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Abstract

Auckland, New Zealand is unique in being a metropolitan area built on an active volcanic field. Despite the small size and
intensity of Auckland eruptions, the risk from tephra fall is high because of the high density of buildings and lifelines. The nature of
this threat can be evaluated by comparisons with historical Strombolian and Hawaiian eruptions, which have occurred in non-
populated areas. Cone-building phases of such eruptions are typically protracted, i.e., weeks to months in duration, prolonging the
period during which emergency managers will have to fine tune mitigation for numerous parameters such as fluctuations in
intensity and wind shifts. Rapid cone growth during future eruptions will define a region of some 30 to 100 ha where complete
destruction will occur on a time scale of hours. The cost of this destruction is likely to range between NZ$200M and NZ$1.4B (ca.
USS$130M to US$900M). Beyond this, we have modeled the cumulative long-term effect of the build-up of a downwind blanket of
lapilli and ash by estimating accumulation rates for three phases of the 1959 Kilauea Iki eruption in Hawai‘i. The effect of changing
wind direction was evaluated using low-level wind data from Auckland. These results show that intervals between 4 and 100 h will
lapse before onset of significant damage to buildings.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction Soufriere Hills, Montserrat (Bonadonna et al., 2002a,b).
The generalization is valid for many volcanic eruptions,
particularly those of high eruption intensity where the

total duration of explosive activity is short, e.g., 60 h for

Most impact assessments for natural hazards assume
a short duration for the event such that the studies model

the impact of say a flood, earthquake or tsunami in its
entirety. An important exception is the evaluation of the
progressive cumulative effects of future tephra fall at
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Novarupta 1912 (Hildreth, 1987), or the climactic 1991
eruption of Pinatubo (Wolfe and Hoblitt, 1996). How-
ever, eruptions of low intensity (discharge rate) and
cone-building style are often protracted (Richter and
Eaton, 1960; Richter et al., 1970; Parfitt and Wilson,
1994; Heliker et al., 1998; INGV Staff, 2001; Acocella
and Neri, 2003; Behncke and Neri, 2003; Heliker and
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Mattox, 2003; Calvari and Pinkerton, 2004). Table 1
lists the duration of cone-forming phases of the four
best-documented eruptions of this type.

Management of crises of this type requires emer-
gency managers to make mitigation choices during the
explosive activity that have significant consequences
for the levels of discomfort and damage suffered by
the community (Barberi et al., 2003). They must also
‘fine tune’ their response plans innumerable times to
take account for variations like waxing and waning of

Table 1
Summary of characteristics of the four eruptions at Kilauea and Etna®
Eruption Kilauea Pu‘u Etna Etna
summary Tki ‘0% 2001 2002-2003
Total duration 35 +7890 23 65
(days)
Duration of 35 1271 12 34
cone
growth (days)
Widespread 1x107 N.D.° 5x10° 4x10°
tephra

volume (m®)
Lava volume
(m’)
Immediate 1 1 6 2h
warning
time (days)
First observed 90 26 4.5 <1
precursors
(days)
Cone area (ha) 40 610 28 32
Cone height (m) 50 255 62 150
Cone growth: 1.4/3.7 0.20/54 52 4.1
average
(m/day)©
Cone growth: N.D.? 49 N.D.® N.D.*
maximum
(m/day)
Maximum 580 470 700 600
fountain
height (m)
Maximum N.D. ND. 3-5 6
plume
height (km)
Maximum 1 7.5 5 11
fissure
length (km)

1.5x10%  2x10° 25%x107  4x107

# Source references are: Kilauea Iki 1959 (Macdonald, 1962; Richter
etal., 1970; Eaton et al., 1987; Parfitt, 1998), Pu’u 0’6 (Heliker et al.,
2003; Heliker and Mattox, 2003), Etna 2001 (Behncke and Neri, 2003;
Calvari and Pinkerton, 2004) and Etna 2002—2003 (Andronico et al.,
2004).

® N.D. not determined.

¢ For Kilauea Iki and Pu‘u ‘06 , the first number is an average
including the duration of pauses between episodes and the second is an
average for growth rate based only on time in eruption.

the intensity of the eruption, changing wind velocities
and shifts in vent position. All these and other
variables may change with very little warning, greatly
adding to the stress levels in the decision-making
environment. On a more positive note, during such
events, Civil Defense has an opportunity to take
measures that may greatly reduce the hazardous con-
sequences of the eruption, e.g., damage to buildings,
loss of electrical supply, damage to waste water tre-
atment facilities (Barberi et al., 2003).

The most widespread hazard during such eruptions
is the accumulation of tephra falls over distances of
typically a few kilometers from source (Blong, 1984,
2003). The tephra fall deposit typically has two
elements: a cone surrounding the vent and a more
widespread blanket of ash and lapilli. There are few
accounts of rates of tephra fall accumulation during
such eruptions and how quickly key thresholds in
tephra thickness will be achieved at given distances
from source. In this paper, we take data from four
recent historical eruptions (Table 1) and apply them to
the Auckland volcanic field (Fig. 1). These eruptions
were chosen from among the wider range of docu-
mented historical cone-forming eruptions for com-
pleteness of the record of tephra accumulation and
particularly for rates of cone growth. They compare
well with the Auckland prehistoric cones in terms of
both eruption type (Hawaiian, Strombolian and effu-
sive) and in terms of eruption volume (judged from
cone dimensions).

2. Background
2.1. Auckland volcanic field

Auckland is New Zealand’s largest urban centre,
with some 1,173,000 residents, (2001 census data)
and lies entirely within the Auckland volcanic field.
The field, covering an area of 360 km?, has some 49
individual eruptive centers of basaltic composition
(Fig. 2), which have displayed a range of effusive,
Strombolian, Hawaiian and phreatomagmatic erup-
tive styles (Searle, 1962; Rout et al., 1993). The
eruptions have produced a large number of volcanic
cones ranging in radius from 230 to 580 m (average
400 m) and area from 17 to 54 ha (average 54 ha)
together with a lesser number of maars and tuff rings.
Each cone formed during episodes of Strombolian
and/or Hawaiian fire fountaining commonly accom-
panied by phreatomagmatic episodes. The largest and
most recent eruption formed Rangitoto lava shield
less than 800 years ago (Allen and Smith, 1994).
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Fig. 1. Aerial view of Auckland city with Mt. Eden scoria cone in foreground. Central business district is visible in centre, middle distance. Photo: D.L.

Homer.

2.2. Potential economic impact of future eruptions

Paton et al. (1994) present a quantitative assess-
ment of risk from future eruptive activity at Auckland,
based on five scenarios developed by Johnston et al.
(1997). The evaluation included both direct (damage
to buildings and properties) and indirect (loss of
business, costs of evacuation, relocation) conse-
quences of the eruption. A future eruption will result
in considerable destruction of property due to the high
population density and significantly higher costs as-
sociated with clean-up of tephra. Paton et al. (1994)
estimate the latter to range between NZ$58M and NZ
$243 (ca. US$38M and US$159M) for their five sce-
narios. Two newly published papers evaluate compar-
ative risk in the Auckland region for several potential
sources (Magill and Blong, 2005a,b); this study
focuses only on future explosive eruptive activity
from the Auckland volcanic field.

2.3. Scenarios

In the scenarios developed by Johnston et al.
(1997), five source vents are chosen and a different
scenario is developed for each. Hazards include lava
effusion, phreatomagmatic, Hawaiian and Strombolian
explosive activity, accompanied by lightning, acidic
aerosols, and ground cracking and shaking. The cu-
mulative impacts were then evaluated for each scena-

rio. Three of the scenarios involve vent sites onshore
(Fig. 3), where rapid cone growth and widespread
lapilli-ash fall are likely.
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Fig. 2. Location map showing distribution of eruptive centers used in
scenarios by Johnston et al. (1997) and Paton et al. (1994).
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3. The historical case studies

The four eruptions summarized in Table 1 were
selected because of the completeness of the records
describing the activity and its impacts. Two are of
mixed effusive (both ‘a‘a and pahochoe) and
Hawaiian character (Kilauea lki 1959, Pu‘u ‘O‘0
1983-1986), and two are characterized by Hawaiian
and Strombolian explosive activity and accompa-
nying ‘a‘a lava effusion (Etna 2001, 2002-03). In
this study, we focus only on the explosive phases of
activity in each eruption. This is an important qua-
lifier as in three of the four eruptions the social and
economic impacts of lava effusion were far more
significant. Another very important caveat is that all
four eruptions occurred in national parks well away
from any urban areas; impacts accordingly were far
less than for any future eruption in the Auckland
field.

3.1. Kilauea Iki 1959 eruption

An erupting fissure formed at 8:08 p.m. on No-
vember 14, 1959, 100 m above the floor of Kilauea
Iki crater, a prehistoric collapse pit (Richter et al.,
1970). In less than 24 h, only one vent remained
active. Scoria, spatter and pumice fell downwind of
the vent building the first parts of a new scoria cone
and a scoria-pumice blanket to the south (Fig. 4).
Fountain-fed lava drained northward onto the floor of
Kilauea Iki crater forming a lava lake. Seven days
later, the fountain collapsed in less than 40 s, ending
Episode 1. The next 16 episodes were superficially
similar to the first, but with subtle and interesting
contrasts. In particular (Fig. 5), there was a wide range
in duration of the episodes (2 h to 8 days) and in the
lengths of intervening periods of repose (8 h to
4 days). Characteristics of the episodes are summa-
rized by Macdonald (1962), Richter et al. (1970) and

Scenario 4
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Fig. 3. Location map for on-land scenarios used by Johnston et al. (1997) and Paton et al. (1994). Cones are drawn around their proposed vents, with a
radius of 600 m, following the logic given in the text. Dashed lines outline lava flows from their scenarios. Values quoted in NZ$ km ™2 are estimates
for the value of real estate in the downtown area (scenarios 3 and 4) and the suburbs affected by scenario 5, respectively.
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Fig. 4. False color satellite image of Kilauea Iki area showing the proximal cone and vent, widespread tephra fall to the southwest and the lava lake
ponded in the pre-existing collapse crater. Image courtesy of Peter Mouginis-Mark.

Eaton et al. (1987). The end of the eruption came
relatively abruptly after two episodes of fountaining to
450-550 m height (Fig. 5).

3.2. Episodes 1 to 48 of the Kilauea 1983—present
eruption

The current eruption of Kilauea volcano began on 3
January 1983. The first 3.5 years of this eruption built
a 255-m high cone at Pu‘u ‘O‘0 on the volcano’s east
rift zone (Heliker et al., 2003; Heliker and Mattox,
2003). Explosive activity was accompanied by effu-
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Fig. 5. Plot of fountain height with time for the Kilauea Iki 1959
eruption using data from Richter et al. (1970). Key episodes used to
quantify accumulation rates of tephra are numbered.

sion of 5x10° m® of lava (a total of 2 km® of lava

have been erupted to August 2004). The 48 episodes
until June 1986 were remarkably regular, ranging in
duration from 5 h to 4 days, with repose periods of
between 8 and 65 days (Heliker and Mattox, 2003).
The rates of cone growth were measured with unique
detail (Heliker et al., 2003), but the more widespread
lapilli and ash fell in remote areas and there is little
information about accumulation rates or even
thickness.

3.3. Etna 2001: Laghetto cone

The July—August 2001 eruption of Etna volcano
took place along a 5-km long fissure with explosive
activity focused on two clusters of vents at 2100 m
and 2550 m elevation on the southern flank of the
volcano (INGV Staff, 2001; Behncke and Neri, 2003;
Calvari and Pinkerton, 2004). A 62-m high cone
formed at the 2550-m vent, principally between 25
and 31 July (Calvari and Pinkerton, 2004). Deposition
of a widespread ash and scoria blanket from these
vents preceded cone growth—a phase of violent
phreatomagmatic explosions between 19 and 24 July
deposited ash downwind as far as northern Africa and
closing two major airports. Vigorous cone growth
followed during a period of fire-fountaining with very
little widespread tephra fall. In August, activity
reverted to weaker phreatomagmatic explosions lasting
until 9 August.
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3.4. Etna 2002-2003

The 3-month long eruption of Etna between
October 2002 and January 2003 took place from
fissures extending approximately 11 km over the
northern and southern flanks of the volcano. Ground
cracking preceded the eruption by 7 months; intense
seismicity only commenced on the first day of the
eruption but caused intense damage in two villages.
Early Strombolian, phreatomagmatic and effusive ac-
tivity was replaced by a period of intense fountaining,
cone growth and deposition of widespread ash until 12
November. Subsequent explosive activity concentrated
at the 2750-m vent was characterized by alternation
Hawaiian and Strombolian eruption. From 10 Decem-
ber, there was a gradual decrease in eruptive intensity
with abrupt shifts between fountaining and Strombo-
lian explosions on a scale of hours. Two major cones
formed on the southern rift zone, at 2750 to 2800 m
elevation, and lava flows traveled 6.2 km (NE rift) and
3.6 km (southern rift) from source (Andronico et al.,
2004).

3.5. Summary and comparisons

The four eruptions offer us complimentary data sets
to approach the issues of hazard and risk at Auckland.
For example, the record of rate of cone growth is
excellent for Pu‘u ‘O‘6 but poor for Kilauea Iki; yet
the widespread tephra blanket is poorly preserved at
Pu’u O’6 and well exposed at Kilauea Iki.

All four eruptions had fissure sources but with
mass discharge strongly focused on only one or two
locations on the fissures. While remaining on the

Table 2

Summary of impacts from the modern case studies”

Eruption: tephra Kilauea Pu‘u Etna Etna 2002—

Iki ‘0% 2001 2003

Building collapse Yes N/A No Yes

Building damage Yes N/A Yes Yes

Road closures Yes No Yes Yes

Airport closures No No Several 2 weeks

days

Water/storm N/A N/A Yes Yes
water systems

Related impacts

Buildings destroyed by No No Yes Yes
lava flow

Buildings No No No Yes
destroyed by cracking

Forest fires Yes Yes Yes Yes

# Source references are as for Table 1.

growing cones, the exact vent positions shifted in
seemingly random fashion in each case. Intervals of
cone growth in the four eruptions lasted between
12 days and 3.5 years, but average rates of growth
during eruption were remarkably consistent at 4—6 m/
day. Data for the one eruption where growth rates are
extremely well constrained, Pu’u O’0, suggest that
peak instantaneous rates are an order of magnitude
higher, as high as 1-2 m/h. Cone growth was
essentially continuous for the Etna eruptions and
episodic for the two Kilauea eruptions. Formation of a
widespread tephra blanket preceded cone growth in
the 2001 Etna eruption but occurred during cone
construction in the other three eruptions. In every
case, the onset of definitive precursors linked to the
eruption, and permitting specific eruption forecasts,
was very short—typically days.

3.6. Impacts

All four eruptions included both explosive and
effusive products but we focus here on the impacts of
tephra accumulation. The cones (or cone clusters)
grew in areas of national parks remote from buildings
but the Kilauea Iki 1959 cone grew across and forced
the permanent diversion of Crater Rim Drive, the
major access road inside the national park. Isolated
park buildings, less than 1 km downwind from the
vent, were destroyed by roof collapse due to tephra
fall in the 1959 eruption and in the Etna 2002-2003
eruption. Eruption plumes and distal tephra accumu-
lation forced closure of two major airports in Sicily
and Calabria in both 2001 and 2002. A major tephra
cleanup operation was necessary during both Etna
eruptions (Behncke and Neri, 2003; Andronico et al.,
2004). The impacts of lava flows were considerable in
all but the Kilauea Iki 1959 eruption (where lava
ponded in an adjacent pit-crater), destroying roads,
buildings and, at Etna, ski-field facilities (Table 2).

4. Hazard evaluation

We take a complimentary approach here to that of
Johnston et al. (1997) in considering how quickly key
thresholds of tephra thickness might be achieved in
Auckland, based on data from four very recent basaltic
explosive eruptions. We have divided this evaluation
into two regions of tephra accumulation, the cone and
the widespread tephra blanket. For both, we consider
the time required to achieve critical thresholds of
tephra thickness that equate to onset of types of
impact.
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4.1. Critical thresholds of tephra fall

We list critical damage thresholds for tephra fall cited
by various authors in Table 3. Where values were quoted
in kg m 2, we have converted this to an equivalent
thickness of basaltic tephra using a density value of
1320 kg m * determined for the Etna 2001 deposit
(P. Del Carlo, unpublished data, 2005). From these
values, we have selected the thresholds listed in Table 4
for use in this paper.

5. Cone growth and accompanying hazards
Hawaiian/Strombolian cones represent extreme

environments of tephra accumulation with respect to
all styles and intensity of explosive volcanism. The most

Table 3

Some cited values for damage thresholds from tephra fall

Damage Thickness Mass/ Equiv. Source

threshold area  thickness

cm kg cm
2

Airport 1 0.1 Del Carlo, unpub.
closures data, Etna 2002

Damage to 1 Johnston et al.
vegetation (1997)

Damage to 12 0.9 Bonadonna
vegetation et al. (2002b)

Agricultural 1 1 Del Carlo,
damage unpub. data,

Etna 2002

Partial loss of 180 13.8 Blong (1984)
vegetation 1

Partial loss of 600 46.2 Blong (1984)
vegetation 2

Near total 1800 138.5 Blong (1984)
vegetation kill

Total vegetation 2500 192.3 Blong (1984)
kill

Some roof 30 Johnston et al.
collapse (1997)

Some roof 120 9.2 Bonadonna
collapse et al. (2002b)

Total roof 100 Johnston et al.
collapse (1997)

Total roof 250 19.2 Bonadonna
collapse et al. (2002b)

Building damage 200 15.4 Blong (2003)
V1

Building damage 305 23.5 Blong (2003)
V3

Building damage 710  54.6 Blong (2003)
\A

For values cited as mass/area conversions have been made assuming

an in situ bulk density of 1300 km m™>.

Table 4
Damage thresholds adopted in this paper

Damage threshold Thickness (cm)

Closure of airports 0.1
Road closures, damage to vegetation 1
Minor roof damage (gutters, etc.) 15
Onset of roof collapse 25
Total roof failure 50

rapid growth of cones often occurs during intervals of
weaker explosions when a large proportion of the mass
of ejecta falls very close to the cone rim, rather than at
the peak of eruptive intensity.

5.1. Rates of cone growth

The average rates quoted in Table 1 suggest that all
the critical thresholds of tephra fall will be exceeded in
the first day of explosive eruption, probably in the first
1-3 h. This means that there is little practical action
that can be taken to mitigate this cone-forming tephra
accumulation—the cone effectively defines a “red
zone” of total destruction of structures and facilities.
Areas incorporated in the four modern tephra cones
ranged from 28 to 610 ha, equivalent to radii of 300 m
to 1.4 km (Table 1). For comparison, the range among
the 23 best exposed pre-historical Auckland cones (Fig.
1) is 17-100 ha (radii of 230 to 550 m). The initial
zone affected by cone growth will be narrower—the
cone grows radially as well as vertically but cones are
steep and highly unstable and the cascading and
tumbling of incandescent hot ejecta down the cone
walls poses a threat to people and facilities beyond the
margins of the cone. It therefore seems prudent to
assume that the radius of the hazard zone for a future
Auckland eruption could be of the order of 600 m. The
scenarios within Johnston et al. (1997) used cones of
radii 300 to 500 m.

Using data for building values in Auckland drawn
from the Valuation New Zealand property database from
2002, we can estimate the financial impact of cone
development for each of scenarios 3, 4 and 5, based on
calculated average values shown in Fig. 3. For an
eruption affecting the central business district, the
impact will be very high (scenarios 3 and 4, Johnston
et al., 1997). The cost for either scenario 3 or 4, both
centered in the central business district, is likely to be at
least NZ$1.4B (ca. US$900M). For a variety of reasons
including inflation, this estimate is like to be a
minimum. The impact is less for the vent for scenario
5, where cone growth is principally at the expense of
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Table 5

Average accumulation rates of distal tephra inferred for 27-30 October
2002 during the Etna 2002-2003 eruption, mass/area data from
Andronico et al. (2004)

Location Rifugio Sapienza Nicolosi Catania
Distance (km) 4 16 28
Mass/area (kg m™ %) 38.8 9.7 2.1
Equiv. thickness (mm) 30 7.5 1.5
Ave. accumulation rate (mm/h) 0.3 0.08 0.02

residential property, equating to damage of approxima-
tely NZ$200M (ca. US$130M).

5.2. Fissure development and ground cracking

A cautionary note is that all four recent case studies
cited here involved multiple vents along fissures. Many
such vents did not construct significant cones but
associated hazards posed severe risks, e.g., from lava
flows but also ground shaking and fracturing, as seen in
both Etna eruptions. This suggests that the zone of
highest risk is probably best defined as a narrow ellipse
enclosing the principal vent site but extending for seve-
ral kilometers in both directions.

6. Tephra blanket

The accumulation of widespread tephra blankets at
Auckland is likely to be at rates that permit interventions
by civil authorities to minimize damage. Measured rates
for tephra fall from any historical eruptions are
practically lacking. Following new field work at Kilauea
Iki, we are able to estimate accumulation rates for three
of the most significant of the 17 eruption episodes and
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Fig. 6. Plot of thickness variation with distance downwind from the
1959 Kilauea Iki vent. Data from Richter et al. (1970) and the authors’
unpublished data collected between 2000 and 2004. Both datasets are
fit equally well by power law thinning relationships.
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Fig. 7. Log—log plot of thickness versus downwind distance used to
calculate accumulation rates for the episodes 1 and 16 of the Kilauea
Iki 1959 eruption. Accumulation rates for episode 16 are based on the
thinning relationship observed in tephra pits along the dispersal axis.
For episode 1, we calculate accumulation rates by fitting the power law
relationship observed for the whole deposit to the thickness value
measured by Richter et al. (1970) at 1.01 km from source.

use these data to put some time constraints on
emergency response times likely in a future Auckland
eruption. Andronico et al. (2004) quote thicknesses of
tephra accumulated between 27 and 30 October during
the 2002 Etna eruption, which can be converted in
approximate average accumulation rates (Table 5).
These values suggest that, at distances of 5 to 30 km
downwind from source, it would take several days of
eruption to reach key thresholds of tephra fall for da-
mage to vegetation or disruption of ground transport and
major damage to building structures would be unlikely.
However, for a future Auckland eruption, it is highly
likely that buildings and key infrastructure will also lie
between 1 and 5 km from vent. No direct data are
available for accumulation rates at such distances.
Instead, we use new field work to infer probable
average rates of tephra accumulation for three episodes
of the 1959 eruption.

6.1. Rates of tephra accumulation

The thickness distribution of the entire Kilauea Iki
1959 distal tephra was mapped by Richter et al. (1970)
and is shown as a downwind traverse in Fig. 6, along
with new thickness data that we acquired between 2000
and 2004. The new data predictably follows the 1970
trend closely with a slight reduction in thickness at all
sites due to compaction. The new data augments the
1970 data in a critical range of 1 to 2 km from source.
Both sets of data are fit well by power law relationships
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Inferred times to reach key thresholds for tephra thickness at distances of 0.5, 1.0 and 5.0 km from vent based on data inferred for episodes 1 and 16 of

the 1959 Kilauea Iki eruption

Thickness Threshold Episode 1 Episode 16
(em) 0.5 km 1 km 5 km 0.5 km 1 km 5 km
Time (h) Time (h) Time (h) Time (h) Time (h) Time (h)

0.1 Airport closure 0.1 0.7 73 .004 .03 1.0

1 Road closure, plant damage 1.0 7 726 .04 25 10

15 Minor roof damage 16 109 10892 0.62 3.8 145

25 Onset roof collapse 26 182 28152 1.0 6 242

59 Total roof failure 52 363 36304 2.1 13 484

Values in italics indicate durations longer than those of the episodes in question.

(Figs. 6 and 7). The data for whole-deposit thickness
are of limited value in estimating accumulation rates
because of the lengthy breaks between episodes and the
contrasting fountain heights and therefore intensities
(Fig. 5) both during and between episodes. If we could
constrain thinning rates for individual episodes,
however, then we could use the known durations of
those episodes to arrive at accumulation rates. We have
attempted this in two different ways for episodes 1 and
16. Richter et al. (1970) measured, at one site, 1.01 km
downwind from vent, the thickness of the deposits
from episode 1 as 0.23 m (Fig. 7). Episode 1 was the
longest episode (Fig. 5), longer in duration than the
sum of all the remaining 16 episodes combined (167 h
versus 157 h, respectively) and was of intermediate
intensity. As such, it contributes significantly to the
slope of the total deposit curve in Fig. 7. Also at this
site, and neighboring sites between 0.5 and 0.8 km of
the vent, we have identified and measured the thickness
of the deposit from episode 16 (Fig. 7), the last high
fountaining episode during the eruption (Fig. 4). At
sites between 0.5 and 0.8 km downwind from vent, the
total thickness of the deposit precludes us from mea-
suring the episode 1 deposits. The new data for the
episode 16 deposits are also fit well by a power law
(Fig. 7) with predictably slightly slower thinning rate
than for the whole deposit (this was expected as epi-
sode 16 was one of the highest fountaining events). We
have used this curve to constrain thinning rates for
episode 16. We have fit a second curve parallel to that
of the whole deposit through the single thickness value
for episode 1, reflecting its very average fountain hei-
ght and intensity. Using these data, we have then cal-
culated average accumulation rates for each episode at
distances of 0.5, 1 and 5 km downwind from source
(Table 6).

The data show predictably that the lapsed times,
needed to achieve a critical tephra thickness at any
distance from vent, vary considerably with eruptive

intensity, e.g., between 2 h and 2 days to achieve
widespread roof collapse 500 m from source. However,
some generalizations can be made:

(1) 5 km from vent: Most tephra thresholds are
unlikely to be achieved in any one eruption
episode. With even the highest accumulations
rates, it would take 10 h to accumulate 1 cm of ash
on roadways. Hazard is likely to be restricted to
nuisance value only.

(2) 1 km from vent: Total roof failure would require
high eruption rates to be sustained for more than
12 h. (Major roof collapse is unlikely with lower
accumulation rates.) During this period, there is
opportunity to remove people and key resources
from the hazard zone and to contemplate ash
removal from roof structures. However, actions
will be hindered by the effects of tephra fall on
ground transportation—accumulation of 1 cm of
ash on roadways is likely to occur within 15—
30 min. A key question for emergency managers
is whether this is enough lead-time to order the
removal of non-essential vehicles from the hazard
zone.

(3) 0.5 km from vent: Severe damage to buildings and
infrastructure is likely to occur at this distance,
close to the margin of the growing cone. In all
scenarios, road closures are likely in less than an
hour and structural damage to buildings will begin
between 1 h and 1 day after the onset of eruption.

6.2. Probabilistic approach to wind direction

Wind directions play a critical role in influencing the
pattern of distal dispersal of tephra. The modern
eruptions used here as case studies took place under
different sets of wind conditions. The two Kilauea
eruptions took place predominately under stable trade
wind conditions so that ejecta accumulated preferentially
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Fig. 8. Wind direction and wind velocity measured at a meteorological
station located at 300 m a.s.l. on the Auckland Sky Tower (hourly data
between 5/1/2001 and 6/30/2004).

to the SW of Kilauea Iki and Pu’u O’6. During the 2001
and 2002-2003 eruptions of Etna, fluctuating wind
velocity carried the tephra fall at various times to the N,
NE, E, SE and S (Andronico et al., 2004). The Auckland
climate is also characterized by fluctuating wind
velocities (Fig. 8). In addition, tephra dispersal from
cone-forming eruptions would mainly be affected by
low-level wind (i.e., <1 km a.s.l.), which is typically
more variable than high-level wind. We have analyzed
wind data for direction and velocity directly measured on
a meteorological station located on the Auckland Sky
Tower at 300 m a.s.l., and within 2 km of the vent sites
for scenarios 3 and 4 of Johnston et al. (1997).

Measurements were taken every hour between 1 May
2001 and 30 June 2004 with a total of 25,755 data points.
Fig. 8 shows that the principal wind directions lie
between 220° and 300° (55% of the data) and 0° and 80°
(27% of the data). All directions are expressed in degrees
from N. The average wind velocity is 16 m s~ ' with a
standard deviation of 8 m s~ ' and the most common
wind velocity is 14 m s~ ' (Fig. 8b). A detailed analysis
of wind velocity and direction also shows that winds
blowing from NE are characterized by the highest mean
wind velocity (i.e., 29 m s~ '; Fig. 8c).

The extended duration of cone-forming eruptions
means that, to assess the influence of eruption duration on
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Fig. 9. Mean wind directions and standard deviations calculated for
10,000 Monte Carlo simulations of 1-, 3-, 10-, 30- and 100-day
duration.
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tephra dispersal, we have run Monte Carlo simulations
and stochastically sampled sequential wind data for
eruption scenarios of durations 1, 3, 10, 30 and 100 days.
In each case, we have performed 10,000 runs based on
random selections of the start point for each simulation
(Fig. 9) from among the 2001-2004 wind data in Fig. 8.
As expected, the mean wind direction varies the most for
the short-duration scenarios, whereas the long-duration
scenarios are characterized by the largest standard
deviation (Fig. 9). As an example, directions for a 100-
day scenario vary between 10° and 360° with mean
directions between 160° and 240° and standard devia-
tions between 70° and 120° (Figs. 9 and 10). In contrast,
mean directions for a 1-day scenario vary between 20°
and 330° with 20% of values between 20° and 100° and
65% of values between 180° and 300°. Corresponding
standard deviations vary between 10° and 180° with 60%
of the values between 10° and 30° (Figs. 9 and 10). The
mean directions for the 1-day scenario resemble the
whole dataset of Fig. 8, being characterized by two main
populations to the WSW and the ENE, respectively.

We need to bear in mind that the mean wind
directions do not necessarily indicate realistic values
unless they are analyzed together with the correspon-
ding standard deviations. This is true above all when the
variation range is large like in the case of the 100-day
scenario, i.e., 10-360°. Mean wind directions for the 1-
day scenario in Fig. 9 show similar characteristics to the
general plot in Fig. 8 because they result from an ave-
rage of fewer values (i.e., 24 hourly wind data for each
run) and the corresponding standard deviations are rela-
tively small (i.e., mostly 10—30°). However, the mean
directions for the 100-day scenario result from the
average of more values (i.e., 2400 hourly wind data for
each run) and therefore they plot between the two main
populations in Figs. 8 and 9. As a result, the corres-
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range of direction (degrees from north)

Fig. 10. Variation of average minimum and maximum wind direction
recorded during the simulations in Fig. 9, i.e. for duration of 1, 3, 10,
30 and 100 days.

ponding standard deviations for the 100-day duration
are large, i.e., 70—120°.

In conclusion, wind directions during eruptions of
long duration are expected to vary significantly and thus
net accumulation rates of tephra at any point will be
reduced, whereas tephra dispersal during short-lived
eruptions is more likely to be narrowly dispersed to the
ENE or the WSW, in line with the seasonal variations of
wind directions observed at Auckland.

7. Conclusions

The Auckland region is both a major metropolitan
area and a concentration of young basaltic volcanoes.
The high density of buildings and lifelines, in particular,
poses special problems, which are exacerbated by the
high probability that future eruptions will be of
prolonged duration. Any explosive eruption from a
vent on-land is likely to involve cone-forming Strom-
bolian and/or Hawaiian phases. Our analysis suggests
that little can be done to mitigate the deposition of tephra
close to the vent site, i.e., in forming the cone(s);
accumulation rates will be typically several meters per
day. The only solution within the area of the rapidly
growing cone (a region of ¢.600 m radius from vent) is
to quickly establish an exclusion zone to protect human
life. However, accumulation rates of tephra beyond and
downwind of the cone will be much lower, e.g.,
probably between 4 and 110 h for the onset of minor
damage to buildings. Our analysis of 2001-2004 wind
data suggests that during any prolonged eruption tephra
fall will be dispersed in most quadrants as the eruption
progresses. Emergency managers therefore face the
difficult decision of whether it is preferable to allow
residents and workers to remain or re-visit facilities in
order to clear tephra fall and minimize damage or to
evacuate a larger “red zone” which we suggest would
probably be of approximately 5 km radius.

This study does not touch on some other important
aspects of hazard and risk at Auckland—the threat
from lava flows, damage from ground shaking and
formation of fissures and cracking, or the possibility of
violent phreatomagmatic explosions driven either by
ground water or seawater, which should be the focus of
future work.
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