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Abstract
Hundreds of hazards maps have been produced to show the location of volcanic
hazard for at least the past 150 years. They are presented in a variety of ways and
play a key role in communication of hazards at volcanoes. Not all maps, however,
provide enough or the right information to make informed decisions. The published
hazard map for Campi Flegrei is not effective at communicating the complex hazards
and uncertainties associated with calderas volcanic activity at a local scale. Using an
interdisciplinary approach, this thesis investigates four very different topics specific to
hazard communication at Campi Flegrei. These include: challenging the assumptions
in vent opening susceptibility studies, unrest scenario mapping, determining map user
preferences, and the development of hazard maps online. By focusing on these crucial
aspects, this thesis contributes in making maps more useful and usable to a variety of
different audiences in this region.
This study found that existing assumptions have had a large impact on how
hazard areas are determined, in particular, how the choice of historical eruptions
governs future estimations of vent opening probability. Analysing the results of the
unrest scenarios highlighted that the impacts of unrest will vary greatly dependent on
location. Also, large sections of the electricity and transportation network are exposed
to seismic hazard and could be unusable during future unrest. Map preferences were
identified from a survey of 245 individuals (both globally and at Campi Flegrei),
concluding that whilst design preferences were generally similar, preferences for data
and map types were diverse. Thus, a single map could not suit the preferences of all
users. Finally, the development of a suite of new web maps for Campi Flegrei has
shown how this format can be utilised and its application within volcanic hazard
mapping in general.
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Chapter One
Introduction, aims and objectives
Urbanisation across the world has led to densely packed populations living close to
active volcanoes and increasing the number of people exposed to volcanic hazards
(Chester et al., 2000; Heiken, 2013; Donovan, 2014). In the last 400 years, activity
from 198 volcanoes has caused over 270,000 fatalities (Auker et al., 2013). However,
in the last 100 years, improvements in volcanic hazard management, such as better
monitoring techniques, increased understanding of volcanic processes and eruption
precursors, and more skillful forecasting, along with more proactive mitigation
measures, have all helped to reduce vulnerability and have saved approximately
50,000 lives (Donovan et al., 2012; Sparks et al., 2012; Auker et al., 2013). Despite
these improvements, challenges remain in how to engage with a vulnerable
population, so that appropriate actions are taken to mitigate loss of life and livelihood
(Fearnley et al., 2017).
Maps are a powerful communication tool and play a key role in displaying
hazard information (MacEachren, 2004; Tilling, 2005; Brewer, 2015; Calder et al.,
2015; Thompson et al., 2015; 2017). The most common maps used in volcanic regions
are volcanic hazard maps (VHM). Making these types of maps useful and usable is a
fundamental step for counteracting the increased vulnerability and exposure of
societies to volcanic hazards (UNISDR, 2013). It has been acknowledged that
advances in volcanic risk reduction are contingent on the integration of social and
physical science, and tailored communication methods (Barclay et al., 2008; Hicks et
al., 2014; Cadag et al., 2017). This is also true for the production of volcanic hazard
maps (Calder et al., 2015; Thompson et al., 2017). This thesis examines four very
different aspects of improving communication using hazard maps at Campi Flegrei
caldera.
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1.1 Volcanic hazard mapping
VHM are constructed to highlight areas of hazard to a wide range of audiences, and
are usually printed and provided to the user by emergency managers or scientists
(Small and Naumann, 2001). Of the studies that have specifically studied volcanic
hazard maps and their effectiveness (Haynes et al., 2007; Nave et al., 2010; Calder et
al., 2015; Preppernau and Jenny, 2015; Thompson et al., 2015; 2017), all call for
improvements to be made to their approach and design. The majority also concluded
that there should be more interaction between different audiences to facilitate inclusion
of the needs of the map user. This is also reflected in other hazard disciplines, such
as flood risk (Meyer et al., 2012), severe weather (National Weather Service, 2016)
and wildfires (Fairbrother et al., 2014).
Despite the increasing production of hazard maps online in the form of either
static or interactive web maps (Hagemeier-Klose and Wagner, 2009), no studies as
yet have addressed the ever-increasing role of online maps within volcanic hazard
communication. Local populations, in particular, are becoming exposed to more
hazard maps online through social media platforms (Dransch et al., 2010). For
example, hundreds of thousands of residents and tourists on Bali were shown hazard
and evacuation maps associated with the 2017 Agung unrest directly through multiple
official social media channels. The spread of smartphones meant that locals, who in
the past might have been more likely to listen to local actors than scientists, received
expert advice directly (Pyle, 2017). Reproducing hazard maps for digital media and
making them interactive can increase their effectiveness and usability (HagemeierKlose and Wagner, 2009), but this opportunity has not been explored by the majority
of volcanic hazard map makers.
Irrespective of their format, volcanic hazard maps do not always convey their
desired message (D’Ercole and Rançon, 1994; Newhall and Punongbayan, 1996;
Newhall, 2000; Cronin et al., 2004; Haynes et al., 2007; Leone and Lesales, 2009;
Nave et al., 2010; Marzocchi et al., 2012; Lavigne et al., 2017). During the 1991
eruption of Mount Pinatubo in the Philippines, hazard maps were ineffective at
communicating the hazards to audiences as diverse as, residents, government
officials, and the military (Newhall and Punongbayan, 1996; Newhall and Solidum,
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2017). Hazard maps may also pass unnoticed by the audiences that need them; for
example, in 1985, lahars killed 22,942 people in the town of Armero downstream of
Colombia’s Nevado Del Ruiz volcano despite a newspaper presenting a hazard map
that correctly predicted the extent of the lahars (Herd, 1986; Parra and Cepeda, 1990;
Voight 1990; Baxter, 2000). Sometimes, a hazard map can contain assumptions which
could prove deadly; for example, 53 residents of a village South of Merapi volcano,
Indonesia were killed by larger than expected pyroclastic density currents travelling up
to 17 km from the vent (Jenkins et al., 2013). The hazard map produced before the
Merapi eruption in 2010 did not consider flows travelling further than 15 km,
underestimating the extent of the hazard zone (Lavigne et al., 2017). Although, these
instances are often the result of a combination of circumstances, the maps created
rapidly and with the best tools avaliable at the time. Some of these problems highlight
the need for improvements in the way some volcanic hazard maps are constructed,
designed and communicated.
As mentioned, there is a need to empower and engage with hazard map
audiences in order to understand better their preferences and concerns about hazards,
and design maps useful to them (Fisher, 1991; Hagemeier-Klose and Wagner, 2009).
The Te Maari eruption crisis at the Tongariro Volcano in New Zealand is a good
example where user needs were incorporated within maps (Leonard et al., 2014).
Three types of hazard map were sucessfully developed after discussions with different
map users: (1) a background map for use during periods of no unrest; (2) crisis maps,
which are used and developed during a volcanic event; and (3) ash fall probability
maps, again used during crises (Leonard et al., 2014). This co-design approach has
already been studied for other hazard such as flooding and wildfires, and there is
widespread recognition that local community participation is beneficial to the
production of more useful maps (Cronin et al., 2004; Ruin et al., 2007; Pagneux et al.,
2011; Fairbrother et al., 2014; Wilkinson et al., 2015; Cheung et al., 2016; Gabrielsen
et al., 2017). However, the use of audience involvement has not yet been applied
comprehensively to volcanic hazard mapping, although there are a small number of
examples mainly at community scales (Cronin et al., 2004; Haynes et al., 2007;
Leonard et al., 2014; Cadag et al., 2017).
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1.2 Campi Flegrei caldera
Population growth and development have increased the numbers of people and assets
located in volcanic districts worldwide (Chester et al., 2000). A classic example is the
Campi Flegrei caldera, where only one eruption has occurred in the past 3500 years,
and just over 2.2 million people live inside and within 5 km of the caldera (Global
Volcanism Program, 2013). Campi Flegrei is an active caldera close to the Western
suburbs of Naples in Southern Italy (Fig.1.1). Increased rates of unrest in 1970-72 and
1982-84 damaged buildings in the coastal town of Pozzuoli at the centre of the caldera
and, in each case, triggered the evacuation of about 40,000 people (Barberi et al.,
1984). There is currently a concern that Campi Flegrei has entered a new phase of
magmatic unrest (Kilburn et al., 2017). However, the awareness and understanding of
volcanic hazard remains low in this region (Davis et al., 2005; Ricci et al., 2013).
Furthermore, there is very little knowledge of any emergency plan, suggesting that this
region is not well prepared for the next volcanic crisis (Ricci et al., 2013).

Figure 1.1 The location of Campi Flegrei in relation to the densely populated
suburbs of Naples (Charlton, 2015).
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The Italian National Department of Civil Protection (DCP) is currently responsible for
the communication of volcanic hazard and risk at Campi Flegrei. As of 2018, one map
has been published, but there is no emergency plan produced in preparation for future
volcanic activity (Fig. 1.2). The operational hazard map encompasses the whole
caldera and is based on at least 15 assessments of hazard (Alberico et al., 2002; 2011;
Orsi et al., 2004; 2009; Bevilacqua et al., 2012; Mele et al., 2015; Rossano et al., 2004;
Esposti Ongaro et al., 2012; Lirer et al., 2001; 2010; Todesco et al., 2006;
Mastrolorenzo et al., 2006; 2008; Costa et al., 2009; Selva et al., 2012). These studies
were assessed and summarised by a working group which was comprised of six Italian
scientists and one representative of the DCP; results published within a working group
report in December 2012. (Isaia, R. Personal Communication, 15th May 2016: Campi
Flegrei Working Group, 2012). The report summarised the level of scientific
understanding at the time, as well as assessments of vent opening and eruption
hazards. The report concludes that two areas are most likely for vent opening
(Astroni/Agnano, and Averno/Monte Nuovo); explosive eruptions are most likely,
Tephra fall is likely to cause disruption to neighbouring regions to the East and
Pyrcolastic Density Currents (PDC) are the biggest threat to life and any hazard zone
should be linked to evacuation. The working group suggested that a probabilistic
approach for estimating future vent location and eruption size is necessary (DCP,
2017).
The working group also acknowledge the large uncertainties associated with
assessments of hazard at Campi Flegrei. However, these uncertainties are not
observed on the hazard map. The map is comprised of three zones and is available to
the public via the Italian National Department of Civil Protection’s website. The red
zone (zona rossa) represents area exposed to pyroclastic density current hazard and
is to be evacuated should an eruption occur. This area approximately coincides with
the caldera’s topographic rim and is based on the assumption that PDC hazard is
contained within the caldera. However, due to the uncertainty surrounding vent
location, the group suggested extending the area within the hazard zone to include the
Naples area east of the caldera, particularly at the hills of Posillipo, Vomero-Arenella,
northwest to Quarto and Mount Procida. The map of pyroclastic flow hazard by Orsi et
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al. (2004) was initially used to delineate this zone. The yellow and blue zones
represented the areas exposed to PDC, and Tephra fall respectively. However, it is
not clear how the yellow and blue zones relate to published hazard assessments.
As acknowledged by the working group, the studies used as a basis for Campi
Flegrei’s hazard map (Fig. 1.2) contain large assumptions, substantial uncertainties
and, as a result, are not always useful for the majority of hazard management needs
in the region. They present conflicting information about the extent of hazard zones
and the associated impacts of an eruption (see section 2.2.3). Differences in how the
maps look, and the data contained within them can cause distrust when conveying
simple hazard messages to the public (Barclay et al., 2008; Haynes et al., 2008;
McGuire et al., 2009). These differences can be attributed to the uncertainties
surrounding future vent location and eruption size.
A 2017 report by Swiss Re ranks the city of Naples 7th in terms of exposure to
volcanic hazard (Swiss Re, 2017). Despite the high risk, limited research has examined
exposure, vulnerability and risk of both the livelihoods of the local population and
economic assets to volcanic unrest and eruption hazard. Of major concern is the
international airport in Naples, located within the range of ash fall from a future
eruption. The eruption of Eyjafjallajökull in 2010 demonstrated how vulnerable the
global supply chain and air travel is to volcanic activity (Ragona et al., 2011). In
contrast, Regarding volcanic unrest, the most substantial impacts are from the damage
caused by ground deformation, seismicity and the anxiety caused by not knowing if an
eruption will occur or not.

36

Figure 1.2 Existing and operational volcanic hazard and risk map of Campi Flegrei (Department of Civil Protection, 2017).
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1.3 Research aims and objectives
The current hazard map produced by the Italian National Department of Civil Protection
(DCP) highlights the areas exposed to eruptive hazards at a regional scale (1:110,000)
and is based on some key assumptions surrounding future eruptive activity. It is also
difficult to examine hazards at a local scale (e.g. community, town), to use the map
during volcanic unrest or during an evolving eruption crisis. Outstanding challenges
are to ensure: (1) statistical hazard analyses contain robust assumptions about the
caldera, (2) that the map, or any new map, can be readily used by the exposed
vulnerable groups, and (3) unrest hazard is also included. This thesis will address
these challenges by: (1) re-evaluating the most likely locations of future eruptions, (2)
preparing and analysing the impacts of future unrest scenarios, (3) investigating the
types of maps preferred by end users, and (4) producing a new suite of interactive
hazard maps for the region. This project will integrate the hazard science with its
application, in order to assist in the production of new useful hazard communication
material for Campi Flegrei.
The thesis begins by setting out the context in which this work fits globally and
within Campi Flegrei (Chapter 2). It concludes by bringing together all the chapters
and discusses any implications, and presents a set of suggestions for hazard maps at
Campi Flegrei and globally (Chapter 8). The main chapters are described below.

o

Chapter 3 investigates the impact of assumptions on predictions of future vent
location at Campi Flegrei. Understanding how these affect the results provides
insight into how hazard mapping is governed by the large uncertainties present
at Campi Flegrei. Spatial analysis of the key parameters used to determine vent
location was carried out alongside statistical cluster analyses.

o Chapter 4 presents one unrest scenario at three locations across the caldera.
The region has experienced three episodes of unrest within recent times
affecting physical and mental health of local residents and their livelihoods.
Three unrest scenarios were overlaid upon exposure information. Data and the
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analyses were collected and carried out using a GIS, which produced outputs
ready for input within catastophe models used by the insurance industry and
for use within the DCP.

o Chapter 5 highlights a standard set of recommendations for volcanic hazard
map design based on a global survey of different hazard map users. When
hazard maps are made, often the users are not involved in the map making
process. However, there have been extensive efforts across hazard disciplines
to assess and include the needs and preferences of different user types within
hazard maps. The preferences of 217 individuals were analysed and
compared. Chapter 6 summarises a smaller pilot survey delivered online
targeted at residents of Campi Flegrei only.

o

Chapter 7 uses the findings from previous chapters to develop a suite of new
web hazard maps. The use of the internet to represent hazard maps is
increasingly becoming the most common way users access hazard maps. A
suite of web maps was produced, incorporating both eruption and unrest
hazards, and presented using a combination of background and crisis hazard
maps. They were also duplicated and tailored to the needs and preferences of
three user groups: local population, government and businesses. Exploring the
use of web maps and the ability to present far more information than traditional
print maps will be an essential step in attempting to make maps more usable,
useful and effective.

Each chapter was initially designed as a separate study with the intention of submitting
them as articles to be published. Chapter 3 was submitted for review to the Bulletin of
Volcanology (Appendix A) and is currently in revision. Chapter 5 will be submitted to
the Journal of Applied Volcanology in 2018, and was also reproduced for inclusion
within the IAVCEI’s commission on hazard and risk guidelines for volcanic hazard
mapping.
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Chapter Two
Literature review
2.1 A review and analysis of volcanic hazard mapping
Volcanic Hazard Maps (VHM) are one of the most common methods of communicating
a volcano’s destructive potential. They can also hold an incredible amount of
importance, especially during a volcanic crisis, when spatial information needs to be
communicated clearly and quickly. Currently, there are hundreds of maps available for
volcanoes worldwide, each with its own design, purpose and audience (Calder et al.,
2015). For example, in Japan, there are over 300 hazard maps for 40 volcanoes (VHazard, 2018). This review identifies the brief history of VHM, their key elements,
audiences, and their failings. 222 volcanic hazard maps were collected and reviewed
as part of this study (Appendix B). The review concludes with a summary of how other
disciplines utilise new web mapping technologies and how these can be applied in a
volcanic setting.

2.1.1 The history and future of volcanic hazard maps and mapping
A map drawn in 1886 showing areas of impact from an eruption of the Tawawera
volcano in New Zealand, highlights the use of hazard maps for communication for at
least 150 years (Fig. 2.1A). However, the first advancement and boost in production of
hazard maps came during the 1980s and 1990s when numerical and geological
modelling was introduced to assess hazard (Fig 2.1B: Schilling, 1998; Ewert, 2017).
During this time, advancements of Geographic Information Systems (GIS), remote
sensing and Global Positioning Systems (GPS), assisted in the production of many
quick datasets and maps accessible to many scientists and emergency managers
(Kraak and Ormeling, 2011). The next progression came in the late 2000s, when
increasing volumes of hazard information began to be delivered
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online, allowing hazard maps to become accessible to many more users (Solari et al.,
2015). This advancement is reflected in a 2004 review of hazard maps by Nakasuji
and Satake, who hoped that all current and future VHM would: (1) transmit information
in real time, (2) adapt to the internet, (3) satisfy various needs such as calculated risk,
(4) publicise necessary information by web-based platforms, (5) provide multiple
eruption scenarios, and (6) be updated promptly (Nakasuji and Satake, 2004). As of
2018, many of these have still not been realised. In particular, none of the maps
collected for this study, included real-time data and very few incorporated information
on people’s capacities to cope and adapt to volcanic impacts, which is shown by
Barclay et al. (2008) to be an important aspect of future assessments. However, this
review found over 222 different volcanic hazard maps readily available online
(Appendix B). As a result of the rise of the internet, the use of traditional paper maps
is declining (Mahaney, 2017). However, in areas where online access is limited, or
where there are substantial traditional ties to physical communication, paper maps are
still an essential source of hazard communication (Instituto Geofisico - EPN, 2015: Fig.
2.1C).
Future volcanic hazard maps will continue to develop as mobile technologies,
GIS, social media and citizen science have a growing impact on science
communication and disaster management (Thompson et al., 2017). Examples of
recent developments utilizing new technologies include: Three-Dimensional (3D) base
mapping (Fig. 2.1D: Preppernau and Jenny 2015), real-time pyroclastic flow hazard
mapping (Shimomura et al., 2017), community based hazard mapping (Sanchez,
2016), using maps within educational computer games (Mani et al., 2016) and realtime mapping using social media (Fohringer et al., 2015).
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Figure 2.1 Examples of the progression of Volcanic hazard
mapping: (A) Tarawera eruption hazard map from 1886 AD, New
Zealand. Map complied by Professor A.P. Thomas in July 1887
(Nairn, 1993); (B) Modelled Lahar hazard map of Sabancaya,
Hualca and Ampato volcanoes in Peru (INGEMET, 2010); (C)
Inhabitants of Mulaló reviewing the giant map of volcanic threats
from Cotopaxi volcano, Ecuador (Instituto Geofisico - EPN, 2015);
and (D) 3D Lahar travel time hazard map of Mt. Hood, Oregon,
USA (Preppernau and Jenny, 2015).
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2.1.2 Types and elements of volcanic hazard maps
Volcanic hazard maps are usually the result of a hazard assessment and identify the
spatial distribution of eruptive phenomena (Thouret and Lafforge, 1994). They can be
grouped into two categories: (1) background maps which are prepared in quiescent
phases; and (2) crisis maps for use during a specific event (Stewart et al., 2016).
Traditionally, background hazard maps depict areas where volcanic phenomena might
occur within a given time frame and represent the majority of maps published (Fig.
2.2A). Crisis maps, on the other hand, are used to show hazard during or after an
eruption, but are not as common (Fig. 2.2B). For example, during the eruption of
Calbuco volcano, Chile, in 2015, crisis maps were created to show hazard areas in
almost real-time to help emergency managers plan and carry out evacuations (Fig.
2.2B: Servicio Nacional de Geología y Minería, 2016). These were made during the
crisis in addition to the background hazard map for Calbuco volcano made several
years earlier (Fig. 2.2A).
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map produced during the 2015 eruption. These were produced by Servicio Nacional de Geología y Minería (SERNAGEOMIN, 2016).
The background map is detailed and includes more supporting information, whereas the crisis map displays only areas affected by
ash fall on the 11th May 2015, a few weeks after the start of an eruptive episode on the 22nd April 2015.
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Irrespective of the category of map, four elements make up the majority of
hazard maps. These include: (1) the base map; (2) the hazard data; (3) any additional
information to help the user; and (4) the overall design (Fig. 2.3). These are discussed
below:

(1) Base mapping
The map beneath the hazard data allows the user to identify themselves or places of
interest and can enhance the information being shown (Brewer, 2015). Base maps can
vary considerably between hazard maps. 40% of the 222 VHM analysed for this review
used a shaded relief base map or Digital Elevation Model (DEM) (Fig. 2.4A), 31%
included a simple topographic base map (Fig. 2.4B) with the remainder using a
combination of aerial imagery and road networks (Fig. 2.4C).

Figure 2.4 The types of base map most commonly used on VHMs: (A) Digital Elevation
Model (DEM), (B) simple topography; and (C) aerial imagery (INGV, 2016 and Google,
2017).
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Figure 2.3 The four key elements that make up any hazard map are; (1) the base map; (2) hazard data; (3) additional information and (4)
map design. Hazard data has been grouped by Calder et al. (2015) into five main groups. Others not included, but are often referred to
are: rapid response maps, scenario maps, and nested hazard maps.

47

2. Review of volcanic hazard mapping

Base maps can influence how well map readers understand a hazard map, and
users have their own preferences (Haynes et al., 2007; Nave et al., 2010). For
example, contour maps were preferred by emergency managers at Stromboli, as they
were easier to understand (Nave et al., 2010). However, this type can be challenging
for non-experts to read and interpret (Newhall, 2000; Haynes et al., 2007). Haynes et
al. (2007) showed that map users in Monserrat performed better at identifying
landmarks on aerial photographs rather than contour base maps. The better
performance may have been due to users’ ability to recognise familiar visual clues on
the aerial photos without having to interpret abstract cartographic symbols.
Traditionally, VHM are usually presented in two-dimensional (2D) format.
However, the advancement of new technologies has allowed the creation of ThreeDimensional (3D) hazard maps. Haynes et al. (2007) tested the relative efficacy of 3D
maps on the Caribbean island of Montserrat. Participants using the 3D base map
performed marginally better at identifying landmarks and understood the relationship
between terrain and hazard areas more so than the 2D view. Preppernau and Jenny
(2015) also found that a 3D map communicated volcanic hazard better than a
traditional 2D contour map to communities living close to Mt Hood in the USA.
However, the majority of VHM are currently presented in 2D plan view.

(2) Hazard data
The most common hazards featured on maps are lahars, pyroclastic density currents
(PDCs), tephra fall (TF), ballistics, lava flows and debris avalanches (Fig. 2.5).
Additional hazards included lava, gases, jokulaups, lateral blasts, tsunamis and fissure
eruptions (Fig. 2.5). 75% of the maps display more than one hazard. One of the
challenges in volcanic hazard mapping is visualising these multiple hazards, and
communicating the many interactions between the spatial and temporal aspects of
hazards (Gill and Malamud, 2014; Liu et al., 2016). Disciplines such as floods and
earthquakes do not have the same challenge, as there is often only one hazard to
communicate.
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Figure 2.5 Individual volcanic hazards featured on hazard maps. More than one
hazard is featured on 75% of the maps reviewed.

Calder et al. (2015) categorised the background hazard maps into five types
based on the method used to create the data and information they contain. These
were: (1) geology maps; (2) integrated qualitative maps; (3) modelling maps; (4)
probabilistic maps; and (5) administrative maps (Fig. 2.6). Geology maps are based
on field deposits and depict areas of deposit frequency or by scenario (Fig. 2.6A).
Whereas, integrated maps combine data and group hazard data into qualitative
categories (Fig. 2.6B). Modelling and probabilistic maps are based on results of
numerical models. Probabilistic maps include quantitative values that provide the user
with an estimation of a likely probability of occurrence within a given timeframe (Fig.
2.6C). Administrative maps are often used to convey where people can or cannot go
during volcanic activity (Fig. 2.6D). 52% of maps analysed are geology-based, followed
by 30% in the integrated category (Fig. 2.7). Despite their prevalence within scientific
publications, only 16% were probabilistic or modelling based, and 2% were
administrative (Fig. 2.7).
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Figure 2.6 Four hazard data type examples: (A) Geology based hazard map from Ruapehu,
New Zealand (GNS, 2010); (B) Example of an integrated hazard map Mt. Liamuiga,
Caribbean (Simpson and Shepherd, 2001); (C) Lava flow probability hazard map for Mt Etna,
Italy. Colours represent different hazard levels indicating a range of probability of
inundation by a lava flow from a flank eruption in the next 50 years (Del Negro et al., 2013);
(D) Soufriere Hills volcano administrative map (MVO, 2016).
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Figure 2.7 The distribution of map type: (1) geology maps; (2) integrated
qualitative maps; (3) modelling maps; (4) probabilistic maps; and (5)
administrative maps. The most common is the geology based map, followed by
integrated, modelled, probabilistic and administrative types.

(3) Additional map elements
Additional map elements are often secondary to the hazard data and the background
map but are often crucial at relaying important messages. These elements can include
life safety advice, information to tourists as exemplified by Ruapehu volcano hazard
map in New Zealand (Fig. 2.6A: Jolly et al., 2014), and emergency routes and centres
(Fig. 2.8). Graphic or text conveying the uncertainty within the data; this is shown in
33% of the maps. In addition, the date of production was included on 86% of the maps
reviewed and is commonly used to convey when the map is valid. The inclusion of
these elements often depends on the purpose of the map and the current behaviour
of the volcano. These elements add crucial context to the map, but are often not
thought about when maps are being constructed.
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Figure 2.8 Evacuation routes and lahar safe sites to the South of Cotopaxi volcano, Ecuador.
Additional evacuation centres and routes are included alongside modelled lahar hazard
paths (SGR, 2017).
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(4) Map design
How well a map communicates information to its audience is in large part a function of
cartographic design (Kriz, 2013; Sinton, 2015). However, map design is often the last
step, is typically rushed and can vary considerably between cultures and even
volcanoes in the same county. These differences can be seen in how two countries
approach the design of their hazard maps. The Mt Hood map (USA) is simple in its
design (Fig. 2.9), compared to the Fuji map (Japan) which is very detailed and includes
a large amount of additional information (Fig. 2.10). This approach to hazard mapping
is common on Japanese and suggests that it is what people expect to see on their
map. However, if the same amount of information was included on a map for Mt Hood,
its audience may have difficulty understanding the material. Map design involves: text
elements, layout, colours, the choice of symbols, and format. Some of which are most
important than others. In particular, the choice of colour guides attention, emotional
response and interpretation of map features (Brewer, 1994; Thompson et al., 2015).
Thompson et al. (2015) found 67% of respondents to a survey stated that colour
scheme affected how they perceived the level of a hazard on a map. Red colours were
risky and dangerous, whereas green hues were low risk and ‘safe’. Shades of redyellow were the most common colour used on VHM reviewed for this study (41%). It is
important to recognise that many colour deficient map users find the red-green colour
scheme (used in 7% of the maps) difficult to interpret (Light and Bartlein, 2004). These
colour connotations and meanings introduce the potential for miscommunication,
especially when comparing different cultures and including those with visual
impairments (Brewer, 1994).
Preppernau and Jenny (2015) demonstrated that one way of communicating
hazard effectively is providing the user with a sense of mobility, reality and time within
the map’s design. They tested maps of Mt Hood which included lahar warning times,
and found that participants performed better in interpreting terrain and planning
evacuation routes with the addition of estimated hazard onset times (Fig. 2.1D).
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Figure 2.9 Mount Hood hazard map (USA) showing potential impact area for
ground-based hazards from a volcanic eruption (USGS, 2014).

Figure 2.10 Mt Fuji hazard sheet (Japan) showing three
different hazard types on separate maps, as well as a
large amount of supporting information related to
preparedness (Cabinet office of the Japanese
Government, 2004).
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2.1.3 Volcanic hazard map users
VHM are usually produced by scientists and then disseminated by local and national
emergency managers to various audiences. The maps aim to answer the many
questions different users have about volcanic hazard and these can vary dependent
on the time they are able to devote to the map, resources, expertise and the current
level of volcanic activity (Table 2.1). Residents may use hazard maps to learn about
their hazard, identify where they live and plan an evacuation route. Local businesses
use hazard maps to help develop contingency plans in case of interruption to business
and loss of earnings. Journalists will use hazard maps, whether official or not, within
their articles or broadcasts. Insurance and reinsurance companies use hazard maps
within their costing models to help determine financial risk in relation to exposed
assets. Emergency services will use hazard maps to help plan and coordinate their
efforts before an emergency arises. During a volcanic crisis, these uses of hazard
maps can be intensified and of course can change. Of the maps surveyed, 79% of
these maps were made for the local population, with the remainder published within
the scientific literature.
The amount of time a user devotes to looking at a map is governed by their
level of knowledge and the questions they want answered. Users who are too busy to
spend much time reading will need a simple map that summarises the information,
clearly and quickly (Meyer et al., 2012). This is likely true for the majority of the general
population. In contrast, emergency managers will expect a rich multi-layered
presentation of the information, as this user group will often devote more time to
examining the map (Tyner, 2010).
A user’s understanding of a hazard map can affect their response to the maps
intended message (Johnston et al., 1999; Paton et al., 2008; Gaillard and Dibben,
2008; Doyle et al., 2014). Understanding a message can be dependent on: the user’s
background, their reason for looking at the map in the first place, and any physical
disability. Approximately 8% of men have colour vision deficiencies (CVD), which
impair their ability to see specific colours correctly (Birch, 2012). Red-green and
rainbow colour schemes are not acceptable for CVD sufferers, with many not being
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able to distinguish the differences. This could be a problem when CVD users must
make decisions based on volcanic hazard areas. If the map will be viewed by people
who suffer reduced vision or impairments, the text must be kept large enough to be
legible and accommodate all vision disabilities (Olson and Brewer, 1997). Different
colour schemes could be used that are suitable (see ColorBrewer.org), and clear
labels could also be used to support the hazard data.

Table 2.1 Key volcanic hazard map audiences and their differences (Modified
from Stewart et al., 2016).

Hazard map audiences

Typical questions hazard maps aim to answer

Local population

If an eruption occurs, how much ash will I receive?
Do I live in a hazard zone?
Do my relatives live in a hazard zone?
What does it mean?

Tourists

What does this mean? This is the first time I have
heard about any hazard
Where can I get to safety if something occurs?

Media*

What are the key points we want to take from this
map?
Where shall we focus our attention?

Business owners –
including farmers and
agricultural agencies

Will my business be affected?
Do I need insurance?
Information about the depth of ash

Utilities managers

How will infrastructure be impacted?
Where are the crucial points to protect (e.g. bridges,
roads)

NGOs and aid agencies*

Where are the vulnerable populations?
Where do we need to deploy our response teams?

Insurance industry

How much ($) damage would volcanic activity cause?
What data can we use for our hazard models?

Government

What does this mean for us?
What is the most likely scenario?
What is the risk of ash fall?

Scientists/volcanologists

Can the hazard be better defined?
Where is the uncertainty?

*Audience involved more during volcanic activity.
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2.1.4 Problems with hazard maps
The intended messages within a hazard map do not always get through to the
audience effectively, leading to confusion or skepticism among audiences (Newhall
and Punongbayan, 1996; Newhall, 2000; Cronin et al., 2004; Haynes et al., 2007; Nave
et al., 2010; Marzocchi et al., 2012). For example, map users from Ambae Island,
Vanuatu, had problems understanding existing volcanic hazard maps due to the many
technical elements that were included, which were irrelevant for the local communities
(Cronin et al., 2004). Haynes et al. (2007) found that some of the map users in
Montserrat interpreted red zones on the hazard maps as lava flow hazards, which was
the wrong interpretation. D’Ercole and Rançon (1994) and Leone and Lesales (2009)
observed a similar misconception about expected hazards on the island of Martinique.
Newhall and Punongbayan (1996) stressed that misconceptions about volcanic
hazards are more problematic than a mere confusion of terminology and colour; those
expecting light ashfall and lava flows will often become sceptical when they hear
warnings based on the unfamiliar hazards of pyroclastic flows and lahars. This was
well illustrated at Pinatubo, where it was not until the different audiences were shown
video of pyroclastic flows and lahars that they began to take volcanic hazards seriously
(Newhall and Solidum, 2017). Newhall (2000) suggested that although traditional
volcanic hazard maps using contours made sense to volcanologists, they might be
difficult for non-experts to read, and future map designs should use improvements in
GIS technology to incorporate 3D perspectives. Newhall (2000) also pointed out that
hazard maps should make fewer assumptions about reader’s understanding of
geology and volcanic hazard.

2.1.5 The role of online hazard maps
Local authorities and national governments are increasingly using the internet and
social media channels as platforms for two-way hazard communication between
themselves and their audience (Hagemeier-Klose and Wagner, 2009). The majority of
hazard maps available online can be classified as either: static or interactive (Totman,
2012). Static maps are displayed on a web page or downloaded by the user and are
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the more common type. They are created once and infrequently updated (Kraak,
2001). Interactive maps or web maps allow the user to select different map data layers
(ideal for displaying multiple hazards), to zoom to areas of particular interest, and to
obtain extra information, none of which would typically be possible on a static map
(Mitchell, 2005).
With the increasing availability of web map programs, web maps are being
used alongside traditional methods (e.g. static hazard maps and text bulletins) to
communicate hazards from flooding, severe weather, and wildfires (Meyer et al., 2012;
NWS, 2016). Volcanic hazard mapping has not yet evolved in the same way and is
behind the advancements in online communication seen in other disciplines. The
majority of VHM are static and do not allow for interactivity or manipulation by the user.
As there were limited examples of interactive volcanic hazard maps (only one created
for Agung volcano, Indonesia in 2017 and one for Cotopaxi volcano, Ecuador were
identified) a review of other disciplines was necessary to understand their role in
volcanic hazard management (Appendix C).
The review suggests that the most common hazard that is shown in the form
of web maps is flooding, followed tsunami hazards. However, nine out of the twenty
maps incorporated multiple hazard maps within one map. Demonstrating the flexibility
of web mapping to combine complex multi-hazard maps together, a problem
associated with volcanic mapping (Liu et al., 2016). Background hazard maps are most
common within flood and storm surge hazards, but crisis maps are preferred to show
atmospheric and biophysical hazards. Elements within these examples should be
adapted. These include: user friendly map interface, basic and advanced views, choice
of scales and base maps and effective use of appropriate symbology, colours and text.
An example of a web map showing locations of volcanic hazard and exclusion zones
for Agung in 2017 shows the simple set-up of a web map (Fig. 2.11).
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Figure 2.11 The volcanic hazard map for Agung volcano, Indonesia converted into a web map by Badan Nasional Penanggulangan Bencana. The
map highlights lahar hazard zones and the exclusion areas at 9 and 12 km from the vent (Badan Nasional Penanggulangan Bencana – Indonesia,
2017). The map is interactive as the users can zoom and pan around the map, turning layers on and off.
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2.1.6 Summary
Generating hazard maps for active or potentially active volcanoes is recognised as a
fundamental step towards the mitigation of risk to vulnerable communities (Tilling,
2005). Within the last 30 years, VHM and their development have advanced due to
improvements in numerical modelling, GIS and more recently, mobile technology.
However, some maps have not always communicated their message effectively.
VHM can be broadly grouped into background and crisis maps. Background
maps are most frequently used and are commonly one of five types (geological,
integrated, modelled, administrative and probabilistic; Calder et al., 2015) based on
how the hazard data were produced. The fundamental components of a hazard map
are: (1) the base map, (2) the hazard data, (3) additional design elements, and (4) its
overall design. The complexity of the data within VHM ultimately require approaches
from many diverse disciplines to be able create maps that are effective to numerous
and diverse end users.
There is limited research on VHM, with the few studies focusing on map design,
hazard perception and understanding. Design, in particular colour and the choice of
base map can play an important role in how the maps are understood, but is often
neglected. In addition, map users need to play a more active role in how the maps are
designed and what type of information are relevant to them. The use of user
involvement has not yet been applied comprehensively to volcanic hazard mapping,
although there are a small number of examples (Cronin et al., 2004; Haynes et al.,
2007; Leonard et al., 2014).
As with other disciplines, VHM will ultimately progress to being online, which
allows the development of more tailored maps, more options, and more data choices.
As a result, more research is needed to understand the usefulness of web maps for
volcanic hazard communication purposes, and how both static paper maps and web
maps can be designed more effectively.
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2.2 A review and analysis of Campi Flegrei and its hazard
maps

Resurgent calderas are the largest volcanic structures on Earth, ranging from 15 to
100 kilometres in diameter. They result from the widespread collapse of vast magma
chambers, and large calderas, with surface areas of 100 km2 or more, are among the
most populated active volcanoes on Earth. With 138 calderas recording volcanic
activity since historical time, it is not surprising that many are centres of high volcanic
risk (Newhall and Dzurisin, 1988). Populations living close to large calderas rarely
perceive the potential volcanic hazard due to calderas often unrecognisable
appearance and their tendency to erupt less frequently than stratovolcanoes (Lipman,
2000). However, when urban centres coincide with large active calderas, the risk to life
and livelihoods from volcanic activity can be substantial. A classic example is the
Campi Flegrei caldera in Southern Italy, where 350,000 people reside within an active
caldera (ISTAT, 2016). This section of the review summarises four main research
areas related to the current understanding of Campi Flegrei caldera including: (1) its
geological and eruptive history; (2) historical unrest; (3) its assessments of volcanic
hazard; and (4) the social and risk setting.

2.2.1 Geological and eruptive history
Lying west of the Italian city of Naples, the Campi Flegrei caldera has been the site of
volcanic activity for at least 50,000 years (Rosi et al., 1983; Capaldi et al., 1985; Lirer
et al., 1987; Rosi and Sbrana, 1987). The 12 km wide caldera is located within an area
of regional extension and situated close to three volcanic centres: Ischia and Procida
islands, 8 and 4 km to the WSW, and Vesuvius, 10 km to the East (Fig. 2.12A; Lirer et
al., 1987). Eruptions have ranged from caldera-forming episodes to smaller explosive
and effusive events, with Dense Rock Equivalent (DRE) volumes ranging from 300
km3 to less than 0.1 km3 (Orsi et al., 2004; Smith et al., 2011). The caldera collapses
of the Campanian Ignimbrite (300 km3 DRE) and the Neapolitan Yellow Tuff (50 km3)
(CI and NYT; Barberi et al., 1991; Scandone et al., 1991; Orsi et al., 1996; Deino et
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al., 2004; Piochi et al., 2013), respectively 39 ka and 15.6 ka BP, or, possibly, during
the NYT eruption alone (Rolandi et al., 2003) created the large depression we see
today (Fig. 2.12B). Bouguer gravity surveys show a circular depression, 6 - 9 km in
diameter, which coincides with the NYT eruption ring faults (Figs. 2.12B and 2.13A;
Barberi et al., 1991). Eruptive products ranged from trachybasalt through latite,
trachyte and alkali-trachyte to phonolite (D'Antonio et al., 1999; Smith et al., 2011;
Pappalardo and Mastrolorenzo, 2012).
Since the NYT eruption, the caldera has been filled with 2-3 km of Quaternary
sediments and potassic volcanic units from volcanic activity and reworked material (Di
Vito et al., 1999; Zollo et al., 2003; Piochi et al., 2013; Fig. 2.13B). Products pre-dating
the NYT eruption can be seen in the walls of the caldera, and along the southwest
coast around Monte di Procida and at Cuma on the West coast (Fig. 2.13B). The
caldera floor has also been cut by faults oriented along NE-SW and NW-SE regional
tectonic trends (Vitale and Isaia, 2014; Fig. 2.13B).
The current subsurface structure has been inferred from seismic-tomographic
and gravity surveys, patterns of ground movement, surface degassing and from
boreholes to depths of 3 km (Fig. 2.14A). Based on changes in seismic P-wave
velocity, Zollo et al. (2008) identified a zone rich in magma at depths between about
7.5 and 8.5 km and divided the overlying crust into three main units: (1) an upper 3 km
with velocities of 3.5 km s-1 or less, (2) a transitional zone at depths of 3 - 4 km across
which velocities increased with depth from 3.5 to 6 km s-1, and (3) a lower zone with a
velocity of 6 km s-1 from 4 km to the top of the magma-rich levels (Fig. 2.14B). Using
the rock types found in deep boreholes (Rosi and Sbrana, 1987), as well as the
Bouguer gravity anomalies across the caldera (Fig. 2.14B; Barberi et al.,1991), Zollo
et al. (2008) suggested that the upper 3 km consisted of poorly consolidated volcanic
deposits and the lower zone between 4 and 7.5 km consisted of carbonate basement
rock (Fig. 2.14B). However, tomographic studies found no evidence of large magma
bodies at depths less than 7.5 km, suggesting that small sills located in this transitional
zone have been feeding the majority of eruptions since the NYT (Woo and Kilburn,
2010; Kilburn et al., 2017).
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Figure 2.12 (A) Location of Campi Flegrei caldera, Procida, Ischia and
Vesuvius within the Naples region (red triangles); and (B) the inferred
location of the NYT caldera alongside Bouguer gravity anomaly data
(Barberi et al., 1991).
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Figure 2.13 (A) Campi Flegrei showing the rim of the NYT caldera as defined by Barberi et al. (1991); Acocella et al. (2008); Fedele et al.
(2008); Isaia et al. (2009); Acocella et al. (2010); Vilardo et al. (2010); Capuano et al. (2013); and Vitale and Isaia (2014). The grey area is
the NYT collapse region defined by this study. (B) Geological map of Campi Flegrei. Modified from Rosi and Sbrana, 1987).
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Figure 2.14 (A) The crust beneath Campi Flegrei to the depth of 10 km (modified from Zollo et al., 2008); (B) Seismic tomography
(Zollo et al., 2008) has indicated horizons dominated (from top to bottom) by volcanic deposits (pale grey), sediments (spotted),
bedrock (dark gray) and magmatic intrusions (orange) and zones containing magma (red). Volcanic deposits filling the NYT caldera
are shown spotted beneath Pozzuoli.
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Analyses of water from springs and active degassing at Solfatara - Pisciarelli
indicate that there is an active hydrothermal system lying beneath the NYT caldera
and has been present since the CI eruption (Rosi et al., 1983; Barberi et al., 1991;
Celico et al., 1992; Rosi et al., 1996). The extent of this system has not yet been
identified, but numerical models of hydrothermal circulation assume that it extends
through the upper 3 km of the crust to the zone of sill emplacement (Fig. 2.14A: Petrillo
et al., 2013; Chiodini et al., 2016).

Eruptive history since the Neapolitan Yellow Tuff
Over 61 eruptions have occurred across the caldera since the NYT eruption (Fig. 2.17;
Table 2.2). Except for the most recent eruption in 1538, they were concentrated within
three-time intervals or Epochs at 15 - 10.6, 9.6 - 9.1, and 5.5 - 3.5 ka BP (Smith et al.,
2011). Eruptions have ranged in style from the extrusion of lava domes to plinian
events (Rosi and Sbrana, 1987). Erupted volumes are between 0.01–1 km3 (Fig. 2.15).

Figure 2.15 Magnitude of eruptions from the Campi Flegrei caldera in the past
40,000 years: modified from Bellucci et al. (2006) Solid circles represent eruptions
with known volumes, and straight lines those eruptions for which volumetric data
are not available. Apart from the Campanian Ignimbrite and NYT eruptions (dashed
circle), the majority of events with known volumes (both before and after caldera
formation) have volumes of 0.1–1 km3 (cross hatched). MN refers to the most recent
eruption of Monte Nuovo in 1538. Data from Di Girolamo et al. (1984), Lirer et al.
(1987) and Di Vito et al. (1999).
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Epoch 1
The first epoch produced at least 37 explosive eruptions (Fig. 2.17A). Most of the vents
were submerged and produced tuff rings as a result of the magma-water interaction
(Orsi et al., 1996; 2004). The largest tuff cone, Monte Gauro, was formed between 1215 ka BP and is the highest point in the caldera, rising to a height of 331 m a.s.l
(Scandone et al., 1991). The most widespread deposit is the 10.3 ka BP Pomici
Principali (PP: Di Vito et al., 1999), a plinian tephra fall that covers an area of 1000 km2
to the ENE of the caldera (Fig. 2.16A).

Figure 2.16 Pyroclastic Density Current and Tephra fall deposit maps for Pomici
Principali and Agnano Monte Spina eruptions (Orsi et al., 2004). PDC deposits are
in blue and are on average 66% smaller in area compared to the large yellow
tephra fall deposits.
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Epoch 2
After a quiescence of about 1000 years, the second epoch of activity continued for 500
years and was characterised by six explosive eruptions that dispersed pyroclastic
material across areas of less than 100 km2 (Fig. 2.17B: Orsi et al., 2004). The La Starza
marine terrace which runs along the coast was formed after epoch 2 (Cinque et al.,
1985), and continued to rise by as much as 40 m until the beginning of the next epoch
of activity nearly 3,400 years later.

Epoch 3
Epoch 3 began 4.8 ka BP with the Agnano 1 eruption (Fig. 2.17C). The largest
eruptions during this epoch generated the Astroni and the Agnano Monte Spina
volcanoes (AMS). The Agnano Monte Spina eruption (4.1 ka BP), was accompanied
by a collapse of 35 metres to produce the Agnano plain, 3.5 km in diameter (de Vita et
al., 1999). Ashfall covered an area approximately 1000 km2, while pyroclastic density
currents (PDC) were distributed over 200 km2 (Fig. 2.16B: de Vita et al., 1999). The
observational field data suggest that AMS was directly followed by a marine
transgression northward, which is interpreted to have occurred during 100-200 years
of repose (Isaia et al., 2009). The majority of the remaining eruptions were explosive
with phreatomagmatic phases (Orsi et al., 1996). Notable exceptions are five effusive
eruptions of lava domes, including Monte Olibano and Accademia, located South-East
of Solfatara (Rosi et al., 1983). Both Isaia et al. (2009) and Pistolesi et al. (2016) found
geological evidence that two eruptions during this epoch (Averno and Solfatara) may
have occurred simultaneously on either side of the caldera. The epoch ended 3.5 ka
BP and was followed by a quiescence that continued until 1538 AD when the tuff-cone
of Monte Nuovo has formed 3 km North West of Pozzuoli (Di Vito et al., 1987). This
phreatomagmatic eruption expelled 0.03 km3 of magma within one week and is the
only historical eruption from Campi Flegrei (Orsi et al., 1996; Guidoboni and
Ciuccarelli, 2011).
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Figure 2.17 Eruptions source vents, divided into three
epochs, from the last 15,000 years of activity (Smith et al.,
2011): (A) Epoch 1, (B) Epoch 2, and (C) Epoch 3. Gray area
represents inferred NYT caldera rim.
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Eruption location
67% of the post-NYT eruptions have occurred from predominantly monogenetic vents
(Table 2.2). Their distribution shows two main characteristics: (1) the majority of vents
are located close to the margin of the NYT caldera (Fig. 2.17) and (2) no eruptions
have been identified as having occurred from the southern portion currently
submerged in the Bay of Pozzuoli. The distribution of intra-caldera vents is the main
characteristic used for identifying the expected location of future eruptions. However,
the distribution appears to have changed through time. During epochs 1 and 2, most
vents were distributed around the margins of the NYT caldera, whereas most of the
vents formed during Epoch 3 were concentrated in the Northeast sector of the caldera
(Fig. 2.17). There is uncertainty in which distribution to use for estimating future vent
location and what role the ring fault structure has on guiding future eruptions. This is
discussed in more detail in Chapter 3.
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Epoch 3

Epoch 2

Epoch 1

Table 2.2 Post-caldera collapse eruption order, erupted volume and estimated vent location
at Campi Flegrei. Coordinates in standard WGS 1984 UTM Zone 33N (Smith et al., 2011).
Eruptions

Mod. Cal age
BP

Bellavista
Mofete
Gauro
Santa Teresa
La Pietra
Torre Cappella
Archiaverno
Minopoli 1
Soccavo 1
Pomici Principali
Paleopisani 1
Paleopisani 2
Soccavo 2
Soccavo 3
Soccavo 4
Paleo San Martino
Minopoli 2
Soccavo 5
Pisani 1
Pisani 2
Fondo Riccio
Concola
Montagna Spaccata
Pignatiello 1
Pisani 3
Bacoli
Porto Miseno
Fondi di Baia
Sartania 1
Costa San Domenico
Pigna San Nicola
Sartania 2
St Martino
Agnano 1
Agnano 2
Averno 1
Cigliano
Capo Miseno
Agnano 3
Pignatiello 2
Monte Santa Angelo
Paleoastroni 1
Paleoastroni 2
Agnano-Monte Spina
San Maria delle Grazie
Mt Olibano
Paleoastroni 3
Olibano Tephra
Accademia
Solfatara
Averno 2
Astroni 1
Astroni 2
Astroni 3
Astroni 4
Astroni 5
Astroni 6
Astroni 7
Fossa Lupara
Nisida
Monte Nuovo

12721-15511
12555-12721
11915-12158
10516-10755
11511-14154
10347-12860
9525-9695
9500-9654
9201-9533
9026-9370
5266-5628
5064-5431
3259-4886
4832-5010
4745-4834
4712-4757
4482-4625
4382-4509
4181-4386
4153-4345
4098-4297
3978-4192
3213-4188
1538 AD

Known erupted
volume Km3
(DRE)
<0.1
<0.1
0.5
<0.1
<0.1
<0.1
<0.1
<0.1
0.5
0.85
<0.1
0.2
<0.1
<0.1
0.2
<0.1
<0.1
<0.1
0.2
0.2
0.001
0.001
0.02
<0.1
<0.1
0.2
<0.1
0.04
<0.1
<0.1
0.2
<0.02
0.05
0.02
0.01
<0.01
0.05
0.02
0.19
0.02
>0.1
0.05
>0.1
0.85
<0.1
0.02
<0.1
0.03
0.07
0.06
0.02
0.16
0.14
0.10
0.12
0.07
0.02
0.02
0.03

Eruptive
Centres
X
X
X
X
X
X
X
X
X
X
X

X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X

X
X
X

X

Y

421679
421804
424667
430577
428419
420622
421967
432400
432960
428698
428012
428491
432291
431352
432449
427131
432344
432440
428260
427780
423360
422786
425920
431049
428155
422610
422901
421834
429380
430482
430187
429306
427013
430100
430122
421726
426274
423146
430221
430475
430560
428034
428120
429432
427918
427595
427881
427625
427551
427388
422132
427999
427804
427854
428617
428508
428456
428273
427135
429234
423095

4517450
4519587
4522662
4518482
4518871
4518211
4521831
4522670
4521440
4522284
4523708
4523570
4521946
4521810
4522067
4524046
4522681
4521939
4523970
4524010
4523013
4522799
4524130
4520780
4523764
4516461
4515835
4517994
4522253
4520077
4521629
4522299
4524065
4520680
4521365
4520783
4521769
4514533
4521325
4520470
4521030
4521660
4521601
4520690
4519537
4519646
4521836
4519806
4519282
4520019
4521176
4522122
4522057
4521989
4521831
4521831
4521710
4521793
4523482
4516304
4520870
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2.2.2 Historical unrest
Since 1950, Campi Flegrei has undergone four episodes of caldera-wide uplift (Fig.
2.18; Corrado et al., 1977; Del Gaudio et al., 2010; De Martino et al., 2014), which
have raised the coastal town of Pozzuoli, near the centre of unrest, by 3 m and
triggered the repeated evacuation of some 40,000 people (Barberi et al., 1984). The
post-1950 uplift is the first to have occurred for 413 years and suggests that the caldera
is responding to a new disturbance in the magmatic system (Bellucci et al., 2006;
Chiodini et al., 2012; 2016; Kilburn et al., 2017). Unrest could be governed either by
the upward transport of magma through the crust to a depth of approximately 3 km, or
by the pressure changes induced in the hydrothermal system (Bodnar et al., 2007;
Woo and Kilburn, 2010; Troiano et al., 2011), or a combination of both.

3

4

2
1

Figure 2.18 Four episodes of vertical uplift at Pozzuoli and Volcano-Tectonic (VT)
earthquakes between 1950 – 2013. Uplift values have been corrected for secular
subsidence (Bellucci et al., 2006: Woo and Kilburn, 2010).
From at least Roman times, the caldera has been subject to a rate of
subsidence, interrupted by intervals of ~10-102 years of net uplift (Fig. 2.19; Bellucci et
al., 2006). A maximum subsidence of c. 1.7 m a century has been recorded at Pozzuoli
(Bellucci et al., 2006). The two most recent intervals of net uplift occurred from the
early 1400’s until 1538 (Bellucci et al., 2006) and from 1950 to the present (Del Gaudio
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et al., 2010; De Martino et al., 2014). The earlier interval raised Pozzuoli by 17 m and
ended with the eruption of Monte Nuovo. The later interval has consisted of four
episodes of uplift, in April 1950 – May 1952 (Del Gaudio et al., 2010), July-August 1969
– July 1972 (Corrado et al., 1977), June 1982 – December 1984 (Dvorak and Berrino,
1991) and May 2005 – April 2017 (De Martino et al., 2014; Lupi et al., 2017). The two
uplifts between 1969 and 1984 were accompanied by approximately 200,000 volcanotectonic (VT) events at depths of 4 km or less and with magnitudes commonly less
than 2, indicating slip along faults ~0.01-0.1 km across (Woo and Kilburn, 2010).
Similar seismicity was also recorded for several decades before the 1538 eruption
(Guidaboni and Ciucciarelli, 2011).

Eruption of
Monte
Nuovo

Figure 2.19 The revised interpretation of vertical movements at Serapis indicates that,
between Roman times and the mid twentieth century two major uplifts have interrupted a
general pattern of subsidence (Bellucci et al., 2006). Reconstruction of the ground movement
was made from archaeological data (diamonds) and data from Dvorak and Mastrolorenzo
(1991, circles). A third uplift sequence began in 1950 (Del Gaudio et al., 2010).

The patterns of uplift between 1969 and 1984 showed an approximately radial
symmetry, decaying over 5-6 km from a maximum near Pozzuoli (Woo and Kilburn,
73

2. Review of Campi Flegrei

2010). Each is consistent with the crust being deformed by a pressurised body of fluid
at depths of about 3 km, near the base of the hydrothermal system. Several shapes
have been explored for the pressurised bodies (Bianchi et al., 1987; Gottsmann et al.,
2006b; Woo and Kilburn, 2010). A sill is the preferred geometry (Dvorak and Berrino,
1991; Battaglia et al., 2006; Amoruso et al., 2008; 2014a; Woo and Kilburn, 2010;
Giudicepietro et al., 2017), because it is the most favourable for producing the
observed deformation at over-pressures low enough to avoid bulk failure of the crust
(Woo and Kilburn, 2010). The nature of the deforming fluids has been highly debated
and attributed to either hydrothermal liquids (Todesco et al., 2004; Vanorio et al., 2005;
Battaglia et al., 2006; Bodnar et al., 2007; Troiano et al., 2011; Petrillo et al., 2013;
Chiodoni et al., 2016) or magma (Bianchi et al., 1987; Dvorak and Berrino, 1991;
Gottsmann et al., 2006a; Amoruso et al., 2008; 2014b; Woo and Kilburn, 2010). The
essential presence of magma is indicated by a five-fold increase in the mean flux of
magmatic CO2 during the 1982-1984 uplift (Chiodini et al., 2012), by the permanent
nature of the uplift component promoted by the solidification of intruded magma
(Bellucci et al., 2006; Woo and Kilburn, 2010) and by analogy with the association of
uplift and volcanic activity before 1538. Geodetic data from the 1982-1984 uplift are
also consistent with the emplacement of magmatic sills at depths of about 3 km
(Battaglia et al., 2006; Amoruso et al., 2008; Woo and Kilburn, 2010), which would also
account for the thermal metamorphism inferred at such depths. However, the
pressurization of a hydrothermal system in response to heat and mass flux from the
magmatic system can generate comparable amounts of uplift. It is thus critical from a
hazard perspective to to be able to identify and remove the hydrothermal component
from monitoring observations, to assess each unrest independently, and to further
investigate the relationship between magma, the transfer of fluids, and the
hydrothermal system at Campi Flegrei.
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2.2.3 Assessments of volcanic hazard
Given the history of Campi Flegrei and its high resident population, it is of prime
importance to identify the most likely location, size and timing of a future eruption, as
well as assessments of eruption and unrest hazard. Numerous studies assessing
these aspects have been published in the academic literature (Alberico et al., 2002;
2011; Orsi et al., 2004; Bevilacqua et al., 2012; 2015; Mele et al., 2015; Neri et al.,
2013; 2015; Rossano et al., 2004; Esposti Ongaro et al., 2012; Lirer et al., 2001; 2010;
Todesco et al., 2006; Mastrolorenzo et al., 2006; 2008; Costa et al., 2009; Selva et al.,
2012; 2014), but only one has studied the effects of unrest hazard before or without
an eruption (Zuccaro and Cacace, 2010). Assessments based on eruption hazard are
discussed in this section and summarised in Appendix D.
Recent caldera wide uplift and the displacement of 40,000 residents in 1983
and 1970, highlight the importance of the hazard of volcanic unrest. The likely
magnitude, number and location of earthquakes would be hard to quantify, but Kilburn
et al. (2017) suggest that the number of earthquakes is likely to increase with
successive uplifts, owing to a long-term accumulation of stress in the crust. Future
unrest associated with the injection of new magma will continue to stretch the overlying
crust and cause more earthquakes per metre of uplift than previously recorded. As a
result, the next unrest episode could be different to what has been previously
experienced and have a greater impact.

Official hazard map
The current map was initially published in 2009 and updated in 2014 and 2015. It is
comprised of a red zone (determined in December 2014), yellow and blue zones (June
2015) (Fig. 1.2: DCP, 2017). The yellow and blue zones represented the areas
exposed to PDC, and Tephra fall respectively. These new zones were established
through collaborations with local scientists and officials, who published a working
group report in 2012 (R, Isaia. Personal Communication, 15th May 2016: Campi
Flegrei Working Group, 2012). This section reviews each of the hazard assessments
within the report and studies published post 2012.
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Forecasting the location of an eruption
Identifying the location of a future eruption is especially difficult at Campi Flegrei
because intra-caldera vents appear to have the potential to open anywhere across its
200 km2 area (Selva et al., 2012). Four analyses of vent location have been published
since 2002 by Alberico et al. 2002, Orsi et al. (2004), Selva et al. (2012) and Bevilaqua
et al. (2015). Their results are summarised in Table 2.3 and Figure 2.20.
Alberico et al. (2002) were the first to investigate the probability of vent opening
at Campi Flegrei quantitatively. They assumed that seven factors have an equal
importance in predicting where a vent might open. The factors included: (1) the
distribution of past local volcano tectonic earthquakes, (2) the pattern of ground
deformation during the uplift crisis of 1982-84, (3) the Bouguer anomaly of the area,
(4) the distribution of all intra-caldera vents, (5) the distribution of recent faults, (6) the
concentration of the helium from surveys conducted in 1984, and (7) the distribution of
active fumaroles. The region was divided into a series of 2 x 2 km grids and the number
of factors within each grid square counted. The maximum values a cell could contain
was seven. These counts were normalised over the entire area, and relative
probabilities were produced, although it is not clear how these were obtained. These
probabilities ranged from 0 to 0.168%, with the highest onshore across the central 40
km2 of the caldera, between Pozzuoli and Monte Nuovo (Fig. 2.20A).
Orsi et al. (2004) modified the analysis to use only data from the distribution of
vents from Epoch 3. They restricted their database assuming that the modern stress
field is similar to that during Epoch 3 and different from that in Epochs 1 and 2. They
identified two areas with a higher likelihood of future vent opening compared to the rest
of the caldera. The most likely area is the North-Eastern sector of the NYT caldera
floor, followed by a smaller area to the West near Monte Nuovo and Averno (Fig.
2.20B). However, no probability values are presented, and it is unclear how these
areas were established.
Selva et al. (2012) estimated the likelihood of vents opening given the
conditional probability of obtaining the vent distribution in Epoch 3, following the prior
distribution of vents and volcano-tectonic faults for Epochs 1 and 2. A more annular
distribution was produced compared to previous studies (Fig. 2.20C). However, their
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results were consistent with Orsi et al. (2004), suggesting that the North-Eastern area
is the most likely site (probability values of 0.0047%) and the Monte Nuovo-Averno
area in the West (0.0030%) is the second most likely site for a vent opening (Fig.
2.20C). The lowest values were offshore to the South of the caldera with probability
values close to zero (Fig. 2.20C).
Finally, Bevilacqua et al. (2015) produced vent opening probability maps using
the distribution of three variables. They assumed the probability of vent opening could
be calculated as a combination of the distribution of: (1) all vents since the NYT
eruption, (2) faults and fractures, and (3) a homogenous vent map showing an equal
distribution of vents. Their results suggested that the highest probability of vent
opening again lies within the Agnano – Astroni (North East) area of the caldera with
mean probability values of 0.0024 % (Fig. 2.20D).
The four studies together suggest that: (1) the North-East sector is the more
likely location for a future eruption with conditional probabilities ranging between
0.0024 – 0.0047 %; (2) vent locations from Epoch 3 are the preferred choice of data;
and (3) minor differences exist within the choice of additional variables such as faults
and fractures and the inclusion of all vents since the NYT eruption.

77

2. Review of Campi Flegrei

Figure 2.20 Vent opening probability maps for Campi Flegrei: (A) Vent opening probability by
Alberico et al. (2002); (B) Areas at variable probability of vent opening in case of renewal of
volcanism by Orsi et al. (2004); (C) Conditional probability of vent opening by Selva et al. (2012);
and (D) the mean probability map of new vent opening from Bevilacqua et al. (2015).
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Table 2.3 Summary of the determining factors and methods used in the vent location studies at Campi Flegrei.

Study

Year
published

Alberico et al.

2002

Factors that contribute to vent
opening probability

Method for
determining vent
opening
probability

Divisions of
the caldera

Key results

1. Faults
2. Volcanic vents
3. 1982-1984 seismicity
4. 1970-1972 and 1982-84 uplift
5. Bouguer Anomaly
6. Helium surveys
7. Fumarole activity

Sum of all of the factors
within each grid cell and
then using these values
as the probability of
opening of vents in each
cell or group of cells.

Caldera divided
into 1 km and 2
km grid squares.

Highest probability within the
centre of the caldera. Lowest
around the caldera edges.

2

2

Orsi et al.

2004

1. Vent locations from the last 5ka
2. The same structural considerations
exist today that existed since the
beginning of epoch 3.

Spatial distributions of
epoch 3 vents.

Grouped into two
areas.

Two areas of vent opening
probability, highest in Astroni,
Agnano and San Vito areas.
Lower probability near Averno
and Monte Nuovo.

Selva et al.

2012

1. Eruptive vent structures (only epoch 3
vents in 2nd part of model)
2. Location within the caldera floor
3. Tectonic structures

Bayesian inference
procedure and prior
model.

700 grid cells 500
x500 m.

The final filtered map indicates
Agnano – San Vito areas most
likely area for a future eruption.
Followed by the Averno and
Monte Nuovo areas.

Bevilacqua et al.

2015

1. Distribution of past vents from epoch 1
(16%),
2. Epoch 2 (4.5%)
3. Epoch 3 (20.4%)
4. Distribution of maximum fault
dislocations (16.4%)
5. The density of surface fractures
(11.9%).
6. Lost vents (5.9%)
7. Homogeneous Map (24.9%)

Combination of the
spatial distribution of the
7 factors weighted
according to the results
of an expert elicitation.

1. Caldera
partitioning
approach Caldera divided
into 16 zones.
2. Kernel density
estimation.

1. Past locations are the most
informative factors governing
the probability of vent opening
2. Central Eastern parts of the
caldera most likely areas for
vent opening.
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Forecasting the timing of an eruption
No observable temporal pattern has been identified in the timings of the three eruptive
epochs, the eruption of Monte Nuovo or the recent unrest. The probability that an
eruption will result from the current unrest depends on evaluating signals recorded
since 1950 and on comparing fragmented observational data related to the 1538 AD
eruption (Guidoboni and Ciucciarelli 2011; Di Vito et al., 2016; Kilburn et al., 2017).

Forecasting the size and style of an eruption
Post-NYT eruptions have ranged in magnitude from effusive (VEI 0) to plinian (VEI 5)
(Fig. 2.15). Most assessments of hazard have focused on eruption magnitudes
between VEI 3-5, similar to the eruptions of Monte Nuovo, Astroni 6 and Agnano Monte
Spina respectively (Lirer et al., 2001; 2010; Alberico et al., 2002; 2011; Orsi et al.,
2004; Costa et al., 2009; Neri et al., 2015). Rossano et al. (2004) and Mastrolorenzo
et al. (2006) considered the whole range of eruptions, from VEI 0-5. Alberico et al.
(2011) included a hazard weighting based on an estimated probability of eruption by
Orsi et al. (2009). Orsi et al, (2009) used their own magnitude frequency data from
Epoch 3 to conclude that the magnitude of the next eruption has a 60% chance of
reaching a small VEI 3 eruption (similar to Monte Nuovo) and a 25% chance of
reaching a medium sized VEI 4 eruption (Similar to Astroni 6). However, using
qualitative data from all epochs, Orsi et al. (2004) had previously concluded that the
most probable future eruption would have a magnitude of VEI 4. A focus on Epoch 3
may underestimate the most likely size of a future eruption. Indeed, concentrating on
one eruption size, although convenient for showing hazard information through a single
map, may misrepresent the actual volcanic hazard. It also excludes uncertainty in
estimating eruption magnitude. Such uncertainty is essential to allow civil protection
agencies, insurers, and local government, to prepare a suitable range of emergency
responses. There is thus a need to account for the whole range of eruptions within
hazard assessments and for more research into potential indicators of the size of any
future eruptions. Irrespective of the time period considered, the main hazards are
expected to be associated with pyroclastic density currents (PDCs) and tephra fall
(TF).
80

2. Review of Campi Flegrei

Pyroclastic Density Current Hazard Assessments
A Pyroclastic Density Current (PDC) is a cloud containing a mixture of hot gases and
solid particles capable of flowing over the ground at high speeds. Their high
temperature, pressure and particle load have the potential for causing many fatalities
and widespread building damage and are the most dangerous phenomena produced
by an explosive eruption (Baxter et al., 1998; 2005; Spence et al., 2005; Zuccaro et
al., 2014). Assessments of their potential distribution at Campi Flegrei can be grouped
into three categories according to the methods used: (1) the field method, which uses
the spatial distribution of past deposits to infer the probability of inundation in the future
(Lirer et al., 2001, Orsi et al., 2004); (2) the energy cone method, based on estimates
of frictional energy loss during emplacement and constrained by field data (Alberico et
al., 2002, 2011, Lirer et al., 2010); and (3) computational modelling, which incorporates
constraints from non-Newtonian and granular fluid dynamics (Rossano et al., 2004,
Mastrolorenzo et al., 2006, Neri et al., 2015). The resulting maps are presented in
figure 2.21.
Lirer et al. (2001) produced one of the first PDC hazard maps of Campi Flegrei,
using the extent of three PDC deposits from Epoch 3 eruptions of Agnano, Averno and
Astroni as well as Monte Nuovo (Fig. 2.21A). Their map identified areas of possible
PDC inundation and an area of possible vent opening based on the locations of the
past eruptive vents, but without determining a probability of occurrence (Fig. 2.21A).
Orsi et al. (2004) used the deposits from 19 eruptions in Epoch 3 to create a conditional
probability of invasion map (Fig. 2.21D). Their map shows two zones of higher and
lower probabilities of PDC inundation, although the distinguishing criteria were not
defined or quantified. The area of highest hazard is indicated by the greatest
occurrence of the vents. Although they used 15 more reference eruptions compared
to Lirer et al. (2001) they used only eruptions from Epoch 3.
In contrast to the studies based on field deposits, Alberico et al. (2002) used
the energy cone method of Malin and Sheridan (1982) to carry out 37 computations to
develop a map of PDC inundation. The energy cone method estimates the travel
distance of a PDC by assuming values for its mean friction factor, given by the ratio of
maximum vertical to horizontal distance travelled by the flow. Alberico et al. (2002)
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assumed a mean friction factor of 0.1, that PDCs formed by a collapse of 300 m from
the eruption columns (assumed to represent a VEI of 4), and a mean slope angle of 6°
beyond the erupting volcanic vent. The simulations were chosen to originate from 37
evenly spaced vent locations across the region. The map shows four categories of
hazard relating to the probability of PDC inundation within an area (Fig. 2.21B).
However, it is unclear how these parameters and categories were determined.
Rossano et al. (2004) modelled PDCs as gravity-driven Bingham flows (Fig.
2.21C). The key flow parameters for the model were initial PDC velocity, thickness,
density, yield strength and viscosity. Values of the parameters were estimated by
fitting the model to existing PDC deposits at Campi Flegrei and ranged between 2-150
m/s for initial velocity, 0.5-20 m for flow thickness, 0-103 Pa for yield strength, 10-103
kg m3 for flow density and 1-500 Pa s for flow viscosity. The simulations were chosen
to originate from 14 evenly spaced vents based partly on the distribution of vents from
Epoch 3. The hazard categories represent the probability for an area to be inundated
by a simulated flow, multiplied by the yearly rate of eruption occurrence. These were
then represented as coloured categories: purple, 0.0015; red, 0.0005; orange, 0.0002;
yellow, 0.00002 and dark green, 0.000002 %.
Neri et al. (2015) produced multiple maps of PDC invasion by combining
information on the distribution of the spatial probability of vent opening (Bevilacqua et
al., 2015), the density distribution of areas previously invaded by PDCs from all
epochs, and results from the energy cone model (Fig. 2.21E). Owing to the uncertainty
surrounding vent location and the size of the next event, they explored the
consequences of ranging vent location, using different populations of faults to identify
preferred areas of PDC inundation, which focused in the eastern areas of the caldera.
Their results suggest that the entire caldera has potential to be affected by PDCs, with
the central-eastern area of the caldera (i.e. Agnano-Astroni-Solfatara) having
conditional invasion probabilities above 30% (with local maximums at or above 50% in
Agnano).
Whilst these approaches are all very different in the methods they apply, the
maps all show the main caldera floor with the highest hazard zones or within the
highest probability for inundation. The maps based on field deposits may not represent
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the true variety of eruption parameters and may underrepresent actual hazard. In
contrast, the assessments using the energy cone method and those that use
computational modelling take into account numerous different eruption scenarios, but
the resulting hazard maps can contain unsual results and are still bound by the
suitability of the input paramters chosen. Until more reliable theoretical constraints can
be applied, using as many reliable field deposits as a basis for future hazard maps
may provide a better guide to future runout lengths than the modelled assesments.
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Figure 2.21 PDC hazard assessments of
Campi Flegrei: (A) Hazard of invasion by
pyroclastic flows (Lirer et al., 2001) was
presented in black and white and uses
topography shown as contours as the
base map; (B) Fatal impact map for VEI4:
Red: Very high, yellow: high, green:
medium, dark green: low (Alberico et al.,
2002); (C) Pyroclastic density current
hazard map (Rossano et al.,2004); (D)
Pyroclastic current hazard map (Orsi et
al., 2004); and (E) Ensemble of mean
spatial probability maps of PDC invasion,
showing the effect of different
assumptions on the hazard mapping
(Neri et al., 2015).
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Tephra fall hazard assessments
Most of Campi Flegrei’s intra caldera eruptions have produced tephra falls that cover
areas between 60 to 500 km2 and reach thicknesses of tens of meters (Orsi et al.,
2004; Mastrolorenzo et al., 2006), large enough to cause significant damage to
buildings, health and infrastructure (Spence et al., 2005). Tephra fall hazard
assessments can be divided into two types: (1) those that solely use deposits (Orsi et
al., 2004); and (2) those that use simulations based on tephra dispersal models
(Mastrolorenzo et al., 2006; Costa et al., 2009). These are summarised in figure 2.22.
The tephra fall hazard map produced by Orsi et al. (2004) is based on the
deposits from 20 eruptions in Epoch 3, the directions of dispersal axes to identify
preferred wind direction, and the collapse load for the types of roof locally (loads more
than 2 kN/m2). The map delineates four areas that could be affected by tephra loading
on the ground of approximately 5, 4, 3 and 2 kN/m2 respectively (Fig. 2.22A).
Mastrolorenzo et al. (2006) carried out numerical modelling of tephra
distribution using constraints from the field and experimental data. The main input
parameters were column height, erupted mass, and initial velocity and their values
were chosen to represent a worst-case event (VEI 5) and the most probable events
(VEI 1 - 4). The results distinguished zones according to their probability of exceeding
a critical tephra loading of 2 kN/m2. They argued that the most useful result for the
DCP are the eruption range between VEI 1-4, (Fig. 2.22B). The map shows that the
eastern sector of the caldera, including the western part of Naples, has a probability of
1 event every 4000 years, exceeding the critical tephra load for roof collapse (> 2
kN/m2). The areas to the North West and South are exposed to far fewer events. The
results are grouped into five classifications ranging from green (1 event every 20,000
years) to red (1 event every 25,000 years) within figure 2.22B.
Costa et al. (2009) used the numerical model HAZMAP with modern wind
profiles for the Campanian region to produce 18 different maps for three different
tephra loadings (2, 3, and 4 kN/m2). They simulated the deposits from different VEI
eruptions of varying magnitude: Agnano Monte Spina (VEI 5), Astroni 6 (VEI 4) and
Averno 2 (VEI 3). Thirteen thousand simulations were made, using input parameters
determined by published values for the reference eruptions (Di Vito et al., 2004; Pfeiffer
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and Costa, 2004) and considering two locations for the vent, at Agnano and between
Averno and Monte Nuovo. As an example, figure 2.22C shows a map for an Astroni 6
sized eruption originating from a vent in the Agnano plain with probabilities relating to
tephra loading more than 2 kN/m2.
Tephra hazard assessments are not as numerous as PDCs, but represent a
hazard to a higher number of the population. Deposits of tephra fall are more varied in
that both Mastrolorenzo et al. (2006) and Costa et al. (2009) present maps as a set
each representing different eruption scenarios (e.g. location and size). This would
suggest to the map user there is more uncertainty involved, compared to the PDC
maps. Costa et a.l (2009) was the only assessment to take into account local wind
profiles, so could be the most useful for emergency managers to use for reference
during an emergency.

Figure 2.22 Tephra fall hazard assessments for Campi Flegrei: (A) Tephra fallout map (Orsi
et al., 2004); (B) Yearly probability hazard maps computed for 200 kg m−2 run for eruption
range scenario (Mastrolorenzo et al., 2006); and (C) Tephra Ash Probability map of 2 kN m2
from an Astroni sized eruption (Costa et al., 2009).
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Combined hazard assessments
Two studies combined their assessments of pyroclastic density currents and tephra
hazards and produced a final map (Lirer et al., 2010; Alberico et al., 2011). Although
these combined maps are difficult to compare with those for separate hazards, they
can be compared with each other. Lirer et al. (2010) merged tephra fall and PDC
hazard maps from Campi Flegrei, Vesuvius and Ischia into a single volcanic hazard
map (Fig. 2.23A). From Campi Flegrei, the Pomici Principali and Agnano Monte Spina
(AMS) eruption deposits were used and restricted to areas with tephra loading greater
than 3 kN/m2. The energy cone method was used to simulate 37 PDCs from VEI 4
events in Campi Flegrei. The simulations assumed a column collapse height of 300 m
and a friction factor of 0.1. The map shows four hazard zones, very low, blue; low,
green; medium, orange; and high, red related to the combined PDC and tephra fall
hazard values from Vesuvius and Campi Flegrei (Fig. 2.23A). These zones were not
assigned probability values only hazard classes.
Alberico et al. (2011) investigated the volcanic hazard to Naples from both
Campi Flegrei and Vesuvius (Fig. 2.23B). For Campi Flegrei, they again used the PDC
energy cone data from Lirer et al. (2010) and added simulations for VEI 3 and VEI 5
eruptions, assuming column collapse heights of 100, 300 and 500 m (VEI 3, VEI 4 and
VEI 5 respectively) and a friction factor of 0.1. The 124 simulations were then merged
with the vent opening probability map from Alberico et al. (2002). For fallout hazard,
they combined the HAZMAP results from Costa et al. (2009) with the probability values
obtained from Orsi et al. (2009). The map shows six hazard categories: Low hazard
for tephra fall, yellow crosshatch; very low hazard for PDC and medium hazard for
tephra fall, pale yellow; low hazard for PDC and medium hazard for tephra fall, bright
yellow; medium-low hazard for PDC and medium hazard for tephra fall, light orange;
medium hazard for PDC and high hazard for tephra fall, dark orange; high hazard for
PDCs and tephra fall, red.
Whilst combining hazard from multiple volcanic regions provides a useful
overview for the region, and allows comparisons to be made, the approach may be
confusing for users, especially those unfamiliar with the unique behaviour of the
individual volcanoes.
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hazard map for Naples and the surrounding vicinity (Lirer et al., 2010); and (B)
conditional volcanic hazard maps (Alberico et al., 2011).
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Comparison of hazard areas
Figure 2.24A compares the distributions of PDC hazard from maps by Lirer et al.
(2001), Alberico et al. (2002), Orsi et al. (2004) and Rossano et al. (2004). This was
calculated by digitising the highest category extents from each of the four hazard maps
and performing a weighted sum function within a GIS. It does not include data from
Neri et al. (2015) because their maps could not be digitised. Figure 2.24B indicates in
red where all four hazard maps overlap, showing that the districts with the greatest
hazard include Pozzuoli, Soccavo, Pianura, Fuorigrotta and Bagnoli.
The area is enclosing all hazard zones varied from 500 km2 (Rossano et al.,
2004) through 184 km2 (Alberico et al. 2002), 105 km2 (Orsi et al. 2004) to 67 km2 (Lirer
et al., 2001). The hazard in Orsi et al. (2004) is 56% larger than that shown by Lirer et
al. (2001), because Orsi et al. (2004) used 19 deposits from Epoch 3, whereas Lirer et
al. (2001) used only four from Epoch 3. The hazard areas produced using field deposit
data (Lirer et al., 2001; Orsi et al., 2004) are smaller compared to the maps created
using the energy cone method (Alberico et al., 2002). The larger size of the hazard
extent seen in Alberico et al. (2002) could be caused by the large range of vent
locations used or an underestimation of the extent of field deposits by both Lirer et al
(2001) and Orsi et al., (2004). The large hazard area in Rossano et al. (2004) can be
attributed to the choice of input parameters within the numerical model and the region’s
topography outside the caldera. The larger, more mobile flows simulated by Rossano
et al. (2004) extended up to 20 km away from the caldera, because the terrain to the
North of the caldera is relatively flat and could allow the flows to propagate without
stopping or could help flows to stop through a reduction in momentum. Although it is
useful to assess the implications of such large flows, it may be misleading to include
them within a hazard map, especially as the probability of occurrence is extremely
small at 1 event per 500,000 years (Rossano et al., 2004).
The map by Rossano et al. (2004) has a distinctive shape which elongates to
the North. This is different from the other maps which are curved around the shape of
the caldera, highlighting the control of the caldera topography. The elongation is
caused by the interaction of modelled flows with topography, following low lying
pathways or gaps between the topographic high points around the rim of the caldera.
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Figure 2.24 Comparison of PDC hazard areas: (A) Extents of PDC hazards, and (B)
Totalled hazard areas from Lirer et al. (2001); higher and lower hazard extents
from Orsi et al. (2004); >0.0005 per year extent by Rossano et al. (2004); Extent of
very high, high and medium fatal impact (Alberico et al., 2002).
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Alberico et al. (2002) and Rossano et al. (2004) both suggest that PDCs from
VEI 3-4 eruptions will remain inside the caldera, not reaching Naples, but PDCs from
VEI 5 eruptions could reach the western districts of Naples. Field deposits suggest this
has happened during past eruptions, most notably, the Agnano Monte Spina eruption
(de Vita et al., 1999). All of this leads to the indication that PDCs (from the largest VEI
5 eruptions) can reach Naples; however, these are relatively rare in the history of
Campi Flegrei (2 in 15,000 years; Agnano monte Spina (4.5 ka BP) and Pomici
Principali (11.9-12.2 ka BP).
Figure 2.25A compares the distributions of tephra fall hazard from maps by
Orsi et al. (2004), Costa et al. (2009) and Mastrolorenzo et al. (2006). The area in
orange shows where all three maps agree and include the majority of Campi Flegrei
and parts of Naples. The maximum extent of the hazard zone varies, from 40 km East
(Mastrolorenzo et al., 2006), through 25 km North East (Orsi et al., 2004) to 23 km
radially (Costa et al., 2009). The studies used similar eruption magnitudes and vent
locations so differences in the results must be caused by either the method applied or
data uncertainty.
Field-based analyses assume that deposits reflect their initial extent. However,
deposits may be partially eroded or covered and so underestimate their original extent.
Model-based analyses are subject to considerable uncertainties in the values of input
parameters and may induce a different expected distribution of the hazard. For
example, Orsi et al. (2004) and Costa et al. (2009) both analysed the Astroni eruption
in particular. However, the two distributions differ, the modelled results produced an
area more radial in shape and nearly double the area, compared to the field deposit of
the same the same eruption produced by Orsi et al. (2004).
The shape of the hazard area also varies between maps (Fig. 2.25). The
distribution is approximately radial in Costa et al. (2009), slightly elongated to the East
in Mastrolorenzo et al. (2006) and strongly elongated to the East in Orsi et al. (2004).
The extension towards the North East can be attributed to the large VEI 5 eruptions,
which were included within Orsi et al. (2004) and Mastrolorenzo et al. (2006). The
difference of shape of the hazard zone within Costa et al.’s (2009) map may be due to
the assumption within their model that wind at lower levels is more variable and
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therefore will not control ash dispersal, creating a more radial dispersal pattern.
All three maps show that Campi Flegrei and most of Naples lie within the
hazard zone for potential roof collapse under a load of 200 kg m-2 or more (Fig. 2.25).
The area includes the port of Naples, 12 km East and Naples airport, 15 km North East
of Campi Flegrei. In addition to inhibiting the emergency response, closure of the port
or airspace will have broader economic impacts on international trade. Naples port is
one of the largest seaports serving the Mediterranean Sea, while Naples Capodichino
airport served nearly 6 million passengers in 2014 (Assaeroporti, 2015).
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Figure 2.25 Comparison of Tephra fall hazard: (A) The extents of tephra fall
hazards, and (B) Total hazard areas from Mastrolorenzo et al. (2006), yearly
probability computed for 200 kg m-2 run for eruption range scenario extent; Costa
et al. (2009), 1% probability extent for exceeding 200 kg m-2 for a medium sized
eruption
on Agnano,
Orsi et al.on
(2004),
extent
of areas of probable load on the
The
influence
of methodology
hazard
assessment
ground.
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Hazard areas and extents are sensitive to the amount of data available and to the
assumptions made when estimating the expected location of future vents, the runout
lengths of PDCs and the areal coverage of fall deposits. This section will focus on the
two common factors within the hazard assessments; (1) identifying the locations of
future eruptions and (2) potential PDC run out distances and the energy cone model.

(1) The choice of vent location on hazard assessments
Differences in the choice of vent location reflect assumptions made in choosing which
data are significant for indicating potential sites for new vents. Published analyses
favour the
North-East sector as the most likely location for an eruption, with a secondary location
to the North West (Orsi et al., 2004; Costa et al., 2009; Mastrolorenzo et al., 2006; Lirer
et al., 2010; Selva et al., 2012; Bevilacqua et al., 2015). However, both Rossano et al.
(2004) Neri et al. (2015) assumed a large number of possible vent locations across the
caldera due to the uncertainty, whereas Alberico et al. (2002; 2011) use central
locations within the caldera as having the highest probability of vent opening. Instead
of using only the locations of previous vents, Alberico et al. (2002) used six additional
factors related to crustal deformation, including faults and the epicentres of recent
volcano-tectonic seismicity to identify potential locations. However, although crustal
deformation occurs before an eruption, this does not mean that an eruption can occur
wherever there is deformation. The inclusion of several factors may, therefore, act to
hide, rather than to reveal, locations for future eruptions.
Figure 2.26 compares the potential impact of PDCs from eruptions from the two
areas for future vents. The North-East location 1 has the higher probability of
occurrence and the second most likely in the North-West location 2 as shown by Orsi
et al., (2004). Baia, a town in the Western sector, is within the hypothetical PDC hazard
zone for an eruption occurring from vent location 2, but not from vent location 1. The
residents of Bagnoli could be impacted by a PDC from vent location 1, but not
necessarily from a PDC from location 2. This demonstrates quite clearly the
importance of uncertainty in the choice of vent location and the effect of different
assumptions, which are not always discussed within hazard assessments.
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Figure 2.26 Areas potentially affected by PDC hazard from two different
vent locations. The vent locations yield different areas affected by a
hypothetical PDC. This difference would be crucial to the residents of Baia
and Bagnoli, for example.

(2) The run-out lengths of pyroclastic density currents
The run-out lengths of PDCs have been evaluated using the distribution of previous
deposits, or by applying theoretical constraints on PDC behaviour. Lirer et al., (2001,
2010), and Orsi et al. (2004) chose to use the distribution of previous PDC deposits.
Lirer et al., (2001) used four deposits from all epochs (Agnano Monte Spina, Astroni,
Averno 2, and Monte Nuovo). Whereas, Orsi et al., (2004) used 19 deposits all from
only Epoch 3 covering the same magnitudes of eruptions. There is a 65% increase in
the area affected caused by using 19 PDC deposits (Orsi et al., 2004) compared to the
four deposits used by Lirer et al. (2001). Orsi et al. (2004) only considered deposits
from the last epoch of activity, which has a smaller distribution of vents compared with
previous epochs. However, they considered the same range of eruption size as Lirer
et al. (2001).
Three studies use the energy cone method to produce their PDC hazard maps
(Table 2.4). However, it is difficult to compare the results of each study as both Lirer et
al. (2010), and Alberico et al. (2011) integrate their results with tephra fallout results.
The values for the parameters that were used in each study are shown in table 2.4.
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Table 2.4 Parameters used within studies using the energy cone method.

Study

Collapse
column height

H/L

Slope

Alberico et al. (2002)

300m

0.1

6°

Lirer et al. (2010)

300m

0.1

6°

Alberico et al. (2011)

100, 300, 400m

0.1

6°

The energy cone method (Malin and Sheridan, 1982) incorporates topography
and resistance due to friction to estimate the runout length of PDCs. By analogy with
simple sliding, the energy balance suggests that the ratio Height (H)/Length (L) is a
first-order approximation to a PDC’s resistance to motion, where H and L are the
vertical and horizontal displacements of the PDC, measured from the highest point of
descent to the toe of the deposit (Malin and Sheridan, 1982). The two key input
parameters are the height of column collapse and the value of the friction factor H/L. It
has been suggested that this method captures the natural variability of PDC
emplacement, but processes such as PDC channelisation and dense-dilute PDC
decoupling are difficult to describe (Tierz et al., 2016).
PDCs are generated by the collapse of eruption columns, often from heights of
0.1-1km (Sheridan, 1979). Changes in relief are mostly less than 0.1 across the
caldera so that estimates of it are controlled by estimates of collapse height. Collapse
height tends to increase with discharge rate (Scandone and Giacomelli, 1998).
Alberico et al. (2002) estimated magma discharge rates of between 103 and 104 m3s-1
for VEI 3-4 eruptions and applying the semi-empirical model of Scandone and
Giacomelli, (1998), inferred corresponding collapse column heights of 100 and 300 m.
The values are strongly model dependent, and experience at other volcanoes would
suggest they may be too restrictive. For example, starting heights estimated from
PDCs at Soufriere Hills volcano have ranged from 260 m – 1270 m above the vent
(Calder et al., 1999). The variation by a factor of three used by Alberico et al. (2002)
may thus underestimate the full potential range of collapse heights.
A friction factor of 0.1 has been assumed to characterise the PDCs in Campi
Flegrei (Table 2.4). Values for the factor tend to decrease with increasing PDC volume.
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Among PDCs produced by column collapse, those with volumes less than 0.1 km3
have values of 0.35 ± 0.15, whereas larger PDCs (>0.1 km3) have smaller values of
0.13 ± 0.07 (Sheridan, 1979, Hayashi and Self, 1992, Druitt, 1998). Within these two
categories, the full range of friction factors can vary by a factor of three. Using a friction
factor of 0.1 conservatively assumes that the PDCs at Campi Flegrei are within the
large PDC category. Field data (Lirer et al., 1987, Isaia et al., 2004, Rossano et al.,
2004, Orsi et al., 2009), suggest that the maximum volumes of PDCs at Campi Flegrei
are commonly 0.01 – 0.2 times the total volume erupted. About 84% of the eruptions
have had volumes less than 0.5 km3, and so are associated with maximum PDC
volumes of 0.1 km3. The friction factor is thus expected to be 0.35 ± 0.25 or between
0.1 – 0.6. The choice a friction factor of 0.1 used in the studies represents a worstcase scenario and so may overestimate the most likely run out the length of PDCs.
Modelling PDCs using this method could be at least 3.5 times too long.
Although hazard maps based on the energy cone method are easy to produce
the resulting hazard maps are subject to large error. Published values for the friction
factor have been determined from estimates of H/L for a small number of PDCs, for
which runout length has been constrained by the length of the deposits (Sheridan,
1979). Until more reliable theoretical constraints can be applied, field data may provide
a better guide to future runout lengths than the energy cone method.
As a refinement of the simple energy cone method, Neri et al. (2015) used a
non-linear decay, compared to the energy line which assumes a linear decay of flow
energy with distance. Neri et al. (2015) argued that this allowed for a more realistic
description of the propagation of a turbulent flow. The key parameters are (1) volume
of gas/particles (2) sedimentation velocity, (3) particle size (4) PDC deposit extent. The
model can compute flow front velocity, thickness, particle concentration, as a function
of time but relies on the good record of PDC field deposits. Estimations of future PDC
runout (whether based in field deposits or numerical models) influences the size and
shape of hazard areas. However, these are based on large assumptions surrounding
their starting location, mobility and their size.
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2.2.4 Volcanic risk setting
Over 360,000 people within the densely populated Campi Flegrei are exposed to
volcanic hazard and, in the case of a crisis, would be evacuated during a volcanic
emergency (DCP, 2017: Fig 2.27). Also, up to a million people across Naples are
exposed to severe ash fallout hazards and disruption to their livelihoods (Costa et al.,
2009). A study by Ricci et al. (2013) found that, unlike issues such as crime, traffic,
waste, and unemployment, volcanic hazards are not spontaneously mentioned by a
selection of residents as a major problem facing local communities. Residents, did,
however, understand the potential for volcanic hazards and the serious consequences
for themselves and their communities.
In common with many volcanic regions in the world, the structure for
emergency management is complex and involves many different government
departments and public bodies. The Italian National Department of Civil Protection
(DCP), the Civil Protection Service of Regione Campania, the Vesuvius Observatory
(INGV) and the local commune government offices all are involved in hazard
communication and emergency preparedness. The Vesuvius observatory was
founded in 1841 and became the National Institute of Geophysics and Volcanology
(INGV) when formed in 1999 (INGV, 2016). This publicly funded scientific institution
has focused on primarily volcano monitoring and the production of hazard and risk
assessments (those in section 2.2.3). The responsibility of hazard communication has
traditionally been the role of the DCP and local communes, not the role of the INGV.
At a national level, the first emergency plan for Campi Flegrei was drafted in 1984,
following the 1982-84 bradyseismic crisis and updated in 2001. A working group was
established in 2009, and has been redefining the eruptive scenarios and alert levels.
A final report which was evaluated by the national large risk commission with the
objective of updating the emergency plan was published in 2012 (Campi Flegrei
Working Group, 2012). However, as of 2018 no emergency plan has been released by
the DCP. In 2015, the commune of Pozzuoli had published its own emergency plan for
natural hazards. But it does not include volcanic hazards on a map.
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Figure 2.27 Population density distribution. Higher densities of the population are focused
around the towns of Pozzuoli, Pianura, Quarto and the city of Naples (ISTAT, 2016).

Risk assessments in the Campi Flegrei region
Risk studies at Campi Flegrei have addressed: societal risk (Alberico et al., 2002;
Petrosino et al., 2004; Lirer et al., 2010); economic exposure (Alberico et al., 2011);
and the vulnerability of the local infrastructure (Alberico et al., 2012). The control of
urbanisation is a clear governing factor within the studies (Petrosino et al., 2004; Lirer
et al., 2010; Alberico et al., 2011), all of which identify Pozzuoli and the Eastern sector
of Campi Flegrei as the areas at greatest risk from an eruption (Fig. 2.28). However,
the influence of urbanisation is hard to distinguish from the influence of the preferred
location of the vent, which is also in the East of the caldera.
Differences also occur in how the risk assessments have delineated the
boundaries between risk zones and used different criteria for displaying relative risk.
For example: (1) the number of risk classes varies from three (Petrosino et al., 2004)
to five (Alberico et al., 2002; Lirer et al., 2010), with Lirer et al., (2010) showing 12
subclasses; (2) Lirer et al., (2010); Alberico et al., (2011) combine the risk from Campi
Flegrei with that from neighbouring volcanoes Vesuvius and Ischia, potentially
obscuring the level of risk from eruptions in Campi Flegrei alone; and (3) risk categories
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are not assigned the same colours, except for the red shade used to identify the zones
of greatest risk (Fig. 2.28A). These variations could appear confusing when
communicating risk information to different users.

Figure 2.28 Risk maps for Campi Flegrei: (A) Risk map (Alberico et al., 2002); (B)
Campi Flegrei risk map (Petrosino et al., 2004); (C) Risk map of Naples region
(Lirer et al., 2010); and (D) Risk map of Naples region (Alberico et al., 2011).
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2.2.5 Summary
Campi Flegrei was formed by at least one caldera-forming eruption (NYT) and over 61
post collapse eruptions during the last 15,000 years. Eruptions since the NYT can be
grouped into three epochs of activity between 15 ka and 3.5 ka BP, except for Monte
Nuovo in 1538 AD. They have erupted magma volumes of between 0.1 – 1 km3,
produced fall deposits that cover 1000 km2 and pyroclastic density currents that cover
areas as much as 200 km2. The caldera’s only one historical eruption occurred in 1538
and produced Monte Nuovo, it may also indicate the opening of a new epoch of activity.
Two major episodes of unrest occurred in the 1970s and 80s, prompting two mass
evacuations, but did not culminate in eruption.
The numerous volcanic eruption hazard maps published for Campi Flegrei vary
in their data, methods, style and the message they are trying to communicate. The
main differences are: (1) the extent and shape of hazard zonation; (2) the varying
levels of hazard for the same location; and (3) the presentation of hazard information.
These may create problems when communicating hazard between scientists and the
DCP and, consequently, emergency managers and the public. It is also not clear how
the results and maps in each study have had an influence on the current hazard map
produced by the DCP (Fig. 1.2).
Differences in the maps are caused mainly by the starting assumptions in each
study, notably, the number and choice of field deposits and the vent location. The
choice of eruptive size varied from VEI 0-5, which led to values from 100 to 1700 km2
for the distribution of tephra fall, and from 67 to 500 km 2 for the distribution of PDCs.
Simulated modelled results gave the largest extent for each hazard, compared with
results based on field deposits alone. The choice of vent location also varied within the
studies. Most studies chose vent location based on the distribution of vents during
Epoch 3. However, there is little evidence to suggest that this epoch is more
representative than previous epochs. These large uncertainities have influenced the
size and shape of hazard shown on the background hazard map, and as a result have
inhibited the usefulness of the current hazard map produced by the DCP (Fig. 1.2).
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3.1 Introduction
Since the last caldera collapse during the eruption of the Neapolitan Yellow Tuff 15.6
ka BP, at least 61 eruptions have occurred from 41 centres across the Campi Flegrei
caldera (Fig. 3.1: Table. 2.2: Di Vito et al., 1999; Smith et al., 2011). An important goal
for hazard mitigation is to develop reliable methods for evaluating the most likely
location for a future eruption. Previous studies have assumed that all past eruptions
occurred independently of each other and the distribution of eruptions from the most
recent epoch are reliable guide of future eruption location (Orsi et al., 2004; Selva et
al., 2012; Bevilacqua et al., 2015). These studies have identified northeast Campi
Flegrei, near Agnano, as the most likely quadrant for the next eruption. This chapter
investigates the consequences of modifying the starting assumptions to include only
the opening eruptions from the 41 centres, weighted equally over the entire postcollapse interval since 15.6 ka BP.

Figure 3.1 (A) Campi Flegrei map, NYT caldera rim modified from
Barberi et al., (1991); Eruption locations modified from Smith et al.,
(2011). (B) Location map within Italy.
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3.1.1 Spatial distribution of intra-caldera activity
Large calderas worldwide show different distributions of post-collapse vents, related to
different structural controls (Walker et al., 1984; Cole et al., 2005). Walker et al. (1984)
proposed five categories of vent distribution: (1) a single vent in a central position; (2)
several vents along a defined line; (3) a single vent on the caldera margin; (4) several
vents along caldera margins; and (5) vents scattered across the caldera (Fig. 3.2).
They identified Campi Flegrei as a caldera where vents are scattered across the
caldera, suggesting the absence of a ring-fault control (Fig. 3.2E). This classification
assumes that the caldera was defined by the collapse of the Campanian Ignimbrite
(CI) eruption and did not include the NYT eruption, which, at the time had not been
recognised as an eruptive sequence. As shown by Aster and Meyer (1988) and Barberi
et al. (1991), when the NYT caldera is included, the majority of the vents are found in
the zone of associated collapse and suggest an NYT ring-fault control on the location
of vents (Figs. 3.2F and 3.3).

Figure 3.2 Vent location patterns modified from Walker et al. (1984). (A) an example
of a central vent distribution (Vico, Italy); (B) Linear vent pattern (Ambrym,
Vanuatu); (C) single vent on margin; (D) vents occur along an arcuate line paralleling
the caldera margin (Rabaul, PNG); (E) is Campi Flegrei, with the CI caldera
highlighted; (F) Campi Flegrei, the dashed line has been added to show the position
of the NYT ring faults and vent locations have been updated (Barberi et al., 1991;
Smith et al., 2011).
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Figure 3.3 Approximate location of the outer limit of the NYT caldera.
(Barberi et al., 1991; Acocella 2008; 2010; Fedele et al., 2008; Isaia et al.,
2009; Vilardo et al. 2010; Capuano et al., 2013; Vitale and Isaia 2014). The
associated collapse is expected to have occurred across a narrow area
(shading) rather than along a single ring fault. This area coincides with the
locations of most of Campi Flegrei’s post NYT vents.

3.1.2 Estimating the future distribution of intra-caldera activity
The spatial distributions of eruptive vents have been the primary factor for evaluating
the location of the next eruption, on the assumption that a future eruption is more likely
in areas where one has previously occurred (Alberico et al. 2002; Orsi et al. 2004;
Selva et al. 2012; Bevilacqua et al. 2015). Most of the volcanic centres are
monogenetic, in the sense that after the conclusion of an eruption sequence, individual
vents are not reactivated. The term centre is used to describe a location of activity
consisting of one or more eruptive vents that occurred closely spaced in time.
Future eruptions are expected to occur at new centres within the caldera.
Individual analyses differ, however, in the epochs considered for selecting data and in
the inclusion of additional features, such as surface fractures, and monitoring signals
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associated with recent episodes of unrest. None of the studies mentioned the potential
for an NYT ring-fault control on vent location. Orsi et al. (2004) focused on the
distribution of vents (as opposed to centres) during Epoch 3, on the assumption that
this epoch coincided with a change to the tectonic stress regime that prevails today
and, hence, that only data from Epoch 3 are representative of modern conditions.
Selva et al. (2012) considered intra-caldera vents from all epochs, supported by the
distribution of non-eruptive fractures and whether vents and fractures are located
across the caldera floor. Greater weighting was assigned to vent distribution, from 1.5
to 2 times greater than fracture distribution, and 3 to 5 times greater than whether
centres or fractures were located on the caldera floor. Bevilacqua et al. (2015)
considered all vents, with a weighting in favour of Epoch 3 (a comparative mean
weighting of about 0.80: 0.25: 1 for data from Epochs 1, 2 and 3) to account for vent
data lost by burial beneath younger deposits, as well as surface fractures and their
amounts of displacement estimated by Vitale and Isaia (2014). Finally, Alberico et al.
(2002) considered vents from all epochs, supported by the distribution of surface faults,
patterns of ground uplift during the crises of 1969-72 and 1982-84, the epicentres of
seismicity during 1982-84, the distribution of fumaroles, the locations of elevated rates
of degassing, and Bouguer gravity anomalies.
All the studies, except Alberico et al. (2002), identified the area around Agnano
Plain as the most likely location for the next eruption, with a second preference for the
Averno district, 6-7 km to the west. Alberico et al., (2002) highlighted the area near the
coast between Pozzuoli and Baia as the most likely location. The similarity of the
results reflects the primary importance that each study assigned to the distribution of
vents, together with a preferred weighting towards data from Epoch 3. This chapter
investigates the consequences of relaxing both assumptions. First, the current unrest
has emerged 412 years after the last eruption in 1538, which itself occurred after a
repose of about 2,500 years. A future eruption is thus expected to be an independent
event and not connected with previous episodes of activity. In this case, polygenetic
activity is not relevant, so that the distribution of eruptive centres, and not vents,
becomes the preferred factor of interest. Second, the distribution of centres in Epoch
3 is qualitatively different from those in Epochs 1 and 2. It is thus important to establish
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whether the difference is statistically significant and, if so, whether the difference could
suggest that (1) that eruptions are controlled by NYT ring faults; and (2) Epoch 3 is the
most representative for evaluating modern conditions or whether it is an
unrepresentative anomaly.

3.2 Methodology
Spatial analytical methods within a GIS were used to measure variations in the
distribution of event and centre data since the last episode of caldera collapse 15.6 ka
BP. Such methods have been widely used to detect patterns, relationships and
unusual values in spatial data representing volcanic phenomena (Magill et al., 2005;
Weller et al., 2006; Marti and Felpeto, 2010; Cappello et al., 2012; Connor et al., 2012;
Le Corvec et al., 2013; Tadini et al., 2014).

3.2.1 Data
Figure 3.4 and Table 2.2 show the locations of the 61 eruptive source vents since the
beginning of Epoch 1, using the Universal Time Meridian (UTM) coordinates from
Smith et al. (2011) and Bevilacqua et al. (2015). Five eruptions without known or
estimated source locations were omitted. These were all from Epoch 1: La Pigna 1 and
2, Paradiso, Gaiola and Casale (Smith et al., 2011). Twenty-nine of the 61 eruptions
are associated with nine centres (Table. 3.1; Smith et al., 2011). Twenty of the vents
may represent episodes from six extended eruptive sequences (Palaeopisani,
Soccavo (vents 2 to 4), Pisani, Agnano, Palaeoastroni (vents 1 and 2) and Astroni).
The 61 located source vents may thus represent 47 eruptive episodes (61 - (20-6))
from 41 centres (61 - (29-9)). To investigate controls on the distribution of centres,
rather than of the number of vents, a second dataset was prepared for the locations of
centres alone (Fig. 3.4; Table 2.2).
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Vents
Figure 3.4 Eruptions during the last 15,000 years divided into Epochs: (A) Eruptive vents, (B) Eruptive centres. The number in brackets represents the
number of eruptive events in the centre. AMS = Agnano Monte Spina, As = Astroni, PAs = Paleoastroni, PSN = Pigna San Nicola, PP = Pomici Principali,
MSN = Monte San Angelo, and SMG = San Maria delle Grazie. Data modified from Smith et al. (2011).
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3.2.2 Spatial Analysis
Six tests were applied to establish the spatial distributions of centres and vents,
whether the distributions are random or clustered, and whether the spatial distribution
varies across epochs. The distributions were first analysed by using number density
analysis of three different grid shapes (hexagonal, annular and by sector). Chi-squared
(X2) and Kolmogorov-Smirnov D tests were used to test the goodness of fit of the
density distributions in the Quadrat Analyses. Nearest-neighbour and Partitioning
Around Medoids (PAM) analyses were used to quantify the degree of spatial clustering
and the number of clusters. Finally, A two-sample Kolmogorov-Smirnov test was also
applied to investigate changes in spatial patterns across epochs.

Spatial distribution
Density analyses sample and record point-based data within regularly shaped areas
with the aim of describing the distribution of points across the set of grid cells. Campi
Flegrei was divided into a grid of hexagons, annuli and sectors to measure dispersal
and density. Dispersal shows how eruptions are arranged spatially across the caldera,
whereas density describes eruptions per unit area, both of which can provide insight
into geological processes and eruption controls. Hexagonal cells were preferred to the
squares used in the grid by Alberico et al. (2002) and Selva et al. (2012) because they
ensure that the centres of all adjacent cells are the same distance from each other
(Birch et al., 2007). A cell area of 1 km2 was chosen for consistency with that used by
Alberico et al. (2002). Cell sizes of 0.2, 0.5, 1 and 2 km2 were compared to determine
the sensitivity to results to the Modifiable areal unit problem (Wong, 2009). The
Modifiable Areal Unit Problem (MAUP) occurs during the spatial analysis of aggregated
data in which the results differ when the same analysis is applied to the same data,
but different cell sizes are used. The size of the grid covered an area of approximately
150 km2, with the lower left corner of the grid at 419549.445, 4514598.282 WGS84
UTM 33N coordinates. Also, annuli with widths of 1 km and 450 sectors around the
centre of the caldera near Pozzuoli were also used to aggregate the data. The
approach of using three different shaped areas helps reduce the effect of the MAUP.
The number of data points (for centres or vents) in each hexagon yields a first-
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order number-density distribution across the caldera. The groups were used to identify
any large-scale preferences in location. The method measures the distribution of data
across cells but does not take account of localised clustering among individual points
or of clustering among selected points across groups. The Chi-squared test statistic
was used to test the hypothesis of a random distribution based on variance across
quadrats (Fig. 3.5). The Kolmogorov-Smirnov D statistic was also used to measure the
goodness of fit by testing the maximum deviation between cumulative frequency and
observed frequency. A random distribution was rejected when D>0.00. The possibility
of smaller-scale clustering was investigated with Nearest-Neighbour Analysis (NNA)
and the strength and location of potential clusters measured using the Partitioning
Around Medoids (PAM) technique.

Figure 3.5 Measures of dispersal used in Chi2 test statistic. Modified from Ramsey (2009).
Rejection of the null hypothesis can occur if point pattern is more clustered than random or
more dispersed. Chi2 statistic is estimated by the above equation, where fi=frequency of cells
with i points, Xi=number of points per cell, m = mean, VAR = Variance, and VMR = Variance
Mean Ratio.
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Randomness of a distribution
NNA studied the average nearest neighbour ratio of the observed (Do) and expected
(De) mean distance between each data point and its nearest neighbour (Clark and
Evans, 1954; Mitchell, 2009). The ArcGIS spatial analysis option "Nearest Neighbour"
performs the NNA by testing the null hypothesis that the vents are randomly distributed
(Mitchell, 2009). Under the null hypothesis, the z-statistic (Do-De)/SE (where SE is the
standard error) is assumed to follow a Standard Normal distribution. If the z-statistic
(and associated p-value) fall in the rejection zone at the tails of the distribution, which
for a confidence level of 90% is below the cut-off point of ±1.65, then there is statistical
evidence to reject the null that the points are randomly distributed in favour of the
alternative that clustering may exist.

Cluster analysis
When NNA indicates potential clustering, the PAM method can be applied to test the
results and to define the most probable boundaries between clusters. The PAM
method is a robust version of k-means and quantifies the strength of clustering
(Rousseeuw, 1987; Kaufman and Rousseeuw, 2005). Standard hierarchical
procedures are used to provide a first estimate of the number of clusters among
centres and vents (Kaufman and Rousseeuw, 2005). By measuring the distance of a
given point from all other points (rather than only its immediate neighbours), the PAM
method seeks the optimal number and sizes of clusters by comparing (1) the average
distance between points within a presumed cluster against the average distance to
points with other presumed clusters, and (2) the strength of clustering from the
distances among all points within the presumed cluster (similar to applying NNA to a
particular cluster). By adding and removing points from clusters, the preferred
arrangement of clusters can be represented on a silhouette plot and the strength of
clustering determined by maximizing the value of the silhouette coefficient, s, which is
the ratio [(a – b)/max(a, b)], where a is the average distance between points within a
cluster, b is the average distance between points to the next nearest cluster, and
max(a, b) is the larger of the values for a and b (Rousseeuw, 1987). By inspection, s
must lie between –1 (for b much larger than a) and 1 (for a much larger than b). Well-
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clustered data are characterised by s approaching 1 because points within the
presumed cluster are much closer together than their distance to the next nearest
presumed cluster. When s approaches –1, the mean distance between points in the
adjacent clusters is much less than that among points within the presumed cluster,
suggesting that the original clusters were incorrectly defined. Weakly clustered points
have values of s close to zero. In practice, good clustering, reasonable clustering,
unlikely clustering and no clustering are characterised by respective silhouette
coefficients of greater than 0.71, between 0.51 and 0.70, between 0.26 and 0.50 and
less than 0.26 (Kaufman and Rousseeuw, 2005). PAM analysis using the CRAN R
statistics function pamk (Appendix E), was used (Kaufman and Rousseeuw, 2005).

Persistence of a distribution
A two-sample Kolmogorov-Smirnov (KS) test was used to test the hypothesis that data
from Epoch 3 and Epochs 1-2 belonged to the same distribution (Mitchell, 2009). The
data tested were the distances from the centre of Pozzuoli (425867.09; 4519829.672
WGS84 UTM 33N coordinates).
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3.3 Results

3.3.1 Spatial distribution of eruptive vents
Post-NYT eruptions at Campi Flegrei have occurred around the landward portion of
the caldera (Fig. 3.6), mostly within the band defined by steep changes in the Bouguer
gravity anomaly that mark the inferred margin of the NYT caldera (within the dashed
circles in figure 3.6: Barberi et al., 1991). Three groups appear to lie away from the
caldera margin: two outside the rim in Epochs 1-2 (Fig. 3.6B), to the north and
northeast of Campi Flegrei, and one inside the rim in Epoch 3, east of the caldera’s
centre (Fig. 3.6C). The two outer groups may indicate that the rim of the NYT caldera
extends further from the centre in their directions or magma may have found other
pathways (faults) to the surface.
No intra-caldera eruptions have been recorded offshore in the Bay of Pozzuoli.
For all epochs, number-density analysis has revealed that the number of eruptive vents
per area on land has a maximum of 10 km-2 towards the northeast and is controlled by
the maximum of 9 eruptions km-2 near Astroni and Agnano in Epoch 3 (Figs 3.6A and
C). The maximum for Epochs 1-2 is much smaller at five eruptions km-2 and is located
near Pisani and Montagna Spaccata in the north (Fig. 3.6B).
Forty-two of the 61 vents (68%) occurred within an annulus between three and
five kilometres around the location of modern Pozzuoli (Fig. 3.7A). A KolmogorovSmirnov D test yields a D statistic of 0.457, so the null hypotheses that the vents are
randomly distributed at the 5% significance level was rejected. The preferred distance
moved inwards (Figs 3.7B and C) from 4-5 km in Epochs 1 and 2 (20 of 33 vents or
61%) to 3-5 km in Epoch 3 (20 of 27 vents or 74%). Vents during Epochs 1 and 2 were
distributed around the caldera (Fig. 3.6B), whereas 23 of the 27 vents (85%) in Epoch
3 were clustered in an area of 10 km2 around Astroni and Agnano, (Fig. 3.6C). The
four remaining vents from Epoch 3, together with Monte Nuovo, lie within the inferred
NYT margin from Capo Miseno to Nisida.
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Figure 3.6 Hexagon Density Analysis: (A) Vents, all epochs and Monte Nuovo (MN); (B) Vents, Epochs 1-2; (C) Vents, Epoch 3; (D) Centres, all
epochs and Monte Nuovo (MN); (E) Centres, Epochs 1-2; (F) Centres, Epoch 3. Graduated colour schemes were chosen by using the Colour
Brewer tool, making the classes easier to distinguish and colour blind safe (Harrower and Brewer 2003). The dashed lines illustrate the NYT
caldera margins. The highlighted hexagons represent areas away from the NYT margins.
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A preference for northeastern locations emerges when vents are grouped into
sectors centred on Pozzuoli (Fig. 3.8). Twenty-one vents (64%) from Epochs 1-2 and
22 (81%) from Epoch 3 occurred in the northeast (Figs. 3.8A and B). Chi-squared test
statistics showed that vents were significantly clustered across the region during both
Epochs 1 and 2 and Epoch 3 (p- values: <0.001). The preferences are controlled by
clusters, who’s distances from the caldera centre (CC) changed with epoch. Thus, the
preference was controlled in Epochs 1-2 by vents near Soccavo, 6-8 km from the CC,
but in Epoch 3 by eruptions from Agnano and Astroni and from Solfatara and its vicinity,

Vents

respectively 3-5 km and 1-2 km from the CC (Fig. 3.7).

Figure 3.8 Number of vents or centres per sector: (A) Vents, Epochs 1-2; (B) Vents, Epoch 3;
(C) Centres, Epochs 1-2; (D) Centres, Epoch 3.
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NNA yields z-scores of less than –3.4, with p-values less than 0.001, for
Epochs 1-2 and Epoch 3 (Table 3.1). Such values suggest that the eruptive vents are
clustered. For epochs 1-2 alone, the PAM method identifies five reasonable clusters,
each with silhouette coefficients between 0.6 and 0.67 (Table 3.2 and Fig. 3.9). Moving
clockwise from the southwest, the clusters are for Porto Miseno to Mofete, Archiaverno
to Gauro, Montagna Spaccata to Palaeopisani, Pomici Principali to Pigna San Nicola
and Soccavo-Minopoli (Fig. 3.10). The clusters with the two largest s coefficients are
those for Pomici Principali-Pigna San Nicola (0.67) and Montagna SpaccataPalaeopisani (0.64) to the NNE and north (Fig. 3.10).

Table 3.1 Nearest Neighbour Analysis for random, clustered or uniform distribution of
vents and eruptive centres. The null hypothesis for testing is that the distribution is
random. The same study of 150 km2 area was applied throughout.
Data

No. of data

z-score

p-values

Pattern

Vents
Epochs 1-2

33

-3.56

<0.001

Clustered

Epoch 3

27

-3.40

<0.001

Clustered

Centres
Epochs 1-2

24

-1.76

0.07

Weakly clustered
or random

Epoch 3

16

0.09

0.92

Random

When all vents are considered, but with the isolated vents at Nisida and Mofete
removed, the PAM method identifies seven reasonable clusters (Fig. 3.11). Compared
with Epochs 1 and 2 alone, an additional cluster emerges for vents at Solfatara and its
vicinity (s = 0.51), while vents at Astroni and Agnano have replaced the previous cluster
of Pomici Principali-Pigna San Nicola with two adjacent clusters (s = 0.54 and 0.63).
Hence, the primary consequence of including vents from Epoch 3 has been to increase
the number of clusters in the northeast quadrant of Campi Flegrei. An increase is also
evident when the cluster analysis is performed only on Epoch 3 data, for which three
clusters emerge, when eruptions from Nisida, Capo Miseno and Averno 1 and 2 are
removed (Fig. 3.12).
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Figure 3.9 Optimum Average Silhouette Plot: (A) using all vents and (B) excluding Nisida and Mofete.
Reasonable clusters were found (silhouette widths between 0.51 - 0.70); whilst two clusters were weak and
could be artificial (0.26 - 0.50).
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Table 3.2 Silhouette analysis for vents in Epochs 1-2.
Cluster
1
2
3
4

Vents
Bellavista, Mofete, Torre Cappella,
Bacoli, Porto Miseno, Fondi di Baia
Gauro, Archiaverno, Fondo Riccio,
Concola
Santa Teresa, La Pietra, Pignatiello 1,
Costa San Domenico
Pomici Principali, Sartania 1-2, Pigna
San Nicola

Silhouette
Coefficient

Clusterin
g

0.61

Possible

0.61

Possible

0.29

None

0.64

Possible

5

Minopoli 1-2, Soccavo 1-5

0.62

Possible

6

Paleopisani 1-2, Paleo San Martino,
Pisani 1-3, Montagna Spaccata, San
Martino

0.67

Possible

Mean silhouette width

0.59

Possible

Figure 3.10 Cluster Analysis on event data from Epochs 1 and 2. The numbers in
brackets are the Silhouette Coefficient’s as a result of the PAM analysis. The higher
the number the ‘stronger’ the cluster.
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Figure 3.11 PAM Cluster analysis on event data from all epochs.

Figure 3.12 PAM Cluster analysis on Epoch 3 eruptive events.
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3.3.2 Spatial distribution of eruption centres
When Epochs 1-2 and 3 are considered separately, the number of centres per area is
between 0 and 3 km-2 (Figs 3.6E and F). One clear difference between the epochs is
that locations are strongly preferred at distances of 4-5 km from Pozzuoli in Epochs 12 (17 of 24 centres; 68%), but show no clear preference among the 16 centres active
in Epoch 3 (Figs 3.6E and F). The greater preference for 4-5 km in the earlier epochs
is controlled by eruptions to the north, northwest and southwest (Fig. 3.8C).
NNA for Epochs 1-2 yields a z-score of -1.76, and a p-value of 0.07 (Table 3.1).
The statistics indicate a 10% probability that the null hypothesis of a random
distribution can be rejected. The probability is small, but not negligible, and suggests
that a weak clustering might exist. For Epoch 3, in contrast, the z-score is 0.09, and
the p-value is 0.92, both of which values support the null hypothesis of a random
distribution of centres. Given the weak or negligible evidence for clustering, PAM
analyses were not performed on the centre distributions. From the NNA alone,
however, the centres in all epochs show considerably less evidence for clustering than
the corresponding eruptive vents. The strength of clustering patterns is thus sensitive
to whether or not analyses include multiple eruptions.

Changes in distribution with epoch
Epochs 1-2 and 3 superficially show similar types of spatial distribution when
considering either eruptive vents (reasonably clustered) or eruptive centres (random
or weakly clustered). However, when the two sets of data for Epochs 1-2 and Epoch 3
are compared, a two-sample Kolmogorov-Smirnov test yields a p-value of 0.018 for
centres (and 1.2 x 10-5 for vents), so the null hypothesis that both the centres and vents
belong to the same distributions across epochs is rejected at the 1% significance level.
The differences in eruptive centre distribution reflect a change in the location
of centres in the north-eastern zone that was occupied in Epoch 1-2 by Pomici
Principali-Sartania and in Epoch 3 by Agnano-Astroni (Fig. 3.6). In Epochs 1-2, the
north-eastern zone was flanked by the outer-lying centres of Minopoli and Soccavo,
but in Epoch 3 by the inner-lying centres around Solfatara. The latter centres are
sufficiently close to their north-eastern neighbours to change the overall distribution of
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centres from random to borderline clustered. Figures 3.6, 3.7 and 3.8 suggest that the
dominance of multiple eruptions from individual centres distinguished Epoch 3 (12
monogenetic centres and 15 eruptions from four centres in the vicinities of Agnano and
Astroni) from the predominantly monogenetic centres in Epochs 1-2 (19 monogenetic
centres and 14 eruptions from five centres, mostly in the vicinities of Soccavo and
Pisani).

3.4 Discussion
The intra-caldera eruptive centres in Campi Flegrei show an approximately random
distribution within or close to the gravity anomaly that marks the margins of the NYT
caldera (Table 3.1 and Fig. 3.6D). Discrete vents, in contrast, show a tendency to
cluster – either as groups around the NYT caldera in Epochs 1-2 or in the northeast
quadrant during Epoch 3 (Fig. 3.6A-C). Previous analyses of eruption location have
focused on vents during Epoch 3 (Orsi et al., 2004; Bevilacqua et al., 2015). This epoch
was characterised by multiple eruptions from Agnano, Astroni and Solfatara and so
yield the northeast quadrant as a preferred location for an eruption (Fig. 3.13A).
However, most multiple eruptions from individual centres appear to have belonged to
a single eruptive sequence. Single eruptive sequences are normally associated with
repose intervals of years or less. Consecutive vents are therefore not relevant for
estimating the probable location of an eruption after a significant interval of repose,
such as occurred between Epoch 3 and the Monte Nuovo eruption (c. 2,500 years)
and between this eruption and the current unrest (412 years, between 1538 and 1950).
The northeast clustering of vents in Epoch 3 is controlled by eruptions from
Agnano-Monte Spina (AMS), Astroni and the vicinity of Solfatara. Due to the proximity
of their locations, these centres could be related. AMS erupted ~1 km3 of magma and
triggered the collapse of an area 3 km across by 35 m deep (de Vita et al., 1999). The
collapse suggests that the feeding magma body was close to the surface. There is no
evidence, however, that a shallow magmatic system has remained active beneath
Agnano in historical time. First, Monte Nuovo erupted about six kilometres west of the
Agnano caldera. Second, uplifts since at least 1969 have been centred just offshore
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from Pozzuoli (Bianchi et al., 1987), suggesting that the intrusions responsible
occurred near to the centre of Campi Flegrei. Hence, the magmatic sources of
historical unrest cannot be linked to a shallow reservoir beneath Agnano. Epoch 3, in
particular the eruptions of AMS, Astroni and solfatara may, therefore, be unreliable for
identifying the preferred location of the next eruption in Campi Flegrei.
The younger centres of Astroni and Solfatara developed around the Agnano
caldera and so they too may have been fed through the Agnano magmatic system.
This possibility is explored in more detail in Section 3.4.2. If Agnano, Astroni and
Solfatara are treated as a single connected centre, the locations of centres across all
epochs follow a random distribution within the landward section of the NYT ring-fault
annulus. In this case, the whole landward annulus defines the area within which a
future eruption can be expected (Fig. 3.13B). The same conclusion would have been
reached had the present analyses been performed before 1538 and so would have
correctly identified the observed location of Monte Nuovo as part of the area in which
an eruption was most likely to occur.

3.4.1 Have the NYT ring faults controlled eruption location?
Magmatic models for the recent unrest at Campi Flegrei favour the intrusion of sills as
the cause of surface uplift (Amoruso et al., 2008; Woo and Kilburn, 2010; Di Vito et al.,
2016; Giudicepietro et al., 2017). In particular, the 1982-84 unrest is considered to
have been driven by the emplacement of a sill, about 4 km across, at a depth between
3 and 4 km below Pozzuoli (Fig 3.14C: Bellucci et al., 2006; De Natale et al., 2006;
Woo and Kilburn, 2010). Di Vito et al., (2016) and Giudicepietro et al., (2017) both
suggest that the location of a future eruption is controlled by the stress field generated
by an intruding sill, instead of the NYT ring faults. They suggest that the peripheries
of sills will tend to migrate upwards once the radius of a sill has extended its depth by
a critical amount. Their models neglect the NYT collapse and include only the
Campanian Ignimbrite caldera. It is unreasonable to assume that the NYT collapse has
not influenced the location of later eruptions. Indeed, a preference
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Figure 3.13 Vent opening susceptibility: (A) North-East region (and Monte Nuovo)
where previous studies all suggest is the most likely location of future vent location;
and (B) New map produced by this study showing a larger area more likely to vent
opening. Shaded areas outline areas more susceptible to vent opening.
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to erupt from the NYT ring-fault zone is expected, because the zone defines where the
crust is likely to have been weakened by discontinuities formed during the NYT caldera
collapse. Also, crustal uplift near the centre of the caldera will promote inward bending
at depth around its periphery and, hence, favour the opening of discontinuities in the
ring fault zone (Robertson and Kilburn, 2016). Seismicity during the 1982-84 unrest
was concentrated in the zone where the proposed sill entered the ring faults (Fig. 3.14).
The location of an eruption may thus be determined by where the margin of a sill enters
the ring-fault zone especially after the zone has been bent inwards by a critical amount
(Robertson and Kilburn, 2016). The absence of eruptions in the Bay of Pozzuoli also
suggests that a sill alone does not control the location of eruptions. If this were the
case, an annular pattern of centres would be expected offshore, as well as onshore,
which is not observed (Fig. 3.6D).
The locations of the sill intrusions for the 1970s and 1980s are similar (Woo
2007; Kilburn et al., 2017). If a future sill is emplaced at a similar location, the preferred
location of the eruption will be shown in fig 3.14C. From this perspective, the preferred
annuli shown in figure 3.13B could be further constrained during a crisis, if there is
clear evidence of the location of a sill.

3.4.2 Is there a link between the eruption of Agnano Monte Spina and the subsequent
eruptions in Epoch 3?
The products from Epoch 3 eruptions in the North East have a broadly similar major
element chemistry (Fig 3.15). However, small differences occur in the products erupted
following AMS. The products from AMS and Astroni show SiO2 contents in the range
57-62 wt%, whereas those from the intervening eruptions show a small progressive
increase from to 56-57 wt% for Santa Maria Delle Grazie (SMG), 59-60 wt% for
Olibano and Accademia and 60 wt% for Solfatara (Isaia et al., 2009; Smith et al., 2011).
The less-evolved products from SMG suggest that these were fed by a new batch of
magma, rather than residual AMS magma.
The trace element concentrations and isotopic ratios are clearer and both
suggest that Astroni and AMS were compositionally different and were supplied by
different magma bodies (Fig. 3.15). For example, 87Sr/86Sr ratios of 0.7072-0.7077 for
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Figure 3.14 Relationship between NYT ring faults and sills: (A) Location
of seismicity during the 1982-84 unrest (INGV); B) cross section
showing interaction between ring faults and the assumed 1982-84 sill;
and (C) The estimated location of the 1982-84 sill and seismicity in
relation to zone of ring faults. The location of an eruptive centre may
be controlled by where new magma is emplaced is relation to the NYT
ring faults. If magma found a pathway to the surface during the 198284 unrest, an eruption was more probable in the North-East area
(INGV, 2016; Kilburn et al., 2017).
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AMS (Arienzo et al. 2016), are about 7% larger than those for Astroni 70600–0.70757;
(Arienzo et al., 2015), which suggest that Astroni was fed by new magma from depth
(lower 87Sr/86Sr ratios) mixing with earlier magma with a larger 87Sr/86Sr ratios (Arienzo
et al., 2016). Thus, the geochemistry suggests that the magma bodies that fed the
eruptions were different. Trace and isotope for the other eruptions would help clarify
the relationship between eruption magmas and provide an additional information on
the connections between eruptions after AMS.
Whilst the magma bodies feeding the eruptions may be different, magma from
the subsequent eruptions could have utilized the weaknesses created during the AMS
collapse, as what we see happening on a larger scale on the NYT margins. The
location of subsequent eruptions would suggest there is a structural link, with the
eruptive centres of Solfatara and Astroni are located on the rim of the AMS collapse
zone. However, seven eruptions had also occurred in the Agnano area before the AMS
eruption, suggesting that this area was active before the eruption of AMS (Fig. 3.16A;
Lovine et al., 2017). With the information currently available, it clear that the eruptions
post AMS were from new magma from a deeper, less evolved source. However, it is
not clear if these eruptions would have occurred in this area if the magma had not
utilized the AMS system. More research is needed to understand the controls on
eruption location, which will help in refining probabilistic hazard maps and scenario
planning for the region.
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A.

B.

Figure 3.15 Geochemical analysis of Epoch 3 eruptions: (A) Most of the
magmas emitted during AMS, Astroni, Solfatara, Accademia and
Olibano have compositions between trachyte and trachyphonolite,
except Santa Maria Delle Grazie. Modified from Isaia et al. (2009) and
Smith et al. (2011), and (B) Trace elements Ba and Sr (ppm) from AMS
and Astroni eruptions, modified from Smith et al. (2011).
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Figure 3.16 The location and stratigraphic order of epoch 3 eruptions in
the Agnano-San Vito area. Number 1 represents the beginning of the
epoch and the oldest in this period ~ 5.2 – 5.6 ka BP. Data and order from
Smith et al. (2011) and Lovine et al. (2017), hashed area are the NYT ring
faults. The colour relates to the sequence of eruptions and geographically
related eruptions.
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3.5 Conclusions
Spatial and statistical analysis of eruption data has demonstrated how commonly
made assumptions may not be as reliable as first thought. Previous studies have
assumed that Epoch 3 plays a more critical role determining future vent opening
probability (Orsi et al., 2004; Selva et al., 2012; Bevilaqua et al., 2015). Eruptions
during Epochs 1 and 2 occur in the ring fault zone associated with the collapse of the
NYT caldera. In contrast, 85% of eruptions during Epoch 3 were clustered towards the
North East. However, when multiple vents from a single eruptive sequence were
removed, distribution changed. While this is important to assess, decision makers are
more interested in where the next eruption will take place, not necessarily how many
eruptions will occur from one vent area.
This assessment has also demonstrated that when data from all three epochs
are evaluated, and centre data rather than all eruptions are used, the preferred
distribution follows the approximate rim of the NYT caldera across the whole of the
landward side of Campi Flegrei, including the Western areas (Fig. 3.13B). Future
hazard assessments should account for a new eruptive centre to occur anywhere
within the 40 km2 area shown in figure 3.13B. This area could also be further refined
during future crises if the location of the magmatic body in relation to the NYT ring
faults can be determined.
Previous studies assume that future eruptions will be governed by a magmatic
system in the same condition as prevailed during Epoch 3, resulting in high
probabilities of vent opening in the North-East areas. During Epoch 3, the collapse of
a smaller caldera (AMS) or local tectonic faults, may have both controlled the location
of eruptions. However, there is little evidence to suggest that the magmatic system
today is similar. The location of seismicity and the inferred depths of shallow magma
emplaced 1982-84, both suggest that the future eruptions may be governed by the
interaction between NYT ring faults and intruding sills. This is in fact more closely
related to the conditions which prevailed during Epochs 1 and 2 and Monte Nuovo.
Relying on Epoch 3 may have resulted in underestimations of the vent opening
probability in other parts of the caldera and focused too much attention on the potential
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of the next eruption being located in the North East. In terms of managing hazard, it is
crucial to be able to reflect and re-evaluate these commonly made assumptions in vent
opening maps continuously, as knowledge improves.
From a practical point of view, it is recommended that new vent opening
probability and hazard maps be prepared to incorporate the eruption data from all
epochs, but having removed multiple eruptions from the same centre. They should
also include the possibility of an eruption occurring from the landward portion of the
NYT ring fault structure and prepare maps accordingly. Although this approach
increases the potential eruption area, and the uncertainty, hazard assessments that
accommodate vent locations from across the NYT caldera rim will provide a better
assessment of overall hazard. Further steps must be taken to ensure any assumptions
that made regarding the data used within vent location probability and hazard studies
are carefully considered and communicated fully. Once more is known about what is
controlling eruption location at Campi Flegrei, hazard maps can be adapted and made
more focused. However, it is clear that a more conservative approach to vent opening
location is required in this region, than what has previously been used.
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Chapter Four
Impact mapping for unrest at Campi
Flegrei
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4.1 Introduction
Volcanic unrest typically occurs on average at 20 caldera volcanoes per year and can
have a significant impact on the livelihoods of local residents and economic activity of
the region (Johnston et al., 2002; Potter et al., 2015). Episodes of unrest are caused
by pressure changes in the underlying magmatic and hydrothermal systems (Acocella
et al., 2015). However, most do not end in an eruption (Newhall and Dzurisin 1988;
Acocella et al., 2015). Unrest is associated with hazardous phenomena, such as
seismicity, ground uplift, hydrothermal explosions, the opening of faults and fractures,
increased degassing and landslides (Newhall and Dzurisin, 1988). While researching
volcanic hazard maps for this thesis, no maps were found for unrest. However, unrest
has the potential for severe direct and indirect effects on society and the local
economy. Seismicity and ground uplift has the potential to cause severe physical
damage to buildings and infrastructure (Barberi et al, 1984; Johnston et al., 2002).
Roads and transportation can be disrupted and blocked either directly or by triggered
rock falls and landslides (Mader et al., 1987). Seismicity can also cause damage to
critical infrastructures such as electricity, water and telecommunications networks.
Ground transportation often relies on electricity supplies and disruption of the supply
can have significant impacts on businesses and local commerce (Hughes and Healy,
2014). Temporary or permanent evacuation may exacerbate these impacts, restricting
access and the ability to repair buildings, roads and critical infrastructure (Deligne et
al., 2017).
The long duration of unrest, from months to years, creates considerable
uncertainty and fear amongst local communities and can dampen economic growth
(Benson, 2006). For example, tourist income dropped significantly during unrest at
Long Valley Caldera in the US during 1978-1983 (Blong, 1984) and at Taupo caldera
in New Zealand in 1964 (Johnston et al., 2002). Economic loss may be increased by
adverse public reactions, often fuelled by news media (Johnston et al., 2002). This was
seen at Rabaul Volcano in Papua New Guinea, where unrest between 1983-5 and the
subsequent media attention caused losses estimated at over US$22.2 million
(Lowenstein, 1988), owing to a fall in property values, increases in seismic risk levies
on insurance premiums and 10,000 people being evacuated (Kuester and Forsyth,
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1985; Benson, 2006).
Realistic disaster scenarios are used primarily in the insurance industry (see
full review in Mitchell-Wallace et al., 2017), but can also allow for a greater
understanding of the potential impacts for decision making audiences, NonGovernmental Organisations and scientists. For example, Blake et al. (2017)
discussed the impacts of an unrest scenario (leading to an eruption) on transportation
networks in Auckland for use by local decision makers. A companion study by Deligne
et al., (2017) demonstrated how the same scenario can impact the electricity network
in the city. They discovered that volcanic unrest could lead to more disruption to
transportation and greater numbers of evacuees compared to hazards from an
eruption itself, owing to scientific uncertainty in evaluating possible outcomes and the
longer length of the unrest.

4.1.1 Unrest at Campi Flegrei caldera
As of 2017, the caldera is home to 350,000 people, an increase of 16% since 1983,
and numerous large international and national industries (ISTAT, 2016). Previous work
at Campi Flegrei has examined the potential for hazard and vulnerability connected to
future volcanic eruptions (section 2.2.3), but only two studies have been published for
the Neapolitan region, focusing on volcano seismic impact scenarios and expected
building damages at Campi Flegrei (Zuccaro and Cacace, 2010) and Vesuvius
(Zuccaro et al., 2008). These studies did not account for the impacts of ground uplift,
which accounted for most of the damage during the 1982-84 unrest (Pingue et al.,
2011), or the potential implications for the local population and their livelihoods at
Campi Flegrei.
As described in Chapter 2, Campi Flegrei has undergone four episodes of
ground deformation since 1950 (Corrado et al., 1977; Del Gaudio et al., 2010; De
Martino et al., 2014). The most damaging episode occurred in 1982-1984, but its
effects are still being felt decades later (Fig. 4.1). On September 4th, 1983, the
inhabitants of Pozzuoli were awakened by a swarm of earthquakes (Dvorak and
Gasparini, 1991). As a result, many residents left towards the neighbouring towns,
supported by the subsidies allocated to those who had independently found alternative
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accommodation (Bland et al., 1996). On October 4th, following an earthquake of
magnitude 4.2, commerce came to a standstill and schools and some public offices
closed. During this time, the ground at Pozzuoli had also uplifted 1.80m (Berrino et al.,
1984; Pingue et al., 2011). The harbour could not be used, and life within the town was
disrupted with persistent felt seismicity. Persistent low magnitude seismicity continued,
with 15,000 earthquakes recorded up until December 1984 (INGV dataset). The
earthquakes and associated ground movement caused damage to buildings in
Pozzuoli (Commune of Pozzuoli, undated; Barberi et al., 1984; Branno et al., 1984). In
the days following October 4th, nearly 40,000 residents were evacuated from the
central town of Pozzuoli because the seismic hazard was judged to be too high to
ensure the safety of most buildings (Barberi et al., 1984). On November 7th, the central
government approved a plan to construct 5000 apartments in the area of Monte
Ruscello, 5 km northwest of Pozzuoli, to be used by people whose homes had been
severely damaged. Some residents later returned to their original homes in Pozzuoli,
while others were permanently relocated to Monte Ruscello (Bland et al., 2005).
Seismicity and ground deformation began to subside in late November 1983, and the
emergency had cleared by 1984. Between the end of 1985 and the beginning of 1986,
the first apartments at Monte Ruscello were completed and occupied.

Figure 4.1 Images from unrest between 1982 and 1984, showing
building damage, evacuations and a stylised map locating the
locations evacuees were sent (Lux in Fabula, 2016).
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By May 1988, approximately 10,000 people were living in Monte Ruscello, but the town
was still almost exclusively residential, and only a small part of the social and health
servicese nvisaged had been established (Maj et al., 1989).
Five years after the crisis, Bland et al. (1996) surveyed 817 men who worked
in the Olivetti factory in Pozzuoli. The workers were questioned about their experiences
related to seismicity during 1982-84. The questions included whether they were
evacuated or relocated and whether the crisis had upset other aspects of their
livelihoods. The results revealed that workers experienced significant psychological
disorders as a result of being evacuated, including anxiety, depression and disturbed
sleep, all of which were exacerbated among those who also suffered financially.
Access to permanent housing may have further contributed to psychological
distress in both Pozzuoli and Monte Ruscello. Maj et al. (1989) assessed the
prevalence of psychiatric disorders among 950 residents of Pozzuoli and compared
these with surveys in Monte Ruscello as well as Monte di Procida, which on the
Western tip of the caldera, was not significantly affected by the 1982-84 crisis. The
proportion of residents with psychiatric disorders was greatest in Pozzuoli and Monte
Ruscello, where “problems with housing” was cited as the main cause of distress.
Ricci et al. (2013) found that residents of Campi Flegrei ranked earthquakes
associated with unrest higher than a volcanic eruption when asked about the most
important problems facing their community. A similar result came from discussions
with residents and business owners in Pozzuoli in 2016 (Kilburn et al., 2016). The
substantial impact that unrest has had on the residents of Campi Flegrei, both in the
short and longer term, suggests that more effort should be directed in producing unrest
impact information. Also, while one study has assessed the implications of a largescale evacuation (~300,000 people) in response to a volcanic eruption (Alberico et al.,
2012), no studies have investigated the logistics of small and medium scale
evacuations, similar to those that occurred in 1970 and 1983 (c. 40,000 people each).
In this chapter, a scenario approach is used to explore the possible
consequences of future volcanic unrest within Campi Flegrei, notably the impact of
unrest on economic activity and the need for evacuation. The results will allow local
emergency managers to better prepare for, and mitigate the impacts of unrest. Results
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will also be beneficial to the DCP and insurance industry, who will able to incorporate
data into catastrophe models and develop further realistic disaster scenarios. The
focus of the chapter was primarily on determining exposure and the associated impacts
of simple hazard scenarios.

Three scenarios were developed to answer the following questions:
o

Which assets are exposed in the unrest impact areas?

o

What could be the estimated damage to buildings and roads?

o

How do the impacts of each scenario differ?

o

What are the implications for evacuation and local businesses?

The next section presents an overview of the methodology for developing the
scenarios, including exposure mapping, impact extents, damage estimates, and the
evacuation zone. The results are then presented and each scenario discussed.

4.2 Methodology

4.2.1 Hazard scenarios
ArcGIS was used to analyse the distribution of exposed assets (population, buildings,
businesses and infrastructure) in relation to unrest scenarios centred upon: Pozzuoli;
Agnano; and Baia (Fig. 4.2). Pozzuoli was chosen because it was the focus of
seismicity and deformation in 1982-84 (Fig. 4.3 and 4.5). Agnano was used because
this is where seismic activity has been clustered since 2005 and previous studies have
classified this as the most probable location for a future eruption (Chapter 3), and Baia
because it was in the zone of the most frequent seismicity in the 1970s (Fig. 4.3). A
circle with a radius of 2 km was chosen as the area of hazard, based on the highdensity distributions of past seismicity (>50 events km-2) and the pattern of deformation
(Figs. 4.4 and 5; Barberi et al., 1984; Branno et al., 1984). Within the 2-km circle, the
hazard was assumed to decrease outwards across four rings, 500m wide. These
zones were numbered 1-4, with 1 having highest hazard. Zones 1 and 2 represent
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areas that would experience shaking equal to a seismic intensity of VII on the Modified
Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and
4 relate to seismic intensity VI and ground uplift of less than 1.0 m (Corrado et al.,
1977; Branno et al., 1984; Berrino et al., 1984; Zuccaro et al., 2008; Pingue et al.,
2011). Hazard intensity was chosen using the seismic intensities and deformation
values from the 1982-84 crisis presented by Branno et al. (1984) and Pingue et al.
(2011). Zuccaro et al. (2008) and Zuccaro and Cacace, (2010) applied a single MMI
value of VII for the whole region, based on the maximum expected magnitude from
one magnitude 4.2 earthquake. However, the maps by Branno et al. (1984) show that
only a small area (radius <1 km) around Pozzuoli experienced a seismic intensity of
VII. Thus, the scenarios here have divided into two areas according to MMI intensity:
VII within 1 km and VI between 1 and 2 km from the centre. How these hazard
intensities relate to damage are discussed in 4.2.3.
Finally, a Primary Evacuation Zone (PEZ) 3 km in radius was chosen following
the sizes of areas evacuated at Campi Flegrei in the 1970 and 1983, and the scenarios
used for Auckland (Blake et al., 2017; Deligne et al., 2017).

Figure 4.2 Three hazard scenarios used in this study: Scenario (1) Pozzuoli (14.1239
longitude, 40.819 latitude), Scenario (2) Agnano (14.16447 longitude, 40.8375 latitude), and
Scenario (3) Baia (14.07633 Longitude, 40.81907 latitude).
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Figure 4.3 The density of VT events from Kernel Density analysis. The 1980s-unrest episode was centred on Pozzuoli, but the distribution of seismicity from
1970s and 2005 shows a different pattern. During the 1970s unrest, seismicity was focused in the Western regions, more towards the town of Baia. More
recently the seismic pattern has shifted marginally towards Solfatara and Agnano to the East of Pozzuoli (INGV data 1972-2015).

Figure 4.4 The combination of the distribution of seismic events
during the last three unrest episodes at Campi Flegrei (INGV data
1972-2015).

Figure 4.5 Horizontal (Ur) and Vertical (Uz) surface displacement
pattern from the June 1982 - June 1983 (Bianchi et al., 1987; Woo,
2007). Radial distance is from Pozzuoli.
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4.2.2 Inventory of exposed assets
An inventory of exposed social and built environment assets was compiled for the
whole region of Campi Flegrei (Fig. 4.6). The data were sorted into six categories:
building distribution and use, building age, population distribution, transportation
networks, electricity networks and critical facilities.

Building distribution and use
The distribution of buildings was mapped using data from the 2011 census (ISTAT:
Fig. 4.7). A GIS data layer of individual buildings was obtained from Giuseppe Vilardo
at the INGV – Vesuvius observatory. Buildings were classified according to their use
applying English planning use classes (Table 4.1), because the Italian equivalent does
not have a similarly detailed breakdown of business classes. The final dataset was
created from OpenStreetMap data and by digitizing Google maps (Google Maps,
2017). The data do not go into detail about how many different uses are represented
in a single building; it was decided that only the primary building use other than
residential be required. The buildings were then grouped into different business
districts (Fig. 4.8).
Table 4.1 Building classifications and primary use according to the Town and
Country Planning (Use Classes) Order 1987 for England.
Building classifications
C3 - Residential
B1- Offices
A1 - Retail
B2- General industry
A2 - Finance
B8 - Distribution
A3 – Restaurants and Cafes
C1 – Hotels

D1 - Public buildings
F1- Agricultural

Building construction age
The 2011 ISTAT census reports the number of buildings by age category: those built
before 1919, 1945, 1980, 2005, and those built after 2005. The oldest two categories,
buildings constructed before than 1919 and between 1919 and 1945, were combined
into a single layer to give the percentage of buildings older than 1945 (Fig. 4.9). These
older buildings were chosen, because buildings of a similar age were damaged during
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the last unrest (Barberi et al., 1984).

Population distribution
The online 2011 ISTAT database (ISTAT, 2016) was used to obtain the total number
and distribution of residents in the zones for each scenario (Fig. 4.10).

Transportation networks
Road and rail networks were obtained from OpenStreetMap (OSM, 2017) and
validated by Google maps (Google, 2017). The roads were divided into five classes:
motorway, primary, secondary, tertiary and residential (Fig. 4.11). The rail network
within Campi Flegrei is comprised of three main lines: the regional Circumflegrea and
Cumana lines and the national Trenitalia line (Fig. 4.12). The map showing access to
transportation networks constructed by highlighting areas within 1 km (a distance that
can be covered on foot) of motorways, roads and railway, bus stations, and ferry ports
(Fig. 4.13).

Electricity network
High voltage overhead lines and their related substations were identified from Google
Earth images (Google Earth, 2017; Fig. 4.14). Smaller power and telephone lines were
not included because they could not be identified from aerial imagery.

Critical facilities
Critical facilities, such as hospitals, schools and public offices, were obtained from
Google Earth images and OpenStreetMap (Google Earth 2017, OSM 2017; Fig. 4.15).
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Figure 4.6 Study area used for this analysis. Red dashed line shows the extent of the red zone (zona rossa) published by DCP. Grey dashed
lines denote the extent of commune boundaries and their 2005 population (Internet World Stats, 2017).
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Figure 4.7 Building density from 2011 census (ISTAT, 2016). Areas of high density within the large towns of Pozzuoli, Pianura, Bagnoli and
the suburbs of Naples.
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Figure 4.8 Business sector dataset collated from Google data (2017).
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Figure 4.9 Building age dataset from 2011 census (ISTAT, 2016).
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Figure 4.10 Population density dataset from 2011 census (ISTAT, 2016).
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Figure 4.11 Road network for Campi Flegrei obtained from OpenStreetMap data (2017).
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Figure 4.12 Public transportation across Campi Flegrei, obtained from OpenStreetMap data (2017).
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Figure 4.13 Access to public transport and roads (OSM), overlaid upon population density (ISTAT, 2016).
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Figure 4.14 High Voltage Electricity network digitised from Google Earth (2017).
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Figure 4.15 Critical facilities for evacuation from both Google Earth and OpenStreetMap (2017).
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4.2.3 Impact scenario Analysis
The unrest scenarios were developed by first overlaying hazard areas with exposure
data to determine the numbers of exposed buildings, roads and other assets. Damage
to buildings and roads was then estimated using a gradual damage-intensity scale and
probability curves (Figs. 4.16, 4.17 and 4.18). Damage probability curves for four
different building types, calibrated for seismic events and buildings in Italy were used
(Zuccaro, 2004; Zuccaro et al., 2008). These assumed a scale of damage ranging from
0 for no damage to 5 for total collapse (Fig. 4.17 and Table 4.2). Damage to a building
depends on the characteristics of the shaking and its vulnerability, which depend
primarily on construction type, height, age, and compliance with building codes (Faure
Walker and Pousse, 2017). Zuccaro (2004) identified four different typologies of
building with different vulnerabilities to earthquake shaking; ranging from unreinforced
masonry structures with poor rigidity (A), rubble masonry with medium rigidity (B),
strong masonry with high rigidity and (C) to steel framed, high rigidity structures (D).
These types were assumed applicable for buildings on the slopes of Vesuvius (Zuccaro
et al., 2008) and within Campi Flegrei (Zuccaro and Cacace, 2010). Building type data
for this region are limited, so the above types are used for this study. However, two
different assumptions were made representing the worst case and the most probable
distributions. They are: (1) that all the buildings in the zone belonged to the most
vulnerable building class (A = 100%), or (2) that buildings were equally distributed
among the four typologies (A, B, C, and D = 25%). At least 70 buildings across
Pozzuoli, had partially or fully collapsed (4 and 5 on damage scale) after the 1982-84
crisis (Commune of Pozzuoli, undated), which gives a value for testing.
Damage to roads was assumed to decrease radially away from the centre,
following the methods used by Anbazhagan et al. (2012) and Blake et al. (2017) (Fig.
4.18). Four levels of damage ranging from light through moderate and significant to
severe were used.
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Figure 4.16 Seismic hazard intensity used in this study as shown with the
Pozzuoli scenario. The inner dashed line relates to the 1 km hazard radius,
and the outer line in the 2 km radius. The scale used is USGS Shake Map
(USGS, 2006).

Figure 4.17 Building damage probability curves based on work by Zuccaro
(2004). Building typologies range from the most vulnerable (A) to the least
(D). Criteria for vulnerability included construction material and rigidity of the
structure. Damage probability curves calibrated for seismic events in Italy
(Zuccaro, 2004) were used (Fig. 4.17), based on a scale of damage, zero equal
to no damage, 5 representing total collapse (Zuccaro et al., 2008; Table 4.2).
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Table 4.2 Building damage estimates used in this study based on work by Zuccaro, (2004)
and Zuccaro et al. (2008). A is the most vulnerable building type and D is the least
vulnerable building type. The damage levels are: zero = no damage, 1 = light damage, 2 =
moderate damage, 3 = major damage, 4 = partial collapse and 5 = total collapse.
% damage for different building types
Impact
Zones

Zones
3&4

Zones
1&2

Distance
from
Damage
MMI
centre
Level
(km)
0
1
2
1-2 km
VI
3
4
5

< 1 km

VII

0
1
2
3
4
5

A
Type

B
Type

C
Type

D
Type

23
40
25
10
2
0

40
40
16
4
0
0

48
37
12
3
0
0

85
15
0
0
0
0

7
22
36
23
10
2

27
40
23
7
3
0

40
37
17
5
1
0

74
22
3
1
0
0

Figure 4.18 Road damage scale used in this study, based on
Anbazhagan et al. (2012) and Blake et al. (2017). The level of
damage would affect the entire length of road within each zone.
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4.3 Results

4.3.1 Pozzuoli scenario
Approximately 19,425 residents live within the impact area and 31,705 within the
Primary Evacuation Zone (PEZ) of Pozzuoli (Table 4.3, Figs. 4.19-21). The PEZ
contains 2991 residential buildings, and at least 529 businesses, of which 32 are within
the highest impact zone. Zone 1, contains 142 buildings, of which 70% are residential.
Predominantly retail units and restaurants based in the centre of Pozzuoli make up the
remainder of the building use (Table 4.3). Assuming that all of the buildings are of the
most vulnerable class, 1467 buildings would suffer some damage, with an estimated
102 partially or fully collapsed. An equal distribution of building vulnerability types
estimates a lower figure of 32 buildings partially or fully collapsed. Transportation
would also be affected with 10 km of road severely damaged or blocked (Fig. 4.19).
Bus routes, five rail stations, and two commuter railway lines, as well as the main ferry
port to the islands of Ischia and Procida, would be disrupted and inoperable for weeks
and even months. 18 school buildings and the large military offices to in the east are
also located within the four zones making up the scenario (Fig. 4.20) and would be
closed and potentially damaged.

Figure 4.19 Summary of the impacts of the Pozzuoli scenario.
Building damage estimates are based on all the buildings classed
as ‘A’ (most vulnerable).
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Table 4.3 Counts of exposed assets for scenario 1 – Pozzuoli.
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Figure 4.20 Pozzuoli unrest scenario highlighting areas and assets exposed to hypothetical impact scenario centred in Pozzuoli. The coloured zones represent
impact zones. These zones were numbered 1-4, with 1 having highest hazard. Zones 1 and 2 (dark red-red) represent areas that would experience shaking equal
to a seismic intensity of VII on the Modified Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and 4 (orange and yellow) relate to
seismic intensity VI and ground uplift of less than 1.0 m. The blue zone encompasses the whole impact area (<3 km) represents the primary Evacuation zone.
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Figure 4.21 Pozzuoli unrest scenario and percentage of buildings constructed before 1945 (ISTAT, 2016). The coloured zones represent impact
zones. These zones were numbered 1-4, with 1 having highest hazard. Zones 1 and 2 (dark red-red) represent areas that would experience shaking
equal to a seismic intensity of VII on the Modified Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and 4 (orange
and yellow) relate to seismic intensity VI and ground uplift of less than 1.0 m. The blue zone encompasses the whole impact area (<3 km) represents
159
the primary Evacuation zone.
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4.3.2 Agnano scenario
Approximately 26,057 residents live within the Agnano impact area and 136,912 within
its PEZ (Table 4.4, Figs 4.22-24). The total number of buildings covered is 2995,
including districts in the southeast where between 61 – 100% of buildings were built
before 1945 (Fig. 4.24). An estimated 2428 buildings (81% of total) and 199 km of road
will be damaged (Fig. 4.22), and as many as 136 buildings partially or fully collapsed.
The total number of businesses within the PEZ is 971 (Fig. 4.22). The scenario is split
between the Pozzuoli and Naples communes and covers the areas of Bagnoli,
Fuorigrotta and Agnano. The main motorway (Tangenziale) running East to West
across Campi Flegrei is within the high impact and evacuation zone (Fig. 4.23). 25%
of the total amount of high voltage electricity lines are within the evacuation zone,
which equates to 17 km of lines and 65 pylons (Fig. 4.23). A large substation is also
located within the highest impact zone, and if damaged, will result in power outages
for the whole region (Just north of Pozzuoli in figure 4.23).

Figure 4.22 Summary of the impacts of the Agnano scenario.
Building damage estimates are based on all the buildings
classed as ‘A’ (most vulnerable).
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Table 4.4 Counts of exposed assets for scenario 2 – Agnano
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Figure 4.23 Agnano unrest scenario highlighting areas and assets exposed to hypothetical impact scenario centred in Agnano. The black star in
the middle of the map represents a large electricity substation. The coloured zones represent impact zones. These zones were numbered 1-4,
with 1 having highest hazard. Zones 1 and 2 (dark red-red) represent areas that would experience shaking equal to a seismic intensity of VII on
the Modified Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and 4 (orange and yellow) relate to seismic
intensity VI and ground uplift of less than 1.0 m. The blue zone encompasses the whole impact area (<3 km) represents the primary Evacuation
zone.
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Figure 4.24 Agnano Scenario results and percentage of buildings constructed before 1945 (ISTAT, 2016). The coloured zones represent impact zones.
These zones were numbered 1-4, with 1 having highest hazard. Zones 1 and 2 (dark red-red) represent areas that would experience shaking equal to
a seismic intensity of VII on the Modified Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and 4 (orange and yellow)
relate to seismic intensity VI and ground uplift of less than 1.0 m. The blue zone encompasses the whole impact area (<3 km) represents the primary
Evacuation zone.
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4.3.3 Baia scenario
Approximately 15,765 residents reside within the Baia impact area and 42,637 within
the PEZ (Table 4.5, Fig. 4.25-27). The area has relatively few buildings built before
1945 (<40% of the total; Fig. 2.27). Of the 57 buildings in Zone 1, the majority are
classified as general industry and manufacturing (e.g. boat building and fisheries)
running along the coast (Fig. 4.26). An estimated 2078 buildings would be damaged,
and 3 km of road severely damaged or blocked (Fig. 4.25). Two large archaeological
sites (Castello di Baia and Terme di Baia) would be closed or damaged. 707
businesses are within the evacuation zone (Fig. 4.25). One port facility within this area
at Baia, but the area is served by the Cumana railway (2 stations) and 58 km of road
(Fig 4.26).

Figure 4.25 Summary of the impacts of the Baia scenario. Building
damage estimates are based on all the buildings classed as ‘A’ (most
vulnerable).
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Table 4.5 Counts of exposed assets for scenario 3 – Baia.
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Figure 4.26 Baia unrest scenario highlighting areas and assets exposed to hypothetical impact scenario centred in Baia. The coloured zones represent
impact zones. These zones were numbered 1-4, with 1 having highest hazard. Zones 1 and 2 (dark red-red) represent areas that would experience
shaking equal to a seismic intensity of VII on the Modified Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and 4
(orange and yellow) relate to seismic intensity VI and ground uplift of less than 1.0 m. The blue zone encompasses the whole impact area (<3 km)
166
represents the primary Evacuation zone.

Figure 4.27 Baia unrest results and percentage of buildings constructed before 1945 (ISTAT, 2016). The coloured zones represent impact zones.
These zones were numbered 1-4, with 1 having highest hazard. Zones 1 and 2 (dark red-red) represent areas that would experience shaking equal
to a seismic intensity of VII on the Modified Mercalli Intensity (MMI) scale and a deformation of greater than 1 metre. Zones 3 and 4 (orange and
yellow) relate to seismic intensity VI and ground uplift of less than 1.0 m. The blue zone encompasses the whole impact area (<3 km) represents the
167
primary Evacuation zone.
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4.4 Discussion
Current emergency plans have been designed around the need to evacuate the whole
of Campi Flegrei in case of renewed ground uplift and seismicity. However, such a
widespread response may not be necessary, at least during the initial stage of unrest.
For example, the evacuations of 1970 and 1983 involved the relocation c. 40,000
people from Pozzuoli (Barberi et al., 1984). Reconstruction of unrest before the 1538
eruption of Monte Nuovo suggests that the area of unrest may have occurred 3 – 4 km
West of Pozzuoli (Di Vito et al., 2016). It is thus important to develop scenarios for
other locations within the annulus of preferred vent opening (Chapter 3), and so the
new scenario illustrate the possible consequences of unrest at Agnano and Baia, as
well as Pozzuoli.
The scenarios show that smaller scale evacuations may still involve the
displacement of 30,000 – 140,000 residents (Fig. 4.28A) and damage to as many as
3,000 buildings (Fig. 4.28B). With further input and data from DCP, local communes
and the insurance industry, these scenarios would help communicate important
information to the public about possibility of damage from future unrest. The public
could be shown the scenarios online or through local meetings supported by local
scientists. Any maps could be similar to those shown here or made easier to read and
understand (e.g. reduce the amount of information on the map). However, any

Figure 4.28 Population and buildings exposed to the hazard in each scenario: (A)
Population; and (B) Buildings.
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communication with the public would have to be handled very carefully so as not to
create unnecessary worry or economic disruption. It should also be emphasised, both
to decision makers and the public that the next unrest could vary in its location, size,
style, intensity and impacts.

4.4.1 Building damage estimates
The number of buildings damaged in individual scenarios ranged from 1466 to 2428
(Table 4.6). Unrest at Agnano would damage at least 2400 buildings and render
sections along 52 km of roads unusable or blocked (Table 4.6). The corresponding
damage is expected to be smaller at both Pozzuoli (1466 buildings and 34 km of roads
damaged) and Baia (2078 buildings and 15 km roads damaged). High concentrations
of older buildings built before 1945 are located in the eastern and western margins of
the caldera at Posillipo Hill and Monte di Procida respectively (Fig. 4.27), increasing
the numbers of buildings damaged in these regions. Also, buildings in Pozzuoli may
be less vulnerable to the physical damage from unrest, due to significant retrofitting
and rebuilding after the1982-84 crisis.

Table 4.6 Damage estimates from the three impact scenarios.

Scenario

Number of
buildings within
impact zones

Number
damaged*

Pozzuoli

1766

1466

Length of
road within
impact zones
(km)
80

Agnano

2995

2428

199

52

Baia

2582

2078

59

15

Significant –
severe road
damage (km)
34

*Based on assuming 100% of buildings are of the most vulnerable building class.

As expected, the majority (78% Pozzuoli; 67% Agnano; and 62% Baia) of the
buildings that are partially or totally collapsed are in the inner zone, which experienced
shaking intensities of up to VII on the MMI scale (Table 4.7). These values varied and
were controlled by the density of buildings in each zone and the proportion of the
impact zone on land. The outer impact zone is up to three times bigger than the area
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experiencing the highest intensity of VII in the case of the Agnano scenario. Therefore,
the number of damaged buildings is expected to be higher. Figure 4.29 is an example
of how individual building damage could be visualised, if building vulnerability is known.

Figure 4.29 An example of where damages could occur in the Agnano scenario.
Table 4.7 Damage estimates from the three unrest scenarios, showing two assumptions about
the distribution of building types and corresponding levels of damage.
No of buildings and damage level
Scenario

Assumption

100 % = A

Pozzuoli
25 % = A, B, C, D
100 % = A

Agnano
25 % = A, B, C, D
100 % = A

Baia
25 % = A, B, C, D

MMI

No
Damage

Light

Minor

Major

Partial
Damage

Total
Damage

VI

252

439

274

109

22

0

VII

47

146

240

153

66

13

VI

538

362

142

46

5

0

VII

247

202

131

60

23

4

VI

513

892

558

223

45

0

VII

53

167

274

175

76

15

VI

1093

736

295

94

11

0

VII

282

230

150

69

26

4

VI

463

806

503

201

40

0

VII

40

125

204

130

56

11

VI

987

664

236

85

10

0

VII

209

171

111

51

19

2
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The number of buildings damaged has a direct impact on the potential for an
evacuation, as seen during the 1982-84 crisis, and on the ability of businesses to
function. These damage estimates are based on the buildings being classified as the
highest level of vulnerability. When equal numbers of each building vulnerability are
used the number are between 10% and 45% lower (Fig. 4.30). These proportions were
based on assuming the worse case (100 % = A) and most probable distribution (25 %
A; B; C; D) of building types (see section 4.2.3). Actual numbers will depend on the
proportion of each vulnerability class in each area, the number of preceding
earthquakes as well as the magnitude of any seismic activity and the amount of uplift.

Figure 4.30 Number of estimated building damages for each of the scenarios and how the
numbers differ between assumptions: (A) Pozzuoli, (B) Agnano, and (C) Baia. % damage
data from table 4.2 was multiplied with number of buildings that fall within each scenario
area.
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During the 1982-84 crisis, a combination of 15 months of earthquakes, 1.8
metres of ground uplift and a magnitude 4 earthquake caused around 70 buildings to
totally or partially collapse (Barberi et al., 1984; Commune di Pozzuoli, undated).
However, it is unclear which of these had the greatest influence on building damage.
For example, is the cumulative effect of thousands of low magnitude earthquakes (≤2)
more damaging to buildings compared to fewer larger magnitude earthquakes (≥4)?
Distinguishing what caused the damage during 1982-1984, through historical record
investigations and engineering tests would help address these questions. Engineering
constraints on how many low magnitude earthquakes, and much uplift is required
before structure damage occurred would be of immediate concern to decision makers.
With a larger vulnerability dataset, areas could be identified with highest proportions
of older or poorly constructed buildings, particularly those in areas more vulnerable to
ground shaking – poorly consolidated ground sediments. Greater investment in
retrofitting these areas would focus resources to where they could have the most
benefit, by reducing damage and hence, also the need for evacuation and interruption
to livelihoods. Not only would this be beneficial in the case of volcano related seismicity
but also to minimise the imapct of regional tectonic earthquakes such as the magnitude
6.9 Irpina Earthquake in 1980, which was felt widely in Campi Flegrei (USGS, 2016).

4.4.2 Road damage and transport exposure
The Agnano scenario demonstrated the potential to affect the longest lengths of the
road network with 199 km of main roads within the unrest zones (Fig. 4.30), which is
more than double that of the other two scenarios (Pozzuoli 80 km; Baia 59 km).
Especially important is the expected damage to the A56 motorway (Tangenziale),
which runs west to east across the caldera and represents a crucial evacuation route.
Damage to about 8.5 km of this motorway is expected for unrest beneath Agnano,
compared with less than a kilometre and no damage for the Pozzuoli and Baia
scenarios. Such damage would severely restrict evacuation by forcing traffic onto
minor roads. Even if the A56 is not damaged, the dense road network means that
evacuation from Pozzuoli, Baia and Agnano would be vulnerable to blockages and
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Unrest exposure
and vulnerability
scenarios

Figure 4.31 Estimated scale of road damage within the (A) Pozzuoli; (B) Agnano; (C)
Baia impact scenarios.
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disruption. In addition, before any evacuation becomes necessary, retail and service
industries would suffer economic loss, because of reduced accessibility to supplies
and customers. For all the scenarios, disruption would extend to communities that rely
on access through the zones of unrest, especially districts such as Monte di Procida
around the western tip of Campi Flegrei. Combining the results for road networks with
the distribution of exposed assets and data on the number of car users per day will
allow enhanced simulations of transportation flow, which has proved useful in
evacuation routing (Cova and Johnson, 2003) and more recently assessing the
cascading impacts from landslides (Postance et al., 2017).

4.4.3 Exposure of the electricity network
An extensive electricity network covers the whole of Campi Flegrei, but is especially
dense across its northern sector (Fig. 4.14). This network is particularly exposed in the
Agnano scenario, where 17 km of electricity lines are in the impact zone. In all the
scenarios, however, damage to pylons or substations from ground uplift and seismicity
would leave areas without power. The consequences would be made worse should
simultaneous disruption to the road network restrict access to repair facilities.

4.4.4 Impacts on businesses
The division of building use is reasonably even across the three scenarios ranging
between 81-87% for residential and 12-18% for business and public buildings. The
non-residential use, however, is notably different (Fig. 4.32). The Agnano area
includes a greater amount of general industry (71%), compared with 10 % for Pozzuoli,
and 32% for Baia. Pozzuoli, on the other hand, has the largest proportion of shops and
restaurants (29%), whereas Baia has the largest amount of businesses in the leisure
and tourism sector (23%; Fig. 4.32).
Three factors will threaten all types of business during future unrest: (1) direct
damage to premises; (2) business interruption caused by disrupted transport routes;
and (3) loss of earnings due to evacuation and negative media coverage. Tourism is
expected to be
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Figure 4.32 Building use comparison across impact scenarios: (A) Pozzuoli scenario; (B)
Agnano scenario; (C) Baia scenario.
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disproportionately affected, as demonstrated during unrest in Long Valley, California
(Blong, 1984) and at Taupo caldera New Zealand (Johnston et al., 2002). A collapse
in tourism will damage four of the principal activities shown in Fig. 4.32 - leisure and
tourism, hotels, retail, and restaurants and cafes - and so will have severe
consequences in Pozzuoli and Baia, where these activities contribute 65% and 56%
of non-residential building use (Fig. 4.32). Pozzuoli is also a principal port for tourism
to the neighbouring islands of Procida, Ischia and Capri. Ground movement interrupted
the port's activities in 1982-1984 (Barberi et al., 1984) and is expected to do so during
similar unrest in the future. Hence, even the islands will suffer economic losses due to
renewed unrest at Pozzuoli.

4.4.5 Implications for evacuations
Access and use of the road and transportation network are critical. If the main road
arteries (Motorway or Primary roads) are damaged or blocked by fallen debris, the
efficiency of an evacuation by road will be compromised. Critical facilities are also
located throughout the region, with hospitals based in the East at Posillipo and at
Agnano in the West (Presidio Ospedaliero S. Maria Delle Grazie). The length of any
evacuation and its location would have an affect on access, particularly to the A56
motorway. Inspections of key transportation routes, components and facilities will be
required in areas that experienced the greatest shaking, and closures may be
necessary due to inspections, physical damage and blockage. If possible, a decision
to open some critical transportation routes that lie within the evacuation zones close
to the boundaries would be likely, primarily to maintain crucial links across the region.
The application of the scenario near Baia demonstrates how other areas could
be impacted regarding road evacuation and the potential impact of unrest on the
tourism and leisure industry. Also, Monte di Procida has limited access to public
transportation and could be potentially cut off from the road network if roads near Baia
are damaged and blocked (Fig 4.13). Decision makers could use these results to help
plan for potential problems (e.g. road blockages, power outages) which may occur in
a future evacuation. These could be specific to the commune and kept at a local level,
or a regional assessment.
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These spatial variations in exposed assets agree with the findings from
Alberico et al., (2012) who found that Monte di Procida, Monte Rusciello, Quarto and
the suburbs of Naples may all have access problems during future evacuations.
However, their study focused on a caldera wide evacuation. Small-medium scale
evacuations (40,000-100,000), as shown in this study, are more likely to occur during
the future unrest. The number of evacuees are similar to studies by Deligne et al.
(2017) and Blake et al. (2017) who examined the differing impact of the eruption and
unrest scenarios in the Auckland volcanic field, New Zealand. This study includes
many different types of exposed data including building type, numbers of buildings,
roads, public transport, population data, and electricity networks. Whereas previous
studies in Auckland have only focused on one aspect each; transportation (Blake et
al., 2017) and electricity networks (Deligne et al., 2017). The main benefit of using
multiple aspects in the same scenario is that links between these aspects can be
identified. The approach used here does not take things in isolation but reflects a more
realistic outcome compared to the approach of looking at one. The importance of
taking such links into account is illustrated by the description of the Pozzuoli scenario
below.

4.4.6 Realistic Disaster Scenario – Pozzuoli
This section describes a hypothetical sequence of unrest and its consequences at
Pozzuoli, based on previous events (Barberi et al., 1984; Bianchi et al., 1987; Bland et
al., 1996: 2005) and the scenario from this study.
Over the last 12 months, thousands of earthquakes (mostly with magnitudes
less than 2) have been centred on the town of Pozzuoli, which has been uplifted by
approximately 1 m. As many as 1800 buildings have been damaged, most of which
are structurally unstable and not usable. Public services including schools, waste and
water management have been closed, owing to building damage and to workers not
being able to get to work. 34 km of roads need repair and many primary roads have
been closed in and out of the town. As a result of the extensive building damage and
reduced road access, an evacuation has been ordered for the whole Primary
Evacuation Zone.
177

4. Unrest impact scenario mapping

The daily lives and livelihoods of more than 31,000 residents have been
affected by the evacuation order. At least 529 businesses have been closed and the
port can no longer be used by ferries or local fishing boats. Seismicity and ground uplift
have triggered the collapse of road and rail embankments and damaged specific traffic
management systems, such as traffic signals. Road-clearing is a priority to restore
functionality, especially along the East-West link road Via 5 Gennaro Agnano (inland
behind Pozzuoli: Fig. 4.31A). At least six fuel stations have been closed and fuel
deliveries interrupted, even within non-evacuated areas. Rail services have been
disrupted further, because maintained electricity supplies are essential to run the
national and suburban (Cumana) rail lines through the town. Although the main
electricity network lies outside of the affected areas, smaller local electricity and
telecommunication networks have been disrupted intermittently. Such interruptions to
roads and railway lines have also impeded commuter travel and so reduced
commercial activity outside the evacuated zone.
Evacuees have been relocated to districts outside Campi Flegrei. Although
they have been moved away from an area of imminent danger, their lives have been
abruptly altered and bonds with their community broken. State support is requested to
reduce psychological distress, as well as economic hardship.

4.4.7 Limitations and future work
As with any scenario approach, the three examples presented are only a guide to what
might happen during a future unrest crisis. It is not possible to test these scenarios
until the next unrest occurs. The scenarios will be enhanced by detailed information
on household demographics and building vulnerability (e.g. the type of structure,
nature of the construction, and details of expected ground-motion at a particular site),
and by quantifying the cascading consequences of unrest (e.g. the costs of the knockon effects of business interruption and evacuation). Refinements can also be expected
from detailed investigations into whether most building damage during the 1982-1984
unrest was caused by the magnitude 4.2 earthquake, the large number of smallermagnitude earthquakes or the 1.80 metres of uplift.
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4.5 Conclusions
The 1969-1972 and 1982-1984 emergencies at Campi Flegrei have shown how
building damage during unrest can lead to mass evacuations. Three scenarios have
been developed to investigate the potential impact of future unrest on businesses,
buildings and livelihoods across the caldera. The impact scenarios have considered
renewed ground uplift centred beneath the important population centres of Baia,
Pozzuoli and Agnano in, respectively, western, central and eastern Campi Flegrei. The
Pozzuoli scenario assumes a continuation of the pattern of unrest observed since
1969. The Baia and Agnano scenarios take account of the possibility that the centre
of uplift may move significantly before an eruption occurs.
The Agnano scenario is associated with the greatest impact and involves the
potential evacuation of 138,000 people and damage to about 3,000 buildings. The
impact is large, because the scenario occurred entirely on land and included denselypopulated residential districts and industrial centres. Agnano also lies between Naples
and the rest of Campi Flegrei, so that damage to infrastructure, such as road networks
and electricity lines, will trigger a cascade of obstacles to managing evacuations and
repairs during an emergency. These results highlight the importance of considering
scenarios in which renewed ground uplift is not necessarily focussed again beneath
Pozzuoli.
Impact scenario maps also have the advantage of providing different users with
practical information for their specific interests, rather than using the conventional
approach of evaluating hazards in terms of probability. Because they identify the
impact on well-defined targets (such as local populations, buildings and power
supplies), they encourage interaction between groups tasked with dealing with
different aspects of an emergency. In addition, by concentrating on unrest instead of
eruption, the scenario maps address the immediate concerns of residents in Campi
Flegrei (Ricci et al., 2013; Kilburn et al., 2016) and, as will be shown in Chapter 7, can
easily be included within a suite of hazard information for Campi Flegrei.
To improve the current maps, further work should incorporate estimates of
economic costs to building and road damage, which would be of interest to the
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insurance industry, as well as methods for modifying maps to monitor how unrest
hazard changes through time. They should also be developed in collaboration with end
users, from local communities to service providers, such as electricity suppliers,
transportation managers and the DCP (Blake et al., 2017; Deligne et al., 2017).
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Identifying volcanic hazard map
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5.1 Introduction
How do people at risk from volcanic activity prefer to see spatial hazard information?
To explore this question, data were obtained from a global online survey focusing on
hazard map preferences. Map audiences vary and, as a result, one person’s reason
for looking at a hazard map can be very different from the next (Table 2.1; Chapter 2).
Differences in the level of understanding (Montello 2013), preference (Meyer et al.,
2012) and use of a map (Perkins 2008) may also vary considerably within user groups.
Unfortunately, volcanic hazard maps are often made without fully considering the
needs of the user, and as a result do not deliver information effectively (Newhall and
Punongbayan 1996; Newhall 2000; Cronin et al., 2004; Haynes et al., 2007; Nave et
al., 2010; Marzocchi et al., 2012; Leonard et al., 2014; Ewert, 2017).
As discussed in section 2.1.2, the majority of VHM can be grouped into five
main categories based on the information they present (Calder et al., 2015; Fig. 5.1).
The choice of the category, as well as other factors such as cultural and institutional
differences, mean that there is no consistency in current approaches to map design.
Even though the advantages of audience participation have been recognised in
making volcanic hazard maps (Newhall 2000; Cronin et al., 2004; Haynes et al., 2007;
Nave et al., 2010; Leonard et al., 2014; Thompson et al., 2015; 2017; Lavigne et al.,
2017; Stewart et al., 2016), few maps have been produced in collaboration with their
target audience. The experience of designing maps for non-volcanic hazards shows
that collaboration increases the likelihood that maps will be used in practice (Hacklay
and Nivala, 2010; Meyer et al., 2012; NWS, 2016).

5.1.1 Map user preferences for hazard maps
De Mendonca and Dlezari (2011) conclude that the success of a map depends on a
well-achieved combination of meeting the user’s needs, what users prefer, and their
capabilities. However, understanding more about map users and their preferences is
an unexplored area of research in volcanic hazard mapping. The majority of studies
were directed at emergency managers or scientists who manage risk (Nave et al.,
2010; 2016; Thompson et al., 2015). The local population living close to or visiting a
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volcano, which is considered an important map user group, are seldom subject to
investigation (Coomer and Leonard, 2005; Preppernau and Jenny, 2015).

Figure 5.1 Different types of hazard map (Calder et al., 2015). These are: (A) geology-based
maps, which show the past occurrence of specific types of hazard, such as pyroclastic
flows; (B) integrated qualitative maps, which combine all hazard information and display
high, medium, and low hazard zones; (C) administrative maps, which are constructed to
aid emergency management; (D) modelled maps, which show the results of modelled
hazard scenarios; and (E) and probabilistic maps, which show the results of simulations
expressed in probabilistic terms.

Studies have also focused on background mapping and found that users
preferred; (1) contour maps (Coomer and Leonard, 2005; Nave et al., 2010); and (2)
Three Dimensional (3D) maps (Nave et al., 2010; Preppernau and Jenny, 2015).
These preferences are often dependent on the users understanding and familiarity
with the map (Haynes et al., 2007; Nave et al., 2010). Some have examined the choice
of map content. For example, emergency managers in New Zealand preferred using a

183

5. Global map preferences survey

combination of percentages (0.1%) and natural frequencies (1/100) to represent the
hazard data on a series of maps for Tarawera volcano (Thompson et al., 2015). In
addition, Emergency managers in Campi Flegrei wanted to see the field data behind
the hazard map (Nave et al., 2016). Finally, residents and tourists preferred isochrones
(similar to contour lines) showing the extent and travel times for lahars over single point
markers on maps for Mt Hood, USA (Preppernau and Jenny, 2015).
Previous research into colour has also established that emergency managers
and scientists in New Zealand preferred the diverging colour scheme, which has the
darker colours at each end, representing “more negative” and “more positive” data.
(Thompson et al., 2015). Emergency managers working at Stromboli volcano
suggested that red should be associated with the most hazardous phenomena and
that colour should be used very sparingly so as not to confuse the map (Nave et al.,
2010). Both Nave et al. (2010) and Thompson et al. (2015) demonstrated that it is
essential to seek audience feedback on what colours are used, as different colours
may have different inherent connotations to different user groups (Haynes et al., 2007).
User preferences have also been the focus of study in flood and land
management disciplines (Brewer et al., 1997; de Mendonca and Dlezari, 2011; Opach
and Rod, 2013). For example, emergency managers preferred knowing what made a
place vulnerable to flooding rather than just knowing its level of vulnerability (Opach
and Rod, 2013). Brewer et al., (1997) demonstrated that the ‘general public’ like
colourful maps, which is in contrast to the suggestion by Nave et al. (2010) to use
colours sparingly. Brewer et al. (1997) also concluded that when a user prefers a map
design, they are more likely to read and interpret it better. However, it is important to
note that de Mendonca and Dlezari's (2011) study of land use maps, not hazard maps,
found that the most preferred map was not always the most efficient for all map reading
tasks.
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5.2 Methodology
The preferences for hazard maps among users was investigated by distributing an
online survey to 30 organizations (Appendix F), which were chosen specially to target
populations living in volcanic regions through their social media accounts. The
advantages of conducting a survey shared via social media include; quick access to
difficult to reach individuals, the anonymity of the answers, automated data collection,
and low costs (Wright, 2005). However, there are disadvantages which have to be
discussed and acknowledged. Self-selection bias is a major limitation of online survey
research (Bryman, 2015). As well as the non-representative nature of the online
population (Eysenbach and Wyatt, 2002). Due to time constraints, an online survey
was decided as the more effective option. However, a larger paper-based study could
be created from the results of this survey and developed further. This would allow
comparisons to be made between online and paper-based studies, as well as address
some of the sampling issues mentioned above.

5.2.1 Hazard map preference survey
Before the final survey was conducted, a pilot survey was tested with small groups of
students and staff based at Univerversity College London during July and August
2016. This allowed questions to be tested for clarity, to see what worked well, and to
find those areas that needed improvement. Changes between the pilot survey and the
final version amounted to two questions added, one removed, and three clarified or
reworded. The final survey is shown in Appendix G and was published online for four
weeks between the 21st August and the 21st September 2016. Google Forms (Google
Forms, 2017) was used to construct the survey, and respondents’ answers were stored
anonymously in a database. The survey consisted of 33 questions for those living in
volcanic regions and 26 for respondents who did not live in volcanic regions (Table
5.1). A hypothetical volcano and related scenarios were used to reduce any bias
towards a specific volcano or existing hazard maps. Five maps were created based on
the classification by Calder et al., (2015) (Fig. 5.2). However, for simplicity, the
modelled and probabilistic maps were combined into one map type. Also, a map based
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on timings was added, following on from the work of Preppernau and Jenny (2015).
Questions 1 and 2 identified the type of map user and whether they lived in a volcanic
region. If the respondent did not live in a volcanic region, they would move to questions
10 - 14. Questions 10 -14 addressed the format and design of maps, including
important components such as the type of information to be included, colours, number
of categories used, scale and format. These were asked before any images of hazard
maps were shown, to avoid influencing results. Questions 15 through 24 investigated
the respondents understanding of and preference for the two most common type of
maps used: the integrated and geology based maps (Fig. 5.2A and B). Respondents
were then asked to choose one option out of a choice of the five maps (Fig. 5.2A - E)
and their reasoning behind their choices (Questions 25-26). The next four questions
focused on the type of base map and additional map elements (Questions 27-30). The
final section identified the age range, country and the average amount of map use of
the respondents (Questions 31-33). If a respondent identified themselves as living in
a volcanic region, they answered an additional seven questions assessing how they
use hazard maps and whether they have seen a map for their region (Questions 3-9).
Seven variables were used to investigate the differences in response between groups:
map user type, whether or not they lived in a volcanic region, volcanic region, distance
from a volcano, age range, map use and country. Ethics and Data Protection protocols
were also followed per University College London’s regulations.
Purposive (non-probability) sampling was carried out using the social media
platform Twitter. Twitter is a microblogging service, which many various communities
use as a form of communication. Twitter users write ‘tweet’ about any topic within the
140-character limit and follow others to receive their tweets. Recent surveys showed
that 24% of web users use Twitter to share and see updates online (Greenwood et al.,
2016). With 328 million monthly active users (Statista, 2017), Twitter was ideal for
disseminating the survey and targeting volcanic regions (e.g. New Zealand). Twitter
data indicates that more than 11,000 individuals were reached via their Twitter feeds
(Twitter, 2017; Fig. 5.3). However, this number does not consider promotion from other
sources (e.g. GNS), which would have reached more individuals (Fig. 5.3).
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Figure 5.2 Maps designed for and compared in this study, adapted from
Calder et al. 2015. These are: (A) integrated qualitative map, which
combines all hazard information and display high, medium, and low
hazard zones; (B) geology-based map, which shows the past occurrence
of specific types of hazard, such as pyroclastic flows. Areas on the map
labelled A, B and C were used to indicate regions within a larger city.
Respondents were asked specific questions about how they would
respond and prefer hazard maps if they lived within zones of the city. The
map was made by combining a random road network and hazard zones in
Adobe Illustrator. Figure continued overleaf.
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Figure 5.2 Continued. (C) administrative map, which is constructed to
aid emergency management; (D) modelling and probabilistic map,
which show the results of hazard simulations; and (E) timing map, which
show the time to react in the event of an eruption.
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Table 5.1 Survey question themes and variables. Question themes included: UF = Use and
functionality; MR = Map reading; DI = Data and Information; FD = Format and Design; UC =
Uncertainty; Ch = Changes in hazard. The question types included: multiple choice (MC); open
ended free text boxes (Open); and Likert scale (Likert): 1 = no importance, 2 = slightly important,
3 = important, 4 = fairly important, 5 = Very important. Questions 3-9 are only answered by
respondents in volcanic areas (highlighted in yellow).
No

Type

Theme

1

Which hazard map user best describes you?

Questions

MC

Variable

2

Do you live in a volcanically active area?

MC

Variable

3

What are the names of the volcanoes in your area?

Open

Variable

4

On average, how far are you away from these volcanoes?

MC

Variable

If yes continue to Question 3. If no, Move to Q10.

5

How important is it to you to have areas indicated on maps of your area?

Likert

UF

6

Which of the following are you likely to do with a new map of your area?

MC

UF

7

Have you seen VHM for your area?

MC

UF

8

Did the maps have everything you wanted on them?

MC

UF

9

What could have made them better?

Open

UF

10

What information are you most interested in obtaining from a hazard map?

MC (3)

DI

11

Which format would you prefer for viewing hazard maps?

MC

FD

12

What would be your preferred scale for a hazard map?

MC

FD

13

Which colours do you think best represent different levels of a hazard on a hazard
map?

MC

FD

14

How many hazard areas would you prefer to see on a hazard map?

MC

FD

15

Looking at map 1: Which hazard level is most Zone A within?

MC

MR

16

Looking at map 1: What would you expect the hazard level to be within zone B?

MC

UC

17

Using map 2: Which of the following hazards could affect zone A?

MC

MR

18

Using map 2: Would you expect tephra fall or ash to reach zone C if there was an
eruption?

MC

UC

19

Which map do you prefer?

MC

DI

20

If you have a preference, why do you prefer this map?

MC

DI

21

What additional information would you have liked to have seen on these maps?

22

If you lived in zone B, do you think your preferences would change compared to living
in Zone A?

Open

DI

MC

Ch

23

How important would the hazard maps from the previous question be to you now?

Likert

Ch

24

What extra information would you like to be told at this stage?

Open

Ch

25

Which hazard map appeals to you the most?

MC

DI

26

Why does this appeal to you?

Open

DI

27

How important are seeing these standard map elements to you?

Likert

DI

28

How important are seeing these extra map elements to you?

Likert

FD

29

Which background map items would you prefer to see on a hazard map?

MC

FD

30

Which background map would you prefer to see on a hazard map?

MC

FD

31

What is your age range?

MC

Variable

32

What is your Country of residence?

MC

Variable

33

How often do you use maps in your day-to-day?

MC

Variable
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The collected data were formatted and coded using IBM SPSS Statistics
Version 24. Where applicable, the Fisher’s exact test was used to test and compare
differences between the classification variables (Fisher, 1925). The null hypothesis
was that the variable does not affect outcomes. The null hypothesis is rejected (i.e.,
conclude that the variable affects the outcome) if p is below a threshold value.
Conventionally, 5% (less than a 1 in 20 chances of being wrong), 1% and 0.1% (pvalue: < 0.05, 0.01 and 0.001) thresholds have been used (Fisher, 1925); this study
adopted a threshold of as 5% (p-value: <0.05).

Figure 5.3 Twitter analytics from survey dissemination and two key
mentions that helped promote the study. Tweets from myself
promoting the survey are on the left-hand side. Impression is defined as
the number of times the tweet is displayed. Engagements are the total
number of times a twitter user has interacted with a tweet, potentially
filling out the survey. Shares and mentions from well-known
organisations helped increase engagement numbers (Twitter, 2017).
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5.3 Results
5.3.1 Survey population
In total 217 respondents completed the survey, giving an estimated response rate of
less than 1%. The two biggest user groups were the general population (53%) and
scientists (33%) (Fig. 5.4A). Respondents also included emergency responders (5%),
local and national governments officers (7%) and the media (1%). Just over a third
(34%) of respondents lived in volcanic regions (Fig. 5.4B). They varied in their ages,
with the majority aged between 26-50 (59%; Fig. 5.4C). Respondents were moderately
familiar with maps, with 46% stating that they used maps every day (Fig. 5.4D).
Altogether, 27 countries were represented, mainly English speaking nations of New
Zealand (NZ) (32%), the UK (24%), and the USA (24%) (Fig. 5.5A). The volcanic
regions represented were the Auckland Volcanic Field (NZ, 29%), the Cascade Range
of Western USA (16%), the Taupo Volcanic Zone (NZ, 15%), Iceland (15%), as well
as Hawaii (7%), other New Zealand volcanoes (7%), Chile (3%), Italy (3%), Alaska
(1%), Indonesia (1%) and California (1%) (Fig. 5.5B). Almost all of the respondents
from volcanic regions lived within 100 km of a volcano (99%) and one third within 20

km (Fig. 5.5C).
Figure 5.4 Survey respondent demographics: (A) Map user groups; (B) Number within
volcanic areas; (C) Age ranges; and (D) How often respondents use maps.
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Figure 5.5 Survey respondent demographics. (A) Number of respondents from each country; (B) Volcanic region and (C) distance from volcanic
region.
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5.3.2 Data and Information
The type of hazard was selected by 65% of respondents to be the most important piece
of information on a hazard map; probability and evacuation centres were the second
and third choices at 59% and 44% respectively (Table 5.2). The impact of the hazard
was rated the least important piece of information (28%; Table. 5.2). The relative
importance of different types of information varied according to the category of map
user, whether they lived in a volcanic region, the location of the volcanic region, and
their age (Fig. 5.6A; Table 5.3). Scientists selected probability (22%) as the most
important type of information, closely followed by the type (21%) and area (16%) of the
hazard. Among emergency responders, the location of evacuation centres was the
preferred choice (27%), whereas only 14% of scientists and general population chose
evacuation centres (Fig. 5.6A). Timing was seen to be less critical for respondents who
lived in volcanic regions (ranked 7th out of 8), compared to those living in non-volcanic
regions (5/8). From the volcanic regions that had more than ten respondents,
preferences for the different information varied between regions (Table 5.3). Most
notable was the difference in preferences for probabilities from Auckland Volcanic
Field (top choice) compared to Taupo Volcanic Zone (third choice). The youngest age
group (under 18) preferred probability, impact and evacuation centres, whereas the
over 61 age group’s preferred choice was areas, followed by probabilities and types of
hazard (Table 5.3).

Table 5.2 What information are you most interested in obtaining from a
hazard map? Choice of three.
Select three that are most
important to you
Type of hazard
Probability of the hazard
Evacuation centres
Areas of hazard
What to do
Timing of the hazard
Impact of the hazard
Other
Total

Responses
Percent of Cases
N

Percent

142
129
96
87
68
67
61
1
651

21.8
19.8
14.7
13.4
10.4
10.3
9.4
0.2
100.0

65.4
59.4
44.2
40.1
31.3
30.9
28.1
0.5
300.0
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Table 5.3 The relative importance of different types of information varied according to the category of map user, whether they lived in a volcanic
region, the location of volcanic region, and their age. Results highlighted in yellow are discussed in the text. The number in brackets refers to the
number of respondents who chose that type of information.
Information preference on a hazard map
Most preferred

Map user

Age Range

Volcanic
Area?

Volcanic
region

Least preferred

General population

Type (76)

Probability (72)

Evacuation (49)

Areas (39)

Timing (37)

What to do (36)

Impact (32)

Other (1)

Emergency responder

Evacuation (9)

Type (7)

Areas (6)

What to do (5)

Timing (2)

Probability (2)

Impact (2)

Other (0)

Local authority official

Type (7)

Areas (5)

Probability (5)

What to do (4)

Evacuation (3)

Impact (3)

Timing (0)

Other (0)

National government

Timing (5)

Type (4)

What to do (4)

Evacuation (3)

Probability (2)

Areas (2)

Impact (1)

Other (0)

Scientist or researcher

Probability (46)

Type (44)

Areas (34)

Evacuation (29)

Impact (22)

Timing (19)

What to do (16)

Other (0)

Media

Type (2)

Timing (2)

Probability (1)

Areas (1)

What to do (0)

Evacuation (0)

Impact (0)

Other (0)

Other:

Type (2)

Evacuation (2)

What to do (1)

Timing (1)

Other (1)

Areas (0)

Probability (0)

Impact (0)

18 or under

Probability (4)

Evacuation (4)

Impact (4)

Type (2)

Areas (2)

What to do (1)

Timing (1)

Other (0)

19-25

Probability (21)

Type (18)

Areas (16)

Evacuation (16)

What to do (15)

Timing (11)

Impact (5)

Other (0)

26-31

Type (32)

Probability (27)

Evacuation (18)

Areas (17)

Timing (16)

Impact (12)

What to do (7)

Other (0)

32-40

Type (30)

Probability (21)

Areas (17)

What to do (17)

Evacuation (17)

Impact (14)

Timing (9)

Other (1)

41-50

Type (30)

Probability (28)

Evacuation (19)

What to do (15)

Timing (15)

Areas (11)

Impact (11)

Other (0)

51-60

Type (19)

Probability (16)

Timing (13)

Evacuation (10)

Impact (9)

Areas (9)

What to do (8)

Other (0)

61 or older

Areas (13)

Probability (11)

Type (10)

Evacuation (10)

What to do (4)

Impact (4)

Timing (2)

Other (0)

Prefer not to say

Areas (2)

Type (1)

Impact (1)

Probability (1)

What to do (0)

Evacuation (1)

Timing (0)

Other (0)

Yes

Probability (47)

Type (44)

Areas (32)

Evacuation (31)

What to do (26)

Impact (22)

Timing (19)

Other (1)

No

Type (92)

Probability (78)

Evacuation (60)

Areas (52)

Timing (45)

What to do (39)

Impact (36)

Other (0)

Not sure

Type (6)

Probability (4)

Evacuation (4)

Areas (3)

Timing (3)

What to do (2)

Impact (2)

Other (0)

Hawaii

Type (4)

Probability (4)

Evacuation (3)

Areas (2)

Timing (1)

What to do (1)

Impact (0)

Other (0)

Alaska

Timing (1)

Type (1)

Areas (1)

Probability (0)

What to do (0)

Evacuation (0)

Impact (0)

Other (0)

Auckland Volcanic Field

Probability (15)

Impact (10)

Type (9)

Areas (9)

Evacuation (7)

Timing (6)

What to do (4)

Other (0)

Iceland

Type (6)

Probability (6)

Evacuation (5)

Areas (4)

Impact (4)

What to do (3)

Timing (2)

Other (0)

Taupo volcanic zone

Type (8)

Areas (6)

Probability (5)

What to do (4)

Evacuation (3)

Impact (3)

Timing (1)

Other (0)

Indonesia

Type (1)

Timing (1)

What to do (1)

Probability (0)

Areas (0)

Evacuation (0)

Impact (0)

Other (0)

Cascades

Probability (6)

Type (6)

Areas (6)

What to do (5)

Evacuation (5)

Timing (3)

Impact (2)

Other (0)

Other regions in NZ

Type (3)

What to do (3)

Evacuation (3)

Probability (3)

Areas (1)

Timing (1)

Impact (1)

Other (1)

Chile

Type (2)

Probability (2)

Evacuation (1)

Impact (1)

Timing (0)

Areas (0)

What to do (0)

Other (0)

Italy

What to do (2)

Evacuation (1)

Timing (1)

Probability (1)

Areas (1)

Type (0)

Impact (0)

Other (0)

California

Type (1)

Timing (1)

Probability (1)

Areas (0)

What to do (0)

Evacuation (0)

Impact (0)

Other (0)
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Ranking information to include on a map
Similar to the previous question, respondents were asked to rank the importance of
different hazard information between 1-5 (Fig. 5.6B). 5 equalling the most important.
The type of hazard again scored highest in terms of importance (mean = 4.4), and the
lowest was a description of how the map was made (mean = 2.4). Scientists gave
slightly less importance to timings and accuracy compared to the general population
(Table 5.4), but there was not a significant correlation between the category of user
and their choice (Fisher’s Exact Test, timings p-value: 0.508, accuracy p-value: 0.758).
As with the above result, timing importance was slightly higher (mean = 4.1) for nonvolcanic respondents compared to volcanic (mean = 3.7) (Table 5.4). Respondents
from the USA gave more importance to the explanation of hazards (mean = 4.1)
compared to respondents from New Zealand (mean = 3.4) and the UK (mean = 3.3)
(Table 5.4).

Levels*

Types

Probabilities

Timings

Scenarios*

Evacuation
areas

What to do

Accuracy*

Explanation*

Description
of how map
was made*

Table 5.4 Mean ranking of different types of information by map user, volcanic area and
country. The number related to mean score given to Likert categories. 1= not important;
2= slightly important; 3 = important; 4 = fairly important; 5 = very important. The darker
the shade the higher the mean score.

General population

4.2

4.4

3.9

4.1

3.5

4.3

3.9

4.0

3.8

2.4

Emergency responder

4.0

4.2

3.6

4.0

3.8

4.3

3.8

3.9

3.7

3.0

Local authority official

4.0

4.6

4.3

4.4

3.5

4.7

4.2

3.8

4.3

2.0

National government official

4.6

4.5

3.9

4.9

4.1

5.0

4.3

3.6

3.9

2.9

Scientist or researcher

4.2

4.4

3.8

3.7

3.5

4.3

3.8

3.7

3.7

2.6

Media

3.5

5.0

4.0

5.0

3.5

5.0

4.5

5.0

4.0

2.5

Other:

2.5

4.0

3.5

4.0

4.0

4.0

3.5

3.5

3.5

2.5

Yes

4.1

4.4

3.8

3.7

3.7

4.2

3.9

3.9

3.9

2.5

Volcanic Area? No

4.2

4.4

3.8

4.1

3.4

4.4

3.8

3.8

3.8

2.4

Not sure

4.2

4.2

4.2

4.3

4.0

4.3

3.9

4.1

3.5

2.2

USA

4.3

4.6

3.8

4.0

3.7

4.4

3.9

3.7

4.1

2.5

UK

4.1

4.5

4.1

4.1

3.5

4.4

3.9

3.9

3.3

2.5

New Zealand

4.1

4.4

3.8

3.9

3.5

4.3

3.9

3.1

3.4

2.4

Iceland

3.8

4.4

3.7

3.7

3.6

3.8

3.7

3.6

3.6

2.3

Map user

Country of
residence

*Additional types of information different from the previous question.
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Choice of map
Sixty three percent of respondents preferred a hazard map that included the individual
hazards clearly marked (geology-based map) compared to an integrated map (30%),
which combines all hazards into three zones (Fig. 5.6C). For those that chose the
geology map, 77% said they preferred it because it listed all the hazards individually.
Respondents from Iceland significantly preferred the integrated map (46%, Fisher’s
Exact Test p-value: 0.029) compared to NZ (20%) and the UK (29%) (Table 5.5). When
asked what additional information could be added to the map (irrespective of the one
chosen), 24% requested the inclusion of more evacuation information (Fig. 5.6E).
Respondents who lived in New Zealand and the USA, are the only respondents
mentioning that wind direction information should be added to maps (8% of total
respondents). This was not observed in respondents living in non-volcanic regions.

Table 5.5 Map preference between integrated map 1 and the geology-based map 2.

Iceland
New Zealand
County of
Residence United
Kingdom
United States

Integrated
map

Geology
map

No Preference

Count

6

5

2

%

46

38

15

Count

13

47

4

%

20

73

6

Count

14

31

2

%

29

66

4

Count

19

25

2

%

41

54

4

When all five map types were included, and the option to see them all or none,
respondents again preferred the geology-based map (29%: Fig. 5.6D). However, twothirds of the respondents chose other options, including the choice of being able to see
all of the maps (24%). After the top two choices of ‘Geology’ and ‘All’, different map
user groups preferred different maps (Table 5.6). The most notable differences were
between the two largest groups by sample size (General population and Scientists).
Proportionally more scientists (21%) preferred the administrative map than the general
population (8%). General population also preferred the timings map (13%) compared
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to scientists (7%). When separated by country, respondents from New Zealand had
had a top choice of the ability to see them all, compared to the USA and the UK which
was their second choice. In Iceland, the most preferred was the probabilities map
(60%). Of those that chose all maps, 23% suggested there are different maps for
different purposes (Table 5.6). Twenty-seven percent of respondents said they chose
their option as it gave all the information they need (Fig. 5.6F).

Geology map

Probability map

Timings map

All

None

Count

10

33

9

15

15

29

1

%

9%

30%

8%

13%

13%

26%

1%

2

4

2

0

0

3

0

18%

36%

18%

0%

0%

27%

0%

1

2

1

0

3

2

0

11%

22%

11%

0%

33%

22%

0%

0

2

0

0

1

4

0

0%

29%

0%

0%

14%

57%

0%

9

19

14

9

5

13

0

13%

28%

21%

13%

7%

19%

0%

2

0

0

0

0

0

0

100%

0%

0%

0%

0%

0%

0%

0

1

0

0

1

0

0

0%

50%

0%

0%

50%

0%

0%

2

4

0

6

1

0

0

15%

31%

0%

46%

8%

0%

0%

6

18

8

6

5

20

1

9%

28%

13%

9%

8%

31%

2%

5

11

7

5

8

11

0

11%

23%

15%

11%

17%

23%

0%

6

14

7

3

6

9

0

13%

31%

16%

7%

13%

20%

0%

Administrative
map

Integrated map

Table 5.6 Map preference between five
map types, or the option to seem them
all and none, between map user and
country. The darker shade the higher
the preference for that map type.
General Population
Count
Emergency Responder
%
Count
Local Authority
%
Count
Map User

National Government
%
Count
Scientist
%
Count
Media
%
Count
Other
%

Count
Iceland
%
Count
New Zealand
%
Country of residence
Count
United Kingdom
%
Count
United States
%
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Figure 5.6 Graphics of the hazard data results: (A) Type of information divided by user; (B) Mean
importance of types of hazard information; (C) Map preference (2 choices); (D) Map preference
(6 choices) divided by general population and scientists; (E) Additional information suggestions
grouped into 8 topics; and (F) Reasons for map preference grouped into 9 topics.
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5.3.3 Format and design
Respondents preferred online hazard maps, with only 22% opting for solely traditional
paper maps (Fig. 5.7A). In terms of scale, 60% preferred being able to have access to
all scales of mapping, which links well with the high preference for online mapping (Fig.
5.7B). Red-yellow was the preferred colour choice for different hazard levels (41%),
red-green was second with 24% (Fig. 5.7C). The general population respondents
significantly preferred red-green colour choice compared to other user groups (Fisher’s
Exact test p-value: 0.007). With 61% of those that chose red-green coming from the
general population, only 21% were scientists (Fig. 5.8). More than half (56%) chose
three categories as being the best way to represent hazard (Fig. 5.7D). In terms of
base map design, 53% preferred topography (Fig. 5.7E). Additional base map types
suggested by respondents included OpenStreetMaps and Google Maps. When asked
about individual base map items, evacuation information (centres 91% and routes
85%) clearly stood out as the most preferred choices (Fig. 5.7F), followed by roads
and railways (65%).

Figure 5.8 Map user group and colour preferences. The General population significantly
preferred red-green colour choice compared to scientists (27% to 14%).
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Figure 5.7 Format and design results: (A) Which format is preferred? (B) Which scale is preferred?
(C) What colours best represent levels of hazard? And D) How many areas should be used on
hazard maps?
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5.3.4 Use and functionality
Only 50% of those surveyed had seen hazard maps for their region, but this
percentage varied between volcanic regions. Alaska (100%), Italy (100%) and the
Cascades (93%) regions had the highest proportion of respondents who had seen
maps for their area (Fig. 5.9A), but this can be related to a low number of respondents
from those regions (2, 2 and 11 respectively).

Figure 5.9 Survey questions targeted specifically to respondents that lived within volcanic
regions: (A) Have you seen volcanic hazard maps for your region? (B) Did the hazard maps
have everything you wanted on them? And (C) What could have been added to make the
maps better?
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Although more respondents from New Zealand had completed the survey,
Auckland Volcanic Field had a relatively low percentage of respondents who had seen
maps (35%). 69% of the respondents within volcanic regions who identified
themselves as the general population had not seen volcanic hazard maps (Fisher’s
exact test p-value:0.040 and Table 5.7). Of those who have seen a map for their region,
50% said that it did not have everything they wanted on it (Fig. 5.9B). Almost a quarter
of respondents, 24%, were not sure, and of those that said No, 50% wanted more
information on the maps (Fig. 5.9C).

Table 5.7 Proportion of respondents who had seen maps for their region divided
by user.

General Population

Emergency Responder

Map user

Local Authority

National Government

Scientist

Yes

No

Not Sure

Count

11

16

8

%

31

46

23

Count

2

2

0

%

50

50

0

Count

4

1

0

%

80

20

0

Count

2

1

0

%

67

33

0

Count

18

9

0

%

67

33

0

Respondents were asked about the importance of hazard maps to them. The
mean score was 4.01 suggesting that respondents felt hazard maps are ‘very
important’. Looking at the top three countries, there is a notable difference in
importance between countries (Fig. 5.10A). When asked what users would do with a
new hazard map for their area, the largest proportion (39%) said they would ‘examine
the map right away, but do not make a plan’. Only 3% would forget about the map and
not use it (Fig. 5.10B).
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Figure 5.10 Preferences of respondents living in volcanic regions: (A) Which of the
following are you most likely to do if you were given a new hazard map for your area?
And (B) what are you likely to do if you were given a new map of your area?
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5.3.5 Map reading and uncertainty
Within map 1, which included integrated hazard zones, the majority (86%) of
respondents were over-cautious and classified zone B as within a high level of hazard
(Fig. 5.11A). Only 7% correctly identified this region as being in both hazard zones
(Fig. 5.11A). In the next question, 96% of respondents correctly identified the majority
of zone A as being located within the medium hazard zone (Fig. 5.11B). On the second
map, which included the geology-based zones, 55% decided that ash would not reach
zone C if there were an eruption. However, the remainder were unsure or said that ash
would reach this zone, despite not being covered on the map (Fig. 5.11C). When asked
which hazards could affect zone A, respondents chose in order: tephra, PDCs, and
lahars (Fig. 5.11D)

5.3.6 Changes in hazard and how this is reflected on a hazard map
Questions 22, 23 and 24 posed a hypothetical situation to the respondents and
focused on identifying how preferences might change should a hazard change both
spatially and temporally. Two-thirds stated that their preferences would not change if
they lived approximately 6 km to the West of zone A (Fig. 5.12A). The probability of an
eruption, more information on the current activity, and emergency information were the
top three types of extra information preferred by respondents if unrest were to begin
(Fig. 5.12B). When asked to rank the importance of maps during a hypothetical
volcanic unrest, the mean importance was 4.27 (S.D. 0.88), falling in the ‘very
important’ category, with slightly more importance given to maps from respondents
from the UK and the USA (Fig. 5.13).
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Figure 5.11 Results from questions that explored respondent’s reaction to uncertainty and their map reading skills: (A) what would you
expect the hazard to be at zone B? (B) What hazard area is the majority of zone A within? (C) Would ash reach zone C? And (D) which of
the following hazards could affect zone A?
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Figure 5.12 Questions based on changing temporal and spatial hazard: (A) which of the
following are you most likely to do if you were given a new hazard map for your area?
And (B) What extra information would you like to be told at this stage?

Figure 5.13 How important is a map during a hypothetical
volcanic unrest? Divided by country.
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5.4 Discussion
Map users in this survey demonstrated clear preferences, such as maps with the type
of hazard shown, evacuation routes, and online. What was more apparent were the
differences in the preferences across and within audiences. They demonstrate that it
would be challenging to produce one hazard map that suits the needs of all users. This
is also in agreement with similar studies on volcanic hazard mapping (Nave et al.,
2010; Leonard et al., 2014; Thompson et al., 2015) and flood risk mapping (Meyer et
al., 2012). These preferences could have been influenced by the respondent’s
exposure to the existing hazard maps local to their region or experiences. It was also
clear that some of the respondents may have answered questions from another
person’s perspective, such as, when one respondent was asked why they prefer a
specific map they wrote: “As a geologist, I prefer to know the specific hazard affecting
the specific area (geology-based map). However, I suspect the general public would
prefer map 3 (administrative)”. This is an important behavioural aspect of asking user’s
opinion: are they answering for themselves or are they trying to represent the needs
and preferences of others? If people are answering from another’s expected point-ofview, the results could be less representative for specific user groups. It should be
made clear in the survey that answers should be from the point-of-view of the
respondent. Alternatively, this behaviour could be examined by asking specific groups,
such as scientists and emergency managers, what they think other groups prefer, such
as the general public and reflect on their choices.

5.4.1 Hazard data preferences
Geology based maps were preferred across user groups, except national government
(Table. 5.6). This preference is already reflected in published hazard maps as 52% of
maps surveyed in Chapter 2 were geology-based hazard maps. However, it is unclear
if the respondents understood the limitations of this type of map. Despite being the
second most common map type, integrated maps were not the preferred choice (11%
overall). Irrespective of the user group, emergency information featured highly for
many as a clear piece of information which should be included on a hazard map. Sixtyfive percent requested additional information on existing hazard maps, in particular,
207

5. Global map preferences survey

features useful in an emergency, such as the locations of evacuation centres and
routes. Interestingly, 11% preferred timing maps which included information on when
a hazard might occur. This type is currently not in frequent use, but could be a useful
way of communicating rapid onset hazards, such as lahars. Certainly, the respondents
to Preppernau and Jenny’s 2015 survey found this type of map useful.
This was the first study to investigate primarily the preferences of the general
population, and the first to include the preferences of 6 different types of map user. Not
enough emergency managers completed the survey to make the results directly
comparable with Thompson et al. (2015) and Nave et al. (2010; 2016). Thompson et
al. (2015) found that probabilistic information on a map was preferred by 60% of
respondents, across user groups (Fig. 5.6A). However, when compared in this study,
solely probabilistic maps were not widely preferred, only 13% of respondents chose
this option (Table 5.6). Regarding background map preference, this study was similar
to both Nave et al., (2010) and Conner and Leonard (2005), with respondents showing
a preference for topographic background mapping (53%), rather than for aerial
imagery (28%) and administrative boundaries (13%). This preference is not surprising
when the majority live in mountainous volcanic regions and often use the landscape
for orientation and navigation.

5.4.2 Country differences
Differences in preferences between volcanic regions and country suggest that no
single approach to hazard mapping could be applied worldwide. These regional
differences are reflected when comparing maps from around the world (Chapter 2) and
could be related to many aspects including hazard management structure, cultural
background, resources or funding, and the number of volcanoes within a region. Other
studies investigating preferences have not compared different regions before, so this
finding is new, but not necessarily unexpected. It is clear that the differences presented
here, although sometimes small, suggest that local needs should be assessed and
maps should be tailored to their region and for different user groups.
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5.4.3 How much is too much information?
A quarter of respondents from the general population wanted the choice of being able
to see all of the maps available to them (Table 5.6). This finding supports the
conclusions made by Opach and Rod (2013) and Nave et al., (2016), who both state
that emergency managers wanted to understand more about the data on the map too.
Similar conclusions can also be extended to the general public, but, the ability to have
access to all the relevant hazard data might be overwhelming and confusing for some
users. It should also be acknowledged that there is a delicate balance of
accommodating this user preference, with the availability and suitability of data.
Allowing users to define their map could improve the usability and effectiveness, but
this is dependent on the map makers having the required data. Not every volcano will
have the volume of data required to satisfy the needs of all everybody. If this is the
case, map makers have to be clear about which information is available and be
transparent to the user, where necessary.
As a compromise, maps should be simplified for their audience rather than
‘dumbed down’. Simplifying content is about understanding your audiences, how they
want to receive their information, and also having the ability to do so in an engaging
way so that the messages you are trying to get across are remembered. This is
particularly important when it comes to social media. A working example includes a
recent campaign by the National Weather Service in the USA. The organisation
collected comments on a proposal to simplify and clarify NWS Hazard messages,
including maps (NWS, 2016). The comments collected were implemented and
suggested that simplifying winter hazard warning by stating what the hazard is, where
it is and when it will impact was necessary. Respondents did not want the message
‘dumbed down’, and was possibly offensive to some users.

5.4.4 The inclusion of evacuation information on hazard maps
Respondent’s preference for evacuation information suggests that there is again a
need for more spatial information to be provided on hazard maps than was previously
thought. This raises an interesting question, what is the role of a hazard map?
Traditionally, hazard maps were produced to show users where there are areas of
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hazard. A clear outcome was that these respondents wanted the option to see
evacuation information too. Does this represent confusion about what is meant by a
hazard map? Or a real need to combine hazard and evacuation data on one map?
Commonly, evacuation maps are kept separate but are not as common as hazard
maps. This preference may originate from respondents being exposed to maps
showing other hazards where this is already common to include on maps (e.g. tsunami
hazard maps for countries with coastlines on the Pacific). However, this does not
account for the high preference for this information in Europe and other regions. The
connection between hazard and evacuation maps has already been explored by
Leonard et al., (2014), where separate maps were made for Tongariro volcano
showing long-term, crisis (including evacuation information) and ashfall forecast maps.
However, they did keep background hazard and evacuation information separate.

5.4.5 Design preferences
Design preferences showed less variability across user groups. Sixty percent of
respondents preferred the option of having the ability to see hazard information at
different scales of the map. Red-yellow was the preferred colour choice (41%).
However, the general population respondents had a higher preference for red-green,
compared to those from other user groups (Fig. 5.8). This colour combination is not
suitable for many CVD users. Making maps that would satisfy all of these preferences
would be almost impossible. The challenge would be able to integrate these
preferences into a few selections, but also being mindful of certain users’ disabilities
(e.g. CVD).

5.4.6 Presenting hazard maps online
Respondents have shown that there is a preference to view hazard maps online and
this preference was irrespective of all the variables tested. The preference could reflect
the population sampled; these users are accessing the survey online and are already
familiar with and have access to the internet. It could be assumed that this is not the
case for all map users at volcanoes worldwide, where many do have access to a
reliable internet connection. But even if they do, understanding and using online maps
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might not be something they are used to. It is a safe assumption, however, that in the
future more and more hazard information will be disseminated online via websites and
social media, as this is already the case compared to previous decades. Web mapping
is ideal for preparing suites of hazard maps that allow users to choose the type of
information relevant to their needs. It allows for the inclusion of more up-to-date
information and guidance traditionally not found on static paper maps. In addition,
hazard maps produced and shared online have the opportunity to reach and engage
many more people, which in turn can increase people’s hazard awareness. Despite
the positives of web mapping, thorough research and user consultation should be
established before VHM are published and distributed online.

5.4.7 Future work
The positive response to this survey has shown that this approach could be adapted
and reused in different regions for those wishing to understand more about their map
audience. It can be changed by using similar questions focused on a specific group for
a specific area or volcano. Using a survey like this one, before and after the use of
their own maps could measure their effectiveness and measure user’s understanding.
This chapter illustrates a need not only to study map users in more detail, but
also the format in which maps are presented. Participatory mapping and user centred
design, where is map production undertaken by communities to show information that
is relevant and important to their needs and is mainly for their use, should be the focus
of future map-based studies. There is also need to focus on how best to utilise online
mapping as a tool for hazard communication, especially considering the approach of
other disciplines. This format should prove beneficial for the volcanological community
and hazard map users living close to volcanoes. Further research is required to
establish if user preferences make a difference to the overall effectiveness of maps
and lead to better decision making. Understanding why there are differences in
approaches to hazard maps around the world and learning from those could lead to
more useful maps being used in regions where limited maps are currently available,
and users could not be consulted.
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5.5 Conclusions
This study provides insight into how hazard map users would like to see hazard
information displayed. Map users in this survey demonstrated some clear preferences,
but what was more apparent was the wide variety of preferences across and within
audiences. Respondents also wanted hazard information to be clear and focused, but
at the same time information does not have to be kept to a minimum. The range of
preferences is too broad to be accommodated on a single paper map. To address
these preference a series of general recommendations are summarised section 8.5,
with further design suggestions set out in Appendix H. The next step would be to
assess the preferences locally within Campi Flegrei.
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6.1 Introduction
In order to understand local preferences, an online survey was conducted which was
aimed at respondents who live in the six communes within Campi Flegrei. It was
developed to understand more about: (1) the experiences of the existing Campi Flegrei
hazard map; (2) preferences towards hazard map content; and (3) the user for map
design and formats. This is the first survey in the region to focus on the preference of
the local population. The results are compared with the results from the international
survey and help in the development of new web hazard maps discussed in chapter
seven. This chapter is relatively short, and is to be read alongside Chapter 5.

6.2 Methods
6.2.1 Hazard map preference survey – Campi Flegrei
The results of the global survey were used to design a focused questionnaire for the
public in Campi Flegrei. The number of questions was reduced to make the survey
more appealing and reduce the amount of time people spent on the survey. 21
questions were removed and those kept were adpated to the specific hazard map
published for the region (Fig. 1.2). To judge which questions were included, ten
questions were identified as key to understanding user preferences from Chapter 5.
These included: three questions on how respondents feel about the exisiting hazard
map. One question asking respondents of their top three pieces of information they
wish to obtain from a map. Four questions around the design of the map (format,
colour, base map and additional elements), and two on the choice of the type of the
map. In addition, two questions identifying respondents user group and location were
adapted and used. One question about the impacts of volcanic activity was also added
to this survey, which was not included on the global survey. This was included to
understand more about the impacts which are of concern to local residents.
In total, the survey consisted of 13 questions (in Italian divided into three
sections: 1) existing map experiences; 2) map design; and 3) the type of hazard map
(Table 6.1 and Appendix I). The first question (Q1) asked where the respondents lived
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within Campi Flegrei, according to administrative divisions of Pozzuoli, Monte di
Procida, Quarto, Napoli, Bacoli, or Marano di Napoli (Fig. 6.1). If respondents selected
that they did not live within Campi Flegrei, they were directed to the end of the survey
and their answers were not collected. Information was thus gathered only from
respondents in the volcano itself. The next four questions (Q2-5) focused on the
respondent's perspective of current hazard information. Respondents are asked to
define their user group, (local population, journalists, scientists, emergency services,
local and national government), whether they had seen the current hazard map (Fig.
1.2), and whether they found it useful and how it could be improved. Questions 6-10
asked about preferences in map design, including format, colour, base map and the
inclusion of base map elements such as public transport and evacuation centres. The
final set of questions (Q11-13) focused on preferences for the hazard data included on
the map and associated impacts of volcanic activity. The hazard data options were
chosen based on the five most common types of maps and items commonly found on
them. Finally, respondents were asked to choose the most useful type of map survey.

Table 6.1 Survey question themes and types. The themes were: UF = Existing map
experiences UF = Use and functionality; DI = Data and Information; FD = Format and
Design, DI = the type of hazard information and Variables used to identify differences
between groups. The types of questions were: MC = Multiple choice and Open text.
No

Questions

Type

Theme

1

Where do you live?

MC

Variable

2

Which type of map user are you?

MC

Variable

3

Have you seen the Campi Flegrei hazard map?

MC

UF

4

Would this map help you prepare for activity at Campi Flegrei?

MC

UF

5

What information could have made them better?

Open

UF

6

What information are you most interested in obtaining from a hazard map?

MC (3)

DI

7

Which format would you prefer for viewing hazard maps?

MC

FD

8

What type of base map do you prefer?

MC

FD

9

What types of extra information would you want to see on VHMs?

MC

FD

10

Which colours do you think best represent different levels of a hazard on a
hazard map?

MC

FD

11

If volcanic activity intensified, which impacts would worry you the most?

MC

DI

12

Which map do you prefer?

MC

DI

13

What additional information would you have liked to have seen on these
maps?

Open

DI
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Figure 6.1 Communes within Campi Flegrei: Pozzuoli, Napoli, Bacoli, Monte Di
Procida, Quarto and Marano di Napoli. The dashed read outline shows the extent
of the red zone (zona rossa) as defined by DCP in 2015.

6.2.2 Survey dissemination
Purposive (non-probability) sampling was carried out using the social media platform
Twitter. The targeted population was determined by the first question of the survey,
which asked respondents to identify their location within Campi Flegrei. Purposive
methods sample the opinions of the target population, but are likely to overwieght
subgroups that are more readily accessible (Bryman, 2015). Italian language tweets
that included a link and image to the survey were tweeted and shared between the 10th
October and the 27th November 2017. The tweets included hashtags, which allow
users of Twitter to find interesting information, similar to the function of keywords in
journals (Fig. 6.2). These hashtags were based around locations within the caldera, as
twitter users use locations to identify messages in a specific region. The target
population was online social media users who live in Campi Flegrei. No other criteria
were chosen, because this could have significantly reduced the number of
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respondents interested in the survey. Owing to the small number of respondents, the
collected data were cleaned, formatted and presented using Excel rather than SPSS.

Figure 6.2 Sharing the survey online using twitter. Hashtags included were
#iononrischio #pozzuoli, #Campi #Flegrei #Baia. Hashtags are a word or phrase
preceded by a hash sign (#), used on social media websites and applications, especially
Twitter, to identify messages on a specific topic. The term ‘Io non rischio’ has been
recently used by the DCP to promote seismic hazard awareness and preparation.
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6.3 Results
A total of 28 respondents completed the survey from all across Campi Flegrei. 68%
from Pozzuoli, 14% from Bacoli, 11% from Quarto, 3% from Monte di Procida and 4%
from Marano di Napoli (Fig. 6.3A). Out of the four user groups who completed the
survey, 86% were local population, 7% were Journalists, 4% were emergency
managers and 3% were scientists (Fig. 6.3B). Sixty one percent had seen the official
map for Campi Flegrei (Fig. 6.3C), with 39% stating that the official map was not useful
for emergency planning (Fig. 6.3D). Almost half of the respondents (47%) wanted to
see emergency information added to the official map (Fig. 6.3E).

Figure 6.3 Survey responses: (A) respondent’s location; (B) type of map user; (C) exposure
to existing official map; (D) usefulness of the map for emergency planning; (E) extra
information to be added to the map.
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The position of evacuation centres is the most important information preferred
by respondents (68%; Table 6.2), followed by what to do in case of an emergency
(61%) and information on the area of risk (50%). Information on the impacts and the
distance from safety were the least preferred options (Table 6.2).

Table 6.2 What information are you most interested in obtaining from a hazard map?
A quali informazioni sei maggiormente interessato quando leggi una mappa dei
rischi?
Select three that are most important to you
Clica le tre voci che sono più importanti per te

n

Percent of
Cases

Information on safe places and evacuation points
Informazione sui posti sicuri e sui punti di evacuazione

19

68

Information on what to do in an emergency
Informazioni su cosa fare in caso di emergenza

17

61

Information on the hazard area
Informazioni sulla zona del rischio

14

50

Information on the timing of a hazard
Informazioni sulla tempistica di un rischio

12

43

Information on the probability of a hazard reaching your area
Informazioni sulla probabilità che un rischio raggiunga la tua zona

10

36

Information on the type of hazard
Informazione sul tipo di rischio

8

29

Information on the short and long-term impact of a hazard
Informazioni sull'impatto a corto e lungo termine di un rischio

1

4

Distance from safety
Informazione sulla distanza dalla sicurezza

1

4

In terms of design, 61% respondents preferred online maps (Fig. 6.4A).
However, a quarter still wanted paper maps. Half of the respondents preferred aerial
imagery (51%: Fig. 6.4B) and 34% topographic maps. Additional items wanted on the
base map included evacuation information and the ability to highlight their location (Fig.
6.4C). The red–yellow colour scheme was the most preferred for hazard data (57%)
followed by red-green (31%: Fig. 6.4D).
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Figure 6.4 Survey respondent preferences: (A) map format; (B) base map preference; (C) extra
map elements to add the map; and (D) map colour preference.

If the volcanic activity of Campi Flegrei intensified (the type of activity is not
defined), respondents stated that the worst impact would be an evacuation and the
effects of injury (Fig. 6.5A). Out of the five maps, preferences were quite evenly
distributed (Fig. 6.5B). However, 27% preferred the integrated map, followed by the
timing map (25%: Fig 6.5C). Extra information included: updates, ash fall, what to do,
and earthquakes (Fig. 6.5C). No differences in preferences were observed between
locations or between user groups.
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Figure 6.5 Survey respondent preferences: (A) The expected effects from future volcanic
activity; (B) Overall map type preference; and (C) Free text answers to the question ‘which
extra information would you want to see on a hazard map?’
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6.4 Discussion
More than half of the respondents have seen the current hazard map for the region,
but 40% believed that it did not help them plan for future volcanic activity. This supports
the suggestion that the current hazard map may not be effective at conveying its
message (Fig.1.2). Evacuation is a clear concern of the respondents who completed
the survey and is not currently provided alongside hazard information on a map. In
addition, the colours and the information provided do not match the preferences of the
individuals of this survey. A combined integrated and geology based hazard map
coloured in red-yellow, with aerial imagery and evacuation information seems to be the
map which would be preferred by the majority of respondents. However, there were
the variations in the preferences. Highlighting the need for a larger survey developed
based on the format and results of this pilot survey and the need for rethinking the
approach of ‘one map fits all’.
In comparison with the results of the global survey, the respondents from
Campi Flegrei were more interested in obtaining information on evacuation centres,
what to do in an emergency and the area of risk compared to the top three in the global
survey which was the type of hazard, its probability and the location of evacuation
centres. The choices of design elements (colour and format and extra background
information) were similar. However, the choice of the base map was different, with 51%
preferring aerial imagery base map compared to only 28% in the global survey.
Topography base map was not preferred as much (34% compared to 53%). This
particular difference could be due to the amount of exposure users have to aerial
imagery in different regions. Or, users in Campi Flegrei, could find aerial imagery
easier to distinguish common locations within the caldera. More generally, differences
could be influenced by the specific set of hazards, their experiences of Campi Flegrei
and living in a volcanic region. For example, the global survey included individuals who
did not have personal experience of living near a volcano (e.g. residents of the UK).
Physical and institutional experiences of other hazards, such as flooding could be very
different and have an effect on map preferences.
The integrated map was marginally preferred by users within Campi Flegrei,
compared to the preference for geology map globally. However, these differences are
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too small to be able to determine how significant they are. A clear difference in map
type preference was that only 7% preferred the option to be able to see all the maps,
compared to 23% globally. Further research could help test how much information is
preferred as well as what is needed on a map to be effective and usable.
Differences demonstrate that it is always best to assess the local preferences
as they may be different to what is preferred globally. One question was added to this
survey, which was not included in the original survey, asking respondents about the
impacts of volcanic activity on themselves. Evacuation and injury were the biggest
problems stated by respondents. This is consistent with the experiences people faced
during the 1982-84 unrest, where evacuation was ordered, and people faced disruption
(Chapter 4). The term ‘volcanic activity’ was used as not to distinguish between
eruption and unrest hazards. This was done to keep the survey simple for the
respondents, but could be revised in the next version of a survey. This also raises an
interesting point about the terms used within hazard communication. Unrest is not
necessarily synonymous with volcanic activity, which could instead be interpreted as
eruptive activity alone. Therefore, caution must be taken when using terminology that
means different things to different map audiences.
It is also acknowledged that the results cannot be generalised, as it is
impossible to determine the population of which this is representative. The sample size
was too small to be able to identify differences in preference between locations or user
group. However, a larger study could test how the different regions within Campi
Flegrei prefer to see and receive hazard information. For example, showing unrest
hazard could be more useful for the residents of Pozzuoli compared to the residents
of Quarto, where the impacts of unrest are not observed directly. This would be
particularly interesting and useful for emergency managers, as the local communes
are beginning to produce their own emergency information (Fig. 7.1: Commune of
Pozzuoli, 2017). Commune specific requirements and preferences will help in how
define the amount and type of information individual communities receive.

223

6. Campi Flegrei hazard preference survey

6.5 Conclusions
The results of an online user survey provide the first look at map preferences and
provide the basis for further work in the region. Similar to the global survey, they
demonstrate that users have different preferences when it comes to mapping type and
the information they prefer to see on a hazard map. Further questions could help
identify any further preferences by location, age group or whether individuals had
experienced unrest previously.
Users who responded to the survey in Campi Flegrei preferred an online
integrated map, in red-yellow on an aerial imagery base map. They wanted to see
evacuation information, what to do in an emergency and the ability to highlight their
location. The main finding is that the existing map for Campi Flegrei does not answer
many questions residents may have about the volcanic hazard. Improvements to the
existing maps could include: (1) evacuation information, so that users can identify
locations of potential safely, irrespective of the type of activity (unrest or eruption); (2)
the option being provided of different base maps; (3) the inclusion of unrest and
monitoring data on maps; and (4) the involvement of the map users within the map
design process.
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7.1 Introduction
As mentioned in Chapter 2, maps are undeniably an influential media and play a key
role supporting visual thinking and decision making (MacEachren, 2004; Sinton, 2015).
The use of online mapping and spatial search has also become commonplace; for
example, Google map products are used more than one billion times each year
(Forbes, 2017). Interactive web maps are increasingly being used by emergency
managers to display hazard information (Appendix C) and could be a useful tool for
hazard communication at some volcanoes.
The majority of maps available online can be classified as either static or
interactive (Totman, 2012). Static maps are displayed on a web page or downloaded
by the user and are the more common type, among the volcanic hazard maps reviewed
in Chapter 2. They are created once and infrequently updated (Kraak,
2001). Interactive maps or web maps are less frequent but allow the user to select
different map data layers (ideal for displaying multiple hazards), to zoom to areas of
particular interest, and to obtain extra information, none of which would typically be
possible on a static map (Mitchell, 2005). What makes web maps different from static
maps is that they are a type of application rather than a single image that cannot be
changed. For example, when a user loads a web map, they are sending requests
behind the scenes to a map server (Plewe, 2007). Due to this difference, web maps
require more user expertise and specific software to create them. However, with the
development of easy to use web mapping tools, many web maps have been
incorporated in current hazard management strategies and are easy to produce. Web
maps are becoming more popular because they allow a wide range of visualisation
options, interactivity, participation and can be updated in real time (Barth, 2004). They
allow the user to view the area which is specific to them, rather than being confined by
the boundaries of a conventional static map. Importantly, the map designer does not
need to define the information they think the viewer wants to see, but can make it
possible for the reader to choose (Mitchell, 2005). The shift of responsibility allows time
for the map maker to focus on how best to present the information in consultation with
the users.
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The current long-term hazard map for Campi Flegrei produced by the DCP is
static (Fig. 1.2) and does not address the different questions individuals may have
about volcanic hazard (Chapter 5). For example, it does not show what would happen
in the case of increased volcanic unrest, or what would happen during a volcanic
eruption. Although the map is made for long-term planning only, it highlights the gaps
and opportunities which could be developed for Campi Flegrei.
Results from the previous chapter found that 61% (73% in the global survey)
of respondents preferred to see a hazard map online over a paper map, and also
wanted to amend the maps’ content. While there are no published statistics from the
region, but just under 90% of the total Italian population (51 million) have access to the
internet (Internet World Stats, 2017). It can be safe to say that a large number of the
local population access their information online, especially through news and social
media websites. The commune of Pozzuoli has recently released a new web map to
the public aimed at showing the location of emergency shelters (Fig. 7.1). Although
this is not showing volcanic hazard, it demonstrates how a simple web map can convey
a message and how local government communication is adapting to internet
advancements.

Figure 7.1 Web map of emergency points created by the Commune of Pozzuoli (2017).
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7.1.1 The use of web mapping in hazard communication
With the increasing availability of programs to help make web maps, many hazard
disciplines are using web maps alongside traditional methods to communicate often
complex spatial data (Kraak and Brown, 2003). These include hazards from flooding,
severe weather, wildfires and tornadoes are the most common (Meyer et al., 2012;
NWS, 2016). In contrast, only one interactive volcanic hazard map could be found
online as of September 2017 (Fig. 2.11). This gap presents an opportunity to
investigate the role of web mapping for displaying hazards in Campi Flegrei.
As with static maps, poorly designed web maps can be ineffective at conveying
their message (Hagemeier-Klose and Wagner, 2009; Rowe and Frewer, 2000). The
main problem is a lack of awareness by the mapmaker of the needs of the user
(Mitchell 2005; Hagemeier- Klose and Wagner, 2009; Thompson et al., 2017). The
users of web maps are usually non-experts having different technological skills,
knowledge, needs and expectations (Skarlatidou and Hacklay, 2006). The
mapmakers, however, are technical specialists, and the maps they create often cannot
be easily understood by the general public (Cronin, 2004; Fuchs et al., 2009; Holub
and Fuchs, 2009; Burningham et al. 2008). Map users are only considered as receivers
of information and are not often consulted when new maps are designed, allowing
users to feel more disconnected to the information shown to them (Mitchell, 2005;
Thompson et al., 2017). User Centred Design (UCD) is one standard approach to
effective web map design (Tsou 2011; Roth et al., 2015). In this method, map makers
focus on what the users of the map are going to do with it and design the map
accordingly, rather than force the user to adapt to the map (Gould and Lewis, 1985;
Hacklay and Nivala, 2010).
Other problems with web maps are linked to the user interface and the map
design. For example, too much different information and functions can often reduce
readability and usability of a map (Nivala et al., 2008; Tsou 2011). Thus, a
sophisticated web GIS is usually too challenging for the general population and may
put people off using the application. However, a lack of information and reduced
functionality can diminish the usefulness for experts. Flexibility between simplicity and
complexity is required but is often overlooked (Hagemeier-Klose and Wagner, 2009).
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7.2 Methodology
This chapter aims to develop a new approach to hazard mapping at Campi Flegrei,
utilising interactive web mapping technologies and providing new audience specific
hazard maps. The new maps are preconfigured with specific information such as
hazard areas, transportation networks, and building use: targeted at three audiences;
the local population, the local government and the business community. These
audiences were chosen as they reflect three diverse user groups within Campi Flegrei.
The information provided for each user group was defined by the results from Chapters
5 and 6, and from previous work in this area (Table 7.1: Coomer and Leonard, 2005;
Meyer et al., 2012; Morrow et al., 2015; Nave et al., 2016). The approach was
developed in eight stages:

1.

Make new interactive version of the Civil Protection’s Hazard map

2.

Create new eruption scenario maps

3.

Develop new unrest scenario maps

4.

Create new unrest long-term map

5.

Make example crisis maps

6.

Embed all the maps within a website

7.

Duplicate the maps and tailor for different audiences

8.

Develop a how-to guide for web hazard mapping

ArcGIS and Mango Map software was used to create 40 new web maps for
Campi Flegrei (Appendix J). These maps were compiled and presented online on a
new website: http://www.hazard-mapping.org/CampiFlegrei/. An important aspect is to
show how the maps fit into a website as this provides context and the ability to provide
extra information that cannot always be included on the map itself. Within the website,
users are directed to different sets of maps that accommodate specific needs and
preferences (Table 7.1). Table 7.2 summarises the data sets created specifically for
the new hazard maps. Only the map for the long-term eruption hazards was previously
available and prepared by Italy’s Department for Civil Protection. All of the other maps
are new.
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Table 7.1 Hazard map user preferences for population, local government and businesses as an example.
(Coomer and Leonard 2005; Meyer et al., 2012; Morrow et al., 2015; Nave et al., 2016).
User

Subgroups

Purpose of the
map

Hazard data

Information
density and
complexity

Consequences
and impact

Extra
information

Local
Population

Tourists
Community
groups

Raise
awareness of
hazards
Plan evacuation
routes
Want to see
their house and
hazard zones
together

Max of three
classes
Hazard type to
be shown

Not much time
to spend on
maps (<1 min)
Simple but the
option to
include more
information

Link to alert
levels
Buildings
affected
Roads affected

Life safety
knowledge (e.g.
Ruapehu snow
maps, NZ)
Affected
buildings

Local
Authorities

Emergency
planners
Strategic
planners
Decision
makers

Highlighting
areas and
communities at
risk
See
infrastructure
impacts

More detailed,
showing six
levels of hazard
Extra
information of
how the hazard
data were made

More time to
spend on maps
(1-5 mins)

People to be
evacuated
Critical
infrastructure
to be protected
Hospitals,
energy, roads

Assembly
points
Usability of
assembly
points,
hospitals
Census data

Local and
national
insurance
brokers
Local
businesses

Shows financial
loss and
impacts to
business
operations

Max of three
classes
High-med-low
hazard

Various,
dependent on
map’s purpose

Event-specific
damages,
economic risks

Businesses
Infrastructure
Electricity
Building census
data

Insurance and
Businesses

Detailed hazard
info

230

7. Campi Flegrei web maps

Table 7.2 Data included in new hazard maps. The data for the crisis maps (not included in the
table) were hypothetical.
Sources or reference data

Symbology

Data type

Unrest long
term

Distribution of earthquakes since 1950 and
the deformation pattern from the 1983-4
unrest.

Red-yellow 6 classes
High - low hazard related to
the density of earthquakes.

One polygon
of hazard
areas.

Unrest
scenarios

Same as above, but hazard zone is broken
down into 500 m buffer zones around three
unrest scenario points in Agnano, Pozzuoli
and Baia.

Red to yellow hazard zones
plus evacuation zone (1km)
around the area.

five polygons
of hazard
areas and
evacuation
zone

Eruption Longterm

DCP map published in 2015

Red, Yellow and Blue

three polygons
of hazard
areas.

Eruption
scenario PDC

Radial hazard areas based on field deposits.
Small: 2, 3, 4 km; Medium 3, 5, 7 km and
large 5, 11 and 20 km.

Red, orange and yellow

three polygons
of hazard
areas.

Eruption
scenario TF

Radial: Small 2; 5 and 8 km; Medium 4, 7
Three
Purple shades: high medium
and 11 km and large: 14, 20 and 50km based
polygons of
low
on records of previous deposits.
hazard areas.
Additional Data

Buildings and
Affected
buildings

Data obtained from INGV and included
shapes of each building in the hazard areas.

Blue areas

Multiple
polygons of
buildings.

Census (2011)

Data obtained from ISTAT database online
and downloaded as a CSV and imported
into ArcGIS. Multiple statistics of the
population and building characteristics.

Blue shades

Multiple
polygons of
census
divisions.

Critical
facilities

These were made by analysing the whole
area on google maps and identifying
schools, hospitals and public buildings.

Multiple symbols

Points

Roads

These were made by extracting the main
road and motorway data from Open Street
Map.

Included on base maps

Lines

Rail and Public
Transport

Data downloaded from Open Street Map
data.

Black lines

Lines

Evacuation
routes

Hypothetical, following major roads

Green dashed lines

Lines

Evacuation
centres

These were obtained by Pozzuoli local
authority and are only complete for this
commune.

Green house symbols

Points

Businesses

Data created analysing the whole area on
google maps.

Orange areas

Polygons

Commune
areas

Data downloaded from ISTAT website.

Dashed lines as areas

Polygons
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7.2.1 Volcanic Eruption Hazard Maps - Background
The background eruption hazard map (also known as the Civil Protection hazard map)
is intended for users to get an overview of the general hazard for long-term planning.
It was converted by digitising the original static map available online (Fig. 6.2). The
map consists of red, yellow and blue zones relating to hazards from PDCs and Tephra
fall (Campi Flegrei Working Group Report, 2012). The digitised version kept the colours
and descriptions from the original, but some text elements were removed from the
main map page.
Different elements were added to the basic hazard map versions of this map
for each user group: buildings within the hazard regions, evacuation centres and routes
for the local population; long-term field deposits (Orsi et al., 2004) and vent location
probability maps (Bevilacqua et al., 2015) for local government; and census exposure
data, business locations and the electricity network for the business community.
Further information on why specified data were included in each map is provided in
Section 7.2.6.
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Figure 7.2 Background eruption hazard map, digitised from the static DCP map.
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7.2.2 Volcanic Eruption Hazard Maps - Scenarios
New datasets were compiled for 18 hazard scenarios, based on three sizes of eruption
from six vent locations (Fig. 7.3). The vent locations were determined from the results
of Chapter 3 and are located at six locations around the NYT caldera rim zone (Fig.
7.3). Hazard areas were derived from the average distribution of deposits from past
eruptions, focusing on the deposits from three reference eruptions: Small - Monte
Nuovo (VEI 3), Medium - Astroni (VEI 4) and Large - Agnano Monte Spina (VEI 5),
chosen due to their use in other studies as reference eruptions (Lirer et al., 2001; 2011;
Orsi et al., 2009). As well as examining the distributions of 46 PDC and 32 TF deposits
from Campi Flegrei’s history.

Figure 7.3 Six different scenarios, starting from six different vent locations
following the estimated ring fault structure at Campi Flegrei. Each
scenario was given a name relative to the location it covered. The vents
were position at the centre of each area.
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Pyroclastic density current hazard
Pyroclastic density current hazard areas were estimated at 2, 3 and 4 km for a small
eruption; 3, 5 and 7 km for a medium eruption and 5, 11 and 20 km for large eruptions
(Fig. 7.4). The three distances relate to the minimum, average and extreme run out the
distance from the vent. They were based on field deposits described by Di Girolomo
et al. (1984), Di Vito et al. (1999), Orsi et al. (2004; 2009), Smith et al. (2011), and Isaia
et al. (2015) (Table. 7.3 and Fig. 7.5). In addition, distances from other volcanic
regions were also used to calibrate the distance choices (Table 7.4). In total, 18 maps
were created representing scenarios from all six vent locations and covering the three
eruptions sizes. Examples of two of the maps are shown in Figures 7.7 and 7.9.

Figure 7.4 PDC fall hazard areas. Circular annuli were used because PDC direction cannot be
anticipated in advance.
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Table 7.3 Examples of PDC runout distances and areas from eruptions at Campi Flegrei (Di
Girolomo et al., 1984; Di Vito et al. 1999; Orsi et al., 2004; 2009; Smith et al., 2011; Isaia et al.,
2015).
Eruptions

Number
of
eruptions

Average
PDC
area
(km2)

Extreme
PDC
area
(km2)

Maximum
PDC area
(km2)

Average
run out
length
(km)

Minimum
run out
(km)

Extreme
run out
(km)

31

27

0.7

145

3.4

0.6

8.2

0.7

10

3

19

Small
(VEI 3: 00.09
erupted
volume
DRE)
Monte
Nuovo
Medium
(VEI 4:
0.1-0.3
eruptive
volume
DRE)

1.7

11

44

5.3

180

4.7

Astroni 6
Large
(VEI 5:
>0.3
eruptive
volume
DRE)
Agnano
Monte
Spina

3.8

4

129

16

183

11.5

19.4

Table 7.4 Examples of PDC run out distances from other studies (Alberico et al., 2002; Waitt
et al., 2014; Nakada et al., 1999; Abdurachman et al., 2000; Komorowski et al., 2013; Calder
et al., 1999).
Eruption size

Run out distance
(km)

Campi Flegrei
Campi Flegrei
Mt St Helens, USA

Small (VEI 3)
Medium (VEI 4)
Large (VEI 5)

0.9
2.8
~25

Mt Unzen, Japan
Merapi, Indonesia

Small (VEI 2)
Small (VEI 2)

3 – 5.5
6

Merapi, Indonesia
Monserrat

Medium (VEI 4)
Small (VEI 3)

14
1.6 - 6.7

Volcano

Source
Alberico et al. (2002)
Alberico et al. (2002)
Waitt et al. (2014)
Nakada et al. (1999)
Abdurachman et al.
(2000)
Komorowski et al. (2013)
Calder et al. (1999)
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Figure 7.5 Deposits from the 46 PDCs and 32 tephra fall events at Campi Flegrei. Digitised from Orsi
et al. (2004) and Neri et al. (2015).
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100 m and 200 m contours were used as cut off elevations for small and
medium PDCs. The hazard zones for large eruptions were not constrained by
elevation, as deposits of large PDCs have managed to overtop the highest hills
surrounding the caldera (~400 m; Mastrolorenzo et al., 2017). PDC hazard describes
the qualitative likelihood of invasion by PDCs and does not consider emplacement
variables, such as dynamic pressure and temperature. In considering PDC deposit
maps for hazard mitigation plans, it is essential to consider that the affected area
covered by PDCs is always larger than the area affected by their deposits. In addition,
thick PDC deposits are commonly preserved whereas thin deposits can be rapidly
removed in the immediate aftermath of an eruption (Fisher, 1995; Calder et al., 2002).

Tephra fall hazard
Tephra fall hazard areas were based on the average areas from past eruptions and
were added to the 18 maps already developed. These areas used the same scenario
starting points (Fig. 7.3) but were not controlled by topography. Areas of eruption
deposits mapped by Orsi et al. (2004; 2009) and Smith et al. (2011) were converted
into average area estimates and extent (Table 7.5 and Fig. 7.5).
The hazard areas for large eruptions were skewed to the East to accommodate
the dominant wind direction. For small and medium eruptions, however, Costa et al.
(2009) and Sandri et al. (2016) suggest that that wind does not have a significant effect
on fallout distribution. Small and medium tephra fall hazard zones were circular with
radii of 2, 5 and 8 km for small eruptions and 4, 7, and 11 km for medium eruptions
(Fig. 7.6). The maximum distances from the vent along the dispersal axis were 14; 20
and 50 km (Fig. 7.6). Published hazard areas from Costa et al. (2009) and Sandri et
al. (2016) were used to calibrate the areas chosen. An Example of one of the tephra
hazard maps is shown in figure 7.8.
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Table 7.5 Examples of Tephra fall areas and extents from Campi Flegrei (Orsi et al.,
2004;2009; Costa et al., 2009; Smith et al., 2011).

Eruptions

Small
Monte
Nuovo
Medium

Number
of
eruptions

Averag
e TF
area
(km2)

Minimu
m
TF area
(km2)

Extrem
e
TF area
(km2)

Averag
e
distanc
e from
source
(km)
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Figure 7.6 Tephra fall hazard areas. Circular annuli were used because direction cannot be
anticipated in advance.
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Figure 7.7 Scenario hazard map from a small-scale eruption (<0.09 volume DRE) originating from a location in Miseno. The red area (< 2 km of
vent) shows an area which equates to an area which is highest hazard - PDC hazards are expected to occur in this area. The orange area shows
on average where PDCs reach (3 km) and yellow is the lowest hazard (4 km). Tephra hazard is not shown on this map, but can be added by
clicking on the legend.
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Figure 7.8 Scenario hazard map from a medium scale eruption (0.11-0.3 volume DRE) originating from a location in Miseno. The darkest
purple area shows an area which equates to an area which is highest hazard (< 4 km from vent), tephra fall is expected to occur in this
area. The lighter purple area shows on average where tephra would fall (7 km) and pale purple is the lowest hazard (11 km). PDC hazard
is not shown on this map, but can be added by clicking on the legend.
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Figure 7.9 Scenario hazard map from a large-scale eruption (>0.3 volume DRE) originating from a location in Miseno. The red area
shows an area which equates to an area which is highest hazard (within 5 km from vent), PDC hazards are expected to occur in this
area. The orange area shows on average where PDCs reach (11 km) and yellow is the lowest hazard (20 km). Tephra hazard is not
shown on this map, but can be shown by clicking on the legend.
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7.2.3 Volcanic Unrest Hazard Maps - Background
The relative level of unrest hazard is shown qualitatively on a single web map; this was
based on the density distribution of seismic data since the 1970s presented in Chapter 4
(Fig. 7.10). This was chosen due to the lack of evidence suggesting where and how
intense the next unrest will be. This map includes six levels of hazard ranging from high
to low coloured in red-yellow. The categories were based on the density of VT events with:
the low category having between 3-10 km-2, the moderate category having between 1150 km-2, the high category having between 51-200 km-2, and the very high category having
more than 201 VT events per square km. Extra information such as individual locations of
VT events since 1970, affected buildings, evacuation routes and centres from the Pozzuoli
commune are also included on this map, although these are not present on the map when
it is first loaded.
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Figure 7.10 Background unrest hazard map.
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7.2.4 Volcanic Unrest Hazard Maps - Scenarios
The three unrest locations discussed in Chapter four were used for the scenario hazard
maps for all audiences. These scenario maps are accessed by clicking the relevant
scenario area on a map (Fig. 7.11). The coloured bands represent the decreasing level of
hazard, as discussed in Chapter 4 (Figs. 7.12-14).

Figure 7.11 Unrest scenario overview map.
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Figure 7.12 Unrest hazard map for the Pozzuoli scenario. This map gives the user a brief over of the estimated hazard regions from a
hypothetical scenario. Details of how the areas are calculated are shown the chapter 4.
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Figure 7.13 Unrest hazard map for the Baia scenario. This map gives the user a brief over of the estimated hazard regions from a
hypothetical scenario. Details of how the areas are calculated are shown the chapter 4.
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Figure 7.14 Unrest hazard map for the Agnano scenario. This map gives the user a brief over of the estimated hazard regions from a
hypothetical scenario. Details of how the areas are calculated are shown the chapter 4.
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7.2.5 Volcanic Hazard Maps - Crisis
Crisis maps are used during an emergency to communicate hazardous areas and
evacuation information in real time, meaning that they are often tailored made to the
current situation (Stewart et al., 2016). Two maps were produced for this series of
maps, which introduce the concept of hazard maps changing temporally. A
hypothetical unrest and eruption scenario and their corresponding maps were
produced based on the combination of unrest and eruption data (Fig. 7.15). Week one
shows an area of unrest centred approximately on Pozzuoli (Not shown in Fig. 7.15).
This map’s purpose is to quickly show multiple audiences the extent of unrest and the
areas which could potentially be on alert. The second week’s map (Fig. 7.15A) shows
an amended area of unrest and an area of evacuation. The previous area is also shown
on the map. Weeks three’s map shows the areas affected by an eruption centred in
Agnano (Fig. 7.15B). This map would complement and support emergency managers
dealing with the crisis in real time. These maps could be updated relatively quickly
(within minutes), with the date and time of the map displayed on the top of the image.
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C.

B.

A.
Figure 7.15 Two examples of a crisis map for Campi Flegrei. These were included to show how changes in spatial data can be
incorporated into a different set of hazard maps: (A) First map shows area of previous area of unrest from week one and the current
more focused are of unrest from week two; (B) This second map shows the impact of an eruption which occurred in week three; (C)
demonstrates who these could be laid out on a web page.
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7.2.6 Map design and audience differences
Because different map users require different hazard information on their maps
(Chapter 5), it is rarely possible to provide all the data on a single map without users
becoming overwhelmed with information. Moreover, selected data may not be open to
the public or businesses because, for example, it contains sensitive or personal
information. Tailored sets of maps have thus been created to meet the needs of the
chosen users; local population, local government and business communities (Table
7.1 and Fig. 7.16).

Figure 7.16 The different legends for the eruption scenario hazard maps for the three
audiences. Left is for the local population; the centre legend is for the local
government and the right-hand legend is for insurance or businesses. The tick marks
next to the layers show the data which is shown when the map is opened. All of the
other legend items have to be turned on.
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Local population
The local population is often the largest audience for a hazard map. It can be split into
sub-groups such as tourists, ages, different social and economic groups, and cultures.
Although the subgroups represent different interests, they share the common objective
of using maps to be aware of the potential dangers they may face. In many cases, the
local population are passive receivers of information, but sometimes they require the
option to be able to see more detail (Table 7.1 and Fig. 7.17). In this study, the maps
tailored to this audience had no more than three hazard categories, used red-yellow
and pink colour schemes and were on a topographic base map. However, the aerial
imagery base map can be selected as an option. It was also important that the hazard
be labelled, with the type of hazard (Fig. 7.17). When the user selects the hazard area,
a small pop-up appears showing more information about the hazard area. Evacuation
areas and routes, and hospitals (critical facilities), as these were preferred by the
public, who completed the survey in Chapter 6. Affected buildings were also included
because this has been shown to be very useful in seeing which areas are impacted
(Meyer et al., 2012). The only information that is displayed when the scenario map
opens is the PDC layer, leaving the user to select which extra information they want to
see (Fig. 7.16).

Local authorities
This user group includes local government officials, emergency managers and those
in charge of making decisions related to hazard management. Nave et al. (2016)
identified that local authorities in the region would like to be able to see the data which
the maps were based on. As a result, the long-term eruption map for this group
includes the datasets on which the hazard areas were based on PDC deposits (Orsi
et al., 2004) and vent opening probability (Bevilacqua et al., 2015). This user group
can devote more time to examine the map. Therefore, more complex information could
be included (Meyer et al., 2012). The other maps included the following: six PDC
hazard areas (including more detail about the effects of topography), three hazard
areas for tephra fall, critical infrastructure (railways), critical facilities (hospitals),
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evacuation centres, routes and the number to be potentially be evacuated. It was
considered essential to have hazard and the consequences shown on the same map:
the number of evacuees in this example (Fig. 7.18). This addition would make it easier
for the local government officials to be able to see the direct impacts of hazards and
plan for an evacuation. As with any of the web maps these data layers can be turned
on and off easily, if not required.

Business community
Interviews with insurance and business owners identified that unrest and eruption
realistic disaster scenarios were the preferred form of presenting information. The
scenario maps for both eruption and unrest hazards included: three levels of hazard,
with businesses, electricity and transportation routes impacted (Fig. 7.19). Businesses
and the economy rely on transportation and electricity to run effectively. Therefore, the
location of the main electricity and transportation networks was added to the map. The
location of businesses was included within each hazard zones, so this user group could
determine the costs associated with an event and the type of business. The distribution
of buildings constructed before 1945 was also included to show the potential for
building damage (see Chapter 4).
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Figure 7.17 Examples of map design targeted to the local population.
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Figure 7.18 Examples of map design targeted to the local government.
255

Figure 7.19 Examples of map design targeted to the insurance industry.
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7.3 Development of the web maps and ‘how to guide’

7.3.1 Website and web mapping services
As a proof of concept, all the maps were embedded within a dedicated website
(www.hazard-mapping.org/CampiFlegrei/). The site was built on WordPress, but other
website development tools could be used. The main page begins with an introductory
text and highlights the location of the web maps (Fig. 7.20). The user is then directed
to a page where they select their audience (Fig. 7.20), followed by a page where all of
the maps are presented to the user (Fig. 7.21). The design and information within the
website (not including the maps) were determined through researching other volcanic
hazard-based websites (USGS, GNS, Sernageomin, INGV, IG-Ecuador) and through
examining the DCP’s own website. The final site included sections for ‘preparation’,
‘the science behind the hazard’, ‘frequently asked questions’ and ‘contact us’. The web
mapping service Mango Maps was used for the creation of the web maps. It was
chosen because it offered all the functionality that was needed, plus was low cost.

7.3.2 Map design
The key to making a useful web map is to include the interactive elements that are
most useful to the audience, without overwhelming them with options or making the
tasks too complicated. Web maps are equipped with interactive elements that allow
the user to learn more about the layers in the map, although most of the design
elements are restricted by the mapping service used. Such elements include; pop-up
boxes, functions which turn layers on and off, and pan and zoom options. Within the
map itself, ‘measure’, ‘share’ and ‘print map’ functions. The default base map was a
simple road and rail map overlaid upon a topographic shaded relief map – chosen due
to the popularity of this map from survey respondents in chapter five. However, users
could also choose from different base maps such as the traditional road map, street
view, or an aerial photo. At the top of the map, the title, logo, scale, latitude and
longitude and date show when the map was made were included, as well as tabs to
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help guide the users around the map. An address search function was incorporated to
show the location of users automatically and was one of the main advantages of these
new web maps. A diagram was included to help users navigate the map in case of
confusion (Fig. 7.22).

7.3.3 How to guide for making web hazard maps
The methods and approaches used have been summarised and put into a how to guide
(Fig. 7.23). The guide was uploaded and shared online. Available from:
http://www.hazard-mapping.org/webmaptips.pdf.
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Figure 7.20 Screenshots of new Campi Flegrei website. Left - Home screen where users get to see all the options available to them;
Right - hazard map page where user type is selected.
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Figure 7.21 Screenshots of new Campi Flegrei website: Left – Map home screen; Right – Eruption and unrest scenario pages.
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Figure 7.22 Guide to using the new hazard web maps.
261

Figure 7.23 How to create hazard web maps.
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7.4 Discussion
New user-centred web-based hazard maps have been developed as a useful starting
point for hazard communication at Campi Flegrei. One of the main advantages of using
web over paper is that the information can be updated and changed quickly. This is a
significant benefit during evolving situations, when, real-time updates can reassure
users that they are receiving the latest information. Linking to safety information or alert
levels is easy using web maps, as all of the information does not have to be confined
to one image. However, this could also mean that the extra information is never read
and certain elements on the map are taken out of context. Therefore, maps should be
user tested before they are released formally.
To increase understanding, supporting information and step-by-step guides,
which can be added relatively quickly to the map. These could be tailored to the
different capabilities of the expected audiences (e.g. users who have colour vision
deficiencies, visual impairments or do not have experience of using web maps). The
choice of format should also be decided by the user, and this may change depending
on the situation. Mobile users will need maps which are adapted to smaller screens.
Whereas, maps accessed from a desktop computer would allow more information to
be included on the map and appear larger.
User-centred design is becoming the standard framework for developing new
maps (Cronin et al., 2004; Haynes et al., 2007; Hacklay and Nivala, 2010; Heil et al.,
2014). This study has demonstrated how multiple focused maps including unrest,
eruption and crisis information, can be tailored to different map users. This approach
is different from the traditional approach to hazard mapping where one map is used to
show all hazard information to many users.
Scenarios have been used by many, especially within the insurance industry to
quantify and explain the impact of volcanic eruption scenarios (see examples in
Chapter 4). Eruption scenario maps offer a realistic guide to the potential impacts of
eruptions and can be particularly useful when the future vent location is uncertain.
These maps can either be comprised of modelled probabilistic results based on either
one scenario or the combination of many.
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The maps presented in this study are the first attempt at developing new web
maps for the region. As with any map, there is always room for improvement. For
example, the exposure data used within the scenario maps could be improved by
adding economic loss estimates and vulnerability curves. However, these data were
not available or possible to collate at the time of this study. Depending on the software
used to make the web maps there are often restrictions on some of the design
elements. For example, graduated shading instead of single colours should be used
to represent a hazard to accommodate the uncertainty surrounding the data. However,
this technique is currently not possible with mango maps. Providing an option to a
single user to be able to switch between a primary and advanced view is an alternative,
following this example by the UK’s Environment Agency (Fig. 7.24). The basic view, in
this case, could have just the areas and evacuation data, whereas the advanced view
could have more supporting information such as probabilities of hazard and more detail
about the evacuation centres.

Figure 7.24 Example of the same map but targeted towards different audiences: (A) Basic
and (B) advanced views from the UK’s Environment Agency flood risk web maps (EA,
2017).
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7.5 Conclusions
Web maps are an effective tool for displaying hazard information. However, volcanic
regions have not yet adopted this technique. At Campi Flegrei, dividing the maps into
different categroies (e.g unrest, crisis and background hazard) highlights clearly to the
user the differences between the hazard and corresponding stages of activity or alert
level. Providing new scenario maps of individual events could help users, in particular,
local authorities and the insurance industry, in understanding the potential impacts of
volcanic activity locally. Designing new crisis maps help separate the longer-term
information from what is currently happening in the region.
To be able to make useful web maps they have to be designed by the
preferences and capabilities of the user. The maps have all been designed, based on
the results from chapters 5 and 6, and previously published literature and informal
discussions at Campi Flegrei. They, of course, can be and should be tested in Campi
Flegrei, with a larger sample and different user groups. It was not possible to distribute
formally to the local population within Campi Flegrei, as the maps have not been
approved from an official source. However, this could be overcome with future
collaboration with the Department of Civil Protection. Future work includes developing
maps based on age, geolocation and amount of emergency training background. A
greater understanding of the best way to make hazard maps to the individual would be
to use different text, images and maps tailored to fit the needs of the user, both before
and during emergencies and by studying how different cultures receive and
understand hazards on maps.
Continuous feedback and monitoring of the effectiveness of the maps are
essential to ensure they are still conveying the right message. Web maps could be
tested with anonymous users online. For example, analytical software Maptiks can be
used to track how visitors click, pan and zoom on web maps. Statistics display includes
general traffic levels, tile loading time, error tile responses, and views of where on the
map most users are viewing. This software can identify which elements of the map
work well and which need to be modified (Maptiks, 2017).
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Chapter Eight

Discussion and conclusions

Campi Flegrei caldera has a resident population of approximately 350,000, and in the
last 50 years, has experienced unrest periods with two mass evacuations with no
eruptive activity. Response strategies instigated by the Department of Civil Protection
have been developed around at least 15 separate volcanic hazard assessments for
different aspects of activity. These studies indicated preferred location and size of
future eruptions, and, hence, the location and extent of the damage expected. These
variables have been determined by statistical studies of pre-historic eruptions. The
existing hazard map for the region (Fig. 1.2) shows three zones of hazard, representing
PDC and tephra fall hazard areas. The PDC hazard zone also represents the area for
evacuation in case of future volcanic activity (zona rossa).
Outstanding challenges are to ensure that (a) statistical analyses are based on
realistic and robust assumptions about the evolution of eruption activity at the caldera,
(b) that the hazard map(s) can readily be used by exposed communities that have no
experience of volcanic activity in their region, and (c) volcanic unrest hazard is
visualised, discussed and communicated. The thesis has addressed these challenges
by (a) re-evaluating the preferred locations of future eruptions using the full volcanic
history of the volcano since its last caldera collapse 15,000 years ago, (b) investigating
the types of map preferred by end-users, and (c) preparing unrest scenario maps as
well as associated impact scenarios. The final chapter connected these individual
projects together in the production of new online interactive maps.
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Chapters 1 and 2 introduce the thesis and set out the previous literature within
the field of hazard mapping and Campi Flegrei. Combining current knowledge of the
magmatic system with spatial and statistical analysis of eruption data, Chapter 3
highlights how commonly made assumptions about the past eruptions may not be
reliable guides to what will happen in the future. The majority of eruptions during Epoch
3 were part of several extended eruptive episodes (multiple eruptions from the same
eruptive centre), and may have been associated with a small caldera collapse of AMS.
This has potentially contributed to the focusing of subsequent eruptions in the North
East. Geological interpretations of current evidence generally agree that since the end
of Epoch 3, magma has been rising up beneath Pozzuoli, not Agnano, and the next
eruption will not be part of a historical sequence. When data from all three epochs are
evaluated, and centre data rather than all eruptions are used, the preferred distribution
follows the approximate rim of the NYT caldera across the whole of the landward side
of Campi Flegrei, compared to the focus towards the North East in previous studies
(Orsi et al., 2004; Selva et al., 2012; Bevilacqua et al., 2015). Future hazard
assessments must account for a new eruptive centre to occur anywhere within the 40
km2 region shown in figure 3.13B. These locations within the NYT ring fault zone are
used within eruption hazard web maps presented in Chapter 7. Whilst this area is four
times larger than previously suggested, it accommodates for the uncertainty
surrounding the underlying magmatic structure and its connection to vent opening
distribution. Hazard maps produced allowing for the full range of possible vent
locations will be more robust and reliable as a result and do not lull stakeholders into
a false sense of security.
Analysis of three unrest scenarios in Chapter 4 illustrates how future unrest can
have an impact on the livelihoods of the residents, and demonstrates the potential of
using scenario maps in areas where probabilistic data are limited. A future unrest
episode within Campi Flegrei has the potential to displace between 30,000 and
140,000 residents. Similarly, the scenarios show a large number of buildings, between
1000 and 3000 (Fig. 4.28), exposed to damaging seismicity and ground uplift. If future
unrest is centred on land, the impacts will be greater than those that occurred in 198284. An evacuation in the Agnano area would displace at least three times as many
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people as unrest centred on the coast at Baia and Pozzuoli. This chapter also
highlights the exposure of networks critical for emergency managers and local
commerce. A crucial link is the A56 motorway which runs East to West across the
caldera. Two large electricity substations and over 74 km of electricity lines occur within
Campi Flegrei. Damage to critical infrastructure would severely affect the local rail
network, traffic signals, businesses, hospitals and consequently the livelihoods of
many within the Caldera.
The results of an online survey in Chapter 5 provides insight into how hazard
map users would like to see information. Map users demonstrated some clear
preferences (e.g. the inclusion of evacuation information, a hazard map separated into
different hazards with a topographic base map, a red-yellow colour scheme and
produced in an online format). However, what was more apparent was the wide variety
of preferences across and within audiences. The range of preferences is too broad to
be accommodated on a single paper map. Therefore, different options such as
interactive maps or multiple paper maps should be explored. Respondents also
wanted to see more evacuation information than is currently provided on the majority
of published hazard maps. As a result, future hazard maps should include more
information related to evacuation and should reflect the preferences of the end user,
where possible.
Responses to a similar survey in Chapter 6, showed the importance of local or
volcano specific differences in map preference. Users who responded to the survey
specific to Campi Flegrei preferred an integrated hazard map, on an aerial imagery
base map, in contrast to what was observed in Chapter 5. Similarly, users in Campi
Flegrei wanted to see evacuation information, what to do in an emergency and the
ability to highlight their location on a map. Whilst a larger study is necessary, these
results (coupled with those from Chapter 5) suggest that future maps in Campi Flegrei
should at least include evacuation information on the same map as hazard. Due to the
large scale of the evacuation data, this also implies that more local large-scale maps
are needed. Preferences by respondents from both surveys were included within the
design of the hazard web maps in Chapter 7.
Chapter 7 presents a suite of web hazard maps for Campi Flegrei, which
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incorporates the preferred locations of eruption from Chapter 3, unrest hazard areas
from Chapter 4, and map preferences from Chapters 5 and 6. The development of
these maps demonstrates the potential that web maps have for displaying volcanic
hazard information easily, in particular, multiple hazards in different timeframes. At
Campi Flegrei, dividing the maps into unrest and eruption hazard helps distinguish and
also highlight to the user the differences between the hazard and corresponding stages
of activity or alert level. Providing new scenario maps of individual events will help user
groups, in particular, emergency managers, in understanding the potential impacts of
volcanic activity. Preparing new crisis maps would also help separate the longer-term
information and real-time activity. Elements of the suite of maps can be utilised and
developed further, both locally in Campi Flegrei, and at other volcanoes.

8.1 Implications for hazard mapping at Campi Flegrei
Eruption hazard maps should include the potential for an eruption occurring anywhere
around the landward portion of the NYT ring fault zone. The existing eruption hazard
zones produced by the DCP should be amended or used alongside newer maps which
allow for the uncertainties in vent opening location. However, the social consequences
of any changes to the existing maps should be examined. It may be the case that a
larger focus should be on developing new local scale scenarios maps to accompany
the existing map, rather than make too many amendments to the existing.
It is important to acknowledge future unrest emergencies in Campi Flegrei may
also be very different to what has been experienced before, in terms of both the
distribution and quantity of exposed assets and the location and intensity of the hazard
experienced. The resident population has increased by 16% (since 1981 census) and
there has been a shift in the local economy from manufacturing to the retail and
services industries. These industries rely heavily on electricity and transportation which
will be damaged by ground deformation and seismicity. Managing the logistics and the
impacts of smaller scale evacuations similar to those experienced in the 1970s and
1980s, as well as greater numbers (>30,000 people) should be the top priority of
emergency managers in the region. Hazards associated with unrest should be also
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visualised alongside eruption hazard. It is also surprising that all hazard maps
produced for Campi Flegrei to date have not included any unrest data, considering its
salience within the local population.
In preparation for future eruptions, scenario maps should be produced for areas
of probable vent location (as shown in Chapter 7). When a new unrest period begins,
scientists should also refer to the prepared eruption scenario map which matches the
unrest location the closest. A hazard model incorporating a large range of scenarios
will allow the production of tailored made hazard maps matching real events in minutes
rather than days. Live data fed back into the model will improve the assumptions and
parameters and ultimately the accuracy of the hazard maps.
Different audiences of hazard information at Campi Flegrei should be included
at the centre of the production of any new hazard material. Engagement with the
intended audiences will also initiate conversations and open up avenues of trust
between scientists, civil protection, local government and residents. The pilot survey
used in Chapter 6 could be developed and either be distributed online or be part of a
series of community workshops held in each commune. Large printed base maps of
the region (or specific commune) should be produced and used as tools for discussion
at community spaces (e.g. village halls or churches). The large maps could be drawn
on by the community (similar to the work by Haynes et al., 2007) or used to show areas
susceptible to vent opening or different eruption hazard scenarios. They should
highlight emergency centres and routes for evacuation. To help attendance, the events
can be held on an anniversary of either the eruption of Monte Nuovo or on the period
of evacuation in the 1970s and 1980s, and publicised on social media and TV.
Both background and crisis maps should be produced, and the function of each
of map clear to the user. Currently, a single map shows background PDC and TF
hazards. Until more sophisticated probabilistic information on hazard is developed,
eruption and unrest scenario maps could be further enhanced. This should involve
better definition of the hazard areas and gathering more information on exposure and
vulnerability. The procedure for developing crisis maps should be tested and discussed
with different users to make sure they are fit for purpose. These maps could also be
used alongside different alert levels and coloured accordingly.
271

8. Discussions and Conclusions

Finally, web maps for hazard at Campi Flegrei have never been produced
before and should be one of the many hazard products produced for the region. They
will help engage audiences who regularly use online media. They allow users to select
and view the information most important to them, focuses on specific locations of
interest (e.g. home or workplace), and helps them feel more connected to the realworld location. Map makers in the region will also benefit as web maps can hold more
information, allow multiple maps to be included, and can be updated in real-time. There
is opportunity to use web maps to communicate other hazard related information, such
as vent opening probability and real-time monitoring data. To demonstrate, a dynamic
web map was created by the author to help improve the understanding of the
complexities associated with predicting future vent location (Fig. 8.1). This map played
through the last 15,000 years showing eruption location and how it has changed (see
map here: http://hazard-mapping.org/Campi-Flegrei.html). Dynamic mapping, a
method to simultaneously visualize temporal and spatial information, is a practical
visual-analytic technique both for scientists and as the public as an educational tool.
Despite the benefits of interactive and dynamic maps, static online and paper
maps will still need to be produced to accommodate the users who do not access their
information online or find using web maps difficult. The suite of maps here should be
replicated as static maps and printed. However, they will have to be re-designed, to
incorporate multiple hazards and scenarios. An example of how one of the web maps
can be turned into a static map is presented in figure 8.2. In this example, the two
hazards are divided into two separate maps to avoid confusion in the overlay of colours
(only PDC hazard is shown). Static maps have the added benefit of allowing map
designers to control every element, including the colour gradient on the hazard areas.
As shown by Newhall and Solidum (2017) is a good alternative to boundary lines on
hazard maps. This was not possible on the web mapping software used.
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Figure 8.1 This dynamic map was made to better highlight patterns that were not clear on static maps, but it could be used for hazard communication. Another version of this map will be translated into Italian
and shared to help the general population see where and when eruptions have occurred in the past. Each circle represents an eruption from the caldera during the last 15,000 years. Eruptions are played through
time and grouped by colour into different epochs (D. Charlton, 2016).
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Figure 8.2 An example of how one of the web maps can be redesigned into a static map for online or printing. The main differences are that one hazard is included on this map and the hazard area is coloured in a
red-yellow gradient (D. Charlton, 2017).
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8.2 Implications for the wider volcanological community
8.2.1 The inclusion of evacuation information on hazard maps
Many respondents from the survey in Chapters 5 (44%) and 6 (68%) preferred to see
evacuation information on the same map as the hazard data. A similar preference has
been seen for flood maps (Meyer et al., 2012). However, with the notable exceptions
of examples from Japan (Fig. 2.10) and Ecuador (Fig. 2.8), evacuation information not
commonly included on volcanic hazard maps. Separate graphics are instead preferred,
possibly because the combined information may be considered too confusing, map
scales are not appropriate, or evacuation information is not always available. In the
last case, the inclusion of at least a good road (or path networks, depending on scale)
and a recognisable base map will help the user make decisions on their safety. Whilst
the scientific community has focused attention on better defining hazard and the
physical parameters behind models, this information will be less meaningful if the users
cannot see what actions to take or how to get away from areas at risk. At Campi
Flegrei, the location of evacuation centres within the commune of Pozzuoli have been
published (Fig. 7.1), but more data are required. As a graphic representation of
combining physical and social sciences, hazard/evacuation maps will help audiences
see the relationship between the hazard and its potential consequences.

8.2.2 The use of user-centred design
User-centred design has been used successfully to develop more effective hazard
maps in the fields of flooding, hurricanes and wildfires, but has yet to be fully
incorporated into volcanic hazard mapping. The standard approach in volcanology
remains to present a small number of hazard maps to diverse audiences with little
interaction between map maker and user. The results from Chapters 5 and 6 support
the view of Stewart et al. (2016) that users should be more involved in the maps they
are going to use. On its own, however, including user preference does not necessarily
lead to a better understanding of the information portrayed on a map (de Mendonca
and Dlezari, 2011). The map design process must therefore also evaluate how well
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the information on maps has been understood.
Answers to the global survey also raise an important question about how
respondents deal with preparedness. Some respondents felt the need to answer
questions on behalf other user groups, as well as themselves. For example, one
respondent replied that “as a geologist, I prefer to know the specific hazard affecting
the specific area. However, I suspect the public would prefer map 3”. Asking people
about their preferences can thus reveal how they perceive themselves compared with
others and this, in turn, may uncover inherent bias in their replies.
Recently, the use of participatory design is becoming more common within map
making. Participatory design goes beyond User Centred Design and actively
collaborates with the user and involves them in the design process (Dix et al., 2004).
Advances in mobile technologies have led to an increased use of participatory design
for hazard map production (Cronin et al., 2004; Haynes et al., 2007; Heil et al., 2014)
and for volcanic disaster risk reduction (Cadag et al., 2017; Gabrielsen et al., 2017).
This could another method to increase the usefulness of hazard communication at
volcanoes.

8.2.3 Using suites of maps for hazard communication
Traditional volcanic hazard maps present geology based information on a topographic
base map. A goal of this thesis has been to demonstrate the benefit of developing
suites of maps that serve many purposes, such as preparing maps that can be used
in preparation of volcanic activity (background long-term and scenario maps) and
during activity (real-time or near real time crisis maps). Important advances in hazard
communication are also expected from real-time mapping. Current examples are the
daily ash-forecast maps, similar to weather forecasts, prepared by the GNS Science
in New Zealand (Stewart et al., 2016). A similar approach would permit real-time
adjustments to hazard and evacuation maps during unrest. At Campi Flegrei, for
example, the 1538 eruption was preceded by a change in the location of most rapid
uplift, from beneath Pozzuoli, near the centre of the caldera, to beneath the future site
of eruption three kilometres to the west (Chapter 3). As shown by the scenario maps
in Chapter 4, such a change in location would change the spatial distribution of risk
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and preferred evacuation routes. However, too many changes may cause confusion
and so they should be kept to the minimum necessary to meet the needs of the user.
A suite of co-produced, well designed hazard maps, used alongside other
communication methods (e.g. video, alert levels, text bulletins, educations
programmes and physical conversations), will go towards reducing the increased
vulnerability and exposure of societies to volcanic hazards.

8.2.4 Displaying hazard maps online
With the increase in use and availability of smartphones and portable devices, users
are more likely than ever before to access information and maps online. Presenting
maps digitally online allows many versions to be provided for different levels of mapreading experience. A map for the general population could be more straightforward
in its design compared to those for specialist audiences, such as emergency
managers, who will have had to use the map more frequently and have had more time
to become accustomed to it. This approach to mapping complements and does not
replace traditional methods. The role of static maps is still valid, with many users
wishing to see and hold printed maps. In tourist areas, visitors may be less likely to go
online and look up hazard information about their region, unless in an emergency or if
they were made aware prior to travelling. For such users, printed maps at key locations
may be more effective (Driedger, C. Personal Communication, 22nd Nov 2016). The
maps could also direct users to online versions with greater information or functionality,
using a web address or QR (quick response) code. In addition, many populations within
developing countries do not have access to online maps and it must be recognised
that this approach would only reach a certain percentage of the population. Whether
printed, static online, or dynamic and interactive, the format of the map should be
included in the opening stages of map design rather than treated as an afterthought.

8.2.5 Application of an interdisciplinary approach
Volcanic hazard maps are inherently interdisciplinary (Fig. 8.3). This has the benefits
of allowing links to be drawn between vastly different disciplines (e.g. graphic design
and physical science) and widening the interest from different groups. Despite this,
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hazard maps are usually created in isolation. Although maps for a single discipline may
produce well-focused results, they have the disadvantage of restricting their general
application. For example, even the most scientifically accurate hazard map will be of
limited help if it is not understood or is not in the correct format for end users. It is
therefore essential to engage with end users to design maps that are both scientifically
sound and of practical value. Improved designs can also be expected by collaborating
with people who design for different audiences for a living, such as advertisers, market
researchers and designers.

Figure 8.3 The interdisciplinary nature of volcanic hazard mapping. Some of the disciplines
involved in the production of hazard maps. Those in bold are the traditional disciplines
involved.
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8.3 The future of hazard mapping

The next generation of volcanic hazard maps will need to adapt to the internet and
share information via social media. The use of social media, in particular, will require
emergency managers to have up-to-date information, images and maps ready to be
distributed. The speed of an emerging crisis will inhibit development of sophisticated
hazard maps in reaction to an evolving event and will favour the dissemination of
information by smaller, simpler, more focused maps. For example, during the 2017
crisis at Agung volcano in Indonesia the official hazard map was adapted and used in
a variety of ways (Fig. 8.4). It was interesting to observe how the map was adapted
and made simpler by the department of emergency management and it was used to
alleviate the worries of concerned tourists and business owners (Fig. 8.4). This was
also one of the first examples of a web map being used to display volcanic hazard.
The huge demand for information about the behaviour of Agung volcano in
2017 has further reinforced the need for more effort in bridging the gap between
science and the audiences that ultimately use their information. Social media has
increased the accessibility of many scientists to different audiences and provided new
pathways to communicate hazard based messages. During the Agung crisis local (and
international) scientists conveyed their observations and freely distributed daily
bulletins. However, this platform has in the past allowed the spread of misinformation
and observations that were not verified. Whilst volcanologists may well need to
become more media-friendly in future, there also has to be a structure in place to direct
people to official sources of hazard information. Comments from specialists (and those
that have posed as specialists) have also caused confusion during volcanic crises, so
encouragement to communicate directly between scienctists and the general
population is not always beneficial (Fiske, 1984; Haynes et al., 2008; Recuenco, 2018).
For instance, when the level of seismic activity at Mayon volcano (Philippines)
decreased recently, many users who posed as specialists on social media suggested
that any hazardous eruption is already unlikely. However, this was not the
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interpretation held by official scientists, and an eruption occurred a few weeks after
(Recuenco, 2018).
Meteorologists are a good example of where being media friendly has proved
successful in releasing warnings about hurricanes. Due to the higher annual frequency
of hurricanes compared to disruptive volcanic activity and the numerous
communication challenges inherent in weather forecasting, those communicating
severe weather have benefited in much more experience in adapting to the media, and
in particular social media. Meteorologists are more involved in the dissemination of
scientific knowledge directly to the public, compared to volcanologists. However, this
is inherent in the definition of a meteorologist’s role and may be exacerbated by the
extensive media presence (during hurricanes) and the pressures of social media. It
has recently been argued by one volcanologist that scientists should have limited
responsibility communicating volcanic hazard to the public (Papale, 2017). However,
with the increasing role of social media, it is difficult to see a time where separation
would be beneficial and during an evolving volcanic crisis, people expect
communication with scientists.
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Figure 8.4 The varied use of VHM during the Agung unrest: (A) Photos taken of hazard maps
via @dibbi18 ‘Right here at Mount Agung #volcano #bali’ 2nd Jan 2018, 8:36AM. Tweet;
and (B) images of the maps produced by the Indonesian National Board for Disaster
Management (BNBP).
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8.4 Further studies

This study has revealed several challenges that still need to be addressed for
improving the design and reliability of hazard maps. Three immediate examples are
the amount and type of information to display, the uncertainty on designating
vulnerable areas, and the representation of boundaries between hazard zones. First,
from a design perspective, the fewer the elements on a map the better. However, the
map-preference survey showed that some users want to see as much information as
possible (Chapter 5). The amount of information finally included on the maps in
Chapter 7 was decided subjectively and so may include unconscious bias by the map
maker. Second, hazard analyses are sensitive to the starting assumptions made about
the behaviour of a volcano. At Campi Flegrei, for example, identifying the most likely
location for an eruption depends on assumptions made about the evolution of the
volcano since the last episode of caldera collapse 15,500 years ago (Chapter 3) and
such assumptions are inevitably associated with significant uncertainty. Third, the
tradition of drawing solid lines to outline hazard areas implies an unrealistic degree of
precision and confidence that locations either side of a boundary are really exposed to
a different level of hazard (Newhall and Solidum, 2017).
One way of addressing the representation of boundaries between hazard
zones, is by applying gradual shade of colour, with no distinct boundary lines on hazard
maps (Fig 2.6A and Fig. 8.2). This study has already begun to challenge two traditional
assumptions in vent susceptibility studies. However, more research is required on the
controls on both vent location and future unrest hazard characteristics. The
assumptions about area and damage of future unrest should be examined by
replicating scenarios with different parameters and describing the potential impact.
Assessing how much information is required on a map is more challenging to address.
For example, would combining the information allow users to make more informed
decisions during a crisis, or would it make maps too confusing? However, advances
can be expected by bringing together academics and practitioners from different
hazard-map disciplines in order to identify common best practice. For example,
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designers of flood hazard maps may offer insights into the best way to represent lahar
hazards. Including the cartographic and technology community in mapping workshops
would also be useful to provide their input and expertise. They will be able to help
develop effective online maps quickly. They will also understand the elements that
make up good user experience and design and the specialist data needed to make
online material. Graphic designers and marketing experts will contribute their
knowledge and help make maps that appeal and grab people’s attention. Something
which is commonplace in these disciplines, but not fully incorporated into hazard
communication. Experts in cultural histories will add their understanding of the context
within a region and how hazard fits into many people’s lives. Of course, this
interdisciplinary approach to producing hazard communication material is reliant on
the expert’s willingness to collaborate, compromise and listen to the experts from other
fields of research. Not explored here, but it is apparent from other studies that the
inclusion of local and indigenous knowledge within hazard maps and material should
also be standard (Cronin et al., 2004; Becker et al., 2008; Gabrielsen et al., 2017).
In addition to these main challenges, a larger survey at Campi Flegrei, which
addresses additional factors, such as the need for an emergency plan, how people
currently receive hazard information (if any) and what sort of crisis information would
they want to see produced in the future should be undertaken. It should also examine
how audiences can be expected to use the internet and web maps in preparing for
renewed unrest. In the absence of a survey, Twitter data could be analysed to identify
how residents in Campi Flegrei use social media to find official information. Stowe et
al. (2016) used a methodology which categorised and analysed the text content of
twitter data generated before, during, and after Hurricane Sandy, which impacted New
York in the Autumn of 2012. A similar method could be applied to tweets produced
during volcanic crisis at Campi Flegrei and at other volcanoes. During these events,
analysis of these data can help emergency managers and first responders take
effective action and focus on specific areas. After the event, scientists can use social
media information to understand people’s behavior during the event.
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8.5 Recommendations for displaying hazard on maps
This section presents recommendations for optimizing hazard maps, divided into four
key topics: context and approach, content, design and format. They are based on the
findings from this study and do not take into account limitations specific to
organisations and countries. They therefore represent an ideal situation where the map
maker has access to data and resources needed to create effective hazard maps.

Context and approach to mapping

o

Audience involvement. It is important to involve map users at the earliest
opportunity, because their preferences will inform the design and content of the
map. Maps produced with user input will have a higher likelihood of being used
in practice. Involvement could be in the format of focus groups, local community
meetings, surveys and online campaigns.

o

Map expectations. The map must meet users’ expectations and needs. A
hazard map for the local population, for example, should aim to answer three
questions: 1) ‘where do I live?’ 2) ‘where are the hazards?’ and 3) ‘where do I
evacuate to, if necessary?’. Map makers expectations of a map may differ
considerably from the intended users. Therefore, it is important to recognise
and adjust to these differences.

o

Interdiscliplinary approach. Involving specialists from a range of disciplines
will lead to a more effective map. A greater range of viewpoints will cover
multiple aspects of the map. For example, graphic designers will have an
understanding of what is effective visually, whereas, historians can help
understand the cultural and historical context in which the hazard information
is being delivered.
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o

A map’s role within hazard communication. Maps made to show hazard,
risk and evacuation information have to fit within and work with other media to
deliver a consistent overall message. Maps are a single product used to
communicate in volcanic regions, alongside videos, talks, alert levels, text
bulletins, social media, outreach programmes and personal communication.

Map content

o

Map type. Include a range of map types to appeal to more users (e.g. geology,
integrated, administrative, probabilistic). Geology based maps, showing hazard
areas individually, are prefered by some users, but this type will not appeal to
all. Most maps should include evacuation data alongside hazard data.

o

Timescale. The type of map (i.e. background versus crisis) and the time for
which it is useful need to be communicated clearly to the users. Different
volcanoes and audiences will require different approaches. Active regions may
have systems in place to produce real-time maps quickly. Where this is not
possible, the date of publication and a time period which the map is valid should
be included.

o

Assumptions within the data. Map makers must be aware of the assumptions
(e.g. which eruptions are used as reference eruptions) and their impact. If the
assumptions affect the output of the map, and ultimately how users interpret
the information, they need to be robust and communicated clearly to users.
This is particularly important with scenario maps, because they are based on
numerous assumptions, but displayed as realistic events.
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Map design

o

Keep maps as simple in their design as possible. Maps should show
essential information in a form that can easily be followed under the stress of
an emergency. Too much detail can be distracting and counter-productive.
However, the level of detail needed to be effective is dependant on culture and
can vary between countries. Consultation with professional designers will
facilitate a favourable choice of design and of terminology for explaining the
data.

o

Layout. Where possible, give the users control over layout options to increase
the usability. How the map and its elements are positioned on a page will affect
the readability and likelihood of users finding the information they need. For
web maps, layout will depend on type of software used, with some offering
multiple options while others having a set layout which cannot be changed.

o

Scale. Use scales appropriate to the intended purpose. For example, a small
scale map would be used to reflect large area affects of tephra fall , whereas a
larger scale map would be better for tourists visiting the area immediately
around a volcano. The needs of the users, whether they need to identify certain
elements clearly, will affect the chosen scale. Web maps can accommodate
almost any scale, whereas printed maps would have to include multiple static
scales or only display one.

o

Usability. Keeping all the elements of the map legible and clear will help users
understand the map and use it without help. A brief explanation of the map
should be included, and help or information guides close to the different
elements. Web maps allow the option of popups or slideouts to help the user.

o

Visual accessibility. Being aware of users with visual impairments and
adapting your maps accordingly will make them more accessible. Colours used
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have a large role to play in how data is perceived. Using shades of one or two
colours (e.g. red - yellow) is recommended. Avoid using red-green and rainbow
colour schemes. A text transcript describing the map will also help users with
visual impairments.

Map format

o

Audience considerations. Consider the preferred format of the map based on
its purpose and audience. The map could be printed, for example, or viewed
on different screen sizes and resolutions. A map designed for use online will
not be suitable for printed media. Format should regularly reviewed to reflect
social changes (e.g. new social media).

o

Online mapping. Online mapping are a useful to reach wide audience quickly
and can either be static or interactive. While static maps are limited in the
number of hazards they can display effectively, web maps can include many
layers of information. However, they often require more user expertise than
static maps.

o

Printed maps. Where online maps are not useful or accessible, printed maps
should be created in consultation with the user. Decide an early stage how the
map will be viewed. For example, a large printed map will need a higher
resolution compared to a small map within a small preparedness booklet. It is
also important to recognise that printed maps cannot be updated easily, but
may be used for numerous purposes (e.g. on tourist information boards,
community evacuation planning).

o

Device type. Test online maps on a variety of different devices. Online maps
can be viewed on mobile phones, tablets, desktop computers, and on different
web browsers. These will all require specific map dimensions and have to be
tailored accordingly so they appear consistent across devices.
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8.6 Concluding remarks
Effective communication of hazard is an emerging and necessary area of research. As
seen at Campi Flegrei, volcanic hazard maps are crucial to hazard communication, but
the delivery of hazard information via these maps has not always been effective.
Combining different approaches, techniques and disciplines has an encouraging
potential to contribute to applied volcanological practices. At Campi Flegrei, in
particular, the next generation of hazard maps should be able to meet the following
requirements.

1.

Accommodate the potential for eruptions occurring from across the
landward NYT ring fault system, rather than a preference for the North
East of the caldera.

2.

Show users the impacts of future unrest, either using deterministic
scenarios or probabilistic modelling.

3.

Include the preferences and needs of the end users. These preferences
can be unexpected, but should be included and accommodated within a
user-based approach to hazard mapping.

4.

Be adaptable and flexible to evolving media formats. The ever-changing
world of online communication insists that visual media needs to be
simple, yet engaging for many audiences. Interactive maps can help
involve users within the map, as well as providing modified abstracts of
information for use on social media platforms.

At the same time, further work is needed to quantify the vulnerability of
residents and the economy of the caldera, as well as the consequences of
assumptions made about the underlying volcanic system and how this relates to the
potential for unrest and eruption.

288

8. Discussions and Conclusions

Additional conclusions for global approaches to volcanic hazard maps include:
(1) emergency centres and routes should be shown on maps; (2) user centred design
should be the standard approach to hazard mapping; (3) awareness of the many types
of hazard map, each designed for specific purposes and audiences; (4) the benefits of
an interdisciplinary approach to displaying hazard information; and (5) utilising online
interactive tools.
One of the largest challenges to hazard communication is adapting to the
technological advances in web and mobile technologies (e.g. social media, mobile
devices). However, this should be seen as a positive progression, by exposing more
people to hazard messages and maps than ever before. By making adaptations in
response to scientific advances and the needs of different users, hazard maps in the
future should result in better use of and understanding of volcanic hazard information,
which in turn should lead to better preparedness and a greater number of lives saved.
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Abstract

12

Intra-caldera eruptions at large calderas commonly occur from locations across the whole

13

caldera floor. When data are available for a large number of events, statistical analyses of past

14

eruptions are used to identify preferred locations for a future eruption. The results are sensitive

15

to the selection of starting data. The Campi Flegrei caldera, in southern Italy, has an exceptional

16

database of 61 eruptions from 41 eruptive centres across the caldera. The most recent eruption

17

occurred in 1538, following a repose interval of about 2,500 years. Previous analyses have

18

given a preferred weighting to data on all eruptions from the last cluster of activity 4.8-3.8 ka

19

BP, including single events and episodes within extended eruptions. They identified northeast

20

Campi Flegrei as the preferred quadrant for a new eruption. We have modified these

21

assumptions to consider the opening eruptions for all intra-caldera activity since the last caldera

22

collapse 15.6 ka BP. Opening eruptions were chosen because the repose interval between the

23

most recent and the next eruption must be at least 478 years. All post-caldera activity was

24

chosen to investigate whether the 4.8-3.8 ka BP cluster alone is representative of conditions in

25

Campi Flegrei’s magmatic feeding system today. Our results identify the preferred location for

26

an eruption to be within the landward side of the ring-fault zone produced during caldera

27

collapse. The expected location is thus sensitive to the choice of using opening or all eruptions

28

and of the time interval selected for defining a representative distribution of centres. The results

29

also suggest that the eruptive cluster between 4.8 and 3.8 ka BP was controlled by conditions

30

in the magmatic system that are significantly different from those operating historically and so,

31

by itself, is an unreliable guide to evaluating the likely location of the next eruption from the

32

caldera.

33
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38

Introduction

39

Large calderas, with surface areas of 100 km 2 or more, are among the most populated active

40

volcanoes on Earth. The Campi Flegrei caldera, in Southern Italy, has a population of almost

41

360,000 people, including the western suburbs of Naples. The caldera has experienced metres

42

of ground uplift since 1950 (Del Gaudio et al., 2010) and swarms of volcanic earthquakes since

43

1970 (Corrado et al., 1977; Dvorak and Berrino, 1991). The unrest is the first for more than 400

44

years (Bellucci et al., 2006) and has raised concern that the volcano may again be preparing

45

for an eruption.

46

Since the last caldera collapse during eruption of the Neapolitan Yellow Tuff (NYT) 15.6

47

ka BP, at least 61 eruptions have occurred from 41 centres across the caldera (Di Vito et al.,

48

1999; Smith et al., 2011). An important goal for hazard mitigation is to develop reliable methods

49

for evaluating the most likely location for a future eruption. The preferred approach has been to

50

analyse statistically the distribution of all eruptions, combining independent eruptions and

51

sequences of events in the same eruption, with a preferred weighting towards activity from the

52

most recent cluster of eruptions between 4.8 and 3.8 ka BP (Orsi et al., 2004; Selva et al., 2012;

53

Bevilacqua et al., 2015). These studies have identified northeast Campi Flegrei as the most

54

likely quadrant for the next eruption.

55

Here we investigate the consequences of modifying the starting assumptions to include

56

only the opening eruptions from the 41 centres, weighted equally over the entire post-collapse

57

interval since 15.6 ka BP. The analysis indicates that eruptive centres have been distributed

58

randomly within the zone of ring faults produced during the NYT eruption. The modified

59

assumptions therefore suggest that a future eruption can be expected from any location within

60

the ring-fault zone, without a clear preference for the northeast region. Such a change has

61

fundamental implications for designing strategies for responding to a future volcanic

62

emergency. The results highlight the sensitivity to starting assumptions of statistical evaluations

63

of preferred eruption location. In particular, they suggest that conditions during the 4.8-3.8 ka

64

BP eruptive cluster alone are not representative of the magmatic system operating beneath

65

Campi Flegrei today. An improved understanding of the physical evolution of Campi Flegrei is

66

thus essential for identifying the most representative starting assumptions for statistical

67

analyses.

68
69

Geological setting and eruptive history

70

Campi Flegrei has been the site of volcanic activity for at least 50,000 years (Lirer et al., 1987).

71

Covering an area of approximately 150 km 2, two-thirds of the caldera is on land, while the south-

72

central third lies beneath the Bay of Pozzuoli (Fig.1). Its main feature is a twelve-kilometre wide

73

depression produced by caldera collapse during the eruptions of the Campanian Ignimbrite and

74

the Neapolitan Yellow Tuff (CI and NYT; Barberi et al., 1991; Scandone et al., 1991; Orsi et al.,
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75

1996; Deino et al., 2004; Piochi et al., 2013), respectively 39 ka and 15.6 ka BP, or, possibly,

76

during the NYT eruption alone (Rolandi et al., 2003).

77

Since the NYT eruption, at least 61 smaller eruptions have occurred across the caldera

78

with volumes of 0.01 – 1 km3 (Lirer et al., 1987; Rosi and Sbrana, 1987). Ranging in style from

79

effusive to plinian, all but the most recent eruption in 1538 have clustered within three epochs:

80

Epoch I, 15.0 - 9.5 ka BP, Epoch II, 8.6 - 8.2 ka BP, and Epoch III, 4.8 - 3.8 ka BP (Di Vito et

81

al., 1987; Orsi et al., 1996).

82

The 1538 eruption produced the cone of Monte Nuovo (Fig. 1) and followed a century of

83

ground uplift by about 15 m near Pozzuoli, three kilometres to the east (Bellucci et al., 2006).

84

Since the 1950s, the caldera has again undergone episodes of ground uplift in 1950 - 1952,

85

1969 - 1972 and 1982 – 1984, which each triggered a maximum uplift near Pozzuoli by 0.7-1.7

86

m (Del Gaudio et al., 2010) and, together with a slow uplift since 2005 (De Martino et al., 2014)

87

have raised Pozzuoli by about 3 m (until 2016).

88

The recent uplift is the first since the Monte Nuovo eruption and strongly suggests a

89

renewal of magma transport beneath the caldera. Preferred interpretations indicate the

90

intrusion of magmatic sills, metres thick and 4-5 km across, at depths of about 3 km beneath

91

Pozzuoli (Amoruso et al., 2008; Woo and Kilburn, 2010). Campi Flegrei may have thus entered

92

conditions with a higher probability of eruption than for the preceding four centuries. A question

93

of immediate importance, therefore, is to identify the most likely location of another eruption.

94
95

Spatial distribution of intra-caldera activity

96

Table 1 shows the stratigraphy of intra-caldera eruptions inferred by Di Vito et al. (1999) and

97

Smith et al. (2011). Their distribution of events is consistent with magma erupting preferentially

98

along the ring faults associated with the NYT caldera collapse (Fig. 1; Lirer et al., 1987; Orsi et

99

al., 2004). During Epochs I and II, eruptions occurred around about two-thirds of the fault

100

system, excluding the segment today submerged beneath the Bay of Pozzuoli. In contrast,

101

most eruptions in Epoch III occurred in the northeast sector (Fig. 2; Di Vito et al., 1999; Orsi et

102

al., 2004; Smith et al., 2011; Bevilacqua et al., 2015), especially around the Agnano Plain,

103

which is a small caldera, 3 km across, formed during the eruption of Agnano-Monte Spina (de

104

Vita et al. 1999). Most of the eruptive centres have been monogenetic and fed a single eruption.

105

However, nine centres have produced more than one eruption during a single epoch and,

106

because of their close association in time, may represent connected episodes of activity. These

107

are: in Epoch I, Paleaopisani (2 eruptions), Minopoli (2), Soccavo (5) and Pisani (3); in Epoch

108

II, Sartania (2); and in Epoch III, Agnano (3), Palaeoastroni (3), Averno (2) and Astroni (7).

109

Individual eruptions have been associated with separate vents within the same eruptive centre

110

(Orsi et al., 2004). In this paper, therefore, we distinguish between eruptive centres, which

111

correspond with named locations, and the number of eruptive events from each centre. For

112

example, the eruptive centre Astroni is associated with seven eruptive events.
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113

The spatial distributions of eruptive events have been the primary factor for evaluating

114

the preferred location of the next eruption, on the assumption that future events are more likely

115

in districts where eruptions have previously occurred (Alberico et al., 2002; Orsi et al., 2004;

116

Selva et al., 2012; Bevilacqua et al., 2015). Individual analyses differ, however, in the epochs

117

considered for selecting data and in the inclusion of all events and additional supporting

118

features, such as surface fractures that have not yet fed an eruption and monitoring signals

119

associated with recent episodes of unrest.

120

Orsi et al. (2004) focused on the distribution of events (as opposed to centres) during

121

Epoch III, on the assumption that this epoch coincided with a change to the tectonic stress

122

regime that prevails today and, hence, that only data from Epoch III are representative of

123

modern conditions. Selva et al. (2012) considered intra-caldera events from all epochs,

124

supported by the distribution of non-eruptive fractures and whether vents and fractures are

125

located across the caldera floor. Greater weighting was assigned to vent distribution, from 1.5

126

to 2 times greater than fracture distribution, and 3 to 5 times greater than whether centres or

127

fractures were located on the caldera floor. Bevilacqua et al. (2015) considered all events, with

128

a weighting in favour of Epoch III (a comparative mean weighting of about 0.80: 0.25: 1 for data

129

from Epochs I, II and III) to account for vent data lost by burial beneath younger deposits, as

130

well as surface fractures and their amounts of displacement estimated by Vitale and Isaia

131

(2014). Finally, Alberico et al. (2002) considered events from all epochs, supported by the

132

distribution of surface faults, patterns of ground uplift during the crises of 1969-72 and 1982-

133

84, the epicentres of VT seismicity during 1982-84, the distribution of fumaroles and locations

134

of elevated rates of ground degassing, and Bouguer gravity anomalies.

135

All the studies have identified the Agnano Plain and its immediate vicinity as the most likely

136

location for the next eruption, with a second preference for the Averno district, 6-7 km to the

137

west (Fig. 3). The similarity of the results reflects the primary importance that each study

138

assigned to the distribution of events, together with a preferred weighting towards data from

139

Epoch III. Here we investigate the consequences of relaxing both assumptions. First, the

140

current unrest has emerged 412 years after the last eruption in 1538, which itself occurred after

141

a repose of about 2,500 years. A future eruption is thus expected to be an independent event

142

not connected with previous episodes of activity. In this case, polygenetic activity is not relevant,

143

so that the distribution of eruptive centres becomes the preferred factor of interest. Second, the

144

distribution of centres in Epoch III is qualitatively different from those in Epochs I and II. It is

145

thus important to establish whether the difference is statistically significant and, if so, whether

146

the difference suggests that Epoch III is the most representative epoch for evaluating modern

147

conditions or whether it is an unrepresentative anomaly.

148
149
150
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151

Methodology

152
153

Figure 2 and Table 1 show locations for the 61 eruptive events since the beginning of Epoch I,

154

using the Universal Time Meridian (UTM) co-ordinates from Smith et al. (2011) and Bevilacqua

155

et al. (2015). Five eruptions without known or estimated locations were omitted, all from Epoch

156

I (Smith et al., 2011): La Pigna 1 and 2, Paradiso, Gaiola and Casale. Twenty nine of the 61

157

eruptions are associated with 9 centres (Smith et al., 2011). Twenty of events may represent

158

episodes from six extended eruptive sequences (Palaeopisani, Soccavo (events 2 to 4), Pisani,

159

Agnano, Palaeoastroni (events 1 and 2) and Astroni). The 61 located events may thus

160

represent 47 eruptive episodes (61 - (20-6)) from 41 centres (61 - (29-9)). To investigate

161

controls on the distribution of centres, rather than of the number of events, a second dataset

162

was therefore prepared for the locations of centres alone (Fig. 2; Table 1).

163
164

Spatial Analysis

165

Five tests were applied establishing the spatial distributions of centres and events, whether the

166

distributions are random or clustered, and whether the spatial distribution varies across epochs.

167

The distributions were first analysed by using density analysis of three different grid shapes

168

(Hexagonal, Annulus and Sectors). X2 and Kolmogorov Smirnov D tests were used to variation

169

and goodness of fit of density analysis counts. Nearest-neighbour, hierarchical analysis and

170

partitioning-around-medoids (PAM) analyses were used to quantify the degree of spatial

171

clustering and the number of clusters. A two-sample Kolmogorov-Smirnov test was also applied

172

to investigate changes in spatial patterns across epochs.

173
174

Spatial distribution

175

Density analysis is a procedure of sampling and recording point-based data within regularly

176

shaped regions with the aim of making a statement on the distribution of points across the set

177

of grid cells. Campi Flegrei was divided into a grid of hexagons, annuli and sectors to measure

178

dispersal and density. Hexagonal cells were preferred to the squares used in the grid by

179

Alberico et al. (2002) and Selva et al. (2012), because they ensure that the centres of all

180

adjacent cells are the same distance from each other (Birch et al. 2007). Cell sizes of 0.2, 0.5,

181

1 and 2 km2 were compared to determine the sensitivity to results to the Modifiable areal unit

182

problem (Wong, 2009). A cell area of 1 km 2 was chosen for consistency with that used by

183

Alberico et al. (2002). The size of the grid covered an area of approximately 150 km 2, with the

184

lower left corner of the grid at: 419549.445, 4514598.282 WGS84 UTM 33 coordinates. The

185

study region was additionally divided into annuli with widths of 1 km and into 45 0 sectors around

186

the centre of the caldera near Pozzuoli.

187

The number of data points (for centres or events) in each hexagon yields a first-order

188

number-density distribution across the caldera. Their grouping by sector and annulus identifies
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189

whether either set of groups shows any large-scale preferences in location. The method

190

measures the distribution of data across cells, but does not take account of localised clustering

191

among individual points or of clustering among selected points across groups. The test statistic

192

Chi2 was used to test the distribution for randomness in the hexagon and sector analysis. The

193

Kolmogorov – Smirnow D statistic was used to measure goodness of fit by testing the maximum

194

deviation between cumulative frequency and observed frequency. If D>0.00 we can reject the

195

null hypothesis. The possibility of smaller-scale clustering was investigated with nearest-

196

neighbour analysis (NNA) and the strength of potential clusters measured using the PAM

197

technique.

198
199
200

Randomness of a distribution

201

NNA studies the average nearest neighbour ratio of the observed (D o) and expected (De) mean

202

distance between each data point and its nearest neighbour (Clark and Evans, 1954; Mitchell,

203

2009). The ArcGIS spatial analysis option "Nearest Neighbour" performs the NNA by testing

204

the null hypothesis that the vents are randomly distributed (Mitchell, 2009). Under the null

205

hypothesis, the z-statistic (Do-De)/SE (where SE is the standard error) is assumed to follow a

206

Standard Normal distribution. If the z-statistic (and associated p-value) fall in the rejection zone

207

at the tails of the distribution, which for a confidence level of 90% is below the cut-off point of

208

±1.65, then we have statistical evidence to reject the null that the points are randomly

209

distributed in favour of the alternative that clustering may exist.

210
211

Cluster analysis

212

When NNA indicates potential clustering, the PAM method, can be applied both to test the

213

results and to define the most probable boundaries between clusters. The PAM method is a

214

robust version of k-means and quantifies the strength of clustering (Rousseeuw, 1987;

215

Kaufman and Rousseeuw, 2005). Standard hierarchical procedures are used to provide a first

216

estimate of the number of clusters among centres and events (Kaufman and Rousseeuw,

217

2005). By measuring the distance of a given point from all other points (rather than only its

218

immediate neighbours), the PAM method then seeks the optimal number and sizes of clusters

219

by comparing (1) the average distance between points within a presumed cluster against the

220

average distance to points with other presumed clusters and (2) the strength of clustering from

221

the distances among all points within the presumed cluster (similar to applying NNA to a

222

particular cluster). By adding and removing points from clusters, the preferred arrangement of

223

clusters can be represented on a so-called silhouette plot and the strength of clustering

224

determined by maximizing the value of the silhouette coefficient, s, which is the ratio [(a –

225

b)/max (a, b)], where a is the average distance between points within a cluster, b is the average

226

distance between points to the next nearest cluster, and max (a, b) is the larger of the values

297

Appendix A

227

for a and b (Rousseeuw, 1987). By inspection, s must lie between –1 (for b much larger than

228

a) and 1 (for a much larger than b). Well-clustered data are characterised by s approaching 1,

229

because points within the presumed cluster are much closer together than their distance to the

230

next nearest presumed cluster. When s approaches –1, the mean distance between points in

231

the adjacent clusters is much less than that among points within the presumed cluster,

232

suggesting that the original clusters were incorrectly defined. Weakly clustered points have

233

values of s close to zero. In practice, good clustering, reasonable clustering, unlikely clustering

234

(e.g., an artifact of the data) and no clustering are characterised by respective silhouette

235

coefficients of greater than 0.71, between 0.51 and 0.70, between 0.26 and 0.50 and less than

236

0.26 (Kaufman and Rousseeuw, 2005). For this study, we performed the PAM analysis using

237

the CRAN R statistics function pamk (www.r-project.org), a wrapper for PAM that also prints

238

the suggested number of clusters based on optimum average silhouette width (Rousseeuw,

239

2005).

240
241

Persistence of a distribution

242

To investigate the persistence of clusters with time, a two sample Kolmogorov-Smirnov (KS)

243

test was used to test the hypothesis that data from Epoch III and from Epochs I-II belonged to

244

the same distribution (Mitchell 2009). The data tested was distances from the centre of

245

Pozzuoli.

246
247

Results

248

Spatial distribution of eruptive events

249

Post-NYT eruptions at Campi Flegrei have occurred around the landward portion of the caldera

250

(Fig. 4), mostly within the band defined by steep changes in the Bouguer gravity anomaly that

251

mark the inferred margin of the NYT caldera (Barberi et al., 1991). Three groups appear to lie

252

away from the caldera margin: two outside the rim in Epochs I-II (Fig. 4b), to the north and

253

northeast of Campi Flegrei, and one inside the rim in Epoch III, east of the caldera’s centre (Fig.

254

4c). The two outer groups may indicate that the rim of the NYT caldera extends further from the

255

centre in their directions. As discussed below, however, the inner group around Solfatara may

256

reflect the influence of a local structure superimposed on the NYT caldera.

257

No intra-caldera eruptions have been recorded offshore in the Bay of Pozzuoli. For all

258

epochs, number-density analysis has revealed that the number of eruptive events per area on

259

land has a maximum of 10 km -2 towards the northeast and is controlled by the maximum of 9

260

eruptions km-2 near Astroni and Agnano in Epoch III (Figs 4a and c). The maximum for Epochs

261

I-II is much smaller at 5 eruptions km -2 and is located near Pisani and Montagna Spaccata in

262

the north (Fig. 4b).

263

Forty-two of the 61 events (68%) occurred within an annulus between three and five

264

kilometres around the location of modern Pozzuoli (Fig. 5a). Kolmogov Smirnov D test yields a
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265

D statistic of 0.457, so we reject the null hypotheses that the events are randomly distributed

266

at the 5% significance level. The preferred distance extended inwards (Figs 5b and c) from 4-

267

5 km in Epochs I and II (20 of 33 events or 61%) to 3-5 km in Epoch III (20 of 27 events or

268

74%). Events during Epochs I and II were distributed around the caldera (Fig. 4b), whereas 23

269

of the 27 events (85%) in Epoch III were clustered in an area of 10 km 2 around Astroni and

270

Agnano, northeast of Pozzuoli (Fig. 4c). The four remaining events from Epoch III, together with

271

Monte Nuovo, lie within the inferred NYT margin from Capo Miseno, in the far southwest, to

272

Nisida, in the far southeast.

273

A preference for northeastern locations emerges when events are grouped into sectors

274

centred on Pozzuoli (Fig. 6). Twenty-one events (64%) from Epochs I-II and 22 (81%) from

275

Epoch III occurred in the northeast (Figs 6a and b). Chi squared test statistics showed that

276

events were significantly clustered across the region during both Epochs I and II and Epoch III

277

(p-values: <0.001 for both). The preferences are controlled by clusters, whose distances from

278

the caldera centre (CC) changed with epoch. Thus, the preference was controlled in Epochs I-

279

II by events near Soccavo, 6-8 km from the CC, but in Epoch III by eruptions from Agnano and

280

Astroni and from Solfatara and its vicinity, respectively 3-5 km and 1-2 km from the CC (Fig. 2).

281

NNA yields z-scores of less than –3.4, with p-values less than 0.001, for Epochs I-II and

282

Epoch III (Table 2). Such values suggest that the eruptive events are clustered. For Epochs I-

283

II alone, the PAM method identifies five reasonable clusters, each with silhouette coefficients

284

between 0.6 and 0.67 (Table 3). Moving clockwise from the southwest, the clusters are for

285

Porto Miseno to Mofete, Archiaverno to Gauro, Montagna Spaccata to Palaeopisani, Pomici

286

Principali to Pigna San Nicola and Soccavo-Minopoli (Fig. 8). The clusters with the two largest

287

s coefficients are those for Pomici Principali-Pigna San Nicola (0.64) and Montagna Spaccata-

288

Palaeopisani (0.64) to the NNE and north.

289

When all events are considered, but with the isolated events at Nisida and Mofete

290

removed, the PAM method identifies seven reasonable clusters (Fig. 9). Compared with Epochs

291

I and II alone, an additional cluster emerges for events at Solfatara and its vicinity (s = 0.51),

292

while events at Astroni and Agnano have replaced the previous cluster of Pomici Principali-

293

Pigna San Nicola with two adjacent clusters (s = 0.54 and 0.63). Hence, the primary

294

consequence of including events from Epoch III has been to increase the number of clusters in

295

the northeast quadrant of Campi Flegrei. This is evident when the cluster analysis is performed

296

only on Epoch 3 data (Fig. 10). Three clusters are shown, when fours eruptions of Nisida, Capo

297

Miseno and Averno 1 and 2 are removed.

298
299

Spatial distribution of eruption centres

300

The locations of the 41 eruptive centres (including Monte Nuovo) are a subset of eruptive

301

events (Fig. 2). When Epochs I-II and III are considered separately, the number of centres per

302

area is between 0 and 3 km-2 (Figs 4e and f). One clear difference between the epochs is that
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303

locations are strongly preferred at distances of 4-5 km from Pozzuoli in Epochs I-II (17 of 24

304

centres; 68%), but show no clear preference among the 16 centres active in Epoch III (Figs 5e

305

and f). The greater preference for 4-5 km in the earlier epochs is controlled by eruptions to the

306

north, northwest and southwest (Fig. 4e).

307

NNA for Epochs I-II yields a z-score of -1.76, and a p-value of 0.07 (Table 2). The statistics

308

indicate a 10% probability that the null hypothesis of a random distribution can be rejected. The

309

probability is small, but not negligible, and suggests that a weak clustering might exist. For

310

Epoch III, in contrast, the z-score is 0.09 and the p-value is 0.92, both of which values support

311

the null hypothesis of a random distribution of centres. Given the weak or negligible evidence

312

for clustering, PAM analyses were not performed on the centre distributions. From the NNA

313

alone, however, the centres in all epochs show considerably less evidence for clustering than

314

the corresponding eruptive events. The strength of clustering patterns is thus sensitive to

315

whether or not analyses include multiple eruptions.

316
317

Changes in distribution with epoch

318

Epochs I-II and III superficially show similar types of spatial distribution when considering either

319

eruptive events (reasonably clustered) or eruptive centres (random or weakly clustered).

320

However, when the two sets of data for Epochs I-II and Epoch III are compared, a Kolmogorov-

321

Smirnov test yields a p-value of 0.018 for centres (and 1.2 x 10-5 for events), so we reject the

322

null hypothesis that both the centres and events belong to the same distributions across epochs

323

at 1% significance level.

324

The differences in eruptive centre reflect the change in how centres were distributed about

325

the northeastern zone that was occupied in Epoch I-II by Pomici Principali-Sartania and in

326

Epoch III by Agnano-Astroni (Fig. 2). In Epochs I-II, the northeastern zone was flanked by the

327

outer-lying centres of Minopoli and Soccavo, but in Epoch III by the inner-lying centres around

328

Solfatara. The latter centres are sufficiently closer to their northeastern neighbours to change

329

the overall distribution of centres from random to borderline clustered. Fig. 2 also suggests that

330

the dominance of multiple eruptions from individual centres distinguished Epoch III (12

331

monogenetic centres and 15 eruptions from four centres in the vicinities of Agnano and Astroni)

332

from the predominantly monogenetic centres in Epochs I-II (19 monogenetic centres and 14

333

eruptions from five centres, mostly in the vicinities of Soccavo and Pisani).

334
335

Discussion

336

The intra-caldera eruptive centres in Campi Flegrei show an approximately random distribution

337

within or close to the gravity anomaly that marks the rim of the NYT caldera (Fig. 2). Eruptive

338

events, in contrast, show a tendency to cluster – either as groups around the NYT caldera rim

339

in Epochs I-II, or as groups preferentially clustered in the northeast quadrant in Epoch III (Figs

340

8 and 9).
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341

Previous analyses of eruption location have focussed on events during Epoch III (Orsi et

342

al., 2004; Bevilacqua et al., 2015). This epoch was characterised by several multiple eruptions

343

around Agnano, Astroni and Solfatara and so yields the northeast quadrant as a preferred

344

location for eruption. Most multiple eruptions from individual centres appear to have belonged

345

to a single eruptive sequence. They are therefore not relevant for estimating the probable

346

location of an eruption after a significant interval of repose, such as occurred between Epoch

347

III and the Monte Nuovo eruption (c. 2,500 years) and between this eruption and the current

348

unrest (412 years, between 1538 and 1950).

349

The northeast clustering of events in Epoch III is controlled by eruptions from Agnano-

350

Monte Spina, Astroni and the vicinity of Solfatara. These centres may be structurally related.

351

Activity at Agnano-Monte Spina erupted ~1 km 3 of magma, during which a caldera three

352

kilometres across collapsed by 35m (de Vivo et al 1999). The collapse suggests that the feeding

353

magma body was close to the surface (Fig.10). The younger centres of Astroni and Solfatara

354

then developed around the Agnano caldera and so they too may have been fed through the

355

Agnano magmatic system.

356

There is no evidence, however, that a shallow magmatic system has been active beneath

357

Agnano in historic times. First, Monte Nuovo erupted about six kilometres west of the Agnano

358

caldera. Second, uplifts since at least 1969 have been centred just offshore from Pozzuoli

359

(Bianchi et al., 1987), suggesting that the intrusions responsible occurred near to the centre of

360

Campi Flegrei. Hence, the magmatic sources of historic unrest cannot be linked to a shallow

361

reservoir beneath Agnano. Epoch III may therefore be unreliable for identifying the preferred

362

location of the next eruption in Campi Flegrei.

363

If Agnano, Astroni and Solfatara are treated as connected centres, the locations of

364

centres across all epochs follow a random distribution within the landward section of the NYT

365

ring-fault annulus. In this case, the whole landward annulus defines the area within which a

366

future eruption can be expected (Fig. 11). The same conclusion would have been reached had

367

the present analyses been performed before 1538 and so would have correctly identified the

368

observed location of Monte Nuovo as part of the area in which an eruption might occur.

369

A preference to erupt from the ring-fault zone is not a surprise, because it defines where

370

the crust is likely to have been weakened by discontinuities formed during the NYT caldera

371

collapse. In addition, crustal uplift near the centre of the caldera will favour inward bending at

372

depth around its periphery and, hence, the opening of discontinuities at levels overlapping with

373

depths of intrusion (Robertson and Kilburn, 2016). Magmatic models for the recent unrest at

374

Campi Flegrei favour the intrusion of sills as the cause of surface uplift (Amoruso et al., 2008;

375

Woo and Kilburn, 2010). The location of an eruption may thus be determined by where the

376

margin of a sill enters the ring-fault zone, especially after the zone has been bent inwards by a

377

critical amount. The random distribution of eruptive centres may then reflect variations in the

378

location of uplift (and of magma ascent), the amount of lateral spreading during intrusion and
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379

the previous amount of inward bending along the ring-fault zone. The lack of eruptions from the

380

southern, offshore portion of the ring-fault could then be explained by magma ascent occurring

381

within the northern half of the NYT caldera, so that a sill is likely to extend into the landward

382

section of the ring fault before it can reach the section offshore.

383
384

Conclusions

385

The next eruption in Campi Flegrei will occur after a repose interval of more than 478 years. It

386

will represent an opening event and not be part of an eruptive sequence. As a result, the past

387

distribution of eruptive centres, rather than events, is a preferred indicator of where the next

388

eruption will occur. The distribution of centres for all epochs is consistent with a random

389

distribution within the landward side of the ring-fault zone formed during collapse of the NYT

390

caldera. A future eruption can thus be expected from anywhere within this zone, without a

391

preference for the northeast quadrant as has previously been proposed. Add more to

392

conclusions, link to key results.
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529
530

Figure 1. a) Campi Flegrei map, NYT caldera rim modified from Barberi et al., (1991);

531

Eruption locations modified from Smith et al., (2011). b) Location map within Italy.

532
533

Figure 2. Eruptions during the last 15,000 years divided into Epochs (Smith et al., 2011).

534

AMS = Agnano Monte Spina, As = Astroni, PAs = Paleoastroni, PSN = Pigna San Nicola, PP

535

= Pomici Principali.

536
537

Figure 3. Examples of vent opening probability maps: a) Vent opening probability map of Orsi

538

et al., 2004 b) Posterior filtered probability map of Selva et al. (2012).

539
540

Figure 4. Hexagon Density Analysis: a. Events, all epochs and Monte Nuovo (MN); b. Events,

541

Epochs I-II; c Events, Epoch III. d. Centres, all epochs and Monte Nuovo (MN); e. Centres,

542

Epochs I-II; f. Centres, Epoch III. Graduated colour schemes were chosen by using the Colour

543

Brewer tool, making the classes easier to distinguish and colour blind safe (Harrower and

544

Brewer 2003). The dashed lines illustrate the NYT caldera margins. The red circles represent

545

areas away from the margins.

546
547

Figure 5. Annulus Analysis: a. Events, all epochs and Monte Nuovo (MN); b. Events, Epochs

548

I-II; c Events, Epoch III. d. Centres, all epochs and Monte Nuovo (MN); e. Centres, Epochs I-II;

549

f. Centres, Epoch III.

550
551

Figure 6. Number of events or centres per sector: a. Events, Epochs I-II 2; b. Events, Epoch

552

III; d. Centres, Epochs I-II; e. Centres, Epoch III.

553
554

Figure 7. Optimum Average Silhouette Plot (a) using all events (b) excluding Nisida and

555

Mofete. [0.71, 1.0] "a strong structure has been found"; [0.51, 0.70] "a reasonable structure has

556

been found"; [0.26, 0.50] "the structure is weak and could be artificial"; and < 0.25 "no

557

substantial structure has been found". The structure of the groups gets stronger in (b).

558
559

Figure 8. Cluster Analysis on event data from Epochs I and II.

560
561

Figure 9. Cluster Analysis on event data from all epochs.

562
563

Figure 10. An interpretation of the underlying magmatic system during Epochs I and II

564

compared to Epoch III.

565
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566

Figure 11. Future eruption centre probability map: inner dashed orange area, most likely areas

567

based on eruption centre locations; outer dashed area, less likely areas. Darker orange indicate

568

areas previously highlighted as having the highest potential for vent opening.
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569

Table 1. 61 eruption data used in this study. Centre data shown in far right column. Co-ordinates in
standard WGS 1984 UTM Zone 33N (Smith et al. 2011).
Eruptions
X
Y
ID
Centres
Epoch I
Bellavista
421679
4517450
1
X
Mofete
421804
4519587
2
X
Gauro
424667
4522662
3
X
Santa Teresa
430577
4518482
4
X
La Pietra
428419
4518871
5
X
Torre Cappella
420622
4518211
6
X
Archiaverno
421967
4521831
7
X
Minopoli 1
432400
4522670
8
X
Soccavo 1
432960
4521440
9
X
Pomici Principali
428698
4522284
10
X
Paleopisani 1
428012
4523708
11
X
Paleopisani 2
428491
4523570
12
Soccavo 2
432291
4521946
13
Soccavo 3
431352
4521810
14
Soccavo 4
432449
4522067
15
Paleo San Martino
427131
4524046
16
X
Minopoli 2
432344
4522681
17
Soccavo 5
432440
4521939
18
Pisani 1
428260
4523970
19
X
Pisani 2
427780
4524010
20
Fondo Riccio
423360
4523013
21
X
Concola
422786
4522799
22
X
Montagna Spaccata
425920
4524130
23
X
Pignatiello 1
431049
4520780
24
X
Pisani 3
428155
4523764
25
Bacoli
422610
4516461
26
X
Porto Miseno
422901
4515835
27
X
Epoch II
Fondi di Baia
421834
4517994
28
X
Sartania 1
429380
4522253
29
X
Costa San Domenico
430482
4520077
30
X
Pigna San Nicola
430187
4521629
31
X
Sartania 2
429306
4522299
32
St Martino
427013
4524065
33
X
Epoch III
Agnano 1
430100
4520680
34
X
Agnano 2
430122
4521365
35
Averno 1
421726
4520783
36
X
Cigliano
426274
4521769
37
X
Capo Miseno
423146
4514533
38
X
Agnano 3
430221
4521325
39
Pignatiello 2
430475
4520470
40
X
Monte Santa Angelo
430560
4521030
41
X
Paleoastroni 1
428034
4521660
42
X
Paleoastroni 2
428120
4521601
43
Agnano-Monte Spina
429432
4520690
44
X
San Maria delle Grazie
427918
4519537
45
X
Mt Olibano
427595
4519646
46
X
Paleoastroni 3
427881
4521836
47
Olibano Tephra
427625
4519806
48
X
Accademia
427551
4519282
49
X
Solfatara
427388
4520019
50
X
Averno 2
422132
4521176
51
Astroni 1
427999
4522122
52
X
Astroni 2
427804
4522057
53
Astroni 3
427854
4521989
54
Astroni 4
428617
4521831
55
Astroni 5
428508
4521831
56
Astroni 6
428456
4521710
57
Astroni 7
428273
4521793
58
Fossa Lupara
427135
4523482
59
X
Nisida
429234
4516304
60
X
Epoch IV
Monte Nuovo
423095
4520870
61
X
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Table 2. Nearest Neighbour Analysis for random, clustered or uniform distribution of events and
eruptive centres. The null hypothesis for testing is that the distribution is random. The same study of
150 km2 area was applied throughout.

Data

No. of data

z-score

p-values

Pattern

Epochs I-II

33

-3.56

<0.001

Clustered

Epoch III

27

-3.40

<0.001

Clustered

Epochs I-II

24

-1.76

0.07

Weakly
clustered
or random

Epoch III

16

0.09

0.92

Random

Events

Centres

Table 3. Silhouette analysis for events in Epochs I-II.

Cluster

Events

Silhouette
Coefficient

Clustering

1

Bellavista, Mofete, Torre Cappella, Bacoli, Porto
Miseno, Fondi di Baia

0.61

Possible

2

Gauro, Archiaverno, Fondo Riccio, Concola

0.61

Possible

3

Santa Teresa, La Pietra, Pignatiello 1, Costa San
Domenico

0.29

None

4

Pomici Principali, Sartania 1-2, Pigna San Nicola

0.64

Possible

5

Minopoli 1-2, Soccavo 1-5

0.62

Possible

6

Paleopisani 1-2, Paleo San Martino, Pisani 1-3,
Montagna Spaccata, San Martino

0.67

Possible

Average silhouette width

0.59

Possible
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(B) Global hazard map database
HMID

Volcano Name

Country

Type

Provided by

Lahars

PDCs

Tephra

Ballistics

Lava

DAs

Other

HM001

Aniakchak

USA

Geology

AVO

✓

✓

✓

✓

✓

✗

Gases

Orange

Topographic

part of HA

By Hazard

✗

6

2001

HM002

Crater Lake

USA

Geology

USGS

✓

✓

✗

✓

✓

✗

near volcano

Red-Yellow

DEM

Population

By Hazard

✗

3

2014

HM003

Cuicocha

Ecuador

Geology

IG

✓

✓

✓

✗

✓

✗

Red

Topographic

Population

By Hazard

✗

7

1988

HM004

Deception Island

Antarctica

Geology

Bartolini et al
(2014)

✗

✓

✓

✗

✗

✗

Red-Yellow

Plain

part of HA

By Hazard

✗

8

2014

HM005

Maipo

Chile

Integrated

CP

✓

✓

✗

✗

✗

✗

Red-Yellow

Topographic

Population

High, Med, Low

✗

3

2013

HM006

Maule, Laguna del

Chile

Geology

CP

✗

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

By Hazard

✓

6

2012

HM007

Pululagua

Ecuador

Geology

IG

✓

✓

✓

✗

✓

✗

Red

Topographic

Population

By Hazard

✗

7

1988

HM008

Sollipulli

Chile

Geology

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

By Hazard

✓

13

2014

HM009

Galeras

Colombia

Modelling

SGC

✓

✓

✓

✗

✗

✗

Red-Yellow

Topographic

Population

High, Med, Low

✗

5

2015

HM010

Taapaca

Chile

Geology

CP

✓

✓

✓

✗

✓

✗

Red-Yellow

DEM

Population

By Hazard

✗

7

2007

HM011

Three Sisters

USA

Geology

USGS

✓

✓

✗

✓

✓

✗

Red-Yellow

Topographic

Population

By Hazard

✗

3

2014

HM012

Plat Pays

Dominica

Geology

SRU-UWI

✗

✓

✗

✗

✗

✗

Orange

Plain

part of HA

High, Med, Low

✗

3

2005

HM013

Cayambe

Ecuador

Geology

IG

✓

✓

✓

✗

✓

✗

Orange

Topographic

Population

By Hazard

✓

9

2000

HM014

Imbabura

Ecuador

Geology

IG

✓

✓

✓

✗

✗

✗

Red

Topographic

Population

By Hazard

✗

9

2005

HM015

Augustine

USA

Geology

AVO

✓

✓

✓

✗

✗

✓

Red, Green

Plain

part of HA

By Hazard

✓

6

1998

HM016

Chichon, El

Mexico

Geology

IG

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

By Hazard

✗

6

0

HM017

Diables, Morne aux

Dominica

Geology

SRU-UWI

✗

✓

✗

✗

✗

✗

Orange

Plain

part of HA

High, Med, Low

✗

3

2005

HM018

Huequi

Chile

Integrated

Sernageomin

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

HM019

Apagado

Chile

Geology

CP

✓

✓

✓

✗

✓

✗

Red-Yellow

DEM

Population

By Hazard

✓

13

2013

HM020

Carrán
Los Venados

Chile

Integrated

Sernageomin

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM021

Hualalai

USA

Integrated

HVO-USGS

✗

✗

✗

✓

✓

✗

Orange

Basic

Population

Deposits

✗

1

1997

Red, Green

Topographic

Population

By Hazard

✗

3

2008

tsunami and
flooding

Gases

near volcano

Lateral blast

Gases and
Phreatomagmatic

Colour Scheme Base mapping Audience Classification Uncertainty Levels of hazard

Date

USGS

✗

✗

✗

✗

✓

✗

Integrated

SGC

✓

✓

✓

✗

✗

✗

Red-Yellow

Topographic

Population

High, Med, Low

✗

5

0

Geology

USGS

✓

✗

✗

✗

✓

✗

Red-Yellow

Topographic

Population

By Hazard

✗

3

2014

USA

Geology

AVO

✓

✓

✓

✗

✓

✓

Multi

Topographic

part of HA

By Hazard

✗

4

1998

Antisana

Ecuador

Geology

IG

✓

✓

✓

✗

✓

✗

Red

Topographic

Population

By Hazard

✗

3

1989

HM027

Antuco

Chile

Geology

Sernageomin

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

By Hazard

✓

8

2012

HM028

Arenal

OVISICORI

✗

✗

✗

✗

✗

✗

Red

DEM

Population

Risk Zones

✗

4

2005

HM029

Bachelor

USA

Probabilistic

USGS

✗

✗

✓

✗

✗

✗

Pink, Green, Blue

Provinces

Population

Probability

✗

6

2013

HM030

Bravo, Cerro

Colombia

Geology

SGC

✓

✓

✓

✗

✗

✗

Red-Yellow

Basic

Population

Hazard Zones

✗

3

0

HM031

Chachimbiro

Ecuador

Geology

IG

✓

✓

✓

✗

✓

✓

Red

Topographic

Population

By Hazard

✗

7

1996

HM032

Chiles-Cerro Negro

ColombiaEcuador

Geology

IG

✓

✓

✓

✓

✓

✓

Red-Blue

DEM

Population

By Hazard

✗

9

2014

HM033

Diables,
Morne aux Diables

Dominica

Integrated

SRU-UWI

✗

✓

✓

✓

✗

✗

Red-Green

Plain

part of HA

High, Med, Low

✗

4

2005

HM034

Fisher

USA

Geology

AVO

✓

✓

✓

✗

✗

✗

Orange-Yellow

DEM

part of HA

By Hazard

✗

4

2014

HM035

Glacier Peak

USA

Geology

USGS

✓

✗

✗

✗

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✗

0

2014

HM036

Guagua
Pichincha

Ecuador

Geology

IG

✓

✓

✓

✗

✗

✓

Pink-Yellow

Topographic

Population

By Hazard

✗

9

1999

HM037

Hekla

Iceland

Geology

CP

✗

✗

✗

✗

✓

✗

Red-Brown

Topographic

Population

By Hazard

✗

0

0

HM022

Medicine Lake

USA

Geology

HM023

Santa Isabel

Colombia

HM024

Adams

USA

HM025

Akutan

HM026

Costa Rica Administrative

Gases

near volcano

Fissures
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HMID

Volcano Name

Country

Type

Provided by

Lahars

PDCs

Tephra

Ballistics

Lava

DAs

Other

Colour Scheme

Base mapping

Audience

Classification

Uncertainty

Levels of hazard

Date

near volcano

Red-Yellow

Topographic

Red-Yellow

Topographic

Population

By Hazard

✗

0

2014

Population

High, Med, Low

✓

4

2014

HM038

Hood

USA

Geology

USGS

✓

✗

✗

✗

✓

✗

HM039

Hudson, Cerro

Chile

Integrated

Sernageomin

✓

✓

✓

✗

✗

✗

HM040

Iliamna

USA

Modelling

AVO

✓

✓

✓

✗

✗

✓

lateral blast

Yellow

Topographic

part of HA

By Hazard

✗

6

1999

HM041

Irazu

Costa Rica

Integrated

CP

✓

✓

✗

✗

✓

✗

landslide

Red, Green, Blue

Topographic

Population

Risk Zones

✗

3

0

HM042

Jefferson

USA

Geology

USGS

✓

✗

✗

✗

✓

✗

Near volcano

Red-Yellow

Topographic

Population

By Hazard

✗

3

2014

HM043

Katmai

USA

Geology

USGS

✓

✓

✓

✓

✓

✓

Multi

Provinces

part of HA

By Hazard

✗

4

2001

HM044

Lanin

ChileArgentina

Integrated

Sernageomin

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

HM045

Liamuiga

Saint Kitts
and Nevis

Integrated

SRU-UWI

✓

✓

✓

✓

✗

✗

Red-Green

Topographic

Population

High, Med, Low

✗

4

2001

HM046

Llaima

Chile

Geology

Sernageomin

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM047

Mauna Loa

USA

Probabilistic

USGS

✗

✗

✗

✗

✓

✗

Red

Plain

part of HA

Probability

✗

3

2005

HM048

Minchinmavida

Chile

Integrated

CP

✓

✓

✓

✓

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

3

2012

HM049

Ollague

Chile-Bolivia

Integrated

CP

✓

✓

✓

✓

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

6

2013

HM050

Osorno

Chile

Geology

CP

✓

✓

✗

✗

✓

✗

Multi

DEM

Population

By Hazard

✓

9

1999

HM051

Parinacota

Chile-Bolivia

Integrated

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

HM052

Plat Pays, Morne

Dominica

Integrated

SRU-UWI

✗

✓

✓

✓

✗

✗

Red-Green

Plain

part of HA

High, Med, Low

✗

4

2005

HM053

Puyehue-Cordon
Caulle

Chile

Integrated

CP

✓

✓

✓

✓

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

6

2012

HM054

Quetrupillan

Chile

Geology

CP

✓

✓

✓

✗

✓

✗

Red-Yellow

DEM

Population

By Hazard

✗

14

2013

HM055

Rainier

USA

Geology

USGS

✓

✗

✗

✗

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✗

3

2014

HM056

Reventador

Ecuador

Modelling

IG

✓

✓

✓

✗

✓

✗

Multi

DEM

Population

Scenarios

✗

3

2011

HM057

San Vicente

El Salvador

Modelling

USGS-SNET

✓

✓

✗

✓

✗

✗

BandW

Topographic

part of HA

Volume

✗

5

2001

HM058

Sangay

Ecuador

Modelling

IG

✓

✓

✓

✗

✓

✗

Red-Green

DEM

Population H/L and volumes

✗

8

0

HM059

Shasta

USA

Geology

USGS

✗

✗

✗

✗

✓

✗

Orange

Basic

part of HA

Hazard Zones

✗

3

1989

HM060

Shasta

USA

Geology

USGS

✓

✗

✗

✗

✗

✗

Orange

Basic

part of HA

Hazard Zones

✗

3

1989

HM061

Ruapehu

New
Zealand

Integrated

GNS

✓

✗

✗

✗

✗

✗

Red-Orange

Photo

Population

Hazard Zones

✓

1

0

HM062

Spurr

USA

Modelling

USGS

✓

✓

✗

✗

✗

✓

Red, Green,

Topographic

part of HA

By Hazard

✗

8

2002

near volcano

Blast zone

lateral blast

HM063

Tinguiririca

Chile

Geology

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

HM064

Tolima, Nevado del

Colombia

Integrated

SGC

✓

✓

✓

✗

✗

✗

Red-Yellow

Basic

Population

Hazard Zones

✗

3

0

HM065

Toluca, Nevado de

Mexico

Modelling

UNAM

✓

✓

✓

✗

✗

✓

Red, Yellow, Blue

DEM

part of HA

By Hazard

✗

6

2008

HM066

Tupungatito

ChileArgentina

Integrated

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

6

2012

HM067

Whakapapa

NZ

Integrated

GNS

✓

✗

✗

✗

✗

✗

Red-Green

Photo

Population

Hazard Zones

✓

2

0

HM068

Villarrica

Chile

Geology

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

By Hazard

✗

10

2000

HM069

Antillanca Group

Chile

Integrated

Sernageomin

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM070

Baker

USA

Geology

USGS

✓

✗

✗

✗

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✗

3

2014

HM071

Lascar

Chile

Geology

Sernageomin

✗

✓

✓

✗

✓

✗

Red-Yellow

DEM

Population

By Hazard

✓

11

2011

Chile

Geology

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✓

11

2004

Chile-Bolivia

Integrated

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

HM072 Mocho-Choshuenco

near volcano

HM073

Olca-Paruma

HM074

Planchon-Peteroa

Chile

Geology

CP

✓

✓

✓

✗

✓

✗

Red

Topographic

Population

By Hazard

✗

10

1999

HM075

San Jose

ChileArgentina

Integrated

CP

✓

✓

✓

✗

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

6

2012

HM076

San Pedro

Chile

Integrated

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM077

Turoa

NZ

Integrated

GNS

✓

✗

✗

✗

✗

✗

Red, Green

Photo

Population

Hazard Zones

✓

3

0

318

Appendix B

HMID

Volcano Name

Country

Type

Provided by

Lahars

PDCs

Tephra

Ballistics

Lava

DAs

Other

HM078

Katla

Iceland

Geology

CP

✗

✗

✗

✗

✗

✗

flooding, lightning

HM079

Long Valley

USA

Geology

USGS

✗

✗

✓

✗

✗

HM080

Tungurahua

Ecuador

Modelling

IG

✓

✓

✓

✗

HM081

Quilotoa

Ecuador

Geology

IG

✓

✓

✓

HM082

Chaiten

Chile

Geology

CP

✓

✓

✓

HM083

Guallatiri

Chile

Integrated

CP

✓

✓

HM084

Corcovado

Chile

Integrated

CP

✓

HM085

Hornopiren

Chile

Geology

CP

HM086

irruputuncu

Chile

Integrated

HM087

Isluga

Chile

HM088

Laguna del Maule

HM089
HM090

Colour Scheme Base mapping Audience Classification Uncertainty Levels of hazard

Date

Multi

Basic

Population

By Hazard

✗

0

0

✗

Red

Basic

Population

Tephra depth

✗

3

2012

✗

✓

Red

Topographic

Population

Scenarios

✗

3

2008

✗

✗

✗

Red

Topographic

Population

High, Med, Low

✗

2

1981

✗

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✗

7

2008

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

✓

✓

✓

✗

✓

✗

Red-Yellow

DEM

Population

By Hazard

✓

16

2013

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

Integrated

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

Chile

Integrated

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

Lastarria

Chile

Integrated

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2013

Maca

Chile

Integrated

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM091

Melimoyu

Chile

Integrated

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM092

Mentolat

Chile

Integrated

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM093

Nevados de Chillan

Chile

Integrated

CP

✓

✓

✓

✗

✗

✗

Red

Topographic

Population

Probability

✗

6

2013

HM094

Quizapu

Chile

Geology

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

6

2012

HM095

Yate

Chile

Integrated

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

3

2012

HM096

Yellowstone

USA

Geology

USGS

✗

✗

✓

✗

✗

✗

Red

Provinces

part of HA

Deposits

✗

3

2007

HM097

Merapi

Indonesia

Integrated

Badan
Geologi

✓

✓

✓

✓

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✗

3

0

HM098

Kilauea

USA

Probabilistic

HVO-USGS

✗

✗

✗

✗

✓

✗

Purple-Green

Basic

Population

Probability

✗

9

1997

HM099

Merapi

Indonesia

Integrated

Unknown

✓

✓

✓

✓

✓

✗

Red-Yellow

Topographic

part of HA

By Hazard

✗

4

2002

HM100

Mauna Kea

USA

Probabilistic

HVO-USGS

✗

✗

✗

✗

✓

✗

Green

Basic

Population

Probability

✗

3

1997

HM101

Sinabung

Indonesia

Integrated

CP

✗

✓

✗

✓

✓

✗

Red

DEM

Population

Disaster Prone
Areas

✗

3

2013

HM102

Merapi

Indonesia

Integrated

Unknown

✓

✓

✗

✓

✗

✗

Red-Orange

DEM

Population

Disaster Prone
Areas

✗

3

2006

HM103

Okataina VC

New
Zealand

Geology

Nairn 2002

✓

✓

✓

✓

✓

✗

Orange

Basic

part of HA

By Hazard

✓

5

2002

HM104

Calbuco

Chile

Geology

Sernageomin

✓

✓

✓

✗

✗

✗

Red, Yellow, Blue

Topographic

Population

By Hazard

✓

10

1999

HM105

Calbuco

Chile

Integrated

Sernageomin

✓

✓

✓

✗

✗

✗

Red-Black

DEM

Population

Affected Area

✗

2

2015

HM106

Cotopaxi

Ecuador

Geology

IG

✓

✓

✓

✗

✗

✓

Red

Topographic

Population

By Hazard

✗

7

2004

HM107

Cotopaxi

Ecuador

Geology

IG

✓

✓

✓

✗

✗

✓

Red

Topographic

Population

By Hazard

✗

7

2004

HM108

Ruiz, Nevado del

Colombia

Integrated

SGC

✓

✓

✓

✓

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

5

2015

HM109

Ruiz, Nevado del

Colombia

Modelling

SGC

✓

✓

✗

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

2007

HM110

San Salvador

El Salvador

Modelling

USGS-SNET

✓

✗

✗

✗

✗

✗

Multi

DEM

part of HA

Volume

✗

5

2001

HM111

San Salvador

El Salvador

Integrated

USGS

✗

✓

✓

✓

✓

✗

BandW

Topographic

part of HA

Regional and
Proximal

✗

2

2001

HM112

Santa Ana

El Salvador

Modelling

SNET

✓

✗

✓

✓

✗

✗

Red, Pink, Purple

DEM

Population

Scenarios

✗

2

2005

HM113

Santa Ana

El Salvador

Modelling

USGS-SNET

✓

✗

✓

✓

✓

✗

Gases

Red-Yellow

DEM

Population

Scenarios

✗

3

2004

HM114

St. Helens

USA

Integrated

USGS

✓

✗

✗

✗

✗

✗

Near volcano

Red-Yellow

Topographic

Population

By Hazard

✗

0

2014

HM115

Te Maari

New
Zealand

Modelling

GNS

✓

✓

✗

✓

✗

✗

Red-Yellow

DEM

Population

Hazard Zones

✓

2

2012

HM116

Acatenango

Guatemala

Modelling

USGS

✓

✗

✗

✗

✗

✓

BandW

Topographic

part of HA

Volume

✗

6

2001

HM117

Acatenango

Guatemala

Modelling

USGS

✗

✓

✗

✗

✓

✗

BandW

Topographic

part of HA

By Hazard

✗

2

2001

flooding

lateral blast
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HMID

Volcano Name

Country

Type

Provided by

Lahars

PDCs

Tephra

Ballistics

Lava

DAs

HM118

Fuego

Guatemala

Modelling

USGS

✓

✗

✗

✗

✗

✗

BandW

Topographic

part of HA

Volume

✗

8

2001

HM119

Fuego

Guatemala

Modelling

USGS

✓

✓

✓

✗

✓

✓

BandW

Topographic

part of HA

By Hazard

✗

3

2001

HM120

Redoubt

USA

Geology

AVO

✓

✓

✓

✗

✗

✗

Pink, Yellow

Topographic

part of HA

By Hazard

✗

0

1998

HM121

Tongariro

NZ

Geology

GNS

✗

✓

✗

✓

✗

✗

Red-Orange

DEM

Population

Hazard Zones

✓

2

2012

HM122

San Miguel

El Salvador

Modelling

USGS-SNET

✓

✗

✗

✗

✗

✗

BandW

Topographic

part of HA

Volume

✗

4

2001

HM123

San Miguel

El Salvador

Modelling

SNET

✓

✓

✗

✓

✓

✗

Red-Yellow

Topographic

Population

Scenarios

✗

3

2004

HM124

Longavi

Chile

Integrated

CP

✓

✓

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✓

6

2012

HM125

Tenerife

Spain

Integrated

CP

✓

✓

✓

✓

✓

✗

Multi

Topographic

Population

Hazard Zones

✗

11

2008

HM126

Pavlof

USA

Modelling

AVO

✗

✗

✗

✗

✗

✓

Cream

Plain

Population

H/L

✗

2

2006

HM127

Pavlof

USA

Geology

AVO

✗

✗

✗

✗

✓

✗

Red-Orange

Plain

Population

scenarios

✗

2

2006

Existing
emissions

✗

1

2006

HM128

Pavlof

USA

Geology

AVO

✗

✗

✗

✗

✗

✗

HM129

Shishaldin

USA

Geology

AVO

✗

✓

✗

✗

✗

HM130

Shishaldin

USA

Geology

AVO

✗

✗

✗

✗

HM131

Shishaldin

USA

Geology

AVO

✗

✗

✗

HM132

Colima

Mexico

Geology

Cenapred

✗

✗

HM133

Colima

Mexico

Probabilistic

Cenapred

✗

HM134

Colima

Mexico

Integrated

Cenapred

HM135

Sabancaya

Peru

Geology

HM136

Sabancaya

Peru

HM137

Sabancaya

HM138
HM139

Other

Gases

Gases

Colour Scheme Base mapping Audience Classification Uncertainty Levels of hazard

Date

Red

Plain

Population

✗

Red, Blue, Green

DEM

part of HA

Scenarios

✗

3

2003

✗

✓

Red

DEM

part of HA

Hazard Zones

✗

1

2003

✗

✗

✗

Pink

DEM

part of HA

Hazard Zones

✗

1

2003

✗

✗

✗

✓

Orange

Basic

Population

By Hazard

✗

1

2015

✗

✓

✓

✗

✗

Orange

Basic

Population

Probability

✗

1

2015

✓

✓

✗

✗

✓

✗

Red-Yellow

Basic

Population

High, Med, Low

✗

4

2015

OVI

✗

✓

✗

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

0

Geology

OVI

✗

✗

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

0

Peru

Modelling

OVI

✓

✗

✗

✗

✗

✗

Red-Yellow

DEM

Population

Volume

✗

3

0

Yucamane

Peru

Geology

OVI

✗

✓

✗

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

0

Yucamane

Peru

Geology

OVI

✗

✗

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

0

HM140

Yucamane

Peru

Modelling

OVI

✓

✗

✗

✗

✗

✗

Red-Yellow

DEM

Population

Volume

✗

3

0

HM141

Ubinas

Peru

Geology

OVI

✗

✓

✗

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

2011

HM142

Ubinas

Peru

Geology

OVI

✗

✗

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

2011

HM143

Ubinas

Peru

Geology

OVI

✗

✗

✓

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

2011

HM144

Pacaya

Guatemala

Geology

INSUVUMEH

✗

✓

✓

✗

✗

✓

Red, Yellow, Blue

Photo

Population

By Hazard

✓

7

2003

HM145

Pacaya

Guatemala

Geology

INSUVUMEH

✗

✓

✓

✗

✗

✓

Red, Yellow, Blue

Photo

Population

By Hazard

✓

8

2003

HM146

Pacaya

Guatemala

Geology

INSUVUMEH

✗

✓

✓

✗

✗

✓

Red, Yellow, Blue

Photo

Population

By Hazard

✓

7

2003

HM147

Pacaya

Guatemala

Geology

INSUVUMEH

✗

✓

✓

✗

✗

✓

Red, Yellow, Blue

Photo

Population

By Hazard

✓

7

2003

HM148

Poas

Costa Rica

Geology

CP

✗

✓

✓

✓

✗

✗

Gases

BandW

Topographic

Population

By Hazard

✗

3

2010

HM149

Poas

Costa Rica

Integrated

Castillo (2014)

✓

✓

✓

✓

✓

✗

Gases

Red-Green

DEM

part of HA

High, Med, Low

✗

5

2014

HM150

Katla

Iceland

Modelling

Gudmundsson

✗

✗

✗

✗

✗

✗

jokulhlaups

Red-Grey

Plain

part of HA

Timings

✗

1

2008

HM151

Sakurajima

Japan

Geology

Local Council

✗

✓

✗

✓

✗

✓

Multi

Topographic

Population

Affected Area

✗

4

2013

HM152

Popocatepetl

Mexico

Integrated

Cenapred

✓

✓

✓

✗

✗

✗

Red-Yellow

Topographic

Population

Hazard Zones

✗

6

0

HM153

Popocatepetl

Mexico

Integrated

Cenapred

✓

✓

✗

✗

✓

✗

Red-Yellow

Basic

Population

Hazard Zones

✗

3

2015

HM154

Popocatepetl

Mexico

Integrated

Cenapred

✗

✗

✓

✗

✗

✗

Red-Yellow

Basic

Population

High, Med, Low

✗

3

2015

HM155

Popocatepetl

Mexico

Integrated

Cenapred

✗

✗

✗

✓

✗

✗

Red-Yellow

Basic

Population

High, Med, Low

✗

3

2015

HM156

Almolonga

Guatemala

Geology

INSUVUMEH

✓

✓

✗

✓

✓

✗

Red, Yellow, Blue

Photo

Population

By Hazard

✓

7

2003

HM157

Almolonga

Guatemala

Geology

INSUVUMEH

✗

✗

✓

✗

✗

✗

Blue-Green

Photo

Population

By Hazard

✓

7

2003

HM158

Almolonga

Guatemala

Geology

INSUVUMEH

✓

✓

✗

✓

✓

✗

Red, Yellow, Blue

Photo

Population

By Hazard

✓

7

2003

HM159

Almolonga

Guatemala

Geology

INSUVUMEH

✗

✗

✗

✗

✗

✓

Blue -Yellow

Photo

Population

By Hazard

✓

2

2003

lateral blast
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HMID

Volcano Name

Country

Type

Provided by

Lahars

PDCs

Tephra

Ballistics

Lava

DAs

Other

HM160

Misti

Peru

Geology

OVI

✗

✓

✗

✗

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

0

HM161

Misti

Peru

Modelling

OVI

✓

✗

✗

✗

✗

✗

Red-Orange

DEM

Population

High, Med, Low

✗

2

0

HM162

Misti

Peru

Geology

OVI

✗

✗

✓

✗

✗

✗

Red-Yellow

DEM

Population

Tephra depth

✗

3

0

HM163

Misti

Peru

Geology

OVI

✗

✗

✓

✗

✗

✗

Red-Yellow

DEM

Population

Tephra depth

✗

3

0

HM164

Emmons Lake

USA

Modelling

AVO

✗

✓

✗

✗

✗

✗

Red

Plain

part of HA

H/L

✓

7

2006

HM165

Emmons Lake

USA

Modelling

AVO

✗

✗

✗

✗

✗

✓

Cream

Plain

part of HA

H/L

✓

2

2006

HM166

Emmons Lake

USA

Geology

AVO

✗

✗

✓

✗

✗

✗

Cream

Plain

part of HA

Scenarios

✓

3

2006

HM167

Emmons Lake

USA

Modelling

AVO

✓

✗

✗

✗

✗

✗

Pink-Cream

Plain

part of HA

Scenarios

✓

3

2006

HM168

Emmons Lake

USA

Modelling

AVO

✗

✗

✗

✗

✗

✓

Brown, Pink

Plain

part of HA

H/L

✓

4

2006

HM169

Santa Maria

Guatemala

Geology

INSUVUMEH

✓

✓

✓

✗

✓

✗

Red, Yellow, Blue

Photo

Population

By Hazard

✓

8

2003

HM170

Santa Maria

Guatemala

Geology

INSUVUMEH

✓

✓

✓

✗

✓

✗

Red, Yellow, Blue

Photo

Population

By Hazard

✓

8

2003

HM171

Santa Maria

Guatemala

Geology

INSUVUMEH

✓

✓

✓

✗

✓

✗

Red, Yellow, Blue

Photo

Population

by hazard

✓

8

2003

HM172

Santa Maria

Guatemala

Geology

INSUVUMEH

✓

✓

✓

✗

✓

✗

Red, Yellow, Blue

Photo

Population

By Hazard

✓

8

2003

HM173

Santa Maria

Guatemala

Geology

INSUVUMEH

✗

✗

✗

✗

✗

✓

Pink

Photo

Population

By Hazard

✓

2

2003

HM174

Deception Island

Antarctica

Geology

Unknown

✗

✓

✓

✗

✓

✗

Red-Yellow

Plain

part of HA

By Hazard

✓

0

2002

HM175

Turrialba

Costa Rica

Integrated

CP

✗

✓

✓

✓

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

2

0

HM176

Atacazo

Ecuador

Geology

IG

✓

✓

✗

✗

✗

✗

Red

Topographic

Population

High, Med, Low

✗

2

0

HM177

Lassen

USA

Geology

USGS

✓

✓

✗

✓

✓

✗

Red-Yellow

DEM

Population

By Hazard

✗

4

2014

HM178

Lassen

USA

Geology

USGS

✓

✓

✓

✗

✓

✗

Multi

DEM

part of HA

By Hazard

✗

11

0

HM179

Toya

Japan

Integrated

Unknown

✗

✓

✗

✓

✗

✗

Green

Basic

part of HA

Hazard Zones

✗

4

2005

HM180

Taranaki

New
Zealand

Geology

Local Council

✓

✓

✓

✓

✓

✓

Red-Yellow

Basic

Population

By Hazard

✗

11

2004

HM181

Vesuvius

Italy

Integrated

CP

✗

✓

✓

✓

✓

✗

Red, Yellow, Blue

Provinces

Population

High, Med, Low

✗

3

2007

Mudflows

near volcano

Colour Scheme Base mapping Audience Classification Uncertainty Levels of hazard

Date

HM182

Lipari

Italy

Integrated

INGV

✗

✓

✗

✓

✗

✗

Red-Yellow

DEM

Population

Pressure Areas

✗

3

0

HM183

Purace

Colombia

Integrated

Unknown

✓

✓

✓

✓

✗

✗

Red-Yellow

DEM

Population

High, Med, Low

✗

3

0

HM184

Aoba

Vanuatu

Integrated

Provention
consortium

✓

✓

✓

✗

✗

✗

Red-Green

Basic

Population

Hazard Zones

✗

3

2003

HM185

Gran Canaria

Spain

Integrated

FECYT

✓

✓

✓

✗

✗

✗

Red-Blue

DEM

part of HA

Hazard Zones

✗

4

2009

HM186

Soufrière Hills

United
Kingdom

Administrative

CP

✓

✓

✓

✓

✓

✓

Green-Yellow

Topographic

Population

Hazard Zones

✗

3

1997

HM187

Miyakejima

Japan

Administrative

JMA

✗

✗

✗

✗

✗

✗

Orange, Red,
Blue

DEM

Population

Restricted Areas

✗

4

2008

HM188

Yufu-Tsurumi

Japan

Geology

JMA

✓

✗

✓

✓

✗

✗

Red-Yellow

Topographic

Population

By Hazard

✗

3

2006

HM189

Niigata-Yakeyama

Japan

Geology

JMA

✓

✓

✓

✓

✓

✓

Red

Topographic

Population

By Hazard

✗

8

2004

HM190

Niigata-Yakeyama

Japan

Geology

JMA

✓

✓

✓

✓

✗

✗

Red, Yellow, Blue

Topographic

Population

By Hazard

✓

5

2004

HM191

Toya

Japan

Integrated

JMA

✗

✓

✗

✓

✗

✗

Red-Orange

Topographic

Population

Hazard Zones

✗

2

2002

HM192

Fuji

Japan

Administrative

JMA

✓

✓

✗

✓

✓

✗

Multi

Topographic

Population

Evacuation
Zones

✗

4

2007

HM193

Fuji

Japan

Geology

JMA

✗

✓

✓

✓

✓

✗

Pink, Blue,
Orange

DEM

Population

By Hazard

✓

7

0

HM194

Colima

Mexico

Geology

University

✓

✓

✓

✓

✓

✗

Red, Yellow, Pink

Basic

Population

By Hazard

✗

9

2003

HM195

Fuji

Japan

Geology

Bousai City

✗

✓

✓

✓

✓

✗

Multi

DEM

Population

By Hazard

✗

7

0

HM196

Akan

Japan

Geology

JMA

✗

✓

✗

✗

✗

✗

Orange

Basic

Population

By Hazard

✗

1

2000

HM197

AVF

NZ

Integrated

GNS

✗

✓

✓

✗

✓

✗

Red-Yellow

Plain

Population

High, Med, Low

✓

4

0

HM198

Mayon

Philippines

Geology

PHIVOLC

✗

✓

✓

✗

✗

✗

Green-Yellow

Topographic

Population

By Hazard

✓

5

2000

HM199

Mayon

Philippines

Geology

PHIVOLC

✗

✓

✗

✗

✓

✗

Orange

Topographic

Population

By Hazard

✓

3

2000

unknown

cinder

cinder
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HMID

Volcano Name

Country

Type

Provided by

Lahars

PDCs

Tephra

Ballistics

Lava

DAs

HM200

Mayon

Philippines

Geology

PHIVOLC

✗

✓

✗

✗

✗

✗

HM201

Mayon

Philippines

Modelling

PHIVOLC

✓

✗

✗

✗

✗

✗

Other

Seices/lakewater
oscilliation

Colour Scheme Base mapping Audience Classification Uncertainty Levels of hazard

Date

Pink

Topographic

Population

By Hazard

✓

3

2003

Pink, Yellow, Blue

Topographic

Population

By Hazard

✗

3

2010

Yellow-Blue

DEM

Population

By Hazard

✓

1

2011

DEM

Population

By Hazard

✓

1

2011

HM202

Taal

Philippines

Geology

PHIVOLC

✗

✗

✗

✗

✗

✗

HM203

Taal

Philippines

Geology

PHIVOLC

✗

✗

✗

✓

✗

✗

Pink

HM204

Taal

Philippines

Geology

PHIVOLC

✗

✓

✗

✗

✗

✗

Red-Yellow

DEM

Population

By Hazard

✓

2

2011

HM205

Miyakejima

Japan

Administrative

JMA

✗

✗

✗

✗

✗

✗

Red-Yellow

Basic

Population

Restricted Areas

✗

3

2008

HM206

Nasudake

Japan

Geology

JMA

✓

✓

✓

✓

✓

✗

Multi

Topographic

Population

By Hazard

✗

6

2003

HM207

Iwatesan

Japan

Geology

JMA

✓

✓

✓

✓

✓

✗

Red, Blue,
Orange

Topographic

Population

Hazard Zones

✓

4

1998

HM208

Iwatesan

Japan

Geology

JMA

✓

✓

✓

✓

✓

✓

Red, Blue,
Orange

Topographic

Population

By Hazard

✓

8

1998

Red, Yellow, Blue

DEM

Population

By Hazard

✗

8

2003

BandW

Topographic

part of HA

By Hazard

✗

7

2005

HM209

Shikotsu

Japan

Geology

JMA

✓

✓

✓

✓

✗

✗

HM210

Santorini

Greece

Geology

Unknown

✗

✗

✓

✓

✓

✓

HM211

Nyiragongo

DRC

Probabilistic

Unknown

✗

✗

✗

✗

✓

✗

Multi

DEM

part of HA

Probability

✓

6

2008

HM212

Tanna

Vanuatu

Integrated

Massey Uni

✓

✓

✓

✓

✓

✗

Red-Green

DEM

part of HA

High, Med, Low

✗

3

0

HM213

Campi Flegrei

Italy

Integrated

CP

✗

✓

✓

✗

✗

✗

Red-Yellow

Provinces

Population

By Hazard

✗

2

2015

HM214

Etna

Italy

Probabilistic

Del Negro et
al (2013)

✗

✗

✗

✗

✓

✗

Multi

DEM

Part of HA

Probability

✗

10

2013

HM215

Cumbal

Colombia

Integrated

INGEOMINAS

✓

✓

✓

✓

✓

✓

Red-Yellow

Basic

Population

High, Med, Low

✗

3

1988

HM216

Camiguin

Philippines

Integrated

Unknown

✗

✗

✓

✓

✗

✗

Red-Yellow

Topographic

Part of HA

High, Med, Low

✗

3

1980

HM217

Mahagnao

Philippines

Integrated

CP

✓

✓

✗

✗

✗

✗

Red-Purple

Topographic

Population

High, Med, Low

✗

2

2010

HM218

Cabalían

Philippines

Integrated

CP

✓

✓

✗

✗

✗

✗

Red-Purple

Topographic

Population

High, Med, Low

✗

3

2010

HM219

Ruapehu

New
Zealand

Geology

Local Council

✓

✗

✗

✗

✗

✗

Multi

DEM

Population

Recurrence

✓

10

2001

HM220

Ruapehu

New
Zealand

Modelling

Local Council

✗

✗

✓

✗

✗

✗

Brown

Plain

Population

Tephra Depth

✓

10

2003

HM221

Rincon de la Vieja

Costa Rica

Geology

CP

✓

✓

✓

✓

✓

✗

Red-Yellow

Basic

Population

By Hazard

✗

8

2012

✗

Red, Brown,
Orange, Pink

Population

Recurrence
Intervals

✓

3

2015

HM222

Rainier

USA

Geology

Local Council

✓

✗

✗

✗

✗

Tsunami

Large Scale
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(C) Review of hazard and risk maps produced for web
audiences

An analysis of existing web-based hazard maps was carried out between January and
February 2017. Twenty online hazard maps were examined with the aim of gaining a
better understanding of how maps can be designed and used effectively. It was
conducted by searching official websites for numerous government and hazard
associated websites. Any map included in the review had to be in current use and
easily accessible to the public. It was beyond the scope of this review to assess every
map produced for every country, so it focuses on the USA, UK, Australia and the
Philippines.

Scottish Environmental Protection Agency (SEPA) flood risk map.
This is a government created a map showing the likelihood of flooding within all regions
of Scotland, with the addition of seeing related maps. The user can identify their region
by filling out the location box and is very easy to navigate. It is harder to identify the
legend in the map (bottom right on figure 9.1a). But, the map also has a useful guide
describing its development and a step guide to help define what the map user would
like from the map. The terms and conditions disclaimer at the beginning is an important
feature, as the map maker can explain the uncertainties associated with the data.

Socioeconomic Data and Applications Centre (SEDAC) - NASA hazard mapper
This is a global map showing all current hazards overlaid upon a population map and
can be downloaded as a mobile application. The map does not show hazard levels but
hazardous events in real time and the potential for hazards (e.g. Dam locations). While
the map looks busy; the legend is clear and concise (Fig. 9.1b). The web app overlays
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layers from various sources, which are disclosed along with the bottom of the map.

California Emergency Management Agency - MyHazards tool
MyHazards is a tool for the general public to discover hazards in their area
(earthquake, flood, fire, and tsunami) and learn steps to reduce personal risk. Users
may enter an address, city, zip code, or may select a location from a map. The map
targets the location and allows users to zoom and scroll to their desired view (Fig.
9.1c). The screen then presents information on the risks identified within the search
radius and recommended actions to take. The interface is simple and easy to use.

Alberta, Canada flood maps
This flood map application is a tool for residents of Alberta to identify areas of flood
risk (Fig. 9.1d). The loading of the maps itself is very slow and not easy to navigate.
This map could be considered too cluttered and confusing, due to the many layers and
large text bar on the side. Despite this, the base mapping can be displayed at multiple
scales, and this map has a feature where you can measure distances, which is useful
for some users.

Oregon state university OHELP Mapping platform
The Oregon Hazard Explorer for Lifelines Program aids predominantly engineers in
acquiring available seismic data and using those to assess earthquake hazards in
Oregon. Data can be queried by address or latitude and longitude (Fig. 9.1e). This map
is clear, simple and easy to use. However, the information itself may be considered
too in depth for the general population, and the colours are not suitable for colour vision
deficient users.
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Japanese Meteorological Agency Real-time landslide risk map
This real-time landslide risk map indicates locations where the risk of landslides is
higher due to increased heavy rainfall. The map follows the same principles as weather
forecast maps, which allows the user to play through time an animation of the changing
risk. The map works best when at a country-wide scale. Zooming in on a city make the
application quite slow (Fig. 9.1f).

Natural hazards in Arizona mapping platform
Fire risk, potential, historical earthquakes, faults and fissures are all highlighted on this
map produced by the Arizona state government. There is the ability to search for an
address, which brings up a box that tells the user which hazards are close by and any
mitigation tips. The map and its interface are simply designed and clear for use by the
public (Fig. 9.2a). The help tool runs through each map element and describes its
purpose.

RAPTOR (Real Time Assessment and planning tool for Oregon) Oregon
Emergency Management.
This real-time map of hazards in Oregon has 16 layers of information available to the
user.

They can display weather, transportation information alongside re-time

hazardous incidents such as ongoing wildfires. However, the legend is not located in
a favourable place and too many legend items each with their individual colours make
this map confusing (Fig. 9.2b).

PetaBencana.id hazard map
PetaBencana.id is a project initiated by the Urban Risk Lab as a free platform for
emergency response and disaster management in South and Southeast Asia. The
platform uses data gathered by people, creating an accurate, real-time dataset which
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is immediately made available to users and first responders. The map is simple and
easy to read and links well with social media (Fig. 9.2c).

Victoria State Government incidents and warnings map
Vic Emergency is a web map for finding emergency information and warnings. Users
can also access preparedness and recovery information related to emergencies and
see a real-time display with incidents across the state including floods, storms, fires,
earthquakes, and tsunami warnings. The map also has a filtering tool which allows
many different layers to be turned on and off easily. The bold black and white
symbology are easy to see and understand. This map also has the text version if users
do not want to see it on a map (Fig. 9.2d).

J-SHIS seismic hazard map – Japan
This map was established to help prevent and prepare for earthquakes, by providing
a public portal for seismic hazard information across Japan. This map has eight
different hazard layers, including exposed population. The mapping system is based
on open source software, and enabled the users to overlap the seismic hazard maps
on Google maps. Users can freely move and zoom in and out the maps, view the
seismic hazard maps, and search a precise location by addresses and postal codes
(Fig. 9.2e).

Environment Agency, UK flood risk map
This is the public version of the UK’ government’s flood risk map. The user has the
option of seeing a basic view of the information or a more detailed view. The detailed
view includes extra flooding parameters including flood depth and velocity. The colours
used are shades of blue and are shaded according to levels of hazard (Fig. 9.2f). The
map is embedded within the page, which means that the map is placed on the
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webpage itself rather than on a separate page.

NOAA Tsunami Aware hazard maps
This map is for the islands of Guam and Hawaii, and communicates areas exposed to
tsunami hazard and important information on what to do. Simple symbology is used to
convey tsunami evacuation zones. Extra information is provided about emergency
planning, risk and evacuation (Fig. 9.3a). The interface design is easy to use and
understand.

Wellington tsunami evacuation map
Like the maps for Guam and Hawaii, New Zealand has produced maps for tsunami
hazards. In comparison, this map includes more information regarding the type of
tsunami modelling used for the scenarios and allows the user to click on a region to
see more detail. The supporting text beneath the map allows the user to understand
the differences between zones. The map is located on the Wellington emergency
management webpage (Fig. 9.3b).

Town of Lyons stormwater master plan
This map is different from all of the other maps as it focuses only on a small region and
is aimed at more technical specialists. It is focused on communicating different
stormwater drainage plans and flooding limits to town planners and engineers (Fig.
9.3c). The interesting points about this map are the use of non-traditional colours to
depict flood inundation levels (purples and pinks), and the map designers have added
a function where at-risk houses are highlighted.

City of Richmond floodplains map – Kentucky USA
This map shows flood areas in the town of Richmond created using the web map
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developing software called Mango maps (Fig. 9.3d). The map is simple and easy to
navigate and allows the user to measure distances and use Google Street View. Seven
layers are used and can be switched on or off by the user, and it has the right balance
of the amount of information.

Government of Trinidad and Tobago hazard map
This interactive map shows locations of reported hazard events and their impacts in
the years 2010 – 2011 for the region (Fig. 9.3e). The map was produced by the office
of disaster preparedness and management of Trinidad and Tobago. The map has
symbols showing the location of hazards (flooding, wind, fire, landslides) alongside
shelters and boundaries.

Seattle Natural hazards explorer
This map was produced by the City of Seattle authorities to communicate all the
hazards affecting the city. The maps are divided by tabs at the top of the page, which
makes it easy to navigate. There is the option of adding all the layers to one map under
the explore tab. A search function allows you to find an address and examine how
each hazard may impact a location (Fig. 9.3f).

Natural perils impact map - SGS economics and planning
This map describes and shows the risk from natural hazards in Australia (Fig. 9.3g). It
allows the user to overlay economic factors including gross domestic product and index
of economic resources. The user can click on an area and see more detail about the
region. This map is made of insurance and economic experts rather than the public
but is used to include as it shows the economic impact side of hazards.
Dost Philippines by the Nationwide Operational Assessment of hazards
This online platform created by the Nationwide Operational Assessment of Hazards
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(NOAH) and the University of the Philippines. It is designed to show users the location
of several hazards affecting the Philippines (Fig. 9.3h). The flooding hazard is
expressed in terms of depth and related to the height of a human, shown in the legend.
The map has buttons on the side which overlays hazard information and a tool that
calculates the impact of an event.

Summary
Flooding is the most common hazard that is shown in the form of web maps, followed
tsunami hazards. However, nine out of the twenty maps incorporated multiple hazard
maps within one map. Demonstrating the flexibility of web mapping to combine
complex multi-hazard maps together, a problem associated volcanic mapping.
Background hazard maps are commonly used with flood and storm surge hazards, but
not as frequently in atmospheric and biophysical hazards which prefer to use crisis
maps.
While there is some effort to use terminology tailored to the user, there appears
to be a preference for probabilistic terms, especially on flood mapping. This could lead
to misinterpretation resulting in behaviour that is opposite to the desired effect.
Understanding the impact and perception of probabilistic terms and representations of
uncertainty is extremely important, and should be investigated when designing maps.
More research is required in assessing the impact of terminology and uncertainty.
The examination of real-time mapping examples has led to the thought that
some short-term hazard communication still uses a lot of text-based warnings. There
appears to be a debate on whether text-only messages should be changed into maps.
However, is this always necessary? People involved in hazard communication should
consider multiple formats and media for dissemination, with maps having the potential
to bring information together. Is a map always the best way to communicate hazard?
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Figure 9.1 Screenshots of the reviewed web maps: (A) SEPA Flood Risk Map; (B) SEDAC
Hazards Mapper; (C) Cal-OES MyHazards tool; (D) Alberta flood risk map; (E) Oregon state
university OHELP Mapping platform; and (D) Japanese Meteorological Agency Real-time
landslide risk map.
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emergency map Oregon; (C) PetaBencana.id hazard map; (D) Victoria State Government
incidents and warnings map; (E) J-SHIS seismic hazard map and (F) Environment Agency, UK flood
risk map.
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Figure 9.3 Screenshots of the reviewed webmaps: (A) NOAA Tsunami hazard map; (B)
Wellington tsunami evacuation map; (C) Town of Lyons storm water masterplan; (D)
City of Richmond flood plains map; (E) Government of Trinidad and Tobago hazard
map; (F) Seattle Natural hazards explorer; (G) SGS economics and planning; and (H)
Dost Philippines mapping platform.
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Map references
1. Arizona Geological Survey (2017) Natural Hazards in Arizona. Accessed from:
http://data.azgs.az.gov/hazard-viewer/ [Accessed 15th November 2017].
2. California Emergency Management Agency http://myhazards.caloes.ca.gov/
3. Environment Agency, UK flood risk map https://flood-warninginformation.service.gov.uk/long-term-floodrisk/map?easting=511165andnorthing=196687andaddress=100080950514
4. Dost Philippines: http://noah.dost.gov.ph/#/
5. FEMA: FEMA Flood Map Service Center (2016) Accessed via:
https://msc.fema.gov/portal
6. Government of Trinidad and Tobago hazard map: http://www.odpm.gov.tt/node/245
7. Japanese Meteorological Agency - http://www.jma.go.jp/en/doshamesh/
8. J-SHIS seismic hazard map http://www.j-shis.bosai.go.jp/map/?lang=en

9. NOAA Tsunami hazard maps http://tsunami.csc.noaa.gov/#/
10. Oregon Emergency Management
http://geo.maps.arcgis.com/apps/PublicInformation/index.html?appid=f8a0d8814a674
45a9e6bf3485f4fd24f
11. Oregon state university: http://ohelp.oregonstate.edu/
12. Petajakarta: https://petabencana.id/map/jakarta
13. City of Richmond flood plains map
https://mangomap.com/johnny/maps/30676/City%20of%20Richmnd%20Flood%20Pla
ins#
14. Scottish Environmental protection agency flood risk map
http://map.sepa.org.uk/floodmap/map.htm.
15. SEDAC - NASA http://sedac.ciesin.columbia.edu/mapping/hazards
16. SGS economics and planning: https://www.sgsep.com.au/maps/2016/IAG/
17. Seattle Natural hazards explorer:
http://seattlecitygis.maps.arcgis.com/apps/MapSeries/index.html?appid=0489a95dad
4e42148dbef571076f9b5b
18. Town of Lyons storm water masterplan: https://iconengineering.github.io/lyonsstormwater-masterplan/map/#16.27/40.23187/-105.27492 Icon engineering (2-16).
19. Victoria State Government http://emergency.vic.gov.au/respond/
20. Wellington tsunami evacuation map:
http://gwrc.maps.arcgis.com/apps/Embed/index.html?webmap=42ff01109cbd434c92
24416e04032162
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Purpose

Design

Area

Audience

Discipline

Hazard
data

Format

Scotland

GP

Flooding

Probability of
flooding

embedded
map within
webpage

Global

All

Earthquakes,
Fires, Floods,
Tornado,
Manmade

Location of real
time hazards

Full web map

Yes

California Emergency
Management Agency

California,
USA

GP

Flooding,
wildfire, tsunami,
earthquake,
liquefaction

Probability and
planning zones

embedded
map within
webpage

Alberta, Canada flood
maps

Alberta,
Canada

GP

Flooding

Flood areas

Oregon
State, USA

Engineers

Earthquakes

Japan

GP

Arizona

Arizona
State, USA

Oregon Emergency
Management

Map
Scottish
Environmental
protection agency
flood risk map

Multi
scales

User experience

Colour
Background Software Access
choice

Social
media

Extra

Rating

Standard OS
map

html

Medium

Various
sources,
disclosed

No

TandC disclaimer and
date of creation and
updating

Good

Multiple

Different at
different scales

web app

Medium

Various
sources,
disclosed

No

More map uses, added
population grid useful

Good

Yes

Multiple

standard and
aerial imagery

ArcGIS

Easy

Various
sources, not
explained
fully

No

Recommendations
added

Excellent

Full web map

Yes

Red

Roads and
admin
boundaries

Esri web API

Medium

Various
sources
disclosed.

No

Find, measure and print
feature

Average

Multiple
scenarios (PGA,
MM)

Full web map

Yes

Red-Green

Choice of three

html

Medium

JMA,
disclosed

No

More technical mapping
tool

Good

Landslide

Prediction
models

embedded
map within a
webpage

Yes

Purple to
yellow

Choice of two
plus additional
map items

html

Easy

Various
sources, not
explained
fully

No

Simple map to use.

Excellent

GP

Fire,
Earthquakes,
Flooding

Fire risk, flood
potential,
historic
earthquakes

Full web map

Yes

Multiple

Three choices

leaflet

Easy

Various
sources,
disclosed

No

Quick and easy to use

Good

Oregon
State, USA

GP

Weather, Air
quality and realtime hazards

Location of real
time hazards

Full web map

Yes

Multiple

Two choices

Esri web API

Medium

Various
sources,
disclosed

Yes

Legend not
automatically displayed,
does show social media

Average

Petajakarta

Indonesia

GP

flooding

Real time
flooding

Full web map

Yes

Red-Green

One choice

Map box

Easy

Various
sources,
disclosed

Yes

Background mapping
and community
involvement in mapping

Excellent

Victoria State
Government

Victoria
State,
Australia

GP

Various, Fire,
flooding

Location of real
time hazards

Full web map

Yes

Black and
White,
Yellow-Red

One choice

Google

Easy

Various
sources,
disclosed

No

Well designed

Excellent

SEDAC - NASA

Oregon state
university
Japanese
Meteorological
Agency

yes, but no
blues,
more than
purples
1: 19,000 and greens

Data
retrieval
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Purpose
Map

Design

User experience

Area

Audience

Discipline

Hazard
data

Environment
Agency, UK
flood risk
map

UK

GP

Flooding

Flood risk

NOAA
Tsunami
hazard maps

Hawaii and
Guam

GP

Tsunami

Inundation

Full web map

Yes

Red

map/satellite

Google

Easy

Various
sources,
not
explained
fully

Wellington
region,
New
Zealand

GP

Tsunami

Inundation

embedded map
within a
webpage

Yes

RedYellow

One choice

Esri web API

Easy

Various
sources,
disclosed

No

Clear, but basic

Good

Town of
Lyons,
Colorado

Engineers

Flooding

Probability

Full web map

Yes

Pinks to
purples

One choice

Map box

Hard

Various
sources,
disclosed

No

Highlights at risk
structures

Good

Yes

Blue,
Green,
Purple

Easy

Various
sources,
not
explained
fully

No

Clear and simple
layout

Excellent

Easy

Various
sources,
not
explained
fully

No

symbology clear, but
cluttered

Average

Easy

Various
sources,
not
explained
fully

No

Has the option to see
the maps individually

Excellent

No

Clear way to contrast
different regions

Good

Yes

Good how to use
function. and UI

Excellent

Wellington
tsunami
evacuation
map
Town of
Lyons storm
water
masterplan
City of
Richmond
flood plains
map
Government
of Trinidad
and Tobago
hazard map
Seattle
Natural
hazards
explorer
SGS
economics
and planning
Dost
Philippines

City of
Richmond,
Virginia,
USA

Format

Multi
scales

Colour
choice

Background

Software

embedded map
within a
webpage

Yes

Shades
of blue

Standard OS
map

html

GP

Flooding

Probability

Full web map

GP

Flooding,
wind,
landslides,
fires and mud
volcanoes

location of
past events

embedded map
within a
webpage

GP

Earthquakes,
tsunami,
liquefaction,
landslides,
flooding

hazard areas

Australia

Insurance

Bushfire,
storms,
Earthquakes,
flooding

Philippines

GP

Weather,
Landslides,
storm surge,
flooding

Trinidad
and
Tobago

City of
Seattle,
USA

Yes

Full web map

Yes

Risk areas by
Local
government
divisions

Full web map

Yes,
but no
more
than
LGD

hazard areas

Full web map

Yes

symbols

Multiple

Five choices

One choice

Mango maps

Esri web API

Access

Data
retrieval

Social
media

Extra

Rating

Medium

EA,
disclosed

No

Basic and detailed
view

Good

No

simple layout

Good

Multiple

ESRI web API

Multiple

One choice

Leaflet and
Carto

Medium

Multiple

Multiple

html

Easy

Various
sources,
not
explained
fully
Various
sources,
not
explained
fully
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(D) Comparison tables of hazard assessments for Campi Flegrei

Hazard assessments that use field deposits
Study

Lirer et al.
(2001)

Hazar
d type

Explosive
eruptions

Data

Age
range of
data

Size of
eruptions

Vent location

Maps

PDC

AMS 2,
Astroni,
Averno 2,
Monte Nuovo

Field
deposit
s

Epoch 3

low (VEI 3),
medium (VEI4),
high (VEI5)

Inside caldera, along
rims of maximum uplift of
last bradyseismic crises

Pyroclastic
hazard map

TF

TF deposits =
20.

Field
deposit
s

PDC deposits
= 19.

low (VEI 3),
medium (VEI4),
high (VEI5)

PDC

All epochs
(but
mainly
Epoch 3)

Area between Agnano
and San Vito Plains and
Monte Nuovo, Averno
areas.
Area between Agnano and
San Vito Plains and Monte
Nuovo, Averno areas.

TF

Yes: Pomici
Principali and
AMS deposits

All epochs

high (VEI5)

Agnano Plain

Orsi et
al.(2004)

Lirer et al.
(2010)

Field
deposit
s
Field
deposit
s

Pyroclastic
current hazard
map
Tephra fallout
hazard map
Multi hazard
map
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Hazard assessments that use numerical modelling
Size of
eruptions

Vent location

Maps

Epoch 3

VEI 3 = 124
and VEI 4 37

Yes

Low - Medium (VEI
3-4)

124/37 locations.
Area divided into
1km and 2km grid
squares.

Fatal impact maps

19 eruption
characteristics

All
epochs

16,800

Yes

low- high (VEI 1-5)

14 vent locations
within caldera

Hazard maps

TF

Tephra
dispersal
model

No source given

All
epochs

No

Upper limit (VEI 5),
eruption range (VEI
1-4) and whole range
(VEI 0-5)

Agnano plain

Yearly probability hazard
maps for each scenario and a
conditional hazard map

TF

HAZMAP
dispersal
model

AMS, Astroni 6
and Averno 2.

No

VEI 3,4, and 5
magnitude events
emplacing tephra fall

Averno - Monte
Nuovo Area and
Agnano - San Vito
Area

Tephra Ash probability
loading maps for each
scenario and thresholds of
200, 300, 400kg/m , 18 in total

VEI 4

PDC: Campi Flegrei
divided into 2km grid
squares

Multi hazard map

Model

Data

Alberico et al.
(2002)

PDC

Energy
Cone

Monte Nuovo and
Averno deposits

Rossano et al.
(2004)

PDC

Flow
Model

Mastrolorenzo
et al. (2006)

Costa et al.
(2009)

Lirer et al.
(2010)

Number of
simulations

Vent
prob
model

Hazar
d type

Source

Age
range
of
data

PDC

Energy
Cone

Epoch 3

All
epochs

TF
Alberico et al.
(2011)

Neri et al.
(2015)

28000

>13,000

PDC: 37

Yes

2

HAZMAP (Costa et al., 2009)

PDC

Energy
Cone

All explosive
eruptions from all
Epochs

All
Epochs

124

Yes

VEI 3,4 and 5

PDC: Campi Flegrei
divided into 2km grid
squares

PDC

Flow
Model

47 Deposit areas

All
Epochs

>500,000

Yes

Random selection
of past inundation
areas = VEI 2-5

Random across
whole caldera

Multi hazard map

PDC Invasion maps
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(E) Cluster Analysis R code

#Get data source
vlClusterData <- read.csv(file="VL-DATA-simp.csv",head=✓,sep=",")
#install things
library(cluster)
library(factoextra)
#normalise the data (subtract the mean and ddivide by sd)
lat<-vlClusterData[,4]
long<-vlClusterData[,5]
latmean <-mean(lat)
longmean <- mean(long)
latsd <-sd(lat)
longsd <- sd(long)
lat.norm<-(lat-latmean)/latsd
long.norm<-(long-longmean)/longsd
pamkData<-cbind(long.norm,lat.norm)
#now the data is ready
library(fpc)
pamk.res <- pamk(pamkData,7)
#pamobject is created which contains mediods, clustering, vector and other stuff
#visualising
plot(pamkData) #simple, point positions
clusplot(pam(pamkData,pamk.res$nc), labels=2)
pamk.res.sil <- silhouette(pam(pamkData,pamk.res$nc),labels=5) #make into
silhouette data
plot(pamk.res.sil)

#function version
pamkData.func <- function (csvfilename){
vlClusterData <- read.csv(file=csvfilename,head=✓,sep=",")
lat<-vlClusterData[,4]
long<-vlClusterData[,5]
latmean <-mean(lat)
longmean <- mean(long)
latsd <-sd(lat)
longsd <- sd(long)
lat.norm<-(lat-latmean)/latsd
long.norm<-(long-longmean)/longsd
pamkData<-cbind(long.norm,lat.norm)
}
#this creates normalised pamkdata from the csv file you enter
pamkData.func("PUT CSV FILE NAME IN HERE")
pamkdata3 <- pamkData.func("the third csv file you've read")

pamk.res <- pamk(pamkData,7)
#pamobject is created which contains mediods, clustering, vector and other stuff
#visualising
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plot(pamkData) #simple, point positions
clusplot(pam(pamkData,pamk.res$nc), labels=2)
pamk.res.sil <- silhouette(pam(pamkData,pamk.res$nc),labels=5) #make into
silhouette data
plot(pamk.res.sil)

#function for running pamk and does plots
pamk.res.func <- function (pamkData,k){
pamk.res <- pamk(pamkData,k)
par(mfrow=c(1,3))
plot(pamkData)
clusplot(pam(pamkData,pamk.res$nc), labels=2)
pamk.res.sil <- silhouette(pam(pamkData,pamk.res$nc)) #make into
silhouette data
plot(pamk.res.sil)
pamk.res
}
pamk.res.func('pamkData name','number of clusters')
pamk.res.func(pamkdata3,6)
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(F) Institutions contacted with survey details
Contact

Email

Country

Twitter account

Facebook address

GNS

GNS@gnsscience.cri.n
z

NZ

@gnsscience

https://www.facebook.com/gnsscience/

Bay of Plenty Regional Council

info@boprc.govt.nz

NZ

@boprc

www.facebook.com/boprc

Bay of Plenty civil defence and the
caldera advisory group)

Info@boprc.govt.nz.

NZ

@bopcivildefence

https://www.facebook.com/BOPCivilDefence/

Civil Defence Northland

mailroom@nrc.govt.nz

NZ

@civildefencenort
hland

www.facebook.com/civildefencenorthland

Civil Defence Taranaki

emo@trc.govt.nz

NZ

@TaranakiCD

https://www.facebook.com/TaranakiCivilDefence

NZ

@civildefenceWK
T

https://www.facebook.com/WaikatoCivilDefence/

NZ

@NZGetThru

https://www.facebook.com/NzGetThru

NZ

@AucklandCDE
M

https://www.facebook.com/aklcdem/

NZ

@NZRedCross

Waikato Civil Defence
Ministry of Civil Defence and
Emergency Management
Auckland Civil Defence
New Zealand Red Cross

info@waikatoregioncde
mg.govt.nz
emergency.manageme
nt@dpmc.govt.nz
CivilDefence.Info@auc
klandcouncil.govt.nz
hanna.butler@redcross
.org.nz

https://www.facebook.com/NewZealandRedCros
s/
https://www.facebook.com/TaupoDistrictCouncil
and
https://www.facebook.com/CivilDefenceTaupo
https://www.facebook.com/RotoruaLakesCouncil/
?fref=ts

Taupo District Council and Taupo
Emergency Management
Department

info@taupo.govt.nz

NZ

@Taupo_DC

Rotorua District Council

info@rotorualc.nz

NZ

@RotoruaCouncil

University of Auckland - Science
Department

a.beston@auckland.ac.
nz
smc@sciencemediacen
tre.co.nz
jcdr.enquiry@massey.a
c.nz
geology@canterbury.ac
.nz
enquiries@sciencelear
n.org.nz.

NZ

@ScienceUoA

https://www.facebook.com/env.uoa

NZ

@smcnz

N/A

NZ

@NZJCDR

N/A

NZ

@UCNZ

N/A

NZ

@NZScienceLear
n

https://www.facebook.com/nzsciencelearn

Science Media Centre NZ
Joint centre for disaster research
at Massey University
Geological sciences - University of
Canterbury
Science Learning Hub

Non
Volc
regions
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island
South
Island

Date
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
21-Aug
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Washington Emergency
Management Division

Karina.Shagren@mil.w
a.gov.

USA

@WGEMD

https://www.facebook.com/washingtonguard/

East
Coast

22-Aug

https://www.facebook.com/USGSNewsNaturalHa
zards/

East
Coast

22-Aug

East
Coast

22-Aug

USGS

jkfitzpatrick@usgs.gov

USA

@USGS and
@USGSNewsHa
zards

College of Earth, Ocean, and
Atmospheric Sciences - Oregon
State University

contact@coas.oregonst
ate.edu

USA

@osuceoas

https://www.facebook.com/osuceoas

USA

@OregonOEM

https://www.facebook.com/OMDOEM

USA

@Cal_OES

https://www.facebook.com/CaliforniaOES

Oregon Emergency Management
Be Prepared California

Karen.Parmelee@state
.or.us
Brad.Alexander@caloe
s.ca.gov

East
Coast
East
Coast
East
Coast
East
Coast
East
Coast

22-Aug
22-Aug

Municipality of Anchorage

wwoem@muni.org

USA

@Anchorage_OE
M

https://www.facebook.com/AnchorageOEM

Natural Hazards center

hazctr@colorado.edu

USA

@HazCenter

https://www.facebook.com/hazcenter

Pacific Northwest Seismic
Network

pnsn@uw.edu

USA

@PNSN1

https://www.facebook.com/thePNSN/

National Disaster Preparedness
Training Center

ndptctraining@lists.hawaii.ed
u

USA

@DisasterCTR

https://www.facebook.com/disasterctr/

East
Coast

22-Aug

Esri Disaster Response
Programme

disaster_help@esri.co
m

USA

N/A

East
Coast

22-Aug

EU Environment Agency

iben.stanhardt@eea.eu
ropa.eu

N/A

Northern
Europe

22-Aug

London Prepared

mayor@london.gov.uk

@LDN_prepared

N/A

UK

22-Aug

British Geological Survey

enquiries@bgs.ac.uk

@BritGeoSurvey

https://www.facebook.com/BritishGeologicalSurv
ey/?ref=mf

UK

22-Aug

parts of
Europe
parts of
Europe
parts of
Europe

@EsriDRP and
@GISPublicSafet
y
@EUEnvironmen
t

22-Aug
22-Aug
22-Aug
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(G) Hazard map preference survey – Global
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345
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346
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347
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348
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349
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350
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357
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(H) Hazard map design - supplementary guidance

Making maps that matter:
User-centred volcanic hazard mapping
Questions to think about when making a hazard map
1.

How will the map be presented?
Examples: Online, poster, small paper map, mobile device.

2.

Does the map need to be a certain size or shape?
Example: Map needs to fill an A3 size print

3.

Who will use the map?
Examples: General public, media, local and national governments

4.

What is the purpose of the map?
Example: to show ash fall depths from a small eruption

5.

What key data needs to be included in the map?
Example: ash fall modelling results from a small eruption and a base map
including roads and railways

6.

What geographical area does the map need to cover?
Example: the map needs to cover the towns of Puerto Veras and Puerto Montt
with Calbuco volcano in the centre.

7.

Does any other additional information need to be included?
Examples: This map should map our existing map styles. We need to include
our logo and emergency information.

8.

Will this be updated?
Example: Yes, this map will be updated for any change in volcanic activity
status.
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Design tips
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(I) Hazard map preference survey – Campi Flegrei (Italian)
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(J) List of webmaps produced for this study
Audience

Map type

Purpose

Long
term

General
population

Backgroun
d
Scenario

Hazard

No of
layer
s

Eruption

5

Unrest

5

Eruption Miseno, small

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption Miseno,
medium

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption Miseno, Large

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption - Baia,
small

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption - Baia,
medium

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption - Baia,
Large

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption Averno, small

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption Averno,
medium

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption Averno, Large

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption - San
Martino, small

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Eruption - San
Martino,
medium

7

Eruption location, PDC, Tephra Fall, Affected buildings,
Evacuation points, Evacuation routes and Critical facilities.

Datasets/Layers

Link

Red, Yellow and Blue hazard zones, affected buildings
and evacuation centres.
Seismic hazard, historic earthquakes, affected buildings,
evacuation points and evacuation routes.

http://mangomap.com/ucl-hazard-centre/maps/63101/mappadel-pericolo-vulcanico?preview=true#
http://mangomap.com/ucl-hazard-centre/maps/63426/unrestlong-term-not-real?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63508/scenario-map-miseno-small-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63509/scenario-map-miseno-medium-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63510/scenario-map-miseno-large-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63505/scenario-map-baia-small-not-real?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63506/scenario-map-baia-medium-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63507/scenario-map-baia-large-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63495/scenario-map-averno-small-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63497/scenario-map-averno-medium-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63498/scenario-map-averno-large-notreal?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63512/scenario-map-st-martino-small-not-real?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63513/scenario-map-st-martino-medium-notreal?preview=true#

No
1
2
3

4

5

6

7

8

9

10

11

12

13
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Crisis

Real time

Long
term

Emergency Backgroun
managers
d

Eruption - San
Martino, Large

7

Eruption Agnano, small

7

Eruption Agnano,
medium

7

Eruption Agnano, Large

7

Eruption Bagnoli, small

7

Eruption Bagnoli,
medium

7

Eruption Bagnoli, Large

7

Unrest - Baia

5

Unrest Pozzuoli
Unrest Agnano
Crisis map week 3
Crisis map week 2

5
5
6
4

Eruption

8

Eruption Agnano, small

9

Eruption Agnano,
medium

9

Scenario

http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63514/scenario-map-st-martino-large-notEvacuation points, Evacuation routes and Critical facilities.
real?preview=true#
http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63099/scenario-map-agnano-small-notEvacuation points, Evacuation routes and Critical facilities.
real?preview=true#
http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63493/scenario-map-agnano-medium-notEvacuation points, Evacuation routes and Critical facilities.
real?preview=true#
http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63494/scenario-map-agnano-large-not-realEvacuation points, Evacuation routes and Critical facilities.
?preview=true#
http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63499/scenario-map-bagnoli-small-notEvacuation points, Evacuation routes and Critical facilities.
real?preview=true#
http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63502/scenario-map-bagnoli-medium-notEvacuation points, Evacuation routes and Critical facilities.
real?preview=true#
http://mangomap.com/ucl-hazardEruption location, PDC, Tephra Fall, Affected buildings,
centre/maps/63504/scenario-map-bagnoli-large-notEvacuation points, Evacuation routes and Critical facilities.
real?preview=true#
4 hazard zones, affected buildings, Evacuation zones,
http://mangomap.com/ucl-hazard-centre/maps/63516/unrestcentres and routes.
scenario-baia-pop?preview=true#
4 hazard zones, affected buildings, Evacuation zones,
http://mangomap.com/ucl-hazard-centre/maps/63517/unrestcentres and routes.
scenario-pozzuoli-pop?preview=true#
4 hazard zones, affected buildings, Evacuation zones,
http://mangomap.com/ucl-hazard-centre/maps/63518/unrestcentres and routes.
scenario-agnano-pop?preview=true#
Eruption location, PDC, Tephra fall, Evacuation zones,
http://www.hazardemergency information.
mapping.org/CampiFlegrei/home/maps/gphome/crises-pop/
Areas of unrest, evacuation zone and emergency
http://www.hazardinformation.
mapping.org/CampiFlegrei/home/maps/gphome/crises-pop/
Red, Yellow and Blue hazard zones, vent opening
probability, PDC field deposits, affected buildings.
Evacuation centres and numbers and transportation.
Eruption location, PDC (topographical control), Tephra
Fall, Affected buildings, Evacuation points, Evacuation
routes, transportation, Critical facilities and number to be
evacuated.
Eruption location, PDC (topographical control), Tephra
Fall, Affected buildings, Evacuation points, Evacuation
routes, transportation, Critical facilities and number to be
evacuated.

14

15

16

17

18

19

20
21
22
23
24
25

http://mangomap.com/ucl-hazardcentre/maps/63592/eruption-long-term-?preview=true#

26

http://mangomap.com/ucl-hazardcentre/maps/63595/scenario-map-agnano-small-not-realla?preview=true#

27

http://mangomap.com/ucl-hazardcentre/maps/63594/scenario-map-agnano-medium-not-realla?preview=true#

28
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Crisis

Insurance
and
business

Backgroun
d

Real time

Eruption Agnano, large

9

Unrest - Baia

6

Unrest Pozzuoli
Unrest Agnano
Crisis map week 3
Crisis map week 2

6
6
6
4

Eruption Agnano, small

8

Eruption Agnano,
medium

8

Eruption Agnano, large

8

Unrest - Baia

7

Unrest Pozzuoli

7

Unrest Agnano

7

Scenario

Eruption location, PDC (topographical control), Tephra
Fall, Affected buildings, Evacuation points, Evacuation
routes, transportation, Critical facilities and number to be
evacuated.
4 hazard zones, affected buildings, past data, evacuation
zones, centres and routes.
4 hazard zones, affected buildings, past data, evacuation
zones, centres and routes, evacuation numbers
4 hazard zones, affected buildings, past data, evacuation
zones, centres and routes, evacuation numbers.
Eruption location, PDC, Tephra fall, Evacuation zones,
emergency information.
Areas of unrest, evacuation zone and emergency
information.
Eruption location, PDC, Tephra Fall, Affected buildings
and businesses, transportation, Age of buildings, Critical
facilities and Electricity network.
Eruption location, PDC, Tephra Fall, Affected buildings
and businesses, transportation, Age of buildings, Critical
facilities and Electricity network.
Eruption location, PDC, Tephra Fall, Affected buildings
and businesses, transportation, Age of buildings, Critical
facilities and Electricity network.
4 hazard zones, Affected buildings and businesses,
transportation, Age of buildings, Critical facilities and
Electricity network.
4 hazard zones, Affected buildings and businesses,
transportation, Age of buildings, Critical facilities and
Electricity network.
4 hazard zones, Affected buildings and businesses,
transportation, Age of buildings, Critical facilities and
Electricity network.

http://mangomap.com/ucl-hazardcentre/maps/63593/scenario-map-agnano-large-not-realla?preview=true#
http://mangomap.com/ucl-hazard-centre/maps/63598/unrestscenario-baia-la?preview=true#
http://mangomap.com/ucl-hazard-centre/maps/63599/unrestscenario-pozzuoli-la?preview=true#
http://mangomap.com/ucl-hazard-centre/maps/63597/unrestscenario-agnano-la?preview=true#
http://www.hazardmapping.org/CampiFlegrei/home/maps/lahome-2/crisisla/
http://www.hazardmapping.org/CampiFlegrei/home/maps/lahome-2/crisisla/
http://mangomap.com/ucl-hazardcentre/maps/63595/scenario-map-agnano-small-not-realla?preview=true#
http://mangomap.com/ucl-hazardcentre/maps/63606/scenario-map-agnano-medium-not-realbiss?preview=true#
http://www.hazardmapping.org/CampiFlegrei/home/maps/businesshome/eruptio
nscenariobi/agnanosizebi/

29

30
31
32
33
34

35

36

37

http://mangomap.com/ucl-hazard-centre/maps/63601/unrestscenario-agnano-biss?preview=true#

38

http://mangomap.com/ucl-hazard-centre/maps/63604/unrestscenario-pozzuoli-biss?preview=true#

39

http://mangomap.com/ucl-hazard-centre/maps/63602/unrestscenario-baia-biss?preview=true#

40
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