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What about Statistical Seismology then?

Probabilistic Sesimic Hazard Analysis (PSHA)
• From PGA to failure: engineering
• From event to PGA: interesting, data?
• Location, size and mechanism of event

• Earthquakes occur in 8‐D (t,x,y,z,strike,dip,rake,slip)
• Event occurrence

• Aftershocks
• Omori – ETAS, 118 years of evolution?

• Mainshocks
• CFS

• Worked(?) for strongly linear N Anatol. fault
• Elsewhere?

• Time/size predictable, other regression methods
• Stress‐release models

All require 
identification 
of spatial 
structure

Linked Stress Release Model (Japan)
Lu et al. (1999)

Triggering

Linked Stress Release Model (Taiwan)
Bebbington and Harte (2001)

Damping



Linked Stress Release Model (GJI 2003)
Bebbington and Harte (2003)

Catch 22
In order to quantify spatial (etc. etc.) dimension(s) we need to either:
a) Impose an exogenous spatial structure such as

i. Regions
1. But what is a region?
2. How is it chosen?
3. Do two events that are 10km or 1000km apart really have the 

same effects because the regions are the same?
ii. Faults

1. What is a fault?
2. Do earthquakes always occur on (known?) faults?

b) Have a lot more data, which means
i. Bringing in aftershocks

1. Is any more information gained?
2. Are we back to modelling the Omori law?

ii. Simulating data
1. Supercomputing ....

BUT! Volcanoes don’t move around (much)

Volcanic Data
Of course, there are another set of problems ...

Such as completeness:
• Globally, the observance probability rises from 10% in 1500 to 100% in 1980 
(Guttorp and Thompson, 1991).

BUT 

– some volcanoes 
are much better 
observed

- Big eruptions are 
much better 
observed

- what is an 
eruption?

What is an Eruption?
• Events ranging from individual explosions to 
eruptive periods lasting centuries

• Includes quiet periods of up to 3 months
• Often ‘stop’ dates go unrecorded.

• ‘Historical’ eruptions
• Presence of observers, monitoring, weather

• ‘Pre‐historical’ eruptions
• Dated, radio‐carbon (to 50ka, with error ~ 25 to 1000 yr), K‐Ar 
dating (from 50ka, with error ~ 10 to 100 ka).

• VEI (Volcanic Explosivity Index)
• a logarithmic ‘size’ assigned to historical eruptions on the basis 
of: explosion size; volume; column height; classification; duration; 
…
• all non‐explosive eruptions (some very large) are VEI 0



Eruption size A Prediction?

“The repetitive nature of the eruptive activity at Mt St Helens during 
the last 4000 years, with dormant intervals typically of a few centuries 
or less, suggests that the current quiet period will not last a 1000 years. 
Instead, an eruption is likely within the next hundred years, possibly 
before the end of this century”

- Crandell et al., “Mt St Helens volcano: Recent and 
future behavior”. Science 187:438-441, 1975

Mt St Helens erupted in 1980, having been 
quiescent since 1857

A Model?

VEI > 3

Cycles initiated by (sub-)plinian event and 
terminated by repose of several centuries?

A simple question: Do eruptions cluster in time?

For a polygenetic volcano, does an eruption 
make further eruptions in the near future:

A.More likely?
Clustering

B.Less likely?
 (Quasi‐)Periodicity

Many investigations (renewal models, fractal 
analysis, chaos theory,...) have concluded that 
either (or both!) occur



Stationarity
All the approaches considered assume that the 
eruption onset process is statistically stationary.

Nonstationarity confounds with clustering leading 
to overestimation of the latter.

Increasing (with time) observation probability 
means that the data may not be stationary, even if 
the process is.

What about for the best data?
Bebbington (2010)

Twelve angry volcanoes

Stationary

Some stochastic (point process) models

Let N(s,t) = number of onsets in time interval (s,t). The point process 
intensity is 

ie, the probability of an event in (t,t+t) is approx. (t)t

• Poisson process, (t) = , a constant

• Renewal process,                                    where the previous 
event occurred at s

• Weibull renewal process,                                     so  < 1 (> 1)   
results in clustering (quasi‐periodicity) 

• Nonhomogeneous Poisson (Weibull) process
which is monotonically increasing (decreasing) for  > 1 (< 1).
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Trend renewal process (Lindqvist et al 2003)

Given: 

an increasing function (t) and a renewal distribution F, 

the trend renewal process (TRP) is defined by:

being IID RVs with distribution F, 
where ti are the event times.

Let                           where (s) is a nonnegative function 

Identifiability is dealt with by making (T) = T, the length 
of the observation window.
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TRP: Special Cases
(t) = 1 : stationary renewal process, distribution F

F(r) = 1 – exp(‐r) : nonhomogeneous Poisson 
process, intensity (t) 

Hence choose:

and 
, where 

to allow for two end members: a stationary 
Weibull renewal process (= 1) and a NHPP (=1). 

 F(r) 1 exp ( r)   

 (t)   (1  – )g t   

TRP: Nonstationarity

Increasing/decreasing activity:

(Weibull TRP) with 4 parameters

Wax‐and‐wane:

(Gamma TRP) with 5 parameters

Cycles:

(Cyclic TRP) with 7 parameters
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TRP: MLE / AIC

The likelihood is 

with onsets observed at t1< t2< ... <tn for 0 < ti < T

Models compared using 

AIC = ‐2p + 2logL, 

for p fitted parameters, allowing us to avoid 
overfitting and identify the ‘real’ features.
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Best Models
Stationary 
Renewal Proc.

Inc/Dec
trend TRP

Wax-and-wane
TRP

Cyclic
TRP



Increasing Activity Wax-and-wane

Cycles What about the clustering???
Red = preferred model
Green = Clustered
Blue = Quasiperiodic

Shift from clustered towards quasiperiodic 
once change in activity level is allowed for!



Sensitivity to start date and incompleteness Best Model (including nuisance parameters)

2011.4
2010.3

2011.3

2010.8

2010.9

The 1967 eruption of Semeru is continuing

2010.8

?

?
?

?

?

 are potential nuisance parameters – if = 0 or 1, they do not exist in the model

Cores from Umutekai (104 tephras) 
and Rotokare (45 tephras)
Also 23 `near‐
source’ tephras

How do we
extract 
the 
eruptive 
record?

Prevailing wind
direction

Mt Taranaki: Likelihood of an eruption
(Turner et al 2008, 2009)

Recovering Ages from Depths

We fit a spline to the 
known depth/age 
pairs and impute the 
remaining ages.

Umutekai
104 tephras, c. 1550BP 
– 10100BP
Rotokare
45 tephras, c.
500BP – 6200BP
Near‐source
23 tephras, c.
90BP – 2200BP
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Overlapping ages

• This Rotokare 
event overlaps 4 
Umutekai 
events.

• Which, if any, is 
the `same’ 
event?

• Need `best’ 
matches

• Check via 
geochemistry1000 1500 2000 2500 3000 3500
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Identifying Common Events

• Assign mutually closest pairs to 
each other

• Then assign other matches on the 
basis of temporal distance and 
stratigraphy

• 25 matches between Rotokare and 
Umutekai dates 2250‐6250 BP

All candidates listed, closest in 
parentheses, and final match in bold

Calculate distance between two tephra from 
different sources as 

This identifies candidates, e.g., those 
pairs at a distance less than 2.

1 2
1,2 2 2

1 2

 m  - m
d N(0,1)

s /2 + s /2


Eruption Coverage

A record with 136 events, and uneven coverage

Note that of the events in 2250‐6250, 48% are in U only, 11% in R only and 41% in 
both – a third (or fourth?) source might produce more events, and there are certainly 
missing events in 6250‐10150

Moreover, these matches are on the basis of date alone ‐ Can we check the 
assignments through geochemistry?

96-450 450-1500 1500-2250 2250-6250 6250-10150

NS only 11 4
NS + R 4 1
NS + U 3
R only 4 1 7
R + U 24
U only 5 30 41

Number of events by source(s) and age (years BP)

Geochemistry: 75‐88% confirmed

We have 
geochemistry 
for 15 of the 25 
common 
events in 
2250-6250, 
plus the Stent 
Ash is a match

11 of these 
overlap, one is 
inconclusive (1 
datum) and 3 
do not

Leads to better matches at the ‘ends’



Next Step?: Combined Data

Problem: Data is still 
incomplete, but now 
also inhomogeneous.

Hence use only post-
6250 data to formulate 
probabilistic hazard 
model.

We average dates 
from multiple sources 
and combine 
uncertainties
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Renewal Models

• Assumption is that interval lengths are 
independent, identically distributed.
– Unlikely for complete record, but sedimentary 
data likely to be more homogeneous 

• Sedimentary data will tend to be under‐
dispersed in time.
– Try Weibull, Lognormal distributions

Tn-5 Tn-4 Tn-1Tn-3 Tn-2 Tn

     
?

2011

Fitted Model

Dotted = exponential, dot‐dash = lognormal, dashed = Weibull, solid = mixture 
of Weibulls (AIC > 2)
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Primary mode 
at 32 years

Secondary mode 
at 137 years

Primary mode 
at 19 years

Secondary mode 
at 236 years

Forecast: NS + U, post‐10150 data

50 year 
probability of an 
eruption is 
0.37 for the 
1854 scenario, 
0.48 for the 
1755 scenario

Dotted = exponential, dot‐dash = lognormal, 
dashed = Weibull, solid = mixture of Weibulls
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Forecast: NS + R +U, post‐6250 data

50 year 
probability of an 
eruption is 0.52 
(+0.15) for the 
1854 scenario, 
0.66 (+0.18) for 
the 1755 
scenario

Dotted = exponential, dot‐dash = lognormal, 
dashed = Weibull, solid = mixture of Weibulls
Red curve is NS+U, post‐10150 model
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Volcanic Regimes

Flank eruptions at Mt Etna Bebbington (2007)

Hidden Markov Models

• We have Xk  S hidden states, 

a transition matrix A, where aij=Pr(Xk=j|Xk‐1=i), and 
observations ok, with density fx(ok;x |Xk=x)

• These can be fitted by way of the EM algorithm.

• The forward‐backward equations also estimate the 
probability that the hidden chain is in each state at each 
time (Cf. the Viterbi Algorithm, which identifies the most 
likely sequence of states)

Discrete Time HMM



Continuous HMM

Discretize by considering interevent times as continuous variables from a discrete 
time chain

Continuous HMM ctd.

Repose‐duration HMM 

Bivariate HMM coupling duration and subsequent repose ~ ‘time-predictable’ model

Repose‐duration HMM ctd. 



Duration‐repose HMM 

Bivariate HMM coupling repose and subsequent duration ~ ‘size-predictable’ model

Duration‐repose HMM ctd. 

Change Points

• Etna has longish periods of Poissonian behaviour, interspersed with less random periods
• Changes in regime may be more frequent than have previously been identified statistically.
• Flank eruptions appear to have a complex time‐predictable character, which is compatible 
with transitions between an open and closed conduit system. 
• The relationship between reposes and durations appears to characterize the cyclic nature of 
the activity.

Forecasts

13.5.2008

678 days



The Auckland Volcanic Field

50(?) small basaltic volcanoes

young (~250,000 years)

Most recent eruption ~600 years ago

Data:
• Stratigraphy, ~33 vents constrained in 
at least one direction
• Age determinations

• Paleomagnetism ~5+ vents
• C14, ~13 vents
• Tephrostratigraphy, 24+ tephra in  

5 locations
• Ar‐Ar, ~4 vents
• Thermoluminesence, 2 vents
• K‐Ar, unreliable due to excess Ar

• Relative geomorphology or weathering
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Also: known vent locations,  
reasonable volume data

Bebbington and Cronin (2011)

Tephra Attenuation (Pupuke)

 1/31.85 exp (8.67 1.13log log ) / 2.38r V V T    

V = volume (km3); T = thickness (cm); r = distance (km). Validated against 1977 Ukinrek Maars eruption

Rhoades et al (2002)

• Wind-direction (low level) 
assumed random 
throughout record

• Stratigraphy must be 
maintained

• Assigned tephras must be 
consistent with reliable 
dates

• Tephras must not “skip-
over” sites to be only at 
distal areas

• All tephras must be 
assigned, in a feasible
manner

Palaeomagnetic Excursions

,Laschamp at 40.4 ± 1.1 ka (Guillou et al, 
2004) 
Mono Lake at 32.4 ± 0.3 ka (Singer, 
2007). 
- Both are considered to last 

approximately 1 ka.

Cassidy and Locke (2009, 
2010) 
suggest:

A) In ML [within 0.1ka?]
[TH at slightly different time?]

C) Contemporaneous
- within 0.1ka

D) Identical magnetism
- within 0.1ka?

Stratigraphy: 
(Waitomokoia > Pukeiti > Otuataua) 
 Waitomokoia much 

older than estimated

E) Others have normal 
magnetism, cannot be 
in excursion, except 
possibly:

Tank Farm
Onepoto 
St Heliers
Orakei Basin
Hopua
Pukaki
Little Rangitoto
Pukeiti 

(Cassidy, pers. comm.).

B) In Laschamp

Name Mean Age 
(ka)

Age Error 
(ka)

Min
Order

Max
Order

Onepoto Basin 248.4 27.8 1 7

Albert Park 229.8 39.5 1 7

...... ...... ...... ...... ......

St Heliers 185.0 52.8 2 9

Te Pouhawaiki 152.9 70.3 1 34

...... ...... ...... ...... ......

Mt St John 54.8 4.6 10 13

Maungataketake 41.4 0.4 13 15

Otuataua 41.4 0.4 14 16

McLennan Hills 40.1 1.2 13 16

One Tree Hill 34.9 0.7 16 18

...... ...... ...... ...... ......

Hopua Basin 32.3 0.4 19 26

Puketutu 31.9 0.3 22 27

Wiri Mountain 31.9 0.3 21 28

Mt Richmond 31.7 0.3 21 28

Taylors Hill 31.7 0.3 21 28

Crater Hill 31.6 0.3 23 28

North Head 31.2 0.1 27 29

...... ...... ...... ...... ......

By reverse engineering the 
tephra dispersal, Bebbington 
and Cronin (2011) constructed 
an algorithm to produce 
feasible age‐orderings.

Mono Lake 
magnetic excursion

Laschamp 
magnetic excursion

A Monte Carlo sample of age-orderings

This has no apparent spatio‐
temporal structure, although 
there is plenty of both temporal 
and spatial structure



Time-Varying Eruption Rate

,

Excess of both short and long reposes
 ‘self-exciting’ model

j

2
j
2

j:t t

(t t )2(t) exp
2

 
         



Interevent time distribution Purchas Hill 
Mt Wellington

Pukaki
Tank Farm 
Domain
Mt St John

Pupuke

9 or 10 Events

30 Events

Maungataketake
Otuataua
McLennan Hills

MonteCarlo ‐ ‐
Model –

Present Hazard 
~ 0.0004/year?

Exponential ‐ ‐
MonteCarlo –

Spatial Structure, Second Order Analysis

,

• azimuths of sequential pairs shows a tendency to AVOID alignments

Spatial Likelihood

,• Kernel estimate of spatial probability (Connor and Connor 2009)
• Ruaumoko location not relatively unlikely 

Elliptical 
boundary 
(Sporli and 
Eastwood, 
1997)

Models for E/Q Triggering of Volcanic Eruptions

Linde and Sacks (1998)

Remote dynamical triggering of eruptions 
due to passing of seismic waves.

8 cases post-1900

Bebbington and Marzocchi (2011)

Peturbation’ models allow for delayed 
triggering (Marzocchi et al, 2002)



E/Qs and Volcanoes of Indonesia E/Qs and Volcanoes of Indonesia – Completeness?

Baseline stochastic models

• Poisson process (PP), (t) = 0

• Weibull renewal model (WRM), 

• Generalized time predictable model 
(GTPM)

•Volume History Model (VHM) 

Last eruption: volume v, at time u

(Bebbington, 2008)

(Marzocchi and Zaccarelli, 2006)

     1(t u) (t u)

              
    

21 log(t u) vexp 0.5
(t u) 2

(t u|v)
log(t u) v1

      (t) exp t V(t) , where V(t) is the cumulative volume erupted prior to time t

Incorporating E/Q Triggering

Multiply baseline point process intensity by a triggering term:

• Model without triggering nested
• Triggering decays exponentially with time
• Triggering decays with distance as a power law 

(static stress ~r -3 , dynamic stress ~r -1.66)
• Exponential increase with magnitude commensurate with increase in action 

radius proportional to rupture length (Lemarchand and Grasso, 2007)



  

          
  


j

(B) (T)
i i i

(B)
i j ij j

j:s t

(t) (t) (t)

        (t) 1 exp a(t s ) blogr cm

where the jth earthquake occurs at time sj , j =1,...,J, a distance rij from 
volcano i, and has magnitude mj



Best Model (by AIC)

Model No. 
Paramete
rs

No.
Volcanoes

Poisson 1 10

Weibull Renewal 2 4

GTPM 3 4

Volume History 3 10

Poisson w. E/Q 
triggering

4 0

Weibull Renewal 
w. E/Q triggering

5 0

Volume History
w. E/Q triggering

6 7

‘Best’ model independent of number of 
eruptions, location of volcano

Are the 7 (out of 35)  ‘triggered’ volcanoes due to more than random chance?
 As our models are nested, we can use a likelihood ratio test. 

Improvement relative to Poisson process

Volume dependence and triggering Volume dependence and triggering – Individual Volcanoes

(GTPM)

Although the 1913 eruption of Awu 
- identified as triggered by Linde 
and Sacks (1998) - is included in 
the data set, Awu is not a ‘triggered 
volcano’. 

While the triggered point process 
intensity spikes at 1913, it is 
outweighed by the general lack of 
eruptions at Awu following 
earthquakes.

• While approximately 0.3–0.4% 
of eruptions are directly 
triggered (Linde and Sacks 
1998), here 25% occur at 
volcanoes with a statistically 
significant tendency to 
triggering.

• With the exception of Ruang, 
all the triggered volcanoes 
possess multiple vents.



Interpretation of Triggering – Clock Advance

• Size of eruption appears to be 
independent of whether it was triggered.

• The 2005 eruption of Talang has a spike 
derived from the 2004 Sumatra 
earthquake (cf. Walter and Amelung, 
2007), as do subsequent eruptions - from 
the M>7 aftershocks.

• We conclude that triggering affects 
volcanoes that were ‘ready’ to erupt – a 
form of ‘clock advance’ familiar in the 
earthquake literature. 

• In order for triggering to be recognized, we must account for the erupted-volume history 
of the volcano.
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