




pg3066
File Attachment
cover_thumbnail.jpg





Geophysical Monograph Series



Geophysical Monograph Series

175	 A Continental Plate Boundary: Tectonics at 
South Island, New Zealand David Okaya, Tim Stem, 
and Fred Davey (Eds.)

176	 Exploring Venus as a Terrestrial Planet Larry W. 
Esposito, Ellen R. Stofan, and Thomas E. Cravens (Eds.)

177	 Ocean Modeling in an Eddying Regime 
Matthew Hecht and Hiroyasu Hasumi (Eds.)

178	 Magma to Microbe: Modeling Hydrothermal Processes 
at Oceanic Spreading Centers Robert P. Lowell, Jeffrey 
S. Seewald, Anna Metaxas, and Michael R. Perfit (Eds.)

179	 Active Tectonics and Seismic Potential of Alaska 
Jeffrey T. Freymueller, Peter J. Haeussler, Robert L. 
Wesson, and Göran Ekström (Eds.)

180	 Arctic Sea Ice Decline: Observations, Projections, 
Mechanisms, and Implications Eric T. DeWeaver, Cecilia 
M. Bitz, and L.-Bruno Tremblay (Eds.)

181	 Midlatitude Ionospheric Dynamics and Disturbances 
Paul M. Kintner, Jr., Anthea J. Coster, Tim Fuller-Rowell, 
Anthony J. Mannucci, Michael Mendillo, and Roderick 
Heelis (Eds.)

182	 The Stromboli Volcano: An Integrated Study of 
the 2002–2003 Eruption Sonia Calvari, Salvatore 
Inguaggiato, Giuseppe Puglisi, Maurizio Ripepe, and 
Mauro Rosi (Eds.)

183	 Carbon Sequestration and Its Role in the Global 
Carbon Cycle Brian J. McPherson and Eric T. Sundquist 
(Eds.)

184	 Carbon Cycling in Northern Peatlands Andrew J. Baird, 
Lisa R. Belyea, Xavier Comas, A. S. Reeve, and 
Lee D. Slater (Eds.)

185	 Indian Ocean Biogeochemical Processes and 
Ecological Variability Jerry D. Wiggert, Raleigh R. Hood, 
S. Wajih A. Naqvi, Kenneth H. Brink, and Sharon L. 
Smith (Eds.)

186	 Amazonia and Global Change Michael Keller, 
Mercedes Bustamante, John Gash, and Pedro Silva 
Dias (Eds.)

187	 Surface Ocean–Lower Atmosphere Processes 
Corinne Le Quèrè and Eric S. Saltzman (Eds.)

188	 Diversity of Hydrothermal Systems on Slow 
Spreading Ocean Ridges Peter A. Rona, Colin W. Devey, 
Jérôme Dyment, and Bramley J. Murton (Eds.)

189	 Climate Dynamics: Why Does Climate Vary? 
De-Zheng Sun and Frank Bryan (Eds.)

190	 The Stratosphere: Dynamics, Transport, 
and Chemistry L. M. Polvani, A. H. Sobel, and D. W. 
Waugh (Eds.)

191	 Rainfall: State of the Science Firat Y. Testik and 
Mekonnen Gebremichael (Eds.)

192	 Antarctic Subglacial Aquatic Environments 
Martin J. Siegert, Mahlon C. Kennicut II, and Robert A. 
Bindschadler

193	 Abrupt Climate Change: Mechanisms, Patterns, 
and Impacts Harunur Rashid, Leonid Polyak, and Ellen 
Mosley-Thompson (Eds.)

194	 Stream Restoration in Dynamic Fluvial Systems: 
Scientific Approaches, Analyses, and Tools Andrew 
Simon, Sean J. Bennett, and Janine M. Castro (Eds.)

195	 Monitoring and Modeling the Deepwater Horizon Oil 
Spill: A Record-Breaking Enterprise Yonggang Liu, 
Amy MacFadyen, Zhen-Gang Ji, and Robert H. 
Weisberg (Eds.)

196	 Extreme Events and Natural Hazards: The Complexity 
Perspective A. Surjalal Sharma, Armin Bunde, Vijay P. 
Dimri, and Daniel N. Baker (Eds.)

197	 Auroral Phenomenology and Magnetospheric 
Processes: Earth and Other Planets Andreas Keiling, 
Eric Donovan, Fran Bagenal, and Tomas Karlsson (Eds.)

198	 Climates, Landscapes, and Civilizations Liviu Giosan, 
Dorian Q. Fuller, Kathleen Nicoll, Rowan K. Flad, 
and Peter D. Clift (Eds.)

199	 Dynamics of the Earth’s Radiation Belts and Inner 
Magnetosphere Danny Summers, Ian R. Mann, Daniel 
N. Baker, Michael Schulz (Eds.)

200	 Lagrangian Modeling of the Atmosphere John Lin (Ed.)
201	 Modeling the Ionosphere-Thermosphere Jospeh D. Huba,  

Robert W. Schunk, and George V Khazanov (Eds.)
202 	 The Mediterranean Sea: Temporal Variability and Spatial 

Patterns Gian Luca Eusebi Borzelli, Miroslav Gacic, Piero 
Lionello, Paola Malanotte-Rizzoli (Eds.)

203	 Future Earth - Advancing Civic Understanding of the 
Anthropocene Diana Dalbotten, Gillian Roehrig, Patrick 
Hamilton (Eds.)

204	 The Galápagos: A Natural Laboratory for the Earth 
Sciences Karen S. Harpp, Eric Mittelstaedt, Noémi 
d’Ozouville, David W. Graham (Eds.)

205	 Modeling Atmospheric and Oceanic Flows: 
Insights from Laboratory Experiments and 
Numerical Simulations Thomas von Larcher, 
Paul D. Williams (Eds.)

206	 Remote Sensing of the Terrestrial Water Cycle Venkat 
Lakshmi (Eds.)

207	 Magnetotails in the Solar System Andreas Keiling, 
Caitríona Jackman, Peter Delamere (Eds.)

208	 Hawaiian Volcanoes: From Source to Surface Rebecca 
Carey, Valerie Cayol, Michael Poland, Dominique 
Weis (Eds.)

209	 Sea Ice: Physics, Mechanics, and Remote Sensing 
Mohammed Shokr, Nirmal Sinha (Eds.)

210	 Fluid Dynamics in Complex Fractured-Porous 
Systems Boris Faybishenko, Sally M. Benson, 
John E. Gale (Eds.)

211	 Subduction Dynamics: From Mantle Flow to Mega 
Disasters Gabriele Morra, David A. Yuen, Scott King, 
Sang Mook Lee, Seth Stein (Eds.) 

212	 The Early Earth: Accretion and Differentiation  
James Badro, Michael Walter(Eds.)

213	 Global Vegetation Dynamics: Concepts and 
Applications in the MC1 Model Dominique Bachelet, 
David Turner (Eds.)



Geophysical Monograph 214

Extreme Events
Observations, Modeling, and Economics

Mario Chavez  
Michael Ghil  

Jaime Urrutia‐Fucugauchi 
Editors

This Work is a co‐publication between the American Geophysical Union and John Wiley and Sons, Inc.

�



This Work is a co‐publication between the American Geophysical Union and John Wiley & Sons, Inc.

Published under the aegis of the AGU Publications Committee

Brooks Hanson, Director of Publications
Robert van der Hilst, Chair, Publications Committee

© 2016 by the American Geophysical Union, 2000 Florida Avenue, N.W., Washington, D.C. 20009
For details about the American Geophysical Union, see www.agu.org.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means,  
electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted under Section 107 or 108 of the 
1976 United States Copyright Act, without either the prior written permission of the Publisher, or authorization through 
payment of the appropriate per‐copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, 
(978) 750‐8400, fax (978) 750‐4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be 
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748‐6011, 
fax (201) 748‐6008, or online at http://www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing this book, 
they make no representations or warranties with respect to the accuracy or completeness of the contents of this book and 
specifically disclaim any implied warranties of merchantability or fitness for a particular purpose. No warranty may be created or 
extended by sales representatives or written sales materials. The advice and strategies contained herein may not be suitable for 
your situation. You should consult with a professional where appropriate. Neither the publisher nor author shall be liable for any 
loss of profit or any other commercial damages, including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our Customer Care 
Department within the United States at (800) 762‐2974, outside the United States at (317) 572‐3993 or fax (317) 572‐4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in 
electronic formats. For more information about Wiley products, visit our web site at www.wiley.com.

Library of Congress Cataloging‐in‐Publication data is available.

ISBN: 978-1-119-15701-4

Cover images: Left top panel: A space weather event registered in October 2003. A large active region (upper left  panel) on 
the Sun erupted with a bright area (upper right panel), followed within minutes by a coronal mass ejection (lower left panel), 
see http://sohowww:nascom:nasa:gov/hotshots/. In the lower right pannel the aurora borealis due to the event (photograph by 
Andy Keen, http://www.aurorahunters.com). Rusmaikin et al. [2016], Drivers of Extreme Space Weather Events: Fast Coronal 
Mass Ejections, Chapter 7 in this Monograph. Right top panel: The 26th of December 2004 a Mw 9.1 to 9.3 magnitude 
subduction earthquake with epicenter in the Sumatra-Andaman, Indonesia, region, generated a Mega-Tsunami that caused 
~ 300,000 casualties. The map shows the maximum Tsunami amplitudes derived from  a numerical simulation of this event. 
A.Piatanessi, www.ingv.it/%7eroma/reti/rms/terremoti/estero/indonesia/indonesia.htm. Left bottom panel: Global-scale 
comparison of changes in historical (1901–2010) annual maximum daily precipitation between station observations (compiled in 
HadEX2) and the suite of global climate models contributing to the fifth phase of the Coupled Model Intercomparison Project 
(CMIP5). Asadieh B. and Krakauer N. Y. [2015], Global trends in extreme precipitation: climate models versus observations, 
Hydrol. Earth Syst. Sci., 19, 877–891, 2015; www.hydrol-earth-syst-sci.net/19/877/2015/ doi:10.5194/hess-19-877-2015. 
Right bottom panel: Modeling of damage cost of one- to three- floor dwelling built stock in Guadalajara, México, for a Mw 8.5 
magnitude subduction earthquake scenario. Chavez et al. [2016], Extreme Magnitude Earthquakes and their Direct Economic 
Impacts: A Hybrid Approach, Chapter 17 in this Monograph.

Printed in the United States of America

10  9  8  7  6  5  4  3  2  1

http://www.agu.org
http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com
http://sohowww:nascom:nasa:gov/hotshots/
http://www.aurorahunters.com
www.ingv.it/%7eroma/reti/rms/terremoti/estero/indonesia/indonesia.htm
www.hydrol-earth-syst-sci.net/19/877/2015/ doi:10.5194/hess-19-877-2015


v

Contributors..........................................................................................................................................................vii

Preface...................................................................................................................................................................xi

Acknowledgments................................................................................................................................................xiii

1	 Introduction
Mario Chavez, Michael Ghil, and Jaime Urrutia‐Fucugauchi.............................................................................1

Part I:  Fundamentals and Theory� 7

2	 Applications of Extreme Value Theory to Environmental Data Analysis
Gwladys Toulemonde, Pierre Ribereau, and Philippe Naveau...........................................................................9

3	 Dynamical Systems Approach to Extreme Events
Catherine Nicolis and Gregoire Nicolis..........................................................................................................23

4	 Skill of Data‐based Predictions versus Dynamical Models:  
A Case Study on Extreme Temperature Anomalies
Stefan Siegert, Jochen Bröcker, and Holger Kantz...........................................................................................35

5	 Detecting and Anticipating Climate Tipping Points
Timothy M. Lenton and Valerie N. Livina........................................................................................................51

6	 Understanding ENSO Variability and Its Extrema: A Delay Differential Equation Approach
Michael Ghil and Ilya Zaliapin.......................................................................................................................63

Part II:  Extreme Events in Earth’s Space Environment� 79

7	 Drivers of Extreme Space Weather Events: Fast Coronal Mass Ejections
Alexander Ruzmaikin, Joan Feynman, and Stilian Stoev..................................................................................81

8	 Chicxulub Asteroid Impact: An Extreme Event at the Cretaceous/Paleogene Boundary
Jaime Urrutia‐Fucugauchi and Ligia Pérez‐Cruz..............................................................................................93

Part III:  Climate and Weather Extremes� 113

9	 Weather and Climatic Drivers of Extreme Flooding Events over  
the Midwest of the United States
Andrew W. Robertson, Yochanan Kushnir, Upmanu Lall, and Jennifer Nakamura..........................................115

10	 Analysis of the Hazards and Vulnerability of the Cancun Beach System:  
The Case of Hurricane Wilma
Edgar Mendoza, Rodolfo Silva, Cecilia Enriquez‐Ortiz, Ismael Mariño‐Tapia, and Angélica Felix...................125

11	 Observations and Modeling of Environmental and Human Damage Caused  
by the 2004 Indian Ocean Tsunami
Kazuhisa Goto, Fumihiko Imamura, Shunichi Koshimura, and Hideaki Yanagisawa.......................................137

12	 Extreme Capillary Wave Events Under Parametric Excitation
Michael G. Shats, Hua Xia, and Horst Punzmann.........................................................................................153

Contents



vi  Contents

Part IV:  Extreme Events in the Solid Earth� 163

13	 A Review of Great Magnitude Earthquakes and Associated Tsunamis along  
the Guerrero, Mexico Pacific Coast: A Multiproxy Approach
María‐Teresa Ramírez‐Herrera, Néstor Corona, and Gerardo Suárez............................................................165

14	 Landslide Risk to the Population of Italy and Its Geographical and Temporal Variations
Paola Salvati, Mauro Rossi, Cinzia Bianchi, and Fausto Guzzetti...................................................................177

15	 An Extreme Event Approach to Volcanic Hazard Assessment
Servando De la Cruz‐Reyna and Ana Teresa Mendoza‐Rosas.......................................................................195

Part V:  Socioeconomic Impacts of Extreme Events� 205

16	 Economic Impact of Extreme Events: An Approach Based on Extreme Value Theory
Richard W. Katz...........................................................................................................................................207

17	 Extreme Magnitude Earthquakes and Their Direct Economic Impacts: A Hybrid Approach
Mario Chavez, Eduardo Cabrera, Silvia Garcia, Erik Chavez, Mike Ashworth,  
Narciso Perea, and Alejandro Salazar...........................................................................................................219

18	 Tropical Cyclones: From the Influence of Climate to Their Socioeconomic Impacts
Suzana J. Camargo and Solomon M. Hsiang.................................................................................................303

19	 Impacts of Natural Disasters on a Dynamic Economy
Andreas Groth, Patrice Dumas, Michael Ghil, and Stéphane Hallegatte.......................................................343

Part VI:  Prediction and Preparedness� 361

20	 Extreme Tsunami Events in the Mediterranean and Its Impact on the Algerian Coasts
Lubna A. Amir, Walter Dudley, and Brian G. McAdoo...................................................................................363

21	 High‐Tech Risks: The 2011 Tôhoku Extreme Events
Heriberta Castaños and Cinna Lomnitz .......................................................................................................381

22	 On Predictive Understanding of Extreme Events: Pattern Recognition Approach;  
Prediction Algorithms; Applications to Disaster Preparedness
Vladimir Keilis‐Borok, Alexandre Soloviev, and Andrei Gabrielov..................................................................391

Index...................................................................................................................................................................407



vii

Lubna A. Amir
Department of Geophysics 
Faculty of Earth Sciences 
University of Earth Sciences and Technology 
Bab Ezzouar, Algiers, Algeria

Mike Ashworth
Scientific Computing Department 
STFC Daresbury Laboratory 
Sci‐Tech Daresbury 
Warrington, UK

Cinzia Bianchi
Istituto di Ricerca per la Protezione Idrogeologica 
Consiglio Nazionale delle Ricerche 
Perugia, Italy

Jochen Bröcker
Max Planck Institute for the Physics of Complex Systems 
Dresden, Germany
Department of Mathematics and Statistics 
University of Reading 
Reading, UK

Eduardo Cabrera
Institute of Advanced Research Computing 
School of Engineering and Computing Sciences 
Durham University 
Durham, UK

Suzana J. Camargo
Lamont‐Doherty Earth Observatory 
Columbia University 
Palisades, NY, USA

Heriberta Castaños
Instituto de Investigaciones Económicas 
Universidad Nacional Autónoma de México 
México, DF, México

Erik Chavez
Centre for Environmental Policy 
Imperial College London 
London, UK

Mario Chavez
Instituto de Ingeniería 
Universidad Nacional Autónoma de México (UNAM) 
México, DF, México

Néstor Corona
Centro de Estudios en Geografía Humana 
El Colegio de Michoacán 
Michoacán, México

Servando De la Cruz‐Reyna
Instituto de Geofísica 
Universidad Nacional Autónoma de México 
México, DF, México

Walter Dudley
Marine Science Department 
University of Hawaii at Hilo 
Hilo, HI, USA

Patrice Dumas
Environmental Research & Teaching Institute 
Ecole Normale Supérieure 
Paris, France
Centre de coopération Internationale en Recherche 
Agronomique pour le Développement 
Nogent‐sur‐Marne, France
Centre International de Recherche sur  
l’Environnement et le Développement 
Nogent‐sur‐Marne, France

Cecilia Enriquez‐Ortiz
Instituto de Ingeniería 
Universidad Nacional Autónoma de México 
México, DF, México

Angélica Felix
Instituto de Ingeniería 
Universidad Nacional Autónoma de México 
México, DF, México

Joan Feynman
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, CA, USA

Andrei Gabrielov
Departments of Mathematics & Earth  
and Atmospheric Sciences 
Purdue University 
West Lafayette, IN, USA

Contributors



viii  Contributors

Silvia Garcia
Instituto de Ingeniería 
Universidad Nacional Autónoma de México (UNAM) 
México, DF, México

Michael Ghil
Geosciences Department, Environmental Research & 
Teaching Institute (CERES‐ERTI), and Laboratoire 
de Meteorologie Dynamique (CNRS and IPSL) 
Ecole Normale Supérieure 
Paris, France
Department of Atmospheric & Oceanic Sciences 
and Institute of Geophysics & Planetary Physics 
University of California 
Los Angeles, CA, USA

Kazuhisa Goto
Disaster Control Research Center 
Graduate School of Engineering 
Tohoku University 
Sendai, Japan
Present address: International Research Institute 
of Disaster Science 
Tohoku University 
Sendai, Japan

Andreas Groth
Department of Atmospheric & Oceanic Sciences 
University of California  
Los Angeles, CA, USA
Environmental Research & Teaching Institute 
Ecole Normale Supérieure 
Paris, France

Fausto Guzzetti
Istituto di Ricerca per la Protezione Idrogeologica 
Consiglio Nazionale delle Ricerche 
Perugia, Italy

Stéphane Hallegatte
Centre International de Recherche sur  
l’Environnement et le Développement 
Nogent‐sur‐Marne, France
The World Bank 
Climate Change Group 
Washington, DC, USA

Solomon M. Hsiang
Goldman School of Public Policy 
University of California Berkeley
Berkeley, CA, USA

Fumihiko Imamura
Disaster Control Research Center 
Graduate School of Engineering 
Tohoku University 
Sendai, Japan
Present address: International Research Institute 
of Disaster Science 
Tohoku University 
Sendai, Japan

Holger Kantz
Max Planck Institute for the Physics of Complex 
Systems  
Dresden, Germany

Richard W. Katz
National Center for Atmospheric Research 
Boulder, CO, USA

Vladimir Keilis‐Borok†

Institute of Geophysics & Planetary Physics 
and Department of Earth & Space Sciences 
University of California 
Los Angeles, CA, USA
Institute of Earthquake Prediction Theory & 
Mathematical Geophysics 
Russian Academy of Sciences 
Moscow, Russia
†Deceased (2013).

Shunichi Koshimura
Disaster Control Research Center 
Graduate School of Engineering 
Tohoku University 
Sendai, Japan
Present address: International Research Institute 
of Disaster Science 
Tohoku University 
Sendai, Japan

Yochanan Kushnir
Lamont‐Doherty Earth Observatory 
Columbia University 
New York, USA

Upmanu Lall
Department of Earth and Environmental Engineering 
Columbia University 
New York, USA

Timothy M. Lenton
Earth System Science 
College of Life and Environmental Sciences 
University of Exeter 
Exeter, UK



Contributors  ix

Valerie N. Livina
National Physical Laboratory 
Teddington, 
Middlesex, UK

Cinna Lomnitz
Instituto de Geofísica 
Universidad Nacional Autónoma de México 
México, DF, México

Ismael Mariño‐Tapia
Departamento de Recursos del Mar 
CINVESTAV‐Mérida 
Yucatán, México

Brian G. McAdoo
Department of Geography 
Vassar College 
Poughkeepsie, NY, USA

Edgar Mendoza
Instituto de Ingeniería 
Universidad Nacional Autónoma de México 
México, DF, México

Ana Teresa Mendoza‐Rosas
Instituto de Geofísica 
Universidad Nacional Autónoma de México 
México, DF, México

Jennifer Nakamura
Lamont‐Doherty Earth Observatory 
Columbia University 
New York, USA

Philippe Naveau
Laboratoire des Sciences du Climat et de 
l’Environnement LSCE‐IPSL‐CNRS 
Gif‐sur‐Yvette, France

Catherine Nicolis
Institut Royal Météorologique de Belgique 
Brussels, Belgium

Gregoire Nicolis
Interdisciplinary Center for Nonlinear Phenomena 
and Complex Systems 
Université Libre de Bruxelles 
Brussels, Belgium

Narciso Perea
Instituto de Ingeniería 
Universidad Nacional Autónoma de México (UNAM) 
México, DF, México

Ligia Pérez‐Cruz
Programa Universitario de Perforaciones en  
Océanos y Continentes 
Departamento de Geomagnetismo y Exploración 
Geofísica 
Instituto de Geofísica 
Universidad Nacional Autónoma de México 
México, DF, México

Horst Punzmann
Research School of Physics and Engineering 
The Australian National University 
Canberra, Australian Capital Territory, Australia

María‐Teresa Ramírez‐Herrera
Laboratorio Universitario de Geofísica Ambiental 
(LUGA) and Instituto de Geografía 
Universidad Nacional Autónoma de México 
México, DF, México

Pierre Ribereau
Institut de Mathématiques et de Modélisation de 
Montpellier – UMR 5149 
Montpellier, France

Andrew W. Robertson
International Research Institute for Climate 
and Society (IRI) 
Columbia University 
New York, USA

Mauro Rossi
Istituto di Ricerca per la Protezione Idrogeologica 
Consiglio Nazionale delle Ricerche 
Perugia, Italy
Dipartimento di Scienze della Terra 
Università degli Studi di Perugia 
Perugia, Italy

Alexander Ruzmaikin
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, CA, USA

Alejandro Salazar
Instituto de Geofísica 
Universidad Nacional Autónoma de México (UNAM) 
México, DF, México

Paola Salvati
Istituto di Ricerca per la Protezione Idrogeologica 
Consiglio Nazionale delle Ricerche 
Perugia, Italy



x  Contributors

Michael G. Shats
Research School of Physics and Engineering 
The Australian National University 
Canberra, Australian Capital Territory, Australia

Stefan Siegert
Max Planck Institute for the Physics of Complex Systems 
Dresden, Germany
College of Engineering 
Mathematics and Physical Sciences 
University of Exeter 
Exeter, UK

Rodolfo Silva
Instituto de Ingeniería 
Universidad Nacional Autónoma de México 
México, DF, México

Alexandre Soloviev
Institute of Earthquake Prediction Theory & 
Mathematical Geophysics 
Russian Academy of Sciences 
Moscow, Russia

Stilian Stoev
Department of Statistics 
University of Michigan 
Ann Arbor, MI, USA

Gerardo Suárez
Instituto de Geofísica 
Universidad Nacional Autónoma de México 
México, DF, México

Gwladys Toulemonde
Institut de Mathématiques et de Modélisation de 
Montpellier – UMR 5149 
Montpellier, France

Jaime Urrutia‐Fucugauchi
Instituto de Geofísica 
Universidad Nacional Autónoma de México (UNAM) 
México, DF, México

Hua Xia
Research School of Physics and Engineering 
The Australian National University 
Canberra, Australian Capital Territory, Australia

Hideaki Yanagisawa
Disaster Control Research Center 
Graduate School of Engineering 
Tohoku University 
Sendai, Japan
Present address: Faculty of Liberal Arts 
Tohoku Gakuin University 
Sendai, Japan

Ilya Zaliapin
Department of Mathematics and Statistics 
University of Nevada 
Reno, NV, USA



xi

In statistical terms, extreme events can be defined as 
events that largely deviate from the statistical mean. From 
the physical point of view, it is widely accepted that such 
events are generated by systems that are both nonlinear 
and complex. Due to their infrequent occurrence, on the 
one hand, and to the complexity of the processes involved, 
on the other, extreme events have been difficult to study 
and, even more so, to predict. For these reasons, their 
analysis has mainly focused on studying their frequency-
size distribution, while their prediction has been limited, 
by-and-large, to applying extreme value theory (EVT) to 
estimate the expected time intervals for the occurrence of 
an event that exceeds a certain threshold. It has become 
clearer and clearer, though, that the applicability of clas-
sical EVT theory to complex and nonlinear phenomena 
may be limited, while novel methods for their study are 
becoming available.

This monograph aims to present an overview of meth-
ods recently developed for the description, understanding 
and prediction of extreme events across a range of phe-
nomena in the geosciences, with an emphasis on the study 
of their socio-economic impacts. It is the outcome of 
four American Geophysical Union sessions on Extreme 
Events: Observations, Modeling and Economics, held in 
2007, 2008, 2011 and 2013. The editors of this volume 
organized these four sessions in order to examine the 
broad topic of extreme events in the geosciences from an 
interdisciplinary perspective. The primary objectives of 
these sessions were to provide an open forum for the the-
oretical and empirical developments that could improve: 
(i) the understanding, modeling and prediction of 
extreme events in the geosciences, as well as (ii) the quan-
titative evaluation of their economic consequences. Most 
of the articles in this monograph emerged from these four 
AGU sessions.

The monograph covers the causes and consequences of 
extreme geophysical phenomena like space weather, 
asteroid impacts, climatic change, earthquakes, tsunamis, 
hurricanes, landslides, volcanoes, and flooding; it also 
addresses their associated socio-economic impacts, 
locally, regionally and globally. The understanding and 
modeling of these phenomena is critical to the develop-
ment of timely strategies worldwide for the prediction of 
natural and anthropogenic extreme events, in order to 
mitigate their adverse consequences.

We would like to dedicate this Monograph to the memory 
of V. Keilis-Borok (1921–2013) and of Emilio Rosenblueth 
Deutsch (1926–1994) for their visionary contributions in 
the geosciences and in seismic risk engineering.

Vladimir I. Keilis-Borok

Keilis-Borok was a Russian mathematical geophysicist 
and seismologist. He was the founding Director of  the 
International Institute of  Earthquake Prediction Theory 
and Mathematical Geophysics of  the Soviet, and then 
Russian, Academy of Sciences in Moscow. His major 
contributions to the geosciences included, at first, impor-
tant studies of  seismic-signal propagation and of  Earth 
structure. The second part of  his research life was dedi-
cated to applying concepts and methods from the theory 
of  nonlinear and complex systems to the prediction of 
both natural and socio-economic crises. Starting with 
the study of  premonitory seismic patterns, he and his 
numerous and diverse collaborators applied related 
methodologies to make socio-economic predictions with 
notable success. The mathematics of  pattern recognition 
was thus brought to bear to correctly predict the popular 
vote winner of  presidential elections in the United States, 
as well as to predicting rises in murder rates in Los 
Angeles, recessions, spikes in unemployment and terror-
ist attacks.

Keilis-Borok served as the President of the International 
Union of Geodesy and Geophysics (1987–1991), Chair 
of the Mathematics and Natural Sciences Section, 
International Council of Scientific Unions (1988–1991), 
Founding Chairman, International Committee for 
Geophysical Theory and Computers (1964–1979), and an 
Expert for the Soviet side in the technical meetings on the 
Nuclear Test Ban Treaty (1960–1990). He was elected to 
the American Academy of Arts and Sciences (1969), 
Austrian Academy of Sciences (1992), U.S. National 
Academy Sciences (1971), Pontifical Academy of Sciences 
(1994), Soviet Academy of Sciences (1988), and the 
Academia Europaea (1999). He received the first L.F. 
Richardson Medal of the European Geosciences Union, 
a Doctorate Honoris Causa from the Institut de Physique 
du Globe, Paris, and the 21st Century Collaborative 
Activity Award for Studying Complex Systems from the 
McDonnell Foundation. He was also an exceptionally 
warm and supportive colleague and human being.

Emilio Rosenblueth Deutsch

Rosenblueth Deutsch was a Mexican civil engineer and 
professor of the Universidad Nacional Autonoma de 
Mexico (UNAM, Institute of Engineering). His pub-
lished work, characterised by conceptual formulation of 
rational frameworks and probabilistic theories, the use of 
innovative mathematical models and of their application, 
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mainly in seismic engineering, had a major influence on 
developments in seismic risk and design worldwide. His 
and coauthored books and over 300 publications, reveal 
his original thoughts on risk analysis, concepts of relia-
bility, optimisation in seismic design, education, and 
ethics in technology.

His contributions were recognized worldwide, among 
others by the National Academy of Sciences of the United 
States, the American Academy of Arts and Sciences, the 
American Society of Civil Engineers (ASCE), the 
American Concrete Institute, and the International 
Association for Earthquake Engineering. He was a mem-
ber of the Colegio Nacional of Mexico, and President of 
the current Mexican Academy of Sciences. Academic 
honors conferred on Rosenblueth Deutsch, to name only 
a few, include the Freudenthal Medal and the Newmark 

medal of the ASCE, the Prince of Asturias Prize from 
Spain, the Bernardo Hussay Interamerican Science Prize, 
the Huber Research Prize, the Moiseff Award, the 
National Science and Arts Prize of Mexico, and honorary 
doctorates from the University of Waterloo, the Carnegie 
Mellon University and the UNAM.

Incidentally, Emilio Rosenblueth Deutsch, was the co-
editor (with Cinna Lomnitz) of the book Seismic Risk 
and Engineering Decisions, Elsevier (1976), for which Jim 
Brune wrote a chapter on The Physics of Earthquake 
Ground Motions in which he followed fundamental results 
on the seismic source suggested by Keilis-Borok in 1959 
(Ann. Geofis. 12, 205-214), and therefore the latter indi-
rectly also contributed to the book. Thus, the present 
monograph’s being dedicated to their memory brings 
them together again …

M. Chavez, M. Ghil, J. Urrutia-Fucugauchi
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The recent occurrence of events like the European 2003 
heat wave, the Sumatra 2004 earthquake, the 2005 
Hurricane Katrina, the Tohoku 2011 earthquake, the 
2012 Hurricane Sandy, and the Nepal 2015 earthquake 
represented not only climatic or geophysical extremes, 
but they have had or will have large and long‐lasting 
consequences in large segments of the world population. 
In each case, these events impacted systemic, structural, 
and socioeconomic weaknesses in the societies found in 
their path. The common characteristic of these events is 
that they reached larger intensities, durations or both, 
when compared with previous observations of the same 
phenomena; they also had or still have an impact on 
health, infrastructures, ecosystems, or the economy of the 
world region where they occurred. It is relevant, moreover, 
to mention that high‐impact geophysical events may be 
qualified as being extreme by a society, although a similar 
event occurring in a different region or under different 
conditions would not have the same impact and thus 
would not be qualified as an extreme event by the same or 
a different society.

Taking into account the characteristics of  geophysical 
extreme events, this book focuses on the aspects that 
are related to their observation and their modeling, as 
well as to estimating their socioeconomic impacts. The 
book brings together different communities of research-
ers and practitioners in the fields of  the climate sciences 
and geophysics, mathematics and statistics, economy, 
and sociology; it gathers, in a unified setting, 21 repre-
sentative related to extreme events research, many of 
which include applications to their impact on society or 
the environment.

Most of  the 21 chapters included deal with novel 
methodologies and their applications for the study of 
extreme events and their impacts. The chapters are 
grouped into six themes. Part I is composed of  five chap-
ters on fundamentals and theory, one covering the statis-
tical analysis of environmental and temperature data, two 
on dynamical system approaches to the analysis of 
extreme events, another one on climate tipping points, 
and the fifth one on a delay differential equation study 
of  the El Niño–Southern Oscillation (ENSO). Part II 
has two chapters related to extreme events in Earth’s 
space environment: one chapter analyzes extreme events 
in space weather, and the other the Chicxulub asteroid 
impact associated with the mass extinction at the K/T 
boundary.

Part III deals with climate and weather extremes, and it 
contains four chapters: one on extreme flooding in the 
midwest of the United States, the second one on the 
impacts of  the 2005 Hurricane Wilma, the third on 
observations and modeling of damages caused by the 
2004 Indian Ocean tsunami, and the fourth chapter on 
rogue wave events in a laboratory setting of capillary 
waves. Part IV is dedicated to extreme events in the solid 
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earth and it includes three chapters, the first on a multi-
proxy approach for great magnitude earthquakes and 
tsunamis, the second on landslide risks in Italy, and the 
third one on an extreme event approach to volcanic 
eruptions.

Part V addresses, in four chapters, the socioeconomic 
impacts of extreme events: the first of these uses classical 
extreme value theory to study the economic impact of 
extreme events and in particular of  hurricanes, the 
second chapter relies on a hybrid approach to assess the 
direct economic impacts of extreme‐magnitude earth-
quakes, the third chapter is on tropical cyclones and their 
socioeconomic impacts, and the fourth one is on natural 
disasters and their impacts on a dynamic, nonequilibrium 
economy. Finally, in Part VI, three chapters deal with the 
very difficult and controversial issue of predicting extreme 
events and with the closely related one of preparedness: 
the first chapter treats extreme tsunami events in the 
Mediterranean region and their impact on the Algerian 
coasts, the second analyzes the complexity surrounding 
high-technology extreme events, in particular, the 2011 
failure of the Fukushima nuclear power plant, while the 
third paper reviews a group effort on the predictive under-
standing of extreme events and its applications to disas-
ter preparedness. We summarize here the main 
contributions of each of these chapters.

1.1. PART I: FUNDAMENTALS AND THEORY

In Chapter  2, G. Toulemonde and colleagues argue 
that the classical statistical assumption in analyzing 
extreme events, namely that of  independence in space, 
time, or both, may not be valid in the geosciences in 
most cases. Furthermore, the statistical modeling of 
such dependences is complex and different modeling 
roads should be explored. First, the authors present 
some basic concepts of  univariate and multivariate 
extreme value theory (EVT), followed by a series of 
examples on how this theory can help the practitioner 
to make inferences about extreme quantiles in a multi-
variate context.

In Chapter  3, C. Nicolis and G. Nicolis propose a 
deterministic dynamical systems approach to identify the 
principal signatures of the statistical properties of 
extremes. Then, the authors derive analytical expressions 
for n‐fold cumulative distributions and their associated 
densities, for the exceedance probabilities and for the spa-
tial propagation of extremes. Numerical simulations that 
exhibit substantial differences from classical EVT theory 
complement these analytical results. These differences are 
illustrated for dynamical systems giving rise to quasi‐
periodic behavior, intermittent chaos, and fully developed 
chaos, respectively.

In Chapter  4, S. Siegert and associates discuss the 
application of a physical weather model and a simple 
data‐based model to probabilistic predictions of extreme 
temperature anomalies; the comparison between the two 
uses the concept of skill scores. The authors found that, 
although the result confirms the expectation that the 
computationally much more expensive weather model 
outperforms the simple data‐based model, the perfor-
mance of the latter is surprisingly good. Furthermore, 
they assert that over a certain parameter range, the simple 
data‐based model is even better than the uncalibrated 
weather model. They propose the use of receiver operat-
ing characteristic (ROC) statistics to measure the perfor-
mance of the predictors, and find that using this type of 
scoring, the conclusions about model performance partly 
change, which illustrates that predictive power depends 
on its exact definition.

In Chapter 5, T. Lenton and V. Livina apply concepts 
from dynamical systems theory to study extreme events in 
the climate system. In particular, they focus on “tipping 
points” or discontinuities, previously known as bifurca-
tions in a system’s large‐scale behavior, and on the pros-
pects for providing early warning for their imminent 
occurrence. The authors describe general methods for 
detecting and anticipating tipping points, for systems with 
a high level of internal variability that sample multiple 
states in time, as well as for systems with less variability 
that reside in a single state. They apply those methods to 
the ice‐core record of abrupt climate changes in Greenland 
during the last ice age. Finally, they discuss the limitations 
of the general methods, and suggest combining them with 
system‐specific vulnerability indicators and process‐based 
models, to help assess the future vulnerability of different 
tipping elements in the climate system.

In Chapter 6, M. Ghil and I. Zaliapin study a delay dif-
ferential equation (DDE) for ENSO in the relatively 
novel setting of non‐autonomous dynamical systems and 
of their pullback attractors. This setting provides deeper 
insights into the variability of the sea surface temperature 
T in the Tropical Pacific. Their model includes three 
essential ENSO mechanisms: the seasonal forcing, the 
negative feedback due to the oceanic waves, and the delay 
caused by their propagation across the Tropical Pacific. 
Two regimes of model variability, stable and unstable, are 
analyzed. In the unstable regime and in the presence of a 
given, purely periodic, seasonal forcing, spontaneous 
transitions occur in the mean T, in the period, and in the 
extreme annual values. They conclude, among other find-
ings, that the model’s behavior exhibits phase locking to 
the seasonal cycle, namely the local maxima and minima 
of T tend to occur at the same time of year, which is a 
characteristic feature of the observed El Niño (warm) 
and La Niña (cold) events.



Introduction  3

1.2. PART II: EXTREME EVENTS IN EARTH’S 
SPACE ENVIRONMENT

In Chapter 7, A. Ruzmaikin and co‐authors apply the 
Max Spectrum statistical method, which is based on the 
scaling properties of speed maxima, to study the Sun’s 
fast coronal mass ejections (CMEs). This kind of extreme 
space weather event is a disturbance in the space environ-
ment that presents hazards to the operation of spacecraft 
systems, instruments, or lives of astronauts. Empirical 
studies have shown that the speed distribution of CMEs 
is non‐Gaussian. By applying the Max Spectrum tech-
nique to CMEs observations, the authors identified the 
range of speeds, of about 700–2000 km/s, that separates 
extreme CMEs from typical events. From their investi-
gation of  the temporal behavior of  fast CMEs, it was 
concluded that they were not independent, but arrived in 
clusters and thus can be described by a compound 
Poisson process.

In Chapter 8, J. Urrutia‐Fucugauchi and L. Pérez‐Cruz 
analyzed the highly exceptional Chicxulub asteroid 
impact event at the Cretaceous/Paleogene boundary, and 
its effects on the Earth’s climate, environment and life‐
support systems. This boundary marks one of the major 
extinction events in the Phanerozoic, which affected 
about 75% of species on Earth. First, the authors exam-
ined the impact event and the cratering in Mexico’s 
Yucatán Peninsula and the waters off  it, the timescales 
involved and the energy released. Then, they assessed the 
impact’s regional and global effects, which involved major 
perturbations in the ocean and atmosphere. Finally, the 
authors discussed how and to what extent life‐support 
systems are affected by extremely large impact events, 
and what the fossil record reveals about the extinction 
event and biotic turnover. In particular, they examined 
how sudden and extended the processes involved are, as 
well as the temporal records of extinction and recovery.

1.3. PART III: CLIMATE AND WEATHER EXTREMES

In Chapter 9, A. W. Robertson and colleagues studied 
Midwestern floods and, in particular, the April 2011 
flooding event in the Ohio River Basin. The authors used 
a K‐means clustering algorithm for daily circulation types 
during the March–May spring season to infer relation-
ships between flooding events and circulation types, as 
well as relationships between these types and climate 
drivers; the drivers in this study included the interannual 
ENSO and the intraseasonal Madden‐Julian oscillation 
(MJO). Their results suggest that anomalous southerly 
fluxes of moisture from the Gulf of Mexico are associated 
with weather types that occur in connection with the 
floods, while two of these circulation types are preferentially 

associated with La Niña. Statistically significant lagged 
relationships between the frequency of occurrence of 
these regimes and the MJO were also identified, and they 
are associated with convection propagating from the 
Indian Ocean to the Maritime Continent. Implications 
for prediction across timescales are also discussed.

In Chapter 10, E. Mendoza and associates analyze and 
model the observations of the record‐breaking category 5 
Hurricane Wilma of October 2005. This extreme mete-
orological event generated direct looses of about 2 billion 
USD in Cancún, Mexico. The authors assessed the haz-
ards and vulnerability to tropical cyclones of this overde-
veloped beach‐lagoon system. Among other results, the 
authors showed that before tourist development started 
in the 1970s, the beach‐lagoon system in Cancún func-
tioned as a metastable beach, with erosion‐accretion 
cycles and evidence of natural breaching in places. But 
the rapid, disorganized tourist development that has 
taken place, mainly in the last five decades, has degraded 
this system, increasing its vulnerability to extreme weather 
events and dramatically reducing its resilience. Hence the 
effects of Hurricane Wilma on Cancún beach cannot be 
ascribed only to climatic variability: they bear witness 
also to the anthropogenic activity that had already 
degraded the system over recent decades.

In Chapter 11, K. Goto and colleagues relied on field 
observations, satellite image analyses, and high‐resolution 
numerical modeling to investigate details of local inunda-
tion due to the 2004 Indian Ocean tsunami; these multiple 
data sets also allowed them to make quantitative estimates 
of the damage generated by the tsunami that was generated 
by the Sumatra‐Andaman earthquake. In particular, the 
authors investigated the damage to coastal morphology, 
marine ecosystems, and mangroves at Pakarang Cape, 
Thailand, and to structures, humans, and mangroves at 
Banda Aceh city, Indonesia. Their high‐resolution numeri-
cal modeling of the tsunami hydrodynamics (i.e., inundation 
depth, hydraulic force, and current velocity) allowed 
them to generate fragility functions, which explained the 
observations of the local tsunami inundation and the dam-
age generation, including the damage incurred to the coral 
communities. The authors suggest that their quantitative 
damage estimates represent an important step forward 
for tsunami risk assessment in high‐risk, tsunami‐prone 
countries worldwide.

In Chapter 12, M. G. Shats and co‐authors argue that 
extreme wave events on small‐scale water surfaces can be 
used as laboratory analogues of rogue or freak waves in 
the ocean. The latter ocean waves have heights and steep-
ness much greater than expected from the sea state level 
and are responsible for a large number of maritime disas-
ters. The authors also emphasize that the generation of 
rogue waves in the ocean is associated with a distinct tail 
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in the probability density function (PDF) of wave heights. 
As observations of such rogue waves are rather scarce, 
the authors performed laboratory studies that consisted 
of periodically shaking the fluid container in the vertical 
direction. This shaking produces extreme wave events when 
capillary‐gravity waves are excited at the frequency of the 
first subharmonic of the driving frequency. The latter 
laboratory waves appear to be unstable to amplitude 
modulation, and this instability leads to the decomposi-
tion of wave packets into ensembles of interacting oscilla-
tory solitons called “oscillons.” The wavefield dynamics is 
determined by the oscillon interactions, which include 
their merger, annihilation, and collision. Strikingly, colli-
sions of same‐phase oscillons lead to generation of 
extreme events that can be called “capillary rogue waves.”

1.4. PART IV: EXTREME EVENTS IN THE 
SOLID EARTH

In Chapter 13, M.‐T. Ramírez‐Herrera and colleagues 
propose a multiproxy approach, which includes geo-
logical, microfossil, magnetic‐property, geochemical, 
historical, ethnographic, instrumental data, and theo-
retical modeling analyses, to expand our knowledge about 
extreme‐magnitude seismic events beyond the short instru-
mental record, and therewith to reduce the tsunami 
hazard to coastal communities. The authors focused their 
study on the coast of  the Guerrero region, located in 
the Mexican subduction zone, where the occurrence of 
historical earthquakes and of the associated tsunamis is 
relatively well documented since the 16th century. Their 
main result shows that the Guerrero coast region has 
been exposed to large‐magnitude destructive earthquakes 
and tsunamis, in addition to the AD 1979 and AD 1985 
events, at least to a third one, in 3400 BP and that the 
latter reached 5 km inland. The authors highlight the 
need to carry out these types of studies in the Mexican 
subduction zone, to assess the hazard in this region to 
create resilient coastal communities.

In Chapter 14, P. Salvati and associates propose a new 
approach, based on the modeling of empirical distribu-
tions of landslide events with a Zipf distribution, to 
investigate landslide risk to the population of Italy over 
time. The authors present an updated version of an 
Italian historical catalog of landslide events with human 
consequences that cover the period 91 BC to AD 2011. 
Still, to overcome problems due to gaps in the updated 
catalog, they rely mainly on the information available for 
the 1861–2010 period. They studied the temporal and 
geographical variation of landslide risk in five subzones 
of the north, the center, and the south of Italy for three 
subintervals: 1861–1909, 1910–1959, and 1960–2010. The 
authors conclude that their new societal landslide risk 
level estimates are an important step for increasing 

awareness of the problems posed by this type of extreme 
events among Italian administrators and citizens.

In Chapter 15, S. De la Cruz‐Reyna and A. T. Mendoza‐
Rosas apply a three‐step procedure to assess the volcanic 
hazard posed by potential extreme eruptive sequences 
of  individual volcanoes or groups of  volcanoes. The 
first step consists of expanding the, usually incomplete, 
historical eruptive series of a volcano by eruptive synthetic 
series constructed from any available geological‐time 
eruption data. This step assumes a scaling, self‐similar 
relationship between the eruption size and the occurrence 
rate of the latter. In the second step, a Weibull‐model 
analysis of the distribution of quiescent times between 
successive eruptions is carried out to estimate their time 
dependence, if  any. Finally, the eruption series are ana-
lyzed using EVT theory for a nonhomogeneous Poisson 
process with a generalized Pareto distribution as intensity 
function. From the results of this analysis, the probabilities 
of future eruptions can be estimated. Examples of the 
application of the proposed procedure to the Colima, El 
Chichon, and the Popocatepetl volcanoes of  Mexico 
conclude the chapter.

1.5. PART V: SOCIOECONOMIC IMPACTS 
OF EXTREME EVENTS

In Chapter 16, R. Katz states that considerable effort 
has been dedicated to the statistics of extreme geophysi-
cal phenomena, while not much is known about the 
corresponding distribution of economic damage, due 
largely to the scarcity of data. He applies EVT to help 
explain the differences between upper‐tail behavior of the 
economic‐damage distribution and that of the underlying 
geophysical phenomenon. Based on physical considera-
tions, the author proposes a damage function in the form 
of a power law, and concludes that a “penultimate” (or 
second‐order) approximation of EVT is required to 
replace the standard asymptotic (or “ultimate”) theory. 
This formulation implies, at least under a wide range of 
plausible conditions, that the distribution of economic 
damage can be heavy‐tailed, even when the upper tail 
of  storm intensity distribution, say, is bounded. These 
theoretical considerations are applied to the economic‐
damage distribution due to hurricanes and its relation-
ship to storm intensity, as measured by maximum wind 
speed at landfall.

In Chapter 17, M. Chavez and co‐authors formulate a 
hybrid approach to estimate the probability of exceed-
ances of the intensities (PEIs) of extreme‐magnitude 
earthquakes (EMEs) and the probability of exceedance 
of direct economic consequences (PEDECs) that arise 
from the damages to spatially distributed infrastructure 
within a site. The PEIs are obtained from samples of 3D‐
synthetic seismograms associated with EME scenarios by 
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applying a machine learning technique. The PEDECs are 
computed by combining appropriate cadastral, direct 
economic costs and seismic vulnerability functions of the 
infrastructure and the spatial distribution of the intensities 
of the EME scenario. Truncated PDFs for the marginal 
distributions and copula models are applied to obtain the 
independent and joint probability distributions of the 
PEI and the PEDEC; these distributions, in turn, can be 
used to derive the associated return period for decision‐
making purposes. This hybrid approach is applied to 
obtain preliminary upper bounds on the probable maxi-
mum losses (PMLs)of the direct costs associated with the 
damage to the typical, one to three floor dwellings of 
Mexico City and Guadalajara, based on scenarios of an 
extreme, Mw 8.5 magnitude subduction earthquake. The 
preliminary PMLs obtained vary from 0.7 to 18 billion 
USD for Mexico City, and from 37 to 61 billion USD for 
Guadalajara. If  ex‐ante mitigation actions are taken to 
retrofit dwelling constructions and thus reduce their vul-
nerabilities, roughly 52,000 and 250,000 dwellings could 
be spared in Mexico City and Guadalajara, respectively, 
by investing ~0.8 and 6 billion USD, versus potential 
PMLs of 7 and 22 billion USD, in each city, respectively.

In Chapter 18, S. J. Camargo and S. M. Hsiang sum-
marize the current knowledge on the link between tropi-
cal cyclones (TCs) and climate at various timescales, 
from subseasonal to anthropogenic warming, and on the 
quantitative modeling of the TCs’ socioeconomic impact. 
They argue that the improvements in computational 
capabilities have enabled the representation of TCs in 
models of the global atmosphere and ocean to become 
much more realistic, especially by increasing the models’ 
horizontal resolution; still, deficiencies remain in mode-
ling storm intensity. With respect to the socioeconomic 
issues, the authors mention that the advancements in 
geospatial analysis have enabled researchers to link 
meteorological observations with socioeconomic data, 
and thus measure the effect that TC exposure has on 
numerous human outcomes. The authors conclude that 
the TCs’ socioeconomic impact is larger than previously 
thought. Hence, the rational management of current and 
future TC risk must leverage policies and institutions, 
such as insurance coverage and infrastructure invest-
ments. The efficiency and value of the latter can only be 
determined through continued, systematic evaluation of 
the TCs’ social cost.

In Chapter 19, A. Groth and colleagues combine the 
study of a dynamic, nonequilibrium model (NEDyM) of 
business cycles with that of time series of macroeconomic 
indicators to address the interactions between natural 
and socioeconomic phenomena. NEDyM simulates fairly 
realistic, endogenous business cycle, with an average peri-
odicity of 5–6 years marked by slow expansions and rapid 
recessions. This model predicts that the macroeconomic 

response to natural disasters, under nonequilibrium con-
ditions, is more severe during expansions than during 
recessions. This prediction contradicts the assessment of 
climate change damages or natural disaster losses that 
are based purely on long‐term growth models, in which 
there is no asymmetry between expansions and contrac-
tions of the economy. To verify this NEDyM prediction, 
the authors analyze cyclic behavior in the U.S. economy, 
using nine aggregate indicators for the 1954–2005 inter-
val. The analysis relies on multivariate singular spectrum 
analysis and finds that the behavior of the U.S. economy 
changes significantly between intervals of growth and 
recession, with higher volatility during expansions, as 
expected from the NEDyM model predictions.

1.6. PART VI: PREDICTION AND PREPAREDNESS

In Chapter  20, L. Amir and collaborators applied 
tsunami modeling to assess the hazard due to extreme‐
magnitude earthquakes and submarine slides causing 
tsunami events along the Mediterranean coasts of Algeria. 
Among other results, they found that tsunami water heights 
triggered by extreme, magnitude‐7.5 earthquake scenarios 
with epicenters near the Oran and Algiers coasts are up 
to 2 m in height, while for submarine‐slide sources the 
water heights can reach above 5 m along the western part 
of the Algerian coast. The authors discuss the challenges 
that Algeria would face due to the economic impact of 
such extreme tsunami and earthquake events on their 
coastal infrastructure. Finally, the chapter highlights the 
importance of the urgent and full implementation of the 
North‐East Atlantic and Mediterranean Seas Tsunami 
Warning System (NEAMTWS) for the prevention and 
awareness of tsunami hazard and risk in the Mediterranean 
earthquake‐prone region.

In Chapter  21, H. Castaños and C. Lomnitz analyze 
the aftermath of the extreme, Mw 9 magnitude Tohoku 
earthquake and its associated mega-tsunami, which led 
to the Fukushima nuclear catastrophe. Based on a 
detailed analysis of the available information on the old 
(~40 years) and current protocols applied worldwide for 
the design and operation of nuclear power plants, espe-
cially on those used for the Fukushima and Oyster Creek 
nuclear power plants, the authors argue that the 
Fukushima nuclear power plant was designed under a 
strategy known as “defense in depth,” a military strategy 
consisting of delaying the progress of an enemy force by 
trading casualties for space. This strategy, when it is 
applied to the design of nuclear power plants, consists on 
adding subsystems construed as layers of redundant 
technology around the reactor core. This approach 
implies that nuclear safety is conditioned by a risky con-
stellation of subordinated technologies, which combined 
with the occurrence of extreme geophysical events, such 
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as the Tohoku megatsunami, results in a complex system 
whose behavior cannot be fully predicted. It is concluded 
that high-tech extreme events, such as the Fukushima, 
will continue to occur, mainly because of  previously 
unforeseen weaknesses in their redundant subsystems.

In Chapter 22, V. Keilis‐Borok and colleagues describe 
a uniform approach for predicting extreme events, also 
known as critical phenomena, disasters, or crises in a 
variety of  fields. The basic assumption of  the approach 
is that a pervasive class of  hierarchical dissipative com-
plex systems generates such events. This kind of  system 
has the property that, after coarse‐graining, it exhibits 
regular behavior patterns that include premonitory 
patterns signaling the approach of  an extreme event. The 
authors also propose a methodology, based on optimal 
control theory, for assisting disaster management, in 
choosing an optimal set of  disaster preparedness meas-
ures undertaken in response to a prediction. The chapter 
includes examples of  the application of  the uniform 
approach of  premonitory patterns to the prediction of 
the occurrence of earthquakes, U.S. presidential elections, 

surges in unemployment, U.S. economic recessions, 
homicide surges, as well as examples related to disaster 
preparedness.

1.7. SUMMARY AND CONCLUSIONS

The 21 chapters discussed so far use a variety of math-
ematical, numerical, and statistical techniques to expand 
our understanding of extreme geophysical and climatic 
events, as well as the risks they impose on society. The 
physical and economic comprehension of these risks, 
as  well as the current techniques to cope with them, 
has improved recently to a considerable extent. It appears 
that understanding, and hence predicting, extreme events 
might be possible in some cases. However, as shown in 
this book, the tools to estimate their probability distribu-
tions are already available in a number of areas of the 
geosciences. These recent advancements create a lot of 
opportunities and challenges for the researcher in and 
practioner of extremology, the science of extreme events, 
and their consequences.
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2.1. INTRODUCTION: UNIVARIATE EXTREME 
VALUE THEORY

Extreme events are, almost by definition, rare and 
unexpected. Consequently, it is very difficult to deal 
with them. Examples include the study of  record 
droughts, annual maxima of  temperature, wind, and 
precipitation. Climate sciences is one of  the main 
fields of  applications of  extreme value theory (EVT), 
but we can also mention hydrology [Katz et al., 2002], 
finance, and assurance [Embrechts et al., 1997], among 
others. Even if  the probability of  extreme events 
occurrence decreases rapidly, the damage caused 
increases rapidly and so does the cost of  protection 
against them. The policymakers’ summary of  the 2007 
Intergovernmental Panel on Climate Change clearly 
states that it is very likely that hot extremes, heat waves, 
and heavy precipitation events will continue to become 

more frequent and that precipitation is highly variable 
spatially and temporally.

From a probabilistic point of view, let us consider a 
sample of n independent and identically distributed 
(i.i.d.) random variables (r.v.) X1, X2, …, Xn from a distri­
bution function F. In the same way that we have the 
central limit theorem (CLT) concerning the mean value 
of this sample, asymptotic results are available from EVT 
about the limit distribution of the rescaled sample’s 
maximum value X Xn n i n, , ,max 1 i as the sample size n 
increases. Indeed, according to the classical EVT 
[Embrechts et al., 1997; Coles, 2001; Beirlant et al., 2004; 
de Haan and Ferreira, 2006], the correctly rescaled 
sample’s maximum is, under suitable conditions, asymp­
totically distributed according to one of the three extreme 
value distributions named Gumbel, Fréchet, or Weibull.

More precisely if  there exists sequences of constants 
{an} and bn 0  and a nondegenerate distribution 
function G such that

	
lim ,

n

n n n

n

X a

b
x G x
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then G belongs to one of the following families (with 
0):

1. Gumbel:

	 G x x e xe x a b/

with 	

2. Fréchet:

	
G x x

x a

e x ax a b

0 if

if/

	

3. Weibull:

	
G x x e x a

x a

x a b/ if

if1 	

A specificity of these three distributions is their max‐
stability property. Furthermore, they are the only max‐
stable distributions. A distribution G is max‐stable if  G is 
invariant, up to affine transformations, that is, up to loca­
tion and scale parameters. In other words, we say that G 
is max‐stable if  there exists sequences {dn} and cn 0  
such that, for all n 2, the sample’s maximum Xn,n is equal 
in distribution to c X dn n with X following the same 
distribution G, what can be written as follows:

	
G x G

x d
c

n n

n

.
	

From a statistical point of view, the interest of this 
fundamental theorem is limited. Indeed each situation 
corresponds to different tail behavior of the underlying 
distribution F. The Fréchet distribution corresponds to 
the limit of maxima coming from heavy‐tailed distribu­
tions like the Pareto distribution. The Weibull distribu­
tion is associated with distributions with a finite endpoint 
like the uniform distribution. The particular case of the 
Gumbel distribution has a special importance in EVT 
because it occurs as the limit of maxima from light‐tailed 
distributions, for example, from the Gaussian distribu­
tion. Moreover, empirically, the Gumbel distribution fits 
particularly well in a wide range of applications especially 
in atmospheric sciences.

In practice we have to adopt one of the three families 
but we don’t have any information about F. That’s why a 
unified approach would be very appreciated in order to 
characterize the limit distribution of maxima.

The previous theorem could be reformulated in a 
unified way by using the generalized extreme value (GEV) 
distribution. If  there exists sequences of constants {an} 
and bn 0  and a nondegenerate distribution function G 
such that

	
lim ,

, ,n

n n n

n

X a

b
x G x

	

then Gμ,σ,γ belongs to the GEV family

	
G x

x
, ,

/

exp 1
1

	

with x z
x

:1 0 .

It is easy to remark that Gμ,σ,γ merges all univariate max‐
stable distributions previously introduced. It depends on 
an essential parameter γ characterizing the shape of the 
F‐distribution tail. Since a strictly positive γ corresponds 
to the Fréchet family, this case corresponds to heavy‐
tailed distributions. Otherwise a strictly negative γ is asso­
ciated with the Weibull family. For γ tends to 0, the 
function Gμ,σ,γ tends to the Gumbel one.

Practically, in order to assess and predict extreme 
events, one often works with the so‐called block maxima, 
that is, with the maximum value of the data within a 
certain time interval including k observations. The maximum 
can be assumed to be GEV distributed in the case where 
k is large enough. If  we obtain a sufficient number of 
maxima and if  these maxima can be considered as an 
i.i.d. sample, estimation values for the GEV unknown 
parameters can be obtained with maximum likelihood 
procedure or probability weighted moments (PWM) for 
instance. The asymptotic behaviors of these estimators 
have been established [Hosking et al., 1985; Smith, 1985; 
Diebolt et al., 2008].

In the first considered example, we dispose of tempera­
ture daily maxima during 30 years in Colmar, a city in the 
east of France. We consider monthly maxima for the 
summer months: June, July, and August (see Figure 2.1). 
This way we avoid a seasonality in the data.

The choice of the block size denoted in the sequel by r, 
such as a year or a month, can be justified in many cases 
by geophysical considerations but this choice has actual 
consequences on estimation tools. In an environmental 
context, if  we can often consider annual maxima as an 
i.i.d. sample, this hypothesis is stronger when we deal 
with monthly or weekly maxima for instance. Indeed in 
these latter cases we have typically a seasonality in the 
data so we are in a nonstationary context.

Coming back to our application, when the GEV distri­
bution (Gμ,σ,γ) is fitted by maximum likelihood directly on 
the sample of k 90 monthly maxima on summer (3 × 30 
years), we obtain ˆ .31 502, ˆ .2 456, and ˆ .0 256. 
The corresponding 95%‐confidence intervals are 
[30.943; 32.060], [2.058; 2.853], and 0 383 0 128. ; . . The 
quantile plot in Figure 2.2 is close to the unit diagonal 
indicating a good fit of data (Empirical) by a GEV distribution 
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(Model). The results on the GEV fitting must be taken 
with care. Indeed, taking the maxima only on 30 meas­
ures may lead to unexpected results [see de Haan and 
Ferreira, 2006]. Here, the limiting distribution of the 
maxima may be the Gumbel one even if  the estimation of 
γ is negative (e.g., if  the original variables are Gaussian 
distributed, the effective gamma is approximately 

1 2/ log k , where k is the block size).
A question of interest in this kind of application 

concerns the estimation of extreme quantiles of the maxima 
distribution on a period (a block). In other words, we are 
looking for z1/p such that  ( ), /X z pr r p1 1 .

Since we have ( ) ( ), / , , /X z G zk k p p1 1 , we obtain

	

z p

p

p1 1 1 0

1 0

/ log

log log

if

if .	

The quantity zT is called “return level” associated with 
a return period T p( / )1 . The level zT is expected to be 
exceeded on average once every T ( / )1 p  blocks (e.g., 
months).
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Figure 2.1  The y‐axis corresponds to temperature maxima (in °C) for the months of June, July, and August from 
1980 to 2009 (x‐axis) recorded at Colmar (France).
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Figure 2.2  Quantile Plot for the GEV distribution—Colmar data.
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We use the following estimator ẑT:

	

ˆ ˆ
ˆ
ˆ

ˆ ˆ

log

log log

ˆ
z p

p

T 1 1 0

1

if

if 0.	

Starting from the asymptotic behavior of the GEV 
parameters’ vector estimator, it is possible to deduce, thanks 
to the δ‐method [Van der Vaart, 1998], the asymptotic 
behavior of ẑT leading us to associated confidence intervals.

Coming back to our example, we would like to compute 
the return level associated with the return period T 3 50 
months corresponding to 50 years as we consider only 3 
months a year. We easily obtain a return level ˆ .z150 38 43 
and a 95%‐confidence interval [37.107; 39.758]. This 
means that considering only summer periods, the 
temperature 38.43°C is expected to be exceeded on 
average once every 50 years. So thanks to EVT we are 
able to estimate a return level corresponding to 50 years, 
whereas we only consider data since 30 years.

We have supposed that maxima constitute an i.i.d. 
sample, which is reasonable with regard to Figure 2.1. A 
likelihood ratio test indicates no trend in our data. To 
support this aim we fit a GEV distribution with a linear 
trend in the localization parameter (Gμ(t),σ,γ). We obtain 

with the likelihood procedure ˆ( ) . .t t30 635 0 059 , 
ˆ .2 439, and ˆ .0 281. The corresponding likelihood 
ratio test statistic is D 2 209 82 207 91 3 82( . . ) . . This 
value is small when compared to the 1

2 distribution, 
suggesting that the simple model (without trend) is 
adequate for these data. Other estimation procedures 
have been developed in the nonstationary context. For 
example, Maraun et al. [2010] have proposed various 
models to describe the influence of covariates (possible 
nonlinearities in the covariates and seasonality) on UK 
daily precipitation extremes. In the same way, Ribereau 
et al. [2008] extend the PWM method in order to take 
into account temporal covariates and provide accurate 
GEV‐based return levels. This technique is particularly 
adapted for small sample sizes and permits, for example, 
to consider seasonality in data.

If  block sizes are sufficiently large and even if  the 
stationary hypothesis is not always satisfied, the inde­
pendence one remains very often valid. On the contrary, 
even if  the series could be considered as stationary, the 
independence hypothesis is not always satisfied if  we 
consider too small block size, like daily maxima.

As an example, Figure 2.3 represents a series of daily 
maxima of CO2 (in part per million), a greenhouse gas 
recorded from 1981 to 2002 in Gif sur Yvette, a city of 
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Figure 2.3  Series of daily maxima of carbon dioxide.
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France. The trend in the series has been removed in order 
to consider a stationary series.

This example illustrates the connection between light‐
tailed maxima and the Gumbel distribution. Indeed, if  
we fit a Gumbel distribution on the daily CO2 max­
ima, we see on the Gumbel Quantile Quantile (QQ‐)plot 
(see left part of Figure 2.4) that it is quite reasonable to 
suppose that these data are Gumbel distributed (with 
ˆ .0 44 and ˆ .0 76). But in this practical case, the 
length of our observations is too short to study yearly 
maxima, or even monthly maxima. As a consequence, 
when studying daily maxima it is natural to observe some 
day‐to‐day memories. The scatter plot of successive 
values (see right part of Figure 2.4) confirms this short‐
term temporal dependence.

A very simple approach in the time series analysis 
would be to consider linear autoregressive (AR) models. 
Classical hypotheses are noise Gaussianity and model 
linearity. But in an extreme value context, if  Xt is a maxi­
mum, then one expects Xt to follow a GEV distribution 
and it is impossible to satisfy this distributional constraint 
with a Gaussian additive AR process.

That’s why Toulemonde et al. [2010] have proposed a 
linear AR process adapted to the Gumbel distribu­
tion. This model is based on an additive relationship 
between Gumbel and positive α‐stable variables (A 
random variable S is said to be stable if  for all non‐
negative real numbers c1, c2, there exists a positive real 
a and a real b such that c S c S1 1 2 2 is equal in distribu­
tion to aS b, where S1, S2 are i.i.d. copies of  S.) [see 
Hougaard, 1986; Crowder, 1989; Tawn, 1990; Fougères 
et al., 2009].

First, let us consider St,α being i.i.d. positive asym­
metric α‐stable r.v. defined by its Laplace transform for 
any t 

	
 exp exp , ,,uS u ut for all and for .0 0 1 	

(2.1)

Let X tt ,   be a stochastic process defined by the 
recursive relationship

	 X X St t t1 log , 	 (2.2)

where 0. It has been proved first that Equation (2.2) 
has a unique strictly stationary solution,

	
X St

j

j
t j

0

1 log , 	 (2.3)

and second that Xt follows a Gumbel distribution with 
parameters (0, σ).

This model is a linear AR model and has consequently 
the associated advantages such that their conceptual sim­
plicity and their flexibility for modeling quasi‐periodic 
phenomena (e.g., sunspots time series) and short‐term 
dependencies (e.g., day‐to‐day memories in weather 
systems). Whereas one drawback of current linear AR 
models is that they are unable to represent the distributional 
behavior of maxima, a key point of parameterization 
(2.2) is that Xt follows a Gumbel distribution. In other 
words this process is suitable for maxima data coming 
from light‐tailed distributions. Even if  our process is 
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Figure 2.4  Gumbel QQplot (left) and scatter plot of successive values (right) corresponding to daily maxima of 
carbon dioxide.
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specific to the Gumbel distribution, it is possible to 
extend it for maxima coming from bounded or heavy‐
tailed distribution. Nevertheless this leads to a process 
which is not additive anymore.

Coming back to our example, identifying the temporal 
structure among the largest CO2 measurements is of pri­
mary interest for the atmospheric chemist because this 
can help to predict future maxima of CO2 at a specific 
location. As an illustration, Figure 2.5 presents one‐step 
previsions of CO2 daily maxima in the year 2001.

This method, presented in Toulemonde et al. [2010] 
is  exemplified in their paper on daily maxima series of 
two other greenhouse gas, the methane (CH4) and the 
oxide nitrous (N2O) recorded at LSCE (Laboratoire 
des Sciences du Climat et de l’Environnement) in Gif‐sur‐
Yvette (France). Since the beginning of 2007, the LSCE 
has proceeded to record daily maxima of CH4 but has 
stopped the regular recordings of N2O daily maxima. 
That’s why in a recent paper, Toulemonde et al. [2013] 
proposed a method adapted to maxima from light‐tailed 
distribution able to reconstruct a hidden series. In this 
state‐space context, they take advantage of particle filter­
ing methods. In an extreme adapted model, they compute 
optimal weights for the use of the auxiliary filter [Pitt and 
Shepard, 1999] and they denote this filter by APF‐Opt. 
Based on observations of CH4 and N2O from 2002 to the 
middle of 2006, they obtained similar results than those 
presented in Figure  2.6 for the reconstruction of N2O 
daily maxima.

Concerning inference procedure, as usually in the block 
maxima approach, only the maxima are used. To remove 

this drawback, another technique consists of modeling 
exceedances above a given threshold u. In the so‐called 
Peaks‐over‐Threshold (PoT) approach, the distributions 
of these exceedances are also characterized by asymp­
totic results.

Let X1, …, Xn a sample of n i.i.d. r.v. from a distribution 
function F. We consider the Nu of  them which are over 
the threshold u. The exceedance Yi corresponding to the 
variable Xi is defined by X ui  if  X ui .

The distribution function Fu of  an exceedance Y over a 
threshold u is given for y 0 by

	

F y Y y X u X u y X u

u X u y

X u

F u y F u
u  




| |

11 F u
.

	

If  the threshold is sufficiently high, we can approximate 
this quantity by the distribution function of the general­
ized Pareto distribution Hγ,σ(y). We defined its survival 
function as follows

	

H y
y

y

,

/

exp

1 0
1

if

otherwise.
	

This function is defined on   if  0 or on [ ; / [0  if  
0 where 0 is a scale parameter and  a shape 

parameter.
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Figure 2.5  One‐day previsions of daily maxima of CO2 (y‐axis) in the year 2001 (x‐axis). The black line corre-
sponds to the observed series and the dotted line corresponds to the estimated series (median). The gray area is 
delimited by the first and third empirical quartiles.


