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Twelve years of night-time MODIS (Moderate Resolution Imaging Spectroradiometer) observations, has been
analysed to detect and quantify the radiative heat power emitted by Stromboli volcano (from March 2000 to
September 2011). Using an accurate background subtraction of the MODIS signal at 4 μm, we were able to
discriminate two main regimes of thermal radiation, related to different levels of volcanic activity. Effusive
eruptions (occurred on December 28, 2002 and February 27, 2007) radiated at an average of ~186 MW
with a frequency of alert detection of 50–95%. Conversely, during the typical strombolian activity, an average
of ~9 MW is radiated, with a frequency of alert detection of 0–45%.
Although during the effusive eruptions the radiative power is basically controlled by the lava discharge rate,
our results suggest that during non-effusive periods (strombolian regime) both the intensity and the
frequency of MODIS alerts are controlled by the height of the magmatic column feeding the activity at the
surface. In particular we found that a radiative power of ~50 MW corresponds to a high magma column
which is exposed, in the vent area, at the same rate in which the deeper gas-rich magma is typically supplied
within the feeding system of Stromboli (~0.3 m3 s−1). In this condition the magmatic system approaches
steady state regimes. Above this threshold a transition from strombolian to effusive regimes may occur as
shown by the detection of ~50 MW, 8–10 days before the onset of both the last two major flank eruptions.
These values were reached after 1–2 months of gradual increase of the radiative power which was likely
associated the rising of the magma column within the shallowest portion of the conduit. In addition our
data suggest that over the years 2000–2011 several cycles of rise and fall of the magma column have
occurred, which however did not culminate into an effusive eruption but only into recurrent episodes of
sustained spattering or fountaining and summit overflows. These fluctuations has substantially increased
in frequency and intensity after the 2007 eruption thus suggesting that this event has perturbed in some
way the shallow plumbing system of Stromboli.
We stress that the detection of a radiative power higher than 50 MW is a clear evidence of a very high magma
column, which may prelude the onset of an effusive eruption and/or periods of sustained vent activity. In
conclusion, we suggest that systematic analysis of MODIS data can be used to detect variations in the intensity
of strombolian activity and may considerably improve volcano surveillance at Stromboli, as well as at other
open-system volcanoes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The use of satellites for detecting and quantifying thermal anomalies
due to volcanic activity has been systematically applied in recent years.
Most notably, the MODIS instrument (Moderate Resolution Imaging
Spectroradiometer), aboard the Terra (EOS AM) and Aqua (EOS PM)
satellites, offers a temporal coverage (~4 images day−1), spatial resolu-
tion (1 km in the IR bands) and an adequate spectral coverage (the “fire

channel” at ~4 μm on MODIS band 21) which enables the detection,
quantification, and monitoring of volcanic activity in different geotec-
tonic contexts (Wright et al., 2004; Rothery et al., 2005). Stromboli is
an open-system volcano characterised by persistent activity routinely
monitored with several surveillance networks (Barberi et al., 2009).
Therefore, it is a natural laboratory to test adequate methodologies for
analysing MODIS data in relation to changes in volcanic activity.

A variety of algorithms have been developed for detecting thermal
anomalies from MODIS data automatically. These include the widely
used MODIS Fire Algorithm (Giglio et al., 2003), developed for forest
fire detection, as well as the MODVOLC algorithm (Flynn et al.,
2002; Wright et al., 2002a) which is routinely used for monitoring
volcanic activity on a global scale. This last is based on the different
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sensibilities of the radiance recorded onMODIS bands 21 (~4 μm) and
32 (~12 μm) in the presence of a subpixel hotspot. Accordingly, a
Normalised Thermal Index (NTI), calculated as the ratio between
the difference and the sum of the mentioned radiances ([L4μm
−L12μm]/[L4μm+L12μm]), is used to enhance the presence of a ther-
mal anomaly and to automatically detect a hotspot when the NTI of
a pixel exceeds a fixed threshold (NTI=−0.8 for night time MODIS
data; see Wright et al., 2002a for details). However the nature of
the algorithm, which has been developed for global-scale monitoring,
is such that high thresholds were used to reduce the incidence of false
positives: this has the effect of making the algorithm less sensitive to
smaller (and/or cooler) volcanic heat sources. More recently other al-
gorithms have been proposed to increase the capability of MODIS to
detect small thermal anomalies. For example Vaughan et al. (2008) de-
veloped a new algorithm (MODLEN) that gives the opportunity to de-
tect low temperature carbonate-rich lavas at Ol Doinyo Lengai,
whereas Marchese et al. (2010) suggest the use of an extensive,
multi-temporal analysis of long-term time series (the RST approach;
Pergola et al., 2004) to better analyse volcanic activity. Hybrid approach
(which use MODVOLC and RST algorithms together) has been also
tested, and shown a rather improved performance in detecting low
temperature thermal anomalies (Koeppen et al., 2011). However
Steffke and Harris (2011) suggests that none of the algorithms
performs perfectly but rather each one operates well within the limits
and criteria of its design requirements.

In this paper, we analysed MODIS data for Stromboli with the aim
of detecting and quantifying the thermal output from the volcano
during about 12 years of activity (2000–2011). Themethodwe propose
is based on a comparison of the MODIS signal recorded over Stromboli
with that recorded over a non-volcanic area (i.e. Salina island) with
similar topography and climatic condition (Piscopo, 2010). This
approach is similar to that used by Wright et al., 2002b in which the
thermal behaviour of Popocatépetl volcano (Mexico) was compared
with that of its inactive neighbour (Iztaccıhuatl) as a control. This allows
to reduce the effect of seasonal background and gave as the possibility
to detect the smallest thermal anomalies associated with volcanic
activity of Stromboli.

In addition to the two effusive eruptions of Stromboli, occurred on
December 28, 2002 and February 27, 2007, respectively (Ripepe et al.,
2005; Neri and Lanzafame, 2008; Marsella et al., 2009; Calvari et al.,
2010, 2011) our analysis is particularly focussed on quantifying the
long term volcanic radiative power (hereby defined as VRP) produced
by “typical” strombolian activity. Thereforewe explain themethodology
used and discuss the results in the light of the recent volcanic
activity.

2. Stromboli volcano

Stromboli volcano is a key—case of persistentmild explosive activity,
related to an open-conduit dynamics, started 2 ky ago (Rosi et al., 2000).
The volcanowas built on a 15 to 20 km thick continental crust and rises
from the Tyrrhenian abyssal plane for about 3 km. The emerged part of
the cone reaches an elevation of 924 m a.s.l. and the current activity
is concentrated within a crater area, a NE–SW elongated depression,
located in the upper part of Sciara del Fuoco (Fig. 1).

The plumbing system is characterised by a deep magmatic reservoir
located at 5–10 km depth, where a low porphyritic magma is generated
(cf. Francalanci et al., 2005; Cigolini et al., 2008; Metrich et al., 2009).
This deep reservoir is connected to the vents trough an intermediate
storage zone placed at the base of the volcanic apparatus (at 3 km
depth). From this level, an efficient convective regime allows degassing
and crystallisation processes, with the production of the high porphyritic
magma which fed the typical strombolian activity (cf. Francalanci et al.,
2005; Landi et al., 2006; Aiuppa et al., 2010; Metrich et al., 2009). The
shallow plumbing system behaves as an elongated degassing cell (with
size ~12±3Mm3; Allard et al., 2008) where the separation between
magma and gas causes a significant unbalance between the degassed
and the erupted magma measured at the vents. The persistent SO2 gas
flux of ~200 t day−1 (Burton et al., 2007), indicates that the magma is
supplied at a rate of ~0.3 m3 s−1 (Harris and Stevenson, 1997a; Harris
and Ripepe, 2007b; Allard et al., 2008) which is approximatively one
order of magnitude higher than the long term magma extrusion rate
(~0.018 m3 s−1; Allard et al., 2008). As a consequence, the most of the
un-erupted magma (~93%) is cycled back and stored beneath the
volcano (Allard et al., 2008).

The typical strombolian activity takes place from several vents
(from 3 to 9 according to Harris and Ripepe, 2007a) located within
the crater area (see Fig. 1). This activity is characterised by the
ejection of bombs, black scoria, lapilli and ash, every 10–20 min,
accompanied by continuous degassing (Barberi et al., 1993). Howev-
er, temporal fluctuations of the gas flux promote changes of the
magma level within the conduit, as well as variations in the
frequency of strombolian explosions and vent temperatures (Harris
and Ripepe, 2007a; Ripepe et al., 2008). A drastic departure from
this persistent activity is observed during, discrete major explosions,
during violent paroxysms and during episodic effusive eruptions
(Barberi et al., 1993). Between 2000 and 2011, two effusive eruptions
occurred on Stromboli on December 28, 2002 and February 27, 2007,
respectively. Both the eruptions originated from the injection of a
NE–SW aligned dike departing from the central conduit which fed
the respective lava fields (Fig. 5) at a mean output rate of ~0.7 m3 s−1

Fig. 1. Location and shaded relief map of Stromboli volcano. The typical strombolian activity takes place within the crater area, a depressed structure located in the upper part of the
Sciara del Fuoco.
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and ~3.8 m3 s−1 (for the December 2002 and February 2007 eruptions,
respectively; cf.; Calvari et al., 2005, 2010, 2011; Lodato et al., 2007;
Marsella et al., 2009, in press). On the whole approximatively 13 and
11 Mm3 of lava, were emplaced by these eruptions which represent
two of the most voluminous lava flows produced by Stromboli in the
last century (Marsella et al., in press).

3. Data analysis

We used night-time MODIS level 1b data (freely available on
http://ladsweb.nascom.nasa.gov/) acquired by NASA's Terra
(launched on December 1999) and Aqua (launched on May 2002)
satellites which allow Stromboli volcano to be imaged approximatively
two times per day (since May 2002). The whole data set, consisting on
more than 8600 images, has been analysed by processing each MODIS
overpass according to six principal steps which are described in the
next paragraphs. These are: (i) removal of bow–tie effect, (ii) resam-
pling into UTM projection, (iii) detection of the thermal-anomalous
pixel/s, (iv) calculation of the apparent anomaly at 4 μm (ΔL4STR),
(v) subtraction of the residual background and estimation of L4VOLC,
(vi) estimation of the volcanic radiative power (VRP).

3.1. Step i: Removal of bow–tie effect

The MODIS detector array has ten detectors in a column which
acquires images over a scan range of −55° to +55°. Each detector
samples an area on the ground of 1 km2 at nadir, and each mirror
scan therefore simultaneously samples radiance from 10 km in the
in track direction. At the edge of the swath the projected area effect
means that the same 10 detectors then sample an area 20 km long,

in the in-track direction. As a result, at nadir, adjacent mirror scans
a sample of 10 ground resolution elements which abut each other;
at the edge of the swath, adjacent scans overlap.

For scan angles greater than 25°, this may produce a scan-to-scan
overlap (bow tie effect) with the consequence that the area viewed
by a detector may be also viewed by adjacent detectors (Nishihama
et al., 1997). In terms of volcano surveillance the bow tie effect may
thus produce a double counting (sometimes a triple counting for
extreme viewing geometry), that may cause an overestimate of the
total thermal anomaly. To remove the bow–tie effect we apply the
procedure described by Liu et al. (2008) that filters the pixels looking
at surface areas already sampled by adjacent pixel/s.

3.2. Step ii: Resampling and normalised thermal index (NTI)

In addition to the bow–tie effect, high scan angle contributes to
the growth of the projected ground spatial element so that for a
scan angle of 55° the pixel samples approximatively 10 km2

(2×4.8 km) of surface (Nishihama et al., 1997). This leds the radiance
of a potential subpixel hotspot to be integrated over a variable area,
according to the viewing geometry. To avoid this problem the original
MODIS level1b data, falling within a mask (50×50 km) centred over
the summit of Stromboli, has been cropped and resampled into
UTM grid of 1 km in cell size. This means that hot-spot pixel whose
area was 2 km2, in the original image, became two equal area 1 km2

pixels in the resampled image. The resampled radiance at 4 and
12 μm (original MODIS band 21/22 and 32) is then used to calculate
the NTI of each pixel and to produce an NTI map as illustrated in
Fig. 2. In the next steps any processing is applied to these resampled
pixels.

Fig. 2. (a) Time series of the NTI during 2000–2011 period. Red line represents the NTI threshold adapted for the seasonal background. The two periods of very high NTI correspond
to the December 2002 and February 2007 eruptions. (b) Zoom of the NTI time series between 2005 and 2007. Note how the pixel below the threshold (i.e. 20 February 2006 00:55;
red arrow) is clearly associated to a small thermal anomaly on the summit of Stromboli (c), visible on the NTI map. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.3. Step iii: Detection of the thermal-anomalous pixel/s

For each acquisition date, we looked at the detection of the pixel
(s) “surely” or “potentially” contaminated by a thermal anomaly
(hereby called alert pixel(s)) based on the NTI map produced. The
pixels “surely” contaminated are detected by using an NTI threshold
(NTItresh) which has been adapted to account for the seasonal
variation of the background temperature of Stromboli (Fig. 2a).
Whenever a pixel satisfy the following condition, NTIPIX>NTIthresh, it
is flagged as alert (surely). A closer inspection of the images however
suggests that this condition fails to detect some small anomalies as
occurred, for example, on February 20, 2006 (Fig. 2b). Therefore, in
the case that any pixel satisfy the previous condition, the pixel having
the maximum NTI within a 3×3 pixels box, around the summit
(Fig. 2c) is considered as the most probable pixel potentially contam-
inated by a thermal anomaly, and is flagged as alert (potentially) as
well.

3.4. Step iv: Calculation of the apparent anomaly (ΔL4STR)

Once one or more pixels are flagged as alert, the apparent anomaly
at 4 μm (ΔL4STR) is calculated as:

ΔL4STR ¼
Xnalert

1

L4alert−L4bkð Þ ð1aÞ

where nalert is the number of alert, L4alert is the 4 μm radiance of the
alerted pixel/s and L4bk is the background radiance at 4 μm. This last,
L4bk, is essentially controlled by the seasonal background temperature
(Tbk), and is generally calculated from the adjacent pixels (Giglio et
al., 2003). We estimated L4bk from the arithmetic mean of the 8 pixels
surrounding the alerted one/s, which are not contaminated by clouds.

Following Giglio et al. (2003) night time pixels are flagged as cloudy if
the single condition BT12b265 K is satisfied, where BT12 is the bright-
ness temperature at 12 μm (MODIS band 32). The time series resulting
from the calculation of ΔL4STR is illustrated in Fig. 3a.

3.5. Step v: Subtraction of the residual background and estimation of
L4VOLC

In order to test the accuracy of this method we applied the steps i
to iv within an inactive area centred over Salina island, located
~42 km SW of Stromboli. The choice of Salina as a control target is
justified by three main reasons: 1) the proximity of the two islands
which allows the spectral radiances to be measured at the same
time, with similar geometry conditions (satellite zenith and azimuth)
and, for the most of the case, within the same MODIS granule; 2) the
topographic resemblance between the summit area of Salina (Fossa
delle Felci 961 m a.s.l.) and the summit of Stromboli (Pizzo sopra la
Fossa—918 a.s.l.); 3) the climatic similarity between the two islands.
We therefore calculate the ΔL4SAL in an identical manner as we
made for Stromboli:

ΔL4SAL ¼
Xnalert

1

L4alert−L4bkð Þ ð1bÞ

where nalert, L4alert and L4bk are referred to the Salina mask.
As shown in Fig. 3b this method (steps i to iv) produces a small

apparent anomaly ΔL4, also in absence of any thermal anomaly, as
in the case of Salina island (Fig. 3b). This is likely due to the errors
in estimating the L4bk of the alerted pixel, from the pixels that are
adjacent (see step iv), which, in the case of small and steep islands,
such as Stromboli and Salina, are likely affected by an important topo-
graphic thermal gradient.

Fig. 3. Apparent anomaly ΔL4 of Stromboli (a) and Salina (b). The net 4 μm anomaly due to the volcanic activity of Stromboli (L4VOLC) is obtained from Eq. (2) (c).
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We therefore assume that the net 4 μm radiance due to the strom-
bolian activity (L4VOLC; Fig. 3c) can be calculated from ΔL4STR by
subtracting this residual background, ΔL4SAL, so that:

L4VOLC ¼ ΔL4STR−ΔL4SAL: ð2Þ

3.6. Step vi: Estimation of the volcanic radiative power (VRP)

The radiative heat power produced by the volcanic activity (hereby
defined as volcanic radiative power, VRP) can by calculated from the
net spectral radiance at 4 μmusing theWooster et al. (2003) equation:

VRP ¼ 1:89� 107 � L4H−L4bkð Þ ¼ 1:89� 107 � L4VOLC ð3Þ

where L4H and L4bk are the 4 μm radiance of an hotspot-contaminated
pixel and background pixel, respectively, which in our case corre-
spond to the net 4 μm spectral radiance produced by the volcanic
activity (L4VOLC) . This equation is generally used for fire radiative
power estimation (see Wooster et al., 2003 for details) and, as
outlined by Wright and Pilger (2008), it is equally applicable to the
analysis of volcanic activity allowing the estimation of VRP (±30%)
when the target temperature is higher than 600 K (Wooster et al.,

2003). It follows that it is appropriate to calculate the heat radiated
by the active portions of lava flows, or any other volcanic target having
a temperature higher than 300 °C. This sensitivity suggests that small
and cool objects will be almost “invisible” at 4 μm thus producing a
very low VRP. As it will be discussed in Section 7 this has some
implication in the interpretation of VRP during the strombolian activity.

The volcanic radiative power resulting from Eq. (3) during
2000–2011 period is illustrated in Fig. 4a in a logarithmic scale (for
graphical convenience).

4. Rank-order plot

A rank ordered statistical plot reveals that the whole dataset
(8604 data) can be subdivided into three main groups (Fig. 4b). The
main group is composed by the data having VRPb1 MW and
represents the ~90% of the whole. These data are essentially related
to the overpasses during cloudy conditions or under extreme viewing
geometry that prevented the detection of any clear thermal anomaly.
However, it is impossible to discriminate a small thermal anomaly
within this group of data since it is shadowed by the noise of the
signal. Therefore we prefer to apply a cut-off to L4VOLC at 1 MW to
exclude these noisy data from further analysis.

Fig. 4. (a) Rank order plot of VRP at Stromboli. Three main groups can be distinguished: a low level noise (black points), strombolian activity (blue points) and effusive activity (red
points). (b) Frequency distribution of VRP related to the strombolian (blue) and effusive (red) regimes. A threshold at a ~50 MW separates these two regimes. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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In addition, we conducted a visual inspection of the images
acquired during the effusive eruptions in order to select only cloud
free data. This is necessary since during the emplacement of lava
flow clouds may partially mask the thermal anomaly, despite an
alert is detected. In these cases the calculated VRP will be clearly
underestimated and does not represent the real radiative power
emitted by the whole lava surface.

Thus, the rest of the dataset (743) represents the genuine thermal
anomalies detected during volcanic activity of Stromboli. These
varied from 1 MW, during weak strombolian activity, up to more
than 1000 MW, during the onset of the two effusive eruptions (28
December 2002 and 27 February 2007 in Fig. 4a) thus being
comprised within three orders of magnitude.

In the rank-order log–log plot (Fig. 4b), a group of “events”
(observations) of the same type should approximate a linear trend.
Conversely, two distinct linear trends (such as those reported in
Fig. 4b) represent a change in the nature of the phenomenon under
scrutiny and are related to distinct types of volcanic activity
(Rothery et al., 2001). A closer examination of the time series reveals
that these two specific regimes of thermal radiation are associated to
periods of “strombolian” and “effusive” activities, respectively, each
one characterised by a given frequency distribution of VRP (Fig. 4c).

The strombolian regime (blue line in Fig. 4c) produces an VRP
ranging from 1 to 244 MW, with an arithmetic mean of ~9 MW and
with 98% of data having VRPb50 MW. Conversely, the effusive
eruptions (red line in Fig. 4c) are characterised by a VRP ranging
from 8 MW to 3500 MW with an arithmetic mean of ~186 MW. The
tails of two distributions partially overlaps and intersect at a value
of ~50 MW which represent a statistical threshold separating the
two thermal regimes. As it will be discussed later, at Stromboli this
threshold represent a transitional state between strombolian and
effusive activity.

5. Radiative power during the effusive activity

The time series of the VRP recorded during the two effusive
eruptions is shown in Fig. 5 where we used the same time scale for
a direct comparison.

Both the two effusive eruptions showed an initial VRP higher than
1000 MW, which gradually decline over time producing a time-
averaged radiative power (VRPave: calculated as the total radiated
energy divided by the duration of the eruption) of ~170 and
~388 MW for the December 2002 and February 2007 eruption,
respectively (Fig. 5). A specific discussion on the VRP trends in relation
to the eruption chronology and activity is outside the purpose of this
work. Instead, wewant to focus on the empirical relationship between
VRPave (for each eruption) and the related eruption rate ER (calculated
as the total volume divided by the duration of the eruption). We
therefore introduce a parameter, defined as crad, that is calculated by
dividing the mean radiative power by the eruption rate so that
crad=VRPave/ER. Given an eruption rate of ~0.7 and ~3.8 m3 s−1, for
the two eruptions, we estimate crad ~2.4×108 J m−3, for the December
2002 eruption, and ~1.1×108 J m−3, for the February 2007 eruption.
The different values of crad obtained for the two events could arise
from the errors in estimating VRP (±30%) as well as from different
emplacement styles and local conditions which has characterised the
two lava flows (cfr. Lodato et al., 2007; Calvari et al., 2005, 2010; Neri
and Lanzafame, 2008;Marsella et al., 2009, in press). However these re-
sults suggest that, at Stromboli, a crad equal to 1.75±0.65×108 Jm−3

can be used to roughly convert a MODIS-derived VRP measurement
into an estimate of the lava discharge rate (±40%) and vice versa.

It should be noted that by applying this coefficient to the VRP
characterising the transition from strombolian to effusive activity
(i.e. ~50 MW, see previous chapter), we obtain a lava discharge rate
of 0.33±0.12 m3 s−1. This is in excellent agreement with the

Fig. 5. Lava flow fields and volcanic radiative power (VRP) produced by the December 2002 eruption (a) and the February 2007 eruption (b). The Shaded relief map is modified from
Landi et al. (2006). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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magma volume flux of ~0.3 m3 s−1 at which a reverse transition,
from effusive back to strombolian, has been observed during the
2002–2003 eruption (Ripepe et al., 2005).

6. Frequency of alerted MODIS observations

On a monthly scale, an important feature characterising the type
of volcanic activity detected by MODIS is the frequency of the alerted
MODIS observations (fALERT), here defined as:

f ALERT mð Þ ¼ NALERT mð Þ
NOBS mð Þ

where m is the month considered, NALERT(m) and NOBS(m) are the
number of alerted overpasses and total number of MODIS observations
(overpasses) during themonthm, respectively. The use of this parame-
ter allows us to normalise the frequency of observations during period
when only one satellite was functioning such as during February 2000
to May 2002 when only the EOS-Terra platform was operational.

Instead of being sensitive to the “intensity” of the thermal anomaly
(as VRP), this parameter is essentially controlled by its temporal
“persistence”, assumed to be 100% during a continuous effusion of
lava lasting at least one month. Consequently, during an effusive
eruption, fALERT it is solely affected by the frequency of heavy cloudy
days that completely masked the hotspot.

During the 7 months of continuous lava effusion (January–June
2003 and February 2007) we found fALERT spanning from ~50% to
~95%, with an average value of ~65% (Fig. 6a). This suggests that
over these eruptive periods, an average of 35% of the overpasses
was masked by clouds. Note that the increase of fALERT from January
2003 to June 2003 likely reflects different cloudy conditions, typical
of cold and hot seasons, thus suggesting that clouds may prevent
the alert detection on 50% of the overpasses in the winter season,
and only 5% during the summer. However, we may state that despite
the season, during an effusive eruption of Stromboli at least half of
monthly MODIS overpasses should detect a thermal anomaly.

Therefore, in addition to the VRP, an fALERT of 50% can be used to
discriminate the months characterised by a continuous effusive
activity from the months characterised by a different type of volcanic
activity.

During the typical strombolian regime, fALERT ranged from 0 to 45%
with an average value of ~6% (Fig. 6a) which is about one tenth of
those measured during effusive activity (~65%). This implies that
the average “persistence” of the thermal anomaly associated to non-
effusive activity is at least ~1.5 h per day. This is somehow consistent
with the occurrence of intermittent strombolian explosions, with an
average explosion rate of ~13 events/h (Ripepe et al., 2008) with a
mean duration of 15 s (Patrick et al., 2007) that makes nearly
1.3 h/day (or ~5,5% of time) occupied by the related thermal anomalies.
However, in our dataset, the frequency of alerted MODIS observations
recorded during the strombolian regime shows clear fluctuations,
with several periods characterised by a value up to 15–45% (Fig. 6a).
Therefore, during these months a thermal anomaly persisted in the
crater area for more than 4–10 h/day. In the next chapter, we will
show that this high persistence of a thermal anomaly has a direct
connection with the interpretation of the radiative power measured
during the strombolian regime.

7. The source of the radiative power during strombolian activity

While during effusive periods the high VRP (108–109 W) is
produced by the radiating surface of active lava flows, the source of
the heat detected during the strombolian regime (106–108 W) may
be associated essentially to three main thermal sources present
within the crater area of Stromboli. These are: the explosions, the
material ejected during the explosions and cooling within the crater
area, and the active vents.

Strombolian explosions are intermittent phenomena having, at
Stromboli, an average frequency of 13 event/h (Ripepe et al., 2008)
and mean duration of 15 s (Patrick et al., 2007). However it has
been commonly observed that, their frequency is variable on a time
scale of hours to month (Ripepe et al., 2002), thus they have a

Fig. 6. (a) Frequency of alerted MODIS observations fALERT during effusive activity (red bar) and strombolian activity (grey bar); the blue line represent the temporal persistence of a
thermal anomaly associated to the strombolian explosions (τexp) according to their frequency (as shown in b) and an average duration of 15 s (Patrick et al., 2007); (b) frequency of
VLP-explosion recorded at Stromboli between 2003 and 2011 (Laboratorio di Geofisica Sperimentale, University of Florence, Italy). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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primary role in modulating the persistence of the associated thermal
anomaly. The explosion rate effectively affects the probability that a
MODIS overpass detect the explosions themselves so that during
frequent strombolian explosions we may expect an increasing number
of MODIS alerts (high fALERT).

In order to show this correlation, we define themonthly persistence
of a thermal anomaly associated to strombolian explosions (τexp) as:

�τ exp mð Þ ¼
�N exp mð Þ � t exp

tmonth mð Þ

wherem is the month considered, Nexp is the number of explosion that
occurred during the month m, texp is the average duration of each
explosion (in seconds) and tmonth(m) is duration of the month m (in
second). As a proxy of the number of explosions occurred at Stromboli
we used the number of VLP events measured by the Laboratorio di
Geofisica Sperimentale (University of Florence, Italy) during
2003–2011 (Fig. 6b). Very long period (VLP) events are generally
associated with the explosive processes (Neuberg et al., 1994; Ripepe
et al., 2001; Chouet et al., 2003). Therefore, the rate of occurrence of
VLP events is here considered synonymous with rates of strombolian
explosions (Nexp) and is shown in Fig. 6b. A general correlation may
be qualitatively inferred by comparing the trends of fALERT (Fig. 6a)
and Νexp (Fig. 6b), with periods of higher explosion frequency marked
by increased number of MODIS alerts. However, by assuming the
average explosion's duration typically observed at Stromboli (15 s),
the calculated τexp ranges from 2.5% during weak explosive activity up
to a maximum of ~9% during the periods of very high explosion rates
(blue line in Fig. 6a). In these periods (i.e. 2004, 2006, 2008, 2009,
2011) the frequency ofMODIS alerts suggests amore persistent thermal
anomaly present in the crater area (fALERT=10–45%), clearly higher
than the one produced exclusively by the strombolian explosions
themselves (despite their very high frequency). Therefore it is rather
unlikely that explosions are the unique source of the thermal anomalies
detected in these periods.

A further indication that explosions alone could not have
produced the VRP measured in the above periods, is given from
field estimates of the thermal energy typically radiated by a single
strombolian explosion. Marchetti et al., 2009 found that, at Stromboli,
the explosions radiate an average of 2.4 MJ with maximum value as
high as 8.4 MJ. By considering the average duration of 15 s this energy
is produced by a time-averaged radiative flux of ~0.56 MW. Since
during a single explosion the peak value (at the climax of the
explosion) may be much higher than these time-averaged values
we may assume that the maximum radiant flux is one order of
magnitude higher, that is 5–10 MW for the most energetic cases.
This is probably the upper limit that the MODIS may detect if the
heat radiated during the strombolian regime was solely related to
distinct and intermittent explosions. Conversely, during the periods
of high fALERT (i.e. more than 10%) a large number of alerts were
characterised by a VRP higher than 10 MW (Fig. 4), which once
more cannot be explained by the explosions themselves.

Material ejected during the explosions (bombs, scoriae, lapilli and
ash) and accumulated within the crater terrace may represent a
further source of thermal anomaly. However, due to the fast cooling
of such fragmented material it is unlikely that a VRP of 10 MW will
be radiated by these objects. Note that, by assuming the whole crater
terrace (~20,000 m2) completely filled by scoriae at 150° a theoretical
MODIS pixel should detect only ~0.5 Wm−2 μm−1 sr−1 at 4 μm, or
approximatively a VRP of 2 MW (by means of Eq. (3)). Therefore we
may exclude that the accumulation of such fragmented material
would give such a high and persistent radiative power. Nevertheless,
we may not rule out that the detection of low VRP (i.e. b10 MW)
could be originated by this cooling material as well as by the concom-
itance of a strombolian explosion with a MODIS overpass.

Vents represent the most persistent source of thermal anomaly
which may fluctuate in intensity over time. Previous measurements
of the heat radiated by Stromboli (Harris and Stevenson, 1997a,
1997b) used AVHRR data to show that a variable radiative power
was associated to different levels of activity (e.g. in 1985–1986 and
1990–1994 periods). In particular, about 0.2 MW was measured
during very mild activity, whereas ~9 MW was measured during
periods of higher activity. However in their analysis Harris and
Stevenson (1997a) reported that when lava activity was observed
within the crater terrace, the saturation of the AVHRR channel 3
(centred at 3.7 μm) inhibited the estimation of the radiative power.
This occurred on 14 of the 34 analysed images (~41% of the AVHRR
overpasses) thus indicating that such kind of activity produced a
radiative output surely higher than 9 MW. Note that during a phase of
a low-moderate explosive activity (6 explosions/h) Harris and
Stevenson (1997a) estimated that ~2 MW were radiated by 5 active
vents having an integrated temperature range of 250–480 °C and a
total vent area of 330 m2. Supposing that during a much more intense
phases of activity, the magma column may rise up to free surface and
completely fill this vent area (330 m2), approximatively 47 MW should
be radiated (assuming a lava temperature of 1000 °C and emissivity of
0.95). This condition seems to explain the high values recorded by
MODIS as well as the recurrent saturated values of AVHRR data.

Aswe have seen previously a radiative power of ~50 MWrepresents
also the transition between strombolian and effusive regimes which
likely occur when the magma column has reached the free surface.
Notably this condition takes place when the rate of magma supplied
at depth, and degassing within the feeding system (typically
0.3 m3 s−1 at Stromboli; Allard et al., 1994), is balanced by an equal
amount of lava discharged at the vents. Therefore, a VRP of 50 MW is
a remarkable threshold below which the feeding system approaches
the behaviour of a lava lake where most of the degassed magma is
cycled back within the conduit. In such condition a radiant power of
b50MW represent the thermal output produced by a magma column
fluctuating in the upper part of the shallow conduit, which in turn
may cause a variable amount of lava to be exposed in the vent area.
The fact that all the periods characterised by recurrent VRP comprised
between 10 and 50 MW are accompanied by a high explosion's rate
(cfr. Figs. 3a and 6a) it is also consistent with a higher magma column
feeding the more frequent strombolian explosions at the surface.

Conversely a VRP higher than 50 MW is representative of a volume
flux (>0.3 m3 s−1) which cannot be contained within Stromboli's
shallow conduit geometry. This is consistent with the three highest
VRP measurements (>100MW) recorded during the strombolian
regime, that were coeval with major episodes of sustained spattering/
fountaining, which fed intracrater lava flows as well as major lava
outflows down the Sciara del Fuoco (see Table 1).

Thus we suggest that the radiative power detected during the
strombolian regime is not directly related to the explosion rate itself,
but rather to the fluctuation of the magma level within the conduit
which eventually led to episodes of sustained spattering, fountaining
and outflows.

8. Monthly averaged radiative power (VRPm)

In the previous chapters we have seen that single measurements
of VRP and the monthly frequency of alerted overpasses (fALERT)
allow us to discriminate between effusive and strombolian regimes
and give us the opportunity to estimate how intense and persistent
is the thermal anomaly produced by the volcanic activity. In order
to combine these two information, we calculate the monthly
averaged radiative power (VRPm), by assigning a value equal to 0 to
any overpasses which falls below the noise threshold (VRPb1 MW,
see Section 4), and including these in themonthly average. By including
the below-noise values as zero the resulting average value will effec-
tively incorporate the frequency of alerts as well as their magnitude.
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The calculated VRPm is thus considered as a proxy of the mean radiant
power produced by the volcanic activity occurred in 1 month (Fig. 7).
This is a minimum estimate since it does not take into account the
heat radiated below the background as well as the presence of clouds
which may have masked the thermal anomalies on 5–45% of cases.
However, during 12 year analysis the amplitude of the variations in
VRPm values (2–5 orders of magnitude Fig. 6) clearly overcomes the
above factors so that the trend drawn in Fig. 7 closely reflects the
main fluctuations of the radiative thermal output occurred at Stromboli
between 2000 and 2011. As it will be discussed in the next chapter we
suggest that these fluctuations can be ascribed to the monthly
variations of the magma level feeding the strombolian activity at the
surface.

9. Discussion

Recent studies have shown that months preceding the last effusive
eruptions were characterised by the rise of the magma within the
conduit, accompanied by a gradual increase of explosive activity and
several geophysical and geochemical parameters (Ripepe et al.,
2005; Burton et al., 2008; Aiuppa et al., 2009; Ripepe et al., 2009;
Rizzo et al., 2009). These trends are confirmed by our MODIS-
derived data which are summarised in Fig. 7. For example a sharp
raise of VRPm occurred from October 2002 (b0.1 MW) to November
and December 2002 (~1 MW). Importantly a single VRP of ~57 MW
was detected on 20 December 2002 at 20:25 (star in Fig. 7), that is
8 days before the onset of the 2002 eruption. Such high radiant
power suggests that 1 week before the beginning of the effusion,
the magma column was completely exposed at the free surface and
that, at that time, the feeding system had reached its maximum
capability to contain the upcoming magma flux. A similar trend was
also recorded before the 2007 eruption. In this case the VRPm
increased from less than 0.1 MW, in December 2006 up to ~2 MW
in February 2007 and culminated with a VRP value of ~51 MW
recorded on 17 February 2007 at 20:25, or 10 days before the onset
of the 2007 eruption (star in Fig. 7b).

The analysis of these two key periods clearly defines a common
pattern before the last effusive eruptions, with an increasing radiative
power during the previous 2 months up the detection of more than
50 MW, 8–10 days before the onset of the effusions. This proves
that the MODIS data can track the rise of the magma level up to a
common threshold abovewhich the transition into an effusive activity
occurred.

Nevertheless, a similar trend (characterised by an increasing
phase lasting 1–3 months and culminating in at least one detection
at VRP>50 MW; stars in Fig. 7) has been detected during four other
periods of major activity, which however did not evolve into an

effusive flank eruption. This occurred on January–February 2004,
March–May 2009, November 2010–January 2011 and July–August
2011. During these periods field observations reported that the activity
was somehow unusual or at the higher limit commonly observed (see
Table 1), with several episodes of sustained spattering, fountaining
and recurrent lava outflows. In these cases the trend drawn by the
VRP is consistent with a general increase of the magma level up to the
free surface as well.

The reasons why not all the increases of the thermal output lead to
a major effusive phase is unclear and needs further investigations.
One possibility is that the MODIS data have no sufficient temporal
resolution, to detect fast and pronounced changes on the summit
activity, which could eventually produce a VRP>50 MW in the
hours preceding an effusive eruption. In this case, the maximum
VRP recorded during the strombolian regime (i.e. 244 MW on August
1, 2011; Table 1) could reflect the radiative power emitted by an
higher magma flux which cannot be confined within the shallow
plumbing system (vented by the summit overflows) but is still insuf-
ficient to cause the lateral failure of the conduit walls. However we
may not exclude that a high magma level is a condition necessary
but not sufficient to signal the upcoming effusive flank eruption.

The main control on magma levels, is the reservoir pressure and
the density contrast between magma and host rocks. Since there
were no evidence of a change in magma density before the 2002
eruption Burton et al. (2008) ascribe the rising of the magma column,
observed in September–December 2002, to an increase in the magma
pressure within the feeding system of Stromboli. Accordingly, if we
assume that the density contrast between the magma and host
rocks remained unchanged between 2000 and 2011, we may relate all
the observed fluctuations of radiative power to cyclic pressurisation
phases of the magma column within the feeding system. Ripepe et al.
(2002) suggest that cyclic variations in the rate at which the shallow
system of Stromboli is supplied by gas-rich magma, produce fluctua-
tions in degassing and explosive activity on a time scale of minutes or
hours. If the same mechanism is effective at longer time scales, these
high frequency fluctuations could be overprinted on cycles of magma
supplywith longer periods (i.e. somemonths), as for example proposed
to explain pulsating effusion rates varying on time scales of minutes to
months at Mt. Etna; Harris and Neri, 2002; Lautze et al., 2004. Note that
a slight pulsating effusion rate characterises also the 2002 eruption of
Stromboli (Fig. 4), where at least four distinct cycles, lasting
1–2 months each, are overlying a general declining trend as also
observed by Lodato et al. (2007).

On the other hand if we assume that the density contrast between
magma and host rocks may have changed cyclically throughout the
analysed period, it is possible that some of the observed fluctuations
were not simply associated to the variation of the magma supply

Table 1
Chronology of observations that were accompanied by a VRP>50 MW. A brief description of the activity in the crater area is also reported. In bold are outlined the dates when a
VRP>100 MW has been detected, that are coeval with major episodes of spattering and lava overflows. These data are represented by stars in Fig. 6.

Period Date MW Reported activity

2000–2004 20-Dec-2002 20:25:00 56.9 Very high strombolian activity and magma level close to the crater
rim on late December 2002 (Calvari et al., 2005; Burton et al., 2008).

2004–2008 14-Feb-2004 01:50:00 72.9 Activity at Stromboli's three summit craters increased between
10 February and 8 March, leading to significant growth of spattern
cones inside the craters. (Smithsonian Institute, 2004).

04-Mar-2004 00:40:00 64.3

17-Feb-2007 20 :25:00 50.7 Sharp increase of tremor amplitude, infrasonic pressure and explosion
rate since February 15, 2007 (Ripepe et al., 2009).

2008–2012 23-May-2009 21:00:00 77.0 Remarkable high activity in April–May and 2009 with several intracrater
lava flows (Smithsonian Institute, 2010).24-May-2009 01:20:00 88.7

14-Dec-2010 01:10:00 104.6 Intense spattering activity on Dec 14, 2010 between 00:30 and 02:30.
(INGV Report, 2010). Possible lava flow on Sciara del Fuoco.

26-Jan-2011 21:20:00 244.5 Intense spattering and fountaining activity on 25–26 Jan 2011. Intra crater
lava flow since 20:50 on Jan, 26 (INGV Report, 2011a)

01-Aug-2011 21 :00:00 86.5 Intense spattering and overflow along the Sciara del Fuoco from Aug 1st,
at 20:56 to Aug 2nd at 05:10. Lava volume: 0.04 Mm3. Eruption rate: 0.7 m3 s−1

(INGV Report, 2011b). Explosive sequence on August 5.
02-Aug-2011 01 :15:00 243.1
06-Aug-2011 00:50:00 55.2
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Fig. 7. Detailed time series of the radiative power (on logarithmic scale) at Stromboli between 2000 and 2011. Grey bars refer to the monthly average values (VRPm) while stems refer to single VRP measurements. Star stems correspond
to detection of VRP>50 MW, as reported in Table 1, while red stems correspond to VRP detected during the two effusive eruptions. The red line represent the threshold (50 MW) at which the transition between strombolian and effusive
activity occurs. Note the fluctuations of VRPm which we ascribe to the monthly variations of the magma column feeding the activity at the surface. A general increase in the frequency and intensity of these fluctuations is visible since
2008. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(or magma pressure). Lautze and Houghton (2005, 2007) propose
that continual changes in shallow melt rheology and density of
Stromboli magma have a strong influence on the monthly scale pat-
tern of strombolian activity. A similar mechanism was also proposed
to explain convective overturn of magma in the shallow conduit or
within a lava lake which may occur within minutes (Harris et al.,
2005) to years or decades (Rymer et al., 1998). Witham et al.
(2006) demonstrated that an evolving magma density within the
conduit it is able to reproduce spontaneous cycles of filling and
emptying of lava lakes without changes in the reservoir pressure.

Noticeably the frequency of the fluctuations of VRPm as well as
their intensity has clearly increased since 2008 (Fig. 7). This is evident
by plotting the cumulative energy radiated by the strombolian activity
(i.e. ~1.8×1014 J, calculated by integrating the VRPm over the
12 analysed years) in which we may note an evident change in the
slope since 2008, being consistent with an overall increase in the
radiative emission (hence magma column height) after the 2007
eruption (Fig. 8). Since both the reservoir pressure and the density
contrast, control the height of the magma column our results suggest
that the February 2007 eruption may have perturbed in some way,
some of these parameters. The frequently high magmatic column
observed since 2008 could therefore result by a general increase of
the overpressure within the conduit and/or by an overall increase in
the density contrast between magma and host rocks which followed
the 2007 eruption. Note that differently from the previous effusive
phase, the 2007 eruption has been characterised by a major collapse
of the summit area (1–2 Mm3; Neri and Lanzafame, 2008) that have
perturbed the shallow plumbing system and the stress field around
the conduit, much more pervasively than 2002 eruption.

Nevertheless our data suggest that the strombolian activity during
2000–2011 has been fed by a magma column oscillating at shallows
levels on a time scale of severalmonths. If these fluctuations are related
to cyclic pressurisation of the feeding system or to recurrent overturn
caused by evolving magma density contrast, is still an open question.
However the integration of MODIS data with other geophysical and
geochemical dataset will possibly help to understand these key issues.

10. Conclusions

The analysis of MODIS night-time data over Stromboli has been
used to estimate the heat radiated during 2000–2011, and allowed
us to detect and characterise changes in the activity of the volcano.
By using the 4 μm radiance and an accurate characterisation of the
background signal, we were able to define two main regimes of
volcanic radiative power (VRP) at Stromboli:

i) a high radiating regime, associated to “effusive activity” and
characterised by a VRP ranging from 8 to 3500 MW with a mean
of ~186 MW;

ii) a low radiating regimes, associated to “strombolian activity” and
characterised by VRP ranging from 1 to 244 MW with a mean of
~9 MW.

These two regimes are separated by a transitional threshold of
~50 MW which correspond to the exposure of magma at the surface,
at the same rate in which gas-rich magma normally ascends and
degasses (~0.3 m3/s) within the shallow plumbing system.

We suggest that above this threshold a transition from strombolian
to effusive activity takes place, and may lead the occurrence of major
flank eruptions or minor outflows from the summit crater. On the
contrary a VRPb50 MW is related to a magma column at shallower
levels, so that the feeding system behaves like a lava lake where a
portion of the degassed magma is cycled back and fed the typical
strombolian activity.

In addition to the effusive eruptions, the activity of Stromboli
between 2000 and 2011 has been characterised by long-period
fluctuations of the radiative power which are interpreted in terms
of recurrent rises and falls of the magma column at monthly scale.
The rise of the magma column was observed before both the effusive
eruptions with an increasing activity lasting 1–2 months and reaching
the threshold of 50 MW, 8–10 days before the onset of the effusion.
This threshold was also reached and/or exceeded during few other
periods of activity which however were not followed by a major
eruption, but only by summit overflows. Significantly these phenomena

Fig. 8. Cumulative radiative energy (left axis) andmonthly averaged VRPm (right axis) emitted by the strombolian activity from 2000 to 2011 (the two effusive periods are excluded).
Note the sharp increase of the energy radiated since 2008 (shown by the higher slope of the trend line).
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occurred more frequently after the 2007 eruption and suggest that this
event has perturbed the shallow plumbing system feeding the current
activity at the surface. Nonetheless we suggest that, the detection of a
radiative power higher than 50 MW is a clear evidence of a high
magma level in the conduit of Stromboli, which will have implication
for the levels of activity and hazard posed.

In conclusion we propose that the MODIS data can be processed
automatically, together with other datasets (e.g. seismicity, explosion
counts, infrasonic pressure) tomonitor the thermal output of Stromboli
volcano and give us an additional parameter to predict the onset of an
effusive eruption.
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