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IntroductIon

Few topics in Earth Science capture the public’s attention more than 
the possibility of predicting earthquakes. After years of expectation and 
disappointment around earthquake prediction, there have been a number of 
important recent advances in the science of earthquake forecasting. At present, 
the quest for deterministic earthquake prediction remains unsolved; however, 
a number of short-term (days to weeks) to mid-term (months to several years) 
forecast methodologies have been proposed.

On January 23, 2008, Risk Management Solutions (RMS) sponsored its 
second Science Symposium, designed to bring together world-renowned 
research scientists in the field of  earthquake forecasting and prediction with 
key members of the risk management community. The 2008 symposium 
focused on the current state of the science around earthquake forecasting.  
It was attended by more than 130 clients and associates from the insurance, 
reinsurance, brokering, investment, and hedge fund communities. The first 
RMS science symposium, held in October 2006, highlighted advances and 
unresolved questions in hurricane forecasting.� 

The objective of the 2008 RMS Science Symposium on Advances in 
Earthquake Forecasting was threefold:  

Provide a straight science perspective, hearing directly from and questioning 
the scientific experts, without interpretation by intermediaries
Provide an opportunity for the risk community to learn:  

What scientists agree on
What they argue about
 What they do not know

Provide an opportunity for the scientists to learn:
What practical decisions are being based on their theories and data
How they can expand the influence of their work

This report brings together summaries of the presentations made at 
the meeting. Research scientists from seven countries discussed their latest 
research, and two RMS researchers shared perspectives on the ethics and 
economics of earthquake prediction and forecasting.  The meeting concluded 
with a panel discussion including representatives from the reinsurance industry 
that explored some of the issues and implications of earthquake forecasting for 
the insurance industry.

The intention of these proceedings is to communicate leading-edge science 
to all of those in the business community who want to keep abreast of the 
key scientific advances relevant to the assessment of financial risk related to 
earthquakes. An introductory section is included to explain the basic principles 
of earthquake forecasting and prediction, and to provide a guide to the report. 
The presentation summaries are followed by concluding remarks from RMS 
on the implications and potential of earthquake forecasting for modeling and 
managing earthquake risk.

RMS is indebted to the scientists who presented their latest research in an 
understandable and compelling manner. We thank them for their contributions 
to making the Advances in Earthquake Forecasting Science Symposium a 
successful event. 

* Proceedings of the 2006 RMS Hurricane Eyewall Symposium can be found at:
 http://www.rms.com/publications/2006_eyewall_symposium.pdf. 
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earthquake forecastIng concepts1

What is the difference between an earthquake forecast and an earthquake prediction?

�

In organizing this Science Symposium on earthquake 
forecasting, RMS sought the world’s leading forecasting 
experts. The summaries of the individual presentations 
provided in this report thus cover a number of geographic 
regions, as well as a number of different forecasting 
techniques and methodologies.  Many of the presentations 
describe the application of more than one technique or 
methodology to an area of study. Some brief background 
on earthquake forecasting is thus useful to help the reader 
navigate this report and understand the relationships 
between the individual presenter’s summaries.

Because deterministic earthquake predictions have 

proved elusive over time, the symposium focused 
on earthquake forecasting, a probabilistic spatial and 
temporal description of the likelihood of an earthquake 
or earthquake activity within a given magnitude range. 

1.1 The Simplest Form of Earthquake 
Forecasting

The simplest form of earthquake forecasting can be 
broadly divided into two categories: fault-based and 
seismicity-based.  Both forecasting techniques are rooted 
in simple, well-established concepts of earthquake 
occurrence.

Although the terms are often misinterpreted or misused, 
an earthquake prediction and an earthquake forecast are 
very different. An earthquake prediction is deterministic; 
that is, the probability of occurrence is 100%. A 
prediction specifies the location, time, and magnitude 
of an impending earthquake. If a predicted earthquake 
occurs exactly within the parameters of the prediction, 
it is considered successful. If an earthquake does not 
occur at all, the prediction is considered a “false alarm.” 
If an earthquake occurs within a region being monitored 
but outside of the specific parameters defined by the 
prediction, it is considered a “failure to predict.”

An earthquake forecast is composed of the same three 
components—location, time, and magnitude—but is 
probabilistic, and thus has some likelihood of occurrence 
that is less than 100% and can incorporate uncertainty 
in all 3 of the parameters. An earthquake forecast can be 
thought of in much the same way as a hurricane forecast, 
which indicates the likelihood of a certain strength of 
event (for example, a Category 3 hurricane) within a 
certain time window (such as the next 24 hours), but 
does not guarantee that the event will occur. 

In 1975 the Chinese government, based on a number 
of unusual precursory phenomena, issued an imminent 
prediction for the town of Haicheng, calling for the 
town’s evacuation on the morning of February 4, 1975.  
A magnitude (Mw) 7.0 earthquake occurred later that 
day at 7:36 pm local time, and the prediction is credited 
in saving thousands of lives. However, the following year, 
the most deadly earthquake in modern history struck 
the city of Tangshan in a neighboring province. The 1976 

Tangshan Earthquake occurred without any warning and 
with no prediction. While official estimates place the 
death toll at around 250,000, many believe that this is 
a conservative estimate. The Chinese government and 
scientists remain committed to providing warning of 
impending earthquakes, however their approach has 
evolved toward an annual forecasting approach (as 
described in section 7). 

Notice outside theater in Haicheng stating that, 
according to announcements of the authorities 
there would be an earthquake occurring, and 
that the film show will be moved to open space 
(Wu, 2008). 



The Earthquake Cycle

The earthquake cycle model of earthquake recurrence 
was first proposed following the 1906 San Francisco 
Earthquake. Using surveying data captured before and 
after the earthquake, in conjunction with the direct 
observations of fault slip during the event, H. F. Reid 
proposed that earthquake occurrence represents the 
rapid release of elastic strain energy that has accumulated 
slowly on a fault, often over centuries.

Although the tectonic plates of the Earth’s crust are 
in motion all the time—for example, the Pacific Plate 
slides past the North American Plate at a rate of 4 cm 
(1.6 in) every year—individual faults are not constantly in 
motion, but are “locked.” As a result, energy accumulates 
along the fault. At depth, rocks are warm, and flow like 
honey in a continuous movement. However, in the upper 
crust, rocks are cold, and behave more like rigid blocks 
that do not smoothly slide, but stick due to stress buildup 
and friction. 

The process of stress accumulation and release in the 
earthquake cycle can be thought of as a 4-stage process:

In the ongoing process of plate motion, crustal faults 
become locked due to frictional effects and com-
pressional stresses. 
As the plates continue to move, the crust behaves 
like an elastic sheet of rubber and becomes distorted 
as stress builds up along the fault line. 
Once the frictional resistance on the fault is over-
come, an earthquake occurs, rapidly releasing the 
accumulated stress.
Following the rupture, the faults lock again, and the 
process starts anew (see section 3.1). 

1.

2.

3.

4.

�

Fault-based forecasts

Fault-based earthquake forecasts are derived from the 
concept of the earthquake cycle. A fault that ruptures 
according to the earthquake cycle exhibits a fairly regular 
repeat, or recurrence, interval, which is defined as the 
average time between ruptures of a certain magnitude 
on that fault. Recurrence intervals on specific faults can 
vary greatly. Fast-moving plate boundary faults, such as 
along California’s San Andreas fault system, may have 
recurrence intervals on the order of 100 to 200 years. 
In contrast, slow-moving faults commonly located away 
from plate boundaries, such as faults within the Mojave 
Desert, have much larger recurrence intervals in the 
range of 1,000 to 5,000 years. 

Fault-based forecasts can be time-independent, where 
the likelihood of occurrence over any time interval is 
simply based on the average recurrence interval, or can 
be time-dependent, where the time of the last event 
is taken into consideration to forecast future events.  
Uncertainty is captured in an “aperiodicity” parameter, 
which describes the irregularity of the cycle.

Seismicity-based forecasts

Seismicity-based forecasts assume that the rate of 
seismicity can be taken as an indicator of the rate 
of earthquake occurrence. The rate follows a simple 
relationship known as the Gutenberg-Richter (GR) 
law. This law states that the number of earthquakes 
of magnitude M is proportional to 10-bM. In other 
words, there is an approximate factor of 10 increase in 
the number of earthquakes with each unit decrease in 
magnitude. As numerous presentations within this report 
indicate, many additional factors can locally influence the 
rate of future earthquakes. However, the Gutenberg-
Richter relationship provides a baseline indication of the 
long-term likelihood of different magnitude earthquakes 
in a given region.

The fault-based and seismicity-based forecasts are 
in fact not distinct, but overlap.  Typically, the largest 
earthquakes are those that occur on the major faults 
which are characterized by mean recurrence intervals 
and hence factor into the Gutenberg-Richter law. 



1.2 Evolution of Earthquake Forecasting

Starting with section 2 of this report, which discusses 
time-independent earthquake forecasting, to section 
7, which presents forecasting methods based on the 
consideration of multiple data types, the reader will gain 
insight into the recent evolution of earthquake forecasting 
methods. In sections 8 and 9, which discuss the ethics 
and economics of forecasting, as well as the impacts of 
forecasts on the insurance industry, the reader will learn 
about the possible roles of earthquake forecasting in 
economic, political, and societal decisions.

While the time-independent approach (section 2) 
remains the standard for building code applications, this 
conservative strategy has its drawbacks. Sophisticated 
risk managers need to take into account the spatio-
temporal variability of earthquake hazard. 

A time-dependent approach based on earthquake 
cycle renewal models (section 3) has become the new 
standard, complementing and supplementing the time-
independent Poisson approach. It is used by geological 
national institutions and risk modeling agencies such as 
RMS to create probabilistic catastrophe models. 

The next step of sophistication, taking into account 
clustering in time and space (sections 4 and 5), is at 
present becoming accepted in the scientific community 
and is beginning to be employed for business decisions. 
Much of the scientific debate about earthquake 
forecasting techniques is now focused on the search for 
precursors to devastating earthquakes (sections 6 and 
7). These techniques are still at the research stage, but 
are currently being tested at RMS in order to define 
metrics to evaluate the potential impacts of short-term 
forecasting on insurance and reinsurance policies, as well 
as catastrophe bond management. 

The Gutenberg-Richter Relationship

Beno Gutenberg and Charles Richter were two of the 
pioneers of modern seismology; each contributed greatly 
to the development of the field as a modern, quantitative 
science. In the 1930s, as the instrumental recording of 
earthquakes was becoming a reality in many areas of the 
world, these two scientists discovered that there were a 
lot more small earthquakes than large ones. As it often 
happens in research, two Japanese scientists, Ishimoto 
and Iida, made this same discovery in parallel.

Using Richter’s recently developed magnitude scale, 
Gutenberg and Richter found that the number of 
earthquakes greater than magnitude 6 that would occur 
in a given area over, say, 10 years, was about a factor 
of 10 less than the number of earthquakes greater than 
magnitude 5 in that area. An approximate factor of 10 
increase in the number of earthquakes with each unit 
decrease in magnitude has been found to apply globally 
and in specific regions over the full range of measured 
magnitudes.  

These observations led to the simple Gutenberg-
Richter relationship, a logarithmic expression stating 
that the number of earthquakes of magnitude M is 
proportional to 10-bM. The graph of all earthquakes 
globally between 1976 and 2005 yields the Gutenberg-
Richter prediction with b = 1. The value of b seems 
to vary from area to area, but worldwide it averages 
around b=1. 

The Gutenberg-Richter relationship

�
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National seismic hazard maps, such as the one produced 
by the United States Geological Survey (USGS), 
integrate time-independent fault-based and seismicity-
based earthquake forecasting. In the maps, earthquake 
likelihoods are converted into probabilistic forecasts of 
the level of strong ground shaking over a specific time 
interval. These maps form the basis of seismic design 
criteria for building codes in the United States. Because 
buildings are designed for the long term, an averaged, 
long-term earthquake forecast is most applicable. It 
would be impractical and imprudent to update building 
codes in response to shorter-term forecasts, or to 
down-grade codes once an “expected” earthquake has 
occurred.

A seismicity-based forecast is used in the hazard maps 
for most of the U.S. because specific active faults have 
not been mapped. However, in much of the western 
U.S., the seismicity-based forecasting is combined with 
fault-based forecasting.

Time-independent earthquake forecasting uses a 
fault-based, Poisson probability model of earthquake 
recurrence, which assumes that earthquakes occur 
with a known average rate and independently of the 
time since the last event. That is, the probability of 
earthquake occurrence during any given time period 
is constant—after a big event occurs, the probability 
of the same event happening the next day remains the 
same. The method also assumes that earthquakes occur 
independently of each other and do not interact. Because 
the Poisson probability requires few assumptions, the 
associated uncertainty is relatively low. An additional 
advantage is that because the Poisson method is based 
on the long-term average rate of occurrence, the 
forecast can be generated without a lot of detailed 
information, such as when the last major earthquake 
occurred on the fault.

tIme-Independent methods

The 2008 U. S. National Seismic Hazard Map developed by the United States Geological Survey (USGS), which depicts an exceedance probability for the ground shaking 
intensity a region might experience over a 50-year period at a 10% exceedance level—the current standard for seismic design criteria for U.S. building codes for non-critical 
facilities. Time-independent earthquake forecasting using Poisson probabilities form the basis for the seismic hazard input in these maps (Image source: USGS).
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earthquake cycle renewal models 

Scientific evidence suggests that the likelihood of an 
earthquake on a given fault may differ significantly from 
the long-term average, depending on where a fault is 
in its earthquake cycle. The earthquake cycle renewal 
model is a time-dependent forecasting approach that 
has been used for two decades in California to generate 
30-year forecasts for the probability of earthquake 
occurrence on certain major faults or fault systems. The 
forecast is based on statistical models of the earthquake 
cycle, and requires information on the average repeat 
time, or recurrence interval, of earthquakes on that fault 
as well as the time since the last earthquake. 

3.1 Uniform California Earthquake 
Rupture Forecast: WGCEP-2007 

Dr. Tom Parsons
United States Geological Survey

This presentation describes the results of the first 
uniform assessment of earthquake likelihood  
(rupture forecast) throughout California. 
Incorporating new data and understanding, 
the Working Group on California Earthquake 

Probabilities first generated a long-term, time-
independent earthquake forecast for the state.  They 
then applied a statistical earthquake renewal model 
using information on the timing of the last large 
earthquake on the major faults to conclude that 
overall, statewide, the likelihood of a magnitude 6.7 
or larger earthquake in the next 30 years is 99.7%.

California is crossed by extensive, northwest-southeast 
traversing strike-slip faults such as the San Andreas and 
Hayward faults (Figure 3.1). Because the major faults 
manifest themselves at the surface, they can be mapped 
and documented relatively well, allowing seismologists 
to collect extensive data on recent and historic seismic 
activity, and establish, through fault trenching, a 
paleoseismological record of past earthquakes extending 
back to as much as 2,000 years before present. 

The history of earthquake forecasting in California is 
also long due to the extensive data available. Seismologists 
have traditionally used the Poisson method to produce 
seismic hazard maps that forecast levels of ground shaking, 
as well as maps showing the probability of earthquake 
occurrence in California. However, over the past several 
decades, seismologists in Northern and Southern 
California have developed time-dependent earthquake 
forecasts (likelihood expressed in 30-year probabilities) 
focusing on subregions like the San Francisco Bay area or 
the greater Los Angeles area. The existence of different 
forecasts generated by different methods, combined 
with a lack of comparable forecast information for the 
rest of the state, caused great difficulty for the California 
Earthquake Authority (CEA), who is chartered to use 
the “best available science” to determine insurance 
rates across the state. They sought a uniform forecast 
methodology applied to the entire state of California.    

To confront this issue, the Working Group on 
California Earthquake Probabilities (WGCEP) (http://
www.wgcep.org/), a collaboration of nearly 50 
scientists from the United States Geological Survey 
(USGS), the California Geological Survey (CGS), and 
the Southern California Earthquake Center (SCEC), 
recently developed the Uniform California Earthquake 
Rupture Forecast (UCERF). They produced a time-
dependent, statewide earthquake forecast based on 
the earthquake renewal model, marking the first time 
that a unified forecast model has been produced for 
the state. Their efforts are tightly coordinated with the 
USGS National Seismic Hazard Program, which has Figure 3.1: Map of California’s major faults (Image Source: USGS)
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incorporated components of the forecast into the 2007 
USGS/CGS National Seismic Hazard Maps. In addition, 
the California Earthquake Authority will use the forecast 
as the basis for  setting statewide insurance rates.

Forecast Probabilities for California

Time-dependent earthquake probability calculations are 
based on a simple stress renewal model of the earthquake 
cycle and employ probability density functions in which 
the likelihood of rupture on a fault is lowest immediately 
after a large earthquake occurs (Figure 3.2). Probability 
is at its highest when the fault’s mean recurrence interval 
is reached, and remains there until the next earthquake 
occurs. 

The renewal model can be applied in California 
because earthquakes along the major strike-slip faults 
tend to occur according to a cycle of fairly periodic 
stress buildup and release. However, the time-dependent 
approach can only be applied where extensive information 
is available on fault movement and rupture; knowledge 
of earthquake recurrence intervals and the date of the 
last earthquake to have occurred on the fault is necessary. 
That information is lacking for most faults in the state, 
so they are treated using the time-independent Poisson 
probability. 

An additional time-dependent approach—an 
empirical earthquake probability model—was employed 
by WGCEP 2007. Significant temporal changes in 
earthquake rates are evident in the 1850–2006 California 
earthquake catalog, with many regions in the state 
showing lower post-1906 rates than the preceding period. 
For example, a significant rate reduction occurred in the 

San Francisco Bay area and in Los Angeles following 
the 1906 San Francisco Earthquake, which ruptured 
nearly 300 miles of the northern San Andreas Fault 
and plunged nearby, parallel faults into a long period 
of seismic quiescence. In the 75 years before the 
earthquake, 14 earthquakes occurred (Figure 3.3). In the 
75 years following the 1906 event, only one earthquake 
occurred. 

The introduction of time-dependent components 
that consider each fault’s seismic cycle or empirical rate 
changes cause earthquake probabilities over a specific 
time period to increase in some parts of California and 
decrease in others relative to the Poisson probability. 
When the results of the different forecast methods are 
compared, some faults, such as the south San Andreas 
Fault in Southern California, and the Hayward-Rodgers 
Creek Fault in Northern California, show an increased 
probability of rupture relative to Poisson probability (red 
areas in Figure 3.4), while many show a reduction (blue 
areas in Figure 3.4).

UCERF results indicate that California is virtually 
guaranteed a large earthquake in the upcoming 30 years, 
with a 99.7% probability of a M6.7 or greater earthquake 
statewide. The choice of a M6.7 threshold is based on the 
size of the urban 1994 Northridge Earthquake, which 
resulted in thousands of injuries, over 70 deaths, and 
$40–80 billion in losses. However, location plays an 
important role as well—the 2003 M6.6 Paso Robles 
earthquake caused only two fatalities and approximately 
$250 million in losses, orders of magnitude lower than 

Figure 3.2: Probability versus time distribution for the time-independent Poisson 
method (blue) and time-dependent earthquake renewal method (red) illustrating 
that, depending on where a fault is in the earthquake cycle, the time-dependent 
probability of rupture could be higher or lower than the time-independent 
probability. Note that the decrease in the time-dependent probability following 
the mean recurrence time occurs because, over very long time periods, the 
distribution asymptotes to the time-independent Poisson value. 

Figure 3.3: Comparison of earthquake rates in the San Francisco Bay area before 
(top) and after (bottom) the 1906 San Francisco Earthquake.



the Northridge event, due to its occurrence in a more 
sparsely populated region of Central California.

Accounting for Uncertainty: The Logic Tree Approach

Due to the large amount of data required to assess 
earthquake potential on faults, there is significant 

uncertainty involved in earthquake rupture probabilities. 
Earthquake forecasting can be likened to trying to 
predict the weather in 2009 using the last few of weeks 
of January 2008 as the observational database. In most 
cases, for large magnitude events, recorded human 
history is not long enough to see even one earthquake 
cycle go by, whereas data for 25–50 cycles is needed 
to understand the process well. In lieu of this data, the 
WGCEP follows a logic tree approach that allows for 
the incorporation of uncertainty at each step of the 
assessment to make the best estimate using parameters 
that are poorly constrained.

Altogether, 480 branches were employed to 
assess the time-dependent earthquake likelihoods for 
California. These 480 branches splay out from the trunk, 
representing the different models, methods, and data 
interpretations that must be considered to account for 
the uncertainty. Each branch is weighted according to 
the degree of uncertainty. The trunk of the logic tree 
consists of four components: 

Fault models that specify the spatial geometry of 
California’s strike-slip faults
Deformation models that describe observed fault 
movements, or slip rates, which are used to determine 
the probability of earthquake occurrence
Earthquake rate models that provide the long-term 
rate of all possible damaging earthquakes throughout 
a region 
Probability models that determine the probability 
that each earthquake in a given earthquake rate 
model will occur during a specified time span

▪

▪

▪

▪
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Figure 3.5: Modeled probability distributions determined using the time-dependent method (known as Brownian Passage Time, or BPT) combined with the Poisson method 
(blue),  and the empirical approach (purple). The final UCERF model combines the 2 probability distributions, giving 70% weight to the BPT + Poisson distribution and 
30% to the empirical. Note that the histogram does not include earthquake likelihoods for earthquakes in northernmost California (the Cascadia region).  

Figure 3.4: Ratio of UCERF time-dependent probabilities to Poisson time-
independent probabilities for M6.7 or greater earthquakes throughout California. 
Red areas are locations of increased probability; blue areas represent locations of 
decreased probability. 
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In this final component of the logic tree, time-
dependent information on the best characterized faults is 
incorporated using the earthquake renewal and empirical 
models, whereas the Poisson time-independent method 
is applied to the remaining fault sources. 

The time-dependent probability calculation gives 
30% weight to the empirically-determined branch, 
incorporating the idea that future earthquake likelihood 
is most like recent past seismicity rates. The empirical 
probabilities show significant reduction compared to 
the time-dependent and time-independent calculations 
(Figure 3.5). 

Future Directions

The California Working Group realizes that the current 
UCERF model still does not account for other factors 
known to occur, such as multi-fault ruptures and 
earthquake clustering, and the degree to which they 
impact the seismic cycles of California faults. These 
are issues that remain to be tackled by future efforts. 
Adding stress transfer to earthquake forecasting models 
is complementary to the methods used by the WGCEP, 
and can improve existing methods in important ways 
(see section 5.1). 



3.2 Earthquake Forecasting in Japan: 
Greater Tokyo Region 

Dr. Shinji Toda
Geological Survey of Japan

This presentation summarizes a new analysis 
of seismic hazard and risk for Tokyo. The overall  
30-year probability for violent to extreme shaking 
(JMA intensity 6 or greater) in the Tokyo region 
is shown to be >35% using a time-dependent 
earthquake renewal model, higher than the 29% 
likelihood assessed by a time-independent (Poisson) 
method. The renewal forecast of strong shaking for 
Tokyo agrees well with an estimated 37% likelihood 
of intense shaking determined from an empirical 
analysis of a very long and well-documented seismic 
history. 

Tokyo and its outlying cities, which lie on the Kanto 
plain (Figure 3.6), are home to one-quarter of 
Japan’s population of 127 million. Over the last 400 
years, many destructive earthquakes have struck the 
region, causing great damage and loss to Tokyo and 
surrounding regions.

To study and mitigate seismic risk in Tokyo, the joint 
Japanese-U.S. research group Team Tokyo, supported by 
Swiss Re, was established. Team Tokyo, a collaborative 
effort comprised of five national Japanese research 
institutions as well as the USGS, conducted a three-year 
study on seismic risk in Japan, focusing on Tokyo and 
surrounding cities (http://sicarius.wr.usgs.gov/tokyo/). 
The team used a combination of geodetic data, historical 
documents, paleoseismic data, topography, and coastal 
geology to reconstruct the intensities and attenuation 

relationships of the most damaging earthquakes. 

Seismic Risk in the Greater Tokyo Region

Japan’s seismicity is the result of a highly complex 
tectonic setting (Figure 3.6). Destructive offshore 
earthquakes that strike along the coastline of the Kanto 
plain are caused by the convergence of both the Pacific 
Plate and the Philippine Sea Plate, which dive beneath the 
Eurasian Plate. In addition, the team recently proposed 
that another hidden small fragment (90 x 120 km or  
55 x 75 mi) of the Pacific Plate is wedged beneath Tokyo 
between the three plates. The fragment controls much 
of Tokyo’s seismic behavior, with the concentration of 
moderate to large shocks (for example, the most recent 
M6.0 event in 2005) beneath Tokyo attributable to the 
sliding of the fragment against the three other plates.  

Beneath Tokyo, these complex plate interactions 
generate highly destructive earthquakes, including the 
1703 M8.2 Genroku Earthquake, the 1923 M7.9 Great 
Kanto Earthquake (Figure 3.7), and the M7.2 1855 
Ansei-Edo Earthquake (Figure 3.8). These last two 
well-documented historic earthquakes generated strong 
shaking intensities of Japanese Meteorological Agency 
(JMA) 6 or greater, which corresponds to Modified 
Mercalli Intensities (MMI) of IX-X (considered violent 
to extreme shaking levels).

Forecasting Methods and Results

Japan has an extensive seismic history developed from 
the documentation of historical events through written 
observations and artistic renderings, as well as from 
paleoseismic data preserved in geologic features such 
as uplifted marine terraces and tsunami deposits. This 
wide range of data covering a long time period allows 
seismologists in Japan to reconstruct events and test 
forecast methods in a variety of ways.

The team determined 30-year forecasts for the 
probability of strong shaking in the Tokyo region using 
three distinct methods: the time-independent Poisson 
probability, the time-dependent earthquake cycle 
renewal method, and an empirical approach based on 
observed ground shaking intensities. 

Earthquake Cycle Renewal and Poisson Probabilities

The time-dependent earthquake cycle renewal 
calculations for the Tokyo region’s major faults were 
determined by assessing the average recurrence time of 
earthquakes on each fault, as well as the regularity of 
recurrence, or periodicity. For some events, such as the 
1855 M7.2 Ansei-Edo type earthquakes, which occurred 
at great depth and did not produce surface ruptures, 

10

Figure 3.6: Tectonic setting of the Kanto plain showing the subduction of the 
Pacific Plate and Philippine Sea Plate beneath the Eurasian Plate. 
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such determinations are difficult due to the lack of 
paleoseismic evidence, contributing to the associated 
uncertainty in the calculations. 

Earthquake occurrence probabilities have the 
potential to vary widely between the time-dependent 
renewal method and the Poisson method depending on 
where each fault is in its earthquake cycle. For example, 
based on the interval between the similar 1923 and 1703 
earthquakes and the other intervals between prehistoric 
earthquakes as recorded in uplifted marine terraces, 
the 1923 Kanto-type event has a mean recurrence 
interval of 200–400 years. Because the last event 
occurred so recently, the time-dependent probability for 
a repeat of this type of event over the next 30 years is 
very small—less than 1%—whereas the time-averaged 
Poisson probability is higher, at 8–11%. However, the 
recurrence interval for an 1855 M7.2 Ansei-Edo type 
event is on the order of 50–150 years, indicating that this 

earthquake cycle may be nearing its peak probability of 
occurrence. The time-dependent probability for a repeat 
of the 1855 event is thus greater than 35%, much higher 
than the Poisson probability of 20%. 

The Poisson probability was constructed by combining 
instrumental, historical, and paleoseismic data for the 
entire Kanto region to produce earthquake probabilities. 
Due to the large number of faults in the Kanto region, 
the time-dependence of earthquake renewal on each 
individual fault is not characterized, and can therefore be 
thought to be averaged out, and the Poisson probability 
can be regarded as a time-averaged estimate (Stein et al., 
2006). 

Combining the probability of these two major 
earthquake sources, as well as from the other faults in the 
region, the overall 30-year probability for strong shaking 
of JMA 6 or greater in the Tokyo region is higher for the 
earthquake cycle renewal method (greater than 35%) 

Figure 3.7: Historical renderings (Image source: National Museum of Japanese History) and reconstructed intensity observations for the M7.9 1923 Great Kanto 
Earthquake

Figure 3.8: Historical renderings (Image source: National Museum of Japanese History) and reconstructed intensity observations for the M7.2 1855 Ansei-Edo Earthquake
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than the Poisson method (29%) (Figure 3.9).

Empirical Approach to Forecasting of Shaking Intensity

Team Tokyo was able to test the results of the time-
dependent and time-independent methods by examining 
the probability of strong shaking using an empirical 
approach. This approach can only be applied in regions 
with extensive historical and paleoseismic data available, 
such as Japan, where over 10,000 intensity observations 
for the Kanto region over the past 400 years were used 
to determine a time-averaged probability of ground 
shaking.

The empirical approach requires no knowledge of 
specific earthquakes themselves, their fault sources, 
or fault slip rates. The appraoch simply examines the 
spatial relationship between the intensity of shaking as 
inferred from firsthand observations and damage reports 
(JMA intensity) and the annual earthquake frequency 
over the last 400 years, with the assumption that the 
400-year catalog is representative of the long-term 
seismic behavior of the region. From this method, they 
determined that the probability of violent to extreme 
shaking (JMA intensity 6 or greater) was 37%, in 

Figure 3.9: 30-year earthquake probabilities for greater Tokyo: 1) Regional 
probability of M7.2 or greater events;  2) Regional probability of M7.9 or greater 
events; and 3) Combined probability for entire region shown in the figure  

Figure 3.10: Comparison of Team Tokyo’s empirically-derived probability of ground shaking with the ground shaking map produced by the Japanese government using the 
30-year Poisson probability 
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good agreement with the modeled results. To further 
corroborate the models, a comparison of the empirically 
produced and Poisson produced shaking maps shows that 
the spatial distribution of high-probability areas match 
very closely (Figure 3.10).

Implications for Seismic Hazard and Risk Mitigation

The Japanese government recently issued a risk 
assessment of projected direct and indirect losses if a 
M7.3 earthquake were to strike Tokyo. A M7.3 event 
would generate US$1 trillion in losses, corresponding 
to 130% of Japan’s annual budget, or US$12 billion (as 
of January 2008) in annual probable loss. Only around 
5% of this loss is insured. According to the Poisson 
probability, which forecasts the lowest probability of 
the three methods, such an event has a 29% 30-year 
probability of occurrence, corresponding to an annual 
probability of 1.2%. In order to adequately prepare 
for and mitigate against future earthquake losses, it is 
necessary for the Japanese government to take adequate 
disaster preparedness measures, including budgeting for 
this potential loss. 



The forecasting techniques described in the previous 
sections assume that earthquakes on different faults 
occur independently of one another.  In some seismically 
active regions, earthquakes cluster in time and space, 
exhibiting complex interactions in which the occurrence 
of one earthquake in a region can trigger subsequent 
earthquakes that may be smaller or larger than the 
original event. Earthquake clusters are groups of 
earthquakes statistically close to each other in space and 
time compared to a larger population (for example, the 
seismicity catalog). Clusters do not have to be on the 
same fault and typically are not. Earthquake clustering 
can occur on time scales of weeks to years, or longer. 

4.1 Earthquake Forecasting in Italy

Dr. Warner Marzocchi
Istituto Nazionale di Geofisica e Vulcanologia

Unlike California, faults in Italy rarely reach 
the surface and earthquakes do not seem to 
follow regular recurrence intervals, but instead 
cluster in time and space. However, Italy’s most 
recent national seismic hazard map forecasts the 
expected level of ground shaking assuming a time-
independent Poisson method, not accounting for 
earthquake clustering.  This presentation describes 
a new approach to forecast the spatial probability 
throughout Italy of a M5.5 or greater earthquake 
using a double-branching time-dependent model 
that includes clustering. The new forecasting 
method was found to be in good agreement with 
the distribution and rate of past M5.5 or greater 
events from Italy’s historical catalog. 
 
An inherent problem with the traditional, time-
dependent earthquake cycle renewal method such as is 
employed in California and Japan (see section 3) is that 
it assumes a complete seismogenic fault dataset and that 
earthquakes do not interact with or in any way affect 
each other. In Italy, the analysis of the extensive historical 
seismic catalog shows that earthquakes do not seem to 
follow regular recurrence intervals, but instead cluster 
in space and time (Figure 4.1)—earthquakes occur in 
zones of multiple faults or multiple fault segments where 
recurrence intervals are unknown or unclear, and where 
one earthquake may trigger (or inhibit) another.   

Seismicity in Italy   

Italy experiences earthquakes on the order of M6–7, 
not as large as the largest that strike California or 
Japan, but that still create large amounts of damage, 
in particular due to the high vulnerability of the many 
historical buildings in the country. Smaller earthquakes 
on the order of M5–6 can be destructive as well, 
causing buildings to collapse and resulting in loss of life 
(Figure 4.2).

Adding to Italy’s seismic complexity, faults rarely 
reach the surface, making it very difficult to pinpoint 
their locations and lengths due to the lack of surficial 
earthquake features. This poses significant limitations on 
the use of earthquake forecasting models based on the 
fault distribution.

Although the complexity of Italy’s tectonic setting 
makes the identification of individual faults difficult, 
Italy is fortunate to have a detailed historical record of 
earthquake activity. The seismic record in Italy includes 
earthquakes of M5.5 or greater for the last 400 years 
in most regions, and in some areas extends back for 
800 years. 

From Earthquake Forecasting to Seismic Hazard

Determining seismic hazard in a region involves more 
than the forecasting of earthquake occurrence—it must 
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Figure 4.1: Plot of earthquake clustering in Italy showing a decreasing 
probability with elapsed time for a time cluster of several years. The x-axis reports 
the time elapsed since the last event. The variable on the y-axis mimics the hazard 
function, that is, the instantaneous conditional event probability estimated from 
the historical seismic catalog for earthquakes of M 5.5 or greater. 
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also include the levels of ground shaking caused by the 
quake, as it is the ground motion that causes the damage. 
Comprehensive seismic hazard assessment thus involves 
the forecasting of earthquakes as well as the level of 
ground shaking caused by the earthquake. Potential 
damage, or risk, can then be assessed based on the effects 
of shaking for the given exposure, vulnerability, and 
value of a particular site. 

Italy’s most recent seismic hazard map was developed 
by a scientific working group coordinated by Istituto 
Nazionale di Geofisica e Vulcanologia (INGV) using 
the time-independent Poisson method applied to a 
seismotectonic zonation, and employing a logic tree 
approach (similar to that described in section 3.1) to 
assess uncertainty (Figure 4.3).

 The State of the Art in Earthquake Forecasting in Italy

Because the Poisson model does not incorporate a 
time component, and assumes that each earthquake 
is independent of all others, it cannot account for 

the complex fault interactions that occur in Italy. To 
more accurately assess earthquake clustering, some 
seismologists are developing a double-branching, time-
dependent model (Marzocchi and Lombardi, 2008) 
sponsored by the Network of Research Infrastructures for 
European Seismology (NERIES) (http://www.neries-
eu.org/) that forecasts the annual probability of a M5.5 
or greater event occurring in Italy (Figure 4.4). Other 
applications of the same model at a worldwide scale are 
also underway. The first branch of the model incorporates 
the effects of earthquake clustering over time scales 
of a few years to reflect a variety of short-term fault 
interaction processes. The other branch incorporates the 
effects of long-term variations in background seismicity 
due to post-seismic fault interaction and/or modulation 
of tectonic loading. 

The model was tested by analyzing past earthquakes 
of M5.5 or greater from the historical seismic catalog, 
showing a good fit to the data. Overall, tests of the double-
branching model thus far have shown greater forecasting 
success than the Poisson method or other simpler 

1�

Figure 4.2: Severe damage to historical buildings caused by the 1997 M6 Umbria-Marche earthquakes on a Romanesque church in the town of Annifo (top) and historical 
buildings in the city of San Martino (bottom). 



clustering models like the Epidemic Type Aftershock 
Sequence (ETAS). Notably, similar results have been 
obtained by analyzing the global seismic catalog.

Despite that the possibility to test models is the 
cornerstone of the scientific method, it should be noted 
that other earthquake forecasting models for Italy, based 
on different physical rationales, are almost all untestable 
and are not comparable to other procedures. To generate 
models that can be universally applied, it is very important 
that methods can be tested with software that is widely 
available and applicable, and that is simple to use. To 
allow for broader testing of any earthquake forecasting 
model, NERIES has partnered with the U.S.-based 
Collaboratory for the Study of Earthquake Predictability 
(CSEP) (see section 6.4) with the goal of establishing a 
Europe-wide infrastructure for forecast model testing 
and validation that represents an integrated approach to 
hazard and forecasting in Europe and worldwide, spanning 
a multitude of spatial and temporal scales. Testing centers 
and natural laboratories are being established in Europe, 
including in Italy, where the focus will be on developing 
and comparing the forecasting capabilities of time-
dependent earthquake forecasting models for different 
space, time, and magnitude windows. 

In the near future, an Italian-funded project (the 
S2 INGV/DPC) will offer open-source seismic hazard 

assessment software that will be able to input, run, and 
test any forecasting model. The tool will be standardized 
to the CSEP format and testing procedures to satisfy 
the computational and information access needs of 
the research and user community. Users can modify 
the analysis parameters for seismic hazard and risk 
assessment, and can apply the most relevant forecasting 
model to a region of interest, thus reducing the epistemic 
uncertainty in the forecast.  
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Figure 4.3: Seismic hazard map for ground shaking in Italy at a 10% exceedance 
level in 50 years developed using the time-independent Poisson earthquake 
probability applied to a seismotectonic zonation; the size of events follows a 
truncated (setting a maximum magnitude) Gutenberg-Richter relationship, defined 
for each seismotectonic zone. Intensities are expressed in g  (the acceleration of 
gravity) (Image source: http://zonesismiche.mi.ingv.it). 

Figure 4.4: Ten-year forecast for Italy showing the probability of occurrence of 
at least one event of M5.5 or greater developed using a double-branching, time-
dependent model  (Image source: Anna Maria Lombardi and Warner Marzocchi, 
INGV).
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Stress transfer, in which the stress changes associated with 
one earthquake change the stress on nearby faults, has 
been proposed as a physical model to explain earthquake 
clustering, and more generally earthquake interactions. 
For example, the 1906 San Francisco Earthquake, which 
ruptured close to 300 miles of the San Andreas Fault, 
released an enormous amount of energy. As a result, 
the stresses on the surrounding faults in the Northern 
California region were changed dramatically, causing a 
long period of seismic quiescence (See Figure 3.3).   

5.1 How One Earthquake Sets Up 
Another

Professor Geoffrey King
Institut de Physique du Globe, Paris

This presentation explains the science behind stress 
transfer and demonstrates its efficacy in explaining 
both increases and decreases in earthquake occurrence 
following a major event.  The application of stress 
transfer to recent earthquakes in Turkey indicates 
the increased likelihood of a strong earthquake 
offshore near Istanbul as a result of accumulated 
stress changes from recent past earthquake events.  

Since 1912, 14 earthquakes have occurred along Turkey’s 
North Anatolian Fault, where the collision of the Arabian 
Plate into the Eurasian Plate causes Turkey to slide 
westward like a wedge (Figure 5.1). With two exceptions, 
earthquakes have propagated along the fault from east to 
west across Turkey in an “unzipping” fashion (Figure 5.2). 
However, as the fault system continues beneath the Sea 
of Marmara, and then farther into the Aegean Sea, it 
exhibits a much more complex pattern. 

This earthquake propagation is believed to result from 
stress transfer—the process by which the stress released 
by an earthquake may be imparted to surrounding regions 
in a fault system, causing some areas to experience 
increased stress, while in other areas, stress decreases. 
Because the stress transfer method incorporates the 
assumption that earthquakes interact with each other in 
space and time and can influence rupture and recurrence 
cycles, it can be evaluated in regions of known earthquake 
clustering. 

The stress transfer method determines the likely sites 
of future earthquake rupture based on stress changes on 
nearby faults resulting from an earthquake. The transfer 
of stress among interacting faults is quantified using the 
Coulomb stress method (e.g., Figure 5.3) to produce 
intermediate-term earthquake forecasts. Stress increases 
can lead to short-term effects such as aftershocks, or the 
effects can be imparted onto longer time scales. Equally as 
important for risk mitigation, the stress transfer method 
not only can help to determine where earthquakes might 

Figure 5.1: Tectonic setting of Turkey. The Arabian Plate (brown) is moving north 
at a rate of 30 mm (1.2 in) per year, colliding with the Eurasian Plate (green), 
and pushing Turkey, located on a small tectonic plate (yellow), toward the west. 

stress InteractIons between faults

Figure 5.2: Earthquake propagation along Turkey’s North Anatolian Fault. The dotted vertical line indicates the boundary between two sequences of events, an east-to-west 
propagating earthquake sequence, and earthquake clustering in the Sea of Marmara region to the west. Triangles indicate where ruptures on the fault started and stopped. 

5
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The stress effect on surrounding faults due to slip in 
an earthquake is quantified by computing the so-called 
Coulomb stress, properly known as the Coulomb failure 
function. The method was named after the 18th century 
physicist Charles Augustin de Coulomb, who pioneered 
work on the mechanics of elastic deformation. The 
Coulomb stress method combines two components of 
stress released by an earthquake: the shear or sliding 
stress (stress in the direction of fault movement) as 
well as the compressional or normal stress (stress 
perpendicular to the direction of fault movement). 

Coulomb stress changes can be either positive or 
negative. Positive Coulomb stress indicates that the 
combined shear stress and compressional stress are high 
enough to promote failure, thus indicating a high-stress 
region where an earthquake is likely to occur. Negative 
Coulomb stress indicates a region of decreased stress and 
decreased likelihood of failure.

The Coulomb stress method is used to produce 
maps that show regions of elevated or decreased stress 
that respectively correspond to increased or decreased 
probabilities of earthquake occurrence (Figure 5.3). 
The blue-purple areas indicate the regions where stress 
on the fault plane has been reduced, and the red-orange 
areas where the stress has increased. Earthquakes are 
more likely to occur in the stress-increased regions, 
while the stress-decreased regions indicate areas where 
earthquakes are not expected to occur. The method has 
had success in predicting aftershock distributions, most 
of which occur in regions of increased stress, as shown 
in Figure 5.3, where most aftershocks (white circles) 
following the 1979 Homestead Valley Earthquake in 

California occured in regions of increased stress 
(red). (The direction of fault slip is indicated by the 
black arrows.) The method has also been successful in 
identifying regions where large earthquakes occur.    

Figure 5.3: Coulomb stress map for the 1979 Homestead Valley 
Earthquake in California (published in King et al., 1994).

occur, it can rule out areas where earthquakes are not 
expected to occur. 

Looking at a larger region, Coulomb stress analysis 
revealed that, since 1822, 41 of 49 earthquakes along the 
North and East Anatolian faults and in the Aegean (Figure 
5.4) have occurred in regions where stress had been 
increased by previous events. No earthquakes in this 
time period occurred where stress had been decreased. 
In addition, the 1999 M7.8 Izmit Earthquake, which 
occurred after the map in Figure 5.4 was produced, 
was located in a region of high stress. These successes 
not only provide a robust test that Coulomb stress can 
be used to determine earthquake occurrence in regions 
where earthquakes cluster, but also allow seismologists 
to exclude regions where earthquakes are not likely to 
occur. The map shows, significantly, that there are not 

that many regions of increased stress. 
The only significant gap in recent slip on the 

North Anatolian Fault occurs along the portion of 
the fault beneath the Sea of Marmara. To determine 
stress interactions beneath the Sea of Marmara, where 
little was known about the faulting patterns and fault 
interactions, seismologists employed state-of-the-art 
techniques to develop a detailed map of undersea 
faults, and employed cutting-edge dating techniques to 
determine when undersea rocks were exposed by fault 
movements. This data was combined with on-land fault 
trench and morphology studies, as well as historical data, 
to determine which faults moved, when, and by how 
much. Combining information on faulting patterns with 
cumulative stress interactions of the past earthquakes 
lead to the stress transfer map that emphasizes the 

Stress Transfer by the Coulomb Stress Method
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Figure 5.4: Stress change map for the Aegean Sea and the eastern part of the North Anatolian Fault. The map was developed prior to the occurrence of the 1999 M7.8 Izmit 
Earthquake (yellow star), which was located in a region of increased stress (published in Nalbant et al., 1998). 

Figure 5.5: Present day stress levels and tectonic loading in the Sea of Marmara 
showing a high risk of earthquake occurrence to the southwest of Istanbul 
(published in Armijo et al., 2005).

high-risk state of the faults beneath the Sea of Marmara 
(Figure 5.5). Significantly, Istanbul is located very near 
to this high-risk area. 

 Earthquakes result from a steady buildup of stress 
caused by plate motion. When an earthquake occurs, 
some of the stress is relaxed due to fault slip. However, 
in some places around the fault, stress is increased and 
this can result in a further event. With a knowledge of 
which faults have moved from either instrumental data 
for recent earthquakes, or detailed field studies of faults 
and historical data, regions of increased and decreased 
stress can be identified. The regions of increased stress 
are likely to host futures earthquake and large events are 
very unlikely to occur where stress has been reduced. 
Although this approach greatly reduces the places likely 
to be subject to a devastating earthquake, as shown in 
Figure 5.5, the likely time of a future event is not well 
determined. The goal of future forecasting and prediction 
efforts is to better constrain not only the likely location of 
earthquake occurrence, but the time window as well.  

 

 

Stress Transfer by the Coulomb Stress Method
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National institutions such as the United States Geological 
Survey (USGS) (see section 3.1) or the Istituto Nazionale 
di Geofisica e Vulcanologia (INGV) (see section 4.1) and 
modeling agencies, such as RMS, assess seismic hazard by 
using two important concepts: (1) the earthquake cycle 
of the fault and (2) interactions from nearby earthquakes 
that may alter the seismic cycle of the fault.

In addition to these standard forecasts, short- to 
medium-term forecasts are now proposed by the scientific 
community (Table 6.1). Seismologists have developed a 
multitude of techniques based on the study of seismicity 
catalogs to determine if a fault is likely to host a large 
earthquake in the near future. The idea is simple: since 
earthquakes are known to interact with each other, 
small events, which are more common than larger ones, 
might provide important information about the possible 
imminence of a devastating earthquake.

The underlying physics of these forecasting techniques 
is the theory of stress transfer (see section 5.1). However, 
since interactions are possible between any events of any 

magnitude in a given region, a reductionist approach 
becomes difficult to apply. Seismicity catalogs are thus 
compared to complex systems where chains of triggering 
events lead to the largest earthquakes (see section 6.1).

It follows that forecasting techniques are generally 
purely statistical and search for any anomaly that might 
appear in a seismicity catalog before a large earthquake 
occurs. Different seismicity patterns have been claimed 
to precede large events, leading to different pattern-
recognition algorithms such as the M8 algorithm (see 
section 6.3), pattern informatics (see section 6.2), and 
others (see section 6.5).

From the science of earthquake forecasting to its 
application for business decisions, an intermediary step 
must first be achieved—an objective and rigorous test 
of all existing techniques. This step is underway with the 
creation of official centers at an international scale to test 
the multitude of forecasting techniques now available 
(see sections 6.4, 6.5, and 7.1). 

search for precursory seIsmIcIty 

 

 Algorithm Magnitude 
Range 

Time 
Range 

Spatial 
Coverage Presenter 

Relative Intensity-
(RIPI)

 

Pattern Informatics 
≥ 5 < 5 years Worldwide Rundle 

M8 ≥ 8.0 5 years Worldwide Keilis-Borok 

Mendocino Scenario (MSc) ≥ 8.0 — Worldwide Keilis-Borok 

Reverse Tracing of Precursors 
(RTP) 

≥ 6.4 

9 months 

California, 
SW Oregon, 

Western Nevada 

Keilis-Borok 

≥ 5.5 

Central and 
Northern Italy, 
Alps, Northern 

Dinarides 

≥ 6.0 Eastern 
Mediterranean 

≥ 7.2 

Central and 
Northern Honsu, 

Hokkaido, 
Southern Kurils 

≥ 7.2 Northern Pacific 

Subsequent Strong Earthquake 
(SSE) 

≥ 7.0 
18 

months 

Central Asia, 
Caucasus, Baikal, 
Iberia-Maghrib, 
Dead Sea rift, 
Turkmenia, 

Balkans 
Keilis-Borok 

≥ 6.3 California 

≥ 6.0 Italy 

Every Earthquake a Precursor 
According to Scale (EEPAS) ≥5 Months to 

decades 

Japan, New 
Zealand, 

California, 
Greece 

Gerstenberger 

Short T erm Earthquake 
P robability  (STEP) ≥4 Hours to 

1 decade 
California, New 

Zealand Gerstenberger 

Relative Intensity-Relative IntensityRelative Intensity
(RIPI)Pattern Infoff rmatics

≥ 5 < 5 years Worldwide Rundle

M8 ≥ 8.0 5 years Worldwide Keilis-Borok

Mendocino Scenario (MSc) ≥ 8.0 — Worldwide Keilis-Borok

Reverse Tracing of Precursors
(RTRR P)

≥ 6.4

9 months

Califoff rnia,
SW Oregon,

Western Nevada

Keilis-Borok

≥ 5.5

Central and
Northern Italy,
Alps, Northern

Dinarides

≥ 6.0 Eastern
Mediterranean

≥ 7.2

Central and
Northern Honsu,

Hokkaido,
Southern Kurils

≥ 7.2 Northern Pacific

Subsequent Strong Earthquake
(SSE)

≥ 7.0
18

months

Central Asia,
Caucasus, Baikal,
Iberia-Maghrib,
Dead Sea riftff ,
Turkmenia,

Balkans
Keilis-Borok

≥ 6.3 Califoff rnia

≥ 6.0 Italy

Every Earthquake a Precursor
AAccording to Scale (EEPAS) ≥5 Months to

decades

Japan, New
Zealand,

Califoff rnia,
Greece

Gerstenberger

Short T erm Earthquake
P robabilityytt (STEP) ≥4 Hours to

1 decade
Califoff rnia, New

Zealand Gerstenberger

Table 6.1: Comparison of forecasting and prediction algorithms presented in sections 6.2, 6.3, 
and 6.5. 
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6.1 Parallels Between Earthquakes, 
Financial Crashes, and Epileptic Seizures

Professor Didier Sornette 
Department of Management, Technology and Economics, ETH 
Zurich

This presentation demonstrates that the occurrence 
of extreme events such as earthquakes, financial 
market crashes, and epileptic seizures, exhibit a 
number of common properties and behavior.  Analysis 
of these systems reveals important clues on the 
role of extreme events and their predictability. In 
earthquake science, the Epidemic Type Aftershock 
Sequence (ETAS) model is an attempt to simulate the 
natural behavior of a complex system like seismicity 
and to forecast upcoming events.

Extreme Events and the Chaos Theory

There are remarkable similarities in the occurrence of 
extreme events such as earthquakes, financial markets, 
and even epileptic seizures. All represent complex, non-
linear systems that do not run smoothly, but exhibit 
intermittent behavior with rare extreme events that 
punctuate the system dynamics. These chaotic systems 
appear at first to be random. However, some patterns may 
emerge from the multitude of interactions that can occur 
among all the elements of the system (whether financial 
trades or earthquakes). These patterns are thought to 
be the signature of a common self-organization process. 
These recurrent patterns can lead to the build-up of 
an extreme event and thus their analysis might help in 
forecasting the upcoming event (whether a financial 
crash or a devastating earthquake). A major quest in the 

science of these complex systems is to determine the 
principles of organization leading to extreme events, and 
their degree of predictability. Some empirical evidence 
demonstrates that there are robust common properties 
(up to seven different statistics) shared by seismicity, 
financial economics, and epileptology that have started 
to reveal important clues on the role of the extreme 
events and their predictability.

Because the financial markets represent a system 
that is similar to, yet less complex than the earthquake 
system, their behavior can be used to help in the 
modeling of earthquake forecasts. The “bubble and crash” 
behavior of the financial markets exhibits the recurrent 
patterns described above—for example, the trajectory 
prior to a big drop shows an acceleration of prices before 
the crash (Figure 6.1, left). Because exponential growth 
in these markets is the norm, these are cases of faster-
than-exponential growth that express the approach of 
a potential breaking point. The crash occurs because 
the system has matured toward an instability. The same 
pattern of oscillating acceleration, known as accelerating 
moment release (AMR), is observed in seismic activity 
prior to the occurrence of a large earthquake (Figure 
6.1, right). Several forecasting techniques have been 
proposed based on this precursory seismicity pattern.

In the financial markets, as in seismicity, past activity 
impacts present activity. Regularities in this behavior 
are similar to those upon which many statistical laws of 
earthquake occurrence are based, such as Omori’s law, 
which describes the decay in the number of aftershocks 
as a function of time since the occurrence of the 
mainshock. The frequency of aftershocks triggered by 
a given mainshock decreases by approximately the 
reciprocal of time following the mainshock. When the 

Figure 6.1: Comparison between acceleration of price leading up to major crashes in the financial markets (left) and accelerating seismicity leading up to the 1989 Loma 
Prieta earthquake (right, modified from Sornette and Sammis, 1995).
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time series of seismic rate is compared with the typical 
time series of financial volatility (defined as the absolute 
value of the return, or the relative price variation) 
(Figure 6.2), very similar behavior is observed.  

 The Epidemic Type Aftershock Sequence (ETAS) Model

The Epidemic Type Aftershock Sequence (ETAS) model 
applies the principles of multiple interactions at different 

scales to earthquake forecasting in an attempt to simulate 
the natural behavior of seismicity. The ETAS model 
demonstrates how the patterns that develop from the 
possible interactions among all elements of a system can 
be used to forecast aftershock and mainshock behavior. 

In the ETAS model, all events are considered to be 
foreshocks, mainshocks, and aftershocks at the same 
time—all are regarded as interacting events that can 
trigger a cascade of earthquakes. The model is based on 
Omori’s law, the Gutenberg-Richter law, and the idea 
that large earthquakes can trigger numerous aftershocks. 
Although ETAS is a statistical model, it is based on 
underlying physics, employing the stress transfer theory 
to explain how earthquakes can interact with each 
other. 

Two kinds of forecasting techniques can be generated 
from the ETAS model: (1) short-term forecasts to 
predict possible damaging aftershocks, based on the idea 
that an earthquake could trigger an aftershock, which in 
turn triggers another aftershock, and this process could 
occur again and again (Figure 6.3) and (2) medium-
term forecasts to predict mainshocks, by regarding the 
mainshock as a conditional aftershock. In this specific 
scenario, interactions between potential foreshocks lead 
to changes in seismicity rates and to the formation of 
precursory patterns that might help in forecasting the 
incoming mainshock.   

Figure 6.3: Illustration of a retrospective ETAS prediction of short-term seismicity for Southern California from 1992–1995.

Figure 6.2: Although the average level of activity is hard to pinpoint, both seismic 
rate and financial volatility exhibit large bursts of clustered activity that return 
slowly back to normal rates.



6.2 Forecasting Large Earthquakes Using 
Small Earthquakes 

Professor John Rundle
California Institute for Hazard Research of the University of 
California

This presentation describes the results of a technique 
for forecasting damaging earthquakes, the Relative 
Intensity-Pattern Informatics (RIPI) approach that 
combines information on the distribution and rate of 
small earthquake. Of the 27 M>6 events that have 
occurred in California since 1960, 25 fell into a high-
risk time window as defined by RIPI, including the 
Loma Prieta and Northridge earthquakes. Forecast 
methods based on the RIPI algorithm provide a 
fully automated, geographic grid-based approach to 
short-term earthquake forecasting with back-testing 
possible for statistical measures. 

In contrast to large earthquakes, which are rare and 
infrequent, small earthquakes occur nearly continuously. 
The pattern informatics technique makes use of the large 
amount of information available on frequently occurring 
small events of magnitude M to generate statistical 
short-to-intermediate term spatial forecasts of larger 
earthquakes (having magnitudes on the order of M+2 
or greater). The method uses the smaller earthquakes 
to compute patterns of change in small earthquake 
occurrence over the previous 5–10 years as compared to 
the long-term average rate. 

Currently, the pattern informatics method has 
been applied to California, Japan, and parts of Europe 
and Indonesia, but can in practice be used for any 
location worldwide where there is detectable earthquake 
seismicity. The goal of the project is to conduct worldwide 
earthquake forecasting and loss estimation for a region of 
interest using automated earthquake forecasts that are 
updated daily with real-time seismic data, and applicable 
for arbitrary time periods ranging from hours to years. 

The rate of change in seismicity over a small time 
window (for example, 10 years) is compared to the 
historical record to determine the deviation from the 
long-term average. Results correspond to a mapping of 
“pattern informatics anomalies” that indicate locations 
where large earthquakes are expected to occur (Figure 
6.4). 

An extension of the method is the Relative Intensity-
Pattern Informatics (RIPI) approach to classifying 
earthquake risk in time. In the RIPI method, an ensemble 
of spatial forecasts is compared in real time to determine 
which is better at forecasting M>6 earthquakes. As 
shown in Figure 6.5, the result is a classification of time 

into periods during which regions such as Northern 
or Southern California are at high risk of experiencing 
such an M>6 earthquake (“black” interval), or periods 
in which the risk of such an earthquake is low (“white” 
interval). The curve defining black and white intervals 
is called a “risk classifier” (Figure 6.5, left). Of the 16 
M>6 events that have occurred in Northern California 
since 1960, all 16 fell into the high-risk time interval, 
which represents 40% of the total time interval. The 
probability that 16 M>6 earthquakes fall by random 
chance into 40% of the total time interval can be 
estimated with Binomial statistics to be P=0.00004%, 
an extremely small probability. Of the 11 M>6 events 
that have occurred in Southern California since 1960, 9 
of the 11 M>6 earthquakes fell into the high-risk time 
interval, which represents 20% of the total time. The 
probability that 9 or more of the 11 M>6 earthquakes 
fall by random chance into 20% of the total time 
interval can be estimated with Binomial statistics to be 
P=0.0018%, also a very small probability. This example 
illustrates the power of an automated forecast system, 
allowing backtesting to be used to evaluate the quality 
of the methods, similar to the ways in which weather 
and financial forecast quality are evaluated through 
backtesting.

 An example of an application of the risk classifier 
technology to Indonesia is shown in Figure 6.6 (published 
in Holliday et al., 2006b). In this case, the method of

��

Figure 6.4: Pattern informatics technique applied to seismicity in California. Red 
boxes indicate locations of pattern informatics anomalies where M5 or greater 
earthquakes are expected to occur using data as of August 31, 2005.  Blue circles 
indicate the 11 M5 or greater earthquakes that have occurred from September  
2005 through February 19, 2007 (published in Holliday et al., 2007).



computation  and the parameters were adapted to M>8 
earthquakes rather than M>5 earthquakes, as was the 
case in California. Beginning in 1980, all “smaller” 
earthquakes having M>5.0 earthquakes were used to 
compute the risk of M>8.0 earthquakes occurring in the 
region. As can be seen in this figure, the Sumatra region 
was in the low risk state from 1980 until early 2003, at 
which time a transition to the high risk state occurred, 
followed by the occurrence of the great December 26, 
2004 M9.3 Sumatra-Andaman earthquake, in which 
more than 240,000 people perished.

Further developments allow the risk classifier 
technique to be converted to a probability measure in 
space and time, so that true earthquake forecasting can 
be achieved. An example of this new technique is shown 
in Figure 6.7, which shows the conditional probability 
that a M>6 earthquake will occur during the next month 
for a circle of radius 100 km centered on San Francisco 
(top) and for a circle of radius 100 km centered on Los 
Angeles (bottom). The time periods for the forecasts 
are December 1987 through January 1990 (top) and 

for February 1992 through March 1994 (bottom).  Also 
shown on the figure are the times of occurrence of the 
October 17, 1989 M7.1 Loma Prieta Earthquake; the 
April 22, 1992 M6.2 Joshua Tree Earthquake; the June 
28, 1992 M7.3 and M6.4 Big Bear Earthquakes; and 
the January 17, 1994 M6.7 Northridge Earthquake. It 
can be seen in both upper and lower plots that there 
is a general increase in monthly probability prior 
to the major earthquakes, which occur during the 
high risk time periods. Following all the earthquakes, 
there is a sudden decrease to lower probability values. 
Comparing Figure 6.5 and Figure 6.7, it can be seen 
that following the Loma Prieta, Landers-Big Bear, and 
Northridge earthquakes, the region transitions from 
the high-risk (black) state to the low risk (white) state, 
and as a result, the monthly probabilities drop to a low, 
residual value. Again, the automated nature of these 
probability forecasts allow systematic backtesting and 
evaluation of forecast quality and error estimation using 
the types of tests that are routine in the weather and 
financial forecasting communities (see www.xerasys.

��

Figure 6.5: Risk classifier chart and corresponding map for Northern California (red events) and Southern California (blue events) showing the high and low risk time intervals 
and regions for large earthquake occurrence. On the chart, black intervals indicate time periods of high risk, and vertical lines represent the occurrence time of events greater 
than M6 (published in Holliday et al., 2006a).
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Figure 6.6: Risk classifier chart and corresponding map for Sumatra-Andaman Islands, Indonesia, showing the high- and low-risk time intervals and regions for great 
earthquake occurrence. On the chart, the black interval indicates time period of high risk for M >8 earthquakes, and the time of the great M9.3 earthquake is shown by the 
blue arrow (published in Holliday et al., 2006b).

com for publications and information on methods).
Current methods of earthquake forecasting lead 

to a set of conditional probabilities, expressing the 
probability that a major event will occur during a 
specified time interval in the future, given that it has 
not occurred prior to now.  These earthquake forecasts 
typically involve the most prominent surface faults at 
a few selected locations in the world. The standard 
practice is to select the future time interval to be 30 
years. However, it is known that major earthquakes 
alter the conditions for future earthquakes on time 
scales far shorter than 30 years, over intervals as 

short as days or hours. Forecast methods based on the 
new Relative Intensity-Pattern Informatics algorithm 
provide a fully automated, geographic grid-based 
approach to short-term earthquake forecasting using 
the information available in online, global catalogs that 
are updated in real time. A major advantage of this 
automated approach is that backtesting is possible, so 
that statistical measures of sharpness, resolution, and 
reliability can be determined. While some researchers 
prefer a monitoring approach to forecast evaluation 
because the answer is not known in advance, this 
method has the drawback that it can take many years 

Figure 6.7: Monthly conditional probability of earthquake occurrence from 1992–1994 for the San Francisco Bay area. The spatial regions for the forecast were within two 
circles of radius 100 km of San Francisco and 100 km of Los Angeles.  Red dots represent the conditional probability that an earthquake M>6 will occur within the circle 
during the next month.  Black vertical arrows represent the times of major earthquakes in northern and southern California (image and analysis courtesy of Xerasys, Inc).
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or even decades to determine a result. By contrast, 
backtesting, which is the preferred approach in the 
financial and weather/climate communities, can yield a 
result within days, weeks, or a few months at most, and 
is therefore a much more practical method for forecast 
evaluation.
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6.3 Prediction of Individual Strong 
Earthquakes with Applications to 
Insurance and Disaster Management

Professor Vladimir Keilis-Borok
Institute of Geophysics and Planetary Physics, UCLA & 
International Institute of Earthquake Prediction Theory and 
Mathematical Geophysics, Russian Ac. Sci.

This presentation summarizes the different aspects 
of earthquake prediction, from the science to the 
applications. It shows that a fundamental feature of 
the behavior of seismicity is complexity, which leads to 
a variety of spatial-temporal earthquake prediction 
algorithms such as M8 or MSc for forecasting M8+ 
earthquakes, the Second Strong Earthquake (SSE) 
algorithm or the Reverse Tracing of Precursors 
(RTP) algorithm. The presentation then discusses 
the potential utility of a forecast, relating the 
costs involved with preparedness measures to the 
likelihood the event will occur, and comparing these 
costs to the losses avoided. 

The problem considered is the algorithmic prediction of 
individual strong earthquakes. A prediction is formulated 
as a discrete sequence of alarms, each indicating when 
and where a future strong earthquake will occur  (Figure 
6.8). The quality of a prediction algorithm is characterized 
by three parameters: 

The total time-space occupied by all alarms (in the 
percentage of the total time-space considered; the 
measure of space is normalized by seismicity rate)
The rate of failures to predict (that is, the percentage 
of target earthquakes not captured by an alarm) 
 The rate of false alarms (that is, the percentage of 
alarms within which a target earthquake did not 
occur)

▪

▪

▪

The optimal combination of these parameters 
ultimately depends on how predictions will be used. 

Methodology: A Non-Linear Dynamics Approach  

A fundamental feature of the dynamics of seismicity 
is complexity, or deterministic chaos. This feature 
determines the following key elements of the 
methodology developed in the quest of earthquake 
prediction algorithms: 

Holistic analysis (from the whole to the details)—as 
opposed to reductionism (from the details to the 
whole). Complex processes exhibit regular behavior 
patterns and became predictable, up to a certain limit, 
but only when examined on a coarse-grained (that is, 
not-too-detailed) scale. Such analysis is necessary 
to overcome the inherent complexity, as well as the 
chronic imperfection of the data.
Combining “universal” models of complex systems, 
Earth-specific models, and exploratory data analysis. 
This is necessary due to the absence of a theory that 
would unambiguously define prediction algorithms. 
For the same reason, the only final validation of 
an algorithm is its testing by predicting future 
earthquakes. 
The above considerations are common for different 

prediction and forecasting problems. A distinctive feature 
of the problem considered here is that prediction is 
targeted at the rare extreme events, which have a low 
probability of occurrence and a high impact on seismicity, 
the environment, and society. 

The endeavors summarized here represent a 
collaboration of scientists, insurance experts and disaster 
managers in about 20 international and national institutions 
worldwide. During the last 5 years, this work comprised 6 

▪

▪

▪

Figure 6.8: Earthquake prediction in space and time showing confirmed alarm, 
false alarm, and failure to predict.

Figure 6.9: Schematic illustration of four types of premonitory seismicity patterns: 
intensity, clustering, range of correlation in space, and magnitude-frequency 
correlation. 
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international projects (http:/www.mitp.ru/).

The Algorithms

The algorithms described here are based on detecting 
premonitory seismicity patterns. They are detected in 
the background seismicity by analysis of earthquake 
catalogs in the magnitude range (M-k, M) where M 
is the magnitude of a target earthquake, and k is a 
parameter that varies between 2 and 4. Figure 6.9 
schematically illustrates four kinds of such patterns, each 
of was discovered using all the approaches listed above: 
universal modeling, Earth-specific modeling, and data 
analysis. These algorithms are self-adjusting to the level 
of seismicity and to the magnitude of target earthquakes, 
so that each algorithm can be applied “as-is” in rather 
different conditions. 

Filing Predictions in Advance 

The work described here includes worldwide experiments 
in predicting future earthquakes. The predictions are 
filed in advance at the following websites: 

http:/www.mitp.ru/predictions.html
http://www.phys.ualberta.ca/mirrors/mitp/
predictions.html
http://www.igpp.ucla.edu/prediction/rtp/. 
Notifications of newly determined alarms are placed 

on these websites and emailed to about 150 scientists 
and experts worldwide. At the same time, in accordance 
with UNESCO recommendations, the access to the 

▪
▪

▪

current (unexpired) alarms is given to professionals and 
not released publicly, lest these alarms trigger disruptive 
anxiety and profiteering.    

M8 and MSc Algorithms

The M8 algorithm provides intermediate-term 
predictions with a characteristic duration of about 5 years. 
The algorithm MSc (“Mendocino Scenario”) provides a 
second approximation to M8, reducing twofold or more 
the area of alarm. An example of prediction by both 
algorithms is shown in Figure 6.10.

Thus far, the algorithms have had the best success in 
predicting future earthquakes in the magnitude range 
8–8.5 (Table 6.2). These algorithms are not yet applied 
to the forward prediction of super earthquakes of M9 or 
greater.

Second Strong Earthquake (SSE) Algorithm

The SSE algorithm predicts the second strong earthquake 
in a pair. The prediction problem is formulated for the 
case when a strong earthquake of a certain magnitude 
M has occurred. Two earthquake catalogs are analyzed: 

Figure 6.10: Alarms that captured the Sumatra earthquake, June 4, 2000, M8.0 
http:/www.mitp.ru/predictions.html; http://www.phys.ualberta.ca/mirrors/
mitp/predictions.html. Alarm by the M8 algorithm was put on record in July 
1996 for the period ending on July 1, 2001; area of alarm is shown in yellow.  
Area of alarm reduced by algorithm MSc is shown in red; this reduction was put 
on record in January 1998. Dots show epicenters of Sumatra earthquake and its 
first month of aftershocks.
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Table 6.2: M8 and MSc algorithm prediction of future earthquakes in the 
magnitude range 8–8.5

1992 – 2007 M8 17 12 29% 

1992 – 2007  MSc 17 8 14% 

Number of 
Predicted 
Events 

Time Window Space-Time 
Volume of Alarm

Algorithm
Number of 
Events in 
Magnitude 
Range

1992 – 2007 MM88 1177 12 29%

1992 – 2007 MMSSScc 1177 88 1144%%
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M7.3 Landers
Earthquake

Landers Earthquake
mainshock

Northridge Earthquake
mainshock

Los Angeles

San Diego

M6.8 Northridge
Earthquake

Aftershocks M>4.6 Aftershocks M>3.8
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Figure 6.11: Prediction of subsequent strong earthquakes following the June 
28, 1992 M7.3 Landers event using the SSE algorithm. In October 1992, a 
prediction (T. Levshina & I. Vorobieva, EOS, Oct ‘92) was issued stating that an 
earthquake of M 6.6 or greater was expected during 18 months following the 
Landers event (that is, by Dec. 28 1993, within the circled region shown). On 
Jan. 17 1994, 20 days after the alarm expired, the M6.8 Northridge Earthquake 
occurred. This earthquake was counted as not predicted.
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one of aftershocks that occurred during the first 40 days 
following the first earthquake, and the other cataloging 
earthquakes that occurred in its vicinity during the 
preceding year. The information is used to predict 
whether a second strong earthquake with magnitude  
(M-1) or more will occur within 18 months after 
the first one, within the distance 0.03 10.5M from its 
epicenter. Figure 6.11 shows an example of prediction 
by the SSE algorithm.

Since 1989, the SSE algorithm has been tested in 
different regions worldwide, with the magnitude of 
the first events ranging from 5 and greater in the Dead 
Sea rift region to 7 or more in the Balkans. In total, 30 
predictions have been made; 24 of them were correct, 
and 6 were wrong.  Among the correct predictions, 6 
told that a second strong earthquake would occur and 
18 that it would not occur. Among wrong predictions, 4 
were false alarms and 2 were failures to predict.

Reverse Tracing of Precursors (RTP) Algorithm

The RTP algorithm is aimed at predictions about 9 
months in advance, much shorter than the M8 and SSE 
algorithms. This algorithm, as its name suggests, traces 
precursors in the reverse order of their formation. First, 
it identifies “candidates” for short-term precursors. These 
are long, quickly formed chains of earthquakes in the 
background seismicity. Such chains reflect an increase in 
the earthquakes’ correlation range in space (Figure 6.9). 

Each chain is examined to determine if it was preceded 
within last 5 years by intermediate-term precursors in 
its vicinity. If so, the chain triggers an alarm. Figure 6.12 
shows an example of prediction by the RTP algorithm. 

Since 2003, the RTP algorithm has been tested by 
predicting future earthquakes in 5 regions of the world 
(see Table 6.1). So far, 5 out of 6 target earthquakes were 
predicted (captured by alarms) and one was missed. Out 
of 14 alarms 5 were correct and 9 were false. Two of 
the latter were near misses occurring close to the alarm 
areas. 

Prediction: Insurance and Disaster Management

When using predictions for improving disaster 
preparedness, the problem is to choose an optimal set 
of preparedness actions to be undertaken  in response 
to a prediction, while allowing for the prediction’s 
realistically limited accuracy. As is true in all forms of 
disaster preparedness, including war, a prediction might 
be useful if its accuracy is known, even when it is not 
high.

Figure 6.12: Reverse tracing of precursors algorithm prediction of the 2006-
2007 Simushir earthquakes in the Kuril Islands. Red contour outlines the area 
of alarm, where a precursory chain was identified. The area outlined in red 
represents the region where precursory chains of small earthquakes were identified 
as potential precursory activity. An alarm was issued on October 2006 for 9 
months. It was confirmed by the M8.3 earthquake of November 15, 2006.  The 
second earthquake (M8.2), which occurred on January 13, 2007 is regarded as 
an aftershock of the first one.

Figure 6.13: Hypothetical example of vulnerable objects and hazards in the area 
of alarm. Table illustrates the gain from preparedness actions in the area of alarm 
for different probabilities of false alarms for this example. Negative gain is shown 
in red (Davis et al., 2006).  The analysis indicates that lowering the water level 
is justified only for the fragile reservoir and for a probability of false alarm of 
50% or less, but not 75%.  



The diversity of damage caused by earthquakes—
their ripple effects included—requires a hierarchy of 
disaster preparedness measures, from insurance and 
building codes, to escalating the state of alerts from low 
to high. The time period in which different preparedness 
measures are undertaken can range from seconds to 
decades; measures are sustained for different time 
periods as well. They should be spread over different 
territories, from selected sites to large regions; and they 
are under different levels of jurisdiction, from local to 
international.

Different preparedness measures might complement, 
supersede, or mutually exclude each other. For this 
reason, optimizing preparedness might involve the 
comparison of a huge number of combinations of these 
measures. The tools assisting decision-makers in the 
choice of the best combination are indicated in the next 
section.  

Response to Predicting an Individual Earthquake: 
Combinatorics Approach 

Figure 6.13 illustrates the combinatorics approach using 
the hypothetical example of escalating preparedness 
measures for a water supply system located in a rural 
region that delivers water to a metropolitan area. The 
complete analysis of measure to be taken in this example 
should include damage distribution functions. 

Table 6.3 illustrates this approach using a real 
example—the estimation of fair insurance rates for 
earthquakes insurance in a rural dwelling in Georgia, 
Caucasus. The estimation is based on the integrated 
analysis of the maps of fault networks, the territorial 
distribution of dwelling, and engineering and reinsurance 
industry data. A detailed description of these approaches 
and their diverse applications to insurance and safety 
regulations are given in: Caputo et al., 1973; Keilis-
Borok et al., 1975, 1984a; Molchan et al., 1991, 1997, 
2008; Kantorovich et al., 1974,1991.

Joint Optimization of Prediction and Preparedness

The developer of a prediction algorithm has a certain 
freedom to vary the tradeoff between the rate of 
false alarms, rate of failures to predict, and total 
time-space covered by the alarms; different tradeoffs 
will give different versions of the algorithm. Given 
these tradeoffs, the decision-maker (such as a disaster 
manager or insurer) must decide what, if any, temporary 
preparedness measures (“actions”), to undertake, in 
addition to the permanent measures that should be 
already undertaken. A decision-maker must jointly 
optimize the preparedness actions and the version of 
prediction algorithm employed. The decision depends 
on the tradeoffs described above and on specific 
circumstances in the area of alarm, such as vulnerable 
objects, possible preparedness actions, and the cost of 
each action and the damage it prevents. Accordingly, 
there is neither a “best” algorithm nor a set of actions to 
take per se. 

Response to Predictions

The framework for the optimal choice of disaster 
preparedness measures undertaken in response to an 
alarm is developed by Molchan, G.  (2003). Optimization 
is based on the error diagrams and the tradeoff between 
cost and benefits of different measures. See References 
and Further Reading for more information on the 
methods discussed in this section.

  

 

 

Table 6.3: Response to predicting several earthquakes and seismic risk for 5-50 years: mathematical economics and optimal control approaches. 

Insurance Premium for Rural Dwellings in Georgia

 

 

S=7908.6 min. of roubles – Cost of all dwellings (1977)

 

 

λ= 1.9 – average annual number of destructive earthquakes

 

 

β0 = 1% – annual growth of the number of dwellings

 

β1 = 8%

 

–

 

basic interest rate

 

 

UT – insurance payment in T years

 

m = average damage per event

 

σ = standard deviation of m 
 

 

 Risk 
Pr {XT>UT} 

T = 5 years T = 30 years T = 50 years 
Total Damage, XT, % of S 0.98 ± 0.89 2.91 ± 1.24 3.32  ± 1.25 
Profit Margin  Rates 
UT =  λm (break even) >50%  0.23%  
UT  =  m + 2σ 6% 0.65% 0.43% 0.41% 
UT  =  m + 3σ 2% 0.86% 0.53% 0.50% 
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6.4 Collaboratory for the Study of 
Earthquake Predictibility

Professor Thomas H. Jordan
Southern California Earthquake Center, University of Southern 
California 

The Collaboratory for the Study of Earthquake 
Predictability (CSEP) aims to improve our 
understanding of the physics and predictability 
of earthquakes through transparent, rigorous, and 
prospective testing of earthquake forecast models at 
a series of  test centers around the globe.  Participants 
must agree to ground rules, and all models will be 
“locked down” after submittal.  The testing will be 
on-going and allows objective comparison of efficacy 
of different models and methodologies. CSEP will 
also provide the government, private sector, and 
the public with access to information regarding the 
current status of earthquake prediction.

Earthquake prediction, the advance warning of the 
location, time, and magnitude of a potentially destructive 
earthquake, is one of the most difficult problems in 
physical science and, owing to its societal implications, 
one of the most controversial. Despite more than a 
century of research, no current methodology can reliably 
predict the locations, times, and magnitudes of future 
events on the time scales of a decade or less.

Many scientists question whether such predictions 
will ever contribute significantly to risk reduction, even 
with substantial improvements in the ability to detect 
precursory seismic signals. The pessimism has been 
deepened by repeated cycles in which promises to the 
public that reliable predictions are just around the corner 
have been followed by equally public failures of specific 
prediction methodologies. 

However, global research on earthquake predictability 
is resurgent, motivated by better data from seismology, 
geodesy, and geology; new knowledge of the physics 
of earthquake ruptures; and a more comprehensive 
understanding of how active faults systems actually work. 
Recent technical developments create an outstanding 
opportunity to coordinate global investigations of 
earthquake predictability and their application to time-
dependent earthquake forecasting (Jordan, 2006). 
Toward this end, the Southern California Earthquake 
Center (SCEC) and its international partners are 
developing a Collaboratory for the Study of Earthquake 
Predictability (CSEP, http://www.cseptesting.org), a 
new infrastructure for prospective, comparative testing 
of scientific prediction hypotheses in a variety of tectonic 
environments. 

The central issues of earthquake prediction can be 
summarized in three related questions: 

How should scientific earthquake predictions be 
conducted and evaluated? 
What is the intrinsic predictability of the earthquake 
rupture process? 
Can knowledge of large-earthquake predictability 
be deployed as useful predictions; that is, reliable 
advance warning of potentially destructive events? 

The public has always had high expectations that 
science will deliver reliable and useful earthquake 
predictions, and it still awaits a positive response to 
Question (3). To meet these expectations, scientists have 
long sought a heroic solution: the discovery of precursory 
phenomena or patterns that can reliably signal when an 
active fault is approaching a large earthquake. While 
it is premature to say such short-term, deterministic 
predictions are impossible, this “silver bullet approach” 
has not thus far been successful. 

An alternative route is a “brick-by-brick approach” 
to Question (2): building a fundamental understanding 
of earthquake predictability through interdisciplinary, 
physics-based investigations of active fault systems 
across a wide range of spatial and temporal scales. 
Research in this direction is profiting from the digital 
data revolution in seismology and geodesy. Advances 
in high-performance computing are allowing scientists 
to synthesize interdisciplinary knowledge into system-
specific models. Such regional fault-system models may 
provide an improved physical basis for time-dependent 
earthquake forecasting.

In this context, more comprehensive answers to 
Question (1) are badly needed. To understand earthquake 
predictability, scientists must be able to conduct prediction 
experiments under rigorous, controlled conditions 
and evaluate them using accepted criteria specified in 
advance. Retrospective prediction experiments, in which 
hypotheses are tested against data already available, have 
their place in calibrating prediction algorithms, but only 
true (prospective) prediction experiments are really 
adequate for testing predictability hypotheses. 

Attempts have been made over the years to structure 
earthquake prediction research on an international 
scale. However, most observers would agree that our 
current capabilities for conducting scientific prediction 
experiments remain inadequate for at least four reasons:

Publications of prediction experiments in regular 
scientific journals usually do not provide sufficient 
information for independent evaluation of prediction 
performance in either retrospective or prospective 
tests. 
Active researchers are constantly seeking to 
improve their procedures, sometimes by tweaking 

1.

2.

3.

▪

▪



their parameters, sometimes by wholesale changes 
to their algorithms. The predictions thus become 
moving targets, which makes independent evaluation 
difficult. 
Individual scientists and groups usually do not have 
the resources or expertise (or incentives) to conduct 
and evaluate long-term prediction experiments. 
The data needed to evaluate predictions are often 
improperly specified, leading to disagreements about 
whether the observed earthquake activity satisfies a 
particular prediction.
These problems have a common root in poor 

experimental infrastructure and the lack of testing 
standards. To address them, SCEC and the U.S. Geological 
Survey (USGS) established a Working Group on Regional 
Earthquake Likelihood Models (RELM) to conduct 
prospective testing of scientific earthquake predictions 
in California, and a number of experiments are now 
underway (Figure 6.14).

The success of RELM in organizing prediction 
research in California has motivated its extension to 
a global Collaboratory for the Study of Earthquake 
Predictability. CSEP is an international partnership to 
support scientific earthquake prediction experiments 
in a variety of tectonic environments and promote 
rigorous research on earthquake predictability through 
comparative testing of prediction hypotheses.

Predicting earthquakes to mitigate seismic risk (useful 

▪

▪

earthquake prediction) raises issues with economic 
and political dimensions that extend beyond the CSEP 
project; hence, the collaboratory is not being designed 
to implement operational prediction schemes. However, 
CSEP will provide facilities for testing the scientific 
hypotheses that underlie proposals for useful earthquake 
prediction. 

A collaboratory is a networked environment with the 
computational and communication tools for supporting a 
geographically distributed scientific collaboration. CSEP 
instantiates this concept with four basic components:

Regional  natural  laboratories with adequate, 
authorized data for earthquake prediction 
experiments
Community standards for registering models and 
evaluating experiments
Testing centers with validated procedures for 
conducting and evaluating prospective prediction 
experiments
Communication protocols to convey scientific results 
and their significance 
RELM provides a good prototype: the natural 

laboratory is California (Figure 6.15); the authorized 
data are from the Advanced National Seismic System 
(ANSS) catalog; the forecasting models are restricted 
to well-defined classes; the testing procedures are 
standardized; and the communication protocols include 
reviews by the National and California Earthquake 
Prediction Evaluation Councils, which have statutory 
responsibilities to assess the societal implications of 
earthquake prediction research. 

▪

▪

▪

▪
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Figure 6.15: The CSEP natural laboratories for California, Italy, and New 
Zealand, showing the testing areas (white cells) and data collection areas (gray 
cells). All laboratories use 0.1 degree cells and a depth layer of 30 km.

Figure 6.14: Examples of the Regional Earthquake Likelihood Models (RELM) 
intermediate-term earthquake forecasting experiments now underway in the 
California natural laboratory. These models are described in Seismological 
Research Letters, vol. 78, no. 1, 2007. 
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CSEP is building on RELM by extending prediction 
experiments into other natural laboratories, including 
New Zealand and Italy (Figure 6.15) and by expanding 
the model types to include alarm-based and fault-based 
predictions. Testing centers have been set up at SCEC/
USC (United States), ETH Zürich (Switzerland), and GNS 
Science (New Zealand). The CSEP structure is designed 
to be extensible, so that additional natural laboratories 
and testing centers can be easily incorporated. Scientists 
from Japan, China, Iceland, Greece, and other countries 
are formulating plans for participation.

The SCEC testing center (http://us.cseptesting.
org) has developed an operational system for automated 
end-to-end processing. The workflow includes retrieving 
earthquake catalog data from authorized data sources, 
preparing data, running daily forecasts, evaluating the 
forecasts, and presenting the results in numerical and 
graphical forms (Figure 6.16). The forecasts are run on 
a limited-access computer system using only authorized 
data sets. Comparability of results is ensured through 
the use of authorized data streams and appropriate 
standardization of model classes. The data and code 
archives are designed to allow the reproducibility 
of results. To encourage transparency, the codes are 
made available to the other CSEP testing centers, 
and the forecasting results are provided to all CSEP 
participants.

There are many unresolved issues concerning the 
types of prediction hypotheses that should be tested, the 
input data that should be allowed in the formulation and 
conditioning of prospective predictions, and the protocols 
that should govern the distribution of the results. If 
successful, CSEP will help seismologists develop a 
better understanding of earthquake processes, reduce 
the controversies surrounding prediction experiments, 
and inform the public about the feasibility of useful 

earthquake prediction. But success will require long-
term support for the CSEP project; if experience is any 
guide, it will take decades of careful experimentation to 
make substantial progress in understanding the vexing 
problem of earthquake predictability.    

Figure 6.16: A schematic representation of the CSEP V1.0 automated 
testing process.
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6.5 State of Earthquake Forecasting in 
New Zealand 

Dr. Matt Gerstenberger
GNS Science, New Zealand

This presentation describes the aspects of earthquake 
forecasting in New Zealand, which is a Test Center 
of the Collaboratory for the Study of Earthquake 
Predictability initiative and where one of the goals is 
to encourage more forecasting models. Two forecasting 
techniques are presented, the Every Earthquake 
a Precursor According to Scale (EEPAS) model for 
forecasting M5 or greater earthquakes, and the 
Short Term Earthquake Probability (STEP) model 
for forecasting aftershock occurrence on a daily 
basis. 

Seismicity in New Zealand’s North and South islands 
results from a complex tectonic setting with many 
large faults (Figure 6.17). Along North New Zealand’s 
East Coast, subduction of the Pacific Plate beneath the 
Australian Plate leads to the formation of long-running 
strike-slip faults including the Wiarapa Fault, which 
can generate earthquakes up to M8. Off the southwest 
coast of South New Zealand, the reverse plate motion is 
occurring; the Australian Plate is subducting beneath the 
Pacific Plate, forming strike-slip faults that include the 
Alpine Fault, which can generate earthquakes of M8 or 
greater. Because New Zealand’s earthquakes cluster in 
space and time, seismologists develop forecasting models 
that examine the triggering effects of one earthquake on 
another, examining aftershocks to learn more about the 
process.

Every Earthquake a Precursor According to Scale Model for 
Forecasting M5 or Greater Earthquakes

The EEPAS forecast is a function of three time, space, 
and magnitude scaling relationships that are related to 
the forecasted magnitude: 

Precursory area: the area over which the precusory 
response is observed
Precursory time length: the time interval over which 
the precursory response is observed
Precursor magnitude: the average magnitude 
earthquake that occurs in the precursory area and 
time, before the main shock occurs
For the purposes of the Collaboratory for the Study 

of Earthquake Predicatability (CSEP) testing centers, 
forecasted magnitudes range from M5-M9, and forecasts 
are generated for timescales of three months and five 
years; however forecasts can be generated for any time 

▪

▪

▪

period from months to decades (Figure 6.18 shows 
an example of a three-month forecast). As might be 
expected, the region of greatest activity occurs in the 
zone where most of New Zealand’s faults are located; the 
region of highest probability reflects an area of ongoing 
activity following a large event that occurred a number 
of years ago. The forecasts can be evaluated on a daily 
basis by comparing them against daily earthquake reports 
from the ANSS catalog (http://scecdata.usc.edu/csep/
executive-summary/csep-overview).

Short Term Earthquake Probability Model for Forecasting 
Aftershock Occurrence

The seismic hazard maps produced by the Short Term 
Earthquake Probability (STEP) model expand on the 
concept of a traditional earthquake hazard map by 
incorporating information about short-term earthquake 
clustering (Gerstenberger et al., 2004). The model is 
developed from statistical information on developing 
aftershock sequences as they happen in real time and is 
based on two basic laws of seismology: the Gutenberg-
Richter relationship, which describes the frequency-
magnitude distribution of earthquakes; and the modified 
Omori’s Law, which describes the decay in productivity of 
aftershocks with time, and is combined with the National 

Figure 6.17: Tectonic setting of New Zealand showing the oblique convergence of 
the Pacific and Australian plates. Deformation in the North Island is dominated 
by subduction; in the South Island by a combination of strike-slip faulting and 
uplift along the Alpine fault. 
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Seismic Hazard Map’s long-term time-independent 
Poisson probabilities. The STEP model produces 24-
hour aftershock rate forecasts.

On the STEP forecast map, time-dependent 
aftershock information is plotted on top of the shaking 
probabilities determined by the time-independent model 
(Figure 6.19). The forecast map is updated on timescales 
of minutes. The time-independent information stays 
essentially constant, but the aftershock information is 
likely to change for any given time, as rate increases from 
a small event can last on the order of one to two days. 

The successful prediction of aftershocks by the STEP 
model can provide important information on earthquake 
triggering. In addition, the prediction of aftershocks is 
useful for hazard mitigation—knowing where aftershocks 
could occur following a large event can help in the 
assessment of the vulnerability of damaged structures 
to aftershock effects. Structures that have experienced 
damage from a mainshock may be more vulnerable to 
damage from aftershock shaking; therefore, even though 
shaking from aftershocks is usually smaller than from 
the mainshock, it is still possible for aftershocks to cause 
significant damage. 

Future of Earthquake Forecasting in New Zealand

In New Zealand, the specific goals of earthquake 
forecasting are to encourage more forecasting models; 
establish a testing rule set to conduct comparative testing 
among the models; and to break the models down into 
their assumptions and determine the effect of each 
assumption on each individual forecast. 

Currently, many models are being tested at CSEP’s 
New Zealand testing center, including both the short-
term STEP and intermediate-term EEPAS models. 
Using 0.1 x 0.1 degree grid-based tests, models are 
tested on each grid node, providing a wealth of data to 
examine. Ongoing research efforts show that combining 
the STEP and EEPAS models may provide a better 
forecast than either individual model, as current results 
show a greater probability gain than that generated by 
either individual model. Continued research and testing 
of all models is necessary to continue to improve the 
forecast probabilities. An important part of the CSEP 
program and established testing centers is to establish 
that earthquake forecasting does not just include creating 
the forecast, but also includes a complete suite of 
testing.  

 

 

Figure 6.18: Three-month EEPAS forecast probability for earthquakes of M5 or 
greater in New Zealand

Figure 6.19: 24-hour STEP forecast probability of events of M4 or greater in New 
Zealand (http://step.wr.usgs.gov)
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In contrast to the other forecasting methods presented in 
earlier sections, which are largely based on observational 
data, the forecasting work being done in China relies 
on the integration of tectonic, seismic, and other 
geographical information with expert opinion to draw 
conclusions about the seismic tendency in the next year. 

7.1 Annual Consultation on the 
Likelihood of Earthquakes in China: 
Response of Seismologists to the needs of 
Society for Earthquake Preparedness

Dr. Zhongliang Wu
College of Earth Science, Graduate University of Chinese 
Academy of Sciences, Beijing 

Following a successful earthquake prediction in 1975, 
and a devastating failure to predict another very 
deadly Chinese earthquake the next year, Chinese 
scientists and the government have had a strong 
focus on earthquake forecasting. This presentation 
describes China’s “Annual Consultation Meeting on 
the Likelihood of Earthquakes in the Next Year,” 
which is based on expert elicitation of tectonic, 
seismic and other geophysical data to identify the 
regions with a risk for magnitude 5 or greater 
earthquakes. Findings are reported each year to the 
government.  More than 30 years of annual forecasts 
indicate their method produces success rates that are 
significantly larger than random chance.

China is the location of many destructive earthquakes, 
such as the 1976 Tangshan Earthquake, which killed 
242,000 and injured an additional 164,000 (RMS, 
2006). Unlike other regions such as California or Japan, 
where earthquakes strike along plate boundaries, China 
experiences not only interplate earthquakes but also 
continental, or intraplate, earthquakes that occur along 
the boundaries of a number of tectonic blocks that form 
the continent (Figure 7.1).

 These blocks are not uniform—some are soft and 
easily deformable, while others are very rigid. The 
boundaries of the tectonic blocks are determined based 
on the examination of deformation rates and fault zones, 
as well as additional factors such as regional topography 
and geophysical parameters. The boundaries are classified 
as major or minor (Figure 7.1) based on the intensity of 
tectonic movement and seismic activity, and are often 

very difficult to determine due to the variable rates of 
deformation. The models used to forecast earthquakes 
must take these variable rates of deformation into 
account, making them very different from those used in 
other regions. 

Since the 1970s, seismologists have addressed the 
forecasting of this complex intraplate seismicity through 
the Annual Consultation on the Likelihood of Earthquakes 
in China. The consultation bases the yearly earthquake 
forecasts for China on the comparison of models, as 
well as the expert opinion of scientists in the attempt to 
answer the following questions:

Will any M7 or greater earthquakes occur in western 
China, or any M6 or greater earthquakes in eastern 
China?
Which areas seem to be likely to experience a M5 or 
greater earthquake?
And, related to the above questions, is the present 
time seismically active or inactive? 
The forecasting approaches considered in the 

seismic study of China are similar to the statistical, 
empirical, and physical models being studied in other 
countries. Experts from major research institutions in 
China in geophysical disciplines including seismology, 
geomagnetism and geoelectricity, ground deformation 
and gravity, and underground fluid and geochemistry, 
contribute their methods and findings. The role of the 
annual consultation is to evaluate all of these methods 
using expert scientific consensus to determine the 
annual likelihood of earthquake occurrence. Results are 

▪

▪

▪

Urumqi

Xining

Beijing

Shanghai

Taibei

Lhasa

Figure 7.1: Map of M7 or greater shallow earthquakes in and around China since 
the 20th century, showing the boundary zones of the intraplate tectonic blocks. 
Bold blue lines indicate major tectonic boundaries or boundary zones; thin cyan 
lines indicate minor boundaries or boundary zones. Orange lines indicate the 
interplate boundaries between the Eurasian Plate and its surrounding plates such 
as the Indian Plate. Red dots indicate earthquakes, most of which occurred along 
the boundaries or boundary zones of the tectonic blocks.
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published in a consultation report that is comprehensively 
analyzed, reviewed, revised, and submitted to the National 
Earthquake Prediction Evaluation Committee. The 
committee reviews the final report and evaluation results, 
reporting the findings to the central government. Based 
on the report, local governments increase preparedness 
and disaster management measures in high-risk areas 
in the attempt to reduce earthquake-related disasters. 
In addition, seismological agencies conduct enhanced 
monitoring in those regions deemed by the report to 
have higher seismic risk, providing a test of the forecast 
methodologies. 

Determining Success

The success of each annual forecast is evaluated using the 
“R value,” a calculation that expresses the success rate of 
the forecast compared to the rate of false alarms. When 
all predictions are successful, R=1. When all predictions 
are failures, R=-1. When the predictions are no different 
from random guess, R = 0. Over the years, the R test 
has shown that forecasting efforts have produced success 
rates that are significantly larger than random chance 
(Figure 7.2).

Scientific Merits of the Annual Consultation

Because the consultation produces an advance forecast, 
each year’s results can be evaluated in real time by the 
success or failure of the forecasted alarms, altogether 
providing three decades of unique data for the evaluation 
of earthquake forecast methods. 

The experience of senior experts plays an important 
role in the evaluation of the models and the resulting 
forecast. Although expert opinion is subjective, it should 
not be underestimated, as the cumulative knowledge 
developed from years of scientific research can lead to 
new discoveries and interpretations. 

Traditional earthquake catalogs have only four to five 
independent parameters, which describe an earthquake’s 
magnitude, occurrence time, and location. This imposes a 
limitation on understanding earthquake behavior, because 
observational data may be insufficient to produce a useful 
forecast. Recent advances have allowed seismologists to 
include new parameters, such as those related to the 
process of earthquake rupture. The continued addition 
of new parameters and models that can incorporate and 
test new methods, including the use of expert knowledge, 
can help to improve forecasting results as techniques and 
methodologies evolve. The consultation thus provides a 
platform for the evaluation of the predictive models of 
earthquakes and the fostering of further international 
and interdisciplinary cooperation. 
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Figure 7.2: Result of the 1996 forecast and calculation of the R value (from Shi 
et al., 2000, courtesy of Dr. Liu Jie).  Yellow regions (A) indicate areas where events 
were forecasted to occur. Red dots indicate areas where earthquakes occurred. 
The R value for 1996 is 0.26, indicating that the result of the forecast was 
significantly better than random chance. Dark blue areas (C) are not considered 
in the annual forecast due to poor observational information available. The figure 
also gives examples of successful forecast, false alarm, and failure-to-predict.



The earthquake forecasting research presented in earlier 
sections of this report is state-of-the-art in nature. The 
implications of such research must be considered before 
its application is considered, such as providing warnings 
of imminent events or estimating losses due to increased 
short-term risk. 

8.1 Ethics and Implications of 
Earthquake Forecasting 

Dr. Gordon Woo
Risk Management Solutions

In this presentation, the ethical and economic 
implications of correct predictions and false 
alarms are discussed. The costs and benefits of such 
predictions need to be gauged alongside advances in 
the science of earthquake forecasting.

Although scientists develop earthquake forecasting and 
prediction models and methodologies, it is politicians 
who ultimately use the model results to make important 
decisions related to disaster mitigation that affect 
the public. The societal implications of earthquake 
forecasting and prediction are great. Negative, notorious 
consequences can result from failed predictions. For 
example, in the years following the 1988 M7.2 Spitak 
Earthquake in Armenia, which destroyed the city of Spitak 
and resulted in the loss of 50,000 lives, the region was 
blighted by a spate of incorrect earthquake predictions. 
These false predictions caused such a nuisance that in 
1991 the council of Europe issued a kind of Hippocratic 
Oath for seismologists, that apart from their other 
obligations, there is a minimal code of professional 
conduct that must be upheld when making earthquake 
predictions: 

The great majority of scientists in the earthquake 
field are not involved in forecasting or prediction, 
but in engineering, working as earthquake engineers 
or engineering seismologists. However, the potential 
conflicts that arise in their work are similar to those that 

arise in earthquake forecasting. In all forms of seismic 
hazard assessment, the two major parameters of concern 
are the size and location of the earthquake. In making 
these determinations, it is important that seismologists 
be transparent and impartial not only in the presentation 
of scientific data, but also in the treatment of uncertainty. 
The disclosure of uncertainty is at the very core of the 
ethical code of conduct that seismologists are obliged to 
follow.

The Assessment of Risk: A Cost-Benefit Analysis

Decision-makers must weigh the pros and cons of 
disclosure—on the one hand there could be a significant 
danger to the population in the high-risk area; but on the 
other hand, there is a potentially great cost associated 
with a false alarm. It is necessary to assess whether 
the risk of nondisclosure is acceptable, or whether 
measures such as precautionary evacuation should be 
implemented.

According to Fischoff et al. (1981): “The acceptable 
risk problem should be considered a decision analysis 
problem”—in other words, it should be considered a 
problem that can be analyzed, in this case, by performing 
a cost-benefit analysis to determine if it is worth taking 
on the burden of a cost such as evacuation in advance 
to avoid the possibility of some bigger loss later (Figure 
8.1).

Typically for earthquake hazard, the probability 
of occurrence is well below this evacuation decision 
threshold. In general, a decision on the public disclosure 

“Scientists should conduct themselves with conscience, 
responsibility, and impartiality towards the public, civil 
authorities, the media, their employers, and towards their 
fellow scientists, and shall apply their knowledge for the 
benefit of mankind.” -European Code of Ethics Concerning 
Earthquake Predictions, Council of Europe, 1991

ethIcs and economIcs of forecastIng 

Figure 8.1: Example of a cost-benefit analysis for precautionary evacuation. C= 
the cost of protecting assets whether or not the adverse hazard state occurs; L=the 
loss sustained if the adverse hazard state comes about. The probability of the 
adverse hazard state is denoted by P, if P > C/L; that is, if the probability exceeds 
the ratio of the cost to the loss, then it may be prudent to take action. 

��

8



��

of prediction information can be sound both ethically 
and economically if it systematically weighs both the 
societal costs of a false alarm, and the societal benefits 
of a correct warning. If public disclosure is not justified 
ethically or economically, a prediction may still be of 
practical value in various ways, including encouraging 
earthquake mitigation and disaster preparedness, 
and refining earthquake insurance risk management 
practices.

Overall, regarding crucial ethical decisions such 
as the evacuation of a region, the history to date has 
been a distressing one. Evacuation calls have typically 
resulted in massive, often needless, disruption. But 
the prospect for the future is that the situation could 
improve to the extent that successful warnings of a major 
earthquake could be made in the future which could 
save lives, and therefore be justified both ethically and 
economically.

 



8.2 From Forecasting to Risk Pricing

Dr. Arnaud Mignan
Risk Management Solutions

This presentation highlights RMS perspectives on 
earthquake forecasting techniques. Intermediate-
term earthquake forecasts can be implemented 
into probabilistic earthquake catastrophe models 
to provide insurers and reinsurers insight into 
earthquake risk for the upcoming months or years, 
helping to identify such factors as high-risk regions 
that could impact a geographic-based portfolio.

At RMS, the implementation of earthquake forecasting 
models is currently in the research stage. RMS scientists 
are conducting an ongoing review of the state-of-the-
art forecasting techniques with the goal of developing 
methods that allow researchers to integrate forecast 
results into the models and explore their implications 
for risk costs.

Modeling Earthquakes

Probabilistic earthquake catastrophe models are fault-
based, with unique source IDs assigned to each fault in 
the model. Event IDs representing the different event 
magnitudes that could occur on the fault source are 
linked to each source ID. 

Earthquake modeling is a four-step process in which 
catastrophe models:

Generate stochastic events for specific faults (source 
IDs), magnitudes (event IDs), and event rates 
Determine the earthquake motion
Calculate the damage linked to the vulnerability of 
the buildings
Quantify the financial losses

1.

2.
3.

4.

An earthquake forecast is incorporated into the 
model during the generation of stochastic events. When 
the forecast is implemented, the event rate changes from 
the standard, long-term rate to the rate generated by 
an intermediate-term (for example, one-year) forecast. 
Based on this information, a new intermediate-term 
event set is created that is used to quantify new losses.

Implementing Time-Dependent Forecasts into a Probabilistic 
Model

Three illustrative cases are used to describe the 
implementation of new event rates into an earthquake 
model. Case 1 describes the effect of a fault-based 
forecast method such as stress transfer; Case 2 a statistical 
forecast based on a statistical method such as pattern 
informatics; and Case 3 a statistical method such as the 
M8 algorithm.

Case 1: Fault-Based Forecast

The implementation of a fault-based forecast such as the 
stress transfer method is illustrated using a fault (Source 
1) upon which three different events (A, B, C) of different 
magnitudes are possible. To implement a forecast that 
increases the likelihood of an earthquake anywhere on 
Source 1, RMS simply updates the probability of an 
event to the result generated by the forecast, and then 
determines a new probability distribution for events A, 
B, and C based on their respective magnitudes (Figure 
8.2). Note that the probability of earthquake occurrence 
on Source 2 remains unchanged, as the forecast applies 
only to Source 1. 

Case 2: Pattern Informatics Forecast

In Case 2, a statistical method with a spatial component, 
such as the pattern informatics technique, is used 
to examine the increased likelihood of earthquake 
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Figure 8.2: Illustration of the implementation of a fault-based forecast (Case 
1) showing revised probabilities of earthquake occurrence on Events A, B, and 
C (denoted by P’) for fault Source 1.  The probability of occurrence on Event D 
(denoted by P) remains unchanged because the forecast does not affect Source 2. 
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Event B
P’(B)

Event A
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Figure 8.3: Illustration of the implementation of a pattern informatics forecast 
(Case 2) showing the location of probability increase between fault Sources 1 
and 2, and the corresponding change in probabilities for events on both faults 
(denoted by P’).
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occurrence on several faults in a designated area. In 
this case, the probability increase is located not on an 
individual fault, but lies in a region between two faults, 
Source 1 and Source 2 (Figure 8.3).

In this case, the forecast result cannot be directly 
applied to the probability because each event ID from 
the event set already has a loss value allocated to it 
based on the probability of an event occurring on that 
fault, as shown on the event loss table in Table 8.1. Thus, 
to implement the result of this type of forecast, RMS 
updates the event rate for each existing event ID and 
then determines the new loss quantification.

The computation of losses for a given event is difficult 
and takes a long time, as it requires defining an event ID 
with a fault mechanism, simulating the ground shaking, 
and determining how the buildings react, among other 
factors. If a forecast shows an increased probability in 
a region where no event ID is defined in the RMS data 
set, it is easier to shift the increase in probability to the 
nearest event IDs. Hence, only the event rates change, 
and losses do not need to be computed for a new event.

 Case 3: M8 Algorithm Forecast

Case 3 provides an example of a regional forecast that 
increases the probability of earthquake occurrence, 
corresponding to an approach such as the M8 algorithm. 
Because the forecast is applicable to a large region, the 
increased probability must be distributed onto all of the 

faults (that is, all source IDs) located within the forecast 
(Figure 8.4).

Changes in Probabilistic Risk Costs due to Increased Short-
Term Probability

Once the appropriate forecast has been implemented 
and an updated event set is generated by the catastrophe 
model, RMS can determine the changes in probabilistic 
risk costs from the standard long-term model to the new, 
hypothetical forecast-based results.

This difference can be illustrated using a hypothetical 
forecast where the “target fault” is the Rodgers Creek 
fault, located in the north San Francisco Bay area (Figure 
8.5).  Instead of using the long-term rate of 0.5%, RMS 
implements a new earthquake probability of 10% for 
the upcoming year, for events in the magnitude range 
6.4<M<7.0. 

The maps in Figure 8.5 compare the loss ratios 
(computed for each ZIP Code) for each of the forecasts. 
Figure 8.6 shows the exceedance probability (EP) curves 
corresponding to each forecast. It is clear on the EP 
curve that the forecast has resulted in an increase in 
the risk cost. The EP curve is not smooth because the 
magnitudes used in fault models are not continuous, 
but are incremental; thus, there are jumps for specific 
loss values that correspond to specific magnitude. In 
this case, the probability increase for events located on 
Rodgers Creek fault are for the specific magnitudes of 
6.4, 6.7, and 7. 

Influences of Increased Short-Term Probabilities on 
Reinsurance Schemes and Catastrophe Bonds

If the Rodgers Creek example is applied to a reinsurance 
layer with $10 billion excess of $10 billion, the forecast 
corresponds to a 22% increase in expected loss for the 
upcoming year, as shown in Figure 8.6. The forecast has 
significantly impacted the reinsurance scheme.

In contrast, for a catastrophe bond with a limit of 1% 
of the annual probability of exceedance, it can be seen 
that the forecast does not impact the catastrophe bond 
at all (Figure 8.6). To have an impact, the forecast would 
have to pertain to an earthquake of higher magnitude 
located in region of higher exposure. 

This simple example illustrates that the result of 
short-term earthquake forecasts are typically useful for 
reinsurance schemes, providing additional information 
that can help reinsurance companies manage portfolios. 
In addition, the influence of the forecast is limited in 
space and impacts only the local portfolio (boxed region 
in Figure 8.5).

Table 8.1: Illustration of computation of losses for pattern informatics-type 
forecast (Case 2)

Figure 8.4: Illustration of the implementation of a regional forecast on a zone of 
faults, indicating that the change in probability of earthquake occurrence must be 
applied to the entire region. 

Event i
P’(i)Probability

increase



RMS Perspectives on Earthquake Forecasting Techniques

Probabilistic earthquake catastrophe models provide the 
appropriate medium in which to explore the implications 
of earthquake predictions and forecasts. The perspectives 
at RMS are to monitor the new science of earthquake 
forecasts, explore the possible impact of earthquake 
forecasts on expected losses (for reinsurance schemes, 
local portfolios, catastrophe bonds), and to disseminate 
the information learned. 
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Figure 8.5: Hypothetical earthquake probability forecast for the Rodgers Creek fault zone determined using long-term (~30-year) rate (left), and applying hypothetical 
forecast using short-term (1-year) rate (right).
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Figure 8.6: Exceedance probability (EP) curve showing comparison between loss for long-term and short-term forecasts for the Rodgers Creek Fault. Dotted lines indicate the 
impact of the forecast on a reinsurance scheme (left) and on a catastrophe bond (right) 
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Following the presentations at the science symposium, 
a panel discussion considered the incorporation of 
earthquake forecasting into the decision-making of 
insurers and reinsurers in managing their catastrophe risk.  
In particular, representatives from the insurance industry 
discussed the inclusion of short- and intermediate-term 
earthquake forecasts in measuring their own risk metrics 
and the pricing of catastrophe bonds. 

9.1 Earthquake Forecasting: How is 
Reinsurance Dealing with It?

Alexander Allmann
Geo Risks Research, Munich Reinsurance Company
   
Short- and intermediate-term earthquake forecasts can 
offer insight into high-risk geographic areas with increased 
probabilities of earthquake occurrence. For example, 
following the devastating 2004 Sumatra Earthquake, 
regional stress transfer analysis (McCloskey et al., 2005) 
showed an increased risk to the coastal region south 
of the 2004 event (see section 5.1 for more on stress 
transfer). In response to this forecast, Munich Re placed 
an internal underwriting alert in this region so that 
underwriters would know to take greater precaution 
when writing facultative risk. In 2005, the earthquake 
occurred in the expected location. 

Such applications of earthquake forecasting change 
the main aspects of an insurance or reinsurance 
company’s loss distribution—the average annual loss 
(AAL), affecting the premiums that must be collected, 
and the probable maximum loss (PML), affecting the 
losses for certain probability levels. Correspondingly, the 
amount of reinsurance that needs to be purchased could 
either increase or decrease depending on the forecast 
probability—forecasting a high rate of earthquake 
occurrence may lead to increased reinsurance, while 
forecasting a low rate may do the opposite.

There is an ongoing debate in the industry as to 
which forecasting methodology—the long-term, time-
independent Poisson method, or the shorter-term, 
time-dependent methods—more accurately forecasts 
events. In Munich Re’s view, if an intermediate-term 
model can be shown to better constrain near future 
events, the forecast results should be considered when 
determining risk. However, questions remain concerning 
uncertainties in the forecasting methodologies:

In the earthquake renewal cycle method, how well 
does an earthquake’s modeled recurrence interval fit 
the observed interval? If events are more irregular 
than expected, the inclusion of a time-dependent 
component does not provide significant gain over 
a Poisson probability. For example, earthquake 
recurrence on the Parkfield section of the San 
Andreas Fault was one of the most studied, and 
thought (based on the occurrence of six historically 
very similar M6 earthquakes) to be one of the most 
regularly occurring earthquakes, with a recurrence 
interval of 22 years of high confidence. But, when the 
Parkfield Earthquake finally struck in 2004, 38 years 
after the last event, it was far outside of the expected 
time range. 
The stress transfer method has had success in 
determining localized regions of increased or 
decreased stress that correspond to changes in 
earthquake activity, but can the effects of stress 
transfer be determined on a broader scale? How much 
do we know about stress shadows and concentrations 
for regions where no big event has taken place in the 
last decades?
The effects of temporal regional clustering are 
complex and lead to dynamic changes in earthquake 
occurrence rates. How can clustering be adequately 
assessed by using earthquake catalogs that date back 
only a very limited time? 
Additional unanswered questions exist, and this 

uncertainty could significantly impact forecast 
results, influencing probable maximum losses and 
loss distributions. Thus, even though the future of 
earthquake forecasting holds promising developments, 
and present forecasts can provide insight into risk, the 
great amount of uncertainty in these time-dependent 
forecasts means that weight should not exclusively be 
placed on them.

▪

▪

▪



9.2 Earthquake Forecasting: An 
Insurance-Linked Securities Perspective

Dr. Mariagiovanna Guatteri
ILS Trading, Swiss Re Capital Markets

The most important use of probability estimates is to 
improve understanding of the underlying risk. Most 
earthquake catastrophe (Cat) bonds use time-dependent 
probabilities for risk analysis. In general, the Cat bond 
market reacts very quickly to both intermediate- and 
short-term probability estimates, as described in these 
situational examples. Because the Cat bond market reacts 
so quickly to forecasted events, the time scales for these 
forecasts are very important—one-year versus five-year 
forecasts can have very different applications.

Intermediate-Term Forecasts and Catastrophe Bonds 

The impact of intermediate-term forecasting on 
catastrophe bonds can be illustrated by borrowing 
an example from the 2004–2005 hurricane seasons. 
Following the events of 2005, scientists and modelers 
reached the consensus that there is an increased 
probability of North American hurricane activity in the 
next ten years. In response, there was an expectation of 
greater demand for cover, and an expectation that cover 
would become much more expensive. U.S. Wind bond 
spreads widened significantly in the secondary markets 
as shown in the example in Figure 9.1.

Short-Term Forecasts and Catastrophe Bonds 

Short-term forecasts can have a major impact on Cat 
bond spreads due to their quick response to live events. 
For example, on Friday, August 31, 2007 Typhoon Fitow 
was en route to Japan, still a few days from landfall. On 
this last day of the week, at the end of the month, some 
modelers suggested that the typhoon would hit Tokyo as 

a Category 3 hurricane. The Swiss Re ILS trading desk 
put weight on this model, assigning a probability that 
the bonds exposed to Japan typhoon would have a loss 
of principal. They executed a trade on a Japan typhoon 
bond at a distressed level and marked down all the bonds 
exposed to Japan typhoon, which resulted in a drop in 
the total return of the Swiss Re BB bond (Figure 9.2). 
Over the weekend, the typhoon’s track shifted. The 
typhoon weakened and did not hit Tokyo directly. Swiss 
Re ILS trading desk concluded that none of the Japan 
typhoon bonds were affected, and the price returned to 
pre-Fitow levels. 

Points to Consider for Earthquake Forecasting

At this stage, many factors remain to be determined 
concerning earthquake forecasting and its application in 
insurance-linked securities:

Is short- or intermediate-term earthquake forecasting 
applicable to insurance-linked products in the same 
way as wind forecasts?
What could be the impact of short-term earthquake 
prediction on trading and portfolio management? 
What actions would result from a warning of increased 
probability?
What level of uncertainty is acceptable?
Because reinsurance and insurance industries must 

rely on the work done in scientific communities, the 
consensus of the scientific community is very important 
to Swiss Re in accepting forecast results. Testing centers 
are also key, as they allow for transparency and objectivity 
in the testing of different methods, and the independent 
evaluation of each method. There is a need to not only 
provide the forecast, but also the tools that created them 
to evaluate them so that associated uncertainty is known 
and methodologies can be compared to determine which 
models produce the best probability gain. 

▪

▪

▪

��

Figure 9.1: The spread over the London Interbank Offered Rate (LIBOR) in the 
secondary market using Japan earthquake and U.S. wind Cat bonds as examples, 
with the Lehmann BB index for corporate bonds as the benchmark. The spread over 
LIBOR is proportionate to the underlying risk of a given bond. Everything else 
being equal, a higher spread implies higher risk (Image source: SRCM).
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Figure 9.2: The Swiss Re BB Cat bond index, which climbs steadily until August 
31, 2007 when it hits a big dip due to the short-term forecast that Typhoon Fitow 
would strike Tokyo as Cat 3 (Image source: Bloomberg)
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disclaimer
Swiss Re Capital Markets Corporation is providing these 
materials solely for the purpose of providing information 
that may be useful in analyzing the markets and products 
discussed herein; however, the information herein should 
not be construed or interpreted as recommending 
any investment in any particular product, instrument, 
security or securities and should not be relied on as 
the sole source of information upon which to base an 
investment decision.  The information contained in 
these materials was obtained from sources believed to 
be reliable, however, we make no guarantee regarding 
its accuracy or completeness.  Any discussion in these 
materials reflects the views and judgment of the party 
or parties that prepared it as of the date of hereof, 
and is subject to change.  You hereby unconditionally 
agree that we are not responsible to you for any of the 
information or content herein and that any use you make 
of this information is totally your own responsibility 
and at your own risk.  Any decisions you make to invest 
in the instruments discussed in these materials will be 
based solely on your own evaluation of your financial 
circumstances, investment objectives, risk tolerance, 
liquidity needs and any other factors that you deem 
relevant. This information may not be reproduced or 
circulated without our written permission, and may not 
be distributed in any jurisdiction where such distribution 
is restricted by law or regulation. 



concludIng remarks 
The 2008 RMS Science Symposium highlighted the 
promise and progress being made in developing 
methodologies for earthquake forecasting. The 
methodologies reported on involved a variety of 
approaches, including:

Applying earthquake cycle models utilizing the time 
since the last earthquake and the average repeat time 
of earthquakes on a given fault 
Stress transfer from a large earthquake that can 
either advance or retard the timing of earthquakes on 
adjacent faults
Changes in both rates and patterns of seismicity
In the past, earthquake prediction research was often 

viewed somewhat suspiciously by the seismological 
community. Claims of success were often reported 
after the fact, peer-review publications rarely contained 
enough details to reproduce results, and parameters in 
models were often continuously “tuned” to better match 
accumulating data and improve “success ratios.”

Recent advances in techniques and scientific 
understanding, combined with a new international 
initiative for open testing of models, has generated 
considerable renewed interest and focus on this topic 
within the seismological community. As described in 
these proceedings, the Collaboratory for the Study of 
Earthquake Predictability (CSEP) was recently established 
by Professor Tom Jordan of the University of Southern 
California. CSEP is an international collaboration 
with the objective of carrying out scientific prediction 
experiments under rigorous, controlled conditions and 
evaluating these experiments using accepted criteria that 
are specified in advance.  Any researcher that accepts the 
conditions of the testing can submit their methodology 
for evaluation.  The evaluations will be carried out at a 
series of testing centers located in a number of seismically 
active regions around the world. One of the principles of 
the CSEP testing centers is that the test methods are 
open and reproducible by other CSEP testing centers.  
This global transparent collaboration will provide the 
first opportunity to compare the relative efficacy of 
different prediction and forecasting techniques on a 
common platform.  Utilizing multiple test centers allows 
the researchers to substitute space for time, shortening 
the time interval to capture enough earthquakes to 
adequately evaluate the techniques.  

As earthquake forecasting techniques become better 
vetted in the scientific community, it is likely that the 
risk management community will be among the first to 
be able to make sense of such forecasts.  The spatial and 
temporal probabilities of an earthquake forecast can be 

▪

▪

▪

directly integrated into the probabilities that underlie 
catastrophe risk management.  However, risk managers 
will need to work with all those who find forecasting 
problematic, including politicians, administrators, 
businesses, and above all the citizens who live and work 
in an area subject to a forecast.

Based on the results presented at this symposium, 
as well as ongoing monitoring of research on this topic, 
RMS is currently exploring how to best provide access to 
earthquake forecasting information.  We are developing 
metrics that will track how risk management and risk 
transfer strategies could be founded around forecast 
information (in insurance, reinsurance and Cat bond 
portfolio management). By establishing partnerships 
with key scientific earthquake forecasting groups, RMS 
plans to monitor and publicize the performance of these 
strategies against “no strategy” alternatives.  Our goal 
is to craft a strategy to enable clients to knowledgeably 
respond to credible scientific or public earthquake 
predictions and short-term forecasts.
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glossary

cascading events:  Events that occur sequentially along 
a fault, where the occurrence of each event is triggered 
by one or several of the previous events upstream in the 
sequence, and can itself generate the occurrence of more 
events downstream, in a cascading fashion.

coulomb stress transfer: Changes in stress on 
surrounding faults due to the stress released during an 
earthquake. In some cases this stress transfer increases 
the stress driving faulting on an adjacent fault, pushing 
it closer to failure and possibly triggering an earthquake. 
Alternately, the stress could be reduced on the nearby 
fault, delaying future earthquakes.

earthquake cluster (in space and time): Group of 
earthquakes statistically close to each other in space and 
time compared to a larger population (for example, the 
seismicity catalog). Clusters do not have to be on the 
same fault and typically are not.

fault: Break in the Earth’s crust along which movement 
occurs or has occurred. Sudden movement along a fault 
produces earthquakes.

gutenberg-richter law: Relationship between the 
magnitude and number of earthquakes in a given year 
based on observed data. Within a region, as you increase 
a unit of magnitude the number of earthquakes decreases 
by a factor of 10 (on average).

Intensity scale: A measure of the observed local 
intensity of ground shaking caused by an earthquake. 
Intensity is different from magnitude, which is a measure 
of an earthquake’s size rather than effects. An earthquake 
has a single magnitude, but its intensity varies by 
location. Different intensity scales may be employed in 
different regions of the world. For example, the U.S. 
uses the Modified Mercalli Scale (MMI), which measures 
shaking intensity using Roman numerals on a scale from 
I-XII, while Japan employs the Japanese Meteorological 
Agency (JMA) intensity scale, which measures intensity 
on a scale from 0-7. In both cases, higher numbers 
denote greater shaking intensity. 

logic tree: Tree-like model structure with alternate 
paths defining the outcomes. Any one of the paths might 
be the one realized (paths are generally determined 
by probabilistic quantification, with various weights 
assigned to the different paths).

magnitude: Earthquake magnitude (M) is the 
measurement of the size of an earthquake. It is a 
dimensionless number that is proportional to the energy 
released by the earthquake as measured on seismographs. 
Magnitude is measured on a logarithmic scale. 

There are a number of different magnitude scales, 
all of which are based on the amplitude of different 
parts of the seismic wave train as recorded on a 
seismograph. The most well-known magnitude is the 
Richter magnitude, which was developed to measure 
the magnitude of small earthquakes. It is thus limited 
in accurately recording the magnitude of the largest 
earthquake events.  For that reason, moment magnitude 
(MW) is the standard earthquake magnitude measure 
used today by seismological agencies such as the USGS. 

mainshocks, foreshocks, and aftershocks: When 
a series of earthquakes occur together in time and space, 
the earthquake with the largest magnitude is classified 
as the mainshock. The earthquakes that occur before the 
mainshock are foreshocks, and those that occur after the 
mainshock are aftershocks. 

All classifications are dependent on the magnitude of 
the events that occur within a given time window—if an 
earthquake following the originally defined mainshock 
has a larger magnitude, the mainshock will be reclassified 
as a foreshock. An aftershock sequence continues until 
the rate of earthquakes in an area returns to its pre-
mainshock levels. 

moment magnitude: MW is calculated from the total 
energy released by the earthquake. A unit increase in 
moment magnitude is equivalent to a factor of 32 in 
terms of energy release. Thus, it would take 32 1989 
M=6.9 Loma Prieta-type earthquakes occurring all at 
once to equal the energy released by the 1906 M=7.9 
San Francisco Earthquake.  

poisson probability: Probability of a number of 
events (such as earthquakes) occurring in a fixed period 
of time if these events occur with a known average rate 
and independently of the time since the last event.

renewal probability: Conditional time-dependent 
probability describing a process that starts all over again 
after the occurrence of each event, where the probability 
of event occurrence increases since the time of the 
previous event.
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risk: Concept that denotes a potential negative impact 
to an asset or some characteristic of value (for example, 
an insurance portfolio) that may arise from some 
present or future event, such as an earthquake. This 
measurement of potential loss commonly encompasses 
two factors: exposure or elements at risk (amount of 
value subjected to potential hazard), and specific risk 
(the expected degree of loss due to a particular natural 
phenomenon).

subduction zone: A plate boundary where two 
tectonic plates converge and one plate (typically an 
oceanic plate) dives under the adjacent plate, deep into 
the Earth’s mantle. Subduction zones are the site of the 
world’s largest earthquakes, including the 2004 M9.3 
Sumatra-Andaman Islands Earthquake and the 1960 
M9.5 Chile Earthquake.

uplifted marine terrace: Topographically flat area 
created by the action of waves on cliffs that becomes 
uplifted by a series of compressional earthquakes over 
time.

uncertainty
aleatory:  The inherent variability in a natural system.  

It is stochastic and irreducible.  No amount of knowledge 
about the system can reduce this uncertainty.

epistemic: Uncertainty associated with a lack of 
knowledge of the quantities or processes identified with 
a natural system.

Vulnerability: Degree of loss to a system or structure 
resulting from exposure to a hazard of a given severity. 
Other terms often used to characterize vulnerability are 
damage and fragility. 

Vulnerability curve: Engineering curve that depicts 
the cumulative probability of damage for a given structure 
or type of structure. Is based on a set of relationships that 
defines how structural damage varies with exposure to 
differing levels of hazard (such as ground motion). 
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