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Abstract: This study is conducted to perform the famluced landslide warning for Viet Nam

using anantecedent rainfall index (ARI) integrated with a landslide susceptibility map. The
method used ARI 95quantile as the warning threshold according to the suggestion of several
previous studies. The results testing for the 6 historical landslide evdintgea that the ARI

values at the 95quantile are more proper for the landslide events that are triggered by rainfall
occurring on a small scale, whereas with respect to rain events happening on a large scale, the
area under warning is widespread whedds to false alarm a lot. The warning area is reduced
significantly when the 99quantile is used as the warning threshold, which results in a decrease
in the false alarm ratio. However, the warnings could not detect the landslide events that are
triggered by rainfall occurring on a small scale. These results recommend that the ARI values
at the 9% quantile should be used as the threshold for landslide warning with respect to the
heavy rainfall events happening on a small scale, meanwhile, for therbedall events that

occur on a large scale, thé"Qguantile is a better choice.

Keywords: Rainfalli triggered landslide warnind\RI; Landslide susceptibility map

1. Introduction

Landslides are dangerous natural disasters occurring frequently and commonly around
the world, causing thousands of human losses and the destruction of local infrastructur
every year. The threats of landslides go up with the relentless development of the mountain
areas. Landslide alerts or early warnings could provide helpful information for disaster
managers and emergency planners to make robust decisions in mitigatitendslide
damage$li 3].

The landslidescould be triggered by severalfactors, such as rainfall, snowmelt,
earthquakes, human activities, and sdRecipitationis the most commoonesamong these
factors Landslidedriggeredby rainfallareusuallybecause atherise of the negative pore
water pressure whiateduce thesoil shear strength arzhuseshe slope failures. Thisind
of landslideoften follows a long period ohigh soil moisturen thelower zoneandis then
triggered by intense rainfall. Given rainfadl able todemonstratdoth the antecedesbil
water contenaind recent rainfall conditi@nit is widely used talefinethe threshold fothe
occurrenceof landslides by applying an empiricalmethod Most of the previous studies
definerainfall threshold as a linthatis identifiedvisually [4] or by statisticabpproachg
(e.gBayesian inferencpsi 6] and the frequentishethod[7] to separatethe occurrence or
nori occurrenceof landslides The mosipopularfeaturesused tocategorizerain events are
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precipitation intensity duration (ID) andaccumulated evenprecipitationirain duration
(ED). Numerousrainfall thresholdsvere suggestednd appliedor landslidewarning [8i
11]. Despitethey are thekey tool in landslide warning systems, thdeficienciesareoften
realizedand discussed. Fanstance the antecedergoil moistureor the recent rainfall
informationin some studies notobviouslytaken into account the thresholddentification
For rainfall eventshappening inshort durations, thegeemto ignore the antecedergoll
moisture information Meanwhile, with respect tothe rainfall eventoccuring in long
durationsjn spite ofit implicitly contairs the antecedesbil moistureinformation, itcould
notillustratethe relationship between rainfall events and landslides, becausenigétde
the highest amount of rainfalhich triggerlandslidesantedatedby a rainfall period which
is able to leado the slope to failurell’]. Neverthelessthe intensitycomputedrom such a
long periodwouldflatten the intensity peakeglectingheimportanceof the rainfall trigger.

To moremanifestconsidertthe antecedersioil moisturecondition and the recent rainfall,
numerousstudieswere conductedo obtainthe rainfall thresholdswvhich consideboth the
antecedergoil moisturecondition and the rainfall trigger. Thaytegratethe antecedersoil
moisture condition into thedeternination of thresholds. In someystems oflandslide
warning, the antecedematcumulatedprecipitationover a period isused to simulateoll
moisture condition which isassociatedwith the recent rainfall amounts tobtain the
landslidé triggeredthresholds. Foinstancethe threshold proposed ja3] is identified by
usng the recent Bday rainfall and the antecedenti tiay rainfall, whereaq14] take into
accountthe recent daily rainfall and the antecedeinta rainfall information. 15
implemened an Antecedent Rainfall Index (ARI) éxpress implicitlythe antecedergoil
moistureconditionby using the 7day recent rainfall

In Viet Nam, the operational landslide warnings are performed by overlapping
precipitation and landslide susceptibility maps. The operational warning method uses the
most recent 12 hours of observed rainfall associated witihh@u rainfall forecast which is
the maximum alue among the three numerical weather prediction models being launched in
operation to establish a precipitation distribution map. In this way, the rainfall used is
determined as the triggering rainfall, whereas the antecedent wetness condition ienot und
consideration. This could lead to a missing warning because landslide happens occasionally
even without heavy rain. Therefore, this study is conducted to test the applicability of a state
ofi art method that considers both recent rainfall and antecedsiniess condition for
operational landslide warning in Viet Nam.

2. Materials and M ethods

2.1.Data collection

Daily precipitation data at 186 meteorological stations over the whole Viet Nam from 1991
to 2020 derived from Viet Nam Meteorological and Hydgital Administration (VNMHA)
are collected to calculate ARI valu€sie to the landslide susceptibility map (LSM) developed
by Viet Nam Institute of Geosciences and Mineral resources (VIGMR) (hereafter referred to as
VIGMRT LSM) has been completed for 15 provinces located in mountainous areas of the north
of Viet Nam, and Thanh Hoa and Nghe pwovincesand not covering the whole Viet Nam yet,
another LSM obtained from NASA (https://gpm.nasa.gov/landslides/projects.htndaftker
referred to as NASALSM) is collected to fill up the LSM missing area. The locations of 186
meteorological stations, VIGMRSM and NASALSM are displayed in Figure 1. The
VIGMRTLSM and NASA LSM are saved in raster format and have different spasialutions
which are about 22.5 m and 1 km, respectively. Therefore, in order to merge the two maps and
in service of landslide warning at the 1km scale, the VIGMBM is converted to the resolution
of 1 km. Eventually, a complete LSM map covering the eMiét Nam is made byverlapping
the two layers with the priority for VIGMR.SM.
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Figure 1. Location of the meteorological stations and landslide susceptibility.maps

2.2.Landslide warning through the integration between ARI and LSM

The ARIcalculats a weighted average of the most recent 7 days of raicdalfiaining
the current datas shown in Eq. (1):
B

6 YO (1)

where t is the number of days before therent dayR is therainfall amountat time t,
and w=(t+1)? is weight of day t. According to this weighting method, the contribution of
rainfall amount to trigger landslide would decrease when t increase.

This studyutilizesthe 30 year record of continuous daily rainfall at 186 meteorological
stations and calcules ARI. In near reatime, the ARI value of the most recent 7 days of
rainfall is calculated and then is compared with the ARI threshold which is defined as 95th
guantile. It is noted that the 95th ARI quantile is determined based daarorrainfall. It
means the days that are no rain would be excluded from the calculation. The warning or no
warning would be decided based on a decision tree framework which is displayed in Figure
2. Itintegratsthe ARIindex with a landslide susceptibility map. The ARdexis calculated
every 6 hours at each station sites and then is interpolated to a 1x1 km grid using an inverse
distance weighting method (IDW). The gridlédRI is compared against the ARI threshold.

If it is lower thanthis value, nowvarningis issued bt if the ARIvalue is higher thathe
threshold, then thiandslidesusceptibility map isinder consideratiofNo warning is issued
if the susceptibilityvalue is verylow or low, whereadf susceptibility ismedium high or
very high, the nowcasts o&ution, warning and danger are issued, respectively.

3. Results and Discussion

The applicability of the method for landslide warning in Viet Nam is tested for 6
landslide events occurring on 05 August 2016 at Bat Xat, Lao Cai, 03 August 2017 at Mu
Cang Clai, Yen Bai, 03 August 2018 at Quan Son, Thanh Hoa, 03 October 2020 at Phong
Dien, Thua Thien Hue, 18 October 2020 at Huong Hoa, Quang Tri, and 28 October 2020 at
Nam Tra My, Quang Nam. In which, the two first events occurred because of the heavy
rainfall events on a small scale, whereas the other ones are on a large scale. These are very
dangerous landslide events that are responsible for the death of hundreds of persons and the
destruction of hundreds of houses and infrastructure. The results of ARhtalttdor the



