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Eruption onset forecasting …

2

(Bebbington & Lai, 1996)

(Green et al 2013)

(Turner et al 2008)



Eruption size forecasting

(Marzocchi & Zaccarelli 2006)
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(Bebbington 2014)



Let’s look at
an eruption
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But an eruption is not a point in time … or a single VEI
Ash eruptions were recorded at Sheveluch on August 15, October 27, November 1, and November
24. On December 27, a possible gas-and-ash plume was reported. Intermittent gas-and-ash
explosions continued into 2002. A short-lived explosive eruption was observed at 1135 on 29 August
sending an ash-rich plume to an estimated altitude of 10 km. The ash cloud drifted SE, and was
recorded by geostationary weather-satellite imagery moving E across the Bering Sea. Following
strong tremor on May 7, 2002, a new lava dome was first seen on May 12 between the 1980 dome
and the NW crater wall. A major explosion on May 22 destroyed the new dome and the west part of
the old dome and produced a 20-km-high eruption column. Dome growth, gas-and-ash emissions,
and occasional pyroclastic flows were recorded through 2005. Dome growth and occasional thermal
anomalies were reported in 2006, although no ash eruptions were reported until December 4. Dome
growth, intermittent ash eruptions, and occasional pyroclastic flows continued into 2008. On March
31, 2007, a mudflow covered an approximately 900-m-long section of road, in an area ~ 20 km from
Sheveluch. A large explosive eruption on October 28, 2010 produced an ash plume to 12 km altitude
and pyroclastic flows that travelled 15 km; half of the lava dome was destroyed. Dome growth and
intermittent explosive activity continued into 2011.
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(http://volcano.si.edu/volcano.cfm?vn=300270&vtab=Bulletin)



Making sense of this
Ash eruptions were recorded at Sheveluch on August 15, October 27, November 1, and
November 24. On December 27, a possible gas-and-ash plume was reported. Intermittent gas-
and-ash explosions continued into 2002. A short-lived explosive eruption was observed at 1135
on 29 August sending an ash-rich plume to an estimated altitude of 10 km. The ash cloud drifted
SE, and was recorded by geostationary weather-satellite imagery moving E across the Bering Sea.
Following strong tremor on May 7, 2002, a new lava dome was first seen on May 12 between the
1980 dome and the NW crater wall. A major explosion on May 22 destroyed the new dome and
the west part of the old dome and produced a 20-km-high eruption column. Dome growth, gas-
and-ash emissions, and occasional pyroclastic flows were recorded through 2005. Dome growth
and occasional thermal anomalies were reported in 2006, although no ash eruptions were
reported until December 4. Dome growth, intermittent ash eruptions, and occasional pyroclastic
flows continued into 2008. On March 31, 2007, a mudflow covered an approximately 900-m-long
section of road, in an area ~ 20 km from Sheveluch. A large explosive eruption on October 28,
2010 produced an ash plume to 12 km altitude and pyroclastic flows that travelled 15 km; half of
the lava dome was destroyed. Dome growth and intermittent explosive activity continued into
2011.

Date Date range
Distance Eruption style
Eruption consequence
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How it might look – what, when, how long
Phase
No.

Start
date

Duration
(d)

Phase Type Post-
Quiescence (d)

Plume
H (km)

Marks

1 15.8.99 1 Ash eruption 72 ?

2 27.10.99 1 Ash eruption 4 ?

3 1.11.99 1 Ash eruption 22 ?

4 24.11.99 1 Ash eruption 2 ?

5 27.12.99 1 Ash eruption 0 ?

6 28.12.99 734-865 Intermittent explosions ? ??

7 12.5.02 10 Dome growth 0

8 22.5.02 1 Major Exp. 0 20 Dome destroyed

9 23.5.02 88 Dome growth 0

10 29.8.02 1 Ash eruption 0? 10

11 30.8.02 853-1218 Dome growth + intermittent exp. 0-730 ? PFs

12 ?.?.05 ?-330 Dome growth ?

13 4.12.06 394-758 Dome growth + intermittent exp. 665-1030 ? PFs, Mudflow (20km)

14 28.10.10 1 Major Exp. 0 12 PF (15km), Dome destroyed

15 29.10.10 65+ Dome growth + intermittent exp. … ? 7



Coding it up
State Description Notes

1 Effusive Effusive subdivided as .1 = extrusion/dome, .2 = effusive/flow, .3 =
fountains

2 Effusive and explosive Explosions subdivided as .1 = phreatic, .2 = phreatomagmatic, .3 =
magmatic

3 Continuously explosive e.g. Strombolian

4 Intermittently explosive Includes Vulcanian, but also multiple irregular, undated individual eruptions

5 Minor explosive eruption ~ < 10 km column height, Eruptions are discrete events of 0-4 days duration

6 Major explosive eruption ~ 10-20 km column height. Many VEI 3 and most VEI 4 eruptions will have
at least one.

7 Plinian explosive eruption ~ > 20 km column height. Most VEI 5 and all VEI 6+ eruptions will have at
least one.

8 Deformation No eruptive activity

9 Eruption Start Nominal

10 Eruption End Nominal
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Coding Notes
• Purely submarine and most VEI 0 eruptions omitted.
• A new phase starts when the activity style changes.

– GVP data recoded, disaggregating phases or collapsing multiple
phases into one.

• Phases don’t overlap in time.
– GVP data separates phases according to location, which were

rearranged
• Time measured in whole days.

– A ‘quiescence’ (duration) appended to any state with > one day
between its end and the next phase onset.

• Descriptions such as “persistent activity” (Vesuvius)?
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The Model
Eruption modelled as a semi-Markov process

– indexed by:

Sheveluch (1999) looks like:

State 9 5 5 5 5 5 4 1.1 6 1.1 5 2.1 1.1 2.1 6 2.1 10

Duration 0 1 1 1 1 1 ~800 10 1 88 1 ~1150 ~180 ~600 1 65 0

Quiesence START 72 4 22 2 0 ~100 0 0 0 0 ~380 ~90 ~850 12 (90) END

• the sequence of states
• their durations
• and any pre/post quiescences.

Series of minor eruptions
(dates known) Intermittent exp.

Major  eruption
Dome growth
(effusive only)

Dome growth + int. exp.Major  eruption
Minor eruption
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Data (so far)
GVP phase data [Thanks to Ed Venzke, Sarah Ogburn]

• 698 multiphase eruptions (2785 phases) from 187
volcanoes
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Vesuvius 197
Etna 175
Piton de la Fournaise 150
Asamayama 108
Asosan 107
Krakatau 80
Klyuchevskoy 66
Merapi 59
… …

• Plus ~ 2400 ‘single-phase’ eruptions
• Of which ~ 40% will be coded as

multiphase …
• Some volcanoes over-represented?



The Eruption Begins …
Initial phase Single Phase Multiphase Pr(Multiphase)

Effusive 72 136 0.67

Effusive + Explosive 112 117 0.53

Continuous Explosive 9 43 0.84

Intermittent Explosive 185 315 0.65

Minor Eruption 401 292 0.44

Major Eruption 42 46 0.54

Plinian Eruption 1 9 0.91
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(data so far, still coding …) Overall: 0.55

Now look at multiphase data in more detail …



Summary plots
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Markov Chain: Transition matrix
nij = total no. of transitions in data from state i to state j.

Then                           is the estimated transition probability.

These form a stochastic matrix:

 ˆij ij ikk
p n n

 
  
 0 1
Q R

P
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Some results, from State i:
Expected no. of future visits to state j

= (I-Q)-1 =

Prob. of visiting state j in future

=       
11 1( ) ( )diagI Q I I Q
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Data gives or

Suppose that                                               and similarly for
and that                          . Then, from Bayes rule:

These are joint probabilities – we won’t know if the quiescence
is over, so conditioning on what we’ve seen so far …
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Adding in time
 1Pr( , | )i iD d Q i j
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Time-varying results:
Joint probabilities
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• Plinian and effusive transitions  are
most likely from long int-exp
durations preceded by short
quiescences

• Minor/Major eruptions more likely
from short int-exp durations

• Eruption end most likely from
commensurate pre-quiescence/int-
exp duration

Future effusive behavior
most likely from long int-
exp durations and short
post-quiescences



Time-varying results:
Conditional probabilities
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As int-exp duration increases
• effusive, cts-exp or Plinian

transition becomes more likely
• eruption end becomes less

likely
especially for long/short pre-
quiescence.

As post int-exp quiescence increases
• eruption end becomes more likely,
except for unusually short durations



When no quiescence …
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Problem 1: Are durations and quiescences independent?
Multiple tests of correlation between
log(duration) and log(quiescence > 0)

Duration and previous quiescence Duration and subsequent quiescence

P-values for test H0 : =0
should be ~ Unif(0,1)
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Problem 2: Intermittent Explosions

Many ‘intermittent explosion’
phases of much less than an
eruption per day

• Dichotomy between
intermittent explosion and
series of minor eruptions
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Future Work: Marks
• States have ‘marks’ for

– Number of explosions, plus “Strombolian”, or “Vulcanian”
– Height of eruption column | distance of ash dispersal (km),
– Pyroclastic flow distance (km), plus “weak” or “nuees ardentes”
– Blast / surge | Lahar/mudflow | Ballistics | Lava (all distance in km)
– Any of the above can be coded as ‘missing’, i.e. they occurred but are unquantified.

• The following marks are purely presence or absence
– Collapse of cone / debris avalanche | Dome destruction | New vents | Cone building |

Deformation

• Lahars that occur during quiescence or after the eruption end are assigned to the
previous eruptive stage.

• Can the occurrence of a mark be modelled conditional on the State / duration /
quiescence?
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Conclusions
• Data exists sufficient to ‘fill-in’ the details of what makes an

eruption
– Eruptions can be represented as a sequence of states from

a finite set.
– ~55% of eruptions appear to be multiphase (AD1900+

data)
• These can be modelled using semi-Markov chains, incorporating

duration and quiescence times in the state transition forecast.
– This allows dynamic probabilistic forecasting of ‘what

happens next’.
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