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Evolution of hydrological extreme indices in typical karst basins and analysis of their driving 

mechanisms: A case study of the Nanpan and Beipan Rivers, China 

Gou Shenglin, Cheng Qingping**, Pu Xuefu, Jiang Guixin, Ren Lamin1 & Yu Yuanhe 

(College of Soil and Water Conservation, Southwest Forestry University, Kunming 650224, P.R.China) 

Abstract:  Intense climate change and frequent human activities have greatly altered river hydrological processes, thus substantially 

affecting the health and stability of fluvial aquatic ecosystems. Following the research framework of ñspatiotemporal evolution-driving 

mechanism-causal pathwaysò, this study systematically explores the spatiotemporal variations and driving mechanisms of hydrological 

regime indices using data from 18 hydrological stations in the Nan-Beipan River Basin. The Bayesian Estimation of Abrupt Change, 

Seasonality and Trend (BEAST) method is used to detect non-stationarity and abrupt changes in runoff series. The Indicators of 

Hydrologic Alteration-Range of Variability Approach (IHA-RVA) is applied to quantify the magnitude of hydrological regime alteration 

before and after dam construction. This study further integrates Extreme Gradient Boosting-SHapley Additive exPlanations (XGBoost-

SHAP), Optimal Multivariate Stratified Geodetector (OMGD), and Partial Least Squares-Structural Equation Modeling (PLS-SEM) to 

distinguish the single-factor effects, multi-factor interactive effects, and influencing pathways of natural and anthropogenic factors in 
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the entire basin, regulated sub-basins, and natural sub-basins. The results show three key findings. First, abrupt runoff changes are 

highly consistent with regional drought and flood events. Second, reservoir dams cause obvious shifts in hydrological regimes, including 

reduced high-flow magnitudes and increased low-flow magnitudes, and such dam-induced impacts gradually decline with increasing 

distance from dams. Third, XGBoost-SHAP results show that climatic factors dominate hydrological regime variations across all basin 

types. In contrast, both OMGD and PLS-SEM results suggest that the coupling interactions between climate and river network, 

landscape, and human activities serve as the primary controlling factors for the entire basin, regulated sub-basins, and natural sub-basins, 

respectively. Topography, lithology, soil, and other underlying surface factors only affect partial hydrological regime indices. Overall, 

the hydrological regime indices of the karst Nan-Beipan River Basin show nonlinear responses to climatic and underlying surface 

factors. Regulated sub-basins are mainly controlled by the ñclimate-landscapeò coupling mode, while natural sub-basins are dominated 

by the ñclimate-human activityò coupling mode. Both coupling modes present high sensitivity to climate change. Intensified human 

disturbances may raise the vulnerability risk of natural sub-basins, indicating an urgent need for targeted monitoring and regulation of 

anthropogenic impacts. Future water resource management of the basin should prioritize extreme hydrological events induced by climate 

change, and closely track the potential ecological impacts of reservoir regulation and land-use changes derived from human activities. 

Keywords: the Nanpan and Beipan Rivers; Hydrological extreme Indices; Driving Mechanisms; XGBoost-SHAP̕OMGD̕PLS-SEM 
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̆ 12.65~21.25 ̆ 930.38~1281.12 mmȂ ῤ70% ԍ

̆ № ̆ ԍҬ ῖ ̆Ӟ Ҥ Ȃ

ҍ ̆ ֲ ꜚΐ ῏ ӈ̕ ̆

ҬҊ қȁ ᶫ ᴋⱵȂ ̆ῒ ῤ ҩ

ΐ Ȃ 

1 ’  

Fig.1 Overview of the research area 

2 ғ  

2.1  

 ȇ Ȉ̂ Ḥ 1̃̆ ̆

Ḡ‰ Ȃ Chen[27]₮ 79ҩ Ȃҹ ₮ ȁ

╧ ΌᵩḤ ̆ ̔╧ ȁ ṿ ץ̆ ֽ ΐᵣ

̕ Richter[31] 33 ᵣ ̆ Ḡ ȁ ȁ ȁ
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Ԋᴆ 41ҩ ̂ 1̃̆ ῃ ┴ ̆ҹ ꜚ №

ᶫ Ȃ └̆ 1985ĺ2005 ̆ ≠ Ҭ ԍ

ץף1990  ̂ 2̃̆ Ὶ ̆ ⅞№ҹңҩ ̔1962ĺ1984 ̂

≠ ╠ ̃ҍ 2006ĺ2022̂ ≠ ̃̆ ץ Ҍ ֲ ꜚ

ꜚҊ Ȃ Ṝȁ ȁ ≠ ҹ2006ĺ2020̆ Ḥ

2Ȃ 

1 Ḥ  

Tab.1 Information Table of Hydrologic Stations in Nanpan and Beipan Rivers 

 (£) (£) ̂km2̃  /  └/   

 103.33 25.03 4676   └ 1977 

 103.13 24.78 6301   └ 1977 

 103.62 24.02 25116   └ 1977 

 103.63 25.02 3253   └ 

 

 103.18 23.82 15405   └ 1977 

 103.83 25.6 618   └ 2007 

ᾫ‖ 103.38 25.03 452   └ 

 

ז  104.13 24.9 1910    

 

 104.35 25.47 1536    

 

 105.35 24.78 621 ‛    1962-1966 

 104.92 25.18 2277 ≢   └ 

 

 103.03 24.97 192   └ 1965ȁ1982 

 104.12 26.22 758   └ 2006 

 104.72 26.28 8454   └ 1962 

 105.67 25.87 2264    2006 

 104.43 26.72 2082    1962 

 104.5 26.03 962   └ 1962-1967ȁ1976 

 104.95 25.87 1085 Ӌ      

2.2  

ȁ ᵀל ̂BEAST̃ ̆ ≢ ↓ ҍ ̕

-  ̂IHAвRVÃ̆ № ╠ Ȃ ҉̆

- ӟ ̂XGBoostвSHAP̃ȁ ᴨ ᾝ№  ̂OMGD̃ҍẒ ԋ

ӗ  ̂PLS-SEM̃̆ ׆≢№ ᵬ ȁ ֜ԑ ҈ҩ ̆ ҍֲҹ

ῃ ȁ └ Ȃ 2Ȃ 

2.2.1 BEASTⅎ ғ ⌡ ɻ ᵆשׂ   (Bayesian 

estimator of abrupt change, seasonality &trend) ѿ ẫғ ̆ ԍ ȁ

ל [32-33]Ȃ ῏ ῒ ԍ№ ΐ ₮ ᴨ[34]לȂ 

BEAST ↓ y(t) ҹ ҩ№ ̔ ȁ ȁל ṿ/ ṿ ̆

ҩ ҉ ̔ 

 ( ) ( ; ) ( ; ) ( ; )S T Ey t S t T t E t e= Q + Q + Q + (1) 

ῒҬ S / ̕ Tל ԅ ̕ № E ҩ

Ԋᴆ̕ ieҹ ȂS T№ ֓ Ṝ ̆ ӈҹ ל
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̆ Ḥל Ẓ ӊ╠ Ȃ ̆S T№≢ ҹ№ ₱

№ ₱ Ȃ Ԋᴆ ᵝ 1Ҭ SQ ȁ TQ EQ Ȃץ Tҹᶛ̆ל

ȁ ң Ȃ ᶏױ RҬ Rbeast Ҍ № ῒ ῏

(https://github.com/zhaokg/Rbeast)Ȃ 
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Fig. 2 Technical Roadmap 

2 Ḥ  

Tab.2 Dam Information Table 

  (km3) №  (°)  (°)    

 ѿ  10.26 ̂Ĩ  105.10 24.94 2000 / /  

 0.44 ̂IĨ  103.28 25.01 2001  

Ԑ  0.38 ̂IĨ  103.99 24.44 2010  

 0.28 ̂IĨ  105.49 24.82 1999 / /  

 0.13 ̂IĨ  104.90 25.20 2006  

 0.13 ̂IĨ  104.05 25.00 2019  

 0.12 ̂IĨ  103.42 25.43 2005 /ᶫ  

 0.11 ̂IĨ  104.54 24.82 1988 /N 

 0.11 ̂IĨ  104.10 25.30 2019 ᶫ / /  

ԋ  0.03 Ҭ  105.10 24.94 2020 ᶫ / /  

Ҋ  0.00 ̂Ĩ  104.88 25.48 2022 /ᶫ  

 ᾣ  3.25 ̂Ĩ  105.26 25.96 1992  

 0.96 ̂IĨ  105.76 25.54 1988 / /  

҆  0.28 ̂IĨ  104.54 26.25 2015  

 0.17 ̂IĨ  105.51 25.73 1992  

 0.09 Ҭ  104.88 26.24 2012 /ᶫ  

Έ  0.01 Ҭ  105.89 25.89 2010  

ᶡ︠ᾎὊσ₯ᾑ ₭
ᶉẺ ᶅᶉֶⱴ...

ᶹӹᾎὊ ԃ
₯ᾑ―Ṕἷᾎ& ᵻח

ḑ

₉ 2σᾩ ᴩ֪צῷ
ề∫ᾩ ᴩצσBEAST֪ ј ᴩר≡

ᶼ ẼᵟσIHA -RVAӬ ẘ&ᾂᴩẘ֪ῷ

₉ 3σ ᵻח ֪ῷ
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Shape_cv

UrbanExtent

HFP

W

PLC

Np

Lsi

UL

NDVI

DTR

R10mm

TG90p

RR

PRCPTOT

DRD
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ᵯᾙ◕ᶉ

ᶉі⅓

ῴ ₭Ӧ

ᶼ
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ҙᴬјᶜṳצ
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R
2
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Ṝ
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https://github.com/zhaokg/Rbeast
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2.2.2 IHA-RVA ᵆ  ԍ Richter[35] ₮ -

 ̂Indicators of Hydrologic Alteration-Range of Variability Approach̆IHA-RVÃ Chen[27]₮

↓ ̆ ṿץ ΐᵣ ῏ ̆ Ḡ / 1ȁ

3ȁ7 ῤ 41ҩ ̂ 1̃Ȃ ל IHA ̂D̃ ̆

ץ Ҍ ≠ Ȃ 

ҩ IHA RVA ҉Ҋ ‰ ṿ 25%75%№ᵝṿ ṿⱴ⁞ ‰

̆ Ȃ ץ Ҍ ≠ , Ὲ

ҹ̔ 

 [ / ] 100%i i e eD N N N= - ³  (2) 

Ҭ̔Diҹ iҩIHA ̕Niҹ iҩ ԍRVA ṿ ῤ

N̕eҹ ԍRVA ṿῤ N̆e=NTĬr̆NTҹ ᴍ ̆

rҹ ҊIHA ԍRVA ῤ ᶛ̆ r 50%Ȃҹԅ ⱴ ‰ ᵀ

̆ 0ÒDi̖ 33%̆↕ҹᵞ ̕ 33%ÒDi̖ 67%̆↕ҹҬ ̕ 67%̖DiÒ100%̆

↕ҹ Ȃ 

ԍ ҩ Dĭ ᵣ Ὲ Ҋ̔ 

 
n

2

1

1

n
o i

i

D D
=

= ä  (3) 

2.2.3 ԓ Spearman꜠ ῗ ⅎ   ҍ ̆

Ṝȁ ȁ ȁ ȁ ȁ ȁ ֲ ꜚ

Ȃ ̂ 2̃̆ ꜚ ҹ2006ĺ2020 ̆ ᴍ ҳ ң

ṿȂ ᾢ̆ ԍ ṿ̆ ᾢ ҹ Ȃҹ⁞ Όᵩ ῍ ̆

Spearman̓͂ ̆ ₮῏ 8ҩ  ̂ 1̃̆ Qmax1ȁQmin1ȁ

Q1stȁQ99thȁQhighȁQlowȁBFIȁVY̆  ̂TR̃ᵬҹ ̆ ᵣ

Ȃҹ № ҍֲ ꜚ Ҋ ꜚ ̆ ᶭ Fan[36]

̆ 2020 ̆ ⅞№ҹֲ └ ҍ ꜚ Ȃ ҍ

̆ ԋ ᵝ ̆ ԅ1km ‖ ῏  ̂ 1̃Ȃ ԍHydroSHEDS

 ̂https://www.hydrosheds.org/products/hydrobasinsȂ̃Bai[37] ₮ ԍ100-100000kmĮ̔׃

ᴪ ᵞ̆ ↕ᴪᶏ ῤ ̆ᴧ

ԑ֜ ׆̆ ץ ≢ ̂ ̃ Ȃ ҍ ῏ ̆

Һ 8 ̂ ҹ153~3031 kmĮ̃ ꜚ ̆ ῒҍ └̂ ̃

ⱴ ׆̆ ⅞№₮ ҍ ֲ └ Ȃ Spearman ₮8 ꜚ

ҍ῏ 9ҩ ῏ ̆ ≢₮ ῍ ̂ ῏ >0.9̃ ̆ ғ

ף ׆̆ ῍ ̆ Ḡ Ḥ ̂ 2 3̃Ȃ 

2.2.4 XGBoost-SHAP ⌡ ꜠   ԅ

̂XGBoost̃ ̆ ֜ ᴨ ץ̆ ‰ Ȃ ҹ

₮ 9ҩ ̆ ҹ Ṝȁ ȁ ֲ ꜚ ῤ 8ҩṜ ꜚ

Ȃҹ ̆ᶏ XGBoostҍShapley Additive exPlanations ̂SHAP̃ Ҍ

Ȃ ԍXGBoost Ҭ̆ҹ╠ѿף Ҭ № №

̆ Ḡ ῏ ֓ ץ [38]̆ΐ ‰ ̆ ᴧ ⌠

ȂᵖXGBoostԍ ̆ [39]̆ SHAP

ғΐ Ȃҹ XGBoost ҍ ̆

Z-score‰ [40]Ȃ‗  ̂Rа̃ ᶛ̆Rа 1̆
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̆ 0̆ ⱬ [41]Ȃ 

ҹ 1 1 2 2{( , ),( , ),...,( , )}n nD x y x y x y= Ὧ̆ҹ ̆ ix ҹ Ὥҩ ̆

iy ҹ Ὥҩ ̆ ( )k if x ҹ Ὥҩ‗ ₱ ̆XGBoost ԍⱴ ₱ ̆

ῒ ṿ ҹ̔ 

 
1

y ( ) ( )
k

i k ii

k

x f xj
=

= =ä  (4) 

Ὥҩ Ὧ+1 ҹ̔ 

 
( 1) ( )

1y y ( )
k k

k ii i
f x

+

+= +  (5) 

ҹ ⱬ̆ᴰ GBDT ⁞ ₱ ȂXGBoost

₱ ὒ(•) ῒ ҉ ⱴ ↕ ̆ ₱ ᴰ ₱ ὰ(•) └ ↕

 (ὪὯ)ң № ̆•ҹ ̔ 

 
1 1

( ) ( , ) ( )
m k

i ki

i k

L l y y fj
= =

= + Wä ä  (6) 

ҹ ₱ ̆ᴰ GBDTᴨ ⌠ԅѿ Ḥ ̆XGBoost↕ ₱ ԋ

יּ ̆ ₱ ҊȂ 

 
2

1

1
( ) ( ) , ( ) ( )

2

m

i k i i k i k

i

L g f x h f x fj
=

è ø
º + +Wé ù
ê ú
ä  (7) 

Ҭ̆ ig ҹ Ὥҩ ѿ ̆
ih ҹ Ὥҩ ԋ Ȃ 

XGBoost ₮ ⱬ̆p ԍ ӟ ῒ̆ ҹ ľ Ŀ̆

ȂSHAP ԍ Ҭ Shapleyṿ ̆ ӟ ̆

SHAPṿ ץ ҹҩᵣ ῀ ṿ ̆ ҍ ӊ ṿ

֜ԑ ȂSHAPῈ ҹ̔ 

 [ ]/

!( )!
( , , ) ( ) ( )

!
S T

T S

T n T
SHAP d x S f x f x

nÌ

-
= -ä  (8) 

Ҭ̆fҹ ₱ ̕xҹ ⌠ ̕Sҹ ̕ὲҹ ̕ /S Tx ҹ Ὕ

ӊ ṿȂ 

SHAPṿ ҹ ṿҍ ṿӊ Ȃ ̆ ԍ ҩ ix ̆SHAPṿ

̆SHAPṿ ̆ ῀ ȂSHAPṿ ᵣ ΐᵣ

ꜚ ̂ / ̃ҍ ̂ ṿ Ȃ̃ 

ҩSHAP ṿ̆ ץ ῏ԍ ׆̆ ꜛ ‗ Ȃ

ԍѿҩ ix ̆SHAPṿ Ҋ̔ 

 {}[ , , / ] ( ) ( , , )SHAP f x S i f x SHAP f x S= -  (9) 

2.2.5 OMGD ꜠ ֢ԝᵲ ⅎ  ᴨ ᾝ№ (optimal 

multivariate-stratification geographical detector model, OMGD) Guo[42] ѿף ̆

ᴨ (OPGD) ̆ ץ ̆ҹ
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ᶫ Ȃ ⱳ ꜚ № (SSH)№ ᶃ ׆̆ ᶏ

SSH№ ᵣ ⱬȂ ȁ֜ԑ ȁ ₃ҩⱳ ץ ̆OMGD

ⱴԅ ᴨ ҍ ңҩ Ȃ ᴨ ңҩҺ №̔ᴨ

ᴨ Ȃ ᶏ ԓ ԓ ԍ № ̆

Geodetector q ꜚ ᶃ Ȃ ̆ ף

ץ̆ SSH№ ᶃ Ȃ ̆ OMGD ҩ ᶛ ԅ

ץ̆ ῒ Ȃ ̆OMGD ץ Һ

̆ҹ ᶫ Ȃ ̆ ꜚ SSH№ ᶃ ׆̆ ᶏ

SSH№ ᵣ ⱬȂ 

№Ȃ ᶏ ת q ̆ ҩ ҍ

№ ṿӊ ץ̆ ᵥ Ȃ OMGD Ҭ̆

ľfactor_detectorĿ₱ ̆ ғ ᶏץ ľfactor_plotĿ₱ Ȃq Ὲ Ҋ  ̔

 
2 2

h h

h 1

1 /
L

Q N Ns s
=

= -ä  (10) 

ῒҬ̆L ῤ № ̆ hN № hҬ ̆
2

hs № hҬ

̆N 2s №≢ Ҭ Ȃ 

qṿ ̆ ≠ Ҭ F№ F ץ̆ ҍ ῤ ӊ ӊ

Ȃ F Ὲ Ҋ̔ 

 ( )1, ,
1 1

N L Q
F F L N L

L Q
l

-
= ³ - -
- -

 (11) 

ῒҬ̆L Ҭ № ̆L-1 № ̆N ̆N-L № ̆

ɚ Ҭ ̔ 

 

2
2

2

h h h

h 1 h=1

1
/

L L

Y Y N
N

l s
=

è øå õ
= -é ùæ ö

ç ÷é ùê ú
ä ä  (12) 

ῒҬ̆ hY ף № Ҭ ṿȂ  ̂ Ҭ ҹp<0.05̃Ҋ̆ ᶏץ

PythonҬ ľscipyĿ Ҭ F№ Ẋ H0̔
2 2

hs s= Ȃ 

2.2.6 PLS-SEM ⅎ   Ẓ ԋӗ (partial least squares structural 

equation modellinğPLS-SEM)ѿ № ȁ № № Ȃҍ ԍ

(CB-SEM)Ҍ P̆LS-SEMɰ ԍҺ №№ ̆ ԍ ȁ ץ
[43]Ȃ 2ҩ №̆ ‗ ӊ

῏ Ȃ ҹ ̆ ҍ ̆ ҹῤ ̆

ӊ ῏ Ȃץ Ṝȁ ȁ ȁ ȁ ҹ ꜚ ֲץ̆

ꜚȁ ȁ ҹֲ ҍ ̆ᶭ ῒᵬ ῏ ̆ ҉

ҍ Ȃ ᾢ╠ [44]̆ ‗ ̂RĮ̃ ҍ ᴨ ̂GOF̃

R̆2<0.2 ⱬᵞ 0̆.2ÒR2<0.5 ⱬҬ R̆2>0.5 ⱬ ĞOF>0.5̆

Ȃҍ ῤ ῏ Ҋ[45]̔ 

 
1

i

j ji i ji
x b x z

=
= +ä  (13) 

Ҭ̆ jxҹῤ ̆ ixҹ ̆ jib iҩ ҍ jҩῤ ӊ
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̆ jzҹ ῤ῏ Ȃ 

Ҭ ӊ ῏ ץ ҹ̔ 

 jk jk j jx l x z= +  (14) 

Ҭ̆ jkx ̆ jx ̆ jkl kҩҺ № jҩ ̆ jz

Ȃ 

3 ⅎ  

 שׂ 3.1

₮ └ ̂ ̃ № ̆ῒ ῃ

ᵣ Ȃ ԍ BEAST Ȃ 3̂ aȁb̃

̆1962ĺ1984̆ ԍ 19741 1 ל ̆ ᵣ ל Ҋ ̕

19691 31₮ ̆ ל ҉ ҹ ᵞȂң ῤ ꜚ̆

ṿ Ҭԍ1965ĺ1970̆ ꜚ ̆ ץ ꜚҹҺȂ 3 ̂cȁd̃ ̆

2006ĺ2022̆ ≢₮20098 1 ȁ20147 2 ȁ20194 2 ҈ ̆ ᵣ

ל ꜚҊ ̕ Ҭԍ 2015╠ ̆ ל Ȃ ң ̆

ṿ Ҭԍ2010ĺ2015̆ ꜚ Ȃ 

 

3 ҍ BEAST  

Fig. 3 BEAST detection results of daily runoff at Jiangbianjie Station and Dadukou Station 

̔ Ҭ ҹ ≢⌠  

3.2 ╦  

ץ ҹҺ ̆ ҆ ԍ2019 ̆p 2019ĺ2022

↓ ̆ ץ ↓ № ̆ ֽ № ̆ ῀

Ȃ ҉ҕ ף50 ץ ҹҺ̆ Ҍΐ └ ᵬ ̕

Ҭ Ҭԍ1990ץ ῒ̆Ҭ └ ԍ2001  ̂ 2̃̆

֟ ̆ ᵝ ᵬҹ ╠ ̆

ᵬҹ ̆ ᵬҹ ҩ ̆ 1962ĺ1984ᵬҹ ╠
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̆2006ĺ2022ᵬҹ Ȃ 4̂ aȁb̃ ̆ 4ҩ ╠ѿ

ᵞ̆ ’ ̆ ⁞ ̆ ȁ

ⱴȂ Ҭ̆ 7 ȁ10 ⁞ ̆1 ȁ4 Ḡ Ҍ ̆

ῒᵩ҈ҩ ⱴ ̂ 4c̃Ȃ4ҩ Richards-Baker ꜚ  ̂RBFĨ ҉ ṿ

̂RRmeañ ᵞ̂ 4f̃Ȃ 

4ҹ4ҩ Ẓ ̆ ԍ ╠ ’Ȃ

4 ̆ ᵣ ҹ̔  ̂61.27%>̃  ̂57.15%>̃  ̂50.72%>̃

 ̂45.70%Ȃ̃ Ҭ̆ 1  ̂Qmax1̃  ̂87.5%̃̆ ҹ

̆ 1ȁ3ȁ7ȁ30  ̂Qmax1ȁQmax3ȁQmax7ȁQmax30̃ Ҭ ̕ ҍ

ҹᵞ ̆ ᵣ ҍ ⁞ Ȃ Ҭ̆

ȁ 1ȁ3ȁ7  ̂Qmin1ȁQmin3ȁQmin7̃ ҹ Ȃ

̆ ̂11 ĺ 4 ̃ ᵣ ⱴ̆ ̂5ĺ10̃ ᵣ⁞ ̆ῒҬ8

Ȃ ̆ Ҋ RBFIȁRRmeanȁ ̂BFĨ ᵣ ԍ҉ ̆

ῒҬ BFIҬ Ȃ 

 

4 ╠  

Fig.4 Comparison of hydrological pattern indices before and after dam construction 

3.3 ῝  

3.3.1 SHAPⅎ  ԍ ₮ ῏ ꜚ XGBoost-SHAP ̆ R2 ԍ0.7

̂ 5̃ ̆ ΐ ⱬȂ 5 ̆ Ṝȁ ΐ ̆

Ҍ № Ȃ 5̂ a~ĩ ̆ ᵣ Ҭ̆

 ̂DRD̃ Qmax1ȁVYȁQ99thȁTR ̕ Ṝ

 ̂PRCPTOT̃ Qhigh ̆ғ Qmax1ȁVYȁQlowȁQ99thȁTR ᵝ↓╠҈̆

̂RR̃ ҹQlow ̕ ̂STC̃Һ Qmin1ȁQ1st ̕  
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5 XGBoost-SHAP  

Fig.5 Results of the XGBoost-SHAP model for the Nanpan and Beipan Rivers 
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ᵣ ̂W̃ BFI ̆Ҍ Ȃ

5 ̂j-r̃ ̆ └ ῤ Һ ȂῒҬ DRD TRȁ

Q99thȁQmax1ȁVY ̆ Ṝ  ̂DTR̃ QhighȁQlow ̕

Wҹ BFI ̆ ̂PLC̃Һ Q1stȁQmin1 Ȃ 5̂ s-a-1̃

̆ Ṝ ҍֲ ꜚ ῍ ꜚ̆ң ᵣ ԍ

Ȃ Ṝ PRCPTOTQ99thȁQlowȁQhighȁTR ֲ̕ ꜚ ֲ  ̂POP̃

Q1stȁVYȁQmax1 ֲ̆ ꜚ ̂HFP̃ Q1st ̕ ̂NDVĨ

Qmin1 ̆  ̂Ph̃ BFI ȂҌ ꜚ

̆ Ṝ ҹ Һ ꜚ ̆ BFIҺ Ȃ 

XGBoost-SHAP Һ OMGD ≢₮  ̂ 3̃̆

╠10 ѿ ̆ ≢ ṿ ╠3 Ȃ XGBoost-SHAP

╠15ҩ OMGDҬ ΐ ̆ Ҍ qṿ Ҍ  ̂ 4̃̆ ԅXGBoost-

SHAP≢ Ȃ 

3.3.2 OMGDⅎ ԅ Ṝȁ ȁ ҍ Ȃ ̆

ץ ҩΐᵣ ҍ ⱴ Ȃ ѿ ֜ԑ ̆

̆ ₮ ҩҍ № ѿ ῏ ̆ ңң֜ԑȁ҈

ȁ Ҋ ṿ̆ ⱴ ⱬ ̂ ̆ ̃Ȃ ֜ԑᵬ

ṿ ᵣ ԍ ṿȂץ ҹᶛ̆ ᴨ ҹ ȁ ȁ

ȁ  ̂ ̃̆ ṿҹ ̆ ᴨ  ̂ ̃

ṿҹ ̂ ̃ȂҌ ᴨ ṿ Ȃ ᵣ Ҭ̆

Ṝҍ ⱴ֜ԑ ҹ ̕ └ ῤ̆ Ṝҍ ̂ ȁ ̃֜ԑᵬ

₮̕ ῤֲ̆ ꜚ ̂ ȁ ̃֜ԑ ꜚ ̂ ȁ ̃Ȃ 

3 OMGD≢ ᴨ qṿ̂ 0.05 ̃ 

Tab.3 Optimal Combination of Influencing Factors and q Values for Each Hydrological Index Identified by the OMGD Model 

 ᵣ  └   

 qṿ  qṿ  qṿ 

TR DRD_RR_TG90p_R10mm_kms4 0.71 DRD_RR_TG90p_CAC_bkm2 0.62 PRCPTOT_Np_RR_TG90p_kms2 0.51 

Qmax1 PRCPTOT_DRD_W_AI_gsm4 0.64 DRD_RR_TG90p_TX_spc2 0.62 POP_std2 0.54 

Qmin1 STC_DTR_Shape_cv_Ed_spc4 0.7 PLC_std2 0.57 RDC_std2 0.37 

Q1st STC_DTR_AI_Shape_cv_spc4 0.69 PLC_std2 0.61 CBC_std2 0.32 

Q99th DRD_PRCPTOT_TG90p_kms4 0.65 DRD_Shape_cv_GDP_kms2 0.65 POP_std2 0.53 

Qhigh PRCPTOT_R10mm_RR_Lsi_bkm4 0.55 DRD_DTR_RR_kms2 0.46 PRCPTOT_R10mm_Ph_Lsi_bkm2 0.51 

Qlow RR_DRD_R10mm_TG90p_kms4 0.71 DRD_DTR_R10mm_HFP_bkm2 0.61 PRCPTOT_Np_RR_TG90p_kms2 0.52 

VY DRD_PRCPTOT_TG90p_kms4 0.57 DRD_FL_GL_W_spc2 0.6 POP_std2 0.61 

BFI W_bkm7 0.58 W_UL_GL_FF_gsm2 0.49 DF_std2 0.61 

DRD̔ ̕RR̔ ̕TG90p̔90p ̕R10mm̔ ̕CAC̔ ̕PRCPTOT̔

̕Np̔ ̕W̔ ᵣ̕Ai̔ ̕STC̔ ̕DTR̔ ṿ̕Shape_cv̔  ̂

̃̕ GDP̔ ῤ ֟ ṿ̕Lsi̔ ̕TX̔ ̕PLC̔ ̕HFPֲ̔ ꜚ ̕FL̔῾ ̕GL̔

̕UL̔ ≠ ̕FF̔ ̕POPֲ̔ ̕RDC̔ ̕CBC̔ ̕Ph̔ ̕DF̔ №

◓ ‖ ̃̕ ҩ ᶃ№  ̆ľJnbĿȁ ľqtĿȁ ľuniĿȁ ľgmtĿ  ľstdĿ№≢

Ҭ ȁ№ᵝ ȁ ȁ₃ᵥ ‰Ẓ № ̆  ľkmsĿȁ ľbkmĿȁ ľaggĿȁ ľspcĿ  ľgsmĿ№≢ K-meansȁ

№K-meansȁ₀ ȁ № ̆ ≢ Ȃᶛ ̆qt7 ᶏ №ᵝ

№ҹ҂ Ȃ 
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6 OMGD ( Ҭ1ȁ2ȁ3ȁ4№≢ ȁ ȁ҈ ̆ Ҭ ҹ 0.05

) 

Fig.6 Results of the OMGD model 

3.3.3 PLS-SEM ⅎ   OMGD ҍֲҹ ѿ ᵬ ̆

≢RRȁDTRΐᵣ ̆ᵖ ץ ꜚ Ȃ ӊҊ̆PLSвSEM

׆ Ṝȁ ȁ ҍῤ ᵬ └Ȃ ѿ ԍSHAP

╠ 5β ῏ PLS-SEM ץ̆ ҍᵬ └Ȃ

‗ ̂RĮ̃ ҍ ᴨ ̂GOF̃ ̆ ̂GOF>0.5̆ 5̃Ȃ TRҹᶛץ7

PLSвSEM № ̆ῒז 5ȁ 6̆ Ṝ TR ҹ ̆№≢ҹ

 ̂á=0.734̃ȁ └  ̂á=0.687̃ȁ  ̂á=0.759̃Ȃ ᵣ Ҭ̆ Ṝ

₮ ̆ Q99th ̂á=0.615̃ȁQhigh ̂á=0.62̃ȁQlow ̂á=0.734̃ȁQmax1

̂á=0.522̃ȁVŶ á=0.522̃̆ Qmin1̂á=-0.478̃ȁQ1st̂á=-0.507̃↕ ҹ ̆

TR ̂á=-0.135̃ȁQ99th ̂á=-0.194̃ȁQhigh ̂á=-0.169̃ȁQlow ̂á=-0.135̃ȁVY ̂á
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7 TR PLS-SEM (*P<0.05̆**P<0.01̆***P<0.001̕ ῏ ̆ ף ̆

ף ̕ ҉ ҉ ) 

Fig.7 PLS-SEM results of TR 
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4 PLS-SEM ≢Һ  

Tab. 4 PLS-SEM Identification of Main Influencing Factors and Path Coefficients 
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̂-0.623̃  

 

 

̂-1.03̃  

4  

4.1  

҉ ̆ ҬҊ қȁ ᶫ ᴋⱵ̆

ῤ ҩ ΐ Ȃ ѿ ⌠

ᴪ ῏ ̆ᾢ╠ ԅ [46-47]Ȃ ᶏ BEAST

ȁ ל ̆ң ṿ Ҭ ԍ 1965ĺ1970̆ ҍ 1968

7 [48]ѿ ̆ 20098 ȁ20147 ₮ ̆ ṿ ⱴ̆ ҍԐ

2009ĺ2014 ’ ῃ [49]̆ ₃ ҍ ’ Ṝ

̆ Ṝ Ȃ ҕ Ҭ ̆

ץ Ҍ [11]Ȃ ȁ ̂ ̃ ȁ ȁ ȁ
ץ̆[31] ȁ Ῑ [50] ’ȂIHA

̆ ̂11 ĺ 5 ̃ ⱴ ̆ל ̂6ĺ10 ̃ ⁞ ̆

ⱴ̆ ⁞ [51]̆ ҩ ҩ
[11]Ȃ ғ ᵣIHA׆ 50.71%⌠ 42.31%̆ ₮ ⱴ

Ҋ ̆ ҍ Jiang[28] ѿ Ȃ ‖ ⱴ⁞ ԅ ̆Ḇᶏ

᷅ ̆ Ҧ [52]Ȃ 

4.2 ⅎ  

ꜚ └ ̆ ԍ ̆ ȁ

̆ ꜚ └ ΐ Ȃ ῤ ԍ ȁ ̆ғ
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ԍ № ̆ Ԋᴆ ꜚ ȁҌ № ׅ

ҹ [20,26,53,54]Ȃ ԍ ̆ ᶭ ̆ XGBoost-SHAPȁOMGDȁPLS-SEM

̆ ╩ ᵣ ȁ └ ҍ ꜚ └̆

ȁֲҹ ᵬ ҍ └̆ ̆ ₮

Ȃ 

4.2.1 Ṣ  ̆ Ṝ Һ ̆

ᵞ ṿȁ Ԋᴆ ῤ № ΐ ‗ ᵬ ̆ Ṝ [55]ȂҌ

ԍץ ᶷ ̆ ȁ ȁ ṿ

῏ Ṝ ҍ̆ ѿ [20,22,53]Ȃ └ ̆

Ṝ Һ ̆ Ṝ ꜚ Ҍ ֲ̆ ꜚ

ṜҺ [56]Ȃῃ ῏ Ԋᴆץ Ṝ ꜚҹҺ[37]̆

ȁ Ҋ ԋᾝ ̆ Ṝ ṿ ȁ ̆ ≢ԍ

Ȃ 

4.2.2   ‗ ᴆ̆Ӟ ≢ԍ

Ȃ ̆ ̆ ᵬ ȁ Ҋ ҍ

ԋᾝ ̆ ԅ ֟ ȁ ҍ [57]Ȃ ԍ ֟ ᵣ ̆

῀ Ҋ ̆ Ẓᵞȁ Ҋ
[58]Ȃ ԇ ⱬ̔ ҍ ̆╝

̕ ҊỮ ̆ Ȃ ̆ ԅ

ꜚ ̆ ԅ ֜ԑ ̆ Ȃ 

4.2.3   ҍ ῏̆ ᴪ ȁⱴ

▲ [59,60]Ȃᵖ ̆ ꜚ ̆ ѿ

Ȃ ᵣ Q1stȁQmin1ȁBFI ̕ └ Ḇ Q99thȁ

QhighȁQmax1ȁVY ̕ ꜚ ↕ҍ └ ̆№ Ȃ

ԍ ҍֲ ⱴ̔ ҍ ≠ ᶏ ԍҺ ȁ ̆

ԅ ̆ ⱴ ԅ [61]Ȃ ̆ ≠ ≠ ῍ ̆

ȁ ̆Ҍ Ӟᴪ ȁ Ȃ Ҋ № ᵬ ̆

ṿ ̆ № ȁ№ ̆ ≢ԍ ѿ Ȃ 

4.2.4 ғ   ῀ ȁỮ ҍ֟ ̆ғ №

ѿ Ȃ ԍ ̆ ȁ№ ̆ ҹ [62]Ȃ

ҍ ῀ Ữ ⱬ[63,64]̆ ̆ Q1stȁQmin1ȁBFI

Ḇ ᵬ ̆ Ῑ ȁ ̕ Q99thȁQmax1 └ᵬ Ȃ Ẓ ȁ

̆ ȁ⁞ ֟ ̆╝ ṿ̆ Ȃ 

ѿ ԅ Ȃ Қ ȁ ȁ

̆ ᴟ▲ ȁ [65]̆ ̆ ᶷ Ҭ ̕

ΐ ⱬ̆ Ҋ ̆ⱴ ԅ [66]Ȃ

ҍ ᵬ ̆῍ ԅ  ľ Ҋ ȁ ȁ ȁ ṿ Ŀ ֟ ̆

ҍ Ȃ 

4.2.5   ᾢ ȁ ̆ ȁ ҍ Ҋ

ⱬҍ ̆ [54,67]Ȃ ̆ ᵣ ץ ҹ

Һ̆ ȁ ᵣ ⁞ ȁ ̆ └ [68]̕ ץ ҹҺ̆

AIҍ ῏̆ҍ [22]ȂҌ ֲҹ ꜚ Ҋ

̆ └ ≠ ̆ ҍ ҹ ᵬ ̆ Ӱ ┴

̆ⱴ▲ [64,69]Ȃ ֲҹ ̆ Ҍ ֽ̆
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ᵬ ╝⁞ [70]̆ ⱳ ᵣ ̆Ӟ

ֲ ꜚ ᵣӊѿȂ 

4.2.6 ָ ꜠  ֲ ꜚ № ֲҹ ̆

ᴪ ֲҹ ꜚ Ȃ ȁ ⱬ ̆ Ḃ

ֲ̆ № ȁֲ ꜚ ꜚӞ ҍ ῤ №

̆ᵣ ԅ Ȃ └ ≠ ȁ ≠ ȁ

ֲ ꜚ ̆ ꜚ └ ֲ Ȃֲ Ҋ ȁ ȁֲ

̆ ԅ ῏ ̆ᶏ Һ ҹ ľ -ֲ Ŀ Һ

Ȃ ԍ ̆ ֲ ꜚ ̆ ꜚ └ ȁ

№ Ȃ └ ≠ ȁ ≠ ȁ ֲ ꜚ ̆

ꜚ └ ֲ Ȃֲ ꜚ Ҋ ȁ ȁֲ

̆ ԅ Ṝȁ ȁ ῏ ̆ᶏ ꜚ Һ ҹ

ľ -ֲ Ŀ Һ Ȃ ԍ ̆ ֲ ꜚ

̆ ꜚ └ ȁ № Ȃ 

4.2.7 ֢ԝ ꜠ ┼  № ԅ ̆ᵖ

ץ ꜚҹҺȂXGBoost-SHAP №ԅ ̆OMGD֜ ԑ ѿ

̆ ⱬ ᴨԍ ̆ῒҬ Ṝҍ ȁ ȁ ꜚ ҹ ₮Ȃ

ȁ Ҋ ̆ ῀ Ҋ ̆ ᵞԍ [64,70]̆

№ ѿ ԅ ֜ԑ ֟ ᵬ ̆ ԅ ꜚ

ȂPLS-SEM № ԅ ᴰ └̆ ṜҌֽ ꜚ ̆

ȁ ҍ ᴰ ̆ ȂҌ

№ ̔ ᵣ ץ Ṝ- ҹҺ̆ᶭ Ҋ Һ ῃ ̕ └

῏ ̆ Ṝҍ ֲ ᵬ € ̆ ꜚ └ ԍֲ ̕ ֲ

ҹ ꜚ ̆ Ṝҍֲ ꜚ ̆ᵣ ԅ Ȃ

ԅ № ꜚ Ȃ 

Ҍ № № ̆ ‰ ԅ ҍֲ ꜚ

Ȃ ᵣ ץ Ṝ- ҹ ₮̆ Ṝ ꜚ ⱴ Ҋ ȁ

̆῍ Һ ῃ ү ҍ Ԋᴆ ̕ ≠ ȁֲ ꜚ └ ̆

῏ ̆ Ṝҍ ᵬ ֲ̆ ≠ ȁ ҹ

̆ ꜚ └ ԍֲ ̕ ꜚ̆ Ṝ ҍ ֲ ꜚ

€ ̆ᶭ ̆ ֲҹ ꜚ ֟ ̆ᵣ ԅ

ҍ Ȃ ̆PLS-SEM № ѿ ̆ Ṝᵬҹ Һ ̆

ȁ ȁ ᴰ ̆ ꜚ ̆ ԅ

№ ῤ ꜚ └Ȃ 

4.3 Ғ  

ԅ ῒ ꜚ └̆ ԅ

ᴆҊ ῏ ꜚ ̆ҹ ᶫԅ

ᶭ Ȃ ̆ ԍ └̆ ׅ ҊҌץ ̔ŵ 1985ĺ2005

└̆ ┴ Ҍ ᴪ № ̆ᶏ

Ԋᴆ ҍ № ̕Ŷ ῤ ↕ȁ

Ҍ ̆ ≢ ≠ ̆ ѿ №Ҍ

̕ŷ ֲ ꜚ ꜚ ᵣ ֽ̆ ῀ ≠ ȁ

̆ ῀ ȁ Ḡ ̆ ֲҹ ꜚ ׅ ̕Ÿ

̆ PLSвSEM ҹ 90̆ ԍ ̆
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̆ № ȁ ῍ ₮ ԍ 1 ’̆ ᵀ ѿ ꜚ̕Ź

ᴆ ̆ Ҋ ῍ ῃ ̆ ᵀ

֟ Ẓ Ȃ ѿ ᾟ ȁ ↓̆ ѿ ҍ

Ȃ 

4.4  

ꜚ └ ̆ ₮҈ ̔ѿ ṜҺ ᵬ ̆

‰ ᵣ Ȃɰ BEAST≢ ҍ Ṝ ̆ ȁ

Ṝ ꜚ ̆ ȁ Ԋᴆꜚ └̕ Ṝ ῀

Ҭ ⅞̆ᶭ Ṝ ꜚ ꜚ ᴨ ҍᶫ ̆ Ṝ ꜚ

Ȃԋ ᶭ IHA-RVA ̆ Ȃ ñ ᵞȁ

ᵞ ò ̆ Ḡ ᶫ ╠ Ҋ̆ᴨᾢ ‖ȁ ῏ ̕

⁞ ̆ ≠ ̆Ҥ

̆ Ȃ҈ № Ȃ ץ Ṝ-ֲ ꜚ Һ ҹ

̆Ҥ ֲ ꜚ ̆Ḡ ̕ └ Ṝ- ֜ԑ

ᵬ ̆ ᴨ ≠ ҍ ̆╝ ֲҹ ꜚ ̕ῃ

Ṝȁ ȁ ȁֲ ꜚ ᴰ ̆ ȁ ̆ №

ȁ ‰ Ȃ 

5  

BEASTȁIHA-RVAȁXGBoost-SHAPȁPLS-SEMҍOMGD ̆

ꜚ └̆Һ Ҋ̔ 

1̃ BEAST ≢ ̆ ҍ Ṝ Ԋᴆ ̆ Ṝ ꜚ ꜚ

῏ ̕IHA-RVA№ ̆ ᶏ  ľ ṿҊ ȁᵞ

ṿ҉ Ŀ ̆ ⱴ ⁞ ̆ғ ⱴ

ꜚ ԍ ѿ Ȃ 

2̃ XGBoost-SHAPȁPLS-SEMҍOMGD ΐ ѿ ̔ ῃ ȁ └

̆ Ṝ ѿҺ ̆ ᵞ ̆

ῤ№ ̆ ѿ ⱴ▲ Ԋᴆ ̆ Ṝ

ҍ └ ꜚ Ȃ ֜ԑ ̆ Ṝҍ Ṝ

ꜚ ̕ Ṝҍ ⱴᵬ └ ҹ ₮̕ ץ↕ Ṝҍֲ ꜚ Һ

ҹ ̆ ȁ ֞ Ҍ ᵬ Ȃ 
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Attachted Tab. Extreme Runoff Indices 

№   ᵝ ӈ  

 Qmax1 mm/d 1̆3̆7 ṿ 1.ȁ  2.ȁ ᵣ

 3ȁ  4ȁ 

Ῑ ᴆ 5ȁ

ӊ Ῑ№֜  6ȁ

№  
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Qmin1 mm/d 1ȁ3ȁ7 ṿ 

Qmin3 
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ȁ ȁ ꜚ  
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Attachted Tab. Driving Factors 
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 Ai  % https://zenodo.org/records/4417810 

 

Area_

Cv 

% 

 

Area_

Mn 

ha 

 

Area_

Sd 

ha 

 

Cohesi

on 

ðð 

 Contag % 

 

Contig

_Cv 

ðð 

 

Contig

_Mn 

ðð 

 

Contig

_Sd 

ðð 

 Divisi

on 

% 

 Ed m/ha 

 

Frac_

Cv 

ðð 

 

Frac_

Mn 

ðð 

 

Frac_S

d 

ðð 

 

Gyrate

_Cv 

m 

 

Gyrate

_Mn 

m 

 

Gyrate

_Sd 

m 



 

27 

 

 

Iji  % 

 Lpi % 
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 Np # 
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 Split ðð 

 NDVI  ðð https://www.earthdata.nasa.gov/ 

 

 FL % https://zenodo.org/records/4417810 

 WL % 

 GL % 

https://www.earthdata.nasa.gov/
https://zenodo.org/records/4417810
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 W % 

 UL % 

 URL % 

  S ɺ https://www.gscloud.cn/ 

 A ɺ 

 Emax m 

 Emin m 

 E m 

 AREA km² 

 CP km 

 SL km 

 DD km/km

2 

 BF m 

 L km 

 BS ð 

 FF ð 

 CR ð 

 ER ð 

 EO m 

 

DF m 

 HI none 

 LR ð 

 SPI ð 

 TWI none 

 PLC rad 

km-1 

 PRC rad 

km-1 

 STI ð 

  DTB m http://globalchange.bnu.edu.cn/research/cdtb.jsp 

 CBC % https://doi.pangaea.de/10.1594/PANGAEA.788537 

  CAC % https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-

world-soil-database-v20/zh/  GC % 

 SC % 

 STC % 

 CC % 

 SBD g 

cm-

3  

https://www.gscloud.cn/
http://globalchange.bnu.edu.cn/research/cdtb.jsp
https://doi.pangaea.de/10.1594/PANGAEA.788537
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v20/zh/
https://www.fao.org/soils-portal/data-hub/soil-maps-and-databases/harmonized-world-soil-database-v20/zh/
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 Irrigat

ed 

Km-2 https://doi.org/10.6084/m9.figshare.24814293.v1 

 Urban

Extent 

Km-2 https://figshare.com/articles/dataset/A_global_dataset_of_annual_urban_extents

_1992-2020_from_harmonized_nighttime_lights/16602224/1 

ῤ ֟ ṿ GDP count https://www.nature.com/articles/s41597-022-01322-5#code-availability 

ֲ  POP count https://zenodo.org/records/11179644 

ֲ ꜚ  HFP ð https://figshare.com/articles/figure/An_annual_global_terrestrial_Human_Footp

rint_dataset_from_2000_to_2018/16571064 

  RDC ð https://noda.ac.cn/datasharing/datasetDetails/6270c7314984d37e565d793f 

 DC ð 
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 Lc count 
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a 

ð 

 / 

 

DRD km/km
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 Spearman  

Attachted Tab.  Spearman Indicator Screening Results 
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 ╠ IHA  

Attachted Tab.  Results of IHA Calculations Before and After Dam Impact 

     

╠ ṿ ṿ 

̂%̃ 

╠ ṿ ṿ 

̂%̃ 

╠ ṿ ṿ 

̂%̃ 

╠ ṿ ṿ ̂%̃ 

Qmax1 295.00  223.66  87.5 438.27  211.28  -37.5 982.59  543.31  -25 1248.77  734.25  -12.5 

Qmax3 250.80  192.01  12.5 374.73  188.64  -37.5 828.95  448.40  -25 1098.44  636.38  -12.5 

Qmax7 212.12  148.73  25 299.64  150.46  -50 657.64  343.91  -25 902.81  508.39  -12.5 

Qmin1 0.30  0.09  -100 2.92  0.14  -100 14.75  8.90  37.5 37.33  33.78  37.5 

Qmin3 0.41  0.28  -75 3.62  1.05  -75 16.52  12.95  75 40.84  40.17  25 

Qmin7 0.36  0.13  -100 3.33  0.30  -100 15.55  10.76  62.5 38.93  36.79  37.5 

Q1st 0.39  0.13  -100 3.42  0.78  -87.5 16.24  10.99  62.5 40.47  38.32  25 

Q5th 0.69  0.27  -62.5 4.12  2.34  -75 19.83  16.38  25 46.77  46.82  25 

Q95th 145.03  91.90  -25 195.39  90.97  -75 419.58  218.86  -50 598.01  350.83  -37.5 

Q99th 217.95  158.77  0 307.93  156.79  -50 685.71  346.05  -25 935.94  520.30  -12.5 

Qmean1 8.42  8.72  0 14.27  15.72  -12.5 56.00  44.34  12.5 102.67  91.57  37.5 

Qmean4 1.87  2.74  50 5.52  19.82  -50 26.24  32.59  -25 56.21  64.82  -12.5 

Qmean7 82.57  56.97  62.5 115.46  56.40  37.5 246.64  153.58  -12.5 357.48  245.12  12.5 

Qmean10 43.83  27.29  -25 60.01  25.51  25 170.11  89.27  25 256.56  171.25  25 

RM 294.70  223.57  87.5 435.35  211.13  -37.5 967.84  534.41  -25 1211.44  700.48  -12.5 

BM 170.06  119.75  25 236.55  122.21  -50 513.48  269.87  -25 680.45  375.47  -12.5 

FreH 0.11  0.06  -37.5 0.08  0.01  -50 0.04  0.01  100 0.01  0.00  100 

FreL 0.39  0.45  -50 0.28  0.30  -25 0.11  0.17  37.5 0.04  0.05  50 

Fre1st 0.01  0.01  -87.5 0.00  0.02  25 0.00  0.02  75 0.00  0.02  62.5 

Fre5th 0.47  0.55  -50 0.47  0.54  -37.5 0.43  0.59  -25 0.45  0.57  12.5 

Fre95th 0.07  0.03  -50 0.08  0.01  -50 0.07  0.02  -25 0.07  0.02  12.5 
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Fre99th 0.01  0.00  87.5 0.01  0.00  100 0.01  0.00  100 0.02  0.00  100 

NumH 40.22  20.31  -37.5 29.95  4.81  -50 12.82  2.63  100 4.95  0.75  100 

NumL 141.57  165.19  -50 101.95  108.13  -25 39.09  62.75  37.5 15.00  19.81  50 

Num1st 4.04  3.06  -87.5 0.00  8.69  25 1.45  6.63  75 1.00  7.19  62.5 

Num5th 9.00  31.56  12.5 0.00  43.31  -87.5 13.36  23.94  50 16.14  21.00  50 

Num95th 24.22  9.50  -50 28.27  4.50  -50 27.05  6.06  -25 26.36  7.00  12.5 

Num99th 5.04  1.63  87.5 5.36  1.25  100 5.36  1.31  100 5.68  0.88  100 

RBFI 0.28  0.40  0 0.25  0.15  -50 0.18  0.22  0 0.14  0.13  62.5 

RRmean 11.44  8.97  -25 16.30  4.41  -100 37.34  17.62  -50 44.01  21.28  -50 

RRmedian 2.53  2.34  25 3.47  0.42  -100 7.36  6.41  100 9.44  7.07  100 

FRmean -8.47  -7.54  25 -10.64  -5.07  -62.5 -20.03  -14.73  -25 -24.12  -16.15  -25 

FRmedian -3.07  -2.90  0 -3.73  -0.47  -100 -6.23  -7.01  62.5 -7.93  -7.75  37.5 

VY 2910.72  1342.49  -12.5 5514.44  1434.55  50 24453.68  7231.62  -25 44995.63  14553.63  0 

COVY 1.50  1.56  50 1.38  1.16  -50 1.10  0.93  -25 0.94  0.73  -12.5 

QCV 4.07  4.37  87.5 2.69  1.87  -12.5 1.84  1.30  -12.5 1.53  1.05  -12.5 

RMM 0.05  0.04  0 0.05  0.12  -75 0.08  0.12  -12.5 0.12  0.16  -12.5 

BFI 0.72  0.66  -50 0.74  0.73  50 0.77  0.76  0 0.79  0.79  37.5 

Qmean 34.40  22.53  -62.5 49.47  28.55  -12.5 132.20  75.71  -50 207.11  139.69  0 

Qhigh 114.66  79.61  -37.5 182.62  165.94  -37.5 691.49  449.58  -12.5 1197.65  922.05  12.5 

Qlow 6.88  4.51  -62.5 9.89  5.71  -12.5 26.44  15.14  -50 41.42  27.94  0 

ᵣ 

  

57.15  

  

61.27  

  

50.72  

  

45.70  
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 PLS-SEM  

Attachted Tab. PLS-SEM Model Validity Test 

  └   

GOF R2 GOF R2 GOF R2 

BFI 0.52 0.50 0.52 0.52 0.59 0.75 

Q1st 0.54 0.62 0.54 0.66 0.59 0.47 

Q99th 0.53 0.68 0.54 0.74 0.59 0.72 

Qmax1 0.53 0.60 0.52 0.66 0.58 0.62 

Qmin1 0.55 0.58 0.55 0.65 0.55 0.47 

Qhigh 0.52 0.62 0.54 0.59 0.60 0.72 

Qlow 0.53 0.75 0.55 0.74 0.60 0.85 

TR 0.53 0.75 0.52 0.75 0.60 0.85 

VY 0.53 0.54 0.52 0.55 0.58 0.66 

 

 OMGD ≢ Һ PLS-SEM  

Attachted Tab. Path Coefficients and Significance of PLS-SEM for Dominant Coupling Factors Identified 

via OMGD 
 

ᵣ  └   

TR TG90p̂ -0.2***̃-DRD̂0.196***̃

ŸTR̂ R2=0.73̃  TG90p̂ -

0.279***̃ŸTR 

RR̂ 0.391***̃-DRD̂0.112*̃

ŸTR̂ R2=0.72̃  RR

̂0.578***̃ŸTR 

TG90p̂ -0.318**̃ -Np

̂0.472***̃ŸTR̂ R2=0.82̃  

TG90p̂ -0.008̃ ŸTR 

Qmax1 RR̂ 0.587***̃-DRD̂0.353***̃

ŸQmax1̂R2=0.61̃  TG90p̂ -

0.209***̃ŸQmax1 

RR̂ 0.339***̃-DRD

̂0.324***̃ŸQmax1

̂R2=0.64̃  RR̂ 0.433***̃

ŸQmax1 

 

Qmin1 DTR̂0.371***̃-STĈ -0.266**̃

ŸQmin1̂R2=0.54̃  DTR̂-

0.354***̃ŸQmin1 

  

Q1st DTR̂0.371***̃-STĈ 0.214***̃

ŸQ1st̂R2=0.56̃  DTR̂-0.413***̃

ŸQ1st 

  

Q99th PRCPTOT̂ 0.332***̃-DRD

̂0.316***̃ŸQ99tĥR2=0.67̃  

PRCPTOT ̂ 0.542***̃ŸQ1st 

DRD̂0.603***̃-GDP

̂0.191*̃ ŸQ99tĥR2=0.46̃  

DRD̂0.544***̃ŸQ99th 
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Qhigh PRCPTOT̂ 0.192**̃-AÎ-

0.247***̃ŸQhigĥR2=0.58̃  

PRCPTOT ̂ 0.469***̃ŸQhigh 

RR̂ 0.211**̃-DRD̂-0.138*̃

ŸQhigĥR2=0.50̃  RR

̂0.452***̃ŸQhigh 

PRCPTOT̂ 0.879***̃-Lsi

̂0.313*̃ ŸQhigĥR2=0.68̃  

PRCPTOT̂ 0.421***̃ŸQhigh 

Qlow RR ̂0.587***̃-DRD̂0.196***̃

ŸVŶ R2=0.73̃  RR̂ 0.552***̃

ŸVY 

DTR̂-0.486***̃-HFP

̂0.106*̃ ŸQloŵR2=0.66̃  

DTR̂-0.365***̃ŸQlow 

TG90p̂ -0.306**̃ -Np

̂0.473***̃ŸQloŵR2=0.82̃  

TG90p̂ -0.008̃ ŸQlow 

VY PRCPTOT ̂ -0.172***̃-DRD

̂0.318***̃ŸVŶ R2=0.54̃  

PRCPTOT̂ 0.318***̃ŸVY 

DRD̂0.077***̃-Ŵ-

0.311***̃ŸVŶ R2=0.41̃  

DRD̂0.585***̃ŸVY 

 

BFI 

 

FF̂ -0.198**̃ -Ŵ-0.945***̃

ŸBFÎR2=0.37̃  FF̂  0.101̃

ŸBFI 

 

҉ץ̔ ҹ ԍOMGD ≢ ᴨ PLS-SEM ̆ ȁ

̆ ῤ ṿҹ╠ ̆*P<0.05̆**P<0.01̆***P<0.001Ȃ 

 

 ӊ Spearman῏   

Attachted Fig. Results of Spearman for Hydrologic Regime Indicators 
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 ̓͂ ҍ Ṝȁ ȁ ȁ ȁ ӊ Spearman῏ ̂*ȁ

*****№≢ P<0.05ȁP<0.01P<0.001̃ 

Attachted Fig. Spearman Correlations between Key Hydrological Regime Indices and Climate, Topography, Soil, 

Water System, Landscape Composition and Landscape Configuration(*, ** and *** indicate P < 0.05, P < 0.01 and 

P < 0.001, respectively) 
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 SHAPOMGD  

Attachted Fig. Comparison of SHAP and OMGD Single-Factor Analysis Results 
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 SHAPOMGDѿ  

Attachted Fig. Common Indicators Identified by Both SHAP and OMGD 
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 ̓͂ PLS-SEM  


