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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 All require

. > L__ identification
Elsewhere- of spatial

* Time/size predictable, other regression methods  structure
* Stress-release models

—_

- R Linked Stress Release Model (Japan) Gt

Lu et al. (1999)
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Fiz. 1. The epicenter distribution of major earthquakes with magnitude M > 6.5 (Utsn's catalog). Regions are based on major tectonic features as shown:
MTL is the Median Tectonic Line, KT the Kinki triangle, and Chubn refers to the district

- R Linked Stress Release Model (Taiwan) Gt

Bebbington and Harte (2001)
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FIGURE 1: The seismic zone around Taiwan, with the epicentres and magnitudes
(M > 6.5) of events from the Taiwan earthquake catalog, 1902-1996. Symbol size
scales with magnitude.




< - Linked Stress Release Model (GJI 2003) gy,

Bebbington and Harte (2003)
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Figure 4. North China earthquakes 1480-1996. The crosses mark events that are allocated to different regions in the different data sets.
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Figure 1. Persian earthquakes, 1780—1994. The region boundaries are those of Zheng & Vere-Jones (1994)

Q= Catch 22 o

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 whatis aregion?
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 s 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 s,

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).

& A BUT
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Q= What is an Eruption? Wi,

« 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




Q== A Prediction?

PN ERVE: CEVINUE TERINE L IS BN I IR I
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Gloud Column Height (km) Year MoDy Year MoDy CERF SIGC ENPF FLDS FDMT LT
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. "Sgwvere,” “viclent," “ferrific’ —————————————
Eruplion Type —_— fian — Phinlan
+—— Hawalian — #———— Vulcanian Uttra-Plinian
Duration 1 hour 12 h
{continuous blast) —e 16 WS
— 12—
CAVW max explosivity Lava flow Expl or Nuée ardente
e Cavrag e e e e e e 1657 04 vty Mgy S
Tropospheric injectan Negigble  Minor  Moderale  Substantal Hatth flank 1w THa4 04 X 1 ?
Stratospheric Injection Nono None MNane Possible  Definte  Significant :o::n:
Euplons(owmfe) 755 963 331 o4 307 106 46 4 0 wme - The repetitive nature of the eruptive activity at Mt St Helens during
the last 4000 years, with dormant intervals typically of a few centuries
rm i or less, suggests that the current quiet period will not last a 1000 years.
VEL  Tephra Voluwe (lmd)  Exawple wma INStead, an eruption is likely within the next hundred years, possibly
a Ettusive Masaya (vicaragua), 1570 wmr Defore the end of this century”
: >0 D000t e ) Mz - Crandell et al., “Mt St Helens volcano: Recent and
. . Pre-198 . .
: 002 Nevedo del Rus: (Colombia), 1589 Katom future behavior”. Science 187:438-441, 1975
5 >1 Mount St. Helens (United States), 1980 frephra
[ >10 Erakatau (Indonesia), 1883 (Kalam - H
Y s et iz e Mt St Helens erupted in 1980, having been
e quiescent since 1857
(Castle
Lowar
e e A simple question: Do eruptions cluster in time?
\.L&‘.SJ:,!E A MOdel? \.L&‘.SJ:,!E pleq P U )

Cycles initiated by (sub-)plinian e
terminated by repose of several centuries?
VEI >3

Area of Activity Start Stop Eruptive Characteristics VEI Volume
Year MoDy Year MoDy CERF SIGC EMPF FLDS FDMT L/T
Summit and upper flanks 1875 1218 1906 0422 w-%----- ®x--H--- unx- 42 T/8
Summit, SW and S flanks 1631 1215 1632 01317 ®-®- ---- HH-- ---- #Hx% 52 —/9
0968 1201p B ¥--- n----7-- 4 /8
0685 02 0685 03.. w--- ---- ¥--- Po---u-- 4 /8
0536 R Ho-- ---- -u?- 42
0472 1105 0472 11067 w-P----- x%--7----xx- 5 —/9
(Pompeii eruption) 0079 0824 0079 0828a w--- ---- HH------ KHux 5?2 —/9
(AP3 tephra layer) G 0890v e Koo ---- R--- ---- -xx- 4 —/8
Piano delle Ginestre (AP2 tephra layer) G -1430y I e Hews oseee e 4 -/8
Piano delle Ginestre (AP1 tephra layer) G -1800x I e Hews oseee e 4 -/8
Piano delle Ginestre (Avellino eruption) G -1900w I e HHmmmmm wxx- 5 -/9
(Pomici e Proietti eruption) C 35807 e Heom- -oo- LR e
(Mercato-Ottaviano eruption) C 5960v e Koo ---- RH------ --%- 5 —/9

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




Q== Stationarit W,

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)

Q== Twelve angry volcanoes Wi,
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Figure 2. Cumulaive number of eruptions (solid line), average raie (dashed line) and 95% con-
fidence band for o stutionary mte process (dotted lines). () Aso, (b) Ema, (¢) Fournaise, () Gamalama,
(e} Klwchevskon, (1) Laomongan, {g) Murapi, (h) Merapy, (1) Ngauruhoe, (j) Ruapehu, (k) Semeru,
(1) Tengger.

(= Some stochastic (point process) models

Unfversity

Let N(s,t) = number of onsets in time interval (s,t). The point process
intensity is . Pr(N(t,t+At)=1
Y Mo =lim,, ( — )

ie, the probability of an event in (t,t+At) is approx. A(t)At

* Poisson process, A(t) = v, a constant
_ f(t—s)
* Renewal process, (t)= 1—F(t—s) where the previous
event occurred at s

n-1

« Weibull renewal process, M)=nv(v(t=s))"" son<1(>1)
results in clustering (quasi-periodicity)

* Nonhomogeneous Poisson (Weibull) process Mt)=x0 "t**
which is monotonically increasing (decreasing) for k > 1 (< 1).

(2= Trend renewal process (Lindqvist et al 2003,

Given:
an increasing function W(t) and a renewal distribution F,

the trend renewal process (TRP) is defined by:

r="Y(t)-¥(t_) beinglID RVs with distribution F,

where t; are the event times.

»Let W(t) =Ew(s)ds where y(s) is a nonnegative function

» |dentifiability is dealt with by making W(T) =T, the length
of the observation window.




Q== TRP: Special Cases W,

y(t) = 1: stationary renewal process, distribution F

F(r) = 1 — exp(-vr) : nonhomogeneous Poisson
process, intensity vy(t)

Hence choose:

F(r)=1- exp(—(vr)n )

y(t) =p+ (1 —pg(t), whereO<p<1

and

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

TRP: Nonstationarity

k-1
t
Increasing/decreasing activity: W(t)=p+(1- u)‘{;)

(Weibull TRP) with 4 parameters

(1-p) Tt

pT a-1_-u
exp(Bt)F(BT,oc)' where 1"([3T,0L)—J‘0 u“ e du

Wax-and-wane: y(t)=p+

(Gamma TRP) with 5 parameters

Cycles: w(t)=u+(1—u)[¢KGT +(1—¢)[1+sin(°)2T“t+pm

(Cyclic TRP) with 7 parameters

Q= TRP: MLE / AIC .

The likelihood is
L :(1—F[‘P(T)—‘P(tn)])Hf[‘{’(ti)—‘I’(ti_l)]\y(ti)

with onsets observed at t;<t,<..<t forO<t<T
Models compared using
AIC =-2p + 2loglL,

for p fitted parameters, allowing us to avoid
overfitting and identify the ‘real’ features.

O—= Best Models Wt

Stationary Wax-and-wane
Renewal Proc. TRP
Inc/Dec Cyclic
Table 1. Volcanoes and Model AIfs" trenleRp T||2p

Voleano Start Year n AlIC, M!.‘u- AlC Aﬂf}-

Aso 1230.0 138 —7422 —7246 —726.6
Ema 1603.5 14 —487.6 —462.5 —463.7
Fournaise 16405 93 4378 —4258 4238
(Gamalama 1643.5 49 [EZI7] —2956 —2963 —2938
Kliuchevskoi  1697.5 84 —3892 |[=2437] —3652 —364.7
Lamongan 1799.5 41 —1962 -—200.1 [=1793] —203.0
Marapi 1770.5 44 —2348 -—231.1 —231.5
Merapi 15485 47 —3065 —3047 —297.5
Ngauruhoe 1841.5 57 —2357 —2389 —234.2
Ruapchu 1861.1 22 —1276 —1294 |=I231] —12R2
Semeru 1818.9 58 —241.6 —2456 —241.5
Tengger 1804.7 53 2497 25316 —256.9

“Ttalic values indicate the preferred model for the given volcano.
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Figure 3. (top) Fitted Weibull TRF ¢40) from (T}, (middle) fir*) from (3), and (borom) estimaied AEP
for the pext eruption with VEI > 2 for Ema and Kliuchevskoi. Data points indicated by dots are the
onsel dates (Figune 3, top) and scaled interonsct times (Figure 3, middle). Both are jitsered vertically.
The dashed hines m Figures 3 (middle) and 3 {botiom) are the corresponding quantitics from the

stationary renewal process (g0 = 1)
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What about the clustering???

Red = preferred model

Blue = Quasiperiodic

Table 5. Clustering Parameters®

Voleano o vo s vy Yie: o e ve
Aso 081 =008  020=0.04] 088=009 0192003 081009 020=003 [096=010 NEEYE|
Etna 0.86 = 0.10 0.28 +0.05 1.03 =0.11 0.25 = 0.04 105 =001 25 = 0.04
Foumaise DR5£010 028 =006 0091 =009  026=005 09=011 026005 [L03=014 125 = 0.04
Gamalama psozois  0Jd=004] 086005 004003  088=018 014004 094 =018 13003
Kliuchevskoi 095010 0272005, [JI7=0/d4 025 00] 117019  025+003 1212014 025003
Lamongan DASE013 _ 029+012]  0.69=013 028008 |095=017  009=004| 071014  027+0.12
Marapi 084016 020006  0.90=017  0.19+004 = + 098019  0.18+004
Merapi 089013 011=003  097=018  0.10=003 m 1122018 010=002
Ngauruhae 085015 037009 08 =012  037=008 . 2 r 2 088015  036=009
Ruapehu pOAN=N 0IS=006 092=026 0152005 |104=032  014=004| 1072035 014=004
Semeru 075013 038=0.09] 075=012  038=0.11 098015 030007 081012 035008
Tengger UOTEUIS U2 £007 092004  027£007  |J0/£020  025+006) 091£017  027+007

“Italic values indicate the preferred model for the given volcano.

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




Sensitivity to start date and incompletenegg:,
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Best Model (including nuisance parametegsg,

1, ¢, 1 are potential nuisance parameters —if = 0 or 1, they do not exist in the model

Table 7. Best AIC Models and Forecasts®

Quantiles (u)

of Pltyey > ) [Pty > 2009.2)

Number
Volcano Model of Parameters AIC 95th uQ Moedian Q) Sth
Aso Cyclic. =1 6 =710.8 2009.4 2010.1 2011.3 2011.4013.3 2018.0
Etna Weibull, =1 3 —459.6 2009.3 2009.8 2010.32010.5 2011.7 2014.6
Foumaise Cylic, n=1, p=0 5 —414.5 2009.5 2010.5 2010.8012.3 2015.2 2021.8
Gamalama Cyclic, LH=0 5 —200.0 2009.5 0108 ? 20129 2016.4 20242
Khuchevskol Weibull, ;1= 0 3 —361.3 2009.4 2010.0 2010.8 2011.3012.0 2014.6
Lamongan Gamma, p=1, p=0 3 —175.7 20102 o 20151 2024.6 20428 20825
Marapi Gamma, 7=1, p =10 3 —219.5 2009.7 ? 012.0 2016.0 2023.7 2046.8
Merapi Gamma, 7= 1 4 —293.9 2010.12010.82014.1 2021.1 20337 2064.1
Ngauruhoe Gamma, 77=1 4 —223.6 2009.6 0112 7 20140 2018.8 2030.1
Ruapehu Gamma, n=1, p=0 3 —119.2 20100 ? 20139 2020.7 2033.4 2065.1
Semeru Gamma, n=1, p =0 3 —216.3 2010.1 20144 20229 2039.7 2075.1
Tengger Gamma p=1,p=0 3 —2383 2010.02010.92013.5 2020.2 2033.8 2093.2

“LQ and UQ are lower and upper quantiles, respectively.

The 1967 eruption of Semeru is continuing

Cores from Umutekai (104 tephras)
and Rotokare (45 tephras)

Also 23 “near-
source’ tephras

How do we
extract

the
eruptive
record?

Prevailing wind
direction

.VGI.CA'VDC

Recovering Ages from Depths
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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




- Overlapping ages Gt
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1
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Blown up section of the depth-date curves

* This Rotokare
event overlaps 4
Umutekai
events.

e Which, if any; is
the ‘'same’
event?

* Need "best’
matches

¢ Check via
geochemistry

\.mﬁ Identifying Common Events Wy

Calculate distance between two tephra from

different sources as

KClesest neighboring tephras. Left columns are closest Umutekai
tephra for the given Rotokare tephra, right columne the reverse
Botokare | Usmufekal Usmitekat | Rotokare

tephyano_| tephea no
10

| m, -m | 7 7
1 2
d1,2 = 2 2 U N(Oll) {i ?D il] {4(15)16
Vsif2 + 5312 — oo
17 i1 14 19
18 11 15 19
This identifies candidates, e.g., those n s a b
pairs at a distance less than 2. a R z Hmn
3 2324(25) 26 24 2002H723
24 25(28) 25 2202524
25 26 28 22023 2425
27 (20K 7 27 EZX;
T T b1} 27(28) 28 27028
¢ Assign mutually closest pairs to ] s s ]
cach other st 7
 Then assign other matches on the H i ® =
o n 35 53 40 kxj
basis of temporal distance and % A m 7
SR E - L
e 25 matches between Rotokare and - B IOLE . Ll
Umutekai dates 2250-6250 BP z = 3 %3
. . . 0 [EHE
All candidates listed, closest in i el
parentheses, and final match in bold 63 a1 {4

.m Eruption Coverage 4 Uawrty

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

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

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?

.\-ou:nmrc

Geochemistry: 75-88% confirmed

2 — 7 5 5 - )
D =
We have e RIF —
. R10%—
geochemistry o 2 0 2 PR 0 5 % 0 2 4
for 15 of the 25 2 2 A s U_1 2
common g ms{/“’ of G I
events in S
2250-6250, g: :43 0 5 0 'T-s 0 5 10 0:.? 15 1 05
lus the Stent e e U4 7
P ! g E_ 28 o = ) e —/‘
Ash is a match 7 R2E~ g Ra&
a 6 -1 0.5 —
e 2.4 ) 0 2 5.? 0 2 5.4 -2 [ 2
@
3 4G N
11 of these . 7o RQ“ _9 0 %_:__:_;__ o (C=us
overlap, one is g . — SlREZ LR
inconclusive (1 >z ° -~ ° P
datum) and 3 — us3
s S —
do not | e T oRe=—" g"cj}“:
[ — —
-ﬁ-ﬁ a 5 4;-P =1 [¥] 1 -E-.? [+] 2

PC1=-0,185 TIO 2t 0711 AIEG:} + 0LB7S MaO




._m:. Next Step?: Combined Data U}

10000

Problem: Data is still
incomplete, but now 9000
also inhomogeneous. 2000

7000

Hence use only post-

6250 data to formulate & ¢
probabilistic hazard £ 5000
model. <
4000

We average dates 3000
from multiple sources 000 NS andRandU TN T
and Comblne 1000-NS and R
uncertainties e

olNsonly ‘ ‘ ‘ ‘ ‘

0 20 40 60 80 100 120 140

Eruption number

\.-ﬁ Renewal Models &) Gy

2011

T T T T T T
Tos ToaTns Tha Tha T,
* Assumption is that interval lengths 1 are
independent, identically distributed.

— Unlikely for complete record, but sedimentary
data likely to be more homogeneous ©

e Sedimentary data will tend to be under-
dispersed in time.

— Try Weibull, Lognormal distributions

\.:.':ﬁ::::s Fitted Model @ e,

NS + U, post-10150 7000} | Primary mode

12000 T T T L

ool ! / at 19 years

| Primary mode
at 32 years

10000

8000~

Secondary mode
at 236 years

Secondary mode
Oy at 137 years 3000

£ 6000

4000

300 400 500 600

< (years BP)

NS + R + U, post-6250

2000

0

T (years BP)

Dotted = exponential, dot-dash = lognormal, dashed = Weibull, solid = mixture
of Weibulls (AAIC > 2)

\.K’Z Forecast: NS + U, post-10150 data e

50 year
probability of an
eruption is

0.37 for the
1854 scenario,
0.48 for the o8/}
1755 scenario 0006]

0.018

0.016 -

0.014

o
a
2
)
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Forecast: NS + R +U, post

003 ‘Table 10. Flank eruptions at Mount Etna, 1601-2006 (catalogue 2). Dura-
Table 2. Flank eruptions at Mount Etna, 1601-2006. Durations are in days tionsiare fn days.
50 yea r Date Duration VEI Date Duration VEI Date Duration Date Duration
.- | ] 200497 w0 1 1874.8.29 3 200497 190 1892.7.11
prOba bil ity of an 0.025 2002.10.26 95 3 1865130 150 20021027 1886.5.18
. . 2001.7.17 24 2 1852820 281 » 2
erup‘“on is0.52 1991.12.14 73 2 1843.11.17 12 . v 1879.5.26
1989.9.11 2 2 18321031 23 9
2z 002 1986.10.30 122 2 1819527 71 ;
(+015) for the 3 1985.12.10 31 1811027 202 = ; 1852.8.20
A 2 1985.3.8 1221 1809.3.27 14 . ; 18431117
1854 scena rio, a 1083.3.28 132 1 1802.11.15 4 ; 1832.11.1
£ 0.015 1981.3.17 7 . 1792.5.25 367 k 1819.5.27
g 1979.7.16 4143 179235 7 1811.10.28
E ; 10
0.66 (+018) for i 1978.4.29 216 2 1780.4.20 57 1809.3.28
g 1975.2.24 871 1766.4.27 194 1802.11.15
the 1755 £ 1974.1.30 90 2 1763618 85 ; 17926.1
e 001 1971.45 60 2 3.2 i 2
; A5 0 2 176326 13 P ; 17925.11
. 1950.11.25 3 2 I7SRI3 m
scenario 1949122 4 2 175539 7
1947.2.24 151 1702.3.8 62
0.005 1942630 2 2 1680314 =
1928.11.2 IR 1682.9.1 ’ 50.11. 1759.5.1
B 1923617 22 1669311 ; 175539
) ) 19181130 2 1651.1.17 ! 17023.8
o . Lastinifed  Lastinifss . . . 1911.9.10 E| 646.11.20 5 2, 1689.3.14
) 50 100 150 200 250 300 350 400 450 500 19103.23 2 1643220 11 1669.3.11
Years since last eruption M 1005.4.20 2 16341219 y 1651.1.16
_ . _ 1892.7.9 2 161471 19181129 1646.11.20
Dotted = exponential, dot-dash = lognormal, i 0L Ui roilen il
- ; i = i f 1883.3.22 2 16076328 1910323 1614.7.1
dashed = Weibull, solid = mixture of Weibulls i 3 ki el

Red curve is NS+U, post-10150 model

[ — Hidden Markov Models S @ Discrete Time HMM o

Table 4. Onset models for Mount Etna

Model 5 AlC A State Sojourn (yr) Mean eruptions per year
* We have X, € S hidden states, Wiy 4 cme B o ;o s
a transition matrix A, where a;=Pr(X,=j| X, ,=i), and R e p— — m)
observations o,, with density f,(0,;0, | X,=x) N
* These can be fitted by way of the EM algorithm. Ll 3% 4
* The forward-backward equations also estimate the [ EVehTER e S 8 R
probability that the hidden chain is in each state at each s 2 000= @
time (Cf. the Viterbi Algorithm, which identifies the most P

; :
likely sequence of states) 5

Fizmre 2 Mourt Fins: aptimal hidden pagh for the discrete Potson HMM




Continuous HMM

Discretize by considering interevent times as continuous variables from a discrete

time chain

Table 5. Interonset models for Mount Etna.

Model 5 AIC A State Sojourn Interonset time (d)
(Q for the MMPP) (eruptions) Mean SD
Exponential 1 —994.28 1 1 oo 2591 2591
Eq.(16) 2 —096.36 1 0 1 oo 008 008
002 0.98 2 43.10 3107 3107
3 —1007.32 1 0 0 1 o 508 908
0 0.03 0.97 2 1.03 975 975
002 0 0.98 3 4202 3162 3162
Weibull 1 99622 1 i1 oo 2504 2531
Eq.(17) 2 —903.58 0.87 013 1 777 663 275
005 0.95 s 21.88 3105 2762
3 00558 [ET] 012 0 T 01 585 260
021 0 0.79 2 1 1014 33
0.002 0.07 0.93 3 1471 3154 2835
MMPP 1 —994.28 0 1 oo 2501 2501
2 —1016.58 —8x 1078 8 x 1076 1 38.04 3172 3172
12x10°° —12x10°¢ ; 90.27 927 927
3 —1027.46 —2x 0% 8 x 10-5 12 x 10-5 1 ] ® -
16 x 10-6 —16 x 106 i 2 21.02 2073 2073
0 —2x 10°% 2 x 10-3 3 52.85 514 914

Continuous HMM ctd.

in
T
L

Interevent time (days)
o
& o
T T
N
L L

o . . . .

L ey o
1600 1650 1700 1750 1800 1850 1800 1950 2000
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R
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1600 1650 1700 1750 1800 1850 1800 1950 2000
‘ear

Figure 3. Mount Etna: optimal hidden path for the discrete Weibull interonset HMM.

Repose-duration HMM

Repose-duration HMM ctd.

Bivariate HMM coupling duration and subsequent repose ~

Table 7. Time-predictable models for Mount Etna.

‘time-predictable’ model

Maodel s AlC A State Sojourn Repose (d) Duration (d)
(eruptions) Mean sD Mean SD
Exponential 1 —1693.00 1 1 o] 2301 2391 200 200
Eq. (19} 2 —1659.96 0.70 0.30 1 333 1724 1724 58 58
0.83 017 2 120 4146 4146 575 575
3 —1635.25 0.50 o 0.50 1 201 1516 1516 13 13
0.25 0.75 0 2 401 1898 1808 1357 1357
0.23 o 0.77 3 432 2805 2805 162 162
4 —1658.03 1 o 0 0 1 oo 9 729 142 142
0 0.62 0 038 2 264 1700 1700 13 13
0 0.25 073 0 3 401 1898 1898 1356 1356
0.05 0.26 0o 0.69 4 324 4117 4117 171 171
Weibull 1 —1657.87 1 1 oc 2389 2520 179 313
Eq. (20) 2 —1653.96 0.94 0.06 1 1538 2078 174 193 355
0.61 0.39 2 1.64 7257 1851 64 6
3 —1648.94 0.89 0 ol 1 4382 1489 671 14 14
0 (L65 033 2 302 1802 2684 132 126
0.18 0.37 0145 ] 2.08 4151 1386 484 737
ES —T6372d 080 1] 011 0 T 802 o] 613 150 133
0 0.62 0.38 0 2 265 1538 712 15 15
0 0.40 0.36 0.24 3 1.57 4249 1306 461 684
0.52 0 0.48 0 4 1 10797 37327 68 3
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Figure 6. Mount Etma: optimal hidden path for the bivariate Weibull time-predictable HMM. Circles are repose lengths, dots durations.




Duration-repose HMM

Bivariate HMM coupling repose and subsequent duration ~

Table 8. Size-predictable models for Mount Etna.

‘size-predictable’ model

Model s AlC State Sojourn Repose (d) Duration (d]
(eruptions) Mean 5D Mean D

Exponential 1 —1691.19 1 1 o 2391 2391 196 196
Eq. (19} 2 —1657.16 033 0.67 1 1.49 1190 1190 501 1
03l 0.69 vk wn 2086 2986 47 47

3 —1653.38 0.79 0 1 482 1930 1930 160 160

0 0.67 ik 3032 1044 1044 1683 1683

(.48 0 3 2.08 3437 3437 13 13

4 —1663.74 045 0 0.36 1 181 1103 1103 222 2

0 0.67 1 vk 3.00 1941 1941 167 167

035 0 o 3 282 2165 2165 13 13

0.40 0 0.55 4 220 4396 4396 69 69

Weibull 1 —1656.03 1 1 o0 2389 2519 176 7
Eq. (20) 2 —1650.54 0.14 0.86 1 116 742 219 196 13
04 053 2 1387 2562 2682 160 7

3 —1638.18 0o 0 1 1 1 582 10 189 3

0.02 0.98 0 2 52.1 2450 2613 1o 156

0 050 0.50 3 1.98 2626 1164 2467 1179

4 —1657.00 0] 0 0 1 1 1 241 475 384 25

007 0.40 025 0.28 2 L&7 708 314 180 100

007 0 089 0.04 3 937 2867 1550 185 415

] 0.86 0 0.16 4 1.20 4077 5682 26 23

w
Z10 T T T T
=
= o
2 © o o [l o o ] o ©
# C
5 <, o Opo” 90%0, o7 ogn 4 o
a G ® Ty o g
N ; . ] @ s g 9
B . . . . . B
° " @ - - - .
5 R %, .
2 v
3 10" . . . . . . . .

1600 1650 1700 1750 1800 1850 1900 1950 2000

Year
35 T T T T

sk ]
g2sf R
w
5 2T
b}
T isf

.

0.5 L 1 L 1 1 1 L L
1600 1650 1700 1750 1800 1850 1900 1950 2000
Year

Figure 7. Mount Etna: optimal hidden path for the bivariate Weibull size-predictable HMM. Circles are repose lengths, dots durations

Change Points

Table 12. Change points for Mount Etna flank eruptions.

Data type Model (or other source) States (or date range for other sources) Change points
Onsets Poisson, §= 1 Average rate None
Poisson, § =2 Stable low rate, unstable high rate 1611, 1971, 1991
Mulargia er al. (1985) 16001980 None
Interonset Weibull, § =2 Stable high (periodic) rate, very stable low variable rate 1971, 1991, 2001
Mulargia et al. (1987) 16001978 1865
‘Gasperini et al. (1990) 19781987 1987
Ho (1992) 1600-1978 1702, 1759
Marzocchi (1996) 16001994 (Trend)
Sandri et al. (2005) 1971-2002 None
Salvi et al. (2006) 1536-2001 1980
Time-predictable Weibull, 5 = 4 High (memoryless) rate and medium (memoryless) duration ‘major’ changes in 1614, 1702,
Medium (periodic) rate and short (memoryless) duration 1755, 1766, 1792, 1792, 1819,
Low (periodic) rate and long variable duration 1832, 1971, 1974, and 14 others
Very low (extremely variable) rate and short constant duration — see Section 4.4
Wadge et al. (1975) 1535-1974 1610, 1669, 1759/1763
Wadge & Guest (1981) 19711981 19717
Mulargia et al. (1987) 16001978 1670, 1750, 1950
‘Gasperini et al. (1990) 19781987 None
Sandri ef al. (2005) 1971-2002 None
Size-predictable Weibull, § =3 Stable medium memoryless rate and medium variable duration 1607, 1610, 1634, 2001, 2004

Unstable High (periodic) rate and constant duration
Low (periodic) rate and very long duration

* 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
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.:JZ The Auckland Volcanic Field T

Bebbington and Cronin (2011)

RS T

‘| e Relative geomorphology or weathering ¥

50(?) small basaltic volcanoes
young (~250,000 years)

Most recent eruption ~600 years ago

Data:
* Stratigraphy, ~33 vents constrained in
at least one direction

5 locations

* Age determinations 2
* Paleomagnetism ~5+ vents 3

* C14,~13 vents s

e Tephrostratigraphy, 24+ tephra in -é

o

[$]

3]

o

* Ar-Ar, ~4 vents
* Thermoluminesence, 2 vents
¢ K-Ar, unreliable due to excess Ar

Also: known vent locations,
reasonable volume data

&5 Tephra Attenuation (Pupuke) T

' Expected tophra

thicknass

R
N

Scoria, Wil and ash volume (k)
3

40

A4
48

Wind-direction (low level)
assumed random
throughout record

Stratigraphy must be
maintained

Assigned tephras must be
consistent with reliable
a1 dates

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

2

All tephras must be
assigned, in a feasible
manner

5 20

10 15
Distance to Pupuke (km)

r=-1.85V"° +exp[(8.67+1.13logV —logT)/2.38]

25

Rhoades et al (2002)

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

.vot.cAm:
S, P BB AT

Palaeomagnetic Excursions e,

Laschamp at 40.4 + 1.1 ka (Guillou et al,

2004) %Q-
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?] S——

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.).

C) Contemporaneous
- within 0.1ka

&5 A Monte Carlo sample of age-orderings o

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

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

Mono Lake
magnetic excursion

Mean Age | Age Error Max
(ka) (ka) Order
7

Onepoto Basin ~ 248.4 27.8 1

Albert Park 229.8 395 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 414 0.4 14 16
McLennan Hills ~ 40.1 12 L3 16
One Tree Hill 349 0.7 16 18
Hopua Basin 323 0.4 19 26

MtRchmond

Taforshil

el a6 03 @ m
27 29

North Head 312 0.1




< . Time-Varying Eruption Rate o

Interevent time distribution o
1 - 4 T T T T
os| Exponential - - MonteCarlo - -
"'| MonteCarlo - / *51l Model - 7
o /'. r'; 3t 4
Zog 4
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&5 Spatial Structure, Second Order Analysis s

¢ azimuths of sequential pairs shows a tendency to AVOID alignments
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O=— Spatial Likelihood Wi

¢ Kernel estimate of spatial probability (Connor and Connor 2009)
* Ruaumoko location not relatively unlikely ©

N

Elliptical
boundary
(Sporli and
Eastwood,
1997)

.mg Models for E/Q Triggering of Volcanic Eruptions il

Bebbington and Marzocchi (2011) a
E L L B L B
105 Magnitude 8 0-250km 3
sF E
Linde and Sacks (1998) : | E
D TR TR | I‘IHI 1Ll J L omi i wn cmnn
-1000 -500 a 500 1
Remote dynamical triggering of eruptions BT
due to passing of seismic waves. 10F  Magnitude 8 0-500km 3
¢ 5L | E
8 cases pOSt-lgoo § 1] i uJ-lﬁJ\-ll I ok oo bl vinle ﬁ.lﬁll\lll Mud
£ -1000 -500 0 500 1000
S ¢
Peturbation’ models allow for delayed A A I I
triggering (Marzocchi et al, 2002) z 10 Magnitude & 0-750km 3
5 3
D | |||| 1 \‘II\‘ oL UL MI |I| LLLIL | II|\J IH;
Figure 1 Histograms of number of eruptions occurring within + 1,000 days of large -1000 -500 0 500 1000
earthquakes. In a, b and e, the erupticns, following earthquakes of magnitude =8, d 15 B . B s s e s e
are grouped in 1-day bing; a, b and e are for earthquake-eruption distances of up .
to 260km, 500 km and 750km, respectively. The large peak for the bin following 10 Magritude 7 - 7.9 0-200 km

the earthquake is evidence for a triggering effect, although there is no evidence
for triggering in the distance range 250-500km. In d, the eruptions following
earthguakes of magnitude 7-7.9 are grouped in 2-day bins for the distance range [i]

0-200km. Most of these eruptions are at distances =100km. All other time bins -1000 500 0 500 1000
display expected random values Time relative fo earthquake (days)




.m E/Qs and Volcanoes of Indonesia e

10 T YY) -~ I a e 7 = 1 .
Earthquakes (circles) 9" ‘:Qa
2 b size ~ magnitude j o o6
M volcanoes (triangles) A QQ, o
50 ~ with =10 eruptions (open) ° OU 1
i A or <10 (closed) .2,
‘\;‘ o \ size ~ no. eruptions A
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.m E/Qs and Volcanoes of Indonesia — Completeness?  yumn
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Figure 2. Time and location (longitude) of earthquakes o
(circles) and eruptions (triangles). '

1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000

Figure 3. (a) Cumulative numbers of earthquakes with M 7 and (b) eruptions with VET > 2 at volea-
noes with at least three eruptions from 1900 to 2010, The dotted lines indicate the 95% Kolmogorov-
Smimov limits.

.m Baseline stochastic models e

Last eruption: volume v, at time u A o

* Poisson process (PP), A(t) =2, ;m

= 01

00

« Weibull renewal model (WRM),
Mt_u)zaﬁa(t_u)wl f IS’IU 1920 19‘33 190 1%0 1%0 |slru 190 190 3050 20

» Generalized time predictable model

P
(GTPM) g%
1 {Iog(t—u)—a—ﬁv} 0

exp4—0.5]

(t_U)G\/ZT 9 P il —— L iy
Mt—ulv)= B0 W0 10 190 190 190 (%0 190 1e@ 1m0 200 200
[Iog(t—u)—a—[}v} Yom

1-o =————
o — ——T—
. . L 4
(Marzocchi and Zaccarelli, 2006) %
5 J

*VVolume History Model (VHM) A

L L L n
1900 1910 1920 1930 1940 1980 1960 1970 1880 1890 MO0 2010
Year

M) :exp{a+v[pt —V(t)]} , where V(t) is the cumulative volume erupted prior to time t
(Bebbington, 2008)

.m Incorporating E/Q Triggering e

Multiply baseline point process intensity by a triggering term:

A0 =2% 01" ()

=241+ exp[—a(t —s,)—blogr, +ch

jisy<t

where the jth earthquake occurs at time S, j=1,...,J, adistance T from
volcano i, and has magnitude m,

» 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)
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Figure 4. AIC improvement relative to the Poisson process. The solid line is the empirical (35 volca-
noes) distribution of AAIC + 2(k — 1), where & is the number of parameters in the given model and AAIC
is the difference in AIC from the Poisson process. The theoretical y;_, distribution is the dashed line, and

the dotted lines are the 95% Kolmogorov-Smimov limits.
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