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regarding the rainfall thresholds and hazard assessment still remain some uncertainties. To overcome this issue, the
Baishegu debris flow in Jizhou District of Tianjin City in 2024 was taken as an example. The probability of failure
(PoF) at the watershed was calculated by using a physically-based model, and the short-term rainfall thresholds
under different antecedent rainfall conditions were determined through the PoF threshold at 0.5. Moreover, the
rainfall threshold curves were also established for classifying four-level warnings. The movement process of the
Baishuigu debris flow was simulated using the FLO-2D software, with the discharge in the source area determined
by the calculated surface runoff and a correction coefficient accounting for on-site conditions. Based on the
simulated spatial distributions of flow depth (%) and velocity (v), debris flow hazard zonation when using four
indicators (hv, M2, impact force F, and decision matrix) were analyzed and compared. Additionally, the response
patterns of debris flow hazard to three monitoring indicators (short-term rainfall, soil saturation, and runoff) were
quantified. The results showed that the short-term rainfall triggering threshold of debris flows at small watersheds
had a strong negative linear correlation with antecedent rainfall (R>=0.92). Under the very high warning level, the
short-term critical rainfall decreased from 81.6 mm (antecedent rainfall: 0.1 mm/d) to 44.4 mm (antecedent rainfall:
0.5 mm/d). The combined FSLAM (Fast Shallow Landslide Assessment Model) and FLO-2D method effectively
simulated the kinematic process of the debris flow, and the velocity and depth at specific locations coincide with
field observations. The hazard assessments based on impact force and decision matrix yielded relatively
"conservative" and "radical" zonation outcomes, respectively, while those based on Av and m? were more
reasonable. Debris flow hazard responded distinctly to all indicators, but was more sensitive to soil saturation
changes when antecedent rainfall was low. These findings reveal key uncertainty sources and optimization
directions for debris flow hazard assessment, providing crucial references for the dynamic identification of rainfall
thresholds and meteorological early warning of debris flows in small watersheds.
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Figure 1. (a) Location of the study area; (b) The lithology map; (c) and (d) The remote sensing image and the boundary for the
Baishegu debris flow.
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Figure 2. Development characteristics of the Baishegu debris flow
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Figure 3. The on-site characteristics at source and transition areas of the Baishegu debris flow.
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Figure 4. (a) Daily rainfall before the debris flow; (b) Hourly rainfall during 9" and 10™ August.
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Figure 6. The input data and results during the parameter calibration: (a) the land use of the study area; (b) and (c) The determination
of threshold of Pe by using the change of PoF.
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Table 1. The parameters for the land use of the Baishegu watershed

Byl Cr-min/max/kPa CN-4 (-) CN-B (-) CN-C (-) CN-D (-)
pz S 0/6 40 60 69 76
R 0/5 43 65 76 82
b 0/1 49 69 79 84
i 0/1 62 71 78 81
EF 0/0 90 92 96 98
7K1, 999/999 100 100 100 100
E e L/ VIS 2t
Table 2. Mechanical parameters of soil
Cr-min / max (kPa) @-min /max (°) h (m) K (m-s™) n(-) p (kgrm™) HSG (-)
25/45 34/42 1.0 10 0.35 2600 B
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Figure 7. The rainfall threshold curves for the Baishegu debris flow.
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PRRFAE, A R bR 1 BRI . TR ol /58, WA TR SRl A AR o i AN fG B v 1Al
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A SRR KD O, FIR G A B E ORI T, NREOTRKIER AL, £ FSLAM %
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P

0, =1+nD.Q, (8)
Hrh 0,4 FSLAM HEAGR| R E: DAAREAREI RS, EHLE 1.5~2.5 206, kTR
AT, AT 2.0; n YA IR BEIAE IE R T4 R R 2 E
p=lle ©)
Vi~ 7e
Hot y RTARAAALE L, y, AKIRALERE, ) S ARORL A o . A 205 7 ) 4y
E ¥y N 25 kKN/m®, Ay, B E N 9.81 KN/m?® Al 2.7 kN/m3, [Kitk  HA 7.5. MAh, EBUKE C,
2R AT 5
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Hrf, VAV, o3 MR B R ROREAT K B AR o R4 B 9 S A sl AR, AT B SRR, 7
MV, Z B KL 2.46, HEIZHRMPEARAEPIREL, 5 C, KN 0.45,

FSLAM A7 e th B IS AL O R AR T &, W& 8b o, W B IAN R B AR 22 3 BOK,
PIIRIXARTIEAE Ty 3.92 m’ /s Fa ZHG KIS, WHTTIX AIEAEAE R S R ARIAE (5.32 m* /s), (HEZHIL




FENHLRALE, SR 2 SOBILIRS AR RO USSR AR 74 5 B S B e A Vi s 1R 7K 70 A
R _EIR AR AR T 0 AN KRR 0.~66.64 m*/s. 48 I« FLiA 7 32 Mol s I Bt A2 (& 8D
W HAE R R BRI IL 5 A i N 5 FLO-2D BBk, IRA RSV AR s, B S8R 3.
ooy M1 g SURARATRIC IR ARSG, FEH T 6 A AEMRBI VIR T R E: oo 71 B, 56
A IRTE REOHOC, T BN AR AR EUREAT N . XUASEI R T 2% R E X R AR
Y. 27 REEEW RACM ARG B S BE T, B bR AT E VIR (EEE) EZ R
MO, W H B AMEAME N, 4 FLO-2D A P F M (O’Brien, 2011) F1AH K ¥ K
( (https://www.fsl.orst.edu/geowater/FX3/help/8_Hydraulic_Reference/Mannings_n_Tables.htm?utm_source=vip.

dedegpt.vip) ), HERTHKE T RECH 0.1, JFEN 0.07. HESEIIDUE N ZE THE XA SR &5 ML

ML SCHER (Wang et al., 2024; Zeng et al., 2025) L& Hi5E .
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Figure 8. (a) The numerical model of the debris flow and the parameter setting interface; (b) Spatial distribution of runoff obtained
from FSLAM model; (c) The discharge hydrology input for FLO-2D.
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Table 3. Basic parameter settings for the FLO-2D modeling
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Figure 9. Distribution of flow depth at different times (T=9min, T=18min, T=24min, T=30min)
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Figure 11. Distribution of maximum flow depth and maximum flow velocity for the debris flow under different discharge: (a) and (b)
are the results by using the adapted discharge; (c) and (d) are the results by using the original discharge.
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Fe T EIRBUE AL, BT R (e e A I G B PG S XK, 3R R T IR IRAR Chv) .y 0EE 7
AT () i )y (F) DR IR R SRR R DU R A . R EIRIRARHE CAE Z BB T i
{H M AR G — AR v ) T8 8 VA T B Ve VP A F bR, e 2 X S R4 A 15 20 1) e 68 12 2% 1) 43 A oK gk
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hv CBARL: m¥/s) &% WL SR PP bR, SRBETE— e LR T RS JAE [ 30 0L A A Py b s i
T HERR B 2 B3 S AR RAR B e ) Cln AR5 2 2 T 243D (Ding et al., 2023; Guo et al., 2024);
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SRV BN Z AT T VA T8 R A A e B R A IR AT BB 5 A A T AR A R A SRR 1 1) R
(Koo et al., 2012; Prieto et al., 2018); F J& S NLYE AT K 5 A= A2 RN (W B B )15 S8 R RS
IR ) T E MEAEAR, ESRIE T 2 5 & N4 HE L, B Cg) iz TR ARG A (Zhang
etal, 2018; Kimetal,2020). )5, i SCERIARE A0 EL, € 1 EIRFEFS A T DX 50 A 5] fes b 1t 5 0 1) 1)

B (R4 DIy sEsERERE4 4 (Hirlimann et al., 2006; Khan et al., 2022) (% 5).
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Table 4. The classification thresholds for different indicators of debris flow hazard assessment

fa [ 1 4> 2%
febr (B4 1) 1L A K 4R
i fes j SR = fE R
hy (m%/s) <0.5 [0.5,2.5] >2.5 Ding et al., 2023; Guo et al., 2024
m? (m/s?) <15 [1.5,8.9] >8.9 Koo et al., 2012; Prieto et al., 2018
F (kND <7 [7,12] >12 Kim et al., 2020; Zhang et al., 2023
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Table 5. The flow depth - flow velocity decision matrix and the combinations of classification thresholds
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Figure 12. Distribution of different indicators: (a) Av; (b) iv?; (c) F
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Figure 13. Comparison of debris flow hazard zonation by using various indicators: (a) &v; (b) iv?; (c) F; (d) h-v matrix

3.3 NIRRT 24 T BV A TR A6 ey Aok e 82

T R ARG RS AR TR AR SLE L, S35 T =FhdEhR (Pev T3BUARILE S\ Vi Py
RIRIEE Q) T HIER e ARISEIRER A . 22T 42 TWHWHREIR, &85 1 2 MRIRERIETE A iftis
BRFHER S 6 P RE E , RIS C1AR A HERAIR FE b A0 P o Pa ¥4 0.1/0.2/0.3 mm/d, Pe FEL{E y 20/40/60/80/100
mm, XEEAE REAE AT 5T X AT e I 46K 2 BB M KT R 3BAERT BN M R AT RAE N FSLAM A58 rhrit 5
B3], RARMIZILS 3.3 Tk —8

SGRRW] (B 14) FEAF Pa 15T, A THERRIREEBE =M i m sy 2 B 0 %, HE
DAL B IEAH SRR B b X Pe A1 Q HAMI N AU AR FE SRAL, (LR ST 0 3 MR O sk ity
LR o AN E SRS U R R BN R AT TAE BN, SRR B2 (i B AR A AN, fH R g
YL B R /B B BT R AE AR FE (G . 200 i (R TRARIR . B Pew S5 Q 8N, m?
BARBUMIEC, H Pa BRI 2R . bl WL, B3R R 2 AN DU I 3R SK S YRR ARE, ik
SEEUIRJ VR 7 I B IR A TR O RN, o IR P ABRAR Y Pa 8K, I AR SRR, 1218 R ¥
BEAR, HuRARIRAIE AR S SR, AT G Ve A I A Bh A5 W B2 SE N BURR . e S HERRIR FERAAM — i, B
/N Pe A1 Q [FIFES SBUHAR SRR, 17 3B VA B2 75 2R 2 BE 47 B T 45 5 o

R M EE RO A R I PR SR T S Yo iR fa R E VRS R H B RETT R B T
T A R0 32 B JE B ART IS DL A AT b2 FAA AR AU o =2 i A T S e T e B 1) 30 o T i vt i FH 1

&

IR



T, (HZAHE ORI AT PG R RS A [RIFR b e S EAT PR RN, A B 2 BV D B DR b iR s

FIREFBUBU/MER 2R PR ZE . ML T, LI 5 itk 4L R IS 3 A3 br oA T4 (6 ok
. PSS MR R NGB . SRR 24T 2 X A SE B 1 PP Ak T A AN 7 SRR b )k — 25 S A,
RENS N Jm SER T R BT ia iR S0 dE

(a)
20 Pa=0.1mm/d .
Pa=0.2mm/d ghrt=
[ Pa=0.3mmid -’
e, 1OF A
£ gart
g
101 -
% o
\E‘lé S
£ 4 A
I o
I
s
B
0
20 40 60 80 100
Pe (mm)
(c)
20 Pa=0.1mm/d =
Pa=0.2mmid _/
[ Pa=0.3mmid 4
15 )
E e
2 o) o
B el
& 3
g .
174
| 4
0 F
0.4 0.5 0.6 0.7 0.8
458 o A0
(e)
20 Pa=0.1mm/d A/ﬂ
Pa=0.2mm/d = =i
. Pa=0.3mm/d ot
~ 15 i
E /'/
4/‘
i 10 /‘/
% 2
S it
Eay D
S -
>/‘
P
¥
0 r L L L
2.5 5 7.5 10 12:5 15 175

4. 258

£ AR (mils)

160

140

120

< 100}
=

80

hv? (m

40

201

Pa=0.1mm/d
Pa=0.2mm/d
[ Pa=0.3mmid

60}

20 40 60
Pe (mm)

140

hv? (m*/s®)
S

Pa=0.1mm/d
Pa=0.2mm/d
[ Paz0.3mmid

() 160

140

1201

100
80
60

hv? (m®/s?)

40
20

80

100

0.4 05 0.6
TIE A

Pa=0.1mm/d
Pa=0.2mm/d
[ Pa=0.3mm/d

0.7

0.8

2.5

5

7.5

10

12.5

i F42 (m®fs)

14, ANJR] B RY 00 T P8 A I B 1 5 0 i i 57 55 2

Figure 14. Response relationships between various monitoring indicators and debris flow hazard under different rainfall conditions.
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