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The present study aims to identify, characterize moni-
tor and model the transport pathways of volcanic 
ashes and various features of the active phase of  
Barren Island volcano (BIV), Andaman and Nicobar 
Island, India during 2018 using the several Earth ob-
servation satellite technologies and field observations 
in the study area. Sentinel-2 satellite datasets have 
been used to identify volcanic eruption features such 
as lava flow, ash plume, cinder and vent and different 
directions of lava flow from the cinder cone during the 
2018 eruptive phase of BIV. To visualize the major 
variations in thermal intensity and understand the 
behaviour of current volcanic activity, volcanic radia-
tive power (VRP) and radiant fluxes of the recent 
eruptive phase were calculated using MIROVA. In 
addition, thermal anomaly was observed in the form 
of anomalous fire pixels for 44 days in FIRMS data-
base. Also, NASA/NOAA Visible Infrared Imaging  
Radiometer Suite (VIIRS, VNP14IMGT) were used for 
validating the real-time activity of the 2018 volcanic 
eruption phase. The results obtained were closely re-
lated with the periods of high eruptions as observed in 
the Sentinel-2 datasets. The volcanic aerosol ‘sulphur 
dioxide’ (SO2) data (time series-area averaged) were 
analysed as well as a five-day forward trajectory and 
volcanic ash model for each eruption event was deve-
loped using HYSPLIT model to identify the transport 
pathways and extent of volcanic ash cloud in the  
lower atmosphere during the eruptive phase of the 
volcano.  
 
Keywords: Eruptive phase, field observations, satellite 
observations, volcanic ash. 
 
BARREN Island volcano (BIV), the young and only con-
firmed active volcano of South Asia lies in the north-
eastern Indian Ocean, i.e. in the Andaman Sea within the 

Indian territory. It is located ~138 km NE of Port Blair, 
the capital of the Andaman and Nicobar Islands and within 
an active subduction zone (Figure 1). BIV is an uninha-
bited strato-volcano with an elevation of ~350 m amsl. 
The currently exposed region is just the upper part of the 
volcano, whereas almost 90% of the volcano is sub-
merged in water as revealed by recent bathymetry  
data. It consists of the caldera, which is breached towards 
the west by alternating lava flows and volcanic deposits, 
with polygenetic vent at the centre1,2 (Figure 1). This  
volcanic island is the resultant of several pre-historic 
(unknown years) and historical eruptions reported  
between 1787 and 1832 with sporadic eruptions in 1991, 
1995, 2005–2007, 2008–2010, 2013–2016 and 2017  
and at present (https://volcano.si.edu/volcano.Cfm?vn= 
260010). This volcano began its active phase of eruption 
in 1991 and now it is in a ‘strombolian activity’ type of 
eruption with low- to moderate-scale ash and lava erup-
tions from either its central polygenetic vent or secondary 
vents located at its flanks1. The current eruption of BIV is 
considered to be protraction of the recent eruptive phase 
that began in 2005 intermittently spewing lava, pyroclas-
tic materials and ashes2. Since 2005, it has become active, 
particularly during active seismic periods around the  
intersection point of the West Andaman Fault (WAF) and 
Sunda Fault System (SFS). Recently, BIV has started 
emitting lava and plumes since 25 September 2018. 
 In recent decades, the acquisition of satellite images 
and datasets for volcano-related studies has increased  
rapidly throughout the globe3–5. Moreover, remote sens-
ing technology has played a key role in monitoring and 
characterizing active volcanoes around the world3,6  
mainly for real-time monitoring of eruptions7, especially 
in the case of remote and inaccessible areas of active  
volcanoes. With the availability of several high-resolution 
data, the possibility has increased, especially in the case 
of recognized active volcanoes, which are well known for 
their violent behaviour. Many researchers have utilized 
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Figure 1. A simplified map of Barren Island volcano (BIV) Andaman and Nicobar (A&N) Islands 
overlaid on Sentinel-2 satellite image (acquired on 22 November 2018) (RGB-4 : 3 : 2). Some signi-
ficant morphological features of the volcano are highlighted.

 
 

 
Figure 2. Location of Barren Island and geological setting of A&N
Islands (modified after Malik 2005) showing complex tectonic regime
with compression (subduction), expansion and strike–slip movement
along the Sunda Fault (Sumatra Fault System). 

various high-resolution satellite data for continuous moni-
toring of such violent volcanoes throughout the world. 
For example: Moderate Resolution Imaging Spectroradio-
meter (MODIS)8–11, Advanced Space borne Thermal 
Emission and Reflection Radiometer (ASTER)12, Landsat 
series13,14 and SENTINEL series15,16. Therefore, the pos-
sibility of continuous monitoring and understanding the 
natural mechanism has increased, which is crucial to pre-
dict and forecast future eruptions and improve the long-
term forecasting. It has become more important, especially 
in the case of recognized active volcanoes which are well 
known for their violent behaviour. In India, volcanic  
activities of BIV have been reported using various remote 
sensing data7,17–19. In the present study, we have focused 
on the 2018 BIV eruption phase with various earth obser-
vation satellites along with field observations to identify, 
characterize, monitor and model the transport pathways 
of volcanic ashes and volcanic features. 

Geological and tectonic setting of the Barren  
Island 

The Barren Island is part of the Neogene Inner Volcanic 
Arc (NIVA)20,21 which extends from Mt Popa and Mt 
Wuntho (extinct volcanoes) in Myanmar in the north to 
Sumatra and Java in the southeast and intersects at the 
Pacific Ring of Fire (Figure 2). Moreover, the volcanic 
arc consists of two exposed volcanoes, viz. Barren Island 
and Narcondam Island, an active and extinct volcano  
respectively, along with 22 prominent submarine sea-
mounts enclosed by numerous minor seamounts with 
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Table 1. Datasets used in the present study 

Earth observation satellite Sensors/bands Pixel resolution (m) Date of acquisition Source 
 

Resourcesat-2 LISS-IV 5.8 12 September 2018 NRSC 
Sentinel-2 SWIR-1 and 2 20 13 September 2018 

28 September 2018 
Copernicus  
Open Access Hub 

   3 October 2018  
   18 October 2018  
   28 October 2018  
   2 November 2018  
   7 November 2018  
     
Volcanic radiative power MODIS, MIR and  

 thermal bands 
50 × 50 km (resampled) 26 September 2018 to  

6 November 2018 
NASA 

HYSPLIT Volcano trajectories 
 modelling software 

– 28 September 2018 
3 October 2018 
18 October 2018 
28 October 2018 
2 November 2018 

NOAA 

    
    
    
     
Sulphur dioxide OMI 13 × 24 km 2018 NASA 

 
 
variable heights and diameters22. Barren Island is located 
just east of the NNW–SSE trending WAF23, which  
extends more than 1000 km and joins SFS at Great Nico-
bar in the Sunda subduction zone24,25. The north–south 
trending WAF is mostly sedentary in the northern part 
and predominantly strike–slip at the centre and southern 
segment. Besides, the southern segment has both strike–
slip and thrust fault components that generate earthquake 
swarms mainly at the confluence point of WAF and 
spreading zones south of 8°N lat. and 94.5°E long.26,27. 
BIV produced basalt and basaltic andesite tephra and lava 
flows during its active phase from 1787 to 1832 (ref. 2). 
Interestingly, ‘a’ ā flows along with tephra were pro-
duced during the historical and recent eruption phases 
which filled the caldera, also called ‘caldera-filling ‘a’ ā 
flows’ that reached the sea through breached western  
caldera wall during the 1991 eruption19. 

Data and methods 

Table 1 provides the details about data products used dur-
ing this study. 

Satellite data 

Sentinel-2 is a satellite of the European Space Agency 
mission developed under the Copernicus programmes and 
consists of two platforms, i.e. 2A and 2B, launched in 
June 2015 and March 2017 respectively. On-board  
instruments capture multispectral images with 13 spectral 
bands from the visible to shortwave infrared (SWIR)  
region (viz. 443–2190 nm), with spatial resolution vary-
ing from 10 to 60 m. Sentinel-2 revisits every five days at 
the equator and 2–3 days at mid latitudes. In the present 

study, we utilized the SWIR (SWIR1–1.610 μm, SWIR2–
2.190 μm) band with 20 m spatial resolution, and blue 
(0.490 μm), green (0.560 μm), red (0.665 μm) and near 
infrared (NIR, 0.842 μm) bands with 10 m spatial resolu-
tion available for cloud-free dates of the year 2018 eruptive 
phase, which are preferable for continuous monitoring of 
active volcanoes throughout the world. The Sentinel-2  
satellite datasets were obtained for the 2018 eruptive phase 
(September to November) from Copernicus Open Access 
Hub (https://scihub.copernicus.eu/dhus/ #/home), which 
is available for free downloads. The generation of per-
sonal geodatabase, preprocessing, processing (involving 
various bands combinations) and demarcating the latest 
activities of BIV were carried out using the Arc GIS 10.1 
program to identify and demarcate various latest volcanic 
landforms/features formed in the vicinity of BIV. 

Volcanic radiative power 

The volcanic radiative power (VRP) was obtained from 
middle infrared observations of volcanic activity 
(MIROVA) for detecting thermal anomalies of the Barren 
Island at high temperatures (>500 K). VRP is used to 
measure the heat that is radiated by volcanic activity at 
the time of satellite data acquisition11. These datasets are 
based on the analysis of MODIS (level 1b – calibrated  
radiances) and automatically processed through MIROVA 
algorithm9. The MODIS moderate spatial and high fre-
quent temporal resolution (four images per day at equa-
torial latitudes) amalgamate with the middle infrared 
(MIR) wavelengths, making this sensor dependable for 
ceaseless monitoring of volcanic activity at the global 
scale9,28,29. MIROVA utilizes two bands, i.e. MIR and 
thermal TIR at 3.959 and 12.02 μm wavelengths respec-
tively, to calculate different spectral indices such as  
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normalized thermal index (NTI)30 and enhanced thermal 
index (ETI)9 that improve the incidence of hot objects  
inside the pixels which helps detect, locate and quantify 
thermal anomalies at the area of interest. After identify-
ing the pixels, VRP (W) was calculated using Wooster’s 
MIR method31. 
 
 VRP = 18.9 × APIX × DLMIR, 
 
where 18.9 is a best fit regression coefficient (see ref. 
31), APIX is the pixel size (1 sq. km for the MODIS  
pixels) and DLMIR is the ‘above background’ MIR  
radiance of the pixel. 
 In the present study, we acquired VRP time-series data 
from 26 September 2018 to 6 November 2018, to identify 
the heat fluxes of BIV and also correlate them with 
processed observed earth observatory data and derived 
fire information for resources management system 
(FIRMS) data. 

FIRMS and sulphur dioxide 

In addition to VRP, we have acquired FIRMS, which was 
developed for providing near real time active fire data 
with three hours of satellite observations from NASA’s 
Visible Infrared Imaging Radiometer Suite (VIIRS)  
on-board the Suomi National Polar orbiting Partnership 
(Suomi NPP) and NOAA-20 satellites and MODIS  
on-board the Terra and Aqua satellites. We acquired the 
NASA/NOAA Visible Infrared Imaging Radiometer  
Suite (VIIRS, VNP14IMGT)-based active fire products at 
375 m resolution (available at FIRMS, https://firms. 
modaps.eosdis.nasa.gov/) for validating real-time activity 
of the 2018 eruption phase, and further correlated with 
VRP values and observations made from Sentinel-2 data-
sets. 
 The sulphur-rich gases (mostly sulphur dioxide (SO2) 
gas) are considered as harmful and hazardous, emitted 
from major explosive volcanic eruptions. The volcanic 
aerosol ‘sulphur dioxide’ data (time-series area averaged) 
were acquired from the Aura OMI (ozone monitoring in-
strument), which is a contribution of the Netherlands’s 
Agency for Aerospace Programmes (NIVR) in collabora-
tion with the Finnish Meteorological Institute (FMI) to 
the EOS Aura Mission through the Giovanni NASA web-
site (https://giovanni.gsfc.nasa.ov/giovanni/) for 2018. 
These data were acquired from the EOS Aura Mission. 
The data were systemically selected, processed and plot-
ted using the Origin-8 software. 

HYSPLIT model analysis 

The hybrid single particle Lagrangian integrated trajecto-
ry (HYSPLIT) is a Lagrangian transport and dispersion 
model32–34 used for modelling the transport and disper-

sion of volcanic ash35,36. This model was developed by 
the National Oceanic and Atmospheric Administration’s 
Air Resources Laboratory (NOAA ARL; https://www. 
ready.noaa.gov/HYS PLIT_traj.php) and is operational at 
the Volcanic Ash Advisory Centers (VAACs), Darwin, 
Australia. The HYSPLIT model is widely applied in  
atmospheric pollutant modelling37,38, as documented by 
Stein et al.32. Pertinent to the present study, the HYSPLIT 
model has been vastly utilized throughout the globe for 
predicting the transportation of volcanic ash particles in 
the atmosphere39,40. In this study, we have used HYSPLIT 
trajectories to identify the transport pathways and extent 
of volcanic ash materials during the 2018 eruption. 

Results and discussion 

Sentinel-2 datasets 

False colour composites (FCC) with different band com-
binations of Sentinel-2 datasets have been used to identi-
fy volcanic features/landforms of BIV, such as lava flow, 
ash plume, cinder and vent (Figure 3). Further, Sentinel-2 
data have been used to identify three different directions 
of lava flow from the cinder cone. On 28 September 
2018, volcanic eruption were observed clearly on the day 
of the earthquake and the lava flow was observed in the 
south–southeast direction. It was reported that the actual 
eruptions of BIV started a couple of days before 28 Sep-
tember 2018, i.e. on 25 September 2018 (https://volcano. 
si.edu/volcano.cfm?vn=260010). On 3 October 2018, the 
lava flow direction was towards northwest and east,  
whereas on 18 October 2018, it has completely changed 
towards south–southwest direction. On 28 October 2018, 
the lava flow direction was towards northwest and south-
east, whereas on 2 November 2018, no lava flow was  
observed, but only glowing vent was visible as seen in 
the satellite data. On 7 November 2018, the vent was not 
glowing as observed earlier, hence it is interpreted that 
the phase of volcanic eruption that started on 25 Septem-
ber 2018 continued till 2 November 2018 and finally  
subsided by 7 November 2018. 

Volcanic radiative power 

Figure 4 presents the radiant fluxes of the recent eruptive 
phase of BIV during 2018 (from 26 September 2018 to 6 
November 2018, ~42 days), calculated using MIROVA. 
The displayed VRP time series allowed us to visualize 
major variations in thermal intensity, to better understand 
the behaviour of the current volcanic activity. The calcu-
lated VRP values were displayed in a megawatt scale, 
ranging from 1.11 (minimum) to 228.88 MW (maxi-
mum), with an overall average of 67.30 MW throughout 
the selected period. It can be observed from the figure 
that there is continuous increase in heat flux during the 
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Figure 3. False colour composite images obtained from satellite images for the BIV using Arc GIS 10.1 software (https://www.esri.com/) 
(RGB = SWIR2:SWIR1: Red). Orange colour denotes current lava flow from the vent and black colour represents volcanic deposits.

 
 

 
Figure 4. Time series of volcanic radiative power (VRP) recorded for
BIV between 26 September 2018 to 6 November 2018. Red vectors and
rectangle boxes indicate the active phase of the event corresponding to
Figure 2. The data are plotted using origin Pro 8 SR4 (http://www.
OrginLab.com). 
 
eruptive phase of the volcano, whereas a decrease in heat 
flux is observed during the post eruption phase. Further, 
continuous variation in heat intensity during the 2018 

eruptive phase can be noted. On 28 September 2018, the 
VRP values had increased (228.88 MW) compared to 27 
June 2018 (120.05 MW). Similarly, on 3, 18 and 28  
October 2018, VRP values (206.22, 22.66 and 50.70 MW 
respectively) had increased compared with prior activities 
on 2, 17 and 27 October 2018 (16.61, 14.11 and 19.11 MW 
respectively). On 2 November 2018, VRP had slightly 
decreased from 19.87 to 14.13 MW; this may be indica-
tive of slowdown/fall in volcanic activity. The observed 
VRP values were also validated with Sentinel-2 images 
(Figure 3), which also shows a close relation with FIRMS 
thermal anomalies (Figure 5 a). The time series of VRP 
perfectly depict the active eruption phase of the volcano 
and also correspond with Sentinel-2 earth observatory  
satellite images and derived FIRMS datasets. 

FIRMS and sulphur dioxide 

Thermal anomaly was also observed in the form of ano-
malous fire pixels for 44 days, starting from 24 Septem-
ber 2018 to 6 November 2018 in the FIRMS database and 
was correlated with the latest volcanic eruptive activity 
(Figure 5 a). In the Sentinel-2 satellite images with FCC 
(RGB = SWIR2:SWIR1:Red), the glowing vent and lava 
flows in various directions could be observed during 
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Figure 5. a, Thermal anomalous from 24 September 2018 to 6 November 2018. Red colour box indicates the 
high temperature anomalies observed in the satellite images. b, Sulphur dioxide (SO2) fluctuations in 2018 for BIV. 
Red dashed box indicates sudden fluctuations in SO2 from September to November 2018.

 

 
5 out of 44 fire days. The correlation for the remaining 
days could not be performed due to nonavailability of 
either cloud-free data or satellite pass. These data clearly 
show continuous thermal anomalous fluctuations and also 
complement the VRP during the study period (Figure 4). 
 In view of the 2018 active eruption phase, SO2 data 
were analysed. As a result, sudden changes in SO2 were 
observed during the 2018 eruption phase over BIV from 
September to November (Figure 5 b). The SO2 observed 
was very low ( 0.1 to 0 DU) during pre-eruption. From 
mid-September to mid-November 2018, the SO2 level 
started to fluctuate between 0 and 0.150 DU, which con-
firms the eruption activity and perfectly correlates with 
other optical and volcanic datasets used in the present 
study. As observed during the field study, this volcano 
had emitted ash/pyroclastic materials at an interval of 12–
14 min (four times in an hour). The SO2 data also help 
monitor and understand the behaviour of the remotely  
located volcanoes. 

HYSPLIT modelling 

In the present study, we have used a five-day forward  
trajectory and volcanic ash model for each eruption event 
which was estimated using the HYSPLIT model, to iden-
tify the transport pathways and extent of volcanic ash  
materials from BIV during the 2018 eruptive phase (from 
25 September 2018 – till now) respectively. The five-day 
forward trajectories depict the transport of ash materials 
from the Barren Island for various major eruptive events 
in 2018 (Figure 6). In the present study, the altitudes of 
the trajectories were adopted at three different (above 
ground level) heights, viz. 500 m for within the atmo-
spheric boundary layer, 1500 m for above the atmospheric 
boundary layer and 2500 m for the lower free tropo-
sphere. The analysis shows that in different eruptive 
phases, there are well demarcated, distinct transport paths 
of ash materials at individual altitudes. Most of pathways 
are dominated towards the west to northwest direction in 
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Figure 6. Transport pathways of volcanic ash calculated with HYSPLIT (https://www.ready.noaa.gov/HYSPLIT_traj.php). The plots are forward 
trajectory modelled using REANAYLSIS weather data for five days. Vertical velocities are taken from the weather model and do not include set-
tling, and wind direction varies with altitude, but the map gives a general impression of wind direction. The start dates are (a) 28 September 2018, 
(b) 3 October 2018, (c) 18 October 2018, (d) 28 October 2018 and (e) 2 November 2018.
 
 
almost all distinct altitudes, which may affect the south-
ern states of India like Tamil Nadu, Kerala and Andhra 
Pradesh along with neighbouring countries, viz. Sri Lanka. 
In an exceptional case (for example, the event of 28  
October 2018 (Figure 6 d)), it initially dominated towards 
the northwest direction and curved towards northeast  
direction. The resultant ash may have affected the eastern 
neighbouring countries like Bangladesh, Thailand, Myan-
mar and China. However, the transport pathways of 
HYSPLIT model show that this volcano may not only  
affect the Indian states, but also the neighbouring coun-
tries. 
 Consequently, volcanic ash modelling has been carried 
out to identify the extent of ash cloud in the lower atmos-
phere (Figure 7). This model has been processed using 
the following run-time parameters, viz. summit elevation 
1158 ft (352.95 m; USGS-assigned eruption source para-
meter), 24 h eruption duration and 48 h run time (erup-
tion plus 48 h). The altitude of the present model varies 

from 200 to 550 m from summit elevation and the extent 
of volcanic ash area varies from metres to several kilome-
tres (not measurable due to data limitations). In the final 
results, we observed similar trends in volcanic ash trans-
port but not in the extension of volcanic materials. On 28 
September 2018, the spread of ash cloud (represented in 
pink colour in Figure 7 a) was low and partially covered 
the Andaman Islands. With increase in run time, the 
spread of ash cloud also increased over the Andaman  
Islands and reached the Little Andaman Island, whereas 
VRP was high (228.88 MW) on the same day. Similarly, 
on 3 October 2018, initially the ash cloud spread was low 
and increased with run time, which covered the Andaman 
Islands (Figure 7 b). VRP was 206.22 MW on the same 
day. On 18 October 2018, the ash cloud spread was mode-
rate and horizontal, showing tremendous increase with 
increase in run time, and covering the entire Andaman 
Islands in the east, reaching up to South Myanmar in the 
west (Figure 7 c). Whereas VRP on the same day was 
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Figure 7. Volcanic ash model of BIV during the 2018 eruptive phase, modelled by HYSPLIT volcanic ash model: (a) 28 September 2018, (b) 
3 October 2018, (c) 18 October 2018, (d) 28 October 2018 and (e) 2 October 2018 with 48 h run time.
 

 
 

Figure 8. a, ResourceSat-2 (NRSC) image of BIV of 4 April 2019. This image reveals various volcanic features, viz. latest lava flow (white polygon), 
vent and ash blanket. Yellow star represents the proposed landing site for field work. b, High-resolution satellite image (Planet Explorer) snapshots 
of BIV from September 2018 to December 2018. These images demarcated of the latest 2018 eruptive phase lava flows, depositions and vent.
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Figure 9. Volcanic gases entering the atmosphere in the active phase of the BIV in October 2018, during a period of sustained strombolian activity.
 
22.33 MW. Similarly, on 28 October 2018, the volcanic 
ash cloud was high and dynamically spread with run time 
(Figure 7 d). At the end of 48 h run time, ash clouds 
reached the eastern Indian states and the neighbouring 
countries of Bangladesh and Myanmar, whereas VRP was 
low (50.70 MW) on the same day. On 2 November 2018, 
the ash cloud spread was initially low and reached mod-
erate stage after 48 h run time, and travelled towards the 
west. The ash cloud spread was high during low VRP 
values, as the high and low radiative values correspond to 
hot active eruptions and relatively cold gaseous emana-
tions respectively8. 

Conclusion 

We have analysed BIV during the 2018 active phase by 
combining various datasets, viz. Sentinel-2, MODIS–
MIROVA (VRP), FIRMS (NASA/NOAA mission) and 
HYSPLIT together with field observations. During the 
end of 2018 and early 2019, two months of active volcan-
ism was observed with several lava flows from the prima-
ry as well as secondary vents that have erupted forming 
fresh volcanic landforms (Figure 8 a and b). The current 
band combinations involving IR bands of Sentinel-2 
(ESA) and Indian satellites (ISRO) have revealed the 
glowing vent and flow pattern along with formation of 
new volcanic landforms (lava flows). As observed pre-
viously, the direction of lava flow was towards the north 
due to presence of vent. With time, the vent had shifted 
and lava flows were also actively shifting towards south 
but in a few cases it was observed that the flows had tra-
velled southwest. In the current situation, the active vent 
and lava flows are in the southern direction. 

 The analysed VRP time series showed the increasing 
thermal emissions ranging between 1 and 228 MW, with 
an overall average of 67.30 MW. The VRP results clearly 
depict the changes from low to high thermal regimes that 
indicate switching from open vent to effusive activity of 
BIV, similar to those observed for the Stromboli volcano 
in Italy. Further, the FIRMS thermal anomalies are also 
closely corresponded with periods of high eruptions as 
observed in the VRP and Sentinel-2 datasets. When com-
pared with the conventional field-based observations  
(Figure 9), this integrated approach utilizing high-
resolution datasets, VRP, FIRMS and OMI along with 
HYSPLIT has proven as an effective methodology in the 
continuous monitoring of active volcanoes, especially in 
inaccessible areas. 
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