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35131 Padua, Italy

Abstract: In high-altitude mountainous regions, landslide stability is jointly influenced by rainfall and
snow fall-melting processes. Systematically quantifying the effects of precipitation and snow
dynamics on landslide stability is essential for hazard assessment and risk mitigation. This study
proposes an automated snow recognition and quantification method based on photogrammetric
monitoring. A snow voxel index is extracted from RGB images using image processing algorithms and
integrated with multi-source time-series data, including rainfall, temperature, humidity, and historical
surface displacement. A deep learning neural network-based model is then developed to predict
landslide displacement, and its performance is validated using the Sant’ Andrea landslide in Italy as a
case study. By incorporating snow-related factors, the model effectively predicts surface displacement
variations. The results demonstrate that landslide displacement exhibits a significant response to
snowmelt processes, indicating that snowfall and subsequent melting play an important role in
accelerating landslide displacement rate. Compared with conventional models using rainfall-only
inputs, the inclusion of image-derived snow voxel indicators significantly improves prediction
accuracy. This study demonstrates that integrating image-based snow monitoring with deep learning

provides an effective technical framework for landslide monitoring and prediction in cold regions.

Keywords: landslide monitoring; snow recognition; deep learning; displacement prediction; cold-

region landslides
515

WK ELEEERIEE N A 12, AR o FE A A AU % (Kirschbaum et al.,
2009) o FERRIMFA /R B0 1L X A5 mpifg i X, AR st PR RS . RIS
MR REARA, S AR E PERR TR BRI AR e PR T T BRER (Guzzetti, 2000) o R
RN A R O E I E B, (EAE =R E SR IX, [ RS O RO I M T K
AT MM EZER R (Hasetal., 2012; Bajnietal, 2021) . Kitt, FEEANFEKCKRER
TEW WIE AT R TP B R2 A, 2 2 T S FE I OC B ] @l 2 —  (Jakob et al., 2006) .

CAM AR, KAEEFEFRIE A S RS o 12 2 [0 47 7E 5.3 LK (Durand et al., 2009;
Saezetal., 2013; Xianetal., 2022; JeFMELFH], 2026) . HFhT @50 FLIK E ) A
RBENE, BEEHEBEFSRE (Matsuuraetal., 2003; Osawaetal., 2017; Okamoto etal.,
2018) . fEULEEAN I, Osawaetal. (2024) $2H T —Fh &AL 30K TR, SZHL 7 X BE
SRS NS00 N E B A

SR, ERGE DT sy, ZIR T FB, S5 RE d R R € R A s B Pk
. CA M2l B 5 W45 & AT o, Bl RS RR-EE AR R (Snow
Accumulation and Melting Model, SAMM) 5| NI & A & (Martelloni etal., 2012) , Bt
TARSFE WM ATk S R Z I8 P 152 (Panzeri etal., 2022) , PLKTE S K AHEHAN 5]
N K7 LA TH TS 2 (Chiarelli etal., 2023) o R FRHFFRI 7S K ES SRS



YO s FRF R B, JHE I T B e m o Mo 7 IR, B H AT B — AR
HEAL ELRTHE S BRI i5, T DA 2R Gt e AR 5 5o T 3B AR T e A B T ) 52

Bt IR ), ARSI T AR AR S S G AR DI SRR, B — A T R AL B )
ME RS BTV, FER T B RF %A (Sant’ Andrea) WRZTFYE . ZEIHACE 1 Hf
Briis 5290, vRIGES: RGB B R, AR S s mllfeft 17 R %4 oA EEN,
s M S HOR BEE SIS AR B (RS AL WS I, A2 —4EAr 7% S s Jx =4k s gt v B R 3 B
BR (Gabrielietal., 2016; Brezzietal., 2021b; Pan, 2018) . & 2 AHZES A3k
BIERIR R, ZITEAE AR SR BT R T Sl & F- B (Stumpfetal., 2015) , JFABIT
FeTHE BRI AJIA] (Laribi etal., 2015) .

TEHAR A 5 @71, AHREIEAMN R E RSB s T B MR e, ENARTE T 45
P TR E RAE RS 1R B IR IE S B RIS, 2025) « A5 AR ZEFEEL (Voxel Index, VI)
LA S AL, MM SR KIS SVI (Snow Voxel Index) 1E N4t N &, 454
R TR R SR S 2 RS R B, B ST I AR TR Y (SEAREE, 2023; LK,
2025) o ARG, RES ] (Deep Learning, DL) CVE M % F= 0 5 2 H H FE B0 HY R 471
M AT F (LeCunetal., 2015; Mondinietal., 2023; Liuetal., 2024) , 51 N3R5
Oy RN R (Feizizadehetal., 2021; Sameenetal., 2020; BiHE%E, 2025) . KA
1242 M %% (Long Short-Term Memory, LSTM) {EAIRE S —3, C&) 2 HiN T =ik
FE X W3R AL RS TN, RS T RIFRCR (Xuand Niu, 2018; Yangetal.,, 2019) . LSTM fi
A RACA 42 22 U IR 7] 7 20 25 v (R IO o0 &, Tl i 2 2 S5 A SR TH IS JE (Graves, 2012;
Van Houdt et al., 2020) .

NI, ASCHR W AT R A E RS R 5 EATR, RN TR KA £ 2R
(Sant’Andrea) IR ZTHH . GG T IR AR WM S5 HINEA R, A SCEZA M RGB
FGEEEIRBR TS, AMAEEHRIZ M SEILd R HERT” 17 “ EREWIMRAL " HH AL
fESLSERE b, SIANTENIARIEE (Voxel Index, VD MEMEFMARIEE (SVD , HFZIHE
ME R G R T R EAR A L C AT R S — AR 7 B il = fa e a5 26,
27 1R RENS T L S BRI T AR 55 R Sl A A ARFAIE, T G sik il 5 2 i (X0 P B R AL g

FEFITE L, A4 SVI 5 R KBRS Z IR TG, Mt
TRIEMACIZMZE (LSTMD HIFHA A2 AL . R LSTM ) 2 N T 3 A 4% T
WEFE, (EPA R 2 B T R R RS B — SR A TS, BB BT - I R ) 25X
FAL . ASCEEGIAET EERIAESA, Ll 7 “BEE SR S IR R AE- A% T
A" RS HESL, Wi Ph e 1R 5 5 S B AE 5 DI S Tt mh (3 I 3 5%

BT RSB, AL BRSOV N R, RGUVHAL B R SRR S DR BT AL
M TRAS FEFRISZMR AT 4 BRTE D3 35 T S B — Rl HET ABOR R A

1 BRI R


https://webvpn.beihua.edu.cn/https/77726476706e69737468656265737421fbf952d2243e635930068cb8/kcms2/author/detail?v=Vs3rztogjcXVELYZsApioeOF1WUp489nWklqQ7YfdPRlMlh-VXXo5YsAP3rnTqExf1zD4mSxMfV9MYMs2gO6dWZ4bJc47dl6QyoILoJjp0r57B5q1uDElRNQS_8uwgIY&uniplatform=NZKPT&language=CHS
https://webvpn.beihua.edu.cn/https/77726476706e69737468656265737421fbf952d2243e635930068cb8/kcms2/author/detail?v=Vs3rztogjcXpZf_mrHAXttfKQyj1ztFybJVfFIeJDNzfEh2HphZlILn-OMnzvGcd0_QdRM4U19sXAN6VcB62mc0nAeUXKXswO-dJPcNjlX9-53oenBZLfg==&uniplatform=NZKPT&language=CHS

BT AR G T SR I S HL a7 2] SR BOR T B M 1 — & i s
SR 25 A o A A T o AT S5 IR 73, F T e S P M I K 5 Rt e A% £
PEHRE S TALEE; AT AT ER 7, PR BB AR B R SR 22 SIS &, TR e B
A 2R

W 1 FoR, BRI R 2 IR R U AR, REOIEMEN R, TR, 2R
P A S R s Bt o R, I R BRI T R R A S 0 A, MRS AR b
(SVD) #ffs, SKBUS B S B E RRAL. R8s, BE&EE &L A B EE R IL R
(K 2 P BRI AR, fay A\ IR A S A2 A 2 R 4 (LSTMD B REAT I 255 T,
LR 5 0 TN 7 58 IS LR S 2 3 4 Y s T

K1 BB K

Fig. 1 Research Framework
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Fig. 2 a. Pixel unit structure diagram; b. Voxel unit structure diagram
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Fig. 3 The structure of Long Short-Term Memory Neural Network
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Fig. 4 a. National boundary outline of Italy; b. Geographic location of the Sant’Andrea landslide; c. UAV aerial
view of the Sant’ Andrea landslide.
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Fig. 5 Geological map of the Sant’ Andrea landslide
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Fig. 6 A-A’ geological profile of the Sant’ Andrea landslide
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Fig. 7 a. Schematic diagram of camera location; b. Monitoring device (solar power supply unit, camera, data

transmission box, and reference pile)
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Fig. 8 Position vectors of topographic targets and colored distribution of the displacement accumulated during the
periods a. April - May 2021 and b. August - September 2021.
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Fig. 9 Typical examples of image data
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Fig. 10 a. Image data with snow cover; b. selected area for snow thickness (S7) identification; c. binarized selected

area for snow thickness (Sr) identification; d. selected area for snow coverage (Sc) identification.
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Fig. 11 Time series of displacement rate and meteorological factors in the study area, 2020-2023
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Fig. 12 Prediction result of two configurations (RD, RSD)
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Fig. 13 Forecasting results of 1st period with displacement rate
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Fig. 14 Forecasting results of 2nd period with displacement rate
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Table 1  Error statistics of RD and RSD configurations in the 1st period

o NEBHE MAE MSE RMSE
RD 5.08 132.52 11.51
RSD 4.67 89.42 9.46

*£ 2 BB RD. RSD BRI iR =51

Table 2 Error statistics of RD and RSD configurations in the 2nd period

N MAE MSE RMSE
RD 0.68 0.94 0.97
RSD 0.68 0.95 0.97
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