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GNSS VELOCITY AND STRAIN FIELD IN THE NORTHERN SUMATRA  
15 YEARS AFTER THE 2004 M9.2 SUMATRA ANDAMAN EARTHQUAKE
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Sumatra Institute of Technology, South Lampung 35365, Indonesia

ABSTRACT. The 2004 M9.2 Sumatra-Andaman earthquake in the tectonically active northern Sumatra, could generate 
postseismic deformation up to a recent period and needs to be considered for earthquake potential study. The GNSS 
velocities before and 15 years after the earthquake were used to obtain preliminary indicator of whether the post-
seismic deformation still takes place. Recent velocities were calculated from the horizontal coordinate time series that 
is obtained using Bernese GNSS software version 5.2. To do this, a comparison was made of velocities and strain rates 
over two periods. The velocities of 5.5 to 40.5 mm/yr and the strain rate up to 47.2 μstrain/yr were obtained from the 
recently acquired GNSS data. The pattern for the two-period values can be defined where the direction of vector velocities 
is trenchward, and extensional behavior occurs more often in the northern area. This indicates that postseismic deforma-
tion still occurs therein even 15 years after the earthquake.
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СКОРОСТИ ГНСС-СТАНЦИЙ И ПОЛЕ ДЕФОРМАЦИЙ В СЕВЕРНОЙ ЧАСТИ о. СУМАТРА  
ЧЕРЕЗ 15 ЛЕТ ПОСЛЕ СУМАТРАНСКО-АНДАМАНСКОГО ЗЕМЛЕТРЯСЕНИЯ (М9.2),  

ПРОИЗОШЕДШЕГО В 2004 г.

С.М. Алиф, О. Анггара, М.Ф. Джихад, Р.С. Пердана

Суматранский технологический институт, 35365, Южный Лампунг, Индонезия

АННОТАЦИЯ. Суматранско-Андаманское землетрясение с М9.2, произошедшее в 2004 г. в тектонически ак-
тивной cеверной части о. Суматра, вплоть до недавнего времени могло быть причиной постсейсмических де-
формаций и должно быть принято во внимание при исследовании сейсмического потенциала. Базы данных 
скоростей ГНСС-станций до землетрясения и через 15 лет после него были использованы для получения пред-
варительного показателя, касающегося того, имеет ли место постсейсмическая деформация в настоящее время. 
Новые значения скоростей были вычислены на основе временных рядов горизонтальных координат с исполь-
зованием версии 5.2 программного обеспечения Bernese GNSS. Для этого было проведено сравнение скоростей 
и скоростей деформаций за два периода. На основе новых ГНСС-данных были получены скорости в диапазоне от 
5.5 до 40.5 мм/год и скорости деформаций до 47.2 мкм/год. Характер деформаций этих двух периодов отчетливо 
выражен там, где векторные скорости направлены в сторону желоба, а проявление деформации растяжения осо-
бенно заметно в северной части. Это указывает на то, что постсейсмическая деформация все еще присутствует в 
этом районе даже спустя 15 лет после землетрясения.

КЛЮЧЕВЫЕ СЛОВА: землетрясение; скорость ГНСС-станций; постсейсмическая деформация;  деформационное 
поле; Суматра

ФИНАНСИРОВАНИЕ: Не указано.

1. INTRODUCTION
Background. The study of past earthquakes is important 

for earthquake potential study in the future, and consider-
ing the postseismic deformation was the big issue. The post-
seismic deformations of the 2004 M9.2 Sumatra-Andaman 
or other earthquakes would overweigh the earthquake po-
tential calculation. The earthquake, which occurred on 26 
December 2004 00:58:53 UTC at 3.295° N, 95.982° E at a 
depth of 30.0 km according to the United States Geological 
Survey (USGS), produced coseismic slip of 16–25 m off the 
northern Sumatra [Fujii et al., 2021]. The coseismic slip 
model and the rheology (viscosity of asthenosphere) are 
the key estimate for the postseismic deformation of the 
earthquake [Lubis et al., 2013]. The question asises, how-
ever, what earthquake mechanism contributes most to the 
postseismic effects [Gunawan et al., 2014]. The studies us-
ing the data for more than a 10-year period after the earth-
quake could be a tool for the existing model validation and 
studying whether the postseismic deformation still takes 
place in the affected area [Mendoza et al., 2022].

Geological Settings. The northern Sumatra is one of the 
most tectonically active regions in the world, especially af-
ter the 2004 M9.2 Sumatra-Andaman earthquake. It is due 
to the oblique subduction of the Indo-Australia plate be-
neath the Sundaland plate [McCaffrey, 2009] of the western 
part of the Sumatra Island with the rate of plate conver-
gence 44–48 mm/yr [DeMets et al., 2010]. The Sumatran 
fault zone that extends from southern to northern Sumatra 
[Natawidjaja, 2018] and exhibits a slip rate of 20 mm/yr 
[Ito et al., 2012] in the region makes up to 40 % of the 
trench-parallel component of the subduction (Fig. 1, a). The 

Northern Sumatra, which covers the Aceh Province and the 
North Sumatra Province in Indonesia, is the most affected 
region of the disastrous 2004 M9.2 Sumatra-Andaman 
earthquake and has been the subject of numerous studies, 
especially coseismic and postseismic modeling [Chlieh et 
al., 2007; Panet et al., 2010]. Unlike Alaska and Chile that 
also had produced M>9 earthquakes, the northern Sumatra 
was in a thermal state which led to a higher potential for 
other large earthquakes [Simoes et al., 2004].

The 2004 M9.2 Sumatra-Andaman earthquake in the 
northern Sumatra was followed by a large number of earth-
quakes in the Sumatra region, the most nearby and the 
largest of which is the 2005 M8.6 Nias earthquake that 
occurred in Nias, also in the northern Sumatra. The slip 
distribution of this earthquake is separated from that of 
the 2004 earthquake by a persistent barrier beneath the 
Simeulue Island [Morgan et al., 2017]. Other earthquakes 
(M>7) in Sumatra after the main 2004 events are the 2007 
M8.5 Bengkulu earthquake, the 2008 M7.4 Simeulue earth-
quake, the 2009 M7.6 Padang earthquake, the 2010 M7.8 
Mentawai earthquake, and the 2010 M7.8 Simeulue earth-
quake. The 2012 M8.6 earthquake which occurred west of 
the Sunda Trench, the boundary between the Indo-Austra-
lian plate and the Sundaland plate, was also affecting the 
northern and even the southern Sumatra [Alif et al., 2016]. 
These earthquakes were studied somewhat better than the 
2004 earthquake, since the need emerged for more Global 
Navigation Satellite System (GNSS) monitoring sites after 
the 2004 earthquake.

The GNSS-based velocity monitoring tools become in-
dispensable in the study of postseismic [Anugrah et al., 
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Fig. 1. Tectonic settings of the Northern Sumatra (a). Red beach balls show series of earthquake with magnitude more than 7 from 
2004 to 2010. Distribution of GNSS sites used in this research (b).
Рис. 1. Тектоническая обстановка северной части о. Суматра (а). Кружками красно-белого цвета обозначены серии землетря-
сений 2004–2010 гг. с магнитудой выше 7. Распределение ГНСС-приемников, используемое в настоящей работе (b).

2015] or crustal deformations [Alif et al., 2021, 2023] and 
volcanoes [Anggara et al., 2023; Natadikara et al., 2023]. 
The study which only utilizes the GNSS velocities could be 
a preliminary indicator whether the postseismic deforma-
tion still takes place. The GNSS velocities relative to the 
plate (Sundaland plate in case of the northern Sumatra), 
should be directed toward the epicenter or toward the 
trench if the postseismic deformation still takes place. No 
study on GNSS velocities in northern Sumatra has been con-
ducted to clarify the existence of the postseismic deforma-
tion. A similar approach has been applied to the 2007 M8.5 
Bengkulu earthquake [Lubis, 2021] which showed no post-
seismic deformations during the period 2018–2020. This 
study will utilize the GNSS velocities and strain field 15 
years after the 2004 M9.2 Sumatra-Andaman earthquake 
to obtain a preliminary indicator whether the postseismic 
deformation still takes place in the northern Sumatra.

2. METHODS AND MATERIALS
Materials. The data used in this research are the GNSS 

data from 2017 to 2021 and the GNSS-velocities before 
2004. These velocities are calculated from the campaign 
GNSS data collected at 34 sites scattered throughout 
Sumatra [Prawirodirdjo et al., 2010] before the 2004 M9.2 
Sumatra Andaman earthquake. Meanwhile, the GNSS data 
recently collected at 28 permanent sites (Table 1) were pro-
vided by the Geospatial Agency of Indonesia (BIG) and the 
Earth Observatory of Singapore (EOS), named as Indonesia 
Continuous Operating Reference Stations (InaCORS) and 
Sumatran GPS Array (SuGAr) [McLoughlin et al., 2011], 
respectively. 7 SuGAr sites and 21 InaCORS sites, used 
in this research, are located in Aceh Province and North 

Sumatra Province, in mainland of Sumatra and surround-
ing small islands (Fig. 1, b). These sites were installed a rel-
atively long time ago as compared to other InaCORS sites 
in Indonesia and SuGAr sites in Sumatra, and have been 
used for other crustal deformation studies [Maulida et al., 
2016].

Methods. The new GNSS data were processed to obtain 
recent velocities in North Sumatra. The data which had 
the sampling interval of 30 seconds were processed using 
Bernese 5.2 [Dach et al., 2015] in a consistent reference 
frame. The daily solution of coordinates was obtained based 
on the double-difference positioning with the International 
GNSS Service (IGS) sites used as constrained sites (ALIC, 
DARW, DGAR, IISC, KARR, PIMO, YAR2) [Johnston et al., 
2017]. The data from all sites were processed in ITRF2014 
[Altamimi et al., 2016]. The IGS final ephemeris, the Earth 
rotation parameters, the IERS Conventions 2010, and the 
DRY-GMF model were utilized in the GNSS data processing 
to obtain more precise coordinates.

The recent velocities were calculated using linear re-
gression of the processed coordinates. This linear regres-
sion can be conducted since the logarithmic trend or expo-
nential trendlines were not found in the coordinate time 
series. Nevertheless, considering coordinate jumps induced 
by antenna replacement or some unknown factors, the 
stepwise linear regression [Feng et al., 2015] was applied 
to each clear offset. The least-square linear regression was 
performed after removing outliers with larger than 95 % 
confidence in the coordinate time series. In order to obtain 
recent velocities and velocities before 2004 in the same 
reference frame, the recent velocities were transformed 
from ITRF2014 position to the Sundaland plate reference 
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Table 1. GNSS sites used in this research
Таблица 1. ГНСС-станции, данные которых были использованы в настоящей работе

frame. Prior to this transformation, all velocities were first 
transformed to ITRF2000 [Altamimi et al., 2016], since the 
velocities before 2004 were measured with respect to the 
ITRF2000-based Sundaland plate reference frame. The 
transformation to the Sundaland plate reference frame was 
calculated using Euler’s formula [Stein, Wysession, 2009] 
and the Euler pole parameter from the ITRF2000-based 
Sundaland plate model [Simons et al., 2007].

The postseismic deformations from the 2004 earth-
quake were analysed by doing a comparison between re-
cent velocities and velocities before 2004 in the similar 
Sundaland Plate reference frame. The comparison was made 
in three ways. The first way is to perform a direct analysis 

of the velocity vector in these two time periods. The second 
way is to calculate strain in the area for these two time pe-
riods. The strain is calculated in each grid cell at a spacing 
of 25 km. The strain analysis was conducted to understand 
extension and shortening behaviour in this area before 
and 15 years after the 2004 earthquake. The third way 
is to perform the velocity subtraction between these two 
periods. The two steps necessarily conducted prior to the 
subtraction were as follows: interpolating inner-region ve-
locities in each time period on a grid with spacing of 0.25° 
and finding all points between two given points on a grid. 
In short, the final comparison has been drawn between the 
interpolated velocities for common grid points.

No. Site name Longitude (°) Latitude (°) Location Data period Reference

1 CBDA 95.6093 5.2963 Kota Jantho 2019.0–2021.5 BIG

2 CBKJ 97.3435 3.9903 Blangkejeren 2020.0–2021.5 BIG

3 CBOH 96.1298 4.1356 Meulaboh 2018.5–2021.3 BIG

4 CBPI 96.8393 3.7399 Blangpidie 2018.5–2021.5 BIG

5 CBRS 98.3979 2.0050 Barus 2020.0–2021.5 BIG

6 CKBJ 98.4970 3.1023 Kabanjahe 2018.5–2021.5 BIG

7 CKCN 97.3334 3.4875 Babussalam 2020.0–2021.5 BIG

8 CKTF 97.3334 3.0868 Kluet Utara 2018.5–2021.2 BIG

9 CLAN 95.5777 4.6348 Krueng Sabee 2018.5–2021.4 BIG

10 CLSA 97.9659 4.4737 Langsa Kota 2018.5–2021.3 BIG

11 CPID 96.2477 5.2513 Meureudu 2018.5–2021.5 BIG

12 CSAB 95.3165 5.8936 Sabang 2017.0–2021.5 BIG

13 CSBL 98.4051 2.7419 Sumbul 2018.5–2021.5 BIG

14 CSBS 98.0011 2.6433 Simpang Kiri 2020.0–2021.5 BIG

15 CSIB 98.7764 1.7409 Sibolga Kota 2017.0–2021.5 BIG

16 CSNB 96.3855 2.4723 Simeulue Timur 2020.0–2021.5 BIG

17 CSSH 96.8098 3.7204 Susoh 2020.0–2021.5 BIG

18 CTAK 96.8477 4.6217 Lut Tawar 2018.6–2021.5 BIG

19 LHMI 96.9470 5.2285 Muara Batu 2018.5–2021.5 BIG

20 NIAN 97.5755 1.3037 Gunungstoli 2019.0–2021.5 BIG

21 SAMP 98.7147 3.6216 Tembung 2017.0–2021.5 BIG

22 BIT2 97.8114 1.0786 Biouti–2 2017.0–2021.5 SuGAr

23 BNON 96.1509 2.5207 Bunon 2017.0–2021.4 SuGAr

24 LEWK 95.8041 2.9235 Lewak 2019.2–2021.4 SuGAr

25 MREK 98.5381 2.9699 SD Negeri Merek 2017.0–2021.4 SuGAr

26 RNDG 97.8572 2.6652 Rundeng 2018.7–2020.8 SuGAr

27 SDKL 98.1929 2.7966 Sidikang 2017.0–2021.3 SuGAr

28 UMLH 95.3391 5.0531 Udjung Muloh 2017.0–2021.5 SuGAr
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3. RESULTS AND ANALYSIS
The recent velocities range from 7.6 to 45.6 mm/yr 

within the ITRF2014 (Table 2). These velocities are hori-
zontal velocities calculated from linear regression for ho-
rizontal coordinate time series of 28 GNSS sites (Fig. 2). 
There are three types of spatial patterns of these velocities 
(Fig. 3). The first type is the northeastward velocity pattern 
obtained from a relatively high velocity in small islands. 
This pattern follows the direction of subduction of the Indo- 
Australian plate. The second type refers to the southeast-
ward velocities of the southern GNSS sites of the Sumatra 
Island. This pattern follows the direction of motion of the 
Sundaland plate with the velocity comparable to that of 
15.3–31.4 mm/yr, reported by [Hanifa et al., 2014]. The 
third type follows the southward direction of motion of 
the GNSS sites in the northernmost area. This pattern ap-
pears to be highly related to the effect of postseismic de-
formation since it does not follow the direction of either 
subducting plate or plate motion.

There is also a distinguishable pattern of velocity with 
reference to the Sundaland plate and its derived grid ve-
locities. This pattern direction is changed for the velocities 
which refer to the Sundaland plate (Fig. 4). The first-type 
pattern for the small islands changes its direction to north-
ward, the second-type pattern changes its direction to north-
westward, and the third-type pattern changes its direction 

to westward. The velocities of 5.5 to 40.5 mm/yr refer to 
the Sundaland plate. The northernmost area is dominated 
by high velocities. The recent pattern for this area is also 
much different from the pattern of velocity prior to 2004 
in the same area (Fig. 5). In general, the velocities prior to 
2004 had smaller values and were more uniform as com-
pared to the recent velocities.

The strains calculated from the velocities show a dif-
ferent shortening-extension pattern for the recent velo-
cities and the velocities prior to 2004. These strains are 
calculated from the interpolated grid points. The statis-
tics of the velocities on the grid points shows that the re-
cent velocities are lower than the velocities prior to 2004 
(Table 3). Therefore, the recent strain is lower than the 
strain prior to 2004. However, the strain field pattern for 
these two periods is different. In general, the dominant pat-
tern is shortening due to convergence of the Indo-Austra-
lian Plate and the Sundaland plate [Alif, Pratama, 2019]. 
High strain rates prior to 2004 are concentrated on the 
southern area between small islands and the Sumatra Is-
land (Fig. 6). Meanwhile, the amount of shortening in that 
area is lower for the recent strain (up to 47.2 μstrain/yr 
as compared to up to 33.8 μstrain/yr). Furthermore, the 
recent strain rates are associated with the extension in the 
northern Sumatara Island (Fig. 7). This is possibly caused 
by the postseismic deformation therein.

Table 2. The velocities of the GNSS sites in ITRF 2014 and Sundaland Plate
Таблица 2. Скорости ГНСС-станций в системе ITRF 2014 и относительно плиты Сандаленд

Site
ITRF2014 (mm/yr) Sundaland Plate (mm/yr)

VE VN σVE σVN VE VN σVE σVN

CBDA –3.9 –15.7 0.7 0.4 –33.3 –14.3 0.7 0.4

CBKJ 19.6 0.4 1.3 0.9 –9.3 2.6 1.3 0.9

CBOH 7.6 0.6 0.5 0.3 –21.3 2.2 0.5 0.3

CBPI 15.9 5.4 0.2 0.1 –12.9 7.3 0.2 0.1

CBRS 14.7 6.6 0.6 0.4 –13.3 9.4 0.6 0.4

CKBJ 23.8 –7.4 0.2 0.1 –4.6 –4.6 0.2 0.1

CKCN 27.0 3.3 1.0 0.7 –1.6 5.7 1.0 0.7

CKTF 18.8 9.3 0.4 0.3 –9.6 11.5 0.4 0.3

CLAN 1.4 –13.1 0.5 0.3 –27.8 –11.8 0.5 0.3

CLSA 22.4 –7.2 0.3 0.1 –6.7 –4.7 0.3 0.1

CPID 7.1 –12.5 0.2 0.2 –22.3 –10.8 0.2 0.2

CSAB 1.1 –25.1 0.3 0.2 –28.6 –23.8 0.3 0.2

CSBL 19.8 –1.5 0.2 0.1 –8.5 1.2 0.2 0.1

CSBS 12.6 4.2 2.5 1.4 –15.7 6.7 2.5 1.4

Site
ITRF2014 (mm/yr) Sundaland Plate (mm/yr)

VE VN σVE σVN VE VN σVE σVN

CSIB 15.3 3.6 0.1 0.1 –12.5 6.5 0.1 0.1

CSNB 31.9 27.6 0.7 0.4 3.7 29.3 0.7 0.4

CSSH 2.2 19.9 0.6 0.3 –26.5 21.9 0.6 0.3

CTAK 18.4 –4.2 0.3 0.2 –10.8 –2.2 0.3 0.2

LHMI 13.1 –10.3 0.3 0.1 –16.3 –8.3 0.3 0.1

NIAN 24.2 30.6 0.7 0.4 –3.4 33.0 0.7 0.4

SAMP 20.9 –8.3 0.5 0.3 –7.8 –5.5 0.5 0.3

BIT2 25.9 26.5 0.4 0.2 –1.6 29.0 0.4 0.2

BNON 33.9 22.1 0.1 0.1 5.8 23.7 0.1 0.1

LEWK 37.8 25.6 0.5 0.3 9.5 27.1 0.5 0.3

MREK 24.1 –6.2 0.3 0.2 –4.3 –3.4 0.3 0.2

RNDG 15.6 7.2 1.4 0.6 –12.6 9.7 1.4 0.6

SDKL 17.5 –0.3 0.1 0.1 –10.8 2.3 0.1 0.1

UMLH –6.7 –19.6 0.1 0.1 –36.1 –18.4 0.1 0.1
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Fig. 3. ITRF2014 velocity data from 2017 to 2021.
Рис. 3. Данные скоростей за период 2017–2021 гг. в Международной системе наземных координат ITRF2014.

Fig. 2. Horizontal coordinate time series from 2017 to 2021 calculated in this research.
Рис. 2. Временные ряды горизонтальных координат, рассчитанные в настоящей работе за период 2017–2021 гг.
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Fig. 5. Velocities in the northern Sumatra before 2004 according to the Sundaland plate reference frame.
Рис. 5. Данные скоростей в северной части о. Суматра до 2004 г. в системе отсчета движения плиты Сандаленд.

Fig. 4. Velocities from 2017 to 2021 according to the Sundaland plate reference frame.
Рис. 4. Данные скоростей за период 2017–2021 гг. в системе отсчета движения плиты Сандаленд.
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Fig. 6. Strain rate before 2004 calculated from velocities on grid points.
Рис. 6. Данные скоростей деформаций до 2004 г., рассчитанных на основе значений скоростей узлов сетки.

Fig. 7. Strain rate calculated from velocities on grid points.
Рис. 7. Данные скоростей деформаций, рассчитанных на основе значений скоростей узлов сетки.
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Table 3. The statistics of grid point velocities and strains
Таблица 3. Статистические значения скоростей и деформаций узлов сетки

Fig. 8. Velocities difference on grid points between two periods.
Рис. 8. Разница скоростей узлов сетки, рассчитанных для двух периодов.

Statistics
Velocity (mm/yr) Strain rate (μstrain/yr)

Before 2004 Recent Before 2004 Recent

Maximum 66.5 33.4 47.2 33.8

Minimum 11.7 1.7 0.09 0.0006

Standard Deviation 11.6 6.4 10.2 7.8

4. DISCUSSION
The postseismic deformation in the northern Sumatra 

is associated with velocities and strain field. The first, di-
rect analysis approach for the velocity vectors shows that 
the vector in the northern area has been recently directed 
towards the west and was directed towards the north prior 
to 2004. The second, strain comparison approach shows 
the extension in the northern area while the dominant 
shortening direction indicates no postseismic deforma-
tion. The third approach which consists in subtracting ve-
locities between these two periods shows the trenchward 
orientation of the vector (Fig. 8). This trenchward motion 
at a rate of up to 26.3 mm/yr indicates postseismic defor-
mation [Wang et al., 2012].

The occurrence of postseismic deformation should be 
taken into consideration while studying other crustal de-
formations in this area, especially with assessment of earth-

quake potential utilizing only interseismic deformation. 
Modeling new postseismic deformation or applying the 
existing postseismic model is a possible solution for this 
issue. The existing postseismic model implies a long-term 
constant dominance of viscoelastic relaxation [Gunawan et 
al., 2014]. The recent velocities and strain rates, which are 
calculated from the data for a period of more than 10 years 
after the earthquake, can help in evaluating the validity of 
the existing model, especially in that of the viscoelastic re-
laxation model. Viscosity of the asthenosphere that causes 
the viscoelastic relaxation has been studied many times 
due to the 2004 M9.2 Sumatra-Andaman earthquake. The 
viscosities of 3·1017 [Paul et al., 2012], 2.5·1018 [Lubis et al., 
2013], 5·1018 [Han et al., 2008], 8·1018 [Panet et al., 2010], 
and 1·1019 Pa·s [Hu, Wang, 2012] could be validated with 
the herein-obtained recent velocities and strain rates for 
further research.
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5. CONCLUSIONS
The postseismic deformation of the 2004 M9.2 Sumatra- 

Andaman earthquake still occurs in the northern Sumatra 
15 years thereafter, as shown by the study on the GNSS-
based velocities and strain field determinations. The trench-
ward velocity vector direction and the extensional strain 
field were the herein-determined indicators of the post-
seismic deformation. The difference between GNSS veloci-
ties from 2017 to 2021 and the velocities prior to 2004 
shows different deformation pattern and behavior of the 
crust in the northern Sumatra. These postseismic defor-
mations should be considered when studying earthquake 
potential in this area. These results can help in evaluating 
the validity of the existing postseismic model, or even in 
generating a new postseismic model.
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