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ABSTRACT

Volcanic eruptions can negatively impact social, economic, built, and natural environments.
Volcanic unrest is the key indicator of an impending eruption, enabling warnings to be
disseminated, and risk to be reduced. This research focuses on recognising changes at a
caldera volcano when it begins to show signs of unrest, and the communication of this

information using the Volcanic Alert Level (VAL) system.

New Zealand’s existing VAL system is explored, and influences on the determination of the VAL
and potential foundations of VAL systems are identified. For the first time globally, a
qualitative ethnographic methodology is used to develop a new VAL system, involving
interviews, document analysis, and observations over three years at GNS Science
(New Zealand’s official provider of science advice for geological hazards). The new VAL system

developed in this research is being actively used in New Zealand from July 2014.

To assist with distinguishing ‘unrest’ from ‘background’ activity at volcanoes, a new, innovative
tool called the Volcanic Unrest Index (VUI) has been developed. The VUI integrates multi-
parameter qualitative and quantitative data, enabling a world-first comparison of the intensity
of unrest. It contributes towards probabilistic decision-making tools by defining unrest. The
VUI provides a simple way to communicate the status of any volcano with non-scientists. The
frequency and intensity of historical caldera unrest was investigated at Taupo Volcanic Centre
(TVC), New Zealand. Through the use of the VUI, 16 episodes of unrest were identified, many
more than had previously been recognised. Socio-economic impacts have resulted from
several of these unrest episodes. The recurrence rate of unrest between 1872 and 2011 is one

episode every nine years, and the median duration of unrest is slightly less than five months.

The findings suggest that the VAL could have been raised during past unrest at TVC, including
in 2008-10. However, influences on the decision to change the VAL, including potential socio-
economic impacts, may cause a delay in raising the VAL during future unrest. These findings
contribute towards more effective communication of the status of volcanoes in New Zealand

in the future, particularly at calderas.






DON’T PANIC

- Douglas Adams, The Hitchhiker’s Guide to the Galaxy



ACKNOWLEDGEMENTS

| am appreciative of support from my supervisors, Dr David Johnston (Joint Centre for Disaster
Research, Massey University and GNS Science), Dr Gill Jolly (Head of the Volcanology
Department, GNS Science), and Professor Vince Neall (now retired Professor at Massey
University). Thanks to your flexible approach on my PhD topic, | could follow paths wherever
they led, allowing me to develop the Volcanic Unrest Index. David, thank you for the
opportunities you have given me, especially for helping me to work at GNS Science. | am very
grateful for your help in organising my scholarship. Gill, thank you for your advice on what to
focus on when it was needed, and for the ‘DON’T PANIC’ reminders — they were always
necessary. Especially, thank you for your support throughout my PhD despite your very busy
schedule, and for all of the opportunities you have given me. Vince, you suggested the most
wonderful PhD research topic, you have given me much needed and top notch writing advice
(thanks for your patience!), and you have always helped me right when | needed it — thank

you, and all the best for your retirement.

To GNS Science, thank you very much for hosting, feeding, and entertaining me for the past
four years, and for providing me with the funding, resources, library support, document
formatting assistance, opportunities, and additional experiences | otherwise never would have
received. Also thanks to GNS Science staff for participating in my research, and providing me
with (often rigorous) feedback to help me make this thesis the best product possible. Special
thanks to Brad Scott for your never-faltering enthusiasm, incredible breadth of knowledge, and
on-going support. Sarah, thanks for sharing an office (and the PhD experience) with me for
nearly three years. To my Social Science colleagues at GNS Science, your on-going support in

getting this thesis done is valued.

| received a much appreciated Disaster Research Scholarship from the New Zealand

Earthquake Commission (EQC) to undertake this PhD.

| have benefited from Massey University’s excellent library support to distance students. Thank
you to Associate Professor Antonia Lyons for priceless qualitative research methods advice, to
Douglas Paton for occasional but always enlightening methodology chats, and to Emma
Hudson-Doyle for your support and always being willing to share your extensive knowledge

with me.



To all of my participants for agreeing to be interviewed and observed, | could not have
completed this research without you. Thanks to staff from Regional and District Councils and
the Ministry of Civil Defence and Emergency Management for inviting me to present at
meetings and conferences, and providing me with feedback throughout my PhD. Your
enthusiasm for caldera unrest planning is world class. A low risk notification was approved for

this research by the Massey University Ethics Committee.

Thank you to the volcanologists from research institutes both in New Zealand and overseas
who provided me with excellent feedback, especially those from INGV and U.S. Geological

Survey, Bruce Houghton, Chris Newhall, and Carina Fearnley.

To my family, thank you for your endless support and encouragement, and for the learning
environment we were raised in. Rosie, you have been a marvellous friend with great advice
and support. Dad, your enthusiasm in reading through my entire thesis (especially the
methodology) is admirable. Thank you to my friends for entertaining me, and not forgetting
me when | spent more time working than doing anything else — especially Amy and Richie,
Stuart, my New Zealand Women’s Beach and Indoor Handball teams (thanks for the travelling
memories — we will beat Australia one day!), and Taupo’s own Hot Tub jazz funk band (I'm

sorry | couldn’t practice as much as we all would have liked).

Most importantly, thank you to my husband, Nick. For initially encouraging me to do a PhD, for
the adventures of wedding planning, house renovations (while listening to the audio book of
The Hitchhiker’s Guide to the Galaxy), and multiple moves around the country, for motivating
me to keep up with my sports, and for taking over the cooking, cleaning, and other household
duties for far too long, without complaint. Mostly, thanks for listening to my daily ups and
downs, for providing excellent advice, and for your wonderful support and encouragement to

help me get this PhD finished.

I may not be doing what | love to do today without New Zealand’s volcanoes erupting. |
witnessed Ruapehu erupt in 1995-96, through my living room window in Taupo, which
motivated me to study volcanoes. During my PhD | was lucky enough to witness the Tongariro
and White Island eruptions from within the hub of GNS Science, providing me with the setting

for this thesis.






BRIEF TABLE OF CONTENTS

Y Y 5 2 O U |
ACKNOWLEDGEMENTS ..ccuuiiiiiiitiiiiiiiiriniiiiiiiiieiiieeiiisirinirinimesisisseresseresenenens [\
1 INTRODUCTION .....itiiiniiiiiiinniiiniinnniiiniimasiiiniemssiiniemssiiseesssssstsssssisseesssssssssnsses 2
2 NEW ZEALAND’S VOLCANO EARLY WARNING SYSTEM........ccccceeeiiiririmnnnnnnnnnnnne 18
3 METHODOLOGY FOR VOLCANIC ALERT LEVEL EXPLORATION..........cceuuveerennnnns 70

4 AN EXPLORATORY INVESTIGATION OF NEW ZEALAND’S VOLCANIC ALERT
LEVEL SYSTEM.....ciuiiiiiiiiriiiiiiiiiitiiiiiieiintiirieecnineininsisiessistessesesesesesssesessssnenes 926

5 INTRODUCING THE VOLCANIC UNREST INDEX (VUI): A TOOL TO DEFINE
AND QUANTIFY THE INTENSITY OF VOLCANIC UNREST ....cceuuviiiiimnnniiriennnnnnnne 188

6 DEFINING CALDERA UNREST AT TAUPO VOLCANIC CENTRE,

NEW ZEALAND, USING THE VOLCANIC UNREST INDEX (VUI) ...cccuuveeeeeerneenenees 218
7 (000 o I 1] [0 U 260
APPENDICES ....ceeuuiiiiiinniiiiiiinniiiiiiiiiniieseiinieesiiiiitemssiitimsssinteessseseessssssssessssssseess 281
REFERENCES ....ccuuiiiiimiiiiiitniiiiiitiniiiiiiiininiiensiiinieessiiineeessiiseesssisneessssssessssssssennnes 409

Vi



DETAILED TABLE OF CONTENTS

ABSTRACT ..cuiiiiiiiiiiniiiaieieesieesienitenssrssstsssrassssssssssssssssssssssssssssssssssssrassssssssssssnsssnssssssses |
ACKNOWLEDGEMENTS.....cciueiituiirnierncinsienssenserssrassiesssensssssssssssossssnssssssssssssssssnsssnes v
1 INTRODUCTION ..cuiiuiieiiniinieeiienianiecsesrasiasissssssisssasssssssssassssssessassassssssssssssasssssss 2
1.1  Volcanoes and SOCIELY .....cccuueiirieeeiiriereiierereeiereennieseensssssnensssssrennsssssennsssssennnns 2
1.2 Early Warning Systems (EWSS).......ceiiieuieiriennieiiennceeeenaneeseennsscesennsssesesnnssssenns 5
1.2.1 Decision-making under uncertainty in EWSS.........ccocovvvviiieieciiee e, 8
1.2.2 Scientific information communication ........cccccceeciiiiiiiiei e, 10
1.2.2.1 Overview of volcanic information communication tools......... 11
1.2.2.2  VoIcanic Alert LEVEIS ......ueeeeeeeeciiiieee et ee e 13
1.3 RESEANCH AIMS..cuuiiieiiiieiiiiiiieeiiriniiirierenistneeetenssrensessnessrsnsssenssssensssensessnnsssnns 14
1.3.1 Research objectives and qUESLIONS .......cccveeeiiiiiieiiiieee e 14
1.3.2 Outline of @PProaCN......coo e e 15
1.4 Structure of thesiS.....cccceeiiiiiiiiiiiiiciiiiiiiirrr 16
2 NEW ZEALAND’S VOLCANO EARLY WARNING SYSTEM ......ccccceiiirimnncirinnnnncnnne 18
P 2% R 141 o T 11T 1 4 To Y JOO 18
2.2 RisSk KNOWIEAEE .....civvuueiiiiiniiiiiiiiirrecc e s serasssssssnnssessenasssssesnsssssenns 19
2.2.1 New Zealand’s volcanic hazardscape .......cccceeeecveeeeiiieeecciieee e, 19
2.2.2 (07 1o [T & U1 T (1) SR 26
2.2.2.1 Physical hazards resulting from caldera unrest .........cccceeneeee. 27
2.2.2.2 Socioeconomic impacts of caldera unrest .........ccccceeevveeeennnenn. 30
2.2.2.3 Caldera unrest management challenges.........ccccccoceveeirieeennne. 33
2.2.2.4 Caldera unrest at Taupo Volcanic Centre .......ccccceeeeeeeecervrnnennn. 38
2.3  GNS Science and volcano MoNitoring .....ccccuceereeeiiireeeciereeesceereneesereeeeeseeenens 41
2.3.1 GNS Science and its fOrerunNNErs ........cccoveeeeciiececiiee e 42
2.3.2 Volcano monitoring in New Zealand .........cccceeeeeviiiieeee e 44
2.4 Dissemination and communication of Warnings .......ccceceereeeiinineniiinienniinnennnn 46
2.4.1 Effective communication of scientific information ...........cccccceeieeennnen. 47
2.4.2 New Zealand’s communication tools for volcanic activity ..........cccc........ 51
2.4.2.1 Communication of volcanic ash information for aviation........ 52
2.4.2.2 Communication of other volcano-related information:
Volcanic Alert LEVEIS ......euvveeeeeeeeeeciieeee e 54
2.4.3 New Zealand’s National Warning System .........cccccevvieeeviiieeencieee e, 59
244 Decision-making under uncertainty ......cc.cccovveeevieenieeniieenieesee e 61
2.5 Response capability...cccccceeiiiuiiiimiiiiiiiiiiiriiirccrre e rrne s ren e rennesenneerannes 65
251 Civil Defence and Emergency Management in New Zealand.................. 66
2.5.2 Interagency communication and coordination ........ccccceecvveeeeiiieeeccnneenn. 67
2.6 SUMMAIY ..cuiiniiiiiiiieiieieeiieiietiestestestestessastessastessasssssasssssasssssasssssassassassassassansans 68

viii



METHODOLOGY FOR VOLCANIC ALERT LEVEL EXPLORATION..........cceuurerrrnnnnnes 70

20 R 13 Y{ o e 111 4o o F T 70
3.2  Research framework ......ccccceeciiiiiiiiinineiniiiiniiinnneesesssssssenesesssssssse 70
3.2.1 Methodological CONtEXL......cuuiiiiiiiiee e 70

3.2.2 Methodological framework ..........c.coovciiieiiiiii e, 74

3.2.3 MYy role s reSEArChEr .......cccviii it 75

3.3  Research methods........cccccceeiiiiiiiiiininnniiiiiiiiiiinninerssssessssssnesesssassssses 77
33.1 INEEIVIEWS .. 78
3.3.1.1 Sampling method.........cooeiiiiiiiiiiee e 79

3.3.1.2 Interview structure and questions .........ccccceeeeieecciiiieeee e, 80

3.3.1.3 My role as intervieWer ........ccocvuveeieciiie ettt eeiaee e 82

332 Naturalistic 0bServation.........ccoecuveiiiiiiiii e 82
3.3.2.1 Research setting — GNS SCIENCE .....covecvvriiiiiee e, 83

3.3.2.2 My role as observer — participant observation .............c......... 85

3.3.3 DOCUMENT @NAIYSIS .eiiiiiiiie ittt e 88

334 ThemMatiC @NAIYSIS....cccuviii i 89

3.35 Maximising Validity .....cceeeieiiiiieeee e e 91

3.4  Ethical conSiderations ..........ccoeiiiiimenneisiiiiiiiiinneseemsmss 93
3.5 Presentation of results .........ccoeiiiirreimiiiiiiiiiiiinnn s 94

AN EXPLORATORY INVESTIGATION OF NEW ZEALAND'’S VOLCANIC ALERT

LEVEL SYSTEIM....uiiuiiieiiiiiiiiiieeiiieiirairaiiaesioesisesrasrassrsssssssssssssssssassssssssssssnsss 96
7 900 R 114 o Yo [T i o PPN 96
4.2 Theme 1: Establishing the context of the VAL system ........cccceueeeererenccereennnnennes 96
421 Scientific information in a volcanic Crisis ......ccccvveviiieeiiiciie e, 97

4.2.2 ICAO Aviation Colour COUE .....civuiiiiiiiiieiiiee ettt 99

4.2.3 Overall satisfaction of current system .......cccccveeeeiiieieeciee e, 102

424 What is the purpose of the VAL system?.......cccovvveeviiiiniienieeenieeniennn 104

4.3 Theme 2: Relationship between end-users and the current VAL system......... 105
43.1 Awareness and emphasis 0N VALS.........coovvereeeiiee e i e 107

43.2 End-user actions influenced by the VAL system ........cccccccvvvvceeecveennen. 108

4.4 Theme 3: A review of the current VAL system .......ccccoiirrueiiiiiinnicninnnicnninnnenes 110
441 Structure of the current VAL SYStEM .....cccoueeeeeiiieeecieee e 111
4.4.1.1 Colours vs. words vs. NUMDETS ......cceeeviiiiiiiiiinieenieeeieesiees 112

4.4.1.2 The Split: One vs. multiple systems........cccceeevireeeeccieee e, 113

4.4.1.3 Number of [EVEIS ....cccueeeeieeeee et 122

4.4.1.4 Indicative phenomena column inclusion........ccccceecuvieeennnnen. 124

4.4.2 Review Of VAL CONTENT......ciiiiiiiieeiieeiee ettt 125
4.4.2.1 “Everyone wants it as simple as possible” .......c..cccoeeieeennne 126

4.4.2.2 “People will be looking at the detail”.........cccceeveveeeiiereennen. 127

4.5 Theme 4: Influences on scientists’ determination of the VAL.......cccccccuurnnnnne. 128
4.5.1 The science: monitoring data and interpretation.........ccccoceeeeecvieeennnee. 129

4.5.2 Experience and KNOWIEAEZE .....ccovuveeiiiiiiiiciiee et 130



453 Peer influence and social psychology influences ........ccccocvevevvcienennnnee. 132

454 (@1 g Te 11011118V UUPR 135
45,5 Guideling vs. PrescriptiVe ......ueeeecieeececieee et 142
4.5.6 Interpretation of the VAL content.......cccoccveveiiieeiniiee e 145
4.5.7 Other INFIUBNCES ....vvii e 148
4.5.7.1 End-user actions associated with VAL changes ..................... 148
4.5.7.2 Incorporating a hazard or risk perspective and eruption
fOrECaASTING....vveieceeee e 149
4.5.7.3 Internal organisation pressure......ccccucccvieeeeeeeeecccineeeee e 149
4.5.7.4 External organisation pressure ........cccccceeeeeeeeccvivieeeeeeeeecenenen 149
4.5.7.5 Fieldwork intentions .......ccccceeeveeenieenieeniieeieeiee e 150
4.5.7.6 Perceived purpose of the VAL.......ccccceeviiieeeciiieeeeciee e, 150
4.6 Theme 5: Possibilities for future VAL systems .......c.ccccerrereeeierrerencceeennnnneenenes 151
46.1 A shifting of fouNdatioNs .......cc.eeiiiciiii e 151
4.6.1.1 Phenomena-based .......cccceveriiiiiiniiieeeieee e 151
4.6.1.2  Hazard-based .......cccceevieeriiiiiiiieie et 154
4.6.1.3  Process-based .......ccccceeveiiniiiniieniieete e 156
4.6.1.4  RiSK-DASEA ceoeviiiiii et 160
4.6.1.5 Multi-foundation.......ccccceeriieniieiieecee e 162
4.6.2 Foundation preference feedback from participants........ccccceeeveeeennnen. 166
4.6.3 “What is going to happen NexXt?” ......ccveieiiei i 170
4.6.4 Response advice iNCIUSION .....ccuviiiiiiieeeceee e 173
4.7 Recommended changes to New Zealand’s VAL system .......ccccccceeeereeenncennenen. 174
4.7.1 Establishing the context of the VAL system .......ccccccovveeeiiiieeeccieee e, 175
4.7.2 Relationship between end-users and the current VAL system.............. 176
4.7.3 A review of the current VAL SYStem .....ccuveveviiiiiiiiiiiie e 176
4.7.4 Influences on scientists’ determination of the VAL.........ccccocvevvrveennnnn. 177
4.7.5 A recommended future VAL system for New Zealand.......................... 179
4.8 Impacts of changing the VAL system ......c...coiirieeiiiriienceeieenecerreneneesesnnsseseenes 182
4.9 Post-research implementation of the VAL system .......ccccceeevrevenccirreeeencceneeeee. 182
4.10 Link to Chapter 5....cccciiieiiiiiiiiiiiiiiiiieeerrneierraereneistnnsesenssssnsssssnsessnssssnasssnnns 185

INTRODUCING THE VOLCANIC UNREST INDEX (VUI): A TOOL TO DEFINE

AND QUANTIFY THE INTENSITY OF VOLCANIC UNREST .....cccccotireiinecrnniancnennans 188
0 R 1 o 1 Vo N 188
30 2 1o o (1Tt ' o TN 189
5.3  Volcanic unrest phenomena.........ccocveeeiiiiieciiiiinccriercceerrnneeseennnesseennneenns 189
5.3.1 SBISIMICITY 1evtiii ittt e e s s s e e e e e s e aaaeees 189
5.3.2 DeformMation ...ocuuiei e e 190
5.3.3 Geothermal systems and degassing........ccccveeeiiiiieeeciiee e 191
5.4 Volcanic unrest challenges........c.uceiiieeiiiiiiecceirieccrrrreeesrrrnneeeseennnsessennnneenes 193
5.4.1 A complex multivariate dataset........cccccveeeeiiieiicciee e 193
5.4.2 Volcanic unrest communiCatioN ........eeecviieeiiciiiee e 193



5.5 The Volcanic Unrest INdex (VUI)...ccceeeueiiiiiiiiiiiiiemmmeiiiciininneeenmsensssessseseessnnns 195

5.5.1 Determining the Volcanic Unrest INdeX......ccceevvciveeiiiciieeeiiiiiee e 198
5.5.1.1 Determine a Geographical Area to Consider..........ccccccuuu.ee.. 199

5.5.1.2 Determine Ranges for Each Parameter .......cccccccevevvcvveeennnnnen. 199

5.5.1.3 Determine a time WindOW ........cceevvuvieririiieeiiiieeesieee e 200

5.5.1.4 Applythe data ...ccccceeeiiciiiiiceee e 200

5.5.1.5 Mean calculation to determine the VUl .......c.ccocevevveernnnnne. 205

5.5.2 Dealing with UNCertainty......ccccceeeeciiiiie e, 205

5.5.3 Limitations and opportunities........cccuveeeeeeeecciiiiee e 206

5.6 Example estimations of the VUL .........cccuuuiiiiieiiiiiiiccrrrceccereeence e eeeene e e s eenens 207
5.7 Discussion and SUMMAIY .....cccccceeiereeiereenniernennssssrensssssssenssssssenssssssensssssssnnens 213
5.7.1 The concept OFf UNIESt......uviiiiie e 214

5.8  SUMMAAIY iiuiiiiiiiiiiiiiiiiiiiniiniiaiitsiissiiesiissssssrssstsssssssssssssssssssssssssssssssssssnsssns 216
5.9 Acknowledgements.......ccccceirieuiiiiiiniiiiiiiiiererse e e senes e s s e s ne s s eenens 216

DEFINING CALDERA UNREST AT TAUPO VOLCANIC CENTRE,

NEW ZEALAND, USING THE VOLCANIC UNREST INDEX (VUI) ..ccceueerreennncernnnes 218
(2% R + 13 1 - Lot 5O 218
(<30 2 1Y { o Yo [11 4 1o o USROS 218
6.3  RegioNal SEtHING ..ccuuiiiiiuiiiiiiiiiiiiriicrtese e re s s s e s e s s s e s n e s ssanenes 220
6.3.1 Ge0logical SELLING.....cciiiiiie e 220

6.3.2 Social setting of TAUPO DIStriCt .....cccvveeeiiiieeeceeeece e, 224

(30 I V] [T d Vo Yo 3PS 224
6.4.1 Historical chronology ......coccuiiiiiiiii i 225

6.4.2 Estimating the VUl ....oueiii it 227
6.4.2.1  Area of INCIUSION .....eeviiiiiiieecee e 228

6.4.2.2  Parameter FANEES . ..uuuuuuuuuuueiiiuiieiuiiiiieterrruierreeesrareereereererereeee 228

6.4.2.3 Determine atime WiNdOW........cceeeeeeiiiiiieiieeeeccciiiieeee e 231

6.4.2.4 Applying TVC data to the VUI framework ..........cccceeveeeennnnen. 231

6.4.2.5 Calculating the VUl ......cccvviiiiiiiiiieeceeecee e 232

6.4.3 Potential SOUrces Of ErTOr.......coccuiiiiieiiie et e 232

LT T £ (=T U PN 234
6.5.1 Pre-1940 UNIEST ..vvueieiiieiiiiieieieieiereeereeeeeeeeeeeeeeeeeererererererereeereeerereeeeeeeeeees 234

6.5.2 19401989 UNIEST..uvuieieiiiiieieieieireeeeeeeeererrrrrerreererrrerrrererereaeseaeaaseseaeaaaees 242

6.5.3 199020171 UNFESt.uuiiiiiiiiiieeiieeeriieesiee st e erire st e st iae e saaeesbee e iaeesaeeas 248

6.5.4 Frequency, duration, and intensity of unrest at TVC........ccccceevvveennee. 251

6.6  Discussion and CONCIUSION ......cciviiiriremnneiiiiiiiiiiinirenuisseisiinerresssssessssssnneesnnnes 253
6.6.1 Comparison of unrest to global datasets.......ccccccevvieieiiiiiee e, 253

6.6.2 Socio-economic impacts of unrest at TVC ....cccvveeeeiiieeicciiee e, 255

6.6.3 Methodological @SPECS.....cuuviiiciiie e 256

6.6.4 Implications and mitigation of caldera unrest in New Zealand............ 256

6.7  SUMMAIY .cuieiiiiieieiiiieiiieienieetenteetsssressestesssssesssssossassossassasssssassassassassassassasses 257
6.8 Acknowledgements........cccceieeeniiiiiiiiiireiieierereeeeeeene e e rennn e e renaneeseennnnsanennns 258

Xi



7 10010 1110 0 [ N 260

2% R 141 o o [V 71 4o Y o 1NN 260

7.2 Addressing the research aims .......ccccceeceeiiieeiiiiiieceeiireeee e srenneeeeseennneenns 260

7.2.1 Ty =F: [ ol =T o o T RS 260

7.2.2 RESEAICN @IM 2 1ttt st s 262

7.2.2.1 Exploring New Zealand’s VAL system.........cccccueeeverveeercieeennns 262

7.2.2.2 The purpose of the VAL SyStem ........ccecveeeeecivieeeciieee e 263

7.2.2.3 How is the VAL system used?.........ccoovvveeeiiiiiciiiieeee e, 263

7.2.2.4 Decision-making in EWSS ........cccovviiiiiiiiieecieee e 264

7.2.2.5 Influences on the VAL decision-making process..........c......... 266

7.2.3 RESEAICh @iM 3 ..o s 268

7.2.3.1 Recommended changes to New Zealand’s VAL system......... 268

7.2.3.2 Foundations of VAL SyStEMS .......cccueeeviciiieiiiiieeeccieeeeeiieee e 271

7.2.4 RESEAICN @M 4 ..o e 273

7.2.5 RESEAICN @M 5 .eiiiiiiiiie e 273

7.3 Addressing the guiding research question.........ccccccirieiiiieiiieniieeciineneneeennen. 274

7.4  Future research dir@Ctions.........cccceviiimireimuiiiiiiiiiiinnnrererssasssenee 276

7.5  SUMMAIY ...cuiiiiiiiiiiiiiiiiiiiiieitectestestestastestastestasssstasssssassassasssssasssssassassassanse 278
APPENDICES.....cicciitiiiniiiniinsieeiieniienisssierssisssssssssssssssssssssssssssssssssssssssssssssssssssnssans 281
REFERENCES.....cciiiiuiiiiieiiniiiiieniniieimesiasieisesrasiasssesrestsssessressassasssessassassssssassassanss 409

Figure 1.1.
Figure 1.2.
Figure 1.3.
Figure 2.1.
Figure 2.2.
Figure 2.3.

Figure 2.4.

Figure 2.5.
Figure 2.6.

Figure 2.7.

Figure 2.8.

Figure 2.9.

LIST OF FIGURES

Elements of people-centred Early Warning Systems.........ccceecveeeiiiiieeeciciieeeccieenn, 6
Early Warning System model for New Zealand .........cccooovveeeiiiiieiciieee e 7
Organisational decision-making points in warning systems.........ccccccceeeeeeeccnnnnenn. 9
Tectonic setting of New Zealand. .......ccoooviiiiiiiiiiiiieecce e 20
Map of New Zealand'’s potentially active volcanoes ..........cccccveeeevcieeeecciiee e, 21
Eruption at Te Maari Crater, Tongariro, on 21 November 2012, captured

by the GeoNet Te Maari Crater web camera........cccccvveeiviiiie e 22
Eruption at White Island on 20 August 2013, captured by the GeoNet

Crater RiM WEeb CamMEera. «..uii ittt et 24
Possible outcomes of volcanic unrest resulting from magmatic processes. ........ 34
Schematic illustrating factors that may promote and resist the ascent of

(0= =42 0 - TP 37
Epicentre locations for earthquake swarms in 1895, 1922, 1964-5, and

(RS | A IV GRS 39
The value associated with the time input for each stage in the data-to-

understanding transition for volcanology. .......ccoccveviieicieiieecie e 41
New Zealand’s National Warning SyStem..........ccoeeviiiiieeeeeeecciiieeeeee e eecirveeeee e 60

xii



Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

Figure 4.7.

Figure 4.8.

Figure 4.9.
Figure 4.10.

Figure 4.11.
Figure 5.1.

Figure 5.2.

Figure 5.3.
Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 7.1.

Figure 7.2.

Satisfaction of end-user and scientist participants with the current VAL

System in NeW Zealand.........coouviiiiiiiiiecciee et 103
A model depicting the relationship between end-users and New Zealand’s

CUITENT VAL SYSTEM. 1oiiiiieii ettt eeeeeeeseeeeeeees 106
Structure of the review of New Zealand’s current VAL system. ..........ccccuvveenns 111

The opinions of the interview participants (N=25) regarding the split in the
current VAL system between frequently active and reawakening

(V0] (oY o 1= OSSR UPROPP 114
Groupings of volcanoes based on a variety of generalised parameters
(from Table 4.2) to explore the basis for multiple VAL systems. .........cccceeeuneee. 121
Influences on scientists’ decision-making to determine the VAL, and the
relationships between them. ... 129
Factors associated with the credibility influence on scientists’
determination Of the VAL. ..ot 135
The proportion of GNS Science scientists using the VAL system as a
guideline, as a prescription or as a mixture between the two.........cccccceecvveenne 143
Example Hazard Zones for Ruapehu volcano, New Zealand..........cccoccvveveenneenn. 165
Mean ranking of VAL system foundations by end-user and scientist
[ L ol oF- ] 4] €T PP PPPP PR 166
New Zealand’s new VAL system, based on the findings of this research. ......... 184
The Volcanic Unrest Index (VUI) framework, used to make simple, semi-
guantitative estimates of unrest intensity.......ccccocveeeeiiieee e, 198
The geographic area used when estimating the VUI for Mt Ruapehu, New
WA= | -] s Uo ISR 209
VUI estimations for volcanoes in a variety of settings. .....ccccccoevvveeeiiiveeencieennn, 211

Map of the Taupo Volcanic Zone (TVZ, indicated by the dashed lines) in the
North Island of New Zealand, and regional features .......c.cccccvvvciiieiniieeeencinennnn 221

Taupo Volcanic Centre, with labelled settlements and natural features
MENLIONEd IN ThE TEXE...uiiii i 223

Earthquake, deformation, and hydrothermal activity at Taupo Volcanic

Centre, NEeW Zealand. ...t e e e e aaaaas 240
Plot of the relative intensity and frequency of historical volcanic unrest at
TVC, utilising the Volcanic Unrest Index (VUI). ..eoeieciieeieciiee e 251
The flow of information within New Zealand’s Volcano Early Warning
I3 =] o PPN 261
Decision-making points in an Early Warning System (EWS), reflecting the
findings of this theSis......cccuviiiiiieie e e 265

xiii



Table 2.1.

Table 2.2.

Table 2.3.
Table 2.4.
Table 3.1.

Table 4.1.

Table 4.2.

Table 4.3.

Table 4.4.

Table 4.5.

Table 4.6.

Table 4.7.

Table 4.8.

Table 4.9.
Table 4.10.

Table 4.11.

Table 5.1.

Table 5.2.

Table 5.3.
Table 6.1.
Table 6.2.

Table 6.3.
Table 6.4.
Table 6.5.
Table 6.6.
Table 7.1.

LIST OF TABLES

Template to cross-tabulate the content and style of a message to assist

with communicating an effective warning. .......ccccovveveciiii e, 48
The International Civil Aviation Organization (ICAO) Aviation Colour Code

(ACC) for volCaniC aCtiVity. .cueeeeecieee et 54
Scientific Alert Level Table introduced in 1994 ........cccoocvieeiiiiiieniiee e 56
New Zealand’s current Volcanic Alert Level system. .......ccccveeeeeiieeeccieee e 57

Examples of meetings (excluding conferences) attended during this
ethnographic research, between August 2010 and August 2013. ........ccccceuueeeee. 86

Potential associations between the New Zealand ACC and VAL based on
the ‘face value’ wording in both systems. .........ccccviiiiiiiiiccieccee e, 102

Comparison of generalised parameters for New Zealand’s active
(Y] (o7 0T 113U 119

Interpretation of the original meanings of the current VALs, according to a

GNS Science participant involved in its creation. ......cccccccvvieeeeiiiiciciieeee s 147
Hypothetical VAL system for New Zealand based on a foundation of
currently occurring volcanic phenomena. .......cooocvieeeeiiiie e 153
Hypothetical VAL system for New Zealand’s volcanoes based on a
foundation Of NAZArdS. ......c.eievii i 155
A hypothetical VAL system with a foundation of volcanic processes................. 158

A hypothetical qualitative Risk Level, which could potentially be used to
communicate the level of risk resulting from volcanic activity in New

p4=T:1 =Yg o FO PR 161
Hypothetical VAL system based on a combined foundation of phenomena,

hazards, and FISK. ......oooiiiiii s 163
Ranking analysis results for the five potential VAL system foundations. ........... 167

Example of a phenomena-based VAL system which incorporates hazard
1] oY 2114 o] VAPPSR 169
Recommended VAL system for New Zealand, based on the findings of this
(ST =T T ol o T USRS 180
Unrest parameter ranges for Mt Ruapehu, New Zealand, used in the
framework to determing the VUL .......oociiiciee et 208
Parameters used to estimate the VUI for Mt Ruapehu’s unrest episode
from November 1994 to the first magmatic eruption on 18 September

190D ittt et sttt e e s be e e bt e e a b e e s abeesbeeebaeesabeesabeeen 210
Example estimations of the VUI for volcanoes in a variety of settings. ............. 212
Ranges of parameters used in the VUl framework for TVC..........cccovveiiiienenne. 229
Parameter ranges for the rate of high frequency earthquakes per calendar

month, to be used in the VUI framework for TVC. ... 231
Estimation of the VUI for TVC for the pre-1940 time period.........cccocvveercrveeenns 236
Estimation of the VUI for TVC between 1940 and 1989........cccccceveevecvveenveennenn 244
Estimation of the VUI for TVC between 1990 and 31 December 2011. ............. 249
Duration of unrest episodes at TVC. .....ccccueviiiiiieiiiiiee et 252
Example hazard awareness SCale.........cocoveeiiiiireeeciie e 269

Xiv



APPENDICES

APPENDIX 1: ACRONYMS AND ABBREVIATIONS .....ccccootttmmniirimnnniiiiennnncineennninneens 282
APPENDIX 2: CALDERA UNREST MANAGEMENT SOURCEBOOK........ccccceeerrrnnnnennnenes 284
APPENDIX 3: STATEMENT OF CONTRIBUTIONS......ccccoitmiirimiiriniinininieeinieeiniennen. 359
APPENDIX 4: COMMUNICATION ADVICE DURING VOLCANIC EMERGENCIES........... 363
APPENDIX 5: INTERVIEW GUIDELINES ......coceiiiimuiiimniiimiiriniininiinieiiieieee. 364
APPENDIX 6: PRE-CODING CODE STRUCTURE ......ccccceiiriimmnniiniinnnniiniinnnninninnnnnnee. 368
APPENDIX 7: POST-CODING CODES AND INITIAL STRUCTURE .......cccceitrunirinnninennnnne 370
APPENDIX 8: FINAL LIST OF CODES USED......cccccoertmmmniniinnnniiniinnnniinninnnniniennn. 372
APPENDIX 9: POST-CODING THEMATIC MAPS ......ccvuiirimiiriiiiriniiitaiiieeinieesnenn. 376
APPENDIX 10: SUMMARY OF VAL RESEARCH FOR PARTICIPANT FEEDBACK ........... 378
APPENDIX 11: LOW RISK ETHICS NOTIFICATION ....cccccoittmmnniiiimnnnniininnnnncnnennnninnenes 388
APPENDIX 12: PARTICIPANT CONSENT FORMS — INTERVIEWS .......cccooveuririnnirinnnnns 393
APPENDIX 13: PARTICIPANT CONSENT FORM — OBSERVATIONS ......ccccccovrrmnnnirenee 396
APPENDIX 14: TRANSLATING QUALITATIVE PHRASES TO NUMERICAL DATA.......... 399

APPENDIX 15: CRITERIA FOR DEFINING EPISODES IN THE TVC UNREST
CATALOGUE......cucitiuiiriiniiiiniitiniitieinieeireneistsesistsesistsesesessistsssesesesesessssnensans 400

APPENDIX 16: REFERENCES FOR INFORMATION SOURCES FOR THE TVC UNREST
CATALOGUE .......citiiuniiiiiinnniiiiiinnaiiiniesasiiinienssiiinieasssiiseesssssistsssssssseessssssssssnses 402

APPENDIX FIGURES

Figure A7.1. List of codes in initial concept structure, created after systematic coding. ...... 371

Figure A9.1. Collection of example thematic maps, developed using the list of codes
and thematic analysis teChNIQUE........ooiiiiii i 376

XV



APPENDIX TABLES

Table A5.1. Hypothetical VAL table provided to end-user interview participants to
ProMPt diSCUSSION .....uviiiiiiiiie e ceieee ettt e ettt e e et e e s e ate e e e ebae e e e earae e e eareeeeennes 365
Table A5.2. Hypothetical VAL table provided to scientist interview participants to
ProOMPt diSCUSSION ....uviiiieiiiie e et e et ettt e e et e e e rate e e e et e e e e sbae e e eeabaeeeennees 367
Table A6.1. Structure of codes within levels of concepts, categories, and theory,
created prior to coding, as part of thematic analysis. ......ccccveeeeiiiieciiiieecine, 368
Table A8.1. The final list of codes used in thematic analysis of interviews, with
contributions from observations and document analysis is presented,

relating to the exploration of New Zealand’s Volcanic Alert Level system. ....... 372
Table A14.1. Qualitative phrase translations to numerical data. .......cccccoeecveeeiiiee e, 399
Table A15.1. Thresholds used to identify events for the TVC catalogue. .........ccccovveeecveneennns 400

XVi



