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ABSTRACT

Debris flow in the slope of volcano happens not only by the effects of melting water but also
by the overflow of crater-lake or by the flood runoff of severe rainfall. This event is sometimes
called “lahar”, which is a wet mass of volcanic fragments flowing rapidly downhill. At Mt.
Merapi of Indonesia, lahar occurs mostly as secondary disasters that happens almost every year
during the rainy season. The lahar monitoring in this area mainly consists of some ground -
based measurement by several instruments: seismograph, wire sensor installed at river
perimeter, automatic water level recording (AWLR), automatic rain gauges, and video camera.
Although the operation of those instruments is useful for precise lahar monitoring, the risks
carried in an active volcano caused those instruments were unable to monitor lahar happened
following the eruption in 2010.

The occurrence of lahar in several volcanoes in Indonesia is strongly related to the rainfall. At
Mt. Merapi, lahars are commonly triggered by rainfall having an average intensity of 40 mm
in 2-hours. It usually occurs in the rainy season from November to April. During the rainy
season after 2010 Mt. Merapi eruption, more than 50 lahars happened in the rivers at Mt.
Merapi. The frequency of post-eruptive lahars (cold lahars) depends on the rainfall
characteristics and the total volume of the grain size distribution of fresh volcanic deposits.

The study of lahar has two main problems. The first problem is lahar usually generates in a
relatively inaccessible and dangerous area at an elevation higher than 1200 m above mean sea
level (amsl). This problem causes difficulties on direct lahar monitoring. The second problem
is the uncertainty of rainfall data at Mt. Merapi. This problem is causes by the unavailability
of upstream rainfall information, great spatial distribution of rainfall, and the potency of
destructive eruption impacts from an active volcano.

This study was conducted to solve those problems by developing a remote monitoring system
of lahar by the utilization of X-band multi-parameter (X-MP) weather radar and a numerical
hydraulic model. The application of X-MP radar is able to give a more reliable and wider
coverage area of real-time rainfall and lahar potency information at Mt. Merapi. Several
activities were conducted to develop the remote monitoring system of lahar, which are (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
critical rainfall of lahar 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 some lahar empirical equations to simulate lahar flow; and
(5) Applying the predicted rainfall values to a distributed hydrological model for lahar flow
simulation based on a real lahar event.

The HyperKANAKO model, a debris flow simulator equipped with a graphical user interface
(GUI) was used to simulate the lahar flow at Mt. Merapi. The objectives were to get the best



resolution of digital elevation models (DEMSs) for lahar simulation and to understand the effect
of rainfall to the lahar initiation and magnitude. Three DEMs resolution levels and two rainfall
data measured by rain gauge in the Gendol catchment were used. The simulation found that
one-dimensional (1D) flow was more affected by rainfall than DEM quality, while two-
dimensional (2D) lahar flow were best simulated by using the finest resolution at 5-m mesh.

Simulation was improved by applying the X-MP radar data to the HyperKANAKO model for
a simulation of a real lahar event in Gendol catchment on 17 February 2016. A lahar happened
in the upstream region of the Gendol River on the southeastern flank of Mt. Merapi after a
maximum rainfall intensity of 69 mmvh was monitored on the peak of Mt. Merapi by X-MP
radar. The rainfall intensity estimates from X-MP radar were applied to generate boundary
discharge of anumerical model of debris flow at the catchment scale. The numerical simulation
was able to estimate volcanic debris flow occurrence and magnitude. The radar showed good
reliability to ground measurement, even so, the attenuation was suspected on rainfall
observation. The numerical lahar simulation showed relevant results that were comparable to
the real condition. Thus, it demonstrated the effectiveness of remote monitoring of rainfall
combined with numerical debris flow modeling for applied practical use in disaster
management.

A short-term analysis of lahar potency was proposed by applying mean values of predicted
rainfall from an ensemble rainfall forecasting to a snake line analysis. Real-time lahar
estimation requires an earlier rainfall information. An ensemble rainfall forecasting was
applied to the same day event. The predicted rainfall values still had poor spatial distribution,
but in general, the average areal rainfall were in agreement with real observed data. A further
application to the snake line analysis could determine the potency of lahar occurrence. The
plotting resulted in the snake line exceeded the critical line and hence indicated the potency of
future rainfall to trigger the lahar in Gendol catchment.

Applying the mean ensemble forecast rainfall to a hydrological model of Rainfall-runoff and
inundation (RRI) model, earlier lahar information could be obtained. The potency of lahar is
analyzed by applying the mean ensemble predicted rainfall to the snake line analysis. The RRI
model was modified by giving more resistant to the flow in the discharge formula by adjusting
the Manning roughness coefficient and integrating some empirical equations of lahar properties.
This study becomes the first study to couple the rainfall information from X-MP radar for
distributed lahar model. The Manning coefficient roughness adjustment was applied to each of
the stream cell in the terrain data. It caused the flow to have higher shear stress in the flatter
elevation, hence acted as stoppage mechanism. The mean-ensemble rainfall-based model gave
the same simulation results with the observed X-MP radar data-based model. The validation of
the water depth from the simulation of X-MP radar based models and means ensemble based
model were also in agreement with the measured water depth. On the other hand, the rain
gauged-based model gave overestimation results. The calibration in the Putih catchment also
showed the superiority of X-MP radar comparing to the ground-based measurement.

Overall the present framework offered suggestions for better treating the uncertainty of lahar
disaster based on hydro-meteorological condition and thus could serve as reliable and effective



system for better remote lahar monitoring. The key research outcomes that allow the system to
be delivered are
1) The procedure and requirements of remote lahar simulation based on rainfall condition
and terrain data information
2) The practical use of X-MP radar rainfall for giving better spatial information on remote
monitoring technique of lahar at a catchment scale
3) The faster and earlier analysis of lahar potency by applying the short-term rainfall
prediction into snake line analysis
4) The framework of remote hydro-meteorological analysis and modeling of volcanic area
for lahar occurrence simulation.

This study is an initial attempt to introduce the effectiveness of X-MP radar for lahar analysis
and the procedure of remote lahar monitoring. Although the proposed method still has some
limitations in understanding the physical properties of lahar, it can give lahar properties
information efficiently; which is important in disaster mitigation and adaptation. In the future,
better understanding on rainfall characteristic at Mt. Merapi by analyzing more cases of lahar
occurrences should be done parallel to the development of better lahar mechanistic model.
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CHAPTER 1
INTRODUCTION

1.1 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, the flows involve the interaction between solid and fluid

particles, which plays an important role onthe 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, and poorly sorted sediment-laden mixture of rock debris and water from a
volcano, that is usually triggered by rainfall. It belongs to a continuum flow type, which covers
debris flows, hyper-concentrated flows, and mudflows (Lavigne et al, 2007; Neal, 1976).

Typically, lahar flows enter ariver valley at a velocity of 2.5-11 nm/s (Lavigne et al., 2007).

Lahar flow includes the direct and indirect effects of the 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 occur even without an
eruption and the initiation is a function of rainfall parameters, source material characteristic,
and time since eruptive activity (Jones etal., 2017).

Between 17t to 19t" centuries, lahars are responsible for 17% of deaths due to the volcanic
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). Lahar and pyroclastic flow contribute to the highest rate of erosion in
the world (10°-108 m® kmr! yr1) (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 is inferred

1



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) discusses the sediment vyield 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 leads to lahar initiation (Fitriyadi,
2009; Yulinsa, 2015; Fibriyantoro, 2015), but most of them rely on rainfall information in the

downstream, which do not represent the direct effect of rainfall in the upstream.

At Mt. Merapi of Indonesia, lahar occurs mostly as secondary disasters that happens 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 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 for understanding the 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 increase
during the rainy season. Thus, rainfall information becomes the fundamental element for lahar
model application in the catchment-scale studies (Jones etal., 2017; Castruccio and Claverro,
2015). However, the study of lahar has two main problems. The first is that lahars usually
occur at higher than 1200 m amsl elevation (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 a relatively inaccessible and dangerous area, 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 rainfall 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 further to the debris flow prone areas
(Jakob and Hungr, 2005). In Indonesia, anold paradigm of living together with disaster is still
alive in volcanic areas especially Mt. Merapi. The people who live in this area 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.

1.2 Objectives of this study

The objective of this research is to develop a real-time lahar monitoring system at Mt. Merapi
by the utilization of the X-MP radar into adistributed hydrological model. The main objective
is obtained by conducting these activities:

(1) Applying agraphical user interface of a numerical model of debris flow to simulate
lahar at Mt. Merapi;

(2) Integrating rainfall data estimate by the X-MP radar to optimize the numerical
model of lahar performance;

(3) Applying an ensemble short-term rainfall prediction to the lahar critical rainfall
lahar potency analysis;

(4) Improving a distributed hydrological model performance by integrating X-MP
radar rainfall, modifying the flow stoppage mechanism, and applying some lahar
empirical equations to simulate lahar flow; and

(5) Applying the mean-ensemble prediction of rainfall to a modified distributed

hydrological model for lahar flow simulation based on a real lahar event.



1.3 Research methodology

This study aims to develop a lahar assessment system based on rainfall data and the terrain
data information/Digital Elevation Model (DEM). Hence, the first step is to apply rainfall data
from rain gauge as the triggering force to get the discharge data, which is used as the boundary
condition in a debris flows numerical model. The discharge then combine with several
different quality of DEMs as the inputs in a lahar simulation model. This step reassures the
relationship between lahar, rainfall, and the optimum resolution of the spatial data (Chapter
).

Next, the improvement on lahar simulation is done by integrating X-MP radar data to calculate
the discharge in the upstream area of Mt. Merapi. This chapter also discusses the reliability of
rainfall measured by rain gauges and X-MP radar (Chapter VI).

Short-term rainfall condition is predicted by an ensemble rainfall prediction model. This step
aims to know the potency of predicted rainfall to be used on a short-term lahar assessment. It

is done by the snake line analysis to determine earlier lahar potency information (Chapter V).

The last part is a direct application of X-MP radar to a distributed hydrological model. Lahar
properties are calculated based on empirical equations (Chapter VI). The mean ensemble
prediction of rainfall is used as the input to the modified distributed lahar model to get real-
time lahar information at Mt. Merapi. The simulation is done following a real lahar event

(Chapter VI1). Figure 1.1 describes these steps in a chart.

1.4 Organization of the dissertation

The following chapters of this dissertation elaborate the problems and methodology adopted
to discuss the remote monitoring system of lahar at Mt. Merapi (Figure 1.2). This dissertation
consists of 8 chapters, outlined as follows.
Chapter 1 Introduction
This chapter gives the background of the study, the research objectives, and the
structures of the thesis.
Chapter 11 Basic concept and site description
This chapter explains various kind of sediment transport, debris flow definition,
the profile of Mt. Merapi and its eruption, lahar definition, and lahar
mechanism.



Chapter 111

Chapter 1V

Chapter V

Chapter VI

Chapter VII

Debris flow model by a single-phase continuum approach

This chapter explains the physics of debris flow from several approaches:
Newtonian fluid, Bingham fluid, and dilatant fluid model. An application from
a numerical model based on dilatant fluid rheology is also presented.
Integrating X-MP radar for lahar simulation

This chapter explains the utilization of remote monitoring of lahar by X-MP
radar and a numerical model of debris flows. Exsisting lahar monitoring system
and the advantageous of X-MP radar are also discussed.

Short-term rainfall prediction at Mt. Merapi

This chapter discusses an ensemble rainfall prediction at Mt. Merapi and its
application to the snake line analysis and the critical rainfall of lahar to
determine the lahar occurrence.

Lahar assessmentat Mt. Merapi by a distributed hydrological model

This chapter explains a modification of a distributed hydrological model to
perform as numerical lahar model. The modification done by assuming lahar
as a turbulent hyper-concentrated flow, which resulted in more friction applied
to the flow. The system also includes empirical equations to estimate lahar
properties.

Application example for developed system

In order to evaluate the developed system, an application by combining the
ensemble short-term rainfall prediction and the modified hydrological model
for rainfall triggered lahar analysis is done in two rivers: Gendol and Putih

Rivers.

Chapter VIII Summary of the study

This chapter summarizes the study with conclusions, finding, and the outlook
for further studies.
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CHAPTER i
BASIC CONCEPT AND SITE DESCRIPTION

2.1 Sediment Related Disasters

The classification of the flowing sediments is primarily based on relative, qualitative
differences in the style and rate of the movement, and as well in the morphology and
sedimentology of deposits. In terms of sediment transport on the earth-surface slope, relative
velocity and relative concentration are considered to differentiate a suite of flow processes.
Takahashi (2014) classifies this sediment transport into two types of flow. The first type is the
gravity driven and moved altogether and the second type is driven by fluid dynamic forces
and moves as an individual particle motion. The second type includes bed load, suspended
load, and wash load in river flows. In general, sediment transportation could take in one of
the following forms:

a. landslide and landslips,

b. debris avalanches,

c. pyroclastic flow,

d. debris flow and immature debris flow (Figure 2.1).

Landslide and landslip happen when the gravitational mass of rock, debris, or earth move
downslope. The debris avalanche is a term to describe the large-scale collapse of a mountain
body that reaches distant flat areas of a low slope. The pyroclastic flow is a dry granular flow
produced by the collapse of a lava dome (Takahashi, 2014). While the third group is in
contrast to the other flows, severe rainfall intensity is the major triggering cause of landslide,

debris avalanche, and debris flows happen in the mountainous area (Chen et al., 2013).

In many studies (Cannon, 1988; Chen and Chuang, 2014; Corominas and Moya, 1999), a
landslide was identified as one of the factors to induce debris flow. Three landslides happened
after Typhoon Morakot and triggered debris flows in southern Taiwan in 2009 (Chen and
Chuang, 2009). Although it can be the source of debris flow, the physical properties and flow

deformation of a debris flow are indeed different with the landslide and debris avalanche.



Pyroclastic flow Debris flow

Figure 2.1 Classification of sediment transportation onthe earth surface. Images are redrawn

from United States Geological Survey, USGS
(https//pubs.usgs.gov/fs/2004/3072/images/), and Global Volcanism Program,
Smithsonian Institute for the pyroclastic flow image

(https//volcano.si.edu/reports_bgvn.cfm?Issue Year=1996 &lssueMonth=09).

The rheology of debris flows is debatable, but most of the studies are in agreement that debris
flows contain higher concentration than hyper-concentrated flows (Julien and Leon, 2000;
Lavigne and Suwa, 2003). A hyper-concentrated flow is an intermediate flow between fluvial
flow and debris flow, which contains sediment concentration about 5-60 % (Pierson, 2005).
Hyper-concentrated flows can take forms in the mud floods and mudflows (Julien and Leon,
2000).

Mud floods are typically hyper-concentrations of non-cohesive particles (e.g. sands) flows,
which display fluid behavior for the range of sediment concentrations by volume as high as
40%. Mud floods are turbulent and the flow resistance depends on the boundary roughness
similar as for the turbulent flows with clear water. At avolumetric sediment concentration of
0.05, the sediment concentration of small particles tends to be uniform than described by
Rouse vertical concentration profiles. Increased buoyancy and fluid viscosity reduce the

settling velocity of sediment particles (Julien and Leon, 2000).



Mudflows are characterized by a sufficiently high concentration of silts and clays (sediment
size <0.0625 mm). The high concentration of both particles changes the properties of the fluid
matrix and help support rage clastic material. Mudflows behave as highly viscous fluid mass,
where the high concentration makes rafting boulders near the flow surface. Based on
laboratory results, the volumetric sediment concentration of a mudflow fluid matrix ranges
from approximately 45 %to 55 % (O’Brien, 1986). Mudflows exhibit high viscosity and yield
stress. They can travel long distances on mild slopes at slow velocities to and leave lobate
deposits on alluvial fans. In this study, the term hyper-concentrated flow represents mud

floods and mudflows.

Debris flow is a mixture of the clastic material including boulders and woody debris, where
the lubricated inter-particle collision is the dominant mechanism for energy dissipation.
Knowledge of debris flow is largely contributed by Bagnold and Takahashi’s studies (Bagnold,
1954; Takahashi, 2014; Arattano and Savage, 1994; Hutter et al., 1996). Takahashi (2014)
defines debris flow as a flow of sediment and water mixture in a manner as it flows of
continuous fluid driven by gravity and attained large mobility from the enlarged void space
saturated with water or slurry. The buoyancy acting on particles must have some effects on
the large mobility as it can flow even on a gentle slope as flat as 3°.  According to Iverson
(2014), debris flows are water-laden masses of soil and fragmented rock that rush down
mountainsides, funnel into stream channels, entrain objects in their paths, and form lobate

deposits when they spill onto valley floors.

Based on those definitions, a debris flow should meet these criterions:
(1) A two-phase flow consists of poorly sorted fluid and sediment;
(2) Generally, the volumetric sediment concentration is higher than 55%;
(3) The entrainment process happens during the flow goes down in the channel and makes
it attains large mobility;
(4) The large mobility keeps it flows even on gentle slope as about 3°;

(5) The flow will form an alluvial fan of deposits when they spill onto valley fioors.

Debris flows are one of the most frequent natural hazards, especially in mountainous, volcanic,
semi-arid, and sub-polar regions (Santi et al., 2011). Schuster et al. (2002) concluded that most
casualties in Latin America were due to “... high-velocity debris avalanches and high-, to
medium-velocity long-runout debris flows and mudflows”. Li (2004) reported many lethal

and destructive debris flows happened in the mountains of China and placed them among the
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most severe sources of damage. Debris flows are one the most commonly reported hazards in
the highland areas of New Zealand (Selby, 1993). Nakano (1974) ranked ‘‘mudflows and
rocky mudflows’” high among the other damaging mass movements in the mountainous and

hilly areas of Japan.

Multiple debris flows happened and destroyed the city’s street and houses in Dongchuan, a
district of Kunning Yunnan province, Xiaojiang River valley. The total area classified to be
in the danger zone was 5.21 km?, which equaled to a total value loss of 488.9 million Yuan
(Tiang and Zhang, 2009). Debris flow is an important hazard in Japan for the society and
economy (lkeya, 1989). This phenomenon has been recognized since ancient time and the
occurrences during 2000 to 2012 are increasing (MLIT, 2012 in Kim et al., 2014). On 20
August 2014, high intensity of a localized rainfall triggered numerous shallow slides and
debris flows in northern part of Hiroshima. These disasters caused 74 deaths, 44 injuries, 133
destroyed houses, and 296 severely damaged houses (MLIT, 2014 in Wang et al., 2015).

Indonesia is subject to many different natural hazards, where sediment disasters include debris
flow, landslide, and slope failure are the well-known natural disasters. They are mostly
triggered due to the mechanical processes of water, soil, and human activities. In Indonesia,
sediment disasters have occurred in both volcanic area (debris flow, lahar flow, landslide, and

slope failure) and non-volcanic area (debris flow and landslide).

2.2 Debris Flow Classification

In general, criteria for defining debris flows emphasizes sediment concentrations, grain size
distributions, flow front speeds, shear strengths, and shear rates (Beverage and Culbertson,
1964; Varnes, 1978; Pierson and Costa, 1987). However, the necessity of the interacting solid
and fluid forces makes a broader and more mechanistic distinction. This definition makes
many events identified as debris slides, debris torrents, debris floods, mudflows, mudslides,
mud spates, hyper-concentrated flows, and lahars may be regarded as debris flows (Johnson,
1984).

The diverse nomenclature reflects the diverse origins, compositions, and appearances of
debris flows from quiescently streaming, sand-rich slurries to tumultuous surges of boulders
and mud. Based on the appearance, Takahashi (2014) classifies debris flow as stony debris

flow, turbulent-muddy type debris flow, and viscous debris flow.

11



1)

2)

3)

Stony-type debris flow

Stony-type debris flows are common in mountain torrents and in gravel-bedded channel
originate in the scree slopes located at the base of rock fall faces. Stony-type debris flows
are usually triggered by surface runoff following an intense rainfall event. Hydrodynamic
forces destabilize the gravel bed surface, determining the dispersion of sediment grains
throughout the entire water depth. Due to the inertia, the large masses of mobilized
sediment can travel for long distance and eventually deposit where friction actions prevail,
namely for low enough hillslopes, orwhen discharging in broad alluvial fans and in a less
steep channel (Takahashi, 2014).

In the stony-type debris flows, the distribution of particle sizes consists mainly of
boulders, cobbles, and gravels. Finer frictions less than 1 mm are likely contained in the
interstitial muddy water, which behaves as a liquid. In any case, a fraction of constitue nt
less than 0.1 mm is far less than in viscous-type and muddy-type debris flows. The
dynamic of stony-type debris flow is dominated by grain collision stresses which are
responsible for the dispersion of grains throughout the entire water depth (mature flow)
and segregation processes (e.g. the accumulation of larger particles on the debris front).
The excess of pressure in the pore fluid is likely to play a minor role especially for low

grain concentration (Stancanelli et al., 2015).

Turbulent-muddy-type debris flow.

The turbulent- muddy-type usually occurs in volcano area, after the vigorous ejection of
ash from an active volcano resulting in the thick of mountain cover that is easily eroded
even by a slight rainfall. Such ash cover erosion causes a frequent occurrence of debris
flows. This type of debris flow contains many large boulders and mainly comprised of

fine ash.

Viscous-type debris flow

In general, viscous-type debris flow is a flow where the dispersion of coarse particles in
such dense slurry. The concentration of coarse particles in the slurry is more than 50% by
volume. This type of debris flow is characterized by its intermittency, where ten to
hundreds of surges (intermittent bore-like flow) come out repeatedly within the time
interval of from a few tens of seconds to a few minutes. Each surge rolls on and roars as
if it were a breaking wave at the seacoast. The surges are followed by laminar flow part

and happen repeatedly which causes bed smoothing and change the width of the channel

12



and the longitude shapes of the side banks. This flow behavior is recognized by Takahashi

(1990) after a long observation in Jiangjia gully in China.

2.3 Lahar as a kind of debris flow

Debris flow in the slope of volcano happens not only by the effects of melting water but also
by the overflow of crater-lake or by the flood runoff of severe rainfall. This event is sometimes
called “lahar”, that is an Indonesian genetic form (Takahashi, 2014). Lahar is originally
introduced by Scrivenor (1929), in a report of dynamic flows produced by ejection of crater
lake water at Kelud volcano in East Java. He translated lahar as “mudstream”. Later, Van
Bemmelen (1949) expanded the definition as “a mudflow, containing debris and angular

blocks of chiefly volcanic origin”, but also added, “...volcanic breccias, transported by water”.

According to Lavigne etal. (2003) lahar is a Javanese term defined as a rapidly flowing, high
concentration, and poorly sorted sediment-laden mixture of rock debris and water (other than
normal stream-flow and flood) from a volcano. A lahar is a continuum of flow type, which
includes debris flow, hyper-concentrated streamflow, and mudflows. Another definition of
the lahar is a class of volcanic mass flows containing a mixture of water and volcaniclastic
debris that forms because of the presence of four controlling factors: water, easily entrained

debris, steep slopes, and a triggering mechanism (Vallance, 2000).

Based on those definitions, it can be summarized that most scientists agree that lahar can
involve a debris flow phase and precursor and warning stage of hyper-concentrated-
streamflow phases. The flow behavior exhibits by lahars may be complex but the flow is in
contrast with water floods in at least three ways: the flow behavior is unsteady and non-
uniform, the capacity of sediment transport is exceptional, and the effects on the valley
channel are severe. Hence, several studies have used the numerical model of debris flows to
analyze the lahar behavior (Takahashi, 2014; Nagata et al., 2003, Syarifuddin et al., 2016;
2017).

Lahars can be produced in several ways. Primary lahars are syn-eruptive, that is deriving from
the pyroclastic flow and surges churning and melting snow and ice, or generated by a crater
lake expulsion during the eruptions. Most syn-eruptive lahars are generated in a drainage
system, which is buried by a pyroclastic. This leads a series of landslides and debris

avalanches that inducing a debris flow (Lavigne etal., 2007).
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The majority of lahars are secondary and post-eruptive, which is triggered by rainfall on loose
pyroclastic material. In addition, some secondary lahars are not related to the eruptions and
less predictable. They occur through processes common to the volcanic terrains after heavy
rainfall on a steep slope. Post-eruptive lahar can occur during several years after an eruption.
At Mt. Merapi, lahars are commonly rain-triggered by rainfall having an average intensity of
about 40 mm in 2-hours, during the rainy season from November to April (Lavigne et al.,
2000b).

Lavigne et al. (2000b) conclude that most lahars at Mt. Merapi are invariably initiated by
heavy rainfall. During the rainy season after 1994 Mt. Merapi eruptions, more than 50 lahars
happens in the rivers at Mt. Merapi. The frequency of post-eruptive lahars (cold lahars)
depends on the rainfall characteristics and the total volume of grain size distribution of fresh

volcanic deposits.

At Mt. Merapi, rain-induced lahars occur periodically for about 4 years following small to
medium-scale eruptions. On average, moderate-sized pyroclastic occurs approximately every
9-16 years and small-scale pyroclastic flows occur every 2-3 years (Shimokawa et al., 1995).
Because heavy rainfalls occur every year, rain-triggered lahars are expected to occur almost
every year or two in some sectors of Merapi. Lahar occurrence during the 1995-1996 rainy

season happens at Mt. Merapi is given in Figure 2.2.

At Mt. Semeru in East Java of Indonesia, where the pyroclastic flows are known to happen
every 1 to 7 years, lahars take places in form of debris flows and hyper-concentrated flows.
During an observation conducted in October 1991 to January 2001, 21 debris flows and 5
hyper-concentrated flows happened in Curah Lengkong Channel, on the southeast flank of Mt.
Semeru. Almost all debris flows were triggered by stationary rainfall confined to the upper
slopes of Mt. Semeru, whereas hyper-concentrated flows and stream flows were mainly
generated by migratory of regional rains driven upwards on the eastern slope. In general,
lahars could be triggered by intense rainfall intensity, or low intensity but long duration of
rainfall.

Lahars are water saturated, so both liquid and solid interactions determine their unique
behavior and distinguish them from other related phenomena common to volcanoes such as
debris avalanches and floods. Similar to the viscous-type of debris flows, lahar moves as a

surge or a series of surges, driven by gravity, by porosity fluctuation, and by pore fluid
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pressures. This kind of flows is in accordance with the Coulomb grain flow model (Iverson
1997). Lavigne et al. (2000) also monitors the presence of at least a surge or two main surges
followed by lahar fronts, within few minutes of lahar occurrence in 1995 at Kaliurang, on the
southern slope of Mt. Merapi. Those surges show the similarity between lahar behavior and

viscous-type of debris flow.
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Figure 2.2 Seasonal rainfall variability and lahar occurrence in 1995-1996 (de Belizal et al.,
2013)
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Figure 2.3 The mechanism of lahar at Mt. Merapi. Image is redrawn and translated from
Ministry of Public Work Department of Indonesia
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2.4 Lahar flow mechanism

The mechanism of lahar occurrence is presented in Figure 2.3. The process of lahar flows

includes three stages: production, transportation, and sedimentation.

2.4.1 Lahar production

The production stage happens in the upstream area after the eruption. Intense rainfall is
responsible for triggering lahar initiation. Some studies defined the elevation of lahar initiation
is higher than 1200 m amsl, while the other said that at elevation 400 m amsl to 600 m amsl
this disaster is still dangerous with flow velocity could be higher than 3 nvs (Legowo, 1980;
Lavigne et al., 2000b).

The production and characteristic depend on the volcanic deposits availability. The grain of
lahar deposits at Mt. Merapi is dominated by sandy gravel and gravelly sand, which is
relatively coarser than other lahar deposits from Mt. Kelud or Mt. Pinatubo. The source
material at Mt. Merapi is mainly coarse debris from the block-and-ash flows, hence the
remobilization of pyroclastic material in the upper flanks of Mt. Merapi is more difficult than

on many other volcanoes.

At Mt. Merapi, most of the debris flows are generated by sheet, rill, and gully erosion in
pyroclastic source areas. However, some rare and localized landslide happen on the prior past
eruption deposit can also become an additional source of lahar, though the percentage is

usually less than 10 % from total lahar volume (Lavigne and Thouret, 2002).

Substantial variations of rainfall intensity owver time and space, which is typical of the tropical
monsoon climate influences the sediment load variations of the lahars. The rainfall intensity
for triggering lahar was said at least 40 mm in 2 hours, while other studies said it is 70 mm/h
(Legono, 1981; Wardoyo, 2013). After 2010 eruption, recent studies give different values of
this critical rainfall intensity. Kusumawardhani et al. (2017) mentioned the maximum rainfall
intensity in Putih River for triggering lahar was at 40 mm/h, while in Gendol River, some
debris flows happened at lower rainfall intensity less than 4 mm/h but had more than 100 mm
rainfall accumulation (Fitriyadi, 2013). Previous lahars event also showed that lahar could

even happen in 5 minutes before/after the peak of rainfall (Lavigne and Thouret, 2003).

16



2.4.2 Lahar transportation

Generally, lahars at Mt. Merapi have low capacity transport due to the numerous break-in-
slope in the river channels. This break-in-slope is influenced by two factors, which are the
effect of differential erosion between a lava flow and pyroclastic deposit (upstream area), and
the presence of sabo dams (downstream area). This break-in-slope has increase downstream
transformation of a lahar from a debris flow to a hyper-concentrated flow and a stream flow
(Lavigne and Thouret, 2003).

The sabo dam installation is one of the countermeasures of lahar at Mt. Merapi. The sabo dam
presence causes changes in the natural bed surface of the rivers, which affects the
transportation process of lahar. There are several types of sabo dams constructed at Mt.
Merapi: open-type sabo dam, closed-type sabo dam, and culvert-type sabo dam. The Ministry
of public works of Indonesia has built more than 160 sabo dams in the rivers of Mt. Merapi

(Ministry of public works of Indonesia in Sumaryono and Hildasari, 2010). An example of a

sabo dam at Gendol River is presented in Figure 2.4.

Figure 2.4 Sabo dam Ge-C7 Morangan in Gendol River seen from the northern side (left) and
the southern side (right)

2.4.3 Lahar sedimentation

The lahar sedimentation usually comes in stratified deposits, which does not support the
hypothesis of the freezing en masse deposition process. In the en masse deposition process,
the flows come to an abrupt halt over its entire depth. In the lahar deposition process, these
stratified deposits are caused by the incremental deposition mechanism due to the occurrence

of frequent transient, unsteady flows, which transform rapidly from one type to another.

17



The analyses of the lahar deposits in the Boyong River at Mt. Merapi found that the sediment
encompasses clast-supported and matrix-supported debris-flow deposits, hyper-concentrated
flow deposits, and streamflow deposits. The stratigraphic succession of massive and stratified
beds observed immediately after any given lahar event in the Boyong River indicates that the
sediment concentration varies widely over time and space during a single lahar event.
Sedimentation rate varies from 3 to 4.5 cnvmin during relatively long-lived surges to as much
as 20 cm/min during the short-lived surge. The characteristic of this deposition shows that

lahar is a kind of transient sediment-water flows with unsteady flow properties.

Analysis of lahar occurrence in 1994-1995 at Boyong and Bedog Rivers, founds that lahar
flow stops and deposits at about 820 m amsl with a volume of sediment ranges from 46x103
m® to 266 x103 m3. The lahars travel averagely at 6.5 km distance from the crater (Lavigne
and Thouret, 2002).

2.5 Lahars at Mt. Merapi

Mt. Merapi (7.40 S; 110.44 E), is an active stratovolcano located on the border of Central Java
and Yogyakarta Provinces, Indonesia. The mountain highest elevation reaches 2957 m amsl,
with 13 main rivers drain this volcano (Figure 2.5). The word Merapi is actually derived from
an Indonesian and Javanese word, which literally means the fire mountain. This mountain is
one of the most active volcanoes in Indonesia and has erupted regularly since 1548. Mt.
Merapi lies approximately 28 km north of Yogyakarta city, one of the densest populated cities
in Indonesia with 2.4 million inhabitants. Thousands of people lived on the flanks of the

volcano up to 1700 m amsl.

|The destructive Peléean type eruption of Mt. Merapi happens every 1000 years. This type of
eruption is identified by lava dome growth and collapsed, causing flows of ash and hot blocks,
or known as the pyroclastic flows. Almost half of Mt. Merapi’s nearly 1980 reported historica |
eruptions are known to have been accompanied by deadly pyroclastic flow—more than any
other volcano (Simkin and Siebert, 1994).

The dome growth and collapsed are the early stage of eruption process, resulting in the
volcanic deposits are characterized by more chaotic tephra deposits including poorly bedded

and sorted pyroclastic flow and avalanche beds. Tephra or the volcanic material is composited
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from fresh magma and lithic clasts with poorly vesicular and blocky structure. The size of
blocks and ash grain are usually larger, with mean diameter can be as large as 32 mm (Heiken
and Wohlezt, 1987). These pyroclastic flows associate with well-sorted fine layers deposition

(ash-cloud surge), which generally thicken downslope and fill the drainage areas.

Some eruptions happened before 1800 are in 1768, 1786, 1791 and 1797. Those explosions
were classified as volcanic explosivity index (VEI)-1 to VEI-2, certainly accompanied by new
crater deformation and lava dome growth. Volcanic explosivity index (VEI) is an order of

magnitude scale ranging from 0 (smaller) to 8 (greater) that often correlates to eruptive types.
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Figure 2.5 Mt. Merapi and its main rivers (a), Mt. Merapi location in Indonesia (b) and the
view of Mt. Merapi seen from Boyong River (c).
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Increasing volcanic activity happened n 1800’s, with some small eruptions and lava dome
growth happened within every two years. The VEI-3 eruptions happened at least four times
in 1823, 1833, 1846, and 1849. The largest VEI-4 happened in 1872, where the volcanoes
ejected its material for about 120 hours, and the volcanic ash was observed as well in Madura
and Bawean Island (approximately, 350 km from the Sleman Regency). Intense volcanic
activities happened during 1900’s, where almost every year to every four-year the VEI-2

eruptions was reported.

The latest eruption in 2000’s happened in 2010. The series of eruptions belonged to the
centennial eruption of Mt. Merapi and affected all directions around Mt. Merapi. Pyroclastic
flow reached 4 km to the North, 11.5 km to the West, 7 km to the East and about 15 km to the
South. Explosive bombs reached 4 km from the summit in all directions, with large emissions
of ash and gas into the atmosphere. Ash dispersed by the wind affected mostly the western
part of the volcano and disturbed the air traffic up to Jakarta. The airport of Yogyakarta was

closed for more than 15 days (Surono et al., 2011).

As the rainy season started after the series of eruptions, the large amount of ashes deposit was
directly being transformed into mudflows (lahars), flooding valleys close to the Mt. Merapi
and destroying many facilities (Figure 2.6). Though this eruption and the following lahar
events had swept away most of the monitoring instruments, however the Center of
Volcanology and Geological Hazard Mitigation (CVGHM) had managed the post-eruptive

impacts very well.

The management includes collaboration with the USGS to set-up a system of more than 20
geophones along the valleys that transmits real-time data to the CVGHM. With such a real-
time system set-up for the first time at Merapi volcano, the CVGHM will be able to alert
security teams as soon as a lahar starts in any valley, by sending messages to the right place
at the right time (Jousset et al., 2013). Even though this is a very useful technique, but few
efforts in terms of establishing real-time remote monitoring of rainfall at Mt. Merapi are done,

in spite of this factor has been understood as the main triggering agent of lahar.
The average annual rainfall observed in 1990 by five stations on Mt. Merapi was about 3270

mm. On Mt. Merapi, the dry season starts from May to October and the rainy season starts

from November to April. The total duration of rainfall at Mt. Merapi is 954 hours. Comparing
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to Mt. Fuji, greater rainfall intensity at Mt. Merapi happens more frequent (Shuin et al., 1996).

The average rainfall intensity in 2015 is given in Figure 2.7.

Diurnal and monthly rainfall variation at Mt. Merapi in 1990, that was observed by Shuin et
al,, (1996) is given in Figure 2.8. There was little precipitation in the morning on Mt. Merapi
and generally, rainfall happened in the afternoon to night. The highest total accumulation was
more than 900 mm at 16:00-18:00. The rainfall at Mt. Merapi had higher intensity and short
duration compares to the rainfall at Mt. Fuji. This study has indicated that the type of rainfall
at Mt. Merapi is the convectional rain, where the warm air from the heated ground and water
accumulates, transforms, and condenses during the daytime resulting in the formation of high

intensity and short duration precipitation.
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Figure 2.6 Photographs of Merapi eruptions. (a) Pyroclastic flow that traveled Gendol River.
(b) Lahars flow down the Putih River and impact inhabitants living next to the
riverbanks. (c) Picture was taken at Gendol before Merapi’s eruption in 2010. (d)
Picture was taken after Merapi’s eruption in 2010 (images from MIA-VITA Project
(2009-2012), CVGHM). (e) Rainfall data for Gandol in Sleman for 2010-2011
according to Candra and Sunarto 2014 (Lee et al., 2015).
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Figure 2.7 Average rainfall intensity at Mt. Merapi derived by polygon Thiessen method.
Data were collected from 9 rain gauge stations at Mt. Merapi (Lashari et al., 2014).
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Figure 2.8 Diurnal and seasonal variation of rainfall at Mt. Merapi (Shuin et al., 1996).
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CHAPTER 1l

DEBRIS FLOW MODEL
BY A SINGLE-PHASE CONTINUUM APPROACH

3.1 Introduction

Essential model for flow mechanics should consider constituents as the mixture of continues
flud (water and slurry) and densely assembled discrete particle. It should explain both the
macro behaviors such as the mean wvelocity of the bulk body and flooding limit on an
mundation area and the micro individual’s particle simultaneously. Currently, the contmuum
mixture theory that divides the constituents into continuum solid phase and continuum fluid
phase and the interaction between them is the most recommended model of debris flow
(Takahashi, 2014).

Debris flow and/or lahar simulations have been performed using empirical and numerical
models in the past. However, numerical models usually require strong computational expertise
and involve a number of variables that make them impractical for field use. Currently some
simplified empirical and numerical models that can be operated by users with limited expertise
in sediment transport have been developed to fill the knowledge gap between engineers and
stakeholders. Some of the well-known lahar simulators are LAHARZ developed by the US
Geographical Survey (USGS) and TITAN2D developed by the Geophysical Mass Flow
Group at the State University of New York (SUNY).

LAHARZ is one of the most commonly used geographical information system (GIS) based
lahar simulation programs. Study of lahar by LAHARZ focused on evaluating the sensitivity
toward different quality of digital elevation models (DEMs). Applying LAHARZ to different
DEMSs has occasionally resulted in unrealistic lateral inundation areas, called ragged edges
(Mufioz-Salinas et al, 2009). It was generally assumed that finer resolutions could only
produce better results when lahar modeling was done over short distances of 1-2 km (Huggel
et al., 2007).

At the Mt. Merapi volcanic area, the application of LAHARZ have resulted in lahar volume

predictions of 20x10% m3 along 10 streams, which was found to be in 55.63% agreement with
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real conditions, based on US National Oceanic and Atmospheric Administration (NOAA)
LANDSAT Thematic Mapper (TM) satellite imagery (Lee et al., 2015).

However, it neglected the effect of timely rainfall variability in this area, since LAHARZ is a
one-dimensional (1D) semi-empirical model based on historical lahar data, which assumed
lahar as a flow that moves downstream as an evolving, translating waveform of constant bulk
density, mass, and volume (Iverson etal., 1998). While TITAN2D framework originally was
designed for application to “dry” granular masses and not wet debris flows (Procter et al.,
2010).

In this chapter, the dilatant flud model combined with Newtonian fluid model adopted by
HyperK ANAKO model is a suitable model for lahar simulation in Gendol catchment at Mt.
Merapi. HyperKANAKO model allows the inclusion of rainfall variability as one of the

factors for computing the accumulation of debris flow volumes.

This model is based on Takahashi equation for debris flow (Takahashi, 2014), which follows
the dilatant fluid model. In general, it considers the mixture of fluid and grains in the viscous
flow maintains the flow movement due to athreshold concentration. Although the constitutive
response of this regime is an essentially Newtonian type, however, this kind of model is
understood as an equivalent model to the two-phase mixture model in which the dynamic fluid
effects are almost negligible (Takahashi, 2014; Hutter et al., 1994).

3.2 Single-Phase Models of Debris Flow

In the single-phase continuum models for debris flow, the mixture of particles and fluid is
considered as a kind of continuous fluid which behaves as debris flow in various situations.
The characteristics of the apparent fluid are determined by the relationship between the
operating shear stress and the rate of strain, which is called the constitutive law of the
consistency. Three of the most widely used constitutive equations used for single-phase
continuum models of debris flows are

1) Newtonian fluid

2) Bingham fluid

3) Dilatant fluid (Figure 3.1).

The Newtonian fluid is represented by the laminar flow of plain water in which the shear stress,

ris linearly proportional to the rate of strain (du/dz). Bingham fiuid does not deform if the
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operating shear stress is smaller than a threshold, but, if the operating stress were larger than
the threshold it would behave as a Newtonian fluid. The dilatant fluid decreases the flow

mobility with increasing shear rate.

Bingham fluid

Newtonian fluid

dilatant fluid

du/dz

Figure 3.1 Consistency curves for some kinds of fluid (Image is modified from Takahashi,
2014)

1) Newtonian fluid
Debris flow obviously behaves differently than a plain water flow, which makes it
more appropriate to be considered as a non-Newtonian fluid. The Newtonian fluid
represents the laminar flow of plain water where shear stress, zis linearly proportional
to the rate of strain (du/dz). However, simplification is required in the numerical
models making some previous studies were able to apply this model for debris flow

estimation.

An application of the Newtonian fluid model has been applied to simulate a debris
flow happened in Jiangjia gully (Takahashi, 1999). This debris flow was evidently
laminar but contained a high density of coarse particles. Due to its high viscosity, the
turbulence was minimal so that particles could not be suspended by the fluid
turbulence. Takahashi (1999) considered that the force acting to disperse particle
contained in the flow to keep the mobility was the perpendicular force of particles
embedded in the adjacent shearing surfaces. The cross-sectional mean velocity, U was

calculated following
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L2 (1+e0)h (3.1)

Uy 3 Uq
where u- is friction velocity of shear stress (=gh sint’26), Ua is the apparent viscosity

of the mixture, &= (o - p)/p, C is the average volumetric solid concentration, h is water

depth, and pis the density of water.

Takahashi conducted an experiment of two kinds flume in which a steel of movable
slope flume 10 min length, 9 cm in width, and 40 cm in depth was used. The bed was
roughened by pasting 3 mm in diameter of gravel to the bed. 13,000 cm? of the debris
flow material was stored in the hoper set at 3.5 m upstream of the outlet of the flume
and a high-speed video was set to record the flow at 2 m downstream of the hopper
outlet beside the flume. The well-mixed characteristic of the debris flow in the Jingjia
gully was simulated by mixing silica sand and kaolin, and a constant solid
concentration was set between 0.56 and 0.57. The result showed the agreement of the

velocity trend between the experimental and the calculation (Figure 3.2).
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Figure 3.2 The calculation (curve) and experimental (circles) velocity distribution
in the first and second surges by Newtonian rheology

2) Bingham fluid
The Bingham fluid model assumes fluid does not deform if the operating shear stress
is smaller than a shear stress threshold, known as zy, but when it reaches the threshold,
it acts as a Newtonian fluid. This consecutive model has been widely applied to many

actual debris flows.

The application of the Bingham fiuid model requires yield stress, zy and Bingham

viscosity coefficient, 7 obtained by rheometer test of samples, which is collected in the
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field. The shearing stress operating on the plane at height, z in a planar flow of depth h,

and 6 in the channel slope is

7, +7 (Z—LZ’) = pg(h—2z)sind (3.2)
For Bingham fluid, since it follows 7= 7y + n(du/dz), then under the boundary condition,

the result is
s=m ()2 -t7) e

u* 77
Bingham fiuid model had been applied to study the natural debris flow originating
from overconsolidated clay materials in Norwegian Sea. Although it could reasonably
explain the small-scale debris flow happened but it could not express the presence of

intact-block occurs in the region (de Blasio et al., 2004).

Takahashi (2009) argued that the Bingham fluid application for debris flow is not
suitable due to the surge behavior of debris flow. This argument was supported by
trying to model the Jiangjia gully debris flow event by Bingham fluid model. the
Bingham fluid model gave unreasonable of overestimated flow velocity. Whipple
(1997) stated that the Bingham rheology application is limited to mud rich debris flows.

3) Dilatant fiuid
Bagnold (1954) who was the first to discover the significance of inter-particle collision
as the cause of grain dispersion, majorly contributed the work in the dilatant fluid model.
He found that when the rotating velocity was given a small pressure, a shear stress
change linearly with the change in shearing rate (du/dz). Otherwise, pressure and shear

stress varied proportionally to the square of shearing rate (du/dz).

Pressure and shear stress in the inertial region is produced by the interparticle collision
on the assumption of a particle dispersion system, where the particles embedded in each
layer move in equal spacing keeping the velocity of the layer. Finally, the determined

formula based on the experimental are

2
— 24 2 (du
p. = a;0A°d, (dz) cosa;

i 3.4)
T, = p, tang; (3.5)

Here, pcis the pressure of flow, o is the density of the mixture, a;is the experimental

coefficients (0.042), aiis the collision angle to z-direction (average values is 17.8°), dp

is the mean diameter of particles, and z, is the bed surface shear stress.
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According to Takahashi (2014), based on field data comparison, the dilatant fluid model
is an appropriate model for stony debris flows in which the effect of particle collisions
dominates. Takahashi applies the Bagnold equation for grain inertia and macro-viscous
regimes in a steady open channel flow of grain-water mixture under simple gravity
driven shear stress. The grain is heavier than water by assuming that uniform
distribution of grains throughout the depth and described the stress balance equation for
x and z-direction. Because the grain is heavier, they tend to be deposited. Some

mechanisms to disperse the grain are required to keep the flow going.

These mechanisms are the rapid shearing and the threshold concentration. The shear
stress equals to the square of velocity rate, which is known as the dilatant fluid model,

while the concentration is calculated according to

C = Ll (3.6)

- (o—-p)(tana;—tand)

where in critical concentration, C,, tanai=tan ¢ and the channel slopes satisfies

(O-_p)c*
> —— .
tanf > TS tan¢ (3.7)

where 0 is the slope gradien, ¢ is the internal friction angle of the sediment, and o is
interstitial fluid density.

3.3 Lahar Simulation by HyperKANAKO Model
3.3.1 What is HyperK ANAKO model?

The HyperK ANAKO model was developed by Nakatani et al. in 2012 as an improved version
of former KANAKO 1D and 2D models. Both were intended to be simple and effective
systems for debris flow simulation based on hydrologic and hydraulic processes. The systems
provide information on discharge, water depth, sediment volume, and sedimentation thickness
hence permits users to gain an instinctive understanding of the data (Nakatani et al., 2011,
2012).

HyperK ANAKO improves data preparation flexibility in terms of the mesh number and mesh
size of 2D topographic data by using laser profiler (LP) data or another digital elevation model
(DEM). It is able to perform a fast wide-ranging analysis. Results are provided both
numerically and spatially, which facilitates further analysis (Nakatani et al., 2012).
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HyperK ANAKO initially considers debris flow in 1D and then transforms into a 2D flow
when it reaches a valley or plain. It uses the same equations as 1D and 2D KANAKO, which
are based onthe Takahashi model for debris flow (Takahashi, 2014). The continuity equation
and the momentum equation for the total debris flow volume are given in equations (3.8)-
(3.10):

dCh  dCuh  0C,vh (3.8)
ot T Tox T oy T il
du ou du T (3.9
_— —_— = ing.  ——*%
6t+u6x+v6y g sinf,,, "
av av av T (3.10)
— : Yy
5?+u5;+v5;—gsmﬁw—j:—
The change in bed surface elevation is estimated by
d A1
Zti=o, (3.11)
ot

where h is water depth, u is x-axis direction flow velocity, v is y-axis direction flow velocity, i
is erosion/deposition velocity, ik is the k-th sediment erosion/deposition velocity, g is
gravitational acceleration, pm is interstitial fluid density, Gwx and 6wy are the flow surface
gradients in the x-axis and y-axis directions, and = and zy are the riverbed shearing stresses in

the x-axis and y-axis directions, respectively.

The erosion and deposition \velocity, i, are the source terms related to the sediment
concentration, which were described by Takahashi et al. (1992) as follows.

Erosion velocity: if C< Co

C,—C .
s q (3.12)
C,—C,d,
Deposition velocity: if C > Coq,
C,—CM
;= g oo M (3.13)
c, d,

where o&'is the erosion coefficient, o'is the deposition coefficient, dm is the mean diameter of
sediment (equals 0.014 m, based on Ikhsan et al., 2010), C, is the maximum sediment
concentration in the flow, and C. is the equilibrium sediment concentration, described by
Nakagawa et al. (2003) as follows.

In the case of stony or dynamic debris flow, where tan&y > 0.138, the equilibrium concentration,

C.,, Obeys the equation (3.6) to be
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C = pntand,, (3.14)
© (O’ - pm)(tand) - tanew)
In the case of immature debris flow, where 0.03 < tané&y < 0.138,

pn,tané,, }2 (3.15)
(0 - pm)(tan¢ - tanew)
If tanGyv < 0.03, turbulent water flow with bed load transport occurs, so

C, = 6.7{

(1 + 5tané,, )tanf,, 5 Tuc 5 [Tec (3.16)

o = T, (1 - a, ) 1—-a, -

Prm ' '

where
2{0.45 - (=) tan 6,/ (= — 1) (3.17)
a,? = — Pr — Pr
1- (E) tan6,,/(5-~1)

T, = 0.04 % 101.72tan9W (318)
htand,, (3.19)

T, = o
——1)d
(= Vel
where ¢ is the internal friction angle of the sediment, t,. is the non-dimensional critical shear

stress, and t, is the non-dimensional shear stress. If 7, <t,., then C.,=0.

*C )

The bottom shear stress equations are as follows.

(@) Inthe case of stony or dynamic debris flow, C > 0.4C,, and

_Pr (dm>2 ulul (3.20)
- 8\h (1= L. ?
e+ 508 (Eyr 1)
(b) In the case of immature debris flow, 0.01<C < 0.4C,, and
_pr (dm>2 (3.21)
U= 0o\ ) H
(c) Inthe case of bedload, C <0.01, and
pgn®ulul (3.22)
e

where n is the Manning roughness coefficient.

In this chapter, sabo dam’s effect is neglected mainly due to their poor condition as the impact
of 2006 and 2010 eruptions and frequent lahars following the eruptions (Wardoyo etal., 2013)

so that reducing their effectiveness.
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3.3.2 Study area

The target of this study was Gendol-Opak catchment which covers 67 knm? area and 21.73 km
length. It lies on the southern flank of the Mt. Merapi volcanic area. The Opak and Gendol
Rivers flow parallel and side by side before finally meet in the Rogobangsan tributaries at an
elevation of approximately 174 m amsl (Figure 3.3). The Gendol River flows along vital

infrastructure and historical areas of the Yogyakarta, Surakarta, and Wonosari regions.

The study area has two seasons: the rainy season, that starts in November and a dry season,
which starts in the middle of April. Yearly average rainfall ranges from approximately 2200
to 2800 mm. Before the 2010 eruption, the average riverbed slope of the Gendol River was
about 0.12° and increased just after the eruption. The change in the riverbed slope led to a
change in the sediment transport mechanisms, where high-concentrated flow extends up to 12
km from the summit of Mt. Merapi (Wardoyo et al., 2013).

The centennial eruption of Mt. Merapi in 2010 deposited 10 times the volume of the
pyroclastic materials resulting from the 1994 and 2006 eruptions, and most of these materials
were deposited in Gendol River. According to the National Board for Disaster Mitigation, the
volume was caused by the direction of 9 of 10 multi-phase pyroclastic flows leading into the

Gendol catchment area (Wardoyo et al., 2013).

7°35'0"S

Legend

Elevation m ASL

Sleman District

7°400"S

High:2957 Opak-Gendol River stream

Brid
i |:| Indonesia’s District
Low: 125 ’X
0 2 4 8 12 N
— — Kilometers

Figure 3.3 Opak-Gendol River stream (ALOS DSM 5 m resolution). Insert, the location of
Mt. Merapi volcanic area in Indonesia (Legono etal., 2015).
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These flows covered an area of ~27 km? in the Gendol-Opak catchment, which amounts to
approximately 34 million-m? deposit volcanic material. The eruption also destroyed numerous
facilities such as sabo dams and observatories sites. During the 2010 to 2013 period, frequent
lahar events imposed significant devastation on the area, including loss of human life (Lee et
al., 2015).

3.3.3 Data and methodology

Data used in this study consist of spatial data of the Gendol River from three different Digital
Elevation Models (DEMS) resolution levels, which are the US National Aeronautics and Space
Administration (NASA) Shuttle Radar Topographical Mission (STRM) 90 m DEM (M), the
US Jet Propulsion Laboratory (JPL) Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) 30 m DEM (M), and the Japan Aerospace eXploration Agency (JAXA)
Advanced Land Observation Satellite (ALOS) 5 m DEM (Mz). Rainfall data used were
recorded on 1 February 2013 (R1) and 15 February 2013 (Rz) from the Kaliadem station,
which is supported by the Hydraulic Laboratory of Gadjah Mada University. Based on the
DEM analysis, there is a significant difference in the slope angle at elevations higher than
1200 m amsl, where the average angle is 20° and below 1200 m amsl, where the average is
3.43°. Considering this condition and previous study that stated lahar flow occurrences at Mt.
Merapi volcanic area rivers usually reach 400-650 m amsl (Lavigne et al., 2007), a 1D flow
is modeled at an elevation of 2300-1200 m amsl and 2D lahar flow is projected to occur at the
height of 1200 until 580 m amsl.

This study was divided into two steps: data preparation and running HyperK ANAKO model.
1) Data Preparation
Rainfall data were first analyzed to set up the upstream supplied hydrograph using the
Nakayasu synthetic hydrograph method (Equation (3.23)), while timely sediment
concentration changes were interpolated based on discharge data according to
HyperK ANAKO simulation handbook.

3 cAR (3.23)
 3.6(0.3T, + Ty3)

Qp

Here, Qp is peak discharge (m?/s), R is unit rainfall intensity (mmvh), Tpis time required
from start raining until the flood peak (hour) (h) defined in equation (3.24), and To,3is time
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required to discharge reduction up to 30%, A is watershed area (km?), and c is river
coefficient (0.75).

T, =t, + 08¢, (3.24)
Where tg is the function of the time-concentration and duration of effective rainfall (tr).

Rising limb curve (Qq) is the function of peak discharge Qp, time (t), Tp, and To.3. The

equation is,
ETp
if Q; >0.3Q,,then Q; = Q,0.3T03 (3.25)
t—-Tp +0.5T¢ 3
if 0.3Q, > Q; > 0.32Qp, then Q; = Q,0.3 15703 (3.26)
t-Tp+1.5T¢ 3
if Q; > 0.32Qp, then @, = Q,0.3 703 (3.27)

The short-term upstream supplied hydrographs of Gendol River based on Nakayasu

method are given in Figure 3.4.
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Figure 3.4 Hydrographs of rainfall; left is on 1 February 2013 (R1) on the left and on 15
February 2013 (R2)

All spatial data were converted to 5 m grid resolution using the nearest neighbor method.
Mesh data were created based on Z (height) value at each grid (x,y) using the mesh creation
tools included in the HyperK ANAKO package.

(2) Lahar Simulation by HyperK ANAKO
Lahar simulation begins with the selection of 1D flow at a certain height amsl. The model
will then automatically determine the direction of flow. The 2D plane was adjusted to
have an area of 2 x 7 kn?. The final step is to adjust the hydrograph and a number of
parameters required by model presented in Table 3.1. Lahar simulations were performed
on each of every spatial data (M1-Mz3) by applying both rainfall data (R1 and R2). Models

were run for 3000 s based on previous research that found the peak discharge of rain-
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triggered debris flow in Gendol River happens at t = 1800 s and mostly decrease after

2400 s (de Belizal et al., 2013).

Table 3.1 Simulation initial parameters

Parameters Value Unit

Simulation time 3000 S
2D mesh size interval 10 m
2D mesh number (XY) 200x700 m
Minimum depth of 2D calculation 0.01 m
1D Slope angle 20 ©
1D river width 20 m
Movable bed layer 3 m
Number if 1D mesh observation points 665

1D Roughness value 0.03

1D mesh size interval 5 m

3.3.4. Result and discussion.
(1) 1D Simulation results.

The simulation results for peak discharge of 1D flow are presented in Table 3.2. Since
coarser resolution DEMs do not provide fine topography variability, lower frictional force
was expected to show increased flow velocity. However, as can be seen in Table 3.2, the
highest resolution (M3) shows the highest discharge level, which indicates the limitation of
1D model to analyze lateral flow.

Table 3.2 Peak discharge (Qp) and peak time (Tp) of 1D lahar in the Gendol River.

Variables 0p[m’/s] Tp[s]
RiM; 90 2300
RiMz 120 2300
RiM3 130 2300
RoMi 1400 2400
RoM> 1500 2400
RoM3 2000 2400
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Two-way analysis of variance (2-factor ANOVA) without replication, determined that
even if finer DEM increased the discharge, the amounts were not statistically significant.
For Ry, only a slight difference was noted between M2 and Ms, while a larger difference
was noted for R2. The same results also applied for peak time, where higher rainfall

accumulation results in peak time delays.

Therefore, we can conclude that 1D flows depend on rainfall data alone, and are not
sensitive to DEM resolution levels. Despite of 1D model limitation, they could show the
effect of slope difference along the 1D trajectory, which indicates gravitation is important
to generate lahar flow. This finding is in agreement with the fact that, in principal, debris

flow is gravity driven (lverson, 1997).

(2) 2D Simulation Results.
The 2D analysis shows different flow spatial distribution amongst DEMs data, as shown in
Figure 3.5 were the coarser the resolution, the more accumulated flow is concentrated in
areas higher than 1000 m amsl. While at the finest resolution (M3s), water depth at some
area lower than 700 m amsl still distributed well with values higher than 5 m. This result
shows that coarser resolution simulation gave lahar flow to inundate upstream area without

flowing to downstream area (Appendix 3).

These findings are consistent with the behavior of lahar flow range that remains dangerous
at elevations of 450-600 m amsl (Lavigne et al., 2000; Wardoyo et al., 2013) and are in
agreement with the lahar disaster risk map of Mt. Merapi volcanic area. Similar results by
Widowati (2016) using three kind of Light Detection and Ranging (LIDAR) DEMSs of 5m,
10 mand 20 m resolutions applied to SIMLAR found that lower resolution produces wider
sediment extent out of the actual lahar flow path in Putih River of Mt. Merapi, which did
not exist during the field event. SIMLAR is a 2D mathematical model based on hydrologic
and hydraulic process developed by the Ministry of Public Works of Indonesia and Gadjah
Mada University.

The simulation result obtained using Ms clearly shows HyperKANAKO’s ability to
simulate the actual lahar conditions that occurred on the Gendol River as reported on 15
February 2013, where lahar flow destroyed Jambon Bridge (Sleman Regency, Figure 3.3),

which is located in an area lower than 300 m amsl.
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Figure 3.5 The 2D HyperK ANAKO simulation results for water depth (m) in the Gendol River
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Figure 3.6 Sediment thickness accumulation of Rz in 2D plane
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Considering the discharge values from 1D flow as the source of the 2D flow, therefore,
higher areas have wider inundated area because the travel distance is shorter and
accumulates only at this particular elevation. It also shows that coarser resolutions were
unable to identify lateral flow areas, and had difficulty identifying channel stream. Paul et
al. (2017) mentions that the resolution of DEM plays important role in identifying river
stream network. The finest resolution provided by Ms at the end of the timed simulations
for both rainfall datasets used gave the furthest flowing mass length with water depth

mostly higher than 0.5 m and even higher than 5 m (R2) even in the lower elevation.

(3) Coarse Sediment Accumulation
HyperK ANAKO model parameterized solid mixed-size grain particle, which varies from
0.1-1 m (Nakatani et al., 2011). The timely sediment accumulation values that resulted

from lahar during the Rz simulation are presented in Figure 3.6.

The coarsest resolution of M1 gives lowest sediment accumulation when compared to M2
and M. Different spatial distribution could be obtained within the limits of the coarser
DEM. However, in general, sediment accumulation should show the same values since

the simulation covered the same area (Schneider et al., 2008).

The highest sediment accumulation presented by M strengthened the tendency of the
ASTER DEM to overestimate lahar simulation, which has been observed in previous
studies (Huggel et al., 2007). It is assumed caused by ASTER based models show stronger
lateral flow distribution and easily deviated from its true drainage pathways. This is likely
due to interpolated areas of missing data errors in the drainage channel in ASTER image

processing.

SRTM which previously has been considered to be more reliable than ASTER (Huggel
et al., 2007) gave lower results, because the DEM was taken in 2000, thus it is unable to
represent the topography deformation caused by 2006 and 2010 eruption which have
changed bed slope and increase lahar flow distance (Wardoyo et al., 2013). Therefore,

timely topography analysis in an active volcanic area is important for getting better results.

However, the ability of HyperKANAKO simulation to recognize channel stream and
extent lahar flow distance when it is applied to the finest resolution has led to the

importance of using high-resolution spatial data in lahar simulation. This is certainly
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contradicting previous assumption that finer resolutions could only provide improved
results for shorter length flow (Huggel etal., 2007).

In relation to supporting this sensitivity results, field observation is highly recommended
for validation. The importance of rainfall in initializing lahar mobilization at Mt. Merapi
volcanic area should also be explored further since HyperKANAKO has an empirical
approach for upstream hydrograph. Applying the kinematic wave approximation from a
distributed rainfall-discharge model or a semi-distributed model might be the

recommendation in the future work.

3.4 Summary

Three of the widely used constitutive equations used for single-phase continuum models of
debris flows are Newtonian fluid, Bingham fiuid, and dilatant fluid. Dilatant fluid model is
the best approach for debris flow simulation, and considered equals with two-phase model.
However, Newtonian fluid model could also be used for viscous turbulent debris flow

calculation.

The application of dilatant fluid model for lahar flows simulation in the Gendol River of the
Mt. Merapi in Indonesia provided the best performance level when the finest resolution of
ALOS data were used, since finer DEM resolution made it possible to project finer topography
variations that influence the lateral flow and able to identify stream channel. ASTER and
SRTM were not feasible for lahar simulation due to the gross error and outdated information.
On the other hand, it was confirmed that rainfall variability tends to play more important role

in 1D flows.
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CHAPTER IV

INTEGRATING X-MP RADAR DATA FOR
LAHAR SIMULATION

4.1 Introduction

After the 2010 eruption, more than 50 volcanic debris flow (lahar) events occurred during the
rainy season of 2010-2011 at Mt. Merapi, Indonesia (de Belizal et al., 2013). The lahars
occurred following severe rainfall intensity in the upstream area, where remaining volcanic
material was deposited. Estimation of rainfall-induced lahars at Mt. Merapi is difficult and

uncertain because the upstream area is dangerous and inaccessible.

On 17 February 2016, a lahar occurred in the upstream region of the Gendol River on the
southeastern flank of Mt. Merapi after a maximum rainfall intensity of 69 mm/h was
monitored on the peak of Mt. Merapi by X-band multi-parameter (X-MP) radar. However,
those rainfall was not monitored by the only rain gauge located near the upstream area. This
problem raised concern on the importance of remote monitoring of rainfall in volcanic area

and also the uncertainty given by rain gauge measurement.

In this chapter, rainfall intensity estimates from X-MP radar were applied to generate
boundary discharge of HyperK ANAKO. The numerical simulation was able to estimate
volcanic debris flow occurrence and magnitude at the catchment scale. The reliability of radar-
rainfall data and the effects of the sabo dam on reducing the impacts of lahar disaster were
also examined. This chapter demonstrated the effectiveness of remote monitoring of rainfall
combined with numerical debris flow modelling for applied practical use in disaster

management.

4.2 Lahar Monitoring System at Mt. Merapi

The early measurement of rainfall at Mt. Merapi was pioneering by Dutch and German
scientists since 1934, and by the Volcanological Survey of Indonesia, which collected
subsequent rain gauge data during 1960s. Because lahar events are one of the major disasters

in the Mt. Merapi volcanic area, the government of Indonesia has developed anearly warning
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system (EWS) for lahar disaster preparedness prior to 1970 (Hardjosuwarno et al., 2013;
Lavigne et al., 2000a).

The system consisted of wire sensors that crossed the perimeter of the river at the height of 1
m from the riverbed that could calculate the velocity of any lahar. Radio communication was
used to send pertinent information to residents. During the continuation of the system, it was
equipped with a movie camera for recording lahar events. A lahar warning was issued if the
flow was large enough to break the wire(s). However, some large lahar events did not break

the wire because of their diluted concentration (Lavigne etal., 2000a).

Rainfall monitoring was improved by the installation of some new rain gauges station since
1973. Three rain gauges were installed in Deles, Yogyakarta and Babadan. Those rain gauges
installation was continued until 1984 and in total 32 rain gauges were installed to monitor
rainfall condition at Mt. Merapi (Lavigne et al., 2000a).

In the same time, the Volcanic Sabo Technical Center (VSTC) in corporation with The Japan
International Cooperation Agency (JICA) installs a radar rain gauge that provides visual
mformation on the occurrence, movement and disappearance of “hyeatal regions”. This
system is able to monitor an area of 60 x 80 km with three observational modes (maximum,

normal and enlarged image).

The best data are obtained by the enlarged mode, which defines the minimum observation
area (20 km W-E x 15 km N-S). This range is divided into a 4000 mesh grid (250 m W-E x
300 m N-S): The intensity and areal distribution of rainfall can be viewed ona display screen,
with the data stored on a floppy disc for future analysis. However, the radar could not
consistently provide continuous rainfall data compared to the performance of the rain gauge
(Shuin et al., 1996) and was reported to have functioned for only one week because of a data
storage problem (Lavigne et al., 2000a).

In 2010, the centennial eruption of Mt. Merapi destroyed most of the lahar monitoring
instruments. During the recovery, the government and Gadjah Mada University, later installed
new rain gauge system to replace the prior rain gauges. The location of each rain gauges and

an example of rain gauge installed in Gendol River is shown in Figure 4.1.
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Figure 4.1 Automatic Rainfall Recorder (rain gauge) distribution at Mt. Merapi (left), a rain
gauge installed by Gadjah Mada University (right-top), a technician is collecting
the rainfall data from data logger (right-bottom).

To analyze the reliability of rainfall measured by rain gauge, rainfall values in January to June
2016 from 7 rain gauge stations at Mt. Merapi were compared linearly by the least square
method (Figure 4.2). Each rain gauge shows great variance with one and another. This means,
while there was a rainfall recorded at a station, no rainfall happened in nearby stations.
Another problem is the discontinuity observation by rain gauge data, which causes some

severe rainfall events are not observed by the rain gauge.

In Gendol catchment, rainfall and lahar flow can be monitored by 10 ARRs and 2 Automatic
water level recorders (AWLRs) (Figure 4.3). However, some of the rain gauges do not give
continues data and sometimes unable to monitor heavy rainfall intensity due to some technical
problems. An example of rainfall data availability until February 2016 is presented in Table
4.1. These problems encourage the need for a better rainfall observation tool such as by
weather radar. Although the Quantitative precipitation estimation (QPE) from weather radar
still have some uncertainties (Over et al., 2007; Habib et al., 2004), but this kind of study is

important for a safe and precise remote based of real-time lahar monitoring in the future.
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Figure 4.2 Comparison of rainfall intensity between seven rain gauges station and average
rainfall intensity from other nearby stations based on data from January-June 2016.
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Table 4.1 Data availability of ARRs in Gendol catchment for September 2015 to February

2016

No Station Rainfall Time Data availability*

parameter | resolution | 09- | 10- | 11- | 12- |01- | 02-16
(min) 15 | 15 | 15| 15 | 16

1 Gendol Intensity 5 30/ | 31/ | 19/ | 31/ | 30/ | Prepare
Bronggang 30 [ 31| 30|31 |31

2 | Woro Intensity 5 30/ | 31/ | 19/ | 31/ | 30/ | Prepare
30 1311|3031 ] 31

3 | Opak Golf Intensity 5 30/ | 31/ | 19/ | 31/ | 30/ | Prepare
30 131|331 |31

4 | Klatakan Intensity 5 30/ | 31/ | 19/ | 31/ | 30/ | Prepare
30 1311|3031 ] 31

5 Plawangan Intensity 5 30/ | 31/ | 19/ | 31/ | 30/ | Prepare
30 131|331 |31

6 Plosokerep Amount 60 30/ | 31/ | 30/ | 31/ | 31/ | 29/29
30 1311|3031 |31

7 Sorasan Amount 60 30/ | 31/ | 30/ | 31/ | 31/ | 29/29
30 | 31|30 (32|31

8 | Sukorini Amount 60 30/ | 31/ | 30/ | 31/ | 31/ | 29/29
30 | 31|30 |31] 31

9 | ARR-Kaliadem Intensity 5 8/ | 23/ | 24/ | 31/ | 31/ | 21/29
(Baru) 30 130|331 |31

10 | Woro-RGUpper Intensity 5 8/ |23/ | 25/ |31/ | 18/ | 0/29
30 131|331 ] 31

Annotation: *The data availability shows the number of recorded rainfall days within a month;
Prepare: no response as of yet to data request
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4.3 X-MP Radar for Rainfall Monitoring at Mt. Merapi

4.3.1 Radar Hydrology

The significance of rainfall spatial structure in flood runoff studies has been confirmed by
many studies (Chiang and Chang, 2009; Kim et al., 2006). Weather radar is a desirable
instrument for observing rainfall over large spatial domains within fine time resolutions. It is
now becoming one of the most desirable data to hydrologists with an application to distribute

hydrologic modeling.

Compared with the sparse distribution of rain gauges, the high spatial and temporal resolutions
of radar-observed rainfall fields are highly desirable for debris flows and landslide studies
(David-Novak et al., 2004; Chiang and Chang, 2009). Radar-based estimation of debris-flow
triggering rainfall may pose different challenges with respect to those characterizing more
hydrological applications. These differences are largely related to the small size of debris flow

catchments (sometimes even less than 1 km?) (D’Agostino and Marchi, 2001).

Considering that debris flows scales are comparable to a single radar pixel, it is expected that
radar beam pointing errors may have an important effect on estimating the actual triggering
rainfall properties. This is important as debris flow triggering events are often characterized
by high precipitation gradients (i.e. rainfall spatial variability) (Nikolopoulos et al., 2014).
Recent studies have confirmed the importance of the rainfall spatial structure in flood runoff
generation and also debris flow occurrence (Marra et al., 2014; Segond et al., 2007; Berne et
al., 2004).

X-band radar observation, whereby 0.5 km resolution can be achieved, provides more detail
rainfall information than conventional radars (Table 4.2) (Kato and Maki, 2009). Thus, it has

a considerable potential for the applications in debris flow and lahar studies.

The radar-rainfall algorithm provides QPE by weather radar. Theory of drop size distribution
(DSD) initially proposed by Marshall and Palmer (1948) introduced the algorithm for QPE
from radar horizontal reflectivity, Zn. In contrast to conventional radars, which measure
horizontal reflectivity, polarimetric radar measures from both horizontal and vertical
polarizations. Some advance studies revealed that more accurate rainfall amounts could be
obtained from a polarimetric radar (Schafenberg etal., 2005; Maki et al., 2005).



Table 4.2 Weather radars band

Type Wave length and frequency characteristic

S-Band 8-15cm, 2-4 GHz Not easily attenuated, long range
observation

C-band 4-8 cm, 4-8 GHz Easily attenuated, short-range weather
observation

X-band 2.5-4cm, 8-12 GHz Highly attenuated, possible to detect
smaller particle, very  short-range
observation

The fundamental polarimetric parameters for estimating the rainfall intensity are radar
reflectivity factor (Zpr) and differential phase shift (Kpp). Differential phase shift (Kop [°knr
1), which is defined as the difference between the horizontal and vertical pulses of the radar
as they propagate through a medium such as rain or hail, is one of the features of X-MP radar.
The radar reflectivity factor (Zn [dBz]) indicates the strength of backward scattering of radio

waves to the radar after the signal strikes raindrops.

A composite method proposed by Park et al. (2005) derived from the observation of X-band
polarimetric radar in Tsukuba, Japan, which represents the mid-latitude regime, is usually
adapted for estimating the rainfall intensity values. The radar-rainfall algorithms using the

composite algorithms are expressed as follows.

R(Zy) =7.07 X 1073ZH3%* for Z,; < 30 dBZ or K,, < 0.3°km™! @.1)
R(Kpp) = 19.63Kp**  otherwise (4.2)
R(Z,) =7.07 x 1073ZH3%* for Z,, < 30 dBZ (4.3)
R(Zy) = 7.40 X 1072ZH35% for Z,, < 30 dBZ (4.4)

Detail information about the QPE is already explain in Hapsari (2011) and not the main focus
of this study, asthe X-MP radar at Mt. Merapi gives rainfall intensity as one of the products.
However, comparison with ground measurement is still needed to show the reliability of radar

data, which is explain in sub-chapter 4.3.3

4.3.3 X-MP radar description
The Sabo Works Agency (Balai Sabo) installed the new generation of X-MP radar to replace

the RRG. The radar measures Doppler velocity and transmits an electromagnetic signal at a
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frequency of 9.345 GHz. It covers a radius range of 90 km, and its X-band radar specifications
are a 3 cm wavelength and short-range distance (Hardjosuwarno et al., 2013). However, its
utilization for lahar monitoring is very limited due to some uncertainty of the QPE algorithms
(Mulyana et al., 2016)

In 2015, the Science and Technology Research Partnership Sustainable Development Program
(SATREPS) project installed an X-MP radar that operates at 3.3 cm of wavelength. This radar
is installed closer to the summit of Mt. Merapi (8.7 km) (Figure 4.4). The spatial resolution
is 150 m mesh and the temporal resolution is 2-minute. It is designed to monitor not only the
rainfall condition but also some of the volcanic material ejected from the volcano during an

eruption. Table 4.3 provides the specifications of this radar.

4.3.4 Reliability of X-MP radar

The 2-minute rainfall intensity, R, from X-MP radar was converted to hourly amount values
[mm] before the values were compared to the rainfall amounts from 7 rain gauges (Figure
4.3) provided by the Sabo Works Agency. It was important to establish the X-MP radar
performance within the entire radius range. Only stations managed by the Sabo Works Agency

were taken into consideration as they provide more current and continuous data.

Figure 4.4 X-MP radar installed at Mt. Merapi Meseum
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Table 4.3 X-MP radar installed

in the MVVA by the SATREPS project

Parameter Description
Transmitter Solid state 200 W per channel (H,V)
Polarity Dual polarimetric horizontal (H) and vertical (V)
Pulses PRF 600-2,500 Hz, Width 0.1-5.0 ps
Antenna 1,086 mm @, 2.7° beam width
Antenna gain 33.0 dBi1
Operating frequency 9.47 GHz
Wavelength 33 cm
Scan mode PPI, CAPPI, RHI

Resolution of distance Maximum of 50 km

Maximum range fixed observation level | 30 km

Reflectivity ntensity — Zx [dBz],
Differential reflectivity — Zg[dB],

Data output

Doppler velocity — Vp[my/s],

Doppler velocity spectrum width — ovp [m/s],
Specific differential phase shift — Kpp [°knr!]
Correlation coefficient between two polarizations
— PHV,

Ranfall intensity — R [mmvh],

Cross polarization difference phase — @pp

Source: Furuno, Compact X-band dual polarimetric doppler, WR-2100 information brochure

In this study, the Zn and Kpp data were obtained from constant altitude plan position indicator
(CAPPI) scanning at 1.2 km amsl. An example of rainfall monitoring by X-MP radar is given
in Figure 4.5.

Previously, Over etal. (2007) recommended hourly comparison to determine the reliability of
Doppler weather radar. They stated its importance for hydrological models and determination
of radar’s accuracy. The comparison was done for May and September 2016 because
continuous X-MP radar data were unavailable for the period of June to August 2016 due to an
electricity problem. Data were compared by using the least mean square analysis. A
comparison of the rainfall amount estimates from X-MP radar and ARR is provided in Figure
4.6. The radar rainfall amount has a tendency to yield smaller values than ARR, which is

similar to previous findings by Over et al. (2007).
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Figure 4.5 Rainfall intensity, R [mm/h], monitored by X-MP radar at 19:40, 30 May 2016,
and rain gauge network under Sabo Work Agency management (green dots) and
in Gendol catchment (dark dots).

Either one or a combination of the following three main reasons probably causes the
underestimated values of rainfall amount from the radar. First, the algorithm for rainfall
intensity, R, is derived from Zh and Kpp from subtropical regions (Hapsari, 2011), where the
rainfall characteristics are different from those of tropical rainfall. Second, attenuation of radar
still occurs. The attenuation of radar is a common problem that is attributable to the radar’s
wavelength. Shorter wavelength radar (X-band) is attenuated to a greater extent than longer
wavelength radar (C-band). This problem causes a rainfall echo behind stronger rainfall,
which results in the reflection of a weaker electromagnetic wave resulting in bias of the rainfall

measurement. Thus, rainfall intensity could be underestimated.

a0 May 2016 4 Sep 2016
ARR =1.04 X-MP radar ARR= 1.07 X-MP radar
35 | Rz =0.68 ” 35 R2=061
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Figure 4.6 Scatter plot of rainfall amount [mm] by X-MP radar vs. ARR at eight different
ARR stations managed by the Sabo Public Works Agency (Figure 4.3).
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Figure 4.7 Rainfall amount [mm] estimates of X-MP radar versus ARR measurement for May
2016 at three stations: Ngandong station (3.4 km from the X-MP radar), Sorasan
station (9.5 km from the X-MP radar), and Pucanganom station (13.5 km from the
X-MP radar).
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Figure 4.8 Minimum rainfall amount [mm] distributions up to the median values of X-MP
radar and ARR. The block diagrams represent the data distribution from the first

quartile (bottom) to the median (top), and the error tails show the data distribution
from the minimum value to the first quartile.

A separate comparison of rainfall amount at a station closer to the radar gave better results
than those of more distant stations (Figure 4.7). The figure shows that Sorasan station, located
9.5 km from the X-MP radar, provided a strong relationship, whereas Pucanganom station,
located a more distant 13.5 km from the radar, provided the weakest relationship. A deeper

analysis of the attenuation problem should be done because the closest station, Ngandong
station, provided a closer relationship at 0.96 but a lower R?.

The last potential reason for the underestimation is a “representativeness” error, which is an
error caused by the use of a rain gauge to represent a larger radar pixel. The radar rainfall
values were consistently smaller than the ARR values, as shown by the median values of X-

49



MP radar in May and September 2016 being 0.6 and 0.3 lower than the ARR median values,
respectively (Figure 4.8). This problem is explained by the fact that an ARR represents a
point measurement (0.035 m?), whereas radar values represent a 150 m mesh, equal to area of
22,500 n?. Habib et al. (2004) stated that this error depends on the spatial correlation of the
rainfall at the sub-pixel scale, such that the correlation of rainfall decreases with the temporal

averaging interval as the spatial resolution increases.

The X-MP radar could monitor rainfall depth less than 0.2 mm comparing to the rain gauge
measurement. In May, the mean of rainfall depth from the rain gauge data was 1.2 mm, while
X-MP radar is 0.4 mm. In September, the mean of rainfall depth from rain gauge was 0.6 mm,
and the X-MP radar is 0.3 mm. The consequences are, even so Figure 4.6 shows the rainfall
depth from X-MP radar is almost equal to the rainfall depth measured by the rain gauge, but
the rainfall depth values of X-MP radar are two to three times smaller than rainfall depth

measured by rain gauge for the rainfall depth values below the mean rainfall depth.

Despite the need to improve the accuracy of X-MP radar, the relationships of the current
results are better than those of previous studies using longer C-band and S-band wavelengths,
which showed R? values of 0.51 and 0.48, respectively (Over etal., 2007; Nakaya and Toyoda,
2011).

4.4 Materials and Method

4.4.1 Materials

This study combined a semi-distributed model of rainfall-runoff with a numerical model of
debris flow to estimate lahar occurrence based on a real lahar event that occurred on 17

February 2016. The materials used in this study are given in Table 4.4.

4.4.2 Boundary data generation

Terrain data were pre-processed before applying them into the Geospatial Hydrologic
Modeling Extension (HEC-GeoHMS), an extension in GIS developed by the U.S. Army Corps
of Engineers. The pre-processing included reconditioning, fill sink, flow direction, flow
accumulation, stream definition, stream segmentation, catchment grid delineation, catchment
polygon processing, drainage line processing, adjoint catchment processing, drainage point

processing, and slope analysis. Stream definition was set to be 1 km?.
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HEC-GeoHMS was used to provide input to the Hydrologic Engineering Center’s Hydrologic
Modeling System (HEC-HMS) by selecting the upstream area of Gendol catchment (Figure
4.9). The process relied on aterrain pre-processing dataset to specify the outlet and for running
the flow analysis. All procedures were done following the standards of HEC-GeoHMS and
HEC-HMS processes.

Table 4.4 Dataset sources and short descriptions

Data type Description Data source Used for
Digital surface model | Resolution: 5 m ALOS JAXA Ramfall-runoff model
Format: Arc Grid and debris flow model
Projection: UTM 49S by HyperKANAKO
Rainfall mtensity | Resolution: 150 nv2 | X-MP radar cloud | Ranfall-runoff model
[mm/h] of X-MP | min system and X-MP  radar
radar Format: ASCII reliability
Projection: GWS 84
Rainfall amount from | Time series data with | Sabo Works | X-MP radar reliability
rain gauge data [mm] | 1- hour resolution Agency
Format: csv
Soil type Classification of soils | FAO-HWSD Rainfall-runo ff
Format: database (harmonized analysis
world soil
database) viewer
Land use/land cover | Classification of | The Mimistry of | Rainfall-runoff
(LULC), 2011 coverage and land use | Forestry of | analysis
Format: kml Indonesia
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Figure 4.9 The upstream area of the Gendol catchment that was selected for setting-up the
boundary condition.
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For each sub-basin, the radar-rainfall intensity, R [mm/h], values were extracted and the rainfall
information was assumed to be homogeneous in each sub-basin by selecting the maximum

rainfall intensity, R, values from the Zonal Statistics toolbox.

The curve number (CN) was extracted based on the land use/land cover (Figure 4.10) and soil

type information for each sub-basin. The curve number values for land use were chosen

according to the curve number table by the USDA (1984). The weighted curve number (CN)

values were calculated according to equation (1).

Y A;CN, 4.1)
XA

in which, weighted CN is the composite CN used for runoff volume computations, s is the index

Weighted CN =

of basins subdivision of uniform land use and soil type, CNsis the CN for subdivision s, and As

is the basin area for each subdivision s.

The final step was converting the HEC-GeoHMS data into the HEC-HMS input format. A
watershed schematic and coordinates (UTM49S) were added to the features before exporting
the model. The model for the case of 17 February 2016 was run from 09:00-20:00 local time
(UTC+7). Using the Soil Conservation Service (SCS) sub-basin loss method (equation (4.2) -
(4.3)), CN values were entered for each sub-basin and 25.0% was entered for imperviousness
of surface. Hence, in this case, 75% of falling rain becomes direct runoff. The transform method
calculates the actual surface runoff for each sub-basin. The lag time was set for the purpose at
30 minutes. The route method was Muskingum and the base flow was neglected because a field

visit to the upstream region of Gendol catchment showed dry conditions (Figure 4.11).

_ (P—0.25)? (4.2)
¢ P+0.8S
. 25,400 — 254CN (4.3)
CN

Where Peis accumulated precipitation excess at time t; P is accumulated rainfall depth at time

t; and S is potential maximum retention.

4.4.3 HyperK ANAKO model
HyperKANAKO is a debris flow model developed by Nakatani et al. (2012). The model is
equipped with a geographical information system (GIS) for better output interpretation and is
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able to calculate debris flow in 1-dimensional (1D) or 2-dimensional area (2D). The continuity
and momentum equations for the phenomena of the x-axis direction (flow) and the y-axis
direction (cross direction) are given as equations (3.8) to (3.9). The change in bed surface

elevation was estimated by equation (3.11)

Legend

Land use

] forest

] | hamlet

I »addy field
I disturbed land
P cuttivated field

Figure 4.10 Land use in Gendol catchment.

Figure 4.11 The dry river in the upstream part of Gendol catchment (1000 m amsl).
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The erosion and deposition \welocity, i, are the source terms related to the sediment
concentration, which were described by Takahashi et al. (1992) as given in equations (3.12)

and (3.13) respectively.

Erosion and deposition happens during simulation depend on the equilibrium sediment
concentration C., described by Nakagawa et al. (2003). This calculation is based on the
sediment concentration threshold formulated by Takahashi (equation (3.6)). The bottom shear
stress equations for stony-type or dynamic debris flow, immature debris flow and bedload, are

calculated based on the slope according to equations (3.20) to (3.22).

The sabo dam scenario was calculated based on Takahashi et al. (2001), where the relationship
between the dam height and riverbed height at the dam’s upper site determines whether
materials will pass over the sabo dam. When a dam’s upstream side contains a pocket, material
and water can be separated easily and deposited immediately. The slit sabo dam effect was
simulated by narrowing the river width between scalar evaluation points upstream and

downstream from the vector evaluation point where the slit-type sabo dam was set.

The sabo dam was set at the calculation point of the flow discharge per unit width, q(i), (Figure
6). The elevation of the dam crown, zl, was set equal to the sum of the mean bed elevation {z(i-
1)+z(i)}/2 and the dam height. The flow surface gradient, &y, and the effective water depth, h’
at the dam point which is used to calculate the outflow flux is expressed based on variables in

Figure 4.12 as follows.

. L (4.4)
6 = tan~! [2(i) +Ahx(l) zl
&)
h(i)+z({)—zl h(i)+z(@{)—zl>0 4.5)
h = 0 h()+z>(i)—2zl <0

h(i) z(i) >zl

The notations used in the equations are shown in Figure 4.12. The gradient, &, is needed to

calculate the equilibrium sediment concentration, C., and is evaluated as

[z(i) — zl (4.6)

6, = tan!
When the &’ is less than zero, the equilibrium concentration is set at 0.
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Figure 4.12 Definition of the gradient used for calculating discharge over the dam.

A flowchart of the HyperK ANAKO model simulation procedure is presented in Figure 4.13.

The following steps are for the debris flow estimation by HyperK AN AKO:

1) Preparation
The preparation included creating binary mesh data using the HyperKANAKO tools,
calculating the flow input discharge, described in section 4.4.2, and setting up the 1D and
2D areas of debris flow calculation. The binary data were set up by using the conversion
program tool provided by the HyperK ANAKO program. This tool was used to convert grid
points data that consisted of latitude and longitude information from UTM49S as Cartesian
coordinates and elevation information for each grid into mesh binary data.

The target 1D stream was set by specifying its upper and lower end points in the GIS and
then using the automatic lowest riverbed line drawing function of the HyperK ANAKO
system. Figure 4.14 shows an example of setting up the 1D path and the 2D area in the
HyperK ANAKO model, and Figure 4.15 shows the longitudinal profile of 1D path. The 1D
and 2D upstream elevations were determined based on the HEC-HMS analysis. The 1D path
should represent the lower area of the selected sub-basin (below the centroid), close to the
elevation of 1200 m amsl, which is used as a requirement of lahar occurrence in the Mt.
Merapi volcanic area (Legowo, 1981).
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Figure 4.13 Flow chart of lahar flow simulation by the HyperK ANAKO model.

Figure 4.14 Setting up a 1D path and a 2D area with the GIS tool in the HyperK ANAKO
model. The red line shows the 1D path, and the white square represents the
2D model
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Figure 4.15 Slope profile of the Gendol catchment from 1200-1068 m amsl and position of
the sabo dam for the simulations.

2) Execution

The execution step covered parameter adjustment, sabo dam scenario selection, and running
the simulation model. The parameters used in the simulations are listed in Table 4.5. The
sabo dam could be set at only 1D flow, and three scenarios were applied: no sabo dam (S0),
one closed-type sabo dam (S1), and one slit-type sabo dam (S2). The sabo dam for both the
closed-type scenario (S1) and the slit-type (S2) scenario was set at an elevation of 1090—
1100 m amsl, which is similar to the elevation of the existing GE-D Kaliadem sabo dam.
For the sabo dam scenario calculation, the sabo dams were assumed to be empty and in the
most effective condition.

In this study, debris flow was considered to be driven by the erosion, as the historical
eruption caused the river in the upstream filled by the volcanic ash. Assuming the erosion
process triggering lahar occurrence is in agreement with the fact that the highest erosion
rates in the world happens in the drainage basins of active volcanoes (Lavigne, 2004). A
good example is in Irazu Volcano of Costa Rica, where the erosion problem is attributed to
the accumulation of ash on the upper slopes of the volcano. Furthermore, this ash can form
athin, hard and comparatively smooth crust that is impervious, which makes the upper layer
to be eroded easily (Waldron, 1967).
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Table 4.5 Parameters used in the 2D lahar model conducted by HyperK ANAKO

Parameter Value Unit
Simulation time 8040 S
Calculation time-step 0.01 s
Output time-step 60 S
1D mesh-size mterval 10 m
1D slope angle 6.86 degree [°]
1D river width 20 m
1D movable bed layer 5 m
Manning coeflicient 0.03
Number of 1D meshes 193
(observation points)
2D mesh-size mnterval 10 m
2D mesh number 200 x 700 n’
Minimum depth of 2D 0.01 m
calculation
2D movable bed layer 5 m
Mean diameter particle™® 0.014 m
2D average slope 3.38 degree [°]
Sabo dam height (S1) 8 m
Shit width (S2) 3 m

* Ikhsan et al. (2010)

Accelerated erosion on the slopes of the volcano was directly related to the increase in the
rate of both overland and stream runoff accompanying precipitation. Overland runoff caused
sheet, rill, and gully erosion, and stream runoff caused channel erosion. On the other hand,
the hydrological and geomorphic character of lahar at Mt. Merapi exhibits strong erosive
force relative to the fluid density, hydraulic depth, and to the shear stress that is six times

greater than the stream flow on the channel (Lavigne and Thouret, 2003).

Although HyperK ANAKO is intended to calculate the 2D area as deposition zone, the
existence of erodible layer in the 2D area in this study is also considered. This assumption
is to represent the wide channel of the river and the availability of volcanic ash deposition

in the downstream, as for the case of 2010 eruption, the pyroclastic flow could reach 15 km
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from the summit. The remaining volcanic materials from pyroclastic flow were known to

change the riverbed profile and destroyed many villages along Gendol channel.

The manning roughness coefficient of the model in Table 4.5 was higher than previous
recommended values by de Haas and Van Workoem (2016), where 0.02 gave the best
correlation between measured flow velocity of experimental debris flow compared to the
outcomes of Manning’s equation based model In this simulation Manning coefficient of
0.03 is usually used to represent natural stream roughness (Chou, 1959). However, another
study (de Haas and VVan Woerkom, 2016) has suggested higher values of manning roughness
coefficient to represent the larger bed roughness in natural streams caused by the presence

of bed forms, step-pools and large boulders in the channel.

3) Post analysis
The results, which were numerical and image data, could be viewed directly using the GIS
program that accompanies the HyperK ANAKO model. A 3D display (aerial view) is also
possible by some GIS processing programs. Post analysis of the numerical results was done
for three parameters, water depth, sediment accumulation, and frontal velocity, to obtain

information pertaining to the effect of the sabo dams as a lahar countermeasure.

4.5 Results and Discussion

45.1 Rainfall and lahar event on 17 February 2016

The average spatial rainfall distribution in the Gendol catchment for the rainfall event of 17
February 2016 is presented in Figure 4.16. The lahar flow in the upstream part of Gendol
catchment swept away a truck and a car. An approximately 200 mm increment of water level
was measured in the downstream area at the elevation of 144 m amsl (Figure 4.17). We
consider this small increment to be the result of local rainfall in the sub-basin where the AWLR
is installed and not the result of lahar flow. Hence, the lahar occurred only in the upstream

portion of the catchment and its flow path did not reach the downstream area.

The average rainfall intensity measured by X-MP radar for 1 h in the upstream area was 36.58
mmvh, and the accumulated rainfall amount in 2 h was 42 mm. Figure 4.16 shows that the
upstream area experienced more intense rainfall than the downstream area. Lavigne et al.
(2000b) stated that lahar risk at Mt. Merapi is still hazardous following 40 mm of rainfall in 2
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h. The accumulated rainfall values of this event are larger than this threshold, so lahar flow was

likely to happen.
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Figure 4.16 Average rainfall intensity on 17 February 2016 at Gendol catchment for a1 h
duration (a) and 2 h duration (b) measured from 15:30 to 16:30.
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Figure 4.17 Water depth recorded on 17 February 2016

4.5.2 Boundary condition of the upstream portion of the Gendol River

The upstream region of the Gendol catchment consists of 2 sub-basins with a total area of 5.58
km? (Figure 4.18). Table 4.6 lists the characteristics of each sub-basin. Most of the area is
forest, and the soil type is Regosol with a homogeneous profile and a sandy to loamy sand

texture as the result of volcanic activities.
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For simulation, we used sub-basin A, which has a steeper slope and a centroid higher than 1200
m amsl, that is known to be elevation of lahar initiation (Legowo, 1981). The average slope is
also higher (6.86°) compare to sub-basin B (4.69°), and according to equation (3.15), this
degree of slope is possible to generate the immature debris flow.

The HEC-HMS model simulated the rainfall-runoff process based on radar rainfall values. The
rainfall variability within the sub-basins was based on the maximum rainfall intensity of the
radar rainfall. The maximum rainfall intensity in each sub-basin was used not only because of
the problem of smaller values of rainfall intensity of radar rainfall data compared to the gauged
data but also to describe the worst case of the rainfall condition. The time-step of simulation
was based on an X-MP radar 2-minute temporal resolution, which was required to cover the

rapid changes in lahar occurrence and the lahar characteristics.

Figure 4.19 presents the hydrograph of the upstream Gendol catchment from the HEC-HMS
model. The maximum rainfall intensity, which occurred at 16:20, was 69 mm/h, whereas the
maximum discharge, which occurred atl7:10 local time, was 41 cm. The hydrograph was
applied in the HyperK ANAKO model for the simulation period starting at 15:30 for 8000 s.
The 1D model was set at 1200 to 1060 m amsl, and the 2D area extended from 1060 to 800 m

amsl.
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Figure 4.18 Data preparation for calculating the boundary condition in the upstream portion
of Gendol catchment by HEC-GeoHMS.
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Figure 4.19 Hydrograph of upstream Gendol catchment for the boundary condition of
HyperK ANAKO Model, calculated by Hec-HMS model

Table 4.6 Sub-basin characteristics extracted from 5 m DSM ALOS

Characteristic Sub-basin A Sub-basin B
Area [kn?] 2.92 2.65
Max elevation [m amsl] 2957 1600
Mimnimum elevation 941 941
Average basin slope [°] 20.71 11.76
Average river slope [°] 6.86 4.69
River length [km] 4.38 2.52
Upstream river elevation 1609 1204
Downstream river elevation [m amsl] 941 941
Land use and land cover, LULC Forest Forest and cultivated area
Average sub-basin CN 34.85 56.13
Sub-basin centroid [m amsl] 1560 1214

45.3 The HyperK ANAKO simulation results

1) Effect of sabo dam on frontal velocity
Figure 4.20 shows the sabo dam effects on the maximum velocity of the 1D and 2D along
the simulation path, while Figure 4.21 shows the magnitude of frontal velocity at the end
point of simulation which are 1070 m amsl and 820 m amsl respectively. In general, the
lahar flow for all scenarios occurred as series of intermittent bore-like flows (surges) marked

by a significant sudden increment of frontal flow velocity (Takahashi, 2014). The closed
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type sabo dam scenario (S1) gave a 40 min delay of the surges but had the relatively same
velocity as the other two scenarios at the end of simulation. The slit type sabo dam (S2)
gave the highest velocity at 3.2 m/s and showed the occurrence of three surges in the 1D
simulation within 31 min. All of the scenarios gave at least two surges in the 2D simulation.
It is assumed that the highest velocity shown by the slit type sabo dam scenario (S2) was

caused by the effect of narrowing the channel of the slit.

A lahar is atype of debris flow that is often described as a sequence of surges that progresses
down and causes devastation along a river valley. Precise documentation of such surges and
attribution of this phenomenon are rare but have been documented in many prototypes and

in field monitoring and laboratory experiments (Zanuttigh and Lamberti, 2007).

Takahashi (1999) monitored debris flows in Jiangjia Ravine, China, and reported that tens
to hundreds of surges emerged repeatedly at time intervals of a few tens of seconds to a few
minutes. Between the surges, the flow stopped completely. Lavigne and Thouret (2002),
who recorded lahar magnitude at Mt. Merapi by using seismic spectral amplitude
measurement (SSAM) and an acoustic flow monitoring (AFM) instrument, also confirmed
such surge behavior. Takahashi (2009) then argued that this showed that the Bingham fluid
model and other viscoplastic flud models are probably not applicable to debris flow

behaviour analysis.

HyperK ANAKO model was based on Takahashi model of a steady uniform open channel
flow of grain-water mixture under simple gravity driven shear for Bagnold’s grain inertia
and macro-viscous regimes (Takahashi, 2014). The model considers the mixture of fluid
and solid as a kind of continues fluid whose properties implicitly reflect the fluid particles

interaction effect.

Solid particles were assumed to have uniform distribution throughout the depth. A mean
diameter of solid particles was used and the grains are assumed to be heavier than water.
Because of this characteristic, they tend to be deposited. Some mechanisms to disperse the
grain are required to keep the flow going, and in the case of Takahashi model, they are the
rapid shearing and the threshold concentration. The shear stress equals to the square of
velocity rate which is known as dilatant fluid model (Takahashi, 2014), while the

concentration is calculated according to equation (3.14).
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Although the constitutive response of this regime is essentially Newtonian type, however,
this kind of model is understood as an equivalent model to the two-phase mixture model in
which the dynamic fluid effects are almost negligible (Takahashi, 2014; Hutter etal., 1994).
Hence, it is able to demonstrate the surge occurrences similar to the two phase model which
involved the sorting particles and the interaction amongst them once the threshold is

satisfied.

Applying the other single-phase fluid such as Bingham fluid model has not resulted in surge -
type behavior, as exemplified by the study of de Blasio et al. (2004) on debris flow
simulation of overconsolidated clay materials. The simulation did not evolve in surges but
showed a very strong dependence on the initial mass. A decrease of flow duration and
velocity were marked in the flatter part of the path as the yield strength increased. A
Bingham flud model will only deform if the operating shear stress is larger than the
threshold, where it will behave as if it were a Newtonian fluid (Takahashi, 2014). The
Bingham rheology does not count the grain-grain and grain-fluid interaction that dictate the
mechanics of flowing debris, hence the application is limited only to the mud-rich debris
flows (Whipple, 1997).

The 1D simulation was calculated atan area with elevation ranging from 1200-1060 m ams|,
while the 2D area started atan elevation of 1060 m amsl and extended to 800 mamsl. Figure
4.20 and Figure 4.21 indicate that frontal velocity in the 1D calculation was lower than in
the 2D calculation. Based on Figure 4.20, the flow started to become a 2D flow after 17:10
for the scenarios of no sabo dam and slit-type sabo dam and after 17:25 for the scenario of
closed-type sabo dam. At those times, the lahar flow became slower, and the values of the
1D simulation were used as the boundary of 2D simulation. The 1D simulation showed a
maximum frontal velocity in the end point of simulation at 17:10 is very small at 0.01 nvs
(Figure 4.20 (a)) which caused the same values to be used in the 2D calculation (Figure
4.20 (b)).

Greater magnitude velocity in 2D model are caused by the flow welocity parallels to the
cross section of the river (Figure 4.21). The 2D model calculates both shear stress in 2
directions according to equations (3.20) to (3.22). In these equations, the slope plays
important role onthe sediment concentration and shear stress calculation. As the slope angle

of cross-sectional river is much smaller than slope parallels to the river flow direction, the
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flow velocity calculation in the x-direction (cross-section of the river) is mainly calculated
by equation (3.22).

Equation (3.22) is in principle a Newtonian fluid equation that used Manning roughness
coefficient. Because of the small Manning roughness coefficient (0.03), the shear stress
becomes smaller resulting in greater flow velocity happened in the x-direction comparing to

the flow velocity which parallels to the river flow (mainly in y-direction).

Although previous studies have successfully used the Manning equation in debris flow
calculation but most of them suggested higher value of Manning roughness coefficient.
Values of 0.05-0.10 are the most recommended coefficient for debris flow studies (de Haas
and van Woerkom, 2016). Lavigne and Thouret (2003), measured the Manning roughness
coefficient of rivers at Mt. Merapi for debris flow happened in 1995 were 0.122-0.641.
Moreover, the river channel has various width, ranges from 10-60 m causing the effect of
surface roughness can play important role due to the changing of cross sectional and
hydraulic radius along the channel (Jarret, 1985). Hence, adjusting the Manning roughness

coefficient for 2D model of debris flow is essential in the future studies.

At the end of the simulation, the velocity became relatively stable when the flow reached
the downstream area for the case of slit-type and no sabo dam scenarios. The relatively
stable flow velocity happened because the model uses the Newtonian fluid model in the
deposition area which caused the flow to become less turbulent. However, in the calculation
the erosion process in 2D area was allowed by involving 5 m thickness of erodible layer
(Table 4.5).

The same result of sudden discharge increment followed by relatively constant to decreasing
rate was presented by Kim et al. (2014), who also used the Takahashi equation for debris
flow simulation. The closed sabo dam scenario on the other hand, showed a trend of
increasing velocity at the end of simulation, which may indicate that this scenario does not
reduce the velocity but only postpones the flow due to the empty sabo dam assumption used

in the simulation.

The verification of this result was done qualitatively because an AWLR was not availab le
in the upstream area (Figure 4.16). We compared the time of lahar occurrence with the
information gathered from the weekly report of Mt. Merapi produced by CVHGM. The time
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of the lahar occurrence was reported as 17:20-17:40, which is similar to the scenario of the
closed-type sabo dam (S1). Although there is possibility that the model overestimated the
flow velocity due to the small manning roughness coefficient used in the simulation,
however by adjusting the roughness coefficient in the future, this simulation has shown the

potency of remote monitoring for a lahar early warning system.

Effect of sabo dam on sedimentation

The sabo dam was set at the point in the 1D path at 1090-1100 m amsl, and its effect on
trapping sediment is presented in Figure 4.22. At the elevation where the sabo dam was
designated, the highest erosion rate occurred in the scenario without a sabo dam (S0) and in
the scenario with a slit type sabo dam (S2), and the erosion was followed by high deposition
at lower elevation. The closed type sabo dam gave a lower erosion value and yielded less

sediment at the end of the 1D path compared to the slit—type dam.

The profile of the 1D slope shows a significant change in steepness at 1080—-1090 m (Figure
4.15), resulting in a large amount of eroded material being transported to the downstream
for all of the scenarios. As the closed type (S1) scenario had a smaller amount of sediment
accumulation carried by the flow, the deposition at lower elevation was less than for the

other two scenarios.
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Figure 4.22 Sediment thickness and depth of erosion in the 1D simulation.
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The empty closed-type sabo dam was effective to trap the sediment and postponed the flow.
However, after the sabo dam was filled with sediment, the velocity increased and caused
higher erosion rate in 2D calculation. The feature of closed-type sabo dam to trap the
sediment has sometimes caused environmental problem, where the sediment should be
removed mechanically and caused overtopping for the following debris flow happened
(Takahashi, 2014).

The higher sediment accumulation carried by the slit-type sabo dam in 1D calculation dam
occurred because of the slit-type sabo dam has little effect on sediment discharge decrement
(Sumaryono et al., 2009). In their study, closed-type sabo dams could reduce coarse
sediment up to 7 times greater than slit-type sabo dams. However, the efficiency of closed
sabo dam decreased after it was filled with sediment, which caused discharge increment and

consequently higher erosion and deposition rate in the downstream.

All of the scenarios used in the 2D calculation showed a maximum sediment thickness of 3
m and an eroded layer carried by the flow of 5 m (Figure 4.23). The closed-type sabo dam
resulted in lower sediment accumulation due to a smaller supply from the 1D simulation,
and also higher flow welocity rate in the 2D calculation which caused higher erosion rate
compared to the other scenarios. Both the slit-type sabo dam scenario and the no sabo dam
scenario gave the same amount of sediment, which is similar to the tendency of water depth.
This indicates that the flow behavior depends on the amount of sediment carried within the
flow. Less sediment would increase the water depth in the 2D area as the flow becomes less

viscous in agreement with the Newtonian fluid assumption.

Others studies conducted by using a 2D numerical model of debris flow also excluded the
effect of dam break when addressing debris flow calculation (Hsu et al., 2010; Wu et al.,
2013). The Hyper KANAKO using Takahashi model can consider the debris flow, immature
debris flow, and bed load in 2D area. Debris flow occurrence or development due to the
erosion can also be considered. The effect of sabo dam is not considered in 2D area because
it considers the 2D calculation as a deposition process as the debris flow’s velocity gradually

stops, and it is also to calculate the inundation area affected by debris flow.

A sabo dam is usually constructed in a steeper area because of its main function is to change
the river slope profile to reduce flow velocity. However, the rivers on Mt. Merapi and the

lahar characteristics have different features, such that they have wide river width and the
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sabo dams are constructed in areas that are relatively not very steep. An improvement of
HyperK ANAKO by using 2D numerical concrete sabo dam-break erosion by overtopping
flow could be valuable because rivers below 1000 m amsl in the MVA are more suitable for
2D simulation due to the region’s wide river width and flatter slope. Using the 2D dam-
break numerical model was found to give good agreement with experimental results (Awal
et al., 2008).

The current study addressed the remaining volcanic material that was deposited in the
upstream area, where the steepness of the slope is high. This made the current calculation
using the 1D numerical model as the initial process reasonable because the river width is

not as wide as in the downstream area and the flow is more affected by gravitational force.

Eruption remains a threat for the people who live on Mt. Merapi. The 2010 eruption released
volcanic ash that reached distances of more than 7 km from the vent. This area has wide
river width, but the slope is still potential for debris flow occurrences (3.38°). This fact is

supported by previous lahar reports on Mt. Merapi after the 2010 eruption (Lee et al., 2015).

3) Water depth in the 2D area
The water depth distribution in the 2D area is given in Figure 4.24. Although the scenario
without a sabo dam (S0) generally gave a higher frontal velocity in the 2D simulation area,
the effect of the slit-type sabo dam (S2) on water depth was not different than the no sabo
dam scenario. In these two scenarios, lahars reached their maximum water depth at
elevations higher than the downstream area, making the upstream area more prone to lahar

disaster.

On the other hand, the closed-type sabo dam gave a relatively same water depth within the
stream. As the water depth decreased in the downstream area in the other two scenarios to
1.13 m depth and elevation lower than 950 m amsl, the water depth in the closed-type sabo
dam (S1) scenario still reached the height of 2 m. This means that the frontal velocity in the
closed sabo dam scenario was higher than those of the other two scenarios, which is
confirmed by Figure 4.21. In Figure 4.21, the first surge in the 2D simulation of the closed -
type scenario with a frontal velocity of 5 nvs started at the time when the other two
scenarios were becoming slower and relatively stable at a velocity of 3—4 m/s. This is the

main reason for the flow increment in the closed type sabo dam (S1) scenario.
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Figure 4.24 Water depth of lahar based on 2D simulation.

The 2D simulation was performed in the downstream area where the slope was relatively
flatter (Table 4.6). Therefore, the simulation considered the flow to behave as bed load
transport. In the flatter area, the calculation was based on the Newtonian fluid principle.
This made the flow move slower when the yield concentration of the solid phase increased.
Sedimentation in the no sabo dam and the slit-type sabo dam scenarios was higher than in
the closed-type scenario, which explains the lower velocity and shallower water depth in
the downstream area compared to the closed-type scenario.

4.6 Summary

An example of applying a debris flow numerical model at the catchment scale was done in
Gendol catchment of Mt. Merapi. Application of the model required rainfall information for
the upstream catchment that could be provided by X-MP radar. The rainfall amounts from X-
MP radar were mostly underestimate compared to the rainfall amounts measured by ARR.
Therefore, we applied the maximum rainfall intensity, R, estimated from X-MP radar to
generate discharge in the boundary condition in the numerical model of debris flow,
HyperK ANAKO.

The simulation was able to estimate the occurrence of a historic lahar at almost the exact time.
It was also shown that applying a closed-type sabo dam could reduce the frontal velocity and
sediment accumulation in the downstream area of 1D calculation. However, the erosion

happened in 2D simulation was greater compared to other scenarios, as we assumed that the
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efficiency of closed-type sabo dam was decreased after it was filled with the sediment which
led increasing frontal velocity at the end of the simulation. Although quantitative validation
is still required, this study provides benefits for remote disaster management of lahar in terms

of evacuation time and for lahar countermeasures due to the use of the sabo dam.
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CHAPTER V

SHORT-TERM ENSEMBLE RAINFALL
FORECASTING AT Mt. MERAPI

5.1 Introduction

Numerous studies have agreed that debris flow and/or lahar events could happen rapidly as a
response to intense rainfall events. According to de Belizal et al. (2013), the duration of lahar
occurrence in Gendol River of Mt. Merapi usually happens in less than 1 hour. Moreover,
Levigne et al. (2003) also found that the lahar peak in Kaliurang River (Boyong River) occur

30 minutes before or after the peak of a rainfall event.

Previously, very limited debris flow studies have been conducted in term of short response
toward short-range rainfall forecast. Most of the studies are concentrated in the regional long-
range forecast of debris flow (Wei et al., 2006). Cannon (1982) was concentrated in regional
rainfall-threshold condition for debris-flow. Other studies were also based on the study cases
of real debris flow/lahar events by several methods such as remote sensing (Wilson, 1997) or
direct observation of rainfall and following lahar events (Lavigne et al, 2000b) without

incorporation of model simulation.

However, many recent studies have found the importance of short-term rainfall prediction for
real-time urban basins response for severe rainfall event. Short-term rainfall forecasting or
known as now-casting deals with a short-term prediction for a few hours of rainfall in contrast
to the medium-term (few hours out to 14 days) and long-term (2-weeks out to 3-months or

more).

Unlike the long-term forecast, which is usually applied for agriculture planning or drought
management (Syarifuddin et al., 2015), the short-term forecasting is essentially required for
real-time flash-flood forecasting in an operational hydrology (Hapsari, 2011). However, its
application on debris flow and lahar monitoring is relatively unexplored. Wei et al. (2006)
prove the ability of Numerical weather forecast for regional debris flow forecast. However,
they also do not recommend its application for debris flow happens due to the local rainfall or

storm rainfall induced by local severe convection weather.
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Considering the tendency of tropical rainfall characteristic at Mt. Merapi and the rapid time
of lahar surges occurrence, applying ashort-term rainfall prediction is a promising method for
early monitoring of lahar. This idea is also similar to the basic concept of the warning of
sediment disaster method in Japan (Chen and Fujita, 2013). The basic concept of sediment
disaster warning method in Japan is determined by the long-term rainfall index of rainfall
related to its short-term rainfall index. A warning will be issued if the forecasted rainfall

exceeds the critical line (Figure 5.1).

Snake line
(forecast rainfall)

2hr

Snake line
(actual rainfall)

Critical Line, CL

Short-term rainfall index

v

Long-term rainfall index

Figure 5.1 Basic concept used for the warning models of sediment disaster in Japan (MLIT,
2004).

In this chapter, a short-term rainfall prediction by advection model developed by Shiiba et al.
(1984) and its ensemble forecast developed by Hapsari (2011) is applied to a rainfall event
happened at Mt. Merapi. This method could give valuable information of severe hydro-

meteorological condition in a small catchment that is required by a small-scale event of lahar.

This chapter objective is to do a short-term lahar potency assessment based on the rainfall
prediction. The rainfall prediction is done according to the short-term rainfall by ensemble
model. The result of the ensemble rainfall prediction is plotted to draw the snake line. The
study case used is the real lahar event happened in Gendol catchment on 17 February 2016.
This application is done to know the feasibility of short-term rainfall forecasting and the

existing critical line equation in the early warning system of lahar.
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5.2 Critical Rainfall for Lahar Assessment
5.2.1 Critical line based on MLIT (2004) method

Rainfall intensity is the main factor of the secondary lahar generation in Indonesia. The studies
of lahar generation and the optimal rainfall to initiate lahar were conducted statistically and
numerically. Most of the studies were concentrated in the critical rainfall assessment in terms
of warning and evacuation process (Fitriyadi, 2013; Yulinsa, 2015; Kusumawardhani et al.,
2016).

The critical rainfall is useful to identify the critical line that analyzes the relationship between
rainfall intensity and working rainfall for lahar or debris flow initiation. Rainfall intensity is
the depth of rain falling into the ground surface per unit time, usually in mnvh and mnvday,
while working rainfall (RW) is a cumulative rainfall which affected by the antecedent rainfall.
In general, debris flows or lahars occur under the influence of not only rainfall intensity but
also antecedent rainfall. This method is composed by Ministry of Land Infrastructure and
Transportation (MLIT) of Japan (2004), as given in Figure 5.2.
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Figure 5.2 Critical line based on MLIT (2004)
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Figure 5.3 Critical line estimation in based on MLIT method in Putih River (Yulinsa, 2015)
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Figure 5.4 Rainfall characteristic vs. sediment migration at Gendol River by Manonoma
(2009) (above), and by Fitriyadi (2010) (below).

Critical line (CL) is the boundary line drawn between rainfall events either causing the lahar

or non-causing the lahar (MLIT, 2004). Determining the CL means to make a boundary line

between rainfall events causing the lahar or non-causing the lahar. The maximum rainfall from

hourly rainfall (RH1M) from the line is drawn horizontally then being intersected with CL to
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get Rz, in which the vertical line serves as the evacuation line (EL). The evacuation line (EL)
extends a bit to the left as much as RH2M-RH1M in which RH2M is the maximum rainfall
from bi-hourly rainfall resulted in the warning line (WL) and R: as the triggering rainfall for

disaster signals. Snake line is a line showing the changes of cumulative rainfall and rainfall

intensity as shown in Figure 5.1. Some other studies about the lahar’s critical line analysis by

using the MLIT method in Merapi volcanic area had been done and presented in Figures 5.3-

5.5.
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Figure 5.5 Critical line at Gendol River (above) and setting of CL, WL and EL at Gendol
River (below). The rainfall series used in the analysis was based on rainfall data
collected from Batur Station (Fibriyantoro, 2015)
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Figure 5.4 and Figure 5.5 belong to the same catchment, which is Gendol catchment. The
critical rainfall analysis by Fitriyadi (2013) used six lahar events at Mt. Merapi from rainfall
data in the rainy season of 2006-2007 and 2010-2011. It applied 7 days working rainfall
compared with their effective rainfall intensity. Fitriyadi (2013) followed the assumption
given by MLIT where the sediment disaster especially debris flow happened after the depth
of rainfall exceeds 80 mm or the rainfall intensity is higher than 20 mmvhr. However, no clear
pattern showing the significance of those rainfall values to the higher possibility of lahar

occurrence, as many lahars occur even under rainfall depth less than 80 mm.

Fibriyantoro (2015), then argued that the rainfall threshold of 80 mm cannot be used to
determine the occurrence of lahar at Mt. Merapi, due to the geographical and climatic
condition in Indonesia, which is different with Japan. The critical rainfall analysis in Gendol
River done by Fibriyantoro (2015) found that the critical line of lahar in Gendol catchment is
following the linear equation given by Equation (5.1).

Rainfall depth [mm] =-2.608R + 120 (5.1)

where, R represents the short-term values of rainfall, which is the rainfall intensity.

It is clear that by following equation (5.1) the rainfall depth values is lower than the rainfall
values proposed by MLIT and Fitriyadi (2013). This finding is supported by other studies that
mentioned that lahars behaviour at Mt. Merapi changed after the 2010 eruption where it could
be easily triggered even by rainfall intensity less than 20 mm/h (Legowo et al., 2012). These
behavioral changes happened due to the change of river morphology caused by volcanic

materials deposit.

5.2.2 The procedure of critical line.
The procedure of critical line analysis of lahar adopts the critical line analysis procedure for

debris flow by MLIT (2004). The procedure is summarized as follows.

1) Analysis of a series of rain.
Rain series is a continuous rainfall that is isolated by the absence of rain for 24-hours or
more, both before and after occurrence (Figure 5.6). The total amount of rainfall during
that period is defined as Continuous Rainfall (RC). The Antecedent Rainfall (RA) is one-
week rainfall before the start of the series. The 24-hour rainfall is calculated from the start
of the series of rain determined as antecedent rainfall in one day before (d), the rainfall

occurred within 24 to 48 hours prior to the series of rainfall is defined as antecedent rainfall
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two days previous (dz), and so on to seven earlier days (d7z). Working rainfall is the

cumulative rainfall influenced by the antecedent rainfall calculation. Antecedent working
rainfall (RWA) is the sum of all antecedent rainfall.

Antecedentrain A series of rain
| o
Start of rain End of rain
No rain %5“"
for 24 h for 24 h
\\h - =
2412 24 24 12 24 12 24 i2 24 12 2412 24 12 24

T d14 T T d3 T dZ T dl T
14-days 3-days | 2-days | 1-day

before before pefore before

Figure 5.6 Rain series and antecedent rainfall concept (Ministry of Land, Infrastructure, and
Transport (MLIT), 2004).

2) The calculation of antecedent working rainfall (RWA) and working rainfall (RW).
RWA is obtained by summing up the multiplication between deduction coefficient a2 with
d2 and so forth until a7. RW is obtained by calculating the cumulative rainfall and RWA.
Equations (5.2) present the RWA and RW calculation.

14
RWA=a,d, + a,d, + -+ a,d;, = Zatdt
t=1 (52)
a; = 0547
RW = cumulative rainfall + RWA

where ot is deduction coefficient "t" days before, dtis antecedent rainfall "t" days before
(mm), "t" is time before the rainfall (day), T is half-time (day) =1 day.

3) Calculation of rainfall intensity.
Rainfall intensity causing lahar is analyzed using 1-hour rainfall intensity prior to lahar

occurrence, whereas non-causing rainfall was calculated using maximum hourly rainfall
intensity in a series of rain, which did not cause a lahar flow.

4) Plotting graph of working rainfall vs. rainfall intensity
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The causing rainfall data used “working rainfall up to 1-hour before the flood” as the x-
axis and “l-hour rainfall intensity immediately before the flood” as the y-axis. The non-
causing rainfall dataused “the working rainfall before the start of maximum hourly rainfall”
as the x-axis, while the maximum hourly rainfall intensity in a series of the rain as the y-
axis.

5) Calculation if RH1IM and RH2M
The past maximum 1-hour rainfall is shown by RH1M and the past maximum 2-hour
rainfall is shown by RH2M.

6) Generating critical line (CL), warning line (WL) and the evacuation line.
Critical line is drawn by separate in collection points of causing rainfall and non-causing
rainfall in the graph of working rainfall vs. rainfall intensity by a straight line. EL is set
from RH1M by drawing a horizontal line intersection with CL. EL is perpendicular to a
vertical line from that intersection point. While WL is a straight line obtained by
paralleling displacement of the EL towards the left side by “RH2M-RHIM”.

7) Generating standard rainfall for warning (R1) and standard rainfall for evacuation (Rz).
R1 is the value of working rainfall at the intersection of the WL on the x-axis, while R2 is

the value of working rainfall at the intersection EL on the x-axis.

5.2.3 Another critical line method for lahar assessment at Mt. Merapi

Previously, critical rainfall analysis is also done by analyzing the relationship between rainfall
intensity and rainfall duration (Levigne et al., 2000). At Mt. Merapi, analysis of the cumulative
rainfall at Plawangan station showed that about 75% of lahars in the Boyong valley reached
Kaliurang during the phase of the strong increase of rainfall (40%) or just after the period of
peak intensity (35%). A proportion of 25% of the lahars reached Kaliurang during the 10 min
period of the peak rainfall intensity and 80% occurred within 30 min before or after this peak
period. Thus, it is assumed that most lahars are generated from pyroclastic source deposits at
a short distance (about 1-3 km) upstream from Kaliurang, probably at or below 1500-1700
m elevation. During the 1994-1995 rainy season, only one lahar was generated during or at
the end of a long period (more than 150 min) of small-intensity rainfall. Based on Figure 5.7,

a critical line with both parameters, defined as follows.

r=0.143D (5.3)
where T is the triggering rainfall, and D is the triggering rainfall duration. Thus, the minimum
threshold for lahar triggering rainfall is 1 mm for 7 min or 9 mm/h.
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Figure 5.7 Critical rainfall for triggering lahar in Boyong (1994-1995), based on Lavigne et
al. (2000)

5.3 Ensemble Rainfall Prediction

Lahar occurrence as a response to severe rainfall intensity is very uncertain. This uncertainty
causes by difficulties in rainfall prediction. Precipitation is one of the most uncertain weather
parameters, which caused the prediction to be challenging and difficult. In short-term rainfall
prediction, the problem is mainly caused by small errors in the initial conditions of a forecast

that lead to a loose of skill in the forecast after a finite forecast length (Hapsari, 2011).

Ensemble prediction offers more possibilities of the rainfall pattern evolution, and have been
applied for many quantitative precipitation forecasts (QPF). This technique can develop a
reliable probabilistic forecasting where the output contains some predictive uncertainties
(Fujita et al., 2008; Kim et al., 2009; Hapsari, 2011).

Hapsari (2011) developed an ensemble short-term rainfall prediction by perturbation of initial
conditions (IC). In the ensemble forecasting, several forecasts were run by slightly perturbing
the control IC, created according to their errors. Thus, the initial state of one of the ensemble
members might correspond to the truth of the growth of tiny error in the IC will inevitably

lead to a loss of forecast skill in the future.

An overview of a typical ensemble system is presented in Figure 5.8. Because rainfall

prediction is nonlinear, the error of the ensemble member initially further away from the truth
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may tend to grow more slowly than the error of the member initially closer to the truth (shown

by the white circle and a black circle respectively).

The ensemble model by Hapsari (2011) was developed by applying the singular vector (SV)
and the time-lagged ensemble forecast. The SV is used in meteorology to compute the largest
error growth rates for a specified norm. This technique searches the perturbation that, when
added to a given basic state will achieve maximum linear perturbation growth. The ensemble
lagged forecast is a technique that used various sets of time-lagged starting at different initial
times and being verified at the same time. These two techniques combination is an efficient

and simplification techniques for the ensemble model.

Upper band
semble

V

to t
(Initial condition) (Final condition)

Figure 5.8 Schematic of the components of a typical ensemble (Hapsari, 2011)

5.4 Data and Methodology

Rainfall intensity information is estimated from X-MP radar data at Mt. Merapi. The rainfall
data used are from 13-17 February 2016. A real lahar event was reported happened and swept
2 vehicles in the upstream of Gendol catchment on 17 February 2016. The X-MP radar

recorded the maximum rainfall intensity higher than 90 mnvh.

Average 1-hour and 2-hour rainfall intensity are given in Figure 5.9. The rainfall was
concentrated in the summit of Mt. Merapi rather than in the lower elevation, and the average
rainfall intensity for 1 hour was 36.58 mm/h. The accumulated rainfall depth in upstream

Gendol catchment for 2-hour was 42 mm.
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Figure 5.9 Average rainfall intensity, r [mnvh] for 1 hour (a) and 2 hours (b) monitored by X-
MP radar
5.4.1 The short-term rainfall forecast
The short-term rainfall forecast was based on the translation model developed by Shiiba et al.,
(1984). The dynamic of the horizontal rainfall intensity distribution R(x,y,t) with the spatial
coordinate (x,y)at time t is describe in Equations (5.4) and (5.5).
OR N OR N dR (5.4)
ac " Mox oy "
where,

_dx dy @ dz (5.5)
m=w" " T a

where, m and n are advection vector (AV) by which the horizontal rainfall distribution is
assumed to be translated, and w is the growth/decay rate of rainfall intensity along its
movement. The method assumed that m, n, and w formations are specified on each grid

linearly in the manner of

m(x,y) = c;x + ¢,y + ¢4 (5.6a)
n(x,y) = c,x +c5y + ¢ (5.6b)
w(x,y) = c;x+ cgy + ¢ (5.6¢)

The c1 to co parameters are optimized by linear least square using past observed X-MP radar
data approximated by central difference scheme according to a method explained by Hapsari
(2011).

Extrapolated pattern of rainfall for a time step, ointo the future (to+t), is given by equations
(5.7) and (5.8)
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x (5.7)
r(x,y, ty +t) = r(x(ty),y(ty), t,) — X(0; ¢4, 0, Cq) lyl
1
Xt _ . X (5.8)
[y(to)] =Y(—0; ¢y, ..., Cg) [)11]

where X and Y are 3x3 and 2x3 matrices respectively.

This translation vector is able to identify the horizontal movement of rainfall intensity
distribution. Table 5.1 gives the examples of sets of parameters that can be used to different

model phenomena.

The rainfall prediction results would be verified quantitatively by using the Pearson
correlation method. Three past rainfall observation sheets were used, and the initial prediction
time was 15:50 local time (UTC+7). The calculation domain was within radar observation and
the mesh size was resampled to be 1 km. We applied an ensemble lagged forecast from 2
minutes to 6 minutes and assumed the phenomena is parallel, translation, and rotation. The
singular vector (SV) method to create the initial condition perturbations was also used to

increase the accuracy of the forecasting (Hapsari, 2011; Palmer & Zanna, 2013).

Table 5.1 Combination of advection vectors parameter for different rainfall phenomena

Phenomena cr | e c; les les les 1o |es | co
Parallel and translation only N N
Translation and rotation only NN VIV [V [
Parallel, translation, growth decay N NEEEEREE
Translation, rotation, growth-decay NN N NN AN N A

The perturbation of m and n from equations (5.3) and (5.4) is analyzed by SV method
following Jacobian Matrix, J:

J= (am/ax 6m/6y> (5.9

on/ox dn/dy
The optimization time is done over to=0 hour to t=3 hours as previous studies said that this

duration gave better prediction. The error matrix of Jacobian matrix is given by

31
L=Ghr0hr) =TI (302 g) (5.10)
e
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In the translation model, the analysis scheme could be referred to the process of finding the
proper c1-Co from past observed radar rainfall data standing for the AV of the system. The
error of AV is found by using several past observed radar-rainfall sheets, which are used for
determining c1 to co for future prediction (equations (3.5) —(3.8)). In this method, if the AV
as the initial condition (IC) is perfectly correct, the computed rainfall movement would thus
provide an exact forecast compared with the available observation. However, the deviation
based on rainfall echo position is always happened, hence the average of this deviation over
the grid-point space is regarded as es. The ¢ in the initial time is regarded as the scaled vi

according to the es, both in x and y-direction.

The forecasting scheme in the translation model is performed by tracking the backward along

the characteristic curves of the simultaneous differential equation (in this case, a linear model):

d);(tt) =c,;x(t) + ¢,y (t) + c; -11)
% = ¢, x(t) +c5y(t) + ¢ (5.12)

The SV method is applied into the 2-dimensional forecasting model. This 2-dimensional SV
represents the 2-variables at the translation model, i.e. x and y. Initial ensemble states are
created by adding and subtracting the ¢ to the control/unperturbed 1C in the forecasting scheme.

Hence, the equations (5.10) and (5.11) would be changed due to ¢ in orthogonal x and y-

dimension:
d(x+ 6 5.13
%=C1(xi6x)+c2(yi6y)+c3 ©.13)
d(y + 6
% = e, (x £8) + cs(V £ 8,) + (5.14)

Where, dx and 9y is the scaled SV in x and y-dimension.

5.4.2 The snake line analysis

Snake line is a line showing the changes of cumulative rainfall and rainfall intensity as shown
in Figure 5.1. In this study, the snake line analysis is done by plotting the relationship of

effective antecedent rainfall depth (mm) in the x-axis, and the rainfall intensity in the y-axis.

The MLIT procedure (2004) has suggested the use of 14 days prior to landslide or debris flow
occurrence to consider the contribution of antecedent rainfall in the occurrence of debris flow.

However, more studies found that the definition of the period over which to accumulate
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precipitation is the key difficulty in this kind of studies. Review of the literature reveals a
significant scatter in the considered periods. Kim et al. (1991) considered 3 days, Heyerdahl
et al. (2003) considered 4 days, Crozier (1999) and Glade et al. (2000) considered 10 days and
Aleotti (2004) selected 7, 10 and 15-days. Terlien (1998) tested 2-,5-, 15- and 25-days periods
and found best results for the longest rainfall periods. Pasuto and Silvano (1989) tested
rainfall periods from 1 to 120-days and found the best correlation with landslide occurrence
is given by the 15-day antecedent rainfall. Hasnawir and Kubota (2008) found that debris flow
at Mt. Bawakaraeng Caldera, South Sulawesi of Indonesia is triggered by short duration

precipitation events (1-3 days).

This large variability can be attributed to different factors: (i) diverse lithological,
morphological, vegetation, and soil conditions; (i) different climatic regimes and
meteorological circumstances leading to slope instability; (i) a heterogeneity and

incompleteness in the rainfall and landslide data used to determine the thresholds.

On the other hand, another study argues the importance of antecedent rainfall for debris flow
occurrence, especially when dealing with the very high rainfall intensity in tropical areas.
Corominas and Moya (1999), working in the Pyrenees, observed that slopes covered by coarse
debris exhibiting large interparticle voids were likely to generate debris flows without any

significant antecedent precipitation.

Based on the results by previous studies, the rainfall accumulation used for the snake line
analysis in this study obtained by using 4-days effective antecedent rainfall data estimated
from X-MP radar for each 10-minutes interval. The plotting was done by applied the predicted
values from ensemble short-term rainfall prediction. The prediction would be done if the
values showed increasing rainfall tendency at the Rz (EL), as suggested by MLIT procedure
(MLIT 2004). However, another study does not recommend the used of CL and EL for lahar
potency analysis by snake line (Yulinsa, 2015). In her research, she found that the score of
WL and EL is not significant, due to the intermittent rain condition at Mt. Merapi. On the
other hand, lahar sometimes occurs as a result of rainfall accumulation instead of rainfall
intensity. Thus, in this study, the short-term rainfall forecast would be done if the snake line

trend was going to approach the critical line.
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5.4.3 Critical rainfall based on the statistical approach

For the comparison, another statistical method for the critical rainfall analysis is done by

dummy regression. This method used some lahar events happened after the 2010 eruption.

The dummy regression is a regression analysis done by involving a dummy variable, which is
also known as an indicator variable, design variable, Boolean indicator, binary variable, or
qualitative variable. Dummy variable takes the value O or 1 to indicate the absence or presence

of some categorical effects that may be expected to shift the outcome.

In dummy regression, the dependent variables it not only influenced quantitatively by the
independent variables, but also qualitatively. A dummy independent variable, which for some
observations is given the value of O and cause the variable’s coefficient to have no role in
influencing the dependent variable. When the dummy is given the value of 1, its coefficient

acts to alter the intercept.

A simple model with one continuous variable (x)and one dummy (d) takes the form of:

y= Py +6,d+px+¢ (5.15a)
This can be interpreted as an intercept shift as follows.

Ifd=0,theny = S, +B;x+¢ (5.15b)

Ifd=1theny = (B, +6,) +Bx+ ¢ (5.15¢)

where y is the dependent variable, xis the independent variable, (5, + &,) acts as an intercept,

p, is the constant of independent variables, and ¢ is the residue of regression.

Rainfall data used are from seven rain gauge stations: Pabelan, Ngepos, Pos Kaliurang,
Ngandong, Sorasan, Sukorini, and Kaliadem. The causing rainfall lahar is when lahar
happened nearby the stations and when lahars were not reported in nearby rivers from the
stations; those rainfalls are classified as non-causing rainfall. Both the causing-and non-

causing rainfall were collected from the same stations and from the same days of lahar events.

The rainfall intensity acted as the dependent variable (output), while the duration is the
independent variable. The rainfall duration is the dummy variable, where qualitatively were
classified into three classes based on Wang and Shao (2000). Those classes are warning,

disastrous, and critical.
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Table 5.2 summarizes the critical rainfall threshold analysis and Figure 5.10 gives the
classification of rainfall based on the Dummy regression. According to Figure 5.10, if the
precipitation values (RD) were below the warning line, the risk for the lahar occurrence would
be small and no measure needs to be taken. If the observed/predicted values fell between the
warning and the disastrous rainfall lines, the lahar potency would be higher, then the
preventive measures should be considered. The critical rainfall classifies the precipitation
values that exceed the disastrous rainfall line. If the rainfall were classified as critical rainfall,
then the lahar is about to occur. In this situation, people must be evacuated from the hazard-

prone area.

Although this statistical method is applicable for determining the critical rainfall of debris,
there are still some uncertainties. The first is because of the quality of the rain gauge data, as
most of the stations are located in the downstream. The second is the decreasing source of
lahar in the upstream due to the massive mining activity happens at Mt. Merapi (Ikhsan et al.,
2010). The previous study also highlights that the statistical method gives lower reliability
than physical distributed based method (Wang and Shao, 2000).
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Figure 5.10 Critical rain analysis based on statistical approach.

Table 5.2 Equations for critical rainfall of debris flow at Mt. Merapi

Equation R? Rainfall class

| = 13.23-5.55D 0.86 Warning (5.16a)
| =30.21-5.55D 0.86 Disaster (5.16b)
| = 48.57-5.55D 0.86 Critical (5.17¢)
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5.5 Results and Discussion
5.5.1 Rainfall prediction

The best-predicted areal rainfall intensity in Gendol catchment is given in Figure 5.11, and
the spatial correlation between predicted and observed rainfall are given in Table 5.3. In
general, the short-term rainfall prediction was still unable to predict the spatial movement of

rainfall. However, the temporal variation for the areal rainfall showed a similar pattern.

Using the time lag (-4) at 15:46 with second perturbation or SV(+2) gave the closest rainfall
pattern with the observed rainfall (Figures 5.11 and 5.12). All of the first singular vectors
(SV(+1)) gave the tendencies of rainfall to have negative growth, which showed that the
second singular vector results were more likely to project the leading eigenvalue in its

transient time (Palmer & Zanna, 2013).

Table 5.3 Spatial correlation between predicted values and observed rainfall

Time Pearson Correlation
15:46 (SV+2) Mean-ensemble
16:20 0.10 0.36
16:50 0.19 0.18
17:20 0.01 0.04
17:50 0.05 -0.02
25.0
=== Obs.radar-rain
—_ e 15:48(5V+ 1)
55'“ 200 c—15:48(5V'+2)
% = 15:465(5V0)
‘§ 150 15:46{SV+ 1)
E — 1 5:45(5V+ 2)
T 100 e 15:44{SV0)
'g 15:44(5V+1)
T 50 c—15:44{5V+2)
;: —\/l2 a0
ag : T
15:50 16:40 17:30 1820 19:10

Time

Figure 5.11 The Areal rainfall intensity [mm/h] prediction in Gendol catchment by various
methods of singular vector and its mean values compares to the observed rainfall
with the real observed rainfall
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Future error correction is required for getting a proper scale of the SV. The observed rainfall

values also showed great decay rate, which could not be predicted by the model. This made
the correlation between predicted and observed to be linearly weaker as simulation period
went longer. These two factors, which are the growth decay rate and applying the second
perturbation of SV, should be the main consideration for further model improvement.

Due to the poor results of the spatial analysis, while the timely area rainfall gives a similar

pattern to the actual average rainfall, the further analysis of snake line and lahar potency is
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done by assuming the rainfall in Gendol catchment to be represented by the average values of
the prediction model, given by the mean ensemble values. The analysis assumed rainfall to be
uniform in entire catchment using the mean ensemble of rainfall intensity and rainfall depth.
Another reason is the analysis relied on a critical line given by Batur station, which also

assumed the uniformity of rainfall (Fibriyantoro, 2015).

5.5.2 Snake line analysis based on predicted values

The critical rainfall analysis followed previous studies by Fibriyantoro (2015) and is
statistically based according to equation (5.14). The snake line assessment based on previous
studies showed that the predicted values could show the potency of rainfall to trigger the lahar

occurrence in Gendol River (Figures 5.13 and 5.14).

Based on the snake line given by Figure 5.14, the lahar occurrence would happen due to the
rainfall event on 17 February 2016, after 15:40 local time. Using one day prior rainfall series
and four days rainfall series resulted in the relatively same snake line plotting. The plotting of
snake line by mean ensemble prediction was also able to show the potency of lahar similar to
the real data. This result indicates that the antecedent rainfall effects on Mt. Merapi does not

require long-term rainfall data for the analysis.

The prediction was started when the rainfall accumulation is closed to the CL. It was because
of the rainfall intensity at EL shows decreasing trend, which again confirmed the
insignificance of EL and WL. The insignificant of EL and WL on lahar estimation could be
the result of the lack of data used by previous studies, as it only based on three lahar events.
The analysis was based on assuming the rainfall to be uniform, hence the accumulation of
rainfall plays more important role (Yulinsa, 2015). Another aspect that the 1-hour rainfall and
2-hour rainfall might be not a good indicator asthe lahar at Mt. Merapi can happen within less
than 1-hour after the event rain starts. In the future, it is recommended to analyze the critical
rainfall on a smaller scale by using X-MP radar data. However, as the lahar events have been

significantly decreased, the main problem is insufficient data.

91



TS
Feb, 13 Feb, 16™ Feb, 17
Wi EL

N

oy
B
(=]

N

o
L=

&
[=]

W
=]

Rainfall intensity [mm/h]

’a

0 R2 R1 20 40 &0 B0

Rainfall accumulation [mm]

0
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Fibriyantoro (2015) using 1-day rainfall data prior to lahar occurrence. The red
line and markers show the predicted values of rainfall based on short-term
rainfall prediction. Rainfall intensity for predicted values is given by mean
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The rainfall forecasting and real X-MP radar showed that rainfall was started at 15:30 and
stopped at 17:30 local time, which meant the duration of rainfall was 2-hours. Applying the
duration into equations (5.17) gave a result of the rainfall intensity was 19.21 mm/h and 37.75
mmvh respectively for disastrous line and critical line (Figure 5.10). The values indicate that

rainfall has the potency to trigger lahar in Gendol catchment. As both statistical methods and
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the MLIT method were in agreement that lahar was about to occur based on the predicted

rainfall values, the short-term rainfall prediction proved to be a valuable method for early
lahar analysis at Mt. Merapi.

5.6 Summary

Short-term rainfall prediction had been done at Mt. Merapi based on advection model. The
predicted values still had a poor spatial correlation, however; the timely average rainfall
intensity could follow the pattern of real observed data. This prediction could be applied to
show the potency of rain-triggered lahar by the application to the snake line analysis. The
antecedent rainfall series for snake line purpose should be obtained by at least 24-hours

rainfall prior to the lahar occurrence.
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CHAPTER VI

EMPIRICAL METHOD FOR REAL-TIME LAHAR
MONITORING AT Mt. MERAPI

6.1 Introduction

Lahar is a wet mass of volcanic fragments flowing rapidly downhill, which covers three kinds
of flow: debris flow, hyper-concentrated flow, and mudflow (Lavigne et al, 2000). Most
studies classifies lahar flow as debris flow happens in volcanic regions (Takahashi, 2014).

Therefore, the hydraulic models of debris flows are usually applicable for lahar simulation.

A single-phase continuum model by assuming the mixture of solid particles and fluid as a kind
of continues fluid is adopted by many studies to simplify the complexity of physical
mechanism of debris flow. Most of those models are based on three consecutive equations:
Bingham fluid, Newtonian fluid, and dilatant fluid model (Takahashi, 2014).

The Bingham fluid model assumes debris flow is triggered if the operating shear stress is
higher than its yield stress. Once it exceeds the yield stress, the fluid will behave as a
Newtonian fluid. Bingham rheology for the application of debris flow simulation is limited to
mud-rich debris flows (Takahashi, 2014; de Blazio 2016; Whipple, 2014).

Even so, debris flow is a non-Newtonian fluid, but some studies have succeeded to apply
Newtonian rheology to debris flows studies (Takahashi, 2014; Arattano and Savage, 1994).
The previous study used Newtonian fluid approach by the application of Manning formula to
a kinematic wave model for debris flow simulation. Although it succeeded in simulating the
stage hydrographs from two debris flows happened at Mt. St. Helens in October 1981, but it

could not predict the travel distance of debris flow (Arattano and Savage, 1994).

The dilatant fluid model considers the quadratic acceleration of debris flow is equal to its shear
stress and depends on equilibrium concentration. The application of the dilatant fluid model
is adopted by HyperK ANAKO model, a graphical user interface of debris flow. The model
could simulate dynamic debris flow, immature debris flows, and turbulent bed load.
HyperKANAKO could simulate lahar events in Gendol catchment at Mt. Merapi, but

increasing flow velocity in the down-stream area was resulted from the simulation. This
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problem caused by the small Manning roughness coefficient used as the model’s parameter
(Chapter 1V).

Even so, the Manning formula is applicable to debris flow models, but values between 0.05-
0.1 are recommended for Manning roughness coefficient, and the uncertainties regarding the
proper values are still remaining (de Haas et al., 2016). After 1994 eruption, Boyong River in
Mt. Merapi had Manning coefficients ranged from 0.194 to 0.641(Lavigne et al., 2003).

The lahar simulation at Mt. Merapi has been done previously by applying HyperK ANAKO
model. However, the study used rain gauge data, which has poor spatial information, and
further development applied a semi-distributed model of rainfall as the triggering force for the
boundary condition (Syarifuddin et al, 2015; Syarifuddin et al., 2017). Recent studies have
underlined the importance of weather radar for debris flow studies due to the small scale of
debris flow events occurrences (Marra et al., 2014) and applying distributed model of rainfall-

lahar models have not been developed previously.

In this chapter, a proposed model for lahar is presented by a modification of a shallow water
open channel model. The modification is done to Rainfall-runoff and Inundation (RRI) model
so that it is able to calculate lahar properties such as the flow welocity, travel distance, and
total volume of the sediment. Because rainfall distribution is an important input for RRI model,
better rainfall input is provided by X-MP radar and integrated to improve the model

performance.

6.2 Rainfall-Runoff Inundation Model

The RRI model is a two-dimensional model for the simultaneously rainfall-runoff and flood
inundation simulation (Sayama et al., 2015). The 2D diffusive wave model calculates the flow
on the slope grid cells, and the channel flow is calculated with the 1D diffusive wave model.
The RRI model also simulates lateral sub-surface flow, vertical infiltration flow, and surface
flow. The flow interaction between the river channel and slope is estimated based on the

different overflowing formulae, depending on water level and levee height conditions

Previous RRI applications are for large-scale and relatively flat basins (Sayama et al., 2015;
Bhagabati and Kawasaki, 2017). The application is more suitable for short-term events,
although some studies also succeeded in the long-term simulation. However, the application

of RRI model in the mountainous area is relatively unexplored.
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In the mountainous area, a kinematic wave model is considered to be more suitable than a
diffusive model. In debris flow case, the flow is not only influenced by the intercollision

particles but also due to the gravitational force (lverson, 1997).

6.3 Empirical Method for Lahar Estimation

Models for debris flow initiation in channels have been studied by dynamic and empirical
approaches. (Takahashi, 1978; Rice et al., 1998; Gregoretti, 2000; Tognacca et al., 2000;
Gregoretti and Fontana, 2008). These methods are chosen due to the impracticability of
conducting in-situ observations and experiments for debris-flow occurrences. The key factors
determine the debris flow generation are the availability of loose materials, slope gradients,
median particle diameter (Dso), and flood discharges (Takahashi, 1978; Cui, 1992; Martin and
Moody, 2001).

In Chapter 1V, the application of HyperKANAKO model gave increasing flow velocity on
the flatter area, due to the turbulent Newtonian rheology was used at slope lower than 3°. The
simulation used small Manning roughness coefficient at 0.03, which is the value of the

Manning roughness coefficient of the natural stream (Chow, 1959).

Rickenman (2013) compared the flow-resistant coefficient and its relationship to the peak
discharge between debris flow and clear water flow. The relationship is used to formulate new

Manning roughness coefficient for turbulent flow as given in Equation (6.1).
n, = 0.077q,/*5 (6.1)

g* is dimensionless discharge calculated by a method proposed by Takahashi (1999) as

follows.
q*= (Q/D)g°°D,,** (6.2)

Where Q (m®s 1) is the surface water discharge, g (ms2) is the acceleration due to the gravity,
Dm (m) is the mean particle size, and D (m) is the width of the channel bed. This equation was
later used by Chui etal. (2014) by setting up some experimental test of debris flow initiation
under different slope in China. They came to a conclusion that debris flow was easily triggered
at steeper slope by small discharge threshold. However, in the flatter area, higher discharge
was required to initiate debris flow. They later formulated an empirical equation for

dimensionless discharge in flatter area as follows.
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40 (6.3)

1= tang %1

Applying equation (6.3), we can determine the Manning roughness coefficient in turbulent
flow as an inverse proportion to the slope, which caused the unit width discharge and the flow
velocity to be smaller comparing to the applying a constant Manning roughness coefficient at
0.03.

This method is very useful as the previous studies also arguing about the uncertainty of
Manning roughness coefficient and the difficulties in determining the proper values for debris

flow studies.

6.4 Methodology

The development of lahar estimation by RRI model and X-MP radar coupling is done

according to the flowchart in Figure 6.1.
6.4.1 Governing equations

The RRI model consists of diffusive-wave approximation and kinematic-wave model.
Kinematic-wave model (kine-wave) is one of the approximations of the dynamic-wave model
for one-dimensional shallow-water waves (unsteady, gradually varied, open-channel flow). It
is a 1D model that consists of the continuity equation and the equation of motion as given in
equations (6.4) and (6.5)

oh 0q, 6.4)
4+ X _pR_
6t+ ox f
0 0 0H .
045, Ouq, __  OH T, (65)

ox 0x 9% 5x Pw

where h is water (flow) depth, g is unit width discharge in the x and y-direction, uand v are the
flow welocity components perpendicular to the x-axis direction, g is the gravitational
acceleration, H is elevation, pis the water density, ris rainfall rate, f is the infiltration rate and

7is shearing stress.

In the Kinematic-wave approximation, the discharge is the friction of the slope equals to the
bed slope, calculated by the Manning equation. However, the model also considers the

unsaturated and saturated condition of soil by equation (6.4).
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where ka is the lateral saturated hydraulic conductivity, kmis conductivity in the unsaturated
zone, dm is total soil depth, da is the soil depth times the effective porosity, and n is the Manning
roughness coefficient. In term of debris flow calculation and stoppage mechanism, equations
(6.1) and (6.3) is applied to update the Manning roughness coefficient, n at equation (6.6) in
each river cell.

Spatial data

Digital Elevation Model Land use

Flow direction Flow accumulation

‘ X-MP radar data ‘

RRI Model
+ Unitdischarge(q)
Flow depth (h) Empirical model:
Peak discharge (Q,)
Inundation Total travel distance
+ frontal flow velocity (v) (L)
Total Volume of lahar (M)
Validation
AWLR data

Figure 6.1 Coupling of X-MP radar and modified RRI for lahar estimation

This modification makes the Manning roughness coefficient in each river cell to have an

inverse proportion to the slope, 6.

The infiltration rate is calculated based on Green-Ampt infiltration model:

3 (@ —w)S; (6.7)
Y e
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where kv is the vertical saturated hydraulic conductivity, Zis the soil porosity, wc is the initial
water volume content, St is the suction at the vertical wetting front, and Fis the cumulative

infiltration depth.

The mean frontal velocity, v and total travel distance, L were calculated based on equations

from the previous study (Rickenmann, 1999) as follows.

v = 2.1¢*33(tan9)®33

(6.8)
L = 1.9MO16 083 (6.9)
where the volume of flow, M is defined by an empirical equation at Mt. Merapi area
(Jitousono et al., 1995).
M =170Q," (6.10)

the peak discharge, Qp is calculated by the kinematic wave model.

6.4.2 Model’s Limitations and Assumptions.

The model is unable to calculate the process of erosion and sediment happened during the
simulation, hence could not give an understanding of lahar behavior and the changing states
from debris flow to hyper-concentrated flow. Another forthcoming of this model is the fact
that debris flow behaves as a non-Newtonian flow. Hence, this kind of method could only be
applied where we assumed lahar takes form as a hyper-concentrated flow at Mt. Merapi due
to the decreasing amount of remaining volcanic materials. The lack of volcanic materials and
the small particle size of volcanic ash, caused the calculation considering lahar to behave as
the turbulent muddy flow. This assumption is supported by Takahashi (2009), which stated
that if the ratio of mean particle diameter and water depth is higher than 30 (Dm <2 mm), the
debris flow calculation could be approached by turbulent Newtonian method. The model
assumed lahar as a hyper-concentrated flow which is initiated in the river stream, which
follows the definition of lahar by Lavigne etal. (2003).

Despite those limitations, this model combined the distributed model and empirical method,
which is able to perform a fast calculation of discharge and flow velocity. This aspect is useful
and important for early warning of disaster assessment, as lahar usually occurred rapidly
within 1-hour from the rainfall peak. The model could also estimate the inundation area caused

by lahar flow.
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CHAPTER VII

APPLICATION EXAMPLE FOR
THE PROPOSED METHOD

7.1 Introduction

In order to know if the proposed method can be applied for remote lahar monitoring, the
modified model is tested to study lahar occurrence in Gendol catchment that happened on 17
February 2016 (Figure 7.1). The system is also applied in the Putih catchment for calibration,
even there is no report of lahar occurrence in this area (BPPTKG, 2016). However, according
to de Belizal et al. (2013), Putih River experienced the most lahar occurrences after 2010
eruption, where more than 50 lahar events have happened in this catchment during the rainy

season in 2010.

Another aspect that would be applied is the short-term rainfall prediction. This aspect is
important because the simulation of the distributed hydrological model requires a lot of time.
Hence, by getting earlier rainfall information from the rainfall prediction model, the monitoring
of lahar could be specified in the area where the lahar events have the higher potency to happen.

This step will require the critical threshold of rainfall that is obtained from the literature review.

Figure 7.1 Lahar event happened in Gendol River on 17 February 2016 (pikiranrakyat.com)
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7.2 Study Area
7.2.1 Gendol Catchment

Gendol catchment is located on the southeastern flank of Mt. Merapi (Figure 7.2). The
catchment area is 67 km?, with 21.7 km river length. During the 2010 eruption, the catchment
received most of the pyroclastic materials. Although the source of this material has decreased
significantly, some of them remain at the elevation higher than 1200 m amsl. At this elevation,

lahar initiations were mostly reported.

The catchment’s rainfall is represented by Sorasan station which is located in the downstream
area (300 m amsl), hence it could not monitor rainfall condition at the higher risks area in the

upstream.
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Figure 7.2 Gendol catchment and the location of ARR station manage by Sabo dam Agency
and the position of X-MP radar

7.2.2 Putih catchment

The calibration of the model is done in Putih catchment (Figure 7.3). Putih catchment has
144.50 kn? area with an average slope of 4.30°. At elevation higher than 400 m amsl, Putih
catchment, has an average slope of 8.08°, which makes it steeper comparing to the Gendol

catchment which has 6.8° at elevation higher than 900 m amsl (see Chapter I1l and 1V).

The main river is 28 km length and flowing along the south-western slope of Mt. Merapi. The

catchment has long been known as one of the most volcanic deposited areas due to the periodic
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eruptions happen at Mt. Merapi. In the upper reaches of the Putih River, the total depth of
volcanic ash deposition during the 2010 eruption was estimated to be more than 10 cm. Putih
River was the most frequently affected by lahars with 55 events reported from October 2010
to October 2011 at a recurrence of approximately two lahars per week during the period (de
Belizal et al., 2013).
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Figure 7.3 Putih catchment and the location of ARR station manage by Sabo dam Agency
(ARR Sabo) and the position of X-MP radar

Putih and Gendol lahar corridors are the main deposit areas with respective volumes estimated
at 4.9x108 m3 and 3.6x10 m? and contain the most exploited quarries at Mt. Merapi with 1674
workers (63%) of the total number of workers estimated at more than 2600 people per day.
Quarrying sand and boulders from wvolcaniclastic sediment in the lahar corridors are quite
dangerous. Villagers are dependent on the resource, which is brought by the hazard. For
twenty years, hundreds of trucks and thousands of workers have traveled daily through areas
of high lahar hazard.

The rainfall in Putih catchment measured by a rain gauge at Ngandong station, which is
located about 5 km from the summit of Mt. Merapi. The average slope based on DEM analysis

is 5°, which makes it steeper comparing to the Gendol catchment.
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7.3 Data and Methodology
7.3.1 Data used

This system used rainfall intensity estimates from X-MP radar, which is installed at Mt. Merapi
Museum. The rainfall intensity was estimated by using radar-rainfall algorithms of composite
data of specific differential phase (Kop) and radar reflectivity factor (Zn), as explained in
Chapter IV.

The comparison of rainfall estimated from X-MP radar and the rain gauge data is given in
Figure 7.4 (Gendol catchment) and Figure 7.5 (Putih catchment). In this study rainfall radar
adjustment is done by linear equation resulted from the rainfall rain gauge and rainfall radar.
Another data used in this study is land use map, terrain data obtained from Digital surface
model (DSM), and water depth information from Automatic water level recording (AWLR).

Detail information about the data is presented in Table 7.1.

Ngandong station is located closer to the location of X-MP radar, which explains the better
relationship between the rainfall measured by rain gauge and estimated from X-MP radar. In
Chapter 1V, no adjustment was made as the analysis used the semi-distributed rainfall model.
It was assumed that the rainfall in the upstream area triggered the debris flow. In this chapter,
the rainfall needs to be adjusted because it is applied to a distributed hydrological model, which

is intended to compare the effectiveness of X-MP radar toward the rain gauge.
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Figure 7.4 Hourly average rainfall intensity comparison between rain gauge dan X-MP radar
(X-radar) for period of Dec. 2015 at Sorasan Station

103



15 Roingauge = 0.88 X-MP radar
R!=0.70
a0
=] (8]
o 10 o
= 8]
g ° 0°
5 (o}
oo
? 3¥o80 o ©
O
0
0 5 10 15
X-MP radar

Figure 7.5 Rainfall intensity [mm/h] comparison between X-MP radar and rain gauge at
Ngandong station for the period of February 2016.

Table 7.1 Data used in the study

Data Description Preparation Source
X-MP radar | Rainfall intensity, R Temporal X-MP radar cloud
data [mm/h] at 150 m mesh/2 resolution system

min decrease to be
10 min
Rain gauge Hourly rainfall intensity Sorasan Station, Sabo
data [mmvh] office

Terrain data

5 m mesh, Digital Surface
Model (DSM)

Resampled to be
15 m mesh

Japan eXploration
Agency (JAXA)

Land use

Land use and land cover
map, 2013

Re-class to be 2
classes

Ministry of Forestry of
Indonesia

Water depth

AWLR measurement of
water height from dam
crest

Gadjah Mada
University

7.3.2 Method

The study was conducted by first adjusting the X-MP radar with ground measurement. The
short-term rainfall prediction is done according to the description in Chapter V. The critical
rainfall is calculated based on the method for lahar estimation is based on the description in

sub-chapter 5.3. The parameters used in the simulation are given in Table 7.2.
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Table 7.2 Parameters used in the simulation

Parameters Value Unit
Simulation time 40 h
Time step 1 S
Manning roughness coefficient (river) 0.06
Manning roughness coefficient (slope) 0.5
Soil depth 5 m
Ka 6.06 x 106 m/'s

7.4 Results
7.4.1 Short-term rainfall prediction and snake line analysis

The ensemble prediction results for Gendol catchment has been presented in Chapter V,
Figure 5.11 and the result for Putin catchment is given in Figure 7.6. Figure 7.7 and Figure
7.8 present the snake line and the critical rainfall analysis for Putih catchment and Gendol
respectively.
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Figure 7.6 The ensemble prediction of rainfall at Putih catchment

105



WL EL WL EL

140 140
= 120 120
3 =
£ =
£ 100 £ 100
— £
= A=)
G 80 £ 80
o 2
E 60 RH2M-RH1M £ 60
— - = -
= RH1M = RHIM RHZM-RH1M
B ]
= 40 = 40
£ rd ) £ e

20 20 R1

0 Jﬁlu L 0 JRU&
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
rainfall accumulation [mm] rainfall accumulation [mm]

Figure 7.7 Snake line analysis at Putih catchment based on real X-MP radar data (left) and
prediction (right). The red marks and lines show the ensemble prediction values,
while the blue marks and line show the rainfall estimate from X-MP radar. The
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WL EL
= 120
.,
:
; 90
A
T
£ 60 - RH1M
=
= N
i RHZM-RH1M
= _.-"-H-.-
;:@ 30 L o

¥ )
L4 ﬂ r
0 :]u R1
30 &0 90 120
Rainfall accumulation [mm]

Figure 7.8 Snake line analysis at Gendol catchment based on ensemble prediction. The red
marks and lines show the prediction values, while the blue marks and line show
the rainfall estimate from X-MP radar. The critical line used here is based on
Fibriyantoro (2015)

Based on the snake line analysis, it is clear that the potency of lahar occurrence is higher at
Gendol catchment comparing to the Putih catchment. Hence, the lahar properties calculation is
concentrated in Gendol catchment. However, the RRI model and the modified RRI model is

also applied to the Putih catchment for analyzing the performance of model and simulation.
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7.4.2 Rainfall situation during the simulation period

The hyetograph of rainfall intensity during simulation for Gendol catchment is presented in
Figure 7.9, while the Putih catchment hyetograph is given in Figure 7.10. After the adjustment,
the rainfall by X-MP radar in Gendol catchment decreases more than 100 mnvh comparing to
the real observed values. On the other hand, rainfall intensity at Putih catchment already shows
a similar pattern between the rain gauge and the X-MP radar rainfall. This condition caused by
the location of Ngandong station, which is closer to the X-MP radar comparing to the Sorasan
station in Gendol catchment. An indication of attenuation of X-MP radar as suspected in
Chapter 1V needs to be investigated more. However, the tendency of attenuation has

encouraged the adjustment of X-MP radar rainfall before it is applied to a hydrological model.

The X-MP radar was better to monitor the spatial variability of rainfall, while rain gauges data
treated the catchment had uniform rainfall (Figure 7.11 and Figure 7.12). In the Gendol
catchment and Putih catchment, the upstream received more rainfall than the downstream area
during the period of simulation. More rainfall happened in Gendol catchment compared to
Putih catchment. The snake line analysis did not give a recommendation of warning and

evacuation at Putih catchment, hence, the potency of lahar in this area was lower than in Gendol

catchment.
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Figure 7.9 Hyetograph of Gendol catchment during the period of simulation
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Figure 7.10 Hyetograph of Putih catchment during period of simulation
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Figure 7.11 Spatial distribution of rainfall accumulation from adjusted X-MP radar (left) and
rain gauge (right) during simulation at Gendol catchment
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Figure 7.12 Spatial distribution of rainfall accumulation during period of simulation from rain
gauge data at Ngandong Station (left) and adjusted X-MP radar (right)
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(2) Ensemble rainfall prediction results.

The Hyetograph of adjusted ensemble rainfall prediction and the adjusted real data estimated
by X-MP radar is given in Figure 7.13. The adjusted ensemble rainfall prediction shows slight
delay compared to the real data. However, both rainfall shows a similar pattern in terms of the
rainfall fluctuation.
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Figure 7.13 Rainfall hyetograph of the adjusted ensemble prediction and the adjusted X-MP
radar

7.4.3 Discharge calculation in the down stream

The discharge and mean velocity in the downstream of Gendol (AWLR point, Figure 7.2) are
presented in Figure 7.14, while Figure 7.15 is the simulation result for Putin catchment. Inthe
Putih catchment, the AWLR data did not measure the water depth; hence, the point of
observation was selected near the Mranggan sabo dam (Figure 7.3). The modified model is
consistent in giving the lower rate of the unit width discharge and the mean frontal velocity
compared to the kinematic wave model. This rate caused by the Manning equation adjustment

which slowed down the flow.
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Figure 7.14 The unit width discharge and mean frontal velocity from adjusted X-MP radar rain
rate at Gendol catchment, the red shade indicates the lahar occurrence time in the
upstream area.

7.4.4 Water depth results

The comparison of flow depth from different models and real observed data are given in Figure
7.16 (Gendol catchment) and Figure 7.17 (Putih catchment). In the Gendol catchment, the
observed water depth data was not continued, where water depth was not recorded at 18:00-
18:50. The comparison time is 12:00 to 21:00 local time, which is equal to 19 to 27-hours of
the simulation time. The modified model slightly underestimated the flow depth calculation
but managed to give close results to the observed data. In Putih catchment, the modified model

also gave significant decrement compared to the kinematic wave model.
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Figure 7.15 The unit width discharge and mean frontal velocity during the simulation period
in Putih catchment

7.4.5 Lahar properties estimation

Since the potency of the lahar event was higher in Gendol catchment, the analysis of lahar
properties was focused on the Gendol catchment. The peak discharge, volume, and travel
distance estimated from the coupling of RRI and empirical models are given in Table 7.3.
Both the ensemble prediction rainfall based model and the adjusted X-MP radar modified
model gave close results which are less comparing to the original model.
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Figure 7.16 The water depth comparison between models and observed data in the downstream
of Gendol catchment, the blue shade shows time were water depth data was not
recorded
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Figure 7.17 The water depth [m] during the simulation period at an observation point in Putih
catchment

The travel distance (L) from modified model was 4 km distance (elevation > 1100 m amsl), so

the downstream flow belonged to the normal streamflow. This result is similar to the weekly

report by BPPTKG (BPTTKG, 2016) which said that the lahar flow only occurred in the

upstream area, while the downstream river only experienced flow depth increment (Appendix

5). This information also explains why the discharge and velocity were less at the end of the

simulation. The reports also did not indicate any lahar potency happened in Putih River.
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Table 7.3 Lahar properties for the period of 17 February 2016, at 15:00-17:00

Rainfall/Model Peak Discharge Volume (M) Travel distance
(Qp) [mPfs] (] (L) [kmi

Rain gauge/ modified 78.7 32,000 3.9

X-MP radar/ modified 89.9 38,000 4.1

Adj. X-MP/ modified 80.26 33,000 4.0

Adj. Ensemble/modified 79.86 33,000 4.0

Adj. X-MP/ Kinematic wave 469.7 273,296 5.8

7.5 Discussion
7.5.1 Ensemble rainfall prediction and the snake line analysis

The mean ensemble rainfall for Gendol and Putih catchment showed relatively similar
fluctuation following the observed data. In Putih catchment the initial condition (IC)
perturbation plays important role, as lag-2 minutes gave the poorest results comparing to the

mean observed data (Table 7.4, Appendix 6).

In general, the statistical analysis for short-term rainfall prediction in Putih catchment showed
higher correlation due to the earlier time lag, as lag-6 minutes gave the highest coefficient of
determination. On the other hand, Gendol catchment showed that the higher correlation and
coefficient of determination was given by the short-time lag (lag-2 minutes). None of the
initial conditions for Gendol catchment was statistically different compared to the mean

observed data.

In Table 7.4, Putih catchment showed increasing reliability by using earlier time lag and the
negative singular components gave better result and closer to the real observed data. The
opposite happened in Gendol Catchment, where earlier time lag and negative SV showed less

correlation, R?, and contrast different variance compared to the real data.

The statistical results indicates that the advection vectors of the rainfall in Merapi catchment
works in the different or opposite direction between the southeastern side (Gendol catchment)
and the southwestern side (Putin catchment). It seems that the rainfall movement was faster
in the southeastern side and slower in the southwestern side. It also showed that the rainfall in

those sides of Mountain comes from the different direction, similar to the theory of orographic
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rain. Although previous study by Shuin et al. (1996) indicate the tendency of convective cloud
formation at Mt. Merapi but the orographic process could also be the main process that
influence rainfall at Mt. Merapi and should be investigated more. However, almost no study

has been conducted in understanding spatial movement of rainfall at Mt. Merapi

It is recommended to delineate this pattern of rainfall into two different areas if the similar
statistical approach of advection vector is used for rainfall prediction. Hence, the movement

on the eastern side and the western side could be analyzed differently.

Table 7.4 Statistical analysis of short-term rainfall forecast based on the IC selection and SV

IC/SV Putih catchment Gendol catchment
Pearson R? P(T<t) Pearson R? P(T<t)

Lag-2 0.57 0.33 0.00 0.98 0.96 0.61
Lag-4 0.72 0.52 0.28 0.97 0.93 0.39
Lag-6 0.81 0.66 0.18 0.92 0.79 0.39
SVO0 0.45 0.20 0.00 0.96 0.91 0.34
SV+1 0.54 0.29 0.12 0.96 0.92 0.23
SV-1 0.72 0.52 0.15 0.79 0.63 0.46
SV+2 0.54 0.29 0.01 0.96 0.76 0.49
SV-2 0.67 0.45 0.37 0.88 0.96 0.29

Annotation: analysis was done by comparing model results and real data, t-test analysis was
done by assuming equal variance (Appendix 6).

7.5.2 The effect of Manning roughness coefficient to the flow discharge.

Adjusting the Manning roughness coefficient on the modified model gives the tendency of the
coefficient will have greater values in the flatter area. The greater values of Manning roughness
coefficient are better to represent the bed roughness in natural streams caused by the presence

of bed-forms, step-pools and large boulders in the channel.

Previous study (de Haas and van Woerkom, 2016) has argued the uncertainty of the application
of this coefficient into a sediment transport model. Some application then conducted by prior
experimental results. Hence, the uncertainty of proper Manning roughness values for the stream
is varied at 0.05-0.1.
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Although proper values usually obtained by experimental studies, this study has demonstrated
a new approach on the Manning roughness coefficient adjustment as a function of slope. In the
modified model, the slope has an inverse proportion to Manning roughness coefficient,
resulting in gentler slope will have greater resistant and slower flow movement. It also

implicitly means that more sediment is carried by the flow.

This technique acts as a stoppage mechanism, which is similar to debris flow behavior, where
it usually becomes slower in the gentle slope. Figure 7.18 shows the relationship between

slope and the adjusted Manning roughness coefficient (n~) based on equation (6.1) and (6.3).
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Figure 7.18 Adjusted Manning roughness coefficient relative to the change of slope.

During the velocity decrement, the materials carried are usually deposited in an alluvial fan.

However, the current method could not simulate the deposition process.

The peak discharge and the rainfall peak happened almost in the same time, which strengthen
previous research findings about the peak discharge of lahar at Mt. Merapi usually happened
within one hour after peak rainfall (de Belizal 2014). As lahar could happen shortly after the
rainfall peak, it is clear that getting earlier information of rainfall by rainfall prediction is

essential on lahar mitigation.

The MLIT suggests the use of 1-hour rainfall and 2-hour rainfall intensity for getting enough
time in issuing the warning and the evacuation to prevent material and especially human loss.
As the ensemble prediction is able to give 3-hour rainfall prediction, this method proves to be

a useful short-term analysis tool for issuing the early warning. Another aspect that is also

115



important is even though the spatial correlation of ensemble prediction and real X-MP radar
data is still low (Chapter V, Figure 5.10), but the application of distributed hydrological model
shows similar fluctuation with the real X-MP radar data and closer to the observed values

(water depth) as given in Figure 7.16.

7.4.3 The effect of Manning roughness coefficient to the water depth.

The simulation in Gendol catchment showed that rain gauge based model overestimated the
flow depth. The overestimations mainly caused by the rain gauge-based model treated all the

area of the catchment to have uniform rainfall values (Figure 7.16).

Putih catchment showed the more significant fluctuation of water depth between the modified
model and the original kinematic wave model (Figure 7.17). Putih catchment has steeper
average slope compared to the Gendol catchment, which causes this significant difference of
the water depth. The average slope of Putih catchment is 5.00° and the average slope of Gendol
catchment is 3.68°. Because of the adjustment of Manning roughness coefficient is done only
on river cell, causing the modified model application in Putih River gave slower flow, which

is significant compared to Gendol River’s flow and the original kinematic-wave model.

Another fact that Gendol River has more sabo dam comparing to the Putih River should also
be taken into consideration. The model used DSM which does not ignore the existence of sabo
dam in the river stream. The sabo dam modified the riverbed, causing the slope of the river to

be flatter, in order to reduce the flow velocity.
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Figure 7.19 The inundation depth at the point of observation in Putih catchment based on the
modified model.
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Although the rain gauge based model in the Putih River shows a more similar pattern to the
kinematic wave model, but it is suspected to be an overestimation values during the increment
happened at earlier simulation and between the 20t to the 30" hour of the simulation (Figure
7.17). This condition could be explained by further analysis of water depth on the non-river
cell in the same point, where an inundation of 0.01-0.92 m has resulted from the simulation
(Figure 7.19). Relying on the fact that the lahar on 17 February 2016 were only reported in
Gendol Catchment, it is more convincing to decide that the X-MP radar-based model gives

more reliable result compared to the rain gauge-based model.

7.6 Recommendation

Although the proposed system can give faster calculation and earlier information, the model
has some limitation as mentioned in Chapter VI. This method is only effective to be applied
if the remaining material of volcano has decreased significantly, hence the lahar could be
treated as hyper-concentrated flow. It also assumed that lahar occurs only in river cell, hence

the other debris flow occurrence in the non-river cell cannot be estimated by this method.

Moreover, the method did not separate the solid constituent from the fluid constituent, hence it
cannot give a mechanistic understanding about the movement of sediment within the flow. In
the future, better mechanistic lahar flow model should be developed; hence, the behavior of
lahar could be understood better. However, this current developed method that is proposed by
this research will be useful in terms of early warning and evacuation recommendation, which

require faster response and recommendation.
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CHAPTER VIII
SUMMARY AND FUTURE WORK

8.1 Summary

Lahar is arapidly flowing, high-concentration, poorly sorted sediment-laden mixture of rock
debris and water from a volcano that is usually triggered by rainfall. It is one of the most
disastrous sediment hazards, which has caused lots of devastation. Between the 17th and 19th
century, lahars are responsible for 17% of deaths due to volcanic disasters, essentially in

Indonesia.

The behavior of lahar covers debris flow, hyper-concentrated flow, and bed stream. Debris
flow is a mixture of clastic material including boulders and woody debris, where the lubricated
inter-particle collision is the dominant mechanism for energy dissipation. A hyper-
concentrated flow is an intermediate flow between fluvial flow and debris flow with sediment

concentration ranges between 5-60 %.

Most studies about lahar and debris flow have been conducted by analyzing the relationship
between lahar occurrence and behavior under severe rainfall intensity. Thus, rainfall
information becomes avery important aspect for lahar and debris flow studies. The small-scale
disaster as debris flow requires higher spatial information of rainfall. Debris flow and lahar can
occur in asmall scale within less than 1 km?, hence the application of weather radar which is
able to give not only fine spatial resolution but also higher temporal resolution becomes

desirable for lahar monitoring and assessment.

At Mt. Merapi of Indonesia, lahar occurs as the secondary disaster that requires proper disaster
management system. An installation of X-band multi-parameter radar (X-MP radar) to monitor
rainfall in this volcano is expected to give better rainfall information and real-time rainfall-

induced lahar potency comparing to the ground-based measurement.

This study focused on the utilization of X-MP radar for rainfall monitoring and lahar estimation
at Mt. Merapi. The rainfall intensity derived from X-MP radar still has some uncertainties

where it is generally smaller than rain gauges’ data. However, several problems like data
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discontinuity and great bias between each station at Mt. Merapi has encouraged the utilization

of X-MP radar for better rainfall information spatially and temporally.

The study is conducted by analyzing the rainfall-lahar relationship by some hydrological
models application. First, rainfall data from rain gauge and X-MP radar is applied to the
HyperK ANAKO model for lahar simulation. The second step is application of ensemble short-
term rainfall prediction for defining the potency of lahar occurrence under critical rainfall
values. Last is combining the rainfall prediction values into a modified distributed rainfall-
runoff inundation (RRI) model. The modification is done empirically so that this model

becomes more suitable for lahar simulation.

The application of rain gauge data for lahar studies is able to simulate the lahar occurrence, just
if a finer terrain data is used. It is also known that lahar occurs within less than 1-hour from the
recurring event. Hence, the real-time rainfall information by short-term ensemble rainfall

forecasting is also required for the earlier warning.

An application of short-term rainfall forecasting to rainfall intensity obtained by X-MP radar
is able to predict lahar occurrence. Applying the values to rainfall-runoff distributed, earlier
information of lahar occurrence can be obtained. However, the modified model still has some
limitations as it cannot calculate the erosion and deposition happened, and assuming lahar

behaves as hyper-concentrated flow.

8.2 Conclusions

The results showed that the remote monitoring of lahar prediction by X-MP radar and
hydrological and numerical model was well performed 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 warning

information.

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

1. By applying rainfall information and terrain data (DEM and DSM), the lahar could be
simulated by a numerical and hydraulic model of HyperKANAKO. The rainfall
intensity is important for 1D simulation. This indicates rainfall role on triggering lahar,
as the model assumes debris flow or lahar initiated as a 1D model, which later
transforms 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
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using the lower resolution of 30 mand 90 m resolution, while the finest resolution at 5

m could identify the channel stream and give better simulation results.

2. 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 HyperK ANAKO was able to simulate lahar occurrence based on a real event
on 17 February 2016. However, increasing flow welocity was monitored in the

downstream area, where it should have a slower rate of discharge and velocity.

3. 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.

4. 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 afalse 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 had never been reported.

8.3 Recommendations

Besides some findings achieved by this proposed method, some suggestions for future study

improvement are given as follows.

120



1. Due to some limitation of the models and a very dynamic condition of the volcanic area,
some similar studies are still required. A better physical lahar model is required for

understanding the mechanism and behavior of lahar.

2. Improvement is also required for dealing with the uncertainty of rainfall-radar data

which is used in this study.

3. The advection model used by the ensemble prediction was developed in Japan. The
rainfall characteristic and movement caused by the convective rainfall happens at Mt.
Merapi will be different with rainfall in the sub-tropical area. The effect of mountainous
area also indicated the orographic effect also works at Mt. Merapi. Analysis of rainfall
characteristic and movement diurnally and seasonally by X-MP radar is important to

develop better rainfall prediction model with higher spatial accuracy.
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The Appendices

1. Upstream Gendol River Condition
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3. 2D lahar inundation based on DEM resolution (Chapter 111)
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2D lahar inundation simulation results of R2 (15 February 2013)
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4. 2D lahar inundation based on sabo dam effect (Chapter 1V)
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5. Documentations of Lahar Event on 17 February 2016 from BPPTKG (CVHGM) twitter

account

A o

Vlew from 15 CCTVmstaIIed at Mt. Merapl on 17 Februry 206

/ G. Merapi / Badan Geo

Upstream Woro Rlver view captured by CCTV

View of Opak River near Prambanan area from two points observation on 17 February
2016
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View of Putih River captured by CCTV, negative lahar occurrence was reported

E‘!

Seismograph at upstream Mt. Merapi shows increasing rainfall intensity on 17 February
2016
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6. Statistical Analysis of Short Term Rainfall Prediction

T-test analysis summary of Short-term rainfall prediction in Gendol catchment

assuming equal variance

Ensemble parameters Mean | Variance Teritical tstat P(T<
t)
Lag-2 3.32 28.32 1.68 0.61 0.27
Lag-4 3.95 34.09 1.68 0.28 0.39
Lag-6 5.05 34.88 1.68 -0.26 0.39
SV+2 4.56 47.58 1.68 -0.02 0.49
SV+1 3.01 34.58 1.68 0.74 0.23
SV0 5.41 55.92 1.68 -0.39 1.68
SV-2 3.52 21.18 1.68 0.54 0.29
SV-1 4.73 28.99 1.68 -0.11 0.46

T-test analysis summary of Short-term rainfall prediction in Putih catchment

assuming equal variance

Ensemble parameters Mean Variance Teritical tstat P(T<
t)
Lag-2 3.97 3.61 1.68 -3.50 0.000
Lag-4 2.24 5.89 1.68 -0.58 0.28
Lag-6 2.44 5.19 1.68 -0.91 0.18
SV+2 4.36 21.66 1.68 -2.28 0.01
SV+1 2.55 3.56 1.68 -1.08 0.122
SVO0 3.06 0.82 1.68 -2.51 0.008
SV-2 2.06 6.60 1.68 -0.33 0.37
SV-1 2.60 8.01 1.68 -1.01 0.15
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Regression analysis summary of Short-term rainfall prediction in Gendol catchment

Ensemble parameters R? Intercept | Constant F P

Lag-2 0.97 0.14 1.32 297.49 0.00
Lag-4 0.94 -0.16 1.18 297.48 0.00
Lag-6 0.85 -1.11 1.11 106.9 0.00
SV+2 0.95 -0.08 1.00 367.03 0.00
SV+1 0.92 1.02 1.17 210.85 0.00
SVO0 0.92 -0.43 0.91 213.43 0.00
SV-2 0.77 -0.26 1.35 62.7 0.00
SV-1 0.64 -0.50 1.06 33.76 0.00

Regression analysis summary

of Short-term rainfall prediction in Putih catchment

Ensemble parameters R? Intercept | Constant F P

Lag-2 0.33 -0.65 0.65 9.49 0.00
Lag-4 0.52 0.46 0.61 20.57 0.00
Lag-6 0.66 0.03 0.73 37.57 0.00
SV+2 0.29 0.77 0.24 8.01 0.01
SV+1 0.29 0.32 0.59 7.97 0.01
SVO0 0.20 -1.33 1.03 4.95 0.03
SV-2 0.45 0.72 0.53 15.54 0.00
SV-1 0.52 0.46 0.52 20.76 0.00
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