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Abstract: The rainfall thresholds of two clustered landslide events that occurred in Wuping
County, Fujian Province, in 2022 and 2024 differed by nearly 100 mm. To clarify how differences
in rainfall characteristics affect clustered landslide responses, this study developed a
rainfall process characterization framework and a spatial topological classification method
for landslides. Based on these approaches, the two events were quantitatively compared in
terms of their geological and topographic settings, spatiotemporal rainfall structures, and
landslide types, and the relationship between infiltration control mechanisms and triggering
timing was further discussed. The results show that, although the two events exhibited
significant differences in regional background conditions and rainfall characteristics, the
key geological and topographic conditions at the landslide locations were highly consistent

At the same time, landslide types and temporal characteristics also differed in response to
rainfall characteristics: the 2022 event was dominated by short—duration, high—peak rainfall
and mostly small landslides, whereas the 2024 event was characterized by long—duration intense

rainfall, with a marked increase in planar and convergent landslides. These findings suggest
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that rainfall pattern information should be explicitly incorporated into clustered landslide
early warning, with particular attention to the combined controls of peak rainfall structure,
duration—dependent infiltration recharge, and topographic flow convergence. The results
provide an important basis for improving early warning and understanding the mechanisms of
clustered landslides under complex rainfall conditions

Keywords: rainfall-induced clustered landslides; rainfall characteristics; landslide

characteristics; topological data analysis
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Fig. 1. (a) Location of Wuping County; (b) topographic features and rain gauge distribution in Wuping
County; (c) distribution of stratigraphic lithology in Wuping County; (d) spatial distributions of rainfall
and landslides during the 2022 event; (e) spatial distributions of rainfall and landslides during the 2024
event; (f) cumulative rainfall distribution during the 3 days preceding the 2022 clustered landslide event;

(g) cumulative rainfall distribution during the 3 days preceding the 2024 clustered landslide event.
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Fig. 2. Comparison of topographic characteristics between the 2022 and 2024 landslide-affected areas: (a)
elevation; (b) slope; (c) terrain factor; (d) vector ruggedness measure (VRM); (e) topographic wetness
index (TWI):; (f) road network density; (g) stratigraphic and lithological distribution.
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B HEAT 2 ORI X . R SRR, PR RV SRR DL I A B R R AT T A
rhT. REMRAELSIREN, BIREHES LR E PN Oy F EILFERAE, EEAR RS R AL
e AR 22 R it — 8 s P R R S R TR () SR B 51 A 388 43 (topological
data analysis, TDA) XIS fuctt 30 i 2 (B FNFRFAEEAT AL IA (Bhuyan et al., 2024) . NHE—Hiidbx

B Z A FEEAR R T R INEA R, ASCRA IS JEE K¢ (Edelsbrunner and Harer, 2010){E
HIEK PG — iR R E S e R E NIRRT 5. o, KRR RIESR R RARTE, ofon
RH I RTE, B R RA R AR IE, XN G, L. ZAEAEESER; ¢:K > RERE
SAESS BT 1 13 8 BR A

K(t)={oeK|p(c)<t}, teR 1K (5, <t,) (11)

NSRRI, S QBUNIZAR B I ERBUE, TSR TKCPRIE BT S AN
My, Al AR S, AMAREIEET s Vietoris—Rips JEBFHI. BEA REHIE R, $Rdh
FAEQLEE 7> & 53, KAEAFRRE _EHBIUFH K AR SO S R 4E R H (K (0) 10 31Z3 8%, HH (K (1))
T RALIED R IAE B RYE BRI ANEH, k= OXP NI 7 B, ko= IR NG, JFE foiE 4R T

k = OFEE@ AN Sk = 1MIFRGE M. T Sk eI MR 10 AR R () 5B T R B d O L i, ENAS
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P k4EFE A K (Zomorodian and Carlsson, 2004):

D, = {(b,-(k),d,-(k) )}'" (12)
Hormy 95 e 4EFE B T I RHEAN B
B, 8 BRI MR RE A RN -
LE.k) —g® _p® (13)

1 1

LB EEAGAME A RS 23 P R E e 5 S e RO, S DR X MR . R 5

W 7 Bl R LA T e A o SRR A B RN AT T et oA 5 0 2R A BRYERFAE ) &, AN SR DUAN 22 4l
JCRRFR: R AE (Total persistence, TP) . “FIFAJE (Mean persistence, MP) . fx K A4FIE
(Most persistent feature, MPF) DA HFAMi (Persistent entropy, PE) , Z3HlE X N:

TP = Z LY (14)
i=1
MP" = mimZkLE“ (15)
M=
MPF® = max o (16)
PE" = —i pP1og p®, p) = L (17)

i=1 Z L(jk)
J

EIRFEAR AANTF A EE 2 TR A RIS AR . IR R R A REIR G, N
AR PR AL -

NHBA R ER AT ORISR ZER, JHRESRAAGRER ST REINE, ASCRAMIEE#d,
BrE KR A KR Z S 72 Hd i E R BOA T RIE B A IE T, AR 2 2 Az 2 EASEX Cohen-
Steiner et al. (2005): #H PR EP TYIEEIN IR ZERBLN ¢ — P o< &, WIHXF R FRA K 2 [H]
PRI 5 th A [F) — b 4

dy (D, (¢).D; (w))<[p-v], .
GAZERTEAEZIH T N AP G /NG INRAL T, ONTEMEE . RS PSR R
E VRIS S,

FERARSEIL A, A SCER AN I 2 1A IR Hal FoQ LA K s=15m BT RAFIA SR A, JEAE DEM | 32HK
XN, PR =YL

k=0,1 (18)

n

X ={(x.y.2)},, (19)

BN 8 PR 5 022 S R A, A SORE A% 5 AR HEAT A P AR, 72K B M
Vietoris - Rips SIER.(R). BEA RESHMMK, R ()W RIBE MIEMIT ), AT L5k =
0145 A D, 5D, (F8) . Hirf, DoHiikilst iz s ENE M2 RS, Dy TR S5 Hana th B 54
BUASH AR, RO FASE = SEMOTE L 1O P 590 B
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K 8 iH1f-Vietoris - Rips T/EFiE
Fig. 8. Workflow of the boundary-based Vietoris - Rips analysis.

NEAL IR PRI T T SRR 5, AR P € L Betti HiZR
B ()= #{i‘bf") <t< d}")} (20)
FoRRIEE N BRI AMHE RN, FEEET Do 5 Dy s RN AN B bR . 158, SXTIEE S 2k =
7]

05 X: EIBSEFHFHMAL®, Betti BZHE BCO LKk = 0ff) Wasserstein FRIRWA©@, 451K
ALY =7 1)
BC = [ g, (1)at (22)
NE
WA :Wz(DO,Q):(Z(LEO)M) j (23)
Z KR bR ) B2 A S R (ALO) | ZREFE

Hrh, Wo(,) N Wasserstein JiE, oRRTH. %
WEIE (BCO) DL AR NREE HREE (WwA©)

HU Bk = 15850 ES A HDOMD 4 EREtY 5k = 1f() Vasserstein JRIEWAD,

o

peak
VagiIVE
o
poM") = o Ve (24)
(= (272))
tl(,lezlk =arg max B (1) (25)

1/2
WA =w,(D,,2) = (Z(LE.I) /2)2j (26)

L), = max; L. FARSERR O BIZII IR SR — R AT ES (DOM®) | &k

BRI EREE (60,0 LRI MR (WAD) . B, JEF Edko MR AR A 7

KoM, DLSEELIE BRI B A 5 -
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3.2 BEHRIMSEER SR

BT LR THET P REER I SR A R INRIE S 2, IR KDE i Weibull MZCRAE
HAMIFE S S, 26K 9. TR SEEHATON, ALYSHEIRERA, KM RS BN HE
Srh, BN, U BT T ORI, WA AR R AL R AR, R T A
LRI, DOM"Y UL IEAS AR, HIEEHK, HREARE, KRB B — s A R e
i, BAFAED RS I R . BCY BT AT TRUNMOME, BA WS AR, ERZEIEIIZ BN T
JeiE, VLHIEREORHIE I, CIRVIVAR . TR O AR AR R A S SR, 1A R R T
B — B, S8l M rh TaUMY, BB AR . FIRHAILE WAC S8, B B R A R4,

peak
(BB B AR R BLR F T BRK AR B AR 58 FE AR AL BN o BEAMORTE, 156 B 1 2 2 B SO i /)
TSN, DA S35 AR AP SISO FE AR, AXAEAN 9l 4 111 55 Jm) L T2 440 SREAL H 3 0 1 P 5 B

BRI -

Histogram Histogram Histogram
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Fig. 9. Spatial topological characteristics of clustered landslides in 2022 and 2024: (a) AL”: (b) BCY;
(c) WA”; (d) DOM"; (o) ¢{oh, i () WA

A k-means BN FTA M AN NSEGRATRSS, ST TP 4 25 RRFAE 145 250 HL & W Hh 7y
Ko FETIHEEME I R EE v 3, tHE 10b o 50, FKRX RS, HEZSZ PCL £F. PCL HIPC2
DR BANINS SRR SRS — B TR, SEEMEIER AN N RIS Rk
FYCRIITT 2771 . Herh, PCL B E# 142 WAL BC”. DOM™, 4351 i EL 2y 49. 9%, 17. 8% 5% 13. 8%. Ziér
K&, PCl EERMEE WIS ZIC R AR =42 IRFEE, HSm— 2 il AR e 2. PC2 EHH

B, 400 d A 45, T%. 22% K% 14. 3%, FH PC2 RAFME B &I R BERME S 4 i 2=
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Fig. 10. Spatial topological feature curves of the three landslide classes after classification: (a)
overall spatial distribution of classified landslides; (b) 2D PCA score scatter plot for K-means
clustering; (c) enlarged views of local planform geometric features for different landslide classes; (d)

AL (o) B¢ (0 WY (g pon”; ) ¢, () mY

K43 S A5 S W A IR M AE AT T B 00T . Cluster 2 (9 ALY R B K T HARFIE, *
HZ T BT AE I T O3S BE RO, MBIV, ey BB E A o G, i HLAt i S 3 B 22 R B T i
e WAV TERGIRID I A H EATARET, A TARBINSAE S . RBIERBIAR b, Cluster 1 HEREIE TR
7, T Cluster 2 AIREEIUNI T REAALRIZL, BiE 2 AR, IEEICRMIL 2 B KR A 2R L. [F

BERAEIB BT WA 5¢0 BT, Cluster 15 Cluster 2 #¥{E—%, Cluster 1 HUI%MI AL
TN, RGP T ERK L, R EZIGI30, 0 Cluster 2 BRI LT H 40 T BHIR, Cluster 3
AR RN, JUTRIEAR R AL ERES, WA RBUSSINAT, Tt I H R AR TR N T b T ME KI5

JEH, [H Cluster 3 fREEUN, HBFOEH, BCOMEMBX AT HARFI. b THF 70X B N BB R A7
13



EUERHE, R DAL A A TR R, ARBLTE DO S HP I Cluster 1 A1 Cluster 2 34y
i FR/NEE R . MR R RE, Cluster 1 Fl Cluster 3 Ey&EAMiT, 1fi Cluster 2 #H/b. HA Cluster
1 Bk BRIV, 2IR)E LU SR M R . Cluster 2 W Z K E TILREHIE, MK
T HA R HIE A E @ F HE K. Cluster 3 % FHEMAER /N, FEGHIMIHEARE, REERZ W
.

T SR BN R S S P O REAE , AR SR BOE I R 2R U O AR AR AL, SR
M SHIF 6 T A E S AT (KDE) fiZk (B 11) o 458K : Cluster 1 M AT 7E X 83 5
WK, AR AR ZE WA NS R (R 2 K E TRV, e K S0K, DA w8 B 48
(WD S5REHIEHBEE (VRO B8N, M2, Cluster 2 JRIGHIBARIL BERcSE, HhE AR E

(TRD) /N XA e T AR AL B AL TS S VK It s 17T AU ) e i i S I i, MR i
fREE5E, FEOL VRMAAESE K. AR, B EoR Cluster 2 MR K EBUKEE IR NEE. Ik
4b, Cluster 3 KJE THANEY, HARAARHENLE 2 H /B i (BESFEERNE, HESHHES
Cluster 2 ffEAHRL. XK EAALE I FREMA T & B -5 RHIE AR RIKSCR S, FErTaeflk 10
RGBS R P FIAR B, ATt — PR S TIE R ANE 42 5 R A BA — R WIR A PE 5 T B R
fiE. TREFRL, FIHBMFIE > 2 T 23 0] S REE, AR SO S AT A I RRE, R REAFAE — €
W o

5 A o=
. F I \ Cluster 3
| i /\\.
A
! L il A

11 7328 T SBARNE AL B 1Y) 32 B AR R 1 0 A1

Fig. 11. Distributions of key topographic factors at representative locations of the classified landslides.
», y
4 ik

4.1 EMFESBEAERS 7

BT 58 AR o K5 AT AN ROIHT S, 2022 ERIEHERALE 2024 FIIEHERAE 5 B ET
Z5 (B 12) . 2022 4F Cluster 3 UM IE 0 A7 ELIAE] T 69. 1%, 17 2024 4F BRI 5 oA 37, 5%, [H
B EL 2022 4, Cluster 2 4 Cluster 1 VEHE(EMILEAGFTIES, VLHH 2024 FEMRFEEEM B R THEZ
AN . B EREERAE S AR, (AR IR EENRHEEER, KA MES BT, ok, 2
BT b T2 5000 P B 28 DA R 0 3 B LA — AT BT AR I A% 0, BRSO REAFAE — B R 2, (%R E
AT rrgsaiE, iR AR EE.

14



e
3

e
=

=]
=

Proportion of landslides

o
[

37.0% 35.8%
18.7%

=3
=

2022 Shifang 2024 Wuping All events

Bl 12 2022 4.5 2024 B H A RSB 5 L
Fig. 12. Proportions of different landslide types in the 2022 and 2024 events.

AR SCEE R ) — MZ DRI R BN RAAE SRR R, T A M TR AE £ B R A2
R REREAS 8255« X—BRBMT &, LN 7 “H3oa” 5“3 priR A YR A .
MR AT R T ARSI T, R A I 5 R s T
FEAN R B FRARFAEAE T T, SR K SO BNAFAE 25 22 e, EMT 0 1 R AR T SN S AL R AR, ARV
PR 70 5

SEA SR E AT AT L (B 7L B 12) 5 2022 5 2024 PR R S AR L R R S R A
JE . RAEGIHE R RIS AR BRI E H k. (K 12) , (EAUERF ST B8 3R DU RE P CRE A
AR B ERZE R, IR Y 22 7 T e e sl 2B 7 e OGS R 3R . BT &, I Al o i
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Fig. 13. Slaking tests of ring—knife specimens from the humus layer, residual soil layer, and completely

weathered granite layer: (a) stratigraphic exposures on the landslide scarp; (b) slaking test results.
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