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Abstract

Anak Krakatau Volcano is an active volcano located in the Krakatau Complex, Sunda Strait, Indonesia. On 22 December 2018, the volcano
experienced a major eruption that led to a tsunami that devastated the shores of the islands of Java and Sumatra and killed up to 437 people. The
eruption also destroyed the volcano’s body and change its shape drastically and forming a large crater in the southwestern part. After that eruption,
the volcano continues to grow up. This research aims to analyze the deformation of the Anak Krakatau Volcano post-2018 eruption by using the
differential interferometry SAR method (DInSAR). In order to support the analysis, we additionally compare the DINSAR result with tectonic-
volcanic activity. Sentinel 1-A type SLC satellite imagery data from 5 June 2019 to 7 January 2020; consisting of 19 images or 18 pairs as master
and slave were used to producing a deformation map. DINSAR result shows the volcano was generally experiencing deflation during the period,
ranging from -1.03 to -4.81 cm (-3.01 cm average). However, inflation also occurred ranging from 0 to 5.99 cm, correlating with shallow and deep
volcanic activity and followed by eruptions in October 2019 when the highest activities were observed. Furthermore, coherence value should be
highly considered along with DINSAR processing, and this research allows that coherence to be acceptable.
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1. Introduction

Anak Krakatau VVolcano/Gunung Anak Krakatau (GAK) is
an active volcano located in the Krakatau Complex, Sunda
Strait, Indonesia (Fig 1). This volcano was formed several years
after the eruption of the Krakatau volcano on 27 August 1883
which was one of the most violent volcanic eruptions in history
and caused a tsunami (Jaxybulatov et al., 2011) with 36,000
death (Self, 1992). The eruption destroyed two-thirds of the
Krakatau Volcano Island and form the remaining four small
islands which became known as the Krakatau Complex: Anak
Krakatau, Sertung, Panjang, and Rakata Island (Agustan et al.,
2012). GAK sits directly on the boundary of the Indo-
Australian and Eurasian tectonic plates, which are frequent
regions of strong seismic and high volcanic activity (Babu and
Kumar, 2019).

On 22 December 2018, there was an eruption of the Anak
Krakatau volcano which triggered landslides in the western part
of the mountain (Perttu et al., 2020; Williams et al., 2019). This
event caused 437 fatalities, over 30 thousand injured, and
thousands of houses destroyed. Several research has been
conducted on the post-eruption that caused the tsunami,
including tsunami modeling and morphological analysis using
satellite imagery (Babu and Kumar, 2019; Grilli et al., 2019;
Igbal and Juliarka, 2020, 2019; Perttu et al., 2020; Williams et
al., 2019). The Anak Krakatau volcano had a considerable
morphological alteration following the eruption, creating a
huge crater lake (Fig 2). Geochemically, after 2018 eruption,
GAK composed of two groups, basaltic-andesitic composition,
and the second group had lower SiO2 and lower Al2Os (Fiantis
etal., 2021).

This study aims to analyze the morphology of GAK after
the 2018 tsunami using the Differential Interferometry
Synthetic Aperture Radar (DInSAR) method from Sentinel-1A
satellite images from June 2019 to January 2020 combined with
GAK eruption data. Coherence of INSAR and SAR backscatter
images combined with high-resolution optical images could
monitor surface deformation caused by volcanic eruptions
(Babu and Kumar, 2019). Study of InSAR to detect volcanoes
morphological changes was provenly effective in such studies
(Antonielli et al., 2014; Astort et al., 2022; De Novellis et al.,
2017), furthermore to detect the changes of shallow magma
reservoir (Euillades et al., 2017; Sreejith et al., 2020). To verify
the results obtained through displacement and phase analysis at
the DINnSAR stage, deformation monitoring was carried out
before and after the eruption of Anak Krakatau.

2. Data and Methods
2.1. Data

The data used in this study are Sentinel-1A imagery in IW
mode of SLC type with ascending directions to observe the
deformation that occurred during that period. This research is
also supported by secondary data in the form of GAK volcanic
earthquake data, namely the number of eruptions/eruption
activities, blow, shallow volcanic, deep volcanic, local
tectonics, and deep tectonics obtained from the Center for
Volcanology and Hazard Mitigation Indonesia (CVGHM).
Sentinel-1A data processing was performed using the SNAP
software with data downloaded on NASA's EARTHDATA
(https://search.asf.alaska.edu/).
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Sentinel 1-A type SLC satellite imagery data has a 12-day
repeating cycle to return to the initial orbit, so the timeframe for
this research is taken every 12 days starting from June 2019 to
January 2020. Images are processed in pairs from the oldest
date and will become the master while the latter data on the 12th
day will become a slave. This short period aims to accurately
determine deformation values because Sentinel-1 has a C-band
sensor that can penetrate vegetation up to 6 cm (Putri et al.,
2018). With two satellite images that have the same area, the
same orbit, and the same geometry, an interferogram was
created which represents the deformation or surface changes
between the two SAR data generated by calculating the
difference in the phases of the 2 products. The process was
repeated for each pair of master and slave data and produced
deformation maps. The pairs of Sentinel-1A images used in this
study can be seen in Table 1. The data is using V'V polarization
and orbitat 171.

Table 1. Master and slave date acquired at ascending direction.

Pair Number or Period Master Slave
1 05/06/2019 17/06/2019
2 17/06/2019 29/06/2019
3 29/06/2019 11/07/2019
4 11/07/2019 23/07/2019
5 23/07/2019 04/08/2019
6 04/08/2019 16/08/2019
7 16/08/2019 28/08/2019
8 28/08/2019 09/09/2019
9 09/09/2019 21/09/2019
10 21/09/2019 03/10/2019
11 03/10/2019 15/10/2019
12 15/10/2019 27/10/2019
13 27/10/2019 08/11/2019
14 08/11/2019 20/11/2019
15 20/11/2019 02/12/2019
16 02/12/2019 14/12/2019
17 14/12/2019 26/12/2019

latitude, degrees

100 102

104

longitude, degrees

106 108 110 112 114

Fig 1. Krakatau Volcanic Complex (Jaxybulatov et al., 2011)
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Fig 2. GAK morphology changed after the eruption on December 22, 2018 (Heidarzadeh et al., 2020).

2.2. Method

Differential Interferometry Synthetic Aperture Radar
(DInSAR) is a radar-based method that utilizes the phase
differences of two or more SAR images with different
acquisition times and the same area in their processing to obtain
deformation values in an area (Castafieda et al., 2011). In
general, the steps of DINSAR are described in Figure 3. Data
processing is carried out from paired data to produce
deformation images to be analyzed.
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A pair of Sentinel-1A images that have been downloaded
are input into the SNAP software with one image as the master
image which has the earlier acquisition date, and the other
image as the slave image which has the later acquisition. The
Sentinel-1A imagery used in this study uses the IW
(interferometric wide swath) recording mode with an area of
250 km and a spatial resolution of 5 m to 20 m. Therefore, the
TOPSAR split process (image cropping) is carried out
according to the research area. The GAK subswath is located in
IW3. VV polarization is used to see the vertical change from
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the top of the GAK to the surface boundary. The image that has
been registered through the apply orbit file stage then be carried
out to form an interferogram. The back geocoding process
produces an altitude model product (Digital Elevation Model)
which is acquired through a combination of two master and
slave radar data. Enhanced Spectral Diversity serves to improve
the accuracy of the DEM coregistration process resulting from
back geocoding by correcting the azimuth direction and range
of each bar. The image that has improved accuracy can then
start Interferogram Formation Processing which can produce
an interferogram phase originating from a combination of the
master image and the slave image. The coherence relationship
between the master and slave images in each pixel of the slave
image to the master image, if the value is close to one then the
image will approach the master image and it can be said that the
two images are very identical, or could be said has high
accuracy. The latest noise interferogram products can be
removed through the TopSAR Deburst process. Topographic
phase removal is used to remove topographical effects on the
phase and make it flat to the projection plane. Furthermore,
Multilooking functions to reduce the standard deviation of the
noise level as well as the resolution and pixel size of the product
resulting from the Topographic phase removal. Disorders that

exist after the DINSAR process are filtered on Goldstein phase
filtering. The phase unwrapping process functions to change
the phase units from radians to metrics. DEM with 3Sec SRTM
type will slightly speed up the unwrapping process. The result
of this processing is the vertical displacement value of LOS
(Line of Sight) in the negative to the positive range which has
units of meters. A negative value reflects deflation and if the
value is positive then the surface is experiencing inflation.
Then, the geometric correction stage is carried out to avoid
geometric distortion of the distorted image. The last step is a
subset to limit the resulting image according to the size of the
area we have determined.

The results of DINSAR processing show the value of the
absolute deformation rate with units of meters to centimeters.
These values are then visualized in the form of GAK
deformation maps to describe the distribution of inflation and
deflation that occur. Based on the processing results formed, we
can compare with data on the number of earthquake activities
in the form of eruptions, gas blow, and deep and shallow
volcanic earthquakes and compare with geological data in the
form of related structures and lithology, so that the possible
causes of inflation and deflation on the volcano can be
identified.

InSAR Proce

Displacement Processing

‘__‘s,m Damlnpm.‘_*
[5-1A Master

[ Topsarspi |

Start

Download Data

S-1A bL!\e’
[nse]

| TopSAR Spit |

[TopSAR Deburst |

Topographic Ph.”e“
Removal |
Mulook |

Goldsten Phase
Filtering

Fig 3. DINSAR processing stages.

3. Result and Discussion
3.1. Deformation

Deformation during the observation period was observed
only at GAK and is related to volcanic activity. The surface
pattern of deformation from June 2019 to early January 2020
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shows low LOS changes (deflation or subsidence) shown in
dark blue and accompanied by high LOS (inflation or uplift)
shown in red in Figure 4. The changes in the volcano's body
volume could be an indicator of the volcanic eruption
(Abdurrachman et al., 2018).
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Fig 4. GAK deformation pattern, Noted that blue color is relatively deflating while red shows inflation.
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Fig 4. (continue) GAK deformation pattern. Noted that blue color is relatively deflating while red showing inflation.
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Fig 4. (continue) GAK deformation pattern. Noted that blue color is relatively deflating while red shows inflation.

The distribution and morphological changes of GAK were
not uniform in each period, some experienced deflation with a
wide pattern, but with a low deflation rate, and vice versa so did
the inflation rate. This is because changes in GAK morphology
are determined by various factors such as tectonic activity,
volcanoes, eruptions, geological structures, etc. However, in
general, the deformation pattern from the Ascending LOS
profile from June 2019 to early January 2020 shows a dominant
deflation which is likely due to ongoing earthquake activity and
shallow magma sources (Agustan et al., 2012; Harjono et al.,
1989). The correlation between GAK activity and maximum
deformation is depicted in Figure 5. The spatial distribution of
the deformations can be observed in Figure 4 and can be
compared with the deformation values that occur in Figure 5.

Generally, the tectonic activity that occurs in GAK is
relatively low, namely from 1-4 events, both local and distant
tectonics. Shallow and deep volcanic activity has a higher
frequency, from 1-12 events, and occurs almost every day.
Meanwhile, eruptions occur almost every day with the highest
frequency occurring on 12 October 2019, which is 43 times.

According to the summary of deformations that occurred in
GAK (Figure 5), the maximum inflation value that occurred in
each period was considerably uniform, specifically in the range
of 3.31 to 5.99 cm (with an average of 3.72 cm), except for the
period from 8 September to 2 December 2019, when there was
no positive deformation. In contrast, GAK has considerably less
deflating or subsidence, with a maximum of -1.03 to -4.81 cm
and an average of -3.01 cm over each period. The occurrence of
morphological changes, in general, is not determined by these
maximum inflation and deflation values, but these values must
be compared with the spatial distribution of morphological
changes in Figure 4.
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From Figure 5 it can be seen that volcanic activity reached
its peak in October 2019, when both shallow and deep volcanic
activity occurred accompanied by an increase in daily
eruptions. This is also supported by the dominant distribution
of inflation (marked in red color) in the DINSAR period 3-15
October 2019 (Figure 4). It should be noted that the high
activity of gas emission in the November 2019 period from
GAK will only slightly affect the morphology of GAK because
it is not followed by the deposition of pyroclastic material.

3.2. DINSAR accuracy

The accuracy of DINSAR processing could be reflected in
its coherence. The results of the DINSAR process have a
coherence value with a range of values from 0 — 1. If the
coherence value = 1 indicates that the master and slave images
on the interferogram are completely identical, and vice versa
with a coherence value = 0. The higher the coherence value, it
means the accuracy is also high, and the contrary (Hooper et al.,
2004; Kurniawan and Anjasmara, 2016). Here we obtain the
coherence profile from the 1%t period (Figure 6a) and the 18"
period (Figure 6b). The figures show both results have a good
value of coherence around the volcano, the shape of the
volcanoes could be clearly seen and reflected by the white color
(high values of coherence). Comparing two datasets with a
short time gap is the ideal approach to maintain DInSAR
accuracy. A long temporal resolution will cause poor DINSAR
coherence. Furthermore, to obtain coherence from the first to
the last period, we combine/overlay Figures 6a and 6b. Despite
the fact that the coherence is diminishing in some areas, such as
the western flank and crater area, the form of GAK is still
recognizable, and the outcome is still acceptable.

95



Tectonic activity

4
3
®m Local
@ 2 ® Distant
e}

1

L | |

— b
05/06/2019 05/07/2019 05/08/2019 05/0972019 05/10/2019 05/11/2019 05/12/2019 05/01/2020
12

Volcanic activity
10

Shallow
8 Deep

Event
@

IS

o LI IAAY, (111 1 |‘IH ll ‘lll L1 .MII i .H[I [

05/06/2019 05/07/2019 05/08/2019 05/09/2019 05/10:2019 05/11/2019 05122019 05/01/2020

80
Eruption
70

60

50 | = Eruption

= Blow

FEvent

40
30

20

0 —dull -Lu MJ.IL LL el L';l;“l”ll li..tdlxl iy A...AL,J“»th ;Au JLL.‘_ M.AkA.IIL..A.‘ | ALLA;A

05/06/2019 05/07/2018 05/08/2019 05/09/2019 05/10/2019 05/11/2019 05/1212019 05/01/2020

tazamam Dellaton and Inflaton

10

sm

il iai
[TETIn e

ans

114

7

s 6 I

140
a8 BT

s

Delaematizean,
£ m—
 —
m—

4

Kilomgters &
(I
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4. Conclusion aperture radar image and volcano-tectonic activity and then
. analyzes the changes in morphology with the DINSAR method.
The eruption of the Anak Krakatau volcano (GAK) on Post-eruption, GAK is showing alteration of morphology

December 2018 drastically change its shape and form a large : : ; . _
crater southwest of the body. This research combines synthetic dominated by deflating with a range of -1.03 to -4.81 cm
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(averagely -3.01 cm) within the 5" June 2019 to 7" January
2020 period.

On the other hand, GAK also suffers from inflating with a
range from 0 to 5.99 cm (average 3.72 cm). The peak of positive
deformation occurred when GAK is highly active in October
2019 when shallow and deep volcanic activity happen and
followed by an eruption.

A combination of DINSAR and volcanic activity could
successfully detect the changes in volcanic morphology and
probably could detect future eruption. However, the coherence
of DINSAR processing should be highly taken into
consideration. This DINSAR method is probably the traditional
method to conduct. A new and more sophisticated method such
as Persistent Scatterer INSAR (PS-InSAR), Small Baseline
Subset (SBAS) InSAR, or the other time-series INSAR could
achieve a better result.
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