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Abstract  13 

Using thermal infrared images recorded by a permanent thermal camera network maintained on Stromboli 14 

volcano (Italy), together with satellite and helicopter-based thermal image surveys, we have compiled a 15 

chronology of the events and processes occurring before and during Stromboli’s 2007 effusive eruption.  16 

These digital data also allow us to calculate the effusion rates and lava volumes erupted during the effusive 17 

episode. At the onset of the 2007 eruption, two parallel eruptive fissures developed within the North East 18 

crater, eventually breaching the NE flank of the summit cone and extending along the eastern margin of the 19 

Sciara del Fuoco. These fed a main effusive vent at 400 m a.s.l. to feed lava flows that extended to the sea. 20 

The effusive eruption was punctuated, on 15 March, by a paroxysm with features similar to the 5 April 21 

paroxysm that occurred during the 2002-03 effusive eruption. A total of between 3.2 x 106 m3 and 11 x 106 22 

m3 of lava was erupted during the 2007 eruption over 34 days of effusive activity. More than half of this 23 

volume was emplaced during the first 5.5 days of the eruption. Although the 2007 effusive eruption had a 24 

comparable erupted volume to the previous (2002-03) effusive eruption, it had a shorter duration and thus a 25 

mean output rate (= total volume divided by eruption duration) that was one order of magnitude greater than 26 

the 2002-03 event (~2.4 m3 s-1 compared with 0.32±0.28 m3 s-1). In this paper, we discuss similarities and 27 

differences between these two effusive events, and interpret the processes occurring in 2007 in terms of the 28 

recent dynamics witnessed at Stromboli.   29 

   30 

1. Introduction  31 

 32 

Typical eruptive activity at Stromboli (Aeolian Islands, Italy, Fig. 1a-b) consists of persistent, mildly explosive 33 

events occurring every 5 to 20 minutes. Typically, these Strombolian events erupt small volumes of ejecta to 34 

heights of between 150 and 300 m above the active vents [Harris and Ripepe, 2007a] (Fig. 1c-d). The 35 

summit crater area (the crater terrace) is an elliptical depression ~300 m long and ~50 m wide (Fig. 1c). The 36 

crater terrace is at ~750 m a.s.l., which places it ~170 m below Il Pizzo (918 m a.s.l., Fig. 1c). The crater 37 

terrace comprises three craters, whose geographic position has remained remarkably constant over at-least 38 

100 years [e.g. Washington, 1917; Calvari et al., 2005a, 2005b; Harris and Ripepe, 2007a]. Effusive 39 

eruptions at this volcano have a frequency of 5 to 15 years [Barberi et al., 1993], with lava flows erupted 40 

during the last two millennia being confined to the Sciara del Fuoco (SDF), a collapse scar on the NW flank 41 

of the volcano (Fig. 1b-c).  42 
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 Since 2001, the monitoring of effusive and explosive eruptions at Stromboli has increasingly involved 43 

use of thermal imagery obtained from hand-held thermal infrared cameras. Data collected from fixed stations 44 

and helicopter-based surveys have played four roles. First, they have allowed checking of the temperature 45 

variations at, as well as the number, position and morphology of active vents within the crater terrace [Calvari 46 

et al., 2005a, 2005b; Burton et al., 2008], as well as the location and opening of eruptive fractures [Ripepe et 47 

al., 2009].  Second, they have allowed mapping of active lava flow fields and the development of lava flow 48 

features [Calvari et al., 2006; Lodato et al., 2007].  Third, they have been used to derive heat fluxes and 49 

effusion rates during effusive events [Harris et al., 2005b; Calvari et al., 2005a, 2005b; Lodato et al., 2007].  50 

Fourth, they have been used to study the eruption dynamics during persistent explosive activity [Harris and 51 

Ripepe, 2007a; Patrick, 2007; Patrick et al., 2007; Zanon et al., 2009], gas puffing [Harris and Ripepe, 52 

2007b], and paroxysms [Calvari et al., 2006; Harris et al., 2008].  53 

Thermal camera’s were used for the first time during an effusive event at Stromboli during the 2002-03 54 

eruption. This eruption produced a number of different phenomena such as tsunami [Bonaccorso et al., 55 

2003; Tinti et al., 2005], sliding of portions of the SDF [Tommasi et al., 2008], flank collapses and opening of 56 

fractures and eruptive vents [Bonaccorso et al., 2003; Calvari et al., 2005a, 2005b], paroxysmal explosive 57 

events [Calvari et al., 2006; Rosi et al., 2006; Harris et al., 2008], and emplacement of compound lava flow 58 

fields on steep slopes [Calvari et al., 2005a, 2005b; Lodato et al., 2007; Spampinato et al., 2008a]. The later 59 

stages of the eruption were characterized by low effusion rates (typically <1 m3 s-1; Calvari et al., 2005a, 60 

2005b; Harris et al., 2005b; Lodato et al., 2007] and a transition back to the typical strombolian activity 61 

experienced by Stromboli [Ripepe et al., 2005]. As a result of the 2002-03 event, monitoring systems 62 

deployed on the volcano were significantly expanded to allow improved forecasting capabilities in the event 63 

of new and potentially dangerous eruptive events. Consequently, instrumentation was in place and 64 

operational at the onset of the 2007 effusive event. 65 

The 2007 eruption began on 27 February 2007 and lasted 34 days until 2 April, and has previously been 66 

the topic of a Journal of Volcanogical and Geophysical Research special issue [Scandone et al., 2009] in 67 

which Barberi et al. [2009] provided a chronological overview of events. In this paper, we discuss the 68 

dynamics of Stromboli’s 2007 effusive eruption providing a chronology of the events based on qualitative and 69 

quantitative analyses of thermal infrared images recorded by fixed web-cameras operated by the Istituto 70 

Nazionale di Geofisica e Vulcanologia, sezione di Catania (INGV-CT). Lava effusion rate is also a key 71 

parameter when forecasting maximum lava flow length and estimating volcanic hazard [e.g., Kilburn, 1993; 72 

Calvari and Pinkerton, 1998; Harris and Rowland, 2009], as well as in assessing the depressurisation state 73 

and eruption mechanisms operating during an effusive eruption [e.g., Wadge, 1981; Harris et al., 2000; 74 

Rowland et al., 2003]. We thus also present effusion rates calculated from thermal images acquired using 75 

Forward Looking InfraRed spectrometer (FLIR) thermal infrared cameras, as well as those estimated using 76 

two satellite-based sensors: the Advanced Very High Resolution Radiometer (AVHRR) and MODerate 77 

resolution Imaging Spectroradiometer (MODIS).  78 

 79 

2. The INGV-CT thermal camera monitoring system at Stromboli 80 

 81 

During and following Stromboli’s 2002-03 effusive eruption, the INGV-CT thermal monitoring system was 82 

greatly improved. As a result, during the 2007 effusive eruption, we were able to collect a high temporal 83 
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resolution thermal data set to allow assessment of the daily variation in eruptive events from the onset of the 84 

eruption. Here, we describe the camera network installed on Stromboli, the instrument characteristics and 85 

methodology, as well as use of helicopter- and satellite-based thermal imaging. All data were then used for 86 

near-real-time thermal surveillance of the eruptive events. 87 

 88 

2.1. Web-camera network 89 

 90 

Prior to 2002, the INGV-CT camera network consisted of a visual camera located at Il Pizzo, a location at 91 

918 m a.s.l. that overlooks the crater terrace (Fig. 1c). From this location the camera captured images for the 92 

entire crater terrace (~170 m below the camera location) over a downward looking line of sight with a 93 

camera-to-target distance of between 250 and 300 m (Fig. 1c-d). This enabled imaging of the explosive 94 

events, the estimation of the height attained by the products to a maximum limit of ~200 m (the upper limit of 95 

the image field of view), as well as discrimination between predominant ejecta types (ash, lapilli, bombs or 96 

blocks). Between the end of the 2002-03 effusive eruption and the onset of the 2007 eruption, the INGV-CT 97 

visual monitoring system was greatly improved with the installation of four additional cameras. These 98 

included one visual camera and one thermal infrared camera (SPI) at Il Pizzo, plus one visual camera 99 

(SQV400) and one thermal infrared camera (SQT400) at the 400 m elevation. The latter two cameras were 100 

located on the eastern flank of SDF ~800 m from the crater terrace. From this location the cameras provided 101 

a view of the NE crater and the eastern sector of SDF (Fig. 1c). This location is crucial because the eruptive 102 

fissures that opened during the last four effusive episodes (1975, 1985-86, 2002-03 and 2007) breached the 103 

NE flank of the crater terrace [Capaldi et al., 1978; De Fino et al., 1988; Calvari et al., 2005a, 2005b; 104 

Marchetti et al., 2009] and thus fed activity in this sector. Additionally, on 12 March 2007 while lava effusion 105 

was still ongoing, a fifth thermal infrared camera was installed on the eastern margin of the SDF at the 190 m 106 

elevation (SCT190, Fig. 1c). From this location the number and position of active lava flows, as well as the 107 

development of lava flow field features, could be tracked. 108 

Thermal camera SPI is an OPGAL EYE-M320B, and SQT400 is a FLIR ThermoVision® 320M. Both 109 

cameras are sensitive across the 8 to 14 µm waveband and have an uncooled microbolometer as the 110 

detector. Although they both give 320 x 240 pixel images, which we sample every 2 seconds, SPI has a 60° 111 

x 45° field of view (FOV) and SQT400 a 24° x 18° FOV. These correspond to pixel sizes of ~0.2 m over a 112 

minimum distance of 250 m (for SPI), and to 1.1 m at a distance of 800 m (for SQT400). The thermal infrared 113 

camera installed at the 190 m elevation (SCT190) was a FLIR A40. This gives an inclined view of the SDF 114 

and the zone of effusive vents over a mean distance of 300 m. The main difference between the OPGAL 115 

camera and the two FLIR cameras is that the OPGAL camera provides just a visual representation of the 116 

thermal infrared energy, whereas the FLIR cameras provide radiometric information, i.e., data are calibrated 117 

so that temperature information can be extracted for each pixel. All images also record date in the format 118 

dd/mm/yy and time in the format hh:mm:ss. All times are given in UTC. 119 

 120 

2.2. Hand-held thermal imagery  121 

 122 

Ground-based thermal imaging was first used at Stromboli during a preliminary deployment at Il Pizzo in 123 

2001 by Dehn et al. [2001]. Further deployments proceeded campaign style, with camera’s being deployed 124 
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for a few days every year between 2001 and 2004 to examine the dynamics of the Strombolian eruptions 125 

[Patrick et al., 2007]. With the onset of the 2002-03 effusive eruption, as during the 2007 eruption, thermal 126 

surveys were performed daily using a FLIR S65 thermal infrared camera during helicopter flights organised 127 

by Protezione Civile Regione Siciliana and Protezione Civile Nazionale. These 2002-03 helicopter-based 128 

deployments are described in Calvari et al. [2005a, 2005b], Harris et al. [2005b] and Lodato et al. [2007]. 129 

During the 2007 eruption, such helicopter-based surveys occurred on at least a daily basis between 27 130 

February 2007 and 6 May 2007. 131 

Like the permanently installed FLIR thermal infrared cameras, the S65 model used for the helicopter-132 

based surveys consists of an uncooled microbolometer detector array sensitive across the 8 to 14 µm 133 

waveband. It has a 18° x 24° lens and provides 320 x 240 pixel images at up to 60 frames per second. The 134 

stated precision of the instrument is ±2%, and the thermal sensitivity is <0.08°C at 30°C. The S65 is 135 

equipped with an extra filter to detect maximum temperatures up to 1500°C, and can record data in one of 136 

three temperature ranges: -40 to 120°C, 0 to 500°C, and 350 to 1500°C. The camera software completes 137 

internal calibration and atmospheric correction, so that input emissivity, path length, air temperature and 138 

relative humidity allows output of apparent temperatures corrected for emissivity and atmospheric effects. 139 

While atmospheric parameters and path length are routinely measured during each thermal survey, we used 140 

an emissivity of 0.95, a value which is typical for basalt at Stromboli in the 8 to 14 !m waveband [Harris and 141 

Stevenson, 1997]. Based on thermal measurements made during effusive eruptions at Etna, as well as on 142 

Stromboli during 2002-03, we performed thermal surveys early in the morning to avoid solar heating 143 

problems [Calvari and Pinkerton, 2004], tried to capture images from the zenith position [Ball and Pinkerton, 144 

2006], and repeated the same flight-path every day so as to obtain images that had comparable geometries 145 

[Calvari et al., 2005a, 2005b; Harris et al., 2005b]. Corrections resulting from pixel size differences due to 146 

varying distances to the target, estimated from the difference between the helicopter location obtained using 147 

onboard GPS and locations of known ground-control points, were applied following Harris et al. [2005b]. The 148 

method of Harris et al. [2005b] was also applied to estimate effusion rates from the thermal camera data.  149 

Apparent temperatures will still be affected by the presence of aerosols, volcanic gases, and airborne 150 

volcanic ash along the path length. This will result in an error in the estimate of true surface temperature 151 

[Calvari et al., 2005a, 2005b; Sawyer and Burton, 2006; Spampinato et al., 2008b, 2009].  152 

 153 

2.3 AVHRR and MODIS satellite thermal data 154 

 155 

For satellite-derived effusion rates we have used data from AVHRR and MODIS, two sensors flown on polar 156 

orbiting satellites capable of detecting hot spots due to volcanic activity as well as providing data, which can 157 

be applied to estimate the area, heat flux and effusion rate of active lava flows [e.g., Harris et al., 1997; 158 

Wright et al., 2001; Hirn et al., 2009]. Both detectors have previously been used to provide effusion rates for  159 

the 1985-86 and 2002-03 effusive eruptions of Stromboli by Harris et al. [2000, 2005b], Calvari et al. [2005a, 160 

2005b], Ripepe et al. [2005] and Lodato et al. [2007]. For effusion rate extraction, all images were examined 161 

manually, so that radiances for all pixels identified as being thermally anomalous in images of suitable quality 162 

(no cloud cover) were extracted. Extracted radiances were then converted to effusion rate following the 163 

methodology of Harris et al. [1997] and as applied to AVHRR data for Stromboli by Harris et al. [2000] and 164 

Calvari et al. [2005a, 2005b]. The extraction process results in the generation of an effusion rate range for 165 
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each image within which the true, field-measured, value usually lies [see Harris et al. 2007b for full review 166 

and assessment].  Dragoni and Tallarico [2009] have recently reviewed the assumptions underlying the 167 

relationship between effusion rate and heat flux, with Harris and Baloga [2009] clarifying the methodology 168 

and assumptions as applied to low spatial resolution satellite data. Following Wright et al. [2001] and Harris 169 

and Baloga [2009], the extracted value relates to a time-averaged value, not to an instantaneous (effusion 170 

rate) value, so that time-averaged discharge rate is likely a better term for the derived value. 171 

 172 

3. Explosive activity between the 2002-03 and 2007 effusive eruptions 173 

 174 

At the onset of the 2002-03 effusive eruption, the floor of the crater terrace collapsed to leave a ~50 m deep 175 

elongate crater. Explosive activity died out at the crater terrace during the first four months of the 2002-03 176 

eruption, with the free-surface and explosive activity recovering as the rate of effusion declined [Ripepe et 177 

al., 2005]. As a result, by the end of the 2002-03 effusive eruption (in July 2003) strombolian activity had 178 

resumed at the crater terrace. Following the 2002-03 effusive eruption, persistent explosive activity 179 

generated spatter, scoria and ash that steadily filled the collapse feature that had formed at the onset of the 180 

2002-03 effusive event. Thus, the elongate crater evolved into a platform on which hornitos and cinder cones 181 

developed. To achieve this fill we estimate that an approximate volume of 1.5 x 106 m3 of material had to 182 

have been deposited between July 2003 and February 2007, resulting in a mean fill rate of ~0.01 m3 s-1. It is 183 

worth noting that, as described in previous papers [e.g. Washington, 1917; Calvari et al., 2005a, 2005b; 184 

Harris and Ripepe, 2007a], the position of the active vents has remained almost constant during the last 185 

century, even after major morphological changes such as the collapse events of 2002-03 and subsequent 186 

refilling by tephra. 187 

The rate of explosive activity, and hence filling of the collapse feature, was not constant with time. To obtain 188 

a semi-quantitative description of the eruptive activity during this time, we used the images recorded by 189 

camera SPI (which views the entire crater area) to calculate a daily mean for the number of explosions per 190 

hour. To do this we simply counted the total number of events observed during each day of cloud-free 191 

observation, and divided by 24 hours. Figure 2 shows the pattern of explosive activity from 24 October 2003 192 

until the onset of the 2007 eruption. The period between 17 September 2006 and 21 January 2007 lacks 193 

data owing to camera malfunction. A few peaks, when the number of explosions reached 10 to 18 per hour, 194 

can be identified between the end of October 2003 and February 2004. After this we observe a stable level, 195 

with the number of explosions remaining below 10 per hour from the end of March 2004 until November-196 

December 2004. During January 2005 the average number of explosions increased to between 25 and 30 197 

per hour. Between March 2005 and the onset of the 2007 eruption, a general increasing trend in the number 198 

of explosions per hour can be observed. This is punctuated by five peaks in December 2005, January 2006, 199 

April 2006 (01/04/06), July 2006 (15/07/06) and 16 February 2007 (16/02/07). The number of explosions 200 

increased to a climax of between 25 and 30 explosions per hour twelve days before the start of the 2007 201 

eruption (Fig. 2). These values compare with a typical rate of 8-9 explosions per hour [Harris and Ripepe, 202 

2007a; Ripepe et al., 2009].  203 

 204 

4. Chronology of the eruption  205 

 206 
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4.1 Onset of the 2007 effusive activity 207 

 208 

Between the end of December 2006 and February 2007, an increase in volcanic tremor was recorded by the 209 

Osservatorio Vesuviano (INGV-OV) seismic network. In addition, the frequency of VLP (Very Long Period) 210 

seismic events increased, with event locations clustered at ~200 m below the summit craters [Martini et al., 211 

2007], a location typical for Stromboli [Chouet et al., 2003]. In January 2007, the ground-based linear 212 

synthetic aperture radar (GB-InSAR), installed on the eastern flank of the SDF, showed a progressive 213 

acceleration in the deformation on the NE crater [Casagli et al., 2009]. In addition, tremor, pressure recorded 214 

by infrasonic sensors and the number of explosive events per hour began to increase from January onwards 215 

[Ripepe et al., 2009]. By the first half of February deformation had spread to also involve the upper portion of 216 

the SDF [Casagli et al., 2009]. 217 

When the eruption began on 27 February 2007, the deformation rates recorded by the GB-InSAR were 218 

higher than the measurement capability of the radar device [Casagli et al., 2009]. At ~9:00 on the same day 219 

and about four hours before the start of the onset of effusive activity, the INGV-OV seismic network recorded 220 

several signals associated with landslides, sometimes superimposed on the volcanic tremor [Martini et al., 221 

2007]. Landslides continued during the next few hours, and at 12:39 a stronger landslide was recorded 222 

[Martini et al., 2007]. An effusive fracture was then observed as opening within the northern rim of the NE 223 

crater at 12:49, with the fracture quickly propagating NE [Marchetti et al., 2009]. An air-based thermal survey 224 

using the helicopter of Protezione Civile Regione Siciliana was promptly arranged. As a result, the initial 225 

effusive phases of the 2007 eruption could be reconstructed from the images recorded by the INGV-CT web-226 

cameras as well as from thermal images collected during the helicopter surveys carried out during the 227 

afternoon of 27 February.  228 

Early on 22 February 2007, just before the onset of effusive activity, explosive activity was almost 229 

continuous at the NE and Central craters (Fig. 1d), with more than 20 events per hour (Fig. 2). Images 230 

recorded by SPI at 10:38 on 27 February, showed an elongate thermal anomaly consistent with the 231 

development of a fracture that, after 11:40, propagated gradually NE from vent bN2 towards bN1 (Fig. 3a-b). 232 

This was accompanied by an increase in the intensity of explosive activity within the SW crater with 233 

explosions reaching ~200 m above the vents. The bS1 vent of the SW crater (Fig. 1d) was a hornito-like 234 

structure producing jets of spatter, and vent bS2 (Fig. 1d) fed ash-rich explosions without incandescent 235 

ejecta. Ash emissions from bS2 always followed explosions from the Central and NE craters. At 12:01 a small 236 

portion of the bN2 hornito collapsed (Fig. 3b).  237 

After ~12:00, explosions at vent bN1 were persistent and ballistics reached heights up to a few meters, 238 

resulting in fast accumulation of spatter around the vent. At 12:23, SQT400 revealed a persistent hot spot on 239 

the NE rim of bN1. This marked the continuation of fracture propagation between bN2 and bN1, with the 240 

fracture system now extending to the outer rim of the crater terrace. At the same time, a second fracture 241 

opened within the NE crater, developing parallel to the previous fracture. 242 

By 12:24 the vent bN2 was emitting a small lava flow. This flow remained confined within the NE crater, 243 

ponding in the saddle between vents bN2 and bN1 (Fig. 3c). At 12:32, a second hot spot appeared on the NE 244 

crater rim marking the intersection of the second fracture with the outer rim of the crater terrace. Analysis of 245 
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data recorded by camera SPI allowed us to assess the direction of fracture development. The first and 246 

northernmost fissure within the NE crater propagated NE (i.e., from bN2 to bN1), whereas the southernmost 247 

fissure opened later and propagated SW (i.e., from bN1 to bN2). Between 12:32 and 12:43, both fractures 248 

propagated towards the NE, with propagation being accompanied by explosions, and by gas/steam emission 249 

from the NE crater that eventually obscured visibility at SPI. 250 

At 12:48, SQT400 captured the opening of a vent (Vent 1, Fig. 1c and Fig. 3d) and the emplacement of a 251 

lava flow (Fig. 3e) on the 2002-03 lava shield (Pianoro) located on the upper SDF at ~650 m a.s.l. This fed 252 

the first lava flow (FL1, Figs. 3e-i, 4, 5) that was emplaced northwards down the SDF. By 12:59 this had 253 

spread across the break in slope at the top of the SDF (Fig. 3f-g) and reached the sea around 13:03, when 254 

SQV400 showed a vapour cloud rising above the sea entry (Fig. 3h-i). This means that the flow travelled a 255 

distance of 1.2 km (the distance from the vent to the coast) in 15 minutes, so that the mean speed of the flow 256 

front was ~1.3 m s-1. This lava flow emplaced on the >30° steep SDF slope, and its velocity was comparable 257 

with the 28 December 2002 lava flow reported by Lodato et al. [2007]. Lava flow emplacement was 258 

accompanied by little landslides that were active on the SDF at any elevation below the summit craters (Fig. 259 

4). FL1 was fed at least until 15:00. 260 

Explosive activity at bN1 lasted until 12:56, when activity at this vent died out. At 13:05 the rapidly 261 

deposited spatter around bN1 collapsed to form a small landslide of hot debris, as revealed by SQT400. At 262 

12:48 and 13:32, single bursts of hot gas were observed at the base of the eruptive fissure on the Pianoro 263 

and then along the NE fissure until 13:25. After 13:32, no more explosive activity occurred either at the 264 

summit craters or at the base of the eruptive fissure (~650 m a.s.l.).  265 

At 14:57, a new lava flow (FL2, Fig. 4) was erupted from the base of the NE fissure. This initially spread 266 

across the Pianoro. At 15:01, this flow descended the steep slopes on the eastern margin of the SDF to 267 

reach the sea in just a few minutes, where it generated a second sea entry and associated vapour cloud. 268 

With the formation of FL2, supply to FL1 ceased and this flow began to cool.  269 

At 15:35 a third lava flow (FL3) appeared in a central position between the two previous flows. This was 270 

probably an overflow from the main channel formed along FL2 (Fig. 4). Evidence for this is the fact FL3 had 271 

already stopped moving at 15:44. Channel overflows are usually short-lived [e.g., Bailey et al., 2006; Harris 272 

et al., 2009], so that the short life of this flow appears to support it’s origin as an overflow.  273 

After 16:00, all three lava flows appeared to be no longer supplied and were cooling. Although 274 

incandescent blocks detaching from the margins still exposed the hot inner portions of the cooling flows (Fig. 275 

5a-b), a thermal helicopter survey at 16:30 showed FL1 to be cooling and surrounded by landslides. At the 276 

same time FL2 was only slowly moving, although the incandescent front of FL3 was visible between dust 277 

clouds, and two vapour columns were apparent where flows were entering the sea (Fig. 4). Between 16:00 278 

and 18:00, SQT400 showed glow, possibly due to weak explosive activity within the SW crater of the crater 279 

terrace. Between 18:00 to 18:36, a small and slow moving lava flow was emplaced over FL3 and FL2, but 280 

activity appeared to be waning.  281 

 282 

4.2 Effusion from the 400 m vent (Vent 2) 283 
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 284 

At 18:25:59 on 27 February, a thick ash and vapour column was recorded by SQV400 (Fig. 5a-f). This 285 

heralded the opening of a new effusive vent on the SDF at the 400 m elevation (Vent 2, Fig. 1c). The 286 

opening of this vent was recorded also by SQT400 that imaged initial explosions from this site immediately 287 

followed by the formation of hot debris flows. As also occurred in 2002-03 [Pioli et al., 2008], debris reached 288 

the sea within a few minutes, forming a dense vapour cloud that obscured visibility. At 18:25:59, SQV400 289 

recorded the first lava flow (FL4, Fig. 5c-e) erupted from this vent. This flow reached the sea within minutes. 290 

After 19:00, vigorous, pulsing, degassing started at Vent 2 (Fig. 1c). This become more vigorous with time. 291 

At 20:34:02, SQT400 recorded a sudden gas explosion in the area of Pianoro. 292 

The apparent effusion rate from Vent 2, evaluated on the basis of the glow observed from SQV400, 293 

dropped on 28 February after 1:38. This was matched by a decline in the frequency of gas pulses from the 294 

same vent. Between 04:00 and 05:00, Vent 2 deepened by a few meters, so that it was no longer visible 295 

from SQV400, with this camera just showing the gas cloud released from the vent to be spreading 296 

southwards.  297 

On 28 February, a helicopter-based thermal survey at ~08:30 revealed a depression just above Vent 2, 298 

and a number of degassing fractures on Pianoro, just at the base of the NE crater (Fig. 6a-b). Vent 2 299 

remained active until the final day of the eruption on 2 April, with lava emitted by Vent 2 accumulating along 300 

the shore to significantly modify the coastline, forming a bench that extended seawards by several tens of 301 

meters. This bench was particularly prominent in early March. 302 

 303 

4.3 Collapses within the crater terrace, 4-9 March 304 

 305 

From 4 March, large blocks were seen falling from the crater rim to the crater floor. Onset of rock fall activity 306 

could have been earlier, but could not be confirmed due to poor weather conditions which hampered visual 307 

and thermal observations. By this time, a field of concentric, arcuate fractures had also opened around the 308 

craters. Rock falls became more common in the following days to cause a significant widening of the crater 309 

rim and a thick accumulation of debris on the crater floor. At the same time there was a visible widening of 310 

the concentric fractures surrounding the craters. Rock falls were mostly concentrated around the NE crater. 311 

Images from SPI showed how this rock fall activity modified the profile of the crater rim (Fig. 7a-c), especially 312 

at the NE sector (in the foreground of Fig. 7c) whose rim became sufficiently low to allow viewing inside the 313 

crater. 314 

A helicopter-based thermal survey on 7 March showed that the fractures were beginning to extend 315 

into the craters, following the main (NE-SW) structural trend of the island. The fractures evolved rapidly 316 

during the next two days, when large blocks collapsed into the craters to form a thick pile of debris on the 317 

crater floor. The volume of material accumulated on the crater floor through collapses was estimated at 1-2 x 318 

106 m3 [Neri and Lanzafame, 2009]. 319 

Deep explosive activity from below the debris deposit continued to occurr, with rock falls within the 320 

craters often accompanied by ash emissions and gas-rich explosions from the vents still active below the 321 
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debris carpet. No change was observed in the position of the vents within the crater terrace when compared 322 

to the pre-eruptive distribution. The persistence of explosive activity at the crater terrace suggested that 323 

magma was still present at a shallow depth below the debris carpet, and that the debris was not causing 324 

complete obstruction of the vents. Collapses continued even after the end of the effusive eruption, persisting 325 

at least until the end of June 2007.  326 

 327 

4.4 Shut down of Vent 2, development of the 550 m elevation vent (Vent 3), and reactivation of Vent 2 328 

 329 

Between 7 and 8 March, the output rate from Vent 2 decreased, with effusion from this vent completely 330 

shutting down on the afternoon of 8 March. On 9 March a new vent (Vent 3, Figs. 1c and 8a) opened at 550 331 

m a.s.l. on the N flank of the NE crater, in the same position as the 550 m elevation vent of the 2002-03 332 

eruption as mapped by Calvari et al. [2005a, 2005b]. 333 

A few minutes before 15:00 on 9 March, the Guardia di Finanza Guides reported rock falls, 334 

landslides and gas emissions coming from the middle of the SDF, where Vent 3 soon opened to immediately 335 

feed lava flow. Analysis of the thermal images recorded by SQT400 allowed us to plot maximum apparent 336 

temperature against time for the lower portion of the SDF (Fig. 8b). Although the area covered by the camera 337 

did not include the location of Vent 3, which was behind the 2002-03 lava flow field, Figure 8b shows a 338 

sudden increase in maximum apparent temperature at 13:31:55, with values of ~300°C. This increase we 339 

attribute to the presence of lava fed from Vent 3. Lava reached the sea at 17:43, giving rise to a thick vapour 340 

cloud. Vent 3 remained active for less than 24 hours. 341 

While Vent 3 was closing down, effusive activity at Vent 2 renewed. Vent 2 remained active until 2 342 

April, when the eruption ceased in the early afternoon. Vent 3 produced just a narrow lava flow in the middle 343 

of the SDF (Figs. 1c and 8a). This lava flow soon disintegrated so that it was no longer visible just a few days 344 

after its emplacement. Such crumbling behaviour and volume loss is typical of lava flows emplaced on 345 

Stromboli’s steep slopes [Lodato et al., 2007]. The steep topography and the loose, fine-grained material that 346 

made up the surface at this location accelerated the disintegration of the flow. The location of the flow was 347 

also rapidly covered by debris tumbling from sources located higher on the SDF, as was observed during the 348 

2002-03 eruption [Calvari et al., 2005a, 2005b]. 349 

 350 

4.5 The paroxysm of 15 March 351 

 352 

On 15 March, while lava output from Vent 2 was still ongoing, a major, paroxysmal, explosion occurred at 353 

20:38:16 from the crater terrace. The explosion was recorded by the three INGV-CT web-cameras installed 354 

on the upper part of the volcano; each offered different views and details of the event (Fig. 9). Camera SPI 355 

gave a good overall view of the vents within the crater terrace with a frame rate of 2 seconds (Fig. 9a-d) but, 356 

being ~250 m away from the vents, was soon destroyed by fallout from the eruption cloud. However, it 357 

showed that the explosion started with small volume collapses from the inner crater rim and emission of a 358 

dilute ash cloud (Fig. 9a). Two seconds later a dense, hot cloud of bombs, lapilli and lithics was erupted from 359 
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the NE crater (Fig. 9b), with a muzzle velocity of ~100 m s-1 [Andronico et al., 2007]. This opening sequence 360 

of events was very similar to that recorded at the onset of the 5 April 2003 paroxysm at Stromboli [Calvari et 361 

al., 2006; Harris et al., 2008]. The explosion then propagated across the crater terrace to also involve the SW 362 

crater (Fig. 9c-d). 363 

The paroxysm, observed from SQT400 (Fig. 9e-h) showed two clouds produced by the two crater 364 

regions (N and S; Fig. 9f). These two clouds spread in opposite directions (Fig. 9f-g) to reach heights of well 365 

over 500 m above the craters (Fig. 9g-h), i.e., they extended beyond the field of view of our camera which 366 

covered a zone 500 m above the craters. A maximum height of 3000-3500 m a.s.l. was estimated from 367 

satellite images [Spinetti et al., 2007], which translates to ~2250-2750 m above the craters. Camera SQT400 368 

also showed four other similarities with the 5 April 2003 paroxysm as described by Calvari et al. [2006], Rosi 369 

et al. [2006] and Harris et al. [2008]: 370 

(1) The eruption was characterized by multiple explosions from the three summit crater zones, 371 

packaged into three distinctive events (Fig. 9h), as revealed by peaks in the maximum apparent 372 

temperature record derived from SQT400 thermal images (Fig. 9i).  373 

(2) Column collapse fed pyroclastic flows extending up to Bastimento (Fig. 9h). 374 

(3) The paroxysm continued for ~7 minutes, with fire fountaining shifting to the SW crater region as 375 

the event developed and becoming less intense, with the number and intensity of events 376 

gradually decreasing. 377 

(4) The paroxysm erupted lithic blocks and juvenile material that reached a lowest elevation of 300 378 

m a.s.l. Several hot blocks triggered vegetation fires, and a shower of ash and lapilli covered the 379 

villages of Ginostra and Stromboli. 380 

The paroxysm caused a further widening of the crater terrace, with a large portion of the South rim being 381 

removed by the explosion.  382 

 383 

4.6. Lava flow activity after 15 March 384 

 385 

After the 15 March paroxysm, a general decreasing trend was observed in the lava flow output from 386 

Vent 2, until 20 March. This decrease was reflected by lava flow bifurcation and the development of many 387 

active lobes that often did not reach the sea, as was observed during periods of decreased output at the 388 

2002-03 flow field [Calvari et al., 2005a, 2005b; Lodato et al., 2007]. On 20 March, an apparent increase in 389 

output was recorded by SQT190, which showed a second lava flow extending down the SDF. An increase in 390 

output was also suggested by the fact that the lava flows also began to lengthen to again reach the sea. A 391 

further decrease in output  in the following days was reflected in the formation of lava tubes in the upper part 392 

of the lava flow field, and by piling up of flows above the lava delta that had formed at the coast. Lava tubes 393 

progressively extended between 20 and 24 March, with continued decrease in output from Vent 2 causing 394 

the lava flow fronts to halt at progressively higher elevations. On 31 March, an increase in output from Vent 2 395 

again caused the flow fronts to reach the sea, triggering the formation of thick steam columns. This increase 396 

lasted only a few hours, so that by the afternoon of 31 March there was a new regression, with flow fronts 397 
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stopping short of the sea. Output decreased again over the following days, with the effusive eruption 398 

completely stopping between ~ 9:00 and ~16:00 of 2 April. In fact, three small flows were still active during 399 

the helicopter survey carried out at 9:00, whereas just vent incandescence was observed during the next 400 

survey carried out at 16:00 401 

 402 

 5. Effusion rates from thermal data  403 

 404 

Effusion rates estimated from helicopter- and satellite-collected data during Stromboli’s 2007 were, 405 

generally, in good agreement (Table 1 and Fig. 10), with errors typically being ±40%, a value which is 406 

comparable to errors affecting field-based measurements [e.g., Harris and Neri, 2002; Calvari et al., 2003, 407 

2005a, 2005b; Lautze et al., 2004; Bailey et al., 2006; Harris et al., 2007]. On 4 March, we were able to apply 408 

a different approach to extract effusion rates and cross-check the thermal-data-derived values. On this day 409 

we could estimate channel dimensions and, by taking images collected at known times and tracking blocks 410 

moving on the channel surface, estimate a flow surface velocity of 1.7 m s-1. Hence, using a velocity value 411 

that was 2/3 of the surface velocity (as suggested by Calvari et al. [2003]), and considering a channel width 412 

of 3 m and depth of 1 m, we obtained an effusion rate of ~3 m3 s-1. This was consistent with both satellite- 413 

and FLIR-derived values for the same day (Fig. 10a). Multiple helicopter-based measurements performed on 414 

the same day also allowed us to track small fluctuations in effusion rate and check the repeatability of our 415 

measurements. On 26 March, for example, we carried out measurements three times: at 7:00, 10:45 and 416 

14:00. These thermal camera data yielded effusion rates of 0.7±0.4, 0.8±0.5, and 0.9±0.5 m3 s-1, 417 

respectively.  418 

 419 

5.1. Effusion rate chronology from the thermal image time series 420 

 421 

The 2007 eruption was first evident as a major thermal anomaly in AVHRR imagery acquired at 20:06 on 422 

27 February 2007. About an hour later, at 21:00, the first eruption-related thermal anomaly was detected by 423 

MODIS. Throughout the effusive event, a total of 219 AVHRR and 118 MODIS images were acquired. Of 424 

these, 20 AVHRR and 18 MODIS images had sufficient quality to allow hot spot analysis and conversion to 425 

effusion rate. Within the dataset, four periods (spanning 28 February – 4 March, 6 – 11 March, 18 – 25 426 

March, and 2 – 11 April) suffered prolonged cloud cover, so that no images of suitable quality for analysis 427 

were available during these periods. 428 

Effusion rates obtained from the FLIR, AVHRR and MODIS data are given in figure 10a and table 1. Data 429 

derived from the three data sets show identical trends, with values peaking between 17 and 19 m3 s-1 during 430 

27-28 February (Fig. 10a). This peak was followed by a decline to 1 to 4 m3 s-1 by 4 March. Effusion rates 431 

remained at similar, low, levels throughout the remainder of the eruption, with mean values and standard 432 

deviations during the cloud-free periods of 2.0±1.2 m3 s-1 (4 – 6 March, 6 images), 1.4±1.4 m3 s-1 (11 – 17 433 

March, 17 images), 1.2±1.0 m3 s-1 (26 – 29 March, 10 images), and 1.2±0.9 m3 s-1 (31 March – 1 April, 6 434 

images). Thus, except for the short effusion rate peak at the onset of the eruption, activity was characterised 435 

by a dominant phase of low effusion rates. However, as observed during previous effusive eruptions at 436 

Stromboli [Harris et al., 2005b; Lodato et al., 2007] and Etna [Lautze et al., 2004; Harris et al., 2005a; Bailey 437 

et al., 2006; James et al., 2007], even apparently steady, low effusion rate eruptions undergo variations over 438 



 12

time scales of minutes-to-hours. During the 2007 eruption for example, the generally steady effusion rate 439 

trend recorded between 11 and 17 March showed variations ranging between 5.0 and 0.2 m3 s-1 (Fig. 10a) 440 

and displayed three effusion rate cycles. Each cycle was characterised by a relatively high effusion rate 441 

phase followed by a low effusion rate phase. The first cycle began with a maximum of 5.3 m3 s-1
, as recorded 442 

on 11 March. This was followed by a decrease to 0.5 m3 s-1 by 12 March (Table 1). The onset of the second 443 

cycle was marked by a recovery to 4.7 m3 s-1 by 21:00 on 13 March. Effusion rates declined again to 0.6 m3 s-444 
1 by 00:58 on 15 March. The last cycle began with an increase to 5.0 m3 s-1 (observed at 12:24 on 16 March) 445 

followed by a final decrease. Such lava effusion rate cycles were also observed during the 2002-03 effusive 446 

eruption at Stromboli by Harris et al. [2005b] and were ascribed to recovery of the magma level in the central 447 

column during low effusion rate periods. Such recovery will increase the hydrostatic head in the conduit. An 448 

increase in the hydrostatic head then results in an increase in the effusion rate from the dike tapping the 449 

conduit at a lower level, which then results in drainage of the shallow system so that the cycle begins anew. 450 

Integration of effusion rates over time yielded cumulative volumes (Fig. 10b) and gave a final erupted 451 

volume of between 3.2 x 106 and 11 x 106 m3. The mean volume of 7.1 x 106 m3, when erupted over 34 days, 452 

gives a mean output rate of 2.4 m3 s-1. This is an order of magnitude higher than the mean output rates 453 

calculated during Stromboli’s 2002-03 eruption (0.32±0.28 m3 s-1, Lodato et al., 2007) and 1985-86 eruption 454 

(0.34±0.05 m3 s-1, Harris et al., 2000). The cumulative volume plot of figure 10b reveals the decline in 455 

effusion rate after the first 5.5 days from an inflexion between 28 February and 4 March. As a result, we 456 

move from a period of a high rate of volumetric increase (6.6 x 105 m3 d-1) during the first 5.5 days of the 457 

eruption to a low rate of increase (1.2 x 105 m3 d-1) thereafter. This means that 51% of the total volume was 458 

erupted over the first 5.5 days, or 16% of the eruption by time. 459 

 460 

5. Discussion  461 

 462 

As was observed prior to the 2002-03 eruption [Calvari et al., 2005a, 2005b; Burton et al., 2008], explosive 463 

activity at the crater terrace increased to relatively high levels prior to the onset of Stromboli’s 2007 effusive 464 

eruption. Calvari et al. [2005a, 2005b], Burton et al. [2008] and Ripepe et al. [2009] have argued that the 465 

number of explosions per hour is an indirect measure of magma input rate and magma level within the 466 

conduit, where an increasing magma level can be associated with more violent and frequent explosive 467 

activity. Hence, we interpret the increase in the number of explosions per hour prior to the 2007 effusive 468 

eruption as being a result of an increase in the level of the magma free-surface within the conduit. This is 469 

consistent with other geophysical (seismic and infrasonic) data which showed explosion rate, pressure and 470 

tremor increasing after January 2007 [Giudicepietro et al., 2009; Ripepe et al., 2009]. This increase was 471 

interpreted by Ripepe et al. [2009] as evidence for increased magma supply to the shallow system. The main 472 

phases of the 2007 eruption are sketched in figure 11. The intense explosive activity and increased 473 

magmastatic pressure within the conduits promoted the breaching of the conduit system and extension of a 474 

dike to the NE [Marchetti et al., 2009; Neri and Lanzafame, 2009]. The observed SW-NE propagation 475 

direction of the dike is consistent with our thermal camera based observations of the shifting location and 476 

style of activity within the crater terrace, where hot fractures and activity were observed to propagate to the 477 

NE in the hours prior to the onset of effusion (Fig. 11a-b). Dikes extending from the central conduit fed 478 

effusive vents in the same location during the 1985-86 and 2002-03 eruptions [De Fino et al., 1988; Calvari 479 
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et al., 2005a, 2005b]. Thus, the NE flank of the crater terrace currently appears prone to failure during times 480 

of increased activity and magmastatic pressure. 481 

In addition to the propagation direction of the eruptive fissure and location of the initial effusive vent, a 482 

number of other similarities were observed between the opening phases of the 2002-03 and 2007 effusive 483 

eruptions. For example, as in 2002-03, opening of effusive vents were heralded by landslides spreading 484 

along the SDF. These formed the dust clouds apparent in figures 3, 4 and 5. These landslides were also 485 

detected by the INGV-OV seismic network [Martini et al., 2007] and can be considered among the precursors 486 

to effusive activity and the opening of effusive vents at Stromboli. Effusion then typically begins with a short, 487 

high effusion rate peak as the central conduit is tapped, followed by a longer waning period over which small 488 

variations in effusion can be observed. As previously discussed for Stromboli by Lodato et al. [2007] and 489 

Harris et al. [2005b], both the long and short time scales of variation have implications for the magma 490 

dynamics of the shallow system. For example, following Wadge [1981] the short waxing and long waning 491 

phase observed in the effusion rate trend can be interpreted as tapping of a pressurized source. However, 492 

the effusion rate variations were not smooth, where the front of FL3 showed pulsating movements and 493 

stopped a short time before the opening of Vent 2 (Fig. 5a-b). We interpret this behaviour as the result of 494 

small variations of magma level within the feeder dike during its propagation to force short-term variations in 495 

the effusion rate from that dike (Fig. 11c-d). 496 

As during 2002-03, high effusion rates at the onset of the eruption led to rapid drainage of the shallow 497 

system and triggered summit collapses. Collapses propagated to NE along the feeder dike, causing 498 

blockage of Vent 2, which stopped erupting on the afternoon of 8 March (Fig. 11e). This probably caused an 499 

accumulation of magma and overpressure in the upper conduit, resulting in the opening of a new vent (Vent 500 

3) at the 550 m elevation on the following day (Figs. 8, 11e). The position of Vent 3 was very close to the 501 

conduit, where a similar sequence of vent opening was observed at the onset of the 2002-03 effusive 502 

eruption [Calvari et al., 2005a, 2005b]. The blockage in the feeder dike must have been removed quite 503 

quickly, because Vent 3 erupted for less than 24 hours, with activity at Vent 2 resuming on the following day 504 

and lasting until the end of the eruption (Fig. 11f).  505 

But why was the main active vent during 2007 as low as 400 m a.s.l., whereas in 1975, 1985-86 and 506 

2002-03 the main active vent was located at 500-550, 650, or 670 m a.s.l.? We believe that there is a simple 507 

explanation for this. The 2002-03 eruption had began with small volume flank failures which left a collapse 508 

scar in the SDF [Bonaccorso et al., 2003]. The eastern margin of the SDF continued a sliding movement 509 

after the 2002-03 eruption [Tommasi et al., 2005; 2008; Bonforte et al., 2008], with a greater displacement in 510 

the upper part of the SDF and smaller velocities at the lowest benchmarks [Bonforte et al., 2008]. This likely 511 

resulted from the formation of a sliding block whose south-eastern margin was used by the intrusion of the 512 

2007 dike (Fig. 12a-b). We thus suggest that the 2007 dike opened along the sliding surface (marked by the 513 

yellow dotted line in Fig. 11d-f, and by the green dotted line in Fig. 12b), and that both Vents 2 and 3 formed 514 

at the intersection between the topographic slope and the eastern and western margins of the sliding block, 515 

respectively (Figs. 11d-f, 12b).  516 

Effusion rates were higher than during the 2002-03 effusive eruption, as seen from the mean output rates 517 

which were 0.32±0.28 m3 s-1 during the 2002-03 eruption [Lodato et al., 2007] as opposed to ~2.4 m3 s-1 518 

during the 2007 eruption. The lower elevation of the main effusive vent during the 2007 eruption, i.e. 400 m 519 

a.s.l. in 2007, compared with 550-670 m during 2002-03, may have caused the higher effusion rates during 520 
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2007. The increased hydrostatic head resulting from a lower vent elevation in 2007 may, for example, have 521 

resulted in higher effusion rates during initial tapping and drainage of the shallow system. Conduit drainage 522 

may, in turn, have been responsible for de-pressurisation of the system facilitating up-rise of gas-rich magma 523 

to cause the 15 March paroxysm. Such de-pressurisation is consistent with ground deformation data that 524 

was revealed by continuous deflation during the entire 2007 eruption [Bonaccorso et al., 2009]. 525 

The 15 March 2007 paroxysm itself was very similar to that of 5 April 2003. The main similarities are as 526 

follows: 527 

(i)  Both paroxysms occurred after a phase of no explosive activity at the summit craters due to conduit 528 

emptying during an effusive eruption. 529 

(ii)  Both began with a short phase of lithic ash emission. 530 

(iii) During both paroxysms explosive activity propagated from the NE crater to the SW crater with time. 531 

(iv) Both events involved the eruption of lithics, high-porphyric scoria, and low-porphyric pumice 532 

[Bertagnini et al., 1999; Francalanci et al., 2008; Landi et al., 2009]. 533 

(v) Both events had similar durations, with the 5 April 2003 event lasting 6-9 minutes [Calvari et al., 2006; 534 

Harris et al., 2008], and the 15 March 2007 event ~7 minutes. 535 

(vi) Both events comprised several eruptive pulses. 536 

However, the 15 March 2007 event was characterised by fire fountaining that formed distinct columns over 537 

each of the three crater zones, as was well visible from the SQT400 camera (Fig. 9). In comparison thermal 538 

and digital camera data for the 5 April 2003 paroxysm revealed pulsating ash columns [Calvari et al., 2006]. 539 

Also, prior to the 5 April 2003 paroxysm Calvari et al. [2006] recorded an increase in maximum apparent 540 

temperature within the crater terrace. No significant increase in the maximum apparent temperature was 541 

detected within the crater terrace before the paroxysm of 2007. However, distance and viewing angle may be 542 

significant factors in preventing detection of subtle temperature variations within the crater terrace, especially 543 

when considering data from cameras that do not have a view into the craters, as is the case for camera 544 

SQT400.  545 

 546 

6. Concluding remarks 547 

 548 

The 2007 effusive eruption of Stromboli showed similar features to those observed during the previous 549 

effusive event of 2002-03. Both eruptions began after a precursory phase of increasing explosive activity, 550 

and were heralded by a peak in the number of explosions per hour at the summit craters. Both eruptions 551 

began with the opening of an eruptive fissure on NE flank of the crater terrace, and both involved paroxysms 552 

that occurred during lava effusion. However, some important differences were observed in 2007. These 553 

were: 554 

1 The opening of two parallel fissures on the NE flank of the crater terrace; 555 

2 The lower elevation (400 m) of the main effusive vent; 556 

3 The higher mean output rate in 2007, which was an order of magnitude higher than those of the two 557 

previous eruptions (1985-86 and 2002-03). 558 

We suggest that these differences were influenced by the structural dynamics of SDF, which had been 559 

sliding between the 2002-03 and 2007 eruptions [Tommasi et al., 2005; 2008; Bonforte et al., 2008]. 560 

Opening of Vents 1, 2, and 3 occurred at the intersection between the SDF slope and the upper, eastern and 561 
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western margins of the sliding block, respectively. In addition, the lower elevation of the 2007 main effusive 562 

vent likely caused faster drainage and depressurisation of the shallow system, and facilitated uprise of the 563 

batch of magma that caused the March 2007 paroxysmal event.  564 

 565 
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 768 

 769 

Figure Captions 770 

 771 

Figure 1 - (a): Location of the Aeolian Volcanic Arc (AVA) and Stromboli. (b): Island of Stromboli with the 772 

outline of the Sciara del Fuoco (SDF) marked by the blue line. The area enlarged in (c) is also located. (c): 773 

The 2007 lava flow field (in red) with the feeding vents (in yellow) and location of the INGV-CT web-cameras: 774 

SPI (Stromboli Infrared thermal camera at Il Pizzo), SQT400 (Stromboli infrared Thermal camera at 400 m 775 

elevation), SQV400 (Stromboli Visible camera at 400 m elevation), and SCT190 (Stromboli infrared Thermal 776 

camera at 190 m elevation). CR1 and CR3 mark the South-West and North-East craters. (d): The position of 777 

the active vents within the crater terrace as could be seen from the SPI camera located at Il Pizzo, where S, 778 

C and N mark the SW, Central and NE craters, within which bS2, bS1, bC, bN2, and bN1 locate the active 779 

vents within each crater as of February 2007. Images (a) to (c) are courtesy of M. Neri [modified after Neri 780 

and Lanzafame, 2009]. 781 

 782 

Figure 2 – Graph showing the daily average frequency of explosions per hour at the crater terrace between 783 

24 October 2003 and 27 February 2007, reconstructed using images recorded camera SPI (see figure 1c for 784 

camera location).  785 

 786 

Figure 3 – Images taken from camera SPI (a-c), SQT400 (d-f) and SQV400 (g-i) (see Fig. 1c for camera 787 

locations) showing the crater terrace and flow field during the opening phase of the 2007 effusive eruption. 788 

The chronological sequence of the images given in (d-i) tracks emplacement of lava flows fed by the fissure 789 

opening on the NE flank of the crater terrace. (a) Location and names of active vents as of 26 February 2007 790 

(one day before the start of the 2007 effusive eruption). Red-dashed circle locates vent bN1 which collapsed 791 

the next day. (b) Image acquired during fissure propagation on 27 February 2007. Red-dashed circle 792 

indicates location of upslope-propagating fissure, opening between bN2 and bN1. Movement on this fissure 793 

caused, one minute later, a small failure of the SE rim of vent bN2. (c) Image showing lava flow extending 794 

across the saddle between vents bN1 and bN2. (d) Image obtained during the opening of Vent 1 on the NE 795 

flank of the crater terrace. The yellow-dotted line outlines the craters and the white-dotted line traces the 796 

profile of Pianoro (~650 m a.s.l.). (e) Image showing spreading of the first lava flow (FL1) across the 2002-03 797 

lava shield (white-dotted line). (f) Image obtained after flow FL1 had begun to extend down the upper Sciara 798 

del Fuoco itself. White arrow indicates the position of the active lava flow front. (g) Image of FL1 spreading 799 

across the middle of the Sciara del Fuoco. The location of the active flow front is marked by the red arrow 800 

(black arrow shows previous position in (f) - distance between the two arrows is approximately 150 m). (h-i) 801 

Images acquired as the flow front extended onto the lower Sciara del Fuoco, where it excavated the ground 802 
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[Calvari et al., 2005a, 2005b] producing an increasingly thick ash cloud which obscured visibility, to finally 803 

enter the sea. The red square in (g) shows the area imaged in (d-f).  804 

 805 

Figure 4 – View from West side of the Sciara del Fuoco at 16:30 on 27 February 2007 showing the first lava 806 

flows reaching the sea. Note the eruptive fissure on the NE flank of the crater terrace releasing white steam 807 

and gas, and the white columns of steam rising from the lava flow fronts where they meet the sea. Brown 808 

dust rising around and above Flow 1 (FL1) result from ground excavation and landslides triggered by lava 809 

flow advance. Photo taken from the helicopter of Protezione Civile Regione Siciliana by S. Calvari. 810 

 811 

Figure 5 – Sequence of frames recorded by camera SQV400 (see Fig. 1c for location). (a-b) Images of lava 812 

flow activity. (c-f) Images charting the initial stages of the opening of Vent 2 (see Fig. 1c for location) in the 813 

afternoon of 27 February 2007. Images given in (c-f) also record the emission of the FL4 lava flow, debris 814 

flow and associated dust clouds. (g) Graph showing the maximum apparent temperature recorded by 815 

camera SQT400 revealing variation due to the pulsing movement of the FL3 front, followed by an increase 816 

due to the opening of Vent 2. Maximum temperature is sampled every 10 seconds. 817 

 818 

Figure 6 – (a): Photo of the Sciara del Fuoco taken from the NNE during a boat-based survey performed on 819 

5 March 2007 showing Vent 2 and the it’s lava flow field (outlined using a dotted red line). The flow has 820 

reached the sea to generate thick steam clouds. The yellow box shows the area imaged in (b). (b): Photo of 821 

the Sciara del Fuoco taken from the NE during a helicopter survey on 4 March 2007 showing Vent 2 on the 822 

eastern Sciara del Fuoco, and the depression above the vent region caused by dike drainage. The line of 823 

fume apparent in the upper right of the image marks the eruptive fissure on the NE flank of the crater terrace. 824 

The white steaming area below this marks the location of lava flows of erupted during opening phase. 825 

Photo’s courtesy of Dipartimento di Protezione Civile. 826 

 827 

Figure 7 – Sequence of images of the crater terrace recorded by camera SPI between 4 and 7 March 2007 828 

showing widening of the crater rim by repeated collapses. The coloured-dotted lines indicate changes in the 829 

position of the crater rim. Increasing darkness and decreasing quality of the images are the result of ash 830 

emission during collapses. 831 

 832 

Figure 8 – (a): Photo of the Sciara del Fuoco taken from the NW showing the position of Vents 1, 2 and 3, 833 

as well as the flow fields that they fed (Vent 1 flow field: black dotted outline; Vent 2 flow field: red dotted 834 

outline; Vent 3 flow field: yellow dotted outline). Note the deep elongated depressions above Vents 2 and 3 835 

due to dike drainage. (b): Graph of maximum apparent temperature recorded by camera SQT400 during 9 836 

March (sampling rate is 10 seconds). The increase in temperature at 13:31:49 relates to the opening of Vent 837 

3 at 550 m a.s.l. 838 

 839 

Figure 9 – Sequence of images recorded by camera SPI during the 15 March 2007 paroxysm.  (a) Image 840 

recording pre-explosion collapses from the inner crater walls. (b) Image recording the initial phase of the 841 

paroxysm at the NE crater at 20:38:18. (c) Image acquired at 20:38:20 showing explosion source 842 

propagation to the Central crater.  (d) Image acquired at 20:38:22 showing propagation to the SW crater. (e, 843 
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h): The same sequence of events recorded from camera SQT400. From this camera we see the craters from 844 

below and from the NE. The first image in the series (e) shows that just a small thermal anomaly was visible 845 

from below at the onset of the paroxysm. The second image (f) shows that, when the paroxysm began, two 846 

diverging eruptive clouds formed and extended out of the top of the camera field of view. The image in (h) 847 

shows three fire fountains from each of the three crater zones and pyroclastic flows spreading up to 848 

Bastimento (located using black arrow). (i): Graph of the maximum apparent temperature recorded on 15 849 

March 2007 by camera SQT400 showing the sudden start of the 15 March paroxysm and several peaks 850 

caused by fire fountain activity and pyroclastic flows. The thermal signal caused by pyroclastic flows 851 

spreading on the Pianoro is highlighted by the arrow.  852 

 853 

Figure 10 – (a): Graph plotting effusion rates obtained from thermal camera, AVHRR, and MODIS data, 854 

showing high initial values followed by a roughly steady trend punctuated by small pulses. (b): Graph of the 855 

maximum and minimum cumulative volumes calculated from data in (a). 856 

 857 

Figure 11 – Cross-section sketches of Stromboli (viewed from North) summarizing our interpretation of the 858 

chronology of the 2007 effusive eruption. (a): Enhanced magma and gas flux (red) ascends the conduit 859 

(brown) during the weeks preceding the onset of the effusive eruption (N, C and S mark the NE, Central and 860 

SW craters). (b): The eruptive fissure opens within the NE crater due to increased magmastatic pressure. (c): 861 

The eruptive fissure intersects the NE flank of the crater terrace (black line) and Vent 1 (red dot) opens at 862 

650 m a.s.l. to produce a lava flow (purple) that extends to the sea. (d): Magma level within the conduit drops 863 

so that Vent 1 and its lava flow becomes inactive (dark grey). The feeder dike propagates down slope along 864 

the detachment surface beneath the sliding portion of the SDF (yellow dotted line). Vent 2 opens at 400 865 

m.s.l. to feed lava flow (purple) to the sea. (e): Effusion rate at Vent 2 declines until the vent closes. Magma 866 

level within the feeder dike backs up (along the line of the detachment surface - yellow dotted line), and Vent 867 

3 re-opens at 550 m to feed lava flow to the sea. (f): Magma level within the conduit drops causing Vent 3 to 868 

close (grey). Magma fills the feeder dike so that Vent 2 becomes active and lava spreads from this vent to 869 

the sea. 870 

 871 

Figure 12 – (a): Photo taken in August 2003 showing the crater terrace (source of white steam in top right) 872 

and the eruptive fissure (red dotted line) that opened on the NE flank of the crater terrace during the 2002-03 873 

effusive eruption. (b): Photo taken in June 2007 from NE showing the two eruptive fissures (red dotted lines) 874 

that opened during the 2007 effusive eruption. The positions of Vents 1, 2 and 3 are also marked (yellow 875 

dots). The uppermost fissure in (b) is interpreted as the reactivation of the 2002-03 fissure, whereas the 876 

lower vents form on the upper boundary of a block that had been sliding since the start of the 2002-03 877 

effusive eruption. The green dotted line marks the boundary of the sliding block, and the green arrow shows 878 

its direction of movement. The 2007 effusive Vents (1, 2 and 3, yellow dots) are located along the 879 

intersection of the sliding block with topography.  880 

 881 
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Table 1 – Effusion rate data from AVHRR and MODIS satellite data and from FLIR helicopter surveys  885 

 886 

Table 2 – Cumulative volumes calculated from AVHRR, MODIS and FLIR data. 887 



























 

Date Time AVHRR min AVHRR max AVHRR mean MODIS min MODIS max MODIS mean  FLIR min  FLIR max    FLIR mean  
dd/mm hh/mm m3 s-1 m3 s-1 m3 s-1 m3 s-1   m3 s-1 m3 s-1 m3 s-1 m3 s-1 m3 s-1

27/02 16.30       5.52 17.07 11.30 ± 5.78 
27/02 20.06 7.8 19.3 13.55±5.75       
27/02 21.00    3.65 17.28 10.46±6.8    
28/02 1.15    3.68 17.43 10.55±6.8    
28/02 8.30       3.69 8.66 6.18 ± 2.49 
02/03 8.00       1.46 5.15 3.31±1.85 
04/03 10.15    0.75 3.56 2.1±1.04 1.49 4.61 3.05±1.56 
04/03 21.31 1.1 2.8 1.65±0.85       
05/03 1.01 1.3 3.2 2.25±0.95       
05/03 8.00       0.60 2.06 1.33±0.73 
06/03 0.40    0.4 1.91 1.15±0.75    
06/03 9.41 1.7 4 2.85±1.15       
06/03 10.00       0.50 2.00 1.25±0.75 
06/03 12.26 1.1 2.7 1.9±0.8       
07/03 11.30       0.45 1.73 1.09±0.64 
08/03 8.00       0.70 2.40 1.55±0.85 
09/03 8.30       0.33 1.48 0.91±0.58 
10/03 8.30       0.32 1.65 0.99±0.67 
11/03 0.55    1.12 5.31 3.21±2.1    
11/03 8.30       0.73 2.50 1.6±0.89 
11/03 20.29 0.6 1.6 1.1±0.5       
11/03 21.25    0.5 1.95 1.2±0.7    
12/03 1.25    0.2 0.94     
12/03 9.00       0.16 0.85 0.51±0.35 
12/03 20.20    0.11 0.52 0.31±0.2    
13/03 0.30    0.16 0.77 0.46±0.3    
13/03 9.00       0.17 0.86 0.52±0.35 
13/03 12.55 1.4 3.3 2.35±0.95       
13/03 21.00    0.98 4.66 2.82±1.8    
14/03 1.15    0.89 4.24 2.5±1.6    
14/03 9.00       0.47 1.61 1.04±0.57 
14/03 21.00 0.5 1.1 0.8±0.3       
15/03 12.00       0.19 0.95 0.57±0.38 
15/03 20.27 0.4 0.9 0.65±0.25       
16/03 7.30       0.30 1.50 0.90±0.60 
16/03 10.25 0.8 1.9 1.35±0.55       
16/03 12.24 2.1 5 3.55±1.45       
16/03 20.14 0.9 2.1 1.5±0.6       
17/03 0.37 0.4 1 0.7±0.3       
17/03 10.30       0.22 1.11 0.67±0.45 
25/03 7.30       0.28 1.10 0.69±0.41 
26/03 7.00       0.28 1.16 0.72 ± 0.44 
26/03 9.54 0.6 1.4 1±0.4       
26/03 10.45       0.32 1.34 0.83 ± 0.51 
26/03 12.21 0.7 1.6 1.15±0.25       
26/03 14.00       0.34 1.38 0.86 ± 0.52 
26/03 21.23 0.4 1 0.7±0.3       
27/03 21.00 0.7 1.7 1.2±0.5       
27/03 21.25    0.95 4.48 2.75±1.76    
28/03 0.30    0.18 0.84 0.51±0.33    
28/03 0.45    0.44 2.07 1.25±0.8    
28/03 12.01 0.7 1.6 1.15±0.45       
28/03 20.37 0.5 1.4        
29/03 0.45    0.63 2.99 1.81±1.18    
30/03 14.00          
31/03 21.00    0.63 2.99 1.81±1.20    
31/03 21.08 0.5 1.3 0.9±0.4       
01/04 1.15    0.5 2.36 1.43±0.93    
01/04 1.24 0.4 0.9 0.65±0.25       
01/04 12.50 0.6 1.3 0.95±0.35       
01/04 20.45 0.9 2.2 1.55±0.65       



Date time AVHRR max AVHRR min MODIS max MODIS min FLIR max FLIR min 
dd/mm hh:mm cum. vol.  

 106 m3 
cum. vol.  
 106 m3 

cum. vol.  
106 m3 

cum. vol.  
106 m3 

cum. vol.  
106 m3 

cum. vol.  
106 m3 

27/02 16:30     1.01 0.33 
27/02 20:06 1.40 0.56     
27/02 21:00   1.31 0.27   
28/02 1:15   1.57 0.33   
28/02 8:30     1.75 0.59 
2/03 8:00     2.94 1.03 
4/03 10:15   5.54 1.17 3.82 1.30 
4/03 21:31 6.23 2.51     
5/03 1:01 6.26 2.52     
5/03 8:00     4.08 1.38 
6/03 0:40   5.92 1.25   
6/03 9:41 6.69 2.70     
6/03 10:00     4.27 1.43 
6/03 12:26 6.72 2.71     
7/03 11:30     4.44 1.48 
7/03 16:30     4.47 1.49 
8/03 8:00     4.59 1.52 
9/03 8:30     4.76 1.56 

10/03 8:30     4.89 1.59 
11/03 0:55   7.48 1.58   
11/03 8:30     5.03 1.62 
11/03 17:30     5.09 1.63 
11/03 20:29 7.71 3.11     
11/03 21:25   7.75 1.64   
12/03 1:25   7.77 1.64   
12/03 9:00     5.19 1.66 
12/03 20:20   7.82 1.65   
13/03 0:30   7.83 1.66   
13/03 9:00     5.26 1.67 
13/03 12:55 8.06 3.26     
13/03 21:00   8.03 1.70   
14/03 1:09 8.28 3.35     
14/03 1:15   8.10 1.71   
14/03 9:00     5.37 1.70 
14/03 21:00 8.32 3.36     
15/03 00:58 8.32 3.36     
15/03 12:00     5.49 1.73 
15/03 20:27 8.38 3.38     
16/03 7:30     5.58 1.75 
16/03 10:25 8.45 3.41     
16/03 12:24 8.47 3.42     
16/03 20:14 8.57 3.47     
17/03 0:37 8.60 3.48     
17/03 10:30     5.71 1.78 
25/03 7:30     6.46 1.95 
26/03 7:00     6.55 1.97 
26/03 9:54 9.57 3.88     
26/03 10:45     6.57 1.97 
26/03 12:21 9.58 3.89     
26/03 14:00     6.59 1.98 
26/03 21:23 9.62 3.91     
27/03 21:00 9.74 3.95     
27/03 21:25   13.3 2.81   
28/03 0:30   13.3 2.82   
28/03 0:45   13.3 2.82   
28/03 12:01 9.83 3.99     
28/03 20:37 9.87 4.01     
29/03 0:45   13.6 2.87   
30/03 14:00       
31/03 21:00   14.3 3.02   
31/03 21:08 10.2 4.14     
1/04 1:15   14.3 3.03   
1/04 1:24 10.2 4.15     
1/04 12:50 10.3 4.17     
1/04 20:45 10.3 4.19     
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