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Strombolian-type volcanic activity is characterized by a series of gas bubbles bursting at the top of a magma column and leading to the ejection of lava clots and gas emission at the surface. The quantitative analysis of physical parameters (e.g., velocity, size, and mass fluxes) controlling the emission dynamics of these volcanic products is very important for the understanding of eruption source mechanisms, but remains difficult to obtain in a systematic fashion. Ground-based Doppler radar is found to be very a effective tool for measuring ejecta velocities at a high acquisition rate, and close to the emission source. We present here a series of measurements carried out at Mt. Etna's Southeast crater, using an L-band volcanological Doppler radar, during the July 4 2001 Strombolian eruptions. Doppler radar data are supplemented by the analysis of video snapshots recorded simultaneously. We provide here a set of physical parameters systematically retrieved from 247 Strombolian explosions spanning 15 min and occurring during the paroxysm of the eruption from 21:30 to 21:45 UT. The timeaveraged values give a maximum particle velocity of p V max = 94.7  24 m/s, a bulk lava jet velocity of rad PW V  = 37.6  1.9 m/s, and an initial gas velocity at the source vent of g V 0 = 118.4

 36 m/s. The time-averaged particle diameter is found to be about rad PW D  = 4.2  2.1 cm. The volume and mass gas fluxes are estimated from time-averaged source gas velocities over the sequence duration at g v Q =3-1110 3 m 3 /s and g m Q =0.5-210 3 kg/s respectively.

Introduction

Volcanic surface processes are, potentially, important sources of information for understanding the deeper mechanisms behind an eruption's dynamics. Gas and pyroclast velocities are particularly important parameters as they are direct indications of the physical conditions during Strombolian explosions. Velocity measurements taken during fieldwork near an erupting volcanic vent have generally been restricted to passive remote sensing methods such as photography [START_REF] Chouet | Photoballistics of Volcanic Jet Activity at Stromboli, Italy[END_REF][START_REF] Blackburn | Mechanisms and dynamics of Strombolian activity[END_REF][START_REF] Ripepe | Image processing of explosive activity at Stromboli[END_REF], video [START_REF] Sparks | Explosive volcanic eruptions -V. Observations of plume dynamics during the 1979 Soufrière eruption, St Vincent[END_REF][START_REF] Ripepe | Time constraints for modeling source dynamics of volcanic explosions at Stromboli[END_REF] or acoustic techniques [START_REF] Vergniolle | Strombolian explosions: 2. Eruption dynamics determined from acoustic measurements[END_REF]. Ground-based active remote sensors like Doppler acoustic sounders [START_REF] Weill | Acoustic sounder measurements of the vertical velocity of volcanic jets at Stromboli volcano[END_REF] or, more recently, Doppler radars have been successfully operated at Stromboli [START_REF] Hort | Volcanic eruption velocities measured with a micro radar[END_REF] and Mt. Etna volcanoes [START_REF] Dubosclard | First testing of a Volcano Doppler Radar (Voldorad) at MtEtna[END_REF][START_REF] Dubosclard | Doppler radar sounding of volcanic eruption dynamics at Mount Etna[END_REF][START_REF] Donnadieu | Remotely Monitoring Volcanic Activity with Ground-Based Doppler Radar[END_REF][START_REF] Gouhier | Numerical modeling of Doppler radar signals of Strombolian eruptions[END_REF], 2008[START_REF] Gouhier | The geometry of Strombolian explosions: insight from Doppler radar measurements[END_REF]. The advantage of Doppler radars is that they enable the interior of the jet to be studied. Moreover, they provide direct velocity measurements with a good spatial resolution and high sampling rate, which should make possible the systematic retrieval of kinetic and loading parameters which characterize volcanic products. However, Doppler radar measurements can be complex to interpret as they only measure radial (along-beam) velocities and integrate the volumetric information. Therefore we have tested here a systematic retrieval method during typical Strombolian activity at Etna's SE crater in July 2001, which provides a relatively simple framework for the analysis of Doppler radar data. This study has allowed us to derive statistical parameters for a large number of Strombolian explosions: the maximum particle velocity ( p V max ), the source gas velocity ( g V 0 ), the power-weighted particle velocity and diameter ( rad PW V  , rad PW D  ), and the volume and mass gas fluxes

( g v Q , g m Q ).

Experimental conditions

Volcanological Doppler radar (VOLDORAD) is a pulsed ground-based Doppler radar (L-band, 1,274 MHz) developed by the Observatoire de Physique du Globe de Clermont-Ferrand (France), and is designed to monitor all types of explosive volcanic activity. It operates at a wavelength of 23.5 cm and permits the monitoring of volcanic eruptions over a large range of distances (0.3 -11 km), with a high data acquisition rate (>10 Hz). The Doppler radar measurements used here were made during eruptive episodes of the SE crater on 4 July 2001, over about 4.5 h of typical Strombolian activity. The consistent and well-known activity provides a relatively simple framework within which to interpret the Doppler radar measurements and consequently to test a systematic retrieval method to investigate the dynamics of Strombolian explosions in more detail. The activity began around 18:00 UT and involved, at first, small explosions repeated every ~10 s on average. The intensity then increased progressively, culminating in powerful Strombolian explosions every 2-3 s between 21:00 UT and 22:00 UT. The eruption intensity then decreased rapidly from 22:00 UT and ended around 23:00 UT. VOLDORAD was set up at an altitude of about 3,000 m, at a horizontal distance of 930 m to the SSW of the centre of the SE crater (Fig. 1). Volcanic particles crossing the antenna beam were detected in different sampling volumes, called range gates, 120 m deep, and 150 m wide in azimuth and elevation. Echo-power data acquired from successive range gates are displayed in real time as Doppler spectra representing the power spectral density as a function of the radial velocity (Fig. 1). From the processing of Doppler spectra in each range gate, raw time series can be computed for two sets of positive (indexed +) and negative (indexed ̶ ) parameters, corresponding mainly to ascending and descending ballistics, respectively. The maximum radial velocity (  max V ) is defined by the highest velocity of the spectrum for which the power becomes equal to the background noise level. The power-weighted particle velocity ( rad PW V  ) is the average velocity weighted by the power spectral density (Fig. 1). For more details on the spectral moments calculation, see [START_REF] Dubosclard | Doppler radar sounding of volcanic eruption dynamics at Mount Etna[END_REF]. 

Radar and video observations

Direct video observations represent a simple approach for obtaining first order estimates of pyroclast velocities. The comparison of video measurements with radar records (measured by VOLDORAD) should provide additional constraints on ejecta velocities. We have worked on 27 explosions that occurred at Etna's SE crater during the paroxysm of the 4 July 2001 eruption between 21:30 and 21:45 UT. The majority of these explosions were characterized by vertically oriented jets with pyroclasts propelled within a relatively narrow ejection cone. Ejecta velocities inferred from video measurements were calculated from the cumulative displacement of incandescent bombs tracked on the video footage, at a sampling rate of 25 Hz. We then selected the maximum value from each explosion in order to compare with the maximum radial velocities (  max V ) given by the Doppler radar (Fig. 2a). In this calculation, we assume that vertical blocks selected travelled parallel to the image plane, which may induce an error that underestimates the real block velocities. Also, the mean size of particles selected on video snapshots is probably larger than that of particles recorded by VOLDORAD from which  max V is calculated. Errors on the pixel scale and on the method used to carry out these measurements are also taken into account, leading overall to an uncertainty of 20% on video-derived velocities. The uncertainty of radial velocities recorded by the radar is smaller (12%), and mostly due to the aliasing of the Doppler frequency. The results obtained show that  max V is generally much lower than video-derived maximum velocities, with average values of 89.9  10.5 m/s and 150.2  29.8 m/s respectively. The reason is that velocities recorded by the radar are measured along the antenna beam axis, and  max V hence corresponds to the maximum radial component of particle velocities. Two end-member cases exist: (1) particles are ejected parallel to the beam axis, so the radial velocity component equals the actual particle velocity; (2) particles are ejected perpendicular to the beam axis, when the radial velocity component equals zero. All intermediate cases can occur between these end-members, with the radial component of velocity always lower than the actual particle velocities. 

Retrieval of kinetic data

Maximum particle velocity: p V max

In order to obtain reliable estimates of maximum particle velocity ( p V max ) from VOLDORAD measurements, a geometrical correction must be applied to  max V , taking into account both the radar sounding and the ejecta dispersion geometry. As the sounding geometry is fairly well constrained, most uncertainty arises from the ejecta dispersion (i.e., particle velocities and trajectories). This is a difficult issue, as the maximum radial velocity (  max V ) recorded by VOLDORAD reflects both the velocity and the trajectory of the particles. Therefore the ratio, hereby named "geometric coefficient" ( geom C

), between the maximum particle velocity ( vid V )

derived from video measurements and  max V must be related to the particle's trajectory in three dimensions. We obtain geom C = 1.67  0.38 (Eqs. 1a and 1b), which represents an average ejection angle of  = 72° with an error of -14° and +7°, calculated from: 
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In an attempt to characterize the ejecta velocity distribution and its control on radar velocity measurements, a two-dimensional (2-D) kinetic analysis was carried out from video measurements of a typical lava jet (Fig. 2b). To minimize the bias of measuring only the component of velocity in the 2-D image plane, we selected the fastest of a large number of blocks in various directions of each image within ±70° from the upright axis and their velocity was determined from block tracking on scaled images. The uncertainty on video-derived velocities is about 20%, i.e., larger than the underestimation resulting from the inclination of the image plane (statistically 8% for a vertical jet), and thus conservative. Despite these possible biases, Fig. 2b shows that: (1) particle velocities vary significantly over a wide range of ejection angles; (2) particles ejected vertically have the highest velocities, up to 110 m/s in this example, with velocities decreasing sideways quite symmetrically away from the vertical axis, with the envelope of the (highest) velocity values approximating a Gaussian distribution; (3) importantly, the equivalent radial (along-beam) velocities calculated for each block (Eq. 1a), hence comparable to the radial velocities recorded by the radar, show a maximum (43 m/s) for particles ejected at about 70°. This latter value is in agreement with the mean ejection angle ( = 72°) deduced from the average video/radar velocity ratio of the 27 Strombolian explosions studied (Fig. 2a). A vertical velocity maximum is in line with gas velocities exiting a vertical conduit. The distribution of particle velocities might be influenced by the geometry and orientation of the conduit, and by the near-surface dynamics of the slug responsible for the acceleration and shape of the liquid magma overlying the gas slug. [START_REF] James | Modelling the rapid near-surface expansion of gas slugs in low viscosity magmas[END_REF] have shown in particular that the near-surface dynamics may increase slug-nose velocities, resulting in significant pre-burst magma-surface velocities and particle acceleration. The shape of the ejecta velocity distribution may also vary as a function of time during gas release; the emptying of elongated gas slugs, for instance, is expected to narrow the velocity distribution shape, as gas expands from progressively deeper in the conduit, resulting in vertically oriented lava jets sustained by the gas flux. Different particle velocity distributions have also been quantified from Doppler radar records of hemispherical lava bubble outbursts and lava jets, possibly reflecting differences in shape and pressurization of the gas slugs [START_REF] Gouhier | The geometry of Strombolian explosions: insight from Doppler radar measurements[END_REF]. Initial gas velocity: g V 0 We show in this section that the initial gas velocity at the source vent can be inferred from Doppler radar measurements using a coupled gas-particle kinetic model. Following [START_REF] Dubosclard | Doppler radar sounding of volcanic eruption dynamics at Mount Etna[END_REF], the position of particles dragged along by the gas phase can be calculated at each time-step on the basis of the equations of motion, assuming that the following two forces are acting on a moving particle: drag force (with a direction opposite to the velocity vector), and gravitational force. The velocity of the particles can then be calculated by numerical integration using a fourth order Runge-Kutta method. The initial velocity of a particle with a diameter, D, is as follows [START_REF] Chouet | Photoballistics of Volcanic Jet Activity at Stromboli, Italy[END_REF]:
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where g V 0 is the gas velocity at the vent and k=150 stands for

g m Cd g   3 / 4
, with g being the gravity, m and g the ejecta and gas density, and Cd the drag coefficient [START_REF] Chouet | Photoballistics of Volcanic Jet Activity at Stromboli, Italy[END_REF][START_REF] Ripepe | Image processing of explosive activity at Stromboli[END_REF]). The gas velocity decreases exponentially with distance from the source vent, z, as follows:
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The gas velocity decay rate is a major unknown, challenging to measure accurately in the field.

In Eq. 4, we use a decay value of =0.013, inferred from FLIR camera measurements carried out at Stromboli on 39 explosions by [START_REF] Patrick | Strombolian explosive styles and source conditions: insights from thermal (FLIR) video[END_REF]. Synthetic particle velocities were calculated at range gate G3 for a wide range of diameters (100 µm -20 cm) and initial gas velocities (100 -250 m/s) (Fig. 3a). Because of the decoupling between gas and particles due to inertia, the particles with the maximum velocity as they enter range gate G3 are found to be centimetre-sized lapilli (1-3 cm). From this, the average ratio R=1.250.13 can be defined between the initial gas velocity and the maximum particle velocity (Fig. 3b), allowing us to derive first order estimates of initial gas velocities ( g V 0 ) at the source vent with related uncertainties (
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Fig. 3 Particle velocity calculated at the bottom of range gate G3 (75m up the vent) using the ballistic model, for a wide range of particle sizes and various source gas velocities. It shows that maximum velocities are calculated for 1 to 3-cm diameter particles with a velocity ratio ranging from 1.1 to 1.4.

Power-Weighted particle velocity:

rad PW V  The power-weighted particle velocity is directly computed from measured Doppler spectra as the product of each class of radial velocity by its associated echo power, integrated over the positive range of measured velocities [START_REF] Dubosclard | Doppler radar sounding of volcanic eruption dynamics at Mount Etna[END_REF]). This raw parameter integrates the along-beam velocity components of ascending particles in the probed volume weighted by the power they backscatter as a function of their size. To characterize the kinetics of ascent for the lava jet as a whole, we use the power-weighted velocity of ascending particles only ( rad PW V  ). Then, lava jets being mainly vertically oriented, we performed a vertical correction using Eq. 1a, with =90° (vertical ejection) and -/2=23° (beam angle at the range gate centre).

Power-Weighted particle diameter:

rad PW D  Using the gas-particle kinetic model presented previously (Eqs. 3, 4;[START_REF] Dubosclard | Doppler radar sounding of volcanic eruption dynamics at Mount Etna[END_REF]) as a forward model, we derive the power-weighted diameter of ejected pyroclasts, i.e. the radar mean size of particles. At the input of the inversion procedure, we need: (1) the initial gas velocity at the vent ( g V 0 ), as determined previously (Eqs. 5a and 5b), which varies from one explosion to another, and controls the velocity of ejected pyroclasts; (2) the mean ejection angle of particles, which can be reasonably taken as being vertical (=90°) [START_REF] Chouet | Photoballistics of Volcanic Jet Activity at Stromboli, Italy[END_REF][START_REF] Gouhier | The geometry of Strombolian explosions: insight from Doppler radar measurements[END_REF]; (3) the distance from the source vent to the centre of range gate G3, which is found to be about z=150 m. The power-weighted diameter ( rad PW D  ) is found by iteration, and corresponds to when the synthetic power-weighted velocity matches the radarinferred power-weighted velocity. The error on rad PW D  (50%) is mainly controlled by the initial gas velocity ( g V 0 ), the gas decrease coefficient ().

Analysis of the Strombolian explosion series

The thorough study of discrete events is obviously fundamental to the understanding of shallow physical processes such as bubble bursting, magma drainage or gas release mechanisms. However, the analysis of volcanic processes integrated over longer periods of time is also essential in order to understand eruptive mechanisms occurring over larger time and space scales, and continuous radar measurements prove to be a powerful tool in this respect. In this section we systematically retrieve the previously described eruptive parameters ( p V max , g V 0 , rad PW V  , and rad PW D  ) from a sequence of 247 Strombolian explosions, occurring during the paroxysm of the 4 July 2001 eruption at Etna's SE crater, from 21:30 to 21:45 UT (Fig. 4). The maximum particle velocities ( p V max ) are calculated using Eqs. 2a and 2b, and average 94.7  24 m/s over the whole sequence, with maximum values of up to 200  50 m/s and minimum values of less than 50  12.5 m/s. The average initial gas velocity at the vent ( g V 0 ) is found to be about 118.4  36 m/s. The bulk jet velocity ( rad PW V  ), which integrates the power-weighted velocities of all ascending particles of various sizes in the sampling volume is about 37.6  1.9 m/s. Iterative runs carried out from the kinetic model for each event give a mean rad PW D  of 0.042  0.021 m.

Gas flux retrieval:

g v Q , g m Q
The flux and total volume of gas released during this sequence can also be deduced from the time series of source gas velocities. However, the gas velocities given in Fig. 4 correspond to the peak values at each explosion onset and cannot be used alone to calculate the average gas flux. Instead, we average the source gas velocities computed from all radar Doppler spectra (2,478 velocity data points acquired at 2.5 Hz) over the entire 15-minute sequence. The gas flux (Eqs. 6a and 6b) can be expressed as being the product of the vent sectional area (assumed circular with radius of 5  2.5 m; P. Allard pers. comm.) multiplied by the average source gas velocity (70.2  21 m/s).
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The mean gas flux during this sequence of paroxysmal Strombolian activity is found to be g v Q = 3-1110 3 m 3 /s. Considering that H2O commonly represents more than 90% of the gas released during Strombolian eruptions [START_REF] Allard | Spectroscopic evidence for a lava fountain driven by previously accumulated magmatic gas[END_REF], we assume that H20 is the only magmatic gas species. The water vapour density is a major unknown as it depends on the pressure and temperature of the gas when released. At 3300 m elevation with a temperature ranging from 25° to 400°C we obtain a density ( vap O H 2  ) of 0.2-0.4 kg/m 3 . Using Eqs. 7a and 7b, the gas mass flux is found to be g 
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Discussion and conclusions

The thorough analysis of Strombolian explosions measured by ground-based Doppler radar at Etna's SE Crater on 4 July 2001, has enabled us to develop a method to estimate in a systematic way a range of source parameters related to the kinetics and loading of volcanic clasts and gas. The opportunity to obtain reliable estimates with a high acquisition rate and in a systematic way is of obvious interest for improving our understanding of eruption dynamics. Our values fall within the upper range of values given in the literature for typical Strombolian activity. Apart from major eruptions, common values for ballistic ejecta velocities at Stromboli volcano were found to range between 10 and 40 m/s [START_REF] Chouet | Photoballistics of Volcanic Jet Activity at Stromboli, Italy[END_REF][START_REF] Ripepe | Image processing of explosive activity at Stromboli[END_REF][START_REF] Blackburn | Mechanisms and dynamics of Strombolian activity[END_REF]), and gas velocity was estimated at about 70 to 110 m/s [START_REF] Chouet | Photoballistics of Volcanic Jet Activity at Stromboli, Italy[END_REF][START_REF] Blackburn | Mechanisms and dynamics of Strombolian activity[END_REF][START_REF] Steinberg | Experimental velocity and density determination of volcanic gases during eruption[END_REF]. [START_REF] Weill | Acoustic sounder measurements of the vertical velocity of volcanic jets at Stromboli volcano[END_REF] found vertical jet velocities close to the conduit exit of between 20 and 80 m/s for more than 100 explosions at Stromboli using an acoustic Doppler sounder. More recently, [START_REF] Hort | Radar Doppler velocimetry of volcanic eruptions: theoretical considerations and quantitative documentation of changes in eruptive behavior at Stromboli volcano, Italy[END_REF] found initial ballistic ejecta velocities ranging from 44 to 70 m/s by means of Doppler radar measurements. Also [START_REF] Patrick | Strombolian explosive styles and source conditions: insights from thermal (FLIR) video[END_REF] gave a mean gas velocity, using a Forward Looking Infrared Radiometer (FLIR), of about 30 m/s at the crater rim with maximum velocities reaching 100 m/s. Values obtained at Etna are usually higher, with a mean ballistic ejecta velocity of about 50 m/s [START_REF] Mcgetchin | Cinder cone growth modeled after Northeast Crater, Mount Etna, Sicily[END_REF]) and a mean gas velocity of about 100 m/s [START_REF] Steinberg | Experimental velocity and density determination of volcanic gases during eruption[END_REF]. During the paroxysmal eruption of 5 April 2003 at Stromboli, ballistic ejecta reached 170 m/s, with a gas velocity of about 310 m/s (Rosi et al. 2006). Estimates of particle settling velocities inferred from Doppler radar measurements at Stromboli show that the mean particle sizes range from 0.004-0.008m [START_REF] Hort | Radar Doppler velocimetry of volcanic eruptions: theoretical considerations and quantitative documentation of changes in eruptive behavior at Stromboli volcano, Italy[END_REF], i.e. an order of size smaller than our estimates for Etna (average diameter, 0.042 m). In addition, we show that first-order gas flux estimates could be retrieved from VOLDORAD measurements. Our estimates are in good agreement with acoustic measurements carried out on the same eruption. [START_REF] Vergniolle | From Strombolian explosions to fire fountains at Etna Volcano (Italy): what do we learn from acoustic measurements?[END_REF] give mean gas volumes of 4.210 3 and 1110 3 m 3 per explosion from acoustic and lava fountain heights, respectively. We obtained independently a mean value of 15.710 3 m 3 per explosion. The small difference may be related to the fact that our measurements were carried out during the paroxysm only, whereas the mean value derived from acoustic data are calculated over the whole episode (i.e., with lower activity phases). Also, weakly pressurized bubble outburst may remain undetected by acoustic sensors, thus leading to an underestimation of the total volume of gas released while releasing hot gas responsible for the ascent of fine ash particles detected by the radar. The quantification of gas volumes and fluxes from radar velocity measurements and field observations compares favourably with other methods and turns out to be a valuable method to improve the characterization of eruption dynamics.

Fig. 1

 1 Fig. 1 Sketch of the radar sounding geometry used for the acquisition campaign on Etna's SE Crater, on 4 July 2001. The insert map shows the summit craters and the location of VOLDORAD. Doppler spectrum recorded by VOLDORAD in the range gate G3 (1,047m) at Etna's SE crater, at the onset of the Strombolian explosion at 21:42:00 UT on 4 July 2001, showing measured maximum (  max V ) and power-weighted particle velocity ( rad PW V  ).

Fig. 2 a

 2 Fig. 2 a Comparison between maximum video-derived velocities of ballistic pyroclasts and maximum radial velocities (  max V ) measured by Doppler radar during the paroxysm of the 4 July 2001 eruption at Etna's SEC. Uncertainties on video and radar measurements are estimated at 20% and 12% respectively. b Distribution of particle velocities derived from video measurements of 15 blocks as a function of their ejection angle  during a Strombolian lava jet at 21:42:00 on 4 July 2001. Asterisks, equivalent radial velocities (along-beam) as they would be recorded by the radar are indicated above each bar.
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