DEBRIS FLOWS:

Disasters, Risk,
Forecast, Protection

Proceedings
of the 7" International Conference

Chengdu, China, 23-27 September 2024

Edited by
S.S. Chernomorets, K. Hu, K.S. Viskhadzhieva

Geomarketing LLC
Moscow
2024



CEAEBBIE IIOTOKH:

KaTacTpodnl, pHCK,
IIPOrHO3, 3allHTA

Tpynsl
7-i1 MexyHapo1HOM KOH(EpEHIIUU

Usnpy, Kutait, 23-27 centsaops 2024 1.

OTBeTCTBEHHBIE PEJAKTOPHI
C.C. Yepnomopern, K. Xy, K.C. Bucxamxuena

00O «I'eoMapKeTHHT»

Mocksa
2024



eaiR
WRE. XIE. . Phia

N e A
R ALK

o e [El = 1

WP E A, 202449 A 23 H E27H

o
S.S. Chernomorets, K. Hu, K. Viskhadzhieva

Geomarketing LLC
RS
2024



YJIK 551.311.8
BBK 26.823
C29

Debris Flows: Disasters, Risk, Forecast, Protection. Proceedings of the 7th International
Conference (Chengdu, China). — Ed. by S.S. Chernomorets, K. Hu, K.S. Viskhadzhieva. — Moscow:
Geomarketing LLC. 622 p.

CeneBble MOTOKH: KaTacTpo(bl, PUCK, MPOrHO3, 3amurta. Tpynsr 7-i MexayHapomHOH

koudepennnu (Usnmy, Kurait). — Ots. pen. C.C. YUepromoper, K. Xy, K.C. Bucxamkuesa. — Mocksa:
00O «I'eomapkerunry», 2024. 622 c.

AR : RE. K. Bl p5vG.  S%EE FLEERSU HERES. Wil
S.S. Chernomorets, K. Hu, K.S. Viskhadzhieva. — % 47 F}: Geomarketing LLC. 622 p.

ISBN 978-5-6050369-6-8

OtBerctBenHble penaktopsl: C.C. UepHomopen (MI'Y numenu M.B. JlomonocoBa), K. Xy (UucTHTYyT
TOPHBIX OIACHOCTEH M OKpykaromien cpensl Kuraiickoit akagemun Hayk), K.C. Bucxamkuesa (MI'Y
nMeHu M.B. JloMmoHOCOBA).

Edited by S.S. Chernomorets (Lomonosov Moscow State University), K. Hu (Institute of Mountain
Hazards and Environment, CAS), K.S. Viskhadzhieva (Lomonosov Moscow State University).

[Tpu co3nanum norotumna KOH(GEPEHINHU UCTIONIL30BaH pUCYyHOK 13 KHUrH C.M. ®rneiiinmana «CeneBble
notokm» (Mocksa: I'eorpadrus, 1951, c. 51).

Conference logo is based on a figure from S.M. Fleishman’s book on Debris Flows (Moscow:
Geografgiz, 1951, p. 51).

© Cenesas accoiiarus

© Debris Flow Association



CeneBble NOTOKW: KaTacTPOdbl, PUCK, NPOrHO3, 3aLunTa
Tpyabl 7-1 koHdepeHuum (Kutan)

Debris Flows: Disasters, Risk, Forecast, Protection
Proceedings of the 7t conference (China)

Applicability of a rainfall-induced debris flow warning model: A case
from Typhoon Khanun in Nantou County, Taiwan, 2023

J.C. Chen'?, W.S. Huang!, X.Z. Lai!, J.Q. Fan!, F.B. Li!, G.L. Lit

!Fujian College of Water Conservancy and Electric Power, Yongan, China

2Huafan University’, Taipei, Taiwan, China, chenjinnchyi@gmail.com,
1912656941 @qg.com

Abstract. Nantou County in Taiwan has endured a major earthquake and numerous
extreme rainfall events over the past few decades, leading to significant disasters and
economic losses due to landslides and debris flows. This study employs the parameter RI
as the rainfall indicator, defined by the product of the 24-hour cumulative rainfall (R) and
the hourly rainfall intensity (1). An empirical model correlating rainfall return period T of
RI with the probability of debris flow occurrence (P) was used. The P—T model reflects
the probability characteristics of debris flow occurrences after the Chi-Chi earthquake and
extreme rainfall events and has been applied to the Chenyoulan Stream Watershed (CSW)
in Nantou County, Taiwan. In early August 2023, Typhoon Khanun triggered numerous
debris flows in Ren’ai Township, Nantou County. This study used the P-T model to
evaluate the probability of debris flow occurrences in Ren‘ai Township and examined the
model's applicability. The results showed that the peak RI in Ren‘ai Township reached
933 cm?/h, far exceeding the critical RI value of 365 cm?/h for triggering multiple debris
flows in the CSW. Consequently, several debris flow events were recorded. The P-T
model, combined with yellow and red risk levels, is reasonable for this case study.

Key words: rainfall indicator, debris flow occurrence, probability, risk level
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IIpuMeHNMOCTH MO/ NPeayNPe:KIeHHUS 0 J0KACBbIX CeJIAX
Ha npumepe Taiipyna «Xanyn» B yezae Hanbroy, TaiiBans, 2023 rox

II.Y. Ysnsl, B.C. Xyan?, C.Y. Jlaii?, Il.II. ®anw?, ®.B. Ju? I'.JL. Jn?

YVuueepcumem Xyagpano, Taiioon, Tatisans, Kumaii, chenjinnchyi@gmail.com;
1912656941 @qg.com

2@yyzanckuil kKoanedxHe 600H020 Xo3saticmea u sHepzemuxy, Llkona 2uopomexnuxu,
FOnvans, Kumaii

AnHotauus. Ye3ng Hanbtoy Ha TaliBaHe 3a nocineiHUE HECKOJIBKO JECSITUIIETHI NEPEKUIT
CUJIbHOE 3€MJIETPSACEHUE U MHOTOYHUCIIEHHBIE SKCTPEMANIbHBIE OCAIKH, YTO NMPHUBEIO K
3HAYUTEIBHBIM OEJCTBUSM W DKOHOMHYECKHM IIOTEPSM W3-32 OIOJ3HEH U CEJIEBBIX
MIOTOKOB. B 1aHHOM HCClIeOBaHMM B Kaue€CTBE HMHJUKATOpa OCAJKOB HCIOJIb3YETCS
mapametp RI, onpenensiemsrii kak ponsBeeHHE 24-9aCOBOTO CyMMapHOTO KOJIHYECTBa
ocankoB (R) wm mouacoBoif wuHTeHCHBHOCTH ocankoB (l). bBema wncnons3oBaHa
SMIOMPHUYECKas MOJENb, CBS3BIBAIOIIAS IEPHUOJ IOBTOPSIEMOCTH OCaAKOB | ¢
BEpPOSITHOCTHIO BO3HUKHOBEHHUSI ceneBbiXx moTokoB (P). Mogens P-T otpakaer
XapaKTepUCTHKH BEPOSITHOCTH BO3HUKHOBEHHS CENEBBIX IMMOTOKOB IOCTE 3€MIICTPSICEHHS
Uu-Un 1 3KCTpeMaNbHBIX JOXKACBBIX SBJICHUH W OblJa MPUMEHEHa K BOJOCOOPHOMY
Gacceliny pyusst Uenboynan (CSW) B yezne Hanbroy, TaiiBans. B Hauane aBrycra 2023 .

! Previously.
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TalipyH «XaHyH» BBI3BAI MHOTOYHCJICHHBIE CEJIEBBIE TIOTOKM B IMOC. PeHbBaill B yesne
Hamproy. B pmaHHOM WHcClemoOBaHWM HCIIONB30BaNach Mojaenb P—T s oueHKd
BEpPOSITHOCTH BO3HUKHOBEHHUSI CEJIEBBIX TIOTOKOB B TMoc. PeHbail u wu3ydanach
MPUMEHUMOCTh MOJIeNIU. Pe3ynbTaThl MOKa3aid, 4TO NMHKOBOEe 3HauYeHue RI B mocenke
Pennaii gocturino 933 cM?/4, 4To 3HAUMTENBLHO IIPEBBIIIAET KPUTHYECKOoe 3HaueHue Rl B
365 cM?/4 111 BOSHMKHOBEHMS MHOIOYHCIIEHHBIX ceNeBbIX I0TokoB B CSW. B pesysbrare
OBUTO 3apErHCTPUPOBAHO HECKOJIBKO CENICBBIX MOTOKOB. Moaens P-T B coyeranuu c
JKEITHIM M KPACHBIM YPOBHSAMU PHCKA MOKa3asia CBOI0 3 (QEeKTUBHOCTh B paMKax TaHHOTO
HCCIICTOBaHMUS.

Kniouegvie cnoga: napamemp 0caokos, cxo0 cenesblx NOMOKo8, 6epOSAMHOCMb, YPOGEHb
pucka

Ceplika g uutupoBanusi: Ysus 1LY., Xyan B.C., Jlait C.Y., ®anp L1, JIu ®.b., JIu I'.JI. [Ipumerumocts
MOJIENIU IPEAYIPESKIACHUS O JOXKAEBBIX CeNIIX Ha MpuMepe TaiipyHa «XaHyH» B yesae Hanvtoy, TaiiBans, 2023 rox.
B ¢6.: CeneBble MOTOKHU: KaTacTpodbl, pUCK, TPOTHO3, 3auuta. Tpyasl 7-it MexayHapoaHoii kongepeninu (UsHmy,
Kurait). — OtB. pen. C.C. Uepromoper, K. Xy, K.C. Bucxamxuesa. — M.: OO0 «I'eomapketunry», 2024, c. 77-83.

Introduction

Extreme rainfall events have caused many countries to face serious debris flow disasters
in recent years [Joshi, Kumar, 2006; Chen, Chuang, 2014; Borga et al, 2014; Wang et al.,
2015; Joe, Tongkul, Roslee, 2018; Nam, Lee, Kim, 2019; Gong et al., 2020]. To avoid or reduce
debris flows hazards, monitoring and early warning of debris flows is a concern topic for many
researchers. The use of rainfall record to determine the rainfall threshold (critical rainfall) for
debris flow occurrence is a commonly used method for debris flow warning [Destro at al.,
2017]. Accumulated rainfall, rainfall intensity, and rainfall duration are widely used evaluation
indicators for rainfall characteristics [Caine, 1980; Wieczorek, 1987; Jan, Chen, 2005; Shieh
et al., 2009; Chen et al., 2011]. However, the occurrence of debris flows is not only related to
the characteristics of rainfall, but also influenced by the terrain, lithology, sediment supplement,
and soil cover conditions of a catchment [Destro at al., 2017; Jan, Chen, 2005; Chen, Jan,
2008]. This leads to high uncertainty in monitoring and warning the occurrence of debris flows.
Especially after extreme rainfall events, there is a significant change in sediment supplement in
a catchment area, and the critical rainfall of debris flows will also change accordingly [Chen et
al., 2009; Tang, Zhu, Li, 2009; Chen, 2011; Chen, Ja, Huang, 2013; Pan et al., 2018; Shen,
Huang, Tsai, 2020]. This poses greater challenges for debris flow monitoring and prediction
[Guzzetti et al., 2008; Nikolopoulos, 2014]. Due to the high uncertainty of debris flow
occurrence, some researchers have introduced the concepts of risk and probability to evaluate
the occurrence of debris flow [Chen, Jan, 2008; Chen, Jan, Lee, 2007]. In Taiwan, soil and
water conservation units use an integrated indicator of cumulative rainfall and rainfall intensity,
and then differentiate the probability of debris flow occurrence into yellow and red alerts based
on the low and high probabilities [Jan, Lee, 2004]. Chen and Huang [2021] developed a
probabilistic model of debris flow occurrence based on rainfall return period T (the model of
debris flow occurrence probability P and T) that reflects the effects of long-term rainfall
changes and extreme events. This model reflects the probability characteristics of debris flow
occurrence after the Chi-Chi earthquake and extreme rainfalls, and was applied to the
Chenyoulan Stream Watershed (CSW), Nantou County, Taiwan. The Typhoon Khanun in early
August 2023 caused multiple debris flows in Ren'ai Township, Nantou County. This study used
the P-T model to evaluate the probability of debris flow occurrence in Ren‘ai Township and
tested the applicability of the model.

Extreme rainfall in the study area

The study area is located in Ren‘ai Township, Nantou County, in the mountainous area
of central Taiwan. The altitude of this township ranges from 382 to 3560 m (Fig. 1), and
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according to the data from the Ren'ai Rainfall Station, its annual average rainfall is
approximately 2300 mm. From August 3 to 4, 2023, the peripheral circulation of Typhoon
Khanun and the strengthening of southwest winds brought record breaking rainfall with
accumulated rainfall of 992.5 mm in 48 h to Ren'ai Township, Nantou County, causing multiple
debris flows and landslides. Among them, the St. Benedict (SB) gas station in Nanfeng Village
(as shown in Figs. 1 and 2), an area affected by the debris flow potential stream with No.
“Touxian DF013”, was buried for the 7th time by the debris flow, making it the building with
the most times buried by debris flow in Taiwan's history [ARDWCT, 2023]. There were four
records of this gas station being buried by debris flows in 2000, once in February, twice in
April, and once in May, due to sufficient loose sediment supplement within one year after the
921 earthquakes in 1999. Subsequently, during the impact of Typhoon Mindulle and the July 2
flood in 2004 and Typhoon Sinlaku in 2008, the gas station was also buried again due to the
heavy rainstorm. Now, Typhoon Khanun in 2023 has buried the SB gas station for the seventh
time. The rainfall analysis results show that a breaking heavy rainfall occurred in Ren’ai
Township, Nantou County from August 3rd to 4th (Fig. 3). The peak hourly rainfall | =
114 mm/h occurred on August 4th from 15:00 to 16:00. The maximum 24-hour cumulative
rainfall R=818mm, which occurs at the peak of the hourly rainfall 24 h before. The peak hourly
rainfall and maximum daily cumulative rainfall Ry =644mm on August 4th were both historical
records of this rainfall station (Fig. 4), leading to frequent occurrences of debris flows and
landslides. These slope hazards were mostly concentrated in the central mountainous area of
Taiwan, especially Nantou County being the most severely affected (36, accounting for 78% of
the total disaster points), of which 29 occurred in Ren'ai Township. According to the data
compiled by the Ministry of Agriculture of Taiwan, Typhoon Khanun caused a total agricultural
loss exceeding NT $238 million, of which Nantou County accounted for 73% of the total loss,
with a loss amount exceeding NT $173.39 million.

Probabilistic rainfall-induced debris flow warning model
Rainfall index RI

A rainfall index RI was used to develop the model associated with probability of debris
flow occurrence. RI is defined as

RI=RXI, (D

where R is the 24-hour cumulative rainfall and I is the hourly rainfall intensity. The RI index
has been used to study an extreme rainfall associated with debris flows [Chen, Jan, Huang,
2013; Chen, Huang, 2021]. RI > 365 cm?/h, can be identified as extreme rainfall that triggered
multiple debris flows in the CSW [Chen, Jan, Huang, 2013].

The P—T model

An empirical model correlating T with the probability of debris flow occurrence (P) has
been proposed by Chen and Huang [Chen, Huang, 2021]. The P-T model reflects the
probability characteristics of debris flow occurrences after the Chi-Chi earthquake and extreme
rainfall events and has been applied to CSW in Nantou County, Taiwan. Due to the lack of
sufficient debris flow data in Ren'ai Township, Nantou County to establish the P-T relationship,
this study used the empirical relationship from CSW in the same county for analysis. The P-T
relationship of the unaffected by extreme events period is:

T
P=1-e020G"", @)

In which
T = (R1/180)%38 + 0.97. 3)
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Fig. 1. The study area in Ren'ai Township, Nantou County. The red circle symbol showing the debris
flow event at The St. Benedict (SB) gas station
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Fig. 2. St. Benedict (SB) gas station (No. “Touxian DF013” potential debris flow stream) in Nanfeng
Village has been buried seven times by debris flows, making it the most buried building in Taiwan history
[ARDWCT, 2023]: a — the first debris flow hazard at the SB gas station in the rainstorm in Feb. 2000
after the 921 earthquakes in 1999 (provided by J.D. Shieh on Feb. 28, 2000 [ARDWCT, 2023]); b — the
sixth debris flow hazard at the SB gas station during Typhoon Sinlaku in 2008 (provided by S.C. Huang
on Sept. 23, 2008 [ARDWCT, 2023]); ¢ — Fifteen years later, from Aug. 3rd to 4th, 2023, Typhoon
Khanun’s outer circulation caused the SB gas station to be buried for the seventh time by debris flow
(from CTS TV image)

The P-T model (Egs. (2) and (3)) was used to calculate the probability of debris flow
occurrences in Ren'ai Township and examined the model's applicability. P was determined
when the rainfall index RI >30 cm?/h.

80



CereBble NOTOKW: kKaTacTPOdbl, PUCK, NPOrHO3, 3aLuuTa
Tpyab! 7-1 koHpepeHuum (Kutai)

Debris Flows: Disasters, Risk, Forecast, Protection
Proceedings of the 7t conference (China)

mmmm Rainfall intensity Cumulative rainfall

150 1500
e
ElOO ] 1000 fé\
£ M £
~ 0 il || Jl. P [ 0
- HTNOMOONAT~NOMOONASTN~EOMOOAN m-cj
SN O T T TVSh T T T VYSwo T T T
- o N W O - O N O 00 - o N W O -
™ = N — — - N W ~— — N
> =] =]
< < <

Date and time (h)

Fig. 3. Changes in hourly and cumulative rainfall at Ren'ai rainfall station. The cumulative rainfall from
August 3rd to August 5th was 933 mm
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Fig. 4. Time series of daily cumulative rainfall Rq at Ren "ai rainfall station, Ren "ai Township, Nantou
County (Source: Central Meteorological Administration; Drawn by: National Science and Technology
Center for Disaster Prevention and Rescue (modified after [Huang et al., 2023])

Debris flow warning

Based on the temporal variation of rainfall data, the probability of debris flow occurrence
P can be calculated using Egs (2) and (3). In the application of early warning for debris flows,
it is recommended to distinguish the risk levels into yellow and red. When P >0.5, the yellow
risk level enters the warning state until the subsequent 6 h of rainfall result in P <0.5. When P
>0.7, enter the red risk level that needs to be evacuated, and adjust to the yellow risk level until
the subsequent 6 h of rainfall make P <0.7.

Results

According to the change in the probability line of debris flow occurrence (the red line in
Fig. 5), the probability P of debris flow occurrence exceeded 0.5 after 5:00 on August 4th,
entering the yellow warning zone of debris flow. By 8:00, P had exceeded 0.7, entering the red
warning zone of debris flow. The RI value was 495 cm?/h between 11:00 and 12:00, exceeding
the rainfall standard for triggering multiple debris flows (Rl = 365 cm?/h). The corresponding
probability of debris flow occurrence reaches 0.99. Although the rainfall slightly eased in the 3
to 4 h after Rl = 495 cm?h, the rainfall intensity reached a peak of 114 mm/h from 15:00 to
16:00, and RI surged to 933 cm?*h and the probability of debris flow occurrence once again
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reach 0.99. According to relevant media reports and on-site investigations, multiple debris
flows appeared in the study area in the evening after the peak hour rainfall. Debris flows
submerged gas station, roads, and houses but fortunately did not cause any deaths. The results
of this study showed that the P-T model is reasonable to calculate the probability of debris flow
occurrence and distinguish the risk levels of yellow warning and red evacuation, which can
effectively mitigate the occurrence of debris flow hazards. However, in the years following the
extreme rainfall event of Typhoon Khanun, the rainfall threshold for triggering debris flows
may decrease, and the probability of such events may increase. Therefore, it is necessary to
adjust the rainfall warning model for a debris flow after this event.
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Fig. 5. Changes in rainfall index RI and probability P of debris flow occurrence. P was predicted when
the rainfall index Rl >30 cm?h. According to the predicted P, different warning levels were proposed,
with a yellow warning level of 0.5<P<0.7 and a red evacuating level of P >0.7.

Conclusions

This study used the P-T model to evaluate the probability of debris flow occurrence in
Ren'ai Township, Nantou County, Taiwan, and examined the applicability of the model. The
P—T model is based on the relationship between the rainfall index RI and its rainfall return
period T, and combined with the Weibull function to establish a model between RI and the
probability of debris flow occurrence. This model has effectively assessed the probability of
debris flows occurring in CSW in Nantou County, Taiwan. In the case study of Renai
Township, Typhoon Khanun brought record breaking rainfall, with a maximum hourly rainfall
of 114 mm/h and a maximum cumulative rainfall of 818 mm within 24 h, resulting in multiple
debris flow events. The results showed that the P-T model calculated the probability of debris
flow occurrence in this study area, distinguished the risk levels of yellow warning and red
evacuation, and effectively mitigating the occurrence of debris flow hazards.
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