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Evacuation is often a necessary volcanic riskmitigationmeasure. However, the focus is typically on primary evac-
uation from immediate life safety from the eruption, compared to secondary evacuation from loss of critical ser-
vices and networked infrastructure. Evacuation, and the associated decision-making process, can be streamlined
if probable evacuation can be forecast, and hence prepared for. This paper provides a framework using geospatial
data, probabilistic modelling and cost-benefit analysis to produce a geospatial evacuation decision support tool.
In this paper, we present a case study for the tephra fall hazard to dairy livestock for Mt. Taranaki, New Zealand,
applying Bayesian Event Tree for Volcanic Hazard (BET_VH) modelling in conjunction with tephra dispersal
modelling using TEPHRA2. We model two eruption types: 1) smaller Merapian; and 2) larger sub-Plinian, esti-
mating tephra fall coverage with associated probabilities of occurrence. A comprehensive geospatial inventory
is compiled, associating dairy farms with essential services: modelled electricity and water supply sources, and
road access. Fault tree analysis and fragility functions are used to assess impact to: 1) feed supply; 2) water sup-
ply; and 3)milking ability for both on farm and external services e.g. electricity andwater supply for each farm in
the region. Without any of these, animal welfare will be threatened, even within a short timeframe e.g. two
weeks. Cost-benefit analysis establishes if and where it will probably be beneficial to evacuate. This paper pro-
vides the first quantitative geospatial inter-dependency study for the Taranaki dairy industry from tephra fall,
but also provides a framework that can be used to assess the impact to any geophysical hazard for any commu-
nity or sector.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Volcanic eruptions can affect and disrupt human and societal assets.
Tephra fall is one of themost widespread volcanic hazard (Wilson et al.,
2012b) and there is a growing body of research that evaluates the im-
pact of volcanic tephra fall on agriculture and critical infrastructure
(Cook et al., 1981; Cronin et al., 1998; Stewart et al., 2006; Wilson and
Kaye, 2008; Wilson et al., 2012b, 2014, 2017; Wardman et al., 2012a;
Craig et al., 2016a; Blake et al., 2017a). By assessing tephra fall hazard,
exposed societal elements (e.g. people, infrastructure), and the vulner-
ability of those elements, the risk from tephra fall can be evaluated,
ic Hazard; GDP, Gross Domestic
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allowing for targeted cost-beneficial risk reduction strategies (Wilson
et al., 2014). Tephra fall risk assessments are carried out by combining
hazard intensity information (i.e., tephra thickness), the exposure char-
acteristics (i.e., the area affected) and the vulnerability of the exposed
population or assets (i.e., specific asset characteristics such as material
strength of roof materials) (UNISDR, 2009).

Evacuation of people or livestock can be a desirable risk mitigation
exercise as it removes exposure to the hazard (Wilson et al., 2009).
However, mass evacuation can be logistically complex and costly
(Woo, 2008). In particular, global evidence of livestock evacuations dur-
ing volcanic ash fall crises suggests they are often fraught with chal-
lenges, require careful management, and may not be beneficial to
farmers in the long term (Wilson et al., 2009; Craig et al., 2016b). Eco-
nomic, social, political, psychological, and environmental factors need
to be considered to inform any evacuation decision, putting substantial
stress on decision-makers (Marzocchi and Woo, 2007; Chinander Dye
et al., 2014; Bebbington and Zitikis, 2016). The decision to evacuate
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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can be simplified by evaluating whether the potential benefits of evac-
uation outweigh the potential consequences if no evacuation occurs,
using cost-benefit analysis (Marzocchi and Woo, 2007, 2009; Woo,
2008).

Following a primary evacuation (typically driven by risk to life
safety), secondary evacuations may be necessary due to the disruption
of essential services from critical infrastructure networks (e.g. main-
tained water supply) and the subsequent affects this has on the ability
to support life. Secondary evacuations of people and or livestock are
commonly observed following widespread tephra falls from explosive
eruptions, due to direct effects to feed and indirect impacts to water
supplies, transportation networks and electricity networks (Blong,
1984; Wilson et al., 2011, 2012a, 2012b, 2014; Craig et al., 2016b)

This paper presents an evacuation decision-support tool, using a
case study of the dairy livestock exposed to the tephra fall hazard
from an eruption of Taranaki volcano, New Zealand. This is identified
as a difficult problem, as dairy farms are reliant on a variety of services
to maintain livestock welfare (Wilson et al., 2010), therefore requiring
the explicit consideration of infrastructure dependencies. The dairy in-
dustry is one of New Zealand's leading economic industries (New
Zealand's dairy industry export revenue was $13.4 billion in the 2016/
17 financial year, DairyNZ Limited, 2017a, contributing 3.5% to the
New Zealand GDP, NZIER, 2017), with the Taranaki region accounting
for 8% of New Zealand dairy revenue (DairyNZ Limited, 2017b). All of
Taranaki is within 45 km of the peak of Mt. Taranaki and given a large
explosive eruption, such as is expected from a reawakening volcano
(Bebbington et al., 2018), tephra fall will likely impact a large proportion
of the region. The evacuation of livestock is a very laborious and expen-
sive process (Wilson et al., 2009, 2011), and requires preparation in the
form of investment in haulage capacity and loading facilities, provision
of transportation infrastructure networks, and evacuation destinations
which can sustain (feed, water and shelter) the animals. On the other
hand, improvement in on-farm infrastructure and supplies that
removes the need for evacuationmay be feasible (e.g. ash resilient shel-
ter and feed and water supplies). Hence, we need to develop a vulnera-
bilitymodel for livestockwelfare, and subject it to a probabilistic hazard
analysis in order to quantify the cost-benefit of preparing for evacuation
or investing inmore resilient infrastructure. This is the first study, to the
best of our knowledge, to conduct livestock risk assessment at a regional
level to estimate the likelihood a farm will be able to sustain livestock
following tephra fall, and if or where it is likely to be cost-beneficial to
evacuate livestock.

The remainder of the paper is structured as follows: For the case
study application of the presented decision-support assessment, we re-
view the volcanic hazard and vulnerabilities in the Taranaki, New
Zealand region. A tephra fall hazard assessment is then conducted for
the Taranaki region using the BET_VH framework for Mt. Taranaki,
followed by a risk assessment using a developed vulnerability model
for measuring impact on livestockwelfare in the event of aMt. Taranaki
eruption. These are then combined to form an evacuation decision-
support tool, using cost-benefit analysis to assess post-eruption
evacuation.

2. Background information

2.1. Mt. Taranaki

Mt. Taranaki, New Zealand (Fig. 1), is a 130,000-year-old basaltic to
andesitic-dacitic stratovolcano (Neall and Alloway, 1993; Neall, 2003;
Alloway et al., 2005; Johnston et al., 2011). It has experienced long pe-
riods of quiescence interspersed with periods of activity (Damaschke
et al., 2018). Large-scale sub-Plinian eruptions occur on average every
two to three centuries, with smaller, more frequent Merapian style
eruptions typically producing lava domes, block-and-ash flows and
small ash clouds interspersed between them (Alloway et al., 1995;
Platz, 2007; Platz et al., 2007; Turner et al., 2009; Zernack et al., 2011;
Green et al., 2013). Fanthams Peak is a parasitic cone on the southern
flank of Mt. Taranaki. This, along with the central vent, have been the
only sites of large explosive events in the past 10,000 years (Neall
et al., 1986). However, there is evidence of subsidiary vents on the
upper flanks producing smaller eruptive events. During the last
600 years there have been several block-and-ash flow events (Turner
et al., 2008) and one sub-Plinian eruption in AD1655 (Topping, 1972;
Neall et al., 1986; Alloway et al., 2005).

Numerous studies have focused on understanding the volcanic haz-
ards (e.g. tephra fall, sector collapse) for Mt. Taranaki (e.g. Neall and
Alloway, 1993; Alloway et al., 1995, 2005; Neall, 2003; Bebbington
et al., 2008; Turner et al., 2009; Procter et al., 2009, 2010; Hurst and
Smith, 2010; Johnston et al., 2011; Zernack et al., 2012; Damaschke
et al., 2018). As Mt. Taranaki has been quiesent for approximiately
200 years, a fundamental issue for a hazard assessment of Mt. Taranaki,
given its potential reawakening behaviour, is to understand the patern
of activity. In particular, what style and size of eruption is likely after
such a lengthy repose (Bebbington et al., 2008; Turner et al., 2009;
Green et al., 2013).

2.2. Tephra dispersal and fallout

The dispersal of tephra is influenced by the eruptive style, which de-
termines the amount of tephra, and atmospheric conditions such as
wind controlling the direction of dispersal (Jenkins et al., 2014). Tephra
can travel thousands of kilometres from the eruption source, therefore it
is the volcanic hazard most likely to affect the largest geographical area
(Wilson and Cole, 2007). Tephra can cause short and long-term respira-
tory issues for both humans and animals (Neild et al., 1998; Johnston
et al., 2011). Tephra deposits can result in widespread damage and dis-
ruption through abrasion, clogging and loading, particularly if wet, of
equipment and machinery (Wilson et al., 2011). Fortunately, relation-
ships between tephra thickness and impact to agriculture and infra-
structure sectors from volcanic tephra fall is becoming better
understood (Table 1).

This case-study only considers tephra fall, as it is the hazard most
likely to affect dairy farms and associated infrastructure in a future erup-
tion of Taranaki volcano (Wilson et al., 2012b). Lahars are likely to be
produced in any future volcanic eruption, however adequate hazard
modelling is not currently available for application in this model. Prox-
imal volcanic hazards (e.g. pyroclastic density current and lava flow)
produced in a future explosive eruption have a low probability of
reaching beyond the boundary of Egmont National Park (Procter et al.,
2010; Johnston et al., 2011), which surrounds Taranaki Volcano, and
so have been excluded from this analysis.

2.3. Livestock evacuation during tephra fall crises

A number of studies have reported that livestock evacuation from
tephra fall hazard is a commonly desired response option from farmers
(e.g. Williams and Moore, 1983; Lara, 2009; Wilson, 2009; Sword-
Daniels et al., 2011; Magill et al., 2013; USGS, 2019). Disaster planning
in Taranaki has also regularly identified farmer and dairy sector interest
in evacuation of livestock as a response to a volcanic crisis, although
dairy sector and government officials have raised concerns about the
availability of evacuation resources (e.g. livestock truck and trailer
units) and suitable destination farms for the cows (Neild et al., 1998;
Wilson et al., 2009). Wilson et al. (2009) investigated this issue by de-
veloping a network-based dairy cow evacuationmodel, which assumed
all farms affected by 50 mm of tephra fall following a large explosive
eruption scenario would require full post-eruption evacuation of live-
stock. The model suggested evacuation to be impractical due to the
high number of cows that required evacuation (N200,000 for the chosen
scenario), insufficient livestock truck and trailer units to undertake the
evacuation in a timely manner before livestock ran out of feed and
water, and insufficient destination farm availability. However, the



Fig. 1. Map of Mt. Taranaki volcano and surrounding townships within the Taranaki region, defined by the regional authority border.
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model presented in this paper aims to quantify the risk to livestock from
direct impact to farms, as well as indirect impacts from the loss of criti-
cal support services, such as water and electricity supply. Output from
this quantitative risk assessment approach can be used to better analyse
pre- and post-eruption livestock welfare needs and support potential
evacuation decision making.

3. Long-term tephra hazard in Taranaki

Livestock welfare on high-technology farming operations is highly
interdependent on multiple services, such as water, electricity and
transportation. Examining these interdependencies requires consider-
ing a hazard, in particular tephra dispersal, which impacts several of
these services, e.g. electricity, transport and water, across a wide geo-
graphical area. There are many tools available for conducting tephra
fall hazard assessments during a quiescent period. It is acknowledged
there are many probabilistic volcanic hazard assessment frameworks.
For example a Bayesian Belief Network (BBN; Aspinall et al., 2003;
Neil et al., 2005; Cowell et al., 2007) or a decision tree such as HASSET
(Sobradelo et al., 2014) can be teamed with one of a number of tephra
dispersal models, for example ASHFALL (Hurst, 1994), PUFF (Searcy
et al., 1998) or HAZMAP (Macedonio et al., 2005). Alternatively, a fully
statistical treatment such as that suggested by Bebbington et al.
(2008) could be used. However, a combination of Bayesian Event Tree
for Volcanic Hazard (BET_VH; Marzocchi et al., 2010) and TEPHRA2
(Bonadonna et al., 2005) was selected as best fitting the requirements
for this assessment. It is computationally straightforward with pre-
development applications (PyBETVH (Tonini et al., 2015) and
TephraProb (Biass et al., 2016)), and has been successfully applied in
previous hazard assessments (e.g. Sandri et al., 2014; Thompson et al.,
2015, 2017; Tonini et al., 2015).
3.1. Bayesian Event Tree for Volcanic Hazard (BET_VH)

The Bayesian Event Tree for Volcanic Hazard (BET_VH; Marzocchi
et al., 2010) is a statistical framework that estimates the probability,
during a period of quiescence, of various volcanic eruptive characteris-
tics and events (e.g. eruption style/size, vent location) by using past
eruption data and prior estimates.

Image of Fig. 1


Table 1
Potential impacts categorised by sector from increasing tephra fall thickness: a Thin (˜1 to
10 mm): b Moderate to thick (10 to 100 mm); and c Very thick (N 100 mm).

A) Thin (1-10 mm)

Livestock

Eye and skin irritation. a

Tooth abrasion leading to trouble grazing and
premature aging. b,c

tephra not likely to cause harm. Low risk of fluorosis,
but observed at these tephra thicknesses. b,d,e,f

Tephra contaminated feed and water can become
unpalatable to animals and lead to poor animal
condition. g

Pasture/soil

Tephra permeability can influence soil gas and water
exchange. h

Photosynthesis prevented due to tephra covering. c,h

Vegetation abrasion. Tephra cementation can further
reduce water infiltration and gas exchange. c

Radiation can be reflected lowering soil temperature.
h

Increased soil acidity due to tephra leachates, usually
minor and/or short-term. d,j,k

Dairy farm building,
equipment and system

Possible tephra abrasion and damage on equipment.
l,m

Wet tephra has potential to clog milk condensers and
pumping equipment. l,m

Additional cleaning required. l,m

Electricity supply Wet tephra can cause insulator flashover on
electricity supply lines and substations. n,o

Possible abrasion of moving components. o

Disruption due to outages, cleaning and repairs. o

Water supply Possible clogging of filters and abrasion of moving
components. o

Increased cleaning of filters. o

Road transportation Tephra coverage on road marking. Reduced visibility
o,p

Reduced visibility and loss of traction. o

Possible abrasion to vehicle windscreens and moving
parts and clogging of air filters. k,o

a Neild et al. (1998); b Rubin et al. (1994); c Wilson et al. (2007); d Cronin et al.
(1998); e Cronin et al. (2003); f Jenkins et al. (2014); g Craig (2015); h Cook
et al. (1981); i Wilson et al. (2011); j Cronin et al. (1997); k Johnston et al.
(2000); l Wilson and Kaye (2007); mWilson and Cole (2007); n Wardman et al.
(2012a); o Wilson et al. (2014); p Blake et al. (2016)

B) Moderate to thick (10-100 mm)

Livestock Additional to thin tephra fall, increased
gastrointestinal blockages leading to starvation as a
result of tephra ingestion. a,b
Feed and water sources be smothered. a,c,d

Tephra with moderate to high levels of available
fluorine (usually N150 mg leachable F per kg of
tephra) may cause acute or chronic fluorosis in
grazing animals. e

Risk higher for pregnant animals or animals in poor
condition. e,f

Potential for polioencephalomalacia due to excess
sulphur ingestion. Symptoms include brain damage
and muscle spasms. e,f

Pasture/soil Tephra forms barrier between soil and atmosphere
preventing water and gas exchange. a,b,g

Plant breakages due to overloading, reducing
regrowth. g,h

Complete burial causing vegetation death. g,h

Dairy farm building,
equipment and system

Increased risk of tephra abrasion and blockages of
milk condensers and pumping equipment. i,j

Likely reduced water availability and potential for
electricity supply disruption. k,l

Non-structural damage to milking sheds. m

Electricity supply Increased likelihood of insulator flashover n,o.
Damage to exposed equipment and possible line
breakages due to tephra loading. o

Disruption due to outages, cleaning and repairs. o

Water supply Water contamination and increased turbidity. o

Damage to equipment and infilling of tanks. o

Possible water restrictions. o

Road transportation Further pronounced from thin tephra fall thickness
impacts. o

Dangerous driving conditions, abrasion of road

Table 1 (continued)

B) Moderate to thick (10-100 mm)

surface and markings. o,p

Roads impassable for 2WD vehicles. o

Extensive abrasion of moving parts. o

Increased fluid and filter changes. o

a Wilson et al. (2011); b Rubin et al. (1994); c Wilson and Kaye (2007); d Magill
et al. (2013); e Craig (2015); f Cronin et al. (1998); g Cook et al. (1981); h
Wilson et al. (2007); i Wilson and Kaye (2007); j Wilson and Cole (2007); k
Neild et al. (1998); l Wilson et al. (2010); m Jenkins and Spence (2009) n
Wardman et al. (2012a); o Wilson et al. (2014); p Wilson et al. (2012b)

C) Very thick (N100 mm)

Livestock Further pronounced impacts from moderate tephra
fall thickness. a

Pasture/soil Fertile soil horizon completely buried and cut off
from normal carbon, nitrogen and oxygen cycles.
Water infiltration prevented. a,b,c,d
Loss of soil fertility as normal soil cycles cease. a,e

Pasture completely smothered requiring resowing. f

Dairy farm building,
equipment and system

Additional to moderate tephra fall thickness impacts.
g.h,i

Structural damage and possible roof collapse of
milking shed. g,i

Electricity supply Additional to moderate tephra fall thickness impacts.
j,k

Structural damage possible at generation sites,
electricity supply lines. j,k

Widespread disruption for electricity supply,
especially if generation sites affected. k

Water supply Collapse of reservoir roofs resulting in infilling. p

Severe contamination of water supply. k

Blockages of distribution network. k

Road transportation Complete road burial, possible bridge damage. k

Roads impassible if tephra unconsolidated. k

Vehicles extensively damaged. k

a Craig (2015); b Cook et al. (1981); c Cronin et al. (1998); d Johnston et al.
(2000); e Jenkins et al. (2014); f Wilson et al. (2011); g Jenkins and Spence
(2009); h Wilson et al. (2007); i Wilson and Kaye (2007); j Wardman et al.
(2012a); k Wilson et al. (2014).
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This study uses the BET_VH tool PyBetVH, an open source applica-
tion (available at http://vhub.org) developed in Python as an update
of the BET_VH framework (Tonini et al., 2015). Supp.Mat. Fig. 1 summa-
rizes themodifications to BET_VHmade in PyBetVH. To incorporate un-
certainty into output probabilities for each node in the event tree, the
model uses prior estimates given in terms of a best estimate and a
strength of belief, expressed in terms of ‘number of equivalent data’
value. These are used alongwith past eruption data tofit a Beta distribu-
tion (Nodes 1–3, 6, 7–8) or Dirichlet (Nodes 4, 5) distribution (Tonini
et al., 2015).

A literature review ofMt. Taranaki's eruptive historywas conducted,
and combined with Bayesian subjective judgements arrived at by dis-
cussion between the authors, to derive appropriate input parameters
for Nodes 1–6 as described below. Probabilistic tephra dispersal model-
ling was carried out using the package TEPHRA2 (Bonadonna et al.,
2005) via the TephraProb tool (Biass et al., 2016) to calculate tephra ex-
ceedance probabilities across Taranaki (Nodes 7&8).

3.2. Mt. Taranaki BET_VH inputs for tephra fall

The BET_VH set-up forMt. Taranaki requires a series of input param-
eters. These were populated following the procedure developed for El
Misti and the Okataina Volcanic Centre (Sandri et al., 2014; Thompson
et al., 2015; Tonini et al., 2015). Inputs were configured to align with
the various file structures required for the PyBetVH application (for
more information refer to Tonini et al., 2015). This model uses a time
window (t) of one-year to produce annualised hazard occurrence prob-
abilities. The BET_VH inputs used are provided in Supp.Mat. Table 1, ar-
rived at as described below.

http://vhub.org


Table 2
Output from PyBetVH for absolute mean probability for nodes 1–3 to 6.

Node parameter Mean eruption probability

Node 1–3 (Eruption) 1.38 × 10–2

Node 4 (Vent Location) - Absolute mean eruption for each eruptive vent location
Central 1.16 × 10–2
Eastern 8.60 × 10–5
Southern 1.91 × 10–3
Western 9.11 × 10–5
Northern 8.55 × 10–5

Node 5 (Eruption Style) & Node 6 (Tephra fall) - Absolute mean probability of
eruptive style and tephra fall for each vent location

Vent location Merapian Sub-plinian
All 4.07 × 10–3 9.66 × 10–3
Central 2.60 × 10–3 8.95 × 10–3
Eastern 8.59 × 10–5 2.85 × 10–8
Southern 1.18 × 10–3 7.27 × 10–4
Western 9.11 × 10–5 2.73 × 10–9
Northern 8.51 × 10–5 7.12 × 10–8

5A.J. Wild et al. / Journal of Volcanology and Geothermal Research 387 (2019) 106670
3.2.1. Node 1–3: eruption/no eruption
A number of recent studies have estimated the time-varying annual

eruption probability of Mt. Taranaki using different methodologies (e.g.
Turner et al., 2008; Wang and Bebbington, 2012; Green et al., 2013).
These methods produce estimates of the current annual eruption prob-
ability, which are dependent on when the last eruption occurred. There
is also uncertainty regarding when the last eruption occurred, but it is
likely between AD1785 and AD1820 (Platz et al., 2012). By using each
of the two end-member dates in the three methods, we calculated six
values for the current annual eruption probability. The standard devia-
tion of theses six values is then used as an estimate of the epistemic un-
certainty. Their average, an annual eruption probability of 0.017 per
year, is used as the prior data value. In terms of the Marzocchi et al.
(2010) formulation, this results in an ‘equivalent data’ value of 195.
For our past data, we use the figure of 200 eruptions in 14,500 years
(Damaschke et al., 2018).

3.2.2. Node 4: vent location
PyBetVH allows for different eruption locations, in this case the cen-

tral vent and four flank sectors, allowing for parasitic flank eruptions to
be considered. Themajority of eruptions have occurred from the central
vent. Reflecting the recent nature of the activity from Fanthams Peak,
and the predominance of the central vent location, we subjectively esti-
mated a prior probability of 0.87 for the central vent, 0.1 for the south-
ern flank that comprises Fanthams Peak, and 0.01 for each of the other
three flanks to account for possible migration of vent location from fu-
ture eruptions. An ‘equivalent data’ value of 50 is applied, representing
a fair degree of confidence in our prior.

For past data, there are 28 eruptions with known vent locations, 22
from the central vent and 6 from Fanthams Peak, in the past
10,150 years (Turner, 2009).

3.2.3. Node 5: eruption style
Physical volcanology studies (Neall et al., 1986; Alloway et al., 1995;

Platz et al., 2007; Turner et al., 2009; Zernack et al., 2011, 2012) have in-
dicated Mt. Taranaki exhibits three styles of eruptions: 1) small, rela-
tively frequent “Merapian” style eruptions (VEI 1–2) which typically
produce lava domes, block-and-ash flows and small plumes; 2) less fre-
quent explosive sub-Plinian to Plinian eruptions (VEI 3–5); 3) rare cat-
astrophic sector collapses. This model will only consider the first two
eruption styles for this node as the effects of catastrophic sector collapse
are beyond the scope of management.

AtMt. Taranaki there is a relationship between vent location and the
style of eruption demonstrated by the evidence of explosive eruptions
from the central vent and Fanthams Peak (Alloway et al., 1995; Turner
et al., 2008, 2009). Bebbington et al. (2018) provide a conditional prob-
ability of 0.9 for a VEI 3+ eruption and 0.1 for a VEI 2 or less from the
central vent, with an ‘equivalent data’ value of 500 assessed from the
consensus expert opinion. Applying maximum ignorance, the condi-
tional probability of a sub-Plinian eruption from Fanthams Peak is as-
sumed to be 0.5 for this study as, while sub-Plinian eruptions are
known to have originated from Fanthams Peak (Turner et al., 2011),
the magma has had a more mafic composition, typically associated
with less explosive eruptions. An ‘equivalent data’ value of 10 is used
for Fanthams Peak.

As there are no records of sub-Plinian eruptions from vents on the
northern, eastern and western flanks, we assess a conditional probabil-
ity of 0.999 and 0.001 for Merapian and sub-Plinian style eruptions re-
spectively. An equivalent data value of 1 is set to represent the
maximum uncertainty associated with these values.

Green et al. (2016) estimated there have been 135 Merapian style,
132 sub-Plinian and 3 Plinian eruptions observed in deposits from Mt.
Taranaki, while Turner et al. (2011) attribute 9 of these sub-Plinian
eruptions to Fanthams Peak. Supposing that the relative likelihood of
Merapian versus sub-Plinian eruptions from Fanthams Peak is twice
that from the central vent due to themagma composition, 18 is applied
for past data. There are no past eruptions known to originate from the
vents on the North, East or West flanks. Accordingly, 117 and 123 are
set as past data for the central vent.

3.2.4. Node 6: hazard phenomena
This study only considers the tephra fall hazard. Hazard intensity is

measured on a 120 × 140 km grid map across the Taranaki region
with 1 km cells. Both eruption style groups considered produce tephra
during a Mt. Taranaki eruption (Platz et al., 2006; Bebbington et al.,
2008; Turner et al., 2008), therefore a probability of 1 is used for each
eruption style. The illustrated hazard intensity levels were chosen to
align with tephra fall thickness impacts that have been recorded across
pasture and agricultural, transportation and infrastructure assets
(Wilson et al., 2007, 2014; Wardman et al., 2012b; Wilson, 2015). As
discussed, this initial study is limited to tephra fall hazard, ignoring
other hazards such as lahar and PDC.

3.2.5. Node 7&8: overcoming thresholds at target areas
Prior input data is calculated following the methodology outlined in

Selva et al. (2010). Tephra exceedance probabilities for input thresholds
are calculated using the advection-diffusion model TEPHRA2
(Bonadonna et al., 2005; Biass et al., 2016).

A total grain-size distribution (TGSD) was required for this assess-
ment. However, TGSD is difficult to estimate (e.g. Bonadonna et al.,
2015; Macedonio et al., 2016) and there is no information on past
grain size distributions for Mt. Taranaki. Hence grainsize data from an
analogous New Zealand volcano, Mt. Ruapehu 1996 eruption, was
used in this assessment (Bonadonna et al., 2005). Sensitivity analysis
on the TGSD is usually considered desirable when assessing the tephra
dispersal (e.g. Selva et al., 2018). However, the lack of information on
even variability in Ruapehu grain size distributionmeant that setting re-
alistic bounds on the variability was impossible.

For each eruption simulation,wind profiles were stochastically sam-
pled from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Era-Interim from between 2000 and 2013 (Dee et al., 2011)
to produce a set of distinct tephra blankets.

The TephraProb input parameters and wind profile data are pro-
vided in Supp. Mat. Table 2 and Fig. 2, respectively.

3.3. BET_VH results

The PyBetVH (Tonini et al., 2015) application calculates probabilities
for each node, both absolute and conditional. PyBetVH produces the av-
erage for each node as well as 10th, 50th and 90th percentile for nodes
4, 5 and 6. The absolute average is recorded fromeach node (Table 2). As
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Image of Fig. 2


Fig. 3. System relational diagram representing the Taranaki dairy interdependencies, both on and off farm for inputs for supporting livestock.
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thewind direction is predominantly westerly, on average the ash is dis-
persed on the eastern side of the volcano for both eruption styles
(Fig. 2).

4. Quantitative risk assessment for Taranaki dairy farms

This section presents a methodology for combining the hazard as-
sessment and relevant systematic dairy in a quantitative risk assess-
ment. The Taranaki dairy farm system is complex, with dairy farms
requiring a large number of essential services. These farms supply
milk to dairy processing factories which then process them and send
the products onto various domestic and international markets. This sys-
tem is supported by a number of interdependent critical infrastructure
networks, such as electricity and waters supplies, road networks, etc.
For the purposes of this study we limit the analysis to the farm system,
rather than the full dairy supply chain, with a focus on the essential in-
puts (which are often interdependent) to farms to sustain dairy cows
and milking operations (Fig. 3). Dairy farms are reliant on services to
Fig. 2.Output exceedance tephra fall probabilitymaps. aMerapian style eruption 0.1 exceedanc
0.5 exceedance probability. d Sub-plinian eruption 0.5 exceedance probability. e Merapian styl
operate, such as electricity and water supply to maintain essential
farm operations (e.g. milking). To adequately assess impacts from
tephra fall, direct impacts to farm assets and indirect impacts on
supporting service infrastructure both need to be considered. For the
purpose of this study, exposure and impacts are limited to the Taranaki
District Council area.

4.1. Geospatial exposure inventory

As part of this risk assessment, a comprehensive exposure inventory
is required for farms and supporting infrastructure, and their interac-
tions, so that these can be assessed for potential tephra fall impacts. A
summary of potential tephra fall impacts on the dairy farm system is
presented in Table 3.

4.1.1. Farm distribution and attributes
The Agribase dataset from AsureQuality, 2014 (National Land

Resource Centre, 2012) is used to spatially represent farms and their
e probability. b Sub-plinian eruption 0.1 exceedance probability. cMerapian style eruption
e eruption 0.9 exceedance probability. f Sub-plinian eruption 0.9 exceedance probability.

Image of Fig. 3


Table 3
Summary of vulnerabilities for farms and dependent critically dependent services for
Taranaki.

Vulnerability Description References

Farm and
livestock

Tephra covers feed - Seasonal variability
on pasture growth and availability of
supplementary feed. Farms more resilient
Feb-July as supplementary feedstock is
highest. Least resilient at end of
winter/start of spring when
supplementary feedstock at the lowest
and reliant on pasture regrowth.

Wilson and Kaye
(2007); Wilson (2009)

Tephra can affect farm water availability -
Dependence on continual water and
electricity supply for livestock drinking
water and continual milking operations.

Wilson and Cole
(2007)

Age and health condition of the livestock
(e.g. pregnant)

Neild et al. (1998);
Craig (2015)

Water
supply

Tephra contamination of surface water
resulting in turbidity and chemical affects,
resulting in reduced water availability

(Stewart et al., 2006;
Wilson et al., 2014)

Dependence on electricity for water
treatment facilities and pumping
equipment on-farm for ground and
surface water extraction

Electricity
supply

Tephra fall onto electricity transmission
and distribution lines can result in
flashover and damage, resulting in
network outages.

Wardman et al.
(2012a); Wilson et al.
(2014)

Focal component is the Stratford
Transpower transmission substation,
transmission network operates through
this substation for much of the regions
network

Bebbington et al.
(2008)

Road access

Tephra fall can impact road transport due
to reduced visibility, road surface traction
and damage to vehicle. (Wilson et al., 2012b,

2014; Blake et al.,
2017a)

Road network is a circuit around the
volcano, if tephra is dispersed in one
direction, access is still available from the
alternate direction.
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associated attributes across the region. This is clipped and filtered to the
Taranaki Regional Council region and for dairy cattle and dry stock farm
types. The stocking rate has been calculated for the 2129 farms across
the region using the number of dairy livestock in the region (490,528;
DairyNZ Limited, 2014) and the total area of all farms in the region.
This produces a stocking rate of 2.173 livestock per hectare. Subsequent
multiplication of stocking rate with the area for each farm produces an
estimate of livestock numbers (Fig. 4a).

4.1.2. Electricity network
Electrical supply is essential for dairy farm operations, namely driv-

ing milking machinery, water pumps, and cooling stored milk (Wilson
and Cole, 2007). However, sub-aerial electricity distribution and trans-
mission networks are vulnerable to disruption from tephra fall, even
at relatively minor ashfall depths (3 mm) when wet (Wardman et al.,
2012b; Wilson et al., 2014). In Taranaki, electricity is supplied to farms
through the Powerco operated distribution network, which is in turn
supplied by the Transpower operated national transmission network
through the Stratford grid exit point (GXP) substation Fig. 4b). The
high voltage electricity is stepped down at the Transpower GXP substa-
tions from 240 kV to 66 kV before being supplied to the Powerco oper-
ated distribution network, where voltages are further reduced
depending on customer requirements.

A simple electricity network was built using geospatial information
of the distribution and transmission networks. The model includes sys-
tem flow dynamics, to represent the complex distribution and voltage
step-down through the network, and model which farms may be af-
fected by loss of electrical supply if an ‘upstream’ part of the network
was disrupted by tephra fall. Individual farms are connected to the
nearest point of the Taranaki electrical distribution network down-
stream from the nearest substation by spatially joining the farms with
electricity lines within a 100 m search radius (due to data resolution
limitations). For simplicity, it is assumed that only the nearest substa-
tion to an individual farm supplies electricity to that farm (M. Whaley
– Chief Engineer, Powerco, personal communication, June 8, 2015).
The Taranaki distribution network is in turn connected to the transmis-
sion network (as explained above).

We acknowledge that this may not be an exact representation of
network behaviour and does not account for the re-routing that could
occur given substation outage during a crisis. Farm electricity supply
connectivity back to the Transpower national grid is represented
through a series of joins between substations and transmission lines,
allowing for assessment of the downstream assets affected by upstream
outages. Electricity transmission and distribution line inventory does
not take into consideration whether it is above or below ground, al-
though almost the entirety of the network is above ground (outside of
urban areas), and hence vulnerable to tephra fall.

4.1.3. Water supply
Taranaki dairy farms are heavily reliant on quality and sufficient

quantity of water supplies, to provide livestock with drinking water
and clean down milking sheds (Wilson et al., 2009). Sub-aerial water
supplies are highly vulnerable to tephra fall contamination and loss of
electricity will disrupt electrically powered water pumps, highlighting
a key interdependence (Stewart et al., 2006; Wilson et al., 2012b,
2014, 2017). Farms across the Taranaki region receive water in one or
a combination of three ways:

1. Municipal supply, which are typically supplied from surface water
catchments draining from Mt. Taranaki

2. Individual farm surface water extraction from streams and rivers,
typically raining from Mt. Taranaki

3. Individual farm groundwater extraction from onsite boreholes

As vulnerability to tephra varies for each type of supply, this will af-
fect the overall vulnerability of each farm to tephra fall impacts
(Table 4). A farm water supply exposure inventory was developed
which determined the water supply type for each Taranaki dairy farm
(Fig. 4d and Table 5). Explanation for each type is presented in sub-
sections below.

4.1.3.1. Municipal supply. Geospatial manipulation of water scheme data
provided from the three District Councils (New Plymouth, Stratford and
South Taranaki) allows for the identification of farms that receive water
through municipal supply, or alternate methods. Each District Council's
water schemes utilises a pipe network distributing water from a treat-
ment plant and storage facility (reservoirs/water tanks). Each water
scheme is named in the geospatial datawith thewater treatment facility
that services it (Fig. 4c). For farms in New Plymouth and South Taranaki
Districts,municipalwater supply inventorywas determined by spatially
joining the farms to thewater scheme boundaries. For Stratford District,
polylines representing the water pipe network merged for the three
schemes were spatially joined with a 20 m search radius (to account
for data resolution) where the pipe network intersects with a farm
property. An assumption is made that any farm that received municipal
scheme supply used it for the operation and thus this method could po-
tentially overestimate the number of farms using municipal water
scheme supply for farm operation. Water treatment facilities require
electricity to remain operational, so electricity supply is modelled
using the same method as with farms.

4.1.3.2. Surface water extraction. Farms can receive water by surface
water extraction from adjacent rivers. These rivers and catchments
can transport tephra deposited in the upper catchment, typically on
Mt. Taranaki, to contaminate water downstream and impact water



Fig. 4. a Location of dairy farms and estimated livestock counts in the Taranaki region (Data from the Asure Quality Agribase dataset). b Electricity transmission and distribution network
across the Taranaki region (Data from Transpower and Powerco). cMunicipal water schemes for dairy farms in the Taranaki region. Each municipal water scheme is labelled. Municipal
water scheme data provided from New Plymouth, South Taranaki and Stratford District Councils. d Dairy farms classified by modelled water service types.
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pump equipment. As there is nodataset for farmusing surfacewater ex-
traction, an assumption was made to label farms as using surface water
extraction where a farm boundary is within a 100 m (accounting for
stream diversions and data resolution) of a river. This estimates 1113
farms use at least some surfacewater extraction. This is probably an un-
derestimate as farms often have open pond catchments of water.
Catchments are broken down based on radial proximity from the
summit of Mt. Taranaki to allow for approximation of tephra transport
into the river channels. Catchments were clipped in 5 km radial inter-
vals from 15 to 30 km. This produced 152 different catchment areas,
which by using a unique identifier were assigned to farms to model
the impacts of tephra on surface water extraction.

Image of Fig. 4


Table 4
Summary table of farms with each water source type and percentage.

Farm water service type Farm count Percentage

Municipal only 207 9.7%
Surface water extraction only 316 14.8%
Groundwater extraction only 599 28.1%
Municipal and surface water extraction 241 11.3%
Municipal and groundwater 210 9.9%
Surface water and groundwater extraction 304 14.3%
Municipal, surface and groundwater extraction 252 11.8%
Total 2129 100%
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We note that rivers will transport tephra deposited in the upper
catchment which may contaminate water downstream and impact
water supply infrastructure (Stewart et al., 2006; Wilson et al.,
2012b). The average tephra thickness within each of the catchment
units was applied as the tephra volume transported downstream in
the waterway. A limitation of this assessment model is it does not con-
sider tephra remobilisation downstream in waterways.

4.1.3.3. Groundwater extraction. 599 farms are modelled as not using
municipal scheme or surface water extraction and are therefore as-
sumed to use groundwater extraction (Fig. 4d). Note that farms may
use groundwater extraction in conjunction with other water sources
for water supply (A. Hare – GIS Officer, Stratford District Council, per-
sonal communication, April 15, 2015), although the ratio is unknown.
For modelling purposes, a value of 50% was used for the ratio of farms
that use groundwater as well as an alternate source. This value is de-
rived from the approximately 1670 boreholes within the Taranaki re-
gion (Taranaki Regional Council, 2008) assuming that larger dairy
farms might have multiple bores.

4.1.4. Road access
Roads are critical for delivery of inputs for supplementary feed as

well as access for labour and essential as an evacuation route. During a
tephra fall event, roads may be come impassible due to tephra accumu-
lation reducing traction and visibility, and closures may occur due to
safety concerns (Blake et al., 2017b). Road data from Land Information
New Zealand is used. Roads are divided into 1 km sections, with the
nearest section associated to farms and water treatment facilities
through identification numbers. The aim is to represent disruption to
road transport in and out of farms.
Table 5
Council water supply schemes with estimated count of farms and livestock.

District council Scheme name Farm count Livestock count

New Plymouth

Inglewood 47 9977
New Plymouth 142 27,877
Oakura 8 1.578
Okato 24 6983

South Taranaki

Cold Creek 90 21,462
Eltham 25 5546
Inaha 142 29,344
Kapuni 89 17,927
Opunake 21 6381
Patea 8 1736
Pope 21 5005
Rahotu 13 3478
Wai Inu Beach 4 7359
Waimate West 237 46,276
Waverley 6 2687
Waverley Beach 1 771

Stratford
Midhirst 4 851
Stratford 25 4785
Toko 3 882

Total 910 200,905
4.2. Farm vulnerability model

To understand the vulnerability to both the direct impact to dairy
farms, as well as the dependent services, it requires the above hazard
and exposure data to be combined within a vulnerability model. The
ability to support livestock following a tephra fall event, for even a
short period of time (1–2 weeks), is threatened and farm operations
are compromised if there is: 1) Limited or no access to feed; 2) Limited
or no access to water and/or 3) Inability to milk. By combining the
annualised hazard probabilities of each eruption style with the corre-
sponding impact assessment, the annualised probabilities of risk to live-
stock welfare for each farm across the region can be determined.

4.2.1. Fault tree analysis
Fault-Tree-Analysis (FTA) is a statisticalmethodology that uses Bool-

ean logic and decision rules to determine the associated probability of
an outcome occurring. It is commonly used for established system fail-
ure probabilities (Martensen and Butler, 1987; Ericson, 1999). The use
of a fault tree allows for the visual representation of interdependencies
on external and internal farm services that sustain the welfare of live-
stock (Fig. 5). It also provides a method for calculating the probability
of livestock being impacted on each farm.

The product of the proposed fault tree is the probability that live-
stock welfare is impacted from reduction in one or more of the key ser-
vices. The fault tree is developed by combining the relationships that
comprise the three livestock welfare characteristic sub-systems (ability
to feed, water andmilk the livestock) to represent the overall dairy farm
system. To develop the sub-systems requires an understanding of how
the dependencies manifest across the region by combining expert ad-
vice from dairy officials, farmers, critical infrastructure managers and
scientific judgement. Subsequent branches represent the rules, termi-
nating at the leaf nodes, which contain the input probabilities for FTA
of each asset or service being impacted. Input probabilities are calcu-
lated using fragility functions for tephra fall thickness.

4.2.2. Asset vulnerability assessment
To assess the impacts associated with the ability for a dairy farm to

sustain livestock welfare following tephra fall, a metric for assessing
damage and disruption to each exposed asset needs to be applied. Un-
like other volcanic hazards such as PDC's and lahars, where impacts
tend to be mostly binary (i.e. destroyed or not; Jenkins et al., 2014),
asset damage and disruption from volcanic tephra tends to progres-
sively increase with tephra thickness, from no damage, through the
need to clean, repair or replace (e.g. Wilson et al., 2017). ‘Impact states’
(IS) describes the functional state as a result of hazard exposure and al-
lows effects to be classified using a common preset scale (Spence et al.,
1996; Blong, 2003). The use of IS allows for semi-quantitative assess-
ment of magnitude of impact for different asset types (Wilson et al.,
2014, 2017). This is a preferable method of recording impacts over the
use of a hazard intensity metric (HIM), such as tephra thickness, as
5 mm of tephra on one asset type may result in impact (e.g. pasture),
whereas another may not be affected (e.g. water pump).

Fragility functions (Rossetto et al., 2013) can be used to relate IS to
HIM. These are equations expressing the probability of reaching or ex-
ceeding an impact state as a function of a hazard intensity. Previous
work has produced fragility functions for road, electricity transmission
lines, electricity substations, electricity generation sites and water sup-
ply network impact for increasing tephra thickness, using four IS
(from no damage through to extensive repair/replacement). Impact de-
scriptions along with associated fragility functions for this model are
presented in Table 6. Fragility functions for Taranaki tephra impacts
were created using expert judgement, and were based on Craig
(2015) andWilson et al. (2017), aligned to studies from observed erup-
tions, for: pasture, milking equipment and cooling condensers, milking
shed structures and farm water supply equipment.



Fi
g.

5.
Fa
ul
t
tr
ee

us
ed

to
ca
lc
ul
at
e
pr
ob

ab
ili
ty

of
im

pa
ct

to
liv

es
to
ck

w
el
fa
re
.

11A.J. Wild et al. / Journal of Volcanology and Geothermal Research 387 (2019) 106670

Image of Fig. 5


Fig. 6. Fragility functions showing probability of impact being reached or exceeded as a function of tephra thickness. These are; a Pasture, milking equipment and condensers, milking
sheds and farm water supply network; b Water infrastructure and reservoirs (Modified fromWilson et al., 2017); c Electricity generation site, substations and transmission lines, both
from damage and insulator flashover (Modified fromWilson et al., 2017); and d Roads network (Modified from Wilson et al., 2017).
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4.3. Dairy farm risk model

The impact assessment output indicates the probability of tephra af-
fecting the farm's ability to sustain livestock welfare for the occurrence
of a given eruption style. This is conducted for both the Merapian and
sub-Plinian eruption models using the 50% exceedance (median) prob-
ability output (Fig. 3c & d). Following this, the annualised risk is calcu-
lated for dairy farms across the Taranaki region.

4.3.1. Impact and risk assessment methodology
Hazardmodel data for each eruption scenario are overlaid onto each

asset type to determine the tephra thicknesses received. Following this,
the appropriate fragility function is applied to calculate probability of
impact (Fig. 7).

To assess the overall probability of impact to the farm system, the in-
terdependencies and connections need to be defined to represent the
input services for each farm. Joining assets and inputting impact proba-
bilities for each service into the vulnerability fault tree model achieves
this. This produces a probability of farm being impacted to an extent
that the ability to sustain livestock welfare is impaired.

4.3.2. Calculating annualised risk to livestock
The FTA outputs the probability of the farm being sufficiently im-

pacted that livestock welfare is compromised. The annualised risk
value is obtained as

L ¼
X2

i¼1

Si � Ti � Ii ð1Þ

where:

i indexes the probabilities for each eruption style (1 = Merapian, 2
= (sub)Plinian)
L is the annualised probability of risk to livestock,
Si is the annualised probability of the eruptive style from a given
eruption scenario,
Ti is the exceedance probability for tephra thickness for the given
eruptive style (= 0.5 here, for the 50% exceedance threshold), and
Ii is the probability of impact for the given tephra thickness.

4.3.3. Impact and risk assessment results
Fig. 7 shows the results when the eruption models are over-

laid on the exposure inventory and the vulnerability model
applied.

Fig. 8 presents impact maps for each of the three livestock welfare
characteristics for the sub-Plinian eruption model. 746 farms have a
probability of impact to feed supply greater than negligible. While
some farms may receive no ashfall and hence no direct feed impact,
they can have an overall impact probability greater than zero due to
loss of other services.

Similar maps for the Merapian eruption model are presented in
Supp. Mat. Fig. 3. In this scenario no farm is calculated to experience di-
rect impacts to feed supply, therefore it is not shown.

4.3.4. Annualised risk assessment results
The calculated impact to livestock welfare probability for each farm

(I) is then multiplied by the respective annualised probabilities of each
eruptive style occurring (1). The probability of eruption is taken from
the BET_VH output with a 50th percentile annualised probability of
3.87 × 10−3 and 9.61 × 10−3 of aMerapian or sub-Plinian style eruption
occurring respectively. These are used as the annualised occurrence
probability of the tephra fall (E) in (1). An annualised risk probability
map is shown in Fig. 9.

5. Livestock evacuation decision support tool for tephra fall

One risk management option proposed by the dairy industry is to
evacuate livestock from an area affected by tephra fall (Neild et al.,

Image of Fig. 6


Table 6
Asset impact description for farms and critical infrastructure and fragility function applied.

Asset impact Description of impact measurement Fragility function developed
methodology

Sources Fragility
function
figure
reference

Pasture
Available pasture is not enough to sustain livestock, heavily
reliant on supplementary feed exceeding 1 week.

Developed using literature and expert
judgement (Personal Communication H.
Craig and T. Wilson, July 2015).

Neild et al. (1998); Cronin
et al. (2003); Wilson (2009)

Fig. 6a

Milking Shed Equipment Major cleaning, loss of productivity and repairs required,
cooling system impacted meaning no tank storage, milking
can continue.

Developed using literature and expert
judgement (Personal Communication H.
Craig and T. Wilson, July 2015).

Barnard (2009); Wilson
(2009)

Milking shed building Collapse or partial collapse of the milking shed rendering
the building unusable for milking.

Developed using literature and expert
judgement (Personal Communication H.
Craig and T. Wilson, July 2015).

Jenkins et al. (2014);
Maqsgood et al. (2014)
(kPa conversion from
Johnston (1997))

On-farm water distribution Major cleaning, loss of productivity and repairs required (It
is assumed that only surface water is impacted).

Developed using literature and expert
judgement (Personal Communication H.
Craig and T. Wilson, July 2015).

(Warrick, 1981; Cook et al.,
1981; Wilson et al., 2010;
Jenkins et al., 2014)

Water Supply Network
Contamination of water and increased treatment required.
Possible water use restrictions. Damage to pumping
equipment, other moving parts and infilling of tanks.

Using IS2 for the water supply network
fragility function from Wilson et al.
(2017)

Wilson et al. (2017)

Fig. 6b
Water Reservoirs Collapse of reservoir roofs and infilling of open reservoirs

and tanks.
Using IS3 for the water supply network
fragility function from Wilson et al.
(2017)

Wilson et al. (2017)

Electricity Supply Network
(Transmission Lines,
Substations and Electricity
Generation)

Disruption to services. Damage to exposed equipment
especially those with moving parts, possible electrical line
breakage.

Using IS2 for electricitygeneration,
substation and transmission line
network fragility functions from Wilson
et al. (2017)

Wilson et al. (2017)

Fig. 6c
Transmission Line Insulator
Flashover

Temporary disruption to service caused by insulator
flashover, cleaning and repair.

Using IS1 for the transmission line
network fragility function from Wilson
et al. (2017)

Wilson et al. (2017)

Roads

Dangerous driving conditions. Road closure possible up to
roads being impassable for 2WD vehicles. Moderate
abrasion of paved surfaces, weak bridges may experience
structural damage.

Using the average of the IS1 and IS2 for
road network fragility function from
Wilson et al. (2017)

Wilson et al. (2017) Fig. 6d
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1998; Wilson and Cole, 2007; Wilson et al., 2009). Livestock evacua-
tions have occurred due to volcanic eruptions in the past (e.g.
Williams and Moore, 1983; Keam, 1988; Lara, 2009; Wilson et al.,
2012a), however, previous modelling for Taranaki has highlighted
Fig. 7. Impact probability map from a Merapian er
this is logistically challenging on a regional scale (Wilson et al.,
2009). Here, we further this work and present an assessment to eval-
uate the viability of livestock evacuation following a tephra fall event
from Mt. Taranaki using cost-benefit analysis.
uption model b Sub-plinian eruption model.

Image of Fig. 7


Fig. 8. Impact probability map from the Sub-plinian eruption model across livestock welfare characteristics: a Feed supply for livestock; b Water supply for livestock; c Ability to milk
livestock; and d water supply to farms.
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5.1. Cost-benefit analysis

Cost-benefit analysis provides a framework to quantify the uncer-
tainty regarding a decision to evacuate, which can be relatively easily
communicated and provide transparent reasoning behind any decision
(Marzocchi andWoo, 2007; Woo, 2008). Previous examples of decision
support using cost-benefit analysis for pre-eruption evacuation show
that they can used to identify the area and time prior to eruption that
it can be beneficial to evacuate (e.g. Sandri et al., 2012; Bebbington
and Zitikis, 2016).

The decision support tool developed in this study evaluates whether
to evacuate livestock using a post-eruption impact model. A tephra fall
hazard footprint is used as input for the farm impact assessment
model in the previous section, which is then expressed as a cost-

Image of Fig. 8


Fig. 9. Annualised risk probability maps across Taranaki dairy farms. a Overall risk to livestock welfare. b Ability to supply feed. c Ability to supply water for livestock. d The ability tomilk
livestock following a tephra fall event from Mt. Taranaki.
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benefit ratio. Due to the time and likely cost required to perform a live-
stock evacuation (Wilson et al., 2009), only post-eruption evacuation is
considered. In a period of volcanic unrest, we assume that prioritisation
would be made for human safety (Emergency Management Officer, Ta-
ranaki EmergencyManagement, pers. comms, 2019) and as tephra fall's
do not tend to be a direct immediate threat to livestock life (Wilson
et al., 2015; Craig et al., 2016b), we assume farmers will adopt a wait-
and-see approach to volcanic unrest (Emergency Management Officer,
Taranaki Emergency Management, pers. comms, 2019; Wilson and
Cole, 2007). We also assume that pre-event livestock evacuations
would likely only occur if there is significant certainty of an imminent
eruption, and there is justifiable benefit for carrying out livestock evac-
uations (Emergency Management Controller, Taranaki Emergency
Management, pers. comms, 2019). The output of this assessment can
highlight where pre-eruption planning could occur to mitigate post-
eruption livestock losses. We acknowledge these assumptions have

Image of Fig. 9
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been used to simplify a complex problem, may not necessarily apply
under certain circumstances, and should be tested by any associated
planning process in reality.

Cost-benefit analysis in the context of evacuation planning can be
presented as a structured numeric approach, where: the decision to
evacuate comes at a cost (C); in the event of a hazardous event, if C is
not conducted, loss (L) will be incurred. When the probability of the
hazardous event results in impact, both spatially and temporally (p) is
greater than the ratio of cost of protection against loss, it becomes
cost-beneficial to evacuate (Marzocchi and Woo, 2007).

pN
C
L

ð2Þ

Woo (2008) presents an alternate representation for the ratio C/L,
which has been modified to include a cost for carrying out the evacua-
tion.

C
L
¼ Rþ X

V � E
ð3Þ

where:

R is the value of the socioeconomic cost per capita,
X the cost of carrying out the evacuation,
V is the valuation of those evacuating, and
E is the proportion of those that owe their lives to an evacuation de-
cision, given the adverse hazardous state occurs

Below, we calculate the cost-benefit ratio using a value of X = 0, in
order to identify the farms,whichhave thepotential tomake evacuation
an economically viable option by means of improvements and pre-
planning. Those farms that fall below the X = 0 evacuation threshold
should instead concentrate on improvements to survivability
(i.e., reducing E).

For the purposes of this model, the evacuation is considered to last
six months. This was determined after considering international exam-
ples of previous livestock evacuations as result of tephra fall. Wilson
et al. (2012a) assessed the evacuation duration from the 1991 Hudson
eruption, a large Plinian style eruption, resulting in widespread tephra
fall across areas of Chile and Argentina. When considering farms with
minor tephra thicknesses, evacuation durations lasted on average less
than threemonthswith some areas evacuated for up to a year, but in ex-
treme cases, with ash-remobilisation and ash-storms, some evacuations
lasted more than four years. As a result of the 1973 Eldfell eruption at
Heimaey, Iceland, livestock along with people were evacuated for six
months (Williams and Moore, 1983; Wilson, 2009).

R represents the loss in revenue due to livestock relocation. It is de-
fined here as the loss of milk production revenue for the duration of the
evacuation. To calculate this the average amount of milk solids a cow
produces per year, which for Taranaki is 344 kg (DairyNZ Limited,
2013) is multiplied by the five year average for milk solid prices of
$5.77 per kg (as at 28 January 2016) (Fonterra, 2016), resulting in
$2014.46 per year per cow. However, each cow has ‘fixed’ expenses of
$1406 per year to provide feed, veterinary services, dairy shed supplies
and fertilisers (DairyNZ Limited, 2014), so this must be subtracted from
milk sales profit. This equates to each cow producing a net profit of
$577.50 per year. By using the estimated livestock evacuation duration
of 6 months, R is $288.75 for each animal.

The valuation of livestock per head (V) can be viewed from: 1) the
cost of replacement (V1); or 2) lost profit from milk products for re-
maining lifespan of each animal (V2). Taranaki's predominant dairy
breed is the Kiwi-cross with the remaining proportion a similar ratio
of Holstein-Friesian, Jersey (DairyNZ Limited, 2013). An average price
of $1600 per livestock head is used as V1 (Askin and Askin, 2014).

To calculate V2, the average profit formilk sales per year ismultiplied
by the remainingmilking life of the cow. The averagemilking life inNew
Zealand is 8 years (DairyNZ Limited, 2013). To represent the average
milking life across an evacuated livestock herd, the average is set to
half of the milking life (4 years). This is used to account for the uncer-
taintywith livestock ages in each herd. Bymultiplying the average profit
from milk sales per year ($608.46) by half the average milking life
(4 years), the cow produces for the average milking life profit valuation
(V2) of $2433.86 per cow across the herd.

The proportion of livestock that survived due to the evacuation deci-
sion (E), given the hazardous event has occurred, is based on the impact
to livestock welfare rather than simply the intensity of the hazard (i.e.
tephra fall thickness). This is problematic given the lack of data for
NewZealand agricultural impacts from large eruptions. Themost recent
analogous eventwas theMt. Ruapehu1995/96 eruption.While this lead
to several thousand sheep deaths, effects to pastoral agriculture were
generally positive through the fertilising effect (Cronin et al., 1998;
Johnston et al., 2000). We note this was a relatively small eruption
with only 3.6 × 107 m3 of tephra fall deposited on the central North Is-
land with deposits on pastoral land b10 mm (Cronin et al., 1997, 1998;
Johnston et al., 1997, 2000). This is comparatively smallwhen compared
to the large eruption volume (between 108m3 and 1010 m3) and conse-
quentially thick tephra deposits modelled within this study for a future
Mt. Taranaki eruption. Due to the data limitations, this study considered
analogous global tephra fall impact studies, examination of the dairy
system and (where necessary) expert judgement for assigning a value
for this parameter. Craig et al. (2016b) examined the animal survival
rates from large tephra falls following large explosive eruptions in Pata-
gonia, South America (the 1991 Hudson, 2008, Chaitén and 2011 Cor-
dón Caulle eruptions). These events can inform likely impacts of a
large Taranaki tephra fall as climate, ecology, and farming types and
styles in the temperate Andean area are broadly comparable. This data
showed that there was a livestock fatality rate of between 0.3 and 1
across the temperate regions with thick tephra falls (N50 mm), when
ashfalls occur at vulnerable times of the year and little external support
is provided (e.g. supplementary feed) (Craig et al., 2016b).

While Taranaki farms are expected to receive considerable assis-
tance in the event of an eruption (Neild et al., 1998), however Taranaki
farms have a higher stocking rate and are highly reliant on inputs from
external services (e.g. reliable water supply). Both factors are assumed
to increase livestock vulnerability to direct and indirect impacts from
tephra fall hazards, and make it unlikely that farms will be able to sus-
tain livestock at current stocking rates. The E value will likely vary sub-
stantially between tephra fall impact events and may need refinement
based on the specific event and system vulnerabilities. However,
based on assessment based on relevant overseas observations of tephra
fall impacts in similar agriculture systems and consideration for the Ta-
ranaki context, an E value of 0.5 is applied for this study.

As there are two valuationfigures, there are twoprobabilities to con-
sider for the cost-benefit-analysis. When using the average sales yard
price (V1) for V, it produces a probability of 0.361 and 0.237 when V is
the milking life profit (V2). These probabilities represent the hazard ex-
ceedance probability threshold (p) that needs to be overcome before it
is deemed cost-beneficial to evacuate. Note that these probabilities are
of impact, conditional on an eruption occurring.
5.2. Results

The determination of where evacuation is cost-beneficial is domi-
nated by the sub-Plinian eruption scenario (Fig. 3d), as the smaller
Merapian eruption scenario has very low impact probability. Post erup-
tion evacuation solely considers which farms to evacuate once tephra
has fallen. Farms are cost-beneficial to evacuate when the probability
of livestock welfare impact (Fig. 10) from the eruption exceeds the
cost-benefit analysis ratio (3), disregarding the cost of evacuation (X).
Overall, it is shown to be cost-beneficial to evacuate ~40% of farms
(866 farms) when using sales yard price for livestock value (V1) and



Fig. 10. Farms that it would be cost-beneficial to evacuate post eruption from the 50th percentile Sub-plinian scenario using the two alternate valuation metrics: a Average sale price of
dairy cow; and b Half the milking lifespan profit.
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~45% of farms (963 farms) when usingmilking life (V2) as the valuation
metric.
6. Discussion

6.1. Potential uses and applications of the model

This study illustrates how impacts can be assessed to determine
farms that require secondary evacuation following ashfall. This study
identifies the reliance on water for both maintaining livestock welfare
for consumption and ability tomilk in Taranaki. It also shows future im-
pacts will likely be experienced far beyond those areas that are exposed
to direct ashfall, providing valuable insights to consider when
implementing resilience plans for the Taranaki region's dairy sector.

An additional use of this model is as an assessment tool for those
farms that are likely to need aid in the lead-up to or following an erup-
tion to maintain livestock welfare. This would be through provisions of
supplementary feed and water, which may be more economically and
logistically feasible than evacuation.

The scope of this assessment was to consider impact from volcanic
ashfall. Lahars have extended beyond the National Park from past Mt.
Taranaki eruptions (Alloway et al., 2005; Procter et al., 2009), and
would likely cause impacts to dairy farmoperation, both directly and in-
directly from infrastructure outages. This should be considered in any
future work for the region.

The framework presented in this paper can be applied to different
volcanoes and to different risk contexts. An example of the application
is to densely populated centres to identify when secondary evacuations
could be beneficial due to infrastructure impact e.g. Auckland from the
monogenetic Auckland Volcanic Field (potential impacts as demon-
strated in Deligne et al. (2017)) or Naples from Mt. Vesuvius or Campi
Flegrei. Infrastructure and societies reliance on it make it a key vulnera-
bility in the event of future volcanic events that should be considered
when developed volcanic risk management plans.
6.2. Limitations

This study presents the first tephra fall impact risk assessment to uti-
lise an explicit interdependency system. However, each component has
its own limitations. The BET_VH approach produces a static probability
of eruption differing from time-varying hazard estimates (Turner et al.,
2008, 2009; Green et al., 2013; Damaschke et al., 2018). Conversely, the
Bayesian treatment is more robust to uncertainty regarding vent loca-
tion. The hazard model does not incorporate a catastrophic sector col-
lapse, as it would destroy a substantial area of Taranaki, potentially in
any direction, likely destroying much of the human infrastructure,
let alone the livestock infrastructure. Future probabilistic volcanic haz-
ard assessments (PVHA) development for Mt. Taranaki could consider
the sector collapse eruption style if a probability model can be devel-
oped for the direction and volume, given they can be between 1 and
N7.5 km3 in volume (Zernack et al., 2012), and the substantial subse-
quent impact that could have across the region. It should be noted
that it is unknown whether catastrophic sector collapse is initiated by
an eruption or can occur independently (Zernack et al., 2012).

The applied exposure inventory is also not likely to represent each
farm entirely accurately. However, in probabilistic terms it can be con-
sidered an accurate representation at an aggregated level, making use
of the best available data with logical assumptions in place. It captures
required inputs for the dairy system to maintain livestock welfare. As
noted, where capacity and network structure allow, electricity can be
potentially re-routed around the network, resulting in more farms
with maintained electricity supply. This assessment has taken a conser-
vative approach of assuming all electricity supply lines are above
ground, however while this is typically true for high voltage lines,
lower voltage distribution can be below ground. Along with the expo-
sure inventory, the vulnerability assessmentmodel illustrates the utility
of incorporating fragility functions as inputs into a fault tree.

Although it is shown as cost-beneficial formany post-eruption evac-
uations of livestock to occur, it may not actually be feasible to do so due
to the: timeframe to evacuate; capacity to accommodate relocated

Image of Fig. 10


18 A.J. Wild et al. / Journal of Volcanology and Geothermal Research 387 (2019) 106670
livestock; prioritisation of humans during an emergency response; and
eruption factors such aswinddirection and eruption probability.Wilson
et al. (2009) illustrated it would take 264 livestock trucks 7 days to re-
locate livestock from 528 farms that experienced N50 mm from an In-
glewood eruption scenario, with an estimated cost of NNZ$2million.
As the results from study suggest farmore farmsmay benefit from evac-
uation than assumed in theWilson et al. (2009) model, it raises logisti-
cal issues around transport and livestock accommodation outside of the
affected area. Additionally, Wilson and Cole (2007) note that only a
small percentage of a dairy herd are likely to be evacuated due to logis-
tical and resource demands.

7. Conclusions

This study produced several novel contributions to the researchfield
including; 1) Outlining the methodology and implementation of a
BET_VH for tephra fall hazard for Mt. Taranaki, New Zealand; and
2) the development of an interdependent livestock welfare vulnerabil-
ity model for tephra fall hazards, that considers external services such
as electricity and water. The modelling suggests that farms that are
not directly impacted through tephra fall can equally be at risk as
those that do due to the interdependency of essential services. Further-
more, cost-benefit analysis demonstrated that it is beneficial to consider
evacuation of 40–45% of livestock farms during a large eruption of Mt.
Taranaki. However, mitigationmeasures could reduce this such as avail-
ability of supplementary feed and alternate water source supply, given
the complex logistical challenges that arise when evacuating livestock.

This study provides one of the first complete-system risk assess-
ments for tephra fall impacts to farming. This framework can be applied
across many other interdependent systems globally and even differing
various volcanic hazards and is only limited by the available data and/
or models.

Application of thismodel framework prior to the hazardous event il-
lustrates vulnerabilities in the system's ability tomaintain functionality.
This can be used to prioritise risk management strategies for the sur-
rounding community. Following a disaster with given hazard extent, it
can be used to concentrate emergency response efforts for the impacted
system.
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