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Development of remote monitoring system of rainfall-induced lahar at Mount Merapi
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1. Background of the study

Before 1964, among human victims of total water-related hazards, 32% happens due to
sediment disaster. Since 1965, this percentage has increased to approximately 50%
(Takahashi, 2009). Amongst all of the sediment disasters, debris flows are the most
frequent natural hazards, especially in mountainous, volcanic, semi-arid and sub-polar
regions (Santi et al., 2011; Takahashi et al., 1981). Debris flows cover wide range of
sediment movement events include debris torrents, debris floods, mudflows, mudslides,
mudspates, hyper-concentrated flows, and lahars. In principle, they describe the flows
where the interaction between solid and fluid particles plays an important role on the
mechanism of the flow process (Iverson, 2010).

Volcanic debris flow or lahar is an Indonesian word that is defined as a rapidly flowing,
high- concentration, poorly sorted sediment-laden mixture of rock debris and water
from a volcano that is usually triggered by rainfall. It belongs to 2 continuum flow type
includes debris flows, hyper-concentrated streamflows, and mudflows (Lavigne et al.,
2007; Neal, 1976). Typically, lahar flows enter a river valley at a velocity of 2.5-11
m/s (Lavigne et al., 2007).

Lahar flow includes the direct and indirect effects of eruptions. The direct one is the
hazard happens created by some large eruptions (Major et al, 2000). The indirect or
secondary lahar is also known as the post-eruption lahar. The secondary lahar can
oceur even without an eruption and the initiation is a function of rainfall parameters,
source material characteristic, and time since eruptive activity (Jones et al., 2017).

Between 17" and 19 century, lahars are responsible for 17% of deaths due to voleanic
disasters, especially in Indonesia. In the 20% century, lahar takes a toll of 31,500
victims from two deadly disasters at Mount Kelud (1919) in Java and Nevado del Ruiz
(1985) in Colombia (Lavigne et al., 2007). Eahar and pyroclastic flow contribute to the
highest rate of erosion in the world (10°-10° m?® km™ yr'l) (Milliman and Syvitski,
1992; Major et al., 2000).

The precise timing of lahar events is unpredictable and working with active flows can
be hazardous. This problem makes much of present knowledge of lahar flow behavior
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is inferred from the study of lahar deposits. Lee et al, (2015) simulates lahar deposition
based on the satellite image and LAHARZ model, without considering the involvement
of rainfall within the process. Lavigne and Thouret (2003) discussed the sediment yield
of lahar in the downstream area of Mount Merapi by using rainfall information derived
from rain gauges. More studies have been invested in studying critical rainfall Jeads to
lahar initiation (Fitriyadi, 2009; Yulinsa, 2015; Fibriyantoro, 2015), but most of them
relied on rainfall information in the downstream, which did not represent how the
rainfall affected the geological condition in the upstream.

At Mt. Merapi of Indonesia, lahar occurs mostly as secondary disasters that happened
almost every year during the rainy season (Lavigne et al., 2002). The lahar monitoring
in this area mainly consists of some ground-based measurement by several instruments
such as seismograph, wire sensor installed at river perimeter, automatic water level
recording (AWLR), automatic rain gauges and video camera (Lavigne et al., 2000a;

Legowo, 1981). Although the operation of those instruments are found to be useful for
precise lahar monitoring, the risks carried in active volcanoes caused those instruments
to be unable to monitor lahar occurrences following the eruption in 2010
(Hardjosuwarno, 2014).

The development of simulation techniques in recent years has allowed lahar modeling
and simulation to be an assessment tool to understand debris flow and lahar behavior.
The simulation technique helps to understand debris flow process by studying the
geologic settings, triggering mechanisms, transport processes and deposition
characteristics (Castrucci and Claverro, 2015; Jones et al., 2017; Procter et al., 2010).
Nevertheless, the application in the catchment scale is still limited.

Lahar occurrences happen mostly under severe rainfall intensity and significantly
increased during the rainy season. Thus, rainfall information becomes the fundamental
element for lahar model application in the catchment-scale studies (Jones et al., 2017;
Castruccio and Claverro, 2015). However, this study has two main probiems, The first
is that lahars usually occur at elevations higher than 1200 m amsl (Legowo, 1981),
whereas most rainfall monitoring instruments are available only at lower elevations.
The second problem is that lahars following an eruption are usually initiated in an area
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that is relatively inaccessible and dangerous, making the direct verification difficult
(Nikolopaulus et al., 2014; Staley et al., 2013).

Recent studies have shown the effectiveness of remote monitoring; such as by weather
radar, for debris flow estimation and risk management. Weather radar provides finer
spatial and higher temporal resolution of rainfall, which is desirable for debris flow and
lahar studies. It offers the advantage of being able to monitor rajnfall in the area where
lahars initiate (Chiang and Chang, 2009; David-Novak et al., 2004). Marra et al. (2014)
confirm that the scarcity of rain gauges has resulted in the underestimation of the
rainfall threshold for debris flow occurrence, and weather radar performs well for
monitoring debris flow occurrence during short-duration convective storms.

Furthermore, population growth has driven development farther into debris flow prone
areas (Jakob and Hungr, 2005). In Indonesia, an old paradigm of living together with
disaster is still alive in volcanic areas especially Mt. Merapi. The people who live there
are at extreme risk from the regular eruption and frequent secondary lahar events.
Although they have understood the consequences of living in the hazard area, the
disaster awareness remains an important issue. Hence, a non-structural countermeasure
by a system developed to monitor the rainfall and the potency of lahar occurrences is
urgently required.

2. Objectives of this study
The objective of this research is to develop a real-time lahar mitigation system at Mt.
Merapi by the utilization of the X-MP radar into a distributed hydrological model, by
conducting these activities:
(1) Applying a graphical user interface of a numerical model of debris flow to
simulate lahar at Mt. Merapi;
(2) Integrating rainfall data estimate by X-MP radar to optimize the numerical
model of lahar performance;
(3) Applying an ensemble short-term rainfall prediction to the lahar critical
rainfall to know the potency of lahar occurrence;
(4) Improving a distributed hydrological model performance by integrating
X-MP radar rainfall, modifying the flow stoppage mechanism and applying
lahar empirical models to simulate lahar flow; and
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(5) Combining predicted rainfall values and a modified distributed hydrological
model to simulate lahar flow based on real lahar event.
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Figure 1 Problems identification and the research frame goals
3. Conclusions

The results showed that the remote monitoring of lahar prediction by X-MP radar and hydrological
and numerical model was well perfom{ed to deal with the problems of rainfall data unavailability
and inaccessible location of rain triggered lahar generation. The results show this method is feasible

for lahar mitigation in terms of fast response and earlier wamning information.

The outcomes of this work are concluded based on the sub-objectives as follows.

1.
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By applying rainfall information and terrain data (DEM and DSM), the lahar could be
simulated by a numerical and hydraulié model of HyperKANAKO. The rainfall
intensity is important for 1D simulation. This indicated rainfall role on triggering lahar,
as the model assumed debris flow or lahar initiated as a 1D model and then transformed
into a 2D model for the deposition. Terrain data quality is important to analyze the
inundation and the deposition area. False deposition area was resulted by using the
lower resolution of 30 m and 90 m resolution, while the finest resolution at 5 m could

identify the channel stream and give better simulation results.

. The X-MP radar is known to be an important and useful tool for giving higher spatial

and temporal resolution of rainfall. The X-MP radar could be used to replace the rainfall
data from rain gauges directly. Integrating the X-MP radar to a numerical and hydraulic
model of HyperKANAKO was able to simulate lahar occurrence based on a real event
on 17 February 2016. However, increasing flow velocity was monitored in the
downstream area, where it should have a slower rate of discharge and velocity.

. An application of short-term ensemble rainfall prediction is a useful study in order to

give earlier lahar potency information. The analysis was done by applying the ensemble
rainfall prediction to a critical line. The predicted rainfall in Gendol catchment, showed
“the potency of lahar occurrence in this catchment after the snake line exceeded the
critical line. Relying on this result, further analysis of the hydrometeorological
condition in the catchment for lahar occurrence is recommended by applying the
predicted rainfall values into a modified distributed model of the RRI.

. The modification of RRI model for lahar estimation was done by applying some

empirical equations and X-MP radar rainfall integration. The Manning roughness
coefficient was modified as an inverse proportion to the slope, caused the model
becoming able to perform stoppage mechanism of lahar, The modified model was able
to give the similar result to the real condition, and so was the predicted rainfall values
obtained by the ensemble model. The ensemble prediction correctly confirmed the lahar
event based on the real condition in Gendol catchment, while in Putih catchment were
the lahar occurrence was not reported, the predicted rainfall and the snake line analysis
did not give a false alarm. An application of adjusted ensemble prediction model gave a
similar result with the real data of adjusted X-MP radar. The simulation also showed the
superiority of X-MP radar comparing to the rain gauge based model, as the later
mention overestimated the water depth, resulting in Putih river to have some inundation
area which has never been reported.



(3% 1) WXBEDHREOES

K4 MAGFIRA SYARIFUDDIN
ing g Deve_l_opfnent of remote moniﬁoring syst‘im of raipfall_:induced lahar at Mount Merapi
(A 7 E B SRARRT HN—/VOERER VA T AOREITET HH%E)
K 5 M A K 4
x # % B X & &
£ e % B R
z S e, AEE
Bl & i e N R
Bl & Bl
= Gl

AFFFE CriX LB 31T B K U B RO AL E LRI X AMREIEO LK ETH D T N—vD
BEY R L, FHICHERWTRAET S LRREHETIRRE CRE EASRI A Z LIC L DI0EmBEY R
ZIF LT, L=l Lo THLNIHEMARIFEHAHR 2 RHOBRRFRLBHE I 2 L—a it ?
YAZHBFEZEZERLT, A VBRI TOAT EKUEDIEEHRIC L TR Z1To b0 THS.

ARETIE, FRRBEASNIZIXAV FEE Ry 77— L—F -l L2 BAENERE, ER0EVH
WIROLR/WS I 2 b—a R, EEMEVHKCORE - BB IaL—vaCBATHENIR
T, FERBEZMIEORE Y R 7RIS TEY 7 MK & LTRE SE 0 E2RE->TWS.

ARIFFEOFRIEE LTI, UTHET OB,

1) £FRHS S = b—a VIRBEAT BB OERREN, EEORVWHIROY I 2 Lb—va VRERIC
EXTOREBIONWTERETo KA.

2) X AV KRG Ny P — =St L ABRRAEREZAWET U A VERRIERTRREL R
WTFIN—LVOREEBIDIFEERRBLTNVBA.

3) EHOBE VNS AT EKIUDOBICERMET, L—F—0bOAHRREELE X, EHICRR
ShI-HEFEREZEZDZ L TR ORBERCHEREZRFEL Y bETICHE CE 2REHEFELHE

LT, MEREY R 2HRTIRBETo2I L THD. XS LR TINS.

1T, FRE LTARUMRO LR EE - 53 RLE RT3 2 dOEFOMERE L LT,
AT Y 1 5 HL O & ERB L UEOLEEERHE LTS

W2ETH, AFSEKUEFDEDEENLDOOHMAEL, AT ECKIUEDIRICBIT D T N—VOFAERE
E, #%EE, #HFEBRRERIOVTHREAL TS,

3T, BEFD 1 B LCOLIRERMEBEREFVOBRPL LT, Thi AT CRILEDISEC
B LEIIC oW TR LTWA. S b, HESEL I/~ OEERRANER 2 fics T, %
NEHEMY I 2 U—a VT RO OERMBRESERICEL TV ROV TRELTWS.

BAFETIL, A 5 CKNEDRITHIT X A2 FRE Fy 79— b—&—%R%E L T, RIRAZTY,
TOERMEHEEIEE (QPE) #RHLTWA. .

BEETIE, XAV RREFy 77— b—F - L B EMBRERERAWET Y IV ERRIERT
WEEE, FA—LEVIE 10m Ar—LTHY RBRLBBHEEORE RRXFORELRBLARIRL
DFEERBELTWS. TV F U7 VERRERTNSES THKERE ) 27 OFECGEA Licslidi
<, FRMRRREVRS.

1% 6 TR, AHEBEAERETF VI LPDHBERRRERVRAAT, A7 EXUEADRICEA
L, EFOF A —ARER Lo TEISEIN-EOMNHRL, #RT3 L TAKREREEZbOLT,
PIROUEREY R & LT TVWARE Y I 2 b— b3 FEEAR LTV, KILAEADSICERT 58
TR COHEREELHLESEI ATV THANHRIEREZ LTHS.

BT, A5 EKUEDEDS Y F—VJIIRFFMC LR LI FEEHALT, F—XR 87 4%
ToTW3.

HOIETIL, ELHLESLOWRICKHTIRERToT NS,

AR ¥ FRIT ORI O ERNZBSHET 5 LRSS LOCEKEIZOWT, TOTRIFEESE
MELIHLOTHY, LMD L—F—K3¥, KE¥E, BE¥E2ES LTHRICHDRIHRERETED
KERRFNFEZHTE U A CHES SERTH 5, BH SN Iih i TR RSO S E 2G5
W LTRY, FAHRHE O Magfira Syarifuddin i, (TR OFEMEZEIBENH S LBEDHS,






