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LIDAR CAMPAIGN AT STROMBOLI VOLCANO: METHODOLOGY AND RESULTS

S. Parracino, S. Santoro, G. Maio, M. Nuvoli, A. Aiuppa, L. Fiorani

Riassunto

Grazie al nuovo sistema di telerilevamento ambientale BILLI – Bridge Volcanic LIDAR, messo a
punto dal gruppo di ricerca  FSN-TECFIS-DIM dell’ENEA (CR Frascati), è stato possibile condurre
una campagna sperimentale presso l’isola di Stromboli (ME) – 24-29/06/2015, allo scopo di rilevare
la CO2 presente in eccesso all’interno del plume vulcanico, per fornire un’allerta precoce in caso di
eruzione. 
Tale ricerca rientra nel progetto BRIDGE - Bridging the gap between gas emissions and geophysical
observations at active volcanoes (progetto patrocinato dall’European Research Council).

Parole chiave: Rischio vulcanico, Rivelazione di gas, Telerilevamento laser, Lidar ad assorbimento
differenziale

Abstract

Thanks to the innovative, laser-based, remote sensing system, named BILLI – Bridge Volcanic LIDAR,
developed at ENEA (RC of Frascati) by FSN-TECFIS-DIM research group, it has been possible to
carry out an experimental campaign at the volcanic island of Stromboli (ME), between the 24 and
the 29 of June, 2015. The main goal was to detect the exceedance of in-plume CO2 concentration
for early warning of eruptions.
The research is funded by the ERC project BRIDGE – Bridging the gap between gas emissions and
geophysical observations at active volcanoes.

Keywords: Volcanic hazard, Gas detection, Laser remote sensing, Differential absorption lidar
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1. Introduction 
 

The prediction of future volcanic eruptions and prompt alert of neighbouring populations could 
soon be a reality thanks to an entirely made-in-Italy technology recently developed by ENEA 
researchers of FSN-TECFIS-DIM research group. 
In fact, during the experimental campaign of Stromboli volcano (Eolian Islands, Italy), carried out 
between the 24 and the 29 of June, 2015, the new laser radar named BILLI – BrIdge voLcanic 
LIdar, developed by ENEA, has been used to detect and analyze volcanic plumes. 
This system, based on a very sophisticated technology, has worked twenty-four hours a day, 
producing 3D pictures of volcanic plumes evolution at over 3 Km (from the position of BILLI) and 
achieving fast and remote measurements of carbon dioxide contained in volcanic fumes. According 
to recent studies in volcanology, the exceedance of this chemical compound is a significant 
indicator/clue for early warning of eruptions [1,2,3]. 
For the first time, this complex system has allowed real-time distance measurements of the 
exceedance of in-plume CO2 concentration, an operation otherwise rare, slow, dangerous and 
complex, also for the difficulties posed by distance. Thanks to its mirror system the laser beam can 
be oriented in any direction, aiming with the maximum accuracy at the volcanic smoke plume area 
to be investigated. 
The first field tests were successfully performed from 13 to 17 October 2014 at Pozzuoli Solfatara 
in Contrada Pisciarelli (Campi Flegrei crater area, Naples, Italy) [1,2,3] with the support of 
researchers from the ENEA Portici Laboratory of Environmental Chemistry. Lidar retrievals were 
in good agreement with conventional techniques, yet based on completely independent and 
significantly different approaches. In that specific case, measurements were performed over short 
distances from the position of the system; instead, during the field campaign of Stromboli, 
measurements were performed over long distances without any risks for authorized personnel. 
ENEA has developed this particular laser radar or lidar system, under the European Research 
Council’s BRIDGE (Bridging the gap between gas emissions and geophysical observations at active 
Volcanoes) project, coordinated by Prof. Alessandro Aiuppa (University of Palermo), to provide 
more accurate eruption prediction models so that populations might be promptly alerted in case of 
danger. 
It is well known that measuring carbon dioxide in volcanic smoke plumes is a scientific and 
technological challenge extremely important. As already mentioned, actually eruptions are proved 
to be preceded by a higher release of gas in the smoke plumes from the crater, such as carbon 
dioxide, the most reliable precursor gas of volcanic eruptions. 
Measurements like these ones have never been realized until now and the laser radar has allowed to 
carry out scans with speed and continuity more higher than conventional in-situ instruments. 
For these reasons, it would also be desirable and useful, in the near future, the installation of fixed 
lidar stations for volcanoes real-time monitoring. 
BILLI laser radar technology can also find application in hostile environments, such as areas where 
a fire did break out or in industrial or urban areas subject to emissions from combustion processes. 
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During the experimental campaign of Stromboli, BILLI has worked with two wavelengths and their 
relative absorption coefficients. See Table 2 [5].  
 

Mode Wavelength [nm] Wavenumber [cm-1] CO2 Abs. Coeff. [m-1] 

ON 2009.5369   4976.271 1.934 
OFF 2008.4838  4978.880 0.3016 

N.B. 

 2008.4838	 	→  

 2009.5369	 	→
Table 2) Wavelengths, Wavenumbers and CO2 Absorption Coefficients calculated at STP (T=296K, P=1atm) [5]. 
  
In fact, the main goal was to evaluate the exceedance of in-plume CO2 concentration; for this reason 
the system has worked in DIAL mode of operation. 
On this regard, it is noted that [1,2,3]: 

 the system is able to explore the atmosphere in both vertical and horizontal directions;  
 each lidar profile is obtained averaging 100 shots ON and OFF (interleaved between them 

with ~0.1	 ); 
 the temporal resolution between laser shots – Δt is equal to 10 ns, with a range (spatial) 

resolution – ΔR of 1.5 m; 
 a concentration profile is obtained (20 s) by a couple of lidar signals (ON and OFF) using 

the newly designed mathematical technique named BRIDGE DIAL; 
 starting from lidar signals of the same scan it is possible to retrieve the dispersion map of in-

plume CO2 concentration [ppm] in the investigated area; 
 knowing the (estimated) plume speed it is possible to obtain the CO2 flux [Kg/s]. 

 
The system could also be used for the measurement of wind speed [6], thanks to the ability of 
steering the optics in different directions. The number of photons backscattered by the atmosphere 
at a given distance from the instrument is proportional to the backscattering coefficient. This factor 
is a function of the density of aerosols responsible for the light scattering. Any change in its spatio-
temporal distribution during a data acquisition will lead therefore to variations in the lidar returns 
from one laser shot to another. In particular, a wind flow along the beam axis will be detected from 
the transport of the spatial inhomogeneities of the backscattering coefficient along the optical path. 
 
Moreover, the laser source chosen for BILLI has some remarkable features [1,2,3]: 
1. 10 pm stability corresponding to about 0.2 cm-1 stability; 
2. enhanced beam profile amplifier (EBPA); 
3. dynamic mode option (DMO); 
4. piezo wavelength control (PWC); 
 
EBPA: the circular cross section of the amplifier cells inside the dye laser supports an improved 
quality of the beam profile: near-Gaussian intensity distribution in the far field is obtained, thus 
implying circular profile, small size and low divergence. 
 
DMO: the longitudinal mode spacing of the dye laser resonator is 0.018 cm-1. Its linewidth is 1.2 
pm which corresponds to about 0.025 cm-1. This means that two longitudinal modes will be emitted. 
Unfortunately, the mode structure is not predictable nor constant over minutes: this means that 
during a lidar experiment energy could distributed in unknown and unequal parts in the two modes, 
causing a serious problem due to the narrow bandwidth of the CO2 absorption lines. In order to 
overcome this difficulty, dynamic mode option (patent pending) has been developed: a piezo 
changes the resonator length of the dye laser between every shot, thus modifying the longitudinal 
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mode structure for successive laser pulses. Hence the spectral shape for successive laser pulses is 
statistically distributed (in our case 50% of the energy is emitted in each mode) and artifacts due to 
the longitudinal mode structure are suppressed. 
 
PWC: piezo wavelength control allows the laser system to fire at ON and after 1/10 of second at 
OFF. This is achieved as follows: 

 the rotatable Littrow grating of the dye laser is mounted on a tilt piezo changing the 
wavelength between successive Nd:YAG laser shots so that one shot is fired at ON and the 
other one at OFF (Figure 3 - A); 

 although the piezo is fast enough for a 10 Hz repetition rate, the nonlinear crystals inside the 
DFM and OPA cannot be moved so fast; therefore two more nonlinear crystals have been 
mounted, the first one after the standard DFM crystal and the second one after the standard 
OPA crystal; these two new crystals have been mounted with a slightly different angle in 
order to produce OFF: this is achieved by a special mechanics allowing the adjustment of 
the new crystal to the slightly different angle with a micrometric screw (Figure 3 - B). 

 
The visible and UV emissions of the system could be used for the spectroscopic measurement of 
other species (e.g. SO2, another key molecule of volcanic plumes). 
Furthermore, it has been noticed that the measurement error was dominated by instability in 
wavelength setting. This is why it was implemented a photo-acoustic cell filled with pure CO2 at 
atmospheric pressure and temperature, close to the laser exit, as shown in Figure 3 - C. Using new 
software developed for this application, it is possible to change the transmitted wavelength (by 
moving the stepper motor inside the resonator cavity of the dye laser) and to record the photo-
acoustic signal (averaging 10 laser shots, corresponding to 1 s). Once corrected the wavelength 
displayed by the laser controller for a small shift (0.12 cm-1), the agreement between experiment 
and theory [7] is excellent, i.e. within the laser linewidth (0.04 cm-1) (Figure 3 - D). In practice, the 
wavelength can be controlled by recording the photo-acoustic signal before each atmospheric 
measurement and the experimenter can set the ON and OFF wavelengths with accuracy better than 
the laser linewidth. 
 
Summarizing, the system has some special features reported in Figure 3 [1,2,3]: 

 enhanced beam profile amplifier (beam size/divergence); 
 dynamic mode option (spectral stability); 
 piezo wavelength control (ON-OFF transition); 
 double crystals (ON-OFF generation/amplification); 
 photo-acoustic cell filled with CO2 
 mechanical control of telescope mirrors (by means of LABVIEW routines) in both 

horizontal and vertical plane.  
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2.2 The BRIDGE DIAL technique 
 
The lidar system principle of operation is simple: the backscatterers (molecules and aerosols) at the 
distance R from the system send back part of the laser pulse toward the active surface of the 
telescope. Consequently, the analysis of the detected signal as a function of t, time interval between 
emission and detection, allows one to study the chemico-physical properties of the atmosphere 
along the beam, since the simple relation between t and R is given by R=c∙t/2, where c is the speed 
of light. 
In its round trip, the laser pulse is attenuated by the atmosphere. This phenomenon is quantified by 
the extinction coefficient of the probed air that is linked to the absorption of its gases. Usually their 
absorption bands are narrow and this property can be used to measure their concentration by DIAL: 
this system is based on the detection of backscattered photons from laser pulses transmitted to the 
atmosphere at two different wavelengths. At one wavelength (OFF), the light is almost only 
scattered by air molecules and aerosols, whereas at the other one (ON), it is also absorbed by the 
species under study. The difference between the two recorded signals is thus related to the gas 
concentration. In this way, it is possible to retrieve the concentration profile along the laser beam 
[5,6]. 
 
The Lambert-Boguert-Beer law relates the attenuation of light to the properties of the material 
through which the light is traveling. It stated that absorbance of a material sample is directly 
proportional to its thickness (path length). From this law it is possible to obtain the attenuation 
coefficient (α) of a material sample (e.g. the atmosphere):  
 

∙ ∙ ∙                                                              (1) 
with:  
:	 	 	 	 	 	 	 	 /  
:	 	 	 	 	 	 	 	 /  
:	 	 	 	 	 	  

	 	 	 	 	 	 	 	 	 	 	 	 	 
	 	 	 	 	 	 	 	 	 :	 ∙ 	 

	 	 :	 	 	 	 	 	 	 		 
 

Since the system works in DIAL mode (Differential Absorption Lidar), each profile is composed of 
two signals; they are acquired, respectively, at ON (CO2 maximum absoprtion) and OFF 
wavelength (CO2 minimum absorption). Furthermore, from the fieldwork experience at Stromboli, 
it is known that the laser beam was backscattered several times by the plume and by the rockface 
and the system has worked, for the first time, over long distances up to 3 Km. For these reasons, the 
lidar profile processing was splitted in two portions.  
With regard to the Figure 4, it is possible to see an example of lidar profile from the position of the 
system until 2 Km. There are two visible peaks (particularly at OFF wavelength), the first one 
corresponds to  and it is the signal due to the scattering, inside the laboratory, of some photons 
of the transmitted laser pulse (this peak gives the exact time of pulse transmission and is 
proportional to the transmitted energy, thus providing the signal normalization). Instead, the second 
peak corresponds to ; this is the lidar signal from the rockface of volcanic crater named 
“Pizzo”.  
Moreover, in Figure 5, there is a zoom of the lidar profile number 8 (from 1500 to 3500 m) that 
belongs to the first loop of a morning scan acquired the 26 of June, 2015. In this picture, it is 
possible to distinguish two peaks referred to lidar signal from the rockface and, in particular, to the 
edges of Stromboli volcanic crater. They are named, respectively: “Pizzo” ( ) and “Vancori” 
( ) by volcanologists.  
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4. Results and discussion 
 
In this section, the results of the experimental campaign of Stromboli are reported and thoroughly 
analyzed.   
Data processing and interpretation is the last step of work and consists of the application of a newly 
designed DIAL method (for more details, see chapter 2.2). This is due to the intensity of lidar 
profiles, detected during the field campaign, was lower than common signals previously studied. 
For this reason it was impossible to use the classical DIAL method. 
However, data processing can be divided into three phases: 

1) Data Classification: consists in the rearrangement of raw lidar data and identification of 
plume signals;  

2) Data Processing: elaborations of lidar data with the “BRIDGE DIAL Technique”; 
3) Graphic Presentation: productions of plots for data analysis and post processing steps. 

On this regard, see Figure 12 (A-B). 
As already stressed, the main goal of the work was the measurement of CO2 in volcanic plumes for 
early warning of eruptions. For this purpose, Matlab scripts are specifically developed for data 
processing and graphic presentation of both CO2 concentration profiles (real time application) and 
dispersion maps (in the post processing step).  
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Moreover, the attention was focused on the experimental area (Figure 10 – B) and, therefore, the 
portion of lidar signals included between 1500 to 3500 m from the position of the system.  
In particular, between Pizzo and Vancori rockfaces was higher the probability to find plume traces. 
In fact, these traces have never been detected before the position of Pizzo’s side (≈2 Km from the 
position of BILLI) and rarely after the position of Vancori’s peak (farther than 3 Km from the 
position of the system). For further details see Sections 4.3 and 4.5.  
Furthermore, in order to simplify the reading, results are classified using the order reported in Table 
7. The most important cases have been highlighted with different colors. For example, green boxes 
with exclamation mark indicate the presence of clear plume traces, instead yellow boxes with 
asterisk indicate the presence of background noise (with potentially weak plume traces). Finally, 
grey boxes with slash indicate that nothing relevant has been detected.  
As you can see in Table 7, each daytime measurement session is composed of several scans, each 
scan is composed of one or more loop and each loop is composed fixed number of lidar signals. 
Please note that only figures and maps that show clear plume traces have been reported in the 
following chapters.  
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rimental camppaign of Strommboli (24-29/006/2015). 
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4.2 25/06/2015 
  
During the measurement session of the 25 of June, 2015; a significant amount of in-plume CO2 

concentration traces have been detected in two scans. In particular, the attention is focused on:  
  “Scansione Orizzontale 2” – horizontal scan, data acquired from 05:43 p.m. to 10:38 p.m. 

– Figure 18. 
 “Scansione Orizzontale 3 notte” – horizontal scan, data acquired from 11:26 p.m. to 09:15 

a.m. – Figure 19. 
Whereas in “Scansione Orizzontale 1” and also in “Scansione Verticale 2”, background noise (with 
potentially weak plume traces) has been detected. 
For further details about the main characteristics of this session, reference is made to Table 7. 
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4.3 26/06/2015 
 
During the measurement session of the 26 of June, 2015; a significant amount of in-plume CO2 

concentration traces have been detected in several scans. In particular, the attention is focused on:  
 “Scansione Orizzontale dopo la calibrazione della cella” – horizontal scan, data acquired 

from 10:21 a.m. to 10:52 a.m. – Figure 20. 
 “Scansione Verticale 1 Vancori” – vertical scan, data acquired from 10:57 a.m. to 11:20 

a.m. – Figure 21. 
 “Scansione Verticale 2 Vancori 4loop” – vertical scan, data acquired from 11:26 a.m. to 

00:45 p.m. – Figure 22. 
 “Scansione Verticale 7 notte” – vertical scan, data acquired from 00:17 a.m. to 02:41 a.m. 

– Figure 24. 
Except for “Scansione Verticale 4”, in which the rockface of Pizzo next to Casuzza has been 
detected (this fact is true only for even lidar signals), other scans showed only the background 
noise. On this regard, see Figure 23.  
For further details about the main characteristics of this session, reference is made to Table 7. 
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5. Conclusions 
 
In this work, the results of the experimental campaign carried out between the 24 and the 29 of 
June, 2015, at Stromboli Volcano island have been reported. The main goal was to detect and 
analyze volcanic plumes, in order to measure the exceedance of in-plume CO2 (the most reliable gas 
precursor to an eruption) concentration, for early warning of volcanic eruptions. For this purpose, 
BILLI, a differential absorption lidar for three-dimensional profiling of carbon dioxide in volcanic 
plumes, has been developed at the Frascati Research Center of ENEA under the ERC BRIDGE 
project. 
A brief description of BILLI system and the newly designed BRIDGE DIAL technique has been 
done, respectively, in chapter 1 and 2. Moreover, an overview about the experimental set-up of the 
system and the meteorological conditions during the measurement sessions has been done in 
chapter 3. Finally, a fully comprehensive analysis of the field operations and, in particular, of CO2 
profiles and dispersion maps, achieved by Matlab routines, has been discussed in chapter 4. 
The great novelty/advantage of the measurements reported here is that BILLI allowed 
measurements to be taken continuously, remotely (more than 3 Km) and, therefore, from a safer 
location free from risks to which operators are exposed during direct sampling, with much higher 
temporal (10 s) and spatial (1.5 m) resolution (the plume was scanned in few minutes rather than 
over several hours). These performances are adequate to follow the spatiotemporal dynamics of the 
volcanic plume and can provide, quickly and continuously, reliable data on a key precursor of 
volcanic eruptions.  
In conclusion, the BILLI DIAL system was used to retrieve three-dimensional tomographies of 
volcanic plumes at Stromboli Volcano. CO2 excess of a few tens of ppm has been clearly detected 
remotely and in a few minutes scan. Furthermore, a complete time-resolved plume evolution has 
been detected in several measurement sessions, this fact could also be useful for the measurement of 
wind speed.    
The lidar measurements were in good agreement with results obtained with conventional 
techniques, yet based on completely independent and significantly different approaches. This has 
proven the goodness and the reliability of the system developed at ENEA. 
To our knowledge, this is the first time that carbon dioxide is retrieved by lidar in a volcanic plume, 
representing the first direct real-time measurement of this kind ever performed on an active 
volcano, overall demonstrating the high potential of laser remote sensing in volcanological research. 
In the near future, laser remote sensing systems could be important components of sensor networks 
dedicated to warn in advance the civilian population to natural hazards implied by active volcanos. 
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