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During the sub-plinian eruptions of Mt. Shinmoedake (Japan) on 26–27 January 2011 a significant amount of ash
was emitted into the atmosphere, destroying thousands of hectares of farm land, causing air traffic disruption,
and forcing the closure of four railroad lines located around the volcano. In this work, a retrospective analysis
of these eruptive events is presented, exploiting the high temporal resolution of the Japanese Multi-functional
Transport Satellites (MTSAT) data to study thermal volcanic activity, to identify and track volcanic ash, and to de-
termine the cloud-top height, inferring information about eruption features and space-time evolution.We show
that a strong and sudden increase in the thermal signal occurred at Mt. Shinmoedake as a consequence of above
mentioned eruptive events, generating hot spots timely detected by the RSTVOLC algorithm for the first time im-
plemented here on data provided by geostationary satellites. This study also shows that the emitted ash plume,
identified by means of the RSTASH algorithm, strongly fluctuated in altitude, reaching a maximum height around
7.4 km above sea level, in agreement with information provided by the Tokyo VAAC. The plume heights derived
in this work, by implementing thewidely accepted cloud-top temperature method, appear also compatible with
the values provided by independent weather radar measurements, with the main differences characterizing the
third sub-plinian event that occurred in the afternoonof 27 January. The estimates of discharge rate, the temporal
trend of ash affected areas, and the results of thermal monitoring reported in this work seem to indicate that the
third sub-plinian event was the least intense. In spite of some limitations, this study confirms the potential of
Japanese geostationary satellites in effectivelymonitoring volcanoes located in theWest Pacific region, providing
continuous information also about such critical parameters of ash clouds as the plumeheight. Such information is
useful not only for driving numerical models, forecasting ash dispersion into the atmosphere, but also for charac-
terizing eruption features and dynamics.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Large amounts of ash can be injected into the atmosphere during
major explosive eruptions posing a serious threat for population, envi-
ronment, climate, and aviation safety (Tupper et al., 2009).

Satellite remote sensing thanks to the global coverage, to the conti-
nuity of observations and to multispectral data provided at different
spatial and temporal resolutions represents an important tool for
monitoring this phenomenon in a timely and effective way.

Considering that only about 50% of volcanoes are currentlymonitored
by ground-based systems, which are generally not capable of providing
large-scale measurements of volcanic phenomena, satellite sensors
often represent the only instruments capable of providing information
about ash clouds in the remote areas lying under major intercontinental
air routes (International Civil Aviation Organization, 2007). Volcanic
ash, being capable of damaging aircraft engines and affecting also other
archese).
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sensitive parts of airplanes (e.g. electrical and avionic units, fuel and hy-
draulic systems), represents a cause of important air traffic disruptions.
As an example, during the Eyjafjallajökull (Iceland) eruptions of April–
May 2010 several flights were canceled for safety issues, thousands of
people were stranded at airports, and billions of dollars were lost by
air companies. These eruptions encouraged a more extensive usage of
data provided by sensors like SEVIRI (Spinning Enhanced Visible and In-
frared Imager) for the early detection and the continuousmonitoring of
explosive eruptions, and for increasing capabilities in characterizing ash
clouds operationally (ESA-EUMETSAT, 2010).

In this work, a retrospective analysis of Mt. Shinmoedake (Kyushu,
Japan) eruption occurred on 26–27 January 2011, is presented. During
this eruptive event, which began in the afternoon of 26 January at
14:50 LT (Local Time, LT = GMT + 9), a significant amount of tephra
was injected into the atmosphere, causing the evacuation of the areas
surrounding the volcano and the disruption of airplane and train ser-
vices (Furukawa et al., 2011; Hashimoto et al., 2012). This eruption is
analyzed here by means of infrared MTSAT (Multifunctional Transport
Satellites) data, assessing the potential of Japanese geostationary satel-
lites in timely detecting eruption onsets, in correctly identifying and
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tracking ash clouds, and in providing accurate and useful information
about eruption features and dynamics.

Two configurations of Robust Satellite Techniques (RST) multi-
temporal approach (Tramutoli, 1998, 2007), the known cloud-top
temperature method (Kienle and Shaw, 1979; Sawada, 1987; Glaze
et al., 1989), and an empirical formulation largely used in literature for
estimating the discharge rate from the cloud-top height (Sparks et al.,
1997), are implemented in this work.
2. Mt. Shinmoedake eruptive events

TheMt. Shinmoedake (Fig. 1) is part of the Kirishimavolcanic cluster
which includes a series of small andesitic stratovolcanoes and two
calderas (Imura and Kobayashi, 2001).

The largest eruptive event of Mt. Shinmoedake occurred during
1716–1717, when eruptive pumice-fall deposits, pyroclastic flows
and mudflows were produced (Furukawa et al., 2011; Earthquake
Research Institute, ERI, Univ.Tokyo, 2013; Earthquake Research Insti-
tute, University of Tokyo, 2013; Kato et al., 2013;Miyabuchi et al., 2013).

After this event, another phreatic eruption took place on 17 February
1959, with the ash deposits covering the towns of Takaharucho and
Kobayashi, damaging forests and farmlands (Mizota and Faure, 1998;
Japan Meteorological Agency, 2005).

In more recent years, small amounts of ash were emitted during
November 1991–February 1992, after an intense seismic activity
(Earthquake Research Institute, ERI, Univ.Tokyo, 2013; Earthquake
Research Institute, University of Tokyo, 2013). A phreatic eruption
occurred on 22 August 2008, when about 0.2 million tons of tephra
Fig. 1. Shinmoedake volcano geographic localization. In the inset, the area c
were produced, and minor eruptions took place during March–July
2010 (Geshi et al., 2011; Kato et al., 2013).

The eruptive activity of this volcano in 2011 began on 19 January,
when a small phreatomagmatic eruption occurred generating an ash
cloud that drifted towards the SE. On 22 January another ash plume
was emitted reaching an altitude of 1.8–2.1 km above sea level (asl)
(Miyabuchi et al., 2013).

A few days later, on 26 January at 07:31 LT, a small eruptive event
preceded the largest explosive eruption recorded in Japan in the last de-
cade (Itano et al., 2011). From 14.50 LT the eruptive activity evolved to a
sub-plinian phase, emitting a significant amount of tephra that dis-
persed towards the SE (Earthquake Research Institute, ERI, Univ.Tokyo,
2013; Earthquake Research Institute, University of Tokyo, 2013;
Miyabuchi et al., 2013). This eruptive event, that ended at around
18:30 LT, occurred concurrently with an increase in the amplitude of in-
frasonic waves and in volcanic tremors (Earthquake Research Institute,
ERI, Univ.Tokyo, 2013; Earthquake Research Institute, University of
Tokyo, 2013). After this eruption, other two sub-plinian events were re-
corded by remote video cameras on 27 January between 02:20 and
04:50 LT and 15:30–17:30 LT, respectively (Earthquake Research
Institute, ERI, Univ.Tokyo, 2013; Earthquake Research Institute, Univer-
sity of Tokyo, 2013).

According to independent weather radar measurements, performed
by the Japan Meteorological Agency, high eruptive columns were pro-
duced during the above mentioned eruptions. In particular, the ash
plume fluctuated between 6.5–8.5 km asl in the evening of 26 January
(during 16:10–18:40 LT), as well as in the early morning (i.e. between
02:00 and 05:00 LT) and in the late afternoon (i.e. between 16:20 and
18:00 LT) of 27 January (Shimbori and Fukui, 2012; Kozono et al.,
overed by the 171 × 130 MTSAT sub-scenes (i.e. the ROI) is reported.
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2013). After these events, another volcanic explosion took place on 28
January (at 12:47 LT), when a flight inspection performed by the
Japan Meteorological Agency revealed the presence of lava inside the
summit crater, which extended up to 500 m in diameter2 days later
Fig. 2.Web camera images ofMt. Shinmoedake eruptions. Date and times (in Local Times) of re
Isa (Kagoshima prefecture).
(Japan Meteorological Agency, 2013). Fig. 2 reports some images of
the 26–27 January eruptions taken by a web camera located at
Ohnaminoike, established andmaintained by the regional development
bureau of Aira and Isa (Kagoshima prefecture, Japan).
cords are shown on top of each picture. Credits: Regional Development Bureau of Aira and

image of Fig.�2
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3. Implemented methodologies

3.1. RSTVOLC algorithm: monitoring thermal activity

The RSTVOLC algorithm is a specific configuration of the RST approach
and is used to study and monitor thermal volcanic activity (Marchese
et al., 2011a). The RST approach considers each anomaly in the space–
time domain as a deviation from the normal state (i.e. the background),
that can be reconstructed by processing homogeneous (i.e. same
month, same overpass times) time series of multi-year cloud-free satel-
lite records (Tramutoli, 1998, 2007). The Absolutely Local Index of
Change of the Environment (ALICE) is then computed to automatically
detect possible anomalous variations of the signal associated to
perturbing events. This index, in its general formulation, is defined as:

⊗V x; y; tð Þ≡ V x; y; tð Þ−μV x; yð Þ½ �
σV x; yð Þ ð1Þ

where V(x,y,t) is the satellite signal measured at time t and place (x,y),
while μv(x,y) and σV(x,y) respectively represents the temporal mean
and standard deviation of the same signal measured in unperturbed
conditions.

In the RSTVOLC configuration two local variation indexes are used
jointly to detect volcanic hot spots. The⊗MIR(x,y,t) index (V = TMIR), in-
troduced in Pergola et al. (2004a), analyzes the brightness temperatures
measured in the Medium Infrared band (MIR), at around 3–4 μm,
where hot magmatic surfaces (e.g. lava flows), according to Wien's
law, reach the peak of their thermal emission. The ⊗MIR–TIR(x,y,t) index
(V = TMIR − TTIR) is based, instead, on the brightness temperature dif-
ference between 4 μm and 11 μm. This index is used in combination
with the previous one for increasing filtering capabilities of residual
spurious effects (e.g. anomalous fluctuations of the surface temperature
associated with weather/climatic factors). The RSTVOLC algorithm was
first tested on a long time series of infrared AVHRR (Advanced Very
High Resolution Radiometer) records, to studyMt. Etna's thermal activ-
ity (Marchese et al., 2011a). Later, it was implemented onMODIS (Mod-
erate Resolution Imaging Spectroradiometer) data and then compared
to MODVOLC (Wright et al., 2002), showing a similar confidence level
of detection, together with a better capability in identifying subtle hot
spots (see Lacava et al., 2011). These performances have been further
confirmed by a recent retrospective study, where two different phases
of thermal unrest, that preceded 1 and 14 September 2004 Mt. Asama
(Japan) eruptions, were inferred and characterized by using RSTVOLC
andMODIS data (Marchese et al., 2012). In this study, the RSTVOLC algo-
rithm has been implemented, for the first time, on data provided by
geostationary satellites. Performances of this algorithm in monitoring
thermal activity of Mt. Shinmoedake during the 26–27 January 2011
eruption are assessed, with results presented in Section 5.1.

3.2. RSTASH algorithm: detecting and tracking volcanic ash clouds

The RSTASH algorithm represents the RST configuration developed to
identify and track ash clouds from space. This configuration has
been widely described and assessed in previous research papers (e.g.
Pergola et al., 2004b; Filizzola et al., 2007). It combines negative values
of the⊗ΔTIR(x,y,t) index to positive values of the⊗MIR–TIR(x,y,t) index to
detect volcanic ash and to discriminate it from meteorological clouds.
The first index, which is based on the brightness temperature difference
ΔTIR = T11μm − T12μm, exploits the inverse spectral behavior of silicate
particles at 11 μm and 12 μmwavelengths compared to water droplets
and ice (Prata, 1989). The second index (already discussed in the previ-
ous section) takes into account instead the different spectral behaviors
of ash clouds in the MIR and TIR spectral regions (Pergola et al.,
2004b). Different cutting levels of ⊗ΔTIR(x,y,t) and ⊗MIR–TIR(x,y,t) can
be used to identify and track volcanic ash plumes, giving also an indica-
tion about regions characterized by a different probability of ash
presence (Pergola et al., 2004b). The RSTASH algorithm not using empir-
ical thresholds, whose efficiency is generally affected by several factors,
as viewing angles and particle size (Francis et al., 2012), and not requir-
ing any ancillary information is particularly suitable to be used opera-
tionally. In spite of some limitations, already discussed in previous
works (e.g. Marchese et al., 2011b), this algorithm, offering a good
trade-off between reliability and sensitivity (see Pergola et al., 2004b;
Filizzola et al., 2007; Piscini et al., 2011), represents then a valid alterna-
tive to other satellite-based detection methods (e.g. Prata, 1989; Prata
and Grant, 2001; Yu et al., 2001; Ellrod et al., 2003; Pavolonis et al.,
2006; Corradini et al., 2008; Lin et al., 2011; Picchiani et al., 2011;
Christopher et al., 2012; Francis et al., 2012).

3.3. Cloud-top temperature method: inferring plume height

The plume height is a critical factor for monitoring and forecasting
ash dispersion in the atmosphere (e.g. Tupper et al., 2009). Although
several methods have been proposed to determine this parameter
from satellite data (e.g. Kienle and Shaw, 1979; Glaze et al., 1989;
Holasek et al., 1996; Richards et al., 2006; Chang et al., 2010; Zakšek
et al., 2013), the accuracy and consistency of its estimations still repre-
sent an issue (Webley and Mastin, 2009).

In this work, the cloud-top temperature method has been used to
determine the cloud-top height and its temporal fluctuations. This tech-
nique assumes that ash clouds have an emissivity close to unity and
their top has cooled to the surrounding atmospheric temperature
resulting in equilibrium with the ambient air. Therefore, by comparing
the minimum plume temperature measured by satellite (generally at
11 μm wavelength) to the atmospheric temperature profiles of the in-
vestigated geographic region, the cloud-top height may be determined
(Kienle and Shaw, 1979; Sawada, 1987; Glaze et al., 1989; Holasek
et al., 1996; Sawada, 2002; Tupper et al., 2004).

The cloud-top temperature method generally provides reasonable
estimations of the plume height especially in the presence of opaque
clouds. In the presence of optically thinner clouds, more transparent
to the thermal radiation coming from the underlying surface, this
method becomes instead less reliable. Moreover, for ash clouds near
the tropopause a further reduction of its performance is observed
(Oppenheimer, 1998; Prata and Grant, 2001).

Taking in mind these limitations, the cloud-top temperature
method was implemented in this work after automatically detecting
ash pixels. In particular, the minimum plume temperature, mea-
sured in the IR1 channel (10.3–11.3 μm) of the MTSAT-2 satellite,
was compared to the retrieved atmospheric temperature profiles
provided by NCEP/NCAR Reanalysis 1 dataset. The NCEP/NCAR Reanal-
ysis 1 project uses a state-of-the-art analysis/forecast system to perform
data assimilation, by using past data from 1948 to the present. The re-
trieved temperature profiles, as well as other atmospheric parameters
(e.g. geopotential height, relative humidity, specific humidity, U wind,
V wind), are provided 4-times per day (at 00:00 GMT, 06:00 GMT,
12:00 GMT, and 18:00 GMT) at 17 different pressures levels, with a spa-
tial sampling of 2.5 × 2.5 degrees (Kalnay et al., 1996). The 4-times per
day temperature products were analyzed (selecting profiles closest in
time to the relative satellite observations) finding the pressure levels
at which the coldest plume temperature matched the analyzed atmo-
spheric temperature profile. The curve of the geopotential height was
then used to convert the pressure levels in the relative altitudes.

4. Data used

The MTSAT geostationary satellites are owned and operated by the
Japanese Ministry of Land, Infrastructure and Transport and by the
Japan Meteorological Agency (JMA). The MTSAT-1R satellite, covering
East Asia and theWestern Pacific region from 140°E above the equator,
was operational until 1 July 2010. This satellite currently serves as back-
up of MTSAT-2 and performs the services of imagery dissemination and
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Fig. 3. Temporal trend of the excess of MIR signal, in the period 26 January 2011 at 09:00
LT–28 January 2011 at 08:00 LT, over a crater pixel, with thermal anomalies detected by
RSTVOLC indicated in red.
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data collection since the switchover of its imaging function (Tsunomura,
2011). The MTSAT-2 satellite is currently operational in imaging the
West Pacific region and it is positioned at 145°E longitude. As the
MTSAT-1R, it acquires data in five different spectral bands, from the
visible to the thermal infrared, with a spatial resolution of 1 km in
the visible band, and 4 km in the infrared bands at nadir view, and
with a temporal resolution of 1 h for the full earth's disk observation
(Itano et al., 2011). The dissemination of MTSAT data is performed by
means of High Rate Information Transmission (HRIT), for full resolution
data dissemination, and Low Rate Information Transmission (LRIT) for
low resolution data dissemination (Tsunomura, 2011).

The study presented in this paperwas carried out extracting a region
of interest (ROI) of 171 × 130 pixels in size, centered over Southern
Japan (see Fig. 1), from the 1800 × 1800 MTSAT-1R and MTSAT-2
sub-scenes, having a spatial resolution of 0.05°. These data are made
freely available online by the Kochi University of Japan (Kochi
University, 2013). This work was performed using the MTSAT-1R data
of January 2006–2010 (5 years of data) to calculate the spectral refer-
ence fields of temporal mean and standard deviation, while the
MTSAT-2 data of 26–28 January 2011 were analyzed to detect volcanic
features of interest. Although obviously not identical, data coming
from the two satellites were actually merged here, with an effect on
the presented results that, because of the high similarity of the two
data-sets, is considered negligible. The reason for the similarity of the
two data-sets is, at least, twofold: i) both data are resampled on the
same geographic grid, removing any spatial mismatch between images
and smoothing any differences due to stereoscopic effects possibly
related to the orbit positional displacement (5°); ii) as declared by
the Satellite Program Division of the Japan Meteorological Agency
(Satellite Program Division, 2009), and further shown by a recent
study (Hayashi, 2012), the spectral characteristics (i.e. spectral response
functions, centerwavelengths, shapes, bandwidths) of the used infrared
channels of bothMTSAT satellites are almost identical (with a difference
slightly more significant for IR4). As a consequence, the MTSAT-1R and
MTSAT-2 infrared brightness temperature values result highly correlat-
ed (i.e. R2 ~ 0.99, bias ~ 0.35 K and RMS ~ 1.5 K), as demonstrated by
an independent study performed analyzing 3 days of coincident
MTSAT-1R and MTSAT-2 images (Doelling et al., 2013). Thus, we can
assert that possible, if any, satellite inter-calibration effects on RST
analyses are likely to be negligible with respect to the natural (i.e.
environmental + observational) signal fluctuations, and also because
of the monthly aggregation of our data-sets.

5. Results

5.1. Thermal monitoring

To study the thermal activity of Mt. Shinmoedake, the RSTVOLC algo-
rithm was applied to the MTSAT-2 data acquired from 26 January at
09:00 LT to 28 January at 09:00 LT. An observation time period of 48 h
(i.e. 26 January at 00:00 GMT–28 January at 00:00 GMT) was then
considered. During the investigated timeperiod detected hot spots clus-
tered in three main time intervals, reflecting the occurrence of three
sub-plinian events previously described in Section 2. To better analyze
changes in the thermal signal associated with the different eruptive
phases ofMt. Shinmoedake, theMIR signal excess (i.e. the difference be-
tween the MIR brightness temperature and its temporal mean value),
was calculated for a pixel located over the crater area. This signal excess
has been plotted in Fig. 3, where red stars indicate thermal anomalies
detected by RSTVOLC. The figure shows that on 26 January, during the
first 7 h of satellite monitoring (i.e. from 09:00 LT to 15:00 LT), the
MIR brightness temperature measured in the IR4 (3.5–4.0 μm) channel
of MTSAT-2 satellite was comparable to its temporal mean value, not
causing any increase in the MIR signal excess. However, at 16:00 LT, as
a consequence of the first sub-plinian event, a first sudden and abrupt
signal risewas recorded. The analyzedparameter significantly increased
until 17:00 LT (when the first hot spot was identified over the crater
area) and slightly decreased 1 h later, although the monitored crater
pixel continued to be flagged as anomalous by RSTVOLC. Even if the
first sub-plinian event ended at 18:30 LT (see Section 2), the peak in
the MIR excess signal was recorded at 19:00 LT, when two hot spots
were detected over the crater area (see Fig. 4a). This observation indi-
cates that a different thermal source was probably the cause of hot
spots detected by satellite. This thermal source was capable of further
increasing the signal measured in the MIR spectral channel of MTSAT-
2 satellite. This hypothesis seems to be corroborated by theweb camera
images reported in Fig. 2, where the occurrence of lava fountains soon
after 18:00 LT is shown. Such a volcanic activity, which was still more
evident in the following hours, generated the hot spots detected by RST-
VOLC, although discontinuously (due to an ash plume which probably
masked the crater area), until 27 January at 01:00 LT (see also NASA,
2013a). Indeed, 1 h later, another sudden and strong increase in the ex-
cess of MIR signal occurred, indicating the onset of the second sub-
plinian event, in good agreement with field observations. This eruptive
activity reached its peak, in terms of themonitored parameter, at 03:00
LT and 04:00 LT, when the number of detected hot spots slightly in-
creased (from 2 to 3 anomalous pixels identified over the crater area;
see Fig. 4b). Afterwards, the MIR signal excess progressively decreased,
although the crater pixel was still flagged as anomalous by RSTVOLC until
1 h later the end of second sub-plinian eruption (i.e. at 06:00 LT). The
web camera images reported in Fig. 2 seem to confirm also this satellite
observation showing the end of the thermal activity at around 06:30 LT.
In the following hours the MIR signal excess continued to decrease as-
suming negative values starting from 08:00 LT, as a consequence ofme-
teorological clouds masking the crater area. Clouds affected the
analyzed satellite observations until 14:00 LT (see Fig. 3). One hour
later, between 15:00 and 16:00 LT another evident increase in the MIR
signal excess (although less abrupt than before) was recorded,
reflecting the beginning of the third sub-plinian event. Although this
eruption ended at around 18:00 LT (see Section 2), the crater area
remained thermally active until 20:00 LT. This observation indicates
that a lava dome, revealed in the morning of 28 January by an indepen-
dent flight inspection (Miyabuchi et al., 2013), was probably already
present inside the crater since the evening of the day before. It can be
then speculated that this thermal featurewas capable of generating vol-
canic hot spots, that were once again discontinuously identified by sat-
ellite because of meteorological clouds affecting crater area (from 27
January at 21:00 LT). Fig. 3 gives then information about changes in

image of Fig.�3


Fig. 4. Hot spots (in red) detected by RSTVOLC on Mt. Shinmoedake crater area. a) 26 January at 10:00 GMT (19:00 LT); b) 27 January at 18:00 GMT (03:00 LT).
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thermal activity that occurred at Mt. Shinmoedake during the investi-
gated time period. It shows that the peak in the MIR signal excess was
reached during the lava fountain activity, independently observed on
the ground since the afternoon of 26 January. Furthermore, the same
figure shows that among sub-plinian events of Mt. Shinmoedake, the
third one, which occurred in the afternoon of 27 January, produced a
lower increase in the MIR signal excess. This is particularly evident
also considering that the first and the third sub-plinian events occurred
almost at the same hours. On the basis of this analysis it is then possible
to speculate that the third sub-plinian phase at Mt. Shinmoedake was
probably less powerful than the previous ones.

5.2. Ash cloud detection

In Fig. 5, a time sequence of infrared MTSAT-2 images (from 26 Jan-
uary at 07:00 GMT to 27 January at 07:00 GMT) processed by RSTASH is
reported. These RSTASH maps were generated by processing a signal
measured in the IR1 (10.3–11.3 μm), IR2 (11.5–12.5 μm) and IR4
(3.4–4.1 μm) channels of MTSAT satellites. The figure shows that the
ash cloud emitted by Mt. Shinmoedake was detectable by satellite
from 08:00 GMT, i.e. 2 h after the beginning of first sub-plinian
eruption. The early detection of the plume was probably affected by
its opacity as well as by a possible cold background effect. As can be
seen looking at the generated RSTASH maps, the ash plume was initially
E directed and already extended over 30°N in latitude and 135°E in lon-
gitude at 11:00 GMT. In the following hours it separated in two different
branches, as a consequence of the wind direction at different atmo-
spheric altitudes, as indicated by the upper air sounding at Kagoshima
(see Itano et al., 2011; Hashimoto et al., 2012). From19:00GMT (27 Jan-
uary at 03:00 LT), when the second sub-plinian eruption was in prog-
ress at volcano, the ash plume moved also in the NE direction. A few
hours later, a thick cloud coverage affected the coast of Southern Japan
and consequently only the distal part of the plume was identified by
RSTASH. Such an effect was particularly significant on satellite imagery
of 27 January at 02:00–03.00 GMT (11:00–12:00 LT). In the following
hours the proximal part of the plume was once again detectable, with
the volcanic ash that progressively dispersed outside the ROI, moving
in the SE direction.

This image sequence reports an entire day of satellite observations
(24 h), over 36 h of MTSAT-2 data analyzed, revealing the presence of
volcanic ash over the investigated geographic area. The figure shows
that, even if the ash plume was not completely detected by RSTASH
(also because of meteorological clouds), it was in general well tracked
from space. In addition, only few false positives were generated over
the analyzed satellite scenes, as confirmed by a comparison with some
independent satellite-based aerosol products (e.g. SCIAMACHY AI;
MODIS AOD daily product), not shown here (see Goddard Earth
Science Data and Information Service Center, 2013; Support to
Aviation Control Service, 2013).

To give a better overview of ash dispersion over the ROI, during the
first 24 h of satellite monitoring, the mean value of ⊗ΔTIR(x,y,t) index
has been reported in Fig 6. The figure shows that volcanic ash dispersed
over a wide portion of the monitored geographic area, resulting in par-
ticular more persistent over the coastal area of Southern Japan. In this
area, lower critical levels of b⊗ΔTIR(x,y,t) N indexwere indeed recorded.
However, these critical values of RSTASH index could reflect also the dif-
ferent distribution and/or concentration of finer ash particles over the
ROI. In particular, ash particles having a diameter less than 10 μm, that
generally cause negative values of BTD signal (see Wen and Rose,
1994), probably impacted also on the values of b⊗ΔTIR(x,y,t) N index.
The finer ash particles, characterized by a longer residence time in the
atmosphere and dispersing over long distances, provided a negligible
contribution to the tephra fall out during Mt. Shinmoedake eruptions,
as indicated by the analysis of tephra amount deposits independently
reported in previous works (Furukawa et al., 2011; Hashimoto et al.,
2012; Maki et al., 2012).

5.3. Cloud-top height estimations

Fig. 7 reports the temporal fluctuations of cloud-top height estimat-
ed applying the cloud-top temperature method to the ash pixels previ-
ously identified by RSTASH. As can be seen from the figure, during the
investigated eruptions the ash plume strongly fluctuated in altitude. It
reached itsmaximumheight, estimated at around 7.4 kmasl, on 26 Jan-
uary at 18:00 LT and on 27 January at 05:00 LT (i.e. during the first and
second sub-plinian phase). The third sub-plinian event produced, in-
stead, a lower eruptive column, which extended up to about 6.4 km
asl. Besides these peaks, the plot of Fig. 7 shows a slight and continuous
increase of cloud top height recorded before the second sub-plinian
event, that lasted a few hours (i.e. between 26 January at 23:00 LT and
27 January at 02:00 LT). Moreover, a sharp and isolated peak can be
also observed between the second and the third sub-plinian events
(i.e. on 27 January at 13:00 LT). In the first case, the slight increase of
the cloud-top height seems to be consistent with the occurrence of
smaller eruptions that, according to ground-based observations,
produced eruptive columns fluctuating between 3 and 5 km asl
(Shimbori and Fukui, 2012). On the contrary, the abrupt increase
observed in the second case was probably a consequence of the



Fig. 5.Ash cloud emitted by the Shinmoedake volcano between 26 January 2011 at 08:00GMT (17:00 LT) and 27 January 2011 at 07:00GMT (16:00 LT) and detected byRSTASH on infrared
MTSAT data (red pixels).
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meteorological clouds affecting ash detection. Indeed, as discussed in
the previous section, on 27 January between 09:00 and 12:00 LT, a
thick cloud coverage masked the proximal portion of the plume. Be-
cause of this cloud masking effect the minimum plume temperature
was retrieved in an area more distant from the source, and where the
plume was presumably optically thinner. These conditions probably af-
fected, in a more significant way, the accuracy of cloud-top height esti-
mations (as better discussed later). Starting from 13:00 LT the proximal
region of the plumewas, instead, less affected bymeteorological clouds.
Consequently, the coldest plume temperature was better retrieved and
an apparent increase in the cloud-top height occurred.

The temporal fluctuations of cloud-top height determined in this
work indicate that three main ash injection events occurred at Mt.
Shinmoedake, whose effects lasted about 12 h each (marked A, B, C in
Fig. 7). They reflected the occurrence of a series of eruptive events, inde-
pendently observed also by ground-based systems (see Section 2).

The values of cloud-top heights reported in thiswork, although com-
patible with the information provided by Tokyo VAAC (Tokyo VAAC,
2013), appear in general lower than those provided by independent
weather radar measurements, for which the ash plume reached a max-
imum altitude of about 8.5 km during the sub-plinian phases (see also
Hashimoto et al., 2012). In particular, the main differences with afore-
mentioned weather radar observations seem to characterize especially
the third sub-plinian event. In this case, a more significant deviation in
the cloud-top height compared to previous eruptions (~2 km), has
been recognized. To better assess these differences, amanual inspection
of infrared satellite records, devoted to evaluate the impact of the used
ash detection scheme on retrieved plume altitudes, has been performed
first. By this analysis we can assert that the possible plume height un-
derestimation was not a consequence of detection issues. In particular,
the plume region closer to the source and extending over land areas, al-
though not identified byRSTASH, had a negligible impact on the values of
cloud-top height estimated here. This is clearly indicated by the differ-
ence in altitude for the third sub-plinian event resulting less than
300 m. Therefore, it is then reasonable to suppose that the main causes
of such a possible underestimation were the optical (e.g. ash plume

image of Fig.�5


a)

Fig. 6.Mean value of the⊗ΔTIR(x,y,t) index calculated over the same time period of Fig. 5, with lower critical levels of this index reflecting regionwhere higherwas probably the persistence
of ash.
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not completely opaque) and/or thermal (e.g. volcanic cloud not in ther-
modynamic equilibrium with surrounding atmosphere) properties of
the plume. However, the hypothesis of a lower ash cloud height
during the third sub-plinian eruption cannot be completely excluded,
as suggested by an additional analysis also reported in this paper and
discussed in Section 6.

5.4. Estimates of discharge rate, erupted volume and mass eruption rate

By the values of the cloud-top height reported in this work, the dis-
charge rate, giving information about eruption intensity (Walker, 1980)
can be roughly estimated, by using some empirical formulations report-
ed in literature. These relations (e.g. Settle, 1978; Wilson et al., 1978;
Sparks et al., 1997; Mastin et al., 2009), applied by different authors to
several past eruptions, provide estimates of discharge rate with errors
generally around ±25% (see Mastin et al., 2009).
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Fig. 7. Temporal fluctuations of the cloud-top height, estimated on the entire period of sat-
ellite observations (36 h), i.e. between 26 January at 17:00 LT and 28 January at 05:00 LT,
with three main ash periods (A, B, C), having a time duration of about 12 h each, discrim-
inated over the plot (see text).
In this work, to determine the discharge rate V (m3/s) from the
cloud-top height H (km) the known empirical formulation proposed
by Sparks et al. (1997) has been used:

V ¼ H=1:67ð Þ1=0:259: ð1Þ

The discharge rate was estimated here for each sub-plinian event of
Mt. Shinmoedake which produced a strong increase in the cloud-top
height, as shown in Fig. 7, and whose times of occurrence appear com-
patible with time of observation of high eruptive columns by means of
independent weather radar measurements (see Section 2). Table 1
reports the results of these estimations for the three sub-plinian events
indicated here as phase I (26 January at 17:00–18:00 LT), phase II (27
January at 03:00–05:00 LT) and phase III (27 January at 16:00–18:00
LT) to be compared with the results reported in previous independent
works.

The values of the discharge rates of 361 m3/s (phase I), 554 m3/s
(phase II) and 209 m3/s (phase III) determined in this work are lower
than those reported in a previous independent study, with themain dif-
ferences characterizing the third sub-plinian event (because of the
lower plume height estimation, see previous section). However, also
considering the associated error, these values are still compatible with
the average discharge rate of 610–1060 m3/s for phases I–II and of
330–670 m3/s for phase III, independently derived from weather radar
observations (see Kozono et al., 2013). Moreover, they are also
Table 1
Discharge rate (m3/s) estimated, implementing the empirical formulation proposed by
Sparks et al. (1997), for the three sub-plinian events of Mt. Shinmoedake respectively in-
dicated as phase I (26 January 17:00–18:00 LT), phase II (27 January 02:00–05:00 LT) and
phase III (27 January 16:00–18:00 LT). Erupted volume (m3) derived from discharge rate
values considering the different time duration of each sub-plinian phase of the volcano
(see text). Mass eruption rate (kg/s) estimated considering an ash density ρa of
2600 kg/m3.

Phase I Phase II Phase III

Discharge rate [m3/s] 361 554 209
Total erupted volume [m3] 2.6 × 106 6.0 × 106 2.3 × 106

Erupted mass rate [kg/s]
(assuming p = 2600 kg/m3)

9.4 × 105 1.4 × 106 5.4 × 105
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consistent with the values of 450–563 m3/s (phase I), 592–741 m3/s
(phase II) and 481–602 m3/s (phase III) that were independently de-
rived by means of geodetic and SAR (Synthetic Aperture Radar) data
(Kozono et al., 2013).

It should be stressed that also the values of total erupted volume
determined in this work for each explosive phase (see Table 1), consid-
ering the relative time duration (derived on thebasis of infrared satellite
observations), are comparable with independent estimates of the same
parameter (see Maeno et al., 2012; Kozono et al., 2013). More in detail,
for the second sub-plinian event, as well as for the smaller eruptions
which occurred since the evening of 26 January (for which an erupted
volume of 1.8 × 106 m3 has been determined), the estimates of the
erupted volume reported here fit fairly well with those of previous
studies (see Kozono et al., 2013).

Finally, assuming that the emitted ash plumewas composedmainly of
ash particles having a density of 2.6 g/cm3 (Neal et al., 1994), the mass
eruption rate (kg/s) was also determined. The values of this parameter,
reported in Table 1, are compatible with those of 7 ± 3 × 105 kg/s
independently estimated by other authors (see Maeno et al., 2012).
a)

B

A

Fig. 8. a) Color-modulated, altitude-time image of CALIPSO 532 nm Total (Parallel + Perpendic
04:25 GMT) along the portion (in green) of the orbit track reported in the inset; b) Aerosol sub
(see inset) corresponding to the volcanic ash detected by RSTASH on MTSAT-2 data of 27 Janua
6. Discussion and conclusions

In this paper, a retrospective analysis of the Mt. Shinmoedake
eruptions of 26–27 January 2011 has been presented. Data provided
by Japanese geostationary satellites were used to monitor thermal
volcanic activity, to identify and track volcanic ash and to estimate
the cloud-top height, inferring eruption features. The sub-plinian
events of Mt. Shinmoedake produced a sudden and abrupt increase
in the MIR signal, generating hot spots over the crater area that were
timely identified by RSTVOLC. Moreover, the lava fountain activity also
recorded by remote video cameras, as well as the lava dome indepen-
dently observed by a flight inspection performed on 28 January 2011,
generated thermal anomalies correctly detected by the algorithm used
in this work. These results confirm the high performance of RSTVOLC
and demonstrate its successful exportability on data provided by
geostationary satellites.

Regarding the ash plume emitted during the abovementioned erup-
tions, it was identified by the RSTASH algorithm 2 h after the beginning
of the first sub-plinian eruption, when it was probably larger in size
B A

b)

ular) attenuated backscatter (km−1 sr−1) profile of 27 January 2011 (between 04:12 and
-type profile with indication of the “dust” layer (in the red ellipse) along the A–B transect
ry at 04:00 GMT.
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Fig. 9. Temporal trend of the area (km2) covered by ash during 26 January at 16:00 LT
(07:00 GMT) – 28 January at 05:00 LT (27 January at 20:00 GMT), with the indication of
the three ash injection periods (A, B, C) previously discriminated in Fig. 7.
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and dispersed also over sea areas. The possible low temperature con-
trast between the cloud-top and the underlying land surface, the optical
properties of the plume and the diffuse cloud coverage which affected
the West Pacific region, represented the main factors impacting on the
identification of ash clouds from space. Because of these issues, the
ash plume was not completely described in terms of shape, size and
extent, although its space–time evolution was in general well tracked
exploiting the high temporal resolution of MTSAT-2 satellite.

The values of cloud-top height reported in this work, derived by ap-
plying a method largely used in literature, although lower than those
independently provided by weather radar measurements, appear rea-
sonable, also on the basis of information that were provided by the
Tokyo VAAC. The possible underestimation of cloud-top height com-
pared to weather radar measurements was presumably a consequence
of the intrinsic limitations of cloud-top temperature method. Such an
underestimation was more significant for the third sub-plinian event
(with a relative error of about 25%) that, on the basis of results reported
here, was the least intense. Since detection issues had a negligible im-
pact on accuracy of cloud-top estimations performed here (as revealed
by amanual inspection of infrared satellite records), it can be speculated
that the lower peak in the cloud-top height recorded during this event
was the consequence of an ash cloud optically thinner than before.

To better assess the impact of plume transparency on the perfor-
mance of the cloud-top temperature method, a comparison of RSTASH
map of 27 January at 04:00 GMT with the CALIOP data available at
about same hour for the investigated geographic area (National
Aeronautics and Space Administration, 2013b) is reported in Fig. 8.
CALIOP is a spaceborne two-wavelength polarization lidar representing
the primary instrument on the Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observations (CALIPSO) of the NASA “A-train” constella-
tion satellite (Winker et al., 2004, 2007, 2009). This instrument, based
on aNd:YAG laser operating at 1064 nmand532 nm, provides high res-
olution vertical profiles of clouds and aerosols along with their micro-
physical and optical properties (Winker et al., 2004, 2007). CALIOP
data were already used to study recent volcanic eruptions (e.g. Carn
et al., 2009; Stohl et al., 2011), since they perform direct measurements
of the plume height, with improvements compared to indirect estima-
tions of the same parameter (Carn et al., 2009). Fig. 8a reports the total
(parallel + perpendicular) attenuated backscattered (km−1 sr−1)
profile along the orbit track of CALIPSO of 27 January between
04:12–04:25 GMT showing the presence of an aerosol layer between
2 and 4 km in altitude, in correspondence of detected volcanic ash.
This layer was classified as “dust” on the aerosol sub-type profile
(A–B) reported in Fig. 8b. This comparison well corroborates RSTASH
detection over the same geographic area, but also shows that if the
cloud-top temperature method was applied to this region of the
plume (distant more than 600 km from the source, and where volcanic
ash was presumably more dispersed in the atmosphere) the relative
error in estimating its height was around 60%. This analysis confirms
that the cloud top temperature method tends to provide less accurate
estimates of the plume height in the presence of ash clouds optically
more transparent (see also Webley and Mastin, 2009). It should be
stressed that, although a higher transparency of the plume could have
determined the lower peak in the cloud-top height estimated here for
the third sub-plinian event, such an hypothesis requires other observa-
tions to be verified. Moreover, it is interesting to note as the plot of
Fig. 9, reporting the ash affected areas calculated multiplying the num-
ber of detected ash pixels by the image pixel size, indicates that the
third sub-plinian event was probably characterized by a lower disper-
sive power than previous ones. The dispersive power, representing
the area of tephra dispersal, is one of parameters togetherwith eruption
intensity used to characterize explosive eruptions and representing
a direct function of column height and fragmentation of ejecta
(see Walker, 1980; Suzuki, 1983). Fig. 9 shows that during the period
C, determined by the third sub-plinian event, volcanic ash was dis-
persed over a less extended area, resulting lower than 45% of period A
(for which, as opposed to period B, no cumulated effects occurred).
Considering that the dispersive power is closely related to the eruption
intensity (Carey and Sigurdsson, 1989), this plot seems to corroborate
the lower cloud-top height, and consequently the lower discharge
rate, estimated here for the third sub-plinian event. In addition, results
of thermal monitoring reported in Section 5.1 (see Fig. 3) seem to fur-
ther confirm such a speculation, showing that the third sub-plinian
eruption, although still capable of generating hot spots over the crater
area, produced a less evident increase in the excess of MIR signal com-
pared to previous sub-plinian phases.

The reasonable estimations of plume height reported in this work
are indirectly confirmed also by a series of simulations performed
using the HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajec-
tory Model) Volcanic Ash Model (Draxler and Rolph, 2013; Rolph,
2013). An example of these simulations is reported in Fig. 10. The figure
shows that, using the plume height estimated here at the beginning of
first sub-plinian eruption (i.e. on 26 January at 08:00 GMT) as input to
HYSPLIT, the forecasted and observed (from satellite) ash cloud trajec-
tories were compatible both in terms of plume direction and extent.
This is evident looking at the RSTASH map generated 6 h after the time
of the beginning of the simulation (i.e. on 26 January at 14:00 GMT;
see Fig. 10).

In spite of some limitations affecting algorithms and methods used
in this work (as a difficulty in completely detecting the plume and pos-
sible inaccuracies in the estimate the cloud-top height from infrared
satellite data), this study shows that infraredMTSAT-2 data, if adequate-
ly processed, may give an important contribution for the surveillance of
active volcanoes located in the West Pacific region.

More in general, this work confirms capabilities of high temporal res-
olution satellites in providing timely alerts about eruption onsets, in rec-
ognizing different thermal phases of volcanoes, and inwell characterizing
eruption features (see also Webley et al., 2012). It also shows that infor-
mation about the cloud-top height may be potentially provided in real
time when geostationary satellite data are used (with an accuracy de-
pending on the implemented methods). They may significantly support
activities devoted to monitoring and forecasting ash dispersion in the at-
mosphere, contributing to better mitigating of the impact of explosive
eruptions on air traffic, in the framework of operationalwarning systems.
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