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ABSTRACT

Landslide is one of the major natural disasters in Taiwan, often occurring due to strong natural
disturbances such as earthquakes, typhoons, and heavy rainfall. In cases of landslide caused by
typhoons and heavy rainfall, the soil and sediment brought about by the landslide flow into rivers
along with surface runoff, impacting both sediment transport and water quality in rivers. However,
most current hydrological models simulate sediment transport generally use the Universal Soil Loss
Equation (USLE) and Modified Universal Soil Loss Equation (MUSLE, RUSLE) to calculate soil
erosion as the sediment load. These models do not account for the effects of landslide on sediment
transport simulation. In this study, the semi-distributed hydrological model SWAT is employed to
simulate watershed runoff and sediment transport. To better reflect Taiwan's conditions, we employ
the TUSLE formula (Chen et al., 2009) to calculate soil erosion and integrate the landslide module
developed by SWAT-Twn (Lu and Chiang, 2019). The tested landslide modules include SWAT-
Twn, SWAT-composite threshold (rainfall and fraction of soil water content), and SWAT -Logistic
(landslide prediction of multi-factor logistic regression). Among them, SWAT-composite threshold
and SWAT-Logistic utilize SWAT simulation results as predictive thresholds and regression factors.
The factors for the logistic regression are: land use (LUC), soil type (LSOL), area (AREA), slope
(SLP), daily rainfall (PCP), two-day cumulative rainfall (PCP2D), fraction of soil water content
(FSW), difference of soil water content (SWD), and percolation (PERC). Among of them, soil
moisture-related factors and percolation are simulated by the SWAT model. The training data for
the logistic regression are derived from the 2006 ~ 2021 event-based landslide catalog provided by
the Council of Agriculture. By matching landslide event dates and rainfall variations, events
categorized as rainfall-induced landslide with their occurrence times are identified. Based on the
kurtosis of rainfall distribution, events are further classified into prolonged rainfall (Type 1), typical
rainfall (Type I1), and intense single-day rainfall (Type I11). The results indicate that the performance
of landslide prediction using logistic regression is significantly superior to traditional rainfall
thresholds. Except for Type Il, the true positive rate (TPR) and true negative rate (TNR) for the other
two rainfall types both exceed 70 %. The ROC-AUC of the logistic regression ranges from 0.712 to
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0.735. Conversely, rainfall thresholds and composite thresholds exhibit poorer predictive
performance (ROC-AUC = 0.547 and 0.584, respectively). The simulation performance of SWAT-
Logistic for monthly sediment transport at upper and middle reaches of two monitoring stations
ranges from satisfactory to good (R? = 0.505 — 0.779, NSE = 0.473 — 0.725, PBIAS = -57.05 —
11.51%), demonstrating its capability to simulate monthly sediment transport in the Xiuguluan River
under the influence of landslides. However, results from SWAT-Logistic and SWAT-composite
threshold show that high sediment transport in the upper and middle reaches cannot be transported
to the downstream, indicating the need for further clarification of sediment transport processes in
rivers. Future improvements could involve modifying sediment transport equations and sediment
transport states of landslide to better represent the sediment transport characteristics of the
watershed.

Keywords: Landslide, Logistic regression, Sediment simulation, SWAT.
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1.1 WHRIEN

KERFHBUKEZRE B2RERREZ — EHaBAM 2 k@E#EH (Sustainable Development
Goals, SDGs) H » 5z 37K BL/KE R K SEA R Horp R 2381 H 2 — (SDG6) (Ait-Kadi, 2016) - 578 R L
JUMBRAERE A » Jm7) 1SEE3E 0% K (1/500—1/8) » [RFREE R AR - HRFA MR #E4 - ERKA sk ~ ) IDE/b R
& Bt fKERMARS - GEWLEZ Mgl e 2 IEE 8 E S » R MER 52 8 NEE)
PE (AE - BERE) - FESEE L ORRESR AR > KPR ER g 2K hEw L - Y - BB
JRIEEE (Wijesiri et al., 2019) - 5 FREESHHEKEFRAHBUKE @ fRnS (i R/KE RS R 2 B2 AT -

R ~ TR kB R AR I By V) ) 1] 2 SR WSO o A 3R 5 /03K (Universal Soil Loss Equation,
USLE) & FIZRfEEAE TSR (Wischmeier and Smith, 1958) - B & e/ VIR RS TR AT ERYE/PELH] » =]
HER AT 2 AWE - B H T8R4/ A= (Modified Universal Soil Loss Equation, MUSLE) % %A USLE
AFRETEERER AL E AR RIENE - RIEERE - IEEETEAREA USLE ZFERET
EAX TSI BE— R R TR TR AR - mat R/ NSRRI ERvEaib & (Wischmeier, 1975) o /KSR (8
A USLE B¢ MUSLE A\ =U(F BiE=CIERLE e g & » #0 WEPP (Watershed Erosion Prediction Project) ~ BASINS
(Better Assessment Science Integrating Point and Nonpoint Sources) ~ SWAT (Soil and Water Assessment Tool) ~
EUROSEM (The European Soil Erosion Model) = (Borrelli et al., 2021) - /K=t 5 DL MUSLE 51& 2 ARD
EEED E el SO ER (Kiesel etal., 2013 5 Mohammad et al., 2016 ; Tadesse and Dai, 2019 ; Loietal., 2019) -
MAEEE/K @ EEAS A & H - MUSLE AHREA 2 /K SO0 B SRR Vi A B7H B A TUAIGE R - /K=
Tt & IR AT PR /K = 2 B R R -

AASR Ry EE Y TSR 2 — » FEdm e P AR 0 R B2  ATAE2R - BRIDAHRRRHZE £ 2 TTic s
HRARSRE AT ~ ARSRVEEA AT o BRIRR 0T R ARER TEON S BB A B 2 F-F% - BRI £ 20 RithP
AT K RERT - IPRTFEE8E - &2 - m - SRR - SFrEifh 2R A% (Douetal., 2014; Zézere etal.,
2017) 5 MR RIDARE PR 8 R 1 - B & RARREPR & - FERRGRE ~ PR AEHF S (Posner and Georgakakos, 2015 ; Chen
etal.,, 2017 ; Abraham et al., 2021) - L5} - BhERspdeEiny TEEE/KELE L - S EFEZE TERE ) - 2
HEFRE (Chow, 1964; Gusman et al., 2018; Dai et al., 2022) - ARERTHMN KBS i & (4R M ~ 2 il
B~ PR EE PSS T o T BRI R B S A 2 Bl (R o S E I EECE R i 4R (Receiver Operating
Characteristic curve, ROC) #RigfRfE=CAYTEIZEFR (Dou et al., 2014; Hong et al., 2016; Chae et al., 2017; Zézere et
al., 2017; Nsengiyumva et al., 2019) - &2 1A E i 8 A 7K SRR ZURBBE 138 - K 2 (il A2 TR AR SR Z -
Posner and Georgakakos (2015) FI| /K> #E H I &K E - BoElER 2 TR SE 484 > Ran et al. (2018)
{1/ Integrated Hydrology Model (INnHM) #6055 e A2 & > #5BEr i ERiR s R A= FIfE(E -

T FRIR TR R VA o 7 s/ DR SE oA RS S it S 02 2 AT AR R ITHS L AR Fooml) | )
HYE AR - o AEiE ) B I ES EArR B K 222 (Chang et al., 2015; Addis et al., 2016; Lu and
Chiang, 2019; Chiang et al., 2021; Hou et al., 2021) - Lu and Chiang (2019) 4 {iFH &8 +58m2e/\= (Taiwan
Universal Soil Loss Equation, TUSLE) Eyft SWAT #=d > MUSLE #=, - WisE & LR E Aapinl i >~ SWAT-Twn
(SWAT-Taiwan) #EASEEHA TR Z ARSI AR 455 80R SWAT-Twn S1455 SWAT g ISt o -
Hou et al. (2021) &5& A0 ~ ARt fo SWAT KOS 45 S A Thmlb S5 - &5 REUREZ ] BAFHITH
A& b & » BURERSFT 2K T e B & -

1.2 tHEBEM

KA EEEERE 1A S22 - 8 SWAT 0] RIFIEEDR 2 KinlbE (Mengistu et al.,
2019; Martinez-Salvador and Conesa-Gracia, 2020; Orlinska-Wozniak et al., 2020) » {HER5 05 +5 B =0E F &l
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WhE 7 IE(E - EEUEBERIREE - s SWAT Z HHRA- It A E0ny 22k (Gassman et al., 2014;
Chang et al., 2015; Mittelstet et al., 2017; Lu and Chiang, 2019; Santos et al., 2023) - Mittelstet et al. (2017) {&ix SWAT
QAT O - R SO 2 2B A Z0H - 1 Lu and Chiang (2019) E#8f#& TUSLE K ARSR
TGRSR U DR ER R « o T HE— 2D SWAT R0 B isese - A Ze i & R [E BRIRIEAETY SWAT 55
s & > OaHE - (RE) AR (SWAT-Twn) ~ (EHE &M (RE Kk T#EE/KE) Z/H
g (SWAT-EEFIE) ~ S 45 Briais A =URE 2 fRiifsisd (SWAT-Logistic) #EfTHE#EE - WHFTHAY A -
(1) EEAASEA S AR A AT R SRR 5 (2) B SWAT-Twn ZER8HE & 48 & Aria iR AU =
(SWAT-Logistic) ; (3) 4747 SWAT-Logistic > Eg bR © (4) ER#r SWAT-Logistic ~ SWAT-Twn ~ SWAT-#
G BRI WA SR B -
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RO 8L1S NE - B ailERbE 2w > PR Ry 134 - FUkimagy 1,790 P3N - Fusra i R ot
LAk > EiERs s SRR > MfUsra I £ 2 R E RS B R LIARATAER - /8 LLIARAE S TS AR s R
BUERE > AL RI B A PRI - 3P - ZEFREBCRIEPE R Z P 2R - AR5 4
SRS RIUESEREEE (A~ B~ C- D) Hft A~ D& BRGSO R UK > HEHE P4 - B~ C
65 I 3 B e ~ SRR e R S LIRSS, - ﬁfﬁwfﬁﬂ?i’flﬁ%ﬂﬁiiﬁ% 2,700 =K > [P 5 ~ 11 H -
AW R /KB KSR - BB LRk R 8 ) & s = 2 = (85 © g (STNL) » TEAAE
(STN2) FImfEAAEG (STN3) » LU IHmfE NG 1969 ~ 2021 FEIAERL ABl - MUEEFHE K 104.18 777544
RIFD ~ me RSt R By 10,700 T2 5 A RUFD ~ e K& /D& fy 33,400 FHESTEL - BURAUSIA G 5842 38 =0 & i

WhEZIRM - FFElEIgN 3t 9 (EREMIL - Hh g 8 flp ML R E R S - fEfRE & C (EH —
TI/EUﬂﬁuﬂf?ﬁ— RER > BETRKEREROAEZRLE - ASTERGRR RSB ETESETRKEZER
 HMREER CRE ~ HENRE « KIGES ~ JBE) RS &SET THKEZ REE R -

AR TIFIA ~ TSRO AR R 5 1275 2014 SRR AR ~ 1972 ~ 1996 i &l -~ 2022
FEfeEEEL (DEM) (& 2 -

% 1) o FahEE £ LR R bk - (SRR 77.44 % » HRAT Ryt > (4T 10.2 % > WG F Sy
i E R E - AR R 2 2006 ~ 2021 FEEAEFREE H# - F 1121 P A E G 3 A m RN A RS - 5
UK Z 0.62 % o fRIZFEAE TIRRHE S - AWTTRGRURIRA IR st B - WACHRH IR - SR
159 féit 2 - R 7T B > Ho A =M A - E A+ (34.06 %) ~ gEfE L (22.77 %) K=
i (19.59 %) - ARt L KA E T E IR - SRR M B AR 2 AN - LR T
B Z ARG R it IR MR IEIREE > Hor > S8 R E TR EREE 1A 89%HTE L TR
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Ko FUEBMFREZRBR > MIPKEEE - &5
Sl ER AR e > EEATAME (0-1 HIBER)
KHEBREHLE  EHEREFME R - &
@Eﬁﬁ%?ﬁ;ﬁﬂ% (Natural break) {ERyficis > PIERESEIF

I 2006-2021 5 3 ¥4
& # (m)
3947

—

= A1 3R L 4R
iR &R

2 FHEEERELHFAE - TIREE - RESKE

R1 FHEERELHANE - TREER - RESHEES

A | R (k) | EEL OF) | EHNR | ER () | vt 06) | e | E () | B 06)
FoYoN 1,388.90 77.44 Pyl 3.35 0.19 0-20% 294.36 16.48
=5 A 106.67 5.95 BRfE L 408.39 22.77 20-40% 227.60 12.74
p=:iif 0.04 0.00 R 244.07 13.61 40-60% 364.02 20.38

7K 59.61 3.32 a8+ 610.75 34.06 60-80% 395.43 22.13
=354 186.51 10.40 4135 24.07 1.34 >80% 505.09 28.27
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g=val 3.35 1.54 46.06
FRTE T 408.39 55.78 13.66
gL 244.07 0.00
aY=ln 610.75 544.95 89.23

4% 24.07 0.00

i 351.24 2.46 0.70
Bt 151.46 557 3.68

EA%4 (Ayalew and Yamagishi, 2003) - Z& &5 H i B
FEEETREZH2 Bl H R s Ry B S s
itk (Logics odds ratio, Z) » ACTEMI Z B i {E52E (X)
ZFERA =L (1) -

Z =In(1_P—iP)=,30+ﬂ1x1+[7’?_x2+ﬂ3x3.+...+,b’ixi

A B RS BT RER (B ~ P RS peR -
FESE A B AR & TR AR - IR S
A FEAR AR B 415 (2) -

1
1+e%

R =1-(

AT © HAIA (LUC) ~ @& RS AR+
# (LSOL) - #¢J& (SLP) ~ B H[#F& (PCP)~ WiH %
TEfFrE (PCP2D) ~ T1EEIKEL (FSW) ~ TS /KE
{b&E (SWD)-2#%E & (PERC) A THE (AREA)
I O R ER IR SRR T 2R S BT AR - LUC BARME
FERRRE: Bt EEEE » PRE R 5t
W Ik > ER Rt M 3 A2 — X FRER I AR A X %
FREEy - o RIE R AARE R 1 & 05 B2 LUC
FEEL > LSOL Triufm=Xr i 5 paim  — M TR (E4E
JE 1 K 0 S AfREE S Lt 38T A B 2 2022 8 {E
5 (DEM) EHE » RSB T2 I3 REM
BRI SER B R 28 N RGME 5 T FSW -~ SWD
PERC HIl By SWAT 7K 0GR fHEEE -

R [EIRE R RE RS R AR R AN [E] » B2
FREE ~ S HCE AR B R R - ARBHFELURI
WA NI SR H RS2 2 65 (Kurtosis) i
SR 2 FREEETE - BRI PR B A
KRR X H PR & » 73 Ry — AR AURE © AR
(Type I, kurtosis < 0) ~ BLEIFEFR (Type 11, 0 < kurtosis < 3)
Fe B H 5N (Type NI, Kurtosis > 3) » SAREIEFHAIRE
REGTRIHE TEE S AR &R s (FER! A E2
HRRIE - ) -

g 75 7 i > X ORI 2R 3 2% Pearce and
Ferrier (2000) $2H A » s3I FAEGMESR (True
Positive Rate, TPR) K E &t (True Negative Rate,
TNR) {0 Fy 2l &5 BT B Ry PGS SR 2 R » TPR &
TNR KJit 70 %R 48 & A im = R S TR A
= Hep TPR K TNR 5 EAFH A 3) K= (4) -

TPR = ————x100% .....ccooeviiiiiiiccne (3)
TP+

TNR = ™ X100% ..o (4)
TN+FP

> TP~ TN ~ FP ~ FN 3 HI(RFEEG M ~ Ei2ME -
RIS ~ (Rba i 2 (B E AR -

BN AR S FHCE R 4R (Receiver
Operating Characteristic curve, ROC curve) K pl45 Tl
& (Area Under the ROC curve, ROC-AUC) [CL#gzES
il A FUE BE FR R P - 1 S AR R P I < TEOHIRES
Al ARE Swets (1988) #2iH1 ROC-AUC {F Ry =it
TEEE > SYIRTET AR (PEER! HRAFIZRKIE-) -

3.2 SWAT KX

Soil and Water Assessment Tool (SWAT) A8
I M B K SRS, (Physical-based semi-distributed
hydrological model) - iff £ % S5 B2 SE RSB TE L0
(USDA ARS) » a4 /KlE 2 /KT (K ~ 2805 ~ 2
T ZEEEY - HIEER - RE -E - 2EW B
SEEEI TSR - [FINF A B ER A F R EEHIEER
SR B IR AR S /K & AR E J7 7] K R FE R 48
BIERy - SWAT BXEEEHEE P BESE
54 (DEM) ~ L3I ~ 3~ H () REREE
B (k& RS - AHEDEE - HIFRE - BEE) > TR
MEFR K AR e e BRI R AR EEE - SWAT
B AR B e F MR A - IR -~ e
% R K X FEB ST (Hydrologic Response Unit,
HRU) o 53X o 27 THES S U (E DASE B & /K SO L Ry
F o AEHA RIS ] SWAT HEZUErTIASER - 150
Z AKX S HF LB S YR E 77 (Uncertainty
analysis) ~ %% (Calibration) K E@zg (Validation) #iff
IraRe ” SERT AR IS 2 KSR

A st AL fE T EE A SCS (SCS curve
Number Method) fhigg/Ea0= (5) ~ (6) :
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P—I
0= PN) ©)
(P-1,)+S,
=3 RIEEREGSEE
GRS | HIREZR H i
FEFRE | ORI | AR || o | FEPRELES
urtosis
(mm) (mm)
20;;%211 22272 | 21100 | -33 | s
2021 \
. YT
P 283.44 253.56 32 | s
|, 2016 341.06 24783 | -23 | sk
AT G i
2018 152.06 89.61 | -0.88 | sl
LLITTREE, ' ' ' AR
2008 13037 | 7433 | -063 | g
B JEL s e ' ' ' i
2013
HIRIRET
B 315.67 16339 | 007 | A&
2014
IR R
sepggm | 28000 131.00 | 0.77 | BRI
2009
IR R
s TEgeE 196.56 90.00 | 091 | BHFEIFERG
2012
F[EETS
FFTHGE 200.72 81.44 1.66 HHAIETR
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Smtiggm | 21400 5585 | 3.55 =
2016 S H 5[
S 314.89 79.06 3.66 i
2014 B H 3%
R 207.00 30.28 4.55 W
2019 B H 3%
I G 370.11 50.61 4.61 i
2016 ES H 5[
(T B 322.44 35.00 4.77 i

#F= 4 ROC-AUC 2R (Swets, 1988)

TR IR ROC-AUC
B >09
AR 0.7-0.9
(SRR 05-0.7
TR <05

Ao Q BHFEIER (Mm-H0) : P By HFEFRIEE
(mm-H20) & la Byt 7 Z¥)aiEk (mm-H0) & S &
IR 2E (mm-H0) - (REFSEUGIN T - 13
FIF ~ s i - BZEE RN (6) -

1000
S =25.4(———10) woovvverrrresiieeenennees 6
' oy 10 (6)

CN Ryiih4p{E - BRI & 3R E A RE - CN
EHBAREREZEAMFILR (Neitch etal., 2011)

K S B RIE B K REAEE - 0
=) -

t
SW = SW, + ZRday —Quurt —Ea ~ Weep _ng e (7)
i=1

He s SWy A +HBKER (mm) : SWo BliR 11K E
& (mm);t &REE (days) 5 Reay £y dayi FIREZK (mm) ;
Quurt Fy dayi FYHIFIENT (mm) 5 Ea By dayi HYZE3EHL
(mm) 5 Weeep /5 dayi HY/20 (mm) 5 Qqu &y dayi HYET
= (mm) -

S ad & Rl F§ MUSLE (Modified Universal
Soil Loss Equation, MUSLE) A=t » 0= (8) » Hh »
Ry AEMERYIS B 208 T IO BRI - RSB EE
T3k A (TUSLE) (BRfsHEESE » 2009) 2 - 3thAl]
HEZEHT C) - EHEHRT (L) #ERF (S) - KL
RFEERT (P) stE 7 =URERS L el S -

0.56

Sed =11.8x(QxqxA) ™~ x KxCxPxLxSxCFRG

- Sed Sy T 3ghEhE (tons); Q fylthFIE & (mm-
H.O/ha) ; q Kyl iLii & (m¥s) 3 A Fy/K SR IERE T
(HRU) mif& (ha) ; C Byt FIHEZER T K K15
HERRT P BrK L RFFRT 5 L BRI S Ryl
FERF 3 CFRG FyHRER T o

Wischmeier and Smith (1978) #f 3% &% 3 %k +
(clay) Eith (sand) ELBIFH¥EG~ 331 (silt) ELEBIRE
BRI AR MK - fE SWAT i » 880
@ [A7-55 F Wischmeier et al. (1971) 2ff@¥n 1 ~ 4
WhRT S ERBIMETY 70 %o i 2 LR I 2 m A A
HEtE > 400 (9) -

K 0.00021-M** . (12— OM ) +3.25- (Cyyitgty —2) + 2.5 (Cporm —3)

100

Hr K B3 ah A7~ M & IR T~ OM A
TEEAME T S7EE ~ Cooitstr £y TIBEEREHEL ~ Cperm 1512
MR - 12 SWAT = » BRI EFEER
JeE gy A I E S E -

THAIHEER T (C) AlE#E NDVI GHEZ 4
= (10) :
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NDVI >0, C = (ﬂ)““‘”'

Building or non —exposed ground, C =0.01

NDVI <0,
Barren,C =1.0

1 TUSLE > & AT (L) BI{#EF Wischmeier
and Smith (1978) HEHH > 49%EE 1 S HERE/ N 3 9605 -
BEEE mM=02 - WENIN3~5%1F > m=0.3 - i
[& >5%I[F > m=05 - $ERF L Z5tHEAZ (11) -

D im

L_(ﬂ) ..................................................... (11)
A D RHE (m) -

BEERF (S) AI27% McCool et al. (1987) i
BeRTEE TIEIE Z SR A 050 (12) - SR FAEN
&9 % BT ZEFEAFRE - AHEY Wischmeier and
Smith (1978) &> 3K F-> McCool et al. (1987) 1
3 P8 s RO 3 FE PRl T {E . (MicCool et all,
1987; PHfSEESE > 2009) -

S =10.8sin8+0.03. 6 < 9%

i 06 e, 12
S = [ﬂ) ,0>9% (12)
0.0896

A S BTSN T 0 BBE (%) °
fHFER T (CFRG) Rl H3EFR S EREH T
teatEa= (13)

CFRG =exp(—0.053-10CK) .........ccoovrrrrrrrrrernneee. (13)

i o rock AR LA AEEILA] -

SWAT #=7Hz ~ #frh /A =8 4 Bagnold A=
22 LA B T R K R s T B A R O B &=
(maximum sediment capacity) » & 8 /K& Fr i A3
TR RN AT S b E - gt EE)]
W o EHEATE T ERE/ NA R K T A i =
f > Alg & &R - Bagnold A=ETEMT ¢

_ Spexp
CONCoeq chymx = Cosp “Voh,pk © weeerermssermesmsnseninnnas (14)

FHHF 0 cONCeey hmy Ao K F iy KA B 2 2 Wb &
(ton/m® 5¢ kg/L) ; Cg Ry&PEBE (EEAPERR
SPCON » AIHI{HFHEETR) 5 Von, pk MyoRIESTER (m/s) 3
spexp FRfe#uAE (EEiEFR Ty SPEXP » ATH{H
FEEs) » HyteE R 1.5 > SE@EAE 1.0 ~20 2

fi] °

SWAT = > #ghd | A8 2% Foster et al.
(1980) & - DA -BEHRYE - 308 KIE HIEE S
BRI E SRR 2 ERE H L - B - E (0.20
mm) ~ 8 (0.002mm) ~ #& (0.01 mm) - 5 (2.00
mm) ~ /N EEE A (0.03 mm) ~ Kk fEEF4 (0.50 mm) -
R H 2R - (£ Einsten (1965) k&
Perberton and Lara (1971) #¢f@ 2 A& H
JIFER -

3.3 SWAT REIBTEAIE 4

SWAT #ER 7 giafEsH Lu and Chiang (2019)
B SWAT-Twn $2H > AR IR AH 2 28 1 3t A1 B H)
ARSI T (HRU) - 7S HH BE H /i & P8 A E AR
AN o BRI R R g R
e R ER (PER! IRAFISRIR - ) - [H4h - B
SRR R A R R — B AT (W& - LEEK
Eb) o MAEAIHTT T - R ER R R B R AR S A
EEFEE 2 FRIBTERIAT TS R AT 5
= H % R oz A fik va)
8o DIy HER [EIRE i B Re B B AR I S 4 (SWAT -

HE S KB 8
R X N ol | AR A
1 | ] !
1 1 | I
. : : ;
I I s
; S50 | AwEss |
V(AR EEAEAK) | ! (TUSLE) |;
I ] .
. P i
I 1 I I
1 i 7 s o o o 8 ] L ....... i e ..!
v
HRUZ #) #5454 %

3 SWAT BBt REE
Logistic) o (A > AFFEELE: SWAT-Twn fEFERCE

— B & PO R (o 2 o A A B TN 2 SWAT-
Logistic 07 FRIRF(F TR RIS eGSR -
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FRIERT ISR 2 LSRRI 2B EE 2% (2015)
#f 1999 £ 921 #fER - RERGAEMEE Z -
Al (15)  EEFERREE L ER > sHESS
FFFHUAR e SWAT H(# HRU 2 REEREER -
(EERERAG R T D& e AT A TH A -

VL =230 AT (15)
o VO BARRE R (M) e BEAEEC AL RBERSRE

% e
3.4 SHETEHENEE (SWAT-CUP)

SYERE IR BT T E 2 28 E S
B - FE B s SR BBk - R S RE
#HiE HEHE AR A IR ey S B E
i A =X B Pl 25 28 L i B A o FA R A (R BRI &
B BRSO e 2 2B SHEEF T » A
EriE S E RS (overfitting) (Refsgaard, 1997) -
SWAT AN S8 TR E DN ERIR R E
FeatBEhE - (] SWAT 1 THEe S BUEA [F &I
B A N HEENE » R T S EUEUR
FEoH ~ e RAEAEREE - (B R A
Bk WA EE RS EEURE A SKHE E FTR RE
28 (Arnold et al., 2012) » B iE SR E DS BLhF
Sl Rk o HEM RS AU RS SR - SWAT 5
SYREARBZ 2B Z/RE (0 25
I~ FEEKE ~ KSCRERR D) ~ st P B
FEREAFSHEE - 55 5 LT e &
ZSHHEEEEEH  WFEHEEEAE R IR
&~ FHRH SRR R 2 B R 1R T RE & BRAVIEEE TS
7K 2 (Moriasi et al., 2015) < i@ X CAFFZIHTE(E
{5 FH SWAT FEHEIEEA [F] 1@ ik 2 7K SRR - 5=
NS BOETTRURE 734~ e B ERES (Gassman et
al., 2014; Abbaspour et al., 2015; Chang et al., 2015;
Mittelstet et al., 2017; Lu and Chiang, 2019; Santos et al.,
2023) -

KB 52 . SWAT-CUP (SWAT Calibration
Uncertainty Program) #1700 & & i) & 2 85
JERFE T ~ R E B EREE - SWAT-CUP it i fE
SN ITAETTHEEERE - AR R E RS
i (Sequential Uncertainty Fitting version 2, SUFI2) ~ i
IR HE E M {LHET (Generalized Likelihood Uncertainty
Estimation ,GLUE) -~ £t #{ f# (Parameters Solution,
ParaSol) -~ ER[RgiZZH#F24 (Markov chain Monte
Carlo, MCMC) -~ i T Bf fx £ 1& (Particle Swarm

Optimization, PSO) %¢- Abbaspour (2013) {85/ SWAT-
CUP ¥ 5 I A THIE - 455 F5H » SUFI2 mlfER:
DRI BE R R R E A R (3,000 ) RS GLUE
(10,000 %x) ~ ParaSol (7,500 Zx) ~ MCMC (45,000 %%) &%
PSO (100,000 ) FHHHFEES - {HF] SUFI2 AT R/ D5
FAHEE P BT - RIBE > ASBHZE(E R SUFI2 7T
SEARMEEME T ~ RE B - BURE TR
FGETE S B SWAT R v] PR S E #ilE - DL
AT AR E A SRR RS ES
# p-value DIHIETZ 2 B0 S BURC 5 2% p-value
< 0.05 R RS > HEITIRESERE - 28
B AE S HEERNR AR - B RIELX
N2 BUE U Ry s HalE N 2 Bt e S s R
SEEMRELE] GLEHEN 2 Ei%E) 9% -

TR 2 IR R IR 2% Moriasi et al. (2015)¥EH >
EHEE - 2B S 2HEE  AEGE (R? > X
16) ~ WA (NSE - 0 17) REIEEfRZ= (PBIAS
7\ 18) - Moriasi et al. (2015) FEEE/K CIEEEZ AHRASL
Jik » 475 2000 - 2015 AERI/KSCFE R R B E
Bl B IR BERBUEER - KR SH HAE iR
BRI (R 5)

HE 48 (Coefficient of determination, R?) F&E
HIME BLEEEE 2 SR MR - RAEREET 1 (URRE
FHEAME G - REETE A (16) -

, Zi”l(Yisim _Ymean)Z
R = =

n .\ obs mean \2
Zizl(Yi -

Zorb o Y™ R | E R - Y™ I S
YO ks | (EEEHIE - n R EEHIE XA -

(48 (Nash-Sutcliffe efficiency, NSE) AfZ
He(b Hest & 1E Moriasi et al. (2015) o » fiE s
TEHE NSE>045 — 0.5 A HHET - i< 0 {t3
RS SRR RE R 72 - NSE SFE AR (17) :

Zin:l(YiObS _ Yisim )2
Z in:]_(YiObS _yymean )2

NSE =1-

b YO B EEHIE - YO R (R -
Y MeAN e BRI > S~ n Ry BRI E A -
F5yHEfR# (Percent bias, PBIAS) T I LU (i1
FU 4 A S 5 T A B A5 (Gupta et al., 1999) ©
PBIAS 31 = Al A & (S B Y (ot 2%
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{EAHDH » B2 PBIAS (HEETA O (HEBEE R AN EZ 1B
oo HILERI & HMast 2 BekerEEE= - HitE
A=t (18) -
Zin:l(YiObS _ YiSim) %100
n obs
Zi:l(Yi )

2o YOS B i EESHIE Y™ A i (B - n
BB 4 -

PBIAS (%) =

3.5 A=

AT BB K AZ A ERE Dt &
BHER A& > ZIRFEDRERRER (B1-~2
A 1K) BUAH b 8 Rslehs it & R s 2 b et
Tt - ZATBER R B KR N R E R &
MIE - L > AWTFERE KSR AT ik 2 Wt i 2 F H
b B HUCA BCE T TAR MR ER - AT H b B SR B R
%30 (Leeetal., 2022) » FREH/KCCERLCH 2 H T
e EEREGAGTEE HwbE > WatH A E
A Bt R BT o IR B B ) B W R Y IEAH B
(FAE (%% R?=0.7035 - 0.7823) (A1l&] 4) -

=5 ERAEERIE (Moriasi et al., 2015)

fHE D Highh &
E2) R? NSE PBIAS(%) R? NSE PBIAS (%)
BE R2>0.85 NSE>0.80 IPBIAS|<10 R2>0.80 NSE>0.80 [PBIAS|=1
E# | 0.70=<R?<0.85| 0.70=NSE=0.80 | 10<|PBIAS|<15 | 0.65<R?=<0.80 | 0.70=NSE=0.80 1<|PBIAS|<10
T 0.50<R?<0.70 0.50<NSE<0.70 |15=|PBIAS|<45| 0.40<R?<0.65 0.45<NSE<0.70 10=|PBIAS|=20
s R2<0.5 NSE=05 IPBIAS|= 45 R2<0.4 NSE=0.45 IPBIAS|= 20
107 107 — 107
10°— g 100 : 10°=
s 9 o '9Ez];‘3f‘7§£§"‘ £ IR £ A / yipme
%104 : 1o %10“;
E 100+ E 107 —= E 10
10* 10%—= 10°=
10 v S———— 100 v ) ) I T e L R L TR
10° 10! 10* 10° 10* 10° 10! 2 10° 104 10° 10! 10% 10° 10*
Instant streamflow (m%/s) Instant streamflow (m%/s) Instant streamflow (m%/s)
(a) STN1 (b) STN2 (c) STN3

4 BERERE-BWMDEZAEEES

M - &REET R

41 EB—BESHEIBPIEZRIRTERIER

FHEFIME » TS /KEEF I B &P ROC-
AUC DREEREUT B = SHEHALN T 2 2 F5
o R SR 2 FEHIRE = (AUC<0.7) ([E 5)-
FE=MELT - BHREARMIE (PCP) RESH

Luand Chiang (2019) $t¥#fulila/ MUK (BRI
) ZWHERCR (SWAT-Twn) » HSPIff{ERE 2

U2 RS THE R (400 mm)» ARBFFEEE %A
BB IS E AT, > ROC &R - HE AR
Hh 2 TEOMPERERIR(E (AUC = 0.547) - 5 DL F- 850K
EMRBE—E > SERE EER(E 2B E S
i > HIFRSA TSRS EE T (AUC = 0.584 —0.586) -
ZAI - (E R PG E TR VAR = 5 R AR iRt 2 L 3t A
I~ IS B KB 2ER - BB
JCEFRF AT > EAREBESCRA LR -
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42 BEHTEFRER

A ZEHG B HR AR TR & 0 5 I 7y s =T
FARYL ARG (Type |, kurtosis <0) ~ BRIEERR (Type
I, 0 < kurtosis < 3) KB H5®[%EMR (Type I, kurtosis >
3) » Gy Bl SRR AL AR T 2R T ST © S TR ARERA -
TR s B AT e R B AR B =Rl 2 2
ST BT B (RN AT Type |
tt» PCP2D B sy HLA W R R - 17 Type HI A
RURAFSRTEA > FSW P S I (- MRIREREEEEIR
(&6 ZESHrEER/ Az ROC

g TR B N U AR B E Y. ROC-AUC TR
RRGEREUN ([ 6)  =fEaE S Arlis AU AR TH
AN AR SRR TR - IESEER! IRA B2 IRAK
W o RS Z(AAT N THRIRT B Kb AR hER
(AUC >0.7) » BERER & A /3 2 ] JE P BB TEON

oo A AR FEHYTERHIAERER -

) BRT Type Il -2 TNR (67.45 %) REEZ(fREFR4ES N
(TPR 2 TNR > 70 % (Pearce and Ferrier, 2000)) » Type |
K Type NI B iEpicta e 4 > Type I £ TNR HYE(G S
B SRR - SRR 28 -

1.00

0.90 1
0.80
0.70

Y
g
foN
S

itivit

£ 0.50
0.40 1
0.30
0.20
0.10

Sens

—e—PCP (AUC=0.547)
—o-FSW (AUC=0.586)

—e—Mutiple (AUC=0.584)

—e—1:1Line

0.00

0 01 02 03 04 05 0.6 07 08 09
1-Specifity

5 FWE - TIESKLERESPE ROC

*6 BEHERMELER

Coefficient
Factors
Type | Type Il Type 11
Constants 0.67289 0.55799 -0.00726
LUC 0.95318 0.96003 -0.82993
LSOL 0.87799 0.87220 0.50776

SLP 0.00832 0.00769 0.00520
PCP 0.00096 0.00207 0.00102
PCP2D -0.01257 -0.00238 -0.00620
FSW 1.40766 0.91254 -8.30965
SWD 0.09796 0.09272 -0.00455
PERC 0.00779 -0.14843 0.09761
AREA 0.00998 -0.14843 0.08053
TPR (%) 71.06 70.54 70.56
TNR (%) 73.44 67.45 70.64
1 ,,,,,,,, ==
0.9 - =
0.8 A
0.7 1
2 0.6
2
=05 A
5
»n 0.4 4
03 | —e—Type I (AUC=0.735)
’ Type 11 (AUC=0.754)
0.2 4 —e—Type 1111 (AUC=0.712)
0.1 4 —e—1:1Line

0 01 02 03 04 05 06 07 08 09 1
1-Specifity

6 ZESHEEAR ROC

& o T B A U AR R IRy ROC-AUC FEHI
RERGERBUR (8 6) - =g 5 e A= AR TH
AR SER TR - IRIZHER! RABISREK
W e 2R A AN TENRI B By e mER
(AUC >0.7) > FEURER & i iz o 3 m] e T AR SR TR
o AR FEEYTRHIAE S -

\

4.3 KNENRESHURTEAENERE

ARZe(EF SWAT-CUP t SUFI2 J53£% SWAT
B 37 [HRES R EITEURE T > SECEL
p-value <0.05 7 10 {ESHUETTHE » 4371 s © SCS %
TAREL (CN2) ~ LB KFE RS/ 2RITE
(REVAPMN) ~ 130 F|F{7K (SOL_AWC) ~ e @it
(CANMX) ~ i /K75 358 (GW_REVAP) ~ i
KA E I 2 P /K AL (GWQMN) ~ Hif [N 7K HE 2 B fi]
(GW_DELAY) ~ B S 545 (CH_N2) ~ ZX (B
&% (ESCO)~ A= B(%¥ (ALPHA_BF) (i &2%
R BB 4SRRI UE Ei% 8 (SPCON) K H5HL
&% (SPEXP) ~ IRIEE/R EEE(5# (ADJ_PKR) -
FREEREEIEGE (PRF_BSN) fEHEZF1{E nT
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RS K T3 %E - JEE A% (CH_COV2) K
AR A AE (CH_ERODMO) RIA[#E{T 7 & E -
1 AE SPCON ~ SPEXP ~ ADJ_PKR }7 PRF_BSN #*
TESE RN LR N - SRR EEILIAE 20 % - oy
ERELEFRT  7F CH_COV2 Z KIELE R A 455H » B ~
C Ml {HHe (7.22—8.64) » BURNELL&(H 2 JHE
ARTHEAVIER » KR 8 Fr » &EREUR - H PR
B2 B R E B A "Z*%%ﬁﬁi‘lﬁ’] (R*>05-
NSE >0.5 ~ |PBIAS | <45%) » BERNRIE 2 S A3
F5 ik SRR KSR - @1‘55‘)’% PBIAS 4rat4s
Fo mEBHEHEM (& 8) » = EHEEMANIFR
ETEARNL > BT RS R ELRG A - TERZ IR
AESFHIR RS R -

4.4 KXEXNWDSHUERTEAEERE

Aut7E DL BR B S A i TR R 2 SWAT
HC & AR 3 4 75 T AR B TEOHT (SWAT-Logistic) 2 g Bl
Ers HF SR b & - R0 ’iﬂﬁﬂﬁ@%
A 6 [H2HEEL (55 9) » H b Bagnold &b/
) o Hrr o CN2 ~ CANMX 43 RIS+ ¥ 5] 4= 30 F1 FH 2

TTHR%E » TR T K R ZESE BRI 2800
REVAPMN - SOL_AWC - GW_REVAP -
GW_ DELAY ESCO - ALPHA BF HIIfR#E

120°00°E 121°00° 122°00°E

1

22°0°0"N 23°0°0"N 24°0°0"N 25°0°0"N

o RXADRE

s RRA
[ ]#%*E
Csusxne
—— Atk
I 2006-2021 7 58 F 4
£ (m)

3947

-0

fiEl 1 Zuu sy AT T{E B E > Horf REVAPMN
{#1F A~ B lW&EME - GW_REVAP /f A-B K C &
#E - GWQMNEB-~C-D fUESZ ; CH_N2 Rij£:3%4%
EHKFIZBHF LR E ~ B ERENES
BERREE COREOKAE 2006 + 2015) - CN2 {ERRM
BB 7 f5 (B BRI R/ N » BN AR R SR
dg iR - M RIS E BB S % 4
WL - T EFESERAEIR - R Z L& B
C RE#ME B T B & 7] Z& & Bt & & %

K7 BEEORESHETEER
5} == A:‘“ RIE =t =t =t
S | T B e e | e ok
PN
. FE ) o684 | 3653 | 36 | 546
cN2 | - S
ELA
B | 67-87 | 80-98 | 737 | 98
A | 750 | 701 | 600 | 1000
REVA .
PMN | MM B
B | 750 | 451 | 100 | 600
0.020- | 0.018-
A | 0500 | 0459 | 0014 | 0.55
B %%20% %%1813 0.008 | 0.35
SOL_A mm/mm AHEES : :
WC L
o |0080-|0063-| ol o,
0.500 | 0.394 | - :
0.080- | 0.070-
D | 0500 | o4y | 0056 | 045
CA>’<\'M mm | Hft | bk | o | s0s1| 20 | 90
A 004 | 002 | 0.04
E\V/VE\E - lEfe | B | 002 | 002 | 002 | 005
c 0.06 | 0.03 | 0.07
B 21271 130 | 260
GI\\//I\II\IQ mm | Hift | c | 1000 | 1228 | 7 70
D 7419 | 50 | 100
A 779 | 2 10
B 511 | 1 10
GW D
- | Days | Hift 31
ELAY c 154 | 1 5
D 053 | 01 1
CH N2| - | Bt |%k| 0014 | 0.040 | 0.040 | 0.060
A 0.78 | 0.75 | 0.90
B 012 | 010 | 0.30
Esco| - | me 0.95
c 033 | 020 | 040
D 0.72 | 050 | 0.80
A 0.055 | 0.055 | 0.062
" B 0.060 | 0.060 | 0.067
QL;? 1/days 7FH¥3[L 0.048
_ LBl | ¢ 0.065 | 0.065 | 0.079
D 0.053 | 0.053 | 0.062
(REVAPMN) » {61 [R5 £ 5 5 » —+ 398 o] il FHL K 81

(SOL_AWC) - HFz#HHfE A& (ESCO) BUR B »
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¥}
G
S

[Observed -Simulated 400

Calibration
(2008-2014)

Validation
| (2015-2021)

Calibration
(2008-2014)

%)
=3
S

300

Streamflow (m%/s)
I
3
Streamflow (m/s)
)
=3
3

>
8

%3
S

oW b ot

800

[-Observed ~Simulated [-Observed -Simulated

Calibration Validation
(2008-2014) (2015-2021)
600 ‘

| Validation
(2015-2021)

Streamflow (m?/s)

200 : “ ‘ | ‘ | Al

ol

Jan-08 Jan-10 Jan-12 Jan-14 Jan-16 Jan-18 Jan-20
(a) STN1

B 7

*8 ATHIRERTEERERITSH

o ZGEH (2008-2014) | EgsEH (2015-2021)
Fat2H
STN1 |STN2 | STN3 | STN1 | STN2 | STN3
R? 0.624 | 0.767 | 0.776 | 0.692 | 0.882 | 0.848
NSE 0.578 | 0.723 | 0.699 | 0.679 | 0.869 | 0.725
PBIAS | 22.78|20.96 | 25.12 | 1419 | 3.20 | 37.22
Ek}fﬁfgﬁ 20.81 | 46.30 | 73.19 | 18.78 | 41.85 | 67.35
o R S o
$%%%21T3§?£ 22.10 | 50.30 | 77.57 | 25.61 | 61.27 | 94.54
@;‘ [[3Z 45
= E(J;E/ig{ﬁ 26.95 | 58.57 | 97.74 | 22.07 | 43.59 | 107.84
B
= E(J&;/ﬂi% 28.65 | 62.35 | 106.36 | 34.38 | 58.34 | 117.88

C WEHEER: A~ D WK » BURRZIE 283 B/
GW_DELAY HISURIZFEN NiF2 A~ B WilEmIsEE
Wi R - C ~ D W HIEE > H.F GWQMN FELE
FAAEE A~ B BRI H N KB S i A
JII (A @S EREAE R BITERLERIT) - A ~ D W&
SEAH 2 TS KRR F ISR E: B ~ C &K > # K
ELEE A~ D & EE S AU AR B8
HEEIR R R A BHEENE R > 7 0.053-0.065 7 fiff -
T B S ORI R R A R U B AR
(SPCON) K f5#{%% (SPEXP) ~ SUMIE(ET &(Z1E
% % (ADJ_PKR) - £ ik {H K & B IE % #
(PRF_BSN) FEA5 = {8 o] R S /K e AE 1 T % - o)
H W B (CH_COV2) J i B = & 4 &
(CH_ERODMO) RIIFJ #7457 EHRE « fi={{F SPCON~
SPEXP « ADJ_PKR & PRF_BSN =& 4% B 3 i iy
N FREEERILIAE 20 %A 0 AT ERELEET - 18
CH_COV2 rH#:ELER A > B~ C Wil 2 (Hf =
(7.22—8.64) » BEUREIE M M EA R ITEY -
K 8 Fir o GEREUR 0 AR ESE L RiE B
R EREAEE BEEN (R2> 0.5~ NSE > 05 ~ | PBIAS |

Jan-08 Jan-10 Jan-12 Jan-14 Jan-16 Jan-18 Jan-20
(b) STN2

MERTEEAMEBEERER

Jan-08 Jan-10 Jan-12 Jan-14 Jan-16 Jan-18 Jan-20
(c) STN3

<45%) » BURHKIE Z SHAIRFB A EIRRIK KX
Rtk - (EARSE PBIAS Z&at4iiR - MERBHE (&
8) » ={EMIBEI AR Z S &R0 - B
GEREERG MG - MAEFZ TR A ARG R -

4.4 KXEBEAWMPDSHREEENRE

AT LU BRI A B ORI 2 SWAT
Bic &5 AR SR 46 o5 JT A0 R FEORD (SWAT-Logistic) 22 5E B
EpsE A LRI 2 A & - EBBUEVE g
BAIA 6 [E2 8B (% 9) - Hr Bagnold ifrh
EEURE (SPCON) KA5EHE (SPEXP) ~ Sl
EREEIE4E (ADJ_PKR)~ TR E R 2 & IFE 4
(PRF_BSN) FEA5 = ff o] S R {8 S /K I AE T T - 1]
HtE Wk B (CH_COV2) K i iE = & & 3%
(CH_ERODMO) HIJu]#EfT 57184 7E - 1= {E SPCON~
SPEXP ~ ADJ_PKR K, PRF_BSN 3% 7 4% B S5 #4iE s g
/N FEELEEILIME 20 W/iEh > T EREERT > £
CH_COV2 &= pE4EFRT[EE > B~ C Mla 2 HiKE
(7.22—8.64) > BERAE LI o B A% A
TS 82 FIERY A ~ D Rl HijEA 2% (3.89—
5.28) - [fii CH_ERODMO 7 = E&ERAEURER T C &
ZAZBMHBEIEAN (0.22) » BRI 2 RECEE AR
fil > T EA =1 2 (R A58 S A2 BN (0.59-0.63) -

=9 ABNSERESER
£y 4 = gﬁ?& il—_gzi:_'. = = =]
SEATH | BAL st | Ek JFAaE | S EE |5 ME | B E
SPCON | - EE%;I} :f:; % 0.000100{0.0001220.000115|0.000125
e
I
SPEXP | - [Hift ;‘; 1 121 | 1 1.5
>}|L5jz
5
ADJ_PKR| - \HUY| 1 | 083 ] 045 | 133
/}ILEX
£
PRF_BSN| - |HEift o] 1 0.98 | 0.61 | 1.03
/JILEjZ
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Total load tons/month)

A 5.28 4 8 A 0.63 | 0.45 | 0.67
i B 8.60 5 9 CH i B 0.61 0.6 0.95
CH_COV2l - [HUY 0 — - HUR 0
Cc 722 | 7 13 ERODMO c 022 | 01 | 04
D 3.89 1 5 D 059 | 041 | 0.67
1.8x10° Observed -Simulated 3.5x10° Observed ~Simulated L1x107 ~Observed —Simulated
1.6x10% Calibration Validation 3.0x10° Calibration Validation 0107 Calibration Validation
o (2008-2014) (2015-2021) _ (2008-2014) \(2015.2021) 9.0x10° (2008-2014) | (2015-2021)
: [ £ 2.5x10° ‘ = 80100 |
1:2x10 £ ‘ £ 7.0x10°-
1.0x10° g 20100 I “ £ 6.0x10° ‘
8.0x10° ‘g 15x108 l | g 5.0x10° ‘ |
6.0x10° | % oo [ | ; 1 £ 40x10° '
; | & roxio) | ) | | E 3.0x10° |
4.0x10 [ i [ |z :
- “‘f‘ | N ' f soxoc ] || J‘ I 11 ‘ l‘\‘ ‘ ( | | & 2.0x10 0o , il
’ Il | i LA I Al 1| - LOx10° 4 4 | I f|
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PBIAS (%) 95.84 9457 92.21 38.15
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