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Fig. 1 Overview of the study area and on-site investigation and imagery of typical landslides
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Fig. 3 Landslide susceptibility factor classification
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Tab. 2 Fitting results of the mixed distribution model in Tongjiang County on September 5, 2021
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Fig. 13 Comparison of the results of the DEC clustering and overall regional rainfall susceptibility models
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Fig. 14 Area and count statistics for each model’s predlcted landslide susceptibility zones in Tongjiang County on 5th, Sept.

107°6 0"E 107°35'O”E

z N2
o S
et 4=t
N I
= o

N I
gl en
& 4
g iﬁ%iﬁi&ﬁ g g
A W X AR R A
= =f&g?ﬁ@§ W55 KK [ O
« S AKX ) OB EHEX |

[ 5 5 A X I 25 5 R Ak X
) I 15 5 S X ) W 5 5 4
107°6'0"E 107°35'0"E 107°6'0"E 107°35'0"E

(a) DECERZE3 DR A /0 A (B (b) FEIRIR G S0 A BT (A 28

(d) I
E 15 EREESIIFAEIIUEDEC BN X FEKSEE

Fig. 15 Verification of DEC cluster partition and overall threshold map using remote sensing images and field surveys

(o) Fisr1%5 5552]1%151



%5414

SRS, 2 2 PE S ) S S (4 R T 3 ) ek DT 5 25

ELAS IR A A AN T S 1 X HE DEC 3
3 IXC B (LA TR 55 o A 1] (S TR0 ) T 4 3R o B
DEC 5873 [X. 15 {F A 5 e A o {5 51 24 i 2 T )
TR R AR DX IS T e R 2 5
DEC SR J& 3 X 1 (A L 1o SRS - Mok i i A T
g XS X3, 0 9900 6 418 Hp 7 I A 0 B TR A
R AT (A TR T 1 5k 14 e DXL DX, ] i S S %
TR BRI 2 A XK K

5 & 8

A SO TR A IR AR (DEC) (241552 )

38 A 2B (MLANT ) B8 578 5 53 A1 1 ik [ (B 5

2, RGAETE T IS 6] 5 B S AR R A

Dy AT GE ST, F LG58 .

1)DEC H 2871 XA Y B 2 42 T} 1 #0014 E . 7

150 5 M DR 1 B Kk IX., DEC B Y 1) 3 3 7% FE

43 591 3K %11 0.036 92 F1 0.046 92 T {4/km’, i 2 51 )

59 A A o 5 AR T B A ) S Jo 1 ) R A AR Y A

FE 0 SRUIN  3p 2 A EER HR TE 28.3% (AHEL T

A YR TR FR BB ) 1 9.3% (RH A T B AR 4 W 1o (A

) o 31X 150 A 25 i s ] e TP AT 1 9 T A U 3

HIREST

2)IRAS 53 A1 B 285 I (BUASE 44 iR A0 i ok I 00,

T DEC /3 IX., {R& 43 A1 Sh A B E BRI 55 5 R MR

e o N DX T S TN %8 2 ) 42 T 4.5% 1 5.2%,

Iy I 2 AR R R T 34.1%. AU R A

R T A R AR L L 3205 A i o R 1

F1A) O A T2 11 R PP 247 A 48 i v, G X v XU DX Js

A =47 B4 o 1 B RS

g5 b AR SCHR I 43 IXCHIR A 43 A R R T

TR SECRUIN  ERA FER SE

R ILAF) P 2R, 2 R6 AT F 0 — S AL T P i

DE- 3 &

SE

[1] Whiteley J S,Chambers J E,Uhlemann S,et al.Geophysical
monitoring of moisture-induced landslides: A review[J].
Reviews of Geophysics,2019,57(1):106—145.

[2] Basu T,Pal S.A GIS-based factor clustering and landslide
susceptibility analysis using AHP for Gish River Basin,In-
dia[J]. Environment, Development and Sustainability,2020,
22(5):4787-4819

[3] Aditian A, Kubota T, Shinohara Y. Comparison of GIS-
based landslide susceptibility models using frequency ra-
tio,logistic regression,and artificial neural network in a ter-
tiary region of Ambon,Indonesia[J].Geomorphology,2018,
318:101-111.

[4] Chen Wenwu, Zhang Shuai. GIS-based comparative study
of Bayes network, Hoeffding tree and logistic model tree
for landslide susceptibility modeling[J]. CATENA, 2021,
203:105344.

[5] Huang Yu,Zhao Lu.Review on landslide susceptibility map-
ping using support vector machines[J]. CATENA,2018,165:
520-529.

[6] Merghadi A, Abderrahmane B, Tien Bui D.Landslide sus-
ceptibility assessment at Mila Basin(Algeria): A compara-
tive assessment of prediction capability of advanced ma-
chine learning methods[J].ISPRS International Journal of
Geo-Information,2018,7(7):268.

[7] Youssef A M, Pourghasemi H R. Landslide susceptibility
mapping using machine learning algorithms and compari-
son of their performance at Abha Basin,Asir Region,Saudi
Arabia[J].Geoscience Frontiers,2021,12(2):639—-655.

[8] Hong Haoyuan,Pradhan B,Sameen M I, et al. Spatial pre-
diction of rotational landslide using geographically weighted
regression, logistic regression,and support vector machine
models in Xing Guo area (China) [J]. Geomatics, Natural
Hazards and Risk,2017,8(2):1997-2022.

[9] Fang Zhice, Wang Yi, Duan Gonghao,et al. Landslide sus-
ceptibility mapping using rotation forest ensemble tech-
nique with different decision trees in the Three Gorges
Reservoir area,China[J].Remote Sensing,2021,13(2):238.

[10] Yang Yang, Yang Jintao, Xu Chengdong,et al. Local-scale
landslide susceptibility mapping using the B-GeoSVC
model[J].Landslides,2019,16(7):1301-1312.

[11] Deng Min, Yang Wentao, Liu Qiliang, et al. Heterogeneous
space-time artificial neural networks for space-time series
prediction[J]. Transactions in GIS,2018,22(1):183-201.

[12] Wang Qian, Wang Yi,Niu Ruiging,et al. Integration of infor-
mation theory, K-means cluster analysis and the logistic re-
gression model for landslide susceptibility mapping in the
Three Gorges area,China[J].Remote Sensing,2017,9(9):938.

[13] Godt J W,Baum R L,Savage W Z,et al.Transient determin-
istic shallow landslide modeling:Requirements for suscep-
tibility and hazard assessments in a GIS framework[J].En-
gineering Geology,2008,102(3/4):214-226.

[14] Nedumpallile Vasu N,Lee S R,Pradhan A M S,et al. A new
approach to temporal modelling for landslide hazard as-
sessment using an extreme rainfall induced-landslide in-
dex[J].Engineering Geology,2016,215:36-49.

[15] Guzzetti F,Galli M,Reichenbach P,et al. Landslide hazard as-
sessment in the collazzone area,Umbria,central Italy[J].Natu-
ral Hazards and Earth System Sciences,2006,6(1):115-131.

[16] Cascini L,Bonnard C,Corominas J,et al. Landslide hazard

and risk zon&ing for urban planning and development



26 TR SHAR 557 %

[C)//Hungr O,Fell R,Couture R, et al. Landslide risk man-
agement,2005:209-246.

[17] Yi Jingsong, Cheng Yingjian, Xu Yi, et al. Meteorological
warning threshold of regional landslide disaster based on
process rainfall[J]. Bulletin of Soil and Water Conserva-
tion,2024,44(2):1-8.[ By W Fs FE 94 1R 2,55 Tl 2
ek P P 2102 e B AR L DX i K 3 AR P R (L5 )
IR ARFRE :,2024,44(2):1-8.]

[18] Glade T,Crozier M,Smith P. Applying probability determi-
nation to refine landslide-triggering rainfall thresholds us-
ing an empirical “antecedent daily rainfall model”[J].Pure
and Applied Geophysics,2000,157(6):1059—-1079.

[19] Cai Haojie, Han Haihui, Zhang Yulian,et al. Convolutional
neural network landslide recognition based on terrain fea-
ture fusion[J].Journal of Earth Sciences and Environmen-
tal Studies,2022,44(3):568—579.[ 4% It /A% 3k %, 9{%Fﬁ1§3
S5 T HOBRHE RS 4 AR 22 0 26 3 Ul 0]
BREL2E SR 244R,2022,44(3):568-579.]

[20] Huang Faming,Cao Yu,Fan Xuanmei,et al.Influence of dif-
ferent landslide boundaries and their spatial shapes on the
uncertainty of landslide susceptibility prediction[J]. Chi-
nese Journal of Rock Mechanics and Engineering,2021,40
(Supp2):3227-3240.[ #5 & WA, 8 5L 76 B A, 45 . AN [) 9 31
31 5K 23 [T AR 9 3 oy 2 P T AN iy 2 A ) 5 )
HAAD] A A D155 TR 4, 2021,40(3 1) 2):3227-
3240.]

[21] Liu Haizhi, Xu Hui, Bao Hongjun, et al. Optimization ex-
periment of early identification of landslides susceptibility
areas in medium and small mountainous catchment based
on ensemble learning[J].Engineering Science and Technol-
0gy,2022,54(6): 12—-20. [ XA AR M A 4T 32, 45 L T4
JA7 AT B LU XA IN IR 3 2 e XS U AT A 1
[J]. TRERM A5 H A, 2022,54(6):12-20.]

[22] Li Muyang. Study on shallow landslides distribution and
rainfall threshold considering vegetation factors[D]. Bei-
jing:Beijing Forestry University,2021.[Z2H4 [ . 75 FEAH 1%
PRI 2R 1) 3 J2 0 B A K o I (LI5S [D]. AL st b i
Ml K 2%,2021.]

[23] Guo Zizheng, Yin Kunlong, Fu Sheng, et al. Evaluation of
landslide susceptibility based on GIS and WOE-BP model
[J].Earth Science,2019,44(12):4299-4312.[ 58 ¥ 1E, Bt
T 526, % 3T GIS 15 WOE-BP A58 (1) ¥ 3 b KA 1Y
Mr[I]. HiBkR2£,2019,44(12):4299-4312.]

[24] Huang Faming, Zhang Yinlang, Guo Zizheng, et al. Influ-
ence of different classification methods on regional landslide
susceptibility zoning[J/OL].China Industrial Economics,2023:
1-13.[2023—11-23]. https://kns. cnki. net/ KCMS/detail/detail.
aspx?filename=SCLH20231122002&dbname=CJFD&dbcode

=CJFQ.[ A& W], 5k 3R, 58 1 1E, 55 AN [A) 23 40 05 10 [X.
iujz{%iﬂz%%z M XA 2R [J/OL). TARR: 53R, 2023:

—13.]2023 — 11 —23]https://kns. cnki. net/KCMS/detail/detail.
aspx? filename=SCLH20231122002&dbname=CJFDé&dbcode
=CJFQ.]

[25] Mu Ke,Xie Wanli,Liu Qiqi,et al.Research on landslide sus-
ceptibility evaluation based on logistic regression and LR
coupling model[J]. Disaster Science,2022,37(3):212—-218.
(R, 6 g o, ) B 37, 55 . B T LR-RF AU (118 3 5
PEPPA —— LU TR DR B[], K 5 %7,2022,37(3):
212-218.]

[26] Chen Xinyu, Shi Yun, Wen Yongxiao, et al. Landslide sus-
ceptibility evaluation based on certainty factor and sup-
port vector machines[J]. Science Technology and Engi-
neering,2023,23(2):518—527. [HA.t 3%, I 25, IR Al 25
T E M RS SRR LIS S RPN D). R
HAR 5 TH,2023,23(2):518-527.]

[27] Li Kang,Ni Tongguang, Xue Jing,et al. Deep soft cluster-
ing: Simultaneous deep embedding and soft-partition clus-
tering[J]. Journal of Ambient Intelligence and Humanized
Computing,2023,14(5):5581-5593.

[28] Xie J, Girshick R, Farhadi A. Unsupervised deep embed-
ding for clustering analysis[C]//Proceedings of the Interna-
tional Conference on Machine Learning. PMLR,2016.

[29] Li Junxia,Qian Yuhua,Ma Guoshuai,et al. Depth clustering
algorithm for adaptive edge samples recognition[J]. Jour-
nal of Southwest University(Natural Science Edition),
2023,45(3):34—46. [ R B THE, T Wb, A5 . A 385 13D
G E’JZ”T“%‘%?@%&E[J PO R R 224 (A AR
2£110),2023,45(3):34-46.]

[30] Zhang Zijing,Zhang Jianxun,Quan Wenjun,et al.Deep au-
toencoder clustering algorithm for multiple time sequences
[J]. Computer Applications Research, 2023, 40(8): 2387 —
2392, [5KAEG, sl A, 42 SOH L SF L 20T T TR EE H S
Tt 2% SR8 2 B0k (0], TS HLIY H 0T 5, 2023,40(8): 2387
2392.]

[31] Vessia G, Pisano L, Vennari C,et al. Mimic expert judge-
ment through automated procedure for selecting rainfall
events responsible for shallow landslide: A statistical ap-
proach to validation[J]. Computers & Geosciences, 2016,
86:146-153.

[32] Lyu Qi.Statistical inference studies for Gompertz distribu-
tion under complex censored schemes[D]. Beijing: Beijing
Jiaotong University,2020.[ £ 2 . & <M 25 77 % T Gomp-
ertz 73 GEHHEWTITFE[D]. AL At b 5U5Z i K5, 2020.]

[33]Li Changjiang, Ma Tuhua, Sun Leling, et al. A new ap-
proach to calibrate antecedent precipitation for rainfall-

triggering landslide forecast[J]. Journal of Mountain Sci-



5541 SRS, 2 2 PE S ) S S (4 R T 3 ) ek DT 5 27

ence,2011,29(1):81-86.[ K VT ik L 48, IR 32,56 [ TN tion of landslide susceptibility by CNN considering In-
UV YT P T A RS RN A — A O R[] 1 SAR deformation: A case study of Liujiaxia Reservoir[J].
H#4%,2011,29(1):81-86.] Journal of Rock Mechanics and Engineering,2023,42(2):
[34] Chinkulkijniwat A,Salee R,Horpibulsuk S,et al. Landslide 450—465.[ 15 3 1 AT B, 5K ST A5 B K InSAR AR 1)
rainfall threshold for landslide warning in Northern Thai- CNN 13 5 B S STl —— DA MK 22 X 35y 4]
land[J]. Geomatics, Natural Hazards and Risk,2022,13(1): D). 54 1245 TREAE4R,2023,42(2):450-465.]
2425-2441. [38] Huang Faming,Zeng Shiyi, Yao Chi,et al. Uncertainties of
[35] Tanno R.Adaptive neural trees[C]//Proceedings of the In- landslide susceptibility prediction modeling: Influence of
ternational Conference on Machine Learning. PMLR, 2019. different selection methods of “non-landslide samples”[J].
[36] Chen Yu. Application of artificial neural networks in the Advanced Engineering Sciences,2024,56(1): 169—182.[ #&
design of biomedical materials[J]. E3S Web of Confer- KRR, B, 45 RS R T T A A P AN
ences,2021,233:02003. AR REA R A 7], TRER A S HOR,
[37] Gao Binghai,He Yi,Zhang Lifeng, et al. Dynamic evalua- 2024,56(1):169—-182.]

Rainfall-induced Landslide Susceptibility Prediction Considering Spatial Heterogeneity
ZHANG Xingfu'?, JIANG Yuanjun®*, ABI Erdi"’
(1.School of River and Ocean, Chongqing Jiaotong University, Chongqing 400074, China;
2 Key Laboratory of Geological Disaster Reduction for Highway and Waterway Transportation in Mountainous Areas,
Chongqing Municipal Education Commission, Chongging Jiaotong University, Chongqing 400074, China
3.Institute of Mountain Hazards and Environment, CAS, Chengdu 610041, China;)
Abstract:
Objective Landslides represent a severe and frequent natural hazard, posing significant threats to human life and property. Current models for
predicting landslide susceptibility exhibit two primary limitations: the inability to fully capture the spatial heterogeneity of environmental factors
such as terrain, soil, and vegetation, and the failure to accurately distinguish between landslides induced by extreme and non-extreme rainfall
events. These shortcomings hinder accurate forecasting and reduce the models’ adaptability to diverse environmental conditions and rapidly
changing climatic patterns. Therefore, this study introduces an innovative approach that combines Deep Embedded Clustering (DEC) with a Dy-
namic Rainfall Threshold (DRT) model based on a mixed distribution. In addition, a Multi-Task Learning Adaptive Neural Tree (MLANT) model
has been developed to enhance model flexibility and prediction accuracy, particularly in varying environmental conditions and during extreme
weather events.
Methods This research applied three key methodologies to address the limitations of existing landslide susceptibility models. Deep Embedded
Clustering (DEC): DEC was utilized to resolve spatial heterogeneity issues. Using deep learning techniques, environmental variables such as ter-
rain, soil, and vegetation were embedded into a low-dimensional space to capture their complex, nonlinear relationships. The model clustered
these representations to identify sub-regions with similar geological and environmental features. This clustering-based zoning enhanced the model
’s capability to analyze landslide susceptibility by managing spatial heterogeneity more effectively than traditional methods. Dynamic Rainfall
Threshold (DRT) model: The DRT model was introduced to improve forecasting accuracy by distinguishing between the effects of extreme and
non-extreme rainfall on landslide initiation. It integrated Gamma and Generalized Pareto Distributions (GPD) to represent rainfall events of vary-
ing intensities. Bayesian methods were employed to dynamically update model parameters, enabling real-time adaptation to changing rainfall con-
ditions. This allowed for greater prediction precision and timeliness under both extreme and non-extreme rainfall events. Multi-Task Learning
Adaptive Neural Tree (MLANT): The MLANT model was developed to address the inflexibility and limited adaptability of traditional prediction
models. Unlike conventional models, which struggled to adjust to diverse prediction tasks and shifting environmental conditions, MLANT dy-
namically modifies its processing strategies to match specific tasks and environmental variations. This multi-task learning approach enhances the
model’s accuracy and flexibility in predicting landslides, particularly in nonlinear environments with complex terrain and rapidly changing
weather conditions. The models were validated using real-world data from Tongjiang County, a region prone to landslides. Inputs such as terrain
features, soil characteristics, vegetation indices, and rainfall patterns were utilized to train and evaluate the models. The DEC, DRT, and MLANT
models were compared to traditional susceptibility models to assess improvements in prediction accuracy and adaptability.
Results and Discussions The results demonstrated significant improvements in prediction accuracy when using the proposed models. DEC-
Based Clustering: The DEC model predicted higher landslide densities in high- and very-high-susceptibility zones by capturing spatial heteroge-
neity. Specifically, it predicted landslide densities of 0.036 92 and 0.046 92 events per square kilometer in high and very high-risk zones, respec-
tively, identifying a total of 59 landslide events. This marked an improvement over traditional models that did not consider spatial heterogeneity,

such as the overall effective rainfall coefficient model, which predicted fewer events and lower densities. These findings highlighted the impor-
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tance of integrating spatial heterogeneity in susceptibility modeling. Dynamic Rainfall Threshold Model (DRT): The DRT model further en-
hanced accuracy by effectively distinguishing the effects of different rainfall intensities. Its mixed-distribution approach, incorporating both
Gamma and GPD distributions, improved the accuracy of landslide predictions under dynamic climatic conditions. In the practical application to
Tongjiang County, the DRT model also predicted 59 landslide events in high and very high susceptibility zones, with densities of 0.036 92 and
0.046 92 events per square kilometer, respectively. This outperformed the DEC-based effective rainfall coefficient model, which exhibited lower
accuracy and fewer correctly identified events. MLANT Performance: The MLANT model significantly improved flexibility and prediction per-
formance across varied tasks. MLANT efficiently addressed various environmental conditions by dynamically adjusting its internal strategies, par-
ticularly in response to landslides triggered by extreme rainfall. Evaluation metrics, such as precision, F1 score, and ROC-AUC, demonstrated
that MLANT outperformed traditional models that rely on static thresholds. In Tongjiang County, MLANT increased predicted landslide density
from 0.038 events/km? and 44 events (using traditional methods) to 0.044 events/km? and 59 events, demonstrating superior performance in both
frequent and rare landslide scenarios.

Conclusions The models developed in this research effectively overcome the limitations of traditional landslide susceptibility prediction ap-
proaches by integrating Deep Embedded Clustering (DEC), a Dynamic Rainfall Threshold (DRT) model based on mixed distributions, and a
Multi-Task Learning Adaptive Neural Tree (MLANT). Spatial heterogeneity is addressed through DEC clustering, which dynamically partitions
regions based on environmental characteristics, improving prediction accuracy. Rainfall differentiation is achieved through the DRT model, which
significantly improves the model’s capability to predict landslides triggered by both extreme and non-extreme rainfall events by adapting to vary-
ing climatic conditions. The MLANT model provides flexibility and adaptability, delivering improved accuracy across multiple prediction tasks
and in rapidly changing environmental conditions, outperforming traditional single-task models. These findings demonstrate the critical impor-
tance and effectiveness of integrating DEC, DRT, and MLANT models in enhancing landslide susceptibility prediction, particularly in areas char-
acterized by complex environmental conditions and frequent extreme weather events. This research contributes both theoretical and practical ad-

vancements, providing valuable tools for enhancing landslide risk management and mitigation strategies.
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