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General approach

We consider clustering of events
OVER TIME ONLY
(ignoring any behavior in space)

We consider clustering of events

TAKNG INTO ACCOUNT

THEIR SIZE
(this is not usual, and is a specific property
of our approach)

We consider only data sets of
CALIBRATED EVENTS

(with size estimates; accuracy may be

limited)

We consider only data sets that are
COMPLETE OR
NEARLY COMPLETE

OOIIMH ITOIXO0.T

PaccmaTrpuBaeTcsi rpynnupoBaHUe COOBITUI
IIPU CIEAYIOUIUX MPEANOIOKEHUSAX

(1) AHAJIM3 TOJBKO BO BpEMEHH,
IMPOCTPAHCTBCHHBLIC COOTHOIICHUS HC
YUYUTBIBAKOTCA.

(2) YunrsiBaercs: pazMep/macmrad
WHJIUBUTYaJIbHBIX COOBITUM (CriennbUIHO
JIJIs HaIIIero I01X0/1a)

(3) UzyuaroTcs TOJIBKO MOCIEI0BATEIb-
HOCTH COOBITHH C OLIEHKAMU pasmepa,

(Tpu4eM TOYHOCTH OIIEHKH pa3Mepa MOXKET
OBITh HEBBICOKOM )

(4) UzyuaroTcs TOJBKO MOJHBIC WM TTOYTH

IMOJIHBIC MMOCJACA0BATCIBHOCTH
COOBITHIH



General approach(2)

We look for
self-similar, or
fractal

clustering behavior.

The main assumption in such an
approach is that the system in question
has no intrinsic time scale, or
characteristic period, like typical repose
time of a volcano.

(In case such a period exists, it will be
revealed in the course of analysis).

OO0 moaxo(2)

MpbI nbITaeMCs BISBUTD
CamMonoooonoe, N
¢ppaxkmanvnoe cpynnuposanue.
['maBHas MPEANOCHIIKA IIPU TAKOTO
pOJIa aHAIU3€ — 3TO
MIPEINOJIOKEHNUE, YTO Y U3y4aeMOM
CHCTEMBI HET HUKAKOI0
BHYTPEHHEIr0 BPEMEHHOI0
MaciuTada, Wi XapakTEPHOTO
nepuoaa. Hanpumep, He
CYILIECTBYET TUIIMYHOTO BPEMEHHU
IIOKOS BYJIKaHa.

(Ecnu Takol nmepuoj CyIecTByeT,
OH OYyJIET BBISIBJICH B XO/JI€ aHAJIN3A)



Common clustering and order clustering: illustration 1
OOBIYHOE 1 HOPSAIKOBOE IPYIIIUPOBAHKUE: MILIIOCTpaIys 1
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General approach(3)

If the data behave 1n a manner
that does not contradict the self-
similarity assumption,

we determine from them the

parameter 1) called
“CORRELATION
DIMENSION”.

In case of no clustering, D =1,
otherwise, () <D <I1.

Oo6mui moaxo(3)

Ecnu xapakrep JaHHBIX HE
IMPOTHUBOPEYHUT IIPEANOT0KEHUIO
CaMOIIOI00MSI, MBI OIIEHUBAEM U3

naHHbeIX mapametp D -
«KOPPEJISIHMOHHAS
PASMEPHOCTDb».

Ecnu rpynmupoBanue
orcyrcreyer, D =1,
B mpotuBHOM ciydae, () <D <1,



Common clustering and order clustering: measuring
[ pynnupoBaHue: Kak U3MEPATH

Three modifications of data
processing produce D values that
describe:

(1) common clustering only
from the event density/frequency
variations in time, ignoring

event sizes (or assuming unit-size events).

(2) order clustering only
from the event sequence ordered as in
reality, but ignoring true times (or
assuming unit time step between events).

(2) intermittency/episodicity, or
clustering of the system
output/productivity over time, as the joint
effect of common and order clustering
from the event sequence as is

Tpu pona aHamn3a TaHHBIX JAIOT
3HaYC€HUA D, KOTOpBIE ONUCHIBAIOT:

(1) TonbKo 06BLIYHOE rPYNIIMPOBAHME

U3ydaeM BapHaIliy TUIOTHOCTH/9acTOTHI
COOBITHI BO BpEMEHU, pa3Mepbl COOBITUI HE
YYHUTHIBACM.

(2) ToIbKO MOPSAKOBOE
IPyNnupoBaHue

HN3y4dacM I1OCJICAOBATCIIbHOCTD COOBITHH B UX

(baKTUYECKOM MOPSJIKE, HO UTHOPUPYEM
VWCTHUHHBIE BpEMEHA (3a1a€M HUCKYCCTBEHHBIM
ar o BpEMEHU PaBHbBIN €IMHUIIC)

(2) mepeMexkaeMOCTh, Wi
(bopMHUpOBaHUE BCILIECKOB
POJTYKTUBHOCTH CUCTEMbI BO BPEMEHU —
KaK CyMMapHbIA 3 (PekT 0OBIYHOTO U
MOPSIAKOBOTO TPYTIITIUPOBAHUS



Common clustering and order clustering: measuring 2
[ pynnupoBaHue: 4eM u3MepsTh 2

The parameter D can be estimated: A. I[Tapamerp D MOXXHO onpeaesTh:

(1) in time domain, using (1) Bo BpemeHnHo#i 00J1aCTH, HCIIOIB3YS
correlation function (or correlation  KoppemsIIMOHHYIO (GYHKLINIO(MIH
integral). The results are denoted: KOPPENSIMOHHBIA HHTETPA).

Pe3ynbTaThl 0003HaYaeM

D, — for order clustering
¢ D, — 1ys1 MOpPSIIKOBOI0 IPyNIMPOBAHMS

D, — for common clustering D, — 1Jist 0GBIYHOrO TPYNNUPOBAHHUS
D ., — for intermittency D, — 1S HepeMeKaeMOoCTH

(2) in spectral domain using (2) B ciexkTpanbHoii o6acT,
power spectrum. The results are MCIIOJIb3Ysl CIICKTP MOIIHOCTH.
denoted: Pe3ynprarel 0003HaUaeM

D, — 15 MOPAAKOBOI0 rpyNnnupoBaHUs
D, — 1151 00BIYHOIO IPYNIIMPOBAHUSA
D, — Ay mepeMekaeMoCTH

D, — for order clustering
D, — for common clustering

D, — for intermittency



Common clustering and order clustering: illustration 2
OOBIYHOE U HOPSAAKOBOE IPYIIUPOBAHUE: UILIIOCTpAIUS 2
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Common clustering and order clustering: concept
OOBIYHOE U HOPSAKOBOE IPYIITHUPOBAHUE: KOHIICTIIIHS

Common clustering: D <1 or D <I:

event sizes 1ignored;
accurate event times bear all info.

essence: short inter-event intervals too
often

Order clustering: D <1 or D, <I:

true event times ignored, order only
used

sequence of sizes bears all info

essence: big events occur too often as
neighbors 1n the time-ordered event
list

OO0brynoe rpynmnuposanme: D <1 nmn D, <1:
pasMephl COOBITHI HE YYUTHIBAOTCS;
BCsl MH(OPMAIUsA — B TOYHBIX BPEMEHAX.

CYutHoCcmb:. CJIIMIIKOM YaCTO BCTPCHANOTCA
MaJIbIC HHTCPBAJIbI MCKY COOBITUSIMU

IopsiakoBOE rPpynInMpoBaHue:
D, <l or D <I:

VCTUHHBIE MOMEHTHBI COOLITUHN HE
YUYUTBIBAIOTCH, JIMIIB ITOPATOK BAKCH

MOCJIEIOBATEIILHOCTh PA3MEPOB HECET BCIO
uHpopMaImio

CYUiHOCMb: 00JBIINE COOBITHS CAUIIIKOM
4aCTO OKa3bIBAIOTCS COCEHASIMU B
YIIOPSIZIOUEHHOM BO BPEMEHU CITHUCKE



Common clustering and order clustering: independence
OOBIYHOE TPYIIHUPOBAHUE U MTOPSIIKOBOE I'PYIIIIUPOBAHNE HE3aBUCUMBI

INDEPENDENCE:

(1) Order and common clustering can

appear independently B mpupoIHBIX
MOCJIEIOBATEIBLHOCTAX COOBITUI

(2) Empirical measures of order and

common clustering use independent
aspects of data.

FROM A PHYSICAL VIEWPOINT,

order and common clustering seem to
be two different manifestations of a
general tendency:

nature dislike uniformity at all
scales.

D,/ Dg,1s a measure of such non-
uniformity

HE3ABUCUMOCTDb:

(1) IopsiakoBoe M OOBIYHOE

IPYNIIUPOBAHUE MOTYT HOABAAMbCA
HE3aBUCUMO

(2) Omnupuueckue mepol IOPSIAKOBOTO U
OOBIYHOT'O TPYNIUPOBAHUS UCIIOIB3YIOT
pa3Hble, HE3aBUCUMBIC aCTIEKThI JIaHHBIX.

C TOYKHU 3PEHUSA PU3UKU,

MOPSIIKOBOE U OOBIYHOE TPYNIIUPOBAHUE
MOTYT OBITh JBYMSI Pa3IMYHBIMU
POSIBJICHUSIMU €IMHON TEHICHIINU:

[PUPOAA HE JIIOUT
PABHOMEPHOCTH HA BCEX
MaciuTadgax

D,/ D,,— Mepa Takoii HEPaBHOMEPHOCTH



Initial data selection for statistical analysis of temporal
structure. (1) Homogeneity of data

OTOOp UCXOAHBIX JAHHBIX JJISI CTATUCTHUYECKOTO aHaAJIM3a

CTPYKTYpBhI: (1) OTHOPOJHOCTH

SMI-4 data set
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VEI: “volcano explosivity index”:
a magnitude-like, logarithmic measure of
eruption size

IVI: “ice core volcano index’:
a measure of volcanic dust
intensity as buried in glaciers.




analysis of temporal structure. M=o Ay 500 b =080
(2) Completeness of data po \ . 0
= ?E \\ Z 20
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SMI3 data set: global 1960-2002

tirme

0
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TOP: data sequence over true time scale
BOTTOM: ordered sequence only
spike size shows relative event size as 10VEV2 ~ yvolume?->



IVI: “ice core volcano index”:
a measure of volcanic
aerosole intensity as buried
in glaciers.

IVI data set:

DATA WINDOW: 1400-1985 as given by A.Robock

DATA PREPROCESSING:

(1) Data for Northern and Southern Hemisphere merged

(2)  For events synchronous over both hemispheres, max(IVI(NH),IVI(SH)) is taken

tirme

1500 1R00 1700 1800 1900 2000

tirme

DATA SOURCE: Courtesy of Alan Robock, Data sequence
(Rutgers University, New Brunswick, NJ, USA), shown as TVI/2

Robock, A., and M. P. Free, The volcanic record in ice cores for the past 2000 years, in Climatic
Variations and Forcing Mechanisms of the Last 2000 Years, P. D. Jones (Ed) pp. 533-546,
Springer-Verlag, New York, 1996.



IVI data set, (V(i)) - constant time intervals :
power spectral density vs frequency,
log-log scale;
icea : pard-icea Determination of D
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Statistical significance for integrated PSD

Cnocod a D, (@) 0(%) O(%)
00padoTKH

Hannpie: SMI3, N=226, V=10V, £, =10 r"!

l(t) 0.08 0.92 0.06 14 15
V(i) 0.22 0.78 0.09 2.1 2.5
V(t) 0.08 0.92 0.05 5.9 10
Hannpie: SMI4, N=72, V=10VF1, £, =0.2 r"!

l(t) 0.16 0.84 0.23 27 _
V(l) 0.43 0.65 0.30 11 15
V(t) 0.20 0.80 0.20 16 20
Haunnpie: IVI, N=146, V=1VL, £, =0.33 r"!

1) 0.13 0.87 0.09 6.7 10
V(l) 0.16 0.84 0.12 8.9 10
V(t) 0.19 0.81 0.09 1.7 9]

O — OLICHKA MOKAa3aTeJIsl CTEIIEHHOTO
3aKOHA B CIIEKTPE MOIIHOCTH; D =
1- a - oneHKa KOPPETSIIUOHHOM
Pa3MEpHOCTH;

o( @) - cpeTHEeKBaApaTHIeCcKas onoKa
JUTSL OTICHKH

QO - BBIUUCIICHHBIN YPOBEHb
3HAYUMOCTH JJISI TUTIOTE3BI « & >0»
IPOTUB HYJIEBOU THNOTE3BI « & =0»;

Q,, - TO )K€ caMO€ 3HAYECHHE
OKPYTJIEHHOE [0 TPaIUIUOHHOTO
YPOBHS 3HAYMMOCTH; IIPOYEPK —
Clly4all He 3HAYMMBbIX JaHHBIX.

[Ipn a=0: criexTp mIocKkum
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Inverse correlation between:
(1) b-value [order anti-clusters]; and
(2) event density or frequency [common clusters]

200
100 x 100
50 50
20 Z 20
c

10 " 10
2 5

2
1 2
1
15 K 05 0o =2

Iog1OA

b=digN(V)/digV

OTpunarTe/ibHas KOPPeIsalUsa MeKIAY YacTOTON
COObITHH U MapaMeTpoM b

25+

Dvae JKESIZMPKES=153 10 15 p=-0.56 Q=3% ISZI data set
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A

Hannsie: IVI, 1400-1985

Bcero cobpiTuit: 153

Pa3mep nakera: 10

Yucno nakeros: 15
Koaddumment koppemnsiuu: -0.56

(Q=3%)

A=dN(1)/dt

(JiokaJibHAs IJIOTHOCThH TOYEK)

The more frequently events happen, the larger they are!
BoiBoAa:korpacobbTHUsa yawe,OoHW Kpynt




Intermittency and clustering of explosive Holocene eruptions on
Kamchatka

(A.A Gusev , V.V. Ponomareva , O.A.Braitseva , I.V.Melekestsev ,

L.D.Sulerzhitsky )

58°N

The catalog contains,
since 8000 BC, 29 events
with the volume of
products of 0.7 km3 and
above, assumed to be
near to complete

54°N

160°E 65 E



KSU Ksudach 2 km®’ 1907 EXAMPLE craters/calderas

KRM Karymsky Caldera 16 km® -6642



Sequence of
events;
volume

distribution

law

THE SEQUENCE of VOLUMES of EXPLOSIVE ERUPTIONS
of KAMCHATKA VOLCANOES during the last 10 000 years
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Kamchatka (2)

Study of episodicity/intermittency: V(t)

Characterization of intermittency by Dcm, Dsm and H



Estimates of significance for hypothesis: D<1
(time domain only)

Time window: -8000 - 1990, size range: 0.7 km3+, n=29
Estimated Dcm=0.67 At range: 100-10000 yr
pherlli)lr?lir?in n hypothesis significance level.
question Prob(D=1)
common Dc <1 4.8%
clustering
order
. Dcl <1 3.7%
clustering
intermittency of Dem <1 3.4%
output




A portion of philosophy: The Global Magma Plumbing System

(? very hypothetic; but needed to explain coordinated action of many distant centeers)
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Two hypothetic modes of behavior of the global magma plumbing system.

(Top) The case of modestly varying input material rate and the limited volume of the
plumbing system proper; the output discharge pulses are frequent when they are small, and
rarified when they become larger; negative order clustering results. No match to data

(Bottom) Wildly varying input material rate and, again, the limited volume of the plumbing
system proper. In agreement with observations, discharge pulses are larger when they are
more frequent, and positive order clustering arises, as seen in the data



Conclusion

(1) Common clustering, ORDER
CLUSTERING and EPISODICITY OF
THE OUTPUT OF VOLCANIC
PRODUCTS (OVP)

(listed in the order of increasing degree of expression)
seem to be characteristic features of
volcanic-eruption sequences, both on
global and regional scale

(2) These three features all show self-
similar (fractal) behavior; no characteristic
periods are manifested.

(3) Common and order clusters arise in
positively correlated manner, their joint action
enhances the episodicity of OVP

(4) Data of historical geology indicate episodicity
of OVP on time scales of 105-108 yr; in the
present study similar behavior is observed on
time scales of 10-500 yr.

(5) Taking into account the clustering behavior
of explosive eruptions may significantly modify
the estimates of impact of volcanism on climate

3aKkirouenue

(1) O6brunoe rpynnupoBanue, [IOPSIJKOBOE
['PYIIIMPOBAHUME n 9dIIN30ANYHOCTD
BbBIHOCA BYJIKAHHUYECKOI'O
MATEPHAIJIA (BBM) (mepevunc/ieHHbIE B OPSAIKe
HapacTalluei spKocTH nposisiaenus) NO-BUJIUMOMY,
NMPeACTABJISIOT CO00H XapaKTepHbIe CBOMCTBA
BYJIKAHMYECKOI0 MpoLecca, Kak B 1J100aJ1bHOM,

TaK H B PEIrHOHAJIBHOM Macmraoe.

(2) Bce 3TH TpH CBOMCTBA HMEIOT
caMonoa00HbIN((ppaKkTAJIbHBIN) XapaKTep;
SIBHBIX IMKJIOB/IIEPHOA0B HE BU/IHO

(3) O0bIYHOE U TOPSAKOBOE TPYNIIUPOBAHUE
BO3HUKAKT KOOPAUHMPOBAHHBIM 00Pa30M;
BMeCTE OHH YCHJIMBAKOT 3MU30AUYHOCTL BBM

(4) laHHBIC HCTOPUUYECKOU T€O0JIOTUU TOBOPSAT
00 3nu3oanuHocTu BBM nHa mkanax 105-108
JIeT; B JJAaHHBIX padoTax moao0Hoe nmoBeeHue
BBIfAIBJICHO Ha mKasaax 10-104 jer.

(5) Yder rpynnupoBaHusi 3KCIJI03MBHBIX
U3BEPKEHUN MOXKET 3aMeTHO MOAM(PUIIMPOBATH
OLIEHKH BO3MOKHOT0 BJIMSIHUS BYJKAHU3MA HA
KJIMMAT



