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Science Meeting – Scientific Report
Scientific report (one single document in WORD or PDF file) should be submitted online within two months of the event. It should not exceed seven A4 pages.
Proposal Title: Plume Imaging Workshop

Application Reference N°: 4799
1) Summary (up to one page)
Over the course of the 4 day MeMoVolc Plume Imaging workshop, 23 attending international scientists discussed in detail the state of the art of plume imaging and what the future holds for this research sector.  There were three main subjects addressed through presentations, plume imaging with UV cameras, plume imaging with IR cameras and modelling of plumes with a view to quantification of information contained in the plume images. A highly structured field intercomparison was conducted, and then on the final day initial results from the intercomparison were compared and discussed, following by an overall discussion of the directions forward from the workshop.

It was made clear at the beginning of the workshop that the main objective was to build community ties between plume imaging researchers, with a view to consolidating the rapid progress of recent years, and improving our competitiveness on a European and International level. We agree that, as a small community, in strict competition with other research disciplines for funding, it is very rare to have the opportunity to see a revolution in the manner in which we can perform research with the new capabilities of 2-D imaging systems. These new technologies, harnessed and nurtured correctly can produce a step change in our understanding of volcanic systems, strengthening our ability to test hypotheses and models of volcanic activity, and reveal totally new insights into the links between geophysics and geochemistry. 
Some of the key results of the workshop arose from the discussion periods held at the conclusion of each block. These allowed a free and open exchange of ideas, which highlighted, for example, that we as a community had perhaps focussed on UV instruments when IR instruments offer many complementary advantages. 
2) Description of the scientific content of and discussions at the event (up to four pages)
Scientific presentations began on Tuesday 25th June. After an introduction by Dr. Burton setting the motivations and objectives of the workshop, Prof. Platt opened the scientific presentations with the latest innovations in plume imaging arising from the Heidelberg group. This included an innovative potential approach using Fabry-Perot interference filters, LIDAR and imaging DOAS techniques which were further explored in the presentation fron Dr. Bobrowski. Prof. Platt also highlighted the issues associated with light dilution, the effect of scattering in the path after the plume on SO2 UV absorption features. This was a theme that was developed by several presentations during the workshop, and is clearly one of the most compelling and significant points that arose, as it bears also on the entire history of SO2 flux measurements made on volcanoes to date. 
Dr. Stebel continued the theme of UV imaging, with a focus on the work done by the NILU group in Norway. Here we saw results arising from ship plume stacks, as well as detailed and crucially useful information on the use of calibration cells to characterise the UV imaging systems.
Dr. Kern from USGS CVO developed on the theme of quantitative SO2 analysis when the volcanic plume is optically thick and/or distant from the UV camera. He presented a unique new approach for simulating atmospheric and aerosol scattering effects such that absorption spectra could be calculated from first principles, and then used in look up tables to invert measured spectra, thereby constraining the discrepancy between the apparent SO2 absorption amount and the actual SO2 absorption. This method has great potential for independent verification of other group’s approaches to resolving the light dilution issue. 

Mr. Smekens presented results collected from a calibrated SO2 emission source in Arizona, which is an ideal location for validation of the SO2 camera systems. In a similar manner to Dr. Kern, he presented a two camera system complemented with a USB2000 spectrometer which allowed high spectral resolution information to be used to calibrate the SO2 images.
Dr. Burton concluded the initial session on UV imaging with a presentation on the challenges of deploying SO2 cameras as monitoring tools, highlighting the very high bandwidth of the instruments. He also presented a potential solution to the light dilution problem using an innovative intensity spectrum fitting procedure, using the spectrum collected with a high resolution USB2000 spectrometer. 
Following lunch, the scientific programme continued, focussing on IR imaging approaches. Dr. Prata initiated the proceedings with a presentation on the multi-filter IR camera system developed in NILU. This was demonstrated to have a high fidelity for SO2, and offered the distinct advantages of potentially 24 hour coverage (as sunlight is not required, as opposed to the UV systems), and essentially a total insensitivity to scattering effects which plague the UV. 

Roland Harig continued the IR theme, presenting on the scanning FTIR systems produced by Bruker, which include both a mirror –based raster system and an innovative new imaging FTIR. These instruments potentially offer a real breakthrough in multi-species gas imaging, albeit at an elevated cost.

Peter Webley concluded presentations on IR imaging with a detailed examination of the use of relatively cheap IR thermal cameras to detect gas and aerosols emitted from volcanoes, and their use in thermal monitoring.

After a coffee break, Dr. Ongaro and Mr. Cerminara presented compelling results from plume advection models which highlighted how fluid mechanical processes could produce modulated gas flux emissions even when the output rate was constant. They also demonstrated some potentially effective solutions to the challenge of determining flux from sequences of plumes images, one of the major hurdles that must be overcomes in order to produce quantitative automatic SO2 flux results from imaging techniques.
This concluded the scientific presentations, and open discussions were opened, with the following key questions highlighted by the conveners: Is there a recommended ‘recipe’ for an SO2 Camera (cameras, filters, spectrometer, frame rate, cooling); how best to achieve high temporal resolution SO2 flux measurements, through high frame rate or many slices of the same image; challenges to overcome in preparing SO2 cameras for general use; development of a roadmap to overcoming these challenges; the challenge of light dilution. The workshop highlighted the relative neglect that IR imaging has suffered, with much more focus in recent years on UV, when in reality there is at least the same potential offered by IR. While no single ‘recipe’ for the UV measurements exists, some elements could be highlighted, particularly the very valuable utilisation of a high resolution spectral system alongside filter based imaging systems. A deep discussion on the challenges of light dilution was undertaken, with ideas for how diverse solutions to this problem could be compared. Discussion of the modelling component focussed on the implications of fluid dynamics controlling flux variations as opposed to volcanic processes and the possiblilty of performing an initial investigative validation of the inversion model reported by Ongaro and Cerminara using combined IR (for gas and particle mass loading) and UV images (for gas mass)
The second day of the meeting was dedicated to field intercomparison, in a change to schedule due to forecast rain on the third day. We began by brain-storming the objectives of the intercomparison, and as a group developed a protocol for how to proceed in a systematic way, such that all groups could have a direct comparison of their instruments and data analysis, using the SO2 plume released from Stromboli. Following the protocol definition seven teams set up their instruments on the terrace of the workshop hotel, which afforded an ideal view of both a clear blue sky and the volcanic plume emitted from Stromboli. Fortunately, ideal weather prevailed. The basic steps of the intercomparison included determining signal to noise ration of the sensors, determining edge-to-edge SO2 absorbance characteristics with a large SO2 calibration cell that filled the field of view of each camera in turn, followed by simultaneous measurements of the volcanic SO2 plume. Results from these tests are shown in section 3, below. Following the intercomparison we performed an experimental plume tomography experiment, sending groups to several points around Stromboli to collect images from different angles simultaneously, thereby permitting a 3D plume reconstruction. This was assessed as a high-risk high gain element that was worth attempting due to the unique nature of the workshop, with 7 instruments all working at the same time and ideal plume viewing conditions. 

At the conclusion of the field component specific tasks were defined in order to carry the intercomparison and plume tomography to a useful conclusion post-workshop. Volunteers then selected a task to follow. In this way, for example, Dr. Luebcke and Dr. Kern volunteered to follow the intercomparison, whilst Dr. Tamburello volunteered to coordinate tomographic analysis. 
On the third day we returned to scientific presentations, with a focus on application of the UV cameras to volcanology. Dr. Luebcke initiated with an in-depth review of the accuracy of SO2 camera measurements, with particular focus on the comparison between filter-based SO2 absorbance and SO2 amounts derived from high resolution UV spectra. 
Dr. Bobrowski continued the UV theme with results form the scanning I-DOAS instrument, which projects a wavelength vs. space onto a CCD chip, producing high resolution spectra of a line in the sky. Scanning this system allowed SO2 images to be created with higher fidelity than filter based systems but at the cost of temporal resolution. The system was demonstrated to work on an airborne platform, which has fascinating implications for plume detection from commercial aircraft, a point of strong interest following the Eyjafalljokull eruption in 2010.

Dr. Mori presented results from a campaign on Yasur volcano with his SO2 camera system, in which he proposed a third solution to the problem of light dilution in SO2 camera systems. His results showed a factor of 10 underestimate in SO2 amounts when ash was present in the scene, which highlights the intriguing possibility that explosive volcanic eruptions may be releasing much more SO2 than has previously been thought. 

Dr. Campion presented a comparison between COSPEC and SO2 imaging techniques on Popocateptl volcano, Mexico, whose large SO2 emission and distal plume are an ideal candidate for significant light dilution. Dr. Salerno continued the Central American theme with results from a recent SO2 camera field campaign to Popocateptl, Pacaya, Fuego and Santiaguto, Guatemala. These results highlighted the flexibility of the SO2 camera system, and the complementarity of FTIR measurements of gas emissions to determine CO2 fluxes.
Dr. Varley sustained the theme of Mexican volcanoes, this time focussing on the complex degassing behaviour of Colima volcano, and highlighted the potential use of imaging systems to track deformation of the volcanic dome.  

Dr. Tamburello presented results from a compact new SO2 camera system based on that produced by Dr. Kern in USGS (which was the subject of Dr. Kern’s poster), with a focus on SO2 emissions from Etna (Italy), Erebus (Antarctica), and Gorely (Kamchatka). The camera system was capable of up to 15 Hz image collection frequency, which is a remarkable achievement in this field, and heralds a new frontier in terms of comparison with geophysical data.
Dr. McGonigle concluded the scientific presentations with an assessment of rapid CO2 flux measurements on Etna, conducted through simultaneous, in-situ measurements of the CO2/SO2 ratio of volcanic gases and high temporal resolution SO2 images, using the technology from Dr. Tamburello’s work. This presentation further highlighted the great potential of synergetic plume imaging and gas composition measurements. 

The discussion which followed these presentations focussed on the challenges of producing truly quantitative SO2 fluxes, with a view in particular on the derivation of plume velocity. The contribution from the modellers highlighted some future directions which will be explored, included particle tracking and frame-difference approaches. 

On the final day we worked on analysis of the data collected during the intercomparison, and then discussed the results. We also examined the future directions for the community. The intercomparison is an important element of building this community, and will be pursued strongly. Dr. Burton explained to the workshop that a proposal to make a special issue of JVGR dedicated to the workshop themes had been accepted, and a list of potential papers was proposed. 

A real challenge the workshop defined is developing an easy to use software package to analyse the data. This is also camera-specific. The software needs to be free, open and supported. The software needs to have a GUI but users also need to have access to the code. In the future new technology will be developed, so having a common format is important. The earlier a common format for output files is agreed upon, the easier it is to start sharing and developing software at a later stage. In the long run information could be supplied to a database, which would make it easier for the observatories. The file structure also needs to be similar and a consensus is required about what information is included in the header, filename, etc.

Roadmap for overcoming challenges (recommendations)

It is important to find out what the needs the volcanological community are. There is great potential for using SO2 cameras, especially considering that SO2 is used as a tool to predict eruptions. Variable opacity (light dilution) is an effect that needs to be considered, and reasonably consistent measurements are needed regardless of weather conditions (e.g. clouds), so uncertainties need to be determined. The plume and clouds are often moving at different speeds so the use of an additional webcam could help with the development of automated cloud correction. Time resolution is also an issue which requires further investigation and will depend on what feature is being imaged. Other systems or types of cameras could be combined, for example: spectrometers, scanning cameras, and fish-eye cameras – these are a question of money. Finally, the choice of polarisation channel also needs to be investigated to develop some recommendations.

These points are summarised here:

1.
Find out what the volcanological community needs

2.
Determine uncertainties associated with measurements

3.
Develop a method for automatic cloud correction

4.
Investigate and develop recommendations for time resolutions

5.
Choice of polarisation channel

The workshop defined the name of SO2 camera for imaging systems which quantify SO2 amounts. 
Overall, the workshop achieved its objectives, and many participants felt that it was one of the most productive workshops they had ever attended, assisted by the strong focus on the connected themes of plume imaging and volcanic degassing. All of the presentation were uploaded to an FTP site so they could be shared by the participants. A follow up workshop was proposed, to coincide with the IAVCEI gas workshop to be held in Lascar, Chile in 2014.
3) Assessment of the results and impact of the event on the future directions of the field (up to two pages)
The main impacts of the workshop will come from the strong steps forward that were made in building the SO2 camera community, the results arising from the intercomparison, the special issue, and the follow up workshop planned for 2014.
The initial list of papers proposed for the JVGR Special Issue on volcanic plume imaging arising from the MeMoVolc workshop are as follows, with further papers being solicited from experts in the field who could not attend. The editors of the special issue will be the conveners of the workshop, Dr. Burton, Dr. Platt and Dr. Prata. 
	N.
	Authors
	Title

	1
	Editors
	Objectives and Summary of special issue

	2
	Fred + others
	Review of ground based IR plume imaging

	3
	Mike + others
	Review of ground based UV plume imaging

	4
	Uli + others
	Future developments

	5
	All
	Intercomparison

	6
	All
	Protocol for UV measurements

	7
	Sheffield, Palermo
	Passive and active degassing at Mt. Etna

	8
	USGS, Tokyo, Pisa
	Comparison of light dilution correction techniques

	9
	Catania, Pisa, Bruker
	Simultaneous FTIR and UV measurements of volcanic SO2

	10
	Alaska and Buffalo
	Plume tracking in the visible and TIR

	11
	Arizona
	UV measurements of Semeru

	12
	Arizona
	Analogue experiments of volcanic plumes

	13
	UNAM
	UV camera measurements at Popo

	14
	USGS 
	Optical flow analysis to derive plume velocities

	15
	Heidelberg
	Airborne I-DOAS measurements on Etna

	16
	NILU
	Calibration and characterisation of SO2 cameras

	17
	NILU
	UV measurements of volcanic plumes

	18
	NILU
	IR measurements of volcanic plumes

	19
	Catania, Pisa 
	Permanent SO2 camera on Stromboli

	20
	Catania, Pisa
	UV measurements of Etna


The deadline for submission was given as 31st December 2013. 
4) 
Annexes 4a) and 4b): Programme of the meeting and full list of speakers and participants

Annex 4a: Programme of the meeting

[image: image1.png]



Programme
Day 1: Monday 24th June 2013




Arrivals on Stromboli: Workshop is being held in Hotel Villaggio Stromboli


20:00
Registration and Welcome Dinner at Hotel Villaggio Stromboli


DAY 2: Tuesday 25th June 2013



09:00
Introduction


Block I: UV-Cameras Theory and new Developments


09:30
Ulrich Platt: Quantitative UV-Imaging of Volcanic Plumes – Results and Future Trends

10:00
Kerstin Stebel: Characterization of UV multispectral imaging cameras and their application to SO2 flux measurements

10:30
Coffee


10:45
Christoph Kern: Applying UV cameras for SO2 detection to distant or optically thick volcanic plumes

11:30
Jean-Francois Smekens: New developments in UV imaging for the monitoring of volcanic SO2

12:15
Mike Burton: From research to monitoring: challenges in deploying SO2 cameras as volcano monitoring tools

13:00
Lunch



Block II: IR-Cameras and applications


14:15
Fred Prata: Ground-Based Imaging Cameras for Monitoring Hazardous Gas and Particle Emissions from Volcanoes

14:45
Roland Harig: Imaging Volcanic Plumes by Infrared Spectroscopy: Results and Future Possibilities

15:15
Peter Webley: Calibration of low light/near infrared cameras for measuring incandescence and thermal signatures for source parameter estimation

15:45
Coffee



Block III: Plume Modelling


16:00
Tomaso Esposti Ongaro and Matteo Cerminara
Beyond plume theory: modeling the complex behaviour of volcanic columns

17:00
Open Discussion and coordination of field work activities


17:30
End of Day 2


DAY 3: Wednesday 26th June 2013




Block IV: UV-Cameras and Applications


09:00
Peter Luebcke: Improving the accuracy of SO2 camera measurements

10:00
Nicole Bobrowski: Imaging DOAS applied to volcanic plumes

10:30
Toshiya Mori: The UV sulfur dioxide imaging at Yasur volcano, Vanuatu

11:30
Coffee


11:45
Robin Campion: UV-Camera measurements of SO2 emissions at Popocatépetl Volcano: Intercomparison with other techniques and insights into the dynamics of an atypical open-vent volcano.

12:15
Giuseppe Salerno: SO2 emission rates by UV-Camera imaging system: the case study of Popocatépetl (Mexico), Pacaya, Fuego and Santiaguito (Guatemala)

13:15
Lunch


14:30
Nick Varley: Investigating degassing processes during multiple activity regimes at Volcán de Colima, Mexico

15:30
Giancarlo Tamburello: Rapid SO2 flux fluctuations captured by UV camera-based plume imaging: examples from Etna, Erebus, and Gorely

16:00
Andrew McGonigle: High time resolution fluctuations in volcanic carbon dioxide degassing from Mount Etna

16:30
Coffee


16:45
Open Discussion


17:30
End of Day 3


DAY 4: Thursday 27th June 2013



FIELD WORK: If you wish to visit the summit you must bring good hiking boots, sun cream, 2-3 litres of water and a flashlight. Helmets will be provided. 

DAY 5: Friday 28th June 2013



09:00
All
Collaborative Data Analysis

13:00
Lunch


14:30
All
Presentation of results

16:30
Coffee


16:45
All
Moderated Discussion on Future Directions in Plume Imaging

17:30
End of Day 5


20:00
Farewell Dinner at Hotel Villaggio Stromboli


DAY 6: Saturday 29th June 2013



Departures from Stromboli


POSTERS


Christoph Kern: An ultraviolet imaging system for continuous operational monitoring of volcanic SO2 degassing

Georgina Sawyer: A new UV imaging system for monitoring volcanic SO2 emissions

Michele Prestifilippo: A real-time framework for classifying and querying image database volcano activity

Tehnuka Ilanko: FTIR measurements on Erebus volcano, Antarctica

Annex 4b: Full list of speakers and participants
	Name


	Institution


	Country


	Email


	Convener /

Speaker / Participant



	Kerstin Stebel
	NILU
	Norway
	Kerstin.Stebel@nilu.no
	Speaker

	Tomaso Esposti Ongaro
	INGV
	Italy
	ongaro@pi.ingv.it
	Speaker

	Michele Prestifilippo
	INGV
	Italy
	
	Participant

	Matteo Cerminara
	Scuola Normale Pisa
	Italy
	matteo.cerminara@sns.it
	Speaker

	Tehnuka Ilanko
	Cambridge Uni
	UK
	ti235@cam.ac.uk
	Participant

	Giancarlo Tamburello
	Palermo
	Italy
	giancarlotamburello@gmail.com
	Speaker

	Andrew McGonigle
	University of Sheffield
	UK
	a.mcgonigle@sheffield.ac.uk
	Speaker

	Roland Harig
	Bruker
	Germany
	Roland.Harig@brukeroptics.de
	Speaker

	Alessandro Aiuppa
	University of Palermo
	Italy
	alessandro.aiuppa@unipa.it
	Participant

	Jean-Francois Smekens
	Arizona State University
	USA
	jsmekens@asu.edu
	Speaker

	Toshiya Mori
	University of Tokyo
	Japan
	mori@eqchem.s.u-tokyo.ac.jp
	Speaker

	Ulrich Platt
	Heidelberg
	Germany
	ulrich.platt@iup.uni-heidelberg.de
	Convener

	Fred Prata
	NILU
	Norway
	fred.prata@nilu.no
	Convener

	Mike Burton
	INGV
	Italy
	burton@pi.ingv.it
	Convener

	Gemma Prata (assisting)
	Oxford
	UK
	gemmap@earth.ox.ac.uk
	Participant

	Peter Webley
	University of Alaska
	USA
	pwebley@gi.alaska.edu
	Speaker

	John Dehn
	University of Alaska
	USA
	jdehnavo@gmail.com
	Speaker

	Christoph Kern
	USGS
	USA
	ckern@usgs.gov
	Speaker

	Peter Luebcke
	University of Heidelberg
	Germany
	Peter.Luebcke@iup.uni-heidelberg.de
	Speaker

	Nicole Bobrowski
	University of Heidelberg
	Germany
	nbobrows@iup.uni-heidelberg.de
	Speaker

	Robin Campion
	UNAM
	Mexico
	robin.campion@ulb.ac.be
	Speaker

	Giuseppe Salerno
	INGV
	Italy
	salerno@ct.ingv.it
	Speaker

	Nick Varley
	University of Colima
	Mexico
	nick@ucol.mx
	Speaker


