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1
 The information provided in all parts of this Report is advisory. It is offered, without prejudice, for the purpose of 

informing the party commissioning the study of the risks that might arise in the near future from volcanic activity in 

Montserrat, and has been prepared subject to constraints imposed on the performance of the work. While Committee 

members believe that they have acted honestly and in good faith, they accept no responsibility or liability, jointly or 

severally, for any decisions or actions taken by HMG or GoM or others, directly or indirectly resulting from, arising 

out of, or influenced by the information provided in this report, nor can they accept any liability to any third party in 

any way whatsoever.   
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Summary 

 

1. This is Part II of the report, resulting from the 25th meeting of the Scientific Advisory 

Committee (SAC) on Montserrat Volcanic Activity that took place as a virtual meeting 

due to COVID19 travel restrictions from November 5th to November 8th, 2020. Part I of 

this report, the Summary Report2, gives the principal findings of the meeting in a non-

technical form, and Part II gives the underlying technical data and analysis in more 

detail, including several appendices, that led to those findings.  

 

2. The SAC meeting took place one year after we last met, in November 2019, and 

involved all SAC members as well as all MVO scientists and technicians. To his first 

SAC meeting we welcomed our new SAC member Prof Fidel Costa, Chair of ASE at 

Nanyang Technological University, Singapore, who was appointed in August 2020. We 

also welcomed Dr Erouscilla Joseph and Prof Richie Robertson, Seismic Research 

Centre, University of the West Indies as guests. A list of all participants and their 

affiliations is given in Appendix III. Prof Jürgen Neuberg, Leeds University, UK, 

chaired the meeting.    

 

3. The MVO produced two volcanic activity reports3,4 to the SAC, which were distributed 

to all SAC members prior to the meeting. These reports covered the period between 

October 2019 to March 2020, and April 2020 to September 2020, respectively. Based on 

these reports, Dr Ryan, MVO director, summarized the monitoring data and observations 

covering the reporting period. Both the reports and the following discussions showed 

MVO’s strong dependence on helicopter support to maintain the appropriate level of 

monitoring. Reduction of this support during the last year and travel restrictions due to 

COVID19 had some negative impact on the maintenance and functionality of the 

monitoring networks.   

 

4. As outlined in the Terms of Reference (see Appendix I), the SAC is requested to provide 

independent advice on the scientific and technical operations of the MVO to ensure that 

the work corresponds to the level of threat posed. Here we note that despite the 

difficulties due to lack of helicopter support and COVID19, the seismic and deformation 

networks are being upgraded and maintained, such that incoming data streams are 

sufficient to monitor the volcano in its present activity level. We also note that SO2 

measurements by MVO staff have been carried out in traverse mode by boat and 

helicopter in addition to two independent spectrometer networks running in parallel. 

Different data streams show a few inconsistencies5 that are being investigated; those 

                                                 
2 Assessment of the hazards and risks associated with the Soufrière Hills Volcano, Montserrat. Report of 

the 25th Scientific Advisory Committee on Montserrat Volcanic Activity, Part I, Summary Report, 

December 2020. 
3 Stinton et al., 2020, MVO Scientific Report for Volcanic Activity between 1 October 2019 and 31 March 

2020, Open File Report OFR 20-01. 
4 Stinton et al., 2020, MVO Scientific Report for Volcanic Activity between 1 April 2020 and 30 

September 2020, Open File Report OFR 20-05. 
5 Esse B, Burton M, OpenSO2 Reports: Lovers Lane Comparison & Reanalysis of NOVAC data; Appendix 

IX 
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would not have been detected if only one single monitoring method had been employed. 

Direct feed-back including recommendations regarding different monitoring tasks were 

given to MVO staff, a summary of which is part of this report (see paragraph 34 - 41). 

 

5. In SAC 24 we agreed on the road map to further explore conceptual models to explain 

the continuing deformation pattern and outgassing, as well as subtle changes in the 

reduced deformation rate. Prof Costa gave an overview on petrological aspects of 

magma intrusions and their time history6,7. He inferred that although there could have 

been repeated mafic magma intrusions from depth between 1992 and 2003, these mafic 

magmas could also result from destabilization of a complex plumbing system that stored 

mafic magmas over time, and they intruded below SHV much earlier than the first 

eruptions (several decades or more). Prof Neuberg presented a set of different elastic and 

visco-elastic numerical models8 covering all phases and pauses of the entire eruption. Dr 

Pascal presented an investigation9 that attempts to explain the last 10 years of 

deformation. These studies explore different scenarios ranging from an ongoing 

pressurization of 1 to 10 MPa per year to no pressurization at all for a visco-elastic 

response to an initially emplaced magma reservoir (see paragraph 16 - 20 below). 

 

6. Following this discussion, we elicited the probabilities of a number of volcanic scenarios 

for the next 12 months. The elicitation results were similar to last year’s. We find that 

there is a 91% probability that the volcanic system will remain in an active state of 

unrest over the next year, and an 80% probability that no significant volcanic activity 

will manifest at the surface. We consider that there is therefore less than 20% probability 

that lava extrusion, dome collapse and/or explosive activity would occur over the next 12 

months. 

 

7. Hazard levels within Zone V vary strongly from location to location and we decided in 

SAC23 a more appropriate approach by subdividing Zone V into smaller hazard areas 

(micro zonation), rather than using the same hazard levels throughout Zone V. Prof 

Neuberg negotiated with FCDO additional funds of £11,000 for SAC members to be 

spent on professional fees and travel to collaborate with MVO on the probabilistic 

hazard map; ToRs were defined, however, no contract was signed. Due to Covid19 

travel restrictions a potential trip in spring 2020 was cancelled and the project was put on 

hold, however Prof Calder was involved in the compilation of two specific risk 

assessment for Fort Ghaut  and Upper Belham  working with Dr Miller and Ms James, 

MVO consultant. Ms James presented preliminary work on the ballistic layer of the 

hazard map on which she is working remotely from Dominica. The meeting contributed 

                                                 
6 McGee et al., 2019, Volatile behaviour in the 1995-2010 eruption of the Soufrière Hills Volcano, 

Montserrat recorded by U-series disequilibria in mafic enclaves and andesite host, Earth and Planetary 

Science Letters,524, 115730. 
7 Didonna R, Costa F, Handley H, Turner S, Barclay J, 2020, Dynamics and timescales of 1 mafic-silicic 

magma interactions at Soufrière Hills Volcano, Montserrat. (in print) 
8 Neuberg J, Taisne B Collinson A, New magma influx or the end of the eruption – investigating the 

deformation field at Montserrat, West Indies, by contrasting elastic and visco-elastic models (internal 

report). 
9 Hickey J, Pascal K, Fournier N, Gottsmann J, Head M, Hreinsdottir S, Syers T, Williams P, Fergus M, 

Pause 5 inflation: insights from visco-elastic FEM models (internal report). 
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to her efforts with a brain storming on potential methodology and techniques. Once back 

from maternity leave in January 2021, Dr Miller will resume work on the hazard map; 

Prof Calder offered her support. 

 

8. Prof Carole Mundell (Chief Scientific Advisor to the Foreign, Commonwealth and 

Development Office) joined the meeting via video link, and addressed the entire group 

of MVO staff and SAC members. She explained her role in the MVO review process as 

a further link to Government and Parliament, and encouraged the group to see this 

process as a “critical advice from friends”. A Preliminary Statement (Appendix IV) was 

issued and presented at the debriefing to the Governor, HE Andrew Pearce, and 

Honourable Premier Joseph “Easton” Taylor Farrell on Thursday, November 8th, 2020 in 

an online meeting. A live radio interview with ZJB was given at 18:30h local Montserrat 

time (22:30h GMT). Prof Burton and Prof Neuberg spoke for the SAC and Dr Ryan 

represented the MVO in this interview. 

 

Surface Activity and Observations 

 

 
 

Figure 1. Seismic, GPS and SO2 monitoring data for the period 1 January 1995 – 30 September 

2019. Extrusive phases and pauses are shown in red and green respectively. Top: Number of 

seismic events detected and identified by the seismic system. Middle: Radial displacement of 

cGPS stations MVO1 (red) and NWBL (blue) smoothed with 7-day running mean filter, Black: 

GPS Height of HARR. Bottom: Measured daily SO2 flux, filtered with 7-day running median 

filter. Green: COSPEC, Blue: DOAS, White: Traverse data, Red: new DOAS network (adopted 

from MVO OFR 20-05). 
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9. The volcanic surface activity in the reporting period has been low and remained at the 

same level as for the previous last nine and a half years. This is the longest pause since 

the eruption began in 1995. MVO monitoring data over the entire eruption are shown in 

Figure 1.   

 

10. Rock-fall events and related seismicity is further declining as the dome appears to 

stabilize. No low-frequency seismic swarms, usually associated with magma movement 

at depth, have been recorded. The only significant seismic signals observed were 20 so-

called VT strings over the last year. These volcano-tectonic earthquakes indicate gas 

release through the brittle fracturing and opening of cracks within the volcanic edifice. 

VT strings during this reporting period were not associated with any observable changes 

in surface activity such as SO2 flux or ash venting.  

 

 
 

Figure 2. Daily counts of the different earthquake types recorded by the MVO since the end of 

Phase 5, i.e. from 12 February 2010 until 30 September 2020 network (adopted from MVO OFR 

20-05). 
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11. Ground deformation on Montserrat continues to show a radial extension away from the 

volcano as well as an uplift of the distal GPS station of about 1 cm per year. Figure 3 

shows the horizontal velocities for Pause 5 at the distal GPS stations from January 2010 

through September 2020 compared to stations on Redonda and Antigua. While the 

pattern of deformation appears to be constant, the rate is now reduced compared to the 

first two years into Pause 5.  

  

 
 

Figure 3. Radial extension relative to the volcanic vent for Pause 5 (February 2010 – present) for 

distal stations (adopted from MVO – OFR 20-05). 

 

 
Figure 4. SO2 flux data collected via traverses from 2017 until present (adopted from MVO – 

OFR 20-05). 
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12. Since November 2016, MVO resumed SO2 measurements by helicopter and boat 

traverses with a UV spectrometer. This has resulted in SO2 flux quantifications between 

150 and 400 tons/day (see Fig 4), indicating an emission rate within the range of those 

observed during previous pauses. A comparison between these different types of 

traverses and the DOAS spectrometers running in parallel show still a wide range of 

uncertainty. Further uncertainties in outgassing data are due to the fact that the gas 

plume often appears as “ground hugging” over Plymouth and gaining height only once 

over the sea.  Prof Burton presented two reports (Appendix IX) on a comparison 

between the established NOVAC scanners and recently deployed OpenSO2 sensors. 

Results demonstrate that the OpenSO2 hardware is operating well, showing good 

agreement with the established NOVAC system when the same analysis method is 

applied to each. 

 

13. A set of temperatures have been acquired by the MVO for the fumaroles inside the 2010 

collapse scar on the north side of the volcano. A temperature of 321 °C was measured 

for the gas vent in the floor of 2010 collapse scar (Fig 5 left inset), while 563 °C was 

obtained for one of the fumaroles in the rear wall of the collapse scar (Fig 5 right inset). 

Both temperatures are consistent with temperatures measured in December 2019 and 

January 2020. This demonstrates that gases escaping through the dome maintain these 

high temperatures even though no fresh magma reaches the surface. 

 

 
 

Figure 5. Thermal images acquired during an observation flight on 3 September 2020. Left: Gas 

Vent in the floor of the 2010 Collapse Scar with a temperature of up to 320 °C. Right: Prominent 

fumaroles in the rear wall of the 2010 Collapse Scar, showing the hottest temperature of 563 °C. 

Background image is of the 2010 Collapse Scar, showing the location of the features in the 

thermal images. Photo taken 19 October 2020, courtesy of RFA Argus. (Adopted from MVO – 

OFR 20-05). 
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Long-term Processes at the Volcano 

 

14. New petrological evidence by McGee et al (2019)10, Figure 5, initiated discussions in 

SAC 23 on the possibility that emplacement of magma ceased in 2003. Together with 

the flattening trend of the deformation signal at distal GPS stations, which is typical for a 

viscous rheology, we started to discuss a model alternative to continuous magma 

intrusion, in which the delayed, visco-elastic response of the crust to the initial intrusion 

mimics a further inflation and lengthening of the island.  

 

 

 
 

Figure 6. Schematic time line of last eruptive cycle of SHV. The emplacement of mafic magma   

might have stopped in Phase III leaving the andesitic reservoir generally isolated from basaltic 

andesite afterwards; adopted from McGee et al 2019 12    

 

15. Following on from the hypothesis of McGee et al. (2019)12, Prof Costa summarized 

other petrological studies (Devine et al., 200311; Zellmer et al., 200312; Didonna et al.13, 

in review) that explored the timescales and processes of mafic magma intrusion at SHV. 

Zellmer et al (2003) found times on the order of a hundred years, which could reflect the 

earliest intrusions below SHV that reactivated the magmatic system at depth, and which 

eventually lead to the beginning of the eruption in 1995. Devine et al (2003) and 

Didonna et al. (in review) found much shorter timescales on the order of months to 

weeks, in the deposits that include all the different phases of SHV. These findings imply 

that whenever mafic magma intrusion happens, it is quickly followed by eruption. 

However, in the context of the McGee et al hypothesis, they could also mean that 

although renewed mafic magma intrusions below SHV may have stopped decade(s) ago, 

mafic magma may still be stored in the system, and thus mixing and eruptions can be 

                                                 
10 McGee et al., 2019, Volatile behaviour in the 1995-2010 eruption of the Soufrière Hills Volcano, 

Montserrat recorded by U-series disequilibria in mafic enclaves and andesite host, Earth and Planetary 

Science Letters,524, 115730. 
11 Devine et al, 2003, Magma Storage Region Processes Inferred from Geochemistry of Fe±Ti Oxides in 

Andesitic Magma, Soufriere Hills Volcano,Montserrat, W.I., J. Petrology, 44,8,1375-1400.  
12 Zellmer et al, 2003, Magma Emplacement and Remobilization Timescales Beneath Montserrat: Insights 

from Sr and Ba Zonation in Plagioclase Phenocrysts, J Petrology, 44, 8, 1413-1431. 
13 Didonna R, Costa F, Handley H, Turner S, Barclay J, 2020, Dynamics and timescales of 1 mafic-silicic 

magma interactions at Soufrière Hills Volcano, Montserrat. (in review). 
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driven by some density/viscosity overturn within the plumbing system as proposed by 

Christopher et al. (2015)14.  Further critical review of this work is required. 

 

16. In SAC 24, we decided that these conceptual ideas needed to be further explored through 

numerical modelling of a set of elastic and visco-elastic models. While the idea to 

employ a viscous rheology was triggered by the slight change in the deformation pattern 

of distal GPS stations over the last 10 years, ideally, such a model ought to explain the 

behaviour during the active phases and previous pauses, as well. Two studies and 

internal reports15,16 were presented by Prof Neuberg and Dr Pascal, respectively.  

 

17. The study by Neuberg et al. adapted the source geometry and volume of 7.2 km3 from a 

previous study17 and employed a Maxwell rheology as a visco-elastic model in order to 

explain the entire sequence of extrusive phases and pauses. They adapted the thermal 

model by Gottsmann and Odbert (2014)18 to calculate the relevant range of viscosities. 

This end-member of models can explain the ongoing, island-wide inflation by the 

response of the visco-elastic crust to an initial intrusion without any further processes of 

pressurization. Fig 7 depicts the sequence of depressurization steps due to the eruptive 

phases and compares the deformation pattern to the GPS data of Fig1. The residual 

reservoir pressure for this model is in the range of 10 -15 MPa, dependent on the choice 

of parameters and depressurization steps. Assuming a compressible magma at depth, this 

model also matches the approximate volume of extruded material during eruptive 

phases.  

 

18. The study by Hickey et al. focused on the last 10 years of deformation and used the 

thermal model by Gottsmann and Odbert (2014) and their source model with a volume 

of 100 km3. By using a generalized Maxwell model (Standard Linear Solid) they explain 

the ongoing inflation of the last 10 years by a continuing pressurization of 1 MPa/year. 

 

19. In summary, the ongoing inflation of the island of Montserrat can be explained by a 

variety of models. Following a purely elastic approach a pressurization of 2 MPa/year to 

10 MPa/year for source volumes of 7.2 km3 and 1.3 km3, respectively, match the data, 

while using a Maxwell rheology in a visco-elastic model the data can be fitted by a 

residual pressure in the magma reservoir without any further pressurization. The results 

of Hickey et al fit somewhere between these two end-members with an ongoing 

pressurization of 1MPa/year for a source volume of 100 km3. A detailed comparison 

                                                 
14 Christopher, T.E., Blundy, J., Cashman, K., Cole, P., Edmonds, M., Smith, P.J., Sparks R.S.J. and 

Stinton, A, (2015) Crustal-scale degassing due to magma system destabilisation and magma-gas decoupling 

at Soufrière Hills Volcano, Montserrat, Geochemistry, Geophysics, Geosystems, 16(9), 2797-2811. 
15 Neuberg J, Taisne B, Collinson A, New magma influx or the end of the eruption – investigating the 

deformation field at Montserrat, West Indies, by contrasting elastic and visco-elastic models (internal 

report). 
16 Hickey J, Pascal K, Fournier N, Gottsmann J, Head M, Hreinsdottir S, Syers T, Williams P, Fergus M, 

Pause 5 inflation: insights from visco-elastic FEM models (internal report). 
17 Collinson A.S.D, Pascal, K., Neuberg J.W., 2016, Magma accumulation, second boiling or tectonics – 

investigating the ongoing deformation field at Montserrat, West Indies. Internal report for SAC21 
18 Gottsmann J, Odbert H., 2014. The effects of thermomechanical heterogeneities in island arc crust on 

time-dependent preeruptive stresses and the failure of an andesitic magma reservoir. J Geophys. Res. Solid 

Earth, 119, 4626 – 4629.  
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between these conceptual models could not be made as not all modelling parameters 

were available during the meeting. 

 

 

 
 
Figure 7. Comparison of the radial deformation at station MVO1 (from Fig. 1) with the 

modelling results for the same station as a visco-elastic response. Results are shown for a 

Young’s modulus of 10 GPa, a viscosity of 3.3 x1018 Pas, and a step-like depressurization and 

reservoir volume change equivalent to 100 MPa. 

 

20. The explanation of the deformation pattern has profound implications for Montserrat, 

and more research has to be undertaken to find the most probable conceptual model. All 

SAC members agreed to contribute their respective expertise and work in a joint project 

to address the remaining open questions that concern the continuing deformation. In this 

context, another set of related questions concerns the trigger mechanism that has started 

each new phase in the past. By interpreting the deformation pattern as caused by 

pressure or volume changes at depth, it is clear that a new phase began before the 

reservoir has been replenished to the same level or the same critical pressure has been 

reached. This fact points to a hypothetical turnover-mechanism within the reservoir that 

triggers the next phase. Hence, magma accumulation or pressurization in a deep 

reservoir and the amount of eruptible magma, as well as the condition under which it can 

erupt, might have to be considered separately. Until quantitative computer models 

produce plausible results and convince us otherwise, we cannot rule out that the 

observed inflation of the entire island of Montserrat is caused by a continuing influx of 

magma into a reservoir or an ongoing pressurization at depth, or a combination of both. 

 

21. The detection of possible unrest indicators is a primary monitoring task for the MVO. 

Therefore, we revisited past transitions from pauses to eruptive phases and looked at 

changes in the routinely monitored parameters regarding SO2 outgassing and seismicity. 

From Fig 8 it is clear that except for the end of Pause 4a all phases were preceded by 
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either mild ash venting or small explosions, or seismic activity heralding Phase 4a and 5. 

Even though Phase 4b did not have theses obvious precursors, in hindsight low-

amplitude seismic tremor was identified as an unrest signal, before large explosions 

introduced Phase 4b. While we are confident that even these subtle signals such as the 

low amplitude tremor would now be recognised by MVO as a precursor, the end of 

Pause 5 might not follow the same precursory pattern, given the unprecedented length of 

the pause. 

 

 

 
Figure 8. Transitional periods between pauses and phases. Blue histograms: VT seismicity; blue 

dots: SO2; blue lines: ash venting, green lines: small explosions; yellow lines: major explosions. 

Dark purple areas are “transitional” periods, defined in hindsight.  

 

 

Evolution of Future Behaviour - Hazard Scenarios 

 

22. We now summarise the results of the formal elicitation of the views of the SAC 

members and MVO staff on the probabilities of occurrence over the next year of the 

hazardous events that were used previously as inputs to the risk simulation modelling.  

In order to assign quantitative estimates to these probabilities, we use our knowledge of 

the factors that influence specific hazard scenarios, results of any available modelling 

analyses, and the expert elicitation method that we have used in previous SAC 

assessments. The questions, explanations of their context and the ranges of uncertainties 
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derived from the group’s responses are presented in detail in Appendix V.  Here, on 

Table 1, we tabulate the central median probability values for each of the questions and 

compare them with the equivalent values obtained previously, at SAC24.  The series of 

question 2a-4f ask what the probability is that each of these events will be the first 

significant incident to happen in the next 12 months. 

 

23. Between the elicitations of SAC24 (November 2019) and now (November 2020), the 

assessed median probability (Scenario 2a) that “nothing significant” occurs in the next 

12 months has decreased from 88% to 80%. Along with this, the assessed likelihood of 

quiet resumption of lava extrusion (Scenario 2b), and explosive activity (Scenario 2d) 

taking place as the first significant event in the next and has increased from 2% to 5% 

and 3% to 10%, respectively. We do not consider, however, that these changes reflect a 

fundamental change in how we collectively view the hazard situation.  We recognize that 

these changes are sometimes quite sensitive to the nature of the scientific discussions 

held. For example, when the nature of the discussion focuses attention on one 

mechanism more than another – this can manifest as changed outcomes in the elicitation. 

The scenario that ‘nothing significant happens’ is judged more than ten times more 

likely than the next most likely scenario – ‘collapse of the lava dome’.  

 

24. Due to the hurricane activity in the Caribbean, in SAC24 we discussed the stability of 

the dome in the context of intense bouts of rainfall. We did not explicitly discuss and 

develop this scenario in SAC25 but we still elicited “the probability over the next 5 years 

that there will be a significant, externally-triggered dome collapse”.  The median 

probability value for this was 0.008%, which was down from 0.1% in SAC24. We would 

anticipate that this background level of hazard should not change much year to year, so 

this variation is an indication of the inherent large errors in estimating highly unlikely 

events. 

 

25. We also elicited a conditional probability for magma extrusion or an explosive eruption 

to follow within one month of a major dome collapse as 73%. However, the uncertainty 

on this estimate remains very wide, the ninety-percent credible range of probability 

stretching from 27% to 95% (Appendix V, question 3). However, this result still 

indicates that the SAC would not be surprised by the eventuality of new magma reaching 

the surface quite fast after an initial dome collapse. 

 

 

Determination of Risks in Zone V 

 

26. Activities taking place in Zone V such as sand exports from the Plymouth jetty, 

geothermal work, police operations, animal projects, metal reclamation, filming and 

tourist trips need to be managed in co-operation with the MVO. Hazard levels within 

Zone V vary strongly from location to location and we now consider it appropriate to 

develop, in collaboration with MVO, an approach to subdivide the hazard zones in Zone 

V into smaller areas (micro zonation). This approach will, in turn, facilitate a more 

detailed analysis of risk associated with specific activities in specific locations, and 

therefore, facilitate a better use of the current “window of opportunity” for those 
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activities in Zone V. Risk levels for certain activities will be determined on a case-by-

case basis, and based on the hazard assessment over a specific time window (e.g. the 

probability of pyroclastic flows being generated in the next year). 

 

Table 1. Summary of SAC25 elicited central probability estimates for significant event 

scenarios over the next year. 

 

 Elicitation Question  
(summary description) 

Probability SAC25 
(SAC24) 

1 The volcanic system will remain active over the next 12 

months 

91% (91%) 

2a Nothing significant happens 80% (88%) 

2b Resumption of lava extrusion 5% (2%) 

2c Collapse of the lava dome  

Conditional on there being a collapse, the following are the 

elicitated probabilities for collapses in different directions: 

NW 

N 

NE 

SE 

S 

SW 

5% (7%) 

 

 

NW – 0.1% (3%)                                            

N – 25%  (26%)                                              

NE – 66% (55%)                                                

SE – 0.05%   (2%)                                              

S – 6%   (6%)                                             

SW – 6%(11%) 

2d Vertical explosion 10% (3%) 

3 Conditional probability of magma extrusion or explosion 

within one month if a major dome collapse is next event 

73% (68%) 

 

 

27. The development of a micro zonation map, along with the site-specific risk assessments 

as explained above, represents a different way to assess risk than was done previously 

by SAC. The evolution and continuous development of approaches is normal in 

science, it also here follows the development of new methodologies such as in this case 

of Prof Calder’s work (Spiller at al., 2020) as well as changing expertise in the 

practitioner group. Previously, Prof Aspinall used generic risk modelling approaches, 

which although used advanced statistical tools, did not benefit from spatial analysis of 

specific hazards. Our current approaches are founded on robust statistical, spatial 

analysis of the hazards, combined with exposure mapping. We consider this method to 

be more reproducible, defendable and accountable, and importantly relies on the input 

of a team of experts working together and sharing responsibility for the collective 

outcome. 
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Development of a Hazard Map 

 

28. In order to develop a new multi-hazard micro zonation map for the area around the 

SHV, the MVO working with members of the SAC are first developing hazard 

assessments and hazard maps for individual hazard types. The work for both lahar 

hazard and pyroclastic flows hazards is now essentially complete.  

29. The lahar hazard for the areas around SHV have been assessed and described in MVO 

Open File Report 20-02 (James and Miller, 2020) and developed to consider site 

specific risk in MVO Open File Report 20-03 Miller and Calder. To summarise from 

those reports: The probabilities of occurrence of lahar events for the five-year period of 

assessment are based upon recurrence rate estimates for moderate and major lahar as 

captured in the MVO lahar database. The MVO lahar database covers the ten-year 

period since the last major dome collapse at SHV, 17 January 2010 to 31 March 2020. 

The recording and recognition of lahar events is contingent on visual or seismic 

observations and it should be noted, that this database represents a minimum number of 

events during this time. It should also be noted that the approach used here to 

determine lahar hazard and risk works on the assumption that lahar generation during 

the eruption and through the ongoing phase is stationary, i.e. that lahars are generated 

at the same ‘rate’ as previously observed. As there is now relatively less material 

available for generating lahars the values obtained will be conservative values. The 

assumption of stationarity, is in fact the norm when developing volcanic hazard maps 

that are for use over long periods of time. 

 

30. We use a probabilistic hazard assessment for pyroclastic flows for SHV undertaken by 

Calder and collaborators (Spiller et al., 2020). That work presents an approach for 

forecasting pyroclastic density current inundation from lava dome collapse that takes 

into account eruption duration, as well as extended periods of relative quiescence. The 

approach is tuned to the current situation at SHV and utilizes the database of historical 

pyroclastic flow events at SHV. The hazard analysis considers probabilistic scenarios 

for flow volume and initial direction, and can determine probabilities of inundation for 

different forecast windows of interest. The statistical forecasting model developed is 

based on considering a very low-frequency background level of activity that is 

balanced with the chance that activity can cease completely. The statistical model 

is then combined with simulations to assess the impact of pyroclastic flows on specific 

areas of interest. The spatial distribution of the pyroclastic flow inundation is modelled 

using flow simulations undertaken using TITAN2D (Patra et al., 2005) and by 

combining 1000s of scenario simulations. The outcome of the work presented in Spiller 

at al., 2020 is the development of a probabilistic hazard map for pyroclastic flow 

inundation over the next 5-year period which represents a defensible, evidence-based 

approach to pyroclastic flow forecasting during this period of post-eruption unrest. The 

hazard assessment indicates that the probabilities of inundation by pyroclastic flow in 

the Upper Belham valley sand mining zone over the next five-year period is in the 

range 0.001 to 0.002. We note that the majority of the site falls into the zone delineated 

by the 0.001 contour, with only the upper portion within the 0.002 contour.  
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Development of Site-Specific Risk Assessment 

31. A new approach for site-specific risk assessments has been, and continues to be, 

developed jointly by MVO and SAC. A site-specific risk assessment has been 

undertaken for sand mining operations in an area of the Upper Belham Valley currently 

located within Zone V (MVO Open File Report 20-03 Miller and Calder). We 

summarise some relevant information from that report here, and note that a second site-

specific assessment was also subsequently carried out for the Fort Ghaut area. These 

risk assessments are based on 1) the current (July 2020) hazard level, 2) best-available 

hazard data for pyroclastic flow and lahar hazards to this area, 3) exposure information 

provided by Government of Montserrat, and 4) an assumption of the length of 

operation. For the purpose of these risk assessment only hazards from pyroclastic flows 

(lava dome collapse) and lahars are considered. For both pyroclastic flows and lahar we 

determine the probability of inundation using a combination of historical observational 

data from Montserrat, flow simulations and statistical approaches, although the 

approaches used for quantifying the hazard in each case differs (as noted above). 

 

32. For the Upper Belham valley site, the probability of the proposed site being 

impacted by a lahar (of at least moderate size) in the next five years is found to be 

close to 1.0 (i.e. ~100% likelihood). Risk to life from lahar hazards is calculated on 

the assumption that an event – although highly likely – would be seen 

and recognised by persons on the ground and that appropriate action would and 

could be taken to self-evacuate from the flow path. For an individual working 40 

hours per week at the site, the risk of fatality from such an event in the five-year 

period is found to be 0.0065 (6.5 in a 1,000 chance) with a range from 0.0001-

0.099998 (i.e. 1 in a 10,000 to ~1 in 10 chance).  

 

33. For the Upper Belham valley site, the probability of the proposed site being impacted 

by a pyroclastic flow in the next 5 years is found to be 0.001-0.002 (i.e. 1 in a 1,000 to 

1 in 500 chance). Risk to life is calculated on the basis that a flow could feasibly occur 

with insufficient warning to allow for evacuation to a safe location, and that pyroclastic 

flows in the great majority of cases are lethal. For an individual, working 40 hours per 

week at the site, the risk of fatality from such an event in the five-year period is found 

to be in the range 0.000238 - 0.000476.  

 

 

The Operation of MVO and Recommendations 

 

34. It is evident from both Open File Reports that the reduction of helicopter support has 

affected MVO’s monitoring capacity. During the reporting period there were two main 

issues. There was a period of time, when, due to COVID-19 restrictions no flights were 

allowed to come into Montserrat. The other issue was the change in usage pattern 

required to reduce costs as the aircraft was coming from St. Maarten rather than nearby 

Antigua. This meant that roughly monthly visits of 8 hours at a time were used rather 

than weekly two-hour visits. This less flexible pattern meant that often weather 

conditions were less than ideal when the craft was on island and there were four times 

fewer opportunities to make helicopter borne measurements such as with the thermal 
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camera. While the affected monitoring networks still produce data streams that appear 

to be sufficient for the current volcanic activity level, the robustness of all monitoring 

networks need to be examined regarding their dependence on helicopter support. We 

note that MVO’s budget for helicopter use needs to be ring-fenced and must not be 

reduced due to decreased use in the recent past. This is absolutely necessary in order to 

catch up with maintenance issues and to get the networks fully operational.  

 

35. We note that the resumption of SO2 network measurements by MVO is a very positive 

step forward to obtain again a complete activity record. A comparison between the 

established NOVAC scanners and new OpenSO2 sensors between May and April 2019 

demonstrated the reliability of the OpenSO2 hardware. More work is necessary to test 

the reliability and suitability of processing software. The measurement of gas species 

other than SO2 would also be very helpful, and measurements over the next 12 months 

with the Multi-gas instrument and, if possible, the FTIR would be beneficial to measure 

SO2/HCl ratios, which indicate when fresh magma reaches near-surface. In order to 

minimize the uncertainty of flux calculations, the adaptation of wind modelling 

software and wind forecast data may provide major improvements. 

 

36. In the context of the ongoing seismic and GPS network upgrade, the SAC re-iterates 

the recommendation to perform a vulnerability analysis of the networks including all 

back-ups, relays and radio links. Recent outages due to bad weather reveal such 

vulnerability. It has been demonstrated on many volcanoes worldwide and on 

Montserrat during the run-up to the Boxing Day event in 1997, that in case of increased 

volcanic activity, major parts of networks can fail and leave the observatories with 

insufficient monitoring capacity once the eruption is underway. We support the 

suggestion to consider the installation of two seismic antennas (arrays) in addition to 

the established seismic network.  

 

37. Due to the lack of available strain data, we recommend that MVO staff resume the use 

of seismic broadband seismometers to fill the gap. As demonstrated before (Fig 9), a 

few simple processing steps do allow the detection of very-long-period signals, which 

would otherwise remain unidentified. Those signals have been linked in the past to ash 

venting and the movement of magma and gas at shallow depth. The full use of the 

broadband capacity of the seismic network can even out-perform the strain meters 

(actually dilatometers) as the seismometers reveal the full 3D signature of the 

displacement.  
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Figure 9. Comparison of seismic and strain signals of ash venting event on March 23rd , 2012. (a) 

conventional velocity seismogram, (b) displacement seismogram showing long-period transient and 

VT swarm, (c) same as (b) but VT swarm removed, (d) strain signal. Seismic data: station MBWW, 

Strain record Olveston.  

 

38. We note that the MVO contract between the Seismic Research Centre (SRC) and the 

Montserrat Government runs out in 2021. This very short time scale for renewal could 

create uncertainty amongst MVO staff as their own contracts with SRC depends on the 

former, and could affect the continuity of the monitoring efforts. Given the short time, 

a full tender process seems to be unlikely and we recommend an extension of the 

existing contract on a single source basis for a time period of ideally 3 years, or at least 

2 years to reassure MVO staff in their positions.   

 

39. To confirm the position of MVO in the context of Montserrat’s wider disaster 

management planning and response, a simulation exercise was discussed where 

communication chains and protocols can be tested and evaluated. This exercise could 

include Government personnel, the DMCA, the Police, and could take place in the 

beginning of 2021. The MVO director and SAC chair will liaise with Alan Morrison, 

Governor’s Office.  

 

40. In the light of increasing sand mining and tourism activity in Zone V, the set-up of an 

environmental monitoring system was mentioned in several discussions. The necessary 

knowledge regarding appropriate equipment and risks thresholds falls outside the 

expertise of existing MVO staff. While MVO could support such endeavour through 

their technical expertise in the setting up of the monitoring system, the management of 

environmental monitoring should lie with the Health Department.    

 

41. Given the proficiency and competence of the scientific and technical staff, we consider 

the overall monitoring capacity of MVO regarding the measurements of ground 

deformation, gas, seismicity and volume as adequate to the current level of volcanic 

risk activity. We note that any attempt to relax any restrictions to enter Zone V, or 

make those more flexible, is entirely dependent on the MVO’s capability to detect even 

the slightest changes in volcanic activity in a timely manner. Continuous monitoring of 

the volcano is essential.  

 



 

19 

SAC Matters 

 

42. Due to COVID19 imposed travel restrictions, this was the first time that the SAC met 

virtually with SAC members distributed around the globe in different time zones. 

While such meeting style has become the new normal for short meetings, we found that 

for engagements spanning over several days this was far from ideal. Some SAC 

members had to work during the night and the time spent in front of the computer 

screen was by far too long. More importantly, the lack of socialization, which usually 

offers opportunities to exchange opinions in an informal manner, severely limited the 

chance to alleviate tension arising from divergent views. The absence of travel 

inconveniences did not counterbalance these strong disadvantages. 

 

43. We welcomed Prof Fidel Costa as a new SAC member. He is professor at the Nanyang 

Technological University in Singapore and currently the Chair of the Asian School of 

the Environment. He is a volcanologist specialized in petrology and geochemistry of 

rocks and the quantification of processes that lead to eruption. He is also very 

interested in volcanic databases and the use of statistical tools. He has worked in many 

different types of volcanoes and countries, most notably in Indonesia, the Philippines 

and Chile. He is member of the executive committee of the International Association of 

Volcanology and Chemistry of the Earth’s Interior. 

 

44. All SAC members expressed the intention to continue to serve on the SAC for the near 

future. Prof Neuberg, chairing his 6th meeting, expressed his intention to step down as 

the chair after concluding the next meeting in 2021. With the recent addition of Prof 

Costa we feel that our joint expertise covers all scientific aspects required for now on 

the SAC to carry out the work defined by the ToRs.   

 

45. The so-called ‘health check’ of the elicitation results could not be arranged during the 

SAC meeting and was discussed at an additional online meeting as soon as numbers 

were available. The elicitation results reported here are the outcome of this additional 

online meeting. 

 

46. The next meeting of the SAC will take place November 15th through 18th, 2021in 

Montserrat, unless a significant event on the volcano brings this forward.  

  



 

20 

Appendix I:  
 

Constitution of the Scientific Advisory Committee on Montserrat Volcanic Activity 

 

This document outlines the main responsibilities of the Scientific Advisory Committee (SAC) on 

the Soufriere Hills Volcano, Montserrat. The document includes the terms of reference for the 

SAC and a membership template. The SAC is to replace the Risk Assessment Panel and is 

commissioned by the Overseas Territories Directorate (OTD) of the Foreign, Commonwealth 

and Development Office (FCDO). The SAC will work according to the Office of Science and 

Technology (OST) Code of Practice for Scientific Advisory Committees. 

Terms of Reference 

The main responsibilities of the SAC are: 

 

1. to carry out regular hazard and risk assessments of the volcano in co-operation with the 

Montserrat Volcano Observatory (MVO) and to report its findings to HMG and the 

Government of Montserrat; and  

 

2. to provide scientific advice at a strategic level to HMG and the Government of 

Montserrat outside these regular assessments in co-operation with the MVO. 

 

NB: The “Government of Montserrat” will normally mean, in the first instance, the 

Governor as s/he has the constitutional responsibility for the safety of the Montserrat 

population. The Governor will be responsible for ensuring appropriate dissemination of 

SAC assessments or recommendations to the Government and people of Montserrat. 

 

The SAC is also required to perform these additional functions: 

 

3. to provide independent advice on the scientific and technical operations of the MVO to 

ensure that the work matches the level of risk;  

 

4. to provide scientific advice and assistance to the MVO as required by the MVO Director; 

and 

 

5. to offer advice on new developments that were not foreseen when the TORs were set up, 

and if appropriate make recommendations for changes to the TORs. 

 

 

The SAC will carry out its activities within the OST Code of Practice for Scientific Advisory 

Committees.  The SAC will be responsible to the UK Government through the FCDO (OTD).  

The SAC will not incur expenditure without prior FCDO (OTD) authority. 

 

These general terms of reference are supplemented with the following specific points: 

 

(a) The work of the SAC concerns scientific assessment of the volcanic activity and related 

hazards and risks. This scientific work is an input to decisions made by the HMG and the 

Government of Montserrat related to the safety of the people of Montserrat (such as 
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evacuation and extent of Exclusion Zones), to issues of planning and sustainable 

development of Montserrat and to the mitigation of external hazards (e.g. to civil 

aviation). 

 

 

(b) The provision of scientific advice to the Governor and Government of Montserrat is the 

responsibility of the MVO and its Director. The SAC has the function of assisting the 

MVO in its major missions in all respects of its activities and to assist in matters relating 

to the provision of long-term and strategic matters.  

(c) The MVO Director (or scientific staff designated by the Director) participate in all SAC 

activities except for ToRs 3 and 4. 

(d) The SAC has the function of giving advice and assistance to MVO and the management 

contractor relating to scientific matters as required by the MVO Director. Such 

independent advice to the MVO may include appraisal of the technical expertise of staff, 

evaluation of the monitoring systems, assessment of proposed research projects by 

external groups, and advice on technical matters.  

(e) With respect to ToR 3 the Chair of the SAC will be a member of the MVO Board of 

Directors and can provide independent advice to the Board as required. The Chair will be 

expected to attend MVO Board meetings (currently twice a year). 

(f) Given the special circumstances of Montserrat as a United Kingdom Overseas Territory, 

reports of the SAC would be provided for both Governments. Reports would also be 

given to the MVO Management Board. 

(g) The SAC will be required to present its findings in a manner suitable for release to the 

public. It will also be required to assist the Governments and the MVO in explaining the 

activity of the volcano and the scientific information pertinent to decision-making by the 

authorities. 

(h) The SAC will liaise with other relevant scientific organisations or committees as 

required, which might for example include regional scientific institutions and the 

Department of Health Committee on health hazards from volcanic ash. 

(i) The Chair of the SAC will make an annual report to the MVO Board of Directors.   

 

 MEMBERSHIP 

Membership of the SAC will be at the invitation of the FCO (OTD) and will cover the key areas 

of expertise required to assess the hazards and risks of erupting volcanoes. Expertise will include 

such areas as volcanology, volcano geophysics, and hazard analysis. The SAC will continue the 

approach of the former Risk Assessment Panel that was endorsed by the UK Chief Government 

Scientist in December 1997. Thus the Committee requires a facilitator as a member for applying 

expert elicitation methods to estimate volcanic risk. These considerations imply a minimum of 

four members, excluding the Director of the MVO. Additional experts can be invited to 

participate as required by the Chair, with prior agreement from the FCO (OTD), if a lack of 

expertise becomes apparent on a particular issue. As required by the Code the SAC is expected 

to consider external opinion. The membership will be considered on an annual basis with a view 

to regular changes and refreshment of membership.  
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MEMBERSHIP TEMPLATE 

Members invited to serve on the SAC for the Montserrat Volcano are expected to attend all 

hazards and risk assessment meetings and to participate in the formalised elicitation procedure. 

Members have the responsibility to use their scientific judgement and expertise to meet the 

Terms of Reference. Opinions of the Members on scientific matters should be expressed through 

participation in the work of the SAC. Divergences of scientific opinion will normally be reported 

in terms of scientific uncertainty through the formal expert elicitation procedure. Differences that 

cannot be incorporated through the elicitation methodology should be included in the reports of 

the SAC as required by the OST Code. The Chair of the SAC, or his or her delegate from the 

Committee, will be responsible for presenting the findings of the SAC’s work to the 

Governments of Montserrat and the United Kingdom and to the public in co-operation with the 

Director of the MVO. Any disagreement or divergence of opinion with the Director of the MVO 

that cannot be reconciled or incorporated through the elicitation method should be reported 

through the MVO Board of Directors. 

 

SECRETARIAT 

The FCDO (OTD) provide a Secretariat for the SAC, as set out in the Code of Practice.    FCDO 

(OTD) will reimburse premium economy travel costs, reasonable hotel accommodation, meals 

and professional fees (once agreed) in full.  The SAC will not incur additional expenditure 

without prior FCDO (OTD) authority.  The Secretariat’s main point of contact is now Ms 

Hannah Jaloulli-White, Desk Officer - Caribbean and Bermuda Section, OTD.  Her contact 

details are as follows: 

Email:  hannah.jallouliwhite@fcdo.gov.uk 

Tel:     +44 20 7008 2290 
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Appendix II: 

 

AGENDA SAC25  

November 2 – 5, 2020 

 

Monday, 2 Nov, 2020 

12:00h - 17:00h GMT Virtual Meeting (SAC, MVO staff) 

• Introduction, welcome to all participants 

• Meeting agenda & plan 

• Summary of the two 6 months reports: Highlights (GR)  

• Volcanic activity reports, Q&A (SAC members) 

 SO2 Reports (MB)  

 Examination of the underlying trends in volcanic activity 

 MVO matters  

Tuesday, 3 Nov, 2020 

(10:00h – 12:00h Reading of reports and papers) 

12:00h – 18:00h GMT Virtual Meeting (SAC & MVO staff)  

 Evaluation of unrest indicators, seismic, gas, deformation  

• Analysis of conceptual models on volcanic activity 

-  Petrological perspective on McGee hypothesis (FC)  

-  Visco-elastic models to explain deformation trends (JN, NF, MVO staff)  

-  Temperature model for Montserrat (GR, MVO staff)  

-  Continuous outgassing (MB)  

 

Wednesday, 4 Nov, 2020 

(10:00h – 12:00h Reading of reports and papers) 

12:00h – 18:00h   Virtual Meeting (SAC & MVO staff)  

 Progress of probabilistic hazard map of Montserrat (MVO Staff)  

 Elicitation on ballistics (MVO staff)  

 Long-term perspectives for tourist, agricultural, sand mining 

 Study of the chronic health risks from prolonged exposure to moderate levels of SO2 and 

potentially HS2 for tourists, miners and residents (JN)  

 Environmental monitoring 

 MVO and the wider disaster management planning and response   

 Elicitation:  One-year hazard assessment (EC)  

Thursday, 5 Nov, 2020  

09:00h – 12:00h GMT Virtual Meeting (SAC-GR)  

 MVO performance        

• SAC matters  

- Future of SAC meetings 

- Expertise required 

- Membership 
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- SAC budget  

 

12:00 – 18:00h Virtual Meeting (SAC & MVO staff)  

 Feed-back to MVO – SAC’s comments & suggestions 

13:00h Chief Scientific Advisor FCDO  

• Future collaboration between SAC & MVO  

• Preliminary statement (SAC)  

 

18:30h Virtual Meeting with Governor & Premier (SAC)  

22:30h ZJB (GR, JN, MB)  

 Health check of elicitation results (EC)(later date – online)  
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Appendix III:  

  

 

 

List of Participants 

 

SAC Members 

Prof F Costa  Nanyang Technological University, Singapore  

Prof E Calder  University of Edinburgh, UK  

Prof M Burton  University of Manchester, UK 

Prof E Rivalta             GFZ Potsdam, Germany & University of Bologna, Italy 

Dr N Fournier             GNS, New Zealand  

Dr G Ryan   Director, MVO; University of the West Indies 

Prof JW Neuberg University of Leeds, UK (Chair) 

 

MVO – Observers 

Mr R Stewart  

Dr T Christopher  

Dr A Stinton  

Dr K Pascal  

Dr V Miller  

Ms V Bass  

Mr R Syers  

Mr P Williams  

Ms D James (MVO contractor) 

 

SRC - Observer 

Prof E Joseph  Director, Seismic Research Centre, University of the West Indies 

Prof R Robertson Seismic Research Centre, University of the West Indies 
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Appendix IV: 

 

Preliminary Statement SAC 25 

 

November 5th, 2020 

 

 

Soufrière Hills volcano has shown no significant changes in its behaviour during the past year.  

Measurements of sulphur dioxide emissions have been carried out by helicopter or boat, as well 

as by the ground-based spectrometer network, showing no significant change in the outgassing 

rate. Images of fumaroles on the dome obtained by thermal camera indicate that the temperature 

of volcanic gases remains as high as 563 ̊C. Seismicity has remained at a very low level except 

for occasional short bursts of volcano-tectonic earthquakes. Monitoring of ground deformation 

indicates a slow but continuous lengthening over the island, with a maximum uplift of about one 

centimetre over the last year. While this is consistent with the activity over the previous 9 years, 

a small reduction in the rate of deformation over the last 4 years is now evident.  

 

Taking these observations together, we conclude that the volcano remains in a state of unrest. 

While the continuous pressurization of the magmatic system cannot be ruled out, we continue to 

explore the possibility that part of the ongoing surface deformation could be a delayed response 

to a previous magma intrusion that ceased several years ago.  Regardless, a resumption of lava 

extrusion, or explosions remain a possibility in the future. We consider that the most likely 

scenario for the next year is a continuation of the current state. 

 

The volcano is still a potential source of hazards. The major part of the lava dome remains stable 

but steep parts of the dome could be destabilized by various processes. The chance that 

pyroclastic flows will occur within the next year remains low. However, hazards could occur at 

any time and pose a threat to people working in or visiting Zone V. Analyses of both pyroclastic 

flow and lahar hazard in order to facilitate site specific risk assessments have been undertaken by 

the MVO. Continuous monitoring of the volcano remains essential. 
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Appendix V: 

 
Elicitation results in comparison to previous years 
 

1. GIVEN what has happened up to the present and GIVEN current conditions, what is the probability that, 
irrespective of whether there is eruptive activity at the surface, or not, the volcanic system will remain 

active over the next 12 months.   
 

 

 Credible interval lower 
bound Median value 

Credible interval upper 
bound 

SAC 16 51% 95% 99.9% 

SAC 17 53% 97% 99.9% 

SAC 18 56% 95% 99.9% 

SAC 19 69% 98% 99.99% 

SAC 20 47% 94% 100% 

SAC 21 12% 86% 99.9% 

SAC 22 39% 92% 99.9% 

SAC 23 12% 93% 99.5% 

 Slight change in question wording as indicated above 

SAC 24 50% 91% 99.9% 

SAC 25 43% 91% 99.9% 

 
 

 
 

 

2a. GIVEN what has happened up to the present and GIVEN current conditions, what is the probability that 
nothing significant will happen (i.e. no collapse, no restart of dome growth, no explosion) in the next 

12 months.  
 

 Credible interval lower 

bound Median value 
Credible interval upper 

bound 

SAC 16 1% 30% 73% 

SAC 17 9% 43% 82% 

SAC 18 20% 67% 94% 

SAC 19 42% 64% 91% 

SAC 20 32% 78% 98% 

SAC 21 20% 77% 98% 
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SAC 22 33% 77% 99% 

SAC 23 34% 82% 99% 

 Slight simplification in question wording  

SAC 24 64% 88% 99% 

SAC 25 50% 80% 97% 

 
 

2b. GIVEN current conditions, what is the probability that within the next year the first significant 
development will be a resumption of lava extrusion. 

 

 Credible interval 
lower bound Median value 

Credible interval 
upper bound 

SAC 16 6% 43% 78% 

SAC 17 6% 31% 60% 

SAC 18 1% 15% 53% 

SAC 19 3% 32% 55% 

SAC 20 0.5% 13% 62% 

SAC 21 0.8% 11% 54% 

SAC 22 0.2% 11% 65% 

SAC 23 0.1% 10% 33% 

SAC 24 0.1% 2% 22% 

SAC 25 0.2% 5% 21% 

 
 

2c.  GIVEN current conditions, what is the probability that in the next year the first significant activity will 

be collapse of the dome. 
 

(This is a new question in SAC 24 – where we have asked for the combined probabilities for all the different 
possible flow directions, that were previously split out into different drainages. We have moved to this 

approach because the probabilities were very low, and it was getting increasingly difficult to assess for such 
unlikely and specific events). 

 

 Credible interval lower 
bound Median value 

Credible interval upper 
bound 

SAC 24 0.4% 7% 20% 

SAC 25 0.3% 5% 29% 

 
 

2d.  GIVEN current conditions, what is the probability that the first significant event will be an explosion. 
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 Credible interval lower 

bound Median value 
Credible interval 

upper bound 

SAC 16 0.5% 24% 68% 

SAC 17 0.2% 15% 68% 

SAC 18 0.5% 8% 61% 

SAC 19 0.02% 2% 15% 

SAC 20 0.04% 2% 29% 

SAC 21 0.01% 7.3% 65% 

SAC 22 0.05% 8.7% 65.5% 

SAC 23 0.2% 5.7% 25% 

 Slight simplification in question wording (i.e. not tied to reference 

event). 

SAC 24 0.1% 3% 29% 

SAC 25 1% 10% 50% 

 

 

*In previous SAC assessments, this used to be question 2i. 
 

 
 

3. If, in the next year the first significant activity is a major dome collapse, what is the probability of 
magma extrusion or explosion within the following month: 

 

 Credible interval lower 
bound Median value 

Credible interval 
upper bound 

SAC 20 1% 67% 94% 

SAC 21 1.2% 55% 85% 

SAC 22 1.13% 29% 95% 

SAC 23 3.3% 35% 98% 

SAC 24 23% 68% 90% 

SAC 25 27% 73% 95% 

 
 

*In previous SAC assessments, this used to be question 2c2. 
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4.  GIVEN current conditions, what is the probability that within the next year the first significant event will 
be a dome collapse in the following sectors: 

 
(New question for SAC 24) 

 

 Credible interval lower 
bound 

Median value 
Credible interval 

upper bound 

4a)  NW 0.0015 3.444 35.57 

4b) N 10.06 26.48 74.40 

4c) NE 15.19 54.98 79.95 

4d) SE 0.0017 2.48 19.95 

4e) S 0.5157 6.41 30.09 

4f) SW 1.519 10.63 46.25 

 
 

(SAC 25) 
 

 Credible interval lower 

bound 
Median value 

Credible interval 

upper bound 

4a)  NW 0.00001 0.097 16.99 

4b) N 10.06 24.95 77.60 

4c) NE 12.82 65.51 89.73 

4d) SE 0.00001 0.051 6.95 

4e) S 0.652 6.128 20 

4f) SW 1.014 6.449 40.29 

 

 
 

 

 
 

6.  Supplementary Question:  GIVEN what has happened up to the present and GIVEN current conditions, 
what is the probability that nothing significant will happen (i.e. no collapse, no restart of dome growth, no 

magmatic explosion) in the next 30 years? 
 

 Credible interval lower 

bound Median value 
Credible interval 

upper bound 

SAC 18§ 0.3% 16% 74% 

SAC 19 8% 32% 85% 

SAC 20 2% 39% 93% 
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SAC 21 1.9% 33% 90% 

SAC 22 2.1% 39% 95% 

SAC 23 7% 29% 98% 

SAC 24 5% 17% 60% 

SAC 25 5% 44% 70% 

 
§ This question had not been elicited in previous SAC meetings 

 

 
 

7a.   GIVEN a scenario in which magma extrusion restarts or an explosive eruption occurs within the next 
five years, what is the probability that there will be precursory signals in the six months leading up to the 

new activity? 
 

 Credible interval lower 

bound Median value 
Credible interval 

upper bound 

SAC 20§ 15% 85%      96 % 

SAC 21 44% 80% 99% 

SAC 22 33% 93% 99% 

SAC 23 50% 86% 99.9% 

SAC 24 61% 93% 99% 

SAC 25 65% 90% 99% 

 
§ This question had not been elicited in previous SAC meetings 

 

 

7b.  GIVEN precursory signals in the six months before new activity, what is the probability that it will be 
recognized as such at the time?  

 

 Credible interval lower 

bound Median value 
Credible interval 

upper bound 

SAC 20§ 18%  82%  99 % 

SAC 21 18% 64% 95% 

SAC 22 11% 75% 99% 

SAC 23 40% 75% 98% 

SAC 24 38% 87% 97% 

SAC 25 41% 79% 97% 

 
§ This question had not been elicited in previous SAC meetings 
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9. GIVEN current conditions, what is the probability that at there will be a significant, externally-triggered, 
dome collapse ? 

 
 

 Credible interval lower 
bound Median value 

Credible interval 
upper bound 

SAC 22§ 0.0001% 0.012 %  7.51% 

SAC 23 0.001% 0.07% 4% 

SAC 24 0.0004% 0.1% 6% 

SAC 25 0.000006% 0.0008% 2.7% 

 
§ This question had not been elicited in previous SAC meeti 
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Appendix VI: 

Modified Chief Medical Officer’s Risk Scale (CMO*) 

 

 

Negligible (F):  an adverse event occurring at a frequency below one per million.  This would be 

of little concern for ordinary living if the issue was an environmental one, or the consequence of 

a health care intervention.  It should be noted, however, that this does not mean that the event is 

not important – it almost certainly will be to the individual – nor that it is not possible to reduce 

the risk even further. Other words which can be used in this context are ‘remote’ or 

‘insignificant’.  If the word ‘safe’ is to be used it must be seen to mean negligible, but should not 

import no, or zero, risk. 

Minimal (E):  a risk of an adverse event occurring in the range of between one in a million and 

one in 100,000, and that the conduct of normal life is not generally affected as long as reasonable 

precautions are taken.  The possibility of a risk is thus clearly noted and could be described as 

‘acceptable’ or ‘very small’.  But what is acceptable to one individual may not be to another. 

Very low (D):  a risk of between one in 100,000 and one in 10,000, and thus begins to describe 

an event, or a consequence of a health care procedure, occurring more frequently. 

Low (C):  a risk of between one in 10,000 and one in 1,000.  Once again this would fit into many 

clinical procedures and environmental hazards.  Other words which might be used include 

‘reasonable’, ‘tolerable’ and ‘small’.  Many risks fall into this very broad category. 

Moderate (B):  a risk of between one in 1,000 and one in 100.  It would cover a wide range of 

procedures, treatment and environmental events. 

High (A):  fairly regular events that would occur at a rate greater than one in 100.  They may 

also be described as ‘frequent’, ‘significant’ or ‘serious’.  It may be appropriate further to 

subdivide this category. 

Unknown:  when the level of risk is unknown or unquantifiable.  This is not uncommon in the 

early stages of an environmental concern or the beginning of a newly recognised disease process 

(such as the beginning of the HIV epidemic). 

 

Reference:  On the State of Public Health: the Annual Report of the Chief Medical Officer of the 

Department of Health for the Year 1995.  London: HMSO, 1996. 
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Appendix VII:  

Glossary of Terms 

 

Andesite: The name given to the type of magma erupted in Montserrat. 

Basalt: The type of magma entering the magma reservoir below Montserrat. 

cGPS: Continuously-measured Global Positioning System for repeated measurement of ground 

deformation. 

Conduit: In a volcano magma flows to the earth’s surface along a pathway known as a conduit. 

The conduit is usually thought to be a cylindrical tube or a long fracture. 

Dyke:  Vertical, tabular body of magma within a fracture below the volcano that can act as the 

conduit for flow to the surface. 

EDM: Electronic Distance Measurements made by laser ranging to reflectors gives length 

changes of a few millimetres accuracy over several kilometres. 

Fumarole:   A vent in the surface of the dome where hot gases exit. 

Hybrid/LP Seismicity: Varieties of earthquake signal often indicative of magma motion in the 

upper part of the conduit. 

Lava: Once magma gets to earth’s surface and extrudes it can be called lava. Below ground it is 

always called magma. 

Lateral Blast: An energetic sideways-directed explosion from a lava dome that can generate 

highly fluid pyroclastic flows. 

Low-frequency earthquake see LP (long period earthquake) 

Magma: The material that erupts in a volcano is known as magma. It is not simply a liquid, but a 

mixture of liquid, crystals and volcanic gases. Magma must contain enough liquid to be able to 

flow. 

Magnitude: The magnitude of an explosive eruption is the total mass of material erupted.  

Mudflow: A flow of rock debris, ash and mud that occurs on many volcanoes particularly during 

eruptions and after very heavy rain (equivalent to “lahar”). 

Pyroclastic flow: These are flows of volcanic fragments similar to avalanches of rock in 

landslides and snow avalanches. They can be formed both by explosions and by parts of an 

unstable lava dome avalanching. 

Pyroclastic surge: These are also flows, but they are dilute clouds rather than dense avalanches. 

A surge is a rapidly moving mixture of hot particles and hot gas and their behaviour can be 

compared to a very severe hurricane. Surges can be formed above pyroclastic flows or directly 

by very violent explosions. 

Simulation: Use of a computer program to mimic (or model) the behaviour of a physical 

process.  

Swarm:  A large number of, in this case, earthquakes occurring in rapid succession with 

characteristics indicating they are generated from a similar region in the earth. Can merge into 

tremor. 

Talus: A pile of cool lava blocks and ash that accumulate by rockfall around the core of the  hot 

lava dome. 

Volcanic ash: Ash particles are defined as less than 4 millimetres in diameter. Respirable ash 

consists of particles less than 10 microns (a micron is one thousandth of a millimetre) in 

diameter.  

VT string: Bursts of seismic energy in form of several volcano-tectonic earthquakes,      

      sometimes accompanied by ash venting.   
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Appendix VIII:    

 

Limitations of Risk Assessment 

 

1. It should be recognised that there are generic limitations to risk assessments of this kind.  The 

present exercise has been a relatively quick assessment, based on a limited amount of field 

and observatory information and on a brief review of previous research material.  The 

Foreign & Commonwealth Office, who commissioned the assessment, allocated four days 

for the formal meeting.  Thus the assessment has been undertaken subject to constraints 

imposed in respect of time and cost allowed for the performance of the work. 

 

2. While the outcome of the assessment relies heavily on the judgement and experience of the 

Committee in evaluating conditions at the volcano and its eruptive behaviour, key decisions 

were made with the use of a structured opinion elicitation methodology19, by which means 

the views of the Committee as a whole were synthesised impartially. 

 

3. It is important to be mindful of the intrinsic unpredictability of volcanoes, the inherent 

uncertainties in the scientific knowledge of their behaviour, and the implications of this 

uncertainty for probabilistic forecasting and decision-making.  There are a number of sources 

of uncertainty, including: 

▪ Fundamental randomness in the processes that drive volcanoes into eruption, and in the 

nature and intensities of those eruptions. 

▪ Uncertainties in our understanding of the behaviour of complex volcano systems and 

eruption processes (for example, the relationships between pyroclastic flow length, channel 

conditions and topography, and the physics of pyroclastic flows and surges). 

▪ Data and observational uncertainties (e.g. incomplete knowledge of the actual channel and 

interfluve topography and conditions, material properties inside pyroclastic currents, the 

uncertain nature of future eruption intensities, dome collapse geometries and volumes etc).  

▪ Simulation uncertainties, arising from limitations or simplifications involved in modelling 

techniques, and the choices of input parameters. 

 

4. These are all factors that are present when contemplating future hazards of any kind in the 

Earth sciences (e.g. earthquakes, hurricanes, floods etc.) and, in such circumstances, it is 

conventional to consider the chance of occurrence of such events in probabilistic terms.  

Volcanic activity is no different.  There is, however, a further generic condition that must be 

understood by anyone using this report, which concerns the concept of validation, 

verification or confirmation of a hazard assessment model (or the converse, attempts to 

demonstrate agreement or failure between observations and predicted outcomes).  The fact is 

that such validation, verification or confirmation is logically precluded on non-uniqueness 

grounds for numerical or probabilistic models of natural systems, an exclusion that has been 

explicitly stated in the particular context of natural hazards models20. 

                                                 
19 Cooke R.M., Experts in Uncertainty.  Oxford University Press; 1991. 
20 Oreskes, N., Schrader-Frechette, K. and Belitz, K., 1994. Verification, validation, and confirmation of numerical 

models in the Earth Sciences.  Science, 263: 641-646. 
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5. This report may contain certain "forward-looking statements" with respect to the 

contributors’ expectations relating to the future behaviour of the volcano. Statements 

containing the words "believe", "expect" and "anticipate", and words of similar meaning, are 

forward-looking and, by their nature, all forward-looking statements involve uncertainty 

because they relate to future events and circumstances most of which are beyond anyone's 

control. Such future events may result in changes to assumptions used for assessing hazards 

and risks and, as a consequence, actual future outcomes may differ materially from the 

expectations set forth in forward-looking statements in this report.  The contributors 

undertake no obligation to update the forward-looking statements contained in this report.  

6. Given all these factors, the Committee members believe that they have acted honestly and in 

good faith, and that the information provided in the report is offered, without prejudice, for 

the purpose of informing the party commissioning the study of the risks that might arise in 

the near future from volcanic activity in Montserrat.    However, the state of the art is such 

that no technical assessment of this kind can eliminate uncertainties such as, but not limited 

to, those discussed above.  Thus, for the avoidance of doubt, nothing contained in this report 

shall be construed as representing an express or implied warranty or guarantee on the part of 

the contributors to the report as to its fitness for purpose or suitability for use, and the 

commissioning party must assume full responsibility for decisions in this regard.  The 

Committee accepts no responsibility or liability, jointly or severally, for any decisions or 

actions taken by HMG, GoM, or others, directly or indirectly resulting from, arising out of, 

or influenced by the information provided in this report, nor do they accept any responsibility 

or liability to any third party in any way whatsoever.  The responsibility of the contributors is 

restricted solely to the rectification of factual errors. 

 

7. This appendix must be read as part of the whole Report. 
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Appendix IX 

 

OpenSO2 Reports: Esse, B, Burton, M (Lovers Lane Comparison;  Reanalysis of NOVAC data) 

 



17/09/2020 

OpenSO2 Report – Lovers Lane 
Comparison 
Ben Esse, Mike Burton 

Department of Earth and Environmental Sciences, The University of Manchester, Manchester, UK 

 

This short report outlines a direct comparison between the OpenSO2 and NOVAC scanners at the 

Lovers Lane site for three months (May-July 2019). Both datasets were analysed using the iFit 

method to retrieve SO2 SCDs. These results were then processed to calculate SO2 fluxes using a fixed 

plume altitude of 500 m, wind direction of 90° and wind speeds taken from the airport. This allows a 

side-by-side comparison of the results from the two scanners. 

Figure 1 shows the calculated flux for one day (21/07/2019) for both scanners. They agree well in 

terms of absolute value and variation with time, displaying the pattern in calculated flux. 

Figure 2 shows the daily averaged fluxes from both scanners, as well as the correlation between 

them. Daily fluxes generally agree within the standard deviation, with differences between the 

averaged flux most likely arising due to the difference in operation time of the two scanners or data 

loss due to saturation during some parts of the day. The OpenSO2 scanner tends to retrieve slightly 

lower fluxes than the NOVAC scanner, most likely because the OpenSO2 scanner scans from 12° 

above each horizon, while the NOVAC system scans from horizon to horizon. 

These results demonstrate that the OpenSO2 hardware is operating well, showing good agreement 

with the established NOVAC system when the same analysis method is applied to each.   

 

 

Figure 1: SO2 flux calculated from the NOVAC and 
OpenSO2 scanners at the Lovers Lane site on 
21/07/2019.  

Figure 2: Averaged daily fluxes from the NOVAC 
and OpenSO2 scanners at Lovers Lane. Error bars 
give the daily standard deviation 
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OpenSO2 Report – Reanalysis of NOVAC 
data 

Introduction 

This report will outline preliminary results of a re-analysis of 3 months of data (May-July 2019) from 

the NOVAC scanners at the Lovers Lane and Brodericks sites. This report will first present a short 

background on the methods used, followed by a side by side comparison of the flux results produced 

by the NOVAC system and the re-analysis using the same plume altitude and wind speeds, followed 

by a full re-analysis using plume altitudes derived by matching scans of the two stations and wind 

speeds from the airport. 

Method 

Spectrometer calibration 
The OpenSO2 scanners use an analysis procedure called iFit to analysis the UV spectra recorded by 

the spectrometers. This method is like the standard DOAS analysis used by the NOVAC system, with 

the main difference being that instead of using a spectrum measured at zenith before each scan, iFit 

used a pre-recorded high-resolution solar spectrum to retrieve the SO2 slant column density (SCD) 

from each spectrum. This allows the absolute SCD to be retrieved without any possibility of 

contamination in the reference spectrum leading to an offset SCD.  

We have applied this method to the spectra obtained by the NOVAC scanners for three months (May 

– July 2019). The spectra are stored in compressed .pak files. These must be unpacked to .dat binary 

files, from which the raw spectra can be read. Each scan consists of 53 spectra: a reference spectrum 

taken at zenith, a dark spectrum taken with the optics blocked and 51 measurement spectra taken in 

an arc from horizon to horizon.  

The raw spectra do not contain the wavelength calibration of the spectrometer (how the wavelength 

of the measured light varies as a function of pixel number across the detector CCD), the instrument 

line function, or ILS, (the smoothing function caused by the spectrometer measurement slit) or the 

flat-field response (the pixel-to-pixel variation in quantum efficiency of the detector). Typically, these 

are determined in a laboratory and stored for future use but not recorded with the raw data to save 

space. The first two are required for analysis, and the third is preferred but not essential.  

The wavelength calibration of each spectrometer was determined from the location of sharp 

absorption lines in the Fraunhofer spectrum which have a known wavelength. The ILS was 

determined by fitting a super-Gaussian smoothing factor to a number of hand-picked spectra 

(approximately 5 scans of high intensity but non-saturated spectra for each instrument, total of ~250 

spectra). The flat-field spectrum could not be determined as this would require measuring the 

response with a Deuterium lamp, however the lack of the flat field spectrum did not seem to impact 

the results significantly. 

Spectral Analysis and Flux Calculation 
With the spectrometer calibration complete the analysis could be performed. Firstly, each spectrum 

was fitted using iFit to retrieve the SO2 SCD. These data were masked for data quality, ensuring a 
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high-quality fit (maximum residual below 5%) and sensible SO2 SCDs for this volcano (between            

-5x1017 and 1x1019 molecules.cm-2). The flux for each scan was only calculated if less than 20% of the 

spectra had to be masked. 

Each scan was then analysed to calculate the SO2 flux. Calculating the flux requires knowledge of the 

plume altitude, wind direction and wind speed. Two calculations of the SO2 flux were performed. 

The first used the plume altitude and wind speed as recorded in the NOVAC results files to allow for 

a direct comparison between the two methods. Note that the wind direction was assumed to be 90° 

throughout this analysis as the wind direction recorded in the NOVAC files was found to vary 

significantly. 

The second analysis paired scans from the Brodericks and Lovers Lane scanners to calculate the 

plume height and wind direction. Wind speeds from the airport were used for this analysis. The 

plume location was only calculated if there was a corresponding scan within 10 minutes of the one 

being analysed. If this was not the case, or if the height determination failed, then a default plume 

altitude and wind direction of 500 m and 90°, respectively, were used. 

Results 
Figure 1 shows an example day of data taken by both scanners, with the NOVAC and iFit analyses. 

The recorded NOVAC SCDs were corrected for potential contamination within the reference 

spectrum by subtracting the lowest SO2 SCD that was flagged as a good point in the results file. Note 

that the exact correction procedure used by NOVAC in the flux calculation may be different to this. 

On this day, the plume can be seen to be between the two scanners. Typically for the days examined 

the plume was either between the two scanners or over Lovers Lane, and almost always extending 

to the ground for each scanner. This can lead to issues with the NOVAC analysis of the Lovers Lane 

scanner due to contamination of SO2 if no clear sky is visible to the scanner, which will lead to an 

underestimation of the true flux. For each scanner there are some regions of poor data around 

zenith near to local noon due to saturation of the spectra. 

We would like to highlight the NOVAC results from the Brodericks scanner, which seem to anti-

correlate with the iFit results, showing no plume where iFit identifies SO2 and finding SO2 uniformly 

across the rest of the scan. This suggests some issue with the analysis of these spectra, though the 

exact cause in unknown and does not seem to affect the Lovers Lane data. This pattern is seen 

throughout all the data examined. 

Figure 2 shows another example day, but for poorer quality data. These were more prevalent later in 

the date range examined and show artifacts due to over exposure near to local noon as well as from 

low intensities later in the day. 
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Figure 1: SO2 SCDs from iFit (top) and NOVAC (middle), as well as fluxes (bottom) from the Lovers 
Lane (left) and Brodericks (right) NOVAC scanners on 2019-06-12. Positive scan angles are towards 
the north and times are UTC. 

Figure 2: SO2 SCDs from iFit (top) and NOVAC (middle), as well as fluxes (bottom) from the Lovers 
Lane (left) and Brodericks (right) NOVAC scanners on 2019-06-28. Positive scan angles are towards 
the north and times are UTC. 
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This shows that the iFit analysis is less susceptible to poor quality data. Similar plots for each day are 

available alongside this report, as well as the raw data to produce them, if required. 

The fluxes from each day were averaged to present the data across the three moths examined. This 

is shown in figure 3. Note that for Brodericks only data from the 9th May onwards were available. 

 

Figure 3: Flux comparison between iFit and NOVAC analyses. Also shown are the plume altitudes and 
wind speeds used, taken from the NOVAC analysis files. Error bars represent the standard deviation 
in fluxes across each day. Dashed lines show the average flux across all days examined for each 
scanner and analysis method. 

The average fluxes across the three months for iFit are 490 t/day and 211 t/day for Lovers Lane and 

Brodericks, respectively. For NOVAC they are 881 t/day and 612 t/day, respectively. This comparison 

shows that iFit routinely retrieves lower fluxes than the NOVAC analysis. These are more in line with 

those from traverse measurements, which ranged between 130-636 t/day during this period. It is 

also apparent that Lovers Lane routinely retrieves a higher flux than Brodericks, possibly due to the 

closeness of the plume to this scanner. 

Figure 4 shows the full reanalysis of the flux data, including calculation of the plume altitude and 

wind direction from the scan geometry. The overall average fluxes for Lovers Lane and Brodericks 

are 703 t/day and 278 t/day, respectively.  

The plume altitudes retrieved are typically lower than those assumed for the previous analysis, 

typically between 500 – 750 m. Note that the plume altitude calculation was at times highly variable, 

as shown by the standard deviation, which is caused in part by the program finding an incorrect 

plume centre in the scan. This will require addressing for more robust analysis in the future.  

The wind direction was consistently in the range or 80°-90° throughout, in rough agreement with the 

assumed wind direction used previously. 

Finally, the wind speeds from the airport data are typically higher than used in the NOVAC analysis. 

Whether this reflects the true wind speed of the plume is unknown. If the wind speed is measured 

independently during traverse measurements, then this could be used to better understand if these 

wind speeds are appropriate. 
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Figure 4: Daily averaged fluxes for the Lovers Lane and NOVAC scanners using calculated plume 
altitudes and wind directions and with wind speeds taken from the airport. Error bars give the 
standard deviation for that day. 

Conclusion 

Three months of data from the NOVAC scanners were re-analysed to produce SO2 fluxes for this 

period. These were first directly compared with the results from the NOVAC scanners, which tend to 

retrieve higher fluxes than the iFit re-analysis.  

One issue identified is that there is an error in the NOVAC analysis of the spectra from the Brodericks 

scanner. We do not know the cause of this, or how much of the past data from Brodericks this 

impacts.  

The plume height and wind direction were then calculated from paired scans and the wind speed 

taken from data from the airport. This tended to decrease the plume height, but increase the wind 

speed, which overall led to an increased average calculated flux.  

Across all analyses, Lovers Lane retrieves a higher average flux than Brodericks. We suspect this is 

due to the plume being closer to Lovers Lane, with Brodericks possibly missing some of the plume as 

it extends to the ground. This could also hamper the calculation of the plume height and wind 

direction. As the plume is typically to the south of Lovers Lane, it may be beneficial to install an 

additional scanner in-between the Lovers Lane and Brodericks sites, either instead of or in addition 

to the replacement scanner at the Brodericks site. This would likely facilitate more accurate SO2 

fluxes as the plume geometry would be better constrained. 

It would be possible to re-process historical scanner data, as well as future data, in an automated 

fashion using this method. We would be happy to work with MVO to facilitate this.   

In addition to the SO2 flux, UV spectra can also be used to measure bromine monoxide (BrO). BrO 

has been measured at Soufrière Hills in high concentrations in the past, and these spectra could be 

used to investigate if this has changed, as well as any temporal variation. 
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