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Abstract—In this research, remotely sensed data has been used

to estimate the volume of pyroclastic deposits and analyze mor-

phological changes that have resulted from the eruption of

Sinabung volcano. Topographic information was obtained from

these data and used for rapid mapping to assist in the emergency

response. Topographic information and change analyses (pre- and

syn- eruption) were conducted using digital elevation models

(DEMs) for the period 2010–2015. Advanced spaceborne thermal

emission and reflection radiometer (ASTER) global digital eleva-

tion model (GDEM) data from 2009 were used to generate the

initial DEMs for the condition prior to the eruption of 2010.

Satellite pour l’observation de la terre 6 (SPOT 6) stereo images

acquired on 21 June 2015 and were used to make a DEM for that

time. The results show that the estimated total volume of lava and

pyroclastic deposits, produced during the period 2010 to mid-2015

is approximately 2.8 9 108 m3. This estimated volume of pyro-

clastic deposits can be used to predict the magnitude of future

secondary lahar hazards, which are also related to the capacity of

rivers in the area. Morphological changes are illustrated using

cross-sectional analysis of the deposits, which are currently

deposited to the east, southeast and south of the volcano. Such

analyses can also help in forecasting the direction of the future flow

hazards. The remote sensing and analysis methods used at Sina-

bung can also be applied at other volcanoes and to assess the threats

of other types of hazards such as landslides and land subsidence.

Key words: Pyroclastic deposits, morphological change,

remote sensing, SPOT 6, Sinabung volcano, North Sumatra,

Indonesia.

1. Introduction

Among the developing countries, Indonesia is

most vulnerable to natural hazards. This vulnerability

is caused by the location of the nation at the

confluence of three active tectonic plates, namely:

Pacific, Euro-Asia, and Indo-Australia. The three

plates slide past and collide with each other resulting

in earthquakes, volcanic eruptions, landslides, floods

and tsunami. Natural hazards resulting from these

events are the consequence of the combination of the

natural events and human processes (Sutikno 2007;

Yulianto 2014; Yulianto et al. 2013, 2015a).

An important control on the occurrence of natural

hazards is topography (Darmawan 2012; Charbonnier

et al. 2013; Yulianto et al. 2015b). Topography has a

dominant influence on the potential and direction of a

hazard, such as volcanic eruptions, landslides, and

floods (Felpeto et al. 2007; Yulianto 2014). Thus, the

availability of topographic data and up-to-date

information (including post-hazards topography) is

needed to predict and prevent potential hazards in the

future and minimize the risk of natural hazards.

Up-to-date topographic information can be

obtained by direct measurement in the field and

indirectly using remote sensing data. Direct mea-

surement can be done with the terrestrial surveying

techniques such as electronic distance measurement

(EDM), global positioning system (GPS), tilt and

leveling. Indirect measurements can be performed

with the use of remote sensing data and combined

with available of spatial data, such as topographic

maps (Stevens et al. 1999; Kriswati et al. 2012;

Yulianto et al. 2015b). Both types of techniques have

strengths and weaknesses. Direct measurements in

the field can provide results with excellent accuracy

and high resolution, but such techniques are time

intensive, expensive and too dangerous, given the

current activity. Indirect measurement with remote

sensing data can shorten the time of acquisition, but

1 Remote Sensing Application Center, Indonesian National

Institute of Aeronautics and Space (LAPAN), Jl. Kalisari No. 8,

Pekayon, Pasar Rebo, Jakarta 13710, Indonesia. E-mail: fajar.la-

pan.rs@gmail.com; fajar.yulianto@lapan.go.id

Pure Appl. Geophys. 173 (2016), 2711–2725

� 2016 Springer International Publishing

DOI 10.1007/s00024-016-1342-8 Pure and Applied Geophysics

http://orcid.org/0000-0002-3084-6694
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-016-1342-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-016-1342-8&amp;domain=pdf


have limitations with respect to resolution and accu-

racy of the results (Murray 1990; Stevens et al. 1999;

Hayakawa et al. 2008; Tachikawa et al. 2011;

Hashimoto 2013; Becek 2014; Prush and Lohman

2015; Tadono et al. 2015).

Rapid mapping during emergency responses is

acutely needed to implement disaster mitigation

practices. Remotely sensed data have been effectively

used to support the needs of emergency response

(e.g., Brivio et al. 2002; Surono et al. 2012; Pallister

et al. 2013; Yulianto et al. 2015a). Topographic

information to support these activities can be sim-

plified by using digital elevation models (DEMs) as

demonstrated by the work of Hirano et al. (2003),

Huggel et al. (2008), Mukherjee et al. (2013),

Czubski et al. (2013) and others. The use of remotely

sensed topography in disaster mitigation has

increased dramatically in the past decade. Examples

include use of ASTER and shuttle radar topography

mission (SRTM) digital elevation models (DEMs), as

well as data from SPOT, advanced land observing

satellite (ALOS) panchromatic remote-sensing

instrument for stereo mapping (PRISM) and phased

array type L-band synthetic aperture radar (PAL-

SAR), environmental satellite (ENVISAT), radio

detection and ranging satellite (RADARSAT), car-

tography and satellite (CARTOSAT), and

constellation of small satellites for the Mediterranean

basin observation (COSMO)-SkyMed, among others

(e.g., Buyuksalih et al. 2005; Kornus et al. 2006;

Trisakti and Julzarika 2011; d’Ozouville et al. 2008;

Toutin 2010; Sambodo and Soleh 2011; Yulianto

2014; Yulianto et al. 2015b, Giribabu et al. 2013;

Bignami et al. 2013). In addition to these spaceborne

systems, airborne remote sensing has been effectively

used to produce high-resolution topographic data for

disaster management (e.g., Bater and Coops 2009;

Diefenbach et al. 2012). Results from these studies

have enabled detection and interpretation of stages

and processes more quickly and efficiently than

would have been possible using with direct mea-

surements in the field.

In monitoring volcano eruptions, one of the ben-

efits of topographic data is to estimate the volume of

erupted material deposited and analyze morphologi-

cal changes. Such changes can be used to forecast the

impact of volcanic activity in the future (e.g.,

Pallister et al. 1992, 2013; Stevens et al. 1999; Sur-

ono et al. 2012; Charbonnier et al. 2013; Bignami

et al. 2013).

Stevens et al. (1999) conducted a classic study of

morphologic changes at Mount Etna Sicily.We use

this study as a model for our work at Sinabung vol-

cano. In the Stevens et al. (1999) study, pre-eruption

and post eruption topographic maps of Mount Etna

were used to create DEMs. Contours on the topo-

graphic maps were digitized and the resulting point

data were interpolated to produce triangular irregular

networks (TINs), which in turn were used to generate

pre- and post-eruption DEMs. These DEMs were then

used to estimate the volume of lava flows and chan-

ges in morphology resulting from the 1981 and 1983

eruptions at Mount Etna. Using a similar method of

comparing pre- and post-eruption surfaces, Yulianto

(2014), Yulianto et al. (2015b) analyzed morpho-

logical change as a result of the 2010 eruption of

Merapi volcano, Central Java, Indonesia. In this case,

ALOS PALSAR data were used to produce DEMs

and to detect subtle pre-and post-eruption surface

changes by the interferometry synthetic aperture

radar (InSAR) method. Cross-sections were then

constructed to describe the morphological changes in

the study area.

Limited availability of topographic data during

the recent eruptions of Sinabung volcano has been an

obstacle in analyzing morphologic change and in

obtaining volumes of pyroclastic materials. To

address this problem, we extracted a 2015 DEM from

SPOT 6 stereo images, which have a spatial resolu-

tion of 6 m. By comparing our new DEM with pre-

eruption topographic maps we are able to estimate the

volume of pyroclastic flow deposits and morpholog-

ical changes for the period 2010–2015.

2. Study Area and Summary of Recent Eruptions

Our study area is Sinabung volcano (3�1001200N

and 98�2303100E, 2460 m elevation), is located in

North Sumatra, Indonesia. The volcano is a pre-

dominantly andesitic–dacitic stratovolcano formed

during Plestocene to Holocene with an elevation of

2460 m (Chaussard and Amelung 2012; González

et al. 2014). It is administratively in the Karo
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Highlands, Karo District, North Sumatra, Indonesia

(Fig. 1), which had a 2013 population of 363,755 and

a population density is 171 inhabitants/km2 (In-

donesian Central Agency of Statistic 2013).

Before 2010, the volcano was classified as a type

B stratovolcano by Indonesia’s Center for Volcanol-

ogy and Geologic Hazard Mitigation (CVGHM),

because it had not erupted since the 1600s. The

Figure 1
Research area at Sinabung volcano in North Sumatra, Indonesia Source: Landsat 8 LDCM data was acquired by LAPAN, 2014
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volcano was re-classified as type A in 2010, due to

short-lived phreatic eruptions that began on 27

August, 2010. The volcano was then quiet until

September 2013 when new eruptions began. It has

remained in eruption, producing lava and block-and

ash (Merapi type) pyroclastic flows since that time

until now (2015) (Chaussard and Amelung 2012;

González et al. 2014).

The eruptions of 2010–2015 have included

phreatic and magmatic phases as summarized in

Table 1. The magmatic eruptions produced lava

domes and lava flows, both of which collapsed to

produce block-and-ash type pyroclastic flows. Ash

columns associated with the collapses have ranged

from a few hundred meters to about 5 km above the

volcano’s summit.

The first eruption in 2013 took place on 15

September and produced a volcanic ash column and a

burst of incandescent rock around the crater.

Consequently, CVGHM raised the alert status from

Level II (Waspada) to Level III (Siaga). On 17–18

September, ash columns reached 1500–3000. Fol-

lowing a period of reduced activity on 29 September,

2013 the volcano activity status was downgraded

from Level III (Siaga) to Level II (Waspada). How-

ever, on 15 October to 3 November, 2013 eruptions

again produced volcanic ash columns of 600–5000 m

and a new fracture on the north flank of Sinabung

volcano formed with a length of approximately

500 m. On 3 and 4 of November 2013 the activity

was again increased to Level III (Siaga), and volcanic

ash columns associated with lava-dome collapse

reached altitudes of 500–10,000 m. Pyroclastic flows

associated with these dome-collapse eruptions spread

southeast to east, and reached distances of 100 to

about 1000 m. On 24 November to 30 December

2013 the status of Sinabung volcano was increased

from Level III (Siaga) to Level IV (Awas). Ash

Table 1

Sinabung volcano eruption history of the period 2010–2015 Source: Summarized from CVGHM (2015)

Period of time Run out distance

(in meter)

Height of volcanic ash

column (in meter)

Material eruption Status of volcanic activity

27 August 2010 – – Vas –

28 August–07 September 2010 – 500–5000 Vas; SGm Level IV (Awas)

15 September 2013 – – Vas; SGm Level II to III (Waspada to Siaga)

17 September 2013 – 3000 Vas; SGm –

18 September 2013 – 1500 Vas; SGm –

15 October–03 November 2013 – 600–700 Vas Level II to III (Waspada to Siaga)

04–24 November 2013 100–1000 500–10,000 Vas; SGm; Pfw

29 November 2013 – – Vas Level III to IV (Siaga to Awas)

04–30 December 2013 500 800–2000 Vas; SGm; Pfw –

01–31 January 2014 500–4500 500–5000 Vas; SGm; Pfw –

01–29 February 2014 1000–4500 500–2000 Vas; SGm; Pfw –

01–31 March 2014 1000–2000 – Vas; Pfw –

01–30 April 2014 500–2500 – Vas; Pfw –

01–31 May 2014 500–3000 – Vas; Pfw –

01–30 June 2014 – 4000 Vas –

01–31 July 2014 2000–4000 – Pfw –

01–31 August 2014 500–1500 – Pfw –

01–31 September 2014 500–3000 2000 Vas; SGm; Pfw –

01–31 October 2014 500–3000 – Vas; Pfw –

01–30 November 2014 1000–4000 – Vas; Pfw –

01–31 December 2014 1000–4500 – Vas; Pfw –

01–31 January 2015 500–3500 – Vas; Pfw –

01–28 February 2015 1000–4500 – Vas; Pfw –

01–31 March 2015 2000–4700 – Vas; Pfw –

01–30 April 2015 1000–4900 – Vas; SGm; Pfw –

22 June and 25–29 June 2015 4500 – Vas; Pfw –

Explanation: Vas volcanic ash, SGm sand-gravel material, Pfw pyroclastic flows

2714 F. Yulianto et al. Pure Appl. Geophys.



column heights ranged from 500 to 5000 m and

pyroclastic flows spread to the southwest and west as

well as in the east to southeast sectors, where they

reached distances of 500 to 4000 m from the summit.

On 1 February 2014, 15 people were killed in the

village Sukameriah, when the flank of a lava flow

collapsed and produced a pyroclastic flow, and a

surge that swept through the village. Eruptions during

1–29 February 2014 produced column heights of

500–2000 m pyroclastic flows and surges that

reached 1000–4000 m to the south-southeast. In

addition, 2015 eruptions destroyed about 50 houses in

the village Gurukinayah and eruptions on 2–28 April

2015 resulted in pyroclastic flows and surges that

reached distances of 1000–4000 m and ash columns

to heights of 3500 m (CVGHM 2015).

3. Methodology

3.1. Data Availability

For our research we derived a pre-eruption DEM

from ASTER GDEM version 1.0 (released 29 June

2009) and SPOT 6 stereo image data, which was

acquired on 21 June 2015 (Fig. 2). In addition, the

SRTM DEM data in year 2000 (released to the public

on 23 September 2014 was used as input data to

obtaining ground control points (GCP’s). These data

were then used for creating and extracting the DEM

from SPOT 6 stereo images. Additionally, topo-

graphic maps with a scale of 1:50,000 from the

Indonesian geospatial information agency (BIG) were

used as reference data to evaluate accuracy of the

SPOT 6 DEM.

3.2. Data Processing and Analysis

3.2.1 Digital Elevation Model (DEM) Extraction

The pre-eruption DEM data is from ASTER GDEM

version 1.0 with a spatial resolution of 30 m. It was

necessary to resize the ASTER GDEM data to

obtain similarity with the syn-eruption DEM with its

spatial resolution of 6 m. To do so, we extracted

values of raster points from the ASTER GDEM to

get an elevation point distribution, and combined

this with a data distribution derived from on the

topographic map scale of 1:50,000. The results of

merging the elevation data point distributions of

ASTER GDEM and topographic maps was done by

interpolating points at a pixel size of 6 m using an

inverse distance weighted (IDW) approach, using

the methods of Su and Bork (2006) and Bater and

Coops (2009).

Our syn-eruption DEM was obtained by extrac-

tion from the SPOT 6 stereo images using ENVI 5.0

software with the Exelis visual information solution.

There are three stages to make a DEM data extraction

from SPOT 6 stereo images, namely: epipolar image

creation, image matching, and DEM geocoding.

Epipolar geometry describes geometrical constraints

between two stereo images, and ensures that both the

image frames have a ground point and centers that lie

in the same plane. In the second stage, image

matching is performed to find conjugate points on

the two image frames. The output of this stage is

called a parallax image, in which epiporal lines

between the left and right image are stored and is

used to build the DEM. In the third stage, DEM

geocoding is used to re-project the DEM to the output

map projection. In this research, the study area has a

WGS 1984 datum projection with the universal

transverse mercator (UTM) zone 47 north. The

reference data that is used to provide GCPs is the

SRTM DEM. Furthermore, the absolute orientation

of the computed terrain models can be run at this

stage. Details of the process may be found at (http://

www.exelisvis.com/).

Accuracy was calculated to determine the error of

the DEM data generated from the extraction of SPOT

6 stereo images. In this calculation, the values of the

elevation points of the topographic map (1:50,000-

scale) were used as a reference. The calculation is

expressed in root mean square error, which can be

presented in Eq. 1 (e.g., Marfai and King 2007;

Yulianto et al. 2015b).

RMSE ¼
ffiffiffi

1

n

r

X

n

i¼1

ðZdem ref �Zdem modÞ2 ð1Þ

where RMSE is the value of root mean square error.

Zdem_ref is the value of elevation in the DEM ref-

erence. Zdem_mod is the value of elevation in the
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DEM model. n is the number of point elevations used

for calculation of the RMSE value.

3.2.2 The Estimated Volume of Pyroclastic

Deposited

As there has been on limited syn-eruption erosion, the

approximate volume estimated of pyroclastic flows

deposits from eruption of Sinabung volcano during

the period 2010 to mid-2015 can be calculated by

differencing the pre- and syn-eruption DEM data for

this period. Thickness of pyroclastic flows is assumed

to be equal to the difference values of elevation in the

DEM pre- and syn-eruption data, which is formulated

in Eq. 2 (see also for comparison, Daag and Van

Westen 1996).

DLTF ¼ DEMt2�DEMt1 ð2Þ

where DLTF is pyroclastic flow thickness or the

difference in elevation between the data pre- and syn-

eruption. DEMt2 is the DEM syn-eruption (DEM

data from the extraction using SPOT 6 stereo ima-

ges). DEMt1 is the DEM pre-eruption (DEM data

was derived based on the IDW interpolation from

ASTER GDEM in 2009 and merged with the eleva-

tion points from the topographic map.

The volume of pyroclastic flow deposits can be

formulated as shown in Eq. 3 (see Stevens et al.

1999, for comparison).

VolLF ¼
X

m;n

l;l

xyDLTFi;j ð3Þ

where VolLF is the volume pyroclastic flow depos-

ited. x and y are the pixel dimensions. m and n are the

array of elevation change columns and rows. DLTF is

the pyroclastic flows thickness for each pixel position

i; jð Þ.
In this research, uncertainty propagation for

volumes can be calculated by the standard deviation

of the volume for most pessimistic value and for more

optimistic value, which is formulated in Eqs. 4–6.

Based on research conducted by Wang et al. (2011),

ASTER GDEM is known to have its own uncertain-

ties, and a global comparison between SRTM DEM

model and ASTER GDEM model showed a

Figure 2
SPOT 6 stereoimages at Sinabung volcano. a Dataset ID:SEN_SPOT6_ 20150621_032942900_000, acquisition date June 21, 2015, time

03:29:42.7, orientation angle ?356.62�, incidence angle ?18.45�, sun azimuth ?52.42�, sun elevation ?54.97� and b dataset ID:

SEN_SPOT6_20150621_033015100_000, acquisition date June 21, 2015, time 03:30:15.0, orientation angle ?263.96�, incidence angle

?5.37�, sun azimuth ?52.29�, sun elevation ?55.08�.) Source: Lapan, 2015

2716 F. Yulianto et al. Pure Appl. Geophys.



systematic difference of *5.6 m, with a standard

deviation of 5 m. Due to the limitations and lack of

ground true and GPS Ground Control Points, then a

reasonable assumption is to add and propagate the

5 m uncertainties.

Volstd1
¼ n � A � Sigma ð4Þ

Volstd2
¼ A �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n � Sigma
p

ð5Þ

Sigma ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðsig ASTERÞ2 þ sig SPOT6ð Þ2
q

ð6Þ

where Volstd1
is the standard deviation of volume for

most pessimistic value. Volstd2
is the standard devi-

ation of volume for more optimistic value. n is the

number of pixels. A is the area of the pixel in m2.

Sigma is the uncertainty in m, (sig ASTER is the

uncertainty for ASTER GDEM data, and sig_SPOT6

is the is the uncertainty for SPOT 6 DEM data).

3.2.3 Morphological Change Detection Analysis

In this research, morphological change detection

analysis can be done by comparing the locations

expected to experience change in elevation on the

condition pre- and syn- eruption. The analysis is done

by creating a cross-section model at several location

changes based on the DEM data pre- and syn-

eruption. Cross-section or profile models can be used

to describe the occurrence of morphological changes

(e.g., Yulianto 2014; Yulianto et al. 2015b; Solikhin

et al. 2015). Our profiles were constructed perpen-

dicular to the direction of the eruption deposits that

occurred during the period 2010–2015. Thus, varia-

tions in the morphological changes can be seen

clearly in the profiles.

4. Results

Results of the process of merging and interpola-

tion to resolve a pixel size of 6 m are presented in

Fig. 3a, c. Meanwhile, the results of DEM syn-

eruption from processing and extraction SPOT 6

stereo images are presented in Fig. 3b, d. Vertical

accuracy is only calculated for the results of the DEM

data that are extracted from the SPOT 6 stereo ima-

ges. The DEM data of 2009 are used as a baseline and

are assumed to be correct. A total of 2495 points from

the 1:50,000 scale topographic map are used as a

basic reference in determining the value of RMSE.

Elevation points that did not change as a consequence

of the eruption were selected for this calculation and

yielded a RMSE of 9.36 m. Standardized residuals

for the RMSE calculation are presented in Fig. 4.

Thicknesses of pyroclastic deposits were calcu-

lated based on the difference in height of the DEM

data pre- and syn-eruption. The results of the thick-

ness information can be divided into several classes

at intervals of each layer thickness in the range of

25 m. A layer with a thickness of\25 m has the most

extensive area zoning with a measured total area of

1,773,216 m2. In contrast, the layer with the smallest

area is in the range of 201–225 m, and a measured

total area of 23,148 m2. Spatially, the resulting dis-

tribution of pyroclastic material deposits in the

research area is presented in Fig. 5. Figure 5a shows

the visual appearance of pyroclastic deposits from a

Landsat 8 image acquired on 29 June 2015. Figure 5b

shows our calculated thicknesses of pyroclastic

deposits, based on the elevation differences between

the pre- and syn-eruption DEM data.

The thickness data shown in Fig. 5b are used to

calculate the estimated volume of the pyroclastic

deposits from the eruption by multiplying pixel

image area times the thickness intervals fort these

pixels. The calculations were performed for intervals

of 25 m in thickness and the results for each of these

ranges and a total volume for the eruption

(*2.8 9 108 m3) are given in Table 2.

Table 3 quantifies the extent of morphological

change during the eruption period of 2010–2015 as

the maximum change (positive or negative) in ele-

vation along the profile lines located in Fig. 6 and

shown as Figs. 7, 8, 9, 10, and 11. Changes resulting

from areas subjected to either pyroclastic sedimen-

tation or lava flow deposition are process (?),

whereas erosion is negative (-).

5. Discussion

The methods applied here can be done rapidly

once clear satellite data are available, and, therefore,

they are useful to quickly estimate morphologic

change, including areas and volumes of new deposits
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during an ongoing eruption crisis. As we calculate

only DEMs, as opposed to bare-earth digital terrain

models (DTM) the elevation changes we calculate

include canopy and man-made structures. However,

these errors are small in our study, because the pre-

eruption canopy height in the pyroclastic fan area was

generally \10 m and for the syn-eruption images

there are no trees.

The calculation of total volume of pyroclastic

material and lava erupted in the period 2010 to mid-

2015 is *2.8 9 108 m3, with uncertainties of the

standard deviation of volume for most pessimistic

Figure 3
Comparison of the DEM data with the acquisition of Sinabung volcano during period 2010–2015. a Image showing the 2010 DEM data,

processed and merged with ASTER GDEM data and with 1:50,000-scale topographic map data and interpolated to a pixel size of 6 m using an

inverse distance weighted technique. b Image showing results of processed and extracted DEM from 2015 SPOT 6 stereo images, with a

spatial resolution is 6 m. c Hillshade image of the DEM data. d Hillshade image of the 2015 DEM image of Sinabung volcano

2718 F. Yulianto et al. Pure Appl. Geophys.



value is *0.6 9 108 m3 and for more optimistic

value is *0.5 9 105 m3. We have calculated the

volume of lava separately from the volume of pyro-

clastic deposits, comprising *0.9 9 108 m3 of lava

flow and dome deposits, and *1.9 9 108 m3 of

pyroclastic deposits. The calculation is performed

separately, because the lava flow deposits and pyro-

clastic deposits have different characteristics. The

lava flow deposits, a material eruption that is not

easily eroded, while the pyroclastic deposits, a

material eruption that is easily eroded and separated.

The volume of pyroclastic deposits produced

during the period of the eruption can be used as input

to forecast the secondary impacts of lahar hazards

eruption in the area. For example, we can evaluate the

capacity of the riversin the area to determine whether

they can accommodate the total potential volume of

sediment and lahar deposits that may be produced in

Figure 4
Standardized residuals error plot for RMSE calculation of of the DEM SPOT 6 and topographic map

Figure 5
Spatial distribution of pyrocalastic and lava deposits in the research area. a The visual appearance of the deposits from Landsat 8 LDCM was

acquired by LAPAN, 2015. b Thickness of pyroclastic and lava flow deposits based on the difference in elevation between the value of the

pre- and syn- eruption data (in meters)
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the future. If the capacity of the river cannot

accommodate this amount of material then these

future lahars and floods will likely overflow the river

channels and damage the environment (including

residential communities) nearby. This information

can be used in relocation planning of residential areas

or other objects, with the aim to minimize the sec-

ondary effect of the eruption. The morphological

changes in the research area have predominated in the

east-southeast to south sectors. Analysis related to

morphological changes of the volcano can also be

used to forecast the direction of lava flows and

pyroclastic flows in the future.

6. Conclusion

The purpose of this research is to describe the use

of remotely sensed data to estimate the volume of

pyroclastic material deposited and to analyze

morphological change as a result of the eruption of

Sinabung volcano during the period 2010–2015. A

limitation on the availability of high resolution

topographic data for the area affected by the eruption

has been a problem in determining such volumes.

Thus, data from SPOT 6 stereo images in 2015 have

been used to create a DEM for the research area. This

DEM has a vertical error based on reference points in

areas that have not changed of less than 10 m,

enabling a first approximate estimation of

2.8 9 108 m3 for the total volume of eruptive prod-

ucts, comprising *0.9 9 108 m3 of lava flow and

dome deposits, and *1.9 9 108 m3 of pyroclastic

deposits. As relatively little erosion of the deposits

had taken place by the time of the SPOT images (21

June 2015), we take these volumes to be representa-

tive of the total eruption volume at this time. The

availability of other image data that has a higher

resolution, such as light detection and ranging

(LiDAR), TerraSAR-X and detailed field surveys

Table 2

The results of the calculation of the estimated volume of pyroclastic flows deposits caused by the 2010–2015 eruption of Sinabung volcano

Class of

thickness (m)

Number

of pixels

Areas (m2) Approximate estimation

volume (in 9108 m3)

Uncertainties vol_std1 for most

pessimistic value (in 9108 m3)

Uncertainties vol_std2 for more

optimistic value (in 9105 m3)

\25 49,256 1,773,216 0.252 0.188 0.260

26–50 46,491 1,673,676 0.615 0.178 0.253

51–75 19,433 699,588 0.428 0.074 0.163

76–100 14,075 506,700 0.447 0.054 0.139

101–125 12,183 438,588 0.491 0.047 0.129

126–150 4700 169,200 0.230 0.000 0.008

151–175 1838 66,168 0.107 0.007 0.050

176–200 1209 43,524 0.082 0.005 0.041

201–225 643 23,148 0.049 0.002 0.030

[226 1091 39,276 0.096 0.004 0.039

Total 150,919 5,433,084 2.797 0.576 0.456

Table 3

Analysis of morphological changes of the DEM pre- and syn- eruption in the period 2010 to mid-2015 in the research area

Spatial profile Change of the DEM pre- and syn- eruption (in meters)

1 2 3 4

A-A’a 180 (?) 110 (-) 150 (-) 0

A-A’b 0 200 (?) 50 (?) 30 (?)

A-A’c 0 75 (?) 130 (?) 25 (?)

A-A’d 35 (?) 125 (?) 130 (?) 30 (?)

A-A’e 30 (?) 25 (?) 100 (?) 25 (?)

‘‘ ?’’ sedimentation, ‘‘-’’ indication of the collapsed volcanic deposits with limited syn-eruption erosion, and ‘‘0’’ no change

2720 F. Yulianto et al. Pure Appl. Geophys.



these data can later be used to compare and improve

our results.
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