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The climate change impacts on hydrological conditions may be strongly 
modulated by the spatial variability of the intensity of human activities 
within watersheds. Despite growing recognition of climate and anthropogenic 
influences on hydrological regimes, comprehensive and spatially explicit 
assessments remain limited, hindering the development of robust watershed 
management and climate adaptation strategies. In this study, we propose an 
integrated framework for such analysis and deciphering by combining principal 
component analysis, hydrological modeling, and a range of variability approach 
to diagnose and attribute hydrological regime changes. The framework is 
tested on the case of the Taoer River Basin as a representative watershed 
system with pronounced human-activity variation along the upstream to 
downstream direction. Our results show that human activities contribute 
only 18% to hydrological regime changes in the upstream regions, where 
anthropogenic influence is relatively low, compared to 49% in the downstream 
areas with substantially greater human interference. While the upstream areas 
exhibit more pronounced changes in daily maximum streamflow (78%–79%) 
and count of low pulses (79%), the downstream areas experience more 
substantial alterations in monthly average streamflow (84%–99%) and high 
pulse durations (85%). Overarching the human-activity variability, the climate 
change impacts increase the risk of flooding, while the human activities exert 
greater influence in amplifying drought risk. Simulations based on CMIP6 
climate projections further indicate a significant increase in the likelihood of 
upstream flooding. Overall, our findings highlight the necessity of spatially 
differentiated management and adaptation strategies, tailored to steep human-
activity gradients across watershed zones, to effectively address hydrological 
changes under climate stress.
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1 Introduction

  

  
  

  
  

  

    

  

    
  

  

    

  
  

  

  

     

  
  

  
    

  

    
  

  

  
  

  

    
  

  

 

  

2 Methods and materials

2.1 The research framework

   

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2025.1656661
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Liu et al. 10.3389/feart.2025.1656661

FIGURE 1
Geographic location and water system map of the Taoer River Basin (TRB).

FIGURE 2
Framework for hydrological regime and predictions. RHIs, PCA, IHA, SWAT represent the most Representative Hydrologic Indicators, Principal 
Component Analysis, Indicators of Hydrologic Alteration, and Soil and Water Assessment Tool, respectively. RVA and ESMD represent Range of 
Variability Approach, and Extreme-point Symmetric Mode Decomposition method. CMIP6 and HEC-HMS represent Coupled Model Intercomparison 
Project Phase 6, and Hydrologic Engineering Center’s Hydrologic Modeling System.

2.2 Hydrological models
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2.3 Establishment and calculation of RHIs

    

  

2.4 The change degree of RHIs

  

  

  

2.5 Quantification of driver contribution 
rate
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2.6 Future predictions

     

  

   

 

   

3 Case study characteristics

3.1 Study area

      

3.2 Data

 

4 Results

4.1 The selected RHIs

  

 

4.2 Spatially variable alterations and drivers 
of hydrological regime
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FIGURE 3
Principal component analysis (PCA) of indicators of hydrologic alteration (IHA).

FIGURE 4
The correlation heatmap of the most representative hydrologic indicators (RHIs). (a) Charlson Station. (b) Taonan Station. MVJan, MVJul, M3D, JD1DM, 
HPD, LPC and FR represent the flow characteristics of mean value for January, mean value for July, maxima 3-day, julian date of 1-day maximum, high 
pulses duration, low pulses count and fall rate, respectively.

  

   

Frontiers in Earth Science 06 frontiersin.org

https://doi.org/10.3389/feart.2025.1656661
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Liu et al. 10.3389/feart.2025.1656661

FIGURE 5
Observed annual runoff series and adaptive global mean (AGM) curve of the Taoer River Basin (TRB) from 1958 to 2016. (a) Charlson Station. (b) Taonan 
Station. AGM is the residual model obtained by Extreme-point Symmetric Mode Decomposition (ESMD) method to the observed annual runoff series.

 

4.3 Future ordinary and extreme 
hydrological regime

 
  

5 Discussion

5.1 Contribution of the proposed 
framework
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FIGURE 6
Time-varying amplitude-frequency of annual runoff series in the Taoer River Basin (TRB) from 1958 to 2016. (a) Charlson Station. (b) Taonan Station. 
The solid lines represent the frequency variations over time of each Intrinsic Mode Function (IMF) obtained through Extreme-point Symmetric Mode 
Decomposition (ESMD) method, while the symbol-lines represent the amplitude variations. The number of IMFs depends on the complexity of the 
extreme points, there were 36 and 32 extreme points in the upstream and downstream annual runoff series, respectively, with extreme point densities 
of 0.61 and 0.54. Thus, the number of IMFs for the annual runoff series at the upstream station is greater than that at the downstream station.
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FIGURE 7
Rainfall-runoff double cumulative curve from 1958 to 2016. (a) Charlson Station. (b) Taonan Station.

TABLE 1  Change degrees of RHIs at Charlson Station and Taonan Station in the TRB. MVJan, MVJul, M3D, JD1DM, HPD, LPC and FR represent the flow 
characteristics of mean value for January, mean value for July, maxima 3-day, julian date of 1-day maximum, high pulses duration, low pulses count and 
fall rate, respectively.

RHIs Hydrological station Change rate (%) Change degree

Observation Simulation Observation Simulation
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FIGURE 8
Characteristics of the most representative hydrologic indicators (RHIs) changes under different future scenarios of Taiwan Earth System Model 
(TaiESM1). (a) Charlson Station. (b)Taonan Station. MVJan, MVJul, M3D, JD1DM, HPD, LPC and FR represent the flow characteristics of mean value for 
January, mean value for July, maxima 3-day, julian date of 1-day maximum, high pulses duration, low pulses count and fall rate, respectively.
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FIGURE 9
Future flood events under Scenario A and Scenario B. Scenario A distributes the design precipitation over time based on a historical storm event with a 
similar total rainfall amount. Scenario B distributes the design precipitation based on the most adverse conditions, using the historical storm event 
associated with the maximum flood. The vertical grey dashed lines in the figure demarcate flood events occurring in different future years.

TABLE 2  Comparative analysis of flood features under different scenarios. M3D represent maxima 3-day.

Scenario Historical period Scenario A Scenario B

  

  

  

  
  

  

       

5.2 Spatial heterogeneity and management 
implications
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5.3 Limitations and prospects

  

  

  

      

6 Conclusion
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