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We report on the process of generating the first suite of integrated volcanic hazard zonation maps for the islands of Dominica, Grenada (including Kick ‘em Jenny and Ronde/Caille), Nevis, Saba, St. Eustatius, St. Kitts, Saint Lucia, and St Vincent in the Lesser Antilles. We developed a systematic approach that accommodated the range in prior knowledge of the volcanoes in the region. A first-order hazard assessment for each island was used to develop one or more scenario(s) of likely future activity, for which scenario-based hazard maps were generated. For the most-likely scenario on each island we also produced a poster-sized integrated volcanic hazard zonation map, which combined the individual hazardous phenomena depicted in the scenario-based hazard maps into integrated hazard zones. We document the philosophy behind the generation of this suite of maps, and the method by which hazard information was combined to create integrated hazard zonation maps, and illustrate our approach through a case study of St. Vincent. We also outline some of the challenges we faced using this approach, and the lessons we have learned by observing how stakeholders have interacted with the maps over the past ~10 years. Based on our experience, we recommend that future map makers involve stakeholders in the entire map generation process, especially when making design choices such as type of base map, use of colour and gradational boundaries, and indeed what to depict on the map. We also recommend careful consideration of how to evaluate and depict offshore hazard of island volcanoes, and recommend computer-assisted modelling of all phenomena to generate more realistic hazard footprints. Finally, although our systematic approach to integrating individual hazard data into zones generally worked well, we suggest that a better approach might be to treat the integration of hazards on a case-by-case basis to ensure the final product meets map users' needs. We hope that the documentation of our experience might be useful for other map makers to take into account when creating new or updating existing maps.
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INTRODUCTION

Volcanoes are complex geologic systems that can produce a wide variety of hazardous phenomena both during and after actual eruptions. These include pyroclastic density currents, lava flows, lahars, debris avalanches, ballistic ejecta, ash plumes and ash fall, as well as ground shaking from volcanic earthquakes, inundation via tsunami, landslides, gas emissions, flooding, and fires. Communicating this complex array of hazard information to those at risk is challenging, especially when large uncertainties are involved. Volcanic hazard maps are commonly developed to meet this challenge. They are visual, spatial depictions of the areas that could be potentially impacted by volcanic phenomena, and include information about expected magnitudes and/or likelihoods of events occurring. Developed, communicated and used appropriately for a given volcanic setting and cultural and political context, hazard maps represent a common reference point that can play a major role in mitigating risk to vulnerable communities. They contribute to disaster risk reduction by putting all parties quite literally “on the same page” regarding hazard information (Lindsay et al., 2017).

Developing a volcanic hazard map is challenging, as it requires consideration and integration of a vast array of information into a single graphical image, including past eruptive activity, topography, weather patterns, any available modelling data, time frames for volcanic hazard analyses, quality of data, and associated uncertainties, as well audience-specific map elements and design features (e.g., Thompson et al., 2017). The different strands of information available for the development of any given volcanic hazard map are thus diverse in terms of origin and type of data, methodologies involved in their generation and the associated uncertainties. This challenge is compounded when the systematic development of a suite of hazard maps across an entire region is called for, given that there is typically a wide range in quantity and quality of information available for each volcano, meaning that “one size is unlikely to fit all.” There are few existing guidelines available for how to integrate the array of possible volcanic hazard data into a volcanic hazard map (e.g., Crandell et al., 1984), although an effort to fill this gap is underway by the International Association of Volcanology and Chemistry of the Earth's Interior (IAVCEI) Hazard Mapping Working Group to develop an open-access source book: Considerations for the Development of Volcanic Hazard Maps (Lindsay et al., 2017).

Here we report on the process of generating the first suite of integrated volcanic hazard zonation maps for the Lesser Antilles, in which we developed a systematic approach that accommodated the range in prior knowledge of the volcanoes in the region. The maps are included in the Volcanic Hazards Atlas of the Lesser Antilles, a book published by the (then) Seismic Research Unit of the University of West Indies (Lindsay et al., 2005a). The Atlas was developed in response to a request from Disaster Management officials throughout the Eastern Caribbean for accessible data and information on volcanic hazard in the region. It describes the volcanic history of each island, systematically summarising past activity, including historical eruptions, along with notable seismic swarms and the location and characteristics of geothermal areas. It presents a first-order hazard assessment for each island, which is then used to develop one or more scenario(s) of likely future activity, for which scenario-based hazard maps are generated. Each of these maps is included in their associated island-specific chapter. For each island, we also produced integrated hazard maps, which combined the individual hazardous phenomena depicted in the scenario-based hazard maps into integrated hazard zones. The integrated volcanic hazard zonation map for the most-likely scenario for each island is also reproduced as an annotated stand-alone poster version in the accompanying map pocket of the Atlas.

In this paper we present a detailed account of how we generated the volcanic hazard maps for the islands that were monitored by the Seismic Research Centre, with the exception of Montserrat as it was erupting at the time of map generation and thus represents a special case that has been addressed elsewhere (e.g., Druitt and Kokelaar, 2002; Wadge et al., 2014a). The islands covered here are thus Dominica, Grenada (including Kick ‘em Jenny and Ronde/Caille), Nevis, Saba, St. Eustatius, St. Kitts, Saint Lucia, and St Vincent.

We document the philosophy behind the generation of this suite of maps, and the method by which hazard information was combined to create integrated hazard zonation maps, and illustrate our approach through a case study. We also outline some of the challenges we faced using this approach, and the lessons we have learned by observing how stakeholders have interacted with the maps over the past ~10 years. We conclude with a series of recommendations that we hope might be useful for other map makers, both in the Caribbean and beyond, to take into account when creating new or updating existing maps to be used by stakeholders, such as emergency managers and land-use planners.

VOLCANISM IN THE LESSER ANTILLES

The Lesser Antilles represent an island arc along the eastern margin of the Caribbean Sea that stretches ~850 km from Grenada in the south to Saba in the north, and which marks the zone of westward subduction of the Atlantic oceanic crust beneath the Caribbean plate (Figure 1). North of Dominica the island arc splits into two, and only the western arc of islands, known as the “Volcanic Caribbees,” is active (Wadge and Shepherd, 1984). The Lesser Antilles include 21 potentially active volcanoes spread across 11 volcanically active islands (Figure 1) with volcanic eruptions being one of the main hazards that threaten the Eastern Caribbean region. During the past 200 years over 30,000 people have been killed by volcanic activity in this region, and currently about one million people are threatened by the direct effects of volcanic eruptions and about two and a half million more by related phenomena (Lindsay et al., 2005a). Most of the islands of the Lesser Antilles (e.g., Saba, St. Eustatius, Nevis, Montserrat, Guadeloupe, St. Vincent) have a single volcano that has been identified as likely to erupt in the future (Figure 1). The other islands are more complicated, of which Dominica is the most extreme, with no less than nine potentially active centres (Lindsay et al., 2003, 2005c).
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FIGURE 1. Map of the Lesser Antilles island arc showing islands in the active arc in red and the inactive arc in brown. Potentially active volcanoes are indicated by yellow triangles.



There have been at least 36 historical eruptions of volcanoes in the Lesser Antilles. Twenty-three of these have occurred since 1900; nine on land from volcanoes on Guadeloupe, Martinique, St. Vincent, Montserrat and Dominica, and 14 from the submarine volcano Kick-‘em-Jenny, ~9 km north of Grenada (Figure 1; Lindsay et al., 2005a). The 23 most recent eruptions have shown a wide variety in both eruptive style and impact on the local population. Several have been phreatic in nature, one a minor phreatic eruption in Dominica in 1997 that went largely unnoticed and two much more serious phreatic eruptions in Guadeloupe in 1956 and 1976-1977; the latter resulted in the 3.5-month evacuation of over 70,000 people (Fiske, 1984). The 1902 eruption from the Soufrière in St. Vincent was an explosive magmatic eruption that resulted in the deaths of at least 1,500 people (Pyle et al., 2018); in contrast, the 1971-1972 eruption at this volcano was wholly effusive, and resulted in the formation of a lava dome confined within the summit crater (Robertson, 1992). The 1979 eruption of the Soufrière was explosive followed by dome growth, and although there was some property damage and significant economic losses, no lives were lost (Robertson, 1995). The 1902-1907 eruption of Montagne Pelée on Martinique is ranked among the world's most devastating in terms of destruction of lives and property. This eruption was characterised by both effusive dome formation and explosive dome collapse (Lacroix, 1904; Tanguy, 2004) and led to the total destruction of the town of St. Pierre and the deaths of approximately 30,000 people from high-velocity, highly turbulent pyroclastic surges (Boudon and Lajoie, 1989). A similar eruption occurred from Montagne Pelée several years later, between 1929 and 1932, this time with no reported casualties (Perret, 1937). The 14 submarine eruptions from Kick ‘em Jenny have been dominantly explosive, although in at least one case a lava dome was extruded (Lindsay and Shepherd, 2005; Lindsay et al., 2005b). The Soufrière Hills volcano on Montserrat has been erupting since 1995, resulting in significant impact on all aspects of the island. The eruption is characterised by periods of dome-growth interspersed with dome collapse and minor explosions (Druitt and Kokelaar, 2002; Wadge et al., 2014a; Figure 2). The Soufrière Hills volcano is the only volcano currently erupting in the eastern Caribbean. In addition to these volcanic eruptions, historic volcanic earthquake swarms have been observed in almost all of the eastern Caribbean islands with live volcanic centres (Shepherd, 1989; Lindsay et al., 2005a).
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FIGURE 2. Photographs of the Soufrière Hills eruption on Montserrat illustrating the two main types of eruptive activity expected in the region. (A) Explosive magmatic eruptions generating column-collapse pyroclastic flows (height of plume ~3 km above sea level; photograph taken in 1997), and (B) Dome forming eruptions generating dome-collapse pyroclastic flows and surges (height of vegetated Roche's Mt. on left-hand side of scarp is ~900 m; photograph taken in 2005). Photographs: Montserrat Volcano Observatory.



In the north and central parts of the arc, the islands from Saba to Saint Lucia have dominantly erupted andesite and dacite magma, and in the past have produced both large explosive eruptions generating pumiceous pyroclastic flow deposits and lava domes and their associated block and ash flow deposits (e.g., Macdonald et al., 2000; Lindsay et al., 2013; Smith et al., 2013; Bezard et al., 2014; Howe et al., 2015a). Most of the volcanoes in this part of the Lesser Antilles arc are stratovolcanoes, and many of these are made up of a series of coalescing lava domes. In contrast, the southern group of islands from St. Vincent to Grenada is dominated by basalts and basaltic andesites and contains only rare andesites (e.g., Arculus, 1976; Brown et al., 1977; Thirlwall and Graham, 1984; Robertson, 2003). In addition to stratovolcanoes, these islands also contain a number of small explosion craters and mafic lava flows. Large dome-forming eruptions are less common.

Although the dominant type of past volcanic activity in the Lesser Antilles has taken the form of effusive andesitic dome growth and associated pyroclastic activity associated with moderate-sized explosive eruptions, between about 20,000 to 40,000 years ago the islands of Dominica and Saint Lucia were the sites of several violent Plinian eruptions that resulted in the deposition of thick pumiceous pyroclastic flow deposits (e.g., the eruptions that make up the Roseau Tuff in Dominica; Howe et al., 2014, and the Belfond unit in Saint Lucia; Lindsay et al., 2013). Should such large explosive eruptions occur today, they would not only affect the island in question but would probably have an impact on the entire region.

Despite over a century of investigations into the geology of the Lesser Antilles region, prior to the publication of the Volcanic Hazard Atlas no detailed study into the region's volcanic hazard had ever been conducted. Most of the geological work in the region had been aimed at identifying and interpreting the geophysical, petrological, and geochemical characteristics of the arc. Varying degrees of hazard assessment had been done at some volcanic centres on some islands in the region, namely St. Vincent (Rowley, 1978; Robertson, 1992), St. Eustatius and Saba (Roobol et al., 1981; Smith et al., 1985), Montserrat (Roobol et al., 1981; Baker, 1985; Smith et al., 1985; Wadge and Isaacs, 1988); Dominica (Wadge, 1984, 1985), and Kick ‘em Jenny submarine volcano in the Southern Grenadines (Smith and Shepherd, 1993). All these studies used different approaches to hazard assessment. Robson and Tomblin's (1966) contribution on the West Indies to the “Catalogue of the active volcanoes of the World including Solfatara Fields” represented the only overview of the volcanic hazard in this region prior to the publication of the Volcanic Hazard Atlas in 2005.

VOLCANIC HAZARD ASSESSMENT

Three main sources of data were consulted in assessing volcanic hazard for the islands of the Lesser Antilles as presented in Lindsay et al. (2005a):

(1) Published and unpublished geological investigations of past activity including all historical activity at each volcano. This provided an indication of size, style, and frequency of past activity.

(2) Records from the monitoring network (seismic swarms; geothermal and ground deformation observations), which provided an indication of the state of each volcano, combined with observations of current topography, including presence or absence of a crater lake. Data on wind profiles associated with potentially active volcanic centres along with annual precipitation patterns were also collected. This data provided an indication of when and where future activity may occur, and insights into the likely style of activity and possible areas affected.

(3) Published and unpublished descriptions of activity (past/present) at analogous volcanic systems within the region and elsewhere. This provided an indication of possible activity that may have been either unprecedented or not preserved in the geologic record at the volcano in question. In the case of some islands (e.g., Saint Lucia) very few data exist for the island's recent past (i.e., past 20,000 years), making it difficult to determine frequency of past eruptions and likely style of future activity. In cases like this, it was very helpful to draw comparisons with similar volcanic islands in the region where more is known, such as Montserrat and Martinique.

Regardless of the level of pre-existing knowledge of the past eruptive activity on each island, our philosophy was to use the available information outlined above to (a) identify all centres that could potentially erupt in the future, (b) identify what style of eruption would most likely occur at that centre in the future, and (c) generate a realistic scenario for that eruption. We took the view that these were long-term forecasts based on the current scientific understanding of the volcano in question. Where possible an attempt was made to determine recurrence rates and thus provide some indication of how likely a particular scenario was. This was possible in the case of Dominica and St. Vincent; however, more often than not likelihood was not ascribed to the scenario, rather the maps showed hazard conditional on an eruption occurring.

Past volcanic activity in the Lesser Antilles has been dominated by two styles of activity (Figure 2): effusive andesitic dome growth and associated pyroclastic activity, and moderate-sized basaltic-andesite explosive magmatic eruptions. As a result these are the two most common scenarios depicted in the hazard maps. The main volcanic hazards expected at volcanoes in the Lesser Antilles were considered to be pyroclastic flows, surges and falls, lava domes and dome collapses, debris avalanches, directed blasts, and lahars, with the particular combination of hazards that could be experienced in any given scenario depending on the type of eruption expected. For the submarine volcanoes Kick ‘em Jenny and Caille we also considered the secondary hazards of volcanogenic landslides and tsunami.

We made it clear in accompanying text that the maps would need to be updated as new data were obtained (e.g., new dates for past eruptions), or if a volcano began an actual eruption, necessitating a revision of hazard zone boundaries based on exact vent location, eruption style, and weather conditions. Furthermore, we also stated clearly that eruptive style may vary throughout the course of an eruption, such that an eruption may switch from being dominantly effusive to dominantly explosive or vice versa, or the two eruptions styles may occur simultaneously.

METHOD OF GENERATING THE VOLCANIC HAZARD MAPS

After identifying all centres that could potentially erupt in the future and developing realistic scenarios for possible future activity for each volcano through the hazard assessment, we took a systematic approach to generating the volcanic hazard maps, i.e., we applied the same methods in the same order for each volcano where possible. This was considered appropriate given funding and time limitations. For example, we had to base our hazard assessments on our and others' previous studies of the volcanoes, i.e., existing data, rather than carrying out significant new fieldwork and data collection for the purposes of the project. Furthermore, we did not have access to or capability in computer-aided hazard modelling, so no computational or numerical hazard models were used.

The hazard maps for the Lesser Antilles were developed in two stages. The first stage involved creating a phenomena-based hazard map for the most likely general scenario for future volcanic activity for all potentially active volcanoes based on the long-term hazard assessment for the island in question. Typically this resulted in maps depicting either an effusive dome-forming (pelean-style) scenario (Figure 3A) or an explosive magmatic (St. Vincent style) scenario (Figure 3C). Typically, each island had one well-recognised potentially active volcano with enough information from past activity to determine the likely style of future activity. However, there were a few exceptions. Some volcanoes, such as the Soufrière Volcanic Centre on Saint Lucia and Mt. St. Catherine on Grenada, had a complex history such that more than one scenario was deemed possible; in those cases more than one scenario-based hazard map for the volcano in question was produced (e.g., Figures 3A,C). Dominica provided an additional challenge in that it hosts more than one potentially active volcano (indeed, it has nine). In this case, scenario-based hazard maps were produced for the five most likely scenarios for magmatic eruptions on the island.


[image: image]

FIGURE 3. Examples of dome-forming (A) and explosive magmatic (C) eruption scenario-based hazard maps and associated integrated hazard maps (B,D, respectively) for Mt. St. Catherine, Grenada. Note the configuration of the yellow zone in (B) resulting from the data integration method. See text for details. Maps reproduced from Lindsay et al. (2005a) with permission from The UWI Seismic Research Centre.



The second stage involved generating georeferenced volcanic hazard zonation maps, in which the information from each scenario-based hazard map was integrated into a user-friendly colour-coded map showing the overall areas of very high, high, moderate, and low hazard (red, orange, yellow and green, respectively; Figures 3B,D). In a final step, the integrated volcanic hazard map for the most likely scenario from each volcano was reproduced on a shaded relief base map with accompanying map text in a large format poster (17 × 22 inches, i.e., American standard paper size C; roughly A2) that was included as a map sheet in the pocket at the back of the atlas. In the case of Dominica, where more than one potentially active volcano is present, this final overall hazard zone map was generated using a weighted combination of the integrated hazard zones from the six most-likely scenarios on the island (five magmatic and one phreatic eruption scenario).

Overall we developed a total of 19 eruption scenarios for the volcanoes in these eight islands: nine dome-forming eruption scenarios, six explosive magmatic eruption scenarios, one scenario that combined dome-forming and explosive magmatic behaviour (see St Vincent case study below), and three phreatomagmatic eruption scenarios. From these, nine large-format maps were generated depicting the most-likely scenario in each island. More detail on the steps taken to produce the maps is presented below.

Stage 1: Development of a Suite of Scenarios and Associated Maps

Dome-Forming Eruption Scenarios

Nine dome-forming eruption scenarios were developed: four for Dominica, and one each for Saba, Grenada, Saint Lucia, Saint Kitts, and Nevis. Scenarios for dome-forming eruptions involved dome growth and periodic collapse interspersed with small explosions, as typified by the 1995-present eruption on Montserrat. The likely duration of an eruption of this sort was thought to be between 1 and 10 years. The dome-forming scenarios generally included the following progression of activity:

• A precursory phase, including earthquake swarms, ground deformation, and phreatic explosions.

• An initial phase, involving either non-explosive, passive eruption of lava to form a dome, or a period of vigorous “vent-clearing” explosive magmatic activity followed by passive extrusion of lava to form a dome.

• Establishment and growth of the lava dome, which may become over-steepened and unstable, causing it to periodically collapse and generate block and ash flows. Lahars were considered possible following heavy rains or when pyroclastic flows entered rivers.

• Periodic explosive activity during dome-formation, possibly triggering explosive dome collapse events as well as abundant ash and ballistic projectiles.

The greatest hazard of a dome-forming eruption was considered to be lava dome collapse (either gravitational or explosive) producing pyroclastic flows and surges with accompanying ash fall. We used the highest-resolution DEMs available for each island to manually determine which valleys would likely be affected and overtopped by such flows and surges. We assumed that flows would likely follow paths of least resistance down river valleys that radiate from the proposed dome-collapse region. We assumed flows and surges would initially fill valleys in sectors that lacked near-vent topographic barriers; these areas were coloured dark orange on the map, and labelled “high pyroclastic flow/surge hazard zone” (Figure 3A). Given the proximity of most volcanoes to the coast, we assumed that, in almost all cases, such flows and surges would reach the coast, where they would then spread out, and/or pour up side valleys for distances of a few hundred meters (Fisher and Heiken, 1982). We also identified more distal regions that could be affected by more mobile pyroclastic flows and surges, due to surmounting of topographic barriers, infrequent explosions or lateral blasts; these were coloured light orange and labelled “moderate pyroclastic flow/surge hazard zone” (“moderate” because, although such flows were more energetic, they were considered less likely) (Figure 3A).

Our estimate of dome-collapse pyroclastic flow and surge hazard footprint was heavily influenced by our experience witnessing such activity on Montserrat. On the hazard map we showed all areas that could be affected by such activity over the course of a 1 to 10 year eruption (i.e., the accumulated footprint), rather than the areas likely to be affected in the initial stages, or by single events. We were of course mindful of the fact that topography is likely to change considerably as an eruption progresses; however we still felt this approach was most likely to capture all probable flow paths over the course of an eruption and thus be most useful for map users.

In mapping the distribution of ash fall hazard we considered the height of the ash cloud together with the dominant wind direction. We assumed ash clouds above pyroclastic flows would be restricted to lower elevations (less than about 5 km), whereas those generated by explosive eruptions would reach much higher elevations. In the case of most of the islands the dominant wind direction is from the east (easterlies) at lower elevations (<about 4–12 km, depending on time of year), and from the west (westerlies) at higher elevations (up to 17–18 km, above which are the stratospheric easterlies). In order to define the probable ash fall pattern for dome-forming scenarios we used the pattern of accumulated ash fall thickness and distribution exhibited between 1995 and 2001 by the ongoing eruption of the Soufrière Hills volcano in Montserrat (Norton et al., 2001). These were represented as 5, 10, 15, 20, and 30 cm ash fall isopachs (e.g., Figure 3A).

We considered that ballistic projectiles could be generated during small explosions or the explosive collapse of a volcanic dome, and that these would mainly affect an area within 3 km of the vent, with some reaching greater distances (up to 5 km). These distances were based on observations during eruptions both in the Caribbean and elsewhere (e.g., Blong, 1984). We represented these as inner and outer circles around the vent representing ballistic projectile zones. We assumed that lighter fragments (such as pumice) would likely be kept buoyant in the eruption plume for much greater distances before falling back to Earth; such fragments were not mapped separately—rather considered to be included in the ash fall zones.

Lahars were assumed to be possible in any of the valleys whose headwaters were near the proposed vent; thus the entire path of all such valleys was indicated on the hazard map (thick brown lines; e.g., Figure 3A). We did not show lahar hazard beyond valleys, despite recognising that lahar hazard footprint would likely be wider in low-lying areas.

Explosive Magmatic Eruption Scenarios

Six explosive-magmatic eruption scenarios were developed, one each for Saint Eustatius, Saint Lucia, Grenada and Saint Kitts, and two for Dominica.

Scenarios for explosive magmatic eruptions involved explosions generating pyroclastic flows and surges by eruption-column collapse, as well as ash fall and lahars, as typified by the 1902 eruption of the Soufrière in St. Vincent (Robertson, 1992). The likely duration of an eruption of this sort was thought to be much shorter than a dome-forming eruption, on the order of days to weeks with potential extension to several months. The explosive magmatic eruption scenarios generally included the following progression of activity:

• A precursory phase including earthquake swarms and ground deformation (or even dome growth).

• An explosive phase generating ballistics and an eruption column followed by pyroclastic flows, surges, and fall.

• Lahar generation following periods of heavy rain or when pyroclastic flows entered rivers.

Pyroclastic flows and surges produced by column collapse were considered to be much less confined by topography than those produced by dome collapse. We thus assumed that they would have an equal chance of entering any of the many valleys that drain the summit of the volcano. As above, we used the highest-resolution DEMs available to manually determine which valleys would likely be affected and/or overtopped by pyroclastic flows and surges. As above, these areas were coloured dark orange on the map, and labelled “high pyroclastic flow/surge hazard zone” (Figure 3C). Again, we assumed that in almost all cases such flows and surges would reach the coast, where they would then spread out, and/or pour up side valleys for distances of a few hundred meters (Fisher and Heiken, 1982). We also identified more distal regions that could be affected by more mobile pyroclastic flows and surges generated due to infrequent explosions or lateral blasts (light orange “moderate pyroclastic flow/surge hazard zone,” Figure 3C).

In mapping the distribution of ash fall hazard for explosive magmatic eruptions, we used the pattern of ash fall thickness and distribution exhibited during the 1902 eruption of the Soufrière in St. Vincent (Robertson, 1992). These were represented as 5, 10, 20, 30, 40, and 50 cm ash fall isopachs (Figure 3C). The area of maximum ballistic impact was not expected to extend beyond 5 km from the volcano. We chose to represent ballistic projectiles as two concentric zones, 3 and 5 km from the proposed vent (Figure 3C). As with dome-forming scenarios, lahars were assumed to be possible in any of the valleys whose headwaters were near the proposed vent, thus the entire path of all such valleys was indicated on the hazard map (thick brown lines; Figure 3C).

Stage 2: Development of Integrated Hazard Maps for Each Scenario

After producing the scenario-based hazard maps for each island we decided that it might be more useful for hazard management purposes to simplify the content by integrating the individual hazardous phenomena displayed on the map into very high, high, medium, and low volcanic hazard zones. This was done in a systematic manner by weighting the individual hazards and then combining them in zones as follows:

Zone 1 (red) was defined as the area of very high hazard, i.e., the area most likely to be affected by the dome itself and dome-collapse pyroclastic flows and surges (for dome-forming eruption scenarios) and by column-collapse pyroclastic flows and surges (for explosive magmatic scenarios), as well as heavy ash fall, lahars, and ballistic ejecta. It was determined by combining the following from the hazard map of the relevant scenario: the area with a high pyroclastic flow hazard, the 3 km radius ballistic projectile zone and the area likely to receive >30 cm of ash fall (Figures 3B,D). In the accompanying text to the maps it was noted that total destruction of buildings and property in zone 1 is probable, and that this zone would need to be evacuated before the eruption begins.

Zone 2 (orange) was defined as the area of high hazard, i.e., the area likely to be affected by energetic (but less likely) pyroclastic flows and surges, and ballistic ejecta, lahars, and high to moderate ash fall. It was determined by combining the following from the relevant scenario: the area with a moderate pyroclastic flow hazard, the 5 km radius ballistic projectile zone and the area likely to receive 10–30 cm of ash fall (Figures 3B,D).

Zone 3 (yellow) was defined as the area of moderate hazard, i.e., the area that may be affected by ash fall but should be free from the effects of pyroclastic flows, surges, lahars, and ballistic ejecta. It outlines the area likely to receive 5–10 cm of ash (Figures 3B,D).

Zone 4 (green) was defined as the area of low hazard in which little to no direct effect of the volcano would be felt with the exception of some minor (<5 cm) ash fall (Figures 3B,D).

For each island, the integrated hazard zone map representing the most-likely scenario was annotated and reproduced in poster size for the map pocket.

Note that for the largely submarine volcanically active regions off the northern coast of Grenada we developed three phreatomagmatic eruption scenarios (two for Kick ‘em Jenny and one for the nearby islands of Caille and Ronde); these were depicted on the maps solely as integrated volcanic hazard zones. In these cases, the zones were expressed as concentric rings around the vent to qualitatively represent areas of high and moderate hazard for some or all of the following hazards (depending on the scenario): ballistic ejecta; lowered water density; water disturbances; explosions; volcanic ash; volcanic edifice collapse and submarine plumes. We included one map covering two scenarios for these submarine centres in the map pocket.

CASE STUDY: SAINT VINCENT

Past Volcanic Activity

St. Vincent is located between latitude 13° and 13°30' N and longitude 61° and 61°30' S, north of Grenada within the southern part of the Lesser Antilles island arc (Figure 1). The island is roughly oval and is approximately 29 km long and 17.5 km wide with an area of 344 km2. St. Vincent was chosen here as a case study as it has experienced numerous historical eruptions and its likely eruptive behaviour is thought to be reasonably well constrained.

The youngest volcanic centre on St. Vincent is the Soufrière Volcano, which occupies the northernmost third of the island. The Soufrière Volcano is the only live volcano on St. Vincent and is the most likely location for future eruptive activity on this island (Robertson, 2005). The volcanic edifice consists of an older stratocone or Somma (2.5 km diameter), which forms a steep arcuate ridge to the north, and a younger pyroclastic cone, which has been the source of historical (post 1700) eruptions, nestled within this crater. The older stratovolcano is thought to have been active during the late Pleistocene (~700 ka) (Robson and Tomblin, 1966; Rowley, 1978; Robertson, 1992).

During the past 4000 years the volcano has had an average of one explosive eruption every 100 years. Since 1700 the Soufrière Volcano has experienced 13 eruptions that have exhibited a cyclical pattern of alternating styles of activity (Aspinall et al., 1972, 1973), consisting of an explosive style (type 1) and a quiet effusive style (type 2). Activity during the pre-historic period was similar, with the exception of one major period of cataclysmic Plinian style activity (Rowley, 1974, 1978).

Explosive (Type 1) eruptions are the typical “St. Vincent style” eruptions (Robertson, 2005). They are highly explosive eruptions usually preceded by frequent, strong earthquakes. Rapid rates of magma production result in the ejection of large volumes of new material. This type of activity is exemplified by the 1902-03 and the somewhat smaller 1979 eruptions. Non-explosive (Type 2) eruptions are effusive and may be unaccompanied by earthquakes during open conduit eruption phases (Shepherd et al., 1979; Robertson, 2005). They involves the extrusion of a viscous lava dome and result in the production of smaller volumes of new material than type 1 eruptions. This type of eruption is exemplified by the 1971-72 eruption (Aspinall et al., 1972, 1973).

Short-Term or Most-Likely Scenario

In the short-term (i.e., <100 years), the volcanic hazard is expected to be quite similar to that experienced in the historical past (i.e., the past 250 years), namely activity could be explosive, effusive or a combination of both types of activity. Explosive and effusive activity may be separated in time, but can be regarded as part of a two-phase pattern of eruption. This is considered the most likely scenario for a future eruption at Soufrière Volcano. The scale of the explosive phase is expected to range from that of a 1979-type event to that of a larger 1902-type event. The effusive phase is expected to be quite similar to the 1971-72 eruption. A brief description of these phases and likely associated hazards is given below; for more detail see (Robertson 2005).

Effusive or Dome Forming Phase

This phase involves the relatively quiet emission of viscous basaltic andesite magma from the central vent. The event may be aseismic with premonitory activity limited to changes in water temperature (if a lake is present), increased fumarolic activity or changes in ground deformation. Based on activity experienced during the historical past, the extrusion rate may vary between 105 and 106 m3 per day. The eruption may last from a few hours to several months. Given the configuration of the crater (300–600 m deep, 1.6 km diameter) and the viscosity of the magma, effusive eruptions would result in the formation of a lava dome on the crater floor. This type of activity is exemplified by the 1971-72 eruption as well as the latter phase of the 1979 event. The hazard associated with the effusive phase will be largely confined to the crater and its immediate surroundings.

Explosive Phase

This type of activity is exemplified by the 1902 eruption as well as by all of the historical explosive eruptions of the Soufrière volcano. Activity is expected to involve discrete vulcanian to phreatomagmatic discharges from the volcanic centre. Explosive activity will usually follow an effusive dome building phase which causes the central vent to become plugged, allowing for the build-up of pressure in a shallow magma chamber. Following this, fragmentation and explosive eruption of material onto the surface may result due to the combined effects of volatile exsolution and the interaction of hot rising magma with groundwater and/or lake water. The magmatic composition is likely to be similar to material erupted in the past (i.e., 50–57% wt.% SiO2) with similar mass discharge rates (i.e., 4–6 × 107 kg/s). The eruption may last from a few days to several months, with initial explosions possibly lasting 2 to 3 h, generating plumes to 18 km and higher.

Expected Hazards and Hazard Map Development

The explosive phase is expected to be much more disruptive than the effusive phase, with the generation of pyroclastic flows and surges, lahars, ash falls and ballistic projectiles, as well as volcanic tremors, lightning flashes, volcanic gases, and secondary landslides. This phase therefore dominates the content of the hazard map.

Pyroclastic flows will be generated either by partial or complete collapse of eruption columns or by the boiling over of dense gas-charged ejecta from the crater rim. Evidence from past eruptions at similar volcanoes (e.g., Montagne Pelée, 1902), suggests the possibility also exists for pyroclastic flows to develop from the collapse of any domes that rise above the crater rim. However, fluidised overspill of hot, fragmented ejecta from the crater rim is likely to be the dominant method of pyroclastic flow formation during the early stages of an explosive sequence when large eruption plumes have not yet developed. Such flows occurred during the 1979 eruption (Shepherd et al., 1979) and will most likely follow paths of least resistance down river valleys that extend from minor depressions in the otherwise continuous crater rim. Flows will initially go down valleys in the east-west-south sector of the volcano due to the topographic barrier presented by the Somma ridge to the north. These areas were thus defined as high pyroclastic flow/surge hazard zones in the hazard map (Figure 4A). With increasing magnitude, collapse of large dense columns (>>20 km) may lead to flows that surmount the Somma Ridge and follow the valleys rivers to the north and northeast coast (moderate pyroclastic flow/surge hazard zones in Figure 4A). Pyroclastic surges will tend to affect areas in all azimuths from the crater since they are less constrained by topography; eruptions of 1979 magnitude may generate surge deposits ≥0.5 m thick within 2 km of the crater rim in all directions (Brazier et al., 1982). With larger eruptions the area affected may increase to a possible maximum of 5 km (Anderson and Flett, 1903). Surge hazard is captured in the pyroclastic flow/surge hazard zones in Figure 4A.
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FIGURE 4. Volcanic hazard map (A) and integrated volcanic hazard zones (B) for the most-likely scenario for a future eruption at the Soufrière Volcano, St. Vincent involving both effusive dome-forming and explosive activity. Maps reproduced from Lindsay et al. (2005a) with permission from The UWI Seismic Research Centre.



Lahars can be generated at any time during or after the eruption, at any point on the volcano's flanks since the radial drainage pattern provides ample depressions to guide mobilised tephra; lahar hazard is indicated by thick brown lines tracing river valleys in Figure 4A; these represent lahar paths, but not depths. The likelihood of flows developing early in an eruption sequence is greatly increased if there is a crater lake to be discharged (Robertson, 2005). Abundant tropical rainfall provides adequate moisture for the development of mudflows later in the eruption, and they may continue to present a hazard for some time after an eruption has ceased (Robertson, 2005). During the 1902 eruption, secondary mudflows overturned several small houses at Georgetown, approximately 7 km east of the volcano summit (Anderson and Flett, 1903) (Figure 4A).

The impact of ash fall, volcanic gases and lightning strikes will depend largely on atmospheric conditions in the area at the time of the eruption. The dominant surface winds are easterly and will affect plumes located below 5 km. Above 5 to 8 km height, these easterly trade winds are replaced by the westerlies which are in turn replaced by the easterlies at the tropopause which can vary between 16 and 18 km (Sigurdsson and Carey, 1981). Locally a continuous ash blanket may extend up to 9 km in all directions. Within 2.5 km of the vent, in eruptions of the scale of 1979, up to 45 cm may accumulate (Brazier et al., 1982). This may decrease to 45 mm up to 4 km from the crater rim. Eruptions with greater magnitude will cause the ash deposited from an entire eruption to reach up to 6 mm in Kingstown (Anderson and Flett, 1903), 21 km from the volcanic centre (Figure 4A). The pattern of ash fall produced during the 1979 eruption was combined with the ash thicknesses of the 1902 eruption to obtain isopachs for this eruption scenario (Figure 4A). Although not shown on the hazard map, the text in the accompanying St. Vincent chapter in the Hazard Atlas (Robertson, 2005) describes the likely wider distribution of ash, noting that ash plumes from the 1902 eruption were carried over 1200 km east into the Atlantic (Sigurdsson and Carey, 1981).

The range and effect of projectiles will be limited by the velocity of their emission from the crater. Although 21 kg bombs reached up to 6 km from the summit during the 1902 eruption (Blong, 1984), most ejecta fell within 5 km. The area of maximum impact of projectiles is thus expected to be within 5 km of the volcano. Two ballistic projectile zones are shown on the map (Figure 4A).

Integrated Hazard Zones

The hazard information from this most-likely scenario as depicted in the hazard map in Figure 4A was integrated into volcanic hazard zones (Figure 4B) following the standardised method described in section Stage 2: Development of Integrated Hazard Maps for Each Scenario. The zones are primarily based on the projected effect of explosive activity from the most-likely scenario. Given that the effects of effusive eruptions are limited to the summit area, these had little impact on the determination of hazard zones. As noted earlier the integrated volcanic hazard map for the most likely scenario from the Soufrière Volcano was reproduced on a shaded relief base map with accompanying map text in a large format poster that was included as a map sheet in the pocket at the back of the atlas (Figure 5).
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FIGURE 5. Large format (17 × 22 inches; ~A2) map of integrated volcanic hazard zones for the most-likely eruption from the Soufrière Volcano involving both effusive dome-forming and explosive activity. This map, which is an annotated, more detailed version of the map in Figure 4B, was included in the map pocket of the Atlas. Map reproduced from Lindsay et al. (2005a) with permission from The UWI Seismic Research Centre.



Likelihood of Eruption

During the historical period, the Soufrière Volcano has erupted at least twice per century in the two-phase manner described (Robertson, 2005). Although this is an insufficient time span for an accurate estimate of eruption probability, it still gives some basis upon which to assess the likelihood of future activity. The available record thus suggests that in the short-term the volcano may be expected to erupt in the manner described at least once every 100 years. In the longer term, allowances must be made for the possibility of large scale explosive eruption generating sustained ash plumes and thick airfall deposits. Although there are no historical records of such activity, the presence of thick late Pleistocene ash fall deposits throughout St. Vincent as well as thick scoriaceous ash fall on the lower flanks of the volcano demonstrates that the Soufrière has the capacity for events of this kind (Robertson, 2005). Such a scenario was also described in the hazard assessment for the Soufrière Volcano but a hazard map was not developed for it. Current records of the volcano's history suggest that such catastrophic events may be expected to occur once every 4000 years (Robertson, 2005).

DISSEMINATION AND USE OF THE MAPS

One thousand copies of the Atlas were printed; ca. 400 were distributed free of charge and ca. 400 have been sold to date. Free copies were given to all territories covered by the Atlas as well as to a wide variety of stakeholders across the Caribbean including public libraries, educational institutions, civil society groups, government departments, and the private sector. Copies of the Atlas have been sold widely throughout the Caribbean region with uptake elsewhere being mainly from Europe and North America. GIS shape files are available free of charge on request from The UWI Seismic Research Centre.

The disaster management community in the Eastern Caribbean at both the local/island level and at the regional level have fully adopted the maps in the Atlas in plans for future volcanic emergencies. In contrast, there has been little uptake of the maps nor available GIS shape files of defined hazard zones by other key stakeholders such as government physical and economic planning agencies.

The maps most commonly used by the disaster management community are the integrated volcanic hazard maps, which in some islands have been used as the basis for spatial demarcation of areas to be evacuated in the event of future volcanic eruptions (for example, the St. Vincent maps are used in the 2014 National Disaster Plan). They have been fully integrated into alert procedures used in managing volcanic emergencies with various levels of alert referencing specific zones on these maps for specific actions to be taken.

Engagement with regional disaster management stakeholders was critical in ensuring that the information produced in the Volcanic Hazard Atlas was taken up and used. Such engagement between The UWI Seismic Research Centre staff and regional stakeholders has been ongoing and continuous and has involved widespread distribution of the Atlas, integration of the information contained within the Atlas in all aspects of ongoing education and outreach activities, and provision of advice and guidance as needed to disaster management officials in use and application of the information. Such engagement has enabled valuable feedback to be obtained to guide similar productions in the future, and in some cases mutually agreed modifications of the maps to enable more effective use as a key tool in evacuation exercises (discussed in more detail below). The maps have also been used for training purposes as the basis for scenario-based planning exercises that enable disaster management officials to exercise and test emergency plans.

DISCUSSION

Cartographic and Design Elements

Our small-scale hazard maps were all produced on very simple outline maps of each island that only included rivers, roads, and towns and did not include topographic contours (e.g., Figures 3, 4). In contrast, the base map for each large-scale integrated hazard zone map was a Digital Elevation Model with hillshade, that included rivers, roads, and towns (e.g., Figure 5). We selected colours that we thought would be easy to understand, and deliberately used a different colour scheme for the phenomena-based hazard maps (orange-brown) and integrated hazard zone maps (red-orange-yellow-green) to avoid confusion between the two different map types. We did not specifically consult potential map-readers when selecting the base map or choosing what to show on our maps; we did however make the assumption that hazard zone maps might be easier to understand and more useful for planning than phenomena-based scenario maps.

Shortly after the publication of our hazard maps, Haynes et al. (2007) published a study that investigated maps as a communication tool on Montserrat. A survey of map reading preferences on the island revealed that participants on Montserrat had better success in location and orientation tasks when presented with perspective photographs than when presented with contour maps and 3D projections. In a similar study on Stromboli a few years later, experts were found to prefer contour maps to aerial photographs (Nave et al., 2010). Other studies have shown how design elements such as colour, symbology, data classification (e.g., stretched vs. binned), map content (including borders, landmarks etc.), and use of gradational shading can significantly affect the way in which users interpret information on a map (e.g., Monmonier, 1996; Olson and Brewer, 1997; Severtson and Vatovec, 2012; Thompson et al., 2015, 2017; Cheong et al., 2016). Our personal experience has also shown this to be the case. During the early stages of our map generation we considered presenting hazard with gradational boundaries, but struggled with how to depict this cartographically. In our own experience subsequently socialising the maps in public education campaigns and in discussions with stakeholders we have found it necessary to explain repeatedly that boundaries are not sharp lines, and that they should instead be considered as gradational; it has thus become clear to us through experience that sharp boundaries can be easily misinterpreted.

Reflection on these (and similar) studies and our own experience has highlighted to us the importance of consulting with potential map users throughout the entire map making process to ensure that outputs are evidence-backed and user-optimised. We would certainly recommend this approach in any future volcanic hazard mapping project in the region. Indeed, Thompson et al. (2015) stress that there is no one-size-fits-all map presentation; one map cannot comprehensively meet the precise needs of a diverse audience of stakeholders and in some cases more than one map may be needed that depicts the same information in different ways.

Challenges and Limitations of Our Hazard Assessment Approach

Use of Scenarios

At the time of hazard map development we did not believe that sufficient data were available for probabilistic assessment of hazard; instead our assessments were based on a deterministic approach in which we developed scenarios conditional on an eruption occurring. Only in two cases (Dominica and St. Vincent) did we feel we had enough information to assign a statement of likelihood. Based on the location and pattern of seismicity in recent decades, the most-likely magmatic eruption scenario in Dominica (a dome-forming eruption) was considered more likely than not to occur within the next 100 years. In the case of St. Vincent, the available historical record was used to suggest that in the short-term the volcano may be expected to erupt in the manner described in the most-likely scenario at least once every 100 years.

The choice of whether to depict a maximum credible or most-likely scenario was a difficult one. Typically this choice should be at least in part driven by the needs of the target group for whom the maps are being created (for example, an emergency manager planning an exercise might be interested in a most-likely scenario, whereas a land-use planner may prefer a worst-case scenario). However, given that potential map users were not consulted prior to map development we made the decision to depict the most-likely magmatic eruption scenario. In some cases the most likely eruption scenario was in fact a phreatic eruption; in those cases maps were not generated (although such scenarios were always described).

We also took the view that there is a strong argument for use of both a most-likely and worst-case scenario, since this caters for the two most critical limits in terms of plans to mitigate future impacts. One has to plan for at least the most-likely scenario, and being aware of the worst-case allows for provisions to be made within even these plans for an upscaling of response should activity go beyond most-likely. Because of this, for those islands where large explosive magmatic eruptions were deemed possible (although unlikely) based on past activity (e.g., Dominica, St Lucia), a worst-case scenario and integrated hazard map pair was also generated and included as part of the hazard assessment. For consistency, however, the final large-scale integrated hazard maps in the map pocket (e.g., Figure 5) all depicted the most-likely scenario (with the exception of Dominica, as discussed above).

Another difficult decision was what portion of the eruption scenario to depict on the hazard map. Ideally, this decision would be made in consultation with map users, who may express a preference depending on their specific need. For example, if planning for evacuation it might be useful to have a map depicting the initial stages of an eruption; if siting critical infrastructure the cumulative hazard footprint of the entire eruption might be more useful. In the absence of stakeholder consultation, we made the conservative decision to depict the cumulative hazard footprint of each scenario.

Implications of Integration of Hazard Zones

The same parameters were used to define the coloured integrated hazard zones for each onshore scenario. For example, regardless of whether the scenario depicted a dome-forming or an explosive Plinian eruption, the area of moderate hazard (yellow) was defined as the area likely to receive 5–10 cm of ash. We made the decision to use strict criteria for the derivation of the integrated hazard zones to ensure uniformity and simplicity throughout, and to ensure that the same standard was applied in defining a product that would be used by emergency managers across the region for decision-making and planning during future crises. However, applying this strict definition created some problems with some of the maps.

For example, in cases where the yellow area as defined above fell within the 5 km ballistic projectile zone (one of the parameters used to define the zone of high hazard, i.e., orange), then that map did not show a yellow zone. Indeed, in many of the dome-forming eruption scenarios, the yellow zone of moderate hazard is limited or even missing because of this delineation (e.g., Figure 3B). In the accompanying hazard assessment chapters in the Atlas we stressed that this did not mean that there will be a sharp transition from high to low hazard in these cases, rather that all zone boundaries on these maps should be interpreted as zones of gradual transition. Although not applied in this case, another option would have been to introduce a buffer zone of the missing colour.

A similar effect of our strict systematic integration of hazard information is that some zones were either strangely shaped or unrealistically thin. Although we did not modify these in the published maps as we wished to retain our systematic approach, these “rogue” zones were in some cases tweaked in the years after publication for the purposes of exercises or volcano contingency planning. An example of this is the thin zone along the northern coast of St Vincent (Figure 4). Because of the way the individual hazardous phenomena are integrated into the hazard zonation map, this thin strip falls in the “high” hazard rather than “very high” hazard, despite the fact that it is completely surrounded by a high-hazard zone. Given that zone boundaries must be conceptualised as gradational, we agreed with stakeholder suggestions to incorporate this northern strip into the very high hazard zone to make the map more useful as an operational tool to guide simulation exercises and the drafting of emergency plans for future eruptions.

In a contrasting problem, our hazard integration approach led to at least one island (Saba) falling entirely within the red, very high hazard zone (Figure 6). Whilst this may indeed accurately reflect the level of hazard based on our hazard assessment method, it is not a terribly useful tool for civil authorities. In this particular case, the phenomena-based map depicting the actual hazards (Figure 6A) might be more useful. In future studies, should integrated hazard maps be developed, a better approach might be to treat the integration of hazards on a case-by-case basis to ensure the final product meets the needs of the map user.
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FIGURE 6. Dome-forming eruption scenario-based hazard map (A) and associated integrated hazard map (B) for Mt Scenery, Saba. Maps reproduced from Lindsay et al. (2005a) with permission from The UWI Seismic Research Centre.



Offshore Hazard

An important point to note is that, with the exception of the Kick ‘em Jenny and Caille scenarios, the hazard maps presented in the Atlas (Lindsay et al., 2005a) only show hazard zones on land. In the accompanying hazard assessments and on the large format map faces it is stated that an onshore eruption will generate hazardous phenomena that may affect the marine environment to varying degrees: “Pyroclastic flows and surges can travel over water and thus are a potential hazard to ocean vessels. Airfall can also be expected to be significant at sea, particularly on the downwind side of the islands. Due to the proximity of the islands of the Lesser Antilles to each other, it is also likely that the effects of a volcanic eruption (especially ash fall) on one island will be felt on neighbouring islands. The hazard zones on the maps presented in this Atlas must therefore be envisaged as extending some distance offshore” (Lindsay et al., 2005a).

Although we experimented with different cartographic options for extending hazard zones offshore we could not come up with a satisfying solution and thus decided to only depict onshore hazard. Although this is also common practice elsewhere (e.g., for island states in the Southwest Pacific; Taylor, 2016) we suggest it is less than ideal, particularly in small islands which are often surrounded by abundant shipping, fishing and pleasure craft; indeed dealing with maritime hazards and exclusion zones is often one of the more difficult aspects of crisis management in these cases (e.g., Neal et al., 2010; Poland and Orr, 2014; US Coast Guard, 2017).

A challenge in this regard is estimating how far offshore hazard zones should extend, and how they should be depicted. Although difficult, this is a challenge that we should strive to meet, in order to avoid generating a skewed land-based impression of the hazard. When discussing our maps with the public and other stakeholders we have found it necessary to constantly explain the extension of the hazard zones offshore; clearly this would have been less of an issue had the maps accurately indicated that hazards can extend into the maritime zone. We note that the administrative volcanic crisis management maps used in Montserrat have routinely contained offshore exclusion zones (see http://www.mvo.ms and Wadge et al., 2014b). The Monserrat experience shows that once an eruption is underway defining offshore hazard zones becomes easier.

We only included volcanogenic tsunami in our hazard assessments for Kick ‘em Jenny and Caille, however we note that tsunamis may be generated by eruptions or landslides at any volcanic centre near the coast. We suggest this secondary hazard should be considered in more detail in future hazard assessments.

Learning From Analogue Eruptions

Where possible, the parameters of the eruption scenario used to derive the hazard maps were driven by evidence obtained from past eruptions, i.e., the geologic record of past activity at the volcano. We also looked to past historical activity in the region to get a sense of the scale and duration of phenomena that were otherwise only preserved in the geological record at neighbouring volcanoes. In developing our scenarios we were thus heavily influenced by the ongoing dome-forming eruption of Soufrière Hills on Montserrat, as well as the historical activity from the Soufrière on St Vincent. We do however acknowledge that analogues are most relevant when evidence exists that they are indeed suitable; in this regard, the ubiquitous presence of block and ash flow deposits (reflecting dome-collapse) throughout many islands of the Lesser Antilles lends weight to our use of the eruption of the Soufrière Hills on Montserrat as an analogue. However, in choosing an analogue we must always remember that our perspective of both the analogue and of the volcano we are using it for may be limited. Such limitations may encompass things that we are aware of, as well those we are not aware of, given that our understanding and knowledge of volcanism is itself limited. Indeed, one could take this one step further and suggest that our conceptual “mental” model for a specific volcano, influenced as it is by the evidence from the volcano as well as our own training and experience of volcanism, is itself an analogue for how that volcano may behave.

Stakeholder Engagement and Uptake

The maps produced for the Atlas were developed entirely by staff at The UWI Seismic Research Centre and did not include input from stakeholders such as emergency management officials. Despite this lack of involvement in the development of the maps, after production the maps were fully endorsed and used by the emergency management and disaster risk reduction community in the region. In contrast, there has been little uptake of the maps or available GIS shape files of defined hazard zones by other key stakeholders such as government physical and economic planning agencies. Indeed, development of infrastructure and services in red (very high hazard) zones on integrated hazard maps suggests that there is little use being made of the hazard information to guide long-term planning in most islands.

The use of the maps by the disaster management community (which is focused mainly on response and recovery) vs. the lack of use by other government agencies responsible for longer term planning is interesting. In particular, the integrated maps essentially show potential long-term hazard, which could be argued to be more relevant to long-term land-use planning than short-term crisis management. Whilst we acknowledge and appreciate the maps may be useful to the emergency management community in drafting response plans, we are disappointed they have not been deemed more useful to the agencies dealing with longer-term development. The reasons for this variance in uptake are not completely clear, although we do notice anecdotally that uptake is somewhat better in countries that have experienced past volcanic activity such as St. Vincent and Montserrat. The general lack of uptake may reflect either (a) a lack of adequate attention given regionally to long-term planning for disaster risk management (and when it does happen, volcanic hazard must compete with higher frequency hazards), or (b) deficiencies in the maps and their dissemination due to lack of engagement with potential users during map generation, or a combination of the two. There may also be a lack of understanding amongst planning authorities of how the maps can be best applied. In hindsight, we recognise we should have encouraged stakeholder involvement during the map-making process to ensure the final products provided information that was of use to all possible map users.

CONCLUSIONS AND RECOMMENDATIONS

The Volcanic Hazard Atlas of the Lesser Antilles was developed in direct response to the demands of vulnerable island communities for data and information to help guide their present and future plans for potential activity at volcanoes in the region. The Atlas project brought together a large cross-section of scientists working on islands in both the English and French-speaking Caribbean to create a reference text that could be used for volcanic emergency management. The Atlas now stands as a valuable benchmark of the knowledge existing at the time on all aspects of volcanism in the Lesser Antilles. The associated maps have been used widely by island authorities to guide their contingency plans for volcanic emergencies and for public education and outreach. Importantly for this contribution, the project represented the first attempt to produce a simple map for each island showing different volcanic hazard zones generated by integrating data from all hazardous phenomena associated with the most likely future eruption scenario at that centre. These maps have proven to be a useful tool in the arsenal of national disaster management organisations as they attempt to cope with the challenges of navigating a safe space within the multi-hazard environment of the Lesser Antilles.

We have learned many lessons in the process of both map creation and the subsequent engagement with stakeholders in the region. We have attempted to summarise some of these lessons here, and are planning a revision of the Lesser Antilles volcanic hazard maps that will integrate knowledge and experience gained since the publication of the Atlas. We hope that some of these lessons might be useful for other maps makers, both in the Caribbean and beyond, to take into account when creating new or updating existing maps to be used by stakeholders, such as emergency managers and land-use planners. In particular, we conclude the following:

• We did not consult with potential map users when generating the hazard maps. We subsequently recognise that it is important to consider these needs when making design choices such as type of base map, use of colour and gradational boundaries, and indeed what to depict on the map, in order to ensure the maps are understood by the target audience in the way they were intended.

• Stakeholder uptake of our maps has been variable. In the future it would be worth investigating how to ensure more widespread use of hazard maps by civil authorities for long-term planning and development of communities exposed to volcanic hazard. This can perhaps be done through a co-creation map process whereby stakeholders are involved in map generation from the beginning to create a product that is relevant to their needs and also to ensure that the product is actually integrated into their own planning process.

• We did not include offshore hazards on our maps and suggest that future map makers should pay strong attention to how to depict hazard as it extends beyond the shoreline. Some effort should be put into modelling how block and ash flows and lahars might behave as they reach the sea, and to determine the tsunamigenic potential of subaerial volcanic eruptions and landslides in the region.

• The mapping of hazards within our scenarios was extremely simplistic. For future iterations of the maps we recommend computer-assisted modelling of both lahars and pyroclastic flows to generate more realistic hazard footprints, to capture among other things the lateral dispersal of lahars and pyroclastic flow hazard as these reach the flatter coastal areas. We did not map regional ash hazard, however it is clear that an eruption on one island will affect other islands in the region. This is something that could also be addressed by modelling. Models for both mass flow processes and tephra dispersal can be tested in and calibrated for the region by retrospectively recreating volcanic phenomena from past eruptions. The possibility of multiple eruptions or periods of elevated activity at several islands occurring at the same time should also be considered.

• We did not include a probabilistic element in our hazard assessment. Numerous recent studies carried out on the various volcanoes of the Lesser Antilles, especially those in Dominica and Saint Lucia (e.g., Lindsay et al., 2013; Howe et al., 2014, 2015a,b; Boudon et al., 2017), together with recent monitoring data and recent developments in methods for probabilistic volcanic hazard assessment (e.g., Connor et al., 2015; Bear-Crozier et al., 2016 and references therein), means that this is an approach that can be trialled in future studies.

• Our systematic approach to integrating individual hazard data into hazard zones generally worked well as it enabled a consistent suite of comparable products. However, it did lead to some issues such as missing or strangely shaped zones, providing arguably too much detail in some cases (e.g., St Vincent) and not enough in others (e.g., Saba). We suggest that rather than applying strict criteria, a better approach might be to treat the integration of hazards on a case-by-case basis to ensure the final product meets map users' needs.
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