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Abstract

During a volcanic crisis, evacuation is the most effective mitigation measure to preserve life. However, the decision
to call an evacuation is typically complex and challenging, in part due to uncertainties related to the behaviour

of the volcano. Cost-benefit analysis (CBA) can support decision-makers: this approach compares the cost of
evacuating versus the expected loss from not evacuating, expressed as a ‘break-even’ probability of fatality. Here

we combine CBA with a Bayesian Event Tree for Short-term Volcanic Hazard (BET_VHSst) to create an evacuation
decision-support tool to identify locations that are cost-beneficial to evacuate in the event of volcanic unrest within
a distributed volcanic field. We test this approach with the monogenetic Auckland Volcanic Field (AVF), situated
beneath the city of Auckland, New Zealand. We develop a BET_VHst for the AVF, extending a recently revised
Bayesian Event Tree for Eruption Forecasting (BET_EF) to consider the eruptive style, phenomena produced, and
the impact exceedance probability as a function of distance. The output of the BET_VHst is a probability of volcanic
hazard impact at a given location. Furthermore, we propose amending the weight of the monitoring component
within the BET_VHst framework to a transitional parameter, addressing limitations identified in a previous study.

We examine how three possible transitional monitoring component weights affect the spatial vent likelihood and
subsequent BET_VHst outputs, compared to the current default weight. For the CBA, we investigate four thresholds,
based on two evacuation durations and two different estimates for the value of life that determine the cost of

not evacuating. The combinations of CBA and BET_VHSst are tested using a synthetic unrest dataset to define an
evacuation area for each day. While suitable evacuation areas were identified, there are further considerations
required before such an approach can be applied operationally to support crisis management.
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Introduction

Evacuation is a common strategy to mitigate the loss
of life of those acutely at risk from a volcanic eruption
(Tobin and Whiteford 2002; Marzocchi and Woo 2007;
Moriarty et al. 2007; Wilson et al. 2012). Nevertheless,
the decision to evacuate is not always straightforward,
and evacuation is logistically complex and costly (Woo
2008). During a volcanic crisis, decision-makers often
rely on experience and qualitative interpretation of
monitoring observations (Paton et al. 2008; Marzocchi
et al. 2012; Newhall and Pallister 2015). However, this is
fraught with uncertainty due to the complexity of vol-
canic systems and the variability in unrest and eruption
characteristics. This uncertainty, coupled with often lim-
ited data, places substantial pressure on monitoring vol-
canologists and emergency management officials when
making high-stakes decisions during an event (Marzoc-
chi and Woo 2007). In terms of the preservation of life,
examples of successful and justifiable evacuations include
those made during the 1973 Heimaey (Williams and
Moore 1983), 1991 Pinatubo (Newhall 1996; Newhall et
al. 1998), and 2010 Merapi (Mei et al. 2013) eruptions.
There have also been examples of unrest episodes that
did not result in an eruption, such as in 1976 at Guade-
loupe and during the 1980s at Campi Flegrei (Woo 2008).
Nevertheless, lacking the advantages of hindsight, evacu-
ation may have been justified even if there is no subse-
quent eruption.

Cost-benefit analysis (CBA) is a standard decision-
making method applied across a variety of sectors,
including industry and government (for example in engi-
neering projects), and has been proposed for evacuation
decision-support during a volcanic crisis (Marzocchi and
Woo 2007, 2009; Woo 2008; Sandri et al. 2012; Bebbing-
ton and Zitikis 2016). CBA defines a threshold for action
by weighing the cost of action (C) versus the loss from no
action (L). This ratio is compared to the probability of an
adverse state (p). When this probability exceeds the CBA
threshold, i.e., p=>C/L, the action, in this case, evacua-
tion, is cost beneficial, providing a binary decision out-
come (Katz and Murphy 1997; Woo 2008).

While CBA provides a simplistic framework, populat-
ing the different parameters for volcanic crisis manage-
ment is convoluted, even with regards to defining the
‘cost’ and ‘loss’ of human life (Sobradelo et al. 2015; Woo
2015). More particularly, establishing the probability of
an adverse state is challenging across an unrest episode,
especially in complex volcanic settings with varying vent
locations, eruptive styles and expected phenomena. This
has led to the development of quantitative models to sup-
port increasingly complex eruption forecasting (Connor
et al. 2003; Lindsay et al. 2010; Sandri et al. 2012; Selva
et al. 2012; Aspinall and Woo 2014; Sobradelo et al. 2014;
Newhall and Pallister 2015; Cassisi et al. 2016; Sheldrake
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et al. 2017). One quantitative approach for eruption fore-
casting gaining prominence is the use of event trees,
which provide a graphical representation of volcanic
events with nodes representing changes in the volcanic
behavioural state connected by branches (Newhall and
Hoblitt 2002; Marzocchi et al. 2004, 2008; Newhall and
Pallister 2015). Each node consists of conditional prob-
abilities, given the previous state is observed, with the
inputs derived from a combination of knowledge of past
eruptions, insights from expert opinions, data from anal-
ogous volcanoes, and monitoring observations.

Quantitative eruption forecasting models and CBA
have many advantages. They can be developed and
reviewed in advance of a volcanic event, thereby remov-
ing pressure from the volcanic monitoring team dur-
ing a crisis (Lindsay et al. 2010; Papale 2017). They can
draw from the input of a range of experts (Aspinall 2006;
Neri et al. 2008; Newhall and Pallister 2015; Constanti-
nescu et al. 2016) and can be documented and auditable,
so any subsequent decision is justifiable with evidence
(Woo 2008, 2015). The use of CBA has been theoreti-
cally assessed in conjunction with event trees to support
evacuation decision-making in volcanic crises in a num-
ber of past studies (Marzocchi and Woo 2009; Marrero et
al. 2012; Sandri et al. 2012; Sobradelo et al. 2015; Wild et
al. 2019b).

This paper explores the use of integrating CBA with
an eruption forecasting event tree to provide evacuation
decision-support in distributed volcanic environments.
This builds on the previous study by Wild et al. (2022),
who used Bayesian Event Tree for Eruption Forecasting
(BET_EF; Marzocchi et al. 2008) and CBA for the Auck-
land Volcanic Field (AVF), New Zealand to define evacu-
ation zones in an series of evolving hypothetical unrest
episodes. That work revealed two fundamental issues in
the setup as it applies to distributed volcanism (Wild et
al. 2022):

» The BET_EF spatial vent likelihood methodology
may not be appropriate for informing quantitative
approaches for defining evacuation areas.

+ There is a need to consider the volcanic hazard
intensity and extent and the associated risk-to-life
safety, which BET_EF does not assess.

To address these issues, we first review the input param-
eters and the outputs from the eruption forecasting
framework that are required to apply CBA for evacuation
decision-support. Then we review the BET_EF spatial
vent likelihood approach for distributed volcanic envi-
ronments based on the findings of Wild et al. (2022). Fol-
lowing this, we extend the previously developed BET_EF
to consider the spatial probability of vent location, style
and produced phenomena to assess the associated risk-
to-life using the Bayesian Event Tree for Short-Term
Volcanic Hazard (BET_VHst; Selva et al. 2014). Finally,
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we review the integration of BET_VHst with CBA to
assess its utility for short-term eruption forecasting and
evacuation decision-support for the AVF (and by exten-
sion, other areas of distributed volcanism). We conclude
by providing a discussion of challenges of applying this
approach in areas of distribution and make recommenda-
tions for possible ways to overcome these.

Cost-benefit analysis background

The decision to initiate mitigative measures, such as
whether, when and where to evacuate, is often difficult
for decision-makers due to the systematic complexity of
the impacts of such a decision, especially in the midst of
a volcanic crisis (Woo 2008). This has led to the proposed
use of CBA to quantify the cost of mitigation measures
against the potential loss from no action, and to provide
decision-makers with an exceedance threshold to deter-
mine a yes or no outcome (Vrijling et al. 1995; Katz and
Murphy 1997; Woo 2008). CBA when applied to volcanic
crisis decision-support aims to reduce the pressure on
scientists and emergency management officials by having
a predefined threshold of exceedance for an evacuation
call.

Marzocchi and Woo (2007) expressed the described
CBA approach as a ratio representing the cost to miti-
gate (C) against the loss given no action (L) in the event
of a hazardous event, compared to the probability of
impact ( ng(,) exceeding a predefined threshold, which
in this application is the probability of volcanic hazard
impacting a given location (X). CBA indicates the action
becomes cost-beneficial when:

C
P(X> > 1
Evac > J7 ( )

Woo (2008) showed that, in the case solely considering
risk to life, the C/L ratio specifically for evacuation deci-
sion-support is:

R
VE 2)
where N is the number of people at risk, R is the socio-
economic loss per capita for the duration of the evacu-
ation, V is the economic value of life and E is the
proportion of those that owe their life to the evacuation
call given the hazardous event occurs. The value of life
(V) must be quantified, which requires economic and
ethical considerations. The latter is particularly impor-
tant as the value selected will affect subsequent evacua-
tion decisions. Previously documented approaches for
evaluating Vinclude the financial sums to relocate people
out of hazardous zones (Marzocchi and Woo 2009) and
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the loss of GDP per capita over the average working life
(Jones-Lee 1994; Woo 2015).

While CBA has its benefits, there are some limitations;
namely, its rigid parameters do not allow input of intan-
gible losses and costs, such as psychosocial well-being
and stress resulting from an evacuation. Furthermore, the
cost of an evacuation likely extends beyond the imme-
diate loss of GDP per capita. There could be wider eco-
nomic costs from an evacuation, such as loss of industry
due to the displacement of staff, or an evacuation zone
isolating facilities, which could extend the economic
losses to a nation’s GDP, and even result in global supply
chain issues, similar to those observed due to loss of pro-
duction during the COVID-19 lockdowns. As a result,
such costs and losses need to be factored into a CBA.
Additional costs are also incurred during an evacuation,
for example, for accommodation, transport, and financial
assistance for the displaced population (Woo 2015). As
such, these values need to be factored into R.

CBA has been applied in conjunction with eruption
forecasting frameworks to support evacuation decision-
making in a number of studies (Marzocchi and Woo
2009; Sandri et al. 2012; Sobradelo et al. 2015; Wild et al.
2019b, 2022). All these examples used event-tree fore-
casting approaches, either retrospectively or for future
planning, to demonstrate the methodology for evacua-
tion decision-making.

Bayesian event tree for forecasting eruptions and
volcanic hazards

Overview and past applications

The Bayesian Event Tree for Eruption Forecasting (BET_
EF; Marzocchi et al. 2008) was the first in the suite of
BET’s (Fig. 1). At each node, BET_EF uses the combi-
nation of a non-monitoring component, formed using
a Priori belief and past data, and a monitoring compo-
nent, based on exceedance(s) of monitoring parameter
thresholds.

At each node (k), the conditional probability distribu-
tion (0;) is a linear combination of the two-probability
distribution functions for the monitoring (GiM}) and
non-monitoring (9?”) components (Marzocchi et al
2008):

O =" [@EM}} + (1 =) 914{,1\[} (3)

where 7, is a value in the interval [0, 1] that represents
the weighting of the monitoring component. At all
nodes, 7 is determined based on the degree of unrest
(n). At Node 1, observing a single anomalous monitor-
ing parameter sets 17 = 1, thereby the model deems the
volcano to be in unrest and the probability of unrest to
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Fig. 1 Schematic diagram of BET_VHst framework. The dashed outline presents the nodes that comprise the BET_EF framework. Any branch that termi-

nates with “clone”is identical to that of the top branch for that node

1. At Nodes 2 and 3, v = 17, which means when the vol-
cano is in unrest (i.e., 7 = 1), the output probabilities at
each of these nodes are fully informed by the monitoring
component.

BET_EF was extended to include the assessment of
volcanic hazards and their spatial extent in the Bayesian
Event Tree for Volcanic Hazards (BET_VH; Marzocchi
et al. 2010). BET_VH adds three nodes for assessing the
occurrence of hazardous phenomena (at Node 6), their
spatial extent (at Node 7), and the exceedance of the haz-
ard threshold (at Node 8). However, BET_VH merges
Nodes 1 to 3 into a single node representing the probabil-
ity of eruption (P(Erup) and does not allow for the input
of monitoring parameters. As a result, BET_VH is a long-
term hazard assessment model with limited use within
crisis management. The BET_VH framework has been
implemented in the application PyBETVH (Tonini et al.
2015) in which Nodes 7 and 8 are merged into one node
to output the probability of hazard threshold exceedance
at a given location. The BET_VH framework has been
applied in a number of past studies, including for tephra
fall hazard at Campi Flegrei, Italy (Selva et al. 2010), at
Okataina Volcanic Centre (Thompson et al. 2015) and at
Mt. Taranaki (Wild et al. 2019b), both in New Zealand,
for multi-hazards for El Misti, Peru (Sandri et al. 2014)
and for base-surge phenomena in the AVF (Sandri et al.
2012).

BET_EF and BET_VH have been amalgamated to form
the Bayesian Event Tree for Short-Term Volcanic Hazard
(BET_VHst; Fig. 1) to allow for short-term probabilistic
volcanic hazard assessment (Selva et al. 2014). BET_VHst
takes Nodes 1 to 5 from the BET_EF with Nodes 6 and
7/8 from BET_VH, which allows monitoring data to be
input, and can thus support crisis management. BET_
VHst has been applied retrospectively to the MESIMEX
simulation to assess tephra dispersal hazard at Vesuvius
(Selva et al. 2014). In addition, BET_VHst has been pro-
posed as an automated near-real time tool for assess-
ing tephra dispersion pre-eruption at Vesuvius, Campi
Flegrei and Etna (Selva et al. 20153, b).

Consideration for spatial vent likelihood at node 4

Node 4 is used to assess the spatial vent likelihood for an
eruption. In BET, two styles of volcanic geometries are
considered: a ‘cone’ with a central vent and four flanks;
and a ‘field’ defined by a grid used for assessing volcanic
fields or calderas. As with Nodes 1 to 3, Node 4 is cal-
culated using non-monitoring components as prior mod-
els and past vent locations, and monitoring components.
The input for monitoring components is a file containing
conditional probabilities of an eruption at each location.
How the monitoring component is informed is volcanic
context-specific and various approaches can be applied,
such as the localisation of any of the monitored anoma-
lous activities (Constantinescu et al. 2016; Tonini et al.
2016), or, where monitoring capability permits, a more
specific approach such as weighting the likelihood by the
inverse of the hypocentral earthquake depth (Lindsay
et al. 2010; Wild et al. 2019b). Unlike Nodes 2 and 3, at
Node 4, even when 7 = 1, both the monitoring and non-
monitoring components are used to assess the outputs
(Marzocchi et al. 2008):

e = Min (0.5,7) (@)

The justification for this is to not rely solely on the inter-
pretation of the unrest signal (derived from the monitor-
ing component) and to mitigate false localisation due to
monitoring anomalies, such as the migration of seismicity
(Marzocchi et al. 2008). Wild et al. (2022) recently identi-
fied some issues with the weighting (4) at Node 4 during
the application of BET_EF in the AVF (a field geometry),
when combined with CBA to inform evacuation zones.
While the outputs of absolute eruption probabilities at a
location were highest where there was increased unrest,
when aggregating these probabilities within a 5 km radius
of a location to determine the evacuation zone, informed
by the Auckland Volcanic Field Contingency Plan (Auck-
land Council 2015), areas far from the focus of unrest
were shown as cost-beneficial to evacuate. Furthermore,
the evacuation area grew as the P(Erup) increased, even-
tually encompassing the entire field. This contradicts the
expected behaviour, in which we would envision the area
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of the evacuation zone to decrease when unrest param-
eters converge, and thus confidence in the vent location
increases.

The reason for this contradictory behaviour is the
maximum weighting of 0.5 at Node 4 for the monitoring
component (Eq. 4). This is illustrated in Wild et al. (2022),
who showed for distributed volcanism the effect that the
high value (0.5) of the non-monitoring component has
on output spatial vent probability. They found that with
a 500500 m grid, when using a uniform prior distribu-
tion, the non-monitoring component of spatial probabil-
ity of occurrence in a cell is ~1.5x 10~ Within the 5 km
radius from a possible vent location, the sum of all vents’
non-monitoring components is ~4.7x1072, Application
of the code thus only requires a P(Erup) (i.e., the prod-
uct of Nodes 1-3) of ~0.31 to include every cell in the
field as being cost-beneficial to evacuate, regardless of the
location of monitoring observations (using the 6-month
CBA threshold of 0.0143 from Sandri et al. 2012). Wild et
al. (2022) recommended that the weighting of monitor-
ing and prior components at Node 4 should be revised
for distributed volcanism. Here we add that any weight-
ing change also needs to prevent even further inflation of
spatial likelihoods when there are minimal unrest obser-
vations (e.g., seismicity) to inform the monitoring com-
ponent for vent localisation. For example, when there are
only a few seismic events at depth, the vent likelihood
based on the monitoring component is shown as more
confident and more spatially confined than when there is
lots of seismicity, even at a shallower depth, which is also
counterintuitive. A transitional weighting of the moni-
toring component as unrest increases should prevent
this issue; in other words, as unrest increases, the output
from Node 4 would transition from being informed pre-
dominantly by the prior to being predominantly driven
by monitoring observations. We test this approach here.

Case study: evacuation decision from an AVF
eruption

Here, we combine CBA with an eruption forecasting
event tree to evaluate when and where to evacuate in the
lead up to an eruption in a distributed volcanic environ-
ment. We use the case-study of the Auckland Volcanic
Field (AVF), a monogenetic volcanic field (Fig. 2) situ-
ated beneath Auckland, a city in Aotearoa New Zealand
of 1.6 million people (Statistics New Zealand 2018) that
is responsible for 37.9% (NZ$,)4107.8 billion; Statis-
tics New Zealand 2019) of the nation’s GDP. Sandri et
al. (2012) developed an initial BET_VH for base-surge
phenomena for the AVE, building on the 2008 Exercise
Raaumoko scenario (Auckland Region CDEM Group,
2008; Horrocks 2008; Brunsdon and Park, 2009) and
extending the previous BET_EF from Lindsay et al
(2010). They also combined the outputs with CBA to
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present a preliminary evacuation decision-support tool
for the AVE.

In addition to the problem discussed above regarding
the ratio between monitoring and non-monitoring com-
ponents at Node 4 (i.e., when assessing the spatial vent
likelihood), Wild et al. (2022) also identified another
limitation when integrating CBA with BET_EF to define
evacuation zones in the AVE. Namely, applying the 5 km
radial area from the AVF contingency plan (Auckland
Council 2015) assumes an equal risk-to-life within that
zone, i.e., the same risk for someone at the vent as some-
one at a 5 km distance, which does not reflect reality for
the spatial extent of the hazard nor the likelihood of casu-
alty. Indeed, an understanding of the spatial variability in
eruptive style and consequent hazardous phenomena in
the AVF is required to fully assess risk-to-life-safety to
inform nggc within a CBA. As such, it is desirable to
extend the BET_EF to a BET_VHst for AVFE.

In the following subsections, we outline the methodol-
ogy applied to combine CBA with a BET_VHst to inform
an evacuation decision-support approach for the AVFE.

Cost-benefit analysis thresholds

To apply the CBA approach presented in Eq. 2, there is a
need to define R, V, and E. As part of defining R, we con-
sider, pre-eruption, two possible evacuation durations to
review the influence these have on the CBA threshold and
the subsequent formed evacuation zone. In reality, how-
ever, the actual evacuation duration will vary depending
on the volcanic and societal context, likely ranging from
weeks to over a year, as observed in past global events
(Woo 2008). First, we consider a duration of 3 months.
This follows Woo (2008), who considered a 3-month-
long unnecessary evacuation an appropriate average dis-
ruption duration to assess the cost, C, for an unrequired
evacuation (assessed on a probability-weighted basis
considering the variability in duration and rates of com-
pliance). As an alternative, we use an evacuation duration
of 1 month, which might be indicative of an evacuation
duration in the event of a shallow intrusion with no erup-
tion in the AVF. It is presently thought that the lead up to
an eruption in the AVF is likely to be ~9 - ~35 days, based
on detection of seismicity occurring once magma has
crossed the mantle-crust boundary at 25-30 km depth
(Horspool et al. 2006), with ascent rates of 0.01-0.03 m/s
(Brenna et al. 2018). The conceptual model for volcanism
in the AVF includes ascent rates from the crust-mantle
boundary to the surface that are considered too fast for
magma stalling to occur in the upper crust (Mazot et al.
2013; Hopkins et al. 2016, 2020). This suggests that if an
eruption were to eventuate following detection of unrest,
it would most likely occur within a month of any associ-
ated evacuation occurring. Sandri et al. (2012) presented
a duration of 6 months for the evacuation period, which



Wild et al. Journal of Applied Volcanology (2023) 12:7

Page 6 of 25

A AVF Centre s

= = == 5 km buffer boundary

— Roads

—— "Tight" AVF boundary -

10

& §)
{1 G 5

: ———1km

Fig. 2 Auckland Volcanic Field vent locations with “tight”and 5 km buffer boundaries from Runge et al. (2015) to illustrate the current understanding of
the AVF extent. The 5 km buffer is a conservative estimate of the spatial extent of the AVF

was suggested by Auckland emergency management offi-
cials in the past, based on the length of the 1973 Heimaey
eruption and associated evacuation. However, the Hei-
maey evacuation length was based on post-onset erup-
tion duration. In Auckland, once the vent is known, an
exclusion zone can be established, allowing those who
initially evacuated from areas to return if they do not
end up being within the area impacted by the new vol-
cano. However, it is simply not known how long an AVF
eruption would go on for, and who of those affected by
the eruption will be able to return. Other issues around
the dynamic complexity of the evacuation timing and

duration are examined by Bebbington and Zitikis (2016);
here we consider only the initial decision of whether to
evacuate, and what the evacuation zone should be.

The CBA is deciding between an ultimately unwar-
ranted (no eruption) evacuation and a failure to evacu-
ate preceding an eruption occurring. The 1 and 3 month
evacuation durations are combined with the GDP per
capita in Auckland of NZ$72,000 (Statistics New Zealand
2021) to assess the per capita loss due to an evacuation.
The GDP per capita represents an average across the total
population. To account for additional costs of an evacua-
tion, we consider the expense of housing and/or financial
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support for those that do not have alternate accommoda-
tion, such as a secondary home or the ability to stay with
friends or family. Based on a recent survey of Auckland-
ers, 35% of respondents would evacuate to a friend’s or
relative’s house (Thakur et al. 2022), and it is assumed
that the remaining proportion would require accom-
modation support. Here, to demonstrate the approach,
we select a value of NZ$100 per day per person for the
duration of the evacuation for the evacuees modelled as
requiring financial assistance and/or accommodation.
This accommodation support cost is included here for
the proportion of evacuees (65%) requiring accommo-
dation support, in order to demonstrate how such addi-
tional costs can be considered as part of the overall cost
of an evacuation (C) within CBA; however, the actual
value could differ (e.g., Whitehead 2003). This leads to R
values of NZ$23,931 (72,000 * 3/12) + (100 * 0.65 * 365 *
3/12) and NZ$7,977 per person (72,000 * 1/12) + (100 *
0.65 * 365 * 1/12), for an evacuation duration of 3 months
and 1 month, respectively.

For this study, we consider two values of V to demon-
strate the influence this value has on evacuation deci-
sions. The first is a value of NZ$4.46 million, based on
the value-of-statistical life (VOSL) from the Ministry of
Transport (2021), as applied in the New Zealand Trea-
sury CBA tool (New Zealand Treasury 2021); this is the
metric applied by Sandri et al. (2012). Additionally, we
consider the lower value of 25-times the GDP per capita
proposed by Woo (2008), which is NZ$1.8 million. Of
note, V is not dependent on the evacuation duration. E
is estimated as 0.65, based on a survey finding that 65%
of people would wait for an official evacuation call to be
made before evacuating, whereas 35% would self-evacu-
ate in advance (Thakur et al. 2022). This results in four
CBA thresholds, presented in Table 1.

Risk-to-life-safety: development of an Auckland volcanic
field bayesian event Tree for volcanic hazard short term
After evaluating various available approaches, BET_EF
was selected as an appropriate model for generating
short-term volcanic hazard data for a crisis decision-
support tool in the AVF context (Wild et al. 2020). It can
assess both the eruption probability and spatial vent like-
lihood in one model and is available as a software appli-
cation, which was considered necessary for potential

Table 1 AVF CBA thresholds (estimated probability of volcanic
impact) calculated in this study based on two evacuation
durations and two V values

Evacuation duration

3-months  1-month
Value of life (V) VOSL (NZ$4.46 million) 0.00826 0.00275
25-times GDP per 0.02046 0.00682

capita (NZ$1.8 million)
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operational uptake. However, given the spatial variability
in eruptive style and hazardous phenomena when assess-
ing the risk-to-life-safety at a location, and the need for
this to inform a CBA for evacuation decision-support,
the previous BET_EF (Wild et al. 2022) is here extended
to the BET_VHst framework for the AVF (hereinafter,
BETVHst_AVF). This allows for complete alignment with
Eq. 16 from Marzocchi and Woo (2009):

X k) (8) (S) (k,SX
k

where p,,; are outputs from BETVHst_AVE, k is a vent
within the field, S is for eruption style size, and X is a
location within the defined study extent. This returns the
probability ( P%LC) of needing to evacuate location X,
subsequently used with Eq. 1.

Node 1 to 4: eruption and spatial vent probability

The monitoring and prior model parameters from the
recently updated BETEF_AVF (Wild et al. 2022) are
applied here for Nodes 1 to 4. The uniform prior is used
at Node 4 to generate the outputs. Seismicity is used as
input for the monitoring component for estimating the
vent location, whereby each event is weighted inversely
proportional to its depth in an isotropic Gaussian ker-
nel density. The field extent remains as the bounding
box around the AVF boundary+5 km buffer (Runge et
al. 2015), and the field is divided into 500 m spaced cells,
forming a 53 x79 grid, i.e., 2639 km.

Node 5: eruption style/size

While previous studies have illustrated the spatial vari-
ability in eruptive style across the AVF (Sandri et al. 2012;
Hayes et al. 2019; Ang et al. 2020), this was not consid-
ered in the original implementation of BETEF_AVF by
Wild et al. (2022), as the Auckland Volcanic Contingency
Plan states an evacuation is required for everyone within
5 km of the inferred eruption centre/area (Auckland
Council 2015), irrespective of eruption style. However,
as the risk to life depends on the style of eruption, here
we consider three eruptive styles, typical phreatomag-
matic (TP), large phreatomagmatic (LP) and magmatic/
effusive (M), to align with Sandri et al. (2012). While it
is acknowledged that styles can transition during an AVF
eruption (Kereszturi et al. 2014, 2017), only the initial
eruptive phase is considered here as our study focuses on
the risk-to-life safety and associated evacuation decision-
making in the lead-up to an eruption.

To assess the spatial variability in phreatomagmatic
eruptions (p,,), Eq. 6 from Ang et al. (2020) is applied at
each grid location of the BETEF_AVF extent. It is taken
that if the eruption is not phreatomagmatic, it is mag-
matic; therefore, p,,,,, = 1 — p,p,,. The probability, given it
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is phreatomagmatic, for TP and LP is 0.7 and 0.3, respec-
tively, taken from the prior in Sandri et al. (2012). An
‘equivalent data’ value of 10 is applied, representing a sig-
nificant degree of confidence.

Node 6: phenomena

The phenomenon that will result in the most significant
risk to the population from a phreatomagmatic eruption
is a base surge (Magill et al. 2005). However, for mag-
matic/effusive eruptions, there are several vent proximal
volcanic products that can result in causalities such as
edifice and/or fissure formation, scoria cone develop-
ment, lava spatter and ballistics. To simplify the com-
plexity and improve computational efficiencies, a single
‘footprint’ considering a “need to evacuate” represents
the risk of casualty to a person at a proximal location,
regardless of the volcanic eruptive style and products
produced. A conditional probability of 1 for this node is
applied for each eruption style, as without action, they
would all result in casualty for an exposed person.

We assess the need to evacuate locations across Auck-
land using the same 500 m grid spacing as the AVF grid
used to assess spatial vent likelihood (Node 4), but have
extended it by 5 km to account for hazard run out dis-
tances beyond the field boundary, forming a 73x99 grid,
i.e., 36 X49 km.

Node 7-8: overcoming thresholds at target areas

Base surge is the primary hazard of concern for impact
on life safety during a phreatomagmatic eruption. Here
we have applied the same base-surge run-out prob-
ability functions for the two eruptive styles as were pre-
sented in Sandri et al. (2012). This yields the probability
of base surge run out exceeding a given distance, and is
used to assess the exposure to the phenomenon at a loca-
tion, given the designated eruptive style. The ‘equivalent
data values’ are 5 and 7 for the TP and LP, respectively,
from Sandri et al. (2012). While there are examples from
past eruptions that show that such phenomena could be
survivable at their distal edges, albeit likely with severe
body burns and respiratory issues requiring extensive
medical treatment (e.g., 2019 Whakaari New Zealand
eruption; Baker et al. 2021 and 2010 Merapi Baxter et al.
2017), there are not sufficient data to produce a reliable/
robust survivability function. Furthermore, there are dif-
ferences in susceptibility based on whether people are
sheltered (e.g., inside buildings) or exposed in the open
(Jenkins et al. 2013). It is assumed that all those exposed
outside would not survive, due to either intense tem-
perature exceeding 200°C or surge concentration exceed-
ing 0.1 kg/m?, resulting in asphyxiation and respiratory
issues (Baxter et al. 1998). Interpretation of the Brand et
al. (2014) numerical modelling of surge parameters for
both LP and TP scenarios shows that at least one of these
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thresholds is still exceeded at the end of the run-out dis-
tance. Given the limited data, the variability and associ-
ated uncertainty in whether people are inside or outside,
we have applied the conservative assumption that all
exposed people are outside, resulting in a binary impact
as a function of hazard exceedance of base-surge run-out
(Fig. 3).

Analogous past eruptions inform the magmatic erup-
tive style function in the absence of empirical data for
the AVE. The 1973 Heimaey eruption started with a fis-
sure, formed during the first hours of the eruption, with a
length of 1.5 km onshore but potentially extending to 3.5
km offshore, with fire fountaining and lava splatter proxi-
mal to the opening (Thorarinsson et al. 1973; Williams
and Moore 1983). During the initial phase of the 1943
Paricutin eruption, a cinder cone reaching 50 m high was
formed due to lapilli and bombs falling 300-400m from
the vent, while lava travelled 700 m from the vent in the
first 24 hours (Foshag and Gonzdilez-Reyna 1956; Rees
1979). The phenomena associated with these analogous
eruptions align with expert-derived feasible magmatic
scenarios for the AVF (Hayes et al. 2018, 2019). Impact
from magmatic style eruptive phenomena is assumed to
result in fatality. As such, only the hazard exceedance
of magmatic style reaching a distance from the vent is
required (Fig. 3). An ‘equivalent data value’ of 1 is used to
represent the maximum uncertainty for the input in the
BET_VHst, given that the function is based on limited
past analogue eruptions.

Weight of the monitoring component at BET node 4

As discussed above, when assessing the spatial vent
likelihood in the case of distributed volcanism it could
be advantageous to modify the weight of the monitor-
ing component at Node 4 of BET_EF and BET_VHst.
To demonstrate the proposed approach of a transitional
weighting for the monitoring component at the Node 4
parameter, three interval ranges for the weight will be
considered:

« 0.2t00.38,

« 0.1t00.9,

+ Otol.

The scaled weight should be positively correlated with
the increase in eruption likelihood, because the purpose
of this parameter is to reflect escalating unrest and to
modify how Node 4 outputs are assessed, which is not to
be confused with the Node 4 inputs.

To demonstrate this approach, the parameter selected
is the Node 3 parameter 2 from BETVHst_AVF (refer to
Wild et al. 2022, for more information). This parameter
assesses the number of volcano-tectonic earthquakes
with M;>2 not attributed to a mainshock/aftershock
sequence within the AVF GeoNet monitoring extent,
with a lower and upper threshold of 10 (normal activity)
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surge results is assumed to result in casualty (binary impact)

and 100 (highly suggestive of an impending eruption),
respectively. This parameter is selected as the presence
of VT events is considered to suggest magma movement
in the crust, with an increase being an indicator of esca-
lating volcanic unrest (Lindsay et al. 2010). Additionally,
seismicity is constantly monitored through the Auckland
seismic monitoring network, whereas there is currently
no permanent geochemistry or geodesy monitoring
equipment within the AVFE.

To examine the effect of the change in monitoring
weights on the spatial vent likelihood outputs, we will
use the BETEF_AVF developed by Wild et al. (2022) and
apply the AVF synthetic unrest sequence for the Birken-
head Scenario from Hayes et al. (2018). This will be
conducted for the three monitoring component weight
ranges and compared to the default BET_EF Node 4
weight of 0.5, when the volcano is determined to be in
unrest (i.e.,, n = 1).

AVF evacuation decision-support testing

The synthetic unrest sequence from the Birkenhead sce-
nario (Hayes et al. 2018, 2019) is used to review the per-
formance of the integration of CBA with the BET_VHst
to inform a decision-support approach for the AVF. The
Birkenhead scenario pre-eruptive sequence occurs across
a 15-day period, with observable phenomena limited
to just seismic activity and ground cracking, with 901

earthquakes starting at 29 km before shallowing. Refer to
Hayes et al. (2018) for more information on the scenario’s
pre-eruptive sequences.

At the time of writing, there is no downloadable BET _
VHst application. To implement the BET_VHst frame-
work, the output of Nodes 1 to 4 are assessed using
BETEF_AVE, implemented using the PyBET Unrest tool
(Tonini et al. 2016), with the BET_VH described above.
In the BET_EF framework, the a4 and b prior distribu-
tion parameters are used to assess the degree of unrest at
Nodes 1 to 3. As in BETEF_AVE, to present the outputs
here, a=U(0, 2) and b=U(0.75, 1) are used to calculate
the outputs for up to Nodes 1 to 4 from PyBETUnrest.
The PyBET Unrest code is modified to add a transitional
monitoring component weight at Node 4. This code base
is run for each of the three Node 4 transitional moni-
toring component weight intervals for the Birkenhead
unrest sequence, along with the default 0.5 weight used
in Wild et al. (2022). PyBETVH (Tonini et al. 2015) is
used to produce outputs for Nodes 5 to 7/8. The Node
1-3 probability of eruption and Node 4 conditional vent
location likelihood inputs in BET_VH are the respec-
tive outputs from BETEF_AVF. This produces a series of
outputs representing the probability of fatality at a given
location for each of the Node 4 monitoring weights.

The four presented CBA thresholds (Table 1) are
used with the outputs of the BETVHst_AVF for the
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Birkenhead scenario. This will identify which locations
are deemed cost-beneficial to evacuate based on each
threshold, thus identifying an evacuation zone. For com-
parison, we generate the evacuation zone following the
AVF Contingency Plan of 5 km around the vent uncer-
tainty area (Auckland Council 2015). In this instance, we
will define the required vent uncertainty area as either
the 50th or 95th percentile output area produced from
Node 4 from BETEF_AVFE.

Using the developed evacuation zones across the
unrest sequence in the scenario, the population and
subsequent evacuation clearance time can be evalu-
ated by applying the methodology presented in Wild et
al. (2021) in which the exposed population is defined as
those within the given evacuation zone. The population
data used are from the Statistics New Zealand Statistical
Area Two (SA2) 2018 census dataset (Statistics New Zea-
land 2018), which represents a “semi-suburb” resolution,
considered an appropriate size for operational evacuation
zone boundaries. The Wild et al. (2021) evacuation clear-
ance time methodology is divided into a pre-travel phase
of 36 h, which is spatially independent, and the travel
time phase, which is spatially dependent on the evacua-
tion zone. The travel time is modelled using a high-level
geospatial approach, combining private transport own-
ership data with road network data and vehicle carrying
capacity.

Despite an evacuation call, there is some residual risk
for the non-evacuated population beyond the evacuation
zone. ‘Residual statistical fatalities’ can thus be assessed
as the product of the population at a location (using
the SA2 population dataset and excluding those within
the evacuation zone) and the BETVHst_AVF estimated
probability of impact at a location. The output of this cal-
culation shows the potential fatalities if the eventual vent
location generates hazardous phenomena that extend
into areas beyond where the BET VHst_AVF output does
not exceed the CBA threshold. When run for every day
of the sequence, the influence of the evacuation zone and
monitoring weights on the residual risk to the surround-
ing population if an eruption hypothetically occurred on
each day of the sequence can thus be determined.

Results

We calculated the absolute probabilities of an eruption at
a location, i.e., Node 4, from BETEF_AVTF for the Birken-
head scenario using the four considered monitoring
component weights described in Sect. 4.3 (see supple-
mentary material). As in Wild et al. (2022), the vent out-
break eventuated in the centre of the identified likely vent
hotspot (warm-coloured cells) for all transitional moni-
toring component weights. However, compared to the
0.5 monitoring component weight, the estimated vent
location is more tightly constrained in the transitionally
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weighted applications, given the greater emphasis on the
monitoring component in later stages of the eruption.

Figure 4 presents evacuation zones identified for
selected days of the Birkenhead Scenario comparing the
use of BETVHst_AVF, which produces the probability of
impact at a location, with BETEF_AVF, which sums the
probability of an eruption from all possible vents within
5 km of a location, ignoring eruptive style and phenom-
ena (as in Wild et al. 2022). To present the results, the 0.1
to 0.9 interval for the transitional monitoring component
weight is used for assessing the spatial vent likelihood
and the 3-month evacuation duration with V=NZTA
VOSL CBA threshold (Table 1). To further facilitate com-
parison, the evacuation zone following the AVF Contin-
gency Plan, i.e., 5 km buffer around the vent uncertainty
area, is also presented for comparison. The vent uncer-
tainty area is represented by the 50th and 95th percen-
tile output area from BETEF_AVF to represent the vent
uncertainty. As shown, the evacuation zones are smaller
using BETVHst_AVF than BETEF_AVFE, due to the decay
in probabilities of phenomena exceedance as the dis-
tance from the vent increases. The AVF contingency plan
defined evacuation zone formed using the 95th percen-
tile output vent uncertainty is significantly larger than
the others. However, the evacuation zones defined by the
AVF Contingency Plan defined evacuation zone formed
using the 50th percentile output vent uncertainty are
similar to the output of the BETVHst_AVF from 7 days
prior to the eruption.

Figures 5 and 6 present for the default 0.5 and 0.1 to 0.9
Node 4 monitoring component weightings, respectively,
the output spatial probability of needing to evacuate a
location due to risk-to-life-safety based on the BET VHst_
AVFE, and the evacuation zones defined with each of the
four presented CBA thresholds (Table 1). The outputs for
the transitional weights of 0.2 to 0.8 and O to 1 are pre-
sented in the supplementary material. As expected, for
both Node 4 monitoring components, the 1-month evac-
uation duration with V=NZ$4.46 million with the small-
est CBA threshold yields the largest evacuation zone.
However, what is counterintuitive is that, for the three
smaller CBA thresholds with the 0.5 Node 4 weighting,
the evacuation zones extend to include areas beyond the
focus of unrest as the eruption approaches. The increase
beyond the monitoring area is influenced by the likely
eruption style, as those locations first included have a
higher likelihood of being a phreatomagmatic style.

Figure 7 presents the derived evacuation zone area for
each of the Node 4 monitoring component weightings for
each of the four CBA thresholds across the Birkenhead
scenario unrest sequence. For the 0.5 monitoring com-
ponent weight, it is shown that in all cases except the
smaller CBA threshold, the area increases as the unrest
sequence develops. For the three transitional Node 4
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Fig. 4 Evacuation zone extents formed using BETVHst_AVF and BETEF_AVF with 0.1 to 0.9 transitional weighting at Node 4. Additionally, evacuation
zones are presented by applying the AVF Contingency Plan using the 50th and 95th percentile vent uncertainty area for the Birkenhead scenario+5 km
evacuation zone buffer. All examples use the CBA threshold of p=0.00826. The base probability grid is the spatial distribution of the absolute short-term
average probability of volcanic hazard impact at a location from BETVHst_AVF.
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Fig. 5 Evacuation zones defined for each of the CBA approaches using the spatial distribution of the absolute short-term average probability of volcanic
hazard impact at a location from BETVHst_AVF where the Node 4 weight of the monitoring component is 0.5 for selected days leading up to the eruption
in the Birkenhead scenario

monitoring weight intervals, except for the 0.2 to 0.8 set ~ VOSL CBA threshold, the evacuation area spiked on day
with the 1-month and V=NZTA VOSL CBA threshold, 11 before the eruption when the monitoring component
areas stabilise around 10 days before eruption. For the  weight was ~0.5 for all the interval sets, before decreas-
case of a 1-month duration evacuation with V=NZTA ing with the increased importance of the monitoring
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Fig. 6 Evacuation zones defined for each of the CBA approaches using the spatial distribution of the absolute short-term average probability of volcanic
hazard impact at a location from BETVHst_AVF where the Node 4 weight of the monitoring component transitions from 0.1 to 0.9 for selected days lead-
ing up to the eruption in the Birkenhead scenario

component within the BETEF_AVF to assess the vent time are assessed based on the defined evacuation zone
location. for each day across the sequence (Fig. 8). For the two

The population exposure (i.e., the number needing 3-month CBA thresholds, the population exposure and
to evacuate) and corresponding evacuation clearance evacuation clearance times follow similar trends for all



Wild et al. Journal of Applied Volcanology (2023) 12:7

Area km?

Page 14 of 25

Node 4 - 0.2 to 0.8 transitional monitoring component weighting

Node 4 - 0.5 monitoring component weighting
1,000 4 ==+ CBA with 1 month and V = $4.46 million 1,000 4 ==+ CBA with 1 month and V = $4.46 million
CBA with 1 month and V = $1.8 million CBA with 1 month and V = $1.8 million
—— CBA with 3 month and V = $4.46 million  ccece—=== - —— CBA with 3 month and V = $4.46 million
CBA with 3 month and V = $1.8 million- ~~ CBA with 3 month and V = $1.8 million
800 - /s 800
’
/
P — ’
]
1
600 - 1 % 600 1 P
1 £ o
1 EY3 il
] -1 /
I = /
] < ~ /
400 - ! 400 Py 4
1 I N I~—
I [
A P
1 | ’
]
200 A 200 - II
0 T T T T T T T T T T T T T T T 0 T T r f T T T T T T T T T T T
15 14 13 12 11 10 9 8  § 6 5 4 3 2 1 15 14 13 12 11 10 9 8 7 6 5 - 3 2 1
Days before eruption Days before eruption
Node 4 - 0.1 to 0.9 transitional monitoring component weighting Node 4 - 0 to 1 transitional monitoring component weighting
1,000 4 ==+ CBA with 1 month and V = $4.46 million 1,000 4 ==+ CBA with 1 month and V = $4.46 million
CBA with 1 month and V = $1.8 million CBA with 1 month and V = $1.8 million
= CBA with 3 month and V = $4.46 million = CBA with 3 month and V = $4.46 million
CBA with 3 month and V = $1.8 million CBA with 3 month and V = $1.8 million
800 A 800 -
~ ] ~ 1
£ 600 £ 600
af <
o ©
9] ]
[ =4
<< << i
] \ 1 \
400 N 400 I
!\ Y
I N \
r N ! \
] N Eeas ! ‘e
] | eaenTTtSsaw S mm——— B e i - -
200 A ! 200 A H s=—--
'] ”
/l 1
7’
—————— s
T T T T T T 0 T T T f T T T T T T T T T T T
9 8 7 6 5 4 3 2 1

10 9 8 7
Days before eruption

10
Days before eruption

11

Fig. 7 Evacuation zone areas defined for each of the CBA approaches using the spatial distribution of absolute short-term average probability with vent
location monitoring component weights of 0.5,0.2 t0 0.8, 0.1 to 0.9, and 0 to 1 for the eruption in the Birkenhead scenario

weighting options for the Node 4 monitoring component.
The population exposure is the least for the 0.5 moni-
toring component weight as the evacuation zone is the
smallest compared to the other weights. The difference
in population exposure between the two 3-month CBA
thresholds is driven by the evacuation zone area (Fig. 7).
In contrast, the two 1-month CBA thresholds result
in very different exposure outputs for the four monitor-
ing component weightings. When considering the CBA
threshold with V=NZ$1.8 million, the three transitional
monitoring component weightings all follow the same
trend, with minimal differences in population and evac-
uation clearance times, steadying from 10 days prior to
eruption. However, with the 0.5 monitoring component
weighting, the population evacuation constantly trends
up because of the growing evacuation zones (Fig. 7). For
the smallest CBA threshold, i.e., 1-month duration with
V=NZ$4.46 million, there is a diverging split in popula-
tion exposure (Fig. 8) as the evacuation area grows for

the 0.5 and 0.2 to 0.8 transitional vent weights as more
locations are identified as cost beneficial to evacuate as
P(Erup) increases, despite vent likelihood converging to
a location.

Figure 9 presents the ‘residual statistical fatalities’
across the Birkenhead scenario unrest sequence for the
different evacuation zones and V values evaluated in this
study. On the day before the eruption, these residual sta-
tistical fatalities range from ~300 to ~1,800 (using the
transitional monitoring weight of 0.1 to 0.9 at Node 4),
and from ~25 to ~5,900 (using the monitoring weight of
0.5 at Node 4), based on the evacuation zones presented

in Fig. 4.

Discussion
Spatial-temporal eruption forecasting using BET

A review of the weight of the monitoring component
at Node 4 was recommended by Wild et al. (2022) to
help assess the spatial vent likelihood for distributed
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Fig. 8 Population exposure and median evacuation clearance times for each of the CBA approaches for all four considered Node 4 monitoring compo-
nent weights based on the evacuation zone on that day of the scenario unrest sequence
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Fig. 9 Residual statistical fatalities for each of the presented evacuation zone boundaries across the Birkenhead scenario unrest sequence for a 3-month
evacuation duration. Results are shown for Node 4 monitoring component weights of 0.1 to 0.9 (left) and 0.5 (right)

volcanism. As expected, irrespective of the weighting
approach used, vent likelihood converged on the same
region in our Birkenhead synthetic unrest scenario at
Node 4 (Eq. 3). However, the weight of the monitoring
and prior components did indeed influence the specific
spatial vent likelihood and any outputs at subsequent
Nodes of a BET, given subsequent outputs are condi-
tional on the vent location probability. Therefore, with
a larger weight for the non-monitoring component, the
likelihood of possible vent locations beyond the focus of
unrest area is increased. This is because the component
representing the prior has a greater influence, as the esti-
mated eruption probability (Node 3) increases the likeli-
hood of eruption everywhere.

Marzocchi et al. (2008) applied a maximum weight
for the monitoring component of 0.5 (Eq. 4). This was a
deliberate decision to not have outputs fully informed by
the monitoring inputs (in contrast to the previous Nodes
1 to 3) in order to account for potential uncertainty and
to mitigate false vent localisation that could arise due to
possible lateral ascent of magma or migration of seismic-
ity. However, BET_EF was initially developed primarily
for stratovolcanoes, where a central vent is commonly the
most likely future vent. In contrast, distributed volcanoes
typically have many possible vent locations, resulting in
the vent location probability being significantly more
spatially distributed in the prior model. This is even more
pertinent for volcanoes such as the AVF that have diffuse
spatial patterns and/or erratic spatio-temporal trends to
inform the prior model (Bebbington and Cronin 2011;
Bebbington 2013). Given the likely variability across the
field of both the prior and the monitoring component,
outputs may not converge as significantly onto a likely

vent or general area if only 0.5 weighting is given to the
monitoring component. This was illustrated in the case
of the AVF when applying a uniform prior (Wild et al.
2022). To address this, we undertook a sensitivity analy-
sis of the influence that the Node 4 monitoring compo-
nent weight has on BET outputs and evacuation zones
thus identified. While setting the monitoring component
weight to 1 provides the greatest vent likelihood locali-
sation from a BET_EF, we agree with Marzocchi et al.
(2008) that this should not be done. Some prior contri-
bution should be retained to account for the influence of
the subsurface structure and its influence on vent likeli-
hood (e.g., to account for the possibility of lateral magma
movement as indicated above) and to remove the risk
of false localisation by relying only on the monitoring
observations.

However, the monitoring component weight at Node 4
needs to be increased to provide evacuation zones that
stabilise prior to eruption, and so we reviewed the use of
a transitional weight between two values. This means that
in the initial phases, when vent uncertainty is large and
a limited number of monitoring observations, the prior
models dominate the spatial posterior. The transition
from a prior-dominated to a monitoring-observation-
dominated weight as unrest increases reduces the influ-
ence of a single seismic event at depth on the output vent
likelihood. In the Birkenhead scenario example above,
the parameter selected to inform the monitoring compo-
nent transition is based on the number of VT events. The
weight of the monitoring component does not increase
from the lower threshold until 12 days before the erup-
tion. Prior to that time, the spatial probability output
from BETVHst_AVF remains relatively uniform for the
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three interval ranges (Sect. 4.3), in contrast to the outputs
to the fixed 0.5 monitoring component weight (Eq. 4).
The upper threshold is exceeded 9 days from eruption
when there are more than 100 VT events, considered a
significant enough number that using these would allow
for confidence in modelling vent localisation. A simi-
lar approach can be reached by applying judgement to
modify the spatial monitoring input in Node 4. How-
ever, this introduces manual intervention and subjectivity
around when that level of confidence is reached, which in
the midst of an event loses one of the main benefits of a
quantitative forecasting approach such as a BET, namely
to remove the pressure from monitoring volcanologists.

While here we have used the number of VTs to inform
the transitional parameter for the monitoring compo-
nent weight, other strategies could be adopted, e.g.,
cumulative energy release or number of LP events. To
demonstrate the approach for this study, we selected a
parameter already within the BET_EF at Node 3. How-
ever, a composite parameter including other observations
could be advantageous and warrants further investiga-
tion. Possibilities include observation of deformation
or localised gas recording, or perhaps the estimated
eruption probability, which in a BET is a result of syn-
thesis of all the monitoring data. However, non-seismic
monitoring observations are challenging to process in
real-time, for the purpose of tracking moving in the sub-
surface. Additionally, P(Erup) is already used to produce
the absolute probability of eruption at a vent location
and ideally the spatial vent likelihood should be to some
degree decoupled.

From the results of this study, we recommend a move-
ment to a transitional parameter at Node 4 for the moni-
toring component weight for distributed volcanism. The
weighting split between the two thresholds should be
determined based on the confidence in spatial monitor-
ing capability and understanding of the volcano. Here we
have presented three ranges of thresholds to test the sen-
sitivity this has on Node 4 outputs based on a synthetic
unrest sequence to review the influence on outputs at the
later Nodes within a BET _VHst. As with the Node 1 to 3
monitoring parameters, informed selection is required to
select the parameter(s) and upper and lower thresholds
during the setup of a BET_EF or BET_VHst.

As demonstrated across both this study and Wild et
al. (2022), the sensitivity analysis for key parameters
requires further review from monitoring scientists before
a BET could be operationally applied for the AVF. Fur-
thermore, across this study, a single synthetic scenario
has been used for testing, and other scenarios, including
failed eruptions should be reviewed. Even if operationally
applied, its use would likely be helpful to support volca-
nologists and decision-makers during a time of crisis,
rather than be prescriptive.
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Applying cost-benefit analysis and BET_VHst as an
evacuation decision-support for the AVF
Previous studies integrated a BET with CBA to sup-
port evacuation decision-making (Marzocchi and Woo
2009; Sandri et al. 2012; Wild et al. 2019b). Here we con-
structed BETVHst_AVF and used the outputs represent-
ing the probability of fatality for a person at a location
combined with CBA to inform evacuation zones dur-
ing the lead-up to an AVF eruption. The extension of
the BETEF_AVF to BETVHst_AVF provides the output
probability of adverse volcanic hazard impact (repre-
senting the probability of fatality in this case study) at a
location, which is a more appropriate value for p within
the CBA to define the need to evacuate, compared to the
cumulative P(Erup) from a vent within a 5 km radius that
was presented in Wild et al. (2022). In all cases, the model
performed well for the reviewed Node 4 weightings, and
the four reviewed CBA thresholds, as the evacuation
zones derived were all smaller than those formed using
the BETEF_AVFE, thereby reducing the number of people
who would need to evacuate to a more realistic number.
The Node 4 monitoring weight impacts the size of the
evacuation zone, as there remains a residual vent likeli-
hood in the areas beyond focus of unrest due to the
effect of the prior. This results in a greater BETVHst_
AVF maximum probability of volcanic hazard outputs
with the increase in monitoring weight, which subse-
quently affects the evacuation zone based on the CBA
threshold applied. In the case of the 3-month duration
with V=1.8 million, the smallest CBA threshold, across
the assessed Node 4 monitoring weights, all evacuation
zones are consistent in shape. The 0.5 monitoring com-
ponent weight produces the smaller evacuation zone,
as there remains an inflated vent likelihood beyond the
focus of unrest. This is due to the greater influence of
the prior, but the probabilities at locations beyond the
focus of unrest are not significant enough to exceed the
CBA thresholds. In contrast, the evacuation zone derived
using the smaller CBA thresholds is shown as more sen-
sitive to the BETVHst_AVF Node 4 monitoring compo-
nent weight. When the monitoring component weight is
set to 0.5, the evacuation zones increase in size, similar
to the results observed when using BETEF_AVF to iden-
tify where to evacuate (Wild et al. 2022). This is because
the prior inflates the vent likelihood exceeding the CBA
threshold in areas beyond the focus of unrest, informed
by the seismic monitoring observations. This occurred
from 10 to 6 days from eruption for V as NZ$1.8 mil-
lion and NZ$4.46 million, respectively. However, instead
of the evacuation zone expanding radially, as in Wild et
al. (2022), the direction of expansion is informed by the
eruptive style at Node 5. The zone grows where the initial
eruptive style is more likely to be phreatomagmatic (Ang
et al. 2020). This is because phreatomagmatic phenomena
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are modelled to have a greater run out (Fig. 3), and as
such, locations where the dominant eruptive style is
phreatomagmatic have a greater probability of impact.
As the P(Erup) increases, more locations are identi-
fied as cost-beneficial to evacuate beyond the focus of
unrest, thereby increasing the evacuation zone (Fig. 10).
The Birkenhead scenario is limited to seismic unrest phe-
nomena, thereby restricting the Z-value at Nodes 1 to 3,
preventing a greater P(Erup) value (Wild et al. 2022), but
a different unrest sequence (for example, the Riaumoko

0 0.14 0.28 0 0.2 0.4

= = = = Evacuation Zone Extent - CBA with 1 month and V = $4.46 million
Evacuation Zone Extent - CBA with 1 month and V = $1.8 miillion
Evacuation Zone Extent - CBA with 3 month and V = $4.46 million
Evacuation Zone Extent - CBA with 3 month and V = $1.8 million

Fig. 10 Evacuation zones defined for each of the CBA approaches using
the spatial distribution of the absolute short-term average probability for
Node 4 monitoring component weight of 0.5 for (A) P(Erup)=0.7 and (B)
P(Erup)=1 and Node 4 monitoring component weight of 0.1 to 0.9 for (C)
P(Erup)=0.7 and (D) P(Erup)=1 for requiring to evacuate a location from
BETVHst_AVF on the day before the eruption in the Birkenhead scenario
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scenario, Fig. 4 in Wild et al. (2022) can have pre-eruptive
values of P(Erup) nearer 1.

With the transitional monitoring component weights,
the counterintuitive expanding evacuation zone with
decreasing time to eruption is less often observed. With
both the 0.1 to 0.9 and 0 to 1 intervals, the evacuation
zones remain focused around the focus of unrest. For
the 0.2 to 0.8 range, at the smallest CBA threshold, i.e.,
1-month duration with V=NZ$1.8 million, the evacu-
ation zone starts to include areas beyond the focus of
unrest 8 days from the eruption. This suggests that the
smaller the CBA threshold probability for evacuation, the
higher the maximum value of h at Node 4 needs to be in
order to produce a stable evacuation zone.

Comparing the evacuation zones applying BET VHst_
AVF with CBA against those applying the AVF Contin-
gency Plan using the 50th percentile vent uncertainty
found they converge as the eruption nears (Fig. 4). In
other words, as the scenario’s unrest sequence escalates,
the vent likelihood starts to converge on an estimated
eruptive area. However, at 13 days before the eruption,
both tested AVF Contingency Plan evacuation zones are
large in spatial extent, as there is little confidence in the
likely vent location. In contrast, BETVHst_AVF does
not define an evacuation zone until 10 days before the
eruption, as the P(Erup) has not reached a high enough
value for the CBA to be exceeded. While here we have
selected for review purposes the 50th and 95th percentile
vent uncertainty area using BETEF_AVF output, there is
no current documented approach within the AVF Con-
tingency Plan on defining a vent uncertainty area. As
such, this requires expert judgement to determine when
the eruption likelihood is significant, and when there is
high enough confidence to define a vent uncertainty area.
Using a quantitative approach, as shown here, removes
the pressure on the advisory group and decision-mak-
ers to produce finely balanced judgements during a cri-
sis. The fact that the AVF Contingency Plan evacuation
zone using the 50th percentile vent uncertainty area and
BETVHst_AVF with the CBA threshold selected yield
similar evacuation zones suggests some merit in using
BETVHst_AVF with CBA as a check to help inform deci-
sion-makers in a future AVF event.

While the presented decision-support approach
combining BETVHst_AVF with CBA performs well in
dynamically identifying evacuation zones, there are limi-
tations. The applied CBA approach requires as one of
its inputs a nominal (false positive) evacuation duration
when in reality this is unknown until the end of an unrest
period, and of course it will be difficult to determine
when a ‘false-alarm’ “unrest” period ends if no eruption
ensues. As shown, different evacuation durations affect
the extent of the evacuation zone area.
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BETVHst_AVF, in its present form, considers a uni-
form likelihood of hazard exceedance in all directions
as a function of distance, irrespective of topography and
built environment, which can affect the hazard extent
and intensity of phenomena. Base-surge modelling for
each grid location would enhance the input resolution
for Node 7/8 of the BETVHst_AVF, allowing for output
hazard information such as dynamic pressure and tem-
perature. This would improve the assessment of build-
ing fragility and likelihood of fatality when combined
with data such as construction type. Here we have taken
a conservative approach, as New Zealand has a low risk
tolerance regarding life safety, as demonstrated in policy
and legislation (e.g., Auckland Council 2014; CDEM Act
2002; MCDEM 2015) and in the standard requirements
for construction and land-use planning (e.g., Saunders et
al. 2013; Ministry for Business, Innovation and Employ-
ment 2021). In areas with different risk tolerances, one
could explore the consequences of shelter for those at
distal margins of hazard footprints, although we empha-
sise there is limited reliable data on survival rates for at
the extent of base-surges, both in and out of buildings.

Considerations for cost-benefit analysis as an evacuation
decision-support approach

CBA provides a systematic framework that provides a
binary yes-no decision. Nevertheless, as demonstrated in
our application to AVF, there are a number of limitations,
both in terms of the approach and parameter selection.
Firstly, the CBA approach applied in this study is a static
criterion. This means it is only cost-beneficial to evacu-
ate when p is exceeded. In the presented hypothetical
Birkenhead scenario, a stable evacuation zone is formed
early enough so that the required population has suffi-
cient time to clear. However, this of course is only appar-
ent in hindsight in this presented scenario, and we stress
that an evacuation based on the CBA approach should be
called at the time it becomes cost-beneficial, rather than
waiting for any reduction or stabilisation of evacuation
zones. In some circumstances, such as a much shorter
sequence or where there is significant uncertainty, this
could potentially leave insufficient time to evacuate those
at risk, as the required clearance time is not considered.
Bebbington and Zitikis (2016) presented a dynamic CBA
approach which considers time-dependent factors such
as the uncertainty around the eruption onset time and
the distribution of time to evacuate. However, the Beb-
bington and Zitikis (2016) approach would need to be
modified to reflect the complexity to incorporate the spa-
tial component required for the AVF.

CBA lacks the ability to include intangible costs that
come with an evacuation. Such factors that should be
included as part of decision-making include the mental
and cultural costs of an evacuation, and the removal of
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the sense of community cohesion that comes with being
displaced (Gottsmann et al. 2019). Furthermore, displac-
ing a population can have secondary health implications,
as observed following the 1991 Pinatubo evacuation, with
a measles outbreak occurring in one of the evacuation
centres (Bautista 1996; Floret et al. 2006). All of these
factors require consideration as either a ‘cost’ or ‘loss’
from a decision, but are often not directly attributable to
an economic value, limiting their inclusion with a CBA.
This has led to the consideration of broader holistic deci-
sion-making approaches, such as Multi-criteria analysis
(MCA), which consider more than what is directly attrib-
utable to an economic ‘cost’ or ‘loss’ (Ackerman 2008).
These holistic approaches do not align with a fully quan-
tifiable approach, such as probabilistic eruption forecast-
ing, and have not been explored for use in volcanic crisis
evacuation management. However, as with CBA, they
can be developed and reviewed before an event.

In the presented approach for assessing CBA, the pro-
portion of people that owe their life to the evacuation (E)
is a fixed value. Here we set E to 0.65 based on Thakur
et al. (2022), as we estimate 35% would self-evacuate in
advance of the official evacuation call, following the issu-
ance of advisory messages. However, this issue is com-
plex, with several societal and environmental factors
likely to influence behaviour in variable ways across any
eruption sequence. For example, it is expected that both
reported and felt earthquakes will influence Auckland
residents’ behaviour (Coomer et al. 2015). Risk percep-
tion and understanding of the volcanic hazards and likely
impacts will affect individual and household behaviour,
such as when they will initiate evacuating (Coomer et
al. 2015), as will social cues, such as family or neigh-
bours evacuating (Baker 1991). As the unrest sequence
develops, but before the mandatory evacuation order is
issued, the proportion that has self-evacuated is likely to
increase, thus decreasing the value of E. Furthermore,
shadow evacuations, described as those self-evacuations
that occur from outside the evacuation zone, have also
been observed in past crises (Dow and Cutter 2002; Dash
and Gladwin 2007) and are expected in a future AVF
event (Coomer et al. 2015; Thakur et al. 2022). This will
increase pressure on evacuation resources, congestion on
transport routes and subsequently the clearance times,
but is not captured within the CBA approach applied
here. On the other hand, non-compliance with a man-
datory evacuation order can also occur, and has been
observed in past volcanic crises (Tayag et al. 1996; Mei
and Lavigne 2012; Elissondo et al. 2016; Bird and Gis-
ladéttir 2018; Jumadi et al. 2018; Lavigne et al. 2018). This
can often be attributed to a reluctance to leave property,
possessions and pets, inexperience with the type of haz-
ard and its impacts, and religious grounds (Blong 1984;
Lindell and Perry 1992; Cola 1996; Tobin and Whiteford
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2002). Non-compliance to an evacuation order is not
considered within CBA, as it cannot be accounted for
in either the cost of evacuating (C) nor lives saved from
the evacuation call (L). Notwithstanding all of the above,
past work suggests that there would be a very high com-
pliance rate in Auckland for those within an evacuation
zone (Horrocks 2008; Coomer et al. 2015).

There are ethical considerations for the development
of a CBA for crisis management. An example of this is
the value-of-human life parameter (V). Reviewing the
examples in which CBA is applied to volcanic crisis
management, we note that this value changes based on
the approach used to inform its selection. There are ethi-
cal concerns around the ability to quantify the value of
human life in financial terms, with some weighting the
importance of different demographics such as age or
location differently (Baker et al. 2008; Fischhoff 2015).
Furthermore, the approach selected to select V affects the
derived CBA threshold. For example, the GDP per cap-
ita is NZ$57,000 per annum for Waikato (Statistics New
Zealand 2021), another volcanic region in New Zealand.
With V set to NZ$4.46 million from the NZTA VOSL,
it results in a smaller CBA threshold, thereby implicitly
stating the risk tolerance for Waikato is lower than for
Auckland, as an evacuation would be called for a location
with a lower likelihood of fatality. This shows the benefit
of alternative approaches to calculate V, such as the aver-
age national contribution of GDP over a lifetime (e.g., 25
years). When applying the GDP over a lifetime parameter
for V, for a 3-month evacuation, R/V=0.04 (not consid-
ering the accommodation costs) and the CBA threshold
becomes 0.04E, thereby removing the GDP value con-
siderations, which forms an equitable and consistent
threshold. The willingness-to-pay approach to relocate
is an alternate metric for V (Marzocchi and Woo 2009;
Marzocchi et al. 2012), but this can be dependent on the
financial means available and political priorities at the
time. However, attributing a financial value to a human
life is incompatible with Kantian ethics as it undermines
the intrinsic worth, dignity, autonomy, and universal
moral principles that prioritize treating individuals as
ends in themselves rather than means to an end. This
raises a challenge in applying CBA for decision-making

Table 2 V/forday 1in Fig. 7 using a 3-month evacuation
duration

Evacuation zone approach Median p v
AVF Contingency Plan using 95th 0.00033 NZ$112.85
percentile vent uncertainty million
AVF Contingency Plan using 50th 0.01118 NZ$3.29
percentile vent uncertainty area million
BETEF_AVF 0.00187 NZ$19.74
million
BETVHst_AVF 0.00826 NZ$4.46
million
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involving humans or other elements which do not have
a financial value (Ackerman 2008). Further research is
also warranted to explore the applicability of the CBA
approach applied in potentially related contexts, such as
adventure tourism. In the latter, the costs and losses are
often borne by different entities.

Another way of illustrating the challenges associated
with the V value is by looking at the different approaches
for defining evacuation zones presented in Fig. 4, and
back-calculating what it would be given their differ-
ent extents. By taking the median value that intercepts
the evacuation zone boundary from the BETVHst_
AVFE, taken to represent the threshold required to call
an evacuation, a value for p can be input into the CBA
equation to output corresponding V values. This dem-
onstrates the variability in V for each of the evacuation
zone approaches (Table 2). While not directly applied
to inform the evacuation zone, when defining the vent
uncertainty area by the 95th percentile area, Vis 25-times
greater than the NZTA VOSL and 63-times greater than
the 25-year average GDP per capita. In contrast, with a
50th percentile vent uncertainty with the AVF Contin-
gency Plan, V'is only 75% of the NZTA VOSL. This illus-
trates the variability and subjective nature of the value
of life parameter under the different selected evacuation
zone approaches and for different contextual settings.

The cost parameter for the proposed evacuation, i.e.
value for R in Eq. 2, is limited to only considering the
socio-economic loss per capita for the evacuation dura-
tion, noting a detailed economic assessment of the costs
and losses is beyond the scope of this study. However,
other economic costs need to be more broadly consid-
ered as a result of an evacuation call, such as the longer-
term broader regional economic impacts from a future
eruption (e.g., McDonald et al. 2017). Woo (2008) noted
the scale independence fails when a site of significant
economic importance is impacted by the evacuation.
For example, in the Birkenhead scenario, the proposed
evacuation zone included the Auckland Port, a vital
import and export location for New Zealand, which adds
NZ$1.4 billion per year to the GDP, with benefits that
extend beyond Auckland (Maralani and Wilson 2019).
Furthermore, operations at the port could be impacted,
as staff or freight movement could be impeded by an
evacuation zone including or restricting access to the
port. The CBA approach does not allow the inclusion of
these broader economic costs associated with an evacu-
ation call. Nevertheless, given their relative importance,
bringing these costs into any CBA decision-making
framework would improve the tool’s effectiveness. Add-
ing these additional costs to the numerator of Eq. 2 also
requires including the number of evacuees (N). Given the
spatial population distribution, this results in an incon-
sistent CBA threshold across Auckland. A new AVF vent
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that is located offshore would likely result in the need to
evacuate a much smaller proportion of the population
(Wild et al. 2021). If the new vent uncertainty area was
near the port, this would increase the influence of the
economic loss and thus require a greater threshold to call
the evacuation for those people compared to evacuating
a more populous area. While this could be beneficial in
practice, as it could be assumed that evacuating fewer
people would require less time and resources, it is still
questionable in terms of equity to have a higher threshold
for one region than for another. Other considerations for
assessing R could include individual or household evacu-
ation destinations, and whether evacuees can remain
working in their new location. If an individual evacuates
intra-regionally and is someone who can work remotely,
it is considered there is no loss of GDP for both New
Zealand and Auckland. In contrast, someone who works
on-site and is unable to do their job may leave Auckland.
Following the 2011 Christchurch Earthquake, the New
Zealand Government provided support payments to
those individuals and employers affected (New Zealand
Government 2011; Fischer-Smith 2013), demonstrating
potential funding that may be given to support AVF evac-
uees; this would inflate the costs of the evacuation. In this
study, to include the cost of financial support to evacu-
ees for accommodation within C, a fixed proportion of
people requiring support (65%) was applied, irrespective
of socio-demographic factors of evacuees, which vary
across Auckland. Alternatively, the proportion of people
requiring financial accommodation support could be
assessed at a finer resolution based on a number of ele-
ments, such as age, and/or income (from census data) or
by using the Social Deprivation Index (Wood et al. 2017;
Atkinson et al. 2020). This would potentially provide a
more accurate sheltering cost for an evacuated popula-
tion. However, while these elements could be incorpo-
rated into assessing R, this could create spatially variable
CBA thresholds across Auckland, which again would be
ethically questionable. This demonstrates the importance
of achieving balance, within a CBA, between detailing
nuance of the economic parameters and maintaining
equity.

Another potential ethical challenge in using CBA in
this context is that it assumes that some residual risk is
accepted, and as such, a proportion of casualties is tol-
erated. While the locations in which the CBA threshold
is not exceeded are by definition in areas with a reduced
probability of fatality, ie., farther from the vent, there
are still residual ‘statistical fatalities’ (Fig. 9). This dem-
onstrates the considerations required for complex volca-
nic settings such as volcanic fields, and those with long
repose periods, where an eruption and events leading up
to it have not been previously observed, putting poten-
tially a significant number of people considered “safe” at
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risk. The use of CBA and the acceptance of fatalities may
contradict and not align with the risk appetite in many
contexts. In the case of New Zealand legislation and
low societal and political risk tolerance, fatalities are not
considered acceptable (Deligne et al. 2018). This demon-
strates the ethical and political balance between the risk
tolerance setting and the conservatism from preventing
needless evacuations, albeit only known in hindsight.

The use of CBA approach applied here, while having its
limitations, provides a balance between regional nuance
while remaining equitable for forming an Auckland per-
capita risk threshold for determining when and where to
evacuate. This is achieved by applying regional or national
values, representing the average across the population,
irrespective of the number of people to evacuate, and the
socio-economic or demographic differences at a more
local scale. However, some groups may be more vulner-
able during an evacuation. Groups that cannot self-evac-
uate (such as those in hospitals, care homes or prisons)
require greater logistics, thereby increasing evacuation
clearance times. Evacuations for these populations would
likely need to commence earlier than for the general
population in Auckland (Wild et al. 2019a), which could
be achieved by using a lower CBA threshold to initiate
evacuations earlier and potentially larger region. In this
paper, we present an example parameter selection for the
Woo (2008) CBA approach to demonstrate the applica-
tion for evacuation decision-support, when combined
with BET_VHst for the AVE. As discussed, this CBA
approach has limitations, particularly in the selection of
suitable parameters. Engagement with a range of experts,
including emergency managers, policy makers and law-
yers, may lead to the identification of alternative values
or other factors to consider, to inform parameter selec-
tion within the CBA. Alternatively, a completely different
threshold could be used with outputs from BETVHst_
AVF to inform the decision of when and where to evacu-
ate (e.g., Rogers 1975). As an example, in New Zealand
and Australia, a threshold of 1x10™* is recommended for
annualised individual risk to life, where exceedance rep-
resents an intolerable risk for land-use planning purposes
(Australian Geomechanics Society 2007; Taig et al. 2011;
Deligne et al. 2018). Given this is smaller than the low-
est CBA threshold in this assessment, if it were used as
an evacuation decision threshold, it would produce larger
evacuation zones than those presented here.

Given the discussed limitations with the use of CBA,
we suggest it requires further review from decision-mak-
ers before being operationally applied. However, while
there are known limitations, the use of CBA to support
crisis decision-making removes the longstanding geo-
ethical challenges and decision pressures on monitor-
ing scientists and volcanologists, who traditionally focus
on the spatio-temporal eruptive likelihood and advise
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decision-makers, rather than make the decisions them-
selves (Papale 2017; Peppoloni et al. 2023). As such, while
this study was exploratory, looking at the integration of
BET_VHst with CBA to support short-term evacuation
decision-making in the AVE, given its potential, we rec-
ommend ongoing broader discussions with stakeholders
to continue to explore operational applications during a
future crisis.

Summary and conclusions

This paper presents the amalgamation of CBA with a
BET_VHst for the AVF to be used as a decision-support
tool for where and when to evacuate for a future crisis.
For the CBA, we reviewed four thresholds, based on two
evacuation durations and two values of human life (V).
The BET _VHst was extended from the BET_EF devel-
oped in Wild et al. (2022) to produce probabilities of vol-
canic hazard impact across the region. The combination
of these models was tested with a synthetic unrest dataset
to derive evacuation zones in the lead-up to an eruption.

Based on our development and application of CBA

with BETVHst_AVF, we offer the following key general
conclusions regarding the integration of these models as
a tool for supporting decision-makers calling an evacua-
tion in a distributed volcanic environment:

« There is a potential benefit in changing the Node 4
monitoring component weight within BET_EF and
BET_VHst when assessing the spatial vent likelihood
for volcanic fields. The change in monitoring weight
reduces the likelihood of the vent in regions beyond
the focus of unrest. The proposed change resolves
the issue identified in Wild et al. (2022) in which the
evacuation zones grew as the probability of eruption
increases. We propose that, in cases of distributed
volcanism, a transitional weight be used as unrest
escalates, to prevent false localisation with minimal
monitoring observations.

+ Extending the previously developed short-term
eruption forecasting framework BET_EF to consider,
within a BET_VHst framework, the volcanic style
and phenomena produced, their extent and the
likelihood of causing casualty produces outputs
that are more practical for crisis management. In
the context of this study, BET_VHst produces a
probability of volcanic hazard impact at a given
location, which aligns with the input for p for CBA.
The evacuation zones were reduced in size due to the
decay in the likelihood of the hazard exceedance (and
associated fatality) as a function of distance from
the vent, compared to the binary approach using
BETEF_AVE

+ While the approach for combining BET_VHst
with CBA can support decision-makers, there
is complexity around the selection of the CBA
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parameters, which can alter the resulting thresholds

and thus the evacuation zone. A balance needs to

be struck between the calculated economic losses

and maintaining equity across a region. The different

thresholds can significantly affect the number of

people and locations to evacuate.
A tool combining CBA with BET_VHst can be devel-
oped and reviewed in advance of a crisis and run in near-
real time to provide an initial discussion starting point
to support crisis management decision-makers when
challenged with when and where to call an evacuation.
Expert input from scientific, legal, and other domains is
required for selecting the weight of the monitoring com-
ponent and political and ethical considerations to inform
the CBA component. These models need to be volcano
specific and should be reviewed regularly, given advances
in the understanding of a given volcano and forecasting
capability, as well as the selection of the CBA parameters.
As such, further work remains before such an approach
can become operational.

This section presents the spatial probability of volcanic
hazard impact at a location with the 0.2 to 0.8 and 0 to
1 interval sets for Node 4 monitoring component, with
evacuation zones defined with each of the four presented
CBA thresholds in Figs. 5 and 6 respectively. This follows
the same approach as explained in the main paper.
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BET_EF Bayesian Event Tree for Eruption Forecasting

BET_VH Bayesian Event Tree for Volcanic Hazard

BET_VHst Bayesian Event Tree for Short-term Volcanic Hazard
BETEF_AVF Bayesian Event Tree for Eruption Forecasting, implemented

for the Auckland Volcanic Field

Bayesian Event Tree for Short-term Volcanic Hazard
implemented for the Auckland Volcanic Field

CBA Cost-benefit analysis

BETVHst_AVF

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513617-023-00133-6.

Supplementary Material 1: This file contains the outputs of the spatial vent
likelihood for the 0.5,0.2t0 0.8,0.1 to 0.9 and 0 to 1 interval sets for Node
4 monitoring component weights for the Bayesian Event Tree for Eruption
Forecasting, implemented for the Auckland Volcanic Field (BETEF_AVF).
Additionally, the Bayesian Event Tree for Short-term Volcanic Hazard imple-
mented for the Auckland Volcanic Field (BETVHst_AVF) for 0.2 to 0.8 and 0
to 1interval sets for Node 4 monitoring component weights

Acknowledgements

We would like to thank Susanna Jenkins and Gabor Kereszturi for providing
valuable data and advice on elements of the method. We also greatly
appreciate the thoughtful reviews of three reviewers, and the supportive
editorial work by Emma Hudson-Doyle. Any use of trade, product, or firm
names is for descriptive purposes only and does not imply endorsement by
the U.S. Government.


https://doi.org/10.1186/s13617-023-00133-6
https://doi.org/10.1186/s13617-023-00133-6

Wild et al. Journal of Applied Volcanology (2023) 12:7

Authors’ contributions

All authors conceived the study. AW and MB developed the study’s
methodology. AW conducted the analysis and wrote the first draft of the
manuscript. All authors contributed to manuscript revision, read, and
approved the submitted version.

Funding

AW and JL are supported by the Determining Volcanic Risk in Auckland
(DEVORA) research programme and the New Zealand Earthquake Commission
(EQC). MB was supported by the Resilience to Nature's Challenges Volcano
Programme, Grant GNS-RNC047.

Data Availability
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 1 November 2022 / Accepted: 7 August 2023
Published online: 18 August 2023

References

Ackerman F (2008) Critique of cost-benefit analysis, and alternative approaches to
decision-making. Friends Earth Engl Wales North Irel Lond, 31

Ang PS, Bebbington MS, Lindsay JM, Jenkins SF (2020) From eruption scenarios to
probabilistic volcanic hazard analysis: an example of the Auckland Volcanic
Field, New Zealand. J Volcanol Geotherm Res. https://doi.org/10.1016/j.
jvolgeores.2020.106871

Aspinall WP (2006) Structured elicitation of Expert Judgment for Probabilistic
Hazard and Risk Assessment in Volcanic Eruptions. In: Mader HM, Coles SG,
Connor CB, Connor LJ (eds) Statistics in volcanology. Special publication of
IAVCEI; Geological Society, London, pp 15-30

Aspinall WP, Woo G (2014) Santorini unrest 2011-2012: an immediate bayesian
belief network analysis of eruption scenario probabilities for urgent decision
support under uncertainty. J Appl Volcanol 3:12. https://doi.org/10.1186/
$13617-014-0012-8

Atkinson J, Salmond C, Crampton P (2020) NZDep2018 Index of Deprivation.
Wellington: University of Otago Available at: https://www.otago.ac.nz/wel-
lington/otago823833.pdf

Auckland Council (2015) Auckland Volcanic Field Contingency Plan. Available at:
http://www.aucklandcivildefence.org.nz/media/48896/2015-03-27-Auckland-
Volcanic-Field-Contingency-Plan-Version-2-.pdf

Auckland Council (2014) Auckland Evacuation Plan. Available at. http://www.
aucklandcivildefence.org.nz/media/48200/BC3598-Auckland-Evacuation-
Plan_WEB-spreads-.pdf

Australian Geomechanics Society (2007) Practice note guidelines for landslide risk
management. J News Aust Geomech Soc 42:53-114

Baker EJ (1991) Hurricane evacuation behavior. Int J Mass Emergencies Disasters
9:287-310

Baker R, Chilton S, Jones-Lee M, Metcalf H (2008) Valuing lives equally: defensible
premise or unwarranted compromise? J Risk Uncertain 36:125-138. https.//
doi.org/10.1007/511166-008-9034-0

Baker P, Locke M, Moazzam A, Taylor M, Stapelberg F, She W, R (2021) Burn Lessons
learned from the Whakaari White Island volcanic eruption. J Burn Care Res
irab246. https://doi.org/10.1093/jbcr/irab246

Bautista CB (1996) The Mount Pinatubo disaster and the people of Central Luzon.
in Publication title: fire and mud: eruptions and lahars of Mount Pinatubo,
Philippines. University of Washington Press, Quezon City and Seattle: Seattle

Baxter PJ, Neri A, Todesco M (1998) Physical Modelling and Human Survival in
Pyroclastic Flows. 14

Page 23 of 25

Baxter PJ, Jenkins S, Seswandhana R, Komorowski JC, Dunn K, Purser D et al (2017)
Human survival in volcanic eruptions: thermal injuries in pyroclastic surges,
their causes, prognosis and emergency management. Burns 43:1051-1069.
https://doi.org/10.1016/j.burns.2017.01.025

Bebbington MS (2013) Assessing spatio-temporal eruption forecasts in a mono-
genetic volcanic field. J Volcanol Geotherm Res 252:14-28. https://doi.
0rg/10.1016/jjvolgeores.2012.11.010

Bebbington MS, Cronin SJ (2011) Spatio-temporal hazard estimation in the
Auckland Volcanic Field, New Zealand, with a new event-order model. Bull
Volcanol 73:55-72. https://doi.org/10.1007/500445-010-0403-6

Bebbington MS, Zitikis R (2016) Dynamic uncertainty in cost-benefit analysis of
Evacuation Prior to a volcanic eruption. Math Geosci. https://doi.org/10.1007/
$11004-015-9615-9

Bird DK, Gisladéttir G (2018) Responding to volcanic eruptions in Iceland: from the
small to the catastrophic. Palgrave Commun 4:151. https://doi.org/10.1057/
s41599-018-0205-6

Blong RJ (1984) Volcanic hazards. A sourcebook on the effects of eruptions

Brand BD, Gravley DM, Clarke AB, Lindsay JM, Bloomberg SH, Agustin-Flores J et
al (2014) A combined field and numerical approach to understanding dilute
pyroclastic density current dynamics and hazard potential: Auckland Volcanic
Field, New Zealand. J Volcanol Geotherm Res 276:215-232. https://doi.
org/10.1016/jjvolgeores.2014.01.008

Brenna M, Cronin SJ, Smith IEM, Tollan PME, Scott JM, Prior DJ et al (2018) Olivine
xenocryst diffusion reveals rapid monogenetic basaltic magma ascent follow-
ing complex storage at Pupuke Maar, Auckland Volcanic Field, New Zealand.
Earth Planet Sci Lett 499:13-22. https://doi.org/10.1016/j.epsl.2018.07.015

Cassisi C, Prestifilippo M, Cannata A, Montalto P, Patané D, Privitera E (2016) Proba-
bilistic reasoning over seismic Time Series: Volcano Monitoring by Hidden
Markov Models at Mt. Etna. Pure Appl Geophys 173:2365-2386. https://doi.
0rg/10.1007/500024-016-1284-1

CDEM Act (2002) Civil Defence Emergency Management Act. Available at: https://
www.legislation.govt.nz/act/public/2002/0033/latest/whole.html [Accessed
May 13,2021]

Cola RM (1996) Responses of Pampanga households to lahar warnings: Lessons
from two villages in the Pasig-Potrero River watershed. in Fire and mud:
eruptions and lahars of Mount Pinatubo, Philippines. Philippine Institute of
Volcanology and Seismology and University of Washington Press, Quezon
City and Seattle

Connor CB, Sparks RSJ, Mason RM, Bonadonna C, Young SR (2003) Exploring
links between physical and probabilistic models of volcanic eruptions: the
Soufriére Hills Volcano, Montserrat. Geophys Res Lett 30:1997-2000. https://
doi.org/10.1029/2003GL017384

Constantinescu R, Robertson R, Lindsay JM, Tonini R, Sandri L, Rouwet D et al
(2016) Application of the probabilistic model BET_UNREST during a volcanic
unrest simulation exercise in Dominica, Lesser Antilles. Geochem Geophys
Geosystems 17

Coomer MA, Bates A, Keith H, Lambie ES, Leonard G, Maxwell K et al (2015)
DEVORA volcanic survey: people’s panel. Available at: http://ndhadeliver.natlib.
govt.nz/content-aggregator/getlEs?system=ilsdb&id=1779723 [Accessed
July 9,2020]

Dash N, Gladwin H (2007) Evacuation decision making and behavioral responses:
Individual and Household. Nat Hazards Rev 8:69-77. https://doi.org/10.1061/
(asce)1527-6988(2007)8:3(69)

Deligne NI, Jolly GE, Taig T, Webb TH (2018) Evaluating life-safety risk for fieldwork
on active volcanoes: the volcano life risk estimator (VoLREst), a volcano
observatory’s decision-support tool. J Appl Volcanol 7:7. https://doi.
0rg/10.1186/513617-018-0076-y

Dow K, Cutter SL (2002) Emerging hurricane evacuation issues: hurricane Floyd
and South Carolina. Nat Hazards Rev 3:12-18

Elissondo M, Baumann V, Bonadonna C, Pistolesi M, Cioni R, Bertagnini A et
al (2016) Chronology and impact of the 2011 Corddn Caulle eruption,

Chile. Nat Hazards Earth Syst Sci 16:675-704. https://doi.org/10.5194/
nhess-16-675-2016

Fischer-Smith P (2013) The earthquake support subsidy for Christchurch’s small
and medium enterprises: perspectives from business owners. Small Enterp
Res 20:40-54. https://doi.org/10.5172/ser.2013.20.1.40

Fischhoff B (2015) The realities of risk-cost-benefit analysis. Science 350:aaa6516-
2aa6516. https://doi.org/10.1126/science.aaab516

Floret N, Viel J-F, Mauny F, Hoen B, Piarroux R (2006) Negligible risk for epidem-
ics after Geophysical Disasters. Emerg Infect Dis 12:543-548. https://doi.
0rg/10.3201/eid1204.051569


https://doi.org/10.1016/j.jvolgeores.2020.106871
https://doi.org/10.1016/j.jvolgeores.2020.106871
https://doi.org/10.1186/s13617-014-0012-8
https://doi.org/10.1186/s13617-014-0012-8
https://www.otago.ac.nz/wellington/otago823833.pdf
https://www.otago.ac.nz/wellington/otago823833.pdf
http://www.aucklandcivildefence.org.nz/media/48896/2015-03-27-Auckland-Volcanic-Field-Contingency-Plan-Version-2-.pdf
http://www.aucklandcivildefence.org.nz/media/48896/2015-03-27-Auckland-Volcanic-Field-Contingency-Plan-Version-2-.pdf
http://www.aucklandcivildefence.org.nz/media/48200/BC3598-Auckland-Evacuation-Plan_WEB-spreads-.pdf
http://www.aucklandcivildefence.org.nz/media/48200/BC3598-Auckland-Evacuation-Plan_WEB-spreads-.pdf
http://www.aucklandcivildefence.org.nz/media/48200/BC3598-Auckland-Evacuation-Plan_WEB-spreads-.pdf
https://doi.org/10.1007/s11166-008-9034-0
https://doi.org/10.1007/s11166-008-9034-0
https://doi.org/10.1093/jbcr/irab246
https://doi.org/10.1016/j.burns.2017.01.025
https://doi.org/10.1016/j.jvolgeores.2012.11.010
https://doi.org/10.1016/j.jvolgeores.2012.11.010
https://doi.org/10.1007/s00445-010-0403-6
https://doi.org/10.1007/s11004-015-9615-9
https://doi.org/10.1007/s11004-015-9615-9
https://doi.org/10.1057/s41599-018-0205-6
https://doi.org/10.1057/s41599-018-0205-6
https://doi.org/10.1016/j.jvolgeores.2014.01.008
https://doi.org/10.1016/j.jvolgeores.2014.01.008
https://doi.org/10.1016/j.epsl.2018.07.015
https://doi.org/10.1007/s00024-016-1284-1
https://doi.org/10.1007/s00024-016-1284-1
https://www.legislation.govt.nz/act/public/2002/0033/latest/whole.html
https://www.legislation.govt.nz/act/public/2002/0033/latest/whole.html
https://doi.org/10.1029/2003GL017384
https://doi.org/10.1029/2003GL017384
http://ndhadeliver.natlib.govt.nz/content-aggregator/getIEs?system=ilsdb&id=1779723
http://ndhadeliver.natlib.govt.nz/content-aggregator/getIEs?system=ilsdb&id=1779723
https://doi.org/10.1061/(asce)1527-6988(2007)8:3(69)
https://doi.org/10.1061/(asce)1527-6988(2007)8:3(69)
https://doi.org/10.1186/s13617-018-0076-y
https://doi.org/10.1186/s13617-018-0076-y
https://doi.org/10.5194/nhess-16-675-2016
https://doi.org/10.5194/nhess-16-675-2016
https://doi.org/10.5172/ser.2013.20.1.40
https://doi.org/10.1126/science.aaa6516
https://doi.org/10.3201/eid1204.051569
https://doi.org/10.3201/eid1204.051569

Wild et al. Journal of Applied Volcanology (2023) 12:7

Foshag WF, Gonzélez-Reyna J (1956) Birth and development of Paricutin volcano,
Mexico. US Geol Surv Bull D 965:355-489

Gottsmann J, Komorowski J-C, Barclay J (2019) “Volcanic Unrest and Pre-eruptive
Processes: A Hazard and Risk Perspective,"in Volcanic Unrest: From Science to
Society, eds. J. Gottsmann, J. Neuberg, and B. Scheu (Cham: Springer Interna-
tional Publishing), 1-21. doi: https://doi.org/10.1007/11157_2017_19

Hayes JL, Tsang SW, Fitzgerald RH, Blake DM, Deligne NI, Doherty A et al (2018)
The DEVORA Scenarios: multi-hazard eruption scenarios for the Auckland
Volcanic Field. Lower Hutt (NZ). https://doi.org/10.21420/G20652

Hayes JL, Wilson TM, Deligne NI, Lindsay JM, Leonard GS, Tsang SWR et al (2019)
Developing a suite of multi-hazard volcanic eruption scenarios using an
interdisciplinary approach. J Volcanol Geotherm Res 106763-106763. https://
doi.org/10.1016/jjvolgeores.2019.106763

Hopkins JL, Timm C, Millet M-A, Poirier A, Wilson CJN, Leonard GS (2016) Os
isotopic constraints on crustal contamination in Auckland Volcanic Field
basalts, New Zealand. Chem Geol 439:83-97. https://doi.org/10.1016/j.
chemgeo.2016.06.019

Hopkins JL, Smid ER, Eccles JD, Hayes JL, Hayward BW, McGee LE et al (2020) Auck-
land Volcanic Field magmatism, volcanism, and hazard: a review. N Z J Geol
Geophys 0:1-22. https://doi.org/10.1080/00288306.2020.1736102

Horrocks J (2008) Learning from Exercise Ruaumoko, Exercise Ruaumoko 2008.
Ministry of Civil Defence and Emergency Management, New Zealand

Horspool NA, Savage MK, Bannister S (2006) Implications for intraplate volcanism
and back-arc deformation in northwestern New Zealand, from joint inver-
sion of receiver functions and surface waves. Geophys J Int 166:1466-1483.
https://doi.org/10.1111/j.1365-246X.2006.03016.x

Jenkins S, Komorowski J-C, Baxter PJ, Spence R, Picquout A, Lavigne F et al (2013)
The Merapi 2010 eruption: an interdisciplinary impact assessment methodol-
ogy for studying pyroclastic density current dynamics. J Volcanol Geotherm
Res 261:316-329. https://doi.org/10.1016/jjvolgeores.2013.02.012

Jones-Lee M (1994) Safety and the saving of life. in Cost-benefit analysis. Cam-
bridge University Press, Cambridge, UK

Jumadi, Heppenstall AJ, Malleson NS, Carver SJ, Quincey DJ, Manville VR (2018)
Modelling individual evacuation decisions during natural disasters: a case
study of volcanic crisis in Merapi, Indonesia. Geosci Switz 8:1-30. https://doi.
0rg/10.3390/geosciences8060196

Katz RW, Murphy AH (1997) Forecast value: prototype decision-making models.
Econ Value Weather Clim Forecasts, 183-217

Kereszturi G, Németh K, Cronin SJ, Procter J, Agustin-Flores J (2014) Influences on
the variability of eruption sequences and style transitions in the Auckland
Volcanic Field, New Zealand. J Volcanol Geotherm Res 286:101-115. https://
doi.org/10.1016/j jvolgeores.2014.09.002

Kereszturi G, Bebbington M, Németh K (2017) Forecasting transitions in mono-
genetic eruptions using the geologic record. Geology 1-4. https://doi.
0rg/10.1130/G38596.1

Lavigne F, Morin J, Mei ETW, Calder ES, Usamah M, Nugroho U (2018) Mapping
hazard zones, Rapid warning communication and understanding Communi-
ties: primary Ways to Mitigate Pyroclastic Flow Hazard. In: Fearnley CJ, Bird DK,
Haynes K, McGuire WJ, Jolly G (eds) Observing the Volcano World: Volcano
Crisis Communication. Springer International Publishing, Cham, pp 107-119.
doi: https://doi.org/10.1007/11157_2016_34.

Lindell MK, Perry RW (1992) Behavioral foundations of community emergency
planning. Hemisphere Publishing Corp, Washington, DC, US

Lindsay J, Marzocchi W, Jolly GE, Constantinescu R, Selva J, Sandri L (2010) Towards
real-time eruption forecasting in the Auckland Volcanic Field: application of
BET_EF during the New Zealand National Disaster Exercise “Ruaumoko. Bull
Volcanol 72:185-204. https://doi.org/10.1007/500445-009-0311-9

Magill CR, McAneney KJ, Smith IE (2005) Probabilistic assessment of vent locations
for the next Auckland volcanic field event. Math Geol 37:227-242. https://doi.
0rg/10.1007/511004-005-1556-2

Maralani M, Wilson P (2019) Location, location, location: The value of having a port
in the neighbourhood. Available at: http://hdl.handle.net/11540/11564

Marrero JM, Garcia A, Llinares A, Rodriguez-Losada JA, Ortiz R (2012) A direct
approach to estimating the number of potential fatalities from an eruption:
application to the Central Volcanic Complex of Tenerife Island. J Volcanol
Geotherm Res 219-220. https://doi.org/10.1016/j jvolgeores.2012.01.008

Marzocchi W, Woo G (2007) Probabilistic eruption forecasting and the call for an
evacuation. Geophys Res Lett 34:2-5. https://doi.org/10.1029/2007GL031922

Marzocchi W, Woo G (2009) Principles of volcanic risk metrics: Theory and the case
study of Mount Vesuvius and Campi Flegrei, Italy. J. Geophys. Res. Solid Earth
1978-2012 114

Page 24 of 25

Marzocchi W, Sandri L, Gasparini P, Newhall C, Boschi E (2004) Quantifying proba-
bilities of volcanic events: the example of volcanic hazard at Mount Vesuvius.
J Geophys Res Solid Earth 109:1-18. https://doi.org/10.1029/2004JB003155

Marzocchi W, Sandri L, Selva J (2008) BET_EF: a probabilistic tool for long- and
short-term eruption forecasting. Bull Volcanol 70:623-632. https://doi.
0rg/10.1007/500445-007-0157-y

Marzocchi W, Sandri L, Selva J (2010) BET_VH: a probabilistic tool for long-term vol-
canic hazard assessment. Bull Volcanol 72:705-716. https://doi.org/10.1007/
500445-010-0357-8

Marzocchi W, Newhall CG, Woo G (2012) The scientific management of volcanic
crises. J Volcanol Geotherm Res 247-248:181-189

Mazot A, Smid ER, Schwendenmann L, Delgado-Granados H, Lindsay J (2013) Sail
CO2 flux baseline in an urban monogenetic volcanic field: the Auckland
Volcanic Field, New Zealand. Bull Volcanol 75:757. https://doi.org/10.1007/
s00445-013-0757-7

MCDEM, the National Civil Defence Emergency Management Plan (2015) The
Guide to 2015. Wellington: Ministry of Civil Defence & Emergency Available
at: http//www.civildefence.govt.nz/assets/guide-to-the-national-cdem-plan/
Guide-to-the-National-CDEM-Plan-2015.pdf

McDonald GW, Smith NJ, Kim J, Cronin SJ, Proctor JN (2017) The spatial and tempo-
ral “cost” of volcanic eruptions: assessing economic impact, business inoper-
ability, and spatial distribution of risk in the Auckland region, New Zealand.
Bull Volcanol 79:48-48. https://doi.org/10.1007/500445-017-1133-9

Mei ETW, Lavigne F (2012) Influence of the institutional and socio-economic con-
text for responding to disasters: case study of the 1994 and 2006 eruptions
of the Merapi Volcano, Indonesia. Geol Soc Lond Spec Publ 361:171-186.
https://doi.org/10.1144/SP361.14

Mei ETW, Lavigne F, Picquout A, de Bélizal E, Brunstein D, Grancher D et al (2013)
Lessons learned from the 2010 evacuations at Merapi volcano. J Volcanol
Geotherm Res 261. https://doi.org/10.1016/j jvolgeores.2013.03.010

Ministry for Business, Innovation and Employment (2021) Building code and hand-
books. Available at: https://www.building.govt.nz/buildingcode-compliance/
building-code-and-handbooks/building-codehandbook/

Ministry of Transport (2021) Social cost of road crashes and injuries - June 2020
update. Wellington: Ministry of Transport Available at: https://www.transport.
govt.nz/assets/Uploads/Social-Cost-of-Road-Crashes-and-Injuries-2020_final.
pdf [Accessed February 9, 2022]

Moriarty KD, Ni D, Collura J (2007) Modeling traffic flow under emergency evacu-
ation situations: Current practice and future directions. in 86th Transporta-
tion Research Board Annual Meeting (Washington DC). Available at: https://
works.bepress.com/daiheng_ni/24/%5Cnpapers3://publication/uuid/
C3AB8CFO-9E6E-4A0D-9726-7119E2773EE3

Neri A, Aspinall WP, Cioni R, Bertagnini A, Baxter PJ, Zuccaro G et al (2008)
Developing an event Tree for probabilistic hazard and risk assessment at
Vesuvius. J Volcanol Geotherm Res 178:397-415. https://doi.org/10.1016/].
jvolgeores.2008.05.014

New Zealand Government (2011) Earthquake support package available immedi-
ately. Available at: https://www.beehive.govt.nz/release/earthquake-support-
package-available-immediately [Accessed January 4, 2023]

New Zealand Treasury (2021) The Treasury’s CBAx Tool. The Treasury. Available at:
https.//www.treasury.govt.nz/information-and-services/state-sector-leader-
ship/investment-management/plan-investment-choices/cost-benefit-anal-
ysis-including-public-sector-discount-rates/treasurys-cbax-tool [Accessed
February 9, 2022]

Newhall CG (1996) Fire and mud, eruptions and lahars of mount pinatubo,
phillipines. Fire Mud Erupt Lahars Mt Pinatubo Philipp 0-2. https://doi.
0rg/10.2307/3673980

Newhall CG, Hoblitt R (2002) Constructing event trees for volcanic crises. Bull
Volcanol 64:3-20. https://doi.org/10.1007/5004450100173

Newhall CG, Pallister JS (2015) in Volcanic Hazards, Risks, and Disasters. Elsevier Inc.,
pp 203-232. https://doi.org/10.1016/B978-0-12-396453-3.00008-3."Using
Multiple Data Sets to Populate Probabilistic Volcanic Event Trees

Newhall C, li JWH, Stauffer PH (1998) U. S. GEOLOGICAL SURVEY — REDUCING THE
RISK FROM VOLCANO HAZARDS The Cataclysmic 1991 Eruption of Mount
Pinatubo, Philippines

Papale P (2017) Rational volcanic hazard forecasts and the use of volcanic alert
levels. https://doi.org/10.1186/513617-017-0064-7

Paton D, Smith L, Daly M, Johnston D (2008) Risk perception and volcanic hazard
mitigation: individual and social perspectives. J Volcanol Geotherm Res
172:179-188. https://doi.org/10.1016/j jvolgeores.2007.12.026

Peppoloni S, Woo G, Martf J, Di Capua G (2023) “Geoethics: The Missing Piece in the
Separation of Responsibility Between Volcanologists and Decision-Makers,”


https://doi.org/10.1007/11157_2017_19
https://doi.org/10.21420/G20652
https://doi.org/10.1016/j.jvolgeores.2019.106763
https://doi.org/10.1016/j.jvolgeores.2019.106763
https://doi.org/10.1016/j.chemgeo.2016.06.019
https://doi.org/10.1016/j.chemgeo.2016.06.019
https://doi.org/10.1080/00288306.2020.1736102
https://doi.org/10.1111/j.1365-246X.2006.03016.x
https://doi.org/10.1016/j.jvolgeores.2013.02.012
https://doi.org/10.3390/geosciences8060196
https://doi.org/10.3390/geosciences8060196
https://doi.org/10.1016/j.jvolgeores.2014.09.002
https://doi.org/10.1016/j.jvolgeores.2014.09.002
https://doi.org/10.1130/G38596.1
https://doi.org/10.1130/G38596.1
https://doi.org/10.1007/11157_2016_34
https://doi.org/10.1007/s00445-009-0311-9
https://doi.org/10.1007/s11004-005-1556-2
https://doi.org/10.1007/s11004-005-1556-2
http://hdl.handle.net/11540/11564
https://doi.org/10.1016/j.jvolgeores.2012.01.008
https://doi.org/10.1029/2007GL031922
https://doi.org/10.1029/2004JB003155
https://doi.org/10.1007/s00445-007-0157-y
https://doi.org/10.1007/s00445-007-0157-y
https://doi.org/10.1007/s00445-010-0357-8
https://doi.org/10.1007/s00445-010-0357-8
https://doi.org/10.1007/s00445-013-0757-7
https://doi.org/10.1007/s00445-013-0757-7
http://www.civildefence.govt.nz/assets/guide-to-the-national-cdem-plan/Guide-to-the-National-CDEM-Plan-2015.pdf
http://www.civildefence.govt.nz/assets/guide-to-the-national-cdem-plan/Guide-to-the-National-CDEM-Plan-2015.pdf
https://doi.org/10.1007/s00445-017-1133-9
https://doi.org/10.1144/SP361.14
https://doi.org/10.1016/j.jvolgeores.2013.03.010
https://www.building.govt.nz/buildingcode-compliance/building-code-and-handbooks/building-codehandbook/
https://www.building.govt.nz/buildingcode-compliance/building-code-and-handbooks/building-codehandbook/
https://www.transport.govt.nz/assets/Uploads/Social-Cost-of-Road-Crashes-and-Injuries-2020_final.pdf
https://www.transport.govt.nz/assets/Uploads/Social-Cost-of-Road-Crashes-and-Injuries-2020_final.pdf
https://www.transport.govt.nz/assets/Uploads/Social-Cost-of-Road-Crashes-and-Injuries-2020_final.pdf
https://works.bepress.com/daiheng_ni/24/%5Cnpapers3://publication/uuid/C3AB8CF
https://works.bepress.com/daiheng_ni/24/%5Cnpapers3://publication/uuid/C3AB8CF
https://works.bepress.com/daiheng_ni/24/%5Cnpapers3://publication/uuid/C3AB8CF
https://doi.org/10.1016/j.jvolgeores.2008.05.014
https://doi.org/10.1016/j.jvolgeores.2008.05.014
https://www.beehive.govt.nz/release/earthquake-support-package-available-immediately
https://www.beehive.govt.nz/release/earthquake-support-package-available-immediately
https://www.treasury.govt.nz/information-and-services/state-sector-leadership/investment-management/plan-investment-choices/cost-benefit-analysis-including-public-sector-discount-rates/treasurys-cbax-tool
https://www.treasury.govt.nz/information-and-services/state-sector-leadership/investment-management/plan-investment-choices/cost-benefit-analysis-including-public-sector-discount-rates/treasurys-cbax-tool
https://www.treasury.govt.nz/information-and-services/state-sector-leadership/investment-management/plan-investment-choices/cost-benefit-analysis-including-public-sector-discount-rates/treasurys-cbax-tool
https://doi.org/10.2307/3673980
https://doi.org/10.2307/3673980
https://doi.org/10.1007/s004450100173
https://doi.org/10.1016/B978-0-12-396453-3.00008-3
https://doi.org/10.1186/s13617-017-0064-7
https://doi.org/10.1016/j.jvolgeores.2007.12.026

Wild et al. Journal of Applied Volcanology (2023) 12:7

in Advances in Natural Hazards and Volcanic Risks: Shaping a Sustainable Future
Advances in Science, Technology & Innovation,, eds. A. Malheiro, F. Fernandes,
and H. I. Chaminé (Cham: Springer Nature Switzerland), 19-23. doi: https://
doi.org/10.1007/978-3-031-25042-2_4

Rees JD (1979) “Effects of the Eruption of Parfcutin Volcano on Landforms, Vegeta-
tion, and Human Occupancy,'in Volcanic Activity and Human Ecology (Else-
vier), 249-292. doi: https://doi.org/10.1016/B978-0-12-639120-6.50014-5

Rogers RW (1975) A protection motivation theory of fear appeals and attitude
changel. J Psychol 91:93-114

Runge MG, Bebbington MS, Cronin SJ, Lindsay JM, Moufti MR (2015) Sensitivity
to volcanic field boundary. J Appl Volcanol 4:22. https://doi.org/10.1186/
$13617-015-0040-z

Sandri L, Jolly GE, Lindsay J, Howe T, Marzocchi W (2012) Combining long-and
short-term probabilistic volcanic hazard assessment with cost-benefit analy-
sis to support decision making in a volcanic crisis from the Auckland Volcanic
Field, New Zealand. Bull Volcanol 74:705-723

Sandri L, Thouret JC, Constantinescu R, Biass S, Tonini R (2014) Long-term multi-
hazard assessment for EI Misti volcano (Peru). Bull Volcanol 76:1-26. https://
doi.org/10.1007/500445-013-0771-9

Saunders W, Beban JG, Kilvington M (2013) Risk-based land use planning for natu-
ral hazard risk reduction. GNS Science, Lower Hutt

Selva J, Costa A, Marzocchi W, Sandri L (2010) BET_VH: exploring the influ-
ence of natural uncertainties on long-term hazard from tephra fallout at
Campi Flegrei (Italy). Bull Volcanol 72:717-733. https://doi.org/10.1007/
500445-010-0358-7

Selva J, Marzocchi W, Papale P, Sandri L (2012) Operational eruption forecasting at
high-risk volcanoes: the case of Campi Flegrei, Naples. J Appl Volcanol 1:1-14.
https://doi.org/10.1186/2191-5040-1-5

Selva J, Costa A, Sandri L, Macedonio G, Marzocchi W (2014) Probabilis-
tic short-term volcanic hazard in phases of unrest: a case study for
tephra fallout. J Geophys Res B Solid Earth 119:8805-8826. https://doi.
0rg/10.1002/2014JB011252

Selva J, Costa A, Sandri L, Rouwet D, Tonini R, Macedonio G et al (2015a) Automa-
tized near-real-time short-term Probabilistic Volcanic Hazard Assessment of
tephra dispersion before eruptions: BET_VHst for Vesuvius and Campi Flegrei
during recent exercises. in EGU General Assembly Conference Abstracts (Vol. 17,
p.13169)

Selva J, Scollo S, Costa A, Brancato A, Prestifilippo M (2015b) Automatized near-
real-time short-term Probabilistic Volcanic Hazard Assessment of tephra
dispersion before and during eruptions: BET_VHst for Mt. Etna. in EGU General
Assembly Conference Abstracts, 13529

Sheldrake TE, Aspinall WP, Odbert HM, Wadge G, Sparks RSJ (2017) Understanding
causality and uncertainty in volcanic observations: an example of forecasting
eruptive activity on Soufriere Hills Volcano, Montserrat. J Volcanol Geotherm
Res 341:287-300. https://doi.org/10.1016/jjvolgeores.2017.06.007

Sobradelo R, Bartolini S, Marti J (2014) HASSET: a probability event tree tool to
evaluate future volcanic scenarios using bayesian inference. Bull Volcanol
76:1-15. https://doi.org/10.1007/500445-013-0770-x

Sobradelo R, Marti J, Kilburn C, Lopez C (2015) Probabilistic approach to decision-
making under uncertainty during volcanic crises: retrospective application to
the El Hierro (Spain) 2011 volcanic crisis. Nat Hazards 76:979-998. https://doi.
0rg/10.1007/511069-014-1530-8

Statistics New Zealand (2019) Regional gross domestic product: Year ended
March 2018. Available at: https://www.stats.govt.nz/information-releases/
regional-gross-domestic-product-year-ended-march-2018

Statistics New Zealand (2021) Regional gross domestic product: Year ended
March 2020. Available at: https://www.stats.govt.nz/information-releases/
regional-gross-domestic-product-year-ended-march-2020

Statistics New Zealand (2018) Auckland Region. Available at: https.//www.stats.
govt.nz/tools/2018-census-place-summaries/auckland-region

Taig T, Massey C, Webb T (2011) Canterbury earthquakes 2010/11 Port Hills Slope
Stability: principles and criteria for the Assessment of Risk from Slope instabil-
ity in the Port Hills, Christchurch. GNS Science, Lower Hutt (NZ)

Tayag J, Insauriga S, Ringor A, Belo M (1996) People’s response to eruption warn-
ing: the Pinatubo experience, 1991-92. in Fire and mud. Eruptions and lahars
of Mount Pinatubo. University of Washington Press, Philippines

Page 25 of 25

Thakur S, Ranjitkar P, Rashidi S (2022) Investigating evacuation behaviour under
an imminent threat of volcanic eruption using a logistic regression-based
approach. Saf Sci 149:105688. https://doi.org/10.1016/j.55¢i.2022.105688

Thompson MA, Lindsay JM, Sandri L, Biass S, Bonadonna C, Jolly G et al (2015)
Exploring the influence of vent location and eruption style on tephra fall haz-
ard from the Okataina Volcanic Centre, New Zealand. Bull Volcanol 77:1-23.
https://doi.org/10.1007/500445-015-0926-y

Thorarinsson S, Steinth S, Einarsson T, Kristmannsd H, Oskarsson N (1973) The Erup-
tion on Heimaey, Iceland. 241, 4

Tobin GA, Whiteford LM (2002) Community Resilience and Volcano Hazard: the
Eruption of Tungurahua and Evacuation of the Faldas in Ecuador. Disasters 26,
28-48. doi: https//doi.org/10.1111/1467-7717.00189

Tonini R, Sandri L, Thompson MA (2015) PyBetVH: a Python tool for probabi-
listic volcanic hazard assessment and for generation of bayesian hazard
curves and maps. Comput Geosci 79:38-46. https://doi.org/10.1016/j.
ageo.2015.02.017

Tonini R, Sandri L, Rouwet D, Caudron C, Marzocchi W, Suparjan (2016) A new
bayesian event Tree tool to track and quantify volcanic unrest and its applica-
tion to Kawah ljen volcano. Geochem Geophys Geosystems 17:2539-2555.
https://doi.org/10.1002/2016GC006327

Vrijling J, Van Hengel W, Houben R (1995) A framework for risk evaluation. J Hazard
Mater 43:245-261. https://doi.org/10.1016/0304-3894(95)91197-V

Whitehead JC (2003) One million dollars per mile? The opportunity costs of hur-
ricane evacuation. Ocean Coast Manag 46:1069-1083

Wild AJ, Lindsay JM, Costello SB, Deligne NI, Doherty A, Leonard GS et al (2019a)
Auckland Volcanic Field eruption crisis management decision-making pilot
workshop. Lower Hutt (NZ): GNS Science doi: https://doi.org/10.21420/
[V1B6-NC4]

Wild AJ, Wilson TM, Bebbington MS, Cole JW, Craig HM (2019b) Probabilistic volca-
nic impact assessment and cost-benefit analysis on network infrastructure for
secondary evacuation of farm livestock: a case study from the dairy industry,
Taranaki, New Zealand. J Volcanol Geotherm Res 387:106670-106670. https://
doi.org/10.1016/j jvolgeores.2019.106670

Wild AJ, Lindsay JM, Bebbington MS, Clive MA, Wilson TM (2020) Suitability of
quantitative volcanic hazard and risk assessment methods and tools for crisis
management in Auckland, New Zealand. GNS Science Available at: https://
doi.org/10.21420/NGM3-5R75 [Accessed October 23, 2020]

Wild AJ, Bebbington MS, Lindsay JM, Charlton DH (2021) Modelling spatial popula-
tion exposure and evacuation clearance time for the Auckland Volcanic Field,
New Zealand. J Volcanol Geotherm Res 416:107282. https://doi.org/10.1016/j.
jvolgeores.2021.107282

Wild AJ, Bebbington MS, Lindsay JM (2022) Short-term eruption forecasting for
Crisis decision-support in the Auckland Volcanic Field, New Zealand. Front
Earth Sci 10:893882. https://doi.org/10.3389/feart.2022.893882

Williams RS, Moore JG (1983) Man againat volcano: the eruption on Heimary, Vest-
mann Islands, Iceland. U.S. Geological Survey General Interest Publication,
Washington D. C.

Wilson TM, Cole JW, Johnston DM, Cronin SJ, Stewart C, Dantas A (2012) Short- and
long-term evacuation of people and livestock during a volcanic crisis: lessons
from the 1991 eruption of Volcan Hudson, Chile. J Appl Volcanol 1:1-11.
https://doi.org/10.1186/2191-5040-1-2

Woo G (2008) Probabilistic criteria for volcano evacuation decisions. Nat Hazards
45:87-97. https://doi.org/10.1007/511069-007-9171-9

Woo G (2015) Cost-benefit analysis in volcanic risk,"in volcanic hazards. Risks and
Disasters. https://doi.org/10.1016/B978-0-12-396453-3.00011-3

Wood N, Wilson R, Jones J, Peters J, MacMullan E, Krebs T et al (2017) Commu-
nity disruptions and business costs for distant tsunami evacuations using
maximum versus scenario-based zones. Nat Hazards 86:619-643. https://doi.
0rg/10.1007/511069-016-2709-y

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1007/978-3-031-25042-2_4
https://doi.org/10.1007/978-3-031-25042-2_4
https://doi.org/10.1016/B978-0-12-639120-6.50014-5
https://doi.org/10.1186/s13617-015-0040-z
https://doi.org/10.1186/s13617-015-0040-z
https://doi.org/10.1007/s00445-013-0771-9
https://doi.org/10.1007/s00445-013-0771-9
https://doi.org/10.1007/s00445-010-0358-7
https://doi.org/10.1007/s00445-010-0358-7
https://doi.org/10.1186/2191-5040-1-5
https://doi.org/10.1002/2014JB011252
https://doi.org/10.1002/2014JB011252
https://doi.org/10.1016/j.jvolgeores.2017.06.007
https://doi.org/10.1007/s00445-013-0770-x
https://doi.org/10.1007/s11069-014-1530-8
https://doi.org/10.1007/s11069-014-1530-8
https://www.stats.govt.nz/information-releases/regional-gross-domestic-product-year-ended-march-2018
https://www.stats.govt.nz/information-releases/regional-gross-domestic-product-year-ended-march-2018
https://www.stats.govt.nz/information-releases/regional-gross-domestic-product-year-ended-march-2020
https://www.stats.govt.nz/information-releases/regional-gross-domestic-product-year-ended-march-2020
https://www.stats.govt.nz/tools/2018-census-place-summaries/auckland-region
https://www.stats.govt.nz/tools/2018-census-place-summaries/auckland-region
https://doi.org/10.1016/j.ssci.2022.105688
https://doi.org/10.1007/s00445-015-0926-y
https://doi.org/10.1111/1467-7717.00189
https://doi.org/10.1016/j.cageo.2015.02.017
https://doi.org/10.1016/j.cageo.2015.02.017
https://doi.org/10.1002/2016GC006327
https://doi.org/10.1016/0304-3894(95)91197-V
https://doi.org/10.21420/[V1B6-NC4]
https://doi.org/10.21420/[V1B6-NC4]
https://doi.org/10.1016/j.jvolgeores.2019.106670
https://doi.org/10.1016/j.jvolgeores.2019.106670
https://doi.org/10.21420/NGM3-5R75
https://doi.org/10.21420/NGM3-5R75
https://doi.org/10.1016/j.jvolgeores.2021.107282
https://doi.org/10.1016/j.jvolgeores.2021.107282
https://doi.org/10.3389/feart.2022.893882
https://doi.org/10.1186/2191-5040-1-2
https://doi.org/10.1007/s11069-007-9171-9
https://doi.org/10.1016/B978-0-12-396453-3.00011-3
https://doi.org/10.1007/s11069-016-2709-y
https://doi.org/10.1007/s11069-016-2709-y

	﻿Cost-benefit analysis for evacuation decision-support: challenges and possible solutions for applications in areas of distributed volcanism
	﻿Abstract
	﻿Introduction
	﻿Cost-benefit analysis background
	﻿Bayesian event tree for forecasting eruptions and volcanic hazards
	﻿Overview and past applications
	﻿Consideration for spatial vent likelihood at node 4

	﻿Case study: evacuation decision from an AVF eruption
	﻿Cost-benefit analysis thresholds
	﻿Risk-to-life-safety: development of an Auckland volcanic field bayesian event Tree for volcanic hazard short term
	﻿Node 1 to 4: eruption and spatial vent probability
	﻿Node 5: eruption style/size
	﻿Node 6: phenomena
	﻿Node 7–8: overcoming thresholds at target areas
	﻿Weight of the monitoring component at BET node 4
	﻿AVF evacuation decision-support testing

	﻿Results
	﻿Discussion
	﻿Spatial-temporal eruption forecasting using BET
	﻿Applying cost-benefit analysis and BET_VHst as an evacuation decision-support for the AVF
	﻿Considerations for cost-benefit analysis as an evacuation decision-support approach

	﻿Summary and conclusions
	﻿References


