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Climate change has emerged as a pivotal driver of hydrological 
regime shifts in the Pearl River Basin. Previous studies have 
investigated discharge changes in the basin, identifying significant 
variations across historical periods (Zhang et al., 2018a, 2015, 
2009). Further research has explored the impacts of climate 
change scenarios on hydrological processes and flood frequency, 
demonstrating pronounced shifts in precipitation patterns and 
associated flood events (Tang et al., 2016; Yan et al., 2015; Yuan 
et al., 2015; Zhu et al., 2021). Additional studies project future flood 
risks under evolving climatic conditions, highlighting the basin’s 
increasing vulnerability to climate-driven hydrological extremes 
(Duan et al., 2021; Liu et al., 2018, 2020; Wang et al., 2018; Zhao 
et al., 2014). 

Existing research on hydrological variations under climate 
change in the Pearl River Basin can be categorized into two 
distinct groups. The first group includes long-term analyses 
that extensively examine water-related extremes or streamflow 
dynamics but lack explicit integration of Shared Socioeconomic 
Pathways (SSPs) (Green et al., 2025; Qiu et al., 2022; Wu et al., 2024; 
Zhang et al., 2018b). In contrast, the second group incorporates 
SSP frameworks, leveraging state-of-the-art Coupled Model Inter 
comparison Project Phase 6 (CMIP6) projections to assess climate 
change impacts. However, these SSP-driven studies often focus on 
recent or narrowly defined timeframes, consequently restricting 
their contextualization (Chen et al., 2021; Zuo et al., 2023). As a 
result, comprehensive assessments of extreme floods under specific 
climate change thresholds—such as 1.5◦ C, 2.0◦ C, and higher 
global warming levels—remain unexplored in the Pearl River Basin. 

This study investigates extreme flood changes in the Pearl River 
under projected global warming thresholds, specifically 1.5◦ C, 2.0◦ 

C, 2.5◦ C, 3.0◦ C, 3.5◦ C, 4.0◦ C, and 4.5◦ C. We employ the Water 
and Energy Budget-based Distributed Biosphere Hydrological 
Model with improved Snow physics for Global simulation (WEB-
DHM-SG) (Qi et al., 2022b), calibrated specifically for the Pearl 
River Basin. Future hydrological projections are based on climate 
models in the Inter-Sectoral Impact Model Inter comparison 
Project Phase 3b (ISIMIP3b), incorporating multiple SSPs (SSP126, 
SSP370, and SSP585). To our knowledge, this is the first study to 
systematically assess extreme flood changes in the Pearl River under 
defined global warming thresholds. Such analyses are critical for 
designing robust flood mitigation strategies to safeguard the basin’s 
socioeconomic development in the context of escalating climate 
challenges. This work establishes a foundation for future research 
on flood risk mitigation in the Pearl River Basin under evolving 
climatic conditions. 

2 Materials and methods 

2.1 Study region 

The Pearl River Basin (Figure 1), situated in southern China, 
comprises three principal tributaries: the Dongjiang, Xijiang, and 
Beijiang Rivers, which serve as primary freshwater sources for 
the densely populated Guangdong Province and adjacent areas, 
sustaining a population exceeding 80 million. Characterized by a 
subtropical monsoon climate, the Pearl River Basin exhibits distinct 
seasonality with substantial hydrological variability. Annual 

precipitation ranges from 1,200 to 2,200 mm, with approximately 
80% occurring during the April–September wet season. Conversely, 
the October–March dry season contributes only ∼24% of the basin-
wide annual runoff. In 2023, peak instantaneous discharges at 
key hydrological control stations reached 22,600 m3/s at Gaoyao 
(lower Xijiang), 11,300 m3/s at Shijiao (lower Beijiang), and 5,150 
m3/s at Boluo (lower Dongjiang), with corresponding maximum 
monthly mean discharges of 7,570 m3/s, 2,500 m3/s, and 1,330 
m3/s, respectively. These extremes underscore the region’s acute 
flood variations. 

2.2 Datasets 

The ISIMIP3b Global Climate Model (GCM) dataset (0.5 
degree and daily scale) was employed to evaluate flood responses in 
the Pearl River Basin under diverse climate scenarios. This dataset 
offers bias-adjusted climate projections from multiple GCMs 
(Lange and Büchner, 2021). ISIMIP data have been commonly 
utilized in various studies for extreme flood changes and climate 
change impacts (Rivera et al., 2024; Schaffhauser et al., 2023; 
Werning et al., 2024; Zhao et al., 2025). 

The ISIMIP3b GCM data include projections for key 
variables—temperature, precipitation, wind speed, air pressure, 
humidity, and radiation—spanning SSP126 (low emissions gas 
emissions), SSP370 (intermediate greenhouse gas emissions), and 
SSP585 (high greenhouse gas emissions) scenarios. Projections 
cover the period 2015–2100. Additionally, ISIMIP3b provides pre-
industrial baseline (1850–1900) temperature data. Global warming 
levels (1.5◦ C, 2.0◦ C) were defined by comparing 30-years 
running averages of temperature to the pre-industrial baseline. For 
the historical period (1985–2014), precipitation and temperature 
data were sourced from the Asian Precipitation – Highly-
Resolved Observational Data Integration Toward Evaluation 
(APHRODITE) dataset (0.25◦ spatial, daily temporal resolution) 
(Yatagai et al., 2012). Other meteorological variables (wind speed, 
radiation, etc.) were obtained from the China Meteorological 
Forcing Dataset (CMFD) (0.1◦ spatial, daily temporal resolution) 
(He et al., 2020). These datasets were re-gridded into 0.1◦ grids to 
keep consistent in spatial resolutions. 

2.3 Methodology 

This study utilizes the WEB-DHM-SG to simulate discharge 
across the Pearl River Basin under varying climate scenarios. 
The spatially distributed, physically based model simulates 
key components of the hydrological processes, including 
evapotranspiration, runoff generation, and soil moisture dynamics. 
Its strength lies in capturing complex hydrological interactions 
across large basins with heterogeneous topography and land use, 
making it particularly suited for the Pearl River Basin’s diverse 
landscape. The model was calibrated for the Pearl River Basin 
(Qi et al., 2022a), achieving strong performance in discharge 
simulations at a daily scale: Gaoyao (1983–2010; Nash-Sutcliffe 
Efficiency (NSE) = 0.85), Makou (1994–2014; NSE = 0.77), Shijiao 
(1983–2010; NSE = 0.77), and Boluo (1954–1959; NSE = 0.76). 
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FIGURE 1 

Location of the Pearl River Basin within South China, along with the locations of stream gauging stations used in the present analysis. 

Detailed calibration procedures and model configurations are 
described in Qi et al. (2022a). 

Throughout this study, extreme floods specifically denote 
annual maximum discharge. Consequently, references to flood 
variations or intensification exclusively describe changes in annual 
maximum discharge. 

Each sub-basin (the Dongjiang, Xijiang, and Beijiang Rivers) 
was independently analyzed to characterize distinct hydrological 
trends and quantify spatial variability in extreme floods. Future 
hydrological projections were generated by forcing the model 
with bias-corrected climate data from ISIMIP3b under SSP126, 
SSP370, and SSP585 scenarios. The climate data were re-gridded 
into 0.1-degree cells to match the spatial resolution of WEB-
DHM-SG. Model outputs were subsequently used to evaluate the 
influence of specific global warming levels (e.g. 1.5◦ C, 2.0◦ C) on 
extreme floods. 

Statistical trends were assessed using the non-parametric 
Mann-Kendall (MK) test, with trend magnitudes quantified via 
Sen’s slope estimator. The MK approach detects monotonic 
trends in hydro meteorological time series without distributional 
assumptions. Sen’s method provides robust magnitude estimates 
resilient to outliers. A 95% confidence level (p < 0.05) defined 
statistical significance. 

3 Results 

3.1 Temporal changes at key monitoring 
stations 

Extreme floods exhibit divergent trends under varying climate 
scenarios and across monitoring stations (Figure 2). Extreme floods 
in Boluo Station, trend magnitudes declined from SSP126 to 
SSP370 before sharply increasing under SSP585, with all scenarios 
showing statistically significant trends. In contrast, extreme floods 
in Gaoyao Station displayed rising trends from SSP126 to SSP370, 
followed by a marginal decrease under SSP585, though all trends 
remained statistically significant. Extreme floods in Shijiao Station 
demonstrated a consistent escalation across all SSP scenarios 
(SSP126 to SSP585), with statistically significant trends throughout. 

Extreme floods in Boluo Station, the historical period displayed 
a trend slope of 21 m3/s/year, though not statistically significant (p 
> 0.05). Under future scenarios, slopes increased to 20 m3/s/year 
(SSP126), decreased to 13 m3/s/year (SSP370), and surged to 
37 m3/s/year (SSP585), all statistically significant (p < 0.05). 
Relative to SSP126, SSP370s slope represented 64% of the SSP126 
magnitude, while SSP585s slope was 1.7 × higher. Extreme 
floods in Gaoyao Station, the historical slope (31 m3/s/year) was 
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FIGURE 2 

Temporal changes of extreme floods in (a) Boluo, (b) Gaoyao, and (c) Shijiao gauges. His, Historical period. The shaded area represents the upper and 
lower bounds. 

nonsignificant (p > 0.05), whereas future scenarios showed marked 
increases: 91 m3/s/year (SSP126), 135 m3/s/year (SSP370), and 
133 m3/s/year (SSP585), all significant (p < 0.05). Compared 
to SSP126, SSP370 and SSP585 slopes were 1.48 × and 1.47 × 
higher, respectively. Extreme floods in Shijiao Station, future slopes 
rose progressively: 20 m3/s/year (SSP126), 26 m3/s/year (SSP370), 
and 38 m3/s/year (SSP585). SSP370 and SSP585 slopes exceeded 
SSP126 by 1.3 × and 1.9 ×, respectively, with all trends statistically 
significant (p < 0.05). 

3.2 Near- and far-future extreme flood 
trends 

Across the Pearl River Basin, extreme floods intensify 
temporally, with projected increases of 44–50% in the near 
future (2036–2065) and 57–68% in the far future (2071–2100) 
(Figures 3a–c). Under SSP126, the mean extreme flood rises from 
610 m3/s historically (1985–2014) to 920 m3/s (near future) and 
970 m3/s (far future). For SSP370, mean extreme flood increases 
to 890 m3/s (near future) and 990 m3/s (far future), reflecting a 
slower near-term rise compared to SSP126 but exceeding it in the 
long term. Comparatively, SSP585 exhibits the most pronounced 

escalation, reaching 920 m3/s (near future) and 1,000 m3/s (far 
future). Scenario comparisons reveal contrasting trajectories: In the 
near future, discharge declines from 920 m3/s (SSP126) to 890 m3/s 
(SSP370), then rebounds to 920 m3/s (SSP585). In the far future, 
mean extreme flood ascends progressively from 970 m3/s (SSP126) 
to 990 m3/s (SSP370) and 1,000 m3/s (SSP585), underscoring a 
persistent intensification trend under higher emissions. 

For the Dongjiang Basin, extreme flood intensification 
surpasses the basin-wide average, with projected increases of 51– 
57% in the near future and 64–78% in the far future (Figures 3d–f). 
Under SSP126, mean extreme flood rises from 400 m3/s (historical 
baseline) to 600 m3/s (near future) and 650 m3/s (far future). 
SSP370 exhibits an increase to 630 m3/s (near future), followed by 
a marginal decrease to 620 m3/s (far future). SSP585 shows the 
steepest rise, reaching 620 m3/s (near future) and 710 m3/s (far 
future). Near-future extreme flood shifts from 600 m3/s (SSP126) 
to 630 m3/s (SSP370) and 620 m3/s (SSP585), indicating limited 
variability. In the far future, extreme flood declines from 650 m3/s 
(SSP126) to 620 m3/s (SSP370), then surges to 710 m3/s (SSP585), 
highlighting a rebound under high-emission scenarios. 

In the Xijiang Basin, extreme flood amplification exceeds the 
basin-wide average but remains less pronounced than in the 
Dongjiang Basin, with projected increases of 46–52% in the near 
future and 59–70% in the far future (Figures 3g–i). Under SSP126, 
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FIGURE 3 

Comparison of mean extreme floods among historical, near future (2036–2065), and far future (2071–2100). (a–c) For the entire basin under ssp126, 
ssp370 and ssp585. (d–f) For the Dongjiang. (g–i) For the Xijiang. (j–l) For the Beijiang. 
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FIGURE 4 

Changes in extreme floods at three hydrological stations (Boluo, Gaoyao, and Shijiao) under different emission scenarios (SSP126, SSP370, and 
SSP585) for various time periods (historical period, 2036-2065, and 2071-2100). (a–c) For the Boluo. (d–f) For the Gaoyao. (g–i) For the Shijiao. 

mean extreme flood increases from 630 m3/s (historical baseline) 
to 950 m3/s (near future) and 1,000 m3/s (far future). SSP370 
shows a near-future rise to 920 m3/s, followed by a far-future 
increase to 1,040 m3/s, yielding a slower near-term escalation than 
SSP126 but surpassing it long-term. SSP585 exhibits the most 
substantial growth, reaching 960 m3/s (near future) and 1,070 
m3/s (far future). In the near future, mean extreme flood declines 
from 950 m3/s (SSP126) to 920 m3/s (SSP370), then rebounds to 
960 m3/s (SSP585). Far-future extreme flood ascends progressively 
from 1,000 m3/s (SSP126) to 1,040 m3/s (SSP370) and 1,070 
m3/s (SSP585), highlighting a sustained intensification trend under 
higher emissions. 

For the Beijiang Basin, extreme flood intensification is less 
pronounced than the basin-wide average, with projected increases 
of 38–44% in the near future and 55–66 % in the far future 
(Figures 3j–l). Under SSP126, mean extreme flood rises from 380 
m3/s (historical baseline) to 550 m3/s (near future) and 590 m3/s 
(far future). SSP370 shows a near-future increase to 530 m3/s, 

followed by a far-future rise to 590 m3/s, reflecting a slower near-
term escalation compared to SSP126 but converging to similar 
levels long-term. SSP585 exhibits a more marked rise, reaching 550 
m3/s (near future) and 630 m3/s (far future). In the near future, 
mean extreme flood declines from 550 m3/s (SSP126) to 530 m3/s 
(SSP370), then rebounds modestly to 547.19 m3/s (SSP585). In the 
far future, mean extreme flood ascends from 590.34 m3/s (SSP126) 
to 590.59 m3/s (SSP370) and 632.40 m3/s (SSP585), underscoring a 
persistent upward trajectory under high-emission scenarios. 

Across the three principal hydrological stations—Boluo, 
Gaoyao, and Shijiao—extreme floods exhibit consistent upward 
trends from historical to future periods, though Shijiao displays 
more moderate changes compared to Boluo and Gaoyao (Figure 4). 
In the near future, relative increases range from 45–50% (Boluo) 
and 38–47% (Gaoyao), compared to 27–31% at Shijiao. By the 
far future, these escalations intensify to 49–71% (Boluo) and 53– 
55% (Gaoyao), while Shijiao’s increases remain comparatively lower 
(36–46%). This spatial variability underscores attenuated sensitivity 
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FIGURE 5 

Relative changes of mean extreme floods during near future (2036–2065) and far future (2071–2100) periods under three emission scenarios 
(SSP126, SSP370, and SSP585). (a–c) For the near future results. (d–f) For the far future results. 

in Shijiao to climate-driven flood amplification relative to extreme 
floods in Boluo and Gaoyao, highlighting its reduced vulnerability 
within the basin’s heterogeneous hydrological landscape. 

At Boluo Station (Figures 4a–c), extreme flood discharge 
escalates from 6,100 m3/s (historical baseline) to 8,900 m3/s 
(near future) under SSP126, with a subsequent rise to 9,600 
m3/s (far future), demonstrating a persistent upward trajectory. 
Under SSP370, extreme flood increases to 9,100 m3/s (near future) 
and 9,100 m3/s (far future), reflecting a diminished growth rate 
compared to SSP126. Conversely, SSP585 drives discharge to 9,200 
m3/s (near future), followed by a sharp surge to 10,000 m3/s (far 
future), highlighting pronounced intensification of extreme floods 
under high-emission scenarios. 

At Gaoyao Station (Figures 4d–f), extreme flood increases 
substantially, rising from 29,000 m3/s (historical baseline) to 43,000 

m3/s (near future) under SSP126, with a further rise to 45,000 m3/s 
(far future). Under SSP370, extreme flood grows to 41,000 m3/s 
(near future) and 45,000 m3/s (far future). For SSP585, extreme 
flood escalates to 42,000 m3/s (near future) and 45,000 m3/s (far 
future), demonstrating steady escalation across both periods. 

At the Shijiao Station (Figures 4g–i), extreme flood discharge 
exhibits a moderate increase, rising from 8,900 m3/s (historical 
baseline) to 11,600 m3/s (near future) under SSP126, with a further 
rise to 12,000 m3/s (far future). Under SSP370, discharge grows to 
11,300 m3/s (near future) and 12,100 m3/s (far future), reflecting a 
sustained yet gradual escalation. SSP585 drives a more pronounced 
increase, surging to 11,600 m3/s (near future) before sharply 
accelerating to 13,000 m3/s (far future). 

Elevated emissions scenarios and extended time horizons drive 
progressively larger and spatially widespread increases in extreme 
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FIGURE 6 

Mean extreme floods in (a) entire basin, (b) Dongjiang, (c) Xijiang, and (d) Beijiang in historical (His) period and different warming levels from 1.5◦ C to  
4.5◦ C with a 0.5◦ C steps. The dashed lines represent the trends, and the error bars represent the standard deviations. 

floods (Figure 5). Under SSP126, near-future projections primarily 
exhibit moderate increases (yellow to light orange), with minimal 
areas of decline (purple). Far-future projections show expanded 
orange-red zones, though changes remain less severe than under 
higher-emission scenarios. SSP370 amplifies near-future increases 
(orange-red), interspersed with localized reductions (purple), 
while far-future outcomes reveal dominant red coverage, leaving 
minimal areas of stability or decline. SSP585 accelerates near-future 
intensification (widespread orange-red), culminating in near-total 
red dominance in the far future. Across scenarios, changes 
escalate temporally, emphasizing the compounding impacts of 
prolonged emissions. Despite localized exceptions, spatial patterns 
underscore a direct emissions-to-severity relationship: SSP126s 
restrained shifts highlight lower-emission mitigation potential, 
whereas SSP585 exemplifies the destabilizing consequences of 
unabated emissions. 

Supplementary Figure 1 demonstrates that extreme floods in 
Xijiang maintain the highest absolute discharge values across all 
scenarios, surpassing extreme floods in Dongjiang and Beijiang 
by substantial margins. While extreme floods in Dongjiang 
and Beijiang exhibit marked increases in discharge over time, 

their absolute flows remain consistently lower than those of 
Xijiang. Under higher-emissions scenarios, all three sub-basins 
show amplified extreme flood trends, with extreme floods in 
Xijiang displaying the most pronounced growth and retaining its 
dominance in absolute magnitude. 

3.3 Changes under global warming levels 

Extreme floods across the four basins—entire Pearl River 
Basin, Dongjiang, Xijiang, and Beijiang—is projected to increase 
robustly under global warming levels from 1.5◦ C to 4.5◦ C (in 
0.5◦ C increments) (Figure 6). Absolute extreme flood escalates 
by 27–36 m3/s per 0.5◦ C rise, highlighting a consistent upward 
trajectory, while relative increases range from 4% to 7% per 
0.5◦ C. Despite inter-basin variability, all trends are statistically 
significant (p < 0.05), indicating that global warming will drive 
substantial, basin-wide flood intensification. Among the basins, 
Beijiang exhibits the lowest slope, signifying reduced sensitivity 
to warming compared to Dongjiang and Xijiang. At the three 
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FIGURE 7 

Mean extreme floods at three hydrological stations (Boluo, Gaoyao, and Shijiao) under different global warming scenarios. The extreme floods are 
shown for historical conditions (His) and temperature increases of 1.5◦ C, 2.0◦ C, 2.5◦ C, 3.0◦ C, 3.5◦ C, 4.0◦ C, and 4.5◦ C. (a–c) represent Boluo, 
Gaoyao, and Shijiao stations, respectively. 

principal hydrological stations—Boluo, Gaoyao, and Shijiao— 
extreme flood rises significantly with temperature (Figure 7). 
Extreme floods in Gaoyao Station demonstrate the steepest absolute 
slope, whereas extreme floods in Boluo show the largest relative 
increase, emphasizing spatially divergent responses to warming 
within the basin. 

Figures 8a–g illustrates spatial patterns of relative extreme flood 
changes (%) across progressive global warming thresholds (1.5◦ 

C to 4.5◦ C in 0.5◦ C increments), using a color gradient from 
deep purple (≥ 80% decrease) to white (neutral/no change) to 
deep red (≥ 80% increase). Results reveal a clear amplification 
of positive changes with rising temperatures. At 1.5◦ C, moderate 
increases (light orange-yellow) dominate, with localized red zones 
(stronger increases) and sparse purple areas (declines). By 2.0◦ 

C, orange-red expansions in northern and central regions reflect 
broader intensification, while neutral/purple zones diminish. At 
2.5◦ C, red tones intensify further, with minimal residual declines. 
Under 3.0◦ C−3.5◦ C, moderate-to-high increases (orange-red) 
pervade most of the basin, leaving only isolated purple remnants. 
At 4.0◦ C, extensive dark red zones dominate, signaling severe 
intensification. By 4.5◦ C, near-total red coverage emerges, 

with negligible purple/white areas confined to highly localized 
regions. These patterns underscore escalating extreme floods under 
higher warming, with spatially pervasive impacts overwhelming 
residual declines. 

All three basins exhibit upward trends in extreme floods 
per 0.5◦ C warming increment (Supplementary Figure 2). Among 
them, extreme floods in Xijiang shows the largest absolute rise, 
partly due to its already high flood flow. Extreme floods in 
Dongjiang also experiences a steady increase but remains at levels 
somewhat lower than those of Xijiang. Extreme floods in Beijiang 
displays the smallest discharge overall, although it still follows a 
clear positive trend under higher temperatures. 

4 Discussion 

A strong positive correlation between rising temperatures and 
extreme flood magnitude is evident across all stations, highlighting 
the intensification of extreme floods under unabated warming and 
the escalating risks. These findings underscore the urgent need 
for proactive, adaptive flood management strategies to counteract 
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FIGURE 8 

Comparisons of mean extreme flood changes under seven discrete warming levels (1.5◦ C, 2.0◦ C, 2.5◦ C, 3.0◦ C, 3.5◦ C, 4.0◦ C, and 4.5◦ C) relative to 
the historical baseline. (a–g) correspond to these warming thresholds, respectively. 
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projected risks. While prior studies have documented rising trends, 
this study advances the field by quantifying the magnitude and 
spatial extent of flood increases across discrete global warming 
thresholds (1.5◦ C−4.5◦ C) which is critical for operational climate 
adaptation planning but previously underexplored. Prior studies 
have indeed identified rising trends in discharge and increasing 
flood risks within the Pearl River Basin, linking these to changing 
precipitation patterns and increased climate variability (Liu J. Y. 
et al., 2017; Wu et al., 2024; Zhang et al., 2010; Zhou et al., 2018). 
For example, Zhang et al. (2010) highlighted shifts in atmospheric 
moisture contributing to altered discharge patterns, while Liu J. Y. 
et al. (2017) emphasized the increased vulnerability of the basin’s 
hydrological regimes under climate stress. These findings align with 
our observations of intensifying extreme flood discharge under 
elevated warming levels. Our study further expands on these results 
by systematically quantifying changes in extreme floods across 
precise global warming thresholds (1.5◦ C−4.5◦ C). 

This study makes key advances in extreme flood research for the 
Pearl River Basin. By integrating global warming thresholds with 
hydrological projections, we provide unprecedented granularity 
in quantifying future flood changes compared to previous 
studies (Liu L. L. et al., 2017; Wang et al., 2017; Zhao et al., 
2020). Critically, our results indicate that the Beijiang sub-
basin exhibits relative resilience in extreme flood response, 
manifesting smaller extreme flood increases than observed in the 
Xijiang and Dongjiang sub-basins. Possible reasons for Beijiang’s 
relative resilience include its geographic characteristics, lower 
rates of precipitation change, comparatively milder topography, 
and potential buffering capacities from land-use patterns (higher 
forest coverage or reservoir regulation). These basin-specific 
attributes likely moderate flood responses to climate change, 
thereby explaining Beijiang’s reduced sensitivity. 

The projected spatial variability underscores the need for 
sub-basin-specific management plans (Wang et al., 2022), where 
integrated approaches tailored to each sub-basin’s unique climatic 
and hydrological characteristics can enhance resilience against 
floods. The heightened sensitivity of extreme floods to global 
warming thresholds emphasizes the dual importance of climate 
mitigation to limit warming and adaptation to manage the resulting 
hydrological changes, advocating for policies that simultaneously 
address emissions reductions and enhance flood management 
infrastructure (Gu et al., 2017; Lin et al., 2020; Yang et al., 2018). 

5 Conclusions 

This study advances extreme flood change understanding in 
the Pearl River Basin, identifying sub-basin-specific responses 
and sensitivities to global warming thresholds. Our study fills 
research gaps, supporting future resilience strategies. The following 
conclusions are drawn based on this study. 

First, extreme floods exhibit spatial heterogeneity at Boluo, 
Gaoyao, and Shijiao under various scenarios. From SSP126 to 
SSP585, future scenarios reveal significant but distinct patterns. 
At Boluo station, extreme flood initially decreases slightly under 
SSP126 and SSP370 scenarios, but then sharply increases under 
SSP58. At Gaoyao station, extreme flood exhibits a steady upward 
trend across SSP126 and SSP370, with a minor decline observed 

under SSP585. At Shijiao station, extreme flood consistently 
increases across all emission scenarios (SSP126, SSP370, and 
SSP585). These contrasting extreme flood responses highlight the 
necessity of implementing targeted, location-specific flood risk 
management strategies. 

Second, during the near-future period (2036–2065), extreme 
floods across the Pearl River Basin are projected to increase by 
about 44–50%, while far-future projections (2071–2100) show 
more pronounced rises of 57–68%. Gaoyao exhibits the most 
pronounced absolute increases, whereas Boluo and Shijiao show 
comparatively moderate rises. All SSP scenarios project escalating 
flood magnitudes, especially under SSP585 in the far-future period, 
driving the most extreme intensification. 

Third, basin-specific sensitivities to warming reveal striking 
contrasts. Floods in Xijiang exhibit the steepest absolute trend, 
whereas floods in Dongjiang show the highest relative amplification 
(7% per 0.5◦ C rise), signaling acute vulnerability to incremental 
warming. Floods in Beijiang, while less sensitive, maintains a 
persistent positive trend. 
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